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ABSTRACT OF THE DISSERTATION

Glycolytic Metabolism Plays a Functional Role in Regulating Human Pluripotent

Stem Cell State

Wen Gu
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2017

Professor Heather R. Christofk, Chair

The rate of glycolytic metabolism changes during differentiation of human embryonic stem cells
(hESCs) and reprogramming of somatic cells to pluripotent stem cells. However, the functional
contribution of glycolytic metabolism to pluripotency is unclear. Here we show that the degree
of pluripotency is associated with glycolytic rate, whereby naive hESCs exhibit increased
glycolytic flux, MYC transcriptional activity, and nuclear localization of N-MYC relative to
primed hESCs. This is consistent with the inner cell mass of human blastocysts which exhibit
increased MYC transcriptional activity relative primed hESCs and elevated nuclear N-MYC
levels. Reduction of glycolysis decreases self-renewal of naive hESCs and feeder-free cultured
primed hESCs, but not primed hESCs grown in feeder-supported conditions. Reduction of
glycolysis in feeder-free primed hESCs also enhances neural specification. These findings

reveal associations between glycolytic metabolism and the state of pluripotency, differences in

i



the metabolism of feeder- versus feeder-free cultured hESCs, and identify methods for regulating

self-renewal and initial cell fate specification of hESCs.
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CHAPTER 1. Human embryonic stem cells with a higher degree of pluripotency exhibit

increased glycolysis



Introduction

Human embryonic stem cells (hESCs) can be derived from a region of the human embryo
called the inner cell mass at the early blastocyst stage of development (5 days post-fertilization).
They hold great promise in regenerative medicine and can be used as a model for studying
human embryology, because they possess two remarkable characteristics: pluripotency and self-
renewal. Pluripotency is their potential to differentiate into all cell types of the adult body, such
as neurons, hepatocytes, and blood cells; self-renewal is their ability to remain pluripotent and
undifferentiated while replicating themselves in vitro.

Glucose is of central importance in the cellular metabolism of mammalian animals, and
plays an important role in both catabolic and anabolic metabolism. An excellent source of
energy, glucose produces 2,840 kJ/mol upon its complete oxidation to carbon dioxide and water
in mitochondria. On the anabolic side, intermediates of glucose metabolism are responsible for
the synthesis of numerous molecules required for cellular biology, including amino acids, fatty
acids, nucleotides, and coenzymes. Glycolysis, the central pathway of glucose metabolism,
metabolizes one molecule of glucose, a six-carbon compound, through a series of enzyme-
catalyzed reactions, to produce two molecules of three-carbon compound pyruvate. Glycolysis
releases free energy from glucose, which is stored in the form of ATP and NADH. More
importantly, through many bifurcating pathways, namely the pentose phosphate pathway, serine
synthesis pathway, citric acid cycle etc., glycolysis produces important intermediates for the
synthesis of macromolecules, which are essential building blocks for proliferating cells.

An association between glycolysis and pluripotency is well-established (Folmes et al.,
2013, 2012a, 2012b; Zhang et al., 2011, 2012). Cultured pluripotent human embryonic stem

cells (hESCs) exhibit high rates of glycolysis that diminish upon differentiation (Chung et al.,



2010; Prigione et al., 2010). Additionally, somatic cells exhibit increased glycolysis and
decreased respiration upon reprogramming into pluripotent stem cells (Folmes et al., 2013, 2011;
Zhang et al., 2012). However, the role of glycolytic metabolism in the ability of hESCs to
undergo self-renewal or differentiation is not well understood.

Recently several methods have been developed to allow for a conversion from the typical
hESC state of pluripotency to a more naive state, akin to that found in mouse ESCs (Chan et al.,
2013; Gafni et al., 2013; Takashima et al., 2014; Theunissen et al., 2014; Valamehr et al., 2014;
Ware et al., 2014). Conventional hESCs, now considered to be in the primed pluripotent state,
share molecular and functional properties with epiblast stem cells as described in mouse
development, whereas naive hESCs are thought to better represent cells found in the inner cell
mass of an embryo (Gafni et al., 2013; Theunissen et al., 2014; Ware et al., 2014). Culturing of
naive hESCs represent a major advance to regenerative medicine since the ability to produce
“clones” of human pluripotent stem cells is severely hampered in primed hESCs and induced
pluripotent stem cells (hiPSCs), limiting the opportunities to perform genomic manipulation by
homologous recombination or CRISPR/Cas systems. The naive state of pluripotency is defined
by expression of a specific set of pluripotency genes, genome-wide chromatin changes such as
DNA hypomethylation, and the ability to survive plating at clonal density. While extensive
effort has established the metabolic state of primed hESCs as characterized by enhanced
glycolysis and decreased respiration, the metabolic state of naive cells remains less well
understood. Recently Takashima et al. showed induction of oxidative phosphorylation pathways
and changes in mitochondrial depolarization in human naive cells (Takashima et al., 2014), and
Sperber et al. demonstrated naive and primed cells differ significantly in their metabolome,

affecting their epigenetic landscapes (Sperber et al., 2015), but neither specifically measured



glycolytic rate, utilization of glucose molecules, or the regulation of glycolysis in naive hESCs.
Further characterization of naive cell metabolism may reveal additional defining characteristics
of the naive state and improve our understanding of the links between metabolism and
pluripotency. Here we investigate glucose metabolism in naive versus primed hESCs, and the
regulation of glycolytic metabolism in human pluripotency. In so doing, we make important

insights about the metabolism of cells at different stages of pluripotency.



Results
hESCs with a higher degree of pluripotency exhibit increased glycolysis

Consistent with an association between glycolytic metabolism and the pluripotent state
(Folmes et al., 2012b; Varum et al., 2011), we found that retinoic acid-induced differentiation of
primed hESCs results in decreased glucose consumption, decreased lactate production (Figure 1-
1), and increased oxygen consumption rates (Figure 1-2). These results suggest a shift away
from glycolytic metabolism and towards oxidative metabolism during retinoic acid-induced
differentiation of hESCs into the three primordial germ layers.

Since glycolytic metabolism is associated with the pluripotent state, we hypothesized that
glycolytic rate may vary across human stem cells with different degrees of pluripotency. To
determine whether conversion of primed hESCs to the naive pluripotent state impacts glycolytic
rate, we induced primed hESC lines UCLA1 and UCLAY to a naive state by the 51/LAF method
(Pastor et al., 2016; Theunissen et al., 2014). Sub-clones of naive cells were isolated, and the
metabolism of these naive cells was compared to the primed hESCs from which they were
derived. Notably, both clones of naive UCLA1 and naive UCLA9 hESCs exhibit higher glucose
consumption and lactate production rates (Figures 1-3 and 1-4) than the primed cells from which
they were derived. Importantly, primed UCLA9 hESCs placed in naive medium for 24 hours do
not exhibit increased glycolytic rates (Figure 1-3), suggesting that the increased glycolytic rates
in naive hESCs are associated with acquisition of naive cell identity, and not due to the factor(s)
in naive media. To further examine whether increased glycolytic rate is associated with naive
pluripotency, we derived a naive cell line directly from the inner cell mass of a human blastocyst
in 51/LAF medium. In this naive line that was never exposed to primed culture conditions, we

also found increased glucose consumption and lactate production rates relative to two primed



hESC lines (Figure 1-5). Additionally, we found that naive/reset hESCs derived using the
Takashima et al. method (Takashima et al., 2014) exhibit increased glycolytic rates compared to
the primed hESCs from which they were derived (Figure 1-6). Consistent with the induction of
the naive state by Takashima et al. we also observed an increase in oxygen consumption in our
51/LAF induced naive lines compared to their primed counterparts (Figure 1-7). These results
support a strong association between glycolytic metabolism and pluripotency and suggest that
modulation of glucose metabolism may be involved in the acquisition of naive state.

To further characterize how the glucose metabolism of naive hESCs differs from that of
primed cells, we labeled UCLA1 and UCLA9 naive and primed hESCs with 1,2-"C-glucose and
traced the incorporation of "°C into downstream glucose metabolites using liquid
chromatography-mass spectrometry (LC-MS). Consistent with elevated glycolytic flux in naive
hESCs, we found increased "°C incorporation into lactate (Figure 1-8) and increased levels of
most glycolytic intermediates (Figure 1-9). This suggested that the increased glycolysis
observed in naive hESCs is associated with acquisition of naive cell identity, and was not a result
of factor(s) in the media used to derive the naive hESCs. Notably, we also found that naive
hESCs derived from two different hESC lines, UCLA1 and UCLAY, incorporate more glucose
carbons into purine and pyrimidine nucleotides (Figure 1-10). The increased M1 isotopologues
of nucleotides from naive hESCs labeled with 1,2-"*C-glucose suggests increased flux through
the oxidative pentose phosphate pathway in naive versus primed hESCs (Figures 1-11 and 1-9).
Additionally, we found that UCLA1 and UCLAY9 naive hESCs incorporate more glucose carbons
into serine than primed hESCs (Figure 1-12), an important metabolite for one-carbon metabolism
and purine and glutathione biosynthesis (Locasale, 2013). Unlike naive hESCs, primed UCLA9

hESCs placed in naive cell medium for 24 hours do not exhibit increased *C-labeling of



nucleotides and serine (Figures 1-10 and 1-12). Collectively, these results suggest that
acquisition of the naive state is accompanied by a further increase glucose metabolism and the

use of glucose to generate nucleotides and serine.

N-MYC is associated with human naive pluripotency

Given our data that the metabolic phenotype of naive cells is characterized by increased
glucose metabolism, we next performed gene set enrichment analysis (GSEA) (Subramanian et
al., 2005) on RNA-Seq data from the primed hESCs versus naive cell clones to identify
metabolism-related gene sets distinct between these two state of pluripotency. We found that
MY C-regulated gene sets are significantly enriched in naive versus primed cells (Figures 1-13
and 1-14). To test whether this enrichment applies to other naive conditions than the 5i//LAF
method, we analyzed previously published human blastocyst datasets (Vassena et al., 2011; Yan
et al., 2013) and another naive hESC dataset by Takashima et al. (Takashima et al., 2014). We
first noticed the expression patterns in KEGG glycolysis pathway genes are very similar between
naive hESCs derived by Takashima et al. and those derived using the 51/LAF method when
compared to their respective primed counterparts (Figures 1-15 and 1-16). More importantly, in
multiple independent studies, we found that MY C target genes are enriched in blastocyst versus
primed hESCs (Figure 1-17), and in another naive line versus its primed counterpart (Figure 1-
18), suggesting that elevated MCY target gene expression is not unique to 5i/LAF-derived naive
cells, but is a characteristic of naive pluripotency in vivo and likely other naive culture conditions
as well. This is notable since MYC can promote increased glucose metabolism and is associated

with the pluripotent sate (Takahashi and Yamanaka, 2006; Thai et al., 2014).



Consistent with an association between MY C activity and pluripotency, we found that
nuclear N-MYC and C-MYC levels are decreased upon retinoic acid-induced differentiation of
primed hESCs (Figure 1-19), while two independently derived naive clones exhibit higher
nuclear N-MYC and C-MYC levels than the primed cells from which they were derived (Figure
1-20). We confirmed the increased N-MYC and C-MYC levels in naive versus primed hESCs
by immunofluorescence staining, which additionally shows differences in sub-nuclear
localization of N-MYC: dispersive nuclear N-MYC signal in naive cells, and contained nucleolar
N-MYC staining in primed cells (Figure 1-21). To test whether the elevated nuclear N-MYC
levels we detected in 51/LAF-derived naive hESCs reflect that of naive pluripotency in vivo, we
examined N-MYC and C-MYC levels by immunofluorescence in human blastocysts, and found
increased nuclear N-MYC signal in the inner cell mass relative to that found in trophoblasts
(Figure 1-22). In contrast, we readily detected nuclear C-MYC signal in both the inner cell mass
and trophoblasts, suggesting N-MYC may be more specifically associated with naive
pluripotency than C-MYC. Given the enrichment of MYC target gene expression and elevation
of nuclear N-MYC levels in naive versus primed hESCs, we postulated that N-MYC activity
might be important for the maintenance of naive pluripotency. Consistent with this notion, we
found that treatment with CD532, a small molecule inhibitor towards N-MYC (Gustafson et al.,
2014), dramatically decreases the proliferation of naive hESCs without affecting the proliferation
of primed hESCs (Figure 1-23), suggesting an important role for N-MYC specifically in naive
hESCs. These results further suggest an association between MYC activity, glucose metabolism,

and the pluripotent state.



Discussion

This study confirms previous findings that glycolytic metabolism is associated with the
pluripotent state, and extends them significantly to the naive state. We show that acquisition of a
naive state further increases hESC glycolysis, and that retinoic acid-induced differentiation
decreases glycolytic metabolism (Figure 1-24). The elevated glycolytic metabolism in naive
hESCs is accompanied by increased MYC transcriptional activity and increased nuclear N-MYC
and C-MYC levels. While C-MYC has previously been associated with pluripotency and has
been used to enhance reprogramming of somatic cells into induced pluripotent stem cells (Smith
et al., 2010; Takahashi and Yamanaka, 2006), N-MYC has been less studied in hESCs and may
be an important contributor to pluripotency-associated glycolytic metabolism.

Through LC-MS-based metabolomics, we show that naive hESCs incorporate more
glucose carbons into lactate, nucleotides, and serine. Since naive hESCs are thought to be more
representative of the inner cell mass of the preimplantation embryo than primed hESCs, which
are thought to resemble the post-implantation epiblast (Nichols and Smith, 2009), we
hypothesize that variation in nutrient availability to the embryo before and after implantation
may contribute to the differences in metabolism between the naive and primed state. Consistent
with this notion, we found that MYC target genes are enriched in human embryos at the morula
and blastocyst stages relative to hESCs (Figure 1-17 and Vassena et al., 2011), suggesting that
our cultured naive hESCs, which also show enrichment of MYC target genes, may best represent
cells from the morula and blastocyst stages.

The increased glycolytic rate we show in human naive versus primed hESCs is different
from the glucose metabolism found in mouse naive versus primed ESCs (mESCs versus Epiblast

Stem Cells (EpiSCs), respectively). mESCs exhibit lower glycolytic rates compared to mEpiSCs



(Zhou et al., 2012 and Figure 1-25). This discrepancy may be partially explained by the lower
nuclear C-MYC levels in mESCs versus mEpiSCs (Marks et al., 2012 and Figure 1-26). In
human, the opposite is true: naive hESCs have higher nuclear C-MYC levels than primed hESCs
(Figure 1-20). Of late, there is emerging literature on the differences in early embryo
development between human and mouse: lineage and X chromosome dynamics (Petropoulos et
al., 2016), dependence on FGF signaling (Roode et al., 2012), and gene expression patterns
(Niakan and Eggan, 2013). Considering our key observations regarding glycolysis in naive
hESCs holds true in a naive line directly derived from a human blastocyst, and were corroborated
by MYC gene expression studies and immunofluorescence staining in human blastocysts, our
results suggest the regulation of glycolytic metabolism may be yet another key aspect of the

human-mouse difference during early embryo development.
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Figures

Figure 1-1
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Retinoic acid-induced differentiation of primed hESCs results in decreased glucose
consumption and decreased lactate production. Glucose consumption rates (left and center
left) and lactate production rates (center right and right) of primed HSF1 and H9 hESCs treated
for 7 days with DMSO (RA (-)) or 10 uM retinoic acid (RA (+)). Error bars indicate £ 1 SEM of

biological replicates (n = 3). ** p <0.01; *** p <0.001.
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Figure 1-2
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Retinoic acid-induced differentiation of primed hESCs causes increased oxygen
consumption rates. Oxygen consumption rates in FS HSF1 hESCs, treated for 7 days with
DMSO (RA (-)) or 10 uM retinoic acid (RA (+)), as measured by an anaerobic chamber fitted
with a fiber optic oxygen sensor. Error bars indicate + 1 SEM of biological replicates (n = 3).

5% 1 < 0.001.
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Figure 1-3
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Both clones of naive UCLA1 exhibit higher glucose consumption and lactate production
rates than the primed cells from which they were derived. Glucose consumption rates (left)
and lactate production rates (right) of primed UCLA1 hESCs and naive UCLA1 hESC clone 9
and clone 12 generated by the 5i/LAF method. Error bars indicate + 1 SEM of biological

replicates (n = 3). *** p <0.001.
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Figure 1-4
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UCLAY hESCs exhibit higher glucose consumption and lactate production rates than the
primed cells from which they were derived. Glucose consumption (left) and lactate
production (right) rates of primed UCLA9 hESCs, naive UCLA9 hESCs generated by the
51/LAF method, and primed UCLA9 hESCs placed in naive cell medium for 24 hours. Error

bars indicate + 1 SEM of biological replicates (n = 3). ns: not significant; *** p <0.001.
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Figure 1-5
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A naive cell line derived directly from the inner cell mass of a human blastocyst exhibits
increased glucose consumption and lactate production rates relative to two primed hESC
lines. Glucose consumption rates (left) and lactate production rates (right) of primed H1 and H9
hESCs, and naive UCLA19 hESCs derived from the inner cell mass of a human blastocyst and
cultured in 51/LAF medium. Error bars indicate = 1 SEM of biological replicates (n = 3). *** p

<0.001.
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Figure 1-6
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Naive/reset hESCs derived using the Takashima et al. method exhibit increased glycolytic
rates compared to the primed hESCs from which they were derived. Glucose consumption
rates (left) and lactate production rates (right) of primed H9 hESCs and naive/reset H9 hESCs
generated by the Takashima et al. method (Takashima et al., 2014). Error bars indicate + 1 SEM

of biological replicates (n = 3). *** p < 0.001.
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Figure 1-7
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Si/LAF induced naive lines exhibit an increase in oxygen consumption compared to their
primed counterparts. Oxygen consumption rates of primed UCLA1 hESCs and naive UCLA1
hESC clone 9 and clone 12 generated by the 5i//LAF method. Error bars indicate + 1 SEM of

biological replicates (n = 3** p < 0.01; *** p <0.001.
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Figure 1-8
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Naive hESCs exhibit increased "*C incorporation from 1,2-"*C-glucose into lactate.
Percentages of *C-labeled lactate extracted from the indicated cells. Primed UCLA1 hESCs,
naive UCLA1 hESC clone 9 and clone 12, and primed UCLA9 hESCs, naive UCLA9 hESC, and
primed UCLA9 hESCs placed in naive cell medium, were cultured in medium containing 1,2-
BC-glucose for 24 hours prior to metabolite extraction and analysis by LC-MS. Error bars

indicate + 1 SEM of biological replicates (n = 3). * p <0.05; ** p <0.01; *** p <0.001.
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Figure 1-9
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Naive hESCs exhibit increased levels of most glycolytic intermediates. Heatmap (top) and
bar graphs (bottom) showing relative amounts of glycolytic intermediates, glucose-6-phosphate
(G6P), fructose bisphosphate (FBP), glyceraldehyde-3-phosphate (G3P), dihydroxyacetone
phosphate (DHAP), 3-phosphoglycerate (3PG), phosphoenolpyruvate (PEP), and lactate, from
the indicated cells. The heatmap shows standardized amounts of indicated metabolites across
samples (Z score). Primed UCLA1 hESCs, naive UCLA1 hESC clone 9 and clone 12, and
primed UCLA9 hESCs, naive UCLA9 hESC, and primed UCLA9 hESCs placed in naive cell
medium, were cultured in medium containing 1,2-"*C-glucose for 24 hours prior to metabolite
extraction and analysis by LC-MS. Error bars indicate + 1 SEM of biological replicates (n = 3).

ns: not significant; * p < 0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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Figure 1-10
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Naive hESCs incorporate more glucose carbons into purine and pyrimidine nucleotides.
Heatmap (top) and bar graphs (middle) showing percentages of '°C- labeled nucleotides
extracted from the indicated cells, and bar graphs (bottom) showing mass isotopomer distribution
of the indicated >C- labeled UMP extracted from the indicated cells. Primed UCLA1 hESCs,
naive UCLA1 hESC clone 9 and clone 12, and primed UCLA9 hESCs, naive UCLA9 hESC, and
primed UCLA9 hESCs placed in naive cell medium, were cultured in medium containing 1,2-
BC-glucose for 24 hours prior to metabolite extraction and analysis by LC-MS. Error bars
indicate £ 1 SEM of biological replicates (n = 3). ns: not significant; * p <0.05; ** p <0.01;

% p < 0,001; #*%% p < 0,0001.
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Figure 1-11
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Increased M1 isotopologues of nucleotides from naive hESCs labeled with 1,2-"C-glucose
versus primed hESCs. Percentages of the indicated '*C-labeled M+1 form of nucleotides
extracted from the indicated cells. Primed UCLA1 hESCs, naive UCLA1 hESC clone 9 and
clone 12, and primed UCLA9 hESCs, naive UCLA9 hESC, and primed UCLA9 hESCs placed in
naive cell medium, were cultured in medium containing 1,2-"*C-glucose for 24 hours prior to
metabolite extraction and analysis by LC-MS. Error bars indicate = 1 SEM of biological

replicates (n = 3). ns: not significant; * p < 0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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Figure 1-12

25%
20%

0, -
15% M UCLA1 primed

UCLA1 naive clone 9
i UCLA1T naive clone 12
W UCLA9 primed

2 UCLA9 naive

B ucLA9 primedin
naive medium

10% -

5% -

% 13C Labeled (From 1,2-13C-Glc)

0% -

Serine

Naive hESCs incorporate more glucose carbons into serine than primed hESCs.
Percentages of *C-labeled serine extracted from the indicated cells. Primed UCLA1 hESCs,
naive UCLA1 hESC clone 9 and clone 12, and primed UCLA9 hESCs, naive UCLA9 hESC, and
primed UCLA9 hESCs placed in naive cell medium, were cultured in medium containing 1,2-
BC-glucose for 24 hours prior to metabolite extraction and analysis by LC-MS. Error bars

indicate + 1 SEM of biological replicates (n = 3). * p <0.05; ** p <0.01; *** p <0.001.
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Figure 1-13
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MYC-regulated gene sets are significantly enriched in naive versus primed cells. GSEA
mountain plots displaying enrichment of a MY C-regulated gene set in naive UCLA1 clone 9

(left) and naive UCLAT1 clone 12 (right) versus primed UCLA1 hESCs.
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Figure 1-14
MENSSEN_MYC_TARGETS
URL: http://software.broadinstitute.org/gsea/msigdb/cards/MENSSEN_MYC_TARGETS

> Genes up-regulated by adenoviral expression of c-MYC [GenelD=4609] in HUVEC cells
(umbilical vein endothelium).
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Members of the MYC target gene set by Menssen et al.
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Figure 1-15
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The expression patterns in KEGG glycolysis pathway genes are very similar between naive
hESCs derived by Takashima et al. and those derived using the Si/LAF method when
compared to their respective primed counterparts. Cytoscape network map showing the fold
change of KEGG glycolysis genes in naive UCLA1 hESC clone 9 versus primed UCLA1 hESCs
(top left), naive UCLA1 hESC clone 12 versus primed UCLA1 hESCs (top right), and
Takashima reset versus primed H9 hESCs (bottom). Genes in red indicate increased mRNA
expression levels in naive or reset cells. Genes in green indicate increased mRNA expression

levels in primed cells.
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Figure 1-16
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Clustering of naive hESCs derived by Takashima et al., naive hESCs derived using the

S5i/LAF method, and their respective primed counterparts, according to their expression
levels of KEGG glycolysis pathway genes. Heatmap depicting log2 fold changes of KEGG
glycolysis genes across UCLA1 primed, UCLA1 naive clone 9 and clone 12, and Takashima

reset and primed H9 hESCs. Bottom colored bars indicate sample origins.
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Figure 1-17
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MYC target genes are enriched in blastocyst versus primed hESCs. GSEA mountain plots
displaying enrichment of a MY C-regulated gene set in human late blastocyst versus primed
hESCs (top left) using RNA-Seq data by Yan et al., 2013, and human blastocyst versus primed
hESCs (top right) from mRNA microarray data by Vassena et al., 2011. Heatmap (bottom)
showing the enrichment of MY C- regulated genes across various early human embryo
development stages from Vassena et al. dataset. Each cell contains the normalized enrichment
score (NES), based on GSEA, from pairwise comparison of two different cell types, as indicated.

N.E.: not enriched.
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Figure 1-18

Enrichment plot: MENSSEN_MYC_TARGETS
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MYC target genes are enriched in a naive line derived by the Takashima et al. method
versus its primed counterpart. GSEA mountain plot displaying enrichment of MY C-regulated

genes in HY reset versus primed hESCs.
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Figure 1-19
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Nuclear N-MYC and C-MYC levels are decreased upon retinoic acid-induced
differentiation of primed hESCs. Immunoblot showing nuclear and cytoplasmic N-MYC and
C-MYC levels in primed feeder-free hESCs treated with DMSO, retinoic acid for 4 days (RA4d),
or retinoic acid for 11 days (RA11d). Nuclear OCT4A levels are also shown. TBP is used as a
loading control for the nuclear lysates. GAPDH is used as a loading control for the cytoplasmic

lysates. Lysates were prepared in biological duplicates.
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Figure 1-20
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Naive hESCs exhibit higher nuclear N-MYC and C-MYC levels than the primed cells from
which they were derived. Immunoblot showing nuclear and cytoplasmic N-MYC and C-MYC
levels in primed, naive clone 9, and naive clone 12 UCLA1 hESCs. Cytoplasmic MCT1 levels
are also shown. The heatmap shows standardized levels of indicated markers across samples (Z
score). TBP is used as a loading control for the nuclear lysates. GAPDH is used as a loading

control for the cytoplasmic lysates. Lysates were prepared in biological duplicates.
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Figure 1-21
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Increased N-MYC and C-MYC levels in naive versus primed hESCs and sub-nuclear

localization of N-MYC. Immunofluorescence staining for N-MYC and C-MYC in naive versus

primed UCLA1 hESCs. Nucleolin staining is also shown. Scale bar = 10um.
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Figure 1-22
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Increased nuclear N-MYC signal in the inner cell mass relative to that found in
trophoblasts. Immunofluorescence staining for N-MYC and C-MYC in human blastocysts.
The contour of inner cell mass is indicated by dashed line. NANOG staining is also shown.

Scale bar = 10pm.
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Figure 1-23
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A small molecule inhibitor towards N-MYC dramatically decreases the proliferation of
naive hESCs without affecting the proliferation of primed hESCs. Proliferation rates of
primed versus naive feeder-supported UCLA1 hESCs treated with DMSO or 250 nM CD532
(NMYCi). Error bars indicate = 1 SEM of biological replicates (n = 3). ns: not significant; ***

p <0.001.
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Figure 1-24
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Schematic representation of the association between pluripotency and glycolytic rate, and

the impact of MCT1 inhibition on primed hESC metabolism, proliferation, and

differentiation.
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Figure 1-25
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Mouse naive ESCs (mESC) exhibit lower glycolytic rates compared to mouse primed ESCs
(Mouse Epiblast Stem Cells, mEpiSCs). Glucose consumption rates (left) and lactate
production rates (right) of mEpiSCs derived from in vivo epiblast and mESCs cultured in 2i/LIF
condition. Error bars indicate = 1 SEM of biological replicates (n = 3). Error bars indicate + 1

SEM of biological replicates (n = 3). *** p <0.001.
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Figure 1-26
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Lower nuclear C-MYC levels in mESCs versus mEpiSCs. Immunoblot showing nuclear and
cytoplasmic N-MYC and C-MYC levels in mEpiSCs derived from in vivo epiblast and mESCs
cultured in 2i/LIF condition. Cytoplasmic MCT]1 levels are also shown. TBP is used a loading
control for the nuclear lysates. GAPDH is used as a loading control for the cytoplasmic lysates.

Lysates were prepared in biological duplicates.
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CHAPTER 2. Manipulation of human embryonic stem cell metabolism
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Introduction

Since our results support a link between MY C-driven glycolytic metabolism and the
pluripotent state, we hypothesize that inhibition of glycolysis may negatively impact human
pluripotency or promote differentiation. To test this hypothesis, we need to first find effective
means to manipulate glycolytic metabolism in hESCs.

Genetically modifying the human pluripotent stem cells, i.e. knocking out or knocking
down a certain glycolytic protein, is technically challenging. Homologous recombination
(Zwaka and Thomson, 2003) and chemical transfection (Eiges et al., 2001) have both been
demonstrated successfully in introducing transgenes in hESCs, yet with very low efficiency,
estimating at 1 transfected cell per 10° hESCs. Lentiviral transduction offers a much higher
efficiency at 70% (Xiong et al., 2005), and the transgenes can be integrated permanently into the
host genome for stable and inheritable expression. However, in up to 95% of the lentiviral
transduced hESCs, the transgenes are inactivated right after the transduction and integration
process (Xia et al., 2007), likely due to epigenetic modifications of the viral DNA after its
integration (Pannell et al., 2000; Yao et al., 2004). This leaves us with the option of using small
molecules to target proteins involved in glycolysis.

Many glycolytic enzymes and transporters can be potentially targeted pharmaceutically to
reduce glycolysis, e.g. glucose transporters (Minutolo et al., 2011), hexokinase (Penso and
Beitner, 1998), glucose-6-phosphate isomerase (Meng et al., 1999), phosphofructokinase (Jeon et
al., 2011), aldolase (Gefflaut et al., 1996), glyceraldehyde-3-phosphate dehydrogenase (Harris
and Waters, 1976), phosphoglycerate kinase (Mcharg and Littlechild, 1996), enolase (Anderson
et al., 1984), pyruvate kinase (Anastasiou et al., 2012), lactate dehydrogenase (Thornburg et al.,

2008), monocarboxy transporters (Murray et al., 2005), and pyruvate dehydrogenase kinase
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(Mann et al., 2000). Due to mounting evidence showing that most cancer cells have increased
dependency on glycolysis (Bensinger and Christotk, 2012; Christofk et al., 2008), which is not a
feature of normal cells, renewed and extensive efforts have been devoted to understanding the
role of glucose metabolism in cancer, and many more glycolysis-targeting compounds are being
developed or undergoing clinical trials for treating various types of tumors, which provides us a
sizable pool of candidates. Many compounds of high efficacy and high specificity have been
developed to target glycolysis-related proteins while minimizing off-target effects and cell
toxicity. Therefore, for our purpose of studying the role of glycolysis in human pluripotency and
self-renewal capacity, it is more important to find a glycolysis-related protein that is associated
with pluripotent state in hESCs.

One of the proteins involved in glycolysis, Monocarboxylate Transporter 1, or MCT1, is
a member of the four MCTs that catalyze proton-linked transport of monocarboxylates, such as
lactate, pyruvate, and ketone bodies, across the plasma membrane (Halestrap, 2011). MCT1
facilitates both the influx and the efflux of its substrates, and the net rate of transport depends on
the concentration gradients of protons and monocarboxylates on each side of the plasma
membrane (Wang et al., 1994). A class of highly specific small molecule inhibitors towards
MCT1 have been developed by AstraZeneca and have been applied initially for
immunosuppressive therapy (Guile et al., 2006; Murray et al., 2005). Among them, AZD3965 is
a potent and selective inhibitor of MCT1 with a binding affinity of 1.6 nM, which is 6-fold more
selective than MCT2, with no inhibition of MCT4 at 10 uM, and has been demonstrated to
decrease lactate export and inhibit cell growth in lymphoma cell lines that preferentially express
MCT1 (Critchlow et al., 2012). Both having been reported to promote glycolytic flux, MCT1 is

a known target regulated by the transcription factor MYC (Doherty et al., 2014), while MCT4
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has been shown to be transcriptionally activated by hypoxia-inducible factor 1, or HIF-1(Denko,

2008).
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Results
Manipulation of hRESC metabolism via MCT1 inhibition

To identify a glycolysis-related protein that would serve as a good target for hRESC
metabolism manipulation, we first examined the mRNA expression levels of metabolic genes
important for glycolysis towards which small molecule inhibitors have been developed. As
shown in Figure 2-1, we found that Solute Carrier 16A1 (SLC16A41) mRNA levels significantly
correlate with the pluripotent state across a panel of pluripotent cell lines and somatic cell
lineages. SLC16A1 is expressed at high levels in both primed hESCs and hiPSCs, but relatively
low levels in non-pluripotent cell lines and tissues (Figure 2-1). An important target of MYC-
driven glycolysis in cancer, SLC16A41 encodes Monocarboxylate Transporter 1 (MCT1), which
transports lactate, pyruvate, and other monocarboxylates across the plasma membrane in a
proton-linked bidirectional manner (Adijanto and Philp, 2012; Doherty et al., 2014). An
inhibitor of MCT1 activity called AZD3965 is currently undergoing Phase I evaluation for
cancer treatment and reduces glycolytic rate and proliferation of cancer cell lines in vitro by
decreasing lactate export rate (Polanski et al., 2014). To examine whether MCT1 protein level is
associated with the pluripotent state, we measured MCT]1 levels in lysates from primed versus
naive hESCs, and in primed hESCs treated with DMSO or treated with retinoic acid for seven
days to induce differentiation. MCT1 levels are modestly elevated in naive versus primed
hESCs (Figure 1-20). Compared to DMSO-treated primed hESCs, MCT]1 levels are markedly
reduced, and OCT4A levels are absent, in retinoic acid-treated primed hESCs (Figure 2-2).
Together, these results indicate that high MCT1 expression is associated with the pluripotent

state and may serve as a good target for inhibition of glycolysis in hESCs.
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To test whether MCTT inhibition reduces hESC glycolytic rate, we compared the glucose
consumption and lactate production rates of naive versus primed feeder-supported hESCs, and
feeder-supported (FS) versus feeder-free (FF) primed hESCs treated with DMSO or AZD3965.
MCT1 inhibition via AZD3965 treatment reduces glucose consumption and lactate production
rates in all hESC types tested: naive feeder-supported, primed feeder-supported, and primed
feeder-free hESCs (Figures 2-3 and 2-4). To our knowledge, feeder-free naive hESCs cannot be
successfully derived using the 5i/LAF method. In addition, MCT]1 inhibition increases oxygen
consumption rate in FF hESCs (Figure 2-5). These results demonstrate that MCT1 inhibition is a
feasible strategy to manipulate hESC glucose metabolism without toxic side-effects.

To determine whether reduction of glycolytic flux impacts hESC self-renewal capacity,
we compared the proliferation rates of hESCs treated with DMSO versus AZD3965. Notably,
we observed a proliferative impairment in naive FS hESCs, but not in primed FS hESCs (Figure
2-6). These results are consistent with our metabolomics results demonstrating increased use of
glucose for biosynthesis of nucleotides and serine in naive versus primed hESCs (Figures 1-10
and 1-12). Furthermore, we found that MCT 11 inhibition via AZD3965 treatment decreases
proliferation rate of FF primed hESCs, but not of FS primed hESCs (Figure 2-7). Treatment
with another glycolytic inhibitor, dichloroacetic acid (DCA), similarly decreases proliferation
rate of FF primed hESCs, but not of FS primed hESCs (Figure 2-8). These results indicate that
primed hESCs react to decreased glycolytic rate differently depending on the presence/absence
of mouse embryonic fibroblasts (MEFs), and could suggest that the presence of feeder cells

makes primed hESCs less reliant on glycolysis for proliferation.
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MCT1 inhibition of feeder-free cultured primed hESCs promotes neural lineage
specification

Since MCT1 inhibition through AZD3965 treatment reliably reduces glycolytic
metabolism of FS and FF primed hESCs (Figure 2-3), we next assessed whether moderate
suppression of glycolysis by MCT1 inhibition has a causal effect on the differentiation status of
primed hESCs. We first noticed that five days of AZD3965 treatment causes FF hESCs to
exhibit altered morphology relative to DMSO-treated hESCs. AZD3965-treated FF hESCs
appear elongated, spindle-like, and more light-reflective compared to the round and smooth-
edged DMSO-treated cells (Figure 2-9).

Because we had observed metabolic changes in FF primed hESCs in as little as 30
minutes post MCT1 inhibition, we first measured gene expression changes at five hours to
determine whether moderate suppression of glycolysis could affect differentiation status. We
sequenced the transcriptome of H9 FF hESCs at five hours post DMSO or AZD3965 treatment,
and examined the gene expression differences for patterns of differentiation to particular cell
types. While few genes were consistently changed at this short time point of treatment, we did
find that MCT1 inhibition promoted elevated expression of the genes involved in early
specification of the neural tube including ZIC5, ZIC2, EGR1, and NPTX1, and reduction of the
pluripotency markers Inhibitor of Differentiation (ID1) and NANOG (Figure 2-10). Gene
ontology analysis of gene expression profiling after five days of AZD3965 treatment
demonstrated a clear shift in expression that appeared to correlate with neural specification
(Figure 2-11 and Figure 2-12). Together with data from the five-hour time point, it seems clear
that the inhibition of glycolysis with AZD3965 could, at a minimum, lower the threshold for

neural specification from primed hESCs.
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To assay whether MCT1 inhibition could promote neural specification under
differentiation conditions, we subjected FF primed hESCs according to a well described neural
specification protocol (Chambers et al., 2009). AZD3965 treatment significantly promotes the
formation of neural rosette structures and neural specification compared to DMSO-treated
hESCs (Figure 2-13), as judged by the increased number of SOX1 positive cells. DCA treatment
does not significantly enhance neural rosette structure formation (Figure 2-14), likely due to the
decreased effectiveness of 5 mM DCA treatment compared to 250 nM AZD3965 treatment in
reducing glycolysis (Figures 2-3 and 2-8). Our results collectively demonstrate that glycolytic
rate in human pluripotent stem cells is tightly correlated with differentiation status, from naive to

primed to specified cell types.

47



Discussion

We have identified MCT]1 as a target for inhibiting glycolysis in hESCs based on its close
association with human pluripotent state, and demonstrated that AZD3965, a small molecule
inhibitor towards MCT1, at 250 nM, is effective in reducing glycolytic rates in feeder-supported
naive hESCs, feeder-supported primed hESCs, and feeder-free primed hESCs, without any
observed cell toxicity. To our knowledge, feeder-free naive hESCs cannot be successfully
maintained in 5i/LAF conditions. Therefore, in all the hESC culture systems available to us, we
have demonstrated the effectiveness of AZD3965 as a glycolysis inhibitor. We have also tested
other previously reported glycolysis inhibitors, such as DCA, sodium oxamate, and 3-
bromopyruvate, all of which need to be used at much higher concentrations to show modest
inhibitive effects on glycolysis in hESCs, often with considerable cell toxicity (data
unpublished), likely due to the lack of specificities of those compounds. Interestingly, we
observed a proliferative impairment by AZD3965, only in feeder-supported naive hESCs, but not
in feeder-supported primed hESCs, suggesting that high glycolytic flux might be more important
for the proliferation of naive hESCs than primed hESCs. Moreover, MCT1 inhibition via
AZD3965 decreases the proliferation of only feeder-free primed hESCs, but not that of feeder-
supported primed hESCs, suggesting that feeder-free primed hESCs might be more reliant on
glycolysis for proliferation than feeder-supported primed hESCs.

While significant effort has been applied to characterize the metabolism of human
pluripotent stem cells (Prigione et al., 2010; Yoshida et al., 2009; Zhang et al., 2011, 2012), our
work sheds light on how to manipulate metabolism to promote a particular cell fate. This study
took a clue from gene expression data at an early time point post glycolysis inhibition and

focused on studying its effects on neural progenitor specification. It is entirely possible and of
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great interest that metabolic manipulation might impact and regulate differentiation processes
towards other lineages as well. Understanding whether and how the epigenetic state of human
pluripotent stem cells is altered by inhibition of glycolysis will be of key importance to
determine in future studies. Going forward, it will also be important to determine whether
promotion of hESC glycolysis can improve either the efficiency or fidelity of naive human
pluripotent stem cell generation. This approach could improve efforts to generate stable human
naive systems, which are currently plagued by instability of self-renewal, survival, differentiation

potential, and even genomic integrity.
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Figures

Figure 2-1
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Solute Carrier 16A1 (SLC16A1) is expressed at high levels in both primed hESCs and

hiPSCs, but relatively low levels in non-pluripotent cell lines and tissues. Heatmap depicting

SLC16A1 mRNA levels across a panel of pluripotent and differentiated cell lines. Relative

mRNA levels are color coded with a gradient from blue for the minimum through red for the

maximum reading.
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Figure 2-2
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MCT1 levels are markedly reduced in retinoic acid-treated primed hESCs compared to
DMSO-treated primed hESCs. Immunoblotting of lysates from H9 primed hESCs treated with
DMSO or 10 uM RA treatment for 7 days and probed with antibodies towards MCT1, OCT4A,

and beta-tubulin as a loading control.
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Figure 2-3
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MCT1 inhibition via AZD3965 treatment reduces glucose consumption and lactate
production rates in naive feeder-supported, primed feeder-supported, and primed feeder-
free hESCs. Glucose consumption (left) and lactate production rates (center left) of primed
versus naive feeder-supported UCLA1 hESCs treated with DMSO or 250 nM AZD3965
(MCTT1i) for 24 hours. Glucose consumption (center right) and lactate production (right) rates of
feeder- supported (FS) versus feeder-free (FF) cultured primed H9 hESCs treated with DMSO or
250 nM AZD3965 (MCT11i) for 24 hours. Error bars indicate + 1 SEM of biological replicates (n

=3). *p<0.05; ** p<0.01; *** p <0.001; **** p <0.0001.
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Figure 2-4

100.0 - 100.0 1
= = =
= 80.0 1 T T = - = = 80.0 { = -
> 600 - > 60.0 -
£ 400 - £ 400 -
> 200 - I > 200 -
0.0 - ' r ' ' 0.0 - ' : ' r
DMSO 50nM 250 nM 1.25 uM 100 pM DMSO 50nM 250 nM 1.25 uM 100 pM
[MCT1i] [MCT1i]
Feeder-supported Feeder-free

Evaluation of hESC toxicity by AZD3965. Cell viabilities of feeder-supported (A) and feeder-
free (B) primed H9 hESCs treated with DMSO or AZD3965 at indicated concentrations for 24
hours, as determined by Trypan Blue staining. Error bars indicate + 1 SEM of biological

replicates (n = 3).
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Figure 2-5
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MCT1 inhibition increases oxygen consumption rate in feeder-free primed hESCs. Oxygen
consumption rates (left) and extracellular acidification rates (right) in feeder-free, primed H9
hESCs, treated with DMSO or 250 nM AZD3965 for the indicated times, as measured by XF24
Extracellular Flux Analyzer. Error bars indicate = 1 SEM of biological replicates (n = 3). ns: **

p <0.01; *** p <0.001.
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Figure 2-6
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Proliferation rate is impaired in naive FS hESCs treated with AZD3965 compared to
DMSO, but not in primed FS hESCs. Proliferation rates of primed versus naive feeder-
supported UCLA1 hESCs treated with DMSO or AZD3965 (MCT11i) for 24 hours. Error bars

indicate £ 1 SEM of biological replicates (n = 3). ns: not significant; *** p < 0.001.

55



Figure 2-7
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MCT1i inhibition via AZD3965 treatment decreases proliferation rate of FF primed
hESCs, but not of FS primed hESCs. Proliferation rates of feeder-supported versus feeder-free
H1 and H9 primed hESCs treated with DMSO or 250 nM AZD3965 (MCT1i). Error bars

indicate £ 1 SEM of biological replicates (n = 3). *** p <0.001.
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Figure 2-8
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Treatment with dichloroacetic acid (DCA) reduces glycolytic rate of FF primed hESCs,
and decreases proliferation rate of FF primed hESCs, but not of FS primed hESCs.
Glucose consumption rates (left) and lactate production rates (center) of FF primed H9 hESCs
treated with PBS or 5 mM DCA for 24 hours. Proliferation rates (right) of feeder-supported (FS)
versus feeder-free (FF) H9 hESCs treated with PBS or 5 mM DCA for 5 days. Error bars

indicate + 1 SEM of biological replicates (n = 3). ns: not significant; ** p <0.01; *** p <0.001.
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Figure 2-9
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AZD3965-treated feeder-free hESCs appear elongated, spindle-like, and more light-
reflective compared to the round and smooth-edged DMSO-treated cells. Phase contrast
microscopic images of live FS and FF primed H9 hESCs treated with DMSO or 250nM

AZD3965 (MCT1i) for 5 days (scale bar = 100 um).
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Figure 2-10
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MCT1 inhibition promotes elevated expression of the genes involved in early specification
of the neural tube including ZICS, ZIC2, EGR1, and NPTX1, and reduction of the
pluripotency markers Inhibitor of Differentiation (ID1) and NANOG. mRNA levels of
neural markers (ZIC5, ZIC2, EGR1 and NPTX1) and pluripotency markers (ID1 and NANOG)
in primed FF H9 hESCs, treated with DMSO or 250 nM AZD3965 (MCT1i) for five hours.
mRNA levels were obtained by RNA sequencing biological duplicates, and expressed in RPKM
(Reads Per Kilobase of transcript per Million mapped reads). Error bars indicate = 1 SEM of

biological replicates (n = 2).
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Figure 2-11

B Number of genes significantly changed
upon MCT1i (5 days) in FF hESCs

[l Number of genes significantly changed
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Gene Ontology Analysis on Gene Expression Changes by MCT1 Inhibition in primed FF hESCs

GO Term

G0:0050877
G0:0003008
G0:0044707
G0:0032501
G0:0051240
G0:0007600
G0:0051239
G0:0007186
G0:0051241
G0:0040012

Description

neurological system process

system process

single-multicellular organism process

multicellular organismal process

positive regulation of multicellular organismal process
sensory perception

regulation of multicellular organismal process
G-protein coupled receptor signaling pathway
negative regulation of multicellular organismal process
regulation of locomotion

P-value

2.31E-11
4.66E-11
8.68E-10
1.10E-09
1.67E-07
2.73E-07
9.04E-07
8.00E-06
1.26E-05
1.61E-05

FDR g-value
3.13E-07
3.16E-07
3.92E-06
3.72E-06
4.53E-04
6.16E-04
1.75E-03
1.35E-02
1.89E-02
2.18E-02

upon MCT1i (5 days) in both FF and FS hESCs

Gene ontology analysis of gene expression profiling after five days of AZD3965 treatment

demonstrated a clear shift in expression that appeared to correlate with neural

specification. Table depicting gene ontology analysis of gene expression profiling after five

days AZD3965 versus DMSO treatment of primed FF H9, H1, and HSF1 hESCs.
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Figure 2-12
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Heatmap representation of the relative fold changes (base 2) of the genes from the gene
ontology term “neurological system process” after five days AZD3965 versus DMSO

treatment of primed feeder-free H9, H1, and HSF1 hESCs.
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Figure 2-13
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AZD3965 treatment promotes the formation of neural rosette structures and neural
specification compared to DMSO-treated hESCs. Neural rosette formation efficiency of
primed FF H9 hESCs treated with rosette differentiation media supplemented with DMSO, 2i
dual smad inhibition (10 uM SB-431542 and 100 nM LDN193189), or 250 nM AZD3965
(MCT1i) for 10 days. SOX1 to DAPI ratio was quantified using ImageJ after acquiring
immunofluorescent images from fixed cells. Corresponding images of immunofluorescence
staining for SOX1 are also shown. Scale bar =400 um. Error bars indicate + 1 SEM of

biological replicates (n = 3). ** p <0.01.
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Figure 2-14
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DCA treatment does not significantly enhance neural rosette structure formation. Neural
rosette formation efficiency of primed feeder-free hESCs treated with rosette formation media
supplemented with PBS or 5 mM dichloroacetic acid (DCA) for 10 days. The number of rosette

structures was quantified. Error bars indicate = 1 SEM of biological replicates (n = 3).
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CHAPTER 3. Mouse embryonic fibroblast-secreted factors regulate primed human

embryonic stem cell metabolism
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Introduction

Primed hESC lines are made from blastocyst stage embryos, and were first isolated and
plated into specialized media conditions that required fibroblast feeders for support (Thomson et
al., 1998). However, over the past decade, development of new media compilations involving
supra-physiologic amounts of fibroblast growth factor have enabled culturing of human ESCs in
“feeder-free” conditions (Ludwig et al., 2006). The ability to maintain and grow hESCs and
hiPSCs in feeder-free defined media has substantially improved the consistency and simplicity of
both culture and differentiation (Lu et al., 2006; Peiffer et al., 2008; Rajala et al., 2010).
However, a complete accounting of physiological differences of hESCs in feeder versus feeder-
free culture is currently lacking.

In feeder-supported hESC culture system, the feeder layers, consisted of mouse
embryonic fibroblasts, are required to maintain the pluripotent state of hESCs, and the absence of
feeders leads to readily differentiation of hESCs (Consortium et al., 2010), suggesting tropic
factors secreted by MEFs, and/or their role as extracellular matrix are potentially important for
the maintenance of hESC pluripotency and self-renewal capacity. Since identifying the factors
secreted by MEFs represents a viable strategy to understand the molecular cues and signaling
pathways that are important for proliferation and pluripotency of hESCs, multiple studies have
been dedicated to analyzing the protein components in the MEF-conditioned medium (Bendall et
al., 2009; Buhr et al., 2007; Chin et al., 2007; Lim and Bodnar, 2002; Prowse et al., 2005, 2007;
Xie et al., 2005). Depending on the detection methods used, hundreds, if not thousands, of
proteins have been identified in the MEF-conditioned medium, many of which point to several
pathways that may be implicated in hESC pluripotency: Wnt, BMP/ TGF-f1, activin/inhibin,

and IGF-1 pathways. Notably, one of the studies, by Chin et al, took advantage of an isogenic
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and non-supporting MEF line (AE-MEF), compared its conditioned medium with that of regular,
supporting MEF-conditioned medium, and identified six proteins that are important for hESC
culture: MCP-1, IL-6, PAI-1, IGFBP-2, and IGFBP-7 (Chin et al., 2007). Remarkably, when
supplemented with these six proteins in unconditioned and serum-free medium, a feeder layer is
not needed to support the growth of hESCs in undifferentiated state (Chin et al., 2007),
suggesting that those six proteins might be responsible for the effect of MEF-conditioned
medium in maintaining hESC proliferation and pluripotency.

While both feeder-supported and feeder-free culture systems appear to maintain the
pluripotent state, it is critical to know what physiological differences are prevalent, especially as
hESCs and hiPSCs grown in feeder-free conditions move toward clinical applications. Here we
examine glucose metabolism in primed hESCs across culture systems, and the role of mouse
embryonic fibroblast-secreted factors in reprogramming the hESC metabolism. By doing so, we
provide key insights into the regulation of hESC metabolism, and suggest potential

improvements to feeder-free conditions for hESC culture.
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Results
Feederfree-cultured primed hESCs exhibit increased anabolic glucose metabolism relative
to feeder-supported primed hESCs

The differential effect of MCT1 inhibition on proliferation of FS primed hESCs versus
FF primed hESCs (Figure 2-3) suggests that FS and FF hESCs use glucose differently, and that
FF hESCs may use glucose more for biosynthetic pathways that support proliferation. To test
this possibility, we compared the glucose consumption and lactate production rates of FS and FF
primed H1 and H9 hESCs. We found H1 and H9 FF hESCs consume more glucose and produce
more lactate compared to FS cells (Figure 3-1). To further determine whether FS and FF hESCs
metabolize glucose differently, we labeled the cells with 1,2-">C-glucose, and traced the
incorporation of °C into downstream glucose metabolites using LC-MS. To control for the
presence of feeder cells in the FS conditions, we also labeled a plate of irradiated MEFs without
hESCs with 1,2-°C-glucose, and traced the incorporation of ’C into downstream glucose
metabolites. Consistent with the small relative number of MEFs compared to hESCs in FS
conditions (usually 2-10%), the relative amounts of metabolites as measured by LC-MS from the
feeder-only plate were much smaller (0.2-10% depending on the metabolite). We determined
that the presence of MEF-derived metabolites in our FS hESC metabolite samples only has a
minor effect on the overall labeling pattern (Figures 3-2 and 3-3). We found that two
independent primed hESC lines, H1 and H9, exhibit markedly different patterns of glucose
utilization depending on whether they are cultured in FS or FF conditions (Figures 3-4 and 3-5).

The consistent metabolic changes in H1 and H9 primed hESCs in FF versus FS
conditions suggest increased incorporation of glucose carbons into metabolites used for

biosynthesis in FF conditions. For example, FF H1 and H9 hESCs incorporate more glucose
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carbons into citrate, an important metabolic intermediate for fatty acid, cholesterol, and
hexosamine biosynthesis (Figures 3-6 and 3-7). However, FF hESCs incorporate significantly
less glucose carbons into other TCA metabolites than citrate, such as aKG, succinate, fumarate,
and malate (Figures 3-6 and 3-7), consistent with increased use of the glucose-derived citrate for
biosynthesis rather than for maintenance of TCA cycle. Additionally, FF hESCs incorporate
more glucose carbons into serine and glycine, products of the serine synthesis pathway important
for purine synthesis, glutathione synthesis, protein synthesis, and synthesis of lipid head groups
(Rabinowitz and Vastag, 2012) (Figures 3-8 and 3-9). FF hESCs also incorporate more glucose
carbons into nucleotides, including IMP, AMP, ADP, ATP, and UMP (Figures 3-10 and 3-11).

These data suggest that FF primed hESCs use glucose more for biosynthesis than FS hESCs.

MEF-secreted factors make primed hESCs less reliant on glucose for proliferation

To further investigate the source of metabolic differences between FS and FF culturing
methods, we assessed whether fibroblast feeder cell-secreted factors impact the response of
primed hESCs to MCT1 inhibition. We incubated FF medium with irradiated MEFs in the
absence of hESCs for 24 hours and collected MEF-conditioned medium. We then examined
whether MEF-conditioned medium impacted the proliferation response of FF hESCs to MCT1
inhibition. As shown in Figure 3-12, MEF-conditioned medium rescues the proliferation defect
caused MCTT1 inhibition of FF H1 and H9 hESCs (Figure 3-12) without causing differentiation
(Figure 3-13). To determine if MEF-conditioned medium rescues the proliferation defect of
AZD3965-treated hESCs by restoring the glycolytic rate blunted by MCT1 inhibition, we
measured glucose consumption and lactate production rates in MEF-conditioned medium treated

FF cells treated with DMSO or AZD3965. We found that MEF-conditioned medium does not
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alter the inhibitory effect of AZD3965 treatment of glycolysis (Figure 3-14). These data suggest
that MEFs can impact hESC metabolism, at least partially by secreting factors(s) that reduce

reliance of primed hESCs on glucose for proliferation.

MYC activity in primed hESCs is modulated by MEF-secreted factors

To examine the mechanism by which MEF-secreted factors reprogram primed hESC
metabolism., we conducted Gene Set Enrichment Analysis (GSEA) on mRNA microarray data
from FS versus FF primed hESCs, and from FF primed hESCs cultured in MEF-conditioned
medium. Notably, we found that MY C-regulated gene sets are significantly enriched in FF
compared to FS hESCs (Figure 3-15). Additionally, MY C-regulated gene sets are significantly
enriched in FF hESCs compared to FF hESCs cultured for 24 hours in MEF-conditioned medium
(Figure 3-16), suggesting that MEF-secreted factor(s) decrease MYC transcriptional activity in
FF hESCs. We next examined the levels of nuclear N-MYC and C-MYC in FS, FF, and MEF-
conditioned medium-treated FF hESCs. As shown in Figure 3-17, H9 and HSF1 hESCs exhibit
elevated nuclear N-MYC levels in FF conditions relative to FS conditions, and MEF-conditioned
medium treatment decreases nuclear N-MYC level in FF hESCs. On the other hand, neither
cytoplasmic N-MYC level nor cytoplasmic/nuclear C-MYC level is consistently altered in FS,
FF, and MEF-conditioned medium-treated H9 and HSF1 hESCs (Figure 3-17). These data
suggest that N-MY C may be responsible for the difference in glucose metabolism between FS
and FF primed hESCs, and that N-MYC levels and transcriptional activity can be down-

regulated by MEF-secreted factors.

69



Discussion

We have shown that feeder-free primed hESCs exhibit elevated anabolic glucose
metabolism and increased reliance on glucose for proliferation. Compared to feeder-supported
primed hESCs, feeder-free primed hESCs are more glycolytic, exhibit markedly different
patterns of glucose utilization, and incorporate more glucose carbons into intermediates that are
important for biosynthesis of fatty acid, nucleotides etc. In consistent with the idea that feeder-
free primed hESCs are more reliant on glycolysis for anabolism than feeder-supported cells,
glycolysis inhibition causes a dramatic proliferative impairment in feeder-free cells, while
leaving the proliferation of feeder-supported cells unchanged. These data clearly point to an
important role for MEF feeder cells, either due to their physical interactions with hESCs, or their
secreted factors, or both, in impacting or rewiring glucose metabolism in hESCs.

We have further demonstrated that MEF-secreted factors are, at the least, partially
responsible for modulating hESC metabolism and making primed hESCs less reliant on
glycolysis for their proliferation. We have shown that the MEF-conditioned medium that rescues
proliferation does not consistently rescue net glucose uptake or lactate production of MCT1
inhibited feeder-free primed hESCs, suggesting the rescue effect by MEF-conditioned medium is
not due to a simple reversal of glycolysis inhibition, but rather because of reducing glycolysis
reliance of feeder-free primed hESCs for proliferation. Of note, when we fractionate the MEF-
conditioned medium by molecular weight, the fraction that rescues the proliferation is above 10
kDa, while the below 10 kDa fraction, which contains most metabolites in the conditioned
medium, has no rescue effect, indicating that factors of higher molecular weight, such as
proteins, are responsible for the rescue effect (Figure 3-18). Therefore, our data suggest that

MEF-secreted protein factor(s) decrease primed hESC reliance on glucose for proliferation.
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To identify the protein factor(s) in MEF conditioned medium that are responsible for the
metabolic reprogramming effects, we collected E8 feeder-free culture medium incubated with
MEFs for 24 hr, along with blank E8 medium, and E8 medium incubated with feeder-free
primed hESCs for 24 hr. And then we separated the proteins within the medium samples by
electrophoresis, visualized the protein bands by Coomassie staining, and finally cut out a few
bands that are specifically present in MEF-conditioned medium for protein identification by
LC/MS/MS. Notably, we identified many proteins that are at high levels in MEF conditioned
medium, and at much lower levels in blank medium or FF hESC-conditioned medium:
plasminogen activator inhibitor 1 (PAIl), SPARC, Inhibin beta A chain (INHBA), Follistatin-
related protein 1 (FSTL1), Collagen alpha-1(I) chain (CO1A1), Phosphoglycerate kinase 1
(PGK1), Cathepsin B (CATB), Serpin H1 (SERPH), Calumenin, Collagen alpha-2(I) chain
(CO1A2), Vimentin (VIME), Pigment epithelium-derived factor (PEDF), Cathepsin D (CATD),
Glia-derived nexin (GDN), Isoform 2 of Gelsolin, Elongation factor 1-gamma (EF1G),
Sphingosine-1-phosphate phosphatase 1, Prelamin-A/C (LMNA), Filamin, Actin-related protein
3 (ARP3), Serpin B6 (SPB6), Proliferation-associated protein 2G4 (PA2G4), Ribonuclease
inhibitor (RINI), Thioredoxin domain-containing protein 5, Platelet-derived growth factor
receptor-like protein (PGFRL), Isoform 2 of Tropomyosin beta chain (TPM?2), Cathepsin L1
(CATL1), Collagen alpha-1(V) chain (CO5A1), Biglycan (PGS1), Annexin A2 (ANXA?2), Out
at first protein homolog (OAF), Peptidyl-prolyl cis-trans isomerase D (PPID), Protein disulfide-
isomerase A3 (PDIA3), Protein disulfide-isomerase (PDIA1), Protein disulfide-isomerase A6
(PDIA®G), Pyruvate kinase PKM (KPYM), Carboxypeptidase E (CBPE), Calreticulin (CALR),
Procollagen C-endopeptidase enhancer 1 (PCOCI1). Interestingly, PAI1 was previously

implicated in maintaining the growth and undifferentiated state of hESCs (Chin et al., 2007).
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However, our preliminary data suggested that PAI1 alone could not rescue the proliferative
defect caused by MCT1 inhibition in feeder-free primed hESCs, suggesting that other MEF-
secreted factor(s) may also be responsible for the different glucose metabolic phenotype in
between feeder-supported and feeder-free primed hESCs.

Relative to feeder-supported primed hESCs, we show that feeder-free primed hESCs
exhibit higher MYC transcriptional activity and nuclear N-MYC levels, both of which are
reduced in the presence of MEF-secreted factor(s). These results suggest that N-MYC may
promote increased anabolic glucose metabolism in FF versus FS cultured primed hESCs, and
that N-MYC is subject to regulation by MEF-secreted factor(s). In Chapter 1, we show that
feeder-supported naive hESCs exhibit elevated glycolytic rate, higher MYC transcriptional
activity, and increased nuclear N-MYC levels compared to feeder-supported primed hESCs,
suggesting that hESCs with a higher degree of pluripotency are more glycolytic and their
increased glycolysis might be regulated by N-MYC. However, we do not suggest the reverse is
necessarily true, i.e. we do not think more glycolytic hESCs are necessarily more pluripotent.
This notion is important when discuss the metabolic differences between FS and FF primed
hESCs. Despite their higher glycolytic rates and increased nuclear N-MYC levels, there is no
evidence suggesting that FF primed hESCs are more pluripotent than FS primed hESCs. In fact,
we postulate that FS primed hESCs consume less glucose mainly because they are less reliant on

glucose for anabolic metabolism.
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Figures

Figure 3-1
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Feeder-free hESCs consume more glucose and produce more lactate compared to feeder-
supported cells. Glucose consumption (top) and lactate production (bottom) rates of feeder-
supported (FS) versus feeder-free cultured (FF) primed H1 (left) and H9 (right) hESCs. Error

bars indicate + 1 SEM of biological replicates (n = 3). ** p <0.01; *** p <0.001.
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Figure 3-2

Labeled signal Miq+ Mo+ Mg + ..o+ My
Percentlabeled =

Labeled signal + Unlabeled signal Mo+ Mg+ Mo+ Mz + ..o + My

where M, is the amount of the monoisotopic compounc_l, M., is the amount of the compound with one 3C
atom, M, is the amount of the compound with 2 x '3C atoms and so on; N is the number of carbon atoms
in the molecule. (Yuanetal., 2008; Fan et al., 2014)

Percentlabeled after correction =

(Labeled signal)rshescs — (Labeled signal)yers

[(Labeled signal)rshescs — (Labeled signal)yers] + [(Unlabeled signal)gshescs — (Unlabeled signal)yers]

The formulas applied to calculate the effect of MEFs on the '*C glucose labeling pattern of

feeder supported hESCs.
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Figure 3-3
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The presence of MEF-derived metabolites in our feeder-supported hESC metabolite
samples only has a minor effect on the overall labeling pattern. Incorporation of "°C labeled
glucose into TCA cycle metabolites (left), and serine and glycine (center), and nucleotides (right)
in feeder supported UCLA1 hESCs before and after the mathematical correction. Feeder
supported UCLA1 hESCs and MEFs alone were cultured in medium with 1,2-">C-glucose for 24
hours. Extracted metabolites were analyzed by LC-MS, and the percentage of °C-labeled
metabolites was compared. Error bars indicate £ 1 SEM of biological replicates (n = 3). ns: not

significant; ** p < 0.01.
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Primed H9 hESCs exhibit markedly different patterns of glucose utilization depending on
whether they are cultured in feeder-supported or feeder-free conditions. Cytoscape network
map showing the ratio of labeled metabolites from "°C glucose in FS versus FF primed H9
hESCs. FS and FF primed H9 hESCs were cultured in medium with 1,2- *C-glucose for 24
hours. Metabolites were extracted and analyzed by LC-MS, and the percentage of °C-labeled
metabolites in FS vs FF primed H9 hESCs was compared. Metabolites in red indicate increased
C-labeled metabolic pool sizes in FF hESCs compared to FS hESCs, while metabolites in blue
indicate increased '*C-labeled metabolic pool sizes in FS hESCs compared to FF hESCs. Green
borders indicate statistically significant (p < 0.05) changes in incorporation of °C from 1,2-"*C-
glucose in FS hESCs versus FF hESCs. Metabolites in white indicate similar incorporation of

BC from 1,2-*C-glucose in FS hESCs and FF hESCs. Metabolites in grey were undetected.
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Figure 3-5
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Primed H1 hESCs exhibit markedly different patterns of glucose utilization depending on
whether they are cultured in feeder-supported or feeder-free conditions. Cytoscape network
map showing the ratio of labeled metabolites from "°C glucose in FS versus FF primed H1
hESCs. FS and FF primed H1 hESCs were cultured in medium with 1,2- *C-glucose for 24
hours. Metabolites were extracted and analyzed by LC-MS, and the percentage of °C-labeled
metabolites in FS vs FF primed HI hESCs was compared. Metabolites in red indicate increased
C-labeled metabolic pool sizes in FF hESCs compared to FS hESCs, while metabolites in blue
indicate increased '*C-labeled metabolic pool sizes in FS hESCs compared to FF hESCs. Green
borders indicate statistically significant (p < 0.05) changes in incorporation of °C from 1,2-"*C-
glucose in FS hESCs versus FF hESCs. Metabolites in white indicate similar incorporation of

BC from 1,2-°C-glucose in FS hESCs and FF hESCs. Metabolites in grey were undetected.
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Figure 3-6

% 13C Labeled (From 1,2-13C-Glc)

Feeder-free H9 hESCs incorporate more glucose carbons into citrate. Percentages of the
indicated ’C-labeled TCA cycle metabolites in FS versus FF primed H9 hESCs. FS and FF
primed H9 hESCs were cultured in medium with 1,2- *C-glucose for 24 hours. Metabolites were
extracted and analyzed by LC-MS, and the percentage of *C-labeled metabolites in FS vs FF
primed H9 hESCs was compared. Error bars indicate = 1 SEM of biological replicates (n = 3). *

p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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Figure 3-7
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Feeder-free H1 hESCs incorporate more glucose carbons into citrate. Percentages of the
indicated ’C-labeled TCA cycle metabolites in FS versus FF primed H1 hESCs. FS and FF
primed H1 hESCs were cultured in medium with 1,2- *C-glucose for 24 hours. Metabolites were
extracted and analyzed by LC-MS, and the percentage of *C-labeled metabolites in FS vs FF
primed H1 hESCs was compared. Error bars indicate + 1 SEM of biological replicates (n = 3). *

p <0.05; ** p <0.01; **** p <0.0001.
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Figure 3-8
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Feeder-free H9 hESCs incorporate more glucose carbons into serine and glycine compared
to feeder-supported cells. Percentages of °C- labeled serine and glycine in FS versus FF
primed H9 hESCs. FS and FF primed H9 hESCs were cultured in medium with 1,2- *C-glucose
for 24 hours. Metabolites were extracted and analyzed by LC-MS, and the percentage of °C-
labeled metabolites in FS vs FF primed H9 hESCs was compared. Error bars indicate + 1 SEM

of biological replicates (n = 3). *** p <0.001; **** p <(0.0001.
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Feeder-free H1 hESCs incorporate more glucose carbons into serine and glycine compared
to feeder-supported cells. Percentages of °C- labeled serine and glycine in FS versus FF
primed H1 hESCs. FS and FF primed H1 hESCs were cultured in medium with 1,2- *C-glucose
for 24 hours. Metabolites were extracted and analyzed by LC-MS, and the percentage of °C-
labeled metabolites in FS vs FF primed H1 hESCs was compared. Error bars indicate + 1 SEM

of biological replicates (n = 3). *** p <0.001; **** p <(0.0001.
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Figure 3-10
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Feeder-free H9 hESCs incorporate more glucose carbons into nucleotides. Percentages of
BC-labeled nucleotides in FS versus FF primed H9 hESCs. FS and FF primed H9 hESCs were
cultured in medium with 1,2- *C-glucose for 24 hours. Metabolites were extracted and analyzed
by LC-MS, and the percentage of '*C-labeled metabolites in FS vs FF primed H9 hESCs was

compared. Error bars indicate + 1 SEM of biological replicates (n = 3). **** p <(.0001.
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Figure 3-11
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Feeder-free H1 hESCs incorporate more glucose carbons into nucleotides. Percentages of
C-labeled nucleotides in FS versus FF primed H1 hESCs. FS and FF primed H1 hESCs were
cultured in medium with 1,2- *C-glucose for 24 hours. Metabolites were extracted and analyzed
by LC-MS, and the percentage of '>C-labeled metabolites in FS vs FF primed H1 hESCs was

compared. Error bars indicate + 1 SEM of biological replicates (n = 3). **** p <(.0001.
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Figure 3-12
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MEF-conditioned medium rescues the proliferation defect caused MCT1 inhibition of
feeder-free hESCs. Proliferation rates of primed feeder-free H1 (top) and H9 (bottom) hESCs
treated with DMSO, AZD3965 (MCT11i), MEF-conditioned medium (CM), or AZD3965 along
with MEF- conditioned medium (CM + MCT1i) for 5 days. Error bars indicate = 1 SEM of

biological replicates (n = 3). * p <0.05; ** p <0.01; *** p <0.001;.
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Figure 3-13
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MEF-conditioned medium treatment does not change pluripotency-associated transcripts
in primed feeder-free hESCs. mRNA levels of TRIM22, NANOG, SOX2, DNMT3B,
POUSFI, LCK, and HESX1 in feeder- free (FF) versus MEF-conditioned medium treated FF
(CM) H9 (top) and HSF1 (bottom) primed hESCs. Error bars indicate +£ 1 SD of biological

replicates (n=3).
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Figure 3-14
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MEF-conditioned medium does not alter the inhibitory effect of AZD3965 treatment of
glycolysis. Glucose consumption and lactate production rates of feeder-free H1 (top) and H9
(bottom) primed hESCs FF, treated with DMSO, AZD3965 (MCT11i), MEF conditioned medium
(CM), or AZD3965 along with MEF conditioned medium (CM + MCT1i) for 5 days. Error bars

indicate £ 1 SEM of biological replicates (n = 3). ns: not significant; * p < 0.05; *** p <0.001.
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Figure 3-15
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MYC-regulated gene sets are significantly enriched in feeder-free compared to feeder-
supported hESCs. GSEA mountain plots displaying enrichment of MY C-regulated gene sets in

feeder-free (FF) versus feeder-supported (FS) primed H1, H9, and HSF1 hESCs.
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Figure 3-16

Enrichment plot: SCHLOSSER_MYC_TARGETS
_REPRESSED_BY_SERUM

Enrichment score (ES)
o o o
S

R 7T

Zurs erest ar 1072¢

-10 U (negatively correlated)
0 2500 S000 7500 10000 12500 15000 17500 20,000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)
& =3
2

[~ Enrichment profile — Hats Ranking metric scores

FF versus CM in primed H9
ES =0.259, NES = 3.51
p <0.001, FDR < 0.001

Enrichment plot: DANG_MYC_TARGETS_UP

020

015+

0.00

m\-\\/\'“

WW‘HMW Ll M

658 a1 1071E

°
s

Enn(hmem score (ES)

5

0 (egatively correlated)
2500 5000 7500 10,000 12500 15000 17500 20,000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)
8
°
o

[ Enrichment profie — Has Ranking metric scores

FF versus CM in primed H9
ES =0.197, NES = 2.57
p <0.001, FDR =0.001

Enrichment plot: SCHLOSSER_MYC_TARGETS
_REPRESSED_BY_SERUM

0.40
035 ¢
0301
025
0.20
0151
0.001

L L

1.0 [T (positively correlated

Enrichment score (ES)

05

00 Zuro cross w8533

-0
0 (negatively correlated)
SO00 7500 10000 12500 15000 17500 20,000
Rank in Ordered Dataset

[~ Enrichment profile — Hats

0 2500

Ranked list metric (Signal2Noise)

Ranking metric scores

FF versus CM in primed HSF1
ES =0.387, NES = 5.09
p <0.001, FDR < 0.001

Enrichment plot: DANG_MYC_TARGETS_UP

0.30

025
015
0.05 1
0.00

LR L

1.00
075

°
]

Enrichment score (ES)
o
s

0.25
000 Zuto crons
-025
-0.50
-075

FTISH

0 (negatively correlated)
0 2500 5000 7500 10,000 12500 15000 17500 20,000
Rank in Ordered Dataset

[~ Enrichment profile — Has

Ranked list metric (Signal2Noise)

Ranking metric scores |

FF versus CM in primed HSF1
ES =0.283, NES = 3.64
p <0.001, FDR < 0.001

MYC-regulated gene sets are significantly enriched in feeder-free hESCs compared to
feeder-free hESCs cultured for 24 hours in MEF-conditioned medium. GSEA mountain
plots displaying enrichment of MY C-regulated gene sets in feeder-free (FF) versus MEF-

conditioned medium treated FF (CM) primed H9 (left) and HSF1 (right) hESCs.
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Figure 3-17
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hESCs exhibit elevated nuclear N-MYC levels in feeder-free conditions relative to feeder-
supported conditions, and MEF-conditioned medium treatment decreases nuclear N-MYC
level in feeder-free hESCs. Immunoblot showing nuclear and cytoplasmic N- MYC and C-
MYC levels in FS, FF and MEF-conditioned medium (CM) treated primed H9 hESCs (left) and
HSF1 hESCs (right). The heatmap shows standardized levels of indicated markers across
samples (Z score). TBP was used to control for nuclear lysate loading, and GAPDH was used to

control for cytoplasmic lysate loading. Lysates were prepared in biological duplicates.
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Figure 3-18
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The above-10kDa fraction in MEF-conditioned medium seems responsible for its rescuing
effect on the proliferative defect caused by MCT1 inhibition in primed feeder-free hESCs.
Proliferation rates of feeder-free H9 hESCs in 10 kDa filtrate (i.e., material of molecular weight
< 10 kDa) treated with DMSO (DMSO <10k), AZD3965 (MCT1i <10k), MEF-conditioned
medium (CM + DMSO <10k), or AZD3965 along with MEF-conditioned medium (CM +
MCT1i <10k) for 5 days, and in 10 kDa retentate (i.e., material of molecular weight > 10 kDa)
treated with DMSO (DMSO >10k), AZD3965 (MCT1i >10k), MEF-conditioned medium (CM +
DMSO >10k), or AZD3965 along with MEF-conditioned medium (CM + MCT1i >10k) for 5
days. MEF-conditioned medium was separated into fractions using centrifugal filters of size 10
kDa. Because the retentate is concentrated following filtration, it was reconstituted to the starting
volume by the addition of basal medium. Error bars indicate £ 1 SEM of biological replicates (n

= 3). ns: not significant; *** p <0.001.
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FUTURE DIRECTIONS

Here we discuss continuing work on human pluripotent stem cell metabolism that has
stemmed from the findings in this dissertation.
Understanding the role of N-MYC in naive pluripotency

We have shown that naive hESCs exhibit increased glycolytic flux, MYC transcriptional
activity, and nuclear N-MYC localization relative to primed hESCs. Our data on human
blastocysts also confirm the increased MYC transcriptional activity and nuclear N-MYC levels.
In addition, N-MYC seems to be more closely associated with naive pluripotency in both human
and mouse, while C-MYC coincides with glycolytic phenotype. C-MYC has a well-established
role in promoting glycolysis in proliferating cells, and our data suggest that N-MYC is important
for human naive pluripotency. One interesting question is whether N-MYC simply acts as a
redundant transcription factor to C-MYC in promoting glycolysis, or N-MYC and C-MYC bind
to unique sets of target genes and regulate transcriptional activity in distinctive ways. There are
a couple of interesting experiments to address this question: one is to perform chromatin
immunoprecipitation with DNA sequencing (ChIP-Seq) to examine whether N-MYC and C-
MYC bind to different sets of target genes in naive hESCs; the other is to perform
immunoprecipitation (IP) to determine whether N-MYC and C-MYC recruit different partner
proteins, such as Max and Miz-1(Adhikary and Eilers, 2005), to form different MYC complexes

in naive hESCs.

Investigating the interplay between metabolism and epigenetics in naive and primed

human pluripotent stem cells
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One of the characteristics of human preimplantation development is genome-wide
reduction in DNA methylation (Guo et al., 2014). Naive human pluripotent stem cells generated
by 51/LAF method also have decreased global DNA methylation in both CpG (26.9% - 33.2%)
and non-CpG contexts (0.19% - 0.29%), compared to their primed counterparts (CpG, 75.2% -
81.0%; non-CpG, 0.32% - 0.60%) (Theunissen et al., 2014). The de-methylation in naive cells
and re-methylation in primed cells at such a great scale likely accompany significant changes in
cellular metabolism, for that both de-methylation and re-methylation processes post high demand
on metabolites, cofactors, and even metabolic enzymes. For example, during DNA methylation,
DNA methyltransferases (DNMTs) add a methyl group from S-adenosyl methionine (SAM) to
the substrate, DNA, and as a result form the byproduct S-adenosyl homocysteine (SAH). The
complexity of SAM and SAH metabolism (Selhub and Miller, 1992) suggests that the
metabolism of pluripotent stem cells is probably tightly regulated during early embryo
development according to the vast change of the methylome. It has also been shown that dietary
intake of methyl donors can affect levels DNA methylation (Feil and Fraga, 2012), therefore, it
would be very interesting in the future to determine whether metabolic inputs can affect the
methylome of pluripotent stem cells, and if so, whether the change in DNA methylation caused
by metabolic manipulation can in turn affect the stage of pluripotency (for example, naive versus

primed).

Understanding the mechanism by which MCT1 inhibition causes proliferative defects in
feeder-free primed hESCs
We have demonstrated that we can effectively reduce glycolysis in feeder-free naive

hESCs, feeder-supported and feeder-free primed hESCs by using a small molecule inhibitor
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towards MCT1. And glycolysis inhibition by MCT1 causes a proliferative impairment in feeder-
supported naive hESCs and feeder-supported primed hESCs, without affecting the proliferation
of feeder-supported primed hESCs. The mechanistic link between glycolysis inhibition and
proliferative impairment in hESCs is unknown. We have tried to use various metabolites to
supplement the culture medium of MCT1 inhibitor-treated, feeder-free primed hESCs, and see
whether a specific metabolite can rescue the proliferative defect caused by MCT1 inhibition in
feeder-free primed hESCs. So far, we have found that supplementing the culture medium with
uridine has a minor and partial rescuing effect, which is consistent with our hypothesis that
feeder-free primed hESCs rely on glycolysis for nucleotide biosynthesis, and reduction of
glycolysis causes decreased nucleotide biosynthesis and thus reduced proliferation. In the future,
more work needs to be done to test whether other anabolic intermediates have similar rescuing
effect, and whether a combination of those metabolites result in a fuller rescue.

The Hippo signaling pathway might be involved in the mechanism by which MCT1
inhibition affects the proliferation of feeder-free primed hESCs. Our preliminary data indicate
that the nuclear YAP levels decrease upon 5-day MCT1 inhibitor treatment in feeder-free primed
hESCs compared with DMSO-treated cells. Consistently, whole-genome mRNA microarray
data show that the expression levels of two YAP target genes, connective tissue growth factor
(CTGF) and cysteine-rich angiogenic inducer 61 (CYP61), both of which are important for cell
growth (Zhao et al., 2008; Cheng et al., 2015), decrease upon 5-day MCT1 inhibitor treatment in
feeder-free primed hESCs. Together, these data suggest that the decreased glycolytic
metabolism caused by MCT]1 inhibition might reduce nuclear YAP levels, down-regulate the
expression of YAP target genes, CTGF and CYP61, and thus negatively affect the proliferation

rate of feeder-free primed hESCs. In the future, we would test this hypothesis by
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pharmacologically inhibiting YAP transcriptional activity (Liu-Chittenden et al., 2012) and see
whether the proliferation rate is decreased in feeder-free primed hESCs, and by genetically
overexpressing YAP or CTGF or CYP61 and see whether the proliferation rate can be restored in

MCT1 inhibitor-treated feeder-free primed hESCs.

Identifying the protein factor(s) responsible for reprogramming primed hESC metabolism
to a state less reliant on glycolysis for anabolism

Our findings suggest that feeder-supported and feeder-free primed hESCs metabolize
glucose differently, and feeder-free primed hESCs may rely on glucose more for biosynthetic
pathways that support proliferation. Moreover, we have shown that the above 10kDa protein
factor(s) secreted by MEFs can potentially reduce the reliance of primed hESCs on glucose for
proliferation. We have conducted mass-spectrometry based protein identification of MEF-
conditioned medium, and have identified many candidate proteins that are uniquely present in
MEF-conditioned medium versus blank culture medium or FF hESC-conditioned medium.
Among these candidate proteins, PAI1 has been reported previously to be important for the
growth and hESCs. However, we have found that PAI1 alone is not sufficient to rescue the
proliferation impairment in MCT1 inhibited feeder-free primed hESCs. So far, we are unable to
identify a combination of protein factors that are responsible for reprogramming hESC
metabolism and making them less reliant on glucose for proliferation. In the future, an unbiased
method to assess the rescuing effect of a combination of candidate proteins may uncover the
factors necessary for regulating hESC metabolism, and will be beneficial for identifying ideal

culture conditions for hESCs in vitro.
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Metabolic manipulation as a tool for lineage differentiation of pluripotent stem cells

We have demonstrated that manipulation of metabolism can promote a particular cell
fate. More specifically, we show that glycolysis inhibition induces neural progenitor
specification in feeder-free primed hESCs. It is possible that other types of metabolic
modulation can also guide hESCs differentiate into other specific lineages. Interestingly,
Tohyama et al. (Tohyama et al., 2013) cultured mouse and human PSC derivatives with glucose-
depleted, lactate-rich culture medium and found that only cardiomyocytes survived, up to 99%
purity, suggesting that a biochemical strategy could greatly facilitate the generation of certain
cell types useful for regenerative medicine while eliminating the potentially tumorigenic
pluripotent stem cells. Therefore, better understanding the metabolic differences between
pluripotent stem cells and various differentiated cell types, including their unique dependence on
certain nutrients and differential expression of specific metabolic enzymes, could yield key
information on how to use metabolic manipulation to promote lineage differentiation of

pluripotent stem cells for therapeutic purposes.
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EXPERIMENTAL PROCEDURES
Cell Culture
Conventional feeder-supported human ESC lines H1, H9 (WiCell Research Institute, Inc.,
Madison, WI), HSF1 (University of California San Francisco, San Francisco, CA), UCLA1, and
UCLASY9 (University of California Los Angeles, Los Angeles, CA) were maintained on radiation
inactivated MEF feeder layers (GlobalStem) and passed enzymatically by treatment for 2 min
with 1 mg/ml Collagenase type IV (STEMCELL Technologies), and then mechanically lifted by
using a cell scraper (Falcon), followed by passing through a 100-um cell strainer. Conventional
feeder-supported human ESCs were cultured in human ESC medium (hESM) - DMEM/F12
(Invitrogen) supplemented with 20% KSR (Invitrogen), 1% nonessential amino acids (NEAA,
Invitrogen), 0.1 mM B-mercaptoethanol (Invitrogen), and 10 ng/ml FGF2 (Peprotech). Primed
feeder-free human ESC lines H1, H9, and HSF1 were cultured on plates pre-coated with 1:25
diluted Matrigel (BD Biosciences) in mTeSR1 medium (STEMCELL Technologies). Tissue
culture media were filtered using a low protein-binding 0.22 um filter (Millipore). All
experiments were performed under 5% CO; and atmospheric oxygen levels.
Naive human pluripotent stem cells were generated and maintained using the 51/LAF condition
exactly as described (Theunissen et al., 2014). Briefly, feeder-supported UCLA1 and UCLA9
hESCs were grown to ~ 60% density and fed hESM supplemented with 10 uM ROCK inhibitor
Y-27632 (Stemgent). The following day, hESCs were trypsinized to single cell (0.05% Trypsin,
ThermoFisher Scientific) and plated on feeders at 2 x 10> cells/well of a 6-well dish in hRESM
with ROCKi. Two days later culture medium was switched to 5i/LAF (1 uM PD0325901, 10 uM
Y-27632 (Stemgent), 1 uM IM-12 (Enzo), 0.5 uM SB590885 (R&D), 1 uM WH-4-023 (A

Chemtek), 20 ng/ml recombinant hLIF (Millipore), 20 ng/ml Activin A (Peprotech), and 8 ng/ml
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FGF2 (R&D) in a 1:1 mixture of DMEM/F12 and Neurobasal medium (Invitrogen)
supplemented with 1x N2, B27, NEAA, Pen/Strep, Glutamine (Invitrogen), 0.1 mM beta-
mercaptoethanol, 0.5% KSR and 50 ug/ml BSA). Medium was changed daily, and in 8-10 days,
after massive cell death, several dome-shaped colonies appeared. These colonies were passaged
using Accutase (ThermoFisher Scientific). After 3-4 passages naive hESCs had expanded
enough to be split at 1:4 or 1:5 ratio every 5 days. Before plating cells were passed through 40-
um mesh since naive hESCs grow best when plated as single cells. Feeder-supported naive line
UCLAT19 was derived directly from the inner cell mass of a human blastocyst and since cultured
in 51/LAF medium.

Another naive human pluripotent stem cell line, H9 reset, was maintained using the Takashima et
al. method exactly as described (Takashima et al., 2014), and cultured in an incubator with 5%
0O, and 5% CO; at 37 °C. For comparing the glycolytic rates in reset versus primed H9 hESCs,
both reset and primed cells were received from the Austin Smith Lab and cultured under 5% O,
condition.

Neural rosette differentiation was induced by treatment with DMEM/F12 supplemented with
B27 and N2 (Gibco), 1 uM retinoic acid (Sigma), 20 ng/ml FGF2, and 1 pM purmorphamine
(Cayman chemical) for 10 days.

Cells were treated with AZD3965 (AstraZeneca, 250 nM) or CD532 (Millipore, 25 — 250 nM)

for indicated times to assess the effects of MCT1 inhibition or N-MYC inhibition.

Immunostaining of Human Preimplantation Embryos
All experiments were performed using human embryos that were excess to infertility treatment

and donated for research following informed consent in accordance with the guidelines
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established by UCLA Embryonic Stem Cell Research Oversight (ESCRO) Committee and the
Committee on the Use of Human Subjects Institutional Review Board (IRB).

Human blastocysts were thawed using Vit Kit-Thaw (Irvine Scientific) according to
manufacturer protocol. The embryos were cultured in drops of Continuous Single Culture
medium (Irvine Scientific) supplemented with 20% Quinn’s Advantage SPS Serum Protein
Substitute (Sage Media) under mineral oil (Irvine Scientific) overnight at 37 °C, 6% CO, and 5%
O,. Embryos were fixed at room temperature in 4% paraformaldehyde for 30 minutes, and then
washed several times in 0.1% Tween-20 in PBS. Embryos were permeabilized in 1% Tween-20
in PBS at 4 °C for 4 days on a rotating shaker and then blocked in 10% FBS and 0.2% Tween-20
in PBS at room temperature for 1 hour. Embryos were incubated in a 1:100 dilution of primary
antibody in blocking buffer at 4°C overnight on a rotating shaker and washed several times in
0.1% Tween-20 in PBS at room temperature. Embryos were incubated in a 1:500 dilution of
secondary antibody anti-rabbit Alexa Fluor 555 (Invitrogen) in blocking buffer at room
temperature for 1 hour while protected from light. They were then washed several times in 0.1%
Tween-20 in PBS and mounted in ProLong Diamond with DAPI (Invitrogen) on a glass slide,
covered with a glass coverslip and left at room temperature to cure overnight. Images were taken

using a LSM780 confocal microscope (Zeiss).

Glucose Consumption and Lactate Production Rates

Cellular glucose consumption and lactate export rates were measured using a Nova Biomedical
BioProfile Basic Analyzer. Briefly, cells were seeded in triplicates in 6-well plates at usual
passing density. Ninety-six hours post-seeding, when the colonies were subconfluent, cells were

washed with PBS, and Iml fresh medium was added to each well, including an empty well
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without any cells as a blank control. After 24-hour incubation, culture medium was collected and
then analyzed by the Nova BioProfile analyzer. Cell numbers were determined both before and
after the 24-hour incubation period using a Coulter particle analyzer and used to normalize the
calculated rates.

Among different figures, the same cell line might show different values in glucose and lactate
readings, which is due to the difference in cell numbers between different experiments. Since
plating density of cells can impact metabolism, we always ensure that different treatment groups
or cell lines within a given experiment have similar cell counts when glucose and lactate
measurements are taken. We accomplish this by plating hESCs at different densities and

measuring the media glucose and lactate amounts in the ones with similar cell counts.

Oxygen Consumption Rates

For comparing oxygen consumption rates in feeder-supported hESCs, cells were treated with
Accutase (Invitrogen) for 5 minutes after PBS wash, passed through a 40-um cell strainer (BD),
and cell count was obtained. Four million cells were spun down at 300g for 5 minutes,
resuspended in 250 pl culture medium, and transferred to an anaerobic chamber of 250 pl
volume. The anaerobic chamber was maintained at 37 °C by a water circulating system (DC10,
Thermo), and fitted with a fiber optic oxygen sensor (Model 110, INSTECH). Oxygen
concentration was sensed by the quenching of fluorescence of an indicator dye trapped in a
matrix at the tip of the probe, and was calibrated with 15 mM sodium hydrosulfite (Sigma) and

cell culture media, corresponding to 0% and 20.9% oxygen respectively.

Extracellular Acidification and Oxygen Consumption Rates
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For comparing extracellular acidification and oxygen consumption rates in feeder-free primed
hESCs, with AZD3965 or DMSO treatment, cells were seeded onto an XF24 Cell Culture
Microplate (Seahorse Bioscience) at 2 - 7.5 x 10* cells/well with the 10 M ROCK inhibitor Y-
27632 (Calbiochem) and incubated at 37°C overnight. Extracellular acidification and oxygen
consumption rates were measured by using an XF24 Extracellular Flux Analyzer (Seahorse
Bioscience) in unbuffered DMEM assay medium supplemented with 1mM pyruvate and 25mM
glucose after 45 to 60-minute equilibration, and were normalized to protein concentration using

the Protein Assay reagent (Bio-Rad).

Mass Spectrometry-based Metabolomics Analysis

Cells were incubated in medium containing 3.151 g/l 1,2-"*C-glucose for 24 hours. The
following day, cells were rinsed with cold 150 mM ammonium acetate (NH4AcO). Cells were
carefully scraped off in 800 pul of 50% ice cold methanol. An internal standard of 12.5 uM
norvaline was added to the cell suspension, followed by 400 pl of cold chloroform. After
vortexing for 15 min, the aqueous layer was transferred to a glass vial and the metabolites were
dried under vacuum. Metabolites were resuspended in 100 pl 70% acetonitrile (ACN) and 5 pl of
this solution was used for the mass spectrometer- based analysis. The analysis was performed on
a Q Exactive (Thermo Scientific) in polarity-switching mode with positive voltage 3.0 kV and
negative voltage 2.25 kV. The mass spectrometer was coupled to an UltiMate 3000RSLC
(Thermo Scientific) UHPLC system. Mobile phase A was 5 mM NH4AcO, pH 9.9, B was ACN,
and the separation achieved on a Luna 3mm NH;, 100A (150 x 2.0 mm) (Phenomenex) column.
The flow was 300 pl/min, and the gradient ran from 15% A to 95% A in 18 min, followed by an

isocratic step for 9 minutes and re-equilibration for 7 minutes. Metabolites were detected and
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quantified as area under the curve (AUC) based on retention time and accurate mass (< 3 ppm)
using the TraceFinder 3.1 (Thermo Scientific) software. Relative amounts of metabolites
between various conditions, as well as percentage of labeling were calculated and corrected for
naturally occurring >C abundance (Yuan et al., 2008; Moseley, 2010). For the heatmap depiction
of the relative amounts of glycolytic intermediates, Z scores were calculated by subtracting the
mean value across all samples, then dividing over standard deviation (SD). When feeder-
supported and feeder-free primed hESCs were compared, a plate of irradiated MEFs without
hESCs was also labeled with 1,2-13C-glucose, and traced the incorporation of BC into
downstream glucose metabolites using LC-MS, to control for the presence of feeder cells in the

FS conditions (Figure S4E-H, and Fan et al., 2014; Yuan et al., 2008).

Immunoblot Assays

For preparing whole cell lysates, cells were lysed in M-PER Mammalian Protein Extraction
Reagent (Thermo) with 20 mM NaF, | mM Na3;VOy, 4 pg/ml aprotinin, 4 pg/ml leupeptin, 4
pg/ml pepstatin, and 1 mM DTT. Nuclear and cytoplasmic fractions were prepared using the
following protocol: Buffer A, containing 10 mM HEPES (pH 7.9), 10 mM KCI, 0.1 mM EDTA,
0.4% NP40, 20 mM NaF, 1 mM Na3zVOy, 4 ng/ml aprotinin, 4 pg/ml leupeptin, 4 pg/ml
pepstatin, and 1 mM DTT, was used to extract cytoplasmic proteins; Nuclear pellet was
resuspended in Buffer B, which contains 20 mM HEPES (pH 7.9), 400 mM NaCl, ImM EDTA,
10% glycerol, 20 mM NaF, 1 mM Na3VOy, 4 pg/ml aprotinin, 4 ug/ml leupeptin, 4 pg/ml
pepstatin, and 1 mM DTT, and placed on vortex at 4 °C for 2 hours to extract nuclear proteins.
Western blot analysis was carried out according to standard methods. Protein concentrations of

cell extracts were determined by using the Protein Assay reagent (Bio-Rad). The following
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commercial antibodies were used as probes: C-MYC, N-MYC, OCT4A, TBP (Cell Signaling),

B-Tubulin (Sigma), MCT1, and GAPDH (Abcam).

RNA-Seq

Feeder-supported UCLA1 primed and naive hESCs were cultured in a 6-well dish. Primed
hESCs were harvested with Img/ml Collagenase IV (Life Technologies) for 8min at 37 °C, or
until the edges of colonies lifted off slightly. Colonies were collected in hESM followed by
sequential sedimentation steps to deplete feeder cells. Colonies were then washed once in PBS
and collected in 1ml Trizol (Invitrogen). Naive hESCs were feeder depleted by treating the cells
with Accutase and passing the cells through a 40-um mesh. Under these conditions feeder cells
do not separate into single cells and therefore do not pass through the filter. Cells were collected
in 1 ml Trizol after a PBS wash. Total RNA was isolated by phenol chloroform extraction and
purified by RNeasy Mini Kit (Qiagen). The TruSeq Stranded mRNA Library Prep Kit (Illumina)
was used to prepare mRNA libraries following manufacturer’s instructions. The libraries were
run on 2% SeaPlaque Agarose gel (Lonza) to remove primer contaminants, and purified using
MinElute Gel Extraction Kit (Qiagen). Final library amounts were quantified by Qubit dSDNA
HS Assay (Invitrogen) and sequenced on [llumina HiSeq 2500 instrument at the UCLA High-
Throughput Sequencing Facility. Reads were mapped to hg19 assembly of the human genome
using the TopHat read-mapping algorithm (Trapnell et al., 2009), and gene expression levels

were calculated as RPKM values (Mortazavi et al., 2008).

Microarray and Enrichment Analysis
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Total RNA was isolated by using the Absolutely RNA kit (Stratagene) and reverse-transcribed
with the SuperScript III First-Strand Synthesis System (Invitrogen) with oligo dT primers.
Whole-genome expression analysis was performed with the HG-U133 plus 2 array (Affymetrix)
at the UCLA Clinical Microarray Core.

Gene Set Enrichment Analysis (Subramanian et al., 2005) was performed using the Molecular
Signatures Database (MSigDB) C2 collection (version 5.0) of canonical signaling pathways,
cellular processes, chemical and genetic perturbations, and human disease states. For GSEA on
primed hESCs with AZD3965 or DMSO treatment, readings of probe sets were first RMA
normalized, and then collapsed according to the probes with maximum expression values into
gene symbols, which were then ranked according to the log10 p value from paired t-test between
AZD3965 and DMSO groups in three hESC lines: H1, H9, and HSF1. Pre-ranked GSEA was
also conducted on naive and primed UCLA1 hESCs.

For human preimplantation datasets, each data was analyzed separately. The mRNA microarray
dataset by Vassena et al., 201 1(GEO accession: GSE29397), was processed using Bioconductor
package in R, normalized using the RMA method, and then imported to GSEA. The single-cell
RNA-Seq dataset by Yan et al., 2013 (GEO accession: GSE36552) contained the gene
expression levels presented as RPKM values, based on which the log fold changes (base 2) were
calculated and ranked to generate an ordered gene list for Pre-ranked GSEA.

For the enriched MY C-regulated gene sets identified by GSEA, MENSSEN MYC TARGETS
was first reported by Menssen et al. (Menssen and Hermeking, 2002),
SCHLOSSER MYC TARGETS REPRESSED BY SERUM was based on published data by

Schlosser et al. (Schlosser et al., 2005), and DANG MYC TARGETS_UP was reported by
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Zeller et al. (Zeller et al., 2003). Details about each gene set can also be found at
http://software.broadinstitute.org/gsea/msigdb/.

A web-based application GOrilla (Eden et al., 2009) was used to identify enriched Gene
Ontology (Ashburner et al., 2000) terms in a ranked list of all genes according to the differential

expression in AZD3965 versus DMSO-treated H1, H9, and HSF1 hESCs.

Cell Proliferation

Cells were seeded in triplicates in 6-well plates, and cell counts were obtained using a Coulter

particle analyzer 5 days after seeding.
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