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Senescent cells promote breast cancer cells s
motility by secreting GM-CSF and bFGF that
activate the JNK signaling pathway
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Abstract

Background Cellular senescence can be induced in mammalian tissues by multiple stimuli, including aging,
oncogene activation and loss of tumor suppressor genes, and various types of stresses. While senescence is a tumor
suppressing mechanism when induced within premalignant or malignant tumor cells, senescent cells can promote
cancer development through increased secretion of growth factors, cytokines, chemokines, extracellular matrix, and
degradative enzymes, collectively known as senescence-associated secretory phenotype (SASP). Previous studies
indicated that senescent cells, through SASP factors, stimulate tumor cell invasion that is a critical step in cancer cell
metastasis.

Methods In the current study, we investigated the effect of senescent cells on the motility of breast cancer cells,
which is another key step in cancer cell metastasis. We analyzed the motility of breast cancer cells co-cultured with
senescent cells in vitro and metastasis of the breast cancer cells co-injected with senescent cells in orthotopic
xenograft models. We also delineated the signaling pathway mediating the effect of senescent cells on cancer cell
motility.

Results Our results indicate that senescent cells stimulated the migration of breast cancer cells through secretion of
GM-CSF and bFGF, which in turn induced activation of the JNK pathway in cancer cells. More importantly, senescent
cells promoted breast cancer metastasis, with a minimum effect on the primary tumor growth, in orthotopic
xenograft mouse models.

Conclusions These results have revealed an additional mechanism by which senescent cells promote tumor cell
metastasis and tumor progression, and will potentially lead to identification of novel targets for cancer therapies that
suppress metastasis, the major cause of cancer mortality.

Keywords Breast cancer, Metastasis, Senescence, Migration, GM-CSF, bFGF, JNK

fNan Wang, Yan Fang and Yigong Hou contributed equally to this
work.

*Correspondence:

Shuang Yang
yangshuang@nankai.edu.cn
Peiging Sun
psun@wakehealth.edu

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-024-01861-x&domain=pdf&date_stamp=2024-10-5

Wang et al. Cell Communication and Signaling (2024) 22:478

Background

Breast cancer is the leading cause of cancer mortality in
women in the world [1]. Since the major cause of breast
cancer mortality is distant metastasis, it is important to
delineate the mechanisms that contribute to the migra-
tion and metastasis of breast cancer cells.

Senescence is a stable form of proliferative arrest in
primary normal cells, resulting from exhaustion of rep-
licative potential (replicative senescence) or exposure to
stresses such as oncogene activation (oncogene-induced
senescence), and is identified by a senescence biomarker,
Senescence-Associated [-galactosidase (SA-B-Gal) [2].
Senescence is accompanied by increased secretion of
growth factors, cytokines, chemokines, extracellular
matrix, and degradative enzymes, collectively known
as senescence-associated secretory phenotype (SASP)
[2—-4], which can change tissue microenvironments and
affect nearby cells [5]. While the cell autonomous effect
of senescence is to suppress cancer development by pre-
venting the proliferation and growth of premalignant
cells, senescent cells, through SASP, can damage the sur-
rounding tissues, stimulate the proliferation of neighbor-
ing cancerous cells, promote tumor angiogenesis, and
induce chronic inflammation, thus accelerating tumor
progression and age-related diseases [6, 7].

Multiple studies have demonstrated that senescent
stromal cells, such as senescent fibroblasts, create a
tumor-promoting microenvironment through secretion
of SASP factors [8]. For example, co-culture with senes-
cent dermal fibroblasts promoted proliferation of pre-
malignant melanoma cells and enhanced the invasion
of advanced malignant melanoma cells [9]. Senescence
within the stroma, especially the senescent fibroblasts,
triggered tumor development [10]. The conditioned
medium from senescent fibroblasts stimulated invasion
of human umbilical vein endothelial cells into the base-
ment membrane, which is a hallmark of tumor angio-
genesis [2]. In a skin carcinogenic model, senescent
fibroblasts promoted early skin carcinogenesis via a para-
crine MMP-PAR-1 axis [11]. Furthermore, it was dem-
onstrated that cellular senescence could promote cancer
development in aged organisms [5].

These previous studies indicate that senescent cells,
through SASP factors, promote tumor progression by
stimulating tumor cell proliferation, and tumor cell
invasion that a critical step in cancer cell metastasis. In
this study, we examined the effect of senescent cells on
the motility of breast cancer cells, which is another key
aspect of cancer cell metastasis. Our results demon-
strate that senescent fibroblasts stimulate the migration
of breast cancer cells through secretion of GM-CSF and
bFGE, which induce the activation of the JNK pathway in
the cancer cells. These results have revealed an additional
mechanism by which senescent cells promote tumor cell
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metastasis and tumor progression, and will potentially
lead to identification of novel targets for cancer thera-
pies that suppress metastasis, the major cause of cancer
mortality.

Methods

Cell culture

MDA-MB-231 and MDA-MB-468 cell lines were main-
tained in DMEM (Corning, 10-017-CM) supplemented
with 10% fetal calf serum (Gibco), 1% antibiotics (Gibco),
1% non-essential amino acids (NEAA) (Gibco), and 1%
sodium pyruvate (Gibco). MCE-7 cell lines were main-
tained in GlutaMAX™ DMEM Dulbecco’s Modified Eagle
Medium (Gibco, 10569010) supplemented with 10% fetal
calf serum (Gibco), and 1% antibiotics (Gibco). B] human
fibroblasts were cultured in MEM (Corning, 10-010-CV)
supplemented with 10% fetal calf serum, 1% antibiotics,
and 1% NEAA. If necessary, recombinant human bFGF
(Gibco, PHG0026) and human GM-CSF (Peprotech,
300-03) were added to the medium of BJ cells at the final
concentration of 10 ng/mL and 20 ng/mL, respectively.
Neutralizing antibodies against bFGF (Cell Signaling,
98658) and GM-CSF (Cell Signaling, 56712) were added
to the medium of BJ cells at the final concentration of 1
ng/mL and 5 ng/mL, respectively.

Plasmids and lentivirus-based gene transduction

Oligos encoding shRNAs for bFGF, GM-CSF, JNK1
and JNK2 were designed, synthesized, and inserted
into pLV-H1-EFla-puro vector (Biosettia) according to
manufacturer’s protocol. Primer and oligo sequences are
listed in Supplementary data (Table S1).

Recombinant lentiviruses and retroviruses were pack-
aged and transduced into cells as described previously
[12]. Transduced cells were selected with 1 ug/ml of
puromycin or 10 pg/ml blasticidin when necessary.

Protein extraction and Western blotting analysis

Protein extraction and Western blotting analysis were
performed as described previously [12]. Cell lysates
were prepared by incubation with 1X RIPA buffer (phos-
phate-buffered saline containing 1% Triton X-100, 0.5%
deoxycholate, 0.1% SDS, 1 mM Nay;VO,) with Com-
plete Protease Inhibitor Cocktails (Roche) for 30 min
on ice, followed by clearance by centrifugation at 4 °C at
15,000 g for 15 min. Protein concentrations were deter-
mined by the BCA assay. 10-50 pg of lysates were sep-
arated on 8-12% Tris-acrylamide gels and transferred
to PVDF membranes. The membranes were blocked by
5% milk in 0.1% TBST for 1 h at room temperature, and
incubated with primary antibodies overnight at 4 °C and
with secondary antibodies (goat anti-mouse, 1:10000;
goat anti-rabbit, 1:5000-7000, Cell Signaling) for 1 h at
room temperature. The following primary antibodies and
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concentration were used: -actin (Santa Cruz, sc-47778
1:10000), JNK1 (Abcam, ab199380 1:1000), ]NK2 (Cell
Signaling, 9258 S 1:500), E-cadherin (BD Biosciences,
610181 1:1000), Vimentin (Cell Signaling, 5741 S 1:1000),
p-AKT(Ser473) (Cell Signaling, 9271 S 1:1000), p-JNK
(Thr183/Tyr185) (Cell Signaling, 9251 S 1:1000), JNK
(Cell Signaling, 9252 1:1000), bFGF (Cell Signaling,
98658 S 1:1000), GM-CSF (Abcam, ab300495 1:1000),
p-Stat3 (Ser727) (Santa Cruz, sc-8001-R, 1:1000), p-Stat3
(Tyr705) (B7, Santa Cruz, sc-8059, 1:1000), p-ERK1/2
(Thr202/Tyr204) (BIOSS, bs-3016R, 1:1000), ERK1/2
(C9, Santa Cruz, sc-514302, 1:1000).

RNA isolation, reverse transcription and gRT-PCR analysis
RNA isolation, reverse transcription and quantitative
real-time PCR (qRT-PCR) analysis were performed as
described previously [12]. For RNA isolation, total RNA
was extracted from the cell lines using TRIzol reagent
(Invitrogen, #15596-018), following the manufactur-
er’s instructions. RNA concentration and purity were
determined by measuring the absorbance at 260 nm
and 280 nm using a NanoDrop spectrophotometer.
Only RNA samples with a 260/280 nm absorbance ratio
greater than 1.8 were considered as sufficiently pure and
used for further analysis. RNA integrity and quality were
confirmed by agarose gel electrophoresis.

Reverse transcription was performed using 1 pg of total
RNA, employing MMLYV reverse transcriptase (Promega,
Madison, MI, USA) and oligo (dT) and random primers.
A no-reverse transcriptase control was included in all
experiments to ensure that no genomic DNA contamina-
tion was present. The synthesized complementary DNA
(cDNA) was used for qRT-PCR. Primers used for PCR
were designed using Primer3 software. The specificity of
each primer pair was confirmed through in silico speci-
ficity screening using BLAST, to ensure that they do not
amplify pseudogenes, retrosequences, or other homolo-
gous sequences. The location of each primer with respect
to exons and introns was considered to avoid amplifica-
tion of genomic DNA. For optimal qPCR performance,
amplicon lengths were kept between 70—200 bp to ensure
efficient amplification. The amplicon length for bFGE,
GM-CSF, CXCL1 and GAPDH was 170 bp, 187 bp,
119 bp and 131 bp, respectively. Primers used for PCR
amplification are the following. bFGF: forward 5-AGT
GTGTGCTAACCGTTACCT-3" (nucleotide 721-741,
NM_002006.6), reverse 5-ACTGCCCAGTTCGTTT
CAGTG-3’ (nucleotide 890—870, NM_002006.6); GM-
CSF:  forward 5-TCCTGAACCTGAGTAGAGACA
C-3’ (nucleotide 160-181, NM_000758.4), reverse 5-T
GCTGCTTGTAGTGGCTGG-3’ (nucleotide 346-—328,
NM_000758.4); CXCL1: forward 5-AGCTTGCCTCAA
TCCTGCATCC-3 (nucleotide 327-348, NM_001511.4),
reverse 5- TCCTTCAGGAACAGCCACCAGT-3
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(nucleotide 445-424, NM_001511.4); GAPDH: forward
5- GTCTCCTCTGACTTCAACAGCG-3  (nucleo-
tide 920-941, NM_002046.7), reverse 5- ACCACCC
TGTTGCTGTAGCCAA-3 (nucleotide 1050-1029,
NM_002046.7). qRT-PCR was conducted using PerfeCTa
SYBR Green FastMix (Quantabio, USA) on an Opticon
real-time PCR system (Bio-Rad, Hercules, CA, USA).
For each reaction, the total volume was 20 pl, containing
10 pl of 2x PerfeCTa SYBR Green FastMix, 1 pl of each
of forward and reverse primer (final concentration: 0.5
uM), and 5 pl of diluted cDNA. Each sample was run in
triplicate, with three independent biological replicates.
The qPCR cycling started with an initial denaturation
step at 95 °C for 2 min, followed by 40 cycles of denatur-
ation at 95 °C for 10 s, annealing and extension at 60 °C
for 30 s. A melting curve analysis was performed at the
end of each run to confirm the specificity of the ampli-
fication products. Primer amplification efficiencies were
calculated by generating standard curves from serial
dilutions of cDNA. All primers had efficiencies between
90% and 110%, and the correlation coefficient (R*) values
were >20.98. GAPDH was used as the reference gene for
normalization, and relative gene expression levels were
determined using the 274" method. All qRT-PCR data
were analyzed using Bio-Rad CFX Manager software.
Statistical analysis was performed using unpaired 2-sam-
ple t-tests with data from triplicates, and the results were
confirmed in three independent biological repeats.

ELISA

The ELISA assays were performed with the R&D Quanti-
kine ELISA Kit, following manufacturer’s protocol, using
antibodies against bFGF (Abcam, ab10420), GM-CSF
(Abcam, ab9667) and CXCL1 (R&D, DGROOB).

Transwell migration assays

Cell migration assays were performed in 24-well tran-
swell plates with 8-um Polyethylene Terephthalate inserts
(Millipore) separating lower and upper chambers, as pre-
viously described [13]. Breast cancer cells were plated
in the upper chamber at 5x10* cells/well in serum-free
medium. The lower chamber contained young or senes-
cent BJ cells, conditioned medium from these cells, 10
ng/ml of bFGF (Gibco, PHG0026) or 20 ng/ml of GM-
CSF (Peprotech, 300-03) or both, or their controls. Cells
were allowed to migrate for 12—-20 h. Non-migrant cells
on the upper side of the filters were detached using a cot-
ton swab. Filters were stained with 0.1% crystal violet for
1 h and photographed under microscope (KEYENCE
BZ-X810). Each experiment was performed in triplicates.
For each sample within the triplicates, the number of
migrated cells were counted in at least 5 randomly cho-
sen 20X fields, and the number of migrated cells per field
was calculated by dividing the total number of cells by
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the number of counted fields for this sample. The average
number of migrated cells per field was calculated among
the triplicates for the experimental group and the con-
trol groups, and compared by unpaired, 2-sample t tests
between 2 groups or by One-way ANOVA for multiple
comparisons using Tukey’s multiple comparison correc-
tion adjustment.

Wound healing assays

MDA-MB-231, MDA-MB-468 and MCEF-7 breast can-
cer cells were plated into 6-well plates and grown until
they were confluent. The medium was replaced with
conditional medium from young or senescent BJ cells
containing 1% FBS or non-conditional medium contain-
ing 1% FBS. A scratch wound was made in the center of
each well. Photos were taken 0, 24 (MDA-MB-231 and
MDA-MB-468) or 48 (MCF-7) hours after the wound
was made. The distance between the wound edges was
calculated with Image].

Immunofluorescence staining assays

The assays were performed in triplicates. Cells were
seeded at 5x10%well in a 24-well plate, fixed with 4%
PFA (pH7.4) for 10 min at room temperature, permea-
bilized in 0.1% TritonX-100, and then blocked by 3%
BSA in PBS for 1 h at room temperature. The cells were
incubated with the primary antibody (anti-E-cadherin,
BD 610181, 1:200 dilution) overnight at 4 °C in 3% BSA
in PBS, washed with PBS, and incubated with the sec-
ondary antibody (anti-mouse 488, Cell Signaling, 1:800
dilution) in 3% BSA in PBS for 1 h at room temperature.
Cover slips were mounted with mounting media contain-
ing DAPI (Vector Laboratories H1200). The images were
photographed under microscope (KEYENCE BZ-X810)
with BZ-X viewer software. Images were quantified with
the Image] software. The fluorescence intensity of E-cad-
herin was quantified in six randomly chosen 40X micro-
scopic fields, with approximately 50-100 cells per field,
for each of the triplicates.

Analysis of metastasis in orthotopic xenograft models of
breast cancer

Animal protocols were approved by the Wake Forest
University School of Medicine Animal Care and Use
Committee, and were in accordance with the National
Institutes of Health Guide for the Care and Use of Lab-
oratory Animals. 5x10° of MDA-MB-231 and 5x10°
of senescent (PD59) or young (PD22) BJ cells were
co-injected into the fourth mammary fat pad of 6- to
8-week-old female nude mice in a 1:1 (vol: vol) suspen-
sion of Matrigel (BD Biosciences). Primary tumors were
measured for length (a) and width (b), and the volume
(V) was calculated according to the following formula:
V=ab?x0.52. Tumors and lungs were harvested at the
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end of the experiment. Lungs were inflated and fixed
by 4% paraformaldehyde, embedded with paraffin, and
stained with hematoxylin and eosin. For each mouse, all
5 lung lobes were paraffin-embedded and included in
the same section. The number of metastatic foci were
counted in 5 randomly chosen 2X fields in each section
representing each mouse, and the number of metastatic
foci per field was calculated by dividing the total num-
ber of foci by 5 for this mouse. The average number of
metastatic foci per field among the 6 mice in each group
was calculated and compared between the senescent cell-
coinjection group and the young cell-coinjection group
by unpaired, 2-sample t tests.

Statistical analyses

All experiments were performed in triplicates with aver-
age values from the triplicate presented in figures. Sta-
tistical analyses were performed with Prism and SPSS
software. Unpaired, 2-sample Student’s t tests were per-
formed to compare the statistical differences in an out-
come between 2 groups of samples. One-way ANOVA
was performed for multiple comparisons using Tukey’s
multiple comparison correction adjustment when more
than 2 groups were considered. A p value of <0.05 was
considered significant. ns indicates p>0.05, not sig-
nificant; * indicates p<0.05; ** indicates p<0.01; and
*** indicates p<0.001. We assessed the normality of the
data distribution using Prism and the Shapiro-Wilk test,
prior to performing parametric analyses (2-sample t-tests
and One-way ANOVA). A p-value greater than 0.05 was
considered indicative of a distribution that does not sig-
nificantly deviate from normality, allowing for the use of
parametric statistical tests.

Results

Senescent fibroblast-secreted factors increase the motility
of breast cancer cells

To test whether senescent cells could affect the abil-
ity of breast cancer cells to migrate and metastasize,
we established the senescent fibroblast model by con-
tinuously passaging the BJ fibroblasts until they reached
senescence. At approximately population doubling (PD)
60 (PD56, 59, 61, 62, and 68) a substantial portion of
the BJ cells displayed an enlarged and flatten morphol-
ogy and were positive for the senescence associated
[-galactosidase (SA-PB-gal) marker, as compared to young
cells at approximately PD30 (PD22, 26, 29, 31, 32, and
34), indicating the senescence state of the cells after a
long period of passaging (Fig. S1). We then co-cultured
the breast cancer cells with young or senescent BJ cells
in different compartments of the transwells, with the
breast cancer cells in the upper chamber and BJ cells
in the lower chamber, and measured the migration of
breast cancer cells (Fig. 1A). In 3 breast cancer cell lines
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Fig. 1 Senescent BJ cells promote the motility of breast cancer cells

(A) Schematic diagram of the co-culture system in which young or senescent BJ cells and breast cancer cells were seeded in the lower and upper cham-
bers, respectively, of the transwells. The 2 chambers were separated by a membrane with 8-micron pores. Migration of the breast cancer cells towards the
lower chamber was measured. (B-C) Representative crystal violet-stained images of transwell migration of MDA-MB-231, MDA-MB-468 and MCF-7 cells
co-cultured with medium (no cells or None) or young (PD34) or senescent (PD59) BJ cells for 12 h (B), and quantification of number of migrated cells per
20X field (mean+SD, n=3) (C). At least 5 randomly chosen 20X fields were counted for each of the triplicates. (D-E) Representative crystal violet-stained
images of transwell migration of MDA-MB-231, MDA-MB-468 and MCF-7 cells co-cultured with medium only (no sup or None) or conditioned medium
from young (PD32) or senescent (PD68) BJ cells for 16 h (D), and quantification of number of migrated cells per 20X field (mean+SD, n=3) (E). At least
5 randomly chosen 20X fields were counted for each of the triplicates. (F-G) Representative images of MDA-MB-231, MDA-MB-468 and MCF-7 cells im-
mediately (0 h), 24 h (24 h, for MDA-MD-231 and MDA-MB-468) or 48 h (48 h, for MCF-7) after a scratch wound was made and co-cultured with medium
only (no sup or None) or conditioned medium from young (PD26) or senescent (PD62) BJ cells (F), and quantification of the distance (uM) of the wound
edges by ImageJ at 24 h (for MDA-MD-231 and MDA-MB-468) or 48 h (for MCF-7) (mean+SD, n=3) (G). (C, E, G) *** p<0.001 between indicated groups
in One-way ANOVA corrected for multiple comparisons using Tukey’s multiple comparison correction adjustment

(MDA-MB-231, MDA-MB-468 and MCEF-7), co-culture
with senescent, but not with young, BJ cells (Fig. S1A),
stimulated the migration of the cancer cells through the
transwells (Fig. 1B-C). Similarly, incubation with the
conditioned medium collected from senescent cells (Fig.
S1B) present in the lower chamber promoted the migra-
tion of breast cancer cells in transwells, while that col-
lected from young BJ cells failed to do so (Fig. 1D-E). The

motility of the breast cancer cells in wound healing assays
(Fig. 1F-G).

Epithelial-mesenchymal transition (EMT), charac-
terized by loss of cell-cell junctions, is a key feature of
increased motility in cancer cells of epithelial origins
[14, 15]. Western blotting analysis revealed that co-cul-
ture with senescent BJ cells, but not with young BJ cells
(Fig. S1D), in the transwells decreased the expression

conditioned medium from senescent BJ cells, but not
that from young BJ cells (Fig. S1C), also increased the

of an epithelial cell marker E-cadherin and increased
the expression of a mesenchymal cell marker vimentin
[16, 17] (Fig. S2A). In addition, in immunofluorescence
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staining assays, co-culture with senescent cells, but not =~ GM-CSF [19-22], bFGF [23-27] and CXCL1 [28-32]
with young cells, reduced E-cadherin signals in MDA-  have been reported to promote cell migration.
MB-231, MDA-MB-468 and MCEF-7 cells, and also the We thus compared the mRNA levels of GM-CSF, bFGF,
cell surface localization of E-cadherin in MDA-MB-468 and CXCL1 using qRT-PCR and their protein levels in
and MCE-7 cells (Fig. S2B). There results indicate that  conditioned media using ELISA, in senescent and young
senescent cells promote EMT, consistent with the BJ cells (Fig. S1D). While the mRNA levels of GM-CSE,
increased motility, in breast cancer cells. bFGF, and CXCL1 were all increased in the senescent B]
Taken together, these results indicate that factors cells as compared with young BJ cells (Fig. 2A), only GM-
secreted by the senescent B] fibroblasts promote the CSF and bFGF proteins, but not that of CXCL1, were

motility of breast cancer cells. present at higher levels in the conditioned medium from

senescent BJ cells than the young BJ cells (Fig. 2B). There-
Senescent BJ cells secrete GM-CSF and bFGF as part of fore, we focused on GM-CSF and bFGF, and investigated
SASP their roles in the ability of senescent cells to promote

In order to identify the senescent BJ cell-secreted fac-  breast cancer cell motility.

tors that promote breast cancer cell motility, we searched

the literature for SASP factors with known functions Senescent cells promote the motility of breast cancer cells

in cell movement. Among the SASP factors (GRO-a,- through GM-CSF and bFGF

B,-y, GM-CSE, IL-7, MCP-2, IL-13, ICAM-3, TRAIL-R3, It has been reported that GM-CSF stimulates Lewis

Fas/TNFRSF6, IGFBP-6, and bFGF) secreted by BJ cells lung cancer cell metastasis via protein kinase A (PKA)

induced to undergo senescence by 20% oxygen [18], [33], and promotes the proliferation and invasion of
lung cancer cells by activating MEK1/ERK and PI3K/
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Fig. 2 Senescent cells secrete bFGF and GM-CSF that promote the motility of breast cancer cells

(A) Relative mRNA levels (mean+SD, n=3) of GM-CSF, bFGF and CXCL1 in young (PD31) and senescent (PD62) BJ cells as determined by quantitative
real time PCR analysis. (B) Relative protein levels (mean+SD, n=3) of GM-CSF, bFGF and CXCL1 in the conditioned medium from young (PD31) and se-
nescent (PD62) BJ cells as determined by ELISA. (C-D) Representative crystal violet-stained images of transwell migration of MDA-MB-231, MDA-MB-468
and MCF-7 cells co-cultured with medium containing DMSO, 10 ng/ml of bFGF, 20 ng/ml of GM-CSF or both for 12 h (C), and quantification of number of
migrated cells per field (mean+SD, n=3) (D). At least 5 randomly chosen 20X fields were counted for each of the triplicates. (E-F) Representative images
of MDA-MB-231, MDA-MB-468 and MCF-7 cells immediately (0 h), 24 h (24 h, for MDA-MB-231 and MDA-MB-468) or 48 h (48 h, for MCF-7) after a scratch
wound was made and co-cultured with medium containing DMSO, 10 ng/ml of bFGF, 20 ng/ml of GM-CSF or both (E), and quantification of the distance
of the wound edges by ImageJ at 24 h (for MDA-MB-231 and MDA-MB-468) or 48 h (for MCF-7) (mean +SD, n=3) (F). (A-B, D, F) * p <0.05, ** p<0.01 and
*** p<0.001 vs. BJ-PD31 in unpaired, 2-sample t-tests (A-B) or between indicated groups in One-way ANOVA corrected for multiple comparisons using
Tukey's multiple comparison correction adjustment (D, F)
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AKT pathways [21], and that bFGF promotes pancre-
atic cancer cell invasion in cell culture, and drives can-
cer cell dissemination in vivo [34]. We thus investigated
whether GM-CSF and bFGF secreted by senescent cells
can promote the motility of breast cancer cells. Indeed,
bFGF and GM-CSF added to the lower chambers of tran-
swells promoted the migration of the MDA-MB-231,
MDA-MB-468 and MCEF-7 breast cancer cells seeded in
the upper chambers, as compared to the vehicle control
(DMSO); and combination of bFGF and GM-CSF had a
stronger effect than GM-CSF or bFGF alone (Fig. 2C-D).
Similar results were obtained in wound healing assays,
although the effect of bFGF and GM-CSF combination
was not as obvious in MDA-MB-231 and MDA-MB-468
cells as in the transwell assays (Fig. 2E-F). These findings
indicate that GM-CSF and bFGF increase the motility of
breast cancer cells.

To determine whether the ability of senescent cells to
promote breast cancer motility relied on GM-CSF and
bFGE, we utilized neutralizing antibodies against these
proteins. When senescent cells (Fig. S1E) were incubated
with a neutralizing antibody against bEGF or GM-CSF in
the lower chamber of the transwells, the migration of the
breast cancer cells was greatly reduced as compared to
when senescent cells were incubated with an anti-B-actin
antibody or when left untreated (Fig. 3A-B). Incubation
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with both neutralizing antibodies against bFGF or GM-
CSF further decreased the ability of senescent cells to
induce breast cancer cell migration, in comparison to
when only bFGF or GM-CSF alone was depleted (Fig. 3A-
B). To further validate the results obtained with neutral-
izing antibodies, we generated shRNAs that silenced
bFGF or GM-CSF expression in young and senescent BJ
cells (Fig. S1E, S3A-B), and the most effective shRNAs
(bFGF-shl and GM-CSF-sh4) were tested further for
their effects on cell motility. Silencing of bFGF or GM-
CSF in senescent cells abrogated senescent cell-induced
breast cancer cell migration in transwells, while silencing
of bFGF or GM-CSF in young BJ cells had no effect on
breast cancer cell migration (Fig. 3C-D). Thus, bFGF and
GM-CSF are the major SASP factors secreted by senes-
cent cells, which are capable of inducing breast cancer
cell migration.

Taken together, our results demonstrate that senescent
cells secrete bFGF and GM-CSF, which in turn promote
breast cancer cell motility.

The JNK pathway mediates senescent cell-induced breast
cancer cell migration

We next investigated the signaling pathway in breast can-
cer cells which mediates senescent cell-induced motil-
ity. It has been reported that both bFGF and GM-CSF
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Fig. 3 Senescent cells promote the migration of breast cancer cells via secreted bFGF and GM-CSF. (A-B) Representative crystal violet-stained images
of transwell migration of MDA-MB-231, MDA-MB-468 and MCF-7 cells co-cultured with conditioned medium from young (PD29) or senescent (PD61) BJ
cells, which were left untreated (None) or incubated with neutralizing antibodies against 3-actin (1 ng/ml), bFGF (1 ng/ml), GM-CSF (5 ng/ml) or both
bFGF and GM-CSF for 12 h (A), and quantification of number of migrated cells per field (mean +SD, n=3) (B). At least 5 randomly chosen 20X fields were
counted for each of the triplicates (C-D) Representative crystal violet-stained images of transwell migration of MDA-MB-231, MDA-MB-468 and MCF-7
cells co-cultured with conditioned medium from young (PD29) or senescent (PD61) BJ cells transduced with shRNA control (SC) or shRNAs for bFGF or
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lines) or One-way ANOVA corrected for multiple comparisons using Tukey's multiple comparison correction adjustment (solid lines)
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can induce the signaling of the STAT3, PI3K/AKT, ERK
and JNK pathways [19, 21, 35-38]. Western blotting
analysis revealed that co-cultured senescent cells, but
not the young cells (Fig. S1F), markedly and consistently
increased the activating phosphorylation of JNK in all
3 breast cancer cells (Fig. 4A-B), suggesting a universal
role of the JNK pathway in senescent cell-induced breast
cancer cell migration. Phosphorylation of Stat3, AKT
and ERK was induced by senescent cells moderately in
some, but not all, of these breast cancer cell lines, and
phosphorylation of Stat3 appeared to be increased by
both senescent and young BJ cells in MDA-MB-231 and
MCE-7 cells (Fig. 4A-B). While activated ERK and other
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proteins such as AKT may play a role in senescent cell-
stimulated migration in some cells, we focused our inves-
tigation on JNK, which was activated by senescent BJ
cells, but not by young BJ cells, in all 3 breast cancer cells
tested in this study.

The induction of JNK phosphorylation in breast cancer
cells by senescent BJ cells relied on GM-CSF and bFGEF,
as neutralization of GM-CSF and/or bFGF abrogated
the induction of JNK phosphorylation in MDA-MB-231
and MDZ-MB-468 cells by co-cultured senescent BJ
cells (Fig. S1F, 4 C-D). Furthermore, GM-CSF and bFGEF,
alone or in combination, induced JNK phosphorylation
in both MDA-MB-231 and MDA-MB-468 cells (Fig. 4E,
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(A-B) Western blotting analysis of the phosphorylation/activation status of Stat3, AKT, ERK and JNKin MDA-MB-231, MDA-MB-468 and MCF-7 breast can-
cer cell lines co-cultured with medium (None) or young (PD31) or senescent (PD56) BJ cells. (C-D) Western blotting analysis of phosphorylated/activated
INKin MDA-MB-231 and MDA-MB-468 breast cancer cell lines co-cultured with medium (None) or young (PD31) or senescent (PD59) BJ cells, which were
incubated with neutralizing antibodies against IgG, GM-CSF (aG, 5 ng/ml), bFGF (aF, 1 ng/ml), or both bFGF and GM-CSF (aG+ aF). (E-F) Western blotting
analysis of phosphorylated/activated JNKin MDA-MB-231 and MDA-MB-468 breast cancer cell lines treated with GM-CSF, bFGF or both. (B, D, F) Quanti-
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F). Therefore, GM-CSF and bFGF are both necessary and
sufficient for the activation of JNK.

We knocked down JNK1 and JNK2 by shRNAs in
MDA-MB-231 and MDA-MB-468 breast cancer cells
(Fig. 5A). Both JNK1 and JNK2 shRNAs abrogated senes-
cent BJ cell (Fig. S1F)-induced breast cancer cell migra-
tion in transwells, but neither JNK1 shRNAs nor JNK2
shRNAs had significant effects in breast cancer cells co-
cultured with young BJ cells (Fig. 5B-C). Similarly, JNK1
and JNK2 shRNAs disrupted migration of MDA-MB-231
and MDA-MB-468 cells cultured in the presence of GM-
CSF and/or bFGF, but had no effect on breast cancer cells
cultured with saline control (Fig. 5D-E, S4).

Page 9 of 13

These results indicate that senescent cell-secreted GM-
CSF and bFGF induce breast cancer cell migration by
activating the signaling pathway involving both JNK1 and
JNK2 in cancer cells.

Senescent fibroblast cells promote breast cancer
metastasis in xenograft tumor models

To investigate the effect of senescent cells on breast can-
cer metastasis in vivo, we co-injected MDA-MB-231
cells with young or senescent BJ cells (Fig. S1G) into
the mammary fat pad of nude mice, and monitored pri-
mary tumor growth rate, and analyzed lung metastasis
at the endpoints. Within the time window of observa-
tion (9 weeks), tumors generated from co-injection with
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Representative crystal violet-stained images of transwell migration of MDA-MB-231 and MDA-MB-468 cells co-cultured with young (PD31) or senescent
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senescent BJ cells and those with young cells showed no
significant difference in grow rate (Fig. 6A), or in weight
or size at the time of sacrifice (Fig. 6B, S5). However, co-
injected senescent cells greatly enhanced lung metastasis
as compared to the young cells (Fig. 6C-D). Therefore, at
least under the experimental conditions used in the cur-
rent study, senescent cells specifically promote breast
cancer cell metastasis in vivo, without significant effects
on the growth of the primary tumors.

Discussion
Cellular senescence has been recognized as a double-
edged sword in cancer development [7]. While the intra-
cellular activation of senescence programs serves as a
tumor suppressing mechanisms by limiting the growth of
cells with oncogenic potential and genome instability and
enhancing the sensitivity to cancer therapies, it promotes
cancer development in a paracrine fashion via SASP fac-
tors [39]. The current study demonstrates that senescent
cells promote the motility and metastasis of breast cancer
cells. Although older age correlates with high incidence,
poor prognosis and metastasis in many cancer types
[40, 41], the relationship among patient age, metastasis
and prognosis is complex in breast cancer. While older
women (>60y) have poorer prognosis at the metastatic
stage, young age is associated with an aggressive presen-
tation but has no impact on overall survival in metastatic
breast cancer [42]. This is likely due to the presence of
multifactorial modulators of the disease, including lev-
els of various hormones, besides aging. Nevertheless,
while senescent cells increase with age in human tissues
[43—-45], which can certainly impact cancer progression,
cellular senescence can also be induced by other stimuli,
such as oncogene activation and loss of tumor suppressor
genes, and several types of stresses, including oxidative
stress and stresses caused by chemotherapy, irradiation,
cytokine treatment, and induced pluripotent stem (iPS)
cell reprogramming [46, 47]. Despite the causes, these
different types of senescence can all contribute to metas-
tasis and other aspects of tumor development via the
SASP factors in breast cancer. Furthermore, in addition
to breast cancer, our findings can be applied to other can-
cer types, including those in which organism aging and
other senescence inducers are risk factors for metastasis.
We found that senescent fibroblasts secret GM-CSF
and bFGF, which activates JNK1 and JNK2 in breast can-
cer cells, leading to increased motility of the cancer cells.
An earlier study by Coppe et al. indicated that condi-
tioned medium from senescent cells stimulated the ability
of breast cancer cells to invade a basement membrane via
IL-6 and IL-8 [18]. However, the effect of senescent cells
on cancer cell motility was unclear. Our study has thus
identified GM-CSF and bFGF as the SASP factors that
mediate the induction of cancer cell motility by senescent
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fibroblasts. We were unable to detect an increase in IL-6
and IL-8 levels in senescent BJ cells when they were cul-
tured in 20% oxygen incubators (data not shown). Indeed,
in the Coppe study, the expression of IL-6 and IL-8 was
significantly increased in senescent BJ cells maintained in
3%, but not 20%, oxygen [18]. Nevertheless, the contribu-
tion of other SASP factors, including IL-6 and IL-8, in the
tumor microenvironment, to cancer cell motility cannot
be excluded. It is highly likely that senescent stromal cells
promote cancer cell migration, and ultimately metastasis,
through the corporative action of multiple SASP factors
in a context-dependent fashion.

We further demonstrated that senescent fibroblasts
stimulated the lung metastasis of xenograft tumors when
co-injected with MDA-MB-231 cells, as compared to
the young, pre-senescent fibroblasts. In addition to GM-
CSF and bFGF that enhance cancer cell motility as dem-
onstrated in this study, various SASP factors have been
reported to promote other metastasis-related pheno-
types in a context dependent manner, including invasion,
Epithelial-mesenchymal transition (EMT), extracellular
matrix degradation, and tumor vascularization [7]. It is
likely that at least some of these other SASP factors may
also contribute to the metastasis-promoting effect of the
senescent cells we observed in the orthotopic xenograft
models.

In our study, senescent BJ cells promoted lung metas-
tasis without significantly altering the growth rate of
primary tumors in the xenograft models. This was in con-
trast with a previous report indicating that co-injection
of MDA-MB-231 cells with senescent fibroblasts (W1-38)
at a 1:4 ratio promoted both tumor incidence and tumor
growth rate, as compared to that with pre-senescent
fibroblasts or MDA-MB-231 cells alone, in a xenograft
tumor model [5], suggesting that senescent fibroblasts
facilitate tumor growth. Since the current study focused
on the role of senescent cells in cancer metastasis, in
order to minimize the contribution of primary tumor size
to metastasis, we chose to sacrifice the mice and exam-
ine lung metastasis when the size of the primary tumors
did not differ significantly. Indeed, at later time points,
tumors from the group co-injected with senescent cells
were larger than those from co-injection with young BJ
cells. Other differences in the experimental settings may
also contribute to the differential effects of senescent cells
on primary tumor growth. We co-injected cancer cells
with BJ cells, whose SASP program may differ from that
of WI-38 cells used in the prior report [5]. In addition,
the ratio of injected senescent fibroblasts and cancer cells
was 1:1 in our study, and was 4 times lower than what
was used in the previous study (4:1) [5], which may alter
the relative effects of senescent cells on tumor growth
and metastasis.



Wang et al. Cell Communication and Signaling (2024) 22:478

Conclusions

We have identified a novel mechanism by which senes-
cent cells promote cancer metastasis and progression.
Senescent cells increase the motility of breast cancer cells
through secretion of GM-CSF and bFGEF, which in turn
induces activation of the JNK pathway in cancer cells.
More importantly, senescent cells promoted breast can-
cer metastasis, with a minimum effect of the primary
tumor growth, in orthotopic xenograft mouse models.
These results will potentially lead to identification of
novel targets for cancer therapies that suppress metasta-
sis, the major cause of cancer mortality.
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