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The effects of senescence associated secretory phenotype (SASP) from therapy-induced senescent endothelial
cells on tumor microenvironment (TME) remains to be clarified. Here, we investigated effects of ionizing radi-
ation (IR)- and doxorubicin-induced senescent HUVEC on TME. MDA-MB-231 cancer cells treated with condi-
tioned medium (CM) from senescent HUVEC or co-cultured with senescent HUVEC significantly increased cancer
cell proliferation, migration, and invasion. We found that CXCL11 plays a principal role in the senescent CM-
induced aggressive activities of MDA-MB-231 cells. When we treated HUVEC with a neutralizing anti-CXCL11
antibody or CXCL11 SiRNA, or treated MDA-MB-231 cells with CXCR3 SiRNA, we observed synergistic dimi-
nution of the ability of the HUVEC SASP to alter the migration and spheroid invasion of cancer cells. ERK
activation was involved in the HUVEC SASP-induced aggressive activity of MDA-MB-231 cells. Finally, we
observed the in vivo effect of CXCL11 from the senescent HUVEC in tumor-bearing mice. Together, our results
demonstrate that SASP from endothelial cells experiencing therapy-induced senescence promotes the aggressive
behavior of cancer cells, and that CXCL11 can potentially be targeted to prevent the adverse effects of therapy-
induced senescent endothelial cells on the tumor microenvironment.

1. Introduction

Cellular senescence was originally identified as a permanent exit
from the cell cycle after a finite number of cell divisions, such as seen in
cultured human fibroblasts [1,2]. Today, senescence is regarded as a
stress response that can be promoted by a wide range of intrinsic and
extrinsic stimuli, including oncogenic activation, oxidative and geno-
toxic stress, mitochondrial dysfunction, irradiation, and chemothera-
peutic agents [3]. Compared with proliferating cells, senescent cells
display an enlarged morphology, distinct metabolic and gene expression
patterns, and increased activity of lysosomal f-galactosidase [4].
Another typical characteristic of senescent cells is the secretion of a
myriad of proteins [5,6]. For example, senescent cells secrete IL-6 and
IL-8, which are inflammatory cytokines that recruit inflammatory cells

[6-8], and matrix metalloproteinases (MMP), which alter the extracel-
lular matrix [9,10]. This phenomenon is called the
senescence-associated secretory phenotype (SASP) and has been shown
to influence neighboring cells and cause changes in the tissue micro-
environment [11].

Cellular senescence is required for developmental morphogenesis,
wound repair, prevention of organ fibrosis, and tumor suppression in
young individuals [12-15]. However, as senescent cells accumulate in
tissues with advancing age, this cellular phenotype contributes to
age-related diseases, such as cataracts, sarcopenia, and atherosclerosis
[13,16]. The age-associated accumulation of senescent cells has been
connected to the increased levels of SASP factors, which are related to
chronic inflammation and arthritis [15,17,18]. SASP factors have also
been shown to elevate inflammatory responses, stimulate the growth of
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nearby malignant cells, and promote the metastasis of malignant cancer
cells [9,19,20]. Moreover, the SASP has been shown to lead to the
epithelial mesenchymal transition (EMT), which is a phenomenon that
stimulates cancer cell motility [10].

Tumor development is a process that involves the co-evolution of
transformed cells and the tumor microenvironment (TME) [21]. The
TME includes numerous non-cancerous cell types, including fibroblasts,
endothelial cells, and infiltrating lymphocytes [22]. Many studies have
demonstrated that the TME plays critical roles in various aspects of
tumor progression (i.e., tumor angiogenesis, proliferation, invasion, and
metastasis) and also mediates therapeutic resistance [23-25]. However,
little is known about the effects of therapy-induced senescent endothe-
lial cells on cancer progression.

In this study, we examined the effect of SASP from therapy-induced
senescent human umbilical vein endothelial cells (HUVEC). From these
cells, we identified CXCL11 as a promising therapeutic target that is
associated with aggressive features of cancer cells in the TME.

2. Materials and methods
2.1. Cell culture

MDA-MB-231 cells, MDA-MB-453 cells, HCC70 cells and MCF-10A
cells were purchased from American Type Culture Collection (ATCC).
MDA-MB-231, MDA-MB-453, and HCC70 cells were grown in RPMI-
1640 (WelGENE, Inc., Daegu, Korea). MCF-10A cells were cultured in
DMEM/F12 (WelGENE) containing 5% horse serum and freshly sup-
plemented with insulin, epidermal growth factor, hydrocortisone, and
cholera toxin. Human umbilical vein endothelial cells (HUVEC) and
endothelial colony forming cells (ECFC) were grown in EBM-2 (Lonza,
Walkersville, MD, USA) supplemented with 2% FBS, hFGF-B, VEGF, R3-
IGF-1, hEGF, hydrocortisone, ascorbic acid, heparin, gentamicin, and
amphotericin-B (Lonza). Human dermal microvascular endothelial cells
(HMVEC) were cultured in EGM2-MV using a bullet kit (Lonza).

2.2. Reagents and antibodies

Anti-pRb, anti-phospho-pRb, and anti-cleaved PARP antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-
p53 antibody was purchased from Leica Biosystems (Wetzlar, Ger-
many). Anti-p21 antibody was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Anti-actin antibody was purchased from
ABM (Richmond, BC, Canada). Anti-CXCL11 antibody was purchased
from R&D Systems (Minneapolis, MN, USA). Anti-CD31 antibody was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Anti-N-
cadherin, anti-E-cadherin, anti-slug, and anti-vimentin antibodies were
purchased Abcam (Cambridge, UK).

2.3. Irradiation

Cells were irradiated with an X-RAD iR160 X-ray irradiator (Preci-
sion X-ray (PXi) Inc., North Branford, CT, USA) with a 2-mm Al filter, an
accelerating voltage of 150 kV, and a dose rate of 0.72 Gy/min.

2.4. Senescence-associated f-galactosidase staining

Cells were washed with 1x phosphate-buffered saline (PBS), fixed in
3.7% formaldehyde, washed, and incubated for 16 h at 37 °C with a
solution containing 1 mg/ml of 5-bromo-4-chloro-3-indolyl B-p-galac-
toside (X-Gal), 40 mM citric acid/sodium phosphate, pH 6.0, 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NacCl,
and 2 mM MgCl,. The samples were washed, and the cell staining was
photographed using a microscope (Olympus CKX41; Olympus).
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2.5. Collection of conditioned media (CM)

Endothelial cells (HUVEC, HMVEC, or ECFC) were seeded at 5 x 10°
cells/ml in 100-mm culture dishes, cultured overnight, and exposed to
either radiation (6 Gy) or doxorubicin (50 ng/ml). The cells were
cultured in a CO5 incubator for 2 days, washed with PBS, and then
incubated in serum-free medium. After 24 h, CM was collected and
centrifuged for 5 min at 3000 rpm to remove cell debris. The supernatant
was concentrated 5-fold with a Centricon-10 concentrator (Millipore,
Billerica, MA, USA) and centrifuged at 3000 rpm for 100 min at 4 °C. The
volume of the collected CM was normalized with respect to the number
of cells in the dish from which it was collected.

2.6. Immunoblot analysis

Cell lysates were prepared in RIPA lysis buffer containing protease
inhibitors (Roche, Basel, Switzerland) and phosphatase inhibitors
(Sigma-Aldrich). Equal amounts of proteins were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The
proteins were transferred to a nitrocellulose membrane, and the mem-
brane was blocked with 3% non-fat dried milk or 3% BSA, and incu-
bating with primary antibodies at 4 °C overnight. After incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h,
the membrane was processed with enhanced chemiluminescence re-
agents (Thermo Fisher Scientific) and exposed to X-ray film (Agfa
Gevaert NV, Mortsel, Antwerp, Belgium).

2.7. Cell viability

Cells were seeded in 60-mm dishes, cultured for 24 h, and treated
with CM as indicated in the figures. After 3 days, cells were trypsinized
and harvested. Cell viability was measured with a trypan blue exclusion
assay. Cell suspensions were diluted 1:1 with 0.4% trypan blue (GIBCO,
Grand Island, NY, USA) and the cells were counted with a hemocy-
tometer under a microscope (Olympus CKX41; Olympus).

2.8. BrdU incorporation assay

Cell proliferation was measured using a 5-bromo-2'-deoxy-uridine
(BrdU) Cell Proliferation Assay Kit (Roche Applied Science) according to
the manufacturer’s instructions. BrdU incorporation was determined
spectrophotometrically by measuring absorbance at 450 nm.

2.9. Invitro cell migration and invasion assays

Transwell migration and Matrigel invasion assays were conducted
using the methods described by the manufacturer (Costar, Cambridge,
MA, USA). We used modified Boyden chambers with 8-pm pore filter
inserts for 24-well plates (Costar). For the transwell migration assay, 1
x 10° cells in 200 pl medium were added to the upper chamber and 600
pul of CM was placed in the lower chamber. Cells were incubated at 37 °C
under 5% CO.. For the invasion assay, the filters were pre-coated with
10 pl ice cold 10% Matrigel (BD Biosciences, San Jose, CA, USA) in cold
Dulbecco’s phosphate buffered saline (DPBS), and all other steps were
performed as described for the transwell migration assay. After 16 h, the
cells that had migrated through the filter were fixed with 3.7% form-
aldehyde solution for 10 min and stained with 0.1% crystal violet so-
lution for 10 min. The cells that remained on the upper surface were
removed with cotton swabs. Images of the stained cells were captured,
and the cells were counted using a light microscope (Olympus CKX41;
Olympus, Shinjuku, Tokyo, Japan).

2.10. Wound-healing assay

Cells were seeded on 24-well plates and allowed to reach confluence
overnight. A 200-uL pipette tip was used to make a scratch in the cell
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monolayer. The cells were washed twice with PBS and incubated in CM
at 37 °Cin a CO, incubator. After 16 h, the cells were washed with DPBS,
fixed with 3.7% formaldehyde for 10 min at room temperature, and
were stained with 0.1% crystal violet staining solution (Sigma-Aldrich).
Images were obtained under a microscope (Olympus CKX41; Olympus),
and the cell migration activity was assessed according to the percentage
of the area that was repaired.

2.11. RNA interference

Cells were transfected with 100 nM siRNA duplexes by using
RNAIMAX (Invitrogen, Karlsruhe, Germany). The sequences of the
siRNA (Bioneer Inc., Daejeon, Korea) were as follows:

Con Si (5'-CCUACGCCACCAAUUUCGUATAT-3")
CXCL11 Si (5-GAGAACAUUUCUGUCUCUAATAT-3')
CXCL11 Si #2 (5-GUGGUUACGGUGGAGACAJTAT-3")
CXCL11 Si #3 (5-CAAUAUGUAGGGAGACAUUATAT-3')
CCL2 Si (5'-CUCCGAAGACUUGAACACUATAT-3")
CXCL16 Si (5'-GCACCUGACUCUAAUACCUATAT-3)
INHBA Si (5'-CACAGUGCCAAUACCAUGAATAT-3')
CXCR3 Si (5'-UAGAGACAGAAAUGUUCUCATAT-3)

2.12. Plasmid transfection

Transfection of plasmids was conducted using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructions. The
plasmid expressing the Flag-tagged CXCL11 was purchased from Ori-
Gene (Rockville, MD, USA).

2.13. Reverse transcription-quantitative polymerase chain reaction

Total RNA was extracted using the TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions and re-suspended in diethyl
pyrocarbonate water. After reverse transcription (RT) using the cDNA
synthesis kit (Bio-Medical Science Co. Ltd, Daejeon, Korea), PCR was
performed using gene-specific primers. RT-quantitative polymerase
chain reaction (PCR) was performed using the iQ™ SYBR® Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA) on a CFX Con-
nect™ Real-Time PCR Detection System (Bio-Rad Laboratories). Each
reaction volume of 16 pL contained SYBR® Green Super Mix, cDNA
template, and primers. Pre-designed qRT-PCR primers were purchased
from Bioneer Co., Ltd (Daejeon, Korea).

2.14. RNA-seq processing and analysis

Total RNA was isolated from HUVEC using the TRIzol reagent, dis-
solved in RNase-free water, and sequenced using an Illumina HiSeq
2000 (LAS Inc., Gimpo, Korea). The abundance of each transcript was
quantified as fragments per kilobases of transcripts per million of
mapped reads (FPKMs). The thresholds were set using the absolute value
of log 2 (fold change) with FPKM >1.5 to determine significant differ-
ences in gene expression. The DAVID gene annotation tool (version 6.8;
http://david.ncifcrf.gov/) was used for gene ontology analysis of the
gene sets of interest.

2.15. Tube-formation assay

Matrigel (BD Biosciences) was polymerized (200 pL/well of a 48-well
tissue culture plate) for 30 min at 37 °C. Trypsinized HUVEC (4 x 104
were resuspended in 200 pl of CM and seeded to each well. After 16 h,
images showing tube morphology were photographed under a micro-
scope. The numbers of branch points and branches were counted, and
the tube area was measured using the Fuji Multi Gauge V2.3 software
(Fuji, Tokyo, Japan).
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2.16. Spheroid-invasion assay

Cells suspended in complete medium were seeded at a density of 5 x
10% cells/well in 96-well round-bottom ultra-low attachment micro-
plates (Corning B.V. Life Sciences, Amsterdam, Netherlands) and incu-
bated at 37 °C in 5% CO;. For the formation of mixed-cell spheroids
containing cancer cells and endothelial cells, MDA-MB-231 cells and
HUVEC were mixed at a 1:1 ratio. The spheroids were allowed to form
for 3 days, whereupon 100 pl of cold 7.5 mg/ml Matrigel basement
membrane matrix (Corning) was loaded carefully into each spheroid-
containing well, on ice. The plate was incubated for up to 96 h and
the spheroids were photographed under a light microscope (Olympus
CKX41; Olympus, Shinjuku, Tokyo, Japan) and analyzed using the
ImageJ software (version 10.2; NIH, Bethesda, MD, USA).

2.17. Animal experiments

To observe the induction of endothelial cell senescence by radiation,
MDA-MB-231 cells (2 x 10%) were injected subcutaneously into the right
hind legs of 5-week-old BALB/c nude mice from (Orientbio, Sungnam,
Korea). When the tumors reached a volume of 100 rnm3, mice right hind
legs were exposed to 12 Gy of IR by mouse shields (PXi Inc.; XD1907-
2022) and sacrificed 5 days later. Excised tumors were fixed for
immunohistochemical analysis. For the xenograft tumor growth assay,
MDA-MB-231 cells (2 x 10%) were injected subcutaneously into the right
flank of nude mice. When the tumors reached a volume of 50 mm?, mice
were intratumorally injected every other day with 20-fold concentrated
CM harvested from proliferating HUVEC (Con CM) or IR-exposed
HUVEC (IR CM) with or without CXCL11 Si treatment. Calipers were
used to measure the length (L) and width (W) of each subcutaneous
tumor. The tumor volume (TV) was calculated as: TV = (L x W2)/2. All
animal care and experimental procedures were conducted in accordance
with the guidance for animal experiments edited by Inha University
(Incheon, Korea).

2.18. Immunohistochemistry

Tissues were cryosectioned at 20 pm thickness, fixed with 3.7%
formaldehyde and permeabilized with 0.01% Triton-X100 for 15 min.
The samples were then blocked with 3% BSA for 1 h at room tempera-
ture and incubated with primary antibody diluted in blocking solution
overnight at 4 °C. As primary antibodies (diluted 1:50), we used rat anti-
CD31 (Thermo Fisher Scientific), anti-p53 (Leica), and anti-p21 (Santa
Cruz). Sections were washed in PBS and incubated with secondary an-
tibodies diluted in blocking solution for 1 h at room temperature. The
utilized secondary antibodies were Alexa Fluor 594 goat anti-hamster
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA;
1:50), Alexa Fluor 488 goat anti-rabbit, and Alexa Fluor 488 goat anti-
mouse (Jackson ImmunoResearch Laboratories; 1:50). The sections
were washed three times with PBS and mounted on microscopy slides.

2.19. Statistical analysis

Statistical values are expressed as the mean =+ SD. Statistical analysis
was performed using the One-way ANOVA or t tests. Significance levels
were set at p < 0.05.

3. Results

3.1. Ionizing radiation and doxorubicin treatment effectively induce
premature senescence in various types of endothelial cells

To study the effects of senescent endothelial cells on cancer cells
during cancer therapy, we firstly examined whether endothelial cells
effectively become senescent following irradiation or doxorubicin
treatment. Indeed, exposure to 6 Gy of IR or 50 ng/ml of doxorubicin
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(Doxo) induced premature senescence in HUVEC, which was charac-
terized by analysis of typical senescence phenotypes, such as pRb hypo-
phosphorylation, p53/p21 accumulation, decreased cell number, and
SA-p-Gal positivity (Fig. 1A and B). The cells did not show PARP
cleavage, an apoptosis marker (Fig. 1A and B). IR- or Doxo-induced
premature senescence phenotypes were also observed in other types of
endothelial cells, including HMVEC (human microvascular endothelial
cells) and umbilical cord blood-derived endothelial cells, as well as in
the so-called ECFC (endothelial colony-forming cells) (Supplementary
Fig. S1). We previously reported that 12 Gy of IR exposure induces
cancer cell senescence in tumor tissues of xenograft mice [26]. To test
whether radiation exposure induces premature senescence in endothe-
lial cells in vivo, we irradiated tumor tissue of xenograft mice with 12 Gy
of IR and used immunohistochemistry to examine the localization of
CD31 (an endothelial cell marker) and p53/p21 (senescence markers)
(Fig. 1C). We found that irradiated tumor tissues exhibited evident
p53/p21 expression, and that this signal co-localized with that of CD31.
In contrast, non-irradiated tumor tissues exhibited CD31 expression
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alone, without that of p53/p21.

3.2. SASP of therapy-induced senescent endothelial cells affects the
migration and invasion activities of MDA-MB-231 cells

To investigate the effect of senescent endothelial cells on the TME,
we collected CM (5-fold concentrated) from proliferating (Con), IR-, and
Doxo-induced (therapy-induced) senescent HUVEC and applied these
CM to MDA-MB-231 human mammary cancer cells and MCF-10A
human mammary epithelial cells. A BrdU cell proliferation assay
revealed that CM from both IR- and Doxo-induced senescent HUVEC
dramatically increased the proliferation of MDA-MB-231 cells. In
contrast, senescent HUVEC CM-treated MCF-10A cells did not show any
evident increase in cell proliferation (Supplementary Fig. S2A). For each
experimental group, the corresponding MDA-MB-231 and MCF-10A
cells were incubated in serum-free medium and 10% serum-containing
medium as negative and positive controls, respectively. To confirm
this finding, we measured relative cell numbers following senescent
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HUVEC CM-treatment and wunder co-culture (Supplementary
Figs. S2B-C). Indeed, we found that senescent HUVEC CM effectively
increased the relative cell numbers in MDA-MB-231 cells, but not in
MCF-10A cells. A wound-healing assay revealed that the SASP of
therapy-induced senescent HUVEC increased the wound-healing activity
of MDA-MB-231 cells but not MCF-10A cells (Fig. 2A). Consistent results
were obtained in the co-culture wound-healing assay (Fig. 2B). CM from
senescent HMVEC and senescent ECFC induced by IR or doxorubicin
also increased the migratory activity of MDA-MB-231 cells, but not MCF-
10A cells (Supplementary Figs. S3A-B). These results indicate that SASP
of senescent endothelial cells affected to MDA-MB-231 cancer cells, but
not so significantly to MCF-10A normal epithelial cells. We next inves-
tigated how the SASP of senescent HUVEC affected cell invasiveness. An
invasion assay revealed that senescent HUVEC CM significantly
increased the invasiveness of MDA-MB-231 cells (Fig. 2C). We observed
increased expression of N-cadherin, Slug, and Vimentin and decreased
expression of E-cadherin (EMT-related molecular changes) in MDA-MB-
231 cells treated with senescent HUVEC CM (Fig. 2D). We also found
that CM from senescent HMVEC and ECFC increased the invasiveness of
MDA-MB-231 cells (Supplementary Figs. S3C-D). Since MCF-10A cells
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are relatively non-invasive, we did not conduct an invasion assay using
these cells. Together, these results suggest that SASP from three different
endothelial cell lines (HUVEC, HMVEC, and ECFC) commonly increases
the migratory and invasive activities of MDA-MB-231 cells.

To identify the possible effects of senescent endothelial cell CM on
angiogenesis, we performed a tube-formation assay. For the negative
and positive control groups, Matrigel was overlaid with HUVEC sus-
pended in serum-free medium or medium containing 0.1% serum and
growth factors (VEGF, EGF, FGF and IGF), respectively. Our results
indicated that the branch point number, branch number, and tube area
were not altered by senescent HUVEC CM treatment (Supplementary
Fig. S4A). Moreover, endothelial cells incubated with senescent HUVEC
CM or control medium for 3 days showed no significant difference in
endothelial cell division (Supplementary Fig. S4B).

3.3. Analysis of the senescent HUVEC SASP

To identify cytokines that are differentially expressed in senescent
HUVEC, we induced senescence by exposing HUVEC to 6 Gy of IR and
analyzed cytokine profiles using the next-generation sequencing (NGS)
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technique. The heatmap in Fig. 3A shows the top 17 cytokines whose
expression levels were increased in IR-induced senescent HUVEC. We
confirmed the expression changes of 10 of these genes by RT-PCR
(Fig. 3B). To verify which cytokine plays important role on TME,
HUVEC were transfected with each indicated siRNA (Si) and subjected
to irradiation, and MDA-MB-231 cells were treated with harvested CM
from HUVEC and assessed for their migratory activity (Fig. 3C). Our
results revealed that IR-induced senescent CM from CXCL11 Si-treated
HUVEC had the strongest effect on the migratory activity of MDA-MB-
231 cells. Thus, we selected CXCL11 for further analysis. To confirm the
secretion of CXCL11, we irradiated HUVEC with 6 Gy of IR and analyzed
cell lysates (WCL) and CM (Fig. 3D). We observed a time-dependent
increase of CXCL11 expression in WCL and CM. Furthermore, we
investigated whether the expression of CXCL11 is increased in irradiated
tumor tissues in vivo. We irradiated tumor tissues of xenograft mice with
12 Gy of IR and analyzed the expression levels of CD31 and CXCL11 by
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immunohistochemistry. CXCL11 was significantly increased and highly
co-localized with CD31 in irradiated tumor tissues (Fig. 3E). When se-
nescent HUVEC were treated with a neutralizing anti-CXCL11 antibody
(Neut-anti-CXCL11), the obtained CM failed to show the effects of IR-
induced senescent HUVEC CM on the wound-healing and migratory
activity of MDA-MB-231 cells (Fig. 3F).

3.4. CXCL11 from senescent HUVEC CM promotes migratory and
invasive activities through the receptor, CXCR3, and the AKT/ERK
pathway

It has been reported that CXCL11 binds to CXCR3 to regulate im-
mune cell migration, differentiation, and activation [27,28]. To eluci-
date whether CXCR3 is involved in the effects of CXCL11 from senescent
HUVEC on migratory activity, we treated MDA-MB-231 cells with
CXCR3 Si and HUVEC with CXCL11 Si. CXCR3 and CXCL11 levels were

Fig. 3. Analysis of cytokines from IR-induced
senescent HUVEC. (A) Identification of
cytokine-related genes that are differentially
expressed in IR-induced senescent HUVEC. (B)
Validation of the differences in the mRNA
expression levels of these cytokine-related genes,
as assessed by qRT-PCR. (C) Analysis of the
migratory activity of HUVEC CM treated-MDA-
MB-231 cells. CM was harvested from IR-
induced senescent HUVEC that had been trans-
fected with each indicated Si prior to irradiation.
Graph indicates quantitative data for the migra-
tory activity. (D) Immunoblot analysis of IR-
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effectively reduced by the treatment of CXCL11 Si in senescent HUVEC
CM and by the treatment of CXCR3 Si in MDA-MB-231 cells (Fig. 4A).
The senescent HUVEC CM-induced migratory activity of MDA-MB-231
cells was decreased by the treatment of CXCL11-depleted senescent
HUVEC CM and further decreased by the treatment of CXCR3-depleted
MDA-MB-231 cells with CXCL11-depleted senescent HUVEC CM
(Fig. 4B).

To further define the effect of senescent endothelial cells on cancer
cells in a three-dimensional (3D) structure mimicking a tumor micro-
region, we performed a 3D tumor spheroid invasion assay. The tumor
spheroids were generated by co-culture of CXCR3-Si-treated MDA-MB-
231 cells with CXCL11-Si treated HUVEC in combination with or
without IR- or Doxo-treatment. The invasion area of each spheroid was
measured after spheroids were allowed to form for 72 h. We observed
that the invasive activity of MDA-MB-231 cells from the tumor spheroid
was increased by co-culture with IR- or Doxo-treated HUVEC, and that
this effect was decreased by the suppression of CXCR3 in the cancer cells
or that of CXCL11 in the endothelial cells (Fig. 4C and D). Together,
these results show that CXCR3 depletion in MDA-MB-231 cells and
CXCL11 depletion in HUVEC synergistically affect the invasive activity
of MDA-MB-231 cells from the tumor spheroid. No off-target effect of
CXCL11 was observed in tests performed using three different siRNAs
against CXCL11 (Supplementary Fig. S5). We also found that
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overexpression of CXCL11 rescued the inhibitory effects of CXCL11-
depleted senescent HUVEC CM on cell migration, proliferation, and
ERK activity (Supplementary Fig. S6).

To know which signaling molecule involves in CXCL11-mediated
cancer cell proliferation and metastasis, we examined AKT and ERK
activation related with the migratory activity of MDA-MB-231 cells
treated with senescent HUVEC CM. We treated MDA-MB-231 cells with
IR- or Doxo-induced senescent HUVEC CM and analyzed the phos-
phorylation of AKT and ERK by immunoblotting (Fig. S5A and B). We
observed that AKT phosphorylation was not significantly changed, but
ERK phosphorylation was dramatically increased under both of these
experimental conditions. When we treated MDA-MB-231 cells with the
ERK inhibitor, U0126, prior to applying senescent CM, the wound-
healing and migratory activities of these cells were evidently
decreased compared to those of cells treated with senescent CM alone
(Fig. 5C). When we applied CXCL11-depleted senescent HUVEC CM to
MDA-MB-231 cells or senescent HUVEC CM to CXCR3-depleted MDA-
MB-231 cells, we found that the relative cell numbers and ERK activa-
tion were decreased under both experimental conditions (Fig. 5D and E,
lane 4 and 6). Furthermore, when we applied CXCL11-depleted senes-
cent HUVEC CM to CXCR3-depleted MDA-MB-231 cells, the relative cell
numbers and ERK activation were further decreased (Fig. 5D and E, lane
8). Together, these results indicate that CXCL11 secreted from senescent

Fig. 4. CXCL11 from senescent HUVEC CM
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Fig. 5. ERK activation is critical for the abil-
ity of senescent HUVEC CM to promote the
migratory and invasive activities of MDA-MB-

HUVEC
Doxo CM
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HUVEC CM binds to CXCR3 of MDA-MB-231 cells and promotes their
migratory and invasive activities through the ERK pathway. To inves-
tigate the effect of CXCL11 secreted from senescent HUVEC on other
types of breast cancer cells, we tested an ER + cell line (MCF7) and two
triple-negative breast cancer cell lines (MDA-MB-453 and HCC70). Se-
nescent HUVEC CM treatment induced cell proliferation and migration
in three additional breast cancer cell lines: MCF7, MDA-MB-453, and
HCC70 (Supplementary Fig. S7). The cell proliferation and migratory
activities of these three breast cancer cell lines were reduced by the
application of CXCL11-depleted senescent HUVEC CM. The ability of IR-
induced (IR) senescent HUVEC CM to increase ERK and AKT phos-
phorylation was decreased by CXCL11-depleted senescent HUVEC CM in
MCF7 and HCC cells. In contrast, MDA-MB-453 cells showed decreased
phosphorylation of AKT, but not ERK, following the application of
CXCL11-depleted IR HUVEC CM (Supplementary Fig. S7). Together, our
findings comprehensively show that CXCL11 from the senescent HUVEC
CM increases the relative cell number and migration activity of every
tested breast cancer cell line through the activity regulation of either
AKT or ERK.

To examine the clinical relevance of CXCL11 and CXCR3, we
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evaluated their expression levels in breast cancer patient tissues using
the GEPIA portal (http://gepia.cancer-pku.cn/). Breast cancer patients
with overexpression of CXCL11 and CXCR3 displayed a decreased sur-
vival probability compared to those with low-level expression of
CXCL11 and CXCR3 (Supplementary Figs. SS8A-B). We also observed a
positive correlation between the expression levels of CXCL11 and
CXCR3 in breast cancer patient tissues (Supplementary Fig. S8C).

3.5. CXCL11 from senescent HUVEC promotes tumor growth through
ERK activation in a xenograft mouse model

We found that the proliferation, migration, and invasion of MDA-
MB-231 cells were primarily affected by CXCL11 secreted from therapy-
induced senescent HUVEC in vitro. To explore the effect of CXCL11
secreted from senescent endothelial cells in vivo, we performed a xeno-
graft tumor growth assay. MDA-MB-231 cells were injected subcutane-
ously into 5-week-old nude mice to form xenograft tumors. When the
tumor volume reached 50 mm3, three different HUVEC CMs (No IR +
Con Si-, IR 4 Con Si-, IR + CXCL11 Si-treated HUVEC CM) were injected
intratumorally to the xenograft tumor tissues. Whereas the growth of
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xenograft tumors was significantly increased following injection of IR-
exposed senescent (IR + Con Si treated) HUVEC CM, such tumor
growth effect was dramatically decreased following injection of IR +
CXCL11 Si-treated (senescent) HUVEC CM (Fig. 6A-C). Similarly,
western blot analysis of tumor tissues revealed that ERK phosphoryla-
tion was significantly increased by IR-exposed HUVEC CM, but not by IR
+ CXCL11 Si-treated HUVEC CM (Fig. 6D). In contrast, there was little
between-group difference in the AKT phosphorylation of tumor tissues
(Fig. 6D). Consistent results were obtained when we used immuno-
staining to examine ERK and AKT phosphorylation in tumor tissues
injected with CM from the three different experimental conditions
(Fig. 6E). Collectively, these data demonstrate that CXCL11 secreted
from IR-induced senescent HUVEC promotes tumor growth through ERK
activation in an in vivo tumor xenograft mouse model.

4. Discussion

Therapy-induced senescence (TIS) is a well-founded response to
conventional cancer therapy; it has been regarded as a favorable
consequence of cancer treatment and a basis for the development of
novel remedies that promote a cytostatic response in cancer cells [29].
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However, numerous lines of evidence have raised the concern that TIS
could cause an unexpected outcome of therapy by supplying a mecha-
nism for tumor dormancy and disease recurrence [30]. Recent studies
strongly suggest that senescence is associated with a complicated
reprogramming process that can ultimately promote cancer stemness
and set off a more aggressive phenotype [31]. The SASP is a highly
conserved reaction to genotoxic stress that develops in senescent fibro-
blasts in culture, epithelial cells in vivo, and cancer cells exposed to
DNA-damaging therapeutic agents [5]. Senescent cells go through
extensive alterations in gene expression; these changes are seen not only
in genes related to cell cycle regulation, but also trigger enhanced
expression of a spectrum of secreted proteins [32,33]. Specifically, se-
nescent cells have been documented to secrete a spectrum of
pro-inflammatory chemokines and cytokines that have paracrine
tumor-promoting effects [33]. For example, senescent fibroblasts can
augment tumor xenograft growth in animals and promote pre-neoplastic
cellular growth both by direct cellular contact and by secreting soluble
factors near the tumor cells [20]. Irrespective of how senescence is
induced, senescent fibroblasts can expedite tumorigenesis [20]. This
suggests that chemotherapy and radiation might also promote cancer
development in the TME via the induction of senescence. Various

Fig. 6. CXCL11 secreted from senescent
HUVEC promotes tumor growth in xenograft
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elements of the SASP are related to induction of the EMT, which in-
creases the invasiveness of the developing epithelial tumor [34]. In
addition, the SASP is strongly involved accelerating the cancer stem
cell-like phenotype seen following the exposure of cancer cells to
DNA-damaging conditions [35]. This tumor stromal cell-mediated
paracrine effect is detrimental and influences tumor behavior, the
response to cancer treatment, and the overall therapy outcome. How-
ever, the non-cell-autonomous effects of the chemotherapy-induced
SASP on the TME are not yet fully understood. In particular, although
endothelial cells are very important for cancer metastasis, most of the
studies on the factors secreted from endothelial cells have been per-
formed mainly in diseases such as thrombosis or atherosclerosis; only a
few studies have examined how they affect the TME. In the present
study, therefore, we triggered senescence in various endothelial cells
(including HUVEC, HMVEC, and ECFC) using radiation or anti-cancer
drugs and examined how their SASP affected the TME. We found that
SASP from therapy-induced senescent endothelial cells affected the
proliferation, migration, and invasion of a human breast cancer cell line
(MDA-MB-231). Interestingly, however, the SASP from therapy-induced
senescent endothelial cells had little effect on the proliferation, migra-
tion, or wound-healing activities of a normal breast epithelial cell line
(MCF-10A). This suggests that cancer cells might be more sensitive than
normal cells in responding to SASP from senescent endothelial cells and
might therefore be more likely to acquire an ability to escape from the
original tumor bed when endothelial cells undergo senescence.

To elucidate which cytokine(s) from senescent HUVEC had the
strongest influence on the TME, we identified the cytokines that showed
the most differential expression between therapy-induced senescent and
control HUVEC. We found that CXCL11 plays critical roles in promoting
the proliferative, migratory, and invasive activities of MDA-MB-231
cells via ERK activation. We demonstrated that CXCL11 affects the
aggressive features of cancer cells both in vitro and in an in vivo xenograft
mouse model. The CXC chemokines, CXCL9, -10, and —11, are IFNy-
induced small secretory proteins that are expressed and secreted by
leukocytes, as well as epithelial, endothelial, and stromal cells [36].
These chemokines interact with the G protein complex receptor, CXCR3,
apply signaling effects in a paracrine or autocrine fashion [37,38], and
are well-known chemo-attractants for activated CXCR3+ T cells [36].
Recent work showed that elevated expressions of these chemokines are
related with advanced-stage cancer in malignant melanoma, ovarian
carcinoma, and B-cell lymphoma [39-41]. In addition, the I[FNy-induced
production of CXCL9, -10, and —11 in human neonatal foreskin kerati-
nocytes is reportedly increased during inflammatory dermatoses, such
as psoriasis [42-44]. CXCL11 is also known as interferon-inducible
T-cell alpha chemoattractant (I-TAC) or interferon-gamma-inducible
protein 9 (IP-9) [45]. Among CXCL9, -10, and —11, CXCL11 shows the
strongest binding affinity for CXCR3 [46] and uses a different binding
domain on CXCR3 relative to those recognized by CXCL9 and -10 [47].
Several studies have shown that the CXCL11-CXCR3 axis plays an
important role within the TME [27,48]. A study showed that the tumor
growth and invasiveness of human colon adenocarcinoma was
augmented after injection of CXCL11 to the TME [49]. Suppressing
CXCL11 in colorectal cancer tissues has been shown to decrease tumor
cell growth and metastasis [50]. The enhancement of CXCL11 in hepa-
tocellular carcinoma cells is reportedly involved in the upregulation of
stem cell-related genes, along with the autocrine axis-related acquis-
ition/maintenance of self-renewal and tumorigenic characteristics
among tumor-initiating cells [51]. In contrast, tumors exhibited higher
expression of CXCL11 reduced tumor progression by increasing the
infiltration of CD8™ T cells and positively correlation with prolonged
overall survival in NSCLC (Non-Small Cell Lung Cancer) patients [52],
and an analysis of the Human Protein Atlas database (www.proteinatlas.
org) revealed that high CXCL11 levels prolonged survival in ovarian
cancer patients (Supplementary Fig. S8). In the present study, we
demonstrate for the first time that CXCL11 from senescent endothelial
cells contributes to the aggressive features of cancer cells through
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binding CXCR3 and activating ERK.

Overall, therapy-induced endothelial cell senescence has detrimental
effects on the success of cancer therapy. To overcome the side effects of
TIS, researchers need to consider the interaction between the stromal
cell SASP and cancer cells in the TME. We hypothesize that inhibition of
CXCL11 secretion from senescent endothelial cells could potentially be
combined with conventional cancer therapy to alleviate the deleterious
effects of therapy-induced endothelial cell senescence.
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