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Abstract

The DEPTOR-mTORC1/2 axis has been shown to play an important, but a context dependent role in the regulation of
proliferation and the survival of various cancer cells in cell culture settings. The in vivo role of DEPTOR in tumorigenesis
remains elusive. Here we showed that the levels of both DEPTOR protein and mRNA were substantially decreased in human
prostate cancer tissues, which positively correlated with disease progression. DEPTOR depletion accelerated proliferation
and survival, migration, and invasion in human prostate cancer cells. Mechanistically, DEPTOR depletion not only activated
both mTORCI1 and mTORC?2 signals to promote cell proliferation and survival, but also induced an AKT-dependent
epithelial-mesenchymal transition (EMT) and f-catenin nuclear translocation to promote cell migration and invasion.
Abrogation of mTOR or AKT activation rescued the biological consequences of DEPTOR depletion. Importantly, in a
Deptor-KO mouse model, Deptor knockout accelerated prostate tumorigenesis triggered by Pten loss via the activation of
mTOR signaling. Collectively, our study demonstrates that DEPTOR is a tumor suppressor in the prostate, and its depletion
promotes tumorigenesis via the activation of mMTORC1 and mTORC?2 signals. Thus, DEPTOR reactivation via a variety of

means would have therapeutic potential for the treatment of prostate cancer.
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Introduction

Prostate cancer is one of the most common cancers, and
the second leading cause of death among male cancer
patients [1]. The progression of prostate cancer includes
intraepithelial neoplasia, adenocarcinoma in situ, invasive
carcinoma, and metastasis [2]. Radiotherapy and hormone
therapy are commonly served as primary treatments for
patients with prostate cancer. However, a considerable
proportion of patients respond poorly to both therapies and
then progress to metastatic disease [3, 4]. Therefore, more
novel and effective targeted therapies are greatly in high
demand. Due to the diverse genomic aberrations in pros-
tate cancer, multiple targeted therapies are being investi-
gated for advanced prostate cancer, such as androgen
receptor antagonists [5], AKT inhibitors [6], and PARP
inhibitors [7]. Thus, a better understanding of the
mechanisms underlying the genesis and progression of
prostate cancer would facilitate the discovery of novel
targeted therapies that are effective for a significant
number of patients.

Genetic alterations in the phosphoinositide 3-kinase
(PI3K)/AKT pathway frequently occur in prostate cancer,
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which mediates tumor maintenance and progression [8].
Previous studies have demonstrated that the hyperactivation
of the PI3K/AKT pathway appeared in almost all advanced
prostate cancers, mainly occurring through the loss of
PTEN [8-11], which results in resistance to hormone ther-
apy and poor prognosis [12]. Therefore, developing novel
targets against the PI3K/AKT pathway has great application
potential for PTEN-deficient prostate cancer.

Mammalian target of rapamycin (mTOR) is an evolu-
tionarily conserved serine/threonine protein kinase that
belongs to the PI3K/AKT/mTOR pathway. It plays crucial
roles in integrating both intracellular and extracellular sig-
nals, thus regulating cell growth, proliferation, survival,
autophagy, and metabolism [13-15]. It is well known that
mTOR forms two complexes that are distinctive in structure
and function, namely, mTORC1 and mTORC2 [13-15].
Upon stimulation with growth factors, nutrients, and other
stresses, mMTORCI functions as the central regulator of the
signaling hub and mainly promotes cell growth and protein
translation by phosphorylating S6K1 and 4E-BP1 [16].
Unlike mTORC1, mTORC?2 regulates metabolism, survival,
cytoskeletal organization, and cell mobility, mainly through
activating AKT by phosphorylation at serine 473 [13-15].
Loss of either mTOR or AKT significantly suppresses
prostate tumorigenesis in a PTEN-deficient model, sug-
gesting that mTOR pathway is an attractive target for cancer
treatment [17, 18]. Indeed, mTORCI1 inhibitors, rapamycin
and its analogs, such as everolimus, have been approved as
anticancer agents [19, 20].

DEPTOR, a common component found in both the
mTORC1 and mTORC2 complexes, directly binds to
mTOR to block the activities of both complexes [21]. As a
naturally occurring inhibitor of both complexes, DEPTOR
functions as a putative tumor suppressor by suppressing
protein synthesis, cell growth, proliferation, and survival.
Paradoxically, DEPTOR acts as an oncoprotein under cer-
tain circumstances [16, 21, 22]. DEPTOR overexpression in
multiple myeloma [21], as well as in hepatocellular carci-
noma and thyroid carcinoma, is correlated with poor
prognosis [23, 24]. Therefore, defining the role of DEPTOR
in specific cancer types, and whether it is acting as a tumor
suppressor or an oncoprotein, would help to uncover the
mechanism underlying tumorigenesis and tumor progres-
sion; thus, it would aid in the design of personalized
treatments for cancer patients.

In this study, we report that DEPTOR expression was
significantly decreased in human prostate cancer tissues at
both the protein and mRNA levels, and positively correlated
with prostate cancer progression. DEPTOR depletion pro-
moted proliferation, survival, cell migration, and invasion
of prostate cancer cells, as a result of mTORCI and
mTORC?2 activation. More importantly, the suppressive role
of DEPTOR in prostate tumorigenesis was further
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confirmed using a Deptor-knockout (KO) mouse model in
combination with a heterozygous Pfen deletion. Thus,
DEPTOR inhibits prostate tumorigenesis by inactivating
mTOR signals, suggesting the potential use of mTOR
inhibitors to treat prostate cancer with low DEPTOR
expression.

Results

DEPTOR expression is decreased in human prostate
cancer tissues

As a natural inhibitor of mTORC1 and mTORC?2, DEP-
TOR is generally considered as a tumor suppressor, which
promotes protein synthesis, cell growth and survival.
However, DEPTOR could act as an oncogene under cer-
tain circumstances due to its relief of feedback inhibition
to PI3K [16, 21, 22]. To explore the specific role of
DEPTOR in prostate tumorigenesis, we examined poten-
tial alterations of DEPTOR expression in prostate tumor
tissues compared with adjacent normal tissues. We first
examined the specificity of DEPTOR antibody in immu-
nohistochemistry (IHC) assay, using a blocking peptide
(Supplementary Fig. 1A). Our result clearly showed that
the blocking peptide significantly reduced the DEPTOR
staining in human prostate cancer tissues (Supplementary
Fig. 1A). The antibody specificity was further confirmed
by complete lack of DEPTOR staining in prostate cancer
cells transfected with sgDEPTOR (Supplementary
Fig. 1B), and in vivo xenografts, derived from cells with
shDEPTOR transfection (Supplementary Fig. 1C). Thus,
this DEPTOR antibody has good specificity and suitable
for IHC staining of human cell and tissue samples. Next,
we performed immunostaining with this antibody on
prostate tissue microarrays, which consist of 59 pairs of
tumor and tumor-adjacent normal tissues. Based on the
staining intensity and the percentage of cells with positive
staining, tissues were classified into four groups (0,
negative; 1, weak; 2, moderate; and 3, strong staining) for
the intensity score and five groups (0, 0%; 1, <10%; 2,
11-50%; 3, 51-80% and 4, 281%) for the percentage
score. The IHC score for DEPTOR was calculated by
multiplying the percentage score by the intensity score. In
40 out of all 59 cases, DEPTOR expression was lower in
tumor tissues (40/59, 67%) than in corresponding tumor-
adjacent normal tissues (Fig. la). Statistical analysis by
Wilcoxon rank sum test between the IHC scores of pros-
tate tumor tissues and corresponding tumor-adjacent nor-
mal tissues showed that DEPTOR expression was
significantly decreased in prostate cancer (p=0.041)
(Fig. 1b). Consistently, the statistical analysis of TPM
(transcripts per million) data obtained from TCGA
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Fig. 1 DEPTOR expression is decreased in prostate tumor tissues
compared with their corresponding tumor-adjacent normal tissues. a, b
The expression of DEPTOR protein is significantly reduced in human
prostate cancer tissues. Prostate tissue microarrays containing 59
tumor tissues (T) and their corresponding tumor-adjacent normal tis-
sues (N) were stained for DEPTOR expression. Representative images
of DEPTOR staining are shown (a). Scale bars: 100 um. Each ITHC
picture is shown in better resolution at the lower left corner. Scale bars:

database [25], consisting of 497 prostate tumor tissues and
52 normal tissues, showed that DEPTOR expression at the
mRNA level was also significantly decreased in prostate
cancer tissues, compared with that of normal tissue (p <
0.001) (Fig. 1c). Moreover, lower DEPTOR levels were
shown in tumor tissues with high Gleason score (n =22,
Gleason score>8) from 89 prostate cancer patients,
whereas higher DEPTOR levels were shown in the tissues
with low Gleason score (n = 67, Gleason score<7) (p =
0.018) (Fig. 1d), suggesting that the decrease of DEPTOR
expression is associated with prostate cancer progression.
Taken together, DEPTOR reduction in prostate cancer
tissues and its correlation with disease progression suggest
that reduced DEPTOR expression could contribute to the
development of human prostate cancer.

30 um. DEPTOR expression was evaluated using the IRS system
according to the staining intensity and the percentage of positive cells
(b). The Wilcoxon rank sum test was utilized to assess the DEPTOR
expression from 59 pairs of prostate tissue samples. p =0.041.
¢ DEPTOR transcript is significantly reduced in primary prostate
tumors compared with normal tissues from TCGA database. p <0.001.
d The association of DEPTOR expression in prostate tumor tissues
from 89 patients with Gleason score

DEPTOR depletion promotes cell proliferation and
survival, and activates mTORC1/2 signals in prostate
cancer cells

Given that DEPTOR expression is decreased in human
prostate cancer tissues, we next determined the role of
DEPTOR in the proliferation and survival of prostate cancer
cells. First, we measured the levels of DEPTOR in multiple
prostate cancer cells and found that DUI145 and
22RV1 cells have high expression of DEPTOR and low
phosphorylation of S6K1 and AKT (Supplementary Fig. 2).
Interestingly, although 22RV1, Ala-41, DU145, and LNCap
cell lines express comparable levels of DEPTOR, their
levels of AKT and S6K1 phosphorylation are variable
(Supplementary Fig. 2), likely due to different PTEN status
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Fig. 2 DEPTOR knockout promotes cell proliferation and clonogenic
survival and the activation of S6K1 and AKT in prostate cancer cells.
a DEPTOR knockout promotes the proliferation of prostate cancer
cells. DEPTOR-knockout DU145 and 22RV1 cells were generated via
CRISPR/Cas9 technology. Cells were seeded in 96-well plates in tri-
plicate and then subjected to an ATPlite-based cell proliferation assay.
Cell proliferation is expressed as the fold change compared with that at
day 1. The mean+ SEM are shown from three independent experi-
ments, n=3; **p<0.01; ***p<0.001. b DEPTOR knockout pro-
motes clonogenic survival of prostate cancer cells. Cells were seeded

in these cells (e.g., 22RV1 harboring PTEN™", DU145
harboring PTEN""~, whereas LNCap harboring PTEN ")
[26]. Thus, we next chose DU145 and 22RV1 cells to
generate DEPTOR depleted cells via a CRISPR/Cas9-based
approach and found that DEPTOR depletion significantly
promoted cell proliferation in two individual colonies of
sgDEPTOR cells in both prostate cancer cell lines, com-
pared with that in sgCtrl cells (Fig. 2a). Likewise, the
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in 60-mm dishes at 500 cells per dish in triplicate and were incubated
for 7-14 days, followed by staining (left) and colony counting (right).
The mean + SEM are shown from three independent experiments; n = 3;
##%p < 0.001. ¢ DEPTOR knockout causes increased phosphorylation
of the mTORC1 and mTORC2 downstream effectors, S6K1 and AKT,
respectively. Cells were harvested for western blotting using the
indicated antibodies. The band density was quantified and expressed as
the relative gray value (compared with the control), by arbitrarily
setting the control value as 1

clonogenic formation assay indicated that DEPTOR deple-
tion also significantly enhanced cell survival, as evidenced
by higher rate of colony formation in sgDEPTOR cells
(Fig. 2b). Moreover, increased phosphorylation of S6K1
and AKT, the downstream effectors of the mTORC]1 and
mTORC2 complexes [13, 16], respectively, was observed
in sgDEPTOR cells (Fig. 2c). Further, DEPTOR knock-
down by siRNA oligos targeting DEPTOR promoted cell



DEPTOR is an in vivo tumor suppressor that inhibits prostate tumorigenesis via the inactivation of... 1561

proliferation and clonogenic survival in both DU145 and
22RV1 cells (Supplementary Fig. 3A, B). Compared with
complete DEPTOR depletion on cell proliferation, the
effect of silencing of DEPTOR by siRNA oligos decreased
to a lesser extent (Supplementary Fig. 3A, B) and at later
time points (Supplementary Fig. 3A), likely due to the
incomplete depletion of the DEPTOR protein (Supple-
mentary Fig. 3C). Consistently, the phosphorylation of
S6K1 and AKT was also increased upon DEPTOR
knockdown (Supplementary Fig. 3C). Taken together, our
results suggest that DEPTOR depletion or knockdown
promotes the proliferation and survival of prostate cancer
cells, which is accompanied by the activation of mTORCI1
and mTORC?2 signals.

Torin-1, a dual inhibitor of mMTORC1 and mTORC2,
rescues the proliferation-promoting effect of
DEPTOR depletion

We next investigated whether the activation of mTORC1/
2 signals plays a causal role in enhanced cell proliferation
and survival by DEPTOR depletion. We treated DU145
cells with Torin-1, a synthetic small molecule inhibitor of
mTORC1 and mTORC2 [27, 28]. We first determined
that the lowest concentration of Torin-1 that significantly
reduced the phosphorylation of S6K1 and AKT as read-
out for inhibition of mTORC1 and mTORC2, was
100 nM in DU145 cells (Supplementary Fig. 4). We then
treated sgDEPTOR cells with Torin-1 and observed sig-
nificantly decreased cell proliferation and clonogenic
survival (Fig. 3a, b), indicating a rescue effect of Torin-1.
Meanwhile, the immunoblotting result confirmed that
Torin-1 indeed inactivated mTORC1 and mTORC2, as
reflected by reduced phosphorylation of S6K1 and AKT
(Fig. 3c¢).

Finally, we performed a rescue experiment to exclude
possible off-target effects of sgDEPTOR due to CRISPR/
Cas9 technology. We infected sgDEPTOR cells with
retrovirus expressing DEPTOR and found that stably
expressing exogenous DEPTOR significantly blocked the
promotion of cell proliferation and survival by DEPTOR
depletion (Fig. 3d, e). Meanwhile, ectopic DEPTOR
expression also inactivated mTORCI, as reflected by
reduced phosphorylation of S6K1 (Fig. 3f). However, it
had no effect on the activation of mTORC?2, as reflected
by no change of AKT phosphorylation. Notably, Torin-1
treatment totally blocked S6K1 phosphorylation, but
moderately reduced AKT phosphorylation (Fig. 3c),
which is likely due to the relief of feedback inhibition to
PI3K. Collectively, these results indicated that activation
of mMTORC1 and mTORC2 by DEPTOR depletion plays
a causal role in the promotion of cell proliferation and
survival.

DEPTOR deletion enhances cell migration and
invasion in prostate cancer cells

Previous studies have shown that DEPTOR levels are
reduced in metastatic cancer cells (e.g., endometrial cancer
tissues and breast cancer cells), and DEPTOR reduction or
depletion promotes EMT (epithelial-mesenchymal transi-
tion), whereas its overexpression represses this process [22].
We next explored whether DEPTOR depletion had any
effects on cell migration and invasion in this context, since
aberrant activation of the PI3K/AKT pathway in cancers not
only promotes cell growth and proliferation but also leads to
tumor metastasis via promoting EMT during prostate cancer
progression [29]. Indeed, DEPTOR depletion or knock-
down (Supplementary Fig. SA) promoted cell migration, as
evidenced by the increase of migratory cells in the transwell
migration assay (Fig. 4a, b, and Supplementary Fig. 5B),
and a faster wound healing (Supplementary Fig. 5C, D).
Consistently, cell invasion detected by the transwell inva-
sion assay was also increased upon DEPTOR depletion
(Fig. 4c, d, and Supplementary Fig. SE).

To investigate the potential molecular mechanisms by
which DEPTOR regulates cell migration and invasion, we
measured potential alterations of EMT markers, including
E-cadherin, a well-characterized epithelial marker, and N-
cadherin and Vimentin, two well-known mesenchymal
markers [30, 31]. Consistent with enhanced cell migration
and invasion, decreased levels of E-cadherin and increased
levels of N-cadherin and Vimentin were found upon DEP-
TOR depletion (Fig. 4e, f). Thus, cell migration and inva-
sion stimulated by DEPTOR depletion are likely due to the
enhanced EMT in prostate cancer cells. To determine
whether the enhancement of EMT is caused by mTORCI or
mTORC?2 activation upon DEPTOR depletion, we treated
cells with Torin-1 (inhibiting both mTORC1 and mTORC2)
or rapamycin (only inhibiting mTORCI1) and tested the
alterations of EMT markers. We found that the decreased E-
cadherin and increased N-cadherin and Vimentin upon
DEPTOR depletion were abrogated by Torin-1, but not by
rapamycin (Fig. 4g, h). Collectively, these results strongly
suggest that EMT is promoted by mTORC?2 activation upon
DEPTOR depletion.

AKT inhibitor MK-2206 rescues migration-
promoting effect of DEPTOR depletion

The expression of epithelial markers is negatively regulated
by several transcriptional repressors, including the Snail
family, ZEB family, LEF-1, and Twist [30, 31]. Previous
studies showed that inhibition of AKT and mTORC2
decreased Snail expression to induce E-cadherin transcrip-
tion, thus suppressing EMT [32, 33]. To investigate how
DEPTOR affects E-cadherin expression, we detected the
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DEPTOR depletion, the levels of Slug, ZEB1, and LEF-1
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« Fig. 3 The cell proliferation and survival induced by DEPTOR

knockout are abrogated by mTOR inhibitor Torin-1 and exogenous
DEPTOR. a Torin-1 treatment abrogates the induction of cell pro-
liferation by DEPTOR knockout. DU145 cells were seeded in 96-well
plates in triplicate. Cells were treated with Torin-1 (100 nM) or were
left untreated and were subjected to an ATPlite-based cell proliferation
assay. Cell proliferation is expressed as the fold change compared with
that at day 1. The mean+SEM are shown from three independent
experiments; n = 3; ***p <(0.001. b Torin-1 treatment abrogates the
increased colony survival upon DEPTOR knockout. Cells were seeded
in 60-mm dishes at 500 cells per dish and treated with DMSO or
Torin-1 the following day. After 7-14 days, cell colonies were stained
(left) and counted (right). The mean+SEM are shown from three
independent experiments; n =3; **¥p <0.001. ¢ mTOR activation
upon DEPTOR knockout is blocked by Torin-1 treatment. Cells were
treated with DMSO or Torin-1 for 12 h, followed by western blotting.
d Exogenous DEPTOR expression abrogates the induction of cell
proliferation by DEPTOR knockout. DU145 cells were infected with
retrovirus expressing mock vector or DEPTOR, and then selected for
stable expression with puromycin. Cells were seeded in 96-well plates
in triplicate and then subjected to an ATPlite-based cell proliferation
assay. Cell proliferation is expressed as the fold change compared with
that at day 1. The mean+SEM are shown from three independent
experiments; n = 3; **p <0.01; ***p <0.001. e Exogenous DEPTOR
expression abrogates the increase in colony survival upon DEPTOR
knockout. Cells were seeded in 60-mm dishes at 500 cells per dish.
After 7-14 days, cell colonies were stained (left) and counted (right).
The mean + SEM are shown from three independent experiments;
n=3; *p <0.01; ***p <0.001. f mMTORCI activation upon DEPTOR
knockout is blocked by exogenous DEPTOR expression. Cells were
harvested for western blotting using the indicated antibodies. The band
density was quantified and expressed as the relative gray value
(compared with the control), by arbitrarily setting the control
value as 1

were significantly decreased and Twist was undetectable in
DU14S5 cells; the levels of Slug and Twist were significantly
decreased, LEF-1 levels were significantly increased, and
ZEB1 was undetectable in 22RV1 cells. Taken together,
these results suggest that the increase of Snail likely plays a
major role in promoting EMT in prostate cancer cells upon
DEPTOR depletion. Mechanistically, DEPTOR depletion
had minor, if any, effects on the mRNA levels of Snail
(Fig. 5b), but significantly extended the protein half-life of
Snail (Fig. 5c), which may result from the activation of
mTORC?2, which can block GSK3-dependent Snail degra-
dation [34, 35].

In addition, it has been previously shown that AKT could
trigger nuclear translocation of -catenin, a critical regulator
of cancer cell invasion, to transactivate the expression of
downstream target genes, thus promoting cell migration and
invasion [30]. Indeed, we found that the levels of nuclear
p-catenin were remarkably increased upon DEPTOR
depletion (Fig. 5d). These data suggest that AKT activation
upon DEPTOR depletion induces Snail expression on one
hand, and triggers f-catenin nuclear translocation on the
other hand.

We next used MK-2206, an allosteric inhibitor of AKT, to
determine whether AKT activation indeed plays a causal role

in enhanced migration and invasion by DEPTOR depletion.
Indeed, MK-2206 partially abrogated the promoting effect of
DEPTOR depletion in cell migration and invasion (Fig. 5e, f).
Mechanistically, MK-2206 reversed Snail induction (Fig. 5g)
and P-catenin nuclear translocation in both DU145 and
22RVI1 cells (Fig. 5Sh). However, MK-2206 had minor, if any,
effects on the levels of Slug, ZEB1, LEF-1, and Twist upon
DEPTOR depletion, suggesting that alterations of these pro-
teins upon DEPTOR depletion are independent on AKT
activation (Fig. 5g). Taken together, these results demon-
strated that AKT activation plays a causal role in migration-
promoting effect of DEPTOR depletion by inducing Snail
expression and f-catenin nuclear translocation.

Deptor disruption induces prostate tumorigenesis
via the activation of mTORC1 and mTORC2 signals
in vivo

Having identified the reduction of DEPTOR expression in
human prostate cancer tissues and its important role in the
proliferation, survival, migration, and the invasion of
prostate cancer cells in cell culture settings, we next deter-
mined whether DEPTOR depletion played a causal role in
in vivo prostate tumorigenesis, triggered by heterozygous
deletion of PTEN. To this end, we generated a Deptor-KO
mouse model by Cre-driven deletion of exons 6 and 7 of the
Deptor allele (Supplementary Fig. 6A), leading to removal
of the PDZ domain responsible for the interaction with
mTOR [21]. Thus, this Deptor-KO strain can be used as a
physiological model to investigate mTOR-dependent func-
tions of DEPTOR, although it remains to express an N-
terminal portion of Deptor with 2 DEP domains with some
possible, but unknown mTOR-independent functions. Mice
with three Deptor genotypes (Deptor™", Deptor™~, and
Deptor™") were identified and confirmed by PCR geno-
typing (Supplementary Fig. 6B). Western blotting also
confirmed a partial and complete elimination of Deptor
protein in Deptor™~ and Deptor”~ mice, respectively
(Supplementary Fig. 6C). The genotyping of 356 offspring
at the age of 5 weeks or older from Deptor™~ mice inter-
crossing revealed that the ratio of Deptor™":Deptor~:
Deptor™~ was ~1:2:1 (Supplementary Fig. 6D), suggesting
that Deptor is dispensable to embryonic development.
Meanwhile, the size (Supplementary Fig. 6E) and the body
weight (Supplementary Fig. 6F) of the mice at the age of
~3 weeks among the three genotypes showed no significant
difference, which is consistent with the findings using
whole-body Depror-KO mice with the deletion at the exon 2
[36]. These results indicate that Deptor disruption does not
cause embryonic and postnatal death.

The viability of Deptor ™~ mice provided us an oppor-
tunity to study the role of Deptor in prostate tumorigenesis.
It is well established that PTEN functions as a direct
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Fig. 4 DEPTOR knockout enhances cell migration and invasion in
prostate cancer cells, and Torin-1 abrogates the alterations of EMT
markers upon DEPTOR depletion. a, b DEPTOR knockout promotes
the migration of prostate cancer cells. DU145 (a) and 22RV1 cells (b)
were transfected with the indicated sgRNA and then subjected to
transwell migration assays. Representative images of migratory cells at
12-24 h are shown (left, a and b). The number of migratory cells was
counted in five random fields per chamber insert (right, a and b). The
mean + SEM from three independent experiments are shown; n=3;
*#%p<(0.001. ¢, d DEPTOR knockout promotes the invasion of
prostate cancer cells. Cells were seeded into a 24-well plate chamber
insert with Matrigel matrix and incubated for 12-24 h, followed by

antagonist of PI3K activation and its genomic aberrations are
one of the most commonly altered pathways in prostate
cancer [37]. While homozygous loss of Pten causes
embryonic lethality, heterozygous deletion is viable, but
prone to the development of prostate cancer due to the
moderate activation of PI3K/AKT/mTOR signaling [38]. We
therefore tested the in vivo role of Deptor in prostate tumor-
igenesis triggered by Pten heterozygous loss. We crossed
Deptor™™ mice with Pren™~ mice to generate compound
mice with genotypes of Deptor™";Pten™~ and Deptor™";
Pten™~ mice in a mixed 129/B6 background. Although
genetic background was reported to affect the prevalence of
prostate cancer [39], we found, however, that it has minimal
effect on the formation of prostate tumor, if Deptor is deleted
in combination with heterozygous Pten loss. Specifically,
in all tested pairs of mice derived from three independent
litters at the age of 13—16 months, the size of the prostates of
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imaging (left). The invasive cells in five random fields per chamber
insert were counted (right). The mean + SEM from three independent
experiments are shown; n =3; ***p <(0.001. e, f DEPTOR knockout
induces EMT in prostate cancer cells. DU145 (e) and 22RV1 (f) cells
transfected with the indicated sgRNA were subjected to western
blotting using the indicated antibodies. g, h Torin-1, but not rapamycin
rescues the alterations of EMT markers upon DEPTOR depletion.
DU145 (g) and 22RV1 (h) cells were treated with Torin-1 or rapa-
mycin for 12 h and then subjected to western blotting using the indi-
cated antibodies. The band density was quantified and expressed as the
relative gray value (compared with the control), by arbitrarily setting
the control value as 1

Deptor ™~ ;Pten™’~ mice, compared with those of Deptor™*;
Pten™~ mice, was much larger, and enlarged mass was
covered with rich vascular anastomose, accompanied with
hepatomegaly and focal tumor necrosis (Fig. 6a, Supple-
mentary Fig. 7A). The H&E and immunohistochemical
staining of tissue sections showed that prostate tumor tissues
lost the glandular structures and were filled with many Ki67-
positive proliferating cells (Fig. 6b, ¢ and Supplementary
Fig. 7B). Thus, Deptor loss significantly promoted prostate
tumorigenesis triggered by Pten heterozygous loss.

We next determined whether mTORC1 and
mTORC?2 signals were activated in Depfor-null prostate
tumors. Indeed, the phosphorylation of S6, 4E-bpl, and
Akt, the downstream effectors of the mTORC1/2 pathways,
were all significantly increased in the prostate tumors from
Deptor™~;Pten™~ mice, as compared with those from
Deptor™*;Pten™™ mice (Fig. 6d). Thus, Deptor deletion
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further activates mTORC1 and mTORC2 signals, which
promotes prostate tumorigenesis.

Discussion

In this study, using human prostate cancer tissues and cell
culture, as well as mouse KO model, we showed that
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DEPTOR plays a tumor suppressive role in the prostate by
inactivating both mTORC1 and mTORC2 signals. Our
conclusion is supported by the following lines of evidence:
(1) Reduced expression of DEPTOR mRNA and protein
was seen in human prostate cancer tissues, which directly
correlated with disease progression; (2) DEPTOR depletion
promoted cell proliferation and survival via the activation of
S6K1 and AKT; (3) Dual mTORC1/2 inhibitor Torin-1
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Fig. 5 The induction of cell migration and invasion by DEPTOR
depletion is abrogated by the AKT inhibitor MK-2206. a DEPTOR
knockout causes the accumulation of Snail. Cells transfected with the
indicated sgRNA were subjected to western blotting using the indi-
cated antibodies. b, ¢ DEPTOR knockout has minor effects on Snail
mRNA levels, but extends Snail protein half-life. Cells were harvested
for RT-qPCR analysis (b), or treated with CHX for various time
periods, followed by western blotting (c). Densitometry quantification
was performed with Image J, and the decay curves are shown (right, c).
d DEPTOR knockout increases nuclear translocation of p-catenin.
Cells transfected with the indicated sgRNA were subjected to nuclear
fractionation, followed by western blotting using the indicated anti-
bodies. PARP and Pro-caspase 3 served as markers of the nuclear and
cytoplasmic fractions, respectively. e, f MK-2206 treatment abrogates
the induction of cell migration and invasion by DEPTOR depletion.
Cells were treated with MK-2206 or left untreated, and then subjected
to transwell migration (e) and invasion (f) assays. Representative
images of migratory and invasive cells are shown (left, e and f). The
number of migratory and invasive cells was counted in five random
fields per chamber insert (right, e and f). The mean + SEM from three
independent experiments are shown; n=3; *p<0.05, **p<0.01;
**%p <0.001. g The induction of Snail upon DEPTOR knockout is
reversed by MK-2206 treatment. Cells were treated with MK-2206 for
12h or left untreated, followed by western blotting. h f-catenin
nuclear translocation induced by DEPTOR knockout is partially
inhibited by MK-2206 treatment. Cells were treated with MK-2206 or
left untreated and then subjected to nuclear fractionation, followed by
western blotting. The band density was quantified and expressed as the
relative gray value (compared with the control), by arbitrarily setting
the control value as 1

abrogated the proliferation-promoting effect of DEPTOR
depletion; (4) DEPTOR depletion promoted migration and
invasion, which is likely caused by AKT-mediated Snail
induction and B-catenin nuclear translocation; (5) AKT
inhibitor MK-2206 abrogated enhanced migration and
invasion by DEPTOR depletion; and (6) Deptor disruption
promoted prostate tumorigenesis triggered by Pten hetero-
zygous loss with activated mTORC1 and mTORC?2 seen in
resulting prostate tumor tissues.

Alterations in DEPTOR were reported in multiple human
malignancies, including pancreatic cancer [40], lung cancer
[41], colorectal cancer [42], hepatocellular carcinoma [43],
and esophageal squamous cell carcinoma [44], using cell
culture settings and/or human patient tissue samples. Given
that DEPTOR is negatively regulated by mTOR signals,
whereas mTOR signals are generally activated in human
malignancies, it is not surprised that DEPTOR levels are
frequently decreased in multiple malignancies [21]. How-
ever, it is unknown whether decreased DEPTOR plays a
causal role or is merely a consequence of tumorigenesis.

In cell culture settings, opposite roles of DEPTOR have
been reported, either acting as a tumor suppressor by
inactivating mTORC1/2 [21, 40, 41, 44] or acting as an
oncogene by relieving the feedback inhibition from S6K1 to
PI3K, leading to AKT activation [21]. Interestingly, in our
study, overactivation of S6K1 upon DEPTOR depletion in
prostate cancer cells and mice tissues did not inactivate
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PI3K/AKT signal (Figs. 2c, 3c, f, 4g, h, 6d, and Supple-
mentary Fig. 3C). We speculated that although S6K acti-
vation suppresses AKT, as often seen in many other types
of cells [22], in prostate cancer cells with DEPTOR
depletion, AKT activation by overactivated mTORC2 could
neutralize or counteract S6K effect. Moreover, it has been
reported previously that increased DEPTOR rendered can-
cer cells more resistant to chemotherapeutic drugs, which
could be restored by AKT inactivation [45, 46], and DEP-
TOR overexpression correlates with poor prognosis of
hepatocellular carcinoma and differentiated thyroid carci-
noma patients [23, 24]. These conflicting findings suggest
the role of DEPTOR in the regulation of tumorigenesis is
rather complicated and likely cell/tissue context dependent.
Thus, using Deptor-KO mouse models are the only way to
clearly demonstrate the in vivo physiological role of DEP-
TOR in tumorigenesis and whether it is functioning as a
tumor suppressor or an oncoprotein.

In this study, we successfully generated Depror-KO
mice, which were viable and fertile without any observable
defects. The viability of Deptor”’~ mice provided us an
opportunity to study the role of DEPTOR in tumorigenesis
in combination with inactivation of a tumor suppressor or
activation of an oncogene, such as Pten loss or Ras acti-
vation. To the best of our knowledge, this is the first case to
explore the physiological role of DEPTOR in tumorigenesis
using a Deptor-KO mouse model in combination with Pten
loss. To investigate how the PTEN-PI3K-AKT-mTOR-
DEPTOR axis regulates prostate tumorigenesis, we gener-
ated the Deptor™’~;Pten”’~ compound mice with partially
elimination of the upstream inhibitor of the PI3K-AKT-
mTOR axis (Pten” ~) and completely elimination of the
downstream inhibition of mTOR activation (Deptor’/ ).
Indeed, we found that Deptor KO substantially accelerated
mouse prostate tumorigenesis triggered by Pten insuffi-
ciency (Fig. 6 and Supplementary Fig. 7), indicating that
Deptor plays a co-operative tumor suppressor role with
Pten. Finally, our Deptor-KO model can be widely used to
elucidate the physiological role of DEPTOR in tissue spe-
cific tumorigenesis.

What is the translational implication of this study?
First, since DEPTOR is frequently downregulated in var-
ious cancer types, likely transcriptionally repressed by
both mTORC1 and mTORC2 [21]. mTOR inhibitors
should reactivate DEPTOR, particularly in prostate cancer
with low DEPTOR expression; Second, DEPTOR is
subjected to ubiquitylation by SCFPT™P E3 ubiquitin
ligase for proteasome degradation [45—47], thus inhibition
of SCF E3 by MLN4924 should cause DEPTOR accu-
mulation [48]. Third, elucidation of the mechanism by
which DEPTOR is downregulated in prostate cancer
would provide a new strategy to reactivate DEPTOR to
slow down the disease progression. Taken together, our
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Fig. 6 Deptor knockout induces prostate tumorigenesis triggered by
Pten heterozygous loss via the activation of mTORCI and
mTORC2 signaling in mice. a Deptor knockout causes prostate
tumorigenesis triggered by Pten heterozygous loss. Representative
images of the mice and prostate glands from three pairs of Deptor'™*;
Pten™”~ and Deptor™~;Pten™’~ littermate mice. b, ¢ Excessive pro-
liferation of epithelial cells in prostate cancer tissues from Deptor ™~ ;Pren*’~
mice. The prostate tissues from Deptor™*;Pten™”~ and Deptor™;Pten™~

study provides new directions for the treatment of prostate
cancer patients by developing drugs that can restore
DEPTOR levels.

In summary, our study supports the following working
model. In the presence of DEPTOR, mTORC1/2 signals
were inactivated, along with downstream S6K1 and AKT,
leading to reduced proliferation and survival. Upon DEP-
TOR depletion during prostate tumorigenesis, mTORC1/

0
Deptort/*;Pten*- Deptor’;Pten*-

mice were sectioned and subjected to H&E staining (b) and Ki67 staining
(c). d Deptor deletion activates mTORC1 and mTORC2 signaling during
prostate tumorigenesis. The prostate tissues from Deptor™”";Pren™~ and
Deptor™;Pten™~ mice were sectioned and subjected to immunohisto-
chemical staining with the indicated antibodies. The staining quantification
was determined by IHC scoring using an IRS system from at least five
random fields of prostate tissue sections. *p <0.05; **p<0.01; ***p<
0.001. e A model for DEPTOR suppression of prostate tumorigenesis

2 signals were activated, followed by activation of S6K1 to
promote proliferation, and activation of AKT for survival.
AKT activation also induces Snail to promote EMT and
B-catenin nuclear translocation to promote migration and
invasion (Fig. 6e). Thus, the discovery of small molecules
that can restore DEPTOR expression to inactivate mTOR/
AKT signaling might be an attractive approach for future
anti-prostate cancer therapy.
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Methods
Cell lines and chemicals

Prostate cancer cell lines, DU145, 22RV1, RWPE, LNCap,
and PC3, were obtained from American Type Culture
Collection, and maintained in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin at 37 °C in a humidified incubator
with 5% CO,. Torin-1 (S2827) and MK-2206 (S1078) were
purchased from Selleck. Rapamycin (HY-10219) was pur-
chased from MedChemExpress.

CRISPR/Cas9-mediated DEPTOR knockout

Single-guide RNA (sgRNA) against Deptor was subcloned
into the plasmid pSpCas9(BB)-2A-Puro (PX459). The
sgRNA targeted exon 2 in DEPTOR, leading to a frameshift
mutation. DU145 and 22RV1 cells were transfected with
the construct and selected with puromycin for 3 days, and
single clones were picked under a microscope. The
sequence of the sSgRNA was as follows: DEPTOR-sgRNA:
5'-GGAGCTGGAGCGCATGGCTG-3'.

siRNA-based DEPTOR knockdown

Cells were transfected with siRNA control or siDEPTOR in
60-mm dishes using Lipofectamine 2000 according to the
manufacturer’s instructions (Invitrogen). After 48—72 h, the
cells were split for proliferation, clonogenic survival,
migration, and invasion assays. siCtrl: 5'-ATTGTATGC
GATCGCAGAC-3’; siDEPTOR: 5'-GCCATGACAATC
GGAAATCTA-3".

Retrovirus-based DEPTOR expression

Retroviruses expressing DEPTOR were produced by trans-
fecting pBabe-DEPTOR, GAG, and VSV-G plasmids into
Bosc 293 cells. DU145 cells were infected with retrovirus
expressing mock vector, or DEPTOR, and then selected with
puromycin for 7 days. Cells were then split for proliferation,
clonogenic survival, and western blotting analyses.

ATPlite-based cell proliferation and clonogenic
survival assays

Cells were seeded in 96-well plates in triplicate at 1000
cells per well. Cell proliferation was evaluated by an
ATPlite assay according to the manufacturer’s instructions
(PerkinElmer) and results were expressed as the fold
change compared with the control. For clonogenic survival
assays, a total of 500 cells were seeded in 60-mm dishes
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for 7-14 days, which was followed by staining with
Coomassie brilliant blue solution, and the dishes were
photographed for colony counting (>50 cells in a colony).
Clonogenic survival was expressed as the rate of colony
formation (%) = colony number/500*100.

Western blotting

Cells or tissues were lysed in lysis buffer with protease
inhibitors and phosphatase inhibitors, which was followed
by western blotting as previously described [49]. The fol-
lowing antibodies (Abs) were used: DEPTOR (11816, for
human samples), p-AKT (S473) (4060), t-AKT (4691),
p-S6K1 (T389) (9234), E-cadherin (14472), N-cadherin
(13116), Vimentin (5741), Snail (3879), Slug (9585), ZEB1
(3396), LEF-1 (2230), Twist (46702), p-catenin (8480),
PARP (9532), and caspase 3 (9662) (Cell Signaling Tech-
nology), DEPTOR (09-463, for mouse samples) (Milli-
pore), t-S6K1 (sc-230) (Santa Cruz) and actin (A5441)
(Sigma). The band density was quantified using the soft-
ware Image J and expressed as the relative gray value
(compared with the control), by arbitrarily setting the con-
trol value as 1.

Wound healing assay

Confluent cell monolayers in six-well plates were scraped
using a pipette tip to produce a wound. Detached cells were
removed by washing with PBS. The initial wound at Oh
was photographed and set to 1. Cells were then incubated
for up to 72h in serum-free medium. The images of the
wound were photographed at 24, 48, or 72 h after scratch-
ing. The width of the wound at multiple sites along the
scratch was measured, and the relative width of the wound
was expressed as the ratio between the average width of the
wound at the indicated time points and the average width of
the wound at O h.

Transwell migration and invasion assays

Cells were maintained in serum-free medium for 12-18 h
and then seeded in a 24-well plate upper chamber insert at
5x 10* per chamber in serum-free medium, with medium
containing 10% FBS under the insert. For the invasion
assay, Matrigel matrix was added to the upper chamber
insert. After incubating for 12-24 h, cells were fixed and
stained with 0.05% crystal violet. Cells on the upper surface
of the membrane were then removed with a cotton swab.
The migrated or invasive cells that were attached to the
bottom of the membrane were photographed. The number
of migratory or invasive cells in at least five random fields
per chamber insert was counted.
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Nuclear and cytoplasm fractionation

Cells were harvested and lysed in buffer A (10 mM HEPES,
pH 7.9, 20% glycerol, 10 mM KCI, 1.5 mM MgCl,, 0.5 mM
DTT, and 0.5% NP-40) containing protease inhibitors,
which was followed by centrifugation at 2000 x g for 2 min
at 4 °C. The supernatants were collected as the cytoplasmic
fractions. The nuclear pellets were washed with buffer A
and then lysed in buffer B (20 mM HEPES, pH 8.0, 25%
glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
0.5 mM DTT, 0.1% NP-40) containing protease inhibitors.
After centrifugation at 13,600 rpm for 10 min at 4 °C, the
supernatants were saved as the nuclear fractions.

Generation of Deptor knockout mice

The strategy used for the Deptor™ conditional KO mouse
that targeted exons 6 and 7, which were flanked with FRT
and loxP sites, is shown in Supplementary Fig. 6A. A lin-
earized targeting vector was electroporated into embryonic
stem (ES) cells and selected by G418. Homologous inte-
gration clones were identified by PCR and Southern blot-
ting. Deptor-targeted mouse ES cells were injected into
C57BL/6 blastocysts to generate chimeras. Male chimeras
were bred with Black Swiss females, and agouti offspring
were genotyped by PCR. The floxed Depfor mice were
created after deleting the neomycin resistance cassette by
crossing frt-flanked Deptor mice with the recombinase
flippase (Flp) transgenic mice. Deptor-KO mice were gen-
erated by crossing floxed Deptor mice with Ella-Cre
transgenic mice. For animal study, all procedures were
approved by the University of Michigan Committee on Use
and Care of Animals. Animal care was provided in accor-
dance with the principles and procedures outlined in the
National Research Council Guide for the Care and Use of
Laboratory Animals.

PCR-based genotyping and RT-PCR analysis

Genomic DNA was isolated from mouse tail tips by lysing
in TNES lysis buffer (10 mM Tris-HCI, pH 7.5, 400 mM
NaCl, 100 mM EDTA, and 0.6% SDS) containing protei-
nase K. Mice were genotyped using the following primers
to detect Deptor deletion (500 bp) and WT (150 bp): Primer
1: 5" TGGAGAGCAACTGGGGAAGA-3’; Primer 2: 5'-C
TACGGGACCTCACCGAGAA-3’; Primer 3: 5'-AAC
AGGCATCTTTATCCCATCA-3’. For RT-qPCR, the
sequences of the primer sets are as follows: Snail,
5'-AGCTGCAGGACTCTAATCCAGAGT’ (forward) and
5-CGTGTGGCTTCGGATGTGC’ (reverse); GAPDH,
5'-AGGGCATCCTGGGCTACAC-3’ (forward) and 5'-GC
CAAATTGGTTGTCATACCAG-3’ (reverse).

Human prostate tissue microarray and
immunohistochemistry

Human prostate tissue microarrays consisting of 59 pairs
of tumors and adjacent normal tissues, and another 30
tumor samples from prostate cancer patients were obtained
from Outdo Biotech Company (Shanghai, China). For
IHC, the arrays were stained with anti-DEPTOR anti-
bodies, followed by counterstaining with hematoxylin.
The slides were then scanned by an Aperio Whole Slide
Scanner and observed using Aperio ImageScope software.
For quantitative evaluation, tissues in at least five random
fields of each sample were photographed at x20 magnifi-
cation and were analyzed using an immunoreactive score
as the IHC scoring scheme for DEPTOR expression.
Stained tissues were classified into four groups according
to the staining intensity: negative (0), weak (1), moderate
(2), and strong (3). Depending on the percentage of
positive cells, the proportion score of DEPTOR expression
was classified as follows: 0, 0%; 1, <10%; 2, 11-50%; 3,
51-80%; and 4, >81%. The total score was calculated by
multiplying the proportion score by the intensity score
[50]. Sections of mouse prostate tissues that were 5 pm
thick were stained with hematoxylin and eosin, or the
following antibodies: DEPTOR (11816), Ki67 (12202),
p-S6 (S235/236) (4858), p-4E-bpl (T37/46) (2855), and
p-Akt (S473) (4060) (Cell Signaling Technology), and
then photographed under a microscope or scanned by an
Aperio Whole Slide Scanner.

Statistical analysis

The data from three independent experiments are presented
as the mean+SEM and were analyzed using GraphPad
Prism 5. The Wilcoxon rank sum test was utilized to assess
the DEPTOR expression in tumors and corresponding
tumor-adjacent tissues. Two-sided Student’s #-test was
performed with SPSS 20.0 IBM Armonk) to compare the
parameters between groups. p <0.05 was considered sta-
tistically significant.

Acknowledgements This work was supported by the National Key
R&D Program of China (2016YFA0501800 to YZ, XX, and YS), the
National Natural Science Foundation of China (81672728, 81972591,
and 81721091 to YZ, 81572708, 31501129, and 81974429 to XX,
81572718 and 81630076 to YS, and 81672895 to DW), and the
Natural Science Foundation of Zhejiang Province (LR16C050001
to YZ).

Author contributions XC and XX designed and performed the
experiments, analyzed and interpreted the data, and drafted the
manuscript. DC, FY, DW, HL, JS, YB, XD, and LG performed
the experiments. YS analyzed and interpreted the data, and finalized
the manuscript. YZ designed the study, analyzed and interpreted the
data, and revised the manuscript. All authors reviewed the manuscript.

SPRINGER NATURE



1570

X. Chen et al.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA A
Cancer J Clin. 2018;68:7-30.

2. Khamis ZI, Iczkowski KA, Sang QX. Metastasis suppressors in
human benign prostate, intraepithelial neoplasia, and invasive
cancer: their prospects as therapeutic agents. Med Res Rev.
2012;32:1026-77.

3. Brand D, Parker C. Management of men with prostate-specific
antigen failure after prostate radiotherapy: the case against early
androgen deprivation. Eur Urol. 2018;73:521-3.

4. Mahal BA, Yang DD, Wang NQ, Alshalalfa M, Davicioni E,
Choeurng V, et al. Clinical and genomic characterization of low-
prostate-specific antigen, high-grade prostate cancer. Eur Urol.
2018;74:146-54.

5. Beer TM, Armstrong AJ, Rathkopf D, Loriot Y, Sternberg CN,
Higano CS, et al. Enzalutamide in men with chemotherapy-naive
metastatic castration-resistant prostate cancer: extended analysis
of the phase 3 PREVAIL study. Eur Urol. 2017;71:151-4.

6. Crabb SJ, Birtle AJ, Martin K, Downs N, Ratcliffe I, Maishman T,
et al. ProCAID: a phase I clinical trial to combine the AKT
inhibitor AZD5363 with docetaxel and prednisolone chemother-
apy for metastatic castration resistant prostate cancer. Invest New
Drugs. 2017;35:599-607.

7. Goodall J, Mateo J, Yuan W, Mossop H, Porta N, Miranda S,
et al. Circulating cell-free DNA to guide prostate cancer treatment
with PARP inhibition. Cancer Disco. 2017;7:1006-17.

8. Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver
BS, et al. Integrative genomic profiling of human prostate cancer.
Cancer Cell. 2010;18:11-22.

9. El Sheikh SS, Romanska HM, Abel P, Domin J, Lalani eIN.
Predictive value of PTEN and AR coexpression of sustained
responsiveness to hormonal therapy in prostate cancer-a pilot
study. Neoplasia. 2008;10:949-53.

10. Reid AH, Attard G, Ambroisine L, Fisher G, Kovacs G, Brewer
D, et al. Molecular characterisation of ERG, ETV1 and PTEN
gene loci identifies patients at low and high risk of death from
prostate cancer. Br J Cancer. 2010;102:678-84.

11. Lee YR, Chen M, Pandolfi PP. The functions and regulation of the
PTEN tumour suppressor: new modes and prospects. Nat Rev Mol
Cell Biol. 2018;19:547-62.

SPRINGER NATURE

12.

13.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Ferraldeschi R, Nava Rodrigues D, Riisnaes R, Miranda S, Fig-
ueiredo I, Rescigno P, et al. PTEN protein loss and clinical out-
come from castration-resistant prostate cancer treated with
abiraterone acetate. Eur Urol. 2015;67:795-802.

Zoncu R, Efeyan A, Sabatini DM. mTOR: from growth signal
integration to cancer, diabetes and ageing. Nat Rev Mol Cell Biol.
2011;12:21-35.

. Laplante M, Sabatini David M. mTOR signaling in growth control

and disease. Cell. 2012;149:274-93.

Saxton RA, Sabatini DM. mTOR signaling in growth, metabo-
lism, and disease. Cell. 2017;168:960-76.

Zhao Y, Sun Y. Targeting the mTOR-DEPTOR Pathway by CRL
E3 ubiquitin ligases: therapeutic application. Neoplasia.
2012;14:360-7.

Edlind MP, Hsieh AC. PI3K-AKT-mTOR signaling in prostate
cancer progression and androgen deprivation therapy resistance.
Asian J Androl. 2014;16:378-86.

. Lynch JT, Polanska UM, Hancox U, Delpuech O, Maynard J,

Trigwell C, et al. Combined inhibition of PI3Kbeta and mTOR
inhibits growth of PTEN-null tumors. Mol Cancer Ther.
2018;17:2309-19.

Chiarini F, Evangelisti C, McCubrey JA, Martelli AM. Current
treatment strategies for inhibiting mTOR in cancer. Trends Pharm
Sci. 2015;36:124-35.

Janku F, Yap TA, Meric-Bernstam F. Targeting the PI3K pathway
in cancer: are we making headway? Nat Rev Clin Oncol.
2018;15:273-91.

Peterson TR, Laplante M, Thoreen CC, Sancak Y, Kang SA,
Kuehl WM, et al. DEPTOR is an mTOR inhibitor frequently
overexpressed in multiple myeloma cells and required for their
survival. Cell. 2009;137:873-86.

Caron A, Briscoe DM, Richard D, Laplante M. DEPTOR at the
Nexus of cancer, metabolism, and immunity. Physiological Rev.
2018;98:1765-803.

Pei L, Xie PF, Zhou EX, Yang Q, Luo Y, Tang ZH. Over-
expression of DEP domain containing mTOR-interacting protein
correlates with poor prognosis in differentiated thyroid carcinoma.
Mol Med Rep. 2011;4:817-23.

Yen CH, Lu YC, Li CH, Lee CM, Chen CY, Cheng MY, et al.
Functional characterization of glycine N-methyltransferase and its
interactive protein DEPDC6/DEPTOR in hepatocellular carcinoma.
Mol Med. 2012;18:286-96. Corrected article 546.

Li B, Dewey CN. RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC
Bioinforma. 2011;12:323.

Fraser M, Zhao H, Luoto KR, Lundin C, Coackley C, Chan N,
et al. PTEN deletion in prostate cancer cells does not associate
with loss of RADS1 function: implications for radiotherapy and
chemotherapy. Clin Cancer Res. 2012;18:1015-27.

Liu Q, Chang JW, Wang J, Kang SA, Thoreen CC, Markhard A,
et al. Discovery of 1-(4-(4-propionylpiperazin-1-yl)-3-(tri-
fluoromethyl)phenyl)-9-(quinolin-3-yl)benz  o[h][1,6]naphthyridin-
2(1H)-one as a highly potent, selective mammalian target of
rapamycin (mTOR) inhibitor for the treatment of cancer. J] Med
Chem. 2010;53:7146-55.

Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao Y, et al.
An ATP-competitive mammalian target of rapamycin inhibitor
reveals rapamycin-resistant functions of mTORCI. J Biol Chem.
2009;284:8023-32.

Henderson V, Smith B, Burton LJ, Randle D, Morris M, Odero-
Marah VA. Snail promotes cell migration through PI3K/AKT-
dependent Racl activation as well as PI3K/AKT-independent
pathways during prostate cancer progression. Cell Adhes Migr.
2015;9:255-64.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

DEPTOR is an in vivo tumor suppressor that inhibits prostate tumorigenesis via the inactivation of...

1571

30. Lamouille S, Xu J, Derynck R. Molecular mechanisms of

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

epithelial-mesenchymal transition. Nat Rev Mol Cell Biol.
2014;15:178-96.

Gonzalez DM, Medici D. Signaling mechanisms of the epithelial-
mesenchymal transition. Sci Signal. 2014;7:re8.

Lamouille S, Connolly E, Smyth JW, Akhurst RJ, Derynck R.
TGF-beta-induced activation of mTOR complex 2 drives
epithelial-mesenchymal transition and cell invasion. J Cell Sci.
2012;125:1259-73.

Julien S, Puig I, Caretti E, Bonaventure J, Nelles L, van Roy F,
et al. Activation of NF-kappaB by Akt upregulates snail expres-
sion and induces epithelium mesenchyme transition. Oncogene.
2007;26:7445-56.

Zhang S, Qian G, Zhang QQ, Yao Y, Wang D, Chen ZG, et al.
mTORC?2 suppresses GSK3-dependent snail degradation to posi-
tively regulate cancer cell invasion and metastasis. Cancer Res.
2019;79:3725-36.

Wang H, Wang HS, Zhou BH, Li CL, Zhang F, Wang XF, et al.
Epithelial-mesenchymal transition (EMT) induced by TNF-alpha
requires AKT/GSK-3beta-mediated stabilization of snail in col-
orectal cancer. PLoS ONE 2013;8:e56664.

Caron A, Mouchiroud M, Gautier N, Labbe SM, Villot R,
Turcotte L, et al. Loss of hepatic DEPTOR alters the metabolic
transition to fasting. Mol Metabol. 2017;6:447-58.

Jamaspishvili T, Berman DM, Ross AE, Scher HI, De Marzo AM,
Squire JA, et al. Clinical implications of PTEN loss in prostate
cancer. Nat Rev Urol. 2018;15:222-34.

Podsypanina K, Ellenson LH, Nemes A, Gu J, Tamura M,
Yamada KM, et al. Mutation of Pten/Mmac]l in mice causes
neoplasia in multiple organ systems. Proc Natl Acad Sci.
1999;96:1563-8.

Blando J, Portis M, Benavides F, Alexander A, Mills G, Dave B,
et al. PTEN deficiency is fully penetrant for prostate adenocarci-
noma in C57BL/6 mice via mTOR-dependent growth. Am J
Pathol. 2009;174:1869-79.

Li H, Sun GY, Zhao Y, Thomas D, Greenson JK, Zalupski MM,
et al. DEPTOR has growth suppression activity against pancreatic
cancer cells. Oncotarget. 2014;5:12811-9.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Zhou X, Guo J, Ji Y, Pan G, Liu T, Zhu H, et al. Reciprocal
negative regulation between EGFR and DEPTOR plays an
important role in progression of lung adenocarcinoma. Mol Cancer
Res. 2016;14:448-57.

Lai EY, Chen ZG, Zhou X, Fan XR, Wang H, Lai PL, et al.
DEPTOR expression negatively correlates with mTORCI activity
and tumor progression in colorectal cancer. Asian Pac J Cancer
Prev. 2014;15:4589-94.

Obara A, Fujita Y, Abudukadier A, Fukushima T, Oguri Y, Ogura
M, et al. DEPTOR-related mTOR suppression is involved in
metformin’s anti-cancer action in human liver cancer cells. Bio-
chemical Biophysical Res Commun. 2015;460:1047-52.

Ji YM, Zhou XF, Zhang J, Zheng X, Li SB, Wei ZQ, et al. DEP-
TOR suppresses the progression of esophageal squamous cell car-
cinoma and predicts poor prognosis. Oncotarget. 2016;7:14188-98.
Zhao Y, Xiong X, Sun Y. DEPTOR, an mTOR inhibitor, is a
physiological substrate of SCFPTrCP E3 ubiquitin ligase and
regulates survival and autophagy. Mol Cell. 2011;44:304-16.
Gao D, Inuzuka H, Tan MK, Fukushima H, Locasale JW, Liu P,
et al. mTOR drives its own activation via SCFRTrCP-dependent
degradation of the mTOR inhibitor DEPTOR. Mol Cell.
2011;44:290-303.

Duan S, Skaar Jeffrey R, Kuchay S, Toschi A, Kanarek N, Ben-
Neriah Y, et al. mTOR generates an auto-amplification loop by
triggering the PTrCP- and CKla-dependent degradation of
DEPTOR. Mol Cell. 2011;44:317-24.

Zhao Y, Xiong X, Jia L, Sun Y. Targeting Cullin-RING ligases by
MLN4924 induces autophagy via modulating the HIF1-REDD1-
TSCI-mTORCI-DEPTOR axis. Cell Death Dis. 2012;3:e386.
Wang J, Cui D, Gu S, Chen X, Bi Y, Xiong X, et al. Autophagy
regulates apoptosis by targeting NOXA for degradation. Biochimica
et Biophysica Acta (BBA) - Mol Cell Res. 2018;1865:1105-13.
Sole CV, Calvo FA, Alvarez E, Peligros I, Garcia-Alfonso P,
Ferrer C, et al. Clinical significance of VEGFR-2 and (1)(8)F-
FDG PET/CT SUVmax pretreatment score in predicting the long-
term outcome of patients with locally advanced rectal cancer
treated with neoadjuvant therapy. Eur J Nucl Med Mol Imaging.
2013;40:1635-44.

SPRINGER NATURE



	DEPTOR is an in�vivo tumor suppressor that inhibits prostate tumorigenesis via the inactivation of mTORC1/2�signals
	Abstract
	Introduction
	Results
	DEPTOR expression is decreased in human prostate cancer tissues
	DEPTOR depletion promotes cell proliferation and survival, and activates mTORC1/2�signals in prostate cancer cells
	Torin-1, a dual inhibitor of mTORC1 and mTORC2, rescues the proliferation-promoting effect of DEPTOR depletion
	DEPTOR deletion enhances cell migration and invasion in prostate cancer cells
	AKT inhibitor MK-2206 rescues migration-promoting effect of DEPTOR depletion
	Deptor disruption induces prostate tumorigenesis via the activation of mTORC1 and mTORC2�signals in�vivo

	Discussion
	Methods
	Cell lines and chemicals
	CRISPR/Cas9-mediated DEPTOR knockout
	siRNA-based DEPTOR knockdown
	Retrovirus-based DEPTOR expression
	ATPlite-based cell proliferation and clonogenic survival assays
	Western blotting
	Wound healing assay
	Transwell migration and invasion assays
	Nuclear and cytoplasm fractionation
	Generation of Deptor knockout mice
	PCR-based genotyping and RT-PCR analysis
	Human prostate tissue microarray and immunohistochemistry
	Statistical analysis

	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




