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SUMMARY
Pancreatic ductal adenocarcinomas (PDACs) frequently harbor KRAS mutations. Although MEK inhibitors
represent a plausible therapeutic option, most PDACs are innately resistant to these agents. Here, we identify
a critical adaptive response that mediates resistance. Specifically, we show that MEK inhibitors upregulate
the anti-apoptotic protein Mcl-1 by triggering an association with its deubiquitinase, USP9X, resulting in
acute Mcl-1 stabilization and protection from apoptosis. Notably, these findings contrast the canonical
positive regulation of Mcl-1 by RAS/ERK. We further show that Mcl-1 inhibitors and cyclin-dependent kinase
(CDK) inhibitors, which suppress Mcl-1 transcription, prevent this protective response and induce tumor
regression when combined with MEK inhibitors. Finally, we identify USP9X as an additional potential thera-
peutic target. Together, these studies (1) demonstrate that USP9X regulates a critical mechanism of
resistance in PDAC, (2) reveal an unexpected mechanism of Mcl-1 regulation in response to RAS pathway
suppression, and (3) provide multiple distinct promising therapeutic strategies for this deadly malignancy.
INTRODUCTION

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

liest malignancies with a 5-year survival rate of less than 8%.1

Most individuals diagnosed with PDAC present with advanced

disease and are typically treated with palliative chemotherapy

that prolongs median survival by a few months.2 Over 90% of

PDACs are driven by activating mutations in KRAS;3 however,

there are still no effective targeted therapies for these KRAS-

driven malignancies.

Drugs that covalently target KRASG12C mutations have

recently been approved for the treatment of non-small cell lung

cancers;4 however, this mutant allele is uncommon in PDAC. Un-

fortunately, trials with agents that inhibit the downstream

effector, MEK, have been disappointing in PDAC and other

RAS-driven cancers,5,6 although it is still unclear why many of
This is an open access article under the CC BY-N
these tumors are refractory to MEK inhibition. For example, it

is well known that RAS/ERK activation triggers proteasomal

destruction of the pro-apoptotic protein Bim; conversely, MEK

inhibitors upregulate Bim in KRAS-mutant tumor cells through

effects on stability and transcription.7–9 Similarly, ERK has

been shown to stabilize the Mcl-1 protein and increase its

expression via transcriptional mechanisms, whereas MEK/ERK

suppression reduces Mcl-1 levels.10–14 These observations are

consistent with a positive relationship between oncogenic RAS

and pro-survival pathways but further confound the observed

resistance to MEK inhibitors.

Therapeutic resistance can be conferred by genetic alter-

ations or dynamic adaptation of cell signaling pathways.

Because potent pro-apoptotic signals are known to be activated

in response to MEK suppression, we investigated whether direct

changes in pro-survival proteins might mediate resistance to
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Figure 1. MEK inhibitors induce Mcl-1 protein expression in PDACs

(A) Western blots depicting changes in the levels of Bcl-2-family member proteins in PDAC cell lines following treatment with 25 nM trametinib for the indicated

times.

(B) Western blots depicting levels of Bcl-2 family members in HPNE cells following treatment with 50 nM trametinib for the indicated times.

(C) Immunoprecipitation (IP) demonstrating interactions of Mcl-1 with Bim and Bak following MEK inhibition (48 h trametinib) in PANC 10.05 and CAPAN2 cells.

WCL, whole-cell lysate.
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these agents in PDACs. Here we report that MEK inhibitors

trigger a potent adaptive response in PDACs by acutely stabiliz-

ing the Mcl-1 protein. Mechanistic studies further reveal that this

protective response confers new dependencies on USP9X,

Mcl-1, and cyclin-dependent kinases (CDKs). Based on this

insight, we demonstrate the potent efficacy of two distinct

MEK inhibitor-based drug combinations in PDAC cells, human

tumor organoids, and multiple in vivomodels. Notably, the deci-

sion to target specific proteins in different tumor types is often

guided by standard dependency screens. However, the findings

presented here suggest that treatment-induced dependencies

may be missed by relying on this approach and highlight the

need to deconstruct how various tumor types differentially adapt

to single agents so that we may develop more effective

treatments.

RESULTS

MEK inhibitors potently induceMcl-1 protein expression
in PDACs
In normal cells, Ras pathway activation suppresses the expres-

sion of pro-apoptotic Bcl-2-family proteins, such as Bim, and
2 Cell Reports Medicine 4, 101007, April 18, 2023
simultaneously increases the anti-apoptotic protein Mcl-1 by

enhancing its transcription and stability.14,15 Accordingly, MEK

inhibitors typically reverse these effects, increasing Bim and

decreasing Mcl-1 expression.7,9,16–19 Therefore, it is not fully

understood why MEK inhibitors cannot trigger apoptosis in

many RAS-driven tumor types. To investigate this question in

pancreatic cancer, we examined the expression of pro-survival

Bcl-2 family members (Mcl-1, Bcl-xL, and Bcl-2) and pro-

apoptotic proteins (Bim, Bak, and Bax) in response to the MEK

inhibitor trametinib over 72 h. Consistent with previous observa-

tions, Bim levels increased in all of the PDAC cell lines over time

(PANC 10.05, CAPAN2, PANC 03.27, and HPAC) and in non-

transformed, immortalized human pancreatic cells (HPNE cells)

(Figures 1A and 1B). A slight increase in the pro-apoptotic

effector protein Bakwas also observed. However, themost strik-

ing difference was the dynamic pattern of Mcl-1 expression.

Whereas trametinib decreased Mcl-1 levels in non-transformed

HPNE cells as expected (Figure 1B), Mcl-1 expression increased

in all of the PDAC cell lines following trametinib treatment (Fig-

ure 1A). The kinetics of Mcl-1 induction were delayed; protein

levels remained low after 4 h of exposure to trametinib but

were substantially elevated within 24 h. The rate of Mcl-1
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Figure 2. MEK inhibitors trigger an adaptive dependency on Mcl-1 in PDACs
(A–C) Western blots: levels of Mcl-1 in PDAC cell lines following siRNA-mediated knockdown and treatment with the indicated concentration (nM) of trametinib

(tram) for 48 h. Graphs: log2 fold change (left y axis) and percent change (right y axis) in cell number in siMCL1 or siCNT PDAC cells treated with tram for 72 h

(mean ± SD of technical replicates, n = 3; **p < 0.01, ***p < 0.001).

(D) Graph: log2 fold change (left y axis) and percent change (right y axis) in cell numbers in shMCL1 or shCNT PANC 03.27 cells during 9 days of 50 nM tram

treatment (mean ± SD of technical replicates, n = 3; ***p < 0.0001, unpaired t test). Western blots: levels of Mcl-1 in PANC 03.27 cells following shRNA-mediated

knockdown and treatment with 50 nM tram for 48 h.

(legend continued on next page)
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upregulation varied slightly, butmaximal inductionwas observed

between 24 and 72 h, depending on the cell line (Figure 1A).

Mcl-1 was the only protein that increased among anti-apoptotic

family members, whereas Bcl-xL levels did not change or were

reduced in PDAC and HPNE cells (Figures 1A and 1B). The

Bcl-2 protein was not expressed in PDAC cells and did not in-

crease in the presence of trametinib (Figure 1A; CCLE,

cBioportal).

To determine whether the induction of Mcl-1 resulted in a

concomitant increase in binding to pro-apoptotic family mem-

bers, Mcl-1 and Bim were immunoprecipitated from PDAC cells.

Notably, trametinib induced the formation of Mcl-1:Bim andMcl-

1:Bak complexes in multiple PDAC cell lines (Figure 1C).

Together, these results demonstrate that, while MEK suppres-

sion reduces Mcl-1 levels in non-transformed cells and some

cancers, as reported previously,7,16–19 MEK inhibitors substan-

tially increaseMcl-1 levels and its association with pro-apoptotic

proteins in PDACs, suggesting a more complex relationship

between the RAS/ERK pathway and apoptotic signaling in this

tumor type. These observations also raised the intriguing possi-

bility that Mcl-1 induction might serve an important protective

response to MEK inhibitors in pancreatic cancer.

MEK inhibitors trigger an adaptive dependency onMcl-1
in pancreatic cancers
According toCRISPRdependencydata, PDACcells appear tobe

a largely Mcl-1-independent lineage (depmap.org; Figure S1A).

Therefore, based on these observations alone, Mcl-1 inhibitors

would not be expected to be effective in pancreatic cancer. How-

ever, becauseMEK inhibitors potently inducedMcl-1 expression,

we hypothesized that these agents might sensitize pancreatic

cancers to Mcl-1 depletion. To investigate this possibility,

MCL1 was genetically depleted by small interfering RNAs

(siRNAs), and cells were treated with trametinib. Consistent

with Dependency Map data, siRNA-mediated suppression of

Mcl-1 alone did not affect cell proliferation (Figures 2A–2C and

S1B). However, trametinib dramatically sensitized PDAC cells

to Mcl-1 depletion, resulting in loss of 45%–70% of cells after

only 72 h of treatment (Figures 2A–2C). Similar responses were

observed when Mcl-1 was ablated by shRNAs and CRISPR

sgRNAs (Figures 2D and S1C). Importantly, cell numbers

continued to decrease over time in response to combined

MEK/Mcl-1 suppression, as illustrated by longer-term assays

(Figures 2D and S1C), whereas stable loss of Mcl-1 alone had

no effect on PDAC proliferation. By contrast, trametinib reduced

the proliferation of non-transformed HPNE cells, but Mcl-1 loss

did not further enhance these effects (Figure 2E).

To confirm that PDAC cells were dying via apoptosis,

caspase-3 and -7 activity was measured over time using live-

cell imaging. Suppression of Mcl-1 expression alone had no

effect on caspase activity in PANC 10.05, CAPAN2, and HPAC
(E) Western blots: levels of Mcl-1 in HPNE cells following siRNA-mediated knockdo

and percent change (right y axis) in cell numbers in siMCL1 or siCNT HPNE cells

(F–H) Graphs: CC3/7 activation kinetics in siMCL1 or siCNT PANC 10.05, CAPA

centage of nuclei that are co-positive for activated CC3/7 (mean ±SEMof biologic

of Mcl-1 in HPAC cells following MCL1 knockdown (siMCL1) and treatment with

See also Figures S1B–S1D.
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cells (Figures 2F–2H). Trametinib induced low levels of apoptosis

compared to DMSO-treated cells; however, in Mcl-1-depleted

cells, trametinib triggered apoptosis in �40%–50% of the cells

within 72 h (Figures 2F–2H). Non-transformed HPNE cells

showed no apoptotic response to trametinib or siMCL1, alone

or together (Figure S1D). To confirm that this was due to a lack

of sensitivity to siMCL1/trametinib and not due to intrinsic de-

fects in apoptosis, HPNE cells were treated with staurosporine,

which induced potent caspase activation in siCNT and siMCL1

cells (Figure S1D). These results demonstrate that acute upregu-

lation of Mcl-1 in response to MEK inhibition functions as an

adaptive resistance mechanism that suppresses apoptosis by

binding to pro-apoptotic family members. However, this conse-

quently triggers a therapeutic vulnerability; while PDACs are

normally Mcl-1 independent, MEK inhibitors render these cells

sensitive to Mcl-1 depletion. While the suppression of MEK

and Bcl-2 family member inhibitors has been shown to coop-

erate in other tumor types, the mechanisms that underlie this

cooperativity have largely remained elusive.20–22 Therefore, we

sought to further deconstruct this dynamic mechanism of resis-

tance and identify other regulatory components, in part, to iden-

tify additional therapeutic targets in PDAC.

MEK inhibitors acutely stabilize Mcl-1 protein
Because the RAS/ERK pathway has been reported to positively

regulate Mcl-1 expression in other settings, through effects on

transcription and protein stability,8,15 these observations were

particularly surprising. Therefore, to elucidate the mechanism

by which suppression of this pathway induced Mcl-1 upregula-

tion in PDACs, we first examined MCL1 mRNA levels in PANC

10.05, CAPAN2, and non-transformed HPNE cells. In HPNE

cells,MCL1 transcript levels were reduced in response to trame-

tinib, consistent with the canonical positive relationship between

ERK and MCL1 transcription (Figure 3A). In pancreatic cancer

cells, MCL1 transcript levels either did not substantially change

or slightly decreased (Figure 3B). Therefore, while the �50%

suppression of MCL1 transcript levels likely contributes to the

reduction of Mcl-1 protein in HPNE cells (Figure 1B), the mRNA

expression pattern in PDAC cells does not explain the unex-

pected increase in Mcl-1 protein in response to trametinib.

In a subset of tumor types, Mcl-1 translation is regulated by

mTOR.23 Specifically, mTOR kinase inhibitors decrease Mcl-1

levels in colorectal cancers that have become dependent on

mTORC1.23 In addition, MEK inhibitors can induce feedback

activation of the AKT/mTORC1 pathway in some settings. There-

fore, we investigated whether the increase inMcl-1 expression in

response to trametinib might be due to feedback activation of

AKT/mTORC1 and enhanced Mcl-1 translation. However, phos-

pho-AKT and phospho-S6 levels did not increase in response to

trametinib (Figures 3C and 3D). Moreover, neither the addition of

the AKT inhibitor MK2206 nor the mTOR kinase inhibitor
wn and treatment with 50 nM tram for 48 h. Graph: log2 fold change (left y axis)

treated with 50 nM tram for 72 h (mean ± SD of technical replicates, n = 3).

N2, and HPAC cells treated with 25 nM tram. Graphs depict the average per-

al replicates, n = 4; **p < 0.01, ***p < 0.001, ****p < 0.0001). Western blots: levels

the indicated concentrations (nM) of tram for 48 h.

http://depmap.org
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AZD2014 suppressed induction of Mcl-1 in response to trameti-

nib (Figures 3C and 3C), demonstrating that these effects were

not caused by enhanced Mcl-1 translation by mTORC1 or by

another AKT-dependent process. In this respect, PDAC tumors

are more similar to KRAS-mutant NSCLCs, where Mcl-1 expres-

sion is also not regulated by mTORC1, as opposed to colon can-

cers, where Mcl-1 is more mTORC1 dependent.23

Unlike other anti-apoptotic family members, Mcl-1 has a short

protein half-life. Consequently, changes in Mcl-1 stability have a

major effect on Mcl-1 levels.24 To determine whether trametinib

was affecting Mcl-1 stability, we first assessed the effects of the

proteasome inhibitor MG132 in the presence or absence of tra-

metinib. Acute treatment with MG132 increased Mcl-1 protein

levels in PDAC cell lines, confirming thatMcl-1 is relatively unsta-

ble in these cancers under basal conditions (Figure 3E, lanes 1–

3). By contrast, cells exposed to trametinib exhibited an increase

in Mcl-1 levels, which was not further enhanced by MG132

(Figure 3E, lanes 4–6), suggesting that trametinib was already

maximally suppressing proteasomal degradation of Mcl-1.

Conversely, in HPNE cells, MG132 increased Mcl-1 levels in

the presence and absence of trametinib, indicating that Mcl-1

was undergoing proper proteasomal degradation in both

settings and illustrating the differential effect of trametinib on

Mcl-1 in PDAC versus non-transformed pancreatic cells (Fig-

ure 3F). However, to firmly establish a role of protein stabilization

in this response, cycloheximide (CHX) chase assays were per-

formed in PDAC and HPNE cell lines. While Mcl-1 was rapidly

degraded in the absence of trametinib in all cell lines

(Figures 3G and 3H), Mcl-1 was potently stabilized by trametinib

in PDAC cells (Figure 3G). This was not the case in HPNE cells,

where Mcl-1 remained equally labile in the presence and

absence of trametinib (Figure 3H).

These results suggested that the induction of Mcl-1 triggered

by MEK inhibitors in PDACs is due to an increase in its stability,

likely caused by a decrease in its ubiquitin-mediated degrada-

tion. To directly examine Mcl-1 ubiquitination, PDAC cells were

transfected with hemagglutinin (HA)-tagged ubiquitin (HA-Ub),

which was then immunoprecipitated from cells in the presence

or absence of trametinib. Mcl-1 immunoblots revealed a

higher-mobility protein smear in untreated cells, corresponding

to ubiquitinated Mcl-1, which was further enhanced by MG132

treatment (Figure 3I). However, trametinib potently suppressed

Mcl-1 ubiquitination while triggering an increase in total Mcl-1

protein levels comparable to those observed in MG132-treated

cells (Figure 3I). Taken together, these findings demonstrate

that MEK inhibitors acutely increaseMcl-1 levels in PDACs by in-
Figure 3. MEK inhibitors stabilize Mcl-1

(A and B) qPCR analysis ofMCL1mRNA levels in HPNE, PANC 10.05, and CAPAN

Graphs depict the average change in MCL1 transcript normalized to UBC and re

(C) Western blots showing levels of Mcl-1 following treatment with 25 nM tram a

(D) Western blots showing levels of Mcl-1 following treatment with 25 nM tram a

(E and F) Levels of Mcl-1 in PANC10.05, CAPAN2, and HPNE cells following treatm

120 min prior to lysis.

(G andH) Assessment ofMcl-1 protein stability by cycloheximide (CHX) degradatio

treated with DMSO (control) or the indicated concentration of tram for 48 h and t

transformed quantification of Mcl-1 normalized to tubulin and relative to non-CH

(I) Levels of ubiquitinated Mcl-1 following 25 nM tram treatment for 24 h (CAPAN2)

in cells transfected with wild-type HA-tagged ubiquitin (HA-Ub). WCL, whole-cel
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hibiting its ubiquitination and subsequent degradation by the

proteasome.

Trametinib-induced Mcl-1 stabilization is regulated by
USP9X
In hematopoietic malignancies, Mcl-1 is regulated by USP9X,

which deubiquitinates and consequently stabilizes the Mcl-1

protein.25 To determine whether USP9X might be involved in

the dynamic stabilization of Mcl-1 in response to trametinib,

three distinct shRNA sequences were used to ablate USP9X

expression in PANC 10.05 cells. As shown throughout, trameti-

nib and MG132 increased Mcl-1 protein levels in PDAC cells

(Figure 4A, lanes 1–4); however, USP9X depletion reversed the

effects of trametinib, nearly restoring Mcl-1 to the low, baseline

expression levels observed in untreated cells (Figure 4A, lanes

5, 7, and 9). Importantly, proteasome inhibitors counteracted

the effects of USP9X suppression, suggesting that USP9X loss

was functioning by decreasing Mcl-1 protein stability (Figure 4A,

lanes 6, 8, and 10). These findingswere confirmed in PANC03.27

cells (Figure 4B) and by USP9X siRNAs (Figure 4C).

To directly examine the role of USP9X in Mcl-1 stability in

response to MEK inhibition, CHX degradation assays were per-

formed in PANC 10.05 and PANC 03.27 cells. In the absence of

trametinib, Mcl-1 was degraded at similar rapid rates in

shUSP9X-expressing cells and those expressing control shRNA

sequences (shCNT) (Figures 4D and S2). However, while trame-

tinib stabilized Mcl-1 in shCNT cells, Mcl-1 protein remained un-

stable in shUSP9X-expressing cells in the presence of trametinib

(Figures 4D and S2).

Finally, we reasoned that if USP9X-mediated stabilization of

Mcl-1was a criticalmechanismof adaptation, thenMEK inhibitors

should ultimately kill USP9X-deficient PDACs. As shown in Fig-

ure 4E, approximately 50% of PDAC cells died within 72 h in

response to trametinib when USP9X was ablated. Moreover,

chemical USP9X inhibition completely prevented Mcl-1 stabiliza-

tion in response to MEK inhibition and induced potent cell death

when combinedwith trametinib (Figure 4F). Incidentally, these ob-

servations suggest that USP9X may also represent a potential

therapeutic target in this tumor type. Regardless, they demon-

strate thatUSP9Xplays an indispensable role in theadaptive resis-

tanceofPDACs toMEK inhibitorsby regulatingMcl-1 stabilization.

Trametinib triggers the formation of Mcl-1:USP9X
complexes in PDAC cells
We noted that USP9X expression levels did not increase in

response to trametinib (Figure 4E). Therefore, we investigated
2 cells following treatment with tram at the indicated concentrations and times.

lative to DMSO controls (mean ± SD of technical replicates, n = 3).

lone or in combination with 5 mM MK2206.

lone or in combination with 250 nM AZD2014.

ent with tram for 48 h and the proteasomal inhibitor MG132 (10 mM) for 60 and

n assays.Western blots show levels ofMcl-1 in PDAC cell lines andHPNE cells

reated with CHX for up to 120 min prior to lysis. Graphs depict natural log (ln)-

X-treated controls vs. time.

or 48 h (PANC 10.5) with or without 10 mMMG132 2 h prior to lysis, after HA IP,

l lysate; IB, immunoblot.
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whether trametinib might be inducing the formation of

USP9X:Mcl-1 complexes. Importantly, an increased associa-

tion between Mcl-1 and USP9X was observed in response

to trametinib in the absence and presence of MG132 (Fig-

ure 4G). This inducible association was also observed when

anti-USP9X antibodies were used to immunoprecipitate the

USP9X:Mcl-1 complex (Figure 4H). Notably, an inducible inter-

action between Mcl-1 and USP9X has not been described pre-

viously. Moreover, it was explicitly not observed in 293T cells

treated with MEK inhibitors, where USP9X was first identified

as the Mcl-1 deubiquitinase.25 Thus, it appears that this induc-

tive/adaptive mechanism may be specifically important in

PDAC and possibly other settings where Mcl-1 is not the domi-

nant anti-apoptotic protein. More importantly however, it

suggests that sensitivity to these agents cannot be solely pre-

dicted by dependency scores and/or the baseline ratio of anti-

apoptotic genes in any given tumor type.

Mcl-1 stabilization is not dependent on Bim
In some settings, Bim has been shown to directly bind and

stabilize Mcl-1.26 Because Bim is upregulated by MEK inhibi-

tors, we investigated whether it might be contributing to the

observed stabilization. The Bim gene (BCL2L11) was disrup-

ted by stably introducing a CRISPR sgRNA. While Bim

expression was effectively eliminated, Mcl-1 was still potently

induced by trametinib (Figure 4I). This finding was in stark

contrast to the effects of USP9X ablation, which prevented

Mcl-1 stabilization (Figures 4A–4D). Of note, we were also un-

able to detect any USP9X in Bim immunoprecipitates (Fig-

ure 4J). Together, these results demonstrate that (1) USP9X

plays a dominant role in stabilizing Mcl-1 in PDACs, (2) Bim

is not required for Mcl-1 stabilization in this context, and (3)

Mcl-1:USP9X and Mcl-1:Bim appear to reside in different

complexes. Together they suggest that MEK inhibitors trigger

the association between USP9X and Mcl-1, resulting in its

deubiquitination and stabilization. When deubiquitinated, deu-

biquitinase/substrate complexes disassociate, as expected,

permitting the formation of Mcl-1:Bim complexes, which block

apoptosis.
Figure 4. USP9X mediates Mcl-1 stability following MEK inhibition

(A andB)Western blots depicting levels ofMcl-1 andUSP9X in shCNT and shUSP

or without 10 mM MG132 2 h prior to lysis.

(C) Western blots depicting levels of Mcl-1 and USP9X in siCNT and siUSP9X (si

MG132 2 h prior to lysis.

(D) Western blots showing levels of Mcl-1 in shCNT and shUSP9X PANC 10.0

treatment with CHX for up to 90 min prior to lysis. The graph depicts ln-transfo

treated controls.

(E) Graph: log2 fold change (left y axis) and corresponding percent change (right

shUSP9X and treatment with DMSO or 25 nM tram for 72 h (mean ± SD of technic

shCNT and shUSP9X PANC 10.05 cells treated with DMSO and 25 nM tram for

(F) Graph: log2 fold change (left y axis) and corresponding percent change (right y

EOAI3402143 (USP9Xi), or the combination (combo) for 72 h (mean ± SD of tech

Mcl-1 in PANC 10.05 cells treated with DMSO, 25 nM tram, 3 mM EOAI3402143

(G and H) CoIP of USP9X andMcl-1 following tram treatment. Mcl-1 (F) or USP9X (

25 nM tram for 48 h in the presence or absence of 10 mM MG132 to detect USP

(I) Western blots of Bim and Mcl-1 levels in PANC 10.05 control (sgCtrl) and BIM

(J) IP of Bim and western blots of USP9X, Bim, and Mcl-1 in PANC 10.05 ce

See also Figure S2.
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Mcl-1 inhibitors dramatically sensitize PDAC cells and
human tumor organoids to MEK inhibitors
Wenext examined the effects of trametinib combinedwith small--

molecule Mcl-1 inhibitors. Several Mcl-1 inhibitors have been

developed and are in early-stage clinical trials (clinicaltrials.gov;

ClinicalTrials.gov: NCT02992483, NCT04629443, NCT02979366,

NCT03672695, NCT04837677, NCT05107856, and NCT02675452).

The inhibitor S63845 is highly selective for Mcl-1 and exerts single-

agent efficacy in Mcl-1 dependent hematologic malignancies.20

Importantly, while trametinib increased Mcl-1 levels and, conse-

quently, Mcl-1:Bim complexes in PDAC cells, S63845, which

directly binds Mcl-1, effectively disrupted this interaction

(Figure 5A).

Similar to genetic Mcl-1 depletion experiments, S63845 alone

did not induce apoptosis above baseline levels and had no effect

on the proliferation of PDAC andHPNE cells (Figures 5B, 5C, and

S3A–S3D). However, when combined, S63845 and trametinib

dramatically increased apoptosis in PDAC cells (Figure 5B).

Consistent with the genetic studies shown in Figures 2D and

S1C, the combined suppression of Mcl-1 and MEK resulted in

a continued, progressive decrease in cell number over time, as

illustrated by longer-term cell counting and crystal violet cell

staining assays (Figures 5C, S3A, and S3B). By contrast, trame-

tinib and S63845 did not cooperatively kill HPNE cells or six other

non-cancerous human cell lines, as shown by cell counting and/

or apoptosis assays, demonstrating that this combination is not

generally cytotoxic (pancreatic ductal HPD cells,27 IMR-90 and

BJ fibroblasts, retinal pigment epithelial RPE-1 cells, mammary

epithelial MCF10A cells, and adult epidermal keratinocytes

HEKa) (Figures S3C and S3D).

These findings suggested that trametinib actively sensitizes

PDACs to Mcl-1 inhibitors by increasing Mcl-1 protein levels

and, subsequently, Mcl-1:Bim complexes. Therefore, we

reasoned that trametinib pre-treatment should prime cells and

accelerate cell death in response to the drug combination. To

investigate this possibility, PANC 10.05 and PANC 03.27 cells

were exposed to trametinib for 48 h and then treated with the

S63845/trametinib combination (Figure 5D). Importantly, trame-

tinib pre-treatment resulted in a rapid induction of apoptosis
9X cells treatedwith 25 nM tram for 24 h (PANC 10.05) or 48 h (PANC 03.27) with

U9X) PANC 10.05 cells treated with 25 nM tram for 24 h with or without 10 mM

5 cells following treatment with 25 nM tram or DMSO (control) for 24 h and

rmed quantification of Mcl-1 normalized to tubulin and relative to non-CHX-

y axis) in cell numbers following infection of PANC 10.05 cells with shCNT or

al replicates, n = 3; *p < 0.05, unpaired t test). Western blots: levels of Mcl-1 in

24 h.

axis) in cell numbers in PANC 10.05 cells treated with DMSO, 25 nM tram, 3 mM

nical replicates, n = 3; ****p < 0.0001, unpaired t test). Western blots: levels of

(USP9Xi), or combo for 24 h.

G) were immunoprecipitated from PANC 10.05 lysates following treatment with

9X:Mcl-1 complexes.

knockout (sgBIM) cells treated with DMSO or 25 nM tram for 24 h.

lls following treatment with 25 nM tram for 48 h in IP samples and WCLs.

http://clinicaltrials.gov
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following combined treatment with S63845 and trametinib,

which peaked in approximately 16 h (compare Figures 5B–5D)

with a substantial reduction in the time to half-maximal caspase

induction (PANC 10.05, 3.8 h vs. 36.3 h; PANC 03.27, 4.1 h vs.

21.6 h; Figure S3E). The efficacy of this combination was further

confirmed in two additional PDAC lines, CAPAN2 and HPAC

(Figure S3F). Together, these results demonstrate that the dy-

namic increase in Mcl-1 levels in PDACs plays a critical role in

conferring resistance to MEK inhibitors. Considered from a

different perspective, these findings also show that, while

PDACs are not intrinsically dependent on Mcl-1, MEK inhibition

confers a potent Mcl-1 dependency, acutely sensitizing these

cells to Mcl-1 inhibitors. It should also be noted that this combi-

nation was effective in tumor cells that express one mutant

KRAS allele (PANC 10.05; Figures 5B, 5D and S3A), in cells

with one mutant KRAS allele and amplifications in RAF1 and

MAPK1 (PANC 03.27; Figures 5B–5D), and in those that harbor

two mutant alleles28 (HPAC; Figures 2H and S3F), which are

thought to represent a more aggressive subset because of

amplification of the RAS signal.29,30

We next evaluated S63845 and trametinib in patient-derived

PDAC organoids using methods established for therapeutic

testing.31 Importantly, this approach has been shown to be pre-

dictive of patient response to chemotherapeutic agents.31 As

observed in PDAC cell lines, trametinib also increased the

expression of Mcl-1, Bim, and, to a lesser extent, Bak in these

tumor organoids (Figure 5E). Moreover, S63845 potently sensi-

tized four independent PDAC organoid lines to trametinib (Fig-

ure 5F). The combined effect of these agents was synergistic

as determined by Gaddum’s (non-)interaction score (Figure 5G).

As observed in PDAC cell lines, these patient-derived organoids

were relatively insensitive to S63845 alone (Figure 5F). Together,

these findings suggest that combined MEK and Mcl-1 inhibitors

may be a viable therapeutic strategy for treating pancreatic

cancers, which would not have been predicted by genetic

MCL1 dependency data or by baseline Mcl-1 expression levels.

Transcriptional CDK inhibitors cooperate with
trametinib in PDACs by suppressing Mcl-1 transcription
Given that MEK suppression triggered such a strong depen-

dency on Mcl-1, we hypothesized that other agents that sup-
Figure 5. Mcl-1 inhibitors sensitize PDAC cells and patient-derived tum

(A) IP of Bim:Mcl-1 complexes following treatment with 25 nM tram alone or in co

(B) CC3/7 activation kinetics in PANC 10.05 and PANC 03.27 cells following treatm

percentage of nuclei that are co-positive for activated CC3/7 (mean ± SEM of 3–

(C) Top: crystal violet staining of PANC 03.27 cells treated with DMSO, 500 nM S

image is shown per condition. Numbers indicate absorbance values relative to DM

log2 fold change (left y axis) and percent change (right y axis) in cell numbers in PA

above (mean ± SD of technical replicates, n = 3; ****p < 0.0001, unpaired t test).

(D) CC3/7 activation kinetics in PANC 10.05 and PANC 03.27 cells following treat

tram or DMSO (control) for 48 h before time 0. The graphs depict the average per

biological replicates).

(E) Western blots showing changes in the levels of Bcl-2-family proteins in patien

(F) Tram dose-response curves of human-derived organoids treated with tram alo

and purple). The graphs depict the average change in luminescence relative to DM

combos, n = 3).

(G) Mean Gaddum’s non-interaction excess over highest single agent (HSA) syn

See also Figures S3A–S3F.
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press Mcl-1 expression, even via other mechanisms, might

also cooperate with MEK inhibitors in PDACs. Importantly, tran-

scriptional CDKs, such as CDK9 and, more recently, CDK7 and

CDK12, have been shown to critically regulate Mcl-1 transcrip-

tion by phosphorylating the C-terminal domain (CTD) of RNA po-

lymerase II (RNAPII).32,33 Accordingly, various CDK inhibitors

have been shown to inhibit Mcl-1 expression in AML and other

tumor types by suppressing RNAPII phosphorylation, preventing

its transcription.33–35 Therefore, we first investigated the effects

of THZ1, a covalent inhibitor of CDK7, CDK12, and CDK13.34

THZ1 alone potently reduced MCL1 transcript levels, and sup-

pression was maintained when combined with trametinib (Fig-

ure 6A). Accordingly, THZ1 alone progressively reduced baseline

Mcl-1 protein expression within 6–24 h, which mirrored the

kinetics of RNAPII dephosphorylation (Figure 6B, compare lanes

1, 6, and 9) and suppression of Mcl-1 mRNA (Figure 6A). More-

over, because THZ1 was so effective at suppressing Mcl-1 tran-

scription and, consequently, depleting Mcl-1 transcripts, THZ1

completely prevented the upregulation ofMcl-1 protein triggered

by trametinib (Figure 6B, compare lanes 1 and 8 with lane 10).

This was expected, given that Mcl-1 mRNA and, consequently,

protein were no longer being produced and therefore could not

be stabilized. Combined THZ1 and trametinib also potently

induced apoptosis (Figure 6C). Notably, these effects were not

due to an increase in USP9X expression, which does not change

in response to THZ1 (Figure S4A). Similar to trametinib/Mcl-1 in-

hibitor experiments, combined trametinib and THZ1 triggered a

progressive loss of PDAC cells over 7–10 days, as illustrated

by crystal violet cell staining (Figure 6D) and cell counting

(Figure S4B).

Nevertheless, because THZ1 can affect many transcripts that

could potentially contribute to this response, we assessed the

requirement for Mcl-1 suppression in mediating cell death in

response to trametinib and THZ1. Importantly, ectopic expres-

sion of FLAG-HA-MCL1 rescued cell death in response to

THZ1 and trametinib, indicating thatMcl-1 suppression is essen-

tial for the therapeutic effects of these agents (Figure 6E, right).

Of note, THZ1 did not affect the expression of this ectopic

construct (Figure 6E, left). Finally, because THZ1 inhibits

CDK7, CDK12, and CDK13, we also investigated the therapeutic

effects of trametinib and THZ531, which is more selective for
or organoids to MEK inhibitors

mbo with 500 nM S63845 for 48 h in PANC 10.05 cells. WCL, whole-cell lysate.

ent with 25 nM tram, 500 nMS63845, or combo. The graphs depict the average

4 biological replicates).

63845, 50 nM tram or tram + S63845 (combo) for 7 days. One representative

SO (mean ± SD, n = 3; ***p < 0.001, unpaired t test). Bottom: graph depicting

NC 03.27 cells treated for 9 days with the agents and concentrations indicated

ment with 25 nM tram, 500 nM S63845, or combo. Cells were pre-treated with

centage of nuclei that are co-positive for activated CC3/7 (mean ± SEM of 3–4

t-derived organoids following treatment with 50 nM tram for 48 h.

ne (red) and in combo with the indicated concentrations of S63845 (black, blue,

SO controls (mean ± SD; DMSO, n = 16; tram and S63845 alone, n = 2; all other

ergy scores for each organoid.
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Figure 6. The CDK7/12/13 inhibitor THZ1 cooperates with MEK inhibition to reduce Mcl-1 levels and cause apoptosis

(A) qPCR analysis of MCL1mRNA levels in PANC 10.05 cells treated with DMSO, 25 nM tram, 250 nM THZ1, or combo for 24 h. The graph depicts the average

change in MCL1 transcript normalized to UBC and relative to the DMSO control (mean ± SD of technical replicates, n = 3).

(B) Western blots showing levels of Mcl-1 and p-S5 and p-S7 RNAPII in PANC 10.05 cells treated with DMSO, 25 nM tram, 250 nM THZ1, or combo at the

indicated time points.

(C) CC3/7 activation kinetics in PANC 10.05 cells treated with 25 nM tram alone or in combo with 250 nM THZ1, pre-treated with tram or DMSO (control) for 48 h

before time 0. The graphs depict the average percentage of nuclei that are co-positive for activated CC3/7 (mean ± SD of technical replicates, n = 3).

(D) Crystal violet staining of PANC 03.27 cells treated with DMSO, 100 nM THZ1, 50 nM tram, or THZ1 + tram (combo) for 7 days. One representative image is

shown per condition. Numbers indicate absorbance values relative to DMSO (mean ± SD, n = 3; ****p < 0.0001, unpaired t test).

(E) Western blots: exogenous Mcl-1 levels in PANC 10.05 cells expressing FLAG-HA-tagged GFP (FHA-GFP; control) or FHA-MCL1 under DMSO and THZ1-

treated conditions. Graph: average fold change (left y axis) and percent change (right y axis) in the number of PANC 10.05 cells expressing FHA-GFP or FHA-

MCL1 after 24 h of treatment relative to time 0 (T0). Cells were pre-treated with DMSO or tram for 48 h (mean of biological replicates ± SD; DMSO, n = 4;

tram and tram + THZ1, n = 5; ****p < 0.0001, ANOVA followed by Tukey’s multiple-comparisons test).

See also Figures S4A–S4D.
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CDK12 and CDK13.36 Interestingly, THZ531 similarly prevented

Mcl-1 upregulation in response to MEK inhibition (Figure S4C),

and together these agents triggered apoptosis (Figure 4D) and

a cooperative loss of cells over time (Figure S4E). These results

suggest that the highly related CDK12 and CDK13 are particu-

larly critical for Mcl-1 expression in PDACs and that these agents

may represent alternative therapeutic agents that could be used

in this context.

Co-suppression of MEK and Mcl-1 via distinct
therapeutic strategies induces tumor regression in vivo

Finally, we investigated the therapeutic response to these

distinct drug combinations in vivo. First, the effects of trametinib

alone or combined with THZ1were evaluated in PANC 03.27 and

CAPAN2 xenografts. THZ1 treatment alone had a minimal effect

on the growth of the majority of tumors in both models
(Figures 7A and 7B). Trametinib alone also exerted little effect

in PANC 03.27 tumors and cytostatic or modest responses in

CAPAN2 tumors (Figures 7A and 7B). However, tumors dramat-

ically regressed in response to the THZ1/trametinib combina-

tion. Pharmacodynamic analysis confirmed that MEK inhibitors

induced an accumulation of Mcl-1 within 48 h in vivo, which

was prevented by co-treatment with TZH1 (Figure 7C). Notably,

only combined trametinib and THZ1 induced massive cell death,

as depicted by wide-spread cell debris and cleaved caspase-3

(CC3) staining in just 3 days (Figure 7D).

Next, we evaluated these agents in a human PDX model from

an individual who relapsed after standard chemotherapy (PCA

41). While trametinib or THZ1 each slowed the growth of these

tumors, combined THZ1/trametinib treatment was significantly

more potent than either agent alone (Figure 7E, left; p < 0.01).

At first glance, these effects appeared to be cytostatic; however,
Cell Reports Medicine 4, 101007, April 18, 2023 11
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Figure 7. Mcl-1 inhibition cooperates with MEK inhibition in vivo

(A and B) Waterfall (left) and tumor volume over time (right) plots depicting the log2 fold change (left y axis) and corresponding percent change (right y axis) in

PANC 03.27 and CAPAN2 xenograft models. Waterfall plots indicate tumor volume on days 21 and 31 of treatment (when all animals were still alive), respectively.

Each bar represents an individual tumor (PANC 03.27: vehicle, n = 5; THZ1, n = 8; tram, n = 7; combo, n = 9; CAPAN2: vehicle, n = 8; THZ1, n = 9; tram and combo,

n = 10; **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann-Whitney test).

(C) Western blots showing Mcl-1 and p-ERK levels in CAPAN2 xenograft tumors after 2 days of treatment.

(legend continued on next page)
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histological analysis revealed a remarkable loss of themajority of

viable cells and extensive cellular debris in combination-treated

tumors (Figure 7E, right). These findings suggest that caliper-

based tumor volume measurements underestimate the effect

of these agents in this model and demonstrate that THZ1 and

trametinib also induce massive cell death in human PDX tumors.

Finally, we evaluated the effects of trametinib and THZ1 in a

genetically engineered mouse model (GEMM) harboring condi-

tional mutations in KRAS and p53 (Pdx1-Cre; LSL-KrasG12D/+;

LSL-Trp53R172H/+, referred to as the KPC model).37 Importantly,

this model mimics all stages of PDAC development, including

metastasis. MEK inhibitors have been shown to be ineffective

in this model in multiple studies,38–40 and we found that THZ1

was similarly ineffective (Figure 7F). Nevertheless, together

THZ1 and trametinib significantly prolonged survival in this

aggressive model (log rank test, p = 0.05).

Direct Mcl-1 inhibitors were also evaluated in the presence

and absence of MEK inhibitors in vivo. Human xenografts were

exclusively used for these studies because Mcl-1 inhibitors do

not effectively bind and inhibit mouse Mcl-1 protein.20,41,42

Notably, we found that S63845 promotedmassive tumor regres-

sion in CAPAN2 xenografts, but only when combinedwith trame-

tinib (Figure 7G). A dramatic induction of CC3 within 72 h and a

loss of viable cells was further demonstrated by immunohisto-

chemical analysis (Figure 7H). Tumor regression was confirmed

using a second structurally distinct Mcl-1 inhibitor, AMG-176,

and a second model (PANC 03.27; Figure 7I). However, in this

setting, animals were pre-treated with trametinib prior to the

addition of AMG-176, suggesting that delayed or perhaps inter-

mittent dosing of Mcl-1 inhibitors may represent a viable strat-

egy. Notably, while all of these drug combinations were well

tolerated in mice, potential toxicities in humans could be mini-

mized with this type of approach. Regardless, these studies

have identified two distinct therapeutic combinations that effec-

tively kill these deadlymalignancies and highlight the importance

of deconstructing adaptive pathways to single agents in cancer

so that we may develop rational combination therapies.

DISCUSSION

Clinical responses to MEK inhibitors were first observed in

BRAF-mutant melanomas.43 Unfortunately, however, clinical tri-

als evaluating MEK inhibitors in KRAS-mutant malignancies,

including pancreatic cancers, have been largely disap-

pointing.5,6 Therefore, understanding why these tumors are
(D) CC3 staining in tumor sections after 3 days of treatment. 103 (top) and 203

(E) Left: percent change in tumor volume over time in a PDX model (PCA 41) treat

Mann-Whitney test. Right: representative H&E images of vehicle- and combo-tre

shown for each representative tumor. Scale bars: *2 mm and **1 mm (top), 200 m

(F) Kaplan-Meier survival curves of KPC GEMM mice treated with THZ1 (n = 6), tr

0.05; log rank test.

(G) Waterfall (left) and tumor volume over time (right) plots depicting the log2 fold

xenografts treated with vehicle (n = 8), tram (n = 8), SC63845 (n = 8), and combo

(H) CC3 staining in tumor sections after 3 days of treatment. 103 (top) and 203

(I) Waterfall plot depicting the log2 fold change (left y axis) and corresponding p

following treatment with vehicle, AMG-176, tram, or AMG-176 + tram. Mice were t

and AMG-176 + tram), followed by 6 days of treatment with vehicle, AMG-176, tram

tram tumors are day 10 measurements of tumors shown in (A) (vehicle, n = 6; tram
innately resistant to these agents is essential for developing

effective combinatorial therapeutic strategies. Here we describe

a critical adaptive response in PDACs that underlies innate resis-

tance to MEK inhibitors. Specifically, we found that MEK inhibi-

tors cause a dramatic upregulation of the anti-apoptotic protein

Mcl-1 by acutely enhancing its stability. Mcl-1 can then bind Bim,

thus protecting cells from apoptosis. Accordingly, genetic or

chemical inhibition of Mcl-1 prevents this protective response

and triggers cell death when combined with MEK inhibitors in

PDAC cell lines, human tumor organoids, and multiple in vivo

models. Moreover, we report that direct Mcl-1 inhibitors, as

well as CDK inhibitors that block Mcl-1 expression at the level

of transcription, cooperate with MEK inhibitors to cause dra-

matic tumor regression in vivo, thus revealing two combinatorial

strategies for these currently refractory malignancies. Based on

the canonical positive relationship between the RAS pathway

and Mcl-1 in normal cells, these findings were unexpected. In

fact, this positive regulation of Mcl-1 by the RAS pathway has

been coopted for therapeutic benefit in pre-clinical drug combi-

nation studies in AML, papillary thyroid cancer, prostate cancer,

and colorectal cancer through the use of MEK, RTK, and mTOR

inhibitors, which cooperatively reduced Mcl-1 expression in

these settings.16,17,23,44 Nevertheless, in PDACs we observe

the opposite response: the Mcl-1 protein is dramatically stabi-

lized by MEK inhibitors.

While MEK- and Bcl-2-family inhibitors have been shown to

cooperate in other tumor types, themechanistic basis for this co-

operativity is not known.20–22 Here we show that the acute

increase in Mcl-1 stability is mediated by USP9X, which dynam-

ically associates with Mcl-1 in response to trametinib. USP9X is

known to deubiquitinate Mcl-1, but nothing is known about how

it may be regulated. In fact, MEK inhibitors have been explicitly

reported to have no effect on the Mcl-1:USP9X interaction in

HEK293T cells, perhaps because of cell type and/or other exper-

imental differences.25 We hypothesized that this interaction

might be controlled by Mcl-1 phosphorylation, but we did not

detect any changes in Mcl-1 at known phosphorylation sites,

and gain- and loss-of-function phosphorylation mutants were

not informative. Therefore, we speculate that complex formation

may be regulated by Mcl-1 phosphorylation/dephosphorylation

at (a) unique site(s) or through post-translational modification

of USP9X or may be affected by an unknown component, which

can be investigated in future studies. Regardless, the findings

described here have uncovered a dynamic adaptive mechanism

that underlies resistance to Ras pathway suppression in PDACs
(bottom) magnification; scale bars, 200 mm and 50 mm, respectively.

ed with vehicle (n = 8), THZ1 (n = 8), tram (n = 7), and combo (n = 8); **p < 0.01,

ated tumors at the conclusion of the study (28 days). Two magnifications are

m (bottom).

am (n = 6), and combo (n = 4). THZ1 vs. combo, p = 0.03; tram vs. combo, p =

change (left y axis) and corresponding percent change (right y axis) in CAPAN2

(n = 9); p < 0.05, ***p < 0.001, Mann-Whitney test.

(bottom) magnification; scale bars, 200 mm and 50 mm, respectively.

ercent change (right y axis) in PANC 03.27 xenograft tumor volume on day 10

reated for 4 days with vehicle (for vehicle and AMG-176 alone) or tram (for tram

, or AMG-176 + tram. Each bar represents an individual tumor and vehicle, and

, n = 7; AMG-176 and AMG-176 + tram, n = 8; ***p < 0.001, Mann-Whitney test).
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and has led to the identification of several therapeutic targets

(Mcl-1, USP9X, and CDKs) in this deadly disease.

Several Mcl-1 specific inhibitors have been developed

and are in early-stage clinical trials20,42 (clinicaltrials.gov; Clin-

icalTrials.gov: NCT02992483, NCT04629443, NCT02979366,

NCT03672695, NCT04837677, NCT05107856, and NCT0267

5452). While these agents are primarily being evaluated in

hematopoietic tumors at this time, the observation that

Mcl-1 inhibitors are effective when combined with approved

MEK inhibitors in multiple pre-clinical models of PDAC makes

this finding highly translatable. Recently, a combination

comprised of trametinib and chloroquine was shown to exhibit

promising activity in PDAC models, which directly led to the

development of an ongoing clinical trial.45 Importantly, like tra-

metinib and chloroquine, all of the drug combinations

described in the current study also triggered robust tumor

regression and cell death in multiple in vivo models. Therefore,

these findings have identified two additional promising thera-

peutic strategies that can be evaluated in clinical trials, which

may ultimately improve the current poor prognosis of individ-

uals with PDAC.

Of course, potential toxicities are always of concern, espe-

cially in the context of drug combinations. However, using a

MEK inhibitor pre-treatment strategy, we have shown that

MEK inhibitors sensitize/prime PDAC cells and tumors to Mcl-1

inhibition, resulting in more rapid induction of apoptosis

following treatment with S63845. These findings make mecha-

nistic sense because MEK inhibitor pre-treatment results in the

accumulation of Mcl-1 protein and Mcl-1:Bim complexes, which

are then rapidly freed to initiate apoptosis following exposure to

S63845. They also suggest a possible dosing strategy where pa-

tients could be treated continuously with MEK inhibitor with

intermittent dosing of anMcl-1 inhibitor, which could limit poten-

tial toxicities associated with prolonged combined exposure to

Mcl-1 and MEK inhibitors.

Finally, we found that THZ1, a CDK7/12/13 inhibitor, potently

cooperates with MEK inhibitors to suppress Mcl-1 expression,

trigger apoptosis, and cause tumor regression in vivo. While the

importance of CDK9 in regulating Mcl-1 transcription in AML

hasbeenestablished,33weexploited this insightandhere showed

that otherCDKs, in particular CDK12andCDK13, are essential for

maintaining Mcl-1 expression in PDACs. Importantly, selective

CDK12/13 inhibitors have been developed recently,36 thus

providing additional potential therapeutic combinations.

Altogether, these findings uncover a critical adaptive mecha-

nism that underlies the innate resistance of PDACs toMEK inhib-

itors, resulting in an inducible therapeutic dependency, and have

revealed distinct combinatorial strategies that can be used to

overcome resistance and drive tumor regression.

Limitations of the study
In this study, we show that the Mcl-1 protein is stabilized in

response to MEK inhibition, but when combined, MEK and

Mcl-1 inhibitors kill 4 pancreatic cell lines and 4 pancreatic orga-

noids and induce the regression of xenografts in vivo. In addition,

combined MEK and CDK inhibitors are similarly effective in vitro

and in additional models in vivo (xenografts, a human PDX, and

the KPC GEMM). However, it is possible that not all pancreatic
14 Cell Reports Medicine 4, 101007, April 18, 2023
cancers will be sensitive to this combination and that expanding

the study to additional models could reveal a subset whereMcl-1

upregulation does not mediate survival and/or does not occur.

Indeed, additional experiments are required to elucidate the pre-

cise molecular mechanism by which MEK inhibition triggers the

association between Mcl-1 and USP9X and to understand why

this occurs in pancreatic cancer. In addition, while our studies

identify USP9X as a potential therapeutic target in PDAC, the

development of more specific USP9X inhibitors is warranted.

Finally, while we have shown that combined MEK/Mcl-1 and

MEK/CDK7, CDK12, and CDK13 inhibition is not toxic in mice,

the tolerability of these therapeutic strategies in humans can

only be evaluated in clinical trials.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Mcl-1 Cell Signaling Technology Cat#5453; RRID: AB_10694494

Anti-Mcl-1 Cell Signaling Technology Cat#94296; RRID: AB_2722740

Anti-Mcl-1 Santa Cruz Biotechnology Cat#sc-819; RRID: AB_2144105

Anti-Mcl-1 Santa Cruz Biotechnology Cat#sc-12756; RRID: AB_627915

Anti-Mcl-1 Abcam Cat#ab32087; RRID: AB_776245

Anti-Bcl-xL Cell Signaling Technology Cat#2762; RRID: AB_10694844

Anti-Bcl-xL Cell Signaling Technology Cat#2764; RRID: AB_2228008

Anti-BIM Cell Signaling Technology Cat#2819; RRID: AB_10692515

Anti-Bcl-2 Cell Signaling Technology Cat#2872; RRID: AB_10693462

Anti-Bak Cell Signaling Technology Cat#12105; RRID: AB_2716685

Anti-Bax Cell Signaling Technology Cat#2772; RRID: AB_10695870

Anti-phospho-ERK Cell Signaling Technology Cat#4370; RRID: AB_2315112

Anti-ERK Cell Signaling Technology Cat#9102; RRID: AB_330744

Anti-vinculin Cell Signaling Technology Cat#4650; RRID: AB_10559207

Anti-phospho-AKT Cell Signaling Technology Cat#4060; RRID: AB_2315049

Anti-AKT Cell Signaling Technology Cat#9272; RRID: AB_329827

Anti-phospho-S6 ribosomal protein Cell Signaling Technology Cat#2215; RRID: AB_331682

Anti-S6 ribosomal protein Cell Signaling Technology Cat#2217; RRID: AB_331355

Anti-phospho-p70 S6 kinase Cell Signaling Technology Cat#9205; RRID: AB_330944

Anti-p70 S6 kinase Cell Signaling Technology Cat#9202; RRID: AB_331676

Anti-USP9X Cell Signaling Technology Cat#14898; RRID: AB_2798640

Anti-USP9X Abnova Cat#H00008339-M01; RRID: AB_549092

Anti-phospho-S2 CTD Pol II EMD Millipore Cat#04–1571; RRID: AB_10627998

Anti-phospho-S5 CTD Pol II EMD Millipore Cat#04–1572; RRID: AB_10615822

Anti-phospho-S7 CTD Pol II EMD Millipore Cat#04–1570; RRID: AB_10618152

Anti-RNA Pol II Abcam Cat#ab817; RRID: AB_306327

Anti-alpha-tubulin Sigma-Aldrich Cat#T5168; RRID: AB_477579

Normal rabbit IgG EMD Millipore Cat#12–370: RRID: AB_145841

Normal mouse IgG EMD Millipore Cat#12–371: RRID: AB_145840

Anti-cleaved caspase 3 Cell Signaling Technology Cat#9664; RRID: AB_2070042

Bacterial and virus strains

cDNA, shRNA and sgRNA constructs were packed

into VSV-G typed lentiviral particles in 293T cells

using second generation packaging constructs

N/A N/A

Incucyte Nuclight Red Lentivirus (EF1a, Puro) Sartorius Cat#4625

Biological samples

PCA 41; human PDAC DFCI N/A

Chemicals, peptides, and recombinant proteins

GSK1120212 (Trametinib, MEKi) for in vitro Selleck Chemicals Cat#S2673; CAS#871700-17-3

GSK1120212 (Trametinib, MEki) for in vivo LC Laboratories Cat#T-8123; CAS#871700-17-3

MK2206 (AKTi) Selleck Chemicals Cat#S1078; CAS#1032350-13-2

AZD2014 (mTORi) Selleck Chemicals Cat#S2783; CAS#1009298-59-2

S63845 (Mcl-1i) ChemieTek Cat#CT-S63845; CAS#1799633-27-4

(Continued on next page)
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AMG-176 (Mcl-1i) ChemieTek Cat#CT-AMG176; CAS#1883727-34-1

EOAI3402143 (USP9Xi) Selleck Chemicals Cat#S6877; CAS#1699750-95-2

MG132 Millipore Sigma Cat#474790; CAS#133407-82-6

Cycloheximide Sigma-Aldrich Cat#C7698; CAS#66-81-9

THZ1 MedChem Express Cat#HY-80013; CAS#1604810-83-4

THZ531 Gift from Nathanael Gray N/A

Staurosporine Sigma-Aldrich Cat#S5921; CAS#62996-74-1

Etoposide Sigma-Aldrich Cat#341205; CAS#33419-42-0

Critical commercial assays

Incucyte Nuclight Rapid Red Dye Sartorius Cat#4717

Cell Event Caspase-3/7 Green Detection Reagent Invitrogen Cat#C10423

CellTiter-Glo 3D Cell Viability Assay Promega Cat#PRG9681

Lipofectamine RNAiMAX Transfection Reagent Invitrogen Cat#13778150

x-TremeGENE 9 DNA Transfection Reagent Roche Cat#6365787001

RNeasy Plus Mini Kit Qiagen Cat#74136

qScript cDNA synthesis Kit QuantaBio Cat#95047-500

PerfeCTa SYBR Green Super-Mix Reagent QuantaBio Cat#95054-500

cOmplete Mini EDTA-free Protease Inhibitor Cocktail Roche Cat#11836170001

PhosSTOP phosphatase inhibitor tables Roche Cat#4906837001

BCA Protein Assay Kit Pierce Cat#23225

Anti-HA magnetic beads Pierce Cat#88836

Protein A magnetic beads Pierce Cat#88846

Protein G magnetic beads Pierce Cat#88847

Experimental models: Cell lines

CAPAN2 ATCC Cat#HTB-80; RRID: CVCL_0026

PANC 10.05 ATCC Cat#CRL-2547; RRID: CVCL_1639

PANC 03.27 ATCC Cat#CRL-2549; RRID: CVCL_1635

HPAC ATCC Cat#CRL-2119; RRID: CVCL_3517

hTERT-HPNE (HPNE) Gift from Steve Elledge RRID: CVCL_C466

HPD Abigail Miller Furukawa et al.27

IMR-90 ATCC Cat#CCL-186; RRID: CVCL_0347

BJ ATCC Cat#CRL-2522; RRID: CVCL_3653

MCF10A Gift from Jayanta Debnath Cat#CRL-10317; RRID: CVCL_0598

RPE-1 Clontech no longer available

HEKa ATCC PCS-200-011

Experimental models: Organisms/strains

Mouse: Nu/Nu laboratory mice for cell line-

and patient-derived xenograft models

Charles River Laboratories RRID:IMSR_CRL:088

Mouse: Pdx1-Cre; LSL-KrasG12D/+;

LSL-Trp53R172H/+ (GEMM KPC model)

Hingorani et al.37 N/A

Oligonucleotides

ON-TARGETplus SMARTpool Human MCL1 siRNA Horizon Discovery (Dharmacon) Cat#L004501-00-0005

ON-TARGETplus Non-targeting Control Pool Horizon Discovery (Dharmacon) Cat#D-001810-10-50

ON-TARGETplus SMARTpool Human USP9X siRNA Horizon Discovery (Dharmacon) Cat#L-006099-00-0005

MCL1 Forward: 50-GAAAGCTGCATCGAACCATTAG-30 Invitrogen N/A

MCL1 Reverse: 50- AGAACTCCACAAACCCATCC-30 Invitrogen N/A

UBC Forward: 50- ATTTGGGTCGCGGTTCTTG-30 Invitrogen N/A

UBC Reverse: 50- TGCCTTGACATTCTCGATGGT-30 Invitrogen N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

N-HA-FLAG-pHAGE-GFP-Puro Gift from Wade Harper N/A

N-HA-FLAG-pHAGE-MCL1-Puro MCL1 was cloned into the

backbone provided by Wade Harper

pDONR221 MCL1 Cat#HsCD00042645

pRK5-HA-Ubiquitin-WT Gift from Ted Dawson RRID: Addgene_17608

pLKO.1-shCtrl-Puro

Target sequence: 50-CCTAAGGTTAA

GTCGCCCTCG-30

Addgene RRID: Addgene_136035

pLKO.1-shUSP9X_1-Puro

Target sequence: 50-GAGAGTTTATTCACTGTCTTA-30
Sigma-Aldrich TRCN0000007361

pLKO.1-shUSP9X_2-Puro

Target sequence: 5-CGCCTGATTCTTCCAATGAAA-30
Sigma-Aldrich TRCN0000007364

pLKO.1-shUSP9X_3-Puro

Target sequence: 50-CACCTCAAACCAAGGATCAA-30
Sigma-Aldrich TRCN0000011091

pLKO.1-shMCL1-Puro

Target sequence: 50-GCCTAGTTTATCACCAATAAT-30
Sigma-Aldrich TRCN0000196390

LV05 U6-sgCtrl:EF1-Cas9+FLAG-2A-Puro

Target sequence: 50-CGCGATAGCGCGAATATATT-30
Sigma-Aldrich Clone ID#NegativeControl1

LV05 U6-sgBIM:EF1-Cas9+FLAG-2A-Puro

Target sequence: 50-CTGCAATTGTCTACCTTCT-30
Sigma-Aldrich Clone ID#HSPD0000059472

LV05 U6-sgMCL1:EF1-Cas9+FLAG-2A-Puro

Target sequence: 50-GGACCTCGGCGCCAATGGG-30
Sigma-Aldrich CloneID# HSPD0000025257

Software and algorithms

GraphPad Prism v9.2.0 GraphPad RRID: SCR_002798

Incucyte S3 Software v2021A Sartorius RRID: SCR_019874

Cancer Dependency Map Portal (DepMap)

(https://depmap.org/portal/gene/MCL1?tab=

dependency&dependency=Chronos_Combined)

Broad Institute RRID: SCR_017655

ImageJ Software v1.5a ImageJ RRID:SCR_003070

SynergyFinder University of Helsinki RRID:SCR_019318
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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, Karen

Cichowski (kcichowski@bwh.harvard.edu).

Materials availability
All unique reagents generated in this study are available from the lead contact and may require a completed Materials Transfer

Agreement.

Data and code availability
d This paper analyzes existing CRISPR (DepMap 22Q2 Public+Score, Chronos) data, publicly accessible through the Broad Insti-

tute at depmap.org.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human specimens
Patient-derived organoid cultures were initiated and maintained as previously described31,46,47 from tumor biopsies obtained from

patients receiving care at Dana-Farber Cancer Institute and the Brigham and Women’s Hospital. Investigators obtained written,
Cell Reports Medicine 4, 101007, April 18, 2023 e3

mailto:kcichowski@bwh.harvard.edu
http://depmap.org
https://depmap.org/portal/gene/MCL1?tab=dependency&amp;dependency=Chronos_Combined
https://depmap.org/portal/gene/MCL1?tab=dependency&amp;dependency=Chronos_Combined


Please cite this article in press as: Perurena et al., USP9X mediates an acute adaptive response to MAPK suppression in pancreatic cancer but creates
multiple actionable therapeutic vulnerabilities, Cell Reports Medicine (2023), https://doi.org/10.1016/j.xcrm.2023.101007

Article
ll

OPEN ACCESS
informed consent from patients at least 18 years old and diagnosed with pancreatic cancer for Dana-Farber/Harvard Cancer Center

Institutional Review Board (IRB)-approved protocols 11-104, 17-000, 03-189, and/or 14-408 for tissue collection, molecular analysis,

and organoid generation. Organoids used in this manuscript were derived from metastatic specimens from three female and one

male patient and were collected after patients had been treated and progressed on at least one chemotherapy regimen. PCA 41

PDX tumors were generated from a 60-year-old male, with no previous treatments, at Dana-Farber Cancer Institute from IRB-

approved protocol 03-189 and written informed patient consent. More information is listed below in method details.

Animals
Cell line-derived xenograft experiments and the PDX experiment were approved by the Center for Animal and Comparative Medicine

at Brigham and Women’s Hospital and by Dana-Farber Cancer Institute, respectively, in accordance with the NIH Guidelines for the

Care and Use of Laboratory Animals and the Animal Welfare Act. These experiments were performed in female athymic Nu/Nu mice

6-8 weeks old purchased from Charles Laboratories. The experiment with KPC GEMM mice (Pdx1-Cre; LSL-KrasG12D/+; LSL-

Trp53R172H/+)37 was performed at The Beatson Institute for Cancer Research (UK). Mice on a mixed background were bred in-house

and maintained in conventional caging with environmental enrichment, access to standard chow and water ad libitum. Mice of both

sexes were recruited onto study. All experiments were performed in accordance with UK Home Office regulations (under project

licence 70/8375), with approval from the University of Glasgow Animal Welfare and Ethical Review Board and adhered to ARRIVE

guidelines. More information is listed below in method details.

Cell lines
CAPAN2, PANC 10.05, PANC 03.27, HPAC, IMR-90, BJ and HEKa (primary epidermal keratinocytes, adult) cell lines were purchased

from ATCC. RPE-1 cells were purchased from Clontech. hTERT-HPNE (HPNE) cells were provided by Dr. Steve Elledge. MCF10A

cells were provided by Dr. Jayanta Debnath. HPD cells27 were provided by Dr. Abigail Miller. PANC 10.05 and PANC 03.27 cells

were grown in RPMI supplemented with 10% FBS, Penicillin-Streptomycin and L-glutamine. CAPAN2 cells were grown in McCoy’s

5A supplemented with 10% FBS, Penicillin-Streptomycin and L-glutamine. HPAC, HPD and RPE-1 cells were grown in DMEM sup-

plemented with 10% FBS, Penicillin-Streptomycin and L-glutamine. IMR-90 and BJ cells were grown in EMEM supplemented with

10% FBS, Penicillin-Streptomycin and L-glutamine. HPNE cells were grown in 75%DMEM and 25%M3 Base Medium (Incell Corp.,

#M300F) supplemented with 10% FBS, Penicillin-Streptomycin and L-glutamine. MCF10A cells were grown in DMEM/F12

supplemented with 5% horse serum, Penicillin-Streptomycin, 20 ng/ml EGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin

and 10 mg/ml insulin. HEKa cells were grown in Dermal Cell Basal Medium (ATCC, #50-189-650FP) supplemented with a keratinocyte

growth kit (ATCC, #50-189-651FP). All cell lines were grown at 37�C and 5% CO2.

METHOD DETAILS

Drugs
Trametinib (in vitro), MK2206, AZD2014 and EOAI3402143 were purchased from Selleck Chemicals. Trametinib used for in vivo ex-

periments was purchased from LC Laboratories. S63845 and AMG-176 were purchased fromChemietek. MG132 was used at a final

concentration of 10 mMwhere indicated and was purchased fromMillipore (#474790). Cycloheximide was used at a final concentra-

tion of 25 mg/ml where indicated and was purchased from Sigma (#C7698). THZ1 was purchased from MedChemExpress. THZ531

was provided by Dr. Nathanael Gray. Drug concentrations are specified in each figure.

Incucyte analysis of caspase activation and cell counts
Cells were seeded at 3,000-5,000 cells/well in 96-well clear bottom black plates (ThermoScientific, #165305). Nuclei were labeled by

either stably expressing Incucyte Nuclight Red (Sartorius, #4625) or by transient labeling with Incucyte Nuclight Rapid Red Reagent

(Sartorius, #4717). 24 hours after seeding (time zero) media was replaced with media containing the indicated compounds and

CellEvent Caspase-3/7 Green Detection Reagent (Invitrogen, #C10423) at a final dilution of 1:1000 to detect caspase-3/7-mediated

cleavage and activation. Staurosporine (Sigma, #S5921) and etoposide (Sigma, #341205) were used as positive controls. Four im-

ages per well were acquired at 10X in phase, green (300 ms acquisition time), and red (400 ms acquisition time) channels every 2-4

hours using an Incucyte S3 imager. Instrument set-up for image acquisition and image analysis was performed using Incucyte S3

software (v2021A). To determine the percentage of caspase-3/7+ cells, overlap (red and green) counts/well were normalized to

red counts/well at each timepoint. To calculate changes in cell number, for each well red counts/well at each timepoint were normal-

ized to time zero red counts in that well. For long-term assays in Figure S3C, noCellEvent Caspase-3/7 Green Detection Reagent was

added and media with drugs was replaced every 3-4 days.

Cell counting data
Cells were plated at 1.0-1.5x105 cells/well in 6-well plates in technical triplicates (one triplicate per treatment arm per time point and

an additional triplicate to obtain day 0 counts). 24 hours after seeding (day 0) cells (one triplicate) were trypsinized, spun down and

manually counted in a hemocytometer. Immediately after, indicated compounds were added to the remaining triplicates by replacing

media. At day 3 (in log2 fold change bar graphs) or at day 3, 6 and 9 (log2 fold change over time graphs) cells were trypsinized, spun
e4 Cell Reports Medicine 4, 101007, April 18, 2023
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down and manually counted in a hemocytometer. Final cell counts at each time point were normalized to day 0 counts to determine

the change in cell number over the experiment and log2 transformed for graphical representation.

Crystal violet staining assays
Cells were seeded at 50,000-150,000 cells/well in 12-well plates. Next day, media was replaced with fresh media containing the indi-

cated drugs. Media + drugs were replaced at day 3 or 4. At day 7, cells were washed twice with PBS, fixed in 10% formalin diluted 1:2

in PBS for 15min and stainedwith 0.02%crystal violet for 30min – 2 h. Stainedwells werewashedwith deionizedwater and scanned.

For quantification, crystal violet in each replicate was solubilized in 20%acetic acid. Absorbance of diluted samples wasmeasured at

570 nm and normalized to DMSO.

In vitro pre-treatment experiments
For trametinib pre-treatment experiments, 24 h after seeding, cells were treated with DMSO (control) or trametinib for 48 h. At that

point (time 0), media in DMSO-treated wells was replacedwithmedia containing DMSO or THZ1 (or S63845) andmedia in trametinib-

treated wells was replaced with media containing trametinib or trametinib + THZ1 (or S63845).

Transfections and infections
siMCL1 (#L004501-00-0005), siUSP9X (L-006099-00-0005) and non-targeting siRNA (#D-001810-10-50) ON-TARGETplus smart

pools were purchased from Dharmacon. Cells were transfected for 6 hours in antibiotic free media with 50 nM siRNA, in the presence

of Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, #13778150) at 1:400 dilution. PLKO.1 shRNA plasmids with the

following target sequences were purchased from Sigma: shUSP9X_1 TRCN0000007361 (50-GAGAGTTTATTCACTGTCTTA-30),
shUSP9X_2 TRCN0000007364 (50- CGCCTGATTCTTCCAATGAAA-30), shUSP9X_3 TRCN0000011091 (50- CACCTCAAACCAAGG

ATCAA-30) and shMCL1 TRCN0000196390 (50-GCCTAGTTTATCACCAATAAT-30). A control shRNA (shCNT) was purchased from

Addgene (50-CCTAAGGTTAAGTCGCCCTCG-30). CRISPR LV05 U6-sgRNA:EF1-Cas9+FLAG-2A-Puro guides with the following

target sequences were purchased from Sigma-Aldrich: sgCtrl (Clone NegativeControl1, 50-CGCGATAGCGCGAATATATT-30),
sgMCL1 (Clone HSPD0000025257, 50-GGACCTCGGCGCCAATGGG-30) and sgBIM (Clone HSPD0000059472, 50- CTGCAA

TTGTCTACCTTCT-30). Lentivirus was produced in 293T cells using x-TremeGENE 9 DNA Transfection Reagent (Roche,

#6365787001) and collected 48 hours after transfection. Cells were infected for 16 hours with virus at 1:4 dilution in the presence

of 8 mg/ml polybrene. Cells were recovered from infection for 24 hours and selected in 1-2 mg/ml puromycin for 3-4 days. pRK5-

HA-Ubiquitin-WT was a gift from Ted Dawson (RRID: Addgene_17608). For HA-Ub IPs, cells seeded in 15-cm plates were trans-

fected with 18 mg of the plasmid with x-TremeGENE 9 DNA Transfection Reagent (Roche, #6365787001) for 6 hours.

RNA extraction and quantitative PCR
Total RNA was isolated with RNeasy Plus Mini kit (Qiagen, #74136) and retrotranscribed with qScript cDNA synthesis kit (QuantaBio,

#95047-500), following manufacturer’s instructions. PerfeCTa SYBR Green SuperMix Reagent (QuantaBio, #95054-500) was used

for quantitative PCR amplification and reactions were run on a Bio-RadCFX96 cycler in technical triplicates. mRNA levels were deter-

mined based on a standard curve for each primer set. The following are the primer sequences used for amplification: MCL1 For:

50-GAAAGCTGCATCGAACCATTAG-30; MCL1 Rev: 50-AGAACTCCACAAACCCATCC-30; UBC For: 50-ATTTGGGTCGCGGTTC

TTG-30; UBC Rev: 50-TGCCTTGACATTCTCGATGGT-30.

Western blotting
Cells were lysed by scraping in boiling 1% SDS lysis buffer (10 mM Tris pH 7.5, 100 mM NaCl, 1% SDS), immediately boiled for 10

minutes, and frozen at -20�C. Tumorswere collected in dry ice, crushed, syringed in boiling 1%SDS lysis buffer and boiled for 10min.

Protein concentrations were measured using BCA Protein Assay (Pierce, #23225). 15-30 mg of protein per condition were loaded into

SDS-PAGE polyacrylamide gels and transferred onto PVDF membranes (Millipore, #IPVH00010). Membranes were blocked for 30-

60 min in 5% milk in TBST buffer and incubated with primary antibodies overnight at 4�C. The following antibodies were used for

detection: antibodies against Mcl-1 (#5453, #94296), Bcl-xL (#2762 and #2764), Bim (#2819), Bak (#12105), Bax (#2772), p-ERK

(#4370), ERK (#9102), Vinculin (#4650), p-AKT (#4060), AKT (#9272), p-S6 ribosomal protein (#2215), S6 ribosomal protein

(#2217), p-p70 S6 kinase (#9205), p70 S6 kinase (#9202), Bcl-2 (#2872) and USP9X (#14898) were purchased from Cell Signaling

Technology. Antibodies against Mcl-1 (#ab32087) and total RNA Pol II (#ab817) were purchased from Abcam. Antibodies against

p-S2 CTD Pol II (#04-1571), p-S5 CTD Pol II (#04-1572), and p-S7 CTD Pol II (#1570) were purchased from EMD Millipore. Antibody

against alpha-Tubulin (#T5168) was purchased from Sigma.

Cycloheximide degradation assay
Cells were pre-treated with DMSO (control) or trametinib for up to 48 hours. At intervals up to 120minutes prior to lysis cycloheximide

was added to cells at a final concentration of 25 mg/ml to block translation. Levels of Mcl-1 and loading control were determined by

western blot and Mcl-1 levels were quantified and normalized to loading control using ImageJ Software (v1.5a). Normalized Mcl-1

levels were natural log transformed to linearize the data.
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Immunoprecipitation of Mcl-1 and Bim to detect complexes
Cells were lysed in NP40 lysis buffer (0.5% NP40, 50 mM Tris pH 8, 120 mM NaCl, with the addition of PhosSTOP phosphatase in-

hibitor tablets (Roche, #4906845001) and cOmplete Mini EDTA-free Protease Inhibitor Cocktail (Roche, #11836170001). 250 mg of

total lysate was incubated with 2.5 ml Bim antibody (Cell Signaling, #2819), 1 mgMcl-1 antibody (Santa Cruz, #sc-12756), normal rab-

bit IgG (Millipore, #12-370) or normal mouse IgG (Millipore, #12-371) overnight at 4�C. The following day 50 ml of Protein A (Pierce,

#88846) or Protein G (Pierce, #88847) magnetic beads were incubated with lysates for 1 hour for Bim IP and Mcl-1 IP, respectively.

Beads were washed 3 times with lysis buffer and incubated in 2x sample buffer for 15 min at room temperature. Eluted proteins were

separated from the beads and boiled for 10 min. For Bim IP, anti-USP9X Cell Signaling #14898, anti-Mcl-1 Cell Signaling #5453 and

anti-Bim Cell Signaling #2819 antibodies were used for western blot detection. For Mcl-1 IP, anti-Mcl-1 Abcam #ab32087 and anti-

Bim Cell Signaling #2819 antibodies were used for western blot detection.

Immunoprecipitation of Mcl-1 and USP9X for Mcl-1:USP9X interaction
Cells were lysed using 1% CHAPS lysis buffer (1% CHAPS, 50 mM HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA,

10 mM sodium pyrophosphate, 10 mM NaF, 2 mM Na3VO4, and complete Mini EDTA-free Protease Inhibitor Cocktail (Roche,

#11836170001)). For the Mcl-1 IP, 1 mg of lysate was incubated with 2 mg rabbit anti-Mcl-1 (Santa Cruz, #sc-819) or normal rabbit

IgG (Millipore, #12-370) and 50 ml Protein A magnetic beads (Pierce, #88846) for 3 h at 4�C. For the USP9X IP, 1.5 mg of lysate was

incubated with 2 mg mouse anti-USP9X (Abnova, H00008239-M01) or normal mouse IgG (Millipore, #12-371) and 50 ml slurry Protein

G magnetic beads (Pierce, #88847) for 3 h at 4�C. Beads were washed 3 times with lysis buffer containing 0.2% CHAPS and incu-

bated in 2x sample buffer for 15 min at room temperature. Eluted proteins were separated from the beads and boiled for 10 min. For

the Mcl-1 IP, anti-USP9X Cell Signaling #14898 and anti-Mcl-1 Abcam #ab32087 were used for western blot detection and for the

USP9X IP, anti-Mcl-1 Cell Signaling #5453 and anti-USP9X Cell signaling #14898 were used for western blot detection.

Mcl-1 ubiquitination assay
PANC 10.05 and CAPAN2 cells were transfected with pRK5-HA-Ubiquitin-WT (gift from Ted Dawson, RRID: Addgene_17608). 24

hours after transfection, cells were treated with trametinib or DMSO (control) +/- 10 mM MG132 2 h prior to lysis. Cells were lysed

in RIPA buffer (0.1% SDS, 1.0% Triton-X 100, 150 mM NaCl, 0.5% sodium deoxycholate, 50 mM Tris pH 8.0) containing

PhosSTOP phosphatase inhibitor tablets (Roche, #4906845001), cOmplete Mini EDTA-free Protease Inhibitor Cocktail (Roche,

#11836170001) and 100 mM N-Ethylmaleimide (NEM). 1 mg of total protein was incubated with anti-HA magnetic beads (Pierce,

#88836) for 2 h. Beads were washed 3 times with lysis buffer and incubated in 2x sample buffer for 15 min at room temperature.

Eluted proteins were separated from the beads and boiled for 10 min. Anti-Mcl-1 Cell Signaling #94296 was used for immunoblots.

Initiation and culture of human patient-derived pancreatic cancer organoid models
As previously described,31,47 biopsy specimens wereminced with a scalpel and digested at 37�C for approximately 20minutes using

digest solution containing human complete organoid medium (see below), 1 mg/ml collagenase XI (Sigma Aldrich), 10 mg/ml DNase

(Stem Cell Technologies), and 10 mM Y27632 (Selleck). After digestion and multiple washes, dissociated cells were seeded

in 3-dimensional (3D) Growth-factor Reduced Matrigel (Corning), fed with human complete organoid medium containing advanced

DMEM/F12 (Gibco), 10 mM HEPES (Gibco), 1x GlutaMAX (Gibco), 500 nM A83-01 (Tocris), 50 ng/ml mEGF (Peprotech), 100 ng/ml

mNoggin (Peprotech), 100 ng/ml hFGF10 (Peprotech), 10 nM hGastrin I (Sigma), 1.25 mM N-acetylcysteine (Sigma), 10 mM Nicotin-

amide (Sigma), 1x B27 supplement (Gibco), R-spondin1 conditionedmedia 10% final, Wnt3A conditionedmedia 50% final, 100 U/ml

penicillin/streptomycin (Gibco), and 1x Primocin (Invivogen). Cultures were maintained at 37�C in 5% CO2. 10 mM Y27632 (Selleck)

was included in the culture medium of newly initiated samples until the first media exchange. For propagation, organoids were disso-

ciated with TrypLE Express (Gibco) before re-seeding into fresh Matrigel and complete organoid culture medium. The identity of

organoid models was authenticated by comparison of organoid whole genome sequencing with targeted genomic sequencing

and CNV profiles of matched patient tissue and earlier passage models. Organoid cultures were routinely tested for mycoplasma

contamination.

Patient-derived organoid compound testing and western blotting
For compound testing, organoids were dissociated to single cells. 1,000 viable cells were seeded into each well of ultra-low attach-

ment 384-well plates (Corning) with 20 ml of complete medium containing 10%Matrigel. After 24 hours (day 0), cells were treated with

DMSO (control) and an array of combinatorial doses of trametinib and S63845. After 5 days in culture with therapeutic agents, cell

numbers were indirectly assessed by adding 20 ml of CellTiter-Glo 3D to each well, incubating for 1 hour at room temperature on a

shaker, andmeasuring luminescence using an EnVision plate reader. Each condition was performed in triplicate, and each dose point

was normalized to DMSO (control) to estimate relative cell number. At least 2 independent experiments were performed for each

compound and organoid condition. Synergy scores were calculated using SynergyFinder. To collect protein lysates, 500,000 cells

were seeded in suspension in media with 10% Matrigel. After 24 h (day 0), DMSO or drugs were added. At 48-72 h of treatment,

organoids were pelleted, washed twice with cold PBS and resuspended in boiling 1%SDS lysis buffer as described above to prepare

lysates.
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Cell line-derived xenografts
Animal procedures were approved by the Center for Animal and Comparative Medicine at Brigham and Women’s Hospital in accor-

dance with the NIH Guidelines for the Care and Use of Laboratory Animals and the Animal Welfare Act (Protocol #2016N000467).

Female athymic Nu/Nu mice 6-8 weeks of age were purchased from Charles River Laboratory. 2x106 CAPAN2 and 3x106 PANC

03.27 cells, resuspended in 50:50 PBS:Matrigel, were subcutaneously injected into each rear flank. Mice were randomized and

enrolled in treatment groups when tumors reached 130-200 mm3. Tumors were measured with vernier calipers and tumor volume

was calculated using the standard formula L 3 W2 3 0.52.

Human PDX model
The PCA 41 PDX studywas performed at Dana-Farber Cancer Institute in accordancewith the NIHGuidelines for the Care andUse of

Laboratory Animals and the Animal Welfare Act. Tumor fragments (2x2x2 mm) were implanted into female athymic Nu/Nu mice

(Charles Laboratory). Mice were randomized and enrolled in treatment groups when tumors reached 130-200 mm3. Tumors were

measured with vernier calipers and tumor volume was calculated using the standard formula L 3 W2 3 0.52.

KPC GEMM experiment
The GEMM experiment was performed at The Beatson Institute for Cancer Research (UK) in accordance with UK Home Office reg-

ulations (under project licence 70/8375), with approval from the University of Glasgow Animal Welfare and Ethical Review Board and

adhered to ARRIVE guidelines. Mice were enrolled when a palpable tumor was detected (approximately 4-6 mm) and was confirmed

to be less than 750mm3 by ultrasound. Mice weremonitored by body score and ultrasound once aweek until mice reached endpoint

according to institutional guidelines.

In vivo drug treatments
Mice were treated once daily (QD) with trametinib by oral gavage at 0.6 mg/kg. Trametinib was prepared in 0.5% hydroxypropyl

methylcellulose (Sigma, #H7509)/0.2% Tween-80, pH 8.0. Mice were treated with THZ1 twice daily (BID) for 5 days/week and

once daily (QD) for two days/week by i.p injection at 10 mg/kg. THZ1 was prepared in 10% DMSO in 5% Dextrose (D5W).

S63845 was prepared in sterile 2% VitaminE/TPGS in 0.9% NaCl and administered at 30 mg/kg twice weekly by IV injection. For

AMG-176 studies mice were pre-treated with either trametinib (0.6 mg/kg) or vehicle daily (QD). After 4 days of pre-treatment,

vehicle-treated mice were treated with vehicle or 50 mg/kg AMG-176, while trametinib-treated mice were treated with trametinib

or trametinib + AMG-176 daily (QD) for 6 days. AMG-176 was administered by oral gavage and was prepared extemporaneously

in 25% hydroxypropyl-beta-cyclodextrin (pH 9.0) followed by vortexing and brief sonication.

Immunohistochemistry
Tumors were fixed in buffered formalin, stored in 70% ethanol, paraffin embedded and sectioned. Slides were stained with hema-

toxylin and eosin (H&E) or anti-cleaved caspase-3 (Cell Signaling, #9664) at 1:150 dilution. Images were captured at the indicated

magnifications using a Nikon Eclipse TS100 microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantitative measurements of caspase-3/7 activation over time, graphs represent the mean of indicated number of biological

replicates ± SEM or technical replicates ± SD as indicated in figure legends. For all other quantitative measurements in vitro, graphs

depict the mean of indicated number of technical replicates ± SD unless otherwise noted. In vivo tumor volume over time graphs

represents the mean ± SEM. Waterfall plots were used to depict changes in individual tumor volume. Where indicated 2-tailed un-

paired t-tests, ANOVA followed by Tukey’s multiple comparisons test, MannWhitney tests, or long-rank tests were used to compare

experimental groups and P values are indicated. A P value equal to or less than 0.05 was considered significant. All data were

graphed and analyzed using GraphPad Prism v9.2.0.
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Figure S1. MEK inhibition sensitizes PDAC lines to Mcl-1 depletion (related to Figure 2). 

(A) MCL1 dependency scores in pancreatic cell lines. Each dot represents a single cell line. Cell lines with a 

dependency score of -0.5 or less are considered dependent. Data from CRISPR (DepMap 22Q2 Public+Score, 

Chronos), publicly accessible through the Broad Institute at depmap.org.  

(B) Fold change in PDAC and HPNE cell number (red nuclei) over 72 h following transfection with siCNT or 

siMCL1, measured by Incucyte (mean ± SEM of biological replicates, n=4).  

(C) Graph: Log2 fold change (left y-axis) and percent change (right y-axis) in cell number in sgMCL1 or sgCtrl 

PANC 10.05 cells during 9 days of 25 nM trametinib treatment (mean ± SD of technical replicates, n=3; 

****p<0.0001, unpaired t-test). Western blots: Levels of Mcl-1 in PANC 10.05 cells following sgRNA-mediated 

knockdown and treatment with 25 nM trametinib for 48 h. 

(D) Levels of caspase-3/7 activation in siMCL1 or siCNT HPNE cells treated with DMSO, 50 nM trametinib or 500 

nM staurosporine as a positive control (mean ± SEM of biological replicates, DMSO and trametinib: n=4, 

staurosporine: n=3). 
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Figure S2. USP9X regulates Mcl-1 stability following MEK inhibition (related to Figure 4).  

Western blots: Mcl-1 protein levels in PANC 03.27 cells expressing shCNT or shUSP9X treated with DMSO 

(control) or 25 nM trametinib for 48 h prior to cycloheximide (chx) treatment for the indicated times. Graph:  

Natural log (ln) transformed quantification of Mcl-1 normalized to tubulin and relative to non-cycloheximide treated 

controls. 
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Figure S3. Mcl-1 inhibitors sensitize PDAC cells and patient derived tumor organoids to MEK inhibition 

(related to Figure 5). 

(A) Graph depicting log2 fold change (left y-axis) and percent change (right y-axis) in cell number in PANC 10.05 

cells treated with DMSO, 500 nM S63845, 25 nM trametinib (tram) and combination of both drugs for 9 days (mean 

± SD of technical replicates, n=3, **p<0.01, unpaired t-test). 

(B) Crystal violet staining of CAPAN2 cells treated with DMSO, 500 nM S63845, 25 nM trametinib (tram) or the 

combination of both drugs (combo) for 7 days. One representative image is shown per condition. Numbers indicate 

absorbance values relative to DMSO (mean ± SD, n=3; ****p<0.0001, unpaired t-test. 

(C) Fold change in cell number, measured by monitoring red nuclei in Incucyte, over 10 days of treatment with 

DMSO, 50 nM trametinib, 500 nM S63845 or the combination of both drugs (mean ± SD of technical replicates, 

n=4-6) in the indicated cell lines. *Cells confluent due to increase in cell size with trametinib treatment.  

(D) Kinetics of caspase-3/7 activation in cells treated with DMSO, 50 nM trametinib, 500 nM S63845 or the 

combination of both drugs. Etoposide and staurosporine were used as positive controls where indicated. Data are 

mean ± SD of technical replicates (n=4-6), except for HPNE (± SEM of 3 biological replicates).  

(E) Graphs: Comparisons of the rate of caspase activation between trametinib pre-treatment followed by 

combination treatment and simultaneous dosing in PANC 10.05 and PANC 03.27 cells. Graphs represent data from 

the combination (trametinib + S63845) condition shown in Figures 5B and 5D, normalized to 100% for direct 

comparison. Table: Time to half-maximal caspase activation comparing trametinib pre-treatment and simultaneous 

treatment.  

(F) Percentage of caspase-3/7+ cells in CAPAN2 and HPAC cell lines following trametinib pre-treatment and 

subsequent combination of 500 nM S63845 and 25 nM trametinib (mean ± SEM of biological replicates,  n=4).  
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Figure S4. Transcriptional CDK inhibitors cooperate with trametinib in PDACs to reduce Mcl-1 levels and 

induce apoptosis (related to Figure 6). 

(A) Western blots showing levels of Mcl-1, p-S2 pol II, p-S5 pol II and USP9X during a time course of 250 nM 

THZ1 and 25 nM trametinib treatment, alone or in combination, in PANC 10.05 cells.  

(B) Graphs depicting log2 fold change (left y-axis) and corresponding percent change (right y-axis) in cell number 

in PANC 10.05 and CAPAN2 cells treated with DMSO, THZ1 (PANC 10.05: 100 nM, CAPAN2: 50 nM), 25 nM 

trametinib or the combination of both drugs (mean ± SD of technical replicates, n=3; **p<0.01, ***p<0.001, 

****p<0.0001). 

(C) Levels of Mcl-1 and p-S2 pol II in CAPAN2 cells pre-treated with DMSO (for DMSO and THZ531) or 25 nM 

trametinib (for trametinib and trametinib + THZ531) for 48 h followed by treatment with 100 nM THZ531 alone or 

in combination with 25 nM trametinib for 24 h.  

(D) Percentage of  caspase-3/7+ CAPAN2 and PANC 10.05 cells treated with 25 nM trametinib alone or in 

combination with 100 nM THZ531 (mean ± SEM of biological replicates, n=4).  

(E) Crystal violet staining of CAPAN2 cells treated with DMSO, 100 nM THZ531, 25 nM trametinib (tram) or 

trametinib + THZ531 (combo). One representative image is shown per condition. Numbers indicate absorbance 

values relative to DMSO (mean ± SD, n=3; ****p<0.0001, unpaired t-test. 
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