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Embryonic stem (ES) cells have the ability to maintain pluripotency and self-
renewal duringn vitro maintenance, which is a key to their clinical applications. ES cells
are a model in developmental biology studies due to their potential to differemtiate
vitro. Understanding critical pathways of pluripotency, self-renewal, and diffatien
during early embryonic development is important for the evaluation of the thecapeut
potential of ES cells because of their ability for tumor transformation duenttig and
epigenetic instability acquired durimgvitro culture maintenance. Single tandem repeats
are sequences of DNA that have been implicated in the deregulation of gerssiexpre
in different human conditions. Understanding the origin of repetitive sequertaleilits
and functions in the genome allow characterization of early genomic instalghals in
ES cell pluripotency, differentiation, and tumor transformation pathwayshyiahesis
of this study was that genetic stability, in repetitive sequences, docase embryonic
developmental genes is responsible for pluripotency, self-renewatedititgion, and

chromatin assembly and could be a signal for adaptation, differentiation, or



transformation of ES celig vitro. Our result showed instability in specific repetitive
sequences which increased during ES cell passages and embryoid body difterentiat
vitro. ES cells displayed significant mean frequencies of genomic instabiliépetitive
regions that lead to ES cells pluripotency, self-renewal maintenanca| limeage
specialization. The present study reports potentially biomarkers for idegtify
accumulation of genomic instability in specific genes that may contsibatadaptation
of ES cells and could be the switch that initiates early ES cell lineageitmemtin

vitro. Determining genetic and epigenetic modifications, including single tandeatrep
instability, gene expression changes, and chromatin modifications, is alskenti
elucidating possible molecular mechanisms of genomic instability aathudetng novel
molecular characterization for diagnostic purposes to ensure ES ceitystatll

integrity that could potentially lead to use of ES cell derivatives that coefidide a safe

source needed for regenerative medicine applications.
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CHAPTER |

INTRODUCTION

Genetic and epigenetic developmental processes regulate pluripotency and
differentiation in embryonic stem (ES) celfsvivo andin vitro. ES cells are pluripotent
and are derived from the inner cell mass of blastocysts. ES cells argudsdted from
other cell types by the following special characteristics: they can beaimad in an
undifferentiated state during extended culturing over time, and they havepHuitg#o
differentiate into every cell type in the body (Evans and Kaufman 1981). There ha
been remarkable breakthroughs in science over the last 20 years that hawtiresulte
defined culture conditions for reproducilevitro culture systems for ES cell
maintenance (Thomsast al. 1998; Amitet al. 2000; Takahashi and Yamanaka 2006; Yu
et al. 2007; Yuet al. 2009; Ohtaet al. 2011). More recently, the developmental potential,
including culture conditions and growth factors required to diredntiaéro
development of these cells down tissue specific pathways for the purpose ofatgene
medicine, have been under study @al. 2001; Ogawat al. 2006; Bigdeliet al. 2008;
Cordeset al. 2009; Takemotet al. 2011). Initially, ES cells were established in co-
culture with a mouse embryonic feeder layer (MEF) (Evans and Kaufman 1981;
Thomsonret al. 1998). Later, nutrient requirements for culture became more specifically
characterized after the discovery of particular growth factorsetefrom the feeder
layer. Leukemia inhibitory factor (LIF) is a growth factor derivemhirthe feeder layer

that maintains the characteristics of pluripotency and self-renewal islE&ilture (Xu
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et al. 2001; Ogawat al. 2006). ES cells can now be maintained on a feeder layer in
serum free medium supplemented with basic fibroblast growth factor {ldr@H.IF
(Brimble et al. 2004). ES cells can now also be cultured in the absence of feeder cells if
they are cultured on matrigel or laminin coated plates in media supplemetited wi
conditioned media from MEF (MEF-CM) (Bigdedi al. 2008).

Some reports show that ES cells cultured in these conditions for more than 100
passages are still able to maintain chromosomal stability and the gdpacit
differentiation into the three basic embryonic germ layers (mesoderm, oGl
endoderm)jn vitro as embryoid bodies (Amét al. 2000) orin vivo as a teratoma (Evans
and Kaufman 1981; Thomsehal. 1998; Mitalipovaet al. 2005; Kamiyaet al. 2011).
Adaptation, survival, and growth of ES caltsvitro are facilitated by genomic
instability. ES cells in culture, during late passages, show a higher genotalxlitys
frequency than earlier passages. Genomic instability is charadiéyzoverlapping in
numerical chromosomal alterations (up to 45%), mitochondrial DNA mutations (up to
22%), and modifications on promoter gene methylation (up to 90%) (Mha#la2005).
Differences in the plasticity and ability for vitro adaptation of ES cell lines is a result
of incremental changes in genomic instability frequency leading taaednd molecular
modifications; this is frequently displayed as a proliferative advantafpgeipassages
in contrast to early passages which are genetically and epigeyetiadlle (Inzunzat
al. 2004; Allegrucciet al. 2007). Cellular adaptation resulting from genomic instability
includes karyotype abnormalities, failure in X-inactivation, and epigeneticficaiains
that lead to imbalances between self-renewal and differentiatiorissgurangin vitro

culturing of ES cells (Envest al. 2005; Sheret al. 2008; Bacet al. 2009).



ES cell research continues to face obstacles for clinical applicatiomsdeecof a
wide range of variability in the maintenance of homogeneous and undiffezdrE&t
cells over time during culture passages (Toyasilkad. 2008; Yinget al. 2008).

Furthermore, the signals or initial steps that originate deregulation dbdenental gene
expression and epigenetic changes still remain unknown. Transcription factors and the
genetic network for pluripotency of ES cells have been widely described. RE35c
homeobox 1(POU5F1, also known as OCT4), SRY-box containing gene 2 (SOX2), and
Nanog homeobox (NANOG) are three key master transcription factors that have bee
identified and are responsible for the regulation and maintenance of pluripatde@y i
cells. They regulate themselves through positive feedback expression angamnsibés

for the downstream transcriptional regulatory signals of more than 2,000 gexted tel
pluripotency, self-renewal, surveillance, and cell lineage commitmege(Bbal. 2005;

Loh et al. 2006; Cheret al. 2008).

ES cells that differentiate lose their pluripotency status and gain thgdinea
specific signature via expression of their cell/tissue identity gir@gene and chromatin
modifications in the promoter regions of developmental genes responsible for
pluripotency and early cell differentiation (Mokhal. 2008). Differentiation results from
alterations in ES cell pluripotency and self-renewal. Maintenance ofesafiffated state
is a constant process of gene repression and/or activation coupled with chromatin
modifications that modulate specific signals that induce morphological anibfuadct
characteristics in early cell progenitor derivatives during embryonielolement (Niwa
et al. 2005). These genetic and epigenetic modifications guarantee expression of genes
involved in cell fate lineage and inactivation of developmental genes involved in
pluripotency. Covalent histone acetylation and methylation, chromatin remodeling,
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nucleosome assembly, and DNA methylation are all examples of epigenetic
modifications that result in packaging DNA. Developmental gene sequenceseiec
inactivated; leading to their complete repression, avoidance of transcritiotean
complexes formations, and certification that cell/tissue specificitie(dntiated state)
would be maintained. Cell differentiation and tumor transformation both sharalseve
molecular signaling pathways, including gene expression and epigeneticcaoutifs
(Karakosteet al. 2005; Proiat al. 2011). Tumor cells display losses in genome integrity
due to accumulation of DNA damage induced by oxidative stress (Fearon and &ngelst
1990). Unrepaired instability in single tandem repeat sequences can inaoessié
mutations in coding and non-coding regions of DNA, leading to failure in cellular
regulatory pathways such as cell cycle control, apoptosis, and DNA repelr arki
needed in order to avoid cell transformation and maintain a differentiatedIshaiet
al. 2008).

When developmental genes are deregulated during neoplastic transformation, it
leads to cellular responses such as proliferation, de-differentiation, iongiatasion,
and angiogenesis, which ensure and ideal environment for tumor transforratja (
et al. 2005; Inceet al. 2007). For example, aggressiveness and invasiveness are
fundamental characteristics of ovarian and breast tumor progression. Setleyes a
suggest that the ability of these cells to rapidly metastasize tcediffergans is due to
cell signals that trigger reactivation of developmental genes contgemanic
instability that may have originated during embryonic development; envirgame
“triggers” could deregulate these genes, acting as an on-switcHIfamser
transformation (Guptet al. 2005). Genomic instability does not have to occur within a
gene to affect its expression. Instability could occur in flanking regionswaiabmental
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genes that are regulatory elements located upstream of promoters soblaraser or
repressor sequences that modulate transcription factor binding. Sevees stpdirted
the presence of regulatory elements localized in neighboring genes asezrdra
repressor sequences determined to be responsible for transcription moduldtioadl_e
al. 2003; Kleinjaret al. 2006; Pannet al. 2007; Viselet al. 2009). Regulatory elements
are located upstream or downstream of transcription start sites. Some apbadrthat
they are within a 5 kb distance and others report distances up until 1 Mb (Ee#lice
2003; Kleinjanet al. 2006; Viselet al. 2009). Several regulatory elements, or enhancers,
are binding sites of specific gene regulatory protein complexes that dedirai@w for
the sequential, specific development of embryos. Genetic control systeessadoieshed
early in development and cell fate is determined; cell memory mechamigmiin
cellular specialization by remembering the early signals introduceagdembryonic
development (Albertst al. 2008).

We hypothesized that genomic instability in repetitive DNA sequences upstrea
or downstream of specific genes could be a signal that regulates thessexpreur
interest is in genes responsible for pluripotency, self-renewal, diffatient or tumor
transformation. This instability could lead to activation or repression of trahieoal
regulatory elements in either normal ES cells or cancerous cells. Ounegdottest
this hypothesis were to:

1) Identify single tandem repeat sequences located near promoters of

developmental regulatory genes transcribed by the OCT4, NANOG, and
SOX2 transcription factors responsible for pluripotency and self-renewal of

ES cells,



2)

3)

4)

5)

6)

7)

8)

standardize use of primers to detect single tandem repeats in single genome
equivalent PCR amplifications via fragment analysis techniques to allow
determination of the mean frequencies of instability present per marker,
determine the accumulation of instability in these single tandem repeats
during ES cell culture of H1 and H7 ES cell lines by comparing mean
frequencies of instability at three cell passage ages,

identify pluripotency genes located near significantly unstable siagtéem
repeats that could possibly be responsible for ES cell adapitatdno,
determine the accumulation of instability in single tandem repeats during ES
cell differentiation into embryoid bodies (EBs) by comparing mean
frequencies of instability in H1 and H7 ES cell lines at three differenstime
post EB initiation,

identify differentiation and chromatin assembly genes located near
significantly unstable single tandem repeats that could possibly be rggpons
for ES cell differentiationn vitro,

expression pattern of genes located near unstable single tandem repeats in
cancerous ovarian cells in comparison with normal ovarian cells after 9 days
post-HO, exposure,

determine and describe possible instability signals (transcriptiondaters)

of gene expression in pluripotency, differentiation, chromatin assembly and
imprinting genes during ES cell culture and cell differentiairovitro or

during cell transformation in ovarian cancer initiation and progression,



9) contribute to the identification of possible biomarkers that could be useful for
screening and determining the quality of ES cells to be used for regemerat
therapies,

10) and identify possible biomarkers that could be used as diagnostic or
prognostic tests during cell transformation, progression, metastasis, or

treatment of tumors.

1.1 Review of pertinent literature

1.1.1 Embryogenesisand embryonic stem cell origins

During mammalian ovulation and fertilization, once an oocyte is in the fallopian
tube, it oocyte completes metaphase Il after extrusion of the first polar©@odg
fertilized with sperm the oocyte is activated, and the second polar body is thetedxtr
Immediately, sperm DNA remodeling is initiated and takes approxim@i@lizours.
This includes decondensation of sperm chromosomes, giving rise to the first pronucleus
(male pronucleus), and also decondensation of oocyte chromosomes giving rise to the
second pronucleus (female pronucleus). The pronuclei are haploid, each containing one
set of chromosomes (Kiessling and Anderson 2007; Alleeds 2008). DNA synthesis
is then initiated independently in both pronuclei. Next, pronuclei fusion occurs and the
zygote is ready for the first cleavage which is an equal division into two daeghte
each containing a diploid set of chromosomes; this occurs approximately 22 to 26 hours

after fertilization (Braudet al. 1988; Albertset al. 2008) (Figure 1.1).
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Figure 1.1 Diagram of human embryonic development.

Notes: (A)In vivo human embryonic development, starting with fertilization on day zero,
goes through serial cleavages that occur starting at the two cell ertdiygaas 2 days
post-fertilization, until more than 200 cells are present in the morula stage4t@ay

day 7 post-fertilization, the first embryonic commitment signal for transdtion into a
blastocyst occurs. An external layer of trophoblast is differentiatedusiraiads the

ICM that will gives rise to the three germinal layers after imptariaof the blastocyst

(B) Invitro isolation of ES cell lines from the ICM of the blastocyst lead to the posterior
differentiation of embryoid bodies, resulting in the generation of the threerger

layers.

These two daughter cells are known as a blastomere which is totipotent, a status
defined by the capacity to derive a complete individual (placenta, extraentryoni
membranes, and embryo). The second cleavage of the two cell blastomésarrdeut
cells, and each successive cleavage results in the doubling of blastonsewktck# fifth

cleavage of 16 cells into 32 cells 3 days after fertilization, the blastomere &t tiogv
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morula stage. (Brauds al. 1988; Kiessling and Anderson 2007; Albestsl. 2008). At
this stage, there is induction of the first embryonic commitment signal @inafdrms
into a blastocyst, composed of an external layer of trophoblast that gives rise to the
placenta and an internal group of cells called the inner cell mass (ICMIClvhis what
gives rise to the embryo (Kiessling and Anderson 2007; Alleedls 2008). ICM cells
are pluripotent, meaning they can differentiate into any cell type fronhithe t
embryonic layers, but cannot become placental tissue (Thoehabri998; Reubinofet
al. 2000). At this stage, the blastocyst arrives in the uterus, where the ICMdud s
differentiation event, taking on a flat appearance and giving rise to theipeimit
endoderm. The primitive endoderm creates the extra embryonic membranes, including
the amniotic sac that contains the fetus during development (Enders and King 1988).
Interaction of the blastocyst with the endometrium starts implantation on the day
after fertilization; the trophoblast invades uterine epithelium and placambation
begins (Georgiadest al. 2002). After implantation, the bulk of the embryonic stem cells
begin undergoing differentiation events that commit them into the three gerayies,|
the outer germ layer, and ectoderm, is the precursor for the epidermis and the nervous
system. The inner germ layer, endoderm, is the precursor for the gut, lungeanthe
middle germ layer, mesoderm between ectoderm and endoderm, is the precursor for
muscle and other connective tissues (Peadtah. 2002; Kiessling and Anderson 2007,
Albertset al. 2008).
In researchin vitro techniques have been used to develop embryos up until the
blastocyst stage when the ICM can be isolated and maintained as an emstgomnell
line in culture that preserves pluripotency and self-renewal features pesssges
(Thomsonret al. 1998). Additionally, this preserves the abilityvitro to differentiate into
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embryoid bodies (EBs) of any cell type from the three embryonic layesogerm,
ectoderm and endoderm) (ltskovitz-Elabal. 2000). When ES cells are injected into a
mouse with immune suppression, the ES cells have the capacity to form ten@omas
vivo. These teratomas can contain structures that resemble gut epithelium (endoder
layer), smooth and striated muscle (mesoderm layer), and neural epitheliade(m
layer) (Caricasolet al. 1998).

ES cells are classified into the following three categories accomlithgit level
of potency and plasticity: (1) totipotent cells have a capacity to giveorese éntire
organism (e.g. blastomere), (2) pluripotent cells have the ability to geséortbe three
embryonic layers but cannot develop extra embryonic tissue and a fetus (e gSICM/
cells), and (3) multipotent cells have the ability differentiate into matmasc cells for
a specific tissue and have lost the ability to differentiate into any otbee tigpe (e.qg.
hematopoietic stem cells that differentiate in red and white blood cells daakk{zpn
Currently,in vitro, human ES cells have been differentiated into neuroectoderm
(Carpenteet al. 2001; Schulzt al. 2003; Ben-Huet al. 2004), hematopoietic
progenitors (Chadwickt al. 2003), endothelial cells (Gerecht-Niral. 2003),
osteoblasts (Sottilet al. 2003), cardiac muscle (Kehettal. 2001; Mummernyet al. 2003;
Mazhari and Hare 2007; Yamrgal. 2008), pancreatip cells (Assadt al. 2001; Burke
et al. 2007), hepatic cells (Rambhaétsal. 2003), and skin cells (Greehal. 2003). ES
cells differentiation into functional cell fate lineages of pancreas, lagmmeural
systems are under constant scientific research.

ES cell embryologic development research has evolved for different tygmse t
to determine and validate of possible tissue engineering techniques for potantial cl
applications. For example, the pancreas is an organ that plays an important role in
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glucagon production which is essential for glucose regulation. Diabetes sypaused
by the disruption of pancreafccells in the langerhans islets, allowing deregulation of
glucose levels (Burket al. 2007). Diabetes is treated by exogenous insulin injections.
However, pancreatic cell transplantation can offer a better permaneidrsdbuit
insufficient numbers of compatible cells prevent this from being a succdssfapéutic
approach (Korsgree al. 2005). Instead, ES cells differentiated and derived into the
pancreatic cell lineage could be a solution for this disease that affectgiaisdy 5
million people worldwide (Liet al. 2007). Myocardial infarction is another example
where ES cells could be derived into cardiac muscle cells as a treatmeplate
damaged cardiac tissue, and in patients with potential heart failure; use df ES ce
transplants as a source of cardiac cell remodeling could be part of cardidiyeotec
therapy (Mazhari and Hare 2007; Mazhari and Hare 2007; ¥#aaig2008). A final
example is use in traumatic spinal cord injury that usually results in isibleedamage
and disability. Transplanting ES cells derived into neuroprogenitors could be arsoluti
for regenerating and repairing this damage, and, after supportive physiaplytreuld
offer recovery from that disability (Ben-Het al. 2004).

ES cell studies continue to evolve with the development of better protocols to
direct differentiation and ensure genomic stability of specific, fanaticell lineages

derivatives to be used in cell transplantation and tissue regeneration appdicati

1.1.2 Pluripotency and self-renewal of embryonic stem cells

As mentioned, pluripotency of early embryonic stem cells is maintained through
key transcription factors, including OCT4, NANOG, and SOX2. These are considered t

be the three master regulatory genes that control pathways of pluripotefiosneelal,
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surveillance, and cell lineage determination (ebhl. 2006). They function as
transcription factors that bind downstream target sequences of pluripotent genes,
including fibroblast growth factor-4 (FGF4), undifferentiated embryonic cel
transcription factor 1(UTF1), F-box protein 15 (FBX0O15), and left-right detetiaima
factor 1 (LEFTY1) (Vallieret al. 2005). OCT4, NANOG, and SOX2 regulate their
expression directly via positive feedback loops. Several reports have asdhibhat
OCT4, NANOG, and SOX2 are the main transcription factors responsible for @iogres
of early embryonic developmemtvivo and ES cell maintenanoevitro (Abeytaet al.
2004; Boyeret al. 2005; Babaiet al. 2007; Masuet al. 2007). Recently, Yu & Thomson
et al. 2007 and Takahashi al. 2006 have demonstrated that these three master genes
work together in concert with two additional transcription factors, nameiyc and
Klf4, to reprogram adult cells into induced pluripotent stem cells (iPS) from both
embryonic and adult fibroblasts. Although it is known that leathyc andKIf4 function
either directly or indirectly as oncogenes, their roles in early embryonstagenentn
vivo relative to OCT4, NANOG, and SOX2 are less defined

The OCT4, NANOG, and SOX2 transcription factors are expressed in
undifferentiated ES cells (Boyetral. 2005; Leeet al. 2006; Creyghtomet al. 2010).
Experiments which use interference RNA (RNAI) to selectively turnastheone of
these genes, one or two at a time, provide clues as to their function during early
embryonic development. For example, when both OCT4 and NANOG are silenced, cells
lose their pluripotency and show inappropriate differentiation to inner cell mass,
trophectoderm, and extra embryonic endoderm (Chanebaks2003; Alon 2007; Hiet
al. 2009). The promoter region of 623 genes contains the target sequence (ATGCAAAT)
for OCT4, 1,271 genes contain target sequences for NANOG and 1,687 genes contain
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target sequences for SOX2. Also, OCT4, NANOG, and SOX2 are co-involved and
overlap in promoter regions of at least 353 coding genes (Bbgkr2005; Chieet al.

2010; Fernandez-Tresgueretsl. 2010).

1.1.3 Differentiation of embryonic stem cells

Essential cellular processes ensure correct body formation duriggeedtyonic
development. First, cells proliferate by embryonic cleavage stage=lhlin the body
originate from one cell (egg after fertilization). Second, cell speai#din from the ICM
to all the cells in the body is produced with their specific features. Third, arhations
coordinate signals between cells and the surrounding environment. Fourth, cdibmigra
causes cell assembly during embryonic development into tissues and organs €Albert
al. 2008).

Functional genomics studies aimed at identifying key regulatory gewealséd
in the initiation of differentiation events have shown that LIF, bone morphogenesis
protein 4 (BMP4), wingless-type MMTYV interaction site family (WNT)daFibroblast
growth factor- beta (FGB} are all factors that play important roles in differentiation
signaling pathways (Niwet al. 1998; Yinget al. 2003; Goldsteirt al. 2005). Initially,

ES cells were isolated and maintained on mouse feeder layers that suppt&ld cr
growth factors for ES cell survival. Individual growth and inhibitory factoxehzeen
identified from these early experiments and have led to the discovery thali€&a be
maintained without feeder layers if the cultures are supplemented withALtiEN
cultured ES cells are deprived of LIF, differentiation to primitive ectodecureChen
et al. 2008). Therefore, LIF has the ability to maintain ES cells in a stable pluripotent

statein vitro. Also, the differentiation into skin and neural ectoderm is mediated by
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BMP4 and WNT, respectively (Goldsteghal. 2005). BMP4 is also a regulator of germ
cell development in the mouse embryo (Lawsbal. 1999) and acts to inhibit neuro-
ectoderm development while allowing differentiation to mesoderm (&tiag 2003).
WNT is a secretory protein that controls the cell cycle during mouse and human
embryogenesis. The WNT pathway is activated during ES cell culturing in alsenc
MEF and retains undifferentiated characteristics for short periods of 3Hneldys).
During embryoid body formation, WNT inhibits the secreted frizzled-relatetipr2

(SFRP2) signal and leads to neural development ¢ato2004).

1.1.4 Genomicinstability in embryonic stem cells

DNA genomic instability is an accumulative process that leads to genessiqr
deregulation as a mechanism of ES cell culture adapiatitro or tumor
transformationin vivo. Genomic instability is originated by different changes on single
tandem repeat sequences, accumulation of point mutations, deletions, insertions, non-
sense mutations, and numerical and structural rearrangements in the chrosn®fioae
2006; Imaiet al. 2008; Martinez and Kolodner 2010). Genomic instability can lead to the
disruption of gene expression network modulators that govern cell survival and growth
advantages favoring adaptation duringitro culturing (Niwa 2006).

Chromosomal instability (ClI) displays disruption of DNA replication, tel@me
maintenance, DNA repair, chromosome condensation, sister chromatid cohesionl, and cel
cycles (Wanget al. 2004; Weaver and Cleveland 2007; Bardeal. 2008). Unrepaired
genetic alterations have been shown to lead to oncogenesis, and these genetic chang
mainly affect self-renewal, cell differentiation, apoptosis, and celesycesulting in

uncontrolled increases of cell growth. In this way, ES cells have a growth agsiamt
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vitro (Brimble et al. 2004; Maitra et al. 2005; Olariu et al. 2010). Karyotype
abnormalities determined by cytogenetic analysis, comparative gehgbridization
(CGH), or single nucleotide polymorphisms (SNP) have been reported by maryl€S ¢
laboratories (Drapeat al. 2004; Inzunza&t al. 2004; Maitraet al. 2005; Mitalipovaet al.
2005).

Initially, the most frequent karyotype alterations showed in ES iceli$ro is
gains of chromosomes 12 [isochromosome 12p (i12p)], 17q and X (Summetralgill
2001). Trisomies in chromosomes 1, 2, 3,7, 8, 9, 11, 13, 14, 18, and 20 have also been
reported but at a lower frequency (Drapeal. 2004; Inzunzat al. 2004; Maitraet al.

2005; Mitalipovaet al. 2005). These abnormalities have been observed during the
oncogenesis process for tumors such as testicular germ cell tumors, sesnizomna
choriocarcinomas (Abeytt al. 2004; Mitalipovaet al. 2005). Similar to tumor cells, the
unstable chromosomes of ES cells carry genes involved with cell growth, ssifaien
and pluripotency. It is well established that CI occurs during later passagesgmal of
adaptation in ES celis vitro (Maitraet al. 2005; Mitalipovaet al. 2005).

Interestingly, Cl occurs in the key pluripotent gene NANOG that is located i
chromosome 12p13.31 (Lindgrenal. 2011). Overexpression of this gene has been
observed to promote self-renewal, prevent differentiation, and give advantagesito the
vitro adaptation mechanism (Chambetral. 2003). Other associated gene such as the
developmental pluripotency associated 3 (DPPAS3 also known as STELLA) geresllocat
in the 12p13.31 region, codes for a protein that functions as a transcriptional repressor
and is in charge of maintaining cell pluripotency (Nakanatied. 2007). The growth
differentiation factor 3(GDF3) gene, located in the 12p13.1 region, is a member of the
bone morphogenetic protein (BMP) family and the transforming growth fhetar
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(TGF) superfamily that regulates cell growth and differentiation during yogenesis
(Levine and Brivanlou 2006). The Cyclin-D2 (CCND2) gene, located in 12p13 region, is
a regulator of CDK kinases that regulate cell cycle G1/S transitioass{dl. 1999).

Indeed, the 12p12.1 region has been reported to be a critical region for mutations and
instability because it contains the oncogene vi-ki-ras 2 kirsten rat sarc@hanaogen
homolog (KRAS) that is involved in tumorigenesis (€podl. 2010) and the SRY sex
determining region Y-box5 (SOX5) gene which is responsible for deteronnaticell

fate during embryogenesis (Martinez-Mora¢eal. 2010).

Another unstable chromosome found in ES cells lines is chromosome 17. Several
groups have reported that ES cells tend to gain material from chromosome region 17q
(17921 and 17g23.2) (Thomsenal. 1998; Azuhatat al. 2001; Drapeet al. 2004;

Maitraet al. 2005; Mitalipovaet al. 2005). Interestingly, the antiapoptotic gene

baculoviral IAP repeat containing 5 (BIRC5) is located in this region. Alsege
abnormally up-regulated in ES cell lines with 17p11.2 aberrations are the top@semer
DNA Il alpha (TOP3A) gene located in the 17p12 region, mitogen-activategiprot
kinase 7 (MAPKY7), and growth factor receptor bound protein 2 (GRB2) are both located
in 17924 region. These three genes are responsible for maintaining cells in an
undifferentiated state and reducing apoptotic signals through transcriptioati@gul

during proliferation, differentiation, and embryonic development (Azudtatia 2001;
Blagoevet al. 2003; Temime-Smaadt al. 2008; Rousseaet al. 2010).

Another chromosome that shows instability in some ES cell lines is the X
chromosome which has been shown to have multiple copies (Tharelot998;

Spergetlet al. 2003). Gains of an X chromosome can cause failure of X inactivation when
the X (inactive)-specific transcript (XIST) gene is not expresspdr(feret al. 2003).
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Some female ES cell lines do not express the XIST gene and their undiffecentiat
progeny shows active X chromosomes. It appears as though X inactivation occurs
through differentiation progression (Dhara and Benvenisty 2004). Oncogenes, such as
members of the ETS (ELK1) oncogene family located in the Xp11.2 region and v-raf
murine sarcoma 3611 viral oncogene homolog (ARAF) located in the Xp11.4 region, are
cell signaling molecules present in X chromosomes and may be involved in cell growth

and development (Wet al. 1996; Yanget al. 2003; Allegruccet al. 2007).

1.1.5 Epigeneticinstability in embryonic stem cells

Epigenetic factors regulate gene expression without changing DNA seguenc
Promoter methylation or chromatin assembly modifications are resporuilbhess
modulation of gene expression during pluripotency and cell lineage commitangnt e
during embryonic development. ES cell lines carry inherent differenggsim
expression and epigenetic modifications, including changes in the DNA methylati
patterns of genes required for pluripotency, self-renewal, and different{@tilegrucci
et al. 2007). Under appropriate differentiation conditions, ES cells have the potential to
become any and all cell types in the human body (Skiatia2002; Jaenisch and Bird
2003). Transcriptome deregulation, DNA methylation losses or gains, histonkatamety
and chromatin remodeling modifications can be acquired over time in B8 a#&ib
cultures and are examples of epigenetic alterations (Jaenisch and Bird 20ig@nekc
deregulation leads to reactivation of imprinted genes that lead to a loss of phaypote
and promotes cell differentiation or cell transformation.

DNA methylation is an epigenetic modification that regulates gene expnes

during cell proliferation, differentiation, imprinting, nucleosome remodeling, and X
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chromosome inactivation. OCT4, SOX2, and NANOG are unmethylated in ES cells and
become repressed g novo DNA methylation as a signal of lineage commitment

during early cell differentiation. The methylation patterns are mamdisacross the
subsequent cell divisions, ensuring the epigenome cellular program of thatspecif
lineage commitment (Ahmed al. 2010). Promotor hypermethylation of genes
responsible for embryonic development and cell differentiation are aloepai@netic
modification for ES cell maintenanaevitro (Allegrucciet al. 2007). This silencing of
developmental genes is maintained between subsequent cell cycles (JaehBiH a

2003). In addition, the regulation of gene expression can be mediated by methylation of
promoter regions associated with CpG islands which are also referreditie@ntially
methylated regions (DMRs). Usually, these DMRs are tissue sp&iifictaet al.

2002). The culture environment induces chromosomal and genomic instability in DNA
methylation patterns and confers adaptation of ES iceli$ro to maintain an
undifferentiated state over extended periods of time through methylation changes a
sensitive loci. In contrast, DNA hypomethylation is frequently seen in ESdreingin

vitro expansion anth vivo cancer transformation. Establishment and maintenance of
DNA methylation is important in ES cell development, expansion, and genomidtabil
(Kim et al. 2004).

Effects of genomic instability and DNA methylation on mutation rates areamow
important research focus for improving the culture environment of ES celtsl@ddor
therapeutic uses. Changes in the DNA methylation of gene promoters in undiffecentia
cell during long-termn vitro expansion have been observed for imprinted genes such as
insulin like growth factor 2 (somatomedin A) (IGF2) involved in embryonic
development, and X-inactivated specific transcript (XIST) in charge of Xivadion
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(Allegrucciet al. 2007). ES cell lines are characterized by a set of criteria that change
during cell line development and differentiation. These criteria include diffesan

gene expression and can be observed in alterations of allelic expressionnteainpr
genes such as XIST, which is a crucial gene for X-inactivation (AdewiLethi2007;
Shenet al. 2008).

Invitro culture of ES cells contributes to changes in CpG methylation patterns
and genomic instability in different cell lines established over the yeanskinset al.
2002). The initiation and maintenance of XIST is extremely important for embrgsige
and adult cell physiology (Shenal. 2008). Demethylation of XIST promoter CpG
islands have been related to increased levels of gene expression of X-linkedgemas
plastin 3 isoform 1 (PLS3) located in the Xg23 region, retinoblastoma binding protein 7
(RBBP7) located in the Xp22.2 region, and SWI/SNF related matrix associatectiand a
regulator of chromatin subfamily A member 1 (SMARCAL) located in the Xg2bmegi
which are responsible for chromatin remodeling é&/al. 2009; Wirtet al. 2010). ES
cell databases showing differentiation-associated gene expressidedabhah ES cell
lines exhibit patterns of loss of methylation in genes that are normatgguated
during cellular differentiation. These changes in methylation are aslasto those that
occur during tumorigenesis (Smiraglia and Plass 2002; Bakéer2007). In comparison
to cell transformation during tumorigenesis, hypomethylation can induce ntallitsa
instability and chromosomal instability (Edetral. 2003). DNMT1 and MLH1 have
binding sites for several genes involved in DNA replication (Ughal. 1996; Guaet al.
2004; Athanasiadoet al. 2010; Seret al. 2010). It has been reported that human MLH1
is silenced by a hypermethylated pattern in its promoter CpG islands in1l&h20%6 of
colorectal cancers that exhibit MSI (Inghial. 2008). This association of DNMT1 and
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MLH1 in the same pathway of genomic instability confirms that down-regulafi gene
expression is due to changes in the epigenetic patterns of DNA methylatigaeest

al. 1997; Gucet al. 2004).

1.1.6 Applications of embryonic stem cell

More than 100 companies in 300 countries are interested in regenerative medical
applications of ES cells (Parson 2008hprovements in the standardized protocols for
ES cellin vitro culture maintenance, isolation in xeno-free conditions, specific
differentiation in all different cell lineages of the body, and large scalaigtiod can
only continue depending on the scientific discoveries detailing the speoiicad which
ES cells can be safely used in clinical applications (Hslah. 2010). Complete and
constant interaction is needed between scientists and clinicians for theogedéct
appropriate patients that could be candidates for ES cell transplants. AlthoughsES ¢
are the source of restoring tissue function, they need the best availaldeshisgonment
to guarantee their completevivo stability and functionality.

Clinical studies have evaluated and validated protocols to direct cell lineage
specificity into one of three different embryonic layers. An example is thetfatase
of ES cells for pancreatic tissue development. Researchers studied themegveal
transcription factors involved in pancreatic differentiation and the deteromnati
activin and fibroblast growth factor-2 (FGF2) that mediated pancreateElabmentn
vitro (Burkeet al. 2007) One goal is to drive these pancreatic cells into spdtifiells
for insulin production (Doet al. 2004; D'Amouret al. 2006). Another example is the
potential use of ES cells for cardiac tissue regeneration; embryoid bodies show

contractile cardiac muscle characteristics and are troponin positive. lagp&tion in
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rats has shown improvement of cardiac function after ES cell transplanét(Mir2003;
Zhouet al. 2008). Yet another example is the potential use of ES cells to regenerate
neural tissue. This has been studied in primate ES cell lines differentiated into
dopamanergic cells for treatment of a primate Parkinson disease modél(Betral.

2004). In mice, transplantion of oligodendrocyte progenitors increased myelination and
locomotion (Keirsteadt al. 2005). These are a few examples of the successes in
transplanting ES cells for use as a source of cells in tissue regeneratidgfefent

pathologic approaches.

1.1.7 Cadl transformation and tumorigenesis signaling

Cell transformation signals are similar to signals for cell speatain during
early embryonic development. Several studies have reported that tumor cedlsserpr
pluripotency genes allowed cell proliferation and tumor formation @ak 2007;
Ratajczaket al. 2010; Lindgreret al. 2011). Cancer cells have been shown to have both
genomic instability and hypermethylation of DNA repair and tumor suppressor
mechanisms, aiding tumor initiation and progression. Evans, et al, reported the
similarities of morphological characteristics between embryo carcicoinaies and the
blastocyst inner cell mass which are known for their variety of undiffetedtsaem cells
and differentiated cells from the three germinal layers (Evans and Kauff81).

In normal cells, methylation patterns are maintained across cell divisialys
allowing gene expression of tissue-specific genes necessaryltdarckinctions. Cancer
is induced by disruption of these methylation patterns established durirrgmlitiéion
or duringde novo methylation early in embryonic development (Calvareesé 2008).

Deregulation through hypermethylation of tumor suppressor genes during tumor
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transformation have been reported in p53, BRCAL, RB1, INK4, APC, PTEN, and p21
(Melki et al. 1999) and hypomethylation of oncogenes such as RAS, BCR/ABL, CCND1,
ERG1, MYC, EGFR, and FOS. Mutation noted in KRAS and p53 are examples of those
originated by oxidative stress damage to the cells leading to missera®nsutommon

in different cancer types such as glioma, liver, and bladder cancer (&alch008).
Deregulated MMR mechanisms have also been induced by genomic insthaétlity t

allows accumulation of mutations leading to tumor transformation (Rodrigumeéndret

al. 2008) ensuring cell proliferation and avoiding apoptosis signals.

The environment can affect genomic integrity and induce epigenetic changes
responsible for losses in repressive chromatin in developmental genes. Theseagene
then become active and lead the cell to oncogenic transformation, contributing to
expansion and migration of tumor cells in the body. Developmental genes showed
particular histone patterns that ensure gene silencing in specialzesl titowever,
modifications in histone during differentiation lineage commitment are respenar
mutations in somatic cells. These tumor stem cells then initiate tumonoaasibn

(Guptaet al. 2005; Inceet al. 2007; Imaiet al. 2008).

1.2 Significance of theresearch

Understanding critical pathways of pluripotency, self-renewal, and eliffiation
during early development is important for the evaluation of the therapeutic pbténti
ES cells because of their potential for tumor transformation due to genetic agadetigig
instability acquired duringn vitro culture maintenance. ES cells are a perfect model in
developmental biology studies due to their potential to differeritiaiéro. Cultured ES

cells and embryoid bodies can be used as a model for determination of the earliest
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embryonic developmental pathways of pluripotency and self-renewal that leal to cel
lineage commitmerin vitro. Refinement of culture systems will allow the differentiation
of specific lineages that are a source of all types of cells for regieearsedicine. They
provide an ideal population of lineage-specific cells that can be used as a nstetel &y
measure toxicity and pharmaceutical drug safety. Genetically nobdfecells with
specific genotypes provide a model for understanding mechanisms of diseasenni
progression, and treatment. Determining genetic and epigenetic modificationdingcl
single tandem repeat instability, gene expression changes, and chromatinatonl,

are essential for determining potential biomarkers for diagnostic purposesshee ES

cell stability and integrity needed for regenerative medicine.
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CHAPTER Il
DEVELOPMENT OF SINGLE TANDEM REPEAT SEQUENCE MULTIPLEXES
FOR HUMAN EMBRYONIC STEM CELL EVALUATIONS OF GENOMIC

AND EPIGENOMIC INTEGRITY DURINGIN VITRO CULTURE

2.1 Abstract

Twenty multiplexes with 64 single tandem repeat markers were starethtdiz
determine genomic instability involved in cell differentiation of ES cells afid ¢
transformation in ovarian tumor progression. These multiplexes included markées loca
near pluripotency, self-renewal, differentiation, and chromatin assemidg geach
multiplex showed simultaneous amplification of 3 to 5 markers labeled with FAM or
HEX fluorescent dyes. Standardization was performed in different conditions that
included primer design avoiding overlapping, PCR product size in range of 100 to 400
base pairs (bp), PCR buffer, MgCbrimer, and Taq polymerase concentration.
Additionally, DMSO and BSA reagents were tested at different concentrasons
enhancers of the PCR and different steps on the amplification protocol wer@edami
annealing temperature, final extension time, and number of amplificatiors cCPEI&
conditions optimized for evaluation of DNA integrity by detection of unstable repeat
markers at the single genome equivalent level (25-50 pg/ul) of DNA are mes€hese
conditions ensure sensitivity to detect wild type and mutated alleles at theipaate
frequency ofn vitro samples during and after culture passages, cell differentiation of ES

cells, and cell transformation on ovarian tumor cells.

37



2.2 Introduction

Single tandem repeats (STR) of 2-6 nucleotide units are polymorphic genetic
markers useful in multiple scientific areas such as disease predmpositsceptibility,
diagnostics and prognostics, human identification for forensic cases or fygbeobes,
population genetics, and gene mapping (Shabar 1995; Jakupciak and Wells 1999;
Berget al. 2000; Butleret al. 2001; Collinset al. 2003; Krenkeet al. 2005). Accurate
standardization of genetic markers ensures the efficiency of diagnostic meseods
human diseases such as cancer, neurodegenerative, or fragile sites in am®netsted
diseases.

STR multiplexing refers to simultaneous amplifications of many SmRsa
same PCR reaction. Several reports have been published about multiplexing STR
markers for forensic and cancer research (Beaty 2000; Butleret al. 2001; Muleroet
al. 2006). However, no reports that validate specific STR markers located in close
proximity to specific genes involved during embryonic development, diffetemtja
chromatin assembly, and genomic imprinting pathways exit.

STRs may be potential biomarkers to determine genomic stability duringhhuma
embryonic developmental events. Instability detection in repetitive markertheea
genes could be a signal of pluripotency or differentiation of ES cell linegaimeedin
vitro. Therefore, STR standardization methods are important for ES cell chaedier
and validation for safe application in regenerative medicine. This protocol atowsef
selection and validation of specific STR markers in multiplex sets. Valdaf STR
multiplexes is a novel tool for evaluation ES cell genome integrity duridgtier

culturing in long termn vitro passages.
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2.3 Methodology

2.3.1 DNA samples

Genomic DNA was isolated from blood samples donated for this research by
informed consent (IRB approval number 11-088) and ES cells H1-WAOQO1 and H7-WAQ7
purchased from the National Stem Cell Bank — Wisconsin International StéBagkl
(Appendix B) with the Purelink™ genomic DNA mini-kit (Invitrogen Carlsbad, CA)
following the manufacturer’s protocol. All DNA samples were quantified using a
NanoDrop™ ND1000 spectrophotometer (Thermo Scientific, Wilmington, DE).
Titrations of DNA were made at different concentrations from 500l pg/225 pgful.

High DNA concentrations were used for amplification of both wild type albatelslow
concentration (single genome equivalent DNA concentration) that allowtidate€wild

type and mutated alleles with accurate frequency.

2.3.2 Selection of tandem repeat sequences

We located 312 tandem repeats containing repeat motifs (mono- , di-, tri;, tetra-
penta-, and hexanucleotide repeats) located in or near promoter regions af geeeis
involved in pluripotency, self-renewal, differentiation, chromatin assembly, and
imprinting (Appendix A). To determine the presence of tandsreat motifs near
promoter regionsye analyzed gene sequences 1000 bp upstream and downstream of the

promoter using the UCSC Genome Browser (http://genome.ucsc.edu/¢gifurthe

NCBI database (http://www.ncbi.nim.nih.gov/genome/sts/shs.8gotal of 3,489 target

genes involved in pluripotency and self-renewal were analyzed: 623 geneshlieahbgr
OCT4 transcription factor, 1,587 genes transcribed by NANOG transcription factor,

1,279 genes transcribed by SOX2 transcription factor, and 353 genes transcribed by
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OCT4, NANOG and SOX2 transcription factThe target genes of OCT4, NANOG &
SOX2transcription factc database are available at

www.wi.mit.edu/young/hESregulatic (Boyeret al. 2005)

2.3.3 Primer design

2331 Softwaredesigner

To select the ideal oligonucleotide to be standadiby high concentration DN
(500 pgfl) and low concetration DNA (single cell DNA equivaler®0 pgfu or 25
pa/iul), primers were designed to amplify identified $engindem repeats in promo
regions with oligoperfect designer softwre

(http://tools.invitrogen.com/content.cfim?pageid=9) (Invitrogen,Carlsbad, C)). This

software facilitates thdesign of oligonucleotide primers when target seqas are i
FASTA format.These oligonucleotide sequences were validatedd8C Genom:

Browser http://genome.ucsc.edu/-bin/) to confirm the chromosomal location a

DNA sequence that contained the specific repeatesesg of interes

2.3.3.2 Genebank primer sequences

Other markers were identified specific genes using the NCBI datak

(http://www.ncbi.nlm.nih.gov/unists The respective primer sequences identified in

database were validated using the UCSC Genome BrowsAppendix A, 31:
identified tandentepeat motifs located in promoteroximal regionsof important
pluripotency, selienewal, differentiation, chromatin assembly, angrinting genes ar

summarized.
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234 Singleplex PCR optimization

Before standardization of primers, we collected the STR markerieneeallele
size, motif, and primer concentration reported in NCBI database and previous public
reports. We used BLAST with the designed primers to check for potentiallyveegat
primer interactions. Fluorescent primers were purchased from IDT (@lexdi&) at 100
uM. The labeled dyes used were 6-FAM (blue), HEX (green), and NED (yellow). For
initial testing, forward and reverse primers were combined at a final coattemtof 25
uM each to create a singleplex primer stock.

Each STR primer pair was optimized to obtain amplified products with robust
signal intensity and balanced peak heights from DNA samples in three catioestr
500, 100, and 50 pgl. Each locus was standardized in single PCR reactions to optimize
the primer balance (concentration), specificity, and sensitivity of eaphfeed signal
from each STR. The final concentration of primers was tested with two conicersra
(0.8 and 1.5uM). PCR amplification was carried out in a total reaction volume ofl 10
that contained: 1X of buffer D (800 mM Tris HCL, 200 mM (M$Q4, 0.2% wiv
Tween 20) (US DNA, Fort Worth, TX), 2.5 mM of MgQlUS DNA, Fort Worth, TX),

1.25 U of Hot-MultiTag DNA polymerase (US DNA, Fort Worth, TX), 300 uM of

dNTPs mix (Applied Biosystems, Foster City, CA). PCR was performed on a PE 9600
thermocycler (Perkin Elmer, Waltham, MA) using the following protocol: lecg€l

95C for 11 minutes; 30 cycles (ramp 4 minutes ta94old for 10 seconds and ramp 50
seconds to 7€, hold for 60 seconds); then, final extension of8fr 30 minutes, and

hold at 4C. Negative controls were included for each run to check for contamination and

dye artifacts.
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235 Multiplex PCR Optimization

After optimizing all STR markers with single marker PCR reactions,egar
selection for multiplexing primers based on allele base pair (bp) sizenditkers set per
multiplex were organized between ranges of 100-400 bp. Determined spacerbetwe
markers was estimated, which is dependent upon the number of bases in the repeat motif
(Idury and Cardon 1997). For example, shorter distances are needed between
mononucleotides and dinucleotides, and larger distances are needed betweenfri-, tetra
or pentanucleotides markers. Primers were multiplexed together acctordiimilarities
in primer concentration, repeat motifs (mononucleotides with mononucleotides,
dinucleotides with dinucleotides, etc), and primers with the same fluoresiceh{da
FAM, HEX, or NED). Two different concentrations of DNA were used, 10Ql@gid 50
pg/ul, and the final concentration of primers that was determined for singlegRxWe
tested different conditions and concentrations for PCR to ensure co-ampilifioathe
primers in each multiplex designed. The following different PCR components and
concentrations were tested: standard buffer with 800 mM Tris HCL, 200 mly)AB{®,
and 0.2% w/v Tween 20 (US DNA, Fort Worth, TX), two concentrations of M@Q
and 2.5 mM) (US DNA, Fort Worth, TX), and three concentrations of Hot-MultiTaq (1.5,
2.0, and 4.0 U) (US DNA, Fort Worth, TX). Each component was tested individually as a
series of titrations around a singleplex optimized condition. PCR was performed on a
PE 9600 thermocycler (Perkin Elmer, Waltham, MA) using the following protocol: 1
cycle of 95C for 11 minutes; 30 cycles (ramp 4 minutes ta94old for 10 seconds and
ramp 50 seconds to 70, hold for 60 seconds); then, final extension o6®r 30
minutes, and hold at@. Negative controls were included for each run to check for

contamination and dye artifacts.
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2.3.6 PCR enhancers

Amplification sensitivity was test with PCR enhancers by using two
concentrations of dimethylsulfoxide (DMSO) (2 and 4%) and bovine serum albumin
(BSA) (0.2 and 0.4 mgl). DMSO decreases hydrogen bond formation between DNA
strands, and BSA helps stabilize and enhance DNA polymerase activity dufng PC

amplification (Sahdewet al. 2007; Eilert and Foran 2009) (Figure 2.1).

2.3.7 Final PCR standardized conditions

PCR amplifications were performed in a total reaction volume of 10 pl containing
1X of buffer D (800 mM Tris HCL, 200 mM (NHhLSO,, and 0.2% w/v Tween 20) (US
DNA, Fort Worth, TX), 2.5 mM of MgGl(US DNA, Fort Worth, TX), 1.25 U of Hot-
MultiTaqg DNA polymerase (US DNA, Fort Worth, TX), 4% of DMSO (Sigma Aldrich,
Saint Louis, MO), 0.4 mg/ml of BSA (Thermo Scientific, Rockford, IL), 300 uM of
dNTPs (Applied Biosystems, Foster City, CA), and 1X of Solution L (US DNA, Fort
Worth, TX). Primer concentration, sequences, genebank information, and dye label for
each of the 64 STR primers are shown on Table 2.1-2.2. PCR ramping protocol: 1 cycle
of 95C for 11 minutes; 1 cycle of 96 for 1 minute; 10 cycles of [92 for 30 seconds,
ramp 68 seconds to &8 (hold for 30 seconds), ramp 50 seconds t€ 7Bold for 60
seconds)]; 25 cycles of [9D for 30 seconds, ramp 60 seconds t€5&old for 30
seconds), ramp 50 seconds toC7(hold for 60 seconds)]; 1 cycle of 60for 30 minutes

for final extension: and hold@.

2.3.8 Detection and analysis of PCR products

Detection of PCR products did not vary throughout standardization of the process.

A volume of 0.5l for each amplified product was mixed with 4 d%f Hi-Di™
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Formamide and 0.1@ GeneScan™ 500 LIZ Size Standard (35-500 bp) (Applied
Biosystems, Foster City, CA) and denatured for 3 min & @5d detected on a Genetic
Analyzer AB3130xI (Applied Biosystems, Foster City, CA). Data wadyaed with
software GeneMapper version 4.0 (Applied Biosystems Foster City, CA). uatign

of the allele size in comparison with the internal lane size standard (Genesdda 500

size standard) was scored for each sample replicate per marker.

24 Resaults

24.1 Singletandem repeats arelocated near embryonic developmental genes

Three hundred twelve STR markers were initially selected by location near
embryonic developmental genes. Sixty-four STR markers were succestdulilardized
and organized in 20 different multiplexes. Chromosome location, PCR product length
range, repeat motif, Genebank number, fluorescence dye used for labeling #re prim
concentration, and sequences of each primer are reported for each STR marker
characterized (Table 2.1 and 2.2). From these 64 markers, 11 were related to
pluripotency genes, 33 were related to differentiation genes, 12 were relatednaiin

assembly genes and 8 were related to imprinting genes (Table 2.3).

24.2 Sizeof repetitive markers

Repeat motifs were found to be important determinants for STR marker selection.
STRs with a minimum six repeat units, including those with mononucleotides to
hexanucleotides motifs were selected. Dinucleotides and tetranucleotdesra
common across the genome than trinucleotides and pentanucleotides @ allins
2003). Out of 64 markers that were standardized in section 3.1, 5 are mononucleotides,

45 dinucleotides, 1 trinucleotide, 11 tetranucleotide, and 2 pentanucleotides across the
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genome (Table 2.1). Note that all these markers are located in intragenic, coding or un
translated regions either upstream or downstream of embryonic developgesreal

promoters.

24.3 Optimization of PCR conditionsin order to detect repetitive sequences

2431 Primer concentration

Primers were standardized in singleplex reaction to determine optimal
concentrations to ensure independent amplification of the STR fragment fromathe tot
DNA in the reaction. Primers showing similar conditions of amplification were
organized in multiplexes of 3 to 5 STR markers in a size range of 100-400 bp to avoid
overlapping of the allele peaks that could impede data interpretation. Siroukane
amplified products of these multiplexes were analyzed and the concentration of the
primer was empirically adjusted to achieve a homogeneous height if a multiphex pr
balance displayed heterogeneous allele peak height or some markerofailed f
amplification. Several adjustments of primer concentrations were made uimiizept
simultaneous amplification of markers in each multiplex without twofoldreiffees in
peak heights were achieved. STR markers were removed if they did not show better or
balanced amplified products in comparison with other STRs. For this reason, some

multiplexes have 3, 4, or 5 STRs each from the total of 20 standardized multiplexes.

24.3.2 PCR standard components

A balanced amplification of the STR in multiplexes was obtained using sklecte
concentrations of MgGht 2.5 mM. In contrast, higher concentrations of MgCl

displayed an increase of unspecific peaks that negatively affected dhatdgbretation.
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Final concentration of Taq polymerase was 1.25 U as non-specific differences were

observed with higher Taq polymerase concentrations.

24.3.3 PCR standard conditions

Annealing temperature was also tested at three different points: 58°C, 59°C, and
60°C. Protocols of forensic STR standardization have reported that higher melting
temperatures improve STR amplification in multiplexed PCR (Betlak. 2001). We
found that 59°C was an optimal annealing temperature to our multiplexes observing tha
58°C allowed poor amplification of some markers and 60°C increased non-specific
amplifications.

Number of amplification cycles varied among 30, 35 and 40. The optimal cycle
number was set at 35 due to the fact that all markers displayed an averagegigah hei
a range of 1000 to 2000 relative fluorescent units (RFU) at single DNA genome
equivalent concentration. After 40 cycles of amplification, non-specific pegleased
and interfered with allele identification.

The final extension step of PCR protocol allows the addition of adenines to the 3’
end of the double strand DNA during 30 minutes at 60°C. This step minimizes split
peaks, ensuring that all amplified products are the same length and optimal $impe. T
facilitates differentiation of wild type andutated alleles (expanded or contracted)

(Brownsteinet al. 1996).

244 PCR enhancersincreased successful amplification of STR multiplexes

Some samples showed low amplification rates using initially standardized
conditions. During the experimental process, reagents known as enhancers offECR we

added to increase the success of amplification of GC rich templates andtdifficul
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templates in very low DNA concentration considered as single cell gerpmalents,

or templates that could make secondary structures (Chakrabarti and Schutt 220 & Ha
al. 2002; Hubéet al. 2005). Dimethylsulfoxide (DMSO) and bovine serum albumin
(BSA) enhancers were used in our multiplexes in order to improve the optimization for
PCR amplification of these markers using single cell DNA equivalent ntatien.

DMSO at 2% concentration did not show significant differences on the amplified
products on the multiplexes in comparison with high concentration of 4% that show
impact on the amplification balance between markers in the multiplex.turtenrzported
that DMSO decreases hydrogen bond formation between DNA strands giving a higher
yield of PCR amplification products (Varadaraj and Skinner 1994; Sad&\2007).

In addition to enhanced multiplex amplification affected by the excess dtiatsi
dye from the multiple primers, we used BSA to help stabilize and enhance DNA
polymerase activity during PCR amplification (Butéeal. 2001; Eilert and Foran 2009).

In the absence of BSA, PCR amplification of a 4 marker multiplex displayed kkv pe
heights in 3 markers (VWWA, TPOX, FGA) and failure for the amplification of on&ena
(D8S1179). In contrast, when BSA was added into the PCR reaction at a concentration
of 0.4mg/ml, BSA enhanced the simultaneous amplification of the same 4 heterozygous
markers resulting in balanced peak heights (Figure 2.1). The results did not show

differences when low concentration of BSA 0.2phg/as used.

245 Resdual dyeartifacts

After PCR amplification, some primers displayed dye artifacts duesiguad dye
impurities from manufacturing processes, improper primer storage that irgiunes

light degradation or continuous freeze/thaw conditions. Filtration of PCR agdplifi
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products is recommended to remove free dye labels that can interfere with data
interpretation and allele designations (Smith and Ballantyne 2007). Redygsatom

some markers were observed and they were identified as a background on the negative
control products (Figure 2.2). To help prevent dye artifacts, primers weee giatected
from light exposure and in small stock aliquots to ensure primer stability. Megati
controls were exhaustively analyzed to differentiate real alégldackground dye

signals on specific markers.

24.6 DNA concentration as a determinant factor on STR multiplexes validation

Large pool PCR amplification (500 and 75ydgif DNA concentration) and
single genome equivalent PCR amplification (50 and 2pl p§/DNA concentration)
were optimized to ensure sensitivity and the efficiency of multiplexes intaeteand
discrimination of wild type and mutate alleles in their corresponding frequencie
Identification of the wild type allele was achieved by PCR amplioe with large DNA
concentration in comparison with low DNA concentration or single DNA genome
equivalents that allow amplification of wild type or mutate allele in eaclpleam
replicate.

Using more than 500 pg/of DNA induced an amplified product with intense
fluorescence that impacted the optimal wild-type and mutated allelesrdistion. This
is in contrast to using lowest DNA concentration (below 2nlptiiat displayed poor
amplification by low peak heights (below 100 RFUs) or complete absence of
amplification on some STRs multiplexes this caused great difficulty in theseand

interpretation of the data. Therefore, the final DNA concentration used rondedte
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single tandem repeat instability between samples in these markerstwasrb25 to 50

pPY/ul.

2.5 Discussion

STR markers have been cataloged as a useful tool in studies of diseasendetect
and progression. The presence of expansion or contractions of STR markers may be a
genetic signal responsible for losses of DNA integrity that induceraaformation.
Disruption of STRs has been involved as a signal that contributes to deregulation of gene
expression in cells. Therefore, studies of genomic instability by STR redr&ee
demonstrated the utility of those markers to predict susceptibility to diseasky
during tumorigenesis.

ES cells have been isolated and maintainedtro during several passages. Some
reports have shown that chromosomal aberrations accumulate after long tesigepas
ES cells (Amitet al. 2000; Maitraet al. 2005). The aim of this study was to determine if
STR instability was present during ES dallitro passages. STR markers located near
pluripotency and differentiation genes were identified and standardized hyTREse
STR markers optimized could constitute novel biomarkers that useful for dea&oni
of ES cell genomic instability. Characterization of STRs is an importantdool f
determining the status of DNA integrity during ES callsitro culture maintenance.

This study demonstrated that these multiplexes are robust and have efficient
reagent concentrations and PCR conditions to amplify ES cell samplediesganf the
DNA concentration amplified, large DNA concentration as well as sing|® sk
equivalent concentration. Strict primer design and PCR conditions are kegnésdor

creating successful multiplexes and ensuring cost-effective advartpgenultaneous
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PCR amplification of different STRs of interest. The ability to deterqroduct
amplification and separation characteristics, such as stutter (qpefaics preceding the
true allele peak) or unspecific amplification artifacts, allowed us tordeterthe specific
range of normal and abnormal allele shifts per STR marker. This was anantport
observation when determining accurate mutation frequencies for unstable reptsithm
independently tested sample replicates.

The reported multiplexes will facilitate the genetic integrity eaabn of ES cell
samples at different times of vitro culture. In addition, the present molecular technique
will open new doors to discovery and validation of new and informative STR markers
that could be used to determine predisposition, susceptibility, diagnostics, and
prognostics of abnormalities occurring during early embryonic development

These PCR combinations significantly impact the sensitivity for deteofi
alleles in their accuracy frequency. Standardization of STR multiplexesoibination
of careful primer design, optimization, and evaluations of PCR reagents andarenditi
needed for robust and balanced STR peaks amplification independent of the DNA
concentration. Additional validations are needed to predict STRs informativity aod whi
of them could give the major sensitivity in ES cell genomic integrity evaluat

Application of STR analysis for detection of genomic instability losdewalthe
identification of target repeat elements on the genome. Instability in BV8&lged
during improper ES cell signails vitro may have the potential to increase the knowledge
about ES cells pluripotency maintenance or cell fate initiation early in embryo
development. In conclusion, specific STR markers could be identified as informative
markers allowing the characterization of ES cells as a safe sourdésdbcesgenerative
applications.
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Table 2.1 Characteristics of single tandem repeats analyzed

|8 Marker name Chlr::::i;;me 511?:;;1 Be Repeatmotif ?fuﬂ}l::f
1 NAMOG 12pl3 159-163 [AAAGIZ (-1

2 D1653034 16g12 268274 (CAN1 Z£32393
3 D1251719 12g21 221-234 [CANE Z£313809
4 D3581341 3gll 273-277 (GAAANLG L186ET
5 DI151636 1g923.3 148-168 [GATA)1G GOTE20
6 D15531 1g23.3 176-184 (GATA)ID G07849
7 D452623 4q23 193-211 (GATA)E GO2380
2 D1251682 12pl12.2 133-143 (CAZ4 £33902
g D11340%90 11g23.1 178-188 [CAYZ3 Z32338
10 D25134 2p23 200-210 (CAY(CEI] 4211
11 D152630 192223 260-270 ({CAN 5 (TA)YS Z31190
12 D1181331 11pl3s 192-196 [CANE Z23080
13 DE52384 Gp22 208-221 [CAN3 531311
14 D73488 Tpl8.6 130-134 (CAZT Z16393
15 D651001 6p 187-193 (TG)16(GA  |GDB:363823
16 D451623 4g31 178-202 [GATAN G02328
17 HISTH4A 6p2l.3 114-130 (Al11 =)

18 HISTHEZ 6p22.1 104-112 Ty (-1

19 D105329 10g22 134-152 (CAYT(CAZO Z£13410
20 D225447 22ql11.2 148-132 (GT)14 BVOT9366
21 D158430 1pil 176-126 (CAYZ1 Z13588
22 D25290 2pld 203-212 (CAZ Z13527
23 D63416 fg2l 234-260 [CANE Z£213615
24 D253327 2g33.1 161-170 (CAYZS Z3300%
25 DE511268 2 198-210 [CA)E BV006028
26 ELF4-1 0g3l 100 (TH0 (-]

27 NAMNOG 12p13.31 159 (CAAAD =)

23 D351383 ip24 146-132 [CAN2 Z213961
29 DX5458 HKg2l.3 182-190 ([CAN6(TA)S 1730
30 D223041 22g11.2 248-254 (TAY (CA)L1 7290
il D951840 9g33 108-116 [CAND £33489
32 D75638 Tp2l.l 158-164 ([CAY22 Z£13643
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Table 2.1 continued

. Markername Ch;':g;;:mﬂ SEE.;;IEE Repeatmaotif Tulxl:l::f
33 D2151909 21g22.1 178-200 (CA)21 Z31272
34 D651698 fpl2 236-242 (CA)LT Z31754
35 D25144 2p23 134-142 (CA)10 Z16833
36 GEE10FROM Tpl2-plll 183-101 (TH13 (=)
37 D1051653 10pl4pil2 202-210 (CA)20 £32361
38 G60403 10g11.23 264-272 (CA)13 G60403
39 D115909 11pl3 143-153 (CANT Z16683
40 D6S2252 Ep2l 108-118 (CA)21 85235
41 D352021 jpl3lpll 110-122 (CA)12 £33326
42 D205821 20g476.4 128-136 (CT)3 G07497
43 IGFZR 6ql6 164-172 (TG (=)
44 D18563 18pl11.3 270-278 (CA)15 L16908
5 | DIRAS3PROM 1p31 104-114 (TV8(TTTTA)34 (-)
46 D451542 4qg213 190-198 (CAMI £23434
47 DXE081 Xgllz2 216-228 [ATCT)12 ID:37760
42 D145583 14221 124-136 (GGAAYS GOTEES
49 D352439 3g12.3 194-206 (GATA)12 GO8268
5 D351611 3p2l3 236-264 (CA)1S Z24553
31 D17382180 17g21.3 92-110 (TTG)3(TTA) 510326
52 EGFE Tpl2 243-236 (CALG =)
33 PEG10PR.OM Tg2l 0g8-108 (CCCCT)3 =)
34 | SNURF10PROM 15g12 230-238 (CT)13 (=)
35 D1653091 16g924.2-g/4 117-125 (CA)ZZ £33416
36 D15468 1q36.3 162-186 (CA)15 £213994
57 TNFa3 6pll 96-112 (CAN1 (=)
38 DNMT3 19 136-144 (CTTT): (=)
39 IGF2PEOM 12 108-122 (TH20 (=)
60 D155983 15923 164-172 (CA)12 52727
61 IGF 12 189-197 (CA)20 =)
62 DX51208 Xpll.23 244-232 (CA)15 £213944
63 D35426 3pl33 190-198 (CA)23 Z17066
64 D1182179 11g22-q23 131 (CANT 472
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Table 2.2 List of single tandem repeat primers sequences

L abel Primer _
n.| Marker name volumen Primers sequence
dye
(ul)

1 NANOG FAM| 0.4 |GAAAGAAAGAAAAGAAAGAAAAAGAAA [TGACTTCATCCTAATCAACAGCA

2 D16S3034 HEX 1 [TAATCTAGTTAAAGATGCAACTGCC GCTCAGAAGTTTTGATGCC

3 D12S1719 |FAM 1 [TCCTCCAGTTTCAGTAATGTTT GGTGGTTGATGCCTGTAA

4 D3S1541 FAM 1 [TATGGACTGTAAGAAATGCCA TGTGGGGTGGATAGAAAGAG

5 D1S1656 FAM 1 GTGTTGCTCAAGGGTCAACT GAGAAATAGAATCACTAGGGAACC
6 D1S551 FAM 1 I CTGCCAGAGAATAGGGTGAA TTGTAATTCTTGGTCCTGCC

7 D4S2623 |FAM 1 AACTAGGCTGCTTCCCAGAT GCCAGATACATGGCTAAGGA

8 D12S1682 FAM 0.8 |GGGACAAGAGTGAGACTTGG CCTTTATTGAAGTAAACTGTGAAGC
9 D11S4090 |FAM| 0.8 IGAGAGTGGGTCAGGTCG GCTGCAGTTTCGGGAA

10 D2S134 FAM 1.6 AACGTCTGCTCGTCAGAGTC CGACTACGTGCTGGCTACTT

11 D1S2630 FAM 0.8 |[CCCAGAAGGTTGAGAGTGC CAGTAATCCCATAGACAGTAAATCG
12| D11S1331 FAM 0.8 |GCTGCTTCCATGAGAGGATACTG GCAGAGCCCTTTGCAGTCTT

13 D6S2384 |HEX 1 ATGTCTCCTGCGAAGTAG GAAGTCTGAAAAAGTCTGATTG

14 D75488 HEX| 0.7 |ACCTCTCCCTGACCTCATTA AAAAAATAAGCCAGCAAGGA

15 D6S1001 HEX| 15 [titcttTCTGGGATTCCTGTCCAATG CCTGACATATAGTAGGCACTC

16 D4S1625 FAM 1 GACTCCAAATCACATGAGCC GTCTCTGCATTTGCTGGTTT

17| HISTH4A HEX 1 GCTCACGCCTGTAGTCACTG TGCACCCAGTGTGTAGGTTT

18| HISTHB2 HEX| 0.6 |AAGTTTGCTTTCGGTTTTCG CGGCACTGCACTTCATCCT

19 D10S529 HEX 1 |AGCAGGCGCTAGACTGTGAC AGTGATGCCTTGCAGATGCT
20 D22S447 FAM 0.6 |AGCACAGGAAGGAAGCTGTT GTTGGCAGATGCTTCAGGA
21 D1S430 FAM| 1.7 [TCCAGATTTAGTGTCATTTCCC CACTTACAGTAACAAGCCCCAG




2]

Table 2.2 continued

L abd Primer
n.| Marker name d volumen Primers sequence
ye
()
22 D2S290 FAM 0.8 |CGACTCTGGTGAATTGCTTG CGACTCTGGTGAATTGCTTG
23 D6S416 FAM| 09 |GGCCCCACTTCCAGTAAGG GGCCCAGGATAAAATGGTTG
24 D2S2327 HEX 0.7 [CAACTGAATTTTTCAGACTTGTC AATTAGAGCCAGATTTTAAAGGA
25| D8S11268 |HEX| 1.1 |GACATTTCACCGGATTTGAG TCTCTCTCCCTTTTCCCTTG
26 kLF4-1 HEX| 0.9 |CAACCTTGGGAGAATGGAGA GCCTGGGCAATAGAGTGAGA
27 NANOG HEX| 1.2 |GAGGCGGAGGTTACAGTGAG GGGGCTTTTCATCCAAAAA
28 D3S1583 HEX 1 |AGCTTGTAAATAGGTCCTAACAGAG TGGTTTAATAGGCACCGTTT
29 DXS458 HEX 1 GATAAAACTGCATAGAAATGCG CAACTGGGATATTGACATTG
30 D22S941 HEX 1 CAGGTTACAAAGTACATTAACTT CAAGAAATGGTTGGAGCTGGT
31 D9S1840 HEX 1 ACCAATCAGAAACCTTGCC TTAAGAACAGAAGCGCATAGGAG
32 D7S638 HEX 0.6 |GCCAAAGGAAGGTTAAGTGT CCACGCATATATGTACAGCA
33| D21S1909 |HEX 1 CTGTGATTGTGTTTTCCATTTAGCA TTCCACACTGAGTCAAGAGCAGG
34 D6S1698 HEX 1.2 [TGCAGGTAATTTGACTACCC ACACCCCTCATATATACTTGAGTGT
35 D2S144 FAM 1.3 [TCTCCCTGACAGACTCTGCG GCTGCATAGGCCGTACTGAG
36| GRB10PROM| FAM 0.6 |ACAGCATTATGGCTGCAAAA TTGGCTTTGTGTCACATTCG
37| D10S1653 |FAM 1.3 [CCTTTGGATAAAGCCTCCT TATCATTGTCTCATCCGGG
38 G60405 FAM 1 ICTTAGAGTCTCATGGGAAAAACAGAC |AAAATTTCACACGTTGTTTCCTTG
39 D11S909 HEX| 0.8 |GATATAACACCAAAAGCGCG GGTATTCTTACAGCACAAAAGTTCT
40 D6S2252 HEX 0.8 |CTAATCTCCAAATGCCTAAG GATTTAGAAATGTAGGCCAG
41 D5S2021 FAM 1.2 [TTCT1.2ACGGATTCCAATCAC CAAAAGCAACTTAACCACG
42 D20S821 FAM 0.8 |ACAGGAAATAAACTAGGCATGAGG CAACTCGATGAAACTAAGATTTCAAC
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Table 2.2 continued

L abel Primer

n.| Marker name volumen Primers sequence
e

43 IGF2R FAM 1.2 [TTCTACGGATTCCAATCAC GTATCATGAGAACCTGAAGAG
44 D18S63 FAM 1 AGCTCATGTTGGATGTATCA GTCAGACTACGCGCCTT
45| DIRAS3PROM |FAM| 0.8 [TCTCTTCACATCTGGAAACTTCA GCCTGGGTAACATAGGGAGA
46 D4S1542 FAM 1 CTTTTCAAAGATCGACTCCAGTG ATTCTCCCAGATAGCAGGGC
47 DXS981 FAM 2 [TCAGAGGAAAAGAAGTAGACATACT TTCTCTCCACTTTTCAGAGTCA
48 D14S588 FAM 1 GCCGAAAGAAAGAAAAAAGG CGAATGCATACTTGCTGTTG
49 D3S2459 FAM 1 CTGGTTTGGGTCTGTTATGG AGGGACTTAGAAAGATAGCAGG
50 D3S1611 FAM 1 CCCCAAGGCTGCACTT AGCTGAGACTACAGGCATTTG
51f D17S2180 |HEX 1 GCGTCGAGTTTTCACATCTT TAGTCTTGTCTTAGCTCTGGACG
52 EGFR HEX 1 | GTTTGAAGAATTTGAGCCAACC TTCTTCTGCACACTTGGCAC
53| PEG10PROM | HEX 1 GGGCAATTGCATTCTTGG GGATGCTGATGCTGAACTGG
54/SNURF10PRONHEX 1 ATTGCACCATTGCACTCCAG TCTAATTTGGGAACATGACTTCC
55| D16S3091 |FAM 1 GGGAGATAGCCTTAAACTTTCTTAC TGTTGCTAATAACACTAGGCCA
56 D1S468 FAM 1 |AATTAACCGTTTTGGTCCT GCGACACACACTTCCC
57 TNFa3 FAM 1 ICCTCTCTCCCCTGCAACACACA GCCTCTAGATTTCATCCAGCCACA
58 DNMT3 FAM 1 AACCCAGGTAGCCAGAGACC CCTGTCATCCTGCTTTGGA
59| IGF2PROM |FAM 1 CGGGAGATTATCGGGTTTG GCGCCGCCTTCCACATTAGA
60 D15S983 FAM 1 [TCTGAAACGATGGGCTG AAGGTGATTCCGTCCCTG
61 IGF HEX 1 GCTAGCCAGCTGGTGTTATT ACCACTCTGGGAGAAGGGTA
62 DXS1208 HEX 1 ICGGCACGTAAGGACAG GTTAAAGGATTTGGGAGGC
63 D5S426 HEX 1  AAATTCTTGCTTTCATAGCCA AGACTAAATAAAATCACTGCCG
64| D11S2179 HEX 1 TAGGCAATACAGCAAGACCCTG GCACTGGAATACGATTCTAGCAC
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Figure 2.1 Examples of electropherogra.

Notes: Top panel shows PCR amplification resulthéabsence of bovine serum albumin (BSA) thatrblendicates a failie for
the amplification of marker D8S1179 and the otharkmars in thi panel display low peak heights. The bottom panehshPCk
amplification results with addition of 0.4mg/mlBEA and displays how BSA enhanced the simultanaoydification of the
same 4 heterozygous markers. Both panels are azapbhs from the san DNA sample and PCR conditions, with the excep

of addition / absence of BSA.
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Figure 2.2 Examples of Electropherograms

Notes: Twenty fluorescent multiplexes of 62 single tandem repeats mstrkedsardized

are shown in these panels. Names for each marker are shown above the corresponding
peak. Alleles are distinguished by different colored peaks. Each marker is6eiRA&/1

(blue) or HEX (green) labeled. The base pairs (bp) size of the alleles is showreheh
corresponding peak. Panel (A and B) Multiplex 1 (OCT*4 and D16S3034 markers).
Panel (C) Multiplex 2 (D2S1719 and D3S1541 markers). Panel (D) Multiplex 3
(D12S1682, D11S4090, D2S134, and D1S2630 markers). Panel (E) Multiplex 4
(D1S1656, D1S551, and D4S2623 markers). Panel (F and G) Multiplex 5 (D11S1331
and D6S2384 markers). Panel (H and 1) Multiplex 6 (HISTH4A, D4S1625, D3S1583,
DXS458, and D22S941 markers). Panel (J and K) Multiplex 7 (HISTHB2, D10S529
D22S447, D1S430, D2S290, and D6S416 markers). Panel (L) Multiplex 8 (D2S2327,
and D8S11268 markers). Panel (M) Multiplex 9 (D9S1840, D7S638, D21S1909, and
D6S1698 markers). Panel (N) Multiplex 10 (D2S144, GRB10-PROM, D10S1653, and
G60405 markers). Panel (O) Multiplex 11 (D6S2252, D11S909, D2S2333, and D5S52115
markers). Panel (P) Multiplex 12 (DIRAS3-PROM, D4S1542, and DXS981 markers).
Panel (Q) Multiplex 13 (D5S2021, D20S821, IGF2R, and D18S63 markers). Panel (R)
Multiplex 14 (D14S588, D3S2459, and D3S1611 markers). Panel (S and T) Multiplex 15
(D17S2180, EGFR, D16S3091, and D1S468 markers). Panel (U) Multiplex 16 (PEG10-
PROM and SNURF2-PROM markers). Panel (V) Multiplex 17 (IGF2-PROM and
D15S983 markers). Panel (W) Multiplex 18 (D7S488 and D6S1001 markers). Panel (X)
Multiplex 19 (TNFa3 and DNMT3 markers). Panel (Y) Multiplex 20 (IGF and DXS1208
markers).

57



Multiplex 2

Dm

. § 8 88

Figure 2.2 continued

142 bp

178bp 202bp

58

264bp 268bp

Multiplex 3




E_E I
£
5
8
-l
u
¥

Lo
by
:] v
=
- =
rf\_' :
- 2
i B
149bp 157bp  176bp 180 bp 195bp 203bp
:F m (i | ] L] L ] b | - | | k.|
] - -
b D1151331
. |
o | wn
r| 'H\. l.i U;‘_ﬂ _ ..'Ih". i
152bo a
G L L | w - n a < | =N =
] - 'EE
- M_ |
]
. | . 1
208bp
H 1% i) 2 i
HISTHAA  D4s1625
) A..J
o
|. . .F._ _fr\_ =
[
182bp  19Bbp }
I 1 i % W b ] 1 -'..;
a D351583 DXs458 p22ssd1 | =
i "
| Hl 1] A
ol il o u"l. Y /) '-'-I-I
146 bp 182 bp 142 bo

Figure 2.2 continued

59




15 0] W m M in
o | HTHE |ﬂ
" lr
-'--'J | II =N = -"'ﬂ" :
108bp 136bp 152bp ﬁ
K =
" m W ) m 0 n |2
W
148 bp 176bp 184bp 206 bp 358 bp
L
L 3 w W ] ] i @
. o oss1izss b
i s
I| || f I| II -"'I\ ‘II =
[ P e A — L I.Iull.l. at o .A."lll I...“' .l'lhllx_.. E
163bp 200bp
14 s 1" b bt
omes pusises. Cosmes |
o
L
(=%
=
| =
2

..l.sl.-' \_dﬂ, i,m. FAVEAY _...lLIrLI _
1

|
u'l L N
S8bp 180bp 198 bp 236 bp

Figure 2.2 continued

60




P
&

12 e W Fr
B
. Dme ouosi6s3 Geous 9
x
1 o
-3
- =
=
L
sl L N e o =
135 by 183 bp 105bp ik bp
D"‘ L - L] -] L
ey
"l pesasa oussos ‘D23l DssaMIS
- -
s p
- a
-l o i\ 2
5 l -'II k a'”\._-._ P} -.l.I.
10Abp 114bp 150 bp 44 bp
P L3 L] e L] ]
= oasisz o 8
- 3
N i
- 2
" A i 2
i I LY
104 bp 192bp Hbbp
3 "W [ L) e Fr
[l
_osson | omsen | emm ouse | =
L]
=3
5
W
f\ =
. A\ il
I1Mébp

118kp  130bp 164bp

Figure 2.2 continued

61




Multiplex 14

Multiplex 15

B

Multiplex 16 _‘

Figure 2.2 continued

252bp

62




- D15983 =
1509 E
a
L] =
=]
“_ﬁ._ﬂ_dl AM ,\_/I‘Mﬂ. 2
' 108bp  122bp 164 bp
‘ﬁk ] W t1] )
w0 o
o7sass Destoor A
- =
2
0 a
| E
=]
ol hu . =!“!£|!= . QIEL'JL'J‘LI_ PNEA E
136 bp 152 bp 190 bp
X 108 3 . WA 195
]
= s (DNMTS o
aw] 3
-
1500 =
" =
n . I G
9Ebp 10abp 136bp
*i:r e . 15 _w i) 43
- e oo g
L] =
2
e l =
=l
10 il 'In'| E
] S s . _ﬂ'ﬂ—ﬂL "II II' 'Iil II —F-I!L E
189 bp 244 bp

Figure 2.2 continued

63




2.6 Acknowledgements
We would like to thank the National Stem Cell Bank for providing the H1

(WAO01) and H7 (WAO7) human embryonic stem cell lines. | would like to thank Dr.
Nancy Reichert, Dr. Janet Donaldson, and Kortney Wilkinson for manuscript editing.
This research was funded by the Department of Biological Sciencesg Offi
Institutional Research, Graduate School Office, and the College of Art amt&g at

Mississippi State University.

64



2.7 References

Amit, M., Carpenter, M. K., Inokuma, M. S., Chiu, C. P., Harris, C. P., Waknitz, M. A.,
Itskovitz-Eldor, J. & Thomson, J. A. (2000) Clonally derived human embryonic
stem cell lines maintain pluripotency and proliferative potential for prolonged
periods of cultureDevel opmental Biology 227(2): 271-278.

Berg, K. D., Glaser, C. L., Thompson, R. E., Hamilton, S. R., Griffin, C. A. & Eshleman,
J. R. (2000) Detection of microsatellite instability by fluorescence pheti
polymerase chain reactiodournal Molecular Diagnostics 2(1): 20-28.

Boyer, L. A., Lee, T. I., Cole, M. F., Johnstone, S. E., Levine, S. S., Zucker, J. P.,
Guenther, M. G., Kumar, R. M., Murray, H. L., Jenner, R. G., Gifford, D. K.,
Melton, D. A., Jaenisch, R. & Young, R. A. (2005) Core transcriptional
regulatory circuitry in human embryonic stem cellell 122(6): 947-956.

Brownstein, M. J., Carpten, J. D. & Smith, J. R. (1996) Modulation of non-templated
nucleotide addition by Tag DNA polymerase: Primer modifications that &eilit
genotypingBiotechniques 20(6): 1004-1006

Butler, J. M., Devaney, J. M., Marino, M. A. & Vallone, P. M. (2001) Quality control of
PCR primers used in multiplex STR amplification reactidimsensic Science
International 119(1): 87-96.

Chakrabarti, R. & Schutt, C. E. (2001) The enhancement of PCR amplification by low
molecular weight amidedlucleic Acids Research 29(11): 2377-2381.

Collins, J. R., Stephens, R. M., Gold, B., Long, B., Dean, M. & Burt, S. K. (2003) An
exhaustive DNA microsatellite map of the human genome using high
performance computingsenomics 82(1): 10-19.

Eilert, K. D. & Foran, D. R. (2009) Polymerase resistance to polymerase caciiome
inhibitors in boneJournal of Forensic Sciences 54(5): 1001-1007.

Haqqi, T., Zhao, X., Panciu, A. & Yadav, S. (2002) Sequencing in the presence of
betaine: Improvement in sequencing of the localized repeat sequence regions.
Journal Biomolecular Tehcniques 13(4): 265-271.

Hubé, F., Reverdiau, P., lochmann, S. & Gruel, Y. (2005) Improved PCR method for
amplification of GC-rich DNA sequencddolecular Biotechnology 31(1): 81-84.

Idury, R. M. & Cardon, L. R. (1997) A simple method for automated allele binning in
microsatellite markerssenome Res 7(11): 1104-1109.

Jakupciak, J. P. & Wells, R. D. (1999) Genetic instabilities in (CTG-CAG) sepeatir
by recombinationJournal of Biological Chemistry 274(33): 23468-23479.

Krenke, B. E., Viculis, L., Richard, M. L., Prinz, M., Milne, S. C., Ladd, C., Gross, A.
M., Gornall, T., Frappier, J. R. H., Eisenberg, A. J., Barna, C., Aranda, X. G.,
Adamowicz, M. S. & Budowle, B. (2005) Validation of a male specific, 12-locus
fluorescent short tandem repeat (STR) multipfeotensic Science Inter national
148(1): 1-14.

65



Maitra, A., Arking, D. E., Shivapurkar, N., Ikeda, M., Stastny, V., Kassauei, K., Sui, G.,
Cutler, D. J., Liu, Y., Brimble, S. N., Noaksson, K., Hyllner, J., Schulz, T. C.,
Zeng, X., Freed, W. J., Crook, J., Abraham, S., Colman, A., Sartipy, P., Matsui, S.
l., Carpenter, M., Gazdar, A. F., Rao, M. & Chakravatrti, A. (2005) Genomic
alterations in cultured human embryonic stem cligure Genetics 37(10):
1099-1103.

Mulero, J. J., Budowle, B., Butler, J. M. & Gusmao, L. (2006) Letter to the editor—
nomenclature and allele repeat structure update for the Y-STR locus GATA H4.
Journal of Forensic Sciences 51(3): 694-694.

Sahdev, S., Saini, S., Tiwari, P., Saxena, S. & Singh,3€iit2007) Amplification of
GC-rich genes by following a combination strategy of primer design, eatsanc
and modified PCR cycle conditioridolecular and Cellular Probes 21(4): 303-
307.

Shuber, A. P., Grondin, V. J. & Klinger, K. W. (1995) A simplified procedure for
developing multiplex PCR$&enome Research 5(5): 488-493.

Smith, P. J. & Ballantyne, J. (2007) Simplified low copy number DNA analysis by post
PCR purificationJournal of Forensic Sciences 52(4): 820-829.

Varadaraj, K. & Skinner, D. M. (1994) Denaturants or cosolvents improve the spgcifici

of PCR amplification of a G + C-rich DNA using genetically engine&isdé
polymerasesGene 140(1): 1-5.

66



CHAPTER IlI
EMBRYONIC STEM CELL GENOMIC INSTABILITY RESULTING FROM
CULTURE PASSAGES MAY BE A MECHANISM OF ADAPTATION

AND PLURIPOTENCY MAINTENANCE

3.1 Abstract

Embryonic stem (ES) cells have the ability to maintain pluripotency and self-
renewal duringn vitro maintenance, which is a key to their clinical applications. ES cell
guality has been widely evaluated through determination of the specific geretic a
epigenetic profiles. The hypothesis of this study was that genetic stabii@petitive
sequences located near key genes involved in pluripotency, self-renewalntidfene,
chromatin assembly, and imprinting could be a signal for adaptation of the &S cell
vitro. Instability in specific repetitive sequences is present and increaseg BS cell
passages. ES cells displayed significant mean frequencies of insialdiglive markers
out of 64 related to pluripotency (OCT4, D1S551), early differentiation (G60405,
D18S63, and D1S468), chromatin assembly (D22S447, D6S2252, D10S529, and
HISTB2), and imprinting (GRB10-prom, D2S144, and IGF2-prom). Interestingly,
instability was distinct between H1 and H7 ES cell lines. In summary, thasésr
suggest that instability in tandem repeat sequences located near eaylgrembr
developmental genes is associated with failure of ES cell pluripotenselrdnewal
maintenance over consecutive culture passages. These results suggesalbigt/inst

determination is a potential indicator of gene deregulation and epigenetic ntaifica
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that involves chromatin modification and imprinting establishment during ES cell
cultures. Finally, instability in specific genes could be a signal thatilcotds to
adaptation of ES cells 1o vitro culture or could be the switch that initiates early cell

specializatiorin vitro.

3.2 Introduction

Since the first human embryonic stem (ES) cells were isolated two dexgues
this field of research has generated uncountable advances and knowledgergbout ea
embryonic development and cell fate differentiation (Evans and Kaufman 1981;
Thomsonret al. 1998; Brimbleet al. 2004; Envegt al. 2005). ES cell pluripotency and
self-renewal led to significant discoveries and clinical applicatistiesource of all
cell types from the three embryonic germinal layers. However, continuatemancean
vitro leads to cellular, genetic, and epigenetic changes in the ES cells, whiels crea
many questions about their real therapeutic potential. The accepted cultutenendi
used for ES cell maintenance around the world are limited. ES cell reseaticlues to
face doubts about their clinical applications because of a wide range oflitgrialthe
maintenance of homogeneous and undifferentiated ES cells over time during culture
passages (Toyoolaaal. 2008; Yinget al. 2008).

Several studies have reported changes in ES cell gene expression profiles that
occur during long term cultures (Abeydizal. 2004; Brimbleet al. 2004; Xuet al. 2005).
Also, the presence of chromosomal abnormalities in late passage culti®selfs has
been reported (Amit al. 2000; Drapeet al. 2004; Inzunzat al. 2004; Maitraet al.

2005; Ogawat al. 2006). Furthermore, the signals or initial steps that lead to gene

expression and epigenetic changes remain unknown. A simple screening method to select
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the best ES cells would be of great use in the field. This study focuses on dieig tive
role of instability in repetitive DNA sequences as a signal of ES dafitation or
differentiation, and the identification of possible biomarkers useful for screandhg
determining the quality of ES cells to be used for regenerative therapies.

Instability in flanking regions of developmental genes could affect enhancer or
repressor elements that regulate transcriptional patterns of ES celtgidwitro
maintenance. In order to understand how genomic instability affects pluripoteB8y of
cells, self-renewal, and differentiation, we have tested a key chazatitmrimethod to
evaluate the safety of the ES cell treatments. As a first step to imtestig instability
effects of repetitive sequences on ES cells over time, we have deteth@madan
frequency of instability in different markers located in close proximitytpences of
important genes responsible for ES cell pluripotency, self-renewal, dellethifiation,
chromatin assembly, and imprinting. We analyzed H1 and H7 ES cell lines duting ea
middle, and late passages to compare the genomic instability across pasgages. B
determining the mean frequencies of instability for each marker, we iddrggnsitive
repetitive markers that showed significant instability in ES cell cidtaver time. In
addition, specific genes that were identified as related to the unstaller ware
evaluated. This study has established that instability in these spegibas could
modulate gene expression and epigenetic signals that determine ES cell@adaptat

differentiation stages
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3.3 Materialsand Methods

3.3.1 Embryonic stem cell maintenance

Frozen aliquots from human ES cells H1-WAO1 passage 27 and H7-WAOQ7
passage 26 were purchased from the National Stem Cell Bank — Wiskcnesiational
Stem Cell Bank (Appendix B). H1 and H7 ES cells were seeded onto a mouse embryo
fibroblast-CF1 (MEF) feeder layer previously inactivated with mitomyciiile& culture
medium consisted of Dulbecco’s Modified Eagle Medium (DMEM) knockout medium
(Invitrogen, Carlsbad, CA) supplemented with 10% knockout serum replacement
(Invitrogen, Carlsbad, CA), 1% antibiotic-antimycotic (Invitrogen, Carlsbad, €2
uM B-mercaptoethanol (Sigma Aldrich Saint Louis, MO), 20 ng/ml basic fibroblast
growth factor (b-FGF) (Invitrogen, Carlsbad, CA ), 1% non-essential amit® ac
(Invitrogen Carlsbad, CA), 2 nM L-glutamine (Invitrogen, Carlsbad, CA), and 20 ng/ml
of leukemia inhibitor factor (LIF) (Chemicon/Millipore Billerica, MA). Scells were

maintained in a humidified atmosphere ai@ih 5% CQ. Medium was changed daily.

3.3.2 Mouseembryo fibroblast CF1 feeder layer

The mouse embryo fibroblast (MEF-CF1) feeder layer cells were puctirage
American Type Culture Collection (ATCC, Rockville, MD) (Appendix B). MEFdiere
layer cells were cultured in a T-25 flask (Falcon, Becton Dickinson LabWadje The
culture medium consisted of DMEM high glucose medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA) and 1% aiatibiot
antimycotic (Invitrogen, Carlsbad, CA). MEF cells were mitoticaiictivated for 2
hours with 10 mg/ml mitomycin C (Sigma Aldrich, Saint Louis, MO), seeded at @snsit

of 130,000 cells/ml in gelatin coated one-well dishes (Falcon, Becton Dickinson
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Labware, NJ) and cultured 24 to 48 hours before ES cells were seeded onto the feeder

layer. These cells were maintained in a humidified atmospheré(hirﬁ!z% CQ.

3.3.3 Embryonic stem cell passages

ES cell colonies with undifferentiated morphologies were mechanicallyotéss
into small pieces under a stereomicroscope and seeded onto a fresh MEF feeder lay
during 20 passages (5 months). Cells were passaged every 4-6 days (Figure 3.1).
Periodically, ES cells were tested for the presence of alkaline phosphetiagg, which
is an indicator of the undifferentiated state. We used the alkaline phosphataserdetec
kit following the manufacturer's recommended protocol (Millipore, Chemicotertil
MA). Sgamples of ES cell colonies were dissected for isolation of DNA and RNA ea
in the culture time (passage 27-28) and during the middle of the culture timaggdss

42) in both ES cell lines.

3.3.4 Immunohistochemical analysis

ES cell colonies were fixed with 4% paraformaldehyde (Sigma Aldriaght Sa
Louis, MO) for 15 minutes at room temperature, washed in PBS, and immunostained.
The primary antibodies used were rabbit anti-OCT4 polyclonal antibody, moitse ant
SOX2 monoclonal antibody, and mouse anti-SSEA-1 alexa fluor 488
(Chemicon/Millipore, Billerica, MA). Secondary antibodies included goat-aibidit IgG
rhodamine and C5Y-conjugated antibody (Chemicon/Millipore, Billerica, MA). Each
antibody was diluted 1:200 in PBS, 0.1% Triton X-100, and 3% BSA. Nuclei were
visualized with 4’-6-diamidino-2-phenylindole (DAPI) staining (Vysis Abbott
Laboratories, Abbott Park, IL). Staining without primary antibody servechagative

control. Images were captured using a fluorescence microscope Axiove@diBZ€iss
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International) with FITC and rhodamine filter set. Fluorescence intessitere
measured with image software developed at the National Institute dhHiBathesda,

MD) downloaded from http://rsb.info.nih.gov/ij/index.htrccumulation was calculated

by averaging the fluorescent ratio between exposed and non-exposed areasidfetise

3.35 DNA isolation

DNA was prepared from each sample of ES cells in early passage (27-28) and
middle passage (40-42). DNA from late passage (78-82) was provided by thgaviichi
Center for human ES Cell Research (Ann Arbor, MI). DNA was isolated with the
Purelink genomic DNA mini kit (Invitrogen Carlsbad, CA) following the manufactsr
protocol. All DNA samples were quantified using a NanoDrop™ ND1000

spectrophotometer (Thermo Scientific, Wilmington, DE).

3.3.6  Singletandem repeat markers selection and standar dization

Single tandem repeats (STRs) are located in or near promoter regions fo¢ speci
genes responsible for embryonic stem cell pluripotency and self-re¥evadlentified
DNA sequences that were approximately 1000 bp upstream or downstream of the

promoter using UCSC Genome Browser (http://genome.ucsc.edu/cogéing sorter

and uni-STS-NCBI database (http://www.ncbi.nim.nih.gov/genome/sts/$t#dgital of

64 STR were selected and classified according to ES genetic networkicgdatabase

available at (http://www.wi.mit.edu/young/hESreqgulatioifleven markers were related

to pluripotency genes, 33 were related to differentiation genes, 12 werd telate
chromatin modification genes, and 8 were related to imprinting genes (Table 3.1). Each

STR was optimized to obtain amplified products with robust signal intensity and
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balanced peak heights from ES cell samples in early passage (27-28), msgddigepa
(40-42), and late passage (78-82).

Samples were analyzed with differing amounts of genomic DNA: largé DN
concentration (DNA concentration of 0.1 to 1uigand single cell DNA concentration
(single genome equivalent between DNA concentrations 12.5 to pk). ddie average
for amplifiable DNA @) was calculated by Poisson distributids= - In (number of
replicates with non-amplification / total number of replicates) (Zlehaf 2002). Al <
2 means that single genome equivalent of DNA was present in the amplification.

Each locus was standardized in separate PCR reactions to optimize and ensure
specificity and sensitivity of the system. Labeled primers with eitf#&kld or HEX dye
were used to allow automatic detection. Primers were tested at cotioastod 0.8-1.5

uM in standard PCR conditions and reagents.

3.3.7 Genomicinstability deter mination by single cell PCR
Single cell PCR was performed on 64 STRs (Table 3.1). Less than a single diploid

genome-equivalent of DNA (25-50 pd), was used to perform single cell PCR analysis
in 48 replicates for each marker. These concentrations of DNA ensurevitgritihe
PCR to detect wild type and mutated alleles at their appropriate freq(@maipaugh-
Murphy et al. 2004). Total reaction volume of 10 containing 1X of buffer D (800 mM
Tris HCL, 200 mM (NH).SQO,, 0.2% w/v Tween 20) (US DNA, Fort Worth, TX), 2.5
mM of MgCl, (US DNA, Fort Worth, TX), 1.25 U of Hot-MultiTaq DNA polymerase 5
U (US DNA, Fort Worth, TX), 4% of DMSO (Sigma Aldrich, Saint Louis, MO), 0.4
mg/ml of BSA (Thermo Scientific, Rockford, IL), 300 uM of dNTPs mix (Applied

Biosystems, Foster City, CA), and 1X of Solution L 5X (enhancer solution for
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amplification of difficult templates) (US DNA, Fort Worth, TX). The prime
concentration for each primer is shown on Table 2.2 in CHAPTER 1.

PCR was performed on a PE 9600 thermocycler using a ramping protocol: 1 cycle
of 95C for 11 minutes; 1 cycle of 86 for 1 minute; 10 cycles of [98 for 30 seconds,
ramp 68 seconds to &8 (hold for 30 seconds), ramp 50 seconds t€ 7Bold for 60
seconds)]; 25 cycles of [D for 30 seconds, ramp 60 seconds t&€5Bold for 30
seconds), ramp 50 seconds toC7(hold for 60 seconds)]; 1 cycle of 60for 30 minutes
for final extension; and hold@. Negative controls per run were included to check for
contamination.

Amplified products were mixed with Hi-Di™ formamide and GeneScan™ 500
LIZ Size Standard (35-500 bp) (Applied Biosystems, Foster City, CA) and deddtur
3 min at 95C to be separated and detected by fragment analysis on a Genetic Analyzer
AB3130xI (Applied Biosystems, Foster City, CA). Data were analyzell tvé software,
GeneMapper version 4.0 (Applied Biosystems Foster City, CA). Quantificatitwe of t
allele size in comparison with the internal lane size standard was scoretl siregie
cell replicate. An average of 48 replicates per sample plus negative cont@ls we
amplified and scored for both ES cell lines.

STR makers are classified according to their repeat motif (humber of
nucleotides): mononucleotides (1 nucleotide motif), dinucleotide (2 nucleotide motif),
trinucleotide (3 nucleotide motif), tetranucleotide (4 nucleotide motif), and
pentanucleotide (5 nucleotide motif). Wild type alleles were determineddbr ea
microsatellite. Repeat motif shifts from the wild type allele sizeavconsidered a mutant
allele. Mutant alleles for mononucleotides (e.g. GRB10-PROM, IGF2-PR@i, a
HISTBH2) were determined by a repeat shift greater than 3 repdatsdahan 3 repeats.
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For dinucleotides (e.g. D18S63, D6S2252, and D10S529), mutants were determined by a
repeat shift greater than 2 repeats or less than 3 repeats. For trinusl@agde

D17S2180), tetranucleotides (e.g. OCT4, and D1S551) and pentanucleotides (e.g.
DIRAS3-PROM), mutants were determined by a repeat shift gréaterltrepeat or less

than 2 repeats (Figure 3.2) (Bolagtchl. 1998; Suraweera al. 2002; Coolbaugh-

Murphy et al. 2004; Coolbaugh-Murphet al. 2005; Goekt al. 2010).

3.3.8 Statistical analysis of genomic instability

Mutation frequencies (total number of wild type alleles related to the mutant
alleles in each marker) were determined for each ES cell line and passaiger by SP-
PCR software version 2.0 (M.D. Anderson Cancer Center Houston, TX) (Appendix C).
Differences in mutation frequencies were calculated with a two tailed t$erg raw
mutation frequencies using a package SAS/win 9.2 (SAS Institute, Cary, N@}idvut
frequencies of informative markers were considered statisticafiifisent when a p-

value was<0.05, and were considered marginally significant if the p value<@4s.

3.4 Results

34.1 Embryonic stem cell culture maintenance

The ES cells were continuously cultured for 20 passages to explore the potential
role of genomic instability during ES cell maintenanteitro under standard conditions
with MEF and growth factors, such as b-FGF and LIF. ES cells from both csl(kiie
and H7) retained their growth and morphological characteristics: ES celléghowe
homogenous round and compact colonies, ES cells showed a prominent nucleus and high
nucleus: cytoplasm ratio, and ES cells showed positive alkaline phosphatasg astivit

well as expression of the specific pluripotency markers OCT4 and SSEA+HBIQ).
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3.4.2 Embryonic stem cells displayed mor phological changes acr oss passages

ES cell cultures, in general, could display less than 20% of the colonies with
heterogeneous morphology corresponding to differentiation. These heterogeneous
colonies were then removed with a pipette under a stereomicrdsefgpe the next
subsequent passage (Adewwatral. 2007; Veraitchet al. 2008; Kent 2009). H7 ES cells
were subcultured/passaged more than 20 times continuously for more than 5 months.
During that time, they exhibited round and compact colony morphologies. In coHttast,
ES cells were cultured under the same conditions and time, yet they ekhibite
increased number of irregular shapes of colonies with some differentiiedtache
periphery (Figure 3.4)JTo explore the ES cell morphological characteristics over
passages, we compared differences in the shape of the colonies between H1 and H7 ES
cells; we quantified the number of regular and irregularly shaped coloniep&ssages
28-42 in H1 ES cells and 27-42 in H7 ES cells. We found that H1 ES cells showed a
significant increase in the colonies that exhibited signs of cell diffatentiacross
passages in comparison to the H7 ES cell line (p=0.04). H1 ES cells in passage 40
showed a higher percentage (37%) of irregular colonies when compared to dssage
(14%) (p=0.047)Figure 3.5). H7 cell line did not show any significant difference across
passages. Taken together, these results indicate that H1 ES celltofalemote

complete self-renewal of the ES cells across passages.

3.4.3 Genomicinstability in single tandem repeat markers mediated embryonic
stem cell culture adaptation

Because embryonic stem cells in culture maintain pluripotency and selfaé
via genetic rearrangements (Argital. 2000; Brimbleet al. 2004; Drapeet al. 2004;

Inzunzaet al. 2004; Maitraet al. 2005; Ogawat al. 2006), we asked whether ES cell
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cultures are genetically stable in long term cultures. The efficienEgpafells to
maintain genomic stability was evaluated by analyzing single tandexatneyarkers
found close to specific genes involved in ES cell pluripotency and self-reneatmd (T
3.1). Samples of DNA from H1 and H7 ES cells at three different times (early, middle
and late passages) were analyzed to determine genomic instabilityifit spatkers.
There was significant genomic instability in 21 out of 64 single tandem repelat s
evaluated. Both ES cell lines were unstable over passages in these mankengeiiH1
ES cells became much more unstable than H7 ES cells. H1 ES cells showechsignifi
instability differences between early to middle (p=0.002) and between eaatg to |
passages (p=0.025) but differences were not significant between middeepgadatge.
In contrast, H7 ES cells show a significant difference only between earlyltibemi
passage (p=0.057) (Figure 3.6). These results indicate genomic instaadifyresent

during long term ES cell cultures and suggest these could be a signal of celtiadapt

34.4 Genomicinstability could be a signal of embryonic stem cell pluripotency
and self-renewal lossduring long term cell culture

Increasing evidence suggests that culture passa@s oélls lead to significant
changes in gene expression (Abegttal. 2004; Brimbleet al. 2004; Xuet al. 2005; Gu
et al. 2010). Our results have shown that during long term culture and subsequent
passages, ES cells accumulated instability in single tandem repeais.niddkers are
located near important genes involved in pluripotency and differentiation. H1 ES cell
were unstable in three markers related to pluripotency genes (OCT4, D1S551, and
D1S2630) that were completely stable in H7 ES cells over passages. In additid®, H1 E
cell showed instability in eight markers related to genes expressed éariy
differentiation (D2S134, D3S1583, G60405, D11S909, D18S63, DXS981, D17S2180,
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and DXS1208). In contrast, H7 ES cells showed instability in three different markers
related to differentiation (D16S3091, D1S468, and D12S1682). Both ES cell lines
showed instability in the differentiation marker DXS1208, but the difference did not
reach significance. Statistically significant differencesengserved in two
pluripotency related markers (OCT4 and D1S551) and three differentiatitedrela
markers (G60405, D18S63, and D1S468). D1S551, D18S63, and D1S468 markers
showed higher mean values of mutation frequencies at a significant level (p<0.05)
compared with the other unstable markers analyzed (Figure 3.7 and Table 3.2). We
suggest that the presence of genomic instability in these specific pluripotenc
differentiation genes could be a signal of gene expression changes that irahtet@ad

or differentiation of the ES cell during long term cultures and multiple passage

3.4.5 Epigenetic changesthat occur during embryonic stem cell in vitro culture
could result from genomic instability

Imprinting, chromatin assembly, and methylation are essential epigenetic
mechanisms that modulate ES cell maintengBd&kova et al. 2006; Collas 2009;
Ahmedet al. 2010). We found significant differences in ES cell genomic instability
following passages. H1 ES cells showed instability in three markers (D22S5447,
D6S2252, and D10S529) and H7 ES cells in two markers (D10S529 and HISTHB?2) that
were related to chromatin assem{fygure 3.8 and Table 3.3). All four chromatin
assembly markers were significantly unstable. D22S447 and D6S2252 showed higher
mean values of mutation frequencies at significant levels (p<0.05). Instabilhe
HISTHB2 marker was highly statistically significant in the H7 ESsc@ll<0.001). H1
and H7 ES cells showed significant instability differences in the D10S529 marker
(p<0.03)(Figure 3.8). Additionally, unstable markers for imprinting genes were
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determined. A single tandem repeat in the promoter of GRB10 imprinting gene was
found to be unstable in both H1 and H7 ES cells, with a significant difference between
them (p=0.026) (Figure 3.9) (Table 3.4). H7 ES cells also showed high instability in two
additional markers (D2S144 and IGF2-PROM), whereas H1 ES cells werefetable
these markers. D2S144 was significantly unstable compared with the IGF2-promote
marker that showed less significance (p=0.04 and p=0.08 respectively) (Figund 3.9 a
Table 3.4). These findings related to instability of markers located neas thee
participate in epigenetic modifications support the idea that genomicilitgteduld be

essential to generating epigenetic modifications during ES cell manctsimavitro.

3.5 Discussion

Embryonic stem cells have the capacity for unlimited stem cell matide and
the ability to differentiate into all cell lineages from the three geasiayers. Questions
about the molecular signals of pluripotency and self-renewal maintemavit® are still
unsolved and are the key to clinical ES cell applications. We evaluated early
developmental molecular markers responsible for pluripotency and cell diiéticent
characteristics of ES cells to determine the genomic stability

Accumulation of DNA damage is observed during cellular stress responses. ES
cells in long term cultures have shown genomic instability in the form of ds@mal
abnormalities after more than 100 passages in response to environmental changes dur
in vitro maintenance (Amigt al. 2000; Drapeet al. 2004; Inzunzat al. 2004; Maitraet
al. 2005). Genomic instability in single tandem repeats create frame-shitionafa
enhancer, or repressor modifications that originate gene expression chaagjesyaff

cellular processes, which has been explored widely in tumorigenesis $Calndbet al.
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1998; Roelofst al. 2000; Smiraglia and Plass 2002; Kremensétal. 2003; Gorringe
et al. 2005).

ES cells and tumors have common molecular pathways that maintain their cellula
characteristics and functions (Summersgill. 2001; Spergest al. 2003; Wangt al.
2004; Andrewset al. 2006; Bakekt al. 2007; Barbeet al. 2008). Instability analysis of a
single tandem repeat located downstream or upstream of specific pluripatehsglf-
renewal genes is a reliable tool to characterize the genomic stabilitg di$ cellin
vitro. It can be a potential biomarker to predict and evaluate pluripotency losses and
uncontrolled cell differentiation processes during ES cell maintenance.

Our data suggest that instability in pluripotency and differentiation maskars
signal of balance between culture adaptation of ES cells and the mifiice process
that is observed by morphological characteristics and genetic stabilitgolonies
became more irregular than H7 colonies through culture passages. Coloniitiegul
are morphological signs of differentiation during cell culture and could aedelo the
DNA instability found in specific markers located near essential gespsnsible for
optimal ES cell functions. ES cells show low instability during early gessahen
compared to the mean frequencies of instability during middle and late passageal. Se
reports suggest that late passages significantly increase therfegaqaf chromosomal
instability due to environmental signals from theitro system used to maintain ES cell
lines in culture (Amitt al. 2000; Drapeet al. 2004; Inzunzat al. 2004; Maitraet al.
2005).0ur results support the idea that ES cell lines exhibit different adaptation
processes involved in genomic instability in early and middle passages asfcpirt
adaptationn vitro. However, during later passages, chromosomal instability occurs in
some stem cell lines that enable maintenance of ES cell pluripotency. toines seport
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that the H1 ES cell line showed trisomy in chromosomes 12 and 17 at 144 passages
(Draperet al. 2004; Maitraet al. 2005; Bakeet al. 2007). In contrast, H7 ES cell line
showed trisomy in chromosome 20 and translocation between chromosome 6 and 17 at
passage 209 (Drapetral. 2004; Maitraet al. 2005; Bakekt al. 2007). Apparently,
chromosomal instability and single tandem repeat instability occur bgendent
processes that happen during long term ES cell culture. H1 and H7 ES cell lined show
high rates of single tandem repeat instability during passages 27-28 and 42abilityns
frequencies decreased at late passages (78-82 respectively) @gure

Important key findings emerged from our data: failure to maintain pluripotency,
tendency to differentiate, and epigenetic changes over ES cell passagéeniified
twelve unstable markers localized near pluripotency, differentiation, chiroassembly,
and imprinting genes that play important roles during early embryogenesse gémes
are involved in specific cell signals that determine genetic and epigeragtifiaations
relevant to the ES cell: DNA transcription, cell cycle, cell differeintmttissue
specification, apoptosis, and DNA repair.

First, ES cell genes for pluripotency and self-renewal are activphegsed and
are responsible for maintaining all characteristics of the ES cell. Winemge
instability occurs around these specific genes, it could lead to loss of pluripatehc
self-renewal in the ES cells. We found two unstable pluripotency markers in H1 ES
cells; OCT4 and D1S551. OCT4 (POU class 5 homeobox 1) is a transcription factor that
plays a role in embryonic development and has been identified as an important gene for
ES cell pluripotency (Yingt al. 2003; Boyelet al. 2005; Masukgt al. 2007).0CT4 is
part of the ES cell gene network that regulates pluripotency by transenipgulation.
OCT4, NANOG, and SOX2 are transcription factors that regulate themselvesidnd bi
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common target developmental genes important for ES cell maintenance and embryonic
development (Boyeat al. 2005; Babaiet al. 2007; Cheret al. 2008; Fernandez-
Tresguerrest al. 2010). D1S551 is located near a regulator of G protein signaling gene.
G protein is involved in many cell signaling pathways (Struletray. 1997; Nevest al.
2002; Charleswortht al. 2006; Eberet al. 2006). In mouse ES cells, G protein
signaling is present during early neurogenesis and provides control of neuronal
differentiation. Studies in mice and rat demonstrated that G-protein is a moddlator
calcium channels, neurotransmitter gamma-aminobutyric acid (GABA), andl opioi
receptor (Strubingt al. 1997; Rusin and Moises 1998).

Second, several reports have shown how gene expression changes occur during
ES cell culture passages, but the exact mechanism is not clear (Atsy2004; Guet
al. 2010). Accumulation of DNA damage creates changes in gene expression that induc
cell function decline and loss of the cell’s integrity over time (Abelyth 2004;
Brimble et al. 2004; Xuet al. 2005; Guet al. 2010). Long term cultures and passages
generate ROS that are a source of DNA damage, apoptosis, and cell oycie (etet
al. 1996; Lengaueet al. 1997; Ederet al. 2003; Allegrucciet al. 2007). For example,
mouse ES cells, after exposure to ionizing radiation, show DNA damage that induces
fibroblast cell differentiation (Saretzki al. 2004; Maynardtt al. 2008). From our
results, we believe genomic instability could be a signal of gene expresseguldé&on.
Early embryonic differentiation genes show genomic instability in H1 HS @eer
multiple passages. H1 ES cells cannot completely maintain pluripotencyashdy ES
cells can. Differentiation markers that show instability in H1 ES celis W@S134,
D11S909, D18S63, and DXS981. Interestingly, these are specific markers located next t
genes expressed during early embryonic neuroectoderm specializatmagdkiet al.
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2000; Pazmany and Tomasi 2006; Wahgl. 2008; Hamid and Brandt 2009; Mojsin
and Stevanovic 2009; Gohrimgal. 2010; Xianget al. 2010). D17S2180 and DXS1208
are related to endoderm and mesoderm specialization genes, respecatietbt.(E003;
Wu et al. 2007; Luiet al. 2008; Kumarapelt al. 2010; Schwaret al. 2010) (Table 3.5).
In comparison to H7 ES cell unstable markers, D16S3091 is related to early mresode
gene differentiation, D1S468 is a gene that promotes apoptosis, and D12S1682 is both an
endoderm and mesoderm differentiation gene (Wechséér2002; Kimet al. 2007;
Sayanet al. 2010) (Table 3.5).

Third, genomic instability is a multistep process that involves genetic and
epigenetic modifications that induce opposite effects on the status of ES cell
pluripotency. Epigenetic changes such as chromatin assembly, imprinting, and
methylation are responsible for determining transcriptional patterns depemds the
cell stage. Imprinting is a switch for gene transcription that ensutesaéeration,
development, and tissue specific functions (Kamakaka and Thomas 1990; Jaenisch and
Bird 2003; Dhara and Benvenisty 2004; Allegrugtcal. 2007; Kimet al. 2007; Sheret
al. 2008). Developmental genes for ES cells have a specific pattern of histone
modifications that determine the status of activation of specific geneséuviol
embryonic development and cell fate during differentiatioddoayovo methylation. For
example, the OCT4 gene is unmethylated during pluripotency by bivalent histone
modifications to ensure cell proliferation and development. However, OCT4 is
completely repressed when cell differentiation occurs @tath. 2006; Mikkelseret al.
2007; Chamberlaiet al. 2008). ES cell linem vitro fail to maintain a specific epigenetic
pattern, inducing changes in the cellular status that leads to loss of ES cetitphoy
over time (Bibikoveet al. 2006; Allegrucciet al. 2007; Yuet al. 2007; Ahmeckt al.
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2010). In our results, H1 and H7 ES cells showed significant differences of ingtiabili
markers that were located next to chromatin assembly and imprinting genestane.
Genomic instability was observed in markers such as D22447, D6S2252, HISTHB2, and
D10 S529, all of which were located close to genes that code for basic nuclear histone
proteins. Histones are proteins responsible for the octameric structurenotteesome;
they are formed by two molecules of each histone H2A, H2B, H3, and H4. The D6S2252
marker is located next to HIST1H2AH (linker histone H1), which interacts h&iNA
between nucleosomes and is responsible for chromatin compaction @\&n2004;
Zhanget al. 2005; Pettyet al. 2009). D10S529 is a marker for a variant histone,
H2AFY2 that contributes to the inactivation of X chromosome (Chadwick and Willard
2001; Buschbeckt al. 2009; Gamblet al. 2010). In zebra fish embryos, it has been
observed that H2AFY?2 is involved in the activation of neuronal differentiation genes
such as the homeobox Al gene (HOXA), which encodes a DNA-binding transcription
factor to control gene expression during embryonic development and cell diigoemti
(Buschbeclet al. 2009). D22S447 is a histone cell cycle regulator A (HIRA) that is a
homolog ofSaccharomyces cerevisiae histone. HIRA is responsible for controlling cell
growth by regulation of cell cycle related genes (Ahrtaal. 2005). Taken together, our
results suggest that instability in these markers could be the signalrsdiinee X
chromosome inactivation, ES cell growth, and differentiation through genessiqm
changes in developmental and differentiation genes over multiple passagesnatigiti
imprinting markers also showed instability and are involved in the embryonic
methylation process. D2S144 is a marker for the DNA (cytosine-5-)-methgierase 3
alpha gene (DNMT3A) that is responsible for epigenetic modificatiale abvo DNA
methylation important for embryonic development, differentiation, imprintind &
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chromosome inactivation (Chebal. 2002; Wienholzt al. 2010). Other unstable

markers are located next to the promoter region of imprinting genes, such as GRB10 and
IGF2, which are imprinted in a tissue specific manner. These results camdirid1 and

H7 ES cells have a constant and actively regulated process across passagasdhat
genetic and epigenetic outcomes to ensure ES cell growth, maintenancdeztaed
characteristics or cell differentiation vitro.

In conclusion, our findings indicate that maintenance of ES cell genetic and
epigenetic characteristics is compromised by the loss of DNA integrigndem repeat
sequences that flank specific genes that are responsible for the pluripotenely-and s
renewal of ES cells maintenance, cell fate during differentiationnwin assembly,
imprinting, and methylation. From our data, we can support the idea that genomic
instability could be responsible for genetic and epigenetic imbalanggsating in long
term ES cell cultures. The exact signals that coordinate this proeessnaplex and not
completely known. Even so, our data support our hypothesis that instability in vepetiti
sequences located close to specific genes could be the signal for adaptation or
differentiation of ES cells in culture passages over time.

Furthermore, our results give rise to the identification of biomarkers that beul
part of an ES cell characterization process that evaluates genomic yrtteguighin
vitro maintenance procedures. Understanding the role of genomic instability inlES cel
maintenance could lead to the origin of an accurate approach for the safety needed i

regenerative medical applications of human ES cells.
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Figure 3.1 Flowchart of H1 and H7 ES cell line maintenance in culture
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Figure 3.2 Examples of electropherograms

Notes: Examples of normal and mutated alleles of mononucleotide markers (GRB10
PROM, IGF2-PROM, and HISTBHZ2) showing the corresponding normal allelelbas

the mutated allele that was shifted greater than 3 repeats or less thaat8.ri®lutated

alleles are shown with a red star and the number of repeat shifts in parenthesesng-

a loss of repeat units, while (+) means a gain of repeat units. Each set okpeaks i
identified by the marker name and repeat motif (top row). Shown below each peak is the
size of the allele in base pair (bp). Markers are labeled with either 6{BAg) or HEX
(green) fluorescent dyes.
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Figure 3.2 Continued

Notes: Examples of normal and mutated alleles of dinucleotide markers (D18S63,
D6S2252, and D10S529) showing the corresponding normal allele as well as mutated
allele that was shifted greater than 2 repeats or less than 3 repeatsd Milgéts are

shown with a red star and the number of repeat shifts in parentheses. (-) nosansf a |
repeat units, while (+) means a gain of repeat units. Each set of peaksiiedibytthe

marker name and repeat motif (top row). Shown below each peak is the size of the allele
in base pair (bp). Markers are labeled with either 6-FAM (blue) or HER€(gr

fluorescent dyes.
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Figure 3.2 Continued

Notes: Examples of normal and mutated alleles of trinucleotide marker (D1752180)
tetranucleotide markers (OCT4, and D1S551), and pentanucleotide marker (DIRAS3-
PROM) showing the corresponding normal allele as well as the mutatésl thzlie were
shifted greater than 1 repeat or less than 2 repeats. Mutated alleles are ghaweav

star and the number of repeat shifts in parentheses. (-) means a loss ainpeahile

(+) means a gain of repeat units. The markers D1752180 and DIRAS-PROM only show
the normal allele because these markers were stable for the samplesdartadygh set of
peaks is identified by the marker name and repeat motif (top row). Shown below each
peak is the base pair (bp) size of the allele in base pair (bp). Markers éad iaide

either 6-FAM (blue) or HEX (green) fluorescent dyes.

89



Figure 3.3 ES cell characterization

Notes: (A and B) H1 and H7 undifferentiated ES cells colonies, respectiv@tni€s

show a condensed and multilayer pattern of growth over the mouse embryonic fibroblast
feeder layer (MEF) (Phase contrast photomicrographs with magnification @@X)

Boxed region from B, shows in 60X magnification of multilayer colony and display
typical H1 ES cells morphology in culture. The white arrows indicate ES adiaw

high nucleus to cytoplasm ratio. (D) Alkaline phosphatase positive H7 ES cells.colony
(E) H7 ES cells showing SSEA-1 positive expression (green). (F) ES loalsng

OCT4 positive expression (red). Nuclei were visualized with DAPI staire)b

Fluorescence photomicrographs are show with magnification of 60X.
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Figure 3.4 Morphologies of H1 ES cell colonies

Notes: (A) Phase contrast image shows an undifferentiated homogeneous @&)lony
Phase contrast image shows heterogeneous colony morphology with diffeneatidhe
periphery of colony (white arrows). Phase contrast photomicrographs have a
magnification of 10X.
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Figure 3.5 Percentage of H1 and H7 ES colony morphology chevs culture
passages

Notes: ES cells were subcultured/passaged appreedyri20 times over 4 months |
mechanical dissection of the colonies. Through&6tgcells failed to retain their norrr
morphology. Values are the percentage of colonies with irregularphology acros
passages. The differences in morphology for cotoafeES cell lines were statistica
significant between H1 and H7 ES cell lines whempared to early (passages-28)
and middle (passages-4Q). Error bars, SD, p<0.05 (n=4).
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Figure 3.6 Number of unstable markers across culture passages

Notes: H1 cells show statistically significant differences for fraqigs of unstable
markers across passages in comparison to H7 cells (p<0.05). Values represamie
of markers that show instability through the passages in each ES cell liygpaasages
27-28), middle (passage 42), and late (passage 78-82).
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Figure 3.7 Unstable markers related to genes involved in pluripotency and early
differentiation

Notes: Differences in the number of unstable markers and mean mutation frequencies
were observed between H1 and H7 ES cell lines. (A) Shows the number of unstable
markers per ES cell line, and the cellular status of either pluripotencyeredifation.

(B) Mean values of mutation frequencies of unstable markers related to plocypote
genes. (C) Mean values of mutation frequencies of unstable markerd telate
differentiation genes. Values represent the mean value of mutation fegqpfesample
replicates (n=48) per marker that was calculated with SP-PCR seftM® Anderson
Cancer Houston, TX). Statistically significance differences0*p5, marginally
significance g0.10.
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Figure 3.8 Unstable markers related to chromatin assembly genes

Notes: Differences in the number of unstable markers and mean mutation frequencies
were observed between H1 and H7 ES cell lines. (A) Number of unstable markeg per
cell line. (B) Mean values for mutation frequencies of unstable markersdétat

chromatin assembly genes. Values represent the mean mutation frequssey &f
replicates (n=48) per marker calculated with SP-PCR software (MDréol€ancer
Houston, TX). HISTHB2 shows highly significant differences in mean mutation
frequencies of H7 ES cells (p <0.001). D10S529 shows instability in both ES cells lines
but H7 ES cells show a significantly higher mutation frequency compared to H1I&S cel
(p = 0.03). Statistically significance *p<0.05.
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Figure 3.9 Unstable markers related to imprinting genes

Notes: Differences in the number of unstable markers and mean mutation frequencies
were observed between H1 and H7 ES cell lines. (A) Number of unstable markeg per
cell line. (B) Mean values for mutation frequencies of unstable markersdétat
imprinting genes. Values represent the mean mutation frequency of sampletesplic
(n=48) per marker calculated with SP-PCR software (MD Anderson CanceioHpust
TX). GRB10-PROM shows instability for both ES cell lines, but H1 ES cells show a
significantly higher mutation frequency compared to H7 ES cells (p = 0.026xtiStdly
significance *p<0.05. Marginally significant differences **p <0.10.
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Table 3.1 List of single tandem repeat markers

Pluripotency Differentiation %?:SQS:'; Imprinting
OCT4 D16S3034 D4S1542 D75S488 GRB10PROM
D1S1656 D12S1719 DXS981 D6S1001 D20S821
D1S551 D4S2623 D14S588 HISTH4A IGF2R
D1251682 D2S134 D3S2459 HISTHB2 DIRAS3PROM
D1S2630 D11S1331 D17S52180 D10S529 PEG10PROM
D6S2384 D4S1625 EGFR D22S447 SNURF10PROM
D6S416 D1S430 D16S3091 D8S11268 IGF2PROM
D2S2327 D2S290 D1S468 D22S941 IGF
kLF4-1 D3S1583 TNFa3 D7S638
NANOG DXS458 D15S983 D6S2252
D9S1840 D21S1909 DXS1208 D2S144

D6S1698 D5S426 DNMT3

D10S1653 D3S1541

D11S909 G60405

D5S2021 D3S1611

D18S63 D11S2179

Notes: Eleven markers were related to pluripotency genes, thirg/tleee related to
differentiation genes, twelve were related to chromatin structuresgand eight were

related to imprinting genes.
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Table 3.2 Mutation frequencies of five single tandem repeat markers locatederezs gelated to pluripotency and
differentiation

ES Passage 0CT4 D15551 G60405 D18563 D15468
cells
Number 4 m f n n f n m f n m f n m f
28 46 2 0031 54 0 0000 33 0 0000 37 0 0000 45 0 0.000
Hi 42 37 0 0.000 36 2 0.024 48 2 0.029 37 2 0028 29 0 0.000
82 35 1 0016 63 0 0000 32 0 0000 44 0 0000 33 0 0.000
27 33 0 0.000 48 0.000 33 0 0.000 63 0.000 55 0.000
H7 42 27 0 0000 74 0 0000 25 0 0000 34 0 0000 o4 3 0.028
78 75 0 0.000 74 0 0.000 35 0 0.000 42 0 0.000 61 0 0.000
p-value 0.060 0.046 0.077 0.036 0.050

© Notes: Number of normal alleles)( number of mutated allelesyf, and mean value of mutation frequenf)yc@lculated by SP-
PCR software with SP-PCR software (MD Anderson Cancer Houston, TX). p-zalu@s are irbold, p-value< 0.10 initalic



Table 3.3 Mutation frequencies of three single tandem repeat markers located nearglated to chromatin assembly

Chromatin Assembly Markers

D6S2252 HISTHE2 D10S529 D225447
Passage
EScells
Number
f m N fn m N fn m Vi n m N

28 67 0 0.000 47 0 0.000 47 0 0.000 46 0 0.000

H1 42 41 3 0.054 38 0 0.000 39 0 0.000 37 2 0.028

82 49 0 0.000 40 0 0.000 40 1 0.012 45 0 0.000

27 33 0 0.000 35 7 0.102 40 3 0.034 53 0 0.000

H7 42 42 0 0.000 34 0 0.000 40 0 0.000 38 0 0.000

78 63 0 0.000 37 0 0.000 36 0 0.000 68 0 0.000

p-value 0.018 =0.001 0.030 0.050

© Notes: Number of normal alleles)( number of mutated allelesyf, and mean value of mutation frequenf)yc@lculated by SP-
PCR software with SP-PCR software (MD Anderson Cancer Houston, TX). p<val0é& are in bold



Table 3.4 Mutation frequencies of three single tandem repeat markers located neargeated to imprinting genes

Imprinting Markers
Passage GRE10-PROM D25144 IGF2-PROM
ES cells
Number g m f n m f " m I
28 44 0 0.000 45 0 0.000 66 0 0.000
H1 42 45 1 0016 28 0 0.000 54 0 0.000
82 40 0 0.000 34 0 0.000 65 0 0.000
27 35 0 0.000 37 0 0.000 53 0 0.000
H7 42 71 1 0.009 41 1 0.020 58 2 0.022
78 63 0 0.000 64 0 0.000 45 0 0.000
p-value 0.026 0.040 0.080

= Notes: Number of normal alleles)( number of mutated allelesyf, and mean value of mutation frequenf)ycélculated with SP-
K PCR software (MD Anderson Cancer Houston, TX). p-vaiu@®5 are in bold, p-value0.10 initalic



Table 3.5 List of unstable markers

Name Gene

Marker Symbol Gene Name Gene Function References
octs FOU2 POUclass2 Developmental  Chambers L, 2003
Fl homeobox1 transcription factor LohYH, 2006
Regulatorof G- Signal ransduction Striibing C, 1997
I
DISSSL - RGSY protein signaling 4 regulator Neves S, 2002
D1sae30 POU2 POU class2 Developmental o> 200
e en X, 2008
F1 homeobox1 transcription factor
Fernandez T,2010

XiangP, 2010

2 N Tei 7 ’ .
D25134 MEIS] Meishomeobox 1 Embrvo development Mojsin M, 2009

Retinoic acid Elizalde C, 2011
D351583 e Embryo develupmmtshm N, 2010
Excision repair
Cross- : Pastonza-G, 2007
G60405  ERCCO complementing DNArepair Sabatino M, 2010
group 6
suppression of -
D115909 ST5 e s Tumor suppressor  Gohring I, 2009
TGFB-induced . . Hamid R, 2009
D18S63 TGIF1 factor homeobox 1 Growth factor activ |@Pﬁmaﬂ}_ T. 2006

DXS981 SPG16 spastic paraplegia 16 Developmental gene Tamagaki A, 2000

X ; Developmental Fu M, 2003
D1752180HOXB5homeobox B5 wanscription factor  Lui VC, 2008

Heat shock thermic Developmental Asangi RK, 2010
protein transcription factor SchwarzL, 2010

cadherin 13, H-
cadherin (heart)

DX51208 HSPBI

D1653091 CDH13 Growth factor acavityLi L, 2010

Notes: Summary of characteristics of genes located in close proxinoitstable
markers involved in embryonic development. Twelve markers showed statistically
significant instability frequencies and are identified in bold (p<0.05).
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Table 3.5continued

Name Gene
Marker Symbol

Gene Name Gene Function EReferences

phosphodiesterase
D1251682 PDE3A 1A cCMP-inhibi md'Iissueremﬂdehng Jeremy W, 2002

HIST1 histone cluster 1.  Nucleosome Hengbin W, 2004

D652232 H2AH H2ah assembly Zhang R, 2005

]-]]STH H2Ahistone family, Nucleosome
B2 member¥?2 assembl

Lee MG, 2007

DNA (cvtosine-5-)-

D25144 m&thjrltransf erase 3 DNAmethylation Taiping C. 2002

Bethany L. 2010
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CHAPTER IV
GENOMIC INSTABILITY DURING EARLY DIFFERENTIATION OF EMBRYONIC

STEM CELLS

41 Abstract

Understanding how genomic instability could be involved in the regulation and
establishment of cell lineage commitment during embryonic stem (ES) féetedtiation
into an embryoid body (EB) would provide crucial knowledge of stem cell biology.
Therefore, defining the signaling pathway that controls early celld@tisions is an
important focus of research. Here, we determine the degree of instabiligletandem
repeat markers located near embryonic developmental genes responsibledotepicay,
differentiation, and imprinting of the ES cells. We determined that the mean values of
instability frequencies in EB from H1 and H7 ES cell lines showed signiftiferences
across time between ES cell lines. Markers that became unstable duringieposita
differentiation showed higher instability frequencies associated witlpptency
(D1S551), differentiation (D16S3034, D16S3090, D14S588, D11S4090, D3S1583,
D1S468, DXS1208, D4S2623, and D18S63), and imprinting (IGF2PROM,
GRB10OPROM, HISTHB2, D6S2252, D2S144, D3S1611, D7S488, and D10S529).
Genomic instability influences the loss of pluripotency and the gain of cell lineage
specialization. Interestingly, the differentiation potential of EBs froentévo stem cell
lines varied. EBs from H1 were prone to neuroectoderm differentiation in comparison t

EBs from H7, which showed functional differentiation into mesoderm in the form of
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contractile cardiac muscle. We suggest that genomic instability intrepetgions could
be a signal for cell fate decision during differentiation among ES cedl. IDer results
indicate correlation of instability in specific markers located neaeldpmental genes
and epigenetic modulators in EB that underwent spontaneous differentmatitne. The
significance of elucidating possible molecular mechanisms of genomibilitgtand
validation of novel biomarkers could potentially lead to use of ES cell derivateesifar

source for cell tissue replacement in clinical applications.

4.2 Introduction

ES cells are derived from the inner cell mass of a blastocyst aftinsthe
differentiation stage during embryonic development. During this stage, the erofego |
totipotency and displays pluripotent characteristics that ensure its potential
differentiation into the three germinal cell layers (Thometaad. 1998; Cheret al. 2008).

ES cells can differentiate into all cell types of the embryo by spontandtaremtiation

invitro into EBs. Colonies of ES cells can be cultured in suspension with conventional
ES cell culture techniques in a medium supplemented with serum containing many
undefined growth factors that induce differentiation into EB. Differentiatito EB is
spontaneous process that always displays a heterogeneous mix of cell populatisns and i
a technique to demonstrate the pluripotency capacity of the ES cells to differariba

all three germinal layers (Thomsenal. 1998; Enveet al. 2005). However, these

protocols are inappropriate for obtaining large numbers of homogeneous and pure cell
type populations that are needed for cell regeneration treatments of hunseseslise

Conditions for culture establishment and maintenance are a constant scientific

challenge to improve the methodology used for this therapeutic aim. Deteomizad
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validation of precise growth factors that direction of ES cell specimizédwards a
homogeneous population of a selected germinal layer such as ectoderm for neurons,
endoderm for pancreatic cells, or mesoderm for cardiac muscle deltsativork in
progress. Several approaches have been reported for supplementing media ifith spec
exogenous growth factors that direct ES cell differentiation to induce nsgtecelized

cell types, such as noggin factor that induces neural lineage commitment, Adtmat
induces definitive endoderm, and bone morphogenic protein (BMP) plus activin A that
induce mesoderm differentiation into early cardiac muscle cells (Bemttdur2004,
D'Amouret al. 2006; Yacet al. 2006; Jianget al. 2007; Yanget al. 2008; Zhotet al.

2008).

Differentiation is a constant process of gene modification and chromatin
regulation that is responsible for the specific signals that induce morpholagical a
functional changes in early cell progenitor derivatives during embryonic development
(Niwa et al. 2005). Differentiation reflects the alteration of balance between ES cell
pluripotency and self-renewal. ES cells that differentiate lose plunppi@nd gain the
lineage-specific signature that displays specific cell tissueiigémtough gene and
chromatin modification in the promoter regions of developmental genes responsible for
pluripotency and early cell differentiation (Moknhal. 2008). Identification of the
molecular switches that regulate differentiation of early cellgmagrs could be used as
a tool for target ES cell pluripotency and achieve differentiation homesstasi

Pluripotency, self-renewal, and differentiation signals in ES cells nigtodur
as a result of extracellular environmental stimuli. Regulation of thes#ispetular
signals during ES cell maintenaricevitro contributes to correct cell fate decisions
(Niwa 2007). Genetic and environmental changes influence the phenotype of thé ES cel
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lines. It is important to fully characterize ES cell lines for compaganalyses in order
to completely define their identity. Precise and well standardized biomanieeneeded
to characterize ES cells at molecular and functional levels to ensureualty gnd
efficiency for cellular transplant and organ regeneration applicationddltian, this
will be a crucial tool for basic embryonic development, drug testing, toxicosmgly
tumorigenesis research.

Several studies reported successful EB formation from ES cell lines through
spontaneous differentiation into the three germinal layers. Gene expression and
epigenetic pattern characteristics that underline differentiation of IEi8es in vitro
have been widely reported (Brimhdeal. 2004; Wareet al. 2006; Adewumet al. 2007;
Allegrucciet al. 2007; Osafunet al. 2008). However, the precise molecular signals that
coordinate ES cell differentiation are not understood. ldentification of unstalekixe
sequences of the DNA is a sensitive molecular technique to evaluate DNAyroé&S
cells. ES cells in culture acquire different genetic and epigeneticicaiaihs in order to
maintain pluripotency or induce ES cell differentiation into the functional phenotype
lineage specific neuroectoderm, mesoderm, or endoderm cell layers €Eave005;
Allegrucciet al. 2007; Bakeet al. 2007).

We determined genomic instability during spontaneous differentiation ofdai fr
H1 and H7 ES cell lines. EB samples were obtained at three time points of EB
progression at 7, 14, and 30 days after differentiation induction. The frequency of
genomic instability in 63 single tandem repeat markers located near pdaggpt
differentiation, and imprinting genes was determinate by calculatingstesbility
frequency of each sample per marker. The aim of this study was to determine novel
molecular biomarkers for monitoring ES cell signals that govern diffetemtia vitro.
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We report that genomic instability could be the signal that leads to ES &aiédifation
through modulation of gene expression and epigenetic modifications during cell lineage
and tissue derivation of cell populations in EBs from H1 and H7 ES cell lines. Finally,
determination of reported single tandem repeat stability offers aamisah for
characterization as well as defining new protocols for directing ES8liffeltentiationin

vitro towards particular cell lineages that are needed for clinical applications

43 Materialsand Methods

4.3.1 Embryonic stem cell culture conditions

Frozen aliquots from human ES cells H1-WAO1 passage 27 and H7-WAOQ07
passage 26 were purchased from the National Stem Cell Bank — Wiscuasnational
Stem Cell Bank (Appendix B). H1 and H7 ES cells were seeded onto a mouse embryo
fibroblast-CF1 (MEF) feeder layer previously inactivated with mitomicyiile& culture
medium consisted of Dulbecco’s Modified Eagle Medium (DMEM) knockout medium
(Invitrogen, Carlsbad, CA) supplemented with 10% knockout serum replacement
(Invitrogen, Carlsbad, CA), 1% antibiotic-antimycotic (Invitrogen, Carlsbad, C2Q
uM B-mercaptoethanol (Sigma Aldrich Saint Louis, MO), 20 ng/ml basic fibroblast
growth factor (b-FGF) (Invitrogen, Carlsbad, CA ), 1% non-essential amit® ac
(Invitrogen Carlsbad, CA), 2 nM L-glutamine (Invitrogen, Carlsbad, CA), and 20 ng/ml
of Leukemia Inhibitor Factor (LIF) (Chemicon/Millipore Billerica, MAES cells were
maintained in a humidified atmosphere ai@ih 5% CQ. The medium was changed

daily.
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4.3.2 Embryoid body formation

Forin vitro differentiation of ES cells through embryoid body formation,
undifferentiated ES cell colonies at 3-5 days post-passage, maintained on a mouse
embryo fibroblast (MEF) feeder layer during 15 passages for both EShesl| Were
mechanically dissociated and transferred into a low attachment petri diamocant
embryoid body (EB) medium. EB medium consisted of Dulbecco’s Modified Eagle
Medium (DMEM) knockout medium (Invitrogen, Carlsbad, CA) supplemented with 20%
fetal calf serum (Invitrogen, Carlsbad, CA), 1% L-glutamine (Invitro@ar|sbad, CA),

1% non essential amino acids (NEAA) (Invitrogen, Carlsbad, CA), and 0.3-mM
mercaptoethanol (Sigma, Aldrich Saint Louis, MO). EBs were culturegsipesision for

5 days with medium changes every other day. Then, EBs were transfedtechio
center-well culture dishes (Corning Incorporated, Corning, NY) previoustgdeath

0.1% gelatin (Sigma, Aldrich Saint Louis, MO) and cultured for 30 days with EB-
medium in a humidified atmosphere ai@and 5% C@ During the 30 day culture

period, medium was renewed evergays, but less frequent medium changes were made
depending on EB culture density. Samples of EBs in culture were collected atng 14, a

30 days for histopathology, immunohistochemical, and molecular analysis.

4.3.3 Histopathology

EBs were harvested and fixed with formalin (Sigma-Aldrich, Saint Lou@) M
overnight at room temperature, washed in 1X PBS, dehydrated with an ethanamneash,
embedded in paraffin. The five micrometer thick sections from the paraffin embedded
EBs were placed on slides. After deparaffinization of the slide by xylemmdad@and
water washes, slides were stained with hematoxylin-eosin for routine hiséblog
examination under microscope.
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4.3.4 Immunohistochemical analysis

EB samples attached to gelatin were fixed with 4% paraformaldehygtadSi
Aldrich, Saint Louis, MO) for 15 minutes at room temperature, washed in 1Xd&M8IS
immunostained (Miltenyi Biotec Inc, Auburn, CA). The primary antibodssd were
rabbit anti-GATAA4 polyclonal antibody (endoderm), anti-myosin heavy chain
monoclonal antibody (mesoderm), and apiiH Tubulin clone AA2 alexa fluor 488
conjugated mouse monoclonal antibody (ectoderm) (Chemicon/Millipore Billericg, MA
Antigen detection was performed with secondary antibodies; goat-anti-ig@Bbi
rhodamine and C5Y conjugated secondary antibody (Chemicon/Millipore Billéfisa
Each antibody was diluted to 1:200 in 1X PBS with 0.1% Triton X-100 and 3% BSA.
Nuclei were visualized with 4’-6-diamidino-2-phenylindole (DAPI) stainingg¥
Abbott Laboratories, Abbott Park, IL). EBs stained without the priraatjpody served
as a negative control. Images were captured using a fluorescence microscoyert A
135, (Carl Zeiss International), with a FITC and Rhodamine filter setrédaent
intensities were measured with a semi quantitative method using infagarso
developed at the National Institute of Health (Bethesda, MD, USA). Softvese w

downloaded from http://rsb.info.nih.gov/ij/index.htmccumulation of fluorescence was

calculated by averaging the fluorescent ratio between exposed and unexpaséa e

nuclei.

435 Germinal layer separation from embryoid bodies

After 30 days in differentiation culture, EBs were harvested using 0.5 mg/ml
collagenase D (Sigma Aldrich, Saint Louis, MO) in DMEM for 5 minutes a& and
pipetting to obtain a single cell suspension. EBs were washed twice with 1X PBS.
Suspensions of cells were separated by positive selection with the Mini-MA&rsgell
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separation into three different types of cell populations (Miltenyi Bibitec

Auburn,CA). Ectoderm cells were magnetically labeled with Anti-PSA-NCAM
microbeads, mesoderm cells with CD56 microbeads, and endoderm cells with CD326
(EpCAM) microbeads (Miltenyi Biotec Inc, Auburn, CA). Cells from eagécsic
separation (ectoderm, mesoderm, and endoderm) were collected for DNisatat

molecular analysis.

4.3.6 DNA isolation

DNA was prepared from each sample of EBs (7, 14, 30 days of differentiation
induction) that were previously collected in 1X PBS by mechanical disruptiondespie
under a stereomicroscope. Samples from EBs and cell suspensions were istilates w
Purelink™ genomic DNA mini-kit (Invitrogen Carlsbad, CA) following the
manufacturer’s protocol. All DNA samples were quantified using a NanoDrop™

ND1000 spectrophotometer (Thermo Scientific, Wilmington, DE).

4.3.7 Determination of genomic instability with single cell PCR

Analysis of genomic instability of all DNA samples (listed previously) was
carried out using 63 STR markers. Eleven markers were located near promoters of
pluripotency genes, thirty-two markers were related to differentiation ganéswenty
markers were related to imprinting genes (Table 4.1). Total reaction volume of
fluorescent multiplex PCR reactions was 10ul containing 1X of 10X buffer D, 2.%imM
MgCl, 1.25 U of Hot-MultiTag DNA polymerase, 1X of Solution L (these four reagents
are from US DNA, Fort Worth, TX), 4% of DMSO (Sigma Aldrich, Saint LoM®),

0.4 mg/ml of BSA (Thermo Scientific, Rockford, IL), 300 uM of dNTPs (Applied

Biosystems, Foster City, CA), and primer sets at a final concentratigmgabetween
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0.2-2 uM (Table 2.2 in CHAPTER l1l). Each replicate contained 9 pul of master ithix w
1ul of DNA at a concentration of less than a single diploid genome-equivalent (25-50
pg/ul). This DNA concentration allowed detection of wild type and mutaneslielthe
same replicate (Coolbaugh-Murpéyal. 2004). Forty eight replicates for each marker
and each sample with appropriate negative controls were amplified. PCR veampdrf
on a PE 9600 thermocycler using a ramping protocol: 1 cycle 6ff85 11 minutes; 1
cycle of 96C for 1 minute; 10 cycles of [98 for 30 seconds, ramp 68 seconds t€58
(hold for 30 seconds), ramp 50 seconds t€7Bold for 60 seconds)]; 25 cycles of
[90°C for 30 seconds, ramp 60 seconds t&€58old for 30 seconds), ramp 50 seconds to
70C (hold for 60 seconds)]; 1 cycle of 60for 30 minutes for final extension for
adenine addition; and hold@ Negative controls without DNA were included to check
for contamination.

Fluorescent PCR products (0.5 ul) were denatured in formamide (4.35 pul)
(Applied Biosystemss, Foster City, CA) and size standard Genescan 500-154u1)
(Applied Biosystemss, Foster City, CA), to be detected by capillacyrefdoresis on an
AB3130xI Genetic Analyzer (Applied Biosystemss, Foster City, CA). Fragsiee of
alleles was estimated by GeneMapper software version 4.0 (AppliegsBinosss Foster
City, CA). Wild type and mutated alleles of each marker were quantémut@ding to
standardization explained in the Materials and Methods section 3.3.7 in CHAPTER III.

Examples of normal and mutated alleles per markers are shown in Figure 4.1.

438 Statistical analysis of genomic instability

Mutation frequencies were determined using SP-PCR software version 1.0 (M.D.

Anderson Cancer Center Houston, TX) (Appendix C). Differences in mutation
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frequencies were calculated with a two tailed t-test using raw mutagigueincies in the
statistical package SAS/win 9.2 (SAS Institute, Cary, NC) to deternahstisially
significant differences (p-valug€).05) in the mean mutation frequencies of informative

markers. Marginally significant differences were considered if the @ wafi$<0.10.

44 Results

44.1 EScdlsspontaneoudy differentiateinto embryoid bodiesin vitro

ES cell pluripotency is evaluated by the efficiency with which they foB®s &d
drive ES cell differentiation into the three germinal layers symnadiyiand
spontaneously upon removal of leukemia inhibitor factor (LIF) and the MEF feedey lay
and supplementing of the medium with 20% fetal calf-serum (Charetar2003;
D'Amouret al. 2006).Initially, our EBs developed compact and tri-dimensional cell
aggregates in suspension during the first 7 days. Once they attached, EB aggregates
began to spread and display an irregular shape distribution. This was indicative of
differentiation into a heterogeneous mix of cell populations derived from the three
germinal layers from day 7 to day 30 after induction of EB differentiation. dglbcpic
morphology of EBs was determined with stained paraffin-embedded sectiondBBThe E
morphology showed stratified keratinizing epithelium (characteristictotleam),
cardiac muscle (characteristic of mesoderm), and pseudostratified colejrhatium
(characteristic of endoderm) (Figure 4.2). The morphology, coupled with the éxpress
of specific immunofluorescence markesli| tubulin-ectoderm, Myosin-mesoderm, and
GATA4-endoderm), confirmed that H1 and H7 ES cell lines maintained theityafjoac
spontaneous differentiation into EBs that display a mixed population of cells from the

three germinal layers during vitro culturing (Figure 4.3).
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442 Genomicinstability is present during ES cells differentiation in vitro

During early determination of cell fate, genes responsible for cédrelftiation
are activated and pluripotency genes are turned off. The molecular mechantsms tha
induce these gene expression changes are unclear @aie2005). The aim of this
study was to determine if genomic instability was present at this icheauld possibly
be a signal of ES cells’ spontaneous differentiation. ES cells that efffjctkfferentiate
into EBs were evaluated for genomic instability with 63 single tandem rejzekers
located near genes involved in pluripotency, differentiation, and imprinting (Table 4.1)
DNA from H1 and H7 EBs at three time points (7, 14, and 30 days) after culture
establishment were analyzed. Significant mean frequencies of ingtabili® out of 63
markers were detected. Markers located near differentiation and impigeties
displayed higher instability frequencies compared to markers located ngpotgncy
genes. Only one marker located near a pluripotency gene showed significapitiiyst
(D1S551). In comparison, nine markers located near differentiation genes were
significantly unstable (D16S3034, D16S3090, D14S588, D11S4090, D3S1583, D1S468,
DXS1208, D4S2623, and D18S63), and eight markers related to imprinting were
significantly unstable (IGF2PROM, GRB10PROM, HISTHB2, D6S2252, D2S144,
D3S1611, D7S488, and D10S529). These results show that genomic instability was
detected in specific single tandem repeat markers during EB diffgrentand could be

determinate signals for ES cell fate specialization.

443 Singletandem repeat instability increased during EB formation over time

ES cell differentiation occurs in a spontaneous multistep manner, whiclsresult
cell specialization. We found significant differences in genomic instabilitong EBs
from H1 and H7 ES cell lines over time. At 30 days post differentiation, EB samples

123



were significantly unstable in comparison to EBs from 7 and 14 days. Instability
frequencies at day 30 were increased two-fold in comparison with the &adigencies

(day 7). EBs from H1 showed an instability mutation frequency of 0.018 at 7 days and
0.039 at 30 days, whereas EBs from the H7 showed an instability frequency of 0.016 at 7
days and 0.036 at 30 days (p<0.05) (Figure 4.4). EBs from H1 show an increased number
of unstable markers (n=18) time in comparison to EBs from H7 (n=14). HISTHBZ2,
IGF2PROM, and D3S1583 were unstable markers at 7 days of EB culture. In contrast,
markers that were unstable at 14 days included D18S63, D3S1611, D6S2252, HISTHB2,
D16S3034, and D3S1583. At 30 days unstable markers: D1S468, DXS1208, D2S144,
GRB10PROM, D7S488, D4S2623, D10S529, D16S3090, IGF2PROM, D11S4090, and
D14S588 (Figure 4.4). These observations confirmed that spontaneous differentiation
occurred at the same time that genomic instability increased during ERiforma

Therefore, genomic instability could potentially drive differentiation gFsgiionn vitro.

444 Embryoid bodiesfrom H1 and H7 ES cell lines show different unstable
marker profiles

During the last decade, complete gene expression profiles have been reported for
ES cells. Gene expression modifications are due to ES cell culture maistenatro
(Boyeret al. 2005; Lohet al. 2006). The aim of this study was to determining whether
EBs from H1 and H7 ES cell lines would show instability in the same markerstudyr s
reports that eight markers showed increased instability in markers soof#ith ES cell
lines (D16S3034, D10S529, D14S588, D16S3091, IGF2PROM, D11S4090, D3S1583,
and D1S551) (Figure 4.5 and Table 4.2). EBs from H1 showed the highest significant
mean frequencies of instability in seven additional markers (D1S468, DXS1208,
D2S144, GRB10PROM, D18S563, D3S1611, and D7S48%).0p) (Figure 4.6 and
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Table 4.3) whereas, EBs from H7 showed instability in only three additional marker
(HISTHB2, D6S2252, and D4S2623x(n05) (Figure 4.6 and Table 4.4). Notably,
unstable markers in EB from H1 were located near genes involved in early
neuroectodermal differentiation. In contrast, EBs from H7 displayed inggabili

markers located near genes involved in mesodermal and endodermal differentdion. E
from both H1 and H7 ES cell lines showed instability in markers related to imgrinti
genes. Taken together these results confirm that ES cells showed ddfgreniiies of

unstable markers during EB differentiatiorvitro.

445 Instability in repetitiveregionsrelated to differentiation genes coordinate
cell fate decisions

Upon progression of differentiation, gene modifications act as sidrals t
facilitate cell fate decisions (Smith 2005; Feldnetial. 2006; Galaret al. 2010). We
searched for possible associations between genomic instability of spearkers and
the differentiation preferences of individual ES cell lines. We charaalesineES cell
lines by morphologic and genomic instability patterns throughout EB diffetientia
vitro. EBs from H1 and H7 ES cell lines showed mixed populations of cells after 30 days
of culturing in EB media supplemented with fetal calf serum. However, we odgbate
multiple neural rosette like neuroectoderm structures were more common uit&Ee <
from H1 when compared to EBs from H7 (Figure 4.7). This is positively comelatk
instances of instability that showed increased mean frequencies for nsp&eifec to
the neuroectoderm layer (D11S4090, D3S1583, D1S468, DXS1208, and D18S63). In
contrast, EBs from H7 showed instability in markers related to mesoderm38a.48d
D16S3091) (Boiet al. 1995; Liet al. 2010), and endoderm differentiation (D4S2623)
(Chu and Shen 2010) (Table 3.5). In addition, EBs from H7 showed morphological and
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functional spontaneous differentiation into contracting EBs, increased cell cayf]aes
well as increased contraction rates in the developing EBs (Figure 4.8). Ots sésuV
that instability in repetitive regions near genes responsible for atlgifferentiation of
neuroectoderm and mesoderm were not equally regulated between diffene atiadil

and H7 ES cell linem vitro.

446 Epigenetic modification during spontaneous EB differentiation aresult
from genomic instability

Early embryonic differentiation signals are regulated by epigedetinges such
as imprinting, chromatin changes, and methylation @ie¢ 2006; Pasinét al. 2007;
Christophersen and Helin 2010). We found that specific markers related to imprinting
showed increased frequencies of instability during EB differentiation from [®telE
lines. Markers associated with tissue specific imprinting genes (IGFZRBA0),
histone genes (HISTHB2, D6S2252, D7S488, and D10S828pvo methylation genes
(D2S144), and DNA repair genes (D3S1611) showed significant differences inlitystabi
in EB from H1 and H7 ES cell lines. Markers located in the promoter regions of the
genes IGF2 and GRB10 displayed highly significant instability (p<0.001). THeema
near IGF2 was unstable in EBs from both the H1 and H7, with the highest instability
frequency found in EBs from the H7. The marker in GRB10 however, was exclusively
unstable in EBs from the H1. Additionally, D2S144 was significantly, and exclysivel
unstable in EBs from H1 (p=0.0081) compared with EBs from the H7 that were stable.
D10S529 was unstable in EBs from both ES cell lines but was highly significantly
unstable in EBs from the H1 compared with EB from H7 (p=0.0308). Together, these

findings demonstrate that instability as a molecular signaling pathuwght oontrol the
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epigenetic changes necessary to induce gene expression changes in B&t egés t

undergoing early progenitor differentiation.

45 Discussion

Understanding the molecular signals that regulate the decisions debegrBi
cell fatesin vitro during early progenitor differentiation can help identify reliable genetic
markers that will be useful for characterizing the mix of cell populationsnelokdrom
the three germinal layers. Careful characterization of ES cellhamdell-type specific
outcomes serve to validate them for prospective clinical applications that wquicdere
specific ES cell progenies isolated from spontaneous differentiation protootl.

We evaluated single tandem repeat markers located near embryonic dentddgerees
related to pluripotency, differentiation, and imprinting of ES cells, to detertnéaie
stability during spontaneous differentiation of EBsitro.

Normally, ES cells can differentiate into a heterogeneous mixed population of EB
cell types from the three germinal layensitro. EBs can be differentiated into a wide
variety of cell types that are functionally equivalenirneivo tissues (Chambees al.

2003; D'Amouret al. 2006). We hypothesized that instability in repetitive sequences
located near important genes responsible for cell differentiation coulebcthrar
subsequent cell fate decisions during the progression of differentiation.

Differentiation is a process where pluripotency of the ES cells is lost throug
embryogenesis. ES cells differentiate progressively until they\axch@mmplete cell
specialization and functional cell-tissue capacities (Feldehaln 2006; Galaret al.

2010). Our results show that EBs undergoing differentiation accumulates ingtabilit

different markers located near possible target genes that are respfonsslialety cell

127



differentiation and imprinting. This is consistent with our results that just one
pluripotency marker was unstable in comparison with nine unstable markerd telate
differentiation, and eight unstable markers related to imprinting duringuE&iag. This
is in contrast, our findings that. Our data suggest that some pluripotency gemes still
upon progression of differentiation until complete cell lineage commitment isvachi
In addition, the observation of progressive instability in markers located near
differentiation and imprinting genes could be the signals of specific teltléxisions
that are required for each ES cell line.

First, ES cells undergoing differentiation need intracellular and extkel
signals that vary over time that regulate the transcriptional factdringag. This induces
cell type specific changes through completion of lineage commitment (Sreylakr
2007; Chowdhurgt al. 2010). Extracellular signals, such as stress from the culture
environment and continual passaging, might affect the stability of ES cellgoimdg
differentiation. The efficiency to further direct homogeneous differeatias also
reduced because of subsequent losses in genomic integrity and changes in gene
expression (Vallieet al. 2005). Additionally, differentiation efficiency depends on the
level of cell confluency (Snykert al. 2007). During differentiation inductiam vitro,
our EBs showed increased cell density after 20 days in culture. We observed high
instability frequencies in EB samples at 30 days of culture. At that tierdpmm
efficiency in cell to cell interaction and cell differentiation was obsgrand the
confluence of EBs from H1 and H7 ES cell lines was almost 100%. Our data support the
affirmation that differentiation is a dynamic process where interactiovelka cells and

addition of chemical supplements to the culture medium can drive ES cells toward
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differentiation in addition to playing an important role in inducing molecular Egna
needed to obtain specialized cell types.

Second, developmental genes are responsible for controlling differentiation in ES
cells. Molecular markers located near specific genes could be good casfdite
evaluation of cell fate progression during embryogenesis. We found signifistatility
frequencies in 18 single tandem repeat markers localized near develdmgeaata Our
results support the idea that these markers are possible target sequspmesbie for
the molecular signals of pluripotency, differentiation, and imprinting during ES ce
commitment specialization of lineagevitro (Table 4.5). We found important
correlations between genes in close proximity to the unstable markerseghial\this
study. For example, POU family transcription factor (POUF) is a reqyubt
pluripotency that prevents ES cell differentiation. Repression of this gene snd8aeell
differentiation into primitive endoderm (Niwgi al. 2005; Feldmat al. 2006). D1S551
is a marker located near the POUF gene and was significantly unstabie taeeEB
formation process (30 day sample), indicating that instability acts geal & silence
this pluripotency gene, and allows progression of differentiation of the ES@aslthe
other hand, genomic instability in repetitive regions could be required for selective
preference of differentiation into the three germinal layers during EBgssign in H1
and H7 ES cells. In our study, signaling pathways that control spontaneous EB
differentiation in H1 and Hh vitro reveal differences in the capacity to achieve
homogeneous cell populations at the end of differentiation. EBs from H1 and H7 did not
differentiate equally well into the three germinal layers. EBs fromffidiently
promoted more neuroectoderm structures in comparison to EBs from H7 that dyficient
promoted more mesoderm structures as a functional cardiac muscle cells. Our
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observations suggest that H1 and H7 ES cell lines show specific embryonic
differentiation patterns. Interestingly, EBs from H1 and H7 show differergculalr

patterns of instability. Significant differences within unstable markers oleserved and
could be the source of differences in the noted cell morphological and functional
characteristics. EBs from H1 were unstable for markers related to earbentwderm
differentiation. For example, D1S468 is located near tumor protein p53 (TP73) gene,
which is involved in the cellular stress response and development. Deletiong#ribiss
involved in neuroblastoma (Berna S, 2010; Kim KP, 2007). DXS1208 is located near the
heat shock 27 kDa protefil (HSP25/27) gene implicated in astrocytic and cortical
degeneration (Schwaet al. 2010; Kirbach and Golenhofen 2011). D18S63 is located
near the TGB-induced factor homeobox 1 (TGIF1), a transcription regulator during
development, and is associated with structural brain abnormalities (Paanthimpmasi
2006; Wanget al. 2008; Hamid and Brandt 2009). D11S4090 is located near the gene
neural cell adhesion molecule 1 (NCAM) that is necessary for the induction ptisyna
plasticity in the hippocampus (Kleeseal. 2010). D3S1583 is located near the retinoic
acid receptor beta (RARB) gene, which is a developmental gene responsilelé for ¢
growth and differentiation (Shemtjal. 2010; Elizaldest al. 2011). Additionally, EBs

from H1 and H7 ES cell lines showed instability in markers involved in mesoderm
differentiation. For example, D16S3034 is located near the chromodomain helicAse DN
binding protein 9 (CHD9) gene that is involved in early osteogenic cell diffetientia
(Shuret al. 2006). D16S3091 is located near cadherin 13 H-cadherin (CDH13) gene that
is a mediator of cell-cell interaction in the heart and negative regulateuddlircell

growth (Liet al. 2010).
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Third, epigenetic modifications are necessary to induce gene expression changes
in ES cells undergoing differentiation into early progenitor cell types dhtiee
germinal layers (ectoderm, endoderm, and mesoderm). Chromatin modification is
mechanism that potentially drives cell fate decisions, cell renewalireszd)é
specialization. Improper silencing or activation of specific geméisces chromatin
remodeling modifications (Boyet al. 2005; Enveget al. 2005; Feldmaret al. 2006;
Bakeret al. 2007). Changes in chromatin structure can regulate commitment
specialization of ES cell lineage by modulating gene expression through fofirst,
by modification of histones and second, by methylation of promoters regulatinficspeci
developmental genes. These modifications ensure the expression or repreissget of
genes during cell differentiation. However, it is not fully understood how theseaseeps
coordinated. Previous studies have confirmed that histone modifications anatagsoc
with transcriptionally active regions in the genome that regulate spontaneous
differentiation of ES cellgn vitro (Boyeret al. 2005; Azuara 2006). ES cells that failed
to keep their repressive chromatin and lost the capacity to differentathénthree
germinal layers (Enveat al. 2005; Pasinét al. 2007). Consequently, histone H2A
ubiquitination reduction and histone H3 and H4 acetylation enrichement modifications
allow gene transcription to maintain ES cell pluripotency (de Najgbkis2004; Leest
al. 2006). Our results suggest that instability in repetitive regions near higieciécs
genes could be a signal for histone modification that generates represstteer
chromatin to modulate gene expression during cell lineage commitment. From our
results, four significant unstable markers that showed high instabilitglated to the
histone genes HISTHB2 and D6S2252 (HIST1H2AH), both of which are linker histones
responsible for chromatin compaction (Waa@l. 2004; Zhanget al. 2005; Pettyet al.
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2009). Another histone gene, D10S529 (H2AFY2), is involved in inactivation of the X
chromosome (Buschbeekal. 2009; Gamblet al. 2010). All three markers were
especially significant in the instability detected in EBs from H7 ESlioelwhen

compared to EBs from H1. Studies have reported changes in X inactivation in female ES
cells, which was congruent with our results because the H7 ES cell line Is fema
(Chadwick and Willard 2001; Buschbeetkal. 2009; Gamblet al. 2010). Marker

D7S488 located near the histone deacetylase 9 isoform 3 (HDAC) gene is responsible f
tissue-specific gene expression during cell differentiation (Kararabetudl. 2006). We
found that this marker was exclusively unstable in EBs from H1. Taken together, our
results suggest that instability in these sequences, which are neac $pstwihe genes,

could be a signal for chromatin modifications that repress expression of plodpote

genes during spontaneous differentiation.

In addition to chromatin modification by histones, methylation of gene promoter
regions is responsible for establishing the epigenetic changes that alltw for
pluripotency or differentiation status of ES cells. DNA (cytosine-5)-nietinsferases
(DNMT) catalyze the addition of methyl groups to the cytosines in CpG islards¢ha
located in promoter regions of genes, and they are responsible for controlling aicce
transcription factors to the genome (Jaenisch and Bird 2003). Changes in methylation
during differentiation have been widely reported (Lagarkei\gh. 2006; Meissneet al.
2008), supporting the idea that methylation is a key gene regulator of the patadiay le
to ES cell fate decisions. D2S144 is located near the DNA (cytosine-5)-treatisfgérase
3 alpha gene (DNMT3A) responsible fd& novo DNA methylation during embryonic
development, and displays significant instability (Ckeal. 2002; Wienholzt al.

2010). DNMT3Ade novo methylation in ES cell lines induces silencing in pluripotency
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and self-renewal genes in the differentiated cells and prevents derditigon or
reactivation of pluripotency in somatic adult tissues (Lagarkbah 2006). Methylation
is the mechanism for gene imprinting during early embryonic development.s@/e al
observed significant unstable markers located in promoter regions of two geraese that
imprinted in tissue specific manner. Growth factor receptor-bound protein 10 (GRB10)
gene is imprinted in the paternal allele in the brain and is responsible for trmdofa
tyrosine kinase activity. GRB10 overexpression results in suppression of embryonic
growth (Tezukaet al. 2007; Monket al. 2009). Insulin-like growth factor 2 (IGF2) gene,
expressed only from the paternal allele, is involved in embryonic development and
growth (Demart al. 2010; Tabanet al. 2010). Therefore, epigenetic modifications
have two essential functions, regulating cell fate decisions during stagiéfe@ntiation
and preserving the cell specialization status throughout the cell’s life.

Finally, identification of specific target sequences that are predonyinargtable
during spontaneous differentiation might provide clues to deciphering molecular
mechanisms used to express and/or repress genes during embryogenesidianage
commitment. In addition, our results reveal a novel molecular tool for charaujesell
populations according to their genomic integrity through analysis of unstatkemnar
located near important genes responsible for early cell differentiatisndvel tool has
potential significance and practical applications for use in regenenaéideine. To our
knowledge, this study is the first to identify potentially useful biomarkers #mat c
determine the stability of specialized cell populations differentigedro from ES
cells. Further evaluation of these markers will enable more preciseidraations of
ES cells and cell populations during development, so their applications could be fully
assessed.

133



IGF2PROM GRB10-PROM HISTHB2
(Mae (T)ss (T

135

(+5) W — _—
(-9)

195 11§

Hll'fli' x4

ALUUULUY Al "",.l‘
PV L LY TLTLUAN

e

123bp128bp | [172bp 181bp 103bp 107bp

Figure 4.1 Examples of electropherograms from mononucle unstable marke.

Notes:Normal and mutated alleles are identified accordangepeat motif shifts
Mononucleotide markers (IG-FPROM, GRB10PROM, and HISTBH2) show tt
corresponding normal allele, as well as the mutatiete that was shifted gree than 3
or less than 3 repeats motifs. Mutated allelesratieated with a red star and the num
of repeat motif shifts is in parenthese-) indicated a loss of repeat units, while
indicated a gain of repeat units. Normal allelessdirown next 1 their mutated alleles
Each set of peaks is identified by the marker nanterepeat motif (top row). Shov
below each peak is the size of each allele in pasgbp). Markers were labeled w
either 6FAM (blue) or HEX (green) fluorescent dy
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Figure 4.1 Continued.

Notes:Normal and mutated alleles are identified accordangepeat motif shifts
Dinucleotide markers (D1S468, D2S144, D3S1611, 0583, D6S2252, and D7S4¢
show the corresponding normal allele, as well astiatated allele that was shift
greater than 2 dess than 3 repeat motifs. Mutated alleles arecatdd with a red st:
and the number of repeat motif shifts is in paresdés. -) indicated a loss of repeat uni
while (+) indicated a gain of repeat units. Norralles are shown next to their mted
alleles. Each set of peaks is identified by thekeaname and repeat motif (top rov
Shown below each peak is the size of each allebase pair (bp). Markers were labe
with either 6FAM (blue) or HEX (green) fluorescent dy
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Figure 4.1 Continued.

Notes: Normal and mutated alleles are identifietbeding to repeat motif shift

Dinucleotide markers (D10S529, D16S3034, D16S3DaBS63, and DXS1208) shc
the corresponding normal allele, as well as theabtedtallele that was shifted grer than
2 or less than 3 repeat motifs. Mutated allelesratieated with a red star and the num

of repeat motif shifts is in parenthese-) indicated a loss of repeat units, while

indicated a gain of repeat units. Normal allelessdrown nexto their mutated allele:
Each set of peaks is identified by the marker nanterepeat motif (top row). Shov
below each peak is the size of each allele in pasgbp). Markers were labeled w

either 6FAM (blue) or HEX (green) fluorescent dy
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Figure 4.1Continued

Notes: Normal and mutated alleles are identified according to repeéshifis.
Tetranucleotide markers (D14S588 and D1S551) show the corresponding normal allele,
as well as the mutated allele that was shifted greater than 1 or less ¢pa@atmnotifs.
Mutated alleles are indicated with a red star and the number of repeat mtstifssimif
parentheses. (-) indicated a loss of repeat units, while (+) indicated a gapeat units.
Normal alleles are shown next to their mutated alleles. Each set of pedstifiad by

the marker name and repeat motif (top row). Shown below each peak is the size of eac
allele in base pair (bp). Markers were labeled with 6-FAM (blue) fleergsdyes.
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Figure 4.2 Histological characterizations of embryoid bodiesti ES cell

Notes: A, B, and C are from EBs at 14 days ¢n vitro differentiation showing typice
morphology and histology characteristics of diffdrated tissues from the three germi
layers. (A) Neural epithelium characteristics ineamtoderm layer. (B) Mesenchyn
characteristics in a mesoderm layer. (C) Psetratified columnar epitheliur
characteristics in an endoderm layer. Phase camtnages (left panels) ashown with
10X magnification. Haematoxylin and Eosin stain@ages (right panels) are showr
60X magnification.
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Figure 4.3 Immunofluorescent characteation of embryoid bodies differentiated frc
ES cells

Notes:A, B, and C are from EBs at 14 days ain vitro differentiation.(A) EB showing
BllI- tubulin positive expression (greewhichis characteristic of neuroectode
differentiation.(B) EB showing myosin positive expressired) which is characterist
of cardiac muscle (mesoderm differentiation). (C) EBwing GATA positive
expression (orange) which is characteristic of eedm differentiation. Nuclei wet
visualized with DAPI stin (blue) (left panels). Fluorescence imageshosv in
magnification of 60X.
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Figure 4.4 Mean mutation frequencies of unstable markers across EB samples at three
points of time

Notes: (A) EBs from H1 and H7 ES cell lines showed statistically signifidifferences
of frequencies of unstable markers at 7 days aftétro differentiation when compared
to frequencies of unstable markers at 30 days @aftetro differentiation (p<0.05).
Values represent the overall mean frequency of unstable markers oveydimtseof
time. (B) Phase contrast image of EBs in suspension at 7, 14, and 30 daysvéfter
differentiation (magnification of 10X) (C) List of unstable markers at 7, id 38 days
afterin vitro differentiation.
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Figure 4.5 Unstable markers in embryoid bodies differentiated from H1 and H7 ES
cell lines

Notes: Differences in overall mean mutation frequencies were observedhdiBe

from H1 and H7 ES cell lines. Values represent the overall mean mutation frequency of
EB sample replicates (n=144) per marker that was calculated with RR&tware (MD
Anderson Cancer Houston, TX). D16S3091 and IGF2-PROM markers showing a highly
statistically significance differences (p<0.001). D16S3034, D10S529, D14S588,
D11S4090, and D1S551 markers show high statistically significant differerd®8%p

The D3S1583 marker did not show any significance differences (*).
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Figure 4.6 Unstable markers of embryoid bodies differentiated from H1 and H7 ES
cell lines

Notes:Statistically significant differences in overall mean mutation freqigsnwere
observed between EBs from H1 and H7 ES cell lines. (A) Overall mean values for
mutation frequencies of unstable markers observed in EBs from the H1 ES cell)line. (B
Overall mean values for mutation frequencies of unstable markers obsenks! firoii

the H7 ES cell line. Values represent the overall mean mutation frequencysahigie
replicates (n=144) per marker that was calculated with SP-PCR saf{tMB Anderson
Cancer Houston, TX). Markers show statistically significant differepee0.05 except

for D6S2252 and D4S2623 that show marginally significant differenceg0*f0.
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Figure 4.7 Embryoid bodies from the H1 ES cell line differentiated into early
neuroectodermal tissue after 30 days

Notes: (A-B) Neural progenitor spheres with extensive cell growth arourdiusters

and neurite grew radially from the middle EB sphere (black arrow headl$ye(Bal
rosettes are observed inside the floating spheres (black arrows). (@) idsette with
high confluence of early progenitors that appear after 3 weehsvitfo differentiation
from the H1 ES cell line. (D) Boxed region from C panel, shown in 60X magnification
and displays neuronal generation in the outgrowth area. Cells generated aya@iiomi
status (white arrows). Phase contrast images (A-C) are at a roatjoifiof 10X.
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Figure 4.8 Embryoid bodies from the H7 ES cell line differentiated into cardiac
muscle tissue (early mesoderm) 14 days afteitio differentiation
induction

Notes: (A) EBs differentiated into mesoderm, showing characteristiplrology of a
confluent cardiac lineage. (B-C) EBs differentiated into functional mesodowing
contractile cardiac muscle. Contraction rate frequency increased meeddringn vitro
differentiation. (B) Initially, the rate was 50 contractions per minute (girh} days of
in vitro differentiation induction (see supplemental file Video005). (C) Contractions
increased to 70 cpm after 30 daysro¥itro differentiation induction (see supplemental
file Video007). Phase contrast images are at a magnification of 10X.
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Table 4.1 List of single tandem repeat markers analyzed in samples of embryoid
bodies from H1 and H7 ES cell lines

Pluripotency Differentiation Imprinting

OCT 4 D1683034 D651698 D1653091 D78488 DNMT3
D1S1656 D1281719 D1081653 D18468 D681001 GRB10PROM
D18551 D482623 D118909 TNFa3 HISTH4A D208821
D1281632 D28134 D582021 D158983 HISTHB2 IGFZR
D1S2630 D1181331 D18S63 DXS1208 D108529 DIRAS3PROM
D652384 D481625 D4S1542 D58426 D228447 PEG10PROM
D68416 D18430 DXS8981 D381541 D8S11268 SNURF10PROM
D282327 D28290 D1485838 G60405 D225941 IGFZPROM
NANOG D3S1583 D352459 D3s1611 D78638 IGF
D951840 DXS458 D1782180 D1182179 D6582252

D2181909 EGFR D28144

Notes: Ten markers were related to pluripotency genes, 33 were relatedremtiéfeon
genes, and 20 were related to imprinting genes.
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Table 4.2 Mean mutation frequencies of eight unstable markeesnbryoid bodies differentiated from H1 and H3 &ell line:

ES Dav __DI1653034 D105529 D145538 D1653090 IGF2-PROM D1154090 D35]1583 D15551
cells T om n m n m f n m f n m f n m f noom f noom S
7 44 2 00166 3% 2 00245 46 0 00000 41 O 0.0000 51 O 0.0000 50 O 0.0000 38 1 0.0132 45 0 0.0000
Hl 14 45 ¢ 00000 43 4 00360 6% O 00000 47 1 00121 63 1 00151 56 © 00000 32 2 0038% 52 0 0.0000
30 59 0 00000 45 1 00080 50 2 00278 73 3 00276 47 3 00330 37 1 00408 34 0 00000 31 1 0.0408
Total 148 2 0.0165127 7 00228165 2 00278161 4 0.0159 161 4 0.0241 133 1 00408 104 3 0.0251122 1 0.0408
7 42 0 00000 40 1 00131 43 0 00000 72 O 0.0000 4% 0 00000 62 0 0.0000 35 2 0.0312 61 0 0.0000
H7 14 43 1 00092 40 1 00116 42 0 00000 63 O 0.0000 52 O 0.0000 64 0 0.0000 37 1 00141 73 0 0.0000
30 34 0 0.0000 37 3 00349 40 1 0.0390 83 3 0.0818 75 3 0.0300 50 1 0.0322 47 0 0.0000 65 2 0.0287
_Total 119 1 00082117 5 00199125 1 00380218 3 00272176 3 00300176 1 0.0322 11% 3 0.0226188% 2 0.0287
p-vaiue 0.0580 0.0308 0.0410 =0.001 <.001 0.0500 "N 0.0100

— Notes: Number of normal alleles)( number of mutated allelem), and mean value of mutation drgency f) calculated by SP-
& PCR software with SPCR software (MD Anerson Cancer Houston, TX). *NBdicates no statistical significar.



Table 4.3 Mean mutation frequencies of seven unstable matkatslisplayed statistically significant differescn EBs fom
the H1 ES cell line compared to EBs from the H7cEBline

ES Dav D15468 DX51208 D25144 GREB10-PROM D138563 D351611 DTS483

cells Ton m r n m f nm f noom ¥ n m f n o m i n " f
7 37 0 00000 20 O 00000 41 0 00000 40 3 00347 17 0 00000 30 0 00000 359 1 00109
H1 14 47 0 Q0000 42 0 Q0000 46 O 00000 48 O 00000 47 4 00219 45 3 0.01%9% 46 0 0.0000
30 35 3 00381 25 2 00480 30 2 00694 34 3 00549 17 O 00000 34 0O 00000 7O 2 00160
Total 119 3 00381 87 2 0.0480 117 2 00694 122 6 00448 81 4 00219 110 3 0019% 175 3 0.0259
7 &8 0 00000 3 0 00000 36 O OOO00 42 O 00000 70 O Q0000 42 O 00000 830 0O 00000
H? 14 73 0 00000 41 0 00000 27 0 00000 34 O 00000 37 O 00000 42 0 00000 78 0 00000
30 %4 1 0.0075 1 00188 46 0 00000 64 O 00000 19 0 00000 33 0 00000 39 0 00000
Total 225 1 00075 122 1 00198 109 O OO0000 140 O ©00000 126 O 00000 117 0 00000 197 0 00000
p-vaiue <0.0010 0.0500 0.0081 0.0015 0.0261 0.0324 0.0419

Notes: Number of normal alleles)( number of mutated allelem), and mean value of mutation frequenf) calculated with SP-
— PCR software (MD Anderson Cancer Houston,
N
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Table 4.4 Mean mutation frequencies of three unstable martkatsdisplayec
statistically significant differences in EBs frohetH7 ES cell line
compared to with EBs from H1 ES cell |

HISTHE2 D652252 D452623
[ m I L m I n m i

EScells Day

7 42 1 00100 32 0 0.0000 51 0 0.0000

Hl 14 43 5 0.0446 69 1 0.0078 63 0 0.0000
30 28 0 0.0000 38 0 0.0000 25 0 0.0000

Total 113 6 00273 139 1 0.0078 139 0 0.0000
7 44 5 0.0408 74 0 0.0000 40 0 0.0000

H7 14 40 5 0.0557 42 0 0.0000 31 0 0.0000
30 44 0 00000 42 2 0.0575 36 1 0.0204

Total 128 10 00483 158 2 0.0575 107 1 0.0204
p-value 0.0118 0.1 0.009

Notes:Number of normballeles n), number of mutated alleles), and mean value «
mutation frequencyf) calculated with S-PCR software (MD Aderson Cancer Houstc
TX). p-value< 0.05 inbold. p-value< 0.10 are intalic.
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Table 4.5 List of genes associated with unstable mal

STR Gene Gene Name Gene Function References
Chromodomain helicase
D16S3034 CHD9 DT B D) Embryo development Shur I, 2006
D10S529 H2AFY2 H2A histone family, member Y2 Nucleosome assembl LT 2000
£ : Marcus B, 2009

D14S588 PTGDR  Prostaglandin D2 receptor (DP)  Signal transduction regulator BoieY, 1995
D16S3091 CDHI3 Cadherin 13, H-cadherin (heart) Growth factor activity LiL, 2010
IGF2PRO  IGF2 Insulin-like growth factor 2 Growth factor activity Tabano S, 2010

D118S4090 NCAM

D381583 RARB
D18551 RGS4
D18468 TP73

(somatomedin A)

Neural cell adhesion molecule 1

Retinoic acid receptor, bet

Regulator of G-protein

signaling 4

Tumor protein p73

Signal transduction regulator

Embryo development

Signal transduction regulator

Transcription factor

Demars I, 2010

Kleene R, 2010

Elizalde C, 2011
Sheng N, 2010

Charlesworth P,
2006 Ebert PJ,
2006

Berna S, 2010
Kim KP, 2007

Notes: Summargf gene characteristics located in close proxiratynstable marke:
involved in embryonic developme These eighteen unstable markers were identifi

EBs differentiated from H1 and H7 ES cell li
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Table 4.5 continued

STR Gene Gene Name Gene Function References

AsangiRK, 2010

DXS1208 HSPB1  Heat shock termic protein Transcription factor Schwarz L, 2010

Growth factor receptor-
bound protein 10

Norio T, 2007

GRB10PRO GRB10 MonkD, 2009

Growth factor activity

Rodriguez
Jimenez FJ1., 2008

D3S1611 MLHI1 MutL homolog 1, colon cancer DNA repair

H2A histone family,

HISTHB2 HISTHB2 member Y2

Nucleosome assembly Lee MG, 2007

D482623  EGF Endoderm growth factor Embryo development ChulJ, 2010
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CHAPTER V
UNSTABLE REPETITIVE SEQUENCES LOCATED NEAR GENE PROMOTER
COULD BE A SIGNAL FOR REGULATION OF GENE EXPRESSION

DURING TUMORIGENESIS

5.1 Abstract

Single tandem repeats are sequences of DNA that have been implicated in the
deregulation of gene expression in human conditions such as fragile X syndrome,
neurodegenerative diseases, and tumorigenesis. Understanding the origintofaepeti
sequence instability and functions on the genome allow us to describe early steps of
genomic instability signals in cell differentiation and tumor transformatiechanisms
Here we show how instability in repetitive sequences located distal or @ickistances
to particular genes could be a signal for deregulation of gene expressidDNate
damage accumulation in ovarian cancer cells and normal ovarian cells. Significant
instability was shown in five single tandem repeat markers (BAT26, BAT603@65
DXS9902, and DXS6801) nine days post-exposure to high concentratiop®0f H
Genes located near these unstable repetitive markers were identifieds@tg from
gene expression analyze reported significant up-regulation of five dSes2,

CHMP4C, STAG3L4, AUTS2, and PMS2L4), and significant down-regulation of four
genes (EPCAM, ASB9, FIGF, and PCDH11X) in ovarian cancer cells in comparison to
normal ovarian cells after DNA damage. These observations are consisentimw

hypothesis that genomic instability in repetitive regions of the genonsgaal for
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differential gene expression that leads to tumor transformation and mairthisisreival
after accumulation of DNA damage. Genetic modification patterns infep@cget
genes involved in tumor cell transformation are useful tools for testing tumoepsomyr

and improving cancer therapy sensitivity.

5.2 Introduction

Developmental genes are usually deregulated during neoplastic trarisfarma
leading to cellular responses such as proliferation, differentiation, tioigranvasion,
and angiogenesis, ensuring a perfect environment for tumor transtamr{@tipteet al.

2005; Inceet al. 2007). Aggressiveness and invasiveness are fundamental characteristics
of ovarian tumor progression. Several authors suggest that the ability to sie¢asta

rapidly to different organs is due to developmental signals because tisggesofal

origin are deregulated or reactivated during tumor transformation (@ugdt2005;
Karakosteet al. 2005; Proiaet al. 2011). Primordial germinal cells migrate into the

genital ridge, and their differentiation into the female gonad is the result oficatad
molecular signals early in embryo development. Similarities have alsddug®d in the
neoplastic phenotype on ovarian tumorigenesis.

Cell differentiation and tumor transformation share several moleculatdiagna
pathways, including gene expression and epigenetic modifications (Karekalst2005;
Proiaet al. 2011). Tumor cells show losses in genome integrity due to the accumulation
of DNA damage (Fearon and Vogelstein 1990). Instability in single tandertsepe
originate frame shift mutations in coding and non-coding regions in the DNA, inducing
failures in cellular regulatory pathways such as cell cycle control, agspand DNA

repair that are responsible for avoiding cell transformation (éredi 2008). We
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hypothesize that unstable repetitive regions located in the 5’untranslaizd 0égi gene
could be the earliest molecular signal for transcription deregulationllinas a
tumorigenesis. Instability and gene expression profile determination couldeloéode of
initiation, progression, and prognostics for ovarian tumorigenesis.

The aim of the present study was to characterize single tandem repahhgig
in relation to nearby genes that induce gene expression deregulation after Dhidedam
accumulation in both cancer and normal ovarian cells. Detection of five unstable
repetitive sequences in the genome allows for the identification of sixtegrbogng
possible target genes involved in ovarian tumorigenesis. Gene expression statues of thes
target genes was determined by real time PCR in cancer and norniah @edlis 9 days
post-exposure to #D, (30uM). Gene expression deregulation was observed in genes
involved in cell stress responses, such as DNA repair, cell growth, and tumor
progression. Our results support our hypothesis that instability in repetgioaseould
be a signal of gene expression modifications that lead to tumor transfornration a
progression after DNA damage accumulation.

Additionally, determination of genomic instability and gene expression
interaction aid in our understanding of the earliest steps in tumorigendseathéo the
impaired gene functions involved during cell transformation. Our analysis eeviead
novel candidate genes that showed gene expression deregulation after DNA& adamag
ovarian cancer cells in comparison to ovarian normal cells. ldentification of malel a
potential target genes provide a systematic validation of biomarkers for the
characterization of ovarian carcinoma. New therapeutic approaches deel fiae
ovarian cancer treatments and understanding the mechanisms of initiation and
progression could help develop and validate new treatments in favor of the patients.
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5.3 Materialsand Methods

531 Cdl culture

Human cancer cell line (SKOV) was purchased from American Type Culture
Collection, ATCC (Rockville, MD) and human ovarian cell line established fromavari
tissue removed from a normal woman. This tissue was donated for this research by
informed consent (IRB approval number 11-088). Cancer and normal ovarian cells were
cultured routinely in T-25 culture flasks (Falcon, Becton Dickinson, LabwajanNJ
Dulbecco’s modified eagle medium (DMEM) high glucose (Invitrogen, Carlsbad, CA)
supplemented with 10% heat inactivated fetal bovine serum (Invitrogen, CaiGGhp
30mg/ml of L-glutamine (Invitrogen, Carlsbad, CA), and 1% of antibiotic/antiig/c
(Invitrogen, Carlsbad, CA). Cells were maintained in a humidified atmosphereCain37

5% CQ. Medium was changed every 72 hours.

5.3.2 Invitro exposureto hydrogen peroxide

When cancer and normal ovarian cells reached 80% confluency, they were
trypsinized and treated with O or 30uM concentration @ HFisher Scientific,
Houston, TX)n 1X PBS (Invitrogen, Carlsbad, CA) for 1 hour in a humidified
atmosphere at 3C in 5% CQ. Cells were then centrifuged at 1000 x g for 5 minutes.
The supernatant was removed and cells were washed twice with fresh 1X PR&tddntr
and treated cells were then plated in triplicate at a density of 1cell¥ml and cultured
in a humidified atmosphere at 87in 5% CQ. Medium was changed every 72 hours
until 9 days post-exposure. Concentrations gd+&nd determination of time post-

exposure was reported from previous experiments in our lab that showed increased
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mutation frequencies in specific microsatellites under these conditionsr{dAGniz

2011).

5.3.3 RNA isolation

At 9 days post-exposure, cancer and normal ovarian cells were trypsinized. Cells
were then centrifuged at 1000 x g for 5 minutes, and after PBS washing, total 8&NA w
extracted from cell suspensions using RNeasy plus mini kit (Qiagen, Ontamaxd)a
following the manufacturer’s protocol. cDNA was synthesized by using Quesmti
reverse transcription kit (Qiagen, Ontario, Canada) according to the maneffactur
recommendation. Briefly, 1ug of total RNA was treated with DNA wipeout bidfe2
minutes at 4Z, Quantiscript reverse transcriptase master mix was added to the RNA
sample and incubation was carried out aC4®@r 30 minutes, followed by incubation at
95C for 3 minutes to inactivate the reaction. cDNA samples were stored @tu20l

real time PCR was performed.

534 Real timePCR

Real time PCR was performed to assess transcripts of 16 genes that are in, or
near, five unstable single tandem repeat markers that previously showed higbrmuta
frequencies in these ovarian cell lines (Moreno-Ortiz 2011). The validated [setse
QuantiTectprimer assays, were used for the genes EPCAM, MSH2, ASB9, ASB11,
FIGF, PIR, E2F5, CA2, CHMP4, FABP4, PAG1, STAG3L4, PMS2L4, AUTSZ2,
PCDH1X, and NAP1L3 (Qiagen, Ontario, Canada) (Table 5.1). All primers were
designed to span exon - intron boundaries to avoid non-coding genomic DNA
amplification (Qiagen, Ontario, Canada). Expression changes of genesvaleated in

relative expression with respect to the gpaectin (ACTB). RNA amplification was
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performed with 21l of cDNA samples and detected by QuantiFast SYBR Bf&R kit
(Qiagen, Ontario, Canada). Primer concentration used was 1uM. Real timeaBCR w
performed in an ABI Prism 7000 sequencer detector (Applied Biosystemss, Gibgter
CA) using the following protocol: 1 cycle of @for 5 minutes for initial activation

step, and 40 cycles of two step cycling ®%or 10 seconds for denaturation and®fbr

30 seconds for combined annealing/extension steps. A melting curve was pdrform
starting at 58 with a 0.5C increased over 10 seconds in 80 cycles. Negative controls
(no cDNA) were included to check for contamination and positive controls of th& ACT
housekeeping gene were included as an amplification control. Reactions pliestee

three times for each sample.

535 Real timegeneexpression statistical analysis

Real time PCR data was calculated using the comparativee@od
(2**“Tmethod) between target genes and the internal control gene per sample
(Schmittgen and Livak 2008). The data is reported as a gene expression fokl dirang
to H,O, exposure on ovarian cancer and ovarian normal cell lines. Differences in gene
fold change values after treatment were calculated and analyzed wihtailedt-test
using a statistical package SAS/win 9.2 (SAS Institute, Cary, NC). Genession

changes were considered statistically significant when the p vakeOuwb and were

considered marginally significant if the p value wasl0.

54 Resaults

54.1 Chromosome location of unstable markersand neighboring genes

Five single tandem repeat markers that showed high frequencies of itystabili

were previously selected in our lab (Moreno-Ortiz 2011). We determined the genomi
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distance in mega bases (Mb) of the neighboring genes located upstream or dowoistrea
each unstable marker. We identified sixteen genes associated with thiesdapar

unstable markers (Table 5.1). Marker BAT26 has two genes upstream fror@ANEP

and MSH2) (Figure 5.1), marker BAT60 has three genes upstream from itR€EIM
FABP4, and PAG1) in addition to two genes downstream from it (E2F5 and CA2)
(Figure 5.2). Marker DXS9902 has four genes upstream from it (ASB9, ASB11, FIGF,
and PIR) (Figure 5.3), Marker D7S3046 has two genes upstream from it (STAG3L4 and
PMS2L4) in addition to one gene located downstream from it (AUTS2) (Figure 5.4).
Marker DXS6801 has two genes located downstream from it (PCDH11X and NAP1L3)

(Figure 5.5).

54.2 Instability isasignal of gene expression changesin ovarian cells

Determination of genomic instability in single tandem repeats is a horma
molecular pathway studied widely during tumorigenesis (Bokhatl 1998; Berget al.
2000). We were interested in determining whether instability found in single tandem
repeats located near specific genes could be the signal of gene expressionaftemnges
DNA damage in ovarian cancer cells. To identify novel genes that contribute to the
malignant progression of ovarian carcinoma, normal and cancerous ovarian cells we
treated with a high concentration of® (30uM) as a source of DNA damage.
Instability was found in five single tandem repeat markers (BAT26, BAT6030%%G
DXS9902, and DXS6801) after 9 days post-exposure. This approach revealed sixteen
distinct genes that were near the unstable markers found previously in our lab. We
evaluated by real time PCR two DNA repair genes (MSH2 and PMS2L4), fows gene

involved in cell growth pathways (FIGF, EPCAM, CHMP4C, and PCDH11X), two genes
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associated with tumorigenesis and metastasis (ASB9 and STAG3L4), and oneteandida
gene for autism (AUTS2). A total of nine out of sixteen genes showed différentia
expression (EPCAM, MSH2, CHMP4C, ASB9, FIGF, STAG3L4, AUTS2, PMS2L4, and
PCDH11X) (Table 5.2) in ovarian cancer cells in comparison with normal ovarian cell
in response to DNA damage accumulation. These results showed a differgareaksmn

on more than 1.5 fold higher expression changes in tumor ovarian cells relative to the
normal ovarian cells. Non-significant differences in gene expressianshkern in seven
genes associated with unstable repetitive sequences gigexposure (E2F5, CA2,
FABP4, PAG1, ASB11, PIR, and NAP1L3). Our results suggest that instability in
markers located in close proximity to target genes could be an earlyfsigddferential

expression during ovarian cancer evolution.

54.3 DNA repair genesderegulate as a cause of instability of the upstream single
tandem repeats

Microsatellite instability has been associated with colon canceu#ing from
deficiencies in DNA repair mechanisms, specifically in mismatchir@éR) proteins
(Thibodeatet al. 1993; Bolanckt al. 1998) In ovarian canceMMR deficiencies are
involved in tumor initiation (Beguret al. 2008; Yooret al. 2008). We asked if
instability of repetitive sequences located upstream from the DNA repeas geuld be
deregulated in normal ovarian and cancerous ovarian cells afereidposure.
Consequently, we detected instability in two markers (BAT26 and D7S3046) located
upstream from MSH2 and PMS2L4, which are DNA repair genes responsible f&r MM
mechanisms after DNA damage. Significant gene expression chaegefownd in these
genes after 9 days post-exposure (Table 5.2). The MSH2 gene showed increased
expression in cancerous ovarian cells compared to normal ovarian cells (p= 0.059)
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(Figure 5.6). Additionally, the PMS2L4 gene showed increased expression inocence
cells compared to normal cells aftes®4 exposure (p=0.003) (Figure 5.6). Significant
differential gene expression was found in two MMR proteins and could be a mechanism

for ovarian tumorigenesis.

54.4 Genesinvolved in cell growth signals are expressed differentially in ovarian
cancer cells

Cell survival, invasion, angiogenesis, and migration are characteastics
tumorigenesis. We asked if instability in the markers DXS9902, BAT26, BAT60, and
DXS6801, which are located in the neighboring regions of cell growth regulator genes,
induced gene expression changes that are involved during tumor initiation and
progression. We found differential expression in four genes involved in cell growth
pathways (FIGF, EPCAM, and PCDH11X, and CHMP4C). FIGF, EPCAM, and
PCDH11X were down-regulated in both cancerous and normal ovarian cells after
exposure (Table 5.2). Up-regulation was observed in the CHMP4C gene di@&to H
exposure in ovarian cancer cells compared to normal ovarian cells (p= 0.023¢ (Figur
5.7). Cell growth mechanisms become imbalanced by genomic instabilityeaad g
expression changes resulting for accumulation of DNA damage in cancerous aabl norm

ovarian cells.

54.5 Ingtability ispresent in markerslinked to deregulated genesinvolved in
intracellular signalsduring tumorigenesis

Aggression and invasion are main characteristics of carcinomas with poor
prognosis. Deregulation of particular genes lead to ovarian cancer evolutionarCellul
homeostasis is crucial in resistance to tumor treatment. Our study wasedesig
determine if instability in markers DXS9902 and D7S3046, located near the ASB9 and
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STAG3L4 genes, is a signal for differential gene expression aft@r ékposure of
cancerous and normal ovarian cells. We found that tumor and normal ovarian cells
displaying instability in single tandem repeats located upstream of A&RS glso
displayed significant down-regulation of this gene after DNA damage (p=Qeib8)ye
5.8). In contrast, the STAG3L4 gene that is located downstream of the repegjiore re
showed significant up-regulation in cancerous ovarian cells compared withlnorma
ovarian cells after 9 days post® exposure (p=0.003) (Figure 5.8). Taken together,
these results indicate that gene expression changes are present aftgéaiabfe and

could signal of cell survival.

546 AUTS2geneisderegulated during ovarian cancer

The repetitive marker D7S3046 was unstable in ovarian cancer cells and is
located upstream of the autism susceptibility candidate 2 (AUTS2) gene efeisigs
been studied in patients with bipolar schizoaffective disorder, autism, andoattenti
deficit/hyperactivity disorder (ADHD) (Sultaretal. 2002; Hamsheret al. 2009). No
report has linked this gene to cell transformation or tumorigenesis. UM&2gene
showed significantly increased up-regulation in ovarian cancer cell9alsgy/s post
H,0, exposure (p=0.09) (Figure 5.9). We speculate that this gene could be involved
during early neural development but can be deregulated and targeted for involvement
during cell differentiation and tumor transformation (Sulteira. 2002; Gratacost al.

2009).

5.5 Discussion

Ovarian carcinomas start on the external epithelial layer, and then cortical

inclusions move it to the internal epithelium through the formation of cysts. Ovatian c
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gradually acquire a series of genomic abnormalities leading to invasive tumors.
Carcinomas result from disruption of the gene complex responsible for c&lNkar
damage response. These and other stress response genes play a role in diffgaent c
functions including development, differentiation, and tumor transformation. The origin
and pathogenesis of ovarian tumorigenesis is poorly understood.

Unraveling the complex molecular regulatory systems should allow better
understanding of the signals that could trigger ovarian carcinogenesissiaralgingle
tandem repeat instability combined with real time PCR is an approach toydevél
genes involved in ovarian tumor initiation and progression. Our study showed that
instability in single tandem repeat markers located near particuias geuld be the
signal of gene expression changes observed in cancerous and normal ovari&ercells a
DNA damage. We identified nine novel target genes involved in stress responses during
ovary tumor formation (ASB9, PMS2L4, MSH2, AUTS2, STAG3L4, EPCAM, FIGF,
PCDH11X, and CHMP4C). Genes identified play roles in cellular processes including
cell survival, DNA repair, and growth signals. Normally, DNA sequences have non-
coding regions called heterochromatin that are responsible for chromosomatlyintegr
These specific regions are targets for genomic instability aftgx @amage
accumulation in the cells. All genes identified in our study have an unstabigvepe
sequence upstream of the gene start site, which may be the mechanisiggérat t
differential expression by regulatory elements involved in transcriptionadjdiation
during tumorigenesis (Paneeal. 2007; Kuwabarat al. 2009; Montoya-Duranget al.
2009).

We hypothesized that genomic instability could be the signal that regulates ge
expression in specific genes responsible for cell cycle, differentiationgfirgtanth
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pathways during tumor transformation. Our results demonstrated that imgialdoth
proximal and distal repetitive sequences upstream or downstream of specificgelde
be the signal for deregulation of gene expression. Several studies reporsémne@ref
regulatory elements localized in neighboring genes as enhancer or repeggsnces
responsible for transcription modulation (Paehal. 2007). Regulatory elements are
located upstream or downstream of transcription start sites. Some authorshegbeyt
are within a 5 kb distance, while others report distances up to 1 Mb (Lettsic003;
Kleinjan et al. 2006; Viselet al. 2009). We suggest that instability in single tandem
repeats could be a regulatory element signal important in cell diffdrenteand tumor
transformation. Misbalance of gene expression is a signal for ovarian iturasion,
metastasis, and resistance of cancer oells/o. For example, our data indicates that
marker DXS9902, a proximal unstable repeat marker located 0.03Mb from the promoter
region of ASB9 gene, induces ASB9 differential gene expression after DNAgdama
ovarian cancer cells. The Ankyrin repeat and SOCS box-containing 9 (ASB9) gane is a
E3 ubiquitin ligase that mediates the degradation of proteins. This gene is a pcognost
indicator in patients with colorectal cancer. Low expression of ASB9 isiassbavith
increased invasiveness and poor prognostics (Toketaka2010). In addition, ASB9 is
responsible for regulation of proliferation and differentiation when it inteveititsthe
creatine kinase system, which negatively regulates cell growth (i€inadn2010).
Specifically, in ovarian cancer, the Ankyrin gene has been directlyiassbwith
aggressiveness of the tumor and poor prognostics (8&airr2008). Down-regulation of
the ankyrin gene is a strategy to improve the treatment outcome by theandfcti

chemotherapy sensitivity in patients with ovarian cancer (®tafr 2008).
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DNA damage triggers different cellular pathways, including DNA relaét
involve large numbers of genes. MMR deficiency was identified initially pstential
cancer initiating pathway in colon cancer but nowadays is also linked to seheral ot
cancers, including ovarian and endometrial cancer (Thibcelehul993; Bolandkt al.
1998; Yoonet al. 2008). The MMR complex is formed by MLH1, MLH3, MSH2,
MSH3, MSH6, PMS1, and PMS2 proteins. MMR proteins are intimately involved in
maintaining genomic integrity by repairing nucleotides losses or gainsgie sandem
repeat motifs across the genome after DNA damage. DNA repair mechamnésms
differentially regulated in ovarian cancer cells by silencing MLH1 ttjinou
hypermethylation (Swishet al. 2009). Differential repair responses in the gene
expression of MMR proteins such as MSH2 and PMS2 were observed in ovarian cancer
cells. We found changes of expression in these two important MMR genes in our cancer
cells after HO, exposure compared to normal cells. Normal ovarian cells showed no
expression of MSH2 and PMS2L4, suggesting that normal cells may be defective in the
ability to repair the sequence of unstable DNA sequences agfferadposure. The MutS
homolog 2, colon cancer, nonpolyposis type 1(MSH2) gene has been widely linked to
tumorigenesis. When MMR genes are deregulated, DNA damage accumulationroccurs
the cells, contributing to tumor initiation and progression (Boktratl 1998). In addition
to MSH2, we found that changes in differential expression in the postmeiotic s&Egrega
increased 2 pseudogene 4 (PMS2L4) gene that is involved in DNA repair nseehani
Mutations in the PMS2 genes are characteristic of tumorigenesis. Gemlitations are
associated with lymphomas and neuroectodermal tumors in children (Hesiciiks
2006). Our results indicate that instability in repetitive regions near DNAr igg@es are
responsible for gene expression deregulation after DNA damage accumulation.
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The STAG3L4 and CHMP4C genes show differential expression changes in
genes involved in cell growth, as well as intracellular signals tgatate cellular
processes. The Stromal antigen 3-like 4 (STAG3L4) gene meiosis specific
cohesion that stabilizes sister chromatid cohesion protein (rigta2004). Allele
specific imbalances of the STAG®ne in primary epithelial ovarian tumors by single
nucleotide polymorphism (SNP) have been reported (Notasdalu2011). In
lymphomas, this gene is inactivated after irradiation exposure (Klajs2006).
Chromosomal instability in colon and testicular cancer has been linked to STA&3 ge
mutations (Skotheirat al. 2005; Barbeet al. 2008). In our study, this gene was up-
regulated in ovarian cancer cells after DNA damage due@g ékposure compared to
with normal ovarian cells that did not show expression of this gene. The chromatin
modifying protein 4C (CHMP4C) gene is involved in endosomal degradation of
receptors. For example, it is responsible for degradation of the epiderméh daotolr
(EGF) receptor (Bowergt al. 2006). This gene is possibly involved in stress responses
through interaction with the p53 protein that prevents accumulation of DNA damage by
regulating cell growth. The CHMPA4C transcript is regulated by the p53mrote
enhancing exosome production that induces a quick degradation of epidermal growth
factor receptors from the plasma membrane (Katah 2004; Yuet al. 2009). Our
report is the first documentation of CHMP4C gene up-regulation during ovariagr canc
development as a co-modulator of the p53 tumor suppressor pathway.

In conclusion, the mechanisms underlying gene expression deregulation of ASB9,
PMS2L4, MSH2, STAG3L4, and CHMP4C in ovarian tumors still needs to be
elucidated. Our observation of differential expression may indicate epgene
modification play a role in gene silencing or in activation by metloriadind histone
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changes during DNA damage response signals during ovarian tumorigenesisde use
functional approach to study whether genomic instability, is an early disrofpgene
expression, leads to cellular differentiation and the development of ovarcamocaas.

This approach allows the identification of novel gene candidates, useful for diagnosti
and prognostics of ovarian cancer. Our results add to the elucidation of functiorial gene
events that may induce ovarian carcinoma progression and offers potentiakieieniar

cancer testing.
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Figure 5.1 BAT 26 single tandem repeat marker

Notes: (A) Marker location on chromosome 2 (2p22-p21) (open red box). (B) Repeat

motif of marker BAT 26 (A)s(filled blue box) and two genes located downstream (open
blue boxes). The name of the genes and the associated distance in mega bases (Mb) from
the marker is shown below each gene.
(http://www.ensembl.org/Homo_sapiens/Location/View?r=2%3A47494991-47495112

Chremosome 8: 82,000.000-87.000.000
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Figure 5.2 BAT 60 single tandem repeat marker

Notes: (A) Marker location on chromosome 8 (8g21) (open red box). (B) Repeat motif of
marker BAT 60 (Ao (filled blue box), three genes located upstream (open blue boxes

on the left), and two genes located downstream (open blue boxes on the right). The name
of the genes and the associated distance in mega bases (Mb) from the mhden is s

below each gene.
(http://www.ensembl.org/Homo_sapiens/Location/View?r=8%3A83732830-837B3122
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Figure 5.3 D7S3046 single tandem repeat marker

Notes: (A) Marker location on chromosome 7 (7g21.1) (open red box). (B) Repeat motif
of marker D7S3046 (GATA) (filled blue box), two genes located upstream (open blue
boxes on the left), and one gene located downstream (open blue box on the right). The
name of the genes and the associated distance in mega bases (Mb) frarktras

shown below each gene.
(http://www.ensembl.org/Homo_sapiens/Location/View?db=core&r=7%3A66551985-
6955232}

Chromeosome X: 15,233,537-15.233.708
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Figure 5.4 DXS9902 single tandem repeat marker

Note: (A) Marker location on chromosome X (Xp22.31) (open red box). (B) Repeat motif
of marker DXS9902 (AGAT) (filled blue box) and four genes located downstream

(open blue boxes). The name of the genes and the associated distance in mélytbbases
from the marker is shown below each gene.
(http://www.ensembl.org/Homo_sapiens/Location/View?r=X%3A15233537-15233708
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Figure 5.5 DXS6801 single tandem repeat marker

0.42 Mb

Note: (A) Marker location on chromosome X (Xg21.32) (open red box). (B) Repeat motif
of marker DXS6801 (ATCT) (filled blue box), one gene located upstream (open blue
box on the left), and two genes located downstream (open blue boxes on the right). The
name of the genes and the associated distance in mega bases (Mb) frarkénesm

shown below each gene.
(http://www.ensembl.org/Homo_sapiens/Location/View?db=core&r=X%3A91511301-
93551172
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Figure 5.6 Changes in expression of DNA repair genes

Note: Real time PCR for PMS2L4 and MSH2 genes. Nine days affredposure,

total RNA was extracted from normal and cancerous cells, reverse ifbedsend

amplified with specific primers per gene. Quantitative data were naedaio the level

of the housekeeping gene ACTB. Error bars show SD, (n=3) *p<0.05. The table below
the graph shows the fold change values of gene expression per sample andldene. F

change was calculated using the comparative€thod.
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Figure 5.7 Changes in expression of genes responsible for cell growth.

Note: Real time PCR for FIFG, EPCAM, PCDH11X, and CHMP4C genes. Nine days
after HO, exposure, total RNA was extracted from normal and cancerous cells, reverse
transcribed, and amplified with specific primers per gene. Quantitatiserdse

normalized to the level of the housekeeping gene ACTB. Error bars show SD, (n=3)
*p<0.05 **p<0.10. The table below the graph shows the fold change values of gene
expression per sample and gene. Fold change was calculated using theteen@a

method.
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Figure 5.8 Changes in expression of genes involved in tumorigenesis and one gene
candidate for susceptibility of autism

Notes: Real time PCR for ASB9, ATAG3L4, and AUTS2 genes. Nine days after H
exposure, total RNA was extracted from normal and cancerous cells, reaasseilred,

and amplified with specific primers per gene. Quantitative data were npethadi the

level of the housekeeping gene ACTB. Error bars show SD, (n=3) *p<0.05 **p<0.10.
The table below the graph shows the fold change values of gene expression per sample
and gene. Fold change was calculated using the comparatiet&od.
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Table 5.1 List of genes evaluated by real time F

Gene size
Symbol Gene Name GenelD Function (bp)
ASB9 Ankyrin repeat and SCOS box- containing 9 140462 Protein degradation 177
PMS214  Postmeiotic segregationincreased 2 like 4 pseudogene 5382  DNArepair 138
MSH2 mutS homolog 2, colon cancer,non polyposis. 4438 DNA repair 80
AUTS2 Autism susceptibility candidate 2 26053  neural cell differentiation 83
STAG3L4  Stromal antigen 3 like 4 64940  Sister chromatides cohesion 109
EPCAM Epithelial cell adhesion molecule 4072  Cell adhesion protein 100
FIGF c-fos induced growth factor 2277  Growth factor 138
PCDH11X  Protocadherin 11 X-linked 27328  Cell-cell recognition 146
CHMP4C  Chromatin modifying protein4C 92421 Endosomal degradation 81
ACTB Actin beta 60 Housekeeping gene 104

Notes: Sequences of the pers are available in

https://www.giagen.com/geneglobe/gtprimerview.:?

Table 5.2 Changes in gene expression for normal and cancerausn cell

Gene symbol Fold Change p-value
Normal Tumor

ASBS -413 -17 0.013
PM52L4 -1037 855 0.003
M5H2 -431 =y 0.059
AUTS2 -229 310 0.09
S5TAG3L4 -168 32 0.003
EPCAM -250 -11.4 0.001
FIGF -533 -2.2 0.03
PCDHI11X -278 -39 0.074
CHMPAC -481 21 0.023

Notes:Fold changes were calculated usingcomparative @ method. l-values< 0.05

(bold) p<0.10(italic)
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APPENDIX A
TANDEM REPEAT MOTIF LOCATED IN PROXIMAL PROMOTER REGIONSF

PLURIPOTENCY, SELF-RENEWAL, AND DIFFERENTIATION GENES
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Cene Fepeat Cene Fepeat
Symhbol Motif Symhbol MMotif
1 AATF (CAILE 36 ERIP1 ({CA13
2 ACTLRA (CA)17T 37 ETEC (CAJ23(TA)E
3 ACTN4 (GATA)LS 1B EUEl (CAILE
4 ADCY2 (CAILG 39| BXDCI (CAL7T
3 ADCY2 (CA)L3 [TAYT 40| Cllef]3 [(GAT)12
£ ADNP2Z (CAILE 41| Clforfil (GT)7
7| AFRIAQ44XF] ({CAY21 42|  C20erf30 {CAY20
B AGPATZ (CA)12 43| Chorflss [TTA)S
9 AGPATZ (CAYL7T 44| Clorflé (TAA)LS
10 AEKAPIZ (CTAT)11 4= CAad ({CA19
11 ANPAT (CA)17T 46| CACHNALA (GT113
2 ANEHDI (CAYLS 47| CACNAZD2 {CA)30
13 ANESIE (CA1l4 48 CADPS (CAY2T
14 ANESIE [(GATA)L3 49| CADPS2Z [{CA)20
15 APIN2 (GAAANLT 30| CAMEID (TATC)11
16 ARITHE (CAILG 31 CAPN1 (CAILE
17 ATF3 [(GATAIR 3Z]  CCDC22 (CANlS
18 ATGLO (GATA)LZ 33| CDCILG ({CA21
19 ATPIAZ (GATA)LZ 34| Cdedlbps (CAILE
20 ATP9A [(CA119 33| CDENIA (CAILE (GA)L]
21 ATE (CAY22 36 CEEPE {CAY20
22 ATE (CAY19 57 CFDP1 (A110
23 ATHMNI {CA19 3B CHDY (CAN1
24) BIGALTI (CAILE 39 CHIN2 ({CA13
25 B4GALTI (CAILE 60| CHSTII (CATC)11
26 B4GALTI ({CAYL2 61 CIT {CTAT)13
27 BANE] ({CAY21 2 CIT {CAY20
28 BCATI (CAY22 63 CLN3 (GT118
29 ECOE (A)21 (TA)14 £ Chin4 (CAN21
30 BCSI1L (GATA)LZ 63 CHEP (GAAANLG
3l BCSI1L {(CTAT)I12 66 CHOTE (CAILE
32 BMEP2 ({CANLT 67 COBL (CAILG
33 EMEPZE (CAY23 68 CPME4 (GAAANLG
34 EMEPZE (CAY19 £9 CSRP2 (CA24
35 EECAl (CAY21 70| CSEPIEP {TAA)T
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Gene Eepeat Gene Eepeat
Symbol Motf Symbol Mouif
71 CTDF1 (CAE 106] GEAMDI1A ([CANT
72| CTHWNNAI (CANE 107 GERIAS (CANE
73| CUILAE [(CANT 108 GRID2 (GATA)YT
74| CYFIPI (CAZT 109 GRIDZ [CATT)S
75 DAP3 ([CTAT)10 110 GRIK2 (TAA)4
76 DAP3 [(GATAN] 111 GEM3 (TCTAN 2
77 DCN ([CTAT® 112 HAS2 (GAT)O
78  DDX50 (CANE 113 HLA-C (GATAYO
79] DHES3 ([CAN4(CTH11 114] HOXE3 (CAY20
20| DIAPH2 ([CA)LG 115] HRASIS3 (CA)1E
21] DIAPH3 (CANT 116) HBE65T3 ([CAND
23] DICEER] (CA)1D 117 ICMT (CAJ20
23 DLG3 (CA)14 118 ICMT (CA)19
24 EXF6 (CCTT® 119 IGFEP2 ([CANT
25 EGF (GATA)E 120 IL12E (TAA)Y4
26| EIF2C2 ([CA)LG 121] I1L1RAPI1 (GATA)L0
g7 EN2 [(GATAN3 122 IE51 (CAN20
28 EZH2 (CAY22 123] ITMEIE (CANl1
29 FBXLT (CAYD 124] JARID2 (CAN4
00 FBXWI11 (CA)1 123] JARID2 (CA27T
o1 FGD1 ([CA)LG 126] JARID2 (TG)20
02 FGF12 (TAAND 127 kaznn (CAN20
03 FGFR2 (CAY22 128 ECNES (CANT
04 FHIT (CA1E 129] EKCNN2 (CA)19
05| FILIPIL (TAANLS 130 ECNQ3 (CTATH1O
05 FOXN3 (CAN6{GAD 131 EIT (GATA)IO
07  FOXP] (CAYD 132] TAMA4 ([CANE
0g]  FUBP3 (CAZ1 133] LAMEI] (CA)19
09 FXYD2 (CTAT)12 134] TECTI (CAJ5{GT)13
100 GABEER3 (GAT)13 133 LHFP (CAM]
101] GAIED (CANG 136 LIN32 (CA1E
102 GARS (GGAAYL ] (GGCAYE 137 Lipa ([CAN4(CTH12
103  GPMEE (CAZD 138 LITAF (GATA)IO
104 GPROE (CANT 130 LITAF (CAY20
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Gene Repeat Gene Repeat

Symbol Motif Symbol Motif
141 LOC344967 (CATC)11 211 POLQ (CA)G
142] TOXL1 (GATA)L0 212 POLRIH {CANG
143 LPHN2 (CA)1 213| POU2F1 (CANS
144 LEREC40 (CA)12 214 POU4F1 ({CANLT
143 LYD (CA)13 215 POUGEZ (CANT
146 MAFDI1 (CA)T 216| PPFIA2 (CA)1
147] MAPIE (GATA}11 217| PPP2RSC (CAN3
148 MAPIKI1 (TAAAY] 218 PQEF1 (CAND
149 MP3K12 (CAME 219 PRECG (GT)23
150 MCC (CA)LS 220 PREDC (CANG({CTIIS
151 MCC (CA)22 221 PRMT3 (CA)8
152 MEIS] (CA)12 222| PROMI (CAN3
153 MGAT4C {CA)18 223| PROMI1 ({CA)Y22
154 MILTI1O (CA)10 224| PRPF31 (CA)LS
153 MMAB (CA)21 225 PSMC2 (CA)LE
156 MMVP2 (CA)20 226| PSMD2 (CAN2(CT)8
157] MNATI (TTA)1 227  PTER (GATA)LD
158 MOPCB2 (CA)24 228 PTGDE (CTA)1
159 MTHFDIL (CA)18 229 ENMT ({CANT
160 MTHFD2 (CA)18 230 EOR1 (CA)18
161] MTSS1 (CA)14 231 SBF2 (CAY23
162] MUTED (CTO (CA)20 232 SBF2 ([CTW{CANT
163 MYHS (CTATH14 233| SEMASA (GATA)13
164 MYO3A (CA)14 234 SEPT (CA)18
165 NAPIIL1 (CA)21 235| SETBP1 (TTA)13
166 MNCAMI (CA)23 236| SFRS11 (CAN3
167] NCORI1 {(A)14(CA3 237| SFXNI (CAN2S
168 NCOR2 (CA)22 238| SHANE2 (GAAT®
169] NECAP] (CTAT)11 239| SHANE?Z (CANS
170] NIDDM3 (CA)LE 240 SHANE2 (TCH12{CA)14
171 NEKTR (CANT 241] SLC44A1 (CA)LE
172] NLGN4X (CAY25 242 SL.CZAS (CTAT)12
173 NOD2 (CA)10 243| SLCO3Al (TAAN1]
174 NOL4 (GATA)L0 244 SMAD4 (CANG
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Gene Repeat Gene Repeat
Symbol Motif Symbol Motif
SMOC1 (TAA® TIAM]1 (CA)L2
SNEPG (CA)13 TLEIl (CA)14
SORBSI (CA)14 TLE2 (CA)20
S051-D351348 (TTA)2 TMEME7 (GATA)®
S051-D252186 (CA)1E(GT)E TNPOL (CA)1S
251 5081 -D1581356 (TAA)1] TP63 (GATA)9
232( 5031-D25441 (CTAT)12 TPD32 (CA)22
233 S5051-D251346 (TAA) 2 TPTE (TAA)1I4
235 S0X6 (GGAT)10 TRA2 (CTAT)1T
233 858P0 (CA)LT TRAP] (GATA)T
25 8T5 (CA)16 TRITI (CTAT)Y
257 RAT14 (CA)22 TRPCG (GATA)]
258 RALA (CA)12 TERAFP (CA)18
239 RARB (CA)12 TTC28 (CTAT)14
260 RASGRE2 (TTA)12 TTK (TAA)LL
261 REI (CA)32 TENDC3 (CA)22
262 REM?9 (CA)18 UBAF!L (CA)18
263 REMO (CA)28 UCK2 (TTA)S
264 REM?9 (CA)19(CTA) UGE2 (CA)22
263 RGS4 (TAA)12 UNC3D (CA)14
266 RGS4 (GATA)16 USP34 (CA)LS
267 RGS4 (GATA)1D VAPE (CA)235
268 RINF182 (TTA)13 WARSS2 (GATA)®
269 RNF24 (CA)24 XRCCI (CA)12
270 TBXI1 (CAl4) XRCC3 (CA)14
271 TBX5 (CAJ20 XBN2 (CA)18
272 TCF12 (TAA)Q TAPI (CA)14
173 TCF4 (GT)16 TAPI (CANM2
274 TCFTLL (CANT ZCCHCT (CA)LE
275 TEF] (CA)24 ZNF413 (CA)18
276 TFEB-EP4 (GGAT)E ZNF432 (TA27
277 TGFER3 (TAA)LD ZNF473 (CAY9
278 THAPE (CA)L6 ZNF657 (CA22




APPENDIX B
H1 (WAO01), H7 (WA07) HUMAN EMBRYONIC STEM CELL LINES AND MEF CF-
1 MOUSE FIBROBLAST CELL LINE INFORMATION AND CERTIFICATE®F

ANALYSIS
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ell

Research Institute

Certificate of Analysis

Product Description WAO1 Distribution Lot
Cell Line Provider WiCell
Parent Material WA01-MCB-04!
Lot Number WA01-DL-09
Date Vialed 17-September-2009
Passage Number P27 .
Culture Platform Feeder dependent - MEFs Feeder Independent:
Media: hES Medium Matrix; MEFs Passaging Reagent:
Collagenase
The following testing specifications have been met for the specified product lot:
Test Description Test Provider Test Method Test Specification Result
Post-Thaw Viable Cell Recovery WiCell SOP-CH-305 = 15 Undifferentiated Colonies, Pass
< 30% Differentiation
Identity by STR UW Molecular PowerPlex 1.2 Positive identity
Diagnostics System by Promega Pass
Laboratory
Sterility - Direct transfer method Apptec 30744 No contamination detected Pass
Mycoplasma Bionique M250 No contamination detected Pass
Karyotype by G-banding WiCell SOP-CH-003 Normal karyotype Pass
Flow Cytometry for ESC Marker Expression | UW Flow SOP-CH-101 Report - no specification See report
Cytometry SOP-CH-102
Laboratory SOP-CH-103
SOP-CH-105

Appropriate biosafety precautions should be followed when working with these cells. The end user is responsible for ensuring that the cells are handled and
slored in an appropriate manner. WiCell is not responsible for damages or injuries that may result from the use of these cells.

Please contact technical service via the website to request test methods and other assistance with your cells. The knowledgeable technical support staff can
assist with cell culture concerns, training, and any other customer service concerns.

Date of Lot Release

05-May-2010

Quality Assurance Approval

5/5/2010

X ame
AmMC

Quaity Assurance

1 WAQ1-MCB-04 was tested as a DDL, not
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ell

esearch Institute

Fast Track Distribution Lot
Certificate of Analysis
Product Description (Coll Line) | WADT Fast Track Distribution Lot )
Cagil Ling Providas | WG H:m:arqh Inatituie (Madison, Wi, l.lﬂ.ﬂ.;l ) B
Lot Mamber EH_MT-FTD-L-{H
Date Vialod | 20-February-2009 )
Pasaangn Nusmber P26 o

The follvwing lesting specilications have been mel for the specified praduct ot

Test Dascnpbion Tl Mathaod Tasl Spocfication Raault N

Paosl- Thaw Viable Cell Recovery S0P-CH-305C Wiable Cols rpomaned Pass
Sheriliby Applac Prodoool MNagalive Pa

30744 Rov. 1 i
ideniity by STR SOP.S5-006A Positrae ideniity Pass*
Mycoplasma Bionique Method | Mo contamination detected |

MZED AES
Karyatype by G-banding SOP.CH-O003B | MNormal kanyatype Pass

Eleztronk: versions of thiz conificaie ol araly=s (Cod boamplote with electmns: cogues of mdividual Tepis,
reaully, and procodancs ane available cn our sobile, v, I o st et e Thank  org. Theero are also sneld ved
Crnics i st ool bots.

Cells distribubed by the Mabional Seem Cell Bank ane imlended for research pumpaoses only and are nol intendad for
usc im humans. These cells have underpone bosting and are nol Lnows 10 barkor pathogens, However, apgeeprale
biosafety precautions should be followed when working with these cells. The end weer is responsible for cnsurimg
that the cells are handled and siored 1 an appropriate manner. The NSCH is nof responsible for damages or
murics thal may resull foom the we of e oclls,

Flease visit the icchnieal service pontion of 1o website for nssisanee with your human F5 Cells. The
knowlodgasble tochmical supgon saiT can assist with embryonsc siem cell culture concems. iraining, asd sy
el CUSHWERT SITVIOE COMCETE joml may cnoounler,

I¥akg ol |ad Belmse: e

WiCall Cuality Assurancs: e Dala: S Ty
e ————— —_—_——— _—

P.0. Box 7365 + Madison, Wi S3707-T365 » Phone: 858.204.1782 » Fax: GO8.441-8011
www, wicall org
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~ Product Info

Lot number: 58551798

ATCC Catalog No.: SCRC-1040
Lot No.: 58551798

Designation: MEF (CF-1)
Description: Mouse fibroblast

Total Cells/mL: 4.5 x 10(6)
Expected Viability: 94.9% to 96.9%
Ampule Passage No.: 3

Population Doubling (PDL): N/A
Dilute Ampule Content: Seed at 8.0 x 10(3) viable cells/cm(2)
Volume/Ampule: 1 mL

Date Frozen: 06/18/2009

A T-25 set up at a seeding density of 8.0 x 10(3) viable cells/cm(2),
using culture medium as described in the product information sheet,
reaches approximately 60% to 70% confluence in 2 days.

Copyright ATCC, 1998; ATCC is a registered trademark of the
American Type Culture Collection 998

American Type Culture Collection Ordering info: 8
10801 University Boulevard 703 365-2700 (elsewere) Fax: 7033652750
Manassas, VA 20110-2209 email: sales@atcc.org web site: www.atcc.org
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APPENDIX C
SP-PCR SOFWARE VERSION 2.0 FROM M.D. ANDERSON CENTER
INTRUCTIONS AND MUTATION FREQUENCIES REPORTS

(http://www.hkasoftware.com/index.php?object=SPPCR)

217



Games

Programs

SPPCR 2.0

GeneScore
Misc.
Contact Us

Wit HTML
v 4,01

SPPCR 2.0

SPPCR 201z a portofthe Forran program wiitien by Barry Brown designed to calculate theoretical g.e., hutant Fraguency, and Significance of
Twd Mumbers.

Mac Windows

Download: spperzin Download: sppcrzip

To Run: Daubile click the program To Run: Dauble click the pragram

To Install: Tonstall: Orag it to your system folder

Troubleshooting: I it claims there is a missing DLL, ry
1. Open Terminal installing the Microsaft Yisual C++ 2010 Redistibutahle
2. tyecd Packace (<86
the_directony_you_downioaded_sopct_to

3 tyne sugo op spock Alsebing
4. entaryour admin pazaword

HTML
Documentation FOF
RTF
. Mac Source Code: SPPCR 2.0.2in
:‘-.C Windows Source Code: sppct-wind2 zin
"

Al concemsibugsifeature request should be addressed to Brian Ramanli

Documentation abttp://www.hkasoftware.com/index.php?object=SPPiSR,

continuation.

Table of content

1) Intro
2) Synopsis

SPPCR 2.0

The Final Frontier

3) Input format and meanings

3a) Assumption about input

4) Output format and meanings

5) Known problems

6) Frequently Asked Questions
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1) Intro

In the course of every program'’s life, it must be ported. To a new and better Bnguag
operating system, or platform. SPPCR 2.0 is a complete port, with bug fixes thrqughout
of Barry W. Brown's SPPCR 1.0.

2) Synopsis
The general use for this program is to calculate what we presume the agcthal ge
mutation frequency, and the significance of a given data set, or pair oetlata s

3) Input format and meanings

When using this program as a tool from Excel/Filemaker or other programs thdt expor
via applescript or what-have-you, you need to give it an initial argument of 4.7iae ini
argument allows the program to be run several different ways, and allows e to gi
several types of specific, need-based output.

current initial arguments are:

0 - do nothing

2 - run hardcoded test data to test the program and make sure it is running

3 - interactively input data by hand responding to command prompts.

example:

Enter the nunber of runs (nunber of dna amounts):2

Enter the nunber of alleles seen:5

Enter the sizes of the 5 alleles: 140 142 144 146 148

Enter the size of the 2 progenitor alleles. If the subject
i s honbzygous, enter the size of the 1 progenitor tw ce. 144
144

For each run, enter the expected genones.

Expected ge for run 1:.8

Expected ge for run 2:.4

For each run, enter the nunmber of replicates.
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Replicates for run 1:

and so on. Terminology that the program used is all explained at the end of this section,

as well as above the prompts.

4 - read in data in the following format:
Num runs
Num alleles
allele sizes (there needs to numallele of them)
progenitor allele's sizes, there needs to be 2 of them, if homozygous, repeat it twice
then, for each run/row
a) observed/expected ge
b) number of replicates

¢) number of alleles saw at each allele size

example:

4 2 19 144 146 148 150 152 154 156 158 160 162 164
166 168 170 172 174 176 178 180

154 156

0.81 96 000115253000000000000

0.58 32000121511 000000000000

Now lets look at this in details. 4 means we are using this format of input/output. The 2
means there are 2 different runs being looked at. The next number states thatiBere
possible allele sizes that have observed alleles in them. The next 19 numbers are of
course the allele sizes. 154 and 156 are the 2 progenitors in this case.

After that, we have our first run, which has an expected ge of .81, 96 replicates, and the
next 19 numbers are the observed alleles. Our second run has an expected ge of .58 and

32 replicates, and the next 19 numbers are of course the observed allele.

5 - This is the quiet version of option 6. It is used to calculate significancedmeBve
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frequencies. The format to pipe your data in is:
Frequency 1

Frequency 2

Standard Error 1

Standard Error 2

6 - Like option 5, this will calculate the significance, but it is intended for ictiera
between the user and it. Just follow the prompt.

Enter the first nmutant frequency: .046

Enter the second nmutant frequency: .047

Enter the first standard error: .003

Enter the second standard error: .0042

7 - exactly like option 4, but has a verbose output
terminology:

run: A PCR experiment at one sample

allele size: PCR fragment size

replicates: number of wells examined

expected ge: what you think you put into the reaction

progenitors: parental alleles

3a) Assumptions about input
a) The first input to the program must be a single character, preferablyrafrttegical
type from 0-6

b) At least one progenitor has been seen.

4) Output format and meanings

The computations are made for the whole. Meaning that if you do 4 runs, the ge and

frequencies are calculated as if all the runs were one giant single run.

for mode:

2 - The output to the hardcoded data should be just a standard listing. It changes from
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build to build so that the developer may fine tune aspects and perhaps even discover
bugs. It is not intended for the consumer's use.

3-d0 = 0.7106

The dO is an antiquated statistical output used for legacy reason (hangover from sppcr 1.0
and previous incantations). In sppcr 2.0, the ge is already calculated for you

95% Cl (0.6417,0.7961)

This the the 95% Confidence Interval for the dO.

The 1/d0 and the confidence interval for that are exactly what they sound like.
estimated ge for run 0 = 1. 0555

This is the statistically calculated estimate of what the ge is.

Mut ant Frequency

estimate: 0.016160

boot srap SE: 0. 004675

This is gives the mutant frequency, and the resampled bootstrap error (to be used to
determine the significance between 2 mutant frequencies)

4 - Since this is used strictly for connecting with outside programs via pipingnilgis
outputs <# of runs> G.E.s, followed by the mutant frequency, followed by the standard
error.

5 - Returns 1 number, that being your significance.

6 - The Z value is the statistical Z value used. If you wish to use a standard |ddkup ta
to confirm yourself, you can. If you are a normal person, and expect this primydam
everything for you, it does. The calculated significance is provided on the next line

Z = -0.193746

significance = 4.231874E-01

5) Known Problems

» Does not give proper results in the event of double progenitor loss. Single progenitor

loss appears to have correct results, but it has not been thoroughly tested.

6) Frequently Asked Questions
222



Q) I have inputted several runs, each with the same expected ge, but differeht overa

traits. Why do | get the same ge for all my runs?

A) The program calculates all "runs" as a single experiment. What yceaire
is the ge for all the runs together. If you wish to obtain a better estimiite ge, do each

rune individual.
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