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Abstract

Cellular senescence entails an irreversible growth arrest that evolved in part to prevent cancer.
Paradoxically, senescent cells secrete pro-inflammatory and growth-stimulatory molecules, termed
the senescence-associated secretory phenotype (SASP), which is correlated with cancer cell
proliferation in culture and xenograft models. However, at what tumor stage and how senescence
and the SASP act on endogenous tumor growth in vivo is unknown. To understand the role of
senescence in cancer etiology, we subjected p16—-3MR transgenic mice, which permit the
identification and selective elimination of senescent cells in vivo, to the well-established two-step
protocol of squamous cell skin carcinoma (SCC), in which tumorigenesis is initiated by a
carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) and then promoted by 12-O-tetradecanoyl-
phorbol-13-acetate (TPA). We show that TPA promotes skin carcinogenesis by inducing
senescence and a SASP. Systemic induction of senescence in non-tumor bearing p16-3MR mice
using a chemotherapy followed by the two-step carcinogenesis protocol potentiated the conversion
of benign papillomas to carcinomas by elevating p38 MAPK and MAPK/ERK signaling. Ablation
of senescent cells reduced p38 MAPK and MAPK/ERK signaling, thereby preventing the
progression of benign papillomas to carcinomas. Thus, we show for the first time that senescent
cells are tumor promoters, not tumor initiators, and that they stimulate skin carcinogenesis by
elevating p38 MAPK and MAPK/ERK signaling. These findings pave the way for developing
novel therapeutics against senescence-fueled cancers.
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Cellular senescence entails a permanent growth arrest wherein cells fail to proliferate but

remain metabolically active. The senescence response is tumor suppressive, and is
established and maintained by pathways controlled by the p53 and p16/NK4a tumor

suppressor proteins (1). This response is often triggered by potentially oncogenic stressors,
and thus prevents stressed cells from progressing through the cell cycle and ultimately to

malignancy (1). Among the stimuli that induce cellular senescence are mitochondrial

dysfunction (2), telomere shortening (3), oncogene activation (4), epigenetic modifications

(5), and genotoxic insults, including radiation and several anti-cancer agents (1).

Cellular senescence is paradoxical (6, 7). On the one hand, it is beneficial, optimizing certain
steps in embryogenesis (8, 9), wound healing (6) and tissue reprogramming (7). On the other
hand, despite protecting young organisms from cancer (1, 10), over time, senescent cells can
evade the immune system and accumulate in tissues to secrete pro-inflammatory molecules,

growth factors and proteases to create a pro-carcinogenic microenvironment (11). The

Cancer Res. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alimirah et al.

Page 3

senescent secretome, termed the senescence-associated secretory phenotype (SASP) (11), is
now recognized as a significant driver of many age-related pathologies (11, 12).

Recent studies show that the selective elimination of senescent cells using drugs (termed
senolytics) or transgenic mice ameliorates many age-related phenotypes and diseases (12—
14). Further, we used a transgenic mouse model (p16-3MR) to show that removing
chemotherapy-induced senescent cells ameliorates several deleterious side effects of these
therapies (15). In p16-3MR mice, the p16'NK4a (p16) promoter drives a herpes virus
thymidine kinase (HSV-tk), which phosphorylates the nucleoside analog ganciclovir (GCV),
converting it into a DNA chain terminator that fragments mitochondrial DNA (16), thereby
inducing apoptosis selectively in p16-expressing senescent cells (6). However, how and at
what stage senescent cells act on intrinsic tumor growth is not known.

A major side effect of genotoxic cancer treatments is an elevated risk of new neoplasms,
unrelated to the primary cancer treated decades earlier (17). For example, childhood cancer
survivors treated with radiation, which induces senescence (18), had a higher incidence of
non-melanoma skin cancer years after treatment for their original cancer (17).

Squamous cell skin carcinoma (SCC) develops from epidermal squamous cells, and is the
second most prevalent type of non-melanoma skin cancer (19). Unlike basal skin carcinoma,
SCC has a higher rate of recurrence and metastasis (19). Indeed, cancer patients treated with
the genotoxic chemotherapeutic doxorubicin (DOXO) can develop SCC years after
treatment (20, 21). DOXO, an anthracycline and topoisomerase Il inhibitor, induces
senescence and a SASP in cultured cells and mice (15). Thus, chemotherapy-induced
senescence might contribute to SCC development 7 vivo.

To test this idea, we employed the well-established two-step skin carcinogenesis protocol to
induce SCC (22). Following this protocol, we initiated tumorigenesis in p16-3MR mouse
skin with a single dose of the DNA damaging carcinogen 7,12-dimethylbenz[a]anthracene
(DMBA), followed by promotion with 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (22).
DMBA causes H-Ras mutations, whereas TPA stimulates the growth of DMBA-initiated
cells. This protocol leads to benign papillomas, which can eventually convert to carcinomas
(22). We show for the first time that TPA, but not the single dose of DMBA, induces
senescence and a SASP, suggesting that senescent cells might act as tumor promoters but not
initiators. Multiple DMBA treatments also induce SCC (22), but the two-step protocol
allowed us to determine whether senescent cells are tumor initiators or promoters. We also
induced cellular senescence in p16-3MR mice using DOXO, then eliminated senescent cells
with GCV followed by DMBA/TPA treatment. Senescent cells exacerbated tumor growth
and the malignant conversion of benign tumors, whereas their ablation reduced tumor size
and malignancy. Together, our findings provide a direct link between cellular senescence and
cancer promotion /n vivo, warranting the development of therapeutics against senescence-
fueled cancers, including SCC.
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Materials and Methods

Mice

p16-3MR mice were bred and housed at the Buck Institute for Research on Aging. All
procedures were approved by the Institutional Animal Care and Use Committee. For all
experiments, age-matched (3 mo old) p16—-3MR homozygous female mice were randomly
divided into experimental groups. Methods for senescence induction and the two-step
protocol in mice are in Supplementary Materials.

Cell Lines and cell culture

Primary human neonatal keratinocytes (HEKn) (ATCC® PCS-200-010™) from the
American Type Culture Collection (ATCC) (Manassas, VA, USA), were maintained in
dermal basal medium, keratinocyte growth kit (ATCC) and antibiotics as per the
manufacturer’s instructions. A-431 (ATCC® CRL1555™) human epidermoid carcinoma
cells from ATCC, were maintained in Dulbecco’s Modified Eagle’s medium (DMEM), 10%
fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA) and 0.01% Penicillin/
Streptomycin (Corning, NY, USA). Cells were cultured in a 20% O, 5% CO, humidified
incubator and were authenticated by ATCC, including Short Tandem Repeat (STR)
profiling. Primary HCA2 human foreskin fibroblasts were from O. Pereira-Smith (U Texas
Health Science Center, San Antonio), and cultured in DMEM + FBS in a 3% O, incubator.
They were not re-authenticated. 24 h prior to lysis, cells were cultured in supplement-free
media. All cells were mycoplasma-free.

Senescence induction in culture

Doxorubicin hydrochloride (DOXO) from R&D Systems (Minneapolis, MN, USA) was
dissolved in dimethyl sulfoxide (DMSO). Cells were treated with DMSO or DOXO at 250
nM as described (15). We observed no cell death above the low background levels, and no
reversal of senescence, as reported (23). For /in vivo experiments, DOXO (2 mg/ml) was
dissolved in warm endotoxin-free PBS (EMD Millipore, Hayward, CA, USA). DMBA (2.5
mg/ml) (Sigma-Aldrich, St. Louis, MO, USA) was prepared in acetone. TPA (Sigma-
Aldrich) was prepared in acetone at 1.6 mM or in DMSO at 100 uM for mouse and culture
experiments, respectively. For TPA-induced senescence in culture, keratinocytes were
treated with TPA (1.3 nM-10 nM) for 48 h and maintained in TPA-free medium for an
additional 10 days. TPA was dissolved in DMSO for cell culture experiments, and in acetone
for mouse experiments, because low doses of acetone caused morphological changes in
cultured human keratinocytes, whereas DMSO did not.

Bioluminescence

Mice were injected intraperitoneally (i.p.) with Xenolight RediJect Coelentarazine h (Perkin
Elmer, Waltham, MA) solution and imaged using a Xenogen IVIS-200 Optical Imaging
Instrument (Perkin Elmer) as described (6).
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Tumorsphere assay

A-431 cells were cultured on growth factor-reduced Matrigel (Corning, NY, USA) and
serum-free DMEM for 72 h to form tumorspheres (24). Tumorspheres were incubated with
conditioned media (CM) from quiescent (made by a 3 d incubation in 0.2% FBS) or DOXO-
induced senescent HCAZ2 cells. CM were generated by a 3 d incubation in serum-free media,
and contained solvent, SB203580 (Selleck Chemicals, Houston, TX) or IL-1a antibody
(R&D Systems). CM were replenished every 72 h. After 7 d, we assessed tumorsphere EdU
incorporation.

Western blotting, cell proliferation assays, immunostaining and SA-B-gal staining

Western blotting was performed as described (6, 15). Primary and secondary antibodies are
listed in Supplementary Table 1. Cell proliferation was assessed using a Z1 Coulter Particle
Counter (Beckman Coulter, Fullerton, CA, USA) and EdU incorporation using the
Molecular Probes Click iT EdU Alexa Fluor 488 HCS Assay kit (Thermo-Fisher Scientific)
as per the manufacturer’s instructions. Immunostaining was performed as described (15).
SA-pB-gal staining was assessed using the Biovision Kit (Milpitas, CA, USA) as per the
supplier’s instructions. Images were quantified from 3 independent fields from 3 biological
replicates using Image J software and the Image J cell counter tool.

gRT-PCR analysis

RNA was isolated from cultured cells using the Bioline Isolate I1 RNA Mini Kit (Taunton,
MA, USA). RNA was isolated from homogenized tissues using TRIzol reagent (Thermo-
Fisher Scientific) with the Direct-zol™ RNA MiniPrep kit (Genesee Scientific, San Diego,
CA, USA) as recommended by the supplier. cDNA synthesis and qRT-pCR were performed
as described (15). Primers are listed in Supplementary Tables 2 and 3.

Immunohistochemistry and SA-B-gal staining of skin tissues

Human SCC and normal skin tissue arrays (SK208) were from US Biomax (Rockville, MD).
Mouse skin was fixed in 10% buffered formalin (Thermo-Fisher Scientific) for 7 d,
transferred to 70% ethanol for 24 h and paraffin-embedded. Tissues were cut into 7 um
sections, deparaffinized, rehydrated, washed with PBS and stained with Hematoxylin and
Eosin (H&E) (6). For immunostaining, tissue sections were rinsed in PBS followed by
antigen retrieval using citrate buffer (Cell Signaling Technology) and the Cell Signaling
Technology protocol. Skin sections were then stained overnight with antibodies from Cell
Signaling, listed in Supplementary Table 1, per the manufacturer’s instructions.

SA-B-gal staining was performed as described (6). Images were obtained using an Olympus
BX20 microscope; 3 independent fields were quantified using Image J software and the
Image J cell counter tool. For vimentin quantification, 3 different fields were analyzed using
the Color Deconvolution plug-in in Image J. The plugin includes a built-in vector that
separates the image into three color channels. The brown channel was set to include only
vimentin positive staining and then quantified for percent area.
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Statistical analysis

Results

Statistics were assessed using GraphPad Software (San Diego, CA). For time dependent
tumor growth, statistical significance was determined by two-way ANOVA. Tukey’s test for
multiple comparisons was used for all post-analyses. For in vivo experiments with multiple
comparisons, one-way ANOVA and Sidak’s test for multiple comparisons were used. For
pairwise comparisons, data were analyzed using the unpaired two-tailed Student #test.
Differences between means were considered significant when values were *p<0.05 or lower;
ns denotes non-significant. Data are presented as mean values £SEM or + SD for /n vivo and
cell culture experiments, respectively. All culture experiments were replicated at least 3
times.

TPA induces senescence and a SASP in human keratinocytes and mouse skin

Previous studies detected senescent cells in the dermal and stromal layers of DMBA/TPA-
induced papillomas and within papillomas themselves (25, 26), implicating a role for
senescent cells in SCC development. Because these studies did not reveal when or how
senescent cells contributed to tumor growth, we asked whether DMBA or TPA induced
senescence. We treated human keratinocytes, the SCC cells of origin (22), with a single dose
of increasing concentrations of DMBA (2-8 pM) or DMSO (control). The cells proliferated
for 10 d after treatment, suggesting that DMBA did not induce senescence (Figure S1A).

To determine whether DMBA induces senescence /n vivo, we treated dorsal skin of p16—
3MR mice with a single dose of DMBA (0.25 mg/ml) or acetone (control) and analyzed
whole skin and the epidermis for pZ6 mRNA levels 1 mo later. We followed the standard
two-step skin carcinogenesis protocol of a single dose of DMBA for initiation because
multiple DMBA treatments would not allow us to determine whether senescent cells act as
tumor initiators or promoters. We also tested skin for senescence-associated beta-
galactosidase (SA-B-gal) (27) activity and cell proliferation. A single-dose of DMBA
compared to acetone yielded no differences in p26 mRNA levels, SA-B-gal activity or cell
proliferation (assessed by immunostaining for Ki-67). Thus, a single dose of DMBA alone
does not induce senescence in cultured keratinocytes or skin (Figure S1B-F).

We then treated human keratinocytes with DMSO or various concentrations of TPA (1.3-10
nM) and assessed senescence 12 d later. TPA inhibited cell proliferation in a dose dependent
manner, with greatest inhibition at 5 and 10 nM (Figure S1G). TPA (10 nM) also induced
SA-B-gal activity (27) in >80% of cells (Figure LA-B), along with the inhibition of cell
proliferation (Figure 1C). Compared to DMSO-treatment, TPA reduced Lamin B1 (LMNBI)
MRNA levels (28) and elevated mRNA levels of the senescence markers pZ6.and p21, and
the SASP factors interleukin-6 (IL-6), matrix metalloproteinases (MMPs) MMP3 and
MMP9, and chemokine C-X-C motif 10 (CXCL10) (15) (Figure 1D). Further, TPA (5 and
10 nM), but not DMSO, decreased Lamin B1 (Lmnb1) and increased p16 protein levels
(Figure 1E).

To determine whether TPA induces senescence in skin, we topically treated dorsal skin with
either acetone or TPA twice a week for 2 mos. We chose a 2 mo treatment because in the
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skin carcinogenesis protocol tumors develop 8 wks after TPA treatment, suggesting that
senescence might occur earlier. To exclude reported inflammatory effects of TPA, the skin
was analyzed for senescence 1 mo after the last treatment. TPA induced senescence in the
skin as demonstrated by elevated levels of pZ6 and SASP factor (Mmp3, Mmp9, and
Cxcl10) mRNAs (Figure 1F). Unlike the increased p27 and /L-6 mRNA levels in response to
TPA in human keratinocytes, there was no increase in p27 and //-6 mRNA levels in mouse
skin, suggesting that p21 and //-6 are not major factors in TPA-induced senescence in this
tissue (Figure 1F). TPA-induced senescence was confirmed by the presence of SA-B-gal-
positive cells in TPA- but not acetone-treated skin (Figure 1G—H). These data indicate that
TPA induces senescence and a SASP in human keratinocytes and mouse skin.

TPA-induced senescence (pre-treatment) stimulates tumor growth

To explore the consequences of TPA-induced senescence, we asked whether TPA pre-
treatment facilitates tumor growth in the skin. We first induced senescence with TPA in p16-
3MR mouse skin as described above. A week after the last treatment, we injected the mice
with PBS or GCV to remove p16-positive senescent cells. We then implemented the two-
step skin carcinogenesis protocol. To ensure the elimination of senescent cells, PBS or GCV
was injected for 10 d every 3 wks until the end of the study (Figure 2A). Tumor growth was
monitored for 24 wks after DMBA initiation and 8 wks after the last TPA treatment.

Starting 22 wks after DMBA and 5 wks after the last TPA treatment, TPA + PBS treated
mice developed significantly larger tumors than Acetone + PBS, Acetone + GCV and TPA +
GCV treated mice (Figure 2B-C). Ultimately, the mean tumor volume of TPA + PBS treated
mice was 175.5 mm3, while mean tumor volume of Acetone + PBS treated mice was 49.76
mm?3. Importantly, removing senescent cells reduced tumor size in mice treated with
Acetone + GCV or TPA + GCV (mean volumes of 16.2 mm3 and 24.2 mm3, respectively;
Figure 2C). Notably, GCV markedly reduced tumor volume in mice pre-treated with TPA,
suggesting that the senescent milieu in these mice promoted tumor growth.

To assess senescent cells in mouse skin, we used the luciferase reporter in the p16-3MR
transgene (6) and measured luminescence in mice given Acetone + PBS, Acetone + GCV,
TPA + PBS or TPA + GCV 24 wks after DMBA treatment. Luminescence was significantly
elevated in mice treated with TPA + PBS compared to treatment with Acetone + PBS or
Acetone + GCV. Eliminating senescent cells decreased luminescence in TPA + GCV treated
mice, but there was no difference in luminescence between the Acetone + PBS and Acetone
+ GCV groups (Figure 2D). Further, H&E staining of tumors and untreated skin revealed
that TPA-induced senescence generates benign papillomas that were larger than tumors in
mice treated with Acetone + PBS, Acetone + GCV and TPA + GCV (Figure 2E).

To determine whether the increased tumor size in TPA + PBS-treated mice was due to
increased proliferation, we immunostained tumors for the proliferation marker Ki-67. The
larger tumor size correlated with increased Ki-67 levels in the tumors. Importantly,
eliminating senescent cells reduced Ki-67 protein levels (Figure 2E—F). Thus, TPA promotes
tumor growth in the skin by inducing senescence and eliminating senescent cells reduces
tumor size.
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Doxorubicin induces senescence and a SASP in human keratinocytes and mouse skin

The long-term effects of DOXO in cancer patients can be deleterious, often leading to
secondary cancers including SCC (20, 21, 29). To understand how DOXO-induced
senescence might contribute to SCC, we treated human keratinocytes with a single dose of
DOXO (250 nM) or DMSO (vehicle) for 24 h and assessed senescence 10 d later. DOXO
induced senescence as evidenced by SA-B-gal activity (27) in >80 % of cells (Figure 3A-B),
and a significant decrease in cell proliferation (Figure 3C). DOXO, but not vehicle, also
elevated MRNA levels of pZ6and p21 and the SASP factors /L-6, MMP3, MMPIand
CXCL10(11), and decreased LMNBI mRNA levels (28) (Figure 3D). We confirmed
elevated p16 and reduced LMNB1 expression at the protein levels by western analyses
(Figure 3E).

To determine whether DOXO induced senescence in the skin in vivo, we injected p16-3MR
mice with PBS or DOXO (i.p., 12 mg/kg), a dose known to induce senescence in mice (15).
One mo later, we assess the presence of senescent cells. Systemic DOXO but not PBS
significantly increased mRNA levels of pZ6and the SASP factors Mmp3, Cxc/10and //-1a,
but not Mmp9, 116 or p21. Unlike TPA-induced senescence, Mmp9 mRNA levels did not
increase upon systemic DOXO treatment. Further, p27 and //-6 mRNA levels did not change
upon DOXO treatment, consistent with our findings in TPA-treated skin (Figure 3F).
Notably, whole body luminescence increased significantly 1 mo after DOXO, but not PBS,
treatment, confirming widespread senescence induced by DOXO (Figure 3G-H).
Importantly, senescent cells persisted in mouse skin 1 mo after DOXO exposure, creating an
environment permissive for tumor growth.

DOXO-induced senescence fuels skin tumor growth

To determine whether DOXO-induced senescence drives SCC, we injected p16-3MR mice
with DOXO (12 mg/kg) with a second injection (5 mg/kg) 3 d later (to ensure the
persistence of senescent cells over a 6 mo period), followed by the skin carcinogenesis
protocol (Figure 4A). A DOXO dose of 17 mg/kg is not toxic to these mice (15). The
presence of senescent cells in DOXO-treated mice was confirmed by whole body
luminescence, and by pZ26 MRNA. As expected, GCV significantly reduced whole body
luminescence and pZ6 mMRNA levels in the skin (Figure 4B—C). Thus, DOXO-induced
senescent cells were cleared prior to DMBA treatment.

Throughout the skin carcinogenesis protocol, tumor incidence (Figure S2A) and number
(Figure S2B) did not significantly change across treatment groups (PBS + PBS, PBS + GCV,
DOXO + PBS and DOXO + GCV). However, 21 wks after DMBA initiation, tumors in the
DOXO-treated mice were an average size of 183 mm?3 compared to 29 mm3 in the PBS-
treated group. Mean tumor volumes of the PBS + GCV and DOXO + GCV-treated groups
were 7.1 mm3 and 5.4 mm3, respectively, indicating that removal of senescent cells
suppressed tumor growth (Figure 4D-E). Further, 21 wks after DMBA initiation, DOXO-
injected mice weighed significantly less than PBS-treated mice, while GCV prevented this
weight loss (Figure S2C). To confirm that DOXO-induced senescent cells persist
independent of the skin carcinogenesis treatment regimen, skin that was not treated with
DMBA/TPA from the 4 groups was stained for SA-B-gal activity at the end of the study.
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DOXO-treated mice had a higher percentage of skin area positive for SA-B-gal compared to
PBS-treated mice, and this percentage declined upon elimination of senescent cells (Figure
4F-G).

These data support the hypothesis that senescent cells can drive skin carcinogenesis, and that
genotoxic drugs such as DOXO can accelerate tumor growth by inducing senescence /n
Vivo.

Eliminating DOXO-induced senescent cells prevents malignant progression

To identify the reason behind the increased tumor size in DOXO- vs PBS-treated mice, we
characterized skin tumors from PBS + PBS, PBS + GCV, DOXO + PBS and DOXO + GCV-
treated mice. For each mouse and treatment group, we compared untreated skin (side
without DMBA and TPA treatment) with DMBA- and TPA-treated skin. H&E staining
revealed that ~31% (5/16) of DOXO-exposed mice developed carcinomas, while the other
groups developed only benign papillomas (Figure 5A). Consistent with tumor size, Ki-67
positive cells were more abundant in tumors from DOXO-treated mice compared to other
treatment groups (Figure 5B). Further, vimentin, an epithelial-mesenchymal transition
marker (11, 30), was elevated at the epithelial invasive front, underlying connective tissue
and the tumor itself, and vascularization was more prominent as evidenced by increased
levels of CD-31-positive vessels in DOXO- compared to PBS-treated tumors. Vimentin and
CD-31 levels were significantly reduced by GCV (Figure 5C-D). Together, the results
suggest that DOXO-induced senescence potentiates the conversion of benign skin
papillomas to carcinomas.

The SASP drives skin carcinogenesis

The senescent fibroblast SASP is known to enhance tumor cell proliferation and invasion in
culture (11, 31). Upstream SASP regulators have been identified, including p38MAPK and
IL-1a (32, 33). We therefore assessed p38 phosphorylation (Thr180/Tyr182) (p-p38) by
western blotting. DOXO-induced senescence elevated p38 (Thr180/Tyr182) (Figure S3A).
To determine whether this increase facilitates cancer proliferation, we used human A-431
skin carcinoma 3D-tumorspheres. We incubated the tumorspheres for 3 d in serum-free
media, then incubated with conditioned media (CM) from non-senescent or DOXO-induced
senescent HCAZ2 skin fibroblasts treated or not with SB203580 (SB) (10 uM), a pan
p38MAPK inhibitor. Prior to treating the tumorspheres, we verified fibroblast phenotypes by
SA-B-gal staining, DNA damage (y-H2AX) foci and p16 mRNA levels (Figure S3B-D).
Treatment of skin fibroblasts with SB reduced DOXO-induced SASP factors (Figure S3E).
Importantly, tumorspheres exposed to CM from senescent, but not non-senescent, fibroblasts
incorporated more EdU, indicative of increased proliferation, which was reduced by
p38MAPK inhibition (Figure 6A-B). Since /L-Ia mRNA expression also increased in
mouse skin in response to DOXO, we inhibited IL-1a signaling in DOXO-treated skin
fibroblasts using an IL-1a neutralizing antibody; the antibody reduced the DOXO-induced
SASP (Figure S3F). IL-1a inhibition also reduced tumorsphere proliferation (EdU
incorporation; Figure 6C-D). Finally, p38MAPK expression was elevated in tumors from
DOXO-treated mice and this elevation declined upon removal of senescent cells with GCV
(Figure 6A). These findings show that DOXO-induced senescence promotes SCC
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progression by elevating p38MAPK and IL-1a signaling, two upstream mediators of the
SASP, in the skin microenvironment.

To test these findings in mice, we asked whether senescence and SASP markers were present
in skin adjacent to tumors and/or within the tumors themselves. Senescent cells adjacent to
tumors would indicate that senescence in the microenvironment can fuel cancer growth,
whereas senescent cells within tumors would suggest that tumor-associated senescence can
exacerbate tumor growth.

To verify the chronic presence of senescent cells throughout the body months after DOXO
treatment, we assessed whole body luminescence in PBS- or DOXO-treated mice 21 wks
after DMBA initiation and 5 wks after TPA removal. Luminescence was higher in DOXO-
treated, compared to PBS-treated, mice, suggesting that senescent cells persist weeks after
DOXO exposure (Figure S3G-H). To evaluate senescent cells adjacent to tumors, we imaged
DMBAJ/TPA-treated skin of PBS or DOXO-injected mice 21 wks after DMBA treatment.
Luminescence was apparent in skin adjacent to and within tumors (Figure 6E-F). Further,
DOXO-injected mice had significantly higher luminescence compared to PBS-treated mice
(Figure 6E-F), and luminescence was higher in DOXO-treated tumors compared to
untreated skin, indicating the presence of senescent cells within the tumors (Figure 6G).
Moreover, mMRNA levels of p16, p21, and the SASP factors Mmp9, Mmp3, Cxcl-10 and
/l-1a were higher in skin adjacent to tumors in DOXO-treated compared to PBS-treated
mice (Figure 6H). This elevation was accompanied by increased mRNA levels of the skin
stem cell genes Cd34, Lgr6 and Lrigl (26) (Figure S31). These findings suggest that DOXO-
induced senescence and the SASP promote skin carcinogenesis by enhancing stemness in
the skin microenvironment.

A subset of macrophages was reported to express p16 and SA-B-galin mouse tissues (34),
and neutrophils, important orchestrators of inflammation, secrete pro-inflammatory
molecules similar to the SASP (35). Thus, neutrophils and macrophages might contribute to
the microenvironment that promotes cancer development (35, 36). To test the possibility that
macrophages and/or neutrophils, not senescent cells, drive SCC, we assessed mRNA levels
of the macrophage marker Cd68(37) and neutrophil markers elastase (Elane) (38) and
myeloperoxiaase (Mpo) (39) in the skin of PBS- or DOXO-treated mice. There were no
differences in these markers between the two groups (Figure S4A). To confirm these
findings, we stained tissue sections from PBS- and DOXO-treated mice for the macrophage
marker F4/80 (37) and the neutrophil marker Ly6G (40). Consistent with the mRNA data,
we observed no difference in the levels of F4/80 and Ly6G in PBS- and DOXO-treated mice
(Figure S4B-C). These findings suggest that DOXO induces senescence and a SASP in the
skin, independent of macrophages and neutrophils.

To confirm that senescent cells were present within skin tumors, we compared luciferase
activity in untreated skin and DOXO-induced tumors in p16—-3MR mice. Luminescence was
evident only in tumors, not in untreated skin, further indicating that p16-positive senescent
cells are present in the tumors (Figure 6G). Together, these findings suggest that DOXO-
induced senescence and the SASP occur throughout the body, but also both in skin adjacent
to tumors and within tumors. Additionally, they suggest that the SASP within tumors may
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facilitate tumor growth in addition to the SASP in the skin microenvironment. Thus,
senescent cells in tumors might reinforce tumor growth fueled by the senescent
microenvironment.

p38MAPK and p44/42 ERK/MAPK signaling increase in tumors from DOXO-treated mice

p38MAPK and ERK/MAPK (p44/42) signaling are known to promote the SASP and tumor
progression, respectively (32, 41). The expression of p-p38 (Thr180/Tyr182) MAPK in skin
tumors /n vivowas elevated in DOXO-treated, compared to PBS-treated, mice. Moreover,
this elevation declined upon removing senescent cells with GCV (Figure 7A). Likewise, p-
p44/42 MAPK increased in tumors from DOXO-treated compared to PBS-treated mice and
this increase declined upon elimination of senescent cells (Figure 7B).

To determine the translational significance of p38 and p44/42 MAPK activation, we
compared protein expression of p-p38 (Thr180/Tyr182) and p-p44/42 in commercially
available human (h) SCC and normal skin tissue arrays. p38 and p44/42 MAPK
phosphorylation was elevated in 77% of hSCC lesions (grades I-111) compared to normal
skin, supporting our finding that these pathways might contribute to malignancy after
induction of senescence (Figure 7C-D). Thus, DOXO-induced senescence and the SASP
might contribute to p38 and p44/42 MAPK signaling within skin tumors and in the
microenvironment surrounding the tumors, reinforcing tumor growth by increasing stemness
and converting benign papillomas to carcinomas (Figure 7E).

Discussion

SCC incidence rises after genotoxic cancer treatments (20, 21). The mechanism behind this
increase, decades after chemotherapy, remains elusive. Using two senescence inducers (TPA
and DOXO0) and p16-3MR mice, we show that cellular senescence drives skin
carcinogenesis. TPA is an established tumor promoter that can stimulate cell proliferation
(22). We show that TPA also promotes carcinogenesis by inducing p16-dependent
senescence, accompanied by a SASP. Strikingly, removal of TPA-induced senescent cells in
p16-3MR mice reduced tumor growth. Acute TPA treatment can also lead to the secretion of
inflammatory chemokines, cytokines, proteases and growth factors that stimulate tumor
growth, analogous to the SASP. However, these effects of TPA can be reversed, depending
on the number of applications and treatment duration (42). We show that once TPA is
removed, tumor growth accelerates, suggesting that senescent cells, not the inflammation
caused by TPA, drive tumor growth.

Chemotherapeutic agents, such as DOXO, induce cellular senescence and a SASP (15).
Therefore, chemotherapy-induced senescence might contribute to SCC development. Indeed,
treating mice with DOXO resulted in a persistent senescent microenvironment in the skin,
which was conducive to tumor growth. After DOXO and DMBAJ/TPA treatments, senescent
cells were present throughout the body, including the skin adjacent to tumors and within the
tumors. Thus, not only are DOXO- induced senescent cells present throughout the body,
they are also present adjacent to and within the tumors, exacerbating tumor growth. Since
DOXO was administered systemically, it is difficult to discern to what extent senescent cells
in organs other than skin, or SASP factors in the circulation, contribute to skin cancer

Cancer Res. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alimirah et al.

Page 12

growth. For example, we previously showed that DOXO induces senescence and a SASP in
the liver, concomitant with an elevation in the SASP factors 11-6 and Cxcll in sera (15). It is
therefore plausible that senescent cells throughout the body might also contribute to skin
tumor progression.

One deleterious side effect of chemotherapy in cancer patients is weight loss (43). We show
here that removal of senescent cells periodically for 21 wks prevents the weight loss caused
by DOXO. Thus, removing senescent cells might improve cancer patients’ overall well-
being.

The senescence fueled skin tumor growth in our study is primarily p16-dependent. TPA and
DOXO treatments alone elevated pZ6, but not p27, mMRNA levels 1 mo after treatment.
However, DOXO, DMBA and TPA treatments together increased p27 mRNA in skin
adjacent to tumors. These data suggest that a higher senescence burden, or different quality
of senescent cells, might occur later during skin carcinogenesis. Additionally, not all SASP
factors increased in the skin after DOXO or TPA treatment alone. For instance, TPA-induced
senescence elevated expression of the SASP factors Mmp3, Mmp9and Cxc/10, whereas
DOXO-induced senescence elevated Mmp3, /l-1a and Cxc/10, but not Mmp9, mRNA
levels.

Cxcl-10, which acts through its receptor CXCR3, is highly expressed in several cancers (44),
and is associated with metastasis and poor survival (45). MMPs degrade the extracellular
matrix and elevated levels of MMPs often mark aggressive forms of cancer (46, 47). For
example, elevated MMP9 in stromal cells of the skin enhances SCC development (47), and
IL1a promotes the growth of several cancers (48). Collectively, these studies support our
data that the SASP, including Cxcl10 and MMPs, might promote senescence-induced skin
carcinogenesis.

The chronic presence of senescent cells has been linked to tumor cell proliferation. For
example, we showed that senescent fibroblasts promote premalignant epithelial cell growth
in culture, and caused premalignant cells to form tumors in immune-compromised mice
(49). Additionally, our recent study revealed that DOXO treatment enhanced lung metastases
of Polyoma Virus middle T antigen-expressing breast cancer cells transplanted into the
mammary fat pad, and that systemic elimination of senescent cells reduced these metastases
(15). Although these studies show an association between senescent cells and
carcinogenesis, they used exogenously administered cancer cell lines /in vivo. In our study,
we monitored skin tumor growth throughout the initiation, promotion and progression stages
of endogenous tumor development. Thus, our study more closely recapitulates human tumor
pathogenesis, identifying senescence as a potential culprit behind tumor promotion and the
conversion of benign papillomas to carcinomas.

Cancer recurrence and the development of second neoplasms in cancer survivors, decades
after chemotherapy, is an emerging public health concern (17, 50). Chemotherapy-induced
senescence might contribute to cancer recurrence and second cancer development. Our study
suggests a direct link between the presence of DOXO-induced senescent cells and tumor
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promotion in a model of SCC. Our findings may help develop senolytics aimed at
eliminating senescence-fueled skin cancer.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Findings identify chemotherapy-induced senescence as a culprit behind tumor promotion,
suggesting that elimination of senescent cells after chemotherapy may reduce occurrence

of second cancers decades later.

Significance
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Figure 1: TPA induces senescence and a SASP in human ker atinocytes and mouse skin
(A-C) Human keratinocytes were treated with DMSQO (control) or TPA (10 nM) for 48 h. 12
d later, the cells were stained for SA-B-gal (A-B) and assessed for cell proliferation (C). N=3
independent experiments. (D) Total RNA was isolated from human keratinocytes and
analyzed for p16, p21 and SASP mRNASs normalized to actin. N=3 independent
experiments, presented as means =SD; **p<0.01, ***p<0.001, ****p<0.0001. (E) Protein
lysates from human keratinocytes treated with DMSO or TPA (5 nM or 10 nM) were
evaluated for Lmnb1 and p16 levels by immunoblotting. (F) Total RNA was isolated from
mouse skin topically treated with either acetone or TPA for 2 mos. One month after the last
treatments, the skin was analyzed for the indicated mMRNAs, normalized to actin and tubulin.
N=5 for the acetone group, N=7 for the TPA group. Shown are means +SEM; *p<0.05,
**p<0.01 (Student t-test). (G-H) Frozen tissue sections of acetone- or TPA-treated skin were
stained for SA--gal (blue) and nuclei (red). (G) Representative images are shown (4x
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magnification), and arrows denote SA-R-gal positive areas. (H) Percent of SA--gal positive
surface area of skin compared to unstained skin. N=5 for acetone group, N=7 for TPA group.
Shown are means +SEM; *p<0.05 (Student t-test).
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Figure 2: TPA-induced senescence (pre-treatment) stimulates skin tumor growth
(A) Schematic of treated p16—-3MR mice. (B) Representative images of tumor- bearing mice,

24 wks after DMBA treatment. (C) Tumors of Acetone + PBS, Acetone + GCV, TPA + PBS,
TPA + GCV groups were monitored once a wk; mean tumor volume over 24 wks is shown.
Shown are means +SEM; **p<0.01, ***p<0.001, ****p<0.0001 (two-way ANOVA,
Tukey’s test for multiple comparisons was used post-analyses). (D) Luminescence of tumor-
bearing skin in arbitrary units (A.U.) units 24 wks after DMBA treatment. N = 8-10 per
group. Shown are means +SEM; *p<0.05 (one-way ANOVA, Sidak’s multiple comparisons
test was used post-analyses). (E) Representative images of H&E staining of skin (top panels)
and tumors (middle panels) (200 um and 50 pm respectively), and Ki-67 staining of tumors
(bottom panels) (50 pm). (F) Percentage of Ki-67-positive cells in tumors from the 4
treatment groups. Shown are means £SEM; *p<0.05 (one-way ANOVA, Sidak’s multiple
comparisons test was used post-analyses).
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Figure 3: DOXO induces senescence and a SASP in human keratinocytes and mouse skin
(A-C) Human keratinocytes were treated with DMSO or DOXO (250 nM) for 24 h. 10 d

later, the cells were stained for SA-R-gal (A-B) and assessed for cell proliferation (C). N=3
independent experiments. Shown are means £SD, *p<0.5, ***p<0.001, (Student t test). (D)
Total RNA was isolated from the indicated cells and analyzed for p16, p21 and SASP
mMRNAs, normalized to actin. N=3 independent experiments. Shown are means £SD;
**p<0.01, ***p<0.001. (E) Protein lysates from human keratinocytes were evaluated for p16
and LMNBL1 by immunoblotting. (F) Total RNA was isolated from the skin of PBS- or
DOXO-treated mice and analyzed for the indicated mRNAS, normalized to actin and tubulin.
N=6 per each treatment group. Shown are means +SEM; *p<0.05, **p<0.01 (Student t-test).
(G-H) Representative image (G) and quantification in arbitrary units (A.U.) of whole body
luminescence of p16-3MR mice one mo after PBS or DOXO treatments. N=6 per each
treatment group. Shown are means +SEM; *p<0.05 (Student t test).
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Figure 4: DOXO-induced senescence fuels skin tumor growth
(A) A schematic of the PBS/DOXO and skin carcinogenesis regimens of p16-3MR mice.

TPA treatment lasted 16 wks. (B) Quantification of whole body luminescence of p16-3MR
mice 10 d after PBS/DOXO treatments and one wk after DMBA initiation. Quantification is
in arbitrary units (A.U.). Shown are means £SEM; *p<0.05 (one-way ANOVA, Sidak’s
multiple comparisons test was used post-analyses). (C) Total RNA was isolated from the
skin of the 4 treatments groups and analyzed for p16 normalized to actin and tubulin (PBS +
PBS: n=10, PBS + GCV: n=8, DOXO + PBS: n=9, DOXO + GCV: n=8). Shown are means
+SEM; *p<0.05, **p<0.01 (one-way ANOVA, Sidak’s multiple comparisons test was used
post-analyses). (D) Representative images of tumor-bearing mice 21 wks after DMBA
treatment and 5 wks after TPA treatment in PBS + PBS, PBS + GCV, DOXO + PBS, DOXO
+ GCV groups. (E) The mean tumor volume of the same mice is shown over 21 wks. Shown
are means £SEM; *p<0.05, **p<0.01, ****p<0.0001 (two way ANOVA, Tukey’s test for
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multiple comparisons was used post-analyses). (F-G) Frozen skin sections of (PBS + PBS:
n=10, PBS + GCV: n=10, DOXO + PBS: n=14, DOXO + GCV: n=14) treatment groups
were stained for SA-R-gal (blue) and nuclei (red). (F) Representative images are shown (50
um), and arrows denote SA-R-gal positive areas. (G) Percent of SA-R-gal positive surface
area of skin compared to non-stained skin. Shown are means +SEM; *p<0.5, **p<0.01,
***p<0. 001 (one-way ANOVA, Sidak’s multiple comparisons test was used post-analyses).

Cancer Res. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Alimirah et al.

Page 23

A PBS + PBS PBS + GCV_DOXO + PBS DOXO + GCV

80 =
DOXO + GCV '_|

o
°
B O 60
2
! 2 40
S £
g | g2
=
c T T T T
=) 3 ] Y
& & & &
x x +° ox
&
< & S
Cc g 50 | |_|" l_|
. ; 40
= 2
2 @ 30
Q [
S g
E 10
=
o T T T T
) N ) Y
xQe ‘00 -Qo &
& & £ &L
] < $ &®
D pBs+PBs 2%
o
po 2
o 5
& 10
o
s o
v T T T T
23 Ky Ky
QQ & Qo‘.’ &
o ol o o
& &L
Q Q oo °C’

Figure 5: Eliminating DOXO-induced senescent cells prevents malignant tumor development
Representative images of H&E staining of the skin (top panels) and tumors (bottom panels)

in PBS + PBS, PBS + GCV, DOXO + PBS, DOXO + GCV treated-groups (200 um). (B-D)
In the same 4 groups (PBS + PBS: n =9, PBS + GCV: n=7, DOXO + PBS: n=11, DOXO +
GCV: n=7), representative IHC images for Ki-67 (B), vimentin (C) and CD-31 (D) (50 pm)
with the corresponding quantification of percent positive cells in the right panels. Shown are
means £SEM; *p<0.05, **p<0.01, ***p<0. 001 (one-way ANOVA, Sidak’s multiple
comparisons test was used post-analyses).
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Figure 6: The SASP drives skin carcinogenesis
(A-D) Representative images and quantification of tumorspheres of A-431 cells embedded

in reduced growth factor Matrigel incubated for 7 d with conditioned media from non-
senescent (quiescent) or senescent HCAZ2 fibroblasts with or without SB203580 (A-B) or
anti-IL1a (C-D). (A and C) Tumorspheres are shown stained with DAPI (blue) and EdU
(green). (B and D) Quantification of percentage EdU-positive cells. N=3 independent
experiments. Shown are mean £SEM; **p<0.01, ****p<0.0001 (one-way ANOVA, Sidak’s
multiple comparisons test was used post-analyses). (E) Representative tumor and adjacent
skin luminescence images of PBS- or DOXO-treated mice, 21 wks after DMBA treatment
and 5 wks after the last TPA treatment. Luminescent skin and tumors are labeled on the
images as (S) and (T), respectively. (F) Luminescence quantification of tumors and adjacent
skin shown in (E) in arbitrary units (A.U.). N= 8 per each treatment group. Shown are mean
+SEM; ***p<0.001 (Student t test). (G) Luciferase activity of untreated skin compared to
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DOXO-tumor, protein lysates were normalized to total protein content. N= 4-5 for skin and
DOXO tumors respectively. Shown are mean £SEM; *p<0.05 (Student t test). (H) Total
RNA was isolated from skin adjacent to tumors from mice in (E-F) and analyzed for the
indicated mRNAS, normalized to actin and tubulin. N= 8 per treatment group. Shown are
mean +SEM; *p<0.5, **p<0.001 (Student t test).
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Figure 7: Phospho-p38 and phospho-p44/42 MAPK signaling isincreased in tumorsfrom
DOXO-treated mice

(A-B) Representative IHC images of tumors from PBS + PBS: n =9, PBS + GCV: n=7,
DOXO + PBS: n=11, DOXO + GCV: n=7, stained with p-p38 (A) or p-p44/42 (B) with the
corresponding quantification of percent positive cells in the right panels. Shown are means
+SEM; *p<0.05, **p<0.01, (one-way ANOVA, Sidak’s multiple comparisons test was used
post-analyses). (C-D) Representative IHC images of normal human skin and hSCC lesions
(grades I-111) stained with p-p38 (C) and p-p44/42 (D). (E) Working model showing that
DOXO induces senescence and a SASP in keratinocytes and fibroblasts, creating a
microenvironment permissive for tumor growth and invasion. Once tumors are formed,
senescent cells within the tumors also reinforce tumor growth by elevating p-p38 and p-
p44/42 signaling.
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