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Abstract

Mutated KRAS protein is a pivotal tumor driver in
pancreatic cancer. However, despite comprehensive efforts,
effective therapeutics that can target oncogenic KRAS are
still under investigation or awaiting clinical approval.
Using a specific KRAS–dependent gene signature, we imple-
mented a computer-assisted inspection of a drug–gene
network to in silico repurpose drugs that work like inhibi-
tors of oncogenic KRAS. We identified and validated dec-
itabine, an FDA-approved drug, as a potent inhibitor of
growth in pancreatic cancer cells and patient-derived
xenograft models that showed KRAS dependency. Mecha-
nistically, decitabine efficacy was linked to KRAS–driven
dependency on nucleotide metabolism and its ability to

specifically impair pyrimidine biosynthesis in KRAS–
dependent tumors cells. These findings also showed that
gene signatures related to KRAS dependency might be
prospectively used to inform on decitabine sensitivity in
a selected subset of patients with KRAS–mutated pancreatic
cancer. Overall, the repurposing of decitabine emerged as
an intriguing option for treating pancreatic tumors that are
addicted to mutant KRAS, thus offering opportunities for
improving the arsenal of therapeutics for this extremely
deadly disease.

Significance: Decitabine is a promising drug for cancer
cells dependent on RAS signaling.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the dead-

liest epithelial tumors, with an overall 5-year survival rate of only
8% (1). Poor prognosis is due to the limited efficacy of the
therapeutic options, which are related to the heterogeneity of
genetic mutations, multiple activated pathways, and dense stro-
mal environment (2), making it difficult to identify potentially
effective drugs. KRAS mutation is the predominant genetic event
for precursor pancreatic intraepithelial neoplasia (PanIN)—the
early stage of pancreatic cancer—that occurs in approximately
95% of cases (3, 4). Additional genetic alterations in tumor
suppressor genes, such as CDKN2A, TP53, and SMAD4, are
required for tumor progression and PDAC development (5). RAS
protein belongs to small guanosine triphosphate hydrolase
(GTPase) enzymes that play an essential role in regulating a wide
range of cellular processes, such as cellular growth, survival, and
differentiation (6). The RAS gene family includes KRAS, N-RAS,
and H-RAS genes, and the oncogenic mutation in residues G12,
G13, and Q61, which are the most common lesions in human
tumors (7). Thesemutations compromise GTPase activity, induc-
ing constitutive RAS signaling that results in abnormal prolifer-
ation and tumor growth (8). In PDAC, specifically, the most
frequent point mutation is located at codon G12 of KRAS and
leads to the activation of molecular pathways supporting tumor
initiation, development, and maintenance (4, 8–10).
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Specific gene expression signatures can be associated with
oncogenic mutations and deregulated signaling pathways in
tumors (11, 12). Several studies demonstrated the potential of
using gene expression profiles of cancer cells to analyze oncogenic
pathways, and such gene profiles can reflect the deregulation of
specific pathways in cancers (11, 13). Oncogenic KRAS–specific
signatures have been derived from in vivo and in vitro cancer
models to identify critical effectors of KRAS (14–16). Interesting-
ly, other lines of evidence demonstrated that, based on specific
transcriptional profiles, it is possible to identify a subset of PDACs
that are highly dependent on oncogenic KRAS molecular path-
ways (17). These sets of evidence reinforce the important role
played by KRAS in a subset of advanced pancreatic carcinoma,
other than its well-established role as a driver for premalignant
pancreatic tumor lesions. In both cases, a cellular KRAS addiction
has been experimentally proven, indicating that the direct target-
ing of KRAS or KRAS–dependent (KRAS-dep) phenotypes by
specific inhibitors might provide clinical benefits for preventing
PanIN or treating selected PDACs. Recently, a phase I/II clinical
trial (NCT03600883) with an allele-specific inhibitor for the
G12C mutant variant started (18), yet KRAS G12C mutations
have been observed in only 1% of patients with PDAC (19).
Despite comprehensive efforts by means of conventional drug
design and discovery screenings, effective therapeutic inhibitors
targeting the much more prevalent KRAS mutations (G12D,
G12V, and G12R) have yet to be identified and reach the clinical
setting (20).

Drug repositioning (i.e., the use of old drugs for a novel
therapeutic indication) is a cost-effective approach to rapidly
offer new therapeutic opportunities in the clinic. The reposition-
ing of FDA-approved drugs to target oncogenic pathways that still
lack effective inhibitors, such as KRAS, would be a relevant
pharmacologic approach to inhibit oncogene-dependent tumor
growth. We previously implemented a computational approach
to repurpose FDA-approved drugs as inhibitors of oncogenic
PI3K-dependent signaling (21). This strategy is based on the
inspection of a drug–gene signature network with a "reverse"
oncogene-specific gene signature, aiming to identify drugs able to
revert the oncogenic gene signature toward awild-type expression
profile, thus acting as a potential inhibitor of oncogenic path-
ways (22, 23). This demonstrated that an oncogenic signature
might successfully support computer-assisted in silico reposition-
ing of drugs against a pathway or target once it is able to induce a
robust gene expression profile.

Decitabine (5-aza-20-deoxycytidine [DEC]) is a drug currently
approved for the treatment of myelodysplastic syndromes and
acute myeloid leukemia (24, 25). Decitabine is an analogue of
nucleotide cytidine, carrying a carbon replacement with nitrogen
residue at position 5. Once incorporated into DNA, such mod-
ification impairs the transfer of a methyl residue by DNAmethyl-
transferase activity, leading to a broad DNA demethylation and,
consequently, derepression of transcriptionally silenced DNA
loci (26, 27). Moreover, decitabine belongs to a family of nucle-
otide analogues, such as gemcitabine, which has a well-
established anticancer effect and is currently used for treating
patients with PDAC. In addition to its ability to inhibit DNA
polymerase, gemcitabine is known for its ability to interfere with
nucleotide metabolism and dNTPs pool homeostasis. Indeed,
gemcitabine is able to inhibit both ribonucleotide reduc-
tase (28, 29) and thymidylate synthase (30, 31), which are key
enzymes necessary to maintain dNTPs pool de novo biosynthesis

and homeostasis. Notably, similar targets have also been dem-
onstrated for decitabine (32), and, potentially, aza-deoxyuridine
monophosphate (dUMP) formationmight also account for addi-
tional decitabine selective cytotoxicity. Thus, the anticancermech-
anism of action (MoA) for nucleotide analogues might also be
attributed to their ability to modify nucleotide homeostasis, thus
affecting DNA synthesis or DNA repair (33).

In this study, by taking advantage of a KRAS–specific gene
signature derived from the HPDE cell line expressing the
KRASG12V oncogene, we identified decitabine as an inhibitor of
KRAS-dep tumor growth. We showed that pancreatic cancer cell
lines carrying a gene expression signature that predicts KRAS
activation and dependency displayed high sensitivity to the
treatment with decitabine, whereas KRAS–independent (KRAS-
indep) cell lines were less or not responsive. A similar response
was observed in patient-derived xenograft (PDX)–PDAC models
with a gene signature that predicts KRAS dependency. Mechanis-
tically, decitabine toxicity in KRAS-dep PDACs is linked to the
ability of decitabine to act as a nucleotide analog and interfere
with pyrimidine biosynthesis. This leads to a decrease of deox-
ycytidine monophosphate (dCMP) and deoxythymidine mono-
phosphate (dTMP) levels, both of which are essential to pyrim-
idine homeostasis, and to dUMP accumulation. Our data provide
the experimental support to repurpose decitabine for the treat-
ment of selected KRAS-dep patients with PDAC based on a gene
signature screening.

Materials and Methods
Cell lines

Human pancreatic ductal epithelia (HPDE) cell lines and
KRAS isogenic derivatives were obtained from Dr. D. Melisi
(Department of Medicine, University of Verona, Verona, Italy).
CAPAN-1 and PA-TU-8902 were provided by Dr. Giuseppe
Diaferia (European Institute of Oncology, Milan, Italy). KP4 and
PA-TU-8988T were provided by the cell culture facility at The
University of Texas MD Anderson Cancer Center (UTMDACC;
Houston, Texas). HPAF-II cell lines were provided by Dr. Michele
Milella (Regina ElenaNationalCancer Institute, Rome, Italy). Cell
line identities were genetically validated according to relative cell
bank procedures and were cultured for fewer than 6 weeks after
resuscitation. Upon passage, 10 cells were discarded. HPDE cells
were discarded upon passage six. All cells were routinely tested for
Mycoplasma contaminationwith aMycoFluorMycoplasmaDetec-
tion Kit (Thermo Fisher Scientific). The HPDE cells were cultured
in Keratinocyte-SFM (Gibco) supplemented with human recom-
binant EGF and bovine pituitary extract. PA-TU-8902 and PA-TU-
8988T cell lines weremaintained in DMEMhigh glucose contain-
ing L-glutamine and sodium pyruvate and supplemented with
10% FBS (Gibco). CAPAN-1 and HPAF-II cells were grown in
RPMI supplemented with 20% FBS (Gibco; CAPAN-1) or with
10% FBS (Gibco; HPAF-II), plus 1% glutamine (Gibco). KP4 cells
were maintained in Iscove's modified Dulbecco's medium
(Gibco), supplemented with 20% FBS and 200 mmol/L gluta-
mine. All culture growth media were supplemented with 10,000
U/mL penicillin–streptomycin (Gibco).

PATC53, PATC124, andPATC153 cellswere isolated fromearly
passage (F1) PDAC-PDXs, as described in the Patient-derived
samples section of the Materials and Methods (see below), and
weremaintained in culture for amaximumof twopassages before
being switched to DMEM 10% FBS and enrolled in phenotypic
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studies andmolecular profiling. All cellswere kept in ahumidified
incubator at 37!C in 5 % CO2 atmosphere.

Xenograft tumor experiments
Seven-week-old NOD/scid gamma (NSG) mice, purchased

from The Jackson Laboratory, were subcutaneously injected with
1,5 " 106 PA-TU-8902, CAPAN-1, PA-TU-8988T, and KP4 cells
diluted in 200 mL of 1:1 Matrigel (BD Biosciences) and media
mixture, and treatment was approximately started 10 days after
cells implantation when tumors reached approximately 40 mm3.
Decitabine dissolved in saline was injected intraperitoneally in
mice at 1mg/kg body weight 4 times a week for the first week and
3 times a week for the following 3 weeks; control mice received
salinewithDMSOalone. The animal health statuswasmonitored
daily. Tumor volume was measured every 3 days with calipers;
body weight was also monitored. Tumor volume (mm3) was
calculated using the following formula:V (mm3) ¼ L (mm) " W
(mm)2/2, where W is tumor width and L is tumor length. Mice
were sacrificed when tumors were ulcerating, according to
approved guidelines of the institution's animal ethics committee.
Tumors and lungswere harvested,weighted, andfixed in formalin
for histologic and IHC analysis. The Ethics Committee for Animal
Experimentation of the Institute approved animal care and exper-
imental procedures.

Patient-derived samples
Patient-derived samples were obtained from consented

patients who signed a written informed consent under an insti-
tutional review board–approved protocol, LAB07-0854, chaired
by Jason Fleming (UTMDACC).

PDAC–PDXs and PDX-derived primary cell cohorts
PDAC–PDXs were generated as described (34). Early-passage

PDXs (F1) from primary human PDAC were harvested in cold
HBSS (Gibco), and tumor cells were isolated throughmechanical
and enzymatic dissociation. Briefly, tumors were minced in very
small pieces with scissors under sterile conditions before
being processed with a Human Tumor Dissociation Kit (Miltenyi
Biotec). After digestion, single isolated cells were seeded at
high confluency on collagen-IV–coated plates (Corning) in
DMEM/F12 (Gibco) supplemented with 10% FBS (Gibco), 1%
bovine serum albumin (Thermo Fisher Scientific), 0.5 mmol/L
hydrocortisone (Sigma-Aldrich), 10mmol/LHEPES (Invitrogen),
100 ng/mL cholera toxin (Sigma-Aldrich), 5 mL/L insulin–
transferrin–selenium (BD Biosciences), 100 IU/mL penicillin
(Gibco), and 100 mg/mL streptomycin (Gibco). To get rid of
fibroblasts in the culture, we periodically performed brief
trypsinization (0.25% Trypsin-EDTA, Gibco). The purity of the
human culture derived from PDX was confirmed over time by
flow cytometry through the evaluation of HLA–ABC andmouse
H-2Kd histocompatibility complex antigens (Becton Dickin-
son). Isolated human cells were maintained in culture for a
maximum of two passages before being switched to DMEM
10% FBS and enrolled in phenotypic studies and molecular
profiling. Early-passage ($P3) PDX-derived cultures were trans-
planted in NSG-recipient mice to recapitulate original PDX
architectural and structural features (35).

In vivo treatments of PDX-derived cells were performed by
subcutaneously injecting 3 " 106 cells in NSG mice according
to a procedure described above (see section Xenograft tumor
experiments in Materials and Methods). All animal studies and

procedures were approved by the UTMDACC Institutional Ani-
mal Care and Use Committee.

Results
Computational-assisted drug repurposing identified
decitabine as apotential inhibitor of oncogenicKRASaddiction
and associated gene signature

To explore the computational-assisted identification of FDA-
approved drugs able to inhibit oncogenic KRAS and, consequent-
ly, the growth of KRAS–addicted tumors, we applied a validated
method based on the MANTRA 2.0 algorithm to inspect a drug–
gene signature network with a "reverse" (REV) oncogenic-specific
signature (21). To this purpose, we took advantage of previously
validated KRAS–specific gene expression signatures generated
in different isogenic, not-transformed HPDE cell lines carry-
ing the overexpression of KRASG12V oncogene (Materials and
Methods). These signatures generated new network nodes.
Notably, nodes generated by different KRASG12V-overexpressing
models (Materials and Methods) were statistically close in the
network, regardless of the genetic model used (Supplementary
Fig. S1A), thus confirming that these oncogenic signatures were
robustly driven by the KRAS oncogene. The inspection of the
MANTRA 2.0 network with the KRASG12V-REV node identified
decitabine (Supplementary Fig. S1B) as, among top-scoring hits,
the drug capable of generating KRASG12V-REV signature, thus
potentially acting like an inhibitor.

To experimentally validate the MANTRA results, we treated
HPDE-KRASG12V cells with decitabine and demonstrated that
decitabine was able to affect KRAS target gene expression as
predicted by the MANTRA algorithm (Supplementary
Fig. S1C). Next, we inspected the differential sensitivity of cells
to decitabine treatment by exploiting oncogene addiction of
HPDE-KRASG12V compared with HPDE-KRAS wild-type. Nota-
bly, HPDE-KRASG12V showed a 100-fold higher sensitivity than
parental control cells (Supplementary Fig. S1D). Moreover, dec-
itabine treatment induced cellular senescence inHPDE-KRASG12V

cells but not in isogenic wild-type cells, as demonstrated by the
increase of b-galactosidase (b-gal staining; Supplementary
Fig. S1E). This observation was in line with previous data report-
ing that the inhibition of senescence by oncogenic KRAS inHPDE
can be prevented by decitabine treatment in PanIN mod-
els (36, 37). These results demonstrated that decitabine was able
to hamper KRAS-dep proliferation in cells carrying oncogenic
KRAS.

Oncogenic KRAS dependency predicted response to decitabine
in selected KRAS–mutated PDAC cell lines

Next, we investigated whether decitabine might also efficiently
inhibit tumor growth in the context of PDACs carrying oncogenic
KRAS mutations and, most importantly, carrying a molecular
dependency or "addiction" to KRAS. To this aim, we took advan-
tage of previously validated methods to score KRAS activation by
transcriptional gene profiles in PDAC to select a panel of KRAS-
dep or KRAS-indep PDAC cell lines, in which a KRAS dependency
has been experimentally validated (S-score; ref. 17). We also
applied a score for KRAS molecular activation based on gene
signatures as defined by MEK inhibition (L-score; ref. 15). We
compared the two gene signatures in a panel of PDAC cell lines
(n¼ 49) from the Cancer Cell Line Encyclopedia (CCLE; ref. 38),
and we demonstrated a high degree of correlation among them
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(Spearman r ¼ 0.64, Fig. 1A). Signature scores allowed us to
identify PDAC cell lines (HPAF-II, CAPAN-1, and PA-TU-8902)
that are highly dependent on KRAS (hereafter referred to as dep-
PDACs) as well as PDAC cell lines (KP4 and PA-TU-8988T) that,
while presenting KRAS genetic mutations in hotspot sites, do
show low S- and L-scores and thus were likely not dependent on
KRAS (hereafter referred to as indep-PDACs; Fig. 1A; Supple-
mentary Table S1). Indeed, treatment with decitabine showed
that dep-PDAC cell lines displayed much higher sensitivity
against decitabine than indep-PDACs (average IC50 of
dep-PDAC cells ¼ 0.12 mmol/L; average IC50 of indep-PDAC
cells ¼ 23 mmol/L; Fig. 1B). The interrogation of the Cancer
Therapeutics Response Portal (CTRP) further confirmed that the
response to decitabine treatment was significantly correlated with
the L-score gene signature for KRAS dependency in a panel of
KRAS–mutated PDAC cell lines (Spearman r¼%0.6; Supplemen-
tary Fig. S2A). Accordingly, decitabine inhibited colony-forming
capacity of dep-PDACs but not of indep-PDAC cells (Supplemen-
tary Fig. S2B). We found that decitabine inhibited cell prolifer-
ation in dep-PDAC cells through the induction of anG2/Mphases
block in the cell cycle (Fig. 1C; Supplementary Fig. S2C and S2D).
In contrast, indep-PDACs did not show cell-cycle arrest (Fig. 1C;
Supplementary Fig. S2D). Thus, we selected a pair of dep-PDAC
cells (PA-TU-8902 and HPAF-II) and a pair of indep-PDAC cells
(KP4 and PA-TU-8988T) to investigate the essential mechanism
inducing cell growth arrest. Cell size (Fig. 1D; Supplementary
Fig. S2E) as well as b-gal staining (Fig. 1E) showed a statistically
significant increase in dep-PDACs upon decitabine treatment,
indicating that decitabine was able to induce cellular senescence,
similar toHPDE-KRASG12V–treated cells. Again, decitabine affect-
ed cell-cycle irreversibly because removal of decitabine did not
result in rescuing cell proliferation (Supplementary Fig. S2F), thus
confirming a senescence phenotype. In contrast, indep-PDACs
did not show an increase in cell size, or induction of senescence
(Fig. 1D and E; Supplementary Fig. S2E), confirming that the
observed mechanisms were involved in the differential response
to decitabine treatment. On the basis of cell-cycle results, we
suspected that decitabine might induce DNA damage. Immuno-
fluorescence analysis of decitabine-treated dep-PDAC demon-
strated a strong induction of phospho-H2AX–positive foci, an
earlymarker of DNA damage, compared withDMSO-treated cells
(decitabine ¼ 40% positive foci vs. DMSO ¼ 5% positive foci)
and compared with indep-PDACs (Fig. 1F; Supplementary
Fig. S2G). However, dep- and indep-PDAC had similar responses
to DNA damage-inducing agents (Supplementary Fig. S2H), thus
ruling out the possibility that dep-PDACs had an intrinsic
increased sensitivity for DNA damage compared with indep-
PDACs. Altogether, these data indicated that decitabine was able
to affect the viability and proliferation in selected PDAC cell lines
presenting oncogenic KRAS dependency, as indicated by high
KRAS gene signature scores, and that molecular signatures might
be prospectively used to inform on KRAS dependency and predict
sensitivity to decitabine.

Decitabine specifically inhibited growth of KRAS-dep PDAC-
derived xenograft tumors

To validate the efficacy of decitabine treatment against
selected pancreatic cancer in vivo, we implanted dep-PDAC or
indep-PDAC cell lines subcutaneously. The dep-PDACs tumors
in DMSO-treated mice grew significantly more than tumors in
decitabine-treated mice (Fig. 2A and B; Supplementary Fig. S3A),

demonstrating that decitabine had antitumor activity in vivo
against dep-PDAC tumors. In contrast, the growth of decitabine-
or DMSO-treated tumors did not show any significant differences
in indep-PDAC tumors–derived xenografts (Fig. 2C and D;
Supplementary Fig. S3A), indicating the lack of in vivo efficacy
in agreement with in vitro results.

To investigate whether decitabine mediated DNA damage
in vivo, IHC studies were performed. Consistently with in vitro
experiments, decitabine treatment resulted in increased staining
of phospho-H2AX nuclei in dep-PDAC tumors. In addition,
decitabine-treated tumors showed a reduction in the percentage
of Ki67-positive cells compared with DMSO-treated tumors
(Fig. 2E). In contrast, IHC analysis of the same markers in
indep-PDAC tumors treated with decitabine demonstrated no
significant differences compared with DMSO counterparts
(Fig. 2E).

Hematoxylin and eosin analysis of lung tissue sections derived
from xenograft models demonstrated that tumors generated by
both KRAS dep- and indep-PDAC cells were able to induce lung
metastases (Fig. 2F; Supplementary Fig. S3B). Notably, decitabine
treatment significantly reduces the number of lung metastases
observed in xenograft models generated by KRAS dep-PDAC cells
PA-TU-8902 and CAPAN-1 but not in the xenograft mice models
generated by KRAS indep-PDAC cells (Fig. 2F; Supplementary
Fig. S3B). All together, these data indicated that decitabine treat-
ment in vivo was able to selectively inhibit tumor growth and
metastatic diseases generated by KRAS-dep tumors.

Dep-PDACs depend on active KRAS–MEK pathway
Our results demonstrated that decitabine was more effective in

KRAS–mutated PDACmodels carryingmolecular dependency on
the KRAS pathway, as scored by specific gene signatures (Fig. 1A;
Supplementary Fig. S2A). To further validate the KRAS depen-
dency in dep-PDAC models, we tested the differential sensitivity
of cellular models after treating cells with trametinib, which is a
specific inhibitor of the MEK protein that is one of the down-
stream molecular targets activated by KRAS. Trametinib was
strongly efficacious in inhibiting the proliferation of dep-PDAC
cell lines (PA-TU-8902, CAPAN-1, and HPAF-II; average IC50: ¼
0.03 mmol/L, n ¼ 4; Fig. 3A), whereas indep-PDAC cells were
more resistant (average IC50: ¼ 20 mmol/L; n ¼ 4; Fig. 3A).
Interestingly, the inhibition of cell proliferation in trametinib-
treated cells was associatedwith cellular senescence in dep-PDAC,
as scored by b-gal–positive cells (Fig. 3B and C), indicating
that the KRAS/MEK axis was essential to promote resistance to
senescence. However, trametinib treatment did not induce DNA
damage (Fig. 3D and E), indicating that the underlining MoA
was likely different compared with decitabine. These data con-
firmed that (i) dep-PDAC cellular models were effectively more
dependent on the KRAS/MEK axis than indep-PDAC cells; and
(ii) the inhibition of this specific KRAS-dep target, similar to
decitabine, elicited a selective senescence in dep-PDAC models
but not DNA damage.

Because trametinib and decitabine are both FDA-approved
anticancer drugs and because they showed a different cellular
effect on dep-PDAC cells, we investigated the potential effects of
the combination of these drugs. The cytotoxicity of the trameti-
nib-plus-decitabine combination was evaluated using the Com-
bination Index (CI) method (39, 40). Supplementary Figure S4
shows plots of the CI for the interaction between the two drugs.
Our data showed that, for all concentration tested ranging from
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Figure 1.
A, Scatter plot comparing S-scores versus L-scores in 49 pancreatic cell lines calculated from the RNA sequencing data released by the CCLE Consortium.
Selected cell lines with low or high S-/L-scores are indicated in blue or red, respectively. B,Determination of DEC' inhibitory concentration (IC50) in selected
PDAC cell lines. The indicated cell lines were plated and grown for 6 days with different doses of decitabine, ranging from 0.001 mmol/L to 20 mmol/L. Cell
viability was then assayed by the ATP-based CellTiter-Glo assay. Graphs report the percentage of inhibition compared with DMSO-treated cells (n¼ 5). IC50

calculation showed an intrinsic resistance of indep-PDAC cells. C, Decitabine induced a robust cell-cycle block at G2/M phases of dep-PDACs but not of indep-
PDACs. Cells were treated with high doses (1.25 mmol/L) of decitabine or DMSO for 3 days and then assayed by FACS analysis of propidium iodide-stained cells.
Histograms showmean& SD (n¼ 4). D and E, Decitabine-induced cellular senescence in dep-PDAC. D, Cellular size was quantified by FACS analysis.
Representative plot of size analysis (n¼ 3) of dep-PDAC and indep-PDAC cells, treated for 5 dayswith DMSO (black line) or decitabine (red line). E, Left,
representative images of b-gal staining after 5 days of treatment with DMSO or decitabine of indicated cells. Scale bar, 100 mmol/L). Right histograms,
quantification of senescent cells by measuring senescence-associated b-gal–positive cells after 5 days of treatment with DMSO or decitabine. Histograms show
mean& SD. F, Decitabine-induced DNA damage in dep-PDACs. Representative images of immunofluorescence analysis of cells treated with DMSO or decitabine
(1.25 mmol/L) and stained with anti-phospho-H2AX antibody, a molecular marker of DNA damage. For each experimental replicate (n¼ 4), cells were counted
(n¼ 100), and the percentage of positive stained cells was reported. Scale bar, 10 mm. Quantification for these experiments is provided in Supplementary
Fig. S2G. Statistical significance was calculated by two-tailed t test. '', P$ 0.01; ''' , P$ 0.001; NS, not significant.
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Figure 2.
Decitabine inhibited xenograft tumor growth and the development of lung metastases.A–D, Tumor growth kinetics of mice injected subcutaneously with PA-TU-
8902, CAPAN-1, PA-TU-8988T, and KP4 cells and treated i.p. with DMSO (red line) or decitabine (green line). Data are mean& SEM of volumes. Differences in
tumor volume were evaluated using a two-way ANOVA test analysis. '' , P < 0.01; ''' , P < 0.001. NS, not significant. E, Representative images of IHC staining for
phospho-H2AX and Ki67 of tumor sections frommice treated intraperitoneally with DMSO or decitabine until tumor resection. Scale bar, 100 mm. Magnification,
"200. Histograms show the quantification of the percentage of phospho-H2AX- and Ki67-positive cells. Statistical significance was calculated by two-tailed
t test analysis. ''' , P < 0.0001. F, Decitabine inhibited the development of lung metastases in xenograft tumor models of KRAS dep-PDAC cells. Histograms show
the quantification of the number of lung metastases by hematoxylin and eosin staining of lung tissue sections frommice models shown in Fig. 2A–D. Differences
in the number of metastases were evaluated using a Mann–Whitney test analysis. ' , P < 0.05; '' , P < 0.001.
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Figure 3.
A, The indicated dep-PDAC and indep-PDAC cells lines were treated with trametinib (TRAM) for 72 hours for the determination of IC50. Different doses of
trametinib, ranging from 0.001 mmol/L to 150 mmol/L, were used. Cell viability was then assayed by the ATP-based CellTiter-Glo assay. Graphs report the
percentage of inhibition compared with DMSO-treated cells (n¼ 4). B, Trametinib-induced cellular senescence in dep-PDAC but not in indep-PDAC.
Representative images of b-gal staining after 3 days of treatment with DMSO or trametinib of indicated cells. Scale bar, 100 mm. C, b-gal staining after 3 days of
treatment with DMSO or trametinib of indicated cells was quantified. Histograms in this figure showmean& SD. n¼ 4. D, Trametinib did not induce DNA
damage. Representative images of immunofluorescence analysis for phospho-H2AX marker of PA-TU-8902 and PA-TU-8988T cells treated with trametinib or
DMSO for 3 days. Cells were also treated with 1.25 mmol/L decitabine (DEC) as positive control. E,Quantification of immunofluorescence analysis described in D.
For each experimental replicate (n¼ 4), cells were counted (n¼ 100), and the percentage of positive stained cells was reported (right). Histograms in this figure
showmean& SD. Statistical significance was calculated by two-tailed t test. ''' , P$ 0.001; NS, not significant.
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0.25" to 4" of the IC50 concentrations, the drug combination
had significant synergistic effects in both dep-PDAC cells tested
(Supplementary Fig. S4, top). An r value of 0.95 or above
indicated good conformity of the dose-effect data with respect
to the median-effect principle. The r values for all the experi-
ments were 0.99 or higher. In particular, when HPAF-II cells
were treated at IC50 concentrations, this corresponded to a CI
value of 0.67, indicating synergism. As the concentration of the
trametinib and decitabine combination increased, the CI value
decreased, indicating increased synergism (Supplementary
Fig. S4, bottom left). At the IC95 concentration, the CI values
were 0.25, indicating a strong synergism. Similarly, PA-TU-8902
cells treated with the calculated IC50 for both drugs demonstrated
a CI value of 0.48, indicating a synergic combination (Supple-
mentary Fig. S4, bottom right). As the concentration of trametinib
and decitabine used in combination increased, the combined
cytotoxic effects fell into slight synergism (CI ¼ 0.95) at IC95,
which was much less effective than the treatments with lower
doses. Overall, these results indicate the potential for synergic
combinatorial treatment of trametinib and decitabine on dep-
PDAC models across a large range of concentrations.

The vulnerability of dep-PDACs to decitabine is based on the
impairment of de novo pyrimidine biosynthesis

Decitabine is an analogue of cytidine, largely used as a DNA
demethylating agent (26). Next, we investigated whether the
demethylation activity of decitabinewas responsible for the target
vulnerability of dep-PDAC compared with indep-PDAC. If this
was the case, one could predict that the direct inhibition of DNA-
methyltransferase (DNMT) activity, by means of specific DNMT
inhibitors, would elicit a differential cytotoxic activity aswell. Our
results showed that, unexpectedly, both dep- and indep-PDACs
cells had a similar response rate to either SG-1027 or RG-108
DNMT inhibitors (Fig. 4A and B). Moreover, cell viability and
proliferation of both cellular models were relatively resistant to
DNMT inhibition. These results arguedagainstDNMTs as primary
targets of decitabine in dep-PDACs.

Decitabine belongs to a family of nucleotide analogues, such as
gemcitabine, with a well-established anticancer effect currently
used for treating patients with PDAC. Interestingly, we observed
that a low concentration of gemcitabine induced a strong and
selective cell growth inhibition against dep-PDAC but not in
indep-PDAC cells (Fig. 4C). This effectwas linked to the induction
of cellular senescence in dep-PDAC cells, thus mirroring decita-
bine effects (Fig. 4D). Moreover, the inspection of the CTRP
showed a significant, even though not perfect, correlation for the
sensitivity to decitabine and gemcitabine in a panel of PDAC cell
lines (Spearman r ¼ 0.54; Fig. 4E). Given the ability for both
gemcitabine and decitabine to interfere with nucleotide metab-
olism and dNTPs pool homeostasis (31–33), and because the
inhibition of pyrimidine biosynthetic enzymes showed a syn-
thetic lethal vulnerability in mutant KRAS–driven can-
cers (10, 41, 42) we hypothesized that decitabine might affect
dep-PDAC viability based on interfering with nucleotide metab-
olism. To directly address this hypothesis, we performed an
untargeted LC/MS–based metabolomics analysis of polar meta-
bolites isolated from both dep- and indep-PDAC cells upon
treatmentwith decitabine.Our studies demonstrated that treating
PDAC cells for 24 hours with decitabine induced a regulation of a
number of different metabolites on dep- and indep-PDAC cells
(Fig. 4F). Metabolite set enrichment analysis showed that, among

the different analyzed pathways, pyrimidine metabolism ranked
as the top significant listed pathway that was regulated selectively
on dep-PDAC cells (P < 0.05; Fig. 4G), whereas no statistically
significant pathway enrichment was observed on indep-PDAC
(Supplementary Fig. S5). Notably, metabolites belonging to the
phosphatidylethanolamine biosynthesis pathway, which is also
implicated in the homeostasis of cytidine nucleotide, was also
significantly affected by decitabine (P < 0.05; Fig. 4G). The
analysis of enriched metabolites into the pyrimidine pathway
(Fig. 4H) demonstrated that the treatment with decitabine
increased specifically in dep-PDACs cells but not in indep-
PDAC cells, the level of precursors of the pyrimidine de novo
biosynthesis such as N-carbamoyl-L-aspartate (log2FC ¼ 2.5),
dUMP (log2FC¼ 1.5), deoxyuridine (log2FC¼ 0.66), and uridine
(log2FC¼ 0.5). Concurrently, decitabine induced the downregu-
lation of dTMP (log2FC ¼ %0.86) and dCMP (log2FC ¼ %1.85)
levels, thus demonstrating the ability of decitabine to interfere
with pyrimidine homeostasis and nucleotide pools specifically in
KRAS-dep PDACs.

KRAS dependency inferred by molecular signatures predicts
sensitivity to decitabine in selected KRAS–mutated PDX-PDAC
models

To further investigate the efficacy of decitabine against selected
PDAC populations, we took advantage of matched patient-
derived primary cellular models and PDXs (34) that represent
more reliable, patient-like experimental systems (43–45). First,
we monitored whether transcriptional-informed KRAS depen-
dency might be also associated with PDAC patient–derived pri-
mary cell models and whether the S-score and/or the L-score
signature could assist in predicting molecular dependency and
drug response in these more sophisticated experimental models.
The initial profiling of a combined cohort of PDAC patient–
derived primary cells and CCLE cells comprising 102 cases con-
firmed a good correlation level (Spearman r¼ 0.61) between the
two classificationmethods (Fig. 5A), validating the relevance and
reliability of these molecular signatures also in patient-derived
scenarios.

To formally prove that KRAS dependency inferred by gene
signature can be deployed to predict decitabine sensitivity in
patient-derived models, we treated in vitro selected cases of
KRAS-dep and -independent PDACpatient–derived cells (PATCs)
as informed by gene signature (Fig. 5A). Our results confirmed a
strong antiproliferative effect on dep-PDAC–PDX-derived cells
(PATC124 and PATC53), resulting in estimated IC50 values lower
than 1 mmol/L for decitabine (Fig. 5B). In contrast, a PDX–PDAC-
derived model, with no KRAS dependency (PATC153), displayed
resistance to decitabine treatment with an IC50 at least 10 times
higher than the dep-PDAC models (Fig. 5B). Similar to our
findings with CCLE cell lines, KRAS-dep PDX-derived PDAC
models experienced cell-cycle arrest, senescence, and increase of
phospho-H2AX–positive foci upon decitabine treatment
(Fig. 5C–E; Supplementary Fig. S6A–S6D), further confirming
the drug MoA in responder models. To validate that KRAS
dependency inferred by gene signature can be deployed to predict
sensitivity to decitabine in vivo, we transplanted and treated one
dep- and one indep-PDAC patient–derived model. Once again,
dep-PDAC tumors (PATX53) displayed significant growth inhi-
bition upon decitabine treatment compared with DMSO-treated
animals (Fig. 5F). In contrast, no significant differences in growth
were detected between decitabine- or DMSO-treated tumors in
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Figure 4.
A and B,DNAmethyltransferase inhibitors did not differentially affect the proliferation of dep-PDAC or indep-PDAC cells. The indicated cell lines were treated for
6 days at the indicated doses of inhibitors. Cell viability was assayed by ATP-based assay. Graphs report the percentage of inhibition of cell viability, compared
with DMSO-treated cells (n¼ 4). C, Dep-PDACs showed increased response to low doses of gemcitabine. Cells were treated with the indicated concentration of
gemcitabine, and the percentage of inhibition of cell viability was reported (n¼ 3). D, Low dose of gemcitabine induced cellular senescence in dep-PDAC but not
in indep-PDAC. Cells were treated with gemcitabine for 72 hours and then analyzed by b-gal staining (n¼ 3). E, Scatter plot comparing gemcitabine and
decitabine EC50 (mmol/L) values in 13 pancreatic cell lines from the CTRP. F, Volcano plots of metabolites in PA-TU-8902 cells (left) and PA-TU-8988T cells
(right) treated with 1.25 mmol/L decitabine for 24 hours. (Continued on the following page.)
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indep-PDAC PATX153 xenograft experiments (Fig. 5G). IHC
staining for Ki67 and phospho-H2AX proved decitabine MoA
true also in a more patient-resembling context (Fig. 5H and I;
Supplementary Fig. S6E and S6F).Overall, our data demonstrated
that predicting decitabine sensitivity in PDAC patient–derived
cells by a KRAS gene signature–based approach is feasible, similar
to CCLE cells, and addiction does correlate with strength of the
molecular signatures.

To further inform on the clinical translation of our findings, we
classified a cohort of PDAC–PDXs developed at UTMDACC (n ¼
49) using the two KRAS-dep gene signatures (Fig. 5J; Supplemen-
tary Fig. S6G). In this case, we noted that the correlation among S-
score and L-score is lower than what we previously detected for
adherent cultures (Spearman r ¼ 0.23), even though both sig-
natures are able to properly segregate the matched PDX models
for which we observed differential decitabine sensitivity in PDX-
derived cells and transplants. Remarkably, we observed a similar
correlation value (Spearman r¼ 0.25) between the twoKRAS-dep
gene signatures when we analyzed transcription profiles of
patients with PDAC extrapolated from The Cancer Genome Atlas
collection (Fig. 5K). Altogether, these findings support a classifi-
cation strategy, based on the combined application of the two
gene signatures, which could be prospectively used to inform on
KRAS dependency and, potentially, predict sensitivity to decita-
bine in selected patients with KRAS–mutated pancreatic tumor.

Discussion
Despite the genetic and clinical relevance of theKRASoncogene

in multiple malignancies, the clinical demonstration of effective
pharmacologic inhibition of KRAS and KRAS-dep cellular addic-
tion for treating tumors is still pending. Aiming tomeet this need,
we applied an in silico drug discovery approach based on the
computer-assisted inspection of a drug–genenetwork. For thefirst
step, this process required handling an oncogene-driven genetic
signature. The generation of a KRAS–specific signature from
pancreatic models seemed to be appropriate considering (i) the
high penetrance of KRAS mutations that are present in almost
98% of PDACs; and (ii) modeling this mutation in the context of
HPDE cells, to derive a robust and specific KRAS–driven gene
signature, is a physiologic approach recapitulating the KRAS
biology and molecular effects, KRAS being a genetic mutation
occurring very early during pancreatic cancer development and
leading to precancerous lesions (PanIN). This method identified
decitabine as a potential inhibitor of mutated KRAS-dep gene
signature.

We validated the potential for using decitabine in a selected
subset of patients with PDAC, whose dependency and activation
of KRAS oncogene were scored by means of transcriptional
signatures. Notably, we showed, for the first time, that such
scores effectively identified dependency of KRAS in the context

of PDAC patient–derived models, which is a more reliable,
patient-like experimental system, thus opening the opportunity
for selectively testing tailored compounds against KRAS into
PDX models. Furthermore, our data refined the predictive
capability of two previously reported KRAS-dep gene signatures
identified in in vitro contexts, highlighting the importance of
translational studies in reducing the risk of failure in clinical
applications. Interestingly, our study unraveled an in vivo
discrepancy between the two KRAS-dep gene scores that could
reflect the different approaches used to derive such
scores (15, 17) and potentially be associated with differences
in how microenvironment can influence gene signatures, in
particular the S-score. Indeed, classification of PDAC–PDXs
using S-score better matched the molecular subtypes recently
identified in patients with PDAC by applying tumor-specific
factors (Supplementary Fig. S6H; refs. 43, 44). On the other
hand, L-score might be associated with a higher degree of cell-
autonomous signature, which is potentially less influenced by
microenvironmental components and potentially less affected
by in vitro/in vivo transition. These findings, even though based
on a limited number of cases, further support the conclusion
that a combined S-score/L-score molecular signature might be a
robust predictive tool to infer oncogene dependency from
tumor biopsy or PDX models for personalized patient thera-
pies. In this regard, KRAS dependency, more than genetic
mutations, seems actionable for a synthetic lethal approach
with decitabine treatment. Because KRAS dependency by a
molecular signature can be also identified in lung (17) and
colon (46–48) tumors, it is worth investigating whether dec-
itabine could be also effective for treating such malignancies in
the context of KRAS dependency.

We showed that, in a subset of PDAC cells with dependency on
the KRAS oncogene, decitabine had an intrinsic ability to induce
cell-cycle arrest and DNA damage by a mechanism that is inde-
pendent on its DNMT inhibitor activity. Indeed, specific DNMT
inhibitors failed to be selectively toxic against dep-PDAC, and,
accordingly, DNMT inhibition, per se, was not enough to induce
cell-cycle arrest in dep-PDAC cells. Instead, we demonstrated that
the impairment of pyrimidine biosynthesis was responsible for
the selective response to decitabine in dep-PDAC. It has been
previously recognized that oncogenic KRAS induced metabolic
rewiring of nucleotide metabolism (10, 41). During the prepa-
ration of this manuscript, it was shown that the maintenance of
the nucleotides pool via pyrimidine biosynthesis was indeed part
of ametabolic reprogramming of KRAS dependency in PDAC and
that the inhibition of KRAS-dep signaling led to a selective
reduction of pyrimidine metabolites. Importantly, the inhibition
of pyrimidine biosynthesis was sufficient to inhibit the growth of
KRAS-dep PDAC cells (42). Along with this report, our results
further support pyrimidine biosynthesis as a metabolic vulnera-
bility for KRAS dep-PDACs tumors and demonstrate that

(Continued.) Colored dots represent metabolites significantly changed between control and treated conditions (adjusted P values <0.1). Y-axis shows
significance level (logarithm of P value). X-axis shows log2-fold change of metabolite abundance in cells treated with decitabine relative to DMSO-treated
controls; data are mean of seven biological replicates (n¼ 7).G,Metabolite set enrichment analysis results adapted from the MetaboAnalyst software package.
Identifiedmetabolites and their relative fold change over DMSO-treated cells were used to calculate the enrichment and statistical significance of metabolites in
PA-TU-8902 cells. Top 50 perturbed pathways are shown. The dashed line indicates the cutoff of the adjusted P value (pV < 0.05). Color intensity (yellow to red)
reflects increasing statistical significance as reported. H, Histogram representing selected metabolites enriched in the pyrimidine metabolism set from dep-PDAC
PA-TU-8902 cells (red bars) and indep-PDAC PA-TU-8988T cells (blue bars). Histograms indicate statistically significant log2-fold change for the indicated
metabolites as measured in F. Note that several metabolites from indep-PDAC cells are not represented because they did not have a statistically significant fold
change value.
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Figure 5.
Molecular signatures predict sensitivity to decitabine in selected KRAS–mutated PDX-PDACmodels.A, Scatter plot comparing S-scores versus L-scores in a
compendium of pancreatic cell lines calculated frommicroarray data generated frommultiple sources of cell lines, including CCLE and PDX tumors (n¼ 102).
Several cell lines were profiled multiple times. Blue and bright-red dots correspond to CCLE cell lines with low and high S-scores, respectively (Fig. 1A). The
dark-gray, dark-red, and orange dots represent patient-derived cell lines that were tested. B, Cell viability of PDX-PDACs upon decitabine treatment at the
indicated concentrations was assayed by ATP-based CellTiter-Glo assay. Graphs report the percentage of cell viability compared with DMSO-treated cells.
C–E, Immunofluorescence staining (C) and cell-cycle analysis (D and E) in selected KRAS-dep and -indep PDX-PDACs. Cells were treated with high doses
(1.25 mmol/L) of decitabine or DMSO for 3 days, and analyses were performed as described in Fig. 1. Statistical significance was calculated by two-tailed t test.
' , P$ 0.05; '' , P$ 0.01; ''' , P$ 0.001; NS, not significant. Scale bar, 100 mm. Magnification,"20. F and G, Tumor growth kinetics of mice injected
subcutaneously with one dep-PDAC (PATX53; F) and one indep-PDAC (PATX153; G) and treated i.p. with DMSO or decitabine. Tumors were collected when they
reached approximately 1 cm3 of volume. Data are mean& SD of volumes. Differences in tumor volume were evaluated using two-tailed t test analysis. '' , P < 0.01;
''' , P < 0.001. H and I, Representative images of IHC staining of tumors frommice injected with one dep-PDAC (PATX53;H) and one indep-PDAC (PATX153; I)
and collected after 1 week of treatment with DMSO or decitabine. Distinct tumor sections (n¼ 3) from three DMSO- and three decitabine-treated mice were
analyzed for phospho-H2AX and Ki67 markers. Scale bar, 200 mm. Magnification,"20. J, Scatter plot comparing S-scores versus L-scores in a cohort of
pancreatic cancer patient–derived xenografts (n¼ 49). Dark-red and orange dots represent original PDXs of matched dep-PDAC PDX–derived cells (PATX124
and PATX53). Dark-gray dot represents a PDXmodel (PATX153) matched to indep-PDAC PDX–derived cell PATC153. Light-gray dots highlight two KRAS
wild-type PDXs present in the cohort. K, Scatter plot comparing S-scores versus L-scores in the TCGA cohort of patients with pancreatic cancer (PAAD) filtered
for a purity threshold of 0.33 (n¼ 76). Red and blue dots represent KRAS-mutated and wild-type cases, respectively.
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decitabine is an efficacious FDA-approved drug able to target such
metabolic vulnerability in KRAS-dep PDAC tumors. All together,
these studies demonstrated that KRASdependency inPDACs does
induce vulnerability for drugs capable of interfering with nucle-
otide biosynthetic pathways. Our metabolomics studies revealed
some potential mechanisms explaining how decitabine might
impair pyrimidine biosynthesis and increase dUMP levels. In fact,
the increase of dUMP level and its derivatives, along with a
decrease of dTMP, was consistent with the inhibition of thymi-
dylate synthase by decitabine, as previously reported (32). In
addition, the induction of cytidine deaminase by decitabine (33)
would also explain the reductionof dCMP. Because the increase of
cellular deoxyuridine and dUMP might directly affect the rate of
misincorporation of uracil into DNA, an event that leads to the
increase ofDNAdamage, this could explain the induction ofDNA
damage by decitabine treatment. Moreover, we cannot rule out
the additional contribution to DNA damage by the deamination
of decitabine that will generate noncanonical aza-dUTPs nucleo-
tides (33). This later will be incorporated into DNA and will be
recognized as damaged bases and trigger extensive uracil glyco-
sylase activity, resulting in DNA breaks (33, 49).

MANTRA's results for decitabine suggest a close connection
between nucleotide metabolism and KRAS-dep signature, whose
details began to be deciphered. Oncogenic KRAS can orchestrate
the expression of metabolic genes involved with de novo pyrim-
idine biosynthesis (10). Moreover, the MYC oncogene seems to
be a potential candidate, acting as amaster regulator of nucleotide
biosynthesis in thecontextofKRAS-deppancreatic cancer (10,42).
At the same time, this model does suggest the existence of a
metabolic sensor reflecting the homeostasis of nucleotide metab-
olism and the effects of nucleoside pyrimidine analogues. For this
function, dUMP seems to be an intriguing metabolic candidate
because its levels are connected with KRAS dependency, as sup-
ported by our findings as well as previous reports (10, 42). Also,
dUMP level can be regulated upon treatment with decitabine by
modulating nucleotide metabolism gene expression (33).

Our studies also open a new direction for PDAC patients'
treatment with other nucleotide analogues, such as gemcitabine.
We observed that gemcitabine, largely adopted as standard-of-
care to treat patients with PDAC, was much more effective at low
dosage in dep-PDACs than in indep-PDACs. In this circumstance,
for selected patients whose tumor transcriptome displays a high
score for genetic KRAS dependency, gemcitabine might reach a
more successful efficacy-versus-toxicity ratio, with limited side
effects. If this is the case, antinucleotide-based therapies would
elicit increased antitumor activity in selected patients by affecting
cells carrying KRAS dependency while sparing normal cells.
Because clinical trials based on the treatment of patients with
PDAC with gemcitabine in combination with decitabine or with
decitabine in combination with inhibitors of cytidine deaminase
have been conductedor are currently active, our results suggest the
need to stratify patients to reach a better response rate or to
retrospectively analyze patients' response rates based on KRAS
dependency scores of tumors.

Our data support the potential for using molecular signature
scores from tumor cells or biopsies to select better responders to
decitabine, gemcitabine, and, perhaps, to MEK inhibitors as well.
Poor response toMEK inhibitors inRAS-mutated cancers has been
extensively reported, and it is generally linkedwith compensation
mechanisms that lead to reactivation of ERK through upregula-
tion of upstream pathway components such as RTKs, BRAF, or

KRAS (50–52); the activation of the PI3K-AKT-mTORpathway; or
compensatory mechanisms that involve kinome reprogramming
of parallel pathways (52). Moreover, clinical data failed to show
trametinib to be a viable strategy to treat KRAS–mutated
cancers (53–55). However, the potential for genetic KRAS inde-
pendency, regardless of the KRAS mutational status, has not yet
been considered as a resistance mechanism for MEK inhibitors.
Notably, the L-score for KRAS dependency has been derived as a
molecular response to MEK inhibitor treatment (15), and it is
worth concluding that a high gene score of KRAS dependency can
reflect a degree of sensitivity for the MEK inhibitor. Our in vitro
datawith trametinib treatment of PDAC cells (Fig. 3A) do support
this notion, and they are in linewith previous cell culture analyses
showing that only a small subset of KRAS–mutant PDAC cell lines
was sensitive to MEK inhibitor treatment (51, 56). Our results
suggest that scoring KRAS dependency in PDAC tumors would
help improve the response rate to MEK inhibitors in selected
patients. However, it is also important to note that we do not
expect similar cytotoxic profiles between decitabine and trame-
tinib, because these drugs do not have a completely overlapping
MoA. Althoughwe and others have demonstrated that both drugs
could downregulate pyrimidine biosynthesis in the context of
KRAS dependency (56; this article), decitabine might have a
unique propensity to generate DNA damage by accumulating
dUMPor noncanonical aza-dNTPs into theDNAof cycling tumor
cells, thus engaging a different cytotoxic cascade.

In conclusion, we propose a novel paradigm tailoring the
clinical application of anticancer nucleoside analogues in the
context of KRAS–driven rewiring of pyrimidine metabolism.
Clinical trials to investigate the effectiveness of decitabine, alone
or in combination, in selected KRAS-dep patients with PDAC are
needed.
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