
Loss of STK11 expression is an early event
in prostate carcinogenesis and predicts

therapeutic response to targeted therapy against
MAPK/p38

Valentina Grossi,1,y Giuseppe Lucarelli,2,y Giovanna Forte,3 Alessia Peserico,1,4 Antonio Matrone,5 Aldo Germani,1

Monica Rutigliano,2 Alessandro Stella,1 Rosanna Bagnulo,1 Daria Loconte,1 Vanessa Galleggiante,2 Francesca Sanguedolce,6

Simona Cagiano,6 Pantaleo Bufo,6 Senia Trabucco,7 Eugenio Maiorano,7 Pasquale Ditonno,2 Michele Battaglia,2

Nicoletta Resta,1,* and Cristiano Simone1,3,*

1Division of Medical Genetics; Department of Biomedical Sciences and Human Oncology (DIMO); University of Bari ‘Aldo Moro’; Bari, Italy; 2Urology, Andrology and Kidney Trans-

plantation Unit; Department of Emergency and Organ Transplantation (DETO); University of Bari ‘Aldo Moro’; Bari, Italy; 3Cancer Genetics Laboratory; IRCCS “S. de Bellis”; Castel-

lana Grotte (BA), Italy; 4National Cancer Institute; IRCCS Oncologico Giovanni Paolo II; Bari, Italy; 5Developmental Biology and Cancer; UCL Institute of Child Health; London , UK;
6Department of Pathology; University of Foggia; Foggia, Italy; 7Department of Pathology; University of Bari ‘Aldo Moro’; Bari, Italy

yThese authors contributed equally to this work.

Keywords: apoptosis, autophagy, AMPK, drug resistance, MAPK/p38, prostate cancer, STK11

Abbreviations: ACACA/ACC, acetyl-CoA carboxylase alpha; ADT, androgen deprivation therapy; AICAR, 5-aminoimidazole-4-car-
boxamide ribonucleotide; AMPK, adenine monophosphate-activated protein kinase; AR, androgen receptor; BafA1, bafilomycin A1;
CASP3, caspase 3, apoptosis-related cysteine peptidase; CS-FBS, charcoal stripped-fetal bovine serum; DHT, dihydrotestosterone;
FOXO3/FOXO3A, forkhead box O3; H&E, haematoxylin and eosin; HIF1A/HIF1alpha, hypoxia inducible factor 1, alpha subunit
(basic helix-loop-helix transcription factor); KLK3/PSA, kallikrein-related peptidase 3; LDHA, lactate dehydrogenase A; 3MA, 3-

methyladenine; MAP1LC3A/LC3A, microtubule-associated protein 1 light chain 3 alpha; MAPK, mitogen-activated protein kinase;
MAPK14/p38alpha, mitogen-activated protein kinase 14; MAPK14/11i, MAPK14/p38alpha-MAPK11/p38beta inhibitor(s); MAP-
KAPK2/MK2, mitogen-activated protein kinase-activated protein kinase 2; MTOR/mTOR, mechanistic target of rapamycin (serine/
threonine kinase); PARP1/PARP, poly (ADP-ribose) polymerase 1; PCa, prostate cancer; PIN, prostate intraepithelial neoplasia;

PKM/PKM2, pyruvate kinase, muscle; PRKAA1/2, protein kinase, AMP-activated, alpha 1/2 catalytic subunit; RPS6KB1/p70S6K,
ribosomal protein S6 kinase, 70kDa, polypeptide 1; SB202190, 4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)-1H-imidaz-
ole; SLC2A1/GLUT1, solute carrier family 2 (facilitated glucose transporter), member 1; STK11/LKB1, serine/threonine kinase 11;

ULK1, unc-51 like autophagy activating kinase 1.

Prostate cancer (PCa) is the second leading cause of cancer-related death in men; however, the molecular mechanisms
leading to its development and progression are not yet fully elucidated. Of note, it has been recently shown that
conditional stk11 knockout mice develop atypical hyperplasia and prostate intraepithelial neoplasia (PIN). We recently
reported an inverse correlation between the activity of the STK11/AMPK pathway and the MAPK/p38 cascade in HIF1A-
dependent malignancies. Furthermore, MAPK/p38 overactivation was detected in benign prostate hyperplasia, PIN and PCa
in mice and humans. Here we report that STK11 expression is significantly decreased in PCa compared to normal tissues.
Moreover, STK11 protein levels decreased throughout prostate carcinogenesis. To gain insight into the role of STK11-
MAPK/p38 activity balance in PCa, we treated PCa cell lines and primary biopsies with a well-established MAPK14-MAPK11
inhibitor (SB202190), which has been extensively used in vitro and in vivo. Our results indicate that inhibition of MAPK/p38
significantly affects PCa cell survival in an STK11-dependent manner. Indeed, we found that pharmacologic inactivation of
MAPK/p38 does not affect viability of STK11-proficient PCa cells due to the triggering of the AMPK-dependent autophagic
pathway, while it induces apoptosis in STK11-deficient cells irrespective of androgen receptor (AR) status. Of note, AMPK
inactivation or autophagy inhibition in STK11-proficient cells sensitize SB202190-treated PCa cells to apoptosis. On the
other end, reconstitution of functional STK11 in STK11-deficient PCa cells abrogates apoptosis. Collectively, our data show
that STK11 is a key factor involved in the early phases of prostate carcinogenesis, and suggest that it might be used as a
predictive marker of therapeutic response to MAPK/p38 inhibitors in PCa patients.
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Introduction

Prostate cancer (PCa) is the most frequently diagnosed
cancer and the second leading cause of cancer death in
males. In 2015 it is estimated that approximately 220,800
new cases will be diagnosed and approximately 27,540 men
will die of PCa in the USA.1 Prostate-specific antigen
(KLK3/PSA) is currently the only widely used serum bio-
marker for PCa. However, because of its low specificity,
novel potential biomarkers have been studied.2-4 Despite the
widespread use of KLK3 as a biomarker, testing has led to a
significant migration in stage and grade of PCa; up to 30%
of patients with clinically localized disease will undergo
recurrence and metastatic disease after local therapy with
curative intent.5 Androgen-deprivation therapy (ADT) has
been the standard of care for this subset of patients with
advanced PCa. The majority of patients will respond to this
treatment, but most of them will become refractory to ADT
within months. Therefore, there is a growing need for addi-
tional agents to be introduced in clinical practice for men
with castration-resistant disease.

As a better understanding of PCa biology is achieved, provid-
ing further insight into the complex extracellular and intracellular
signaling networks involved, drug development continues to
improve, thanks to the identification of potential therapeutic
targets.

Of note, it has been recently shown that conditional stk11/
lkb1 knockout mice develop atypical hyperplasia and prostate
intraepithelial neoplasia (PIN).6 In humans, STK11 germ line
mutations cause Peutz-Jeghers syndrome, an inherited condi-
tion predisposing to hamartomas and cancer at different sites
(breast, gastrointestinal and gynecological cancers).7,8 STK11
mutations have also been detected in sporadic cancers includ-
ing non-small-cell lung cancer, cervical and pancreatic cancer,
and endometrial carcinoma.9-14 Little is known about the
possible involvement of the STK11 gene in human PCa: it is
expressed in normal prostate secretory cells,15 while a homo-
zygous deletion has been found in a PCa cell line
(DU145).16 These findings suggest that STK11 may play an
important role in human prostate carcinogenesis. STK11 enc-
odes a tumor suppressor serine-threonine kinase which is
involved in several cell functions, including proliferation, cell
cycle arrest, differentiation, energy metabolism and cell polar-
ity.17 The pivotal role of STK11 in controlling oncogenic
pathways is mainly due to its downstream effectors, notably
AMPK, which is a central metabolic mediator in normal and
cancer cells owing to its crosstalk with the phosphoinositide
3-kinase, MTOR, and MAPK pathways.18

We recently reported an inverse correlation between the
activity of the STK11-AMPK pathway and the MAPK/p38
signaling cascade in HIF1A/HIF1alpha-dependent malignan-
cies such as colorectal and ovarian cancer.19-21 Indeed, inacti-
vation of MAPK14/p38alpha causes HIF1A degradation and
decreased expression of its target genes involved in glycolysis,
thus reducing intracellular ATP levels. This acute energetic
drop is sensed by AMPK, which promotes a

FOXO3/FoxO3A-mediated autophagic response leading to
cell survival. When inhibition of MAPK14 is protracted,
autophagy is no longer able to sustain metabolism and cells
undergo non-apoptotic cell death. Consistently, concomitant
inhibition of MAPK14 and the autophagic machinery triggers
apoptotic cell death.19,20,22,23 Of note, most prostate cancer
deaths are due to the emergence of an androgen-resistant phe-
notype, which is dependent upon the activity of MAPKs,
including MAPK/p38.24 In a study using transgenic adenocar-
cinoma of the mouse prostate (TRAMP) mice, strong epithe-
lial MAPK/p38 activation was shown to be present in PIN
and prostate tumors.25 In humans, overexpression of MAPK/
p38 and overactivation of MAPK/p38 signaling occur in
benign prostate hyperplasia and more markedly in prostate
cancer patients, enhancing cell proliferation and cell survival.26

MAPK/p38 is able to sustain the expression of HIF1A also in
prostate cancer cells, thus confirming our previous data
obtained in colorectal and ovarian cancer.27 Importantly,
a novel MAPK14/p38alpha-MAPK11/p38beta inhibitor
(LY2228820 dimesylate) tested in phase I trials for advanced
cancers showed early clinical activity in ovary, breast, and kid-
ney cancer, and a phase II study of patients with ovarian can-
cer is underway.28

Here we show that STK11 is a key factor involved in the early
phases of prostate carcinogenesis, and suggest that it might be
used as a predictive marker of therapeutic response to MAPK/
p38 inhibitors in PCa patients.

Results

STK11 expression is lost during PCa carcinogenesis
Evidence gathered from animal models and human sub-

jects suggests that STK11 may be involved in PCa carcino-
genesis. We therefore evaluated STK11 expression by
immunoblot in 6 prostate specimens with no evidence of
malignancy and in 22 prostate tumor samples. The results of
this analysis are shown in Figure 1A. A full-length STK11
protein (52 kDa) was present in all benign samples examined.
Densitometric analysis of immunoblotting data showed that
STK11 expression in tumor samples was significantly reduced
compared to normal tissues (Fig. 1B). Then, we evaluated
the immunohistochemical pattern of STK11 expression in
paraffin-embedded normal and cancer tissue samples. In non-
neoplastic tissues, STK11 staining was limited to the cyto-
plasm of luminal cells lining the glandular acini (Fig. 1C,
upper panel). Basal cells were invariably negative for STK11,
as were stromal cells. In some cases, we were able to docu-
ment the morphological transition of atrophic glands into
high-grade PIN (Fig. 1C, middle panel). In these cases, atypi-
cal high-columnar cells of high-grade PIN lesions were uni-
formly negative for STK11, while atrophic luminal cells were
positive. Twelve out of 22 tumor samples showed no staining
at all for STK11 irrespective of grade, while sporadically posi-
tive cells (< 10%) were observed in the remaining 10 speci-
mens (Fig. 1C, bottom panel).
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STK11-AMPK crosstalk with the
MAPK/p38 pathway in PCa

In recent studies, we reported an
inverse correlation between the activity
of the STK11-AMPK and the MAPK/
p38 pathways in HIF1A-dependent
tumors.19-21 Moreover, MAPK/p38 is
able to sustain the expression of
HIF1A also in PCa cells.27 These
observations prompted us to evaluate
the relationship between STK11
expression and MAPK/p38 activation
in a large number of PCa specimens
by tissue microarray analysis. Our data
did not reveal any staining for STK11
expression in any of the 130 PCa ana-
lyzed specimens, with the exception of
rare intratumoral islets of normal
glands, which displayed uniform posi-
tivity for this protein (Fig. 2A). Con-
versely, phospho-MAPK/p38 was
globally expressed in 79 (60.7%)
specimens, with a staining intensity
ranging from weak (n D 39; 30%) to
strong (n D 19; 14.6%) (Fig. 2B).

To get insight into the role of the
STK11-MAPK/p38 crosstalk in pros-
tate cancer, we analyzed 2 cell lines,
one harboring a homozygous STK11
deletion (DU145) and the other carry-
ing STK11 wild-type (WT) alleles
(PC3; Fig. 3A). These cell lines are
both deficient for the expression of the
androgen receptor (AR), thus assuring
a more homogeneous genetic back-
ground, and express all MAPK/p38
isoforms with predominant expression
of MAPK14 (Fig. 3B). During prolif-
eration, DU145 cells showed high
MAPK14 activity, as measured by the
phosphorylation of its direct down-
stream target MAPKAPK2/MK2, and
low PRKAA1/2 phospho-activation (Fig. 3C). Conversely, PC3
cells showed lower MAPK14 activity and higher PRKAA1/2 acti-
vation (Fig. 3C). Next, we treated both PCa cell lines with the
MAPK14-MAPK11 inhibitor SB202190. Of note, MAPK14
blockade caused a time-dependent increase in phospho-
PRKAA1/2 in PC3 cells, but not in DU145 cells (Fig. 3C), con-
sistent with the role of STK11 as a main upstream activator of
AMPK. Indeed, also the chemical activator AICAR failed to
stimulate PRKAA1/2 in DU145 cells, but not in PC3 cells, as
shown by immunoblot analysis of phospho-PRKAA1/2 and of
the phospho-activated form of ACACA/ACC, a direct PRKAA1/
2 downstream target (Fig. S1). These results suggest that STK11
status may be a key factor influencing PCa cellular response to
the inhibition of MAPK14.

STK11 status predicts cellular response to MAPK14
blockade, which is cytotoxic in DU145 and cytostatic in PC3
cells

Pharmacological manipulation of MAPK14 is emerging as a
novel promising approach in cancer treatment and is currently in
phase II clinical trial for advanced ovarian cancer.28,29 Thus, we
treated both DU145 and PC3 cells with SB202190 for up to
96 h to measure cancer cell proliferation and death. Our data
show that MAPK14 blockade differentially affected DU145 and
PC3 cells. Indeed, after 48 h of treatment DU145 cells started to
undergo cell death (Fig. 4A–C), while PC3 cells only reduced
their proliferation rate (Fig. 4D–F).

To gain insight into the molecular events leading to the differen-
tial response of PCa cells to MAPK14 blockade, we performed

Figure 1. STK11 expression is lost during PCa carcinogenesis. (A) Immunoblot analysis of STK11 in nor-
mal and prostate cancer tissue samples. ACTB was used as a loading control. (B) Quantification of immu-
noblot band intensity by densitometry. (C) Immunohistochemical analysis of STK11 in normal and
malignant prostate tissue: strong expression of STK11 in the luminal layer of atrophic glands (upper
panel); moderate expression of STK11 in sporadic atypical cells of a high-grade PIN merging with an
atrophic gland (middle panel); no expression of STK11 in prostate adenocarcinoma (lower panel).
Original magnifications (40x), scale bar: 50 mm.
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immunoblot analyses of apoptotic and autophagic markers. To this
end, we evaluated the cleaved form of PARP1/PARP, one of the
end products of the activated apoptotic effector CASP3/caspase 3,
and the lipidated form of the autophagic protein MAP1LC3A/
LC3A (LC3A-II), a key component in autophagosome biogenesis
and function.30,31 STK11-deficient cells (DU145) clearly under-
went apoptosis (Fig. 5A) when MAPK14 activity was blocked,
while STK11-proficient cells (PC3) accumulated the autophagic
marker LC3A-II in the same conditions (Fig. 5A). Importantly,
pharmacological inhibition of MAPK14 triggered the phosphoryla-
tion of the AMPK-specific substrate ULK1 and decreased the phos-
phorylation of the MTOR substrate RPS6KB1/p70S6K in PC3
cells only (Fig. 5B). Indeed, AMPK regulates autophagy by pro-
moting the initiation step through ULK1 activation and by repres-
sing MTOR signaling.18,20,30,31 Evaluation of the autophagic flux
by using specific inhibitors revealed that inhibition of MAPK14
promotes the activation of the autophagic machinery in PC3 cells.
Indeed, 3-methyladenine (3MA), an inhibitor of the initial

nucleation step of the autophagic
process, or bafilomycin A1, an
inhibitor of the maturation step
that prevents formation of autoly-
sosomes, significantly affected lipi-
dation of LC3A or the subsequent
degradation of LC3A-II, respec-
tively, in SB202190-treated cells
(Fig. 5C, upper panel). Since the
autophagic pathway is involved in
both cancer cell survival and
death, we analyzed PARP1 cleav-
age in the same experiments find-
ing that autophagy inhibition in
SB202190-treated PC3 cells
caused apoptosis (Fig. 5C, middle
panel). Furthermore, inhibition of
AMPK activity by compound C
shifted the cellular response to
MAPK14 blockade from autoph-
agy to apoptosis induction in PC3
cells (Fig. 5D). These results indi-
cate that MAPK14 inhibition trig-
gers a stress response in PCa cells,
which is buffered by AMPK-
dependent autophagy in STK11-
proficient cells (PC3), while result-
ing in apoptosis in STK11-defi-
cient cells (DU145). Indeed,
reconstitution of STK11 function
in deficient DU145 cells restored
the activation of phospho-
PRKAA1/2 in response to
MAPK14 blockade, while expres-
sion of a kinase-defective mutant
failed to do so (Fig. 6A).
PRKAA1/2 activation in
SB202190-treated DU145 cells

was sufficient to phosphorylate ULK1 with consequent reduction
of PARP1 cleavage (Fig. 6A). Thus, reconstitution of WT STK11
function in DU145 cells promoted resistance to MAPK14 blockade
by reducing apoptosis, as confirmed by transfection of a kinase-
defective mutant (Fig. 6A–C). Conversely, genetic ablation of
STK11 by specific siRNAs in PC3 cells treated with SB202190 pre-
vented PRKAA1/2 activation, phosphorylation of ULK1 and lipi-
dation of LC3A, thus blocking the autophagic response and
leading to apoptosis (Fig. 6D).

MAPK14-MAPK11 inhibitor (MAPK14/11i) treatment of
tumor biopsies showed an inverse correlation between STK11
levels and MAPK14/11i-dependent cell death irrespective of
AR status

To get additional insight into the STK11-MAPK/p38 cross-
talk in PCa, we cultured LNCaP cells (a hormone-sensitive cell
line) in different conditions by increasing the androgen concen-
tration of the culture medium (Fig. 7A). Of note, ARC PCa cells

Figure 2. Immunohistochemical staining of STK11 and phospho-MAPK/p38 proteins in tissue microarrays of
human prostate specimens. Tissue microarray sections were stained using monoclonal anti-STK11 and mono-
clonal anti phospho-MAPK/p38 antibodies in a dilution of 1:100 and 1:50, respectively. (A) STK11 staining was
negative in prostate cancer and positive only in rare intratumoral islets of normal glands. Phospho-MAPK/p38
showed cytoplasmic and nuclear staining in 60.7% of tumor specimens, whereas it was weakly expressed in
normal tissues, especially in basal cells. (B) Heat map summarizing STK11and phospho-MAPK/p38 staining in
130 prostate cancer patients.
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also responded to MAPK/p38
inhibition in an STK11-depen-
dent manner. In particular,
MAPK14 blockade in LNCaP
cells (ARC and STK11-profi-
cient) did not affect cell survival
due to activation of PRKAA1/2
and induction of autophagy,
irrespective of the presence and/
or the concentration of andro-
gens in the culture medium
(Fig. 7B). Indeed, comparable
results were obtained when
LNCaP cells were cultured in the
absence of androgens (charcoal
stripped-fetal bovine serum [CS-
FBS]), in the presence of basal
levels of androgens (FBS) or by
adding 2.9 mg/ml of dihydrotes-
tosterone (DHT) to androgen-
free medium (DHT final concen-
tration 10 nM; Fig. 7A and B).

Recently, the importance of
in vitro chemoresistance and chemosensitivity assays to select per-
sonalized chemotherapy drugs and kinase inhibitors has been
appraised again.32 Thus, in order to get translational evidence
supporting the role of STK11 as a predictive marker of
MAPK14/11i-based therapy response in PCa, we treated 5 pri-
mary prostate biopsies obtained from hormone-sensitive PCa
patients and controls with SB202190. To this end, we cultured
in vitro primary cells from normal prostate and ARC PCa speci-
mens (2 expressing high/detectable levels of STK11 and 2 with
low/absent STK11 expression) in the presence of SB202190 for
up to 96 h. Our results show that normal prostate cells were
mostly insensitive to MAPK14 inhibition, while ARC PCa cells
were sensitive to SB202190 in a STK11-dependent manner
(Fig. 7C). Indeed, cells with low/absent STK11 expression sig-
nificantly underwent cell death (Fig. 7D). Of note, molecular
characterization of these cells revealed that ARC PCa cells
expressing high levels of STK11 reacted to SB202190 in the
same way as PC3 cells, i.e., by activating autophagy, while ARC

PCa cells expressing low levels of STK11 triggered apoptosis, as
shown by PARP1 cleavage (Fig. 7E), thus replicating the behav-
ior of DU145 cells. These findings suggest that the balance
between the apoptotic and autophagic machinery in PCa is regu-
lated by the crosstalk between STK11 and MAPK14 indepen-
dently from the hormonal status of the cells (Fig. 8).

Collectively, these results confirm the possibility of using
STK11 as a predictive marker for therapy response to MAPK14-
MAPK11 inhibitors in PCa.

Discussion

Androgen deprivation therapy has been the standard of care
for patients with advanced PCa for more than 50 y. Most

patients will respond to this treatment by showing symptomatic
improvement, metastasis regression, and a decline in KLK3 lev-
els. However, the median duration of response to ADT is only
18-24 mo for patients with metastatic disease. About 30% to
40% of patients will respond to further hormonal manipulation,
but the majority will become refractory to this treatment within
months. Metastatic hormone-refractory prostate cancer is both
morbid and rapidly progressive with a median survival of 18-20
mo.33 Until recently, no therapy had been shown to prolong life
expectancy in this subset of patients, so there is a growing need
for additional agents amenable to be used in prostate cancer. As
we gain a better understanding of the various pathways involved
in PCa and characterize their crosstalk, it becomes more challeng-
ing to rationally develop new specific agents. Targeting the
androgen receptor pathway continues to have an important role
in the treatment of PCa;34,35 however, mechanisms of drug resis-
tance have been described also for novel agents recently intro-
duced in the clinical practice (such as abiraterone and
enzalutamide). Recent studies have shown that multiple mecha-
nisms are involved in prostate cancer resistance to hormonal ther-
apy. In particular, 3 general categories can be identified. The first
includes genetic alterations in the AR gene, such as point muta-
tions in the ligand-binding domain or AR amplification events.
The second type of mechanism involves ligand-independent acti-
vation of AR by increased MAPK signaling or an altered balance
between AR corepressors and coactivators. The third category
encompasses mechanisms that promote prostate cancer cell sur-
vival through activation of alternative signaling pathways, thus
bypassing AR functions.36

In this scenario, the focus should be moved toward the possi-
bility to target alternative regulatory pathways involved in can-
cer-specific features such as glucose metabolism and autophagy.
Of note, the MAPK/p38 pathway, which is involved in

Figure 3. STK11-AMPK crosstalk with the MAPK/p38 pathway in prostate cancer. (A) Immunoblot analysis of
STK11 in 2 cell lines, one carrying STK11 WT alleles (PC3) and the other harboring a homozygous deletion of
STK11 (DU145). ACTB was used as a loading control. (B) Characterization of the expression of MAPK14, 11, 12,
13 (p38a, b, g and d) isoforms in DU145 and PC3 cell lines. Multiplex RT-PCR analysis was followed by separate
PCR confirmation for each transcript and normalization to GAPDH signals. (C) DU145 and PC3 cells were
treated with the MAPK14-MAPK11 inhibitor SB202190 for the indicated periods of time and total proteins
were extracted for immunoblotting analysis with the indicated antibodies. ACTB was used as a loading control.
The presented results are representative of at least 3 independent experiments.
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regulating cancer-specific glycolysis, autophagy, chemoresistance
and molecularly targeted drug resistance in colorectal and ovarian
cancer,29 has been shown to be one of the mediators of the
androgen-resistant phenotype.24 Moreover, strong epithelial
MAPK/p38 activation was shown in PIN and prostate tumors
both in animal models and PCa patients,25,26 and its activity is
required to sustain the expression of HIF1A also in PCa cells.27

These data suggest that MAPK/p38 may be the ideal candidate
for targeted therapy in PCa patients. To verify this hypothesis,
we treated PCa cell lines and primary biopsies with a well-estab-
lished MAPK14-MAPK11 inhibitor (SB202190), that we and
others have already extensively used in vitro and in in vivo pre-
clinical mouse cancer models.29 Our results indicate that inhibi-
tion of MAPK14 significantly affects PCa growth depending on
the expression or the mutational status of the STK11 gene
(Fig. 6). Indeed, we found that pharmacological inactivation of

MAPK14 does not affect survival of STK11-proficient AR¡ PCa
cells (PC3) due to the triggering of the AMPK-dependent auto-
phagic pathway, whereas it induces apoptosis in STK11-deficient
AR¡ cells (DU145). Of note, PRKAA1/2 inactivation or autoph-
agy inhibition in STK11-proficient cells sensitize SB202190-
treated PCa cells to apoptosis. Moreover, reconstitution of wild-
type STK11, but not expression of a kinase-defective mutant, sig-
nificantly reduces the apoptotic response triggered by MAPK14/
11i in STK11-deficient cells. These data support a model where
an inverse correlation between activation of the STK11-AMPK
and the MAPK/p38 pathways exists in HIF1A-dependent malig-
nancies, as shown for colorectal and ovarian cancer, and now also
in castration-resistant PCa (Fig. 8). To explore STK11-MAPK/
p38 crosstalk in hormone-sensitive PCa, we cultured a PCa cell
line expressing AR (LNCaP) in different conditions by increasing
androgen concentration in the culture medium, and ARC

Figure 4. MAPK14 blockade differentially affects DU145 and PC3 cell growth and survival. DU145 and PC3 cells were treated with DMSO or SB202190 for
the indicated periods of time. At the end of the treatment, relative cell viability (A, D), proliferative index (using the WST-1 assay) (B, E) and cell death (C,
F) were determined at the indicated time points. Statistical analysis was performed using the Student t test; *, P<0.05, which was considered statistically
significant. The presented results are representative of at least 3 independent experiments.
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primary cells (expressing high/
detectable or low/undetectable
levels of STK11) obtained from
patients with hormone-sensitive
disease. Consistent with our data
on AR¡ cells, our results indi-
cated that hormone-sensitive
PCa cells are also responsive to
MAPK/p38 inhibition in an
STK11-dependent manner. In
particular, inactivation of
MAPK14 in ARC STK11-profi-
cient PCa cells (LNCaP) does
not affect cell survival irrespective
of the presence and concentra-
tion of androgens in the culture
medium. These findings confirm
the existence of a general mecha-
nism regulating the apoptotic
and autophagic pathways in PCa,
based on the crosstalk between
STK11 and MAPK14 (Fig. 8).
Collectively, our results suggest
that this mechanism is indepen-
dent from the hormonal status of
the cells. However, we cannot
rule out that androgens and/or
AR can modulate the STK11-
dependent therapeutic response
to MAPK14/11i.

AMPK plays a critical role in
regulating the cellular energetic
state and, under conditions of
energetic stress, one of its most important upstream activators is
STK11, which is a tumor suppressor with a putative role also in the
initial phases of prostate carcinogenesis in animal models.6 Here we
show that STK11 expression is lost throughout PCa progression.
Histologically, prostate carcinogenesis is characterized by a progres-
sive transition from normal epithelium to high-grade PIN to inva-
sive PCa. Moreover, recent findings suggest that certain focal
atrophy lesions termed “proliferative inflammatory atrophy” could
be pathogenetically associated with PCa, with frequent transitions
from areas of proliferative inflammatory atrophy to high-grade
PIN.37 In this setting, our results show a progressive loss of STK11
expression between normal and neoplastic tissue. Moreover, in
some cases we identified areas of atrophic glands merged with high-
grade PIN. In these lesions, STK11 expression was evident only in
atrophic cells, while dysplastic cells showed no staining by
immunohistochemistry.

Due to the inverse correlation between MAPK14 and AMPK
activity, we suggest that STK11 might be used as a predictive
marker of therapeutic response to MAPK14-MAPK11 inhibitors
in PCa patients. In particular, subjects showing no STK11 expres-
sion could benefit from a therapeutic approach involving
MAPK14-MAPK11 inhibitors alone or in combination with hor-
monal therapy, whereas subjects positive for STK11 expression

would be suitable candidates for dual kinase inhibition targeting
both MAPK14 and AMPK or for treatments based on MAPK14-
MAPK11 inhibitors together with agents blocking the autophagic
machinery (Fig. 8). The potential implications of our results are
even more significant in light of the fact that a novel MAPK14-
MAPK11 inhibitor (LY2228820 dimesylate) passed phase I trial
for advanced cancers showing early clinical activity in ovary,
breast, and kidney cancer and is currently being investigated in a
phase II study of patients with ovarian cancer.

Materials and Methods

Tissue samples
This study was performed on tissue specimens derived from

22 radical retropubic prostatectomies from patients with prostate
cancer. Written informed consent to take part was given by all
participants. The median age at diagnosis was 68.5 y (range: 56–
76), while the median preoperative KLK3 level was 8.65 ng/ml
(95% confidence interval: 5.52–15.09). Patients were classified
according to stage (TNM classification) and grade (Gleason
score) based on prostatectomy specimens. All patients had hor-
mone-sensitive disease and none was treated with androgen dep-
rivation therapy before surgery. Presence of the androgen

Figure 5. STK11 status predicts cellular response to MAPK14 blockade. (A) Immunoblot analysis of apoptotic
and autophagic markers with the indicated antibodies in DU145 and PC3 cells treated with DMSO or
SB202190 (10 mM) for 72 h. ACTB was used as a loading control. (B) Immunoblot analysis of DU145 and PC3
cells treated with DMSO or SB202190 (10 mM) for 72 h with the indicated antibodies. ACTB was used as a
loading control. (C) STK11-proficient cells (PC3) were cultured in the absence or presence of SB202190 or a
combination of SB202190 and 3-methyladenine (3MA; 10 mM) or bafilomycin A1 (BafA1; 0.1 nM) for 48 h.
Immunoblot analysis was performed with the indicated antibodies. ACTB was used as a loading control. (D)
PC3 cells were treated for 72 h with SB202190 in the presence or absence of the PRKAA1/2 inhibitor com-
pound C (CC), and then autophagic and apoptotic markers were detected by immunoblotting. ACTB was used
as a loading control. The presented results are representative of 3 or more independent experiments.
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receptor was confirmed in all tissue specimens by immunohis-
tochemistry. Prostate samples with no evidence of malignancy
were obtained from 6 patients (median age: 67 y; range: 63-75)
who underwent radical cystoprostatectomy for bladder carci-
noma not involving the prostate and without foci of prostate
adenocarcinoma.

Tumor samples were cut in 2 equal parts and one half was
snap-frozen and cryopreserved in liquid nitrogen for western blot
analysis. The remainder of tissue samples was fixed in 10% neu-
tral-buffered formalin for 12 to 24 h, embedded in paraffin, and
stained with haematoxylin and eosin (H&E; Sigma MHS16,
230251) for histological evaluation and immunohistochemistry.

Tumor and normal tissue sam-
ples of prostate were collected
and used for primary culture.
Identification of tumor areas in
the frozen tissue was achieved by
matching this tissue with H&E-
stained sections. Two different
pathologists reviewed H&E-
stained sections.

Immunohistochemistry and
tissue microarray construction

Immunohistochemical evalua-
tion of STK11 protein expression
was carried out on paraffin-
embedded tissue sections. Thin
(3 mm) sections were deparaffi-
nized and rehydrated through
xylene and graded alcohol series.
Slides were subjected to specific
epitope unmasking by microwave
treatment (700W) in citrate
buffer (0.01 M, pH 6.0). After
antigen retrieval, tissue samples
were incubated for 10 min with
3% H2O2 to block endogenous
peroxidase activity. Sections were
treated with serum-free protein
block (Dako, X0909) at room
temperature (RT) for 10 min
and then incubated for 1 h at
RT, with a mouse anti-human
STK11 monoclonal antibody
(Santa Cruz Biotechnology, sc-
32245). Binding of the secondary
biotinylated antibody was
detected using the Dako Real
EnVision Detection System, Per-
oxidase/DAB kit (Dako, K5007),
according to the manufacturer’s
instructions. Sections were coun-
terstained with Mayer’s haema-
toxylin (blue) and mounted with
glycerol (Dako Cytomation,

C0563). Negative controls were obtained incubating serial sec-
tions with the blocking solution and then omitting the primary
antibody. Staining of histological sections was evaluated using an
optical light microscope (a Leica microscope fitted with a Cool-
pix 990 digital camera [Nikon]). Positive staining corresponded
to cells with dark-brown STK11 immunoreactivity.

Nine high-density tissue microarrays were used for STK11
and phospho-MAPK/p38 (Thr180/Tyr182; Cell Signaling Tech-
nology, 4631) immunostaining. Archived formalin-fixed paraf-
fin-embedded prostatectomy tissue samples for 130 additional
cases were obtained. All tumor cores were identified by a uro-
pathologist (FS). These were selected by identifying

Figure 6. Cellular response upon MAPK14 blockade depends on STK11 status. (A) DU145 cells were trans-
fected with the GFP-STK11 WT or the GFP-STK11 mut (K175_D176del) plasmid for 36 h and then treated with
DMSO or SB202190 for an additional 48 h. At the end of the treatment, immunoblot analysis was performed
with the indicated antibodies. ACTB was used as a loading control. (B) DU145 cells were transfected with the
GFP, the GFP-STK11 WT or the GFP- STK11 mut (K175_D176del) plasmid and then stained with TUNEL assay.
GFPC TunC and GFPC Tun¡ cells were detected by confocal immunofluorescence analysis and counted in
each sample. Statistical analysis was performed using Student’s t-tail test; *, P<0.05, which was considered
statistically significant. (C) DU145 cells were transfected with the GFP, GFP- STK11 WT or GFP-STK11 mut
(K175_D176del) plasmids and treated with DMSO or SB202190 (10 mM) for 48 h. Then, cells were analyzed by
WST-1 assay to score the proliferation index. Statistical analysis was performed using the Student t test; *,
P<0.05, which was considered statistically significant. (D) Cells transfected with STK11-specific and non-silenc-
ing siRNAs were treated with DMSO or SB202190 (10 mM) for 48 h. Then, cells were analyzed by immunoblot-
ting with the indicated antibodies. ACTB was used as a loading control. The presented results are
representative of 3 or more independent experiments.
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representative tumor-containing
slides and were used to assign
the original tumor grade for
each case. Three-mm cores were
removed from the selected area
(region of interest) by using a
needle punch. Such 3-mm
donor cores were subsequently
embedded in previously
arranged recipient paraffin
blocks through a precisely spaced
15-hole array pattern. Core posi-
tions in the recipient paraffin
block were noted on a tissue
microarray map and a 2-mm pig
kidney core was used as a marker
for orientation. After cooling
paraffin, recipient blocks were
cut in the microtome and used
for immunohistochemistry. Pro-
tein immunoreactivity was
scored by the extent and inten-
sity of staining, which was
graded on an arbitrary scale
ranging from 0 to 3, with 0 D
negative, 1 D low, 2 D medium,
and 3 D high expression.

Cell lines, primary culture of
prostate biopsies and reagents

Prostate cancer cell lines,
PC3, DU145 and LNCaP were
grown in RPMI 1640 (Gibco,
11875–093) supplemented with
10% FBS (Gibco, 10270-106),
100 IU/ml penicillin and
100 mg/ml streptomycin in a
humidified incubator at 37�C
and 5% CO2 avoiding conflu-
ence at any time. For androgen-
free conditions, LNCaP cells
were cultured in RPMI 1640
containing 10% FBS for 24 h.
Cells were switched into a phe-
nol red-free RPMI 1640
medium (Gibco, 11835-030)
containing either 10% FBS or
10% CS-FBS (Gibco, 12676-
029) 30 h before treatments
with 10 nM dihydrotestosterone
(DHT; Sigma, T-1500), and/or 10 mM SB202190 (Sigma,
S7067).

Human tumor and normal tissue samples of prostate were
placed in a Petri dish with 1X phosphate-buffered saline (PBS;
Sigma, D8537) and cut into small pieces of about 1 mm3. Each
small piece of tissue was placed on the surface of a Petri dish

which was previously wet with 1 ml of DMEM medium (Gibco,
11966-025) supplemented with 10% FBS, 100 IU/ml penicillin,
100 mg/ml streptomycin and 1% L-glutamine. Petri dishes were
maintained for 2-3 h at 37�C with 5% CO2, after which the
small pieces were covered with 4 ml of DMEM medium and
placed back into the incubator. Cell proliferation was obtained

Figure 7. Role of STK11 as a predictive marker of MAPK14/11i-based therapy response in PCa irrespective of
AR status. (A, B) LNCaP cells were cultured in phenol red–free RPMI containing 10% charcoal stripped-FBS (CS-
FBS) or RPMI containing 10% FBS for 30 h before treatment with 10 nM DHT and/or 10 mM SB202190 (72 h).
Cells were analyzed by WST-1 assay to score the proliferation index (A) and by immunoblot with the indicated
antibodies for apoptotic and autophagic markers (B). (C, D) Primary cells from normal prostate and PCa were
cultured in the presence or absence of SB202190 (10 mM) for up to 96 h. Cell number (C) and cell death (D)
were determined at the indicated time points. (E) Immunoblot analysis of apoptotic and autophagic markers
with the indicated antibodies in primary cells obtained from PCa biopsies and treated with DMSO or SB202190
(10 mM) for up to 96 h. ACTB was used as a loading control. The presented results are representative of 3 inde-
pendent experiments. Statistical analysis was performed using the Student t test; *, P<0.05, which was consid-
ered statistically significant.
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around the prostate piece. After 7 d, cells were detached by tryp-
sin/EDTA (Gibco, 15400-054) digestion and washed twice with
ice-cold MACS buffer (PBS, pH 7.2, 0.5% BSA [Sigma,
A7906], 2 mM EDTA). After being passed through a 30-mm fil-
ter to remove cell clumps, cells were counted and incubated for
30 min at 4�C in MACS buffer with the same volume (1 ml/105

cells) of FcR blocking reagent (Miltenyi Biotec, 130-059-901)
and CD326 (EpCAM) Ab-conjugated magnetic microbeads
(Miltenyi Biotec, 130-061-101). Cells were then washed, as per
the manufacturer’s instructions, and passed through an MS col-
umn (Miltenyi Biotec, 130-042-201) under the effect of a mag-
netic field generated by the Mini MACS Separation Unit
(Miltenyi Biotec, 130-042-102; 130-042-303). EPCAM/
CD326-positive cells retained inside the column were washed
3 times and then eluted once the magnetic field was removed.
Eluted cells were resuspended in keratinocyte serum-free medium

(Gibco, 10724-011) with 5 ng/ml
recombinant EGF (Gibco, 10450-
013), 50 mg/ml bovine pituitary
extract (Gibco, 13028-014) and
30 ng/ml cholera toxin (Sigma,
C8052) and incubated at 37�C with
5.0% CO2. These cells were then
characterized for EPCAM and pros-
tate-specific membrane antigen
expression by immunocytochemistry
to confirm their epithelial and pros-
tatic lineage. Primary prostate cancer
cells were used for proliferation stud-
ies at the second passage.

Bafilomycin A1 (B1793), com-
pound C (P5499) and AICAR
(A9978), were purchased from Sigma.
3-methyladenine (189490) was pur-
chased from Calbiochem.

Immunoblotting
Immunoblotting analyses were per-

formed according to Cell Signaling
Technology instructions. Briefly, fro-
zen prostate tissues and cell lines were
homogenized in 1X lysis buffer
(50 mM Tris-HCl, pH 7.4, 5 mM
EDTA, 250 mM NaCl, 0.1% Triton
X-100 [Sigma, T8787]) supplemented
with protease and phosphatase inhibi-
tors (1 mM PMSF [Sigma, P7626],
1.5 mM pepstatin A [Sigma, P5318],
2 mM leupeptin [Sigma, L2884],
10 mg/ml aprotinin [Sigma, A1153],
5 mM NaF [Sigma, S7920], 1 mM
Na3VO4 [Sigma, S6508]). 20 mg of
protein extracts from each sample
were denatured in 5X Laemmli sam-
ple buffer and loaded into an SDS-
polyacrylamide gel for western blot

analysis. Western blots were performed using anti-ACTB/
b-Actin (Sigma, A2066), anti-MAPK14 (Cell Signaling Tech-
nology, 9228), anti-phospho-MAPKAPK2/MK2 (Thr222; Cell
Signaling Technology, 3316), anti-phospho-PRKAA1/2
(Thr172; Cell Signaling Technology, 2531), anti-PRKAA1/2
(Cell Signaling Technology, 2532), anti-phospho-ACACA/acetyl
CoA carboxylase a (Ser79; Cell Signaling Technology, 3661),
anti-PARP1 p85 (Promega, G7341), anti-MAP1LC3A (Novus
Biologicals, NB100-2331), anti-STK11 (Abcam, ab15095), anti-
phospho-ULK1 (Ser317; Cell Signaling Technology, 6887),
anti-ULK1 (Cell Signaling Technology, 4773), anti-phospho-
RPS6KB1 (Ser371; Cell Signaling Technology, 9208), anti-
RPS6KB1 (Cell Signaling Technology, 9202), anti-AR (Dako,
M3562). Western blots were developed with the ECL¡plus
chemiluminescence reagent (GE Healthcare, RPN2232) as per
the manufacturer’s instructions.

Figure 8. STK11 is a key factor involved in the early phases of prostate carcinogenesis, and it might be
used as a predictive marker of therapeutic response to MAPK14-MAPK11 inhibitors in PCa patients. Rep-
resentative scheme depicted to summarize the findings of this work. MAPK14-MAPK11 inhibitors differ-
entially affected PCa cell growth, inducing apoptosis in STK11-deficient cells, while triggering
autophagy in STK11-proficient cells. Reconstitution of WT STK11 function promoted resistance to
MAPK14 blockade by reducing apoptosis in STK11 KO cells. Conversely, inhibition of autophagy or of
PRKAA1/2 (AMPK) triggered apoptosis in STK11-proficient cells treated with MAPK14-MAPK11 inhibitors.
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Semiquantitative multiplex PCR
Total RNAs were extracted using TRI Reagent (Sigma,

T9424). Samples were treated with DNase I (Ambion, AM2224)
and retro-transcribed using the High Capacity DNA Archive Kit
(Applied Biosystems, 4368813). Semiquantitative multiplex
PCRs were performed in triplicate using a C1000 Touch Ther-
mal Cycler with 5 U/ml Taq DNA polymerase, 25 mmol/l
MgCl2, 10X Taq buffer (5PRIME, 2200020), and 10 mmol/L
deoxyribonucleotide triphosphates (Invitrogen, 10297-018). The
following PCR conditions were used: 95�C for 15 min, followed
by 28 cycles at 94�C for 30 sec, 59�C for 90 sec, 72�C for 60
sec, and in the final step, 72�C for 10 min. Primer sequences are
available upon request.

Cell transfection and RNA interference
The transient transfection experiments were performed using

TransIT-Prostate Transfection Kit (Mirus Bio LLC, 2130A)
according to the manufacturer’s instructions. Briefly, 10 ml of
TransIT-Prostate Transfection Kit and 5 ml of Prostate Boost
Reagent (Mirus Bio LLC, 2130B) were used to transfect 2.5 mg
of the EGFP plasmid, the GFP-STK11WT plasmid or the GFP-
STK11 mut plasmid (STK11 K175_D176del). DU145 cells
grown to 70% confluence were incubated for 24 h, and after
addition of fresh medium, were cultured for an additional 36 h
to express the plasmids before performing the experiments.

For RNA interference, cells were transfected with 5 nM siR-
NAs directed against STK11 (Ambion, validated oligos s13579)
by using HiPerFect Transfection Reagent (Qiagen, 301707).
On-TARGET-plus control 50 nM siRNAs (Thermo Scientific,
D-001810-10-20) were used as control sequences. siRNA
sequences are available upon request.

Apoptosis assay
For terminal uridine deoxynucleotidyl transferase dUTP nick

end labeling (TUNEL) assays (Roche, 11684795910) samples
were fixed in 10% formalin for 12–24 h, dehydrated, and paraf-
fin embedded. Detection of apoptosis at single cell level based on
labeling of DNA strand breaks was performed using the In situ
Cell Detection kit (Roche, 11684795910) following the man-
ufacturer’s instructions. Images were collected using a Zeiss
LSM-5 Pascal confocal microscope and analyzed using the Zeiss
LSM Image Browser software, version 4.2.0121. 100 cells were
counted for each sample, and TUNEL-positive cells, GFP-posi-
tive cells and TUNEL/GFP double-positive cells were identified.

Microscopy quantification of viability and cell death
Cell viability and cell death of the reported cell lines were

scored by counting. Supernatant fractions (containing dead/float-
ing cells) were collected, and the remaining adherent cells were
detached by trypsin/EDTA. Cell pellets were resuspended in 1X

PBS and 10 ml were mixed with an equal volume of 0.01% try-
pan blue solution. Viable cells (unstained, trypan blue-negative
cells) and dead cells (stained, trypan blue-positive cells) were
counted with a phase contrast microscope. The percentages of
viable and dead cells were calculated. The data shown in the
Results section are representative of 3 or more independent sets
of experiments.

Cell proliferation assay (WST-1)
Cell proliferation was determined using the Cell Proliferation

Reagent WST-1 (Roche, 11644807001) as per the man-
ufacturer’s instructions. Briefly, cells were seeded into 96-well
plates one day before treatment. After 24, 48, 72 or 96 h drug
(or DMSO) exposure, or cell transfection with the GFP-STK11
WT or GFP-STK11 mut (K175_D176del) plasmids, 10 ml of
the Cell Proliferation Reagent WST-1 were added to each well
and incubated at 37�C in a humidified incubator for 1 h. Absor-
bance was measured on a microplate reader (MULTISCAN EX,
Thermo Electron Corporation) at 450/655 nm. Each assay was
performed in 6 replicates and the experiment was repeated twice.
The proliferation index was calculated as the ratio of WST-1
absorbance of treated cells at the indicated time points to the
WST-1 absorbance of the same experimental group at 0 h.

Statistical analysis
The statistical significance of the results was analyzed using the

Student t test, and P < 0.05 was considered statistically
significant.
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