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Activating mutations in KRAS (KRAS∗) are present in
nearly all pancreatic ductal adenocarcinoma (PDAC)
cases and critical for tumor maintenance. By using an
inducible KRAS∗ PDAC mouse model, we identified a
deubiquitinase USP21-driven resistance mechanism to
anti-KRAS∗ therapy. USP21 promotes KRAS∗-indepen-
dent tumor growth via its regulation of MARK3-induced
macropinocytosis, which serves to maintain intracellular
amino acid levels for anabolic growth. TheUSP21-mediat-
ed KRAS∗ bypass, coupledwith the frequent amplification
of USP21 in human PDAC tumors, encourages the assess-
ment of USP21 as a novel drug target as well as a potential
parameter that may affect responsiveness to emergent
anti-KRAS∗ therapy.

Supplemental material is available for this article.
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Pancreatic cancer is the seventh leading cause of cancer
deathsworldwidewith a 5-yr survival rate of∼7% (Bengts-
son et al. 2020). The most common form of pancreas can-
cer, pancreatic ductal adenocarcinoma (PDAC), is driven
and sustained bymutant oncogenic KRAS (KRAS∗), which
occurs in >90% of cases (Aguirre et al. 2003; Hingorani
et al. 2003; Ying et al. 2012; Kimmelman 2015). The
KRAS∗-driven metabolic program is characterized by in-
creased glucose uptake and glycolytic intermediates
(Ying et al. 2012), which are used to produce macromole-
cules including amino acids, nucleotides, and lipids need-
ed for cancer cell growth (Hay 2016). In the nutrient-
deprived PDACmicroenvironment, KRAS∗ also activates
nutrient salvage pathways including autophagy (Yang
et al. 2011; Perera et al. 2015) andmacropinocytosis (Com-
misso et al. 2013) to fuel the high energetic demands of
amino acids as carbon and nitrogen donors (Kamphorst
et al. 2015; Palm et al. 2015).
Our recentwork identified the deubiquitinaseUSP21 as

a novel, frequently amplified PDAC oncogene that pro-
motes cancer cell stemness via its deubiquitination and
stabilization of transcription factor TCF7 in the nucleus
(Hou et al. 2019). In an in vivo gain-of-function screen
(Hou et al. 2020), USP21 emerged as the second top candi-
date that promotes tumor recurrence following KRAS∗ ex-
tinction in an inducible KRAS∗ PDAC model (iKPC
model) (Ying et al. 2012).However,weunexpectedly found
thatUSP21 enables KRAS∗ bypass via its actions in the cy-
toplasm rather than its nuclear function of TCF7-induced
cancer stemness. Integrated analysis revealed that USP21
increases macropinocytosis via its regulation of microtu-
bule affinity-regulatingkinase 3 (MARK3), akinase regula-
tor of cytoskeleton dynamics that is central to the
macropinocytotic process, thereby providing metabolic
support followingKRAS∗ extinction inPDACcancer cells.

Results and Discussion

USP21 promotes the bypass of KRAS∗ dependency
in PDAC cells

To identify cancer cell-autonomous and nonautonomous
resistancemechanisms to KRAS∗ extinction, we conduct-
ed a gain-of-function screen of 284 epigenetic regulators in
the iKPC PDAC mouse model genetically engineered
with an inducible KrasG12D, conditional null allele for
Tp53 knockout, and p48-Cre transgene (Ying et al. 2012;
Hou et al. 2020). USP21 emerged as the second topmost
KRAS∗ bypass hit with tumor formation incidence at
50%–70% ∼5 wk following KRAS∗ extinction (Fig.
1A–D). Enforced expression of wild-type (WT) USP21,
but not an enzyme-dead (ED) mutant, promoted KRAS∗-
independent PDAC tumor growth in vivo (Fig. 1A,B) and
colony formation in vitro (Fig. 1E,F, Supplemental Fig.
S1A,B). USP21 escaper tumors were highly anaplastic
and proliferative (Ki67) and showed decreased pERK levels
relative to KRAS∗-expressing tumors (Fig. 1D).
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Examination of KRAS∗ signaling pathway revealed that
USP21 escapers consistently increased S6 phosphorylation
compared with KRAS∗-extinguished cells (Supplemental
Fig. S1C). Escaper cells neither hyperactivated endogenous
Kras, re-expressed KrasG12D transgene, nor up-regulated
Yap1, which is an established mechanism for bypass of
KRAS∗ dependency as shown previously (Supplemental
Fig. S1D; Kapoor et al. 2014; Shao et al. 2014). Correspond-
ingly, in the de novo USP21 escapers or USP21-overex-
pressing KRAS∗-extinguished cells, we observed YAP1
phosphorylation at S127, which is known to decrease
YAP1 activity, and no up-regulation of the canonical
YAP1 target genes (Supplemental Fig. S1C,E–F). Moreover,
cytoplasm-localized USP21 (NESUSP21), but not nucleus-
localized USP21 (NLS USP21) (Hou et al. 2019), enabled
KRAS∗-independent tumor growth (Supplemental Fig.
S1G), indicating that USP21 drives KRAS∗ bypass via cyto-
plasmic target(s) rather than its actions on TCF7 in the nu-
cleus (Hou et al. 2019). Thus, USP21 promotes KRAS∗
bypass through a cancer cell-intrinsic mechanism requir-
ing its enzymatic functions in the cytoplasm that does
not involve reactivation of KRAS∗ or known mechanisms
of KRAS∗ bypass such as YAP1 activation.

USP21 up-regulates mTOR signaling and
macropinocytosis

To identify molecular mechanisms by which USP21 sup-
ports KRAS∗-independent PDAC growth, RNA-seq profil-
ing was performed at 3 d following KRAS∗ extinction,

revealing enrichment of mTOR signaling signature in
WT USP21-overexpressing PDAC cells compared with
GFP-overexpressing or ED USP21-overexpressing cells
(Fig. 2A). Western blot analysis confirmed activation of
mTORC1 pathway factors including phosphorylated S6 ki-
nase, S6, andULK1, although the level of activation is lower
than that achieved with KRAS∗ expression (Fig. 2B). Fur-
thermore, the mTOR inhibitor rapamycin eradicated
USP21-driven KRAS∗ bypass (Fig. 2C), implying that the
ability ofUSP21 to sustain even low levels ofmTORsignal-
ing may support KRAS∗-independent PDAC growth.

Optimal mTORC1 activation requires localization on
the lysosome membrane, upstream PI3K–AKT signaling
input, and adequate amino acids (Fig. 2D; Condon and Sa-
batini 2019). Immunofluorescence (IF) staining of mTOR
and the lysosome marker LAMP1 revealed no changes in
their colocalization by USP21 in KRAS∗-extinguished
PDAC cells (Supplemental Fig. S2A). Although PI3K/
AKT signaling was slightly activated relative to controls
in WT USP21-overexpressing PDAC cells, mTOR inhibi-
tors Torin-2 and rapamycin suppressed pAKT levels (Sup-
plemental Fig. S2B,C), indicating that AKT pathway
activation is regulated by mTOR pathway as a result of
positive feedback rather thanbyUSP21.Moreover, neither
forced expression of constitutively activated AKT (Yan
et al. 2021) nor genetic activation of mTORC1 upstream
signaling by Tsc2 depletion was able to drive KRAS∗ by-
pass; instead, Tsc2 depletion provoked cell death (Supple-
mental Fig. S2D–F). Together, these findings established
that USP21 fails to activate mTORC1 upstream signaling
directly and that the up-regulation ofAKT/TSC2 signaling
is insufficient to support KRAS∗ bypass.

To assess amino acid metabolism, metabolomic analy-
sis at steady state was performed, revealing enrichment of
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Figure 1. USP21 promotes PDAC cells to bypass the dependency of
KRAS∗. (A,B) Tumor growth analysis (A) and tumor-free survival anal-
ysis (B) comparing tumors with overexpression of GFP with dox feed-
ing (GFP on dox), GFP without dox feeding (GFP off dox), WT USP21
without dox feeding (WTU off dox), and EDUSP21 without dox feed-
ing (EDUoff dox). (C ) Bioluminescent imaging of orthotopically trans-
planted GFP-overexpressing and WT USP21-overexpressing tumor
cells without dox feeding. (D) RepresentativeH&E and immunohisto-
chemical (IHC) staining images of iKPC tumors andWTUSP21 escap-
ers. (E,F ) KRAS∗-independent colony formation analysis in Matrigel
(E) and representative images (F ) comparing iKPC cells overexpressing
GFP, WT USP21 (#1 and #2 are two biological replicates), and ED
USP21. GFP-overexpressing iKPC cells with dox is positive control.
For A and E, data are represented as mean ±SEM. (Dox) Doxycycline.
See also Supplemental Figure S1.

BA

C D

Figure 2. USP21 reactivates mTORC1 pathway after KRAS∗ extinc-
tion. (A) GSEA comparing iKPC cells overexpressing GFP, WT
USP21, and ED USP21 at 3 d after KRAS∗ extinction showed enrich-
ment of mTOR signaling pathway in the WT USP21-overexpressing
group. (B) Western blot analysis of downstream targets of mTORC1
signaling pathway comparing GFP-overexpressing, WT USP21-over-
expressing, and EDUSP21-overexpressing iKPC cells with or without
dox treatment for 3 d. (C ) KRAS∗-dependent and -independent colony
formation analysis of GFP-overexpressing or WTUSP21-overexpress-
ing iKPC cells comparing DMSO and mTOR inhibitor rapamycin
(Rapa.). Data are represented asmean ±SEM. (D) Schematic graph elu-
cidating the regulation ofmTORC1 signaling pathway activation. See
also Supplemental Figure S2.
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several amino acid and nucleotide metabolism pathways
in USP21-overexpressing PDAC cells relative to GFP-
overexpressing controls at 3 d following KRAS∗ extinction
(Fig. 3A). Consistently, transmission electronmicroscopic
analysis (TEM) and IF staining revealed that USP21 (1) at-
tenuated autophagosome formation and mitochondrial
condensation (Supplemental Fig. S3A,B) and (2) decreased
LC3 puncta formation consistentwith decreased autopha-
gosome (Supplemental Fig. S3C). Together, these cellular
phenotypes are consistent with the ability of USP21 to re-
lieve metabolic stress caused by KRAS∗ extinction.
Amino acid levels are determined by protein translation,

de novo biosynthesis, transport via amino acid transporters
(AATs), and scavenger mechanisms including macropino-
cytosis and autophagy (Bröer and Bröer 2017). Examination
of de novo amino acid biosynthesis by metabolic tracing
analysis using isotope-labeled glucose revealed the lack of
changes in glucose-derived amino acids in USP21-overex-
pressing PDAC cells compared with controls (Supplemen-
tal Fig. S4A), although the oxidative pentose phosphate
pathway (oxPPP) and coupled purine synthesis pathway
have increased carbon incorporation (Supplemental Fig.
S4B,C) and the NADPH level was elevated (Supplemental
Fig. S4D). Additionally, USP21 did not rewire AAT expres-
sion patterns in a consistent manner (Supplemental Fig.
S5A), or decrease nascent protein synthesis at day 3 follow-
ing KRAS∗ extinction (Supplemental Fig. S5B). Since
USP21 failed to impact de novo amino acid biosynthesis,
specific AAT expression patterns, and protein synthesis,

yet enforced USP21 suppressed autophagy, we hypothe-
sized that USP21 may up-regulate a key scavenger mecha-
nism operative in PDAC: macropinocytosis.
Consistent with previous work of KRAS∗ induction of

macropinocytosis in PDAC (Commisso et al. 2013; Yao
et al. 2019), KRAS∗ extinction decreased high-molecu-
lar-weight (MW) TMR-dextran uptake (Fig. 3B,C). USP21
partially sustained macropinocytosis activity in KRAS∗-
extinguished cells (Fig. 3B,C, Supplemental Fig. S6A,B).
Conversely, inhibition of macropinocytosis by Na+/H+
exchanger inhibitor EIPA or H+ v-ATPase inhibitor bafilo-
mycin A (Baf.A) abrogated the ability of USP21 to sustain
KRAS∗-independent PDAC colony growth (Fig. 3D,E) and
impaired mTOR pathway activation (Supplemental Fig.
S6C). Similar to KRAS∗-expressing PDAC cells in low-nu-
trient conditions (Commisso et al. 2013), albumin supple-
mentation rescued the proliferation deficiency of USP21-
overexpressing PDAC colonies cultured in glutamine-low
media without dox, while EIPA abolished the effect (Fig.
3F). Together, these findings point to enhanced macropi-
nocytosis activity as a mechanism contributing to
USP21-mediated bypass of KRAS∗ dependency.

USP21 promotes the bypass of KRAS∗ dependency via
MARK3

To understand the mechanistic basis by which USP21
may regulate the cytoskeletal dynamics that are integral
to macropinocytosis, we first examined key signaling
molecules governing cytoskeleton dynamics such as the
small GTPases Rac1 and RhoA (Egami et al. 2014;
Recouvreux and Commisso 2017), revealing no changes
in the activity by USP21 (Supplemental Fig. S6D–E). To
identify the cytoplasmic substrate of USP21 that may reg-
ulate macropinocytosis, unbiased coimmunoprecipita-
tion (co-IP)/ mass spectrometry (MS) analysis was
performed using HA-tagged USP21 (HA-USP21) as the
bait in escaper cells. Upon intersection of MS hits with
a USP21 interactome data set (Sowa et al. 2009),
MARK3 emerged as the sole interactor of USP21 (Fig.
4A), which is a known regulator of microtubule dynamics
via its phosphorylation of microtubule-associated pro-
teins (Fig. 4B; Matenia and Mandelkow 2009). We validat-
ed that USP21 interacts with and deubiquitinatesMARK3
(Fig. 4C–E). Depletion of MARK3 dramatically impaired
USP21-driven KRAS∗ bypass (Fig. 4F; Supplemental Fig.
S7A–C); conversely, enforcedMARK3 expression promot-
ed KRAS∗-independent colony formation (Fig. 4G; Supple-
mental Fig. S7D–E) and tumor growth (Fig. 4H).Moreover,
depletion of MARK3 suppressed macropinocytosis in
USP21 escaper cells (Fig. 5A,B), while autophagy marker
LC3 puncta increased (Supplemental Fig. S8A). Converse-
ly,MARK3 overexpression enhancedmacropinocytosis in
PDAC cells following KRAS∗ extinction (Fig. 5C,D) and
attenuated autophagy (Supplemental Fig. S8B). Macropi-
nocytosis inhibitors suppressed MARK3-driven KRAS∗
bypass (Fig. 5E). Since MARK3 regulates microtube dy-
namics, we interrupted microtubules by transient treat-
ment of low-dose nocodazole, resulting in inhibition of
macropinocytosis similar to EIPA and Baf.A treatments
(Fig. 5F,G). Together, USP21-driven KRAS∗ bypass in-
volves its regulation of MARK3-mediated microtubule
dynamics, which fosters macropinocytosis.
In this study, we identified USP21 as a potent driver of

KRAS∗-independent PDAC growth that sustains amino
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Figure 3. USP21 elevates macropinocytosis after KRAS∗ extinction.
(A) Metabolite set enrichment analysis of metabolomic profiling data
at steady state comparing GFP-overexpressing and WT USP21-over-
expressing iKPC cells at day 3 after KRAS∗ extinction (n = 3). (Metab.)
Metabolism. (B,C ) Representative images (B) and the quantification
of TMR-dextran particle uptake (C ) comparing GFP-overexpressing,
WTUSP21-overexpressing, and ED USP21-overexpressing iKPC cells
at day 3 after KRAS∗ extinction. GFP-overexpressing iKPC cells with
dox is positive control. (D,E) KRAS∗-independent colony formation
analysis comparing WT USP21-overexpressing (OE) iKPC cells treat-
ed with EIPA (D) or Baf.A (E) at serial concentrations. (F ) KRAS∗-inde-
pendent colony formation analysis of WT USP21-overexpressing and
GFP-overexpressing iKPC cells cultured in medium supplemented
with 0.2mM glutamine. EIPA and 0.6% BSAwere added as indicated.
For C–F, data are represented as mean ±SEM. See also Supplemental
Figures S3–S6.
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acid supply and the mTOR signaling pathway via
MARK3-mediated up-regulation of macropinocytosis
(Fig. 5H). The identification of these bypass mechanisms
may help anticipate potential resistance to emerging
anti-KRAS∗ therapies, particularly in those patients ex-
hibiting amplification of the USP21 locus.

KRAS∗ signaling inhibition elevates autophagic flux
(Bryant et al. 2019; Kinsey et al. 2019), which aligns with
our observation of increased autophagosome formation fol-
lowing KRAS∗ extinction in PDAC. However, autophagy
hyperactivation was found to be insufficient to provide
enough amino acids or sustain mTOR signaling in
KRAS∗-extinguished PDAC cells. Instead, macropinocyto-
sis proved to be required for KRAS∗-independent tumor
growth. Since lysosome activity is essential for both
autophagy and macropinocytosis, lysosome inhibitors
such as chloroquine (CQ) and hydroxychloroquine (HCQ)
could block both processes to enhance the cytotoxic effect
of KRAS∗ inhibitors and prevent resistance. Indeed, lyso-
some and KRAS∗ signaling inhibitors show synergistic an-
titumor activity in RAS-driven cancers (Bryant et al. 2019;
Kinsey et al. 2019). Therefore, our work further supports
clinical trials to evaluate the combination of KRAS and ly-
sosome inhibitors in KRAS mutant cancers. While AATs
are not consistently altered by USP21, it remains possible
that alternative amino acid sourcing in addition to macro-
pinocytosis could contribute to activation of the mTOR
signaling pathway to support KRAS∗ bypass.

USP21 is up-regulated and frequently amplified in hu-
man PDAC (Hou et al. 2019). Our work identifies USP21
as a genetic factor that may influence responses to

KRAS inhibitors. USP21 promotes oncogenesis via
TCF7-mediated stemness and therefore serves as a possi-
ble therapeutic target whose inhibition may synergize
with KRAS inhibitors in USP21-amplified/up-regulated
PDAC patients. Notably, the dispensability of USP21 for
mouse development (Pannu et al. 2015) strengthens the
case for USP21 as a potential therapeutic target for cancer
treatment. Thus, exploration of USP21 requirement in
disease progression and KRAS∗ extinction resistance in
spontaneous PDAC mouse models, and in the responses
of PDAC patients receiving anti-KRAS∗ therapy, may fur-
ther enhance our understanding of USP21’s oncogenic
roles and its potential as a prime or cooperative therapeu-
tic target in PDAC.

Materials and methods

Transgenic mice

The iKPC PDAC mouse model has been described previously (Ying et al.
2012). All mouse-related experiments were reviewed and approved by
the University of Texas MD Anderson Cancer Center’s Institutional Ani-
mal Care and Use Committee (IACUC).

Cell culture

Establishment of primary iKPC PDAC cell lines and 2D and 3D cell cul-
ture was as described previously (Hou et al. 2020). We used tetracycline-
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Figure 5. USP21 regulatesmacropinocytosis via MARK3. (A,B) Rep-
resentative images (A) and the quantification of dextran particle up-
take (B) comparing scramble control and MARK3 knockdown in
WT USP21-overexpressing (OE) iKPC cells at day 3 after KRAS∗ ex-
tinction. (C,D) Representative images (C ) and the quantification of
dextran particle uptake (D) comparing GFP-overexpressing and
MARK3-overexpressing iKPC cells at day 3 after KRAS∗ extinction.
GFP-overexpressing iKPC cells with dox is positive control. (E)
KRAS∗-independent colony formation analysis comparing MARK3-
overexpressing iKPC cells treated with DMSO, EIPA, and Baf.A. (F,
G) Representative images (F ) and the quantification of dextran parti-
cle uptake (G) comparingWTUSP21-overexpressing iKPC cells treat-
ed with DMSO, nocodazole (Noco.), EIPA, and Baf.A at day 3 after
KRAS∗ extinction. (H) Schematic graph illustrating mechanism of
USP21 to support KRAS∗ bypass. For B, D, E, and G, data are repre-
sented as mean ±SEM. See also Supplemental Figure S8.
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Figure 4. MARK3 interacts with USP21 andmediates USP21-driven
KRAS∗ bypass. (A) Venn diagram intersecting our co-IP/MS data using
HA-tagged WT USP21 as bait with a published USP21 interactome
data set. (B) Schematic graph demonstrating MARK3 function. (C )
Detection of USP21 and MARK3 interaction by co-IP/Western blot
analysis in 293T cells. (D) Detection of endogenous MARK3 binding
to USP21 in WT USP21-driven escapers. (E) Ubiquitination assay
comparing MARK3 ubiquitination in 293T cells overexpressing
NESUSP21 and EDUSP21. (F ) KRAS∗-independent colony formation
assay ofWTUSP21-overexpressing (OE) iKPC cells comparing scram-
ble control andMARK3 knockdown. (G,H) KRAS∗-independent colo-
ny formation assay (G) and tumor formation assay (H) comparing
iKPC cells overexpressing GFP andMARK3. For F andG, data are rep-
resented as mean±SEM. See also Supplemental Figure S7.
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free FBS (Takara) for cell culture. The PDAC colony size in Matrigel cul-
ture was quantified by ImageJ.

Plasmid information and lentivirus production

DNA sequence information for protein tags, shRNAs, sgRNA, and primers
is listed in Supplemental Table S1. USP21 (BC090946.1) and MARK3
(NM_002376) were cloned in pHAGE lentivirus vector. HA and FLAG
tags were added at the N terminus of the USP21 ORF and C terminus of
the MARK3 ORF, respectively. HA-tagged ubiquitin was from Addgene.
Information for USP21 variantsNLSUSP21 andNESUSP21was described
in detail previously (Hou et al. 2019). Viruses were packaged using second-
generation lentiviral systems.

In vivo cell transplant and tumor size measurement

Nude mice were purchased from Taconic or the Department of Experi-
mental Radiation Oncology at MD Anderson Cancer Center. We trans-
planted half to 1 million iKPC cells subcutaneously or orthotopically in
nudemice fed ad lib with normal water for KRAS∗ bypass assay or doxycy-
cline water for KRAS∗-dependent tumor growth. Subcutaneous tumor size
was measured by caliper; orthotopic tumors were imaged by BLI or MRI
imaging, and size was measured in ImageJ. Tumor volume was calculated
as length ×width ×height/2.

RT-PCR, mRNA sequencing, and GSEA

The 7500 fast real-time PCR system was used to run RT-PCR. Data were
analyzed by GraphPad Prism 7.0c. The parameter for mRNA sequencing
was NGS 75-nt paired end using the Illumina next-generation sequencing
HiSeq2000 instrument. Datawere analyzed byGSEA software as previous-
ly described (Mootha et al. 2003; Subramanian et al. 2005). The data acces-
sion number is GSE178860.

Antibody information and protein assays

Antibody information is provided in Supplemental Table S2.Western blot,
IHC, co-IP, and ubiquitination assays were performed as described previ-
ously (Hou et al. 2019).

Small molecule inhibitors, amino acids, and albumin

We purchased rapamycin, Torin-2, EIPA, nocodazole, and bafilomycin A
fromMedChemExpress, L-glutamine fromGibco, and bovine serum albu-
min (BSA) from Sigma. Concentrations and treatment times are shown in
the figure legends.

Sample preparation for transmission electron microscopy

Samples were fixed with a solution containing 3% glutaraldehyde plus 2%
paraformaldehyde in0.1Mcacodylate buffer (pH7.3), thenwashed in 0.1M
sodium cacodylate buffer and treated with 0.1%Millipore-filtered cacody-
late-buffered tannic acid, postfixed with 1% buffered osmium, and stained
en bloc with 1%Millipore-filtered uranyl acetate. The samples were dehy-
drated in increasing concentrations of ethanol, infiltrated, and embedded in
LX-112 medium. The samples were polymerized for ∼3 d in a 60°C oven.
Ultrathin sections were cut in a Leica Ultracut microtome (Leica), stained
withuranyl acetate and lead citrate in aLeicaEMstainer, andexamined ina
JEM 1010 transmission electron microscope (JEOL, USA, Inc.) at an accel-
erating voltage of 80 kV.Digital imageswere obtained using anAMT imag-
ing system (Advanced Microscopy Techniques Corp.).

Metabolomic analysis at steady state, metabolic flux study, and NADPH
detection

For metabolic flux study, we treated cells with isotope-labeled glucose (D-
glucose-13C6 [≥99% atom; Cambridge Isotope Laboratories CLM-1396])
for 15 min prior to collection. Our sample preparation protocol was based
on the one provided by theMass Spectrometry Core at Beth Israel Deacon-
ess Medical Center (Yuan et al. 2012, 2019). Briefly, cells were collected at
the indicated time after aspirating off as much medium as possible. Four
milliliters of 80% methanol was added to each 10-cm Petri dish. Dishes
were immediately incubated for 15 min at −80°C, and then scraped on

dry ice. Cells in methanol were transferred to 15-mL conical tubes on
dry ice and centrifuged at full speed for 5 min at 4°C. Supernatant was
transferred to new conical tubes as collection tubes on dry ice, while
500 µL of 80% methanol was added to resuspend the pellet. Mixtures
were then transferred to 1.5-mL Eppendorf tubes on dry ice and centrifuged
at full speed for 5 min at 4°C. Supernatant was transferred to collection
tubes, and pellets were resuspended in 500 µL of 80% methanol and
spun down for a second time. After pooling the three extractions, samples
were completely dried by nitrogen evaporator. Samples were analyzed by
AB/SCIEX6500/5500 QTRAP LC-MS/MS instrument at the Beth Israel
Deaconess Medical Center Mass Spectrometry Core Facility.
NADPH assay was performed with the NADP/NADPH quantitation

colorimetric kit (BioVision K347) according to the provided manufactur-
er’s protocols.

Protein synthesis assay

Click-iT HPG Alexa Fluor 594 protein synthesis assay kit (Life Technolo-
gies, C10429) was used to detect newly synthesized proteins in iKPC cells.
Images were captured using a Leica inverted microscope system (DMI8)
and the signal intensity in the fluorescent channel was determined by
ImageJ. The corrected total cell fluorescence [=integrated density− (area
of selected cell ×mean fluorescence of background readings)] was deter-
mined from 10 fields that were randomly selected from different regions
across the entirety of each sample.

TMR-dextran assay

Cells were washed once in warmed PBS before incubation in serum-free
RPMI medium with 1 mg/mL 70,000-MW TMR-dextran (Invitrogen
D1818) for 30 min at 37°C. After incubation, cells were washed five times
in cold PBS on ice and fixed in 4% polyformaldehyde promptly for 15 min.
Cells were washed for another three times beforemounting in VectaShield
antifade mounting medium with DAPI (Vector Laboratories H-1200-10).
Images were captured using a Leica inverted microscope system (DMI8)
and analyzed using the “analyze particles” feature in ImageJ. The total par-
ticle area per cell was determined from three to six fields that were ran-
domly selected from different regions across the entirety of each sample.

Glutamine deprivation assays

Cells were cultured in glutamine-free RPMI media supplemented with
10% dialyzed FBS and 0.2 mM glutamine. For rescue assays, 0.6% BSA
was added to achieve a final concentration of total BSA at ∼0.8% in com-
plete media. EIPA or DMSO was used as indicated. Images were captured
using a Leica microscope system (DMIL LED) and colony size was ana-
lyzed using the “analyze particles” feature in ImageJ. The colony sizes
were determined from three randomly selected fields from different re-
gions across the entirety of each sample.

Small GTPase activity determination

We used G-LISA RhoA and Rac1 activation assay kits (Cytosleleton, Inc.)
to detect active RhoA (BK-124) and Rac1 (K-128), respectively.

Statistical analysis

Statistical analysis was performed using the unpaired Student’s t-test to
generate two-tailed P-values, and nonparametric one-way ANOVA for
group comparison.
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