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Abstract

Depression drives cancer progression and induces poor clinical outcome. However, the mechanisms underlying depression
and cancer outcomes are unclear. In this work, we investigated 98 prostate cancer patients and found that patients with high
score of psychological depression were correlated with tumor invasion and metastasis. We found focal adhesion kinase
(FAK) was increased in cancer patients with metastatic features and high score of depression. FAK knockdown completely
blocked depression-promoted tumor invasion in orthotopic transplantation tumors. In Hi-myc mice and a murine model of
depression, sympathetic activation was detected in the prostate tissue. Further we showed that FAK activation was
dependent on a cAMP-PKA signaling pathway. Our results demonstrated that the activation of a sympathetic-FAK signaling
pathway in prostate cancer patients with high degrees of depression facilitates tumor invasion. We suggest that blocking
B2AR with propranolol or inhibiting FAK activation with PF562 271 may be novel strategies for depressed patients with

invasive prostate cancer.

Introduction

Increasing number of cancer patients are found to experi-
ence a depressed mood or a loss of interest in daily activities
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for a long time [1, 2]. Although epidemiologic studies have
shown that psychological depression is related to cancer
mortality [3-5], the biological pathways and precise
mechanisms linking depression and tumor progression lack
experimental evidence. Basic research on neuro-oncology
has shown that nerve densities are in positive correlation
with prostate tumor grades [6]. Of note, prostate cancer
occurred more frequently and was significantly greater in
the peripheral zone than that of the transition zone possibly
because of the high nerve density in the peripheral zone [7].
A recent study observed that genes in two key pathways, the
adrenergic and glucocorticoid signaling pathways, exhibit
dysregulation in the tumors of lethal prostate cancer in
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Fig. 1 FAK is highly expressed and phosphorylated in prostate cancer
patients with high degrees of depression and high metastatic features. a
Gene set enrichment analysis (GSEA) plot of cell adhesion molecules
(NES =1.78; Nominal P-value =0.0; FDR g-value =0.017) and
ECM receptor interaction (NES = 1.73; Nominal P-value = 0.0; FDR
g-value =0.028) gene sets in GSE9116. b Relative expression of
PTK2 mRNA in prostate cancer patients with high Gleason score in
the TCGA prostate cancer database (n =44 in Gleason score 6 group;
n =237 in Gleason score 7 group; n = 60 in Gleason score § group; n
=128 in Gleason score 9 group). ¢ Relative expression of PTK2
mRNA in prostate cancer patients with high Gleason score in
GSES5132 database (n=11 in Gleason score 3 group; n=12 in

comparison with nonlethal prostate cancer [8]. These two
pathways are also activated during depression [9]. Thus,
identifying the nerve density and the precise neuroendocrine
signaling in depression are critical for better understanding
the mechanisms linking depression and prostate cancer
progression.
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Gleason score 4 group; n =8 in Gleason score 5 group). d Relative
expression of PTK2 mRNA in metastatic prostate cancer patients in
GSE3325 datasets (n =6 in Normal group; n =7 in Localized group;
n =6 in Metastatic group). e Relative expression of PTK2 mRNA in
metastatic prostate cancer patients in GSE6919 datasets (n =18 in
Normal group; n =67 in Adjacent group; n =61 in Localized group;
n =25 in Metastatic group). f Representative images of FAK phos-
phorylation in prostate cancer patients with high and low degrees of
depression. Bar: 500 um (low magnification); 100 pm (high magnifi-
cation). The statistical analysis was based on one-way ANOVA with
Tukey’s post-hoc tests (*P <0.05; **P <0.01; ***P <0.001)

Patients with organ-confined prostate cancer are usually
successfully treated. However, recurrence of the disease
often exhibits metastasis, which is virtually incurable and
results in significant disease mortality [10, 11]. Cell inva-
sion across basement membrane barriers is a critical step of
prostate cancer metastasis [12, 13]. Alteration of the
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Fig. 2 FAK blockade prevents psychological depression-promoted
tumor metastasis and desmolpasia in the orthotropic 22Rv1 model. a
Time course of restraint stress and tumor implantation. b Body weight
of mice (n=10). The statistical analysis was based on Two-way
ANOVA with Bonferroni posttests (shNC non-stress vs shNC stress,
from week 4 to week 7, ***P<0.001; shPTK2 non-stress vs
shPTK2 stress, from week 4 to week 7, ***P<0.001). ¢ Sucrose
consumption ratio in the sucrose preference test (n = 10). The statis-
tical analysis was based on One-way ANOVA with Tukey’s post-hoc

extracellular matrix (ECM) is increasingly found to be
important in facilitating tumor invasion [14, 15]. Recently,
several lines of evidence have shown a close association
between stromal gene expression and invasive phenotype of
primary prostate cancer [16]. Among them, focal adhesion
kinase (FAK, gene name PTK?2), a key regulator in the focal
adhesions, has been focused on because it can be recruited
to sites of integrin clustering and regulate cell motility
through cytoskeletal rearrangement [17]. In prostate cancer,
FAK has been reported to promote neuroendocrine differ-
entiation in the Transgenic Adenocarcinoma of the Mouse

stress

tests (***P <0.001). d Illustrative examples of in vivo biolumines-
cence imaging of 22Rv1 cells orthotropic implanted in the ventral
prostate of nu/nu mice (n =5). e ROI analysis of fluorescence inten-
sities from the 22Rv1 cells orthotropic tumors (n = 10). The statistical
analysis was based on One-way ANOVA with Tukey’s post-hoc tests
(*P <0.05). f Representative fluorescence images of metastatic sites in
the 22Rv1 model. g H&E and Masson staining of the prostate in the
22Rv1 model. Bar: 50 pm

Prostate (TRAMP) model [18]. However, the overall sig-
nificance and the molecular mechanisms through which
depression induces prostate cancer invasion and whether the
depression-induced FAK activation plays a role in prostate
cancer invasion remain uncertain.

In this study, we found that depression was correlated
with increased prostate cancer invasion and metastasis as
well as elevated FAK levels in clinical cancer tissues.
Knockdown of FAK blocked depression-induced prostate
cancer invasion and metastasis. More importantly, we
demonstrated for the first time that depression increased
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Fig. 3 Depression promotes prostate cancer invasion in Hi-myc mice.
a Timeline for Hi-myc mice tumor progression and experimental
protocols. 3-month-old wide type (WT) and Hi-myc mice were
exposed to chronic unpredictable mild stress (CUMS) for six months,
the behavioral monitoring was measured at the end of the experiment,
mice were sacrificed when 6-month-old. b Body weight of mice (n =
12). The statistical analysis was based on Two-way ANOVA with
Bonferroni posttests (WT non-stress vs WT stress, from month 5 to
month 6, ***P<(0.001; Hi-myc non-stress vs Hi-myc stress, from
month 4 to month 6, ***P <(0.001). ¢ Behavioral tests at the end of
CUMS treatment. Sucrose consumption ratio in the sucrose preference
test (n = 12); Immobility time in the forced swimming test (n = 12)
and Immobility time in the tail suspension test (n = 12). The statistical

sympathetic nerve infiltration into the prostate. Elevated
norepinephrine activates FAK by the P2AR-cAMP-PKA
signaling pathway. Furthermore, we found that
norepinephrine-induced FAK activation increases the abil-
ity of cell movement via paxillin phosphorylation and reg-
ulates ECM remodeling via matrix metalloproteinase
(MMP) release, both facilitating tumor invasion. Therefore,
inhibition of the depression-activated sympathetic-FAK
signaling pathway by the f2AR blocker propranolol or the
FAK inhibitor PF562 271 should be beneficial for prostate
cancer treatments, especially for clinically depressed
patients with invasive prostate cancer.
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analysis was based on One-way ANOVA with Tukey’s post-hoc tests
(*P<0.05; **P<0.01; ***P<0.001). d Left: Representative macro-
scopic images of dissected mouse anterior, ventral, and dorsolateral
prostate lobes (AP, VP, and DLP lobes); Right: Wet weight of total
prostate was expressed as mg/mg kidney weight (n = 12). The statis-
tical analysis was based on One-way ANOVA with Tukey’s post-hoc
tests (***P <0.001). e H&E staining of AP, VP, and DLP lobes (n =
3). Bar: 50 pym. f Immunohistochemical staining of a-SMA in VP and
DLP (n=3). Bar: 50 um. WT wild type, PIN prostatic intraepithelial
neoplasia, PCa prostate cancer, AP anterior prostate, VP ventral
prostate, DLP dorsolateral prostate, stress CUMS, chronic unpredict-
able mild stress

Results

FAK expression and phosphorylation are correlated
with high symptoms of psychological depression
and metastatic features in prostate cancer patients

To determine the role of depression in prostate biology, a
total of 98 patients with prostate cancer were included in
this study. We initially grouped patients into high and low
degrees of depression based on the PHQ-9 and the Hamilton
Depression Scales [19, 20]. We found that high scores in the
Gleason and TNM staging systems, showing presence of
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Fig. 4 Depression activates FAK and induces an aligned desmoplastic
ECM in Hi-myc mice. a PTK2 mRNA assessed by quantitative
polymerase chain reaction (QRT-PCR) in the prostate, relative to
control group (n = 6). The statistical analysis was based on One-way
ANOVA with Tukey’s post-hoc tests (***P <0.001). b Immunohis-
tochemistry staining of FAK in the prostate. Bar: 50 um. ¢ Left:
Western blot analysis of pY397 FAK and FAK in the prostate; Right:
Quantification of FAK band intensity relative to GAPDH, and pY397
FAK band intensity relative to total FAK (n = 6). The results were
representative of two independent experiments. *P < 0.05, **P <0.01,
based on One-way ANOVA with Tukey’s post-hoc tests. d MMP9 and
MMP2 mRNA assessed by qRT-PCR in the prostate, relative to
control group (n = 6). The statistical analysis was based on One-way

non-stress

Hi-myc
stress

ANOVA with Tukey’s post-hoc tests (*P <0.05, **P <0.01, ***P <
0.001). e Zymography for gelatinase activities in the prostate (n = 3).
The results were representative of three independent experiments. f
Masson staining of the prostate (n =3). Bar: 50 um. g Connective
tissue growth factor (ctgf) mRNA assessed by qRT-PCR in the
prostate, relative to control group (n = 6). The statistical analysis was
based on One-way ANOVA with Tukey’s post-hoc tests (**P <0.01,
*#**¥P<0.001). h Transgenic growth factor beta 1 (tgfbl) mRNA
assessed by qRT-PCR in the prostate, relative to control group (n = 6).
The statistical analysis was based on One-way ANOVA with Tukey’s
post-hoc tests (¥*P<0.01, ***P<(.001). i Immunofluorescence
staining of NF-L in the prostate. Bar: 50 um
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vascular invasion plus lymph node and/or bone metastasis
correlated significantly with high degrees of depression.
However, depression had no relevance to age, tumor
volume or serum PSA levels (Supplementary Table 1).
These results suggest that depression is clinically important
in prostate cancer invasion and metastasis.

To identify the mechanisms underlying how depression
impacts prostate cancer invasion and metastasis, we sear-
ched the GEO databases and found only one database
containing samples of cancer patients divided by low and
high depression levels (GSE9116). Gene set enrichment
analysis (GSEA) showed highly enriched genes relevant to
cell adhesion molecules and ECM receptor interaction (Fig.
la). Furthermore, we searched for the expression of the hub
molecules in The Cancer Genome Atlas (TCGA) containing
prostate cancer samples with different Gleason score. We
found no obvious changes including NRCAM, FBNI,
VCAMI, and ICAM?2 (Supplementary Figures la-d). But,
PTK?2 (protein name FAK) expression was continuously
elevated when Gleason score increased from 6 to 9 (Fig.
1b). However, it had no changes in patients with low
Gleason score (GSE5132) (Fig. 1c). In addition, PTK2
expression was highly elevated in metastatic prostate cancer
compared with that in adjacent or localized prostate cancer
(GSE3325 and GSE6919) (Fig. 1d, e).

Next, we examined the expression of FAK in prostate
patients with depression. We found FAK phosphorylation
(Tyr397) was significantly higher in prostate cancer patients
with high depression compared with that in patients with
low depression within the same Gleason score (Fig. 1f).
Altogether, our clinical data supports the possibility that
FAK is the key molecular connector linking depression and
prostate cancer invasion and metastasis.

Inhibition of FAK blocks depression-promoted
tumor invasion and metastasis in orthotopic
prostate cancer models

We hypothesized that FAK mediates depression-promoted
prostate cancer invasion and metastasis. To test this
hypothesis, we established FAK knockdown PC-3 and
22Rv1 cell lines (Supplementary Figures 2a-c), and then we
used bioluminescent xenograft models to study the role of
FAK in depression-promoted prostate tumor invasion and
metastasis in vivo (Fig. 2a). We first tested the 22Rvl
prostate tumor model and found that restraint stress sig-
nificantly decreased body weight in both shNC and shPTK?2
groups (Fig. 2b) and the mice exhibited depressive behavior
shown by decreased sucrose preference in the two stressed
groups (Fig. 2c). Using bioluminescence imaging, we found
that stress/depression significantly increased orthotopic
prostate tumor invasion and mesentery metastasis in shNC
groups 5 weeks after tumor implantation. However, FAK

SPRINGER NATURE

knockdown completely abrogated depression-promoted
tumor invasion and metastasis (Fig. 2d, f). Similar results
were obtained in the PC-3 prostate tumor model (Supple-
mentary Figures 3a and b). Hematoxylin and eosin (H&E)
staining and Masson staining showed an intact capsule of
the orthotopic transplantation prostate tumor in non-stressed
groups. However, prostate tumor in depressed mice broke
out of the capsule and invaded the prostate stroma with
increased collagens. As expected, these effects were abol-
ished in mice implanted with shPTK2 prostate cells (Fig.
2g). Thus, FAK is critical for depression-promoted invasion
of prostate cancer.

Depression promotes prostate cancer invasion in Hi-
myc mice

We explored the molecular mechanisms by which FAK
mediates prostate cancer invasion in depression. First, we
generated a depression model by applying chronic unpre-
dictable mild stress (CUMS), which has been widely used
as an animal model of depression [21-23] to Hi-myc mice
(Fig. 3a). Due to the long latency of Hi-myc mice to
develop invasive cancer, we modified the CUMS protocol
with longer time duration and milder daily stressors (Sup-
plementary Table 2). We found that both wild-type (WT)
and Hi-myc mice exhibited depressive behavior after
12 weeks of stress (Fig. 3b, ¢). Animals were sacrificed at
24-weeks of age, a time sufficient to allow the invasive
growth of prostate cancer. We observed that prostate
weights in stressed Hi-myc mice were significantly higher
than that in non-stressed Hi-myc mice (Fig. 3d). Interest-
ingly, we found that the dorsolateral prostate lobe (DLP),
ventral prostate lobe (VP), and anterior prostate lobe (AP)
were adhered to each other and difficult to separate in
stressed Hi-myc mice, whereas clear boundaries were
observed in non-stressed Hi-myc mice. Further experiments
with H&E staining and immunohistochemical staining of o-
SMA showed that the tumor was mostly restricted to the
smooth muscle in non-stressed Hi-myc mice. Strikingly, the
tumor was more invasive in stressed Hi-myc mice shown by
breaking through the basement membrane and infiltrating
into the stroma (Fig. 3e, f). Taken together, these findings
reveal that depression promotes prostate tumor invasion in
Hi-myc mice.

Depression activates FAK and induces an aligned
desmoplastic ECM in Hi-myc mice

Next, we examined the role of depression in FAK expres-
sion and phosphorylation in Hi-myc mice. We observed
significant up-regulation of FAK mRNA, protein and its
phosphorylation in stressed Hi-myc mice compared with
non-stressed Hi-myc mice (Fig. 4a—c). It has been reported
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Fig. 5 Norepinephrine promotes prostate cancer cell migration and
invasion mediated by FAK. a Cell migration assay of PC-3 cells in the
presence of 10 uM norepinephrine, 10 uM PF562 271 or 10 uM PF562
271 and 10 uM norepinephrine for 36 h. Bar: 500 um. b Cell invasion
assay of PC-3 cells in the presence of 10 uM norepinephrine or, 10 uM
PF562 271 or 10 uM PF562 271 and 10 uM norepinephrine for 24 h.
Bar: 500 um. ¢ Cell migration assay of shNC and shPTK2 expressing
PC-3 cells in the presence of 10 uM norepinephrine. Bar: 500 pm. d
Cell invasion assay of shNC and shPTK2 expressing PC-3 cells in the

that FAK phosphorylation increases MMPs via ERK acti-
vation, which are the key regulators in reforming ECM and
play an essential role in tumor invasion [14]. So, we
examined the expression of MMP-2 and MMP-9 by qPCR
and gelatin zymography. We found both the mRNA and the
active forms of MMP-2 and MMP-9 were significantly
increased in stressed Hi-myc mice (Fig. 4d, e). In further
support of depression-induced FAK activation promoting
prostate cancer invasion via MMPs, we looked at the
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presence of 10 uM norepinephrine. Bar: 500 um. e Staining of pY118
paxillin with anti-pY118 paxilin antibody and F-actin with phalloidin
of shNC and shPTK2 expressing PC-3 cells incubated with 10 uM
norepinephrine for 18 h. Bar: 5 um. f Western blot analysis of shNC
and shPTK2 expressing PC-3 cells treated with 10 uM norepinephrine
for 10 minutes. g MMP2 and MMP9 mRNA of shNC and shPTK2
expressing PC-3 cells after incubation with 10 uM norepinephrine for
6h assessed by qRT-PCR. The results were representative of three
independent experiments conducted in triplicate

characteristics of ECM by Masson’s trichrome staining. We
found abundant collagens in the ECM of Hi-myc mice
compared with WT mice. More importantly, stress
increased collagens, and remolded the ECM into a more
thick and straight form (Fig. 4f). In line with this, we
observed increased expression of the collagen-associated
genes ctgf and tgfbl in the stressed Hi-myc mice (Fig. 4g,
h). Thus, depression activates FAK and promotes prostate
cancer invasion via ECM remodeling.
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Fig. 6 Norepinephrine-induced activation of FAK is mediated by the
Bf2AR-cAMP-PKA pathway. a Western blot analysis of FAK phos-
phorylation in PC-3 cells treated with norepinephrine for different
times. b Western blot analysis of PC-3 cells treated with 10 uM nor-
epinephrine, 10 uM isoproterenol for 10 min and 10 pM propranolol
2 h before 10 uM norepinephrine treatment for 10 min in the presence
of propranolol. ¢ Immunofluorescence staining of pY397 FAK and F-
actin treated with 10 pM norepinephrine for 18 h and 10 uM propra-
nolol, 10uM atenolol or 10uM ICI118 551 2h before 10uM

Depression increases sympathetic nerve fiber
infiltration and elevates norepinephrine levels in Hi-
myc mice

Clinical evidence shows that nerve fiber density in the
tumor is correlated to poor clinical outcome [6]. Psycho-
logical depression is capable of activating the sympathetic
nervous system (SNS) [9]. So, we hypothesized
that depression could promote tumor progression and
invasion by increasing the nerve fiber densities in
prostate tissues. Using immunofluorescence staining of
neurofilament-L. (NF-L), we found the number of newly
formed nerve fibers was increased in stressed WT and Hi-
myc mice compared with those in non-stressed WT and Hi-
myc mice respectively (Fig. 4i). In addition, we quantified
the neurotransmitters in the prostate tissues. In agreement
with nerve fiber density, we found that norepinephrine
was significantly increased in the prostate of both stressed
mice. Other neurotransmitters, including dopamine, acet-
ylcholine, and corticosterone, showed no significant
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norepinephrine treatment for 18h in the presence of propranolol,
atenolol or ICI118 551 respectively. Bar: 5 um. d Western blot ana-
lysis of PC-3 cells treated with 10 uM norepinephrine for 10 min, or
10 uM atenolol or 10 uM ICI118 551 2 h before 10 uM norepinephrine
treatment in the presence of atenolol or ICI118,551 respectively. e
Western blot analysis of PC-3 cells treated with 10 uM forskolin for
10 min, or treated with 10 uM H-89 2 h before 10 uM norepinephrine
treatment in the presence of H-89. The experiments were performed at
least three times independently

statistical difference among the groups (Supplementary
Figures 4a-d).

FAK inhibition prevents norepinephrine-induced
prostate cancer cell migration and invasion

Norepinephrine has been reported to be associated with
tumor metastasis [24]. A study showed that norepinephrine
increased expression of MMP2 and MMP9 in DU145
xenograft tumor tissues [25]. To further confirm the role of
FAK in depression-promoted prostate cancer invasion and
ECM remodeling, we first examined the baseline expression
of FAK in prostate cell lines. We found that both FAK
mRNA and protein levels were 2-3 fold higher in 22Rvl,
DU145, and PC-3 cells than LNCaP cells (Supplementary
Figures 5a and b). Next, we used the FAK inhibitor PF562
271 2h before norepinephrine treatment. PF562 271 com-
pletely abrogated the effects of norepinephrine on PC-3 cell
migration and invasion (Fig. 5a, b). Furthermore, shPTK2
also completely blocked norepinephrine-induced PC-3 cell
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migration and invasion (Fig. 5c, d). Paxillin is a main
component of focal adhesions, phosphorylation of which by
FAK will lead to the assembly of F-actin fibers for cell
movement [26]. We found norepinephrine significantly
increased the phosphorylation of paxillin (Tyr118) and
enhanced F-actin reassembly in PC-3 cells transfected with
shNC. Downregulation of FAK by shPTK2 completely
abrogated theses effects (Fig. Se). In addition, we observed
that norepinephrine significantly increased FAK, paxillin,
ERK phosphorylation, and MMP2, MMP9 mRNA levels in
PC-3 cells transfected with shNC, but not in shPTK2 PC-3
cells (Fig. 51, g). Altogether, these results suggest that FAK
is a key molecule for norepinephrine-induced prostate
cancer cell migration and invasion. Knockdown of FAK not
only abrogated norepinephrine-induced paxillin phosphor-
ylation and cell skeleton remodeling, but also eliminated
MMPs. We next assessed whether p-paxillin and MMP
levels changed in clinical samples. We found both p-
paxillin and MMP levels increased in patients with high
degrees of depression (Supplementary Figure 6a).

Norepinephrine activation of FAK is mediated by
B2AR-cAMP-PKA pathway

We investigated the effect of norepinephrine on FAK
phosphorylation, and detected strongly increased phos-
phorylation of FAK Tyr397 during 2-h treatments with
norepinephrine reaching maximum at 10 min in PC-3 cells
(Fig. 6a). However, we detected only minimal phosphor-
ylation of FAK Tyr576/577 and no phosphorylation of FAK
Tyr925 upon norepinephrine treatment (Supplementary
Figure 7a). Similar effects were also observed in LNCaP
cells (Supplementary Figure 7b). Thus, norepinephrine
activates FAK mainly at Tyr397 in both androgen-
dependent and independent prostate cancer cells. To iden-
tify the receptor subtype mediating norepinephrine-induced
FAK activation, we treated PC-3 cells with nonspecific
adrenergic receptor activator isoproterenol or nonspecific §
adrenergic receptor blocker propranolol for 2h prior to
norepinephrine exposure. We found that, similar to
norepinephrine, isoproterenol induced FAK phosphoryla-
tion. Propranolol had no effect on FAK phosphorylation,
but blocked norepinephrine-induced FAK activation (Fig.
6b). We also examined the expression of beta-adrenergic
receptors in the cell lines we used. We found no significant
difference of each beta-adrenergic receptor between differ-
ent cell lines, however, p2 adrenergic receptor (B2AR)
levels were much higher than P1AR and f3AR
(Supplementary Figures Sc-h). We found that the 2AR-
specific  blocker ICI118 551 completely blocked
norepinephrine-induced FAK activation, however the
P1AR-selective blocker atenolol only partially blocked this
effect (Fig. 6c, d).

The P2AR activated by norepinephrine is known to
activate the cAMP/PKA pathway, which can lead to phos-
phorylation of tyrosine kinases. To determine whether the
activation of FAK by p2AR was mediated by cAMP/PKA
pathway, we examined the effects of forskolin, an adenylyl
cyclase activator and H-89, a PKA inhibitor on FAK acti-
vation. We found that forskolin significantly increased FAK
phosphorylation, whereas H-89 abolished norepinephrine-
induced FAK activation (Fig. 6e). Collectively, these results
show that norepinephrine activates FAK through the f2AR-
cAMP-PKA signaling pathway. There are several pathways
that lead from increased cAMP levels and PKA activation
to phosphorylation of tyrosines [27], including Tyr phos-
phorylation by PKA itself [28]. Which of these, or others
are involved in prostate cancer invasion, remains for future
studies.

Discussion

Since the publication of a pioneering study showing the
importance of psychological and behavioral dimensions of
illness [29], many studies have focused on the effects of
psychological distress on tumor progression [30, 31]. To
foster the clinical implications in cancer treatments, we
looked for degrees of psychological depression in 98
prostate cancer patients in order to identify the precise
characteristics of cancer that depression might impact. Here,
we provided evidence that instead of affecting primary
tumor growth, depression mainly promotes tumor invasion
into the vessels and metastasis in lymph gland or lung. We
found that FAK was activated in prostate cancer patients
with high depression score. Recently, FAK inhibitors, such
as PF562 271 and VS-4718, are in clinical development
(www.clinicaltrials.gov NCT00666926, NCT(01849744).
FAK is a non-receptor protein tyrosine kinase that is over-
expressed and activated in several advanced-stage solid
cancers [32]. The best-characterized mechanism for FAK
activation involves integrin receptor clustering upon cell
binding to ECM proteins [33]. However, whether FAK can
be affected by depression was largely uncertain. Early stu-
dies have identified adrenergic dependent activation of FAK
in ovarian cancer [34] and renal cell carcinoma [35]. Using
the Hi-myc mouse model, we found depression to sig-
nificantly increase sympathetic nerve infiltrations and ele-
vated norepinephrine levels in the prostate. For the first
time, we detected FAK activation in tumor samples of
patients with high depression scores and in the prostates of
stressed WT and Hi-myc mice. Furthermore, in cell line
experiments, we demonstrated that norepinephrine activates
FAK via the f2AR-cAMP-PKA signaling pathway. Genetic
or pharmaceutical inhibition of FAK  blocked
norepinephrine-induced cytoskeleton dynamics and ECM
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Fig. 7 The sympathetic-cAMP-FAK signaling pathway mediates
psychological depression-induced prostate cancer invasion and
metastasis. Depression induces signaling from the sympathetic nerve
and increases levels of norepinephrine, which facilitates prostate
cancer invasion and metastasis by FAK activation. The activation of

remolding. Taken together, our studies in multiple cell lines,
animal models, and primary prostate cancer samples sug-
gest that (i) Depression-promoted prostate cancer invasion
is mediated by FAK activation; (ii) FAK activation during
depression induces an invasive phenotype of prostate cancer
via regulation of the cell’s cytoskeleton and remolding of
the ECM by release of MMP2 and/or MMP9; (iii) FAK
activation during depression is mediated by the
sympathetic-cAMP signaling pathway (Fig. 7).

Because the nervous system can process environmental
stress and transmit signals to the whole body, the regulatory
roles of nervous system in immunity [36, 37] and hemato-
poiesis [38] have long been studied. Many studies have
reported that depression promotes tumor progression by
altering the tumor immunity [39] or vasculature [31, 40].
Recently, another tumor microenvironment factor, desmo-
plasia, i.e., increased production of dense ECM around
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FAK further mediates paxillin-induced cytoskeleton remodeling and
MMP-induced ECM remodeling, resulting in a vicious circle of FAK
activation. These effects may be blocked using f2AR inhibitors pro-
pranolol (PRO) and ICI118 551, and FAK inhibitor PF562 271

tumor cells, is reported to play a pivotal role in tumor
progression [41]. However, whether depression can alter
tumor fibroblasts and ECM have remained largely
unknown. Our findings provide new mechanistic insight
into the role of ECM remodeling in depression-induced
cancer invasion. We found depression to contribute to
sympathetic-FAK signaling promoting MMP2 and/or
MMP?9 release into the tumor environment, thus remodeling
ECM. Studies have reported that norepinephrine can induce
fibrosis in systemic sclerosis [42]. Similarly, we detected
increased fibroblasts and collagens in the stressed Hi-myc
mice compared to non-stressed Hi-myc mice. So, whether
and how depression may directly affect tumor desmoplasia
needs further investigation.

Our finding that depression significantly increased nerve
infiltration into prostate cancer provided new evidence for
the active role of nerve in tumor progression. Two landmark
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publications, one in prostate [6] and the other in gastric [43]
cancers, have demonstrated the direct stimulating role
of nerves in cancer progression by surgically cutting affer-
ent nerves, or injection of neurotoxic drugs. Before that,
nerves were considered as bystanders [44] or as a conduit
for tumor perineural invasion [45]. Using NF-L to mark
newly formed nerves, we found that the newly formed
nerve fibers were increased more than 2-fold in stressed
mice compared to non-stressed mice. Although studies have
shown that tumor cells can release nerve growth factors that
promote nerve-genesis in the tumor microenvironment [46],
to our understanding, we found for the first time that psy-
chological depression can stimulate nerve-genesis in the
prostate. Further studies need to investigate whether
depression can induce nerve-genesis in other organs. Recent
studies reported that chronic stress can enlarge lymphatic
vessels [31]. Besides, in tumor angiogenesis, the newly
formed vessels are curved and fragile [47]. So, new tech-
niques need to be applied in defining the characteristics of
nerve fibers in the tumor environment, especially in
depression situation.

Besides SNS activation, depression can also induce the
activation of the hypothalamic—pituitary—adrenal (HPA)
axis. Our findings showed that glucocorticoids were ele-
vated 20% in the prostate of stressed mice compared with
non-stressed mice (Supplementary Figure 4d). Glucocorti-
coids have been used in combination with chemotherapy in
men with metastatic prostate cancer for decades to prevent
adverse reactions. However, glucocorticoids may also
activate glucocorticoid receptor (GR) or mutated androgen
receptor (AR) and promote the occurrence of castration-
resistant prostate cancer (CRPC) [48]. We speculated glu-
cocorticoids may also promote depression-induced prostate
cancer invasion. However, we found no changes upon
dexamethasone treatment (Supplementary Figures 8a-c). In
a concurrent study, a randomized phase 2 trial of dex-
amethasone versus prednisolone in CRPC shows that both
dexamethasone and prednisolone are well tolerated in
treating men with advanced prostate cancer [49]. Several
points should be highlighted here. First, the concentration of
glucocorticoids in depression and in clinical use in the
prostate may not be enough to activate GR or mutant AR,
because we found no changes of PSA levels between
patients with low or high depression levels, and in non-
stressed versus stressed mice. Second, patients participating
in the clinical trials with combined use of glucocorticoids
are already in advanced prostate cancer or CRPC, so drug
resistance may still occur independently of glucocorticoid
use.

It is important to notice that exercise has been shown to
increase epinephrine, to mobilize NK cells and to suppress
inoculated B16F10 melanoma growth [50], which con-
tributes to the ambiguous effects of sympathetic signaling in

cancer. As depression is a type of chronic stress, exercise
can be regarded as an acute stress. The concentration and
duration of elevated epinephrine and/or norepinephrine are
relatively smaller and shorter in chronic stress than acute
stress. A relatively small increase in epinephrine is suffi-
cient to mobilize NK cells [51]. In addition, the treatment
duration in their work is much shorter. Apart from that,
neither subcutaneous inoculation nor tail vein injection of
B16F10 melanoma cells rely on the direct regulation of
nervous system when compared to spontaneous tumor or
orthotopic transplanted tumor models. Other studies show
that activation of PGC-lal-PPARa/d pathway during
exercise prevents depression by reducing kynurenine to
cross the blood-brain barrier [52]. Taken together, the
sympathetic signaling plays different roles in exercise and
depression. It is plausible that both exercise and reduction
of depression can inhibit tumor growth.

In conclusion, we found FAK activated by sympathetic-
cAMP-FAK signaling is pivotal for depression-promoted
prostate cancer invasion. Although systemic regulation of
the nervous system may bring complicated effects to the
whole body, local regulation of its downstream signaling
molecule FAK may provide a better opportunity to prevent
and treat the invasive prostate cancer.

Materials and methods
Clinical investigation

A total of 98 prostate cancer patients were studied at
Jiangsu Province Hospital of Traditional Chinese Medicine.
For evaluation of patient’s depression, a rating scale was
established by combining the Hamilton Depression Scale
(his-rating) and the PHQ-9 Depression Scale (self-rating).
The median score among all patients was considered as the
boundary for dividing high depression and low depression
patients. The studies were conducted in accordance with
International Ethical Guidelines for Biomedical Research
Involving Human Subjects (CIOMS), with the approval of
Jiangsu Province Hospital of Traditional Chinese Medicine
(Nanjing, China). All patients provided written informed
consent.

Reagents and antibodies

Norepinephrine (A7257), propranolol (P0884), and atenolol
(A7655) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Isoproterenol (1129810) from Aladdin
(Shanghai, China), ICI118 551 (S8114), forskolin (S2449),
PF-562 271 (S2890, formula: C21H20F3N703S) from
Selleckchem (Houston, TX, USA). H-89 (S1644) from
Beyotime (Nantong, Jiangsu, China).
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Anti-neurofilament light (NF-L) (AB9568) was pur-
chased from Millipore (Germany); anti-pY397FAK
(ab81298), anti-a-SMA  (ab5694), anti-pY 118Paxillin
(ab75740) from Abcam (Cambridge, MA, USA); FAK
antibody sampler kit (#9330), anti-pY 118Paxillin (#2541),
anti-Paxillin (#2542), anti-ERK (#4695), anti-p42/44ERK
(#4370), anti-MMP2 (#40994), anti-MMP9 (#13667) from
Cell Signaling Technology (Beverly, MA, USA); Alexa
Fluor 633 conjugated phalloidin (A22284), goat anti-rabbit
IgG (H+ L) secondary antibody (Alexa Fluor 488 con-
jugate; R37116) from Thermo Fisher (USA).

Cell culture and shRNA knockdown

PC-3 cells (Cobioer, Nanjing, China) were cultured in F12
Medium, 22Rvl cells (Cobioer, Nanjing, China) and
LNCaP cells (Cell bank of Chinese Academy of Sciences,
Shanghai, China) were cultured in RPMI-1640 Medium. All
cell lines were cultured in medium supplemented with 10%
fetal bovine serum (Sigma) and 1% Penicillin-Streptomycin
(Gibico) at 37 °C in a humidified 5% CO, incubator. All
cell lines were authenticated by the STR (Short Tandem
Repeat) profiling and tested for and confirmed a lack of
mycoplasma using GMyc-PCR Mycoplasma Test Kit
(YeSen, Shanghai, China; 40601ES10). sh-hPTK2-Luc-
Puro and sh-negative control (NC)-Luc-Puro lentiviruses
were purchased from HanBio Technology Co. Ltd. (Han-
Bio, Shanghai, China). Lentivirus infections were per-
formed according to the manufactures’ instructions.

Animals and stress procedures

For the orthotopic xenograft model, BALB/c nude mice
(6 weeks old) purchased form Charles River (Beijing,
China) were allocated into groups of equal average baseline
body weight and baseline sucrose intake in sucrose pre-
ference test (SPT) prior to chronic mild unpredictable stress
(CUMS) treatments. Chronic stress procedure was per-
formed as described [30, 31, 40]. Briefly, stressed mice
were restrained for 2 h every day for 2 weeks before tumor
transplantation, and continued to be restrained daily for
5 weeks. Xenograft tumors were monitored by biolumi-
nescence images acquired using an IVIS Spectrum imaging
system at the Nanjing Medical University Animal Center.
For transgenic animal experiments, the Hi-myc mice (FVB-
Tg (ARR2/Pbsn- MYC) 7Key, strain number: 01XK8) were
obtained from the Mouse Repository of the National Cancer
Institute, USA [53]. Mice were genotyped by PCR for Myc
presence using mouse genomic DNA from tail biopsies.
Stressed mice were housed singly and subjected to CUMS
paradigm (Supplementary Table 2). All animal experiments
were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
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Animals, with the approval of Center for New Drug Eva-
luation and Research, China Pharmaceutical University
(Nanjing, China). Sample sizes for animal in each group
were determined based on previous studies in nu/nu mice
and Hi-myc mice [6, 31, 40] for obtaining enough samples
for protein extraction, RNA extraction, and pathological
examination.

Behavior tests

Investigators were blinded to group allocation when asses-
sing animal behaviors. During the SPT, mice were given
access to water and 1% sucrose solution at the same time.
The preference for sucrose was measured as a percentage of
the consumed sucrose solution relative to the total amount
of liquid intake. During tail suspension test (TST),
mice were individually suspended by the distal portion of
their tails with adhesive tape for a period of 6 min. The
duration of immobility was scored for the last 4 min. During
forced swim test (FST), each mouse was placed in a
cylinder container containing 20 cm of water. The duration
of immobility was scored for the last 4 min in a 6-min
period.

Histologic staining

Investigators were blinded to group allocation in animal
tissue pathological examination. For histologic examina-
tion, the prostate tissue from each animal were fixed in
neutral 10% formalin for 24 h, embedded in paraffin and cut
into 4-um-thick sections, then stained with H&E. Masson’s
Trichrome staining kits (Catalog number: D026) were
purchased from Nanjing Jiancheng Bioengineering Institute
and performed according to manufacturer’s instructions.
Immunohistochemistry and immunoflurocence were per-
formed as previously described [54].

Western blot

Western blot was performed as previously described [54].
Quantitative PCR

Quantitative PCR was performed as previously described
[55]. Primer sequences were listed in Supplementary Table
3.

Wound-healing and cell invasion assays

For the wound-healing assay, confluent prostate cell
monolayers were wounded by scratching a pipette tip from

the top to the bottom of the well. Then images were taken of
the whole length of the wound at the indicated time points
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using a Leica DMI 3000 B microscope. For cell invasion
assay, cells in media containing 2% FBS were seeded into
the top chamber of an 8 um pore transwell insert (Corning,
NY) coated with Matrigel (BD Biosciences) (1 x 10* cells/
well/100 ul) in a 24-well plate. Medium containing 20%
FBS was added to the bottom chamber and cells were
allowed to migrate for indicated time. Cells that had not
migrated were wiped from the top of the chamber. The
chambers were fixed with 10% TCA, stained with 0.4%
SRB (Sulforhodamine B) (Sigma, USA) for 30 min and
washed five times with 1% acetic acid. Images were taken
using a Leica DMI 3000 B microscope.

Statistical analysis

All data analysis in this study was carried out using
GraphPad Prism 5 or SPSS Statistics 19. All data represent
multiple independent experiments conducted in triplicate
and were represented as mean+ SEM unless otherwise
indicated. Statistical analyses were indicated in the figure
legends. The association between depression levels and
clinical and pathologic outcomes was calculated using chi-
square correlations and multivariable Cox regression ana-
lysis. P<0.05 was considered statistically significant. The
data met the assumptions of the tests. No samples or ani-
mals were excluded from the analysis.
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