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Myc requires RhoA/SRF to reprogram glutamine metabolism
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ABSTRACT
RhoA regulates actin cytoskeleton but recent evidence suggest a role for this conserved Rho GTPase
also in other cellular processes, including transcriptional control of cell proliferation and survival.
Interestingy, loss of RhoA is synthetic lethal with oncogenic Myc, a master transcription factor that
turns on anabolic metabolism to promote cell growth in many cancers. We show evidence
indicating that the synthetic lethal interaction between RhoA loss and Myc arises from deficiency in
glutamine utilization, resulting from impaired co-regulation of glutaminase expression and
anaplerosis by Myc and RhoA – serum response factor (SRF) pathway. The results suggest metabolic
coordination between Myc and RhoA/SRF in sustaining cancer cell viability and indicate RhoA/SRF
as a potential vulnerability in cancer cells for therapeutic targeting.
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Introduction

Tumor cells undergo metabolic transformation to feed
the energy and material needs of non-stop proliferation.
For example, cells preparing for cell division must
increase their mass and replicate DNA, which consumes
vast amount of nucleic acids, proteins, lipids and other
macromolecules. Therefore, anabolic metabolic pro-
cesses predominate in cancer cells and there has been
substantial recent progress in understanding how cancer
critical oncogenes including Myc, H-ras, Src, and Akt
engage metabolic processes to stimulate anabolic metab-
olism in transformed cells.1

Myc is a master regulator of transcription in prolifer-
ating cells and its oncogenic deregulation is among the
most frequent abberrations observed in human cancers.2

Myc actively coordinates metabolic transformation by
stimulating the expression of genes involved in glucose
metabolism and ribosome biogenesis. However, one of
the most essential metabolic functions of the oncogenic
Myc is upregulation of glutamine metabolism, as evi-
denced by strict glutamine-dependence of the cells with
high Myc expression for viability.3,4 Glutamine, once
transported to cytosol, is imported into the mitochon-
drion, where it is converted to glutamate by glutaminase
(GLS1), and subsequently metabolized to a-ketoglutarate
(a-KG). a-KG is oxidized in the the citric acid (TCA)

cycle to generate ATP or provide the carbon skeletons
for macromolecular synthesis. Myc stimulates glutamine
consumption and metabolism by different mechanisms,
including activation of genes involved in glutamine
metabolism at the transcriptional level or via small regu-
lating microRNAs.5 Normally glutamine is one of the
non-essential amino acids, but Myc can reprogram
metabolism so that glutamine is used as the main oxidiz-
able substrate to maintain the TCA cycle activity and cell
viability.6 Glutamine is also an indispensable donor of
nitrogen in nucleic acid biosynthesis and a primary
source of nitrogen for synthesis of many amino acids.7

While the oncogene orchestrated addiction of tumor
cells to glutamine exposes a clear cancer cell vulnerabil-
ity, few concepts have emerged so far as to suggest how
to pharmacologically exploit glutamine-dependency of
tumor cells in a therapeutic setting.8

Rho GTPases are rarely mutated in cancers, but their
expression and activity is often altered, suggesting that
their regulation is flawed.9 The altered activity of Rho
GTPases influences many key processes in tumorigenesis
including cell cycle, proliferation, adhesion, polarity, cell
survival and migration.10 These findings have prompted
several Rho and Rho pathway targeting strategies, antici-
pating clinical benefits from inhibited tumor cell prolif-
eration and reduced invasive or metastatic potential of
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tumor cells.11 Intriguingly, recent evidence has also sug-
gested a role for Rho proteins in generating cancer
metabolism type dependencies in the transformed cells.
An enticing connection between Rho GTPases and gluta-
mine metabolism was discovered through screening of
small molecules that could inhibit the Rho GTPase-
dependent transformation and breast cancer cell prolif-
eration. The most efficient inhibitor targeted a specific
isoform and splice variant of the mitochondrial gluta-
minase (GLS1), the enzyme involved in the first step of
glutaminolysis turning glutamine to glutamate.12,13

Thus, many independent oncogenic pathways could
impinge on the regulation of glutamine metabolism,
which is one of the most distinctively altered metabolic
pathway between normal and cancer cells.

A recent shRNA gene silencing screen aiming to iden-
tify determinants of epithelial integrity-dependent cell
cycle restriction in 3-dimensional MCF10A mammary
epithelial culture, unexpectedly exposed a strong syn-
thetic lethal interaction between an acute activation of
Myc and shRNA silencing of RhoA.14 We present here
evidence indicating co-operative action of oncogenic
Myc and RhoA-serum response factor (SRF) pathway in
upregulation of glutamine metabolism, dependency of
the cell survival of Myc and RhoA stimulated glutamine
anaplerosis and evidence for pharmacological targetabil-
ity of RhoA’s metabolic function.

Results

We originally observed the synthetic lethal interaction
between Myc activation and RhoA silencing in 3-dimen-
sional (3D) MCF10A mammary epithelial culture, rais-
ing the possibility that the cells were killed by an anoikis
type of death mechanism. For example, RhoA loss could
have perturbed the arrangement of basement membrane
(BM)-integrin contacts.9 However, we found that siRNA
mediated silencing of RhoA together with activation of
Myc (using tamoxifen-inducible MycER) induced syner-
gistic apoptosis also in traditional 2D monolayer cell cul-
ture (Fig. 1A-D), which bears little resemblance to
physiological BM environment. In addition, siRNA-
mediated silencing of RhoA alone did not induce any vis-
ible changes in the cell adhesion to petri dishes or apo-
ptosis. The RhoA loss coupled apoptosis was strictly
Myc-dependent. While these observations do not indi-
cate that extracellular matrix would be unimportant for
RhoA-dependent survival, they nevertheless motivated
us to investigate whether the apoptotic synergy between
RhoA-loss and Myc was mechanistically more cell
autonomous than originally thought.

We first explored the translational potential of the
apoptotic MycON;RhoAOFF switch by testing if the

RhoA silencing by siRNA could be substituted with
RhoA pathway inhibitors for apoptosis induction.
MCF10A cells with or without active Myc were exposed
to C3 transferase Rho inhibitor, Rho-associated protein
kinase (ROCK) inhibitor Y-27632. TNF-related apopto-
sis-inducing ligand (TRAIL) with known apoptotic syn-
ergy with Myc was used as a control.15 The C3 treatment
of MCF10A cells decreased the level of GTP-bound
active RhoA but even higher C3 concentrations did not
induce significant apoptosis (Fig. 1E and F). In contrast,
Rho inhibition by C3 combined with Myc activation
induced over 6-fold increase in caspase 3/7 activity, indi-
cating strong apoptotic response. ROCK inhibition also
sensitized to Myc apoptosis but less efficiently than
RhoA inhibition (Fig. 1F). The results indicate that inhi-
bition of either RhoA expression or its activity is strongly
synthetic lethal with high Myc activity and suggest that
the survival pathway downstream of RhoA at least par-
tially involves ROCK.

We next asked if the RhoA-deficiency perturbs Myc’s
ability to stimulate glutamine metabolism, which process
is essential for the survival of Myc transformed cells.16,17

Extending previous findings that Myc upregulates GLS1
expression, we found in chromatin immunoprecipitation
sequencing (ChIP-seq) assay a strong peak of Myc bind-
ing to GLS1 promoter in the proximity of transcription
start site (TSS). The binding was further enhanced when
inducible Myc (MycER) was activated in the cells
(Fig. 2A), suggesting that Myc directly transcriptionally
regulates GLS1 expression. Cancer cells and also highly
proliferative healthy cells suffer from continual loss of
citrate from TCA cycle and become dependent on gluta-
mine as an extra source of TCA intermediates (anaplero-
sis) for maintaining the mitochondrial integrity and
TCA cycle function.18 Glutamine is converted by GLS to
glutamate and further metabolized to a-KG, which is the
metabolite that enters the TCA cycle to provide energy
and macromolecular material sources. We examined
whether the MycON;RhoAOFF-induced apoptosis could
be rescued by replenishing glutamine carbon to the TCA
cycle. MCF10A cells were starved from glutamine for
24 hours followed by Myc activation for another 24 h. As
expected, the treatment caused Myc-dependent apopto-
sis that was completely rescued with exogenous a-KG
(Fig. 2B). Strikingly, feeding of the TCA cycle with exog-
enous a-KG also rescued the RhoA-loss triggered apo-
ptosis of Myc transformed cells (Fig. 2C).

We next asked whether the Rho activity might affect
the glutamine metabolism and validated both Rho inhib-
itor C3 and a cell permeable Rho activating reagent Rho
Activator II (Rho act) for these studies (Fig. 2D). Consis-
tent with the role of Rho pathway in regulation of gluta-
minolysis, we found that Rho inhibition slightly
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Figure 1. Genetic or pharmacological inhibition of RhoA sensitizes cells to Myc-dependent apoptosis. (A) RhoA mRNA expression
in control siRNA (siCtrl) or RhoA siRNA (siRhoA) transfected MCF10A-MycER cells at 72 h posttransfection. The graph presents
average and standar deviation (SD) of 3 biological repeats. Student’s t-test ** p � 0.01. (B) Phase contrast images demonstrat-
ing the level of apoptosis in MCF10A-MycER cell cultures transfected with RhoA targeted siRNA. Cells were cultured for 48 h
after siRNA transfection followed by Myc activation with 100 nM 4-OHT. Images were taken 24 h after Myc activation. Scale bar
100 mM. (C) Representative fluorescence microscopy images of the cells treated as above followed by immunostaining with
cleaved Caspase-3 antibody. Scale bar 100 mM. (D) Quantification of the apoptotic cells from the images. At least 6 field of
views (fov), each containing 500–1000 cells, were analyzed per treatment and the graph represents the average and standard
deviation (SD) of 2 biological repeats. Student’s t-test ** p � 0.01. (E) Quantification of active GTP-bound RhoA in the cells after
treatment with vehicle (MQ water) or with 0.5 mg/ml Rho inhibitor C3 for 4 h or 24 h. RhoA protein denotes an assay control.
The graph shows average and SD representing 4 biological replicates. Student’s t-test *** p � 0.001, **** p < 0.0001. (F) Quan-
tification of apoptosis in MCF10A-MycER cells treated with 50 ng/ml TRAIL (positive apoptosis control), 0.5 mg/ml C3 or 25 mM
Y-27632 (ROCK inhibitor) with or without Myc activation. Cells were seeded to multiwell plates and let adhere for 24 h followed
by 24 h Myc activation with 100 nM 4-OHT. Thereafter, the cells were incubated with drugs for another 24 h (or TRAIL 30 min)
followed by analysis of caspase-3/7 activity. The graph shows average and SD representing 3 biological replicates. Student’s t-
test as above, * p � 0.05.
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decreases GLS1 expression. However, more notably, Rho
activation increased the GLS1 expression with similar
potency as Myc (Fig. 2E). To address the role of Rho

pathway in regulation of glutamine metabolism more
quantitatively, we examined the levels of intracellular
glutamate (metabolite of glutamine converted by GLS1).

Figure 2. (For figure legend, see page 278).
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Interestingly, Rho inhibition decreased the intracellular
glutamate levels and rendered Myc unable to elevate glu-
tamate levels. Moreover, Myc and Rho activation addi-
tively increased the cellular glutamate levels (Fig. 2F).
These findings suggest that Myc requires Rho pathway
function for activation of the cell survival critical
glutaminolysis.

Recent results have suggested that RhoA/ROCK path-
way regulates serum response factor (SRF)-dependent
transcriptional responses, including those important for
cell survival.19,20 In agreement, Rho activation induced a
strong nuclear accumulation of SRF in MCF10A cells
(Fig. 2G). We examined whether RhoA pathway could
augment Myc’s ability to induce GLS1 expression and
performed experiments at 24 h timepoint before full
Myc induction of GLS1 (Fig. 2H). Activation of RhoA/
SRF pathway with a constitutively active form of RhoA
(RhoA Q63L) or SRF (SRF VP16) synergized with Myc
in induction of GLS1 protein accumulation (Fig. 2I). At
the early timepoint, a conditionally active SRF co-activa-
tor MAL/MRTF (DN-MAL) did not have similar effect
on GLS1 accumulation. We also explored the role of
Rho/SRF pathway in glutaminolysis with a small mole-
cule inhibitor CCG-1423, which targets Rho/SRF tran-
scriptional signaling.21 Similar to Rho-specific inhibitor

(Fig. 2F), also CCG-1423 reduced the intracellular gluta-
mate levels and blocked Myc’s capacity to stimulate glu-
taminolysis (Fig. 2J). Furthermore, consistent with the
findings that SRF upregulates GLS1 (Fig. 2I), both the
constitutively active SRF VP16 and the induciby acti-
vated DN-MAL upregulated the cellular glutamate levels
(Fig. 2J). The inhibition of Rho/SRF transcriptional sig-
naling was strongly synthetic lethal with Myc (Fig. 2K)
and, vice versa, the enforced activation of SRF with DN-
MAL partially rescued the MycON;RhoAOFF-induced
apoptosis (Fig. 2L). The results suggest that RhoA/SRF
signaling and Myc cooperate to establish a pattern of glu-
taminolysis that is critical for the survival of transformed
cells.

The results from the cell based assays suggested that
Myc expressing cancer cells could strongly benefit from
SRF co-expression. We addressed the question by deter-
mining the status of Myc and SRF expression in a panel
of 39 clinical breast cancer samples. The expression sta-
tus of Myc and SRF was blindly evaluated in immunohis-
tochemically stained samples and the samples were
categorized to high (>50% cells Myc or SRF positive)
and low/negative expression groups (0–50% cells posi-
tive). Interestingly, 67% of the samples with high Myc
levels also harbored high level SRF expression (Fig. 2M).

Figure 2. (see previous page) Myc and RhoA/SRF pathway cooperatively support glutamine anaplerosis, which is critical for the sur-
vival of transformed cells. (A) ChIP-Seq peaks indicate Myc binding to proximity of GLS1 promoter transcription start site (TSS) in
MCF10A-MycER cells. The box denotes 50UTR region preceding the first intron of GLS1. Note the enhanced binding site occupancy
after Myc activation with 100 nM 4-OHT for 24 h. IgG was used as an antibody specificity control. (B) a-KG rescues Myc transformed
cells from glutamine-deprivation induced apoptosis. MCF10A-MycER cells were cultured in the precence or absence of glutamine for
24 h followed by 24 h Myc activation with 100 nM 4-OHT. 0.5 mM a-KG was added to the indicated cells at the start of glutamine
deprivation. The graph shows average and SD representing 3 biological replicates. (C) a-KG rescues Myc transformed cells from Rho
inhibition-induced apoptosis. The experiments were performed as in (B), 0.5 mg/ml C3 was used to inhibit Rho. (D) RhoA activation
in MCF10A cells with Rho activator II. The cells were treated for 24 h with 1 mg/ml Rho activator (Rho act; Rho activator II) followed
by analysis of GTP-bound RhoA. (E) Rho upregulates GLS1. Western blot analysis shows GLS1 protein levels in MCF10A-MycER cells
after 24 h treatment with control (MQ water), 100 nM 4-OHT to activate Myc, 0.5 mg/ml Rho inhibitor C3 or with 1 mg/ml Rho activa-
tor II. Beta actin was used as a loading control. (F) Effect of altered Rho activity on the intracellular glutamate levels in the presence
or absence of active Myc. The glutamate levels were measured after the cells were treated for 24 h with 100 nM 4-OHT to activate
Myc followed by 24 h treatments with 0.5 mg/ml C3, 1 mg/ml Rho activator II or a positive control 10 mM GLS inhibitor BPTES. The
graph shows average and SD representing 3 biological replicates. (G) Immunofluorescence staining of MCF10A-MycER cells shows
nuclear accumulation of SRF after 24 h treatment with 1 mg/ml Rho activator II. (H) Time course of GLS1 induction by Myc. Myc was
activated with 100 nM 4-OHT. Beta actin serves as a loading control. (I) Rho/SRF pathway cooperates with Myc to induce accumula-
tion of GLS1. The western blot analysis shows the GLS1 and SRF levels in MCF10A cells after 24 h Myc activation, DN-MAL induction
with 1 mg/ml doxocycline and after the cells were engineered to express RhoA Q63L or SRF VP16. (J) Effect of altered Rho/SRF signal-
ing activity on the intracellular glutamate levels in the presence or absence of active Myc. The intracellular glutamate levels were
measured as in (F) using 250 nM GCG-1423. The bars on the right denote MCF10A cells expressing SRF VP16 or activated DN-MAL.
(K) Inhibition of Rho/SRF signaling sensitizes to Myc-dependent apoptosis. Experiments were performed using 500 nM RhoA/SRF
inhibitor. (L) Enforced SRF activity rescues cells from apoptosis triggered by active Myc together with Rho inhibition. In the experi-
ments, 100 nM 4-OHT was used to activate Myc and 1 mg/ml doxocycline to induce the SRF coactivator DN-MAL for 24 h followed
by 24 h inhibition of Rho with 0.5 mg/ml C3. (M) Representative images from immunohistochemical stainings of breast cancer sam-
ples showing examples of Myc and SRF negative and high MYC/SRF positive samples. The table shows quantification of blinded sam-
ples. The high expressing group included samples with >50% positive cells and the low expressing/negative group samples with 0–
50% positive cells. The scale bar is 50 mm. In the table, the z-score test for 2 population proportions indicates statistically significant
difference between the proportions. (N) A model proposing that Myc and RhoA/SRF cooperatively sustain glutamine anaplerosis in
cancer cells, which is critical for their survival. Thus, the RhoA/SRF-dependent glutaminolytic pathway may offer new targets for thera-
peutic interventions aiming to selectively kill metabolically transformed cancer cells.
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The data suggest mutual requirement of Myc and SRF in
context of breast cancer.

Together, we show evidence that RhoA/SRF signaling
regulates glutaminolysis in epithelial cells and that this
pathway plays a critical role in cancer cell anaplerosis
(Fig. 2N). Our findings that oncogenic Myc is dependent
on RhoA/SRF signaling to satisfy the glutamine needs of
metabolic transformation also exposes a potential cancer
cell vulnerability that could be therapeutically exploited
with RhoA/SRF pathways inhibitors.

Discussion

The present study clarifies the mechanistic basis for syn-
thetic lethal interaction between loss of RhoA and oncogenic
Myc, originally found in a shRNA screen aiming to expose
interactions between the epithelial integrity and cell cycle
machinery in 3D mammary epithelial culture.14 Synthetic
lethal interactions, especially pharmacological treatments
found to interact with cancer-specific genetic lesions to
selectively induce death of cancer cells, hold significant clini-
cal potential in cancer therapeutics. For example, clinical
proof of concept has been achieved by targeting PARP
inhibitors against BRCA mutated tumors.22,23 Interestingly,
recent evidence also suggests that antiproliferative responses
to targeted therapies can be transformed into more thera-
peutically beneficial apoptotic (synthetic lethal) responses
through combining antiproliferative intervention with inhi-
bition of cancer cell specific metabolic processes, such as
glutamine utilization.24

We show in the present study that not only siRNAmedi-
ated silencing of RhoA, but also a pharmacological inhibi-
tion of Rho or Rho-SRF pathway activity is robustly
synthetic lethal with oncogenic Myc. The findings suggest
that drugs directed to inhibit RhoA pathway possess a trans-
lational potential as cancer cell apoptosis inducing modali-
ties. Moreover, the present study shows evidence that the
RhoA-dependent synthetic lethal activity may not be due to
loss of classical RhoA functions in regulation of cytoskeleton
dynamics but instead, the lethal effects are coupled to very
recently documented functions of Rho GTPases in regula-
tion of mitochondrial glutamine metabolism.25-27 The pres-
ent findings suggest that RhoA and Myc together feed
glutamine-dependent anaplerosis, which is critical for TCA
function in cancer cells to provide energy and macromolec-
ular material sources (Fig. 2N). The increased occupancy of
GLS1 transcription regulating sites by activated Myc sug-
gests that Myc contributes to glutaminolysis via GLS1 upre-
gulation. While RhoA-SRF signaling cooperated with Myc
in induction of GLS1, we could not obtain evidence for
direct SRF regulation of GLS1. Therefore, the exact mecha-
nisms of RhoA/SRF regulation of GLS1 remain to be clari-
fied by future studies.

In summary, our results expose a new cancer cell vul-
nerability that derives from the specific requirement of
Myc transformed cells to sustain RhoA/SRF signaling to
maintain glutamine-dependent anaplerosis. Myc is
among the commonest oncogenes in all cancers and a
key driver of metabolic transformation.28 Therefore,
RhoA/SRF signaling could present a new target for thera-
peutic strategies aiming to exploit the metabolic vulnera-
bility of transfomed cells that is prevalent in cancers with
high Myc expression level

Materials and methods

Cell culture

MCF10A cells were obtained from American Type Culture
Collection (ATCC) and were previously transduced with
pBabe-puro-MycERtm construct. Cells were cultured in
MCDB-170 (US Biological) with 70 mg/ml BPE, 5 mg/ml
insulin, 0.5 ml/ml hydrocortison, L-glutamine, 5 ng/ml
human EGF, 5mg/ml transferrin and 0.01 mM isoproprete-
nol. DN-MAL and SRF-VP16 plasmids were a kind gift
from Prof. Martin Eilers Laboratory (University of
W€urzburg).

Reagents and antibodies

The following reagents were used: 4-Hydroxytamoxifen (4-
OHT, Sigma-Aldrich), Rho inhibitor C3, Rho activator II
(CT04, Cytoskeleton), ROCK inhibitor Y-27632, RhoA/SRF
inhibitor CCG-1423, Myosin lightchain kinase inhibitor
ML-7 (Sigma-Aldrich) and recombinant human TRAIL
(R&D systems). The following antibodies were used in
immunoblotting and immunofluorescence stainings:
Cleaved caspase-3 Asp175 (#9661, Cell Signaling), SRF G-
20 (sc-335, Santa Cruz), Beta actin (Santa Cruz) and GLS1
(ab93434, AbCam). In immunohistochemistry we used
Myc Y69 (ab32072, AbCam) and SRF (OAAF00701, Aviva
Systems Biology).

RNA interference

For 6-well 15 nM of human specific RhoA siRNA
(Hs_RhoA_6 FlexiTube siRNA, Qiagen) was diluted to
400 ml medium. 12 ml HiPerFect Transfection reagent was
added and the mix was incubated 10 min RT, after which
the mix was plated and 250 000 cells were added on top.
The plate was incubated 48–72 h and the cells were lysed for
analysis or fixed for stainings. RNA was extracted with
RNeasy mini kit (Qiagen) according to manufacturer’s
instructions and siRNA efficacy was validated with real-
time qPCR in Biomedicum Functional Genomics Unit
(FuGU).
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Immunofluorescence stainings and imaging

Cells grown on coverslips were washed with PBS and fixed
with 4% PFA for 15 minutes. Then the cells were permeabi-
lized with 0,1% Triton-X-PBS, after which they were
blocked for non-specific binding sites using 1% BSA-PBS.
The cells were incubated for 60 minutes with primary anti-
body and washed 3 times with PBS, incubated with second-
ary antibody (Life Technologies, Alexa fluor conjugated) for
45 minutes, washed and the nuclei were counterstained
with Hoechst. The coverslips were mounted using Immu-
Mount mounting reagent (Thermo Scientific). Microscopy
analyses were performed with Zeiss Axioplan fluorescence
microscope with filters for Alexa 488 and Hoechst and
imaged with Zeiss AxioCam HRc color camera (Biomedi-
cum Imaging Unit, BIU).

G-LISA RhoA activity assay

RhoA GTPase activity was measured using G-LISA
RhoA Activation Assay Kit (Cytoskeleton) according to
the manufacturer’s instructions. Cells were cultured on
6-well plates (300 000 cells/well) and lysed with 70 ml/
well cell lysis buffer included in the kit. Luminescence
was measured with VICTORTMX3 (Perking Elmer).

Apoptosis assay

Cells were seeded on 96-well plates (40 000 cells/well),
treated, and apoptosis was detected with Caspase-Glo�

3/7 luminescence kit (Promega). Luminescence was mea-
sured with VICTORTMX3 (Perking Elmer).

Lysates and immunoblot analysis

The cells were lysed with RIPA buffer supplemented with
protease inhibitor cocktail (complete mini-EDTA free,
Roche) and harvested with scraper. Cells were incubated
on ice for 10 minutes, after which the nuclei were broken
using a needle and syringe. Lysates were centrifuged at
C4�C and the supernatants collected. The protein con-
centration was measured using BioRad DCtm Protein
assay and VICTORTMX3 96-well plate reader (Perking
Elmer). SDS-page and Western blot analysis were per-
formed with standard protocols.

ChIP-sequencing

ChIP-sequencing was performed as described,29

MCF10A-MycER cells were treated with control etha-
nol or 100 nM 4-OHT to activate Myc for 24 h, after
which the cells were crosslinked with 10 min incuba-
tion at room temperature with 1% formaldehyde, and

the reaction was stopped by adding glycine. The cells
were collected with scraping, centrifugated and lysed
with RIPA-buffer. The crosslinked chromatin was
sonicated into 100–400 bp fragments followed by cen-
trifugation to remove cellular debris. 25 mg of anti-
bodies against Myc (Millipore 06–340) or control
rabbit IgG (sc-2027) was added to the lysate and sam-
ples were rotated overnight at C4�C. After immuno-
precipitations, samples were RNAse A & Proteinase K
treated and reverse-crosslinked at C64�C, followed by
phenol:chloroform:isoamyl alcohol (25:24:1)-extrac-
tion and ethanol precipitation. Fragmented IP-DNA
was end-repaired by using Klenow and T4 DNA poly-
merases and T4 polynucleotide kinase (Thermo), A-
nucleotide was added with Klenow fragment exo
(Thermo) and Illumina adapters were ligated with T4
DNA ligase (NEB). The amplified 200–300 bp frag-
ments were sequenced using Illumina HiSeq2000 (sin-
gle 36 bp reads) system. Sequence reads were mapped
to the hg18 human reference genome by bwa. Dupli-
cate reads were removed and sequencing depth was
normalized by randomly sampling the mapped reads
to match the sample with the fewest reads. Peak-call-
ing was performed as in ref. 30 with 200 bp average
fragment length.

Glutamate assay

Intracellular glutamate was measured using Glutamate
Colorimetric Assay Kit (#K629–100, BioVision) accord-
ing to the manufacturer’s instructions.

Abbreviations

a-KG a-ketoglutarate
Gln Glutamine
GLS1 Glutaminase
Glu Glutamate
MLCK Myosin lightchain kinase
ROCK Rho-associated kinase
SRF Serum response factor
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