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Significance

To date, mutant KRAS and p53 have proven to be very difficult to target, preventing successful treatment of PDAC and other
cancers. Here, we identified that p53 hotspot mutations promote expression of RNA binding proteins which modify the
splicing of GAPs in a manner that promotes maximal activation of KRAS. Altering GAP isoform ratios using antisense oligo-
nucleotides or spliceosome inhibitors significantly decreased oncogenic KRAS signaling, decreased tumor growth, and
increased survival in PDAC preclinical models. These results uncover a link between mutations in p53 and RNA splicing,
a mechanism regulating the activity of oncogenic KRAS via alternative splicing, and the basis for biomarker-driven treat-
ment for PDAC based on modulation of RNA splicing.
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SUMMARY

Pancreatic ductal adenocarcinoma (PDAC) is driven by co-existing mutations in KRAS and TP53. However,
how these mutations collaborate to promote this cancer is unknown. Here, we uncover sequence-specific
changes in RNA splicing enforced by mutant p53 which enhance KRAS activity. Mutant p53 increases
expression of splicing regulator hnRNPK to promote inclusion of cytosine-rich exons within GTPase-acti-
vating proteins (GAPs), negative regulators of RAS family members. Mutant p53-enforced GAP isoforms
lose cell membrane association, leading to heightened KRAS activity. Preventing cytosine-rich exon inclu-
sion in mutant KRAS/p53 PDACs decreases tumor growth. Moreover, mutant p53 PDACs are sensitized to
inhibition of splicing via spliceosome inhibitors. These data provide insight into co-enrichment of KRAS
and p53 mutations and therapeutics targeting this mechanism in PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most le-

thal cancers worldwide (Simoes et al., 2017). It is established that

hotspot mutations in KRAS, a guanine nucleotide binding protein

and member of the RAS superfamily of small GTPases, are pre-

sent in 95%of PDACs and appear most commonly in codonG12

(Bailey et al., 2016; Collisson et al., 2011; Moffitt et al., 2015).

KRAS is active when bound to guanosine triphosphate (GTP)

but inactive when bound to guanosine diphosphate (GDP). In

physiologic conditions, conversion from theGTP- toGDP-bound

state occurs when the intrinsic GTPase activity of KRAS is stim-

ulated by GTPase-activating proteins (GAPs) (Settleman et al.,

1992). Different KRAS mutations have unique intrinsic and

GAP-stimulated GTPase activities (Hunter et al., 2015). Among

KRAS mutations, G12C has the highest intrinsic GTP hydrolysis

rates, while G12D has the highest GAP-stimulated GTP hydroly-

sis rates (Hunter et al., 2015). These differences have led to

development of G12C inhibitors (Janes et al., 2018); however,

there is no targeted therapy for other mutant forms of KRAS.

Followingmutations inKRAS, mutations in TP53 are the second

most common in PDAC. Approximately 40% of PDACs have hot-

spot missense TP53mutations, while 30% have truncating muta-

tions (Bailey et al., 2016; Collisson et al., 2011; Moffitt et al., 2015).

Hotspots and truncating mutations in TP53 inactivate its tumor-

suppressor function. However, mice harboring hotspot p53muta-

tions develop more aggressive PDACs compared with those

arising in their p53 heterozygous or null counterparts (Morton

et al., 2010; Olive et al., 2004), suggesting that mutant forms of

p53 exert gain-of-function activities.

Despite the importance of hotspotmutations inKRAS and TP53

for PDAC formation (Hingorani et al., 2005), the mechanistic basis

for the cooperation between these oncoproteins, which might

enable the design of therapies targeting PDACs, has been elusive.

To this end, it has recently been shown that PDAC is composed of

twomolecular subtypes based onRNAexpression signatures and

patient survival (Bailey et al., 2016; Collisson et al., 2011; Moffitt

et al., 2015). Of these, the most aggressive subtype is associated

with combined mutations in KRAS and TP53 as well as increased

expression of genes encoding RNA splicing proteins (Bailey et al.,

2016). These data suggest potential altered RNA processing in

PDAC. However, connections between TP53 mutations and

altered splicing are not known, nor is it clear if adverse forms of

PDAC are associated with changes in splicing.

RNA splicing, the enzymatic process of removing segments of

premature RNA to produce mature RNA, mediates proteome di-

versity and gene expression regulation (Escobar-Hoyos et al.,

2019). In cancer, RNA splicing is altered by mutations in splicing

factors (Dvinge et al., 2016), dysregulated expression of splicing

factors (Anczuków et al., 2012), and oncogenic transcription

(Hsu et al., 2015), resulting in altered gene expression, the pro-

duction of functionally aberrant proteins, and/or non-functional

mRNAs. Whether and how RNA splicing may be altered in

PDAC is not well understood, however. To address these ques-

tions, we evaluated RNA splicing in PDACs with different TP53

genotypes.

RESULTS

Mutant p53 Promotes Inclusion of Cytosine-Rich Exons,
Impacting Expression of GAP Isoforms
Given an association between TP53 mutations and increased

expression of RNA processing machinery, we set out to identify

whether changes in splicing are linked to TP53 mutations. We

performed supervised analyses of mRNA splicing using RNA

sequencing (RNA-seq) data from the International Cancer

Genome Consortium (ICGC) (n = 84) (Bailey et al., 2016) and

found that PDACs with TP53 missense hotspot mutations ex-

hibited aberrant use of exons compared with PDACs with wild-

type (WT) or truncatingmutations in TP53 (Figures S1A–S1C; Ta-

ble S1). Mutations at R175 were associated with the greatest

change in exon usage (Figures 1A, S1B, and S1C; Table S1).

Todetermine the roleofp53R175H insplicing,wesilencedmutant

p53R175H/- in patient PDAC organoids and murine PDAC cells

(KrasG12D/+; Trp53R172H/�; Pdx1-Cre [KPC cells]) and performed

RNA-seq. This identified differences in exon utilization in cells ex-

pressing p53R175H compared with knockdown of p53R175H (Fig-

ures 1B and S1D–S1G; Table S2). To test if splicing changes exist

in pancreatic intraepithelial neoplasia (PanIN), we introduced

p53R172H/+ in the endogenous Trp53 locus of murine PanIN orga-

noids (KrasG12D/+;Mist1-Cre)andcomparedRNAsplicingpatterns

against isogenicWT p53 PanINs. Similar changes in splicing were

observed across p53R172H PanIN and PDAC (Figure 1C, S1H,

and S1I; Table S2). Among all splicing alterations observed with

p53R175H, most of the changes were in exon usage (Figures 1B,

1C, S1B, S1C, S1E, S1F, and S1I; Table S2).

We next characterized the nucleotide sequences in promoted

versus repressed exons in the context of mutant p53R175H.
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Figure 1. p53R175H Promotes C-Rich Cassette Exons, Impacting Expression of GAP Isoforms in Pancreatic Cancer

(A) Differentially spliced exons in PDAC patients with missense hotspot mutations in p53 compared with those with WT TP53 and nonsense/frameshift mutations

in p53 (‘‘Trunc’’). RNA-seq from the ICGC (Bailey et al., 2016).

(B and C) Differentially spliced exons whose inclusion was significantly promoted (red circles) or repressed (blue circles) in p53R175H versus control cells with

knockdown of p53R175H. Splicing events quantified using the ‘‘percent spliced in’’ (PSI, or c) value. Promoted and repressed exons are defined as those whose c

values are increased or decreasedR10%, respectively (N). Gray circles: exons whereDJ is <10%. Statistical significance calculated using Kolmogorov-Smirnov

test. PDAC patient organoids (KRASG12D/+; p53R172H/-) and murine KPC cells following transduction with doxycycline-inducible control (shR) or anti-p53 shRNAs

(legend continued on next page)
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Exons repressed in the presence of p53R175H in human and mu-

rine pancreas were rich in purines, while exons promoted by

p53R175H were enriched in cytosines (polyC exons) (Figures 1D,

1E, S2A, and S2B; Tables S1 and S2). Protein-coding RNAs dis-

playing retained polyC exons were enriched for transcripts en-

coding GAPs, the negative regulators of RAS GTPases (Fig-

ure 1F; Table S2). RAS GTPases have low intrinsic enzymatic

activity, such that efficient GTP hydrolysis requires interaction

with GAPs, which accelerate the GTP hydrolysis and decrease

small-GTPase signaling (Maertens and Cichowski, 2014; Vigil

et al., 2010). We found that 23% (28/120) of all GAPs in humans,

and 27% (17/63) in mice were subject to altered splicing in

PDACs expressing p53R175H (Figure 1G).

Among GAP splicing changes in patient and murine PDAC

and PanIN cells, expression of a polyC exon inclusion isoform

of GAP17 (+polyC GAP17, gene name ARHGAP17) was the

strongest and highly conserved alternative splicing event

induced by p53R175H (Figures 1G–1J and S2C–S2G; Table

S3). The +polyC GAP17 isoform is an annotated, in-frame, pro-

tein-coding isoform. In PDAC patient organoids, increased +-

polyC GAP17 expression was associated with common TP53

hotspot mutations compared with samples with WT or trun-

cating mutations in TP53 (Figures 1K and S2H; Table S3).

These findings were confirmed in pancreas, colon, and breast

adenocarcinoma cell lines upon silencing of p53R175H (Figures

S2I–S2K). The results demonstrated that adenocarcinoma-

derived cells harboring mutant p53 display altered splicing of

GAP17 and other GAPs.

GAP Isoforms Promoted by Mutant p53 Increase GTP
Hydrolysis of RAS but Have Impaired Membrane
Localization
We next explored functional differences in +polyC and non-

polyC (�polyC) GAP17 isoforms on KRASG12D and WT KRAS

and Rho small GTPases. Previous reports suggest that onco-

genic KRAS with specific activating mutations remain suscepti-

ble to GAP-mediated GTP hydrolysis (Hunter et al., 2015). Based

on the findings that p53R175H promoted polyC exon inclusion in

25% of GAPs, we hypothesized that +polyC GAPs would have

decreased activity compared with �polyC GAPs, thereby favor-

ing active forms of KRASG12D and other small GTPases.

Supporting this concept, knockdown of p53R175H decreased

active, GTP-bound forms of KRASG12D, Rho, and Rap1 (Figures

2A and S3A–S3C). In addition, expression of human p53R175H in

murine p53 null PDAC cells (KrasG12D/+; Trp53Flox/Flox; Pdx1-Cre

[KPFLC cells]), increased levels of active KRASG12D and associ-

ated Erk and Cofilin signaling compared with WT p53 and p53

null cells (Figures 2B and S3D–S3F). Moreover, expression of

p53R175H in PDACs and other adenocarcinomas was positively

associated with activated RAS transduction gene signatures

(Figures 2C and S3G).

To test whether +polyC and �polyC Gap17 differentially

affected GTP-bound KrasG12D and Rho, we expressed GAP17

or additional GAPs, either lacking or containing polyC exons in

p53R172H/� PDAC cells (Figures 2D, S3H, and S3I). We found

that the �polyC GAP17 dramatically reduced active KRASG12D

and Rho, as well as downstream Erk and Cofilin signaling (Fig-

ures 2E, S3J, and S3K). In contrast, expression of +polyC

GAP17 did not alter levels of active KRASG12D and Rho and sus-

tained downstream signaling in p53R172H/--mutant PDAC cells

(Figures 2E, S3J, and S3K). Overall these results suggested

that +polyC and �polyC GAP17 isoforms differentially influence

the activity of RAS GTPases in cells.

To test whether the levels of active, GTP-bound KRASG12D

and RHO associated with expression of +polyC GAP17 were

due to diminished ability to stimulate GTPase activity, we tested

the influence of GAP17 isoforms on GTP hydrolysis of WT KRAS,

KRASG12D, and WT RHO in cell-free biochemical assays using

recombinant proteins (Figures 2F and 2G). These experiments

demonstrated that inclusion of the polyC exon does not alter

the GAP activity of GAP17 toward RHO (Figure 2F). Moreover,

both GAP17 isoforms slightly enhanced the intrinsic GTPase ac-

tivity of WT KRAS (Figures 2F and 2G), although the activity of

GAP17 was not as potent as the cognate RAS GAP p120Ras-

GAP. Interestingly, the GTPase-stimulating activity of both forms

of GAP17 was also seen toward mutant KRASG12D, suggesting

that intrinsic GAP activity of GAP17 was not directly altered by

use of the polyC exon.

The fact that there was no difference in GAP17 isoforms to in-

fluence levels of GTP-bound KRAS or Rho in cell-free assays,

while +polyC GAP17 expression increased KRASG12D and

RHO GTPase signaling within cells, suggested that inclusion of

(sh1 and sh2) (B). RNA-seq and western blots performed after 5 days of doxycycline, n = 3. Murine PanIN organoids (KrasG12D/+; WT p53; Mist1-Cre) bearing

p53R172H/+ introduced by CRISPR, compared with WT p53 (C). RNA-seq and western blots performed 20 days after confirmation of genome editing, n = 3.

(D) Nucleotide motifs enriched in repressed and promoted exons by p53R175H identified from comparisons in (B and C).

(E) Spatial distribution and relative frequency of CCC and AAA motifs in exons promoted versus repressed by p53R172H in murine PDAC cells. Shading, 95%

confidence interval by bootstrapping.

(F) Left, gene ontology analysis of mRNAs with polyC exons based on the comparisons in (B) and (C). p values for multiple comparisons. Green bars, biologic

processes involving GAPs of RAS GTPases. Right, schema of how GAPs terminate signaling by inducing GTP hydrolysis of GTP-bound RAS.

(G) Percentage of GAPs that undergo alternative splicing (AS) in the presence of p53R175H in patient and murine PDAC. GAP mRNAs with exon splicing events in

both human and murine PDACs listed.

(H) Intersection of GAP mRNAs that gain polyC exons by p53R175H from (A)–(C) comparisons. Fisher’s exact test p = 0.0007.

(I) Qualitative and quantitative RT-PCRs of GAP17 AS in KPC cells in the presence or absence of mutant p53. Left, schematic of primers that flank the two exons

(exons 16 and 18) surrounding the polyC exon (exon 17). The upper band denotes inclusion of polyC exon, while the lower band corresponds to the isoform

lacking the polyC exon. Right, qRT-PCR quantification of inclusion of exon 17 using primers that flank the exon junctions. Mean ± SD, n = 3 replicates/condition.

Student’s t test.

(J) Western blot and quantifications demonstrating loss of GAP17 isoforms ± polyC exons under p53R172H knockdown or renilla control in KPC cells. Mean ± SD,

n = 3 replicates/condition. Student’s t test.

(K) RT-PCR (left) and qRT-PCRs (right) of GAP17 AS revealing distinct isoforms in patient PDAC organoids with WT p53, truncated p53 (Trunc), and hotspot

mutations using the same primer approach as in (I). Mean ± SD, Student’s t test.

n, number of repetitions. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figures S1 and S2. Tables S1, S2, and S3.

ll
Article

4 Cancer Cell 38, 1–14, August 10, 2020

Please cite this article in press as: Escobar-Hoyos et al., Altered RNA Splicing by Mutant p53 Activates Oncogenic RAS Signaling in Pancreatic Cancer,
Cancer Cell (2020), https://doi.org/10.1016/j.ccell.2020.05.010



N

0.0

0.5

1.0

D E

0.0

0.5

1.0

**

0
20
40
60
80

100

WT
RHOA

WT
KRAS

Mut
KRASG12D

G

0
0.00

0.25

0.50

0.75

1.00

10000 20000
Time (s)

2000

Small GTPase alone

Small GTPase + p120 (Catalytic domain)

Small GTPase + GAP17 + PolyC (Full length)
Small GTPase + GAP17 ‒ PolyC (Full length) 

F

H

4

GAP

GAP

2
3

1
1 2 3 4

P PP
0

1 2 3 4

0.0

0.5

1.0

1.5

2.0

*****

0.0

0.5

1.0

1.5

2.0I
J

*

K

0.0

0.5

1.0

1.5

sh
R sh

1
sh

2

**
**

shR

sh1

**
**

L

M

****

sh
R sh

1
sh

2
sh

R sh
1

sh
2

sh
R sh

1
sh

2

A

0.5

1.0
***
***

0.0

sh
R sh

1
sh

2

B

0

1

2

3

4

***

***
C

��

�
�

�

�

�

�

�
�

��

�
�

��

�
�

�
�

�
�

�
�

�

�

��

��

��

��

�
�

��

�

�

��

�
�

��

�
�

��

��

�
�

�

�

�
�

��

�
�

�
�

�
�

�
�

�

�

�
�

�
�

��

�

�

��

��

��

�

�

�

�

��

��

��

�

�

�

�

�
�

��

�

�

�
�

�
�

�
�

��

�
�

�

�

��

��

��

��

��

�

�

�
�

�

�

��

�

�

�
�

��

��

�
�

�

�

�

�

�
�

�
�

�

�

��

��
�

�
�
�
�

�
��
��
��
�

�
�

�
��
��
��
��
�

�
�

�
�
�
��
��
�

�
�

�
��
�

�
��
�
�
�
�
�

�
�

�
�

�
�
�
�
�
�
�
�

�
�
�
��
��
�

�
��
�

�
�

�
�
�
��
�

�
��
��
�

�
��
�
�
�

�
�

�
��
�

�
�

�
�

�
�

�
��
�

�
�

�
���

��

��

����

��

������

��

��

��

���
�

��

����

��

��

��

��

��

��

��������

��
����
��

��
��
��

��

����

����
��

��

��

��
������

����

��

��

����

������
��

���
�

����

��

��

��

���
�

���
�����

��
���
����
�
��

��
�
���

�
�

�
�
�
�
�
��
�

�
�
�
�
�
�

�
��
�

�
��
��
�

�
�

�
�

�
�

�
��
�
�
�

�
�

�
�

�
��
��
�

�
�

�
�
�
�

�
�
�
�

�
�

�
�

�
��
�
�
�
�
�
�
�

�
��
�
�
��
�

�
�

�
��
�

�
�
�
��
��
�

�

��

��

�
�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

��

�

�

��

�

�

�
�

��

�
�

�

�

�

�

�

�

��

�

�

�

�

�

�

��

�

�

��

�

�

��

�
�

�
�

�

�

��

�

�

�

�

�
�

��

��

��

��

�

�

�

�

�

�

��

�

�

��

�
�

�

�

�

�

�

�

�
�

�
�

��

�

�

�

�

��

��

�

�

��

�

�

�

�

��

�

�

��

�

�

��

��

��

�
�

��

�

�

�
�

��

��

��

�

�

��

��

�
�

��

��

��

�

�

��

�
�

�
�

�
�

��

��

��

��

��

�

�

�

�

�
�

��

�
�

��

�

�

��

��

�

�

�

�

��

��

�
�

��

��

�

�

��

�

�

��

�
�

�
�

�

�

��

�
�

�
�

�
�

�

�

��

�
�

��

��

�
�

�
�

�

�

��

�

�
�

�
��
��
��
�

�
��
�

�
��
��
�

�
�
�
�

�
��
�

�
��
�
�
�
�
��
��
�
�
��
��
�
�
�
�
�
�
�

�
�
�
�

�
��
�

�
�
�
��
��
�

�
�

�
�
�
��
�

�
��
��
�

�
��
��
��
�

�
�

�
�
�
�

�
��
��
�
�
�

�
�

�
��
��
�

�
�

��

���
���

��

�����
�
��

��
��
��
������

������

����
��

��

��������
��

��

��
��

����

����

����

��

��

������
��

��
����
��

����
��

����

��

��
��

��

��

��

��

��
��
��

��

����
��
������

��

����

��

��

������

���
�����

��

��

��

���
�

�
��
�
�
��
�
�
�
�
��
��
�

�
��

�
�
�
�

�
�
�
�

�
�
�
��
�

�
�

�
�

�
��
�
�
�

�
�

�
�

�
�
�
��
�

�
�

�
��
�

�
�

�
��
�

�
�

�
�

�
��
�
�
�
�
�

�
�

�
�
�
�

�
��
�
�
�

�
�

�

��

�

�

��

�

�

��

�
�

��

�

�

�

�

��

�

�

�
�

�

�

�

�

��

�
�

�
�

��

��

�

�

�
�

��

�

�

�

�

�

�

��

�
�

�

�

�

�

�

�

�
�

�

�

�
�

��

��

��

��

��

�
�

��

��

�
�

�

�

�

�

��

�

�

�
�

�
�

��

�
�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

��

�

�

��

�
�

�

�

�

�

�

�

�

�

��

��

��

�

�

��

�

�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

��

�

�

��

�

�

�
�

�
�

�

�

�

�

�
�

�
�

�
�

�

�

�

�

�

�

��

��

��

�

�

��

�
�

�
�

�

�

�

�

��

�

�

��

�

�

�

�

��

�

�

�

�

�

�

�

�

��

�

�

�

�

��

�

�

�

�

��

��

�

�

�

�

��

�

�
�

�
�

�
��
�

�
�

�
�

�
�

�
��
�

�
�

�
�

�
�
��

���
�

��

��

��

��
��

��
��

��

��

��

��

�
�

�
�
�
�

�
�

�
��
�

�
�

�
�

�
�

�

�
�

�

�

��

�

�

�

�

��

�

�

�

�

�

�

��

�

�

��

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�
�

�

�

�
�

�

�

��

�
�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�
�

�
�

�

�

��

�

�

�

�

�
�

�
�

�
�

�

�

�
�

�

�

�

�

�

�

�

�

��

��

�

�

�

�

�

�

�

�

��

�

�

�

�

�
�

��

�
�

�

�

�

�

��

��

�

�

�

�

��

��

��

��

�

�

�
�

�

�

�

�

��

�
�

�

�

�

�

�
�

�
�

�
�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�
�

�
�

�
�

�
�

�
�

��

������

��
��

��

��

����

��

��

��

�����
�

����

�
��
�

�
�

�
�

�
�

�
�

�
�

�
�
�
��
��
�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

��

�

�

�
�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

WT p53 p53 null

Human p53

ERK1 40
40p-ERK1

p-ERK2

50ACTIN
ERK2

R
el

at
iv

e 
p-

ER
K

***
***

EV

+ P
oly

C

‒ P
oly

C

KDa

GAP17
GAP17

25
25
50

R
el

at
iv

e 
ac

tiv
e 

KR
AS

G
12

D

*

EV

+ P
oly

C

‒ P
oly

C

KDa

GAP17

100

EV

+ PolyC 
‒ PolyC 

Actin 50

+ P
oly

C

‒ P
oly

C

KDa 130
GAP17 KDa

Bea
ds

+ P
oly

C

‒ P
oly

C

**** *
**** *

Fa
ct

io
na

l G
TP

 re
m

ai
ni

ng
  (

%
)

G
TP

 h
yd

ro
ly

ze
d 

(%
)

WT KRAS alone
WT KRAS + GAP17 
(RHO GAP catalytic domain)  

KRASG12D + GAP17 
(RHO GAP catalytic domain)

KRASG12D alone

P
P

P
P
P
P

L
C

L
C

P
L

F
F

S

P

T

P

GAP- catalytic domain 
Membrane binding domain 

SGSM2

Alternative spliced 
PPxP domain 

BAR

p= 3.3e+125

Translation

PolyC exon

BAR

GAP17
GAP10

P P L
P P S

ASAP1 P P P
ASAP2 P P L
GRB2 P P K

ARFGAP1 P P S

GAP32
GAP33

P P G
P P L

GAP32
GAP33

P P G
P P L

P C RRGS8
P S KRGS4

P P ETBC1D25
SIPA1 P P R

GAP12 P SP T

P A PRGS20

GAP4 P P H

P Y A

P R VRIT1

100

EV

GAP17 
GAPDH 35

AAxA

+PolyC 
GAP17

PPxP

KDa

ERK1 40
40p-ERK1

p-ERK2

50ACTIN
ERK2

EV
PPxP

AAxA

+PolyC GAP17

R
el

at
iv

e 
p-

ER
K *

KDa

25
25
35

GTP-KRAS G12D

R
el

at
iv

e 
ac

tiv
e 

KR
AS

G
12

D

Total-KRASG12D

GAPDH

*

KDa

EV
PPxP

AAxA

+PolyC GAP17

EV
PPxP

AAxA

+PolyC 
GAP17

‒ P
oly

C

100

50
Flag

ACTIN

KDa

p53R172H

Fr
ac

tio
n 

of
 c

ol
oc

al
iz

at
io

n
En

do
ge

no
us

 G
AP

17
 a

nd
 C

AD
H

ER
IN

 GAP17 Merged

M
em

br
an

e 
lo

ca
liz

at
io

n 
of

 
 F

LA
G

-ta
gg

ed
 G

AP
17

 is
of

or
m

s

EV
PPxP

AAxA

+PolyC Gap17
‒ P

oly
C

0

1

2

3

CADHERIN 150
15HISTONE H3

KDa100Flag

ACTIN 50

EV
PPxP

AAxA

‒ P
oly

C EV
PPxP

AAxA

‒ P
oly

C EV
PPxP

AAxA

‒ P
oly

C

Membrane Cytoplasm Nucleus

+PolyC +PolyC +PolyC

Su
bc

el
lu

la
r  

lo
ca

liz
at

io
n

of
 e

nd
og

en
ou

s 
G

AP
17

*
**

1
2
3
4
5

CADHERIN 150
HISTONE H3 15

KDa

ACTIN 50

GAP17 100

p53 p53 p53

Membrane Cytoplasm Nucleus

p53R172H

G
12

D

25
25
50

KDaR
el

at
iv

e 
ac

tiv
e 

KR
AS

GTP-KRASG12D

Total-KRASG12D

ACTIN

R17
5HWTEV

25
KDa

50
25

G
12

D
R

el
at

iv
e 

ac
tiv

e 
KR

AS

0.0
0.1
0.2

-0.1

0.0
0.1
0.2

-0.1

0.3En
ric

hm
en

t s
co

re

0
50

00
10

00
0

15
00

0 0
50

00
10

00
0

15
00

0

Regulation of small 
GTPase transduction

RAS protein 
signal transduction

0.0
0.1
0.2

-0.1

0.0
0.1
0.2

-0.1

0.3

NES= 1.23
p= 8.6e-03
FDR <0.01

NES=1.2
p= 4.2e-01
FDR <0.01

NES=1.26
p= 6.4e-03
FDR < 0.01

NES= 1.09
p= 1.5e-01
FDR <0.01

GTP-KRASG12D

Total-KRASG12D

ACTIN

GTP-KRASG12D

Total-KRASG12D

ACTIN

CADHERIN

p53R175H p53R175H

WT p53 p53 nullp53R175H p53R175H

Figure 2. GAP17 Isoforms Promote GTP-Hydrolysis of RAS Small GTPases and Impact Membrane Localization

(A) Affinity precipitation of GTP-bound KRASG12D in KPC cells following transduction with doxycycline-inducible control (shR) or anti-p53 shRNAs (sh1 and sh2).

Analysis performed after 5 days of doxycycline. Precipitation using GST-Raf1-RBD fusion protein, blotting using RasG12D antibody. Mean ± SD, n = 3 replicates/

condition. Student’s t test.

(legend continued on next page)
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the polyC exon might alter cellular localization and/or protein-

protein interactions rather than directly influence GTPase activ-

ity. GAPs are cytoplasmatic proteins requiring interactions with

other proteins or lipids to translocate to the membrane, where

RAS small GTPases display intrinsic membrane localization

(Huang et al., 1993). Remarkably, 40% of coding polyC exons

promoted by p53R175H encoded a PPxP amino acid motif-ca-

nonical SH3-binding motif known to mediate protein-protein in-

teractions in GAPs and other proteins (Feng et al., 1995) (Fig-

ure 2H). In the case of GAP17, the polyC exon encodes four

PPxPmotifs at theC terminus, downstreamof themembrane as-

sociation and GAP domains (Figure S3L). We next exchanged

prolines in the +polyC GAP17 PPxP motifs for alanines (AAXA),

and overexpressed PPXP and AAXA +polyC GAP17 isoforms

in p53 null PDAC cells to determine their relative abilities to regu-

late KRASG12D (Figure 2I). AAxA +polyC GAP17 decreased GTP-

bound KRASG12D and Erk signaling, while PPXP +polyC GAP17

increased active KRASG12D and Rho (Figures 2J and S3M). This

suggests that the PPxPmotifs impair the ability of +polyCGAP17

to decrease active KRASG12D and Rho within cells.

Given that GAP17 needs to localize to the membrane to effec-

tively influence KRAS activity, we next tested if PPxP motifs

prevented +polyC GAP17 from accessing the cell membrane.

We expressedN-terminal FLAG-tagged +polyCGAP17, PPxP +-

polyC GAP17, and AAxA +polyC GAP17 and measured their as-

sociation with the membrane (Figure 2K). Compared with

�polyC GAP17, PPxP +polyC GAP17 had markedly decreased

membrane association (Figure 2L). Conversion of PPxP motifs

to AAxA rescued this defect in membrane association, suggest-

ing that the PPxP is responsible for altered membrane associa-

tion of +polyC GAP17 (Figure 2L).

To further evaluate how the PPxP domains influence subcel-

lular localization, we tested the distribution of endogenous

GAP17 in KPC cells. Knockdown of p53R172H increased mem-

brane localization and decreased cytosolic localization of

endogenous GAP17 (Figures 2M and 2N). Overall, these data

support the concept that mutant p53 enhances KRASG12D

and Rho signaling by promoting inclusion of exons that effec-

tively sequester GAP17, and likely other GAPs, away from

membrane-associated RAS small GTPases, thereby maxi-

mizing oncogenic signaling.

Mutant p53 Regulates Expression of hnRNPK to
Promote polyC Exons and GTP-Bound KRASG12D

To understand how mutant p53 alters splicing, we evaluated

splicing factors that could be transcriptionally regulated by

mutant p53. RNA-seq revealed that mutant p53 was positively

associated with expression of two RNA processing factors:

hnRNPK and DDX42 (Figures S4A–S4C; Table S4). We focused

on hnRNPK, as it is an RNA binding protein known to bind C-rich

sequences in RNA and plays key roles in RNA splicing, stability,

and translation (Paziewska et al., 2004). Compared withWT p53,

knock-in of p53R172H was associated with increased hnRNPK

expression, while knockdown of p53R175H decreased hnRNPK

expression in murine and human PDAC cells (Figures 3A, 3B,

S4D, and S4E; an effect not related to cell cycle changes).

To test whether mutated p53 promotes hnRNPK expression,

we first identified p53 DNA binding consensus sites in the

hnRNPK promoter (Figure 3C) and performed an hnRNPK pro-

moter activity reporter assay in p53 null PDAC cells (KPFLC cells)

with expression of human WT p53 and mutant p53 (Figure S4F).

hnRNPK promoter activity was significantly upregulated by p53

mutants compared with WT p53 or empty vector control (Fig-

ure 3D). However, deleting p53-consensus sites resulted in

loss of hnRNPK reporter activation by p53mutant forms (Figures

3D and 3E). These results were validated in murine pancreatic

duct epithelial cells (KrasG12D; Trp53+/+) (Agbunag et al., 2006)

with expression of murine p53R172H or p53R270H (Figure S4G).

(B) Affinity precipitation of GTP-bound KRASG12D in murine PDAC cells with null p53 (KPFLC cells) overexpressing human wild-type p53 (WT), p53R175H (R175H)

and empty vector (EV). Precipitation and blotting performed as in (A). Mean ± SD, n = 3 replicates/condition. Student’s t test.

(C) Gene set enrichment analysis plots showing p53R175H tumors positively associated with small GTPase and RAS-activated gene signatures in PDAC patients

(Bailey et al., 2016).

(D) Western blots demonstrating overexpression of +polyC or �polyC GAP17 isoforms or EV in KPC cells.

(E) Left, affinity precipitation of GTP-bound active KRASG12D in KPC cells following overexpression of +polyC and �polyC GAP17 isoforms. Precipitation and

blotting performed as in (A). Right, relative Erk phosphorylation in KPC cells following overexpression of +polyC or�polyCGAP17 isoforms or EV. n = 3 replicates/

condition. Mean ± SD, Student’s t test.

(F) Fractional GTP remaining (%) after combining purifiedWT KRAS, WT Rho-A, or KRASG12Dmutant proteins with purified full-length GAP17 +polyC and�polyC

isoform proteins. Catalytic domain of p120 used as control. Measurements taken after 2 h of reaction. Coomassie stain for purified individual full-length +polyC

and �polyC GAP17 proteins. Mean ± SD, n = 3 replicates/condition. Student’s t test.

(G) Real-time measurement of GTP hydrolysis of recombinant full-length WT and mutant G12D KRAS and recombinant GAP17 Rho-GAP domain (residues 245–

489). Measurements taken up to 20,200 s. Mean ± SD, n = 3 replicates/condition.

(H) Residue motif enrichment encoded by polyC exons in GAPs promoted by p53R175H/�. Bottom, alignment of representative PPXP motifs gained in GAPs by

p53R175H/�.
(I) Western for expression of GAP17 in KPFLC cells encoding EV or +polyC GAP17 with WT PPXP motif or mutant PPXP motif (‘‘AAxA’’).

(J) Affinity precipitation of GTP-bound active KRASG12D (left) or p-Erk (right) in KPFLC cells following overexpression of PPXP or AAXA +polyCGAP17 constructs or

EV. Precipitation and blotting performed as in (A). n = 3 replicates/condition. Mean ± SD, Student’s t test.

(K) Western blots for expression of FLAG-tagged GAP17 isoforms (+polyC and �polyC) and +polyC mutant (AAXA) in p53-null murine PDAC KPFLC cells.

(L) Relative membrane localization of each FLAG-tagged GAP17 isoform in p53-null PDACs KPFLC cells after 20% FBS stimulation and obtaining cell membrane-

enriched fraction. Anti-FLAG antibody used to measure membrane localization. Pan-cadherin, membrane marker; actin, cytoplasmic fraction; histone H3, nu-

clear fraction. n = 3 replicates/condition. Mean ± SD, Student’s t test.

(M) Relative membrane and cytosolic localization of endogenous GAP17 in KPC cells following transduction with doxycycline-inducible control (shR) or anti-p53

shRNAs (sh1 and sh2). n = 3 replicates/condition. Mean ± SD, Student’s t test.

(N) Immunofluorescence of endogenous GAP17 in KPC cells following transduction with shR or anti-p53 shRNAs. Arrowheads, membrane co-localization of

GAP17 and cadherin. Scale bars, 50 mm and 5 mm. n = 10–20 random photos/condition. Mean ± SD, Student’s t test.

n, number of repetitions. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S3.
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Figure 3. Mutant p53 Regulates hnRNPK to Promote Inclusion of +polyC GAP17

(A) Expression of hnRNPK in PanIN organoids (KrasG12D/+; Mist1-Cre) bearing p53R172H/+ compared withWT p53. qRT-PCR andwestern blots performed 20 days

after genome editing confirmation. n = 3 replicates/condition. Mean ± SD, Student’s t test.

(legend continued on next page)
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These results suggest that hnRNPK expression is regulated by

mutant p53 and depends upon p53 DNA binding sites as its

promoter.

To determine whether hnRNPKmediated the splicing changes

promoted by p53R175H, we silenced hnRNPK in p53R172H-mutant

PDAC cells (Figure 3F and S4H) and performed RNA-seq. As in

the case of p53R175H, knockdown of hnRNPK significantly

altered exon splicing (Figure S4I; Table S5). Importantly, exons

promoted by hnRNPK were enriched in C-rich sequences while

exons repressed by hnRNPK knockdown were enriched in pu-

rines (Figure 3G), mirroring the sequence-specific splicing

changes induced by p53R175H. Indeed, splicing changes induced

by p53R175H in these same cells were also induced by hnRNPK

(Fisher’s exact test p < 0.0001, Figure 3H; Table S5). Transcripts

whose splicing was similarly regulated by p53R175H and hnRNPK

included GAP17 and GAP12, both of which underwent hnRNPK-

promoted inclusion of polyC exons. We confirmed direct binding

of recombinant hnRNPK to GAP17 exon 17, with similar affinity

to a previously established hnRNPK target (Figures 3I and

S4J). Silencing or overexpressing hnRNPK in p53-mutant (Fig-

ures 3J and S4K) and p53-null PDAC cells (Figures 3K and

S4L), respectively, mimicked the effects of mutant p53 in these

same cells. We next tested if hnRNPK promoted active, GTP-

bound KRASG12D. Suppression of hnRNPK in KPC cells

decreased cell proliferation and levels of active KRASG12D by

�50% (Figures 3L and S4M). Overall, these results suggest

that p53R175H mediates changes in splicing of GAP17 and en-

forces KRASG12D activity by regulating the expression of

hnRNPK.

Previous studies reveal that increased hnRNPK expression

is associated with shorter survival in several cancers (Carpen-

ter et al., 2006; Ciarlo et al., 2012; Wen et al., 2010). Similarly,

we found that PDAC patients with higher hnRNPK expression

have shortened survival (Figure 3M). In addition, high hnRNPK

expression in PDACs was associated with increased p53 hot-

spot mutations compared with PDACs with low hnRNPK

expression (Figures 3N and 3O). To determine whether

hnRNPK is required for tumor maintenance, we tested the ef-

fects of inhibiting hnRNPK in orthotopic syngeneic p53 mutant

and p53-null PDAC models. Knockdown of hnRNPK in p53

mutant tumors increased survival and decreased tumor vol-

ume and cell proliferation (Figures 3P and S4N–S4P). In

contrast, hnRNPK knockdown did not impede the growth of

p53-null PDACs (Figure 3Q). These data demonstrate that

hnRNPK expression contributes to tumor maintenance in

p53 mutant PDAC.

Targeting Mutant p53 GAP17 Isoforms Decreases
KRASG12D Activation and Increases Survival
Wenext sought to evaluate the requirement of mutant p53-medi-

ated splicing changes in GAP17 by manipulating GAP17 isoform

expression in p53-mutant PDACs.We first altered the proportion

of +polyC and �polyC GAP isoforms, without impacting total

levels of GAP17, by targeting the polyC exons with isoform-spe-

cific small hairpin RNAs (shRNAs) (Figures 4A and S5A). Isoform-

specific knockdown of +polyC GAP17 decreased cell prolifera-

tion and active KRASG12D and Erk1/2 by 50% (Figures 4B and

4C), and 75% decrease in active Rho and downstream

(B) Expression of hnRNPK after knockdown of p53R175H in PDAC patient organoids (left, KRASG12D/+; TP53R175H/-) and KPC cells following transduction with

doxycycline-inducible control (shR) or anti-p53 shRNAs (sh1 and sh2) (right). qRT-PCR and western blots performed after 5 days of doxycycline. n = 3 replicates/

condition. Mean ± SD, Student’s t test.

(C) Top, nucleotide sequence logo of full and half-site p53 binding sites (Wei et al., 2006). Bottom, predicted p53-DNA binding sites in mouse and human hnRNPK

promoters.

(D) TdTomato reporter expression in WT hnRNPK promoter (�1,429 to +260) and with ‘‘CATG’’-deleted from p53 binding sites in p53 null PDAC cells (KPFLC

cells), engineered to express human p53 mutants, WT p53, or EV control. n = 3 replicates/condition. Mean ± SD, Student’s t test.

(E) TdTomato expression driven by the hnRNPK promoter usingWT and ‘‘CATG’’-deleted promoter sites in isogenic KPC cells. n = 3 replicates/condition. Mean ±

SD, Student’s t test.

(F) hnRNPK western blots in KPC cells following transduction with control non-targeting shRNA (NC) or anti-hnRNPK shRNAs (sh1 and sh2).

(G) Sequences enriched in repressed and promoted exons from RNA-seq of KPC cells with knockdown of hnRNPK or negative control.

(H) Intersection of differentially spliced exons by p53R172H and hnRNPK in KPC cells. Promoted (Fisher’s exact test p = 9.483 10�6) and repressed (Fisher’s exact

test p = 0.000149) exons shown.

(I) Recombinant GST-hnRNPK protein (left). In vitro filter binding assays confirms interaction between recombinant hnRNPK and GAP17 +polyC exon. Known

interactor of hnRNPK (polyC sequence) shown as positive control (C16-gray). Negative control in yellow (polyN sequence N16). Mean ± SD, n = 3 replicates/

condition. Student’s t test.

(J) RT-PCR and qRT-PCRs of GAP17 splicing in KPC cells with knockdown of hnRNPK compared with cells expressing control shRNAs (NC). RT-PCR using

primers that flank the junctions of polyC exon (exon 17). Upper band, inclusion of exon 17; lower band, isoform lacking exon 17. qRT-PCRs for quantification

of +polyC GAP17 retention using primers that flank junctions between exon 17 and adjacent exons. Mean ± SD, n = 3 replicates/condition. Student’s t test.

(K) RT-PCR and qRT-PCRs of GAP17 splicing in KPFLC cells with overexpression of hnRNPK compared with cells expressing EV. RT-PCRs and qRT-PCRs as

described in (J). Mean ± SD, n = 3 replicates/condition. Student’s t test.

(L) Affinity precipitation of GTP-bound KRASG12D in KPC cells following transductionwith control shRNA (NC) or anti-hnRNPK shRNAs (sh1 and sh2). Precipitation

using GST-Raf1-RBD fusion protein, blotting using RasG12D antibody. Mean ± SD, n = 3 replicates/condition. Student’s t test.

(M) Kaplan-Meier survival (log rank Mantel-Cox test) of patients with PDACs expressing high or low hnRNPKmRNA (defined by the Akaike Information Criterion;

Kletting and Glatting, 2009). RNA-seq from TCGA (n = 179) and ICGC (Bailey et al., 2016) (n = 88).

(N) Statistical enrichment of p53 mutations (y axis) across PDACs expressing low (n = 232) or high (n = 29) hnRNPK (y axis). Student’s t test.

(O) hnRNPK expression in ICGC PDACs (n = 88) with p53 hotspot mutations, WT p53, nonsense, or frameshift mutations (‘‘truncating mutations’’), and other

mutations. Mean ± SD. Student’s t test.

(P) Tumor volume by 3D ultrasound of mutant p53 KPC cells expressing control or anti-hnRNPK sh1 and sh2. Arrow, tumor regression time point. Representative

ultrasound images of tumors (T). Mean ± SD, n = 5–6 animals/condition, Student’s t test.

(Q) Tumor volume by 3D ultrasound of p53 null KPFLC cells expressing control or anti-hnRNPK. Representative ultrasound images of PDAC tumors (T). Mean ±

SD, n = 5–6 animals/condition, Student’s t test.

n, number of repetitions. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S4 and Tables S4 and S5.
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mediators (Figure 4D), mimicking the effects seen with suppres-

sion of p53R172H (Figures 2A, 2B, and S3A). In a similar manner,

knockdown of the +polyC GAP4 isoform also decreased prolifer-

ation and downstream signaling from KRASG12D and Rho (Fig-

ures S5B–S5D). These results suggested that manipulation of

GAP splicing can attenuate the activity of RAS GTPases and

downstream signaling.

To determine whether p53R175H-driven +polyC GAP17 iso-

forms enhance tumor burden, we next tested the effects of inhib-

iting polyC GAP17 in vivo. In an orthotopic, syngeneic p53

mutant PDAC model, knockdown of +polyC GAP17 extended

animal survival by >40% compared with control mice with +-

polyC GAP17-expressing tumors (Figures 4E and S5E). In addi-

tion, tumor volume and metastases were markedly decreased

A

C

E

H I J

F G

D

B Figure 4. Targeting GAP17 Isoforms De-

creases KRASG12D Activation and Increases

Survival in Pancreatic Cancer Models

(A) Top left, schematic of isoform-specific shRNAs

targeting +polyC exon of GAP17 promoted by

p53R172H. Bottom left, RT-PCR demonstrating

isoform-specific knockdown of +polyC GAP17 in

KPC cells using shRNAs against polyC exons

(PolyC sh1 and sh2), compared with non-targeting

control. Upper band, +polyC isoform; lower band,

�polyC isoform. Right, qRT-PCRs for quantifica-

tion of +polyC GAP17 or –polyC GAP17 isoforms

using primers that flank junctions between the

polyC exon and adjacent exons (exons 16 and 18)

or primers that flank the junction between exons 16

and 18. Mean ± SD, n = 3 replicates/condition.

Student’s t test.

(B) Proliferation of KPC cells expressing control

or +polyC GAP17 sh1 and sh2. Mean ± SD, n = 3

repetitions/condition, Student’s t test.

(C) Affinity precipitation of GTP-bound active

KRASG12D (left) or p-ERK (right) in KPC cells with

knockdown of polyC GAP17 isoforms or control.

Precipitation using GST-RAF1-RBD fusion protein,

blotting using RASG12D antibody. Mean ± SD, n =

3 replicates/condition. Student’s t test.

(D) Affinity precipitation of GTP-bound active RHO

(left) and phosphorylated COFILIN (inactive form,

bottom left) in KPC cells with knockdown of +polyC

GAP17 isoform and control. Mean ± SD, n = 3

replicates, Student’s t test.

(E) Kaplan-Meier survival (log rankMantel-Cox test)

following orthotopic syngeneic transplantation of

KPC cells expressing control or shRNAs

against +polyC GAP17. n = 5–6 animals/condition.

(F) Tumor volume by 3D-ultrasound 30 days after

orthotopic injection of cells expressing control

or +polyC GAP17 sh1 or sh2. Ultrasound images of

tumors (T). S, skin. Mean ± SD, n = 5–6 animals/

condition, Student’s t test.

(G) Number of hepatic and splenic metastases per

animal bearing PDACs with expression of control

or +polyC GAP17 sh1 and sh2. Mean ± SD, n = 5

animals/condition, Student’s t test.

(H) Kaplan-Meier survival (log rank Mantel-Cox

test) following orthotopic syngeneic trans-

plantation of KPC cells with overexpression of +-

polyC or –polyC GAP17 isoforms or EV. n = 5–6

animals/condition.

(I) Tumor volume by 3D ultrasound 30 days after

orthotopic injection of KPC cells expressing +-

polyC GAP17, �polyC GAP17, or EV. Represen-

tative ultrasound images of tumors (T). S, skin.

Mean ± SD, n = 5 animals/condition, one-way

ANOVA with Tukey multiple comparison.

(J) Number of hepatic and splenic metastases per animal bearing PDACs with overexpression of +polyC or –polyC GAP17 or EV. Mean ± SD, n = 3 repetitions/

condition, Student’s t test.

n, number of repetitions. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S5.
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A

D E F

G

H I J

K

B C

Figure 5. The Spliceosome and polyC GAP Isoforms Are Therapeutic Vulnerabilities in p53R172H Pancreatic Cancers

(A) Kaplan-Meier survival (log rankMantel-Cox test) following orthotopic syngeneic transplantation of KPC cells with either control renilla shRNA (shR) or shRNAs

against p53 (sh1) and treated with either vehicle or H3B-8800 (at 8 mg/kg). Data are mean ± SD, n = 5–11 injected animals/condition. For p53R172H shR vehicle

versus H3B-8800, hazard ratio (HR) = 156; 95% CI, 17.16–1,431; for p53R172H sh1 vehicle versus H3B-8800, HR = 76.5; 95% CI, 9.47–617.9; for p53R172H sh1

versus shR (both with H3B-8800), HR = 17.25; 95% CI, 4.92–60.4.

(B) Dose-response curves in p53R172H expressing cells (shR) compared with sh1 cells treated with H3B-8800 for 48 h. Relative proliferation index established by

comparing cells treated with DMSO. Inset indicates inhibitor concentration that reduced proliferation by half (IC50) and that killed half of the cells (LD50). NA, not

(legend continued on next page)
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by +polyC GAP17 depletion (Figure 4F, 4G, and S5F). Further-

more, overexpression of +polyC GAP17 decreased survival

and increased tumor size and metastatic burden (Figures 4H–

4J, S5G, and S5H). These data indicate that the changes in

GAP17 mRNA splicing induced by mutant p53R172H significantly

increase the aggressiveness of p53 mutant PDAC.

The Spliceosome and +polyC GAP Isoforms Are
Therapeutic Vulnerabilities in p53R172H PDAC
Recently, a number of small-molecule compounds that bind the

SF3b complex and impair its interaction with RNA have been

developed (Seiler et al., 2018; Yoshimi and Abdel-Wahab,

2017). Given the ability of such compounds to impede exon

splicing globally, we tested the dependency of p53R175H tumors

on inclusion of C-rich exons by SF3b inhibitor treatment of

PDACs with or without p53R172H.

Daily treatment with H3B-8800 in mice bearing established or-

thotopic p53R172H and p53 null PDACs increased survival and

decreased tumor volume compared with isogenic PDACs

treated with vehicle (Figures 5A and S5I–S5L). However, the

largest differences in survival were among the mutant p53R172H

mice treated with vehicle and H3B-8800 (Figures 5A and S5L).

These changes were associated with marked PDAC apoptosis

and occurred in a cell-autonomous manner, as these cells

were also more sensitive to spliceosome modulation in vitro us-

ing either H3B-8800 or E7107 (Figures 5B, S5M, and S5N). In

addition, p53-null murine PDAC cells engineered to express hu-

man p53 mutants showed greater sensitivity to H3B-8800 than

isogenic cells expressingWTor empty vector control (Figure 5C).

We hypothesized that increased sensitivity of p53R172H PDACs

to H3B-8800 was due to requirement for the splicing changes

promoted by mutant p53. To test this, we compared exon usage

in cells with or without p53R172H at increasing non-cytotoxic con-

centrations of H3B-8800. At these concentrations, H3B-8800

reduced expression of p53R172H-associated isoforms, including

GAP17 (Figures 5D, 5E, and S5O). Given that H3B-8800 induces

splicing changes unrelated to those associated with p53R172H,

we next tested whether expression of +polyC isoforms in

GAPs could rescue the lethal effects of H3B-8800. The lethal ef-

fects were partially rescued by expressing cDNAs encoding +-

polyC isoforms of GAPs. In contrast, expressing corresponding

cDNAs for �polyC isoforms did not rescue cell growth (Figures

5F and S5P). These data suggest that p53-mutant PDACs

depend on sustained expression of +polyC GAPs.

To test if +polyC Gap17 is a therapeutic target for mutant p53

PDACs and extend the experiments using isoform-specific

shRNAs (Figures 4A–4E), we designed twomorpholino antisense

oligonucleotides (ASOs) to block GAP17 polyC exon inclusion by

blocking 30 or 50 splice sites (Figure S5Q). Both ASOs

decreased +polyC GAP17 and increased�polyC GAP17 protein

levels while maintaining constant GAP17 mRNA levels relative to

control ASOs (Figures 5G andS5Q).We then tested ASOs in vivo.

We established subcutaneous PDAC allografts in syngeneic

immunocompetent mice and treated these with ASOs via intra-

tumoral injection for 12 days. ASOs targeting polyC exon of

GAP17, but not control ASOs, significantly reduced tumor

growth and phospho-Erk while increasing phospho-cofilin and

tumor necrosis (Figures 5H–5K). We conclude that blocking

p53-mutant associated GAP17 isoforms restores GAP17 GAP

activity in murine PDAC, thereby decreasing tumor growth.

DISCUSSION

Here, we identify that p53R175H, as well as other p53 hotspot mu-

tations, rewire the splicing of mRNAs encoding GAPs to promote

maximal activation of Kras signaling in PDACs. Despite decades

of studies on the role of p53R175H, effects of mutant forms of p53

on RNA splicing or KRASG12D activity have not been recognized.

applicable. Data represent mean ± SD; n = 3 repetitions/condition, Student’s t test. RNA-seq performed across a range of non-cytotoxic concentrations (gray

box) to compare differences in exon splicing in cells with or without p53R172H.

(C) IC50 values toH3B-8800 in p53-null PDAC cells (KPFLC cells) overexpressing humanwild-type p53 (WT), missense hotspotmutants R175H, R248Q, or R273H,

or EV. Treatment for 48 h was done 30 days after confirmed overexpression. Data represent mean ± SD; n = 3 repetitions/condition, Student’s t test.

(D) Sashimi plots illustrating C-rich exon (exon 17; E17) in GAP17 in murine PDAC cells without (sh1) or with mutant p53R172H (shR), untreated with H3B-8800 (top

two sashimi plots). Bottom three sashimi plots refer to cells with mutant p53R172H (shR) treated with three non-cytotoxic H3B-8800 concentrations. PSI value is

provided for each condition.

(E) RT-PCR of loss of polyC exons in representative GAPs (Asap1, Rasa4, and Gap4) in KPC cells expressing p53R172H treated with non-cytotoxic H3B-8800

concentrations or vehicle, using primers that flank polyC exons. Upper bands in RT-PCRs denote the +polyC isoform, while lower bands correspond –polyC exon

to isoforms.

(F) Left, western blots of cDNAs encoding polyC and no polyC isoforms of GAPs (GAP17 and Asap1) or EV in KPC cells. Molecular weight difference

between +polyC and –polyC ASAP1 isoforms is not large enough to distinguish by western blots. Right, dose-response curves in p53R172H-expressing cells

overexpressing polyC and non-polyC isoforms of GAPs GAP17 and ASAP1, or EV treated with H3B-8800 for 48 h. Mean ± SD; n = 3–5 repetitions/condition,

Student’s t test.

(G) Schematic of antisense oligonucleotides (ASOs) (top left) and corresponding RT-PCRs (bottom left) and qRT-PCRs (right) for quantification of +polyC GAP17

or �polyC GAP17 isoforms in KPC cells 48 h after treatment with 10 mM ASOs. Mean ± SD, n = 3 repetitions, Student’s t test.

(H) Left, tumor volume after in vivo ASO treatment of KPC subcutaneous xenografts. Tumor volume measured twice/week during treatment with non-targeting

ASO control (NC) or +polyC GAP17-targeting ASOs. ASOs given at 12.5 mg/kg, every other day intratumorally. Right, representative PDAC images. Mean ± SD,

One-way ANOVA, with Tukey multiple comparison.

(I) Immunohistochemistry quantification for p-ERK1/2 in PDACs treated with non-targeting ASO control or +polyC GAP17-targeting ASOs. Mean ± SD, n = 5

PDACs, one-way ANOVA, with Tukey multiple comparison.

(J) Relative p-ERK1/2 (left) and p-COFILIN (right) in non-targeting ASO control (NC) or +polyCGAP17 targeting ASOs (ASO1 and 2). Lysates generated from viable

tumor areas. Data represent mean ± SD, n = 5 PDAC, one-way ANOVA, with Tukey multiple comparison.

(K) Percentage necrotic tumor area following in vivo ASO treatment of KPC allografts. Data represent mean ± SD, n = 3–5 PDACs, one-way ANOVA, with Tukey

multiple comparison.

n, number of repetitions; #p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S5.
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In PDAC mouse models, mutations in Kras are necessary for tu-

mor initiation but not sufficient to maintain GTP-bound levels of

KRASG12D, suggesting that KRAS activity and tumorigenicity is

subject to additional regulatory mechanisms (Ardito et al.,

2012; di Magliano and Logsdon, 2013; Logsdon and Lu, 2016).

We found that mutant p53, hnRNPK, and +polyC GAP isoforms

maintain GTP-bound levels of mutant KRAS and enhance its

downstream signaling, thereby promoting tumor growth.

These results also highlight oncogenic mechanisms of GAP

regulation. Although GAPs are tumor suppressors inactivated

either by deletion or mutations in different cancers (Vigil et al.,

2010), they are mutated in <1% of PDAC cases. Here, we

demonstrate a non-genetic and plastic mechanism for GAP

inactivation by mutant p53, in a manner that promotes the activ-

ity of RAS small GTPases. Importantly, the PPXPmotifs encoded

by GAP isoforms promoted by mutant p53 are classical SH3-

binding motifs known to mediate protein-protein interactions

(Feng et al., 1995). Further studies are needed to elucidate the

precise biochemical role of SH3 domains inmediating GAP regu-

lation. Overall, these findings implicate mutant p53 in deregu-

lated RAS signaling in PDAC, and potentially in other malig-

nancies harboring TP53 mutations.

Given that mutant KRAS and p53 have proven ‘‘undruggable,’’

there have been intense efforts to identify druggable critical down-

stream targets and nodes required by these oncoproteins (Aguirre

and Hahn, 2018). Here, we show that PDACs harboring mutant

KRASG12D andp53R172H are selectively dependent onhnRNPK, +-

polyCGAPs, and intact spliceosome function. These findings sug-

gest specific downstream targets that can be exploited to target

tumors with both oncogenic KRAS andmutant p53. The observa-

tion that PDACs expressingKRASG12D and p53R172H are preferen-

tially sensitive to ASOs targeting +polyC GAP isoforms, as well as

splicing inhibitors, suggest that this dependency may be lever-

aged for therapeutic benefit in a biomarker-driven manner. Given

the recent clinical success and FDA approval of ASOs for spinal

muscular atrophy (Stein and Castanotto, 2017), the correction of

GAP mis-splicing using such agents may prove similarly effective

in cancers with p53R175H mutations.

Collectively, these findings uncover a biologically critical and

therapeutically exploitable mechanism of cooperation between

the two most frequently mutated and co-existing oncogenes in

human cancers: KRAS and TP53.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal murine p53 Leica p53-CM5P-L; RRID: AB_2744683

Mouse monoclonal anti-Human p53 Santa Cruz sc-126; RRID: AB_628082

Mouse monoclonal Arhgap17 (Gap17) Santa Cruz sc-514438

Rabbit polyclonal Arhgap17 (Gap17) Invitrogen PA5-50113; RRID: AB_2635566

Mouse monoclonal Total Ras Cell Signaling 8832; RRID: AB_2180216

Mouse monoclonal Total Rho Cell Signaling 8789; RRID: AB_10693922

Rabbit monoclonal Ras G12D Cell Signaling 14429; RRID: AB_2728748

Rabbit monoclonal Rap1 Cell Signaling 8825; RRID: AB_2284915

Mouse monoclonal Erk 1/2 Cell Signaling 4696; RRID: AB_390780

Rabbit monoclonal Phospho Erk 1/2 Cell Signaling 4370; RRID: AB_2315112

Rabbit monoclonal Cofilin Cell Signaling 8503; RRID: AB_11220230

Rabbit monoclonal phospho-cofilin Cell Signaling 3313; RRID: AB_2080597

Rabbit polyclonal Asap1 Abcam 208170

Rabbit monoclonal Flag Cell Signaling 14793S; RRID: AB_2572291

Rabbit polyclonal hnRNPK Cell Signaling 4675; RRID: AB_10622190

Mouse monoclonal B-actin Cell Signaling 3700; RRID: AB_2242334

Rabbit monoclonal Gapdh Santa Cruz sc-5174

Rabbit monoclonal Gapdh Cell Signaling 5174; RRID: AB_10622025

Rabbit polyclonal Pan-Cadherin Cell Signaling 4068; RRID: AB_979520

Rabbit polyclonal GFP Cell Signaling 2555; RRID: AB_10692764

Rabbit polyclonal Histone 3 Cell Signaling 9715; RRID: AB_331563

Bacterial and Virus Strains

E.coli BL21DE3 New England BioLabs C2527I

Biological Samples

Human: Passage 40 HT-42,

HT-42 Patient Derived

Organoids cells

MSKCC PDAC organoid

biobank. See Table S3.

N/A

Human: Patient derived

organoids, isolated RNA

Dana-Farber PDAC

organoid biobank.

N/A

Chemicals, Peptides, and Recombinant Proteins

H3B-8800 H3 Biomedicine H3B-8800

Recombinant human hnRNPK Custom plasmid with cDNA P61978

Recombinant human GAP17 Custom plasmid with cDNA Q68EM7

Recombinant human KRAS Custom plasmid with cDNA Q68EM7

Recombinant human RHO Custom plasmid with cDNA P61586

Doxycycline Hyclate, Doxy food (0.625g/Kg) SAFE complete care competence E8200 Version 0115

Critical Commercial Assays

Trans-Lentiviral shRNA Packaging

Kit with Calcium Phosphate

Transfection Reagent

Dharmacon TLP5915

Active Ras detection kit Cell Signaling 8821

Active Rho detection kit Cell Signaling 8820

Active Rap1 detection kit Cell Signaling 8818

Subcellular Protein Fractionation Kit Thermo 78840

Verso cDNA Synthesis Kit Thermo AB1453A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNeasy Mini kit Qiagen 74104

GoTaq� Green Master Mix Promega M7122

SYBR Green Master Mix Thermo 4367659

Deposited Data

Raw and analyzed data This paper GSE114502.

Experimental Models: Cell Lines

Mouse: Murine PDAC cells

(KrasG12D/+; p53R172H/-; Pdx1-

Cre [KPC cells] and KrasG12D/+;

p53 Flox; Pdx1-Cre [KPFLC cells])

Provided by Robert

Vonderheide, generated

from the PDX-1-Cre;

LSL-KrasG12D/+; LSL-

Trp53R172H/+

(Hingorani et al., 2005).

N/A.

Mouse: Murine pancreatic

duct epithelial cells

(PDEC, KrasG12D; p53+/+),

(Agbunag et al., 2006). N/A

Mouse: Murine PanIN organoids

were generated using the

Mist1:CreERT2 (CiMist1)

Lox-Stop-Lox (LSL)-KrasG12D/+ mice.

This paper N/A

Breast cancer cell line

SK-BR-3 (KRAS+/+; p53 R175H)

ATCC ATCC� HTB-30�

Colon cancer cell line

LS-123 (KRASG12S/+; p53 R175H)

ATCC ATCC� CCL-255�

Experimental Models: Organisms/Strains

Mouse: Albino mutant coisogenic C57BL/6 Strain code:562 Charles River Frederick

Research Models &

Services NCI.

Oligonucleotides

Anti-sense Oligos: Anti-polyC Gap17

#1 ACACCAAAGCTACACAGAGAGAAGA,

#2 CAGCAGAAGTGGGCTCCTTACCTGC.

Gene Tools Custom design. N/A.

+PolyC isoforms shRNAs sequences

GAP17 1F shRNA1

TGGGTGGCACTCTAAATAGATTCAAGA

GATCTATTTAGAGTGCCACCCTTTTTTC

GAP17 1R shRNA1

TCGAGAAAAAAGGGTGGCACTCTAAAT

AGATCTCTTGAATCTATTTAGAGTGCCACCCA

Thermo Custom design. N/A.

GAP17 2F shRNA2 TGGGCCTGTCTT

CTCTTCTATTCAAGAGATAGAAGAGA

AGACAGGCCCTTTTTTC

GAP17 2R shRNA2

TCGAGAAAAAAGGGCCTGTCTTCT

CTTCTATCTCTTGAATAGAAGAGA

AGACAGGCCCA

Thermo Custom design. N/A.

GAP4 1F shRNA1 TGATCCGAGA

TGCCTTTGAATTCAAGAGATTCA

AAGGCATCTCGGATCTTTTTTC

GAP4 1R shRNA1

TCGAGAAAAAAGATCCGAGATG

CCTTTGAATCTCTTGAATTCAAA

GGCATCTCGGATCA

Thermo Custom design. N/A.

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GAP4 2F shRNA2 TGGATCTCAGAGAT

CCGAGATTCAAGAGATCTCGGATCTC

TGAGATCCTTTTTTC

GAP4 2R shRNA2 TCGAGAAAAAAGGA

TCTCAGAGATCCGAGATCTCTTGAAT

CTCGGATCTCTGAGATCCA

Thermo Custom design. N/A.

hnRNPK 1 shRNA1 CTGGATCTATTATTGGCAA

hnRNPK 1 shRNA1 GAGTTGAGACTGTTGATTC

Thermo Custom design. N/A.

TP53 primers

F: GAAGACCCAGGTCCAGATGA

R: TGTTTCCTGACTCAGAGGGG

Thermo Custom design. N/A.

Trp53 primers

F: CATGGAGGAGTCACAGTCG

R: CACTCGGAGGGCTTCACTT

Thermo Custom design. N/A.

GAP17 primers

R: TTAGAACTCGGGGTGGTGAG

F: AGCACCAGGGAGAAACAACA

Thermo Custom design. N/A.

GAP17 primers

R: GACTCTGGAGAGGAAGCGAC

F: TGTGAGGTGTGCTTACTGAGAG

Thermo Custom design. N/A.

RASA4 primers

F: CACAGACCGAAGCTGAAGTG

R: GTGGTTCCATCCACGACTCT

Thermo Custom design. N/A.

ASAP1 primers

R: ATCCATCTCGTCCTGTCGAA

F: CTGTCTCAGCAAGCAAGCAC

Thermo Custom design. N/A.

GAP4 primers

R: TTTTCTCTCTGTGCACTGGG

F: GACTCAGTGGCTGGGGTACT

Thermo Custom design. N/A.

GAP10 primers

R: AGAGGGCTGGGACTGTCAC

F: AGGAGCCATTTTTGAGGATG

Thermo Custom design. N/A.

GAPDH primers

F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGAGGTCA

Thermo Custom design. N/A.

GAPDH primers

F: GCAAATTCCATGGCACCGTC

R: TCGCCCCACTTGATTTTGG

Thermo Custom design. N/A.

+polyC ASAP1 primers

F: ACGCCGGGAAAGGTCCAAC

R: CCCCAAGGAATTGCGCCT

Thermo Custom design. N/A.

+polyC GAP17 primers

F: GGAGAGCTTTGGTGTGAAGC

R: TGGGTTTTGGAGGACTGCTG

Thermo Custom design. N/A.

-polyC ASAP1 primers

F: GATGACAAGCCAAGCCCGAT

R: ATCATTACCTTTCCCGGCGT

Thermo Custom design. N/A.

–polyC GAP17 primers

F: CTGCCACATCGGTCCACG

R: GGAGGACTCTCCTTCTTCACC

Thermo Custom design. N/A.

Recombinant DNA

Plasmid: TRMPV-Neo vector

(pSIN-TRE-dsRed-miR30-

PGK-Venus-IRES-NeoR)

Weissmueller et al., 2014;

Zuber et al., 2011

N/A

Plasmid: pLVX-IRES-mCherry vector Clontech 631237

Plasmid: pLVX-IRES-PURO Clontech Modified from 631237

(Continued on next page)
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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, Luisa

Escobar-Hoyos (luisa.escobar-hoyos@yale.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
RNA-seq data from this study are deposited in the Gene Expression Omnibus (GEO) under accession number: GSE114502.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

PDAC Patient Derived Organoids
Studies were approved by the Institutional Review Boards of Memorial Sloan Kettering Cancer Center (MSK) and Dana-Farber Can-

cer Center in accordance to the Declaration of Helsinki protocol. Patients provided samples after their informed consent and primary

human de-identified PDAC samples derived from resection or fine needle biopsies. Genomic were analyzed using MSK IMPACT

(Cheng et al., 2015) assay or FoundationOne (Leeksma et al., 2018) assay, both as previously described.

Animals
All animals were housed at Memorial Sloan Kettering Cancer Center (MSKCC). All animal procedures were completed in accordance

with the Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Com-

mittees at MSKCC. All mouse experiments were performed in accordance with a protocol approved by the MSKCC Institutional An-

imal Care and Use Committee (11-12-029). 6-10 week old female albino mutant coisogenic C57BL/6 strain were used for all xeno-

grafts. Power analysis was used to determine appropriate sample size to detect significant changes in animal median survival, which

were based on previous median survival analyses in our laboratory.

Cell Culture
Primary patient derived and murine PanIN organoids were culture following the protocols previously described (Boj et al., 2015).

Briefly, cells were embedded in matrigel 3D cultures and media included several growth factors and enzyme inhibitors to

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pSicoR vector Addgene 11579 (Described in

Ventura et al., 2004).

Plasmid: GIPZ Lentiviral shRNA vector Dharmacon RHS4531

Plasmid: pQlinkH Addgene 13667. Scheich et al.,

2007. Addgene

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/

QoRTs v1.1.8 Hartley and Mullikin, 2015 N/A

Kallisto v0.43.0 Bray et al., 2016 N/A

DESeq2 v1.10.1 Love et al., 2014 N/A

Sleuth v0.28.1 Pimentel et al., 2017 N/A

SUPPA v1 Trincado et al., 2018 N/A

MEME v4.11.2 Bailey et al., 2009 N/A

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

scientific-software/prism/

Primer3 Howard Hughes Medical

Institute and by the

National Institutes of Health

http://bioinfo.ut.ee/primer3/

Other

Sequence data, (FastQ files)

for alternative splicing

analyses in patient derived PDACs.

This paper Bailey et al., 2016
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support the growth of the cells. Cultures were split at 80% confluence. Murine PDAC cells (KrasG12D/+; p53R172H/-; Pdx1-Cre

[KPC cells] and KrasG12D/+; p53 Flox; Pdx1-Cre [KPFLC cells]) and 293T cells, were cultured in DMEM (Gibco) supplemented

with 10% fetal bovine serum (FBS) and 1% Pen Strep (Gibco). Murine pancreatic duct epithelial cells (PDEC, KrasG12D;

p53+/+), were cultured based on previous reports (Agbunag et al., 2006; Lee and Bar-Sagi, 2010). All cell lines were incubated

at 37�C and 5% CO2. Primary patient derived organoids were generated at Memorial Sloan Kettering Cancer Center (MSKCC)

using primary patient samples from tumor resection under Institutional Review Boards approval and in accordance to the Decla-

ration of Helsinki protocol. Informed consents were obtained from all human subjects. Murine PanIN organoids were generated

using the Mist1:CreERT2 (CiMist1) Lox-Stop-Lox (LSL)-KrasG12D/+ mice (Tuveson et al., 2006) with td Tomato tracer and

following the protocol from Boj et al., 2015 (Boj et al., 2015). Murine PDAC cells were obtained from Dr. Robert Vonderheide,

generated from the PDX-1-Cre; LSL-KrasG12D/+; LSL-Trp53R172H/+ (Hingorani et al., 2005). All cells are tested yearly for my-

coplasma contamination. Stable cell lines expressing shRNAs or cDNAs were generated by lentiviral or retroviral transduction in

the presence of appropriate antibiotic resistance markers or by Fluorescence Activated cell sorting (FACS) sorting of cells with

fluorescent marker.

METHOD DETAILS

Patient derived RNASeq data from ICGC. FastQ files derived from the Bailey et al. (2016) were used to identify the isoform expression

measurements from PDACs of patients with different mutation status for TP53.

RNA-seq Quantification
For a robust analysis of subtle expression and splicing effects, alignment-based and alignment-free methods were combined. Reads

were aligned to Gencode annotation v25 for human or vM12 for mouse using STAR v2.4.1d and quantified by QoRTs v1.1.8 (Hartley

and Mullikin, 2015), while alignment-free quantification was performed by Kallisto v0.43.0 (Bray et al., 2016) accounting for hexamer

bias and using 100 bootstrap iterations to estimate the uncertainty due to the finite depth of coverage.

Differential Gene Expression and Splicing Defect Estimation
Differentially expressed genes were then identified from aligned data using DESeq2 v1.10.1(Love et al., 2014) and from alignment-

free data using Sleuth v0.28.1(Pimentel et al., 2017). Splicing defects at known loci (exons etc.) were identified using SUPPA v1 (Trin-

cado et al., 2018). SUPPA extracts the PSI value for each event by transformation of alignment-free transcript quantification. Statis-

tical significance is then calculated using a Kolmogorov-Smirnov test to compare the PSI distributions of two conditions as a function

of the expression of the transcripts defining the events. To further validate the significance of the splicing defects, the empirical

version of the SUPPA algorithm was applied to samples permuted in such a way as to eliminate any biological effect.

Tumorigenicity and Metastasis Assays
KPC cells expressing (i) inducible shRNAs against R or p53, (ii) constitutive shRNAs against polyC exons or control (iii) consti-

tutive cDNAs of +polyC, -polyC isoforms and empty vector (EV) control were mixed in 1:1 matrigel (BD Biosciences) and simple

media to a final of 150,000 cells in a 30 ml. Cells were orthotopically implanted into the tail of the pancreas of B6 albino mice

(Charles river). 5-11 mice were implanted for each-individual genetically-engineered stable cell line. For H3B-8800 studies, after

10 days post-implantation with KPC cells, animals were placed under a doxy food (0.625g/Kg Doxycycline Hyclate) to induce

the expression of shRNAs against renilla or p53. At the same time, animals were randomized to receive oral gavage doses in-

fusions of vehicle (5% Ethanol, 95% methyl cellulose (0.5% in water) or 8 mg/kg of H3B-8800 daily until the time of death. Tu-

mor growth was measured via 3D-ultrasound imaging starting 10 days post-implantation weekly. For median survival assess-

ment, animals were sacrificed following the endpoints approved by IACUC: (i) Animals showing signs of significant discomfort,

(ii) ascites or overt signs of tumor metastasis or gastrointestinal bleeding (blood in stool), (iii) animals losing >15% of their body,

and (iv) animals with tumors >2cm in diameter. Animals with tumors expressing inducible shRNAs, were fed with doxycycline

food (0.625 Doxycycline Hyclate). Investigators responsible for monitoring and measuring the xenografts of individual tumors

were not blinded.

In Vitro Anti-sense Oligonucleotide (ASO) Transfection
To deliver morpholinos into cultured cell lines, we followed the manufacture’s instruction (GeneTools LLC). Briefly, we used 6uM

Endo-Porter after adding morpholinos (final concentration: 10uM). RNA and proteins are collected 48 h after delivery. ASO target

sequence - #1 ACACCAAAGCTACACAGAGAGAAGA, #2 CAGCAGAAGTGGGCTCCTTACCTGC.

In Vivo Anti-sense Oligonucleotide (ASO) Transfection
Treatment with ASOs was started when the sub-cutaneous tumor volume in mice reached 100–200 mm3. Cohorts were treated i.t.

with 12.5 mg/kg scrambled or poison exon–targeting Vivo-Morpholinos (#1 ACACCAAAGCTACACAGAGAGAAGA, #2 CAGCA-

GAAGTGGGCTCCTTACCTGC, GeneTools LLC) dissolved in 50 ml PBS, every 2 days for 8 doses total. The mice were dissected

24 h after the final treatment.
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Patient Survival Calculations Based on hnRNPK Expression
To determine the best low/high cutoff for hnRNPK mRNA from TCGA data set, Cox regression model was run repeatedly from the

lowest level of hnRNPK expression (6612.71 RSEM reads) to the highest (16155.8 RSEM reads) and the best model was chosen

based on the Hazard Ratio (HR), p value, and the lowest Akaike information criterion (indicator of the model fit). Once the best model

was chosen, that hnRNPK mRNA expression (9697.7 RSEM reads) was used to stratify low verse high hnRNPK mRNA. Overall sur-

vival analyses were performed to test the relationship between hnRNPK mRNA expression and clinical outcomes. The association

between hnRNPKmRNA expression and overall survival was estimated through univariate Cox proportional hazardmodels using log

rank test.

Retroviral Constructs and Virus Production
Inducible shRNAs against TP53 and Trp53 (human andmurine p53) or renilla (R) were cloned into the TRMPV-Neo vector (pSIN-TRE-

dsRed-miR30-PGK-Venus-IRES-NeoR) as previously described (Weissmueller et al., 2014; Zuber et al., 2011). Constitutive expres-

sion of shRNAs against polyC exons for the isoforms were cloned into the pSicoR vector (Addgene, 11579) as previously described

(Ventura et al., 2004). Constitutive expression of shRNAs against hnRNPK were cloned into the GIPZ Lentiviral shRNA vector (Dhar-

macon). shRNA sequences are described in Key Resources Table. Constitutive expression of cDNAs encoding for +polyC and

-polyC GAPs and indirect regulators of GTPase signaling shRNAs were cloned into the pLVX-IRES-mCherry vector (Clontech

631237). Constitutive expression of cDNAs encoding for human TP53 wild-type and mutants (R175H; R248Q and R273H) were

cloned into the pLVX-IRES-PURO vector (Modified from Clontech 631237). All constructs were verified by sequencing. Lentiviruses

and retroviruses were produced by transiently transfecting shRNAs or cDNA constructs using the Dharmacon Trans-Lentiviral

shRNA Packaging Kit with Calcium Phosphate Transfection Reagent protocols into 293T cells and harvesting viral supernatants

48 h after transfection.

mRNA Sequencing
For murine KPC and PanIN cells and primary patient derived organoids, RNA was extracted using Qiagen RNeasy columns. poly(A)-

selected, unstranded Illumina libraries were prepared with a modified TruSeq protocol. 0.53 AMPure XP beads were added to the

sample library to select for fragments <400 bp, followed by 13 beads to select for fragments >100 bp. These fragments were then

amplified with PCR (15 cycles) and separated by gel electrophoresis (2% agarose). 300 bp DNA fragments were isolated and

sequenced on the Illumina HiSeq 2000 (�100M 2349 bp reads per sample).

Nucleotide Motif, Protein Motif and Enrichment Analyses
Statistically enriched nucleotide motifs were identified as previously described (Kim et al., 2015). Specifically, an ab initio

approach by querying all k-mers of length 4, 5, 6 or 7. An enrichment statistic was defined for each k-mer as the occur-

rence of each k-mer in all cassette exons that were promoted or excluded in the presence of p53R175H in the different com-

parison studied systems. This method is equivalent to identifying k-mers that maximally distinguish between promoted and

repressed cassette exons. Statistically significant enrichment was identified with the nonparametric Wilcoxon test, per-

formed using the distributions of occurrence for each k-mer in promoted versus repressed exons. Differentially enriched

motifs with an adjusted p value < 25% were considered significant. Consensus motifs were then identified by performing

k-means clustering on significantly enriched or depleted motifs with n = 5 centers. An identical ab initio analysis was per-

formed using the intronic regions flanking differentially spliced cassette exons (taking 100 nt upstream or downstream of

the exons), but no significantly enriched motifs were identified. Enriched protein motifs were identified using MEME

v4.11.2 (Bailey et al., 2009). The search considered motifs of length between 4 and 6 appearing in between exon se-

quences. To validate this approach, all k-mers of length 4, 5, or 6 were tested for enrichment, using a Wilcox test applied

to the number of occurrences of each k-mer per kilobase to test for significance. Pathway enrichment analysis was per-

formed using Enrichr (Kuleshov et al., 2016).

Immunoblotting
Cells were lysed in 13 RIPA buffer (Sigma) with protease and phosphatase inhibitors. After lysis, samples were sonicated and mixed

with (2% SDS, 2.5% b-mercaptoethanol) and heated at 95�C for 15 minutes. The antibodies used for western blotting are in Key Re-

sources Table.

Cell Proliferation and Drug Response Assays
KPC cells expressing (i) inducible shRNAs against R or p53 (cells were treated with 0.5 mM of doxycycline [dox, Sigma] five days

in advance of experiments to knockdown p53), (ii) constitutive shRNAs against polyC exons or control (iii) constitutive cDNAs

of +polyC, -polyC isoforms and empty vector (EV) control were seeded at a density of 700 onto 96-well black plates (Corning).

For drug-response curves, the day after seeding, treatments using small-molecule compounds that impede the ability of the

Sf3b complex to interact with pre-mRNAs (H3B-8800 and E7107)(Lee and Abdel-Wahab, 2016; Seiler et al., 2018; Yoshimi

and Abdel-Wahab, 2017) were performed at different nM concentrations or DMSO (Sigma) vehicle control for 48 h. At each

time-point of proliferation or drug treatment, cell viability was assessed using the CellTiter-Glo� Luminescent Cell Viability

Assay (Promega).
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Detection of Active RAS Small-GTPases in Cells
KPC cells expressing shRNAs or cDNAs were lysed and processed using the immunoprecipitation kits for detection of active RAS

(Cell signaling, 8821), active Rho (Cell signaling, 8820), active Rap1 (Cell signaling, 8818) following the manufacturer’s instructions.

Levels of active RAS small-GTPaseswere determined bywestern blotting. To detect the levels of active KrasG12D, after pull-down, we

blotted with the Ras G12D Mutant Specific antibody (Cell Signaling,14429).

Expression and Purification of Full Length or Catalytic Domain of GAP Proteins
Full length GAP17-polyC andGAP17+polyCwere expressed in Expi293F cells (ThermoFisher Scientific) according tomanufacturer’s

instructions. Briefly, 7.5x106 cells in 25.5 ml growth medium were transfected using 80 ml ExpiFectamine293 Reagent and 30 mg

plasmid DNA. Cells were grown at 37�C/8% CO2 shaking at 125 rpm, treated with enhancer solutions 1 and 2 after 18 h and har-

vested 72h after transfection. Cells were lysed in buffer containing 50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton,

1 mM DTT and 1x protease inhibitor mix. GAP17 proteins were isolated via FLAG m2 affinity purification and elution with 100 mg/

ml FLAG peptide in TBS/1 mM DTT.

GAP17 (residues 245-489), GAP17R288A and p120RASGAP (residues 714-1047) were cloned into an engineered pQlinkH vector

with an N-terminal GST tag inserted between the 6x His and TEV cleavage sequence. All proteins were expressed in BL21 (DE3) Ro-

setta2 cells by overnight expression at 16�C following isopropyl b-D-1-thiogalactopyranoside induction and purified following the

Qiagen Nickel NTA purification protocol. Cells were lysed by sonication in 50 mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl2,

10 mM GDP (for KRAS) and 5 mM b-mercaptoethanol. Following overnight cleavage with TEV protease, all proteins were Nickel

NTA purified again to remove the tag and protease. All proteins were further purified by size exclusion chromatography (Super-

dex-75 10/300 GL column; GE Life Sciences) and judged greater than 99% pure by SDS-PAGE analysis.

Expression of Full Length Small-GTPases
GST-tagged or 6x-His KRAS 4B and RHO proteins were expressed in E.coli BL21DE3 for 16 h at 16�C after IPTG induction or using

the pQlinkH bacterial expression vector (gift from Konrad Buessow; Addgene plasmid # 13667) containing an N-terminal 6x-His pu-

rification tag followed by a Tobacco Etch Virus (TEV) protease cleavage site (Scheich et al., 2007). For GST-tagged proteins, cells

were lysed in 50mM Tris pH 7.4, 250mM NaCl, 1mM DTT supplemented with 1x protease inhibitor mix and lysozyme (0.3mg/ ml)

using a High-Pressure Homogenizer (Emulsiflex-C5; Avestin). Proteins were purified via affinity purification (Glutathione Sepharose)

and size exclusion chromatography (ENrich SEC 650 10x300 Column, Bio-Rad equilibrated with 10mM HEPES, 250mM NaCl, 1mM

TCEP, pH 7.4. For 6x-His-tagged proteins, purified following the Qiagen Nickel NTA purification protocol. Cells were lysed by son-

ication in 50 mM HEPES pH 7.5, 150 mM NaCl, 5 mMMgCl2, 10 mMGDP (for KRAS) and 5 mM b-mercaptoethanol. Following over-

night cleavage with TEV protease, all proteins were Nickel NTA purified again to remove the tag and protease. All proteins were

further purified by size exclusion chromatography (Superdex-75 10/300 GL column; GE Life Sciences) and judged greater than

99% pure by SDS-PAGE analysis.

GTPase Activity Assay
In vitro GTPase assays were performed using the GTPase-Glo Assay (Promega) in white 384 well-plates. Reactions contained 1mM

DTT, 5mMGTP, 0.7mM RHOA or 1.5mM KRAS wt/KRASG12D plus recombinant GAP proteins at a 2.5 fold molar access in a final vol-

ume of 10 ml. Samples were incubated for 2 h at room temperature prior to further processing following manufacturer’s instructions.

Bioluminescence readings were performed on a Tecan infinite M1000Pro plate reader.

GTP Hydrolysis
KRAS GTP hydrolysis was measured using a modification of a previously published method (Shutes and Der, 2005). Briefly, excess

GDP was removed by buffer exchange, and a 40-fold molar excess of GTP was added to 400 ml of 250 mMKRAS with 30 mM EDTA.

After 1-4 hr at RT, MgCl2 was added to a final concentration of 50 mM and the reaction was placed on ice for 5 min. The mixture was

applied to a NAP-5 column (GE) equilibrated with 25 mM HEPES and 50 mM NaCl and fractions were collected. Protein containing

fractionswere pooled and the protein concentrationwasmeasured by A280. Using an xx fluorimeter, KRAS (4 mM), phosphate sensor

(5 mM), and GAP protein (10 mM for GAP17, 4 nM for p120RASGAP, when indicated) was added to phosphate-free buffer and fluo-

rescence was measured every 10 s for 20000 s.

Membrane and Cytoplasmic Fractionation Method
The translocation of Gap17 from the cytosol to the plasmamembrane is stimulated by active EGFR and other growth-factor signaling

and downstream Gap17 tyrosine phosphorylations in other cell types (Beck et al., 2013, 2014). To track plasma membrane localiza-

tion experiments of Gap17 we first depleted FBS from the media (24h) to eliminate growth factor signaling and tyrosine phosphor-

ylation of Gap17. Then we performed an acute growth factor stimulation (20% FBS/20min), to challenge and measure the transient

membrane localization of Gap17 isoforms under synchronized stimulation of RAS small-GTPases. These protocols have been pre-

viously used to track subcellular localization of GAP17 (Beck et al., 2013, 2014) and GAPs (Molloy et al., 1989). We used the Subcel-

lular Protein Fractionation Kit for Cultured Cells (Thermo Cat # 78840), according to manufacturer and previous studies (Cascio et al.,

2011; Draker et al., 2011; Loo et al., 2009; Roger et al., 2010). Briefly, the cells were incubated with a buffer that causes selective
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membrane permeabilization, releasing soluble cytoplasmic contents. After, high sucrose buffer (1.25M) was used for plasma mem-

brane fraction and collected after centrifugation. Importantly, this method does not solubilize the nuclear membranes.

Immunofluorescence Stains
Briefly, cells were fixed with 100% methanol and blocked using 1X PBS/5% normal horse serum. Permeabilization was performed

using 1X PBS/0.5% Triton� X-100. Primary antibody against Gap 17 (Invitrogen PA5-50113, 1:100) was left overnight. Secondary

immunofluorescent antibody was used to detect Gap17 (Cell Signaling Cat # A-11034) and DAPI to recognize the nuclei. Cells

were mounted and visualized under confocal microscope at 40X.

RNA Isolation, RT-PCR and qRT-PCR
RNA isolation was performed with the RNeasy Mini kit (Qiagen). Reverse transcription was performed using the Verso cDNA Synthe-

sis Kit (Thermo Scientific). RT-PCRs were performed using the GoTaq�GreenMaster Mix (Promega) and with an initial incubation at

95�C for 10minutes followed by 35-40 cycles of 15 seconds at 95�Cand 1minute at 58-60�C. Reaction products were analyzed on 1-

2% agarose gels with ethidium bromide staining.

qPCRwas performed using SYBRGreenMasterMix (Applied Biosystems) according to themanufacturer’s instructions. Reactions

were performed using a StepOnePlus Real Time PCR System (Applied Biosystems) with an initial incubation at 95�C for 10 minutes

followed by 40 cycles of 15 seconds at 95�C and 1 minute at 60�C. All samples including the template controls were assayed in trip-

licate. The relative number of target transcripts was normalized to the number of GAPDH transcripts found in the same sample. The

relative quantification of target gene expression was performed with the standard curve or comparative cycle threshold (CT) method

(Schmittgen and Livak, 2008). Primers were designed using Primer3 (available at http://bioinfo.ut.ee/primer3/). Primers used for each

reaction are described in Key Resources Table.

Immunohistochemistry
Immunohistochemistry was performed on formalin-fixed paraffin-embedded (FFPE) tissue blocks from pancreata from mice using

the indirect immunoperoxidase method to identify the presence of GFP (Cell Signaling, 2956) and phospho-ERK 1/2 (Cell Signaling,

4370). Antigen retrieval was performed in citrate buffer at 120�C for 10 minutes in a decloaking chamber. Endogenous peroxidase

was blocked by 3% hydrogen peroxide and sections were incubated overnight at 4�C. After primary antibody, biotinylated-horse

secondary antibodies (R.T.U. Vectastain ABC kit; Vector Laboratories, Burlingame, CA) were added. Development was done with

3, 30 diaminobenzidine (DAB) (Dako, Carpinteria, CA), and counter-stain was done with hematoxylin. Negative controls were per-

formed on all runs using an equivalent concentration of a subclass-matched immunoglobulin.

HNRNPK Bacterial Expression and Protein Purification
Transformed Rosetta Cells (Novagen) were cultured in LB medium, (5g Tryptone, 2.5g Yeast Extract, and 5g NaCl) until optical den-

sity reached 0.6, cultures were transferred to 4�Cand allowed to cool. Protein expression was induced for 14-20 hr with IPTG at 15�C.
Cells were pelleted, lysed in lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 3 mMMgCl2 1% Triton 100X, 40 mg/mL Lysozyme (Thermo

Scientific)) for 30 min in the presence of protease inhibitor cocktail (Roche), sonicated and clarified by centrifuging at 17,500 rpm,

passed through a 0.45 mM filter (GE) and purified using GST-Sepharose in column format (GST-trap FF, GE). A 4 L bacterial culture

was used for column purification and eluted protein was concentrated by centrifugation (Amicon Ultra-4 Centrifugal Filter Units) and

buffer exchanged into final buffer (100 mM KCl, 1 mM DTT, 20 mM HEPES). Proteins were quantified using Peirce Reagent (Thermo

Scientific) and purity and quality of protein was assessed by PAGE followed by Coomassie staining.

Filter Binding Assay
Custom RNA oligonucleotides were synthesized by IDT (Integrated DNA Technologies) and RBPs were purified as described (Dom-

inguez et al., 2018). polyN16: NNNNNNNNNNNNNNNN (where N is any base), polyC16: CCCCCCCCCCCCCCCC, and GAP17 exon:

UGCCCGCUGGCCCAGAGCCCCCUCCCCAGAG. RNA was end-labeled with 32P by incubating with Polynucleotide Kinase (NEB)

according to manufacturer protocol. Filter assay was performed following the protocol described previously (Dominguez et al., 2018)

for use with a 96-well dot-blot apparatus (Biorad). RBP and radio-labeled RNA were incubated in 100 mL binding buffer (100mMKCl,

1 mM DTT, 10% glycerol, 20 mM HEPES) for 60 minutes at room temperature. Final concentration of RNA was 330 pM and protein

concentration ranged from 2.5 nM-1 mM. Radioactivity signal was captured on a storage phosphor screen and subsequently

measured on Typhoon instrument.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed on biological replicates unless otherwise specified. Sample size for each experimental group/con-

dition is reported in the appropriate figure legends and methods. For significance testing, analyses were chosen if data met the as-

sumptions of the tests. Data was checked for comparable variance prior to statistical analysis. Statistically significant differences

between control and experimental groups were determined using two-tailed unpaired Student’s t-test, one-way ANOVA with Tukey

multiple comparison difference test, Mann-Whitney test, Kolmogorov-Smirnov test, Wilcoxon test, and log-rank test as indicated in

the appropriate figure legend and methods text.
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