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SUMMARY
Activating KRASmutations are found in over 90% of pancreatic ductal adenocarcinomas (PDACs), yet KRAS
has remained a difficult target to inhibit pharmacologically. Here, we demonstrate, using several human and
mouse models of PDACs, rapid acquisition of tumor resistance in response to targeting KRAS or MEK, asso-
ciated with integrin-linked kinase (ILK)-mediated increased phosphorylation of themTORC2 component Ric-
tor, and AKT. Although inhibition of mTORC1/2 results in a compensatory increase in ERK phosphorylation,
combinatorial treatment of PDAC cells with either KRAS (G12C) or MEK inhibitors, together with mTORC1/2
inhibitors, results in synergistic cytotoxicity and cell death reflected by inhibition of pERK and pRictor/pAKT
and of downstream regulators of protein synthesis and cell survival. Relative to single agents alone, this com-
bination leads to durable inhibition of tumor growth and metastatic progression in vivo and increased sur-
vival. We have identified an effective combinatorial treatment strategy using clinically viable inhibitors, which
can be applied to PDAC tumors with different KRAS mutations.
INTRODUCTION

The prognosis for patients with non-resectable pancreatic ductal

adenocarcinoma (PDAC) remains very poor, largely due to the

lack of effective therapeutic options.1,2 The standard of care

for PDAC patients is gemcitabine/Abraxane or 5-fluorouracil,

leucovorin, irinotecan, and oxaliplatin (FOLFIRINOX), both of

which have a high rate of treatment failure with high rates of

resistant and recurrent disease.3

The majority (>90%) of PDAC tumors harbor mutations in the

Kirstan rat sarcoma (KRAS) oncogene, frequently at the G12 po-

sition.4,5 Mutations in p53 and amplification of Myc oncogene

are also prevalent, as is activation of theWingless (Wnt) pathway.4

The major signaling pathway downstream of rat sarcoma

(RAS), the rapidly accelerated fibrosarcoma (RAF)-mitogen-acti-

vated protein/extracellular signal-regulated kinase kinase

(MEK)-extracellular-signal-regulated kinase (ERK) pathway, has

been shown to be activated in the majority of PDAC tumors

and is a driver of tumor growth and dissemination.6 Pharmaco-

logical targeting of mutant KRAS directly has been challenging,

although recent ground-breaking medicinal chemistry has re-
Cell Report
This is an open access article under the CC BY-N
sulted in the development of mutation-specific KRAS inhibi-

tors.7,8 The AMG510 inhibitor, specifically targeting G12C

KRAS, has shown efficacy in pre-clinical models of non-small

cell lung cancers (NSCLCs) and has also been shown to enhance

response to immune checkpoint blockade.7 The inhibitor is,

however, specific for the G12C mutation and does not inhibit

the G12D mutant KRAS present in the majority of PDAC tumors.

In addition, acquired resistance has been detected in NSCLC

models due to upregulation of activated mutant KRAS through

upstream pathways regulated by epidermal growth factor recep-

tor (EGFR) and aurora kinase signaling.9

Targeting PDAC tumors with inhibitors of MEK, such as trame-

tinib, has shown efficacy in pre-clinical models of PDAC,10,11

although resistance is a frequent occurrence and toxicity issues

have also resulted in limited success in clinical trials.12 Inhibitors

of Src homology region 2 (SH2)-containing protein tyrosine

phosphatase 2 (SHP2) have been shown to prevent adaptive

resistance to MEK inhibitors in multiple cancer models,13,14

and combinations of ERK and autophagy inhibitors have also

demonstrated enhanced efficacy compared to single-agent

treatments.15
s Medicine 1, 100131, November 17, 2020 ª 2020 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:sdedhar@bccrc.ca
https://doi.org/10.1016/j.xcrm.2020.100131
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2020.100131&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Article
ll

OPEN ACCESS
Here, we demonstrate that, in PDAC tumors, pharmacological

inhibition of either mutant-activated KRAS or MEK results in

rapid adaptive activation of the mammalian target of rapamycin

complex 1 (mTORC1) and mTORC2 pathways that lead to tumor

re-growth after initial regression. We have identified a common

pathway that promotes this adaptive response, regardless of

the KRAS mutation, and have identified a combinatorial

approach involving co-targeting of KRAS or MEK together with

mTORC1/2 complexes to overcome the adaptive response

and achieve sustained PDAC tumor growth suppression with

minimal toxicity.

RESULTS

Inhibition of Activated KRAS in PDAC Cells Results in
Stimulation of mTORC2/AKT
In this study, we wanted to interrogate the effect of inhibiting

KRAS and its downstream effector pathways to determine ef-

fects on PDAC tumor growth, with an emphasis on identifying

potential resistance mechanisms.

We engineered a human PDAC cell line, PK-8, which ex-

pressesmutant (G12R) KRAS,16 to express a doxycycline-induc-

ible KRAS short hairpin RNA (shRNA). We silenced KRAS

expression by exposing PK-8 cells to doxycycline and then

analyzed tumor growth in vivo. Subcutaneous growth of the

xenograft was initially significantly inhibited by doxycycline-

induced KRAS silencing, relative to control tumors (Figures 1A

and S1A). However, this inhibition was not sustained and the tu-

mors grew back. Importantly, the levels of expression of KRAS in

the shKRAS tumors remained markedly suppressed, even after

60 days of doxycycline exposure (Figure 1B), indicating that

the re-growth was due to the expression of compensatory

growth pathways. Next, we examined the activation status of

the two major downstream effectors of RAS, namely MEK-ERK

and protein kinase B (PKB, also known as AKT) in PK-8 cells

cultured in the presence of doxycycline. As can be seen in Fig-

ure 1C, doxycycline-mediated KRAS suppression induced a

robust inhibition of expression of KRAS, with concomitant inhibi-

tion of the phosphorylation of ERK. However, we found that,

within the same time frame, the phosphorylation of AKT on

Ser-473 was significantly enhanced in response to silencing

KRAS expression. These data suggested that, although sup-

pression of KRAS results in the inhibition of the MEK-ERK

pathway, it simultaneously leads to the activation of AKT, amajor

component of the cell survival pathway.

We wanted to determine whether pharmacological inhibition

of KRAS using the G12C mutant KRAS inhibitor, AMG 510,7,17

mimicked these changes in signaling. The G12C KRAS mutation

occurs relatively infrequently in PDAC, compared to other muta-

tions at the G12 position. However, a PDAC cell line, MIA

PaCa-2, harbors a G12C mutation in KRAS and has been used

in studies evaluating KRAS inhibitors.7,14 We cultured MIA

PaCa-2 cells with increasing concentrations of AMG 510 for

72 h and assessed the MEK-ERK and AKT signaling pathways.

Treatment with AMG 510 resulted in suppression of ERK phos-

phorylation but, as with KRAS silencing, resulted in a significant

increase in phosphorylation of AKT on Ser-473 (Figure 1D).

Because the major kinase responsible for phosphorylating AKT
2 Cell Reports Medicine 1, 100131, November 17, 2020
on Ser-473 is mTORC2,18 we wanted to determine the potential

mechanism for activation of mTORC2 under these conditions.

An obligate and specific component of mTORC2 is rapamycin-

insensitive companion of mammalian target of rapamycin (Ric-

tor).18 We therefore examined Rictor Thr-1135 phosphorylation

in the cells cultured with AMG 510 and observed that Rictor

phosphorylation is stimulated in an identical manner to AKT

upon KRAS inhibition (Figure 1D). These data point to potential

mechanisms of adaptive resistance to KRAS inhibition in PDAC

cells.

Next, we wished to determine whether inhibition of MEK

downstream of KRAS also resulted in adaptive resistance in vivo

and whether the resistance also involved the compensatory acti-

vation of AKT via Rictor/mTORC2. We expanded the studies to

four models of PDAC harboring distinct KRAS mutations at

G12: PK-8 (G12R) and MIA PaCa-2 (G12C) human PDAC cell

lines, a PDAC clone derived from the KRASG12D/Pdx1-Cre/

Tp53/RosaYFP (KPCY) (G12D) transgenic mouse model of

PDAC (PENN6620c1),19 and a cell line derived from a patient-

derived xenograft (PDX), PaCa41 (G12V).20 To analyze signaling

pathways downstream of RAS, we exposed the cells in vitro to

increasing concentrations of trametinib, a clinically approved

pharmacological inhibitor of MEK,21 for 72 h and examined pro-

tein phosphorylations by western blotting. Trametinib induced

strong inhibition of phosphorylation of ERK in all four models

(Figure 1E), suggesting a common response, regardless of the

type of activation mutation in KRAS.

Analysis of the phosphorylation status of AKT, however,

demonstrated that the inhibition of MEK results in a strong ‘‘acti-

vation’’ of AKT, as judged by the significant increase in phos-

phorylation of AKT on Ser-473 (Figure 1E), in all four models.

As with the inhibition of KRAS, we wanted to determine

whether the stimulation of AKT phosphorylation was accompa-

nied by increased phosphorylation of Rictor. Indeed, we found

that phosphorylation of Rictor was also stimulated uponMEK in-

hibition with trametinib in all 4 PDAC cell lines (Figures 1F and

S1B), suggesting the activation of a compensatory pathway to

AKT activation through Rictor. We did observe an increase in

total Rictor in the PaCa41 PDX-derived cell line in response to

trametinib treatment, which may be due to expected heteroge-

neous responses across cell lines.

KRAS and MEK Inhibition Results in Integrin-Linked
Kinase (ILK)/Rictor-Mediated Activation of mTORC2/
AKT
To determine whether Rictor, and its phosphorylation, was

involved in the stimulation of phosphorylation of AKT on Ser

473 upon inhibition of KRAS or MEK, we cultured MIA PaCa-2

cells with AMG 510 or trametinib in the absence or presence of

Rictor small interfering RNA (siRNA). Depletion of Rictor expres-

sion resulted in significant suppression of AKT phosphorylation

that was induced by either AMG 510 or trametinib (Figure 2A).

The phosphorylation of Rictor on Thr-1135 has previously

been suggested to be mediated by S6 kinase (S6K)22 down-

stream of mTORC1. To determine whether the AMG 510 or

trametinib-induced increase in Rictor phosphorylation was

mediated by S6K, we assessed the phosphorylation status of

S6K (activation) after AMG 510 or trametinib treatment.



Figure 1. Inhibition of Activated KRAS in PDAC Cells Results in Stimulation of mTORC2/AKT

(A) Tumor growth curve of PK-8 xenografts (n = 4–6; mean ± SEM) administered dox to induce KRAS shRNA. ***p < 0.001; two-way ANOVA.

(B) Representative images of tumor tissue sections from PK-8 xenografts stained for expression of KRAS. Scale bar represents 100 mm; inset, 10 mm.

(C) Immunoblotting of ERK and AKT phosphorylation in PK-8 cells expressing shKRAS and cultured with (+) or without (�) dox for 72 h to induce KRAS

shRNA.

(D) Immunoblotting of ERK, AKT, and Rictor phosphorylation in MIA PaCa-2 cells cultured with AMG 510 for 72 h.

(E) Immunoblotting of ERK and AKT phosphorylation in human and mouse pancreatic cancer cell lines cultured with escalating concentrations of trametinib

for 72 h.

(F) Immunoblotting of Rictor phosphorylation in human and mouse pancreatic cell lines cultured as described in (E).

See also Figure S1.
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Figure 2. KRAS and MEK Inhibition Results in ILK/RICTOR-Mediated Activation of mTORC/AKT

(A) Immunoblotting of ERK, AKT, and Rictor phosphorylation inMIA PaCa-2 cells depleted of Rictor using siRNA and cultured with trametinib or AMG 510 for 72 h.

(B) Immunoblotting of ERK, AKT, and Rictor phosphorylation in MIA PaCa-2 cells cultured with QLT-0267 and AMG 510 for 72 h.

(C) Immunoblotting of ERK, AKT, and Rictor phosphorylation in human pancreatic cell cultured with QLT-0267 and trametinib.

(D) Immunoblotting of ERK, AKT, and Rictor phosphorylation in MIA PaCa-2 cells transfected with siRNAs targeting ILK and cultured with trametinib or AMG-510

for 72 h.

(E) Co-immunoprecipitation of Rictor and ILK from MIA PaCa-2 cells cultured with (+) or without (�) trametinib for 72 h. Molecular weight ladder is indicated.

(F) Co-immunoprecipitation of Rictor and ILK from MIA PaCa-2 cells cultured as described in (E) with (+) or without (�) QLT-0267 for 72 h.

(G) Model depicting phosphorylation of Rictor and phosphorylation and activation of AKT in response to exposure to KRAS and MEK inhibitors.

(H) Immunoblotting of ERK and AKT phosphorylation in human and mouse pancreatic cancer cell lines cultured with Torin 1 for 72 h.

(I) Model depicting the impact of inhibiting mTORC1/2 on cell growth and proliferation.

See also Figure S1.

Article
ll

OPEN ACCESS
Phosphorylation of S6K was in fact suppressed by inhibiting

KRAS or MEK (see Figures 4A and 4B), suggesting that the stim-

ulation of Rictor phosphorylation at Thr-1135 under these condi-

tions is mediated through other pathways.

We have previously demonstrated that Rictor phosphorylation

on Thr-1135 can be regulated by ILK,23 which can also regulate

AKT Ser-473 phosphorylation in some contexts.24,25 We there-

fore treated AMG-510-exposed MIA PaCa-2 PDAC cells with

a highly selective inhibitor of ILK activity, QLT-0267,25 and eval-

uated Rictor and AKT phosphorylation. The range of concentra-

tions of QLT-0267 used is similar to those reported previously to

result in on-target inhibition of ILK activity, including inhibition of

phosphorylation of AKT on Ser473, in cancer cells.23,25–27 Inhibi-

tion of ILK activity resulted in effective dose-dependent suppres-
4 Cell Reports Medicine 1, 100131, November 17, 2020
sion of both Rictor Thr-1135 and AKT Ser-473 phosphorylation

(Figure 2B). Similarly, exposure of trametinib-treated MIA

PaCa-2 and PK-8 PDAC cell lines to the ILK inhibitor resulted

in effective suppression of both Rictor Thr-1135 and AKT Ser-

473 phosphorylation (Figure 2C). Importantly, this inhibition of

Rictor and AKT phosphorylation ismimicked by siRNA-mediated

knockdown of ILK in trametinib-treated MIA PaCa-2 cells (Fig-

ures 2D and S1C), and Rictor and ILK interact in trametinib-

treated PDAC cells as shown by endogenous co-immunoprecip-

itation (Figure 2E). Furthermore, trametinib-exposed cells

cultured in the presence of QLT-0267 showed reduced levels

of pRictor andpAKT in theRictor immunoprecipitates (Figure 2F),

suggesting a role of ILK activity in regulating Rictor phosphoryla-

tion in the context of MEK inhibition. Although S6K-mediated



Figure 3. Combinatorial Inhibition of KRAS or MEK with mTORC1/2 Prevents Upregulation of ERK and AKT Phosphorylation

(A) Immunoblotting of ERK, AKT, and Rictor phosphorylation in MIA PaCa-2 cells cultured with AMG 510 and Torin 1 for the indicated times.

(B) Immunoblotting of ERK, AKT, and Rictor phosphorylation in MIA PaCa-2 cells cultured with AMG 510 and escalating concentrations of Torin 1

for 72 h.

(C) Immunoblotting of ERK and AKT phosphorylation in MIA PaCa-2 cells incubated with trametinib and 500 nM Torin 1 for the indicated times.

(D) Immunoblotting of ERK and AKT phosphorylation in human and mouse pancreatic cancer cell lines cultured with trametinib and escalating concentrations of

Torin 1 for 72 h.

(E) Immunoblotting of Rictor phosphorylation in human and mouse pancreatic cell lines cultured as described in (D).

(F) Immunoblotting of ERK and AKT phosphorylation in PK-8 cells incubated with MEK inhibitors and TORC1/2 inhibitors for 72 h.

(G) Model depicting the impact of inhibiting MEK and mTORC1/2 in combination on cell growth and proliferation.
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phosphorylation of Rictor on Thr-1135 has been suggested to

impede mTORC2 activity,22 it appears that, in the context of

KRAS or MEK inhibition, the ILK-mediated phosphorylation of

Rictor promotes mTORC2-mediated phosphorylation of AKT,

because the inhibition of Rictor phosphorylation simultaneously

results in inhibition of AKT phosphorylation. These data suggest

that the compensatory activation of AKT, in response to KRAS

and MEK inhibition in mutant KRAS-driven PDAC cells, can be

initiated via an ILK/Rictor-mediated activation of mTORC2 (Fig-

ure 2G). The data do show that ILK modulates the phosphoryla-

tion of Rictor at T1135 independently of phosphorylation at this

site by S6K; however, whether ILK directly phosphorylates Rictor

at this site or whether ILK functions to facilitate the phosphoryla-

tion of Rictor by another kinase will require further investigation

using approaches such as in vitro kinase assays and functional
rescue of Rictor phosphorylation in the background of ILK

depletion.

Inhibition of mTORC1 and 2 in PDAC Cells Results in
Compensatory Activation of MEK/ERK
Although the major signaling pathway downstream of RAS is the

RAF-MEK-ERK pathway, activated RAS has also been shown to

activate the phosphatidylinositol 3-kinase (PI3K)-AKT pathway.5

We therefore wanted to evaluate the effect of inhibiting AKT

downstream of RAS. To do this, we treated PDAC cells with Torin

1, a potent inhibitor of mTORC1 and 2 complexes.28 We hypoth-

esized that inhibition of these two complexes simultaneously

would be an effective way to not only inhibit activation of AKT

but also to inhibit protein translation and synthesis downstream

of AKT/mTORC1. We observed that, for Torin 1 concentrations
Cell Reports Medicine 1, 100131, November 17, 2020 5



Figure 4. Co-targeting KRAS-MEK and mTORC1/2 Inhibits Protein Translation and Cell Survival Pathways in PDAC Cells

(A) Immunoblotting of pS6K and 4E-BP1 phosphorylation and levels of cleavedCasp3 and histone H3 phosphorylation inMIA PaCa-2 cells culturedwith AMG510

and Torin 1 for the indicated times.

(B) Immunoblotting of pS6K and 4E-BP1 phosphorylation and levels of cleaved Casp3 and histone H3 phosphorylation in MIA PaCa-2 cells incubated with

trametinib and Torin 1 for the indicated times.

(C) Immunoblotting of pS6K and 4E-BP1 phosphorylation and levels of cleaved Casp3 in human and mouse pancreatic cancer cell lines cultured with trametinib

and escalating concentrations of Torin 1 for 72 h.

(D) Immunoblotting of pS6K and 4E-BP1 phosphorylation and levels of cleavedCasp3 and histone H3 phosphorylation in PK-8 cells incubatedwith trametinib and

Torin 1 for the indicated times.

(E) Model depicting the impact of inhibiting MEK and mTORC1/2 downstream signaling pathways on cell proliferation, protein translation, and cell growth.

See also Figure S1.
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above 100 nM, all 4 cell lines demonstrated clear, consistent,

dose-dependent suppression of phosphorylation of AKT at

Ser-473, as expected (Figure 2H). However, this resulted in a sig-

nificant increase in the phosphorylation of ERK (Figure 2H), sug-

gesting the compensatory activation of the MEK-ERK pathway

upon inhibition of mTORC1/2 (Figure 2I), as had been reported

previously for PI3K-mTORC2 inhibitors.29

Combinatorial Inhibition of KRAS or MEKwith mTORC1/
2 Prevents Activation of Compensatory Pathways in
PDAC Cells
Based on the results described in Figures 1 and 2, we next

treated the PDAC cell lines described above with a combination
6 Cell Reports Medicine 1, 100131, November 17, 2020
of either KRAS or MEK and mTORC1/2 inhibitors and evaluated

downstream signaling pathways. As dramatically illustrated in

Figure 3A, which depicts a time course of the activation of

compensatory pathways in MIA PaCa-2 PDAC cells by the

KRAS(G12C) inhibitor AMG 510 and Torin 1 as single agents,

the combination of AMG 510 and Torin 1 resulted in sustained

suppression of ERK phosphorylation and also of Rictor-1135

phosphorylation and AKT Ser-473 phosphorylation (Figure 3A).

This combinatorial effect was dose responsive, with substantial

suppression of activation of compensatory pathways through

treatment with the AMG 510/Torin 1 combination in a dose-

dependent fashion (Figure 3B). Furthermore, the combination

of trametinib and Torin 1 in the MIA PaCa-2 PDAC cells also
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abrogated the activation of both ERK and AKT, and the inhibition

of phosphorylation of ERK was even more robust than that

observed with AMG 510 treatment (Figure 3C).

These results are mimicked in other PDAC cell lines when

treated with combinations of various MEK andmTORC1/2 inhib-

itors (Figures 3D–3F and S1D).

These data demonstrate that effective simultaneous suppres-

sion of either KRAS or MEK in combination with mTORC1/2 can

prevent the activation of compensatory adaptive resistance

pathways using various clinically approved inhibitors against

these targets (Figure 3G).

Co-targetingKRAS-MEKandmTORC1/2 Inhibits Protein
Translation and Cell Survival Pathways in PDAC Cells
and Enhances Toxicity
Next, wewanted to determine whether the combination of simul-

taneous inhibition of KRAS or MEK-ERK and mTORC1/2-AKT

pathways resulted in the suppression of downstream compo-

nents of the mTORC1/2 pathway that control protein translation

and cell survival. Combinatorial treatment of the KRASG12C cell

line, MIA PaCa-2, with AMG 510 and Torin 1 resulted in the inhi-

bition of phosphorylation of the mTORC2 and mTORC1 targets,

forkhead box O-3a (FOXO3a), S6K and eukaryotic translation

initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1), respec-

tively, with concomitant increase in the cell death marker,

cleaved caspase 3 (Clv-Csp3), and inhibition of the phosphoryla-

tion of the proliferation marker, histone-H3 (Figures 4A, 4B, and

S1D). These data are again mimicked in four PDAC cell lines

when treated with a combination of theMEK inhibitor, trametinib,

andmTORC1/2 inhibitor, Torin 1 (Figures 4C, 4D, S1E, and S1F).

Similar findings were also observed after treatment with the

combination of different MEK inhibitor, selumetinib, and

mTORC1/2 inhibitor, AZD2014 (Figure S1E).

Mitogen-activated protein kinase-interacting kinase 1 (MNK) is

known to regulate eIF4E, which is involved in protein translation.

Of note, we found that, in PK-8 cells, only the combination of tra-

metinib and Torin 1 resulted in substantial suppression of MNK

phosphorylation and downstream phosphorylation of eIF4E (Fig-

ures S1E and S1F), although single agents failed to suppress the

phosphorylation of these effectors, suggesting that concerted

suppression of MEK, ERK, and TORC1/2 is required for effective

inhibition of eIF4E, protein translation, and cell growth (Fig-

ure 4E). Inhibition of MNK activity with a specific inhibitor of

MNK, eFT-508, results in robust suppression of phosphorylation

of eIF4E in the PK-8 cells, showing that eIF4E is a target of MNK

activity in this cell line (Figure S1G).

Next, we evaluated single agents and combinations for their ef-

fects on cell growth/proliferation and cell death. We observed

that, although the inhibition of KRAS or mTORC1/2 alone resulted

in modest levels of cytotoxicity in the MIA PaCa-2 cells, the com-

bination of AMG510 and Torin 1 resulted in dose-dependent, syn-

ergistic cytotoxicity and cell death (Figures 5A and 5B). Similarly,

inhibition of MEK alone in these cells had a modest impact on

cytotoxicity, although the combination of trametinib and Torin 1

elicited a robust, synergistic cytotoxic effect (Figures 5C and 5D).

We further investigated the cytostatic and cytotoxic effects of

trametinib and Torin 1 in the PK-8 and KPCY cell lines. We

found that, although inhibition of either MEK or mTORC1/2
alone resulted in dose-dependent inhibition of cell growth (Fig-

ures 5E and S1H), only the combination of trametinib and Torin

1 led to cell death and cytotoxicity in a synergistic fashion (Fig-

ures 5E–5I). These data demonstrate that inhibition of KRAS/

MEK or mTORC1/2 alone, although resulting in inhibition of

cell growth, does not result in cell killing, likely due to the acti-

vation of the compensatory pathways. However, combinatorial

inhibition of both nodes induces synergistic cytotoxicity and

cell death that could result in sustained tumor growth and

regression in vivo.

Combinatorial Inhibition of KRAS or MEKwith mTORC1/
2 Induces Sustained and Durable Inhibition of Growth of
PDAC Tumors In Vivo

The effective treatment of PDACs has been challenging, and tar-

geting the RAS-MEK-ERK pathways has so far not been effec-

tive clinically. In the previous experiments above, we have

demonstrated that single-agent suppression of KRAS, MEK-

ERK, or mTORC1/2 results in the activation of counter compen-

satory pathways that prevents effective tumor growth suppres-

sion and cytotoxicity. Furthermore, suppression of KRAS

expression alone also resulted only in transient growth inhibition,

with eventual tumor re-growth. However, simultaneous combi-

natorial inhibition of both pathways prevents the activation of

compensatory resistancemechanisms, inhibits cell proliferation,

and induces cell death.

We therefore wanted to determine whether the simultaneous

inhibition of both downstream pathways would prevent resis-

tance and result in sustained inhibition of tumor growth in vivo.

Treatment of animals harboringMIA PaCa-2 KRASG12C tumors

with AMG 510 alone results in initial growth suppression and

regression but with eventual resistance and tumor growth (Fig-

ures 6A, 6B, and S2A). However, combinatorial treatment with

AMG 510 and Torin 1 results in sustained growth inhibition and

tumor regression in several mice (Figures 6A and 6B). This

combination leads to 100% survival of mice in stark contrast to

single-agent treatments (Figure 6C).

Next, we wanted to investigate whether the combination of

trametinib and Torin 1 would result in similar effects. First, we

conducted a dose-escalation study for trametinib in PK-8 xeno-

grafts and determined that a trametinib dose of 0.5 mg/kg would

simultaneously reduce tumor growthwhile limiting systemic drug

toxicity (Figure S2B). We then investigated the effect of using

trametinib and Torin 1 in 3 different PDAC models. Similar to

our findings with AMG 510 and Torin 1, the combination of tra-

metinib and Torin 1 resulted in durable inhibition of tumor growth,

regression, and increased survival in the MIA PaCa-2 (Figures

6D–6F and S2A), PK-8 (Figures 6G–6I and S2C), and KPCY (Fig-

ures 6J–6L and S2D) tumor models. Although Torin 1 has not

been approved clinically, it has been tested in vivo and has

been shown to be efficacious in combination with insulin-like

growth factor 1 (IGF-1) inhibitors,25 demonstrating efficacy of

Torin 1 in vivo.

Importantly, we did not observe significant changes in body

weight of any of the mice during treatment with any of the inhibi-

tors individually or in combination (Figures S2E–S2G), indicating

that the concentrations of the compounds used in these treat-

ments were well tolerated. Furthermore, liver tissue sections
Cell Reports Medicine 1, 100131, November 17, 2020 7



Figure 5. Co-targeting KRAS-MEK and mTORC1/2 Inhibits Cell Growth and Synergistically Enhances Cell Cytotoxicity in PDAC Cells

(A) Evaluation of cytotoxic cell death of MIA PaCa-2 cells cultured for 7 days with escalating concentrations of AMG 510 and Torin 1 (n = 3).

(B) Combination Index (CI) values calculated from representative data displayed in (A).

(C) Evaluation of cytotoxic cell death of MIA PaCa-2 cells cultured for 7 days with escalating concentrations of trametinib and Torin 1 (n = 3).

(D) CI values calculated from representative data displayed in (C).

(E) Kinetic evaluation of cell proliferation of PK-8 cells cultured with escalating concentrations of trametinib and Torin 1 (n = 3).

(F) Kinetic evaluation of cytotoxic cell death of PK-8 cells culturedwith 0.1, 1, and 10 nM trametinib in combinationwith escalating concentrations of Torin 1 (n = 3).

(G) CI values calculated from representative data at the 120-h time point shown in (F).

(H) Evaluation of cytotoxic cell death of KPCY cells cultured for 7 days with escalating concentrations of trametinib and Torin 1.

(I) CI values calculated from representative data displayed in (H).

*p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA. See also Figure S1.
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from control and treated animals were reviewed by a board-certi-

fied pathologist (D.F.S.), and no evidence of toxicity, including

steatohepatitis, was observed in any of the animals (Figure S2H),

suggesting that the treatments did not result in liver toxicity.

Co-targeting KRAS-MEK and mTORC1/2 Effectively
Prevents the Formation of Metastases by PDAC Tumors
In Vivo

In addition to the re-growth of the PK-8 tumors in response to

treatment with trametinib, we also observed a dramatic increase

in metastasis that paralleled increasing doses of the inhibitor (Fig-

ure S3A), indicating that the adaptive resistance to trametinibmay
8 Cell Reports Medicine 1, 100131, November 17, 2020
be accompanied by enhanced metastatic propensity. Further

investigation of the presence of metastases in theMIA PaCa-2 tu-

mor model revealed that, in animals treated with either AMG 510

or, in particular, trametinib, there is a dramatic increase in the per-

centage of animals exhibiting grossly visible metastases in the

lungs, liver, and lymph nodes (Figure S3B). In striking contrast,

the combination of trametinib and Torin 1 effectively prevents

the formation of metastasis. In particular, the number of grossly

visible liver metastases is significantly increased in trametinib-

treated animals, although the combination effectively suppresses

the level of liver metastasis (Figure S3C). Furthermore, ex vivo

analysis by bioluminescence imaging demonstrated the presence



Figure 6. Combinatorial Inhibition of KRAS or MEK with mTORC1/2 Induces Sustained and Durable Inhibition of Growth of PDAC Tumors

In Vivo

(A, D, G, and J) Tumor growth curves of (A and D) MIA PaCa-2 xenografts (n = 6–9; mean ± SEM), (G) PK-8 xenografts (n = 6–8; mean ± SEM), and (J) KPCY

syngeneic tumors (n = 7–10; mean ± SEM) administered drugs as single agents or in combination. **p < 0.01; ***p < 0.001; two-way ANOVA.

(B, E, H, and K) Waterfall plots of the response of individual tumors in mice administered (B) AMG 510 and Torin 1 after 45 days (MIA PaCa-2) of drug admin-

istration or (E, H, and K) trametinib and Torin 1 after 73 days (MIA PaCa-2), 44 days (PK-8), or 35 days (KPCY) of drug administration.

(C, F, I, and L) Survival analysis of NOD/SCID IL2Rg-/- (NSG) mice bearing (C and F) MIA PaCa-2 or (I) PK-8 tumors or (L) C57BL/6mice bearing KPCY tumors and

administered therapeutic agents as described in (A). For the MIA PaCa-2 model, the treatment arms administered AMG ± Torin 1 and trametinib ± Torin 1 are

illustrated in separate panels but were evaluated in parallel in the same study with a single set of controls (vehicle and Torin 1), which are shown in both sets of

panels for the purposes of clarity.

See also Figures S2 and S3.
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of luciferase-positive PK-8 cells in the lungs and lymph nodes of

animals treated with trametinib (Figure S3D). We established tu-

mor cell lines from these metastatic foci and evaluated levels of

pERK and pAKT by western blot. Relative to wild-type parental

cells, the cells derived from lung and lymph node metastases

demonstrated elevated levels of pERK and pAKT and further

increased levels of pAKT in response to trametinib treatment (Fig-

ure S3E). Collectively, these data suggest that, although inhibiting

KRAS or MEK in isolation may induce metastasis, co-targeting

with mTORC1/2 inhibitors effectively prevents metastatic pro-

gression by PDAC tumors in vivo.

Combinatorial Inhibition of KRAS or MEKwith mTORC1/
2 Increases Cell Death and Mitigates pAKT-Driven
Adaptive Resistance of PDAC Tumors to MEK Inhibitors
In Vivo

Analysis of the PK-8 tumors at endpoint indicated that trameti-

nib-alone-treated recurrent tumors have a high proliferative
index (bromodeoxyuridine [BrdU] staining) and low levels of

apoptosis (cleaved caspase-3 staining; Figures 7A–7C) with

extensive hypoxia as determined by immunostaining for pimoni-

dazole and carbonic anhydrase IX (CAIX) (Figures S4A–S4C). On

the other hand, the combination-treated tumors showed signifi-

cantly decreased levels of proliferation (BrdU staining) but,

importantly, very high levels of caspase 3 activation (Figures

7A–7C) and sustained high levels of hypoxia, as indicated by

strong immunostaining for pimonidazole (Figures S4A–S4C).

Similar results for proliferation and caspase 3 activation were

observed in the MIA PaCa-2 xenografts treated with AMG 510

or trametinib in combination with Torin 1, with significantly

increased levels of cleaved caspase 3 and decreased BrdU,

compared to monotherapy (Figures 7D and 7E).

To determine whether the recurrence of tumor growth in

response to monotherapy in vivo was due to compensatory

activation of resistance pathways observed in vitro, we exam-

ined the levels of pERK and pAKT, by immunostaining, in PK-8
Cell Reports Medicine 1, 100131, November 17, 2020 9



Figure 7. Combinatorial Inhibition of KRAS or MEKwith mTORC1/2 Increases Cell Death andMitigates pAKT-Driven Adaptive Resistance of
PDAC Tumors to MEK Inhibitors In Vivo

(A) Representative images of tumor tissue sections from PK-8 xenografts administered trametinib and Torin 1 and stained for H&E, BrdU, and cleaved caspase 3.

Scale bar represents 100 mm; inset, 10 mm.

(B and C) Quantification of BrdU (B; n = 5, each 5 fields) and cleaved caspase-3 (C; n = 5, each 5 fields).

(D and E) Quantification of BrdU (D; n = 5, each 5 fields) and cleaved caspase-3 (E; n = 5, each 5 fields) in tumor tissue sections from MIA PaCa-2 xenografts

administered AMG 510 and Torin 1.

(F) Representative images of tumor tissue sections from PK-8 xenografts stained for pERK and pAKT. Scale bar represents 100 mm; inset, 10 mm.

(G and H) Quantification of pERK (G; n = 5, each 5 fields) and pAKT (H; n = 5, each 5 fields).

(I) Representative images of tumor tissue sections from MIA PaCa-2 xenografts stained for pERK and pAKT. Scale bar represents 100 mm; inset, 10 mm.

(J) Immunoblotting of PK-8 tumors (n = 3–7) for the indicated proteins. Lysates are from tumors harvested at the tumor volume endpoint for each group. T0 refers

to tumors harvested at the time of initiation of treatment to serve as baseline data.

*p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA. See also Figures S4 and S5.
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tumors from animals treated with trametinib and MIA PaCa-2

tumors from animals treated with AMG 510, alone and in combi-

nation with Torin 1 at the study endpoint. Although some hetero-

geneity in the levels of pERK and pAKT was evident across the

treatment groups, PK-8 tumors from animals treated with trame-

tinib showed significantly more tumor cells expressing high

levels of phosphorylation of AKT concomitant with significantly

lower levels of phosphorylation of ERK compared to controls

(Figures 7F–7H). Conversely, PK-8 tumors from Torin-1-treated
10 Cell Reports Medicine 1, 100131, November 17, 2020
animals showed low levels of pAKT coupled with significantly

higher levels of pERK. Furthermore, tumors exposed to combi-

nation therapy showed significantly reduced levels of pAKT

and pERK, relative to monotherapy (Figures 7F–7H). Similar re-

sults were observed in MIA PaCa-2 tumors administered AMG

510 (Figure 7I), although these tumors exhibited somewhat

more heterogeneous pERK expression with sustained treat-

ment. To confirm our observations regarding the chronic nature

of suppression of pERK and activation of pAKT ascertained in
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the tumor tissues, we evaluated expression of these proteins in

MIA PaCa-2 cells cultured in the presence of AMG 510 for

7 days. Congruent with our observations at 72 h, inhibition of

KRAS for 7 days resulted in sustained high levels of pAKT as

well as low levels of pERK, although levels of pERK began to

rebound slightly at this late time point (Figure S5A), indicating

that some feedback-mediated re-activation of pERK may occur

in this model.17 Western blot analysis of PK-8 tumors from ani-

mals treated with trametinib for 7 days or for several weeks

(endpoint) showed high, sustained levels of pAKT coupled with

suppression of pERK (Figure S5B). Similar to the trametinib

monotherapy treatment arm, sustained suppression of levels of

pERK was observed in tumors treated with trametinib and Torin

1 in combination, concomitant with durable reductions in down-

stream effectors of mTORC1/2, including pS6K, p4EBP-1, and

pFOXO3a (Figure 7J). Western blotting of these tumor tissues

also demonstrated high levels of Clv-Csp3 and CAIX but abroga-

tion of histone-H3 phosphorylation in mice treated with the com-

bination compared to vehicle treatment (Figure 7J). These data

strongly suggest that recurrence of PDAC tumors subsequent

to treatment with inhibitors of KRAS or MEK is driven largely

by the compensatory activation of mTORC1/2 complexes, with

some feedback-mediated upregulation of pERK expression,

the extent of which is heterogeneous, and that this resistance

can be overcome by using these inhibitors in combination with

mTORC1/2 inhibition.

DISCUSSION

Patients with PDAC tumors have few viable therapeutic options.

It is clear that mutations in KRAS occur frequently and are early

drivers of PDAC progression. Although inhibitors of the major

KRAS-mediated signaling pathways, such as MEK-ERK and

PI3K-AKT, have been developed and tested in pre-clinical

models and in clinical trials, adaptive resistance has been a

major hurdle in achieving sustained and durable remissions.

As we enter into an era of direct inhibition of mutant KRAS with

mutation-specific small-molecule inhibitors, it is critical to iden-

tify adaptive resistance mechanisms to these inhibitors and

develop combinatorial therapeutic strategies to mitigate

resistance.

There have been many attempts at identifying co-vulnerabil-

ities in mutant KRAS-driven tumors using synthetic-lethal

approaches,30 which have yielded several targets but have failed

to reveal universal KRAS synthetic lethal target(s), possibly due

to the heterogeneity of the tissues of origin, mutation-specific

heterogeneity in downstream signaling, and inherent differences

and limitations in the synthetic lethal screens.30,31 In addition,

recent studies evaluating adaptive responses to MEK/ERK and

KRAS inhibitors have identified autophagy,15 as well as positive

feedback loops resulting in the activation of upstream path-

ways,8,9,13,14 as potential combinatorial approaches for the

treatment of mutant KRAS-driven cancers. Interestingly, the syn-

ergy that we observed with MEK inhibitors and Torin 1, which is

an inducer of autophagy,28 is different from previous reports

showing that chloroquine, an inhibitor of autophagy, was syner-

gistic when used in combination with MEK inhibitors.15 These

results suggest that distinct mechanisms may underpin these
combination strategies and elucidation of such potential mecha-

nistic differences constitutes an area of active future investiga-

tion. Inhibitors of the SHP2 phosphatase14 have also been

recently demonstrated to inhibit non-small cell lung as well as

MIA PaCa-2 PDAC tumor growth in combination with an inhibitor

of KRAS, although a detailed analysis of whether this combina-

tion is effective in multiple PDAC models with activated KRAS/

MEK has not been determined.

Here, we have focused our studies onmutant-KRAS PDAC tu-

mor models and utilized largely pharmacological interventions of

KRAS/MEK and mTORC1/2, including the KRAS G12C inhibitor,

AMG 510, together with biochemical analyses of signaling path-

ways, to uncover co-vulnerabilities and adaptive mechanisms

leading to treatment resistance.

We find that genetic silencing of KRAS in human PDAC tumor

cells resulted in a rapid concomitant activation of AKT, resulting

in tumor recurrence. Pharmacological inhibition of KRAS (G12C)

as well as MEK also resulted in tumor recurrence after initial

growth suppression and regression. The recurrence inevitably

involved the activation of AKT as determined by AKT Ser-473

phosphorylation. We have identified a pathway involving ILK

and Rictor in the activation of AKT via mTORC2 in response to

the inhibition of either KRAS or MEK. These data demonstrate

that acute suppression of the RAS-MEK-ERK pathway results

in rapid activation of the mTORC2 signaling pathways, leading

to enhancement of tumor cell growth and survival. Rictor and

mTORC2 have been implicated in the progression of PDACs,32

and Rictor expression is correlated with poor PDAC patient

outcome.33 Because mTORC2-mediated activation of AKT re-

sults in the activation of mTORC1 complex and protein transla-

tion and synthesis, we utilized inhibitors of mTOR kinase that

inactivate both mTORC2- and mTORC1-regulated pathways.

We also observed that, in contrast to canonical signaling

through mTORC1/2, treatment with AMG 510 or trametinib in

the context of PDAC results in compensatory phosphorylation

and activation of AKT but in suppression of phosphorylation of

S6K and 4E-BP1 downstream of mTORC1, suggesting that inhi-

bition of KRAS or MEK results in the suppression of S6K phos-

phorylation independent of its effects on ILK/Rictor-mediated

phosphorylation of AKT and downstream signaling to mTORC1.

Furthermore, our results show that, although pSK6 and p4E-BP1

are suppressed in response to MEK inhibition, other AKT sub-

strates, notably FOXO3a (Figure S1D), are activated, suggesting

a specific effect of KRAS and MEK inhibition on the mTORC1

signaling axis, similar to previous studies in KRAS mutant lung

cancer showing that inhibition of KRAS G12C with ARS1620 re-

sults in inhibition of pS6K.34

Interestingly, inhibition of mTORC1 and 2 complexes with

potent inhibitors, such as Torin 1 or AZD2014, resulted in acute

stimulation of ERK phosphorylation, as has been observed pre-

viously by others,29 and treatment of multiple PDAC tumors

with Torin 1 alone had very limited effect on tumor growth

in vivo.

These data demonstrate that tumor cell plasticity and rapid

adaptation to stress result in the activation of compensatory

signaling pathways that allow the tumor cells to continue to

grow and survive if either KRAS/MEK or mTORC1/2 are inhibited

individually.
Cell Reports Medicine 1, 100131, November 17, 2020 11
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These data therefore suggested that simultaneous inhibition of

both KRAS/MEK and mTORC1/2 may prevent the ability of the

PDAC cells to activate compensatory growth- and survival-pro-

moting pathways.

Indeed, the treatment of all four PDAC models with combina-

tions of KRAS (G12C) and mTORC1/2 inhibitors, or MEK and

mTORC1/2 inhibitors, resulted in sustained suppression of

both signaling pathways in vitro. In addition, the combinations,

in contrast to the single agents alone, induced robust cell death

in addition to growth suppression.

In addition, in vivo tumor growth experiments dramatically illus-

trated that combinatorial inhibition of KRAS (G12C) andmTORC1/

2 or MEK and mTORC1/2 is a powerful means of inhibiting PDAC

tumor growth, because the combinations induced sustained (up

to 35–45 days post-treatment) suppression of tumor growth,

including regressions, compared to single-agent treatments.

The combinations also prolonged the survival of mice such that

100% of the mice were alive in the combination-treated groups

compared to 0% in single-agent-treated mice at the study end-

points. Significantly, the mice tolerated the combination treat-

ments well with very little effect on body weight, and necropsies

at endpoints did not show any gross tissue toxicities.

Collectively, these data demonstrate that treatment of PDAC

tumors with a combination of inhibitors of RAS/MEK and

mTORC1/2 results in sustained and durable inhibition of PDAC

tumor growth and overcomes acquired resistance to the single

agents. Furthermore, the data provide a rational approach for

the treatment of PDAC with a combination of inhibitors of MEK

and mTORC1/2, even if mutation-specific KRAS inhibitors are

not available.35

PI3K has been shown to be a convergent target in various con-

texts, and mitogen-activated protein kinase (MAPK) pathway

dependence on PI3K has been demonstrated previously.34,36,37

Furthermore, PI3K and MEK inhibitor combination studies have

shown success in vitro and in murine models but have largely

failed in human trials due to overwhelming patient toxicity.38–40

Here, we have focused on inhibiting mTORC1/2 in conjunction

with MEK inhibition, and this combination, in the context of

PDAC, appears to be both durable and less toxic compared to

combinations of PI3K and MEK inhibitors. To our knowledge,

the specific combination approach described here has not

been evaluated in depth in PDAC models and provides a tar-

geted therapeutic approach for the prevention of resistance

and treatment of PDAC. Because PDAC cells of different molec-

ular subtypes often exhibit variable sensitivity to MEK inhibition

or KRAS depletion,37,41 future evaluation of the efficacy of com-

bination therapy using inhibitors of MEK andmTORC1/2 on sub-

type-specific PDAC tumors, for example, progenitor versus

squamous type PDAC, will be of particular interest. Importantly,

the data presented here show that the combination works across

tumorswith different KRASmutations and utilizes agents that are

available in the clinical setting, allowing for rapid translation of

these findings toward potential therapeutic options for patients

with PDAC and warranting further clinical investigation.

Limitations of Study
The presence of off-target, dose-limiting cytotoxicity remains

a challenge with inhibitors of mTOR, including the dual
12 Cell Reports Medicine 1, 100131, November 17, 2020
mTORC1/2 inhibitors,42,43 and this issue is potentially com-

pounded in the presence of combination therapy. Although we

addressed the potential toxicity of the combination of KRAS or

MEK inhibitors with inhibitors ofmTORC1/2 in our study bymoni-

toring several parameters, including body weights, necropsies,

and analysis of liver sections from control and treated animals

by a board-certified pathologist, it is nonetheless possible that,

in humans, combination therapy may result in additional treat-

ment-related toxicity relative to monotherapy. Although the

dose of Torin 1 used in our studies was maintained close to

themaximum tolerated dose inmice, the concentration of trame-

tinib and AMG 510 used in the combination study arms was low

relative to previous studies,7,14 demonstrating the importance of

selecting appropriate doses of individual therapies when using

combinations to ensure efficacy while limiting off-target cytotox-

icity. Additionally, the potential for tumor recurrence if treatment

is discontinued or if resistance to the combination develops re-

mains unresolved in this study. We did observe that the tumors

recurring after treatment with trametinib alone or in combination

with Torin 1 exhibited extensive regions of hypoxia marked by

upregulation of expression of CAIX, suggesting that sustained

levels of hypoxia may play a role in the development of resis-

tance and tumor recurrence, even with the dual inhibitor combi-

nation. In this context, it will be interesting to determine whether

the addition of a clinically validated, non-toxic selective inhibitor

of CAIX, such as SLC-0111,44 to the combination of inhibition of

MEK and mTORC1/2 will further reduce tumor growth and func-

tion to mitigate effects of hypoxia on potential tumor recurrence

to extend survival for patients with PDAC.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

RAS (D2C1) Rabbit mAb Cell Signaling Technology Cat#8955; RRID: AB_2797685

phospho-p44/42 ERK1/2 (Thr202/Tyr204) Cell Signaling Technology Cat#9101; RRID: AB_331646

p44/42 MAPK (ERK1/2) (137F5) rabbit mAb Cell Signaling Technology Cat#4695; RRID: AB_390779

phospho-Akt (Ser473) (D9E) XP rabbit mAb Cell Signaling Technology Cat#4060; RRID: AB_2224726

Akt (pan) (C67E7) rabbit mAb Cell Signaling Technology Cat#4691; RRID: AB_915783

phospho-Rictor (Thr1135) (D30A3) rabbit mAb Cell Signaling Technology Cat#3806; RRID: AB_10557237

Rictor (D16H9) rabbit mAb Cell Signaling Technology Cat#9476; RRID: AB_10612959

Rictor (53A2) rabbit mAb Cell Signaling Technology Cat#2114; RRID: AB_2179963

phospho-P70 S6 Kinase Cell Signaling Technology Cat#9205; RRID: AB_330944

P70 S6 Kinase Ab Cell Signaling Technology Cat#9202; RRID: AB_331676

phospho-4E-BP1 (Thr37/46) Ab Cell Signaling Technology Cat#9459S; RRID: AB_330985

4E-BP1 Ab Cell Signaling Technology Cat#9452; RRID: AB_331692

phospho-FoxO1(Thr24)/FoxO3a (Thr32) Ab Cell Signaling Technology Cat#9464; RRID: AB_329842

cleaved caspase-3 (Asp175) (5A1E) rabbit mAb Cell Signaling Technology Cat#9664; RRID: AB_2070042

phospho-MNK1 (Thr197/202) Ab Cell Signaling Technology Cat#2111; RRID: AB_2266303

Mnk1(C4C1) Cell Signaling Technology Cat#2195; RRID: AB_2235175

phospho-eIF4E (Ser209) Cell Signaling Technology Cat#9741; RRID: AB_331677

eIF4E Cell Signaling Technology Cat#9742; RRID: AB_823488

phospho-histone H3 (Ser10) Cell Signaling Technology Cat#3377; RRID: AB_1549592

ILK1 (4G9) rabbit mAb Cell Signaling Technology Cat#3856; RRID: AB_2233861

Kras mAb F234 Santa Cruz Biotechnology Cat# sc-30; RRID: AB_627865

mouse anti ILK, Clone 3/ILK (RUO) BD BioSciences Cat#611802; RRID: AB_399282

Vinculin Millipore Cat# MAB3574; RRID: AB_2304338

anti-BrdU Roche Cat# BMC9318; RRID: AB_2313622

Horseradish peroxidise (HRP)-conjugated anti-mouse

secondary Ab

Cell Signaling Technology Cat#7076; RRID: AB_330924

HRP-conjugated anti-rabbit secondary Ab Jackson ImmunoResearch Cat#111-035-003; RRID: AB_2315367

monoclonal anti-Rictor (H-11) antibody agarose

conjugate AC

Santa Cruz Biotechnology Cat#271081AC; RRID: AB_10611167

mouse IgG2b negative control Millipore Cat# MABC006; RRID: AB_97848

anti-human CAIX M75 mAb Bioscience Cat# AB1001

normal mouse IgG-agarose conjugate (AC) Santa Cruz Biotechnology Cat# sc-2343; RRID: AB_737178

Protein A/G plus agarose Santa Cruz Biotechnology Cat# sc-2003; RRID: AB_10201400

anti-pimonidazole Hypoxyprobe Kit Hypoxyprobe Cat#HP1-100; RRID: AB_2811309

ImmPRESS species specific HRP secondary Vector Laboratories Cat# MP-7405; RRID: AB_2336526

ImmPRESS species specific HRP secondary Vector Laboratories Cat# MP-7500; RRID: AB_2336534

Chemicals, Peptides, and Recombinant Proteins

Pimonidazole Hypoxyprobe HP-200; CAS: 70132-50-2

50-Bromo-20-deoxyuridine Sigma Aldrich B5002; CAS: 59-14-3

Trametinib (GSK1120212) MEK inhibitor Selleck Chemicals S2673; CAS: 871700-17-3

Torin-1 mTORC1/2 inhibitor Selleck Chemicals S2827; CAS: 1222998-36-8

Vistuseritib (AZD2014) mTOR inhibitor Selleck Chemicals S2783; CAS: 1009298-59-2

Selumetinib (AZD6244) MEK inhibitor Selleck Chemicals S1008; CAS: 606143-52-6

AMG-510 KRAS G12C inhibitor Medchem Express Hy-114277; CAS: 2296729-00-3

(Continued on next page)
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QLT-0267 ILK inhibitor Quadralogic Technologies, Inc; gift N/A

Doxycycline hyclate Sigma Aldrich D9891 ; CAS: 24390-14-5

XenoLight D-Luciferin, Potassium Salt Perkin Elmer Inc. 122799; CAS: 115144-35-9

(Hydroxypropyl) methyl cellulose (Hypromellose) Sigma Aldrich H3785; CAS:9004-65-3

N-methyl-2-pyrrolidone Sigma Aldrich 328634; CAS: 872-50-4

Tomivosertib (eFT-508) MNK1/2 inhibitor Selleck Chemicals S8275; CAS: 1849590-01-7

Critical Commercial Assays

DAB peroxidase HRP Substrate Vector Laboratories Cat# SK-4100

Supersignal West Femto chemiluminescence reagent Life Technologies Cat# 34095

Nuclight rapid red Essen Bioscience Cat# 4717

HCS Nuclear Mask Red Stain ThermoFisher Cat# H10326

Sytox Green nucleic acid stain Thermofisher Cat# S7020

Doxycycline Diet (625 Dox, R) Envigo Cat# TD.130141

LookOut Mycoplasma PCR detection kit Sigma Aldrich Cat# MP0035

Experimental Models: Cell Lines

Human: PK-8 pancreatic cancer cells Laboratory of Sylvia Ng N/A

Human: MIA PaCa-2 pancreatic cancer cells ATCC Cat # CRL-1420; RRID: CVCL_0428

Mouse: KPCY PENN 6620c1 pancreatic cancer cells Laboratory of Ben Stanger RRID: CVCL_YM30

Human: PaCa-41 patient derived xenograft Laboratory of Daniel Renouf N/A

Experimental Models: Organisms/Strains

mouse: NOD/SCID IL2Rg�/� (NSG) ‘‘in-house’’ breeding from

Jackson Laboratories

Cat# JAX:005557; RRID: IMSR_JAX:005557

mouse: C57BL/6J Jackson Laboratories Cat# JAX000664; RRID: IMSR_JAX:000664

Oligonucleotides

siRNA targeting sequence: Hs_ILK_4: AAGGAAGAGC

AGGGACTTCAA

QIAGEN Cat# GS3611; SI00288176

siRNA targeting sequence: Hs_ILK_5: TAGCCGTAGT

GTAATGATTGA

QIAGEN Cat# GS3611; SI00288183

shRNA targeting sequence: KRAS; V3THS_314004:

Mature Antisense: TTATTTCCTACTAGGACCA

Dharmacon Cat#275818; RHS4696-200764328

Non-silencing control shRNA sequence: 22-mer

antisense: CTTACTCTCGCCCAAGCGAGAG

Dharmacon Cat# RHS4743

ON-TARGETplus SMARTpool siRNA J-016984-05,

RICTOR: GACACAAGCACUUCGAUUA

Dharmacon Cat# L-016984-00-0020

ON-TARGETplus SMARTpool siRNA J-016984-06,

RICTOR: GAAGAUUUAUUGAGUCCUA

Dharmacon Cat# L-016984-00-0020

ON-TARGETplus SMARTpool siRNA J-016984-07,

RICTOR: GCGAGCUGAUGUAGAAUUA

Dharmacon Cat# L-016984-00-0020

ON-TARGETplus SMARTpool siRNA J-016984-08,

RICTOR: GGGAAUACAACUCCAAAUA

Dharmacon Cat# L-016984-00-0020

Recombinant DNA

pTRIPZ Tet-On lentiviral vector plasmids - Puromycin Dharmacon Cat# RHS4741-EG3845

pLenti-CMV Firefly Luciferase - Blasticidin Brown et al.49 N/A

Software and Algorithms

Compusyn software version 1 Combosyn Incorporated http://www.combosyn.com

ImageJ version 1.48 National Institutes of Health https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Software https://www.graphpad.com:443/

TumGrowth software Kromerlab https://kroemerlab.shinyapps.io/TumGrowth/

Microsoft Excel Microsoft Corp https://www.microsoft.com/en-us/

(Continued on next page)
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Image Lab 5.2.1 Bio-Rad laboratories Inc. https://www.bio-rad.com/en-ca/

product/image-lab-software?ID=

KRE6P5E8Z

Incucyte ZOOM 2018A Essen BioScience https://www.essenbioscience.com/

en/products/software/

Living Image Software (IVIS imaging) Perkin Elmer Inc. https://www.perkinelmer.com/product/

li-software-for-spectrum-1-seat-add-

on-128113
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Shoukat

Dedhar (sdedhar@bccrc.ca).

Materials Availability
All requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact author. This includes antibodies

and shRNA engineered cell lines. Genetically engineered cells lines, the PaCa41 PDX cell line andQLT-0267will bemade available on

request after completion of a Materials Transfer Agreement.

Data and Code Availability
The authors declare that all data supporting the findings of this study are available within the paper.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells
Human pancreatic cancer cell lines (PK-8, MIA PaCa-2) were obtained from Don Yapp and Sylvia Ng (BC Cancer Research Centre,

Vancouver, Canada) and cultured as previously described.20,45 Cell lines were maintained in Dulbecco’s modified Eagle’s medium

(DMEM; Life Technologies) (MIA PaCa-2) or Roswell Park Memorial Institute 1640 (RPMI 1640; Life Technologies) (PK-8) supple-

mented with 10% fetal bovine serum (FBS; Life Technologies). The congenic PDAC tumor cell clone PENN6620c1 was established

in culture from the C57BL/6 KPCY genetically modifiedmousemodel, was provided by Ben Stanger (University of Pennsylvania, Phil-

adelphia, USA) and was cultured as previously described.19 The PENN6620c1 clone was maintained in DMEM supplemented with

10% FBS. The PaCa41 human patient derived xenograft (PDX) cell line PaCa41 was established from a patient tissue fragment and

was provided by Daniel Renouf (BC Cancer). PaCa41 cells were maintained in DME/F-12 medium supplemented with 0.25 mg/mL

bovine serum albumin (BSA) and 5 mg/ml glucose (Fisher Scientific), 1x insulin-transferrin-selenium (ITS) and 25 mg/mL bovine pitu-

itary extract (BPE; Life Technologies), 40 ng/mL epidermal growth factor (EGF; Sigma Aldrich), 5 nM 3,3,5-tri-iodo-L-thyronine and

1 mg/mL dexamethasone (Sigma Aldrich), 100 ng/mL cholera toxin, (Molecular Probes, ThermoFisher), 1.22 mg/mL nicotinamide

(Sigma Aldrich), 5%Nu-serum IV culture supplement (Corning), 100 U/mL penicillin, 100 mg/ml streptomycin and 500 mg/mL ampho-

tericin B (Life Technologies). All cells were grown at 37�C in a humidified atmosphere containing 5% carbon dioxide (CO2) and were

tested for mycoplasma contamination using the LookOut Mycoplasma PCR detection kit (Sigma; cat no. MP0035). The human cell

lines were authenticated using short tandem repeat STR DNA profiling by a commercial testing facility (Genetica, Burlington, NC,

USA). The KPCY clones have been authenticated as described.19 The PaCa41 cell line was authenticated by the source laboratory.

Inhibitors (Selleck Chemicals) used in cell culture include trametinib (10 nM or 0.01 to 100 nM as indicated), Torin 1 1(500 nM or 10 to

1000 nM as indicated), vistuseritib/ AZD2014 (500 nM), and selumetinib/AZD6244 (1 mM). AMG 510, a selective KRAS G12C inhibitor

(MedchemExpress, cat no. Hy-114277) was used as indicated. QLT-0267, an inhibitor of ILK activity, was obtained fromQuadralogic

Technologies Inc (QLT) and used at the concentrations indicated in the figure. siRNA for ILK (QIAGEN, cat no GS3611 Flexitube Gene

Solution) and siRNA for Rictor (Dharmacon ON-TARGETplus 20nM pool, cat no. L-016984-00-0020) were used according to

manufacturers recommendations.

Animal studies
All experimental animal procedures were carried out at the BC Cancer Animal Resource Centre (ARC) in accordance with protocol

A17-0291 approved by the institutional Animal Care Committee (ACC) at the University of British Columbia, Vancouver. The studies

are compliant with all relevant ethical regulations regarding animal research. All mice were housed in ventilated cages in a pathogen-

free, environment-controlled room at 19-21�C. The relative humidity ranged between 40% and 70% and a photoperiod of 12 hours
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light and 12 hours darkness was provided. Food and water were provided ad libitum. For human cell-line derived xenografts, PK-8 or

MiaPaCa2 cells (5.0x106cells/animal, suspended in 50 mL sterile PBS) were injected subcutaneously on the back of 8-12 week old

female NOD/SCID IL2Rg�/� (NSG) mice obtained through an ‘‘in-house’’ breeding program using breeders from Jackson Labora-

tories. For studies using the KPCY PENN 6620c1 clone,19 7 week old female C57BL/6 mice were purchased from Jackson Labora-

tories and were allowed to acclimatize for 1 week. KPCY PENN 6620c1 cells (1.0x105 cells/animal, suspended in 50 mL sterile PBS)

were injected subcutaneously on the back of the mice and tumors were allowed to establish. All tumors were measured using digital

calipers and tumor volumes were calculated as previously described46,47 using the modified ellipsoidal formula of volume =

0.5(lengthxwidth2). When tumors reached approximately 80 mm3 (KPCY PENN 6620c1 model) to 150 mm3 (PK-8 and MIA

PaCa-2 models) mice were sorted into groups of similar average tumor volume and drug administration was initiated. For tumor

models expressing doxycycline-inducible shRNA, mice were provided with food pellets supplemented with 625 mg/kg doxycycline

(Envigo cat no. TD130141) ad libitum beginning when tumors reached approximately 100 mm3 and for the duration of the study. All

pharmacologic agentswere administered daily by oral gavage. The doses used and the duration of dosing are indicated in the figures.

Trametinib was formulated in 0.5% hydroxypropyl methyl cellulose (Sigma-Aldrich) and 0.1% Tween-80 (Sigma-Aldrich). Torin 1 was

formulated in 40%N-methyl-2-pyrrolidone (Sigma-Aldrich), 40% PEG-400, 20% sterile PBS for administration. AMG 510 (30 mg/kg)

was formulated in 40% PEG-300, 10% DMSO, 1% Tween-80, 49% sterile saline for administration. Vehicle controls were adminis-

tered equivalent volumes of relevant vehicles. Animals administered single agents were administered the vehicle for the second

agent. For survival analyses, a surrogate threshold was used and survival events occurred once tumors reached approximately

500 mm3.

Pimonidazole (60mg/mL, cat no HP-200, Hypoxyprobe) and 50-Bromo-20-deoxyuridine (BrdU, 3 mg/mL, cat no. B5002, Sigma)

were injected at 200uL per 20 g of mouse body weight for 2 hours and 1 hour prior to euthanasia, respectively. Tumors were har-

vested and fixed in formalin and embedded in paraffin for immunohistochemistry (IHC) or were snap-frozen for subsequent extraction

of protein for utilization in downstream analyses. For assessment of drug toxicity, body weights weremeasured daily during the treat-

ment phase of the study. A daily clinical observation and health monitoring record was maintained for each individual animal

throughout the study. The investigators were not blinded to the identity of the study groups and the number of animals per group

was chosen based on data from previous studies.46,47

METHOD DETAILS

Generation of cell lines expressing shRNA
PK-8 cells expressing shRNA against KRAS have been described previously.20 Briefly, PK-8 cells were transduced with lentivirus

expressing doxycycline (DOX)-inducible shRNA against the KRAS gene as previously described. pTRIPZ plasmids for human

KRAS (RHS4743; shNS, 275818; shKRAS1) were from Dharmacon (Boston, MA, USA). Doxycycline (Sigma Aldrich) was used at 1

ug/mL to induce shRNA in cultured cells.

Immunoblotting
Samples were lysed in RIPA buffer (50 mMTris-HCl, pH 7.6, 150mMNaCl, 0.1% (w/v) SDS, 0.5%NaDOC) containing 1mMNa3VO4,

2 mM NaF and cOmplete protease inhibitor (Sigma) and analyzed by 4%–12% gradient SDS-PAGE as previously described.46,48

Briefly, methanol fixed PVDF Membranes were incubated with primary antibodies in 2% BSA in TBST overnight at 4�C washed

with TBST for 3x10min and then incubated with HRP-conjugated secondary in 5% skimmilk in TBST for 1 hour at room temperature.

After extensive washing with TBST, detection was performed by incubation with Supersignal West Femto chemiluminescence re-

agents (Life Technologies) and visualization using a Chemidoc XRS+ imaging system (Bio-Rad Laboratories). In instances where

blots were probed for multiple proteins using the same membrane, but where individual proteins were displayed in more than one

figure, the same vinculin blot used as the loading control has been displayed in both figures.

Antibodies
The following antibodies (Cell Signaling Technology, Danvers, MA, USA) were used at a dilution of 1:1,000 for western blotting unless

otherwise indicated. Total RAS (D2C1, cat no.8955), phospho-p44/42 ERK1/2 (Thr202/Tyr204) cat no.4695, p44/42 ERK1/2 cat

no.4695, phospho-AKT (Ser473) cat no.4060, AKT cat no.4691, phospho-Rictor (Thr1135) cat no.3806, Rictor cat no.9476 or

2114, phospho-P70 S6 Kinase (Thr389) cat no.9205, P70 S6 Kinase cat no.9202, phospho-4E-BP1 (Thr37/46) cat no.9459, 4E-

BP1 cat no.9452, phospho-FOXO1(Thr24)/FOXO3a (Thr32) cat no.9464, cleaved caspase-3 (Asp175) cat no.9664, phospho-

MNK1 (Thr197/202) cat no.2111, Mnk1(C4C1) cat no.2195, phospho-eIF4E (Ser209) cat no.9741, eIF4E cat no.9742, and phos-

pho-histone H3 (Ser10) cat no.3377. An antibody specific to Kras (F234, Santa Cruz Biotechnology) was used at 1:1,000. Purified

mouse anti ILK, Clone 3/ILK (RUO) (cat no. 611802, BD BioSciences) was used at 1:500. ILK1 (4G9) rabbit antibody (cat no.3586,

Cell Signaling) was used at 1:1,000 for blotting co-immuoprecipitated samples. Loading control was Vinculin (1:2,000, cat no

MAB3574, Millipore). Horseradish peroxidise (HRP)-conjugated anti-mouse (1:5,000, cat no.7076, Cell Signaling) and HRP-

conjugated anti-rabbit (1:5,000, cat no.111-035-003, Jackson ImmunoResearch) were used as secondary antibodies for ECL

detection.
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Co-immunoprecipitation
MiaPaCa2 were cultured for 72 hours in the presence or absence of 10nM trametinib and then lysed on ice using a buffer containing

0.3% CHAPS, 120mM NaCl, 40mM HEPES pH 7.5, 1mM EDTA containing cOmplete protease inhibitor cocktail (Sigma), 0.5 mM

Na3VO4, 2 mM NaF, 10mM pyrophosphate and 10mM b-glycerophosphate. Protein concentrations were determined using the

BCA assay (ThermoFisher). 2 mg of total protein in 3 mL volume was precleared with 20uL of normal mouse IgG-agarose conjugate

(AC) (cat no. sc-2343, Santa Cruz Biotechnology) for one hour at 4�C. Cleared lysates were immunoprecipitated at 4�C overnight

using either 10 mg of monoclonal anti-Rictor (H-11) antibody agarose conjugate AC (Santa Cruz Biotechnology, cat no.

271081AC) or an isotype specific control mouse IgG2b negative control (cat no. MABC006, Millipore). 20uL of Protein A/G plus

agarose (cat no. sc-2003, Santa Cruz) was added to control IP reactions for one hour at 4�C. The pellet was washed with 4 times

with 1 mL CHAPS buffer with 1% Tween-20, resuspended in 20uL 2x non reducing sample buffer and boiled at 100�C for 5 minutes.

b-mercaptoethanol was added to the supernatant and samples were boiled again and then loaded on 4%–12% gradient SDS-PAGE

gels. Western blots were performed on methanol fixed PVDF membranes as described above.

Cell proliferation
For cell proliferation assays, PK-8 cells were resuspended inmedia containing a red nuclear stain, IncuCyte Nuclight rapid red (Essen

Bioscience by Sartorius, 1:1,000), plated in 96-well plates at a concentration of 6x103 cells/well in a 100 mL volume and incubated

overnight at 37�C to allow attachment. Plates were placed in the IncuCyte ZOOM live cell analysis system (Essen BioScience by

Sartorius) and images were captured every 4 hours using a 10X objective. Alternatively, for cell lines in which labeling with live nuclear

dyes were not feasible due to lack of uptake of the dye by the cells, percentage confluence was monitored. An endpoint dye, HCS

Nuclear Mask Red Stain (1:1,000, ThermoFisher) was also used to enumerate total cell number.

Cytotoxicity assay
PK-8 cells were resuspended in media containing IncuCyte Nuclight rapid red, plated in 96-well plates at a concentration of 6x103

cells/well in a 100 mL volume and incubated overnight at 37�C to allow attachment. A volume of 50 mL/well of media containing

3X (750 nM) Sytox Green nucleic acid stain (Thermofisher) was then added and plates were placed in the IncuCyte� ZOOM live

cell analysis system. The number of Sytox Green-positive cells/mm2 (dead cells) and the number of Nuclight rapid red cells/mm2

(total cells) were determined and were used to calculate the percentage of cytotoxic cell death. Combination indices were calculated

using Compusyn software version 1 (Combosyn, Inc).

Bioluminescence Imaging and Ex-vivo Subculture
PK-8 cells were transduced via lentivirus to stably express Firefly Luciferase and selected with blasticidin (kind gift of Dr Michael

Wendt, Purdue University, IN, USA), as previously described.49 To measure tumor burden by bioluminescent imaging (BLI), mice

were administered D-Luciferin (Perkin-Elmer) at 150 mg/kg by intraperitoneal injection and imaged using a Xenogen IVIS Lumina

system as previously described.20 Upon necropsy at study end point, primary tumors were surgically excised for formalin-fixation

and metastasis was subsequently quantified by BLI. Primary metastatic tissue was then excised, disassociated, plated under tissue

culture conditions, and maintained in RPMI 1640 supplemented with 10% FBS and 1 % (v/v) penicillin/streptomycin.

Immunohistochemistry
IHC on formalin-fixed, paraffin-embedded tissue was performed as previously described.20,50 Five-micron tissue sections were cut

and transferred onto Superfrost-Plus slides (Fisher Scientific). Tissue sections were deparaffinized, rehydrated and antigen retrieval

was performed bymicrowaving in 10mM citrate buffer, pH 6.0 for 10minutes. Sections were incubated with 3%H2O2 for 15minutes

to quench endogenous peroxidase activity. Tissue sections were incubated with primary antibody (diluted in 3% skim milk, 1% BSA

in PBS) against human CAIX (1:200, M75, Bioscience), BrdU (1:10, Roche), cleaved caspase 3 (Asp175) 5A1E (1:100, Cell Signaling),

or pimonidazole (1:500) for overnight at 4�C. ImmPRESS species specific HRP secondary (MP-7405, MP-7500) and DAB peroxidase

HRP Substrate (SK-4100) were used according to the manufacturer’s instructions (Vector Laboratories). Tissues were counter-

stained with hematoxylin (Leica Biosystems). For quantification, at least 5 randomly selected fields of view (FOV) at 20xmagnification

were imaged from 1 section/tumor and 5-6 tumors were analyzed/group. The number of positive cells in each image was counted or

the percent area of positive staining was quantified using ImageJ (v1.48, National Institutes of Health, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance between two groups was assessed by unpaired Student’s t test. One way analysis of variance (ANOVA) was

used to analyze more than two groups. Two-way ANOVA was used to analyze quantification of IHC. Survival was analyzed using a

(two-sided) log rank test. Analysis of tumor growth curves was done using TumGrowth software (https://kroemerlab.shinyapps.io/

TumGrowth/).51 GraphPad Prism 7 and 8 software were used for all other statistical analyses. All cell culture experiments were per-

formed at least two times. Data are presented as mean ± s.e.m. and P values less than 0.05 were considered statistically significant.

Further statistical details, including values of n and definitions of what n represents, can be found in the figure legends.
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