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Gene and protein expression analysis has revealed that the enzyme threonine
dehydrogenase (TDH) has the potential to play a major role in the establishment of HFB
metabolism. TDH breaks down threonine into glycine and acetyl-CoA, molecules which
are used to drive purine biosynthesis and ATP production, respectively. Using multiple
approaches, we show here that TDH is strongly expressed both in ES cells and in the
inner cell mass of the mouse blastocyst.

Identification of potent and specific small molecule inhibitors has made possible
the targeted elimination of the TDH enzyme in mouse ES cells. Using these compounds,
we have determined that metabolic flux through this pathway is essential for ES cell self-
renewal. TDH inhibition is shown to cause an alteration in the cell’s metabolic state that
results in increased autophagic activity and cell death. This study also reports on the
generation of TDH conditional knockout mice, which will enable further elucidation of

the role of HFB metabolism in adult and developing animals.
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CHAPTER ONE
Introduction |

BIOLOGY OF EMBRYONIC STEM CELLS

Embryonic stem (ES) cells are immortal cell lines derived from the inner cell
mass (ICM) of the preimplantation blastocyst. These cells have contributed much to our
knowledge of mammalian biology, both as a model for cellular differentiation processes
and as a tool that enables exquisite manipulation of the mouse genome. The ability to
inactivate a single gene in the mouse through targeted mutation, made possible by the
culture of ES cells, provides valuable information about that gene’s biological function in
the normal animal, and has allowed scientists to assign functions to scores of genes
whose roles were previously obscure.

ES cells were initially derived by culturing mouse blastocysts on a bed of
mitotically inactivated mouse fibroblast cells in medium containing fetal calf serum
(Evans and Kaufman, 1981; Martin, 1981). Subsequently, many refinements have been
made to the culture conditions for mouse ES cells. For example, the pluripotency factors
provided by the feeder and serum components have been identified, such that ES cells
can now be cultured in fully defined media (Ying et al., 2003). This has significantly
advanced our understanding of stem cell biology, especially of the signaling pathways
and transcription factors that regulate an ES cell’s decision to self-renew or differentiate.
In addition, the elucidation of signaling pathways regulating ES cell self-renewal has
enabled the establishment of the first germline-competent ES cell lines derived from rats

(Buehr et al., 2008, Li et al., 2008). Pluripotent stem cell lines from primates, including



humans, have also been derived (Thomson et al., 1995, 1996, 1998). These cells, while
useful, are quite different from mouse ES cellsin several important ways.

This chapter introduces the broad field of ES cell biology. First, the key
properties distinguishing authentic ES cells from other cell lineswill be discussed. Next,
ahistorical perspective will be presented on the derivation and culture of mouse ES cells,
including the conditions that have been used to culture ES cells and what these culture
conditions have revealed about normal ES cell biology. Finaly, ES cell linesfrom rats

and primates, and their relationship to mouse ES cells, will be considered.

DEFINING PROPERTIESOF ESCELLS
Pluripotency
Mouse ES cells originate from the ICM of the cavitated blastocyst, a structure
formed 4 days after the fertilization of the egg (Figure 1-1). The blastocyst is derived
from the morula (Latin for “mulberry”), asolid ball containing 16 cells. In addition to
the ICM, which will form the embryo, the blastocyst contains an outer layer of cells, the
trophoblast, and afluid-filled cavity called the blastocoele. The trophoblast cells are
specialized for mediating the attachment of the blastocyst to the uterus, and will later
form the placenta (Gardner, 1998). In mice, at 5.5 days after fertilization, the blastocyst
implantsin the uterine wall and differentiates into what is called an epiblast.
Pluripotency is defined as the ability of a cell to differentiate into multiple cell
types representative of the three primary germ layers of the embryo. These germ layers

are endoderm (gastrointestinal tract, liver, lungs), mesoderm (muscle, blood, bone,
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Figure 1-1 Pluripotency of mouse embryonic stem cells

The top panel depicts the stages of mouse embryogenesis. ES cells are derived from the
inner cell mass of the blastocyst, which is present 4 days after fertilization (E4). At E5.5
the blastocyst implants in the uterine wall and differentiates into epiblast. The bottom
schematic depictsin blue the cell lineages that can be derived from ES cells. ES cellsare
termed pluripotent because they can give rise to ectoderm, endoderm and mesoderm both
invivo and in vitro. However, ES cells are not totipotent because the trophectoderm
lineage isrestricted. Figure taken from (Smith, 2001).



urogenital), and ectoderm (skin and nervous system). When injected into animals, ES
cells form teratomas with tissue components resembling normal derivatives of all three
germ layers. Since blastocyst injection experiments are not possible in humans, teratoma
formation in anima modelsis often used to demonstrate the pluripotency of human ES
cells. ES cells have aso been extensively differentiated in vitro into many cell lineages
using appropriate culture conditions (Smith, 2001).

ES cells are sometimes referred to as totipotent. However, ES cellsrarely
differentiate into extraembryonic endodermal tissue (like yolk sac) in vivo, and never
differentiate into trophectoderm, which gives rise to placenta (Figure 1-1). Thus,
pluripotent stem cells can give rise to any fetal or adult cell type, but can not develop into
afetal or adult animal because they lack the potential to contribute to extraembryonic
tissue such as the placenta and yolk sac. Totipotent stem cellsinclude the fertilized egg

and the cells that comprise the morula.

Self-renewal

Through the process of self-renewal, ES cells maintain their pluripotency while
expanding in culture. ES cells can self-renew indefinitely, and are thus considered to be
immortal. Theoretically, thefirst ES cell line derived by Evansin 1981 could still be
maintained today with no change in its differentiation capacity. Inreality, random
mutational events can occur during prolonged culture, so it is advisable to use low-
passage number ES cells when generating chimeric mice.

ES cells are the only non-transformed mammalian cells that are immortal.



Whereas cancer cells are immortal as aresult of genetic transformation, ES cells are
derived without transformation or immortalization. Another distinction between ES cells
and cancer cellsisthat, through the process of self-renewal, ES cells maintain a stable
diploid karyotype, whereas cancer cell division often resultsin aneuploidy. This
maintenance of diploidy is critical because ES cells capable of contributing to the mouse
germline must contain a balanced chromosome number in order to undergo meiosis.
Cultured mouse ES cells also possess an extraordinary amplification capacity.
These cells measure only several micrometersin diameter, as compared to the 10- to 30-
pm range typical of cultured somatic cells (Alberts et al., 2002). This small size dictates
that ES cells are composed almost entirely of nucleus and contain little cytoplasm.
Mouse ES cells divide at an astonishing rate. The feeder-independent ES cells grown in
our lab have acell division cycle of only five hours. This doubling time is shorter than
that of even the most rapidly dividing cancer cells and approaches that of single-celled
microbial organisms. One factor contributing to thisrapid cell division isthe lack of
either G1 or G2 checkpoints; an ES cell spends most of its lifespan in S phase of the cell
cyclereplicating its DNA (Smith, 2001). Together, these properties have led some
researchers to suggest that mouse ES cells might be more akin to rapidly growing yeast

than they are to other mammalian cell types (Silvaand Smith, 2008).

The ability to contribute to chimeric blastocysts
Clonogenic mouse ES cells that are grown in culture for long periods of time can,

upon return to a host embryo, differentiate normally and give rise to chimeric (mosaic)



animals. Chimeric mice aretypically generated by introducing ES cellsinto blastocysts,
and then implanting the chimeric blastocysts into pseudopregnant recipient mice. Once
injected into the blastocoele, ES cells become trapped and must either participate in
development or die (Gardner, 1998). If theinjected ES cells colonize the germline then
the effects of specific genetic manipulations performed in ES cell cultures can be studied
in the context of the whole animal. The ability to form germline-competent chimerasis
the most definitive proof of authentic ES cells. When it is not possible to test whether a
cell line can giverise to chimeric animals, asin the case of human ES cells, the most

rigorous test available is teratoma formation.

Molecular hallmarks of pluripotent stem cells

In the past two decades much progress has been made in identifying the
molecules responsible for the maintenance of ES cell self-renewal. Oct4 and Nanog are
two transcription factors that are specifically associated with the generation and
maintenance of pluripotency. Oct4 isaPOU domain transcription factor that is expressed
in epiblast and hypoblast cells (Palmieri et al., 1994). Oct4 expression is essential both
for development of the ICM (Nichols et al., 1998) and for the self-renewal of cultured ES
cells (Niwaet al., 2000). In contrast to Oct4, Nanog expression is confined to the
epiblast. Nanog is not absolutely required for ES cell maintenance, but its absence
reduces the threshold for differentiation (Chambers et a., 2007), and forced expression of
Nanog alleviates the requirement for the cytokine leukemiainhibitory factor (LIF) in ES

cell cultures (Chambers et al., 2003).



Because of their rolesin ES cell self-renewal, the expression levels of Oct4 and
Nanog are commonly measured to assess the quality of ES cells. In addition, since the
promoters of both of these genes are demethylated in pluripotent stem cells, methylation
analysis can be performed to evaluate new lines. Other transcription factors that play
important rolesin ES cell pluripotency include Sox2 and KlIf4, and genome-wide studies
are now being carried out to map transcriptional interaction networks among these factors

that regulate pluripotency in mouse ES cells (Kim et al., 2008; Lu et al., 2009).

DERIVATION AND MAINTENANCE OF MOUSE ESCELLS
Embryonal carcinoma cells

The study of pluripotent stem cells began in the 1960s with the observation that
embryonal carcinoma (EC) cells were capable of both unlimited self-renewal and
multilineage differentiation (Kleinsmith and Pierce, 1964). EC cells are derived from
teratocarcinomas, which are germ cell tumors that are mixtures of differentiated
teratomas and undifferentiated EC cells. Beginning in the 1970s, EC cell lines were
established that could be stably propagated in vitro (Kahan and Ephrussi, 1970).
Although some EC cell lines could participate in embryogenesis when injected into
mouse blastocysts (Brinster, 1974), most had limited differentiation potential and
contributed poorly to chimeric mice, likely due to aneuploidy and other genetic changes.
Nevertheless, the similar developmental properties of EC cells and early embryonic cells
led to a search for pluripotent cells that were present during the course of normal

mammalian devel opment.



Original derivation of mouse EScells

Thefirst ES cell lines were derived from the ICM of mouse blastocysts using
fibroblast feeder layers and serum, conditions previously used for the culture of mouse
EC cells (Evans and Kaufman, 1981; Martin, 1981). ES cell cultures established in this
way could differentiate into awide variety of cell typesin vitro and form teratomas when
injected into mice. It was observed that, upon death of the feeder cells, the ES cells
differentiated into embryonic endoderm, indicating that the feeders were supplying some

factor required to maintain ES cell self-renewal (Figure 1-2). In addition, when ES cells
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Figure 1-2 Original derivation of embryonic stem cells

Mouse ES cellswereinitially derived by plating blastocysts on a bed of mitotically
inactivated mouse fibroblast (feeder) cells. If the feeders died then the ES cells
differentiated into embryonic endoderm, suggesting the feeder cells were supplying some
factor critical for self-renewal. When the cells were allowed to overgrow on low
adherence dishes, clumps of cells would detach from the dish and form spherical
structures called embryoid bodies that contained all three primary germ layers. ES cells
could aso be differentiated extensively in attachment culture. Figure taken from (Evans,
2007).



were overgrown on low adherence tissue culture dishes, clumps of cells detached from
the plate and formed embryoid bodies containing al three primary germ layers (Evans
and Kaufman, 1981). Unlike EC célls, ES cells contained a normal karyotype, afeature
which made possible the generation of germ-line chimeras and provided a method to
introduce modifications into the mouse genome (Bradley et al., 1984).

Thefirst ES cells derived by Evans and Martin, and indeed most new ES cell lines
derived today, come from the 129/Sv strain of mice (Kawase et a., 1994). While
germline-competent ES cell lines have been established from the C57BL/6 strain, their
derivation isinefficient and requires modified culture conditions (L edermann and Burki,
1991). BALB/c, BXSB/MpJ-Yaaand MRL/Mp-lpr/Ipr mouse strains are also non-
permissive to the generation of ES cell cultures (Kawase et al, 1994). Thus, it was
perhaps fortuitous that the initial efforts to derive ES cells made use of mice from the
inbred 129 strain. The underlying factors that cause one strain to be permissive for ES

cell derivation while another strain is refractory are currently unknown.

Role of LIF in maintenance of pluripotency

Theinitial derivation of ES cells depended on the presence of both mouse
embryonic fibroblast cells and fetal calf serum, and removal of either of these
components resulted in extensive cellular differentiation (Evans and Kaufman, 1981).
However, the molecular identities of the factors that originated from these sources and
were responsible for supporting ES cell self-renewal were unknown. Thus, the

conditions required for maintenance of pluripotency in culture were poorly understood.
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In 1988, two groups independently purified the feeder-derived factor responsible
for inhibiting ES cell differentiation using fractionation of conditioned medium (Smith et
al., 1988; Williams et al., 1988). Thisfactor was identified as the cytokine leukemia
inhibitory factor (L1F), and purified recombinant LIF was able to substitute for the feeder
layer in the maintenance of pluripotent ES cell lines (Figure 1-3). Thisimportant
discovery enabled the culture of pure populations of ES cells, that, when injected into
mouse blastocysts, retained the capacity for germline transmission (Nichols et al., 1990).
It was subsequently shown that L1F maintains self-renewal by binding the gp130 receptor
to activate the transcription factor STAT3. STAT3 activity appeared to be a key switch
regulating stem cell fate, because expressing a dominant negative form of STAT3in ES
cells abrogated self-renewal and promoted differentiation (Niwaet al., 1998), whereas
expressing an active form of STAT3 maintained pluripotency in the absence of LIF
(Matsuda et al., 1999). Today, LIF isroutinely added to culture mediato prevent
unwanted ES cell differentiation. However, even after the discovery of LIF, ES cell
culture conditions were incompletely understood, because the contribution of the fetal

calf serum media component had not been identified.

Culture of EScellsin fully defined media

In the absence of LIF and serum, mouse ES cells differentiate into neural
precursor cells. Thisneural differentiation pathway requires autocrine fibroblast growth
factor (FGF) signaling through the Ras-ERK pathway (Maet a., 1992). Fgf4in

particular plays amajor role in this process because Fgf4-null ES cells are deficient in
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ES Cell

SELF-RENEWAL DIFFERENTIATION
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Figure 1-3 Promotion of mouse ES cell self-renewal by leukemiainhibitory factor
Diagram depicts two possible fates for adividing ES cell. Under conditions favoring
self-renewal, ES cells form dense colonies of small, rapidly dividing cells. The cytokine
leukemiainhibitory factor (LIF) promotes self-renewal by activating the JAK/STAT
signaling cascade. In the absence of LIF and serum, ES cells produce autocrine Fgf4 that
drives them toward the neuroectoderm lineage. Differentiating ES cells change shape,
expand in size, and slow their growth rates. Figure taken from (Smith, 2001).
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neural induction and remain pluripotent for prolonged periods of time even in the absence
of LIF and serum (Kunath et al., 2007). Erk2-null cells also fail to undergo
differentiation in adherent culture and retain the expression of pluripotency markers such
as Oct4 and Nanog (Kunath et al., 2007). Thus, Fgf-mediated activation of Erk is an
autoinductive stimulus that triggers the transition of ES cells from self-renewal to lineage
commitment.

Bone morphogenetic proteins (BMPs), which are members of the TGF-f3
superfamily of secreted growth factors, are known anti-neural factorsin mammalian
embryogenesis (Wilson and Hemmati-Brivanlou, 1995). Knowing that ES cells
differentiate into neural precursorsin serum-free media, Smith hypothesized that BMPs
might be important for suppressing the differentiation of cultured ES cells. Whereas
BMPs aoneinduced ES cell differentiation into epithelia cells, the addition of both LIF
and BM P4 to the culture medium sustained ES cell self-renewal in the absence of serum
(Ying et a., 2003). Mechanistically, BMPswere found to act by inducing expression of
Id genes viathe Smad pathway, because forced expression of 1d liberated ES cells from
BMP or serum dependence and allowed self-renewal in LIF alone (Ying et a., 2003). In
sum, the use of BMPs to activate the Smad/ld pathway alleviated the requirement for

serum during the derivation and culture of mouse ES cells.

Maintenance of pluripotency by signal inhibition
The identification of LIF and BMPs as regulators of ES cell pluripotency enabled

the culture of ES cellsin fully defined media and shed light on signaling pathways
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involved in self-renewal. One question that remained was whether these extrinsic factors
were absolutely required for ES cell pluripotency. Alternatively, it was possible that LIF
and BMPs acted by counteracting intrinsic differentiation pathways, such that when
shielded from this tendency to differentiate the basal ES cell state was self-renewal. An
elegant series of studies by Smith and coworkers addressed this very issue.

Armed with the knowledge that FGF signaling through ERK isimportant for the
differentiation of ES cellsinto neural precursor cells, these researchers used small
molecule inhibitors to block the function of FGF receptor tyrosine kinases and the ERK
cascade (Ying et al., 2008). Culture of ES cellsin the presence of these inhibitors
enabled the expansion of undifferentiated ES cells, but cell growth and viability was
compromised due to high levels of apoptosis. However, the addition of athird inhibitor
specific to GSK 3, a compound that had been previously reported to enhance ES cell
propagation (Sato et al., 2004), resulted in the efficient expansion of ES cellsin media
completely lacking growth factors and cytokines. Furthermore, use of media containing
al three pharmacological inhibitors (3i media) allowed the establishment of germline-
competent ES cells from CBA strain mice, which are refractory to ES cell production
under standard culture conditions (Buehr and Smith, 2003).

Importantly, ES cell propagation in 3i media does not involve activation of the
STATS3 transcription factor, because STAT3-null ES cells cultured in 3i were
indistinguishable from wild-type (Ying et a., 2008). Since ES cells can be derived and
maintained without growth factors or cytokines, it appears that cultured ES cellsexistin a

basal cell state that isintrinsically self-maintaining if shielded from inductive
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differentiation stimuli (autocrine FGF, see Figure 1-4 for summary).
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Figure 1-4 Maintenance of mouse ES cell pluripotency in culture

Factors important for ES cell pluripotency are shown. Oct4, Sox2 and Nanog are
transcription factors that maintain the undifferentiated state through gene expression
programs. Under basal conditions, ES cells produce autocrine FGF4 that signals through
the Erk pathway and poises the cells for differentiation. Inhibition of this pathway using
small molecule FGFR and MEK inhibitors promotes ES cell self-renewal. Lineage
commitment can also be blocked further downstream using LIF and BMP4. Figure taken
from (Silvaand Smith, 2008).

PLURIPOTENT STEM CELLSFROM OTHER SPECIES
Rats

Using small molecule inhibitors of the ERK and GSK 3 pathways to shield the
pluripotent ground state from inductive differentiation stimuli, authentic ES cells capable

of germline transmission have been recently derived from rats (Buehr et al., 2008, Li et
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al., 2008). These ES cells pass all of the criteriarequired of mouse ES cells, and are the
first germline-competent ES cell line established from a species other than mouse. These
rat ES cells should allow researchers to genetically manipulate the rat genome in an
manner analogous to mice, and create new models for the study of human disease.
However, the use of these cells to generate knockout rats has yet to be reported. Itis
possible that there is atechnical hurdle to overcome at another step in the gene targeting
procedure. For example, homol ogous recombination might be more difficult in rat cells
than in mice. Nevertheless, it is anticipated that reports of the production of knockout

rats using rat ES cells will be forthcoming.

Primates

The first pluripotent cell lines from primates were established in the mid-1990s
from rhesus monkey and common marmoset blastocysts (Thomson et al., 1995, 1996).
While their ability to contribute to chimeric blastocysts has not been tested, these cells do
form teratomas when injected into mice and appear to self-renew indefinitely in culture.
Study of these cells from nonhuman primates facilitated the derivation of the first human
pluripotent cell lines (Thomson et al., 1998).

Although they aretypically caled ES cells, human pluripotent stem cells are not
equivalent to mouse ES cells. First, human ES cells grow at afar slower rate than mouse
ES cells, with doubling times of up to 35 hours, compared to the 5 hour cell cycle seenin
mouse ES cells (Amit et a., 2000). In addition, the growth factor requirements for

human ES cells are substantially different than those for mouse ES cells. For example,
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LIF can not take the place of feeder cellsin human ES cell maintenance, and STAT3
activity appears to have little effect on human ES cell self-renewal (Daheron et a., 2004).
More strikingly, the roles of BMPs and FGFs appear to be reversed in human ES cells
compared to mouse. Whereas in mouse ES cell cultures BMPs are added to the medium
to counteract FGF signaling and maintain pluripotency, human ES cell self-renewal
requires FGF activity to suppress BMP signaling (Xu et a., 2005).

A new cell line derived from mouse post-implantation epiblast may help to
explain this apparent paradox. While remaining pluripotent, epiblast stem cells (Epi SCs)
have different properties than ES cells, including altered growth rates, gene expression
patterns, and media requirements, and these cells are not competent to contribute to
blastocyst chimeras (Tesar et a., 2007). EpiSCs can also be produced from ES cellsin
culture viadifferentiation (Guo et al., 2009). Interestingly, human ES cell lines share
many of the properties of Epi SCs, prompting researchers to suggest that human ES cells
might be more similar to Epi SCs than they are to mouse ES cells (Nichols and Smith,
2009). Whereas ES cells are believed to exist in aground state of self-renewal, EpiSCs
are thought to be in a state poised for differentiation (Silvaet a., 2009). In spite of their
apparent differences, both mouse and human ES cells remain valuable tools for the study

of differentiation pathways in mice and humans.



CHAPTER TWO
Introduction 11

METABOLIC PATHWAYS ALTERED IN MOUSE ES CELLS

Intermediary metabolism is the set of chemical reactions that converts substrates
into end products through many specific chemical intermediates. These processes allow
cells to grow and divide, maintain their structures, and respond to changes in their
environments. Their unusually fast rates of cell division suggest that proliferating mouse
ES cells might contain unique metabolic features not normally seen in other mammalian
cell types.

Previous work by our laboratory has shown that ES cells exist in a unique
metabolic state that facilitates rapid growth (Wang et al., 2009). To survey the levels of
numerous common metabolites, mouse ES cells (line E14) grown without feeder cells
were exposed to organic solvents that allow soluble extracts to be subjected to liquid
chromatography-mass spectrometry (LC-MS/MS), This method (described in Tu et al.,
2007) enables multiple reaction monitoring of scores of metabolites. Parameters
necessary for the detection of the two most abundant daughter ions for each metabolite
upon collision-induced fragmentation were optimized so that metabolite identity could be
simultaneously assessed.

The relative amounts of individual metabolites prepared from ES cells were
compared with those of embryoid body cells deprived of LIF for 3, 5, or 7 days (Figure
2-1). Using this method, we identified three primary metabolic pathways that change

dramatically as a function of ES cell differentiation. These were the purine biosynthetic
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Figure 2-1 Metabolic profile of ES cellsas a function of differentiation

Feederless mouse ES cells (E14 strain) were differentiated into embryoid bodies using
LIF withdrawal. Organic metabolites were extracted in cold 50% aqueous methanol,
dried on a vacuum concentrator, and reconstituted in 0.1% formic acid or 5 mM
ammonium acetate. Metabolite levels were analyzed by LC-MS/MS analysis(Tu et dl.,
2007). Green indicates metabolites that decreased during the course of embryoid body
differentiation, and red indicates metabolites that increased. Assayswere performed in
triplicate. Figure from (Wang et al., 2009).
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pathway, one-carbon folate metabolism, and catabolism of the amino acid threonine into
glycine and acetyl-CoA. All three of these pathways are contained within the network of
reactions called the high-flux backbone (HFB) of metabolism, which is used by microbial
organisms to sustain cell division rates under growth-liming conditions (Almaaset al.,
2004; Hartman, 2007). These observations raised the possibility that ES cells might exist

in aHFB metabolic state comparable to that of rapidly growing bacterial cells.

PURINE BIOSYNTHESIS

Thefirst class of metabolites that changed significantly during the course of ES
cell differentiation was purine nucleosides. Purines and pyrimidines are the building
blocks of nucleic acids. Pyrimidines are six-membered heterocyclic aromatic rings
containing two nitrogen atoms. A purine is the combination of a pyrimidine joined to a
five-membered imidazole ring. Purines and pyrimidines are not typically catabolized to
generate energy, but instead utilized in the processes of DNA replication and DNA-RNA
transcription. Rapidly proliferating cells synthesizing large anounts of DNA have an
increased demand for nucleic acid synthesis, and must increase their production of
purines and pyrimidines to maintain growth rates. For this reason, many anti-microbial
and anti-cancer drugs work by inhibiting these metabolic pathways (Garrett and Grisham,
1999).

In our studies, the purines adenosine, guanosine, and inosine al increased by
approximately ten fold as aresult of ES cell differentiation into embryoid bodies (Figure

2-2 C-E). Thus, there appears to be arapid consumption of purinesin undifferentiated
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Figure2-2 The purine biosynthetic pathway

A. 5-Phosphoribosyl-1-pyrophosphate (PRPP), the first molecul e specific to de novo
purine biosynthesis, is made from ribose-5-phosphate by the enzyme PRPP synthetase.
Purine nucleotides are generated by successive additions to the purine ring to form
inosine 5'-monophosphate (IMP). IMP is the common precursor to adenosine 5’ -
monophosphate (AMP) and guanosine 5’ -monophosphate (GMP). The two steps
requiring formyl-THF as a one-carbon donor, catalyzed by the transformylase enzymes
GAR Tfase and AICAR Tfase (Benkovic, 1984), are highlighted in red. B-D. Levels of
the purines AICAR, inosine, adenosine, and guanosine as a function of ES cell
differentiation. Figuresfrom (Wang et al., 2009).
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EScells. ES cells have an unusual cell cycle, with avery short G1 phase and a high
proportion of cellsin S phase. AsES cells differentiate, their growth rates slow down
and their cell division cycle becomes more similar to that of other mammalian cell types
(Smith, 2001). It makesintuitive sense therefore to hypothesize that ES cells might have
a high demand for purinesin order to maintain their high rates of cell division.

The de novo purine biosynthetic pathway is energetically expensive, requiring the
hydrolysis of six ATP molecules per molecule of inosine monophosphate (IMP)
produced (Devlin, 2002). The pathway is initiated when the sugar ribose-5-phosphate is
activated by the transfer of a pyrophosphate group to yield phosphoribosyl pyrophosphate
(PRPP, see simplified schemein Figure 2-2A). PRPP isthe first molecule specific to
purine biosynthesis. In the second enzymatic reaction, PRPP reacts with glutamine to
produce phosphoribosylamine (PRA). Production of PRA isthought to be the most
highly regulated step in de novo purine biosynthesis, with no known regulatory
mechanisms operating between PRA and IMP (Wyngaarden, 1976; Waitts, 1983). Next,
glycinamide ribonucleotide (GAR) is synthesized from PRA, glycine, and ATP by GAR
synthetase. Inthefirst of two transformylation reactions requiring tetrahydrofolate
(THF), GAR transformylase transfers the N**-formyl group of formyl-THF to the free
amino group of GAR to yield formyl-GAR (FGAR). The requirement for folic acid
compounds has been demonstrated for both of the transformylase reactions in the purine
biosynthetic pathway (Warren and Buchanan, 1957). A series of five reactions requiring
the hydrolysis of four moles of ATP results in the production of the metabolite

aminoimidazol e carboxamide ribonucleotide (AICAR).
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In contrast to purine nucleosides, the purine intermediate AICAR was highly
abundant in ES cells, decreasing by about ten fold during embryoid body formation
(Figure 2-2B). Thisfinding suggests that metabolic flux might be limited by the next
step in the pathway. In step ten of the de novo purine biosynthetic pathway, AICAR
transformylase adds the formyl carbon of formyl-THF to generate formyl-AICAR
(FAICAR). This carbon isthe final atom necessary for the formation of the purine
nucleus. The IMP synthase enzyme appears to form afunctional complex with AICAR
transformylase, resulting in the sequential formylation and ring closure of AICAR to
yield IMP (Benkovic, 1984). IMP isthe precursor to both adenosine monophosphate
(AMP) and guanosine monophosphate (GMP). The high level of AICAR indicates that
in mouse ES cells the formylation of AICAR might be arate-limiting step for purine
biosynthesis. Therefore, we turned our attention to the one-carbon metabolic pathways

required for this reaction to occur.

ONE-CARBON FOLATE METABOLISM

Folic acid derivatives (folates) are acceptors and donors of one-carbon units for
all oxidation states of carbon except that of carbon dioxide, which istypically carried by
biotin (Garrett and Grisham, 1999). Folic acid itself, also known as vitamin B, is not
biologically active, but is activated by two successive reductions performed by the
enzyme dihydrofolate reductase. Thisresultsin the formation of the active derivative
tetrahydrofolate (THF), a coenzyme that is important for the metabolism of amino acids

and nucleotides, where it acts as a one-carbon donor.
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THF is charged to produce methyl-THF and formyl-THF by reactions utilizing
carbon units from the amino acids glycine, serine, and histidine. The biosynthetic
pathways for purine nucleotides and the pyrimidine thymine require incorporation of one-
carbon units from folate derivatives (Figure 2-3A). For thisreason, synthetic folate
analogs (also called antifolates) such as methotrexate are sometimes used to disrupt DNA
synthesisin human cancer cells (Devlin, 2002).

We observed dramatic changes in folate levels resulting from mouse ES cell
differentiation (Figure 2-3 B and C). The amount of methyl-THF in particular was
almost twenty fold higher in embryoid bodies than in pluripotent ES cells. This depletion
of methyl-THF in ES cellsislikely to be the basis for the accumulation of AICAR, which
must be formylated to generate the purines IMP, AMP and GMP. Since high levels of
charged folates are necessary to sustain rapid cell division cycles, the demand for these

one-carbon donors appears to be unusually high in pluripotent ES cells.

THREONINE CATABOLISM

The catabolism of the amino acid threonine was also observed to be substantially
atered in rapidly growing mouse ES cells. The mitochondrial enzyme threonine
dehydrogenase (TDH) isresponsible for catabolizing threonine into acetyl-CoA and
glycine. Therelative levels of threonine and acetyl-CoA changed in opposite directions
as a consequence of ES cell differentiation. Whereas threonine levels were low in ES
cells and increased during differentiation, the level of acetyl-CoA wasinitially high but

declined during embryoid body formation (Figure 2-1). These features suggest that flux



24

>
w
b3

folic acid
purine ribonucleotide

-

(o4

n
A

% 100
L |
g 0784
formyl-THF dUMP g 0.504
0.25
0.00-

ES EBdayd EBdayS EBday7?
glycine —» THF

C
\ 1 methyl-THF

dihydrofolate dTMP

T

folic acid

relative wvel
- - -
o w o

o
i

Lo

ES EB day3 EB dayS EB day?

Figure 2-3 One-carbon folate metabolism

A. Sources of one-carbon units for incorporation into THF include glycine, serine,
histidine and formate. The biosynthetic pathways for purines, methione, and the
pyrimidine thymine all rely on the incorporation of one-carbon units from THF
derivatives. Figure adapted from (Devlin, 2002). B-C. Levelsof folic acid and mTHF as
afunction of ES cell differentiation. Figuresfrom (Wang et al., 2009).

through the TDH pathway might be high in pluripotent stem cells. Indeed, thisenzymeis
robustly expressed in ES cells but is absent in differentiated cells (discussed in chapter 3).
Importantly, glycine generated in the mitochondria by this pathway is used to charge

THF viathe glycine cleavage system (Dale, 1978). Thus, it appears we have uncovered a
metabolic network operative in ES cells where one-carbon units originally derived from

threonine pass through folate intermediates to drive high rates of purine biosynthesis.
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In the mitochondria, TDH forms a stable complex with its partner enzyme glycine
C-acetyltransferase (Gcat, also called 2-amino-3-ketobutyrate-CoA ligase). NAD'-
dependent oxidation of threonine by TDH produces the short-lived intermediate 2-amino-
3-ketobutyrate, which in the absence of Gcat is spontaneously decarboxylated to produce
aminoacetone. However, in aprocess referred to as channeling, TDH is able to passthis
molecule directly to the Gcat enzyme, which catabolizes it into glycine and acetyl-CoA
(Figure 2-4; Dale, 1978; Srere, 1987). Whereasin mice TDH appears to be exclusively
expressed in ES cells, Geat expression is ubiquitous. Recently solved X-ray structures of
microbial TDH enzymes suggest a binding surface for Geat (Ishikawaet al., 2007;
Bowyer et a., 2009). The overall structure of TDH consists of a Rossman fold motif and

issimilar to that of alcohol dehydrogenase enzymes (Figure 2-5).

2-amino-3-
threonine ketobutyrate glycine acetyl-CoA
COoOr eleloy i
+NH3_¢_H TDH  *NH,-C-H  Geat - _g‘_?g _Q_SC
H(IJ—OH — = c=0 — 3 v + HiC-C 0A
CHjs CH,

Figure 2-4 Catabolism of threonineinto glycine and acetyl-CoA

In mitochondria, threonine is catabolyzed by TDH to yield the short-lived intermediate 2-
amino-3-ketobutyrate. In the absence of Gcat, 2-amino-3-ketobutyrate is spontaneously
decarboxylated to produce aminoacetone. However, Gcat, which is expressed
ubiquitously in mice, forms a complex with TDH in mitochondria, resulting in a
sequential reaction that produces glycine and acetyl-CoA from threonine (Dale 1978,
Srere 1987).
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co-factor binding domain catalytic domain

lobe loop region

Figure2-5 Structure of threonine dehydrogenase from Thermococcus kodakaraensis
Ribbon diagram of a TKTDH monomer with the NAD* cofactor shown in pink. The X-
ray structure was determined at 2.4 A resolution. The NAD*-binding domain adopts a
Rossman fold characteristic of di-nucleotide binding domains. Despite low sequence
homology, the overall structure is similar to acohol dehydrogenases from lower
organisms. Figure taken from (Bowyer et a., 2009).
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HIGH-FLUX BACKBONE METABOLISM

Elegant studies of metabolic flux in bacteria have defined reaction pathways that
flow at rates more than three to four orders of magnitude higher than those of other
pathways of intermediary metabolism (Almaas et a., 2004). Under conditions
facilitating rapid growth rates, the overall cellular metabolism is dominated by this high-
flux backbone (HFB) of metabolism, which is embedded in a network of mostly lower-
flux reactions. Upon perturbation of bacterial growth conditions, only the reactions
constituting the HFB of metabolism undergo noticeable changesin flux, whereas the low-
flux reactions remain virtually unaltered, suggesting the high-flux pathways play a
decisive role in dictating rates of cell division.

The core circuitry of the HFB of metabolism includes the TCA cycle and the
purine biosynthetic pathway, as well asthe TDH enzyme (Figure 2-6). Indeed, TDH
occupies an important position in the HFB metabolic network. This is because the two
products of the TDH reaction, acetyl-CoA and glycine, are needed to fuel the high-flux
reactions of the TCA cycle and purine biosynthesis, respectively. Under growth
conditions that permit HFB metabolism, most of the twenty naturally occurring amino
acids are processed into biomass via protein synthesis. Strikingly, rapidly growing
bacteria convert the majority of threonine present in the cell into glycine and acetyl-CoA
using the TDH enzyme (Almaas et al., 2004).

Evidence for the existence of the HFB of metabolism in eukaryotes comes from
experiments performed using yeast grown in the presence of hydroxyurea, an inhibitor of

nucleotide biosynthesis (Hartman, 2007). Under these conditions yeast cells upregulate
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Figure2-6 The high-flux backbone of metabolism in E. coli

In rapidly growing bacteria, metabolic activity is dominated by several reactions with
very high fluxes (shown in red). Thishigh-flux backbone (HFB) of metabolism includes
the TCA cycle and the purine biosynthetic pathway, as well asthe TDH enzyme.
Whereas most of the twenty naturally occurring amino acids are processed into biomass
via protein synthesis, threonine is catabolized by TDH to provide glycine and acetyl-CoA
to satisfy the demands of purine biosynthesis and the TCA cycle, respectively. Figure
taken from (Almaas et al., 2004).
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Figure 2-7 Threonine catabolism buffers purine depletion in budding yeast

De novo synthesis in yeast provides sufficient threonine to satisfy the demands of both
protein synthesis and purine synthesis under nutrient-limiting conditions. Asaresult,
cellular growth rates can be maintained by using the HFB of metabolism to increase rates
of threonine synthesis and breakdown to buffer depletion of purine pools. Extracellular
uptake and catabolism of threonine can be used for purine biosynthesisin mammalian
cells. Figure taken from (Hartman, 2007).
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their synthesis of threonine, which is catabolized to glycine and acetyl-CoA. This
processis used to buffer depleted purine pools and maintain high rates of cell division
(Figure 2-7). Since mammalian cells cannot synthesize threonine de novo, extracellular
uptake of threonineis required to satisfy the demands of both translation and purine

biosynthesis during conditions where HFB metabolism is operative.

DEPENDENCE OF MOUSE EMBRYONIC STEM CELLSON THREONINE

To test whether ES cells might deploy the TDH enzyme to adopt a metabolic state
comparable to the HFB of bacterial cells, we prepared culture media that were
individually deprived of each of the 20 amino acids. ES cells of the E14 line were plated
and exposed to each of the single amino acid “drop-out” culture media. After 36 hours of
exposure, normal ES cell colonies were observed to grow in all culture media except that
deprived of threonine (Figure 2-8). Colonies grown from either control media, or media
individually lacking each amino acid except threonine, stained positively with the
alkaline phosphatase marker indicative of undifferentiated ES cells. Light microscopic
inspection of ES cell colonies showed little or no difference in colony morphology, cell
size, or cell number as afunction of mediatype. All of the media samples tested
contained 10% fetal bovine serum. The serum component provides cells with residual
amounts of amino acids, as well as with serum proteins that can be hydrolyzed by cellsto
salvage amino acids for protein synthesis and other metabolic needs. These residual
amounts of amino acids appear to be sufficient for the growth of ES cellsin all cases

except threonine deprivation.
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Figure2-8 Mouse ES cell proliferation iscritically dependent on threonine

CCE line ES cells were plated at single cell density and grown for 6 hours before
exposure to culture medium prepared to be missing asingle amino acid. After 36 hours,
colonies were stained with an alkaline phosphatase detection kit (Chemicon) and
photographed under a Zeiss AxioObserver microscope using bright field optics. Figure
from (Wang et al., 2009).
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If TDH-mediated threonine breakdown in ES cells indeed supplies glycine to fuel
one-carbon metabolism for enhanced purine biosynthesis, one might anticipate that
deprivation of threonine would impede DNA synthesis. To test this hypothesis, we
cultured ES cells in the presence of varying levels of threonine and exposed the cells to
brief labeling with [*H]thymidine. The incorporation of [*H]thymidine into DNA was
substantially reduced as a function of threonine concentration in the culture medium
(Figure 2-9C). Reduction of threonine supplementation to 30 uM partially inhibited
[*H]thymidine incorporation into DNA. When threonine concentrations were reduced to
10 uM, DNA synthesis was impeded to a level similar to that observed by complete
elimination of threonine from culture medium (except for residual amounts present in
serum). By contrast, when Hel.a cells were grown in culture medium supplemented with
varying concentrations of threonine, DNA synthesis was unimpeded even under
conditions of complete threonine deprivation (Figure 2-9C).

The growth of fibroblast cell lines was not selectively sensitive to threonine
deprivation. Unlike the threonine dependence of ES cells, it was instead observed that
both MEF and 3T3 cells failed to grow in cysteine-deprived medium. Thus, threonine-
high:cysteine-low (ThCl) culture media could rationally be predicted to selectively
support ES cell growth relative to that of differentiating or differentiated cells of the early
mouse embryo. Asan initial test of this hypothesis, small numbers of ES cells were
mixed and cultured with a vast excess of either MEF or 3T3 cells and exposed to culture
media supplemented with varying amounts of cysteine. As expected, deprivation of

cysteine favored the growth of ES cells relative to either MEF or 3T3 cells (Figure 2-10).
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Figure 2-9 Inhibition of DNA synthesisin ES cells deprived of threonine

A. Quantification of colony number from Figure 2-6. Threonine supplementation to the
culture mediais critical for ES cell colony formation. B. Mouse ES cells were exposed to
complete or threonine-deprived medium for 3, 6, or 9 hours, and then metabolically
labeled with 2 uCi of [*H]thymidine for 3 hours. Following three washes with PBS,
DNA was precipitated with 5% trichloroacetic acid, and then suspended in 0.5 M
NaOH/0.5% SDS for liquid scintillation counting. C. ES or Hel.a cells were exposed to
culture medium containing the indicated amounts of threonine for 3 hours and then
metabolically labeled for 3 hours with [*H]thymidine. Purified DNA was assayed for
radioactivity using scintillation counting. Figure from (Wang et al., 2009).
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Figure2-10 Sensitivity of fibroblast cell linesto cysteine deprivation
Cocultures of ESYMEF or ES/NIH3T3 cells were subjected for 2 days to media
containing the indicated amounts of supplemented cysteine. Cysteine deprivation
severely impeded fibroblast cell growth at 3 uM without affecting ES cell colony
formation. Figurefrom (Wang et a., 2009).

It is hoped that proper choice of ThCl medium might favor the establishment of improved
ES cell lines from species other than mice.

In summary, we show here that mouse ES cells exist in a unique metabolic state
that closely resembles the HFB metabolism used by rapidly growing microbial
organisms. An abundant supply of threonine is necessary to sustain this metabolic state,
because threonine withdrawal results in decreased rates of DNA synthesis and the

inability of individual ES cellsto form colonies. The identification of ahigh-flux
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pathway linking threonine catabolism to DNA synthesis helps to explain the unusually
fast growth rates of mouse ES cells, and might have relevance to the derivation and

maintenance of new ES cell lines from non-rodent species.



CHAPTER THREE
Results

TDH EXPRESSION IN MOUSE CELLS AND EMBRYOS

Abstract

Threonine dehydrogenase is the mitochondrial enzyme responsible for the
production of glycine and acetyl-CoA from the amino acid threonine. Based on
quantification of the abundance of these metabolites, we hypothesized that expression of
the threonine dehydrogenase enzyme might change during the course of embryonic stem
cell differentiation. Here, using multiple approaches, we show that this enzyme is highly
and selectively expressed in embryonic stem cells and in the inner cell mass (ICM) of the
mouse blastocyst. These findings suggest that threonine dehydrogenase might be
responsible for the unique metabolic state found in these cells, and that inhibition or

genetic lesion of this enzyme might result in the loss of embryonic stem cell self-renewal.

Introduction

Gene expression is the process by which genetic information is transferred from
DNA to RNA and protein, and is the most basic level at which genotype gives rise to
phenotype. Gene expression can be regulated through specific molecular interactions at
any step from the initiation of DNA-RNA transcription to the activity of a functional
protein product (Lewin, 2004). Regulation of gene expression provides the cell with
exquisite control over structure and function and is the basis for cellular differentiation

and morphological evolution (Carroll 2008). Quantification of the expression level of a
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specific gene in different cells, tissues, or organisms provides a huge amount of
information about that gene’ s function and biological activity. Here we report the
expression pattern and subcellular localization of the metabolic enzyme threonine

dehydrogenase in mouse cells and tissues.

Methods
Materials

MitoTracker Orange dye (Invitrogen) was used to localize mitochondriain ES
cells. A TSA-biotin amplification kit (Perkin EImer) was used for in situ hybridization of
blastocysts. All other chemicals and reagents were obtained from Sigma-Aldrich except

where specified.

Cell Culture

Feeder-independent mouse E14Tg2A (BayGenomics) ES cells were cultured on
gelatinized dishesin Glasgow minimum essential medium (GMEM) supplemented with
10% FBS (Hyclone), 100 uM MEM non-essential amino acids, 1 mM sodium pyruvate, 2
mM glutamine, 200 pg/mL penicillin, 100 pg/mL streptomycin (Stemcell Technologies),
50 uM 2-mercaptoethanol, and 1000 units/mL LIF (Chemicon). Dropout medium was
prepared by omitting threonine from GMEM or non-essential amino acids.
Approximately 10° ES cells were plated per 384-well plate or 25 cm® flask. ES cells were
passaged every 2 days, and the medium was changed on aternate days. For microscopy

experiments, ES cells were grown on gelatinized glass chamber slides (Lab-Tek) and
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visualized on a Zeiss AxioObserver microscope.

Quantitative RT-PCR Analysis

Total RNA was extracted with RNA STAT-60 (Tel-Test) and converted into
cDNA with oligo(dT) primer using the SuperScript first-strand synthesis kit (Invitrogen).
PCR was performed on an AB7900HT fast real-time PCR system (Applied Bioscience)
using a TDH specific primer pair with the sequences of 5 -
CCTGGAGGAGGAACAACTGACTA-3 (forward) and 5-ACTCGAATGTGCCGTTCTTTG-3

(reverse). Results were validated by amplification of GAPDH and 18S ribosomal RNA.

Generation of TDH Antibody

Rabbit polyclonal antibodies to the mouse threonine dehydrogenase enzyme were
produced using the synthetic peptides NH,-PMILDDSNARKDWGWKHDFD-COOH and NH,-
LSDIRKPPAHVFHSGPFVYAN-COOH. Peptide design was based on protein homology,
hydrophilicity, and antigenicity. 5 mg of each peptide was conjugated to KLH carrier
protein (using cysteine), mixed with complete Freund’ s adjuvant, and injected into
rabbits. Final bleeds containing TDH antibodies were taken after three additional
immunizations in incomplete Freund’ s adjuvant. Antibodies were tested by
immunoblotting protein lysates from HEK 293T cells expressing varying amounts of

FLAG-tagged TDH.
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In Stu Hybridization
Peri-implantation mouse embryos were subjected to in situ hybridization
according to the methods described in Chazaud et al., 2006. Sense and anti-sense probes

were prepared from afull length cDNA clone of the mouse TDH gene.

| mmunohistochemistry

Mouse ES cells or embryos were fixed with 4% PFA in TBS for 20 minutes at
room temperature and then washed 3 times for 5 minutes each with TBS. Blocking was
carried out for 30 minutes (cells) or 2 hours (embryos) using 3% normal goat serum
(Vector Laboratories) and 0.1% Triton X-100in TBS. Overnight incubation with TDH
antibodies diluted 1:1000 in blocking solution was performed at 4°C. After washing,
cells or embryos were incubated with secondary antibody (Alexa Fluor 488 F(ab’),
fragment of goat anti-rabbit 1gG from Molecular Probes diluted 1:1000 in blocking
solution) for 2 hours at room temperature. Cells were washed 3 timeswith TBS and
coverslipped with Vectashield mounting medium with DAPI nuclear counterstain (V ector
Laboratories). Immunostained cells and embryos were visualized on an Axiovert

fluorescence microscope (Zeiss) and photographed with a Hamamatsu Orca-ER camera.

Cloning of Human TDH
Human TDH was amplified from fetal liver tissue (gift from Ann Word) cDNA
and PCR products were cloned into the pGEM-T Easy Vector (Promega). Splice

isoforms were identified by sequencing of vector DNA.
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Results and Discussion
TDH Expression in Mouse ES Cells

In order to determine whether TDH might play arole in the HFB metabolism seen
in mouse ES cells, we measured TDH mRNA levels using quantitative RT-PCR. Indeed,
in total RNA isolated from ES cell cultures we detected robust expression of the TDH
transcript (Ct value 18). In contrast, using the same analysis on RNA from seven tissues
taken from adult mice, TDH expression was either exceedingly low or absent. In testis,
where TDH was expressed higher than in any of the other tissues analyzed, the mRNA
level was approximately one-thousand fold lower than in ES cells (Figure 3-1). We also
analyzed the expression profile of TDH’s partner enzyme, Geat. Like TDH, Gcat was
strongly expressed in mouse ES cells. However, high expression of the Gcat transcript
was also found ubiquitously in adult mice. Thus, flux through the TDH pathway is likely
to be regulated by the level of expression of the TDH enzyme.

Next, we measured TDH expression in pluripotent and differentiating ES cells.
Feeder-independent ES cells were differentiated into embryoid body (EB) cellsusing LIF
withdrawal, and TDH mRNA levels were measured 3, 5, and 7 days after initiation of
differentiation. We found that expression of the TDH transcript declined by 75% during
the first three days of differentiation, and by day 5 TDH expression was roughly one-
tenth of itsinitial level (Figure 3-2E). To verify that active TDH enzyme is also present
in ES cells, we purified mitochondrial extracts and measured TDH activity using an
absorbance-based assay to monitor threonine-dependent production of NADH. Asa

control, we used two HEK 293T cell clones stably expressing different amounts of a



41

20004
15004

10004

relative mRNA level

5004

Figure 3-1 ES cell-specific expression of threonine dehydr ogenase

Total RNA wasisolated from cultured ES cells and from seven tissues dissected from
adult mice. RNA was reverse-transcribed to make cDNA, and TDH expression was
assayed by qPCR using TDH-specific primers. The TDH message level isroughly one-
thousand fold higher in ES cells than in any of the adult tissues analyzed.
Glyceraldehyde-3-phosphate dehydrogenase and 18S ribosomal RNA were used as
internal controls. Figure from (Wang et al., 2009).

FLAG-tagged version of the TDH enzyme. Mitochondrial extracts from these cell lines
contained detectable enzyme activity that matched their relative levels of TDH protein
expression (analyzed by western blotting with an anti-FLAG antibody, Figure 3-2A).
When assayed using mitochondrial extracts from ES cells, however, TDH activity was
found to be much higher than in either of the HEK 293T stable cell lines analyzed (Figure
3-2B). Apparently, expression of ectopic TDH in transformed cell linesis not
comparable to endogenous TDH expression in mouse ES cells (discussed further in

Chapter 6).
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In order to measure the level of endogenous TDH protein in ES cells, we
generated rabbit polyclonal antibodies specific for the enzyme by injection of TDH
peptide antigens. After verifying that these antibodies specifically recognized TDH using
the stable cell lines expressing FLAG-tagged TDH, we blotted ES and EB cell lysatesto
determine TDH protein expression as afunction of differentiation state. Asthe mRNA
and enzyme expression studies indicated, TDH protein is abundantly expressed in ES
cells but declines rapidly during the course of differentiation. As controls, we blotted the
same lysates using antibodies against the transcription factors Oct4 and Nanog. We
observed that the TDH expression pattern closely resembles that of these canonical ES
cell markers (Figure 3-2D), raising the possibility that TDH transcription might be
directly regulated by these factors (see below).

To directly visualize TDH in ES cell cultures, we stained ES cells grown on glass
chamber dlides using TDH-specific antibodies. As expected, ES cell colonies contained
robust TDH protein expression that co-localized with mitochondria (Figure 3-3, top
panels). AsES cellsdifferentiated in response to LIF withdrawal, they extended
processes that contained mitochondria but were negative for TDH, while the central
region of the colony, which remained pluripotent, maintained appreciable TDH protein
(Figure 3-3, middle). Extensively differentiated ES cells flattened out into ectoderm-like
cells completely lacking TDH (Figure 3-3, bottom). Together, these studies suggest that
mitochondrial TDH is expressed selectively in self-renewing mouse ES cells, and might

be an important factor for specifying the pluripotent state.
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Figure 3-2 Expression of TDH enzyme, protein and mRNA in EScells

A-B. TDH expression and activity in HEK 293T cell lines expressing a FLAG-tagged
version of TDH. Enzymatic activity of FLAG-tagged TDH in HEK 293T mitochondrial
extracts was detectable but much lower than in ES cell extracts. C. TDH activity asa
function of differentiation. ES cellswere differentiated into embryoid bodies using LIF
withdrawal. D. Immunoblotting of ES and embryoid body cell lysates using Oct4,
Nanog, TDH and actin specific antibodies. The TDH expression pattern closely
resembles Oct4 and Nanog. E. TDH mRNA levels as assayed by gPCR for ES cellsand
day 3, 5, and 7 embryoid body cells. Figure from (Wang et al., 2009).



Mitotracker

Figure 3-3 TDH expression asa function of ES cell differentiation

ES cell colonies were grown on glass chamber slides in complete media or media lacking
LIF to promote differentiation. Cells were incubated with Mitotracker dye 15 minutes
prior to fixation to visualize mitochondria (red). Immunocytochemistry was performed
using antibodies specific for the mouse TDH enzyme. Top, an ES cell colony in which
all cells stain positive for TDH, which colocalizes with mitochondria. Middle, a partially
differentiated colony. The central region contains TDH staining but the differentiating
processes lack TDH expression. Bottom, afully differentiated colony devoid of TDH
protein expression. Figure from (Wang et al., 2009).
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TDH Expression in the Mouse Embryo

As discussed above, quantitative RT-PCR analysis did not revea significant
expression of TDH mRNA in any of the seven tissues analyzed from adult mice.
Published expression arrays confirmed these results, but also showed significant TDH
expression in the mouse pancreas, which was not one of the tissues analyzed in our
original gPCR experiment (Bono et al., 2002). Although we were able to confirm
pancreatic expression of TDH mRNA, western blotting and immunohistochemistry failed
to reveal any TDH protein in pancreatic tissue (data not shown). We conclude that TDH
expression is blocked in the pancreas at some post-transcriptional level. Since we have
been unable to find a site of TDH enzyme expression in adult mice, it appearsthat TDH's
role in mice might be exclusive to embryonic development.

Knowing that mouse ES cells are derived from the ICM, we analyzed TDH
MRNA and protein expression in mouse blastocysts using in situ hybridization and
immunohistochemistry, respectively. We detected robust TDH expression in the ICM
using both methods. Indeed, ICM cellsimmunostained with TDH specific antibodies
appeared remarkably similar morphologically to ES cell colonies grown in culture
(compare Figures 3-3 and 3-4B). Thefinding that TDH is highly expressed in the early
mouse embryo raises the possibility that TDH activity plays an important role during
normal mouse embryonic development. This observation also lends credence to the idea
that ES cellsin culture are essentially identical to cells present in the ICM of the mouse

blastocyst during embryogenesis (Ying et al., 2008).
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Figure 3-4 TDH mRNA and protein expression in the mouse blastocyst

A. In situ hybridization of blastocyst-stage mouse embryos localized the TDH mRNA
(purple) to the ICM. Sense and anti-sense probes were prepared from a full-length cDNA
clone of the mouse TDH gene. Hybridization conditions were based on the methods of
(Chazaud et al., 2006). B. Antibody staining localized the TDH protein to the perinuclear
region of the ICM (presumably mitochondria). Blastocysts were fixed in 4%

paraformal dehyde and after fixation were incubated with TDH antiserum overnight at
4°C. Embryos were incubated with secondary antibody conjugated to Alexa488 for 2h at
room temperature, and then visualized on an Axiovert fluorescence microscope (Zeiss).
Figure from (Wang et al., 2009).

As noted above, the TDH expression pattern in mouse ES cells and embryos
closely matches that of a handful of transcription factors known to be involved in the
maintenance of the ES cell pluripotent state. 1n an unbiased genome-wide study, Orkin
and colleagues identified target promoters of nine of these factors using chromatin

immunoprecipitation (Kim et al., 2008). Strikingly, five of the nine transcription factors
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implicated in ES cell pluripotency bound to the first exon of the TDH gene, a transcribed
region that does not contain any amino acid coding sequence. Inthe Kim et a. study, the
factors occupying this putative enhancer were Nanog, Dax1, Nacl, KIf4, and c-Myc.
Nanog is selectively expressed in the ICM and is essential for ES cell self-renewal in
culture, and forced expression of this protein alleviates the requirement for LIF (Mitsui et
a., 2003, Silvaet d., 2009; Chamberset a., 2003). Klf4 and c-Myc are reprogramming
factors used in the generation of induced pluripotent stem cells (Takahashi and
Y amanaka, 2006). Thus, it seemslikely that some or all of these factors might be at least
partly responsible for the robust TDH expression detected in mouse ES cells.
Hypothesizing that this enhancer element within the first exon of TDH might be
important for the gene's ES cell-specific expression, we performed a BLAST search to
determine the conservation of this exon’s nucleotide sequence. Interestingly, we could
only detect conservation of this element in mice and rats. Since mice and rats are the
only species from which authentic ES cells capable of germline transmission have been
derived (Buehr et a., 2008, Li et a., 2008), it is possible that TDH gene expression
driven by this element plays some role in the ability to derive and maintain in culture ES

cells from different organisms.

TDH isNonfunctional in Humans
Previous work has demonstrated that the human TDH gene product is rendered
nonfunctional by the presence of three inactivating mutations (Edgar, 2002). These

mutations were identified to be A to G splice acceptor mutationsin exons4 and 6 and a
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premature stop codon mutation within exon 6. To confirm this finding, we cloned the
TDH gene from total RNA isolated from human fetal liver tissue. Indeed, PCR analysis
using TDH-specific primers resulted in the identification of four distinct TDH splice
isoforms, none of which corresponded to the intact, full-length cDNA (Figure 3-5). Since
the truncated proteins resulting from these splice isoforms al lack the carboxy-terminal
threonine-binding domain necessary for enzymatic activity, it appears that human cells
are unable to produce an active TDH enzyme.

Magjor differences exist between mouse and human ES cells grown in culture (as
discussed in Chapter 1). In addition to different cytokine and growth factor requirements,
the cell division cycle of human ES cellsis much slower. Human ES cells grow with a
doubling time of 35 hours (Amit et al., 2000), in contrast to the 5 hour doubling time of
mouse ES cells. In future experiments, forced expression of high levels of ectopic TDH
could be used to test whether loss of TDH accounts for the prolonged cell division cycle
of human ES cells.

Bioinformatic analysis revealed that in chimpanzees, the most closely related
species to humans evolutionarily, the TDH gene is intact, containing none of the three
debilitating mutations found in human TDH. Indeed, of al the metazoan genomes that
have been sequenced to date, only humans lack a functional TDH gene. Assuchiitisof
interest to consider the biological implications of mutation of the TDH gene in humans.
Perhaps loss of TDH in some way slows down human embryonic devel opment.
Regardless of whether inactivation of TDH provides humans with some form of selective

advantage, it is shown here that the TDH enzyme is expressed copiously in mouse ES
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cells but isinactive in human cells. The full functional consequences of this mutational

inactivation await further study.
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Figure 3-5 TDH isnonfunctional in humans

Total RNA was isolated from human fetal liver tissue and reverse-transcribed to produce
cDNA. PCR reactions were performed using primers corresponding to exons 3, 4, 6 and
7 in the combinations indicated. Several discrete bands were obtained using the exon 7
reverse primer. Direct sequencing of PCR products identified the splice isoforms
indicated in (B). Exons4 and 6 were each skipped in two of the four isoforms. No PCR
product could be obtained using the primer corresponding to the 5’ end of exon 6,
indicating that exon 6 was incorrectly spliced in all cases. This conclusion was verified
by DNA sequencing. Figure from (Wang et a., 2009).



CHAPTER FOUR
Results

CHEMICAL INHIBITION OF MOUSE TDH

Abstract

Mouse embryonic stem (ES) cells utilize the high-flux backbone of metabolism,
wherein the amino acid threonine is catabolized by threonine dehydrogenase (TDH) to
yield glycine and acetyl-CoA. Here we report the results of a screen for small molecule
inhibitors of TDH, an enzyme selectively expressed in ES cells. A family of
quinazolinecarboxamide small molecules displayed high potency and selectivity against
TDH. Moreover, ES cells incubated with these compounds failed to proliferate and
eventually underwent a form of cell death characterized by increased autophagy.
Importantly, addition of elevated threonine to the growth medium was able to partially
rescue the cells from the TDH inhibitor-induced cell death, whereas other amino acids
had no effect. We conclude that TDH-mediated threonine catabolism is necessary for ES
cell self-renewal, and ES cells deficient in this pathway display autophagic features

typically associated with nutrient starvation.

Introduction

Enzyme-catalyzed chemical reactions are essential for almost every aspect of
cellular life. Enzyme inhibitors, which are molecules that decrease enzyme activity,
enable systematic perturbation of a specific chemical reaction and are powerful tools for

experimental biologists (Garrett and Grisham, 1999). Two parameters that determine the
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usefulness of an enzyme inhibitor are potency, or the ability to inhibit at arelatively low
concentration, and specificity, or the ability to bind and inhibit only the target enzyme of
interest. Many drugs are enzyme inhibitors, and high potency and specificity offer the
possibility that a drug might have low toxicity and few side effects. This chapter focuses
on the identification of potent and specific inhibitors of the TDH enzyme, and their usein

studying the high-flux backbone of metabolism in mouse embryonic stem cells.

Methods
Materials

Chromatographic reagents for protein purification were obtained from GE
Healthcare. All other chemicals and reagents were obtained from Sigma-Aldrich except

where specified.

Culture of Mouse Embryos

Eight-week old B6SILF1 female mice were superovulated by a standard hormone
regimen and mated to males of the same strain background. Fertilized one-cell eggs were
cultured in microdrops of Brinster’s medium for ovum culture (Brinster, 1969) under
silicone oil in a5% CO, humidified atmosphere for 48 hours. Pre-compacted morulae
were separated into groups of 20 to 25 embryos and placed into microdrops of Brinster's
medium containing 1 mM, 300 uM, 100 uM, and 30 uM concentrations of 3-
hydroxynorvaline (3-HNV) with or without the addition of 4 mM threonine. Embryos

were visually scored for developmental stages at 24 hours and 48 hours following the



52

initiation of drug administration and photographed by light microscopy.

Protein Expression and Purification

Mouse TDH was expressed as a glutathione S-transferase (GST) in Escherichia
coli strain Rosetta. The cells were cultured at 37°C until the Aqy, . reached 0.6 and were
then induced with 0.2 mM isopropyl $-D-thiogal actoside (Promega) for 16 hours at 20°C.
The cells were suspended in 50 mM Tris-Hcl (pH 8.0) containing 50 mM NaCl, 1 mM
DTT (Promega), and 1 mg/mL lysozyme, incubated on ice for 30 minutes, and sonicated
(Fisher Scientific Sonic Dismembrator Model 500). After spinning in an ultracentrifuge
at 30,000 rpm (Beckman rotor Ti75) for 30 minutes at 4°C, the supernatant was
incubated with glutathione sepharose resin for 2 hours and, after washing, was eluted
with 10 mM reduced glutathione. TDH was further purified using Superdex 200 and

MonoQ chromatography (Amersham).

Enzymatic Activity Measurements

TDH activity was determined by measuring the rate of formation of NADH at
25°C. The standard assay mixture contained 100 nM purified TDH, 50 mM Tris-HCI
(pH 8.0), 2 mM NAD", 2 mM L-threonine, 50 mM NaCl, and 1 mM DTT (Promega) in a
final volume of 50 pL. The reaction was initiated by the addition of a mixture containing
both substrates, and the absorbance of the reaction mixture at 340 nm was recorded
continuously on aBio-Tek Synergy HT microplate reader.

Similar absorbance assays were used to measure activity of other dehydrogenase
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enzymes. Hydroxysteroid dehydrogenase activity was assayed using 30 pug/mL purified
enzyme, 0.3 MM NAD", and 0.00005% testosteronein 50 mM Tris-HCI buffer (pH 8.0).
The alcohol dehydrogenase reaction contained 30 pg/mL purified enzyme, 8 mM NAD?,
and 300 mM ethanol in 50 mM Tris-HCI (pH 8.0). The lactate dehydrogenase assay used
30 pg/mL enzyme, 200 uM NADH, and 3 mM sodium pyruvatein 0.2 M Tris-HCI (pH
7.3). Glucose-6-phosphate dehydrogenase activity was determined using a reaction
mixture containing 30 pg/mL enzyme, 0.2 mM NADP*, and 3 mM glucose-6-phosphate

in 50 mM Tris-HCI (pH 7.8) with 3 mM MgCl..

High-Throughput Screening

Approximately 200,000 drug-like synthetic chemicals were screened using the
TDH absorbance assay in 384-well UV transparent plates (Corning). The primary assay
was performed as described above, with 5 uM of individual library compoundsin pure
dimethyl-sulfoxide (1% DM SO final concentration) added to the reaction mixture. The
reaction was initiated with the addition of 5 puL per well of a mixture containing 10 mM
NAD" and 10 mM threonine. Total reaction volume was 50 uL per well. The positive
control was in column 1 of each plate, and DM SO controls were in columns 2 and 23.
The reaction was allowed to proceed for 30 minutes at room temperature, at which point
NADH production was measured by reading the absorbance at 340 nm. Using
chemoinformatics, primary hits were clustered into families with chemically distinct core
structural motifs.

For screen validation, compounds that were determined to inhibit TDH were



cherry picked from 5 mM compound stock library plates. The cherry picking of
compounds was done with the use of a 384-pin array Biomek FX (Beckman Instruments)
high-precision robot with a Span 8 pod. Resupply of confirmed hits was obtained from
ChemDiv and ChemBridge. Purity of compounds was analyzed by LC/MS and all
inhibitors were found to be >95% pure.

For cell viability assays, cells were plated in gelatinized Costar 384-well plates
using an automated dispenser at 1,000 cells per well in 50 pL of media per well. 0.5 pL
of compounds was added 6 hours after plating. The plates were then incubated for 24
(ES) or 48 (NIH 3T3 and HelL a cells) hours before measuring cell viability using
CellTiter-Glo reagent (Promega). All solutions were dispersed robotically using a

Biomek FX robot.

LC-MSMS Analysis of ES Cell Metabolites

Feederless ES cells were grown on 60 cm? gelatinized cell culture dishesin the
presence of 10 uM TDH inhibitor for 2 hours. Dishes were washed in cold PBS and
metabolites were extracted in 1 mL of 50% aqueous methanol that was maintained at -
20°C. Cellswere dounced in a glass homogenizer and centrifuged at 15,000 rpm for 20
minutes to pellet cell debris, and 0.9 mL of the supernatant was transferred to a new tube
and stored at -80°C until analysis. Samples were dried on a Savant Speed Vac Plus
SC210A for 2 hours. Metabolites were reconstituted in 100 pL of 5 mM ammonium
acetate and filtered using 0.2 um PV DF micro-spin tubes (Grace). Samples were infused

into an Applied Biosystems 3200 QTRAP triple quadrupole-linear ion trap mass
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spectrometer and data was processed using Analyst software (Tu et al., 2007).

Western Blotting

ES cell proteins were extracted using a 30 minute incubation of ES cellsin cold 50 mM
Hepes (pH 7.4), 50 mM NaCl, 0.5% NP40, 1 mM DTT, 100 uM phenylmethylsulfonyl
fluoride, and 1x protease inhibitor cocktail. Protein concentrations were determined by
Bio-Rad protein assay, and 30 g total protein was loaded in each lane of a12% SDS-
PAGE gel. Caspase 3 and L C3 antibodies were from Cell Signaling. Antibodies were
diluted 1:1000 in 5% wi/v nonfat dry milk (Caspase 3) or 5% w/v BSA (LC3) in TBST at
4°C with gentle shaking overnight. ES cells were nutrient-starved using Hank’ s Buffered

Salt Solution (Invitrogen).

Transmission Electron Microscopy

ES cells were cultured on plastic coverslips for 24 hours with 10 uM TDH
inhibitor or vehicle-only control (DM SO). Specimens were fixed for 60 minutesin 2.5%
glutaraldehyde in 0.1 M cacodylate buffer and postfixed with 1% osmium tetroxide for
15 minutes. Cells were dehydrated in ethanol, infiltrated, and embedded in Embed-812
resin (Electron Microscopy Sciences) overnight at 70°C. Thin sections (70-90
nanometers in thickness) were cut on a Leica Ultracut E ultramicrotome and placed on
200 mesh copper grids. Sections were stained with 2% aqueous urany!| acetate and lead
citrate and examined in aFEl Tecnai G2 Spirit Biotwin transmission electron

microscope, operated at 120 kV. Digital images were captured with a Gatan 2Kx2K



multiport readout post column CCD.
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Results and Discussion
Inhibition of TDH by the artificial substrate 3-hydroxynorvaline

Asafirst step toward using small moleculesto determine therole of TDH in
mouse ES cells, we utilized the threonine analog 3-hydroxynorvaline (3-HNV). 3-HNV,
a synthetic variant of threonine containing an extra carbon atom, is oxidized by TDH to
produce 2-amino-3-ketopentyrate, which is then cleaved by Gcat to yield glycine and
propionyl-CoA (Figure 4-1). We hypothesized that, if glycine were the only TDH
product necessary to sustain HFB metabolism, then incubation with high levels of 3-

HNV might rescue ES cells from the colony formation defect observed during culturein
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Figure4-1 Catabolism of 3-hydroxynorvalineinto glycine and propionyl-CoA

A. Normal TDH reaction operative in mitochondria of mouse ES cellsresultsin
production of glycine and acetyl-CoA. B. The threonine analog 3-HNV acts as an
artificial substrate for TDH, and is oxidized to produce 2-amino-3-ketopentyrate. This
short-lived intermediate is then cleaved by Gcat into glycine and propionyl-CoA.
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threonine dropout medium (see Chapter 2). To test thisidea, we cultured ES and
fibroblast (MEF or NIH3T3) cells together in the presence of varying amounts of 3-HNV.
Instead of rescuing this growth defect, we observed that the addition of 3-HNV to
complete culture mediawastoxic to ES cells. At 0.5 mM 3-HNV, ES cell colony size
was reduced by approximately fifty percent, and at 4 mM 3-HNV the ES cell colonies
were completely absent (Figure 4-2A). Hel.a, MEF, and NIH3T3 cells, on the other
hand, grew normally even in the presence of 4 mM 3-HNV, indicating the compound was
specifically inhibiting ES cell growth. We interpret this finding to mean that 3-HNV
competitively inhibits the TDH enzyme, yielding only one of the two metabolites
required for HFB metabolism.

In addition to being present in ES cells, TDH isalso highly expressed in the ICM
of the mouse blastocyst (chapter 3). Using a simple media formulation, fertilized one-
cell mouse embryos can be cultured in vitro to develop into cavitated blastocysts
(Brinster, 1969). To test therole of TDH in mouse embryo development, we cultured
morula-stage embryos in the presence of varying amounts of 3-HNV (Figure 4-2B).
Embryos exposed to 1 mM and 300 uM of 3-HNV were blocked from forming cavitated
blastocysts. This developmental defect was completely rescued by incubation with 4 mM
threonine, even at the highest concentration (1 mM) of 3-HNV. These studies provide
evidence that, like cultured ES cell proliferation, mouse embryonic development in vitro
iscritically dependent on flux through the TDH pathway, with the production of both

glycine and acetyl-CoA being required for normal development.
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Figure4-2 3-HNV inhibits ES cell colony formation and mouse embryo
development

A. Co-cultures of ES'MEF or ES/NIH3T3 cells were subjected to media containing
varying amounts of 3-HNV. ES cell colonies were markedly smaller when grown in the
presence of 0.5 mM 3-HNV. In contrast, the fibroblast cell lines grew normally even at
the highest concentration of 3-HNV tested (4 mM). B. Pre-compacted morula stage
embryos were cultured in Brinster’s medium (Brinster 1969) containing varying amounts
of 3-HNV. Embryo morphology was photographed by light microscopy 24h and 48h
after administration of drug. Embryos exposed to 1 mM and 300 uM 3-HNV were
blocked from forming cavitated blastocysts. Addition of 4 mM threonine resulted in
complete rescue of normal development even at 1 mM of 3-HNV. Figure from (Wang et
al., 2009).
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Purification and characterization of the mouse TDH enzyme

To initiate biochemical analysis of threonine catabolism, we expressed and
purified the mouse TDH enzyme. Although the full-length protein was contained in
bacterial inclusion bodies, truncating 39 amino acids from the amino terminus resulted in
the production of milligram quantities of soluble, highly purified TDH protein (Figure 4-
3A). This 39 amino acid stretch corresponds to a predicted mitochondria signal
sequence, which islikely to be cleaved after the protein’ s tranglocation into the
mitochondrion (Attardi and Schatz, 1988). Thus, it is probable that our purified protein
closely resembles the TDH enzyme active in the mitochondria of mouse ES cells.

Incubation of purified TDH with threonine and nicotinamide adenine dinucleotide
(NAD") resulted in a dose-dependent, saturable increase in absorbance at 340 nm,
indicative of formation of reduced coenzyme (NADH). This activity was dependent on
the presence of both threonine and NAD" in the reaction mixture. To confirm that the
activity was not caused by the presence of small amounts of co-purifying bacterial TDH,
we further purified the recombinant mouse TDH using anion exchange and gel filtration
chromatography. The threonine-dependent, NAD"-reducing activity fractionated with the
major band on the gel, which was recognized by a TDH-specific antibody (data not
shown). We conclude that purified mouse TDH is capable of catalyzing the same
chemical reaction as has been demonstrated for TDH orthologs from diverse metazoan
and microbial species (Linstead et a., 1977, Aoyama and Motokawa, 1981, Epperly and

Dekker, 1991, Ishikawa et al., 2006).
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Figure 4-3 Expression and characterization of the mouse TDH enzyme

A. Recombinant TDH protein was expressed in E. coli with an amino-terminal
glutathione-s-transferase (GST) tag to facilitate purification. Full length TDH was
contained in inclusion bodies, but removal of a predicted mitochondrial signal sequence
from the protein’s amino terminus resulted in production of milligram quantities of
soluble protein. B-C. Double reciprocal (Lineweaver-Burk) analysis for NAD* and
threonine. Enzyme activity was determined by measuring increased absorbance at 340
nm following addition of substrates. The K,,for NAD" was 180 uM and the K, for
threonine was 14 mM. These values are in agreement with those reported for microbial
TDH enzymes (Linstead et al., 1977).
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To determine kinetic parameters for TDH, we constructed Lineweaver-Burk
double reciprocal plots for both substrates by measuring reaction velocity as afunction of
threonine and NAD" concentrations (Figure 4-3 B and C). The Michaelis constants (K,,)
for NAD" and threonine were 180 uM and 14 mM, respectively, and the turnover number
(k) Was ~60,000 sec’. These values are in close agreement with kinetic constants
reported for other TDH enzymes of eukaryotic origin (Linstead et al., 1977, Aoyama et
al., 1981). Therelatively weak binding affinity for threonine helps to explain why mouse
ES cells are uniquely sensitive to the withdrawal of threonine from the culture medium

(discussed in Chapter 2).

I dentification of potent, TDH-specific small molecule inhibitors

If mouse ES cell maintenance is dependent on TDH-mediated threonine
catabolism, then selective inhibition of the TDH enzyme should result in reduced
proliferative capacity of ES cells. To test this hypothesis, we screened the University of
Texas Southwestern chemical library for TDH inhibitors using an in vitro TDH assay.
The screen was performed in 364-well plates, and assays were initiated with 5 pL of a
mixture of both substrates at 10 mM and incubated for 30 minutes at room temperature
(see Materials and Methods for details). Of the ~200,000 compounds screened, ~1,000
were able to inhibit TDH activity with a z-score greater than 3 relative to the 1%
dimethyl-sulfoxide (DM SO) control (Figure 4-4). The inhibitory action of these
molecules was then confirmed by repeating the same TDH absorbance assay in triplicate,

and dose-dependent inhibition was determined using compound concentrations of 1, 3,
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~200,000 compounds

TDH absorbance assay

~1,000 initial hits

1. TDH confirmation assay

v 2. Hydroxysteroid DH counter assay
3. ES cell viability assay
4. 3T3 and HelLa cell assays

v

8 confirmed hits
3 chemical series

Figure4-4 Screen for small molecule inhibitorsof TDH

The UT Southwestern chemical library, containing ~200,000 small molecules with the
potential for biological activity, was screened using the in vitro TDH absorbance assay in
384-well UV transparent plates. ~1,000 compounds were able to inhibit TDH activity
with a z-score greater than 3 relative to the 1% DM SO control. The inhibitory action of
these molecul es was then confirmed by repeating the TDH absorbance assay in triplicate,
and dose-dependent inhibition was determined using compound concentrations of 1, 3
and 10 uM. A similar absorbance assay using hydroxysteroid dehydrogenase with
testosterone as a substrate was performed to eliminate generic dehydrogenase inhibitors.
Finally, the candidate molecules were assayed for their ability to impair proliferation of
ES cellsrelative to NIH3T3 and HelL a cells, which do not express TDH. In this case,

cells were grown on 364-well tissue culture plates for 24 (ES) or 48 (NIH3T3 and HelL a)
hours, at which point cell viability was measured using the Cell Titer-Glo reagent
(Promega). The most potent TDH inhibitors were able to impair ES cell viability with
EC,, ~3 UM, whereas their EC,, on HeLa and NIH3T3 cellswas ~1 mM.



and 10 uM. To identify generic dehydrogenase inhibitors, we performed asimilar
absorbance assay using hydroxysteroid dehydrogenase (HSDH), the enzyme most closely
related to mouse TDH by primary sequence homology. Any compounds that inhibited
HSDH were deemed non-specific dehydrogenase inhibitors and eliminated from further
study.

The TDH inhibitors were then screened for the capacity to inhibit proliferation of
mouse ES cells relative to other mammalian cell types, which do not utilize the high-flux
backbone of metabolism. Mouse ES cells, 3T3 fibroblasts, and human cancer (Hel a)
cells were treated with multiple concentrations of compound, and cell viability was
determined using aluminescent assay to measure ATP. These experiments divided our
candidate TDH inhibitors into three classes of compounds. One class was unable to
impede the growth of any of the three cell types tested, perhaps due to an inability of the
compounds to enter cells or mitochondria. The second class killed the three cell types
indiscriminately. Toxic compounds with off-target activity were hypothesized to
constitute this category. The third class of compounds severely inhibited the proliferation
of ES cells but not fibroblasts or cancer cellsat 10 uM compound concentration.
Because of their specificity against ES cellsrelative to other cell types, these molecules
were selected as candidates that might impair ES cell proliferation by selectively
inhibiting the TDH enzyme. Using chemoinformatics, we clustered these hitsinto
families with chemically distinct core structural motifs.

Based on its potency in both the enzyme and cell-based assays, a cluster of six

closely related quinazolinecarboxamide (Qc) compounds was chosen for further study
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(Figure 4-5A). We noted that this chemical series, aswell as several other clusters of
TDH inhibitors, all contained thiourea moieties, which have use as enantiosel ective
reductive catalystsin organic synthesis (Li et al., 2010). To further test for specificity
against TDH, we examined whether these compounds were able to inhibit a cohol
dehydrogenase, lactate dehydrogenase, or glucose-6-phosphate dehydrogenase. None of
the six Qc small molecules showed any inhibitory activity against the other
dehydrogenase enzymes at a concentration of 10 uM (data not shown). In addition, we
measured EC,, values against ES, Hel.a, and NIH 3T3 cells. Whereas the TDH inhibitors
killed ES cells with an EC, of ~3 uM, the EC,, against the other cell types, which do not
express TDH, was ~1 mM (data not shown). Thus, the Qc compounds have a 300-fold
toxicity difference for ES cells versus other cell types, strongly arguing that these small
molecules are killing ES cells through specific inhibition of the TDH enzyme.

To determine half maximal inhibitory concentrations (1Cg,’'s) of the Qc
compounds against TDH, we titrated the inhibitors from 10 nM to 10 uM and measured
TDH activity (Figure 4-5B). The IC, for al of the Qc molecules tested was ~0.5 uM.
To establish the mechanism of TDH inhibition, we constructed Lineweaver-Burk plots
for both substrates in the presence and absence of inhibitor (Figure 4-6 A and B). We
determined that both K, and V,,,,, are altered upon addition of inhibitor, a pattern known
as mixed noncompetitive inhibition. The standard explanation for this mode of inhibition
isthat the inhibitor binds at a site distinct from the active site, but influences the binding
of substrates at the active site through an all osteric mechanism (Garrett and Grisham,

1999). We also tested the reversibility of the Qc inhibitors by incubating purified TDH
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Figure4-5 Chemical structuresand potency of TDH inhibitors

A. Structures of the six best hits from the TDH inhibitor screen. The compounds
contained a quinazolinecarboxamide (Qc) scaffold with various peripheral modifications.
The inhibitors al contained thiourea moieties, which are useful chemical catalysts. B.

| C, values were determined by titrating the compounds from 10 nM to 10 uM and
measuring TDH activity. TheIC,, for Qcl-Qc4 was ~0.5 uM.
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Figure4-6 TDH inhibition is mixed noncompetitive for both NAD" and threonine
Lineweaver-Burk analysis of enzyme inhibition. TDH activity was assayed in the
absence and presence of inhibitor at the NAD" and threonine concentrations shown. Blue
curves depict data obtained in the absence of inhibitor, and red curves depict data
obtained in the presence of inhibitor. Both V., (y-intercept) and K, (x-intercept) are
altered in the presence of inhibitor, a pattern known as mixed noncompetitive inhibition.
The standard interpretation for this mode of inhibition is that the inhibitor binds at a site
distinct from the enzyme’ s active site, but influences binding of substrates at the active
site through an allosteric mechanism.

enzyme with varying concentrations of inhibitor for 30 minutes at room temperature and
then dialyzing the mixture in four liters of buffer overnight in the cold room. After
dialysis, TDH activity was comparable to the DM SO control at al concentrations of
inhibitor tested (up to 10 uM, or 20-fold greater than the I C,,, data not shown). We
conclude that TDH inhibition by the Qc compoundsisfully reversible. Since none of the
functional groups present on these molecules are predicted to covalently modify proteins,

this result was expected.
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To more closely examine the effects of TDH inhibition on ES cell growth, we
incubated ES cell colonies grown in glass chamber slides with the Qc compounds and
monitored colony morphology using phase contrast microscopy (Figure 4-7). Initialy,
colonies treated with TDH inhibitors appeared normal but failed to proliferate, whereas
those treated with vehicle (DM SO) rapidly grew in size. After 24 hours of TDH
inhibition, groups of dead cells became apparent at the surface of colonies, and longer
incubation resulted in the majority of cells appearing as collections of opaque cells with
indistinct boundaries.

Previous work has demonstrated that colony formation is blocked when ES cells
are treated with the threonine analog 3-hydroxynorvaline (3-HNV, see above). There are
two major distinctions between 3-HNV and the Qc moleculesidentified here. First, 3-
HNV isan artificia substrate for TDH, and as such millimolar concentrations of 3-HNV
are required to effectively compete with threonine for access to the TDH active site.
Being mixed noncompetitive inhibitors, the Qc molecules are ~1,000-fold more potent,
with EC,, values of ~3 uM on ES cells. Second, as an amino acid, there is the possibility
that some small percentage of 3-HNV isincorporated into newly synthesized proteins.
This concern is not applicable to the Qc compounds.

With the purified TDH enzyme, we observed that elevated threonine could
stimulate enzymatic activity in the presence of afixed concentration of inhibitor (Figure
4-8A). Sincethe K, for threonineis 14 mM, relatively high amounts of substrate are
required to saturate the enzyme. We reasoned that if the Qc compounds were blocking

ES cell proliferation through inhibition of TDH, then adding high amounts of threonine to
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Figure 4-7 Effect of TDH inhibition on ES cell colony mor phology

Feederless ES cells (E14 strain) were cultured on glass chamber slides and imaged using
phase contrast microscopy. When treated with vehicle (DM SO) aone, ES cell colonies
rapidly grew in size. Upon exposure to 10 uM of the TDH inhibitor, the coloniesinitially
failed to proliferate, with their size remaining unchanged for the first 12 hours. After 24
hours, clusters of densely packed cells became apparent at the surface of the colonies,
indicative of cell death.
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the culture medium might confer a protective benefit. Indeed, addition of 12 mM
threonine to the ES cell medium provided a modest, but significant, rescue of Qc-
mediated toxicity, whereas cells cultured in the presence of excess valine, an unrelated
amino acid, provided no such benefit (Figure 4-8B). The fact that exogenous threonine
can partially rescue ES cell growth rates provides further evidence that the Qc small
molecules are blocking ES cell proliferation through selective inhibition of the TDH
enzyme.

As afirst attempt at probing the structure-activity relationship (SAR) of the Qc
compounds, we searched the University of Texas Southwestern chemical library for
molecules whose structures were closely related to the TDH inhibitors identified in the
high-throughput screen. Using cluster analysis, we were able to identify six compounds
(Qc7-12) with structures similar to the TDH inhibitors that displayed selective killing of
ES cells (Qc1-6, shown in Figure 4-9C). To test the activity of these related compounds,
we carried out TDH enzymatic assays and ES cell viability assays. Four of the related
compounds (Qc9-12) did not inhibit TDH activity at a concentration of 10 uM, nor did
they impede ES cell growth at a concentration of 50 uM (Figure 4-9A). Two of the
structural analogs, Qc7 and Qc8, showed weak inhibitory activity in vitro, and also
inhibited ES cell proliferation at high concentrations of compound. The TDH inhibitors
identified through chemical screening inhibit enzyme activity with an I1C, of ~0.5 uM,
and kill ES cellswith an EC,, of ~3 uM. Thus, thereis a positive correlation between
TDH inhibition and ES cell toxicity for the various structurally related small molecules

(Figure 4-9B). This positive correlation is consistent with the hypothesis that the Qc
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Figure 4-8 Rescue of TDH inhibitor-mediated cytotoxicity by elevated threonine
A. Threonine rescue of in vitro TDH activity. Using afixed concentration of inhibitor,
addition of elevated threonine to the reaction mixture resulted in the recovery of enzyme
activity. Since TDH binds threonine relatively weakly (K, = 14 mM), high
concentrations of threonine are required to saturate the enzyme. B. Threonine rescue of
TDH inhibitor-mediated cell death. ES cells were cultured in the presence of multiple
concentrations of Qc4 with and without the addition of 12 mM threonine to the normal
culture media. Increased threonine resulted in a statistically significant increasein cell
viability, whereas an unrelated amino acid (12 mM valine) provided no such protective
benefit.
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Figure 4-9 Correlation between TDH inhibition and ES cell cytotoxicity for twelve
guinazolinecarboxamide compounds

A. Twelve structurally related Qc compounds were assayed for their ability to inhibit
TDH invitro (10 uM compound) and impair proliferation of ES cells (50 uM
compound). The normalized values for both assays are plotted in histogram form. Qc1-
Qc6 are the TDH inhibitors identified through the small molecule screen, and Qc7-Qcl12
are structurally related compounds in the UT Southwestern chemical library that were not
identified in the screen (structures shown in C). Qc1-Qc6 are potent TDH inhibitors that
kill ES cellswith EC,, ~ 3 uM. Qc7 and Qc8 are weak TDH inhibitors with EC,, > 50
MM. Qc9-Qcl2 did not inhibit TDH in vitro and displayed no toxicity when added to the
ES cell growth medium. B. Same asin A with data plotted as an XY scatter plot. C.
Chemical structures of the twelve Qc compounds.

compound-mediated ES cell death results from TDH inhibition.

Realizing that the TDH enzyme'srolein ES cellswasiinitially identified through
changes in metabolite levels as afunction of differentiation, we measured the effects of
TDH inhibition on metabolite abundance. ES cells were cultured on gelatinized 60 cm?
dishesfor 2 hoursin the presence of TDH inhibitor, and metabolites were extracted in
50% aqueous methanol and subjected to LC-MS/MS analysis. Inhibition of TDH might
be predicted to result in increased levels of substrate (threonine) and decreased levels of
product (acetyl-CoA). Indeed, addition of TDH inhibitor to the ES cell cultures resulted
in a2-fold increase in threonine (Figure 4-10B) and a 4-fold decrease in acetyl-CoA
(Figure 4-10A). Thelevels of most other metabolites analyzed by this method remained
unchanged under conditions of TDH inhibition. Thisfinding, combined with the other
results presented in this chapter, supports the conclusion that flux through the TDH
pathway plays a major role in shaping mouse ES cell metabolism, and that TDH
enzymatic activity isrequired for ES cellsto enter into a high-flux metabolic state

compatible with pluripotency and self-renewal.
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Figure4-10 Accumulation of threonine and depletion of acetyl-CoA in ES cells
treated with TDH inhibitors

Feederless ES cells were treated with 10 uM of TDH inhibitor for 2 hours before
extraction of metabolites in 50% agueous methanol and subjection to LC-MS/MS
analysis. Acetyl-CoA levels decreased ~4-hold and threonine levelsincreased ~2-fold as
a consequence of TDH inhibitor treatment, indicating that flux through the TDH pathway
isamajor source of acetyl-CoA in ES cells. Most other metabolite levels analyzed by
this method did not change under conditions of TDH inhibition.
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TDH inhibition induces autophagy in ES cells

We next focused our attention on the mechanism of ES cell death resulting from
TDH inhibition, hypothesizing that ES cells treated with TDH inhibitors might be dying
by apoptosis. Apoptosis, or programmed cell death, is characterized by blebbing, nuclear
fragmentation, and the shearing of chromosomal DNA, and is executed by cysteine
proteases called caspases. Caspase 3, acritical executioner of apoptosis, is activated by
proteolytic processing of its inactive zymogen during apoptotic cell death originating
from both extrinsic and intrinsic pathways (Nicholson et al., 1995). Activation of
Caspase 3 results in the proteolytic cleavage of many key apoptotic proteins such as the
nuclear enzyme poly (ADP-ribose) polymerase (Fernandes-Alnemri et al., 1994). To
assay for apoptosisin ES cells treated with TDH inhibitors, we immunobl otted cell
lysates with antibodies recognizing both the uncleaved and cleaved forms of Caspase 3.
Thisanalysis revealed a strong 35 kDa band representing the full-length Caspase 3
zymogen present in all samplestested. However, after 24 hours of TDH inhibition, when
widespread cell death was clearly visible, we could not detect any activated (cleaved)
Caspase 3 (Figure 4-11A). In control experiments, lysates from ES cells treated with
staurosporine, a molecule known to induce apoptosis, contained Caspase 3 cleavage
products that became apparent four hours after treatment (Figure 4-11B). We conclude
that TDH inhibitor-mediated cell death does not result from increased apoptosis.

An alternative, and less understood, death pathway is characterized by increased
cellular autophagy. Autophagy (self-eating) is the process by which bulk cytoplasmic

proteins and organelles reach lysosomes for degradation (Mizushimaet al., 2010).
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Although associated with cell death, elevated autophagy likely provides a protective
benefit to cells by salvaging nutrients from dispensable cytoplasmic contents so that vital
processes can be maintained (Reggiori and Klionsky, 2002, Levine and Y uan, 2005).
During autophagy, aprotein caled light chain 3 (LC3) is conjugated to
phosphatidylethanol amine and associates with autophagosomes, and this lipidation can
serve as amarker for autophagy (Kabeyaet al., 2000). To assay for autophagy, we
cultured ES cellsfor 24 hours in the presence of TDH inhibitor and immunoblotted cell
lysates with an anti-LC3 antibody (Figure 4-11C). Initialy, a substantia fraction of the
total LC3 protein wasin the LC3-1 (cytoplasmic) form. After 16 hours of TDH
inhibition, most L C3 was converted to the LC3-I1 (lipid-modified) form, indicative of
increased autophagic activity. This pattern was similar to that of ES cells grown under
conditions of nutrient starvation (Figure 4-11D), as well asto ES cells cultured in growth
medium lacking threonine (data not shown). We conclude that blocking metabolic flux
through the TDH pathway, either through small molecule inhibition or threonine
deprivation, resultsin aform of cell death associated with increased autophagy.

As acomplementary approach, we examined the morphology of ES cells treated
with the TDH inhibitors using transmission electron microscopy (TEM). Autophagy was
first described using TEM (Novikoff and Essner, 1962), and TEM is still one of the most
sensitive methods to detect the presence of autophagic compartments in mammalian cells
(Eskelinen 2008). To directly visualize autophagy, we cultured feederless mouse ES
cells on gelatinized coverdipsin the presence of 10 uM TDH inhibitor. Cellswere fixed

in glutaraldehyde and postfixed in osmium tetroxide, dehydrated with ethanol, and
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Figure4-11 TDH inhibition resultsin elevated autophagy but not apoptosis

A. Protein lysates from ES cells treated with 10 uM TDH inhibitor were extracted in
0.5% NPA40, separated using SDS-PAGE, and immuobl otted using an antibody specific
for Caspase 3. Despite visible cell death, no cleaved Caspase 3 could be detected after 24
hours of TDH inhibitor treatment. B. Control western blot showing cleaved Caspase 3in
response to treatment with 1 pM staurosporine. C. ES cell |lysates were immunobl otted
with an antibody to LC3. After 16 hours of TDH inhibitor treatment, most of the LC3
protein was in the LC3-I1 (lipidated) form, indicative of increased autophagic activity. D.
Control western blot showing increased autophagy in response to nutrient starvation. ES
cellswere cultured in HBSS and harvested at the times indicated.

embedded in resin polymerized by heat. Control ES cells treated with DM SO appeared
as small, densely packed cells with prominent nuclei. A few mitochondriawerevisiblein
these cells but otherwise the cytoplasm was relatively clear (Figure 4-12A). In contrast,

distinct autophagic structures were visible in ES cells treated with TDH inhibitor (Figure
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4-12B). Less mature autophagosomes present in these cells appeared to contain whole
organelles, while more mature autophagosomes contained partially degraded (electron
dense) cytoplasmic contents. Electron dense lysosomes were al'so present. Thus, two
independent methods bear out that specific inhibition of the TDH enzyme in ES cells
resultsin increased cellular autophagy.

The classic inducer of autophagy is nutrient starvation (Reggiori and Klionsky,
2002). Apparently, insufficient production of mitochondrial acetyl-CoA and glycinein
ES cellsresultsin acellular state resembling starvation. In HFB metabolism, glycine
generated via threonine catabolism is used to fuel one-carbon metabolism for purine
biosynthesis, whereas most mitochondrial acetyl-CoA entersthe TCA cyclefor ATP
production (Dale, 1978). Thus, TDH inhibition might be predicted to result in a shortage
of nucleotides for DNA replication as well as adecline in energy production. It appears
that ES cells attempt to degrade nonessential cellular components to overcome these
deficiencies. Under conditions of severe TDH inhibition, however, ES cells are unable to
maintain their high proliferative rate and undergo aform of cell death containing features
of autophagy.

In summary, we show here that ES cells treated with specific TDH inhibitors fail
to proliferate and instead increase rates of autophagy in response to an atered metabolic
state. In the next chapter we use a genetic approach to determine the biological role of

TDH in the developing and adult mouse.
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Figure 4-12 Electron microscopy of ES cellstreated with TDH inhibitor

Mouse ES cells were cultured on plastic coverdips for 24 hours with or without TDH
inhibitor. Cellswere fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer and
embedded in Embed-812 Resin. Thin sections (70-90 nanometers in thickness) were
stained with 2% aqueous uranyl acetate and lead citrate and examined by transmission
electron microscopy. A. Control ES cells treated with DM SO only. B. ES cells cultured
in the presence of 10 uM TDH inhibitor. Arrowheads indicate autophagic compartments.
Nu, nucleus, PM, plasma membrane, Ly, dense lysosomes.



CHAPTER FIVE
Results

TARGETED DELETION OF TDH IN MICE

Abstract

Mouse TDH is strongly expressed in the ICM cells of the blastocyst and in
cultured ES cells, where it is required for their self-renewal. To determine the biological
function of TDH in the context of the whole animal, we generated mice conditionally
lacking the TDH gene using Cre-Lox technology. Although we anticipated a severe
embryological defect in these animals, TDH-null animals lacked any obvious
developmental phenotype. This unexpected finding means that TDH activity, while
necessary for the proliferation of ES cells in culture, appears to be nonessential for the
proliferation of ICM cells in developing mouse embryos. The distinct environmental
conditions encountered by proliferating pluripotent stem cells in vitro and in vivo may

account for this apparent discrepancy.

Introduction

Precise modifications can be introduced into the mouse genome using gene
targeting, allowing the study of the biological function of any gene of interest (Thomas
and Capecchi, 1987). Two technological breakthroughs enabled gene targeting in mice.
The first was the establishment of cultured ES cell lines capable of contributing to the
mouse germline (discussed in chapter 1). The second was the ability to modify a single

genomic locus in mammalian cells through the process of homologous DNA
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recombination. Using these techniques, ES cells can be genetically altered in culture and
then injected into mouse blastocysts such that the alterations are propagated to offspring
through the germline. More recently, conditional gene targeting has made possible the
deletion of agene either at a specific time during the life of the animal or in a specific

tissue or cell type.

Methods
Materials

All restriction enzymes were from New England BioLabs. Meox-Cre mice were
akind gift from Michelle Tallquist. All other chemicals and reagents were obtained from

Sigma-Aldrich except where specified.

Targeting Vector Construction

Targeting vectors were generated in pGKneoF2L2DTA, a plasmid containing a
DTA selection cassette and a neomycin cassette flanked by nested |oxP and FRT sites.
The short arm of homology, a0.9 kB Notl fragment contained in the first intron of the
TDH gene, was inserted upstream of the 5’ |oxP site in the same orientation as the
neomycin cassette. The knockout arm was 1.0 kB in length, included the entire second
exon and regions of introns one and two, and was inserted between the first loxP site and
thefirst FRT site using Xmal. The long arm of homology, a 6.2 kB sequence spanning
exons 3-8, was cloned between the second loxP site and DTA using Sall and EcoRV. All

PCR products incorporated into targeting vectors were generated using Pfu (Stratagene)
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and were verified by sequencing.

Targeting vector plasmid DNA was isolated using a Qiagen Plasmid Midi Kit.
300 ug of purified plasmid DNA was linearized using the restriction enzyme Pvul. 1 pL
of reaction was analyzed by agarose gel electrophoresisto verify complete digestion.
DNA was extracted using phenol chloroform/isoamyl alcohol and precipitated with cold
ethanol and ammonium acetate. DNA was washed 3 times with cold 70% ethanol, dried,
and resuspended in 50 L of sterile, nuclease-free water. 2 uL of DNA was used to
measure concentration and analyze purity, and the stock was diluted to 2 pg/uL and

stored at -20°C.

Electroporation and Screening of ESCells

100 pg of linearized targeting construct DNA was electroporated into 1 x 10" wild
type ES cells from the 129/SvEvTac (SM-1) mouse strain. After selection in G418, three
96-well plates of colonies were picked from the electroporation in triplicate. Two stock
plates from each set were frozen, and genomic DNA was isolated from the third plate as
follows. Colonieswere washed twice with 100 pL PBS, frozen at -80°C for three hours,
and then lysed overnight at 55°C in a shaking incubator in 50 pL of 10 mM Tris-HCI pH
7.5,10 mM EDTA, 10 mM NaCl, 0.5% SDS, and 1 mg/mL Proteinase K (Invitrogen).
The following day, DNA was precipitated by adding 100 pL of cold ethanol with 50 mM
NaCl per well, and plates were centrifuged in a 96-well plate holder for 5 minutes at 2500
rpm. Precipitated DNA was washed 3 times with 70% ethanol, dried, and suspended in

100 pL sterile water. Colonies were screened for integration at the TDH locus by PCR



using GoTag DNA Polymerase (Promega) with the primers 5-
TGCATCGGATTGTCTGAGTAG-3 (forward) and 5'-GATAGAGCCAGTAAGACTCC-3'
(reverse) such that correct targeting resulted in a 1.5 kB PCR product. DNA was re-
screened by a second round of PCR using different primers, and correct targeting was

confirmed by sequencing of targeted DNA.

Generation of Mouse Lines

Correctly targeted ES cells were injected into wild type C57BL/6J blastocysts to
generate chimeras. 10-12 ES cells were injected into each blastocyst, and 10-15 injected
blastocysts were transferred into the uterine lumens of pseudopregnant (day 2.5)
recipients. The highest ES cell contributions were ~90% based on pup coat color. FO
chimeric male mice were bred with wild-type C57BI/6 females, and agouti offspring
were screened for the presence of the floxed TDH allele using a PCR reaction with two
primers with the sequences 5 -AGCGCGGCCGCTCCCCTCCTTATGA-3 (forward) and 5'-
GCCCTCCTCATCCTCATAGG-3 (reverse). F1 mice containing one floxed TDH allele were
then mated to Meox-Cre mice to produce F2 heterozygotes with one excised TDH allele.
These were genotyped using a 4-primer PCR reaction using primers with the sequences
5-GGTAGTCTCTTATCTGGTGC-3 (forward), 5-AGGGCTTGCAATCTCGACTA-3 (reverse),
5-TGCATCGGATTGTCTGAGTAG-3 (forward), and 5- GCCCTCCTCATCCTCATAGG -3
(reverse). Using these primers, PCR of the wild-type allele produces a 1.1 kB band, the
floxed (loxP-flanked) alleleis 0.3 kB, and the Cre-excised TDH allele resultsin a PCR

product of 1.3 kB. F2 heterozygote mice were then crossed to produce homozygote
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knockout mice.

Results and Discussion

Anticipating that TDH-null mice might have a strong embryological phenotype,
we generated a conditional null allele to investigate the role of TDH at specific stages of
development and in adults. Targeting of TDH was performed by introducing |oxP sites
flanking exon 2 through homologous recombination (Figure 5-1). This mutation deletes
the trandational start codon, the mitochondrial signal sequence, and several amino acids
predicted to be required for NAD" binding (Edgar, 2002). In addition, the deletion of
exon 2 produces a shift in the translational reading frame. Germline transmission of
targeted ES cells was detected by PCR, and confirmed at the genomic level by
sequencing of amplified genomic DNA.

TDH™'" mjce were bred to Meox-Cre transgenic mice, which express Cre
recombinase from the Mox2 locus (Tallquist and Soriano, 1999). In Meox-Cre embryos,
Cre activity isfirst detectable in the epiblast at day E5. At E6 and E7, Cre recombinaseis
expressed in primitive ectoderm but is absent in trophectoderm and primitive endoderm,
which will form the yolk sac (Figure 1-1). Because Creis also expressed in germ cells,
Meox-Cre mice can aso be used as agermline deleter line (Tallquist and Soriano, 1999).
Therefore, in combination with TDH conditional knockout mice, Meox-Cre mice can be
used to separate the biological functions of TDH before and after day Eb5.

Breeding of TDH™'*" mice to Meox-Cre mice allowed for the generation of

TDH"* mice, in which one TDH allele has been deleted beginning at the epiblast stage
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Figure5-1 Strategy used to generate conditional TDH knockout mice

Exon structure of the mouse TDH geneis shown. The three arms were amplified from
mouse strain 129 cDNA using high fidelity PCR and cloned into the PGKneoF2L2DTA
targeting vector (Montgomery et a., 2008). Neomycin-resistant ES cells were produced
by electroporation of linearized vector DNA and screened for correct targeting using
PCR. Cre-mediated excision leaves one loxP sitein place of exon 2 and shifts the
transcript’ s reading frame.
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Figure 5-2 Genotyping of targeted mice

Shown is an ethidium bromide-stained agarose gel of atypical series of PCR reactions
using tail snip DNA asatemplate. The left panel shows the results of reactions using
primers specific for TDH, and the right panel shows the results of reactions using primers
specific for Meox-Cre. For the TDH genotyping, the 1.1 kB band corresponds to the
wild-type TDH allele, the 0.3 kB band represents the loxP-flanked allele, and the 1.3 kB
band is the Cre-excised TDH allele. The Meox-Cre PCR results in awild-type product of
0.4 kB and a mutant product of 0.3 kB. Generic Cre primers can also be used to

genotype these mice. See Materials and Methods for primer sequences.
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of development. Mice were genotyped using PCR reactions that could distinguish
between the wild-type, targeted, and excised TDH alleles (Figure 5-2). Since Cre
recombinase is expressed in the germline of Meox-Cre animals, subsequent breeding of
TDH"* and TDH"'*" mice resulted in the generation of TDH®" mice. These animals
contain one TDH allele deleted at the epiblast stage, whereas the other alleleis deleted in
the zygote owing to germline Cre expression. TDH*" mice were born at Mendelian
ratios and lacked an obvious phenotype. Initially, we speculated that TDH might be
required for formation of the ICM, which does not contain Cre expression in these
animals. Therefore, we generated complete (conventional) knockout animals by
intercrossing TDH™® mice to obtain TDH” mice. To our surprise, these animals also
appeared phenotypically normal.

We are &till in the initial stages of characterizing the TDH” mice, and are
currently breeding these animalsto test for sterility. In addition, we will attempt to
derive new ES cell lines from these animals to genetically test whether TDH is necessary
for the maintenance of cultured ES cells (discussed in chapter 6). Although it appears
that TDH activity isnot essential for embryonic development in mice, we anticipate that
the TDH enzyme may be critically important in a subset of cells or during a specific
biological process. Assuch, careful analysis of TDH™ mice might reveal new roles for

HFB metabolism in the context of normal mouse physiology.



CHAPTER SIX
Conclusions and Future Directions

Studies involving TDH knockout mice
Generation of TDH-null ES cells

In this study we have shown using specific enzyme inhibitors that TDH enzymatic
activity is necessary for the self-renewal of mouse ES cells grown in culture (chapter 4).
Since TDH is highly expressed in the mouse blastocyst ICM (chapter 3), it was surprising
that mice completely lacking the TDH enzyme do not display any obvious developmental
phenotype (chapter 5). Thus, it appears that TDH activity is necessary to maintain
rapidly proliferating ES cells in culture but not necessary in the context of the developing
mouse embryo, perhaps due to different environmental conditions.

To genetically verify that TDH is required in cultured mouse ES cells, we will
attempt to derive new ES cell lines from the TDH-null mice. Based on the effects of
TDH inhibition in ES cells, we expect that these lines should have defects in self-renewal
and perhaps increased levels of autophagy. Since some mouse strains are more
permissive to ES cell derivation than others (discussed in chapter 1), we must consider
the genetic background of the TDH knockout mice. At present our TDH null mice are a
mix of the 129 and C57BL/6 strains. This line was generated by injecting ES cells from
the 129/SvEv strain into wild type C57BL/6 blastocysts, resulting in chimeric animals
that were approximately 90% 129 strain. However, excision of the floxed TDH allele

required the breeding of these mice to Meox-Cre animals that were of the C57BL/6

89
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strain, which is refractory to efficient ES cell derivation.

To attempt to generate TDH-null ES cells from a strain fully permissive to ES cell
derivation, we are currently backcrossing the TDH knockouts to the inbred 129/SvEv
strain from Taconic to generate a 129 congenic strain. To accelerate this process we are
using a method called speed congenics (or marker-assisted breeding, Markel et al., 1997).
Traditional backcrossing methods typically require ten backcross generations, or
approximately thirty months, to create a 99.9% congenic strain. Using hundreds of DNA
microsatellite markers that are polymorphic between inbred mouse strains, speed
congenics can be used to shorten the backcrossing to five generations. Since our initial
TDH knockouts are approximately 50% 129 strain, it should be possible using this
approach to reach 99% congenicity within three generations (approximately nine

months), and thus a strain background that is suitable for efficient ES cell derivation.

In vitro development of TDH-null embryos

In cultured mouse embryos, administration of the threonine analog 3-HNV blocks
the conversion of morula-stage embryos into cavitated blastocysts (Figure 4-2). If 3-
HNV isindeed acting through the TDH enzyme in this assay, then it appears that TDH
activity is necessary for mouse embryo development in vitro, but is nonessential for in
vivo development. Thiswould suggest that the embryo’ s environment in the uterus, in
particular the nutrient conditions, might be radically different than our experimental
culture conditions for in vitro blastocyst development. Mouse breeding is currently

underway to determine whether the TDH-null mice are fertile. 1f these mice breed
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normally, then we will isolate mouse embryos devoid of TDH to test directly whether

TDH isrequired for blastocyst development in vitro.

Requirement of TDH for embryonic diapause

Embryonic diapause, also called delayed implantation, is a reproductive strategy
in which the late blastocyst arrestsits normal development and ismaintained in a
guiescent state. Mammals that use diapause include rodents, bears, mustelids, and
marsupials. It isthought that the function of embryonic digpause is to time the birth of
offspring to match favorable environmental conditions (Hondo and Stewart, 2005).

The idea has been proposed that an association may exist between the capacity of
arodent speciesto carry out embryonic diapause and the permissivity of the speciesto
ES cell derivation (Nichols and Smith, 2009). It is possible that the ability of ICM cells
to exit dormancy and resume rapid proliferation might have some relevance to ES cell
derivation. Gene deletion studies have revealed that LIF/STAT3 signaling is necessary
for digpause to occur in mice (Nichols, et a., 2001), indicating a connection between
diapause and the conditions normally used to grow ES cellsin culture.

Given its copious expression in ICM cells and its requirement for rapid
proliferation in cultured ES célls, it is possible that TDH playsacritical role in
embryonic diapause. To address this hypothesis, we can test whether TDH knockout
mice are ableto carry out this process. A method commonly used to induce diapauseis
to ovariectomize pregnant mice four days after fertilization. Following three days of

delayed implantation, dormant blastocysts can be activated by injection of estradiol
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(Hamatani et al., 2004). If TDH isrequired for embryonic diapause, then TDH-null mice
should not be able to give birth to live pups after entering diapause. This result would
suggest a close association between TDH, diapause, and the difficulty of obtaining

authentic ES cell lines from non-rodent species.

TDH inhibitor s as anti-parasitic agents

In this study, small molecule TDH inhibitors have been identified and used to
show that mouse ES cell self-renewal has a strict requirement for metabolic flux through
the TDH pathway. However, in addition to their value as scientific reagents, these
inhibitors might also have medical relevance. We and others have shown that the human
TDH geneisinactive as aresult of three debilitating mutations (Edgar, 2002; chapter 3
above). On the other hand, microbia organisms such as bacteria and yeast have been
shown to utilize HFB metabolism to maintain growth rates under nutrient-limiting
conditions (Almaas et al., 2004; Hartman, 2007). The TDH enzymeisaso found in
disease-causing species such as trypanosomes and parasitic worms. If parasitic
organisms can be identified that rely on TDH-mediated threonine catabolism for viability
or reproduction, then TDH inhibitors might prove useful for the treatment of human
disease.

As afirst step toward reaching this objective, we have cloned and expressed the
TDH enzymes from the nematode C. elegans (ceTDH) and the trypanosome T. brucel
(tbTDH). Nematodes, or roundworms, are a diverse phylum containing approximately

28,000 species, of which over 16,000 are parasitic (Hugot et a., 2001). Parasitic
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nematodes include hookworms, pinworms, and whipworms, al of which prey on
humans, in addition to parasites that infect plants and are responsible for major crop
losses, such as root-knot nematodes. Trypanosomes are protists that cause African
trypanosomiasis (or sleeping sickness) in humans and livestock. T. brucei istransmitted
by the tsetse fly and existsin bloodstream and procyclic forms. Trypanosomiasisis fata
if left untreated, and, because existing therapies are costly and have severe side effects,
there is an urgent need for new drugs to combat this disease (Barrett et al., 2003).

TDH inhibitors have several properties that suggest their potential usefulness as
anti-parasitic agents. Therapeutic drugs should have high potency and be effective when
administered at low concentrations. The small molecules identified by chemical
screening inhibit mouse TDH with an IC,, of 0.5 uM, and this potency could likely be
improved by using medicinal chemistry to systematically modify the inhibitors
functional groups (structure-activity relationships). Anti-parasitic drugs should also be
safe to humans and produce side effects that are few and tolerable. Since humans do not
express an active TDH enzyme, a specific TDH inhibitor might achieve this goal.
Indeed, the inhibitorsidentified in this study were toxic to human HeLa cells only at very
high (millimolar) concentrations, and were about 300-fold more potent in their activity
toward mouse ES cells. Finally, the biological target of an effective anti-parasitic drug
must be essential to the viability or reproduction of the parasitic organism.

Gene silencing using RNA interference (RNAI) can be performed in both C.
elegansand T. brucei to test the biological role of TDH in these organisms. Indeed,

RNAI experiments to examine the function of TDH in T. brucei are currently underway.
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Published data suggests that TDH might be critical in T. brucei because threonine
catabolism in this organism apparently occurs exclusively viathe TDH pathway
(Linstead et al., 1977). Since trypanosomes lack afunctional TCA cycle, acetyl-CoA
generated from TDH-mediated threonine catabolism is likely used as a substrate for lipid
biosynthesis.

To test the activity of the mouse TDH inhibitors on TDH enzymes from these
parasitic organisms, we expressed and purified toTDH and ceTDH. ThetbTDH protein
was expressed at high levelsin E. coli, and the purified enzyme contained activity
comparable to mouse TDH. Although ceTDH was expressed at much lower levels and
found to be unstable when stored at 4°C, the purified ceTDH enzyme also contained
robust NAD*-reducing activity in the presence of threonine (data not shown). The
primary sequence homology among the mouse, worm, and trypanosome TDH enzymesis
high, with 51% amino acid identity for the mouse and worm enzymes and 42% identity
for the mouse and trypanosome enzymes. Thusit was surprising when only one of the
six Qc compounds was able to inhibit ceTDH at a concentration of 10 uM, and none of
the six were able inhibit toTDH (data not shown). The likely explanation for the failure
of the mouse TDH inhibitorsto inhibit orthologous TDH enzymes is that, since these
compounds are mixed noncompetitive inhibitors, they bind outside of the enzyme’s
active site, which may not be strictly conserved between mice, worms, and trypanosomes.

To identify small molecules capable of inhibiting the TDH enzymes originating
from parasitic organisms, it will be necessary to perform a new chemical screen using the

enzyme from the species of interest. SincetbTDH isrobustly expressed in E. coli, the
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identification of inhibitors specific for toTDH by high-throughput screening should be
feasible. However, before undertaking this screen, one should first verify that TDH has
an essential rolein this parasite. The RNAI knockdown experiment that is currently
underway should reveal whether a screen for tbTDH inhibitors might prove fruitful for

the identification of new drugs for the treatment of trypanosomiasis.

Concluding remarks

This study provides evidence for the strict requirement of TDH enzymatic activity
for the process of mouse embryonic stem cell self-renewal in culture. Through analysis
of metabolite abundance as a function of ES cell differentiation, we were able to identify
the TDH gene as being robustly and specifically expressed in ES cells and in the ICM of
the mouse blastocyst. This TDH enzyme activity is necessary for ES cell proliferation,
because blocking this metabolic pathway either through threonine deprivation or enzyme
inhibition resultsin increased autophagy and cell death.

During the course of thiswork, several reagents have been developed that should
prove valuable for furthering our understanding of the TDH metabolic pathway. First,
antibodies specific for TDH have been generated and used to study TDH localization in
mouse ES cells and embryos. Using these antibodies, it was determined that the TDH
enzymeis copiously expressed in pluripotent ES cellsand in ICM cells of the early
mouse embryo. Although we have yet to find asite of TDH protein expression in adult
mice, it is possible that TDH is expressed in rare cell types or during specific biological

processes. For example, TDH might be expressed in adult stem cell niches, or during
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conditions of tissue regeneration. In future studies, these antibodies could be used to
identify these sites of expression, providing useful information about TDH’ s normal
biological function.

Second, our study of TDH at the biochemical level has led to the development of
highly potent and specific small molecule inhibitors of the mouse TDH enzyme. These
compounds have been found to selectively impede ES cell proliferation through
aterations in metabolic flux. Theseresultsindicate that ES cells are uniquely dependent
on the HFB of metabolism. In the future it may be possible to use medicinal chemistry to
further improve the potency of these inhibitors. In addition, high-throughput screens
similar to the screen reported here could be performed to identify inhibitors specific to
TDH enzymes from parasitic organisms, and these molecules may turn out to have
medicinal or agricultural utility.

Finally, TDH conditional knockout mice have been generated to study the role of
TDH at the organismal level. Since these mice appear to lack the early development
lethality we expected based on the requirement for TDH in ES cell culture, severa
experiments are underway to probe the biological role of TDH in mice. For example, we
have plansto generate TDH-null ES cells from these knockout animals, and to test the
role of TDH in embryonic diapause and in vitro blastocyst development, as described
above. If specific biological settings that are dependent on TDH can be identified, then
Cre transgenic lines can be used for the detailed study of these TDH-dependent
processes.

One longstanding mystery in the ES cell field iswhy ES cells capable of germline
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transmission have thus far only been obtained from mice and rats. Since ES cells enable
the production of knockout animals via gene targeting, authentic ES cells from additional
species would prove immensely useful both scientifically and commercially. It has been
shown that TDH is necessary for mouse ES cell proliferation in culture. It ispossible that
ICM cells from other mammalian species do not express TDH, or that TDH expression is
rapidly shut off when these cells are plated in culture. Thus, TDH expression may be a
critical factor that enables the derivation of germline-transmitting ES cells. Supporting
this hypothesisis the observation that several key transcription factors regulating
pluripotency bind to TDH'’sfirst exon (Kim et a., 2008), which isonly conserved in mice
and rats. If lack of TDH expression doesin fact play arole in the failure to derive ES
cells from non-rodent species, then ectopic expression of TDH might support the
derivation of new ES cell lines.

In addition to enabling the production of non-rodent ES cells, it is hoped that
forced expression of TDH might be used to stimulate growth rates of cell lines not
normally expressing the enzyme. Besides providing proof-of-principle that TDH isin
fact used to drive rapid cell division in ES cells, stimulation of growth rates via TDH
expression would be auseful scientific tool, particularly for experiments relying on the
culture of slowly dividing cells. Thusfar, TDH gain-of-function studies have proven
technically challenging. Since TDH is a metabolic enzyme, relatively high levels are
required to appreciably ater the metabolic flux within acell, and it appears to be difficult
to engineer cell lines to express exogenous TDH at alevel comparable to mouse ES cells.

There are several possible explanations for this difficulty. One possibility is that
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high expression of TDH overwhelms the mitochondrial import machinery, resulting in
degradation of the protein. Alternatively, there might be some unknown post-
trandlational modification that targets TDH for degradation in differentiated cell types,
but isinactive in mouse ES cells. In support of this possibility is the observation that
TDH mRNA is expressed at a high level in mouse pancreas, whereas TDH proteinis
undetectable. Finally, most gain-of-function experiments in mammalian cells involve the
expression of transcription factors or signaling proteins, which require very low levels of
protein to support their biological activity. Asaresult, new technical methods might
need to be developed in order to express TDH at alevel high enough to drive rapid cell
division.

One fina unexplained observation concerns the mutational inactivation of the
human TDH gene. It is puzzling that two of the three debilitating mutations are AG to
GG splice acceptor site mutations, suggesting that there was strong selection pressure for
these specific changes. Could there be an unidentified mechanism that resultsin the
repair of these mutations in specific cell types to produce afunctional TDH enzyme? No
evidence for such aprocess exists. It isalso strange that humans appear to be the only
metazoan species with an inactive TDH; the genome of the chimpanzee, our closest
living relative, contains an intact TDH gene. When the Neanderthal genome sequenceis
completed, it will be interesting to see if these mutations were present in the Neanderthal
TDH gene. It will also be interesting to explore what selective advantage, if any, is

conferred on humans by mutational inactivation of the TDH gene.
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