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SUMMARY

Pancreatic cancer is a deadly malignancy that lacks
effective therapeutics. We previously reported that
oncogenic Kras induced the redox master regu-
lator Nfe2l2/Nrf2 to stimulate pancreatic and lung
cancer initiation. Here, we show that NRF2 is neces-
sary to maintain pancreatic cancer proliferation by
regulating mRNA translation. Specifically, loss of
NRF2 led to defects in autocrine epidermal growth
factor receptor (EGFR) signaling and oxidation of
specific translational regulatory proteins, resulting
in impaired cap-dependent and cap-independent
mRNA translation in pancreatic cancer cells. Com-
bined targeting of the EGFR effector AKT and the
glutathione antioxidant pathway mimicked Nrf2 abla-
tion to potently inhibit pancreatic cancer ex vivo and
in vivo, representing a promising synthetic lethal
strategy for treating the disease.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is the fourth leading
cause of cancer-related death in the United States, with inci-
dence nearly matching mortality. This is reflected by a short me-
dian survival of 6 months and a 5-year survival of <5% (Siegel
et al., 2015). The poor prognosis of PDA relates to the advanced
disease stage at the time of diagnosis and to its profound resis-
tance to therapies (Jemal et al., 2009). PDA exhibits a wide range
of genetic and epigenetic alterations, including a high frequency
(90%-95%) of activating KRAS mutations and inactivation of the
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tumor suppressors TP53, P16/INK4A, and SMAD4 (Jones et al.,
2008). We previously found that oncogenic Kras expression
induced an important regulator of redox control, the transcription
factor nuclear factor erythroid-derived 2-like 2, Nfe2I2/Nrf2 (De-
Nicola et al., 2011). In response to oxidative stress, Nrf2 controls
the fate of cells through transcriptional upregulation of antioxi-
dant-response-element-bearing genes (Hayes and Dinkova-
Kostova, 2014). In the context of oncogenic Kras, Nrf2 promotes
pancreatic intraepithelial neoplasia by stimulating proliferation
and suppressing senescence. Thus, Nrf2 is a key player in
PDA initiation through the maintenance of redox homeostasis.

Although oxidative stress may disrupt biological functions,
redox reactions in a cell are often tightly regulated and play
essential physiological roles (Trachootham et al., 2008). The
chemical properties of cysteine thiol groups render this amino
acid exquisitely sensitive to changes in the cellular levels of reac-
tive oxygen species (ROS) or reactive nitrogen species (RNS).
Certain cysteine thiols can act as redox switches, since oxidative
modifications may impact properties such as catalytic activity or
conformation of a protein (Barford, 2004). Although the general
concepts of redox signaling have been established, the identity
and function of many regulatory switches remain unclear, partic-
ularly in the context of cancer. Given the elevated levels of Nrf2 in
PDA and the ability of Nrf2 to potently lower ROS, we hypothe-
sized that such redox switches may function as Nrf2 down-
stream effectors to support PDA progression.

The cellular response to stress involves regulatory changes in
many processes, including transcription, mMRNA processing, and
translation. Historically, increased cancer cell proliferation has
been shown to require increased rates of protein synthesis and
ribosome number (Johnson et al., 1975; Zetterberg et al.,
1995). Mutations that deregulate mRNA translation are common
events in human cancers (Bilanges and Stokoe, 2007), while
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enforced expression of certain translation factors transforms
rodent fibroblasts and promotes tumorigenesis (Wendel et al.,
2004). Small molecules that target these pathways suppress
mRNA translation and have anti-tumor effects (Choo and Blenis,
2009). Thus, deregulation of translation is an important step in
oncogenic transformation and tumor maintenance. Here, we
show that Nrf2 directly stimulates mRNA translation by maintain-
ing the reduced state of specific cysteine residues in multiple
proteins that participate in translational regulation. In parallel,
redox regulation by Nrf2 also promotes epidermal growth fac-
tor receptor (EGFR) autocrine signaling through AKT in KRAS
mutant cells to fuel cap-dependent translation initiation. These
functions converge to promote global protein synthesis in PDA.
Combined inhibition of AKT signaling and synthesis of gluta-
thione, a vital intracellular antioxidant, synergistically hampered
the survival of PDA cells in vitro and in vivo, which presents an
opportunity for therapeutic intervention.

RESULTS

Nrf2 Is a Critical Biological Dependency in Pancreatic
Cancer

The organoid culture system supports the proliferation of normal
and malignant primary pancreatic ductal cells of both mouse and
human origins (Boj et al., 2015). NRF2 protein was upregulated in
human tumor (hT) organoids compared to normal counterparts
(hN) (Figure S1A). While hN organoids tolerated NRF2 knock-
down, this was detrimental in most hT organoids tested (three
out of five) (Figure 1A). Upon NRF2 knockdown (Figure S1B),
the two surviving hT organoids exhibited substantial elevation
of ROS (Figure 1B) and decreased cell proliferation that was
largely mitigated by the antioxidant N-acetylcysteine (NAC) (Fig-
ure S1C). Similar proliferative defects were also observed in the
KRAS and TP53 mutant Suit2 PDA cell line (Moore et al., 2001)
(Figure S1C). When transplanted into athymic nude mice,
shNRF2 Suit2 cells gave rise to smaller tumors (Figure 1C,
top). Likewise, doxycyline-induced knockdown of NRF2 (Fig-
ure S1D) in established, xenografted Suit2 tumors resulted in a
significant decrease in tumor growth (Figure 1C, bottom). The
level of DNA damage did not correlate with NRF2 expression in
these tumors (Figure S1E) or in Suit2 cells and hT organoids in
culture (Figure S1F). These data suggest that NRF2 is essential
for PDA tumor maintenance through mechanisms other than
prevention of ROS-induced DNA damage.

Given the difficulty of targeting transcription factors thera-
peutically, we sought to comprehensively characterize the
mechanisms used by NRF2 to support PDA so that tractable
approaches to counter the effects of NRF2 may be developed.
To this end, we used organoids established from genetically
engineered mouse models, which mimic the pathophysiological
features of the human disease in a uniform genetic background
(Hingorani et al., 2005). Murine pancreatic organoid cultures
were grown from the ductal isolates of normal (N), Kras®'2P"+ (K),
and Kras®2P/+;p537172H/* (KP) tissues of either Nrf2-wild-type or
Nrf2-deficient (n) backgrounds. The resulting organoids appeared
to be morphologically similar, as hollow structures with a single-
cell layer (Figure S1G). While Nrf2-deficient organoids can be
propagated in culture, orthotopic engraftment of K organoids in
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athymic nude mice was largely impaired in the absence of Nrf2
(Figures 1D and 1E). This defect was cell autonomous, since syn-
geneic engraftment of K organoids was similar between a C57BL/
6J host and one that was deficient in Nrf2 (Figures 1D and 1E).

Pancreatic organoids are typically maintained in complete me-
dia, which contain various growth factors, including epidermal
growth factor (EGF) and NAC. Oncogenic Kras upregulated
Nrf2 and its downstream target gene Ngo1 in K and KP organo-
ids (Figures S1H and S1l). The induction of Nrf2 and Ngo1 in KP
organoids was more prominent upon exclusion of both EGF and
NAC from the media (reduced) (Figures S1J and S1K). While
removal of EGF and NAC limited the passaging capacity of N or-
ganoids, they were dispensable for K and KP organoids (Fig-
ure S1L). Thus, all organoids described hereinafter were cultured
and passaged in complete media, while experiments were all
conducted in reduced media.

Oncogenic Kras activation in K and KP organoids resulted
in a significant increase in intracellular glutathione (GSH) (Fig-
ure ST1M) and decreased levels of ROS (Figure STN), features re-
verted upon Nrf2 ablation (Figures 1F, 1G, and S1M). Notably, no
increases were observed in the levels of RNS (Figure S10) or in
mitochondrial superoxides (Figure S1P), upon either chronic
ablation or acute knockdown of NRF2 in murine tumor organoids
(T organoids) and hT organoids, respectively. This indicates that
NRF2 specifically modulates cytoplasmic ROS in pancreatic
ductal cells. Deficiency of Nrf2 impeded proliferation of N, K,
and KP organoids in culture and was largely corrected by NAC
(Figure 1H). KPn organoids did not exhibit elevated DNA damage
response (Figure S1Q). Therefore, Nrf2 regulates redox homeo-
stasis and cell proliferation in Kras mutant pancreatic epithelial
cells, likely through a DNA-damage-independent mechanism.

Global Cysteine Proteomics Reveal Redox-Dependent
Regulation of the Translational Machinery

Cysteine residues are the most abundant cellular thiol. Alter-
ations in cellular redox levels may cause reversible modifications
on specific cysteine residues and alter the activity of their corre-
sponding proteins (Paulsen and Carroll, 2010). Thus, reactive-
cysteine-containing proteins are potential candidates to carry
out the redox-sensitive effector functions of Nrf2. To decipher
changes in the cysteine proteome, we devised a highly sensitive
proteomic method using a selectively cleavable cysteine-reac-
tive (ICAT) reagent to enrich for and identify reduced cysteine-
containing peptides (Sethuraman et al., 2004). This was com-
bined with a parallel analysis of the total proteome by using
amine-reactive isobaric tags for relative and absolute quantifica-
tion (iTRAQ; Ross et al.,, 2004) (Figure 2A). By normalizing
cysteine peptide changes to that of the total proteome, oxidative
alterations in the cysteine proteome were quantified indepen-
dent of protein expression differences, an approach not applied
previously in cysteine proteomics. To establish this method,
murine T organoids were treated with an inhibitor of GSH synthe-
sis, buthionine sulfoximine (BSO). In this experiment, 88% of the
ICAT-enriched unique peptides contained cysteines, indicating
the specificity of the technique. From a total of 4,089 proteins
identified and quantified, 4,805 unique cysteine-containing
peptides were detected. Upon BSO treatment, 1,192 unique
cysteine-containing peptides were oxidized. Notably, cysteine
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Figure 1. Nrf2 Controls Redox Homeostasis, Initiation, and Maintenance of Pancreatic Tumors

(A) Human normal (N) and tumor (T, primary tumor; FNA, fine needle biopsy; M, metastasis) organoid lines following knockdown with control (shScramble; shScr)
or shNRF2 hairpins. Scale bars, 1 mm. Red box indicates human T organoid lines that did not tolerate NRF2 loss.

(B) ROS levels in hT organoids measured with CM (chloromethyl)-H2DCFDA.

(C) Tumor volume of subcutaneously xenografted Suit2 cells bearing control or shNRF2 hairpins. (Top) Constitutive knockdown (n = 5) on day 28. Left
flank: control tumor; right flank: shNRF2 tumor. (Bottom) Inducible knockdown 21 days post-transplantation followed by doxycycline treatment for 4 or 8 days
(n =17 control, and n = 6 mice per shNRF2 hairpin, Student’s t test).

(D) H&E and immunohistochemistry (IHC) of orthotopic transplants of GFP-expressing K and Kn organoids into athymic nude mice 2 weeks after transplantation
(left). H&E and IHC of orthotopic, syngeneic transplants of K organoids into B6 wild-type (WT) or Nrf2~'~ mice 2 weeks after transplantation (right). Scale bars,
500 um for 5x and 100 um for 20x.

(E) Engraftment rates of orthotopic transplants.

(F) Ratio of reduced (GSH) to oxidized (GSSG) glutathione in murine organoids (n = 3, Student’s t test).

(G) ROS levels in murine organoids measured with CM-H2DCFDA, representative of three biological replicates.

(H) Proliferation of N, K, and KP organoids grown in reduced media with or without 1.25 mM NAC.

Data are means + SEM (n = 5). *p < 0.05; NS, p > 0.05, Student’s t test.

See also Figure S1.

residues oxidized by BSO included a previously reported redox-  ure 2B; Table S2). As in BSO-treated tumor organoids, Pkm2°3%8
sensitive protein, Pkm2 (Anastasiou et al., 2011). The full list of was also substantially oxidized in KPn organoids. Global levels
oxidized peptides is shown in Table S1. of reduced cysteine peptides were similar across the different

Toidentify Nrf2-dependent, redox-sensitive effector pathways,  genotypes (Figure S2A), indicating the absence of widespread
the cysteine proteomes of three pairs of N, Nn, K, and Knand four  changes in protein oxidation upon Nrf2 ablation. To determine
pairs of KP and KPn organoids were normalized and merged. A whether the subset of proteins specifically oxidized in KPn cells
total of 2,591 unique cysteine-containing peptides corresponding  represented any particular biochemical processes, the data
to 1,446 proteins were identified in all of the four 8-plex iTRAQ were analyzed using DAVID (Huang et al., 2009) for pathway
runs (MassIVE: MSV000079394). Of these, 56 cysteine-contain-  enrichment. Interestingly, proteins containing oxidized cysteines
ing peptides were significantly oxidized when Nrf2 was deleted  in KPn organoids were strongly enriched for participation in pro-
in N organoids, 49 in K organoids, and 255 in KP organoids (Fig-  tein folding and in mRNA translation (Figure 2C). Nrf2-deficient

Cell 166, 963-976, August 11, 2016 965



A B

Total Unique Cysteine Peptides 2591
- - Sig. oxidized in Nn vs N 56
Cysteine labelling (ICAT) Sig. oxidized in Kn vs K 49
Sig. oxidized in KPn vs KP 255
Reduce and MMTS reaction c
Category Term Count % PValue Fold Enrich Bonferroni Benjamini FDR
+ GOTERM_BP_FAT G0:0006457~protein folding 10 8.47457627 6.26E-07 9.99926411 6.58E-04 6.58E-04 9.96E-04
Isobaric labelling (TRAQ) GOTERM_BP_FAT G0:0006412~translation 13 11.0169492  6.97E-06 5.17516773 0.00729579 0.00365457 0.01107715
GOTERM_BP_FAT GO:003C ~actin i 9 7.62711864 4.39E-05 6.92676296 0.04504323 0.01524566 0.06970094
+ GOTERM_BP_FAT  G0:0030029~actin filament-based process 9 7.62711864 6.92E-05 6.49384027 0.07018573 0.01802812 0.11002887
Pool samples, C18 clean up GOTERM_BP_FAT G0:0007010~cytoskeleton organization 11 9.3220339 2.28E-04 4.28496072 0.21348708 0.04689407 0.36264166
GOTERM_BP_FAT  G0:0044271~nitrogen compound biosynthetic process 9 7.62711864 0.00248848 3.78448969  0.927099 0.35366811 3.8841378
- GOTERM_BP_FAT GO:0007015™actin filament organization 4 3.38983051 0.00948042 9.07076101 0.99995512 0.76074093 14.0544788
GOTERM_BP_FAT  G0:0044275"cellular carbohydrate catabolic process 4 3.38983051 0.01144435 8.46604361 0.99999443 0.77956919 16.7242612
Bound Elow through GOTERM_BP_FAT  G0:0051186™cofactor metabolic process 6 5.08474576 0.01394389 4.18650508 0.99999961 0.80598033 20.0098131
I/ \ 9 GOTERM_BP_FAT  G0:0043254~regulation of protein complex assembly 4 3.38983051 0.0142056 7.81480949 0.99999971 0.77769717 20.3467072
[Acid cleavage | | LC/MS = Total |
4
LC/MS = Cys
Eef2 (elongation) Eef2 (Elongation) Eif3j1 (Initation) hnRNPk
Rpl22 (60S) Rps2 (40S) Eif3d (Initiation) FAM120a
Rps4x (40S) Rps3a2 (40S) Eef1b2 (Elongation) LARP
Eif4g3 (Initiation) Rps3a3 (40S) Eef2 (Elongation) FKBP5
Vars (tRNA synthetase) Vars (tRNA synthetase) Gspt2 (Termination) Gnb2I1
Rps2 (40S) Zc3havl
Rpl18 (60S) APOBEC3
Rps4x (40S) OGDHL
Rps20 (40S)
Rpl7 (60S)
Vars (tRNA synthetase)
Wars (tRNA synthetase)

Figure 2. Nrf2 Deficiency Induces Cysteine Oxidation of Components of the Translation Machinery

(A) Schematic of cysteine proteomics approach. LC/MS, liquid chromatography/mass spectrometry.

(B) Significant (Sig.) cysteine peptide changes identified in N, K, and KP organoids compared to Nrf2 null counterparts. p < 0.05, Welch’s t test.

(C) DAVID gene ontology (GO) analysis for pathway enrichment (Enrich) of significantly oxidized peptides in KPn organoids compared to KP organoids. FDR, false

discovery rate.

(D) Proteins in the core translation machinery (blue) and regulators of mRNA translation (green) that were significantly oxidized (Welch’s t test, p < 0.05) in

Nrf2-deficient N, K, and KP organoids.
See also Figure S2 and Tables S1, S2, S3, and S4.

T organoids also exhibited a similar enrichment (Tables S3 and
S4). Besides the classic translation pathway proteins curated in
the DAVID database (ribosomal proteins and translation initia-
tion and elongation factors), we identified additional proteins
implicated in translational regulation to be oxidized in KPn orga-
noids (Figures 2D and S2B), further coupling Nrf2 activation
with translational control. Translation-related peptides exhibited
an average of 20%-50% increase in oxidation in KPn organoids
(Figure S2C), in line with studies conducted in yeast reporting
that the majority of cysteine residues are only partially (~25%)
oxidized (Brandes et al., 2011). Treatment of murine T organoids
with BSO similarly led to significant oxidation of proteins in
the translation machinery (Figures S2D and S2E). These ge-
netic and pharmacological observations collectively support the
redox-dependent regulation of the translation machinery through
cysteine modifications, prompting us to further evaluate the func-
tional role of Nrf2 in mRNA translation for pancreatic cancer cells.

mRNA Translation Is Impeded in Nrf2-Deficient Cells

mRNA translation is a vital cellular process that regulates growth
and metabolism (Sonenberg and Hinnebusch, 2009). In cancer
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cells, hyper-activated signaling pathways influence translation,
supporting uncontrolled growth and survival (Mavrakis and
Wendel, 2008). When compared to N organoids, KP organoids
exhibited elevated levels of mMRNA associated with translation-
ally active polysomes and decreased levels of MRNA associated
with translationally inactive monosomes (Figure 3A, left), consis-
tent with the notion that translational upregulation plays an
oncogenic role in cancer. While deletion of Nrf2 from N and K or-
ganoids did not noticeably alter the distribution of monosomes
and polysomes (Figure S3A), deletion of Nrf2 from KP organoids
led to a measurable decrease in polysomes, with a correspond-
ing increase in monosomes (Figure 3A, right), suggesting a
decrease in translation efficiency in cancer cells when Nrf2 is
absent. Impaired translation in KPn organoids was not due to
elF2 (eukaryotic initiation factor 2)-mediated activation of the
unfolded protein response upon elevated ROS (Figure S3B)
(Ling and Séll, 2010). When pulsed with [*®S]-methionine
([°S]-Met) to measure the rate of nascent protein synthesis, a
significant decrease in [*°S]-Met incorporation was observed in
Kn and KPn organoids (Figures 3B and S3C). This translation
defect was redox dependent (Figure 3B) and was observed in
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organoids and Suit2 harboring short hairpin NRF2 (shNRF2)
(Figures 3B, S3D, and S3E). These effects were mitigated by
NAC and other antioxidants such as trolox and GSH ethyl ester
(Figures 3B and S3D-S3F). Of note, treatment of organoids
with propargylglycine, an irreversible inactivator of y-cystatho-
nase, did not alter the difference in [*®*S]-Met incorporation
into proteins in KP and KPn organoids (Figure S3G). This indi-
cates that Nrf2-dependent decrease in [*®S]-Met incorporation
into proteins was not due to alterations in Met to cysteine
exchange through the transsulfuration cycle in response to
elevated oxidative stress (Belalcazar et al., 2014). Introduc-
tion of a heterotypic NRF2 mRNA in hT organoids expressing
short hairpin RNA (shRNA) against endogenous NRF2-restored
[®®S]-Met incorporation (Figure S3H). Thus, Nrf2 regulates the
activity of the translational machinery through the maintenance
of redox homeostasis.

To further analyze the steps in mRNA translation that are
impacted by Nrf2 in pancreatic cancer cells, a bicistronic re-
porter construct encoding Renilla luciferase under the simian vi-
rus 40 (SV40) promoter and firefly luciferase under the control of
the IRES (internal ribosome entry site) sequences from the hep-
atitis C virus (HCV) was used. Interestingly, both cap-dependent
translation of Renilla luciferase and cap-independent HCV-IRES-
mediated translation of firefly luciferase were decreased in Suit2
cells bearing shNRF2 (Figure 3C), with no significant changes in
the expression of the luciferase gene (Figure S3l). While HCV-
IRES-mediated translation requires certain canonical initiation
factors (Otto and Puglisi, 2004), the cricket paralysis virus IRES
(CPV-IRES) (Wilson et al., 2000) enables translation of mRNAs
independently of any translation initiation factors. We found
that CPV-IRES-mediated translation was also impaired when
NRF2 expression was suppressed (Figure 3C). These transla-
tional defects were partially phenocopied by BSO treatment (Fig-
ure 3C) and were recapitulated in KPn organoids (Figure 3C).
These results suggest that NRF2 exercises redox-dependent
control over multiple aspects of the translation machinery.

Since cysteine residues previously implicated as functional
redox switches are reversibly oxidized, we evaluated the possi-
bility that components of the translational machinery may also be
redox switches that govern translation activity. Supplementation
of KPn organoids with NAC reversed the oxidative cysteine
changes in a number of translational regulatory proteins (Fig-
ure 3D). shRNA-mediated knockdown of selected initiation and
elongation factors (Figure S3J) confirmed that they were inde-
pendently essential for protein synthesis in PDA (Figure 3E).

Ectopic expression of these factors did not enhance protein
synthesis in KP organoids (Figure S3K). However, ectopic
expression of the cysteine to aspartic acid oxidation mimic (Per-
myakov et al., 2012) of the elongation factor eEF2 led to a signif-
icant decrease in the rate of nascent protein synthesis when
compared to its wild-type counterpart (Figures 3F and S3L). A
similar trend was also observed for the translation initiation factor
elF3J but not for the Valyl-tRNA synthetase Vars (Figures 3F and
S3L). These results suggest that eEF2°Y5%%3 (and, possibly, addi-
tional components of the translation machinery) may function
as a redox switch to modulate the activity of the elongation
apparatus.

Growth Factor Signaling Pathways Upstream of
Cap-Dependent Translation Are Impaired in
Nrf2-Deficient Cells

Of the four phases of protein synthesis (initiation, elongation,
termination, and recycling), initiation is considered to be the
rate-limiting step in mMRNA translation and is often exploited
by cancer cells to support tumorigenesis (Pelletier et al.,
2015). Based on our observation that cap-dependent mRNA
translation was compromised in NRF2-deficient cells (Fig-
ure 3C), and that the initiation factor elF3J may also be a
candidate redox switch (Figure 3F), we extended our investiga-
tion on translation initiation biochemically. elF4E is the limiting
initiation factor for mRNA translation, as it recognizes the
m’GTP cap on mRNA and recruits elF4G (Gingras et al.,
1999). In the absence of mitogenic signaling, elF4E is bound
by the inhibitory 4E binding proteins (4EBPs), which sequester
elF4E from interaction with elF4G. This process is critical for
regulating mRNA translation in PDA organoids, as expression
of a dominant active 4EBP1-4A mutant led to substantial
decrease in nascent protein synthesis (Figure S4A) and cell
proliferation (Figure S4B), phenocopying Nrf2 deficiency. The
levels of elF4E, elF4G, and 4EBP1 were independent of Nrf2
status (Figure 4A; Figure S4C), and the oxidative states of
these proteins as determined through iodoacetamide enrich-
ment for reduced cysteine peptides were also similar in KP
and KPn cells (Figure S4C). Despite these, the amount of inhib-
itory 4EBP1 co-precipitating with elF4E in m’GTP pull-downs
was found to be elevated in Nn, Kn, and KPn organoids, with
a concomitant decrease in elF4G co-precipitation (Figures 4A
and S4D). This reflects a defective elF4F complex formation
that would impart decreased cap-dependent translation initia-
tion in Nrf2-deficient KP cells.

Figure 3. Nrf2 Deficiency Impairs Protein Synthesis

(A) Polysome profiles of N, KP, and KPn organoids treated with 300 pug/ml cycloheximide for 10 min. Absorbance light at 254 nm. Representative profiles from two

biological replicates.

(B) [*°S]-Met incorporation into protein from murine and human organoids grown in reduced media or in media containing 1.25 mM NAC. Data are means + SEM

(n = 3, Student’s t test). NS, not significant.

(C) Activities of Renilla and firefly luciferase in Suit2 cells bearing shScr or shNRF2 (left three graphs) or KP or KPn organoids (rightmost) transfected with the
biscistronic reporter plasmid 24 hr prior. Data indicate percentage luciferase activity driven by SV40-CAP, HCV-IRES, or CPV-IRES. Data are means + SD (n =3,

Student’s t test). Unt, untreated.

(D) Cysteine peptide counts of translational regulatory proteins in KP, KPn, and KPn organoids supplemented with 1.25 mM NAC (average of two biological

replicates).
-35,

(E and F) [*°S]-Met incorporation into protein from murine T organoids bearing shRNA (E) or V5-tagged wild-type (WT) or cysteine-mutated (CD) cDNAs of

indicated proteins (F). Data are means + SEM (n = 6, Student’s t test).
See also Figure S3.
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Figure 4. Nrf2 Deficiency Impairs Mitogenic Signaling Pathways Governing elF4F Complex Formation

(A) Lysates from KP and KPn organoids were subjected to 7-methyl-GTP pull-downs and analyzed for indicated proteins. WCL, whole-cell lysates.

(B and C) Immunoblot analysis for growth factor signaling pathway activation (B) and mRNA cap-binding proteins (C) in N, K, and KP organoids, as well as murine
tumor (T) and hT (hM1, hT3) organoids with shScr or shNRF2. p, phospho.

(D and E) Immunoblot analysis of total (D) and EGFR tyrosine (Y) phosphorylation (E) in KP and KPn organoids. Red arrow indicates 150-kDa molecular-weight
protein. 4G10 IP, total phospho-Y antibody immunoprecipitation.

(F) Protein array analysis for growth factors secreted into culture medium (Supernatant) and expressed in whole-cell lysates (WCL) in KP and KPn organoids. Red
box indicates murine EGF.

(G) EGF ELISA of supernatant from N, Nn, KP, and KPn organoids after 3 or 6 days in culture. Data are means + SD (n = 3, Student’s t test).

(H) Constitutive EGF shedding determined by alkaline phosphatase activity in the supernatant from KP organoids. Data are means + SD (n = 3, Student’s t test).
(1and J) Activity of Adam10 from plasma membrane fractions of KP, KPn, and K;Adam10 knockout (KAdam*®) organoids (l) or KP organoids expressing control
vector versus Adam10 cysteine mutant (CD) (J), measured by cleavage and increase in 5-FAM (5-carboxyfluorescein) fluorescence of a FRET (fluorescence

(legend continued on next page)
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PI3K (phosphatidylinositol 3-kinase)/AKT/mTOR signaling has
been shown to promote phosphorylation of 4EBPs at multiple
sites, resulting in the liberation of elF4E from 4EBP1 and the stim-
ulation of cap-dependent translation initiation (Ruggero and So-
nenberg, 2005). Consistent with elevated 4EBP1 at the mRNA
cap, phosphorylation of Akt and 4EBP1 were both decreased in
Kn and KPn organoids, as well as in murine T organoids and
hT organoids expressing shNRF2 (Figure 4B). pErk was moder-
ately decreased in Kn and KPn cells and more clearly decreased
in T organoids expressing shNRF2 (Figure 4B). The level of pS6
was not consistently downregulated in Kn and KPn cells,
suggesting that these signaling alterations operate independently
of S6 kinase (Figure 4B). Consistently, phosphorylation of elF4G
and elF4E—substrates of Akt/mTOR (Raught et al., 2000) and
Erk/Mnk signaling (Ueda et al., 2004)—respectively, were also
decreased in Kn and KPn organoids, as well as in T organoids ex-
pressing shNRF2 (Figures 4C, S4E, and S4F). These signaling de-
fects were not due to differential activation of oncogenic Kras
(Figure S4G) or that of the IGF1 (insulin-like growth factor 1) re-
ceptor (Figure S4H) (Molina-Arcas et al., 2013). Neither the activity
nor the expression level of PTEN (Maehama and Dixon, 1998) was
upregulated in Nn and KPn organoids (Figure S4l). The signaling
changes upon Nrf2 deficiency were most striking in the context
of Kand KP cells, reflecting critical Kras dependency.

A hallmark of Kras mutant cells is the role of autocrine and
paracrine loops in amplifying oncogenic Kras signaling through
AKT and ERK (extracellular signal-regulated kinase) (Ardito
et al., 2012). Decreased activation of AKT and MAPK in Nrf2-
deficient cells was not due to oxidation of these kinases (Fig-
ure S4J). Immunoblot analysis of global tyrosine phosphorylation
revealed decreased phosphorylation of a protein above 150 kDa
(Figure 4D), which we then confirmed to be the EGFR (Figure 4E).
By secretome arrays (Figure 4F) and ELISA (Figure 4G), we found
that the release of EGF into culture media by KPn organoids
was reduced when compared to that by KP organoids, while to-
tal intracellular levels of EGF protein (Figure 4F) and mRNA (Fig-
ure S4K) were not decreased. Indeed, induced (Figure S4L) and
constitutive (Figure 4H) shedding of EGF—as determined by
the expression of an EGF-alkaline phosphatase (AP) construct,
followed by measurement of AP activity in the supernatant—
revealed decreased EGF shedding in KPn organoids and in
Nrf2-deficient tumor cells (Figure S4M). Consistent with reports
showing that EGFR signaling is coupled to activation of cap-
dependent translation in EGFR wild-type cells (Patel et al.,
2013), EGF supplementation was able to restore defective Akt
and Erk activation in KPn organoids (Figure S4N). Addition of
NAC alone also partially corrected these signaling defects (Fig-
ure S4N) and restored EGF release (Figure S40). As with NAC
supplementation, EGF was sufficient to mitigate the translational
defects observed in Kn and KPn organoids (Figure S4P) and
improved proliferation in KPn organoids (Figure S4Q). Doxcy-
cline-induced knockdown of NRF2 in hT organoids led to

decreased phospho-(p)EGFR and pERRB2 (Figure S4R). Simi-
larly, the activity levels of EGFR in tumor lysates of Suit2 xeno-
grafts correlated with doxycycline-induced NRF2 knockdown
(Figure S48). In one shNRF2 tumor sample where NRF2 was re-
activated, pEGFR was sustained at a high level (Figure S4S),
further demonstrating a role of NRF2 in EGFR activation.

Metalloproteases of the ADAM (a disintegrin and metallopro-
tease) family are thought to be responsible for the shedding of
certain EGFR ligands, with Adam10 emerging as the main shed-
dase of EGF (Sahin et al., 2004). Although Adam10 was not
detected in our initial cysteine proteomics experiment, mass
spectrometric analysis of immunoprecipitated Adam10 revealed
a substantial and specific decrease in the levels of a cysteine-
containing peptide when Nrf2 was deleted (Figure S4T). Consis-
tent with decreased EGF shedding, Adam10 was functionally
impaired in KPn organoids (Figure 4l). Ectopic expression of a
cysteine oxidation mimic of Adam10 (Figure S4U) inhibited the
activity of endogenous Adam10 (Figure 4J) and led to a signifi-
cant decrease in nascent protein synthesis in KP organoids (Fig-
ure 4K). These data suggest that redox-dependent regulation of
Adam10 activity contributes to the maintenance of EGF auto-
crine signaling and cap-dependent translation in PDA.

Nrf2 Supports Cap-Dependent Translation of Pro-
survival Transcripts

Enhanced elF4F complex formation in cancer cells promotes
cap-dependent mRNA translation and, thereby, elevates global
protein synthesis rates. However, mRNAs vary widely in their
inherent “translatability,” largely as a function of differences in
the length and structure of their 5 UTRs. Cellular mRNAs most
sensitive to alterations in elF4F complex formation have highly
structured 5’ UTRs. These mRNAs often encode proteins that
promote growth and transformation (Pelletier et al., 2015). In
contrast, the majority of cellular mRNAs have relatively short, un-
structured 5 UTRs that enable efficient translation, even when
elF4F complex levels are limiting. We found that the levels of a
number of pro-survival proteins were increased in KP compared
to N organoids, with no changes in housekeeping proteins (Fig-
ure 5A,; Figure S5A). Of the pro-survival proteins, Hif1a, Bcl2, and
more moderately, cyclin D1, cyclin D3, and c-Myc were
decreased in KPn organoids (Figure 5A). Similar observations
were made in murine T organoids bearing shNrf2 (Figure 5B).
This is consistent with earlier reports showing a correlation be-
tween the expression of Nrf2 and some of these proteins (Fan
etal., 2014; Keetal., 2013; Malec et al., 2010; Niture and Jaiswal,
2012; Wang et al., 2016). gPCR of polysome fractions revealed
an increase in the association of the mRNAs of these proteins
with the translationally inactive monosome fractions (Figure 5C),
while no differences were seen for Actin, Mcl-1, and, interest-
ingly, Bcl2 mRNAs (Figure S5B). No decrease was observed
in the total transcript level of these mMRNAs (Figure S5C)
or the half-life of the corresponding proteins (Figure S5D).

resonance energy transfer) substrate specific to Adam10. Activity was monitored over 2 hr at excitation, excitation/emission = 490 nm/520 nm. Data are means +

SD (n=2).

(K) [3°S]-Met incorporation into protein from KP organoids expressing control vector or Adam10 cysteine mutant (CD). Data are means + SD (n = 6, Student’s

t test).
See also Figure S4.
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(A and B) Immunoblot analysis of oncoproteins in N and KP organoids (A) and murine T organoids (B) expressing shScr or shNrf2.

(C) gPCR analysis of indicated mRNAs from polysome fractions of KP and KPn organoids. CT of each fraction minus CT of 80S fraction (ACT). Data are means
normalized against the sum = SD (n = 2 biological replicates). Fractions 1-6 are monosomes; fractions 7-12 are polysomes.

(D) gPCR analysis of mMRNA expression of Hif1a target genes in murine T organoids. Data are means + SD (n = 3, Student’s t test). Vegf, vascular endothelial

growth factor.

(E) Proliferation of organoids grown in 21% or 3% oxygen. Data are means + SEM (n = 5).
(F) Cell viability upon treatment with 20 mM 2-deoxyglucose (2-DG) for 72 hr in 21% oxygen or 5% oxygen. Data are means + SEM (n = 5, Student’s t test).

See also Figure S5.

Compromised Hifla protein levels in KPn organoids corre-
sponded with a decrease in the expression level of Hif1a. target
genes (Figure 5D), their inability to grow in hypoxia (Figure 5E),
and heightened sensitivity to inhibition of glycolysis (Figure 5F)
(Semenza, 2013). These data indicate that Nrf2-mediated pro-
tein synthesis in Kras mutant cells has a potent impact on the
translation of certain proto-oncogenic mRNAs, thus supporting
a role for Nrf2 in fully transformed PDA cells.

Combined Inhibition of AKT and GSH Synthesis Blunts
Pancreatic Cancer Growth and Survival

The PIBK/AKT/mTOR pathway is believed to be a major pathway
regulating global and mRNA-specific translation initiation (Rug-
gero and Sonenberg, 2005). We found that the basal phosphor-
ylation status of 4EBP1 correlated strongly with the sensitivity of
hT organoids to shNRF2 (Figure 6A). Inhibition of AKT using the
pan-AKT inhibitor MK2206 markedly decreased the rate of pro-

tein synthesis (Figure 6B) and increased 4EBP1-elF4E interac-
tions at the mRNA cap (Figure 6C) in KP organoids, the effects
of which were potentiated in KPn organoids (Figures 6B and
6C). At a dose that suppressed KP intracellular GSH to a level
found in KPn cells (Figure S6A), BSO bolstered the effect of
MK2206 to further decrease the rate of protein synthesis (Fig-
ure 6D). Consistently, inhibition of 4EBP1 phosphorylation in
both KP and hT organoids was most efficient in the presence
of both inhibitors (Figure 6E).

Reactivation of EGFR and MAPK (mitogen-activated protein
kinase) signaling upon inhibition of AKT is an important adaptive
survival response, leading to drug resistance in Kras mutant
cancer cells, and requires an intact autocrine EGFR signaling
cascade to enact (Mendoza et al., 2011). Consistent with defec-
tive EGFR signaling in Kn and KPn organoids, these adaptive
responses were attenuated (Figure S6B). While BSO treatment
alone had minimal effects on the activity of these signaling

Cell 166, 963-976, August 11, 2016 971



A B c
Non-survivors DMSO MK2206
1 2 3 45 KP KPn KP KPn e
_— > w |
| - e | p4EBP1 ; m"; 7 Methyl GTP | ———
’ Pulldown 4EBP1
|—--—-= -| 4EBP1  3.hTi [t o) |
4. hFNA2 e = | a|F4E

|- o —— | VINCULIN 5. hFNA3 AEBP1
LR T

Fold change ([35S]-Met Incorporation)

WCL
0.0 -— pAKT
— MK K Tubulin
_ KP KPn oo
D § -0.013
T P E F
° =
£ Momo.0e5 | - 4+ — + BSO - + — 4+ BSO - + - 4+ BSO
g 1! — — + 4+ MK2206 - - + + MK2206 - — + + MK2206
£ KP
S ——— P4EBP1
0. - 4+ - + BSO
c
o
5 P Human T e
o
L ERK1/2
Human T
G H
e MK2206 2 MK2206 EC50
100 MK2206
= a0 2 g0 N B0 M
= = = Nn 150 nM
s g e s K 5
> > 40 > Kn 0.1 uM
2 2 ,l-K 3 KP B uM
J-Kn KPn 1uM
-12-11-10-9 -8 -7 -6 -5 -4
[10:M]
I J EC50
120 1205 1204 MK2206
100/ 1004 100) N 80 nM
> > > N + BSO 85 nM
Ew % £ 80 K 5 uM
] 0 Q 6 % 60 K+BSO | 0.39 uM
= a0 S w0 S 4 KP 8 M
2 1 2 2ol « k2206 2 20l ke mkazos KP +BSO | 0.277 uM
20 -“mggggu;so o IoK MK2206 + BSO ° ol ke MK§§86+BSO Suit2 7 uM
°_‘12 100 B 7 6 5 4 -12-11-10-9 -8 -7 6 -5 1109 8 7 6 5 -4 Suit2 + BSO | 1.3 uM

[10*M] [10*M] [10*M]

Figure 6. Inhibition of GSH Synthesis Sensitizes Pancreatic Cancer Cells to Pan-AKT Inhibition
(A) Immunoblot analysis of 4EBP1 activation status in hT organoids. VINCULIN, loading control. p, phospho.
(B) [¥°S]-Met incorporation into protein from KP and KPn organoids treated with DMSO or 1 uM MK2206 (MK) for 48 hr. Data are means + SEM (n = 3, Student’s
t test).
(C) Lysates from KP and KPn organoids treated with DMSO or 1 uM MK2206 were subjected to 7-methyl-GTP pull-downs and analyzed for indicated proteins.
WCL, whole-cell lysates.
(D) [*®S]-Met incorporation into protein from KP organoids treated with 1 uM MK2206 (MK), 100 uM BSO, or both for 48 hr. Data are means + SEM (n = 3, Student’s
t test). NS, not significant.
(E) Immunoblot analysis of AKT and 4EBP1 activation status in murine (left) and human hT1 (right) T organoids treated with 1 uM MK2206 (MK), 100 uM BSO, or
both for 48 hr. p, phospho.
(F) Adaptive response in KP organoids (top) and hT organoids (bottom) upon treatment with vehicle only, with 1 uM MK2206, 100 M BSO, or in combination for
48 hr. p = phospho.
(G) Cell viability of N, K, and KP organoids and the corresponding Nrf2-deficient organoids over increasing concentrations of MK2206 for 72 hr. Dotted lines
indicate 95% confidence intervals (n = 5).
(H) ECso (half maximal effective concentration) values of MK2206 in murine organoids.

(legend continued on next page)
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cascades, BSO suppressed the reactivation of EGFR (Fig-
ure S6C) and MAPK (Figure 6F) upon treatment with MK2206.
Combined treatment of MK2206 with BSO led to a higher level
of ROS compared to single agents alone (Figure S6D), further
supporting the premise that EGFR autocrine activation in Kras
mutant cells is redox dependent.

In congruence with our biochemical observations, Kn and KPn
organoids were substantially more sensitive to MK2206 (Figures
6G, 6H, and S6E) and the multi-targeted PI3K inhibitor PI-103
(Figure S6F) than K and KP counterparts. Consistently, BSO ex-
hibited a synergistic effect with MK2206 in K and KP organoids
(Figures 61, 8J, S6G, and S6H), as well as in human PDA cells
(Figures 61, 6J, S6l, and S6J). Of note, the sensitivity of N organo-
ids toward MK2206 was not heightened by either BSO treatment
(Figures 61 and 6J) or Nrf2 deficiency (Figures 6G and 6H), re-
flecting a potential therapeutic index.

Contrary to our observations with AKT inhibition, KPn organo-
ids were not more sensitive to mTOR (mammalian target of rapa-
mycin) inhibitors such as rapamycin and Torin1 (Figures S6K and
S6L). We posit this to be due to mTOR-mediated growth sup-
pression in cells that rely on extracellular proteins as an amino
acid source (Palm et al., 2015), as in the case of Kras mutant cells
(Bar-Sagi and Feramisco, 1986). Consistent with the notion that
Nrf2 modulates Akt/mTOR activity downstream of mitogenic
signaling, elevated levels of lysosomal hydrolysis were observed
in KPn organoids (Figure S6M), and this process was redox
dependent (Figures S6N and S60). We posit that the proliferative
advantage obtained in mTOR-inhibited Kras mutant cells may
outweigh the suppressive effects from AKT and GSH inhibition.
Thus, this renders direct antagonism of AKT to be more growth
suppressive than that of mTOR in this context. Sensitivity of
Nrf2-deficient cells was selective toward inhibition of PI3K/
AKT, as similar vulnerability was absent toward the MEK
(MAPK/ERK kinase) inhibitor AZD6244 (Figures S6P and S6Q)
(Davies et al., 2007) or toward a panel of commonly used chemo-
therapeutics (Figure S6R).

Encouraged by our in vitro observations on MK2206 and
BSO, we tested this strategy in the KPC mouse model (Hingor-
ani et al., 2005). Mice were randomly assigned to treatments
with vehicle, BSO, MK2206, or the combination of MK2206
and BSO. MK2206 and BSO effectively suppressed levels of
pAkt (Figure S7A) and GSH (Figure S7B), respectively. While
monotherapy did not markedly impact tumor growth, combi-
nation treatment was significantly growth suppressive (Figures
7A and 7B). Long-term treatment of KPC mice with this com-
bination diminished neoplastic cell proliferation (Figure S7C)
and modestly increased median survival when compared to
treatment with MK2206 alone (Figure S7D). The synergistic ef-
fect of MK2206 and BSO was also observed in Suit2 xenograft
models in terms of tumor kinetics (Figure 7C) and neoplastic
cell proliferation (Figure 7D). Our results suggest that pro-oxi-
dants may further augment the effectiveness of AKT inhibition
in suppressing PDA growth through combined inhibition of

mRNA translation and EGFR-dependent mechanisms of resis-
tance (Figure S7E).

DISCUSSION

The concept that elevated levels of free radicals and oxidative
stress contributes to DNA damage and predisposition to cancer
has led to the recommendation of antioxidant use as prophylaxis
against neoplasia (Khansari et al., 2009). However, Nrf2 activa-
tors (Talalay et al., 2007) and various antioxidants have either
failed to reduce cancer incidence or have, instead, promoted
cancer in clinical and preclinical testing (Sayin et al., 2014). We
present the alternative hypothesis that Nrf2’s antioxidant func-
tion stimulates pancreatic cancer, in part, by promoting mRNA
translation and mitogenic signaling. Indeed, our findings may
reflect cellular responses to a number of redox perturbants
demonstrated previously to exhibit efficacy in Ras mutant cells.
This includes erastin (Yang and Stockwell, 2008), dehydroascor-
bic acid (oxidized vitamin C) (Yun et al., 2015), and platinum-
based cytotoxics (Socinski, 2004).

The synthetic lethal interaction we observed between Nrf2
loss and oncogenic Kras in PDA may also reflect the proto-onco-
genic mRNAs that are exquisitely translationally upregulated in
Kras mutant cells. For example, Hif1a, an important transcription
factor that mediates adaptive responses to intratumoral hypoxia
and malignant progression in PDA (Zhao et al., 2014), was mark-
edly decreased in Nrf2-deficient Kras mutant cells. Hif1a likely
contributes to the glycolytic phenotype of PDA (Ying et al,
2012), working in parallel with NRF2 transcriptional target genes
that are metabolic enzymes governing the pentose phosphate
pathway (Mitsuishi et al., 2012) to promote metabolic rewiring
in cancer cells.

Regarding the potential clinical implications of this work,
AKT inhibitors have already shown some preliminary activity
in clinical trials (Molife et al., 2014; Yap et al.,, 2011), and
MK2206 is currently being investigated in patients with pancre-
atic cancer (https://ClinicalTrials.gov IDs NCT01783171 and
NCT01658943). Our present study demonstrates that the
combination of AKT inhibitors with oxidizing agents is active in
PDA, and ongoing work will determine whether the investiga-
tional agent BSO (https://ClinicalTrials.gov IDs NCT00002730,
NCT00005835, and NCT00661336) or alternative agents that
target different aspects of redox regulation will be most attrac-
tive for rapid clinical translation.

EXPERIMENTAL PROCEDURES

Human Specimens

All human experiments were approved by the Institutional Review Boards of
Memorial Sloan Kettering Cancer Centre, MD Anderson Cancer Centre, Weill
Cornell Medical College, Stony Brook University, and Cold Spring Harbor lab-
oratory. Written informed consent from the donors for research use of tissue in
this study was obtained prior to acquisition of the specimen. Samples were
confirmed to be tumor or normal based on pathological assessment.

(I) Cell viability of N, K, and KP organoids and Suit2 cells over increasing concentrations of MK2206 in the presence or absence of BSO for 72 hr. Dotted lines

indicate 95% confidence intervals (n = 5).

(J) ECs0 values of MK2206 on pancreatic organoids and cell lines in the presence or absence of BSO.

See also Figure S6.
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Figure 7. Combined Inhibition of AKT and GSH Synthesis Suppresses Human and Mouse Pancreatic Tumor Growth In Vivo
(A) Tumor volumes of KPC mice treated daily with vehicle (methylcellulose), BSO, MK2206, or the combination for 7 days. Tumor volumes were determined by

ultrasound imaging on the indicated days.

(B) Relative tumor volume of KPC mice treated with MK2206 or in combination with BSO on day 7. Student’s t test (n = 11). Data are means + SEM, Student’s

t test.

(C) Relative growth of subcutaneously xenografted Suit2 tumors in mice treated with vehicle, MK2206, or MK2206 + BSO for 7 days (left) or 14 days (right). Data

are means + SEM, Student’s t test.

(D) Phospho-histone H3 IHC of representative Suit2 tumors from treated mice (left). Quantification of pH 3 positivity (right). Data are means + SEM (n > 5 fields of

view), Student’s t test.
See also Figure S7.

Analysis of Global Protein Synthesis

Organoids or Suit2 cells were incubated for 30 min in media containing 10 uCi
of [¥°S]-Met (NEG709A005MC, PerkinElmer). Cell lysates were prepared using
standard procedures, and equal amounts of total protein were separated on a
4%-12% Bis-Tris polyacrylamide gel and transferred to PVDF (polyvinylidene
fluoride) membrane. Membranes were exposed to autoradiography film for
12-48 hr and then developed. For liquid scintillation, equal amounts of radio-
labeled total protein were TCA (trichloroacetic acid) precipitated, washed two
times in acetone, and air dried at room temperature. The amount of [*®S]-Met
incorporated into protein was measured using a Beckman LS6500 Scintillation
counter. Total protein content was determined by bicinchoninic acid (BCA)
assay (Bio-Rad).

Polysome Fractionation

Organoids were treated with 300 ng/ml cyclohexamide (Sigma) in media for
10 min at 37°C and then harvested on ice in PBS containing 300 ug/ml cy-
clohexamide. Cells were pelleted and lysed in 10 mM Tris-HCI (pH 8),
140 mM NaCl, 1.5 mM MgCl,, 0.25% NP-40, 0.1% Triton X-100, 50 mM
DTT, 150 pg/ml cyclohexamide, and 640 U/ml RNasin for 30 min. Lysates
were cleared, separated on a 10%-50% sucrose gradient by ultracen-
trifugation, and fractionated using a Teledyne Isco gradient fractionation
system.
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Therapeutic Intervention Studies in Mice

Upon detection of amass during weekly palpation, KPC mice were subjected to
high-contrast ultrasound imaging using the Vevo 2100 System with an MS250
13- to 24-MHz scanhead (Visual Sonics). Mice with tumor diameters of 7-9 mm
were randomized and enrolled 1 day after scanning. MK2206 (Merck) was formu-
lated in 0.5% methylcellulose. BSO (Sigma) was formulated in saline. Mice were
administered methylicellulose vehicle or 100 mg/kg MK2206 every day via oral
gavage and saline or 10 mmol/kg BSO via intraperitoneal injection. Tumor volume
was monitored on days 4 and 7 after initial scan. The same dosing regimen was
applied to athymic nude mice bearing Suit2 tumor cells. Drug administration was
initiated 3 weeks post-transplantation of 10° cells subcutaneously.
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