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SUMMARY
A long-standing question in the pancreatic ductal adenocarcinoma (PDAC) field has been whether alternative
genetic alterations could substitute for oncogenic KRAS mutations in initiating malignancy. Here, we report
that Neurofibromin1 (NF1) inactivation can bypass the requirement of mutant KRAS for PDAC pathogenesis.
An in-depth analysis of PDAC databases reveals various genetic alterations in the NF1 locus, including
nonsense mutations, which occur predominantly in tumors with wild-type KRAS. Genetic experiments
demonstrate that NF1 ablation culminates in acinar-to-ductal metaplasia, an early step in PDAC. Further-
more, NF1 haploinsufficiency results in a dramatic acceleration of KrasG12D-driven PDAC. Finally, we show
an association between NF1 and p53 that is orchestrated by PML, and mosaic analysis with double markers
demonstrates that concomitant inactivation of NF1 and Trp53 is sufficient to trigger full-blown PDAC.
Together, these findings open up an exploratory framework for apprehending the mechanistic paradigms
of PDAC with normal KRAS, for which no effective therapy is available.
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth-leading

cause of cancer-related deaths worldwide and one of the most

aggressive malignancies.1,2 Most PDAC patients present with

inoperable disease and rapidly succumb to a devastating illness

characterized by severe cachexia and general organ dysfunc-

tion.2,3 The dismal hope of a cure comes from surgical resection

in�20% of patients who qualify, yet few survive beyond 5 years.

Resistant to all current forms of therapies, advanced PDAC has a

dismal 5-year survival rate of less than 7%.1,2

PDAC proceeds through a morphological spectrum of non-

invasive lesions, known as acinar-to-ductal metaplasia (ADM)

and pancreatic intraepithelial neoplasia (PanIN), accompanied

by a recurrent pattern of genetic lesions, the earliest and most

prevalent of which are activating mutations in the KRAS proto-

oncogene, occurring in up to 90% of patients.4,5 Given its high

incidence at very early stages of the disease, mutational activa-

tion ofKRAS has been postulated as the key genetic determinant

for PDAC initiation. Other subsequent inactivating mutations in

the tumor-suppressor genes p16INK4A, SMAD4, and TP53

(referred to hereafter as p53) are deemed essential for PDAC
C
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to progress and metastasize.5–7 In line with the human genetic

alterations, pancreas-specific expression of KrasG12D in mice

is sufficient to initiate ADM and attendant PanINs, which occa-

sionally progress into invasive PDAC following a long latency

period.8,9 Importantly, combining KrasG12D with inactivation of

p16Ink4a, Smad4, or Trp53 (referred to hereafter as p53) has

been shown to accelerate the development of PDAC tumors

with clinical and physiopathological features that closely recapit-

ulate the human disease.10–13

Kras belongs to the Ras superfamily of small GTPases, which

serve as molecular switches to mediate a variety of signal cues

key to cell growth and function.14 Ras proteins cycle between

an active guanosine 50-triphosphate (GTP)-bound state and an

inactive guanosine 50-diphosphate (GDP)-bound state. This is

mediatedbynucleotide-exchange factors,whichcatalyze theex-

change of GDP for GTP, and GTPase-activating proteins (GAPs),

which potentiate theweakRas intrinsicGTPase activity.15,16RAS

family members are the most frequently mutated oncogenes in

human cancer. Mutations inKRAS aremore prevalent than those

in NRAS or HRAS, and occur predominantly in the adenocarci-

nomas of pancreas, colon, and lung.17 Single-base substitutions

inRAS genes often occur in codon 12 andmuch less frequently in
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codons 13 and 61.18 Codon 12 mutations have been postulated

for decades to render Ras proteins insensitive to the hydrolyzing

activity of GAPs, thus causing them to remain chronically

active.19 However, such view was recently challenged by new

pharmacological studies revealing that the KrasG12C mutant re-

tains hydrolytic activity and continues to cycle between its active

and inactive states.20Despite addingextra complexity to the intri-

catemodel of Ras regulation, this recent progress offers a unique

opportunity for exploring new approaches to counter mutant

Kras, which has so far proven to be intractable.21

The NF1 tumor-suppressor gene encodes Neurofibromin-1, a

GAP protein that specifically promotes the conversion of the

active Ras-GTP bound form to its inactive Ras-GDP bound

form, therefore functioning as a general negative regulator of

Ras oncoproteins.22,23 Germline mutations or microdeletions in

NF1 are responsible for neurofibromatosis type 1, also known

as vonRecklinghausen disease, a dominant inherited genetic dis-

ease that predisposes patients to a variety of cancers, including

neurofibromas, glioblastomas, and pheochromocytomas.24 In

the vast majority of NF1-deficient tumors, constitutive activation

of Ras signaling has been noted, supporting the general notion

thatNF1might fulfill its tumor-suppressive function inpart by inac-

tivating Ras signaling.24 Notwithstanding this progress in under-

standingNF1biology, it remains unclearwhetherNF1 inactivation

operates independently or simultaneously with oncogenic Ras

signaling to promote cancer pathogenesis, progression, or both.

In this study,weundertook a variety of orthogonal andgenetic ap-

proaches to address this question, focusing on PDAC, where we

identified frequent genetic alterations in NF1, occurring either

separately or simultaneously with KRAS mutations. We found

that ablating NF1 resulted in a dramatic acceleration of

KrasG12D-driven PDAC, suggesting that NF1 might function to

restrain the oncogenic capabilities of mutant Kras. Interestingly,

ablating NF1 along with p53 in a wild-type Kras background was

sufficient to drive the formation of invasive PDAC, suggesting

that NF1 loss of function might bypass the requirement for onco-

genicKras. Thus, by demonstrating that concomitant inactivation

of NF1 and p53 can substitute for oncogenic Kras in PDAC, our

findings shed light onapreviously unrecognizedmechanism lead-

ing toPDACpathogenesis andprogression in the substantial frac-

tion of PDAC patients with normal KRAS.

RESULTS

NF1 genetic alterations in human PDAC
Interrogation of several public databases (see STAR Methods)

revealed the presence of various alterations in the NF1 gene in

a significant proportion of human PDAC tumors, ranging from

3.4% to 24.6% (all alterations), depending on the dataset scruti-
Figure 1. NF1 genetic alterations in PDAC

(A) Oncoplot showing genetic coding alterations in NF1 and KRAS in human PD

(B) Distribution of PDAC nonsense mutations identified in NF1. The recurrent mu

(C) Numbers of overlapping and independent PDAC mutations in NF1 and KRAS

(D and E) NF1 and/or cytokeratin-19 (CK19) expression was analyzed by immuno

Representative pictures are shown. Scale bars: (D) 25 and (E) 50 mm.

(F) NF1 expression was analyzed by qRT-PCR using pancreatic tissues from co

months for PanIN2, 6 months for PanIN3) and PDAC (12 months) lesions (n = 6;
nized (Figures S1A and S1B and Table S1). Among the 1,471

samples analyzed, 41 (2.40%) harbored either nonsense or

missense mutations (Figure 1A and Table S1). Copy number var-

iations (CNVs) do not seem to account significantly forNF1 alter-

ations, as only one tumor harbors a deletion in the NF1 locus. Of

critical importance, the majority of missense mutations are pre-

dicted to have strong damaging effects on NF1 activity

(Table S1). Furthermore, among the 18 nonsense mutations

found in NF1, 8 (44.44%) are likely to culminate in truncated pro-

teins lacking the catalytic Ras GTPase-activating domain (Fig-

ure 1B). Finally, 7 of these 8 tumors with NF1 nonsense muta-

tions harbor wild-type KRAS (Figure 1C and Table S1), hinting

at the possibility that NF1 genetic inactivation might represent

an alternative driver event in PDAC.

To explore whether there are any additional mechanisms

affecting NF1 function in PDAC, we performed immunohisto-

chemistry (IHC) experiments using a highly specific anti-NF1

antibody (see Figure 2B) to probe for NF1 protein expression in

three different tissue microarrays (TMAs) comprising 179 sam-

ples confirmed as either normal (65) or PDAC (114) with

PanINs and full PDAC lesions. As shown in Figure 1D, NF1

expression initially increased in PanIN lesions, but subsequently

dropped to background levels in PDAC lesions, suggesting that

NF1 might be transiently expressed during PDAC progression. A

double-blinded quantification of staining intensity showed that

about 64%of PanINs displayed the highest levels of NF1 expres-

sion, whereas less than 5% of PDAC lesions reached the same

degree of NF1 expression as in PanINs (Figure S1C). Nonethe-

less, it should also be noted that about 18% of PanINs were

almost completely devoid of any NF1 expression, an observation

that we subsequently validated through co-immunofluores-

cence (co-IF) using antibodies to the ductal marker cytokera-

tin-19 (CK19) and NF1 (Figures 1E and S1C). Although the pres-

ence of mutations in NF1 could by itself explain the lack of NF1

expression in those PanINs, we did not rule out the involvement

of additional mechanisms, such as inactivation of p53,

p16INK4A, and SMAD4 (Table S1).

To further understand the mechanisms influencing NF1

expression during PDAC progression, we sought to utilize

genetically engineered mouse models (GEMMs) that recapitu-

late various aspects of the human PDAC disease in a uniform

genetic background.8,9,13,25 We generated mice with

pancreas-specific expression of KrasG12D alone (KC) or

together with homozygous deletion of p53 (KPC), p16Ink4a

(KIC), or Smad4 (KSC). Except for KPC mice, we detected tran-

sient expression of NF1 in pancreatic sections from all other

genotypes analyzed (Figure S1D), similar to what was observed

in human PDAC. We also extended our approaches to analyze

NF1 mRNA expression in cohorts of increasingly aged KC
AC samples found in several public datasets, as described in STAR Methods.

tations are highlighted in blue.

of samples shown in (A).

histochemistry or co-immunofluorescence using three different human TMAs.

ntrol (2 months) and KC mice with progressive PanIN (2 months for PanIN1, 4

3 females and 3 males). Data are expressed as the mean ± SEM.
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mice, which we have previously characterized in terms of the

relative abundance of PanIN or PDAC lesions.26,27 The result

showed that NF1 expression was markedly upregulated in KC

mice with PanIN1 and PanIN2 but that that increase had

commenced to level off in mice with PanIN3 and reached

less than 30% of the normal level in mice with PDAC lesions

(Figure 1F). When taken together with the clinical data, these

findings suggest the existence of genetic and epigenetic events

that influence the expression of the tumor suppressor NF1 in

PDAC. In addition, given the transient expression of NF1 during

PDAC progression, it is conceivable that NF1 might orchestrate

a tumor-suppressive barrier to restrict the progression to

PDAC; we will return to this notion later. We will also return

to provide an explanation as to why KPC mice lack the typical

transient expression of NF1 observed during PDAC

progression.

NF1 deficiency triggers ADM
To delineate a possible role of NF1 in PDAC, we generated mice

with pancreas-specific deletion of NF1 (referred to hereafter as

NF1KO) by crossing mice bearing a floxed allele of NF1 with

Pdx1-Cre mice (Figure 2A), which express Cre recombinase in

all pancreatic progenitor cells, including islet, ductal, and acinar

cells.28 NF1KO mice were born at the expected Mendelian ratio,

showed no evidence of any gross anatomic abnormalities, and

had normal body weight and life expectancy (Figure S2B).

Further analysis showed that NF1 deletion had no apparent ef-

fects on islet integrity or function, as evidenced by the compara-

ble immunostaining of insulin and glucagon as well as the normal

blood glucose levels in NF1KO mice relative to their wild-type lit-

termates (Figures S2C andS2D). Immunoblot analysis confirmed

the loss of NF1 expression in NF1KO mice (Figure 2B). Moreover,

NF1deletion led to a significant increase in Kras-GTP (Figure 2B),

consistent with its well-established role as a suppressor of Ras

signaling.22,23 Of note, NF1 deletion did not increase the levels

of Hras-GTP or Nras-GTP (Figure 2B), suggesting that NF1might

specifically target Kras in the pancreatic epithelium.

Despite the apparently normal phenotype of NF1KO mice, we

noticed that the acinar parenchyma of mice aged 6 months

and older consistently displayed morphological changes remi-

niscent of ADM (Figure 2C), the earliest lesion found in human

PDAC.29 ADM is known to increase the propensity for neoplasia

and is associated with oncogenic KRAS transformation as well

as pancreatitis. During ADM, acinar cells lose their identity and

undergo a process of transdifferentiation into the ductal lineage,

accompanied by the de-repression of the ductal genes CK19

and Sox9.29,30 As gauged by immunoblotting, we observed a

marked increase in the expression of CK19 and Sox9 upon

NF1 deletion (Figure 2B). We also conducted IHC experiments

and detected lesions that exhibit high affinity to the anti-CK19
Figure 2. NF1 ablation leads to ADM

(A) Schematic representation of genetically engineered mouse models (GEMMs)

(B) Immunoblot analysis of PDAC-relevant proteins in pancreatic extracts from N

(C) Analysis of pancreatic tissues from control or NF1KO mice at different ages (3

using anti-CK19 antibody. Representative pictures are shown (n = 6; 3 females a

(D) Two-month-old control or NF1KO mice were treated with vehicle or caerulein,

anti-Sox9 antibody. Representative pictures are shown (n = 6; 3 females and 3 m
antibody (Figure 2C), providing further evidence that NF1 inacti-

vation can drive ADM formation, as does oncogenic KrasG12D31

(see also Figure S2E). It is noteworthy that we noticed that NF1

deficiency in aged mice occasionally resulted in the formation

of structures resembling PanIN1 that stained positive for CK19

(Figure 2C), although those lesions have never progressed to

fatal PDAC in more than 62 mice analyzed.

To investigate in more depth the physiopathological conse-

quence of this phenotype, we focused our effort on pancreatitis,

which is known to engender an inflammatory milieu that pro-

motes the rapid progression from benign ADM/PanIN to invasive

PDAC in the background ofKrasG12D.31,32 As shown in Figure 2D,

intraperitoneal administration of the pancreatitis-inducing agent

caerulein31,32 to 2-month-old mice drove similar damage in the

acinar parenchyma ofNF1KOmice and their wild-type littermates

within 48 h (Figure 2D). Following a period of 3 weeks of healing,

caerulein-treated control mice had remarkably repaired the

induced damage with physiology akin to that of the vehicle,

whereas caerulein-treated NF1KO mice displayed numerous

ADM/PanIN lesions (Figure 2D). As with aged NF1KO mice (Fig-

ure 2C), the accelerated ADM/PanIN lesions failed to progress

to lethal PDAC within an observation period exceeding

12 months (Figure S2F). As a specificity control, all caerulein-

treated KC mice succumbed to invasive PDAC within 6 months

following caerulein treatment (Figures S2F and S2G).

NF1 haploinsufficiency accelerates KrasG12D-driven
PDAC
The data obtained so far showed that inactivation of NF1 in a

Kras wild-type background was able to trigger ADM and, occa-

sionally, early PanINs, yet these lesions do not progress to PDAC

even in the context of pancreatitis, raising the question as to

whether mutational inactivation of NF1 would require additional

genetic alterations to initiate and/or exacerbate PDAC. Since

our earlier analysis revealed the co-occurrence of NF1 and

KRAS mutations in human PDAC tumors (Figure 1C), we sought

to explore whether NF1 inactivation could facilitate KrasG12D-

driven PDAC. To do so, we set out to generate mice with the

combined expression of KrasG12D and homozygous deletion of

NF1 in the pancreatic epithelium. Despite several attempts using

different breeding schemes, wewere not able to obtain mice that

survive beyond birth, indicative of the lethality of this genetic

combination. To overcome this limitation, we examined mice

with KrasG12D and heterozygous deletion of NF1 (referred to

hereafter as KNC mice). As shown in Figure 3A, deleting one

copy of NF1 (NC mice) did not have any visible effect on

pancreas histology, indicating that NF1 haploinsufficiency is

not sufficient to drive ADM. Strikingly, however, deleting

one copy of NF1 completely transformed the indolent PanIN le-

sions seen with KrasG12D alone, forcing them to progress into
of PDAC used in the experiments.

F1KO mice and their wild-type littermates (n = 3; 2 females and 1 male).

, 6, 9, or 12 months) by hematoxylin and eosin (H&E) or immunohistochemistry

nd 3 males). Scale bars: 50 mm.

and pancreas histology was analyzed by H&E or immunohistochemistry using

ales). Scale bars: 50 mm.
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Figure 3. NF1 haploinsufficiency accelerates KrasG12D-driven PDAC

(A) Pancreatic tissues from 6-week-old mice highlighted in the schematic (left) were analyzed by H&E or immunohistochemistry using antibodies to CK19 and

Muc5AC (right). Representative pictures are shown (n = 6; 3 females and 3 males). Scale bars: 50 mm.

(legend continued on next page)
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full-blown PDACwith an accelerated course (Figures 3A and 3B),

similar to what was observed in other studies with homozygous

deletion of p53 (KPC),Smad4 (KSC), or p16Ink4a (KIC).10–13KNC

mice were stunted andmorbid in appearance, often succumbing

to the disease within 4 weeks without any visible signs of metas-

tasis, and none of them survived beyond 10 weeks (Figure 3B).

Phenotypically, the tumors displayed the prominent hallmarks

of PDAC, as assessed by immunostaining using antibodies to

CK19 and Muc5AC (Figure 3A). In addition, the tumors showed

uniformly poorly differentiated architectures, exhibiting high pro-

liferative behavior as well as extensive epithelial-to-mesen-

chymal transdifferentiation (EMT) and angiogenesis (Figure S3A).

At the same age, KC mice consistently showed the presence of

PanIN lesions, exhibiting only sparse proliferation, and little to no

sign of EMT and angiogenesis (Figures 3A and S3A). The aggres-

sive nature of the PDAC tumors in KNC mice was also reflected

in the synergistic effects on Kras-GTP as well as the downstream

ERK and AKT pathways (Figures 3C, S3A, and S3B). Interest-

ingly, these phenotypes appeared to occur without loss of het-

erozygosity at the NF1 gene (Figures S3C and S3D), indicating

that the NF1 gene dosage is sufficient to accelerate PDAC.

To corroborate this finding, we performed genetic experi-

ments using the p16Ink4a-Luciferase (p16Luc) mouse model,

which puts luciferase under the control of the endogenous

p16Ink4a promoter and in a manner to disrupt p16Ink4a but to

leave p19Arf intact.33 When combined with oncogene activation

or tumor-suppressor gene inactivation, the p16Luc allele allows

for simple, serial, and noninvasive evaluation of p16 expression,

which represents an unbiased assessment of tumor emergence,

as p16Luc is expressed exclusively during malignant transforma-

tion and aging.33 We generated four cohorts of mice harboring

one copy of the p16Luc allele and monitored luciferase expres-

sion in live animals by IVIS imaging (Figure 3D). We detected

bioluminescence in KNILucCmice as early as 4 weeks after birth,

an age at which ILucC, KILucC, orNILucCmice have never showed

any luciferase expression. Collectively, these data provide

strong evidence that NF1 haploinsufficiency accelerates

KrasG12D-driven PDAC.

Next, we wondered whether NF1 could exert its tumor-sup-

pressive function in a cell-autonomous manner. To probe this

possibility, we initially employed the human PDAC cell line MIA

PaCa-2, which has been shown to retain addiction to endoge-

nous KrasG12C expressed from both KRAS alleles.34 Using two

different gRNAs targeting KRASG12C, we independently

confirmed that these cells are addicted to the KrasG12C oncopro-

tein (Figures S4A–S4C). Interestingly, inducingNF1 expression in

MIA PaCa-2 cells expressing a doxycycline-inducible NF1 cDNA

was able to inhibit cell proliferation to an extent approaching that

elicited by KRASG12C ablation (Figures S4D and S4E). This effect

is likely to be mediated via suppression of Ras signaling, as

transducing cells with a retrovirus encoding KrasG12C was able
(B) Kaplan-Meier analysis of survival of mice with the indicated genotypes (n = 1

(C) Pancreatic extracts from 6-week-old mice with the indicated genotypes were

Right: the graphs show the quantification of six samples from each genotype (n

(D) PDAC growth in 2-month-old mice (3 females and 3 males) with the indicat

nescence. Representative luciferase images are shown (middle). Right: the grap

periments.
to rescue proliferation in cells overexpressing NF1

(Figures S4D and S4E). In an alternative approach, we performed

cell transformation experiments using the human immortalized

pancreatic epithelial cell line (HPDE), which has been shown to

retain a normal phenotype following KrasG12D expression.35

We generated isogenic HPDE cell lines with either expression

of KrasG12D alone (K) or deletion of NF1 alone (NF1KO) or both

(KNF1KO) (Figure 4A). We did not observe any change in cell

morphology when KrasG12D expression and NF1 deletion

were conducted separately (Figure 4B). However, combining

KrasG12D expression with NF1 deletion led to a dramatic change

in cell morphology reminiscent of malignant transformation. In

fact,KNF1KO cells began to form floating colonies that continued

to grow without attaching to the matrix and could be passaged

indefinitely while retaining almost 100% viability (Figures 4B

and S4F), indicative of the acquisition of amalignant and invasive

phenotype. The ability of KNF1KO cells to form floating colonies

was almost completely canceled by adding back NF1 (Fig-

ure S4H). We also observed increased cell proliferation and

EMT aswell as upregulation of Kras-GTP and ERK/AKT activities

in KNF1KO cells compared with K orNF1KO cells (Figures 4A, 4C,

and S6G). When taken together with our in vivo genetic experi-

ments, these findings suggest that NF1 inactivation might

contribute to PDAC development and progression via a cell-

autonomous mechanism.

Association between NF1 and p53 in PDAC
Inactivating mutations in the p53 tumor locus are among

the well-known acquired secondary mutations that confer an

invasive phenotype to PDAC.7,36 Since our earlier findings

have revealed that NF1 was also significantly mutated in human

PDAC, we sought to extend our analyses to investigate whether

there is any association betweenNF1 and p53, and if so, whether

this has any significance for PDAC pathogenesis and progres-

sion. Analysis of human datasets showed that a small fraction

(1.7%) of the tumors with p53 mutations harbor mutations in

NF1 (Figures 5A, 5B, and S5A). In marked contrast, a significant

proportion (62.3%) of the tumors withNF1mutations harbor mu-

tations in p53, raising the possibility that NF1 might function as a

tumor suppressor in PDAC through a mechanism necessitating

the simultaneous inactivation of p53. To explore further a

possible association between NF1 and p53, we analyzed p53

and NF1 protein expression by IHC and co-IF, employing the

three human PDAC TMAs described earlier. We found that

expression of p53 exhibited a trend akin to that of NF1 in 72%

of samples, commencing with low levels in normal pancreas,

then rising in PanINs, and finally declining to the background

level in PDAC (Figures 5C–5E and S5B). The remaining 28% of

samples showed very high expression of p53, although the un-

derlying mechanism is unclear, as the TMAs do not show any in-

formation about p53 mutational status. Nevertheless, it is
2–21; 7–10 females and 5–11 males).

analyzed for pERK or pAKT. A representative immunoblot is shown on the left.

= 6; 3 females and 3 males).

ed genotypes highlighted by the scheme (left) was analyzed by IVIS biolumi-

h shows the minimum and maximum of luciferase counts recorded in six ex-
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Figure 4. NF1 restricts PDAC growth via a cell-autonomous mechanism

(A–C) Isogenic HPDE cell lines stably expressing various combinations of HA-KrasG12D and gRNA targeting NF1 were analyzed for HA-KrasG12D, NF1, pERK,

ERK, pAKT, AKT, and b-actin expression by immunoblotting (A). Cells were passaged 12 times, and representative pictures of cells or spheres at different

passages are shown (B). Cell proliferation was assessed either by cell counting at different time periods or by MTT after 96 h in culture (C). Data in (C) are ex-

pressed as the mean ± SEM.
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conceivable that this effect might be due to the presence of mu-

tations that are known to simultaneously inactivate and stabilize

p53.37,38 Regardless, the 28% of samples with high p53 expres-

sion express low levels of NF1, providing an initial indication that

the association between p53 and NF1 during PDAC progression

might depend on p53 transcriptional activity. To substantiate this

hypothesis, we utilized our PDAC GEMMs (e.g., KC, KIC, KSC),

which mimic the pathophysiological features of the human dis-

ease in a uniform genetic background.We found that p53 protein

expression closely mirrored that of NF1 in both normal and

cancerous areas in 100% of samples analyzed (Figure S5C).

This conclusion also holds true when the expression of p53

mRNAwas analyzed in KCmice with the progressive abundance

of PanIN and PDAC lesions (Figures 1F and S5D).
8 Cell Reports 41, 111623, November 8, 2022
To confirm these findings, we conducted comparative qRT-

PCR experiments to quantify NF1 mRNA expression in KPC

and KC mice described earlier. In line with the IHC data, KPC

mice displayed a significant decrease (1.8-fold) in NF1 expres-

sion compared with their wild-type littermates (Figure S5E). On

the other hand, KC mice displayed a 3.8-fold increase in NF1

expression relative to control animals, further supporting the

ability of p53 to regulate NF1 expression during PDAC progres-

sion. We also generated KC mice in the background of mice

with a reactivable allele of p53 (KrPCTam) (Figure 5F), which

contain a Loxp-Stop-Loxp cassette knocked into the endoge-

nous p53 allele and behave as a global knockout.39 In these

mice, expression of endogenous p53 is restored only in cells

expressing Cre recombinase, thus eliminating any interference
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from the stroma or infiltrating immune cells, which in principle

express p53 in the KPC background. To restore p53 expres-

sion, we used Pdx1-CreERT2 mice, in which Cre recombinase

is activated by tamoxifen, thus enabling the controlled expres-

sion of p53 early during PDAC development. KPCTam mice

were used as controls (Figure 5F). Upon tamoxifen (Tam) treat-

ment, KrPCTam mice displayed a marked increase (4.5-fold) in

NF1 expression, whereas KPCTam displayed the opposite

response (1.8-fold decrease) (Figure 5F). Finally, we assessed

p53 expression in mice with pancreas-specific homozygous

deletion of p53 (p53KO) to investigate whether p53 could regu-

late NF1 expression under normal conditions. Mice with condi-

tional deletion of one (NC) or two (NF1KO) alleles of NF1 were

used as reference controls (Figure S5F). We observed a 1.7-

fold decrease in NF1 expression in p53KO mice compared

with their wild-type littermates (Figure S5F). This decrease

was slightly lower than the decrease (1.9-fold) observed in

mice with one allele of NF1 deleted, suggesting that additional

mechanisms might regulate NF1 expression. As anticipated,

NF1 mRNA expression in mice with both NF1 alleles deleted

was below the detection threshold in the vast majority of

mice analyzed (Figure S5F). In the course of this analysis, we

also found that deleting NF1 did not affect p53 expression

even under PDAC conditions (Figures S3E and S5F), arguing

again the possibility that NF1 might regulate p53 expression

in a reciprocal manner. Collectively, these genetic approaches

provide compelling evidence that p53 regulates NF1 expres-

sion under both normal and PDAC conditions.

NF1 as an indirect p53 target gene
The above-mentioned data prompted us to explore whether p53

could regulate NF1 expression. Accordingly, we generated MIA

PaCa-2 cells stably expressing a doxycycline-inducible p53

cDNA and examined NF1 expression. We found that treating

these cells with doxycycline (Dox) elicited a marked increase in

both NF1 protein and mRNA expression (Figures 6A and S6A).

A similar p53-mediated NF1 expression was also observed in

the human PDAC cell line Panc-1 (Figure S6B). We also gener-

ated MIA PaCa-2 cell lines stably expressing Dox-inducible

p53 with two ‘‘hotspot’’ mutations, R248Q and R273H, which

are known to stabilize and disable normal p53 transcriptional ac-

tivity.37 Compared with wild-type p53, these mutants failed to

induce NF1 expression despite being expressed at levels

exceeding that of wild-type p53 (Figure S6C). This observation

not only suggests that p53 transcriptional activity is required

for the regulation of NF1 expression, but also explains why

NF1 expression was barely detectable in a fraction (28%) of hu-
Figure 5. Association between NF1 and p53 in PDAC

(A) Oncoplot showing coding genetic alterations in NF1 and p53 in human PDAC

(B) Numbers of overlapping or independent PDACmutations inNF1 and TP53 in sa

NF1 mutations.

(C–E) NF1 or p53 expression was analyzed by immunohistochemistry (C and

Representative pictures of normal areas, PanINs, and PDAC lesions are shown.

percentage of overlapping samples with high or low levels of NF1 and p53 expr

dependence of the samples.

(F) Expression ofNF1mRNAwas analyzed by qRT-PCR using 3-month-oldmicew

following treatment with vehicle or tamoxifen (Tam) (bottom). Data are expressed
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manPDAC samples displaying high levels of p53, perhaps due to

the presence of inactivating/stabilizing mutations in p53.

To understand the mechanisms by which p53 regulates NF1

expression, we interrogated the Eukaryotic Promoter Database

for the active promoter region in the NF1 gene. However, we

were not able to find any p53 binding sequence,40 suggesting

that p53 might regulate NF1 indirectly. To probe this possibility,

we generated reporter constructs in which luciferase was under

the control of 400-bp fragments that tiled across the entire NF1

promoter (1,088 bp) with a 200-bp overlap and tested for their

sensitivity to p53 usingMIA PaCa-2 cells. Transfecting p53 drove

luciferase expression exclusively from two reporters with over-

lapping fragments (Figure S6D), confirming the ability of p53 to

regulate NF1 expression and further narrowing down the p53-

responsive region to 200 bp. When this 200-bp fragment was

further divided into two 100-bp fragments and examined for their

sensitivity to p53, only two conserved binding sites for the tran-

scription factors PML and TFAP2C were present in the fragment

that responded to p53 (Figures S6E and S6F). In subsequent ex-

periments, we obtained several lines of evidence that PML me-

diates p53-induced NF1 expression. First, chromatin immuno-

precipitation (ChIP) assays showed that PML associated

strongly with the NF1 promoter in mouse embryonic fibroblasts

(MEFs) from wild-type mice (PML+/+), but not in MEFs from

mice with PML deleted (PML�/�) (Figure 6B). Second, express-

ing p53 in PML�/� MEFs failed to induce the NF1 luciferase re-

porter, compared with PML+/+ MEFs (Figure 6C). The effect of

p53 in the presence of PML is specific, as expression of three

p53 hotspot mutants, p53.R248Q, p53.R172H, and

p53.R273H, had little or no effect on the NF1 reporter (Figure 6C).

Third, mutating the binding site of PML, but not that of TFAP2C,

completely blocked luciferase expression in response to p53

(Figure S6F). Fourth, inducing p53 expression had little or no ef-

fect on NF1 protein expression inMIA PaCa-2-Dox-HA-p53 cells

with PML deleted by CRISPR-Cas9, compared with their PML-

sufficient counterparts (Figure 6D). Reconstitution of these cells

with a gRNA-resistant form of PML restored responsiveness to

p53 (Figure 6D). Fifth, since PML has been shown to interact

with and modulate p53 transcriptional activity as it relates to its

tumor-suppressive functions,41,42 we considered the possibility

that PML might recruit p53 to the NF1 promoter. Accordingly,

we conducted ChIP experiments using MIA PaCa-2-Dox-HA-

p53 cells and their isogenic variants with PML deleted. We found

that PML strongly interacted with the NF1 promoter irrespective

of whether cells were cultured in the absence or presence of Dox

(Figures 6E and 6F). In contrast, p53 interacted with theNF1 pro-

moter only in cells that had been exposed to Dox (Figures 6E and
samples found in public datasets.

mples shown in (A). TP53mutational status is not known in the 14 samples with

D) or co-immunofluorescence (E) using three different human PDAC TMAs.

Scale bars: 25 mm. The data shown in (D) represent the mean ± SEM of the

ession in the three TMAs (n = 3). The chi-square test was used to test the in-

ith the genotypes highlighted by the scheme (top). Mice were analyzed 4weeks

as the mean ± SEM (n = 6; 3 females and 3 males).
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Figure 6. p53 regulates NF1 gene expression

(A) MIA PaCa-2-Dox-HA-p53 cells were treated with Dox for the indicated times and analyzed for NF1 and HA-p53 expression by immunoblotting.

(B) MEFs from PML+/+ or PML�/� mice were analyzed for the binding of PML to the NF1 promoter by ChIP and agarose gel.

(C)MEFs fromPML+/+ orPML�/�micewere transfectedwith theNF1Luc reporter in the absence or presenceof p53mutants and analyzed for luciferase activity (n = 6).

(legend continued on next page)
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6G). Finally, comparative ChIP experiments using KC mice

showed a significant increase in the binding of PML to the NF1

promoter in mice with PanINs and full-blown PDAC (Figures 6H

and 6I). More importantly, we detected a marked increase in

the binding of p53 to the NF1 promoter in tissues with PanINs,

but this binding was almost lost in mice with full-blown PDAC

(Figures 6H and 6J), which likely occurred owing to the decline

in p53 expression typically seen at late stages of PDAC (Fig-

ure S5D). The collective observations support the conclusion

that p53 functions in partnership with PML to regulate NF1

expression during PDAC progression.

Concurrent ablation of NF1 and p53 is sufficient to drive
invasive PDAC
Having shown an association between NF1 and p53 in PDAC, we

next sought to explore the consequences of their concomitant

inactivation on disease development and progression. Notably,

both NF1 and p53 alleles reside on chromosome 11 with a ge-

netic distance of less than 4 cM, rendering the classical genetic

approaches for generating sufficient numbers of double-

knockout mice quite challenging because of the relatively low

crossing-over recombination (�3% in our mice). To overcome

this limitation, we took advantage of the mosaic analysis with

double-markers (MADM) system, which enables the production

of mutant cells with homozygous deletion of one or several

genes residing on the same chromosome using heterozygous

animals.43 We used mice harboring heterozygous deletions of

both NF1 and p53 together with a MADM cassette knocked

into theHipp11 locus on chromosome 11, which is a prerequisite

for using the MADM system (Figure 7A). To activate the MADM

system in the pancreatic epithelium, we crossed MADM mice

with Pdx1-Cre mice. In principle, Cre-recombinase expression

is anticipated to generate a small number ofmutant cells carrying

homozygous deletions of bothNF1 and p53 that are permanently

labeled with GFP (green) and their sibling wild-type cells that are

permanently labeled with TdTomato (red) within an otherwise

colorless heterozygous pancreas (Figure 7A), a configuration

that mimics the loss of heterozygosity in humans. This single-

cell resolution afforded by the sparse labeling enabled one to

track the mutant green cells throughout the entire process of

carcinogenesis, with red sibling wild-type cells serving as inter-

nal controls. Furthermore, because mutant green and wild-type

red sibling cells originate from the same mother cells in equal

numbers initially, the ratio of green to red cell numbers (G/R ratio)

allows for quantitative evaluation of the extent of mutant cell

expansion relative to wild-type cells during the course of

carcinogenesis.43

Similar to our prior observation, ablating NF1 alone resulted in

the formation of ADM lesions that failed to progress to PDAC

(Figure S7A). We also found that ablating p53 alone had no

discernible effects on pancreas histology (Figure S7A), which is
(D–G) PML was deleted from MIA PaCa-2-Dox-HA-p53 cells via CRISPR-Cas9, re

Dox for 48 h (n = 6). Cell extracts were analyzed for NF1 andHA-p53 expression by

the NF1 promoter by ChIP and agarose gel (E) or qPCR (F and G).

(H–J) Pancreatic chromatin from control or KCmice with early PanIN (2 months) o

p53 to the NF1 promoter by ChIP and agarose gel (H) or qPCR (I and J) (n = 6; 3 fe

SEM.
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consistent with previous studies.44 The absence of ADM in

MADM mice with p53 deletion alone was not surprising, as our

earlier results showed, first, that homozygous ablation of p53

reduced NF1 expression slightly below the decrease observed

in mice with heterozygous deletion ofNF1 (Figure S5F) and, sec-

ond, that heterozygous deletion of NF1 was insufficient to drive

ADM (Figure 3A). Strikingly, however, inactivating p53 together

with NF1 completely shifted the indolent ADM lesions toward

an aggressive and invasive PDAC phenotype (Figures 7B and

7C). Kaplan-Meier analysis showed a median survival for

MADMNF1/p53 mice of about 8 months, whereas none of the

MADM mice with individual inactivation of NF1 or p53 suc-

cumbed to PDAC during this observation period (Figures 7D

and S7B). Further histopathological analyses showed massive

expression of the ductal marker CK19 (Figure 7C), confirming

the PDAC nature of these tumors. As anticipated, the growth

advantage of green mutant cells over red wild-type cells was

apparent by the progressive increase in the G/R ratio

(Figures 7E and 7F). At final stages of PDAC, all tumors were

composed almost exclusively of GFP+ cells (Figure 7E), indi-

cating that these tumors originate from cells with homozygous

deletion of NF1 and p53, and further suggesting that this coop-

erative oncogenic effect might operate in a cell-autonomous

manner. In keeping with this notion, concomitant deletion of

NF1 and p53was sufficient to confer an anchorage-independent

growth phenotype to HPDE cells, a phenotype that was partially

rescued by adding back NF1 or p53 (Figures S7C and S7D). A

similar conclusion could be drawn from the concomitant deletion

of NF1 and PML instead of p53 (Figure S7C), which is in line with

the requirement of PML for p53-mediated NF1 expression. In ag-

gregates, these in vivo and in vitro data clearly demonstrate that

concurrent inactivation of NF1 and p53 is sufficient to initiate the

malignant transformation leading to PDAC.

The dismal prognosis for human PDAC is mainly attributed to

the extensive metastasis to regional and distant organs seen at

the time of diagnosis.2 Common sites of local invasion include

lymph nodes and spleen, whereas distant organs include liver

and lung and rare instances of colon, cerebral, or bone inva-

sion. Beyond PDAC pathogenesis and progression, the

MADM strategy provided us with a unique platform to monitor

the metastatic behavior of NF1/p53-deficient PDAC cells by as-

sessing for the presence of GFP+ cancer cells within antici-

pated sites of metastasis. We consistently observed (3 of 11

mice) massive metastases to lymph nodes and spleen as well

as solitary cases of metastases to the liver, as evidenced by

the infiltration of GFP+ mutant cells into the organ parenchyma

and subsequently confirmed by H&E staining (Figure S7E).

Collectively, these genetic experiments provide unequivocal

evidence that simultaneous inactivation of NF1 and p53 is suf-

ficient to drive the development of invasive PDAC with aggres-

sive metastatic behavior.
constituted with a CRISPR-Cas9-resistant PML mutant, and then treated with

immunoblotting (D). Chromatin was analyzed for the binding of PML and p53 to

r advanced PDAC lesions (12 months) was analyzed for the binding of PML and

males and 3 males). Data in (C), (F), (G), (I), and (J) are expressed as the mean ±
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DISCUSSION

Although the current model posits that hyperactivation of Kras

signaling represents an essential initiating event in PDAC, a sub-

stantial fraction of PDAC tumors harbor wild-type KRAS, hinting

at the existence of alternative driver events. Despite intensive in-

vestigations during the past two decades, the identity of such

driver events has remained elusive. Taking advantage of avail-

able clinical data from PDAC patients, we devised multiple ge-

netic approaches to demonstrate that NF1 inactivation plays

an instrumental role in the etiology of PDAC, either functioning

to facilitate PDAC progression in the presence of oncogenic

KrasG12D or acting in concert with p53 inactivation to initiate

the development of invasive PDAC (Figure 7G). These findings

have several ramifications for unraveling the enigmatic nature

of the PDAC tumors that harbor wild-type KRAS.

Perhaps the most surprising discovery in this study was the

observation that NF1 expression fluctuates significantly during

PDAC progression, being relatively low to undetectable in both

normal and PDAC tissues and relatively high in PanIN lesions.

That transient expression of NF1 during PDAC progression is

consistent with a model in which NF1 functions to orchestrate

a tumor-suppressive barrier, whose disruption could be essen-

tial for full progression into the malignant state. In direct support

of this notion, combining heterozygous deletion of NF1 with

KrasG12D resulted in a dramatic acceleration of PDAC progres-

sion in mice and anchorage-independent growth of human

pancreatic cells, with the latter occurring without conferring

resistance to tyrosine kinase inhibition, as these transformed

cells remained addicted to EGF present in culture media.

Notably, given the toxicity of the combination of KrasG12D and

NF1 homozygous deletion, the acquisition of oncogenic KRAS

and homozygous inactivation of NF1 in human PDAC might be

mutually exclusive, and their simultaneous occurrence in cells

might lead to their concomitant elimination. This idea could

also explain whyNF1 nonsensemutations were found very rarely

with mutant KRAS in human PDAC compared with mutations in

the tumor-suppressor genes TP53, p16INK4A, and SMAD4, as

abundant literature has shown that the latter mutations were

not mutually exclusive with KRAS mutations in PDAC.10–13

Also, this idea raises the provocative possibility that targeting

NF1 in mutant KRAS-bearing PDAC tumors might create vulner-

abilities that could be exploited for therapeutic advantage.

Intriguingly, we found that homozygous inactivation of NF1

alone culminated in the formation of ADM and occasionally early

stages PanINs, although those lesions failed to progress to

PDAC even during a period exceeding 12 months, a time at
Figure 7. Concurrent ablation of NF1 and p53 culminates in PDAC form

(A) Schematic model of MADMNF1/p53 conditional activation in pancreas.

(B) Representative pictures of 10-month-old MADM and MADMNF1/p53 mice (fe

developed invasive PDAC.

(C) FFPE pancreatic tissues from 10-month-old mice with the indicated genotype

Representative pictures are shown (n = 7–16; 3–9 females and 4–7 males). Scale

(D) Kaplan-Meier analysis of survival of mice with the indicated genotypes (n = 1

(E and F) FFPE pancreatic tissues fromMADMNF1/p53mice at different ages (1–12

TdTomato (red), and nuclei (blue). Representative pictures are shown. Scale bars

the section (F). Data are expressed as the mean ± SEM (n = 12; 6 females and 6

(G) Model depicting how NF1 interacts with Kras or p53 to influence PDAC path
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which a significant fraction of mice with KrasG12D alone suc-

cumbed to PDAC.8,27 Although these findings imply that NF1

inactivation might not be sufficient to drive PDAC in a wild-type

Kras background, it did not rule out the possibility that NF1 inac-

tivation might render pancreatic cells sensitive to other genetic

alterations that occur frequently in human PDAC, such as muta-

tional inactivation of p53.36 In efforts to probe this possibility, we

conducted genetic experiments using MADM, an elegant and

powerful approach that not only eliminates variations that are

invariably introduced by comparing phenotypes between indi-

vidual animals but also allows for differential labeling of both

normal (TdTomato) and cancer (GFP) cells, thereby facilitating

analysis of cancer evolution and its spread to distant organs.43

Exploiting theMADMsystem in the context of PDAC, we demon-

strated that concomitant inactivation of NF1 and p53 was suffi-

cient to drive full-blown PDAC. At necropsy, we detected tumor

masses displaying almost exclusively GFP fluorescence, clearly

indicating that these tumors were originating initially from cells

with NF1 and p53 deleted. Moreover, these tumors displayed

the characteristic features of PDAC, as evidenced by the abun-

dance of PanIN lesions that exhibited high reactivity to the

CK19 antibody aswell as the dissemination of GFP+mutant cells

to both local and distant sites associated with human PDAC.2 Of

note, NF1 deletion alone resulted in the formation of benign

ADMs and eventually early stage PanINs that failed to progress

to PDAC. In contrast, inactivating p53 alone had no discernible

effect on pancreas histology, suggesting that NF1 inactivation,

rather than p53 inactivation, might represent the initiating event

leading to PDAC in MADMNF1/p53 mice.

Another fascinating observation was the strong association

between NF1 and p53 in PDAC. For instance, we noticed a tran-

sient expression of p53 during human PDACprogression,mirror-

ing the transient expression seen for NF1. Such association be-

tween NF1 and p53 expression is not restricted to human PDAC,

as we observed a similar pattern in three different GEMMs of

PDAC. Mechanistically, we provided evidence that p53 is re-

cruited to the NF1 promoter through its association with PML,

which is known to mediate key p53 tumor-suppressor functions,

such as senescence, cell-cycle arrest, and apoptosis.41,42 While

a decisive conclusion regarding the exact contribution of PML to

PDAC is still awaiting further in vivo experimental validation using

GEMMs, our malignant transformation assays using HPDE cells

raise the possibility that PML might function as an auxiliary

component of the NF1/p53 tumor-suppressor network that op-

erates transiently to restrict PDAC progression. In addition

to PML, because we found that a substantial fraction of human

PDAC samples also harbor mutations in p16INK4A and
ation and progression

male and male) and their corresponding pancreas when MADMNF1/p53 mice

s were analyzed by H&E or immunohistochemistry using anti-CK19 antibody.

bars: 25 mm.

6; 7–9 females and 7–9 males).

months) were subjected to H&E or DAPI staining and analyzed for GFP (green),

: 50 mm (E). The green/red (G/R) ratio was determined by quantifying all cells in

males).

ogenesis and progression.
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SMAD4, it would be interesting to determine in future genetic

studies whether simultaneous inactivation of NF1 and p16Ink4a

or Smad4 would be sufficient to drive PDAC, as does simulta-

neous inactivation of NF1 and p53.

Of particular relevance, NF1 and p53 localize to the same

chromosome in both humans and mice, which creates another

layer of complexity both in terms of their expression and in terms

of their mutational status. In future investigations, it would be

tantalizing to explore whether NF1 and p53 could be subjected

to the samemutational pressure that is unleashed by deleterious

global genetic events, such as chromothripsis, which occurs

frequently in human PDAC.45 Because chromothripsis is

deemed to provoke the pulverization of an entire chromosome

with subsequent random chromosomal reconstitutions permis-

sive for massive DNA alterations during one aberrant cell cycle,46

one would speculate that inactivation of NF1 and p53 might

occur simultaneously with additional genetic alterations that

could activate or inactivate other oncogenes or tumor-suppres-

sor genes within chromosome 17, respectively. Although

conceivable, this scenario is likely to be incremental, as simulta-

neous deletion of NF1 and p53 was sufficient to drive PDAC

pathogenesis and progression in mice. In closing, the notion

that concurrent inactivation of NF1 and p53 represents an alter-

native initiating event in PDAC provides an unprecedented plat-

form for future identification of potential targets amenable to

therapeutic intervention in PDAC with wild-type KRAS, and

possibly in other malignancies with similar genetic alterations.

Limitations of the study
Our extensive analysis of available public datasets revealed the

presence of various coding mutations within the NF1 locus in a

significant proportion of human PDAC tumors. Due to the large

number of mutations identified, we were not able to conduct a

comprehensive characterization of the different mutations on

NF1 protein function. While nonsense mutations or frameshifts

created by insertions, deletions, or splice junction mutations

can result in the loss of protein expression, the functional conse-

quence of missense mutations on NF1 Ras-GAP activity was not

explored in this study. Another limitation pertains to the associ-

ation between p53 and NF1. While the effect of inactivating mu-

tations in p53 on NF1 expression was demonstrated, the recip-

rocal consequence of NF1-inactivating mutations on p53

expression warrants future investigation. Finally, it also remains

to be explored whetherNF1 inactivation could cooperate with in-

activating mutations in p16Ink4A or Smad4 to drive PDAC path-

ogenesis and progression, as does in the context of p53

inactivation.
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NF1 Santa Cruz Bio. Cat# sc-20017; RRID:AB_628008

ERK Cell Signaling Cat# 4695; RRID:AB_390779

pERK Cell Signaling Cat# 3510; RRID:AB_1595393

AKT Cell Signaling Cat# 4691; RRID:AB_915783

pAKT Cell Signaling Cat# 4060; RRID:AB_2315049

Cytokeratin 19 Abcam Cat# Ab15463; RRID:AB_2281021

Muc5AC Abcam Cat# Ab3649; RRID:AB_2146844

Sox9 Cell Signaling Cat# 82630; RRID:AB_2665492

p53 Santa Cruz Bio. Cat# Sc-126; RRID:AB_628082

p53 Millipore Sigma SAB5700817

PML Santa Cruz Bio. Cat# Sc-966; RRID:AB_628162

PML Santa Cruz Bio. Cat#; sc-377390; RRID:AB_2910213

PML Millipore Sigma MAB3738

Insulin Cell Signaling Cat# 3014; RRID:AB_2126503

Glucagon Cell Signaling Cat# 8233; RRID:AB_10859908

GAPDH Cell Signaling Cat # 5174; RRID:AB_10622025

Goat anti-rabbit Alexa-Fluor�568 Invitrogen A11011

Goat anti-rabbit Alexa-Fluor�488 Invitrogen A11008

Goat anti-rabbit HRP Cell Signaling Cat# 7074S; RRID:AB_2099233

Goat anti-mouse HRP Cell Signaling Cat# 7076S; RRID:AB_330924

HA Millipore Sigma 11867423001

b-Actin Abcam Cat# Ab6276; RRID:AB_2223210

Chemicals, peptides, and recombinant proteins

D-luciferin Perkin Elmer 122799

Doxycycline Sigma-Aldrich F3685

Puromycin Sigma-Aldrich P9620

G418 Sigma-Aldrich 4727878001

Hygromycin B Sigma-Aldrich 10843555001

Blasticidin ThermoFisher A1113903

Caerulein Sigma-Aldrich C9026

EGF Gibco 10450-013

bovine pituitary extract Gibco 13028-014

Keratinocyte SFM media Gibco 10724-011

Agar Sigma-Aldrich A1296

X-tremeGENE9 Millipore Sigma 6365779001

(Continued on next page)
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Critical commercial assays

VECTASTAN Elite ABC HRP kit Vector Laboratories PK-6100

DAB Peroxidase Substrate Kit Vector Laboratories SK-4100

In-Fusion� HD Cloning Plus Takara 638920

MTT assays kit Abcam Ab211091

Active Ras Detection Kit Cell Signaling 8821

Chromatin Immunoprecipitation Assay kit Millipore 17-295

Dual-Luciferase Reporter Assay kit Promega E1910

In-Fusion HD Cloning Plus Kit Takara 638920

QuickChange Site-Directed Mutagenesis Agilent 200521

Platinum SuperFi II DNA Polymerase–High-Fidelity ThermoFisher 12361010

Lenti-X Packaging Single Shots Takara 631282

Recombinant DNA

pLVX-Tet3G Takara 631187

pLVX-Tre3G Takara 631187

pLVX-Tre3G-HA-p53 This study N/A

pLVX-Tre3G-HA-p53.R248Q This study N/A

pLVX-Tre3G-HA-p53.R273H This study N/A

pLVX-Tre3G-NF1 This study N/A

pLVX-IRES-Neo-NF1R This study N/A

pLVX-IRES-Neo-p53R This study N/A

pCMV5-HA-PML-IV This study N/A

pQCXIP-p53 Dr. Martinez UMMC

pQCXIP-p53.R248Q Dr. Martinez UMMC

pQCXIP-p53.R273H Dr. Martinez UMMC

pQCXIP-p53.R172H Dr. Martinez UMMC

pBABE-HA-KrasG12D Addgene 58902

pBABE-HA-KrasG12C Addgene 58901

pCMV5-HA-PML This study N/A

pLVX-Hyg-PMLR This study N/A

pGL3-NF1Luc (all mutants) This study N/A

pRL-SV40 Promega E2231

pGL3-Basic Promega PR-E1751

pCMV-VSV-G Addgene 8454

pUMVC Addgene 8449

Flag-PML IV/pRK5 Addgene 59742

pLVX-IRES-Hyg-Smad4 Addgene 107128

pLVX-IRES-Neo Takara 632181

pCMV5B-2xHA Wrana J. Zhang et al., 2015,

Parajuli et al., 2018(47, 48)

LentiCRISPRv2-blast Addgene 98293

LentiCRISPRv2 Addgene 52961

LentiCRISPRv2-Kras-gRNAs GenScript SC1805

LentiCRISPRv2-NF1-gRNA GenScript SC1678

LentiCRISPRv2-p53-gRNA GenScript SC1805

LentiCRISPRv2-PML-gRNA GenScript SC1805

(Continued on next page)
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Experimental models: Cell lines

Panc-1 ATCC CRL-1469

Panc-1-Dox-HA-p53 This study N/A

MIA PaCa-2 ATCC CRL-1420

MIA PaCa-2-Dox-HA-p53 This study N/A

MIA PaCa-2-Dox-HA-p53-PMLKO This study N/A

MIA PaCa-2-Dox-HA-p53.R248K This study N/A

MIA PaCa-2-Dox-HA-p53.R273H This study N/A

MIA PaCa-2-Dox-HA-p53-PMLR This study N/A

MIA PaCa-2-Dox-NF1 This study N/A

MIA PaCa-2-Dox-NF1-HA-KrasG12C This study N/A

HPDE Kerafast ECA001-FP

HPDE-HA-KrasG12D This study N/A

HPDE-NF1KO This study N/A

HPDE-HA-KrasG12D-NF1KO This study N/A

HPDE-HA-KrasG12D-NF1KO-NF1R This study N/A

HPDE-NF1KO-p53KO This study N/A

HPDE-NF1KO-p53KO-NF1R This study N/A

HPDE-NF1KO-p53KO-p53R This study N/A

HPDE-NF1KO-PMLKO This study N/A

HEK293T ATCC CRL-2638

PML�/� MEFs Dr. Pandolfi Lin et al., 2004(49)

PML+/+ MEFs Dr. Pandolfi Lin et al., 2004(49)

Experimental models: Organisms/strains

Loxp-Stop-Loxp-KrasG12D NCI 01XJ6

p16Ink4aLuc Dr. Sharpless Burd et al., 2013(33)

Pdx1-Cre NCI 01XL5

Pdx1-CreERT2 Jackson Lab. 024968

MADMTG-p53+/�NF1fl/+ Jackson Lab. 017530

MADMTG-p53+/� This study N/A

MADMTG-NF1fl/+ This study N/A

NF1fl/fl This study N/A

MADMGT Jackson Lab. 013749

Trp53fl/fl Jackson Lab. 008462

LSL-Trp53 Jackson Lab. 008361

Smad4fl/fl Jackson Lab. 017462
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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, Azeddine

Atfi (azeddine.atfi@inserm.fr or azeddine.atfi@vcuhealth.org).

Materials availability
All unique reagents generated during this study are available from the lead contact without restriction.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

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.
e3 Cell Reports 41, 111623, November 8, 2022

mailto:azeddine.atfi@inserm.fr
mailto:azeddine.atfi@vcuhealth.org


Article
ll

OPEN ACCESS
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
MADMTG;p53+/�;NF1fl/+,MADMGT, Smad4fl/fl, Trp53fl/fl, LSL-Trp53 and Pdx1-CreERT2 mice were obtained from Jackson Laboratories.

Loxp-Stop-Loxp-KrasG12D (KrasG12D) andPdx1-Cremicewereobtained fromtheNCIMouseRepository.p16Ink4aLuc (p16Luc)waskindly

provided by Dr. Sharpless.33 To generate mice with pancreas-specific homozygous deletion of NF1 (NF1KO), MADMTG-p53+/�NF1fl/+

mice were first interbred to obtain pureNF1fl/flmice without the MADM cassette as well as the p53 heterozygous allele and then the re-

sultingNF1fl/flmicewerecrossbredwithPdx1-Cremice. TogenerateMADMNF1/p53mice,MADMTG-p53+/�NF1fl/+mice (homozygous for

MADMandheterozygous forbothNF1andp53) werecrossbreedwithmiceharboringhomozygousMADMGTcassetteandPdx1-Cre. To

generate MADMNF1 mice, MADMTG-NF1fl/+ mice (homozygous for MADM and heterozygous for NF1) were crossbred with mice

harboring homozygous MADMGT cassette and Pdx1-Cre. To generate MADMp53 mice, MADMTG-p53+/� mice (homozygous for

MADM and heterozygous for p53) were crossbred with mice harboring homozygous MADMGT cassette and Pdx1-Cre. The other

PDAC mouse models were generated through successive crossbreeding of Pdx1-Cre, Pdx1-CreERT2, LSL-KrasG12D, Trp53fl/fl,

Smad4fl/fl, LSL-Trp53 and p16Luc mice using classical approaches.26,27 Full descriptions of the genotypes of mice used throughout

the study are:

-NF1KO = NF1fl/fl;Pdx1-Cre

-NC= NF1fl/+;Pdx1-Cre

-KC= LSL-KrasG12D;Pdx1-Cre

-KNC= LSL-KrasG12D;NF1fl/+;Pdx1-Cre

-KPC= LSL-KrasG12D;Trp53fl/fl;Pdx1-Cre

-p53KO= Trp53fl/fl;Pdx1-Cre

-KrPCTam= LSL-KrasG12D;LSL-Trp53;Pdx1-CreERT2

-KPCTam= LSL-KrasG12D;Trp53fl/fl;Pdx1-CreERT2

-KSC= LSL-KrasG12D;Smad4fl/fl;Pdx1-Cre

-KIC= LSL-KrasG12D;p16Luc+/+;Pdx1-Cre

-KILucC= LSL-KrasG12D;p16Luc+/-;Pdx1-Cre

-NILucC= NF1fl/+;p16Luc+/-;Pdx1-Cre

-KNILucC= LSL-KrasG12D;NF1fl/+;p16Luc+/-;Pdx1-Cre

-ILuc= p16Luc+/-;Pdx1-Cre

-MADM= MADMTG;MADMGT;Pdx1-Cre

-MADMNF1= MADMTG-NF1fl/+;MADMGT;Pdx1-Cre

-MADMp53= MADMTG-p53+/-;MADMGT;Pdx1-Cre

-MADMNF1/p53= MADMTG-p53+/--NF1fl/+;MADMGT;Pdx1-Cre

All miceweremaintained on amixedC57BL/6 and FVB/N genetic background.Mice weremaintained in 12 h light:dark cycles (6:00

am to 6:00 pm) at 22�C and fed a standard rodent chow diet. The Institutional Animal Care and Use Committee (IACUC) of the Uni-

versity of Mississippi Medical Center (UMMC) or Virginia Commonwealth University approved all animal experiments.

Clinical samples
The three Human TissueMicro Arrays for pancreatic tissues used in the study contain 80, 80 and 96, respectively. Theywere obtained

from US Biomax Inc. Among the 256 samples, 179 were reported either as normal (65) or PDAC (114) tissues.

Cell lines
Wild-type HEK293T, MIA PaCa-2 and Panc-1 cells were obtained from the American Type Culture Collection (ATCC). HPDE cells were

obtained fromKerafast. To generateMIA PaCa-2-Dox-HA-p53 and Panc-1-Dox-HA-p53 cell lines, cells were transducedwith the bicis-

tronic pLVX-Tet3G lentiviruses (Takara) and selected with G418. Pools of cells expressing the Tet-transactivator were then transduced

with pLVX-Tre3G-HA-p53, pLVX-Tre3G-HA-p53.R248Q or pLVX-Tre3G-HA-p53.R273H lentiviruses, selected with puromycin and col-

onies expressing the transgenes (4–7 colonies) were identified by immunoblotting and pooled. A similar approachwas used to generate

theMIA PaCa-2-Dox-NF1 cell line. To generate theMIA PaCa-2-Dox-HA-p53-PMLKO cell line, MIA PaCa-2-Dox-HA-p53 cells were co-

transfectedwith LentiCRISPRv2-PML-gRNA and empty LentiCRISPRv2-blasticidin, selectedwith blasticidin and then seeded as single

cells in96-well toestablish individual clonesdeletedofPML,asassessedby immunoblotting. Then, 13 Individual cloneswerepooledand

expandedasonecell population. Togenerate theMIAPaCa-2-Dox-HA-p53-PMLRcell line,MIAPaCa-2-Dox-HA-p53-PMLKOcellswere

transducedwith the bicistronic pLVX-Hyg-PMLR lentivirus, selectedwith hygromycin and all colonieswerepooledandexpandedasone

cell population. To thegenerateHPDE-HA-KrasG12Dcell line, cellswere transducedwithpBABE-HA-KrasG12D retroviruses, selectedwith

puromycin and 7 clones expressing KrasG12D identified by immunoblotting were pooled and expanded as one cell population. To

generate theHPDE-NF1KOcell line (NF1KO), cellswere transducedwithLentiCRISPRv2-NF1-gRNA lentiviruses, selectedwithpuromycin

and 3 individual clones harboringNF1deletion identified by immunoblottingwere pooled and expanded as one cell population. A similar

CRISPR/CAS9 strategy was used to generate HPDE-NF1KO-p53KO cells with simultaneous deletion of NF1 and p53 (NF1KO;p53KO) or

HPDE-NF1KO-PMLKO cells with simultaneous deletion of NF1 and PML (NF1KO;PMLKO). To generate HPDE-HA-KrasG12D-NF1KO cells
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(KNF1KO), HPDE-HA-KrasG12D cells were cotransfected with pLVX-Hyg and LentiCISPRv2-NF1-gRNA, selected with hygromycin, and

then seeded as single cells in 96-well to establish individual clones deleted of NF1, as assessed by immunoblotting. Then, 5 individual

cloneswerepooledandexpandedasonecellpopulation.HPDE-HA-KrasG12D-NF1KO-NF1R (KNF1KO;NF1R),HPDE-NF1KO-p53KO-NF1R

(NF1KO;p53KO;NF1R) or HPDE-NF1KO-p53KO-p53R (NF1KO;p53KO;p53R) cell lines were established through lentiviral infection by the bi-

cistronic pLVX-IRES-Neo-NF1R or pLVX-IRES-Neo-p53R expression vector as appropriate followed by selection with G418 and confir-

mation by immunoblotting. All colonies were then pooled and expanded as a single cell population.

METHOD DETAILS

Plasmid constructs
To generate pLVX-Tre3G-HA-p53, pLVX-Tre3G-HA-p53.R248Q, pLVX-Tre3G-HA-p53.R273H expression plasmids, cDNAs were

amplified using pQCXIP-p53, pQCXIP-p53.R248Q or pQCXIP-p53.R273H as templates and cloned into pLVX-Tre3G. To generate

the pLVX-Tre3G-NF1 expression plasmid, cDNAs were amplified through two successive rounds of overlapping PCR using a

lambda-ZAP11 human placental cDNA library (Clontech) and cloned into pLVX-Tre3G. To generate pLVX-IRES-Neo-NF1R and

pLVX-IRES-Neo-p53R, cDNAs were amplified using pLVX-Tre3G-NF1 and pQCXIP-p53, respectively and cloned into pLVX-IRES-

Neo. To generate pCMV5-HA-PML, PMLIV was amplified by PCR using the Flag-PML IV/pRK5 plasmid as a template and cloned

into pCMV5B-2xHA. To generate the pLVX-Hyg-PMLR construct, PMLIV cDNA was amplified by PCR using the pCMV5-HA-PML-

IV plasmid as template and cloned into the pLVX-Hyg plasmid (Takara). To generate pGL3-NF1Luc full-length reporter construct, a

human genomic fragment corresponding to the NF1 promoter (1,080 bp, based on NCBI NG_056197.1 and Eukaryotic Promoter

Database, epd.epfl.ch, see URL1 below) was amplified by the Platinum SuperFi II DNA Polymerase-High-Fidelity using human

genomic DNA obtained from HPDE cells and cloned into the pGL3-Basic plasmid. pGL3-NF1Luc full-length reporter construct

was used as a template to generate overlapping fragments and the resulting PCRproducts were cloned into the pGL3-basic plasmid.

Introduction of mutations in all plasmids was conducted by site-directed mutagenesis using the QuickChange Site-Directed Muta-

genesis kit according to the manufacturer’s instructions (Agilent). All cloning procedures were performed using the In-Fusion� HD

Cloning Plus according to the manufacturer’s instructions (Takara). All cloned DNA fragments and their corresponding mutants were

checked by sequencing.

URL1: https://swissregulon.unibas.ch/jbrowse/JBrowse/?data=hg19_f5&tracks=DNA%2Cgenes%2Cpromoters%2Ctfbs&loc=

chr17%3A29420019..29423988&highlight=)

Mice treatment and analysis
Mice were divided into treatment groups randomly while satisfying the criteria that the average body weight in each group would be

about the same. Caerulein was dissolved in 0.9% saline and injected intraperitoneally at a dose of 50 mg/kg of body weight. Blood

glucose levels were measured after 6 h of fasting with blood collected from the tail vein using the ReliON Prime blood glucose strips.

In vivo imaging of mice was conducted following anesthesia by isoflurane inhalation and injection of D-luciferin at 75mg/kg. Biolu-

minescence images were captured using a Xenogen IVIS Spectrum (Caliper Life Sciences, Hopkinton, MA). PDAC formation was

confirmed by analysis of formalin-fixed paraffin-embedded (FFPE) pancreatic sections by hematoxylin and eosin (H&E) and immu-

nohistochemistry (IHC) using anti-CK19 antibody.

Cell lines and culture
HEK293T, MIA PaCa-2 and Panc-1 cell lines (wild-type or stable) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-

plemented with 10% fetal bovine serum (FBS) (Atlanta biologicals) and antibiotic antimycotic (Gibco). HPDE cells were cultured in

Keratinocyte SFM media (Gibco), containing bovine pituitary extract, antibiotic antimycotic and epidermal growth factor (EGF).

For stable cell lines, cells were cultured in their respective complete media containing G418, hygromycin, blasticidin or puromycin

as appropriate. EGF was maintained in the culture media for all HPDE isogenic cell lines as they maintained dependency on EGF

for cell proliferation irrespective of their genotype.

Lentiviruses were produced by transfecting HEK293T cells with the lentiviral backbone constructs and Lenti-X Packaging Single

Shot system as described by the manufacturer (Takara). Lentiviral particles were harvested from the supernatant medium after a

period of 48–72 h. The conditioned media were cleaned of cell debris by centrifugation at 5000xg for 15 min, filtered through a

0.45mm filter and aliquots were frozen at �80�C until use. Retroviruses were produced by transfecting HEK293T cells with retro-

viral backbone constructs and the packaging plasmids pCMV-VSV-G and pUMVC using X-tremeGENE9 (Roche). The conditioned

media were processed as described earlier for lentiviruses except that they were used immediately after collection. Transduction

of pancreatic cell lines by lentiviruses or retroviruses was conducted in the presence of 3 mg/mL or 8 mg/mL of polybrene,

respectively.

To assess cell proliferation, cells were seeded in 6-well plates and cell numbers were determined using an automatic cell counter (In-

vitrogen). Alternatively, cells were seeded in 96-well plates and subjected to MTT assays according to manufacturer’s instructions

(Abcam).
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Soft agar colony formation assay
Base layers consisting of growth medium (with phenol red) containing 0.6% agar were poured onto p60 dishes and allowed to so-

lidify. A total of 5,000 cells were plated in top layers consisting of growth medium containing 0.3% agar and colonies were visualized

after 2–3 weeks.

Ras-GTP pulldown assay
Tissue or cell lysates were prepared in lysis buffer (25 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5 mM MgCl2, 5% glycerol and

1% NP40) supplemented with phosphatase inhibitors (Sigma) and EDTA-free protease inhibitors (Roche). According to man-

ufacturer’s instructions, tissue or cells were lysed with 1mL of lysis buffer containing GST-tagged RAF-RBD for 10 min on

ice. Then, 90% of the pre-cleared lysates were added to pre-washed glutathione agarose beads for 1 h at 4�C under con-

stant rocking. The beads were subsequently pelleted and washed 3 times with lysis buffer and eluted for immunoblotting

using 1X SDS-PAGE sample buffer. The other remaining 10% of lysates were used to determine total Ras levels by

immunoblotting.

Immunoblotting
Cell extracts were prepared in lysis buffer containing 50mM Tris HCl (pH = 8.0), 120mM NaCl, 5mM EDTA, 1% Igepal, protease

inhibitors (Roche Diagnostics) and phosphatase inhibitors (Calbiochem). Protein concentrations were determined using the

Bradford reagent (Sigma-Aldrich) and samples were denatured using SDS sample buffer (Invitrogen). Samples were loaded

into a NuPAGE Bis-Tris Gel (Invitrogen) and separated by electrophoreses at 200 V. The gels were then transferred onto a nitro-

cellulose membrane (BioRad) by a wet transfer system (BioRad) and blocked by incubation with 5% dry milk in TBST (TBS with

0.2% Tween20). Membranes were probed with the primary antibody for 2 h at room temperature in the blocking buffer, washed

with TBST and incubated with the appropriate peroxidase-conjugated secondary antibody. Enhanced chemiluminescence

(ECL) western blotting substrates (Pierce) were used for visualization of the bands. For blot imaging and densitometric analysis,

the chemiluminescent blots were imaged with the ChemiDoc MP imager (Bio-Rad). The band analysis tools of ImageLab soft-

ware version 4.1 (Bio-Rad) were used to select and determine the background-subtracted density of the bands in all blots,

including the loading controls. For background subtraction, a value of 1 was used while imaging the blots for the total protein

measurements from the lanes. Quantification of specific proteins was determined based on the normalization with the corre-

sponding loading control.

Immunofluorescence and immunohistochemistry
Tissue samples were fixed in 10% formalin and embedded in paraffin. Three to six sections were generated from each block

and a representative section from at least 6 mice was selected in a random/blinded manner in order to achieve unbiased anal-

ysis of data. Tissue sections were then deparaffinized with xylene and rehydrated in a graded series of ethanol. Antigen-

retrieval was performed for 10 min at high temperature in citrate buffer. For IHC, endogenous peroxidase inhibition was

carried in 10% H2O2 in water. Then, slides were blocked and incubated overnight with the appropriate primary antibody or

IgG-matched isotype control antibody (negative control) at 4�C. For immunofluorescence, slides were incubated with the

secondary antibodies conjugated to Alexa-Fluor�568 or Alex-Fluor�448, co-stained with DAPI and viewed with a Nikon

Ti-E fluorescence microscope. IHC was done with the VECTASTAIN Elite ABC HRP kit as per manufacturer’s instructions

(Vector Laboratories) and color development was done with the DAB Peroxidase Substrate kit with or without nickel added

enhancement as appropriate.

For tissue histology, paraffin sections were stained with H&E using standard techniques and cross-sectional areas were examined

in at least six animals for each determination.

For human sample analysis, we utilized three independent TMAs (n = 3) comprising 179 samples confirmed either as normal (65)

or PDAC (114) with both PanINs and full PDAC lesions (as gauged by H&E staining). NF1 or p53 expression was probed using

highly specific anti-NF1 and anti-p53 antibodies. Then, the relative expression levels of NF1 or p53 in the three TMAs were scored

in a blinded manner by two independent investigators as low or high (including all samples in a given TMA). Then, the percentages

of samples with NF1-high, NF1-low, p53-high or p53-low in each TMA were determined independently. The results corresponding

to the three TMA (n = 3) were either presented as mean ± SEM of percentages of samples with NF1-high or NF1-low expression or

as mean ± SEM of the percentages of overlapping samples relative to the levels of expression of NF1 and p53 (e.g., NF1-high/p53-

high, NF1-low/p53-low, NF1-high/p53-low, NF1-low/p53-high). The numbers of samples analyzed are presented in tables within

the appropriate figures.

Real-time PCR (RT-PCR)
Total RNAwas extracted from tissues or cultured cells using TRIzol (ThermoFisher), purified with RNeasy minicolumns (QIAGEN) and

reverse transcribed using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). The resulting cDNA was analyzed

by RT-PCR. Briefly, 25 ng of cDNA and 150 nmol of each primer were mixed with SYBR GreenER qPCR SuperMix (Invitrogen). Re-

actions were performed in the 96-well format using an ABI PRISM 7900HT instrument (Applied Biosystems). Relative mRNA levels

were calculated using the comparative Ct method and normalized to GAPDH mRNA.
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Primers used for human samples:

KRAS-For: 5’-CAGTAGACACAAAACAGGCTCAG-3’

KRAS-Rev: 5’-TGTCGGATCTCCCTCACCAATG-3’

NF1-For: 5’-GCCTTGAGGAAAACCAGCGGAA-3’

NF1-Rev: 5’-TCCTACTGCACCGATGCTGTTC-3’

GAPDH-For: 5’-CCATGGGGAAGGTGAAGGTC-3’

GAPDH-Rev: 5’-AGTGATGGCATGGACTGTGG-3’

Primers used for mouse samples:

NF1-For: 5’-TCAAGCATGGACTTGGCACT-3’

NF1-Rev: 5’-CATTCGTATTGCTGGGTGCG-3’

p53-For: 5’-GGGACAGCCAACTCTGTTATGTGC-3’

p53-Rev: 5’-CTGTCTTCCAGATACTCGGGATAC-3’

Gapdh-For: 5’-CACCATCTTCCAGGAGCGAG-3’

Gapdh-Rev: 5’-CACCATCTTCCAGGAGCGAG-3’

Chromatin immunoprecipitation assay (ChIP)
ChIP assays were performed using a chromatin immunoprecipitation assay kit following the manufacturer’s instructions (Millipore).

Briefly, chromatin was extracted from tissue or cells, sonicated and immunoprecipitatedwith antibodies against PML, p53 or isotype-

matched control IgG. PCRwas run on the chromatin and the products were analyzed on a 2%agarose gel. Relative DNA binding was

determined by classical qPCR.47,48 The following primers were used:

Primers for human ChIP

NF1-For: 5’- TAACTTCCAACTCCGGGAGCA-3’

NF1-Rev: 5’- GAGGTGACGTCATCTAACTCCT-3’

GAPDH-For: 5’CGGGATTGTCTGCCCTAATTAT-3’

GAPDH-Rev: 5’GCACGGAAGGTCACGATGT-3’

Primers for mouse ChIP

NF1-For: 50-AGCCTCAGGACACCCTAACTTCTA -3’

NF1-Rev: 50-GCGGGTCTCCCCACCTAAACT -3’

Gapdh-For: 50-ATCCACGACGGACACATTGG-30

Gapdh-Rev: 50-TGGTGCTGCCAAGGCTGTGG-30

Luciferase reporter assay
MIA PaCa-2 or MEF cells were plated in 6-well plates and transfected with the NF1 luciferase reporter constructs in the absence or

presence of pQCXIP-p53 mutants using X-tremeGENE9. The pRL-SV40 plasmid (Promega) was cotransfected as a normalization

control. Cells were incubated for 24 h with the transfection mixtures and allowed to recover for another 24 h before measuring lucif-

erase activity using the Dual-Luciferase Reporter Assay kit (Promega). Firefly Luciferase activity was normalized on the basis of Re-

nilla luciferase expressed from the pRL-SV40 plasmid.

Analysis of public datasets
NF1, KRAS, TP53, p16INK4A and SMAD4 mutational status data were downloaded from public datasets, including

The Cancer Genome Atlas (TCGA, also known PAAD-US), Pancreatic Cancer Australian (PACA-AU), Pancreatic Cancer

Canada (PACA-CA) and other genomic published studies (GPS). Analysis of TCGA dataset was achieved through accessing

TCGA Data Portal (URL2 provided below). Analysis of the PACA-CA and PACA-AU datasets was achieved through access-

ing the International Cancer Genome Consortium (ICGC) Data Portal (URL3 provided below). Table S1 provides the PMID

of all genomic published studies used in this study. All data were downloaded after searching for NF1 and pancreatic

ductal adenocarcinoma, which yielded data for 1,471 PDAC samples. Each patient sample was then assessed whether

its harbors mutations in NF1, KRAS, TP53, p16INK4A or SMAD4, and different colors were used to highlight the different

mutations in Table S1. The impacts of missense mutations on NF1 protein activity were predicted using the PolyPhen-2

prediction tool (URL4 provided below). The predicted impacts and their corresponding scores as well as nonsense and

missense mutations are highlighted in yellow in Table S1. The two isoforms of NF1 used in the analysis are

AAV50004.1 and AAA59925.1.

URL2: https://portal.gdc.cancer.gov/genes/ENSG00000196712?canDistTable_size=100

URL3: https://dcc.icgc.org/genes/ENSG00000196712/mutations

URL4: http://genetics.bwh.harvard.edu/pph2/
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For all experiments, the sample size was determined empirically (preliminary experiments were performed) to ensure that the desired

statistical power could be achieved. All values are expressed asmean ± SEM. The error bars (SEM) shown for all results were derived

from biological replicates, not the same sample replicates. Significant differences between two groups were evaluated using a two-

tailed, unpaired t-test, whichwas appropriate for the statistics, as the sample groups displayed a normal distribution and comparable

variance. The chi-square test was used to test the independence of the samples in the three independent human PDAC TMAs. Sta-

tistical significance values are presented as follow: ns (not significant), p < 0.05, p < 0.01 or p < 0.001. Statistical significance of sur-

vival differences was determined by log-rank test.
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