ABSTRACT

KOH, SEHWON StemCell Sources for Regenerative Medicine and Cartilage Tissue
Engineering(Under the directiof Dr. Jorge A. Piedrahita

Stem cells have been studied widely as a potential resource for regenerative medicine
as they can proldrate for longerm while maintaining differentiation potencyhese
propertiesare used foregeneratiorand repair of cells and tissues within body. Adult stem
cells can be found from almost all type of tissuegsla and used for autologous cell therapy.
But they have lower proliferative and differentiation potential compared to pluripotent stem
cells such as embryonic stem cells and induced pluripotent stem tce#is. been shown that
embryonc and adult fibroblasts can lbeprogrammed into pluripotepdy introducing four
transcription factorsQct3/4, Klif4, Sox2 and-klyc (OKSM). From our studyye report the
derivation of iPSCs from adult canine fibroblast by retroviral OKSM transduction. The
isolated canine iPSCs (ciPSCs) were expanded in thresadiffculture media (FGF2, LIF,
or FGF2 plus LIF). Cells cultured in both FGF2 and LIF expressed pluripotency markers,
POUS5F1 (OCT4), SOX2, NANO&dLIN28, ESGspecific genesRODXL, DPPA5, FGF5,
REX1and LAMP1) and showed strong levels of alkaline pha@gpke (AP) expressiom
vitro differentiation by formation of embryoid bodies (EBs) and by directed differentiation
generated cell derivatives of all three germ layers as confirmed by mRNA and protein
expressionln vivo, the canine iPSCs created solignbrs, which failed to reach epithelial
structure formation, but expressed markers for all three germ layers. Array comparative
genomic hybridization (arra@GH) and chromosomal fluorescente situ hybridization
(FISH) analyses revealed that while retraltransductiorper sedid not result in significant

DNA copy number imbalance, there was evidence for the emergence-levievaneuploidy



during prolonged culture or tumor formation. In summary, we were able to derive canine
IPSCs from adult fibroblastby using four transcription factors. The isolated iIPSCs have
similar characteristics to ESCs from other species, but the exact cellular mechanisms behind
their unique calependency on both FGF2 and LIF is still unknown.

For cartilage tissue engineeringjs critical to be able to generate a high number of
chondrocytesn vitro while avoiding terminal differentiation or e#fferentiation. Here we
report an optimized porcine chondrocyte expansion system using serum free media and low
oxygen, which mininges changes in cell differentiation and maximizes their ability 1o re
differentiate into cartilage producing cells upon induction. Chondrocytes were isolated from
pig coastal cartilage and expanded in combinations of skeemmedia containing FGF2
(SFM) or media containing fetal bovine serum (SCM) and high (20%) versus low (5%)
oxygen. Overall, chondrocytes cultured in SFM and low oxygen {&&6M) demonstrated
the highest cell growth rate (P<0.05). AP staining indicated that chondrocytes grown in FBS
hada higher proportion of terminally differentiated (hypertrophic) chondrocytes (P<0.05). At
the mRNA level, expression ratios of ACAN/VCAN and COL2/COL1 were significantly
higher (P<0.05) in cells expanded in L&#M indicating reduced edifferentiation. Tls
was also supported by expression levels of CD90 and CD105, known markers of de
differentiation. In vitro re-differentiation capacityof chondrocytesgrown in LowSFM
showed similar expression ratio of COL2/COL1 and ACAN/VCAN to cartilage, as well as
higher glycosaminoglycan concentration. In conclusion, 1SWM culture conditions
resulted in improved cell growth rate, reduced levels ediitferentiation during expansion,

and greater ability to rdifferentiate into cartilage upon induction.
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CHAPTER 1
Literature Review
1.1 Stem cell sources for egenerativemedicine

The term, degenerativemedicing was firstly introduced by William A. Haseltine
(Haseltine 2001)anddescribesthe process of creating or replacing functional cells, tissues
and organs to repair damaged or injured tisslies.process includes bothalieg damaged
tissues by stimulating organs to heal themselves, and growing tissues/organs in the laboratory
for implantation. Traditionallypatients with diseased orgahsve beerireated by organ
transplantation. Howevethe number of available organslimited compared to the number
required Regenerative medicinghereforehas great potential taddress the limitations of
the shortage of organs.

Therapeutic approachelased onregenerative medicine includdirect stem cell
transplantationsandor tissue engineeringwith/without scaffolds seeded with cells
Traditionally, bere are two main types of stem celédegorized byheir origin, and can be
broadly defined aembryonic stem cells and adult stem cellge first embryonic stem cells
were istated from mousénner cell mass (ICM) and were shoveapable ofdifferentiaing
into three germ layersresodermendodermandectodern) (Evans 1981).Human ES cells
first isolated in 1998 (Thomson et al., 199&re alsshown to be pluripotent. Howevehe
use of human ES cells ontroversial since their isolation requirdse availability and
destruction ofertilized human embryo(Robertson et al., 2001)n contrast, dult stem cells
arefound in adult tissueand are known tobe involved inrepair andmaintenace ofthe

adult tissuegOdorico et al., 2001). While ES celise able to ifferentiate intoall three germ



layers most adult stem cells alenown as multipotent due to their ability give rise to
multiple cell types but within limitedineagegReviewed bySell, 2005).

Adult stem or progenitocells are originally obtained from the tissue, expanded in vitro
and implanted back into patients with/without scaffolds. Dependinthesource of donor
tissue, the cells are either allogeiigame species, different individualy autologous. In
general, autologous cell implantation (ACI) is favotedavoid potential immune rejection
and the needfor immunesuppresise drugs. Howeverthere is a limit to the size of the
biopsy that can be tdined from patients @uto tissue defects and ad@oreover in vitro
expansion of stem cells induces phenotypic chamgetem cells hindéng their clinical
potential.In addition to adult stem/progenitor celfguripotentstem cells such as embryonic
stem(ES) cells and induced pluripotent stem (iPS) cells also have been suggesttdntial
cell sourcesstheyare pluripotenandable to seHrenew

In 2006, Takahashi and Yamanaka first demonstrated that mouse embryonic fibroblasts
(MEFs) can b reprogrammed into pluripotent stdig exogenous factorand those cells
were termed induced pluripotent stem (iPS) cells (Takahashi and Yamanaka, 2006). The
isolated iPS cells were able to sedhew as ES cellsyerepluripotent as shown by embryoid
body formationin vitro and teratoma formatiom vivo, and expressedES specific genes.
iPS cells have now been generated in husfsvernig, 2007; Takahashi, 2007; Yu, 2007)
and other species sual rhesus monkey (Liu et al., 2008), rat (Liao et al., (6§ (Ezashi
et al., 2009), horse (Nagy et al., 2011) and dog (Koh et al.,, 2012). As iRSawzll

genetically identical to the patigrtsomatic cellghey would not, in theorybe rejected by



the donor. Moreover,they do not have ethical issubscase iPS cells do not require the

destruction of the embryo.

1.2 Therapeutic potentials of enbryonic stem cellsand limitation s

ES cells aralerived from the inner cell mass (ICM) of preplantation stage blastocysts
andcan give risein vivo, to all threegerm layers includinghe germline, as shownn mice
by blastocyst injection (Bradley et al., 1984) or morula aggregation (Nagy et al., 1993).
vitro differentiation into ectodermal derivativesich as skin and neurons (Reubinoff et al.,
2001; Schuldier et al., 2001; Zhang et al., 200fjesodermal derivatives such catilage,
muscle and endothelial cel{Kehat et al., 2001; Levenberg et al., 2Q02)d @dodermal
derivatives such gsancreatic cells (Assady et al., 2001) and hepatic cells (Cladr 2006)
has been demonstratedn addition, here have been sevemtimal pre-clinical tests using
human embryonic stem celts their differentiated derivativesHuman ES cells derived
oligodendrocyte progenitserwere injected into rats after cervicapinal cord injuryto
improverecovery of forelimb function (Sharp et al., 201Bgtinal pigment epithedi cells
(RPE) derived from human ES cellsvere injected into rats andmice with retinal
degenerationwith the animals gaiing nearnormal visual faction after subretinal
transplantation (Lu et al.,2009).

In humansthefirst of the Phase Xlinical trials using human ES celsasapproved by
the Food and Drug Administration (FDA) in 2009. ThxotechnologycompanyGeron
Corporation conducted therst clinical trial in 2010. The patigntwith spinal cord injury

from a car accidentreceived about 2 million cells of GRNOPC1 (oligodendrocyte



progenitors derived from human ES cellBjeliminary resuls showed that thergvere no
serious adverse effecbut therewere also no improvemerst in spinal cordcondition
(ClinicalTrials.govNCT01217008 Another clinical trial to treadry agerelated macular
degenerationreported promising preliminary result after transplantation with retinal
pigmented epith@l cells. The patients were injected with >99% pure KRéérived from
human ES celland thetransplanted cells were shown to attagthout evidence oimmune
rejections or abnormal growtliHowever no significant improveentof vision was found
(Schwart et al., 2012).

While embryonic stem cells have shown potentialegenerative medicine, there are
few major limitationsto their practical useFirst, ES cells are najeneticallyidentical to
recipients. Becausethe ES cells are isolated from ICM g@feimplantation blastocyst
created by in vitro fertilization (IVF), thers the possibilityof immune rejection by the
recipient once the stem cells are injectiek toincompatibility of antigens between donor
and recipientslt has been suggested thatbank of human ES cells representing a broad
scope of human HLA antigens could magthpatient populatiorfTaylor et al., 2005ith
an estimated 250 lines able benefit about 2/3 othe population Second, there are
possibilities oftumor formation after transplantatior{fReviewed by Lerou and Daley, 2005).
Tumor formationcould result froncontamination of undifferentiated ES cellsiais known
that transplantation of ES cells into immudeficient mice can generate teratomas
(Przyborski, 2005) Thus, cells usedfor transplantation need to be carefuplyeparedto
ensurethat they aralifferentiated withhigh quality and puritfPrzyborski, 2005)Lastly, as

the derivation of ES cells requs¢he destructionof blastocyststageembryc, there have



been @bates regarding ethical concerns of defining blastocysts as themgs (Reviewed
by Daar and Sheremeta, 2003).

To overcome the limitations in the use of ES cells for regenerative medicine, different
types of stem cells have been suggested.t, Firflsas been shown that somatic cells can be
reprogrammed into pluripotency state and those cells resemble embryonic stem cells in
morphology and genetic expressiomdiuced pluripotent stem cellsTakahashi and
Yamanaka, 2006). Secondly, adstem/prognitor cells can beisolated from adult tissue,
and can be utilized for tissue specific regeneratidhile ES cellsstill have great potential in
regenerative medicine, alternative approaches without limitations such as immune rejection

tumor formation ad ethical concern might be mgpeactical

1.3. Induced Pluripotent stem cells
1.3.1 Generation ofnducedpluripotent stem cells

In 2006, Takahashi and Yamanaka first introduced the reprogramming of somatic
cells to pluripotent stem cells and thosels@ere namedinduced pluripotent stem cells
(iPSCs; Takahashi and Yamamak2006). Twenty-four candidate genes thought to be
importantfor regulating embryonic stem cells were testedaimdomcombinations, anébur
key transcription factors were idengéifl. The four transcription factors, Octklf4, Sox2,
and eMyc (OKSM) wereintroduced by retrovirus into mouse embryonic fibroblasts (MEFS)
and the cells wereeprogrammed into anESlike state The isolated cellgre able to sel
renew and express Epeific genes. Later, Yamanatsagroup demonstrated that the same

four transcription factors were able to reprogram human dermal fibroblasts (HDFs) into



induced pluripotent stem cellindependentlyJamesThompsorts group identified another
four transcripton factors OCT4, SOX2, NANOG and LINZ2&socapable ofeprogramming
human somatic celisito pluripotency(Takahashi et al., 2007; Yu et al., 2007)

During the reprogramming, morphological changeduding decrease in cell size
and increase in cellulgproliferation rate (Plath and Lowry, 2011are observedAt the
molecular level, endogenous pluripotency gemesactivatedand celitype specific somatic
cell genes are dowregulated. Though the endogenous pluripotency gjares activated, it
has beenshown that exogenous reprogramming factors are required to complete the
reprogramming (Stadtfeld et al., 2008)he authors also identifiethat reactivation of
endogenous pluripotency genes, telomerasetivationand silencing othe X-chromosome
suppats completed reprogramming (Stadtfeld et al., 2008).

It has been shown that many different cell types from different species can be used to
generate induced pluripotent stem cellgth some of the cell types requng fewer
transcription factors to peogram.Retroviral expression of OKSMs able to reprogram
embryonic fibroblast§Takahashi and Yamanaka, 2008 ature B and T cell&Eminli et al.,
2009) adipose derived stem ce(Sugii et al., 201Q)pancreatic beta cel(Stadtfeld et al.,
2008)ard neural stem cell&im et al., 2008)n mice. The same strategy has been applied to
generate induced pluripotent stem cells from peripheral Kookl et al., 2009)cord blood
stem cells(Haase et al., 2009keratinocyteAasen et al., 2008hepatoctes (Liu et al.,
2010)and neural stem cell&im et al., 2009)n humars. Adult neural stem cellsould be
reprogrammed by using OCT4 alone (Kim et al., 20@8@)cing retroviral integration sites.

When all four transcription factefOKSM) were used toeprogram, about 20 retroviral



integration sites were observed (Aoi et al., 2008; Wernig et al., 2@0i)pared to an
average of 5 integtion sites in OCT4 only induced neural stem cell derived iPS cells (Kim
et al., 200).

Retroviral induction of OKSMhas been shown to ke most efficient way to
generate induced pluripotent stem celwever, retrovirus is nota desiable delivery
method for clinical approaches as the retroviral vector containssécalencesin addition,
incompletly reprogramme cells stillexpressexogenous factorsomething notlesirablefor
clinical applications Doxycyclineinducible lentivial vectos wereused to minimize the risk
of transgeneactivationduring the isolation of induced pluripotent stem cells (Brambrink et
al., 2008) and the same vector system ladso been used for expression of polycistronic
cassettes which harbor all four transcription factors (Carey e2@09. However, both
retroviral and lentiviral transduction systerare potentially harmful sine both requires
genomic integrationTransgendree inducedoluripotentstem cellshavebeen generated by
using adenoviral vectors (Okita et al. 1) piggyBactransposons (Woltjen et al., 2009) and

also repeated transfection of modified RNA for OKSM (wa et al., 2010).

1.3.2 Therapeutic potentials ahduced pluripotent stem cell§*S)

Inducedpluripotent stem cells have great potential ¢ell replacement therapgs
somatic cells can be isolated from a pdtiegprogrammed to generate patispecificiPSC
cells, and those cells agenetically identicathusavoidng immune rejectionsAs discussed
aboveiPS cells are similar to ES cellsn thatthey arecapable of differentiation into many

different specific cell types.Adipogenic differenfition was demonstrated by lipid



accumulation and transcription of adipogenesis specific genes such as C/EBPalpha,
PPARgamma2 and leptifTaura et al., 2009)Thar differentiation potential was compared
to human ES cells anésultsshowed that they havejeal potential in general (Taura et al.,
2009). The induced pluripotent stem cells were also able to produce CD34+/CD43+
hematopoietic progenitorsinder the same culture conditions of human ES cells. The
differentiation pattern from hematopoietic progerstéo primitive hematopoietic cells was
very similar amongdifferent iPS cells isolated from fetal, neonatal and adult fibroblasts
(Choi et al., 2009)Furthermore, pancreatic cells producing insulin (Zhu et al., 2aad
functional cardiomyocyteslemongtating sarcomeric organization and expressing cardiac
markers including Nkx2.@and cardiac Troponin T(Zhang et al., 2009vere also derived
from human iPS cell]sand weresimilar to those generated frommumanES cells.PAX6+
neural conversion of human iR®lls was also demonstrated and the converted cells were
able to further differentiate into neural crest, anterior CNS, somatic motorneurons and
dopaminergic neurons, and their functionality was confirmed by electrophysiology
experiments (Chambers et &011; Oki et al., 2012)

In addition to cell replacement therapysehsespecific iPS cellcan be utilizedor
gene therapy and drug screening. In mice, it has been demonstrated that &aecoaand
sickle-cell anemia can be corrected by usiR§ cells (Hanna et al., 2007; Raya et al., 2009).
And in humas, diseasespecific iPS cells from Gauclhsr disease, muscular dystrophy,
Parkinso@s disease and Huntingi@ndiseasdéavebeen generated (Park et al., 2008; Raya et
al., 2009; Soldner et al., 2009 hese cells also providetool to identify and develop novel

targets for therapy by comparing their differentiated phenotytethat ofnormal tissue



1.3.3 Limitations of induced pluripotent stem cells

Though iPS cellfold great potential as a rigggement for embryonic stem cells, there
are several limitations to overcom&he main issudn regenerative medicine is safety,
however, iPS cells carry the risk of teratoma formation due to the undifferentiated
populations of iPS (Wernig et al., 2008 S cells havéeen shown todifferentiate into all
three germ layer cellgutit still is very hard to recreate the same mienvironmentndthe
requiredsequential differentiatioto generate specific cell types with high purity and quality.
Another Imitation isthatiPS cell lines favodifferentiationinto specific cell types due to
their epigenetic memory (Polo et al., 2010his makessome type of cellssuch as
hepatocytes and pancreatic beta cells harder to generate than others (Hayde®X t)al., 2
Recently, an alternative approachysing liver-specific transcription factorso directly
differentiate hepatocytes from somatic céls been shown toe a more efficient method
that induced differentiation of iPS cellfHuang et al.,, 2011).Moreowr, directly
differentiated hepatocytes weoapable of healingnice with compromised liver function
(Huang et al., 2011).

To date mosiPS cells have been generated using integrating vectors such as
retrovirus and lentivirus. The viral methods aret mlesired for regenerative medicine
approaches as the integrated genedismuptendogenous genes (Bock et al., 2011). Also, it
recently has been shown that immunologically matched cells of origimeggeted after
transplantation, and retroviral integion is thought to be responsiblecauseepisomal

transfection mediated reprogrammed calisless immunogenic (Zhao et al., 2011). Thus, it



will be critical to develop and obtain integrativee reprogramming foclinical application
of iPS cells.

Another limitation of iPS cells is theiregomic instability (Hankowski et al., 2011).
Four different potentiateasonsfor genomic instability of iPS cells have been suggested
(Blasco et al., 20011) Reprogramming induced DNA damages@)ectionfor pre-existing
mutations; 3) intrinsic instability ahe pluripotent genome; 4) mutations caused by in vitro
manipulation and expansion (Blasco et al., 20RBsearcherdemonstrated that there a
higher ingdence of mutations such as copy number variat{@NVs; Hussein et al., 2011)
and single nucleotide polymorphisms (SNPs; Gore et al., 2011) in the iPSC genome
compared to embryonic stem celldn addition, it has been demonstrated that genomic
mutations were caused by expansiorculturein both iPScells and ES cells (Laurent et al.,
2011).However Hussein et al(2011)showed that whilgenomic changes were induced by
expansion, treegenomicrearrangementdisappeared after the cells were cultureddager

periods.

1.4 Cartilage tissue engineeng
1.4.1 Cartilage

Cartilage is a an avascular, aneural and alymphatic connective tissue present in many
organs such ake articulating joints between bones, rib cagg, nose, bronchial tubes and
intervertebral discCartilageis essential for breling, hearingarticulation and locomotion.
During embryogenesis, cartilage develdygforebone and providethe first skeleton of the

embryo (Olsen et al., 2000)Development of cartilage is needéar body growth and

10



provides structural templates in thkeleton(Olsen et al., 2000). Cartilage is classified into
three types based dhe composition of the extracellular matrix (ECM); hyaline, elastic and
fibrocartilage. The most abundardrtilage types hyaline cartilage which presenh long
bones, drcular surfaces, nose amespiratory tract. fie hyaline cartilage contairbdundant
type Il collagen andhondroitinsulfate.

As the cartilage does not contain blood vessakschondrocytes in cartilagessue
areprovided with nutrientdy diffusionfrom surrounding perichondrium via synovial fluid
to the synovial membrane. Cartilalgas poor wound healing procesigh a slower ratehan
other connective tissuetue to the lack of the wound healingocess inflammation, cell

proliferation and tissueemodeling(Reviewed by Silver et al., 1995).

1.4.2 Chondrogenesis

Chondrogenesis is the earliest phase of skeletal developrbeming the process
mesenchymal cells are recruited and the cdliferentiake into chondrocytesand te
extracellularmatrix (EM) is produced, oncine chondrocyteBavematured Chondrogenesis
is controlled byinteractions of surrounding ceadkll, cell-matrix, growth and differentiation
factors and other environmental factomshich activate or suppress cellular signaling
pahways and gene expressiriebacheet al, 1995; Mundlos an®Isen, 1997Goldring et
al., 2009. Chondrocyte differentiation can kseenin the developingorimary ossification
zonein the middle diaphysis of the cartilage of the Idmgnes Chondrogensis leads to
endochondral ossification, a process in which chondrocytdsrgo hypertrophy, subsequent

apoptosis andrereplaced by bonéorming osteoblasts (Cancedeéaal, 1995). Each stepf

11



the differentiationcan becharacterized by specific histglical features, genexpression

profile and cellulaactivities.

1.4.3 De-differentiation of chondrocytes

In the process of cartilage tissue engineering, it is important to ensure that the
expanded celpopulationmaintairs its phenotypic function. Howey, a majordimitation of
chondrocyteexpansiornis the dedifferentiationluring the extended in vitro cultur@on der
Mark et al., 1977; Benya et al., 1982% has been showm monolayer culturg¢hat once
dedifferentiationtakes placechondrocytes faito produce cartilag&ECM (von der Mark et
al., 1977) During dedifferentiation the chondrocytedose their morphology as well as their
biochemical and functiongdropertiegThorogood et al., 1986; Goessler et al., 2004; Darling
et a., 2005)Dedifferentiatedchondrocytedvehave differently compared to thieondrocytes
in their original cartilage environment. Afterin vitro expansion of chondrocytes
monolayer culture, theimorphologybecomesmore fibroblastlike (Schnabelet al., 2002
and the typial formation of chondrons angericellular matrixis lost It has been
demonstrated that collagesynthesigs also changed Schnabel et al., 2002ndtead of the
collagen type lidedifferentiatedchondrocytes mainlgroducecollagen type | and Il wizh
are absent from normatartiiage Schnabel et al., 2002 Also the dedifferentiated
chondrocytegylycosaminoglycans (GAGs) productigatternshifts from large aggregating
proteoglycans (aggrecan) to low molecular weight proteogly€agsican) This s also
accompanied by decreasan alkaline phosphatase (AP) activityoh der Mark et al., 1977,

Benya et al., 19821t has been suggested thugdifferentiationoccurs wherchondrocytes

12



are released from their extracellular matriand placed incultured under conditions that
promoteflattenedcell morphology, such as low cell density in monolaydture(Watt et al.,
1988. Although thedetailedmechanisms involveduring the dedifferentiation process are
not fully understood, ihas been suggestedathhe formation of actin stress fibers one of
the causefBenyaet al., 1978

It hasalsobeen showrthat dedifferentiationduring chondrocytesxpansioncan be
overcome by the modification and optimization of culture conditions sudheasise of
seum-free medium containing growth factors (Martin et al., 1999; Pei et al., 2002; Mand| et
al., 2004; Giannoni et al., 2005) atite use ofeduced oxygen leve(Robins et al., 2005;
Foldager et al.,, 2011; Adesida et al., 2012). It also has teeronstragd that culturing
chondrocytes at high densityétt et al., 1988), in alginate gels (Benya et al., 1982) or in
three dimensional (3D) cell aggregates (Murphy et al., 2001) promoted restoration and
maintenance otheir phenotypic characteristics upon-d#éferentiation of dedifferentiated

chondrocytes.

1.4.4 Growth factors in chondrocyte cultureedia

It has been reported that chondrocytes expanded in monolayer for two passages in the
presenceof fibroblast growth facteR (FGF2) dedifferentiate,while maintainng their
potential for redifferentiation Martin et al., 1999 Sequential exposure of bovine calf
articular chondrocytes to FGF during monolayeexpansion and to BMR during three
dimensional culture on PGA scaffolds improved theerall prodetion of ECM during

redifferentiation (Martin et al., 200L In addition, it has been demonstrat¢at

13



chondrogenesis dfuman adult articular chondrocytes can be enhanced if they are expanded

in the presence of aombination ofa superfamily of BMPs {J&ob et al., 200l Also

chondrocytesexpanded in monolayer ithe presence of FGEHTGFS displayed a higher

proliferation rate anthcreasediedifferentiation, but also higher capacity to redifferentiate in

response to supplementationsgirum free medm with TGFY and dexamethasone during

threedimensional cultures(Jakob et al., 20Q1Smilar results have beeshownin bovine

chondreprogenitor cells in theoresence of TGE1 (Martin et al.,, 200h These results

supportthat addition ofgrowth factorsduring chondrocyteexpansionis advantageous for

bothcell proliferation and differentiatioras well agedifferentiaton capacity upon induction.

1.4.5 Effects of bw oxygenin chondrocyte culture

As the tiondrocytes are located in avascular tissbey are influenced bpxygen
level during chondrocytematuration (Malladi et al., 2007). Cartilagaslow oxygen levels,
estimated between 1 and 6% depending on the site of the tissue. Oxygen concentration is
around 66 near the surface of cartilage, ateB% in the deeper areBecausehondrocytes
obtain most of their energy from glycolysis (Lee et al., 1997), theit dequire high oxygen
consumption The consumption rate is only 2~58mpared tmther cell types (Heywood et
al., 2006). Therefore, exteed culture of chondrocytes at atmospheric 20% oxygen level can
be considered abnormal and may alter normal metabolism and gene expression (Schneider et

al., 2007; Gibson et al., 2008)ow oxygen chondrocyte cultyrén contrast,induces the
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expression ofhypoxia inducible factor 1 (HHL), survival factor (Zuscik et al., 2008;
Schipani et al., 2001). HYE controls genes associated with cell proliferation, metabolism
and angiogenesis (Semenza et al., 2000).

Oxygen tensions and oxygen gradieaits thoughto play a key role in regulating the
phenotype and biosynthetic activity of cells intended for therapeutic applic@litainda et
al., 2003) It has beemlemonstrated that a combination of alginate encapsulation and reduced
oxygen tension (5%) can restorthe chondrogenic phenotype of monolagepanded
dedifferentiated cell§Murphy et al., 2004) Similar results have been observed in pellet
culture studies for dedifferentiated nasal chondrocyMalda et al., 2004) Follow-up
studies have shown thatggxia promotes restablishmenof the chondrogenic phenotype
through HIF2 Wnediated SOX9 induction of key cartilage geflesfont et al., 2007)Other
studies have also investigated how the oxygen microenvironment influences chondrocyte
proteoglycan and type Il collagen synthg€dradovic et al., 2000; Gramshaw et al., 2000;
Wernike et al., 2008)Bovine articular chondrocytes cultured under anoxic conditions
(<0.1%) in alginate beads producedslesatrix than for higher oxygetensions (5, 10 and
20%), with highest expression lesabserved when cultured inR1®% oxygenGrimshaw et
al., 2000) Sustained hypoxia (2%) has also been shown to enhance articular chondrocyte
matrix synthesis and viability in threBmensional alginate culture withncreasd
proteoglycan synthesis afterday exposuref low oxygen(Coyle et al., 2009)In contrast,
other studies have demonstrated enhanced cartilage matrix production at higher oxygen

tensiongMurphy et al., 2001)
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In addition hypoxia also appears to be a key regulatostef cells suclas adult
stem cells and ESCs duringhondrogeit differentiation Hypoxia has been shown to
enhance chondrogenesis of bone marrow derived MSCs via-& MiEpendent mechanism
(Robins et al., 2005; Kanichai et al., 2008»d also influences chondrogenesis of hu@n
cells (Koay et al., 2008)Bone marrow derived MSGsultured in reduced oxygen tension
produced more bone and cartilage than those cultured at c@d@@@) oxygen levels
(Lennon et al., 2001)Low oxygen tension has also been shown to significantly inhibit the
proliferation of adipose tissue derived steells embedded in alginate beads, but with
increased levels of cartilage matrix synthesis, suggesting oxygen tension regulates the
proliferation and metabolism of stegells during chondrogenesigWang et al., 2005)
Oxygen tension has also been showneigutate type X collagen levels in human adipose
derived adult stem cell¢Betre et al., 2006)However in contrast,another studyhas
suggested that hypoxiaay inhibit in vitro chondrogenesis and osteogenesis of adipose

derived stem cell@Malladi et al, 2006)

1.5 Summary

In summary, the abilities of stem cells to s&lhew and differentiate into specific
cell types provide the potential for gresientific advancements theregenerative medicine
field. Induced pluripotent stem cells are equinaldothat of embryonistem cells
andenableshot only therapeutic, bytrovides unique pharmaceuti@gdproaches such as
disease modeling and drug screening. Adult tissue progenitor implantation has been

extensively studied, making thean optimal candigtefor clinical trials to date, when
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compared tother typeof stem cells. But both iPS and adult stem cells have limitatinds

it is unclear which type of stem cell cprovide the best approach for regenerative medicine.
The research described in ghilissertation covers both induced pluripotent stem cells and
adult tissue progenitors as clinical cell sources for regenerative medicine. It highlights
thepotentials and limitationsf induced pluripotent stem cells and adult tissue progenitors to

set the stage for themprovemenof clinical application.
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In mice and humans, it has been shown that embryonic and adult fibroblasts can be reprogrammed into
pluripotency by introducing 4 transcription factors, Oct3/4, Kif4, Sox2, and c-Myc (OKSM). Here, we report the
derivation of induced pluripotent stem cells (iPSCs) from adult canine fibroblasts by retroviral OKSM trans-
duction. The isolated canine iPSCs (ciPSCs) were expanded in 3 different culture media [fibroblast growth factor
2 (FGF2), leukemia inhibitory factor (LIF), or FGF2 plus LIF]. Cells cultured in both FGF2 and LIF expressed
pluripotency markers [POU5F1 (OCT4), SOX2, NANOG, and LIN28] and embryonic stem cell (ESC)-specific
genes (PODXL, DPPAS5, FGF5, REX1, and LAMP1) and showed strong levels of alkaline phosphatase expression.
In vitro differentiation by formation of embryoid bodies and by directed differentiation generated cell deriva-
tives of all 3 germ layers as confirmed by mRNA and protein expression. In vivo, the ¢iPSCs created solid
tumors, which failed to reach epithelial structure formation, but expressed markers for all 3 germ layers. Array
comparative genomic hybridization and chromosomal fluorescence in situ hybridization analyses revealed that
while retroviral transduction per se did not result in significant DNA copy number imbalance, there was
evidence for the emergence of low-level aneuploidy during prolonged culture or tumor formation. In summary,
we were able to derive ciPSCs from adult fibroblasts by using 4 transcription factors. The isolated iPSCs have
similar characteristics to ESCs from other species, but the exact cellular mechanisms behind their unique co-
dependency on both FGF2 and LIF are still unknown.

Introduction such as rhesus monkey [12], rat [13], pig [14,15], and horse
[16]. To date there have been 4 reports of generation of pu-
tative iPSCs from dogs [17-20], but only Lee et al. isolated
iPSC lines capable of teratoma formation while Whitworth
et al. [20] reported germ-cell-like tumor formation. However,
there has been no detailed investigation of the chromosomal
stability of established canine iPSC (ciPSC) lines, a key factor
for their eventual clinical application. In this study, we report
the derivation and karyotypic evaluation of ciPSCs, and dis-
cuss their ability to differentiate in vitro and in vivo.

PLURIPOTENT sTEM CELLS (PSCs), such as embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs),
can give rise to derivatives of all 3 germ layers and thus have
great potential for clinical applications related to regenerative
medicine [1]. Previous reports on the isolation of canine ESCs
(cESCs) [2-6] have shown that cESCs can be isolated in the
presence of leukemia inhibitory factor (LIF) [2—4], or a com-
bination of LIF and fibroblast growth factor 2 (FGF2) [5,6]. To
date, however, teratoma formation via injection into imumu-
nodeficient mice has only been demonstrated by Vaags et al.

[5] utilizing cESCs cultured in LIF and FGE2, and only when
cells were injected into the testis capsule. In 2006, it was first
shown that ectopic expression of 4 transcription factors, Oct4,
Kif4, S0x2, and c-Myc (OKSM), could reprogram murine so-
matic cells into a pluripotent state. These iPSCs have now
been generated in mice, humans [7-11], and other species,

Materials and Methods
Cell culture

Adult canine skin fibroblasts (cSFs) were isolated from
abdominal skin of clinically healthy 3-year-old beagles and
maintained in Dulbecco’s modified Eagle’s medium (DMEM;

!Genomics Program, North Carolina State University, Raleigh, North Carolina.
*Center for Comyaraﬁve Medicine and Translational Research, North Carolina State University, Raleigh, North Carolina.
Departments of “Molecular Biomedical Sciences and “Clinical Sciences, College of Veterinary Medicine, North Carolina State University,

Raleigh, North Carolina.

*Current affiliation: Department of Pathology, Harvard Medical School, Boston, Massachusetts.
fCurrent affiliation: Department of Biomedical Engineering, Duke University, Durham, North Carolina.
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Cellgro) containing 10% fetal bovine serum (Cellgro) and
0.1% gentamicin (Cellgro). Platinum retroviral packaging cell
line (PLAT-GP) and mouse embryonic fibroblasts (MEFs)
were maintained in the same medium. mTeSR1 [21] (Stem-
Cell) medium was used for inducing pluripotency, and
picked colonies were expanded and maintained in iPS me-
dium consisting of DMEM/F12 (Cellgro), 20% Knockout
Serum Replacement (Invitrogen), 2mM r-alanyl-L-glutamine
(Cellgro), 0.1 mM nonessential amino acids (Cellgro), and
0.1mM f-mercaptoethanol (BME; Sigma) supplemented
with either FGF2 (10 ng/mL; Stemgent) or human LIF (hLIF,
10° U/mL; GenScript), or both. The MEK inhibitor
PD0325901 (0.5uM) and the glycogen synthase kinase 38
(GSK3B) inhibitor CHIR99021 (3 uM) were added to make
complete iPS medium. Cells were cultured in water-jacketed
incubators in an atmosphere of 5% CO; in air. All animal
experiments were approved by the Institutional Animal Care
and Use Committee under Protocol No. 10-056-B.

Retroviral production

PLAT-GP packaging cells were seeded at 8E6 cells/T75
flask and cultured overnight. The next day, pMXs retroviral
vectors containing mouse Oct3/4, Kif4, Sox2, and c-Myc were
transfected into PLAT-GP cells along with pCI-VSV-G
envelope vector. The transfection was conducted using
Fugen 6 (Roche) as described previously [22]. Transfection
efficiency was monitored with pMXs-mRFP1, and viral su-
pernatants were harvested only when transfection efficiency
was >70%. Viral supernatants were collected twice, 48 and
72h posttransfection, and filtered through a 0.45-um filter.
The filtered supernatants were used to infect target cells after
supplementation with polybrene (2ug/mlL; Sigma), or ali-
quoted and stored at —80°C until use.

Feeder cells

MEFs were isolated from day 13-14 C57BL/6 fetuses and
cells at passages 1-3 were used as feeder layer. MEFs were
trypsinized and gamma irradiated with 5,000 rad, and 8E5
cells per 10-cm dish were seeded onto gelatin-coated dishes
one day prior to use.

Generation of ciPSCs

Skin fibroblasts were seeded at 8x10° cells per 10-cm dish
one day prior to retroviral infection. Cells were infected
overnight with viral supernatant and medium was replaced
daily for 5 days. On day 6 postinfection, the infected cells
were replated onto gamma-irradiated MEFs (8 x 10° cells per
10-cm dish). The next day, the medium was replaced with
mTeSR1 medium. The medium was then changed every
other day until colony picking. The colonies were manually
picked using a pulled Pasteur pipette and expanded in 3
different culture media all containing PD0325901 (PD,
0.5uM) and CHIR99021 (CH, 3 uM), inhibitors of mitogen-
activated protein kinase 1 (MAP2K1), and GSK3B, respec-
tively (2i media), and either FGF2 (10ng/mL) or hLIF (10®
U/mL, LIF), or both FGF2 (10ng/mL) and LIF (10° U/mL).
Picked colonies were mechanically dissociated and passaged
by every 4 days. Four colonies (51-54) were expanded into
cell lines and cultured for >20 passages.
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Alkaline phosphatase staining, immunocytochemistry,
and immunohistochemistry

For alkaline phosphatase (AP) staining, ciPSCs were
treated with VECTASTAIN ABC-AP kit (Vector Labora-
tories) as per manufacturer’s instruction. After AP staining, 3
microscopy fields (20x magnification) of each treatment
were randomly selected and AP-positive colonies were
counted. Paraffin-embedded tumor sections were steam he-
ated for 1h with Trilogy (Bioworld Laboratories) for depar-
affinization, rehydration, and antigen retrieval. Tumor slides,
cryosectioned embryoid bodies (EBs), and cultured cells
were immunostained as described below. Cells were fixed in
4% paraformaldehyde (PFA) for 15 min and permeabilized, if
needed, with 0.25% Triton X-100 in phosphate-buffered sa-
line (PBS) with 0.1% Tween 20 (PBST) for 10min. Cells were
incubated for 1h at room temperature in 10% bovine serum
albumin in PBST and then with primary antibodies OCT4
(Santa Cruz), SOX2 (StemCell), NANOG (Peprotech), stage-
specific embryonic antigen (SSEA-1) (Stemgent), alpha-feto-
protein (AFP) (Sigma), TUJ1 (Covance), glial fibrillary acidic
protein (GFAP) (Dako), desmin (DES) (Neomarks), and vi-
mentin (VIM) (Santa Cruz) overnight at 4°C. Next day, cells
were incubated with the appropriate secondary antibodies,
anti-rabbit-immunoglobulin G (IgG)-Cy3 or anti-mouse-IgG-
Alexa488 (Invitrogen), for 1h at room temperature in PBST.
Slides were mounted with VECTASHIELD mounting me-
dium with 4'6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories) and visualized with TE2000 fluorescence mi-
croscope (Nikon). Antibodies used in this study are listed in
Supplementary Table S1 (Supplementary Data are available
online at www liebertpub.com/scd).

Fluorescence-activated cell sorting

ciPSC-S2 and S4 were dissociated with Accutase (In-
novative Cell Tech) and cells were pelleted and washed
twice with ice-cold Dulbecco’s phosphate-buffered saline
(DPBS). Harvested cells were incubated with DyLight549-
conjugated SSEA-1 or isotype control antibody (Stemgent)
for 30min on ice. After incubation, cells were washed twice
with ice-cold DPBS followed by fluorescence-activated cell
sorting (FACS), and sorted cells were replated onto gamma-
irradiated MEFs for further expansion. Antibodies used in
this study are listed in Supplementary Table S1.

Reverse transcription—polymerase chain reaction
and real-time reverse transcription-polymerase
chain reaction analysis

Total RNA was isolated from EBs, ciPSCs, c¢SFs, day-6
cSFs postinfection, and tumors using RNeasy Mini Kit
(Qiagen), and treated with TURBO DNase (New England
Biolabs) according to the manufacturer’s instruction. cDNA
was synthesized by AffinityScript Multiple Temperature
cDNA Synthesis Kit (Agilent Technologies) using oligo (dT)
primer. Expression of pluripotency and differentiation
markers was examined by reverse transcription—polymerase
chain reaction (RT-PCR) using Phire Hot Start II DNA
polymerase (Finnzymes). Conditions for RT-PCR were as
follows: 95°C for 5min; 30 cycles of 95°C for 55, 62°C for 55,
and 72°C for 5 s; and final extension of 72°C for 1min.
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Relative expression of candidate genes was quantified by
QuantiTect SYBR Green PCR Kit (Qiagen) on a BioRad Real-
Time PCR Detection System (BioRad). Conditions for real-
time RT-PCR were as follows: 95°C for 15min; 40 cycles of
95°C for 15s, 60°C for 5s, and 72°C for 30 s; and 72°C for
2min, followed by melting curve analysis (90 cycles, start at
50°C with 0.5°C increment). The relative expression was
calculated by normalization with beta-actin expression using
the 27227 method [23]. Primer sets for RT-PCR and real-
time PCR are listed in Supplementary Table S2.

Statistical analysis

Relative expression data of transgene real-time PCR was
analyzed using one-way analysis of variance followed by
Bonferroni and Fisher’s LSD posttest. SAS 9.2 software was
used for statistical analysis of the data. All data were ex-
pressed as mean=standard error of the mean, and signifi-
cance was set at P<0.05.

EB formation and EB-mediated in vitro differentiation

Colonies were mechanically detached from the feeder
layer and plated on ultra-low attachment plates (Corning) in
iPS medium without growth factors (FGF2 and hLIF). After 4
days of EB formation, half of the EBs were trypsinized and
cultured onto gelatin-coated dishes containing differentiation
medium supplemented with activin A (50 ng/mL; Sigma),
BMP4 (10ng/mL; R&D System), or all trans-retinoic acid
(RA; 0.5uM; Sigma). The plated EB-derived cells were then
cultured for an additional 14 days and RNA isolation and
immunocytochemistry (ICC) was performed. The remaining
half of the EBs were cultured in suspension for 21 days and
RNA isolation and cryosectioning was performed. The
presence of 3 germ layers was confirmed by immunostaining
of individual EBs.

Teratoma formation

One million early passage (Table 1), unsorted, or SSEA-
l-sorted (FACS-S) iPSCs, parental fibroblasts, gamma-
irradiated MEFs, or mouse embryonic stem cells (mESCs)
were harvested and subcutaneously injected into SCID/
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Beige mice (Charles River). Tumors derived from iPSCs were
harvested after 22-54 days and mESCs were harvested after
44 days. Each tumor was dissected and fixed in 4% PFA or
frozen for RNA isolation. Fixed tissues were paraffin
embedded and hematoxylin and eosin (H&E) stained as
described previously. Slides were further analyzed by
visualization with light microscope (AZ100; Nikon) or
immunohistochemistry (IHC). No tumor was found from
fibroblast or gamma-irradiated MEF transplantation.

Array-comparative genomic hybridization analysis

The genome-wide DNA copy number status of the 4 de-
rivative cell lines (51-54) at 2 different passages (P7 and P17)
and tumors (T2-T4, derived from S2, S3, and S4, respec-
tively) was evaluated against that of the parental fibroblast
cell line using array-CGH analysis. Briefly, 500 ng of total
genomic DNA from each of ciPSC 51-54 and tumors T2-T4
was labeled separately with Cyanine-3-dUTP (test samples),
and DNA from parental fibroblasts was similarly labeled
with Cyanine-5-dUTP (reference sample) using a Genomic
DNA Enzymatic Labeling Kit (Agilent Technologies). Sam-
ples were hybridized in 4 independent, pairwise (test vs.
reference) assays onto a custom dog oligonucleotide CGH
microarray (Agilent Technologies design ID 025522) ac-
cording to the manufacturer’s recommendations. The array
comprises ~172,000 repeat-masked ~60-mer oligonucleo-
tides distributed at ~13kb intervals throughout the do-
mestic dog genome sequence assembly [24]. Arrays were
scanned at 3um resolution using an Agilent G2565CA
scanner and image data were processed using Feature Ex-
traction version 10.10 and Genomic Workbench version 6.5
(Agilent Technologies). Data were filtered to exclude probes
exhibiting nonuniform hybridization or signal saturation and
were normalized using the centralization algorithm with a
threshold of 6. The genomic DNA copy number status of
each derivative cell line was compared to that of the common
reference cell line using the ADM2 algorithm using a
threshold of 6 with a fuzzy zero correction. Genomic copy
number aberrations were defined as a minimum of 3 con-
secutive probes with log, tumor: reference values>0.2 (gain)
or < —0.2 (loss), resulting in an effective resolution of ~26 kb
(2 intervals of ~13kb). For each assay, DNA for CGH

TaBLE 1. LisT oF HARVESTED TUMORS AFTER CELL TRANSPLANTATION

No. of Latency

Injection tumor/animal (days) Culture Passage H&E PCR IHC
Gamma-MEFs 0/1 N/A 10% FBS 2 — — —
Canine (parental) fibroblasts 0/1 N/A 10% FBS 3 — — —
mESCs 2/2 43 mLIF 9 Y — —
ciPSCs-S1 1/1 28 FGF2 3 Y Y —
ciPSCs-S1 1/1 28 hLIF 3 Y Y —
ciPSCs-S2 1/1 34 FGF2/hLIF 4 Y Y —
ciPSCs-S3 1/1 34 FGF2/hLIF 4 Y Y —
ciPSCs-S4 2/2 22 FGF2/hLIF 3 Y Y Y
FACS sorted ciPSCs-S2 1,/2 54 FGF2 /hLIF 13: Y ¥ Y
FACS sorted ciPSCs-54 2/2 46 FGF2 /hLIF 13 Y Y Y

H&E, hematoxylin and eosin; PCR, polymerase chain reaction; IHC, immunohistochemistry; MEFs, mouse embryonic fibroblasts; mESCs,
mouse embryonic stem cells; ciPSCs, canine-induced pluripotent stem cells; FACS, fluorescence-activated cell sorting; FBS, fetal bovine
serum; hLIF, human leukemia inhibitory factor; mLIF, murine LIF; FGE2, fibroblast growth factor 2; N/A: not applicable. Y indicates assays

for each column are performed.
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analysis was isolated from the same culture flask from which
chromosome preparations were generated for FISH analysis,
to maximize continuity.

Metaphase spread preparation and FISH

ciPSC-derived EBs were plated on gelatin (Sigma)-coated
10-cm-diameter tissue culture dishes in MEF medium for 5
days, and metaphase spreads were prepared as previously
described [25]. Briefly, cells were treated with microtubule
destabilizer colcemid (10 uL/mL) for 2h and washed with
PBS. The cells were trypsinized, incubated with hypotonic
solution (potassium chloride, 75mM) for 10min, and re-
suspended with Carnoy’s fixative [26] followed by repetitive
centrifugation and decanting steps. Chromosome spreads
were prepared by dropping 10 uL of cell suspension onto ice-
cold slides. Slides were air-dried for 10min and kept at
—20°C until analyzed. FISH analysis was performed using
differentially labeled dog chromosome paint probes gener-
ated from cytogenetically validated, genome-anchored pools
of dog bacterial artificial chromosome clones distributed at
~1 Mb resolution along the length of the corresponding
chromosomes [27]. Chromosomes were counterstained with
DAPI. Images were captured using a fluorescence micro-
scope (Axioplan II; Zeiss) equipped with appropriate filters
(Chroma) and a cooled CCD camera (KAF1401E; Sensys),
both driven by SmartCapture software (Digital Scientific).
The copy number status of each chromosome was recorded
in a minimum of 30 cells from each specimen, and evidence
for structural reorganization was evaluated. In instances
where 2 “painted” chromosomes were fused into a single-
derivative structure where both appeared to represent full-
length copies, the copy number status of that chromosome
was recorded as n=2.

Results
Generation of ciPSCs

VSV-G pseudotyped retroviruses containing 4 murine
transcription factors (Oct3/4, Sox2, Kif4, and c-Myc) were
used to develop 4 independent ciPSC lines. Retroviruses
containing 4 transcription factors were transduced into
adult dog SFs. The emerging colonies were firstly observed
D7-D9 postinfection; ES-like colonies were picked at D21
postinfection and replated onto gamma-irradiated MEFs
(Fig. 1A-C). Picked colonies were expanded in 2i media
with LIF, FGF2, or both LIF plus FGF2. Although colonies
in the 3 different media had similar growth rates and
morphology, only the colonies cultured in LIF plus FGF2
showed strong AP activity (Fig. 1). The ratio of AP-positive
colonies in LIF plus FGF2 medium was always higher
than the sum of AP ratios for FGF2 or LIF alone, suggesting
a synergistic effect of growth factors on maintaining
pluripotency.

Expression of pluripotency genes in ciPSCs

To characterize the 4 isolated ciPSCs, we confirmed plar-
ipotency marker expression using RT-PCR and ICC. All 4
ciPSCs were positive for the endogenous pluripotency
markers OCT4, 50X2, NANOG, and LIN28, consistent with
ESCs from other species. Further analysis showed that all 4
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lines also expressed PODXL, FGF5, REX1, and LAMPI,
whereas only S2 and S4 lines were positive for DPPA5.
However, the exogenous murine transcription factors were
not fully silenced in any of the 4 lines (Fig. 2A). Their relative
mRNA expression was further analyzed using real-time RT-
PCR, and levels were compared with 6-day post-OKSM
transfection parental fibroblasts (D6-fib). All cell lines had
downregulated expression of the exogenous markers when
compared with the D6 posttransfection fibroblasts; however,
there was marked cell line variability (Fig. 2B). Reprogram-
ming was also supported by reactivation of TERT in all 4 iPS
lines (Fig. 2C).

ICC analysis of passage 12 colonies from line 54 showed
that cells were NANOG and SSEA-1 positive. SSEA-1, how-
ever, was expressed heterogeneously throughout the colonies
(Fig. 1); in addition, all of the colonies examined were nega-
tive for SSEA-4 (data not shown). FACS analysis of S4 re-
vealed that ~2.6% of cells were positive for SSEA-1 (Fig. 1).

in vitro differentiation and RT-PCR analysis

Spontaneous differentiation by withdrawal of growth
factors led to formation of EBs (Fig. 3A). The presence of 3
germ layers was confirmed by immunostaining of individual
EBs. The EBs were positive for AFP (endodermal marker;
Fig. 3B), TUJl and the glial marker GFAP (ectodermal
markers; Fig. 3C), and VIM and DES (mesodermal markers;
Fig. 3D). Day-21 EBs were positive by RT-PCR for CXCR4
and SOX17 (endoderm), TUBB and NCAM (ectoderm), and
MSX1 and BMP2 (mesoderm). The parental fibroblasts
showed weak expression of the mesodermal marker BMP2
but they were negative for all other markers (Fig. 3E).
NANOG expression declined sharply after EB formation, sug-
gesting loss of pluripotency during germ layer specification.

For directed differentiation, the EB-derived cells plated
with activin A were positive for the endodermal markers
AFP and SOX17 (Fig. 3F); cells induced with RA were pos-
itive for GFAP and TUJ1, demonstrating differentiation of
ciPSCs to ectodermal cell derivatives (Fig. 3G); and cells in-
duced with BMP4 were positive for the mesodermal markers
VIM and DES (Fig. 3H).

Teratoma formation

One million early passage ciPSCs, gamma-irradiated
MEFs, parental fibroblasts, or mESCs were injected subcu-
taneously into immunodeficient mice. Injected cells were
either unsorted or sorted for SSEA-4. Transplantation of
ciPSCs resulted in the development of solid tumors (n=9/10;
~2 cm diameter) after 22-54 days (Fig. 4A and Table 1). H&E
staining showed that tumors had failed to reach complex
epithelial structure formation, possibly due to their rapid
growth (Fig. 4B). RT-PCR analysis showed expression of
CXCR4 and 50X17 (endoderm), TUBB and NCAM (ecto-
derm), and MS5X1 and BMP2 (mesoderm) from tumors de-
rived from iPSCs of 3 different origins, unsorted cell line S4,
SSEA-1-sorted cell line S2, and SSEA-1-sorted cell line S4
(Fig. 4C). In contrast, tumors derived from cell line S1 cul-
tured in FGF2 showed low levels of endodermal marker
expression and lack of TUBB, NCAM (ectodermy), and MSX1
(mesoderm) expression, whereas tumors derived from cell
line S1 cultured with LIF and cell line S2 cultured in LIF plus
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FIG. 1. Morphological changes and alkaline phosphatase (AP) staining of canine induced pluripotent stem cells (ciPSCs)
during reprogramming and immunofluorescence analysis of pluripotency markers. (A) Day 6 postinfecion (OKSM) dog skin
fibroblasts. (B) Day 14 postinfection; replated cells start forming granulated colonies on the mouse embryonic fibroblasts. (C)
Day 21 postinfection; representative tightly packed and sharp-edged embryonic-stem-like colony. (D) AP-positive and AP-
negative colonies under fibroblast growth factor (FGF)/leukemia inhibitory factor (LIF) culture media. Note that 3 colonies
were stained positive while a colony is negative for AP expression. Expression and localization of (E-G) NANOG and (L, J)
surface expression of stage-specific embryonic antigen (SSEA-1) was detected by live cell staining with fluorescence-protein-
conjugated antibody specific for the SSEA-1 antigen. (K, L) SSEA-1 live cell staining after fluorescence-activated cell sorting
(FACS). (H) FACS analysis of 54 cells against SSEA-1 antigen. (M) Ratio of AP positively stained colonies in 4 ¢iPSC lines (51,
$2, 53, and S4) after 12 passages in 3 different culture medium. FGF2/human LIF (hLIF) condition shows the highest AP-

positive ratios in all 4 lines (*P<0.05).

FGF did not express TUBB. Interestingly, tumors derived
from cell lines 52 and S3 (T2 and T3, respectively) demon-
strated elevated level of expression of exogenous transcrip-
tion factors compared with undifferentiated iPSCs (Fig. 2B).
Tumors expressing all markers tested (54, FACS-52, and
FACS-54) were further analyzed at the protein level. THC
results demonstrated the presence of AFP (endoderm, Fig.
4D), DES and VIM (mesoderm, Fig. 4F), and TUJ1 and GFAP
(ectoderm, Fig. 4E), supporting the presence of derivatives of
all 3 germ layers. mESCs (n=2), gamma-irradiated MEFs
(n=1), and parental fibroblasts (n=1) were used as positive
and negative controls, respectively. Mice injected with
mESCs developed complex tumors after 44 days while MEF

or fibroblast injection did not result in tumor development
(Table 1).

CciPSCs array-CGH analysis

The genomic DNA copy number status of the 4 ciPSC lines
was evaluated using CGH (array-CGH) analysis to deter-
mine whether reprogramming (induction) and/or extended
culture (maintenance) induced detectable aneuploidy.
Genomic DNA isolated from each of the 4 derivative ciPSC
lines was evaluated independently at passage 7 and again at
passage 17 by array-CGH analysis, using the parental fi-
broblast cell line DNA as the common reference. Genomic
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FIG. 2. Expression of pluripotency markers
and exogenous transcriptions factors in
ciPSCs. (A) Reverse transcription—polymerase
chain reaction (RT-PCR) analysis of endoge-
nously expressed pluripotency markers
(Endo-OCT4, Endo-SOX2, NANOG, and
LIN28) and expression of embryonic stem
cell-specific genes (PODXL, DPPAS, FGF5,
REX1, and LAMPT) and exogenous factors
(Tg-Oct3/4, Tg-Kif4, Tg-Sox2, and Tg-c-Myc)
from 4 isolated cell lines. (B) Real-time RT-
PCR of ectopically transduced transcription
factors (OKSM). Relative expression was
normalized with ACTB ex%rression and cal-
culated by using the 2744 method. One-
way analysis of variance (ANOVA) followed
by Bonferroni posttest compared established
lines to the day-6 OKSM-transduced skin
fibroblasts (D6-fib) for each transcription
factor. Results are shown for 4 different
dPSC lines (51, 52, 53, and S4) and 2 tumors
(T2 and T3) derived from the lines 52 and 53,
respectively. The 4 exogenous transcription
factors are indicated as Tg-O (Oct3/4), Tg-K
(KIf4), Tg-S (Sox2), and Tg-M (c-Myc). Col-
umns with different superscripts, within
each transcription factor, are statistically
different at P<0.05. (C) Relative TERT

Fold Change

mRNA expression of cPSC lines compared c 30
to Dé-fib. Relative expression was normal-
ized with ACTB e>j(pression and calculated by
using the 22T hethod. Columns with -
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DNA from parental fibroblasts was firstly aligned against a
reference canine DNA sample known to have normal kar-
yotype, and did not exhibit any DNA copy number imbal-
ances (data not shown). Evaluation of the 4 ¢iPSC lines at
passage 7 (blue profile in Fig. 5A) showed that inducing
pluripotency by ectopic expression of 4 transcription factors
did not result in detectable genomic imbalance according to
standard criteria for defining significant non-random DNA
copy number gain or loss in array-CGH (mean log, test
DNA: reference DNA>0.2 or < —0.2, respectively). No sig-
nificant genomic imbalances were evident at passage 17 (red
profile in Fig. 5A); however, direct comparison of data from
both time points revealed the emergence of varying combi-
nations of low amplitude gains along the length of dog
chromosome (CFA) 4, 8, 13, and 16 during the maintenance
phase of culture for all 4 cell lines (representative CFAs are
shown in Fig. 5A as zoomed-in views).

S1
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Chromosomal fluorescence in situ
hybridization analysis

The effect of retrovirally induced reprogramming on
genome stability was evaluated further by fluorescence in
situ hybridization (FISH) analysis using differentially labeled
chromosome paint probes representing CFA4, 8, 13, and 16
(Fig. 5B). Application of these probes to metaphase chro-
mosomes from short-term peripheral blood lymphocyte
cultures from clinically healthy donors and from the parental
fibroblasts (P3) demonstrated a balanced copy number (11=2)
for all 4 chromosomes (37 /37, Avg n=2.00 and 29/34, Avg
n=1.96, for healthy donors and parental fibroblasts, respec-
tively), with no evidence for structural abnormalities. How-
ever, evaluation of ciPSC lines at passages 7 and 17 revealed
a wide variety of chromosome copy number gains, and also
revealed structural rearrangements, the majority of which
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Fibroblasts

ciPS-S4

FIG. 3. In vitro differentiation into 3 germ layers of ciPSCs. (A) Formation of embryoid bodies (EBs) in the absence of
growth factors (day 4). Immunostaining of cryosectioned EBs for markers of each of the 3 germ layers reveals expression of
(B) alpha-fetoprotein (AFP) (endoderm), (C) glial fibrillary acidic protein (GFAP) and TUJ1 (ectoderm), and (D} desmin (DES)
and vimentin (VIM) (mesoderm). (E) RT-PCR analysis of markers for 3 germ layers in EBs derived from 4 ¢iPSC lines (EB-51,
EB-52, EB-53, and EB-54), parental fibroblasts, and undifferentiated ciPSCs (ciPS-54). EBs derived from the ciPSC lines S1, 52,
53, and 5S4 are indicated as EB-51, EB-52, EB-53, and EB-54, respectively. (F) AFP- and SOX17 (endoderm)-positive ciPSCs in
vitro differentiated in the presence of Activin A. (G) GFAP- and TUJ1 (ectoderm)-positive cells in presence of retinoic acid.
(H) DES and VIM (mesoderm) positively stained cells cultured in the presence of BMP4.

involved fusion of homologous chromosomes. The mean
copy number of CFA4, 8,13, and 16 at passages 7 and 17 was
determined for each cell line (range n=1-3), and these values
are compared with the parental fibroblast cell line (Fig. 5C,
D). The findings support the emergence of low-amplitude
gains of CFA4, §, 13, and 16 during the maintenance phase of
culture that were indicated by prior array-CGH analysis. The
specific pattern of copy number and structural organization
of the 4 chromosomes evaluated by FISH analysis showed
extensive cell-cell variation within each cell line, particularly,
at passage 17, suggestive of multiple evolving subpopula-
tions (Fig. 5).

Teratoma array-CGH analysis

The genomic DNA copy number status of the 3 tumor
samples (T2-T4) derived from ciPSC lines 52, 53, and 54 was
evaluated using CGH (array-CGH) analysis to determine
whether the genomic aberrations gained in vitro after pro-
longed culture could be also observed in vive after cell
transplantation. Genomic DNA isolated from each of the 3
teratomas derived from ciPSCs (passage 3—4) was evaluated
by array-CGH analysis, using the parental fibroblast cell line
DNA as reference. Evaluation of the teratoma genomic DNA
showed gains along the length of dog chromosome CFA36

acquired during the tumor development for both T2 and T3
(Fig. 6).

Discussion

Here, we report that canine adult skin cells can be repro-
grammed into a pluripotent state by ectopic expression of 4
transcription factors: Oct4, Kif4, Sox2, and ¢-Mye (OKSM); an
approach that has been successful in other species. Our re-
sults confirm that ciPSCs require both FGE2 and LIF along
with inhibiion of MAP2K1 and GSK3B to maintain plur-
ipotency after initial induction. Mouse and human iPSCs are
known to have characteristics similar to ESCs and to be de-
pendent on LIF or FGF2 for maintaining pluripotency
[10,11]. Attempts to isolate stable cESC lines using the media
used for mouse and human [2-4,6] were not successful, as
isolated cell lines lose pluripotency in long-term culture and
fail to form tumors when transplanted into immunodeficient
mice. Vaags et al. [5] in 2008 first reported the isolation of
¢ESC lines with the ability to form teratoma but the cells
required the presence of both LIF and FGF2. Recent studies
have demonstrated that similar to ¢ESCs, ciPSCs also require
both LIF and FGF2 [17-19]. Whitworth et al. [20], however,
reported isolation of LIF-dependent ¢iPSCs but the isolated
cell lines developed germ cell tumors when injected into
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FIG. 4. Invivo differentiation of early passage ciPSCs. (A) Tumor formation after subcutaneously transplanting ciPS-54 cells
into SCID mice. (B) Hematoxylin and eosin-stained section of tumor, 10x magnification. (C) RT-PCR analysis of markers for
3 germ layers in teratoma derived from ciPS-54. (D-J) Immunofluorescence analysis of tumor stained with antibodies specific
for (D) AFP (endoderm), (E) TUJ1 and (F) GFAP (ectoderm), and (G) DES and (H) VIM (mesoderm). Secondary-only control

for (I} anti-mouse-Alexa488 and (]} anti-rabbit-Cy3.

immunodeficient mice. Our findings further support the
requirement for both LIF and FGF2, as ¢iPSCs showed sig-
nificantly decreased level of AP staining and loss of plur-
ipotency markers if either factor was absent (Figs. 1 and 4).
While the exact mechanism for the dual requirement of LIF
and FGE2 by both ¢ESCs and iPSCs remains to be elucidated,
it is clear that there are significant species-specific differences
in culture and maintenance of stem cells that remain to be
understood and that could increase our overall understanding
of reprogramming and stem cell biology in general.

QOur results of in vitro differentiation and incomplete si-
lencing of exogenous factors in ciPSCs parallel a previous
report [20]. In comparison to previous reports, however, we
quantitated the extent of exogenous transcription factor
expression (Fig. 2B) and the extent of silencing was as high
as 90% in some of the cell lines. Thus, while there is still a

requirement for some exogenous factor expression to
maintain pluripotency, there is also a considerable level of
reprogramming. Moreover, in spite of expressing the ex-
ogenous factors, although at low levels, iPSCs were able to
generate derivatives of all 3 germ lines as determined by
well-characterized germ cell markers, such as SOX17 and
CXCR4 (endoderm) [28], BMP2/MSX1 (mesoderm) [29],
and TUBB/NCAM/GFAP (ectoderm) [30,31]. In addition,
the heterogeneity of the cell lines could not be reduced
by FACS enriching for SSEA-1-expressing cells as those
cells were indistinguishable from nonsorted cell lines after
2-3 passages. This suggests an inherent instability and
heterogeneity of the cell lines that will make clinical appli-
cations more difficult.

In vivo pluripotency was assessed by flank injection of
cPSCs into immunodeficient mice. Previously, others had
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FIG. 5. Cytogenetic analysis of ciPSC lines. (A) Array comparative genomic hybridization (CGH) profile of each cell line
compared with the common parental fibroblast reference at passage 7 (blue) and passage 17 (red). CFAs with low amplitude
gains at P17 are marked as “*". Representative regions of stable (S1: CFA1L) and gain (S1: CFA4, 52: CFAS, 53: CFA16, and S4:
CFA13) are boxed and shown as zoomed-in views. Data shown include mean log ratio and predicted copy number. (B)
Representative fluorescence in situ hybridization data from hybridization of differentially labeled paint probes representing
CFA 4 (purple), 8 (yellow), 13 (green), and 16 (red), indicating a range of structural and numerical chromosome aberrations in
each ciPSC line at passage 17, relative to the normal status in the control and parental reference. (C) Histogram summarizing
the mean DNA copy number in parental fibroblasts (P7) and ciPSCs at passages 7 and 17. The data are presented as
mean *standard error. One-way ANOVA, followed by Fisher's LSD posttest; *P <0.05 compared with parental fibroblasts. A
minimum of 30 metaphase spreads were analyzed for each cell line and passage combination (range 30-45). (D) The pie
charts show the percentage of cells exhibiting chromosome copy number gain, loss, and balance at passage 7 and passage 17,
indicating elevated cell-cell variation during maintenance phase of cell culture.

reported the inability to generate teratomas after flank
injection of either cESCs or iPSCs [2-4,6]. Only a study of
¢EBSCs after injecton into the testis capsule [5] and a report of
ciPSCs with injection into the dorsal flank [19] were capable
of teratoma formation whereas Whitworth et al. [20] re-
ported a germ-cell-like tumor formation. In contrast to re-
sults of Shimada et al. [17] and Luo et al. [18], but consistent

with Lee et al. [19], our cells were capable of developing into
tumors at relatively high frequency after subcutaneous
transplantation (Table 1). While the tumors did not contain
complex epithelial structures, they had derivatives of all 3
germ layers as confirmed by both RT-PCR and IHC (Fig. 5).
Also, the tumors exhibited elevated level of transgene ex-
pression compared with the undifferentiated iPSCs from
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