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Zusammenfassung

Zusammenfassung

Die Entwicklung von neuen Diagnose- und Therapieverfahren gegen
Tumorerkrankungen hangt in hohem Mal3e von einem detaillierten Verstandnis der
molekularbiologischen Verdnderungen, die zur Entstehung und zum Fortschreiten
von malignen Tumoren beitragen, ab. In diesem Zusammenhang hat sich der Hund
als geeignetes Grofdtiermodell fur verschiedene Erkrankungen des Menschen
etabliert, da zahlreiche Tumoren, die beim Menschen eine Rolle spielen, auch beim
Hund spontan auftreten.

In der vorliegenden Arbeit wurden Expressionsanalysen von mehreren in humanen
Neoplasien deregulierten Genen am Modell Hund untersucht. Hierbei stand
einerseits die miRNA let-7, aber auch die let-7 regulierten Gene HMGAL1 und
HMGAZ2 im Fokus. Zusatzlich wurde die Expression von weiteren direkt von let-7
regulierten und assoziierten Genen analysiert.

Die let-7 Genfamilie gehort zu den miRNAs die wahrend der embryonalen
Entwicklung und in Stammzellen kaum exprimiert werden. Erst mit der
fortschreitenden Entwicklung des Organismus nimmt die let-7 Expression stetig zu
und erreicht ein relativ hohes Niveau in ausdifferenzierten Zellen. Eine Abnahme
der let-7 Expression hat zur Folge, dass die von let-7 negativ regulierten Gene
zunehmend exprimiert werden, wie es in zahlreichen malignen Neoplasien
beobachtet wurde.

Hierzu wurde die Expression von let-7a und der let-7 assoziierten Gene CCND2,
c-Myc, FolH1, HMGA1, HMGA2, HMGB1, IL6, KIf4, MAPK1, NRAS, PTEN, und
PI3K in caninen Prostataproben untersucht. Dabei zeigte sich sowohl die let-7a als
auch die HMGA2-Transkriptzahl in hyperplastischem und malignem
Prostatagewebe sowie in mehreren untersuchten prostatischen Zelllinien signifikant
erhoht. Zusatzlich war die Expression der HMGB1- und MAPK1-Gene deutlich
niedriger in malignen neoplastischen Geweben verglichen mit gesundem
Prostatagewebe.

AulRerdem wurde die HMGAL1- und HMGA2-Genexpression in caninen Lymphomen
analysiert. Dabei war die HMGAL-Transkriptzahl in B-Zell-, aber nicht in
T-Zell-Lymphomen des Hundes erhéht. Die HMGAZ2-Expression wies ein zu
HMGAL reziprokes Profil auf, sie war in den T-Zell-Lymphomen erhéht und in den

B-Zell-Lymphomen sehr niedrig.



Zusammenfassung

Weiterhin wurden strukturelle und funktionelle Untersuchungen an den
HMGA-Genen und deren Produkten durchgefiihrt, welche eine groRe Ahnlichkeit zu
den humanen Molekilen in Genstruktur und Proteinfunktion offenbarten.

Da der nachste Schritt nach der Identifizierung und Charakterisierung von
potentiellen Tumormarkern die gezielte Modifikation der jeweiligen Geneexpression
ist, wurden mehrere let-7 kodierende Plasmide konstruiert, die auch zur Produktion
von adeno-assoziierten Viren geeignet sind.

Zusatzlich wurde ein neues Protokoll zur Isolierung von Genomen
adeno-assoziierter Viren etabliert, welches die nachfolgende reproduzierbare und
genaue Quantifizierung der Virengenome ermaglicht.

Fur in vitro Anwendungen wurde eine neue, Gold-Nanopartikel-basierte Methode
zur effizienten und zellschonenden Transfektion von unterschiedlichen Zelltypen
entwickelt.

Schlief3lich wurde die Kreuzreaktivitat eines PSMA Antikdrpers mit dem caninen
PSMA Protein evaluiert, welcher vergleichende Proteinanalysen zwischen Mensch

und Hund ermdglicht.

Schlagworte: Vergleichende Onkologie, Expressionsanalysen, molekulare Marker



Abstract

Abstract

The development of diagnostic and therapeutic modalities depends highly on the
understanding of the genetic and epigenetic alterations which favor cancer. In this
regard the domesticated dog qualifies as a potent large animal model for many
human cancer entities, as these occur spontaneously in man and dog.

In the present thesis expression analyses of tumor associated genes were carried
out paying particular attention to the miRNA let-7 family and its direct target genes
HMGA1 and HMGAZ2. Furthermore, additional directly by let-7 regulated targets as
well as associated genes were analyzed.

The miRNA let-7 gene family is barely expressed during embryogenesis but
increases constantly during organismal development. Interestingly, several
members of the miRNA let-7 family were found to be down regulated in various
cancer entities.

Owing to that the expression of let-7a and of the let-7 associated genes CCND2,
c-Myc, FolH1, HMGA1, HMGA2, HMGB1, IL6, Klf4, MAPK1, NRAS, PTEN, and
PI3K, which have also been described to be deregulated in a variety of human
neoplasias, was analyzed in canine prostate cancer. The analyses revealed
elevated let-7a and HMGAZ levels in canine hyperplastic and malignant prostatic
tissues as well as in three analyzed prostate cancer cell lines. Additionally a
significant HMGB1 and MAPK1 down-regulation was found in the cancerous
prostatic tissues.

Furthermore, HMGA1 and HMGAZ2 expression was investigated in canine healthy
and diseased lymph node samples, presenting elevated HMGAL levels in B-cell
lymphomas and increased HMGAZ2 levels in T-cell lymphomas.

The knowledge of the target expression, structure and function is important for the
successful engagement of let-7 based therapeutics. Owing to that structural and
functional analyses of the canine HMGA genes were carried out, revealing a similar
HMGAL gene structure. The analyses of the HMGA protein activity and impact on
gene expression and cell growth showed as well high similarities between human
and canine protein homologs.

As the next step after successful identification and characterization of potential
molecular tumor markers is the modification of gene expression, various let-7

encoding expression plasmids were constructed. Some of these plasmids are as
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Abstract

well suitable for the production of adeno-associated viruses for therapeutic
approaches.

For in vivo cell modifications viruses are still the most potent vehicles, but depend
highly on pure and exactly titered vectors. Thus a novel viral genome isolation
protocol was evaluated allowing a more accurate and highly reproducible viral
genome quantification by subsequent real-time PCR.

Additionally a new nanoparticle mediated laser transfection method was established
enabling efficient, up-scalable modification of different cell types in vitro.

Finally, cross-reactivity of a human PSMA (FolH1) specific antibody was evaluated
for the canine homolog enabling ongoing comparative cancer research between

man and dog.

Keywords: Comparative oncology, gene expression analyses, molecular marker
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Introduction

1. Introduction
1.1. Cancer

Cancer is a major global health burden of mankind, worldwide it is one of the leading
causes of death especially in economically developed countries (Ferlay et al., 2010).
In December 2013, the specialized cancer agency of the World Health Organization
(WHO), the International Agency for Research on Cancer (IARC) published the

latest data set on cancer incidence and mortality (http://www.uicc.org) (Fig. 1),

according to which the IARC estimates a rising of the global burden of cancer to
14.1 milion new cases and 8.2 milion cancer deaths in 2012
(http://globocan.iarc.fr). These data indicate that lung, breast, colorectal and

prostate cancers are among the most frequent malignant neoplasias worldwide
followed by cancers of the stomach, liver, cervix uteri, bladder and many others
(Fig. 1).

Compared to the IARC estimates for the year 2008 the number of cancer related
deaths and diagnosed cases increased by = 8 % and = 11 % respectively
(GLOBOCAN 2008 - GLOBOCAN 2012, IARC). In contrast, according to the UN
World Population Prospects, the world population grew only by approximately 5 %
in this period (http://esa.un.org). The non-proportionally increasing numbers of new

cancer cases and deaths compared to the world population highlight the need for
better molecular diagnostic, prognostic and therapeutic approaches.

However, the detection of molecular cancer biomarkers and the development of
more effective drugs are still hampered by the limited knowledge of the genetic and
epigenetic factors implicated in cancer etiology and additionally by the great
diversity of tumors.

Studies on model organisms greatly contribute to the deciphering of these factors
and to the development of novel treatment modalities. However, the translation from
bench-to-bedside is often hindered by the lack of appropriate in vivo animal models
(Mitsiades et al., 2003).

In this thesis analyses of the micro RNA (miRNA) let-7 and several associated
genes, which are commonly deregulated in human cancers, were performed. To
achieve this goal the expression of these genes was analyzed exemplarily in two

canine cancer entities: the prostate cancer and Non-Hodgkin lymphoma.
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Figure 1 Estimated incidence and mortality rates in both sexes for the most common human cancer

entities in 2012 (derived from http://www.cancer.orq).

1.1.1. Prostate cancer

Prostate cancer (PC) is the 2" most common cancerous disease in men
(GLOBOCAN 2012, IARC), ranging from an asymptomatic to a rapid, fatal systemic
malignancy (Kopper and Timar, 2005). In the year 2012 worldwide more than a
million men were estimated to be diagnosed with this disorder and 307,471 died
from it (GLOBOCAN 2012, IARC) (Fig. 1).

The development of PC is believed to be a multi-step process initiated by genetic
and epigenetic alterations (Kopper and Timar, 2005). At early stage human PC is
accepted to be an androgen dependent tumor (Kopper and Timar, 2005). Survival
rates of advanced human PCs are very low (http://www.cancer.org) as these,

treated according to the androgen deprivation therapy, become in the majority of
patients resistant to castration (Divrik et al., 2012).

Beside man, the dog is the only domesticated large mammal developing PC
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spontaneously (Withrow and Vail, 2012). Remarkably, this disorder occurs more
often in older individuals of both species (Waters et al., 1996), shares many
functional and morphological features (Leroy and Northrup, 2009) and shows similar
clinical manifestations of advanced disease by spreading to lymph nodes, lungs,
bones and liver (Leav and Ling, 1968; Cornell et al., 2000). Like humans, dogs
develop benign prostatic hyperplasia (Coffey and Walsh, 1990) and high-grade
prostatic intraepithelial neoplasias (PIN). Notably, PINs are speculated to be a likely
precursor of human PC (Waters et al., 1997).

Opposing the situation in men, canine PC presents a natural incidence rate of less
than 1 % (Withrow and Vail, 2012) but appears androgen-independent similarly to
the human hormone refractory disease (Teske et al., 2002; Kopper and Timar,
2005). As dogs are usually presented with clinically advanced disease, the
treatment remains palliative (Waters et al., 1998; Leroy and Northrup, 2009). Thus
the understanding of the molecular changes contributing to canine PC and
identification of molecular markers might not only improve treatment options for the
canine patients, but also accelerate the establishment of preclinical approaches in

human medicine using the dog as model.

1.1.2. Lymphoma

The second cancer entity investigated in this study are Non-Hodgkin lymphomas
(NHL). NHL is a non-specific term that encompasses a wide variety of
lymphoproliferative malignant diseases with varying clinical and histological
appearances as well as incidence patterns (Evans and Hancock, 2003; Jemal et al.,
2011).

For the year 2012 it was estimated that 385,741 new NHL cases occurred worldwide
and 199,630 people died from it (GLOBOCAN 2012, IARC).

Accounting for = 40% of all NHLs, B-cell ymphomas are most common in western
countries (Alexander et al., 2007). Similar to other types of cancer environmental
factors, life style and genetic predisposition are discussed to promote NHL
development (Boffetta, 2011).

As NHL etiology remains obscure and humans and canines present similar disease
progression and response to chemotherapy-based regimen, the dog is a very

important large animal model (Rowell et al., 2011).
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Canine lymphomas are estimated to occur in 13 to 24 cases per 100,000 dogs each
year with rising up to 84 cases annually per 100,000 in the group of 10 to 11 years
old animals (Withrow and Vail, 2012). According to a previous study, approximately
60 % of the canine lymphomas are B-cell ymphomas and one third is represented
by T-cell ymphomas (Ponce et al., 2010).

The value of the canine model depends on the possibility to discriminate between
these spontaneously occurring lymphoma subgroups (Ponce et al., 2010) thus
identification of molecular markers is of great interest not only for veterinarians but

also for research on comparative oncology.

1.1.3. miRNA biogenesis and function

Micro RNAs (miRNA) are small non-protein-coding endogenously expressed RNA
molecules. The primary miRNA (pri-miRNA) transcripts form, owing to an intrinsic
self-complementarity, a hairpin structure consisting of a “loop-" and a “stem”-region.
The nuclear enzyme Drosha cuts the pri-miRNA precursor, which can be up to
several kilo bases in length, between the flanking sequences and the “stem” (Fig.
2). The nascent precursor, the precursor-miRNA (pre-miRNA, approximately 70 nt
in length) is exported by Exportin-5 into the cytoplasm where it is further processed
by Dicer into the mature double-stranded miRNA (approximately 20 bp in length).
The “guide strand” of the mature miRNA is loaded into the RNA induced silencing
complex (RISC) which recognizes the 5’-, the 3’-untranslated region (UTR) or in
some cases exon regions of the target mMRNA leading to translational repression
(Mondol and Pasquinelli, 2012). The second strand, the “passenger strand” is
usually degraded (Filipowicz et al., 2008) (Fig. 2).

15
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Cytoplasm

— Protein

"~ Nucleus <>

G~

pre-miRA ' Exportin 5§

\ =
Dicer I N

RISC

Figure 2 Schematic overview of the miRNA biogenesis and mode of action (Wagner et al., 2014).
The endogenous miRNA precursors form a hairpin structure due to the intrinsic self-complementarity.
The nuclear enzyme Drosha cuts the hairpin between the “stem” and the flanking regions, the
released precursor miRNA is transported by Exportin-5 into the cytoplasm. After export the precursor
is further processed by Dicer into the mature double stranded miRNA consisting of a “guide” and
“passenger” strand. In the following the “guide” strand is incorporated into RISC, the passenger
strand is usually degraded. RISC recognizes with the incorporated miRNA strand the target mMRNA

and blocks its translation into the protein.

mMiRNAs regulate diverse biological processes such as development (Zhao et al.,
2005), differentiation (Kawasaki and Taira, 2003), proliferation (Viticchie et al.,
2011), apoptosis (Cimmino et al., 2005), and stress response (Croce and Calin,
2005). It is remarkable that a single miIRNA can orchestrate the expression of
several genes as well as a single gene can be regulated by a set of different miRNAs
(Reinhart et al., 2000; Winter et al., 2009; Chen et al., 2011).

In the last decades numerous miRNA encoding genes were described, many of
these were reported to be implicated in cardiovascular diseases (Filipowicz et al.,
2008; Creemers et al., 2010), muscular disorders (Cacchiarelli et al., 2010; Mizuno
et al., 2011), diabetes (Kantharidis et al., 2011), renal fibrosis (Li et al., 2013) and

various cancer entities such as melanoma (Noguchi et al., 2013), mammary cancer
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(Boggs et al., 2008), lymphoma (Di Lisio et al., 2012) and prostate cancer (Kong et
al., 2012; Ru et al., 2012).

1.1.4. miRNA let-7 and associated genes

One of the large class of miRNAs is let-7, which was the second miRNA discovered
and designated as lethal-7 (let-7) according to the phenotype of a let-7 deficient C.
elegans mutant (Reinhart et al., 2000). Soon thereafter, in a variety of species
further let-7 homologs were identified (Pasquinelli et al., 2000).

Compared to “less complex” organisms such as worms, vertebrates possess a
higher number of let-7 isoforms (Mondol and Pasquinelli, 2012). Until now 13 human
let-7 family members were described (let-7a-1, let-7a-2, let-7a-3, let-7b, let-7c,
let-7d, let-7e, let-7f1, let-7f2, let-7g, let-7i, miR-98 and mir-202). These miRNA
precursors code for 10 diverse mature let-7 miRNAs (Wang et al., 2012). Even
though the role of the let-7 family is still not fully deciphered yet, it is evident that
these molecules have a distinct expression pattern in developmental processes of
animals (Pasquinelli et al., 2000). Being barely detectable at the embryonic stage,
the let-7 miRNAs present higher levels in differentiated adult tissues (Reinhart et al.,
2000; Thomson et al., 2006).

An aberrant let-7 expression was found in several malignant neoplasias such as
lung cancer (Johnson et al., 2007; Tay et al., 2014), prostate cancer (Dong et al.,
2010; Liu et al., 2012a; Nadiminty et al., 2012b), lymphoma (Sampson et al., 2007)
and many more (Boyerinas et al., 2010; Sterenczak et al., 2014).

Remarkably, several of the direct let-7 target genes such as HMGA1 (Rahman et
al., 2009; Joetzke et al., 2010; Schubert et al., 2013), HMGA2 (Mayr et al., 2007;
Winkler et al., 2007; Joetzke et al., 2010; Sterenczak et al., 2014), c-Myc (Sampson
et al., 2007; Liu et al., 2012b), CCND2 (Dong et al., 2010), IL6 (lliopoulos et al.,
2009) and NRAS (Gideon et al., 1992; Johnson et al., 2005; Fernandez-Medarde
and Santos, 2011) are as well commonly deregulated or affected by mutations in a
variety of human and canine cancers. These protein-encoding targets in turn spread
the signal wave further on and modify the biogenesis and activity of other, often in
cancer aberrantly expressed genes such as AR (Boonyaratanakornkit et al., 1998;
Attard et al., 2009; Lyu et al., 2013), FolH1 (Colombatti et al., 2009; Bouchelouche
et al., 2010; Cho and Szabo, 2013), HMGB1 (Pierantoni et al., 2007; Tang et al.,
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2010; Ueda and Yoshida, 2010), KlIf4 (Klaewsongkram et al., 2007; Le Magnen et
al., 2012), MAPK1 (Dhillon et al., 2007; Gerits et al., 2008), PI3KCA (Engelman et
al., 2006; Castellano and Downward, 2011), and PTEN (Ma et al., 2009).
Remarkably, all these genes are tightly interwoven with each other and the miRNA
let-7 family appears to be one of the major players in the controlled expression of
these genes in healthy cells. For a better overview, the complex interactions are

indicated in the figure 3.

Figure 3 Schematic overview of the interactions of the miRNA let-7 and its direct and downstream
targets. All the shown genes are commonly deregulated in human cancers. The indicated interactions
are on transcriptional, post-transcriptional or post-translational level (Wagner et al., 2014). Targets
which were analyzed within this thesis are depicted in white, bold typed letters.
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1.2. Model organism dog

As mentioned before, deeper knowledge of the molecular processes in human and
animal cells is important and would not only improve the choice of the best suited
animal model for a certain kind of cancer but as well advance progress in the
identification and evaltion of the most effective molecular drugs and targets.
Although the commonly used murine xenografts with induced tumors are a valuable
model for cancer research, closing the missing link between cell culture experiments
and studies on the canine model (Pinho et al., 2012), they bear major limitations.
Among these are the lacking influence of an intact immune system, tumor growth
over long periods of time, the significant heterogeneity in tumor cell populations and
the tumor microenvironment (Waters et al., 1997; Leroy and Northrup, 2009; Pinho
et al., 2012).

In this regard, the domesticated dog qualifies as a large animal model for various
human diseases (Eaton et al., 1995; Lin et al., 1999; Rofina et al., 2003; Lohi et al.,
2005; lonut et al., 2008; Shan et al., 2009; Mizuno et al., 2011) including mammary
cancer (Boggs et al., 2008), osteosarcoma (Mueller et al.,, 2007), melanoma
(Noguchi et al., 2011), prostate cancer (Cornell et al., 2000; Winkler et al., 2007)
and lymphoma (Joetzke et al., 2010; Sterenczak et al., 2010; Uhl et al., 2011). In
this context it is remarkable that = 1 million pet dog cancer cases are diagnosed
each year in the United States (Paoloni and Khanna, 2008). As dogs often live side
by side with their owners and are part of the family (Rowell et al., 2011) this offers
a great number of patients with intensively monitored disease progression enabling
comparative cancer studies.

Taken together, the dog shares many features with man, including tumor genetics,
molecular targets, histological appearance, response to conventional therapies (Valil
and MacEwen, 2000; Withrow and MacEwen, 2001; Paoloni and Khanna, 2008;
Pinho et al., 2012) and a similar clinical manifestation of many neoplasias
(Ostrander et al., 2000; Sutter and Ostrander, 2004; Ponce et al., 2010). Additionally
the mentioned let-7 associated genes present high sequence homologies. The
mature let-7 miRNAs are even up to 100 % identical between man and dog.

Thus it is of major interest to decipher the role of the miRNA let-7 family and

associated genes, which will as well shed light on the situation in human neoplasias
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and enable the development of novel more effective strategies to treat cancer in
both species.
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2. Aims of the thesis

The analysis of the canine miRNA let-7 and its direct target genes, the HMGAs was
the focus of the present thesis. For that purpose the expression pattern, structure
and function of these genes and their products were investigated in the context of
canine prostate cancer, lymphomas and stem cells.

In addition, based on the notion that these genes were found to be deregulated in
various cancer entities, several tools/methods were constructed/established to
modify their expression in vitro and in vivo. Finally, tools for target expression

analyses were evaluated.

2.1.1. Expression analyses
— ldentification of potential molecular tumor markers for canine prostate cancer
—  Quantitative analyses of the HMGA1 and HMGAZ2 genes in canine B-cell and

T-cell ymphomas

2.1.2. Structural and functional HMGA analyses

—  Characterization of the canine HMGAL1 gene structure

—  Analysis of the HMGA2 impact on HMGAZ2/let-7 axis an cell growth in prostate
cancer

— Investigation of the HMGA1 and HMGA2 protein impact on adipose-derived

mesenchymal stem cells

2.1.3. Tools for modification and detection of gene expression

—  Construction of let-7 encoding vectors for modification of gene expression

—  Establishment of an adeno-associated virus (AAV) genome purification
protocol for subsequent accurate AAV quantification

—  Evaluation of a gold-nanoparticle mediated laser-transfection method for in
vitro approaches

— PSMA antibody (clone YPSMA-1) evaluation for cross-reactivity with the

canine protein homolog in WB and target verification by mass spectrometry
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4. Results
4.1. Gene expression analyses

4.1.1. Prostate cancer

Human PC is accepted to be a hormone dependent tumor. The androgen
deprivation therapy is thus the standard palliative treatment modality of primary
advanced tumors. Nevertheless, the majority of the patients relapse subsequently
due to castration resistance (Divrik et al., 2012).

Although much progress in diagnosis and therapy of PC has been made there are
still many men with potentially indolent disease being treated. On the other hand
this malignancy contributed to approximately 310,000 cases of cancer-related
deaths in 2012 (GLOBOCAN 2012, IARC) highlighting the importance of molecular
PC markers.

As PC occurs spontaneously in human and dog (Withrow and Vail, 2012) and
additionally shares many functional and morphological features (Leroy and
Northrup, 2009) the following section deals with the analyses of gene expression in
canine PC.

To provide an overview about the genes involved in PC the first review article in this
section highlights the role of the miRNA let-7 and associated genes in the human
malignancy. In the second experimental study the expression of several genes
deregulated in human PC and other neoplasias was analyzed in canine prostatic

samples.
Role of miRNA let-7 and its major targets in prostate cancer.
Wagner et al., Biomed Research International, 2014
In the following review article the molecular interactions between the miRNA let-7
family members, its direct targets and regulators HMGA1, HMGA2, CCND2, IL6, AR
and RAS as well as the downstream target HMGB1, which is implicated in all

proposed hallmarks of cancer, were described. The role of these genes, which were

previously shown to be deregulated in a variety of human malignant neoplasias was
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critically reviewed in the context of prostate cancer etiology with miRNA let-7 being

the central point.
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Prostate cancer is worldwide the sixth leading cause of cancer related death in men thus early detection and successful treatment
are still of major interest. The commonly performed screening of the prostate-specific antigen (PSA) is controversially discussed,
as in many patients the prostate-specific antigen levels are chronically elevated in the absence of cancer. Due to the unsatisfying
efficiency of available prostate cancer screening markers and the current treatment outcome of the aggressive hormone refractory
prostate cancer, the evaluation of novel molecular markers and targets is considered an issue of high importance. MicroRNAs are
relatively stable in body fluids orchestrating simultaneously the expression of many genes. These molecules are currently discussed
to bear a greater diagnostic potential than protein-coding genes, being additionally promising therapeutic drugs and/or targets.
Herein we review the potential impact of the microRNA let-7 family on prostate cancer and show how deregulation of several of its
target genes could influence the cellular equilibrium in the prostate gland, promoting cancer development as they do in a variety

of other human malignant neoplasias.

1. Introduction

Prostate cancer (PC) is a heterogeneous disease ranging from
an asymptomatic to a fatal systemic malignancy [1]. Accord-
ing to the World Health Organization (WHO) 1,111,689 men
were estimated to be diagnosed with PC in the year 2012
(http://globocan.iarc.fr/). Accounting worldwide for 6.6%
(307,471) of all cancer death in men in 2012, PC is one of the
most common malignant neoplasias and the sixth leading
cause of cancer related death in men (http://globocan.iarc.fr/).

The development of PC is considered to be a multi-
step process initiated by genetic and epigenetic changes
[1]. Human PC is commonly accepted to be an androgen
dependent malignancy.

An analysis of PC related metastatic pattern in 1,589
patients by Bubendorf et al. revealed that 35% of the analyzed
tumors spread to other organs with preference to the bones
(90%), lungs (46%), liver (25%), pleura (21%), and adrenals
(13%) [2].

The androgen deprivation therapy is actually the most
effective palliative standard treatment for primary advanced

PCs with bone metastasis (effective in up to ~90% of
patients). However, the great majority of patients relapse
subsequently due to the development of castration resistance
[3].

Since the introduction of the prostate-specific antigen
(PSA) test in the 1990s, the number of diagnosed cases has
been rapidly rising being initially associated with a reduced
mortality. However, the recent decline in PC related mortality
rates is now being discussed to be partially explained by
the improved treatment and earlier diagnosis due to a broad
standard PSA screening in economically developed countries
[4,5]. As the standard PSA screening in the early diagnosis of
human PC remains a very controversial issue, novel, reliable
molecular PC markers are needed [6-8].

A promising marker candidate gene is the miRNA let-7,
which was reported to be down regulated among others in
human PC [9-11]. Further, the reconstitution of the let-7
expression resulted in suppression of PC cell proliferation
[10, 12]. In general a single miRNA is able to regulate a huge
number of genes. Concerning let-7 the respective acting ways
are actually not entirely deciphered.
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Nevertheless, it is to be expected that a deeper under-
standing of the molecular interactions of let-7 and associated
genes will significantly contribute to the development of
novel diagnostic and therapeutic treatment modalities for PC.

Due to the complex regulation mechanisms of let-7 and
its potential role in PC development and relapse the present
review highlights let-7 and its direct and downstream targets
in the context of PC.

2. Micro RNA Let-7 Family

MicroRNAs (miRNAs) are small, non-protein-coding RNAs
derived from long, endogenously expressed primary RNA
(pri-miRNA) molecules. These pri-miRNAs are processed
by the nuclear enzyme Drosha to precursor RNAs (pre-
miRNAs), exported by Exprotin-5 [13] and maturated by the
cytoplasmic enzyme Dicer [14]. Finally the guide strand of
the mature miRNA is incorporated into the RNA-induced
silencing complex (RISC), which blocks the translation of
the target mRNA by binding to its 5, 3'-prime, or exon
regions [15, 16]. The passenger strand is usually degraded [17]
(Figure 1).

Mature miRNAs are known to be part of the gene
expression regulating machinery at transcriptional [18, 19]
and as well posttranscriptional level [13]. It was reported that
a single miRNA can orchestrate the expression of several
genes and a single gene can be regulated by a set of different
miRNAs [20-22]. Several observations suggest that more
than 60% of all protein coding genes are regulated by miRNAs
[23].

One of the first described members of the large class
of non-protein-coding RNAs is let-7 which was the second
miRNA discovered and designated as lethal-7 (let-7) accord-
ing to the phenotype of a let-7 deficient C. elegans mutant
[20]. Soon thereafter, further let-7 homologs were identified
in a variety of species ranging from vertebrates to mollusks
[24].

In contrast to “less complex” organisms such as worms,
vertebrates show a higher number of let-7 isoforms coded
by different genes [16]. In humans, 13 let-7 family precursor
miRNAs were described (let-7a-1, let-7a-2, let-7a-3, let-7b,
let-7c, let-7d, let-7e, let-7e, let-7f, let-7g, let-7i, miR-98, and
mir-202) which code for 10 different mature let-7 miRNA
isoforms [25].

Although the role of let-7 is still not fully understood, it is
evident that the let-7 family members have a distinct expres-
sion pattern in animal development [26]. In the embryonic
stage the let-7 miRNAs were found to be barely detectable, but
having an increased expression in differentiated cells [20, 27].
Furthermore, aberrant let-7 expression was associated with
a variety of human diseases as, for example, cardiovascular
diseases [28], liver fibrosis [29], lung diseases [30], and cancer
[9-12, 26, 31-34]. Interestingly several let-7 family members
were found to be located at fragile sites of human chromo-
somes potentially contributing to aberrant let-7 transcript
levels [35].

Cancer initiation, progression, and aggressiveness are
hypothesized to be driven by cancer stem cells (CSCs)
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[36, 37]. Inflammatory microenvironment [38] as well as
epithelial-to-mesenchymal transition (EMT), which is tightly
linked with CSC biology [39], seems to play a substantial
role in cancer etiology as well. Remarkably, a linkage between
these factors is the lef-7 miRNA family. As described above
let-7 was shown to be downregulated in prostatic CSCs [36]
whereas reconstitution of the let-7 suppressed the growth of
PC cells [10, 12]. Additionally, a direct causal link between
cancer and inflammation is given by the association of let-
7, IL6, and NF«B, which are major players involved in the
epigenetic switch from inflammation to cell transformation
[31]. The connection between EMT and let-7 is represented by
the HMGAI and HMGA2 genes, which are directly regulated
by let-7 and were found to be implicated in EMT [40, 41].

Further, miRNAs of the let-7 family were reported to
directly, negatively regulate IL6 [24], NRAS [42], c-Myc,
HMGALI (43, 44], HMGA2 [45], and CCND2 [11]. Notably,
these let-7 targets are involved in a wide range of diverse
cellular processes interwoven with let-7 and each other in a
fine balanced way (Figure 10).

The c-Myc protein regulates the biogenesis of let-7 by
stimulating Lin28 [46], Lin28 in turn blocks the maturation
of let-7 [47]. Additionally, c-Myc stimulates the expression of
HMGALI [48], AR [12], and IL6 [49]. NRAS is suggested to
have an impact on HMGA2 biogenesis [45]. HMGA2 on the
other hand influences HMGAL, its gene product in turn regu-
lates the expression of c-Myc [50] and HMGBI [51]. HMGB1
was found to bind the AR promoter [52], AR protein was
described itself to stimulate let-7 expression [53] (Figure 10).

Interestingly, the lef-7 family [10, 11] and some of its above
mentioned targets were already found to be implicated in
PC. As let-7 is linked with all these protein-coding genes
a deeper insight into these connections is of great interest.
Thus, these interactions are reviewed more detailed in the
following parts.

3. HMGA1

The high mobility group proteins (HMG) are chromatin
associated nonhistone proteins constituting three superfam-
ilies (HMGA, HMGB, and HMGN) which are classified
by their characteristic functional DNA-binding motifs [54].
Expression of these proteins was described to be involved in
avariety of biological processes as, for example, transcription,
embryogenesis, differentiation, neoplastic transformation,
apoptosis, and inflammation [52, 55, 56].

In human neoplasias the HMGA genes are among the
most commonly rearranged genes [57]. Deregulation of the
HMGALI expression was described in human PC [58, 59],
lung cancer [60], and breast cancer cells [61]. Its oncogenic
property is speculated to be partly mediated through the cyto-
plasmic relocalization of the HIPK2 which is a proapoptotic
activator of the tumor suppressor p53 [51] (Figures 2 and 10).
HMGAI was reported to enhance the proliferation rate and
invasion of PC cells [62, 63] potentially through the impli-
cation in epithelial-to-mesenchymal transition (EMT) [61].
In line with this, HMGAI knock down in the human triple-
negative breast cancer cell lines MDA-MB-231 and Hs578T
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F1GURE 1: Schematic overview of the miRNA maturation and the way of function in eukaryotic cells. The endogenously expressed primary
miRNA (pri-miRNA) is processed in the nucleus of a cell by the enzyme Drosha. The emerging precursor miRNA (pre-miRNA) product is
exported into the cytoplasm by Exportin-5 and maturated by Dicer. Finally the guide strand is incorporated into the RNA-induced silencing

complex (RISC), which blocks the translation of the target mRNA.

repressed the mesenchymal gene SNAIT and stimulated CDHI
expression [40] (Figures 2 and 10), both of which are involved
in EMT [64, 65]. Furthermore, HMGA1 was reported to
drive tumor progression by reprogramming cells to a stem-
cell-like state [40]. In accordance, Shah et al. reported in
human embryonic stem cells (hESCs) a significant downreg-
ulation of the stemness-associated genes OCT4, Sox2, Lin28,
and c-Myc 96 h after HMGAI repression [50]. Interestingly
HMGAL is not only stimulating c-Myc expression [50] it was
also reported to be itself induced by c-Myc [48] (Figures
2 and 10). It is remarkable that HMGAL is implicated in
the upregulation of several miRNAs in murine embryonic
fibroblasts. Among these miRNAs is the miR-196a-2, which in
turn is predicted to target its sister gene HMGA2 [66] (Figures
2 and 10). Furthermore, Hillion and colleagues reported a
positive correlation between HMGALI and STAT3 in a subset
of primary human acute lymphoblastic leukemia samples
[67]. In line with this, HMGAI was described to bind the
STAT3 promoter and to upregulate its expression in malig-
nant human hematopoietic cells [67] (Figures 2 and 10). The
transcription factor STAT3 mediates uncontrolled growth,
angiogenesis, and survival of cells and has a great potential
as target in cancer therapies [68]. Remarkably, Iliopoulos
et al. identified STAT3 binding sites in the promoters of
the miRNAs miR-181b and miR-21 [69] (Figures 2 and 10).
These tiny regulators in turn where found to block PTEN
(Figures 2 and 10), stimulating the activity of NFxB [69]. The
tumor suppressor PTEN functions as an antagonist of PI3K
by dephosphorylating its product PIP3 [70] (Figure 10).

The HMGAI and HMGA2 genes were reported to be
highly expressed during embryogenesis, reexpressed in sev-
eral cancer types but to be absent or not detectible in most
of the adult healthy tissues [57, 71]. The expression of both
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HMGAl ——————— let-7
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miR-181b~—__ PIP3

PTEN 7
] _— ) PI3K

miR-196a-2  STAT3 miR-21

F1GURE 2: Overview of the described interactions between let-7 and
its direct target HMGAI with other genes.

HMGAI, HMGA2, and of its regulator let-7 was shown to
be negatively correlating in gastroenteropancreatic neuroen-
docrine tumors [44] and retinoblastomas [72]. In accordance
they were found to be directly, negatively regulated by let-7
[45, 73, 74] (Figures 2 and 10).

4. HMGA2

Comparable to the described HMGAI knock down, the
repression of HMGA?2 in the human PC cell line PC-3
induced an upregulation of CDHI indicating an important
role in EMT [41]. SNAII and SNAI2 are repressors of CDHI
and were shown to be directly activated by HMGA2 [45]
(Figures 3 and 10).
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FIGURE 3: Association of the HMGA2/let-7 axis with the regulation
of genes involved in EMT and miRNAs.

Similar to HMGAI, an upregulation of HMGAZ2 was
reported in human lung and breast cancers [75, 76] as well
as in a subset of canine PCs [77]. Furthermore, HMGA2
was recently described to modify gene expression not only
as protein but as well as a competing endogenous RNA
(ceRNA) by acting as a decoy for mature [er-7 miRNAs
[78]. Interestingly, a stimulating HMGA2 influence on the
expression of its sister protein HMGAI was found in rat
epithelial thyroid cells [79], thus constituting a feedback loop
by the stimulation of its suppressor, the miRNA-196a-2 [66]
(Figures 3 and 10). Remarkably HMGA2 was described to
bear seven let-7-binding sites in its 3'-untranslated region (3'-
UTR) [33]. Aberrations of the chromosomal region 12q14-15
that affect HMGA2 were frequently found in human cancers
[80-82]. Moreover, the disrupted pairing between let-7 and
HMGA2 by mRNA truncations of the 3'UTR was reported to
induce HMGA?2 overexpression leading to tumor formation

[33].

5. HMGBI1

The high mobility group box 1 (HMGBI) is one of the HMGB
superfamily members which was also shown to be implicated
in inflammation exercising cytokine like functions [83]. In
line with its multiple roles it can be located in the nucleus as
well as in the cytoplasm and can even be released passively by
necrotic cells or actively secreted in response to inflammatory
signals by certain cell types [83, 84].

This proinflammatory cytokine exerts its function by
interacting with the toll-like receptors (TLR) 2, and TLR4
and RAGE [85-87] (Figures 4 and 10). Interestingly, the
receptor coding gene TLR4 was found to be a direct let-
7i target (Figure 4), presenting a mechanism to modify the
HMGB! signaling [88]. The activation of the HMGBI receptor
RAGE results among others in deactivation of MAPKI and
PI3K [89]. PI3K in turn was shown to stimulate NF«B [90].
Furthermore, the TLRs and RAGE were demonstrated to
activate NFxB thus, inducing the secretion of angiogenic
factors, growth factors, and cytokines [85, 91].

Remarkably, NFxB is able to stimulate RAGE expression
by binding to its promoter constituting a positive feedback
loop [92] (Figures 4 and 10). Blockade of the RAGE/HMGB1
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FIGURE 4: Schematic overview over the HMGBI and let-7 regulatory
pathways affecting each other’s activity.

signaling decreased growth and metastasis of implanted and
as well of spontaneously developing tumors in susceptible
mice [93].

HMGBI was described to be involved in all proposed
hallmarks of cancer and is thus a potential target for
therapeutic and diagnostic approaches [94]. Kuniyasu et al.
observed the secretion of HMGBI in primary cultured human
prostatic stromal cells after androgen deprivation [95]. In
vitro suppression of HMGBI was demonstrated to block the
invasion of PC-3 cells which was reversed by culturing the
cells in conditioned medium of the above-mentioned stromal
cells deprived of androgen [95, 96]. Additionally, HMGBI was
found to stimulate DNA binding of several steroid receptors
including the let-7 downstream target AR (Figure 10) [97].
These facts indicate that HMGBI may be a molecular marker
for advanced prostate cancer [95, 96].

Although HMGBI was not shown to be a direct [et-7
target, its expression is modulated by the direct let-7 target
HMGALI [51]. Interestingly HMGBI1 was also shown to be
involved in the p53 network by facilitating the binding of the
tumor suppressor p53 to its cognate DNA [98]. As mentioned
before p53 can be inactivated by the HMGBI sister protein
HMGALI by translocation of the p53 activator HIPK2 [51]
(Figures 4 and 10). The tumor suppressor p53 in turn was
found to downregulate the activity of the HMGBI promoter
[99] and to trigger the radiation induced decrease of let-7a
and let-7b expression (Figures 4 and 10) in the human colon
cancer cell line HCT116 [100].

6. CCND2

Many tumor cells accumulate mutations resulting in uncon-
trolled proliferation due to direct or indirect deregulations
of the cyclin-dependent kinases (CDKs). Cyclins are known
regulating subunits of CDKs being expressed at specific time
points during the cell cycle. Consequently cyclin deregula-
tions induce uncontrolled cell proliferation [101].
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FIGURE 5: Let-7 and CCND2 mediated gene regulation.

The cyclin D2 (CCND2) is one of the cell cycle regulating
factors. This gene, which is highly conserved among mam-
mals, has been associated with human prostate cancer [11],
gastric cancer [102], colon cancer [103], and leukemia [104].

Interestingly, CCND2 was shown to be a direct /let-7 and
miR-154 target like HMGA2 [11, 41, 45, 105] (Figures 5 and
10). Additionally the let-7 regulated oncogene c-Myc and the
stem cell marker KIf4 were reported to stimulate the CCND2
transcription [106, 107] (Figures 5 and 10).

Dong et al. described that ectopically overexpressed let-
7a induced cell cycle arrest at the G1/S phase by suppressing
among others the cyclin CCND2 and additionally inhibited
the proliferation of the human prostatic cell lines PC-3 and
LnCap [11]. The same group reported that in nude xenograft
mice, inoculated with let-7a transfected PC-3 cells, the tumor
was 80% lighter after 4 weeks of growth compared to controls

[11].

7. c-Myc

¢-Mye is an oncogene frequently activated in human cancers,
but is low expressed or absent in quiescent cells [108-110].
In contrast, its overexpression has been connected with PC
formation and progression [111, 112]. This gene encodes a
transcription factor that has a great impact on the global gene
expression pattern and, thus, influences cell-cycle progres-
sion, glucose and glutamine metabolism, lipid synthesis, and
many other processes, which contribute to tumor progression
[109].

Mitogen activated protein kinases (MAPK), glycogen
synthase kinase 3 (GSK3), and other CDKs play a key role
in the biological function and half-life of c-Myc proteins by
posttranslational phosphorylation of the Thr58 end Ser62
sites [113] (Figures 6 and 10). Apart from various posttransla-
tional protein modifications and transcriptional regulations
of the ¢-Myc gene products, this gene was reported to be
directly negatively regulated by members of the let-7 family
[114, 115] (Figures 6 and 10). Additionally, elevated MAPK1
activity, which was associated with advanced, androgen inde-
pendent human PCs, [116] was demonstrated to influence
the c-Myc protein, resulting in prolonged function in a
human muscle-derived rhabdomyosarcoma cell line [117]. In
line with the functions of c-Myc, MAPKI controls diverse
cellular processes as growth, differentiation, migration, and
apoptosis, its deregulation has often been described to be

MAPKI1 Lin28

N/

&Myc b—— Jet-7

HMGAI1

FIGURE 6: Interactions of the oncogene c-Myc with let-7 and
MAPK], Lin28, and HMGAL

associated with cancer [118]. Furthermore, c-Myc was shown
to transcriptionally activate Lin28 [119], which in turn inhibits
the biogenesis of its regulator let-7 constituting a double
negative feedback loop [47] (Figures 6 and 10). Interestingly
the expression of the direct let-7 target HMGAI is as well
induced by c-Myc [48], which constitutes a positive feedback
loop, stimulating c-Myc expression [50] (Figures 6 and 10).

8.IL6

Chronic inflammation of the prostate gained major attention
as it is considered to account to the factors contributing to PC
[120]. In previous reports a direct causal link between cancer
and inflammation has been described with 1L6, let-7, Lin28,
and NF«B being the major players involved in the epigenetic
switch from inflammation to cell transformation [31].

Originally identified as an inducer of the terminal dif-
ferentiation of B-cells into antibody-producing cells [121]
interleukin-6 (IL6) appears to be a major regulator of prostate
cancer progression [122]. Notably, IL6 is not only released by
inflammatory cells but also found to be released by hormone
insensitive cell lines DU145 and PC-3 but not by the hormone
sensitive LNCaP cells [123]. Furthermore, this pleiotropic
cytokine stimulates growth and survival of human PC and
promotes its progression [123, 124]. In accordance, increased
IL6 levels were found in epithelial cells of PC compared to
benign tissues [125]. Moreover, Giri et al. reported a ~18
times higher IL6 expression in malignant prostate tissues
compared to “normal” prostate specimens [126]. Michalaki
and colleagues described significantly higher IL6 serum levels
in patients with metastatic prostatic disease [127].

The biological activities of IL6 are mediated by binding
to the a-subunit receptor IL6R and the following associa-
tion with the ubiquitously expressed signal-transducing f3-
subunit gpl30 [128]. Upon engagement of gpl30 various
Janus tyrosine kinase (JAK) family members (JAKI, JAK2,
JAK3, and Tyk2) [129] are activated by ligand induced
receptor oligomerization phosphorylating themselves and
the intracellular domains of the receptors [130]. Once gp130
is phosphorylated the second protein family, the signal
transducer and activator of transcription (STAT), binds to
the intracellular domain of the receptor. This leads to the
activation of STATs and the subsequent dissociation, allowing
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STAT dimerization and translocation into the nucleus where
they act as transcription factors [131]. Additionally IL6 was
shown to stimulate the PI3K and MAPK pathways by signal-
ing trough activated gp130 [132, 133].

Interestingly, LnCaP cells stimulated with IL6 presented
an enhanced AR activity in the absence of a ligand [134,
135]. The IL6 mediated activation of the human AR was
indicated to be mediated by STAT3 and MAPK signaling
[134, 136], which potentially contribute to recurrence of
hormone refractory PCs. Whereas the AR transactivation can
be suppressed by the PI3K/AKT pathway. Thus, these three
pathways are suggested to coordinately regulate AR activation
[136].

Acquiring resistance to apoptosis appears an important
feature for the development of hormone resistant and aggres-
sive human prostate cancer. Furthermore, IL6 was shown to
act as a survival factor, blocking apoptosis induced by Bel-xl,
p53, TGF1 [137], and cytotoxic agents such as doxorubicin
[138] and enzalutamide [139]. Whereas siRNA or STAT3-
inhibitor-AG490 mediated suppression of the downstream
acting STAT diminished the IL6 induced antiapoptotic func-
tion [138, 139].

NFxB is a regulator of the transcription of IL6 [140] and
Lin28B (31, 141] (Figures 7 and 10). Lin28B was demonstrated
to block the maturation of ler-7 [46]. Additionally, members
of the miRNA let-7 family directly target IL6, which in turn
constitutes a positive feedback loop on NF«B [31, 49] (Figures
7 and 10).

Remarkably, while only a few cells express membrane
bound IL6R all cells display gp130 on their surface [132]. This
is an interesting feature as IL6 can also bind to a soluble IL6R
(sIL6R) variant, which interacts in an IL6R agonistic manner
with gpl30, thus, enabling the stimulation of cells lacking
endogenous IL6R [142].

9. RAS

The founding members of the RAS gene superfamily N-RAS,
H-RAS, and K-RAS are coding for small GTP-binding pro-
teins [143]. Originally identified as retroviral oncogenes in rat
sarcomas, RAS were the first human oncogenes discovered,
shown to be mutated in around 30% of all human tumors
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FIGURE 8: Schematic overview over some of the numerous pathways
modified by RAS and let-7.

[144, 145]. The very common mutations in the residues
G12, Gl13, and Q61 lock RAS in a constitutively activated
state by impairing the intrinsic GTP hydrolysis [145, 146].
RAS proteins are active when they have bound GTP. By
hydrolyzing GTP to GDP they become inactive. The intrinsic
GTPase activity of the RAS proteins is very low relying on
the help of specialized GTP hydrolysis accelerating factors
called GTPase activating proteins (GAP) which increase the
hydrolysis by more than 100,000 fold [145].

RAS-GTPs are acting as signal transducers across mem-
branes by binding various effector proteins to stimulate
signaling pathways [143, 147]. Among these factors are the Raf
serine/threonine MAPKK kinases (ARAF, BRAF, and RAF1)
which in turn activate MEK-MAPK cascades [148] (Figures
8 and 10). Accordingly, the mammalian MAPK pathways are
estimated to be deregulated in one-third of all human cancers
[149]. MAPKSs activate cytosolic and nuclear factors like JUN
and ELK1, which are regulating FOS expression. JUN and
FOS are forming the activator protein 1 (AP1) and, thus,
influencing the expression of proteins such as CCNDs which
are involved in cell-cycle progression [150] (Figures 8 and 10).

Furthermore, RAS-GTPs induce the translocation and
subsequent activation of phosphatidylinositol 3-kinase
(PI3Ks) by binding to its catalytic subunit [151] (Figures 7
and 10). PI3K signaling is one of the most often deregulated
systems in human cancer [152]. Taylor et al. described that the
PI3K expression is altered in 42% of the primary and in 100%
of the metastatic cases in the analyzed set of human prostatic
cancers [153]. PI3Ks belong to one of the main effector
molecules of RAS [151]. This enzyme type phosphorylates
primarily to the 3'-OH group of the membrane bound
phosphatidylinositol-4,5-biphosphate (PIP) to generate the
messenger phosphatidylinositol-3,4,5-biphosphate  (PIP3)
[154]. PIP3 activates itself several pleckstrin homology
domain-containing proteins as Akt by directly binding and
recruiting it to the plasma membrane [154] (Figures 8 and
10). The activated Akt promotes many processes contributing
to a malignant tumor phenotype [155]. Ectopic expression of
a constitutively active Akt in the thyroid cell line SW579 was
reported to significantly increase VEGF levels [156] (Figures
8 and 10). Neovascularization and angiogenesis are essential
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features for the progression of a growing tumor VEGF is one
of the most important inducers of angiogenesis [157]. Niu et
al. demonstrated a positive correlation between VEGF and a
constitutively active STAT3 [157]. In accordance, it was found
that STAT3 binds to the VEGF promoter [157] (Figures 8 and
10). Additionally STAT3 was reported to bind the promoter
of the let-7 biogenesis regulating gene Lin28, resulting in the
concomitant upregulation of the let-7 targets RAS, c-Myc,
and HMGA2 [158].

In human tissues the activation of RAS and Rac-MAPK
pathways was described to be induced by the extracellular
signal transducer FolH1 [159] (Figures 8 and 10). FolH1 is
expressed in most of the human prostate cancers and is thus
a potential target for diagnostic and therapeutic strategies
[160]. The elicited phosphorylation of MAPK1 and MAPKI14
induces in turn the activation of the transcription factor
NF«kB (Figures 8 and 10) which controls the expression
of various genes including the let-7 biogenesis-controlling
Lin28 [47] and the cytokine IL6 [31, 161] (Figures 8 and
10). Additionally, NFxB was also shown to enhance the
endogenous transcription of the primary miRNAs let-7a-
3 and let-7b through NF«B responsive binding sites in the
promoter regions [141] (Figures 8 and 10).

Remarkably, Johnson et al. reported numerous let-7 bind-
ing sites in the 3'-UTR of the RAS genes [42]. In conclusion
the expression of the oncogenes NRAS, KRAS, and HRAS was
described to be negatively regulated by several members of
the let-7 family [42, 162] (Figures 8 and 10).

10. Androgen Receptor (AR)

The gene of the steroid receptor family member AR [163]
is located on the human chromosome X and codes for a
ligand-dependent transcription factor [164, 165]. Upon ligand
binding it translocates into the nucleus and regulates its target
genes by binding to the androgen response elements (AREs)
(166, 167]. Expressed in nearly all primary human PCs, AR
plays a pivotal role in carcinogenesis of the prostate. At the
initial diagnosis the majority of PCs depends on andro-
gens and progress after hormone therapy to an androgen-
independent disease [3, 168].

Continuous androgen expression is required to drive
prostate gland formation during embryogenesis and later
to maintain the normal function and glandular anatomy in
adults [169]. In general the androgen mediated effects in
prostate gland development are driven by the interaction
with ARs [169]. The bypass mechanisms of AR upregulation
include among others the HMGBI enrichment on the AR
promoter, which enhances the transcription [52] (Figures
9 and 10), an intracrine androgen production [170, 171]
additionally ligand independent AR activation by cytokines
or growth factors were reported as well [172]. Furthermore,
altered specificity or sensitivity as for example by alternative
splicing is discussed [173].

However, the activated AR stimulates the expression of
its targets as, for example, the above mentioned VEGF [174]
and PSA [175]. PSA is a pivotal downstream target of AR,
which is used as biomarker for human PC progression [175].
Interestingly, the frequently observed rising of serum PSA in
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FIGURE 9: Potential AR interaction in prostate cancer development.

castrate-resistant PC patients could in parts be explained by
AR activity, which is reexpressed/reactivated in advanced PCs
[176]. Remarkably, PSA constitutes a positive feedback loop
stimulating AR expression as was demonstrated in vitro [175]
(Figures 9 and 10).

Furthermore, Tummala et al. highlighted the impact of
the Lin28/let-7/Myc axis on PC and demonstrated that Lin28
activates the AR (Figures 9 and 10) and promotes growth of
PC [177].

Remarkably AR was reported to be regulated in a negative
way by the miRNA let-7c which suppresses its transcriptional
activator ¢-Myc [12] (Figures 9 and 10). Additionally Lyu et
al. described an AR induced upregulation of let-7a, let-7b,
let-7¢, and let-7d (Figures 9 and 10) in the breast cancer cell
lines MDA-MB-231 and MDA-MB-453. At least in the case
of let-7a this upregulation is indicated to be triggered by AR
binding to AREs located at the let-7a promoter [53] (Figures
9 and 10). Furthermore, it was shown that in these cell lines
the expression of the direct let-7a targets c-Myc and KRAS
was decreased upon treatment with 5x-dihydrotestosterone
and increased after an additional suppression of the miRNA
let-7a [53].

The spatiotemporal expression of genes and functions
depend highly on the cellular and developmental context.
Thus, the impact of a single gene can be completely different
between diverse tissues and at different time points in
development. Nevertheless elucidation of the above described
interactions in PC bears great potential due to the ubiquitous
existence of the cellular regulatory elements and the potential
interactions in each somatic cell of an organism. This idea
is supported by the already found implication of each of
the described genes in various human cancers. Furthermore
several of the reviewed genes are already used as targets for
diagnostic, prognostic, and therapeutic approaches. Thus, the
master regulator family let-7 is as well a promising target in
cancer of the prostate gland.

For a better overview all described interactions between
the master regulator family let-7 and its major targets are
summarized in Figure 10.

11. Conclusion

Although the knowledge of the genetic and epigenetic alter-
ations in prostate cancer has significantly increased in the last
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HMGB1

FIGure 10: This figure represents the described interactions between let-7 and the reviewed let-7 associated targets (in white letters) with
other genes which are as well commonly deregulated in human cancers (in gray letters). The indicated interactions are on transcriptional,
posttranscriptional or posttranslational level.
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IX. Let-7 and associated genes in canine prostate cancer.

Wagner et al., in preparation for submission.

As previously reviewed by us deregulation of the miRNA family let-7 and associated
genes is likely to be an important factor in PC. Thus the expression of HMGAL,
HMGA2, HMGB1, CCND2, FolH1, NRAS, c-Myc, MAPK1, PISKCA, PTEN, IL6, Klf4
and let-7a was analyzed in a set of 14 canine prostatic samples. Prior to the
screening analyses eight novel real-time PCR assays for the canine CCND2, FolH1,
NRAS, c-Myc, MAPK1, PI3KCA, PTEN, and IL6 genes were evaluated.

The screening of the canine targets revealed elevated let-7a levels in the diseased
specimen compared to the non-neoplastic tissues. HMGA2 was highly
overexpressed in all adenocarcinoma derived tissues and cell lines, whereas
MAPK1 and HMGB1 were decreased in the malignant samples.

In summary, four potential molecular marker for canine prostate cancer were

identified building the basis for ongoing comparative cancer research.
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IX.

Let-7 and associated genes in canine prostate cancer

Siegfried Wagner, Nina Eberle, Anaclet Ngezahayo, Ingo Nolte, Hugo Murua

Escobar
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- Partial manuscript drafting

- RNA isolation

- Quantitative real-time PCR assay design and evaluation
- Target quantification by relative real-time PCR

- Statistical analyses of real-time PCR results

- Figure preparation
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Abstract

Background

Prostate cancer is a polygenic, morphologically heterogeneous disease
spontaneously occurring in man and dog. Canine prostate cancer is considered
similar to the human an androgen independent malignancy. Herein miRNA /let-7a and
associated genes were analyzed in the context of canine prostate cancer as this
miRNA as well as its targets are reported to be commonly deregulated in human

cancers.

Material and Methods

Expression of miRNA let-7a, six direct as well as six downstream target genes were
analyzed by quantitative real-time PCR in 14 canine prostate samples consisting of
three non-neoplastic, four hyperplastic and four malignant tissues as well as three

canine cell lines.

Results

Eight novel canine real-time PCR assays were successfully established and
evaluated. Expression analyses revealed elevated /ef-7a levels in hyperplastic and
malignant samples. While HMGA2 was over expressed in adenocarcinoma derived
specimens MAPK1 and HMGB1 levels were lowest in cancerous tissues.

Conclusion

Also the let-7a expression was unexpectedly elevated while MAPK1 and HMGB1
levels were decreased in the cancerous tissues partially correlating with malignancy.
The over expressed HMGAZ2 in the malignant samples and these three genes

represent potential molecular markers for canine prostate cancer.
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Introduction

Prostate cancer (PC) is a multifactorial, heterogeneous malignancy ranging from an
asymptomatic to a fatal systemic clinical state (1, 2). The progress of PC is
considered to be a multi-step process initiated by genetic and epigenetic alterations
(1). These molecular changes favor chronic inflammation, epithelial-to-mesenchymal
transition, and acquisition of stem-cell like character and additionally impact cell-cyle
progression and deregulation of pathways involved in various cellular processes.
Thus the identification of factors connecting these processes with tumor development
would be of major value for improvements in PC treatment.

In this regard a promising master switch is potentially represented by the micro RNA
let-7 family. Micro RNAs (miRNAs) fulfill several criteria required for molecular
biomarkers as they are considered to regulate more than 60 % of all protein-coding
genes (3) thereby beeing less prone to degradation in biological fluids compared to
larger RNAs (4).

The members of the let-7 family were previously reported to be involved in diverse
biological processes (5-9). Further these molecules were also found to be aberrantly
expressed in a variety of human malignant neoplasias such as ovarian cancer (10),
lung cancer (11), head and neck squamous cell carcinoma (12), and high-risk PC
(13). Furthermore, deregulated [lef-7 expression in cancer is discussed to be
associated with bad patient prognosis and shortened prospective survival (11).

As previously reviewed by us (14) the deregulation of the /et-7 family directly impacts
the expression of CCND2 (8), c-Myc (15), HMGA1 (13, 16), HMGAZ2 (17-19), IL6
(20), and NRAS (21). Furthermore, the function of these genes is tightly interwoven
with the activity of FolH1, HMGB1, Kif4, MAPK1, PI3KCA, and PTEN, which are as
well commonly deregulated in human cancer (14).

Cancer research relies highly on model organisms, in this regard pet dogs are lately
considered to be a valuable large animal model as neoplasias in dogs occur
spontaneously under the surveillance of an intact immune system, present a similar
biological manifestation and an equivalent response to therapeutic regimens (22, 23).
Furthermore, the canine genome shows a higher similarity to the human genome
when compared to the genomes of commonly used rodents (24). In particular the
coding sequences (CDSs) of the herein investigated genes present identities ranging
from 74.2 % to 96.7 % between both species. Remarkably, the mature /et-7 miRNA

sequences are even up to 100 % identical (25).
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Considering the physiological and molecular similarities in cancers of both species
we analyzed herein the expression of the miRNA Jet-7 family member let-7a and
associated genes in the context of canine PC.

Materials and Methods

In silico analyses of investigated targets

To analyse the identity of the human and canine mature /let-7a miRNA sequences
and the CDS of the analyzed protein-coding genes the following human and canine
sequences were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/) or miRBase
(http://www.mirbase.org) data base; CCND2 (Acc. no. NM_001759.3, XM_849493.3),
c-Myc (Acc. no. NM_002467.4, NM_001003246.2), FolH1 (Acc. no.
NM_001014986.1, NM_001271778.1), HMGA1 (Acc. no. NM_145899.2,
NM_001003387.1), HMGAZ2 (Acc. no. NM_003483.4, KC529658.1), HMGB1 (Acc.
no. NM_002128.4, NM_001002937.1), [IL6 (Acc. no., CR450296.1,
NM_001003301.1), Kif4 (Acc. no. NM_004235, XM_005626996), let-7a (Acc. no.
MIMAT0000062, MIMAT0006594), MAPK1  (Acc.  no. NM_002745.4,
NM_001110800.1), NRAS (Acc. no. NM_002524.4, NM_001287065.1), PI3KCA
(Acc. no. NM_006218.2, XM_545208), and PTEN (Acc. no. NM_000314,
NM_001003192).

All human and canine sequences for the respective target were aligned using the
software tool MegAlign (DNASTAR Lasergene Version: 7.1.0 (44), Madison, USA)
and compared in a one pair alignment by the Martinez-NW method.

Cell culture and sample information

Three canine prostatic cell lines CT1258 (derived from adenocarcinoma), DT08/40
(derived from a transitional cell carcinoma) and DT08/46 (derived from an
adenocarcinoma) were cultured in medium 199 containing 10 % fetal calf serum
(Biochrom AG, Berlin, Germany), 2 % penicillin/streptomycin (Biochrom AG, Berlin,
Germany) and 29.3 ml (7.5 %) NaHCO. (Biochrom AG, Berlin, Germany) in a
humidified atmosphere at 37°C, 5 % COa..

Immediately after sampling all tissue aliquots were stored at —80°C. Additional
information to the donor animal age, breed, castrated status and disease are listed in
table I.
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Table | Sample details

Sample no.| Additional information Breed Age Neutered
1 Non-neoplastic Deutsche Dogge 5Y -
2 Non-neoplastic Newfoundland dog 5Y,9M -
3 Non-neoplastic Labrador Retriever 8Y,1TM -
4 Hyperplasia Rottweiler 8Y,2M -
5 Hyperplasia Mixed breed 9Y,6 M -
6 Hyperplasia Yorkshire Terrier 10Y,3M X
Hyperplasia Australian

7 yperp 6Y,3M -

Shephered

Transitional cell West-Highland

8 _ ) 9Y,5M -
carcinoma Terrier

9 Adenocarcinoma Dachshund 6Y,4M -

10 Adenocarcinoma Mixed breed 7Y,10 M -

11 Adenocarcinoma Airedale Terrier 10VY,11M -
Adenocarcinoma,

12 Briard 9Y,8M -
cell line CT1258
DTO08/40, derive from

13 Pitbull Terrier 10Y,4M X
transitional cell carcinoma
DTO08/46, derived from

14 Adenocarcinoma, sample | Dachshund 6Y,4M -
no. 9

Informations about the donor animals age at time point of sampling, castration status

and breed as well as the corresponding disease status and sample number.

Y = year, M = month, x = dog was castrated, - = dog was non-castrated

RNA Isolation

Small and large RNAs were purified and eluted in the same fraction from 11 frozen

prostate tissue samples (Tab. ), previously homogenized using the iron-beads

QlAshredder homogenizer method (Qiagen, Hilden, Germany), and the three cell
lines CT1258, DT08/40 and DT08/46 according to the “NucleoSpin miRNA” protocol

(Macherey & Nagel, Diren, Germany).

Subsequently RNA samples were quantified with the Synergy 2 reader (BioTek

Instruments GmbH, Bad Friedrichshall, Germany) and stored at -80°C.
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cDNA synthesis for conventional PCR
For subsequent quantitative real-time PCR assay evaluations 1 ug total RNA from
CT1258 cells was reverse transcribed according to the “M-MLV Reverse

Transcriptase” protocol (Promega, Mannheim, Germany).

qRT-PCR assay establishment for the canine CCND2, PTEN, PIK3CA, c-Myc,
IL6, MAPK1, FolH1 and NRAS genes

For the evaluation of canine CCND2 (NCBI Acc. no. XM_849493.3), PTEN (NCBI
Acc. no. NM_001003192), PIK3CA (NCBI Acc. no. XM540208.4), c-Myc (NCBI Acc.
no. NM_001003246.2), /L6 (NCBI Acc. no. NM_001003301.1), MAPK1 (NCBI Acc.
no. NM_001110800), FolH1 (NCBI Acc. no. NM_001271778.1) and NRAS (NCBI
Acc. no. NM 001287065.1) quantitative real-time PCR (gRT-PCR) assays exon
spanning primers were designed using the software SeqMan Pro (DNASTAR
Lasergene Version: 7.1.0 (44), Madison, USA). Sequences of all herein used primers
and the sources of assays are listed in table Il (supplementary file 2). Each primer
pair was tested in an endpoint PCR reaction with CT1258 cDNA as template to
evaluate the optimal annealing temperature. Further the reactions were cross
evaluated using genomic DNA (gDNA) to exclude unspecific primer binding. The
previously described HMGA1, HMGAZ2, HMGB1 and KIf4 primers (26-28), which were
evaluated in combination with FAM-TAMRA probes, were evaluated for a SYBR
Green based quantitative one step gqRT-PCR.

PCR products were separated in 1.5 % TAE-agarose gels and isolated according to
the “GenJET Gel Extraction” kit protocol (Thermoscientific, Schwerte, Germany).
Amplicons were ligated into a pGEM-T Easy vector according to the “pGEM-T and
pGEM-T Easy vector” protocol (Promega, Mannheim, Germany). Ligation products
were cloned into the thermo competent E. Coli strain DH5a according to the
“Subcloning Efficiency DH5a Competent Cells” protocol (Life Technologies,
Darmstadt, Germany). Positive clones were amplified and plasmid DNA was isolated
with the “GenJET PCR Purification” kit (Thermoscientific, Schwerte, Germany). DNA
sequencing confirmed the specificity of each primer pair, samples were sequenced
by GATC Biotech AG (Konstanz, Germany) for verification.
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Reverse transcription of miRNAs

For gRT-PCR quantification of the mature let-7a and RNU6B miRNAs 30 ng total
RNA were reverse transcribed according to the “TagMan MicroRNA Reverse

Transcription” protocol (Life Technologies GmbH, Darmstedt, Germany).

Relative quantitative real-time PCR

The gRT-PCR analyses were performed using the Mastercycler ep realplex
(Eppendorf AG, Hamburg, Germany). Each sample was analyzed in ftriplicate. In
each gRT-PCR run non-template and no-reverse transcriptase controls were
included.

mRNA expression of the canine protein-coding genes CCND2, c-Myc, FolH1,
HMGA1, HMGA2, HMGB1, IL6, KIf4, MAPK1, NRAS, PTEN, and PIK3CA was
measured relative to the housekeeping gene ACTB. Quantification was performed in
a SYBR Green one-step qRT-PCR according to the “QuantiFast SYBR Green RT-
PCR” kit protocol (Qiagen, Hilden, Germany) using 5 to 25 ng total RNA as template.
The primer sequences are listed in the supplementary table Il. Finally, melting curve
analyses of the products were performed according to the Eppendorf instrument
protocol (Eppendorf AG, Hamburg, Germany).

Relative flet-7a miRNA levels were quantified in comparison to the RNUG6B
expression in a TagMan based two-step gRT-PCR according to the commercially
available “TagMan miRNA Assay” protocol (Lifetechnologies, Darmstadt, Germany).
For the comparison of the gene expression levels based on the AACT method the
gene expression level of the non-neoplastic prostate sample number 1 (when
expressed) was used as calibrator (calibrator expression level was set as 1).
Statistical analyses of the gRT-PCR results were done with the relative expression
software tool REST 2009 (Version 2.0.13, Qiagen, Hilden, Germany). A p-value of <

0.05 was considered as statistically significant.

Results

In silico analyses

The in silico CDS comparison revealed 78.4 % homology for CCND2, 89.3 % for
c-Myc, 86.4 % for FolH1, 95.4 % for HMGA1, 96.1 % for HMGAZ2, 95.2 % for
HMGB1, 74.7 % for IL6, 74.2 % for Kif4, 100 % for let-7a, 94.8 % for MAPK1, 95.8 %
for NRAS, 96.1 % for PI3KCA, and 96.7 % for PTEN.
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let-7a

The results of the present study revealed a more than fourfold higher let-7a
expression in the three canine cell lines CT1258 (No.12), DT08/40 (No.13) and
DTO08/46 (No. 14, previously derived from prostatic adenocarcinoma sample (No. 9))
and in the hyperplastic tissue sample no. 7 when compared to the non-neoplastic
sample (No. 1, set 1 as calibrator). The significances of the respective expression
differences were confirmed by statistical analyses. The non-neoplastic samples

no. 1-3 presented lowest let-7a levels (Fig. 1).

Relative let-7a/RNU6B Expression
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Figure 1 Relative lef-7a to RNU6B expression of the canine prostatic tissue samples
and cell lines. Sample no. 1 was set 1 as calibrator.” Indicates statistically significant

difference to calibrator.

HMGA1

The miRNA /let-7 target HMGA1 was 2.7 times higher expressed in CT1258 cells
(No. 12). Lowest HMGA1 levels were found in all adenocarcinoma tissue samples
(No. 9-11) as well as in DT08/40 (No. 13). Between the three non-neoplastic samples
the HMGA1 expression differed approximately by factor 2.5 (No. 1 and 2). The target
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levels between the adenocarcinoma sample (No. 9) and the derived cell line DT08/46
(No. 14) showed a difference of factor 4.6 (Tab. IlI).

HMGA2

HMGAZ2 was over expressed in all prostatic adenocarcinomas (No. 9-11), in the
adenocarcinoma derived cell lines CT1258 and DT08/46 (No. 12, 14) and in the
hyperplastic sample no. 6. The observed over expression was statistically significant.
Lowest statistically relevant HMGAZ levels were found in the residual hyperplastic
specimens (No. 4, 5, 7) and in the malignant transitional cell carcinoma derived

samples no. 8 and 13 (Fig. 2).
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Figure 2 Relative HMGAZ2 to ACTB expression of the canine prostatic tissue samples
and cell lines. Sample no. 1 was set 1 as calibrator. * Indicates statistically significant

difference in expression compared to calibrator.
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HMGB1

HMGB1 transcript levels were lowest in all malignant tissues and in the
adenocarcinoma derived cell lines CT1258 (No. 12) and DT08/46 (No. 14).The
expression in the adenocarcinoma derived sample (No. 9) was similar to that in the
derived DT08/46 cell line (No. 14). The only specimen which presented statistically

significantly elevated target expression was the sample no. 7 (Fig. 3).
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Figure 3 Relative HMGB1 to ACTB expression of the canine prostatic tissue samples
and cell lines. Sample no. 1 was set 1 as calibrator. * Indicates statistically significant

difference in expression compared to calibrator.

CCND2

CCND2 expression was more than 600 fold higher in the hyperplastic prostate
sample no. 6. More than twofold elevated cyclin levels were found in the cancer
sample no. 8 and the cell line DT08/40 (No. 13) (Tab. IlI).

c-Myc
c-Myc levels were at least two times higher in the three cell lines and in one of the

malignant prostate samples (No. 8) compared to the calibrator (No. 1). In the
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malignant tissue sample no. 10 c-Myc levels were lowest. The difference in
expression between the adenocarcinoma tissue sample (No. 9) and the
corresponding cell line DT08/46 (No. 14) was mare than 80 % (Tab. IlI).

MAPK1
MAPK1 expression was significantly lower in the malignant tumors (No. 8-11) and the

cell lines DT08/40 (No.13) and DT08/46 (No.14) compared to the calibrator. The cell
line CT1258 (No. 12) and one of the hyperplastic tissues (No. 7) presented elevated
MAPK1 levels. In all samples except sample no. 4 target expression was significantly

different compared to the calibrator (Fig. 4).
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Figure 4 Relative MAPK1 to ACTB expression of the canine prostatic tissue samples

and cell lines. Sample no. 1 was set 1 as calibrator. * Indicates statistically significant

difference in expression compared to calibrator.

NRAS
The NRAS levels were highest in the samples no. 7 and 8. However they differed not

more than two fold. The other samples had lower NRAS levels than the calibrator but

not less than 60 % (Tab. IlI).
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Kif4

KIf4 expression was 1.7 fold higher in the malignant PC sample no. 8 and presented
lowest levels in the malignant samples no. 9 and 10. In comparison to the
adenocarcinoma tissue sample no. 9 the Kif4 levels were threefold higher in the
derived cell line (No. 14) (Tab. IlI).

PTEN

PTEN levels where highest in the hyperplastic tissue sample no. 7. The lowest levels
were found in the malignant samples no. 8, 10 and additionally in the cell line
DT08/46 (No. 14) (Tab. Ill).

IL6

According to the measured Ct values, /L6 expression was highest in the malignant
tissues (No. 8-11) additionally in the hyperplastic sample no. 5-7 but lowest in all cell
lines (No. 12-14), the non-neoplastic samples no. 2-3 and in the hyperplastic tissue
sample (No. 4) (Tab. III).

FolH1
FolH1 was not detectible in neither of the analyzed samples except at very low levels

in the three analyzed cell lines with Ct values higher than 35.

PIK3CA
The relative PIK3CA expression was lowest in the non-neoplastic tissue sample no. 3
presenting the highest Ct value (Ct >39) (Tab. Ill) and the samples no. 2, 6, 8 and 10.

Discussion

The master regulator let-7 and its direct and downstream targets reveal a very
complex regulatory network, presenting positive and negative feedback loops to
several cancer associated genes (14).

Notably, in humans abnormal let-7 expression was associated with tumor malignancy
and worse disease outcome after therapy (29-31) indicating a potentially central role
in cancer development and progression.

In this regard, gamma-radiation of the human lung cancer cell line H1299 induced

suppression of lef-7g was demonstrated to reduce the sensitivity of cells to radiation
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treatment (29). Additionally, an ectopic let-7c expression in the docetaxel (DTX)
resistant human lung adenocarcinoma cell lines SPC-A1/DTX and H1299/DTX was
reported to increase the in vitro and in vivo chemo- or radiosensitivity (30).

The herein performed analysis of the let-7 miRNA family member let-7a in canine
prostatic samples revealed a more than twofold higher expression in the hyperplastic
and all malignant samples except sample no. 10. Elevated /et-7a expression was
present in the hyperplastic and malignant samples with highest levels (more than
fourfold) in one of the hyperplastic tissue samples as well as in the three analyzed
prostatic cell lines. These results are at the first glance unexpected as the let-7 family
was reported to be frequently down regulated in many human malignant neoplasias
such as lung cancer (11), gastric tumors (32) and colon cancer (33). Matching these
results the let-7 family discussed to be acting as an oncogene suppressor (34, 35). A
possible explanation for the herein observed increased let-7a levels in the
hyperplastic and malignant samples might be that the canine cells respond to the
elevated expression of oncogenes by up regulating its suppressor as indicated in
Willenbrock et al. (36).

However, deregulated /et-7 levels appear to be associated with human PC and as
shown herein with elevated expression in canine prostatic tissues and cell lines.
Whether the observed elevation is an early event in transformation remains unclear,
as only the miRNA and respective direct and indirect targets were analyzed.
However, as an elevation is also seen in the analyzed hyperplasias an early
deregulation appears likely.

The analyses of one of the most popular let-7 targets the HMGA1, which is
implicated in epithelial-to-mesenchymal transition (37) and stemness (38), was only
higher expressed in the cell line CT1258 (No. 12) compared to the reference sample.
The other samples presented lower HMGAT levels with lowest expression in the
malignant tissues (No. 9-11). HMGAT levels were described to be low in human,
murine and canine healthy tissues (28, 39). It is of interest that herein the HMGA1
levels are very low in the malignant samples except in the cell line CT1258 (No. 12)
and even varied remarkably between the presented non-neoplastic tissues. Thus at
first glance the HMGA1 appears likely to play a subordinate role in advanced canine
PC. However the much lower levels in the malignant samples compared to the non-

neoplastic and hyperplastic tissues are remarkable.
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As mentioned before the analysis of HMGA?Z2 revealed significant up regulation in all
adenocarcinoma derived samples, matchin our previously reports describing
overexpression in canine prostatic adenocarcinomas (40). Interestingly, HMGAZ2 was
low in the transitional cell carcinoma derived tissue no. 9 as well as the cell line
DTO08/40 (No. 13). However, as the number of samples is small, this has to be proven
in following studies. Interestingly, the cell line DT08/46 (No. 14), which was derived
from the adenocarcinoma sample (No. 9), showed similar HMGA?Z2 levels as the
original tissue.

The HMGA1/2 sister gene HMGB1 was only over expressed in one of the analyzed
hyperplasic samples (No. 7). In contrast a the significantly lower HMGB1 expression
in the malignant samples (No. 8-12 and 14) appears interesting as HMGB1 was
reported to be deregulated in various human cancers and might be a canine PC
associated deregulation but must be further investigated.

The cyclin CCNDZ2 was, similarly to HMGAZ, over expressed in one of the
hyperplastic samples (No. 6) and presented more than 2 fold higher expression
levels in the malignant samples no. 8 and 13. The expression of the oncogene c-Myc
is at least two fold higher in the malignant samples no. 8, 12, 13, and 14 when
compared to the reference sample (No. 1). The remarkable difference between
c-Myc levels in the tissue sample (No. 8) and the derived cell line DT08/46 (No. 14)
shows that gene expression can differ greatly, among others due to chromosomal
aberrations and mutations, between original tissues and derived cell lines.
Interestingly, the c-Myc levels were highest in the three cell lines. However, a
correlation between c-Myc and canine PC was not found in the used set of prostatic
samples.

In accordance to a previous report, where human PC-3 cells were reported to exhibit
a defective MAPK pathway (41), MAPK1 expression was lowest in all malignant
canine tissues. Reconstitution of this pathway by expression of a constitutively active,
recombinant MAPK1 was shown to reverse the neoplastic phenotype effectively and
prevented aberrant cell proliferation (41). On the other hand up regulated MAPK1
was monitored to be associated with survival of castrate-resistant human PCs (42).
IL6 expression is highest in the cancerous tissue no. 11. Interestingly /L6 levels were
lowest in the three non-neoplastic tissues as well as in the cell lines, which might be
the result of the in vitro cultivation over a long period. However, the potential of IL6 as
diagnostic marker for canine PC appears to be low.
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NRAS, PIK3CA, PTEN, and Klif4 seemed as well not to correlate with canine PC.

The canine FolH1 mRNA was, in accordance with Aggarwal et al., not detectable in
neither of the analyzed prostatic tissues except at very low levels in the human cell
lines (43). However, Lai et al. reported a FolH1 over expression in canine PC. As the
herein used gRT-PCR assay was not amplifying the same transcript region the FolH1
the difference might be explained by the detection of different splice variants.

All of the herein analyzed genes were previously shown to be implicated in a variety
of human malignant neoplasias. In accordance, the results of the present study
showed as well an aberrant expression of four of these, the let-7a, HMGA2, MAPK1
and HMGB1 in the canine prostate cancer samples.

The average donor animal age of the malignant samples was approximately 9 years
confirming the observation that older individuals are more often affected by this
malignancy (44). Additionally, in accordance with previous reports the risk to develop
prostate cancer appears to be increased in non-castrated dogs (45, 46) as all donor
animals except one (sample no. 13) of the malignant samples were non-castrated
(Tab. I).

However, this study has some limitations such as the low sample number (n=14) due
to the low incidence of canine PC, which is ranging between 0.2 and 0.6 % (47) and
the resulting limited availability of fresh prostatic tissue.

Additionally, gPCR assays in general should be evaluated carefully as the most are
not adequate to discriminate between transcripts with mutations, which could have
additional to the simple deregulation also a major impact on the functionality of the
target gene. Furthermore, it is of interest that canine PCs present, similarly to other
types of cancer, an accumulation of heterogeneous cells. Thus the up or down
regulation of the gene of interest in a specific cell population might be titered away as
several thousands of cells were used for the RNA isolation.

As the expression and function of genes are context dependent the herein observed
discrepancies in target gene expression levels between the previously described
human and the analyzed canine prostatic tissues are not consequently revealing a
contradictory as they do not necessary reflect the gene product activity in a cell.

Thus for future studies it could be advantageous to separate the cells in
subpopulations due to different physical/molecular parameters and afterwards to

analyze target expression and activity in each of these.
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Conclusion

Herein we present four potential biomarkers for canine PC and additionally eight
novel potent qRT-PCR assays for comparative studies in the dog. Although
identification of good molecular PC markers is challenging it is still necessary and will

deliver benefits for both species in future
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Supplementary File

Table Il Quantitative real-time PCR assay information

Primer/assay name Primer sequence Previously described
hsa-let-7a Information not provided by manufacturer Life Technologies
GmbH, Darmstadt,
Germany
RNU6B Information not provided by manufacturer Life Technologies
GmbH, Darmstadt,
Germany
cfa_ACTB_up TCGCTGACAGGATGCAGAAG Dr. Sabine
cfa_ACTB_lo GTGGACAGTGAGGCCAGGAT Essler,Institute of
Immunology, University
of Veterinary Medicine
Vienna, Austria.
cfa HMGA1 _up ACCCAGTGAAGTGCCAACACCTAA [28]
cfa_ HMGA1 lo CCTCCTTCTCCAGTTTTTTGGGTCT
cfa_ HMGA2_up AGTCCCTCCAAAGCAGCTCAAAAG [28]
cfa_ HMGAZ2_lo GCCATTTCCTAGGTCTGCCTC
cfa_ HMGB1_up AAGTGAGAGCCAGACGGG [48]
cfa_HMGB1_lo TCCTTTGCCCATGTTTAATTATTTTC
cfa_KIf4_up CCACATTAATGAGGCAGCCA
cfa_KIf4_lo CTCCCGCCAGCGGTTATT
cfa_Myc_up TCGGACTCTCTGCTCTCCTC
cfa_Myc_lo TTCTTCCTCCGAGTCGCT -
cfa_FolH1_up CATGCCCAGAATTAGTAAGTT
cfa_FolH1_lo CAATGGATAACTCCTGAATTTG -
cfa IL6 up AATCTGGGTTCAATCAGGAGA
cfa_IL6_lo GATCTTGGTACTCATGTGCA "
cfa_MAPK1_up CTCAAGATCTGTGACTTTGGCTT
cfa_MAPK1_lo ACTTGGTATAGCCCTTGGAATT :
cfa_NRas_up CTTCCTCTGTGTATTTGCCAT
cfa_NRas_lo CCTTGTTGGCAAATCACACTT -
cfa_CCND2_up ATCGAGGAGCGCTACCTT
cfa_CCND2_lo CTCACAGACCTCCAGCAT :
cfa_PIK3CA _up TTCTAATCCCAGGTGGAATGA
cfa_PIK3CA lo CAATGGACAGTGTTCCTCTTT -
cfa_PTEN_up GAACAATATTGATGATGTAGTAAGGTT
cfa_PTEN_lo ATACTGTGCAACTCTGCAGTT :
- Not described previously
Table 1l gRT-PCR results
Sample no. | Ct Mean RQ SD+ SD-
Relative HMGA1/ACTB expression
1 22.84 1.00 - -
2 22.48 0.39 0.06 0.05
3 22.42 0.76 0.08 0.07
4 22.11 0.51 0.04 0.04
5 22.10 0.50 0.05 0.05
6 23.46 0.47 0.32 0.19
7 22.15 0.61 0.07 0.06
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8 19.44 0.76 0.09 0.08
9 17.32 0.19 0.01 0.01
10 21.99 0.09 0.02 0.02
11 21.52 0.25 0.04 0.04
12 17.32 2.74 0.27 0.24
13 21.24 0.16 0.01 0.01
14 18.54 0.87 0.05 0.05
Relative CCND2/ACTB expression
1 25.32 1.00 - -
2 22.96 1.58 0.21 0.19
3 24.00 1.27 0.18 0.16
4 24.34 0.56 0.12 0.10
5 24.51 0.57 0.05 0.05
6 14.91 664.00 42.00 39.00
7 23.47 1.62 0.11 0.11
8 20.40 2.1 0.23 0.21
9 22.41 0.61 0.05 0.04
10 24.86 0.06 0.01 0.01
11 21.75 1.19 0.08 0.09
12 21.74 0.73 0.06 0.06
13 20.48 2.73 0.20 0.19
14 20.85 1.93 0.48 0.39
Relative Myc/ACTB expression
1 24.56 1.00 - -
2 22.84 1.05 0.14 0.12
3 23.08 1.41 0.23 0.21
4 22.35 1.51 0.17 0.15
5 23.06 0.84 0.06 0.06
6 23.03 1.48 0.23 0.20
7 22.68 1.63 0.07 0.08
8 19.69 1.97 0.13 0.12
9 21.07 0.82 0.05 0.05
10 22.68 0.37 0.04 0.04
11 20.65 1.48 0.15 0.13
12 18.66 2.88 0.77 0.61
13 19.33 2.62 0.27 0.24
14 18.09 5.68 1.863 1.26
Relative NRAS/ACTB expression

1 25.61 1.00 - -
2 24 .57 0.63 0.12 0.10
3 25.23 0.67 0.07 0.06
4 24.42 0.67 0.20 0.15
5 24.46 0.66 0.11 0.09
6 25.41 0.60 0.07 0.06
7 23.92 1.39 0.43 0.32
8 21.42 1.26 0.13 0.11
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9 2247 0.69 0.13 0.11
10 22.31 0.44 0.12 0.10
11 23.23 0.46 0.07 0.06
12 2147 0.96 0.12 0.10
13 21.71 1.05 0.07 0.07
14 21.50 1.15 0.30 0.23
Relative KIf4/ACTB expression

1 27.90 1.00 - -

2 26.86 0.67 0.11 0.10
3 27.87 0.61 0.04 0.03
4 27.24 0.58 0.09 0.08
5 26.88 0.68 0.04 0.04
6 27.40 0.86 0.05 0.05
7 27.40 1.19 0.07 0.07
8 23.75 1.71 0.05 0.04
9 26.63 0.23 0.02 0.02
10 24.77 0.46 0.01 0.01
11 25.37 0.65 0.03 0.03
12 2411 0.78 0.08 0.07
13 25.29 0.55 0.02 0.02
14 24.47 0.75 0.14 0.12

Relative PTEN/ACTB expression

1 29.46 1.00 - -

2 28.49 0.50 0.11 0.09
3 30.41 0.38 0.04 0.03
4 28.20 0.81 0.33 0.24
5 28.58 0.71 0.31 0.22
6 29.32 0.53 0.21 0.15
7 27.76 1.27 0.43 0.32
8 28.38 0.18 0.05 0.04
9 27.11 0.39 0.04 0.03
10 27.76 0.19 0.10 0.07
11 28.15 0.35 0.12 0.09
12 2711 0.32 0.02 0.02
13 27.42 0.35 0.04 0.04
14 27.79 0.19 0.04 0.03

Relative IL6/ACTB expression

1 37.48 1.00 - -

2 38.14 0.21 0.11 0.07
3 37.51 0.83 0.41 0.27
4 36.78 0.64 1.47 0.97
5 34.82 2.83 0.72 0.49
6 36.00 1.51 2.86 2.12
7 33.48 7.94 0.98 0.73
8 33.35 1.82 1.32 0.88
9 33.95 2.75 0.48 0.28
10 32.09 2.58 0.34 0.29
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11 29.55 80.60 14.90 12.50
12 36.72 0.31 0.25 0.14
13 38.72 0.10 0.11 0.05
14 36.25 042 0.15 0.11
Relative PIK3CA/ACTB expression

1 39.43 1.00 - -

2 37.14 0.62 0.49 0.27
3 39.76 - - -

4 36.50 2.02 0.27 0.24
5 36.77 1.27 0.43 0.33
6 37.99 0.63 0.74 0.34
7 35.57 3.78 0.24 0.24
8 36.39 0.32 0.06 0.05
9 36.45 0.75 0.12 0.10
10 36.14 0.42 0.02 0.02
11 35.41 1.46 0.26 0.22
12 36.45 1.45 0.38 0.31
13 35.88 0.69 0.12 0.10
14 33.24 2.1 0.53 0.43

qRT-PCR results of the HMGA1, CCND2, Myc, NRAS, Kif4, PTEN, IL6, and PI3KCA

analyses. Analyzed samples are indicated in first column. Measured mean threshold

values (Ct) are listed in the second column. The corresponding target expression

relative to the housekeeping gene ACTB (RQ) is listed in the third column. The RQ is

always shown in relation to the calibrator (No. 1), which was set as 1. Additionally,

the calculated standard deviations (SD+ and SD-) are shown in the right column.

- = Not calculated.
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4.1.2. Lymphoma

Non-Hodgkin lymphoma treatment strategies depend on the specific type of
lymphoma, in this regard the value of the canine model depends on the possibility
to discriminate between the lymphoma subgroups (Ponce et al., 2010).

This section deals with expression analyses of the let-7 regulated HMGA1 and
HMGAZ2 genes in canine B- and T-cell lymphomas. The following research study
provides information concerning the potency of these two genes as marker for
canine lymphoma. This knowledge is precondition for the following

development/application of mMiRNA let-7 based therapeutic approaches.

V. Expression of the high mobility group A1 (HMGA1) and A2 (HMGA?2)
genes in canine lymphoma: analysis of 23 cases and comparison to

control cases.

Joetzke et al., Veterinary and Comparative Oncology, 2010

Aberrant HMGA1 and HMGAZ2 expression was found in many human malignancies
but their precise role in canine hematopoietic cancer was not addressed so far.

By that reason the potential of the HMGA genes as diagnostic and therapeutic
targets in lymphomas was evaluated in the following study analyzing the expression
pattern of HMGA1 and HMGAZ in canine samples.

HMGA expression in lymph node specimens of 23 dogs with lymphoma was
compared to three samples from dogs euthanized by the reason of other diseases.
It could be shown by quantitative real-time PCR that the median HMGAL1 expression
was significantly higher in lymph nodes of lymphoma patients compared to the
control specimens. In contrary to HMGA1, HMGA2 did not show significant
differences in expression levels between the lymphoma-affected and non-affected
groups. However, HMGA2 levels were found to be increased in the T-cell
lymphomas subpopulation.

In conclusion the observed HMGA deregulation in the analyzed set of canine
lymphomas indicates an important role of the HMGA genes as differentiation

markers in canine lymphomas. The herein presented study provides the basis for
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future comparative research dealing with prognostic, diagnostic and therapeutic

approaches.
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Expression of the high mobility group A1 (HMGAL1) and
A2 (HMGA2) genes in canine lymphoma: analysis of 23

cases and comparison to control cases

Joetzke AE, Sterenczak KA, Eberle N, Wagner S, Soller JT, Nolte I, Bullerdiek J,
Murua Escobar H, Simon D.

Vet Comp Oncol. 2010 Jun;8(2):87-95.

Own contribution:

- Canine HMGAL real-time PCR assay design and evaluation
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Abstract

Overexpression of high mobility group A (HMGA) genes was described as a prognostic marker in

different human malignancies, but its role in canine haematopoietic malignancies was unknown so
far. The objective of this study was to analyse HMGAT and HMGAZ2 gene expression in lymph nodes of
canine lymphoma patients. The expression of HMGAT and HMGA2 was analysed in lymph node
samples of 23 dogs with lymphoma and three control dogs using relative quantitative real-time
RT-PCR. Relative quantity of HMGAT was significantly higher in dogs with lymphoma compared with
reference samples. HMGAZ2 expression did not differ between lymphoma and control dogs. With the
exception of immunophenotype, comparison of disease parameters did not display any differences

in HMGAT and HMGAZ2 expression. The present findings indicate a role of HMGA genes in canine

lymphoma. This study represents the basis for future veterinary and comparative studies dealing with

their diagnostic, prognostic and therapeutic values.

Introduction

The high mobility group A (HMGA) protein family
consists of three members: HMGAla, HMGA1lb
and HMGA2. These highly conserved,! small,
chromatin associated non-histone proteins are
encoded for by two different genes (HMGAI
and HMGA2) and regulate gene expression by
inducing genomic DNA conformation changes.
These changes indirectly take effect on transcription
regulation by influencing the binding of various
transcription factors.? Although HMGA genes are
abundantly expressed in embryonic cells, their
expression in most human adult healthy tissues
is low or even absent.’

The HMGA proteins are known to play a sig-

nificant role in the pathogenesis of various diseases

© 2010 Blackwell Publishing Ltd

71

including cancer. Re-expression of HMGAI was
detected in various human malignancies including
thyroid, lung, prostatic and colorectal carcinoma,

411 whereas

as well as leukaemia and lymphoma,
HMGA2 re-expression was described, for example,
in leukaemia, mammary, non-small cell lung, oral
squamous cell and thyroid carcinoma.'>='® In sev-
eral of these malignancies HMGA overexpression
has been reported to be associated with aggres-
sive biologic behaviour. 72111315 Eyrthermore,
HMGAI and HMGA?2 have attracted interest as
potential therapeutic targets and future influencers

17" Demonstration of

on the choice of therapy.
HMGA2 expression in canine prostate carcinoma
tissue provided evidence that HMGA expression

may also play a role in malignant tumours of dogs.'®
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The various similarities in biologic behaviour of
many canine and human neoplastic diseases suggest
similar mechanisms to be involved in the respective
pathogenic events. Numerous canine malignancies
are considered to be appropriate models for human
oncology: among these, osteosarcoma, mammary
carcinoma, oral melanoma, pulmonary carcinoma
and non-Hodgkin’s lymphoma.'?

Lymphoma is one of the most common neoplas-
tic diseases in the dog with an estimated annual
incidence of 24—114 per 100 000 dogs.?*! Fur-
thermore, it belongs to the most chemoresponsive
malignancies in dogs.!? Therefore, factors involved
in the pathogenesis of canine lymphoma are of great
interest for veterinarians as well as for comparative
oncology. A wide variety of factors, for example,
has been investigated for prognostic relevance,??~’
but there are still strong variations in outcome of
canine lymphoma that cannot be completely pre-
dicted. Molecular markers may provide new insight
into the pathogenesis of canine lymphoma and
therefore might help in predicting outcome.

As a result of the reported role of HMGA re-
expression in malignant tumours and its association
with tumour aggressiveness in humans, the expres-
sion of the corresponding proteins is presumed
to represent a powerful diagnostic and prognostic
molecular marker. Therefore, it was the aim of the
present study to analyse the HMGAI and HMGA?2
gene expression in canine lymphomas and to com-
pare it with findings in a group of control cases.

Materials and methods
Patients

Dogs with cytologically or histologically confirmed
lymphoma were included in the analysis. Dogs
that had received chemotherapy prior to sampling
were excluded, whereas those pretreated only with
glucocorticoids were included. Control lymph node
samples were acquired from dogs with clinically
unaltered peripheral lymph nodes diagnosed with
diseases other than haematopoietic neoplasia.
Signed owner consent was obtained for every
patient and the study design was reviewed
and approved by the governmental animal care
committee.

Staging and immunophenotyping

Clinical staging in dogs with lymphoma was per-
formed according to the WHO clinical staging
system?® based on physical examination, com-
plete blood count, serum biochemistry, thoracic
and abdominal radiographs and bone marrow
aspiration cytology. Flow cytometry was used to
determine the immunophenotype of multicentric
lymphoma cases as previously described.?

Samples

Enlarged peripheral (multicentric lymphoma) or
abdominal (intestinal lymphoma) lymph nodes
were sampled via fine needle aspiration. Control
samples were obtained from excised peripheral
popliteal or superficial cervical lymph nodes within
20 min following euthanasia. All samples were
immediately frozen in liquid nitrogen and stored at
—80 °C until RNA isolation.

RNA isolation and complementary DNA
synthesis for transcript characterization

The samples were homogenized using the iron-
beads QIAshredder homogenizer method (Qiagen,
Hilden, Germany). Following, total RNA was
isolated using the RNeasy Mini Kit according to
the manufacturer’s instructions (Qiagen, Hilden,
Germany). In order to avoid genomic DNA
contaminations, on-column DNase digestion with
the RNase-Free DNase set (Qiagen, Hilden,
Germany) was performed.

The respective complementary DNA (cDNA)
syntheses were performed using 250 ng total RNA
of each sample, the adaptor primer AP2: AAG GAT
CCG TCG ACA TC(17)T and Quantiscript Reverse
Transcriptase following the manufacturer’s proto-
col (Qiagen, Hilden, Germany) with an integrated
removal of genomic DNA contamination.

Quantitative real-time RT-PCR

For relative quantification of the HMGAI and
HMGA2 transcript levels, reverse transcription PCR
(RT-PCR) amplifications were carried out using
the Applied Biosystems 7300 real-time PCR System
(Applied Biosystems, Darmstadt, Germany). Two
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Table 1. Sequences of the primers and fluorogenic probes used in the RT-PCR procedures

Forward Reverse Fluorogenic
Gene primer 5’ — 3’ primer 5’ — 3’ probe 5’ — 3’
HMGA1 ACCCAGTGAAGTGCCAACA CCTCCTTCTCCAGTTT 6-FAM-AGGGTGCTGCCAA
CCTAA TTTGGGTCT GACCCGGAAAACTACC A-TAMRA
HMGA2 AGTCCCTCCAAAGC AGCTCA GCCATTTCCTAGGTCT GCCTC 6-FAM-AGAAGCCACTGGAGAAAAACG
AAAG GCCA-TAMRA
GUSB TGGTGCTGAGGATTGGCA CTGCCACATGGACCCC ATTC 6-FAM-CGCCCACTACTATGCCATCGT
GTG-TAMRA

GUSB, glucuronidase beta.

microlitres of each cDNA corresponding to 25 ng
of total RNA was amplified in a total volume of
25 uL using universal PCR Mastermix (Applied
Biosystems, Darmstadt, Germany) with 600 nM
each of the respective forward and reverse primer
(Table 1) and 200 nM of the respective fluorogenic
probe (Table 1). PCR conditions were as follows:
2 min at 50 °C and 10 min at 95 °C, followed by 45
cycles with 15 s at 95 °C and 1 min at 60 °C.

For relative quantification based on the compari-
son of the HMGA expression with the expression of
a housekeeping gene the canine glucuronidase beta
transcript was chosen as endogenous control.*” Two
microlitres of each cDNA corresponding to 25 ng
of total RNA was amplified with 600 nM of each
primer (Table 1) and 200 nM fluorogenic probe
(Table 1). The PCR was performed under the same
conditions as the PCR reactions of the target genes.

All samples were measured in triplicate and for
each run, non-template controls and no reverse
transcriptase control reactions were included.
Before performing the relative real-time quantifi-
cations, an absolute real-time PCR reaction was
performed with all assays (results not shown),
in order to ensure the comparability between the
endogenous control and the respective target PCR
reactions. All PCR reactions showed similar amplifi-
cation efficiencies. To compare the gene expression
levels based on the delta-delta-CT method, the
expression in the control lymph node sample with
the lowest variations between the three measure-
ments of both HMGAI and HMGA2 was used as a
calibrator (expression level = 1).%!

Statistical analysis

Expression levels of HMGA1 and HMGA2 were
evaluated for statistically significant differences

between anatomic type (multicentric versus intesti-
nal lymphoma, Mann—Whitney test), immunophe-
notype (B-cell versus T-cell, Mann—Whitney test),
WHO-substage (substage a versus substage b,
Mann—Whitney test) and WHO-stage (clinical
stage 3 versus 4 versus 5, Kruskal-Wallis test and
clinical stage 3 and 4 versus 5, Mann—Whitney
test). A Mann—Whitney test was also used to com-
pare expression levels in lymphomas with those in
control dogs.

A P-value of <0.05 was considered to be
statistically significant. Statistical analysis was
performed using SPSS 15.0 statistics software (SPSS,
Chicago, IL, USA).

Results
Patient population

Twenty-three dogs with lymphoma were included
in the study. Control lymph node samples were
obtained from three dogs that were euthanized
because of a sarcoma of the liver, pneumonia
and a mediastinal sarcoma, respectively. Patient
characteristics are summarized in Table 2.

HMGA1I and HMGA2 expression analyses

Lymph node expression of HMGA1 was measured
in all 23 dogs with lymphoma, whereas HMGA2
expression was determined in 22 of the 23
lymphoma patients. Expression of both genes was
analysed in three control lymph node samples.

HMGA expression in lymphoma samples and
comparison to control

The median expression level of HMGAI in
lymphoma samples (n = 23) was 6.88 (range
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Table 2. Patient characteristics of the lymphoma-affected
and the control dogs

Lymphoma Control
Patients (n = 23) Dogs(n =3)

Breeds

Mixed-breed n==6 n=1

Rottweiler n=3

Beagle n=2

Small Munsterlander n=2

Jagdterrier n=2

Pitbull Terrier n=2

Dachshund n=1

German Shepherd n= n=1

White Shepherd n=1

Hovawart n=1

Golden Retriever n=1

Dogo Argentino n=1

Jack Russel Terrier n=1
Age (years)

Median 9

Range 4-13 7-12
Body weight (kg)

Median 26.5

Range 8.8-52 6-40
Gender

Female (spayed) n=9n=4) n=2n=2)

Male (castrated) n=14(n=7) n=1(n=0)
Anatomic form

Multicentric n =19 (83%)

Intestinal n=4(17%)
WHO-stage

3 n=3(13%)

4 n=5(22%)

5 n =15 (65%)
WHO-substage

a n = 7(30%)

b n=16(70%)
Immunophenotype

B n=15

T n=3
Not determined n=>5

1.09-12.14), which was significantly higher than the
expression measured in control samples (median
0.95, range 0.94-1.00, P = 0.006). HMGA2 expres-
sion showed no significant difference between
lymphoma-affected (n = 22; median 0.32, range
0.03-317.66) and control lymph nodes (median
0.52, range 0.33—1.00, P = 0.738).

HMGA expression in multicentric lymphoma

In a separate evaluation including only the dogs
with multicentric lymphoma (n = 19), HMGAI
was detected with a median relative quantity

of 7.20 (range 1.09-12.14). The median relative
quantity of HMGA2 in these dogs (n = 18) was
0.28 (range 0.03-317.66). The expression levels of
HMGALI in the multicentric lymphoma cases were
higher than in the control samples (median 0.95,
range 0.94—1.00, P = 0.001, Fig. 1A). Expression
of HMGA2 did not differ significantly between
multicentric lymphoma and control samples
(median 0.52, range 0.33—1.00, P = 0.534, Fig. 1B).

HMGAI and HMGA2 expression levels in the
dogs with multicentric lymphoma did not differ
from those in dogs with intestinal ymphoma (n = 4
HMGAI: median 4.59, range 1.63—-10.04, P =
0.505; HMGA2: median 7.02, range 0.14-138.69,
P =0.118).

In the dogs with multicentric lymphoma, clinical
stage and clinical substage were not significantly
associated with different HMGAI (P = 0.340 and
P = 0.482, respectively) and HMGA2 (P = 0.964
and P = 0.126, respectively) expression values.
Comparison of a combined group of dogs in stages
3 and 4 with dogs in stage 5 also did not display
any differences in HMGAT and HMGA2 expression
(P = 0.940 and P = 0.965, respectively).

Median relative HMGAI expression level in the
multicentric lymphoma dogs with B-cell subtype
(n=15) was 7.42 (range 4.79-12.14). This was
significantly higher than the respective relative
quantity in the T-cell lymphoma cases (n = 3; 1.09,
1.50 and 1.53, respectively, P = 0.002, Fig. 2A). The
relative quantity of HMGAZ2 expression was on the
other hand significantly higher in the T-cell subtype
(n = 3; 21.98, 93.48 and 317.66, respectively) than
in the B-cell lymphoma dogs (n = 14; median 0.17,
range 0.03-5.33, P = 0.003, Fig. 2B).

Discussion

The present study aimed at the quantification of
HMGA] and HMGA?2 expression in canine lym-
phoma and a comparison to control cases. It is
the first report of HMGA expression analysis in
canine haematopoietic malignancy. In the present
population of dogs with lymphoma, HMGAI was
overexpressed when compared with control dogs.
In certain subtypes of human non-Hodgkin’s lym-
phoma an alternative methodical approach using
microarray technology indicated differences in
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Figure 1. Relative quantity of HMGAI (A) and HMGA2 (B) in dogs with multicentric lymphoma and control dogs.
Boxplots graphs comparing multicentric lymphoma to control lymph nodes. (A) Median relative HMGA1 quantity in
multicentric lymphoma (n = 19): 7.20 (range 1.09-12.14), control samples (n = 3): 0.95 (range 0.94-1.00; P = 0.001);
(B) median relative HMGAZ2 quantity in multicentric lymphoma (n = 18): 0.28 (range 0.03—317.66), control samples

(n = 3): 0.52 (range 0.33—1.00; P = 0.534).
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Figure 2. Relative quantity of HMGAI (A) and HMGA2 (B) in multicentric lymphoma with different immunophenotype.
Boxplots graphs comparing B-cell and T-cell lymphoma. (A) Median relative HMGA1 quantity in B-cell lymphoma

(n = 15): 7.42 (range 4.79—12.14), in T-cell lymphoma (n = 3): 1.50 (range 1.09-1.53; P = 0.002); (B) median relative
HMGA2 quantity in B-cell lymphoma (7 = 14): 0.17 (range 0.03—5.33), in T-cell lymphoma (n = 3): 93.48 (range

21.98-317.66; P = 0.003).

HMGAI expression levels as well. The expres-
sion was found to be significantly upregulated
in the aggressive phase of follicular lymphoma
compared with the indolent phase.'” Human
mantle cell lymphomas with a high prolifera-
tive index as determined immunohistochemically
via Ki-67 expression showed a 3.3-fold higher
HMGALI expression than those with a low prolifer-
ative index.!! Increased levels of HMGA1 proteins
were also described in Burkitt’s lymphoma cell
lines with increased c-Myc protein.*? Furthermore,
HMGAI overexpression has been shown in human
leukaemias both of lymphoid and myeloid origin.®®

In addition, findings in mice emphasize the impor-
tance of HMGA1 in haematopoietic malignancies.
Induction of HMGA1 overexpression in transgenic
mice was found to be associated with the devel-
opment of NK-cell lymphomas.* Interestingly, the
loss of function of the HMGAI gene shows signif-
icant pathogenic effects, as well. Heterozygous and
homozygous HMGATI knock-out mice develop car-
diac hypertrophy combined with haematopoietic
malignancies, for example, B-cell lymphoma and
myeloid granuloerythroblastic leukaemia.**

No significant difference in HMGA2 expression
levels between canine lymphoma and control lymph
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node samples was detected in the study population.
In human haematopoietic malignancies, both of
lymphoid and myeloid origin, aberrant expression
and/or chromosomal rearrangements affecting
HMGA2 have been described.”®=** Transgenic
mice carrying a truncated HMGA2 gene develop
NK-cell lymphomas with a high frequency and
thus show an association of HMGA2 expression
with haematopoietic neoplasia, as well.*” Although
increased HMGA?Z expression levels seem to play a
role in several human myeloid neoplasias, 384
findings in lymphoid malignancies are more
heterogeneous. Significantly lower expression levels
of HMGA2 were found in the bone marrow
of human acute lymphoblastic leukaemia (ALL)
patients when compared with healthy bone
marrow.” In contrast, there is a report of HMGA2
locus rearrangement with overexpression of a
HMGA2 mRNA lacking a carboxy-terminal tail
in a case of ALL.*” Another paper showed HMGA2
protein expression in bone marrow blasts associated
with chromosomal translocation involving HMGA2
in Richter transformation of a chronic lymphocytic
leukaemia.*

Despite the lack of significant differences in
HMGA2 expression between canine lymphoma
and control lymph nodes in the present study,
the HMGAZ2 expression in canine lymphomas var-
ied widely. This indicates that aberrant HMGAZ2
expression may play a role in canine lymphoma
but that its overexpression is not a consistent find-
ing. The role of these expression differences in the
respective pathogenesis remains to be investigated
in future studies incorporating a larger study popu-
lation. Interestingly, HMGA2 expression levels were
found to be significantly higher in T-cell than in
B-cell lymphomas. The T-cell immunophenotype
is observed less frequently in canine lymphoma,
comprising approximately 19-33% of lymphoma
cases.”>?%? Consistent with these findings, T-cell
lymphomas accounted for 17% of phenotyped
lymphoma cases in the present study. A higher
proportion of T-cell lymphomas may have resulted
in a significant difference in HMGA2 expression
between multicentric lymphomas and control sam-
ples. Expression of HMGA 1 as well was significantly
different between T-cell and B-cell lymphomas.
In contrast to HMGA2, HMGA] was expressed

significantly higher in B-cell lymphomas. The
known association of immunophenotype with
22,24,25

prognosis of canine lymphoma in addition

to the proven prognostic significance of HMGA
expression in several human malignancies™”®!1*13
gives rise to the assumption that HMGA expres-
sion levels and especially the different expression of
HMGAI and HMGA2 may be associated with prog-
nosis in canine lymphoma, as well. Further studies
are needed to verify the present findings and to
prove anassociation with prognosis. It is interesting,
that there seems to be a low expression of HMGA1
especially in the subgroup (T-cell lymphomas) with
a significantly higher expression of HMGA2. When
reviewing other studies about HMGA expression
in different human tumours concurrent overex-
pression of HMGA1 and HMGA?2 is found in
some tumour types’ and overexpression of either
HMGAI or HMGA? in others.*'"*2 In some human
tumour entities, the expression profile of HMGA
seems to be useful as a diagnostic tool to differenti-
ate between histologically similar tumours.*"* It is
possible, that differential expression of HMGA I and
HMGAZ2 may be attributed to different roles they
play in tissue differentiation and tumour pathogen-
esis. Whether it possesses diagnostic or prognostic
importance in canine tumours and especially in
canine lymphomas may become subject of future
studies.

The present study has some limitations that
need to be considered. Some subgroups within
the study population were relatively small, which
decreases the statistical significance of the results but
reflects the epidemiological situation in the canine
lymphoma population. The low number of control
cases must be regarded as a limitation, as well. This
group consisted of euthanized dogs with clinically
unaltered peripheral lymph nodes and without
haematopoietic neoplasia. Other neoplastic or non-
neoplastic diseases were not excluded. It cannot be
ruled out that the HMGA gene expression levels
measured in the apparently unaltered peripheral
lymph nodes of these dogs has been influenced
by their respective disease or the postmortem
sampling.

In the present study, overexpression of HMGA
genes was demonstrated in dogs with lymphoma.
The findings indicate that HMGA gene expression
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may possess a role in the pathogenesis of canine
lymphoma. Hence, the results of the present study
may provide the basis for future veterinary and
comparative studies on the diagnostic, prognostic
and therapeutic use of HMGA I and HMGA2.
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4.1.3. Comparison of non-coding RNAs in human and canine cancer

The microRNA (miRNA) family let-7 appears to play a major role in human and
canine cancer. Thus deciphering the mode of action and regulation of let-7 but also
of other miRNAs will greatly contribute to the development of novel cancer treatment
strategies.

The post-transcriptional gene silencing (PTGS) is a conserved phenomenon
triggered among others by miRNAs. These are highly conserved among eukaryotes
and influence diverse biological processes by regulating genes on
post-transcriptional and evidently on transcriptional level. Owing to their high
stability in body fluids (Brase et al., 2010) and involvement in various diseases
mMiRNAs bear great potential for the development of novel prognostic, diagnostic

and treatment modalities.

II. Comparison of non-coding RNAs in human and canine cancer.

Wagner et al., Frontiers in Genetics, 2013.

Herein the previously described miRNA expression patterns in non-neoplastic
diseases and malignant neoplasias of the human and the domesticated dog were
reviewed and compared.

Additionally, all known human and canine mature miRNA sequences listed in the
miRBase data base (Sanger Institute, version 16.0) were aligned with each other.
The in silico analyses revealed that more than 2/3 of the listed canine miRNAs
present absolute sequence complementarity to the human homologs, indicating a
similar function in human and dog as evidenced by similar expression pattern in the
analyzed malignancies.

Finally the potential and advantages of the canine model for tumor research were
highlighted.
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The discovery of the posttranscriptional gene silencing (PTGS) by small
non-protein-coding RNAs is considered as a major breakthrough in biology. In the last
decade we just started to realize the biologic function and complexity of gene regulation
by small non-coding RNAs. PTGS is a conserved phenomenon which was observed
in various species such as fungi, worms, plants, and mammals. Micro RNAs (miRNA)
and small interfering RNAs (siRNAs) are two gene silencing mediators constituting an
evolutionary conserved class of non-coding RNAs regulating many biological processes
in eukaryotes. As this small RNAs appear to regulate gene expression at translational
and transcriptional level it is not surprising that during the last decade many human
diseases among them Alzheimer's disease, cardiovascular diseases, and various cancer
types were associated with deregulated miRNA expression. Consequently small RNAs
are considered to hold big promises as therapeutic agents. However, despite of the
enormous therapeutic potential many questions remain unanswered. A major critical
point, when evaluating novel therapeutic approaches, is the transfer of in vitro settings
to an in vivo model. Classical animal models rely on the laboratory kept animals under
artificial conditions and often missing an intact immune system. Model organisms
with spontaneously occurring tumors as e.g., dogs provide the possibility to evaluate
therapeutic agents under the surveillance of an in intact immune system and thereby
providing an authentic tumor reacting scenario. Considering the genomic similarity
between canines and humans and the advantages of the dog as cancer model system
for human neoplasias the analyses of the complex role of small RNAs in canine tumor
development could be of major value for both species. Herein we discuss comparatively
the role of mIRNAs in human and canine cancer development and highlight the potential
and advantages of the model organism dog for tumor research.

Keywords: RNAi, PTGS, model organism, cancer research, dog, miRNA, siRNA

BIOGENESIS AND FUNCTION OF SMALL RNAs IN
MAMMALS
In 2006, Andrew Fire and Craig C. Mello were awarded with
the Nobel Prize in medicine for their work on RNA interference
(RNAI). Since the discovery of post-transcriptional gene silencing
(PTGS) mechanism in various species, the interest in using small
RNA molecules and its endogenous mechanisms as a new phar-
macological approach to human diseases is constantly rising (Fire
etal., 1998; Elbashir et al., 2001). Micro RNAs (miRNA) and small
interfering RNAs (siRNA) are two small non-protein-coding RNA
molecule types which play a leading role in PTGS. Thereby, con-
trary to siRNAs, miRNAs appear to act as “fine tuner” of gene
regulation (Sevignani et al., 2006).

miRNAs are endogenously expressed as primary miRNA
(pri-miRNA) transcripts composed of up to several thousand
nucleotides (Mondol and Pasquinelli, 2012) which are processed
by the nuclear enzyme Drosha to precursor miRNAs (pre-
miRNA) (Zeng and Cullen, 2006). Following the enzymatic pro-
cessing, the cytoplasmic enzyme Dicer cleaves the pre-miRNAs
generating the mature double-stranded miRNAs (Bohnsack et al.,

2004; Lund et al., 2004). Dicer not only processes pre-miRNAs,
it also cleaves long double stranded RNA molecules and gener-
ates the second class of small RNAs, named siRNAs, which show
a miRNA-similar size of ~20 base pairs (Tomari and Zamore,
2005).

Mature miRNAs and siRNAs are chemically and physiologi-
cally indistinguishable, apparently only differing in their respec-
tive origins (Ambros et al., 2003). Further comparison of these
molecules shows that the “guide strand” of miRNAs seen in mam-
mals, is in most cases significantly but not obligatory completely
complementary to the 3'-untranslated region of the respec-
tive target mRNA. In the case of siRNAs the “guide strand”
shares absolute complementarity to a small region in the target
structure. After “guide strand” incorporation into the RNA-
induced silencing complex (RISC), the respective target mRNA
stability and/or translation are modulated (Tomari and Zamore,
2005). Interestingly many miRNAs, their biogenesis and func-
tions are conserved among several organisms of higher and
lower complexity as fungi, worms, Drosophila, and mammals
confirming the general importance of the PTGS mechanism
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(Filippov et al., 2000; Pasquinelli et al., 2000; Wu et al., 2000;
Fortin et al., 2002; Yan et al., 2003; Han et al., 2004; Ibanez-
Ventoso et al., 2008).

miRNA genes itself show to be very versatile, they were
described to be polycistronic or monocistronic and occasionally
located in intron- as well as exon-regions of protein-coding genes.
Some miRNAs are co-expressed with their target-mRNAs as one
transcript (Bartel, 2004; Kim et al., 2009). Different miRNAs tar-
get a single mRNA, and a single miRNA can also be regulating
the expression of many different targets. Additionally, miRNAs
were also reported to be able to regulate other miRNAs by direct
interactions (Winter et al., 2009; Chen et al., 2011) and in some
cases miRNAs were described to be regulated by proteins trans-
lated from their respective target mRNA, constituting a regulatory
negative feedback loop (Bracken et al., 2008; Rybak et al., 2008).

In general, long double stranded RNA molecules are not com-
mon in mammals, suggesting that the RNAi mechanism mediated
by siRNAs evolved for defense of viral infections and transposable
elements (Obbard et al., 2009).

Despite their different origin these small non-coding RNA
molecules have many things in common including the small size,
specificity of inhibition, and potency and considering therapeu-
tic applications a diminished risk to induce unspecific effects as
immune responses. Due to these properties, these molecule types
are considered to be potential key players in the development of
next generation therapeutics for treatment of a variety of major
diseases including cancer (Barh et al., 2010).

miRNA transcription and maturation is not the only pro-
cess regulating functional miRNA levels. Stability of functional
miRNAs is a further key factor in miRNA regulation. Molecule
stability was reported to be dependent on several cis- and trans-
acting factors varying considerably between miRNAs and their
spatiotemporal expression (Kai and Pasquinelli, 2010). Exosomal
release of miRNAs into the extracellular environment (Ohshima
etal.,, 2010) and long non-coding RNAs (IncRNA) mimicking tar-
get mRNA sites and thereby acting as decoys, were also shown to
decrease functional miRNA levels in cells (Cesana et al., 2011).
Interestingly, numerous IncRNAs were reported to be deregulated
in human cancer (Shore et al., 2012).

Typically one strand of the mature miRNA hybrid, the “guide
strand” is maintained during interaction with RISC proteins
while the “passenger strand” is degraded. This dichotomy is gen-
erally known to be caused by the stabilization of the “guide
strand” by RISC loading, while the “passenger strand” stays
unprotected (Kai and Pasquinelli, 2010). miRNA methylation,
uridylation, and adenylation are some of the modifications hav-
ing an influence on small RNAs half-life as well (Burroughs et al.,
2010; Kai and Pasquinelli, 2010). However, miRNA stability-
enhancing proteins were also described to be actively involved in
miRNA half-life, suggesting that the miRNA-mediated gene reg-
ulation processes are more complex and as variable as these genes
are itself (Kai and Pasquinelli, 2010).

THE DOG AS MODEL ORGANISM

In recent years, the role of the domestic dog as model organism
for various human diseases constantly gained increasing impor-
tance. Many canine inherited diseases were described, including

Alzheimer’s disease (Rofina et al., 2003), narcolepsy (Lin et al.,
1999), diabetes (Ionut et al., 2008), epilepsy (Lohi et al., 2005),
atrial fibrillation (Shan et al., 2009), Duchenne muscular dystro-
phy (Mizuno et al., 2011), heart diseases (Eaton et al., 1995), and
cancer (Mueller et al., 2007; Boggs et al., 2008; Noguchi et al.,
2011; Uhl et al., 2011). All these disorders occur in dogs, just as
in humans, spontaneously during their lifetime and many of them
show similar clinical manifestations (Ostrander et al., 2000; Sutter
and Ostrander, 2004).

Cancer is a complex, polygenic disease spontaneously occur-
ring in man and dog (~1 million diagnosed pet dog cancer cases
per year in the United States), whereas tumors in most laboratory
animals must be artificially induced (Mueller et al., 2007; Karlsson
and Lindblad-Toh, 2008; Paoloni and Khanna, 2008). Indeed,
mans best friend shares many features, including tumor genet-
ics, molecular targets, histological appearance, and response to
conventional therapies (Paoloni and Khanna, 2008). Additionally
dogs often cohabitate with their owners, are exposed to similar
environmental stresses, which may have a big impact on can-
cer development, and enjoy the best medical care among pets
(Sutter and Ostrander, 2004; Rowell et al., 2011). Furthermore,
dogs show a higher genetic variability than inbred laboratory mice
and enable an easier and faster surgical intervention and imag-
ing due to body size (Mueller et al., 2007). The five- to eight-fold
faster aging of dogs in comparison to humans facilitates long-
term studies of cancer treatments (Rowell et al., 2011). In 2005,
the sequenced canine genome was published (Lindblad-Toh et al.,
2005). Having a less different genome from humans than rodents
and sharing a similar metabolism, according to their body size,
the dog classifies as a very good model organism for molecular
studies on human diseases (Sutter and Ostrander, 2004; Karlsson
and Lindblad-Toh, 2008; Pinho et al., 2012).

In contrast to investigations on human miRNAs in cancer, the
research on canine miRNAs is often limited by the lack of spe-
cific canine assays. Up to now only a limited number of studies
were done on canine non-neoplastic and tumor tissues. In 2008,
Zhou et al. identified 357 canine miRNA-genes by computational
analysis, 300 of these were homologs of known human miR-
NAs (Zhou et al., 2008). Currently 1527 human and 323 canine
miRNA matches of hairpin precursors are registered in the web-
database, miRBase (Sanger Institute, version 16.0) (Kozomara
and Griffiths-Jones, 2011).

Due to high homology of mature miRNAs between human
and dog (Table 1), many of the human miRNA assays can be
used for analyses of canine miRNA expression. In Table 1 canine
miRNAs are listed, which share absolute homology to the human
counterparts. Homologous canine miRNAs with overhangs or
major sequential differences are not listed.

COMPARATIVE miRNA EXPRESSION IN HUMAN AND
CANINE DISEASES

Humans share many diseases with their canine companions
including atrial fibrillation, Duchenne muscular dystrophy, and
cancer, but the number of comparative studies, focussing on
the role of miRNAs in canine diseases, is still relatively low
(Karlsson and Lindblad-Toh, 2008; Shan et al., 2009; Mizuno
et al,, 2011). However, the published data is constantly growing
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Table 1| Compari of ine and h ture miRNAs.

Table 1| Continued

Canine mature miRNA Human mature miRNA  Canine mature miRNA Human mature miRNA

cfa-miR-1 hsa-miR-1 cfa-miR-107 hsa-miR-107
cfa-let-7a hsa-let-7a cfa-miR-122 hsa-miR-122-5p
cfa-let-7b hsa-let-7b cfa-miR-125a hsa-miR-125a-5p
cfa-let-7¢ hsa-let-7¢ cfa-miR-125b hsa-miR-125b-5p
cfa-let-7e hsa-let-7e cfa-miR-126 hsa-miR-126-5p
cfa-let-7f hsa-let-7f-5p cfa-miR-127 hsa-miR-127-3p
cfa-let-7g hsa-let-7g-5p cfa-miR-128 hsa-miR-128
cfa-miR-7 hsa-miR-7-5p cfa-miR-129 hsa-miR-129-5p
cfa-miR-9 hsa-miR-9-5p cfa-miR-130a hsa-miR-130a-3p
cfa-miR-10 hsa-miR-10a-5p cfa-miR-130b hsa-miR-130b-3p
cfa-miR-15a hsa-miR-15a-5p cfa-miR-133b hsa-miR-133b
cfa-miR-15b hsa-miR-15b-5p cfa-miR-133c hsa-miR-133a
cfa-miR-16 hsa-miR-16-5p cfa-miR-134 hsa-miR-134
cfa-miR-17 hsa-miR-17-3p cfa-miR-135a-5p hsa-miR-135a-5p
cfa-miR-18a hsa-miR-18a-5p cfa-miR-135b hsa-miR-135b-5p
cfa-miR-18b hsa-miR-18b-5p cfa-miR-136 hsa-miR-136-5p
cfa-miR-19a hsa-miR-19a-3p cfa-miR-137 hsa-miR-137
cfa-miR-19b hsa-miR-19b-3p cfa-miR-138a hsa-miR-138-5p
cfa-miR-20a hsa-miR-20a-5p cfa-miR-143 hsa-miR-143-3p
cfa-miR-20b hsa-miR-17-5p cfa-miR-145 hsa-miR-145-5p
cfa-miR-21 hsa-miR-21-5p cfa-miR-146a hsa-miR-146a-5p
cfa-miR-22 hsa-miR-22-3p cfa-miR-146b hsa-miR-146b-5p
cfa-miR-23a hsa-miR-23a-3p cfa-miR-147 hsa-miR-147b
cfa-miR-23b hsa-miR-23b-3p cfa-miR-148a hsa-miR-148a-3p
cfa-miR-25 hsa-miR-25-3p cfa-miR-148b hsa-miR-148b-3p
cfa-miR-26a hsa-miR-26a-5p cfa-miR-149 hsa-miR-149-5p
cfa-miR-27a hsa-miR-27a-3p cfa-miR-150 hsa-miR-150-5p
cfa-miR-27b hsa-miR-27b-3p cfa-miR-151 hsa-miR-151a-5p
cfa-miR-28 hsa-miR-28-3p cfa-miR-152 hsa-miR-152
cfa-miR-29a hsa-miR-29a-3p cfa-miR-153 hsa-miR-153
cfa-miR-29b hsa-miR-29b-3p cfa-miR-1565 hsa-miR-155-5p
cfa-miR-29¢ hsa-miR-29¢-3p cfa-miR-181a hsa-miR-181a-5p
cfa-miR-30b hsa-miR-30b-5p cfa-miR-181b hsa-miR-181b-5p
cfa-miR-30e hsa-miR-30e-3p cfa-miR-181d hsa-miR-181d
cfa-miR-33 hsa-miR-33a-5p cfa-miR-182 hsa-miR-182-5p
cfa-miR-34a hsa-miR-34a-5p cfa-miR-183 hsa-miR-183-5p
cfa-miR-34c hsa-miR-34c¢-5p cfa-miR-184 hsa-miR-184
cfa-miR-92a hsa-miR-92a-3p cfa-miR-185 hsa-miR-185-5p
cfa-miR-92b hsa-miR-92b-3p cfa-miR-186 hsa-miR-186-5p
cfa-miR-93 hsa-miR-93-5p cfa-miR-187 hsa-miR-187-3p
cfa-miR-95 hsa-miR-95 cfa-miR-190a hsa-miR-190a
cfa-miR-96 hsa-miR-96-5p cfa-miR-190b hsa-miR-190b
cfa-miR-98 hsa-miR-98 cfa-miR-191 hsa-miR-191-5p
cfa-miR-99a hsa-miR-99a-5p cfa-miR-192 hsa-miR-192-5p
cfa-miR-99b hsa-miR-99b-5p cfa-miR-193a hsa-miR-193a-5p
cfa-miR-101 hsa-miR-101-3p cfa-miR-193b hsa-miR-193b-5p
cfa-miR-103 hsa-miR-103a-3p cfa-miR-194 hsa-miR-194-5p
cfa-miR-105a hsa-miR-105-5p cfa-miR-196a hsa-miR-196a-5p
cfa-miR-106a hsa-miR-17-5p cfa-miR-197 hsa-miR-197-3p
cfa-miR-106a hsa-miR-106a-5p cfa-miR-199 hsa-miR-199a-3p
cfa-miR-106b hsa-miR-106b-5p cfa-miR-200a hsa-miR-200a-5p
(Continued) (Continued)
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Table 1| Continued

Canine mature miRNA

Human mature miRNA

Table 1| Continued

Canine mature miRNA

Human mature miRNA

cfa-miR-200b
cfa-miR-200c
cfa-miR-202
cfa-miR-203
cfa-miR-204
cfa-miR-205
cfa-miR-206
cfa-miR-208a
cfa-miR-208b
cfa-miR-212
cfa-miR-214
cfa-miR-216a
cfa-miR-216b
cfa-miR-218
cfa-miR-219
cfa-miR-219*
cfa-miR-221
cfa-miR-222
cfa-miR-223
cfa-miR-299
cfa-miR-301a
cfa-miR-301b
cfa-miR-302a
cfa-miR-302¢
cfa-miR-302d
cfa-miR-320
cfa-miR-323
cfa-miR-324
cfa-miR-326
cfa-miR-328
cfa-miR-329b
cfa-miR-330
cfa-miR-331
cfa-miR-335
cfa-miR-338
cfa-miR-33b
cfa-miR-340
cfa-miR-342
cfa-miR-346
cfa-miR-361
cfa-miR-362
cfa-miR-365
cfa-miR-367
cfa-miR-370
cfa-miR-374a
cfa-miR-374b
cfa-miR-375
cfa-miR-376a
cfa-miR-376b
cfa-miR-377
cfa-miR-379

hsa-miR-200b-5p
hsa-miR-200¢-3p
hsa-miR-202-5p
hsa-miR-203a
hsa-miR-204-5p
hsa-miR-205-5p
hsa-miR-206
hsa-miR-208a
hsa-miR-208b
hsa-miR-212-5p
hsa-miR-214-3p
hsa-miR-216a-5p
hsa-miR-216b
hsa-miR-218-5p
hsa-miR-219-5p
hsa-miR-219-2-3p
hsa-miR-221-3p
hsa-miR-222-3p
hsa-miR-223-3p
hsa-mir-299
hsa-miR-301a-3p
hsa-miR-301b
hsa-miR-302a-5p
hsa-miR-302¢c-5p
hsa-miR-302d-5p
hsa-miR-320a
hsa-miR-323a-3p
hsa-miR-324-5p
hsa-miR-326
hsa-miR-328
hsa-miR-329
hsa-miR-330-5p
hsa-miR-331-3p
hsa-miR-335-5p
hsa-miR-3065-5p
hsa-miR-33b-5p
hsa-miR-340-5p
hsa-miR-342-3p
hsa-miR-346
hsa-miR-361-5p
hsa-miR-362-5p
hsa-miR-365a-3p
hsa-miR-367-5p
hsa-miR-370
hsa-miR-374a-5p
hsa-miR-374b-5p
hsa-miR-375
hsa-miR-376a-3p
hsa-miR-376b-3p
hsa-miR-377-5p
hsa-miR-379-5p

cfa-miR-381
cfa-miR-383
cfa-miR-410
cfa-miR-421
cfa-miR-423a
cfa-miR-424
cfa-miR-425
cfa-miR-432
cfa-miR-433
cfa-miR-448
cfa-miR-449
cfa-miR-450b
cfa-miR-451
cfa-miR-452
cfa-miR-454
cfa-miR-455
cfa-miR-487a
cfa-miR-487b
cfa-miR-488
cfa-miR-489
cfa-miR-490
cfa-miR-491
cfa-miR-493
cfa-miR-494
cfa-miR-495
cfa-miR-496
cfa-miR-497
cfa-miR-499
cfa-miR-500
cfa-miR-504
cfa-miR-505
cfa-miR-532
cfa-miR-539
cfa-miR-542
cfa-miR-543
cfa-miR-544
cfa-miR-551a
cfa-miR-551b
cfa-miR-568
cfa-miR-574
cfa-miR-590
cfa-miR-599
cfa-miR-628
cfa-miR-652
cfa-miR-660
cfa-miR-671
cfa-miR-708
cfa-miR-758
cfa-miR-761
cfa-miR-802
cfa-miR-874

hsa-miR-381-3p
hsa-miR-383
hsa-miR-410
hsa-miR-421
hsa-miR-423-5p
hsa-miR-424-3p
hsa-miR-425-5p
hsa-miR-432-5p
hsa-miR-433
hsa-miR-448
hsa-miR-449a
hsa-miR-450b-5p
hsa-miR-451a
hsa-miR-452-5p
hsa-miR-454-3p
hsa-miR-455-5p
hsa-miR-487a
hsa-miR-487b
hsa-miR-488-5p
hsa-miR-489
hsa-miR-490-3p
hsa-miR-491-3p
hsa-miR-493-3p
hsa-miR-494
hsa-miR-495-3p
hsa-miR-496
hsa-miR-497-5p
hsa-miR-499a-5p
hsa-miR-500a-3p
hsa-miR-504
hsa-miR-505-5p
hsa-miR-532-5p
hsa-miR-539-5p
hsa-miR-542-3p
hsa-miR-543
hsa-miR-544a
hsa-miR-551a
hsa-miR-5651b-3p
hsa-miR-568
hsa-miR-574-3p
hsa-miR-590-3p
hsa-miR-599
hsa-miR-628-5p
hsa-miR-652-3p
hsa-miR-660-5p
hsa-miR-671-3p
hsa-miR-708-5p
hsa-miR-758-3p
hsa-miR-761
hsa-miR-802
hsa-miR-874

(Continued)

(Continued)
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Table 1 | Continued

Canine mature miRNA

Human mature miRNA

cfa-miR-875
cfa-miR-876
cfa-miR-885
cfa-miR-1306
cfa-miR-1307

hsa-miR-875-5p
hsa-miR-876-5p
hsa-miR-885-5p
hsa-miR-1306-5p
hsa-miR-1307-3p

207 of the canine mature miRNAs listed in miRBase (Sanger Institute, version
16.0) show absolute sequence complementarity to the human counterparts.
The sequence identity of the canine mature miRNA sequences with the corre-
sponding human homologs was confirmed by miRBase, single sequence search
(http.//www.mirbase.org/search.shtml).

and thus it is likely that in future miRNA studies on the
canine model, like in the following examples, will gain more
importance.

miRNAs IN NON-NEOPLASTIC DISEASES

Recent studies showed that nicotine can induce atrial struc-
tural remodeling and increase atrial fibrosis vulnerability in dogs.
Shan et al. reported a decreased miR-133 and miR-590 expres-
sion in smoking individuals with atrial fibrosis and showed that
an ectopic over-expression of miR-133 and miR-590 resulted in
a post-transcriptional suppression of TGF-B1 and TGF-BRII in
cultured canine atrial fibroblasts (Shan et al., 2009).

Another disease affecting man as well as dogs is Duchenne
muscular dystrophy. It is a lethal X-chromosome linked disor-
der caused by mutations in the dystrophin gene, which encodes a
cytoskeletal protein. Mizuno et al. studied serum miRNA expres-
sion in the X-linked muscular dystrophy in Japan dog model
(CXMDy) and found, as in humans, increased miR-1, miR-133a,
and miR-206 levels (Cacchiarelli et al., 2010, 2011; Mizuno et al.,
2011). The study indicates that serum miRNAs might be a reliable
biomarker for muscular dystrophy (Mizuno et al., 2011).

miRNAs IN CANCER

Focusing cancer in more detail, deregulated miRNA expression
was associated with many human and canine neoplasias (Mueller
etal.,2007; Barh etal., 2010; Noguchi et al., 2011; Uhl et al., 2011).
As miRNAs are involved in a variety of biological processes as
regulation of apoptosis, angiogenesis, cell cycle control, and cell
migration it is not surprising that these molecules show an enor-
mous influence on cancer etiology (Bueno and Malumbres, 2011;
Donnem et al., 2012; Landskroner-Eiger et al., 2012). For exam-
ple the human miR-17-92 cluster coded miRNAs where reported
to act tumorigenic, while others such as the let-7 family mem-
bers, where reported to be like a coin with two sides, acting in
some cases as tumor suppressors or promoting tumor develop-
ment (Blenkiron and Miska, 2007; Boyerinas et al., 2010; Olive
etal., 2010; Ryland et al., 2012).

In cancer, miRNA target sites and miRNA genes itself were
found to be directly mutated or their expression deregulated by
other factors (Ikeda et al., 2011; Ryland et al., 2012). Due to
the complex acting and regulation mechanisms it is very likely

that many miRNA deregulations associated with their respective
disease are not even identified.

However, despite of the fact that the detailed mechanisms of
miRNA action are still under debate, many diagnostic and thera-
peutic miRNA-based approaches show promising results (Li et al.,
2009; Krell et al., 2012).

As in humans, in dogs, many miRNAs are conserved empha-
sizing the role of the domestic dog as model organism for miRNA
in cancer research. It is very likely that these molecules also follow
comparable expression patterns and similar function in canine
neoplasias. The analysis of miRNA biogenesis and expression pat-
tern could decipher the role of human and canine miRNAs in
cancer and enable the design of new therapies based on small
RNA delivery.

miRNAs in mammary tumors

Mammary tumors are among the most common neoplasias of
female dogs, with an estimated lifetime risk for malignant tumors
varying from 2 to more than 20%. The risk for malignant mam-
mary tumors in dogs spayed before and after their first estrus,
is in comparison to intact dogs 0.05 and 8%. In dogs spayed
after their second estrus, the risk rises up to 26% (Withrow and
Vail, 2007). Data from a Swedish study, based on 80,000 insured
female, mostly sexually intact dogs, reported a rate of 111 mam-
mary tumors (benign and malignant) per 10,000 dog-years risk
(Egenvall et al., 2005). The age-standardized incidence rate for
human breast cancer estimates 66.4 per 100,000 in more devel-
oped areas and is thus the most common cancer (Jemal et al.,
2011).

According to a recent study, nine miRNAs, let-7f, miR-15a,
miR-16, miR-17-5p, miR-21, miR-29b, miR-125b, miR-155, and
miR-181b involved in human mammary cancer, appear to fol-
low the same expression pattern in the canine counterpart. In this
study, only the investigated miR-145 was not shown to be differ-
ently expressed comparing non-neoplastic and neoplastic canine
tissues (Boggs et al., 2008).

miRNAs linked to lymphomas

Besides mammary cancer, canine lymphomas show the high-
est estimated annual incidence with 13 to 24 cases per 100,000
accounting for up to 24% of all canine neoplasias (Withrow and
Vail, 2012). In human, chronic lymphocytic leukemia (CLL) is
the most common leukemia in the Western world with an annual
incidence of approximately 10,000 new cases in the United States
(Calin and Croce, 2009).

In a recent study, the relative expression pattern of 12 canine
miRNAs (cfa-let-7a, cfa-miR-15a, cfa-miR-16, cfa-miR-17-5p, cfa-
miR-21, cfa-miR-26b, cfa-miR-29b, cfa-miR-125b, cfa-miR-150,
cfa-miR-155, cfa-miR-181a, and cfa-miR-223) in CLL was ana-
lyzed. Due to stable expression between the investigated samples
four of the 12 miRNAs (cfa-let-7a, cfa-miR-17-5p, cfa-miR-26b
and cfa-miR-223) were used as endogenous controls. miR-15a,
miR-16, and miR-181a were reported to be downregulated in
canine and human CLL (Calin et al., 2002; Gioia et al., 2011;
Zhu et al., 2012). Four of the investigated miRNAs (cfa-miR-
21, cfa-miR-125b, cfa-miR-150, cfa-miR-155) were described to be
upregulated in human and canine B-CLL as well (Pekarsky et al.,
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2006; Fulci et al., 2007; Wang et al., 2008; Bousquet et al., 2010;
Palamarchuk et al., 2010; Rossi et al., 2010). Only miR-29b, which
was shown to be downregulated in human B-CLL, was upregu-
lated in canine CLL (Pekarsky et al., 2006; Fulci et al., 2007; Wang
et al., 2008; Bousquet et al., 2010; Palamarchuk et al., 2010; Rossi
et al., 2010).

It was also observed by Gioa et al. that in comparison to canine
B-CLL the miR-125 expression was significantly downregulated
in canine T-CLL. On the basis of the mature miRNA expres-
sion ratio between miR-150/miR-125b, and miR-150/miR-155, it
was reported that it is also possible to distinguish among nor-
mal blood, B-CLL and T-CLL samples (Gioia et al., 2011). This
illustrates the potential of miRNA expression analyses not solely
as tumor marker but as an instrument to distinguish between
different but similar cell or cancer types.

miRNAs associated with melanomas

Melanomas are very aggressive malignant skin cancers in man
and dog (Noguchi et al., 2011). Accounting for 5-7% of canine
skin tumors. Tumors of the melanocytes and melanoblasts are
relatively common in dogs (Withrow and Vail, 2007; Uhl et al.,
2011). In human melanoma cell lines A2058, Mewo, and canine
melanoma LMeC cells as well as malignant melanoma tissues
the miR-145, miR-203, and miR-205 expression was reported
to be downregulated. An ectopic expression of each of these
miRNAs-induced in vitro growth inhibition in A2058, Mewo,
and LMeC cells (Noguchi et al., 2011, 2012a,b), indicating
their potential for treatment of human and canine malignant
melanoma.

miRNAs involved in epithelial to mesenchymal transition
Furthermore, aberrant activation of the epithelial to mesenchy-
mal transition (EMT) has been observed to promote invasion
and metastasis in several human cancers. The EMT inducers
ZEBI1 and ZEB2 have been shown to be direct targets of the
miR-200 family (miR-200a, miR-200b, miR-200c, miR-141, and
miR-429) in the human breast cancer cell line MDA-MB-231
and in Madin Darby canine kidney epithelial cells (MDCK). Lost
expression of these miRNAs was detected in human metaplas-
tic breast cancer specimens, indicating that downregulation of
miR-200 family members may be an important step in tumor pro-
gression (Bracken et al., 2008; Gregory et al., 2008; Adam et al.,
2009).

miRNAs with prognostic significance in osteosarcoma

Representing 1% of diagnosed cancer cases in the United States,
osteosarcoma is one of the most common primary malignan-
cies of human bone in children and adolescents (Mirabello et al.,
2009). Estimated at >10,000 cases per year, canine osteosar-
coma is relatively common in contrast to humans. Like in
man, the canine counterpart also arises spontaneously in dogs
and shows similar anatomical and functional biology (Khanna
et al., 2006; Sarver et al., 2013). Recently Sarver et al. demon-
strated an inverse correlation between human 14932 cluster
miRNA expression and aggressive tumor behavior in human
and canine osteosarcoma. The group mapped the 14932 clus-
ter to the canine genome. The miR-134 and miR-544 of the

14@32 cluster, showing 100% homology between both species,
were used to examine the expression in canine samples. They
showed a lower miR-134 and miR-544 expression in canine and
human bone tumors in comparison to healthy tissues (Sarver
et al., 2013). The expression levels of these two miRNAs could
provide prognostic utility in osteosarcoma, a disease that shows
conserved features between human and dog (Sarver et al,
2013).

For a better overview the previously described miRNA expres-
sion patterns in the different canine and human neoplasias were
summarized in the Table 2. The described results should be con-
sidered with care as major differences could be present in the
comparison depending on species, organism the system of tumor

Table 2 | Overview of the above described miRNAs involved in canine
and human cancer.

MAMMARY TUMORS

cfa-let-7f 1 hsa-let-7f-5p 1
cfa-miR-15a s hsa-miR-15a-5p 1
cfa-miR-16 J hsa-miR-16-5p 1
cfa-miR-17-5p 1 hsa-miR-17-5p 1
cfa-miR-21 4 hsa-miR-21-5p 4
cfa-miR-29b 1 hsa-miR-29b-3p t
cfa-miR-125b 1 hsa-miR-125b-5p e
cfa-miR-145 = hsa-miR-145-5p i3
cfa-miR-155 4 hsa-miR-155-5p $
cfa-miR-181b 4 hsa-miR-181b-5p ¥
EMT

cfa-miR-141 4 hsa-miR-141-3p i
cfa-miR-200a l hsa-miR-200a-5p 1
cfa-miR-200b l hsa-miR-200b-5p 1
cfa-miR-200¢ 1 hsa-miR-200c-5p I
cfa-miR-429 l hsa-miR-429 !
B-CLL/T-CLL

cfa-miR-15a W hsa-miR-15a-5p -
cfa-miR-16 WU hsa-miR-16-5p -
cfa-miR-21 A hsa-miR-21-5p -
cfa-miR-29b A hsa-miR-29b -
cfa-miR-125b 7 hsa-miR-125b 1~
cfa-miR-150 A hsa-miR-150-5p =
cfa-miR-155 tr hsa-miR-155-5p -
cfa-miR-181a W hsa-miR-181a-5p -
MELANOMA

cfa-miR-145 1 hsa-miR-145-5p ik
cfa-miR-203 1 hsa-miR-203a 1
cfa-miR-205 l hsa-miR-205-5p $
OSTEOSARCOMA

cfa-miR-134 1 hsa-miR-134 1
cfa-miR-544 l hsa-miR-544a >

In the 1st column are the canine and in the 3rd the human miRNAs listed. In
the 2nd and 4th column the relative expression or tendencies in comparison
to non-neoplastic samples are presented. “-" indicates that no reports were
found for involvement in CLL. “=" means that no differences in expression
between tumor and healthy cells were described. “1 ” signifies upregulation or
“| " downregulation in comparison to non-neoplastic samples.
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classification, type of miRNA preparation and quantification and
the used type of normalization.

FUTURE PROSPECTS

As the majority of miRNAs involved in human and canine
diseases are evolutionary conserved, it is likely that the expres-
sion patterns are also similar. Nevertheless homologous miRNAs,
showing similar pattern of expression in different species, should
be considered with care as it is possible that the functions still
deviate. Even individual miRNAs in the same species can show
oncogene suppressive functions or act oncogenic (Boggs et al.,
2008).

However, some miRNAs were shown to be a potential non-
invasive biomarker for different clinically relevant subtypes of
human breast cancer (Cortez et al., 2012; Shore et al., 2012). As
aberrant miRNA expression is partially postulated to be an early
event in human tumorigenesis (Cortez et al., 2012) it is tempting
to speculate that specific miRNAs could also be used as prognostic
tools (Li et al., 2009; Krell et al., 2012) for canine neoplasias and
thus should be further evaluated as novel agents in the future.

Further knowledge of spatiotemporal miRNA expression and
their respective targets will allow more specific modulation of
target or effector molecule expression by delivery of miRNAs,
siRNAs, or similar modified oligonucleotides.

A directed ectopic expression of naturally occurring miRNAs
could have the capability to act therapeutically in an organism
by replenishing the missing tumor suppressor miRNA and inter-
fering with oncogenic properties of cancer cells. In perspective
oncomiRs (cancer-promoting miRNAs) could be suppressed by
antagomiRs (chemically engineered oligonucleotides that act as
miRNA inhibitors) or functionally inhibited by titering them
away with IncRNAs (Cesana et al., 2011). Due to the fact that a

single miRNA can act on several targets, a miRNA-based therapy
could have significant advantages but also bears the risk to induce
unintended side effects. Thus, modifications of gene expression
by more stringent artificial miRNAs or siRNAs sharing 100%
homology to a single target of interest could lower the risk for
off target effects, improve treatment, and reduce unwanted side
effects.

However, two major obstacles still remain: intracellular deliv-
ery and expression level. The ectopic expressed miRNAs must
show a certain expression level to reconstitute the “normal” state
of genes and the applied small RNAs must be taken up by can-
cer cells and be further correctly incorporated into RISC. Until
now, multiple delivery strategies such as nanoparticles, liposomes,
peptide nucleic acids, and viral vectors have been described to
achieve this goal but none of these can be used ubiquitously for
different types of neoplasias in different locations (Petrocca and
Lieberman, 2010; Pan et al., 2011).

Showing many advantages concerning specificity, potency,
number of accessible targets, species cross-reactivity, fast devel-
opment and the scalability, small RNAs may have an enormous
diagnostic and therapeutic potential in cancer treatment (Li et al.,
2009; Krell et al,, 2012) as single agents or e.g., substituting
antibody-based cancer therapies.

Homology between human and canine miRNAs could not
only enable to use the dog as model organism, but also the transfer
of therapeutic and diagnostic approaches established for humans
to canines and vice versa. Further elucidation of miRNA functions
and biogenesis will facilitate and improve the design and entry of
small RNA therapeutic programs into clinical practice. Until now
only a few studies describe miRNA expression in canines. Thus,
a systematic profiling of miRNA expression would be of great
value.
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Results

4.2. Structural and functional HMGA analyses

As it was shown in the previous sections and previously described by other groups
the miRNA let-7 family appears to be one of the key players in gene regulation. Thus
let-7 based therapeutic approaches might be an option to treat cancer in future.
However, before treating a defined cancer entity with let-7 based/modifying
therapeutics it is precondition to know why let-7 regulated genes are aberrantly
expressed and what is their function in a cell.

Thus the gene structure of the canine HMGA1 gene was analyzed in this part of the
thesis. Additionally the influence of HMGA2 on the HMGAZ2/let-7 axis in a canine
prostatic cell line was investigated. And finally the potency of the HMGA1 and

HMGAZ2 proteins on maintenance of the stem-cell character was evaluated.

VI. Genomic characterisation, chromosomal assignment and in vivo
localisation of the canine high mobility group A1 (HMGA1) gene the
Canine High Mobility Group A1 (HMGA1) Gene.

Beuing et al., BMC Genetics, 2008

Herein the canine HMGAL1 gene was characterized revealing a structure consisting
of seven exons and six introns lacking the equivalent to the human exon 4.
Additionally, the canine HMGAL1 gene which spans in total 9524 nt was assigned to
the chromosome 12 (CFA 12ql1). Furthermore the canine HMGA1 protein was
localized in the nucleus of canine cells.

Finally, 55 Dachshunds were screened for a previously described exon 6 mutation
of the HMGAL gene. The results indicate that the previously found mutation of this
locus seems not to be a frequent, breed specific event in the Dachshund population.
The obtained results will enable comparative analysis of the human and canine
HMGAZ1 products, thereby providing the basis for ongoing investigations of HMGA1

related diseases.
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Abstract

Background: The high mobility group Al proteins (HMGAIa/HMGAIDb) are highly conserved
between mammalian species and widely described as participating in various cellular processes. By
inducing DNA conformation changes the HMGAI proteins indirectly influence the binding of
various transcription factors and therefore effect the transcription regulation. In humans
chromosomal aberrations affecting the HMGA| gene locus on HSA 6p2| were described to be the
cause for various benign mesenchymal tumours while high titres of HMGA | proteins were shown
to be associated with the neoplastic potential of various types of cancer. Interestingly, the absence
of HMGAI proteins was shown to cause insulin resistance and diabetes in humans and mice.

Due to the various similarities in biology and presentation of human and canine cancers the dog
has joined the common rodent animal model for therapeutic and preclinical studies. Accordingly,
the canine genome was sequenced completely twice but unfortunately this could not solve the
structure of canine HMGA| gene.

Results: Herein we report the characterisation of the genomic structure of the canine HMGA|
gene consisting of 7 exons and 6 introns spanning in total 9524 bp, the in vivo localisation of the
HMGAI protein to the nucleus, and a chromosomal assignment of the gene by FISH to CFAI2ql I.
Additionally, we evaluated a described canine HMGAI exon 6 SNP in 55 Dachshunds.

Conclusion: The performed characterisations will make comparative analyses of aberrations
affecting the human and canine gene and proteins possible, thereby providing a basis for revealing
mechanisms involved in HMGAI related pathogenesis in both species.
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Background

The high mobility group A (HMGA) proteins are small
chromatin associated non-histone proteins named
according to their characteristic motility in acid-urea poly-
acrylamide gel electrophoresis. The protein family con-
sists of the three proteins HMCAla, HMGA1b and
HMGA2 which are encoded for by two different genes
{HMGA1 and HMGA2). The functional motifs of these
proteins, named AT-hooks, bind to the minor groove of
DNA causing conformational changes of the DNA mole-
cule, On genomic level these structural changes influence
the binding of various transcription factors and thus indi-
rectly influence the transcription regulation, which classi-
fies the HMGA proteins as so called architectural
transcription factors (for detail see |1]).

In previous studies we characterised the canine HMGCA1
c¢NAs and proteins and in comparative analyses of these
molecules showed that they are highly conserved between
different mammalian species. The observed number of
amino acid changes seen across mammalian species (cat-
tle, dog, hamster, horse, mouse, pig, and rat) vary between
0 to 3 when compared to the human molecules [2-10].
Interestingly, only the canine [IMGA1 proteins are 100%
identical to their respective human counterparts [11].

The HMGA1 proteins are well known to play a significant
role in the pathogenesis of various diseases including can-
cer. In humans, chromosomal aberrations affecting the
TIMGAT gene locus on TISA 6p21 were described for vari-
ous benign mesenchymal tumours, e.g. endometrial pol-
yps, lipomas, pulmonary chondroid hamartomas, and
uterine leiomyomas [12-14]. The observed aberrations are
supposed to lead to an up-regulation of the HMGA1T gene
in the affected tumours, as opposed to adult healthy tis-
sues where HMGA gene expression is low or hardly meas-
urable [9,15,16). In malignant neoplasias HMGAI
expression is reported to be associated with an aggressive
behaviour of tumours. Accordingly, [TMGA1 overexpres-
sion was detected in various malignancies including thy-
roid, lung, prostatic, pancreatic, uterine cervical, and
colorectal carcinoma [17-22]. Thus [IMGA expression is
supposed to present a powerful diagnostic and prognostic
molecular marker due to the described correlation
between HMCA expression and tumour aggressiveness.

Whilst overexpression of HMGAT is clearly associated
with cancerogenesis the disruption of the I/MGAT gene
and thus induced loss of HMGAT expression shows signif-
icant pathogenic effects. Heterozygous and homozygous
Hmgal knock-out mice develop cardiac hypertrophy
combined with hematologic malignancies e.g. B cell lym-
phoma and myeloid granuloerythroblastic leukemia [23].
Additional research with Hmgal knock-out mice targeting
diabetes presented by Foti et al. (2005) showed that loss

http://www biomedcentral.com/147 1-2156/9/49

of Hmgal expression is clearly associated with signifi-
cantly decreased insulin receptor expression and thus
causes a characteristic diabetes type 2 phenotype in mice
[24].

The various similarities in presentation and biology of
numerous canine and human diseases including cancer
suggest similar mechanisms to be involved in the respec-
tive pathogenic events. Accordingly, at least a dozen dis-
tinct canine cancers are hypothesized to be appropriate
models for their human counterparts, among those oste-
osarcoma, breast carcinoma, oral melanomas, lung carci-
nomas and malignant non-Hodgkin's lymphomas [25].

The characterization of disease related genes and their
protein biology will allow for comparative studies to
reveal the molecular mechanisms involved therein and
serve as a basis for future clinical studies.

Results and discussion

The HMGAD gene and its proteins HMGAla and
HMGA1b are described as regulating multiple cellular
processes and are widely reported to be associated with
various diseases including diabetes and cancer. In previ-
ous studies we characterised the canine HMGAT ¢DNAs
and proteins completely and did comparative analyses of
these molecules to the respective counterparts of different
species and showed high evolutionary conservation. The
fact that several canine and human cancer types show
striking similarities in presentation and biological behav-
iour, €.g. spontaneous occurrence and metastasis patterns,
strongly suggests similar mechanisms to be involved in
the respective pathogenic events of both species. Thus,
various canine tumours are currently used as models for
several human cancer types. Accordingly, comprehension
of the canine gene and its gene products is precondition
for comparative analyses, allowing the revelation of
molecular effects involved in these pathogenic presenta-
tions. Understanding and comparison of the respective
genes will thus benefit both species. The exact mechanism
for the emergence of the pathogenic effects caused by
chromosomal aberrations affecting the human 1IMGAI
gene in benign mesenchymal tumours, e.g. endometrial
polyps, lipomas, pulmonary chondroid hamartomas, and
uterine leiomyomas [12-14] are not completely under-
stood. However, it is currently supposed that the aberra-
tion causes up-regulation of the HMGAI gene in the
affected neoplasias. The principal aim of the study was to
characterize the genomic structure of the canine HMGAI
gene allowing the comparison of its genomic structure to
the counterparts of other mammals and thus allowing a
further evaluation of evolutionary conservation of the
gene and a comparative analysis of chromosomal aberra-
tions in both species. Additional aims were the in vive
localization of the canine HMGA1 protein and the evalu-
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ation of a previously described point mutation which
causes a disrupted protein.

Genomic structure, BAC Screening and FISH

A canine HMGA1 genomic PCR reaction was established
and used for screening of a canine BAC for identification
of the canine HMGA1 gene locus by FISH. The verified
BAC 572 P20 K12 RC was used for FISH experiments. Ten
well spread metaphases were analysed and showed signals
on both chromatides of both chromosomes CFA 12q11
(Figure 1). The chromosomal localisation was done fol-
lowing the nomenclature established by Reimann et al.
[26]. Existing painting probe based synteny studies and
RH analyses [27] indicated that the canine CFA 12 shares
homology with the human chromosome 6 on which the
HMGAT gene is located at HSA 6p21. Chromosomal aber-
rations affecting CFA 12 are not or barely reported to be
significantly associated with canine neoplasias |28,29].
While previous studies reported the localization of a
HMGAL gene positive BAC to CFA 23 [30], the performed
in silico analyses and the recently published canine
genome assembly [31] support the herein described
assignment of the canine HMGAT gene to CFA 12q11 by
FISH described in this study. Comparative chromosomal
in silico analyses using the "Evolutionary Highway" http:/

http://www.biomedcentral.com/1471-2156/9/49

The genomic structure of the canine HMGA1 gene consists
in total of the 7 exons and 6 introns. Overall the canine
HMGAT gene spans 9524 bp. The exon/intron structure,
size and the homologies to their human counterparts
were analysed and defined (Figure 2, Table 1). The total
identity to the corresponding human region is 62.8%. In
detail, the identities of the exons vary between 74.6% and
97.8% to their human counterpart, while the introns
show identities between 58.9% and 92.4% (for details see
Table 1). The newly characterized sequences combined
with the analyses performed in silico revealed that the
exon 4, which exists in humans, is missing on genomic
level in the canine genome. This exon 4 deletion also
exists in the mouse genome and affects the respective
mRNAs of both species in their 5' UTR. As the genomic
characterization of the canine HMGA1 gene was not avail-
able when the exons were named previously, the number-
ing at that time was based on the respective human exon
numbers as defined by Friedmann et al. [32]. Conse-
quently, as it is now known that the canine genomic
sequence is lacking an equivalent to human exon 4, the
previously used canine exon numbering should be revised
with the then named canine exon 5 now being canine
exon 4 and so on (Figure 2, Table 1). However, a part of
intron 2 remains unsequenced due to an extensive CG

/evolutionhighway.ncsa.uiuc.edu/results.html  showed  repeat which also exists in the human counterpart
similar results. (90%CG), and only the number of nucleotides (311 bp)
could be identified. The genomic sequences were submit-
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Figure |
FISH-Mapping of the canine HMGA . Canine metaphase

spread after GTG-banding (left) and the same metaphase after

fluorescence in situ hybridisation with BAC MGA 572 P20 K12 RC showing signals on both chromosomes 12 (right).
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Figure 2

Genomic structure of the canine HMGA| gene. Detailed structure of the genomic organisation of the canine HMGA|
gene.

ted to the NCBI database (bankit1078465, Exon 6 SNP evaluation
bankit1078536, bankit1078968). While characterising the canine HMGA1 gene we screened
twelve different canine breeds for point mutations affect-

Table I: Detailed analysis of the canine HMGA| gene genomic elements

Element of canine HMGAI gene Size in bp Identity to human counterpart in % (GenBank NC_000006))
Total gene 9524 62.8
Detail exons/introns (revised numbering)*

Exon | 94 978
Intron | 196 924
Exon 2 164 95.8
Intron 2 311 -
Exon 3 162 74.6
Intron 3 3096 589
Exon 4 (5) 179 93.9
Intron 4 (5) 1761 501
Exon 5 (6) 84 96.4
Intron 5 (6) 584 57.5
Exon 6 (7) 51 94.1
Intron 6 (7) 1459 58.1
Exon 7 (8) 1386 75.4

Identity comparison of the genomic elements of the canine HMGA| gene with its respective human counterparts.
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ing the protein coding region. A Dachshund sample
showed a transition from A to G in exon 6 (according to
revised exon numeration) leading to an amino acid
exchange from threonine to alanine causing a mutated
HMGAT1 protein [9]. To elucidate if the observed exchange
is frequently existent in the Dachshund population we
screened 55 Dachshunds for the respective mutation (Fig-
ure 3). The results obtained by sequencing and restriction
fragment analysis clearly showed that the previously
found mutation is a rare event, as none of the screened 55
Dachshunds showed the mutation. Thus our findings sug-
gest that the previously found aberrant HMGA1 allele
leading to a mutated protein form is unlikely to play a
major role in HMGA1 pathogenesis in Dachshunds.

In general, different species show significant differences
considering the number and probability of described
SNPs. This fact surely is directly dependent on total num-
bers of studies and sequencing reactions performed for
the different species. While in 2001 Sachidanandam et al.
[33] detected 1.42 million SNPs in the human genome
with one SNP per 1.9 kb the currently estimated total
number reported SNPs in the public databases is approx.
9 million for the human genome [34]. For the dog Lind-

Part of the canine HMGA1a gene

http://www.biomedcentral.com/1471-2156/9/49

blad-Toh et al. reported 2.5 million SNPs, whereas the
probability differs depending on the breed between one
SNP per 1500 bp and 900 bp [31]. Comparable to the
human genome the total numbers of reported SNPs in the
other different species is expected to increase significantly
according to the performed research efforts, leading to
increased knowledge of effects caused by SNDPs in general.

HMGALI in vivo localization

The in vivo localization of the canine HMGAT1 proteins via
expression of a canine HMGA1la-GFP fusion protein
showed that equivalently to its human counterpart the
protein is located in the nucleus (Figure 4). Proteins of the
HMGA family are described to be architectural transcrip-
tion factors, and thus a localisation in the nucleus seems
obvious. However, further localisation and function of
these proteins seem to be very likely, due to the fact that
application of recombinant HMGA1 proteins to porcine
cartilage cells in vitro showed significant increase of cell
proliferation (Richter et al. accepted for publication). For
a further member of the HMG proteins called HMGB1 the
existence of an extracelluar function was recognised only
a long time after its initial characterisation as an architec-
tural transcription factor, revealing a direct influence of

A1In5Up Exon 6 Acc. No.
'8 bp 51 bp NC_006594
— [P .

| | | | | [

part of part of <—
Intron 5 Intron6 A11n6 Lo
SNP 19 bp

‘T'HTTGATGGTGTTGAGGTCCCTCCTTTGGCTCCCCGTCTGGGTTTTTTGA

AAA|A[CTACCACAACTCCAGGGAGGAAACCGAGGGGCAGACCCAAAAAACTG

point mutation

Figure 3

Position of the evaluated Dachshund point mutation. Strategic position of the evaluated point mutation screened in 55

Dachshunds.
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Figure 4
In vivo localisation of the canine HMGAI protein. In vivo localization of a canine HMGA 1a-GFP fusion protein in culture
canine MTHS53A cells, 24 h posttranslational. a) GFP expression in canine mammary cell line MTH53A, b) DAPI fluorescent
staining of cell nuclei, merged GFP and DAPI image, c) merged GFP and transmitted light image (magnification x400).

extracellular HMGB1 on metastatic events [35-37]. Thus,
we suppose that a similar mechanism could also exist for
HMGA proteins and are currently working towards its
identification.

Conclusion

Knowledge about the structure of genes and proteins is
precondition to use them as potential therapeutic targets,
markers or for revealing mechanisms involved in relevant
pathogenic events. The canine and human HMGA genes
and proteins have widely been shown to be involved in
various diseases especially in cancer. Due to the numerous
reasons for using the dog as a model system for human
cancer research the characterisation of canine genes and
proteins is of special interest. The performed characterisa-
tions of the canine HMGA1 gene and proteins will allow
performing comparative analyses of aberrations affecting
the human and canine genes and proteins as basis for
revealing mechanisms involved in HMGAL1 related patho-
genesis in both species.

Methods

BAC library screening

A PCR reaction for the use in PCR-based screening of the
Canis familiaris DogBAC library (Schelling et al., 2002)
(Institute of Animal Genetics, Nutrition and Housing,
University of Berne, Berne, Switzerland) for a BAC clone
containing HMGA1 was established using canine genomic
DNA derived from blood. The primers Alln5up (5'
GGCATCCGGTGAGCAGTG 3') and Alln6lo (5' CAG-
GCAGAGCACGCAGGAC 3') were designed using
GeneBank sequences AY366395 &NW_876254. PCR
parameters were: 95°C for 5 min, followed by 30 cycles of
95°C 30 sec, 59.3°C 30 sec, 72°C 30 sec, and a final elon-
gation of 72°C for 10 min. The corresponding 201 bp
PCR product was cloned into the pGEM-T Easy vector sys-
tem (Promega, Mannheim, Germany) and verified by
sequencing. The DNA contigs and alignments were done

http://www.biomedcentral.com/1471-2156/9/49

with Lasergene software (DNAstar, Madison, USA) and
various sequences from the NCBI database (AY366395,
NW_876254). The verified BAC clone MGA 572 P20 K12
RC was used as probe for the following FISH experiments.

Slide Preparation

1 ml of canine whole blood was incubated for 72 h in
Chromosome Medium B (Biochrom, Berlin, Germany).
Subsequently, colcemide (0.1 pg/ml) (Biochrom, Berlin,
Germany) was added for 2 hours. The cells were centri-
fuged at 135 x g for 10 min and incubated for 20 min in
0.05 M KCI. Finally the cells were fixed with methanol/
glacial acetic acid. This suspension was dropped on ice-
cold slides and dried for at least 7 days at 37 °C. The chro-
mosomes were stained by GTG banding for karyotype
description. Prior to use in FISH investigations, the slides
were destained with 70% ethanol.

Fluorescence in situ Hybridization

MGA 572 P20 K12 RC BAC-DNA was digoxigenin
labelled (Dig-Nick-Translation-Kit, Roche, Mannheim,
Germany). The hybridization mixture contained 200 ng
probe, 40 ng ssDNA, 600 ng sonicated dog DNA, 2 x SSC,
2 x SSPE, 50% formamide and 10% dextran sulfate. 50 ul
of this mixture were applied to each slide and the cover
slips were sealed with rubber cement. Probe and chromo-
somes were denatured at 75°C on an Eppendorf Thermo-
cycler gradient, using the in situ adapter. Afterwards, the
slides were incubated in a moist chamber at 37°C over
night. Cover slips were carefully removed and the slides
were incubated in 0.1 x SSC at 61°C and 1 x PBS at RT.
Slides were then covered with 100 pl non fat dry milk
(NFDM) for 20 min. at 37°C in a moist chamber. For sig-
nal detection 100 pl NFDM containing 3 pg of Anti-Dig-
oxigenin-Rhodamine, Fab fragments (Roche, Mannheim,
Germany), were added to each slide and again incubated
for 20 min at 37°C in a moist chamber, followed by
washes with 1 x PBS, 3 x 3 min. at RT. Slides were air dried
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before chromosomes staining was performed with 25 pl
of Vectashield Mounting Medium with DAPT (Vector Lab-
oratories, Burlingame, CA, USA)

Ten well spread metaphases were examined indicating a
signal on CFA 1211 on both chromatids of both chro-
mosomes CFA 1211 {Fig. 1). The determination of chro-
mosomes follows the nomenclature of the canine
karyotype as described previously [26].

Genomic characterisation

For genomic characterisation of the canine HMGAI gene
the missing parts were amplified by PCR on the screened
BAC clone MGA 572 P20 K12 RC. For the missing part 1
a 858 bp fragment (bankit 1078968) was generated with
primer pair A1_6640-6997_upa (5'-CGCCGCCGGCTCCAA-
GAA-3"),A1_6 lo 2 (5-CCAACACAGCCCTGCAAA-3"),a
1879 bp fragment (bankit 1078465 for the missing part 2
was generated by the primer pair Al 8864-10549 upa
{5-GTCTCACCGTCTGGAGAAT-3"), A1_8864-10549_loa
{5 -TCACCGGAGGCTGCTT-3') and for the third missing
part a 979 bp fragment (bankit 1078536) was generated
with  primer  pair Al _11223-11834 upa  (5-
CTGAGCCCATGCCAGATAA-3'), A1_11223-11834_loa
{5-AGAGATCCCTGCCGTAGT-3"). The obtained PCR
products were separated on a 1.5% agarose gel, recovered
with QIAquick Gel Extraction Kit (QIAGEN, Hilden, Cer-
many), cloned in pGEM-1 Easy vector system (Promega,
Mannheim, Germany) and sequenced for verification.
The final genomic canine HMGA? contig and the identity
alignments were created with Lasergene software (DNAS-
tar, Madison, USA) with the generated sequences from the
cloned ¢DNAs described previously and wvarious
sequences from the NCBI database derived from the
canine genome sequencing (AY366394, AY366395
AY3663%6, NM_001003387, NW_876254).

SNP screening

Genomic DNA was isolated from the collected 55 Dachs-
hunds samples using the QiaAmp kit (QIAGEN, Hilden,
Germany). A specitic genomic PCR using the primer pair
Alln5up {5' GGCATCCGCTGAGCACTG 37) and Alln6lo
(5' CAGGCAGAGCACGCAGGAC 3') was established
allowing the amplification of the complete exon 6 and
flanking regions of intron 5 and 6, respectively (Figure 3).
In detail the PCRs were performed in a 25 ul volume con-
taining 0.5 uM of both primers (MWG Biotech, Martin-
sried, Germany), 0.1 mM of each dANTP {Invitrogen,
Karlsruhe, Germany) 0.6 units Tag-DNA polymerase
{Promega, Mannheim, Cermany), 1.5 mM MgCl,
{Promega, Mannheim, Germany), PCR buffer (Promega,
Mannheim, Germany) and 2.5 pl template DNA, contain-
ing averaged 26.5 ng/ul.

http:/fwww biomedcentral.com/147 1-2156/9/49

After an initial denaturation step of 5 min at 95°C, the
amplification followed in 30 cycles (30 sec. at 95°C, 30
sec at 59.3°C and 30 sec at 72°C). To complete, a final
elongation step for 10 min. at 72°C completed the proc-
ess. The obtained PCR products were purified using the
QIAquick PCR Purification Kit (Qiagen, Hilden, Ger-
many), directly sequenced by MWGC Biotech (Martinsried,
Germany), and additionally digested enzymatically with
Alul (Fermentas, St. Leon-Rot, Germany). The occurrence
of the described SNP creates a new restriction site for the
enzyme Alul (5' AGYCT 3'). Thus, a digestion with Alul
cuts the 201 bp PCR product in two fragments of 69 bp
and 132 bp, respectively allowing a verification of the
sequencing results.

HMGAI in vivo localisation

For the HMGAL1 in vivo localisation the protein coding
sequence of the canine HMGAla was amplified by PCR
using primer pair EcoR1_IY-upATG {5'-CGGAATTCCAC-
CATGAGCGAGTCGAGCTCGA-3"), BamHI1_IY-loSTOP
(5'-CGGGATCCTCACTGCTCCTCTTCGGAGGACT-3").
The obtained PCR products were separated on a 1.5% aga-
rose gel, recovered with QIAquick Gel Extraction Kit { QIA-
GEN, Ililden, Germany), ligated into the pLGFP-Cl
vector plasmid (BD Bioscience Clontech) and sequenced
for verification.

Cells from canine mammary tumour cell line MTH53a
were cultivated using medium 199 {Invitrogen, Karlsruhe,
Germany) supplemented with 20% FCS, penicillin, and
streptomycin. The transfection was performed according
to the manufacturer's instructions using 3 pl FugeneHD
reagent (Roche, Mannheim, Germany) in 100 pl PBS
(without Mg2?+) containing 2 ug of recombinant pEGFP-
C1-HMGAT1a. After treatmment, the cells were incubated for
48 hours in the culture media. The uptake and expression
of DNA was verified by fluorescence microscopy.
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Cancer In Vitro Model.

Willenbrock et al., PLoS One, 2014

HMGAZ2 re-expression was found in several cancer entities including canine
prostate cancer. Additionally the balance between HMGA2 and its regulator the
micro RNA let-7 is discussed to play a major role in tumor etiology. Thus the canine
prostatic cell line CT1258-EGFP-HMGA2 stably overexpressing HMGAZ2, which was
fused to EGFP and additionally the reference cell line CT1258-EGFP, which
expresses solely the green fluorescent protein EGFP, were established and
characterized by flow cytometry, fluorescence microscopy, immunocytochemistry,
guantitative real-time PCR, karyotype analyses and proliferation assays.

Both cell lines presented hyperdiploid karyotypes as described for the native
prostate cell line CT1258. HMGA2 transcript over expression in
CT1258-EGFP-HMGA2 was confirmed by quantitative real-time PCR, nuclear
HMGAZ2 protein accumulation was verified by fluorescence microscopy and
immunocytochemistry. Proliferation tests revealed a positive HMGAZ2 impact on cell
growth. Analyses by qRT-PCR showed a statistically significant positive effect on
the miRNA let-7a and HMGAL levels but not on the other analyzed HMGA2

associated genes.
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Abstract

The architectural transcription factor HMGA2 is abundantly expressed during embryonic development. In several malignant
neoplasias including prostate cancer, high re-expression of HMGA2 is correlated with malignancy and poor prognosis. The
let-7 miRNA family is described to regulate HMGAZ2 negatively. The balance of let-7 and HMGA2Z is discussed to play a major
role in tumour aetiology. To further analyse the role of HMGAZ2 in prostate cancer a stable and highly reproducible in vitro
model system is precondition. Herein we established a canine CT1258-EGFP-HMGA2 prostate cancer cell line stably
overexpressing HMGA2 linked to EGFP and in addition the reference cell line CT1258-EGFP expressing solely EGFP to
exclude EGFP-induced effects. Both recombinant cell lines were characterised by fluorescence microscopy, flow cytometry
and immunocytochemistry. The proliferative effect of ectopically overexpressed HMGA2 was determined via BrdU assays.
Comparative karyotyping of the derived and the initial CT1258 cell lines was performed to analyse chromosome
consistency. The impact of the ectopic HMGA2 expression on its regulator let-7a was analysed by quantitative real-time PCR.
Fluorescence microscopy and immunaocytochemistry detected successful expression of the EGFP-HMGA2 fusion protein
exclusively accumulating in the nucleus. Gene expression analyses confirmed HMGA2 overexpression in CT1258-EGFP-
HMGA2 in comparison to CT1258-EGFP and native cells. Significantly higher let-7a expression levels were found in CT1258-
EGFP-HMGA2 and CT1258-EGFP. The BrdU assays detected an increased proliferation of CT1258-HMGA2-EGFP cells
compared to CT1258-EGFP and native CT1258. The cytogenetic analyses of CT1258-EGFP and CT1258-EGFP-HMGA2 resulted
in a comparable hyperdiploid karyotype as described for native CT1258 cells. To further investigate the impact of
recombinant overexpressed HMGA2 on CT1258 cells, other selected targets described to underlie HMGA2 requlation were
screened in addition. The new fluorescent CT1258-EGFP-HMGA2 cell line is a stable tool enabling in vitro and in vivo
analyses of the HMGA2-mediated effects on cells and the development and pathogenesis of prostate cancer.
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In humans, prostate cancer is usually a rather slow-progressing
cancer whereas canine prostate cancer is growing rapidly, highly
aggressive and less differentiated presenting a poor prognosis [3,8].
Cancer of the canine prostate gland is unresponsive to androgen
withdrawal therapy resembling mostly human poorly differentiat-
ed, androgen refractory prostate cancer [4,9]. Due to the
similarities concerning the presentation of human and canine
prostate cancer, the dog has lately been focused as useful natural

Introduction

According to recent global cancer statistics, prostate cancer is
the second most frequent diagnosed cancer and sixth leading cause
of death among males in economically developed countries [1].
Besides man, the dog is the only known domesticated mammalian
species developing spontancous prostate cancer with considerable
interest [2].

Unlike the situation in men, the incidence of canine prostate
carcinomas is low accounting for 0.2 to 0.6% of canine neoplasias
[3]. However, the disease is locally invasive in both species with a
comparable progression, metastatic pattern and histopathology
[2,4].

The mean age at diagnosis in dogs is ten years and thus,
predominantly affecting elder individuals as it is also reported in
men [5-7]. Considering the physiologic age at prostate cancer
diagnosis, the respective life span is similar between the two species
showing increased incidence with age [6].

PLOS ONE | www.plosone.org

complementary animal model for evaluating novel prostate cancer
therapies [10].

Early detection of prostate cancer in men is currently being
done using established biochemical molecular markers such as
prostate specific antigen (PSA) and prostate specific membrane
antigen (PSMA) with considerable success.

In comparison to the situation in humans, in dogs prostate
cancer 1s diagnosed at a very late disease stage due to the absence
of reliable prostate-specific biochemical prognostic marker tools
and the treatment remains palliative since still no standard
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therapeutic approach for treatment of canine prostate cancer is
available [11,12]. Although several studies report immunoreactiv-
ity for human PSA in canine non-neoplastic prostate tissue and
prostate cancer, up to now PSA could not be found in the plasma
of prostate cancer bearing dogs [9,12-16].

Consequently, the identification of reliable molecular biomark-
ers, such as PSA and PSMA in men, allowing an early detection
and reliable prognosis of canine prostatic cancer would be of
significant value for future development and evaluation of
therapeutic strategies as well as the assessment of treatment
response [2].

In this context the High-Mobility-Group Protein A2 (HMGAZ2)
was recently found to serve potentially as a prognostic marker for
canine prostatic neoplasias [17]. Herein, the analysis of a subset of
different canine prostate tissue samples clearly showed that
expression of HMGA?Z increases significantly in correlation to the
malign grade of the tissue samples [17]. Furthermore, HMGAZ2 was
found to serve as a potential differentiation marker of canine
malignant T- and B-cell lymphoma [18] and to be strongly
upregulated in canine oral squamous cell carcinoma (unpublished
data).

In humans, a re-expression of HMGAZ was also found in various
malignant tumours such as leukaemia [19,20], lymphoma [18],
mammary [21], pancreas [22], non-small cell lung [23], oral
squamous cell [24], and thyroid carcinoma [25] being an indicator
of poor prognosis. In a recent study, the HMGAZ2 protein
expression was demonstrated to be significantly higher in tumour
tissues compared with adjacent normal tissues [26]. In addition, an
HMGAZ involvement in the induction of epithelial-to-mesenchy-
mal transition (EM'T) in the human prostate cancer cell line PC-3
was found [26].

These findings suggest that HMGAZ2 plays a central role in
different tumour entities including prostate cancer within both
species strongly supporting HMGAZ re-expression as a prognostic
tumour marker.

In general, the highly conserved HMGAZ2 protein is abundantly
expressed during embryonic development acting as an architec-
tural transcription factor in the nucleus [27,28]. Within this role,
HMGAZ2 is widely reported to be involved in a variety of cellular
processes such as gene expression, induction of neoplastic
transformation, and promotion of metastasis [29,30].

The expression of HMGAZ is regulated via micro RNAs
(miRNA) of the -7 family by binding to sequences located in
the 3’ untranslated region (UTR) of the transcript [31-35], all of
which are conserved in rodents, dog, and chicken [36-38].
Binding of /let-7 miRNAs to complementary sequences regulates
post-transcriptionally the expression of HMGA?2 in a negative way
[31,35,39,40]. Recently a deregulated /le-7 expression was
associated with lung [41,42], breast [43] and prostate cancer [44].

The canine prostate adenocarcinoma derived cell line C'T'1258
[45-47] used within the present study was also analysed for
HMGAZ marker expression by us revealing a strong overexpres-
sion (unpublished data). This result allows to hypothesise that an
overexpression of this target gene is likely to play an important role
in canine prostate cancer, promoting the proliferation of tumour
cells.

To verify this hypothesis, the availability of stable tools allowing
evaluating the described HMGAZ-let-7 axis in prostate cancer
in vitro and in vive is precondition. Therefore we established stably
transfected cell lines of CT1258 providing a reliable i witro system
to analyse the key aspects of our hypothesis.

We analysed the proliferative effects of abundantly expressed
recombinant AMGAZ2 on CT1258 cells. Therefore, a stable
CT1258 cell line expressing recombinant EGFP-tagged HMGA2
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(CT1258-EGFP-HMGAZ2) was generated using an expression
vector construct containing the coding sequence (CDS) of the
canine HMGA? gene lacking the 5'UTR and 3'UTR and
therefore not underlying the direct negative regulation mecha-
nisms by let-7 [31].

To assess the functionality of the recombinant HMGA2
expression vector and to monitor the biological activity of the
recombinant expressed HMGA2, a GI'P-tag was added to the
HMGAZ CDS generating a HMGA2-GFP fusion protein. To
exclude that the GFP protein has an effect on cell proliferation, a
further stable C'T'1258 cell line (CT1258-EGFP) expressing solely
GIP was generated. The HMGAZ and let-7a expression was
determined via quantitative real-time PCR in CT1258-EGTP-
HMGA2 and CT1258-EGFP in comparison to native CT1258
cells.

Additionally, the expression of selected direct and indirect
HMGAZ2-targets such as HMGAI [48], SNAII [49], SNAIZ2 and
CDHT [49] was analysed.

To characterise the proliferation of the described three cell lines,
BrdU incorporation assays were performed. Comparative karyo-
type analyses of the newly generated and the initial CT1258 cell
lines were additionally carried out to identify cytogenetic changes
possibly occurring during plasmid integration into the genome of
CT1258 during the establishment of the stable recombinant cell
lines.

In summary the new fluorescent canine CT1258-EGFP-
HMGA2 cell line provides a valuable tool for further investigations
on HMGAZ2-mediated proliferative effects and HMGAZ2 regula-
tion mechanisms elucidating the development and pathogenesis of
canine prostate cancer. As the dog represents a unique natural
model for human prostate cancer, the insights concerning the
involvement of HMGAZ2 in canine prostate cancer will provide
benefit for both, humans and dogs, concerning the development of
therapeutic strategies and the assessment of the treatment success.

Methods
CT1258 Cell Line

The cell culture conditions, as well as the characteristics of the
canine prostate carcinoma cell line C'T'1258 have been described
previously by us [45,46].

PEGFP-C1-HMGAZ2 Expression Plasmid

The protein coding sequence of the canine HMGA? was
amplified by PCR using primer pair EcoRI_sA2 lo (5'-
CGGAATTCCTAGTCCTCTTCGGCAGACT-3"), BamHI_-
sA2_Up (5'-CGGGATCCCACCATGAGCGCACGCGGT-3").
The obtained PCR products were separated on a 1.5% agarose
gel, recovered with QIAquick Gel Extraction Kit (QIAGEN,
Hilden, Germany), ligated in the pEGFP-C1 vector plasmid (BD
Bioscience Clontech, Palo Alto, CA, USA) and sequenced for
verification. Transfection with the pEGFP-C1-HMGA2 construct
leads to the expression of a recombinant EGFP-HMGA?2 fusion
protein which is expected to be localised in the nucleus.

Generation of Fluorescent CT1258 Cell Lines

Transfection of CT1258 cells. 300,000 native C'T'1258 cells
were seeded in 6-well plates 24 hours prior transfection and
cultivated at standard conditions using medium 199 (Life
Technologies GmbH, Darmstadt, Germany) supplemented with
10% FCS (PAA Laboratories GmbH, Coelbe, Germany), and 2 %
penicillin/streptomycin (Biochrom AG, Berlin, Germany).

The transfection was performed according to the manufactur-
er’s instructions using 7.5 pl Mirus TransI'T-2020 reagent
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(Mirusbio LLC, Madison, WI, USA) in 250 pl serum-reduced
Opti-MEM I medium (Life ‘Technologies, Darmstadt, Germany)
containing 2.5 ug of pEGIP-C1 (BD Bioscience Clontech, Palo
Alto, CA, USA) or recombinant pEGFPC1-HMGAZ2 plasmid.
After treatment, the cells were incubated for 24 hours in the
culture media. The uptake and expression of DNA was verified by
fluorescence microscopy using a Leica DMI 6000B fluorescence
microscope (Leica Microsystems GmbH, Wetzlar Germany).

G418 selective antibiotic kill curve assay. Prior genera-
tion of the fluorescent C'T1258 cell lines, the titration of the proper
amount of the selective antibiotic G418 (syn. Geneticin; Life
Technologies, Darmstadt, Germany) required for selection of
CTI1258 cells was carried out with a kill curve assay. Different
G418 concentrations were applied (0, 100, 200, 400, 600, 800,
1000 pg/ml) on 100,000 native C'T1258 cells seeded in the wells
of a 12-well plate. For selection of positive cells after transfection
the concentration was used in which no cell survived the upper
conditions after seven days.

Selection of positively CT1258
cells. Fluorescent variants of the cell line CTI1258 were
established to constitutively express the enhanced green fluores-
cent protein (EGFP) encoded by the empty pEGFP-C1 plasmid
and an EGFP-HMGA?2 fusion protein by expression of the
recombinant pEGFP-C1-HMGA?2 plasmid. To establish the stable
CT1258 cell lines, the transfected cells were selected with the
antibiotic G418 (Life Technologies, Darmstadt, Germany).

Initially a concentration of 400 pg/ml G418 in the medium was
used when selecting for stable cells. One day after transfection, the
cultivation medium 199 was replaced with medium 199 containing
G418. Subsequently the selection medium was changed each 24 to
48 hours for the first two weeks which leads to the selection of cells
that have stably incorporated the GFP plasmid with the encoded
antibiotic resistance gene neomycin for selection in mammalian
cells into their genomic DNA. Cells not expressing the construct
will be killed by G418. The concentration of G418 was lowered to
300 ug/ml after three months of consistent selection for mainte-
nance of the generated fluorescent cell lines.

transfected

Fluorescence Microscopy and Flow Cytometry (FCM)
GFP expression of the fluorescent cell lines CT1258-EGFP and
CT258-EGFP-HMGA?2 was analysed after G418-selection by
fluorescence microscopy and quantified in a FACSCalibur flow
cytometer (Becton, Dickinson and Company, Heidelberg, Ger-
many) with the FL-1 channel to determine the percentage of GFP-
positive cells. Cells were trypsinised for 3-5 min, resuspended in
BD FACSFlow Sheath Fluid (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) containing | uM TO-PRO-3 (Life
Technologies GmbH, Darmstadt, Germany), and at a total
number of 1x10" events was measured for each sample by flow
cytometry. TO-PRO-3 is a far-red cell impermeant nucleic acid
stain measured in the FL-4 channel allowing ultrasensitive
detection of double-stranded DNA of dead cells. The analysis of
the flow cytometry data was done using with Cell Quest software
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

Immunocytochemistry

Embedding of the cell lines. Cell suspensions of cultured
cell lines were fixed in 4% formalin. Cell pellets obtained by
centrifugation were embedded in paraffin and cut in 34 pm slices
for immunocytochemical staining.

Immunocytochemical staining. For antigen retrieval, mi-
crowave heating of paraffin sections in 0.01 M citric acid buffer
(pH 6.0 for 20 min) (Quartett, Berlin, Germany) was performed.
The inhibition of endogenous peroxidase activity was achieved by
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immersion in 0.5% HyOs (v/v) in methanol (20 min). After
draining the blocking serum the sections were incubated with a
polyclonal goat anti-human HMGA2 antibody (R & D Systems,
Minneapolis, MN, USA) diluted 1:400 in phosphate-buffered
saline (PBS, pH 7.2, 0.15 M) approximately 16-18 h at 4°C. After
washing in PBS, the sections were incubated with a biotin-
conjugated antibody to goat IgG (Vector Laboratories, Burlin-
game, CA, USA). The avidin-biotin-peroxidase reagent (Vector
Laboratories) was applied according to the manufacturers
instructions. The chromogen used was 3'3-diaminobenzidine-
tetrahydrochloride (Sigma Aldrich, Miinchen, Germany) 0.05%
(w/v) with 0.03% HgsOs (v/v) as substrate in 0.1 M Tris-buffered
saline (Tris-hydroxymethyl-aminomethane; Merck, Darmstadt,
Germany). The sections were counterstained with Mayers
haematoxylin and mounted. Negative controls were performed
by replacing the primary antibodies by normal goat serum. For
establishing the immunocytochemical staining reactions, paraffin
sections from a canine oral squamous cell carcinoma were used.

RNA Isolation and cDNA Synthesis

Total RNA of the EGFP and EGFP-HMGA2 expressing as well
as native CT1258 cells were isolated using the NucleoSpin
miRNA (Macherey-Nagel, Diiren, Germany) kit according to the
manufacturer’s instructions including an on column DNase digest
to remove potential genomic DNA contaminations.

The respective cDNA syntheses with mRNAs as template were
performed using 250 ng total RNA of each sample and the
QuantiTect Reverse Transcription Kit following the manufactur-
er’s protocol (Qiagen, Hilden, Germany).

For the reverse transcription of the miRNAs 30 ng total RNA of
cach sample, the TagMan MicroRNA Reverse Transcription Kit
and the reverse transcription primer provided with the TaqMan
MicroRNA Assays were used. All steps were carried out following
the manufacturer’s protocol (Applied Biosystems, Darmstadt,
Germany).

HMGA1, HMGA2, SNAI1, SNAI2 and CDH1 Real-time PCR

For relative quantification of the HMGAZ2, HMGAI, SNAII,
SNAI2 and CDHI transcript levels in relation to the endogenous
gene controls GUSB and HPRTT PCR amplifications were carried
out using the Eppendorf Mastercycler ep realplex real-time PCR
System (Eppendorf AG, Hamburg, Germany).

2 ul of each cDNA corresponding to 25 ng of total RNA were
amplified in a total volume of 20 pl using the TagMan Universal
PCR Master Mix (Applied Biosystems, Darmstadt, Germany) with
600 nM of each primer and 200 nM fluorogenic probe for canine
HMGAI, HMGAZ gene expression analysis (previously published
by us in Joetzke et al. [18]. Commercially available TagMan gene
expression assays were used for the analysis of the canine targets
SNATT (Cf02705362_s1), SNALZ (Cf02701218_ul) and CDHI
(C102697525_m1) as well as for the endogenous controls, canine
GUSB (Cf02622808_m1) and canine HPRTI (C02626258_m1)
(Applied Biosystems, Darmstadt, Germany).

PCR conditions were as follows: 2 min at 50°C and 10 min at
95°C, followed by 40 cycles with 15 s at 95°C and 1 min at 60°C.

All samples were measured in triplicate and for each run non-
template controls and non-reverse transcriptase control reactions
were included. A precedent efficiency analysis of all PCR assays
used in this study was performed by applying the same template in
different dilution steps covering a magnitude of five (cDNA
corresponding to 100-0.001 ng RNA). The PCR reactions of all
analysed target genes showed comparable efliciencies ensuring an
appropriate relative real-time PCR analysis. For the analysis based
on AACT method native CT1258 cells were defined as calibrator.
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Let-7a, RNU6B Real-time PCR

Relative quantification of the canine /e-7a and RNUGB miRNA
transcript levels were carried out using the Eppendorf Mastercy-
cler ep realplex real-time PCR System (Eppendort AG, Hamburg,
Germany). 1.33 pl of each cDNA were amplified in a total volume
of 20 pl using TagMan Universal PCR Master Mix (Applied
Biosystems, Darmstadt, Germany), No AmpErase UNG and
TagMan MicroRNA assays for let-7a (Assay ID: 000377) and
RNUGB (Assay TD: 001093) (Applied Biosystems, Darmstadt,
Germany).

PCR conditions were as follows: 10 min at 95°C, followed by 40
cycles with 15 s at 95°C and | min at 60°C.

All samples were measured in quadruplicate and for each run
non-template controls and non-reverse transcriptase control
reactions were included.

A precedent efficiency analysis of the miRNA PCR assays which
were used in this study was performed by applying the same
template in different dilution steps, showing comparable efficien-
cies. For the analysis based on AACT method the control group
was defined as calibrator performing relative real-time PCR with
let-7a as target gene.

Real-time PCR Statistical Analysis

Statistical analysis of the relative real-time PCR results was
performed applying the hypothesis test with the software tool
REST 2009, version 2.0.13 (Qiagen, Hilden, Germany) [50].
REST determines whether there is a significant difference between
samples and controls taking into account reaction efliciencies and
using randomisation techniques. A p-value of =0.05 was
considered to be statistically significant.

Cell Proliferation Assay

The proliferation of native C'T'1258 cells in comparison to the
established fluorescent CT1258-EGFP  and CT1258-EGFP-
HMGA2 cell lines was evaluated using a colorimetric BrdU cell
proliferation ELISA (Roche Applied Science, Mannheim, Ger-
many). This assay measures the incorporation of the thymidine
analogue 5-bromo-2-deoxyuridine (BrdU) into newly synthesised
DNA of replicating cells by ELISA using an anti-BrdU monoclo-
nal antibody.

A total number of 15.000 cells/well from each CT1258 cell line
was seeded in eight different wells and cultivated at the previously
described conditions. BrdU was added alter 24 h and incubated
for two hours. The proliferation assay was carried out according to
manufacturer’s protocol (Cell proliferation ELISA, colorimetric,
Roche Applied Science, Mannheim, Germany). The reaction
products were quantified by measuring the absorbance at 370 nm
(reference wavelength 492 nm) with a maximum of 27 single reads
over a time period of 30 min using a scanning multi-well
spectrophotometer equipped with the analysis software Gen 5
(Synergy HT multi-mode microplate reader, BioTek Instruments
Inc., Bad Friedrichshall Germany). The absorbance results directly
correlate to the amount of DNA synthesis and hereby to the
number of proliferating cells.

Results are stated as mean absorbance values expressed as Max
V [delta 370-492] and presented as mean * standard deviation.
All statistical analyses were performed using OriginPro 8 software
(OriginLab Corporation, Northampton, USA). The Shapiro-Wilk
test was applied to test if the data are normally distributed. Based
on the outcome of the Shapiro-Wilk test, a paired sample t-test was
performed to assess the significance of proliferative differences
between CTI1258-EGFP, CTI1258-EGFP-HMGA2 and native
CT1258 cells. Differences were considered statistically significant
for * p=0.05, ** p=0.001 to 0.01 and *** p<<0.001.
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Chromosome Preparation

For chromosome preparation of GT1258-EGFP and CT1258-
EGFP-HMGAZ? cells colcemid (Biochrom AG, Berlin, Germany)
was added at a final concentration of 0.1 ug/ml for 90 min before
harvesting. Subsequently, the cells were incubated for 20 min in
hypotonic medium (1: 6; medium 199: HyO; (medium 199: Life
Technologies GmbH, Darmstadt, Germany)) and finally fixed
with methanol/glacial acetic acid (3:1) following routine methods
[51]. The suspension was dropped on ice-cold slides and dried for
5 days at 37°C followed by GTG-banding which was performed as
previously described by [52]. Results were processed and recorded
with BandView, 6.0, MultuSpecies, Applied Spectral Imaging,
Israel. Karyotype description followed the nomenclature proposed
by Reimann et al. [53].

Results

Fluorescence Microscopy and FCM

Fluorescence microscopy. (1258 cells transfected with the
non-recombinant pEGFP-C1 expression vector showed green
fluorescence all over the cytoplasm due to EGFP expression
(Fig. 1B) whereas unmodified native CT1258 cells showed no
EGFP fluorescence (Fig. 1A).

Transfection of CT1258 with pEGFPC1-HMGAZ2 resulted in
the expression of a recombinant canine EGFP-HMGA?2 fusion
protein which could solely be detected in the nucleus of the
transfected cells (Fig. 1C).

FCM. For determination of EGFP positive cells by FCM,
both fluorescent cell lines were compared to native non-transfected
CT1258 cells (Fig. 1D). Dead, TO-PRO-3 positive cells were
eliminated by gating prior to the EGFP positivity analysis. The
cells were measured for CT1258 in the 319th passage, for
CTI1258-EGFP in the 27th passage, and for CTI1258-EGFP-
HMGA?Z in the 113th passage.

The vitality of the cell lines ranged from 85% to 93% (data not
shown). A mean percentage of 84.1% EGTP positive cells from the
total cell population of the G418 selected CT1258-EGFEP cell line
(Fig. 1E) and 97.0% EGFP positive cells for the CT1258-EGFP-
HMGA?Z cell line (Fig. 1F) was determined.

Immunocytochemistry

Approximately 50% of the CT1258-EGFP cell line had nuclear
labelling for HMGAZ2 (Fig. 2B). In approximately 70-80% of
CT1258-EGFP-HMGA2 cells strong labelling for HMGAZ2 was
detected, which was exclusively present in the nucleus (Fig. 2C).

Relative HMGA2 Real-time PCR Expression Analysis

All real-time PCR results were analysed based on AACT
method. The expression ratio of HMGA2 mRNA in CT1258-
EGFP cells was found to be 0.88/0.92 relative to HPRT1/GUSB
expression when compared to the level seen in native CT1258 cells
(Fig. 3). In contrast, the HMGA2 expression in CT1258-EGIP-
HMGA?2 cells was 7.0/8.0 fold increased (relative to HPRT1/
GUSB) when compared to the respective expression in native

CT1258 cells (Fig. 3).

Relative Let-7a Real-time PCR Expression Analysis

The fet-7a expression level in CT1258-EGFP and CT1258-
EGFP-HMGAZ2 cells was 2.0 and 3.1 fold higher (relative to
RNUEB) when compared to the detected expression in native
CT1258 cells (Fig. 4).
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Fluorescence

FCM GFP* cells

D GFP

Figure 1. Fluorescence microscopy and flow cytometry analyses. A: Transmitted light image of the characteristic growth pattern of native
CT1258 cells. B: Merged image of EGFP expressing CT1258-EGFP cells; EGFP is localised in the cytoplasm. C: Merged image of CT1258-EGFP-HMGA2
cells expressing the nuclear localised EGFP-HMGA?2 fusion protein. D-F: Flow cytometric analyses of EGFP expression in the three CT1258 cell lines
depicted in dot-plots showing side scatter (SSC) vs. EGFP fluorescence. No GFP fluorescence is detectable in native CT1258 cells (D), 84.1% of EGFP-
positive cells are present in the CT1258-EGFP cell line and (F) 97.0% EGFP-positive cells in CT1258-EGFP-HMGA?2. Per sample 1x10* events were

analysed.
doi:10.1371/journal.pone.0098788.g001

Relative HMGAT Real-time PCR Expression Analysis

The HMGAI level was 1.5 and 1.7 fold increased (relative to
HPRTI and GUSB) in CT1258-EGFP-HMGA2. In CT1258-
EGFP cells a comparable increased expression could not be
detected (1.0/1.0 relative to HPRT1 and GUSB) when compared
to the native cells (Fig. 5).

Relative SNAI1, SNAI2 and CDH1 Real-time PCR Expression
Analysis

Relative SNAZI expression to the housekeeping genes HPRT1/
GUSB was found to be 0.8/0.8 respectively in CT1258-EGFP and
1/1.2 in the CT1258-EGFP-HMGA2 when compared to native
cells C'T1258 (figure S1).

Relative SNAI2 expression (relative to HPRT1/GUSB) was
found 1.5/1.6 in CT1258-EGFP cells and 1.4/1.6 in CT1258-
EGFP-HMGAZ? cells when compared to CT1258 (figure S2).

CDH1 was barely expressed in all cell lines with Cit values higher
than 36, thus an analysis by the AACT method was not possible.

Real-time PCR Statistical Analysis
The hypothesis test of the relative real-time PCR results was
performed using REST software tool 2009, version 2.0.13

CT1258 CT1258-EGFP

(Qiagen, Hilden, Germany) [50]. The statistical analyses were
carried out separately for the CT1258-EGFP and CT1258-EGFP-
HMGA2 cells in comparison to native CT1258. A p-value of=
0.05 was considered as statistically significant.

The statistical analysis showed no significant differences of the
relative  HMGAZ expression in the CTI1258-EGFP cells in
comparison to native CT1258 cells (p=0.075) (Fig. 3). The
CT1258-EGFP-HMGA2 cell line showed a significant HMGAZ2
over-expression in comparison to native C'T1258 cells (p =0.009)
and CT1258-EGFP cells (p=0.000) (Fig. 3).

The relative let-7a expression differed significantly in CT1258-
EGFP (p=0.003) and CT1258-EGFP-HMGA2 (p=0.012) com-
pared to the native C'T1258 cells (Fig. 4). The additional statistical
analysis of the let-7a expression between the CT1258-EGIP and
CT1258-EGFP-HMGA2 cells showed also statistical significance
(p=0.021).

The HMGA1 showed no statistical difference in CT1258-EGFP
(p=0.087) but a significantly higher expression level in CT1258-
EGFP-HMGA2 in comparison to the native cell line CT1258
(p=0.000) and the CT1258-EGFP cells (p=0.000) (Fig. 5).

SNAII expression was statistically significantly different in
CT1258-EGFP in comparison to the SNAZII levels in the native

CT1258-EGFP-HMGA2
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Figure 2. Immunocytochemical staining. A: Native CT1258 cells, B: CT1258-EGFP cells, C: CT1258-EGFP-HMGA2 cells. Approximately 50% of the
native CT1258 cell line and of CT1258-EGFP cells showed a HMGA2-positive nuclear labelling. In approximately 70-80% of CT1258-EGFP-HMGA2 cells,

a strong and exclusively nuclear labelling for HMGA2 was detectable.
doi:10.1371/journal.pone.0098788.9g002
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Figure 3. HMGAZ real-time PCR analyses. Relative HMGA2/HPRT1 and HMGA2/GUSB expression in native CT1258, CT1258-EGFP and CT1258-
HMGA2-EGFP cells. Error bars are standard deviations. *p=0.05 indicates a statistical significant expression deregulation of HMGA2 in CT1258-
HMGAZ2-EGFP cells when compared to native CT1258.

doi:10.1371/journal.pone.0098788.g003
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Figure 4. Let-7a real-time PCR analyses. Relative let-7a/RNU6B expression in native CT1258, CT1258-EGFP and CT1258-HMGA2-EGFP cells. Error
bars are standard deviations. No statistical significant expression deregulation of /et-7a in CT1258-EGFP and CT1258-HMGA2-EGFP was detected when
compared to native CT1258 cells. Statistical significant p value was defined as =0.05.

doi:10.1371/journal.pone.0098788.g004
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Figure 5. HMGAT real-time PCR analyses. Relative HMGA1/HPRT1 and HMGA1/GUSB expression in native CT1258, CT1258-EGFP and CT1258-
HMGA2-EGFP cells. Error bars are standard deviations. *p=0.05 indicates a statistical significant increased expression of HMGAT in CT1258-HMGA2-

EGFP cells when compared to native CT1258 and CT1258-EGFP.
doi:10.1371/journal.pone.0098788.9g005

cell line (p=0.016). In CT1258-EGFP-HMGA2 the SNALI
expression was comparable to native CT1258 cells (p=0.462)
(figure S1).

SNAL2 expression of CT1258-EGFP (p=0.100) and CT1258-
EGFP-HMGAZ2 (p = 0.066) were both not significantly different in
comparison to the native cell line (figure S2). For CDH expression
no statistical analyses was performed due to barely detectible or
absent gene expression.

Cell Proliferation Assay

The proliferation of the two established fluorescent CT1258 cell
lines and native CT1258 cells was measured using a BrdU
proliferation test to analyse the effect of EGFP-HMGAZ2 expressed
in CT1258-EGFP-HMGAZ2 cells.

The proliferation of each cell line was compared with the two
other cell lines (Fig. 6). A significantly increased cell proliferation
activity with a p-value of <0.05 was ascertained for CT1258-
EGFP-HMGA2 cells in comparison to native CT1258 cells.
Comparing CT1258-EGFP-HMGAZ2 cells vs. CT1258-EGFP cells
resulted also in significantly increased cell proliferation for
CT1258 expressing EGFP-HMGAZ2, but with a p-value of <
0.01. The analysis of native CT1258 vs. CTI1258-EGFP cells
resulted in no significant proliferative differences (p>0.05)
between both cell lines.

Cytogenetic Analyses

The analysis of native CT1258 cells revealed the presence of a
hyperdiploid karyotype (Fig. 7A). Centromeric fusions between the
canine chromosomes 1 (CFAIL) and 5 (CFA 5), in the following
named as der(1;5), were present (Fig. 8). Additionally, one large bi-
armed marker (mar) consisting of material from chromosomes 1
and 2 was found (Fig. 8). The gained results are comparable to our
previous cytogenetic analysis of primary C'T1258 cells carried out
by Winkler e al. in 2005 [45] concerning the present der(1;5) and
the bi-armed marker chromosome (mar). In contrast, native
CT1258 cells showed no longer the centric fusions of chromo-
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Figure 6. BrdU cell proliferation assay. Measured proliferation of
native CT1258, CT1258-EGFP and CT1258-HMGA2-EGFP cells. A
statistical significant increased proliferation was detected for CT1258
cells expressing the EGFP-HMGA2 fusion protein in comparison to
native CT1258 and EGFP expressing CT1258 cells. Each bar represents a
mean * SD, *p=0.05, ***p=0.001.
doi:10.1371/journal.pone.0098788.g006

somes 4 (CFA4) and 5 (CFA5) (named der(4;5)) as described in
50% of the initially analysed metaphases of primary CT1258 cells
[45].

The chromosome analyses of CT1258-EGFP and CT1258-
EGFP-HMGA2 revealed a comparable hyperdiploid karyotype as
described for native CT1258 cells (Fig. 7B, 7C). The same large bi-
armed marker chromosome (mar) and the two der(1;5) chromo-
somes as described for native CT1258 cells were also present
(Fig. 7B, 7C and Fig. 8).
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Figure 7. Cytogenetic analyses. Metaphase spreads derived from CT1258 (A), CT1258-EGFP (B) and CT1258-EGFP-HMGA?2 (C) cells after GTG-
banding. The arrows indicate the centromeric fusions between the canine chromosomes 1 and 5 (der(1;5)) and a large bi-armed marker (mar)
consisting of material from chromosomes 1 and 2 being characteristic for the CT1258 cell line.

doi:10.1371/journal pone.0098788.g007

Discussion

Re-expression of IMGA?2 is reported to be associated with the
formation of malignant and benign tumours [17-25,54-57], but
the exact mechanism of HMGAZ2 acting in tumour formation and
progression is still unclear. In general, miRNA /e-7 family
members are regulating [AMGAZ time-dependently in a negative
way by binding to multiple target sites in the 3'"UTR of HMGAZ
mRNA [31-34,39]. In different tumours, the HMGA2 3'UTR was
described to be affected by deletions or rearrangements [58]
leading to a loss of let-7 complementary target sequences [39,59].
A truncated HMGAZ2 mRNA without /i-7 binding sites escapes the
let-7 regulation resulting in increased expression of HMGA?2
protein [31,32,39]. Generally, a delicate balance of l-7 and
HMGA? is discussed to be necessary for cells to switch between
undifferentiated and differentiated state and also plays a central
role in cancer development and progression [33,60-63]. How
HMGAZ exerts these changes is not completely understood.

Within this study, we analysed the described let-7-HMGA2
regulation mechanism in canine prostate cancer using the
naturally HMGAZ2-overexpressing canine adenocarcinoma de-
rived cell line CT1258 as an in vifro model.

The CT1258 cell line was as previously described to be derived
from an aggressive canine prostate carcinoma [45]. In previous
studics we characterised the i vwo behaviour and  tumour
formation capacity of CT1258 in NOD/SCID [47,48]. Herein,
it could be shown that a very low number of 1 x10° subcutane-
ously injected CT1258 cells [47] and an intraperitoneal inocula-
tion of 1x10° cells was sufficient to induce stable tumour growth
[46]. The induced tumours showed highly aggressive growth

~h L

mar

.3
v

CT1258 CT1258-EGFP  CT1258-EGFP-HMGA2
Figure 8. Details of CT1258 chromosomal aberrations. Detailed
presentation of chromosomal aberrations found in metaphases of
CT1258, CT1258-EGFP and CT1258-EGFP-HMGA2. Two derivative
chromosomes (der(1;5)) and the large bi-armed marker chromosome
(mar) were found in each cell line.
doi:10.1371/journal.pone.0098788.g008
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mimicking the character of the original neoplasia [46,47].
Comparative analyses of the primary neoplasia, the initial
established CT'1238 cell line and the C'T1258 generated tumours
showed that the cell line and the induced tumours kept their
characteristics including cytogenetics, marker expression and in
case of the induced tumours the histopathological presentation
[45-47].

Thus, the native C'T'1258 cell line provides a well-characterised
basis to identify and characterise molecular mechanisms playing a
key role in prostate cancer.

With the recombinant CTI1258-EGFP-HMGA2 cell line,
expressing an EGFP-HMGA2 transcript lacking the 3'UTR, we
investigated if the proliferative effect of HMGA2 can even be
further enhanced although the endogenous HMGAZ mRNA level
in native C'T'1258 cells is already highly elevated compared to non-
neoplastic prostate tissue (unpublished data). Moreover, we
analysed the potential impact of the ectopic HMGAZ2 expression
on the miRNA /let-7a as one of its regulators within the CT1258-
EGFP-HMGAZ cell line in comparison to native CT1258 cells
and the control cell line CT1258-EGFP.

In addition the gene expression of the direct HMGAZ2 target
genes HMGAIL, SNAII, SNAI? and the downstream target CDHI
were examined [48,49].

Verification using fluorescence microscopy detected high
numbers of EGFP-positive cells expressing either the cytoplasmatic
EGFP protein localised throughout the cell or the EGFP-HMGA2
fusion protein. The EGFP-HMGAZ2 protein was shown to be
accumulating exclusively into the nucleus as known for the native
protein.

The nuclear accumulation of the recombinant EGFP-HMGA2
fusion protein represents HMGA2-typical characteristics such as a
functional nuclear localisation signal and chromatin-binding
properties enabling proper EGFP-HMGA2 protein function.
Further, an irregular distribution of EGFP-HMGA2 amongst
the chromatin could be observed matching previous reports
characterising native HMGAZ2 by other groups [49,60,64,65].
This irregular nuclear distribution of HMGA2 could also be
shown by our immunocytochemistry analyses. The results of the
HMGA?2 immunocytochemistry revealed a distinct nuclear
labelling in approx. 50% of native and CT1258-EGTP cells, while
70-80% of the CT1258-EGFP-HMGA2 cells showed a strong
nuclear labelling. Due to the strong nuclear signal in the CT1258-
HMGAZ2-EGFP cells showing the same irregular labelling as scen
by fluorescence microscopy, the presence and the functionality of
the ectopically expressed HMGA2-GFP fusion protein could be
detected via both methodologies.

The flow cytometry analyses confirmed the observed high
numbers of fluorescent cells resulting in 84.1% CT1258-EGFP
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and 97.1% CTI1258-EGFP-HMGA2 positive cells expressing
EGFP. Thus, the antibiotic selection with G418 showed as very
effective to generate nearly pure recombinant derivatives of the
CT1258 cell line which can be used as a tool for subsequent in vizo
experiments.

Real-time PCR analyses of HMGAZ expression revealed
comparable HMGAZ levels in native C'T'1258 and CT1258-EGFP
cells while a statistically significant HMGA2 overexpression could
be detected in the CT1258-EGFP-HMGA2 cell line. This leads to
the assumption that by transfection of CT1258 cells with the
pEGTP-C1-HMGAZ2 expression vector construct and selection
with G418 an ectopic EGFP-HMGA?2 expression could be
successfully implemented.

Furthermore, let-7a real-time PCR expression analyses were
performed to investigate potential connections on the HMGAZ2-let-
7-axis in canine prostate cancer. The results showed significantly
increased let-7a expression levels in CT1258-EGEP and CT'1258-
EGFP-HMGAZ2 in comparison to the native cell line, whereupon
the highest let-7a level was detected in CT1258-EGFP-HMGAZ.
The CT1258-EGFP cell line was intended to serve as a control cell
line to exclude EGFP-induced effects. Thus, a comparable let-7a
expression was expected in native C'T'1258 cells and the CT'1258-
EGFP cell line. Interestingly, significantly higher /let-7a levels were
found in CT1258-EGFP. This might be explained by off-target
effects induced by the treatment with G418 or the unidentified
integration loci of the expression vector into the genome
potentially affecting let-7a regulatory sites. An effect of EGFP
overexpression on the let-7a expression is unlikely as EGFP was
used as a reporter protein within previously published /et-7 studies
showing no EGFP-induced side-effects on ft-7 expression [66,67].

As described previously, the recombinant inserted canine
HMGA2 CDS in the CT1258-HMGA2-EGFP cell line is lacking
the 3'UTR which was expected to result in an escape of the
recombinant transcript from the /et-7a miRNA suppression [31].
Owning to the fact that several protein products encoded by the
let-7a-regulated mRNAs as e.g. Lin-28, Dicer, Myc and Argonaute
[68-71] were reported to constitute a feedback loop with its
regulator, we hypothesized if a HMGAZ2 protein overexpression
might influence the fet-7a level as well. However, a significantly
higher expression of let-7a was detected not only in CT1258-
EGFP-HMGA2 but as well in the CT12538-EGFP control cell line.
Further statistical analysis revealed that the expression of lt-7a in
CT1258-EGFP-HMGA?2 was not only significantly higher in
comparison to native cells but also in comparison to the C'T'1258-
EGFP control cell line. It seems that the cells responded to the
clevated levels of the recombinant HMGA2 with increased let-7a
expression. However, the elevated /lef-7a levels can not solely be
attributed to a direct feedback loop as the one previously described
for the above mentioned /et-7 targets [68,70,71]. An alternative,
indirect response of the cells which are “sensing” the HMGA2
overproduction or unspecific plasmid DNA integration into the
genome might be possible as well. Although the stimulated let-7a
expression by the ectopic HMGAZ2 overexpression was not entirely
proofed within this study the newly generated CT1258-EGFP-
HMGAZ2 cell line is nevertheless a suitable tool to further
investigate the impact of HMGAZ2 expression on other HMGAZ
regulating and regulated genes in canine prostate cancer.

To further examine the role of ectopically overexpressed
HMGA?2, the expression of the HMGAZ2-regulated targets
HMGAL, SNALI, SNAI2 and the downstream target CDHI was
analysed. These targets are of considerable interest as they were
described to be involved in the EMT and thus are able to promote
the invasion, migration and subsequent metastasis of prostate
cancer cells [72,73]. The analyses of the HMGAZ-related family
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member HMGAI revealed a potential positive regulation by the
overexpression of the HMGA2-EGFP fusion protein. We could
show that HMGAI was significantly higher expressed in CT1258-
EGFP-HMGAZ2 cells compared to native CT1258 and the
CT1258-EGFP control cell line. Interestingly, the HMGAI
transcript is also described to be negatively regulated by the same
let-7 mechanism as previously described for HMGA2 [35,74]. In
accordance with our results, Berlingieri ef al. described in a
previous study a positive, HMGAZ2-dependent regulation of
HMGA! in rat thyroid cells [48].

The analysis of the other HMGAZ2 targets SNAZI, SNAIZ and its
negatively regulated downstream target CDH/! [49] showed no
differences in expression except SNALI. SNAII was significantly
lower expressed in the CT1258-EGFP but not significantly
different in  CT1258-EGFP-HMGA2  compared
CT1258 cells.

The cell proliferation analyses by BrdU incorporation assay
showed that the ectopic overexpression of recombinant HMGA2-
EGFP in the CTI1258-HMGA2-EGFP cell line resulted in a
significantly increased cell proliferation in comparison to native
CT1258 and CT1258-EGFP cells. The results revealed that native
CT1258 and CTI258-EGFP cells presented nearly the same
proliferative rate and thereby excluding that a cell proliferative
effect might be mediated by EGFP expression. Consequently the
seen cffect can be attributed to the ectopic overexpression of
HMGA?2 within the CT1258-HMGA2-EGFP cell line.

The present results are in accordance with other studies where
ectopic overexpression of recombinant HMGAZ2 was also shown to
have a positive effect on cell proliferation in e.g. rat fibroblasts
[75], or murine myeloblasts [76] # vitre and on hematopoietic
tissue derived from transgenic HMGAZ2-overexpressing mice [59].
The comparability of these pervious results and the proliferative
characteristics of CT1258-HMGAZ2-EGFP underline the func-
tionality of the introduced recombinant protein.

The cytogenetic analyses of the recombinant fluorescent cell
lines C'T1258-EGFP and C'T1258-HMGA2-EGFP revealed stable
chromosome copy numbers resembling the hyperdiploid karyo-
type with der(1;5) chromosomal fusions and the characteristic
large bi-armed marker chromosome mainly consisting of material
from CFAl and CFA2 found in native CTI1258 cells. The
karyotype of CT1258 native cells and their fluorescent derivatives
has changed slightly compared to cells of C'T'1258, which were
analysed in a very early passage by Winkler et al. in 2005 [45]. In
addition to the marker chromosome and the der(1;5) chromosome,
the centric fusion of CFA4 and CFA5 (der(4;5)) found in 50% of
the analysed metaphases of primary CT1258 cells [45] was no
longer present in the native CT1258 cells used in the present
study. This loss of der(4;5) can probably be explained due to
selection in direction to der(1;5) during the cultivation of the cells
over time as the der(4;5) was only found in 50% of the primary
analysed CT1258 cells. With the comparative cytogenetic we
could assure that no macroscopic chromosomal aberrations such
as fusions or breakpoints were induced by the transfection and
subsequent integration of the expression vectors pEGFP-Ci1 and
pEGFP-C1-HMGA? into the genome under G418 antibiotic
selection pressure.

Cell lines represent a key tool in cancer research allowing
investigating complex interrelations of certain target genes in
tumour development in vitro in basic research experiments. With
the newly established canine CT1258-EGFP-HMGA2 cell line we
could demonstrate in vitro an increased cell-proliferative effect of
ectopic overexpressed EGFP-HMGAZ2. Moreover, the generated
data adds functional data helping to understand the complex

to native
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regulation mechanisms between HMGAZ2, let-7a and further
selected targets in the progression of prostate cancer.

This CT1258-EGFP-HMGA2 cell line provides a valuable tool
to further decipher the HMGAZ2-mediated molecular mechanisms
of prostate cancer and to identify potential targets for development
of novel therapies.

Additionally, the ability of the CT1258-EGFP-HMGA2 cell line
to express an enhanced EGFP tagged HMGAZ fusion protein can
be utilised to monitor the i vivo behaviour of the cell line using
fluorescence imaging subcutaneously.

To further extend the presented in vitro findings, in vivo studies
need to be carried out. In perspective, this could allow to
characterise if abundantly expressed recombinant HMGAZ2 can
increase the highly tumourigenic potential of CT1258 which was
previously demonstrated in a murine NOD/SCID in vivo model
[46,47]. The first characterisation of this hypothesis needs to be
carried out carefully in an intermediary iz vizo mouse model. Such
an  HMGAZ2-overexpressing in vivo mouse model will help to
clucidate, if the previously described correlation between HMGA2
and the malignant and metastatic potential of prostate cancer [17]
can be reflected and to characterise the underlying molecular
mechanisms. Based on this, novel therapeutic options can be
established within an 7 zive mouse model and subsequently
applied to treat dogs being affected by prostate cancer.

Xenograft mouse models with implanted human prostate
cancer cell lines such as LNCaP [77], PC-3 [78] or DU145 [79]
are extremely useful to study the biology of prostate cancer and are
used routinely in human research to evaluate prostate cancer
therapies. However, xenogralts mouse models miss some impor-
tant characteristics of naturally occurring tumours which exper-
imentally induced tumours or tumours transplanted into immu-
nocompromised animals cannot provide and bear limitations
concerning metabolism, body size and age [80,81]. Thus, long
term disease studies are difficult to accomplish within mouse
models due to a short life span in comparison to humans [82].
Since prostate cancer develops in dogs spontaneously under the
surveillance of an intact immune system in a syngeneic host and
tumour microenvironment [83], the dog as a companion animal
model provides an important translational bridge between the
mouse xenografts and human clinical trials [10,84]. In fact, dogs
were suggested by the National Cancer Institute as a potential
population to incorporate into studies of new therapeutics [84,85].

Consequently, the dog’s contribution to translational research
provides reciprocal benefit for both species with the potential to
significantly enhance the understanding of prostate cancer
development and progression.

Conclusions

In conclusion, with the herein generated new fluorescent canine
CT1258-EGFP-HMGA?2 cell line a stable highly reproducible tool
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Supporting Information

Figure S1 SNAII real-time PCR analyses. Relative SNAII/
HPRTI and SNAI1/GUSB expression in native CT1258, CT1258-
EGFP and CT1258-HMGA2-EGFP cells. Error bars are standard
deviations. *p=0.05 indicates a statistical significant deregulation
of SNAI! expression in CT1258-EGFP when compared to native
CT1258 cells. The CT1258-EGFP-HMGA?2 cell line showed no
statistical significant different SNAJI expression in comparison to
native C'T1258 cells.

(TIF)

Figure 82 SNAI2? real-time PCR analyses. Relative SNAI2/
HPRTI and SNAIZ/GUSB expression in native CT1258, CT1258-
EGFP and CT1258-HMGAZ2-EGFP cells. Error bars are standard
deviations. No statistical significant deregulation of SNAI?
expression was detected in CT1258-EGFP and CT1258-
HMGA2-EGFP when compared to native CT1258 cells. Statis-
tical significant p value was defined as =0.05.
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4.2.1. HMGA protein impact analyses on stem cells

Well defined and reproducible cell culture conditions that allow large-scale
production of stem cells whilst maintaining their characteristic features are of great
interest in the field of tissue engineering.

In addition, as cancer stem cells (CSC) are hypothesized to contribute to cancer
aggressiveness (Adams and Strasser, 2008) and are difficult to enrich, basic cancer
research relies as well on alternative stem cell sources.

Multipotency and self-renewal are believed to be the most important features of
stem cells enabling persistence in adult tissues throughout life. Therefore the
proliferation impacting role of the let-7 regulated transcription factors HMGA1 and
HMGA2 on adipose-tissue-derived mesenchymal stem cells (ADMSCs), were

analyzed in the following study.

V. Effects of High-Mobility Group A Protein Application on Canine

Adipose-Derived Mesenchymal Stem Cells In Vitro.

Ismalil et al., Veterinary Medicine International, 2010

The multilineage differentiation potential of the used canine ADMSCs was
demonstrated by induced differentiation into osteogenic, chondrogenic and
adipogenic cell lineages.

The effect of the ectopic HMGA1 and HMGAZ2 proteins on the proliferation rate of
the treated canine ADMSCs was investigated in vitro with a colorimetric BrdU cell
proliferation ELISA. Growths analysis revealed a negative HMGAL effect on the
ADMSCs at all tested concentrations (10 — 200 ng/ml). The combined cell treatment
with HMGA1 and HMGA2 (100, 200 ng/ml) presented as well as in HMGAl
stimulated cells an anti-proliferative effect. The application of HMGAZ2 alone in the
same concentrations as HMGAL1 had no measurable impact on canine ADMSC
proliferation.

The in vitro HMGA2 impact on the expression of the multi-potency factors Kilf4,
SOX2, c-Myc, OCT4, and additionally endogenic HMGA2 was analyzed by a

guantitative two-step real-time PCR. Treatment with ectopic HMGA2 was
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demonstrated to have no measurable influence on the expression these genes in
canine ADMSCs.
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Multipotency and self-renewal are considered as most important features of stem cells to persist throughout life in tissues. In this
context, the role of HMGA proteins to influence proliferation of adipose-derived mesenchymal stem cell (ASCs) while maintaining
their multipotent and self-renewal capacities has not yet been investigated. Therefore, extracellular HMGA1 and HMGA2
application alone (10-200 ng/mL) and in combination with each other (100, 200 ng/mL each) was investigated with regard to
proliferative effects on canine ASCs (cASCs) after 48 hours of cultivation. Furthermore, mRNA expression of multipotency marker
genes in unstimulated and HMGA2-stimulated cASCs (50, 100 ng/mL) was analyzed by RT-qPCR. HMGAL1 significantly reduced
cASCs proliferation in concentrations of 10-200 ng/mL culture medium. A combination of HMGA1 and HMGA2 protein (100
and 200 ng/mL each) caused the same effects, whereas no significant effect on cASCs proliferation was shown after HMGA2 protein
application alone. RT-qPCR results showed that expression levels of marker genes including KLF4, SOX2, OCT4, HMGA2, and
¢MYC mRNAs were on the same level in both HMGA2-protein-stimulated and -unstimulated cASCs. Extracellular HMGA protein
application might be valuable to control proliferation of cASCs in context with their employment in regenerative approaches

without affecting their self-renewal and multipotency abilities.

1. Introduction

Mesenchymal stem cells (MSCs) are considered as one source
of progenitor cells for therapeutic approaches in regen-
erative medicine. Although MSCs are commonly derived
from bone marrow (BMSCs) [1], adipose-tissue-derived
MSCs (ASCs) might be used as an alternative multipotent
cell source [2—4]. Similar to BMSCs, ASCs have been also
evaluated for multilineage differentiation capacities includ-
ing differentiation into a chondrogenic [5, 6], osteogenic
[5-7], adipogenic [5-7], neurogenic [8, 9], myogenic [6,
8, 10], angiogenic [11], and cardiomyogenic [10] lineage.
In contrast to bone marrow, a large amount of adipose
tissue can easily be obtained via less invasive and harmful
methods making the use of ASCs as a source of stem
cells very attractive [12]. Furthermore, it has recently been
reported that ASCs have stronger capabilities than BMSCs

to maintain their phenotype and multipotency potential
even after 25 passages of in vitro cultivation [10]. The self-
renewal and multipotency characteristics through regular
and organized cell division are the most important features of
stem cells to persist throughout life in tissues. These features
are regulated by stem-cell-specific transcription factors, so-
called multipotency genes, including SOX2 [13], cMYC [14],
KLF4 [15], OCT4 [13, 16], NANOG [16], UTF1 [17], and
LIN28 [18]. For maintaining the self-renewal ability of
MSCs, the balance of growth factors and signaling molecules
is strongly required. Therefore, the recognition of the key
environmental cues that regulate the phenomena of steady
proliferation and self-renewal of adult stem cells is crucial
for both in vitro and in vive applications. On this occasion,
recent studies have shown that HMGA proteins have the
potential to maintain and influence efficiently these features
[19-21]. The high-mobility group A (HMGA) proteins
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(formerly known as HMGI/Y) are a class of large and
specialized nuclear nonhistone chromosomal architectural
proteins [22, 23]. The common functional and structural
motifs in this unique group are three DNA-binding domains,
so-called AT hooks, which bind preferentially to short AT-
rich DNA sequences and an acidic C-terminus [24]. HMGA
proteins are encoded by two distinct genes, HMGAL and
HMGA?2 [25]. High expression of both HMGA proteins in
undifferentiated and proliferating mesenchymal cells of early
embryos indicate an important role of HMGA proteins in
the regulation of stem cell proliferation and differentiation
[26]. HMGAT1 is mainly expressed during cell differentiation,
whereas HMGA2 expression is mainly present during cell
growth and proliferation [27].

HMGA?2 expression is present in human and mouse
ES cells in the inner cell mass of blastocysts indicating
a key role of these proteins during prenatal development
and growth [26, 28]. Furthermore, it has been found that
HMGA2 expression in pluripotent human ES is closely
correlated to the expression of pluripotency specific genes
UTF1, SOX2, and OCT4 [29]. Additionally, Eda et al. [30]
have investigated that HMGA2 and LIN28 were down-
regulated upon upregulation of let-7, miR-9, and miR-
125b microRNAs after neuronal induction of mouse P19
embryonic carcinoma cells. In contrast Nishino et al. [19]
have found that self-renewal of mouse neural stem cells was
maintained by downregulation of P16 (INK4a), P19 (Arf),
and let-7b microRNA upon HMGA2-mediated expression.
With regard to the effects of HMGAL expression on cell
proliferation, one previous in vitro study has demonstrated
that downregulation of ctMYC transcripts in gastric cancer
cell lines led to an inhibition of HMGA1 expression upon the
wnt3a/beta-catenin pathway finally resulting in reduced cell
growth and proliferation [31]. The role of truncated HMGA1
protein has been evaluated for an increased adipocytic cell
growth as well as development of human lipomas through
its rearrangements [32]. Only few in vifro studies have
been carried out to evaluate the role of HMGA proteins
on proliferation of both undifferentiated embryonic stem
cells as well as already differentiated cells. Caron et al.
[33] have suggested that the HMGA?2 transcription factor
has a function in skeletal myogenesis of mouse embryonic
cells. Li et al. [29] have demonstrated regulatory influences
of HMGA2 protein expression on genes linked to human
ES cell growth, mesenchymal stem cell differentiation, and
adipogenic differentiation. Richter et al. [34] have found
that HMGAla, HMGA1b, and HMGA?2 protein application
in vitro results in a strong positive effect on proliferation
of chondrocytes derived from porcine hyalin cartilage. In
conclusion HMGA proteins are considered to play a crucial
role in regulating the expression of many different genes
important for cell growth and proliferation, especially of
stem cells. On the basis of the introduced literature, one
hypothesis of this study is that the proliferation rate of
cultivated stem cells, for example, ASCs, can be enhanced or
decreased by either HMGA2 or HMGA1 protein application
without having an effect on the multipotent status of the
cells. For a possible future in vivo usage of stem cells in
context with regenerative or tumour therapies in dogs as
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well as in humans it is highly desirable to control their
proliferation, for example, by local application of proteins
at the target site. The dog represents a valuable biomedical
model for evaluation of novel therapeutic approaches in
human medicine and for the dog itself. Additionally, the
dog genome is highly similar to the human genome, making
it an ideal model organism for the development of human
cell and gene therapeutic approaches [35]. Therefore, our
study was conducted to evaluate the effect of HMGA Proteins
on canine ASCs. However, the influence of ectopic HMGA1
and HMGA2 protein application on cultivated ASCS is so
far unknown. Thus, the aim of the present study was to
evaluate the in vitro influence of HMGA proteins on canine
ASCs proliferation and self-renewal. Moreover, it intended to
investigate expression levels of multipotency specific marker
genes in HMGA2 stimulated and unstimulated cASCs.

2. Materials and Methods

2.1. Isolation and Cultivation of cASCs. All experiments were
carried out in accordance with the German law guidelines for
governing the care and use of animals [TSchG, §4(3)]. The
methods used for isolation of canine adipose-derived mes-
enchymal stem cells (cASCs) were adapted from previously
published protocols as described by Zuk et al. [6]. Briefly,
adipose tissue samples were obtained from subcutaneous
fat depots of healthy dogs, weighed and then minced into
small pieces. In total 20 subcutaneous fat samples of 20 dogs
of different breeds were harvested. These dogs underwent
orthopaedic surgeries or ovariohysterectomies and had no
any other evident disease. The tissue pieces were enzymati-
cally dissociated at 37°C for 30 min with 0.026% collagenase
I (Sigma, St. Louis, MO., USA). Enzyme activity was neu-
tralized with Dulbecco’s modified Eagle’s medium (DMEM,
Biochrom AG, Berlin) containing 10% fetal calf serum
(FCS, PAA Laboratories GmbH, Austria). Afterwards, the
digested fat samples were filtered using a 100 ym cell strainer
(BD Bioscience, Bedford, USA) to remove debris. The cell
pellets obtained after centrifugation were resuspended in
DMEM with 10% FCS and plated in 25cm? flasks (TPP
AG, Switzerland). The cultured cells were then maintained
in an incubator supplied with humidified atmosphere of
5% CO, and 95% air at 37°C. Next day, the medium was
exchanged in order to remove cell debris and red blood cells.
Medium change was performed every second day. When the
monolayer of adherent cells reached approximately 70-80%
confluence; trypsinization for cell splitting was performed
using trypsin-EDTA solution (0.05%/0.02%, Biochrom AG,
Berlin, Germany). After centrifugation, the cell pellets were
subcultured at a concentration of 3 x 10° cells/mL medium
on 25 cm? tissue culture flasks containing DMEM/10% FCS.
Cell counting was carried out by an automatic cell counter
(Cellometer Nexcelom Bioscience, Lawrence, USA).

2.2. Multilineage Differentiation Capacity of cASCs. cASCs
at passage 3 were verified for their developmental capacity
to differentiate into cells of the osteogenic, adipogenic, and
chondrogenic lineage. For each differentiation experiment
three 25cm? tissue culture flasks were used. In addition,
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each differentiation experiment was repeated more than one
time.

2.3. Osteogenic Differentiation of cASCs. For osteogenic dif-
ferentiation, cASCs at passage 3 were cultured in 25cm?
flasks at a concentration of 6 x 10° in presence of osteogenic
induction medium for 5 weeks. Osteogenic induction
medium was prepared as previously described by Pittenger
et al. [36]. DMEM containing 10% FCS was supplemented
with dexamethasone (Dexa, # D8893, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) at a concentration of 0.1 yM,
2-phospho-L-ascorbic acid trisodium salts (Asc 2P; # 49752,
Sigma-Aldrich Chemie) at a concentration of 50 uM, and
f-glycerophosphate disodium at a concentration of 10 mM
(# 50020, Sigma-Aldrich Chemie). Osteogenic induction
medium was changed every third day. Negative controls
consisted of cASCs cells maintained in DMEM with 10%
FCS. Before staining, the cells were washed with PBS (2
times) and fixed in 4% paraformaldehyde solution (PFA)
for 10 min at room temperature, followed again by rinsing
3 times with PBS. To verify osteogenic differentiation, von
Kossa staining was carried out to detect calcified extracellular
matrix deposits (ECM).

2.4. Chondrogenic Differentiation of cASCs. For chondro-
genic induction, the micromass culture technique was used
[37]. cASCs at passage 2 were seeded out in 25cm? flasks
(with flat cultivation surface) using chondrogenic induction
medium at a concentration of 2 x 10%/flask. Chondro-
genic induction medium consisted of DMEM, 10% FCS,
0.1uM Dexa, 50uM Asc-2p, 0.35g/100mL D(+)-glucose
(# G-7021, Sigma-Aldrich Chemie), 50 mg/mL (1x) ITS +
1 liquid media supplement (10gg/mL insulin, 5.5ug/mL
transferrin, 5 ng/mL selenium, 0.5 mg/mL bovine albumin,
4.7 ug/mL linoleic acid) (# 1-2521, Sigma-Aldrich Chemie),
and 10 ng/mL transforming growth factor (rhTGE-f1; #100-
21, PeproTech GmbH, Hamburg, Germany). After seeding,
cells were allowed to adhere for 4 hours (37°C, humidified
atmosphere, 5% CO;). Afterwards, the cells were maintained
in induction medium for 21 days. The culture medium
was changed every third day. Negative controls consisted of
cASCs maintained in noninductive basal medium. Fixation
of the cells was carried out as described above. Chondro-
genic induction was confirmed by Alcian blue staining for
chondrocyte-specific proteoglycans.

2.5. Adipogenic Differentiation of ¢ASCs. For adipogenic
induction, cASCs were seeded in 25cm? flasks at a con-
centration of 2x10° cells/flask using DMEM medium
containing 10% FCS. After a cultivation period of 3h the
medium was discarded, followed by a cultivation period
of 72h in adipogenic induction medium. Adipogenic
induction medium consisted of DMEM supplemented with
10% FCS, 1M dexa, 10 yg/mL insulin (# 1-6634, Sigma-
Aldrich Chemie), 100 M indomethacin (#I-7378, Sigma-
Aldrich Chemie), and 500 uM isobutylmethylxanthine (#I-
5879, Sigma-Aldrich Chemie GmbH, Steinheim, Germany).
After removal of adipogenic induction medium the cells
were cultivated for 24 h in adipogenic maintenance medium

consisting of DMEM basal medium, 10% FCS, and 10 yg/mL
insulin. Cells were then cultivated again in adipogenic induc-
tion medium for 72 h, followed by another 24 h in adipogenic
maintenance medium. This cycle was repeated four times
in total (16d), followed by one week of cultivation in adi-
pogenic maintenance medium. Negative controls consisted
of cASCs maintained in noninductive basal medium for 23
days. Fixation of the cells was carried out as described above.
Adipogenic differentiation was confirmed by intracellular
lipid droplets accumulation after Oil Red O staining.

2.6. In Vitro cASCs Proliferation Assay. cASCs were harvested
by trypsinization and resuspended in fresh tissue culture
medium as described above. The viable cell percentage
from the harvested cells was calculated after trypan blue
staining by an automatic cell counter (Cellometer Nex-
celom Bioscience, Lawrence, USA). The cell concentration
used for the proliferation assay was adjusted to 7 x 10°
cells/100 uL. medium. Liquid HMGA protein solution of
HMGAL1 (#:TP301458, AMS Biotechnology, Ltd, Germany)
and HMGA2 (#H00008091-Q01, Abnova, Germany) were
added to the DMEM culture medium with 10% FCS at
concentrations of 10, 50, 100, and 200 ng/mL. Furthermore
a combination of HMGA1 and HMGAZ2 (100 and 200 ng/mL
each) was used for cASC stimulation. The negative control
condition consisted of unstimulated cASCs. To achieve
the correct protein concentrations in the culture medium,
directly before usage, stock solutions with protein concen-
trations of 1ug/mL DMEM culture medium (with 10%
FCS) were prepared. The desired concentration of HMGA
proteins was achieved by further dilution of the stock
solution with DMEM (with 10% FCS). Proliferation of
stimulated and unstimulated cASCs was evaluated using a
bromodeoxyuridine (BrdU) cell proliferation enzyme-linked
immunosorbent assay (ELISA kit; #11647229001, Roche
Diagnostics GmbH, Mannheim, Germany) according to the
manufacturer’s instructions. For each of the analyzed protein
concentrations cASCs were seeded out in eight separate wells
of a 96-well cell culture microtiter plate (#353075, Microtest-
Falcon, Becton Dickinson Biosciences, USA) at a concen-
tration of 7 x 10° cells per well (100 uL of cell suspension).
Cells were incubated for 3 hours (95% humidified air, 37°C,
5% CQO;) for cell adhesion, followed by the addition of the
corresponding amounts of each protein. After a coculturing
period of 24 hours (95% humidified air, 37°C, 5% CO,),
10 uL/well of BrdU labeling solution (final concentration;
10 ym/well BrdU) was added, followed by reincubation at
37°C and 5% CO, for another 24 h. During this labeling
period, the pyrimidine analogue BrdU was incorporated into
the DNA of the proliferating cASCs. After 48 hours as a total
treatment period of HMGA protein, the culture medium was
carefully removed. Afterwards, the cells were fixed and the
DNA was denatured in one step by adding FixDenat solution
(200 piL/well). The cells were then incubated for half an hour
at room temperature. The denaturation of the DNA was
necessary to improve the accessibility of the incorporated
BrdU for detection by the antibody. FixDenat solution
was removed thoroughly via careful pipetting. Anti-BrdU-
conjugate-peroxidase (Anti-BrdU-POD) working solution
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was then added in an amount of 100 gL/well. The anti-BrdU-
POD binds to the BrdU incorporated in newly synthesized,
cellular DNA. After 90 minutes incubation at RT, the
antibody conjugate was removed. Afterwards, the cells were
rinsed three times with washing solution (PBS; 300 pL/well).
The immune complexes were detected by the subsequent
substrate reaction. Finally the substrate solution (TMB;
tetramethyl-benzidine) was added to the cells (100 uL/well),
and the cells were incubated at RT for another 25 minutes.
The photometric absorbance values of the reaction products
were measured using a scanning multiwell spectropho-
tometer (Synergy 2 Multi-Mode Microplate Reader, Biotek
Instruments GmbH. Germany) at 370 nm and a reference
wavelength of 492nm at 10 time points between 0 and
30 minutes. The blanked 370 nm data minor 497 nm were
plotted against the timescale. The maximal slope of the
absorbance curve was calculated and used for statistical
comparisons. The absorbance values directly correlate to
the amount of synthesized DNA and the corresponding
number of proliferating cells in the respective microcultures.
Absorbance values for the negative control condition were
normalized to 100%. Values of all other conditions were
converted, respectively.

2.7. Stimulation of cASCs with HMGA2 Protein for Subse-
quent RT-qPCR. According to the above-mentioned pro-
tocols cASCs were seeded in six-well tissue culture plates
at a concentration of 2x 10* cells/well in DMEM (vol-
ume/well:1000 uL) supplemented with 10% FCS. Cells were
allowed to adhere for 4 hours. Afterwards cASCs were stim-
ulated in triplicates with HMGA2 supplemented medium
at a concentration of 50 and 100 ng HMGA2/mL culture
medium (volume/well:1000 yL). Unstimulated cASCs served
as control. After incubation for 48 hours (humidified
atmosphere, 5% CO,, 37°C) the cells were harvested by
trypsinization, followed by centrifugation at 800 xg for 10
minutes. The cell pellet was used for subsequent RT-qPCR.

2.8. Relative Quantitative Real-Time Polymerase Chain
Reaction (RT-qPCR)

2.8.1. RNA Isolation and cDNA Synthesis for Transcript Char-
acterization. Total RNA was isolated from unstimulated as
well as HMGA2 stimulated cASCs (100, 200 ng) using Nucle-
oSpin miRNA (#740971.250; Macherey & Nagel GmbH,
Diiren. Germany) isolation kit according to the manufac-
turer’s instructions. The concentration and purity of the
isolated RNA was verified by the OD260/280 nm absorption
ratio using the Multi-Mode Microplate Reader SynergyTM?2
and Gene5TM microplate software (Biotek Instruments, inc,
USA). cDNA was synthesised using Quantitect Reverse Tran-
scription Kit (#205313; Qiagen, Hilden, Germany) following
the manufacturer’s protocol. For the reverse transcription,
250ng of total RNA were used for the relative characteri-
zation of mRNA transcript levels of Klf4, HMGA2, SOX2,
cMYC, NANOG, and Pou5F/OQOCT4.

2.8.2. RT-qPCR. RT-qPCR was carried out using the Master
Cycler Gradient Cycler (Eppendorf, Germany). The canine
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Hypoxanthine Phosphoribosyl Transferase-1 (HPRT1) [38]
and Glucuronidase Beta transcript (GUSB) [39] were used as
endogenous reference genes. The amplification was carried
out in a total reaction volume of 20 L using the TagMan
Universal PCR Master Mix (# 4304437; Applied Biosystems,
Darmstadt, Germany). For establishing the canine HMGA2-
and Klf4-Assays, the primers and probes were designed
by the software SeqMan Pro and Editseq 7.1.0 DNAS-
TAR, Inc. (Lasergene MADISON, USA) using the murine
KLF4 mRNA NM_010637, human KLF4 mRNA NM_004235
(http://www.ncbi.nlm.nih.gov/), and canine KLF4 cDNA
ENSCAFT00000004467 (http://www.ensembl.org/). The de-
signed primers and probes related to KLF4 and HMGA2
mRNA were supplied by Biomers (Ulm, Germany). The
Primer and probe sequences of all other examined transcripts
were synthesized by Applied Biosystems (Darmstadt, Ger-
many). For amplification of gene transcripts, 500nM of
each primer and 200 nM of the corresponding fluorogenic
probe were used. Form each sample 2 uL. cDNA were used
as template. All reactions were carried out on the same
RT-qPCR plate. PCR cycles were carried out starting with
2 min for activation at 50°C and 10 min at 95°C for template
denaturation, followed by 40 cycles with 15s at 95°C and
I'min at 60°C. All samples were measured in triplicate
and for each run nontemplate controls and nonreverse
transcriptase control reactions were included. The quotient
of the threshold cycles for the analysed multipotency marker
genes was set in relation to the expression level of the
housekeeping genes HPRT1 and GUSB using the AA cycle
threshold (AACT) method. Gene expression levels of the
marker genes in HMGA?2 stimulated cASCs were normalised
to the expression level in unstimulated cASCs.

2.8.3. Statistics. The statistical analyses were performed us-
ing GraphPad Prism 4 software (GraphPad Software, La Jolla,
CA). The obtained data were expressed as means + SD.
Differences between groups were analyzed using a one-way
ANOVA and a Tukey test for post hoc comparisons. The
significance levels were set at P < 0.05, P < 0.01 and P <
0.001.

3. Results

3.1. Morphology of Canine ASCs. After 24 hours of cultiva-
tion, most of the seeded cells were remaining nonadherent
in suspension. After washing to remove these cells, few
adhered single cells or cell aggregates were observed. Initially
adherent cells grew into spindle or fibroblast-like cells,
which then developed into visible colonies after 3-5 days
in culture. Furthermore, formation of cell-cell contacts and
proliferation could be observed. After a cultivation period of
two weeks adherent cells had proliferated to near confluence
in 25cm? flasks. After the first passage, the fibroblast-
like shape became more regular and could be maintained
throughout further subcultivation (Figure 1(a)).

3.2. Demonstration of Multilineage Potential of cASCs. c¢ASCs
isolated from subcutaneous fat were evaluated for their abil-
ity to differentiate into cells with an osteogenic (Figure 1(b)),
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(d)

Ficure 1: Example of Diff-Quik stained undifferentiated cASCs with flattened fibroblast-like morphology (a). After 5 weeks of osteogenic
induction, von Kossa staining was positive, showing large black calcifying nodules (b). Chondrogenic differentiated cASCs show polygonal
morphology after 21 days of induction in addition to positive Alcian blue staining of the chondrocyte-specific glycosaminoglycans (c). In (c)
an adherent double cell layer is to be seen. Adipogenic induction could be shown 23 days after induction by positive red lipid droplets after

Oil Red O staining (d). Scale bar: 200 gm (a—c) and 100 ym (d).

chondrogenic (Figure 1(c)), and adipogenic (Figure 1(d))
phenotype after cultivation in a respectively supplemented
medium (see below).

3.3. Osteogenic Differentiation. After two weeks of cultivation
in presence of osteogenic induction medium, cells changed
from a fibroblastic phenotype to a more polygonal appear-
ance. Furthermore, a small amount of the calcium deposi-
tion, normally indicative for osteogenesis, could be detected.
Additionally, osteogenic differentiation was confirmed by
positive von Kossa staining. Within a cultivation period of
5 weeks after induction of the cells continued to proliferate
actively and formed cell aggregates with an increased amount
of calcified extracellular matrix and mineralized nodules
(Figure 1(b)). These findings were absent in cultures of
unstimulated cASCs which maintained their fibroblast-like
appearance and did not form cell aggregates (Figure 1(a)).

Furthermore, no calcified ECM deposition could be observed
in undifferentiated cells.

3.4. Chondrogenic Differentiation. Chondrogenic differenti-
ation of cASCs was achieved after 3 weeks of micromass
culture in chondrogenic induction medium. At this time-
point chondrocyte-differentiated cASCs showed a polygonal
morphology. Furthermore, chondrogenic induction was
confirmed by positive Alcian blue staining which is indica-
tive for the presence of chondrocyte-specific proteoglycans
(Figure 1(c)). Positive Alcian blue staining was absent in
unstimulated cASCs (Figure 1(a)).

3.5. Adipogenic Differentiation. Adipogenic induction of
cASCs was completed after 23 days of cultivation in adi-
pogenic induction medium. Adipogenic cells showed a larger
cell morphology with an accumulation of red intracellular
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cADMSC proliferation assay

1

Absorbance (A370—A492 nm)
normalized to 100%

HMGA2 10ng F—
HMGA2 100 ng —

HMGA2 200 ng =
*
*
*

Negative control
HMGAI 10ng
HMGALI 50 ng

HMGAT1 100ng

HMGA1 200 ng
HMGA2 50 ng

HMGA1/A2100ng H
MGA1/A2 200 ng

H

FiGure 2: Proliferation test of cASCs stimulated with HMGA pro-
teins. Absorbance values were normalized to 100% in the negative
control condition, significance levels are given for comparisons
versus negative control condition. HMGAL at all used levels has
significant suppressive effects on cell proliferation (P < 0.001). In
contrast, cell proliferation in the HMGA2-treated groups resulted
in no significant differences in comparison to the control group
at all chosen concentrations. The combined protein application
of 100 ng and 200 ng/mL shows a significant suppressive effect on
cASCs proliferation (P < 0.001). For statistical comparisons a
one-way analysis of variance and a Tukey posttest was carried out
(significance levels: *P < 0.05; **P < 0.01; ***P < 0.001).

lipid droplets after Oil Red O staining (Figure 1(d)). Positive
Oil Red O staining and changed cell morphology were absent
in unstimulated cASCs (Figure 1(a)).

3.6. Effect of HMGA Proteins on Proliferation Rate of cASCs.
To evaluate whether HMGA proteins have an effect on
proliferation of cASCs, cells were cocultured for 48 hours
in presence of HMGA1 and HMGA2 proteins at differ-
ent concentrations and in combination with each other.
HMGAI and HMGA2 related effects on cASC proliferation
were compared with proliferation rates of non-HMGA-
treated cASCs (Figure 2). No significant enhancement of
cASC proliferation after HMGA2 protein application at
concentrations of 10 (94.99 + 12.44% (mean + standard
deviation)), 50 (99.46 = 13.07%), 100 (95.79 + 9.95%),
and 200 (92.55 + 6.95%)ng/mL could be detected in
comparison to the proliferation rate of unstimulated cASCs
(100 + 18.04%). In contrast, HMGA1 protein application at
concentrations of 10 (44.73 + 12.37%), 50 (42.5 + 9.05%),
100 (55.49 + 16.83%), and 200 (48.7 + 4.81%) ng/mL had
a significant inhibitory effect on cASC proliferation (P <
0.001). Moreover, the combined application of HMGA1 and
HMGA?2 protein at respective concentrations of 100 (60.82
+ 32.04%) and 200 (55.62 = 10.93%) ng/mL also resulted
in a significant decrease of the cell proliferation rate (P <
0.001), when compared with untreated cells. Furthermore
the proliferation rate of combined HMGA1- and HMGA2-
treated cASCs was found to be on the same level as in
HMGALI stimulated cells in all used concentrations.
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Expression levels of marker genes in
relation to unstimulated ADMSCs (1). Internal control: HPRT

Relative expression level
o
oo
1
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cMYC SOX2 KLF4 HMGA2

Marker gene
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[0 HMGAZ2 50 ng/mL
B HMGA2 100 ng/mL

Ficure 3: Marker gene expression in HMGA2 protein-stimulated
(50, 100 ng/mL) and -unstimulated cASCs (relative expression = 1)
after RT-qPCR. HPRT was used as endogenous control. All analysed
genes (cMYC, SOX2, KLF4, HMGA2, and OCT4) are expressed in
cASCs. No significant marker gene regulation could be detected
after HMGAZ2 application in both concentrations.

3.7. Expression Analyzes of Multipotency Marker Genes in
HMGA2-Stimulated cASCs. Relative expression of all ana-
lyzed marker genes in unstimulated cASCs was normalized
to 1 (Figures 3 and 4) and gene expression in the 50
and 100 ng/mL stimulated cASC condition was normalized
accordingly. In case of the experiments in which HPRT1
(Figure 3) was used as endogenous control, KLF4 expression
higher in 50 (1.55 + 0.09) and 100 ng/mL (1.46 + 0.04;
P < 0.05) HMGA2-treated cASCS than in ustimulated
cASCs. However, these differences were not significant.
OCT4 expression in relation to HPRT1 in stimulated cASCs
was measured on the same level as in unstimulated cASCs
after 50 (0.99 = 0.53; P > 0.05) and 100 ng/mL (1.26 = 0.09;
P > 0.05) HMGA2 treatment. No significant differences were
found for SOX2, ceMYC, and HMGA2 expression in relation
to HPRTI in cASCs after 50 (SOX2: 0.94 = 0.04, P > 0.05;
c¢MYC: 1.00 = 0.07, P > 0.05; HMGA2: 0.83 £ 0.13, P > 0.05)
and 100 ng/mL (SOX2: 1.05 £ 0.09, P > 0.05; cMYC: 0.81 =
0.07, P > 0.05; HMGA2: 1.05 = 0.11, P > 0.05) HMGA2
stimulation in comparison to unstimulated cASCs.

In case of GUSB (Figure 4) as endogenous control no
significant differences with regard to KLF4 expression could
be detected in cASCs after 50 (1.06 = 0.09; P > 0.05) and
100ng/mL (1.22 + 0.04; P > 0.05) HMGA2 stimulation
in comparison to unstimulated cells. OCT4 expression in
relation to GUSB was slightly but not significantly lower in
50 (0.61 = 0.07; P > 0.05) and 100 ng/mL (0.78 = 0.56; P >
0.05) HMGA2-treated cASCs in comparison to unstimulated
cells. No significant differences were found for SOX2, cMYC
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Expression levels of marker genes in
relation to unstimulated ADMSCs (1). Internal control: GUSB
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Ficure 4: Marker gene expression in HMGA2 protein-stimulated
(50, 100 ng/mL) and -unstimulated cASCs (1) after RT-qPCR.
GUSB was used as endogenous control. All analysed genes (cMYC,
SOX2, KLF4, HMGA2, and OCT4) are expressed in cASCs. No
significant marker gene regulation could be detected after HMGA2
application in both concentrations.

and HMGA?2 expression in relation to HPRT1 in cASCs after
50 (SOX2: 0.64 + 0.01, P > 0.05; ¢cMYC: 0.73 = 0.01, P >
0.05; HMGAZ2: 0.86 = 0.02, P > 0.05) and 100 ng/mL (SOX2:
0.79 + 0.09, P > 0.05; cMYC: 0.90 + 0.05, P > 0.05; HMGAZ2:
1.33 = 0.18, P > 0.05) HMGAZ2 stimulation in comparison to
unstimulated cASCs.

4, Discussion

In the field of tissue engineering, a setup of well-defined and
reproducible culture conditions that will allow for large-scale
expansion of stem cells while providing efficient self-renewal
and maintenance of multipotency is critical. The key factor
in terms of multipotency and self-renewal characteristics of
stem cells is the control by the expression of several unique
multipotency-associated marker genes as for example, KLF4,
cMYC, SOX2, HMGA2, and OCT4 [13-16, 40].

The present study was focused on the characterization of
multipotent effects of HMGA protein application on culti-
vated cASCs. These adipose-tissue-derived cells have several
benefits for clinical applications, providing an autologous
source of adult stem cells for therapeutic approaches [41]. In
general the isolation of these cells from mammalian tissues
is well established as well as the possibility to expand the
cells in vitro. Thereby, the potential of cASCs to differentiate
into osteogenic, adipogenic, and chondrogenic lineages is
preserved confirming the stem-cell-like character of the cells
kept in vitro. Multilineage differentiation capacity could also
be demonstrated by histologic analyses for cASCs used in this

study. As the differentiation procedure is a well-established
technique [36, 37] further negative controls using, for
example, Alcian blue stained undifferentiated cASCs are not
presented, which is, however a shortcoming of the here pre-
sented study. Recently it could be shown, that adult cASCs do
not lose their stem cell features after cryopreservation [42].
Besides ASCs [5, 6], these facts are also valid for mammalian
BMSCs [43]. Previous studies demonstrated that the HMGA
proteins HMGAl and HMGA?2 are involved in various
cellular processes such as proliferation [24] and senescence
[44]. In addition, they are highly expressed in undiffer-
entiated cells during embryogenesis and downregulated in
differentiated cells [28]. Consequently, in the presented study
proliferative effects as well as effects on regulation on stem
cell marker genes of cASCs were characterized in vitro. Our
data indicated that HMGAI protein at concentrations of
10 ng to 200 ng/mL culture medium as well as a combined
protein application of HMGA1 and HMGA2 (100 and
200 ng/mL) resulted in significant suppressive effects on
cASCs proliferation after 48 hours of cocultivation. These
findings are contrary to an earlier study which reported a
reduced cell growth and proliferation due to a decreased
HMGALI expression in gastric cancer cell lines [31]. An
explanation for the different response of cASCs to ectopic
HMGALI application might be that functional pathways in
cancer cell lines are often not comparable to the pathways of
physiological somatic cells or stem cells. In the present study
no significant difference of cASC proliferation in comparison
to untreated cASCs could be found after HMGA2 protein
application at all used concentrations. In contrast, Richter et
al. [34] were able to demonstrate that HMGAla, HMGALID,
and HMGA2 proteins have a significant positive effect on
the proliferation rate of chondrocyte monolayers in vitro
after 24 hours of incubation. In another recently published
study, Richter et al. found positive proliferative effects of
HMGA2-derived fragments on proliferation of cultured
porcine chondrocytes and canine ASCs [34, 45]. However,
higher doses of HMG proteins ranging from 1pug to over
100 ug/mL were used in the studies of Richter et al. [34, 45].
In the here presented study lower doses of HMG protein
were used according to the studies performed with the
HMGA sister protein HMGB1 demonstrating biologic effects
at concentrations of 10-200 ng/mL protein application [46,
47]. However, in this context it has to be kept in mind
that HMGBI extracellular signaling is well characterised
being mediated by TLR and RAGE receptors. In contrast
to this, a detailed characterisation of extracellular HMGA
receptors is still missing. To our knowledge, only few
studies have been carried out to verify how HMGA proteins
affect multipotency maintenance and proliferation in adult
stem cells. Recently, Nishino et al. [19] have reported that
HMGA2 protein knockdown led to inhibition of neural
stem cell proliferation and self-renewal of fetal and young-
adult mice but not old-adult mice. These findings indicate
that HMGA2 might have a proliferative effect only on stem
cells at early stages. This hypothesis is supported by the
results of our in vitre study in which also no proliferative
effects of HMGA2 could be found. Nevertheless it has to be
stated that in our study an extracellular protein application
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was used, whereas in the study of Nishino et al., HMGA2
expression was knocked out [19]. In addition, microRNA
let-7b has been reported to regulate self-renewal of neural
stem cells through targeting on HMGA2 protein and TLX
receptor [19, 48]. Our results reported here using real-
time qPCR revealed that HMGA?2 protein can contribute
to maintain self-renewal and multipotency of cASCs as
no significant effects on gene regulation of multipotency
marker genes could be found. HMGA2 protein-stimulated
and -unstimulated cASCs showed no significant differences
in relative expression levels of the marker genes KLF4, SOX2,
OCT4, cMYC, and HMGA2 in cASCs. In this context it
has to be stated that the OCT4 signal was detectable only
at late PCR cycles. Thus, results for this gene have to be
looked at critically. However, for reasons of a complete
description of the gene panel the OCT4 data is presented.
A major limitation of the study is the missing data of marker
gene expressions in cASCs after HMGA1 protein application.
Therefore, future studies will have to investigate whether the
inhibitory effect on cASC proliferation is accompanied by
a changed or unaltered expression of multipotency marker
genes. As another result, it could be demonstrated that
the suppressive effects of HMGAL protein application on
cASC proliferation cannot be blocked by additional HMGA2
application. In case of the combined HMGA1 and HMGA2
application in a concentration of 100 ng/mL each, a high-
standard deviation of the measurement values is evident.
However, it would be interesting to investigate the effects
of HMGA1 protein application on gene expression of the
mentioned marker genes and to check for HMGAL spe-
cific receptors on cASCs. Also, multilineage differentiation
capacity of HMGA protein-stimulated ASCs remains to be
investigated in further studies.

5. Conclusions

In conclusion, HMGA proteins remain interesting candidate
proteins for influencing ASC proliferation without altering
multipotency gene expression. Further studies focussing on
higher concentrations of HMGA protein application on
cultured ASCs are needed to fully study the effects on
proliferation and marker gene expression. Characterizing the
role of HMGA protein on self-renewal and multipotency of
ASCs might be providing novel insights for a controlled and
efficient application of these cells in regenerative approaches.
Especially the possibility to control proliferation of tumour
stem cells would be of great advantage in this context.

Authors’ Contribution
A. A, Ismail and S. Wagner contributed equally to the devel-
opment of the paper.

Acknowledgments

This work was supported by the Excellence Cluster REBIRTH
(from Regenerative Biology to Reconstructive Therapy, Han-
nover) within the Excellence Initiative of the German Federal

Veterinary Medicine International

Ministry of Education and Research and the German Re-
search Foundation (DFG).

References

[1] E.Leonardi, V. Devescovi, E. Perut, G. Ciapetti, and A. Giunti,
“Isolation, characterisation and osteogenic potential of human
bone marrow stromal cells derived from the medullary cavity
of the femur,” La Chirurgia Degli Organi di Movimento, vol.
92, no. 2, pp. 97-103, 2008.

B. Puissant, C. Barreau, P. Bourin et al., “Immunomodulatory

effect of human adipose tissue-derived adult stem cells:

comparison with bone marrow mesenchymal stem cells,”

British Journal of Haematology, vol. 129, no. 1, pp. 118-129,

2005.

H. Hattori, M. Sato, K. Masuoka et al., “Osteogenic potential

of human adipose tissue-derived stromal cells as an alternative

stem cell source,” Cells Tissues Organs, vol. 178, no. 1, pp. 2-12,

2004.

Y. A. Romanov, A. N. Darevskaya, N. V. Merzlikina, and L.

B. Buravkova, “Mesenchymal stem cells from human bone

marrow and adipose tissue: isolation, characterization, and

differentiation potentialities,” Bulletin of Experimental Biology

and Medicine, vol. 140, no. 1, pp. 138-143, 2005.

[5] M. Neupane, C. C. Chang, M. Kiupel, and V. Yuzbasiyan-
Gurkan, “Isolation and characterization of canine adipose-
derived mesenchymal stem cells,” Tissue Engineering—Part A,
vol. 14, no. 6, pp. 1007-1015, 2008.

[6] P. A. Zuk, M. Zhu, H. Mizuno et al., “Multilineage cells from

human adipose tissue: implications for cell-based therapies,”

Tissue Engineering, vol. 7, no. 2, pp. 211-228, 2001.

Y. Y. Shi, R. P. Nacamuli, A. Salim, and M. T. Longaker, “The

osteogenic potential of adipose-derived mesenchmal cells is

maintained with aging,” Plastic and Reconstructive Surgery, vol.

116, no. 6, pp. 1686-1696, 2005.

Y. Lin, X. Chen, Z. Yan et al., “Multilineage differentiation

of adipose-derived stromal cells from GFP transgenic mice,”

Molecular and Cellular Biochemistry, vol. 285, no. 1-2, pp. 69—

78, 2006.

K. M. Safford, K. C. Hicok, S. D. Safford et al., “Neurogenic

differentiation of murine and human adipose-derived stromal

cells,” Biochemical and Biophysical Research Communications,

vol. 294, no. 2, pp. 371-379, 2002.

[10] Y. Zhu, T. Liu, K. Song, X. Fan, X. Ma, and Z. Cui,
“Adipose-derived stem cell: a better stem cell than BMSC,” Cell
Biochemistry and Function, vol. 26, no. 6, pp. 664675, 2008.

[11] Y. L. Tang, Q. Zhao, Y. C. Zhang et al., “Autologous mesenchy-
mal stem cell transplantation induce VEGF and neovascu-
larization in ischemic myocardium,” Regulatory Peptides, vol.
117, no. 1, pp. 3-10, 2004.

[12] M. L. Tong, M. Martina, D. W. Hutmacher, J. H. P. O. Hui,
H. L. Eng, and B. Lim, “Identification of common pathways
mediating differentiation of bone marrow- and adipose tissue-
derived human mesenchymal stem cells into three mesenchy-
mal lineages,” Stem Cells, vol. 25, no. 3, pp. 750-760, 2007.

[13] A. Rizzino, “Sox2 and Oct-3/4: a versatile pair of master
regulators that orchestrate the self-renewal and pluripotency
of embryonic stem cells,” Wiley Interdisciplinary Reviews, vol.
1, no. 2, pp. 228-236, 2009.

[14] K. N. Smith, A. M. Singh, and S. Dalton, “Myc represses
primitive endoderm differentiation in pluripotent stem cells,”
Cell Stem Cell, vol. 7, no. 3, pp. 343-354, 2010.

[2

3

[4

[7

(8

[9

126



Results

Veterinary Medicine International

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

[30]

(31]

K. K. K. Chan, J. Zhang, N. Y. Chia et al., “KLF4 and PBX1
directly regulate NANOG expression in human embryonic
stem cells,” Stem Cells, vol. 27, no. 9, pp. 2114-2125, 2009.

M. B. Jones, C. H. Chu, J. C. Pendleton et al., “Proliferation
and pluripotency of human embryonic stem cells maintained
on type i collagen,” Stem Cells and Development, vol. 19, no.
12, pp. 1923-1935, 2010.

S. M. Kooistra, V. van den Boom, R. P. Thummer et
al.,, “Undifferentiated embryonic cell transcription factor 1
regulates ESC chromatin organization and gene expression,”
Stemn Cells, vol. 28, no. 10, pp. 1703-1714, 2010.

M. Richards, S. P. Tan, J. H. Tan, W. K. Chan, and A. Bongso,
“The transcriptome profile of human embryonic stem cells as
defined by SAGE,” Stem Cells, vol. 22, no. 1, pp. 51-64, 2004.
J. Nishino, L. Kim, K. Chada, and S. ]. Morrison, “Hmga2
promotes neural stem cell self-renewal in young but not old
mice by reducing p16Inkd4a and p19Arf expression,” Cell, vol.
135, no. 2, pp. 227-239, 2008.

K. Monzen, Y. Ito, A. T. Naito et al., “A crucial role of a high
mobility group protein HMGA?2 in cardiogenesis,” Nature Cell
Biology, vol. 10, no. 5, pp. 567-574, 2008.

S. Sanna, A. U. Jackson, R. Nagaraja et al., “Common variants
in the GDF5-UQCC region are associated with variation in
human height,” Nature Genetics, vol. 40, no. 2, pp. 198-203,
2008.

M. Bustin, “Revised nomenclature for high mobility group
(HMG) chromosomal proteins,” Trends in Biochemical Sci-
ences, vol. 26, no. 3, pp. 152-153, 2001.

R. Grosschedl, K. Giese, and J. Pagel, “HMG domain proteins:
architectural elements in the assembly of nucleoprotein struc-
tures,” Trends in Genetics, vol. 10, no. 3, pp. 94-100, 1994.

R. Reeves, D. D. Edberg, and Y. Li, “Architectural tran-
scription factor HMGI(Y) promotes tumor progression and
mesenchymal transition of human epithelial cells,” Molecular
and Cellular Biology, vol. 21, no. 2, pp. 575-594, 2001.

R. Sgarra, A. Rustighi, M. A. Tessari et al., “Nuclear phos-
phoproteins HMGA and their relationship with chromatin
structure and cancer,” FEBS Letters, vol. 574, no. 1-3, pp. 1-
8, 2004.

Y. Tay, S. Peter, I. Rigoutsos, P. Barahona, S. Ahmed, and
P. Drége, “Insights into the regulation of a common variant
of HMGA2 associated with human height during embryonic
development,” Stem Cell Reviews and Reports, vol. 5, no. 4, pp.
328-333, 2010.

E. Vartiainen, J. Palvimo, A. Mahonen, A. Linnala-Kankkunen,
and P. H. Maenpaa, “Selective decrease in low-M(r) HMG
proteins HMG I and HMG Y during differentiation of mouse
teratocarcinoma cells,” FEBS Letters, vol. 228, no. 1, pp. 45438,
1988.

X. Zhou, K. F. Benson, H. R. Ashar, and K. Chada, “Mutation
responsible for the mouse pygmy phenotype in the devel-
opmentally regulated factor HMGI-C,” Nature, vol. 376, no.
6543, pp. 771-774, 1995.

O. Li, J. Li, and P. Droge, “DNA architectural factor and
proto-oncogene HMGA2 regulates key developmental genes
in pluripotent human embryonic stem cells,” FEBS Letters, vol.
581, no. 18, pp. 3533-3537, 2007.

A. Eda, Y. Tamura, M. Yoshida, and H. Hohjoh, “Systematic
gene regulation involving miRNAs during neuronal differen-
tiation of mouse P19 embryonic carcinoma cell,” Biochemical
and Biophysical Research Communications, vol. 388, no. 4, pp.
648-653, 2009.

S. I. Akaboshi, S. Watanabe, Y. Hino et al., “HMGALI is induced
by Wnt/S-catenin pathway and maintains cell proliferation in

(32

[33

[34

[35

[36

[37

(38

(39

[40

(41

[42

[43

[44

(45

[46

(47

127

]

]

]
]

]

gastric cancer,” American Journal of Pathology, vol. 175, no. 4,
pp. 1675-1685, 2009.

G. M. Pierantoni, S. Battista, F. Pentimalli et al., “A truncated
HMGA1 gene induces proliferation of the 3T3-L1 pre-
adipocytic cells: a model of human lipomas,” Carcinogenesis,
vol. 24, no. 12, pp. 1861-1869, 2003.

L. Caron, E Bost, M. Prot, P. Hofman, and B. Binétruy, “A new
role for the oncogenic high-mobility group A2 transcription
factor in myogenesis of embryonic stem cells,” Oncogene, vol.
24, no. 41, pp. 6281-6291, 2005.

A. Richter, G. Hauschild, H. M. Escobar, I. Nolte, and ]J.
Bullerdiek, “Application of high-mobility-group-a proteins
increases the proliferative activity of chondrocytes in vitro,”
Tissue Engineering—DPart A, vol. 15, no. 3, pp. 473477, 2009.
E. K. Karlsson and K. Lindblad-Toh, “Leader of the pack: gene
mapping in dogs and other model organisms,” Nature Reviews
Genetics, vol. 9, no. 9, pp. 713-725, 2008.

M. E Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science,
vol. 284, no. 5411, pp. 143-147, 1999,

M. Solursh, “Cartilage stem cells: regulation of differentia-
tion,” Connective Tissue Research, vol. 20, no. 1-4, pp. 81-89,
1989.

M. Fischer, M. Skowron, and E. Berthold, “Reliable transcript
quantification by real-time reverse transcriptase-polymerase
chain reaction in primary neuroblastoma using normalization
to averaged expression levels of the control genes HPRT1 and
SDHA,” Journal of Molecular Diagnostics, vol. 7, no. 1, pp. 89—
96, 2005.

B. Brinkhof, B. Spee, . Rothuizen, and L. C. Penning, “Devel-
opment and evaluation of canine reference genes for accurate
quantification of gene expression,” Analytical Biochemistry,
vol. 356, no. 1, pp. 3643, 2006.

S. M. Hammond and N. E. Sharpless, “HMGA2, MicroRNAs,
and stem cell aging,” Cell, vol. 135, no. 6, pp. 1013-1016, 2008.
B. M. Strem, K. C. Hicok, M. Zhu et al., “Multipotential
differentiation of adipose tissue-derived stem cells,” Keio
Journal of Medicine, vol. 54, no. 3, pp. 132-141, 2005.

T. Martinello, I. Bronzini, L. Maccatrozzo et al., “Canine
adipose-derived-mesenchymal stem cells do not lose stem
features after a long-term cryopreservation,” Research in
Veterinary Science, vol. 91, no. 1, pp. 18-24, 2010.

C. Csaki, U. Matis, A. Mobasheri, H. Ye, and M. Shakibaei,
“Chondrogenesis, osteogenesis and adipogenesis of canine
mesenchymal stem cells: a biochemical, morphological and
ultrastructural study,” Histochemistry and Cell Biology, vol.
128, no. 6, pp. 507-520, 2007.

M. Narita, M. Narita, V. Krizhanovsky et al., “A novel role
for high-mobility group a proteins in cellular senescence and
heterochromatin formation,” Cell, vol. 126, no. 3, pp. 503-514,
2006.

A. Richter, M. Liibbing, H. G. Frank, I. Nolte, J. C. Bullerdiek,
and L. von Ahsen, “High-mobility group protein HMGA2-
derived fragments stimulate the proliferation of chondrocytes
and adipose tissue-derived stem cells,” European Cells &
Materials, vol. 21, pp. 355-363, 2011.

R. Palumbo, M. Sampaolesi, E. De Marchis et al., “Extracellular
HMGBI, a signal of tissue damage, induces mesoangioblast
migration and proliferation,” Journal of Cell Biology, vol. 164,
no. 3, pp. 441-449, 2004.

E. Meng, Z. Guo, H. Wang et al., “High mobility group box 1
protein inhibits the proliferation of human mesenchymal stem
cells and promotes their migration and differentiation along



Results

10 Veterinary Medicine International

osteoblastic pathway,” Stern Cells and Development, vol. 17, no.
4, pp. 805-813, 2008.

[48] C.Zhao, G. Sun, S. Li etal., “MicroRNA let-7b regulates neural
stem cell proliferation and differentiation by targeting nuclear
receptor TLX signaling,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 107, no. 5, pp.
1876-1881, 2010.

128



Results

4.3. Tools for modification and detection of gene expression

Following cancer diagnosis and identification of deregulated genes, gene
therapeutic approaches can be harnessed to reconstitute or suppress the targets of
interest. For that purpose several let-7 encoding expression vectors were
constructed herein.

The successful treatment with gene constructs or products depend highly on the
efficient transfer of the corresponding molecules into the cell of interest and
additionally on exact titer.

As the commonly used transduction and transfection techniques have to be further
optimized a new gold nanoparticle based transfection method was evaluated.
Additionally, for the accurate quantification of adeno-associated viruses (AAV) a
novel viral genome purification protocol for the subsequent analyses by real-time
PCR was established.

Finally, following gene expression modification it is necessary to have appropriated
tools to monitor the target protein expression, thus cross-reactivity of a PSMA

antibody was evaluated with the canine PSMA protein.

4.3.1. Generation of miRNA let-7 constructs

For coming analyses of the canine miRNA let-7 family members let-7al, let-7a2, let-
7Db, let-7c, let-7d, let-7e, let-7f, let-7g and let-7i the precursor encoding sequences
of were successfully amplified and cloned into the commercially available
PGEM-T-Easy vector (Tab. 1).

Additionally the let-7al, let-7a2 and let-7b variants were cloned into the
multiple-cloning site of a commercially available pAAV-MCS vector. The expression
cassette of these vectors is flanked by inverted-terminal repeats (ITRs). When using
this vector for AAV production the part between the ITRs will be packaged into the
viral particles (Tab. 1).

Moreover the canine let-7al, let-7a2 variants as well as a non-sense “scrambled”
control sequence and an artificial let-7a encoding construct were cloned into the
commercially available pEP-has-let-7a2 vector replacing the intrinsic human let-7a2
precursor. The expression cassette of this plasmid has an EFla-promoter and

carries additionally a puromycin resistance gene, enabling stable transfection of
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cells. In the following these expression cassettes were used to replace the part
between the ITR of the pAAV-MCS vector (Tab. 1).

Table 1 let-7 encoding vectors

Vector name Insert
pGEM-T-Easy-cfa-let-7al Canine let-7al
pGEM-T-Easy-cfa-let-7a2 Canine let-7a2
pGEM-T-Easy-cfa-let-7b Canine let-7b
pGEM-T-Easy-cfa-let-7¢ Canine let-7c
pGEM-T-Easy-cfa-let-7d Canine let-7d
pGEM-T-Easy-cfa-let-7e Canine let-7e
pGEM-T-Easy-cfa-let-7f Canine let-7f
pGEM-T-Easy-cfa-let-7g Canine let-7g
pGEM-T-Easy-cfa-let-7i Canine let-7i
pAAV-CMV-let-7al Canine let-7al
pAAV-CMV-let-7a2 Canine let-7a2
pAAV-CMV-let-7b Canine let-7b
pEP-cfa-let-7al Canine let-7al
pEP-cfa-let-7a2 Canine let-7a2
pEP-scrambled Non-sense DNA
pEP-AMPM-let-7a Artificial let-7a construct
pAAV-EFla-cfa-let-7al Canine let-7al
pAAV-EF1la -cfa-let-7a2 Canine let-7a2
pAAV-EF1a -scrambled Non-sense DNA
pAAV-EFla -AMPM-let-7a Atrtificial let-7a construct
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4.3.2. AAV genome isolation for quantification by absolute real-time PCR
Successful gene therapy approaches depend highly on the efficient transfer of the
gene of interest into a cell.

One of the commonly harnessed viral vectors is the adeno-associated virus (AAV)
family, which bears many advantages like a broad tropism, the disability of
self-replication and especially a low immune response (Berns and Bohenzky, 1987;
Snyder and Flotte, 2002; Nathwani et al., 2011; Shin et al., 2013). Although the
maximal size of the AAV genome is limited (~ 4.7 kilo bases) (Srivastava et al.,
1983) it is sufficient for the therapeutic delivery of small genes such as miRNAs
(Kota et al., 2009; Mueller et al., 2012).

Accordingly, major steps were taken aiming to optimize the recombinant AAV
generation, purification and titration methods. However, these protocols need still
further optimization, especially the quantification techniques should not be
overlooked as the correct viral titer is prerequisite for the reproducibility of an

experiment and a safe application in therapy.

X. Improved rAAV genome isolation for quantification by absolute
real-time PCR.

Wagner et al., in preparation for submission.

In the following technical note a novel AAV genome purification protocol is
presented. For that purpose recombinant serotype 2 AAVs carrying the beta-
galactosidase gene, were produced. In the next step the AAV genomes were
isolated according to the novel protocol and to two commonly used procedures.
Finally, all AAV genomes were quantified by absolute quantitative-real time PCR as
previously described by Dr. Jan Soller (doctoral thesis entitled “Strukturelle und
funktionelle Analyse ausgewabhlter High Mobility Group Gene des Haushundes”).

It could be demonstrated, that the novel protocol is less prone to errors and most
importantly the measured AAV genome titers are more accurate compared to the
other two tested protocols.
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Improved rAAV genome isolation for quantification by

absolute real-time PCR
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Abstract

Adeno-associated virus derived vectors are constantly being evaluated in model
organisms and humans as gene delivery-based therapeutics. Due to low immune
response, broad tropism, and the disability of self-replication these vectors are
considered as a promising tool for human and animal gene therapeutic approaches.
Key for the evaluation of these therapeutic or experimental approaches is the
availability of pure, recombinant adeno-associated viruses of high quality, and further
the possibility to accurately and reliably quantify the respective vector-genomes.
Herein we describe a novel silica-based adeno-associated viral genome isolation
protocol allowing the generation of highly pure, DNase resistant viral genomes.
Further, we performed a comparison of this new method with two commonly used
viral sample preparation protocols for subsequent quantification by absolute real-time
PCR.

The new modified silica-based method described in the present study allows a more
accurate and highly reproducible adeno-associated virus genome purification for the
following quantification via real-time PCR in comparison to the other tested,

commonly used methods.

Introduction

The recombinant adeno-associated virus (rAAV) is an icosaedral parvovirus with a
diameter of ~ 20 nm [1]. It contains a single stranded DNA (ssDNA) genome of ~ 4.7
kilo bases either in positive- or negative-sense orientation in non-enveloped protein
capsids [1,2]. After cell infection the ssDNA is delivered to the nucleus [3] and
converted into a double-stranded, transcriptionally active form [4]. It has been shown
that rAAVs are able to infect dividing as well as quiescent cells [5] highlighting its
importance as therapeutic vector. Due to weak immune response, the disability of
self-replication, and a broad tropism this nonpathogenic virus type is considered as a
promising vehicle for human and animal gene therapeutic approaches [6-9].

In the last decade, major steps were successfully taken aiming at an optimization of
rAAV generation protocols. Despite of the generation itself, the determination of the
exact viral titer is crucial not only for accurate and reproducible in vitro and in vivo
applications but also for comparing results between laboratories [10]. Consequently a
reliable method for rAAV quantification would be of great value. For this purpose
various techniques have been used, such as ELISAs allowing the titration of
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assembled viral particles [10], southern blot analysis [11], dot blot hybridization [12],
or quantitative real-time PCR [13]. Quantification by real-time PCR has been proven
to be the most accurate of these techniques by showing a broad dynamic range.
However, a prerequisite for quantification by absolute real-time PCR is the
accessibility of highly pure viral genomes (VG).

A direct utilization of a rAAV immersion as template in a real-time PCR is possible,
but not very accurate. This can be explained by the fact that not all viral capsids
denaturate at once in the first denaturation step and subsequently not all VGs are
accessible as template for the polymerase. Furthermore the non-packaged VGs (VG-
containing plasmid DNA and not-packaged VGs from the rAAV production step) also
function as template in the reaction. These problems were addressed by incubating
the viral suspension in NaOH to degrade all non-packaged VGs and predenaturate
the rAAV capsids to enable the VG release more easily and simultaneously in the
first denaturating step of the following real-time PCR [14].

Up to now several techniques have been described for viral genome
preparation/isolation. The commonly employed NaOH pretreatment of the viral
particles bears some disadvantages: NaOH must be neutralized accurately by
applying HCI and the duration of the rAAV pretreatment has to be defined exactly,
otherwise the VGs will be released too early and degraded by the NaOH. If the
pretreatment is too short, many capsids stay intact during the first denaturation step
in the PCR instead of releasing their load. In both cases the measured VG titer
appears to be lower than the actual present titer.

In the second commonly used method viral particles are initially pretreated with
DNase to digest all non-packaged VGs. After DNase heat-inactivation proteinase K is
added to digest the remaining DNase and the viral capsids. Finally proteinase K is
also heat-inactivated and the VGs employed directly as template for quantification via
real-time PCR. In a modified variant of this method the VGs are purified by
phenol/chloroform extraction prior to the quantification.

In general a reliable real-time PCR is dependent on the use of purified VGs.
Phenol/chloroform extraction is often used for VG purification from residual enzymes
and salts which could interfere with the PCR or have an influence on the VGs.
However, this purification method shows also some disadvantages. First of all the

procedure is toxic and the phase with the DNA remains difficult to be removed
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completely being still contaminated with phenol/chloroform which could interfere with
the PCR itself.

To address these obstacles we evaluated a novel, non-toxic, accurate, and easy
silica-based protocol for the VG isolation. Herein we used a silica-based ‘NucleoSpin
RNA Virus’ kit purchased from Macherey & Nagel company (Diren, Germany) further
termed as M&N. This kit was originally developed for the viral genome isolation of
HCV, HBV, HAV, HIV, HSV, HPV, VZV, EBV, parvovirus B19, H5N1 and H1N1
(‘NucleoSpin RNA Virus’ manual (March 2012/Rev. 10)). Our modifications of the
‘Support protocol: Isolation of viral RNA and DNA from cell-free biological fluids with
NucleoSpin RNA Virus’ protocol enable the purification of rAAV genomes. Compared
to the other previously mentioned protocols for viral genome quantification, our new
silica-based rAAV genome isolation is less prone to errors and the whole procedure
needs less time in comparison to the DNase/proteinase K method. Additionally, we
show that the following quantification by absolute real-time PCR displays the lowest
inter-assay variability and more accurate titers when using the VGs as template

purified according to the new protocol.

Materials and Methods

rAAV-LacZ generation and purification

Eukaryotic AAV-293 cells were taken into culture from a frozen stock in an early
passage according to the 'AAV Helper free system’ instruction manual, revision A.01
(Stratagene, La Jolla, USA) until reaching 70-80 % confluence. For the production of
recombinant AAVs containing the beta-galactosidase gene under a CMV promoter
(rAAV-LacZ) the cells were co-transfected with three DNA plasmids (pHelper, pAAV-
RC and pAAV-LacZ) and harvested 72 h later according to the 'AAV Helper free
system’ protocol. Following, the AAV-293 host cells were exposed to three freeze &
thaw cycles by alternating the immersion in a dry ice/ethanol bath and a 37 °C water
bath. In the next step the rAAV-LacZ viral particles were purified from the cell lysate
by one-step affinity chromatography according to Smith et al. [15] using prepacked 1
ml HiTrap AVB Sepharose columns (GE Healthcare Europe GmbH, Freiburg,

Germany).

Sample preparation
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For viral genome preparation purified rAAV-LacZ aliquots were diluted 1:20 with
Nuclease-Free water (Qiagen Hamburg GmbH, Hamburg, Germany) (sample 1). For
the simulation of VG isolation from unpurified viral particles an additional purified
virus aliquot was diluted 1:20 with a cell lysate from native, untreated AAV-293 cells
(1*10” cell/ml x1 PBS) which were treated as described above according to the
freeze & thaw procedure (sample 2). The sample 1 and sample 2 were prepared with
well-defined compositions of purified virus to enable an easy comparison between
the processing of pure and crude viral samples (Figure 1). Additionally, the untreated
AAV-293 cell-lysate was diluted 20:1 with Nuclease-Free water as a negative control

for an unspecific PCR (sample 3) (Figure 1).

s Sample 1: purified virus diluted 1:20 with H,O
Purified rAAVs

Sample 2: purified virus diluted 1:20 with AAV-293 cell lysate

Sample 3: AAV-293 cell lysate diluted 20:1with H,O

Figure 1. Overview: Sample preparation

The sample 3 contains the same amounts of cell lysate as sample 2. Aliquots of the
samples 1-3 were further processed according to three protocols: the silica
membrane-based (S), the DNase/preoteinase K (D) and NaOH (N) protocol. An

overview of the sample processing is shown in table 1.
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Table 1. Flow chart: Sample processing

S

D

N

5 pl virus containing aliqout,
10 ul DNase (1U/ul),
2 pl DNase buffer (x10),
ad 20 ul H;O

l
1 h incubation, 37 °C

5 min incubation, 65 °C,
chilling on ice for 1 min
1
20 ug proteinase K,
H,O ad 150 pl,

5 pl virus containing aliqout,

10 ul DNase (1U/ul),
2 ul DNase buffer (x10),
ad 20 yl H;O

!
1 h incubation, 37 °C

10 min incubation, 65 °C,
chilling on ice for 1 min
1
30 ug proteinase K,

6 ul CaCl, (100 mM),

5 pl virus containing aliqout,
20 yl NaCH (2 M),
ad 40 pl H,O

30 min incubation, 56 °C

i
Neutralisation with HCI (2
M)

Adjust VG suspension
volume to 200 pl with H,O

600 ul RAV1 buffer H,O ad 60 pl
5 min incubation, 70 °C 30 min incubation, 50 °C
1 !
VG purification according to | 20 min incubation, 95 °C,
the M&N protocol chilling on ice for 1 min

A
Adjust VG suspension
volume to 200 pl with H,O

Adjust VG eluate volume
to 200 pl with H,O

Flow chart of the sample processing performed according to the three used protocols
S = Silica membrane-based protocol

D = DNase/proteinase K protocol

N = NaOH protocol

To compare the inter assay variability of the three protocols, the complete
pretreatment/isolation and quantification processes were repeated three times for

each sample and protocol.

Silica membrane-based protocol
The sample incubation with DNase and proteinase K was based on the protocols
from Zolotukhin et al. and Duffy ef al. [16,17]. Herein we describe our modifications of
the ‘Support protocol: Isolation of viral RNA and DNA from cell-free biological fluids
with NucleoSpin RNA Virus’ protocol (M&N, Diren, Germany).

Aliquots of five ul from sample 1, sample 2 and sample 3 (Table 1) were mixed with
RQ1 DNase 10x Reaction Buffer (Promega GmbH, Mannheim, Germany), 10 ul (1
U/ul) RQ1 RNase-Free DNase

Nuclease-Free water (Qiagen Hamburg GmbH, Hamburg, Germany) in a final

(Promega GmbH, Mannheim, Germany) and

volume of 20 ul, respectively. After sample incubation for 60 min at 37 °C, and 5 min
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at 65 °C for DNase inactivation, the samples were chilled for ~ 1 min on ice.
Afterwards the sample volume was adjusted with Nuclease-Free water to 150 ul,
additionally 20 ug proteinase K (Promega GmbH, Mannheim, Germany) and 600 pl
Buffer RAV1 (included in the 'NucleoSpin RNA Virus® kit, M&N, Diren, Germany)
were added and further proceeded as instructed in the ‘Support protocol: Isolation of
viral RNA and DNA from cell-free biological fluids with NucleoSpin RNA Virus’
protocol (M&N, Diren, Germany). The suspension was applied on the mini spin
columns (M&N, Diren, Germany), washed and finally the viral genomes (VG) were
twice eluted with 100 pyl RNase-free H,O. The last centrifugation step was carried out
at 11,000 x g for 5 min. In the following these samples are named S1, S2 and S3
according to the used type of protocol (S) and the source of the aliquots (sample 1-3,
Figure 1).

DNase/proteinase K protocol

Five ul aliquots of sample 1, sample 2 and sample 3 were initially pretreated with
DNase as described in the improved ’'silica membrane-based protocol’. After the
sample chilling on ice for ~ 1 min 30 ug proteinase K (Promega GmbH, Mannheim,
Germany) and 6 pl 100 mM CaCl, (Applichem GmbH, Darmstadt, Germany) in
Nuclease-Free water (Qiagen Hamburg GmbH, Hamburg, Germany) were added
and the volume adjusted with Nuclease-Free water to 60 pl. The samples were
additionally incubated at 50 °C for 1 h followed by a proteinase K inactivation step at
95 °C for 20 min and ~ 1 min chilling on ice. Finally the sample volume was adjusted
to 200 pl with Nuclease-Free water. In the following those samples are named D1,
D2 and D3.

NaOH protocol

In the third commonly used protocol, five pl aliquots of the sample 1, sample 2 and
sample 3 were pretreated with NaOH (Applichem GmbH, Darmstadt, Germany). At
this point it is important to note that in this method the viral particles must not crack
open otherwise the enclosed VGs would be degraded; the viral capsids are only
partially denaturated and should release their load in the initial denaturation step of
the guantitative real-time PCR where it serves as a template. Aliquots were mixed
with 15 pl Nuclease-Free water (Qiagen Hamburg GmbH, Hamburg, Germany), 20 ul
NaOH (2 M) and incubated for 30 min at 56 °C. Finally, the reactions were
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neutralized with an adequate volume of 2 M HCI (Applichem GmbH, Darmstadt,
Germany) and the volume adjusted to 200 ul with Nuclease-Free water. In the
following those samples are named N1, N2 and N3.

VG quantification via absolute quantitative real-time PCR

The undiluted VGs were quantified via an absolute quantitative real-time PCR.
Measurements were performed in a Master Cycler ep realplex cycler (Eppendorf AG,
Hamburg, Germany). In the following all ordered oligonucleotides, synthesized by the
Biomers.net GmbH (Ulm, Germany) are listed, all of which were previously reported
by Jan T. Soller. Forward primer: 5-GAGGTCTATATAAGCAGAGCTCGTTTAGT-3',
reverse primer: 5-GGTGTCTTCTATGGAGGTCAAAACA-3’, TagMan probe: FAM-5'-
CAGATCGCCTGGAGACGCCATCC3-TAMRA  and standard molecule: 5'-
GGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGT-3..

The CMV (promoter in the rAAV genome) promoter-specific quantitative real-time
PCR was performed as described by Jan T. Soller (doctoral thesis:
http://elib.suub.uni-bremen.de/edocs/00101803-1.pdf) using a TagMan Universal
PCR Master Mix (2X) (Life Technologies Corporation, Germany). To generate a
standard curve the oligonucleotide standard was diluted from 10°-10° molecules/l in
10-fold dilution steps. The master mix was prepared according to the manufacturer’s
instructions with a total reaction volume of 25 ul. Thermal cycler conditions were in
accordance with the instructions of the manufacturer. In each reaction 2 ul template
was added, all samples were measured in triplicate. The measured mean threshold
(Ct) values were used to calculate the titer of the viral stock solution summarized in
column 2 of Table 2 and shown in Figure 2. Standard deviations calculated by the
used realplex 2.2 quantitative real-time PCR software (Eppendorf AG, Hamburg,
Germany) were converted in percent and finally used for the determination of the

standard deviations of the calculated viral stock titers.

Statistical analysis

For statistical analysis of the calculated viral stock titers an ordinary one-way ANOVA
analysis with multiple comparisons of the mean values (results are shown in table 3)
was performed using the software GraphPad Prism (version 6.0.2 (San Diego,
USA)).
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Results

For comparative VG preparation and the following quantification by absolute
quantitative real-time PCR aliquots, from the three different samples 1-3 (Figure 1)
were processed each according to three different protocols (S, D and N) (Table 1).
Each sample preparation and quantification was repeated three times. The
quantification of VGs isolated according to our improved silica membrane-based
protocol revealed for the rAAV-LacZ samples S1 and S2 a mean of 2.0*10"? VG/ml
and 3.3*10"% VG/ml in the stock suspension (Figure 2 and Table 2). The samples D1
and D2 pretreated according to the DNase/proteinase K protocol had mean titers of
4.3*10"" VG/ml and 9.9*10"" VG/ml (Figure 2 and Table 2).

The samples N1 and N2 pretreated according to the NaOH protocol had both a mean
titer of 6.4*10"" VG/ml (Figure 2 and Table 2).

In the negative controls (sample S3, D3 and N3) with the native AAV-293 cell lysates
no rAAV-LacZ genomes were detectible independent of the used

pretreatment/isolation protocol (Figure 2 and Table 2).

Table 2. Overview of calculated VG titers in viral stock suspensions

Sample | Titer [VG/ml] | Mean Titer [VG/ml]
S1 1.9E+12
S1 2.0E+12 2.0E+12
S1 2.0E+12
S2 3.4E+12

S2 3.3E+12 3.3E+12
S2 3.2E+12

S3 -

S3 - -

S3 -

D1 5.0E+11

D1 54E+11 4.3E+11

D1 2.6E+11
D2 9.4E+11

D2 9.4E+11 9.9E+11
D2 1.1E+12

D3 -

D3 - -

D3 -

N1 6.4E+11

N1 8.8E+11 6.4E+11
N1 3.9E+11

N2 6.4E+11

N2 6.7E+11 6.4E+11
N2 6.2E+11

N3 -

N3 - -

N3 -
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In the first column are the samples listed. The first letter indicates according to which
of the three methods the samples were processed. In the second column are the
calculated viral stock titer (measured in triplicate) shown. The mean viral stock titers

are written in the third column.

- No values
Absolute rAAV-LacZ Titer
1E+13
E‘ —
9]
=
5 T W
'a; 1E+12 oS mD oN
s

1E+11 + v T T v T T v
1 1 1 2 2 2 3 3 3

Sample

Figure 2. Absolute rAAV-LacZ titer

All viral sample aliquots were processed and quantified in triplicate. Calculated rAAV-
LacZ titer in stock suspensions of samples 1-3 pretreated according to the silica
membrane-based (S), DNase/proteinase K (D) and NaOH (N) protocols are ploted
logarithmic versus x-axis. Error bars are standard deviations. Samples S3, D3 and

N3 do not contain viral genomes.

Statistical analysis
The VG titers of the: S1-2, D1-2 and N1-2 (Table 2) were used for the ANOVA
analysis. It could be shown that the samples S1 and D1 show statistically significant

differences to the mean titers of the samples S2 and D2 respectively. No statistically
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significant difference could be observed for the VG titers of samples N1 and N2. The
samples S1 and S2 are statistically different from the samples D1, D2, N1 and N2.
The measured VG titers of the samples N1, N2 and D1 are statistically similar. The

results of the ANOVA analysis are summarized in table 3.

Table 3. Summary of statistical analysis results

Tukey's multiple comparisons

test Significant? |Summary
S1vs. S2 Yes il
S1 vs. D1 Yes il
S1vs. D2 Yes ek
S1 vs. N1 Yes ok
S1 vs. N2 Yes wkx
S2 vs. D1 Yes e
S2 vs. D2 Yes e
S2 vs. N1 Yes ok
S2 vs. N2 Yes bl
D1 vs. D2 Yes **
D1 vs. N2 No ns
D1 vs. N1 No ns
D2 vs. N1 No ns
D2 vs. N2 No ns
N1 vs. N2 No ns

Results of the one-way ANOVA analysis.
**** p <0.0001

* p=<0.01

ns: p>0.05

Discussion

In the last decades, several techniques were evaluated for rAAV quantification, but
many of these show considerable limitations. Commercially available kits based on
antibodies for fixing the assembled viral particles, followed by capsid digestion and
viral DNA detection show to be not very sensitive and are in general expensive.
Many alternative quantification techniques such as dot blot, southern blot and ELISA
are also not sensitive enough for a variety of downstream applications. Titration of
the assembled viral particles with ELISAs has also revealed to miss accuracy due to
the fact that not all capsids actually contain a genome [18]. DNase resistant viral
genome quantification by absolute real-time PCR appears to be the method of choice
but depends on highly pure viral genomes. However this technique is convenient and

has a broad dynamic range.
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Herein we tested three different protocols for VG preparation and quantified the
samples via an absolute quantitative real-time PCR. Our hypothesis was that
samples prepared according to the silica membrane-based protocol would better
reflect in comparison to the other two commonly used methods the actual titer of a
given virus suspension, as the isolated VGs are free of any enzymes and detergents
which could digest/degrade them.

Our comparative analyses revealed much lower titers for the samples D1 in
comparison to S1 and D2 in comparison to S2 (Table 2 and Figure 2) although the
DNase digestion step is identical between the silica membrane-based (S) and
DNase/proteinase K (D) protocols. It appears that the DNase kept a residual activity
after thermal inactivation and digested many of the VGs in the following 30 min
incubation of the samples D1 and D2 with proteinase K. Contrary to this the samples
processed according to the silica membrane-based protocol (S) were incubated only
for 5 min at 70 °C with proteinase K directly followed by the isolation of the VGs.
Although the sample pairs S1 and S2 as well as D1 and D2 were processed in the
same way the final VG quantification revealed statistically significantly higher titers of
S2 in comparison to S1 and as well between D2 in comparison to D1 (Table 3). It is
likely that these titer differences are caused by the presence of genomic DNA
(gDNA) from the AAV-293 host cell lysate, which was included into the samples S2
and D2. The gDNA functioned as DNase substrate competitor so that the DNase
digested a smaller part of non-packaged viral genomes in the viral suspension. This
could be avoided by increased DNase amounts, longer DNase incubation duration or
higher dilution of the viral samples. Due to the high dynamic range of the real-time
PCR technique the quantification of higher diluted VGs would not be limited by lower
template amounts allowing an accurate VG titer determination.

However processing of highly diluted viral suspensions prepared according to the
DNase/proteinase K protocol would negatively influence titer determination as the
ratio between present DNA and DNase would be changed significantly and the
impact of the residual activity of the DNase would rise.

The titers of the samples N1 and N2 showed to be statistically not different. This was
expected as the NaOH is unspecific and degrades all non-packaged nucleotides at
once and not step by step like in the case of a single DNase molecule.

During our comparative experiments we observed very high inter assay variability
when using the NaOH or the DNase/proteinase K protocol for VG preparation. Our
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results demonstrate that the residual DNase activity or the application of NaOH

remains problematic resulting in lower VG titer inaccurately reporting the actual titer.

Conclusions

Despite of the lower titer reproducibility of the samples pretreated according to the
DNase/proteinase K (D) and NaOH (N) protocol these two methods are still useful to
get an estimation of the VG titer in a viral suspension. However, it is better to process
the pure as well as crude viral samples according to the herein reported silica-
membrane based (S) protocol as this method showed to be less prone to errors, is
more accurate, fast and highly reproducible.

Due to similar physical and chemical structures of different rAAV serotypes this novel
sample processing protocol may also be suitable for VG preparation from other

serotypes as the herein used serotype 2 rAAVSs.
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4.3.3. AuNP based laser-transfection

Biotechnological advances in the last decades enabled the use of genes as drugs
and targets, and the manipulation of eukaryotic cells for therapeutic approaches.
Nevertheless, the efficiency, safety, and toxicity of the commonly used transduction

and transfection techniques have to be further optimized especially for sensitive cell

types.

VIl.  Characterization of Nanoparticle Mediated Lasertransfection by

Femtosecond Laser Pulses for Applications in Molecular Medicine.

Schomaker et al., Journal of Nanobiotechnology, 2015.

In the following research article the evaluation of an alternative gold nanoparticle
mediated laser transfection protocol was described, offering a novel procedure for
a highly efficient, minimally cell-toxic and up scalable in vitro manipulation of
mammalian cells.

Basically, the inflow of extracellular molecules into cells was achieved by fs-laser
excitation of cell-membrane-adhered spherical gold nanoparticles inducing a
localized membrane permeabilization. To explore the initial mechanism of
membrane perforation theoretical simulations and laser induced effects were
experimentally investigated by spectrometric and microscopic analysis. The
obtained results indicate that near field effects are the initial mechanisms of
membrane permeabilization.

For proof of principle the canine prostatic adenocarcinoma derived cell line CT1258,
which highly overexpresses the oncogene HMGAZ2, was transfected with
fluorophore-labeled short interfering RNAs (SiRNAs). The intake of the SIRNAs was
controlled by flow cytometry revealing a transfection efficacy of about 90 % and a
cell viability of 93 %. Finally, sSiRNA functionality was analyzed by transfection of the
same cell line with anti-HMGAZ2 short interfering RNAs (siRNAs). A target mRNA
down regulation of approximately 40 % could be detected by quantitative real-time
PCR.
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Applications in Molecular Medicine
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Abstract

lasers could be used for prospective in vivo applications.

Background: In molecular medicine, the manipulation of cells is prerequisite to evaluate genes as therapeutic targets
or to transfect cells to develop cell therapeutic strategies. To achieve these purposes it is essential that given transfection
techniques are capable of handling high cell numbers in reasonable time spans. To fulfill this demand, an alternative
nanoparticle mediated laser transfection method is presented herein. The fs-laser excitation of cell-adhered gold
nanoparticles evokes localized membrane permeabilization and enables an inflow of extracellular molecules into cells.

Results: The parameters for an efficient and gentle cell manipulation are evaluated in detail. Efficiencies of 90% with a
cell viability of 93% were achieved for siRNA transfection. The proof for a molecular medical approach is demonstrated
by highly efficient knock down of the oncogene HMGA?2 in a rapidly proliferating prostate carcinoma in vitro model
using siRNA. Additionally, investigations concerning the initial perforation mechanism are conducted. Next to theoretical
simulations, the laser induced effects are experimentally investigated by spectrometric and microscopic analysis. The
results indicate that near field effects are the initial mechanism of membrane permeabilization.

Conclusion: This methodical approach combined with an automated setup, allows a high throughput targeting of
several 100,000 cells within seconds, providing an excellent tool for in vitro applications in molecular medicine. NIR fs
lasers are characterized by specific advantages when compared to lasers employing longer (ps/ns) pulses in the visible
regime. The NIR fs pulses generate low thermal impact while allowing high penetration depths into tissue. Therefore fs

Keywords: Laser transfection, Plasmonics, Nanoparticles, Permeabilization mechanisms, siRNA, Gene delivery

Background

The direct modulation of gene expression is essential to
establish therapeutic approaches in molecular medicine.
Additionally to the development of therapies on the mo-
lecular level, the evaluation of target genes as therapeutic
agents by combining the technology of RNAi and high
throughput screenings is of major interest [1-3].

A major challenge in molecular medicine is the effi-
cient, non-toxic and cell type independent transfection
of cells in high throughput. In general a very effective
manipulation strategy to achieve this is the transduction
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1Dn=_'partr‘rwerwt of Biomedical Optics, Laser Zentrum Hannover, Hollerithallee 8,
30419 Hannover, Germany

Full list of author information is available at the end of the article

( ) BioMed Central

of cells via viral vectors. However, despite of the high
efficiency this method bears high biological risk as inte-
grational mutagenesis [4]. Alternative existing non-viral
transfection methods show specific advantages and dis-
advantages. Transfection with lipid based reagents is
often applied in high throughput assays but this method
is cell type dependent and occasionally inefficient, espe-
cially for primary- and stem cell transfection [5]. Due to
the difficulties in transfection of these cells, the com-
monly employed manipulation methods are either elec-
troporation or nucleofection [6,7]. Unfortunately, these
methods affect cell viability which is crucial when hand-
ling sensitive cells. Consequently in this manipulation it
is essential to achieve a balance between transfection
efficiency and methodical toxicity. Electroporation and

© 2015 Schomaker et al; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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nucleofection can also be utilized for high throughput
assays, but these physical techniques remain usually lim-
ited to well plates with low well numbers being addition-
ally cost ineffective [8].

In order to address these challenges methodicaly, a
variety of optical transfection techniques have been devel-
oped based on pulsed as well as continuously emitting lasers
[9-13]. None of these techniques fulfills the requirements of
an efficient and low-toxic transfection method combined
with high throughput. Accordingly, there is no laser based
technique currently established, that allows routinely labora-
tory or clinical use. A promising tool for molecular medical
applications is the nanoparticle mediated laser transfection
using a microchip laser emitting ps laser pulses with a
resonant wavelength of 532 nm [14,15]. Herein, gold nano-
particle (AuNP) labeled cells are irradiated with a weakly
focused laser beam. This method allows targeting many cells
simultaneously, ensuring high throughput while maintaining
a high spatial selectivity. Additionally, this physical method
using resonant laser pulses is very promising for the
manipulation of a variety of cell types.

By applying off-resonant fs laser pulses, the transfection
of hematopoietic stem cells (CD34+) can be achieved [16].
Here, the excitation of the membrane adhered AuNP with
the incident laser light leads to plasmon resonances which
increase the absorption and scattering cross section of the
AuNP by several orders of magnitude. When the AuNP is
irradiated at a resonant wavelength, the laser energy is
absorbed leading predominantly to thermal effects and
changes in the particles morphology [15,17]. Using near
infrared (NIR) femtosecond (fs) laser systems, off-resonant
AuNP excitation can be achieved [18]. At this wavelength
the absorption and therefore the thermal impact is re-
duced and the incident light is scattered into the near field
of the particle. Due to this “nanolens” effect, an enhance-
ment of the electric field in the near field takes place [19].
If the AuNP is adhered to the cell membrane, the field en-
hancement can initiate a spatially confined membrane
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permeabilization [18]. In proof of principle experiments
we could show the possibility to perforate the cell mem-
brane using off resonant 800 nm fs laser pulses to deliver
fluorescent labeled small interfering RNA (siRNA) and
plasmid DNA (pDNA) into cells [20,21]. In another fs
based study, a DNA-transfection rate of 23% using a
melanoma cell line was stated and plasma induced nano-
cavitation is supposed as the membrane permeabilization
effect [22]. The advantage of NIR wavelengths located in
the “diagnostic window” regime of the electromagnetic
spectrum results in higher penetration depths into bio-
logical tissue which might allow in vivo applications [23].
Furthermore, the low absorption cross section in the NIR
reduces the risk of thermal induced AuNP fragmentation.
Within this work, microscopic analyses were performed
to visualize the nanoparticle-cell membrane interaction,
such that the co-incubation time for membrane
permeabilization and the fundamental binding mechanism
could be evaluated. To achieve an efficient uptake of
extracellular molecules at high cell viabilities, a detailed
parameter evaluation for a transient cell membrane per-
meabilization was performed. Different radiant exposures,
scanning velocities of the laser spot, particle concentra-
tions and particle sizes were applied to determine opti-
mized permeabilization parameters. Additionally, the cell
viability on a time scale up to 72 h after laser exposure
and AuNP incubation was evaluated. The optimized pa-
rameters were used to evaluate the siRNA transfection ef-
ficiency, cell viability and functional oncogene knockdown
in a cancer cell line. Due to the scanning method (Figure 1)
and the automated setup, a high throughput is achieved
and thus it is possible to handle all kinds of well plates
within several minutes. Additionally to the manipulation
experiments, the effects involved in the permeabilization
process are investigated by temperature and near field
simulations and a particle fragmentation study to further
analyze the excitation of AuNP and the perforation mech-
anisms. The results indicate that both, near field and

A B

="

Figure 1 Principle of AuNP mediated laser cell membrane permeabilization. Spherical AUNP were incubated with the cells to allow
sedimentation of the particles onto the cell membrane. Prepared samples were placed on an automatized stage to move selected wells of a well
plate into the laser focus. Selected wells were completely irradiated by a raster shaped pattern with an inter line distance of 55 um (1/3 of the
laser diameter). A) Side view: the laser beam is weakly focused on the dish bottom where the AuNP labeled cells are located. B) Sketch of
manipulation principle: AUNP are in contact with the cell membrane and irradiated by fs-laser pulses (left side). The interaction of the laser pulses
with membrane adhered AuNP induces plasmon mediated effects which result in a transient enhanced permeability of the cell membrane.
Through this permeabilization, extracellular molecules can cross the cell membrane and diffuse into the cytoplasm (right side). C) By applying a
meander shaped scanning pattern, a high number of cells can be treated.
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heating effects contribute to the mechanism of nanoparti-
cle mediated membrane permeabilization in the fs regime.

Results

Interaction of cells with gold nanoparticles

Time lapse multiphoton microscopy was employed to
monitor the incubation process. As shown in Figure 2A,
bright spots, identified as the luminescence of the AuNP,
are visible at the cell membrane after 3 h of incubation.
Images which were taken at shorter incubation times
show no spots or marginal changes in the background
brightness. Increasing the incubation time from 3 to 5 h
resulted slightly brighter luminescence. Within 5 to 7 h
of co-incubation, the number and brightness of the
AuNP signal saturated. The AuNP luminescence was
still visible after washing, indicating that the particles
remained adhered to the cell membrane.

Scanning electron microscopy (SEM) and environmen-
tal scanning electron microscopy (ESEM) provided de-
tailed information about the attachment and distribution
of the AuNP at the cell membrane after co-incubation
and several washing steps (Figure 2B, C). The results
show a loose dispersion of AuNP after 1 h of incubation.
The particles were located at the culture dish bottom
and on the cell membrane. By increasing the incubation
time to more than 3 hours, the particles started to aggre-
gate at the cell membrane. After an incubation time of
5 h, no further increase could be observed. Depending
on the location of the particles, some of the particles ap-
peared brighter than others. At higher magnifications, as
visible in Figure 2C, some particles were located on the
cell membrane (solid ellipse Figure 2C) and some were
started to be endocytosed (dashed ellipse Figure 2C),
which is demonstrated by the cell membrane covered
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particles. Based on this we defined an incubation time of
3 h for our gold nanoparticle mediated laser transfection.
Within this time a sufficient number of particles adhere to
the cell membrane to induce membrane permeabilization.
The number of particles at the cell membrane was counted
using ESEM images of ZMTH3 cells taken after 3 h of
incubation. An incubation concentration of 11 pg/ml was
applied which represents the optimal concentration for cell
manipulation. On average 164 + 50 particles at the mem-
brane of a single cell were counted.

Evaluation of efficient and gentle cell manipulation
parameters

To evaluate the optimal process parameters for an effi-
cient and gentle cell manipulation, the cells were treated
with different parameters in the presence of 10 kDa
FITC labeled dextran and the corresponding fluores-
cence level was determined. As an indicator for viability,
the respective metabolic activities of the manipulated
cells were measured after laser treatment using an fluor-
escence based assay (Qblue). An efficiency ratio of the
used parameters was evaluated as the normalized ratio
of FITC fluorescent level and viability. The purpose was
to optimize the parameters for later transfection experi-
ments and to get an overview of the influence of the dif-
ferent parameters. It was not intended to determine
absolute transfection efficiencies.

The influence of the scanning velocity on the molecu-
lar uptake targeting ZMTH3 cells is shown in Figure 3A.
At a fixed scanning velocity, AuNP size and AuNP con-
centration of 11 pg/ml, the FITC fluorescence level in-
creased with increasing radiant exposure. The highest
efficiency ratio was found at 80 mJ/cm® for a scanning
velocity of 50 mm/s. With higher radiant exposures, the

A

40 pym

Figure 2 Nanoparticle - cell interaction. A) Time lapse multiphoton microscopy of granulosa cells with 150 nm particles after 1 h, 3 h, 5 h and
7 h of co-incubation. B) ESEM and C) SEM images of ZMTH3 cells after different incubation times with 200 nm gold particles. B) ESEM images:
After 1 h a loose dispersion of particles is visible, After 3 h the AuNP started to aggregate (ellipse). The formation of particle clusters at the
membrane can be observed after 5 h. €) SEM image in a higher magnification: After an incubation time of 3 h, particles are either on the cell
membrane (solid ellipse) or covered by the membrane (dashed ellipse) [24].
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Figure 3 Evaluation of efficient and gentle cell manipulation parameters. Normalized fluorescence levels of delivered 10 kDa FITC dextran
into ZMTH3 cells (left), the cell viability (middle) and the efficiency ratio (normalized ratio of FITC fluorescence level and viability) for different
manipulation parameters in dependence of radiant exposure (20 mJ/cm? to 140 mJ/cm?). A) Different scanning velocities at a defined AuNP
concentration of 11 pug/ml and particle size of 250 nm, B) particle concentrations at a defined scanning velocity of 50 mm/s and particle size of
250 nm and C) different particle sizes (80 nm, 150 nm, 200 nm, 250 nm) at a defined AuNP concentration of 11 pg/ml and scanning velocity of
50 mm/s. D) Viability of cells incubated with AuNP for a time span up to 72 h after treatment with different radiant exposures (left) and different
AuNP concentrations without laser exposure (right). The respective data points represents the mean value + standard error of n =4 independent

efficiency ratio decreased due to a loss in cell viability as a
consequence of an irreversible damage of the cell mem-
brane and/or the ablation of the cells from the glass bot-
tom. Varying the AuNP concentration (Figure 3B), the
highest efficiency ratio was reached at a concentration of

11 pg/ml (6.3 pg/cm?) and a radiant exposure of 80 mJ/
cm’. When exceeding the threshold of 11 pg/ml the effi-
ciency ratio dropped most likely due to many induced
pores which consequently results in irreversible cell
damage.
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A further parameter impacting the efficiency ratio is
the particle size (Figure 3C). A higher efficiency ratio
was reached with an increase of particle size. Up to a
particle size of 150 nm no efficient permeabilization
occurred. Using larger particle sizes, the efficiency ra-
tio peaked at a radiant exposure of 60 mJ/cm” for
200 nm and 60-80 mJ/cm? for 250 nm particles before
the efficiency ratio dropped due to laser induced cell
damage.

Monitoring of the exposure effects on cell viability

The cell viability after performing permeabilization experi-
ments at different radiant exposures and a fixed AuNP
concentration of 11 pg/ml was followed up to 72 h. As
presented in Figure 3D (left), the cell viability remained
above 80% using radiant exposures up to 80 mJ/cm?. For a
higher radiant exposure of 100 mJ/cm® the cell viability
strongly decreased to 40%.

The incubation of cells with AuNP at a concentration
of 11 pg/ml for three hours without laser treatment did
not show any pronounced effect on the viability for a
time period of 72 h. Even the tripling of the AUNP incu-
bation concentration to 33 pg/ml leads only to a slight
decrease to 80-85% in cell viability. This negative effect
on cell viability is likely to be caused by the residues of
chloroauric acid used while particle manufacture.

Based on the presented results in Figure 3, the opti-
mal parameter for an efficient cell permeabilization and
tolerable cell loss is to a radiant exposure of 80 mJ/cm?,
a particle size of 250 nm and an AuNP concentration of
11 pg/ml.

Nanoparticle mediated laser transfection

The evaluated parameters allowing an efficient and gen-
tle cell permeabilization were used for cell transfection
experiments. In Figure 4A the cell density is visualized
by Hoechst 33342 nuclei staining. The successful trans-
fection of CT1258 and ZMTHS3 cells with an Alexa
Fluor 488 labeled siRNA was performed using the opti-
mized parameter (Figure 4B). Neither in the negative
control (with siRNA, no laser treatment (Figure 4C))
nor in the AuNP control (with siRNA and AuNP incu-
bation (Figure 4D)) a fluorescent signal was detected.
Within the laser control (with siRNA and laser treat-
ment, no AuNP) a weak fluorescence in individual cells
was detected (Figure 4E). For CT1258 cells, a transfec-
tion efficiency of 85% +9 was evaluated using fluores-
cence microscopy. Here the fraction of necrotic cells
was 3%. Flow cytometry analysis of ZMTH3 cells re-
vealed a transfection efficiency of 90% and a cell viability
of 93.5%. A significant difference (* p <0.05) was found
between the siRNA samples and the native cells. The
percentage of apoptotic cells was 2.15% and 5% for
necrotic cells (Figure 4F).
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In order to evaluate a potential gene therapeutic
approach, functional siRNAs were used in a proof of
principle experiment using high cell numbers. For
HMGA?2 (high mobility group AT-hook 2) gene knock
down experiments the canine HMGA2 overexpressing
cell line CT1258 [25] was transfected with four dif-
ferent anti-HMGA2 siRNAs complementary to the 3'-
untranslated region of the HMGA2 mRNA and one
non-sense scrambled siRNA. Due to the lack of reliable
evaluated canine antibodies against the protein and
thus potential unspecific cross reactions we opted for
quantitative real-time PCR as detection method. This
technique allows to measure the canine HMGA2 mRNA
expression quantitatively.

The relative HMGA2 mRNA expression was analyzed
48 h after treatment via one step quantitative real time
PCR (qRT-PCR) analysis (Figure 4G). The HMGA?2 ex-
pression was quantified relative to the housekeeping gene
Beta-actin (ACTB), the non-treated cells were used for
calibration (reference value =1). In all samples treated
with HMGAZ2 specific siRNAs in combination with the
laser manipulation suppression of HMGA2 could be ob-
served. The highest suppression was induced by using the
siRNA 1 and 2. For the siRNA 1 and 3, the gene knock
down was significant compared to native cells (p-values <
0.05). In the control samples, no HMGA2 gene knock
down could be observed. A slight increase was found for
the scrambled siRNA, potentially resulting from off-target
effects. No significant difference between the control sam-
ples and native cells was observed.

Characterization of the nanoparticle mediated membrane
permeabilization mechanism

In this section we describe different experiments to address
the mechanisms involved in membrane permeabilization
focusing on the parameters allowing an efficient and gentle
cell manipulation.

Simulations of the near field distribution of the electric
field at an incident wavelength of 796 nm for 80 nm and
250 nm particles are shown in Figure 5A and B, mapping
the field-enhancement at the particles. For larger particles
the dipole emission is distorted due to multipole oscilla-
tions within the sphere [17]. The enhancement factors of
the different AuNP sizes are presented in Figure 5C (left y
axis). For the used particles the highest field enhancement
is reached for 150 nm particles. Here the near field is
about 10 times higher than the incident field. For the 200
nm and 250 nm particles, the average enhancement is at
6.6 and 4.9, respectively. Furthermore, the near field vol-
ume is increasing with an increasing particle size (Table 1)
and thereby the interaction zone of the near field with
the membrane. This could be a reason for the increas-
ing permeabilization efficiency at larger particle sizes
shown in Figure 3C.
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Figure 4 siRNA transfection. A-E) Microscopic images of treated cells (upper row CT1258 cells, bottom row ZMTH3 cells): A) The fluorescent
images of Hoechst stained cell nuclei shows cell density. B) An Alexa fluor 488 labeled siRNA was efficiently transfected into the cells. C) The
incubation of cells with sSiRNA (negative control) and D) the fluorescent image of AuNP labeled cells (AuNP control) show no siRNA uptake.

E) A slight fluorescence signal in the laser control is detected when native cells are irradiated with the laser in the presence of the fluorescent
siRNA. F) The flow cytometric analysis of sSiRNA transfected cells shows an efficiency of about 90% and a cell viability of 93%. Every data point
represents the mean value + standard error of n = 3 independent experiments in triplicates on different days. G) Real-time PCR analysis: Transfection

of CT1258 cells results in HMGA2 gene knock down using different HMGA2 specific siRNAs (real-time PCR analyses were performed in triplicates).
The black boxes represent the mean values of the qRT-PCR analysis and the grey boxes depict each of the three single measurements.

The evaluated enhancement factors and the applied
intensity were used to calculate the near field intensity
(Figure 5C (right y axis)). The values of the near field
intensities of all particle sizes are below the threshold of an
optical breakdown (LIOB) in water, which is 6x 10" W/cm?
for the used wavelength and pulse duration [26]. The high-
est near field intensity is reached for 150 nm particles
which is close to the LIOB threshold. Intensities below
the LIOB threshold in the low density plasma regime can
lead to nonlinear effects like multiphoton ionization and
avalanche-ionization. This might lead to the permeabilization
of the cell membrane [14,22,27].

The accumulation of single pulses can induce the dissoci-
ation of biological molecules by forming reactive oxygen
species (ROS) which results in membrane permeabilization
[27]. Here, the threshold pulse energy Ey depends on the
number of pulses (Equation (1)) [14,27].

En = E;-N7Vk, (1)

Where E; describes the threshold energy of a single
pulse, N is the number of pulses and k the accumulation
strength [28].

155



Results

Schomaker et al. Journal of Nanobiotechnology (2015) 13:10 Page 7 of 15

A s 0.0 B

200

1.0
40 -

T = " \
£ 20 =
g 0 § 0
g 3.0 g
© T 100 4

A
=)

40

)
8

80 5.0
-80 -40 0 40 80 -200 -100 O 100 200
distance [nm] distance [nm]
c - . D
average intensity enhancement 14
12+ - 10 00000 5. g 250 nm—— - 1200

g [ near field intensity a000] ? s 0
£ 11 ,uoe !.10‘3 g :\_\ --- 150 nm 4 10009
8 10_ 2 1 \\ i 80 nm-—— [ —
s N 107 < 2 30004 ; \:\\ ------ 30nm—— |g00 5
& 97 lappiiea S §_ . 3
g s 10" 2 g : Ye00 £
£ 71 £10° § 2 [ 400 8
8 E 3 ol 5

4 = 2 10004 ; ©
g o g 8 1901 200
> ! =
© 54 . i

7l 10 0 T T T 0
30 8 150 200 250 0.0 1.0x10"  2.0x10™
particle diameter [nm] time [s]

Figure 5 Particle - laser interaction. Particle excitation after interaction of a 798 nm laser pulse with duration of 120 fs and a radiant exposure
of 80 mJ/cm? (I =6.26x10"" W/cm?). A) Map of the near field enhancement factor (n = E/E0) around an 80 nm particle and B) 250 nm particle.
The dashed lines indicate the areas were the enhancement factor is higher than 1/e. The incident field Eo propagates along the x axis. C) Calculations
of the near field enhancement around AuNP (left y axis) and the near field intensity (right y axis) for different AUNP sizes. Additionally the threshold for
the applied intensity (dashed line) and the calculated intensity for LIOB using a NA 1.3 focused laser spot (solid line) is drawn. D) Evolution of the
electron- (dashed lines) and lattice temperature (solid lines) after laser pulse absorption. The critical temperature Tc when water becomes
hydro-dynamically unstable is indicated at 647 K.

The dependence of the pulse energy on the number of  of laser pulses and pulse energy to yield four different
pulses for standardized fluorescence levels (“fluorescence  fluorescence levels.
brightness”) is shown in Figure 6. A given fluorescence With an increasing number of pulses, less pulse energy
level corresponds to a specific amount of fluorescence is needed for an efficient permeabilization. An average
molecules in the cells per well. We analyzed the number  accumulation strength of k =5.57 +0.02 was evaluated

Table 1 Near field and temperature related values for AuNP irradiated with 796 nm and 6.26 W/cm?

30 nm 80 nm 150 nm 200 nm 250 nm
Near field volume [nm?] (Iymax/e?) 7x10° 1.2x10° 7.1x10° 16x10° 28x10°
Average near field intensity [W/cm?] 3.8x10"? 25x10'? 1.7x10"? 25x10'? 3.3x10"
Absorption efficiency Qs 0025 005 0.145 0.125 0.08
Particle temperature [K] 541 561 726 578 471
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pulses for standardized fluorescence levels. Every data point
represents the mean value (n = 15 measurements).

by a power-law fit (Table 2). This indicates that 5 pho-
tons with a photon energy of 1.55 eV at the applied
wavelength of 796 nm are absorbed simultaneously to
reach the ionization threshold of 6.6 eV for water [26].
When laser radiation is absorbed by the electrons of the
AuNP the energy is transferred from the electrons to the
particle lattice due to electron phonon coupling within a
time span of a few ps and the particle temperature increases
[29,30]. The temperature of the electrons and the lattice
can be calculated with a two-temperature model (Figure 5D)
[31]. The lattice temperature reaches the highest tem-
perature of 726 K for 150 nm particles. This temperature
is above the critical temperature (T.) for phase transform-
ation in water. For all other particles sizes this critical
temperature is not reached. This reflects the different
values for absorption efficiencies Q, listed in Table 1.
The influence of the laser irradiation and possible
changes in the particle morphology due to melting or
fragmentation were analyzed by absorbance spectra of ir-
radiated and non-irradiated particles (Figure 7A). After
irradiation of 250 nm particles with radiant exposures of
60 mJ/cm® and 100 mJ/cm® a blue shift of the peak of
0.5 nm and 1.75 nm, occurred respectively (Table 3)).
These shifts were in the SEM range of the untreated
control. A reason for small changes can be polishing

Table 2 Power-law fit

Threshold energy E, [pJ] k R?
10 1606 +0.7 588002 0.93
20 1836+£07 588+ 001 0.98
30 2079+ 0.7 555+0.02 0.94
40 2327+07 5004003 0.90

Dependence of the pulse energy on the number of pulses for standardized
permeabilization efficiencies.
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effects due to surface melting of the particle, which oc-
curs below the melting point of bulk gold [17]. At radi-
ant exposures of 140 mJ/em? and higher values the
spectrum were broadly blue shifted (Table 3) and a nar-
rowing of the spectrum occurred (Figure 7A). The
spectrum of a 250 nm particle exposed to a radiant ex-
posure of 300 mJ/cm? is broadly similar to the spectrum
of 80 nm particles [32]. This clearly indicates a change
in particle size due to laser exposure which can be in-
duced by particle evaporation or near field ablation [17].

The value of the peak shift for different particle sizes
after laser radiation in dependence of the radiant expos-
ure is shown in Figure 7B. The highest peak shift of 80
nm was measured for 150 nm particles and barley
changes with increasing radiant exposures. Relating to
the AuNP size of 250 nm used for transfection a peak
shift occurred at radiant exposures > 140 mJ/cm”. Fur-
thermore, the amount of the peak shift for all radiant ex-
posures is lower than for 150 nm particles which
correlate with the calculated temperatures and near field
enhancement in Figure 5.

Discussion

In our study, we characterized the underlying mechanism
and the potential of nanoparticle mediated cell membrane
perforation in combination with fs-laser pulses as an alter-
native optical transfection method. Therefore the influen-
cing parameters on the achieved perforation rate and cell
viability were systematically determined and the successful
transfection of cells with a fluorescent siRNA as well as
the knock down of the oncogene HMGA2 in tumor cells
with specific sSiRNAs was demonstrated. Furthermore, the
passive binding of AuNP to the cell membrane was
studied.

Multiphoton and scanning electron microscopy images
show the localization of AuNP near the cell membrane.
Depending on the incubation time of the AuNP, single
particles or clusters are located near, or associated with,
the membrane. After an incubation time of 3 h the
AuNP are clearly visible near the cell membrane. Within
this time the particles form clusters with enhanced scat-
tering of the laser light proved by multiphoton micros-
copy [33]. The agglomeration of particles after 3 hours is
also visible in the ESEM images. This is in agreement
with findings from Chithrani et al. who determined the
uptake half-life at 2.24 h for 74 nm AuNP [33]. Further-
more, they evaluated the uptake of the number of parti-
cles per cell and also showed that the number of
particles per cell saturated after 5 h. In the present study
a particle number of approx. 160 was estimated at the
membrane of a single cell for an incubation concentra-
tion of 11 pg/ml. Baumgart et al. [22] counted per cell
90 + 23 AuNP with a diameter of 100 nm at an incuba-
tion concentration of 8 pg/ml after an incubation time
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of 6 h using SEM images. Taking into account that in
this work a higher particle concentration and a larger
diameter was used (and therefore a faster sedimentation
of the particles takes place) the results are in a very good
agreement.

In addition, Chithrani et al. evaluated the number of
AuNP per vesicle and found an average number of 3
AuNP per vesicle for 100 nm particles. In comparison to
our SEM images (see Figure 2B) we assume that one 200
nm particle per vesicle get endocytosed by the cell. As
bare AuNP are used, a serum protein corona is formed
at the particles surface and no specific binding at the cell
membrane is likely to occur. Therefore, we suggested
the receptor-mediated endocytosis (RME) to be the act-
ing uptake mechanism [34].

The initial mechanism of plasmon mediated cell mem-
brane permeabilization is still a current matter in research.
Depending on the parameters, different mechanisms and
effects are assumed. These are thermal (“nanoheater ef-
fect”) [19,35], or near field enhancement effects (“nanolens
effect”) [18,35]. In addition, the generation of a low density
plasma induced by multiphoton ionization combined
with thermal effects can possibly lead to membrane
permeabilization [14,15]. For short laser pulses in the
nanosecond-picosecond regime, where the energy is
mainly absorbed by the particle, thermal effects could be
the main mechanism for membrane permeabilization
[36-38]. After AuNP heating, the water evaporates fol-
lowed by a shockwave and forming a cavitation bubble
around the exposed particles as reported by Pitsillides
et al. and Zharov et al. and enabling membrane perfor-
ation [39,40]. Using fs laser pulses, nanocavitation bubbles
can be formed by the induced field enhancement. This
enhancement can lead to an optical breakdown near the

particle and to the generation of a shockwave [18,36].
In this work, the evaluated intensities at the surface of
single AuNP are near the threshold for an optical
breakdown in the low density plasma regime. In exist-
ing studies, different concentrations of AuNP were
required to achieve cell membrane perforation [15].
Higher numbers of particles are necessary to manipu-
late the cells with fs laser pulses [22,41]. Due to the for-
mation of AuNP clusters the near field is further
enhanced in comparison to single particles. The neigh-
boring particles interact via the scattered waves and
due to plasmon coupling “hot spots” are formed [42,43].
Taking into account that the field enhancement is
higher for AuNP clusters compared to single particles,
the intensities could be above the optical breakdown
threshold [42].

Our assumption herein, that clusters of AuNP at the
cell membrane are necessary to induce a field enhance-
ment by fs laser pulses which is high enough to perforate
the cell membrane. This is supported by the presented
microscopic images and the number of AuNP utilized in
this and other studies using fs laser pulses for membrane
perforation [22,41]. Within the performed experiments
we showed the efficient and transient permeabilization
of the cell membrane due to an expected enhancement
of the near field at the AuNP clusters. Based on this and
the evaluated simultaneous absorption of 5 photons in
the pulse number dependent experiments (Figure 6) we
understand the near field enhancement followed by the
multiphoton ionization of the surrounding medium as
the initial perforation mechanism.

The fs laser pulses are enhanced in the near-field of
the particle for membrane permeabilization by surface
plasmon resonances. NIR fs laser pulses benefit from a

Table 3 Mean values + SEM for the peak shift in the absorbance spectrum

Radiant exposure [mJ/cm?] 0 60 100
Shift [nm] 0 05 175
SEM [nm] +298 +2.68 +2.21

Irradiation of 250 nm particles with different radiant exposures (n =4 experiments).

140 180 220 260 300
11.68 14.18 17.68 18.62 17.81
+1.71 +1.01 +0.66 +0.13 +1.06
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low thermal impact and a high penetration depth into
tissue which is important for in vivo experiments. Fur-
thermore, laser irradiation mediated fragmentation of
nanoparticles is especially for in vivo settings an import-
ant issue. Fragmentation in small nanoparticles under 5
nm can lead to toxicity by intercalation into the DNA
[44]. The comparison of fs pulses and ns pulses reveal a
more pronounced change in particle morphology for
longer (850 ps, 532 nm) pulses. In absorbance measure-
ments, no pronounced peak shift (as indicator for par-
ticle morphology and size change) was detected for a
fluence of 100 mJ/cm2, which exceeds the optimal flu-
ence for cell manipulation (80 mJ/cm2) using NIR fs
pulses (Table 3). In comparison to this, for 850 ps
(=1 ns) pulses a peak shift of 15.4 nm was determined
using the optimal manipulation fluence of 20 mJ/cm?2.
The change in particle morphology was caused due to
thermal effects and the strong linear absorption at 532
nm. Nevertheless, the cell viability stayed above 80% in
all the performed experiments suggesting the use of vis-
ible ns pulses for in vitro experiments [15]. For fs pulses,
the cell viability was determined to be above 90%. The
presented results and the advantages of NIR fs laser
pulses (e.g. a high penetration depth and the avoidance
of photo thermal effects) indicate the great potential of
fs laser for in vivo manipulation. Furthermore the devel-
opment of endoscopic systems for ultrafast laser micro-
surgery [45] or fiber based approaches [46] makes the
application of ultrashort laser pulses potentially suitable
for fs laser in vivo cell manipulation. Additionally, first
in vivo experiments showed the generation of nano-
bubbles around AuNP clusters for selective cancer cell
killing using short, 780 nm laser pulses [47]. Next to the
properties of the fs laser pulses, an advantage of the pre-
sented method is the double selectivity by the spatial
confined radiation (Figure 8A) and the possibility of spe-
cific cell targeting by antibody conjugated AuNPs. The
latter can be used to induce selective cell manipulation
or ablation in both, in vitro and in vivo models. For ex-
ample, the treatment of squamous carcinoma cells in the
buccal mucosa or at the tongue. Further in tumor sce-
narios where minimal invasive tissue ablation is essential
as malignant glioblastoma, it is crucial to sustain non-
target (healthy) tissue. Here the presented method can
be a powerful tool. Exemplarily for primary cell manipu-
lation a membrane impermeable fluorescent dye was de-
livered into a human embryonic stem cell (ES) cell line
hES3 and a human induced pluripotent stem cell (iPSC)
line hCBiPS2 (Figure 8B).” The results of the siRNA
experiments show that fs nanoparticle mediated laser
transfection is suitable for high throughput functional
gene assays due to the short processing time of approxi-
mately 10 min per 96 well plate. As the applied AuNP
were shown to be non-toxic, this method is excellent
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Figure 8 Spatial selective and pluripotent cell line manipulation.
A) Selective cell manipulation of ZMTH3 cells by spatial confined
radiation using a shadow mask. The image consists of 24 single
fluorescence images and shows the word “rebirth” B-C) Manipulation of
a human ES cell line hES3 (B) and the human iPSC line hCBiPS2 (C): A
membrane impermeable dye (Lucifer yellow) was delivered into the
pluripotent cells. Bright field image (left) and fluorescence image (right).

suited for in vitro application but also for other applica-
tions in molecular medicine. Furthermore, it can be ap-
plied for the manipulation of various cell types as shown
in our previous work and by Baumgart et al. [16,22].
Additional applications as gene or cell therapeutic ap-
proaches can be served by this technique. As an ex-
ample, it is possible to manipulate high cell numbers
required for e.g. tumor vaccination strategies in an
appropriate time. The knock down of the oncogene
HMGA?2 in canine prostate carcinoma cells was carried
out successfully as shown by real time PCR expression
analyses (Figure 4G). Due to the extraordinary high
HMGAZ2 expression in the CT1258 cell line a incom-
plete siRNA mediated HMGA2 knock down within the
treated cells was to be expected. Conventional HMBA?2
knock down in less aggressive human pancreatic cell
lines by Watanabe et al. [48] resulted in higher efficien-
cies. However, we opted to target the canine prostate
cancer derived cell line CT1258 as canine prostate
cancer represents the only spontaneously arising model
for human prostate cancer with considerable incidence.
This includes several tumor relevant aspects as biological
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behavior, marker gene expression and histological
presentation [49]. Thus, a successful establishment of a
therapeutic approach in dogs will offers high transfer
potential to a human clinical setting. Consequently,
prior to human clinical trials, a valid clinical trial in
dogs as naturally occurring model is of major interest
allowing to monitor the therapeutic intervention in an
genetic outbreed model with unmanipulated immune
system.

Conclusion

Our studies on nanoparticle mediated fs laser cell perfor-
ation show, that this method is suitable for high through-
put siRNA transfection with high efficiency and low cell
toxicity. To establish this method as an alternative trans-
fection technique, the manipulation of different cell types
will be continued in further studies. However, due to
the underlying physical mechanism the permeabilization
should be cell type independent. Based on the mechanistic
investigations, we assume that an enhancement of the near
field occurs at AuNP clusters. This leads to the generation
of a low density plasma with multiphoton ionization of the
surrounding liquid, which in turn perforates the cell
membrane. The uptake mechanism of extracellular
molecules remains to be investigated in further experi-
ments [50]. The presented method is an alternative
transfection method to deliver molecules into living
cells being particularly well suited for standardized pro-
cesses like high throughput or high content screening
assays for fundamental and pharmaceutical research.

Methods

Cell culture

The canine pleomorphic mammary adenoma cell line
ZMTH3 [51] was cultured routinely in RPMI 1640 supple-
mented with 10% fetal calf serum (FCS) and 1% penicillin/
streptomycin (Biochrom AG, Berlin, Germany). Rat
granulosa cells (GFSHR-17) were cultivated in DMEM
(Dulbecco’s Modified Eagle Medium) supplemented with
5% FCS, 1% penicillin/streptomycin (Biochrom AG, Berlin,
Germany). The canine prostate adenocarcinoma cell line
CT1258 was derived from an extremely aggressive canine
prostate carcinoma [52] and cultured in Medium 199 (Life
Technologies GmbH, Darmstadt, Germany) supplemented
with 10% FCS and 2% penicillin/streptomycin (Biochrom
AG, Berlin, Germany). The human ES cell line hES3 and
the human iPSC line hCBiPS2 [53] were cultured and
expanded on irradiated mouse embryonic fibroblasts
(MEF) in knockout DMEM supplemented with 20%
knockout serum replacement, ImM L-glutamine, 0.1mM
B-mercaptoethanol, 1% nonessential amino acid stock (all
from Life Technologies) and 10ng/ml bFGF (supplied by
the Institute for Technical Chemistry, Leibniz University
Hannover). One day before laser transfection cells were

Page 11 of 15

detached from the feeder layer by 0.2% collagenase IV
(Life Technologies) followed by an incubation step with
TrypLE (Life Technologies) for single-cell dissociation and
plated onto Matrigel™ (BD Biosciences) coated dishes in
MEF-conditioned medium.

Laser setup

The used automated setup for cell manipulation is operat-
ing with a fs amplifier laser system (Spitfire Pro, Newport
Corporation, Irvine, USA). The generated laser pulses
have a pulse duration of 120 fs at a fixed wavelength of
796 nm. The output power of the system is 2.1 W at a
repetition rate of 5 kHz. To irradiate the biological tissue,
the laser pulses were guided through an automatized at-
tenuator consisting of a A/2-plate and a polarizing beam
splitter and reflected by two scanning mirrors (Litrack,
JMLaser, Miiller Elektronik, Spaiching, Germany). A con-
vex lens with a focal length of 800 mm was used to focus
the laser pulses onto the sample, located on the automa-
tized stage (OptiScan, Prior, Jena, Germany), resulting in a
spot diameter of 164 pm.

Nanoparticle incubation

Prior to the laser cell manipulation experiments and to in-
vestigate the interaction of AuNP with the cell membrane,
the cells were co-incubated with the AuNP at 37°C in a
5% CO, atmosphere. The AuNP were chemically ma-
nufactured in presence of chloroauric acid (PGO, Kisker
Biotech, Steinfurt, Germany). Uncoated AuNP of 80 nm,
150 nm, 200 nm, 250 nm were used.

Multiphoton microscopy

Images were obtained to evaluate the incubation time for
AuNP mediated cell permeabilization and the possibility of
a passive binding of the particles. Briefly, granulosa cells
were incubated with 150 nm gold particles and imaged
after different incubation times. After a PBS wash, the cells
were observed with a custom built multiphoton microscope
which is based on a fs-laser system tunable from A =690
nm to 1040 nm (Chameleon ultra II, Coherent, Gottingen,
Germany) [27]. The images were recorded through a 100x
oil immersion objective (Carl Zeiss AG, “Plan-Neofluar”,
NA = 1.3) at an excitation wavelength of Mg =700 nm.

Scanning electron microscopy (SEM) and environmental
scanning electron microscopy (ESEM)

To investigate the interaction of cells and AuNP images
of ZMTH3 cells were generated after different times of
co-incubation with 200 nm particles. The cells were
washed after co-incubation with AuNP and fixed by add-
ing a 4% paraformaldehyde (PFA) solution with 0.2%
glutaraldehyde at 4°C. For ESEM imaging the cells were
washed after 20 min with distilled water. For SEM, the
cells were further treated at room temperature for 20
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min with a 2% osmium tetroxide solution. Subsequently,
the cells were washed 3 times with water for 5 min be-
fore incubation with different ethanol concentrations for
10 min each (30%, 50%, 70%, 90%, 95%, 95% and 3 x
100%). Before sputtering the cells with a 5 nm gold layer,
the cells were dried for 30 min under laminar air flow
conditions. For counting AuNP at the cell membrane
after incubation, Image] was used [54]. Values represent
the mean of n = 6 images + SEM.

Plate reader measurements

To evaluate the optimal parameters of an efficient and
gentle transfection, 2.5x10* canine ZMTHS3 cells per well
were seeded in a black wall/clear bottom 96 well plate (BD
Bioscience, Heidelberg, Germany) 24 h before laser treat-
ment. As an indicator of membrane permeabilization,
fresh medium with 2 mg/ml of 10 kDa FITC-dextran
(Sigma-Aldrich, Steinheim, Germany) was added to the
cells. After laser treatment, the cells were incubated for 30
min followed by several washing steps until the back-
ground fluorescence from the permeabilization indicator
(10 kDa FITC dextran) was eliminated. To measure the
metabolic activity of the cells, 10% (v/v) of the resazurin
based, fluorometric QBlue viability assay kit (BioCat
GmbH, Heidelberg, Germany) was added to the medium.
During an incubation time of 1 h, viable cells converted
resazurin into the fluorescent form resuorufin. The fluor-
escence levels of the delivered FITC dextran (EX488/
EM520 nm) for molecular delivery and the resorufin
(EX570/EM600 nm) as an indicator for viability were
measured by the Infinite 200 Pro plate reader (Tecan,
Mannedorf, Switzerland). The value for FITC dextran de-
livery was calculated by subtracting the fluorescent back-
ground from each sample and afterwards the highest
FITC fluorescence level was normalized to 1. The cell via-
bility (V) was determined by the QQBlue fluorescence level
of the sample (F;), the fluorescence of the untreated con-
trol (F¢) and the background (Fg) (Equation(2)).

 Fs-Fp

v
Fo-Fp

100 (2)

The efficiency ratio (E) was calculated by correlating the
fluorescence level for molecular delivery (Fgrrc) and viabil-
ity (V) using equation (3). Afterwards the values were nor-
malized to 1.

E:FF]TC-V (3)

Simulation of the particle temperature and near field

For a deeper insight into the mechanisms involved in
membrane permeabilization using fs laser pulses, the
particle temperature and the near field were analyzed.
The temperature of the AuNP during fs irradiation was
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calculated based on a two temperature model, employing
data for the specific heat capacity of the electrons and the
electron phonon coupling constant from Lin et al. [55].
Temperature loss due to interaction with the surrounding
medium was not considered due to the short timescales
used. The field strength and intensity as well as the near
field volume were simulated by the discrete dipole ap-
proximation, using the software DDSCAT [56,57]. A di-
pole separation of less than 3.5 nm was used for the
largest sphere with a diameter of 250 nm. Modeling of the
optical breakdown intensities in the near field was per-
formed according to the Keldysh theory following the
approach used by Vogel et al. [26,58]. The maximum in-
tensity divided by the square of e was considered as near
field volume and the enhancement in the modeling of the
optical breakdown as well as the near field volume were
averaged in the according area.

UV-Vis spectroscopy

Particle spectra were monitored to evaluate a possible
peakshift (as an indicator for a change in particle size/
shape) of laser irradiated particles compare to untreated
particles. Therefore an UV/Vis spectroscope (UV 1650-
PC, Shimadzu, Duisburg, Germany) was used. The parti-
cles were diluted in culture media (RPMI as described
before) without phenol red at a concentration of 50 pg/ml.
Using a 96 well plate, the samples with a total volume of
200 pl per well were irradiated in a meander pattern.

Fluorescence microscopy

In order to evaluate the transfection efficiency of the
CT1258 cells, fluorescence microscopy was applied. 24 h
before laser treatment, 1x10* cells were seeded in each well
of a 24 well plate (PAA Laboratories, Célbe, Germany).
For siRNA transfection, 10 pM of a fluorescently labeled
(AlexaFluor488) siRNA (Qiagen, Hilden, Germany) was
added to the extracellular medium before laser treatment.
The samples were treated with the optimized parameters
as evaluated within the plate reader measurements. After
laser treatment, the cells were incubated for 30 min
followed by several washing steps until the background
fluorescence from the fluorescent siRNA was eliminated.
Three independent experiments in duplicates were per-
formed on different days. Three images of each well were
analyzed using Image J. By counting the cell nuclei (ca.
546 per image, stained with HOECHST33342) and trans-
fected cells (Alexafluord88 siRNA positive cells) the trans-
fection efficiency was determined. Propidium lodide was
used as an indicator for necrotic cells.

Flow cytometry analysis

Flow cytometric analysis was performed to evaluate the
transfection efficiencies and the necrotic- and apoptotic
rate. 24 h before laser treatment, 1.5x10° cells were

161



Results

Schomaker et al. Journal of Nanobiotechnology (2015) 13:10

seeded in each well of a 24 well plate. For siRNA transfec-
tion, 10 pM of a fluorescently labeled (AlexaFluor488)
siRNA was added to the extracellular medium before laser
treatment. The samples were treated with optimized pa-
rameters as evaluated within the plate reader measure-
ments. Three hours after laser treatment the samples were
prepared for flow cytometric analysis. Therefore, the cells
were washed and trypsinized (TrypLE™, Life Technologies
(LT), Darmstadt, Germany). A viability staining with
Annexin V (V-PE-Cy5 Apoptosis Detection Kit, BioCat,
Heidelberg, Germany) to detect the apoptotic cells, and
with 1.5 uM Propidium Iodide (Invitrogen, Darmstadt,
Germany) to identify necrotic cells, was performed. The
positivity of siRNA transfected cells was determined by
comparing the AlexaFluor488 fluorescence intensity to na-
tive cells, both measured in the FL1-H channel using a
FACSCalibur flow cytometer (BD Bioscience, Heidelberg,
Germany). Within the native cell population, a gate was
set determining 98% of the native cells as non-transfected
using the software Cell Quest (BD Bioscience, Heidelberg,
Germany). This gate was subsequently applied on the
siRNA transfected cell population resulting in the percent-
age of positive and non-transfected cells. To determine
the ratio of apoptotic and necrotic cells within the siRNA
transfected samples, the Annexin V and PI labelled cells
were analyzed for PE-Cy5 fluorescence in the FL4-H chan-
nel and for PI in the FL2-H channel. Within the native
cells a gate was set at which a cell population of 2% was
identified as Annexin and PI positive and transferred to
the sample with siRNA transfected cells to discriminate
living from apoptotic and necrotic cells. For statistical
analyses, the student’s t-test was used. The significance is
given as * for p <0.05, ** for p <0.01 and *** for p < 0.001.

HMGA2 suppression analysis

As a proof of principle, that the presented method is suit-
able for molecular medicine approaches a functional gene
knock down experiment was performed. We used the
tumor cell line CT1258 which is characterized by over-
expression of endogenous HMGA2 [25]. 24 h prior to
transfection 3x10° cells were seeded per well into a 6 well
plate (Greiner Bio-One GmbH, Frickenhausen, Germany).
Cells were laser-transfected with 10 nM of different anti-
HMGA?2 siRNAs, a scrambled siRNA and a siRNA mix
consisting of 10 nM of each of the four anti-HMGA2
siRNAs (Riboxx, Radebeul, Germany). The corresponding
siRNA sequences are listed in Table 4. After a time span
of 48 h the growth medium was removed from the
CT1258 cells and 1 ml Tryp LE Express (Life Technolo-
gies GmbH, Darmstedt, Germany) was applied on cells.
Once the cells were detached 1 ml cultivation medium
was added to stop the reaction. Cell suspension was pel-
leted at 300 x g for 5 min. The supernatant was discarded
and the pellet stored at —80°C until further processing.
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Table 4 Name and sequence of the used siRNAs for
HMGA2 knock down

siRNA name sequence

A2-3UTR 1 5'-UUAAUUCUCUCCGUAGCUCCCCC-3
A2-3UTR 2 5'-UCUUACUGUUCCAUUGGCCCCC-3!
A2-3UTR 3 5-AUUAUCCUUAAGAACCUAGCCCCC-3/
A2-3UTR 4 5’-UUCUUACUGUUCCAUUGGCCCCC-3/

scrambled siRNA 5"-UAAGCACGAAGCUCAGAGUCCCCC-3!

RNA extraction

For PCR analysis total RNA was isolated according to
the “NucleoSpin miRNA” protocol (Macherey & Nagel,
Diiren, Germany). Small and large RNAs were finally
eluted in 30 pl nuclease free water. Total RNA concen-
tration was measured with the Synergy 2 reader (BioTek
Instruments GmbH, Bad Friedrichshall, Germany).

Quantitative one step real-time PCR analysis

For the relative HMGA2 / ACTB quantification 25 ng
total RNA were mixed with SYBR Green, HMGAZ2 or
ACTB specific primers, nuclease free water (Qiagen,
Hilden, Germany) and reverse transcriptase according to
the “QuantiTect SYBR Green RT-PCR” protocol (Qiagen,
Hilden, Germany). The fluorescence of each sample
was analyzed in triplicates. As negative controls a non-
template and a no-reverse transcriptase control were
included. The experiments were performed using the Mas-
tercycler ep realplex (Eppendorf AG, Hamburg, Germany).
qRT-PCR conditions were as follows: 30 min at 50°C and
15 s at 95°C, followed by 40 cycles with 15 s at 94°C, 30s
at 60°C and 30 s at 72°C. Finally a melting curve analysis
was performed to verify specificity and identity of the
qRT-PCR products according to the Eppendorf Mastercy-
cler ep realplex instrument instructions. For the compari-
son of the relative gene expression levels based on the
AACT method the gene expression level of the untreated
CT1258 cells was used as calibrator (calibrator expression
level was set as 1), Statistical analysis of the qRT-PCR
results was done by using the software tool REST 2009,
version 2.0.13. A p-value of < 0.05 was considered as statis-
tically significant.
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Results

4.3.4. Verification of a canine PSMA (FolH1) antibody

Prostate cancer is a highly aggressive malignancy in pet dogs. In contrast to man
currently neither standard screening strategies nor curative therapeutic options are
available for dogs. In human medicine PSMA is successfully used as therapeutic
target for human prostate cancer (lkegami et al., 2006; Milowsky et al., 2007).
However, in dogs the studies on PSMA expression in prostatic tissues are
contradictory (Aggarwal et al., 2006; Lai et al., 2008) concerning their specificity for
PSMA detection.

Despite the high amino acid homology of 91 % between the human and canine
PSMA (Schmidt et al., 2013), validated data on cross-reactive antibodies are still

missing.

VIII. Verification of a canine PSMA (FolH1) antibody.

Wagner et al., Anticancer Research, 2015.

By this reason in the following manuscript a monoclonal antibody, reactive with
human PSMA protein was evaluated for cross-reactivity with the canine counterpart
in Western Blot (WB) analysis. Antibody cross-reactivity with the canine protein in
WB was confirmed by mass spectrometry proofing the YPSMA-1 antibody clone
specificity for canine PSMA. This antibody represents a reliable tool for coming

comparative PSMA studies.
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VIII.

Verification of a canine PSMA (FolH1) antibody

Siegfried Wagner, Denise Maibaum, Andreas Pich, Ingo Nolte, Hugo Murua

Escobar

Anticancer Research, 2015.

Own contribution:

- Planning of experiments
- Figure preparation (WBSs)

- Partial manuscript drafting
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Abstract. Background: Canine prostate cancer (PC) is a
highly aggressive malignancy. However, in contrast to man,
neither standard screening strategies nor curative
therapeutic options exist for the companion animal. A
prostate-specific membrane antigen (PSMA) screening as
molecular marker akin to human PC is currently not
available for dogs as data on specific canine PSMA detection
are contradictory. Materials and Methods: To evaluate an
antibody for specific canine PSMA detection by western
blotting (WB), lysates of three canine prostatic cell lines
(CTi258, DT08/40, DT08/46) were comparatively analyzed
by WB and mass spectrometry (MS) to the human cell lines
VCaP, LnCaP and PC-3. Results: MS analyses of the
detected canine proteins confirmed cross reactivity of the
antibody clone YPSMA-1 with canine PSMA. Conclusion:
The MS analyses of the extracted canine protein bands
proved that the YPSMA-1 clone is as well specific for canine
PSMA in WB and, thus, represents a reliable tool for
comparative PSMA studies.

Prostate cancer (PC) occurs spontaneously in man and dog.
Although the incidence rate for the canine malignancy is less
than 1% (1) it is often diagnosed at a very late stage (2).
Canine PC is highly aggressive and metastasizes rapidly to
other body parts, such as lymph nodes, lungs, liver, spleen
and bones (3-5).

Consequently, reliable canine molecular markers for
diagnosis and early detection are of need. However, in
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contrast to the situation in human medicine (6, 7), no
screening methods are currently available for dogs.

As the canine prostate-specific membrane antigen (PSMA)
protein presents a high sequence homology to the human
homolog (8) and data on specific PSMA detection in pet
dogs are contradictory (5, 9), we evaluated a monoclonal
antibody raised against human PSMA for detection of the
canine PSMA by western blot (WB) analysis and verified the
detected proteins by mass spectrometry (MS).
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Discussion

5. Discussion

Cancer is a group of malignant diseases spontaneously occurring in human and
animals. Except hereditary an unhealthy life style, poor nutrition and environmental
risk factors are favoring molecular deregulations and mutations, which contribute to
the malfunction of genes (American Cancer Society. Cancer Facts & Figures 2013).
In the last decades a huge number of genes were identified with many of them being
frequently deregulated in malignant neoplasias. On this basis various molecular
diagnostic, prognostic and therapeutic approaches for cancer treatment were
developed. Nevertheless, a large percentage of patients still die after developing
cancer despite of an aggressive treatment regimen (Goldblatt and Lee, 2010),
highlighting the need for better therapeutic agents and for biomarkers enabling early
diagnosis.

The development of novel, more effective cancer treatment strategies relies on a
better knowledge of the genetic and epigenetic changes contributing to this kind of
malignancy. In this regard model organisms play a great role.

As pet dogs meet many of the criteria constituting a good model for different human
cancer entities, the aim of the present thesis was the analysis of several canine

orthologous genes in the context of canine malignant neoplasias.

5.1. Gene expression analyses

5.1.1. Prostate cancer

Although the knowledge of the molecular changes in PC has significantly increased
in the last decades, its diagnosis and therapy are still challenging. Additionally,
actually no reliable molecular marker for treatment of canine PC exist thus the
treatment is mostly palliative (Leroy and Northrup, 2009) similarly to the human
hormone refractory PC (Divrik et al., 2012).

Within the first review article presented within this thesis it was highlighted that the
MiRNA let-7 family, the directly by let-7 regulated protein-encoding genes CCND?2,
HMGAL, HMGAZ2, IL6, RAS as well as the downstream targets AR and HMGB1, all
of which are commonly deregulated in human prostate cancer and other neoplasias,
are not acting in solitude but are closely interwoven with each other. Additionally, it
is of special interest that the miRNA let-7 family members are major players in the
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regulation of these genes and appear to contribute greatly to the maintenance of the
“Ying and Yang” in non-neoplastic cells. For that reason the complex intra- and
intercellular genetic interactions of the let-7 family and associated genes must be
further investigated.

Owing to that the second presented study deals with the expression analysis of
HMGA1, HMGA2, their regulator the miRNA let-7a, additionally the other above
mentioned let-7 targets and the associated genes FolH1, Klf4, MAPK1, PI3KCA,
and PTEN in canine PC. The expression of the canine AR was not quantified as the
transcripts encoded by this gene were not adequately characterized.

In accordance with a previous study from Winkler and colleagues (Winkler et al.,
2007), HMGAZ2 was statistically significantly over expressed in all herein analyzed
adenocarcinoma derived tissues of the canine prostate gland and in the
adenocarcinoma derived prostatic cell lines CT1258 and DT08/46. On the other
hand low HMGAZ2 levels were measured in all non-neoplastic samples. This is in
accordance with the previous observation that in humans HMGAZ2 expression is low
or barely detectable in most adult tissues (Rommel et al., 1997).

Compared to non-neoplastic tissue specimens elevated levels of the HMGA2
regulator let-7a were present in the hyperplastic and malignant tissues as well as in
the three cell lines CT1258, DT08/40 and DTO08/46. Remarkably, a similar
observation, previously made by our group, was that in canine oral squamous cell
carcinomas HMGAZ2 and let-7a expression was as well up regulated (Sterenczak et
al., 2014). This are interesting similarities, as the regulator and target gene do not
show a reciprocal correlation as described in human lung cancer (Lee and Duitta,
2007).

However if the elevated let-7a levels are a cellular response to elevated oncogene
levels, which are regulated by let-7a or if cancer develops as a consequence of the
let-7a up regulation needs to be clarified.

Human PC-3 cells were previously reported to exhibit a defective MAPK pathway.
Reconstitution of this pathway by expression of a constitutively active, recombinant
MAPKZ1 effectively reversed the neoplastic phenotype and prevented aberrant cell
proliferation (Moro et al., 2007). In accordance, lowest MAPK1 levels were found in

all malignant canine PC samples. On the other hand MAPK1 up regulation was
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monitored to be associated with survival of castrate-resistant human PC (Mukherjee
et al., 2011).

Similarly to MAPK1, HMGBL1 expression was statistically significantly lower in the
malignant tissues as well as in two of three cell lines. In contrast to the expression
in the herein analyzed canine PC samples, previous studies reported elevated
HMGB1 levels among others in human PC (Ishiguro et al., 2005; Tang et al., 2010).
The expression analyses of the other protein-encoding genes did not present a
correlation with canine PC. However, as the total number of prostatic samples used
in this study was very low (n=14) and tumors are often an accumulation of
heterogenic cells, it cannot be excluded that analysis of additional samples or
cellular sub-fractions would produce more obvious results.

Additionally, another limitation of this study is that the obtained results do not give
any information about the presence of mutations within the analyzed transcripts.
These changes might destroy or change the function of the gene products thus
having dramatic impact on the cell equilibrium without being visible in quantitative
real-time PCR (gRT-PCR) analyses. Nevertheless, the obtained data are

encouraging further studies with the canine model.

5.1.2. Lymphoma

The canine HMGAZ2 gene appears to be associated with cancer of the prostate gland
as reported by Winkler et al. (Winkler et al., 2007) and as confirmed herein. Owing
to that the expression of this promising molecular target as well of its sister gene
HMGA1 was investigated in canine hematopoietic cancer.

In the herein presented study from Joetzke et al. 2010 a statistically significant
HMGA1 up regulation was observed in lymph nodes from dogs with B-cell but not
T-cell lymphomas. It is notable that HMGAZ2 presented a reciprocal expression
pattern to HMGAL, with low transcript levels in specimen with B-cell but elevated
levels in T-cell ymphomas. Also the increased HMGAZ2 levels in T-cell lymphomas
were not statistically significant (possibly due to low T-cell lymphomas sample
number, n=3) these two architectural transcription factors bear great potential as
molecular therapeutic targets for the respective lymphoma subgroup but may as
well be valuable differentiation markers for canine lymphomas. Additionally, owing
to the fact that the HMGA1 as well as the HMGA2 genes are direct let-7 targets,
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these canine cancer entities could be potentially treated with let-7 based
therapeutics.

However, as the sample number in this study was very low the potency of the
HMGAs as molecular marker for canine lymphoma has to be proofed using a greater

set of tissue specimen.

5.1.3. Comparison of non-coding RNAs in human and canine cancer

Once dismissed as genomic refuse as transcribed from “junk DNA”, micro RNAs
(miRNAS) were discovered to regulate gene expression at post-transcriptional level
(Tomari and Zamore, 2005; Schubert et al., 2013) and are furthermore discussed to
be involved in the transcriptional regulation of genes (Chen et al., 2012).

The discovery of the post-transcriptional gene silencing (PTGS) mediated by
MiRNAs is considered as a major breakthrough in biology. Nevertheless, the precise
role of this mechanism in cell biology is still poorly understood. Thus comparative
studies between different species are essential for cancer research.

As described in Wagner et al. 2012 more than 200 canine mature miRNAs
(approximately 2/3) were found to present full sequence homology to the published
human miRNAs (Sanger Institute, version 16.0) (Kozomara and Griffiths-Jones,
2011) enabling the use of human miRNA assays for research on canine cells.

As a great number of human and canine miRNAs are evolutionary conserved and
many of these are involved in similar diseases of both species, it is likely that the
expression patterns are also similar. Nevertheless, homologous miRNAs presenting
similar expression pattern in different species, should be considered with care as
their functions could still deviate strongly depending on other factors. Even individual
MiRNAs in the same species can have oncogene suppressive functions or act
oncogenic depending on diverse tissues and different time points in development
(Boggs et al., 2008).

However, an aberrant miRNA expression is partially postulated to be an early event
in human tumorigenesis (Cortez et al., 2012). Thus many miRNAs bear great
potential as non-invasive biomarkers for different clinically relevant types of human
(Hao et al., 2011; Cortez et al., 2012; Shore et al., 2012) and as well canine cancers
(von Deetzen et al., 2013). Additionally, they present a potent target for gene

manipulation in therapeutic approaches.
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5.2. Structural and functional HMGA analyses

Chromosomal alterations of the HMGASs are as well discussed to be an early event
in tumor development (Ingraham et al., 2006; Fusco and Fedele, 2007).
Rearrangements of the human chromosome 6 (6p21) and 12 (12g15), which harbor
the HMGAL and HMGAZ2 gene respectively (Manfioletti et al., 1991) were associated
with benign human lipomas (Italiano et al., 2007), pulmonary chondroid hamartomas
(Tallini et al., 2000), uterine leiomyoma (Kazmierczak et al., 1996; Nezhad et al.,
2010) and myeloid malignancies (Odero et al., 2005). Remarkably, HMGA
re-expression is as well associated with a variety of human malignant neoplasias
such pancreatic cancer (Watanabe et al., 2009), breast cancer (Shah et al., 2013),
lung cancer (Di Cello et al., 2008), retionoblastomas (Mu et al., 2010) and
lymphomas (Wood et al., 2000; Baldassarre et al., 2001). Additionally, Winkler et al.
described a correlation between HMGAZ2 and canine prostate cancer (Winkler et al.,
2007).

HMGA1 expression was reported to be post-transcriptionally regulated in a negative
way by members of the let-7 family (Rahman et al., 2009; Schubert et al., 2013). Its
sister gene HMGA2 is as well a let-7 target (Mayr et al., 2007). Interestingly, the
HMGA2 mRNA bears seven let-7 miRNA binding sites in its 3’-untranslated region
(3-UTR) enabling efficient translational repression (Mayr et al., 2007).

As abnormal HMGA gene expression appears to play a role in the investigated
canine epithelial and hematopoietic cancer entities, the knowledge of their gene
structure is of great value for ongoing studies. Thus the canine HMGAL gene
structure, which was not completely known until the year 2008, was investigated
herein.

Structural analysis of the canine HMGA1 gene as described in Beuing et al. 2008
revealed the lack of the equivalent to the human exon 4 similarly to the mouse
genome, which additionally lacks the equivalent to the human exon 3 (Pedulla et al.,
2001). Accordingly, the canine HMGAL, which is located on chromosome 12
(CFA12ql11), consists of seven exons and six introns spanning in total 9524 bp.
These specification induced evolutionary changes appear not to have altered the
translation and function of the protein potentially owing to the fact that the absent

exons are not part of the protein coding sequence (Friedmann et al., 1993).
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However, a context dependent impact on transcriptional or post-transcriptional
regulation in the dog cannot be excluded.

Interestingly, the canine HMGAL gene was previously reported to map a region,
which is not frequently affected by chromosomal alterations (Becker et al., 2003)
thus uncontrolled expression of the canine homolog is likely triggered by other
mechanisms such as point mutations, post-transcriptional or post-translational
modifications.

In this context a small nucleotide polymorphism was previously found in the exon 6
of the HMGA1 gene of a Dachshund (Murua Escobar et al., 2004). Therefore herein
55 Dachshund samples were screened for HMGAL point mutations in the respective
exon. A breed specific predisposition was not found. However, while the presented
study focused on mutations lying within the exon 6, breed specific mutations in other
regions of the gene cannot be excluded.

Another possible mode of HMGA deregulation was indicated by a study from
Dement and colleagues, who observed a cell cycle dependent translocation of the
HMGAL1 protein from the nucleus to the cytoplasm and mitochondria in the mouse
embryonic fibroblast cells NIH3T3 and the human transgenic MCF7 cell line
(Dement et al., 2005). These findings demonstrate a highly dynamic cellular HMGA1
protein function, the spatially aberrant expression of which is potentially able to
trigger cancer development.

Thus the cellular localization of the canine HMGA1 and HMGAZ2 proteins was
analyzed in the herein presented studies from Beuing et al. 2008 and Willenbrock
et al. 2014.

Recombinant HMGA1 and HMGA2 proteins were found to be localized in the
nucleus of canine cells, similarly to the human (Disney et al., 1989; Hristov et al.,
2009; Chiefari et al., 2012) and murine orthologs (Disney et al., 1989) presenting as
well an irregular distribution (Harrer et al., 2004; Henriksen et al., 2010). The
HMGAs are highly conserved among species (Reeves and Beckerbauer, 2001),
owing to that it is likely that they have as well very similar roles in different
organisms. Accordingly, the nuclear localization of the canine HMGA proteins
implies an identical role as architectural transcription factors as reported for other
mammalia (Narita et al., 2006; Henriksen et al., 2010).

According to the above presented results HMGAZ2 and its regulator the miRNA let-7a
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seem to play an important role in neoplasias of the prostate gland thus their
relationship in PC etiology is of special interest. For more detailed analyses of the
HMGA/let-7 axis, the canine PC derived cell line CT1258 was used to establish the
stably transfected cell line CT1258-EGFP-HMGA2 and the control cell line
CT1258-EGFP as described in Willenbrock et al. 2014.

CT1258-EGFP-HMGA2 cells present an in vitro model system, which highly
overexpresses an EGFP-HMGAZ2 fusion protein. Notably, the recombinant HMGA2
transcript lacks the 3’-UTR. This is an interesting feature as native HMGA2 mRNAs
bear seven let-7 binding sites in its 3’-UTR (Mayr et al., 2007). In accordance, native
HMGAZ2 transcripts were previously reported to be negatively regulated by several
members of the let-7 family (Park et al., 2007; Shi et al., 2009), which were
described to be deregulated in human PC (Dong et al., 2010; Nadiminty et al.,
2012a; Nadiminty et al., 2012b). A truncated HMGAZ2 transcript lacking the 3’-UTR
escapes the negative regulation by let-7 resulting in elevated HMGA2 levels (Lee
and Dutta, 2007; Mayr et al., 2007; Young and Narita, 2007).

As well of interest is the fact that HMGAZ2 transcripts were recently reported to
modulate the let-7 impact on the global gene expression by acting as competing
endogenous RNAs (ceRNA) (Kumar et al., 2014) potentially favoring over
expression of other direct let-7 targets such as CCND2 (Dong et al., 2010), c-Myc
(Sampson et al., 2007), and NRAS (Johnson et al., 2005). Furthermore, HMGA2
suppression was previously suggested to impact the down regulation of its sister
gene HMGAL1 (Berlingieri et al., 1995), which in turn is as well negatively regulated
by let-7 (Schubert et al.,, 2013) and was additionally found to be aberrantly
expressed in human PC (Takaha et al., 2004; Takeuchi et al., 2012).

Herein a positive influence on HMGAL1 levels by ectopic EGFP-HMGAZ2 expression
in CT1258-EGFP-HMGAZ2 cells was observed. In addition, HMGAZ2 over expression
appears to positively impact mature let-7a miRNA levels, but not the transcript
quantity of the analyzed HMGAZ2 controlled targets SNAI1, SNAI2 and CDH1. These
results are remarkable as they demonstrate the complexity of the HMGAZ2/let-7 axis.
A possible explanation for the increase of the mature let-7a levels following
recombinant HMGAZ2 expression could be a response of the cells trying to down
regulate HMGAZ2. Another plausible explanation could be that the endogenous

HMGAZ2 was down regulated upon ectopic HMGA2 over expression. Consequently
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there would be less native HMGA2 transcripts able to act as ceRNAs resulting in
increased mature let-7a levels.

In the performed gRT-PCR the total HMGAZ2 levels were shown to be elevated in
the cell line CT1258-EGFP-HMGAZ2 according to the over expression of the
EGFP-HMGAZ2 transcripts when compared to CT1258. However, the total HMGA2
levels do not reflect the percentage of endogenous to ectopic transcripts as the used
assay was not able to discriminate between these two transcript variants.
Moreover, a positive EGFP-HMGAZ2 effect on growth of canine cells was detected
as previously described for HMGA proteins in other species (Di Cello et al., 2013;
Keane and de Magalhaes, 2013). This is remarkable as the positive effect on cell
proliferation could be further stimulated by ectopic HMGA2 over expression
regardless of the already very high HMGA2 levels in the native CT1258 cells.
Furthermore, cytogenetic analyses of both fluorescent cell lines
CT1258-EGFP-HMGAZ2 and CT1258-EGFP were performed as stable transfection
might change the chromosomal structure. In addition exogenous HMGA2 over
expression was reported to induce chromosomal aberrations following DNA
damage (Li et al., 2009).

The herein presented study revealed a comparable hyperdiploid karyotype for both
derived fluorescent cell lines as described for the native CT1258 cells (Winkler et
al., 2005). These results indicate two things: First of all the observed effects on cells
are not triggered by global chromosomal rearrangements but likely induced by
ectopic HMGAZ2 over expression. Secondly, the ectopically highly over expressed
HMGAZ2 did not induce chromosomal aberrations as reported by Li et al. (Li et al.,
2009). Though, the difference to the experiments done by Li and colleagues is that
in the presented study no DNA damage was induced in cells ectopically over
expressing HMGA2. Finally, the native CT1258 cells are potentially adapted to
elevated HMGAZ levels as this protein was already highly expressed in this cell line.
As the spatial HMGA expression appears to be a dynamic process and the HMGA2
related HMGBL1 protein was described to have a cytokine like function (Muller et al.,
2001) it is tempting to hypothesize an extracellular role for the HMGAs as well. In
fact, the extracellular HMGA protein application on porcine chondrocytes was found
to have a positive effect on cell growth in vitro (Richter et al., 2009). Thus

extracellular HMGA proteins actively or passively secreted by cancer cells could

176



Discussion

potentially stimulate tumor growth in vivo. On the other hand due to the fact that the
HMGAs are highly expressed during embryogenesis (Chiappetta et al., 1996) but
are barely detectable in most adult tissues (Manfioletti et al., 1991; Chiappetta et
al., 1996; Rommel et al., 1997) they might be a valuable tool for cell modification
when expressed in the correct context.

To investigate if the HMGA proteins hold potential to preserve multi-potent cells from
differentiation in cell culture, and to evaluate their potential extracellular role,
recombinant HMGAs were applied onto canine adipose-tissue derived
mesenchymal stem cells (ADMSCs). Subsequently, the impact of the HMGA1 and
HMGAZ2 proteins on the phenotype, multipotency factors and proliferation rate of
canine ADMSCs was analyzed.

Multi-potency and self-renewal are the most important characteristics of stem cells
and several factors such as the HMGA protein family were described to impact these
features (Shah et al., 2012).

Within the herein presented study from Ismail et al. 2012 it could be shown that
recombinant HMGAL protein application alone or in combination with HMGA2 had
a positive effect on the proliferation of multi-potent canine ADMSCs. In contrast to
HMGA1, the HMGAZ2 application alone had no effect, neither on cell growth nor on
stem cell marker expression. This is astonishing as Richter et al. reported a
growth-promoting effect of synthetic HMGAZ2 peptides on canine ADMSCs (Richter
et al., 2011). One possible explanation for these controversial results is that the
peptides used by Richter and colleagues were much smaller and had no
post-translational modifications as the herein used recombinant proteins. Thus,
these could potentially be easier taken up by the cells. The assumption that the
molecule size contributes to this discrepancy is probable as the HMGAs are
architectural transcription factors (Narita et al., 2006; Henriksen et al., 2010) and
were not found yet to act as extracellular signal mediators. Owing to that it is unlikely
that HMGAZ2 specific receptors on the cell surface exist. Another aspect is the cell
identity due to the fact that the ADMSCs used by Richter et al. 2011 were not
proofed to be able to differentiate into other lineages as it was described in the
herein discussed study from Ismail et al. 2012. The passage number of the cells
could influence the protein impact on cells as well. An additional explanation could

be that Richter et al. 2011 used lower concentrations of fetal calf serum (FCS) in the
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used growth medium, which potentially contains bovine HMGAZ2. The bovine protein
homolog might have competed with the used recombinant HMGAZ2 proteins.
However, when accepting that HMGAZ2 is unspecifically taken up by the cells and
the bovine HMGAZ2, which is potentially present in the used FCS, can abolish the
effects of recombinant HMGAZ2 the following doubt still remains. As described in the
study from Willenbrock et al. 2014 ectopic EGFP-HMGA2 over expression in
CT1258 cells, which were as well cultivated in growth medium containing 10 % FCS,
could still enhance the proliferation rate of the prostatic cells despite the
endogenous HMGA2 over expression. However, this was another cell type thus
additional studies are necessary to investigate these discrepancies in results.
Concerning HMGAL, the observed results indicate that it can be taken up by the
ADMSCs as an enhanced growth rate could be observed. This offers the possibility
to modify ADMSC proliferation by extracellular HMGA1 application without
introduction of genetic material into cells and avoiding the associated side effects
such as the biological risk of insertional mutagenesis.

However, although the exact mechanisms of HMGA uptake in ADMSCs or other cell
types need further clarification, it could offer new opportunities for regenerative
medicine. Additionally the knowledge of the HMGA biogenesis and function in stem
cells could provide valuable information in the context of cancer as cancer stem cells
(CSC) are hypothesized to contribute to cancer aggressiveness (Adams and
Strasser, 2008). In addition, as this type of cells represent as few as 1 in 10* to 10’
of the tumor cells, depending on the type and advancement of the tumor (Adams
and Strasser, 2008) and is often difficult to enrich in adequate quantities, basic

research in this field relies as well on alternative stem cell sources such as ADMSCs.

5.3. Tools for modification and detection of gene expression

Ectopically expressed naturally occurring miRNAs or protein-encoding genes have
the capability to act therapeutically in an organism. Therefore adequate vehicles are
needed to efficiently transport the gene products or the molecules encoding the
respective gene into the cell of interest. For that reason it is of major interest to
further optimize or evaluate techniques enabling therapeutic approaches in vitro and

in vivo and to establish tools enabling the monitoring of the target expression.
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5.3.1. Generation of miRNA let-7 constructs

As presented herein the miRNA family let-7 might be a powerful tool for the
modification of the global gene expression and therapeutic approaches. Thus
several expression vectors encoding different members of the let-7 family were
constructed.

As shown in the gene expression studies with the canine prostate cancer and
lymphomas at least one of the direct let-7 targets HMGA1 or HMGA2 was over
expressed. Thus these cancer entities potentially represent valuable candidates for

the evaluation of let-7 based therapeutic approaches in future.

5.3.2. rAAV genome isolation for quantification by absolute real-time PCR
Adeno-associated viruses (AAV) are commonly harnessed as vehicles for the
efficient delivery of genetic material.

As the success and reproducibility of AAV mediated therapies depend among others
on exact viral titers, a novel viral genome (VG) purification protocol was evaluated
for the following sensitive and highly reproducible quantification by absolute real-
time PCR.

The novel protocol for VG isolation proved to be superior compared to the commonly
used NaOH or DNasel/proteinase K protocols.

The NaOH pretreatment of the viral particles and the following neutralization with
HCI have to be seen critically. As it could be observed in our previous experiments,
the measured titers varied greatly in the triplica analyses. The explanation for the
inter- and intra-experimental titer variances are likely caused by incomplete
"digestion” of the AAV particles, which should release the viral genomes during the
first denaturation step of the following gRT-PCR. Additionally, often very low titers
were measured, which could be explained by “over digestion” with NaOH. Previous
non presented experiments confirmed that naked plasmid DNA degrades
completely when incubated in 1 M NaOH for a short time. However, to long or to
short NaOH pretreatment leads to inaccurate titers, which appear to be lower than
they really are.

The other commonly used method for AAV genome isolation is basically similar to

the herein presented protocol but lacks the final on-column VG purification, which
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may as well result in lower titers as the VGs are degraded by the residual DNasel
activity or the gRT-PCR inhibited by residual proteinase K activity.

5.3.3. AuNP based laser-transfection

Transfection techniques represent a good, up-scalable tool for in vitro applications
as they enable direct modification of gene expression, which is crucial to establish
therapeutic approaches in oncology and other areas of biomedical research.

The herein presented AuNP based laser transfection technique proves to be a very
good alternative, when transferring small molecules, to conventional transfection
techniques as it is theoretically cell type independent, non-toxic and up-scalable.
For proof of principle this novel method was harnessed to transfect anti-HMGA2
short interfering RNAs (siRNASs) into the canine prostatic cell line CT1258. As this
cell line expresses extremely high HMGAZ2 levels compared to healthy tissue it is
remarkable that it was possible to down regulate the HMGA2 mRNA-levels by up to
=40 %. It is notable that previous transfection experiments (not presented herein)
with the same siRNAs and a chemical transfection reagent were less effective
concerning target down regulation despite a transfection efficiency of over 60 %.
The so far achieved results indicate great potential for in vitro applications of sSiRNAs
or miRNAs.

5.3.4. Verification of a canine PSMA (FolH1) antibody

After manipulating gene expression in cells it is necessary to monitor the expression
of the ectopically expressed gene or the regulated target. This can be easily done
by different PCR techniques but as mRNA-levels are not always proportional to the
translated protein product it is often necessary to analyze the protein expression.
In this regard biotechnologically produced antibodies must always be tested for their
specific reactivity.

Owing to the lack of a specific canine PSMA (FOLH1) antibody and the still not
entirely clear situation of the PSMA expression in canine prostate cancer, the
antibody clone YPSMA-1, which was raised against a human peptide, was tested
herein.

In detail, the specific reaction of the monoclonal antibody was demonstrated with

the canine ortholog in western blot (WB) analysis using lysates of the previously
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described canine prostatic cell lines CT1258, DT08/40 and DT08/46. Additionally
the human prostatic cell lines VCaP, LnCaP, and PC-3 were used as positive
controls.

The expected size of the human FolH1 homodimer in a SDS-PAG separation has a
size of =100 kDa (Schulke et al., 2003). The WB analysis of the human control
samples revealed two prominent PSMA bands of =50 kDa and =100 kDa in size.
The analysis of the canine CT1258 and DT08/40 lysates showed as well two protein
bands matching the size of the human counterparts. In the DT08/46 cell lysates no
protein bands were detected.

In conclusion to previous studies the PSMA expression was lowest in the cell line
PC-3 among the human cell lines. In the canine cell lines CT1258 and DT08/40 the
PSMA levels were low similarly to PC-3. The low protein levels in the canine cell
lines reflect the very low FolH1 mRNA levels with a Ct over 35 measured by gRT-
PCR in the presented manuscript “Let-7 and associated genes in canine prostate
cancer’.

However, regardless of the target levels in the cell lines the evaluated antibody was
shown to react in WB with the canine PSMA. Cross-reactivity with canine PSMA
was exemplarily confirmed by mass spectrometric analyses of the recovered
CT1258 protein bands. In conclusion, the previous immunohistochemistry
evaluation (Lai et al., 2008) and especially the herein presented WB as well as mass
spectrometric analyses prove that the YPSMA-1 clone represents a reliable tool for

coming PSMA studies in the dog.
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6. Outlook

Tumors are believed to evolve through the gradual accumulation of genetic and
epigenetic alterations. Chromosomal aberrations and nucleotide mutations account
to the genetic changes and contribute, beside the genetic and epigenetic
constitution of individuals, to the diversity of cancer cells. This heterogeneity makes
it difficult or even impossible to identify omnipotent molecular cancer markers and
is responsible for often confusing and contradictory results as well as for
unpredictable disease outcome following therapy.

However, although the influence of a single molecular disease marker on cancer
etiology in individuals can vary greatly due to the mentioned variability and stage of
organismal development, this knowledge is crucial for the understanding of
molecular processes. Moreover, as in future whole genome and transcriptome
sequencing will provide information on individual molecular changes for lower costs,
harnessing this technique for cancer research and especially for medical routine will
highly depend on the knowledge where to look at in the obtained huge datasets.
Owing to the described similarities between species and due to ethical reasons
comparative studies as presented herein are very important for the development of

successful cancer treatment strategies.
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