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Oncogene-induced senescence (OIS) is an initial barrier to tumor
development. Reactive oxygen species (ROS) is critical for onco-
genic Ras OIS, but the downstream effectors to mediate ROS
signaling are still relatively elusive. Senescent cells develop a senes-
cence-associated secretory phenotype (SASP). However, the mech-
anisms underlying the regulation of the SASP are largely unknown.
Here, we identify protein kinase D1 (PKD1) as a downstream effec-
tor of ROS signaling to mediate Ras OIS and SASP. PKD1 is activated
by oncogenic Ras expression and PKD1 promotes Ras OIS by medi-
ating inflammatory cytokines interleukin-6 (IL-6) and interleukin-8
(IL-8) via modulation of NF-kB activity. We demonstrate that ROS-
protein kinase C5 (PKC5)-PKD1 axis is essential for the establishment
and maintenance of IL-6/IL8 induction. In addition, ablation of PKD1
causes the bypass of Ras OIS, and promotes cell transformation
and tumorigenesis. Together, these findings uncover a previously
unidentified role of ROS-PKC5-PKD1 pathway in Ras OIS and
SASP regulation.

Cellular senescence is a permanent cell growth arrest state
triggered either by telomere attrition (replicative senescence),
or by many other stimuli, such as DNA damage, oxidative stress,
and oncogenes activation, etc., without any detectable telomere
shortening (premature senescence) (1). Oncogene-induced se-
nescence (OIS) is of particular interest. OIS indeed occurs in
premalignant human tumors and represents an initial barrier for
cancer development in vivo (2). One well-characterized type of
OIS is that induced by oncogenic Ras. Ras expression in normal
primary cells induces premature senescence (3). ROS plays an
important role in Ras OIS. ROS levels increase in Ras OIS, and
ROS elimination prevent Ras OIS (4). Seladin-1 was identified as
a downstream effector of ROS to mediate Ras OIS (5). Several
positive ROS-generating feedback loops, such as ROS-protein
kinase C8 (PKC3) loop (6), mitochondrial dysfunctional signaling
(7), and DDB2-mediated pathway (8), were proposed to con-
tribute to elevated ROS levels in Ras OIS. Despite steady progress
in probing the roles of ROS in senescence, however, most of
studies focus on the links between ROS and the p53, p16, and
DNA damage response (DDR) pathways, little is known about
other mechanisms that ROS might mediate Ras OIS.

Senescent cells develop a senescence-associated secretory
phenotype (SASP) by secretion of numerous cytokines, chemo-
kines, and other proteins (9, 10). SASP have multiple biological
effects depending on the physiological context. Some SASP
factors such as IL-6/IL-8 and others can suppress early tumor
formation either by reinforcing senescence in an autocrine
fashion (11, 12), or by stimulating the immune system to clear
premalignant senescent cells in a paracrine manner (13). SASP
also can facilitate tissue repair (14). On the other hand, SASP can
promote tumor growth (15). Moreover, many proinflammatory
factors in SASP might be an important source of the low-level
chronic inflammation in aged mammalian tissues, hence may
contribute to many age-related diseases in late life (15).
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SASP is regulated mainly at mRNA level and depends on the
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) and C/EBPp transcription factors (11, 12). Persistent
DDR (16), p38 MAPK activity (17), and IL-1a (18) are essential
for SASP induction. MicroRNAs miR-146a/b (19) and Klotho
(20) are important negative regulators of SASP. It was known that
ROS signaling plays a critical role in chronic inflammation (21)
and in NLRP3 inflammasome-mediated IL-1p and IL-18 in-
duction (22), and a previous study revealed that IL-8 receptor
CXCR?2 activation correlates with ROS production in Ras OIS
(11). However, whether ROS signaling involved in SASP regula-
tion is still unknown.

Protein kinase D (PKD) is a serine/threonine kinase family
belongs to the Ca**/Calmodulin-dependent kinase superfamily,
and consists of PKD1, PKD2, and PKD3 isoforms. PKDs are
mainly activated by PKC (23, 24). PKDs regulate many cellular
functions, such as gene expression, cell adhesion and migration,
and protein transport at the trans-Golgi network, etc. (23, 24).
PKD1 is an important sensor of oxidative stress (25, 26), which is
activated by ROS-PKC3 and subsequently induces NF-kB activity.
However, whether PKD1 can play a role in Ras OIS and acts as
a downstream effector of ROS-PKCS3 loop in Ras OIS to regulate
NF-kB-dependent SASP has not yet been elucidated so far. In
this study, we report that PKD1 is a downstream effector of
ROS-PKC5 cascade to mediate Ras OIS by regulating IL-6/IL-8
expression via modulation of NF-kB activity. Intervention of
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PKD1 leads to bypass Ras OIS and promotes cell transformation
and tumorigenesis.

Results

PKD1 Is Activated During Ras-Induced Cell Senescence and Is Required
for Ras 0IS. The existence of ROS-PKCS loop in Ras OIS led us
to explore whether PKD1 can be activated during Ras OIS and
plays a role in Ras OIS. To investigate this possibility, we made
use of the IMR90 cells stably expressing 4-hydroxytamoxifen
(4-OHT)-inducible ER:H-RasV12 fusion protein (ER:Ras-
IMRO90 cells) (27). Consistent with previous findings with Ras
induction, cells enter “senescence phase” around day 5-6, which
characterized by p16 up-regulation and IL-6/IL-8 induction (Fig.
14 and Fig. S1 A and B). Then, the phosphorylated levels of
PKD1 were analyzed by Western blot. Indeed, we detected in-
creased phosphorylation of PKD1 on Ser738/742 and Ser916
sites (Fig. 14), which indicated that PKD1 was activated during
Ras OIS (28, 29). PKD1 phosphorylation increased slightly in the
“mitotic phase” (day 1), rose substantially in the early “transition
phase” (days 2-3), and reached to peak levels at late “transition
phase” (day 4), thereafter slightly decreased when entering “se-
nescence phase” (days 5-8) (Fig. 14). Importantly, the timing of
PKD1 activity reaching peak levels just preceded IL-6/IL-8 in-
duction, implying that PKD1 might regulate SASP in Ras OIS.

To analyze the role of PKD1 in Ras OIS, we overexpressed
PKD1 in pWZL-Hygro and pLPC-Puro retroviral vectors and
silenced it, by using miR30 retroviral vector, in young ER:Ras
IMRO90 cells. After 6-d Ras induction, WZL-PKD1 induced
more robust senescence phenotypes, which included elevated
SA-p-gal activity (Fig. 1B and Fig. S1C), a biomarker for sen-
escent cells, stronger cell growth retardation (Fig. 1C), reduced S
and increased G; compartments (Fig. 1D), and modest de-
creased numbers of colonies measured by colony-formation as-
say (Fig. S1D) compared with corresponding empty control
vector-infected cells. In contrast, miR30-PKD1 resulted in much
lower SA-B-gal activity (Fig. 1B and Fig. S1C), continuous cell
growth (Fig. 1C) and cell cycle progression (Fig. 1D), and much
more colony formation (Fig. S1D) compared with control miR30
cells. The similar results were achieved by using another in-
dependent construct miR30-PKD1#2 to knockdown PKD1
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(Fig. S2 A-C). These results demonstrate that PKD1 is essential
for Ras OIS and that PKD1 overexpression promotes Ras OIS,
whereas PKD1 silencing prevents Ras OIS.

To determine the effect of PKD1 activity on Ras OIS, the
constitutively active form of PKD1 (PKD1-CA) and kinase-dead
PKD1 (PKD1-DN) mutants (30) were cloned in the WZL and
LPC vectors and stably introduced into young ER:Ras IMR90
cells. PKD1-CA greatly enhanced Ras OIS, which was demon-
strated by increased SA-p-gal activity (Fig. 1B and Fig. S1C), much
stronger cell growth inhibition (Fig. 1C), severe G; cell cycle arrest
(Fig. 1D), and only few colonies (Fig. S1D), compared with control
cells. By contrast, PKD1-DN expression reduced SA-f-gal staining
(Fig. 1B and Fig. S1C), increased cell proliferation (Fig. 1C) and
S compartment (Fig. 1D), and increased colony formation (Fig.
S1D) compared with mock cells. The similar SA-B-gal results were
achieved by using PKC/PKD inhibitor G66976 (31) or PKC/PKD
activator PMA (Fig. S1E). Taken together, these results show that
PKDI1 activity is essential for Ras OIS. When the ability of Ras to
activate PKD1 is blocked, Ras OIS cannot occur. Conversely,
increasing PKD1 activity enhances Ras OIS.

PKD1 Mediates Ras OIS via Modulation of IL-6/IL-8 Expression and
Secretion. Next, we investigated the molecular mechanism through
which PKD1 regulates Ras OIS. The sequential rise in PKD1 activity
and IL-6/IL-8 levels as shown in Fig. 14 implies that PKD1 may
mediate IL-6/IL-8 expression during Ras OIS. To test this hypoth-
esis, IMR90 cells were treated with PKC/PKD inhibitor G66976 in
the presence of Ras induction. G66976 treatment inhibited Ras-
induced PKD1 activation and reduced p16 level compared with
untreated cells. Importantly, G66976 treatment suppressed IL-6/IL-
8 expression (Fig. S34).

To further validate the role of PKD1 in this process, we made
use of WZL-PKD1, WZL-PKD1-DN, and miR30-PKD1 plas-
mids. WZL-PKD1 enhanced PKD1 activity as measured by spe-
cific phospho-PKD1 antibodies (Fig. 24). Strikingly, WZL-PKD1
led to much stronger induction of IL-6/IL-8 compared with con-
trol cells. p16 level was also higher than control cells. This result
suggests that PKD1 might accelerate Ras OIS by promoting IL-6/
IL-8 expression, which is consistent with previous report that IL-6/
IL-8 can reinforce senescence (11, 12). Conversely, both miR30-
PKD1 constructs diminished PKD1 activity and abolished or

Fig. 1. PKD1 is activated during Ras-induced senes-
cence and is required for Ras OIS. (A) PKD1 is activated
by Ras induction. ER:Ras IMR90 cells were given 100
nM 4-OHT for the indicated days; fresh medium with

N (N
QL o (JY:D,S)‘; 63-@ QQS) 4-OHT was changed every other day. Cell lysates were
@ ,Q-@— collected every day for total eight days, and then
& analyzed for expression of the indicated proteins.

(B-D) PKD1 overexpression enhances Ras OIS, whereas
PKD1 silencing prevents Ras OIS. ER:Ras IMR90 cells
expressing the indicated genes and shRNAs were in-
duced to express Ras for 6 d. (B) Cells were stained for
SA-B-gal. The percentage of cells positive for SA-p-gal
in each sample was shown. At least 300 cells were
counted for each sample. Error bars represent
means + SD (n = 3) *P < 0.05, **P < 0.01. (C) Growth
curves were determined by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assay. (D) Cell
cycle was measured. Values are mean + SD of triplicate
points from a representative experiment (n = 3), which
was repeated three times with similar results.
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Fig. 2. PKD1 mediates Ras OIS via modulation of IL-6/IL-8 induction. (A-C)
PKD1 overexpression promotes IL-6/IL-8 expression, and PKD1 silencing
abolishes IL-6/IL-8 induction. ER:Ras IMR90 cells stably transduced with WZL-
PKD1 (A), miR30-PKD1 (B), and WZL-PKD1-DN (C) were given 4-OHT for the
indicated days. Cell lysates were then subjected to Western blot analysis for
the indicated proteins. Data are representative of three independent ex-
periments. (D) Supernatants collected from above cells at day 6 after Ras
induction were assessed secretory levels of IL-6 measured by ELISA. Three
independent experiments were analyzed. Error bars represent means + SD
(n =3) *P < 0.05, **P < 0.01.

significantly lowered IL-6/IL-8 expression (Fig. 2B and Fig. S2D).
Furthermore, PKD1-DN also blocked IL-6/IL-8 expression and
significantly decreased p16 level (Fig. 2C), despite the endoge-
nous PKD1 activity still remained. The secreted levels of IL-6 in
supernatant detected by enzyme-linked immunoadsorbent assay
(ELISA) obtained similar results (Fig. 2D and Fig. S2F). We also
tested whether PKD1 could affect IL-6/IL-8 expression, p53/p21
and p16 pathways in the absence of Ras induction. Neither PKD1
overexpression nor PKD1 depletion stimulated IL-6/IL-8 ex-
pression and altered p53/p21 as well as p16 pathways without Ras
expression (Fig. S3B). All together, these results reveal that PKD1
is an important mediator in Ras OIS by regulating IL-6/IL-8
induction.

Ras OIS depends on the sequential activation of Raf/MEK/
ERK mitogenic signaling (32). PKD1 has been reported to facili-
tate ERK activation by phosphorylation of RIN1 (33). To in-
vestigate whether PKD1 participates in this pathway to mediate
Ras OIS, we analyzed ERK activities as well as total ERK levels
both in WZL-PKD1 and miR30-PKD1 cells. As shown in Fig. 2 A
and B, neither WZL-PKD1 nor miR30-PKD1 altered ERK ac-
tivities or endogenous ERK levels, which were measured by phospho-
ERK and native ERK antibodies, respectively. This result ruled
out the possibility that PKD1 involved in Ras OIS through regu-
lation of upstream Raf/MEK/ERK signaling.

Senescent cells secret several matrix metalloproteinases (MMPs).
PKD1 has been shown to negatively regulate many MMPs expres-
sion in breast cancer cell lines (34). We tested whether PKD1 also
regulate MMPs expression in Ras OIS. PKD1 overexpression de-
creased MMP2 and MMP9 expression, whereas PKD1 inhibition
increased MMP2 and MMP9 levels, compared with control cells
(Fig. S3C). Thus, PKD1 negatively regulates MMPs expression in
Ras OIS. To our knowledge, this is the first report that single gene
PKD1 can both positively and negatively regulate different com-
ponents of SASP.

PKD1 Regulates IL-6/IL.-8 at mRNA Level and Depends on NF-xB
Activity in Ras OIS. IL-6/IL-8 are mainly up-regulated at mRNA
level in Ras OIS (11, 12). To elucidate the mechanism by
which PKD1 regulates IL-6/IL-8 expression, we used quantitative
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RT-PCR to determine mRNA levels of IL-6/IL-8. LPC-PKD1
significantly increased mRNA abundance of IL-6/IL-8 in Ras
OIS, and PKD1-CA further elevated 1L-6/IL-8 mRNA levels,
compared with control cells. In contrast, PKD1-DN or PKD1
deletion markedly decreased IL-6/IL-8 mRNA (Fig. 34 and
Figs. S2F and S44).

It is well known that IL-6/IL-8 induction mainly relies on the
NF-kB activity in Ras OIS (11, 12). Because of precedent linking
PKD1 to the activation of NF-kB under oxidative stress (25, 26),
we asked whether PKD1 regulates IL-6/IL-8 expression via mod-
ulation of NF-kB activity in Ras OIS. Therefore, the binding ac-
tivity of NF-kB to the promoter of IL-6 was detected by chromatin
immunoprecipitation (ChIP). As shown in Fig. 3B, NF-kB pro-
moter binding activity was dramatically increased in Ras OIS
compared with young cells, which was in agreement with pre-
vious results (11, 12). The binding activity increased about two-
fold in PKD1 expressing cells compared with control cells. PKD1-
CA further enhanced the binding activity. Conversely, PKD1-DN
or PKD1 silencing markedly decreased the binding activity (Fig. 3B
and Fig. S2G).

When activated under oxidative stress, PKD1 in turn phos-
phorylated a cytoplasmic IKKa-IKKB-nemo complex, causing IkBo
degradation and NF-kB nuclear translocation (25, 26). Indeed, we
observed that IkBa gradually degradated to a very low level at day
5-6, indicating that NF-«xB was increasingly activated (Fig. 3C).
PKD1 overexpression greatly promoted IkBa degradation, whereas
PKD1-DN and PKD1 depletion inhibited IxBa degradation. Thus,
PKD1 regulates NF-kB activity by promoting IxBa degradation in
Ras OIS. However, PKD1 does not directly phosphorylate the IxkB
kinase (IKK) complex due to the absence of direct interaction
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Fig. 3. PKD1 regulates IL-6/IL-8 at mRNA level and depends on NF-kB ac-

tivity in Ras OIS. (A) PKD1 regulates IL-6 at mRNA level. Total mRNA were
extracted from ER:Ras IMR90 cells expressing indicated genes and shRNAs
after 6 d Ras induction. Relative mRNA level of IL-6 was determined by
quantitative PCR. mRNA levels in young IMR90 cells are considered as con-
trol. (B) PKD1 affects NF-xB binding activity to the promoter of IL-6 gene.
ER:Ras IMR9O0 cells expressing indicated genes and shRNAs were given 4-OHT
for 6 d, and then the lysates were analyzed by ChIP assay using an antibody
against NF-xB. NF-kB binding to the IL-6 promoters in the indicated stable
transfectants is represented relative to mouse IgG binding and is normalized
to young IMR90 cells binding for each other. Error bars represent means +
SD (n = 3) *P < 0.05, **P < 0.01 in A and B. (C) PKD1 affects IxBa degra-
dation. ER:Ras IMR90 cells expressing WZL-PKD1, WZL-PKD1-DN, and miR30-
PKD1, respectively, were given 4-OHT for the indicated times, and then
subjected to Western blot to detect IkBa protein levels. (D) NF-xB inhibition
abolishes PKD1-mediated IL-6/IL-8 expression. ER:Ras IMR90 cells expressing
WZL-PKD1 were treated with solvent DMSO or IkB kinases inhibitor BAY 11-
7082 (5 pM) in the presence of 4-OHT for the indicated days, then analyzed
for expression of indicated proteins.
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between PKD1 and IKK detected by coimmunoprecipitation assay
(Fig. S4B).

Finally, we used a pharmacological method to confirm whether
PKD1 depends on NF-kB activity to regulate IL-6/IL-8. BAY
11-7082, an inhibitor of IkB kinases, blunted IL-6/IL-8 induction
in Ras OIS (Fig. S4C), which agreed with published data (11).
In PKD1-expressed cells, treatment with BAY 11-7082 almost
completely abrogated PKD1 ability to promote IL-6/IL-8 in-
duction (Fig. 3D). Based on this evidence, we conclude that
PKD1 relies on NF-xB activity to mediate IL-6/IL-8 expression
in Ras OIS.

ROS-PKC3 Is Upstream Signaling to Activate PKD1 in Ras OIS. To test
whether PKD1 is activated by ROS-PKCS loop in Ras OIS (6),
two PKCS inhibitors, G66983 and Ro 31-8425, were used to treat
IMR90 cells. Both treatments significantly reduced the levels
of catalytically active fragment of PKC8 (PKC8-CF), which was
shown to be increased during Ras OIS in a previous report (6)
and in our results (Fig. 44 and Fig. S54). PKCS inhibition greatly
abolished PKD1 activity and PKD1-mediated IL-6/IL-8 expres-
sion. Next, we used ROS scavenger N-acetyl-cysteine (NAC) to
inhibit ROS production. ROS elimination significantly reduced
PKCS-CF levels and markedly inhibited PKD1 activity and IL-6/
IL-8 induction (Fig. 4B). The effects of ROS-PKCS$ intervention
on IL-6/IL-8 induction were further confirmed by ELISA results
(Fig. S5B), mRNA levels of IL-6 (Fig. S5C), and NF-xB binding
activity to IL-6 promoter (Fig. S5D). As a positive control, p38
MAPK inhibitor SB203580 reduced secreted level and mRNA
level of IL-6, as well as NF-kB promoter binding activity, which
was consistent with published data (17). Similar results were

A Ctrl_DMSO  G66983 (2uM) B Ctrl_H20 NAC
4-OHT ~ 123456123456 days 4-OHT 123456123456days
PKC3 PKC5
PKCB-CF PKCB-CF _
PKD1 PKD1
p- PKD1(ser916) Frrmmrr-n—==" p-PKD1(ser916) m

L8 e —

=

Ras N =

capoH O

WZL-D1-DN 4-OHT (100 nM)

C untreated  4-OHT  +4.OHT D 1 23 456 7 8«
1 23 4 5 6 7 8 days
p-PKD1(ser738/742) [C = = am em @) = =] |2
oaP ProBCF
g
E

GO0 e ———
oot m—————

p-IKK

" . . .
e . . .
Compos"e. -

Fig. 4. ROS-PKCS is upstream signaling to activate PKD1 in Ras OIS. (A) PKCS
inhibition blocks PKD1 activation and IL-6/IL-8 induction. ER:Ras IMR90 cells
were given 4-OHT in the presence of solvent DMSO or G66983 (2 pM) for the
indicated times; fresh medium with 4-OHT and G66983 was changed every
other day. Cell lysates were then subjected to Western blot analysis for the
indicated proteins. (B) Removal of ROS inhibits PKC5-PKD1 activation and
blocks IL-6/IL-8 induction. ER:Ras IMR90 cells treated with solvent or NAC
(10 mM) for indicated times were subjected to Western blot analysis. (C) PKD1
translocates to the mitochondria. ER:Ras IMR90 cells and PKD1-DN-infected
cells were seeded on glass coverslips and cultured with or without 4-OHT
for 4 d, and then stained with phospho-PKD1 (ser738/742), green; anti-
cytochrome ¢, red; and nuclei, DAPI, blue. (D) The coincidence of the kinetics
of PKD1 activation, IKK complex phosphorylation, IkBa degradation, and p65
translocation to nucleus after Ras induction. ER:Ras IMR90 cells were cul-
tured with 4-OHT and collected in the mitochondrial isolation buffer at in-
dicated time; then, mitochondrial, cytoplasmic, and nuclear fractions were
isolated and subjected to Western blot for the indicated proteins.
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obtained by using another ROS scavenger, EU.K.-134 (Fig. S6
A-E). Altogether, these results indicate that PKD1 is activated
by upstream ROS-PKC$ signaling and acts as a downstream
effector of ROS-PKCS to regulate SASP in Ras OIS.

Mitochondria are an important source of ROS induced by Ras
(4) and PKD1 has been shown to translocate to mitochondria
under oxidative stress (26). These data led us to evaluate whether
the induction of ROS by Ras promotes the translocation of PKD1
to the mitochondria. Immunofluorescence results revealed that
PKD1 was primarily localized in a perinuclear region in young
growing ER:Ras IMR90 cells (Fig. 4C), as in a previous report
(26). However, in Ras-induction cells, PKD1 partially colocalized
with the mitochondria, as judged by the overlap in staining
with the mitochondrial marker cytochrome c. In contrast, no
colocalization between mitochondria and PKD1-DN was ob-
served under Ras induction due to lack of response to upstream
ROS-PKCS3 signal (Fig. 4C).

We further determined the kinetics of PKD1 activation, IKK
phosphorylation, IkBa degradation, as well as p65 translocation
upon Ras induction by isolation of mitochondria, cytoplasmic,
and nuclear organelles. In the time-course assay, we found
phosphorylated PKD1 gradually enriched to the mitochondria,
peaking at day 4 to day 6 (Fig. 4D). PKCS-CF was also recruited
to mitochondria. Cytochrome c signal proved the purity of the
mitochondrial preparations. Phospho-PKD1 in the cytoplasmic
fraction also reached to peak level at day 4, which was con-
comitant with the increasingly elevated IKK phosphorylation,
peaking at day 5. Accordingly, IkBa gradually degraded to very
low level at day 5. p65 RelA also gradually decreased in cyto-
plasmic fraction (Fig. 4D). Meanwhile, we observed that p65
RelA gradually translocated to the nuclear fraction. We also
detected the localization of p-PKD1 to nuclear fraction, which
was similar to imaging results (Fig. 4D). p65 RelA translocated
to the nucleus after Ras induction was confirmed by immuno-
fluorescence imaging (Fig. S5E). These results suggest that the
activation and translocation of PKD1 to the mitochondria relay
the ROS-PKC8 signal to phosphorylate cytoplasmic IKK, cause
IkBa degradation and subsequent NF-kB translocation to the
nucleus, and ultimately result in IL-6/IL-8 induction.

ROS-PKC5-PKD1 Signaling Is Required for Initiation and Maintenance
of IL-6/IL-8 Expression and Secretion. To further analyze the role of
ROS-PKC8-PKD1 axis in initiation and maintenance of IL-6/
IL-8 expression in Ras OIS, we sought to inhibit this pathway at
different time points after Ras induction. First, we investigated
whether interruption of this pathway at day 4 could suppress the
initial production of IL-6/IL-8. After 2 d of treatment, pertur-
bation of ROS and PKCS suppressed not only PKCS-CF but also
PKD1 activity (Fig. 54). However, G66976 only blocked PKD1
activation and had no effect on PKC6-CF. Importantly, all in-
terventions greatly reduced IL-6/IL-8 induction compared with
untreated cells (Fig. 54). As a positive control, NF-kB inhibitor
BAY 11-7082 suppressed IL-6/IL-8 expression. The same results
were achieved by using EU.K.-134 (Fig. S6F). This result sug-
gests that ROS-PKC8-PKD1 signaling is at least partially re-
quired for initial production of IL-6/IL-8 in Ras OIS.

Next, we examined whether intervention of ROS-PKC8-PKD1
pathway at day 6 could block sustained production of IL-6/IL-8.
Indeed, inhibition of this cascade greatly abolished IL-6/IL-8
expression compared with untreated cells (Fig. 5B and Fig. S6F).
Taken together, these results support that ROS-PKC3-PKD1 sig-
naling is required for initiation and maintenance of IL-6/IL-8 in-
duction in Ras OIS.

We further extended this study to replicative senescent 2BS
cells to verify whether the ROS-PKC38-PKD1 axis also plays an
important role in IL-6/IL-8 induction in replicative senescence.
The inhibition of this signaling not only prohibited PKCS and
PKD1 activation, but also decreased IL-6/IL-8 secretion com-
pared with untreated senescent cells (Fig. S74). PKD1 and
PKD1-CA dramatically increased IL-6/IL-8 secretion in sen-
escent 2BS cells, whereas PKD1 deletion decreased 1L-6/IL-8
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Fig. 5. ROS-PKC3-PKD1 signaling is required for the initiation and mainte-
nance of IL-6/IL-8 induction. (A) Early interruption of this axis suppresses the
initial induction of IL-6/IL-8. ER:Ras IMR90 cells were induced to express Ras
for 4 d, then indicated inhibitors were added for another 1 or 2 d in the
presence of 4-OHT. The indicated proteins were analyzed by Western blot.
(B) Late intervention of this pathway inhibits the sustained production of
IL-6/IL-8. ER:Ras IMR90 cells were cultured with 4-OHT for 6 d, then indicated
inhibitors were added for another 1 or 2 d in the presence of 4-OHT. The
indicated proteins were subjected to Western blot analysis. BAY 11-7082-
treated cells serve as positive control. The densitometry data were ana-
lyzed by Imagel software and normalized to the highest signal in the
corresponding row.

secretion (Fig. S7B). Therefore, these results indicate that the
ROS-PKC6-PKD1 pathway also exists in replicative senescence
and is required for IL-6/IL-8 expression.

PKD1 Deficiency Promotes Cell Transformation and Tumorigenesis.
We further tested whether bypass of Ras OIS caused by PKD1
deficiency would permit cell transformation in IMR90 cells. Pri-
mary human fibroblasts can be efficiently transformed by a combi-
nation of Ras, E1A, and MDM2 (35). We tested whether PKD1
depletion could functionally replace MDM2 expression. IMR90
cells infected with Ras, E1A, and miR30-PKD1 or miR30-PKD1#2
formed robust anchorage-independent growth colonies in soft agar,
whereas Ras, E1A, and miR30 empty vector-infected cells only
formed rare and small colonies in soft agar, which agreed with
previous data (35) (Fig. 64 and Fig. S2H). The coexpression of Ras
and E1A, as well as PKD1 knockdown, was confirmed by Western
blot (Fig. 6B). When injected s.c. in immunodeficient nude mice,
coexpression of Ras, E1A, and miR30-PKD1 IMR90 cells grew
large tumors within 5 wk (three of four mice grew large tumors, and
one mouse grew relatively small tumor), whereas no tumor was
observed (0 out of 4) in the opposite flank in the same mice injected
with Ras, E1A, and miR30 empty vector coexpressing cells (Fig.
6C), which was in agreement with previous finding that Ras and
E1A coexpressing human fibroblasts had no ability to develop
tumors in nude mice (35). Additional injected animals and the
representative kinetics of tumor growth are shown in Fig. S8.
Therefore, PKD1 knockdown functionally replaces MDM?2 and
cooperates with Ras and E1A to transform normal human
fibroblasts.

Discussion

ROS play critial role in Ras OIS (4). Several ROS-generating
positive feedback loops were proposed to contribute to elevated
ROS and mediate Ras OIS (6-8). The relationships between
ROS and p53, p16, and DDR pathways were the main focus in
these studies. Senescent cells also develop SASP. However, the
potential link between ROS and SASP has not yet been eluci-
dated. In this study, we identified PKD1 as a downstream effector
of ROS signaling to regulate IL-6/IL-8 induction via modulation
of NF-«B activity. Thus, we deciphered a previously unidentified
connection between ROS and SASP, to our knowledge for the
first time.

ROS levels increase gradually and reach to peak at senescence
phase and remain at high level for a long interval (4, 6-8). The
kinetics of PKD1 activation after Ras induction is slow and
chronic (Fig. 14), coincident with the rise of ROS levels. The
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SASP also takes several days to develop. We demonstrate that
the kinetics of PKD1 activation coincide with its translocation to
mitochondria, IKK phosphorylation, and subsequent IxBa deg-
radation as well as p65 translocation to nucleus, and ultimately
IL-6/IL-8 induction (Fig. 4D). However, PKD1 does not directly
phosphorylate the IKK complex (Fig. S4B). The mechanisms
through which PKD1 induces IKK complex phosphorylation
remain to be defined in Ras OIS.

OIS is proved to be a powerful antitumor mechanism (2). ROS
signaling plays pivotal role in both OIS (4-8) and other stress-
induced premature senescence such as irradiation (36). Elimi-
nation of ROS results in cells escaping cell senescence or reen-
tering cell cycle. Therefore, in contrast to the general view of
ROS causing cancer (37), the indispensable role of ROS in
establishing and maintaining cell senescence program suggests
that ROS may have tumor suppressive function in a certain
physiological context. IL-6/IL-8 are critical for the establishment
of cell senescence, the disruption of which leads to the escape of
Ras OIS (11, 12). SASP factors also can stimulate immune sys-
tem to clear premalignant senescent cells through so called
“senescence surveillance” mechanism (13). We show here that
ROS-PKC3-PKD1 signaling is required for the induction of IL-6/
IL-8 in Ras OIS. Early intervention of this pathway abolished IL-6/
IL-8 induction and led to bypass Ras OIS (Figs. 2 B-D and 4 4 and
B and Figs. S2, S34, and S6). Most importantly, we displayed
that PKD1 depletion promoted cell transformation and tu-
morigenesis (Fig. 6 A and C and Fig. S2H). Thus, our data
confirm the undisputed importance of ROS signaling in anti-
tumor function. We speculate that elevated ROS in senescent
cells may use multiple mechanisms to exert its anti-cancer ef-
fect, including cell cycle arrest, cytokinesis blockage, SASP, and
senescence surveillance, etc.

PKD1 has controversial roles in cancer development. It has been
reported that PKD1 could promote pancreatic cancer development
(38). In contrast, some studies suggested PKD1 might have anti-
cancer function in androgen-independent prostate cancer (39),
breast cancer (34), and gastric cancer (40). Moreover, the epige-
netic silencing of PKD1 promoter region was found in both gastric
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Fig. 6. PKD1 deficiency promotes cell transformation and tumorigenesis.
(A) Normal IMR90 cells were transduced with Ras, E1A, and miR30 vector or
miR30-D1. The two stable cell lines grew in soft agar as described. (B) Levels
of PKD1, Ras, and E1A in the above two cell lines were determined by
Western blot. (C) The transformation cells (miR30-D1+Ras+E1A) can form
tumors in nude mice. About 5 x 10° cells were collected, and resuspended in
0.1 mL of PBS, and then injected into mice. Control and transformed cells
were injected to the left and right forelimb armpit, respectively. Tumor
development was photographed at 5 wk after injection.
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cancer (41) and breast cancer (34). These findings suggested that
PKD1 could potentially act as a tumor suppressor at early stage of
tumor development in certain types of cancers. In this study, we
show that PKD1 can enhance Ras OIS by promoting IL-6/IL-8
induction, thus preventing cancer occurrence through induction of
cell senescence program. Accordingly, PKD1 silencing leads to
bypass Ras OIS, and promotes cell transformation and tumori-
genesis (Fig. 6 A and C and Fig. S2H). Meanwhile, we also reveal
that PKD1 can negatively regulate MMPs in Ras OIS (Fig. S3C),
which may limit the ability of SASP to alter tissue microenviron-
ment to promote cancer metastasis in late life. Thus, our data
provide evidence to support that PKD1 could potentially act as
a tumor suppressor to prevent cancer development at an early stage
in the context of oncogenic Ras activation.

Chronic inflammation is a hallmark of aging and is implicated
in many age-related diseases (9). Senescent cells accumulate
with age in many tissues and are present at sites of age-related
pathology (42). SASP is proposed to have important roles in
senescence-associated inflammation, systemic aging, and age-
related diseases (15). Thus, cellular senescence and the associ-
ated SASP as the well established tumor suppressive mechanism
in early life might promote aging and age-related diseases in late-
life. ROS levels increase with aging in various mammals, including
mice and humans (43). Similar to SASP, elevated ROS signaling,
which represents as an anticancer mechanism by establishing
and maintaining cell senescence in early life, may drive aging
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and age-related diseases in late life, which is the so called “free
radical theory of aging.” In this study, we elucidate the link between
ROS-PKC3-PKD1 signaling and senescence-associated inflamma-
tion (Figs. 4 and 5 and Figs. S6 and S7). Our findings suggest the
possibility to mitigate the deleterious effects of SASP by specifically
inhibiting this pathway in late life. It is also worthwhile to investigate
whether intervention of this cascade could delay and reduce the
onset of age-related diseases and extend lifespan in the future.

In summary, we report here that PKD1 promotes Ras OIS by
up-regulation of NF-xB activity and subsequent IL-6/IL-8 in-
duction. ROS-PKC38-PKD1 axis is essential for initiation and
maintenance of IL-6/IL-8. Ablation of PKD1 leads to bypass Ras
OIS and promotes cell transformation and tumorigenesis.

Materials and Methods

Antibodies, reagents, and cell lines used in this study are described in S/
Materials and Methods. All experiments were processed according to the
standard protocols. Plasmids, viral infection, real-time PCR, ChIP, immuno-
blot analysis, mitochondrial isolation, SA-p-gal staining, cell cycle analysis,
ELISA, ROS measurement, soft agar assay, tumorigenic assay, etc., are de-
scribed in detail in S/ Materials and Methods.
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