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ABSTRACT OF THE DISSERTATION

Characterization of Rheb Signaling in Cancer and Disease

by

Jeffrey James Heard
Doctor of Philosophy in Microbiology, Immunology, and Molecular Genetics
University of California, Los Angeles, 2017

Professor Fuyuhiko Tamanoi, Chair

Ras homolog enriched in brain (RHEB) is a member of the Ras superfamily of small
GTPases that are responsible for the activation of numerous diverse cellular pathways in the cell.
Rheb directly activates mTORC1, a crucial signaling pathway that stimulates protein synthesis
and cell proliferation. Aberrant Rheb/mTORC1 signaling has been linked to many diseases
including cancer. Unfortunately, mTORC1 inhibitors often display only partial antitumor activity,
with tumor regrowth upon discontinuation of the drugs. Some reports suggest Rheb may have
mTORC1-indpendent functions, but studies to identify additional Rheb effector proteins are
lacking.

The aim of this dissertation is to identify new effector proteins of Rheb, and characterize
the signaling pathways affected by Rheb interaction with these proteins. To accomplish this, |
employ various biochemical techniques. The main approach in identifying new effector proteins
is to look for proteins that do not interact with Rheb effector domain mutants, show similar co-
localization with Rheb, and whose function is altered upon Rheb interaction.

In this dissertation | present results identifying four different effector proteins of Rheb, and

explore the biological relevance of these interactions. First | confirm Rheb interaction with mTOR



and TSC. Second, | show a novel interaction between Rheb and CAD, the protein responsible for
carrying out the first three enzymatic steps in de novo pyrimidine biosynthesis. In this section |
present results demonstrating Rheb stimulates pyrimidine biosynthesis through CAD. Third, |
show Rheb interaction with AMPK, a kinase complex that shuts down cell growth and proliferation.
Fourth, | show RHEB interaction with BRAF that results in the inhibition of the MAPK pathway. In
this section | identify a RHEB mutation from cancer genome database analysis, and demonstrate
its ability to transform normal cells into cancer cells through stimulation of the RAF/MEK/ERK
signaling pathway.

In conclusion, this dissertation identifies new effector proteins of Rheb and significantly

expands our current knowledge of Rheb signaling.
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CHAPTER 1:

BACKGROUND



Ras homolog enriched in brain (Rheb)

Ras homolog enriched in brain (Rheb) was first discovered as a gene induced by
increased synaptic activity in neuronal cells and after seizures in the hippocampus [1]. Although
originally identified as being enriched in brain tissue, it has since been shown to have a ubiquitous
expression profile across all mammalian tissues [2]. Rheb shares strong homology with the Ras
superfamily of small GTPases. These proteins act as molecular switches in the cell, alternating
between GTP-bound (‘on”) and GDP-bound (“off”’) states in response to environmental signals
(Figure 1.1).

Rheb is highly conserved in eukaryotes from yeast to human, although it is not found in
plants. Lower eukaryotes from yeast to Drosophila contain only one Rheb gene, however,
mammalian cells contain two different Rheb genes, Rheb1 and Rheb2 (RhebL1). They share 50%
amino acid similarity, but their tissue expression profiles appear different. Rheb1 is expressed
ubiquitously while Rheb2 expression is more limited to the brain [3]. To date, most studies have
looked at Rheb1. While similar functions are suggested, lack of Rheb2 characterization

diminishes our knowledge of any potential differences between Rheb1 and Rheb?2.



Figure 1.1: Rheb Acts as a Molecular Switch
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Rheb is a member of the Ras superfamily of small GTPases. They are termed “molecular

switches” in the cell because they switch between GTP-bound “on” state and GDP-bound “off”

state. When GTP-bound “on”, they activate downstream effectors.



Structure of Rheb

RHEB is a 184 amino acid, 21kDa protein. The N-terminal 169 amino acids make up the
GTPase domain. This region contains five G-boxes, nucleotide sequences that interact with
guanine nucleotides (Figure 1.2). This region also contains two switch regions (Switch | and
Switch Il), surface loops that undergo significant conformational changes between GDP and GTP
bound states. These shifts in conformation control the affinity of RHEB towards effector proteins.
The Rheb effector domain lies within the Switch | region, and is the site where Rheb interacts with
its downstream proteins. The 15 remaining C-terminal residues make up a highly variable region
ending in a -CAAX domain (where C is cysteine, A is amphipathic amino acid, and X is any amino
acid). Post-translational modification of this CAAX domain is required for proper RHEB
localization in cells, as discussed in later sections.

Despite strong similarities in amino acid sequence, Rheb has low intrinsic GTPase activity
compared with Ras, and exists at predominantly higher GTP-bound levels [4]. The crystal
structures of Rheb bound GTP and bound GDP reveal several important differences between
Rheb and other small GTPases [5]. The important difference in both amino acid sequence, and
structure, involves the switch Il region. The switch Il region of Rheb is in an unraveled
conformation rather than the usual a-helical conformation of Ras, and the structure undergoes
little change between GTP bound and GDP bound states. In addition, there are major differences
between Rheb and Ras in the orientation of two highly conserved amino acids. A conserved
glutamine residue (GIn64 in Rheb and GIn61 in Ras) participates in GTP hydrolysis in Ras,
however this residue is buried in a hydrophobic core in Rheb. This prevents glutamine interaction
with either GTP or the catalytic active site. Another unique element to Rheb, is that a conserved
tyrosine residue (Tyr35 in Rheb, Tyr32 in Ras) blocks access to the GTP from a possible GAP
(GTPase-Activating Protein) arginine finger [6]. These two structural elements provide possible
explanations for why Rheb has low intrinsic GTPase activity and has higher GTP bound levels in

the cell to compare other small GTPases.



Figure 1.2: RHEB Structure
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(Left) The crystal structure of RHEB bound GTP (blue) is structurally aligned with RHEB bound
GDP (gray). The location of GTP (red) is shown in the guanine nucleotide binding pocket of Rheb
crystal structure. (Right) Amino acid sequences from RHEB1 (184 AA) and RHEB2 (183 AA) are
aligned, with highly conserved regions highlighted (G-boxes in blue, effector domain in gray, and
CAAX box in yellow). Arrows point to the effector domain (E) on the crystal structure and on the

amino acid sequences.



Rheb activates the mTORC1 signaling pathway

Rheb stimulates cell growth and proliferation through direct activation of the mechanistic
target of the rapamycin complex 1 (mTORC1) signaling pathway (Figure 1.3) [7], [8]. mTORC1 is
a protein complex consisting of the serine/threonine kinase target of rapamycin (mTOR),
regulatory-associated protein of mTOR (RAPTOR), mammalian lethal with SEC12 protein 8
(MLST8), proline-rich AKT1 Substrate 1 (PRAS40) and DEP domain-containing mTOR-
interacting protein (DEPTOR). mTORCH1 is activated through insulin binding its receptor at the
cell surface, resulting in activation of PI3K and subsequent activation of AKT. AKT phosphorylates
and inhibits the GTPase-Activating Protein (GAP) for Rheb (see TSC section below), thus keeping
Rheb GTP-bound and activating mTORC1. mTORC1 then phosphorylates several downstream
targets, most notably pS6K and 4E-BP1, resulting in an increase in protein synthesis and
progression of the cell cycle [9]. This pathway is one of the most important pathways for increasing

cell proliferation in response to increased growth factors, and has been linked to many diseases.

Tuberous sclerosis complex (TSC) is the GAP protein for Rheb

Rheb has relatively low intrinsic GTPase activity, and therefor requires the help of a
GTPase-Activating Protein (GAP) to switch from a GTP to GDP bound state. The GAP for Rheb
was identified as the tuberous sclerosis complex (TSC) [10], [11]. TSC is a trimeric protein
consisting of the proteins TSC1, TSC2 and TBC1D7. TSC is named after the disease tuberous
sclerosis, which arises from inactivating mutations in TSC7 or TSC2 genes and resulting in high
Rheb-GTP levels and over-activation of mTORC1 [12]. TSC is controlled by several upstream
kinases in response to nutrient levels in the cell. Growth factors activate AKT, which in turn
phosphorylates and inhibits TSC. In contrast, low energy in cells (i.e. a high ratio of AMP to ATP)
activates AMPK, which in turn phosphorylates and activates TSC to shutdown Rheb/mTORC1

activity.



Figure 1.3: Rheb Signaling
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Canonical Rheb signaling activates mTORC1 pathway. Insulin binding the insulin receptor on the
cell membrane begins the signal transduction pathway by activating the PI3K kinase, which
phosphorylates and activates AKT kinase, which in turn phosphorylates and inhibits TSC. This
results in higher Rheb GTP levels, which stimulates mTORC1 activity, and a subsequent increase

in protein synthesis, cell proliferation and progression of cell cycle.



Rheb in Disease

Many proliferative diseases have been linked to overactived Rheb/mTORC1 signaling,
including Peutz-Jeghers syndrome (PJS), Lymphangioleiomyomatosis (LAM), and Tuberous
Sclerosis (TS). Symptoms of these disease involve appearance of benign tumors all over the
body which can result in dangerous complications including bowl obstruction, lymphatic
obstruction, and seizures [13]-[15]. These diseases arise when mutations in TSC1 or TSC2 result
in inactivation of TSC function, leading to overactivation of Rheb/mTORC1. However, treatment
of these diseases with mTORC1 inhibitors have only limited antitumor effects, indicating that Rheb
may play a role in these diseases independent of, or in addition to, mMTORC1 activation [16], [17].

Rheb has also been linked to cancer. Analysis of cancer genomic databases has revealed
that amplification of Rheb is associated with the development of skin epithelial carcinogenesis
including breast cancer and head and neck cancer [18]. In addition, a reoccurring mutation in
Rheb (Y35N) has been found in three patients with clear cell renal cell carcinoma and two patents

with endometrial cancers [19].

Important Rheb mutations

A variety of Rheb mutants have been identified that result in both activation and loss-of-
function of Rheb (Table 1.4). The most well studied and utilized activating mutant is Q64L, as it
has been reported to exhibit increased basal GTP levels and more strongly activate mTORC1
[11]. Another activating mutant, G63A, was discovered through systematic amino acid mutations
in the G3-box [20]. The G63A mutant results in decreased GTPase activity and shows decreased
sensitivity towards TSC2-GAP mediated GTPase activity. These attributes correspond with higher
GTP-bound Rheb and stronger activation of mMTORCA1.

Recently an important functional mutation in Rheb was discovered at Tyr35 [6]. A mutation
of this residue to alanine (Y35A) results in the increase of intrinsic GTPase activity and a decrease

in RHEB-GTP levels. GTP hydrolysis in Rheb requires Asp65 from the switch Il region, and it was



discovered that Tyr35 normally blocks access of Asp65 to the nucleotide binding pocket. The
Y35A mutation results in increased accessibility of Asp65 to the nucleotide binding pocket, thus
increasing GTP hydrolysis. As mentioned previously, a reoccurring Y35N mutation was
discovered in cancer genomic databases. Interestingly, the Y35N mutant was found to have the
opposite effect as Y35A, by showing increased activation of the mTORC1 pathway [21].

A previous publication reported additional key Rheb mutants by carrying out random
mutagenesis of Rheb in fission yeast [22]. Using this method several strong activating mutants
were identified including V17G, S21G, K120R and N153T/S. Researchers have also identified
Rheb loss-of-function mutants through mutating residues in Rheb and testing their ability to
activate mTORC1 using an in vitro mTORC1 activation assay [23]. From these experiments the
T38A mutation was identified as a strong loss-of-function mutant for Rheb due to decreased ability
to bind effector proteins and activate mTORC1. Additionally, dominant negative mutants for Rheb,
including S20N and D60I/K/V, have been identified [24]. The various important mutants of Rheb

are listed in Table 1.4.



Table 1.4: Rheb Mutants

This table lists Rheb1 mutations that have been confirmed to exert an effect on Rheb function.

This table was adapted from my first author review paper in Cellular Signaling [2].

Amino acid
Mutation type position Mutation(s) Reference(s)

16 S16H [25]

17 V17A/IG [22]

21 S21G/I [22]
Activating 35 Y35N/C/H [21]

63 G63A [20]

64 Q64L [4]

120 K120R [22]

153 N153T/S [22], [25]
Activating mutations found in 35 Y35N (5x) [19], [21]
cancer database 139 E139K/D/G/* (2X) | [21]

35 Y35A [6], [22]

36 D36A [23]

37 P37A [22], [23]

38 T38A [22], [23], [26]
Loss of function 39 I39A, K [22], [26]

41 N41A [23], [26]

65 D65A [6]

67, 69 Y67A/I69A [27]

76, 77 I76A/D77A [27]
Dominant negative 20 S20N [23], [24]

60 D60I/K/V [23], [24]
Loss of membrane association | 181 C181S [28], [29]
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Lysosomal localization of Rheb

Ras superfamily of small GTPases contain a highly conserved —CAAX motif (A is an
aliphatic amino acid, X is the C-terminal amino acid) on their carboxy-terminus. A lipid group
(farnesyl group in the case of Rheb) is added onto the terminal cysteine, followed by cleavage of
the —AAX motif by RCE1, and then carboxylmethylation by ICMT1 [28], [29]. These post
translational modifications target GTPases to membranes [29], [30]. Additionally, Ras GTPases
(H-, K-, and N-Ras) are often found on the plasma membrane due to a polybasic domain just
upstream of the -CAAX motif. However, Rheb lacks this polybasic domain and is therefore
associated with endomembranes and not the plasma membrane.

Studies revealed that Rheb strongly co-localizes with the lysosomal marker LAMP2 [31],
[32]. Rheb, mTORC1, and TSC come together at the lysosome, and that localization of these
proteins influences important signaling events in response to amino acids and growth conditions
[31], [32]. Rheb-LAMP2 colocalization is not affected by changes in amino acid or insulin
stimulation, and is believed to be required for proper localization of the TSC complex to the
lysosome [32]. SIRNA mediated Rheb knockdown disrupted colocalization of TSC2 and LAMP2,
as well as decreased mTORC1 signaling [32]. However, similar results were not found when
observing Rheb knockdown effects on mTORC1 localization, which suggests that Rheb is only
needed for localization of the TSC complex, and not mTORC1, to the lysosome [32]. In contrast,
other studies using siRNA-mediated Rheb knockdowns in TSC2”- MEF cells, provided evidence
that full dissociation of MTORC1 from the lysosome cannot be achieved in the presence of Rheb.
This suggests a direct relationship between Rheb and mTORC1 localization to the lysosome [33].
A proposed "dual anchoring mechanism" is suggested by models in which Rag proteins may be
involved in recruiting mTORC1 to the lysosomal surface while Rheb is critical to retaining it there

[33].
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CHAPTER 2:

AIMS AND APPROACHES

12



2.1 Aims of the dissertation

The Rheb/mTORC1 pathway continues to be thoroughly studied as a potential target for
cellular proliferative diseases like cancer. However, most of these studies focus on inhibiting
mTORC1 directly, with relatively few studies exploring the impact Rheb has on cell signal
transduction independently of mMTORC1. The few studies focusing on Rheb function and signaling
have provided strong evidence for the need to further characterize Rheb signaling. The aim for
this dissertation is to identify new Rheb effector proteins, investigate Rheb alterations in cancer,

and define Rheb effects on signaling pathways indpenednet of mMTORCA1.

1. To identify new Rheb effector proteins

Rheb is a member of the family of Ras GTPases, which is a highly-conserved family of
signaling proteins responsible for the activation of countless diverse cellular pathways including
control of the cytoskeleton, vesicle transport, cell division, and nutrient sensing. Studies have
revealed multiple downstream effector proteins for a number of these small GTPases including
members from the Ras, Ral, and Rho families [34]. To date, mTORC1 is the only universally
accepted effector protein for Rheb, but it is highly unlikely to be the only one. In this aim | set out
to identify new Rheb effector proteins through genetic engineering and biochemical techniques.
Specifically, | express Rheb activating and effector domain inactivating mutants in cells, and
perform a combination immunoprecipitation, liquid chromatography, mass spectrometry, and

western blotting techniques to identify novel Rheb-binding proteins.

2. Toinvestigate Rheb alterations in cancer

With the advancement of genetic sequencing technologies, there has been an enormous
influx in genetic data available for researchers to analyze. This has been particularly useful in
studying cancer genetics, as several large cancer genomic datasets, including TCGA and

COSMIC, have been made publically available. Several important cancer-driving mutations have
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been identified in Ras proteins, however there are limited analysis performed on Rheb. In this aim
| analyze cancer genomic datasets to identify important alterations in Rheb. Through this analysis,
| identified a reoccurring cancer mutation (Y35N), and generated a cell line stably expressing
Rheb Y35N. In this cell line | observed cancer transformative properties similar to strong cancer-

driving mutant KRAS G12V.

3. To analyze Rheb signaling

While Rheb activation of mMTORC1 has been well examined, studies on Rheb signaling
independent of mMTORC1 are lacking. Previous publications have suggested Rheb could play a
role in controlling other nutrient sensing pathways including MAPK and AMPK, but the
physiological relevance of these have yet to be confirmed. In this aim | set out to characterize
Rheb signaling pathways | uncover through my experiments in aims 1 and 2, in addition to those
previously reported. Together, these studies provide a solid foundation for the discovery of new

Rheb signaling pathways, and solidify the importance for continuing the study of Rheb GTPase.
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2.2 Approach
2.21 RHEB Immunoprecipitation

The schematic in Figure 2.1A shows our general scheme for identifying potential new Rheb
effector proteins. The first step in identifying new RHEB-binding proteins is immunoprecipitation
(IP) of RHEB protein. However, due to the relatively low abundance of endogenous RHEB in cells,
| transiently overexpressed RHEB in HEK 293T cells under the control of the strong CMV
promoter. In addition, | included a FLAG tag on the N-terminus of Rheb for two reasons: 1. to
differentiate between plasmid-expressed RHEB and endogenous RHEB (important when
expressing RHEB-mutants), and 2. to facilitate strong immunoprecipitation of RHEB by using an
anti-FLAG antibody and FLAG peptide elution. After transfecting plasmids expressing FLAG-
RHEB, | collect cell lysates, and perform a FLAG-RHEB IP (Figure 2.1A). SDS-PAGE is run to
denature and separate any RHEB-protein complexes and for easier visualization of proteins

present in the IP (Figure 2.1B). Both Rheb1 and Rheb2 were used and show similar results.
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Figure 2.1 Rheb Immunoprecipitation Method
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A) Schematic of Rheb immunoprecipitation method for identifying new Rheb effectors. B) Silver
stain of SDS-PAGE of Rheb1 and Rheb2 pull downs. FLAG-tagged Rheb1 and Rheb2 were
overexpressed in HEK 293T cells, total cell lysate were collected, and Rheb was
immunoprecipitated using anti-FLAG antibody. After a series of washes, Rheb samples were

eluted from antibody using FLAG peptide. Total cell lysate and elutions were run on SDS-PAGE
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2.2.2 Rheb effector mutants

Rheb contains many of the important structural domains that define small GTPases,
including five G-boxes, a C-terminal CAAX motif, and an effector domain. In their active GTP-
bound states, GTPases transmit signals through proteins called effectors. The structural basis for
determining GTPase-effector interaction involves a region on the GTPases called the effector
domain. This region undergoes significant structural changes between GDP and GTP bound
states, thus when a GTPase is bound to GTP, the effector domain displays increased affinity
towards effector proteins [35], [36].

In order to identify new Rheb effectors, | looked for proteins whose interaction with Rheb
depends on an intact effector domain. To accomplish this, | utilized a previously identified mutant
of Rheb that alters the effector domain, T38A. Tyrosine 38 is located in the effector domain and
the T38A mutation has been previously shown to prevent Rheb from activating downstream
effector mTORC1 [23]. In this approach | transiently overexpress RHEB WT or RHEB T38A, and
perform immunoprecipitation experiments as in section 2.2.1. True RHEB effector proteins will

interact less effectively with RHEB T38A than RHEB WT.

2.2.3 Colocalization

Previous research suggests an important aspect of Rheb regulation of downstream
signaling involves recruiting proteins to the lysosome [31]-[33]. This was shown to be the case
with mTORC1, as Rheb was required for TSC localization to the lysosome and retaining mTORC1
at the lysosome. Failure of Rheb to properly localize to the lysosome resulted in loss of insulin
mediated shut down of mMTORC1, and decreased mTORC1 activation [31]-[33].

For most proteins, spatial localization in the cell greatly affects their function, and thus it
is critical to determine the effects Rheb has on the localization of its effector proteins. In this
approach, | use fluorescent microscopy to monitor the localization of Rheb and Rheb-interacting

proteins in cells. | use several methods to accomplish this. | overexpress FLAG-Rheb in the cell
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and use anti-FLAG antibody combined with secondary antibody conjugated to a fluorescent
molecule. As a control, | use a mutant Rheb that is unable to localize to the lysosomes. This Rheb
mutant has the terminal cysteine of the CAAX motif mutated to a serine (RHEB C181S), which
prevents the addition of a lipid moiety required for membrane association of Rheb. This causes
Rheb to localize in the cytoplasm rather than its normal location on the lysosomal membrane
(Figure 2.2).

To determine localization within the cell, | can stain various organelles including
lysosomes, and nucleus. For localization to the lysosome | use a lysotracker fluorescent dye
because | find that this gives the best signal compared to the commonly used LAMP2 antibody.
The nucleus is easily stained with DAPI. The fluorescent microscope | utilized can see three
colors, red, green, and blue. Because DAPI is always stained in blue, | use red and green to stain
the proteins and organelles. This way the colocalization of proteins and organelles can be easily
observed by the intensity of yellow pixels, as an overlap between green and red pixels. Figure
2.2 shows the fluorescent results of RHEB WT and RHEB C181S colocalized with lysosomes.

In this dissertation | will use Rheb when talking about the gene and RHEB when talking
about the protein. As stated previously, there are two Rheb genes in mammalian cells, Rheb1

and Rheb2. When | mention Rheb | am referring to Rheb1.
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Figure 2.2: RHEB Localization

FLAG-Rheb

Rheb WT

FLAG-Rheb

Rheb C181S

FLAG-RHEB WT, and C181S were overexpressed in HelLa cells grown on glass slides. Cells
were treated with TuM Lysotracker Red prior to fixation. Cells were stained with antibodies against
FLAG, followed by incubation with green-fluorescently tagged secondary antibodies. Cells were

imaged using fluorescent microscope. Blue indicates DAPI-stained nucleus.

19



CHAPTER 3:

RESULTS
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3.1 MTOR/TSC

mTORC1 as a Rheb downstream effector

Canonical Rheb signaling involves activation of mTORC1, a multi-protein complex
consisting of the kinase mTOR (mechanistic target of rapamycin), Raptor (regulatory associated
protein of mMTOR), mLST8 (mammalian lethal with SEC13 protein 8), DEPTOR (DEP-domain-
containing mTOR-interacting protein) and PRAS40 (proline-rich Akt substrate 40kDa). mTORC1
is responsible for increasing cell proliferation and protein synthesis in response to nutrients and
growth factors [37]. Drosophila studies provided genetic evidence for the idea that Rheb functions
to promote cell growth and cell cycle progression through the TORC1 signaling pathway [7], [8].

The idea that mTORC1 is a direct downstream effector of Rheb began with the discovery
that only the active form of Rheb (Rheb bound GTP) can stimulate mTORC1 activity in vitro [23],
[38]. This observation was further solidified when it was shown that mutations in the Rheb effector
domain decreased Rheb’s ability to interact with and activate mTORC1 [23].

| performed a western blot for proteins previously known to interact with RHEB, mTOR and
TSC2 as outlined in the IP approach. We see that both mTOR and TSC2 bands are present in
Rheb IP sample, and not in our control IP sample (FLAG IP from cells not expressing any FLAG-
tagged proteins) (Figure 3.1.1A). Additionally, | observed less mTOR binding with a Rheb effector
domain mutant, Rheb T38A, compared with Rheb WT (Figure 3.1.1B). This confirms previous
publications and, more importantly, that our approach can be used to identify effector proteins.

To ensure that mTOR interaction is specific to Rheb, | expressed and immunoprecipitated
other small GTPases. Because Rheb is known to exist in a high GTP-bound state in cells
compared with other GTPases, | used active mutant forms of these GTPases. | observed that
mTOR interacts with both Rheb1 and Rheb2, but does not come down with the other active small

GTPases (Figure 3.1.1C).
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Figure 3.1.1: RHEB Interacts with mTOR and TSC2
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A) FLAG-Rheb1 was transiently transfected and expressed in HEK 293T cells. Cell lysates

were collected, immunoprecipitation using anti-FLAG antibody was performed, proteins were

resolved by SDS-PAGE, and western blot against mTOR, TSC2, and FLAG was carried out.

B) FLAG-Rheb1 WT or FLAG-Rheb1 T38A were expressed in HEK 293T cells and

immunoprecipitation was carried out as in A. Western blot against mTOR and FLAG is shown.

C) FLAG-tagged active mutants of KRAS, CDC42, RHOA, and RAP1 were expressed in HEK

293T cells and immunoprecipitation was carried out as in A and B. Western blot for mTOR

and FLAG is shown.
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3.2 CAD

Need to identify other downstream Rheb effectors

Outside of mMTORCH1, few studies have attempted to identify additional Rheb effectors.
Many GTPases have been shown to interact with multiple downstream effectors, including Ras,
Ral, Rho, and Rab [34]. Further identification of effector proteins should uncover additional Rheb
functions. In this dissertation | set out to identify new Rheb effectors based on two criteria; (i) the
effector protein binds active Rheb-GTP, and (ii) the protein requires an intact Rheb effector
domain. Through these experiments | was able to identify a novel Rheb effector protein, CAD,

that has important biological effects in cells.

RHEB-CAD Interaction

To identify novel Rheb effector proteins | expressed an active RHEB mutant, Q64L, and
an effector domain RHEB mutant, T38A, in HEK 293T cells. | collected cell lysates and
immunoprecipitated RHEB mutants from these cells. Proteins in the IP samples were separated
by SDS-PAGE and visualized using silver nitrate staining. As a control, | also performed a GFP
IP. A clear band around 250kDa was observed in the RHEB Q64L lane, but was absent in the
RHEB T38A lane (Figure 3.2.1A). This implies the presence of a protein whose interaction is
dependent on an intact Rheb effector domain. Using liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS), we identified the protein as CAD. Western blot analysis using
antibodies for CAD from both RHEB1 and RHEB2 IPs confirm a RHEB-CAD interaction (Figure
3.2.1B). It appears CAD binds RHEB2 stronger than RHEB1, thus | decided to use RHEB2
expression and IP for the remaining experiments.

Rheb is known to interact with mTORC1, and CAD has been previously shown to be
regulated by mTORC1 [39], [40]. | tested whether mTOR-RHEB-CAD form a complex by

performing an mTORC1 IP. In western blots for CAD and Rheb we see that CAD does not appear
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in the mTORC1 IP, while Rheb does (Figure 3.2.1C). This suggests that RHEB-CAD forms a

complex independently of the RHEB-mTORC1 complex.

CAD enzyme in de novo pyrimidine nucleotide biosynthesis

Carbamoyl-phosphate Synthetase 2, Aspartate Transcarbamoylase, and Dihydroorotase
(CAD) is a multifunctional enzyme responsible for carrying out the first three steps in de novo
pyrimidine nucleotide biosynthesis. Nucleotide synthesis is crucial for cellular growth and
proliferation in rapidly dividing cells, thus this pathway is an exciting candidate to target for cancer
therapy. The rate limiting step in pyrimidine synthesis pathway is catalyzed by the carbamoyl
phosophate synthetase Il (CPSase) of CAD [41], [42]. CPSase acts in the second step of
pyrimidine biosynthesis and converts bicarbonate, glutamine, and two ATP molecules into
carbamoyl phosphate. CAD activity is controlled by a multitude of signals including
phosphorylation by several kinases and allosteric regulation by substrate/product binding. CAD
activity is up-regulated through phosphorylation by mitogen activated protein kinase (MAPK) and
protein kinase C (PKC) during S-phase of cell growth [43]. Additionally, binding of 5-
phosphoribosyl-1-pyrophosphate (PRPP), a substrate for subsequent steps in pyrimidine
biosynthesis, increases CAD activity. CAD is down-regulated in stationary growth cells by
phosphorylation through cAMP-dependent protein kinase a (PKA), resulting in decreased
sensitivity to PRPP [44], [45]. Additionally, binding of UTP, a downstream product of the pathway,
decreases CAD activity as part of a negative feedback loop [45]. Recently it was shown that CAD
is phosphorylated by S6K via activated mTORC1 pathway, resulting in increased CAD activity
[39], [40]. To date, no non-kinase protein has been identified as playing a role in regulating CAD

activity.
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Figure 3.2.1: Identification of RHEB-CAD Interaction
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A) Rheb2 T38A, Rheb2 Q64L, and GFP were overexpressed in HEK 293T cells. Cell lysates were
collected, FLAG-RHEB immunoprecipitation was performed, and proteins were resolved by SDS-
PAGE and visualized with silver stain. CAD was identified by LC-MS/MS. B) Rheb1 WT, Rheb2
WT and GFP were overexpressed in HEK 293T cells. Cell lysates were collected, FLAG-RHEB
immunoprecipitation was performed, and proteins were eluted from the FLAG column three
separate times. The samples were resolved by SDS-PAGE and western blot of CAD was
performed to look at CAD-protein interaction. C) HEK 293T cells overexpressing AU1T-mTOR were
subjected to AU1-IP. CAD and RHEB western blots were performed to look for co-

immunoprecipitation with mTOR.
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Rheb-CAD interaction is specific to Rheb and depends on GTP binding

To see if CAD-Rheb interaction was specific among small GTPases, | performed FLAG-
IP from HEK 293T cells expressing FLAG-H-Ras, FLAG-RalA, and FLAG-Rac1. Western blot for
CAD reveals no CAD protein in the IPs of these other small GTPases, indicating this interaction
is specific to Rheb (Figure 3.2.2A). True effector proteins exhibit enhanced binding to GTP-bound
GTPases. To test whether CAD interaction is dependent on the GTP-bound status of Rheb, |
loaded His6-tagged RHEB proteins with non-hydrolysable GTPyS, GDP, or treated with EDTA to
generate a nucleotide-free RHEB. These RHEB proteins were incubated with HEK293T cell
lysates, followed by immunoprecipitation of CAD. Western blot for His6-Rheb showed that the
Rheb-CAD interaction was strongest with RHEB-GTP and was significantly reduced with both
RHEB-GDP and nucleotide-free RHEB (Figure 3.2.2B). This indicates the CAD interaction is

enhanced by active RHEB, consistent with effector protein interactions with Ras family GTPases.
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Figure 3.2.2: Rheb-CAD Interaction Specificity and GTP-Binding Dependency
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A) FLAG tagged -RHEB2, HRAS, RALA, and RAC1 were overexpressed in HEK 293T cells.
FLAG IP was performed and western blot for CAD was used to detect CAD co-
immunoprecipitation. B) His6-Rheb2 was loaded with GTPyS, GDP, or EDTA (nucleotide free)
and incubated with cell lysates from HEK293T cells. Anti-CAD immunoprecipitation was

performed, followed by Western blot using His6 antibody.
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Further characterization of Rheb-CAD complex

As a result of the denaturing and reducing conditions of SDS-PAGE, native protein
complexes are broken up and separated into individual proteins. To observe the native RHEB-
CAD complex in cells | executed two different methods.

First, | used size exclusion chromatography to separate native Rheb-CAD complex. To
accomplish this, | performed immunoprecipitation of FLAG-Rheb as done previously. Then |
loaded my IP samples onto a liquid chromatography column packed with Sephacryl S-300 resin,
which is used to separate mid-size proteins in the globular protein range of 10kDa to 1.5 MDa. As
samples run through the column they are separated by size, with the smaller protein complexes
coming out in the earliest fractions and the larger protein complexes coming out in later fractions.
| collected and ran all the excluded fractions on an SDS-PAGE and observed strong bands for
Rheb and CAD appearing in overlapping fractions, indicating that they form a complex together
in the cell (Figure 3.2.3A). To further confirm this result, | collected the fractions that contained
both CAD and Rheb (Fractions 11-14 from Figure 3.2.3A) and ran them through the column a
second time. Silver stain and western blot confirmed the presence of CAD and Rheb in these
same fractions (Figure 3.2.3B,C), indicating that RHEB-CAD form a strong and stable complex in
cells.

Second, | ran my samples on a blue native gel. Blue native PAGE differs from SDS-PAGE
because it is run without SDS or denaturing conditions like heating [46]. In blue native PAGE
coomassie dye is used to induce a slight negative charge shift on the proteins, and protein
complexes are separated by their intrinsic charge and 3D size. Western blot for FLAG-RHEB
reveals several bands at around 20, 66, 200, 400, and 750 kDa (Figure 3.2.3D). Western blot for
CAD reveals two bands at around 400 and 750 kDa, indicating that RHEB-CAD may form a
complex in this range. Because Rheb is 21kDa in size, and CAD is 250kDa, this result suggests

RHEB-CAD may form multimers or complexes with additional proteins.
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Figure 3.2.3: Size Exclusion Separation of RHEB-Protein Complexes
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A) FLAG-RHEB immunoprecipitation was performed and samples were run through a size
exclusion column packed with sephacryl S-300 resin. Every 250ul excluded from the column were
collected in separate fractions and ran on SDS-PAGE. Protein bands were visualized with silver
stain. B) Fractions 11-14 from Figure 2.3A were collected and run on size exclusion column a
second time. These new fractions were collected and run on SDS-PAGE and protein bands were
visualized by silver stain. C) Western blot of SDS-PAGE from Figure 2.3B using CAD and RHEB
antibodies. D) Immunoprecipitated FLAG-RHEB samples were run on using blue native PAGE,
to separate native protein complexes by size without separating the complexes into individual

proteins. Western blot against FLAG-RHEB (Left) and against CAD (Rheb) was performed.
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Narrowing down CAD binding site on Rheb

As mentioned previously, CAD is a large multienzymatic protein consisting of three protein
domains that carryout the first three steps in pyrimidine nucleotide biosynthesis (Figure 3.2.4A).
CAD protein contains three separate domains. The carbamoyl-phosphate synthetase (CPS)
domain is responsible for carrying out the first step in pyrimidine biosynthesis by converting
glutamine and bicarbonate to carbamoyl-phosphate. This step is the rate-limiting step in the
nucleotide biosynthesis pathway. The CPS domain also contains several important regulatory
sites, including a MAPK phosphorylation site at threonine 456, a PKA1 phosphorylation site at
threonine 1037, and a UTP/PRPP substrate binding domain corresponding to amino acids 1265-
1461 [47]. The aspartate transcarbamylase (ATC) domain carries out the second step in
pyrimidine biosynthesis, converting carbamoyl-phosphate and aspartate to N-Carbamoyl-L-
Aspartate. The dihydroorotase (DHO) domain carries out the third step in pyrimidine biosynthesis,
converting N-Carbamoyl-L-Aspartate into dihydroorotate.

In order to identify the region on CAD where Rheb binds, we generated and expressed
various fragments of CAD protein labeled with a MYC tag (Figure 3.2.4A). We co-expressed these
fragments with FLAG-RHEB in HEK 293T cells and performed a FLAG-RHEB IP. Western blot
against MYC-CAD revealed which CAD fragments came down with RHEB (Figure 3.2.4B). From
the western blot analysis, we see that RHEB binds the CPSase.B2-B3 fragment, and does not
bind any fragment lacking the CPS.B3 domain (Figure 3.2.4B). This led us to believe that Rheb
binds the CPS.B3 domain. To confirm this, we generated a MYC-tagged CPS.B3 fragment and
co-expressed with FLAG-RHEB in HEK293T cells. We observed this fragment coming down with
RHEB in a FLAG-RHEB IP, and not appearing in the control IP (no FLAG protein expressed in

cells) (Figure3.2.4C). These results suggest that this is the region for RHEB-CAD interaction.
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Figure 3.2.4: Identification of Rheb Binding Site on CAD
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A) Diagram of the MYC-tagged CAD fragments that were generated. The region identified in B

16 -

and C as the Rheb binding site is circled in Red. B) The MYC-CAD fragments from A were co-

expressed with FLAG-RHEB in HEK293T cells. Cell lysates were collected and
immunoprecipitation of FLAG-RHEB was performed. Western blot for MYC identified which CAD
fragments came down with RHEB. C) A new MYC-tagged CAD fragment was generated called
CPS.B3 (the red circled region in A) and was co-expressed in HEK 293T cells with FLAG-RHEB.
Immunoprecipitation was performed as in B. Western blot against MYC confirmed CPS.B3

coming down with RHEB
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Rheb-CAD metabolomics

The CPS.B3 domain is important for controlling CAD activity, as it contains a UTP binding
site for allosteric inhibition as well as a PRPP binding site for CAD activation (Figure 3.2.4 A). We
hypothesized that RHEB binding in this region would affect CAD activity in the cell. First we tested
the ability of Rheb to effect CAD activity by using an in vitro assay for CAD activity. In this assay
CAD is immunoprecipitated from HEK293T cells and incubated with glutamine, aspartate, and
'“C-labeled sodium bicarbonate, the three metabolites required for CAD enzyme activity. Carbon-
14 metabolites were then counted as a readout of CPSase activity. To ensure this assay works
we added either UTP or PRPP to the mixture and observed the effect on CPSase activity. As
expected, UTP greatly inhibited CPSase activity and PRPP greatly activated CPSase activity
(Figure 3.2.5A). Using this in vitro assay, we tested whether RHEB-GTP affects CAD activity. We
loaded RHEB1 and RHEB2 with GTPyS, a non-hydrolyzable form of GTP that locks RHEB in the
active GTP-bound state, and added them to our in vitro CAD assay. We can see that both RHEB1-
GTP and RHEB2-GTP activate CAD activity in vitro (Figure 3.2.5B). Interestingly, addition of UTP
still inhibited CAD activity in vitro even in the presence of Rheb-GTP (Figure 3.2.5C). This
suggests that Rheb may activate CAD activity, but does not prevent CAD sensitivity towards UTP
inhibition.

| sought to determine whether RHEB affects CAD activity in vivo by measuring CAD
activity in cells where Rheb is overactive. In this experiment | used a TSC2™ cell line, which results
in high levels of RHEB-GTP due to the absence of TSC2 to facilitate RHEB GTPase activity. We
collected metabolites from TSC2” and normal TSC2 expressing cell lines, and analyzed
metabolite levels using liquid chromatography/mass spectrometry (LC/MS). We observed
increased levels of N-Carbamoyl-L-Aspartate, the downstream product of CPSase enzyme. We
also detected increased levels of UMP in these overactive RHEB cell lines (Figure 3.2.5D). This

matches our in vitro assay and suggests Rheb directly stimulates CAD activity.
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Figure 3.2.5: Overactive RHEB Increases CAD Activity
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A-C) An in vitro assay measuring CAD activity was performed in the presence or absence of UTP,

PRPP, RHEB1-GTPyS, or Rheb2-GTPyS. Bars represent results of three independent
experiments with S.D.*,p<0.05 versus control. D) Metabolites were collected from WT and TSC2
" MEF cells and analyzed using liquid chromatography/mass spectrometry. N-carbamoyl-L-
Aspartate, an intermediate of the CAD pathway, and UMP were observed to be increased under

these conditions.
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Rheb-CAD co-localization

Localization studies have shown Rheb, TSC, and mTORC1 form a signaling node on the
lysosomal membrane surface [31]-[33]. In these studies it was revealed Rheb is required for TSC
recruitment to the lysosome in response to nutrient deprivation [32]. Additionally, while Rheb is
not necessary to recruit mTOR to the lysosome, it is required to keep mTOR at the lysosome and
for proper mTOR activation [33]. Rheb’s influence on protein localization of the mTORC1 pathway
led us to explore whether Rheb has a similar effect on CAD localization and function.

Rheb is known to reside mainly on lysosomes, so we looked to see if CAD had similar
localization. We expressed Halo-CAD in HelLa cells and used immunofluorescent microscopy to
observe CAD co-localization with LAMP2, a lysosomal marker. CAD appears to reside mainly in
the cytosol surrounding the nucleus on all sides, but also partially overlaps with LAMP2 (Figure
3.2.6A Top). Rheb, however, appears to have a much more restricted localization that strongly

overlaps with LAMP2 (Figure 3.2.6A Bottom).

Rheb influences CAD localization

To test if Rheb influences CAD localization, we co-expressed both GFP-RHEB and Halo-
CAD in HelLa cells and performed immunofluorescent microscopy. When Rheb is overexpressed
we see that the localization of CAD changes dramatically. We observe CAD overlapping strongly
with GFP-RHEB, in a pattern consistent with strong lysosomal localization (Figure 3.2.6B). In
comparison, Halo-CAD localization in the GFP control cells (no Rheb overexpression), is more
dispersed (Figure 3.2.6B). These results suggest that RHEB overexpression alters CAD
localization by recruiting it to the lysosomes.

To further test if RHEB affects CAD localization, we treated HelLa cells expressing GFP-
Rheb and Halo-CAD with farnesyl transferase inhibitor (FTI). FTI treatment inhibits Rheb
localization to lysosomal membranes by blocking the addition of a farnesyl lipid to the CAAX motif

on RHEB. We observed that both CAD and RHEB become widely dispersed in the cells in
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response to FTI treatment (Figure 3.2.6C). These results show that RHEB localizes a portion of

CAD to the lysosomes, which may be a mechanism by which RHEB effects CAD signaling.

*The maijority of the work presented in this section, 3.2 CAD, was published in a paper | co-

authored in the Journal of Biological Chemistry [48].
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Figure 3.2.6: Rheb and CAD Colocalize at the Lysosomes
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A) Halo-CAD or GFP-Rheb2 were expressed in HelLa cells. Halo was labeled with HaloTag TMR

ligand 30 minutes before fixation. Lysosomes were stained with LAMP2 antibodies after cell
fixation. B) HelLa cells expressing GFP and Halo-CAD, or GFP-Rheb2 and Halo-CAD, were
stained with HaloTag TMR ligand 30 min before fixation. C) HelLa cells expressing GFP-Rheb2

and Halo-CAD were treated with 10uM FTI-277 for 24hr. Halo was labeled as in A&B.
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3.3 AMPK

RHEB-AMPKa Interaction

Another protein | identified as binding Rheb is 5° AMP-activated protein kinase (AMPK).
AMPK is a serine/threonine kinase responsible for maintaining energy homeostasis in the cell
[49]. AMPK is a heterotrimeric complex consisting of three protein subunits, the catalytic a-subunit
and regulatory — and y-subunits (Figure 3.3.1A). As shown in Figure 3.3.1B, immunoprecipitation
of FLAG-RHEB protein expressed in HEK 293T cells identified an interaction with the AMPKa
subunit. Neither of the 2 B-isoform-subunits, or the y-subunit came down (Figure 3.3.1B). This
may be due to Rheb binding AMPKa and sequestering it away from the  and y subunits, thus

breaking up the AMPK complex.
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Figure 3.3.1: RHEB-AMPKa Interaction
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A) Diagram of AMPK complex consisting of the «, B and ysubunits. The P represents the
activating LKB1/CAMKK2 phosphorylation site at Thr172 of the AMPKa subunit. B) FLAG-Rheb
was expressed in HEK 293T cells and a FLAG immunoprecipitation was performed. Proteins were
resolved by SDS-PAGE and western blot for AMPKa-, B—, and y—subunits revealed a RHEB

interaction with only the a subunit of AMPK.
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RHEB-AMPKa Interaction is Effector Domain Dependent and Specific to Rheb

| tested whether the RHEB-AMPKa interaction was dependent on an effector domain, as
is the case for effector proteins. | immunoprecipitated Rheb WT and Rheb T38A effector domain
mutant from HEK 293T cells overexpressing these two proteins. We see that AMPKa interacts
much less effectively with the Rheb T38A mutant compared with Rheb WT (Figure 3.3.2A). This
suggests that the AMPKa interaction is an effector protein of Rheb.

| next wanted to test whether the interaction of AMPKa was specific to Rheb among other
small GTPases. When compared with other small GTPases, Rheb exists in a highly activated,
GTP-bound, state. To control for this, | expressed mutant active forms of RHOA, RAP1, CDC42,
and KRAS in HEK 293T cells. Immunoprecipitation of these GTPases, showed that AMPKa only
interacted with Rheb (Figure 3.3.2B). This suggests that AMPK interaction is specific to Rheb

among small GTPases.
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Figure 3.3.2: RHEB-AMPKa Interaction is Effector-Domain Dependent and Specific to

RHEB
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A) FLAG-Rheb WT and FLAG-Rheb T38A were expressed in HEK 293T cells followed by FLAG
immunoprecipitation, SDS-PAGE and western blot of AMPKa. Results show that AMPKa
interacts with Rheb in an effector domain dependent manner. B) Active mutant, FLAG-tagged,
GTPases were expressed in HEKT 293T cells followed by FLAG immunoprecipitation, SDS-
PAGE, and western blot for AMPKa. Results show AMPKa binds Rheb specifically among small

GTPases.
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Rheb and AMPKa Colocalize at the Lysosomes

Further support for the RHEB-AMPK interaction was obtained by demonstration that the
two protein colocalize. A previous publication reported AMPK localization to particulate clusters
proximal to the nucleus [50]. The researchers believed this represented AMPK association with
intracellular membranes. This observation could be lysosomes, as they too are located in distinct
clusters proximal to the nucleus. | looked at the normal distribution of AMPK in cells by using
fluorescent microscopy with anti-AMPKa antibody to observe endogenous AMPKa localization in
HT-1080 cells. In addition, | stained the lysosomes with a red lysotracker dye, to see if AMPKa
might colocalize with Rheb at the lysosomes. Under these conditions, we see that AMPKa
appears to reside in the cytoplasm, but proximal to the nucleus overlapping with lysosomes
(Figure 3.3.3, Top). Next, | overexpressed Rheb in the HT-1080 cells to see if this affected AMPKa
localization. Under Rheb overexpression, we see an even stronger colocalization of AMPKa to
the lysosome (Figure 3.3.3, Bottom). This finding reports that AMPK is observed at the lysosome,

and suggests that Rheb is responsible for AMPK localization to the lysosomes.
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Figure 3.3.3: Rheb-AMPKa Colocalize

AMPKa

Normal
Conditions

Rheb OE

Top: Endogenous AMPKa (green) was imaged in HT-1080 cells stained with Lysotracker (red).
Bottom: Rheb was overexpressed in HT-1080 cells stained with Lyostracker (red) and

endogenous AMPKa (green) was imaged. Nucleus is stained in blue.
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Rheb overexpression blocks phenformin-activation of AMPK

AMPK activity is increased under conditions where the cell is stressed, including
conditions where nutrients are lacking, and there are high AMP/ATP levels inside the cell. A class
of drugs called biguanides, specifically metformin and phenformin, have been previously shown
to stimulate AMPK activity [51]. These drugs activate AMPK through an indirect mechanism; they
inhibit complex | of the mitochondrial respiratory chain, which results in decreased ATP production
and increased levels of AMP [52]. This results in activation of AMPK. Similarly, serum starvation
is known to activate AMPK due to low growth factors and increased production of reactive oxygen
species [53], [54]. Under serum starved conditions, AMPK becomes activated upon
phosphorylation at Thr172 by LKB1 and CAMKK2 [55].

Using this knowledge, | developed an AMPK activation assay to test AMPK activity in cells.
| grew cells under serum starved conditions in combination with Phenformin treatment (Figure
3.3.4A). As a read out for AMPK activation, | performed a western blot using an antibody against
phosphorylated-AMPKa Thr172 (pAMPKa).

| performed the AMPK activation assay, detailed above, in HEK 293T cells. The
overexpression of RHEB did not appear to affect phosphorylation of AMPKa., nor did transfection
of an empty expression vector control (Lanes 1, 2, and 4 Figure 3.3.4B). As expected, in the
presence of phenformin pAMPKa is greatly increased (Lane 3 Figure 3.3.4B). However,
overexpression of RHEB greatly reduced the phosphorylation of AMPKa in the presence of
phenformin (Lane 5 Figure 3.2.4B). The empty expression vector control did not affect pAMPKa
levels in the presence of phenformin (Lane 6 Figure 3.2.4B). These results suggest Rheb prevents

AMPK activation.
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Figure 3.3.4: Rheb Inhibits AMPK Activation
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A) AMPK activation assay. Treatment of cells with a class of drugs known as biguanides in
combination with serum starvation increases the energy stress (and AMP levels) in the cells,
activating AMPK activity. B) Effect of Rheb overexpression on AMPK activation in response to
phenformin treatment. HEK 293T cells transiently overexpressing FLAG-RHEB were treated with
phenformin, cell lysates were collected, and phosphorylation levels of AMPKa were measured
using western blot. Image J analysis was performed to quantitate levels of pAMPKa as a ratio to
totalAMPKoa.. A bar graph is shown for lanes 1 (Ctrl), 2 (Rheb Overexpression), 3 (Phenformin),
and 5 (Rheb Overexpression + Phenformin). Phosphorylated AMPK values were normalized to

lane 1 (ctrl), which was set at 1.
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3.4 BRAF

Another interesting RHEB binding protein | studied was the interaction with BRAF. This was
obtained in the course of my characterization of Rheb cancer mutants. Therefore, this section is
written in the order of results as | obtained them, with the BRAF-RHEB interaction explored in the

second half of this section.

Analysis of cancer genomic databases reveal important alterations in Rheb

Advancements in sequencing technology have made it possible to sequence an enormous
number of cancer patient samples in the last decade. Most of this data is readily available for
researchers to access through public databases including TCGA, COSMIC, and others. | used
the cBioPortal, a user-friendly data portal that combines the data from these cancer genomic
databases, to analyze Rheb alterations in cancer [56], [57]. A number of genomic alterations in
Rheb have been identified across a broad range of cancer types (Figure 3.4.1A). The most striking
alteration is Rheb amplification. Most notably, in cancers where >100 samples have been
analyzed, Rheb has high genomic amplification in 21.5% (23/107) of prostate, 10.3% (32/311) of
ovarian, 3.9% (9/230) of lung and 3.8% (11/287) of melanoma cancers. A number of somatic
mutations have also been identified in Rheb, including 51 missense mutations, and 9 truncating
mutations (Figure 3.4.1B). Examination of the missense somatic point mutations in Rheb reveal
a recurrent mutation at tyrosine 35 (Figure 3.4.1B). Further analysis of the point mutations at Y35
reveal a significant number of them are found in clear cell renal cell carcinoma (ccRCC), and the
majority of mutations result in an asparagine substitution (Y35N) (Figure 3.4.1C).

A previous study attempting to identify new cancer driving mutations identified this Rheb
Y35N mutation to be significant in ccRCC [19]. In this study the researchers analyzed somatic
point mutations in 4,742 tumor-normal pairs and screened for new cancer genes that were not

previously identified, contained more mutations than expected relative to background, clustered
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within the gene, and were enriched in evolutionarily conserved sites. Rheb Y35N was identified
as being significant in ccRCC due to these variables.

Mutation at tyrosine 35 is particularly interesting because it exists in the highly-conserved
effector domain region of small GTPases, a region that facilitates interaction with downstream
proteins and signaling activation. | hypothesized this mutation may alter Rheb signaling and have

an observable effect on cells.
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Figure 3.4.1: Rheb Mutations in Cancer
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A) Figure is adapted from the cBioPortal website [www.cbioportal.org]. Genomic alterations of
Rheb in various cancer subtypes with the cancer sequencing dataset. B) Figure is also adapted
from the cBioPortal website. Y35 locus contains the highest number of recurring somatic point
mutations in Rheb. To show the importance of the Y35 location in respect to Rheb and other small
GTPases, the first 60 amino acids of RHEB were aligned with KRAS, the effector domain is
highlighted in blue. Y35 is indicated in Red. C) Table of the Y35 mutations, the cancer subtype,

and the sample ID from the cBioPortal website.

47



Generation of Rheb Y35N expressing cell lines

To test the effect of Rheb Y35N mutation on cells, first | generated an NIH3T3 cell line stably
expressing Rheb Y35N using lentiviral transduction gene delivery method. Specifically, | used a
lentiviral transfer plasmid that drives expression of Rheb proteins under control of the CMV
promoter. In addition, | generated NIH 3T3 cell lines expressing Rheb WT, and K-Ras G12V, a
known cancer-transforming mutation found frequently in cancer. Western blot analysis showed
all three cell lines had a 2-3-fold increase in RHEB or KRAS expression compared to control cell
lines that were transduced with an empty expression vector (Figure 3.4.2A). Because | do not
have a selectable marker in my lentiviral transfer plasmid, | performed the same western blot
analysis several months later, after many rounds of passages and experiments. This was to
ensure that the expression levels of my KRAS and RHEB mutants did not change over the course
of experiments. | observed a similar 2-3 fold increase in RHEB and KRAS expression as | when

| first measured their expression (Figure 3.4.2B).
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Figure 3.4.2: Generation of NIH 3T3 Cell Lines Stably Expressing RHEB Y35N
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A) Western blot of FLAG, RHEB, KRAS, and ACTIN protein in total cell lysates collected from
NIH-3T3 cell lines stably expressing RHEB WT, RHEB Y35N, KRAS G12V, or an empty vector
expressing no protein (Ctrl). Fold expression for RHEB was calculated by identifying all band
intensities using ImageJ analysis, then finding the ratio of RHEB/ACTIN for each sample. The Ctrl
sample RHEB/ACTIN ratio was set at 1. All other samples’ ratios were normalized to Ctrl. KRAS

fold expression was calculated same as RHEB. B) Same analysis of RHEB and KRAS expression

as in A, but after several months of growth, passages, and experiments.
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Cancer cell transformation properties

Early genetic studies on cancer gene mutations used rodent fibroblast cell lines (NIH 3T3)
to study mechanisms of malignant transformation [58]. NIH 3T3 cells were chosen in part because
of their sensitivity to Ras mutant transformation and ease of transfection, and quickly became the
gold-standard for use in biological assays for cancer transformation [59]. Transformation of
normal cells into cancer cells is characterized by gaining the following attributes: reduced serum
dependence, loss of density-dependent growth inhibition, and acquisition of anchorage-

independent growth. The following sections will explain each of these attributes in more detail.

Rheb Y35N cell lines show increased growth under serum starvation

Fetal bovine serum (FBS) is usually added to cell culture media to provide essential growth
factors required for cell proliferation. Media lacking FBS causes cells to grow at a much slower
rate, or sometimes not at all. Transformed cancer cells are able to proliferate even without high
levels of FBS, due to production of their own essential growth factors [60]. A common way to test
cell cancer transformation, is to grow cells under serum starved conditions and then monitor their
proliferation rates.

Under normal growth conditions, all cell lines showed similar growth rates (Figure 3.4.3A).
However, under serum starved conditions, Rheb Y35N cells grew significantly better than Rheb
WT cells (Figure 3.4.3B). While control cells died off, Rheb WT cells appeared to grow initially
before tapering off around day 4 of no serum growth. Rheb Y35N cell lines appeared to grow
strongly, with a similar growth curve as when grown under normal conditions. The ability of cells
to grow in the absence of serum is indicative of transformed cancer cell lines, as we can see in
the growth curve of KRAS G12V cell lines. Rheb Y35N cell lines appear to have a growth curve
very similar to the KRAS G12V cell lines, indicating Rheb Y35N may transform cells into cancer-

like cells.
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Figure 3.4.3: Overexpression of RHEB Y35N Increases Cell Growth Under Serum
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Growth curves of NIH 3T3 cell lines stably expressing RHEB WT, RHEB Y35N, or KRAS G12V
grown in media containing 10% FBS (A), or serum-free media (B), for 7 days. Fold Growth was
calculated as follows: (OD at day X) / (OD at day 0), where OD was read according to Cell
Counting Kit-8 (Dojindo Mol. Tech.) protocol. Error bars are the standard deviation measured from
3 separate experiments, significance at each time point was calculated compared to KRAS

values, *P<0.05, **P<0.01, ***P<0.001.
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Rheb Y35N cell lines advance through the cell cycle under serum starvation

There are a series of cell cycle checkpoints to keep cells from growing uncontrollably,
especially in conditions were nutrients are low. A common attribute of cancer cells is to ignore
these cell cycle checkpoints and to continue advancing through the cell cycle. To measure this
attribute in my cell lines, | stained DNA of the cells with propidium iodide (Pl) and used flow
cytometry to measure the percentage of cells in each stage of the cell cycle. Under normal
conditions there was no significant differences between the RHEB Y35N, RHEB WT, KRAS G12V
and control cell lines. Each cell line exhibited ~60% of cells in the G1 phase, ~17% in the S Phase,
and ~23% in the G2 phase (Figure 3.4.4A).

However, cells grown in the absence of serum showed a drastically different cell cycle
profile. RHEB WT and control cell lines showed a similar pattern, with significantly reduced
percentages of cells in the S and G2 phase (Figure 3.4.4B). RHEB Y35N cell lines appeared un-
phased by the absence of serum. The percentage of cells in the S and G2 phases was similar
between serum starved and normal growth conditions (Figure 3.4.4B). Additionally, Rheb Y35N
appeared similarly to KRAS G12V cell lines. This suggests that the Rheb Y35N mutation is

promoting advancement through the cell cycle similar to oncogenic transformed cells.
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Figure 3.4.4: RHEB Y35N Drives Cell Cycle Progression

A .
) Normal Growth Conditions Normal Growth Conditions
KRAS G12V Rheb WT Rheb Y35N 100
60 62.2
e 24.92 23.36
c . 80
g CON 178 16.67
\ 0]
o . : - ; . 8
= § e < 40
8 = — ° 57.28 [l 59.97
i A 20
% T 13 CAMALY A R | 1) EAMAC NRr RRr T » s e R - 0
Ctrl  KRAS G12V Rheb WT Rheb Y35N
- Peak1: G1 %G1 8S #G2
A peak2: G2
. Peak3: S
B) w Serum Starved Growth
CTRL SS KRAS G12V SS Rheb WT SS Rheb Y35N SS 100
80.2 86.2 61.4 16.46 112.1668
a— m — e 80 3.34 2
C w
8 E 60
O :?, 40 80.2 86.16
© 20
(@)

CTRL  KRAS G12V Rheb WT Rheb Y35N
"Gl ®S =G2

NIH 3T3 stably expressing cell lines were grown for 6 days with serum (A) or without serum (B).
Cells were then fixed, treated with RNase A to remove RNA, and incubated with propidium iodide
(P1) to dye DNA. Cells were grouped into cell cycle stage based on PI intensity measured using
flow cytometry. The numbers above each bar represent percentage of cells in each phase.

Graphs summarizing the percentages are shown to the right.
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Rheb Y35N drives Foci Formation

Normal fibroblasts grown on cell culture plates will continue to grow and divide until they
come into contact with neighboring cells and there is no more room for them to grow [61]. This
phenomenon can be explained by transmembrane proteins that act as mechanotransducers to
inhibit cell growth when they form intercellular contact junctions [62]. In cancer, these contact
junctions are altered in such a way that cells continue to grow even when at high densities. The
focus formation assay is a common way to measure the loss of density-dependent growth.
Fibroblasts, transformed with an oncogenic mutant gene, are grown for several weeks past
confluency, stained with crystal violet dye, and visualized under a microscope. The multicellular
structures formed from this unimpeded growth are called foci. Using this assay, many researchers
have shown Ras transformation of cells induces loss of density-dependent growth and promotes
foci formation [59].

Performing the foci formation assay with the NIH 3T3 cell lines, | observed RHEB Y35N
cells readily forming foci (Figure 3.4.5). The foci formed by RHEB Y35N cells lines were extremely
similar in size and number to transformed KRAS G12V cancer cell lines. In addition, RHEB WT
and control cells failed to form foci. This suggests that Rheb Y35N drives foci formation similar

KRAS G12V.
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Figure 3.4.5: RHEB Y35N Enables Foci Formation
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Foci Formation Assay. NIH 3T3 stably expressing cell lines were grown under low serum
conditions for 3 weeks. Left: cells were fixed with methanol and stained with crystal violet dye for
easy visualization. Right: Foci >2.5mm in diameter were counted. Error bars represent standard

deviation from 3 separate experiments, *P<0.05, **P<0.01, ***P<0.001.
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Rheb Y35N enables anchorage independent growth

Normal fibroblasts require a solid substratum to adhere in order to grow. However,
transformed fibroblasts have the ability to grow in anchorage-independent environments, such as
in liquid culture or when suspended in semisolid medium [63]. The mechanism behind cancer
cells exhibiting anchorage independent growth is believed to be through several strategies,
including: hyperactivation of cell survival and proliferation pathways, and alteration of ECM
proteins to trick the cell into believing it is in the correct environment [64]. The most common
assay to test anchorage independent growth is through the colony formation assay. In this assay,
cells are suspended in a semi-solid media, and allow to grow for 3-4 weeks. Transformed cells
will be able to divide and form colonies, which can be stained and easily visualized by eye.

| performed the colony formation assay with the NIH 3T3 cell lines using a semi-solid
medium containing media and a low percentage of agar. After four weeks | observed Rheb Y35N
expressing cell lines were able to grow and form colonies in suspension (Figure 3.4.6). They also
grew in similar number to KRAS G12V expressing cells lines. In contrast, RHEB WT and control
cell lines were unable to grow and form colonies in significant numbers. This suggests that RHEB
Y35N confers the ability for anchorage independent growth similar to KRAS G12V expressing cell

lines.
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Figure 3.4.6: Rheb Y35N Enables Anchorage Independent Growth
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Soft Agar Colony Formation Assay. NIH 3T3 stably expressing cell lines were grown in Agar-
Media suspension for 3 weeks. Left: Plates were incubated overnight with Nitroblue Tetrazolium

Chloride (NBT) in order to visualize colonies on a gel imager. Right: Graph showing the number

of colonies present.
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RHEB Y35N Activates mTORC1 Similarly to RHEB WT

It appears Rheb Y35N confers cancer-like growth properties onto cells. To understand
how this occurs | set out to characterize Rheb Y35N signaling in the cell, and identify how it differs
from Rheb WT. The most obvious Rheb signaling pathway to look at firstis mTORC1. mTORC1
activity can be quantified by measuring the phosphorylation levels of its downstream target S6. |
grew the cell lines under normal and serum starved conditions, collected cell lysates, and
performed western blot for phosphorylated and total S6 protein. In the absence of serum
mTORC1 should be shut down and we should expect to see low levels of phosphorylated S6.
However, in both the Rheb WT and Rheb Y35N cell lines we see a high level of phosphorylated
S6 in the absence of serum (Figure 3.4.7A). This indicates that Rheb Y35N and Rheb WT activate
mTORC1 at similar levels.

Next, | sought to determine if Rheb Y35N activation of mMTORC1 contributes to the cancer-
like growth phenotypes we observed in the previous studies. | treated cells with three different
concentrations of rapamycin, a mTORCH1 inhibitor, and measured the growth of cells after 48
hours. As expected, Rheb WT growth was greatly inhibited by increased rapamycin concentration
(Figure 3.4.7B). However, Rheb Y35N was able to grow significantly more than Rheb WT, even
at higher concentrations of rapamycin (Figure 3.4.7B).

To further test this observation, | tracked the growth curve of the cell lines treated with
20nM rapamycin over six days. | observed a large decrease in the growth curve of Rheb WT cells
under rapamycin treatment, while Rheb Y35N cells appeared to be only slightly inhibited by
rapamycin treatment (Figure 3.4.7C). These results suggest that while Rheb Y35N activates
mTORC1 signaling similarly to Rheb WT, the cancer-growth phenotype we observe is not

dependent on mTORC1 signaling.
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Figure 3.4.7: RHEB Y35N Activates mTORC1 Similarly to RHEB WT
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A) NIH 3T3 cell lines stably expressing RHEB WT, RHEB Y35N, KRAS G12V, or Ctrl were grown
in the presence or absence of serum, and cell lysates were collected after 24 hours. Western blot
was performed using antibodies for phosphorylated -S6, and total -S6. Fold expression for each
protein (S6) was calculated as: (intensity of phosphorylated protein) / (intensity of total protein).
All ratios were normalized to Ctrl under normal growth conditions. B) RHEB Y35N growth is not
sensitive to mTORC1 inhibition. NIH 3T3 cell lines were treated with 3 different concentrations of
mTORCH1 inhibitor, Rapamycin, for 48 hours. % Viable Cells = (OD value of treated cells) / (OD
value of non-treated cells) * 100. OD values were measured using Cell Counting Kit-8. C) RHEB
Y35N cell lines are not sensitive to mTORC1 inhibition. NIH 3T3 cell lines were grown in serum-
free conditions, with or without 20nM Rapamycin treatment. Growth was monitored using Cell

Counting Kit-8 for 6 days.
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Rheb Y35N Activates ERK Signaling

ERK is the major downstream signaling component of the RAS/RAF/MEK signaling
pathway. Increased ERK signaling is the driving force behind active RAS mutant cancer
transformation. Several studies have shown Rheb activates ERK signaling through various
mechanisms. We sought to determine whether Rheb Y35N also has an effect on ERK signaling
by measuring the phosphorylation of ERK protein. | grew the cell lines under normal and serum
starved conditions, collected cell lysates, and performed western blot for phosphorylated and total
ERK protein. In the absence of serum, RAS/RAF/MEK should be shut down and we should expect
to see low levels of phosphorylated ERK. Our results show Rheb Y35N cell lines still contain high
levels of phosphorylated ERK in the absence of serum. These levels were similar to those seen
in KRAS G12V cells (Figure 3.4.8A). Rheb WT shows slightly elevated levels of phosphorylated
ERK, but at much lower levels than Rheb Y35N or KRAS G12V cells. This could be due to
increased KRAS expression in the RHEB WT NIH 3T3 cell lines (Figure 3.4.2).

Because RHEB Y35N displayed similar characteristics to KRAS G12V cell lines, |
hypothesized that the observed cancer-like growth phenotypes in Rheb Y35N cell lines was due
to activation of ERK signaling. To test this, | treated the cell lines with three different
concentrations of U0126, a MEK inhibitor, and measured their growth after 48 hours. Rheb Y35N
and KRAS G12V viability was greatly reduced by U0126 treatment at all three concentrations of
(Figure 3.4.8B). However, Rheb WT viability was significantly greater at 1uM and 10uM U0126
treatment.

To further examine the effect of RAS/RAF/MEK inhibition on Rheb Y35N cells, | tracked
the growth curve of the cell lines grown in the absence of serum and treated with 10uM U0126
over six days. | observed a large decrease in the growth curve of Rheb Y35N cells under U0126
treatment, while Rheb WT cells appeared to be only slightly inhibited by U0126 treatment (Figure
3.4.8C). These results suggest that unlike Rheb WT, Rheb Y35N activates RAS/RAF/MEK

signaling and this is the reason for Rheb Y35N mediated cancer growth properties.

60



Figure 3.4.8: RHEB Y35N Activates ERK Signaling
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A) RHEB Y35N strongly activates mTORC1. NIH 3T3 cell lines stably expressing RHEB WT,
RHEB Y35N, KRAS G12V, or Ctrl were grown in the presence or absence of serum, and cell
lysates were collected after 24 hours. Western blot was performed using antibodies for
phosphorylated -ERK, and total -ERK. Fold expression for each protein (S6 or ERK) was
calculated as: (intensity of phosphorylated protein) / (intensity of total protein). All ratios were
normalized to Ctrl under normal growth conditions. B) RHEB Y35N growth is sensitive to Erk
inhibition. NIH 3T3 cell lines were treated with 3 different concentrations of MAPK inhibitor,
U0126, for 48 hours. % Viable Cells = (OD value of treated cells) / (OD value of non-treated cells)
*100. OD values were measured using Cell Counting Kit-8. C) RHEB Y35N cell lines are sensitive
to Erk inhibition. NIH 3T3 cell lines were grown in serum-free conditions, with or without 10uM

U0126 treatment. Growth was monitored using Cell Counting Kit-8 for 6 days.
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RHEB and ERK Signaling

Previous studies have reported that Rheb inhibits Raf signaling directly. Early in vitro
studies show Rheb inhibits Raf mediated cancer transformation of cells, and interacts directly with
Raf-1 (C-Raf), when mixed with insect cell lysates overexpressing Raf-1 [65], [66]. However, later
studies in mammalian cells showed that while RHEB inhibits both BRAF and CRAF activity, RHEB
only binds BRAF, and not CRAF [67]. Additional studies have confirmed that RHEB inhibits BRAF
kinase activity independently of mTORC1 [68], [69]. The proposed mechanism is that Rheb
binding to BRAF inhibits two events required for Raf activation; 1. RHEB prevents BRAF/CRAF

hetero- and homo-dimerization, and 2. RHEB prevents BRAF association with RAS.

RHEB Knockdown Results in ERK Activation

Previous reports suggested that Rheb binds to and inhibits BRAF activity [67]-[69]. To
test this, | looked at the levels of phosphorylated-ERK in the lysates of cells where RHEB is
knocked out compared with cells where there is endogenous RHEB. Briefly, | generated Rheb
knockdown cell lines by using lentiviral integration of RHEB shRNA into HEK 293T cells. |
generated three separate cell lines expressing three different shRNA sequences. | found shRNA1
construct was the strongest at RHEB knockdown as evidenced by western blot showing
decreased RHEB and decreased phosphorylated S6K, an indicator of mTORC1 shut down
(Figure 3.4.9A). In this cell line | observed increased levels of phosphorylated-ERK compared
with control cell lines expressing RHEB endogenously (Figure 3.4.9B). This suggests that RHEB

WT inhibits Raf/Mek/Erk pathway in cells.

RHEB Overexpression Results in ERK Inhibition

We hypothesized that the RHEB Y35N mutant activates BRAF in cells through less
effective binding, while RHEB WT binds BRAF stronger and inhibits BRAF signaling. We decided

to see if the overexpression of RHEB WT in the RHEB Y35N stably expressing cell lines would
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decrease Raf/Mek/Erk pathway. To achieve this, | transiently transfected Rheb WT into the RHEB
Y35N expressing cell lines and monitored changes in levels of phosphorylated-ERK. | saw that
expression of RHEB WT in RHEB Y35N cell lines resulted in a significant decrease of

phosphorylated-ERK (Figure 3.4.9C). This suggests that RHEB Y35N activates, or at least does

not inhibit, the Raf/Mek/Erk pathway.
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Figure 3.4.9: RHEB Knockdown Results in ERK Activation, RHEB Overexpression Results

in ERK Inhibition
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A) Three HEK 293T cell lines stably expressing different Rheb1 shRNA constructs were
generated using lentiviral transduction. Western blots for RHEB protein are shown. To confirm a
decrease in mMTORC1 activity resulting from effective Rheb knockdown, western blot for
phosphorylatedS6K (pS6K) is also shown. B) Western blot showing levels of phosphorylated-
ERK (pERK) in Rheb knockdown cells versus control cells (No shRNA). The HEK 293T cell line
expressing Rheb1 shRNA construct 1, from A, is shown. C) NIH 3T3 cell lines stably expressing
Y35N were transiently transfected with plasmids to overexpress RHEB WT. Left: Western blot
for phosphorylated-ERK (pERK) is shown. Right: Graph showing levels of pERK/totalERK in
RHEB Y35N cell lines versus RHEB Y35N cells overexpressing RHEB WT. Numbers are from

ImagedJ analysis of western blot band intensities from three separate experiments.

64



RHEB binds BRAF and RHEB Y 35N is less effective in binding B-Raf

To identify the mechanism of RHEB Y35N activation of ERK signaling, | first looked to see
if RHEB Y35N binds RAF similar to RHEB WT. To accomplish this, | expressed FLAG-tagged
RHEB WT or RHEB-Y35N in HEK293T cells, collected the cell lysates, and performed an
immunoprecipitation using anti-FLAG antibody. Western blot analysis using BRAF and CRAF
antibodies revealed that both RHEB WT and RHEB Y35N bind BRAF (Figure 3.4.10). Neither
RHEB protein interacted with C-RAF. This result confirms an earlier report that Rheb WT binds
BRAF and not CRAF. Interestingly, RHEB Y35N binds BRAF much less effectively than RHEB

WT (Figure 3.4.10).
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Figure 3.4.10: RHEB Y35N Binds BRAF Less Effectively than RHEB WT
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Top: Western blot for BRAF, CRAF, and FLAG is shown. HEK 293T cells were transfected with
plasmids expressing FLAG-RHEB WT, FLAG-RHEB Y35N, or an empty plasmid expressing no
protein (Neg). Cell Lysate was collected 48 hours post transfection, and an immunoprecipitation
(IP) using anti-FLAG antibody was carried out. Bottom: Percentage of BRAF bound Rheb was
calculated as a ratio of BRAF/FLAG western blot intensities. Where RHEB WT ratio was set at

100% and RHEB Y35N was normalized to RHEB WT. Results are from 3 separate experiments.
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RHEB Y35N Does Not Interfere with BRAF/CRAF Dimerization in contrast to RHEB WT

Previous publications propose that RHEB WT binds BRAF and prevents BRAF/CRAF
dimerization [67]. My results show RHEB Y35N binds BRAF less effectively than RHEB WT. Thus,
it is possible RHEB Y35N allows more BRAF/CRAF dimerization than RHEB WT. To explore this
hypothesis, | performed immunoprecipitation of BRAF in the cell lines stably expressing RHEB
WT or RHEB Y35N. To observe BRAF/CRAF dimerization, | then performed a western blot for
CRAF from my BRAF immunoprecipitated samples (Figure 3.4.11). | observed virtually no CRAF
bands in the RHEB WT expressing cells, representing little BRAF/CRAF dimerization. However,
| saw bands for CRAF in the RHEB Y35N expressing cells, suggesting that RHEB Y35N does not
interfere with BRAF/CRAF dimerization (Figure 3.4.11).

The complete absence of CRAF bands in the RHEB WT lane is surprising. In these cell
lines RHEB WT is overexpressed, so it is possible that overexpression of RHEB WT is strongly
inhibiting BRAF/CRAF dimerization. RHEB Y35N overexpression in cells that also express
endogenous levels of RHEB WT show the presence of a CRAF band. This suggests that
endogenous levels of RHEB WT inhibit BRAF/CRAF dimerization at more medium levels than

what we see with the overexpression of RHEB WT.
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Figure 3.4.11: RHEB Y35N Does Not Interfere with BRAF/CRAF Dimerization
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Cell lysates were collected from NIH 3T3 cell lines stably expressing RHEB WT or RHEB Y35N.
Immunoprecipitation of endogenous BRAF was performed. Western blots against CRAF and

BRAF are shown.
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RHEB Y35N Binds AMPK and Inhibits AMPK Activity Similar to RHEB WT

While | was working on these experiments, a publication came out suggesting Rheb Y35N
activates BRAF through the AMPK pathway [70]. AMPK is known to phosphorylate and inhibit
BRAF, and a previous study has shown Rheb WT to bind and activate AMPK [71], [72]. The
authors propose a mechanism in which Rheb Y35N outcompetes Rheb WT for AMPK binding,
resulting in inhibition of AMPK signaling.

| performed several experiments to test RHEB Y35N effects on AMPK and my results
differ from theirs in the following aspects. First, | performed an immunoprecipitation of RHEB
Y35N, RHEB WT and RHEB T38A and looked at Y35N binding. | observed that RHEB Y35N
bound AMPK less effectively than RHEB WT (Figure 3.4.12A). Additionally, | performed an AMPK
activation assay in my NIH 3T3 cell lines and observed that RHEB Y35N and RHEB WT similarly
inhibited AMPK activity (Figure 3.4.12B).

These results lead me to believe that ERK activation in Y35N cells is not primarily due to
AMPK inhibition. It is possible that AMPK inhibition plays a minor role in BRAF activation, but the
observation that RHEB WT and RHEB Y35N have similar effects on AMPK can’t explain the large

differences observed between WT and Y35N cell lines.
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Figure 3.4.12: RHEB Y35N Binds AMPK and Inhibits AMPK Activity Similar to RHEB WT
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A) Rheb WT, T38A, and Y35N mutants were transiently transfected and expressed in HEK 293T
cells, cell lysates were collected, and immunoprecipitation for each was carried out. These results
show a Western blot for AMPKa and FLAG from those samples. B) Left: Overview of AMPK
activation assay carried out in the NIH 3T3 cell lines stably expressing KRAS G12V, RHEB Y35N
and RHEB WT. Right: western blot for phosphorylated AMPKa (pAMPK) and total AMPKo in cell
lysates of NIH 3T3 cell lines stably expressing KRAS G12V, RHEB Y35N, and RHEB WT. Results

from two different cellular conditions are shown, normal growth conditions of cells (top) and AMPK

activation assay conditions (bottom).
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Proposed model for RHEB Y35N activation of BRAF

These results suggest a model in which RHEB Y35N binds BRAF less effectively than
RHEB WT. This reduced interaction allows for better BRAF/CRAF dimerization, leading to
activation of ERK signaling (Figure 3.4.13). BRAF needs to be dimerized with itself or with CRAF
for activation and downstream signaling of the RAF/MEK/ERK pathway [73]. It is suggested this
is due to interaction with RAS dimers [74]-[76]. We propose that RHEB dimers block BRAF dimer
formation by possibly interfering with RAS-BRAF binding. Overexpression of mutant RHEB Y35N
dilutes the inhibitory effects of WT RHEB by forming WT-Y35N heterodimers that cannot

efficiently bind BRAF. This allows for increased BRAF dimerization with Ras proteins.

*At the time of writing this thesis, | am in the process of preparing a manuscript for publication

covering the results from this section 3.4 BRAF.
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Figure 3.4.13: Proposed Model for RHEB Y35N Activation of BRAF
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This is the proposed model for RHEB Y35N activation of RAF/MEK/ERK signaling. | propose a
mechanism in which RHEB Y35N binds BRAF less effectively than RHEB WT, thereby freeing up

BRAF/CRAF to form hetero- and homo-dimers and activate downstream signaling.
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CHAPTER 4:

SUMMARY OF FINDINGS, SIGNIFICANCE, AND ALTERNATIVE APPROACHES
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4.1 Summary
CAD

CAD is the protein responsible for carrying out the first three enzymatic steps of de novo
pyrimidine nucleotide biosynthesis. | identified CAD as an effector protein for Rheb using a
combination of techniques including mutant RHEB protein expression, immunoprecipitation,
western blotting, and mass spectrometry. | showed that CAD interacted less effectively with the
Rheb effector domain mutant (RHEB T38A) than with normal RHEB. | also demonstrated this
interaction was dependent on RHEB-GTP loading. Additional experiments using size exclusion
chromatography and non-denaturing protein separating gels, identified strong RHEB-CAD
complexes around 520kDA, and 780kDa in size. | also found that RHEB binds CAD at an
important UTP inhibitory region of the Carbamoyl-phosphate synthetase domain. | showed that
RHEB stimulated CAD activity both in vitro and in vivo, but does not appear to desensitize CAD
to regulation by UTP. Additionally, | observed RHEB and CAD colocalize at the lysosome. All of
these experiments identify CAD as the first Rheb effector protein outside of mTORC1.

We have narrowed down the region of CAD where Rheb interacts. This Rheb-binding
region is located in the CPSase domain and overlaps with a UTP and PRPP binding site that
regulates CPSase activity [47]. UTP is end product of pyrimidine nucleotide biosynthesis and acts
a negative feedback loop to inhibit CPSase activity. PRPP is a substrate required for UMP
synthesis, and excess amounts of PRPP result in stimulation of CAD activity [45]. It would be
interesting to further define this interface through co-crystallization and molecular modeling to
identify mutations or small peptides that could alter this interaction. One possibility is that Rheb
binding interferes with the binding of UTP and PRPP. However, my in vitro studies imply that CAD
activity is still inhibited by UTP even in the presence of RHEB. We do not know if PRPP has an
additive effect or no effect on RHEB-CAD binding and activation.

It has been reported that S6K phosphorylates and activates CAD, downstream of

mTORC1 [39], [40]. The S6K binding site is located at Serine-1859, a large distance away from
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the Rheb binding region we have identified. In addition, our in vitro experiments show RHEB can
directly stimulate CAD activity. Thus, my findings suggest that there are two ways to activate CAD.
Rheb can activate CAD through stimulation of mTORC1/S6K, and Rheb can directly stimulate
CAD activity. In both cases, Rheb plays an important role in generating pyrimidine nucleotide
biosynthesis in the cell.

The identification of RHEB-CAD complexes existing around 500kDa and 700kDa is
interesting because previous experiments reported CAD to forms oligomers in cells, and is
required for CAD activity [77]. Recent publications show that S6K phosphorylation of Serine-1859
on CAD promotes CAD oligomerization and activation [39]. My data shows possible CAD dimers
and trimers in the presence of Rheb overexpression. It is possible Rheb promotes CAD
oligomerization and activation. It is also possible there are other proteins in the RHEB-CAD
complex to account for this size. However, after the samples were subjected to size exclusion
chromatography, | did not see any other protein bands in the SDS-PAGE of RHEB-CAD fractions.
Further experiments are needed to test if Rheb affects CAD oligomerization as a method for CAD
activation.

Another important finding from my studies is Rheb affects cellular localization of CAD.
Rheb has been shown previously to be crucial for the proper localization of TSC and mTORC1 to
the lysosome, and that this localization is key for activation of mMTORC1 signaling [31], [32]. We
observed CAD localization change from primarily cytoplasmic to largely lysosomal, when Rheb
was overexpressed in cells. Additionally, FTI treatment inhibiting Rheb localization to lysosomes,
also caused CAD to return to cytoplasmic localization with little lysosomal overlap. This suggests
that Rheb recruits CAD to lysosomes and may be important for CAD function. RHEB-CAD
identification is an important stepping stone in uncovering RHEB’s function in signal transduction
in the cell. Since mTORC1 activation occurs on lysosomes, my results raise the possibility that
both mTORC1 and CAD activation occurs on the lysosomal membrane. Studies have reported

that amino acids accumulate in the lysosomes resulting in the activation of mMTORC1 [78]. Thus it
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is possible that CAD-lysosomal localization is important for CAD access to glutamine, the amino
acid required for the first step in CAD enzymatic activity.

The RHEB-CAD interaction has important implications for cellular signaling. | showed that
RHEB stimulated CAD activity resulting in increased pyrimidine nucleotide levels in the cell.
Nucelotide biosynthesis has long been a target for anti-cancer and anti-viral medications,
including antifolates and nucleoside analogs [79]. Relatively little is known about the signaling
proteins controlling nucleotide synthesis, and no previous protein has been identified that directly
regulates CAD activity. Thus, RHEB-CAD interaction is extremely interesting, and provides an

opportunity as a potential therapeutic target.

AMPK

AMPK is an important energy-sensing protein-complex responsible for the regulation of
many diverse signaling pathways in the cell. AMPK becomes activated when the cell becomes
stressed (usually through high ratio of AMP/ATP). AMPK activates catabolic pathways to generate
more energy for the cell, and shuts down energy consuming pathways. | have shown that RHEB
interacts with the AMPKa. subunit in an effector domain dependent manner. In addition, | have
shown that AMPKa interaction is specific to RHEB among other small GTPases, and that AMPKa
appears to colocalize with RHEB on the lysosomes. | also report evidence that RHEB inhibits
AMPKa phosphorylation/activation in cells under high stress. These results suggest Rheb
signaling controls another important energy sensing pathway in the cell, outside of mMTORCA1.

Studies have shown that AMPK inhibits mTORC1 activity through the phosphorylation of
one of its subunits, RAPTOR, and through phosphorylation and activation of TSC [80], [81].
mTORC1 induces cell proliferation which uses considerable cellular energy, when that energy
becomes diminished AMPK becomes activated and shuts down mTORC1. My results suggest a

feedback loop, where RHEB inhibits AMPK resulting in decreased TSC2 activation, and increased
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Rheb signaling. My results show that Rheb overexpression inhibits AMPK activation even when
cells are stressed. This suggests that in conditions where RHEB is overexpressed or overactive,
RHEB could shut down AMPK and promote cellular growth through increased activation of
signaling pathways downstream of Rheb.

A previous publication reported Rheb activates AMPK [72]. However, my results show that
overexpression of Rheb inhibits AMPK activation in response to phenformin treatment. There are
a few major differences between my experiments and theirs. Firstly, we used very different cell
lines. In their experiments, they used a TSC2+/+ cell line, that is also p53-/-. When this cell line
was generated with the purpose of TSC2 knockout only, it was discovered that the cells did not
grow without p53 also being knocked out [82], [83]. In order to generate a control cell line, they
therefore added back TSC2, but kept p53 knocked out. It could be that the absence of p53 in
these cells alters RHEB’s ability to inhibit AMPK, thus resulting in what appears to be activation
of AMPK. Second, we subjected the cells to different treatments. | put the cells under great stress
by combining serum starvation and phenformin treatment to strongly activate AMPK. It may be
that Rheb inhibition of AMPK can only be detected when there is a strong need for AMPK
activation. This would be the case in proliferating tumor cells that are vastly outgrowing their
nutrient-depleted surroundings.

Little is known about AMPK localization, and whether it changes based on activation. My
results suggest AMPK lysosomal localization is dependent on RHEB, because overexpression of
RHEB protein results in further accumulation of AMPK on lysosomes. Previous experiments have
shown Rheb affects mMTORC1 activity by keeping it at the lysosomal surface, and is required for
TSC mediated signaling [32], [33]. My previous results with RHEB-CAD show a similar alteration
in CAD localization in response to RHEB overexpression. These experiments suggest RHEB is
responsible for localization of mMTORC1, AMPK, and CAD to the lysosomal membrane where

crucial signaling pathways are controlled.
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Another important finding is that RHEB binds only to the AMPKa subunit, and not the 3 or
v subunits. It is possible Rheb disrupts the AMPK complex by binding the o subunit and preventing

B or y subunits from binding, or sequestering the o subunit away from the § and y subunits. |
believe this could be the mechanism for Rheb mediated inhibition of AMPK, but further

experiments are needed to test this hypothesis.

BRAF

Another downstream effector | studied is BRAF. Past experiments have revealed that
RHEB binds to and inhibits BRAF activity [67]-[69]. In those publications, it was revealed that
RHEB interaction with BRAF inhibits BRAF from binding H-RAS or dimerizing with CRAF, both
events that stimulate activation of Raf signaling. My experiments confirm the binding of RHEB to
BRAF and not CRAF. Interestingly, this RHEB-BRAF interaction is altered in the RHEB Y35N
mutant. My results show that RHEB Y35N binds BRAF at much lower levels than RHEB WT. We
also see a significant increase in ERK signaling in RHEB Y35N compared with RHEB WT. From
these results, combined with the previous publications on RHEB-BRAF interaction, | propose a
mechanism where RHEB Y35N transforms cells through less effective binding of BRAF resulting
in activation of BRAF and increased Raf/Mek/Erk signaling. In support of this idea, my results
show that RHEB Y35N expressing cells are significantly more sensitive to ERK inhibition than
RHEB WT expressing cell lines. Additionally, the RHEB Y35N mutant does not appear to affect
mTORC1 or AMPK any differently than RHEB WT. This suggests the transformative abilities of
Y35N stem mainly from activation of the Raf/Mek/Erk pathway.

While | was working on these experiments, a publication came out suggesting Rheb Y35N
activates BRAF through the AMPK pathway [70]. In this paper, the authors propose a mechanism
in which the RHEB Y35N mutant outcompetes RHEB WT for AMPK binding, resulting in inhibition

of AMPK signaling. My results show that RHEB Y35N binds AMPK less effectively than RHEB
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WT, and that RHEB Y35N and RHEB WT affect AMPK similarly. The authors point to previous
studies where RHEB WT has been shown to bind and activate AMPK [72]. My results differ, in
that they show both RHEB WT and RHEB Y35N inhibit AMPK activation under cellular stress.
This leads me to believe that activation of Raf/MEK/Erk signaling in RHEB Y35N expressing cells
is not primarily due to AMPK. It is possible that AMPK inhibition plays a role, but the observation
that RHEB WT and RHEB Y35N both inhibit AMPK at similar levels, does not justify why there
are such great differences between WT and Y35N cell lines.

The RHEB-BRAF interaction is an important addition to our understanding of Rheb
signaling. It is interesting that RHEB WT inhibition of BRAF has not received more attention since
its initial reports in the late 1990s to early 2000s. It may be that RHEB WT inhibition of BRAF
signaling is only moderate in comparison to other controls of RAF signaling, or only relevant under
certain conditions (i.e. serum starvation or certain cancers). The Y35N mutation appears to have
a strong phenotypic effect on fibroblast cells, conferring attributes commonly seen in transformed
cancer cells and similar to the effect KRAS G12V has on cells. Rheb, the Y35N mutation, and

cancer are discussed further in section 4.3.
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4.2 Multiple Downstream Effectors

The significant findings of my work have dramatically expanded our view of Rheb
signaling. | have reported the identification of new Rheb-effector protein interactions that control
multiple downstream signaling pathways. This includes Rheb interaction with mTORC1, CAD,
AMPK, and BRAF (Figure 4.1). In addition, | present evidence that Rheb alters the signaling
properties of each of these proteins. This work is of great biological significance, as all of these
proteins control important singling pathways that have been linked to cancer and disease, and
are therapeutic targets for these disorders.

Aberrant Rheb/mTORC1 signaling has been linked to proliferative diseases including
cancer and tumor formation [37]. These diseases often arise from improper nutrient sensing and
over activation or inappropriate inhibition of key signaling pathways in the cell. My results have
demonstrated Rheb controls the signaling of many of these pathways. Quickly dividing cells
require increased nucleotide pools in order to keep up with DNA synthesis for cell division. Rheb
stimulation of CAD represents one method DNA synthesis could be increased in these cells, and
is a potential therapeutic target for diseases with overactive Rheb. Additionally, AMPK is known
to act as a tumor suppressor to shut down cell growth in times of low nutrients. My results show
that Rheb prevents AMPK activation in the cell upon energy stress. Inhibition of AMPK also leads
to further activation of RHEB/mTORC1 signaling through decreased phosphorylation and
decreased activation of TSC. Thus, the RHEB-AMPK and RHEB-mTORCH1 interactions may play
a key role in supporting tumor growth.

My results, and previous publications, have presented evidence that RHEB inhibits BRAF
signaling. The reason for this is unclear, as BRAF and mTORC1 promote similar pathways
resulting in increased cellular growth and proliferation. It may be that BRAF and mTORC1
pathways compete for the same energy pool, so by inhibiting BRAF, Rheb is strengthening
mTORC1 signaling. Interestingly, | show that a reoccurring cancer mutation in Rheb, RHEB Y35N,

exhibits altered BRAF interaction that results in the activation of Raf/Mek/Erk signaling. In
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addition, RHEB Y35N activated mTORC1 and inhibited AMPK similarly to RHEB WT. Through
this combination of signaling pathway alterations we see that RHEB Y35N transforms cells similar
to a KRAS G12V mutant. This is of extreme biological significance, as Rheb mutations in the right
cellular context might drive cancer formation. Further studies in vivo would confirm the importance
of Rheb mutations in cancer formation. Additionally, it would be interesting to see if Rheb Y35N,
or other cancer mutations, affect the other Rheb signaling pathways presented in this dissertation.

Presence of multiple downstream effectors is a common feature of the Ras superfamily
GTPases. For example, Ras activates Raf, PI3K, RalGDS, Rin1 and PKC. Ras mutations that
selectively activate these downstream effectors have been identified and have been shown to be
valuable in dissecting Ras functions [60]. Similar mutations may be generated for Rheb. | believe
the RHEB Y35N mutation represents one such mutation, as RHEB Y35N exhibited different BRAF
binding and signaling properties than RHEB WT, but both were similar at activating mTORC1 and
inhibiting AMPK. Further analysis of Rheb mutants could help uncover additional Rheb signaling
pathways in the cell.

Future studies on Rheb signaling should further define the conditions in which RHEB
affects these effectors. One method my results suggest, is that RHEB may influence effector
activation through changes in localization. It appears Rheb localization at the lysosome is crucial
for activation of mMTORC1, and my results show localization of CAD and AMPK to the lysosomes.
This suggests RHEB controls signaling at the lysosomal membrane. Rheb signaling of specific
pathways may also be dependent on the genetic background of the cell, and the specific signals
the cell is receiving. AMPK, CAD, mTORC1, and BRAF are regulating my numerous different

upstream pathways, and RHEB may play a central role in integrating those upstream signals.
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Figure 4.1: A Proposed Model for Rheb Downstream Signaling
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| have demonstrated that Rheb binds directly and activates mTORC1 signaling pathway to

increase protein synthesis, cell proliferation and promote progression of the cell cycle. | have also

revealed that Rheb binds CAD and stimulates pyrimidine nucleotide biosynthesis. | have shown

Rheb binds AMPK and inhibits AMPK activity. Finally, | have shown that Rheb binds B-RAF, but

that a reoccurring cancer mutation, Y35N, activates B-RAF resulting in cancer transformation of

fibroblast cells.
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4.3 Rheb Y35N Mutation and Cancer

Analysis of cancer genome databases uncovered an important Rheb mutation, Rheb
Y35N. | showed that mouse embryonic fibroblasts stably expressing the RHEB Y35N mutant
developed characteristics phenotypic of cancer cells, including: growth in the absence of serum,
advancement through the cell cycle, anchorage-independent growth, and multilayer growth. The
Y35N mutation was shown to not only stimulate mTORC1 activity, but also activate ERK.
Additionally, it was shown that Y35N cancer growth was dependent on the activation of ERK
signaling.

These results show a fascinating result, that a point mutation in Rheb can confer cancer-
like properties onto cells. Point mutations at tyrosine 35 in Rheb are relatively rare, occurring in
only 9 samples out of thousands that have been sequenced at TCGA. However, while many
common cancer gene mutations have been identified (KRAS, EGFR, VHL, etc.), the majority of
cancers are caused by genes that occur at frequencies <20%. Recently, researchers at MIT
attempted to identify new cancer genes by looking for three factors: 1. genes that harbored point
mutations in a significant pattern in cancer, 2. genes that have high mutational burden relative to
background, and 3. clustering of mutations within evolutionary conserved sites [19]. These
researchers identified 33 “novel” genes, one of which was the Rheb Y35N mutation. This mutation
was found to be significant in clear cell renal cell carcinoma (ccRcc). This shows the importance
of studying point mutations in proteins like Rheb, that are known to control crucial signaling
pathways, regardless of how rare those mutations appear to occur.

Future experiments should focus on studying the effect RHEB Y35N has on the other
Rheb signaling pathways identified in this dissertation. My results suggest see that Rheb Y35N
stimulates mTORC1 and AMPK activity similar to Rheb WT, but its effect on CAD activity remains
to be explored. Additionally, it remains unclear as to why this mutation is found significantly in
kidney carcinoma. Perhaps the cellular environment and signaling of kidney cells is key for Rheb

Y35N to drive cancer transformation. Clear cell renal cell carcinoma (ccRCC) appears to be
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dependent on overactive VEGF receptor, a tyrosine kinase that transmits through several
pathways including the Raf/Mek/Erk pathway [84]. Approved treatments for ccRCC target the Raf
pathway, including sunitinib, a VEGFR inhibitor, and sorafenib, a RAF inhibitor [85], [86]. Thus, it
is not surprising that RHEB Y35N may act through the BRAF pathway to transform cells,
specifically in ccRcc. In fact, studies using mTORC1 inhibitors in combination with VEGFR
inhibitors have shown therapeutic benefits in a subset of patients [87]. It may be that in patients
suffering from ccRCC and carrying the RHEB Y35N mutation, should be targeted with a
combination of RAF and mTOR inhibitors, as my results show RHEB Y35N strongly activates
both pathways.

It would also be interesting to explore other Rheb point mutations found in cancer. While
point mutations at tyrosine 35 are the most common, there are other 39 other point mutations that
have been identified in cancer. Several interesting ones include mutations near the effector
domain (V32 and E40), mutations at sites where previous studies identified Rheb activating
mutations (S16 and G63), and mutations at a site where previous studies identified a dominant

negative Rheb mutation (D60).
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4.4 Alternative Approaches

In this dissertation, my approach to identify new Rheb effector proteins involved using
expressing Rheb effector domain mutants, performing immunoprecipitation of Rheb proteins, and
observing co-localization of proteins in the cell. In this section | would like to discuss alternative
approaches that could be carried out in the future to identify new Rheb effectors and Rheb

regulated signaling pathways.

Chemical Crosslinking

Another method would be to use chemical crosslinking to identify Rheb-protein
interactions. The basic idea behind this method is that if you can add photoactivatable groups into
proteins, you can use light to generate chemical crosslinking between your protein of interest and
its interacting proteins. The protein of interest can then be immunoprecipitated, and interacting
proteins can be identified using mass spectrometry analysis [88]. There are several advantages
to this method over the method | performed. First, the chemical crosslinking would glue together
the proteins in a strong complex. Knowing this, more rigorous washing could be performed during
the immunoprecipitation, and thus lowering the potential number of proteins identified in your IP.
Second, the addition of a photoactivatable group with a short crosslinker arm would ensure that
only proteins in extremely close proximity of the protein of interest would become crosslinked
upon photo activation. Third, because the timing of the crosslinking reaction can be controlled
through light, one could potentially attempt the crosslinking procedure under various conditions
to identify differences in protein-protein interactions.

Of course, there are several drawbacks to this method as well. Photoactivatable groups
are added to proteins through the incorporation of unnatural amino acids. In order to accomplish
this you must express your protein containing amber codons at sites where you want

incorporation, suppressor tRNAs that recognize the amber codons, engineered tRNA synthetases
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that will load the unnatural amino acids onto the suppressor tRNAs, and addition of the unnatural
amino acids themselves [89]. This can be a time consuming and difficult procedure, although a

powerful tool once successful.

BiolD is another way to identify potential candidate protein interactions [90]. This method
involves the use of a prokaryotic biotin ligase, BirA, that has been mutated to promote
promiscuous biotinylation [91]-[93]. This mutant BirA can be fused to your protein of interest, and
will add biotin to primary amines of adjacent interacting proteins. Biotinylated proteins can be
easily isolated from cells and identified using mass spectrometry. The advantage of this approach
is the ability to identify weak interactions that might otherwise be washed away during the
immunoprecipitation steps. In addition, this method can be temporally induced through the use of
an inducible promoter. The disadvantage of this procedure is the requirement of fusing biotin
ligase to your protein of interest. In the case of Rheb, this would require fusing to the N-terminus,
as the C-terminus is required for posttranslational modification and proper localization to
lysosomal membranes. Additionally, the biotinylated proteins identified might not be truly
interacting with the protein of interest and just be in close proximity, as the promiscuous BirA can
biotinylate proteins within a 10 to 20 nm distance [93]. Also, false negatives may be produced if

interacting proteins lack primary amines to be biotinylated.

Metabolomics

One method that could be performed is metabolomic analysis of cellular pathways in the
cell. Metabolomic profiling using mass spectrometry is a powerful “omics” tool that is gaining
traction as a new high throughput method of identifying the alteration of many pathways in the
cell. This method can be used to take a snapshot of metabolites at a given time point, or combined

with radio-labeled metabolites to measure flux through certain pathways. However, there are
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limitations to this approach. The metabolome is extremely sensitive to environmental and genetic
factors, and obtaining repeatable results requires rigorous attention to detail | order to replicate
experimental conditions. Additionally, metabolomics analysis requires the use of NMR or mass
spectrometry machines and along with analysis software to identify the metabolites. As is the
problem with all omics methodologies that return lots of data, unless you have in depth-knowledge
on a specific pathway you are interested in, it can be difficult to tease out which pathways are
truly being effected. However, the software and statistical analysis packages are continuously

being improved making these analyses easier for researchers to understand.
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CHAPTER 5:

MATERIALS AND METHODS
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Cell culture and transfection

HEK293T and Hela cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (vol/vol) fetal bovine serum and 1% (vol/vol) penicillin/
streptomycin. Cells were cultured at 37°C in a 5% CO; incubator. Transfection was carried out

using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

FLAG Immunoprecipitation

HEK293T cells expressing FLAG tagged Rheb -WT, -T38A, -Q64L, H-Ras, RalA, Rac1,
or GFP (control) were immunoprecipitated using anti-FLAG M2 affinity gel (Sigma). Briefly, the
cells were lysed with lysis buffer (50mM HEPES pH 7.4, 150mM NaCl, 0.4% CHAPS, 1X
Complete EDTA-free protease inhibitor cocktail (Roche), 1mM Na3V0O4), 150 mM NaCl, 25
mM MgCI2), and the supernatant was cleared of cellular debris using centrifugation (16,000 x g
for 10 min). Cleared supernatant was mixed with anti-FLAG M2 magnetic beads (Sigma) for
affinity purification. The beads were collected, washed four times with lysis buffer. The remaining
bound proteins were eluted three times with lysis buffer containing 62ug/mL of 3X FLAG peptide.
Eluted proteins were concentrated using Amicon Ultra 0.5-ml centrifugal filters NMWL 10K (EMD

Millipore, Billerica, MA).

Identification of CAD using Mass Spectrometry

After concentration, protein samples were subjected to SDS-PAGE and stained with
SilverQuest silver staining kit (Invitrogen) according to the manufacturer's instructions. Protein
bands were then excised from the silver-stained gel, in-gel-digested with trypsin, and subjected
to nano-liquid chromatography-electrospray ionization mass spectrometry analysis using a DiNa
nano-LC system (KYA Technologies) with an L-column 2 octyldecyl silane (0.05 mm by 100 mm,
3 um; CERI) coupled to a QStar Elite hybrid LC-MS/MS system (AB Sciex). Protein identification

was performed using Protein Pilot Version 3.0 software (AB Sciex) with default parameters.
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Western blotting & Antibodies

The amount of total protein concentration in cleared lysate was determined by Bio-Rad
protein assay. Equal protein extracts from various samples were separated by electrophoresis on
SDS-PAGE gel, or NativePAGE gel (Life Technologies), and then transferred to a nitrocellulose
membrane (GE Healthcare). The membrane was blocked in Tris-buffered saline containing 0.05%
Tween20 and 5% bovine serum albumin, then probed with primary antibodies followed by
secondary antibodies (Horseradish peroxidase (HRP)-conjugated). The blot was incubated in
Pierce ECL Western Blotting Substrate solution (Thermo Scientific). Protein bands from
peroxidase activities to chemiluminescent substrates were developed and detected on films.

Antibodies were purchased from the following companies: anti-CAD from Bethyl
Laboratories, anti-Halo antibodies from Promega, anti-LAMP2 antibody from Abcam, anti-FLAG
from Sigma, anti-Rheb from Cell Signaling, anti-Myc from, anti-TSC2 from Cell Signaling, and
anti-mTOR from Cell Signaling, anti-FLAG from Sigma, anti-RHEB, -RAS, -Actin, -totalS6, -

phosphoS6, -totalERK, -phosphoERK, -BRAF, and -CRAF all from Cell Signaling Technology.

Size Exclusion Chromatography

| used a 5mL column packed with Sephacryl S-300 high resolution resin (GE). Prior to
loading samples, | washed the column with 20 mL of Elution Buffer (10mM HEPES pH 7.4, 150mM
NaCl, 0.4% CHAPS). | loaded protein samples (prepared as in Flag Immunoprecipitation section)
onto the size exclusion column and let gravity run the samples through the column. | collected 36
fractions, 250uL volume for each fraction (total of 9mL), and subjected them to SDS-PAGE

followed by silver stain or western blot.

CPSase activity assay
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Endogenous CAD was immunoprecipitated from HEK293T cells using anti-CAD antibody
by the immunoprecipitation method described above. Rabbit IgG was used as a control. The
products were mixed in the buffer containing 100 mM Tris-HCI (pH 8.0), 100 mMKCI, 3.2.2
mM glutamine, 17.5 mM aspartate, 3 mM ATP, 1 mM DTT, 7.5% dimethyl sulfoxide, 10% glycerol,
and 5 mM MgCI2. The reaction was initiated by the addition of 1 mM 14C-labeled sodium
bicarbonate (40-60 mCi/mmol, PerkinElmer Life Sciences) to a final concentration of 5 mM. The
reaction was quenched after 60 min of incubation at 37 °C by the addition of trichloroacetic acid
(TCA) to a final concentration of 20%. The samples were heated for 1 h at 95 °C, and then
powdered dry ice was added to the tubes to eliminate excess COZ2. Carbon 14-labeled

metabolites were counted by a liquid scintillation counter.

Metabolic Profile Analysis

| followed a standard protocol used by the UCLA Metabolomics Core Facility they have
previously published [43], [44]. To summarize, cells were cultured for 24 hr and rinsed with ice-
cold 150 mM NH4AcO (pH 7.3), followed by addition of 400 pl cold methanol and 400 ul cold
water. Cells were scraped off and transferred to an Eppendorf tube, and 10 nmol norvaline as
well as 400 ul chloroform were added to each sample. For the metabolite extraction, samples
were vortexed for 5 min on ice and spun down, and the aqueous layer was transferred into a glass
vial and dried. Metabolites were resuspended in 70% ACN, and a 5-ul sample was loaded onto a
Phenomenex Luna 3u NH2 100A (150 x 2.0 mm) column. The chromatographic separation was
performed on an UltiMate 3000RSLC (Thermo Scientific) with mobile phases A (5 mM NH4AcO
[pH 9.9]) and B (ACN) and a flow rate of 300 ul/ min. The gradient ran from 15% A to 95% A over
18 min, 9 min isocratic at 95% A, and re-equilibration for 7 min. Metabolite detection was achieved
with a Thermo Scientific Q Exactive mass spectrometer run in polarity switching mode (+3.0 kV /
-2.25kV). TraceFinder 3.1 (Thermo Scientific) was used to quantify metabolites as the area under

the curve using retention time and accurate mass measurements (<3 ppm). Relative amounts of
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metabolites were calculated by summing up all isotopomers of a given metabolite and normalized

to the internal standard and cell number.

Immunofluorescent microscopy

Cells plated on 15-mm coverslips were immunostained with 5 yM HaloTag TMR Ligand
(Promega) for 30 min according to the manufacturer's instructions. Cells were then fixed in PBS
containing 1% formaldehyde for 15 min. For lysosome-associated membrane protein 2 (LAMP2)
staining, cells were permeabilized in PBS containing 0.1% Triton X-100 for 15 min, incubated with
anti-LAMP2 antibody overnight, and stained with fluorescently conjugated secondary antibodies
for 1 h. The cells were mounted in Vectashield mounting medium (Vector Laboratories).
Fluorescence images were obtained using an Olympus IX71 microscope equipped with a

Hamamatsu ORCA-Flash 4.0 CCD monochrome camera (Hamamatsu Photonics).

Generation of Lentivirus and Reagents

Stably expressing cell lines were generated using lentiviral transduction method. The
Rheb and KRAS G12V genes were amplified from pcDNA.3 plasmid vectors already containing
Flag-Rheb or Flag-KrasG12V using PCR kit, and using primers containing EcoRIl and BamHI
restriction enzyme cut sites. My amplified products were ligated into the lentiviral transfer plasmid
pCCL-c-MCS, after it was digested with EcoRI and BamHI, using ligase. The Rheb Y35N mutation
was generated using Quickchange Lighting Site-Directed Mutagenesis Kit (Agilent).

Lentivirus was produced by transfecting the lentiviral transfer plasmid, the packaging
plasmid (pCMV-R8.9) and the envelope plasmid (pMDG-VSVG) into HEK 293T cells using
Lipofectamine 2000 (ThermoFisher). The media was collected 48 hours later and filtered through

a 0.45 um filter. Lentiviral media was stored at -80°C until ready for use.

Cell culture and Generation of Stably Expressing Cell Lines
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NIH 3T3 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (vol/vol) fetal bovine serum and 1% (vol/vol) penicillin/ streptomycin.
Cells were cultured at 37°C in a 5% CO; incubator. NIH 3T3 cells were grown until 90% confluency
before adding a mixture of 50% normal media, 50% lentiviral media, and 8ug/mL polybrene. Cells
were incubated for 48 hours before being passaged and grown in normal media. Expression of

transduced proteins were monitored via Western blot using anti-FLAG antibodies.

Growth Curve Assay

Cells were grown under normal conditions (DMEM containing 10% FBS) or serum starved
(DMEM without FBS) and measured at given timepoints using the Cell Counting Kit-8 (Dojindo
Molecular Technologies, Inc.) according to manufacturer’s instructions. Briefly, cells were grown
in 96 well plates, 10ul of CCK-8 dye was added to each well containing 100ul of cell media, cells
were incubated for 1 hour, and then readings were obtained in triplicates using a Spectramax

Plus 384 spectrophotometer (Molecular Devices) at O.D. 450nm.

Cell Cycle Analysis

NIH 3T3 cell lines were trypsinized, washed, and suspended in PBS. Cells were fixed for
1 hour at 4°C in 70% ethanol. After fixation, cells were washed of ethanol and suspended in 500ul
of PBS. 20ul of RNAase A (10mg/mL stock) and 25ul of propidium iodide (1mg/mL stock) solutions
were added and the cells were incubated at 37°C for 30min. Cells were analyzed by flow
cytometry at the UCLA Flow Cytometry Core [Flow cytometry was performed in the UCLA
Jonsson Comprehensive Cancer Center (JCCC) and Center for AIDS Research Flow Cytometry
Core Facility that is supported by National Institutes of Health awards P30 CA016042 and 5P30
Al028697, and by the JCCC, the UCLA AIDS Institute, and the David Geffen School of Medicine

at UCLA.
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Foci Formation

NIH 3T3 cell lines were grown under normal growth conditions for 3 weeks, fresh media
was added every 2-3 days. Cells were visualized with crystal violet staining method. Briefly, cells
were fixed with ice-cold methanol for 10min on ice. Methanol was removed and the cells were
incubated in 0.5% crystal violet solution (0.5g crystal violet in 100ml of 25% methanol solution)
for 5min at room temperature. Cells were rinsed with H,O until no more color came off in the

rinse. For quantification, only those foci that were > than 2.5mm in diameter were counted.

Soft Agar Colony Formation Assay

To generate a semi-solid media growth surface for my cells, first | made 1% and 0.6%
(mass/vol) agar-media solutions. | generated a 0.5% base-layer-matrix by heating up the 1% agar
solution until dissolved, and mixing with normal growth media in a 50:50 ratio. | layered the
solution onto a cell culture plate and let solidify in the cell incubator for 1 hour. | heated up the
0.6% agar solution until dissolved, and placed in 37 °C H,O bath to bring down to cell temperature.
| trypsinized and suspended NIH 3T3 cell lines in normal media and 0.6% agar solution in a 50:50
ratio (now a 0.3% agar-media-cell solution). | layered this on top of the 0.5% solidified base-layer-
matrix. Cells were grown in incubator as normal for 3-4 weeks, with small amount of normal media
added 1x/week to prevent the gels from drying out. Cells were incubated with Nitro Blue
Tetrazolium dye 1mg/ml stock (tablets purchased from Sigma) overnight at 37 °C. Colonies were

visualized using BioRad Imager and counted by eye.

Immunoprecipitation

HEK293T cells expressing FLAG tagged Rheb -WT, or -Y35N were immunoprecipitated
using anti-FLAG M2 affinity gel (Sigma). Briefly, the cells were lysed with lysis buffer (50mM
HEPES pH 7.4, 150mM NaCl, 0.4% CHAPS, 1X Complete EDTA-free protease inhibitor cocktail

(Roche), TmM Na3V04), 150 mM NacCl, 25 mM MgClI2), and the supernatant was cleared of
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cellular debris using centrifugation (16,000 x g for 10 min). Cleared supernatant was mixed with
anti-FLAG M2 magnetic beads (Sigma) for affinity purification. The beads were collected, washed
four times with lysis buffer. The remaining bound proteins were eluted three times with lysis buffer
containing 62ug/mL of 3X FLAG peptide. Eluted proteins were concentrated using Amicon Ultra

0.5-ml centrifugal filters NMWL 10K (EMD Millipore, Billerica, MA).
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