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Increased PI 3-kinase (PI3K) signaling in pancreatic ductal adenocarcinoma (PDAC) correlates with poor prognosis,
but the role of class I PI3K isoforms during its induction remains unclear. Using genetically engineered mice and
pharmacological isoform-selective inhibitors, we found that the p110a PI3K isoform is a major signaling enzyme
for PDAC development induced by a combination of genetic and nongenetic factors. Inactivation of this single
isoform blocked the irreversible transition of exocrine acinar cells into pancreatic preneoplastic ductal lesions
by oncogenic Kras and/or pancreatic injury. Hitting the other ubiquitous isoform, p110b, did not prevent
preneoplastic lesion initiation. p110a signaling through small GTPase Rho and actin cytoskeleton controls the
reprogramming of acinar cells and regulates cell morphology in vivo and in vitro. Finally, p110a was necessary for
pancreatic ductal cancers to arise from Kras-induced preneoplastic lesions by increasing epithelial cell pro-
liferation in the context of mutated p53. Here we identify an in vivo context in which p110a cellular output differs
depending on the epithelial transformation stage and demonstrate that the PI3K p110a is required for PDAC
induced by oncogenic Kras, the key driver mutation of PDAC. These data are critical for a better understanding of
the development of this lethal disease that is currently without efficient treatment.
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Mammals have four isoforms of class I PI 3-kinase (PI3K;a,
b, g, and d) that generate the phosphatidylinositol tri-
phosphate (PIP3) lipid upon cell stimulation by cell surface
receptors. These heterodimeric enzymes consist of a p110
catalytic subunit complexed to a regulatory subunit. De-
spite their high sequence and activity similarities, class I
PI3K isoforms have nonredundant roles under physiolog-
ical, nondisease conditions (Vanhaesebroeck et al. 2010).
In cancer, this nonredundancy of PI3K isoforms ap-
pears more complex. Indeed, cancer cell signaling is
complicated as a consequence of genetic alterations,

autocrine/paracrine signaling, and cancer cell-extrinsic
signals. These parameters are thought to be different in
each tissue, possibly explaining the tissue-specific con-
text of PI3K isoform function in cancer initiation and
progression (Jia et al. 2008; Berenjeno et al. 2012; Rodon
et al. 2013). Based on this paradigm, current clinical
strategies target all isoforms through pan-PI3K or pan-
PI3K/mTOR inhibitors. However, these drugs often ex-
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hibit severe toxicity when combined with other thera-
pies, raising the possibility that isoform-specific PI3K
inhibitors could be a better approach for the treatment of
solid cancers. It is thus crucial to delineate and under-
stand which PI3K isoform to therapeutically target for
each cancer type.
Pancreatic ductal adenocarcinoma (PDAC) is one of the

most lethal cancers, with a 5-yr death rate of 95% of
diagnosed patients. No efficient chemotherapy is currently
available (Hidalgo 2010). Several genes (e.g.,KRAS, INK4A/
ARF, p53, and SMAD4) and signaling pathways (e.g.,
epithelial growth factor [EGF], transforming growth factor
a [TGFa], Notch, and Hedgehog) have been implicated in
pancreatic cancer progression, but mutation of KRAS is
the driving force of this pathology and is detected in early
premalignant lesions, termed pancreatic intraepithelial
neoplasia (PanIN). In this cancer, phosphorylation of the
PI3K signaling pathway component Akt is increased and
correlates with a poor prognosis (Schlieman et al. 2003;
Yamamoto et al. 2004). Activating mutations in PI3K
genes such as p110a (PIK3CA) are very rarely found or
are not detected in PDAC (Jones et al. 2008; Biankin et al.
2012). However, the expression of activated p110a in the
pancreas mimics mutated Kras cancerogenesis (Eser et al.
2013), indicative that this PI3K isoformcould be a signaling
hub in PDAC formation downstream from mutated Kras.
In addition to genetic factors such as p53 mutation,

nongenetic factors such as pancreatitis contribute to mu-
tated Kras-induced pancreatic cancerogenesis. While it is
clear that inflammation amplifies oncogenic Kras-induced
neoplastic transformation (Guerra et al. 2007; Carriere et al.
2009), the molecular basis of such nongenetic risk factors in
the induction of pancreatic cancer is still poorly character-
ized (Yadav and Lowenfels 2013). In human acute or chronic
pancreatitis, pancreatic epithelial cells change their differ-
entiation state from mature acinar cells secreting digestive
enzymes to ‘‘duct-like’’ structures presenting a decreased
expression of acinar markers (such as digestive enzymes
trypsin or amylase), inappropriate expression of ductal
markers (such as cytokeratin CK19), and a transition to
a duct-like morphology (Strobel et al. 2007; Fendrich
et al. 2008); this process is termed acinar-to-ductal
metaplasia (ADM). The cholecystokinin analog caerulein
induces secretion of pancreatic enzymes, which provokes
pancreatic injury, pancreatitis, and ADM formation. Both
pancreatic injury and oncogenes induce pancreatic in-
flammation and ADM. ADM is a precursor of PanIN
lesions that progress rapidly to PDAC only on a Kras
mutant background.
In this study, we sought to investigate the role of p110a

signaling in the induction of preneoplastic lesions and
PDAC downstream from mutated Kras by pharmacolog-
ical and genetic inactivation of p110a.

Results

p110a is expressed and PI3K signaling is activated
in human and murine PDAC

Of the four class I PI3K isoforms, only p110a and p110b
were found to be expressed in the normalmurine pancreas,

in particular in the murine pancreatic exocrine acinar
compartment (Fig. 1A). In normal human pancreas adja-
cent to tumor samples, p110a, p110b, and p110g were
expressed, whereas in human PDAC, all class I PI3K
isoforms were overexpressed (Fig. 1B). Murine pancreatic
PanIN cells or cancer cell lines from murine or human
PDAC also expressed varying levels of all class I PI3K
isoforms without a clear correlation with the phosphory-
lation status of the downstream effector AKT (Supplemen-
tal Fig. 1A–D). These data revealed that p110awas present
in all pancreatic tissue samples or cell lines tested. Most
importantly, PI3Ks were able to activate their downstream
effectors such as Akt in human PDAC (Fig. 1B,C).
Because of its expression across pancreatic cancero-

genesis, we studied the role of p110a in the initiation of
preneoplastic lesions by mutated Kras and the initiation
of pancreatic cancer by mutated Kras and p53.

p110a is critical for the initiation of preneoplastic
ADM pancreatic lesions by tissue injury in the context
of Kras mutation

The KrasLSL-G12D/+;Pdx1Cre/+ mouse model (referred to
hereafter as KC) reproducibly shows limited formation of
ADM and PanIN precursor lesions at ;8 wk of age
(Hingorani et al. 2003). Such early stages progress with
long latency (>1 yr) to invasive metastatic PDAC. Induc-
tion of pancreatic injury by caerulein dramatically accel-
erates the induction of pancreatic preneoplastic ADM
lesions by mutated Kras and increases their outcome as
PanINs and cancer (Guerra et al. 2007; Carriere et al. 2009;
Kopp et al. 2012). However, in the absence of oncogenic
Kras, these lesions do not progress to PanIN. The activation
status of the PI3K/Akt pathway during pancreatic injury in
the context of mutated Kras is unknown.
In young KC mice, caerulein treatment induced edema

and massive ADM formation (Fig. 1D–F). The PI3K and
Raf/Mek/ERK pathways were activated in acinar cells
and ADM as assessed by Akt substrate and ERK phos-
phorylation, respectively (Fig. 1F). Systemic pharmaco-
logical inhibition of p110a using the p110a-selective
inhibitor A66 inhibited Akt substrate phosphorylation
and completely blocked the appearance of massive ADM
induced by tissue injury in the presence of mutated Kras
(Fig. 1E,F). Interestingly, the activity of ERK, as assessed
by nuclear translocation or phosphorylation of ERK, was
not altered by p110a inhibition (Fig. 1F).
Altogether, these data suggest that PI3K signaling is

critically involved in pancreatic preneoplastic lesion
initiation associated with pancreatic injury. Activation
of the ERK pathway without signaling via p110a is not
sufficient to induce ADM. Preneoplastic ADM initiation
induced by tissue injury in the context of mutated Kras is
sensitive to specific pharmacological inhibition of p110a.

Pancreas-specific inactivation of p110a prevents
initiation of pancreatic preneoplastic lesions
and cancer by mutated Kras

To identify the role of p110a in pancreatic pathophysiol-
ogy, we next genetically inactivated the kinase domain of
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p110a in the pancreas using a conditional targeting
strategy (p110alox/lox) (Graupera et al. 2008). These mice
were crossed with the Pdx1Cre/+ pancreas-specific Cre-
expressing mouse model (abbreviated as C). Recombina-
tion of the p110a gene exons encoding its catalytic
activity results in a kinase-dead p110a enzyme, mimick-
ing cell-autonomous, pharmacological blockade of p110a
(Supplemental Fig. 2A–C). This approach is superior to
a full p110a gene knockout strategy: Besides removing
a potential scaffolding role of p110a, PI3K knockout
strategies are also known to also induce compensatory

catalytic and regulatory subunit expression leading to off-
target effects (Vanhaesebroeck et al. 2005). Indeed, ge-
netic inactivation of the kinase domain of pancreatic
p110a in mice (referred to as C;p110alox/lox) exhibited
a decrease of basal phosphorylation of Akt but conserved
expression levels of p110a and p110b and their regulatory
subunit, p85 (Supplemental Fig. 2D). No lethality or
changes in pancreatic morphology and endocrine func-
tion were observed (Supplemental Fig. 3A–C).
To test whether pancreatic epithelial p110a activity is

required for pancreatic preneoplastic lesion and cancer

Figure 1. PI3K/Akt pathway activation in pancreatic cancer and pharmacological inhibition of p110a catalytic activity prevent the
development of pancreatic ADM lesions induced by injury in the context of mutated Kras. (A) Analysis of p110 isoforms and its
regulatory subunit expression by Western blot in microdissected murine acinar cells (left;N = 4) or whole-pancreas lysates (right;N = 4).
Total spleen was used as a control for p110d and p110g expression (isoforms overexpressed in immune cells). p85 and total Akt
correspond to loading controls. (B) p110s and p85 expression in human samples. N = 3. (C) Levels of pAkt in human PDAC. Scale, 200
mm. (D) Scheme. (E,F) Quantification of ADM numbers/fields and edema histological score (E) and representative hematoxylin and
eosin (H&E) and immunohistochemistry (IHC) stainings (F; insets are in high magnification) of young KC mice injected with caerulein
in the presence of the specific p110a inhibitor A66 (N = 3) or vehicle (N = 4) and sacrificed 8 h post-injections. ADM numbers were
analyzed on six random 203-magnification fields per representative slide for each mouse; edema scoring was achieved on
a representative slide for each mouse. Mean 6 SEM; (**) P < 0.001, Student’s t-test. IHC using indicated antibodies. Quantification
of nuclear pERK staining was performed on five 203 magnification fields in each mouse normalized with the total number of nuclei.
Mean 6 SEM; (NS) Student’s t-test. Scale, 500 or 90 mm.

PI3Ka: initiating signal in KrasG12D-driven PDAC

GENES & DEVELOPMENT 2623

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


formation, we examined the effects of genetic p110a
inhibition in the KC model. Concomitant induction of
the activating mutation of Kras and genetic inactivation
of one or both p110a alleles were achieved by expression
of the Cre recombinase in the pancreas in mice called KC;
p110a+/lox and KC;p110alox/lox, respectively (Fig. 2A).
p110a inactivation dose-dependently prevented mouse

lethality and the occurrence of all types of lesions in-
duced by mutated Kras (Fig. 2B,C). Careful analysis of
serial sections spaced throughout the pancreata showed
that while all KC and most KC;p110a+/lox animals (lit-
termate controls) presented ADM and PanIN lesions and
the replacement of normal pancreatic tissue architecture
by tumorous tissue, the appearance of all types of pancre-
atic lesions was blocked by homozygous genetic inacti-
vation of p110a, with most of these mice having no
histological alterations and no appearance of Ki67-positive
cells and ectopic CK19 staining (Fig. 2D; Supplemental
Fig. 3D). Indeed, only four KC;p110alox/lox animals out of
14 exhibited a very limited number and area of ADM and
PanIN lesions (Fig. 2C; Supplemental Fig. 3D,E), one of
thembeing an escapeewithout complete recombination of
pik3ca (Supplemental Fig. 3F). Interestingly, the few PanIN
lesions that developed under full pik3ca recombination
were not surrounded by stromal reaction and presented no
pAkt staining and decreased levels of pERK (Supplemental
Fig. 3E), indicating a role of p110a in tumor stroma
interactions and in the maintenance of pERK signals in
all preneoplastic PanIn lesions.
In KC and KC;p110a+/lox littermate pancreata presenting

lesions, the PI3K pathwaywas activated (Fig. 2E). In contrast,
the absence of pancreatic lesions in KC;p110alox/lox pan-
creata was associated with the loss of activation of both
the PI3K and ERK pathways (Fig. 2E). These data show at
the genetic level that PI3K activity of pancreatic p110a is
necessary for the cancerogenesis initiated by oncogenic
Kras. In opposition, genetic ablation of the other PI3K
isoform expressed in acinar cells, p110b, did not prevent
dose-dependently the apparition of preneoplastic lesions
induced by mutated Kras (Fig. 2F–H). We thus searched
for the specific role of p110a in the initiating events of
pancreatic cancer.

Acinar cell-autonomous p110a activity is required
for acinar-to-ductal plasticity in the presence
of tissue injury and mutated Kras

We next explored the role of acinar p110a during pancre-
atic injury and preneoplastic lesion formation in more
detail. We aimed, in particular, to dissect the role of
p110a in pancreatic tissue injury alone or in the context
of injury in the presence of mutated Kras (Fig. 3A). In all
genotypes tested, caerulein induced a depletion of amy-
lase granules in acinar cells, confirming the activity of this
agent in all mice tested (Supplemental Fig. 4A). p110a
inactivation in non-Kras-mutated pancreatic epithelial cells
(C;p110alox/lox) reduced the pancreatic lesions and blocked
ADM formation induced by caerulein after 1 d of treatment
(Fig. 3B,D). Strikingly, the worsening of the caerulein-
induced lesions observed in the mutated Kras genetic
context was completely blocked by full p110a inactivation

in the epithelial cells (Fig. 3C,E, KC;p110alox/lox vs. KC;
p110a+/lox and KC).

p110a activity is required for the induction
of preneoplastic lesions upon pancreatic injury
in a Kras mutant background

Pancreatic tissue is highly plastic and physiologically
regenerates; indeed, 5 d after caerulein injection, both
wild-type and p110a activity-deficient pancreata pre-
sented a normal histology (Fig. 3B,D). Strikingly, p110a
blockade allowed also the complete prevention of pan-
creatic lesion induction of the pancreas after 1 or 5 d of
caerulein treatment in a Kras mutated genetic back-
ground (Fig. 3C,E), while these lesions were maintained
in KC and KC;p110a+/lox pancreata. Besides a normal
cytoarchitecture, acinar cell proliferation in KC;p110alox/lox

pancreata, which was decreased at day 1 compared with
KC and KC;p110a+/lox, was increased compared with PBS-
treated animals 5 d after caerulein treatment, indicative
of a regeneration process and demonstrating that p110a
activity-deficient cells retain the capacity to proliferate
(Supplemental Fig. 4B). Recruitment of immune cells to
KC;p110alox/lox pancreata was also reduced upon full
pancreatic p110a inactivation (Supplemental Fig. 4C).
Our data demonstrate that p110a prevents the induc-

tion of preneoplastic lesions induced by caerulein in
a mutated Kras background (scheme in Supplemental
Fig. 4E) and allowed the maintenance of immune cell
infiltration surrounding the acinar cells.

p110a activity in epithelial cells is required
for acinar-to-ductal plasticity ex vivo

Our data show that p110a activity is necessary for cancer
initiation through regulation of the plasticity of acinar
cells in vivo. To assess whether p110a mediates ductal
reprogramming of acinar cells in a cell-autonomous man-
ner, we next used a physiological cell culture model of
acinar-to-ductal transdifferentiation. Previous studies had
demonstrated that TGFa, through signaling via the EGF
receptor (EGFR), induces the formation of tubular struc-
tures from acinar clusters embedded in collagen isolated
from adult pancreata expressing mutated Kras (Means
et al. 2005; Morris et al. 2010).
To test whether TGFa–EGFR/Kras-induced ADM for-

mation depends on p110a activity, we isolated acini from
Ptf1aCre/+; KrasG12D/+ pancreata and performed an in vitro
ADMassay. Consistent with the in vivo caerulein-induced
short-term acinar-to-ductal transdifferentiation model,
we observed that pharmacological inactivation of p110a
dose-dependently blocked ADM in the presence of TGFa
and mutated Kras (Fig. 3F). Similar results were obtained
with genetic inactivation of p110a (Supplemental Fig. 5).
These observations were confirmed in an in vitro two-
dimensional (2D)model (Fig. 3G), demonstrating that this
role of p110a is independent of cell polarity and Kras
mutation. Indeed, in the amylase-expressing rat acinar
cell line AR4-2J/B13, where Kras is not mutated, the 5-d
reprogramming treatment with dexamethasone + EGF
(DEX+EGF) (Al-Adsani et al. 2010) induced the loss of
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Figure 2. Genetic inactivation of p110a catalytic activity in the pancreas prevents the development of mutated Kras-induced
pancreatic preneoplastic and neoplastic lesions. (A) Experimental setup to express kinase-dead p110a and oncogenic KrasG12D in the
pancreas. (B) Survival curve. Expected Mendelian ratios for Cre+;p110alox/lox were found; total number of pups was 155. N > 10 per
genotype. (C) Percentage of 6-mo-old mice harboring no lesions, ADM, or PanINs depending on genotypes. (D) Representative H&E
stains (insets show representative areas in high magnification; scale, 500 or 100 mm) and indicated IHC analysis on paraffin-
embedded KC, KC;p110a+/lox, and KC;p110alox/lox pancreata. (Arrowheads) Pancreatic lobules with stromal Ki67-positive cells
present in areas of ADM ; (em) early metaplastic transitions; (*) ADM lesions; (#) low-grade PanIns; (red arrowheads) CK19-positive
normal ducts. CK19 is a well-defined ductal cell marker overexpressed first at the basolateral membrane of acinar cells (em) (Zhu
et al. 2007) that undergo ADM. N = 4. (E) Pancreatic sections of KC, KC;p110a+/lox, and KC;p110alox/lox animals were analyzed for the
presence of pS473Akt, pAkt substrate, and pThr202/Tyr204ERK1/2 (cytoplasmic and nuclear staining) by IHC on serial sections
(4 mm). Slides were counterstained with hematoxylin. Representative pictures are shown (N = 4). Scale, 100 mm. (F) Experimental
setup to express kinase-dead p110b and oncogenic KrasG12D in the pancreas. (G) Percentage of 6-mo-old mice harboring no lesions,
ADM, or PanINs depending on genotypes. (H) H&E.

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Figure 3. Acinar p110a activity is crucial for induction and maintenance of pancreatic ADM lesions by tissue injury, also in the
genetic context of mutated Kras. (A) Experimental setup. (B,C) Representative H&E staining (insets in high magnification) of caerulein-
or vehicle-injected 8-wk-old wild-type (WT) or C;p110alox/lox (B) and KC, KC;p110a+/lox or KC;p110alox/lox (C) mice 1 or 5 d after the last
injection of caerulein. Dashed lines in insets surround a mixed acinar–ductal metaplasic structure. (#) Normal acinar cells containing
characteristic zymogen granules. Scale, 4–50–500 mm. (D,E) Quantification of ADM or PanINs per field (magnification, 203; six random
fields per mouse; normalization per field). Each point represents a single mouse, and horizontal bars represent the mean percentage for
each group. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001, Student’s t-test, KC;p110a+/lox or KC;p110alox/lox versus KC. (F) Phase contrast
images of Ptf1aCre; KrasG12D acinar cells 5 d after isolation and treatment with 50 ng/mL TGF-a in the presence of increasing doses of
p110a-specific inhibitor A66 (1–10 mM) or vehicle. Quantification of the percentage of ductal structures after 5 d in culture. N = 3 ex
vivo acinar cultures from independent mice; (*) P < 0.05; (**) P < 0.01, Student’s t-test). Scale, 50 mm. (G) Rat AR4-2J B13 acinar cells
were subjected to DEX+EGF (1 mM + 20 ng/mL) with the indicated treatment for 5 d to induce ADM. Immunofluorescence staining was
performed as indicated, and representative confocal images are presented (N $ 2). Scale, 10 mm.
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expression of acinar-specific digestive enzymes such as
trypsin together with the increase of expression of the
ductal marker cytokeratin CK19 (Fig. 3G). Interestingly,
pharmacological inhibition of p110a with A66 delayed the
DEX+EGF-induced decrease in trypsin expression and
largely prevented the induction of ductal marker expres-
sion of CK19 by DEX+EGF (Fig. 3G).
Taken together, our data show that reprogramming of

acinar cells into ductal cells induced by a range of intrinsic
or extrinsic stimuli is dependent on p110a activity.

p110a activity in acinar cells is not required for the
induction of the embryonic progenitor transcription
factor Pdx1 during pancreatic injury

Our data show that p110a inactivation blocks acinar-to-
ductal plasticity in an acinar cell-autonomous way. Tran-
scription factors such as Pdx1 that are associated with
pancreatic progenitors and the maintenance of an un-
differentiated status are re-expressed during this process
(Jensen et al. 2005). However, their relevance for injury-
and Kras-driven ADM and PanIN formation remains
unclear. We therefore monitored the expression of pan-
creatic progenitor markers in the cellular transitions
from acinar cells to ducts and PanINs.
We detected expression of Pdx1 in established ADM

lesions induced by injury in the wild type and the KC
model as well as in PanIN lesions (Supplemental Fig. 4C).
Complete inactivation of p110a, while repressing the
induction of preneoplastic ADM lesions in the presence
of injury, did not inhibit Pdx1 reinduction (Supplemental
Fig. 4D).
Our data support the conclusion that p110a does not

control the activation of the reprogramming transcription
factor Pdx1 in pancreatic epithelial cells upon injury and/or
mutation of Kras. This argues that Pdx1 up-regulation is
dispensable for ADM and PanIN formation.

Cytoskeleton remodeling during injury-driven acinar-
to-ductal transition is blocked by p110a inactivation

In order to understand how blockade of p110a could
interfere with a change of acinar cytoarchitecture as early
as 8 h after induction of injury (Fig. 1E,F), we next analyzed
the actin cytoskeleton during this process as a possible
rapid acinar cell-intrinsic mechanism that could mediate
the cell shape modification from acinar to ductal cells.
We thus analyzed the kinetics of the actin fiber architec-
ture during this process. We show for the first time that
the cortical actin network is relocalized during caerulein-
induced acinar-to-ductal transition (Fig. 4A; Supplemen-
tal Fig. 6A,B). Upon caerulein treatment, we observed an
early depolymerization of actin in the apical and lateral
membranes followed by an intensification of the sub-
cortical network (apical, lateral, and basal) in late ADM
structures and PanINs (Fig. 4A, shown schematically in
B). Only a complete genetic p110a blockade, but not of
p110b, was found to prevent this depolymerization of
the actin apical–lateral network in acinar cells upon
caerulein treatment (Fig. 4A; Supplemental Fig. 6A).
Similarly, pharmacological inactivation of p110a but

not of p110b in acinar cell line cultures prevented the
modification of F-actin localization and the formation and
quantity of cytosolic F-actin stress fibers concomitantly
with an absence of cell spreading during acinar-to-ductal
transdifferentiation (Fig. 4C; Supplemental Fig. 6B).
In order to gain further mechanistic insight, we first

confirmed that PI3K signaling was inhibited both at the
basal level and after caerulein treatment, as assessed by
a decrease of the phosphorylation of downstream effec-
tors pS473–Akt or pS240/244–S6 upon inactivation of
both p110a and p110b at day 1 after caerulein treatment
(Fig. 4E; Supplemental Fig. 6C). The activity of the small
GTPases RhoA, Rac1, and cdc42 is regulated by class I
PI3K activity and controls F-actin dynamics (Heasman
and Ridley 2008). Rac1 is known to inhibit Rho activity.
In vivo complete p110a inactivation prevented caerulein-
induced activation of Rho GTPases but not the activation
of Rac1 (Fig. 4F), while Cdc42 is known not to be ex-
pressed in the mouse exocrine pancreas (Kowluru et al.
1996). Overexpression of a constitutively active RhoA in
acinar cells but not of a wild-type RhoA rescued the
phenotype induced by A66 treatment on acinar cytoskel-
etal reorganization and cell spreading during their trans-
differentiation (Fig. 4G).
Taken together, these data show that p110a is neces-

sary for F-actin network remodeling during injury-driven
ADM and for activation of the Rho small GTPases.

p110a activity is required for in vivo superactivation
of mutated Kras and other signaling pathways
and for the induction of stroma surrounding
acinar-to-ductal lesions

We next aimed to gain insight into the long-term fate of
the acinar cells during pancreatic injury in the presence of
the Kras mutation. The current model proposes that
mutated Kras activity is further increased during ADM
through activation of NF-kB (Daniluk et al. 2012). Signals
that contribute to the initiation or progression of mutated
Kras-induced ADM lesions to PanINs include EGFR
overexpression combined with downstream ERK activa-
tion (Ardito et al. 2012; Navas et al. 2012) or IL6 secretion
combined with downstream STAT3 activation (Corcoran
et al. 2011; Fukuda et al. 2011; Lesina et al. 2011). Concom-
itant kinetic activation and termination of all of these
signals in pancreatic lesion progression has not been de-
scribed in vivo. We analyzed the molecular events activated
during early pancreatic cancerogenesis in acinar cells asso-
ciated with stromal environment modifications (scheme in
Supplemental Fig. 4E).
Genetic p110a but not p110b inactivation completely

prevented caerulein-induced oncogenic Kras activation
in vivo (Fig. 5A; Supplemental Fig. 7A). Genetic p110a
inactivation also prevented expression and nuclear local-
ization of NF-kB/p65 in ADM (Fig. 5B). We confirmed
blockade of p65 activation by pharmacological inhibition
of p110a in vivo (Supplemental Fig. 7B). STAT3 activation
measured by phosphorylation at Y705 occurred in the
same number of cells in KC;p110a+/lox and KC;p110alox/lox

mice (Fig. 5B; Supplemental Fig. 7C), albeit the global level
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Figure 4. p110a activity stimulates in vivo actin cytoskeleton remodeling and activation of Rho small GTPases during pancreatic cancer
initiation. (A) Confocal microscopic images of actin staining on paraffin-embedded pancreata in the indicated treatments and genotypes
1 d after the last caerulein injection (N $ 3 per genotype). White arrowheads show cortical actin staining, and white asterisks indicate the
lumen, the diameter of which is enlarged during acinar-to-ductal transition. Scale, 10 mm. (B) Representative scheme of actin staining
during ADM. (C) F-actin staining of A66 (5 mM), TGX-221 (0.5 mM), or vehicle-treated AR4-2J B13 acinar cells that were trans-
differentiated in ‘‘ductal-like’’ cells by DEX+EGF for 5 d. Scale, 10 mm. Intensity of signal quantified by epifluorescence on five fields per
condition. N = 3; (***) P < 0.001, Student’s t-test. (E, top panel) Western blot analysis of pancreatic lysates from KC compared with KC;
p110alox/lox or KC;p110blox/lox mice (N $ 3) sacrificed 1 d after the last caerulein (Cae.) or PBS injection. Relative quantification is shown
in the bottom panel. N $ 3; (**) P < 0.01; (*) P < 0.05, Student’s t-test. (F) Rho and Rac1 in vivo activities from pancreatic lysates of the
indicated genotypes 1 d after caerulein treatment. N $ 2; (*) P < 0.05, Student’s t-test. Positive and negative controls correspond to GTP
and GDP loading, respectively (not shown). (G) Overexpression of constitutively active RhoA or wild-type (WT) RhoA in AR4-2J B13
acinar cells treated as indicated. Scale, 10 mm. Transduction of acinar cells with GFP-expressing vectors leads to a >95% rate of
transduction and was similarly affected by treatments compared with wild-type AR4-2J cells (not shown). RhoA overexpression was
verified by Western blot; p-Cofilin was used as a control of constitutive activity of RhoA (not shown).
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Figure 5. p110a activity triggers the maintenance of inflammatory and proliferative pathways in the pancreas. (A) Ras in vivo activity
from pancreatic lysates of KC compared with KC;p110alox/lox and KC;p110blox/lox mice (N $ 3) sacrificed 1 d after the last caerulein
(Cae.) injection. The relative quantification of all mice analyzed is shown below. (*) P < 0.05, Student’s t-test. Positive and negative
controls correspond to GTP and GDP loading of Raf1-RBD, respectively (data not shown). (B) Immunohistochemical analysis of p65,
pY705STAT3, pERK1/2, IL6, and aSMA on KC and KC;p110a+/lox compared with KC;p110alox/lox (N = 3) pancreata 1 or 5 d after the last
caerulein or vehicle injection. Black arrowheads show acinar (pERK, pSTAT3, or p65) or stromal (IL6 or aSMA) positively stained cells.
Scale, 100 mm. (C) Western blot analysis for STAT3 phosphorylation and EGFR expression of pancreatic lysates from KC compared with
KC;p110alox/lox mice sacrificed 1 d after the last caerulein or PBS injection. (D) EGFR IHC as indicated. Arrowheads show membrane
staining. Scale, 50 mm. N = 3. (E) IHC analysis of pS473Akt, pAkt substrate, and pERK1/2 in caerulein-injected KC mice sacrificed 4 mo
after the last injection. Black arrowheads show positive ADM or PanIN structures as indicated. N = 3. Scale, 100 mm.
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of pSTAT3 was significantly decreased as compared with
control animals at day 1 as assessed by Western blotting
(Fig. 5C; Supplemental Fig. 7D). On day 5, however,
pSTAT3was completely abrogated by p110a inactivation,
while the signal was still partially maintained in KC;
p110a+/lox animals compared with KC animals (Fig. 5B;
Supplemental Fig. 7C). This defect in STAT3 phosphory-
lation and nuclear localization correlated with the ab-
sence of IL6 and aSMA-positive cells surrounding the
acini, as detected in caerulein-treated control animals
by immunohistochemistry (IHC) as early as day 1 after
pancreatic injury (Fig. 5B).
ERK phosphorylation and nuclear localization were

induced in acinar cells on day 1 upon injury, indepen-
dently of the p110a activity status, but this signal was not
maintained at a later time point when p110a activity was
absent from pancreata together with the absence of any
lesions (Fig. 5B). Genetic inactivation of p110a did not
prevent EGFR overexpression upon caerulein treatment
but dose-dependently prevented EGFRmembrane expres-
sion in ADM lesions (Fig. 5C,D; Supplemental Fig. 7D).
The levels of activation of these signals and their

activating stimuli in KC;p110a+/lox and KC;p110alox/lox

mice were correlated with the time course of immune
cell infiltration within pancreatic tissue. Although pres-
ent, infiltrating immune cells had a tendency to exhibit
decreased recruitment in pancreata lacking p110a activ-
ity (Supplemental Fig. 4C). Immune cell recruitment/
maintenance was significantly decreased on day 5 only if
p110a activity was absent, as assessed by the absence of
immune cells residing at this time point.
KC pancreata are heterogeneous, presenting different

stages of lesions. When comparing the PI3K pathway to
ERK activation (Fig. 5E), we observed that the strongest
staining intensity of key surrogates of PI3K signaling
(pS473–Akt or p-Akt–substrate amino acid motif) was
observed in acini before they underwent the cellular
phenotypic transformation into ducts. The STAT3 sig-
naling pathway was also increased as early as ADM
compared with PI3K signaling, albeit not in all cells, but
STAT3 stimulation was maintained in early PanINs,
while the increase of PI3K activity was surprisingly not
completely sustained in late ADM and low-grade PanIN
lesions. Activation of ERK signaling was progressively
observed in ADM structures and PanINs (Fig. 5E).
Taken together, our data show that, in vivo, pancreatic

p110a activity is required for (1) the superactivation of
oncogenic Kras, (2) the rapid induction of nuclear NF-kB/
p65, (3) the secretion of IL6, (4) the induction of full
STAT3 and ERK activation in ADM, (5) the maintenance
of these signals in PanINs, and (6) the activation of the
stroma surrounding the ADM structures (the presence of
aSMA-positive cells or immune cells). Partial inactiva-
tion of p110a decreases the intensity of these markers at
a late time point, in line with the fact that KC;p110a+/lox

pancreata present a significantly decreased incidence of
preneoplastic lesions (Fig. 2C). In other words, p110a
appears to be the signaling hub controlling the signals
necessary for induction of the ADM and PanIN stages and
maintaining these signals in preneoplastic lesions.

p110a is required for PDAC progression induced
by combined mutation of Kras and p53

Our data shown above demonstrate that signals emanat-
ing from p110a initiate the induction of ADM and
PanINs by mutated Kras. Such Ras-induced preneoplastic
lesions, which progress to PDACwith long latency (>1 yr),
can be greatly accelerated by concomitant inactivation of
the p53 tumor suppressor. This can be achieved by
crossing KC mice with a LSL-p53R172H allele, allowing
expression of mutated p53 when the Cre recombinase is
expressed, giving rise to a more aggressive model of
pancreatic cancerogenesis (referred to as the KPC model)
(Fig. 6A; Hingorani et al. 2005).
KPC lethality was completely prevented by pancreas-

specific genetic inactivation of p110a (Fig. 6B). KPC;
p110alox/lox animals presented some low-grade PanIN
lesions, the surface of pancreatic tissue replaced by dis-
rupted tissue being dose-dependently significantly reduced
compared with KPC pancreata (Fig. 6C–E). Importantly,
KPC;p110alox/lox mice did not harbor any high-grade or
cancer lesions (PanIN3 or adenocarcinoma), showing that
inactivation of p110a prevents the progression of low-grade
PanIN toward high-grade PanIN and adenocarcinoma
(Fig. 6C). Genetic inactivation of p110a dose-dependently
led to lesions with a decreased index of proliferation of
both epithelial cells and stromal cells (Fig. 6E). Interest-
ingly, the few PanIN lesions that developed under full
pik3ca recombination presented decreased levels of pAkt
and pERK (Supplemental Fig. 8A,B), further pointing to an
active role of p110a in tumor stroma interactions and the
maintenance of pERK signals in preneoplastic PanIn
lesions. These data were also consistent with the fact that
murine embryonic fibroblasts (MEFs), immortalized with
p53 shRNA with or without overexpression of oncogenic
mutated Kras, were sensitive to p110a inhibitor (Fig. 6F;
Supplemental Fig. 9). In other words, p110a plays a critical
role in the increase of proliferation of transformed cells.
Taken together, our data show that p110a activity

is dose-dependently crucial for the appearance of high-
grade proliferative lesions in an epithelial cell-autonomous
manner.

Discussion

A better understanding of the molecular events involved
in pancreatic cancer will help to design new therapeutic
strategies for this lethal pathology. Here, we show that
inactivation of a single isoform of PI3K, p110a, is sufficient
to prevent the initiation of pancreatic cancer even in the
context of inflammation or p53 inactivation and that
this kinase activity is critical for the initiation of pro-
liferative advanced lesions and PDAC (Fig. 7). This is
the first genetic demonstration of the physiopatholog-
ical implication of one PI3K isoform in PDAC in vivo.
Next-generation sequencing studies clearly showed
that mutationally activated Kras is the signature event
in PDAC that drives PDAC initiation and progression.
We show that nonmutated p110a is downstream from
oncogenic Kras in PDAC and is critical for Kras-driven
carcinogenesis.
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Involvement of PI3K activity in pancreatic cancero-
genesis had previously been suggested by the protumori-
genic effect of pancreatic-restricted loss of the PTEN
enzyme, which reverses PI3K activity (Stanger et al. 2005;
Hill et al. 2010; Ying et al. 2011;Mann et al. 2012). In tissue
other than the pancreas, Pten deletion-induced tumori-
genesis was shown to be PI3K isoform-specific. The
p110a isoform is critical for thyroid cancer induction
(Berenjeno et al. 2012), and p110b is critical for prostate
cancer development (Jia et al. 2008; Berenjeno et al. 2012).
Deletion of Pten alone in the pancreas induces an in-
crease of ADM and the number of acinoductal cells
(Stanger et al. 2005). Combined with our data on the role

of p110a in ADM, we propose that Pten deletion-induced
pancreatic cancer initiation is likely to be mediated by its
effect on p110a signaling rather than p110b. In line with
our data, p110a but not p110b is directly activated by
mutated Kras (Gupta et al. 2007; Fritsch et al. 2013), and
p110b dependency of Pten loss-induced ovarian cancer
initiation is overridden in favor of p110a in the genetic
context of mutated Kras (Schmit et al. 2014).
The dynamics of the cell cytoskeleton network during

acinar cell transdifferentiation are poorly understood. We
described for the first time the kinetics of actin rearrange-
ment during ADM and found that p110a is critical for
actin depolymerization/repolymerization, explaining the

Figure 6. p110a activity is required for the transition from preneoplastic lesions to adenocarcinoma induced by oncogenic Kras and
mutated p53. (A) Experimental setup. (B) Survival curves. N $ 6 for each genotype. (C) Percentage of 4.5-mo-old mice harboring no
lesions, ADM/PanIN1, PanIN2, or high-grade PanIN3/PDAC pancreatic lesions depending on genotypes. (D) Quantification of total
pancreatic lesions in Pdx1-Cre; LSL-Tp53R172H; LSL-KrasG12D (KPC; n = 9), KPC;p110a+/lox (n = 8), and KPC;p110alox/lox (n = 8) mice. (*)
P < 0.05, Mann-Whitney test. (E) Representative H&E stainings and IHC using the indicated antibodies (insets show representative
areas in high magnification) of KPC, KPC;p110a+/lox, and KPC;p110alox/lox mice. Scale, 2–100–200 mm. (F) MEF cells were stably
transfected with murine shp53 with or without KrasG12V. Cell proliferation during 4 d in the presence of A66 (10 mM) or vehicle was
analyzed. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001, two-way ANOVA.
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lack of pancreatic plasticity upon p110a inactivation.
This is in line with the positive role of cortical actin
rearrangements during Ras-induced cellular transforma-
tion in vitro (Rodriguez-Viciana et al. 1997). Similarly,
loss of PTEN or oncogenic p110a/PIK3CA disrupts breast
epithelial cell architecture in three-dimensional (3D)
cultures (Berglund et al. 2013). Among the small GTPases
that regulate the actin cytoskeleton (Heasman and Ridley
2008), Rho GTPase overexpression is known to increase
the quantity of intracellular actin stress fibers. Pancreatic
p110a inactivation prevents in vivo Rho activation and
actin stress fiber polymerization induced by inflamma-
tion and oncogenic Kras, thereby blocking ADM and
pancreatic cancer initiation. p110a is involved in differ-
ent steps of pancreatic cancerogenesis, corresponding to
different cellular contexts. While p110a activity-deficient
acinar cells can proliferate during pancreatic regeneration
after injury (Supplemental Figure 4B), this enzyme is
important for proliferation in later stages of pancreatic
carcinogenesis (Fig. 6E). It contributes to oncogenic Kras
hyperactivation in preneoplastic stages and to the main-
tenance of essential signaling nodes, including STAT3,
NF-kB, and ERK, known to be critical for progression
toward cancer lesions (Corcoran et al. 2011; Fukuda et al.
2011; Lesina et al. 2011); similarly, in cancer cells, PI3K
was found to regulate nonmutated Kras activity and
further signaling through MAPK/ERK (Will et al. 2014).
In pancreatic cancer, such hyperactivation ofmutated Kras
is thought to be regulated by NF-kB activation (Daniluk
et al. 2012), which is indeed controlled by p110a. The
cellular effects of p110a-driven and PI3K-driven signals
depend on the cell type involved in association with the
genetic and nongenetic context driving the kinetic of cell
transformation.
In PDAC, PI3K activation is increased and correlated

with a poor prognosis (Schlieman et al. 2003; Yamamoto
et al. 2004). p110a controls the initiation of proliferative
cancer lesions, while preclinical data show that inhibitors
hitting all PI3Ks decrease cancer cell proliferation in vivo
(Navas et al. 2012; Eser et al. 2013). In human PDAC,
treatment with mTOR inhibitors (downstream target of
PI3K) does not give any significant improvements of

patient survival or well-being (Wolpin et al. 2009), while
panPI3K/mTOR phase I/II trials on patients with solid
cancer, including pancreatic cancer, are ongoing. Interest-
ingly, preclinical anti-tumoral activity of the mTORC1
inhibitor is found to be dependent on the genetic back-
ground inducing the pancreatic cancer (Morran et al. 2014),
with PDAC arising from pten-deficient background being
more sensitive to the drug. In this study, we showed that
hitting p110a activity using a kinase-dead model and not
hitting its expression is sufficient to completely prevent the
initiation of pancreatic ductal cancers in a dose-dependent
manner. Our data also support that p110a is also a target in
p53mutant PDAC (which represents themajority of PDAC
cases). In contrast to EGFR deletion (Ardito et al. 2012;
Navas et al. 2012), p110a inactivation completely protects
from oncogenic Kras and mutated p53-induced PDAC and
lethality.
An advantage of isoform-specific PI3K inhibitors is that

they may be tolerated at doses resulting in more complete
target inhibition with fewer adverse effects and resistance
mechanisms. Combinative therapeutic strategies hitting
two crucial pathways at the same time represent the
future for most resistant cancers, such as metastatic non-
resectable pancreatic cancers, but are very toxic (Javle et al.
2010). Increasing the selectivity of the drugs is crucial to
decrease the toxicity. Understanding the basic biology of
isoform specificity of PI3Ks will help to better design
therapeutic strategies hitting these enzymes and choose
the patient subset likely to respond to these targeted
therapies.

Materials and methods

Reagents

Reagents were purchased as follows: A66 (32 nM for p110a,
>12,500 nM for p110b, >12,500 nM for p110d, 3480 nM for
p110g, and >5000 nM for mTOR in vitro IC50) (Jamieson et al.
2011) and TGX-221 (5000 nM for p110a, 5 nM for p110b, 100 nM
for p110d, and >10,000 nM for p110g in vitro IC50) were from
Axon Medchem, caerulein and dexamethasone were from
Sigma, and EGF was from R&D Systems. Human pancreatic cell
lines came from American Type Culture Collection (ATCC), and
human PDAC samples were from Biochain (CliniSciences).

Mice

The LSL-KrasG12D and LSL-p53R172H knock-in (from D .Tuveson,
Mouse Models of Human Cancers Consortium repository, Na-
tional Cancer Institute-Frederick), Pdx1-cre (from D.A. Melton,
Harvard University, Cambridge, MA), and p110alox (from B.
Vanhaesebroeck, University College London, London) strains
were interbred on a mixed background (CD1/SV129/C57Bl6) to
obtain compound mutant LSL-KrasG12D;Pdx1-Cre (named KC),
LSL-KrasG12D;LSL-p53R172H;Pdx1-Cre (named KPC), LSL-KrasG12D;
Pdx1-Cre;p110a+/lox (named KC;p110a+/lox) or p110alox/lox

(named KC;p110alox/lox), and LSL-KrasG12D; LSL-p53R172H;Pdx1-
Cre;p110a+/lox (named KPC;p110a+/lox) or p110alox/lox (named
KPC;p110alox/lox). Pancreatic cell lines were isolated as described
in Hingorani et al. (2005) and Eser et al. (2013), and recombina-
tion was verified as described in Hingorani et al. (2005). Litter-
mates not expressing Cre as well as Pdx1-Cre and p110a+/lox

mice of the same age were used as controls. The absence of a

Figure 7. p110a activity is required for pancreatic cancero-
genesis. Schematic representation. (Lof) Loss of function.
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histopathological phenotype was checked in Pdx1-cre;p110a+/lox

and Pdx1-cre; p110alox/lox mice. All procedures and animal
housing conformed to the regulatory standards and were ap-
proved by the ethical committee according to European legisla-
tion translated to French law as D�ecret 2013-118 on February 1,
2013. Genotyping was performed as referenced in Supplemental
Figure 1. Pancreatic injury was induced in young mice (8–12 wk)
by a series of six hourly intraperitoneal injections of caerulein
(75 mg per kilogram of body weight) that was repeated after 48 h
in the presence or absence of 50 mg/kg A66. Animals were
euthanized 8 h or 1, 5, or 120 d later, and recombination was
verified before analysis as described in Graupera et al. (2008) and
Guillermet-Guibert et al. (2008). To set up the conditions of
pancreatic injury, plasmatic amylase dosage was measured
(Phadebas Magle).

Histology and immunostaining

All pancreata were analyzed in blinded fashion. Pancreases were
fixed in 10%neutral-buffered formalin and embedded in paraffin.
For histopathological analysis, pancreata were serially sectioned
(4 mm), and every five sections were stained with hematoxylin
and eosin (H&E). Histopathological scoring of pancreatic lesions
was performed using serial H&E-stained sections (100 mm apart,
three sections per pancreas). One representative slide per mouse
was imaged using a Hamamatsu Nanozoomer 2 slide scanner
(Hamamatsu Photonics), ADM/PanIN lesions were counted, and
the damaged pancreatic tissue, ADM, or PanIN area was mea-
sured on the entire section with the Nanozoomer Digital
Pathology view software (Hamamatsu).

Immunostainings were conducted using standard methods on
formalin-fixed, paraffin-embedded tissues. Antigen retrieval and
antibody dilution were carried out as described in the Supple-
mental Material. All phospho-specific antibodies were revealed
using a Cell Signaling Signal Boost system followed by AEC
or DAB incubation. Corresponding blocking phosphopeptide
(Cell Signaling Technologies) and l-phosphatase (New England
Biolabs) treatments were used for validation of antibody speci-
ficity. For immunofluorescence, a Zeiss LSM780 confocal micro-
scope was used.

Western blots and Kras, Rac1, and Rho activity assays

Arcturus laser capture microdissection (4-mmcryosections) was
used. Western blotting was conducted using standard methods
with antibodies as described in the Supplemental Material.
Kras, Rac1, and Rho pull-down activity assays were performed
on frozen samples of pancreas (Millipore, 17-218, 17-283, and
17-294).

Ex vivo and in vitro culture of acinar cells

Acinar cells were isolated as described and cultured for 5 d in
collagen (Eser et al. 2013). AR42J-B13 cells (a rat pancreatic
acinar cell line) from ATCC were cultured in Dulbecco’s
modified Eagle’s medium (Sigma) containing 10% FBS (Sigma).
For immunostaining, cells were grown on sterile glass cover-
slips in six-well culture (62.5 3 103 cells per well) for 24 h.
Acinar-to-ductal transdifferentiation was induced with 1 mM
dexamethasone and 20 ng/mL EGF (for 5 d with or without 5
mM A66). Transduction with wild-type RhoA or constitutive
active RhoA adenoviruses was performed 1 d before the
beginning of the transdifferentiation treatment. The culture
medium with the inhibitor and drugs was changed every 48 h.
Data were obtained using a Zeiss LSM780 confocal or epifluo-
rescence microscope.

Proliferation

MEFs were isolated as described in Guillermet-Guibert et al.
(2008). Proliferation of immortalized and/or KrasG12V trans-
formed MEFs was assessed by cell counting (0.1 3 106 cells per
six-well plate).
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