ABSTRACT

SARKAR, PRASENJIT. Trophoblast Differentiation of Human Embryonic Stem Cells.
(Under the direction of Balaji M. Rao).

Human embryonic stem cells (hESCs) are cell lines isolated from the inner cell mass of the
human blastocyst and have the abitiyform all the tissues of the human body. However,
there is considerable debate as to whether
found in the human placenta during pregnancy. Mouse embryonic stem cells are analogous to
hESCs, and do notale the ability to form trophoblast cells. Moreover, currently used
approaches for d arkiewoi ngeldtsr ophoml| ehsEtSCs suf
' imitations. -Thke@& oée¢lrlop hdll ansott have the i
otherwise foud in the trophoblast cells of the human placenta. There is also ambiguity as to
whet her thede kédbraphodlsl absetl ong to the troph:

lineage.

We have used an alternate approach to derive trophoblast cells from hESG@vastiown

that these cells have the key properties that are found in trophoblast cells of the human
placenta. These properties include demethylation of Eh€5 promoter region, the
downregulation of HLA Class | type A, B and C antigens and the expinessiGDX2 and

ELF5 proteins. Our approach involves suppression of the BMP and Activin/Nodal signaling
pathways, while current reports suggest that BMP signaling triggers trophoblast gene
expression in hESCs. Therefore, we show that trophoblast cells aasidieed even when

BMP signaling is inhibited.

Since signaling pathways have an important role in controlling the behavior of hESCs, we

have also developed a new method for studying the endogenous signaling factors secreted by



hESCs. We reasoned that sted proteins transit through the classical secretory pathway,
and an analysis of the secretory pathway organelles should allow us to identify secreted
proteins as well. Therefore, we isolated organelles that are involved the classical secretory
pathway ad analyzed them using mass spectrometry. Currently used methods probe the cell
culture medium where the secreted proteins are allowed to collect. Since cell culture media
contain serum proteins in a far excess quantity, most secreted proteins remaiotechdete
with these methods. Using our alternative approach, we have obtained a deeper coverage of

the hESC secretome, and have shown a proof of principle for our method.
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CHAPTER 1

HUMAN EMBRYONIC STEM CELLS AS A MODEL SYSTEM FOR EARYL

DEVELOPMENT

Prasenjit Sarkar, Karthik Tiruthani and Balaji Rao
Department of Chemical and Biomolecular Engineering
North Carolina State University

Raleigh, NC 27695905

(Adapted from Sarkar et al. 20IHmbryonic Stem CelisDifferentiation andPluripotent

Alternativesand from Tiruthani et al. 2018jotechnology Journa®, 421433)



1.1 Introduction

The human embryo at its blastocyst stage consists of two tissbesnner cell mass (ICM)

and the trophectoderm (TE) (Figure 1.1). ICM cells cansbtaied and maintained in cell
culture as a stem cell line, termed as human embryonic stem cells ((BEpOSM cells in

the embryo subsequently give rise to all the tissues of the human body. Similarly, hESCs can
form all of these tissues in cell culeyrthrough a process known as differentiation.
Therefore, hESCs are a valuable tool for understanding early developmental processes that
lead to the formation of these tissues. HESCs can also be used as a source for deriving
various tissues of the body, igh can be used for drug evaluation and for regenerative
medicine applications. This thesis focuses on the use of hESCs for deriving trophoblast
tissues that occur in the human placenta, and on understanding the role of various signaling

pathways involvedh this differentiation process.

Studies with other model systems such as fruit flies, chick embryos, frog embryos and mice
embryos have demonstrated that the formation of tissues during embryonic development is
controlled by various signaling pathway®-5). These pathways include the Bone
Morphogenetic Protein (BMP) pathway, Activin/Nodal pathway, Fibroblast Growth Factor
(FGF) pathway, Wnt pathway, Akt pathway, Notch pathway, Hippo pathway, as well as
various others. A brief description of these pathwmsyprovided in section 1.5. These
pathways have been identified in hESCs and can be manipulated to obtain various human

tissues in cell culture conditions. A review of current approaches used for differentiation of



hESCs to various cetypes is providedbelow, focusing in particular on the trophoblast

tissues.

1.1.1 Formation of embryonic tissues

Upon implantation of the embryo, the ICM cells give rise to the hypoblast and the epiblast
(Figure 1.2). The epiblast then goes through the process of gastrulatbwmttihe primitive

streak. The primitive streak cells form the mesoderm and the definitive endoderm, while the
remaining epiblast cells form the ectoderm. The ectoderm, mesoderm and the definitive
endoderm are together known as the three germ layersr¢FigR). At later stages, the
ectoderm forms specialized cells such as neurons, skin cells, etc. while the mesoderm forms
myocytes, osteocytes, erythrocytes, etc, and the definitive endoderm forms hepatocytes,
alveolar cells, pancreatic cells, etc. HES@s also be induced to form these dgfles in

vitro through the concerted action of Activin/Nodal, BMP, Wnt and various other signaling

pathways.

1.1.2 Observations from animal models

During the development of vertebrate embryos, activation of the Activin/NmdaWay is
required for the formation of mesoderm and endod@4T). High levels of Activin/Nodal
signaling lead to endoderm formation, and low levels lead to mesoderm forrf&tiGiGF
signaling is also involved in mesoderm formation during gastrulgfel0). Knockouts in

Erk2, a protein involved in the FGF signaling pathway, abolish the formation of mesoderm in



mice embryog11). Wnt signaling is activated during gastrulation and is also required for the

formation of mesoderm and definitive endod€fir®-15).

Inhibition of Activin/Nodal signaling causes ectoderm formatigh 16. Within the
ectoderm, high levels of BMP signaling lead to the formation of surface ectoderm, while low
levels of BMP signaling lead to neural plate format{d@a). Intermedi¢ée levels of BMP
signaling are found in ectoderm cells that form the neural ¢t8stYes associated protein
(YAP), a downstream target of Hippo signaling, is involved in neural crest form@dpn

FGF signaling is also involved in the specificationddferent domains of the neural plate

(20).

Hippo signaling is suppressed in the outer cells of the mouse embryo, leading to
trophectoderm formation in the blastocy®l). The hypoblast, which is formed from ICM
cells, is also known as visceral endodenmodents(22). FGF4 signaling is required for the
development of visceral endoderm in mice embr{2%25). However, the formation of

hypoblast in human embryos is not dependent on FGF sigr{abhg

1.1.3 Observations in hESC cultures

In hESCs, BMPActivin and Wnt signaling can all induce primitive streak gene expression
(27). Inhibition of Notch signaling pathway prevents primitive streak gene expression in
hESCs(28). Active Notch signaling is required for differentiation of hESCs to the three germ

layers(29). FGF signaling is required for BMP to induce primitive streak gene expression



(30). The Activin/Nodal signaling pathway is involved in definitive endoderm differentiation
(31-35), while BMP signaling is involved in mesoderm differentiati(®6-39). FGF
signaling improves definitive endoderm formation form hES@8). Wnt signaling is
required for mesoderm differentiati¢hl-43). Inhibition of Akt signaling in the presence of
Activin signaling also leads to definitive endoderm differentiatiaough a primitive streak

like intermediatg31-32). These observations are summarized in Figure 1.4.

Inhibition of both Activin/Nodal and BMP signaling pathways leads to neural differentiation
(44-46). Inhibition of Activin/Nodal signaling pathway alonean also lead to neural
differentiation (47-51). Some reports have shown that FGF signaling inhibits neural
differentiation (52), while others suggest that FGF signaling has a positive role in neural
differentiation from hESC¢53-54). It has also been shm that neural differentiation of
hESCs can occur independently of FGF signalidd). Notch signaling promotes neural
differentiation of hESCs, and FGF signaling is required for this prq&&ssSuppression of
TAZ, which is downstream of the Hippo siding pathway, leads to neural differentiation
(51). Activation of the Wnt signaling pathway alemgth inhibition of both Activin/Nodal

and BMP pathways leads to neural crest formati@i). These observations are summarized

in Figure 1.5.

Activin and FGFsignaling pathways are required to maintain hESCs in aese#fwing state
(57-61). However, certain reports have proposed that inhibition of FGF promotes hESC self

renewal when exogenous Activin A levels are increg68d Notch pathway components are



present in hESCs, but the pathway is inactive in hESC cul{6BsMEF feeders and FGF
signaling cause germ cell differentiation if hESCs are not passaged for long duf@jons
BMP signaling is also involved in germ cell differentiat{@). Activationof Protein Kinase

C (PKC) causes hESC differentiation to parietal endod@@h These observations are

summarized in Figure 1.6.

1.2 Derivation of Trophoblast from hESCs

At the preimplantation stage, the human blastocyst embryo consists of the ICM and TE
tissues. After implantation, the TE differentiates further to form the trophoblast tissues.
These tissues are extraembryonic and are present only in the placenta during pregnancy.
These tissues include the villous cytotrophoblast (vCTB), the syncytiotroph¢8IEB), the

column cytotrophoblast (cCTB), the invasive cytotrophoblast (iCTB) and the derivatives of
iICTBs (67-68). These tissues play an important role in fetal growth during pregnancy by
regulating the supply of nutrients from the maternal blood eofetus. In particular, iCTBs
invade through the endometrial tissue of the uterus within the first few weeks of gestation
and enter the maternal arteries, where they are responsible for remodeling the artery and
allowing for sufficient blood flow towardshé placenta69). The STB acts as a barrier
between the fetal side and the maternal side, allowing nutrients to diffuse through and enter
the fetal blood flow. VCTBs act as progenitors to STBs and iCTBs, and have been proposed
to harbor a stem cell popuilat during 68 weeks of gestational agé0-74). The study of

these early trophoblast tissues, however, is largely impeded due to restrictions on the



availability of these tissues from patients. Therefore, hESCs are seen as an alternative for

derivation ad study of these tissues.

The ability of hESCs to form trophoblast tissues in cell culture, however, has been a subject
of intense debat€é/5-81). Studies with mouse embryonic stem cells (MESCs) have failed to
derive trophoblasts in cell culture conditiof82-83), except through genetic manipulations
(83-86). MESCs, when injected into mice blastocyst embryos, become a part of the fetus but
do not incorporate into the placeri&, 87. Therefore, it has been proposed that mESCs are
already committed towasdforming tissues of the fetus, and cannot form trophoblast tissues.

It has been further proposed that the ICM and TE tissues of the embryo are segregated in
their ability to form various tissues, and
segregtion (73). Since hESCs are derived from ICM cells of the human embryo, such
segregation has been proposed to exist in hESCs aq#Bgllleading to the hypothesis
hESCs do not have the ability to form trophoblast tissues. On the other hand, however, each
of the trophoblast tissues is characterized by specific prop€rtesd), and some of these
properties have indeed been observed in differentiated cells obtained from hESCs. Therefore,
it has been proposed that hESCs may retain the ability to formottgst tissues, unlike

their mESC counterpar{g7).

1.2.1 Trophoblast markers

While attempting to derive specific types of cells from hESCs, it is important to characterize

the resultant type of cell appropriately. This is accomplished by probing for speoifing,



known as markers, which are expressed only in specific cells of the human body. However,
the early human trophoblast tissues remain poorly characterized in terms of marker proteins,
due to the restricted availability of these tissues. Neverthateswin key features of the
human trophoblast are known3-74). It is known that vCTBs and STB do not express HLA
Class | type A, B and C antige((g4). It has been proposed that this feature allows these
tissues to evade the maternal immune systemeltlgeallowing the fetus to develop. ICTBs
express HLA Class | type C and G antigens and can enter the maternal arteries without
evoking an immune response. ICTBs also express matrix metalloproteinases MMP 1, 2, 3, 7
and 9, allowing them to invade the endarnum. The STB secretes human placental lactogen
(HPL) and human chorionic gonadotropin (HCG) hormones during pregnancy, and is also
multinucleate. VCTBs during -8 weeks of gestation also harbor a pool of cells that
expresses CDX2 and ELF5, similar teithmouse counterpar{3). All trophoblast tissues

also express CYTOKERATINA74). Taken together, these properties can serve as a

reference for validating trophoblast differentiation from hESCs.

1.2.2 Current approaches

Current attempts at deriving tropholilaglls from hESCs have led to the creation of cells

that have a few properties of in vivo trophoblast qg1&. However, many of the key marker
properties of in vivo trophoblast cells are not found in these hilE3i®ed cell{75), thereby

leading to adebate about the identity of these hE®@ r i v e d AltirkoepdiB8dd lalsd

Current approaches for obtaining these cells have largely focused on activating the BMP



signaling pathway in hES(89). The inhibition of Activin/Nodal pathway and inhibitiori o

the FGF pathway in conjunction with the activation of BMP path{@®91) has also been
carried out. Inhibition of Activin/Nodal pathway has been shown to upregulate the
endogenous BMP pathway, and the BMP pathway has been proposed to be responsible for
trophoblast formation(90). On the other hand, inhibition of the FGF and Activin/Nodal
pathways alongvith the activation of the BMP pathway causes accelerated differentiation to
AtropHolkledPlr All df these treatments lead to the formatioh cells that
express some trophoblast markers such as CYTOKERATIN7 and (2€G31, 90102.
These cells progress to form multinucleate SikB cells (80-81, 9193, 9596, 103.
However, these epithelial cells also express HEA80), which is not preseénn vCTBs or
STBs of the placent&/4). These cells do not express ELFS, 80 and continue to express
HLA Class | type A, B and C antigen&’5). These cells continue to have DNA
hypermethylation at théELF5-2b promoter locus, while vCTBs of the placanhave
hypomethylated DNA at th&LF5-2b promoter locug73, 795. While these cells express
CDX2, which is a marker of placental vCTB&3), the expression of CDX2 has been shown
to depend on BRACHYURY, a marker of primitive streak céllS). Therefore, ti has also
been proposed that these BMtPdated cells belong to the mesoderm germ layer and are not

trophoblasts.

Ot her approaches have focused on generating
formation (97, 103108). Embryoid bodies are aggregat#fshESCs that are maintained in

suspension culture and induced to differentiate. Cells in different regions of the embryoid



body are influenced by different levels of exogenous and endogenous signaling, leading to
heterogeneous differentiation and tharation of numerous cetipes. These aggregates are
subsequently dissociated into single cells and the required type of cell is selected out. These
approaches have led to the isolation of invasive K& cells which express HLA, VE-
CADHERIN and CYTOKHRATIN7 (80, 109, though it is not known whether these iGTB

like cells downregulate the expression of HLA Class | type A and B antigens. Also-vCTB
like cell lines have been isolated which express CYTOKERATIN7, #8,ACD9, MMP2,

MMP9 and HSD3B1(105). Sine placental vCTBs are known to not express HEACD9

and HSD3B1(74, 110111), the identity of these cells remains unknown.

1.2.3 Role of Signaling pathways

Currently used methods for deriving trophobliéist cells have relied on activating the BMP
signaling mthway in hESCs, as well as using embryoid body methods. Activation of the
BMP pathway is achieved by adding BMP4 protein to hESCs grown in a mon@dyer
Therefore, this method allows a homogeneous treatment of hESCs with BMP4, and for the
mechanisticstudy of the effects of BMP4 signaling on hESCs. However, activation of the
BMP4 signaling pathway in hESCs has also resulted in the formation of mesoderm,
extraembryonic mesoderm and parietal endoderm (880, 38, 75, 80, 97, 102, 112

Also, it is rot known whether BMP signaling is essential for the formation of trophelikast

cells. Inhibition of Activin/Nodal and FGF signaling pathways alentp activating the

BMP pathway has been described to increase the efficiency of tropHdteadifferertiation

10



(90-91) and it is not known whether these pathways have an independent role in trophoblast
differentiation. Nevertheless, experiments with monolayer cultures of hESCs permit
mechanistic studies to be performed, for probing the effect of thesdirsggpathways on

hESCs.

1.3Challenges in experimental design

1.3.1 Crosstalk among signaling pathways

To understand the effect of various signaling pathways on hESCs, experiments on monolayer
cultures of hESCs are preferr@¥). However, significant challenges ram with regards to
understanding the role of signaling pathways in causing differentiation of hESCs. One such
challenge is posed by crosstalk that exists among various signaling pathways in hESCs.
Crosstalk occurs when a signaling pathway activates aviialanother signaling pathway.

This may happen due to intracellular interaction of proteins. For example, crosstalk between
Akt, Wnt and MAPK pathways has been identified in hE§S-114), wherein Akt inhibits

the MAPK signaling pathway as well as tient signaling pathway. YAP, which is

controlled by the Hippo signaling pathway, can regulate the Activin/Nodal paidday

Crosstalk can also occur due to secretion of extracellular proteins, which then activate
another signaling pathway. For exampletiation of Wnt pathway in hESCs causes
transcriptional upregulation dMP2 BMP4 and NODAL (43). Treatment of hESCs with
Activin A and BMP4, which activate the Activin/Nodal and BMP signaling pathways,

respectively, causes upregulationWNT1 WNT3Aand WNTB8A all of which activate the

11



Wnt signaling pathway41). Activin A upregulates the expressionFBF8, which activates

the FGF signaling pathwaf60). Activin A also upregulateSVNT3 and downregulates
SFRP1 which can inhibit the Wnt signaling pathyvanhibition of Activin/Nodal signaling
causes downregulation WNT3 FGF2, FGF4 andFGF8, while upregulatindMP2 BMP4

and BMP7 (90). The expression o€RIPTQ which is required for Nodal signaling, is
upregulated by the FGF signaling pathw@&y). Treatment of hESCs with rapamycin, an
inhibitor of MTOR, causes upregulationB¥P2(39). Treatment of hESCs with LY294002,

an inhibitor of phosphatidylinositol-Binase (PI3K) does not have the same effect. Both
MTOR and PI3K are involved in the Akt sigmagi pathway. Together, these studies show
that a perturbation in one signaling pathway may affect various other signaling pathways

through crosstalk mechanisms in hESCs.

1.3.2 Heterogeneity in cell culture

Additional complexities in monolayer experiments arise tlu the fact that hESCs in cell
culture exist in heterogeneous populations. For example, hESC cultures have been shown to
comprise of two populations of cells with differential states of Wnt signdlia§). These

distinct populations are biased towardfedentiating to different lineages. HESCs respond
heterogeneously to Wnt signaling agoni@®). Other reports have identified heterogeneous
populations of hESCs in cell culture with respect to the expression of various marker
proteins. For example REX1which is a marker of ICM in mice embryos and is

downregulated in the epiblast, is heterogeneously expredsi). SSEA3, an hESC
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marker, is also heterogeneously expres@eld-118). However, the implications of such

heterogeneity are not fully understb

1.3.3 Diverse culture conditions

Yet another challenge in understanding the behavior of hESCs exists due to the fact that they
can be cultured under varied media conditions, which target different signaling pathways.
HESCs were originally derived in amlture with mouse embryonic fibroblast (MEF) cells

(). MEF cells secrete proteins that activate specific pathways in hESCs allowing them to
proliferate and remain as hESCs, thereby arresting differentiation-fMEFonditions for
culturing hESCs were subsemtly devised119). Briefly, MEF cells are grown in media,
allowing secreted proteins to accumulate. This medium, known asddiditioned medium
(MEF-CM), is then used for culturing hESCs. However, the composition of -RIKF
remains unknown, although est reports have sought to identify secreted proteins present in
MEF-CM (120-121). Recently, defined media formulations for culture of hESCs have also
been derived122). These media formulations include mTeSR22), XFT (123, HESCO

(1249, NBF (125, N2B27-CDM (36), FTDA (126), 652300F2F GF o6
ABMP11+ My @23taadtStemRy¢129). Defined media conditions are a valuable tool

for understanding hESC behavior since the exogenous signaling factors present in the media
are fully known. However, thesmedia formulations vary in terms of signaling pathway
activators/inhibitors used. For exampl e,

activators of Wnt signaling pathway whil e
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activator of the Activin/Nodapathway, unlike the rest of the media conditions. MB#
contains serurassociated lipid factors such as sphingosinphdsphate (S1P) and
lysophosphatidic acid (LPA), while defined media formulations do not. S1P can activate
YAP which is downstream ohe Hippo signaling pathwai30). Although the implications

of such differences are largely unknown, a recent report on deriving tropHd{®#asells

from hESCs has reported lower efficiencies upon using CDM, as compared t&€CMEF
(80). Moreover, most sidies for obtaining trophoblaBke cells have used MEEM (80-81,

91-93, 9596, 103, while the usage of serufree media has resulted in the formation of
mesoderm, extraembryonic mesoderm and parietal endo@&80, 38, 75, 80, 97, 102,

112). The reasn for these differences remains largely unexplored.

1.4 Signaling pathways involved in determining hESC fate

We provide a brief description of the various pathways that have been shown to affect the
fate of hESCs. These pathways can be manipulated in caocdlow for the formation of

specific celitypes from hESC cultures.

1.4.1 Activin/Nodal pathway

The Activin/Nodal pathway is a branch of the transforming growth fdctor ( G F
superfamily of signaling pathways. The TBF super family of signalin
reviewed in(131-134). The other branch of this superfamily comprises of the BMP kigna

pat hway. The Activin/ Nodal pat hway is 1 niti

14



which bind to their specific Type | receptors, Type |l receptors angaeptors. This leads

to phosphorylation of the Type | receptor by the Type Il receptad, repruitment of
SMAD?2/3 proteins to the Type | receptor. SMAD2/3 proteins are then phosphorylated by the
Type | receptor. Phosphorylated SMAD2/3 proteins can now enter the nucleus and cause the

expression of target genésschematic of the pathway is sk in Figure 1.7.

1.4.2 BMP pathway

The BMP pathway forms the other branch of the ItGF s uper fami 'y of si gn
The BMP pathway is activated by BMP ligands as well as the Growth and Differentiation
Factor (GDF) ligands. These ligands bind to their corresponding Type | receptpes)IT

receptors and ececeptors, leading to the phosphorylation of the Type | receptor by the Type

Il receptor. The Type | receptor then recruits SMAD1/5/8 proteins leading to their
phosphorylation. These phosphorylated proteins can now enter the rateregyulate their

target genesA schematic of the BMP pathway is shown in Figure 1.8.

1.4.3 FGF pathway

The FGF pathway is activated when FGF ligands bind to heparan sulfate proteoglycans
(HSPGs) and FGF receptofd, 135138. This causes FGF receptors tandrize and

transphosphorylate each other. The phosphorylated receptors recruit the GRB2/SOS
complex, leading to the activation of SOS, which then phosphorylates and activates RAS.

This triggers a cascade of phosphorylations, ultimately resulting in treplpbiylation of
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ERK1/2. Once phosphorylated, ERK1/2 can either phosphorylate other target proteins, or act

as transcription factor& schematic of the FGF pathway is shown in Figure 1.9.

1.4.4 Wnt pathway

The Wnt signaling is activated by the Wnt ligands, andivided into the canonical and ron

canonical brancheé&, 139. I n the absence of Whn t signal.i
catenin forms a complex with AXxin, GSK3b, A
subsequent d-eatprrina \Wheen Widigand® dre pbesent, they are recruited by

Frizzled and LRP receptors, leading to deactivation of Axin. Deactivated Axin can no longer
facilitate thecahesphoby lc@sK 8ahnobehterthe Mucleus

to regulate gene expressi The noncanonical Wnt pathway, however, acts independently of

b-catenin A schematic of the Wnt pathway is shown in Figure 1.10.

1.4.5 Akt pathway

The Akt pathway can be activated by various growth factors such as Insulin, -lilglin
growth factor (IGF), FG , TGFb gI4@142p Bindieg of these growth factors to
their receptors leads to the activation of phosphatidylinositkin@se (PI3K), which
phosphorylates phosphatidylinositol (4,-lBphosphate to phosphatidylinositol (3, 4, 5)
triphosphate,htereby allowing Akt to bind. The binding of Akt allows it get phosphorylated
by PDK2 and PDK1, leading to its activation. Akt then acts as a kinase for its subgtrates.

schematic of the Akt pathway initiated by IGFs is shown in Figure 1.11.
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1.4.6 Hippo pathway

The hippo pathway is activated by eedlll contact, which leads to the phosphorylation of
MST1/2 kinaseq143-144). These kinases then associate with SAV1 and phosphorylate
LATS1/2. Upon phosphorylation, LATS1/2 associate with YAP and TAZ and phospleorylat
them, causing to become retained in the cytoplasm. YAP and TAZ are otherwise localized to
the nucleus, where they are-fawtors for other transcription facto(¥45). A schematic of

the Hippo signaling pathway is shown in Figure 1.12.

1.5Thesis overview

We propose that trophoblast cells which have the key properties of human placental vCTBs,
such as hypomethylation at the ELF5 promoter region, the expression of ELF5 and
CYTOKERATIN7Y proteins, the downregulation of HLA class | Type A, B and C antigens,

and te ability to form multinucleate STBs and mesenchymal iCTBs, can be obtained from

hESCs in cell culture through the manipulation of various signaling pathways.

1.5.1 Hypotheses

We study the role of various signaling pathways in the formation of trophoblastroetls
hESCs. We find that trophoblast cells can be derived when BMP signaling is suppressed
using inhibitors of BMP signaling. This is counter to current reports which propose that BMP
signaling induces trophoblast gene expression. We also find that tiomibof the

Activin/Nodal signaling has a role in trophoblast differentiation, and that its role is not
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dependent on activation of BMP signaling. Our current preliminary studies show that Wnt
signaling has a negative role in trophoblast differentiation #rat activation of Wnt
signaling, when Activin/Nodal and BMP signaling are inhibited, leads to neural crest

formation.

1.5.2 Thesis layout

Chapter 2 describes our results pertaining to trophoblast differentiation from hESCs. We
describe the derivation of trophlast cells with the marker properties that are present in
placental vCTBs. We describe the involvement of Activin/Nodal and BMP signaling
pathways in this process. We also describe our preliminary experiments which study the role
of serum factors in thiprocess. A significant impediment in our experiments has been the
fact that different hESC cell lines have responded differently to the same signaling pathways

because of varying levels of endogenous signaling.

Chapter 3 describes our efforts to charamtethe endogenous signaling factors present in
hESC cultures by studying their secretome. We describe a new approach to study the
secretome of cells grown in cell culture. Using this approach, we explore the secretome of
hESCs and MEFs. We also describe tharacterization of hESC the hESC proteome at the
subcellular level by fractionation of the cytoplasm, nucleus and plasma membrane from

hESCs.
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Figures

Trophectoderm

Inner Cell Mass

Figure 1.1: Schematic of a blastocyst stage embryo. The embryo consists of two tissues, viz.

the trophectoderm and the inner cell mass.
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Figure 1.2 Schematic of a peimplantation embryo. The ICM segregates into the hypoblas

and the epiblast tissues.
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Figure 1.3 Schematic showing origin of the three germ layer tissues, viz. ectoderm,

mesoderm and definitive endoderm.
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Figure 1.4: Schematic showing role of signaling pathways in formation of mesoderm and

definitive erdoderm from hESCs.
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Figure 1.5: Schematic showing the role of signaling pathways in the formation of neural and

neural crest cells from hESCs.

41



PKC BMP FGF

Parietal
Endoderm

I
m
w
O

FGF

Activin/Nodal

Figure 1.6: Schematic showing the role of signaling pathways inregiéwal of hESCs and
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42



Activin/Nodal/TGF

Transcription
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Figure 1.8: A schematic of the BMP pathway.
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Figure 1.9: A schematic of th&GF pathway.
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Figure 1.11:A schematic of thékt pathway initiated by Insulitike growth factors (IGFs).
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2.1 Introduction

Derivation of trophoblast cells from human embryonic stem cells (hESCSs) in cell culture is
desirable since the availability of trophoblast tissues from very early gestation placentas is
scarce, and in certain cases imposs{l)e Derivation of tropoblast cells from hESCs also
provides a convenient model system for studying the events of very early embryonic
development, such as implantation of the trophectoderm and its interaction with endometrial
cells of the uterus. However, it is not known if${Es have the ability to form trophoblast

cells or whether they are committed to form only the fetal tissues of the ef@ry¥uch a
restriction has been observed in mice embryonic stem cells (MESCs) due to their epigenetic
properties (3). Moreover, trophblastlike cells derived from hESCs have been under
criticism since they do not possess the properties that trophoblast cells of the placenta have
(2). These properties include DNA hypomethylation in tleF5 promoter region, the
expression of ELF5 protej the downregulation of HLA Class | type A, B and C antigens, as
well as the ceexpression of CDX2 and ELF5. Therefore, it is currently not known whether

bona fidetrophoblast cells can be derived from hE$8)s

2.2 Results

2.2.1 Derivation of cells with DNA hypomethylation at ELF5 promoter region

We hypothesized that it was possible for hESCs to differentiate into trophoblasts that possess

the required properties of placental trophoblast cells. In mESCs, it has been hypothesized that
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trophoblast differet i at i on i s prevented due to an fHepi
suppress ELF5 expressi@8). This epigenetic barrier causes the DNA atEh&5 promoter

region to be hypermethylated, causing transcriptional repressi@&ifd. This barrier is

lifted in mMESCs with a homozygous knockout in the DNA methyltransferaseDyentl

We investigated whether DNA hypermethylation persists during hESCs differentiation as
well. Two hESC cell lines, H1 and H9 were used in our experiments. HESCs treated with
BMP4 have been shown to retain DNA hypermethylation irElhi€5 promoter region. We
therefore looked at inhibition of the Activin/Nodal pathway using SB431&832n the
presence of mouse embryonic fibroblashditioned medium (MEEM), which has also
beenreported to lead to the formation of trophoblidst cells (5). We observed that, while
treatment of hESCs with SB431542 for 6 days caused minimal demethylation of the
promoter region, passaging of cells and continued treatment till 12 days led tofiaagigni
demethylation (Figure 2.1). The levels of demethylation were similar to those seen in vCTBs
of the human placeni@®). Treatment of hESCs with SB431542 and BMP4 together also led

to similar results, causing demethylation of the ELF5 promoter dftdags of treatment.

Methylation of the ELF5 promoter region has been proposed to control the expression of
ELF5 (3). Therefore, it is important to confirm the expression of ELF5 protein directly. The
expression of ELF5 in differentiated hESCs was corddmn various experimental
conditions using immunoflourescence assays (Figure 2.2). We therefore show that the

proposed fAepigenetic barriero on the express
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2.2.2 Expression of CYTOKERATIN7 and HLA Class | type A, B and C antigens

All human trophoblast cells express CYTOKERATINZ8). Villous cytotrophoblast cells
(vCTBs) and syncytiotrophoblast (STB) do not express HLA Class | type A, B and C
antigens, while invasive cytotrophoblasts (iCTB) express HLA Clasgoeé C and G
antigens. For probing the expression of these membrane proteins during hESC
differentiation, we isolated the membrane fraction of hESCs and of hESCs treated with
SB435142 for 6 and 12 days. HESCs were grown in media containing isotope khéaled

acids, viz.®Cs L-arginine and'®Cs '°N, L-lysine for 5 passages. Greater than 98%
incorporation of isotope labeled amino acids was obsd@e&ubcellular fractionation was
carried out to obtain the plasma membrane of hESC samples. Undiffer@mizSCs, which
contained the isotope labels, were then compared with differentiated hESCs, which did not
contain the isotope labels, using mass spectrometry. While the expression of HLA Class |
type A and B antigens were vastly downregulated at day igaré-2.3). The expression of

HLA Class | type C antigens also decreased at day 12. We observed upregulation of various
cytokeratins, including CYTOKERATIN7 at day 6. We concluded that the expression of
HLA Class | type A, B and C antigens were downregaaly SB431542 treatment, while

that of CYTOKERATIN7 was upregulated, and that the cells obtained by SB431542

treatment were similar to placental vCTBs in these characteristics.
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2.2.3 Derivation of syncytiotrophoblasts (STBs)

The formation of multinuclete STBs coupled with the secretion of hormones such as hCG,
has been the most widely used marker for assessing trophoblast ford&ibr). While

these markers are not sufficient to demonstrate trophoblast different{@iothey are,
nevertheless, messary. Studies with human placental vCTBs have shown that STB
formation occurs from vCTBs spontaneously in cell cul{d&. We observed that treatment

of hESCs with SB431542 for 6 days and subsequent passage inteCMERcking
SB431542 caused the foation of multinucleate cells (Figure 2.4). These cells upregulated
the expression of hCG and of HSD3B1, which is involved in the synthesis of progesterone
and is also a marker of STRB9). We therefore concluded that hESCs treated with SB431542

were capatd of forming STBs.

2.2.4 Derivation of iCTBs

In the human placenta, vCTBs also give rise to iCTBs through an epithelial to mesenchymal
transition (EMT). First trimester placental explants retain this behavior and undergo an EMT
when grown in cell cultur€18). We observed that continued treatment of hESCs with
SB431542 in the presence of MERM induced an EMT in H9 hESCs (Figure 2.5). These
mesenchymal cells expressed-ZADHERIN and CD9, which are markers of iCTRB0-

21). To test for invasiveness, SB43Etreated HI cells were plated on a solidified block of

matrigel, which is an extracellular matrix comprising of collagen, fibronectin and laminin.
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Mesenchymal cells that stained for VEADHERIN and CD9 were formed and were seen to

invade into the matrigdlock. This proved the invasive ability of these cells.

However, H1 hESCs did not undergo an EMT when treated with SB431542. Nevertheless,
they expressed CD9 (data not shown). We concluded that differentiation might have started
in H1 cells, but that EMThad been suppressed. Also, upon passage of H9 hESCs as large
clumps, they failed to undergo an EMT. Therefore, we reasoned that an endogenously
secreted cytokine might be responsible for this behavior. Human placental vCTBs are known
to express BMP{22). We hypothesized that endogenous BMP signaling may be responsible
for this discrepancy between H1 and H9 cells, and sought to inhibit BMP signaling. For this,
we added Noggin and DMH1 to hESCs alamth SB431542. Noggin inhibits BMP
signaling through itsbility to bind BMP2 and BMP4 with a very high affini(23). DMH1

is a small molecule inhibitor of ALK2, ALK3 and ALK®6 receptors that are involved in BMP
signaling(24). Treatment of hESCs with SB431542, Noggin and DMH1 resulted in the onset
of an EMT inboth H1 and H9 cells, thereby abolishing the discrepancy in their behavior.
Further characterization of these mesenchymal cells will reveal if they retain the marker

expression characteristics of iCTBs.

2.2.5 Derivation of trophoblast cells that ceexpress CDX2 and ELF5

A recent report has identified a pool of vCTBs in the human placenta whiekpcesses
CDX2 and ELFY6). These cells occur only during early pregnancy and are almost entirely

lost after 8 week of gestation. These cells are analogoug textraembryonic ectoderm in
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mice embryos which eexpresses Cdx2 and EIf85). Cdx2 and EIf5 are also the markers of
mouse trophoblast stem cells (MTSCs), which can be maintained in cell culture as a cell line,
and are capable of forming all of the plat® tissues in vitrq26). Therefore, it has been
hypothesized that the pool of vCTBs which-expresses CDX2 and ELF5 in the first
trimester human placenta may also harbor a stem cell popu{@}icBDX2 is also a marker

of the trophectoderm tissue irlabtocyststage embryog27). It is currently not known
whether CDX2 ELF5' cells can be derived from hESCs. Therefore, we studied the

expression of CDX2 in our differentiated cultures.

We did not detect the expression of CDX2 in hESCs treated with SB23@612 days (data

not shown). Moreover, in the case of H9 cells, these cells had already started to form iCTBs.
Upon further passage of these cells at day 12, all epithelial cells were lost. We therefore
reasoned that the absence of CDX2 might be dtresuriggering iICTB differentiation.
Addition of exogenous BMP4 alonagith SB431542 to hESCs abolished EMT, but we were
not able to detect CDX2 expression. We then probed the effect of the Activin/Nodal pathway
on these cells. The Activin/Nodal pathweas/ activated by the Transforming and growth
factorb ( TGFb) , Nodal 628-30). Weciockedi each pf rthede digamds
separately to study their effect on EMT. Briefly, hESCs were treated with SB431542 in
MEF-CM for 6 days and then passaged iM&F-CM containing various inhibitors of the
Activin/ Nodal pat hway. Bl ocki n¢l led to h&F Db us
formation of flattened multinucleate cells that resembled STBs. Blocking of Activin using

Follistatin-288 (32) also led to the formtion of flattened multinucleate cells. Inhibition of
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bot h TGFDb and Acti vin abolished t he f or mat |

reduced the formation of mesenchymal cells, but did not abolish it. We studied the pool
epithelial cells that wereseen to remain in these conditions, for the presence of CDX2 and
ELF5. We also added Noggin and DMHL1 to abolish variability across H1 and H9 cells lines,
as shown previously. Therefore, hESCs were treated with SB431542, Noggin and DMH1 in
MEF-CM for 6 daysand then passaged into MEFM with Follistatin, Betaglycan, Noggin

and DMH1. Expression of ELF5 was seen in some cells, and faint expression of CDX2 could
be observed in few cells (Figure 2.6), suggesting a microenvirorvasetl effect on the
expressiorof CDX2. We concluded that it may be possible to derive CIEXES' cells and

that further studies are required. The temporal pattern of CDX2 expression also needs to be

investigated further.
2.2.6 The switch between trophoblast and neural fate of hESCs

A significant caveat of our results is that we have observed trophoblast formation through the
inhibition of Activin/Nodal and BMP signaling pathways. SB431542, an inhibitor of
Activin/Nodal signaling, is reported to cause neural differentiation in hES&87). The
addition of Noggin and DMH1 in the presence of SB431542 does not change the fate of
hESCs and also leads to neural differentia(B840). These reports have argued that hESCs
have low levels of endogenous BMP signaling, and that exogenousrNagdiDMH1 are

not required in many cases for neural differentiation to o¢8&37). Contrary to these

reports, we have obtained trophoblast cells with the use of SB431542, Noggin and DMH1.
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To resolve this contradiction, we looked at other possible langnpathways that may differ
between our experiments and previously reported experiments. While our experiments have
been carried out in MEEM, neural differentiation has been carried out in defined media
conditions lacking serum and serugplacemen{33-41). Previous reports have shown that
serum factors suppress neural differentiation in mouse embryonic stem cells ({ESCs)

43). Therefore, we tested our hypotheses using mTeSR1, a defined medium that lacks serum
and serunreplacement. We observed tlthé addition of SB431542, Noggin and DMHL1 to
hESCs in mTeSR1 |l ed to the formation of d&nel
are radial arrangements of columnar neural precursor cells that form during neural
differentiation in vitro, and resdute the radially arranged columnar neural precursor cells of
the neural tube which occur during embryogené®#s. Multinucleate STHike cells could

not be derived from these cells. We therefore inferred that trophoblast differentiation had not

occurredn this condition.

We then tested the effect of serum factors on hESC differentiation-GMNEEontains 20%
Knockout® serum replacement (KOSR), which contains gl bovine serum albumin
known as AlbuMAX®. The complete composition of AIbuMAX® is notokvn. However,

it is known to contain serwassociated factors such as sphingosipdhdsphate (S1P) and
lysophosphatidic acid (LPA). It was reported that the lipid component, and not the protein
component of AlbuMAX®, is required for maintenance of hE®#E. Of these factors, S1P

is involved in the maintenance of hESCs and can be used in place of (4é&di@). Since

lipid factors are not present in mTeSR1, we probed whether these lipid factors are
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responsible for causing trophoblast differentiation in AMEM conditions. We therefore
added AIbuMAX to mTeSR1 alongith SB431542, Noggin and DMH1. However, this also

led to the formation of neural rosettes (data not shown). Multinucleate cells could not be
derived, implying that trophoblast differentiation haat occurred. We also observed that the
addition of AIbuMAX® or KOSR to mTeSR1 causes the cells to change into a more-spread
out morphology, indicating an adaptation to the new conditions. Since cells irOQWE&re

already adapted to AIbuMAX®, and formophoblast cells, we tested whether this
Oadaptationd step was needed for trophobl asH
we treated hESCs in mTeSR1 with AIbuMAX® for 4 days and then added SB431542,
Noggin and DMH1 alongvith AIbuMAX® for 6 more days. We observed that neural
rosettes had not formed and that some multinucleate cells were formed, suggesting that
trophoblast differentiation may have occurred in some cells (data not shown). However, we
also observed some astroclitee cells, which dmonstrated heterogeneity and the possible
formation of neural crest cells. Therefore, further investigation is required to study the

signaling factors responsible for the formation of trophoblast cells from hESCs.

2.3 Discussion and future work

2.3.1 Derivation of cells with properties of placental trophoblast cells

We have shown that hESCs can be made to differentiate into trophoblast cells that possess
the key properties of human placental trophoblast cells. These include DNA hypomethylation

at theELF5 promoter region, the downregulation of HLA Class | type A, B and C antigens,
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and the expression of ELF5 protein. These properties have not been demonstrated in previous
reports. We also show that STB and iCTB derivatives can be obtained from hESCst and tha
these cells express the markers of placental STB and iCTB, respectively. Trophoblast cells
downregulate HLA Class | type A, B and C antigens were obtained through inhibition of
Activin/Nodal pathway alone, while the rest of the properties were seefisnwtere both
Activin/Nodal and BMP pathways were inhibited. Therefore, the expression of HLA Class |
type A, B and C antigens need to be further studied in hESCs where both Activin/Nodal and

BMP pathways have been inhibited.

2.3.2 The role of BMP pathway in trophoblast differentiation

More importantly, we uncover the role of various signaling pathways in the differentiation of
hESCs to trophoblast cells. Our results show that trophoblast cells can be obtained in the
presence of exogenous BMP signalingg(ifes 2.1, 2.2A, 2.41, 2.4N) and also when BMP
signaling is inhibited through Noggin and DMHL1. This is contrary to the current paradigm,
which suggests that exogenous BMP signaling induces trophoblast gene expiks&ion
48-49). However, BMPRinduced tophoblast gene expression is reported as being mediated
through BRACHYURY (2). SkRNA induced knockdown oBRACHYURYabolishes the
expression of CDX2. BRACHYURY is a marker for mesoderm cells, so it is not known
whether BMPtreated hESCs belong to the ghmblast lineage or the mesoderm lineage.
However, the study of BMiEreated hESCs is beyond the scope of this work. Nevertheless,

we show that trophoblast formation can also occur when BMP signaling is inhibited.
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2.3.3 The role of Activin/Nodal pathway introphoblast differentiation

The role of Activin/Nodal pathway towards trophoblast differentiation has not received much
attention. Inhibition of Activin/Nodal pathway enhances endogenous BMP signaling, and is
reported to complement BMP in its ability taduce trophoblast gene expression. We,
however, show that inhibition of Activin/Nodal pathway in MEM leads to trophoblast
formation even when BMP signaling is inhibited using Noggin and DMH1, suggesting an

independent role of Activin/Nodal signalingimducing trophoblast differentiation.

2.3.4 The role of serum factors in trophoblast differentiation

An important caveat of our approach is the inhibition of Activin/Nodal and BMP signaling
pathways with SB431542, Noggin and DMH1. While we show thattte&ment leads to

the formation of trophoblast cells in MEEM, our preliminary data also suggests that the
same treatment leads to the formation of neural progenitors in mTeSR1. Since mTeSR1 lacks
serum factors, we tested the effects of adding AlbuMAX®mMTeSR1 cultures. Our
preliminary data suggests that hESCs grown in mTeSR1 can be adapted to serum factors by
adding AIbuMAX®, and these cells do not undergo neural differentiation, but forrdilsd B

cells and neural crest cells. Previous reports hawessithat serum factors suppress neural
differentiation in mouse embryonic stem cells (MESC&}43). Therefore, a possible
explanation for our results may be through the action of serum factors. We then probed for
the signaling pathway that was being eated by serum factors. To begin, we probed

whether these differences were being caused by the Akt signaling pathway. However, the
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inhibition of Akt pathway in MEFCM by the addition of LY294002 did not abolish the
formation of multinucleate STBke cells (data not shown). This showed that the effect of

serum factors present in MEEM was not mediated through the Akt signaling pathway.

We then studied if the Erk signaling may be responsible for the discrepancy observed
between MEFCM and mTeSR1 cultures. awever, the addition of the MEK inhibitor
PD0325901 also did not abolish the formation of multinucleate-&EBcells (data not
shown), showing that the Erk signaling was also not responsible for the discrepancy.
Alternatively, S1P present in AIbuMAX® caactivate YAP in hESC§0). Overexpression

of YAP reduces neural differentiation in mESG4). Also, YAP is involved in patterning

the mouse embryo at itscll stage, and leads to the commitment of outer cells to the
trophectoderm lineag®?2). YAP act as a coactivator for TEAD&3-55), which is required

for the expression of CDX2 in mouse embry{68, 5657). Therefore, it can be hypothesized
that the formation of trophoblast cells in MERM is mediated through activation of YAP by
serum factors. Soe these factors are absent in mTeSR1, trophoblast differentiation was not

observed in mTeSR1.

Our preliminary data also suggests that astreliggecells are obtained in MEEM cultures

when Wnt signaling is activated using BIO, which is a Wnt signadiggnist, even in the
presence of SB431542, Noggin and DMH1. This is consistent with previous reports of neural
crest formation from hESC%8). We failed to derive multinucleate SiBe cells in these

experiments, showing that trophoblast differentiatiad not occurred. This suggests a
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negative role for Wnt signaling in trophoblast formation. Another Wnt signaling agonist,
namely lithium chloride (LiCl), is present in the formulation of mTeSR1 medium. As an
alternative hypothesis, LiCl may also be rasgble for our observations wherein trophoblast
cells are not formed in mTeSR1 cultures. MEM, on the other hand, is known to contain
Wnt signaling inhibitorg59). Therefore, further work is required to study the role of Wnt

signaling in trophoblast dérentiation of hESCs.
2.4 Materials and methods

2.4.1 Cell culture and differentiation

H1 and H9 hESCs were cultured on feeder layers of mouse embryonic fibroblasts
(MEFs) isolated from E13.5 pregnant dDmice embryos (Charles River, Wilmington,
MA). For feeder free culture, hESCs were grown on Growth Factor Reduced Mat(gei
Biosciences, Bedford, MA), in MEF CM; CM was prepared using previously published
protocols (60). Differentiation was carried out by adding SB431542u{@p SB525334
(10uM) or FOLLISTATIN (1nM) (SigmaAldrich, St. Louis, MO) to H1 or H9 cultures, as
specified, in the presence of CM. The CM containing the inhibitor or FOLLISTATIN was
refreshed every day. Enzymatic passaging was carried out by scoring confluent colonies into
equallyspaced grids of cells using a Pasteur pipet, and lifting off the cells using collagenase
IV (Invitrogen). For SILAC labeling, H9 cells were grown in CM withoutysine and k
arginine, but containing the stable isotop&ss, >N, L-lysine and"*Cs L-arginine (Pierce,

Rockford, IL) (SILAGCM), as previously describgél). Stable isotope labeled arginine
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and lysine incorporation of 98.5% and 98.0%, respectively, was achieved. Asginine

proline conversion was determined to be approximately 5% in owansya).

2.4.2 Isolation of ICTB and STB populations

ICTBs were isolated using a very short Trypsin/EDTA (Sighidrich) treatment of
the cells with gentle shaking to dislodge only the mesenchymal cells. STBs were found to be
in co-culture with small ephelial cell colonies, which were removed carefully under a

stereomicroscope to obtain STBs.

2.4.3 RNA isolation, cDNA synthesis and quantitative PCR

RNA was isolated using TrizBf r eagen't (I'nvitrogen) usi n
protocol. For cDNA synthesj the RNA pellet was dissolved in diethyl pyrocarbonate
(DEPC, Sigmalreated water and 15 pg RNA was heated at 70°C for 5min with-dligh5
mer primers (Integrated DNA Technologies (IDT), Coralville, IA).-NMLV reverse
transcriptase (Invitrogen) and @R mix (Invitrogen) were added and the reaction was
carried out for 50min at 42°C. The reaction mixture was heated to 70°C for 10min and
further incubated with 0.5M sodium hydroxide for 30min at 65°C. The solution was

neutralized with 1M hydrochloric acahd stored a20°C until further use.

Quantitative PCR (qPCR) reactions were carried out using SYBR Green Supermix®
(Bio-Rad, Hercules, CA) in a Mastercycler® ep Realplex system (Eppendorf, Hauppage,

NY). The primers used for gPCR analysis are liste®upplementary Table 1. ANOVA

63



analysis of the data was carried out using the SAS software. QPCR analysis was carried out

using three biological replicates for H9 hESCs and one biological replicate for H1 hESCs.

2.4.4 Immunofluorescence

For immunofluoresagce analysis, cells were passaged on to gdadem culture
dishes (Greiner Bione, Monroe, NC) coated with Matrigahd cultured in CM or CM
supplemented with SB431542. Cells were fixed using 4% paraformaldehyde (Fisher
Scientific, Houston, TX) and permabilized with 0.5% Triton XLOO (Acros Organics, Geel,
Belgium). Subsequently, cells were blocked in 1X PBS with 5% BSA and 0.3% Triton X
100, and incubated overnight with the primary antibody diluted in the same blocking buffer.
Rabbitantrhuman antibod e s for OCT 4CATENIN\ \MEGADHWE R -N, b
ACTIN (Cell Signaling, Danvers, MA), CDX2 (Epitomics, Burlingame, CA), and mouse
antrhuman antibodies for SSEA4, CD9 (Millipore, Billerica, MA), and ELF5 (Santa Cruz
Biotechnology, Santa Cruz, CA) were usedtiorresponding rabbit and mouse isotype
antibodies for controls were purchased from Cell Signaling, Millipore, Epitomics and Santa
Cruz Biotechnology. CellMasK Deep Red plasma membrane stain was purchased from
Invitrogen. Cells were labeled with one or mmf Alexa 633conjugated goaantirabbit
IgG, Alexa 488conjugated goaantirabbit 1gG (Invitrogen) and DAPI (Invitrogen), as

appropriate, and imaged using a Zeiss LSM 710 confocal microscope.
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2.4.5 Immunohistochemistry and histology analysis

Growth factor reduced Matrigel diluted in i@®ld coating buffer (0.01M Tris, 0.7%
sodium chloride, pH 8.0) was plated at 5 mg/ml on 24 well plate insenqisn(1dillipore)
and allowed to solidify. H¥CTBs were passaged on solidified Matrigel surface and edltur
in CM. Samples were obtained at specified time points and fixed overnight using 10%
neutral buffered formalin (Thermo Scientific, Rockford, IL). Immunohistochemistry (IHC)
and H&E staining were carried out at the Histology facility at NCSU, using stinda
paraffinization protocols. Antibodies used for CD9,-ZBDHERIN, 3-CATENIN and E

CADHERIN were tle same as previously mentioned.

2.4.6 Flow cytometry

Cells were dissociated using Trypsin/EDTA, fixed in 4% paraformaldehyde and
permeabilized in SaponinuBfer containing 1mg/ml Saponin (Sigrdddrich) and 1% BSA
in PBS. Cells were incubated with the specified primary antibodies for 1 hour at room
temperature and subsequently with c-HSDLesponc
antibody was purchased from Abcam (Cambridge, MA) and propidium iodide was purchased
from SigmaAldrich. Cells were analyzed using a BD FacsAria flow cytometer. Propidium
iodide analysis of multinuclear cells was carried out using previously published protocols

(62).
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2.4.7 Subcellular fractionation

Membrane, cytoplasmic and nuclear fractiowere isolated from hESCs, hESC
derived vCTBs and hES@erived eCTBs using previously published proto¢6ly. The
membrane and nuclear pellets were homogenized in 8 M Urea and 50 mM ammonium

bicarbonate and used for mass spectrometric analysis.

2.4.8 Protein fractionation and in-gel digestion

The cytosolic, membrane, and nuclear fractions were prepared separately-for LC
MS/MS analysis. 25 pg of SILAC labeled protein sample (0O Day, undifferentiated hESCs)
was combined with 25 pg of the unlabeled prowample (either 6 Day hES@CTBs or 12
Day hESCGeCTBs) and loaded onto a Criterion -20 % TrisHCI gel (Bio-Rad);
additionally, 50 pg of protein sample each from hESCs, hiZSTBs and hES@CTBs was
used for quantification of cytoplasmic protein samplgsjectral counting. Proteins were
separated by constantly applying 200 V for approximately 1 hour and visualized with
Coomassie Stain (BiRad). Each gel lane was dissected into 12 fractions, which were then
subjected to reduction with dithiothreitoDTT), alkylation with iodoacetamide, and
digestion with trypsin per a protocol adapted from Shevchehkd(63) Extracted peptides
were driedin vacuoand reconstituted in mobile phase A (98 % water, 2 % acetonitrile, and

0.2 % formic acid) prior to amgsis.
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2.4.9 LC-MS/MS and data analysis

An Eksigent 1D+ nandC system (Eksigent, Dublin, CA) utilizing a vented column
configuration (64) was used for reversqthase separation of peptides. Magic C18AQ
stationary phase (5 pm particle size, 200 A pdze;sMicrom BioResources, Auburn, CA,
USA) was packed to 15 cm in a 75 i.d. PicoFrit capillary (New Objective, Woburn, MA,
USA) for the analytical column and to 5 cm in a 75 i.d. IntegraFrit capillary (New Objective)
for the trapping column. LC solventsre purchased from Burdick and Jackson (Muskegon,
Ml,). Mobile phase A contained 98 % water, 2 % acetonitrile, and 0.2 % formic acid, and
mobile phase B consisted of 2 % water, 98 % acetonitrile, and 0.2 % formic acid. Flow rate
during the gradient wasesto 350 nL/min. The gradient was held at 2 % B for 5 min,
adjusted to 10 % B at 7 min and gradually increased to 50 % B over the next 120 min. The
gradient was then increased to 95 % B and held for 5 min befeuribrating at 2 % B for

10 min.

All measurements were made using a EO@itrap XL mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany). A precursor scan with 60,000 resolving power at 400
m/z was performed in the Orbitrap mass analyzer followed by eightldpendent MS/MS
scan events in the ion trap. Collisioanduced dissociation was employed with an isolation
width of 2 m/z and normalized collision energy of 35 % for30ms Unassi gned,
4+ charge states were rejected from MS/MS analysis. Dynamic exclusion was employed and

set to 3 min with a repeat count of 1, a repeat duration of 0 s, and an exclusion list size as
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large as 500. Automatic gain control settingsrev8 x 16 and 1 x 18ions in the ion trap
and Orbitrap, respectively.

Peak lists were created from #MS/MS .RAW files using MASCOT Distiller
(Matrix Science, Boston, MA) and subsequently searched using the MASCOT server (Matrix
Science) (65). Search arameters included asparagine and glutamine deamidation,
methionine oxidation**Cg-arginine, and*Cs, **N-lysine as variable modifications as well
as cysteine carbamidomethylation as a fixed modification. Precursor search tolerance was
setto + 5 ppmrad product ions were searched with a tolerance of £ 0.6 Da. SwissProt human
database was concatenated with reverse sequences and used for searching. ProteolQ (NuSep,
Athens, GA, USA) was used to create protein lists filtered using a 1 % false discaeery ra
and to perform SILAC quantification. The Normalized Spectral Abundance Factor (NSAF)
for each protein was manually calculated using the correspondingn@moralized) spectral

count value obtained from ProteolQ as follows:

SpC/L

NSAF x:- =N o~ -
Ei.l SpC/L i

wheae L=number of amino acids

SpC-= total number of MS/MS spectra that identify protein x
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Only those proteins which showed a statistically significant change in abundaveledp<
0.05) and greater-fld change (hESC vs. hESETB or hESGVCTB vs. hESGCTB)

have been reported here.

2.5 Author contributions

P.S and B.R designed research; P.S, T.C, S.R, AN and T.R performed research; D.M

contributed analytic tools; P.S analyzed data; and P.S wroteaheascripts
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Figure 2.1 Methylation levels at the ELF5 promoter region decrease when hESCs are

treated with SB431542 for longer durations.
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Figure 2.2: Expression of ELF5 protein. (A) Expression of ELF5 in H1 cells treated with
SB431542, BMP4, PD0325901 and LY249002 for 6 days and with Follistatin, Betaglycan,
Noggin and DMHL1 for the next 6 days. (B) Staining for DAPI. (C) Expression of ELF5

H1 cells treated with SB431542, Noggin and DMH1 for 6 days and with Follistatin,
Betaglycan, Noggin and DMHL1 for the next 6 days. (D) Staining for DAPI. (E) Expression of
ELF5 in H1 cells treated with SB431542, Noggin, DMH1 and PD0325901 for 6 days and
with Follistatin, Betaglycan, Noggin and DMH1 for the next 6 days. (F) Staining for DAPI.
(G) Expression of ELF5 in H9 cells treated with SB431542, Noggin, DMH1 and PD0325901
for 6 days and with Follistatin, Betaglycan, Noggin and DMH1 for the Begays (H)

Staining for DAPI.
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Figure 2.3 Downregulation of HLA antigens. Mass spectrometric analysis of the membrane
fraction of SB431542reated hESCs shows downregulation of (A) HLA Class | type A, (B)
type B and (C) type C antigens at day 12, andgipagion of (D) CYTOKERATIN7 (K2C7)

at day 6.
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Figure 2.4 Formation of STBs from hESCs. H1 and H9 cells were treated with SB431542
for 6 days and then passaged into MEI® and grown for 6 more days. STBs were isolated
and the expression of (A) CSH1, (BHCG, (C) HLAG, (D) 3-HSD1 and (E) PSG9 were
studied. (F) Staining with DAPI (blue) and a membrane dye (red) shows multinucleate cells
in SB431542reated H9 cultures. (G) Flow cytomtery results for the expressiof-bifSD1

in SB431542terated H9 cuures. (H) H1 cells were treated with SB431542, Noggin and
DMHL1 for 6 days and passaged into MEM with BMP4 and TGB3 for another 6 days.
Staining with DAPI (blue) and a membrane dye (red) shows multinucleate cells. H1 cells
were treated with SB431542 M4, PD0325901 and LY294002 for 6 days and passaged
into MEF-CM with BMP4 and TGE3 for another 6 days. (I) Shows SYNCYTIN staining
and (J) shows DAPI alorgith SYNCYTIN. H1 cells were treated with SB431542, Noggin
and DMHL1 for 6 days and then passagded MEFCM containing BMP4 and TG for 6

days. (K) Shows SYNCYTIN staining and (L) shows DAPI alevith SYNCYTIN. (M) H1

cells were treated with SB435142, Noggin, DMH1 and PD0325901 for 6 days and then
passaged into MEEM containing BMP4 and TGR for 6days. Staining with DAPI (blue)

and a membrane dye (red) shows multinucleate cells. (N) H9 cells were treated with
SB435142 and BMP4 for 6 days and then passaged into-GAMEFEontaining BMP4 and
TGH33 for 6 days. Staining with DAPI (blue) and a membrare (dgd) shows multinucleate

cells.
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Figure 2.5 Formation of mesenchymal cells upon prolonged treatment of H9 cells with
SB431542. (A) DIC image of mesenchymal cells. Immunoflourescence staining is shown for
(B) DAPI, (C) CD9 and (D) VECADHERIN. (E) To test for invasiveness, SB431542
treated H9 cells were plated on solidified matrigel and grown for 15 days. The matrigel
sample was sectioned and stained for CD9 andCYADHERIN. Invasive cells that express

these markers were seen invading into matrigel
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Figure 2.6: Co-expression of CDX2 and ELF5 is sporadically seen. H1 cells were treated
with SB431542, Noggin and DMHL1 for 6 days and then passaged inteQWEEontaining
Follistatin, Betaglycan, Noggin and DMHL1 for another 6 days. (A) Shows staimpi2
and (B) shows composite of CDX2 and DAPI (blue). H1 cells were treated with SB431542,
Noggin, DMH1 and PD0325901 for 6 days and then passaged intcQWEEontaining
Follistatin, Betaglycan, Noggin and DMH1 for another 6 days. (C) Shows stainidy Fdr,
(D) shows staining for CDX2, and (E) shows composite of CDX2 (green), ELF5 (red) and
DAPI (blue). H9 cells were treated with SB431542, Noggin, DMH1 and PD0325901 for 6
days and then passaged into MEM containing Follistatin, Betaglycan, Noggin aDtH1
for another 6 days. (F) Shows staining for ELF5, (G) shows staining for CDX2, and (H)

shows composite of CDX2 (ggr), ELF5 (red) and DAPI (blue).
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CHAPTER 3

CHARACTERIZATION OF SUBCELLULAR HESC PROTEOME AND SECRETOME

Prasenijit Sarkay Shan Rndalf, Tim Collie?, David Muddimaf and Balaji Rab
!Department of Chemical and Biomolecular Engineering
’Department of Chemistry
North Carolina State University

Raleigh, NC 27695905

(Adapted from Sarkar et al. 201plecular and Cellular Proteomsl1 (12), 182989 and

from Sarkar et al. 201PBroteomicsl2(3), 42130)
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3.1 Introduction

A better understanding of the behavior of human embryonic stem cells (hESCs) can be
obtained through the identification of signaling pathways and signaling mqiessent in

the hESC microenvironmentl-2). The hESC microenvironment is constituted by the
exogenous cytokines present in the growth medium, the extracellular matrix (ECM) used for
growing hESCs, the endogenous cytokines secreted by hESCs themselvdabeand
endogenously secreted ECM. It is also important to characterize the expression of signaling
receptors and proteins within hESCs that confer responsiveness towards the signaling
environment. Together, these factors control the behavior of hESCs irudteite. To
characterize the signaling microenvironment of hESCs, we describe an approach to study the
secretome of hESCs. This involved subcellular fractionation and enrichment of the secretory
pathway organelles from hESCs, followed by analysis throogbs spectrometry (MS). To
characterize hESCs themselves, we describe the subcellular fractionation of the plasma

membrane, cytosol and nuclei from hESCs followed by MS analysis.

3.2 Results

3.2.1 Enrichment of secretory pathway organelles from mouse emhboyic fibroblasts

and hESCs

HESCs are routinely grown in a@ulture with mouse embryonic fibroblasts (MERS).

Under these conditions, signaling factors secreted by MEF cells maintain hESCs in an
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undifferentiated state. Alternatively, the factors secrbieMEF cells can be collected in the
overlying medium (known as ME€onditioned medium, or MEEM), and this medium can
be used for the growth of hES@4). A schematic depicting these processes is shown in

Figure 3.1. However, the signaling factors prése MEFRCM remain poorly characterized.

Traditional methods for identifying secreted proteins have relied on MS analysis of the
overlying medium (5). However, serum and serumplacement are routinely used
components of cell culture media and are presdgnfar exceeding concentrations as
compared to endogenously secreted proteins. This causes secreted proteins to go largely
undetected, and necessitates the use of skr@rmedia for collecting secreted prote{Bs

In the case of hESCs however, thiscaleads to significant cell death, and can alter the
behavior of hESCs themselves. We therefore used an alternative approach wherein we
isolated secretory pathway organelles from inside hESCs. Secretory pathway organelles are
organelles that are involveih the classical secretory pathway. These include the
endoplasmic reticulum (ER), where secretory proteins are translated, the Golgi apparatus,
where these proteins are ptstnslationally modified, and the secretory vesicles where these
proteins are sted and finally secreted outside the cell. Since these organelles are involved in
the production and trafficking of the secretory cargo, we reasoned that an MS analysis of
these organelles should also lead to the identification of the secretory cargoit Syase
important to maintain the integrity of these organelles, we avoided ultracentrifugation steps

during our fractionation procedures.
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To enrich for the ER and Golgi organelles, we homogenized cells in an isotonic medium and
pelleted the nucleus. Theogtnuclear supernatant was depleted of mitochondria using
affinity capture of mitochondria through TORP magnetic beads. This supernatant was then
centrifuged at moderate speeds to obtain a pellet that was enriched in the ER and Golgi
organelles, as hdseen previously reporte@®). The procedure is outlined as a schematic in
Figure 3.2. Enrichment of these organelles was confirmed using the DAVID software, and
also using a previously reported method of Gilchrist ef7al(Figure 3.3). In this method,
peptides identified from the MS analysis are counted if they are associated with the proteins
of a specific organelle. The percentage of such peptides in the sample is used as a measure of
the representation of that organelle in the sample. Using this agbprave compared the
representation of secretory organelles in the total lysate of hESCs with that in the fractionated
sample, and observed enrichment in ER and Golgi organelles. We also observed enrichment

in the secretory cargo proteins.

3.2.2 The secreome of MEFs and hESCs

We isolated fractions that were enriched in secretory pathway organelles, from MEFs and
hESCs. The MS analysis of these fractions revealed the secretory cargo present in these cells.
The secretome of MEF cells gets accumulated in MBF which is then used for growing

hESC cultures, as illustrated in Figure 3.2. Therefore, the MEF secretome gives rise to
exogenous signaling in the hESC microenvironment. On the other hand, the secretome of

hESCs gives rise to endogenous signalingentBSC microenvironment.
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In the MEF fraction, we identified 129 proteins that are known to be present in the
extracellular space (Figure 3.4), 76 of which had not been identified in previous MS analysis
of MEF cells(5). In the hESC fraction, we identifie@® such extracellular proteins, 37 of
which had not been identified in previous MS analysis (Figure 3.5). Of interest, we identified
regulators of various signaling pathways in both the fractions. These included the
Activin/Nodal, bone morphogenetic protgBMP), fibroblast growth factor (FGF), Wnt and

Insulin-like growth factor (IGF) signaling pathways (Figure 3.6).

3.2.3 The secretome of hESCs changes upon exposure to unconditioned medium

Previous reports for probing the secretome of hESCs had usditiged medium that lacked
serum proteins, to overlay on hESCs and collect secreted proteins from [ES@sour
experiments, we found that this led to massive cell death. Alternatively, we exposed hESCs
to unconditioned medium for 24 hours. We therlatenl fractions that were enriched for
secretory pathway organelles and compared them to normally grown hESC fractions. Our
MS analysis revealed that the secretome of hESCs had changed upon exposure to
unconditioned medium (Figure 3.7). We concluded thatiag media conditions can change

the secretome of hESCs. Therefore, we highlight a key problem associated with the approach
of using altered media for probing the secretome of cells. On the other hand, our method
probes the organelles within the cellierefore, our protocol does not require changing of

media conditions for studying the secretome of cells.
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3.2.4 Subcellular fractionation of plasma membrane, cytoplasm and nuclei from

hESCs

Subcellular fractionation was carried out according to prewokisbwn protocols(6). A
schematic for the protocol is shown in Figure 3.8. Briefly, hESCs were homogenized and
nuclei were pelleted. This fraction is also known to contain heavy plasma membrane sheets.
Therefore, this pellet was subjected to discontinususrose gradient centrifugation,
resulting in separation of heavy nuclei from the light plasma membrane ¢Beefhe
supernatant from the lysate was subjected to ultracentrifugation to pellet all the other
organelles and microsomes, leaving the cleasgdplasmic fraction. These fractions were
subjected to MS analysis using stable isotope labeling of amino acids in cell culture
(SILAC). The cytoplasmic fraction was also subjected to spectral counting. Our SILAC
analysis identified 893 proteins in theatear sample, 1397 proteins in the cytosolic fraction
and 1185 proteins in the membrane sample. Spectral counting analysis on the cytoplasmic
sample identified 2439 proteins. Combining the SILAC and spectral counting analysis, we
identified 2475 proteins the cytoplasmic fraction. A total of 3359 proteins were identified,

of which 2491 (74%) were unique to one single subcellular fraction and only 26% were
shared among the subcellular fractions. Only 9.7% of the proteins were shared among all the
three factions. We concluded that proteins in hESCs have distinct subcellular localization.
We also concluded that subcellular fractionation reduces sample complexity and provides a

deeper coverage of the hESC proteome.
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3.2.5 Identification of proteins involved n various signaling pathways

Our MS analysis of the cytoplasm led to the identification of various proteins that are
involved in the Activin/Nodal pathway, canonical and noncanonical Wnt pathways, BMP
pathway, FGF pathway, Akt pathway, IGF pathway, andhistone deacetylase (HDAC)
Classes |, 1l, and Ill pathways (data not shown). Our analysis of the membrane fraction led to
the identification of many growth factor receptors, integrinspr@eins and célcell
junction proteins associated with the adhsrgmctions, tight junctions, gap junctions, and
desmosomes. Our analysis of the nuclear fraction led us to identify many epigenetic factors,
including chromatirremodeling enzymes, histone acetyltransferases, histone deacetylases,
histone methyltransferas, DNA methyltransferases and transcription factors. A
comprehensive characterization of the epigenetic factors present in the nucleus of hESCs had
not been carried out previously. We were also able to identify serine/threonine/tyrosine

kinases, phosphates, and celtycle regulators in the subcellular fractions.

3.3 Discussion

We report the development of an alternate approach for studying the secretome of cells. Our
method does not require any perturbation to the medium that may affect the cells under
investigation. Our approach is also applicable to complex systems sucldsioes, where

the analysis of the overlaying medium is not sufficient to know the secretome of specific
cells. Our approach can also be applied to differentiating cultures vitherproteome

changes with time, since our approach gives a temporal snapshot of the secretome of cells,
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whereas conventional approaches allow for identification of secreted proteins collected over
a certain period of time. We also show that subcellulactiraation coupled with MS
analysis is a powerful tool to probe the proteome of hESCs, since subcellular fractionation

decreases sample complexity and allows for the study of specific organelles of interest.

3.4 Materials and methods

3.4.1 Cell culture

MEFs were manually dissected from E13.5 pregnantlQbice embryos (Charles River,
Wilmington, MA). MEFs were dissociated using Tryp&iDTA (SigmaAldrich, St. Louis,
MO) and cultured in MEF medium, consisting of DMBNigh Glucose (Invitrogen,
Carlsbad CA), 1% penicillinstreptomycin Ifwvitrogen), 10% fetal bovine serum (Sigma
Aldrich) and 1% d{glutamine (nvitrogen). H9 and H1 hESCs (WiCell, Madison, WI) were
co-cultured with MEF feeders, as described elsewf@reHESCs were passaged every 5 to
7 days, aconfluence. For feeder free culture of hESCs, they were grown on Growth Factor
Reduced Matrigé!" (BD Biosciences, Bedford, MA) in MEEM. Passaging was carried out
by scoring confluent colonies and treating with Collagenaselrivit{ogen)to lift off the
subcolonies. MEFCM was prepared from passageVEFs using a previously described
protocol(4). For isotope labeling of hESCs, cells were grown in MBW which lackedL-
lysine and L-arginine, butcontained**Cs, °N, L-lysine and **Cs L-arginine (Pierce

Rockford, IL, USA) (SILAGCM) as described previousl{®). 98.5% incorporation of
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isotopelabeled arginine and 98.0% incorporation of isottgleeled lysine were achieved.

An arginineto-proline conversion rate of approximately 5% was observed in cures(s).
3.4.2 Enrichment of secretory pathway organelles

MEFs were harvested after making MEM, as described previouslid). MEFs were
washed with Dulbecco's PBS lacking?Cand Md¢* (DPBS) (SigmaAldrich) and exposed

to hypotonic PBS (25% DPBS in vea) for 20 min at 4 °C. MEF cells were collected and
vigorously vortexed to dislodge individual cells from the deposited ECM. The solution was
centrifuged at 300g for 5 min at 4 °C, and the MEF pellet was retained. The MEF pellet was
resuspended in sucwsbuffer containing 250 mm sucrose (Fisher), 5 mm magnesium
chloride (Fisher), 25 mm potassium chloride (Fisher), 10 mm acetic acid (Fisher), 10 mm
triethanolamine (Sigmaldrich), and c@mplete mini® protease inhibitor mixture tablets
(Roche, IndianapolidN) at a pH of 7.6. Cells were homogenized by being passed through a
25G needle twice. The homogenate was centrifuged at 3000g for 10 min at 4 °C to pellet
nuclei (6). 50 e-Tom22fmagmetid¢ microbeads (Miltenyi Biotec, Auburn, CA) were
added to the supernatant. Beads were incubated with the supernatant at 4 °C for 1 h, and
subsequently cleared from the solution using a Dynablagnagnet lavitrogen) by
incubatirg at 4 °C for 5 h. The lysate was now centrifuged at 15,0009 for 30 min at 4 °C to
pellet the ER and Golgi organellé). The pellet was solubilized in Urea buffer, consisting

of 8 m urea (Sigma) and 50 mm ammonium bicarbonate (VWR, West Chester, PA), and

stored at 180 AC.
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Confluent cultures of H1 and H9 cells were taken for subcellular fractionation. When stated,
H1 and H9 cells were exposed to unconditioned hESC medium for 1 day, prior to subcellular
fractionation. Cultures were washed with DPBS to reendead cells and were incubated in
DPBS with 1 mm EDTA (ACROS, Geel, Belgium) to dissociate the culture into single cells
which floated off. Cells were isolated from the suspension by centrifuging at 300g for 5 min
at 4 °C. Sucrose buffer was used to sp&und the cell pellet. The rest of the procedure was
similar to that used for MEF cells, as described above.-limhan TOM22 magnetic
microbeads (Miltenyi Biotec) were used for depletion of mitochondria. The whole cell lysate

was prepared by solubiliziiigeSCs i n Urea buffer, and stored

3.4.3 Subcellular fractionation of cytoplasm, plasma membrane and nuclei

Membrane, cytoplasmic, and nuclear fractions were isolated using protocols described
previously (9). HESCs were homogenized in sucrose dérufind centrifuge@t 300g for 5

min at 4°Cto pellet the nuclei. This pellet also contained heavy plasma membrane(6heets
Therefore, this pellet was resuspended in sucrose buffer comprising of 1.4M sucrose,
subjected to a discontinuous sucrose grademtrifugation. Briefly, the 1.4M sucrose
solution containing the resuspended pellet was layered over a 2.0M sucrose cushion, and
0.25M sucrose was layered at the top. The gradient was centrifuged at 180,000g for 80 min at
4°C. Nuclei were collected fromhe pellet below the 2.0M sucrose cushion. Plasma
membrane was collected from the GR28M sucrose interface. The nuclear fraction was

solubilized i n Urea buffer and stored at 1 8C
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0.25M sucrose buffer and petied at 3000g for 10 min at 4°C. The pellet was solubilized in
Urea buffer and stored at 780 AC. For isol at
homogenate was used. The supernatant was centrifuge20 &00g for 80 min at°C to

pellet all renaining organelles and microsomes. The supernatant was reserved as the

cytoplasmic fraction and stored at 180 AC

3.4.4 LC-MS/MS and data analysis for secretory pathway organellenriched

fractions

Approxi mately 100 eg of stdusihgdilteneehided sainple was t
preparation, as previously descri@@). Vivacon filters with a 30k molecular weight cutoff
(Sartorius Stedim Biotech, Goettingen, Germany) were used for carrying out the reaction.
Briefly, samples were reduced using dithireitol, alkylated using iodoacetamide and then
digested overnight using trypsin. The reaction was quenched by adding 1% formic acid and
peptides were collected by centrifugation. Peptides were then fractionated using an anion
exchange protocol, as deibad previously(11). StageTips were created
tips by filling them with a solid phase anion exchange resin (3M, St. Paul, MN). These were
used for peptide fractionatiofl12). Britton & Robinson buffer at pH 5.0 (Ricca Chemical
Company, Arlington, TX) was tiated using HCI or NaOH to create six different buffers at

pH readings of 3.0, 4.0, 5.0, 6.0, 8.0 and 11.0. StageTips were conditioned by treating with
methanol, followed by 1 m NaOH and finally with pH 11 buffer. Peptides were loaded into

the StageTips sing the pH 11 buffer. Peptides were then eluted using each of the
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aforementioned buffers, in descending order of their pH, by centrifugation. Peptide fractions

were collected, vacuwdried, and reconstituted in mobile phase A.

The Eksigent 1D+ nanbC system (Eksigent, Dublin, CA), equipped with a cHIRLC
Nanoflex system for reversqihase separation of peptides, was used in a trap and elute

configuration. The nano cHi PLC analytical

in length. The trapping colum was 200 em in inner di amet e

ChromXP C18C L (3 e m, 120 i) was used for pack

manufacturer (Eksigent). Mobile phase A consisted of water (98%), acetonitrile (2%), and

formic acid (0.2%). Mobile phase B casted of water (2%), acetonitrile (98%), and formic

c

(

acid (0. 2%). Peptides wer e I|-lmawite tthe aaalyticd €1 / m

column at a flow rate of 350 nL/min. The gradient was initiated at 2% B. Over the first 5
min, it was adjustetb 7% B, and over the next 211 min, the gradient was ramped to 40% B.
It was finally adjusted to 95% B over a period of 2 min. The gradient was kept at 95% B for
8 min and then adjusted to 2% B over the duration of 2 min. The gradient was held at 2% B

for another 10 min for requilibration.

An LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) was
used for carrying out mass measurements, as described pre\ibB)shA broadband scan
using 60,000 resolving power at 488z was ollected by the Orbitrap mass analyzer in
profile mode. This was followed by eight datapendent MS/MS scan events collected using

collisionrinduced dissociation in centroid mode in the LTQ. Charge state screening was
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enabl ed. 04+, 1 + e statesl were nepecesl.i Dgnameiaexctusioa wag set to
180 s with a repeat count of 1, repeat duration of 0 s. The exclusion list size was set to 500
ions. Automatic gain control was set at 8 ¥ s for the LTQ and at 1 x @ons for the

Orbitrap.

Foranal yzing the whole cell | ysate, 50 g of
and run at a constant 200 V before staining with BioSafe Coomassie stain (BioRad, Hercules,
CA). The gel lane was cut into a total of 10 sections, which were thetedredth
dithiothreitol, alkylated using iodoacetamide, and digested using trypsin. Digested peptides
from the each sample were separated using the Eksigent 1Dk@asgstem (Eksigent,

Dublin, CA) utilizing a vented column configurati¢h4). A 15 cm Pic&rit column (New
Objective, Woburn, MA) as well as a 5 cm IntegraFrit trap column (New Objective) were
packed with Magic C18AQ stationary phase (¢
Biosources, Auburn, CA). A 7T LT®T-ICR Ultra (Thermo Fisher Scientf San Jose,

CA) mass spectrometer was used for acquiring data, using a 18,Q0@solving power at

400 m/z. For every precursor scan up to eight data dependent MS/MS scan events were

triggered.

MASCOT Distiller version 2.4.2.0 (Matrix Science, BostdA) was used for analyzing
RAW data files generated from EKIS/MS analyses. Peak lists were created and
subsequently searched with the MASCOT search engine version 2.3.2 (Matrix S(i&hce)

Variable modifications, asparagine and glutamine deamidatiod, methionine oxidation

99



were included as parameters for searching. Cysteine carbamidomethylation was set as a fixed
modification. A maximum of two missed trypsin cleavages were allowed. Search tolerances
were =5 ppm and +0.6 Da for precursor ions andlypcoions, respectively. The SwissProt
human database (downloaded January 28, 2012) was appended with reverse sequences for
use as target/decoy database. Search results were imported into ProteolQ version 2.3.05
(NuSep, Athens, GA) and protein lists weiltefed using a 1% false discovery rate.

Normalized spectral abundance factor (NSAF) values were calculated manually using the

raw spectral count data, using the following formula:
(SpCiL), ;
(NSAF), = — " x (10%) (Eq. 1)
> (SpCIL)

L = number of amino acids.

SpC= total number of MS/MS spectra that ici§nprotein x.

Search results were imported into ProteolQ version 2.3.05. Protein lists were filtered using a
1% false discovery rate for spectral counting normalization and for relative quantification
across hESC samples. All data reported in the maptsariginate from three technical
replicates for a single biological replicate for MEFs, H1 and H9 hESCs cultured irOWEF

and H1 and H9 hESCs exposed to unconditioned hESC medium for 24 h.
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3.4.5 LC-MS/MS and data analysis for cytoplasmic, plasma membkne and nuclear

fractions

This study was conducted in parallel with a study that compared the quantification of protein
expression using SILAC and spectral counting mettigdsH9 cells were grown on CM and
differentiated by adding 26e M S B4 3 1 5 4Aldriclt) Sa @vMn&he medium was
changed every day. Protein samples were obtained through subcellular fractionation from
both undifferentiated cells grown in SILACM, and from diferentiating cells grown in
normal CM, at 6 days and 12 days of SB431542 treatment. Corresponding subcellular
fractions from undifferentiated and differentiated samples were mixed and analyzed using
MS. Heavy peptide identifications were used for the y@mmalof undifferentiated hESCs, and

this has been presented in this article. The cytoplasmic fraction of hESCs cultured in SILAC

CM was used for spectral counting analysis.

For SILAC analysis,2be g of protein from differentiated
mixed with 281e g o f protein from wundiffelOMeFori at ed
spectral counting analysis, 56 g o f cytoplasmic protein samp
sampes were run on a 120% TrisHCI Gel (Bio-Rad, Hercules, CA, USA). The gel lane

was sectioned into 10 pieces and the subsequent MS analysis and data analysis were carried
out as described above. Gene Ontology (GO) annotation analysis for identifyingsytap

nuclear and plasma membrane proteins, was carried out using Bladi@Gmd DAVID

(17-19).
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3.4.6 Gene Ontology annotation analysis and estimation of secretory pathway

organelle enrichment

Gene Ontology (GO) enrichment analysis was carried ongUu3AVID (17-18). The list of
proteins that were annotated to the secretory pathway org@anebesely, the endoplasmic
reticulum (GO:0005783), endoplasmic reticuidolgi intermediate compartment
(G0O:0005793), ER to Golgi transport vesicle (GO:0030134lgiGpparatus (GO:0005794),
secretory granule (GO:0030141), transport vesicle (G0:0030133), and ribosome
(G0O:0005840® were obtained using the Princeton GO Term Mapper (go.princeton.edu/cgi
bin/GOTermMapper). Repeated proteins were eliminated. The lispgotéins that were
annotated as extracellulanamely, ECM (GO:0031012), extracellular region
(GO:0005576), extracellular region part (GO:0044421), extracellular space (GO:0005615),
and proteinaceous ECM (GO:0005578), were obtained using the Princeton @O Te
Mapper, and repeats were eliminated. These lists were manually curated via comparison with
the Uni Prot database. Proteins that were an

were retained and referred to as nASecretory

To quantify the frational abundance each organelle in the fractionated sample and in the
whole cell lysate sample, a previously described method waqTsétr a given sample, a
list of nonredundant peptides that mapped to each orgamedie obtained and denoted%s

The fractional abundance of peptides associated with the orga(ig)levas estimated as
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B Spectral Counts due to peptides in 5;
'™ Total Spectral Counts in MS analysis of the sample

[Eq. 2)

Fi was used as a metric for fractional abundance of organiella given sample. The fold

enrichment of organellein the fractionated sample was calculated as

F; in subcellular fraction

&= F. in whole cell lysate (Eq. 3)

The twotailed Fisher's exact test was used to calculatp adue of enrichmeri;.
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analytic tools; P.ST.C and S.Rinalyzed data; ané.S wrote thenanuscrips.

103



3.5References

1. Hughes, C., Radan, L., Chang, W. Y., Stanford, W. L., Betts, D. H., Postovit, L. M.,
and Lajoie, G. A. (2012) Mass spectromédbased proteomic analysis of the matrix
microenvironment in pluripotent stem celllture, Mol Cell Proteomicsll, 1924
1936.

2. Horton, R. E., Millman, J. R., Colton, C. K., and Auguste, D. T. (2009) Engineering
microenvironments for embryonic stem cell differentiation to cardiomyociRegen
Med4, 721-732.

3. Thomson, J. A., Itskatz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J.,
Marshall, V. S., and Jones, J. M. (1998) Embryonic stem cell lines derived from
human blastocyst§cience282 11451147.

4, Xu, C., Inokuma, M. S., Denham, J., Golds, K., Kundu, P., GoldD.J and
Carpenter, M. K. (2001) FeedBee growth of undifferentiated human embryonic
stem cellsNat Biotechnoll9, 971-974.

5. Bendall, S. C., Hughes, C., Campbell, J. L., Stewart, M. H., Pittock, P., Liu, S.,
Bonneil, E., Thibault, P., Bhatia, M., @rLajoie, G. A. (2009) An enhanced mass
spectrometry approach reveals human embryonic stem cell growth factors in culture,
Mol Cell Proteomics, 421-432.

6. Graham, J. M., and Rickwood, D. (1993ubcellular fractionation : a practical
approach IRL Pressat Oxford University Press, Oxford ; New York.

7. Gilchrist, A., Au, C. E., Hiding, J., Bell, A. W., FernaneRndriguez, J., Lesimple,
S., Nagaya, H., Roy, L., Gosline, S. J., Hallett, M., Paiement, J., Kearney, R. E.,
Nilsson, T., and Bergeron, J. J. (2006) Quantitative proteomics analysis of the
secgetory pathwayCell 127, 12651281.

8. Collier, T. S., Sarkar, P., Rao, B., and Muddiman, D. C. (2010) Quantitative top
down proteomics of SILAC labeled human embryonic stem c&él&m Soc Mass
Spectronf1, 87938809.

104



10.

11.

12.

13.

14.

15.

16.

Collier, T. S., Randall, S. M., Saar, P., Rao, B. M., Dean, R. A., and Muddiman, D.
C. (2011) Comparison of stakiksotope labeling with amino acids in cell culture and
spectral counting for relative quantification of protein expressiapid Commun
Mass Spectror5, 25242532.

Wisniewski, J. R., Zougman, A., Nagaraj, N., and Mann, M. (2009) Universal sample
preparation method for proteome analykiat Methods, 359362.

Wisniewski, J. R., Zougman, A., and Mann, M. (2009) Combination of FASP and
StageTipbased fractionation aNes in-depth analysis of the hippocampal membrane
proteome,] Proteome Re8, 56745678.

Ishihama, Y., Rappsilber, J., and Mann, M. (2006) Modular stop and go extraction
tips with stacked disks for parallel and multidimensional Peptide fractionation in
proteomics,) Proteome ReS, 988994,

Andrews, G. L., Dean, R. A., Hawkridge, A. M., and Muddiman, D. C. (2011)
Improving proteome coverage on a L-X@bitrap using design of experimenisAm
Soc Mass Spectrog?, 773783.

Andrews, G. L., ShufordC. M., Burnett, J. C., Jr.,, Hawkridge, A. M., and
Muddiman, D. C. (2009) Coupling of a vented column with splitless nanoRF&IC
MS for the improved separation and detection of brain natriuretic pe3fidad its
proteolytic peptides] Chromatogr B Angt Technol Biomed Life S8i7, 948954.

Perkins, D. N., Pappin, D. J., Creasy, D. M., and Cottrell, J. S. (1999) Probability
based protein identification by searching sequence databases using mass spectrometry
data,Electrophoresi®0, 35513567.

Conesa, A., Gotz, S., Gardizomez, J. M., Terol, J., Talon, M., and Robles, M.
(2005) Blast2GO: a universal tool for annotation, visualization and analysis in
functional genomics researdBipinformatics21, 36743676.

105



17.

18.

Huang da, W., Sherman, B. T., darLempicki, R. A. (2009) Systematic and
integrative analysis of large gene lists using DAVID bioinformatics resouNags,
Protoc4, 44-57.

Huang da, W., Sherman, B. T., and Lempicki, R. A. (2009) Bioinformatics
enrichment tools: paths toward the coetpnsive functional analysis of large gene
lists, Nucleic Acids Re87, 1-13.

106



Figures

MEF
ecretome
HESC
HESC m MEF
Secretome Secretome
ololo o &h
[olololo ol

o o m

MEF

Secretome
HESC
Secretome

ol

MEF
Secretome

s
hkk

MEFs

Figure 3.1: Schematic showing endogenous signaling in hESC cultures. (A) HESCs grown
in co-culture with MEFs can affect each other in a paracrine fashion due tgesTuis
signaling. (B) MEFCM contains endogenously secreted MEF proteins. (C) HESCs grown in
MEF-CM are exposed to proteins secreted by MEF cells. These cultures also contain

endogenously produced hESC proteins.
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Figure 3.2: Schematic showing the protdor enrichment of secretory pathway organelles.

108



A mx %

p-value Fold Enrich Bonferroni |Benjamini [FDR
GO:0005737 |cytoplasm 63.7 [5.06E-121 |1.5 3.79E-118 |1.90E-118 |7.70E-118
G0:0005829 |cytosol 17.9 [2.95E-75 2.3 2.21E-72 2.45E-73  |4.49E-72
G0:0005783 |endoplasmic reticulum 124 |2.12E-46 (2.3 1.68E-43 1.22E-44 [3.22E-43
G0:0012505 |endomembrane system 10.5 [4.16E-43 2.3 3.12E-40 1.95E-41  |6.34E-40
G0:0005840 [ribosome 4.0 [6.22E-30 3.2 4.66E-27 1.94E-28 9.46E-27
G0:0009898 |internal side of plasma membrane 5.0 |2.88E-28 |2.7 2.16E-25 7.70E-27  |4.38E-25
G0:0031410 |cytoplasmic vesicle 7.9 |2.02E-26 (2.1 1.51E-23 5.21E-25 |3.07E-23
G0:0042175 |nuclear envelope-endoplasmic reticulum network 3.9 |299E-17 |24 2.24E-14 5.09E-16  |4.55E-14
G0:0044459 |plasma membrane part 17.9 |7.35E-15 1.4 5.49E-12 1.08E-13  [1.11E-11
GO:0005789 |endoplasmic reticulum membrane 3.6 [1.99E-14 (2.2 1.49E-11 2.81E-13  |3.02E-11
GO0:0005794 |Golgi apparatus 8.3 |266E-13 [1.6 1.99E-10 3.43E-12  |4.05E-10
G0:0005793 |ER-Golgi intermediate compartment 1.0 [1.99E-11 4.2 1.49E-08 2.22E-10  |3.02E-08
B Term % p-value Fold Enri t |Bonferroni |Benjamini |FDR
GO:0005737 |cytoplasm 64.6 [1.60E-164 (1.5 1.25E-161 |6.23E-162 |2.45E-161
G0:0005829 |cytosol 16.5 [5.94E-72 21 4.63E-69 4.21E-70 9.09E-69
G0:0005783 |endoplasmic reticulum 11.6 |3.08E-46 |21 2.41E-43 1.50E-44  |4.72E-43
G0:0012505 |endomembrane system 9.8 [641E-43 |21 5.00E-40 2.63E-41  |9.80E-40
G0:0005840 [ribosome 3.9 |[7.35E-34 3.1 5.73E-31 2.49E-32 1.12E-30
G0:0009898 |internal side of plasma membrane 4.6 [3.16E-28 2.5 2.47E-25 7.48E-27  |4.84E-25
G0:0031410 |cytoplasmic vesicle 7.2 [3.47E-24 |19 2.71E-21 7.13E-23  |5.31E-21
G0:0042175 |nuclear envelope-endoplasmic reticulum network 3.6 |1.62E-15 (21 1.30E-12 2.54E-14 |2.54E-12
G0:0005794 |Golgi apparatus 8.1 |1.99E-14 |1.6 1.55E-11 2.77E-13 _ |3.04E-11
G0:0005789 |endoplasmic reticulum membrane 3.2 [3.01E-13 2.1 2.35E-10 3.79E-12  |4.61E-10
G0:0005788 |endoplasmic reticulum lumen 1.4 [1.47E-12  [3.0 1.14E-09 1.71E-11  |2.24E-09
G0:0005793 |ER-Golgi intermediate compartment 0.9 [1.10E-11 3.9 8.60E-09 1.23E-10  |1.69E-08
C Term % p-value Fold Enrich t |Bonferroni |Benjamini |[FDR
GO:0005737 |cytoplasm 67.8 |1.68E-236 [1.8 9.92E-234  |4.96E-234 [2.47E-233
G0:0005739 |mitochondrion 19.4 |1.52E-91 2.5 9.00E-89 1.80E-89 |2.24E-88
G0:0005783 |endoplasmic reticulum 12.4 |3.32E-58 2.5 1.97E-55 1.64E-56  |4.89E-55
G0:0009898 |internal side of plasma membrane 5.4 |1.04E-36 3.2 6.17E-34 2.81E-35 |1.54E-33
G0:0005840 |ribosome 4.1 |8.22E-34 (3.6 4.87E-31 2.03E-32_ |1.21E-30
G0:0012505 |endomembrane system 7.0 1.75E-25 2.2 1.04E-22 3.15E-24  |2.59E-22
G0:0031410 |cytoplasmic vesicle 6.7 1.73E-24 2.2 1.02E-21 2.92E-23  |2.54E-21
GO:0005794 |Golgi apparatus 8.1 |8.80E-24 [2.0 5.21E-21 1.37E-22  [1.30E-20
G0:0005788 |endoplasmic reticulum lumen 1.9 |[5.33E-21 4.5 3.15E-18 7.51E-20 |7.85E-18
G0:0005829 |cytosol 6.2 [2.34E-15 1.9 1.38E-12 2.61E-14  [|3.44E-12
G0:0005768 |endosome 3.5 |3.84E-14 2.3 2.27E-11 4.21E-13  |5.66E-11
G0:0042175 |nuclear envelope-endoplasmic reticulum network 25 [9.01E-13 [2.6 5.33E-10 9.36E-12  |1.33E-09
D H9 Total H9 Enriched p-value
Fraction (%)| St. Dev| Fraction (%)| St. Dev| Fold Enrichment| Fisher's Exact Test|
Endoplasmic Reticulum 6.59| 0.068 19.61| 0.067 2.97 0
Golgi Apparatus 7.71 0.105 11.64| 0.047 1.51 5.83E-310
Secretory Cargo 2.88| 0.063 4.12] 0.024 1.43 4.32E-82
Secretory Pathway+Extracellular 27.58 0.086 41.17 0.075 1.49 0
Plasma Membrane 13.66 0.092 19.45 0.016 1.42 0
Mitochondria 9.66| 0.140 6.70] 0.047 0.72 1.59E-171
Nucleus 32.50| 0.349 18.36] 0.027 0.56 0
Remaining Cytoplasm 13.78] 0.093 10.98] 0.035 0.79 5.73E-133

Figure 3.3: Secretory pathway organelles were enriched during subcellular fractionation.
DAVID analysis results are shown for subcellular fractions obtained from (A) H1 cells, (B)
H9 cells and (C) MEEsells. (D) Enrichment was confirmed using a method of Gilchrist et al.

(7) for HI cells.
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Figure 3.4: Secretory proteins identified in the subcellular fraction from MEF cells. The

NSAF values, which correspond to the abundance of these proteins imiiie, sare plotted.
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Figure 3.5: Secretory proteins identified in the subcellular fraction from H1 and H9 hESCs.
The NSAF values, which correspond to the abundance of these proteins in the sample, are

plotted.
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Figure 3.6: Proteins associated wittamous signaling pathways identified in the secretome

of hESCs and MEFs.
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