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Abstract

Neoplastic cells rely on the tumor microenvironment (TME) for survival and progression factors.
Indeed, senescent and cancer-associated fibroblasts (CAFs) express factors that promote
tumorigenesis that are collectively referred to as the senescence-associated secretory phenotype
(SASP). Despite their importance in tumorigenesis, the mechanisms that control TME-derived
factor expression remain poorly understood. Here we address a key unanswered question, how the
SASP is sustained in senescent fibroblasts and CAFs. We find that the mitogen-activated protein
kinase p38 (p38MAPK) controls AUF1 occupancy on SASP mRNAs and thus controls their
stability. The importance of this regulatory mechanism is underscored by our findings that
stromal-specific pP38MAPK inhibition abrogates the tumor-promoting activities of CAFs and
senescent fibroblasts. Our data suggest that targeting SASP mRNA stability through inhibition of
p38MAPK will significantly aid the development of clinical strategies to target the TME.

Corresponding Author: Sheila A. Stewart, Department of Cell Biology and Physiology, Washington University School of Medicine,
660 South Euclid Avenue, Campus Box 8228, St. Louis, MO 63110. Phone: 314-362-7437; Fax: 314-362-7463;
sheila.stewart@wustl.edu.
gurrent address: AstraZeneca Pharmaceuticals, Waltham, MA.
Current address: Department of Cancer Systems Imaging, MD Anderson Cancer Center, Houston, TX.

Conflict of Interest: None



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Alspach et al.

Keywords

Page 2

tumor microenvironment; senescence; SASP; mRNA stability; p38MAPK

INTRODUCTION

The critical role the tumor microenvironment (TME) plays in disease is underscored by
findings that changes within stromal cells can predict clinical outcome (1) (2) (3). For this
reason, many groups have focused on how various stromal cell types impact tumorigenesis.
For example, activated fibroblasts isolated from carcinomas (cancer-associated fibroblasts or
CAFs) promote preneoplastic cell growth and increase tumor cell migration, invasion, and
angiogenesis (4). Likewise, senescent fibroblasts, which are also found in human tissue (5),
support tumorigenesis through the promotion of growth, invasion, and angiogenesis (6) (7)
(8). Intriguingly, both senescent fibroblasts and CAFs express a plethora of pro-tumorigenic
factors and in senescent cells this is referred to as the senescence-associated secretory
phenotype (SASP) (6) (9).

There is significant overlap between the pro-tumorigenic factors expressed in CAFs and
senescent cells. Expression array analyses of human fibroblasts treated with granulin, which
renders a CAF-like phenotype (10), and fibroblasts isolated from human tumors reveal that
both populations express SASP factors ((11) (12) and reviewed in (13)). In addition, CAFs
isolated by laser capture micro-dissection (LCM) or via cell surface marker expression
similarly display SASP factor expression (1) (2) (3) (4) (14). Finally, cells that fail to enter
senescence following exposure to a senescence-inducing stress robustly express SASP
factors (15) (16), indicating that entrance into senescence is not a prerequisite for SASP
expression. Together, these observations raise the possibility that the mechanisms that
govern SASP expression are conserved in many tumor-promoting fibroblasts and are not
dependent upon the induction of senescence. Thus, identifying mechanisms that activate and
sustain SASP expression will have a profound impact on our understanding of the
development of a pro-tumorigenic TME and the identification of novel therapeutic targets.

Despite the profound impact the pro-tumorigenic SASP has on tumor cell growth and
progression, the mechanisms that lead to its activation and maintenance remain poorly
understood. The majority of regulatory pathways elucidated thus far have focused on SASP
factor transcription, specifically by NFxB and C/EBPp (15) (16) (17) (18) (19). NFxB’s
transcriptional activation of the SASP is dependent on the mitogen-activated protein kinase
p38 (p38MAPK) and the DNA-damage response protein ATM (19). However, in other
systems p38MAPK facilitates expression of cytokines including IL6 by impacting post-
transcriptional mMRNA stability, possibly through the RNA binding-protein AUF1 (20) (21)
(22). Post-transcriptional regulation of the SASP by p38MAPK has yet to be investigated.

Given the importance of the SASP on stromal-supported tumorigenesis, we investigated the
impact of p38MAPK on SASP-mediated tumor promotion. We demonstrate that inhibition
of p38MAPK activity abrogates the tumor promoting capacity of senescent fibroblasts.
Furthermore, inhibiting p38MAPK in CAFs inhibits their tumor promoting abilities,
demonstrating for the first time that regulatory mechanisms elucidated in senescent stroma
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are applicable in CAFs. Finally, we elucidate a p38MAPK-dependent post-transcriptional
SASP regulatory pathway that modulates RNA-binding protein activity.

SASP factors promote preneoplastic cell growth (6) (7) (8) (23) (24) and p38MAPK
contributes significantly to the initiation of SASP factor expression (25). To confirm this,
senescent fibroblasts (fibroblasts staining positive for senescence-associated -gal, SA-B-gal,
Supplemental Fig. 1A) were treated with a highly specific small-molecule inhibitor of
p38MAPK (SB203580) (26). Hsp27 is a direct downstream target of p38MAPK. Therefore,
to confirm that our treatment inhibited the kinase activity of pP38MAPK, we measured
Hsp27 phosphorylation by western blot analysis. We found that SB203580 treatment led to a
reduction in Hsp27 phosphorylation, indicating successful inhibition of p38MAPK activity
(Fig. 1A). As expected, SB203580 treatment of senescent fibroblasts resulted in a significant
reduction in the expression of SASP factors IL6, IL8, and GMCSF (Fig. 1B). To determine
if p3BMAPK activity was responsible for the tumor-promoting activities of senescent cells,
we performed co-culture experiments with normal human fibroblasts induced to senesce by
treatment with bleomycin (referred to throughout as stress-induced premature senescence,
SIPS) and preneoplastic HaCaT keratinocyte cells expressing click beetle red (CBR)
luciferase (HaCaT-CBR) (23). Prior to the addition of HaCAT-CBR cells, fibroblasts were
treated with vehicle or SB203580 as indicated in Fig. 1C. Senescent fibroblasts treated with
vehicle increased the growth of HaCaT-CBR cells compared to HaCaT-CBR cells cultured
with young fibroblasts (Fig. 1D), recapitulating our previously published observations (23)
(15). However, while inhibition of p38MAPK had no effect on HaCAT-CBR cells grown in
the absence of fibroblasts (Supplemental Fig. 1B), we found that p38MAPK inhibition
reduced the pro-tumorigenic activity of senescent fibroblasts by significantly reducing
HaCaT-CBR cell growth (Fig. 1D).

Given the potent impact of p38MAPK inhibition in co-culture experiments, we next
examined the impact of p38MAPK depletion on preneoplastic cell growth in xenograft
experiments. p38MAPK was depleted from senescent fibroblasts (Fig. 1E), resulting in a
significant reduction in the level of p38MAPK-dependent SASP factor IL8 (Fig. 1F). To
assess the impact of p38MAPK loss in vivo, young, senescent, or p38MAPK-depleted
senescent fibroblasts were admixed with the preneoplastic epithelial cell line BPH1
expressing CBR luciferase (BPH1-CBR) and injected subcutaneously into nude mice.
Tumor growth was analyzed by bioluminescence imaging. As expected, senescent
fibroblasts increased BPH1-CBR cell growth relative to young fibroblasts (Fig. 1G).
However, depletion of p38MAPK and subsequent reduction in p38MAPK-dependent SASP
factor expression reduced tumor growth to the level observed when BPH1-CBR cells were
co-injected with young fibroblasts (Fig. 1G). These results indicate that expression of
p38MAPK-dependent SASP factors within the TME plays a pivotal role in preneoplastic
cell growth in vivo.
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The pro-tumorigenic SASP is subject to post-transcriptional regulation

We next sought to elucidate the mechanism by which p38MAPK regulates pro-tumorigenic
SASP factor expression. Previous work demonstrated that p38MAPK modulates NFxB-
driven transcription of SASP factors including IL6 and IL8 (19). To determine that the
effects of p38MAPK inhibition were transcriptionally based, senescent fibroblasts were
treated with the transcription inhibitor actinomycin D (ActD) at several time points
following bleomycin treatment. SASP factor expression was significantly inhibited when
cells were treated with ActD 24 hours after bleomycin treatment (Fig. 2A), a time point at
which SASP factor mRNA was increased (Supplemental Fig. 2A) but cells were not yet
senescent (Supplemental Fig. 1A). These results indicate that at this time point SASP factor
expression is dependent on transcription. Surprisingly, at 96 hours after bleomycin
treatment, when cells displayed morphological features characteristic of senescence
including staining positive for SA-p-gal (Supplemental Fig. 1A), treatment with ActD failed
to reduce SASP factor mRNA levels (Fig. 2A). These changes in mMRNA were also reflected
at the protein level. Indeed, we found that IL6 protein levels in conditioned medium
collected from cells treated with ActD at 24 hours fell drastically compared to untreated
cells. In contrast, when cells were treated with ActD at 96 hours, IL6 protein levels
remained high (Fig. 2B). Given p38MAPK inhibition at the later time point significantly
reduced SASP expression (Fig. 1B), these findings raised the possibility that p38MAPK
impacts SASP factor mRNA stability rather than NFxB-driven transcriptional activation
upon the acquisition of senescence. To confirm that p38MAPK had no effect on NFkB-
driven transcription at the later time point, normal human fibroblasts were transduced with
an NFxB transcription reporter plasmid driving expression of luciferase (NFxB-luc).
Transduced cells were treated with bleomycin, and 72 hours later senescent cells were
treated with the p38MAPK inhibitor SB203580 for an additional 48 hours. As expected,
when SB203580 treatment was initiated 72 hours after bleomycin treatment, there was no
significant effect on NFxB transcriptional activity (Fig. 2C). These results indicate that after
the establishment of senescence, p38MAPK has a profound effect on SASP factor mRNA
stability.

To address whether SASP factor mRNA stability was affected in cells undergoing
replicative senescence or other types of stress-induced senescence, normal human fibroblasts
were induced to senesce through telomere dysfunction (replicative senescence, RS) or
treatment with the histone deacetylase inhibitor sodium butyrate (NaB). Cells undergoing
RS or NaB-induced senescence robustly induced expression of SASP factors, including IL6
and IL8 (Supplemental Fig 2B and Supplemental Fig 2C, respectively). Further, we found
that SASP factor mRNAs were significantly stabilized in cells that had undergone RS or
NaB-induced senescence (Fig. 2D and Supplemental Fig. 2D, respectively). Significantly,
SASP factor mRNA stabilization was not limited to skin fibroblasts; when IMR90 human
lung fibroblasts were treated with bleomycin, they displayed a similar increase in SASP
factor mRNA stability 96 hours post-bleomycin treatment (Supplemental Fig. 2E). Together,
these data indicate that SASP factor mRNAs are stabilized by a post-transcriptional
regulatory program that is active in fibroblasts from diverse tissues, regardless of the
mechanism through which senescence is induced.
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p38MAPK post-transcriptionally regulates the SASP

Our results indicate that p38MAPK inhibition reduces SASP expression and TME-
dependent promation of tumorigenesis but does not affect the activity of the primary
transcriptional regulator of the SASP, NF«kB, following induction of senescence.
Interestingly, p38MAPK post-transcriptionally regulates IL6 and IL8 in other contexts (20)
(21). Thus, we investigated p38MAPK’s role in stabilizing SASP factor mMRNA. We first
examined whether p38MAPK was active throughout the time course under investigation. To
assess p38MAPK activation, lysates were prepared from cells 24 or 96 hours after
bleomycin treatment and examined for phosphorylated p38MAPK (p-p38) by western blot
analysis. In agreement with previous findings (19), we observed that phosphorylated
p38MAPK increased from 24 to 96 hours following bleomycin treatment (Supplemental Fig.
2F). These kinetics were consistent with SASP factor mRNA stabilization, suggesting that
p38MAPK activation regulates SASP factor mRNA stability.

To elucidate p38MAPK’s role in regulating SASP factor mRNA stabilization, normal
human fibroblasts depleted of p38MAPK (shp38) were treated with ActD 24 or 96 hours
after bleomycin treatment (Fig. 2E). When treated with ActD 24 hours after bleomycin
treatment, cells expressing shSCR or shp38 displayed decreased SASP mRNA stability,
indicating that p38MAPK does not post-transcriptionally regulate SASP mRNAs at this time
point. As expected, both IL6 and IL8 mRNA stability increased when shSCR control cells
were treated with ActD 96 hours after bleomycin treatment, although not to the same extent
as that observed in non-transduced fibroblasts. In contrast, when shp38 cells were treated
with ActD 96 hours post-bleomycin treatment, they displayed significantly reduced IL6 and
IL8 mRNA stability when compared to cells expressing the control hairpin (shSCR) (Fig.
2E). Similar results were obtained with a second independent shRNA targeting p38MAPK
(data not shown).

The 3’ UTRs of SASP factor transcripts control mRNA stabilization in stromal cells

We next examined the mechanisms by which SASP factor mRNA was stabilized. The 3’
untranslated region (UTR) of many mRNAs contains protein binding motifs that alter
mRNA stability under diverse biological stimuli (27). To determine whether the 3 UTRs of
SASP factor mRNAs govern post-transcriptional regulation, we utilized a luciferase reporter
cDNA fused to the 3° UTR of IL6 (luclL6) or GMCSF (lucGMCSF). A luciferase reporter
cDNA fused to the 3° UTR of GAPDH (lucGAP) was used as a control. Normal human
fibroblasts were stably transduced with the luciferase reporter constructs and luciferase
MRNA levels were monitored in response to ActD at the time points indicated (Fig. 3A).
Similar to our observations with the endogenous IL6 and GMCSF transcripts, we observed
that the stability of the luclL6 and lucGMCSF transcripts increased significantly when
treated with ActD 96 hours compared to 24 hours after bleomycin treatment (Fig. 3A). As
expected, there was no significant change in the stability of the lucGAP transcript (Fig. 3A),
indicating that 3° UTR-dependent mRNA stabilization was specific for SASP factor mMRNA
and did not extend to all MRNAs in response to senescence. These results indicate that the 3
UTR of SASP factor transcripts mediates increases in mRNA stability.
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AUF1 directly binds to SASP factor mRNA and modulates their stabilization

AUF1 is a protein that binds the 3° UTRs of many mRNAs including IL6, IL8, and GMCSF
and reduces their stability (28) (29) (30). Furthermore, p38MAPK is known to impact AUF1
activity in other settings (22), although a link between AUF1 and p38MAPK in the post-
transcriptional regulation of IL6 and IL8 has not been demonstrated. To examine AUF1
binding to SASP factor mRNA in response to senescence, we utilized RNA-binding protein
immunoprecipitation (RIP) to examine AUF1 binding to SASP factor mRNAs in response to
senescence. Cell lysates were collected 24 and 96 hours after bleomycin treatment and
subjected to immunoprecipitation with either an AUF1-specific antibody or a nonspecific
IgG; mRNA levels were normalized to the levels of each transcript measured in the input
fractions. We observed that AUF1 occupancy on IL6 and IL8 mRNAs significantly
decreased from 24 to 96 hours after bleomycin treatment (Fig. 3B), corresponding with the
increase in mRNA stability observed in Fig. 2. We observed similar results for GMCSF and
CCL20 mRNA, indicating that this mechanism impacts many SASP factor mRNAs (Fig.
3B). This observation suggests that decreased AUF1 binding leads to increased mRNA
stability once senescence is established.

We next sought to determine whether AUF1 was required to destabilize SASP mRNAs. To
address this question, we stably transduced normal human fibroblasts with two independent
short-hairpin RNA (shRNA) constructs targeting AUF1 (shAUF1a and shAUF1b) (Fig. 3C).
AUF1-depleted cells were treated with bleomycin and 24 hours later treated with ActD, a
time at which AUF1 is bound to SASP factor mRNAs displaying reduced stability (Fig. 3B).
In contrast to control cells, we found that AUF1 depletion significantly increased the
stability of IL6 and IL8 mRNA at the early time point when these mRNAs are normally
unstable (Fig. 3D). These data demonstrate that before senescence is established, AUF1
destabilizes SASP mRNAs by binding to their 3° UTRs.

To address whether the impact of p38MAPK on SASP mRNA stabilization was due to
modulation of AUF1-SASP mRNA binding, we carried out RIP analysis. Following
bleomycin treatment, normal human fibroblasts were treated with SB203580 or vehicle
control as described in Fig. 3E. In contrast to control cells in which AUF1 occupancy
decreased at the late time point, there was no decrease in AUF1 occupancy on IL8 mRNA in
p38MAPK-inhibited cells collected 96 hours after bleomycin treatment (Fig. 3E). Similar
results were obtained for IL6 (data not shown). These observations indicate that p38MAPK
activation is required to release AUF1 from SASP factor mRNA. Further, these studies
suggest that loss of SASP factor mRNA stabilization in p38MAPK inhibited cells (Fig. 2) is
the result of a failure to remove AUF1 from SASP factor transcripts.

p38MAPK-dependent factors are expressed in the TME of breast cancer lesions

The TME plays a pivotal role in tumor progression, and recent expression analyses indicate
that TME-specific expression changes are predictive of clinical outcome (1) (2) (3). Both
senescent fibroblasts and CAFs express pro-tumorigenic SASP factors, raising the intriguing
possibility that the regulatory mechanisms that control SASP expression in senescent cells
also operate in cancer-associated stroma. Given the importance of p38MAPK in SASP
factor expression, we carried out a meta-analysis to establish a list of pP38MAPK-regulated
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genes in senescent fibroblasts and evaluated their expression in the TME of human breast
cancers (Fig. 4A). We performed RNA sequence analysis (RNA-seq) of young, senescent,
and p38MAPK-inhibited senescent human fibroblasts and observed that IL6 and IL8
expression was p38MAPK-dependent. Along with previously identified factors, we found
that 50 additional SASP factors were p38MAPK-dependent, including GMCSF, GCSF,
IL1a, IL1B, CXCL1, CXCL2, CXCL5, CCL20, MMP1, and MMP7 (Supplemental Table 1,
Fig. 4A). A subset of these factors was validated by gRT-PCR (Supplemental Fig. 3A).
Gene ontology (GO) process analysis performed on the p38MAPK-dependent factors
demonstrated that genes related to the regulation of inflammation, chemotaxis, cell
adhesion, angiogenesis, and proliferation were significantly enriched in this gene set (Fig.
4B).

We next compared our p38MAPK-dependent SASP list to factors significantly over-
expressed in the TME of breast cancer (BC) lesions. We examined three data sets generated
from microarray analyses of normal stroma versus cancer-associated stroma that had been
obtained by laser capture micro-dissection of breast tissue (1) (2) (3) (Fig. 4A). Of the 50
p38MAPK-dependent factors identified in senescent fibroblasts, we found that 29 were
expressed in the stroma of the Finak breast cancer dataset (1), including CXCL2 and IL24.
Seventeen factors were expressed in the TME of the Ma breast cancer data set (2), including
IL1B. Finally, 7 factors overlapped with the Karnoub breast cancer data set (3), including
CCL20 (Supplemental Table 1). Furthermore, CCL20, CXCL5, IL11, IL1B, IRAK3, MMP1,
MPP7, and SOD2 were expressed in the BC-associated stromal compartment of at least two
studies (Fig. 4C). Of note, CCL20, CXCL5, IL11, IL1B, and MMP1 are factors with known
pro-tumorigenic activities (31) (32) (33) (34) (35). We observed that BC-associated stromal
genes compose a large percentage of the total number of p38MAPK-dependent SASP
factors involved in the regulation of inflammation, chemotaxis, angiogenesis, and cell
adhesion based on GO process analyses (Fig. 4B). Given that these factors are associated
with disease progression, our findings raise the possibility that anti-p38MAPK therapy could
significantly impact tumor progression in humans.

Inhibition of p38MAPK abrogates the pro-tumorigenic activities of CAFs

Expression of p38MAPK-dependent factors within the stroma of breast cancer lesions raised
the possibility that they contribute to the tumor promoting activities of CAFs. Therefore, we
examined whether inhibition of p38MAPK would abrogate the tumor-promoting activities
of CAFs as it did for senescent fibroblasts. To generate CAFs, we obtained normal human
mammary fibroblasts from reduction mammaoplasty (NMF), admixed them with MCF7-Ras
breast carcinoma cells and injected the cell mixture into immunocompromised mice and
allowed tumors to grow. Human CAFs were isolated from these tumors and we assessed
their tumor-promoting potential by co-culturing them with preneoplastic HaCaT skin
keratinocytes expressing CBR luciferase (HaCaT-CBR). As expected, CAFs significantly
stimulated HaCaT-CBR cell growth compared to HaCaT-CBR cells cultured with parental
NMF fibroblasts (Fig. 4D). To investigate the importance of p38MAPK-dependent CAF
factors, we inhibited p38MAPK in CAFs with SB203580 and assessed their ability to
promote preneoplastic cell growth. Similar to what we observed when senescent fibroblasts
were treated with the p38MAPK inhibitor SB203580 (Fig. 1C), CAFs treated with
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SB203580 failed to promote HaCaT-CBR cell growth (Fig. 4D). These results indicate that
p38MAPK regulates the tumor-promoting activity of CAFs. Together with our meta-
analysis and expression of p38MAPK-dependent genes in the stromal compartment of
human breast cancer lesions, these observations suggest that p38MAPK plays a central role
in sustaining the expression of tumor-promoting factors. Thus, stromal p38MAPK
represents a novel therapeutic target for senescent and non-senescent cancer-associated
stromal compartments in breast cancer.

p38MAPK inhibition compromises the tumor-promoting capacity of the microenvironment

The critical importance of SASP factor expression in our tumor models and our work to
uncover the mechanisms that sustain SASP factor expression identified p38MAPK as a
central player in SASP expression in senescent cells as well as in CAFs. Given our findings
that p38MAPK-dependent factors are expressed in human breast cancer lesions, we
evaluated the feasibility of targeting p38MAPK in a preventative and therapeutic setting.
Several p38MAPK inhibitors have entered phase Il clinical trails for rheumatoid arthritis
and thus have proven safe in a nonlethal disease (36) (37). We obtained a p38MAPK
inhibitor (CDD-111, also referred to as SD-0006 (38), Confluence Life Sciences) and
compounded it into mouse chow. CDD-111 was chosen because it can be orally
administered and shows high specificity for the p38MAPK « subunit (38). Indeed, extensive
analysis of CDD-111 revealed that it is selective for p38MAPK « over fifty other kinases
including p38MAPK B, vy, and 8. Furthermore, the I1Csq for inhibiting tumor necrosis factor-
a (TNFa) release in vitro and in vivo was less than 200 nM (38). Treatment of senescent
cells with CDD-111 in vitro revealed that it effectively reduced SASP expression as
evidenced by a significant reduction in IL6 and IL8 levels (data not shown).

To establish the impact of orally administered CDD-111 on p38MAPK activity in our
system, mice were placed on CDD-111 (p38i) or control chow for three days, challenged
with LPS, and serum TNFa levels were measured. We found that mice receiving oral p38i
failed to mount a robust TNFa response following an LPS challenge compared to animals
receiving control chow (Supplemental Fig. 3B). We also verified that p38i inhibited SASP
expression in vivo. Senescent normal human fibroblasts were injected subcutaneously into
the rear flanks of nude mice maintained on control or p38i chow. Ten days after injection the
cells were removed, RNA was isolated, and the levels of human IL8 were analyzed by gRT-
PCR. Senescent fibroblasts isolated from mice on p38i had significantly less IL8 mMRNA
than senescent fibroblasts isolated from mice on control chow (Fig. 4E), demonstrating that
CDD-111 inhibited SASP expression in vivo.

We next evaluated the p38MAPK inhibitor’s efficacy in a xenograft setting. BPH1-CBR
cells admixed with young or senescent fibroblasts were subcutaneously injected into mice
maintained on control or p38i chow (Fig. 4F). Bioluminescence analysis of tumor growth
revealed that p38i significantly reduced the growth of BPH1-CBR cells co-injected with
senescent fibroblasts (Fig. 4G & H). Analysis of cellular proliferation (Ki67 staining)
revealed that senescent fibroblasts significantly increased BPH1 cell proliferation compared
to when BPH1 cells were co-injected with young fibroblasts (Fig. 5A). Importantly, the
increase BPH1 proliferation that was noted in the presence of senescent fibroblasts was
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markedly reduced when mice were maintained on p38i versus control chow (Fig. 5A). These
data demonstrate that the reduced tumor size observed in response to p38i administration
was a result of decreased epithelial cell proliferation. Importantly, the difference in epithelial
cell proliferation between tumors containing senescent stroma from p38i- and control-fed
mice was not due to differences in stromal composition between these tumor types, as
staining for a senescence marker, p16, and a fibroblast marker, vimentin, demonstrated that
1) senescent fibroblasts persisted throughout the time course of the experiment regardless of
p38MAPK inhibition and 2) the stromal composition of treated and untreated tumors was
similar. Vascularity and myeloid infiltration were also investigated in these tumors. No
significant differences in either vascularity or leukocyte infiltration were noted (data not
shown). Administration of CDD-111 to mice injected with BPH1 cells admixed with young
fibroblasts also resulted in a decrease in epithelial cell growth, although not to the same
extent as that observed in tumors containing senescent fibroblasts. Oral administration of
CDD-111 had no significant impact on BPH1-CBR cells injected alone (data not shown).

To address the effectiveness of p38MAPK inhibition in a therapeutic setting, mice were
injected with BPH1-CBR cells admixed with senescent fibroblasts and tumors were allowed
to grow for one week until the average tumor volume reached 74 mm3. Mice were then
administered control or p38i chow and bioluminescence imaging was used to monitor tumor
growth. Significantly, tumor growth was arrested in mice receiving p38i. In contrast, tumors
in mice receiving control chow continued to show significant growth (Fig. 5B).

To investigate the applicability of orally administered p38i in CAF-containing
microenvironments, we obtained primary CAFs (pCAFs) from a lesion removed from a
patient with invasive breast cancer. We subcutaneously injected BPH1 cells alone or BPH1
cells admixed with pCAFs into nude mice fed either control or p38i chow as described for
the experiments in Fig 4F. As expected, there was no difference in BPH1 cell growth
whether mice were fed control or p38i chow (Fig. 5C). Importantly, in mice receiving
control chow, BPH1 cells admixed with pCAFs grew significantly more than BPH1 cells
injected alone, verifying that our patient-derived fibroblasts were bona fide CAFs (Fig. 5C).
pCAF-mediated BPH1 growth was significantly inhibited in mice receiving p38i (Fig. 5C),
similar to what was observed with senescent fibroblast-mediated BPH1 growth (Fig 4G and
H). These findings, combined with those from p38MAPK inhibition of senescent-fibroblast
driven tumors, suggest that p38MAPK is a viable, stromal specific therapeutic target that
may show efficacy in diverse tumor microenvironments and diverse tumor types

DISCUSSION

The regulation of SASP expression is complex, involving the DNA damage response (16),
HDAC1 activity (15), and transcriptional regulation by NFxB and C/EBPf (17) (18) (19).
p38MAPK perhaps best exemplifies the complexity of SASP regulation. Previous reports
have shown that p38MAPK impacts NF«B-driven transcriptional control of SASP
expression immediately following exposure to a senescence-inducing signal (19). In our
system, p38MAPK inhibition had no effect on NFxB transcriptional activity when it was
initiated after cells acquired the senescent phenotype as evidenced by SA-B-gal staining.
However, p38MAPK inhibition did have a significant impact on SASP factor mMRNA
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stability. Our data are consistent with p38MAPK playing a dual role in SASP factor
expression. We hypothesize that SASP factor expression is achieved through early rounds of
transcription followed by post-transcriptional mMRNA stabilization, both of which require
distinct p38MAPK functions.

Inhibiting the SASP represents a novel stromal-specific therapeutic cancer modality that
could be beneficial at multiple stages of tumorigenesis. We have demonstrated that
senescent cells are present in the microenvironment before the formation of preneoplastic
lesions and that SASP factors promote preneoplastic cell growth (23) (15). The SASP also
promotes more aggressive malignancies by increasing angiogenesis and invasion (9) (39).
Finally, the SASP is hypothesized to promote later events in cancer progression including
metastasis and recurrence through its promotion of cancer stem cell formation and chemo-
resistant niches (40) (41) (7). Together, these findings suggest that inhibition of the SASP
will prevent the development and/or progression of malignancies. p38MAPK could provide
an ideal target as it impacts both the transcriptional and post-transcriptional regulation of
SASP (19) and may be particularly effective because it can inhibit SASP expression after
the stabilization of SASP mRNAs has already occurred.

Our findings that oral administration of a p38MAPK inhibitor dramatically inhibits SASP-
mediated tumor growth driven by senescent fibroblasts and CAFs indicate for the first time
that the tumor-promoting capabilities of senescent and cancer-associated fibroblasts are
mediated through similar signaling pathways. Furthermore, these findings suggest that
p38MAPK is an important therapeutic target with wide applicability in a variety of tumor-
promoting microenvironments. This is strengthened by our in silico analysis of the stromal
compartment of breast cancer lesions, which we show express many p38MAPK-dependent
genes. These data are intriguing in light of the fact that p38MAPK inhibitors have moved
into phase 11 and 111 clinical trials for inflammatory diseases including rheumatoid arthritis,
Crohn’s disease, and psoriasis, demonstrating their tolerability in patients (36) (37). Given
our findings, we suggest that p38MAPK inhibitors warrant investigation for use as anti-
neoplastic therapy.

METHODS

Cell lines and treatments

BJ human foreskin fibroblasts were obtained from Dr. Robert Weinberg (Massachusetts
Institute of Technology, Cambridge, MA) and were cultured as previously described (23).
IMR90 human lung fibroblasts were purchased from ATCC (Manassas, VA) and were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS
(Sigma, St. Louis, MO) and 1% penicillin/streptomycin. Patient-derived breast cancer-
associated fibroblasts were purchased from Asterand (Detroit, MI) and cultured in DMEM
supplemented with 10% FBS, 1 ug/mL hydrocortisone, 5 ug/mL transferrin, 5 ug/mL
insulin, and 1% penicillin/streptomycin. Fibroblasts were treated with bleomycin sulfate
(100 pg/mL, Sigma, St. Louis, MO) for 24 hours, followed by incubation in normal culture
medium for the time points indicated. Fibroblasts were treated with actinomycin D (10
ug/mL, Sigma, St. Louis, MO) for 24 hours, SB203580 (10 uM, Millipore, Billerica, MA)
for 48 hours, or CDD-111 (also referred to as SP-006, 1 uM, Confluence Life Sciences, St.
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Louis, MO) for 48 hours unless indicated otherwise. SB203580 and CDD-111 were
replenished daily. Fibroblasts were treated with 2 fresh changes of 4 mM sodium butyrate
(NaB, Sigma, St. Louis, MO) for 72 or 120 hours. RNA was isolated using TRI Reagent
(Life Technologies, Carlsbad, CA) at the time points indicated. HaCaT preneoplastic
keratinocyte cells (obtained from Dr. Norbert E. Fusenig, German Cancer Research Center,
Heidelberg, Germany) stably expressing click beetle red (CBR) luciferase (HaCat-CBR)
(16) were grown in DMEM supplemented with 10% heat-inactivated FBS and 1%
penicillin/streptomycin (Sigma, St. Louis, MO). BPH1 preneoplastic prostate epithelial cells
(obtained from Dr. Robert Weinberg, Massachusetts Institute of Technology, Cambridge,
MA\) stably expressing CBR luciferase (BPH1-CBR) were grown in DMEM supplemented
with 10% non-heat inactivated FBS and 1% penicillin/streptomycin. All cells were cultured
at 37 °C in 5% carbon dioxide and 5% oxygen. No cell lines used were authenticated.

The luciferase reporter construct fused to the 3° UTR of IL6 (luclL6) was a gift from Dr.
Nicholas Davidson (Washington University School of Medicine, St. Louis, MO) and was
subcloned into the EcoRlI site of pPBABE-hygro. Luciferase reporter constructs fused to the
3" UTR of GMCSF or GAPDH were purchased from Switch Gear Genomics (Menlo Park,
CA) and were subcloned in to pPBABE-hygro using the Snabl and Sall restriction sites. Short
hairpin RNA sequences targeting human AUF1 (shAUF1A: 5’-
AGAGTGGTTATGGGAAGGTAT-3’, shAUF1B: 5’-
AGTAAGAACGAGGAGGATGAA-3’), p38 (5’-GCCGTATAGGATGTCAGACAA-3’)
and Hsp27 (5-CCCGGACGAGCTGACGGTCAA-3’) were obtained from the Children’s
Discovery Institute’s viral vector-based RNAI core at Washington University in St. Louis,
and were supplied in the pLKO.1-puro backbone. Luciferase reporter assays were performed
using a plasmid containing an NF«B-responsive promoter driving expression of firefly
luciferase (NFxB-luc) and a plasmid encoding Renilla luciferase driven by the thymidine
kinase promoter, obtained from Dr. David Piwnica-Worms (Washington University School
of Medicine, St. Louis, MO).

Senescence-associated p-galactosidase (SA-p-gal) staining

SA-B-gal staining was carried out as described previously (23).

Quantitative PCR

cDNA synthesis and quantitative PCR was performed using previously published protocols
and manufacturers’ instructions (42) (SYBR Green, Life Technologies, Carlsbad, CA).
Primers for GAPDH (F: 5’-GCATGGCCTTCGGTGTCC-3’, R: 5’-
AATGCCAGCCCCAGCGTCAAA-3’), IL6 (F: 5’-ACATCCTCGACGGCATCTCA-3’, R:
5’-TCACCAGGCAAGTCTCCTCA-3’), IL8 (F: 5’-GCTCTGTGTGAAGGTGCAGT-3’,
R: 5’-TGCACCCAGTTTTCCTTGGG-3’), MMP3 (F: 5’-
GTTTTGGCCCATGCCTATGCCCC-3’, R: 5’-
GGAGTCAGGGGGAGGTCCATAGAGG-3’), CCL20 (F: 5’-
CTGCGGCGAATCAGAAGCAGC-3’, R: 5’-CCTTCATTGGCCAGCTGCCGT-3’),
luclL6 (F: 5’-CGGGCGCGGTCGGTAAAGTT-3’, R: 5’-
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AAACAACAACGGCGGCGGGA-3’), and lucGMCSF and lucGAP (F: 5’-
GAGAAACATGCGGAGAACGC-3’, R: 5’-AGCATGCACGATAGCCTTGA-3’) were
purchased from IDT. GMCSF cDNA was amplified using a Tagman probe/primer set
(catalog number Hs00929873 _m1, Life Technologies, Carlsbad, CA).

Conditioned medium was generated by incubating cells for 24 hours in serum-free medium.
Following collection, secreted IL6 protein levels were measured using the human IL6
Quantikine ELISA kit (catalog number D6050, R&D Systems, Minneapolis, MN).

Western blot analysis

Cell pellets were lysed in buffer containing 50 mM Tris pH 8.0, 5 mM EDTA, 0.5% NP40
and 100 mM sodium chloride for 20 minutes at 4 °C. Protein concentration was quantified
using the Bradford Protein Assay (Bio-Rad, Berkeley, CA). The primary antibodies used
were: polyclonal AUF1 (Millipore, Billerica, MA, catalog number 07260MI) at 1:3000,
polyclonal p-p38 (PhosphoSolutions, Aurora, CO, catalog number p190-1802) at 1:1000,
polyclonal p38 (Cell Signaling, Boston, MA, catalog number 9218) at 1:1000, monoclonal
f3-catenin (BD Biosciences, San Jose, CA, catalog number 610153) at 1:5000, and
monoclonal a-tubulin (Abcam, Cambridge, MA, product number ab6160) at 1:1000. All
secondary antibodies from the appropriate species were horseradish peroxidase-conjugated
(Jackson Laboratories, Bar Harbor, ME) and diluted 1:10000.

Virus Production

Virus was produced as described previously (23).

RNA-binding protein immunoprecipitation (RIP)

Cell pellets from 7x107 BJ fibroblasts were lysed in the same buffer used for western blot
analysis. Protein concentration was analyzed using the Bradford Protein Assay (Bio-Rad,
Berkeley, CA). 3 mg of protein was used for each immunoprecipitation. The following
primary antibody was used: 30 ug of polyclonal AUF1 (Millipore, Billerica, MA, catalog
number 07260MI). Equivalent amounts of normal IgG antibody (Cell Signaling, Boston,
MA) were used to control for specific immunoprecipitation. Cell lysates were pre-cleared
with 20 pL protein A Dynabeads (Life Technologies, Carlsbad, CA) for 30 minutes at 4 °C
prior to immunoprecipitation. 100 uL Protein A Dynabeads were used for each
immunoprecipitation. Beads were washed 3 times in 0.1 M monosodium phosphate and then
incubated in 0.1 M monosodium phosphate with the appropriate antibody for at least 1 hour
at room temperature. Beads were then washed 3 times in Buffer A (1x PBS, 0.1% SDS,
0.3% sodium deoxycholate, 0.3% NP40), followed by incubation for 30 minutes at room
temperature in NT2 buffer (50 mM Tris pH 7.4, 150 mM sodium chloride, 1 mM
magnesium chloride). Antibody-bound beads were then added to pre-cleared cell lysates,
and immunoprecipitated overnight at 4 °C. 100 pL of cell lysate was removed from the 1gG
immunoprecipitation to be used for input controls. Immunoprecipitated beads were washed
2 times with each of the following buffers: Buffer A, Buffer B (5x PBS, 0.1% SDS, 0.5%
sodium deoxycholate, 0.5% NP40) and Buffer C (50 mM Tris pH 7.4, 10 mM magnesium
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chloride, 0.5% NP40). Beads were then resuspended in NT2 containing 0.1% SDS, 80 U
RNase OUT (Life Technologies, Carlsbad, CA), and 30 ug Proteinase K and incubated at 55
°C for 30 minutes. RNA was isolated from the beads by adding 1 mL of TRI Reagent (Life
Technologies, Carlsbad, CA). Following cDNA synthesis, mMRNA levels of SASP factors
were analyzed by qPCR using the primers and procedures described above.

Luciferase reporter assay

Co-culture

Xenografts

BJ fibroblasts were transiently transfected with plasmids encoding NFxB-luc and Renilla
luciferase. Renilla luciferase expression was used to standardize for transfection efficiency.
Transfection was performed using manufacturer’s protocol for the Lipofectamine 2000
reagent (Life Technologies, Carlsbad, CA). Luciferase activities were measured 48 hours
post-transfection using live cell imaging as described (43).

Co-culture experiments were performed as previously described with the following
modifications (23). 1.3x10% fibroblasts were plated in black-walled 96 well plates (Fisher
Scientific, Pittsburgh, PA). Cells were incubated in starve medium (DMEM + 1% penicllin/
streptomyecin) for 3 days before the addition of HaCat-CBR cells. SB203580 was refreshed
daily until HaCaT-CBR plating. HaCat-CBR cells were cultured in starve medium for 24
hours prior to plating on fibroblasts. 1.0x103 HaCat-CBR cells were plated on fibroblasts
and incubated for the indicated length of time. At the times indicated, D-luciferin (Biosynth,
Naperville, IL) was added to a final concentration of 150 ug/mL. After ten minutes, plates
were imaged using an IVIS 100 camera (PerkinElmer, Downers Grove, IL) using the
following settings: exposure=10 s-5 min, field of view=15, binning=16, f/stop=1, open
filter.

1x10% BPH1-CBR preneoplastic prostate epithelial cells were co-injected with 1x106 BJ
human foreskin fibroblasts. Cells were injected subcutaneously in a 50:50 mixture of
DMEM:growth factor-reduced Matrigel (BD Biosciences, San Jose, CA) into the rear flanks
of female NcR nude mice (Taconic, Germantown, NY). In vivo bioluminescence imaging
was performed on the days indicated on an VIS 100 (PerkinEImer, Downers Grove, IL;
Living Image 3.2, 1-60 s exposures, binning 4, 8 or, 16, FOV 15 cm, f/stop 1, open filter)
following IP injection of D-luciferin (150 mg/kg; Biosynth, Naperville, IL). For analysis,
total photon flux (photons/sec) was measured from a fixed region of interest over the
xenografts using Living Image 2.6 (PerkinElmer, Downers Grove, IL).

RNA Sequence Analysis

Total RNA was isolated using TRI Reagent (Life Technologies, Carlsbhad, CA) and the
RiboPure RNA isolation kit (Life Technologies, Carlsbad, CA) following the
manufacturer’s instructions. Ribosomal RNA was removed by poly-A selection using oligo-
dT beads. mMRNA was then fragmented and reverse transcribed to yield double stranded
cDNA using random hexamers. cDNA was blunt ended, had an A base added to the 3’ ends,
and then had Illumina sequencing adapters ligated to the ends. Ligated fragments were then
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amplified for 12 cycles using primers incorporating unique index tags. Fragments were
sequenced on an Illumina HiSeg-2000 (San Diego, CA) using single reads extending 50
bases. Raw data was de-multiplexed and aligned to the reference genome using TopHat.
Transcript abundances were then estimated from the alignment files using Cufflinks. EdgeR
was used for differential expression analysis.

Generation of CAFs

Primary breast tissue was collected without patient identifiers in compliance with a protocol
approved by the Brigham and Women’s Hospital (Institutional Review Board 93-085).
Fibroblasts were isolated (10) (11) and immortalized through expression of hnTERT-GFP
(44) as previously described.

To generate cancer-associated fibroblasts (CAFs), 3x106 human mammary fibroblasts were
co-injected with 1x10% MCF7-Ras tumor cells subcutaneously into nude mice. After tumors
reached 1 cm, mice were euthanized and CAFs were re-isolated by digesting tissues in 1
mg/ml collagenase A for 1-4 hours at 37 °C with continuous rotation. Resulting cell
suspensions were dispersed with an 18-gauge needle, washed 2 times with resuspension
buffer (2% heat-inactivated fetal calf serum in sterile Hank’s Balanced Salt Solution
(HBSS)), and filtered through 70 um nylon mesh. GFP+ CAFs were then isolated by
fluorescence-activated cell sorting and maintained under their standard culture conditions.
CAFs were confirmed to be human by staining with human specific mitochondrial DNA
(data not shown).

Oral dosage of p38MAPK inhibitor

The p38MAPK small molecule inhibitor CDD-111 (Confluence Life Sciences, Inc, St.
Louis, MO) was compounded at 516 ppm with Purina Rodent Chow #5001 (St. Louis, MO)
to generate a daily exposure of 80 mg/kg/day. Female NcR nude mice (Taconic,
Germantown, NY) were fed ad libitum.

LPS challenge and TNFa ELISA

Female NcR nude mice (Taconic, Germantown, NY) were fed ad libitum for 3 days. 100 ng
lipopolysaccharide (LPS) (Sigma, St. Louis, MO) was then administered by IP injection.
Serum was collected 1 hour after LPS dosage. TNFa levels were analyzed by ELISA (R&D
Systems, Minneapolis, MN)

Staining of xenograft tumors

Following excision, tumors were fixed in 10% formalin and embedded in paraffin for
sectioning. Standard H&E technique was used for all sections. Serial sections were stained
for Ki67 (1:50, catalog number 550609, BD Bioscience, San Jose, CA), p16 (1:100, catalog
number sc-1661, Santa Cruz Biotechnology, Dallas, TX) and vimentin (1:700, catalog
number ab45939, Abcam, Cambridge, MA).
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Statistical Analysis

Data is presented as the mean + SEM. Statistical significance was determined using the
Student’s t test, with a p value < 0.05 considered significant. Percent mRNA remaining was
calculated as the fold mMRNA in ActD-treated SIPS cells over untreated SIPS cells.
Overrepresented gene ontology terms in the expression data were identified using a Fisher’s
exact test, with a significance threshold of p < 0.05 as implemented in GOstat (45).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. p38BMAPK activity controlsthe pro-tumorigenic properties of the SASP
(A) Western blot analysis demonstrating that SB203580 treatment inhibits p38MAPK

activity. As expected, SB203580 treatment significantly impacts phosphorylation of
p38MAPK’s direct downstream target, Hsp27. Total Hsp27 was used as loading control.
(B) Schematic of protocol to generate SIPS in BJ fibroblasts. Cells were treated with
bleomycin for 24 hours. SB203580 (SB) treatment or vehicle control was initiated 48 hours
after removal of bleomycin (bleo). 96 hours after bleomycin treatment, cells were collected
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for expression analysis of I1L6, IL8, and GMCSF by qRT-PCR. SIPS: senescence induced
premature senescence. Representative experiment, n=4.

(C) Timeline of bleomycin (bleo) and SB203580 treatment of BJ fibroblasts in (d).
SB203580 was replenished daily until co-culture with HaCAT-CBR cells was initiated.

(D) Growth of human keratinocytes expressing click beetle red (HaCaT-CBR) measured 8
days following initiation of co-culture with indicated fibroblast populations. Representative
experiment, n=3.

(E) BJ fibroblasts were depleted of p38MAPK through the expression of shRNA (shp38) or
control ShRNA (shSCR). p38 depletion was verified by western blot analysis and 3-catenin
was used as a loading control.

(F) Expression of 1L8 was analyzed by gRT-PCR 96 hours following bleomycin treatment
in p38MAPK-depleted (shp38) or control (shSCR) fibroblasts and represented relative to
young fibroblasts expressing shSCR control. Representative experiment, n=3.

(G) BJ fibroblasts expressing shp38 or shSCR were treated with bleomycin 72 hours prior to
injection. Indicated fibroblast populations were admixed with preneoplastic epithelial cells
expressing click beetle red (BPH1-CBR cells) and injected subcutaneously into the rear
flanks of female NcR nude mice. Luciferase activity was measured using live, whole-animal
imaging to monitor BPH1 cell growth relative to baseline signal. Data represents mean +
SEM, n=8.

Data represents mean + SD unless otherwise stated. * indicates p<0.05. SIPS: stress induced
premature senescence.
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Fig. 2. p38BMAPK post-transcriptionally regulatesthe SASP
(A) Schematic of protocol to generate SIPS in BJ fibroblasts. Cells were treated with

bleomycin for 24 hours. Cells were subsequently treated with actinomycin D (ActD) for 24
hours. The ActD treatment was initiated 24 or 96 hours after the completion of bleomycin
treatment. IL6, IL8, GMCSF, and CCL20 mRNA levels were analyzed by gqRT-PCR. To
account for changes in gene expression, levels MRNA in ActD-treated cells were normalized
to the levels observed in untreated cells from the respective time points (% mRNA
remaining). Representative experiment, n=3.
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(B) ELISA analysis of IL6 protein levels in conditioned media from cells treated as in (A).
Representative experiment, n=4.

(C) BJ fibroblasts were treated with bleomycin (bleo) for 24 hours and with SB203580 (SB)
as indicated. 96 hours post bleomycin treatment cells were transiently transfected with an
NFkB activity luciferase reporter. Luciferase activity was measured by live-cell imaging 48
hours post transfection. Representative experiment, n=2.

(D) Young BJ fibroblasts (35 population doublings, PD) or replicatively senescent BJ
fibroblasts (PD97) were stained for senescence-associated -galactosidase to confirm
senescent phenotype (left). Cells were treated with ActD and 1L6 mRNA levels were
analyzed by gRT-PCR. Representative experiment, n=3.

(E) BJ fibroblasts expressing a control hairpin (shSCR) or shp38 were treated for 24 hours
with ActD at 24 or 96 hours after the completion of bleomycin treatment. IL6 and IL8
mRNA levels were analyzed by qRT-PCR. Representative experiment, n=2.

Data represent mean + SD. * indicates p<0.05. SIPS: stress-induced premature senescence.
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Fig. 3. AUF1directly bindsto SASP factor mRNA and modulates SASP factor stabilization
(A) BJ fibroblasts were stably transduced with luciferase constructs fused to the 3’
untranslated regions (UTR) of IL6, GMCSF, and GAPDH (luclL6, lucGMCSF, and
lucGAP). Cells were treated with ActD at 24 or 96 hours following bleomycin treatment.
Luciferase mMRNA levels were analyzed by gqRT-PCR. Representative experiment, n=3.
(B) RNA immunoprecipitation was performed for AUF1 using BJ fibroblast cell lysates
collected 24 or 96 hours after bleomycin treatment. IL6, IL8, GMCSF, and CCL20 mRNA
levels in immunoprecipitations were analyzed by gRT-PCR. Representative experiment,
n=4.
(C) BJ fibroblasts were transduced with sShRNAs to deplete AUF1 (shAUF1A and
shAUF1B) or a control shRNA (shSCR). Protein levels were analyzed by western blot
analysis. Note: there are four AUF1 isoforms present and a-tubulin was used as a loading
control.
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(D) 24 hours following bleomycin treatment, BJ fibroblasts expressing a control hairpin
shSCR, shAUF1A, or shAUF1B were treated with ActD for 1 hour. IL6 and IL8 mRNA
levels were analyzed by qRT-PCR. Representative experiment, n=2.

(E) RNA immunoprecipitation for AUF1 was performed on BJ fibroblasts treated with
bleomycin (bleo) and SB203580 (SB) as indicated. The level of IL8 mMRNA in the AUF1
immunoprecipitation was measured by qRT-PCR. Representative experiment, n=3.

Data represent mean + SD. * indicates p<0.05.

Cancer Discov. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Alspach et al.

Page 26

B
p38MAPK dependent i . ’ .
proliferation | [ th(:;f:omated
angiogenesis ] total SASP
cell adhesion
chemotaxis
inflammation '
(') 1'0 2IO 3'0 a0

% of p38MAPK-dependent genes

- D
p38MAPK presence in BC- . .
dependent factors |associated stroma treat with SB or vehicle
CCL20 *%
CXCL5 *%
EE o Ohr 48hr: add HaCAT- Day 6: image
T = 12, CBR cells luciferase
IRAK3 >k L
MMP1 *kk N 10 |
MPP7 *k % &
SOD2 *%* X
= 61
s ——
2 4
o %
£, Z
150 ] I;l
£ 0 Z
A= +NMF +CAF +CAF+SB
©
£ 1007
g F
<zt Day 3: inject
E &5l cells
o Day 0: start Week 3: image,
= chow collect tumors
o~
0- "
SIPS SIPS+p38i
H 40
[) I ] 1
x = 30
SIPS EX]
control =8
§ 5 201
S
M c.ivram a3 ——
p3si [ \AJ 2 10

control p38i control p38i
young SIPS

Fig. 4. p38BM APK -dependent factors are expressed in the TME of breast cancer lesions

(A) RNA-seq analysis was performed on young fibroblasts, senescent fibroblasts, and
senescent fibroblasts treated with SB203580. RNA-seq results were analyzed to determine
the number of factors upregulated in response to senescence (SASP factors) and the number
of p38MAPK-dependent factors. These results were also analyzed for overlap with the
expression profiles of breast cancer (BC)-associated stroma.

(B) GO processes analysis was performed on p38MAPK-dependent SASP factors. Results
are presented as the percent of p38MAPK-depenedent genes assigned to the processes
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shown. Black regions of the bars represent the percent of p38MAPK-dependent SASP
factors assigned to each process that are also expressed in BC-associated stroma. The
significance threshold was set at p < 0.05.

(C) p38MAPK-dependent SASP factors that are expressed in more than one BC-associated
stroma data set. **indicates expression in 2 BC-associated stroma datasets, ***indicates
expression in 3 BC-associated stroma datasets.

(D) Tumor-educated human CAFs and their normal isogenic counterparts (NMF) were
treated with SB203580 (SB) or vehicle as indicated and replenished daily until co-culture
with HaCAT-CBR preneoplastic keratinocytes was initiated. Luciferase activity was
measured using live-cell imaging 4 days following initiation of co-culture to monitor HaCaT
cell growth. Representative experiment, n=2.

(E) Senescent BJ fibroblasts in matrigel were injected subcutaneously into the rear flanks of
nude mice fed either control or p38i chow. Cells were removed 10 days after injection and
IL8 mRNA levels were measured using gRT-PCR. Representative experiment, n=4.

(F, G, and H) Xenografts of BPH1-CBR cells co-injected with senescent BJ fibroblasts
(SIPS) into female NcR nude mice. Control or the p38i compounded chow were performed
as outlined in (F). Tumor are shown in (G). Tumor growth was analyzed by
bioluminescence imaging (H). Data represent mean + SEM, n=8.

Data represent mean + SD unless otherwise stated. * indicates p<0.05. SIPS: stress induced
premature senescence.
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Fig 5. p38M APK inhibition is effective in both senescent fibroblast and CAF-driven tumors
(A) Tumors were removed at the endpoint of the experiment described in (Fig 4F) and

stained for Ki67 (dashed line demarks the margin between the mouse and xenograft), p16,
and vimentin. H&E images were captured with a 10x objective, all other images were
captured with a 20x objective. Representative images, n=2.

(B) Xenograft growth of BPH1-CBR cells co-injected with senescent BJ fibroblasts (SIPS)
into female NcR nude mice. Tumors were allowed to grow for 1 week after injection, at
which time mice were placed on control or p38i-compounded chow. Tumor growth was
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analyzed by bioluminescence imaging. Data represent mean + SEM, n=16. * indicates
significance between 1 and 3 weeks post-injection in mice fed control chow.

(C) Xenografts of BPH1-CBR cells co-injected with pCAFs into female NcR nude mice.
Mice were fed control or p38i chow as outlined for the experiment in Fig 4F. Tumor growth
was analyzed by bioluminescence imaging. Data represent mean + SEM, n is indicated for
each sample.

* indicates p<0.05. NS: not significant.
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