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ABSTRACT

Cell proliferation requires increased nutrient uptake and metabolic activities that
drive macromolecular synthesis to support cell growth. While unicellular organisms
proliferate when nutrients like glucose are available, this is not the case in metazoans.
As glucose and other essential nutrients are readily available to cells in the context of a
multicellular organism, these cells actively regulate the uptake and utilization of nutrients
through elaborate signaling networks. In addition to increased nutrient uptake,
proliferating cells must also reorganize their metabolic activities from primarily ATP
producing to biosynthetic and ATP producing to support the doubling of cellular genomic
and macromolecular content to produce two viable daughter cells. To accomplish this,
metabolic reprogramming from oxidative metabolism in the mitochondria to aerobic
glycolysis - the Warburg effect — occurs within the cell. Aerobic glycolysis, typically
observed in rapidly proliferating tumor cells, drives synthesis of macromolecules such as
lipids, protein and nucleic acids, by diverting metabolites from both glycolysis and the
TCA cycle into biosynthetic pathways while maintaining ATP production. Growth factor
signaling pathways orchestrate this metabolic reprogramming by directly influencing
glucose uptake and activating transcriptional networks, such as Myc and HIF, to
upregulate glycolytic flux. Thioredoxin interacting protein (TXNIP), a tumor suppressor
and a direct and glucose-induced transcriptional target of MondoA, is a potent negative
regulator of glucose uptake and glycolysis. Thus, TXNIP may inhibit cell growth and
proliferation by restricting substrate availability for macromolecular synthesis. When

guiescent cells are stimulated to proliferate TXNIP translation and MondoA-dependent



TXNIP transcription are acutely downregulated in response to growth factor signaling.
Ectopic MondoA and TXNIP expression restricts glucose uptake and utilization resulting
in restricted cell growth and proliferation. Thus downregulation of these activities might
act in cooperation with activities such as Myc upregulation to drive metabolic

reprogramming in response to proliferative signals.
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CHAPTER 1

INTRODUCTION

1.1 Overview

In metazoans, cell proliferation is required for normal organismal function. Its
roles include, but are not limited to, embryogenesis, development, growth and
maintenance of function of many adult tissues. Aberrant proliferation is a defining feature
of tumorigenesis. Much of the work done over the past several decades to understand
the mechanisms leading to and controlling cell proliferation has led to the identification
and dissection of exquisitely regulated growth-factor signaling pathways and
transcriptional networks that enable cells to enter and successfully traverse the cell
cycle. Clearly, these are also the pathways that are corrupted and exploited during
tumorigenesis.

Proliferating cells are faced with major challenges. The onset of proliferation
requires that a cell must ultimately divide into two identical daughter cells, indicating that
it is not only necessary to completely duplicate its genome but it is also required to
double its biomass prior to mitosis. This presents unique metabolic challenges to the cell
as it must increase the synthesis of proteins, lipids and nucleic acids in response to
proliferative signals. Resting or quiescent cells have significantly different metabolic
needs than those of proliferating cells. Therefore, once stimulated to proliferate, these
cells must reorganize their metabolic pathways such that both energy producing and
biosynthetic pathways are enabled to allow sufficient cell growth. In addition to metabolic

reprogramming, proliferating cells must also increase uptake of extracellular nutrients to



maintain flux through the metabolic pathways that drive cell growth. Rapidly proliferating
cancer cells demonstrate increased uptake and utilization of glucose and glutamine and
generate adenosine 5'-triphosphate (ATP) primarily by aerobic glycolysis. Work involving
proliferating lymphocytes and hematopoietic stem cells suggests that this is not a feature
unique to cancer cells but rather required by all proliferating cells. While the signals that
stimulate cell proliferation are also involved in orchestrating metabolic reprogramming,
little is known about the downstream effectors involved in this process. Elucidating the
regulatory processes involved in metabolic reprogramming and ultimately cell growth is
therefore important for a more comprehensive understanding of not only normal cell

processes but for the pathogenesis of diseases such as cancer.

1.2 The Warburg Paradox and Anabolic Metabolism

In the 1920s, Otto Warburg observed that cancer cells metabolize glucose in a
manner different from cells in normal tissues (1). In the presence of sufficient oxygen to
support mitochondrial oxidative phosphorylation, tumor cells tended to catabolize
glucose to lactate at high rates rather than oxidizing it as in normal cells (2). Warburg’s
initial explanation for this was that tumors had defects in mitochondrial function or
oxidative phosphorylation which resulted in a compensatory increase in glycolytic flux
(2), but it is now clear that many tumors not only have normal mitochondria but their
tricarboxylic acid (TCA) cycles and electron transport chains (ETC) are intact (3).
Nonetheless, Warburg’s observations presented a paradox: Why would rapidly
proliferating cells with such a great need for energy (ATP) utilize a wasteful and
seemingly inefficient form of metabolism? While this paradox is still not completely
resolved, studies in normal proliferating lymphocytes suggest that aerobic glycolysis, the

Warburg effect, is not unique to tumors (section 1.3).



Cells require a constant supply of energy to maintain the biological processes
that allow them to function and survive. The most fundamental source of cellular nutrition
is glucose. In most metazoans, glucose metabolism dominates energy production. In
mammalian cells, glucose enters the cell through one or many transmembrane hexose
transporters belonging to the GLUT family (4). Once in the cytoplasm, glucose is
phosphorylated by a hexokinase to glucose-6-phosphate (G6P) in the first step of
glycolysis to prevent its diffusion out of the cell and allow further glycolytic catabolism
(5). Once committed to glycolysis after conversion by phosphofructokinase (PFK), the
six-carbon sugar is further metabolized to two three-carbon pyruvate molecules which
yield two ATP and NADH (nicotinamide adenine dinucleotide (NAD"), reduced)
molecules per pyruvate in the process (5). If oxygen is not limiting (aerobic metabolism)
pyruvate enters the mitochondria and is converted to acetyl coenzyme A (CoA) where it
enters the citric acid or TCA cycle (Figure 1.1) (5). Flux through the TCA cycle produces
NADH and FADH; (flavin adenine dinucleotide (FAD), reduced) which fuel maximal ATP
production by oxidative phosphorylation (6). Up to 36 molecules of ATP can be
generated from one molecule of glucose in this manner (6). If oxygen is limiting
(anaerobic metabolism), pyruvate is further metabolized to lactate which is excreted from
the cell, yielding a net two ATP molecules per glucose molecule (6). Tumors tend to
have anaerobic microenvironments, and thus utilize anaerobic metabolism to derive
energy for cellular function (6), so it is important to distinguish this from proliferative
metabolism which is aerobic. It is clear that glucose metabolism by the TCA cycle seems
to produce more energy and less waste in the form of lactate than glycolysis alone, so
why would a proliferating cell under aerobic conditions utilize a seemingly wasteful and
low-energy yielding process as its main form of metabolism? An answer to this question

comes from an understanding of both the metabolic needs of a proliferating cell and the



Figure 1.1 Schematic of glycolysis (cytoplasm) and the TCA cycle (mitochondria).
Generally depicted are: ATP production by the electron transport chain (ETC) in the
mitochondrial matix, NAD" generation by LDHA and site of glutaminolysis. Lactate is
excreted from the cell by an MCT (monocarboxylate transporter). Also depicts branch
points where pathway intermediates can participate in macromolecular synthesis.
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metabolic demands of macromolecular biosynthesis. In short, aerobic glycolysis is a
necessary component of anabolic metabolism.

In addition to generating ATP by oxidative phosphorylation, glucose metabolism
also provides cells with intermediates required for biosynthetic pathways (6-10). G6P is
shunted into the pentose phosphate pathway (PPP) to generate ribose sugars
necessary for nucleotide biosynthesis as well as NADPH (7), citrate is exported from the
mitochondria to generate fatty acids for lipids (9) and amino acids are derived from
glycolytic and TCA cycle intermediates (9) (Figure 1.1). Additionally, pyruvate conversion
to lactate by lactate dehydrogenase A (LDHA) produces NAD" which is necessary for
reductive biosynthesis as well as ATP production from glycolysis (9). While the ATP
yield from glycolysis compared to the TCA cycle is low, the flux through glycolysis to
generate lactate is considerably higher than through the TCA cycle (11). This can help to
resolve the Warburg paradox, at least partially, in two ways. First, the energy needs of
the proliferating cell can be met by ATP production from glycolysis provided both
glycolytic flux and glucose uptake are increased. Second, if a high flux pathway, like
glycolysis, is upstream of and feeds into a lower flux pathway, like one that utilizes
pathway intermediates as biosynthetic precursors, flux through the downstream pathway
can be maintained while lactate production prevails through glycolysis (11). Since the
TCA cycle is a lower flux pathway, with pyruvate to acetyl CoA conversion being limiting
(12), TCA cycle intermediates can be used as biosynthetic precursors rather than being
metabolized completely by this cycle to drive oxidative phosphorylation, while ATP
production is supported by the high glycolytic flux (9). Given that utilization of TCA cycle
metabolites in biosynthetic pathways potentially “empties” (catapleurosis) the TCA cycle
quickly, the cycle can ultimately be “refilled” (anapleurosis) by conversion of the amino
acids glutamine and aspartate to TCA cycle intermediates (13). Conversion of the highly

abundant glutamine to a-ketoglutarate (a-KG) provides citrate which fuels fatty acid



biosynthesis is also further catabolized by the the TCA cycle intermediates downstream
(Figure 1.1) (13). This model suggests that proliferating cells are able to engage in the
necessary biosynthetic reactions required for cell growth while at the same time

excreting lactate and thus, provides at least some resolution to the Warburg paradox.

1.3 Metabolic Reprogramming in Lymphocytes

As outlined in the previous section, aerobic glycolysis drives anabolic synthesis
of the macromolecules required to support the high rates of proliferation seen in cancer.
The process of tumorigenesis appears to require metabolic reprogramming from
oxidative metabolism to aerobic glyolysis (14), and it is becoming clearer that activation
of many oncogenes, e.g., Myc and Ras, and loss of tumor suppressors, e.g. PTEN, p53
and TXNIP, directly drive metabolic reprogramming (15-19). This suggests that the
Warburg effect may contribute functionally to tumor cell growth rather than merely
correlating with it. This would also indicate that aerobic glycolysis is a feature of normal
proliferating cells, and in fact, this is the case.

Much of the work leading to an understanding of the switch from oxidative
metabolism to aerobic glycolysis during proliferation in normal diploid cells has been
done in lymphocytes (20). T lymphocytes (T cells) are an ideal model for studying
metabolic and signaling in cells transitioning into a proliferative state. In vivo, they leave
the thymus and enter the peripheral circulation as small quiescent cells. In the absence
of trophic signals, they remain quiescent but upon stimulation by cytokine and antigen
signals, they become activated and initiate a program of rapid growth and proliferation
(20). As peripheral T cells can be isolated and used in vitro, it is possible to study
regulation of both quiescence and proliferation.

In mammals, nutrients like glucose and glutamine are rarely limiting, and work

from the Thompson laboratory and others has established that quiescent T cells actively



maintain quiescence by low-level signaling through cytokine and T cell receptors (TCR)
(21). Essentially, glucose and other nutrients are taken up into the cells at a low rate
(22). Glucose metabolism is divided evenly between lactate production through
glycolysis and oxidative phoshorylation in the presence of low-level signals, primarily to
maintain the quiescent state (23). In the complete absence of signals, glucose uptake is
further decreased and the cells derive energy primarily from B-oxidation of fatty acids
and lower level flux through the TCA cycle for survival (24). These data support a model
whereby quiescent cells engage in oxidative metabolism for homeostasis and survival,
suggesting that the flux of glucose through glycolysis is primarily utilized for pyruvate
production to supply the TCA cycle with acetyl CoA (Figure 1.2).

Upon stimulation by antigens, T cells initiate a program of rapid growth and
proliferation (23). In contrast to quiescent cells, the metabolism of an activated T cell is
characterized by increased excretion of lactate and dramatically increased uptake of
glucose (25) (Figure 1.2). GLUTL1 transcriptional upregulation and subsequent
translocation of GLUT1 to the plasma membrane in response to Akt activation
(discussed in section 1.4) directly drives the dramatic increase in glucose uptake
following CD28 costimulation in vitro (25). Further, ligation of the TCR (CD3) with CD28
results in increased glycolytic flux that is phosphatidylinositide 3-kinase (PI13K)
dependent (discussed in section 1.4) (26). This increase in glucose uptake and
utilization directly correlates with increases in lipid synthesis and more significantly cell
growth. Essentially, activated T cells undergo metabolic reprogramming from oxidative
metabolism to aerobic glycolysis upon activation in order to support the rapid growth
required for a proliferative burst. In the absence of additional proliferative signals in vitro,
e.g., the cytokine interleukin-3 (IL-3), T cells will not proliferate, making this an ideal
system to study the signaling events regulating cell growth (25, 27). However, as T cells

divide rapidly, as quickly as 6 hours, understanding the immediate and subsequently



Figure 1.2 Metabolic reprogramming in T cells. Quiescent cells take up glucose at a low
rate which drives glycolysis at rates sufficient to generate ATP in the mitochondria via
the TCA cycle for maintenance and survival. Fatty acids are oxidized in the mitochondria
to provide additional substrates for TCA cycle function and energy production through
oxidative phosphorylation. Upon cytokine and T cell receptor stimulation, T cells begin a
program of rapid growth and proliferation. Akt-dependent GLUT1 mRNA upregulation
and transporter translocation to the plasma membrane increases glucose uptake, and
PI13K-dependent increase in glycolytic flux increases lactate excretion from the cell. The
TCA cycle becomes “truncated” with metabolites being utilized for lipid synthesis. Amino
acids, aspartate and glutamine “refill” the cycle via anapleurosis. ATP production is
shifted from the mitochondrial matrix to the cytoplasm via glycolysis. Figure adapted
from Fox, et al., (2005) Fuel feeds function: energy metabolism and the T-cell response.
Nat Rev Immunol 5(11):844-52
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temporal regulation of metabolic reprogramming in the growth phase (G;) of the cell
cycle in response to proliferative signal becomes less tractable and as such, another
system is explored in Chapter 2.

The work briefly outlined in this section indicates that metabolic reprogramming is
required in cells transitioning from a quiescent state to one of proliferation. As PI3K and
Akt signaling are required for both the increase in glucose uptake and glycolytic flux, this
suggests a broader role for metabolic reprogramming in other cell types that undergo
proliferation. PI3K and Akt can act as transducers of extracellular signaling propagated
through growth factor receptors. As such, signal transduction by growth factor receptors
and the broader implications of this signaling on metabolism will be discussed in section

1.4.

1.4 Receptor Tyrosine Kinase Signaling

As described in section 1.3, CD28 costimulation activates PI3K and Akt. While
CD28 regulates growth in T cells by supporting metabolic reprogramming, another class
of transmembrane signaling receptors, the receptor tyrosine kinases (RTKSs) active in
cell growth and proliferation, through their activation of PI3K and Ras, will be discussed
in this section. The ErbB family member, epidermal growth factor receptor (EGFR) is
one of the most studied members of the RTK superfamily, and as such, it serves as a
model for discussing downstream signal transduction in this section. It is also important
to note that the EGFR effector cascades that will be presented here are utilized by
myriad signaling receptors (e.g., cytokine receptors and G protein coupled receptors
[GPCRs]) and as such, signaling through the RTKs merely represents a model for the
signaling paradigms outlined.

EGFR, and other members of the RTK superfamily, are composed of an

extracellular ligand-binding domain, a single transmembrane domain and intracellular
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tyrosine kinase domain followed by a non-catalytic carboxy-terminal tail (28, 29). The
receptor is activated upon ligand binding (EGF) leading to receptor dimerization and
subsequent auto-phosphorylation by the catalytic tyrosine kinase domain (29). Once
phosphorylated, the intracellular domain acts a docking site for Src homology 2 (SH2)
domain containing proteins which brings them to the intracellular surface of the plasma
membrane and potentiates binding, activation and catalysis of downstream effectors
(29). Two major effector pathways that will be discussed below are the PI3K/Akt
pathway and the Ras/MAPK (mitogen-activated protein kinase or Erk [extra-cellular
signal regulated kinase]) pathway (Figure 1.3).

Signaling specificity and heterogeneity is achieved, in part, through EGFR
heterodimerization with other ErbB family members (29, 30). The signals tranduced
though EGFR ultimately lead to cell proliferation, differentiation or survival. Given its role
cell fate determination, it is not surprising that activating mutations in EGFR, primarily in
the regulation of its kinase activity, have been observed in many cancers (31). A unique
feature of EGFR is, unlike other receptors, its kinase domain is not regulated by
additional phosphorylations within an activation loop of the domain; instead, it is
controlled by receptor conformational changes induced by ligand binding and possibly
the carboxy-terminal tail (31). Thus mutations in the activation loop leading to
constitutive activation of the kinase domain in the absence of ligand binding require less
specificity than those in other receptors and. As such, activating mutations in EGFR
appear to be more prevalent in cancers and much work has been done in developing
small molecule inhibitors of its kinase activity (31).

Once phosphorylated, EGFR can recruit many signal effectors depending on
cellular context. PI3K, a member of the class | family of phosphoinositide kinases, is a

heterodimeric kinase made up of a regulatory subunit (p85) and a catalytic subunit
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Figure 1.3 Simple schematic of receptor tyrosine kinase (RTK) signaling highlighting
general signal transduction through P13K and Ras networks. Ligand (e.g., EGF) binding
to extracellular ligand-binding domain induces receptor dimerization and
phosphorylation. With regard to signals transduced through PI3K, the regulatory domain
of PI3K, p85, is recruited to the plasma membrane via RTK-p85 interactions. The
catalytic domain, p110, phosphorylates PI(4,5)P, (PIP,) residues in the plasma
membrane to PI(3,4,5)P; (PIP3), permitting Akt recruitment to the plasma where it is
activated. PTEN dephosphorylates PIP; in the plasma membrane, thus attenuating PI3K
signal propagation. Ras activation can also activate PI3K as depicted. With regard to
signal transduction through Ras, an adapter like Grb2 is recruited to the active RTK
which binds the Ras-GEF Sos, thus catalyzing GDP to GTP exchange on Ras and
activating it. Activated Ras binds to Raf, permitting its phosphorylation and activation.
Raf phosphorylates MEK which subsequently phosphorylates MAPK, which then
translocates to the nucleus, where it can phosphorylate and activate transcription factors
such as the c-Myc proto-oncogene. Downstream signals from both PISK and Ras lead to
proliferation, differentiation, growth and survival as discussed in the text.
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(p110) (32, 33). PI3K can be recruited directly to the receptor through p85 SH2 domain
interactions or indirectly through other docking proteins like Grb2 or IRS-1 (33). Once
recruited to the receptor and proximal to the plasma membrane, PI3K catalyzes the
phosphorylation of phosphatidylinositide (4,5)-diphosphate (PI1(4,5)P,) residues in the
plasma membrane to PI(3,4,5)Ps, which are potent signaling molecules (33). PI(3,4,5)P;
can recruit cytosolic proteins containing pleckstrin homology (PH) domains, e.g. Akt, to
the plasma membrane where they can be activated by other plasma membrane
associated proteins and further transduce signals from the RTK (34). More specifically,
once Akt is positioned at the plasma membrane, it is phosphorylated by its activating
kinases, phosphoinositide dependent kinase 1 (PDK1) and mammalian target of
rapamycin complex 2 (mTORC2) at threonine 308 and serine 473, respectively (34).
Upon activation, Akt phosphorylates serines and threonines of other downstream
effectors including, but far from limited to, mMTORC1 and BAD, leading to cell growth,
proliferation and survival (35, 36). Additionally, Aktl activity is required for translocation
of the insulin responsive glucose transporter, GLUT4 in response to activation of the
insulin receptor (IR) (37). Finally, as discussed in section 1.3, Akt and PI3K activity are
required for metabolic reprogramming in T cells.

PI3K signaling is attenuated by a number of mechanisms, but one of the best
characterized is by the tumor suppressor phosphatase and tensin homolog (PTEN).
Briefly, activated PTEN catalyzes the dephosphorylation of PI(3,4,5)P; to PI(4,5)P,, thus
inhibiting signaling downstream of PI3K (38). Just as activating mutations in PI3K lead to
growth and survival of many cancers, mutations rendering PTEN catalytically inactive
are also observed (38). Interestingly, deletion of the tumor suppressor thioredoxin
interacting protein (TXNIP) leads to inactivation of PTEN (19). It is thought that the

reactive oxygen species (ROS) generating activities of TXNIP activate PTEN, resulting
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potentially in growth arrest and reduced glycolysis (19). TXNIP will be discussed in
greater detail in section 1.6.

A second signaling cascade activated by RTKs is the Ras-MAPK pathway. Ras
is a small membrane associated GTPase and its activity is regulated by the guanine
exchange factor (GEF) son of sevenless (Sos) (39). Sos can be recruited to the plasma
membrane and to Ras in number of ways upon RTK activation, however, a well
characterized method involves docking to receptor bound Grb2 (39). Once activated,
Ras can recruit a Raf protein (e.g., cRaf, Raf-1) leading to activation of its catalytic
activity. Activated Raf phosphorylates the dual specificity kinase MEK (MAPK kinase)
which subsequently phosphorylates MAPK (40). Phosphorylated MAPK translocates to
the nucleus where it phosphorylates transcription factors containing MAPK
phosphorylation sites such as Elk-1, cMyc and PPARY (41-44). For certain transcription
factors MAPK phosphorylation serves as an activating event, thus integrating
extracellular signals with transcriptional programs. Ras-MAPK signaling ultimately leads
to cell fate decisions such as proliferation and differentiation (30).

As many pathways lead to MAPK activation, it is confounding how this common
endpoint produces different cell fates. It is clearer now that both the intensity and
duration of MAPK activation plays a role (30, 45). Within the context of EGFR,
attenuation of the signal transduced by EGF to MAPK is accomplished by receptor
downregulation through ubiquitination by cCbl, Ras-GAP inhibition of Raf activation, as
well as direct inhibition of phosphorylated MAPK by MAPK phosphatase (46-48). Work
from Appendix A done in the laboratory of Nadeem Moghal addresses a novel
mechanism of EGFR downregulation by an inhibitory domain of Sos (49). Mutations in
the Cdc25 domain of Sos lead to a multivulva phenotype in Caenorhabditis elegans
similar to EGFR and Ras mediated hyperactivation of MAPK. Recapitulation of this

Cdc25 mutation in human Sos results in sustained MAPK activation in the presence of
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EGF and further, similar mutations in Cdc25 have been observed in developmental
disorders attributable to increased, but not constitutive, Ras activation. While the Cdc25
does not directly activate Ras, failure to inhibit EGFR kinase activity results in sustained
Ras and MAPK activation downstream of EGF. While many mechanisms can lead to
aberrant Ras activation, activating mutations of Ras are observed in many cancers and
the high rates of glycolysis observed can be directly attributed to Ras activation of cMyc
and Hifla, which will be discussed in section 1.5 (50-54).

It is evident that both PI3K/Akt and Ras-MAPK signaling have critical roles in
regulating cell growth and proliferation in response to extracellular signals. As discussed
above, PI3K/Akt signaling also regulates glucose uptake and metabolism and is required
for metabolic reprogramming in T cells. While Ras-MAPK signaling controls proliferation,
it also directly regulates glycolysis through Myc and HIF-1a, suggesting that metabolic
reprogramming is part of the proliferative program. Importantly, the effects on nutrient
uptake and metabolism by both PI3K and Ras are rapid, occurring within a few hours of
pathway activation, further underscoring that metabolic reprogramming is a necessary
component of cell growth required for proliferation. We demonstrate in Chapter 2 that
RTK signaling through Ras may also impact glucose uptake and glycolysis by regulating

TXNIP, suggesting a new for role for Ras in metabolic reprogramming.

1.5 Myc, HIF and Glycolysis

A hallmark of most cancers is their enhanced proliferative capacity. As previously
discussed, a metabolic component characterized by and contributing to this increased
proliferation is the Warburg effect or aerobic glcyolysis, which drives and supports the
macromolecular synthesis required for the cell growth necessary for proliferation. While
growth factor signaling leads to increases in aerobic glycolysis discussed in section 1.4,

a mechanism by which this is accomplished is through the direct activation of
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transcriptional networks that directly upregulate the expression of genes involved in
glycolysis. The cMyc oncogene, a transcription factor belonging to basic helix-loop-helix
leucine zipper (bHLHZip) family of transcription factors, is mutated in many cancers and
drives high aerobic glycolysis and cell cycle progression through activation of its many
transcriptional targets (55). During oxygen deprivation and other environmental stresses
another transcription factor, the hypoxia-inducible factor, HIF, is stabilized and
metabolism is redirected to glycolysis, principally for survival (56). Myc and HIF share
multiple transcriptional targets and compete for control of metabolism in the anaerobic
tumor microenvironment, however, there is evidence that these activities cooperate
during proliferation in the presence of oxygen. As discussed in section 1.4, Ras
activation regulates metabolism required for cell growth through Myc and HIF (53, 54).
This section will therefore discuss the transcriptional regulation of metabolic
reprogramming by Myc and HIF.

Myc activates thousands of transcriptional targets through a complex network of
protein-protein and protein-DNA interactions with other members of bHLHZIP family,
Mad and Max (57). Myc:Max heterodimers bind to CACGTG or related E-box elements
in the promoter regions of genes involved in metabolism, growth and proliferation and
potently activate their transcription (57). In normal cells, Myc is induced by growth factor
signaling, and it is constitutively expressed at high levels in many cancers. Myc drives
cell cycle progression through its regulation of cyclins and cyclin-dependent kinases and
is necessary for RNA polymerase | and 1l transcription of tRNA and rRNA, thus
regulating protein synthesis (58-60). It also activates the transcription of most the genes
that regulate carbon utilization (61). Consistent with a role in aerobic glycolysis, Myc
upregulates GLUT1, hexokinase and LDHA, thus supporting increased glucose uptake,

glycolytic flux and lactate production (62). Interestingly, two paralogs of the Myc
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superfamily, MondoA and ChREBP also transcriptionally regulate glucose uptake and
glycolysis (63-65). These will be discussed further in section 1.7.

In order to undergo macromolecular synthesis driven by aerobic glycolytic flux,
the cell needs normal or enhanced mitochondrial function. Myc increases both
mitochondrial biogenesis and function which consistent with its role in upregulating
aerobic glycolysis. As outlined in section 1.2, anapleurosis, or the refilling of the TCA
cycle, is an integral component of utilizing TCA cycle intermediates for macromolecular
synthesis. One mechanism by which anapleurosis occurs is glutaminolysis or the
metabolism of glutamine to a-KG (13). Myc has been shown to increase glutaminolysis
by several mechanisms. Myc directly upregulates the transcription of the glutamine
transporters SCL38A5 and SCL1A5 (66). Additionally, Myc has been shown to increase
glutaminase expression by increasing glutaminase mRNA directly (66) and
transcriptionally repressing miR-23a/b transcription which de-represses glutaminase
transcription (67). Thus, in addition to its contribution to increasing aerobic glycolysis,
Myc contributes to metabolic reprogramming through its regulation of mitochondrial
biogenesis and function and might increase anapleurosis by regulating glutaminolysis.
Notably, MondoA transcriptional activity has been shown to be negatively regulated by
glutaminolysis, and this will be addressed in section 1.7. Additionally, Myc also drives
anabolic synthesis of fatty acids and nucleotides directly through transcription of genes
utilized in these pathways, however; as they also require TCA cycle intermediates, this
indicates that the role Myc plays in metabolic reprogramming is quite comprehensive.

HIF belongs to the PER-ARNT-SIM (PAS) subfamily of the bHLHZIP family of
transcription factors, and is active as heterodimer of HIF-o. and HIF-$ (also known as

aryl hydrocarbon receptor nuclear translocator [ARNT]) subunits (62). HIF-B subunits are

stably transcribed and translated, and while HIF-a subunits are as well, they are also
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modified by prolyl hydroxylases in the presence of oxygen, permitting HIF-a association
with and ubiquitination by the von Hippel-Lindau (VHL) tumor suppressor and
subsequently degraded in a proteasome-dependent manner (56). Under anaerobic
conditions, HIF-a subunits are stabilized following inactivation of the TCA cycle-
dependent prolyl hydroxylases and HIF heterodimers translocate to the nucleus to
activate the transcription of many glycolytic targets. HIF also regulates genes involved in
cell survival as well as those that inhibit macromolecular synthesis, consistent with
decreased TCA cycle and oxidative function (68).

While HIF is primarily considered to increase anaerobic glycolysis, there is also
data suggesting that HIF functions to increase aerobic glycolysis in response to growth
factor signaling during normoxia (69). PI3K and MAPK activation has been shown to
increase HIF-1a translation (70-72). Knockdown of HIF-1a in hematopoietic stem cells
(HSCs) cultured under normoxic conditions demonstrated decreased lactate production
but converted pyruvate to lipids at a higher rate, correlating with increased growth and
proliferation rates (69). These data suggest that HIF-1 is a key component of growth
factor induced aerobic glycolysis in normoxia; however, HIF-1 also appears to repress
lipid biosynthesis, which is likely compensated by Myc transcriptional targets (62). These
data do however ascribe a function in metabolic regulation in normoxia by HIF-1 that is
consistent with RTK signaling regulation of metabolic reprogramming. Clearly,
transcriptional regulation of metabolic reprogramming is complex and a new aspect of

this regulation by MondoA is described in Chapter 2.

1.6 Thioredoxin Interacting Protein

Thioredoxin interacting protein (TXNIP), also known as vitamin D up-regulated
protein 1 (VDUP1) and thioredoxin binding-protein 2 (TBP2), was originally identified as

a transcript induced by vitamin Ds. Initially, TXNIP was thought to exert its function
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exclusively by negatively regulating thioredoxin (Trx) through direct binding and inhibition
of Trx reducing activity and by preventing Trx interaction with other binding partners (73-
75). It is evident now however that TXNIP interacts with multiple protein partners to exert
its many functions (76, 77). TXNIP has subsequently been implicated in myriad cellular
processes including proliferation, differentiation and diseases including metabolic
syndrome (diabetes) and cancer (78, 79). Considered a tumor suppressor, TXNIP levels
are reduced in tumors and its over-expression causes cell cycle arrest (80). TXNIP is
required for quiescence and negatively regulates glucose uptake and glycolysis (81, 82).
As such, TXNIP is an excellent and emerging candidate in the regulation of metabolic
reprogramming. Notably, vitamin D3, which upregulates TXNIP expression, has also
been shown to downregulate cMyc expression, suggesting that the two proteins might
coordinately regulate growth and metabolic reprogramming (83). Germane to our lab,
TXNIP is a direct and glucose dependent target of MondoA (section 1.7) (64, 84, 85).
This section will therefore discuss the impact of TXNIP on cell metabolism and
proliferation.

TXNIP is a member of the a-arrestin family of proteins (86). Its expression is
regulated by a variety of environmental stresses including serum starvation, heat shock,
H,0O,, irradiation, lactic acidosis and transforming growth factor-p (TGF-p), all of which
negatively affect cell proliferation (75, 80, 87). Consistent with these stimuli, anti-
proliferative agents, e.g., histone deactylase (HDAC) inhibitors, 5-fluorouricil,
dexamethasone, were shown to increase TXNIP expression in tumor cells suggesting
that loss of TXNIP is essential for the proliferation of some cancers (84, 88, 89).
Consistent with these findings, high TXNIP expression portends a positive outcome in

breast and gastric cancers (77, 87, 90).
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Some clues to how TXNIP might function to arrest cell growth and proliferation
come from studies in HSCs wherein TXNIP expression was shown to be essential for
maintaining quiescence (81). Similar to T cells (section 1.3), HSCs are maintained in a
quiescent state in bone marrow until they are stimulated to proliferate and subsequently
differentiate (81). In this study, TXNIP was downregulated during HSC activation and
TXNIP” mice demonstrated decreased long-term HSC populations and the capacity to
repopulate HSCs was lost. These effects were due to hyperactive cell cycling, Wnt
signaling and failure to induce expression of the cyclin inhibitor p21 under stress
conditions. These data suggest that while TXNIP is required for HSC quiescence, it also
might drive cell cycle arrest by a p53 dependent mechanism (91). TXNIP has also been
shown to increase p27X** stability by binding to JAB1, which targets p27"** for
degradation (76). As p27¥** is necessary for quiescence, its stabilization by TXNIP might
drive growth arrest. Thus TXNIP’s role as tumor suppressor may be linked to its role in
maintaining quiescence.

Another mechanism by which TXNIP negatively regulates proliferation is directly
correlated with growth factor signal transduction. Data from TXNIP null MEFs implies
that TXNIP activates PTEN by a REDOX-mediated mechanism and thus blocks signals
transduced through PI3K (section 1.4) (19). As TXNIP inhibits Trx, it also inhibits Trx
mediated NADPH-dependent disulfide reduction which oxidizes PTEN thus inactivating it
(19). Since PTEN phosphatase activity dephosphorylates PI(3,4,5)P3residues in the
plasma membrane required for Akt activation, signals downstream of PI3K are thus
blocked by active PTEN (section 1.4). TXNIP” mice were unable to switch from glucose
utilization (aerobic glycolysis) to B-oxidation upon food deprivation. The mice become
hypoglycemic and hypertriglyceridemic consistent with increased aerobic glycolysis and
macromolecular synthesis. These data are consistent with a model whereby TXNIP is

regulated by nutrient conditions to optimize fuel selection based on growth or survival
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and suggests that TXNIP upregulation might also regulate inhibit cell growth by blocking
aerobic glycolysis.

TXNIP has also been shown to inhibit glucose uptake (64, 85). As TXNIP inhibits
both glucose uptake and glycolysis, one way TXNIP might regulate cell growth is by
restricting nutrient availability and utilization (82). TXNIP may affect cell nutrient
utilization in several ways. Murine embryonic fibroblasts from TXNIP” mice have
increased glucose uptake and lactate production compared to their wild type
counterparts (19, 92). As discussed above, TXNIP deletion alone is sufficient to drive
metabolic reprogramming toward aerobic glycolysis (19). Additionally, TXNIP
destabilizes HIF1-o in normoxia (77). As HIF-1a activates the transcription of glycolytic
genes (section 1.5), TXNIP may downregulate a transcriptional program that drives
glycolysis (62). In combination with TXNIP regulation of PTEN, TXNIP may negatively
regulate cell proliferation by controlling several of the core metabolic pathways required
for cell growth. These observations provide the basis for examining TXNIP regulation in
Go/G; transition discussed in Chapter 2, where we demonstrate that TXNIP translational
and transcriptional downregulation is required for metabolic reprogramming in fibroblasts

re-entering the cell cycle from a quiescent state.

1.7 MondoA
MondoA is a bHLHZip transcription factor related to the Myc superfamily which
bears superficial similarity to Myc, Max and Mxd (Mad) (Figure 1.4) (93, 94). MondoA
dimerizes with another bHLHZip protein, Max-like protein (MIx) and MondoA:MIx dimers
bind to and affect transcription from E-box related elements in the promoter regions of
their target genes suggesting they might also regulate Myc:Max targets including those
required for growth and metabolism (57). While MondoA:MIx complexes appear to

function in a manner similar to Myc:Max complexes, a distinguishing feature of
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Activation Repression Activation

MondoA
MondoB Max
(ChREBP)
Nutrient Sensing Growth and Proliferation

Figure 1.4 MondoA and ChREBP comprise a parallel Myc-like transcription network.
MondoA activates transcription by dimerizing with MIx. Generally, Myc activates
transcription through dimerization with Max. Transcriptional repression occurs by Mix
and Max dimerization with Mxd (Mad) family members. Additionally, Mnt binds Max to
repress Myc transcriptional targets. Transcriptional activation from both Myc and Mondo
networks results in regulation of cell growth and metabolism discussed in the text.
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MondoA:Mix dimers is that they reside on the outer mitochondrial membrane and
translocate to the nucleus to enable transcription in response to nutritional cues (63, 64,
84, 85). Much of the work characterizing MondoA function has been done by our lab and
this section reviews the role we have identified for MondoA in glucose sensing and the
ensuing adaptive transcriptional programs the MondoA:MIx complexes enable.
Specifically, MondoA:MIx complexes exert their transcriptional control on the processes
of metabolism and nutrient availability directly through regulation of transcriptional
targets like TXNIP (section 1.6).

Structurally, MondoA bears superficial similarity to Myc (Figure 1.5). Its carboxy-
terminal region contains a bHLHZip domain, a dimerization domain and a transcriptional
activation domain similar are to Myc (93). Where MondoA structure deviates significantly
from Myc is in its amino-terminal Mondo Conserved Regions (MCRSs) (93). MondoA
possesses five MCRs which regulate nuclear accumulation of MondoA:MIx heterodimers
in response to glucose-6-phoshate (discussed below) (85). Additionally,
the dimerization and cytoplasmic localization domain (DCD) in the carboxy-terminus,
common to MondoA and the Mlx isoforms a, § and vy, is uniquely required for
MondoA:Mix cytoplasmic retention (93). Another member of the Mondo family, the
carbohydrate response element binding protein, ChREBP (MondoB), shares structural
and regulatory similarities and will be further addressed later in this section.

Work form our lab has established that MondoA:MIx complexes reside on the
surface of the outer mitochondrial matrix (OMM) and shuttle between the mitochondria
and nucleus (63, 64). Additional work established that extracellular glucose
concentrations and more specifically, the intracellular glucose metabolite G6P
concentrations promote MondoA:MIx nuclear translocation (64, 85). ChREBP:Mix
complexes function similarly, and while the PPP intermediate xylulose-5-phosphate

(X5P) drives nuclear translocation, G6P has also been recently implicated (95, 96).
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Figure 1.5 Structural similarities between MondoA, MIx, Myc and Max. The unifying
feature within all is the basic helix-loop-helix leucine zipper (bHLHZip) domain which is
similar in all Myc superfamily members allowing DNA binding to CACGTG or related E-
box elements in the promoters of target genes. MondoA (and ChREBP) are
approximately twice the size of Myc. MondoA and MIx have dimerization and
cytoplasmic localization domains (DCD) and Mondo family members have the regulatory
Mondo Conserved Regions (MCRs) which are required for glucose regulated Mondo
transcriptional activity.
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Once in the nucleus, MondoA has been shown to activate genes involved in glycolysis
including, hexokinase Il (HKII), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3) and LDHA, however, it does not appear that these targets are glucose
regulated MondoA targets (63). MondoA has been shown to be necessary for >75% of
the transcriptional targets upregulated by glucose, suggesting that MondoA
mitochondrial localization allows it to sense nutrient or bioenenergetic status and mount
an adaptive transcriptional response (64). As such, we consider MondoA a glucose
sensor and its nuclear accumulation, promoter binding and transcriptional activity at
glucose regulated targets reflects cellular nutrient status (85).

As discussed in section 1.6, TXNIP is a direct and glucose regulated target of
MondoA (64). MondoA binds directly to carbohydrate response elements (ChoRE) in the
TXNIP promoter following elevations in G6P and MondoA knockout MEFs have no
detectable TXNIP mRNA or protein expression (85). MondoA and TXNIP expression
restrict glucose uptake; MondoA and TXNIP null MEFs exhibit high rates of glucose
uptake compared to their wild type counterparts, and expression of a constitutively active
MondoA allele missing the MCRs and containing a nuclear localization signal
(AN237NLSMondoA) severely restricts glucose uptake while dramatically increasing
TXNIP expression (64). This suggests that MondoA might transcriptionally link glucose
availability to glycolytic rate; high G6P concentrations would signal that glucose uptake
and phosphorylation by HKIll is in excess for the downstream enzymes in glycolysis and
as such MondoA upregulation of targets like TXNIP decrease the uptake of glucose into
cell until the G6P accumulation is resolved. This model proposes that MondoA and
TXNIP are part of a negative feedback regulatory circuit for glucose metabolism,
ultimately controlling glycolytic rate by restricting substrate availability. TXNIP triggers

apoptosis in pancreatic p-cells in response to hyperglycemia, suggesting that this
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circuitry may simply allow the cell to respond to nutrient stress conditions (97). However,
knockdown of MondoA in certain cell contexts increases cell growth and proliferation
(84) and as seen in Chapter 2, AN237NLSMondoA restricts cells growth. While TXNIP
has been shown to negatively regulate glycolysis, there is no direct evidence that
MondoA, other than its transcriptional regulation of TXNIP, regulates glycolysis in this
way. In fact, knockdown of MondoA in K562 cells was shown to reduce glycolytic flux
(63). As discussed in Chapter 2, regulation of TXNIP translation, independent of its
MRNA synthesis, plays an important role in its regulatory activities, and thus this
paradox remains largely unresolved.

We have established that MondoA transcriptional activity restricts glucose uptake
in several cell lines through its transcriptional upregulation of TXNIP. Our current
understanding of MondoA function suggests a key role in integrating and coordinating
signals from another major circulating nutrient, glutamine. While cells grown on plastic in
the presence of glucose alone demonstrate high levels of TXNIP expression and do not
grow, the addition of glutamine, which is absolutely required for growth, reduces TXNIP
expression and permits cell proliferation (84). Essentially, glutamine converts MondoA
from a transcriptional activator of TXNIP into a potent HDAC-dependent transcriptional
repressor. As the glutamine repression of TXNIP by MondoA can be blocked by
inhibitors of glutaminolysis (e.g., aminoxyacetate (AOA)) or mimicked by a-KG analogs,
this suggests that MondoA-dependent transcriptional activity might be downregulated in
response to anapleurosis. This would indicate that MondoA activity is in opposition to
aerobic glycolysis and cell growth. This suggests a model whereby MondoA monitors
glucose and glutamine-dependent signals that converge at the mitrochondria, essentially

making MondoA a TCA cycle sensor. These data support a model where MondoA
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negatively regulates cell growth by restricting substrate availability for aerobic glycolysis
and as explored in Chapter 2, MondoA negatively regulates cell growth in this manner.
While MondoA loss has been shown to increase glucose uptake and cell
proliferation on plastic and soft agar, its paralog ChREBP has been shown to do quite
the opposite. ChREBP loss slows cell proliferation and reduces glucose uptake and
lactate production, suggesting that it can stimulate aerobic glycolysis and thus anabolic
growth (65). As MondoA and ChREBP are most highly expressed in the postmitotic
tissues skeletal muscle and liver, respectively (94, 98), this suggests that they regulate
energy homeostasis in somatic tissues by opposing mechanisms. Further complicating
the involvement of MondoA and ChREBP in aerobic glycolysis, the liver-type pyruvate
kinase (pklr) promoter was shown to require co-occupancy by both Myc and ChREBP for
appropriate transcriptional activation (99). This suggests that ChREBP and MondoA may
cooperate with Myc to regulate the expression of other targets active in glycolysis. While
the mechanistic details of the Mondo family involvement in the partitioning of carbon flux
necessary for cell growth and proliferation are only just emerging, it is clear they play an
important role. In Chapter 2 we show that MondoA transcriptional activity negatively
regulates entry into the cell cycle by restricting glucose availability and glycolytic flux,

suggesting that downregulation of this activity is necessary for cell growth.

1.8 Summary

The sections outlined in this introduction provide for a framework for
understanding the importance and complexity of metabolic reprogramming. While the
phenomenon of metabolic reprogramming has become more broadly accepted, the
underlying mechanisms regulating it are poorly understood. It is clearer that extra- and
intracellular signaling pathways and transcriptional networks are integrally involved in

cell growth and proliferation, but how they actually coordinate metabolism is only now
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emerging. Aerobic glycolysis, the Warburg effect, once predominantly considered to be
the metabolism of cancer, is now considered the metabolism of proliferation (2, 9, 27).
Data from T cells suggest that signaling effectors down-stream of RTKs likely regulate
metabolic reprogramming in other cell types. In cancers with activating mutations in
RTKs or their down-stream effectors, increased glucose uptake and utilization by aerobic
glycolysis is attributed to the affected pathways. PI3K signaling increases glucose
uptake by mobilizing the translocation of GLUTs and Ras-MAPK signaling directly
upregulates cMyc and Hifla, both of which directly upregulate the transcription of most
of the gene products acting in glycolysis. It is evident that the factors known to regulate
cell proliferation also regulate the associated metabolic changes necessary to drive and
support cell growth.

A further level of regulation of metabolic reprogramming has become apparent
with the greater understanding of MondoA and TXNIP. The tumor suppressor TXNIP
negatively regulates PI3K signaling, glucose uptake, glycolysis and proliferation and is
therefore a likely candidate to participate in the regulation of metabolic reprogramming in
proliferating cells. While the impact of TXNIP on glucose uptake and metabolism has not
been shown to negatively affect proliferation directly, the necessity of macromolecular
synthesis during cell growth suggests that this is likely. The transcription factor MondoA
is required for TXNIP mRNA expression and negatively regulates glucose uptake, in
part, through activating transcription of TXNIP. As such, MondoA is potentially involved
the metabolic regulation of cell growth. The work presented in Chapter 2 provides
evidence of roles for both MondoA and TXNIP in the regulation of metabolic
reprogramming in cells transitioning from quiescence into the cell cycle and provides an
initial mechanistic understanding of the regulation of MondoA and TXNIP during this

transition.
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2.1 Abstract

Growth factor signaling drives increased glucose uptake and glycolysis - the
Warburg effect - that supports macromolecular synthesis necessary for cell growth and
proliferation. Thioredoxin interacting protein (TXNIP), a direct and glucose-induced
transcriptional target of MondoA, is a potent negative regulator of glucose uptake and
utilization. Thus, TXNIP may inhibit cell growth by restricting substrate availability for
macromolecular synthesis. To determine TXNIP’s contribution to metabolic
reprogramming, we examined MondoA and TXNIP as cells exit quiescence and enter
G1. Serum stimulation of quiescent immortal diploid fibroblasts resulted in an acute
upregulation of glucose uptake and glycolysis coinciding with downregulation of TXNIP
expression. Ectopic expression of either MondoA or TXNIP restricted cell growth by
blocking glucose uptake. Mechanistically, Ras-MAPK and PI3K/Akt signaling inhibit
TXNIP translation and MondoA-dependent TXNIP transcription, respectively. We
propose that the coordinated down regulation of MondoA transcriptional activity at the
TXNIP promoter and inhibition of TXNIP translation are key components of metabolic

reprogramming required for cells to exit quiescence.

2.2 Introduction

In metazoans, cell proliferation is required for normal organismal function as well
as tumorigenesis. Cell proliferation requires increased aerobic glycolysis — the Warburg
effect — for de novo synthesis of fatty acids, nucleic acids, proteins and energy required
to increase biomass during the growth phase (G,) of the cell cycle (1-4). Consistent with
an increase in anabolic metabolism, extracellular nutrients such as glucose and amino
acids are taken up at higher rates by growing cells to support the increased flux through
the biosynthetic pathways that utilize them (5-7). Certain cell populations exist in a

relatively metabolically inactive or quiescent state. Quiescent cells exhibit low flux of
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glucose through glycolysis and primarily utilize p-oxidation of fatty acids and the
tricarboxylic acid cycle (TCA) for survival (8, 9). However, when quiescent cells are
stimulated to proliferate they increase flux through glycolysis while maintaining TCA
activity through anapleurosis (2, 10). This reorganization of cellular metabolic programs
is required to support biosynthetic processes necessary for cell growth and proliferation.
Similarly, transformed cells also reprogram their metabolism to aerobic glycolysis to
support their increased proliferation (11, 12). While signals that stimulate cell
proliferation have been shown to orchestrate this metabolic reprogramming, little is
known about the downstream effectors involved in this process (4).

Originally identified as a transcript induced by vitamin D, thioredoxin interacting
protein (TXNIP) has been subsequently implicated in myriad cellular processes including
proliferation, differentiation as well as disease (13-16). Considered a tumor suppressor,
TXNIP levels are reduced in tumors and its over-expression causes cell cycle arrest (13,
17, 18). Consistent with these findings, high TXNIP expression portends a positive
outcome in breast and gastric cancers (19-21). Some clues to how TXNIP might function
to arrest cell growth come from studies in stem cells and those involving p27<*"; TXNIP
expression is essential for maintaining hematopoietic stem cell (HSC) quiescence (22)
and TXNIP stabilizes p27"*" which is necessary for quiescence (23). Thus TXNIP’s
function as a tumor suppressor may be linked to its role in maintaining quiescence.

TXNIP negatively regulates glucose uptake and glycolysis, thus one way TXNIP
may regulate cell growth is by restricting nutrient availability and utilization (24, 25).
TXNIP may affect cell nutrient utilization in several ways. For example, murine
embryonic fibroblasts (MEFs) from TXNIP” mice have increased glucose uptake and
lactate production compared to their wild type counterparts. Thus deletion of TXNIP

alone is sufficient to drive metabolic reprogramming toward aerobic glycolysis (24).
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Furthermore, TXNIP destabilizes the hypoxia induced transcription factor, Hif1a, under
normoxic growth conditions (21). HIF1a activates the transcription of most glycolytic
target genes, thus TXNIP may downregulate a transcriptional program that drives
glycolysis (26-28). Finally, TXNIP loss inactivates the PTEN lipid phosphatase by a
REDOX-sensitive mechanism (29). PTEN negatively regulates glucose transporters and
uptake by indirectly regulating the kinase activity of phosphoinositide 3-kinase (PI3K)
(30, 31). Thus TXNIP may negatively regulate cell proliferation by controlling several of
the core metabolic pathways required for cell proliferation.

Our lab is interested in how cells sense and respond transcriptionally to nutrients
through the MondoA transcription factor. MondoA is a member of the basic helix-loop-
helix leucine zipper (bHLHZIP) family of transcription factors and has superficial
similarity to the Myc/Max/Mad family of transcriptional regulators (32-34). MondoA
heterodimerizes with another bHLHZIP family member, Mix, and MondoA:MiIx
complexes are required for >75% of glucose-induced transcription in an epithelial cancer
cell line model (35). Uniquely, MondoA:MIx complexes reside at the outer mitochondrial
membrane and translocate to the nucleus in response to elevated intracellular glucose-
6-phosphate (G6P) concentrations, where they activate transcription of targets including
TXNIP (35). Such a mechanism facilitates exchange of information about the
bioenergetic state of the cell between the mitochondria and the nucleus. Thus, MondoA
is a glucose sensor and its nuclear accumulation, promoter binding and transcriptional
activity at glucose regulated targets reflects cellular nutrient status (36). MondoA binds
directly to carbohydrate response elements (ChoRE) in the TXNIP promoter following
elevations in G6P and MondoA knockout MEFs have no detectable TXNIP mRNA or
protein expression (35, 36). Thus, TXNIP expression is entirely dependent on MondoA,

suggesting a similarly pleiotropic role for MondoA in nutrient sensing and utilization.
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Our current understanding of MondoA function suggests a key role in integrating
and in coordinating signals from the two major circulating nutrients, glucose and
glutamine. For glucose, we have established that MondoA transcriptional activity
restricts glucose uptake in several cell lines, in part, through its transcriptional
upregulation of TXNIP. Knockdown or knockout of MondoA increases glucose uptake in
epithelial cells and ectopic TXNIP expression partially reverses this upregulation (35).
Consistent with MondoA’s negative regulation of glucose uptake, MondoA knockdown
cells exhibit increased growth on plastic and in soft agar (37). Remarkably, glutamine
converts MondoA from a glucose-dependent transcriptional activator of TXNIP to a
potent histone deacetylase-dependent transcriptional repressor of TXNIP. Consistent
with this molecular mechanism, glutamine-dependent repression of TXNIP by MondoA
increases glucose uptake and proliferation (34, 37, 38). The glutamine effect on TXNIP
expression requires glutamine metabolism per se and can be mimicked by TCA
anapleurosis, suggesting that MondoA monitors glucose and glutamine-dependent
signals that converge at the mitochondria.

MondoA has a paralog called the Carbohydrate Response Element Binding
Protein (ChREBP), also known as MondoB. MondoA and ChREBP are most highly
expressed in the post-mitotic tissues skeletal muscle and liver, respectively, suggesting
they primarily regulate energy homeostasis in somatic tissues (33, 39). However, our
studies and a recent report implicating ChREBP in anabolic synthesis and cell
proliferation, suggest an important additional role for the Mondo family in regulating
proliferative growth (40). Here, we investigate how TXNIP translation and MondoA-
dependent TXNIP transcription are coordinately regulated to drive metabolic
reprogramming as cells transition from quiescence into the growth phase of the cell

cycle.
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2.3 Results
2.3.1 TXNIP downregulation correlates with
metabolic reprogramming and cell growth

Initially, to investigate whether TXNIP might be involved in metabolic
reprogramming, we determined its levels in quiescent and activated T-lymphocytes. T-
lymphocytes undergo a well characterized metabolic reprogramming following activation
(4, 5, 7). Specifically, quiescent T-lymphocytes rely primarily on mitochondrial respiration
for energy production, but following stimulation they dramatically increase glucose
uptake and aerobic glycolysis (4, 7). As expected from these previous reports, glucose
uptake was modestly increased in primary murine T-lymphocytes stimulated with o-
CD3/a-CD28 for 4 hours; however, after 24 hours of activation, glucose uptake
increased >5 fold over quiescent cells (Figure 2.1A). Consistent with TXNIP’s negative
regulation of glucose uptake, its levels decreased following 4 hours of activation and
were undetectable after 24 hours (Figure 2.1B and data not shown). Thus, TXNIP
downregulation correlates with metabolic reprogramming in activated T-lymphocytes.

To determine the necessity of TXNIP expression for cellular quiescence in other
cell contexts, we utilized TXNIP-null murine embryonic fibroblasts (MEFs) (25, 41) and
assessed growth arrest in the absence of serum. Compared to wild-type MEFs, TXNIP-
null MEFs failed to arrest in response to 48 hours of serum deprivation, indicating that
TXNIP is required for growth arrest in the absence of proliferative signals (Figure 2.1C).
Taken together, our data from T-lymphocytes and TXNIP-null MEFs suggest that TXNIP
downregulation may drive glucose repartitioning from oxidative metabolism to aerobic
glycolysis as cells exit quiescence.

Since TXNIP is required for cellular quiescence, we determined whether TXNIP

was downregulated in early G4. For this study, we sought a tractable and well-
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characterized system; normal diploid human BJ fibroblasts immortalized with human
telomerase reverse transcriptase (BJ hTERT) (42). These cells can be synchronized in
Gy by serum withdrawal and stimulated by serum readdition to enter the cell cycle.
Following 72 hours of serum starvation, quiescence in the BJ hTERTs was validated by
stabilization of p27X"' and accumulation of cells with 2N DNA content (43, 44). Following
the readdition of serum, G,/S progression was validated by p27¥*" loss by 4 hours,
stabilization of cyclin A by 20 hours and DNA synthesis at 22 hours (Figure 2.1D and
data not shown). TXNIP was upregulated in quiescent BJ hTERTSs (Figure 2.1D),
consistent with a role for TXNIP in B-oxidation of fatty acids (29). Within 4 hours of
serum addition to quiescent BJ hTERTs, TXNIP loss was observed, suggesting that
TXNIP downregulation was required for Gy exit and G4 entry. TXNIP protein returned by
12 hours post serum readdition, prior to the stabilization of cyclin A. TXNIP mRNA was
also examined and like TXNIP protein downregulation, its mMRNA was reduced >10 fold
by 4 hours post serum addition (Figure 2.1E). Message increased by 12 hours and
subsequently reached stable levels by 20 hours following serum addition. From these
data, we conclude that TXNIP message and protein are coordinately downregulated as
cells transition from Gq into early G;.

To determine whether metabolic reprogramming occurred in BJ hTERTs and
correlated with TXNIP downregulation, glucose uptake and glycolytic flux were assayed.
Glucose uptake nearly doubled within the first hour of serum readdition and reached
maximal levels by 8-12 hours of G4 progression (Figure 2.1F). As with glucose uptake,
BJ hTERTSs exhibited a >2-fold increase in glycolytic flux within 1 hour of serum
readdition, which increased to >3-fold by 4 hours and subsequently plateaued by 8
hours (Figure 2.1G). Preliminary metabolomic studies revealed other indicators of

increased glycolysis and no changes were observed in metabolites of TCA (not shown).
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Figure 2.1 TXNIP downregulation correlates with metabolic reprogramming and
cell growth (A) Increased glucose uptake in primary murine T-lymphocytes after 4 and
24 hours stimulation with a-CD3/a-CD28 (mean + SD of duplicate biological samples)
coincides with (B) TXNIP downregulation determined by western blotting. (C) BrdU
incorporation was determined in immortalized wild-type and TXNIP-null MEFs growing
asynchronously in complete media or serum-starved for 48 hours. Data are presented as
percent of total BrdU incorporation relative to BrdU incorporation in asynchronous cells
(mean % SD of triplicate experiments). TXNIP expression and metabolic parameters
were characterized during the Go/G;, transition in BJ hTERTs (D-F). (D) Expression of
the indicated proteins was determined by western blotting. Serum withdrawal for 72
hours “Q” was sufficient to synchronize cells in G, (p27<*" stabilization) and cyclin A
stabilization at 20 hours post serum addition preceded S-phase at 22 hours (determined
by BrdU labeling, not shown) (asynchronous cells, “A”). (E) Expression of TXNIP mRNA
determined by RT-qPCR. Data are presented as fold change relative to expression in
asynchronous cells “A” normalized to RPL19 mRNA (mean * SD of triplicate samples).
(F) Glucose uptake was determined in quiescent cells (Gp) and at the time points
indicated following serum addition (G1) (mean + SD of triplicate biological samples). (G)
Glycolytic flux was determined in Gy and at the time points indicated (G4) (mean + SD of
triplicate biological samples).
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Taken together, TXNIP downregulation in early G4 mirrors the increase in glucose

uptake and aerobic glycolysis.

2.3.2 Ectopic TXNIP expression restricts glucose uptake,
glycolysis and blocks G progression
To assess whether TXNIP downregulation in early G, was necessary for
increased glucose uptake and ultilization, and consequently cell growth, TXNIP was
ectopically expressed in BJ hTERTSs (Figure 2.2A). Following serum addition, ectopic
TXNIP-mCherry expression blocked the elevated glucose uptake and glycolytic flux
observed in control cells (Figure 2.2B and C). Ultimately, failure to completely
downregulate TXNIP in early G4 resulted in a decrease in the number of cells that
progressed to S-phase (Figure 2.2D). Unlike endogenous TXNIP, TXNIP-mCherry
persisted in early G, which demonstrated that ectopic TXNIP protein levels could be
maintained even though there was downregulation. Because the TXNIP-mCherry fusion
only encodes the TXNIP open reading frame, it is likely that the stability of endogenous
TXNIP is regulated by its coding sequence rather than by non-coding regions in its
MRNA (Figure 2.2A) (see below). Interestingly, TXNIP-mCherry reduced endogenous
TXNIP protein indicating that cells must tightly regulate TXNIP levels. From these data,
we conclude that TXNIP over-expression can block metabolic reprogramming in early G,

suggesting that TXNIP downregulation is necessary for cell growth.

2.3.3 Dominant-active MondoA blocks G progression
We have previously demonstrated that TXNIP expression is strictly dependent on
MondoA and glucose in a number of different cell types (35-37); paradoxically, both
glucose and MondoA are replete in early G4, but TXNIP protein and message are

completely absent (Figure 2.1D and E and 2.2A). To further understand the regulation of
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Figure 2.2 Ectopic TXNIP expression restricts glucose uptake, glycolysis and
blocks G; progression (A) Expression of the indicated proteins in BJ hTERTs under
indicated growth conditions determined by western blotting. (B) Glucose uptake was
determined in control and TXNIP-mCherry infected BJ hTERTSs in Gy and following 8 hrs
serum treatment. Data are presented as fold change relative to Gy (mean £ SD. *, P <
0.05, paired student’s t-test, n=3). (C) Glycolytic flux was measured for conditions as in
(B). Each data point represents triplicate assay points from duplicate biological samples
from 3 independent experiments (*, P <0.05, paired student’s t-test, n=3). (D) BrdU
labeling of control or TXNIP-mCherry infected BJ hTERTSs in Go and following 24 hour
serum treatment (G4/S). Data are presented as percent BrdU labeling relative to total
cells counted. (mean = SD. **, P < 0.02, paired student’s t-test, n=3).
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TXNIP expression by serum, we first established that its expression was MondoA-
dependent in BJ hTERTSs. Consistent with our published data, TXNIP levels were
dramatically reduced in MondoA knockdown BJ hTERTs compared to control cells
(Figure 2.3A), confirming that TXNIP expression is MondoA-dependent in this cell
system.

To determine whether MondoA played a role in metabolic reprogramming in early
G1 and consequently G, progression, we ectopically expressed a constitutively active
allele of MondoA, AN237NLSMondoA in BJ hTERTSs (45). AN237NLSMondoA drove
high TXNIP expression in both asynchronous and quiescent cells and importantly,
partially blocked downregulation of TXNIP in early G, (Figure 2.3B). Additionally,
AN237NLSMondoA expression in early G, resulted in a significant decrease in glucose
uptake (Figure 2.3C). Most importantly, AN237NLSMondoA drove a significant decrease
in the number of cells that reached S-phase (Figure 2.3E). Furthermore, Hif1a
stabilization drives aerobic glycolysis (46) and, consistent with metabolic
reprogramming, HIF1a was stabilized in early G, of control BJ hTERTSs. Notably,
AN237NLSMondoA expression resulted in loss of normoxic Hif1a expression in early G,
(Figure 2.3B). Surprisingly, AN237NLSMondoA did not decrease glycolytic flux like
TXNIP-mCherry and we attribute this disparity to constitutive activation or repression of
other MondoA transcriptional targets (Figure 2.3D). We conclude that constitutive
ectopic MondoA activity is sufficient to block cell growth, presumably by preventing
TXNIP downregulation. These data suggest an important role for MondoA in regulating

metabolic reprogramming in early G;.
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Figure 2.3 Dominant-active MondoA blocks G; progression (A) Determination of
MondoA, TXNIP and B-tubulin expression in control and MondoA knockdown BJ
hTERTSs by western blotting. (B) Expression of TXNIP, MondoA, AN237NLSMondoA,
Hif1o and B-tubulin in BJ hTERTSs under indicated growth conditions determined by
western blotting. (C) Glucose uptake was determined in control and AN237NLSMondoA
expressing BJ hTERTSs in Gy and following 8 hrs serum treatment. Data are presented
as fold change relative to Gy (mean = SD. *, P < 0.05, paired student’s t-test, n=4). (D)
Glycolytic flux was measured for conditions as in (C). Each data point represents
triplicate assay points from duplicate biological samples from 3 independent experiments
(mean = SD). (E) BrdU labeling of control or AN237NLSMondoA expressing BJ hTERTSs
in Gy and following 24 hour serum treatment (G4/S). Data are presented as percent BrdU
labeling relative to total cells counted. (mean + SD. **, P < 0.02, paired student’s t-test,
n=3).
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2.3.4 MondoA-dependent TXNIP transcription
is acutely inhibited by serum

TXNIP expression was downregulated in early G, (Figure 2.1D and E) and
AN237NLSMondoA partially blocked TXNIP downregulation in response to serum
(Figure 2.3B). To determine whether TXNIP transcription was shut off by serum addition,
we determined the half-life of TXNIP mRNA. We treated quiescent BJ hTERTs with the
transcription inhibitor actinomycin D (Figure 2.4A). In Gy cells, actinomycin D treatment
revealed that TXNIP mRNA was quite stable, with an apparent half-life of ~150 minutes.
Similarly, in early G4 TXNIP mRNA had an apparent half-life of ~90 minutes. The slopes
of the exponential portions of each decay curve were similar, indicating that the decay of
mRNA following serum addition was comparable to its decay following transcriptional
inhibition. These data support a model where serum addition shuts off TXNIP
transcription acutely.

TXNIP mRNA can be upregulated by the histone deacetylase (HDAC) inhibitors
TSA and SAHA (37, 47, 48). To determine whether TXNIP transcriptional
downregulation in response to serum was a function of transcriptional repression, we
treated quiescent and early G cells with TSA. Consistent with published reports, TXNIP
MRNA increased by ~50% in quiescent BJ hTERTSs suggesting that TXNIP message
levels here were modulated by an HDAC-dependent mechanism. However, in early G;
TSA did not increase TXNIP message, indicating that TXNIP transcriptional
downregulation by serum did not occur by an active HDAC-dependent repression
mechanism (Figure 2.4B).

Given that MondoA is absolutely required for TXNIP transcription (Figure 2.3A)
(35, 36), one mechanism of TXNIP mRNA downregulation may be that MondoA leaves

the TXNIP promoter in response to serum. To investigate this, we determined MondoA
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occupancy on the TXNIP promoter using chromatin immunoprecipitation (ChIP). In
quiescent BJ hTERTs, MondoA occupied the carbohydrate response element (ChoRE)
upstream of the TXNIP transcriptional start site (35, 49). Within 2 hours after serum
addition, a time point where TXNIP transcription had ceased but mRNA persisted,
MondoA occupancy was reduced at the ChoRE (Figure 2.4C). From these data, we
conclude that MondoA leaves the TXNIP promoter as a rapid response to serum
addition resulting in a shutdown of TXNIP transcription and decay of existing message.
MondoA-dependent TXNIP transcription can be upregulated by 2-deoxy-B-D-
glucose (2DOG) (35). Given that TXNIP expression was absent in early G4, we sought to
determine whether this was reversible and establish the duration of transcriptional
inhibition by serum. Quiescent and early G, BJ hTERTs were treated with 2DOG for 3
hours prior to the time points indicated in Figure 2.5. 2DOG increased both TXNIP
protein and mRNA in quiescent cells; however, in serum treated cells neither TXNIP
protein nor mRNA could be upregulated by 2DOG until 8 hours following serum addition
(Figure 2.5A and B). Together these data indicate that during this window in early Gy,
MondoA, while expressed, is refractory to stimuli - TSA and 2DOG - known to increase

its activity at the TXNIP promoter during other phases of the cell cycle.

2.3.5 TXNIP translation is acutely inhibited by serum in early G,
Following serum readdition, TXNIP protein was downregulated prior to its mRNA.
TXNIP protein decreased to undetectable levels within 1 hour of serum readdition
(Figure 2.2A and 2.3B) whereas TXNIP mRNA persisted for >2 hours (Figure 2.4A),
suggesting that in addition to downregulation of TXNIP transcription, serum must also
downregulate TXNIP protein more directly. To address this possibility, we examined the

kinetics of TXNIP downregulation in response to serum. TXNIP protein was acutely
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Figure 2.4 MondoA-dependent TXNIP transcription is acutely inhibited by serum
(A) Determination of TXNIP mRNA at the indicated times in Gy in the presence of 5
pug/ml actinomycin D (e) or in the presence of serum (G4) without actinomycin D (m) at
the indicated time points by RT-gPCR. Data are presented as TXNIP message
abundance relative to mRNA in Gy (mean £ SD of triplicates from duplicate biological
samples). Curve fitting in GraphPad Prism (plateau followed by one phase decay)
revealed slopes for the exponential portion of each curve (y=2.1139e%¢* o and
y=1.8702e°°"* m) which suggest comparable rates of decay. (B) TXNIP mRNA levels
were determined by RT-qPCR after TSA treatment (100 ng/ml, 5 hours) (mean + SD of
triplicate assay points of biological duplicates). (C) ChIP was used to determine MondoA
occupancy at the TXNIP promoter in BJ hTERTs under the indicated growth conditions.
The data are presented as mean + SD of three biological replicates (*, P < 0.05,
student’s t-test, n=3).
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Figure 2.5 TXNIP expression is refractory to upregulation in early G; TXNIP,
MondoA and B-tubulin expression was determined by western blotting (A) and RT-gPCR
(B) following 2DOG treatment. 20 mM 2DOG was added to cells three hours prior to the
time points indicated. Data in (A) are that of a representative experiment. Data in (B) are
presented as fold change relative to expression in untreated quiescent cells normalized
to RPL19 mRNA (mean + SD of triplicate samples).
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downregulated in early G, BJ hTERTS, and its levels were undetectable within ~10-15
minutes (Figure 2.6A and 2.7B). To assess whether the rapid decrease in TXNIP protein
levels was due to inhibition of translation or increased degradation, we determined the
apparent half-life of TXNIP in quiescent cells in the presence of the translation inhibitor
cycloheximide. Strikingly, cycloheximide treatment revealed that TXNIP protein was
labile, having an apparent half-life of ~10-15 minutes (Figure 2.6B and 2.7B). Given that
TXNIP has the same half-life in Gy and G4, we conclude that the primary effect of serum
is a blockade of TXNIP synthesis. Consistent with this, the proteasome inhibitors MG132
and lactacystin, which have been shown to stabilize TXNIP in other cell contexts (50,
51), did not increase TXNIP protein in early G4 (not shown). Our data demonstrates that
both TXNIP transcription and translation are immediately shut off by the addition of
serum. Given the stability of TXNIP mRNA in the absence of active transcription (Figure

2.4A), inhibition of translation is sufficient to eliminate TXNIP in earliest stages of G;.

2.3.6 Acute growth factor signaling downregulates
TXNIP expression

The immediate nature of TXNIP downregulation suggested a role for active
signaling by serum components. We examined the kinetics of TXNIP regulation in
response to serum withdrawal and addition to determine whether the state of quiescence
per se or dynamic signaling by serum withdrawal and subsequent readdition regulated
TXNIP expression. TXNIP protein increased within 1 hour of serum removal, reached
maximal levels by 4 hours post serum withdrawal and these elevated levels persisted
out to 48 hours (Figure 2.7A). At all time points following serum removal, TXNIP protein
levels dramatically decreased following 1 hour of serum readdition. The rapid regulation
of TXNIP protein levels by serum suggests that a growth factor-regulated mechanism

acutely targets TXNIP translation. To confirm that TXNIP downregulation was an
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Figure 2.6 TXNIP translation is acutely inhibited by serum in early G; TXNIP,
MondoA and B-tubulin levels in BJ hTERTs were determined following treatment of

quiescent cells with 10% serum (A) or 50 ug/ml cycloheximide (B) for the time points
indicated by western blotting.
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immediate-early response to serum, we treated quiescent BJ hTERTs with both serum
and cycloheximide, and found that TXNIP protein was still downregulated, indicating that
new protein synthesis was not required for inhibition of TXNIP translation (Figure 2.7B).
This is consistent with downregulation of TXNIP being an immediate-early consequence
of signaling activated by serum components.

To investigate which serum components contributed to TXNIP downregulation,
we treated quiescent BJ hTERTSs for 30 minutes or 4 hours with serum, epidermal
growth factor (EGF) or platelet derived growth factor (PDGF) (Figure 2.7C). After 30
minutes, all treatments downregulated TXNIP protein, but not TXNIP mRNA, suggesting
that signaling through the receptor tyrosine kinases (RTK) EGFR and PDGFR inhibited
TXNIP protein expression. After 4 hours of treatment, TXNIP protein returned to steady
state levels in EGF-treated cells and was partially restored in PDGF-treated cells. As
before (Figure 2.1D), TXNIP protein levels were not detectable following a 4 hour serum
treatment. After 4 hours, EGF or PDGF treatment had no effect, or only modestly
downregulated TXNIP message, respectively (Figure 2.7D). By contrast, TXNIP
message remained low following 4 hours of serum treatment. Taken together, these data
suggest that serum contains components capable of down-regulating both TXNIP
transcription and translation, whereas isolated EGF- and PDGF- derived signals
primarily inhibit TXNIP translation.

As both EGFR and PDGFR signal through PI3K and Ras (52), we next
determined which pathway was necessary for downregulation of TXNIP translation.
Inhibition of PI3K with wortmannin did not fully restore TXNIP protein following 30 minute
treatments with EGF, PDGF or serum. By contrast, inhibition of MEK, a Ras effector
upstream of MAPK, with u0126 restored TXNIP protein levels following 30 minute

treatments with EGF, PDGF or serum. Thus the Ras-MAPK arm of the EGFR, PDGFR
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Figure 2.7 Acute growth factor signaling downregulates TXNIP expression (A), (B)
and (C) TXNIP, MondoA and B-tubulin levels were determined in BJ hTERTSs by western
blotting under the conditions indicated. In (C), 10 mM u0126 or 100 nM wortmannin were
added where indicated and phospho-MAPK and phospho-Akt levels were also
determined. (D) TXNIP mRNA levels were determined by RT-gPCR following 4 hours
treatment under conditions indicated. Data are presented as fold change relative to
expression in Go normalized to RPL19 mRNA (mean + SD of triplicate samples of
biological duplicates).
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and serum signaling pathways can drive inhibition of TXNIP translation (Figure 2.7C).
After 4 hours of serum treatment, when TXNIP message is absent, u0126 did not restore
TXNIP mRNA or protein, suggesting that Ras-MAPK signaling activated by serum did
not regulate TXNIP transcription. By contrast, wortmannin restored TXNIP message in
PDGF-treated cells but had no effect on serum-treated BJ hTERTs. Thus PI3K signaling
downstream of PDGFR must partially block TXNIP transcription, which is consistent with
one previous report (53). Further, the lack of effect of wortmannin on serum-dependent
downregulation of TXNIP transcription suggests that other signaling pathways must

regulate TXNIP transcription downstream of PI3K or in parallel with PI3K signaling.

2.3.7 Acute Ras-MAPK activation downregulates
TXNIP translation
We next wished to determine whether Ras-MAPK signaling was sufficient to
inhibit TXNIP translation. To simplify these experiments, they were conducted in the
absence of serum to eliminate other signaling inputs. Since constitutive Ras activity in
BJ hTERTSs causes senescence (54, 55), we expressed a regulatable allele of activated

oncogenic Ras. This allele expresses Ras®'?

as a fusion to the estrogen receptor (ER)
ligand-binding domain that is stabilized and therefore activated by binding 4-
hydroxytamoxifen (4OHT) (56, 57). Ras®'?:ER stabilization with increasing
concentrations of 40HT resulted in dose-dependent MAPK phosphorylation which
coincided with TXNIP downregulation when compared to control cells (Figure 2.8). From
these data we conclude that Ras-MAPK signaling actively inhibits TXNIP translation,

which is consistent with the immediate-early kinetics of TXNIP translational

downregulation.
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Vector Ras©12v
4OHT 40HT
Gp h—. Gp h—.
MondoA
TXNIP

phospho p44/42 MAPK (T202Y204)

total p44/42 MAPK
ER-RagCG12V

Ras
B-tubulin

Figure 2.8 Acute Ras-MAPK activation downregulates TXNIP translation TXNIP,
MondoA, phospho-MAPK and B-tubulin levels were determined in BJ hTERTs infected
with pBABE-puro-ER (vector) and pBABE-puro-ER:Ras®'? (Ras®'?Y) by western
blotting. Quiescent cells (Goy) were treated with 10% serum or increasing concentrations
(64.5 nM, 645 nM and 6.45 uM) of 4-hydroxytamoxifen (4OHT) as indicated for 4 hours.
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2.4 Discussion

As cells exit quiescence and enter the cell cycle, metabolic reprogramming in
early G4 drives biosynthesis of macromolecules necessary for cell growth prior to
proliferation. Our data extend the current understanding of metabolic reprogramming by
demonstrating the coordinated downregulation of TXNIP translation and MondoA-
dependent TXNIP transcription as serum-starved cells exit quiescence and enter early
G;. Further, we directly link TXNIP downregulation to the signaling pathways commonly
associated with metabolic reprogramming and growth, Ras-MAPK and PI3K/Akt (58-60).
Because, constitutive MondoA or TXNIP expression blocks metabolic reprogramming in
early G4, we suggest that TXNIP downregulation not only correlates with metabolic
reprogramming, but is a required event for cells to enter a productive cell cycle from
quiescence. Finally, given the prevalence activating mutations in RTKs and their
downstream effectors in cancer (52, 61, 62), we suggest that dysregulated TXNIP
expression may be a relatively common driver contributing to the Warburg effect in
tumorigenesis.

TXNIP has emerged as an interesting candidate in the regulation of cell growth
and metabolism. Currently, literature suggests that TXNIP loss in early G, may drive
metabolic reprogramming by one of several mechanisms or by a combination of these
mechanisms. For example, T-lymphocytes upregulate GLUT-1 following stimulation in
order to increase glucose consumption to support growth (2, 4), correlating with the
downregulation of TXNIP we observed. Thus, it is possible that TXNIP regulates, directly
or indirectly the expression level of the glucose transporters. Supporting a direct
regulatory mechanism are findings demonstrating that TXNIP localizes to the nucleus
and can interact with transcriptional corepressors (13, 63). A second possibility is that

TXNIP loss leads to the stabilization of the HIF1a transcription factor that regulates the
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expression of most glycolytic target genes. Finally, TXNIP loss leads to inactivation of
PTEN (29) and the consequent activation of PI3K and its well-characterized functions in
controlling both metabolic reprogramming and proliferation (64). As cells exit
quiescence they must reorganize the machinery that directly regulates the transition into
G4, e.g. cyclins, cyclin-dependent kinases and cyclin-dependent kinase inhibitors. Our
data suggests that reprogramming cellular metabolism in early Gy is similarly complex
and suggests a central role for TXNIP in orchestrating these growth-supporting
metabolic changes. TXNIP also modulates levels of the cyclin-dependent kinase
inhibitor p27X"*" (23), implying a function for TXNIP in linking cell cycle regulation directly
to cellular metabolism.

Activation of many oncogenes can drive aerobic glycolysis and in many cases
their regulation of metabolic reprogramming appears direct, implying that the Warburg
effect contributes functionally to cancer cell growth rather than merely correlating with
cancer cell growth (60, 65, 66). Interestingly, tumor cell models with activating Ras
mutations have increased glucose uptake and glycolytic flux associated with the
constitutive activation of Ras-MAPK signaling (67, 68). This effect of active Ras has
been classically ascribed to its activation of cMyc and HIF1a (58, 69, 70). However, we
demonstrate here a direct contribution of Ras-MAPK signaling to metabolic
reprogramming via its acute inhibition of TXNIP translation in early G4. This suggests
that Ras-MAPK activation might regulate metabolic reprogramming by coordinating the
activities of Myc/HIF1a. and TXNIP. Myc and HIF1a regulate the transcription of genes
encoding glycolytic and other biosynthetic targets (71, 72). Thus one simple model for
how Ras-MAPK may coordinate metabolic reprogramming is that TXNIP downregulation
allows uptake of glucose and potentially other “building blocks” required for cell growth

and Myc/HIF1a upregulation controls flux of these nutrients into biosynthetic pathways.
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As Myc-overexpressing cells can be addicted to glucose and/or glutamine (73-76),
coordinating nutrient availability with nutrient utilization is clearly required for cellular
homeostasis.

Recently, ChREBP (MondoB) was shown to be necessary for metabolic
reprogramming in colorectal cancer cells and hepatoblastoma cells (40). For example,
ChREBP knockdown cells shut down aerobic glycolysis, anabolic pathways and have
reduced proliferation rates. Previously, we have shown that MondoA restricts glucose
uptake (35) thus MondoA may act in opposition to ChREBP. In BJ hTERT cells
AN237NLSMondoA upregulates TXNIP transcription and reduces glucose uptake as
expected; however, AN237NLSMondoA does not inhibit glycolysis. By contrast TXNIP
overexpression restricts both glucose uptake and glycolysis. Therefore, in addition to
TXNIP, there must be other transcriptional targets of AN237NLSMondoA that oppose the
negative activity of TXNIP on glycolysis. Identifying the direct MondoA-dependent
transcriptome will likely provide insight into this important issue.

TXNIP expression is restored later in G, coinciding with a plateau in glucose
uptake and utilization at about 12 hours following serum addition presumably when the
biosynthetic needs of the cell are met. There may be two functional consequences to
TXNIP upregulation later in G,. First, TXNIP can bind to and inhibit thioredoxin resulting
in increased intracellular reactive oxygen species (ROS) (77). ROS are required for G,
progression and S-phase entry (78). Thus restoring TXNIP activity later in Gy may
contribute to increased ROS and subsequently G, progression and S-phase entry.
Second, the restriction point (R) is defined as a point in G; where the cell assesses
nutrient availability and can either arrest in order to survive under suboptimal growth
conditions or proliferate when conditions are favorable (79). Thus it is possible that

TXNIP upregulation occurs at a point that defines R in later G4, after which the
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commitment to undergo DNA replication and cell division no longer falls under nutrient
control.

We show that TXNIP transcription is downregulated in early G; when MondoA
leaves the TXNIP promoter. Additionally, wortmannin partially blocks TXNIP mRNA
downregulation in early G, following PDGF but not serum addition. Thus there must be
additional pathways within serum that bypass PI3K and regulate MondoA activation of
the TXNIP promoter. It still remains to be determined how serum acutely and negatively
regulates MondoA activity at the TXNIP promoter. ChREBP localization and activity are
regulated by phosphorylation of key residues encompassing its DNA binding domain and
nuclear localization sequence (80); however, these residues are not well conserved in
MondoA. We cannot formally rule out the possibility that MondoA's activation of TXNIP
transcription is directly modulated by post-translational modification in response to
serum, yet the opposing roles for MondoA and ChREBP discussed above do not favor a
unifying mechanism. A second interesting mechanistic possibility involves our recent
demonstration that MondoA occupancy and activity at the TXNIP promoter is increased
as intracellular pH drops (20). Previous studies have established that growth factor
stimulation leads to a rapid — after approximately 2 minutes - increase in intracellular pH
and this pH increase is required for cell division (81, 82). These findings support a
model where intracellular alkalinization following growth factor stimulation drives
MondoA off the TXNIP promoter accounting for the rapid transcriptional shut down of
MondoA-dependent transcription of TXNIP we observed in response to serum.

The mechanism by which acute Ras signaling inhibits TXNIP translation is not
completely understood. TXNIP-mCherry is destabilized by serum yet only has the coding
sequence of the TXNIP message, eliminating translational regulation via its 5’ or 3’

UTRs as a possibility. MicroRNAs (miRNAs) typically inhibit translation by interacting
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with the 3° UTR, yet there are examples of miRNAs targeting coding sequences (83, 84).
Thus, we cannot completely rule out the involvement of miRNAs in regulating TXNIP
translation. Furthermore, the rapid kinetics of TXNIP downregulation suggests a more
direct mechanism that does not involve de novo RNA synthesis. With these caveats, it
seems most likely that Ras-MAPK signaling targets preexisting components of the
translational initiation machinery or, potentially, translating ribosomes. There are multiple
examples of signaling cascades impinging directly on the translational initiation
machinery supporting the former mechanism (85-87).

Our results establish the necessity of TXNIP downregulation for cells to escape
quiescence and enter Gy1. The fact that both TXNIP translation and TXNIP transcription
are both inhibited by serum further underscores this point. Our data indicate that TXNIP
transcription and translation are likely inhibited as acute immediate-early responses to
serum addition. While activated simultaneously, each repression mechanism persists
for a different length of time. EGF only effects translational inhibition of TXNIP. TXNIP
protein returns normal levels after 4 hours of EGF treatment, defining the window of
translational inhibition. The transient nature of TXNIP translational inhibition likely
reflects the well-characterized transient signaling through the Ras-MAPK pathway (88,
89). By contrast, TXNIP transcription is shut off for a much longer time, not being
inducible until 8-12 hours following serum addition. Thus, inhibition of TXNIP
transcription reinforces the inhibition of TXNIP translation early in G4. At 8-12 hours
following serum addition, the translational inhibition mechanism is no longer in force and
TXNIP protein levels appear to be primarily under the control of MondoA-dependent
activation of TXNIP transcription. We have examined TXNIP regulation in subsequent
G1 phases of the cell cycle and find that TXNIP transcriptional and translational inhibition

are restricted to the first G4 phase following the release from quiescence (data not
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shown). This finding is reminiscent of the peak of cMyc mRNA and protein observed
only in the first G4 following serum stimulation of quiescent cells (90, 91). We speculate
that the restricted regulation of TXNIP and cMyc to the first G, after serum addition
reflects increased metabolic requirements for cells to exit Gy and that these metabolic
demands must be relaxed during ensuing G, phases.

The switch to aerobic glycolysis supplies energy and biomolecules to support the
high division rates of many cancer cells. Our work establishes an important role for
TXNIP downregulation in metabolic reprogramming as cells exit quiescence and enter
the first G4 phase of the cell cycle. While not studied here broadly, we show that TXNIP
is rapidly upregulated by serum withdrawal which may serve to downregulate nutrient
uptake and utilization in response to reduced signaling from growth factors. Such a
model implies that rapid metabolic reprogramming may also be an early event involved
in establishing quiescence. Our work provides new insights into how growth factor
signaling impacts transcriptional and translational regulation of TXNIP, and likely other
targets, leading to cell growth and yields insights into how TXNIP dysregulation may
contribute to tumorigenesis. As TXNIP is an attractive therapeutic target in cancer
treatment (92), our work provides insight into the rational targeting of its upregulation

through activation of MondoA.

2.5 Materials and Methods

2.5.1 Cell Culture and Conditions
BJ hTERTSs (42) were maintained at 37°C in 5% CO, in Dulbecco modified Eagle
medium (DMEM, HyClone) supplemented with 10% bovine calf serum (BCS, HyClone)
and penicillin/streptomycin (pen/strep). For serum starvation (quiescence), cells were
washed with PBS and incubated in DMEM containing 0.1% bovine serum albumin (BSA)

and pen/strep for 72 hours. Serum starvation media was replaced with growth media to
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release cells into the cell cycle for times indicated. For growth factor stimulation, 10
ng/ml EGF (Sigma-Aldrich) or 5 ng/ml PDGF (Sigma-Aldrich) were added to serum
starvation media for times indicated. For MEK and PI3K inhibition, serum-starved cells
were pretreated for 30 minutes with 10 uM u0126 (Cell Signaling Technology) or 100 nM
wortmannin (Cell Signaling Technology), respectively, and were then treated with serum
or growth factors in the presence of the inhibitors for times indicated. For mRNA and
protein stability studies, cells were treated with 5 ug/ml actinomycin D (Sigma-Aldrich) or
50 ug/ml cycloheximide (Sigma-Aldrich), respectively under conditions and for times
indicated. For HDAC studies, cells were treated with 100 ng/ml trichostatin A (TSA,
BIOMOL) for 5 hours prior to mRNA isolation. Primary quiescent T-lymphocytes were
isolated from murine spleen and purified via negative selection using the EasySep
Mouse T Cell Enrichment Kit (STEMCELL Technologies) and cultured in RPMI 1640
(Cellgro) supplemented with 10% fetal bovine serum (FBS, Hyclone). Isolated T-
lymphocytes were activated using Dynabeads Mouse T-Activator CD3/CD28 for cell
expansion and activation (Invitrogen) for the indicated times. Wild-type and TXNIP-null
MEFs (41) were immortalized by a 3T3 protocol (93) and maintained at 37°C in 5% CO,
in DMEM supplemented with 10% FBS and pen/strep. For serum starvation, cells were
washed with PBS and incubated with DMEM supplemented with 0.5% FBS and
pen/strep for 48 hours. Cells were stimulated to enter the cell cycle by replacing serum

starvation media with growth media for times indicated.

2.5.2 Western Blotting
Whole cell lysates were prepared in ice-cold RIPA (150 mM NaCl, 10 mM Tris-ClI
[pH 7.4], 0.1% SDS, 1.0% triton X100, 1.0% Na-deoxycholate, 5 mM EDTA) containing

protease and phosphatase inhibitors. Protein concentrations were determined by
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Bradford Protein Assay (Bio-Rad). Following SDS-PAGE, proteins were transferred to

PVDF membranes (PerkinElmer) and subsequently blocked in 5% nonfat dry milk-TBST
(50 mM Tris-Cl [pH 8.0], 150 mM NaCl, 0.05% Tween 20) and probed with anti-MondoA
(Stoltzman, et al., 2008, 1:500), anti-VDUP1(TXNIP) (MBL International, 1:1000); anti-

tubulin (Sigma, 1:10000); anti-cyclin A, anti-p27 and anti-H-Ras (Santa Cruz); anti-Hif1a
(BD Biosciences,1:1000); anti-phospho-p44/42 MAPK (T202/Y204), anti-p44/42 MAPK,
anti-phospho-Akt (S473) and anti-Akt (Cell Signaling Technology) at 1:500 or 1:1000 or

as otherwise indicated. The blots were developed using ECL Plus (Amersham).

2.5.3 Glucose Uptake Assays

BJ hTERTSs were plated at 50,000 cells/well in 6-well dishes and treated as
indicated. 10° quiescent or activated T-lymphocytes were used for assays at time points
indicated. For all conditions, cells were washed with Krebs-Ringer-Phosphate-Hepes
(KRPH, 5 mM Na-phosphate [pH 7.4], 20 mM Hepes [pH 7.4-7.9], 1 mM MgSQ,, 1 mM
CacCl,, 136 mM NaCl, 4.7 mM KCI) buffer and then incubated for 15 minutes in 1 ml
KRPH containing 1 mM 2-deoxy-B-D-glucose (2DOG, Sigma-Aldrich) and 1 uCi 2-deoxy-
D-[1,2-*H(N)]-glucose (specific activity, 5-10 Ci/mmole; PerkinElmer) at 37°C/5% CO,.
Glucose uptake was terminated by removing the incubation solution and washing cells
with ice cold KRPH. Cells were solubilized with 0.1% SDS over night at room
temperature prior to scintillation counting to determine radiolabel incorporation. Assay
results were normalized to cell number where indicated as described (35). All
experiments were represented by three biological replicates and all data shown

represent the results from at least three experiments.
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2.5.4 Glycolytic Flux Assays

BJ hTERTSs were plated at 50,000 cells/well in 6-well dishes and treated as
indicated. For glycolysis assay, media was removed from cells and replaced with 0.5 ml
media containing 10 uCi D-[5-°H(N)]-glucose (specific activity 10-20 Ci/mmole,
PerkinElmer) for 1 hour at 37°C/5% CO,. The assay was terminated by addition of 0.5 ml
2N HCI. Triplicate 100 ul aliquots were transferred to capless 0.2 ml tubes and placed in
sealed scintillation vials containing 0.5 ml H,O for 48 hours at room temperature to allow
for diffusion and equilibration of *H,O. The 0.2 ml tubes were subsequently transferred to
new scintillation vials and both diffused (*H,0) and unutilized D-[5-*H(N)]-glucose were
determined by scintillation counting. Controls for ®H,0 diffusion included *H,O standard
and D-[5-*H(N)]-glucose only. Data were analyzed by comparing diffused samples
(reduced to *H20 by glycolysis) to undiffused samples and determining pmol glucose
utilized per hour per cell as described (7, 35). Each experiment represents two biological

replicates and all data shown represent the results from at least three experiments.

2.5.5 Viruses and Infections

Lentiviral pPCDH-mCherry and pCDH-TXNIP-mCherry were a gift from W.
Chutkow (25). pElZ-Green was a gift from B. Welm. pEIZ-Green-AN237NLSMondoA
was constructed by cloning AN237NLSMondoA as an Xhol/end-filled fragment from
LXSH-AN237NLSMondoA (45) into the Smal site of pEIZ-Green. Retroviral LMP vectors
(Open Biosystems) containing nonsilencing (NS) and MondoA specific shRNA (M2)
sequences were as described (35). Retroviral construct pBABE-puro-ER:Ras®'?V was a
gift from C. Counter (56) and pBABE-puro was as described (94). Stable cell lines
containing nonsilencing shRNA, MondoA shRNA, pBABE-puro and ER:Ras®'?" were

made by infecting BJ hTERTSs with retrovirus generated from each construct in HEK293T
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cells (95) and subsequent selection in 2 ug/ml puromycin. For experiments utilizing BJ
hTERT:pBABE-puro and BJ hTERT:pBABE-puro-ER:Ras®'?, cells were plated and
serum starved as above and subsequently treated with vehicle (0.1% ethanol) or
indicated concentrations of 4-hydroxytamoxifen for 4 hours in starvation media prior to
analysis. Transient infections with pCDH-mCherry, pCDH-TXNIP-mCherry, pEIZ-Green
and pEIZ-Green-AN237NLSMondoA were performed with lentivirus generated from each
construct in HEK 293T as described (96). Briefly, BJ hTERTs were infected over night
with lentivirus from each construct and allowed to recover from infection for 24 hours.
Asynchronous cells were subsequently serum starved for 72 hours and then released
into G4 by serum addition. Relative infection efficiency for each experiment was

determined by mCherry fluorescence (pCDH) or GFP fluorescence (pEIZ).

2.5.6 BrdU Labeling and Immunofluorescence

BJ hTERTSs or MEFs were plated at subconfluent density on cover slips and
treated as indicated. For MEFs, cells were incubated for 24 hours in media containing 10
uM 5-bromo-2’-deoxyuridine (BrdU, Roche) prior to analysis for all conditions tested. For
BJ hTERTS, G; cells, following 22 hours in media supplemented with serum, were
incubated in media containing 10 uM BrdU for 4 hours and quiescent cells received 10
uM BrdU in media lacking serum for 4 hours. Following BrdU labeling, cells were
washed with PBS then fixed in ice-cold methanol for 10 minutes and DNA was
denatured with 2N HCI for 1 hour at 37°C. Cover slips were subsequently neutralized by
20 minute incubation in 0.1M sodium borate pH 8.5 and subsequently washed with PBS.
Cover slips were blocked in PBS containing 0.1 % BSA, then incubated with 1 ug/ml
anti-fluorescein-BrdU (Roche) for 1 hour and subsequently washed with PBS. Following

10 minute incubation with 1 ug/ml DAPI (Sigma-Aldrich), cover slips were washed and



74

mounted using Prolong Gold (Invitrogen). Total cell number was determined by counting
nuclei (DAPI) and BrdU incorporation by counting fluorescein labeled cells. For each
experiment 200-500 total cells per cover slip were counted and three cover slips per
condition were evaluated. Each data point shown represents the average of three

independent experiments.

2.5.7 Chromatin Immunoprecipitation (ChIP)

1.8 x 10° BJ hTERTs on 15 cm dishes (3 dishes per point) for all conditions
indicated were washed with PBS and fixed/cross-linked for 10 minutes with 1%
formaldehyde. Cross-linking was stopped with 0.125M glycine for 10 minutes and cells
were washed with PBS and harvested by scraping and incubation in cell lysis buffer (10
mM Tris-Cl [pH 7.4], 10 mM NaCl, 3 mM MgCl,, 0.5% NP40). After washing, cell pellets
were sonicated at 4°C in 0.5 ml nuclear lysis buffer (50 mM Tris-Cl [pH 8.0], 10mM
EDTA, 5 mM EGTA, 1% SDS) for 20 rounds of 25 second cycles (0.9 sec on/0.1 sec off)
on a Misonix Ultrasonic Processor, setting 3 (Misonix Incorporated). The extent of
chromatin shearing was determined by reversing the cross-links on an aliquot and
examination by agarose gel electrophoresis. Sonicated lysates were per-cleared by
incubation with Dynabeads (Sheep anti-rabbit M-280, Invitrogen) at 4°C in ChlP dilution
buffer (20 mM Tris [pH 8.0], 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, 2 mg/ml| BSA,
100 pg/ml ssDNA) and immunoprecipitated over night with 2 ng anti-MondoA or 2 ug
normal rabbit IgG (Santa Cruz) at 4°C. Beads were isolated by magnetic separation and
washed once with wash | (20 mM Tris-Cl [pH 8.0], 2 mM EDTA, 1% Triton X-100, 150
mM NaCl, 1 mM PMSF) then twice with wash Il (wash | with 0.1 % SDS, 500 mM NacCl)
and finally once with wash Il (20 mM Tris-Cl [pH 8.0], 1mM EDTA, 250 mM LiCl, 0.5%
NP40, 0.5% sodium deoxycholate). Beads were resuspended in 50 ul 10 mM Tris-ClI [pH

8.0], 1 mM EDTA (TE) and incubated with 200 ng/ml RNase A (Qiagen) for 20 minutes
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at 37°C. Proteinase K and SDS were added to final concentrations of 200 ug/ml and 0.5
%, respectively, and beads were incubated at 55°C for 3 hours. Subsequently,
immunoprecipitations were incubated over night at 65°C to reverse cross links. Samples
were phenol-chloroform extracted and further processed by the Qiaquick PCR
Purification Kit (Qiagen) prior to gPCR. For experiments shown, specific MondoA DNA
binding was determined by normalizing to IgG controls and MondoA enrichment at the
TXNIP locus was determined at all conditions by normalizing gPCR to the MondoA off-
target loci PFKFB3 or Bcl2 (35, 36) (primer sequences available upon request). DNA
quantities were determined from standard curves for all primer sets. Data represented

are from 3 independent experiments.

2.5.8 Reverse Transcription Quantitative PCR (RT-gPCR)

For expression analysis, total RNA was extracted from cells using RNeasy Mini
Kit (Qiagen) and cDNA was generated from 250-500 ng RNA using Superscript [Il RT
system (oligo dT, Invitrogen). cDNAs were mixed with TXNIP or RPL19 primers
(sequences available upon request) and IQ SYBR Green Supermix (Bio-Rad) and gPCR
reactions were performed on the iCycler (Bio-Rad) as follows: one cycle of 95°C for 2.5
min.; 40 cycles of 95°C for 30 sec., 55°C for 30 sec., one cycle of 72°C for 35 sec.; 72°C
for 2.5 min.; 77 cycles 72°C-95°C for 10 sec. at each temperature. Relative mRNA
quantities were determined from standard curves for each primer set and TXNIP mRNA
quantities were normalized to RPL19 expression. For each experiment, triplicate

reactions were run from a minimum of two biological replicates.
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CHAPTER 3

SUMMARY

Proliferating cells are required not only to replicate their genomes during each
passage through the cell cycle, but additionally they must duplicate all macromolecular
components prior to mitosis and cytokinesis. This presents proliferating cells with
significant metabolic challenges as they must increase nutrient uptake and metabolic
activity to accommodate increases in biosynthetic activities. To accomplish this, the
metabolism of proliferating cells is significantly different from that of nonproliferating
cells. Proliferating cells engage in aerobic glycolysis which drives cytoplasmic ATP
production and diverts metabolites from glycolysis and the TCA cycle to biosynthetic
reactions including protein, lipid and nucleotide biosynthesis (1, 2). Non-proliferating
cells primarily engage in glycolysis, but principally to generate pyruvate which feeds the
TCA cycle in the mitochondria where the majority of ATP synthesis occurs by oxidative
phosphorylation (3).

As outlined in Chapter 1, quiescent cells can be stimulated to proliferate and a
component of entry into the cell cycle is metabolic reprogramming from oxidative
metabolism to aerobic glycolysis (2). Growth factor signaling pathways drive increased
glucose uptake as well as uptake of other nutrients required for cell growth (4, 5).
Additionally, these pathways upregulate transcriptional programs that increase glycolytic
flux and nutrient uptake (6-10). PI3K/Akt and Ras-MAPK signaling downstream of
growth factor receptors directly drive metabolic reprogramming by increasing GLUT

trafficking and activating Myc and HIF which directly increase the transcription of
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glycolytic targets. Additionally, Myc directly drives mitochondrial biogenesis and
glutaminolysis necessary for utilization of TCA cycle intermediates for biosynthetic
reactions. Clearly, regulation of metabolic reprogramming is a highly complex and
orchestrated process, not unlike the cell cycle itself.

Chapter 2 introduces two new regulators of metabolic reprogramming, the
transcription factor MondoA and the tumor suppressor TXNIP. Data from TXNIP” mice
suggests that TXNIP downregulation supports growth and proliferation as well as
increasing aerobic glycolysis and nutrient uptake (11, 12). MondoA directly regulates
TXNIP transcription and restricts glucose uptake, in part, through TXNIP protein (13).
Additionally, MondoA knockdown drives increased proliferation and glucose uptake in
certain cellular contexts and MondoA™ have no detectable TXNIP expression and high
rates of glucose uptake (14, 15). Taken together, these data suggest that MondoA and
TXNIP might regulate cell growth and proliferation through their negative regulation of
glucose availability and glycolysis. Thus, MondoA and TXNIP regulation in cells
transitioning from quiescence (Gy) into the growth phase (G,) of the cell cycle is
examined in Chapter 2.

As TXNIP activity is required for cellular quiescence (16, 17), it is no surprise that
it is highly upregulated in BJ hTERT cells quiesced by serum starvation. TXNIP protein
and mRNA are both acutely downregulated by the readdition of serum which releases
cells into G;. Concomitant with TXNIP downregulation is the upregulation of glucose
uptake and glycolysis which are hallmarks of metabolic reprogramming from oxidative
phosphorylation in Gy to aerobic glycolysis in G;. As cells progress through G;, both
glucose uptake and glycolysis plateau, presumably as the cells metabolic needs have
been met, and TXNIP transcription and translation are upregulated. We show that
ectopic expression of TXNIP in early G; restricts glucose uptake, glycolysis and S-phase

entry, suggesting that downregulation of TXNIP is necessary for metabolic
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reprogramming and cell growth (Figure 3.1). We ultimately show that TXNIP
transcription and translation are inhibited by Ras-MAPK and PI3K/Akt signaling
downstream of EGF and PDGF receptor signals.

While MondoA appears to be ubiquitously present throughout G, and Gy, its
transcriptional activity at the TXNIP promoter as well as another arrestin protein,
ARRDC4 (18) is highly regulated. We show that TXNIP transcription is downregulated
when MondoA leaves the TXNIP promoter, likely concomitantly, with serum addition to
guiescent BJ hTERTSs. Expression of a constitutively active allele of MondoA,
AN237NLSMondoA, in early G; restricts glucose uptake and S-phase entry but not
glycolysis. As MondoA has been shown to upregulate the glycolytic genes HKII, PKFB3
and LDHA (19), it is likely that constitutive activation of these targets, and likely other yet
characterized targets, is in direct opposition to TXNIP downregulation of glycolysis and
the net effect is no change in glycolytic rate. PDGF stimulation of BJ hTERTs modestly
downregulated MondoA-dependent TXNIP transcription through a PI3K dependent
mechanism; however, inhibition of PI3K was not sufficient to restore TXNIP mRNA in
serum-treated cells. This suggests that signaling pathways parallel to PI3K must also
regulate MondoA-dependent TXNIP transcription. Preliminary studies with
lysophosphatidic acid (LPA) which signals through multiple networks including PI3K and
Ras (20), demonstrate that TXNIP mRNA is downregulated by one or more of these
pathways (Figure 3.2). Not surprisingly, the phorbol ester, phorbol-12-myristate-13-
acetate (PMA), which is a potent tumor promoter that activates Raf directly through
protein kinase C (PKC) (21), also downregulates MondoA-dependent TXNIP
transcription and this is not reversed with PI3K inhibition by wortmannin (Figure 3.2).
Clearly, regulation of MondoA-dependent TXNIP transcription by growth factor signaling

is complex and remains an open question.
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Figure 3.1 MondoA and TXNIP regulation during the Go/G; transition. During
guiescence, MondoA and TXNIP activities are regulated by glucose and the absence of
extracellular signaling. MondoA-dependent TXNIP transcription and TXNIP translation
are robust, thus restricting glucose uptake and glycolysis and preventing cell growth.
Upon serum or growth factor addition, MondoA leaves the TXNIP promoter preventing
TXNIP transcription and TXNIP translation is inhibited by a Ras-MAPK dependent
mechanism. Growth factor signaling increases glucose uptake and glycolysis, in part, by
downregulation of MondoA transcriptional activity and TXNIP. As MondoA and TXNIP
are no longer regulated by glucose, high glucose uptake and glycolytic flux drives growth
and cell proliferation.
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Figure 3.2 Lysophosphatidic acid (LPA) and phorbol-12-myristate-13-acetate (PMA)
downregulate TXNIP mRNA. RT-gPCR reactions on mRNA isolated 4 hours after serum,
PDGF, LPA, PMA and EGF addition to quiescent BJ hTERT cells. Serum maximally
downregulates TXNIP mRNA and this is not reversible by u0126 (MEK), wortmannin
(PI3K) or PKC inhibition. PDGF modestly downregulates TXNIP mRNA and this is
reversible by wortmannin treatment suggesting PI3K signaling downregulates TXNIP
MRNA upon PDGF stimulation. LPA downregulation of TXNIP mRNA is not reversible by
PI13K inhibition suggesting a parallel pathway is involved, however, the complexity of
LPA signaling limits study of this. PMA potently downregulates TXNIP mRNA as well,
and only PKC inhibition reverses this, consistent with PMA activating PKC. EGF has no
effect on TXNIP mRNA. Serum, EGF and PDGF regulation of TXNIP transcription are
discussed in Chapter 2.
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Two important mechanistic questions arise from the work in Chapter 2. First, we
have shown that TXNIP is highly regulated by both MondoA and glucose (13), however,
in early G;, MondoA and glucose are replete and yet there is no TXNIP transcription or
translation. As we show MondoA leaves the TXNIP promoter upon serum re-addition,
one likely explanation is that MondoA is maodified, for example by phosphorylation, and
its nuclear entry is restricted or it is alternatively localized. ChREBP subcellular
localization and transcriptional activity have been shown to be regulated by
phosphorylation of key residues encompassing its DNA binding domain and nuclear
localization sequence (22); however, these residues are not conserved in MondoA.
Additionally, preliminary immunofluorescence experiments examining MondoA
subcellular localization in response to serum and PDGF, in the presence and absence of
wortmannin, reveal no significant changes in MondoA localization and more importantly,
cytoplasmic-nuclear shuttling does not appear to change. While we cannot formally rule
out post-translational modification of MondoA, a more tractable model explaining how
MondoA leaves the TXNIP promoter comes from recent work showing that lactic
acidosis increases TXNIP transcription by increasing MondoA occupancy at the TXNIP
promoter (23). As growth factor stimulation acutely increases intracellular pH (24, 25) it
is certainly possible that as pH decreases from lactic acidosis increase MondoA
occupancy on the TXNIP promoter, pH increases resulting from RTK signaling could
reduce MondoA occupancy accounting for the acute downregulation of TXNIP mRNA.
However, to fully gain an understanding of how serum might regulate MondoA activity,
we must also understand how MondoA is regulated at other target promoters. While HKII
and LDHA are directly regulated by MondoA (19), this activity does not appear to be
glucose regulated. As such, we are currently trying to acquire more glucose and

constitutive MondoA targets by chromatin immunoprecipitation sequencing (ChIP Seq)
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(26, 27). Still, regulation of MondoA-dependent TXNIP transcription in G; remains an
open question.

An alternative mechanism for downregulation of MondoA promoter occupancy at
TXNIP comes from the observation that Mnt (figure 1.4) can dimerize with Mix (28).
Mnt:Max heterodimers occupy Myc transcriptional targets regulating growth and
proliferation during quiescence and subsequently repress their transcription (29). Upon
growth factor stimulation, Myc is upregulated and Myc:Max heterodimers dominate
occupancy of Myc transcriptional targets (29). The Myc:Max heterodimers form at the
expense of Mnt:Max complexes, yet Mnt expression is transiently stable (29). It is
therefore conceivable that Mnt:MIx heterodimers form during this period at the expense
of MondoA:MIx complexes, either reducing the number of MondoA:MIx heterodimers
available to activate MondoA targets like TXNIP or simply, Mnt:MIx complexes displace
MondoA at targets like TXNIP and repress their transcription. Certainly, looking at Mnt
occupancy at the TXNIP promoter would resolve this issue, however, given the potential
cooperativity of Myc superfamily members (30), a more comprehensive strategy would
be to examine Myc, Mnt, MondoA and ChREBP occupancy at multiple targets during the
Go/G; transition by ChIP Seq.

The second important mechanistic question raised in Chapter 2 is how TXNIP
translation is downregulated by growth factor signaling in early G;. We demonstrate that
TXNIP translation is acutely downregulated by MAPK activation directly downstream of
Ras activation (Figure 2.8). TXNIP-mCherry is clearly regulated by serum (Figure 2.2A)
suggesting that TXNIP is likely downregulated at the level of translation or by its coding
sequence, as TXNIP-mCherry contains only the open reading frame of TXNIP (18). If
eiF2a, shown to regulate the translation of other stress induced proteins, like ATF4, is
responsible for TXNIP translation in G, its MAPK induced dephosphorylation upon

serum addition would explain the acute downregulation in G; (31-34). However, the



93

mechanism of phosphorylated eiFa-mediated translation elongation relies on it scanning
the 5’ untranslated region (UTR) of its targets for alternate open reading frames (33-35).
TXNIP contains a minimal 5" UTR with no alternate translation start sites and TXNIP-
mCherry does not contain the TXNIP 5" UTR; thus, this it is unlikely that TXNIP
translation is regulated in this way. Alternatively, there are other examples of signaling
cascades directly impinging on the translation machinery supporting a mechanism
inhibiting TXNIP translation at this level (32, 36). Alternatively, there is recent evidence
supporting TXNIP downregulation by microRNA (miRNA) (37), and while we suggest in
Chapter 2 that the kinetics of TXNIP downregulation in response to serum are
incompatible with new transcription, we cannot formally rule this out as a potential
mechanism.

The data presented in Chapter 2 establishes the necessity of TXNIP
downregulation for cells to enter the cell cycle from a quiescent state. The fact that both
TXNIP transcription and translation are downregulated further underscores this point.
Our data indicate that TXNIP transcription and translation are inhibited as acute
immediate-early responses to growth factor signaling. However, each mechanism
persists for different durations (Figure 2.5). This suggests a mechanism where TXNIP
translation is inhibited for a time necessary to allow sufficient mRNA decay and
subsequently transcriptional inhibition reinforces TXNIP downregulation. This appears
to be the case as EGF stimulation only downregulates TXNIP translation and not mRNA,
and TXNIP expression is restored early (Figure 2.7). While growth factor signaling has
been shown to regulate metabolic reprogramming (1, 2, 38) mechanistically, however, it
is not clear how this is accomplished directly. It is clear from this work that MondoA and
TXNIP represent important downstream effectors.

The switch to aerobic glycolysis supplies both energy and macromolecules to

support cell proliferation and as such understanding how this is accomplished at a



94

mechanistic level is important in understanding the pathogenesis of disease involving
proliferation, namely cancer. Data in Chapter 2 identify the necessity of downregulation
of TXNIP translation and MondoA-dependent TXNIP transcription for metabolic
reprogramming and growth, however, it still remains unclear how these proteins
negatively regulate glucose uptake and glycolysis. This work provides further insight into
the regulation of metabolic reprogramming presented in Chapter 1 and lays the ground
work for additional studies in the regulation of cell growth and metabolism by MondoA

and TXNIP.
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APPENDIX A

AN ACTIVATING MUTATION IN SOS-1 IDENTIFIES ITS DBL
DOMAIN AS A CRITICAL INHIBITOR OF THE EPIDERMAL
GROWTH FACTOR RECEPTOR PATHWAY DURING
CAENORHABDITIS ELEGANS

VULVAL DEVELOPMENT

Appendix A is a manuscript published in Molecular and Cellular Biology in May,
2007. It is reprinted here with permission from the publisher and the authors. Briefly, it
describes an activating mutation in the Ras-GEF Sos that results in sustained MAPK
activation in the presence of EGFR signaling. This work was done in the laboratory of
Nadeem Moghal. Katarzyna Modzelewska and Marc G. Elgort are co-first authors on the
manuscript and contributed equally to the research along with the writing of the
discussion under the guidance of Nadeem Moghal. Marc G. Elgort recapitulated the
Cdc25 mutations in human Sos and performed the experiments shown in Figure 4 of the

published manuscript.
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Proper regulation of receptor tyrosine kinasce (RTK) -Ras—mitogen-activated protein kinase (MAPK) sig-
maling pathways 15 critical for mormal development and the prevention of cancer. 508 is a dual-function
mwanine nucleotide exchange factor (GEF) that catalyzes exchange on Ras and Rac. Although the physiologic
role of SOS and its CDC25 domain in RTK-mediated Ras activation is well established, the in vive function of
its Dl Rac GEF domain is less clear. We have identified a novel gain-ol-function missense mutation in the Dhi
domain of Caenorhabditis elegans SOS8-1 that promotes epidermal growth factor receptor (EGFR) signaling in
vivo. Our data indicate that a major developmental function of the Dbl domain is w inhibit EGP-dependent
MAPK activation. The amount of inhibition conferred by the Dbl domain 1s equal to that of established
trans-acting inhibitors of the EGFR pacthway, including ¢-Chl and RasGA, and more than that of MAPK
phosphatase. In conjunction with molecolar modeling, our data swggest that the C elegans muotation, as well

ation in human 5051, activates the MAPK pathway by disrupting an antoinhibitory
function of the DB domain on Ras activation. Owar work suggests that functionally similar point mutations in

humans could directly contribute to disease.

Receptor tyrosine kinase (RTK)-Ras-mitogen-activated
protein kinase (MAPK) signaling pathways play profound
roles in development and, when improperly regulated, can
contribute to oncogenesis (8). Although most of the core com-
ponents of RTK-Ras-MAPK pathways were discovered a de-
cade ago, the diverse mechanisms for positive and negative
regulation are still being elucidated. Genetic model organisms,
such as Caenorhabdinis elegans and Drosophila melanogasier,
have been invaluable for the study of the regulation of these
pathways. In the C. elegans hermaphrodite, a single epidermal
growth factor (EGF)-like ligand and a single EGF receptor
(EGFR) family member are required for normal development
and behavior (61). A canonical EGFR.-Grb2-505-Ras-Raf-
Mek-MAPK pathway is essential for viability past the first
larval stage and for development of the vulva, while an EGF-
dependent inositol (1.4,5)-trisphosphate (IP3) pathway that is
Ras independent controls ovulation behavior. The walva devel-
ops through the induction of vulval cell fates in three out of six
progenitor cells. The initiating events are the production of
LIN-3 (EGF) from the anchor cell in the somatic gonad and its
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stimulation of LET-23 (EGFR) on the underlying P6.p pro-
genitor cell. In the presence of sufficient levels of EGFR sig-
naling and a cooperating signal from a Wnt pathway, Neich
receptor ligands are upregulated and stimulate LIN-12 (Norch)
on the adjacent P5.p and P7.p progenitors (17). Ultimately,
eight progeny are produced from P6.p and seven each from
P5.p and P7.p to form a mature 22-cell vulva. The remaining
progenitor cells, P3.p. P4.p, and P&.p, fuse with an underlving
hypodermal syneytium and do not adopt vulval fates.

Vulval development is well suited for studying EGFR-Ras-
MAPK pathway regulation, since small deviations in signaling
intensity quantifiably affect vulval development. Too little sig-
naling results in fewer than three progenitor cells adopting
vulval fates {(vulvaless [Wul]), while excessive signaling results
in more than three progenitor cells adopting vulval fates {mul-
tivulva [Muv]). Using various genetically defined sensitized
backgrounds of either too little or too much signaling, a variety
of mechanisms have been identified that regulate output or
responsiveness to EGFR-RasMAPK signaling (61). These
mechanisms include cell-autonomous rars-acting factors, such
as SLI-1 (c-Chl) (45, 96), KSR-1 (54, 87), and GAP-1 (Ras
GAP) (37); cell-autonomous intramolecular constraints, such
as autoinhibitory determinants within the EGFR (50, 62); and
non-cell-autonomous pathways involving heterologous signals
from surrounding neurons and muscles (60).

Here, we describe the isolation of a novel gain-of-function
mutation in the guanine nucleotide exchange factor {GEF)
505-1. 508 is a multidomain protein (see Fig. 2B) that in vitro
catalyzes exchange on Ras through its CDC25 domain (16, 28)
and exchange on Rac through its Dbl domain (65). In Dro-
sophila (9, 75), C. elegans (15), and mouse (69, 92), 508 is
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essential for development. Whereas it is clear that SO5 and its
CDC25 domain are crucial for RTK-mediated Ras signaling
(9, 15, 68, 75, 92) and that perturbation of this function leads
to developmental defects {9, 15, 75), it is less clear to what
extent its Dbl domain is also required for normal development.
Recent studies have demonstrated that a variety of signals,
including phosphatidvlinositides (65), protein phosphorylation
{82}, and protein interactions (80}, can regulate 503 Rac GEF
activity, suggesting the catalytic activity of the Dbl domain may
also be important for development. We found that our gain-
of-function mutation in sas-I, which strongly affects an EGFR-
Ras-MAPK pathway, lies in the Dbl domain rather than the
CDC25 domain. Genetic analysis indicated that the activated
mutant SO3-1 predominantly signals through Ras, rather than
Rac, suggesting that the Dbl domain has an inhibitory function
in Ras signaling that is separate from its catalytic activity on
Rac proteins. Molecular modeling further suggested that our
mutation may disrupt a recently described in vitro autoinhibi-
tory function of the Dbl domain on CDC25 Ras GEF activity
{84). We also found that human 5051 (h30S1) can be acti-
vated by an equivalent mutation. Together, our data demon-
strate a crucial role of the Dbl domain in inhibiting EGFR.
pathway activity in vivo and suggest that analogous mutations
in h3051 may contribute to diszase.

MATERIALS AND METHODS

Strains. . elegans was culmeed at 200 (13) unless otherwise indicated. The
alleles used were fv-23/ml ) and fer-23(m 06} (2) and mol-6iel 87} (21) on LGIL
pha-Tie2f 23] (34) on LG ced-1Nmd 830 (290, Ip-TahI5) (7), Bn-4505v06)
(417, tawc-24el F8) (T2, lin-Fim378) (300, ler-60{nd BTG} (5, lee-60pvD5) (40, 423,
Tev-6inl 531 ) (5, Fen-60yswd 0 3 {40, 420, lev-c0n J048) (5, 300, dpy-200e ] 2825 (43,
aag-22{57) (39), and mc-2{ok326) on LGIV; &r-340 Sos-Tis1 038 ) (44) and -
Seel 7T (13 on LGV, and si-Tispi43) (43), gap-2(nf &0 ) (37), wec-2(e55) (13),
and mig-2imel8) (98 on LGX

Isdation, mapping, and melecalar identification of the s262 motation. To
identify new recessive alleles of the sii-f locus, an Fl noncomplementaticn screen
was performed. fr-23/md § males were mutagenized with ethanemethylsulfonate
{13) and crossed into marked ler-237me] b 5k 15743 hermaphrodites. The s262
mutation was discovered as a dominant fer- 23 (sl ) snppressor that was unlinked
to the sfi-§ locus. Standard genetic approaches assigned linkage to chromosome
V. Mapping relative to ler-340 (now known o be ses-0) and wac-45 was carried
out by cioesing de-27jsvS); s 262 makes into hetercrygous sos-fisi031) sane-
4eyel 77) hermaphrodites. From fer-23( syl /4, so5-1 unc-46/m 202 heterozygoies,
12 Unc aon-Let recombinants were picked. After homonygosing fer-23(m] | and
the recombinant chromosome, it was determined that 1212 recom binants picked
up 262, indicating v262 is 1o the left of wee-#6 and close 1o o 0 the left of
sag-. Single-nuclectide pobrmorphism (SMEP) mapping (94) was perfommed by
croesing CB4856 Hawaiian O elegans males into hermaphrodites derived from
Bristol, England, carrying ler-23¢mp! | and the linked 5262 and - 45 mutations.
After homozygosing the fer-23 muration, Une non-s262 recombinants were
picked. Five out of nine recombinants did not pick up the Hawaiian SMP located
at position 9725 of cosmid FALF3, indicating that sv2d2 is to the keft of cosmid
F41F3 However, all of the moombinanis picked up the SMNP in yeast artificial
chiomosome (TAC) Yo 1AMLA, which is next to the sos- I gene. Since we did not
find recombinants that crossed cver between 7262 and the SNP in Y61 AYLA we
specilated that 57282 must be close to the sar-! locus. Based on these mapping
data and our genetic data showing that sy262 suppresses a dominani-negative
Fas muotation, but not a Baf reducticon-of-function [(#)] mutation, we speculated
that 5262 was a gain-of-function mutation in sos-I. The entire coding regions of
the sos-! cDNAs derived from either wildtype or a262 mutant worms were
sequenced. A& single G-to-A transiticn mutation was found in the 262 ses-f
cDMA, changing codon 322 from GGA 1o AGA. The presence of this mutation
in sp262 genomic DMA was confirmed by PCR amplifying and sequencing exon
& from wild-type and 262 mutant worms.

Vulval imduction and gonad ablations, Wobval development was scosed during
the L4 stage under Momarsld optics (86). The momber of valval moclei was usad
to extrapolate how many of the vulval progenitor calls {WPCs) were induced 1o
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adopt valval fates. A VPC that gave rise to seven or eight great-gran ddau ghters
and no hypT tissne was scored as 1.0 cell induction. A VPC in which one danghter
fused with hypT and the other daughver divided to generate three or four
great-granddanghier cell was scored as 0.5 cell induction. In wild-type animals,
Pa.p, Poup, and P7.p each undergo 1.0 call induction, whereas the other Po.p cells
do not adopt volval fates, resnliing in a total of 3.0 cell indoctions. Animals
displaying more than 3.0 cell inducticns are Muy, and animals with less than 3.0
cell inductions are Vol Gonad cell (Z1, 2, Z3, and £4) were ablated with a
laser microbeam doring the L1 stage (4).

RMAL Escherichia coli HT115 bacteria containing the respective BMA inter-
ference (RMAQ) clones were abtained from the Ahringer bacterial feeding library
{48 The bacteria were grown overnight in LB with 30 pgiml ampicillin and then
spotted onto MG plates containing 1 mM PTG (isopropyl-p-o-thiogalacto-
prranceide) and 30 wgiml ampicillin to make EMAI plates. The next day, Po L4
stage worms were seaded onto the plates. After 2 days, the Po worms were
transferred to fresh RMAI plates, and progeny were scomed 4 1o 7 days later.

PMasmid constroctions. A 402-bp cDMA encoding isoform 1 of hS0S51
{GenBank accession nomber L13857) was used in all experiments. A C-termi-
nally FLAG-1agged expression construct was generated by first cloning an M-
terminal BamHLEpal fragment spanning nuclectides 1 to 3146 into the Bglll)
Epnl sites of pAXFLAG-CMV-14 (Sigma). A C-terminal fragment spanning
nuclectides 3146 1o 4000 that replaced the stop codon with an Xbal site was
generated by PCR weing olignmclectides hS051-1 (3-AAC TTG AAT CCG
ATG GGA AAT AGC-3") and hS051-2 (3°-CTA GCC TAG TCT AGA GGA
AGA ATG GGC ATT CTC CAA CAG-3"). This fragment was then ligated to
the M-terminal hSOS1 fragment in the FLAG vector via KpnlXbal digestion
Site-directed mutagenesis using cligonucleotides hSOE1-3 (5-CCAT CCACTA
GTA GGA AGC CGC TTT GAA GAC TTA GCA GAG-37), hS0E1-4 (5-CTC
TGC TAAGTC TTC AAA GOG GCT TCOC TAC TAG TGG ATG G-37, and
Accuprime Py DNA Pobymerase { lavitrogen | was performed ca an Xhol hS0S1
subfragment spanning nuclectides 112 to &% that had been cloned into pBElue-
soript (Stratagene ). The mutagenesis changed codon 282 from TGO (Cyr) to
CGC (Arg). The mutagenized fragment was then used to eplace the correspond-
ing megion in the wild-type FLAG-tagged constroct via Xhol digestion. All
constructs were verified by sequencing them.

Transient transfections, growth facter stimolations, and Western bletting.
WIH 3T3 and HEK 293 EBHA cells ware grown in Dolbecoo’s modified Eagle's
medinm (DMEM) supplemented with 104 fetal bovine serum, penicillin, strep-
tomycin, and glotamine and maintained in a 3% CO; incobatoe. The NIH 3T3
cells were plated at 5 » 107 cells/80-mm dish 12 1024 b prior to transfection. For
WIH 3T3 cell tramsfection, 25 pl of Lipofectamine {Iovitrogen) was combined
with 300 pl DMEM and 8 pg total DMA and incobated for 30 min at room
temperamre. Complexes were added o the cells in the presence of 2.4 ml
DMEM for 5 hours. The tramsfected cells were washed once with DMEM ar
phosphate-buffered saline (PBS) and then starved for an additional 15 to 20 b in
seum-fres DMEM. HEEK 293 EBMA cells were plated at 1.2 = 10% cellsfbi-mm
dish 12 to 24 h prior to transfection. For HEE 203 EBM A call transfection, 30 ul
pobyethylenimine (1 mg'ml) was combined with 1.5 ml DMEM and 6.5 g total
DNA and incobated for 15 to 30 min at mom temperatore. Complexes ware
added to the cells in a total of 4 ml of DMEM and incobated for 16 b at 277
The cell were recovered in complete medinm for & hours before being starved
in serum-free DMEM for 18 1o 24 h

Trarsfected celle were stimulated with 10 ng/ml human EGF (BD Bicsciences)
and lysad in NP-40 lysis buffer (1% Nonidet PAQ, 150 mM NaCL 50 mM Tris-C1
[pH 80]) containing 1 pgfml antipain, 1 pgiml aprotinin, 10 pgiml kupeptin, 1
pg'ml pepetatio A, 20 pgiml phenylmethylsulfoay] Aooride, 20 mM MaF, 2 mM
sodinm orthovanadate, and 20 mM beta-ghycerophoephate. Protein concentra-
tions were determined by the bicinchominic acid assay ( Pierce).

Following sodivm dodecyl snlfate-pobyaceylamide gel electrophoresis, proteins
were transferred 1o Immobilcn-F membranes (Millipore) in transfer buffer (50
mM Tris-base, 40 mM ghxine, 0.04% sodinm dodecy] snlfate, 10% methanol)
using a semidry transfer apparatus (Owd). The blots were blocked in 5% nonfat
dry milk-TBST (30 mM Tris-CL 150 mM NaCl, 006% Tween-20 [pH 8.0]) and
probed with anti-phospho-pddd2 MAPE (Cell Signaling. oo, 9101 1:1,0007,
anti-FLAG {Sigma, noe F1804; 1:2000), or anti-pdd/42 MAFE (Cell Signaling,
oo 91025 1220000, The blots were developed nsing ECL Plos { Amersharm ), and
the intensities of the bands were determined by densitometric scanning, followed
by quantificaticn using Imagel software (MIH).

SWISS-MODEL. The three-dimensional structure of the O elegans S08-1
Dibl-PH-REM -CIHC25 domains was modeled nsing the crystal structore of the
Dbl-PH-REM-CDC25 domains of hS8051 (crystal strocture coordinates
1xdda pdb) and the optimize mode of SWISS-MODEL (36, &7, 7%, an
Internei-based automated comparative protein-modeling server (hitp: fwww
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FIG. 1. The 262 mutation suppresses the Vul phenotype of a reduc-
tion-of-function mutation in fe~23 (EGFE). The animals were photo-
graphed during the mid-L4 larval stage using Nomarski optics. (A) Wild
type. (B) Homosygous 5262 mutant. (C) Homozygous lef-23(n ) reduc-
tion-of-function mutant. (D) Homozygous let-237md ); 52262 double muo-
tant. Scale bars = 20 pm. On the right, the names of the C. elegans and
human (in parentheses) components of the EGFE patlway are indicated.
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expasy.chiswissmod/SWISS-MODEL html). In the optimize moda, the SOS
-1 protein sequence was aligned with that of hS0S1 vsing BLAST (http:/fwww
achialm.nibh.gowBLAST/).

RESULTS

The sy262 mutation acts at the level of Ras and upstream of
Raf. The sy262 mutation was discovered in a sfi-I (c-Cbly F1
noncomplementation screen (see Materials and Methods) as a
novel mutation that was unlinked to the sii-f locus but could
still strongly suppress a ler-23 (EGFR) reduction-of-function
mutation (Fig. 1 and Table 1). To determine how the syl262
mutation interacts with the EGFR pathway, we performed a
genetic epistasis analysis using standard reduction-of-function
mutations in the EGFR-Ras-MAPK pathway (Fig. 1 and Table
1). By itself, the sp26.2 mutation does not alter vulval develop-
ment. However, the 5262 mutation strongly suppresses a re-
duction-of-function mutation in fin-3 (EGF), which likely af-
fects EGF processing, and a mutation in fei-23 (EGFR), which
affects EGFR localization (47, 56). The sy262 mutation also
suppresses a weak dominant-negative S89F mutation in ler-60
{Ras) but does not suppress stronger ler-6 (Ras) dominant-
negative mutations (G10R and G15D) or a relatively weak
reduction-of-function mutation in fin-45 (Raf) (40-42). These
data suggest that the 5262 locus normally acts upstream of Raf
and possibly on Ras.

The sy262 mutation maps to the Dbl domain of the Ras/Rac
GEF 8035-1. We used three-factor mapping to place syp262 to
the left of unc-46 and close to or to the left of ler-341 (now
known to be sos-I) (see Materials and Methods) on chromo-
some V. We then used SNPs to determine that sy262 was to the
left of cosmid F41F3 and close to the YAC Y61AYLA, which
includes the sos-f locus (Fig. 2A). There are 22 predicted genes
between the SNP in F41F3 and ses-f. Given our genetic

TABLE 1. The sy262 mutation acts at the level of Ras and upstream of Raf

Vubeal

Genotype® inductica® % Muv® T Wk n P valued

Wild type L] 0 0 24
262 L] 0 0 20
lin-3{rf) 1.40 1] 05 21
lin-3irf); n262 .93 1] 10 20 = 0.00001 to fin-3(xf)
let-23(rf) 0.23 1] 100 20
let-23(rf); sy262 3.80 ) 0 2 < 0.00001 to let-23 ()
let-23(rf); 52621+ 2.95 a5 20 20 = 0.00001 to let-23 ()
let-60{ S80Fdh )+ 155 1] 81 21
let-60(S30Fdn i+, s262 2.80 o 18 2 0.0001 to let-60{S89Fdr) [+
let-60{GI10Rdn )i + 0.25 1] 100 20
lot-60(GI0Rdn ) +; 262 0.40 1] 100 20 0.42 to ler-60{G10Rdn )/ +
let-60(G13Ddn )i + 0.08 0 100 20
let-60(G 1 I06dn ) +; sy262 0.04 1] 100 27 0.64 to le-60{G1 5Ddn )/ +
lin-45(rf) 2.10 1] T 20
Im-43{rf); sp262 214 o a7 21 0,38 to lin-45(rf)

= The complate are as fallows: (i) 262 = 5262 him-5ie 1490, (i) Bn-3jef) = lor-3n378); wnc-4e77), (iil) do-3ief); 0262 = lin-3in378); 262 snc-46(e1 77), (i)

Ser-23(f) = Ler- 231, (v) lev-23 i 262 = lew-23 (a1 1 sy 262 Pien-S{e 1900, (Vi) dev-23(f); 2620+ = Bor-23{sp 1), 262 unc-460e 1 771+, vii) lor-60(SEIFdy+ = unc-24{e 138)
Let- BTl p- D0 282), (i) Fer-GO SEOFetys )+ 7 9262 m -2 136 w60 (w95 -2 e 1 3623, 262 wnc-4ed 77), (1) lev-003( G IOReln )i+ = lew-60{p 101 ) dlpy-200e 1 282)

sonc-24(ed 38 unc-22(57); wnc-45elTT), (%) ler-600G 10Rdn )+, 362 = Iy I00) dpy-200e1282) farnc-24jed 35) -

(57); 262 wnc-#e 77, () ler-oHGISDdn )+ =

Jer-6011 531 mﬂ?{aﬂ-‘@-ﬂ?{ﬂz&?}; m!ﬁfd?ﬁ'}, i) ler-6 G LS DR i+ 262 = e-60¢nIT3E] snc-22(s7idps-20el 2828 9262 wnc-#6ed 77, (xiii) Bn-45¢f) = wne-

24(el38) lin-45 lbn-45if;
EAJ ﬂgﬂﬁ} ( i) lin-4£5(sf; ay 262

= tanac-24(ed 38) Io-45{5r00 ) 202 nc-26[el T7).
progenitor cells adopring walval fates. Wild type is three. The maxmum is s

“ The perentage of animak that have more than three vobeal progenitor cells adopting volval fates.
“The percentage of animals that have fewer than three vubval progenitor cells adopting vubval fates.

“n, number of animals examined.

T Statistical significance of the vulval induction valne as determined by a two-tailed Smdent’s ¢ test.
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FIG. 2. The 5262 mutation maps to the Dbl domain of 5051,
(A) SNP mapping of 5262, Five out of nine Unc non-s262 recombi-
nants did not pick up the SNP located at position 9725 of cosmid
F41F3, indicating that s262 is to the left of cosmid F41F3, All the
recombinants picked up the SNP at 14897 in the YAC Y61AULA,
which is next to the ses-I gene. Thus, the a262 mutation is close to
the sos-I locus. (B) Architecture of the C. efegans 503-1 protein
(GenBank accession number AF251308) and location of the si?62
mutation. The numbers refer to aminoe acid positions, Domain bound-
aries were determined by SMART (http:/smart.embl-heidelberg.de/),
except for the REM domain, whose position was determined by a
BLAST (http:/Awwew.ncbi.nlm.nih. gow/ BLAST/) alignment with hSOS1.

epistasis results showing that sy26.2 acts at the level of F.as and
upstream of Raf, we hypothesized that the sp262 mutation was
a gain-of-function mutation in ses-I. After sequencing the en-
tire coding region of the sos-I ¢cDMNA derived from sv262 mu-
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tant animals, we found a single G-to-A mutation in codon 322
that results in a substitution of Arg for Gly in the Dbl domain
{Fig. 2B). The presence of the mutation was also confirmed in
sp262 genomic DMNA.

The sy262 (GI22E) muotation predominantly affects Ras sig-
naling. 305-1 and its Drosophila and mammalian orthologs are
multidomain proteins best characterized for their critical bio-
logical roles as Ras GEFs (Fig. 2B) (9, 15, 16, 28, 69, 92).
However, in addition to containing a CDC25 Ras GEF do-
main, 303-1 also possesses a Dbl domain, which allows the
mammalian protein to function as a Rac GEF (65). The loca-
tion of the sy262 mutation in the Dbl domain suggests at least
two models for the way in which the change may create a
gain-of-function protein. In one model, the 5262 mutation
may relieve one of several previously described forms of inhi-
bition on 805 Rac GEF activity (23, 65, 80-83). For example,
the sp262 mutation might disrupt autoinhibition by the PH
domain on the Rac GEF activity of the Dbl domain (23, 65,
83). In this model, elevated Rac signaling might bypass some of
the requirement for Ras signaling during vulval development.
In the second model, the sy262 mutation might relieve inhibi-
tion of Ras GEF activity. The second model is particularly
appealing, since recent X-ray crystallographic studies of
hS051 have uncovered an autoinhibitory function of the Dbl
domain on CDC25 Ras GEF activity (84).

To distinguish between these models, we examined the sen-
sitivity of 51262 mutant $05-1 to further mutations in either
Ras or Rac (Table 2). For these experiments, we used a back-
ground in which the sv.262 mutation suppressed a reduction-
of-function mutation in ler-23 (EGFR). When we additionally
lowered Ras levels through a heterozygous strong reduction-
of-function mutation in ler-6{ (Ras), sy.262 activity was strongly
reduced to only 29% of that seen in the presence of two copies
of wild-type Ras. Thus, the activity of SO5-1 G322R is critically
dependent on the amount of Ras This observation is also
consistent with the failure of sy262 to suppress strong domi-

TABLE 2. The 5262 mutation predominantly acts through Ras rather than Rac

Genotype® Vaulval inducticn® % Mo % Vol af Pralua’
Wild type .00 0 0 24
262 .00 0 0 20
let-23{nf) 0.23 0 100 20
Tet-23(1fl; 262 1,80 58 oo 22
let-60rfli + .00 0 0 20
Tet-23(if); let-600f)+: 262 125 0 B 22 <0.00001 to et 23 rf); 5262
rac-2 (i) .00 0 0 20
Pet-23(rf); vac-2{null); se262 165 a0 i} 20 050 to lee-23 () ni262
ced-10{rf) .00 0 i} 20
lei-23(rf); ced-10{r(); w262 380 0 5 200 0.68 to let-23(nf); si262
mig-2{ndl) 300 0 o0
let-23(rf); 7v262; mig-2(mull) 2.85 25 25 200 0002 to lef-230if); 262
let-23(rf); voc-2(RNAi); 50262 wig-2 (mudl) 2.83 30 30 18 097 to let-23(nf); sy262; mig-2{mull)
Pet-23(rf); ced-10{RNAI); sv262; mig-2{null) 135 21 47 19 045 to let-23(nf); sv262; mig-2{nmll)
lei-23(rf); ced INRNAI); rac-2(RNAi); sv262; mig-2{null) 2,68 30 40 00 064 to let-23(n); 5262, mig-2{nmell)

o ler-23(rf) = lee-23(ml ), Br-60eff+ = ler-G0{nd B76) sonc-22157 Jdpy-20e 1 282), rac-2(null) =

rac-2ok32a ), ced-I0mf) = ced-I1nd 993 and mug-20null]l = mig-

228y In the mig-2null) strains, sy262 was linked to wec-H6{e 177 ). In all other strains, w262 was linked to fuim-5ef 4% By themsebves, the wec-46 and him-5

mutaticas do aot affect vobeal development in le-23rf) animals.

b Average oumber of vubval progenitor cells adopting vobal fates. Wild type is three. The madmum i six
“The percentage of animals that have more than three wolval progenitor cells adopting vabeal fates.
9 The perentage of animals that have fewer than three vulval progenitor cells adopting vulval fates,

“ i, aumber of animals examined.

f Sratistical significance of the vulval induction valve as determined by a two-tailed Student’s ¢ tast,
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TABLE 2 The o202 wutativon s shougy Jdepeudeul on upsaean siguading by EGF
Lienatype” tionad® In;r;'ch{i"u'n._. = Mu# =% var W ¥ values

Wild typz + 3.00 0 ] 24

Wild typ= - 0.00 0 100 14

let-23(nf); oy262 + .80 it ] 2

let-23(nf); oy262 - 0.00 0 100 19

let-23[nf); let-60gfli+ + 4.58 100 ] 20

let-23 () let-6{af) + 538 100 ] 20

let-23(nf); Let-cdigf) - 1.17 12 88 16 0.01 b0 wild type

gonad ablated

2 -2 31 = ler-2A0wE ), ker-00iaf) - e Duwauecgn and A2 was linked 1o Adm-Tje 14901

F The gunada. prinordium, which ym rizs Lo e EGF-produciny auclior vell b= wiler presELL i+ ar meawwed Ly Laser abdabivn (—).
© Average number of vabal pregenitor cells adopting vabval fates. Wild ype is three. The maxioom & six

9 The percentage of animals that have moee than thres vulbval progenitor cells adopting vulval fatea.

“The percentage of animals that have fewer thaa thres valval progenitoe cells adopring vibval fates.

Fu, anrrher of animak sxamined

F Sratistcal significance of the walval indoction value as determingd by a two-tailed Stodent’s ¢ west.

nant-negative mutaticns ir Ras (Table 1). C. elegans has three
Rac genes: mac-2 (57), ced-I10 (71), and mig-2 (98). Althoogh
nornull mutations in fe-60 (Has) by themselves can reduce
vulval induction (5, 400 (Tabk 1), single null murztions in
either rac-2 or mig-2 or a single strong reduction-of-function
mutation in ced- 790 has no effect onvulval development (Table
2). Thus, uniike the raquirement for Rzs, volval development
is not normally dependent on any single Rac gene. Further-
more, in the senstized background of sp62 suppression of the
ler-23 (EGFR) reduction-of-function mutation, sec-2 and
ced- 1) mutations still have no effect on vulval development.
Ilowever, a null mutation in mig-2 partially reduced syle2-
suppressing activity to 73% of that seen in the presence of
MIG-2. The effect of the rig-2 mutation was not enhanced by
additional reduction of rec.? and ced -1 throngh BN AL Gren
that a partial reduction of Ras levels, which by itself is not even
sufficient to weaken Ras activioy in its known biclogical path-
wans (viability, vulval development. and fertility )y, has a more
profound effect on 5262 activity than rull mutatons and re-
ductions in function of the three Ree genes (L.25 cells induced
versus 2.68 cells nduced, respectively), 1t is likely thet SC5-1
G312R. exerls most of its effect through the Ras pathway (see
Mhius=zion)

The DRI domain mutaton increases the sensitivity of the
Ras pathway o ppsuream signaling, Although a precise mech-
anism has nct vet been defined, it has bezn suggested that 805
catalytic activity toward the Ras-MAPK pathway might be pos-
itively reguleted by growth factor signaling (14, 70). To deter-
mire if the G322R change increases S0O5-1 basal actvity and
comverts 1t nto a constiutively ective GEF, we examined
whether the gain-of-functinn phenntype was still manifesred in
the complete absence of upstream signaling from EGF and the
EGFR. We lust wested whether (e sp202 anataion could sull
suppress the Vul phenotype of a fei-23 (EGFR) reduction-of-
functior mutation in the absence of the EGF-producing an-
char cell. In wild type animals, laser ablaticn of the gonadal
primordium, whizh gives rise o the anchor cell priar to the

o o TR IS [ N S i 0 B e e
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absalutely no vukval mduction (Table 3). Althovgh a control
G13E gain-cf-function change in le-60 (Ras) was still able to
promote some vulval induction in this background, the 5C5-1
G312R could not promote vulval development in the complete

absence of EGF (Table 3). Thus, in this assay, 505-1 G322
Coes not appear to be consttutively active.

In another sssay, we examined the abilty of the sy262 mu-
muon o suppress the lethality conferred by a homozvgous
fer-23 (EGFR) null mutation. Due to the 100% pepetrant
lethality of this mutation, we initially corstructed a stiain in
which the n362 mutatdon was homosygous but the fer 22
(EGFR) rull mutation was maintained in & heterozygous state.
The ler-27 (EGEFR) null mutation was linked to a recessive
mutation in the rol-6 gene. Thus, in the absznce of suppression.
25% of the progeny die as L1 larvae, and adult rolling animals
are never seen. If thers is 100% suppression of ler-28fned)
lethality, 25% of the progeny will appear as adult rolling ani-
nals, since this is the expected Mendelizn frequency of ho-
morygosing the mutant ler- 23 (EGFR) chromosome from het-
erozyzous animals. In the presence of a homozygous fer-6
(Ras) G13E gain-of-function mutation, 26% of the progery
were adul: rollers (Table 4). This frequency indicates that the
Bas mutation can suppress 100% of the lethality associated
with complctc loss of the EGFIL These rollers were 1004
sierile, since an EGF-dependent [P3 pathway, rather than Ras,
is requ:red for hermaphrodite fertility (197, Thz Ras mutation
was alsn ahle tn drive excessve valval indoction. Almose 1000
of the animals had all six progenitor cells adopting vulval fates,
rather than the nommal three. In conrast to the gain-of-func-
tion F.as mutation, the sy26.2 mutation resulted in only 1.5% of
total progeny rom heterozygous mothers appearing as adult
mollers (Tabkle 4). This translates int> a rescuc frequency of
cnly 0%, compared to a rescue frequency of 100% for the
Gl3E Kas mutation. The rescued syz6. mutant ammals were
rot rare raenmhbinants, since all were sterile, and on average,
cnly one progenitor cell was induced to adopt a valval fate.
Fuilwe of the w262 mvtativn w rescae e stediliy defect of
ler-23 (EGFR) null ammals zlso provides further evidence that
the Ras effector arm of the EGFR pathway is specificaly
affectad by the sp262 mutation. Rescue of the EGFE [nully
induced lethality and defectwe valval induction was weak but

b mgmifent Tl ar b b Tmdiaspe et flee
um.un‘ SIgNINCant. (OgEnet, s ala indicale natl ne

P

Sl
G322R change onlv weakly increaszss the basal activity of
505-1. However, since S505-1 G322 has strong rescuing ac-
tivity in the presence of nonnull mutations in the CSTR path-

way (which allows low levels of signaling) (Table 1), we infer
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TABLE 4. The sv262 mutation displays very weak activity in the absence of functional EGFRs
% Suppression of ler- % Suppression of ler-
Genotype® fwull)-induced P value® 23(null J-inducad Vuolval inchoction” % Mo® % VuF W P value®
lethality” steriliny

let-23{rull) 0 (1,0891) NA? NAE NAF NAE NAE

let-23(null); sv262 6 (1,272) =001 016} 0.98 1] 91 11 0.013
let-23(mull); let-60(gf) 100 {324) < (L0011 044y 573 100 i) 11 = (1L00001

= The complete genctype of ler-23nall) was rol-&e ] §7) Br-23(mpd6 1 ler-60{gf) = ler-6Nnl040gF); p262 was linked to fim-5{el 400).

¥ Suppression of lethality was calcolated from strains that were homeeygous for the w262 o k63 mutation bot heterceygous for the rel-6{ef87) le-23(mv06)
chromosnme. In the absence of suppression, rolling adolts never appear. In the presence of complete suppression, 25% of total descendants from the ml-diel87]
lev-23 (vl hetercoygons parents would be mlling; 100%% suppression & normalized o the generation of 25% rollers relative to total progeny. The mumber in
parentheses refers to the total number of progeny examined from nal-6(el87) ler-23(mul6) heterozygous parents.

“ The statistical significance of the observed frequency of viable animals was determined by compariscn with -2 30mud} animals alone and vsing a chi square test.

< Animals suppressed for fer-2 3(nud }-induced lethality were picked as L4 larvae and examined for progeny 4 days later. The mumber in parentheses refers to the total
number of animals examined.

“MA, not apphcahle D to the 100% penetrant hmalnymnfeu'md by the homozygous &e-23(madl | motation, these animals could not be examined for sterility, 10095
sterility, however, is inferred from reduction-of-function mutations in fin-3 and LET-23 strocture-function studies.

¥ awerage number of volval progenitar cells adapting vubval fates. Wild type is three. The maximum is sit

EMA, not applicable. Due to the 1009 penetrant lethality conferred by the hom 5 der-23¢medl ) mutation, these animals could not be examined for vohal
induction. However, based on certain combinations of f2i-23 alleles. it could be inferred that the vabval induction of these animals would be 0.00 and that 0% of the

animals wonld be Mav.

f Percentage of animals with more than three vubval progenitor cells adopting vulbval fates.
! Percentage of animals with fewer than three volval progenitor cells adopting vulval fates.

!, mumber of animals examined for valval induction

* The statistical significance of the vabval induction value was determined by comparison with gonad-ablated wild-type animals and use of a two-tailed Student's £ test.

that G322R acts by increasing the responsiveness of 305-1 to
upstream signaling.

The 5051 Dbl domain is a critical developmental inhibitor
of Ras signaling. Our data suggest that during C. elegans vulval
development, a major function of the Dbl domain is to prevent
excessive Ras activation by the CDC25 Ras GEF domain. To
determine the importance of this negative regulatory mecha-
nism relative to that of established rans-acting inhibitors of the
EGFR-Ras-MAPK pathway, we compared sy262 suppression
of a reduction-of-function mutation in ler-23 (EGFR) to that
conferred by loss-of-function mutations in sfi-f (c-Cbl) {96),
gap-1 (RasGAP) (37), and lip-1 (MAPK phosphatase) (7). We
found that the sv262 mutation was a better suppressor of the
ler-23 (EGFR) mutation than a likelv null mutation in lip-{
{MAPK phosphatase) and equivalent in strength to null mu-
tations in either sfi-I (c-Cbl) or gap-I (RasGAP) (Table 5). To
further determine the importance of the Dbl domain for inhi-
bition of the EGFR-Ras=MAPK signaling pathway, we con-

structed a double mutant harboring the sv262 mutation and a
null mutation in gap-/ (RasGAFP). Together, these mutations
should increase GTP loading on Ras while reducing its GTPase
activity. Individually, these single mutations do not disrupt vulbval
development. However, 25% of double-mutant animals displayed
excessive vulval differentiation (Table 5). Thus, the S05-1 Dbl
domain helps provide a critical halance between the opposing
GEF and GAF activities that regulate Ras.

A mutation equivalent te sp262 GIZZR activates hS0S1. To
further study the molecular mechanism of action of the sv262
G322R mutation and to determine whether h30S51 might be
regulated in a similar manner, we sought to introduce the
equivalent activating mutation into the h3051 cDNA. We
used the solved X-ray crystal structure of the Dbl-PH-REM-
CDC25 domains of hSOS1 and SWISS-MODEL modeling
software (36, 67, 79) to generate a structural model of C.
elegans S03-1 (Fig. 3). In this model, G322 lies in the H3 helix
of the Dbl domain. The equivalent residue in hSOS1 appears

TABLE 5. Magnitude of inhibition of the 505-1 Dbl domain, ¢-Chl, RasGAP, and MAPK phosphatase on the EGFR. pathway

Genotypes Walval induction® o Muv" % Vol n Pvaluef
let-23(rf) 0.23 0 100 20
sli-1 (el ) 300 0 0 24
let-23(wf); sli- (rudl) 57 &0 17 30 < 0.00001 to let-23 rf)
gap-1 (rmudl) 300 0 0 36
let-23(rf); gap-1 frindl) 174 T 0 21 <0.00001 to le=-23 )
lip-Iinull) .00 0 i 20
let-23(rf); lip-dfrull) 210 0 51 21 < 0.00001 to le-23rf)
sy262 300 0 0 24
let-23(rf); sy262 380 68 0 22 0.34 to Jet-23(nf); sli-Iiwedl), 080 to let-23 frf), gap-1(null),
and < 0.00001 to fef-23(x; Tp-1(mull)
v262; gap-1ivndl) 326 24 i] a5 0.004 to gap-I {null) and 62

 ler-23(ef} =
o Frbem- Sl 490,

fer-23¢mypd ), and sli-Hred!) = si-8sw 43 ) The complete genotype of gap-Iinedl) is gap-I (nd 690 wec-2{e55). lp-I{aull} = fp-I{xhI3); a262 was linked

b Average number of vubval progenitor cells adopting valval fates, Wild type is three. The madmmm i six
“ Percentage of animalks with moe than thres volval progenitor cells adopting vubral fates.
¥ Percentage of animals with fewer than three volval progenitor cells adopting volval fates.

“n, number of animak examined.

F"The statistical significance for the wulval induction valve was determine using a two-tailed Student’s ¢ rest.
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FIG. 3. Conservation of the Dbl and REM domains between human and C. elegans SO8 proteins. (A) Crystal structure of the Dbl-PH-REM-
CDC25 domains from hSOS1 at 3.62 A (84). The yellow residues (L68T, R6ER, and WT29) indicate amino acids in the REM domain that interact
with Ras-GTF and are important for Ras-GTP-dependent allosteric stimulation of CDC23 activity, The green residues in the Dbl helix HZb (E268
and M269) and loop (D271) contribute to autoinhibition of the REM domain. Substitution mutations converting all three green amino acids to
alanines result in a protein that 1= hypersensitive to allosteric activation (84). The blue residues (L2359, H262, 1263, and VI67) in helix HZb point
toward the surface of helix H3, C282 in helix H? is in the position analogous to that of the 262 G32IR mutation in the C elegans Dbl domain,
SWISS-MODEL modeling suggested that a C282R change might not be compatible with the normal geometry of the blue residues in helix H2b,
(B) SWISS-MODEL of the . eleggms Dbl-PH-REM-CDC25 domains from S05-1. Note the conservation of the yellow residues (L7064, R765, and
F&12) in the REM domain for allosteric stimulation of CIMC25 activity by Ras-GTP, conservation of the green residues (E32, L313, and D315)
in the Dbl domain for potential autoinhibition of the REM domain, and conservation of the blue bulky/hydrophobic residues (1303, T306, L2307,
and [311) that face the surface of Dbl helix H3, SWISS-MODEL modeling suggests that the G322R change in helix HY may not be compatible
with the predicted geometry of the blue residues in helix H2b, (C) BLAST alignments of relevant portions of the REM and Dbl domains between
human and C elegams 505 proteins, The red amino acids in the REM domain are important for binding Ras-GTP. The blue bar indicates the
position of Dbl helix H2b (predicted in C. elegans), and the green bar indicates the position of Dbl helix H3 (predicted in C. elegans). The green
amino acid is the locations of the s262 mutation. Plusses indicate conservative amino acid changes between the human and C. efegans proteins,
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FIG. 4. A CIZEZR mutation in hS051 is functionally equivalent to
the sos-I{m262) GA2IR mutation in C. elegans SO5-1. (A) hS0S1
C2R2R promotes EGF-dependent MAPE activation in NIH 3T2 cells,
The cells were transfected with 2 to 4 of FLAG-tagged hS0S51
expression vector and 4 pg of HA-ERK1 (MAPEK) cxpression vector,
After serum starvation and stimulation with EGF for the indicated
times, whole-cell lysates were prepared and analyzed by Westem blot-
ting with the indicated antibodies. Phosphorylated and total trans-
fected MAPKs were distinguished from endogenous MAPK by a mo-
bility shift caused by the HA tag on the MAPK in the transfection
constiuct, Representative blots from two independent experiments are
shown. Activation (r-fold) was caleulated by dividing the a-phospho-
MAPK signal by the a-total-MAPK signal and then adjusting the
values to that observed with wild-type h50S1 at the zero time point.
(B) Mean results from four independent experiments in NIH 3T3 cells,
where the wild-type and mutant hS051 constructs were similarly ex-
pressed and the control wild-type hS081 construct caused similar
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to be C282, which is not disulfide bonded in the crystal struc-
ture. In both the human and C. elegans proteins, these residues
appear to be essential to accommodate the bulky side chains
from residues in the nearby H2b helix. It is thus conceivable
that the G322R change in C. elegans 505-1 is incompatible
with the normal positioning of the H2b helix and that a similar
effect might be obtained by a C2Z82ZR change in hSOSL

Since C. elggany S05-1 G322R predominantly acts by en-
hancing the signal-dependent output of an EGFR-Ras-MAPK
pathway, we examined the ability of transfected hSOS1 C282R
to enhance EGF-dependent MAPK activation in serum-
starved mammalian cell lines (Fig. 4). In NIH 3T3 cells, com-
pared to transfection of wild-type h3051, hS051 C282R was
able to enhance the amplitude and duration of MAPK activa-
tion (Fig. 4A). Although from experiment to experiment there
was variability in the extent to which MAPK was activated, we
were able to establish statistical significance (P = 0.05) for
differences in MAPK activation at 15 and 60 min following
EGF stimulation (Fig. 4B). On average, the differences be-
tween the activities of the wild-type and mutant proteins were
two- to threefold. To further validate this result, we also per-
formed the same experiment in HEK 293 EBNA cells. Once
again, we found that compared to wild-type h530351, hS0S1
C282R was more potent at promoting EGF-dependent MAPK
activation (Fig. 4C). Compared to NIH 3T3 cells, in HEK 293
EBNA cells, the time points at which differences in activity
were manifested were more variable. Thus, it was harder to
establish statistical significance. Nevertheless, in every experi-
ment we found that at some time point, hSOS51 C282R dis-
played two- to fourfold more activity than wild-type hS0S1. In
conjunction with our genetic data, these data suggest that the
G322R change in C elegans 5305-1, as well as the equivalent
C282R change in hS051, does indeed enhance EGF-depen-
dent MAPK activation. Thus, it is likely that the Dbl domain
normally acts to dampen the amount of EGF-dependent
MAPK activation and that the structural mechanism by which
this is accomplished is conserved across species.

DISCUSSION

Although 505 is an evolutionarily conserved critical regu-
lator of RTK-Ras-MAPK signaling, the key mechanisms that
regulate its biologic activity in vivo are not well-defined. It was
initially thought that RTK-dependent translocation of 30S to
its substrate Ras at the plasma membrane was the key mech-
anism that controlled Ras-MAPK activation (3). However, sev-

levels of MAPE activation between experiments. Normalized activa-
tion (w-fold) is as described for panel A, except that e-phospho-
MAPK/a-total MAPK ratios were also adjusted for slight differences in
transfected hSOS1 expression. Statistical significance was assessed us-
ing a one-tailed Student’s ¢ test. {C) hS0S1 C282R promotes EGF-
dependent MAPK activation in HEE 293 EBNA cells. The cells were
transfected with 2 to 4 pg of FLAG-tagged hSOS1 expression vector
and 25 pg of HA-ERK1 (MAPK) expression vector. After serum
starvation and stimulation with EGF for the indicated times, whole-cell
lysates were prepared and analyzed by Westem blotting as described
for panel A, Representative blots from two mdependent experiments
are shown,
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eral lines of evidence have suggested that control of 503
activity in the RasMAPK pathway might be more complex.
First, in Dvosophile melanogasier, in the absence of the
SEVENLESS RTK or Grb2, 530S still localizes to the plasma
membrane, vet Ras signaling is impaired (9, 49). Second, 505
structure-function studies have identified autoinhibitory effects
of the N and C termini {20, 51, 93) and have suggested that
growth factor signaling might be required to relieve these or
other inhibitory mechanisms (14, 70). Third, although their
developmental significance is not vet clear, a number of mod-
ifications/protein-protein interactions have been described that
can alter the activities of either the Rac or Ras GEF domains
of SOS5. For example, Rac GEF activity of the Dbl domain is
autoinhibited through interactions with the PH domain and is
relieved by PI3 kinase signaling (23, 65, 83). Rac GEF activity
also can be stimulated by protein interactions with EpsE and
Abi-1 (80, 81), as well as tyrosine phosphorylation by Abl (82).
Finally, Ras GEF activity is allosterically stimulated through a
positive feedback mechanism imvolving the binding of Ras-
GTP to the REM domain (58). A two-pronged mechanism for
controlling SO5 activity, involving both translocation and sig-
naling-dependent modifications/protein-protein interactions,
would be consistent with emerging data regarding regulation of
other GEFs. In a basal state, the Rho family GEF Vav is
autoinhibited by the insertion of Tyr 174 from the N-terminal
acidic region into the Dbl domain active site (1). This autoin-
hibition can be further compounded by PIP2-dependent inter-
actions between the PH and Dbl domains (39). Signaling lead-
ing to phosphorylation of Tyr 174 and the generation of PIP3
disrupts both inhibitory mechanisms and increases Vav cata-
Iytic activity (1, 22, 25, 38, 39). Similarly, the catalytic activity of
the Ral GEF Ral-GDS is inhibited via its N-terminal REM
domain (77). In this case, signaling resulting in PI3 kinase
activation promotes the association of another protein, DKL,
with the REM domain and relieves this inhibition {91).

We have discovered a novel gain-of-function mutation in the
sos-1 gene that increases EGFR-Ras MAPK pathway output
during C. elegans vulval development. The localization of this
mutation to the Dbl domain (G322R) implies that this domain
normally confers some type of inhibition on EGFR. signaling.
505-1 G322R restores signaling to animals defective in EGF
processing and EGFR. localization and overcomes inhibition
by one class of dominant-negative Ras protein (Table 1).
Given that SO5 possesses both Rac and Ras GEF activities
and that the sy262 mutation lies within the Rac GEF Dbl
domain, it 1s possible that the mutation acts through one or
both of the GTPases. We favor a model in which the predom-
inant effect of the G322R change is on Ras activation. First,
505-1 G32IR does not appear to act through any of the
canonical mechanisms implicated in Rac-dependent MAFPK
activation. Current models involve activation of Pak by Rac
and subsequent phosphorylation of either Raf or Mek. Pak can
directly phosphorylate Raf on 5338 (52), which is an activating
modification, or it can phosphorylate Mek and enhance its
binding to Raf and MAPK (27, 33, 97). C. elegans Raf has an
aspartate residue at the analogous position of 5338, Thus, the
importance of an acidic charge is conserved, but not the use of
protein phosphorylation at this position. Furthermore, our ge-
netic epistasis results indicated that S05-1 G322ZR. acts up-
stream of Mek and Raf and possibly Ras activation {Table 1).
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Second, further genetic analysis indicated that 305-1 G322R is
more sensitive to reductions in Ras than in Rac levels (Table
2). Homozygous null and severe reduction-of-function muta-
tions in two of the three C. elegans Rac genes (rac-2 and
ced-10) had no effect on 505-1 G322R activity, while a null
mutation in the third Rac gene, mig-2, had only a partial effect.
In fact, even a homozygous null mutation inmig-2 coupled with
BEMAi-induced reductions in the other Rac genes still allowed
S05-1 G322R to have 69% of its normal activity. In contrast,
animals heterozygous for a strong reduction-of-function muta-
tion in Ras retained only 29% of 508-1 G322R activity. This
result is even more siriking considering that, by itself, the
heterozygous state of the Ras(rf) mutation does not impair any
known Ras-dependent pathway, while the homozygous state of
the mig-2(nudl} mutation disrupts Q-cell descendant migration
in 85% of animals (98). Finally, by itself, a null mutation in
mig-2 (Rac) has no effect on vulval development (Table 2),
while reduction-of-function mutations in Ras severely impair
vulval development; furthermore, an activated Ras mutant al-
mast fully restores wild-type vulval development to sos-J frudi)
animals (5, 15, 40). These data suggest that Ras is the key
GTPase normally downstream of S085-1 during vulval dewvel-
opment. However, it remains possible that MIG-2 (Rac) par-
tially contributes to the effect of S05-1 G322R through a novel
mechanism or that it functions through an independent path-
way parallel to S05-1 G322R. For example. the Rho family
GEF UNC-T73 (Trio) acts on MIG-2 (Rac) to regulate vulval
cell divisions and cell migrations (53, 85). Furthermore, MIG-2
(Rac) is expressed in cell tvpes other than the VPCs, including
neurons (98), which can indirectly regulate vulval development
(60).

T)he Dbl domain could control Ras MAPK signaling through
several mechanisms. Regulatory proteins could constitutively
bind to the Dbl domain and sterically interfere with CDC25
Ras GEF activity. Alternatively, the Dbl domain could inter-
fere with CDC25 activity through an antoinhibitory mecha-
nism. frgns-acting inhibitors of CDC25 function that bind di-
rectly to 308 have not vet been identified. On the other hand,
an autoinhibitory function of the Dbl domain on CDC25 ac-
tivity has been described (84). X-ray crystallographic and bio-
chemical studies indicate that activated Ras {Ras-GTP) can
bind to the SO5 REM domain and allosterically stimulate the
Ras GEF activity of the CDC25 domain (31, 58). However, the
S05 crystal structure indicates that accessibility of Ras-GTP to
the allosteric site is restricted by the H2b helix of the Dbl
domain (84) (Fig. 3A). Specific substitution mutations in the
H2b helix at the interface with the REM domain can relieve
some of this inhibition (84). A triple mutant of E268A/M2694/

2T1A has little effect on basal CDC25 activity but increases
the sensitivity to Ras-GTP activation by 20-fold. We used a
BLAST alignment between the human and C. elegans 303
proteins, along with SWISS-MODEL, to generate a three-
dimensional model of C. efegans SOS-1 (Fig. 3B and C). In this
model, it appears that the key structural determinants for au-
toinhibition by the Dbl domain and allosteric stimulation by
Ras-GTP are conserved between the two proteins. Our sp262
G322R. mutation maps to the H3 helix of the Dbl domain,
which lies near the H2b inhibitory helix. In the crystal structure
of hSOS51 and our C. elegans S05-1 model, multiple hydropho-
bic/bulky side chains in H2b face the surface of H3 (Fig. 3).
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These side chains are effectively accommodated by G322 and
C282 in the worm and human proteins, respectively. The
G322R change may prevent H2b from acquiring the correct
geometry necessary for blocking the allosteric Ras-GTP site in
the REM domain. In fact, consistent with this model, we find
that a C282R change in hSO51 also generates an activated
mutant with properties similar to those of the C. elegans 505-1
G322R. hS051 C282R does not display an obvious increase in
basal activity but can enhance EGF-dependent MAPK activa-
tion (Fig. 4). Thus, if our model is correct, the sy262 mutation
would provide strong support for the in vivo existence of the
allosteric stimulatory/autoinhibitory functions of the REM and
Dbl domains and would demonstrate their critical roles in
regulating EGFR-Ras-MAPK signaling during development.

A central question, however, remains regarding the role of
EGFR signaling in regulating SOS activity and Fas activation.
Although the sv262 G322R mutation weakly increases basal
activity (Table 4), mutant 505-1 is still largely dependent on
EGFR signaling for pathway activity (Table 3). This depen-
dence could reflect the requirement for phosphorylated recep-
tors to translocate Grb2-S05-1 complexes to Ras at the plasma
membrane. However, it is also tempting to speculate that
505-1 itself is modified by activated receptors and that this
modification is necessary for its full activity. 508 is phosphor-
ylated immediately following EGFR activation (76). and it has
recently been reported that allosteric stimulation of 3OS by
Ras-GTP requires growth factor signaling, unless SOS is trun-
cated at the N and C termini (12). One interpretation of these
results is that receptor signaling is necessary to relieve autoin-
hibition by the Dbl domain and to allow positive feedback by
Ras-GTP. Such feedback may ultimately be necessary to sus-
tain sufficient levels of MAPK activity to drive specific cell fate
changes, as seen during vulval development. Thus, the G322
change may bypass the requirement for receptor signaling to
allow positive feedback by Ras-GTP but not bypass the re-
quirement for activated receptors to translocate SOS to Ras at
the plasma membrane. Alternatively, the G322R change may
only partially increase the accessibility of the allosteric site to
Ras-GTP. Thus. a subthreshold amount of EGFR signaling
might still be required to cooperate with the G322R change to
fully allow positive feedback regulation by Ras-GTP.

One unexpected result is that the sos-I{sy262) mutation can
suppress one class of dominant-negative Ras mutation, but not
another (Table 1). $05-1 G322R can overcome inhibition con-
ferred by a heterozygous Ras 589F mutation, but not a het-
erozygous Ras G10R or G15D mutation. S05-1 G322R also
can weakly improve signaling in Ras 589F homozygotes. Ras
389F homozvgotes are normally inviable. However, we could
recover hermaphrodites homozygous for both the Ras S89F
and S50S5-1 G322R. mutations, and starting with 25 hermaph-
rodites, we could maintain this population for an additional 2
generations before they died. Thus, consistent with an overex-
pression analysis of the different classes of dominant-negative
Ras mutants {42), we found that the S89F mutant retained
some biologic activity and could be regulated by SOS-1.

All nine of the dominant-negative Ras mutations isolated in
C. elegans affect residues conserved in human Ras proteins
{42). The G10R. and G15D changes occur in the phosphate-
binding P loop. P-loop mutations, such as those affecting G15,
severely impair nucleotide and effector binding while increas-
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FIG. 5. Crystal structure of human H-Ras complexed with the GTP
analogue GppMp (66). The phosphate-binding P loop is highlighted in
green. The pesitions of residues that when mutated give rise to two
classes of dommnant-negative Ras proteins are mdicated (G135, red;

S84, yellow).

ing the affinity for GEFs (18, 46, 63, 68). This class of domi-
nant-negative mutant likely acts by sequestering a limiting
amount of GEF into a nonproductive signaling complex. 589 is
in helix 3 and does not appear to make contact with nucleo-
tides or 505 (10, 66), although an S89F change may affect the
positioning of the P loop (Fig. 5). 589F mayv be a weaker class
of dominant-negative mutant due to a weaker perturbation in
nucleotide binding and a weaker increased interaction with
S05. As tempting as this model is, it cannot be entirely com-
plete or correct. sir-5 reduction-of-function mutations were
isolated as suppressors of a dominant-negative K16N P-loop
mutation in Ras (35). sur-5 mutations also suppress other P-
loop mutations, but not an S89F mutation. If Ras S89F acted
as a dominant negative through the same mechanism as the
P-loop mutants, it should also be suppressible by loss of
SUR-5, since it is a weaker mutant. These resulis have led to
the proposal that P-loop mutants and the S89F mutant act
through different mechanisms (35). One possibility is that
there is a second Ras GEF that is selectively inhibited by
SUR-5 and, under some conditions, may be able to feed into
the Ras pathway (35) (Fig 6). This notion is supported by
evidence that an activated G13E Ras mutant still exhibits
EGF-dependent activity in the complete absence of SO5-1 and
that the C. elegans genome predicts the existence of at least five
other Ras GEFs (15). In one model (Fig. 6, model 1), strong
inactivation of S05-1 by dominant-negative Ras P-loop mu-
tants allows the second Ras GEF to be wired into the Ras
pathway. Thus, this class of mutation would be suppressible by
a sur-5 mutation, but not by the sos-Iisy262) mutation. In
contrast, an S89F Ras mutant may only partially inactivate
S05-1 and not allow the second Ras GEF to wire into the Ras
pathway. Thus, this class of mutation would be suppressible by
the sas-{{sy262) mutation, but not by a sur-5 mutation. Alter-
natively (Fig. 6, model 2), the second Ras GEF may be con-
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FIG. 6. Models for Ras GEF regulation by dominant-negative Ras
mutants in . elegams VPCs. A second Ras GEF [RasGEP] functions
in parallel to S5, It may be constitutively wired into the Ras pathway,
orit may feed in only when 505 is inactivated. RasGEF? is selectively
nhibited by SUR-5. P-loop dcumnant-ncgat:w Ras mutants, such as
G150y, st.rong,l} inactivate 505, In model 1, inactivation crf 508 by
P- loop mutants pcrmlts RasGEF2 to function in the Ras pﬂthwﬂ)
Further inactivation of SUR-3 allows RasGEF2 to promote even more
Ras activation. S89F dominant-negative Ras mutants only partially
mactivate S08 and fail to allow RasGEFL to feed into the Ras path-
way. Therefore, loss of SUR-5 in an S30F mutant background does not
enhance Ras activation. In model 2, RasGEFL is constitutively wired
mto the Ras pathwﬂ\r and S80F dommam -negative Ras mutants se-
lectively inactivate BasGEF2. Thus, in an SBOF background, loss of
SUR-S still fails to promote Ras activation.

stitutively wired into the Ras pathway but selectively targeted
by the S80F Ras mutant. In this case, the S89F mutation would
still be suppressible by the sos-1(5y262) mutation, but not by a
sur-3 mutation. Selective effects of different dominant-negative
Ras mutants on different GEFs may be a general property of
Ras proteins. In Seccharomyces cerevisiae, a P-loop dominant-
negative RASZ mutant acts exclusively through a CDC25-de-
pendent mechanism, while a D64Y (D57Y in human H-Ras)
mutant can act independently of CDC25 (46).

Although the requirement for the S05 CDC25 domain in
regulating RTK-mediated Ras signaling in vivo is well estab-
lished (9, 15, 69, 75, 92}, it 1s less clear to what extent and how
the Dbl domain might regulate development. In fact, the first
genetic role for the 505 Dbl domain has just recently been
reported. In Dvasophila melanogaster, Rac GEF activity from
the Dbl domain, but not Ras GEF activity from the CDC25
domain, is necessary for ROBO-mediated axon guidance (32,
05). Our genetic data indicate that the SOS Dbl domain per-
forms an additional critical function during development. It
inhibits RTK-Ras-MAPK signaling. This form of inhibition is
extremely significant. It is of the same magnitude as estab-
lished wrams-acting inhibitors, such as ¢-Chl, RasGAP, and
MAPK phosphatase (Table 5). Furthermore, although the
worms appeared to be able to cope with the single loss of
Dbl-conferred inhibition (through the sp262 mutation), they
were on the threshold of having abnormal development. In the
further absence of RasGAP, which would also decrease Ras
GTPase activity, vulval development was no longer normal, as
257 of the double-mutant animals displaved ectopic vulvae
{Table 5). These results highlight the developmental impor-
tance of the Dbl domain in properly balancing Ras GEF and
GAP activities in order to achieve proper signaling intensity.

The identification of a single missense mutation in the
505-1 Dbl domain that can significantly alter development in
sensitized backgrounds suggests that functionally similar mu-
tations in hS031 may contribute to Ras-dependent malignan-
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cies. In fact, we found that a C282R mutation in hSOS1, which
is analogous to the activating G322R change in C. elegans
5051, also created a gain-of-function protein (Fig. 4). More-
over, while this work was in revision, it was reported that
activating mutations in hS0S1 occur in patients with Noonan
syndrome (73, 90). Approximately 50% of MNoonan patients
carry activating mutations in PTPN11, a positive regulator of
Ras signaling (88), and a few other patients carry novel, weakly
activating mutations in K-Ras (78). Aside from the develop-
mental abnormalities associated with Noonan syndrome, pa-
tients are predisposed to develop juvenile leukemias and my-
eloproliferative disorders commonly associated with mutations
in the Ras pathway (55). Noonan-associated S0O51 mutations
occur throughout the gene, affecting the histone fold region,
the Dbl domain, the PH domain, the REM domain, the
CDC25 domain, and the helical linker between the PH and
REM domains (73, 90). Our work agrees with the general
conclusions of these studies, namely, that disruption of auto-
inhibition on the allosteric site promotes Ras activation in vivo.
However, not all of the human mutations may act equivalently.
Some mutations affecting the Dbl domain, the CDC25 domain,
and the helical linker between the PH and REM domains
enhance EGF-dependent Ras and MAPK activation, which is
consistent with our genetic and biochemical studies with the
G322R and C282R mutations (73). Interestingly, one of these
mutations, M269R, lies in the H2b helix of the Dbl domain,
which directly interacts with the Ras-GTP allosteric site (84).
In vitro studies predicted that a mutation at M269 would dis-
rupt this interaction and enhance Ras and MAPK activation in
vivo (84). In contrast, a human W729L mutation in the REM
domain, which directly affects a residue that mediates binding
of Ras-GTP at the allosteric site, appears to act by increasing
basal activity toward Ras while having little effect on MAPK
activation (90). If the general model from all of these studies is
correct, our data provide direct support for the cauvsal link
between the human mutations in 5051 and the associated
developmental syndrome. The contributions of activating mu-
tations in the Ras pathway to human cancer have long been
appreciated (11). However, the strong activated nature of the
classic G12 mutations did not overtly predict the potential
coniributions of weaker mutations that more subtly alter Ras
signaling intensity to cancer and developmental syndromes (6,
24, 26, 64, 74, 78, 89). Our work and the recent discoveries of
nowvel classes of activating mutations in components of the Ras
pathway in human disease highlight the complexity with which
perturbations in a single signaling pathway can lead to diverse
types of human disease.
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APPENDIX B

COORDINATION OF GLUCOSE AND GLUTAMINE UTILIZATION

BY AN EXPANDED MYC NETWORK

Appendix B is a perspective/mini review published in Transcription in August
2010 (Transcription 2010; 1:36-40). It is reprinted here with permission from the
publisher and the authors. It primarily discusses subjects addressed in Chapter 1, but
further expands the discourse on Myc regulation of glucose and glutamine metabolism in
cancer. Marc G. Elgort contributed sections discussing Myc regulation of glycolytic

targets and glutaminolysis.



113

Transcription 1:1, 36-40; July/August 2010;

2010 Landes Bioscience

Coordination of glucose and glutamine utilization
by an expanded Myc network

Mohan R. Kaadige, Marc G. Elgort and Donald E. Ayer*
Huntsman Cancer Institute; Deparcment of Oncological Sciences; University of Utah; Sale Lake Cicy, UT USA

Key words: glucose, glutamine, nutrient,
mitochondria, MondoA, Myc, TXIMNIP

Submitted: 03/31/10
Accepted: 04/21/10

Previously published online:
hrepef fwww.landesbioscience.com fjour-
nals/transcription/arricle/1 2142

*orespordance to: Donald E. Ayer;
Emall: don.ayer@hclutah.edu

36

lucose and glutamine are the most

abundant circulating nutrients and
support the growth and proliferation of
all cells, in particular rapidly growing
and dividing cancer cells. Several recent
studies implicate an expanded Myc net-
work in how cells sense and utilize both
glucose and glutamine. These studies
reveal an unappreciated coordination
between glycolysis and glutaminolysis,
potentially providing new targets for
therapeutic intervention in cancer.

An Expanded Myc Network

Classically, the Myc oncogene, a member
of the basic helix-loop-helix leucine zipper
(bHLHZip) family of transcription fac-
tors, contributes to human malignancy
via a complex web of protein-protein and
protein-DNA interactions. In che simplest
version of this regulatory model, Myc
forms heterodimers with Max, another
bHLHZip factor, to bind CACGTG or
related E-box sites in the promoters of
pro-growth and division targets, activat-
ing, their expression (Fig. 1A).! Activation
of these Pol IT targets is achieved via the
recruitment of different chromatin modi-
fring activities. Myc is a potent oncogene,
vet with direct rargets in the thousands,
identifying which targets are absolutely
required for its oncogenic funcrion is a
significant challenge. Myc's function in
transcriptional repression at some targets,’
its direct participation in Pol I- and Pol
I1I-dependent transcription,® its role in
global chromarin structure,® and poten-
tial Max-independent functions further
complicate elucidation of Myc-dependent
etfector pathways.?

Transcription

The pro-growth activity of Myc:Max
complexes, is generally thought to be held
in checle by the relared, but transcription-
ally repressive Mxd (formery Mad):Max
or Mnt:Max complexes (Fig. 1A)" These
repressive Max-containing complexes are
thought, but not rigorously tested, to bind
similar rargets of Myc:Max complexes and
repress their transcription by recruitment
of histone deacetrylase-containing core-
pressor complexes. Two additional bHL-
HZip proteins, MondoA and ChREBRS®
provide the foundation of a parallel Myc
network and present a new challenge to
understanding the functional ourpur of
the nerwork. In comparison to the wealth
of information available for Myc, our
understanding of MondoA and ChREBP
and potential cooperative interactions
with the Myc nerwork is sparse. Recent
papers suggest that one area of functional
integration between Myc and MondoA/
ChREEP is in sensing and adapration to
the growth-essential nutrients glucose and
elutamine.

MondoA and ChREBP are both mem-
bers of the BHLHZip family. Each is
roughly 1,000 amino acids in length and
about twice the size of Myc. Like Myc
family members, the bBHLHZip domain
of MondoA and ChREBP is located close
to their C-termini and their transcrip-
rional activation domain (TAD) is located
in the MN-terminal half of each protein.*
N-terminal to the TAD, each protein has
five blocks of highly conserved sequence
we have termed the Monde Conserved
Regions (MCRs) thar play crirical roles
in controlling subcellular localization
and transcriptional activity. MondoA and
ChREBP both interact with a Max-like
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Figure 1. MondoA and ChREBF constitute a nutrient-sensing branch of an expanded Myc-network. (A) Our model of an extand Myc-network (see text
for detailsk (B) MondoA functions as a sensor of intracellular glucose flux. Key aspects of our model include the mitochondrial-to-nuclear accumula-
tion of Mondod:Mix complexes in response to glucose-s-phosphate (GEP), the additional requirement of GEP for promaotar occupancy and co-acti-
vator recruitment and MondoA:MIx regulation of direct targets such as TXNIP and ARRDC4. The role of TXNIP and ARRDC4 as negative regulators of
glucose uptake suggests that one key feature of MondoA:Mbc's ability to sense G6P is to restrict glucose uptake by a negative feadback loop.

bHLHZip protein called Mlx {Max-like
protein x), to bind E-box-related sites
in target genes (Fig. 1A). At present,
our knowledge of direcr targets for
MondeA:Mlx and ChREBP:Mlx is lim-
ited and no genome-wide binding studies
have been published. However, based on
their similar binding to E-box elements,
one can predict that Mlx-containing com-
plexes will share some genomic binding
sites with Max-containing complexes.
Furthermore, Mlx interacts with both
Mxdl and Mxdd, suggesting potential
cross talk between Max- and Mbecentered
nerworks (Fig. 1A).*

Whereas Myc, Max and Mad are con-
stitutively nuclear, a distinguishing fea-
ture of MondoA and ChREBP is that they
are held latently in the cytoplasm.™® Both
proteins accumulate in the nucleus follow-
ing elevations in glucose metabolism. In
the case of MondoA, the MondoA:Mlx
complex enters the nucleus by sensing
the glycolytic intermediate glucose-6-
phosphate (G6P);" we have proposed that
G6P regulates MondoA:Mlx  localiza-
tion allosterically (Fig. 1B).'® In contrast,
nuclear accumulation of ChRREBP appears
o be triggered by the pentose phosphate
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pathway intermediate, xylulose-5-phos-
phate (2{5P); X5 is proposed to activate
the phosphatase PP2A, which remowves
inhibitory phosphates in the nuclear local-
ization sequence and adjacent to the DINA
binding domain of ChREBP® MNuclear
accumulation is net sufficient for tran-
scriptional activation by either MondoA
or ChREBP;""" thus, other mechanisms
must be involved in promoter occupancy
and/or co-activator recruitment. At pres-
ent these mechanisms are poorly charac-
terized, so further worl is necessary in this
area.

Consistent with their roles as glucose
sensors, MondoA and ChREBP are most
highly expressed in the skeletal muscle and
liver,® respectively, which are central regu-
lators of glucose homeostasis. Importantly,
MondoA and ChREBP are likely respon-
sible for the majority of glucose-dependent
transcription in their respective target
tissues™? While most highly expressed
in post-mitotic tissues, MondoA and
ChREBP are also expressed in a variety of
cell lines and in a number of proliferative
cell types, sugpesting important roles in
controlling glucose sensing and utilization
during cell growth and proliteration.

Transcription

Glucose and Glutamine Utllizatlon
In Cancer Cells

Rapid proliferation of cancer cells relies on
growth factor signaling and the availabil-
ity of the abundant nutrients glucose and
glutamine Depending on cell context,
Myc overexpression can drive addiction to
either glucose or gluramine such thar their
removal from the culture medium triggers
apoptosis.’** Cancer cells shift glucose
metabolism away from oxidative phos-
phorylation (OXPHOS) towards aerobic
olycolysis, which is known as the Warburg
effect. This metabolic transition is pro-
moted by encogenes such as Myc, hypoxia
inducible factor {HIF), activated Ras and
PI3K. Further, mumor suppressors such as
p53 and PTEN can suppress this transi-
tion. In aerobic glycolysis, the majority
of the glucose-derived pyruvate is con-
wverted to lacrate and secreted by the cell
rather than entering the TCA cycle and
O PHOS for ATP production. OXPHOS
is much more efficient at ATP production
than aerobic glycolysis: 36 ATDs versus
two ATPs from each molecule of glucose,
respectively. However, fux through gly-
colysis is higher than through OXPHOS

T
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Figure 2. Myc and MondoA integrate cell growth signals. Myc can regulate glycolysis, glutaminolysis and mitochondrial activity, contributing to a
functional TCA cycle. MondoA reads out TCA function, controlling glucose uptake through its regulation of TXNIP (see text for details).

and, as long as glucose is not limiting, gly-
colysis can produce sufficient ATP to sup-
port high proliferation rates.

The pyruvate that enters the TCA is
used for the synthesis of other growth-sup-
porting macromolecules, especially lipids
required for membrane biosynthesis.'* To
support lipid synchesis, citrate, which is
produced from pyruvate, is effluxed from
mitochondria essentially short circuiting
the TCA cycle (Fig. 2). Recent studies
indicate this truncated TCA cycle can
be refilled via gluraminolysis.” In gluta-
minolysis, glutamine enters cells through
the transporters SLC3BAS and SLCLAS
and is metabolized to gluramate by glu-
taminase. Glutamate is metabolized to

2

alpha-ketoglutarate (o-KG) by gluta-
mate dehydrogenase, which localizes to
the mitechondria. o-KG refills the TCA
cycle in a process termed anapleurosis.
Glutamine-derived carbons are primar-
ily used ro supply oxaloacetate, a precur-
sor for fatcy acid and lipid synthesis and
MNADPH; NADPH is used to support
both lipid and nuclectide synthesis.””
Thus, cancer cells must coordinate gly-
colytic and glutaminolytic fluxes ro sat
isty both bivenergetic and biosyntheric
requirernents. Below we discuss how Myc
and Mondo families regulate metabolic
gene expression and speculate on the out-
come of cooperative regulation by these
two families.

Transcription

The Myc Network and Its
Regulatlon of Aeroblc Glycolysls

It has long been appreciated that the Myc
oncogene plays a central role in the activa-
tion of asrobic glycolysis. Consistent with
Myc’s role in driving glucose consumprtion
and lacrate production, it directly activares
transcription of virually every glycolytic
enzyme gene including the rate-limiting
enzymes hexokinase II (HEKII) and lac-
tate dehydrogenase-A (LDH-A), and the
olucose transporter GLUT-1 (Fig. 1B)."®
MondoA and ChREBP also regulate gly-
colytic targers;'™* yet their impact on aer-
obic glycolysis is not stmightforward. For
example, ChREBP loss slows proliferation
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and reduces lactate levels and glucose
uptake, suggesting thar it can drive aero-
bic glycolysis.* By contrast, MondoA loss
in some contexts stimulates growth and
glucose uprake, likely via the loss of thi-
oredoxin interacting protein (TXNIP)
expression (see below),” whereas in other
contexts MondoA loss reduces glyco-
lysis.”® Further complicating the regula-
tion of aerobic glycolysis is the potential
co-dependence of Myc and MondoAf
ChREBP at some targers. For example,
Myc and ChREEBP are both required for
the direct and plucose-dependent activa-
tion of liver-type pyruvate kinase (Plklr)
cranscription.® Thus, whereas it is well
established that Myc can drive aerobic gly-
colysis, ChREBP and MondoA likely also
play important roles in the partitioning
of carbon flux necessary for cell growth
and division, yer many of the mechanistic
details are still missing.

Myc and Glutaminolysls

In transformed cells engaged in aerobic
glycolysis, a dependence on mitochon-
drial function for biosynthetic reac-
tions still exists. Myc has been shown
to increase mitochondrial biogenesis
and function via regulation of nuclearly
encoded mitochondrial proteins and
the mitochondrial transcription factor
TEAM (Fig. 2).7 These data support
the hypothesis that Myc also drives pro-
liferation by maintaining mitochondrial
funcrion. Myc has also recently been
shown to increase both the transport
and catabolism of glutamine in trans-
formed cells via the direct transcriptional
regulation of the glutamine transporters
SLC38A5 and SCL1AS.* Myc can also
increase the expression of glutaminase
by two mechanisms. One study showed
that Myc increases glutaminase mRMNA %
while a second study showed thar Myc
transcriptional repression of miR-23a/b,
derepressed glutaminase expression and
subsequently elevated glutamine metabo-
lism (Fig. 2).** Thus, in addition to its
well-established role in driving aerobic
glycolysis, Myc can also regulate mito-
chondrial function directly by regulating
biogenesis and more indirecily by regu-
lating glutaminolysis. While not formally

wiwwlandesbiosciencecom

tested, Myc-dependent glutaminolysis
likely drives mitochondrial anapleuro-
sis to support the biosynthetic reactions
required to support high division rates.

MondoA Is a Glucose Sensor

One well-characterized direct and glu-
cose-induced MondoA  transcriptional
target is THINIP? TXNIP appears to be a
general sensor of cellular stress.® In cases
of extreme stress, e.g, exposure of pan-
creatic f-cells to hyperglycemia, THNIP
triggers apoptosis.®* Our studies indicate
that MondoA is a critical regulator of
hyperglycemia-induced TXMNIP expres-
sion in a number of cell lines. In response
to  hyperglycemic growth conditions,
MondoA:Mlx complexes accumulate in
the nucleus, occupy the carbohydrate
response elements (ChoREs) in the
TXMNIP promoter, and activate TXNIP
expression (Fig. 1B)® How elevated
G6P triggers the nuclear accumulation
of MondoA:Mlx complexes remains to
be elucidated; however, our data sug-
gests an allosteric model where GaP
binds MondoA directly to block nuclear
export, promote promotel ©cCUpancy,
and stimulate co-activator recruitment.'®
Hyperglycemic induction of TXNIP
enforces a potent negative feedback cir-
cuit restricting glucose uptake and cell
growth. Coupled with the finding that
TXNIP loss is sufficient to induce aero-
bic glycolysis, it is not surprising that
many umor tissues and umor cells lines
show reduced expression of TXNIP.* By
contrast, high TXNIP expression seems
to portend berter outcome in gastric
and breast cancers.®*?* We propose that
the MondoA-TXNIP regulatory axis is
an important feature of how cells sense
and respond to glucose, controlling cell
growth by modularing levels of intracellu-
lar glucose available for ATP production
and biosynthetic reactions.

MondoA Senses TCA Functlon

Our recent studies revealed a mechanism
that coordinates glycolysis and glu-
taminolysis. In cells in medium with
only glucose—cells do not divide under

these conditions—MondoA is a potent

Transcription
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activator of TXNIP expression, which
restricts glucose uptake and cell growth.*
As expected, addition of gluramine to
glucose-only medium stimulates growth;
but, surprisingly, plutamine represses
MondoA-dependent TXMNIPF expression
and stimulates glucose uprake. Thus,
clutamine effecrively represses glucose-
induced and MondoA-dependent tran-
scriptional activation of TXNIP. The
mechanistic details of gluramine-depen-
dent repression are not yet understood;
however, it is clear that glutamine targets
promoter-bound MondoA ™ It is pos-
sible that glutamine triggers displace-
ment or recruitment of co-activators and
co-repressors  (Fig. 2), respectively, or
induces modifications to promoter-bound
MondoA complexes.

Glutamine has several cellular fates, vet
we observed thar cell permeable analops of
a-KG completely phenocopy the glura-
mine-dependent repression of TXNIP*
Given that e-KG refills the TCA cycle,
we proposed that MondeA functions as a
transcriptional repressor of TXINIP down-
stream of a functional TCA cycle. How
TCA-derived signals converr MondoA
from a transcriptional activator to a tran-
scriptional repressor is not known, bur the
localization of MondoA:Mlx complexes to
the outer mitochondrial membrane places
them at a privileged location to sense TCA
cycle funcrion” The nature of the TCA-
derived signal and how it is rransmicted
to the TXNIP promoter remains to be
addressed experimentally.

Our study suggests a novel funcrion
for MondoA in coordinating glycolysis
and glutaminelysis via its regulation of
TXWNIP. We propose that this coordi-
nation represents a metabolic growth
checkpoint, restricting cell growth, via a
TXMIP-dependent blockade of glucose
uptake, when sub-threshold levels of glu-
cose and glutamine are available. At higher
clutamine concentrations, ie., growth
permissive conditions, TXINIP expression
is repressed, glucose uptalee is stimulared,
and cellular metabolic programs are acri-
vated. A final implication of our study is
that glutaminelysis, via TCA anapleuro-
sis and MondoA-dependent repression of
THMIP, acrually functions upstream of
glucose uptake and glycolysis.

39
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Do Myc and MondoA
Coordinately Regulate Glucose
Uptake In Transformed Cells?

Myc overexpression drives glutamine
addicrion via the regulation of glutamine
transporters and gluraminase. While not
ver formally tested, it seems likely that
Myc-dependent glutaminolysis drives TCA
anapleurosis, which we have shown con-
verts MondoA to a ranscriprional repres-
sor at TXNIE Reducing THNIP levels is
sufficient to stimulate glucose uprake and
THMIP deletion is sufficient to drive aero-
bic glycolysis.” Based on thess observa-
tions, we propose that, in Myc-dependent
tumor cells, high glutamine-derived TCA
intermediates increase the relative tran-
scriptional repression activity of MondoA
at the TXINIP promoter, reducing TXINIP
levels and elevating glucose uprale. Thus,
in addition to its well-established role in
direct regulation of target genes encod-
ing glycolytic enzymes and glycolysis,
we propose that Myc may also stimulare
glucose uptake by this second gluramin-
olysis-dependent  mechanism. Because
Myc-overexpressing cells can be addicred
to glutamine,” we wonder whether glu-
tamine withdrawal in these cells may
induce TXNIP restrict glucose uprake,
and drive cell death by this more indirect
mechanism rather than by restriction of
glutamine merabolism per se.

Summary

While Mycs role in driving aerobic
glycolysis has been known for several years,
only recently has its role in driving mito-
chondrial biogenesis and glutaminolysis
been demonstrated. These findings place
Myc as a central regularor of intermedi-
ary metabolism required to support the
high energy and biosynthetic demands of
rapidly dividing tumor cells. By contrast,
the functions of MondoA in controlling
intermediary metabolism are only now
emerging, Its role as a potent negative reg-
ulator of glucose uptake via its regulation
of TXNIP, suggests that in some contexts
MondoA may antagonize Myc func-
tion by restricting nutrient availabilicy.
By contrast, MondoA can also function
as a rranscriprional repressor of TXINIP
promoting glucose uptake downstream

40

of glutaminolysis and a functional TCA
cycle. Thus, in other contexts, MondoA
may cooperate with Myc to coordinate
elycolysis, glutaminolysis and cell growh.
We suggest that determining the com-
plex regulatory interactions between this
extended Myc network will provide new
insight into cancer cell metabolism and
new opportunities for the development of
cancer therapeurics.
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