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Pancreatic ductal adenocarcinoma (PDAC) is notorious for its poor
survival and resistance to conventional therapies. PI3K signaling is
implicated in both disease initiation and progression, and specific
inhibitors of selected PI3K p110 isoforms for managing solid tumors
are emerging. We demonstrate that increased activation of PI3K
signals cooperates with oncogenic Kras to promote aggressive
PDAC in vivo. The p110γ isoform is overexpressed in tumor tissue
and promotes carcinogenesis via canonical AKT signaling. Its selec-
tive blockade sensitizes tumor cells to gemcitabine in vitro, and
genetic ablation of p110γ protects against Kras-induced tumorigen-
esis. Diet/obesity was identified as a crucial means of p110 subunit
up-regulation, and in the setting of a high-fat diet, p110γ ablation
failed to protect against tumor development, showing increased
activation of pAKT and hepatic damage. These observations suggest
that a careful and judicious approach should be considered when
targeting p110γ for therapy, particularly in obese patients.
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Pancreatic ductal adenocarcinoma (PDAC) has a dismal
prognosis, with a median survival of 6 mo (1). This is largely

attributed to frequent diagnosis at late stages, as well as wide-
spread resistance to conventional therapy (2) through several
emerging mechanisms (3). Recent research has focused on
identifying novel molecular targets in the hope of extending
patient survival and reducing disease morbidity. Although KRAS
mutations are observed in nearly all patients with PDAC, phar-
macologic inhibition of KRAS has been elusive, despite some
success in animal models (4). As an alternative to KRAS in-
hibition, proteins that act upstream or downstream of KRAS
continue to be investigated as potential candidates for therapy.
Oncogenic KRAS signaling propagates through several ef-

fector systems (5, 6). Although multiple arms of RAS signals are
required for tumor initiation, activation of the downstream
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathway
appears to be sufficient for tumor maintenance (7). To this end,
increased activation of PI3K signals is one of the most frequent
occurrences in all human cancers (8). PI3K family members play
important roles as regulators of RAS-mediated cell cycle entry
and cell growth, survival, and metabolism (9). Once activated,
PI3K phosphorylates phosphatidylinositol 4, 5-bisphosphate (PIP2)
to generate phosphatidylinositol (3–5)-trisphosphate (PIP3),
allowing for the subsequent phosphorylation and activation of
Phosphoinositide-Dependent Kinase-1 (PDK1). Active PDK1 then
phosphorylates Protein Kinase B (AKT), allowing for the trans-
mission of a variety of downstream signals (10).
There are four mammalian class I PI3K catalytic isoforms

(p110s), each found in a heterodimeric complex with a regulatory

subunit. While the p110α and β are ubiquitously expressed, p110γ
and δ are found predominantly in macrophages and leukocytes, al-
though an increasing number of studies show that p110γ is also
expressed to varying degrees in other cell types (11, 12), including
pancreatic islets (13, 14), where its biological function is still not fully
appreciated. Class IA PI3Ks can be activated downstream of receptor
tyrosine kinases (RTKs), G protein-coupled receptors (GPCRs), and
small GTPases (15). All catalytic PI3K isoforms contain an RAS-
binding domain, although only p110α, δ, and γ isoforms are di-
rectly stimulated by RAS (16). This is particularly noteworthy in the
context of PDAC, in which approximately 50% of patients harbor
overactive PI3K signaling associated with poor outcomes (17, 18) and
chemoresistance (19). Traditionally, p110α, β, and δ are linked to
RTKs, while p110γ is selectively recruited to GPCRs (20). However,
research points to the existence of certain degree of redundancy
among the different isoforms. Thus, p110β and p110γ can couple to
the same GPCR. As p110β is more broadly distributed, it could
provide a conduit for GPCR-linked PI3K signaling in the many cell
types where p110γ expression is low or absent (21).
While PI3K signals are most commonly linked to cancer cell

proliferation, recent evidence suggests that PI3K also mediates
several additional cell functions critical for disease pathogenesis,
particularly with respect to immune function (22–24). Several
groups have created knockout mouse models of the different
class I PI3K subunits describing the phenotypes associated with
the loss of each subunit (reviewed in ref. 25). For example, re-
garding p110γ, mice lacking the PI3Kγ catalytic subunit exhibit
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defects in neutrophil and monocyte migration, along with accu-
mulation in inflamed and tumor tissues (26). In addition, T cells
with genetic ablation of p110γ have severely impaired chemo-
taxis (27), which may alter tumor progression. Studies with these
mice have helped unravel the different roles in cellular signaling,
growth, and oncogenic transformation of different PI3K iso-
forms. As inflammation is a key driver of KRAS activation and
the PDAC phenotype (28), p110γ inhibition has been proposed
as a potential means of reducing pancreatitis as well as cancer-
associated inflammation (29), and this approach has shown early
efficacy in vivo (30).
The purpose of the present study was to determine the overall

effect of p110γ deficiency on the cancer phenotype, as well as to
establish any potential adverse effects precipitated by p110γ ab-
lation. To accomplish this, we first assessed the relative expression
of p110γ in PDAC databases, followed by a small cohort of PDAC
patients, transgenic mouse tumors, and commercially available
pancreatic cancer cell lines. We then explored the contributions of
the p110γ isoform to epithelial carcinogenesis and chemo-
sensitivity in vitro. When KC mice were crossed to those with
either partial or full genetic ablation of p110γ (KC/p110γ+/− and
KC/p110γ−/−, respectively), we observed a significant reduction in
the neoplastic phenotype with respect to both lesion size and
frequency. This was paralleled by reductions in both intratumoral
inflammation and activation of the AKT pathway.
The P.J.G. laboratory has previously described the impact of a

high-fat diet (HFD) enriched in polyunsaturated fatty acids on
the progression of pancreatic neoplasia (31–34). Given the
connection between obesity and PI3K, this study includes co-
horts of mice on an HFD enriched with ω-6 fatty acids. This diet
overwhelmed the protective phenotype observed in pancreases
of p110γ-deficient mice. Beyond the lack of a protective effect,
these mice also likely had severe defects in both glucose me-
tabolism and lipid metabolism. Taken together, these findings
suggest that a cautious approach for p110γ-targeted therapy
should be considered, particularly given the potential for re-
duced efficacy and the likelihood of hepatic/metabolic conse-
quences in obese patients and/or those with nonalcoholic fatty
liver disease (NFLD).

Results
Activation of p110α Accelerates Initiation of Pancreatic Neoplasia.
PI3K is well accepted as a key driver of the malignant phenotype;
however, little work has been done to study this relationship in
vivo. To determine whether increased activation of AKT signals
is sufficient to accelerate pancreatic intraepithelial neoplasia
(PanIN) progression, we crossed p48-Cre/LSL-KRasG12D mice
(KC mice) to those harboring a constitutively active PI3K p110α
subunit (as described in ref. 35) targeted to the pancreatic epi-
thelium (LSL-p110CA) to generate KC/p110CA. At 9 months of
age, consistent with previous reports, KC mice developed ex-
tensive PanIN1 lesions with the occasional presence of
PanIN2 yet retained some normal tissue architecture (40%
normal parenchyma compared with B6 animals; P = 0.001). In
contrast, 100% of KC/p110αCA mice developed more advanced
disease, with less percent of residual intact acinar parenchyma
(40% in KC mice vs. 20% in KC/p110αCA mice; P = 0.05) and
with enhanced leukocyte infiltration (Fig. 1 A and B and SI
Appendix, Fig. S1 A–C). In addition, KC/p110CA had pronounced
fibrosis, as shown by COL1A immunostaining and picrosirius
red/fast green staining (Fig. 1 C–E) both demonstrating a two-
fold increase (P = 0.001). As expected, KC/p110CA mice also
displayed enhanced AKT activation, with a significant 1.5-fold
increase in pAKT immunostaining (Fig. 1 C and G; P = 0.0358)
and a twofold increase on Western blot analysis (Fig. 1 H and I;
P = 0.05) as well as increased cell proliferation (PCNA staining,
P = 0.0357) in neoplastic tissues (Fig. 1 C and F). However, like

KC mice, KC/p110αCA mice displayed only an occasional pres-
ence of PanIN2, with no detectable microscopic PDA foci.

PI3K p110γ Is Up-Regulated in Pancreatic Cancer Patients. As indi-
vidual PI3K subunits are being proposed as potential targets for
therapy, we first evaluated expression of various PI3K isoforms
using well-established patient databases that were confirmed
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Fig. 1. Constitutive activation of PI3K leads to pancreatic carcinogenesis in
vivo. (A) Pancreases from KC (n = 5) and KC/p110αCA (n = 3) mice were
evaluated by hematoxylin and eosin (H&E) staining and scored by a pa-
thologist (D.D.) for total number of PanIN (PanIN1-3) lesions. (B) The number
of neoplastic lesions were counted per high-power field of five different
fields of view and averaged. KC vs. B6, P = 0.001; KC vs. KC/p110αCA, P = 0.05;
KC/p110αCA vs. B6, P < 0.0001. (C) IHC/immunofluorescence for CK19/amy-
lase, picrosirius red/fast green, Col1a, pAKT, and PCNA (n = 4). (D) Picrosirius
red was scored as percent of area. A macro has been applied to quantify the
red-stained tissue slides by ImageJ software. This macro segments the red-
stained regions using an adjusted threshold after converting images to
grayscale (decomposing in RGB components). Finally, the determined red-
stained area was calculated and normalized by the entire area of the images.
The macro is provided in SI Appendix. KC vs. B6, P < 0.0001; KC vs. KC/
p110αCA, P = 0.001; KC/p110αCA vs. B6, P < 0.0001. (E–G) IHC for Col1a (E) and
pAKT (G) were scored from 0 to 3+ (0, no detectable immunostaining; 1, 10–
30% immunostaining; 2, 30–60% immunostaining; 3, >60% immunostain-
ing), and cells were stained for PCNA and evaluated for the number of
positive nuclei per high-power field (five different fields of view) (F). KC vs.
KC/p110αCA, P = 0.001 (E); KC vs. KC/p110αCA, P = 0.0357 (F); KC vs. KC/
p110αCA, P = 0.0358 (G). (H) Pancreas lysates from KC (n = 4) and KC/p110αCA

(n = 3) mice were isolated, and pAKT expression was analyzed by immuno-
blotting. (I) Quantification of the replicates performed by immunoblotting
relative to GAPDH expression level. Quantification was done with ImageJ
software. All images are representative of the averaged results of the scoring
of KC (n = 5) and KC/p110αCA (n = 3) mice. KC vs. KC/p110αCA, P = 0.05. In this
and all other figures, asterisks in the graphs above a group define significance
against the first group, used as control. All other significant differences are
defined with bars across the top of the appropriate groups.
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using primary PDAC patient samples. By mining the TCGA
dataset (n = 185), we found that copy number alteration of the
four PI3K p110 isoforms is common, but not uniformly present
in all PDAC patients (Fig. 2A). We then combined these results
with the UTSW, QCMG, and ICGC datasets and evaluated the
combined set of 850 patients for genomic alterations to the
p110 subunits. We found that up to 25% of patients harbor ge-
nomic alterations to one or more p110 isoforms (SI Appendix, Fig.
S2A). Of these alterations, copy number amplification was the
most common, particularly with respect to p110α (PIK3CA) and
p110γ (PIK3CG) (SI Appendix, Fig. S2A). Patients with amplifi-
cations/activating mutations in PI3K had reduced overall survival
(4.7 vs. 20.17 mo) compared with those without p110 alterations
(Fig. 2B). We identified a total of 31 p110 mutations across the
combined patient cohort (Fig. 2C and SI Appendix, Fig. S2B).
Missense mutations occur in all domains of p110α, but the

majority cluster in two hotspots, with the most common E542K
and E545K in the helical domain and H1047R in the kinase
domain (36). These hotspot mutations confer transformation via
constitutive activation of p110α (37, 38). Helical domain muta-
tions reduce the inhibition of p110α by p85 or facilitate the direct

interaction of p110α with insulin receptor substrate 1, while ki-
nase domain mutations increase the interaction of p110α with
lipid membranes. Other PIK3CAmutations mimic distinct structural
conformation changes occurring during activation of PI3K. For
p110γ (PIK3CG), most mutations are clustered near the RAS-
binding domain (Fig. 2C), but the specific consequences of these
mutations require further research. Of these 31 mutations, seven
occur in amino acids that have previously been associated with on-
cogenic function in other cancers, although the remaining mutations
are uncharacterized and their biologic consequences unknown (Fig.
2C and SI Appendix, Fig. S2B).
While p110α and p110β are ubiquitously expressed and known

to drive PDAC development, the alterations to p110γ were un-
expected, as this isoform is often associated with macrophages and
leukocytes, not with the cancer epithelium. Therefore, we assessed
the expression of p110γ in both PDAC (n = 5) and adjacent normal
tissues (n = 5) by immunohistochemistry (IHC). Slides were scored
based on intensity from 0 (nonexpressing) to 3+ (strong expres-
sion), and scores were averaged. Consistent with the genomic data,
the mean expression of p110γ was significantly elevated in PDAC
sections compared with adjacent normal tissue (P = 0.0119), with
staining for p110γ localized strongly to the cancer epithelium as
well as the inflammatory infiltrate (Fig. 2 D and E).

Epithelial p110γ Promotes AKT Activation In Vitro. As most of our
patient cohort expressed p110γ in the cancer epithelium, we next
assessed the basal expression of the three most clinically relevant
p110 isoforms in Panc-1, MiaPaca-2, and AsPC-1 PDAC cell lines
by immunocytochemistry, Western blot analysis (Fig. 3 A and B and
SI Appendix, Fig. S3B), and RT-PCR (SI Appendix, Fig. S3A and
Table S2). Although each p110 isoform was expressed in all cell
lines, the patterns of expression varied. In general, according to
protein levels assessed by Western blot analysis (Fig. 3B and SI
Appendix, Fig. S3B), these 3 cell lines expressed p110β at higher
levels. Panc-1 showed low levels of p110α, similar to those
in MiaPaca-2, and with higher levels in AsPC-1. In contrast,
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Fig. 2. PI3K p110γ is up-regulated in patients with PDAC. (A) Copy number
alteration (CNA) among four PI3K gene isoforms—p110α (PIK3CA), p110β
(PIK3CB), p110γ (PIK3CG), and p110δ (PIK3CD)—in 186 patients with PDAC
represented as a heatmap, which was obtained from the provisional TCGA da-
tabase from cBioPortal (http://www.cbioportal.org). The CNA analysis was per-
formed using putative CNAs from GISTIC2 (Genomic Identification of Significant
Targets in Cancer) that assign the following values: −2 = homozygous deletion;
−1 = hemizygous deletion; 0 = neutral /no change; 1 = gain; 2 = high level am-
plification. The heatmap displays log2 copy numbers. (B) Kaplan–Meier survival
curve generated by the cBioPortal. Shown are the overall fractions of subjects
surviving over time with and without alterations in the four PI3K gene isoforms:
PIK3CA, PIK3CB, PIK3CG, and PIK3CD. The alterations include amplifications and
activatingmutations. A robust difference in survival across groups was observed in
the patients with PDAC (P = 0.0022). (C) Identified p110 alterations and their
locations in the combined dataset. p85-BD, p85-binding regulatory domain; RBD,
RAS-binding domain. (D and E) IHC evaluation of p110γ expression in adjacent
nonmalignant and PDAC tumor tissue scored from 0 to 3+ (0, no detectable
immunostaining; 1, 10–30% immunostaining; 2, 30–60% immunostaining;
3, >60% immunostaining). n = 5/group; PDAC vs. normal, P = 0.0119.
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Fig. 3. Epithelial p110γ promotes AKT activation in vitro. (A and B) Expression
of p110α, p110β, and p110γ in Panc-1 (P), MiaPaca-2 (MP2), and ASPC-1 (As)
cancer cell lines was evaluated by immunofluorescence (A) and Western blot
(B) analyses. (C) Cancer cell lines were administered 0.25 μM of the selective
p110γ inhibitor AS-604850, and downstream pathway inhibition (pAKT level)
was determined by Western blot analysis. (D–F) Cancer cell lines were pre-
incubated for 1 h with 0.25 μMAS-604850 supplemented with increasing doses
of gemcitabine, and cell viability was determined by an MTT assay. All assays
were performed in triplicate, and the results were averaged.
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Panc-1 cells expressed p110β at higher levels than p110α and p110γ.
MiaPaca-2 had high protein levels of p110γ with lower levels of
p110α and p110β. AsPC-1 had higher levels of p110α and p110β
and lower levels of p110γ with similarly high levels in MiaPaca-
2 and AsPC-1. p110γ was expressed at low levels in AsPC-1 cells,
at intermediate levels in Panc-1 cells, and at high levels in MiaPaca-
2 cells (Fig. 3 A and B and SI Appendix, Fig. S3 A and B).
To determine the biological importance of p110γ in these dif-

ferent cell lines, we first administered the selective ATP-
competitive PI3Kγ inhibitor AS-604850 and evaluated the ef-
fects on downstream AKT signaling. Although AS-604850 does
not solely inhibit p110γ, it has >30-fold selectivity over PI3Kδ and
PI3Kβ and 18-fold selectivity over PI3Kα (39). As a single agent
and at 0.25 μM (the concentration at which AS-604850 specifically
inhibits only the p110γ isoform), the drug did not affect viability
(SI Appendix, Fig. S3C). Despite the varied p110γ expression
among the cell lines, AS-604850 significantly halved AKT phos-

phorylation in all cell lines (Fig. 3C and SI Appendix, Fig. S3D).
Similarly, AS-604850 sensitized Panc-1 and MiaPaca-2 cell lines to
treatment with gemcitabine (50 μM), although there was a re-
duced effect on the p110γ-low AsPC-1 cell line (Fig. 3 D–F).

Genetic Ablation of p110γ Reduces PanIN Formation and Disrupts AKT
Pathway Activation In Vivo. p110γ appears sufficient to promote
AKT pathway activation in vitro. To determine whether p110γ is
required for AKT signaling in vivo, we first assessed basal ex-
pression of p110γ in the pancreas of wild-type (WT) control, p48-
Cre/LSL-KRASG12D (KC), and p48-Cre/LSL-KRASG12D/LSL-
TP53R172H (KPC) mice at age 4 mo. In both disease models,
p110γ expression was significantly up-regulated (KC and KPC
vs. B6, P = 0.0486 and 0.0112, respectively; KC vs. KPC, P =
0.0339), again localized to epithelial and inflammatory cells, as
assessed by IHC (Fig. 4 A and B) and Western blot analysis (SI
Appendix, Fig. S4 A and B). Therefore, we crossed KC mice to
mice harboring either deletion of the p110γ isoform to generate

A B

C D

E

F

Fig. 4. Genetic ablation of p110γ reduces PanIN formation and disrupts AKT pathway activation in vivo. (A and B) Pancreas sections from 4-mo-old nongenic
control (B6; n = 5), p48-Cre/LSL-KRASG12D (KC; n = 5), or p48-Cre/LSL-KRASG12D/LSL-TP53R172H (KPC, n = 5) mice were stained for p110γ (A) and scored from 0 to
3+ (B) (0, no detectable immunostaining; 1, 10–30% immunostaining; 2, 30–60% immunostaining; 3, >60% immunostaining). The numerical scoring rep-
resents the average of two independent investigators (C.T. and D.P.), and five different fields of view. KC and KPC vs. B6, P = 0.0486 and P = 0.0112, re-
spectively; KC vs. KPC, P = 0.0339. (C) KC, KC/p110γ+/−, and KC/p110γ−/− pancreases (n = 10, 10, and 7, respectively) were similarly stained with H&E, with the
ductal marker CK19 (n = 5 of each), picrosirius red/fast green, pAKT, and for proliferation via PCNA (n = 5). (D) The number of neoplastic lesions was scored by
a pathologist (D.D.) for total number of PanIN (PanIN1–3) lesions. KC/p110γ−/− vs. KC, I = 0.0201. (E) Picrosirius was scored and quantitated using a modi-
fication of the macro provided in SI Appendix (https://imagej.nih.gov/ij/docs/examples/stained-sections/index.html) to automatically score the fibrosis index as
percentage of area. KC/p110γ−/− vs. KC, P = 0.0047. (F) pAKT was scored from 0 to 3+ (P = 0.0273, KC vs. KC/p110γ−/−), similar to p110γ. KC/p110γ−/− vs. KC, P =
0.0273. All of the images were taken at 20× and are representative of the results of the averaged score.
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KC/p110γ+/− and KC/p110γ−/−, respectively, and assessed the
effects on early tumorigenesis as well as on downstream activa-
tion of the AKT pathway. Consistent with previous reports (30),
KC/p110γ−/− mice had significant reductions in lesion frequency
(less PanIN1, P = 0.0054; fewer total PanINs lesions, P = 0.0201;
Fig. 4 C and D), inflammation, and fibrosis (P = 0.0047; Fig. 4 C
and E) compared with age-matched KC controls, with KC/
p110γ+/− mice displaying an intermediate phenotype, although
the differences did not achieve significance (P = 0.6941; Fig. 4 C
and D). This was paralleled in the EL-KRASG12D (EK) model of
cystic papillary neoplasia, in which p110γ deficiency also pro-
tected against tumor formation (SI Appendix, Fig. S4E). KC mice
had strong expression of the downstream p110γ target pAKT
(Fig. 4 C and F), concomitant with increased cell proliferation
(via PCNA staining; SI Appendix, Fig. S4D) in neoplastic tissues.

Both proteins were significantly reduced in KC/p110γ−/− mice
(pAKT KC vs. KC/p110γ−/−, P = 0.0273; PCNA KC vs. KC/
p110γ−/−, P = 0.0079; Fig. 4 C and F and SI Appendix, Fig. S4D),
with PCNA also showing significance with KC/p110γ+/− mice
(KC vs. KC/p110γ−/−, P = 0.0079; SI Appendix, Fig. S4D). These
results were recapitulated by Western blot analysis (Fig. 5 A
and B).

p110γ Deficiency Fails to Protect against Pancreatic Carcinogenesis in
the Setting of HFD. Since HFDs have been associated with in-
creased AKT activation, we sought to determine whether the
observed protective effect via p110γ loss would persist in the
same cohort of mice administered an HFD. To determine
whether p110γ specifically was required for the aggressive phe-
notype, KC (Fig. 5C, Left), KC/p110γ+/−(Fig. 5C, Center), and
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Fig. 5. p110γ deficiency fails to protect against pancreatic carcinogenesis in the setting of an HFD. p48-Cre/LSL-KRASG12D (KC), KC/p110γ+/−, and KC/p110γ−/−

mice were fed an HFD (red squares). (A) Pancreas protein lysates were obtained from KC and KC/p110 γ−/− mice on either an ND or an HFD (n = 4) (duplicates
shown) and levels of p110α, p110β, AKT, and pAKT were also assessed by immunoblotting. (B) Western blot quantification relative to β-actin. Quantification
was done with ImageJ. This represents the measurement of three independent replicates. All comparisons are made against KC ND, and the significance
reflects this comparison. (C) Pancreases were evaluated histologically by H&E (n = 6) or stained for CK19, picrosirius red/fast green, pAKT, or PCNA (n = 4). (D–
F) Sections were quantified and compared with mice on the control diet (black dots) for lesion frequency (D), fibrosis by sirius red/fast green staining scored
according to the automatic macro implemented (E), and phosphorylated AKT, scored from 0 to 3+ (0, none detected; 1, 10–30%; 2, 30–60%; 3, >60%) (F). The
numerical score represents the average of two independent investigators (C.T. and D.P.). (G) PCNA evaluated for the number of positive nuclei per high-
power field (five different fields of view). *P < 0.05.
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KC/p110γ−/− (Fig. 5C, Right) mice were administered the HFD
for 8 mo, and both KC/p110γ+/− and KC/p110γ−/− developed
highly advanced disease forms histologically indistinct from
KC+HFD age-matched controls [Fig. 5D; normal diet (ND),
black spots; HFD, red squares]. In each case, mice exhibited
near-complete loss of normal gland parenchyma, with only mar-
ginal reductions in lymphocyte infiltration (SI Appendix, Fig. S5A).
In addition, these mice displayed robust AKT activation in the
pancreas, which was significant when compared against age- and
genotype-matched groups as shown by immunostaining (KC/
p110γ−/− ND vs. KC/p110−/− HFD, P = 0.0286) and Western blots
(Fig. 5 A–C and F), further indicating that the HFD is driving AKT
pathway activation through alternate p110 isoforms. Consistent
with these findings, there was no significant difference in cell
proliferation in any group administered the HFD (Fig. 5 C andG).
Similar results were observed in EK, EK/p110γ+/−, and EK/
p110γ−/− mice, which also developed more advanced disease forms
in response to the HFD (SI Appendix, Fig. S5B). To determine
what isoform could be mediating pAKT recovery, we assessed
protein expression of p110α and p110β in the pancreases of KC
and KC/p110γ−/− mice. Our results show increased levels of p110β
regardless of p110γ, most likely due to the HFD (KC vs. KC HFD,
vs. KC/p110γ−/−, and vs. KC/p110γ−/−HFD, all significant, with P =
0.0286 for all comparisons). However, KC/p110γ−/− vs. KC/
p110γ−/− HFD did not achieve significance, P = 0.0571; Fig. 5 A
and B). On the other hand, p110α was specifically induced in KC/
p110−/− HFD, with a 12-fold increase (Fig. 5 A and B) showing a
significant change when comparing KC/p110γ−/− vs. KC/p110γ−/−
HFD (P = 0.0286) but not achieving significance when compared
with the other groups (P > 0.05).

p110γ Inhibition in the Setting of an HFD Leads to Hyperactivation of
AKT from Compensation through Alternate p110 Isoforms. As the
HFD appears to establish a tumor permissive phenotype and
activate AKT signaling independent of p110γ, we next evaluated
the effects of in vitro p110γ inhibition when combined with ad-
ministration of the main component of the in vivo HFD:
ω-6 polyunsaturated fatty acids, in this case, linoleic acid (LA).
We again used Panc-1, MiaPaca-2, and AsPC-1 PDAC cell lines
and administered 40 μM of LA, the working concentration as
previously determined empirically in our laboratory (34). In re-
sponse to LA, each cell line displayed increased expression of
p110α, p110β, and p110γ both at the mRNA (Fig. 6 A–C) and
protein levels (Fig. 6D and SI Appendix, Fig. S6 A–D). These
changes were associated with increased AKT activation in re-
sponse to LA (Fig. 6D and SI Appendix, Fig. S6 B–D). Although
p110γ inhibition lowered pAKT expression in these three cell
lines when administered as a single agent, when combined with
LA, p110γ inhibition led to increased LA-induced up-regulation
of p110α and p110β and failed to prevent LA-induced AKT
phosphorylation (Fig. 6D and SI Appendix, Fig. S6 B–D). Con-
sistent with our animal data, analysis of the cell lines showed that
p110β expression in vitro was induced after LA treatment com-
pared with after BSA and after LA+AS-604850, and there was
no significant change between the latter (for Panc-1, P = 0.2000,
SI Appendix, Fig. S6B; for MiaPaca-2, P = 0.8, SI Appendix, Fig.
S6C; for AsPC-1, P = 0.4857, SI Appendix, Fig. S6D). However,
p110α was significantly induced after LA treatment compared
with BSA, but the combination of LA with the p110γ inhibitor
also showed significantly higher levels of protein compared with
LA alone (for Panc-1, P = 0.0286, SI Appendix, Fig. S6B; for
MiaPaca-2, P = 0.0286, SI Appendix, Fig. S6C; for AsPC-1, P =
0.037, SI Appendix, Fig. S6D). Taken together, these findings
suggest that there may be little benefit to p110γ inhibition in the
setting of an HFD and/or obesity, likely due to compensation
through alternate p110 isoforms.
To investigate whether other p110 isoforms were responsible

for the recovery of AKT phosphorylation, Panc-1 and MiaPaca-2

cells were treated with different combinations of p110α
(BYL719) and p110β (GSK2636771) isoform-selective inhibitors
at doses previously shown to selectively discriminate among
different isoforms (40, 41) and with a pan-PI3K inhibitor
(wortmannin). pAKT levels were suppressed after incubation
with the different isoform-specific inhibitors. p110α inhibition
was the more potent, suggesting a principal role for p110α in
driving pAKT activation in PDAC cells (Fig. 6E and SI Appendix,
Fig. S6 E and F), as was also seen in the KC/p110αCA mice (Fig.
1). When combined with LA (40 μM), pAKT levels were partially
restored after a 48-h treatment with GSK2636771/AS-604850
and the fatty acid, despite the continued presence of the inhib-
itors. However, when combined with BYL719 or wortmannin,
LA was unable to induce a significant increase in pAKT (Fig. 6F
and SI Appendix, Fig. S6 E and F).
Finally, we assessed pAKT expression in PDAC cells treated

with AS-604850 + LA and either BYL719 or GSK2636771. In
the presence of the p110β-specific inhibitor, enhanced pAKT

A B C

D

E

F

G

Fig. 6. Exogenous supplementation of ω-6 fatty acids activates the AKT
pathway. (A–C) Panc-1 (A), MiaPaca-2 (B), and AsPC-1 (C) cells were treated
with LA (40 μM), and p110α, p110β, and p110γ expression in vitro was
evaluated by qPCR. (D) Panc-1, MiaPaca-2, and AsPC-1 cells were treated
with LA 40 μM, the p110γ specific inhibitor AS-604850 (0.25 μM), or a com-
bination of the two, and P110α and p110β expression in vitro was evaluated
by Western blot analysis, which also shows AKT activation as determined by
pAKT levels. (E) pAKT is activated by an alternate p110 isoform after
γ-inhibition in the setting of HFD. Panc-1 and MiaPaca-2 were incubated with
p110-isoform specific inhibitor p110α (BYL719) or p110β (GSK2636771) for
48 h, and pAKT level was assessed by Western blot analysis. (F) Panc-1 and
MiaPaca-2 were then incubated in the presence of LA (40 μM) for 48 h, and
pAKT levels were assessed by Western blot analysis. (G) Panc-1 and MiaPaca-
2 were then incubated in the presence of AS-604850+LA and either BYL719 or
GSK2636771. Increased pAKT was abolished in the presence of BYL719. All
assays were performed in triplicate, and the results were averaged. *P < 0.05.
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was maintained, while the presence of the p110α-specific in-
hibitor effectively mitigated high levels of pAKT after 48 h. This
suggests that p110α is responsible for AKT phosphorylation in
PDAC cells treated with p110γ-specific inhibitor in the presence
of LA (Fig. 6G and SI Appendix, Fig. S6 E and F).

Loss of p110γ Leads to Diet-Induced Hepatocyte Injury in Tumor-
Bearing Mice. Since the liver is typically the first organ with me-
tastasis in patients with PDAC and plays a pivotal role in lipid
metabolism, we assessed the hepatic effects of the HFD in our
mice cohorts. It has been previously reported that loss of p110γ
prevents the onset of insulin resistance, metabolic inflammation,
and fatty liver (12). Our report supports these observations in
non–tumor-bearing mice fed a standard diet, because weight and
plasma levels of insulin, cholesterol, and nonesterified fatty acids
(NEFAs), as well as hepatic steatosis and fibrosis were not al-
tered independent of p110γ expression (SI Appendix, Fig. S7 A–
F, black dots, SI Appendix, Fig. S7 G–I). However, nontumor B6
(p110γ+/+) mice fed an HFD (red squares) showed increased
body weight (P = 0.0006, SI Appendix, Fig. S7A), plasma insulin
(P = 0.0174, SI Appendix, Fig. S7B) and cholesterol (P = 0.008,
SI Appendix, Fig. S7C) levels than age-matched animals fed a
normal diet (ND), with a mean steatosis score of 2 (P = 0.0117,
SI Appendix, Fig. S7 E and H). Serum levels of NEFAs and fi-
brosis scored by sirius red staining showed no statistically sig-
nificant difference (SI Appendix, Fig. S7 D, F, and G). Both
HFD-fed nontumor p110γ+/− and p110γ−/− mice showed in-
creased body weight compared with ND-fed genotype-matched
mice; however, their body weight was significantly reduced
compared with HFD-fed B6 mice (P = 0.0023 and 0.0024, re-
spectively; SI Appendix, Fig. S7A, red squares). Likewise, HFD-
fed non–tumor-bearing p110γ+/− and p110γ−/− mice showed re-
duced plasma insulin (P = 0.0043 and 0.0159, respectively) and
cholesterol (P = 0.0087 and P = 0.0079 respectively) compared
with HFD-fed B6 mice (SI Appendix, Fig. S7 B and C, red
squares). Serum levels of NEFAs were similarly independent of
p110γ expression (SI Appendix, Fig. S7D, red squares). Finally,
there was no sign of steatosis or fibrosis in the livers of non–
tumor-bearing animals with p110γ loss on an HFD, corroborat-
ing the protective effect in obesity-related symptoms (SI Ap-
pendix, Fig. S7 F and G).
Unexpectedly, partial or complete loss of p110γ in the pres-

ence of pancreatic neoplasia (KC model) promoted dramatic
changes in liver architecture consistent with widespread hepa-
tocyte damage, lipid vacuole accumulation, and steatosis when
mice were fed an HFD (Fig. 7 A and B). Oil red O-stained slides
confirmed the development of NAFLD in KC/p110γ+/− and KC/
p110γ−/− mice fed an HFD (Fig. 7A). While KC animals on an
HFD presented with an average steatosis score of 1.2 (statisti-
cally significant compared with KC on an ND; P = 0.0117), KC/
p110γ+/− and KC/p110γ−/− mice on an HFD presented with av-
erage scores of 2.5 and 2.7, which represent 2-fold and 2.14-fold
higher presence of lipid accumulation in the liver, respectively
(P = 0.0196 and 0.0334, respectively; Fig. 7B). In addition,
compared with their respective controls, HFD-fed KC/p110γ−/−
mice showed increased serum cholesterol levels (Fig. 7C). KC/
p110γ−/− mice on an HFD had 2.6-fold higher serum cholesterol
levels than aged-matched animals fed an ND (P = 0.0043) and
1.8-fold higher levels than KC animals on an HFD (P = 0.0411).
NEFA serum levels were significantly elevated in KC/p110γ+/−
and KC/p110γ−/− mice on an HFD compared with KC mice on
an ND (1.35 and 1.22 mEq/L vs. 0.90 mEq/L; P = 0.026 and
0.021, respectively) but did not show significance compared with
KC mice on an HFD (Fig. 7D). Of note, body weight (SI Ap-
pendix, Fig. S7K) and serum levels of insulin (Fig. 7E) did not
show significant differences among neoplastic groups regardless
of the diet, possibly due to a reduction of pancreatic islets in KC
mice. Finally, loss of p110γ expression increased hepatic fibrosis

in KC mice fed an HFD as determined by sirius red/fastgreen
staining (SI Appendix, Fig. S7 I and J). This NAFLD phenotype
also was observed in EK/p110γ+/− and EK/p110γ−/− mice on an
HFD (SI Appendix, Fig. S8A).
Because PI3K/AKT signaling plays a central role in lipid metab-

olism and has increased activation during pancreatic carcinogenesis,
we assessed the relative mRNA expression of the various p110
isoforms. In non–tumor-bearing animals, loss of p110γ in the liver
did not affect the expression of any of the other isoforms (Fig. 7 F
and G, black dots). The HFD did not induce any significant change
in p110α (Fig. 7F) regardless of the genotype; however, it did

A B
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G

D

F

H I

Fig. 7. Loss of p110γ leads to severe diet-induced hepatic injury and lipid
accumulation in tumor-bearing mice. (A and B) Livers from p48-Cre/LSL-
KRASG12D (KC; n = 4), KC/p110γ+/− (n = 4), and KC/p110γ−/− (n = 4) mice on
either the control (ND) or an HFD were stained with H&E (A), and frozen
liver sections were stained with oil red O and scored from 0 to 3+ for stea-
tosis (n = 5) (B). This score was on a scale of 0–3 (0, <10%; 1, 10–35%; 2, >35–
65%; 3, >65%) based on the degree of vacuolization in the cytoplasm and
the degree of distribution of the vacuolated hepatocytes. (C) Serum levels of
cholesterol in KC, KC/p110γ+/−, and KC/p110γ−/− mice on each diet were
evaluated by GC-MS (n = 5). (D) Serum levels of NEFAs in KC, KC/p110γ+/−,
and KC/p110γ−/− mice on each diet were evaluated by GC-MS (n = 5). (E)
Serum levels of Insulin in KC, KC/p110γ+/−, and KC/p110γ−/− mice on each diet
was measured by enzyme-linked immunosorbent assay (n = 6). (F and G)
Relative liver expression of p110α and p110β in the livers of B6, p110γ−/−, KC,
and KC/p110γ−/− mice fed on an HFD was evaluated by qPCR. n = 5; *P < 0.05.
(H and I) The livers of KC and KC/p110γ−/− mice fed on an HFD were similarly
stained via IHC for pAKT (H), and the slides were scored from 0 to 3+ (I) (0, no
detectable immunostaining; 1, 10–30% immunostaining; 2, 30–60% immu-
nostaining; 3, >60% immunostaining). The numerical score represents the
average of two independent investigators (C.T. and D.P.). n = 5; *P < 0.05.
Asterisks in red define significance comparing HFD groups. Asterisks in black
define significance comparing ND groups. See Loss of P110g Leads to Diet-
Induced Hepatocyte Injury in Tumor-Bearing Mice for more detailed
comparisons.
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induce the expression of p110β as observed in an 8-fold and 4.7-fold
increase in B6 and p110γ−/− mice, respectively, compared with
B6 and p110γ−/− mice fed an ND (Fig. 7G, red dots vs. black
squares). In the presence of a Kras mutation, p110α was significantly
elevated (P = 0.0043) only in KC/p110γ−/−mice on an HFD (Fig. 7F,
red squares). p110β was up-regulated in KC/p110γ−/− mice on an
ND (Fig. 7G, black dots), and in the presence of an HFD, there was
a 15-fold up-regulation of p110β (Fig. 7G, red squares). This was
paralleled by increased activation of AKT in intact hepatocytes,
which were generally closest to the portal vein (Fig. 7 H and I).
These results point to increased hepatic PI3K/AKT pathway acti-
vation in the setting of p110γ loss and HFD, which is likely ac-
companied by altered lipid and glucose metabolism (SI Appendix,
Figs. S8 and S9).

Discussion
The p110γ isoform is emerging as a critical but less well-studied
mediator of PDAC development. Previous studies have identi-
fied central roles for p110γ in regulating various aspects of tumor
progression, particularly with respect to its proinflammatory
function in macrophages (30). Consistent with our observations,
it recently has been demonstrated that human PDAC often
displays pronounced overexpression of the p110α and p110γ
isoforms (42). While the contributions of p110α to pathogenesis
are well-characterized, the role of p110γ beyond the inflamma-
some is only recently becoming clear. p110γ expression has been
observed in patients with inflammation of the pancreas and be-
cause of that, it has been proposed that p110γ expression and
activation could be an early event that links chronic pancreatitis
and pancreatic adenocarcinoma (43). Given the tumor-promoting
role of p110γ in PDAC, its inhibition has been proposed as a
potential therapy for PDAC and has shown early promise in vivo
(30). The potential role of p110γ in both inflammation and tumor
development provides an appealing opportunity to target both
tumor cell as well as inflammation.
In this work, we found that the p110γ isoform is up-regulated

in human PDAC patients, as reported previously (44), and in
tissue from mouse models of the disease, p48-Cre/LSL-KRasG12D

mice (KC mice), which develop extensive PanINs and only in-
vasive carcinoma after age 12 mo (20%), and p48-Cre/LSL-
KRasG12D/+/LSL-Trp53R172H/+ mice (KPC mice), which develop
invasive carcinomas and widespread metastases (45). Epithelial
activation of p110α cooperates with oncogenic KRAS to pro-
mote invasive carcinomas in mice. Similarly, neoplastic mouse
models harboring global p110γ deficiency (KC/p110γ+/− and KC/
p110γ−/−, and similar EL-Kras or EK cohorts) exhibited a sub-
stantial reduction in tumor burden, corroborating earlier reports
(30). Taken together, these observations strengthen the argu-
ment for the use of drugs targeting p110γ in the clinic.
Nonetheless, our present results show that under certain

condition of excessive nutrients (specifically HFDs), the pro-
tective effect of p110γ deficiency was lost. When administered an
HFD enriched in ω-6 fatty acids, KC/p110γ+/− and KC/p110γ−/−
mice (and similarly in EK cohorts) were histologically indistinct
from age-matched KC and EK controls and retained patholog-
ical activation of the AKT pathway, likely due to compensation
through other p110 isoforms, particularly p110α. Substantial
evidence indicates that PI3K plays an important role in setting
the balance between nutrient storage and nutrient consumption.
KC/p110γ+/− and KC/p110γ−/− mice receiving the HFD de-
veloped severe NAFLD along with fibrosis and hyperlipidemia,
accompanied by severe metabolic dysfunction and increased li-
pogenesis. Nonhematopoietic p110γ inhibition had previously
been suggested to protect against diet-induced steatosis (12),
which we were able to corroborate in our cohort of non–tumor-
bearing animals. In this paper, we focused on the setting of
PDAC. Thus, a likely explanation for the discrepancy between
nontumor and Kras-mutated animals is the well-documented

decline in pancreatic exocrine and endocrine function in
PDAC (46). Interestingly, low serum amylase levels are associ-
ated with NAFLD, apparently independent of comorbid condi-
tions including diabetes, metabolic syndrome, and obesity (47,
48). These observations suggest a potential link between failure
of the exocrine pancreas and NAFLD development, a relation-
ship that has remained largely unexplored. Together with the
presence of Kras mutations, our phenotype also may represent
the adaptation to prolonged exposure of excess lipids, as our
mice were kept on the HFD for 35 wk, compared with the 12 wk
of the previous study (12).
We acknowledge some limitations of our study, particularly

the metabolic phenotyping of liver; its dramatic injury was an
incidental result that was not completely considered for the
methodologic approach. Further confirmation and expansion of
metabolic effects using more rigorous approaches may be
needed, with consideration to potential physiological disruptions
reported with single housing of mice (49). Additional factors
such as animal sex (the previous study used only males) or strain
background also need to be considered.
Clinically, NAFLD is the most common abnormality found on

liver biopsy (50) and is present in nearly 80% of obese patients
(51). While many of these patients have stable or subclinical
disease, 20% will progress to nonalcoholic steatohepatitis
(NASH). NASH itself is also progressive in nature, and up to
20% of NASH patients will develop cirrhosis (52). These varying
liver pathologies are associated with alterations to both Phase I
and Phase II drug metabolism (53), which may present signifi-
cant clinical challenges should they be comorbid with PDAC. For
instance, the standard of care drug, gemcitabine, is metabolized
by the CYP450 system, and accumulates in the liver following
both oral and i.v. dosing (54). Should PDAC patients develop
NAFLD in response to a p110γ inhibitor or have existing
NAFLD worsened by p110γ inhibition, this may lead to either
increased gemcitabine–induced hepatotoxicity, or the buildup of
toxic metabolites and the need for drastic dose adjustment in the
clinic. Given these potential adverse effects, the mechanisms
underlying the observed hepatic toxicity warrant further study.
Clinical data suggests that NAFLD is both a risk for and prog-
nostic marker of PDAC (55), and the two can be comorbid given
the association between PDAC and obesity (56). PI3K signaling
is strongly implicated in NAFLD development, as deletion of
PTEN promotes the development of steatosis and insulin hy-
persensitivity in vivo (57).
This may also be of substantial translational relevance, as

PDAC patients commonly develop various types of malabsorp-
tion and nutritional deficits due to a decline in pancreas exocrine
function (58). In many cases, this decline corresponds to reduced
pancreatic lipase activity which often can be found at 5–10% of
normal levels (46). Due to the subsequent inability to properly
metabolize and absorb dietary lipids from the gastrointestinal
tract, patients can develop gastrointestinal complications in-
cluding steatorrhea, lipid-soluble vitamin deficiencies, and severe
abdominal discomfort (58). Should p110γ blockade induce or
worsen these events in patients with PDAC by altering lipid
metabolism, this may precipitate not only severe drug interac-
tions or toxicities, but also nonadherence to or withdrawal from
therapy. Beyond the management of PDAC, this also presents
the issue of a potentially significant interaction between p110γ
inhibitors with weight loss medications that inhibit pancreatic
lipase, such as Orlistat (59).
Thus, it is essential to further dissect the hepatic and meta-

bolic roles of p110γ before implementing a regimen that includes
p110γ inhibitors to treat patients with PDAC. While relatively
little is known regarding p110γ itself, PI3K has been shown to
control various aspects of metabolism that are commonly altered
in PDAC (60). AKT activation has been shown to stimulate
aerobic glycolysis with no change in oxygen consumption,
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implicating the PI3K pathway in the Warburg effect (61). In fact,
in the absence of mitochondrial respiration in lymphoma cells,
there were compensatory increases in PI3K/AKT activity (62),
potentially explaining activation of this pathway in the hypoxic
PDAC microenvironment (63).
Moreover, PI3K signaling appears to regulate glucokinase

activity, further underscoring the contributions of the PI3K
pathway to metabolic homeostasis in a variety of tissue types
(64). Specifically, p110γ is integral to the appropriate β cell in-
sulin response to glucose (65). As metabolic syndrome (a cluster
of clinical disorders including obesity, insulin resistance, and
dyslipidemia) appears to be linked to both cancer incidence and
hepatic dysfunction (66, 67), it is possible that these effects are at
least somewhat mediated by the PI3K pathway. This may be
particularly true for cancers of the pancreas, in which patients
harboring abnormal glucose metabolism have a significantly
greater risk of developing this disease (68). PI3K signals also
appear to regulate lipid metabolism and biosynthesis. In rat liver
cells, the PI3K downstream effector mTORC1 was shown to be
required for lipogenesis, yet was dispensable for gluconeogenesis
(69). Similarly, Pan-PI3K or mTOR inhibition impaired lipo-
genesis and fatty acid oxidation in cultured hepatocytes, further
substantiating the role of PI3K in maintaining proper lipid bal-
ance (70, 12). Progression of PDAC can be caused by dysregu-
lated cytokine status, which might be a major contributor to poor
outcome in PDAC patients with NAFLD (35). We observed
TNF-α secretion from hepatocytes in response to p110γ knock-
out in mice fed an HFD. Whether TNF-α represents organ-to-
organ cross-talk between pancreas and liver warrants future
consideration.
To summarize, our findings suggest careful consideration when

implementing a drug regimen that includes p110γ inhibitors in the
management of PDAC. Many patients with PDAC already harbor
underlying metabolic dysfunction, which may be significant and
predictive of exacerbation when using such approaches, especially in
obese patients or those who consume diets high in fat. HFDs can
nullify the reduction in tumor burden associated with p110γ de-
ficiency via compensatory up-regulation of alternate p110 isoforms

(SI Appendix, Fig. S9). Although p110γ may be a cell-autonomous
tumor promoter, systemic p110γ deficiency in the context of dam-
aged exocrine pancreas can lead to moderate hepatotoxicity that
becomes severe in the setting of an HFD. Taken together, these
observations suggest that drugs targeting the PI3K pathway may
have limited use in the management of PDAC and may introduce
an increased risk for adverse effects, including NAFLD, particularly
in the setting of obesity. Further research is needed to identify the
factors that mediate the interaction between the pancreas and liver
and the possible role of adipose tissue in this system.

Materials and Methods
Mice. PI3Kγ−/− mice (global loss) were described previously (71, 72) and
generously provided by Emilio Hirsh. PI3KCA (conditional allele, dependent
on Cre expression) mice also were described previously (73) and were
obtained from The Jackson Laboratory. These animals were crossed to p48-
Cre/LSL-KrasG12D (KC) to generate p48-Cre/LSL-p110αCA, KC/p110γ+/−, and KC/
p110γ−/− mice, all in the C57/B6 background at an approximate 50:50
male:female ratio. The Elastase-KRASG12D (EK) mouse model was also used,
and we likewise obtained EK/p110γ+/− and EK/p110γ−/−mice. Males and females
were included in the study. All the animals were killed at age 9–10 mo except
for the p48-Cre/LSL-KRASG12D/LSL-TP53R163H (KPC) mice, which were killed at
4 mo. Mice were killed using ketamine/xylazine (100/10 mg/kg) until un-
responsive to toe tap and/or agonal breathing, after which blood was collected
using cardiac puncture. Thoracotomy served as the primary form of killing, and
exsanguination was the secondary form. Animals of the genotypes in question
were selected at random to reach the desired number after being evaluated.
No animals of the desired genotype were excluded from any group, and no
further randomization was used. All mice were housed under a 12-h light/12-h
dark cycle and had free access to sterile water and pellet food (chow or diet) ad
libitum (including the HFD). The animal care and experimental procedures were
approved by the Animal Care Committee of the University of Illinois at Chicago.
The mice were compared with age-matched WT and non–tumor-bearing mice
(p110γ+/− and p110γ−/−) also fed on a standard ND and an HFD. More details of
the study methodology are provided in SI Appendix.
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