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ABSTRACT OF DISSERTATION

The regulation of X chromosome inactivation in
human development and pluripotent stem cells

by

Sanjeet Patel
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles 2014

Professor Kathrin Plath, Chair

The following thesis addresses how the epigenetic state of the female X chromosome
reflects the developmental stage captured by human embryonic stem cells

(hESCs). This topic has been controversial, as many epigenetic states of the X
chromosome have been proposed to exist in female human pluripotent stem cells;
however, none of the described states captures the state of the X chromosome in the
human embryo. To investigate the basis for this disconnect between human pluripotent
stem cells and human development, we used single cell resolution techniques in
conjunction with mapping of DNA methylation and global transcription to examine the
epigenome and transcriptome of pre-implantation embryos, cells during derivation, and
in established hESCs. We demonstrate that X chromosome inactivation (XClI) initiates
early during derivation of female hESCs, and unlike mouse development, progresses
from a naive state where XIST is expressed on two active chromosomes to a state
where XIST is expressed on one inactive X chromosome. Therefore, the majority of
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established female hESCs display a pattern resembling the mouse post-implantation
embryo, with one X chromosome silenced, which is associated with the spreading and
coating of the non-coding RNA (ncRNA) XIST. However, this pattern erodes during
progressive culture of female hESCs, with Xist RNA loss and subsequent partial
activation of genes on the Xi, to an extent that is unpredictable. We also find that de
novo XCI can be stochastically disrupted during hESC derivation, leading to a state
where XIST is permanently silenced thus that XCI cannot occur in vitro. Accordingly
some established female hESC lines carry two active X chromosomes in the self-
renewing state, but, unlike the prevailing model suggests, do not undergo X
chromosome inactivation (XCI) nor undergo dosage compensation upon induction of
differentiation. Finally, we find that no existing method is capable of reproducing the
epigenetic environment of the pre-implantation embryo in established human pluripotent
stem cell lines, and conclude that a female human pluripotent stem cell that is
competent to undergo XCI has not been attained. My work places the seemingly
confusing findings regarding human pluripotency and the X chromosome into context
and also highlights the need for a revision of culture conditions to stabilize the naive,

pre-implantation state of pluripotency in human cells.
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CHAPTER 1

INTRODUCTION



The X chromosome is epigenetically unstable in female human stem cells

Human embryonic stem cells are pluripotent and thus by definition possess the
capacity to differentiate into all three germ lineages: serving as a remarkable tool for
both basic and translational science [1]. Pluripotent stem cells have allowed for deep
conceptual advances in our understanding of early embryonic development. Given their

unique ability to change cell fate on differentiation cues, they are the model system for

understanding the complex interplay of genetic and epigenetic factors required to
change cell identity. However, human pluripotent stem cells have a number of
undesirable traits including a propensity for genomic and epigenomic aberrancies: many
arising stochastically in usual culture conditions. The mechanisms surrounding this
instability are largely unknown but given that human pluripotent stem cells are being
considered as a source for regenerative medicine in human patients, efforts in clarifying
these phenomena are incredibly important. This thesis will focus on the epigenetic state
of the X chromosome in human pluripotent stem cells, and reveal an amazing
epigenetic heterogeneity between and amongst these cell lines. Our approach using
RNA FISH in conjunction with genomics based methods allows us to investigate the
activity of one chromosome at the single cell level and use those findings to guide the
population based assays yielding an incredible viewpoint of the epigenetic regulation of
the X chromosome in human pluripotent stem cells. Through these investigations we
find that X inactivation occurs during the process of human embryonic stem cell
derivation, that it is liable to errors of completion and that the ascribed essential role of
dosage compensation resulting from this process is actually not required for in vitro

differentiation. These results argue for a revision of the prevailing model of X



chromosome inactivation in human pluripotent stem cells, and at least for female human
pluripotent stem cells an appeal for the inclusion of epigenetic fithess when evaluating

these cells for both scientific and translational goals.

X Chromosome Inactivation in mice and humans

Traditionally the fundamental process of inactivating one of the two X
chromosomes in female embryos has been studied in the context of development in
mice and the mechanisms have been teased apart in mouse embryonic stem cells [2-4].
The inner cell mass of the mouse pre-implantation blastocyst is the source for mouse
embryonic stem cells [5]. During mouse embryogenesis changes on the X chromosome
parallel changing stages of development. The paternally contributed X chromosome is
initially inactive from the 4-8 cell stage and remains that way for cells giving rise to the
placental structures [2,7-9] through the expression, coating and silencing of the X
chromosome by the non-coding RNA Xist. However, cells of the inner cell mass
(epiblast progenitors — cells giving rise to the embryo proper) reactivate the paternally
inactive X chromosome through silencing of Xist (reviewed in chapter 2), resulting in
cells with two active X chromosomes. During implantation, these epiblast progenitor
cells inactivate one of the two X chromosomes to produce an adult female with one
active X chromosome. This process of random X inactivation is recapitulated in vitro
during mouse embryonic stem cell differentiation [10-11]. Hence the capacity for mouse
embryonic stem cells to model the initiation of X inactivation relies on 1) the correct
reflection of epigenetic and transcriptomic features characteristic of mouse pre-

implantation blastocyst epiblast progenitor cells, and 2) the capacity for changing cell



identify upon stimulation towards differentiation. The process of X inactivation has been
described as essential given genetic manipulations that defunctionalize Xist and thus
prevent the initiation of X chromosome inactivation leads to embryonic lethality in vivo
and cell death in vitro [2, 12- 13].

How and when the X chromosome inactivates in human development is less well
known given the genetic manipulation afforded in mice are unethical in humans.
Additionally, the observation that mouse embryos undergo X inactivation near the time
of implantation is lost in human studies given that it is impossible to retrieve the embryo
at that time of development. Although human embryonic stem cells are derived from an
equivalent state of embryonic development as mouse embryonic stem cells, the state of
the X chromosome in these stem cells is not as straightforward. Multiple states of X
inactivation exist in these lines, and the prevailing model suggests that there is 1) a
hierarchy with transitions between the reported states, and 2) the highest state in this
hierarchy has two active X chromosomes with no expression of XIST and is capable of
undergoing X inactivation [14]. Chapter 3 of this thesis will demonstrate that no
reported state of human embryonic stem cells can initiate X inactivation, and that
human embryonic stem cells are reflective of a developmental stage past the window
for initiation of X inactivation (post-XCl). This conclusion is in agreement with the
similarities in culture conditions as well as molecular phenotypes of mouse epiblast
stem cells that are pluripotent yet post-XCI, and enforces the notion that multiple
classes of pluripotency exist and the relationship of each to a developmentally

identifiable stage in vivo is complex.



States of pluripotency

Pluripotency is defined as the capability of cells to differentiate into any cell type
of the organism, and although initially described to occur during pre-implantation of
teratocarcinoma cells, it has been best defined by embryonic stem cells. One of the
most intriguing questions regarding pluripotency is the divergent phenotype of mouse
and human embryonic stem cells. Mouse embryonic stem cells were first derived from
the 129 mouse strain and shown to self-renew indefinitely in the presence of the
cytokine LIF [15-17]. They are genetically tractable with high rates of homologous
recombination in vitro as well as capable to contribute to a developing embryo and its
germline. Therefore mouse embryonic stem cells are a remarkable tool for
understanding biology in mammals.

However, not all states of pluripotency are equivalent. The state of pluripotency
in mouse embryonic stem cells has been described to be in the naive state reflecting
the late pre-implantation blastocyst and for female embryos possess two active X
chromosomes with no Xist RNA coating. These cells are grown in serum and in the
presence of the class | cytokine LIF. A more primitive variant of this state can be
derived through small molecule modulation of two signaling pathways Wnt and MAPK,
produce cell lines that resemble the early pre-implantation embryo and have been

termed the ground state of naive pluripotency or ground state [19]. These two states

are both pre-XCI and reflect pre-implantation development, however stem cells derived
from the post-implantation mouse embryo (EpiSCs) can also give rise to pluripotent
stem cells in vitro. These stem cells are liable to karyotypic abnormalities, are incapable

of contributing to the developing embryo and are dependent on the cytokine bFGF for



self-renewal [20-22]. These cells in female embryos have undergone X inactivation and
have Xist RNA coating and inactivation of one X chromosome. Molecular analysis
demonstrates that these cells are exceptionally distinct from naive mouse embryonic
stem cells. It is the culmination of these attributes that has been described as the

primed state of pluripotency. Unfortunately the aforementioned naive state in serum

conditions is now confusingly being referred to as the primed state of naive pluripotency
to distinguish from the ground state of naive pluripotency. Interestingly, although Wnt
stimulation and MAPK inhibition are not required to derive embryonic stem cells from
the more common 129 or C57/B6 mice, one or both are required to derived embryonic
stem cells from most other strains of mice. Supporting the idea that naive pluripotency
is a restricted capability, no other mammal has reproducibly shown the relatively high
degree of karyotypic stability in the naive state in vitro as that from the 129 strain of
mouse [23].

Primed pluripotency is however easy to establish in multiple species. It was this
state of pluripotency that James Thomson initially had stabilized in non-human primates
and from that work was able to derive the first human embryonic stem cell lines [1]. Like
mouse EpiSCs, human embryonic stem cells have poor single cell cloning efficiency,
are liable to karyotypic abnormalities in culture, are dependent on bFGF for self-renewal
and high levels of ascorbic acid to limit spontaneous differentiation. They tend to
express or have genes epigenetically poised for activation that are typically required for
the initiation of lineage commitment and thus this state of pluripotency is

developmentally more progressed than naive pluripotency: hence primed. These states



in mice are interconvertible, in vitro, through manipulations of culture conditions or
overexpression of pluripotency markers.

These identified culture conditions allowed for the derivation of human induced
pluripotent stem cells (hiPSCs) where pluripotent stem cells were created through
somatic cell reprogramming from human fibroblasts by overexpression of pluripotency
specific genes including Oct4, Sox2, Klf4 and cMyc [24-25]. Additionally, in the
standard hiPSC culture conditions all female human induced pluripotent stem cells
begin as possessing one XIST coated X chromosome and through time in culture lose
XIST [26]. Attempts at growing human pluripotent stem cells in mouse ground state
conditions often led to the development of transgene dependent, non-autonomously
self-renewing cells that were difficult to replicate across labs. However, in the past year
a flurry of reports claiming the establishment of naive pluripotency in human cells have
arisen, yet all fall short upon close inspection of the X chromosome as well as the
transcriptome. In essence no state of pluripotency described for human cells
recapitulates the pattern of X inactivation seen in human pre-implantation blastocysts
supporting the belief that these newly described cells are not truly at the naive state.
This argument is reinforced by the simple observation that key genes expressed in the
human blastocyst, with homologs having core function in mouse naive pluripotent stem
cells, are simply not expressed in these putative naive human cells. These results will
be touched upon in chapter 3 and described in detail in chapter 4 [27-29]. Chapter 2 will
review the foundations and principles X chromosome in activation in development and
the mechanistic insights afforded through mouse and human embryonic stem cells and

embryos. Chapter 3 will focus on the states of X inactivation in human embryonic stem



cells including aberrations that arise during culture of these cells. Chapter 4 will
demonstrate attempts at stabilizing the naive state in human pluripotency and potential
avenues to continue trying to identify the correct state of culture. Chapter 5 will provide

a summary of these results and introduce potential future directions.
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CHAPTER 2

Pluripotency and the Transcriptional Inactivation of the female X chromosome
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Abstract

X chromosome inactivation (XCI) is a striking example of developmentally
regulated, wide-range heterochromatin formation that is initiated during early embryonic
development. XCl is a mechanism of dosage compensation unique to placental
mammals whereby one X chromosome in every diploid cell of the female organism is
transcriptionally silenced to equalize X-linked gene levels to XY males. In the embryo,
XCl is random with respect to whether the maternal or paternal X chromosome is
inactivated and is established in epiblast cells upon implantation of the blastocyst.
Conveniently, ex vivo differentiation of mouse embryonic stem cells (MESCs)
recapitulates random XCI and permits mechanistic dissection of this stepwise process
that leads to stable epigenetic silencing. Here, we focus on recent studies in mouse
models characterizing the molecular players of this female-specific process with an
emphasis on those relevant to the pluripotent state. Further, we will summarize
advances characterizing XClI states in human pluripotent cells, where surprising
differences from the mouse process may have far-reaching implications for human

pluripotent cell biology.

The noncoding RNA Xist controls the initiation of random XCI

The importance of XCl is demonstrated by the fact that ablation of the master
regulator of this process, Xist (X-inactive specific transcript), leads to female-specific
lethality early in embryonic development in mice [1,2]. The X-linked Xist gene encodes
an approximately 17 kb spliced and polyadenylated transcript that is essential for

heterochromatin formation on the X chromosome from which it is transcribed [1-4]. In
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the embryo, XCl is random based on the parent-of-origin for the inactive X (Xi), such
that female organisms are mosaic for which X chromosome is expressed. /n vivo,
random XCl is initiated in epiblast cells of the inner cell mass (ICM) of the blastocyst
soon after implantation and, in vitro, upon induction of differentiation in mESCs, which
are derived from epiblast cells of the pre-implantation blastocyst. Upon initiation of XClI,
Xist is transcriptionally upregulated on the future Xi [5,6]. It has been suggested that the
transcription factor Yin-Yang 1 (YY1) tethers Xist RNA to its site of transcription by
binding directly to both Xist RNA and DNA7. The RNA then spreads and creates an
‘Xist RNA cloud’ demarcating the nuclear domain of the inactivating X yet the regulation
of the release of Xist RNA from the Yy1 tether at the site of transcription is still

unknown.

As Xist RNA molecules coat the X, they trigger transcriptional silencing with
immediate exclusion of RNA polymerase Il [8]. This is followed by loss of active
chromatin marks and establishment of silencing chromatin marks, which occur in an
ordered sequence of events and include, for example, trimethylation of histone H3
lysine 27 (H3K27me3) by the Polycomb complex PRC2, DNA methylation of promoter
regions, and recruitment of the repressive histone variant macroH2A [9]. The result is
the Xi is maintained late replicating in S phase through the lifetime of the organism. Xist
transcription and coating of the Xi continues in somatic cells, with Xist RNA dissociating
from the Xi in mitosis and re-coating the X in early G1 of the cell cycle [10]. Though Xist
depletion during initiation of XCl leads to reversal of X chromosome silencing and

heterochromatin formation, its deletion in somatic cells has only minor effects on Xi
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reactivation as the RNA acts synergistically with other repressive chromatin
modifications that accumulate on the Xi during differentiation [11,12].

Transcription and spreading of Xist RNA along the X is a prerequisite for silencing,
which is not X-restricted as silencing can spread across X:autosome translocations and
transgenic Xist can induce silencing of neighboring autosomal DNA [12]. The spread of
Xist RNA-mediated silencing into autosomal regions is variable and has been proposed
to correlate with the density of retrotransposons belonging to the family of long
interspersed elements (L1) [13]. A recent report suggested that the silencing of X-linked
L1s occurs prior to X-linked gene silencing and may promote the nucleation of
heterochromatin. Conversely, specifically a subset of young L1 elements becomes
transcribed upon Xist RNA coating and may help the local propagation of XCl [14]. In
support of a functional role for L1 elements in XCI, the human X chromosome has a
two-fold enrichment in L1 elements relative to autosomes [15]. Still it remains to be seen
whether the behavior of these repetitive elements is a functionally important means of
Xist-dependent facultative heterochromatin formation. In the following sections of the

review we will discuss how Xist is regulated in pluripotent cells of the mouse.

Acquisition of pluripotency in mouse is coupled to Xi reactivation

In the mouse, XCI occurs in two forms that differ in parent-of-origin effect and in
the developmental timing of initiation. Imprinted XCI, where the paternal X chromosome
(Xp) is inactivated, is established in the mouse pre-implantation embryo at the four-cell
stage and occurs in all cells of the pre-implantation embryo (Fig1) [16—21]. As the mid-

blastocyst stage is reached (prior to implantation), imprinted XCl is reversed only in the
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subset of cells in the ICM that give rise to the epiblast, so that the cells that form the
future embryo carry two active X chromosomes (XaXa) without Xist RNA coating
[16,18,21,22] (Fig1). Reactivation of the Xp is a prerequisite for subsequent random XCI
in the epiblast upon implantation of the blastocyst [16,18]. In contrast, the imprinted
form of XClI is maintained in the extraembryonic tissues. Random and imprinted XCI
differ in the molecular requirements for initiation and reactivation. /n vivo evidence
shows that, though Xist RNA coats the Xp, it is not required when imprinted XCI first
occurs at the four-cell stage (as it is for random XCI). Rather, Xist RNA coating is
needed to complete and stabilize the silencing of the imprinted Xi [17,19,20]. With
respect to Xi reactivation, a recent study demonstrates that the reactivation of the
imprinted Xp occurs in two steps, with induction of biallelic expression of X-linked genes
preceding the disappearance of Xist RNA coating, in agreement with the notion that Xist
RNA coating and silencing of the Xp are uncoupled at this point in development [21].
The mechanisms that lead to gene activation on the Xp and Xist silencing are still
unclear but linked to the specification of the epiblast lineage, as pre-implantation
embryos lacking the pluripotency transcription factor Nanog are unable to specify the
epiblast lineage and do not induce the loss of Xist RNA coating and Polycomb protein
enrichment on the Xi [22]. Nanog appears to be directly involved in the regulation of Xist
because pre-implantation embryos with a genetically engineered overexpression of
Nanog lose Xist RNA more rapidly, though without affecting the timing of Xp reactivation
[21]. However, Nanog may not be sufficient for this effect on Xist as Nanog is already

present in the Xi-bearing cells of the late morula and becomes restricted as the
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pluripotent XaXa epiblast lineage forms, indicating that other epiblast-linked
mechanisms must synergize with Nanog to control Xist repression [21,22].

It is now appreciated that X chromosome reactivation (XCR) also occurs during the
experimentally induced acquisition of pluripotency through either transcription factor-
induced reprogramming to induced pluripotent stem cells (iPSCs), somatic cell nuclear
transfer, or ESC/somatic cell fusion [23—25]. XCR during reprogramming of mouse
somatic cells to iPSCs leads to loss of heterochromatic marks of the Xi and Xist
repression, such that random XCI is observed upon differentiation of mouse (m) iPSCs,
as in mESCs [23] (Fig1). It has been demonstrated that XCR is a late event in miPSC
reprogramming, occurring at around the time of pluripotency gene activation [26], but
insight into the mechanism and the events leading to Xi reactivation is still lacking.
Nevertheless, the establishment of pluripotency both in vitro via reprogramming and in
vivo during the establishment of the epiblast lineage in pre-implantation embryos, is
coupled to XCR and Xist repression. Therefore, the XaXa state is a key attribute of the
pluripotent state of mMESCs and miPSCs.

Importantly, studies with a doxycycline-inducible Xist transgene have shown that
Xist-dependent gene silencing is possible in undifferentiated male and female mESCs,
but no longer after induction of differentiation or in somatic cells [12]. This observation
illustrates that Xist function is context-dependent but not with respect to sex, as factors
required for the silencing process are present in male and female undifferentiated
mMESCs. Since the active state of the X chromosomes must therefore be ensured by
strong transcriptional repression of Xist in mESCs, one can view initiation of XCl upon

differentiation of mMESCs from the perspective of loss of Xist repression.
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Xist is regulated by its antisense transcript Tsix

A major antagonizing factor to Xist in mESCs is another long noncoding RNA,
Tsix, transcribed antisense to Xist specifically in mESCs and downregulated first on the
Xi and then on the Xa during differentiation [27] (Fig2). Loss of Tsix function on one of
the two female X's leads to slight upregulation of Xist transcript levels in undifferentiated
mMESCs and skewing of XClI towards the Tsix-deleted X upon differentiation [28,29].
These observations suggest that Tsix mainly regulates the monoallelic induction of Xist
in the choice aspect of XCI. In support of this idea, live-cell imaging of differentiating
female ESCs carrying X chromosomes tagged with a tetO array bound by a tetR-
mCherry fusion confirmed a previously shown transient pairing of homologous Xist/Tsix
regions of the two X chromosomes and demonstrated that this interaction is associated
with exclusive deafening of the Tsix allele on the future Xi, which is proposed to allow
upregulation of Xist [30—32]. Tsix antagonism of Xist requires transcription through the
Xist locus and the mechanism is suggested to involve change in the chromatin structure
around the Xist 5’ regulatory region [33,34]. Together these findings indicate that Tsix is
not the only repressor of Xist in pluripotency and other factors must be involved in

keeping Xist downregulated (Fig 2-2).

Pluripotency transcription factors directly repress XCl in ESCs
Oct4, Sox2, and Nanog form a transcription factor triad that is key to maintaining
ESC identity by activating genes of the self-renewal program and repressing lineage

commitment genes. An attractive hypothesis for how pluripotency is directly linked to
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Xist repression has come from a study that demonstrates binding of Oct4, Sox2 and
Nanog to the first intron (intron 1) of Xist in male and female mESCs and loss of this
interaction upon differentiation [35]. Intriguingly, depletion of Nanog or Oct4 leads to
inappropriate Xist upregulation in male mESCs or biallelic Xist upregulation in
differentiating female mESCs [35,36]. It is still an open question whether specific
binding at intron1 is at the heart of this XCI phenotype as these pluripotency
transcription factors bind and regulate thousands of loci in the genome to maintain
pluripotency. Mechanistically, the repressive function binding to intron1 has on Xist
expression remains unclear, though one possibility is modification of the three-
dimensional chromatin configuration within the Xist locus [37].

Already one study reports no effect of heterozygous deletion of intron1 and a
very subtle skewing of XCI to the intron1-deleted X chromosome late in differentiation
[38]. Conceivably, synergism of pluripotency factor binding to intron1 of Xist as well as
other regulatory regions could suppress XCIl in mESCs. In line with this model, Tsix
transcription, particularly transcriptional elongation, is dependent upon binding of the
pluripotency transcription factors Rex1, Klf4, and cMyc, within a mini-satellite region of
the regulatory region of the gene, and to a lesser extent by binding of Oct4 and Sox2,
with the latter being somewhat debated [36,39]. Thus, the pluripotency network may
directly repress Xist and activate Tsix, which in turn contributes to the suppression of
Xist and XClI (Fig2), an idea that could be tested with double knockout studies of intron1
and Tsix. Nevertheless, it may be challenging to pinpoint a role of pluripotency

regulators in XCI| especially as additional Xist activators and repressors are discovered
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(see below) and transactivation or repression of these other factors by pluripotency

regulators may indirectly exert XCI effects.

XCl in differentiating female mouse ESCs is governed by a balance of Xist
activators and repressors

The mechanisms governing Xist upregulation during XCl must also ensure that
only one X is silenced in female cells during differentiation. In addition to the X:X pairing
model described above, another model proposes that in random XCI every individual X
has an independent probability to initiate silencing, and this probability is proportional to
the X:autosome ratio, keeping one X active per diploid chromosome set [40].
Accordingly, repressors of XCl would be autosomally encoded and activators would be
X-linked. In XX cells, the double dose of the activator would stimulate Xist upregulation
and XCI on one X, and the reciprocal cis silencing of the X-linked activator gene would
in turn protect the other X from inactivation [40].

Rnf12, the first such characterized X-linked activator of XClI, resides ~500
kilobases from Xist, and encodes an E3 ubiquitin ligase bearing a RING domain. In line
with a role in the initiation of XCl, Rnf12 protein levels increase in differentiation and
overexpression of Rnf12 stimulates ectopic XCI [41]. The heterozygous mutation of
Rnf12 in female mESCs reduces the number of female cells undergoing XCI, however,
it remains unclear if there is an essential requirement for Rnf12 in random XCI as the
two published homozygous knockout strategies show contrasting results of delayed
differentiation and dramatic loss of XCI [38,41,42]. These differences may be attributed

to differentiation protocols as the late appearance of Xist RNA cloud-positive cells
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suggests a selective outgrowth of cells undergoing XCIl independently of Rnf12. Gene
expression profiling suggests Rnf12 acts on Xist, as Xist was the only transcript
significantly downregulated in Rnf12 knockout cells [38]. Proteomic studies will likely be
necessary to see if Rnf12 plays an indirect role in XCI| through ubiquitylation targets.

Two additional noncoding RNAs have recently also been identified as X-linked
Xist activators. Jpx, located upstream of Xist, escapes XCIl and increases ~10-fold
during mESC differentiation. Its heterozygous deletion leads to loss of XCIl and
subsequent cell death upon embryoid body differentiation of female XaXa mESCs [43].
These phenotypes can be rescued by an autosomal Jpx transgene, indicating that this
novel gene can function in frans, which contrasts Xist and Tsix [43]. Strikingly, the
double knockout of Jpx and Tsix completely restores XCI kinetics and viability and thus
it will be exciting to see how this observation and the mechanistic action of Jpx is
explained [43]. Like Jpx, the noncoding transcript encoded by the neighboring Fix gene
is also transcriptionally upregulated with female mESC differentiation. Targeted deletion
of Ftx suggests that its role is in controlling the chromatin structure of the Xist promoter
[44]. It is tempting to speculate that continuous expression of these noncoding
transcripts may be necessary for Xist itself to escape XCI. Rnf12 and Jpx are both
bound by Oct4, Sox2, and Nanog in mESCs, suggesting that pluripotency factors could
also act on XCI through these X-linked activators [45].

In summary, the activation of Xist, repression of Tsix, and XCI during mESC
differentiation depends on the downregulation of pluripotency factors and the

expression of X-linked activators such as Rnf12, Jpx and Ftx, linking XClI status to the

21



global pluripotency gene-expression network and ensuring sex-specificity of the

developmental process.

XCl in human development

Studies on XCI in human pluripotent cells have been more limited in scope
because of technical challenges in manipulating human pre-implantation embryos and
the ethical challenges of acquiring them. However, studies of XClI in the human system
remain essential because the XCI process appears to be different from that in mouse.
For instance, human pre-implantation embryos demonstrate XIST expression from both
X chromosomes and human full-term placentas have random, rather than imprinted XCI
found in mouse [46,47] (Fig 2-1).

RNA fluorescence in situ hybridization (FISH) shows XIST activation as a
transition from a pinpoint signal to a ‘XIST RNA cloud’ that can be appreciated in human
female pre-implantation embryos as early as the eight-cell stage [48]. In one study, the
majority of these XIST RNA-coated chromosomes show features of transcriptional
silencing and enrichment of XIST-dependent repressive histone marks in the morula
[48]. Contradictory results come from a more recent study, which finds that the
trophectoderm and the inner cell mass of both female and male human pre-implantation
blastocysts carry active X chromosomes coated by XIST RNA [49]. The discrepancy
between the two studies may be due to different culture conditions as well as
hybridization efficiencies in the FISH procedure. Regardless, it appears there is no

imprinted XCI in human embryogenesis, that human XCI has different developmental
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timing, and that XIST RNA coating of the X and XCI are uncoupled in early human
embryos (Fig1).

Studies of additional factors involved in human XCI are limited to TS/X, which
may not play a functional role in human cells. TSIX is transcribed in fetal cells, term
placenta, and human ESCs but is truncated and lacks the CpG island essential for
expression in mouse cells [50,51]. Since in human pre-Implantation development XIST
expression appears to be uncoupled from XCI, TS/X-mediated regulation may be
unnecessary. However, TSIX has not been studied in human pre-implantation
blastocysts nor during initiation of XClI, therefore a potential role may have been missed
[52]. Other modulators of XClI in mouse, namely JPX, FTX, and RNF12, have been
mapped in the human genome but their functions have not yet been tested, mostly due

to the lack of an in vitro system that allows their mechanistic dissection (see below).

Different XCI states are found in human ESCs

XCI state in human (h) ESCs is complicated by a gradual drift so that one hESC
line can exhibit different states of XCl [53—-56]. hESCs are grouped into three classes to
describe the XCI states that are typically observed (Fig 2-1) [53]. Class | hESCs are
XaXa and upregulate XIST and undergo XCI upon differentiation, similar to mESCs.
This class seems to be the most difficult to stabilize in vitro because they readily
transition to class Il, which have initiated XCI already in the undifferentiated state and
carry a XIST-coated Xi. Class Il hESCs often further transition to class Il where the
silent state of the Xi is largely maintained but XIST is lost from the Xi along with the

XIST-dependent histone mark H3K27me3 which leads to partial reactivation of some Xi-
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linked genes [54,56]. XIST likely becomes silenced by methylation of its promoter
region, and class |ll hESCs do not re-express XIST upon differentiation [57,53]. Given
that both class | and Il hESCs do not express XIST and lack an Xi enrichment of
H3K27me3, extrapolating the XClI state solely on the basis of lack of XIST RNA FISH or
H3K27me3 signal or even global gene expression data, has obfuscated the collective
understanding of XCl in hESCs. Rather, characterization of XCl in hESC requires
validation against the gold-standard assays of RNA FISH for mono- or biallelic
expression of X-linked genes in addition to X/ST.

hESCs derived and maintained in hypoxia, which is thought to better represent
physiologic oxygen tension in development, preferentially remain in class | as
demonstrated by RNA FISH for XIST and X-linked genes [56]. A switch to atmospheric
oxygen tensions leads to irreversible transition to class Il and subsequently to class lll,
strengthening the observation that female hESCs are unstable with respect to their XClI
state (Fig 2-1) [56]. It will be important to determine whether this fluctuating XCI status

is indicative of global epigenetic instability in hESCs.

X chromosome state in human iPSCs

Like in the mouse, human (h) iPSCs are similar to their hESC equivalent based
on functional assays of pluripotency, genome-wide expression and chromatin analysis,
and XClI state. At early passage, hiPSCs are class Il (XaXi with XIST RNA coating)
which readily transition to class Ill as XIST RNA is lost from the Xi (Fig 2-1) [58]. The

same X chromosome is inactivated in all cells of a given hiPSC line reflecting the origin
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from a single somatic cell [58,59]. These results suggest the absence of Xi reactivation
during human cell reprogramming and enable the generation of hiPSC lines expressing
either only the Xm or Xp [58]. Such approaches have allowed for generation of
genetically-matched hiPSC lines expressing either the mutant or wild-type X-linked
gene MECP2 from fibroblasts of female patients with Rett syndrome [59,60]. However,
complete skewing of XCI to one X chromosome occurs upon extended passaging of
fibroblasts, preventing the generation of hiPSC lines with different X chromosomes
inactivated [59]. Two contradictory studies that report Xi reactivation in a subset of
hiPSC lines have not performed the single cell FISH analysis of X-linked gene
expression, and the skewed XCI in neurons generated from hiPSCs in one of the
studies would be consistent with the lack of Xi reactivation [61,62]. Nevertheless, these
results do not exclude that different culture and reprogramming conditions could lead to

XCR during hiPSC induction.

Naive versus primed pluripotency

The different XCI states in mouse and human ESCs and iPSCs suggest that
either there have been significant changes to XCl in mammalian evolution or,
alternatively, that these XCI states are reflective of two different developmental states
‘suspended’ ex vivo through current ESC culturing techniques. Although pluripotent
cells by definition can give rise to cells of all three germ layers, distinct states of
pluripotency have recently been described in vitro, represented by mESCs and mouse

epiblast stem cells (mMEpiSCs). mESCs, derived from epiblast cells of pre-implantation
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blastocysts, are cultured in the presence of the cytokine LIF whereas mEpiSCs are
obtained from post-implantation epiblast and cultured in the growth factor bFGF, in the
absence of LIF. Since mEpiSCs express genes associated with early events in
differentiation they are considered to be in the “primed” pluripotent state, whereas the
typical mESC is in the “naive” pluripotent state [63]. mEpiSCs resemble class Il
hESC/iPSCs in many aspects including their flat colony morphology, bFGF culture
requirement, and the presence of an Xi coated by Xist RNA and enriched for
H3K27me3 and the Polycomb protein Ezh2 [64—66]. XiXa mEpiSCs can also be
generated from pre-implantation blastocysts cultured with bFGF (just like hESCs),
differentiated from mESCs with bFGF and Activin A, and obtained via reprogramming of
fibroblasts with Oct4, Sox2, KIf4 and cMyc in bFGF-containing media as opposed to LIF
[66—68] (Fig1B). Together, the parallels between hESCs and mEpiSCs suggest that the
culture of human pluripotent cells has been optimized for the primed state and not for
the naive state.

More research is necessary to molecularly define whether mEpiSCs exhibit
different types of XCI states as do hESCs/iPSCs. Interestingly, it appears that
compared with mouse fibroblasts, the form of XCI in mEpiSCs is a developmental
intermediate and more labile with regard to reactivation based on studies transplanting
nuclei into xenopusgerminal vesicles [65]. In this reprogramming system, the Xi of
female mEpiSCs is receptive to nuclear reprogramming whereas the mouse fibroblast
macroH2A-enriched Xi is resistant [65].

Molecular manipulation can transition mEpiSCs to the naive pluripotent state and

these approaches have been extended to the human system to generate XaXa hESCs
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and hiPSCs. The reprogramming of mEpiSCs to an mESC-like state is achieved
through a combination of ectopic expression of any one of the transcription factors Kif4,
cMyc, Stat3 or Nanog and addition of LIF and 2i (a combination of two small molecules
inhibiting GSK3p in the Wnt signaling pathway and mitogen-activated protein kinase
signaling, which is thought to promote naive pluripotency) (Fig 2-1) [22,66,69-71]. A
subsequent study applied this approach to hESCs and found similar requirements for
acquisition of naive pluripotency in primed hESCs when Klf4 and KIf2 or KIf4 and Oct4
are overexpressed [72]. Prolonged maintenance of the naive human pluripotent state
appears to depend on constitutive overexpression of the reprogramming factors,
indicating that the naive human state is metastable [72,59]. As expected from the
mouse system, naive human pluripotent stem cells are XaXa without XIST expression,
and diverge from primed pluripotent cells in both culture requirements and molecular
profile as determined by gene expression microarrays [72]. As in mouse, XIST is re-
expressed and random XCl initiated upon differentiation of naive human cells [59,72].
The derivation of XaXa human pluripotent cells, either in the primed state under hypoxic
conditions or in the naive state, should in the future allow the modeling of initiation of
XCl ex vivo. Yet, the relevance of modeling human XCI ex vivo for the XCl process
occurring during human embryonic development is still unclear. During derivation and
culture of human pluripotent cells, the XCI state diverges from that described for pre-
implantation embryos, as the XaXa pattern with biallellic XIST coating of pre-
implantation embryos has not been detected in cell cultures ex vivo. Therefore more

studies are warranted but, with the approaches of these recent studies, we can already
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begin to define the molecular interplay of pluripotency and XClI, akin to the mouse

system, and extend these findings to optimize reprogramming to pluripotency.
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Figure 2-1: Mouse and human XCI in development and reprogramming.

Left Panel: Species differences during normal embryogenesis with respect to XCI

converge to random X inactivation in the embryo.

Right Panel: Mouse and human reprogramming can produce both naive and primed
pluripotent stem cells. * The naive human state requires continuous ectopic expression
of reprogramming factors for stability. **This figure has been modified to reflect diploid

chromosomes.
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Figure 2-2: Xist activators and repressors regulate initiation of XCl in mESCs.

Xist levels are low in the undifferentiated state before onset of XClI, because of
pluripotency transcription factors repressing Xist directly or indirectly via Tsix. X-linked
Xist activators increase Xist levels during differentiation, as they themselves are

upregulated.
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CHAPTER 3

X CHROMOSOME INACTIVATION IN FEMALE

HUMAN EMBRYOS AND EMBRYONIC STEM CELLS
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ABSTRACT:

The mechanisms underlying X chromosome inactivation (XCI) in humans is unknown as
most of our understanding of the process of XCl derives from studies of mouse cells
(reviewed in chapter 2). XCI in mouse embryonic development is well understood
beginning with two active X chromosomes in the undifferentiated, pluripotent state
(XaXaXist-), and changes through the expression and chromosome-wide coating of
XIST RNA on one X chromosome upon induction of differentiation, resulting in the
inactivated state (XaXiXist+). This process occurs in early mouse development in vivo
and can be recapitulated in vitro using female mouse pluripotent stem

cells. Conversely, human pluripotent stem cells have been argued to display multiple
states of XCI. In human embryonic stem cells (hESCs), the XaXaXist-, XaXiXist+, and
XaXiXist- states have been described and placed in a hierarchy with XaXaXist- cells at
the top (see Figure 2-1). To study XClI in female human ESCs, we established hESC
lines with an XaXaXist- state, however, we found they are incapable of undergoing X
inactivation. We identified that early in the derivation of female hESCs the pre-XCI state
of human blastocyst showing a pattern of XaXaXist++ where two active X chromosomes
both exhibit XIST RNA clouds, transitions into an XaXiXist+ state but also,
stochastically, gives rise to XaXaXist- cells. The XaXiXist+ state would then
subsequently silence XIST and re-express previously inactivated genes consistent with
an erosion of the inactive X chromosome. However the XaXaXist- cells are stable in
culture and thus we speculate this state is a product of disrupted XCI that arises during
derivation of hESCs. Our findings show that to date no culture condition stabilizes the

human pre-XCl state. Rather upon derivation and expansion of hESC lines various XCI

40



states arise, with none of the states allowing de novo XCI and where the state of the X
chromosome present in the undifferentiated state is maintained upon differentiation.
This result does indicate that XClI is not required for in vitro differentiation. In the future it
will be interesting to uncover which aspect of X chromosome dosage correction is

required for development in vivo.
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INTRODUCTION:

X inactivation is a developmentally regulated process where in early female
development one of the two X chromosomes is randomly chosen and transcriptionally
silenced [1]. This process of random X inactivation occurs early in human development
[2], yet many of the mechanistic factors leading to this dramatic change in the
epigenome of the human X chromosome are unknown. By virtue of their ability to
undergo differentiation to all three germ lineages, human embryonic stem cells are an
attractive model system to understand mechanisms of early development and lineage
commitment. As opposed to the single pre-XClI state identified in mouse ESCs with two
active X chromosomes and no accumulation of Xist (XaXaXist-), human ESCs were
reported to have multiple states of XCI both between and within ESC lines [3]. Three
classes of XCI were identified using RNA FISH for the non-coding RNA (ncRNA) XIST
and for measuring transcription of repetitive RNA with fluorescently labeled Cot-1 DNA
probe. XaXaXist- hESCs showed two active X chromosomes in self-renewing
conditions with a lack of XIST and no focal loss of Cot-1 expression, a characteristic of
the inactive X chromosome. They were described to undergo XCI upon induction of
differentiation. XaXiXist+ ESCs have already undergone XCI| and have XIST coating the
inactive X chromosome in the self-renewing, pluripotent state. XaXiXist- hESCs had
lost XIST expression but maintained an inactive X chromosome. These latter two states
were maintained after differentiation. The Plath lab had demonstrated a similar
phenomena in female human induced pluripotent stem cells (hiPSCs) where all human
iPSCs begin as XaXiXist+ and then subsequently became XaXiXist- [4]. A later study

demonstrated through a clever drug selection model that in hiPSCs after XIST loss, the
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inactive X chromosome can “erode” and reactivate the HPRT gene. They went on to
show that through gene expression analysis from microarray data that many female
human pluripotent stem cell lines had increased expression along the X chromosome in
XaXeXist- lines [5]. However despite these similarities between certain states of XCl in
hESCs and hiPSCs, we never observed the XaXaXist- state in hiPSCs and thus we
asked if this was a state particular to hESCs. We were interested in establishing these
lines given they were argued to be competent to undergo XCI upon differentiation and
thus could serve as a model system to study the mechanisms behind human XCI.

To study the state of the X chromosomes in females cells, we initially focused on
an approach (RNA FISH) which gives single cell resolution of the expression state of
XCI, because mixed populations of XCI states can confound results from PCR based
assays. Additionally, to discriminate lines with eroded genes from lines with uniformly
active X chromosomes, we assayed multiple genes along both arms. We find that
hESCs possess multiple states of XCI, but unlike the prevailing model all states are
maintained upon differentiation and thus no class of hESC is competent to undergo de
novo X inactivation. We confirm findings from the Laurent and Eggan labs that female
hESCs erode the inactive X chromosome in the absence of XIST but show at a higher
resolution that the regions harbor multiple genes that are expressed at elevated levels.
However, we were unable to identify a dramatic effect of the state of XCI on the function
of the differentiated cells and thus argue any potential detrimental effects of erosion per
se can be masked by standard metrics of lineage function. Furthermore, we show for
the first time that a completely XaXaXist- cell line can differentiate to three germ

lineages and maintain an elevated state of X-linked gene expression. Therefore this
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argues against a necessity for dosage compensation in the differentiated state in vitro
and implies that the biallelic state maintains a 2:1 ratio of X-linked to Autosome gene
expression in differentiated cells [6-9]. We further show that a homogenously pre-XCI
state in human blastocysts rapidly changes upon derivation and heterogenous
populations of cells. Thus because the naive state of the human blastocyst is giving
rise to primed state of human embryonic stem cells, the state of the X chromosome is
changing alongside the identity of the cell. Together, these findings argue for the

XaXaXist- state in hESCs is not pre-XCI but rather an artifact of aborted XCI in culture.

RESULTS:
Different XCI states in hESCs are detectable by single cell RNA FISH

Our lab had previously used RNA FISH against one X-linked gene to define the
state of the X chromosome in human iPSCs [4]. This method allowed for single cell
resolution of allelic gene expression but was limited by assaying only a small portion of
the X chromosome. Previous studies on the states of XCI were limited to three defined
states [3], however in the interim period a fourth state was discovered where an erosion
of the Xi after loss of XIST RNA had been demonstrated in human iPSCs [5] and was
implied from DNA methylation and array gene expression analysis in hESCs and
hiPSCs [10]. Therefore, we decided to investigate at the single cell level 10 female
pluripotent hESC lines derived at UCLA (UCLA 1, 3,4, 5, 8, 9, 14, 16, 17, 18) and 3
female and 1 male pluripotent hESC lines derived at the WiCell (H9, H7, ESI03 and H1
(male)), by RNA FISH to test if erosion or biallelic expression of the X can be visualized

(Fig 3-1A). These lines were all considered pluripotent by expressing markers of
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pluripotency, showing normal karyotypes and passing the highest threshold for
differentiation capacity: teratoma formation with all three germ lineages present. The
emphasis on single cell resolution for studying XCI comes from the realization that SNP
based assays for allelic gene expression cannot adequately distinguish between
homogenous populations of biallelic cells versus heterogeneous populations of
monoallelic cells expressing from either allele.

We identified genes that are subject to X-inactivation and escape X-inactivation
(escapees) by using RNA FISH against normal human female fibroblasts. Nine genes
(Mid1, Cask, Huwe, Atrx, Ammecr1, Wdr44, Thoc2, Gpc3, Mtmr1: red signals in
representative FISH images) subject to X-inactivation and spanning the X chromosome
were used for assaying the presence of either monoallelic signal (implying that the other
allele is silent and inactivated) or biallelic signal (implying that both are active) (Fig 3-1A
and 3-1B). We also ensured the genes were long and both rich in exon and intronic
lengths to maintain a high signal to noise ratio and were of general housekeeping
function to avoid stochastic fluctuations in expression between experimental conditions.
We assessed specificity of the probe by restriction digest of the source BAC DNA to
confirm its identity and tested the resultant labeled probe for a solitary signal in male H1
hESCs (Fig 3-1B Panel B). Finally, to control for potential changes in ploidy within the
culture, escapee genes (Utx, yellow signals in representative FISH images) were used
to identify both X chromosomes.

Importantly, we found that three states of XCl are apparent in these hESC lines.
An XaXiXist- state where X-linked genes subject to inactivation (red signal) showed a

predominantly monoallelic signal despite a lack of XIST (Fig 3-1A panel A). An
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XaXeXist- state where some genes on both long and short arms of the X chromosome
were biallelic, yet others were monoallelic, implying erosion of the biallelic regions (Fig
3-1A panel B and D). This eroded state showed some X-linked genes were highly
susceptible to biallelism upon XIST loss (Mid1, Cask, Gpc3), whereas some X-linked
genes were resistant (Thoc2, Huwe). Additionally, within the eroded lines themselves,
not all genes were uniformly biallelic suggesting that the process of erosion was
dynamic and not consistently manifested by all the cells within a given culture, and thus
enforcing the notion that this phenomena is best approached through a single cell
assay. Three lines, UCLA 9, 17 and 18 displayed a homogenous XaXaXist- state as all
assayed genes showed a remarkably high and consistent biallelic signal throughout the
population of cells (Fig 3-1A panel C and 3-1B panel A). Lastly we found a variant of
erosion that could easily be misinterpreted as biallelic if only assaying a single X-linked
gene. UCLA 4 showed some genes to be completely biallelic (Wdr44, Gpc3, Cask)
whereas others remained monoallelic (Huwe). We refer to this extensively eroded state
as XaXEXist-. In the interim period of these experiments the Yamanka group had
published that reprogramming somatic cells to induced pluripotent stem cells (hiPSCs)
or culturing pre-existing hIPSCs on mouse LIF secreting immortalized STO fibroblasts
(SNL fibroblasts) could induce an XaXaXist- state in hiPSCs which, surprisingly,
resulted in an XaXiXist- state upon differentiation [11]. Their claim derived from
increased X-linked gene expression from gene expression microarray and biallelic
expression of a single X-linked gene (Pgk) by RNA FISH. We received three of these
lines as live cultures and 72 hours after receipt used RNA FISH with our panel of X-

linked genes and found these lines to be severely eroded and thus classified as
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XaXEXist- and not XaXaXist- (Fig 3-1 D). We suspect that the use of a moving average
method of quantifying X-linked gene expression and the lack of an authentic XaXaXist-
control line led them to erroneously conclude they had XaXaXist- hIPSCs.

Importantly, we believed that the 3 XaXaXist- ESC lines, UCLA 9, 17 and 18,
were examples of the prevailing model’s pristine state of human ESC capable of
undergoing X inactivation upon differentiation. Therefore we decided to investigate the
mechanisms of human X inactivation using these lines. However we immediately
noticed that these cells had slightly different phenotypes then what was claimed. First,
using immunofluorescence for NANOG, a marker restricted to the pluripotent state, no
NANOG+ XaXiXist+ cells could be found within the cultures. This contradicted the
claim that the XaXaXist- cells are labile and spontaneously undergo X chromosome
inactivation in self-renewing conditions. Additionally, spontaneous differentiation can be
found in most human pluripotent stem cell culture but we found no NANOG-, XaXiXist+
cells also indicating that these cells upon loss of the pluripotency marker were not
upregulating XIST. (3-1B Panel C). Given these findings were reproducibly seen
across all three lines, we hypothesized that perhaps the XaXaXist- cells do not undergo
XCI upon differentiation. Therefore we used retinoic acid to induce differentiation and
identify whether these lines were capable of upregulating XIST and inactivating the X

chromosome upon induction of differentiation.

The pattern of XCl in the pluripotent state is maintained upon differentiation

XCI has been studied extensively during mouse ESC differentiation and therefore

we wanted to identify the kinetics of XCI in the human system using retinoic acid (RA)
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differentiation. To date little mechanistic insight into the process of human XCI exists
because somatic cell lines cannot recapitulate the required developmental transitions in
vitro [7-10]. The XaXaXist- had previously been described to undergo X inactivation
upon differentiation and thus although spontaneous differentiation of these lines did not
upregulate XIST, we asked if a more complete method of differentiation, using retinoic
acid, could induce XIST. By using immunofluorescence for the pluripotency marker
OCT4 and RNA FISH for the same panel of X-linked genes, we assayed the state of the
X chromosomes in female ESCs in differentiated conditions (Fig 3-2A). We found that
the proportion of X-linked gene expression demonstrating monoallelic (light grey bars)
or biallelic RNA FISH signals (black bars) in OCT4-negative cells were largely similar to
the pluripotent cell of origin (Fig 3-2A, Fig 3-2B).

The XaXiXist- state has previously been shown to maintain this state in
differentiation, and the XaXeXist- state implied to persist through studies of DNA
methylation of X-linked genes [10]. We confirmed these findings using RNA FISH.
However unlike the previous description of the XaXaXist- state [3], these lines also did
not undergo X inactivation: no OCT4- negative cells demonstrated XI/ST upregulation
nor silencing of one of the two X chromosomes (Fig 3-2B panel B). Enforcing the
hypothesis that XCI cannot occur in established human ESC lines undergoing in vitro
differentiation, the enrichment of H3K27Me3 on the Xi, observed when XIST is
expressed, was absent in all retinoic acid differentiations but present as expected in
normal female dermal fibroblasts (Fig 3-2B panel B). The finding of a complete lack of

de novo XCI upon induction of differentiation of hESCs has never been described
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before predominantly due to most published findings investigating the X chromosome in
hESCs did not investigate differentiation of pure XaXaXist- hESC lines.

This was surprising given the process of XCl was described as essential for loss
of self-renewal and early development in mice. However, both spontaneous
differentiation and retinoic acid induced differentiation may produce cells with unknown
in vivo counterparts, and therefore we differentiated these cell lines to defined cell types
with assays that could describe cell specific function. We differentiated XaXaXist-,
XaXeXist-, and XaXiXist- cells towards endoderm lineage (hepatocyte-like cells) and
mesoderm lineage (cardiomyocyte-like cells). For hepatocyte-like cells we used
immunofluorescence for human albumin and found again the state of XCIl was
maintained (Fig 3-2A Panel C, Fig 3-2B panel C) with no evidence to support and
upregulation of XIST either directly using RNA FISH or indirectly through
immunofluorescence for an H3K27Me3 foci. These hepatocyte-like cells produced
human albumin at levels similar to each other implying that the original state of XCI did
not affect the synthetic capacity of the differentiated cells (Fig 3-2A Panel B). For
cardiomyocyte-like cells, we found that the cardiac troponin | positive cells also
maintained the state of XCI (Fig 3-2A Panel B). These cardiomyocyte like cells would
spontaneously contract, show appropriate calcium transients implying a functioning
sarcoplasmic reticulum and respond appropriately to beta-adrenergic stimulation (Fig 3-
2A Panel B and C, Fig 3-2B Panel D and E, Movie Fig 3-1). The cardiomyocyte-like
lines were further evaluated by genome-wide SNP/CNV array and found to be similar to
the respective starting pluripotent line with no overt increase in chromosomal copy

number indicating the biallelic expression of genes was from erosion and not changes in
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ploidy (Fig 3-2D). We were also able to derive neurons with robust neuronal projections
and outgrowths from the XaXaXist- line, UCLA9, to confirm that neuroectodermal
differentiation is not grossly affected by the complete lack of XCI (Fig 3-2A). These
findings are supported by the following two published reports. First, the Eggan lab had
demonstrated using female and male hIPSCs that model the X-linked disorder Lesch-
Nyhan Syndrome, that female hIPSCs that are isogenic but differ in regard to which
HPRT is expressed have different neural differentiation propensities. They show that
female hIPSC that have an Xa"PRT-WTxHPRT-MU gtate can produce normal neurons but
female hIPSCs that have an Xa™ " T ™XHPRTWT state have decreased neurite
projections and decreased propensity for neuronal differentiation. The latter state
mimicked the differentiation of male Xa""R"™! h|PSCs. However, upon extended
culturing the Xa PRI HPRTWT h1PSCs would silence XIST and erode the Xi leading to
reactivation of the wildtype HPRT and loss of the neuronal differentiation defect. This
argues in their system that erosion, per se, was not detrimental to neuronal
differentiation but rather the expression of the mutant form of HPRT was the source of
the defect [5]. Another example implying erosion of the Xi may not drive defective
differentiation comes from a large study from the Meissner lab (Fig 3-2C Panel A and B)
[12]. Using their data, we demonstrate that for a panel of human pluripotent stem cells
with different degree of erosion, there is no strong correlation between erosion and
differentiation propensity.

Although our derivative hepatocyte-like and cardiomyocyte-like cell lines showed
evidence of attaining cell type specific function (Movie 3-1), we cannot conclude from

these experiments if more in depth analysis would reveal subtle functional defects
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between XaXa, XaXe, XaXE, and XaXi cells. However, the capability of hLESCs to
produce these cells in vitro with normal karyotypes, and additionally a competence to
differentiate in teratoma assays, imply that the current measures of human pluripotency
are incapable of capturing many aspects of epigenetic heterogeneity. How this impacts
more defined investigations using derivatives of these lines is an important yet

understudied area.

DNA methylation patterns across the X-chromosome capture XCI states

RNA FISH for X-linked genes at the single cell level provides a resolution that
cannot be recapitulated in population based assays, however the sensitivity for the
activity of the entire X chromosome with its nearly 1000 genes is impossible to
quantitate by FISH, and so we decided to use a genomics approach to complement the
RNA FISH results and identify if across substantial differences existed between eroded
and XaXaXist- lines across the chromosome. We used reduced representation bisulfite
sequencing (RRBS) to map the methylation profiles for CpG islands of genes on the X
chromosome in our lines both in self-renewing and differentiated conditions as had
previously been shown to loosely correlate with increased gene expression [10]. We
mapped DNA methylation in XaXiXist-, XaXeXist- and XaXaXist- lines, clustered the
results according to the level of methylation within CpG islands, and found that our
classification system from RNA FISH was reproducibly confirmed by RRBS (Fig3-3A
Panel C). The XaXiXist- lines showed a highly uniform pattern of hemi-methylation

(yellow) across the X chromosome (Fig 3-3A Panel D). The XaXeXist- lines showed
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patches of demethylation (green) consistent with focal areas of erosion, and many
seemed to occur in “hotspots” within the middle of the long and short arms (Fig3-3A
panel A and D). The XaXEXist- hESC line (UCLA4) showed maintenance of
methylation near the centromeric and telomeric regions of the X chromosome (Fig 3-3A
panel A and D) and the hIPSC lines K3F1 and K3S5F4 from the Yamanaka lab grown
on SNL feeders also demonstrated these remnants of methylation (Fig 3-3B Panel E)
confirming their status as severely eroded and not like the XaXaXist- lines derived at
UCLA [11].

The XaXaXist- lines possessed a methylation pattern that mirrored the male ESC
suggesting that both X chromosomes are demethylated to same extent as the solitary
male X chromosome (Fig3-3A Panel and D). This confirmed our findings from RNA
FISH where the homogeneity in biallelic FISH signal was arising from a pure population
of XaXaXist- cells. As seen earlier by RNA FISH, after retinoic acid induced
differentiation, all XCI states were maintained and the differentiated cell’'s RRBS
patterns clustered with the self-renewing pattern on the X-chromosome (Fig3-3A Panel
A), but not for the autosomes (Fig 3-3A panel B). This indicates that the methylation
pattern on the X chromosome is conferred to the differentiated cell, but the cell fate
change is dramatic and thus the clustering on the autosomes are by cell state.
Furthermore cardiac differentiation and neuronal differentiation mirrored the parental
line (Fig 3-3A panel A), in agreement with the results from the retinoic acid induced
differentiation. These assays verified the observations from RNA FISH and strengthen

the conclusion that the XaXaXist- state of human ESCs does not undergo XCI upon
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differentiation but rather maintains that state just as all other states of XCI do in human

ESCs.

Dosage compensation is not required for pluripotent or differentiated cells in
vitro

XCI has traditionally been described as an essential process in normal female
development, which leads to the inactivation of the diploid X chromosome such that

dosage compensation to the solitary male chromosome can be achieved. However, this

leaves the sex chromosomes genetically haploinsufficient and thus multiple studies
have investigated the mechanism of compensation to the autosomes as
haploinsufficiency is usually not tolerated. We find that both our XaXeXist- and
XaXaXist- cell lines in differentiated conditions have a loss of dosage compensation and
increased gene expression from the X chromosome (Fig3-3A panels E and F).

To identify whether erosion resulted in an overall increased gene expression
from the X-chromosome, and thus also involved a loss of dosage compensation, we
used RNA-seq and enumerated first-strand synthesized transcripts using a digital
barcoding scheme resistant to bias created from PCR to identify if demethylated regions
produce an increase in total expression and not compensated by autosomal expression.
The X:A ratios from median X-linked gene expression and median autosomal gene
expression in the undifferentiated cell lines is 2:1 in the XaXa and XaXe lines, whereas
the XaXe lines are 1.5 and the XaXi lines 1.0. (Fig3-3A panels E and F). This verifies
that dosage compensation is not occurring through other mechanisms involving down-

regulation of autosomal gene expression in the pluripotent state and agrees with the
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typical finding that adult females with appropriate XCI are in effect genetically
hemizygous for the X chromosome but are not haploinsufficient by gene dosage and
maintain a 1:1 ratio of X to autosomal gene expression [6-9]. However, in this case the
lack of XClI in the XaXaXist-, and to a lesser extent XaXeXist+, is in effect producing a
functional tetraploidy in terms of gene expression where the two X chromosomes are
delivering a gene dose that is twice that of the autosomes. How this is regulated in the
inner cell mass of developing humans is unknown but it has been suggested that the
global demethylation found in XaXa female mESCs not identified in male mouse ESCs
is to potentially compensate for the increased gene expression from the two active X
chromosomes to maintain an X:A ratio less than 2:1 [13-15]. However, we found no
evidence of profound autosomal demethylation in XaXaXist- cell lines by RRBS nor
between male control and female XaXaXist- lines, indicating even if this phenomena
does occur in response to two active X chromosomes in female mouse embryonic stem
cells, it is not prevalent in human embryonic stem cells with two active X chromosomes.
We used cumulative distribution frequency plots to determine if the increased
expression was limited to specific genes or across the X chromosome and saw that in
the XaXe and XaXa lines the expression was increased at all levels of gene expression
(Fig 3-3A panel E). These distributions were significantly different and increased
compared to the other lines assayed (two-tailed KS test p < 0.01). We used the
identified eroded regions (based on DNA methylation) for each line (Fig 3-3A Panel C)
and performed an expression analysis to determine if the eroded regions in the
XaXeXist- lines showed an expression pattern similar to the same region in the

XaXaXist- lines and to determine if the inactivated regions showed an expression
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pattern similar to the same region in the XaXiXist- lines (Fig 3-3A Panel H). We find
that in the hESC lines UCLA1, 8, 4 and ESIO2, the regions that are demethylated and
thus eroded, express genes at a level similar to the XaXaXist- lines, while the regions
that maintain hemi-methylation at a level similiar to the XaXiXist- lines (KS test p>0.05).
Pluripotent stem cells may be able to handle this increased gene expression from
the X chromosome but the consequence may be more significant in the differentiated
state so we used the same analysis on the cardiac differentiated cell lines. This showed
that the expression from the X chromosome was increased (Fig 3-3A panel |) and the
expression from regions eroded and inactivated followed the same pattern of differential
expression as in the pluripotent state (Fig 3-3A panel J). The X:A ratios were elevated
for the XaXa and XaXE cardiac lines (Fig 3-3A Panel K, p < 0.05) and the differentiation
was determined to be complete from the perspective of gene expression differences
between the pluripotent and cardiac differentiated lines (Fig 3-3 Panel L, p < 0.05)
arguing against a possible maintenance of a pluripotent state leading to persistence of

the increased gene expression from the eroded regions.

Naive human pluripotent stem cell lines described to date do not display the XaXa
gene expression signature

Culture conditions for derivation and maintenance of human embryonic stem
cells have undergone many iterations, from the original description of feeder based
culture in serum to new formulations attempting to promote increased stability and ease
of passaging [1, 16]. However, the pursuit of a state of human pluripotency that is more

immature than primed pluripotency has arisen largely from the success of ground state
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culture conditions in stabilizing mouse embryonic stem cells from recalcitrant strains
and extension into other species like rats. These initial successes in rodentia were
quickly followed by a paper from the Jaenisch lab where human iPSCs cultured in
ground state conditions supplemented with the cAMP agonist forskolin were argued to
be in the naive state of pluripotency [17]. To match the proposed state, the study
authors argued that these cells were competent to undergo X inactivation using RNA
FISH for XIST as well as complementary evidence using bisulfite PCR for the XIST
promoter. We were very interested in using this proposed XaXa system capable of
undergoing de novo XCI given all XaXa hESCs lines we had established and analyzed
were incapable of undergoing X inactivation. Therefore, we assayed the gene
expression profile of the Jaenisch lab lines from the published datasets in conjunction
with the gene expression profiles for arrays on the same platform as the lines derived at
UCLA. We were interested in identifying if the increased gene expression we observed
for the XaXaXist- lines were also found in these naive lines. We further wanted to
identify if these lines were truly biallelic by determining whether they possessed an
increased X-linked gene expression in erosion resistant regions: defined by the
consistent difference in DNA methylation found in the UCLA XaXaXist- lines versus the
XaXEXist- lines, enriched at the peri-centromeric and peri-telomeric regions. We found
that the lines generated in the 2010 paper did not meet the increase in gene expression
we see in our XaXaXist- line (Figure 3-3B panel B; KS test p < 0.05) but rather the C1
hIPSC line was similar to the highly eroded UCLA4 line. By limiting the analysis to
genes that are resistant to erosion in our hands, no line generated in the 2010 paper

had the increased gene expression seen in these regions (Figure 3-3B panel C).
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Using more refined conditions, in 2013, this same authors were able to
demonstrate that the original formulation was inadequate and that conversion to the
naive state required additional constant bFGF and Tgf-beta stimulation as well as more
broad MAPK and JNK inhibition [18]. This new version of naive human pluripotent stem
cells also was argued to undergo X inactivation upon differentiation by appearance of
an H3K27Me3 foci in differentiated cells. Intriguingly, these cells were argued to be
able to undergo chimerism in mouse embryos where the isogenic primed pluripotent
lines could not, potentially reflecting the true naive state of human pluripotency in vitro.
We were fortunate to receive two hESC lines completely derived in these refined naive
conditions as described in 2013 from the author and found that by RNA FISH the male
line has a solitary X chromosome with no expression of XIST and the female line has a
pattern that is XaXiXist- (Fig 3-4B Panel C). We can see through the expression
profiles that these new naive lines also do not express genes along the X chromosome
as highly as our XaXaXist- hESC lines (KS test p < 0.01) after normalization of the two
platforms using quantile normalization. Additionally, the C1 hIPSC line derived in 2010
and cultured in the refined conditions seems to express the same degree of erosion
induced expression implying the increase in expression is carried through from the
original derivation and not a result of the new culture conditions. In retrospect, this
study claimed a new state of pluripotency in human cells by using assays that at first
glance seemed appropriate: utilization of the Oct4 distal enhancer, chimerism to early
embryos (mouse), X inactivation upon differentiation, a global demethylation pattern
seen in ground state mouse embryonic stem cells and high rates of single cell cloning

efficiencies. However, the preferential use of the distal enhancer in human blastocysts
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have never been demonstrated, the chimerism was weak at best and that assay can
support teratocarcinoma cell engraftment [19] questioning its ability to discriminate
pluripotent embryonic stem cells from transformed cells, the H3K27Me3 pattern was
multi-focal and XIST RNA was never shown to increase upon differentiation, the
claimed demethylation was nowhere near the degree seen in mouse ground state
conditions and the single cell cloning efficiency had been described before in a simpler
formulation [20].

A separate study in 2010 argued that the derivation of hESCs in hypoxia could
stabilize the XaXaXist- state (at that time believed to be labile in hESC cultures) and,
could undergo de novo XCI upon transfer to normoxic conditions [21]. This study
argued that normoxia induces a stress on the cells that induces premature XCI from a
pre-XCl state (XaXaXist-) in hESCs. We received live cultures of the lines WIBR2 and
WIBRS at low passage, cultured them briefly in hypoxia, and assayed them using RNA
FISH. We found that they were XaXiXist- and XaXiXist+, respectively, and thus
hypothesized that the SNP based assay used to determine biallelism was describing
erosion and not true biallelism as the report was on cells 40-50 passages beyond those
we had assayed at the single cell level. Interestingly, at low passage, the expression
arrays showed little to no difference in X-linked gene expression between normoxic and
hypoxic states and thus further argued against these cells from being XaXaXist- (Fig 3-
3B Panel D). Finally we used these erosion resistant regions to identify if a culture
condition using SNL feeders published by the Yamanaka lab was inducing a pattern of
erosion or met the methylation and RNA FISH signature of XaXaXist- cells. Three lines

K3F1, K3F2 and K3FS54 from the Yamanaka group harvested from live cultures within
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24 hours of receipt were processed for RRBS or plated and fixed within 72 hours for
RNA FISH showed evidence of extensive erosion but no evidence of a state consistent
with our XaXa lines (Fig 3-3A panel E, Fig 3-1 panel D) [11]. From our results, we
conclude that using gene expression microarrays and observing biallelism of a single X-
linked gene using RNA FISH is insufficient to distinguish XaXEXist- cells from XaXaXist-
cells. Therefore, we argue that culture on SNL fibroblasts leads to erosion of the Xi and
not reactivation.

Given that these profoundly different culture conditions are both creating
confusion regarding the state of the X chromosome but also incapable of reflecting a
state that has two active X chromosomes, we decided to investigate how the X
chromosome state changes during the process of hESC derivation itself. We
hypothesized that given the XaXaXist- cells do not undergo X inactivation then the
prevailing model describing the sequence of events from the blastocyst to ESC line
derivation is incorrect. We thus wanted to identify which characteristics of the state
transitions that had been reported in the literature could be reproduced in our hands as
well as identify what the sequence of events surrounding the establishment of XCl in
hESCs. Therefore we turned our attention to the events that occur during early
derivation and passage of hESCs to search for the time point when the initiation of XCI

was occurring.

XaXiXist+ cells undergo erosion during early passages

The prevailing model describes a hierarchy XCI states beginning with XaXaXist-

cells transitioning into XaXiXist+ and then XaXiXist-. However, we have observed the
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former transition in our lines. Namely, the XaXaXist- state was stable and not subject to
drift towards the XaXiXist- state. We thus focused on the state of XCl| across time in
early derivation cultures to identify how the population could change. To address this
question we used RNA FISH to follow the state of the X chromosome in early passage
hESC lines. In two lines beginning as a predominantly X/ST positive state early after
derivation we observed a progression to an XIST negative state during standard
culturing. These lines (UCLA8 and UCLA14) lost XIST quickly and heterogeneously
over time but at different rates (Fig 3-4A panel A). The loss of XIST did not coincide
with the erosion of ATRX into a biallelic signal at these early passages but remained
monoallelic. However, from the panel of lines studied earlier this gene was not subject
to early erosion and thus likely was not representing the expression of the entire X
chromosome after the loss of XIST. Thus we split and subcloned UCLAS8 into XIST +
and XIST - clones and along with the XaXaXist- hESC line, UCLA9, used RNA-seq to
quantify the expression of X-linked genes. We identified that the XIST + subclones of
UCLA 8: 3,10,23 exhibited different proportions of XIST + cells by RNA FISH.
Additionally, the median CDF of X-linked gene expression inversely correlated with the
degree of XIST loss implying that erosion of gene expression occurs quite rapidly after
XIST loss (Fig 3-4A Panel B).

When following the three XaXaXist- derived at UCLA over time, we found that
this state remained stable over time in culture and was present already in the earliest
passages (Fig 3-4A Panel C). This was in contrast to what was previously thought
regarding the XaXa state as extremely labile and subject to inactivation upon stress

[21]. Rather, all three lines across extended culturing did not show evidence of X
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inactivation and were remarkably stable as XaXa. Furthermore, hESC lines UCLA17
and UCLA18 were followed from the derivation culture (Passage 0, 3 weeks after
plating) by RNA FISH through subsequent passages (Fig 3-4A Panel D). In the initial
derivation culture, UCLA17 showed a vast majority of cells with no evidence of XCl and
only 20 nuclei could be found in over 800 with an XIST cloud and evidence of silencing
from an X-linked gene (HUWET). UCLA18 on the other hand had 11% Xist positive
nuclei with evidence of XCl demonstrated by H3K27Me3 foci as well as absence of x-
linked gene expression (Fig 3-4A Panel E). However, upon examining the entire
culture, the Xist+ cells clustered together, implying these cells arose from a common
progenitor(s). Given the majority of the culture was XaXaXist-, and at UCLA lines are
derived in a subcloning manner where pieces rather than whole derivation cultures are
used, the purity of our XaXaXist- cell lines were easily explained.

Upon careful review of the original paper describing XClI states in human ESCs
[3], the previously ascribed XaXaXist- cell lines began as a mixed culture of XaXaXist-
and XaXiXist+ cells and thus our findings could be placed in context. XaXaXist- lines
are derived from XaXaXist- cells that can be found mixed in a derivation culture with
XaXiXist+ cells and thus the method for propagation of a line from derivation cultures
will result in a mixed population in the cell line as in the case of previous publications or

a pure cell line in the case of our derivation procedures.

The XaXaXist- hESC state appears in very early derivation cultures at a time when

de novo X inactivation occurs
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The pristine state of human ESCs as determined from XCI largely arose from two
observations 1) that the cells began with two active X chromosomes as seen in mouse
ESCs, and 2) upon differentiation one X chromosome was inactivated and coated with
XIST. This model was largely guided with the known progression of XCl in mouse ES
and early development. We decided to identify the state of the human blastocyst in IVF
donated embryos at UCLA and track the progression of XCI during early derivation to
clarify how the naive embryo transitions from a pre-XClI to post-XCI state during human
ESC derivation. Both female and male pre-implantation embryos showed XIST coating
their respective X chromosomes and using RNA FISH for XIST and an X-linked gene
resistant to erosion in established lines, HUWE1, showed active X chromosomes (Fig
3-5 Panel A; Movie 3-2). This was consistent with the findings of Okamoto et al and
implied that the pre-XClI state of humans is very different from rodents and is mirrored
by indirect evidence using PCR for XIST from non-human primates [22-23]. During the
first 48 hours, approximately 24 hours after the blastocyst settles onto the feeders the
majority of cells maintain the XCI state of the pre-implantation embryo (Fig 3-5A panel B
and C). At 96 hours after plating, various states of XCl were identified and although
many could be placed in a logical sequence from the XaXaXist++ to XaXiXist+ state,
approximately 30% have silenced Xist on both alleles and by RNA FISH resemble the
XaXa human ESC state. The kinetics of XCl was not consistent as a other experiments
had shown XCI occurring at 48 hours after plating and largely complete by 96 hours (Fig
3-5B Panel A and B). A logical sequence would then entail loss of Xist on both
chromosomes and subsequent upregulation on one with later silencing of that allele to

become the Xi (Fig 3-5A Panel D); however, we cannot exclude the possibility that the
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XaXaXist- state is not within the normal sequence of human XCI. The large fraction of
cells with the XaXaXist- state observed during the early course of derivation could lead
to a greater chance of an XaXaXist- cell line to arise. We speculate the establishment of
multiple classes of XCI within the same line results from the progression of the naive
pluripotent pre-implantation blastocyst (XaXaXist++) to the primed human ESC state
(XaXiXist+ and XaXaXist-). Importantly, the naive pattern of the female human
blastocyst showing an XaXaXist++ state has never been described in currently
published naive cells and this metric may aid in identifying a pluripotent stem cell that
closely mirrors the pre-implantation human blastocyst and thus serve as a useful tool for

studying human X inactivation in vitro.
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DISCUSSION:

Our work describes a revision of the currently understood model of XCI states in
human embryonic stem cells and shows that the primed state human embryonic stem
cells is marked by several patterns of XCI never seen in the pre-implantation blastocyst.
we show that the female X chromosome in human embryonic stem cells are subject to
lability in patterns and this arises very early in derivation culture. Additionally, we
demonstrate that loss of self-renewal as well as differentiation to specific cell types do
not induce X inactivation but rather maintain the state that existed in the pluripotent cell
of origin. The most interesting finding specific to human embryonic stem cells is that the
XaXaXist- cell types do not undergo dosage compensation upon differentiation. This
finding indicates that dosage compensation is not required for cell survival in the
differentiated state, in vitro. These findings also re-emphasize that for studying X
inactivation in the human system, human embryonic stem cells are an inadequate
model and the stabilization of naive pluripotency which would capture the pre-
implantation blastocyst cell state and thus be pre-XCl is vital.

Female human embryonic stem cells derived at UCLA as well as through the
WiCell can thus be loosely categorized into four classes: XaXaXist- where both gene
expression and DNA methylation of X-linked genes resemble the male solitary X yet the
dose of genes expressed is 2 fold higher, XaXiXist+ where both gene expression and
DNA methylation show an inactive and an active X chromosome, and then XaX(i/e)Xist-
state where loss of Xist leads to reactivation of portions of the X chromosome and result

in both a loss of DNA methylation in those regions as well as increased gene
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expression. This latter state has been described in human induced pluripotent stem
cells to occur after Xist loss [5] as well as the DNA methylation patterns and described
in both human embryonic stem cells as well human induced pluripotent stem cells [10].
We show that the regions themselves that are eroded show a higher expression than
the ones that remain inactivated implying a tight link between gene expression levels
and maintenance of X inactivation.

This work hopes to clarify some aspects of confusion in the literature regarding
the state of the X chromosome in human embryonic stem cells. First, the initial
description of the classes of XCl in hESC was based on the model developed from our
understandings of mouse XCI. This work and others have shown that human pre-
implantation blastocysts are not XaXaXist- but actually XaXaXist++. Therefore the idea
that the XaXaXist- state found in human ESCs to be equivalent to the pre-XClI state
found in mouse ESCs is flawed. Additionally, the original description of XaXaXist- cells
included that upon differentiation XIST is upregulated on one X chromosome and
random X inactivation occurs. However, this study began with a mixed population of
cells resembling the derivation cultures we have seen and therefore upon differentiation
the data suggested that some of those XaXiXist+ cells simply came through. We were
fortunate to derive human ESCs as near clonal populations and thus were able to
identify that class we cells do not upregulate Xist neither through serial culture nor
through differentiation.

This the notion that the XaXaXist- cells are representative of the human
blastocyst led to a number of papers describing the acquisition of that state of XCI and

further claimed multiple mechanisms to stabilize that state including hypoxic growth
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conditions [21], antioxidant treatment [21], MAPK and GSK3B antagonism [17], HDAC
treatment [24], growth on mouse LIF producing feeder fibroblasts [11]. However no
study was able to convincingly demonstrate that a uniform population of XaXaXist- cells
became a near uniform population of XaXiXist+ cells upon differentiation. Furthermore,
only assaying single genes on the X chromosome using RNA FISH, incorrect
conclusions regarding cells with erosion versus true biallelism can be easily
appreciated. The use of both a population based assay such as RRBS with single cell
assays such as RNA FISH allows for a true representation of the heterogeneity in
culture from eroded lines.

Given human embryonic stem cells and human induced pluripotent stem cells in
the primed state are the most frequently used cell model for understanding mechanisms
of early differentiation as well a potential source for regenerative medicine, a realization
of this potential for epigenetic drift in culture and mechanisms surrounding this drift are
important future questions. Although we did not observe progressive erosion, brief
studies on three UCLA lines attempting to induce those phenomena failed to
significantly erode over 10 passages (data not shown). Thus specific events in culture
may dominate further erosion, or perhaps genetic biases inherent to some lines may
drive erosion over a short period of time. However, given that the resulting increased
gene expression from eroded regions carries through differentiation, the assessment
and consequences of these phenomena should be considered and impact on the

investigations using these lines identified.
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Experimental Procedures:

Human ES derivation

Human embryos donated from consenting couples through IVF treatment were thawed
at or derived to the blastocyst stage under hypoxia as previously reported [25]. hESC
lines were derived on inactivated CF1 mouse embryonic fibroblasts feeders and
Manual passaging from the derivation culture yielded subclones of which one was
chosen based on growth characteristics and banked by the UCLA hESC core. All lines
in this study showed normal karyotypes, capacity to produce teratomas with three germ
lineages, and expressed markers of pluripotency. hESC lines H1, H7, H9, ESI02 and

ESI03 were obtained from the WiCell Research Institutes’ WISC Bank.

Human ES culture and differentiation

Human ES lines derived on mitomycin C inactivated CF1 feeder fibroblasts were mef
depleted and plated onto hesc-qualified matrigel (BD) plates in mTesr1 (Stemcells) and
passaged 2 — 3 times prior to analysis. hESCs were typically passaged using versene
(Lonza). Retinoic acid differentiation was done by plating at 50% confluency and
switching to media containing 15% FBS in DMEMF12 with 1 uM Retinoic Acid (Tocris)
for 10 days. Directed differentiation into hepatocyte like cells [26], cardiomyocyte like
cells [27] and neurons [28] were as described previously. Albumin concentrations were

measured by ELISA (Bethyl) from one well of a six well after 24 hours of conditioning.
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Calcium transients were measured using a custom built contact fluorescence imaging

system and voltage and Ca++ signals measured and analyzed as described [29].

RNA FISH and Immunofluorescence

RNA FISH, immunofluorescence and acquisition of images were generated as
described previously [4]. The following BACs were obtained from CHORI and used to
make RNA FISH probe using the random priming method: Xist (RP11-13M9), Mid1
(RP11-798D20), Cask (Rp11-154-P12, RP11-820G10, and RP11-977L20), Huwe1
(RP11-975N19), Atrx (RP11-1145J4), Gpc3 (RP11-585F 14), Mtmr1 (WI2-2809A11 and
WI2-922F21), Wdr44 (WI2-2159C5, WI-2 2160010, WI2-585C17). RNA FISH on
blastocysts was performed as described (Nagakawa et al). Antibodies for
immunofluorescence used include Nanog (R&D AF1997), cTnl (Abcam ab47003),
Pou5F1 (Santa Cruz C10), H3K27Me3 (Millipore 07449), Afp (Sigma SAB3300007),
Albumin (Sigma A6684), Tuj1 (Abcam). Secondary antibodies used were Alexa-flours

pre-cleared and against the appropriate primary (Life).

Reduced Representation Bisulfite Sequencing

RRBS was performed as described (12). DNA Methylation calling was performed using
BS-Seeker2 (30.) using Bowtie (version 0.12.9) to perform read alignments. CpG
islands (CGls) were obtained from UCSC [31] and parsed against the Gencode
database to identify associated genes. Preliminary data processing was performed
using custom PERL scripts (http://perl.org). Clustering, and heat map generation (Fig 3-

3A-C,E) was performed using custom R scripts (http://www.r-project.org). Only sites

68



covered by at least 5 reads across all samples under consideration were used in an
effort to obtain reliable methylation levels. The methylation levels of samples were
hierarchically clustered using complete linkage and the Euclidean distance metric.

CpG sites that shows constitutive hypermethylation (>= 75%) or hypomethylation
(<=15%) across all samples were discarded for presentation purposes. Cell lines were
classified into “erosion groups” (Fig 3-3C) based on clustering results with the maximum
methylation level at each CpG across all samples within a group taken as the
representative methylation level. This is the most conservative assessment of potential
demethylation because in order to see low methylation (erosion) within a group,

all members of the group have to exhibit it. Erosion hotspots (Fig 3-3D) were identified
by first smoothing the data by taking the running mean of methylation levels within
windows of 100Kb around each CpG with at least 5X coverage across all samples.
CpGs falling within CpG islands were deemed to be eroded if they exhibited a running
mean methylation level of < 15%, while showing a hemi-methylated status (20% <=
methylation <= 60%) in the reference XaXi group and being hypomethylated in the XY
group (methylation <= 20%). Subsequent expression analysis (Fig 3-3G-J) was done at
the level of CGls based on Gencode genes (TSS +/- 2 Kb) that overlapped these
regions: Only CGls harboring at least 5 CpGs with at least 5X coverage across samples
were considered and the average methylation level calculated. CGls were deemed to
be eroded if they exhibited an average methylation of < 15%, when the reference XaXi
line (ES103) showed a hemi-methylated status (20% <= average methylation <= 60%)
and were hypomethylated (average methylation <= 20%) in the XY reference line

(UCLA10). Erosion resistant islands were those whose average methylation was > 15%
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across all lines. RRBS data from Bock et. al. [12] filtered for constitutive and
hypomethylated regions and defined as hypomethylated, hemi-methylated and fully

methylated as before.

RNA-SEQ

For gene expression analysis of the pluripotent stem cells and cardiac differentiated
derivative cells (Fig 3-3), a digital barcoding was used to enumerate transcripts using a
pool of template switching oligos with random 8-mer barcodes. Paired end reads of 50
bp in length were aligned to the human transcriptome from defined by GenCode version
16 using STAR. Unique barcodes were identified from aligned pairs by counting those
sequences within 2 Hamming Distances as non-unique using custom awk scripts.
Normalization for read depth was performed using the DE-Seq package after a lower
bound of 5 counts were filtered out. Cumulative distribution functions were plotted
using R. Statistical significance was tested using various packages including two tailed

Kolmogorov-Smirnov tests using R (http://www.r-project.org). For expression analysis

of the early passage, subcloned UCLA8 and UCLAQ9 lines (Fig 3-4), libraries were
generated using the standard strand specific lllumina Tru-seq v2 RNA-Seq workflow

and sequenced as single end reads of 50 bp.

Gene Expression Microarray analysis

RNA from UCLA lines were extracted and process under feeder free conditions and
hybridized to Affymetrix Human Genome U133 plus 2.0 arrays under standard

conditions. Array data was processed using R library affy and further normalized using
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mas5. For external data, normalization was done in tandem with the UCLA data and
after assurance of adequate normalization, expression values compared using
cumulative distribution functions (R). Data generated on other arrays such as the
HTGene arrays, raw data was normalized to UCLA data using quantile normalization
and compared. Agilent arrays were only analyzed within experiments using package

limma after QC filters for green and red channels.

SNP/CNV Copy Number Array Analysis

Genomic DNA from pluripotent stem cells and cardiac differentiated derivates were
extracted according to standard protocol. Genotyping was done on an Affymetrix
GenomeWIlde SNP 6.0 arrays analysis as per manufacturers instructions. SNP
genotyping was performed using the default parameters on the Affymetrix Genotyping

Console. All lines assayed showed correct gender calls and passed QC filters.
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FIGURE 3-1A: Human pluripotent stem cells display varied X inactivation patterns
Each bar graph shows the percent of nuclei that are scored at the single cell level with a
monoallelic (light grey), biallelic (black) and no-signal (dark grey). Each gene is subject
to X inactivation except UTX, which escapes and serves a surrogate for number of X
chromosomes and Xist (absent in this cohort of cell lines). A) UCLA1, H9 and ESIO3
RNA FISH results for allelic expression of X-linked genes are shown as percentages of
scored nuclei. Representative RNA FISH Nuclei from two of these lines shows
monoallelic expression of ATRX but indicates erosion of GPC3 in UCLA1 B) The XaXe
and D) XaXE lines show increased biallelism in some genes. C) The XaXaXist- lines
are predominantly biallelic with homogenously high percentages for each gene scored.
Representative RNA FISH images show biallelism of X-linked genes subject to
inactivation in proximity to X-linked genes subject to escape inactivation (UTX). At least
200 nuclei were scored for each gene, for each line and many lines were scored in

replicate experiments (not shown).

72



Figure 3-1A
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Figure 3-1B: RNA FISH allows for single cell resolution of X inactivation patterns
A) Representative RNA FISH images for XaXaXist- lines for genes not depicted in Fig
3-1A showing biallelic gene expression. NHDF17914 female fibroblast showing control
RNA FISH image of monoallelic X-linked gene expression in red and a solitary XIST
cloud in green. B) RNA FISH probes showing monoallelic expression in male hESC
line C) Spontaneous differentiation of a biallelic line showing DAPI channel at 5X
magnification and then nuclei with RNA FISH signal for XIST (absent), GPC3 and ATRX
(subject to inactivation, here shown biallelic) and NANOG (Marker of pluripotency) at
63X magnification. Dashed line indicates example pluripotent nuclei, solid line indicates

loss of pluripotency.
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FIGURE 3-2A: X inactivation patterns established in pluripotency are maintained
in differentiation.

A) Allelic expression as a percentage of all nuclei scored on left in pluripotent state and
on right after 10 days of retinoic acid induced differentiation. Representative RNA FISH
nuclei adjacent to graphs showing presence or absence for the pluripotency marker
OCT4 (purple) B) Top: Allelic expression of genes in hepatocyte like cells after
completion of protocol and albumin concentrations in ng/mL of each line collected 24
hours after feeding fresh media. Bottom: Allelic expression in cardiomyocyte like cells
by RNA FISH. C) Left: Hepatocyte like cell as individual nuclei showing RNA FISH
pattern corresponding to state of XCI with ALB in yellow, X-linked gene in red. Lower
magnification of same cultures stained for two markers of hepatocyte like cells, ALB in
green, AFP in red, XIST in purple (absent). Middle: Cardiomyocyte like cells showing
striated patterns of cTnl after greater than 2 months of culture from initiation of
spontaneous beating. RNA FISH of nuclei show XCI pattern specific to line with X-
linked gene HUWET in red. UCLA9 shown as maximum image projection (inset) in right
corner to demonstrate biallelism evident in the z-axis. Bottom panels show absence of
XIST. Right: Neuronal Tuj1 positive (green) cells differentiated from UCLA9 showing
biallelic expression of HUWET (red), absence of XIST (yellow) and bottom panel
showing robust differentiation with no H3K27Me3 (green) foci in TUJ1 positive cells

(yellow).
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Figure 3-2A
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Figure 3-2B: The pattern of XCI is maintained in differentiation through retinoic
acid or directed into germ lineage specific cell types.

A) RNA FISH for genes on the X chromosome for the rest of the lines in the study
showing allelic expression as percentage of nuclei scored. B) H3K27Me3
immunofluorescence (green) stains for representative RA induced differentiation nuclei.
C) Immunofluorescence and RNA FISH for H3K27Me3 (green) in albumin (yellow)
positive cells of hepatocyte like cells differentiation showing no foci and absence of
XIST (purple). D) Beat frequency at baseline and after addition of 1 uM isoproterenol
in XaXa UCLAS9 and control H9 derived cardiomyocyte like cells E) Calcium transient

waveforms of the same lines to match supplementary movie 1.
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Figure 3-2B
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Figure 3-2C: Differentiation propensities do not correlate with the degree of
erosion in female human pluripotent stem cells.

A) Heatmap demonstrating the degree and distribution of erosion in female lines across
the X chromosome from a large study identifying lineage propensities of human
pluripotent stem cells lines. (Green is demethylated, Yellow hemi-methylated and Red
constitutively methylated, 888 cytosines passed filter on 32 samples). The black cluster
represent male pluripotent stem cells and lack of significant DNA methylation on the
solitary active X chromosome. The orange clusters represent the most highly eroded
lines in the study for which no significant pattern of differentiation bias could be
identified. B) Scatterplot of erosion as median methylation on the X chromosome and
lineage score reported. Correlation determined using Spearman’s rho. Three lines

consistently showed different behavior and corresponding dots labeled.
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Figure 3-2D: Genomewide CNV analysis does not show abnormal karyotypes in
cardiomyocyte differentiated cells

Genomewide arrays for CNV were used to identify if karyotypic abnormalities on the X
chromosome could explain the biallelic pattern seen by RNA FISH. Each chromosome
is shown as a log2 ratio of array signal indicating diploid state. UCLA 1 cardiac (amber
line) is XaXiXist-, UCLA4 cardiac (turquoise line) is XaXEXist-, and UCLA 9 (brown line)
is XaXa Xist-. The parental lines are UCLA 9 (purple), UCLA 1 (blue) and UCLA 4

(green).
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Fig 3-2D
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Figure 3-3A: Genomic approaches to assaying for X inactivation patterns reveal
hotspots of erosion in the XaXeXist- lines as well as a loss of dosage
compensation for both XaXe and XaXa lines.

A) Reduced representation bisulfite sequencing reveals hotspots of DNA demethylation
(green) in regions on the short and long arm of the chromosome amongst the XaXeXist-
lines (brown cluster). The XaXiXist- lines show hemi-methylation (yellow) along the X
chromosome (blue cluster). The XaXaXist- lines show no DNA methylation in these
same regions and mirror the solitary X chromosome found in male human ES cells
(green cluster). The XaXE line UCLA4 shows that maintenance of DNA methylation is
enriched in areas near the centromere and telomere (orange cluster). B) The autosomal
genes show clustering by cell state rather than by line suggesting that the X
chromosome confers its DNA methylation pattern upon differentiation but this is not due
to inadequate differentiation. C) The hESC lines could be grouped into five categories
resembling the RNA FISH interpretations and the pattern of XCl on the chromosome is
demonstrated from the raw signal of DNA methylation for representative lines (D). E)
RNA-seq for X-linked genes show that although the distribution of gene expression is
roughly the same after normalization the median is higher in XaXE lines (UCLA4) and
XaXa lines (UCLA9). The X:A ratio of the various lines show that XaXa and XaXE have
lost dosage compensation relative to the expression of the autosomes. F) The
distribution of X-linked genes is higher in XaXe and XaXa lines at all levels of
expression implying the increased gene expression is a result of global derepression
and not focal hyperactivity of a few genes. G) XaXe lines show gene expression levels

non-signficantly different from XaXa (grey) lines in the eroded regions (red) and non-
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signficantly different from XaXi (blue) lines in the inactivated regions (black). H) The
gene expression of cardiac differentiation also shows a global increase in XaXa and
XaXe lines with eroded regions following the same pattern as in the pluripotent state (I).
The X:A ratios in the cardiac lines imply the biallelic expression from the XaXa and
XaXe is not compensated by a reduced expression on the autosomes and thus dosage
compensation is not required for differentiation in vitro. K) Log2 ratios of pluripotent
versus cardiac derived cell lines for pluripotent specific (blue) and cardiac specific (red)

genes.
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Fig 3-3A
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Figure 3-3B: Expression from the X chromosome using cumulative distribution
frequencies demonstrate that no published pre-XClI line has the pattern of an
XaXa human ES line.

A) Cumulative distribution functions for the autosomal gene expression from our human
ES and human ES derived cardiomyocyte like cells show a non-significant difference
between the lines implying adequate normalization after RNA-Seq. B) Naive human
iPS generated from the Jaenisch lab in 2010 show no evidence of biallelism but rather
severe erosion. All lines published are depicted in green with one line (C1 naive)
expressing at a higher level than others. Our XaXi (blue) and XaXa (red) lines serve as
a metric to gauge the level of reactivation. Furthering the conclusion the C1 naive line
is merely eroded the expression in regions that are resistant to erosion but biallelically
active only in the XaXa lines are shown in right panel. Here the C1 naive line is no
different from the other lines also indicating this is not a true XaXa line but merely
severely eroded. C) New naive lines generated in the Hanna lab in 2013 show mostly
XaXi pattern (green lines) however the C1 naive line approaches (blue) is
indistinguishable from our most severely eroded line (grey). The red and pink lines
indicate the expression level of our XaXa lines and show that these are not biallelic by
expression. Two lines naive embryonic stem cells lines derived from blastocysts were
examined by RNA FISH and both are indicative of an XCl| state common to primed
pluripotency i) the male line shows monoallelic X linked gene expression with no Xist
and ii) the female line shows predominantly monoallelic X linked gene expression with a
solitary Xist cloud competently silencing that chromosome. D) The lines WIBR2 and

WIBR3 grown in hypoxia show no evidence of an XaXa state by RNA FISH or by the
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expression data published. E) Patterns of erosion can be seen in our lines from mild
(UCLA 1) to severe (UCLA4), the maintenance of pericentromeric and peritelomeric
methylation (dashed lines) distinguishes human pluripotent stem cell lines as eroded
when compared to the XaXa lines. The human iPS lines derived on mouse LIF
expressing fibroblasts and argued to be XaXa from the Yamanaka group show a pattern

consistent with severe erosion.
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Figure 3-3B
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Figure 3-4: Tracing the progression of Xist loss during early passage of human
ES cells demonstrated that Xist is loss stochastically over time and that XaXa
derivation cultures are a mix of XaXa and XaXiXist+ cells

A) The loss of Xist over time is stochastic with respect to kinetics between lines starting
as XaXaXist+. B) RNA-seq of expression from the X chromosome shows that
subcloned lines from an Xist positive cell line has an expression along the X
chromosome that is associated with the degree of loss of Xist in the population
suggesting erosion begins to occur quickly after Xist loss. C) The stability of the XaXa
state is seen in there lines derived at UCLA however at early passage Xist positive cells
were seen in the culture. D) Our procedure at UCLA is to subclone through manual
passage portions of the derivation culture and thus we are able to generate pure
populations of XaXaXist- lines from mixed cultures arising from the derivation of a single
human blastocyst. The white dotted lines represent the area that was use to derive the
line and the adjacent regions were pure XaXaXist-. E) The encircled red regions shows
an example patch of H3K27Me3 positive cells that was also Xist positive and away from

the region used to derive UCLA18.
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Figure 3-4
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Figure 3-5A: The human pre-implantation blastocyst is XaXaXist++ in female
embryos and XaXist+ in male embryos however early in the course of derivation
of an ES line, X-inactivation occurs and is subject to aborted products producing
XaXaXist- cells.

A) The majority of nuclei in human pre-implantation embryos show an Xist+ signal with
an active X chromosome representing an XCI pattern never seen in human ES nor in
mouse embryos. B) The pattern of X inactivation arises in derivation cultures as they
progress from the naive state of the human blastocyst to the primed state of human ES.
C) In this experiment XCI had not occurred by 48 hours of plating however by 96 hours
multiple forms of XCI were found with a substantial portion showing the XaXaXist- state.
D) The model of human ES derivation we put forth shows XCI occurring in the majority
of human ES derivations and in a few cases XaXa cells are produced which can give
rise to class we human ES cells. Only the pre-implantation blastocyst XCI pattern is
competent to undergo x inactivation and the XaXaXist- state is simply an intermediate of
this process. It is unclear if the XaXaXist- cells are a side product or part of usual

sequence of human XCI.
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Figure 3-5B: Human ES derivation results in stochastic kinetics of XCl during cell
fate changes.

A) This experiment showed a dramatic increase in XCI patterns at the 48 hours mark
and had largely completed by the 96 hour mark implying XCl occurs upon derivation
however is subject to different kinetics. B) The pre-implantation blastocyst does not
have H3K27Me3 foci (purple) within intact (top) or hatched embryos (bottom). C) Nuclei
by channel for examples of pre-XClI patterns of Xist, X-linked gene expression (Huwe)

and H3K27Me3 and D) post-XCI patterns.
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Movie 1: Cardiomyocyte like cell lines are responsive to beta-adrenergic
stimulation
Phase movies of UCLA4, H9 and UCLA9 showing baseline spontaneous beating and

an expected increase in frequency after addition of 1 uM isoproterenol.
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Movie 3-2: Female pre-implantation Blastocysts have uniform patterns of XClI
Z-stack movie of Female Blastocyst after RNA FISH for Xist (green) and X-linked gene
(HUWEN1). Autoflourescent debris seen with off-color orange spots typical of human
pre-implantation blastocysts. Three dimensional projection of one nuclei demonstrating
Xist expression is not limited to site of transcription consistent with spreading but X-

linked gene expression maintained consistent with an absence of silencing.
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CHAPTER 4

CURRENT STATES OF NAIVE HUMAN PLURIPOTENCY DIVERGES

SIGNFICANTLY FROM GROUND STATE MOUSE PLURIPOTENCY
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ABSTRACT

States of pluripotency represent a relatively new concept in early developmental
biology where as opposed to the traditional solitary state of pluripotency defined by
mouse embryonic stem cells, multiple stages have been isolated through modifications
of culture conditions [1-6]. In essence the originally derived mouse embryonic stem cell
represents the in vitro equivalent of the late mouse pre-implantation blastocyst inner cell
mass and the features within is termed the naive state of pluripotency. As described
earlier, this state of pluripotency has been an incredible resource to biologists because
aside from practical advantages such as ease of culture and stability across passages,
the naive state of mouse pluripotency has been integral in the creation of transgenic
mice: arguably the most important model system to study mammalian biology.

Naive pluripotency has broad implications for human stem cell biology namely it
would provide the ability to interrogate the mechanisms of early human development in
vitro. These cells would potentially supply equivalent gains in understanding biology
that mouse naive pluripotent cells have which include high cloning efficiency as single
cells, robust homologous recombination rates allowing for better genetic manipulation,
faster proliferation, increased genomic stability over time, minimal differentiation bias,
and perhaps a stronger utility for regenerative medicine and studies of developmental
biology than the current state of human embryonic stem cells (hESCs). In this context
we were interested in human naive pluripotency because it would allow us to
mechanistically dissect human X inactivation as had worked so well in the mouse
system (see Chapter 3 for kinetics of human XClI in vitro and Chapter 2 for a review of

mouse XCI). The experiments in this chapter were an attempt to stabilize this state of
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pluripotency with approach and endpoints changing as the field evolved. Therefore the
initial experiments focused on replication of the described work in the attempt to
stabilize the XaXaXist- state in human induced pluripotent stem cells (hIPSCs) but the
latter experiments were an attempt to stabilize an XaXaXist++ state as had been
clarified in the middle of my graduate work to be the pre-XCl state of female humans.
The conclusions from these experiments is that the we were unable to reproduce much
of the published literature’s findings in regards to the creation of an XaXaXist+ state
from XaXiXist- states and that current methods for producing naive pluripotency do not
resemble the pre-implantation blastocyst neither through our assays focusing on the X

chromosome nor through the data published from these reports.

INTRODUCTION:

Mouse naive pluripotency encompasses two distinct states: the traditional serum
and LIF dependent naive state and a subclassification grown in chemically defined
media termed the ground state of pluripotency [3]. The ground state is marked by a
profound global DNA demethylation [7-10], loss of the characteristic bivalent (H3K4Me3
and H3K27Me3) at lineage specific genes [11], maintained self-renewal capacity at
clonal densities and a transcriptome that mirrors the early pre-implantation blastocyst.
This state of pluripotency can be achieved in mouse embryonic stem cells by growing in
the presence of a Wnt agonist (usually the GSK3B inhibitor CHIR99021) and a MAPK
antagonist (usually PD0325901) [3]. These cells potentially also harbor a subpopulation
of totipotent cells that have a higher propensity for contribution to extra-embryonic

tissues then embryonic stem cells grown in serum [12]. This is in contrast to usual state
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of mouse embryonic stem cells (IMESCs) grown in serum and LIF where these cells are
rarely capable of contributing to the extra-embryonic tissue in chimerism assays[13-17].
Early work from the Smith lab showed that this combination of small molecules could
stabilize a transgene free rat embryonic stem cell: which until then had not been able to
be derived in usual naive culture conditions. Since that report, rat embryonic stem cells
grown in ground state conditions have been used to expand the utility of this model
species in a similar fashion as had been previously enjoyed only by the mouse [18-24].
This extension of capturing naive pluripotency in other species within rodentia and the
findings that not all strains of mice are competent to produce embryonic stem cells in
serum and many require 2i conditions [25-29] led to a hypothesis that perhaps human
naive pluripotency could be captured using similar conditions. The Jaenisch lab
published in 2010 that naive human pluripotent stem cells (hPSCs) could be stabilized
through exogenous transgene expression of the Yamanaka reprogramming factors,
Oct4, Sox2, KIf4 and cMyc in 2i conditions or for a limited set of passages in the
absence of exogenous transgene expression with the addition of a cAMP agonist,
forskolin [30]. In 2013 the same study author essentially overturned this proposed
technique of adapting 2i conditions to human stem cells where now multiple inhibitors
affecting a multitude of pathways are required to achieve naive human pluripotency
without exogenous transgenes [31]. This new technique emphasizes the addition of
basic FGF and TGF-beta, signaling molecules that are essential for primed pluripotency
and used in the absence of LIF to convert naive mESCs to primed pluripotent cells.
Without these essential signaling molecules the conditions are susceptible to yield

neural stem cell differentiation from primed human stem cell [32]. This chapter will
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focus on experiments that initially attempted to recapitulate the proposed mechanisms
for achieving naive pluripotency and then conclude with the finding that no method to
data has achieved a state of pluripotency that resembles the human pre-implantation
blastocyst. | will also discuss potential endpoints that can be used as metrics for

identifying the conditions required to potentially achieve this state.
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RESULTS:

Neither hypoxia, antioxidants, nor passaging methods affect the stability of the

XaXiXist- state in human embryonic stem cells

Culture of cells in vitro is typically done in atmospheric concentrations of oxygen
(21%), which are vastly above what is believed to be the oxygen tension in tissues
(~5%). This difference was argued to account for increased reactive oxygen species
generation in cultured cells and served the basis for a series of findings arguing for
hypoxic culture conditions stabilizing the pristine state of hESCs [33]. Additionally,
stress from freeze-thaw cycles or enzymatic dissociation for passaging was also argued
to push cells from an XaXiXist+ state to an XaXiXist- state. At the time the both the
XaXa and XaXiXist+ state were considered to be labile and we were fortunate to have
derived two hESC lines from the same donors and thus had genetically matched lines
with two distinctly different states of XCl at passage 1 after derivation. UCLA8 was a
dominantly XaXiXist- state and UCLA9 was a pure XaXaXist- state (Fig 4-1 A). Thus
we could interrogate the contribution of hypoxia and antioxidant treatment for
maintenance of the XaXaXist- state and the contribution of stress from enzymatic
dissociation for the maintenance of the XaXiXist- state. We found that the XaXaXist-
state is remarkably stable and potential reasons are elaborated in chapter 3 of this
thesis (Fig 4-1 B/C). We also found that neither oxygen concentrations of the culture
environment nor passaging method influenced the loss of Xist+ cells in UCLAS8 and that

although stress of culture may contribute to this loss, hypoxia nor manual passaging are
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preventative (Fig 4-1 D/E/F). The emphasis of the previous work regarding XaXaXist-
cells as labile and stabilized by hypoxia was reinforced by findings regarding the use of
antioxidants in the media. Also argued to prevent a transition of these cells into
XaXiXist+ cells in self-renewing conditions, we attempted to use antioxidants described
by Lengner et. al. at the same concentrations described. We found that no antioxidant
reported to prevent this transition (Fig 4-1 G/H), and given the stability of XaXaXist-
cells in the usual culture conditions, no apparent differences with the inclusion of
antioxidants on these cells. This demonstrates that the use of hypoxia to derive and
culture hESCs has no remarkable affect on the usual kinetics of XIST loss, perhaps
supporting faster silencing. Additionally, the prevailing model of XaXaXist- cells as
labile has been argued to be not the case in chapter 3, and therefore the use of
physiological oxygen or antioxidants do not appreciably change these cells in short term

culture.

Histone Deacetylase inhibition do not capture human naive pluripotency

X chromosome inactivation involves multiple sequential events leading to stable
gene repression on the future Xi. Epigenetic mechanisms for enforcement of silencing
involve histone modifications that are conducive for repression including H3K27Me3
placed by the PRC complexes and DNA methylation of gene promoters [reviewed in
34]. In 2009, a report of HDAC inhibition on female human ES cells suggested that
reactivation of the inactive X chromosome could occur and thus we were interested in

this relatively simple mechanism for creating a pre-XCl state. UCLA1 and UCLA3 from
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the hESC core were passaged into hESC media containing 0.2 mM Sodium Butyrate for
3 passages. RNA FISH for an X-linked gene (ATRX) subject to inactivation showed that
reactivation did not occur in human ES cells grown in this media (Fig 4-2 D) in any
scored nuclei. Additionally, as noticed by morphology the colonies in sodium butyrate
had a subjectively tighter appearance with better-defined edges than those grown in
usual culture conditions with vehicle (water). Incidentally (Fig 4-2A bottom right panel)
shows that using sodium butyrate during reprogramming led to polyploidy with multiple
H2K27Me3 foci and corresponding supernumerary Atrx FISH signals during
reprogramming from fibroblasts. These experiments demonstrate that the use of the
HDAC inhibitor Sodium Butyrate does not lead to a transition of post-XCl XaXiXist-

hESC to an XaXaXist+ hESC.

The addition of HDAC inhibitors nor culture on mouse LIF secreting fibroblasts
are insufficient to establish an XaXaXist- state in human somatic cell

reprogramming.

Somatic cell reprogramming to induced pluripotency vyields cells with
characteristics similar to hESCs. We were unable to use HDAC inhibition to produce an
XaXaXist- hESC from an XaXiXist- line, but speculated that the state may be extremely
stable as these hESC lines have been cultured for many passages after derivation.
Therefore we attempted to identify if any reported condition that yields an XaXa state
could induce an XaXaXist — state through somatic cell reprogramming. In order to test

these conditions we used concentrated lentivirus expressing the 4 reprogramming
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factors on normal human dermal fibroblasts (Fig 4-1 B). We evaluated the percent of
pluripotent stem cells that were created during this process using the pluripotency
marker Tra 1-60, and the percent of cells that may have lost XIST by using
immunofluorescence for focal enrichment of H3K27Me3. We tested three variables, the
basal media used in standard hESC culture versus that sold by Reprocell for which we
believed was the media that Dr. Yamanaka, 0.2 um Sodium Butyrate, and the feeder
fibroblasts used in standard (CF1 mouse derived) culture or in Yamanaka
reprogramming conditions (SNL a STO cell line that overexpresses mouse LIF). We
found that sodium butyrate did increase the number of Tra 1-60 positive colonies in
reprogramming cultures but also led to some increase in the ploidy of these colonies as
determined by multiple H3K27Me3 foci (Fig 4-1B/A). We did we see a single colony
with more than 5 nuclei that possessed an XaxXa Atrx RNA FISH signal in Yamanaka
conditions (SNL feeders with Reprocell primate media and 4 ng/mL bFGF). We
subsequently passaged those cells in the Yamanaka conditions for 10 passages and
never saw a rise in the number of XaXa positive cells, and attributed these scant cells to
be byproducts of reprogramming conditions and certainly not entire clonal colonies. We
concluded that perhaps the reprogramming conditions described were not adequately
encompassing the details necessary in order to reproduce the published findings.
Therefore we attempted to focus on the naive reprogramming, given that had the most
promise in terms of the complementary evidence of achieving a developmental stage

that may be similar to the pre-XCI human blastocyst.
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Naive pluripotency conditions using 2i + human LIF were not capable of inducing

a naive human pluripotent state in the context of somatic cell reprogramming.

The previous experiments focused on interconverting states of XCl within the
primed pluripotent state, however at the time newer reports regarding potential naive
pluripotency in human cells were intriguing. At this time, the state of XCIl in human
female blastocysts was unknown but the prevailing model in primed human ES cells
was that the XaXaXist- cells were at the top of a hierarchy of X inactivation states and
was reflective the pre-implantation human blastocyst. This conclusion was drawn from
known XCI states during early mouse embryogenesis and the finding in that the original
publication where during EB differentiation, an increase in the percent of XIST positive
cells within the culture [35]. The parallels between culture conditions and molecular
phenotypes of hESCs and mEpi-SCs are rather strong (reviewed in Chapter 2), and
indicate that the hESCs in the primed state resembles the pluripotent stem cell derived
from post-implantation mouse embryos. Chapter 3 serves to provide an explanation for
this resemblance by looking at the progression of XCI during derivation and identifying a
cell fate change from the naive human blastocyst to the primed human ES cell.
Therefore, given that in mice, X inactivation has not occurred in the pre-implantation
blastocyst, and naive cell culture of mMESCs stabilize a state of pre-XCI, an impetus for
creating naive pluripotent stem cells in humans was apparent. In 2010, the Jaenisch
lab had shown somatic cell and primed hESC reprogramming to the naive state was
possible by using mouse ground state culture conditions (1 uM PD0325901 — MAPK

inhibitor, 3 uM CHIR990221 — the GSK3B inhibitor, and human LIF, albeit with constant

111



transgene expression of the four reprogramming factors: Oct4, Sox2, KI4 and cMyc.
The metrics for this state included the utilization of the distal Oct4 enhancer, rapid cell
growth, single cell dissociation capacity, transcriptome that correlated with naive mouse
ES cells and active STATS3 signaling through a positive phosphorylation found upon
exposure to human LIF. In addition, using RNA FISH they were able to demonstrate a
process of de novo XCI in these cells where in self-renewing conditions, the cells were
absent for XIST but then upon reconversion to primed pluripotency or through embryoid
body mediated differentiation: upregulation of XIST clouds indicating de novo XCIl. We
were very interested in reproducing and establishing this system given this could allow
us to interrogate the mechanisms of human XCI. To that end we initially attempted
conversion of human fibroblasts using concentrated lentivirus expressing the four
reprogramming factors under 2i+LIF conditions (Fig 4-1 A). Although marked loss of
cells in the reprogramming culture was generally noted during the course of exposure to
2i+ LIF, few colonies would arise that resembled mESCs by morphology by Day 10 post
infection. However these colonies would crash by day 16 and no stable colony could be
maintained in these conditions. We used RNA FISH for XIST and ATRX and
immunofluorescence for H3K27Me3 (enriched on the inactive X when Xist is coating the
chromosome) on the scant colonies left by day 19 in these conditions. We found that
the few colonies alive in naive culture conditions during somatic cell reprogramming did
not have biallelic gene expression for the x-linked gene, however many would
interestingly lose H3K27Me3 suggesting a loss of Xist.

We hypothesized that perhaps the conversion of somatic cells to naive

pluripotency may be extremely inefficient given somatic cell reprogramming to primed
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conditions is already very inefficient when using lentivirus on unmodified cells. This
report from the Jaenisch lab had used a secondary reprogramming system where the
cells had undergone a conversion to primed pluripotency through lentiviral based
reprogramming, subsequently differentiated to fibroblast-like cells, and then re-induced
with reprogramming factors from the integrated constructs. Additionally, the clone used
in this paper had an unusually high kinetic of reprogramming during the first phase,
where unlike most colonies that arose at 8 weeks post transduction of three factors of
hOCT4, hSOX2 and hKLF4, the C1 clone was isolated at 2 weeks post transduction
[36] implying a specific feature of this specific clone to rapidly attain a pluripotent state.
We initially asked if simple addition of the Jaenisch media formulation onto
human primed iPS cells could induce any conversion, if even at very low levels. We
had a unique system in the lab where human iPS cells were generated from a female
that were a carriers for an HPRT mutation, an X-linked gene that when active in males
leads to the Lesch-Nyhan disease. This system allows for the generation of human iPS
cells that are either expressing the WT OR the mutant HPRT on the active X
chromosome given somatic cell reprogramming to the primed state, in our hands,

always leads to an XaXiXist+ state. Upon exposure of human iPSCs that are Xa""R™

MUT) XHPRT-WT) to the nucleotide salvage pathway inhibitor cocktail HAT (hypoxanthine,
aminopterin and thymidine) the iPS cells rapidly differentiate and die. However unlike
cells expressing WT HPRT they are resistant to the chemotherapeutic agent 6-
thioguanine (6TG). Conversely, Xa"PRT-WIx{HPRT-MUT) h1pSCs are resistant to HAT but
g(HPRT-MUT) y((HPRT-WT) we

susceptible to 6TG. Therefore by using clones that were X

could identify if certain culture conditions successfully reactivated the in active X
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chromosome by culturing in the presence of 6TG, for which they will be resistant in
baseline conditions and die in reactivated conditions (Fig1C). We used the
aforementioned naive conditions published form the Jaenisch Lab (2i+LIF) as well as
just human LIF and identified that the 2i+LIF conditions yielded profound differentiation
and in both 6 TG and HAT implying a loss of pluripotency and that human LIF yielded no
difference from baseline conditions implying that the addition of LIF to the media does

not result in reactivation of the X

Forced overexpression of the reprogramming factors in human ES and human
fibroblasts leads to ES like colonies that are not stable nor demonstrate an XaXa

phenotype by RNA FISH

Simple conversion of media from primed pluripotent specific conditions to naive
conditions often led to profound cell death, however that phenomena had been
described in conversion of mouse primed cells to naive cells and was implied from the
Hanna et. al [30]. Exogenous transgene expression of Kif4 in mouse primed cells was
reported to increase the frequency of conversion to mouse naive cells [37]. Moreover,
the use of a cAMP agonist forskolin allowed Dr. Hanna to stabilize his naive cells grown
in 2i+LIF in the absence of exogenous transgenes. Therefore we decided to attempt
the conversion of human cells in the presence of consistent transgene expression as
well as in the presence of forskolin. We used a doxycycline inducible system to express
the reprogramming factors in somatic cell reprogramming as well as using the same

transgene cassette published by Dr. Hanna in primed human ES reprogramming. We
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also cloned a reprogramming cassette that expressed L-myc as suggested by Dr.
Yamanaka to reduce transformation potential in human somatic cell reprogramming
over c-Myc and attached a GFP marker to identify when the transgene was expressed
during the course of reprogramming. Human primed pluripotent stem cells were
transfected with a plasmid that contained human Oct4 and human Kif4 under a CAGGS
promoter and then 48 hours later naive conditions (2i + LIF, 2i + LIF + FK) were applied.
Again massive differentiation and death was observed but interestingly mESC like
colonies by morphology could also be seen and many continued to grow during the
subsequent two weeks (Fig 4-1E). However RNA FISH for Xist and Atrx demonstrated
that these colonies were monoallelic for X linked genes and thus no different from the
starting population of primed pluripotent stem cells. Somatic cell reprogramming with
individual and the polycistronic cassette also yielded mouse ES like colonies however
none of the demonstrated a reactivation of the X chromosome by RNA FISH but almost
all showed no H3K27Me3 foci enrichment implying a loss of Xist (Fig 4-1F). This
showed that the inclusion of the pluripotency factors in the form of a transgene was
required to observe a morphological change, however the X chromosome was not
reactivated as had been described by the original publication. We hypothesized that the
levels of the reprogramming factors may be insufficient in these experiments, as that
notion had been proposed in the field of somatic cell reprogramming in general around

the time these experiments were underway [38].

Lentiviral reprogramming from somatic and primed cells into putative naive

conditions involve cell fate changes that may silence viral vectors
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We realized that these experiments were underpowered because we had no
marker of reprogramming progression during the course of the experiment.
Furthermore, the use of serial immunofluorescence during the reprogramming process
was an option to identify if any XaXa colony was arising, even transiently but felt this
was too labor intensive and subject to false negatives. Regardless, the new lentiviral
cassette we were using had a GFP flourophore attached through viral 2A sequence,
and what became quite evident was despite a high percentage of cells fluorescing
green in the early days after initiation of reprogramming, as soon as media exchange
occurred to primed or naive conditions, the GFP transgene would silence. This was
reproducibly seen and implied that the entire cassette was being silenced.

We expected this to occur late in reprogramming as viral vectors are known to be
silenced in pluripotent states, however in these experiments this event was occurring
extremely early. Additionally, primed reprogramming conditions would also show a loss
of GFP after conversion from fibroblast to ES media and a cessation of cell growth and
morphological changes indicative of ongoing reprogramming compared to the
previously validated control vector. We decided to test the hypothesis of viral transgene
silencing by creating a tet inducible GFP and tdTomato lentiviral construct and infect
cells during reprogramming. Near the time of media conversion a complete loss of
fluorescence was observed in the cultures consistent with silencing of either the reverse
transactivator or the tet inducible flourophore. A collaboration with the Don Kohn lab
showed that the splice acceptor in the rtta construct had been destroyed during cloning

and resulted in aberrantly spliced products (Fig 4-3D). Thus we decided to re-clone the
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M2rtta in the original FuW vector with the correct splice acceptor as well as switch the
promoter for one that has been demonstrated to resist silencing in multiple cell states
(A2UCOE) [39]. With this new vector we were able to improve the expression levels
through the course of reprogramming by using a co-transduced flourophore.
Additionally to reduce variability in between experiments we decided to utilize the Kohn
lab to create tangential flow concentrated lentivirus of the following tet inducible factors
(Fig 3) such that the same high-titer virus could be used to address concerns that
perhaps the levels or stoichiometry of the factors was at fault. We cloned into a
doxycycline-inducible FUW based lentiviral backbone the usual reprogramming factors:
hOCT4, hSOX2, hKLF4, hCMYC, hNANOG as well as factors implied to important for
mouse pluripotency: mStat3-CA (constitutively active), hPRDMT14, hKLf2 and factors
involved in a report of naive pluripotency from the Sanger institute [40]: hLRH1 and
hRARYy, as well as combinations thereof mStat3CA — 2A — NANOG, hKLF2 -2A hKLF4,
hKLF2 — 2A — mKLF4, hKLF4 - 2A - hOCT4. These viruses were validated for
expression of nuclear protein and titers from immunofluorescence ranged from 1-5 x
1077 TU/mL (Fig 4-4A). They were used in both somatic cell reprogramming and
reprogramming from the primed state with the rtta cassette driven off the A2UCOE
promoter.

No published condition allowed for stable reprogrammed naive cells lines from

somatic cells nor from primed human ES.

Since the first description of naive pluripotency in human cells, many conditions

have been clarified both by that study author as well as others in the field. However
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capturing human naive pluripotency should involve the reflection of epigenetic and
transcriptomic states that are similar to the pre-implantation blastocyst. For mouse
naive cells, a striking feature is ability to undergo X inactivation upon loss of
pluripotency. These cells begin as XaXa and result in a random inactivation with
respect to allele of XaXiXist+ cells. This same sequence was thought to occur in human
development, and thus served the basis for a number of papers claiming naive
pluripotency. It was not until clarifying experiments from the Heard laboratory showing
that pre-implantation blastocysts from humans are not XaXa but rather XaXaXist++. In
chapter 3 of this thesis | further show that upon derivation of human ES cells, the
XaXaXist++ state transitions into an XaXiXist+ state but also frequently can stall as an
XaXaXist- state. Therefore, our earlier attempts for inducing naive pluripotency by
searching for the XaXa state were misguided, and under those as well as the conditions
described in Fig 3D we can not find a state of human pluripotency that captures the pre-
implantation blastocyst state. Manipulations regarding the basal media, the
extracellular matrix, serum replacements, small molecules and reprogramming factors
have all yielded either a loss of pluripotency or metastable pluripotent states that do not
have the features of human pre-implantation blastocysts with regard to expression of
pluripotency factors or the pattern of X inactivation (Fig 4-4 B-D). Experiments yielding
mMESC like colonies in somatic cell reprogramming were also tested to see if similar
morphological changes occurred from primed hESC using the lines UCLA1, 5 and H9.
These reprogramming experiments yielded neurosphere like cells with significantly
faster kinetics then reprogramming from somatic cells. The exclusion of TGF-beta in all

experiments could explain why we had such rapid induction of primitive neural cells in
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these cultures as this has now been argued to be essential to prevent a
neuroectodermal conversion of human pluripotent stem cells into the neural fate in the

presence of 2i [30, 41].

Recent methods of establishing a naive state fail at recapitulating early human

development in regards to the pre-XClI state

Human naive pluripotency possess an X inactivation state that is not like the
mouse embryo nor mESCs, however most publications arguing for achieving this state
include within their definition an XaXaXist- cell type that upon differentiation,
upregulates XIST. The experiments performed in my hands to attain the naive state
have never resulted in this state of XCl. However it is conceivable that the XaXaXist-
state is in a continuum coming from the XaXaXist++ naive state to the XaXiXist- state,
which is potentially stabilized in these reported culture conditions. Therefore through an
initial collaborative effort, we were fortunate to receive fixed samples of these lines from
the Hanna lab grown in his reported media formulation [30] and used RNA FISH for X-
linked genes and XIST to identify if these cells are representative of the state of XCl in
human blastocysts or intermediates in primed hESC culture implying they are reflective
of an intermediate between primed and naive pluripotency. No cell line sent to us
deviated from the previous stages of primed pluripotent stem cells, and thus we
concluded that this state, although having characteristics of mouse ES cells in terms of
clonogenicity, growth rates and morphology, the epigenetic charecteristics associated

with human naive pluripotency were absent in these cells. To confirm the findings were
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not limited to naive conversion from previously established primed cells, we received his
ES lines derived in his media, cultured in our laboratory briefly and assayed for a pre-
XClI state. Both lines #38 (female) and #39 (male) showed a pattern of XCl seen in
typical primed pluripotent cells and in particular the female line had many XaXiXist+
cells. This demonstrated to us that the state of pluripotency that Gafni et al had
achieved may have brought some technical benefits in ease of culturing, the claim of

resembling the pre-implantation blastocyst could not be validated.

Highly expressed gene in human blastocysts are not expressed in the naive cells

generated using extended MAPK inhibition

Given the limited material and difficulty obtaining human embryos for research,
the ability to understand the regulatory networks important for naive human pluripotency
has been understudied. Recent work from the Tang lab succeeded in using a first
generation RNA-seq method to profile human blastocysts at the single cell level. This
data has allowed for a comparison of existing naive and primed pluripotent stem cells to
a standard of human naive pluripotency seen in the pre-implantation embryo.
Unsupervised clustering demonstrates that the epiblast and initial human ES derivation
cultures have transcriptomes that are very similar, but interestingly at passage 10 after
derivation human ES cells adopt a global transcriptome that is very distinct. This in
conjunction with results presented in the Chapter 3 suggests that a naive state of
pluripotency can be identified in early derivation cultures but changes towards a

different cells state during derivation. To avoid platform specific issues we used the
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array data from Gafni et al [31] and re-analysed it to the array data using the same array
platform from human blastocysts from Vassena et. al. [42]. We focused our attention on
genes that were involved in pluripotency specific to the human blastocyst and found in
ground state mESCs (Fig 4-6 A and B). The de novo methyltransferases DNMT3B and
DNMT3A were downregulated in human blastocysts, but to a lesser extent in the naive
cells. This point has been argued by the authors to be due to insuffiecient p38 MAPK
inhibition and involves changing the inhibitor in later versions of the media (see Hanna
Lab website: protocols tab). The genes involved in naive pluripotency in both human
and mouse embryos were dynamically higher in human blastocysts but unchanged in
the Gafni naive cells. This argued that whichever state the Gafni naive cells were in,
they could were still very distinct from the human blastocyst and resembled human
primed cells. This finding correlated well with our RNA FISH results for the state of XCI
in these cells.

Unsupervised clustering of the average expression from these single cells by cell
type show that relatively high correlations can be found, regardless of the cell type of
origin (Fig 4-6 ). However, using K-means clustering (Fig 4-6 J) on the data a minimal
set of genes that serves to distinguish the cell types can be identified. The naive set
includes well-known regulators of naive pluripotency including DNMT3L and DPPAS.
Figure 4-6 panel K also demonstrates a complete lack of clustering of expression values
between Hanna’s naive lines and the blastocyst expression values from either the
Belmonte human blastocyst array dataset [42] or Yan single cell RNA-seq datasets [43].
The Pearson correlation between differentially expressed genes in the human inner cell

mass versus primed hESC and the naive stem cells produced with version 1 of Hanna'’s
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media cocktail and his primed hESCs is 0.003. Additionally, the top 500 genes
differentially expressed in human blastocysts versus primed hESCs share only 18
genes in common with the top 500 genes differentially expressed in the Gafni et. al.
naive hESCs versus primed hESCs: of which none of them have mouse homologs that
are highly expressed in naive mESCs. This clearly demonstrates that the gene
expression differences in naive human pre-implantation blastocysts compared with
primed hESCs are not addressed in the Hanna naive lines. The original description of
these lines indicated a high correlation between the naive pluripotent stem cells and the
human blastocyst, however correlations between arrays can be driven by non-
biologically significant gene expression and thus likely resulted in the over-estimation of
the correlation between these two cell states. Transcription factors with known function
in the naive pluripotency network like ESRRB, TFCP2L1, and DNMT3L, are not
expressed in the Gafni et. al. naive lines.

A separate group had identified a combination of small molecules for which they
argue more conservatively is similar to the human blastocyst, but not reaching naive
pluripotency per se [42.1]. This group has demonstrated using a WNT agonist (BIO), a
BMP antagonist (Dorsomorphin), the commonly used MEK inhibitor (PD0325901) and
human LIF to be able to drive a cell state that is dependent on LIF signaling, and re-
expresses genes associated with the human blastocyst, namely DPPA3, DNMT3L, and
interestingly one associated with endodermal fates, GATAG. They were unable to
evaluate the X chromosome given they recognized the starting population were eroded,
yet the findings were very convincing that a number of pluripotency markers known to

be important in mouse naive pluripotency were upregulated. Therefore, we downloaded
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the data available for the H1 male line in the two states and initially just confirmed the
expression values to ensure that the absolute values were reasonably high as noted in
the human blastocyst [43]. Figure 4-6 panel C shows that although the relative
expression for these genes are high in the 3iL state, the absolute expression values
(Panel D) are not. This is due predominantly from the lack of sequencing reads
supporting the expression of these genes (given as coverage of the gene underneath
the absolute values), and therefore the inferred values are likely driven from spurious
read alignments in the primed state as opposed to truly high expression from the 3iL
state. To date there is only one RNA-seq dataset available for human blastocysts and
the relative and absolute values for these same genes are presented in Fig 4-6 panel F
where aside from ESRRB, the relative values look similar to the Ng lab’s naive cells,
however the absolute expression values are quite different. Interestingly, GATA6 was
expressed in large percentage of 3iL cells and co-expressed with NANOG but
unfortunetly with Tra 1-60 (which is not highly expressed in human blastocysts). The
study authors described this as an indicator of a more primitive state where the
pluripotent stem cells are also expressing primitive endoderm genes. This feature is
reminiscent of previous work suggesting ground state mouse pluripotency also has is
enriched for cells that express primitive endoderm genes [12,14]. However, despite
these intriguing findings, no XIST could be found in the sequencing data, suggesting
that these cells are not developmentally immature enough to recapitulate the pre-XCl
state.

Several other aspects of naive pluripotency specific to the human blastocyst

seem to be absent in the culture of these lines including the reliance of IL6 signaling in
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the human blastocyst as the dominant class | cytokine given most naive cocktails
described to date use LIF. Fig 4-6 L is where we place the recently described naive
pluripotent stem cells in the developmental pathway, close to primed but optimistically,
slightly in the correct direction towards naive pluripotency. These results highlight the
necessity for careful re-evaluation of genes sharing high expression in human pre-
implantation blastocysts amongst all published datasets in order to adequately evaluate

the validity of naive pluripotency in the human system.
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DISCUSSION:

Naive pluripotency has allowed for incredible gains in our understanding of both
developmental biology as well as the basis for the incredibly powerful biological tool :
the transgenic mouse. However, up until work that identified key signaling pathways
driving mouse pluripotency the application of naive pluripotency was limited to particular
strains of mice. Since the discovery of the 2i cocktail of small molecules naive
pluripotency and thus the ability to use homologous recombination in the setting of
transgenic animals has extended through rodentia. This has also allowed for a finer
dissection of pluripotency and has revealed that mouse embryonic stem cells grown in
serum and LIF represent an in vitro equivalent of late stage pre-implantation blastocysts
whereas mouse embryonic stem cells grown in 2i+ LIF are more similar to early stage
pre-implantation blastocysts. This difference has profound consequences as the
existence of bivalent promoters (combined H3K27Me3: repressive and H3K4Me3 :
activating) on lineage specific genes is lost in the ground state and that global DNA
methylation is much higher in the naive state then in ground state conditions. These
distinct states are convertible and thus extremely tractable for further experimentation
and has yielded incredible insights into the mechanisms surrounding DNA methylation
and early development

All other species reported outside of rodentia capable of producing pluripotent
stem cells in culture exist in a very distinct state: the primed state of pluripotency. This
state is marked by growth factor requirements that are very different from the naive (or
ground) state of pluripotency. More importantly, for scientific study the epigenetic and

transcriptomic change when going from naive to primed states of pluripotency are
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profound and marked by a steep rise in global DNA methylation as well as an increase
in the spontaneous expression of lineage specific genes. Mouse embryos derived form
the post-implantation blastocyst or cultured in primed conditions from pre-implantation
blastocysts can also be stabilized in the primed state of pluripotency, and thus to date
the only convincing comparison of naive and primed states of pluripotency are available
for mice. Since 2010 reports of naive pluripotency have arisen for human cells, and
many arguments forged from a misunderstanding of human pre-implantation biology
secondary to a lack of available data. Included in this confusion was the idea that
human pluripotent stem cells with two active X chromosomes and no expression of Xist
was the in vitro equivalent of pre-implantation blastocysts. Since 2012 and further
elaborated in chapter 3 of this thesis we know that this is not the case, and that the
female human pre-implantation blastocyst has two active X chromosomes with TWO
Xist clouds that are not silencing. Therefore all claims to naive pluripotency in human
cells that argue for an XaXaXist- state in the undifferentiated state are largely invalid
and a naive state marked by an XaXaXist++ state has yet to be described. We
attempted to derive human iPS cells from both somatic and primed pluripotent starting
populations, but were unsuccessful in ever achieving a state that showed the X
inactivation pattern of the human pre-implantation blastocyst. Moreover, our analytical
methods applied to cells and fixed coverslips from the Hanna lab further demonstrate
that the naive state of human pluripotency has yet to be achieved.

Many of identified additions to the mouse ground state media found to help
induce larger percentages of mouse es like colonies including the use of Vitamin C, high

doses of Insulin, addition of small amounts of bFGF, and are now additions or critical
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components of the evolving naive media proposed by the Hanna lab (as of May 2015, 3
versions exist with more inhibitors of lineage specific pathways with no concrete
evidence of achieving a more immature state in later versions). Additionally, given the
experiments are constrained by hypothesis derived form mouse pluripotency (e.g. the
use of 2i or the importance of ascorbic acid, the transcription factors used) it is not
surprising that we are not able to create this state. The use of these same chemicals in
mouse blastocysts leads to an increase in the epiblast progenitors and decrease in
hypoblast cells within the embryo for which naive mESCS are derived, but does NOT
result in an increase in epiblast progenitors or limit hypoblast formation in human
blastocysts [44-46]. This implies that the naive pluripotent stem cells within the human
blastocyst are maintained in that state using signaling pathways that are divergent from
mouse cells and, potentially attempts at augmenting that environment within the embryo
should precede attempts to stabilize the state in vitro. Fortunately, attempts to
understand the biology of the human pre-implantation blastocyst are making progress.
Whether any animal is truly capable outside of rodentia for a stable naive state in
vitro is controversial. The cytokine produced by fibroblast feeders (LIF) found to be
essential for the stability of mouse embryonic stem cells may have divergent
mechanisms in species outside of rodentia. Unlike mouse embryos, which express the
LIFR, human blastocysts express only the IL6R and thus the use of a cytokine that is
capable of activating the IL6 receptor in the absence of the costimulatory receptor
gp130 may give rise to a more stable from of STAT3 activation [46]. Additionally, as
more in depth studies regarding embryonic stem cells arise, the genetic differences

between mice and humans are becoming more apparent. For example repetitive
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elements that can re-wire the regulatory regions surrounding pluripotency factors are
extremely different between mice and human and thus naive pluripotency may be
“hardcoded” within the mouse genome and absent from other species.

Lastly, for the purposes of regenerative medicine, a major concern with human
embryonic stem cells is that they are liable to gather genetic and epigenetic aberrations
in culture that seem to occur at rates much more frequently than in mouse embryonic
stem cells. However, recently investigators using ground state mouse embryonic stem
cells are also identifying recurrent aberrations surrounding this state of pluripotency and
therefore which state (if any) would be best for clinical applications of human stem cells.
In conclusion, the identification of states of pluripotency has dramatically increased our
knowledge of early development, and this has allowed for a rapid expansion of tools
and technology for both basic and applied biological science. However, issues
regarding latent tumorigenicity, inadequate culture conditions and limited differentiation
propensities for human pluripotent stem cells persist. Further work on identifying key
aspects of human pre-implantation biology will be required to help guide the efforts in

stabilizing human naive pluripotency in vitro.
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EXPERIMENTAL PROCEDURES:

Human ES derivation

Human embryos donated from consenting couples through IVF treatment were thawed
at or derived to the blastocyst stage under hypoxia as previously reported [25]. hESC
lines were derived on mitomycin C (Calbiochem) inactivated CF1 mouse embryonic
fibroblasts feeders and Manual passaging from the derivation culture yielded subclones
of which one was chosen based on growth characteristics and banked by the UCLA
hESC core as the final line. All lines in this study showed normal karyotypes, capacity
to produce teratomas with three germ lineages, and expressed markers of pluripotency.
All human ESC work was approved by the University of California Los Angeles
Embryonic Stem Cell Research Oversight Committee (ESCRO). All animal research
was performed with approval from the Institutional Animal Care and Use Committee

(IACUC).

RNA FISH and Immunofluorescence

RNA FISH, immunofluorescence and acquisition of images were generated as
described previously [48]. The following BACs were obtained from CHORI and used to
make RNA FISH probe using the random priming method: Xist (RP11-13M9), Mid1
(RP11-798D20), Cask (Rp11-154-P12, RP11-820G10, and RP11-977L20), Huwe1
(RP11-975N19), Atrx (RP11-1145J4), Gpc3 (RP11-585F 14). RNA FISH on blastocysts
was performed as described (Nagakawa et al). Antibodies for immunofluorescence

used include Nanog (R&D AF1997), Pou5F1 (Santa Cruz C10), H3K27Me3 (Millipore
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07449), and Nestin (Abcam ab6142). Secondary antibodies used were Alexa-flours pre-

cleared and against the appropriate primary (Life).

Gene Expression Microarray analysis

RNA from UCLA lines were extracted and process under feeder free conditions and
hybridized to Affymetrix Human Genome U133 plus 2.0 arrays under standard
conditions. Array data was processed using R library affy and further normalized using
mas5. For external data, normalization was done in tandem with the UCLA data and
after assurance of adequate normalization, expression values compared using
cumulative distribution functions (R). Data generated on other arrays such as the
HTGene arrays, raw data was normalized to UCLA data using quantile normalization
and compared. Agilent arrays were only analyzed within experiments using package

limma after QC filters for green and red channels.

Somatic cell reprogramming

Human NHDF17914 fibroblasts were obtained from the Coriell Cell Repository and
grown in DMEM with 15% fetal bovine serum (Hyclone). SNL fibroblasts were obtained
from the ATCC, expanded and inactivated with mitomycin C. To produce primed
hIPSCs, the reprogramming factors were introduced using tangential flow concentrated
lentivirus as previously described [47]. Media was exchanged for primed pluripotency
media which consisted of DMEM:F12 (Gibco) with 20% Knockout Serum Replacement
as previously described [48]. Experiments were typically done on #1 thickness

coverslips for further assay. Naive reprogramming was attempted with various
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combinations of the following reagents. Base media was DMEM F12 (Gibco) or KO
DMEM (Gibco). Matrix involved 0.3% porcine skin gelatin (Sigma), hESC qualified
matrigel at a 1:100 dilution in basal media coated overnight at 4C and then warmed to
37C for two hours (BD). Laminin 521 was coated as recommended (Biolamina),
Vitronectin XF (BD), or FBS coated overnight at 37C and then washed four times in
large volumes of PBS (Hyclone). Serum supplementation involved using N2B27 with
and without vitamin A at 1X concentrations (Life). Knockout serum replacement was
used at 20% (v/v) (Life) or at 15% with 5% FBS (Hyclone). Albumax | was used at a
concentration of 1% (v/v) (life). Small molecules and hormones included PD0325901
(1uM Tocris), CHIR99021 (3 uM Tocris), Y27632 (10 uM Tocris), Hydrocortisone (x uM,
Tocris), A-83-01 (0.5 uM Tocris), SB203580 (5 uM Tocris), SP600125 (10 uM Tocris), L-
Ascorbic Acid 2-phosphate (100 uM, Sigma), Holo-transferrin (Sigma), human LIF
(recombinant made in house from e. coli over-expressed in BL21 DE), mouse LIF
(recombinant made in house), recombinant human insulin (20 ug/ml Sigma), Sodium
Butyrate (0.2 uM Sigma), Trolox (5 uM Sigma), Morin Hydrate (5 uM Sigma), alpha-

Lipoic acid (5 uM Sigma), N-acetyl Cysteine (100 uM Sigma).

Primed hESC reprogramming

hESC were typically maintained in feeder based culture or on feeder free matrigel
coated plates in mTesr1 (Stemcells). Lentiviral infections of human ES cells were most
optimally performed by overnight ROCK:i incubation, dispersion to single cells,
incubation with concentrated lentivirus with occasional resuspension in the presence of

ROCKI, spinning off virus after 4-6 hours of infection and plating onto freshly coated
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matrigel or feeder based plates. Transduction efficiencies were verified using
immunofluorescence for the transgene used. Media was exchanged to naive condition

48 hours after plating when colonies were approximately 4-6 cell clusters.

RNA-Seq analysis

Average Single cell gene expression from Yan et. al. were taken as processed counts in
the form of RPKMs. RNA-Seq data from Chan et. al. were processed using Sailfish [49]
against the known genes track of the UCSC hg19 Genome. Values were normalized to
each other using quantile normalization to reduce batch specific effects. Relative and
absolute values for expression of genes were parsed from individual alignments and
quantification files using the bias corrected option and plots produced using the R
statistical package (http://www.r-project.org). Pearson correlations of average lineage
specific expression was calculated using R. K-means clustering of the average single
cell expression data for each lineage in the blastocyst was initially optimized using an
custom R script to calculate the minimum number of clusters that maximizes the
adjusted R?for the data. Then with elbow determined visually, K-means clusters 1 and
4 were visually shown to be the highest expressed in the epiblast progenitors and genes
within listed. Unsupervised hierarchical clustering after quantile normalization was done

using R.
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Figure 4-1: The state of XCl in female human embryonic stem cells do not
respond to alterations in oxygen tension nor antioxidant treatment.

A) Schematic of intent for experiment demonstrating the use of hypoxia, methods of
dissociation and antioxidants to prevent the XaXaXist- (black) state transitioning to an
XaXiXist+ (dark grey) state as well as and XaXiXist+ state transitioning to an XaXiXist-
(light grey) state. RNA FISH counts are presented as percentages of total counts with
bars indicating XCI pattern. Unscorable nuclei percentages are represented at the top
of each stacked column B-E) Left panel: Manual passaging over time for indicated
sublines with percentage of XCI patterns presented as stacked columns. Middle Panel:
Collagenase based passaging for matched lines. Right Panel to graphs:
Representative RNA FISH images of each experiment with an X-linked gene ATRX in
red, XIST in orange and an escaping gene for total X chromosome count UTX in green.
F) Passaging with the EZ tool showed near equivalent loss of XaXiXist+ cells with
representative RNA FISH images below (ATRX in red, XIST in green). G-H) RNA FISH
based percentages of XCl states over three passages in hypoxia as a control for
normoxia with antioxidants : Morin Hydrate, N-acetyl Cysteine, Trolox and alpha-Lipoic

acid.
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Figure 4-2: Attempts at converting pre-existing primed cells to XaXaXist- cells
based on the published literature fail to reactivate the Xi.

A) Phase contrast images with RNA FISH and immunofluorescence for colonies formed
during at the end of reprogramming experiments. Line and condition specified in
subpanel captions B) Schematic of reprogramming conditions tested. Percentage of
Tra 1-60 positive cells produced in each condition. Immunofluorescence based counts
for colonies with H3K27Me3 foci (black bars indicate one foci, light grey bar indicate
loss of foci, dark grey bar indicates more than one foci). C) Phase contrast images of
drug selection and naive conditions used on LNS hIPSCs. D) Phase contrast and RNA
FISH for X-linked genes on UCLA1 and UCLAS3 in sodium butyrate E) Phase contrast,
immunofluorescence for pluripotency marker Tra 1-60 and absence of H3K27Me3 in
reprogramming primed pluripotent stem cells using transgenes and 2i + LIF naive
conditions. RNA FISH demonstrating representative nuclei with monoallelic expression
of X-linked gene ATRX F) Somatic cell reprogramming of normal female dermal
fibroblasts in naive conditions showing mouse es like morphology, presence of

pluripotency marker Tra 1-60 and lack of H3K27Me3 foci.
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Figure 4-3: Both somatic cell reprogramming and reprogramming from primed
pluripotency is not possible using typical combinations of media, small
molecules, matrix, and growth factors described to date.

A) Schematic of intended outcomes for somatic cell reprogramming to pre-XCl state B)
Schematic for intended outcomes for primed hESC reprogramming to pre-XCl state C)
Combinations of viral transcription factors, base media, growth factors, small molecules
and matrices were tested in multiple reprogramming experiments. The matrix depicted
here is relaying three outcomes i) Red: no conversion of somatic cells to a
reprogrammed state as assessed by lack of appreciable change in morphology ii) Grey:
colonies would arise but would not be stable either succumbing in the same
reprogramming culture or die upon initial passaging iii) Colonies were produced and
large enough to determine if the Xi state had changed from the source cell. D) Optimal
conditions for mouse es like colonies formed during virus based reprogramming are
listed, however as indicated in figure 4-4 none of these conditions yielded an X-

inactivation pattern resembling the pre-implantation human embryo.
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Figure 4-4: Optimal conditions of high insulin, 2i , human LIF and Vitamin C do
not result in NANOG positive cells but rather enrich for neurospheres

A) PCR product of expressed rtta showing mis-spliced ORF (Photo courtesy of Aaron
Cooper, Don Kohn Lab) B) Phase contrast of reprogrammed cells from normal human
dermal fibroblasts in optimal conditions in the absence of bFGF or TGF-beta C)
Immunofluorescence with RNA FISH showing Nestin positive colonies, heterogeneously
maintaining H3K27Me3 foci implying an accelerated loss of XIST D)
Immunofluorescence for OCT4 and H3K27Me3 in mouse like colonies from primed cells

and somatic cells showing maintenance of XCI patterns.
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FIG 4-4
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Figure 4-5: Naive pluripotent stem cells from the Hanna lab fail to show evidence
of an X inactivation pattern similar to human blastocysts

A) Phase and RNA FISH images of XCI patterns consistent with erosion in both primed
and naive cells from Hanna lab. B) Differentiation from the naive state as performed by
the Hanna lab showed no evidence of upregulation and coating of Xist consistent with
the lack of evidence of the pre-XClI state in panel A. Bottom panels show morphology
naive lines JH38 and JH39 in version 1 naive media 6 days after thaw C) De novo
derived lines in the naive media JH38 (male) and JH39 (female) cultured in our lab also
did not show pre-implantation blastocyst patterns of XCI but rather were consistent with
early passage primed human ES. RNA FISH for x-linked genes described in captioned

subpanels.

141



'f-" Xist Green

= Huwe Red

7 Utx Yellow

Xist Green
Gpc3 Red
Utx Yellow

Xist Green
| Huwe Red
1 Utx Yell_ow

» B g Xist Green
£ o Gpc3 Red
R 38 NAIVE PHAS Utx Yellow
i % nieses | Xist Green :
Huwe Red

Utx Yellow

5 . | Xist Green
Y s £ _ : : Gpc3 Red
SC NAIVE PHASE ) Utx Yellow

€1 Naive Differeqtiation WIBR 38 Differentation -
Xist 546 Xist 546 . LINE 38 LINE-38
Atrx 488 Atrx 488 i E

Huwe Thoc2

ies, 213 nuelei monoallelic Huwe/Diaph2; No Xist | N=
LINE 39 LINE 39

Huwe Thoc2

/DiaphBy8ss Xist+

142



Figure 4-6: The transcriptome of human naive cells lines demonstrate that they
do not acquire the gene expression program of pre-implantation blastocysts.

A) Log? ratio of normalized microarray data for pluripotency markers and de novo
methyltransferases in human blastocysts versus hESCs and B) Gafni naive versus
primed stem cells C) RNA-seq from 3iL naive H1 cells compared to primed showing
relative expression of same markers and D) absolute expression. Panel is split to show
low and high expressed cells E) Relative expression of same markers from average
single cell RNA-seq data in epiblast progenitor cells of the human inner cell mass F)
Relative expression of the same markers, split for presentation of low and highly
expressed genes G) De novo methyltransferase levels from microarray data of mouse
ESCs versus mouse EpiSCs H) Class | cytokine expression levels from 3iL naive cells
versus single cell RNAseq of epiblast progenitor cells from the human inner cell mass )
Correlations between expression of all genes aligned from RNA-seq of biologically
different lineages in the human blastocyst and human ES cells J) K-means clustering
from an optimal number of clusters identified by iterative variance estimates K) Clusters
with most significant different correlations showing naive genes are enriched L) Model
of known developmental trajectories of the de novo methyltransferases and speculated

placement of reported naive human stem cells.
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CHAPTER 5

CONCLUSIONS
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This dissertation investigates the state of the X chromosome in female human
pluripotent stem cells and focuses on the ability of the X chromosome to place these
cells in their developmental context. Published work has largely held that the state of
the X chromosome in human pluripotent stem cells mirrors that of mouse development
however we find that this is not the case and the human system of X inactivation must
follow dramatically different mechanisms of initiation. Furthermore, we identify that
although human embryonic stem cells begin as an XIST expressing XaXi state, this can
rapidly change in usual culture conditions. Finally the most surprising findings surround
the idea that X inactivation is not required for in vitro differentiation and that the state of
the X chromosome established in pluripotency persists in differentiation.

Chapter 2 focused on the published literature regarding the mechanisms
surrounding X inactivation in mouse models and the dearth of information in the human
system. The mechanisms surrounding initiation of X inactivation have been thoroughly
studied in mice and thus serve as a system to interrogate the function of several
mediators of this process. In humans, however, the lack of an appropriate system
available to study x inactivation hampers the ability to understand this mechanism.
Furthermore, the confusion surrounding classes of X inactivation, as well as the
epigenetic drift that accumulates on human pluripotent stem cells in culture further
creates a difficult system to study. Approaches to identify a naive state, for which the
cells would be considered pre-XCI, have not been successfully reproduced and

therefore many questions regarding this process are left unanswered.
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Chapter 3 focused on the state of XClI in primed pluripotent stem cells derived at
UCLA and at the WiCell. We find that many states of XCI exist and most intriguingly
that these states of XCI are maintained upon differentiation. This substantiates the
concept that human embryonic stem cells are capturing a post-implantation state of
pluripotency that has already passed the stage of X inactivation. We identify that there
exists multiple mechanisms to appreciate the state of XCl, and use these orthogonal
assays to fortify our understanding of these states. Lastly, we show that human ES
derivation itself undergoes a transition from pre-XClI in the embryo to post-XClI in the
resulting line, and that this process is subject to producing multiple endpoints. We
postulate that mixed lines in terms of XCI derived in other derivation centers is due to
the fact they passage entire derivation cultures, where here at UCLA we subclone and
thus enrich for specific XCl states. This procedure helped to identify that the current
model of XCl in human ES is mistaken and we propose an alternative model that
encompasses our data and places the existing one in congruent context.

Chapter 4 showed that the naive state of human pluripotency is yet to be
acquired. Previous reports claiming this state were largely irreproducible in my
experiments or simply did not reflect the developmental state argued. These attempts
to replicate the published work were not simply due to technical issues but instead
demonstrated that all attempts thus far to stabilize human naive pluripotency have not
achieved an epigenetic nor transcriptomic similarity to the pre-implantation blastocyst.
Unfortunately, given the lack of available data on a fine dissection of stages of human
development the current claims for human naive pluripotency cannot be placed within a

known sequence of development, and thus must optimistically placed after true naive
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pluripotency but perhaps slightly closer to it than current primed pluripotent human stem
cells.

In conclusion this dissertation has investigated states of X chromosome
inactivation in human pluripotent stem cells and human development. These findings
not only help clarify the model of X inactivation in human pluripotent stem cells but also
demonstrates that studying X inactivation can provide an incredible insight into the
epigenetic makeup of pluripotent stem cells. This work will hopefully identify strengths
and weaknesses to the approach for capturing human naive pluripotency and serves to

rationalize further studies on X inactivation in human pluripotent stem cells.
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