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Senescent microenvironments play an important role in tumor progression.

Here, we report that doxorubicin (DOX)-pretreated or replicative senescent

stromal cells (WI-38 and HUVEC) promote colorectal cancer (CRC) cell

growth and invasion in vitro and in vivo. These pro-tumorigenic effects

were attenuated by exogenous administration of Klotho, an anti-aging fac-

tor. We subsequently identified several senescence-associated secretory phe-

notype (SASP)-associated genes, including CCL2, which were significantly

upregulated in both types of senescent stromal cells during replication and

DNA damage-induced senescence. Importantly, we found that the secretion

of CCL2 by senescent stromal cells was significantly higher than that seen

in nonsenescent cells or in senescent cells pretreated with Klotho. Notably,

CCL2 was found to accelerate CRC cell proliferation and invasion, while

this effect could be blocked by administration of a specific CCR2 antago-

nist. We further show that Klotho can suppress NF-jB activation during

DOX-induced senescence and thus block CCL2 transcription. Low expres-

sion of Klotho, or high expression of CCL2 in patient tumor tissues, corre-

lated with poor overall survival of CRC patients. Collectively, our findings

suggest that senescent stromal cells are linked to progression of CRC.

Klotho can suppress the senescent stromal cell-associated triggering of

CRC progression by inhibiting the expression of SASP factors including

CCL2. The identification of key SASP factors such as CCL2 may provide

potential therapeutic targets for improving CRC therapy.

1. Introduction

Cellular senescence was first described by Hayflick

et al. as a state of growth arrest (Campisi, 2013). In

contrast to cancer cells, the proliferative capacity of

normal cells is probably limited by replicative exhaus-

tion. This senescence mechanism helps protect cells

from malignant transformation. Although metaboli-

cally active, senescent cells generally do not respond to

growth factors. Moreover, crucial tumor suppressors
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such as INK4A and ARF have also been shown to be

highly expressed in senescent cells (Collado and Ser-

rano, 2010; Courtois-Cox et al., 2008), potentially lim-

iting their excessive or aberrant cellular proliferation.

Therefore, the induction of cellular senescence may rep-

resent a protective event limiting tumor progression.

The potential interplay between tumor cells and sur-

rounding senescent stromal cells is largely unexplored.

A series of studies have suggested that senescent cells

can act as a barrier to cancer development, which has

been termed ‘oncogene induced senescence (OIS)’ (Aird

and Zhang, 2015). Accumulating evidence has suggested

that cellular senescence is also involved in maintenance

of the tumor microenvironment and helps protect the

tumor cells from the stresses generated through antitu-

mor treatment (Gordon and Nelson, 2012). Several

studies have shown that senescent stromal cells can

stimulate premalignant and malignant epithelial cells to

grow in vitro, and to form experimental tumors in ani-

mal models (Agrawal et al., 2018; Bhowmick et al.,

2004; Lee et al., 2017; Taddei et al., 2014; Wang et al.,

2017). This phenomenon may be attributed to the secre-

tion of bioactive substances by a senescence-associated

secretory phenotype (SASP) that is characterized by the

production of various chemokines, proteases, growth

factors, and inflammatory cytokines (Copp�e et al.,

2010). The secretory factors identified include matrix

metalloproteinases, IL-6, IL-8, and TGF-b, which can

help remodel the microenvironment, alter epithelial dif-

ferentiation, promote endothelial cell motility, and stim-

ulate tumor cell growth (Lasry and Ben-Neriah, 2015).

In the present study, we sought to better characterize

the molecular alterations that occur during the process

of stromal cell senescence and to further identify factors

in the senescent microenvironments potentially linked

to the neoplastic progression of colonic epithelium. To

this end, two approaches were used to induce cellular

senescence, namely replication and DNA damage-medi-

ated senescence. We subsequently identified a subset of

SASPs that appear capable of affecting adjacent colonic

epithelial growth. Using in vitro stromal/tumor cell co-

culture, and in vivo subcutaneous tumor formation

models, we could further show that senescent stomal

cells can promote the growth and invasion of experi-

mental colorectal cancer (CRC). Importantly, these pro-

tumorigenic effects were attenuated by exogenous

administration of Klotho, a classical anti-aging protein

(Kuro-o et al., 1997; Kurosu et al., 2005) which we, and

others, have previously shown to be tumor suppressive

(Ibi et al., 2017; Ligumsky et al., 2015; Lojkin et al.,

2015; Pan et al., 2011; Wang et al., 2011). We further

demonstrate that Klotho can suppress the senescent

stromal cell-triggering of CRC progression by inhibiting

CCL2 secretion, most likely through effects on the NF-

jB signaling pathway. Low expression of Klotho, or

high expression of CCL2 proteins in tumor tissues,

could be correlated with poor overall survival of CRC

patients, suggesting that CCL2 represents a promising

relevant biomarker and potential target for CRC.

2. Materials and methods

2.1. Cell lines

Colon cancer cell lines (RKO, LoVo) and human lung

fibroblast cells (WI-38) were obtained from American

Type Culture Collection (ATCC, Manassas, VA,

USA) and routinely cultured in Dulbecco’s modified

Eagle medium (DMEM) supplemented with 10% FBS

and antibiotics (penicillin–streptomycin) at 37 °C in a

5% CO2 incubator. The human umbilical vein

endothelial cell (HUVEC) was obtained from ATCC

and maintained in CC-3162 EGM-2 BulletKit (Lonza,

Walkersville, MD, USA), supplemented with 2% FBS,

IGF-1 0.5 mL, rh-EGF 0.5 mL, rh-FGF 2 mL, hep-

arin 0.5 mL, hydrocortisone 0.2 mL, VEGF 0.5 mL,

ascorbic acid 0.5 mL, and gentamicin sulfate 0.5 mL.

WI-38 and HUVEC cells were cultured to a conflu-

ent state and counted. Population doubling levels

(PDL) during each passage were calculated by the

equation A = 3.32 (logN2 � logN1) + X (A, added

population doubling level; N2, collected cell number at

the end of each passage; N1, cell number at the begin-

ning of each passage).

2.2. Induction of cell senescence

To induce replicative senescence, confluent WI-38 and

HUVEC cells were passaged until morphological signs

of senescence emerged along with cessation of growth.

For induction of senescence by doxorubicin (DOX;

Sigma Aldrich, St. Louis, MO, USA), WI-38 and

HUVEC cells were cultured in the presence of doxoru-

bicin (50 and 80 nM, respectively) in complete culture

media for 72 h. Cells were then washed with PBS three

times and left for at least 3 days prior to use. Senescence

was documented by the senescence-associated b-galac-
tosidase assay (SA-b-gal). SA-b-gal activity was mea-

sured using a standard protocol as described previously

(Debacq-Chainiaux et al., 2009). Briefly, cells were

washed twice with PBS and fixed with fixative solution

for 15 min at room temperature. The fixed cells were

then incubated at 37 °C overnight without CO2 with X-

gal and supplements. Cells positive for blue staining

were counted as senescent. To quantify SA-b-gal-
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positive cells, cells were counted in three random fields

and the percentage of positive cells was assessed. Due to

the restricted replication potential of primary cells, we

used parental WI-38 and HUVEC cells between PDL

40–50 with less than 20% senescent cells as nonsenes-

cent controls.

2.3. Treatment with Klotho and the collection of

conditioned media

Human recombinant Klotho protein (R&D System,

Minneapolis, MN, USA) was diluted with DMEM to

a working solution of 100 ng�mL�1 prior to each

experiment; 24 h after cell plating, WI-38 and HUVEC

cells were incubated with a final Klotho concentration

of 10 ng�mL�1 for 48 h. To prepare the conditioned

media (CM), senescent cells, nonsenescent cells, and

cells with Klotho pretreatment were incubated with

fresh medium for 72 h. The culture media was then

harvested and centrifuged for 5 min. The supernatant

was collected and stored at �80 °C before use.

2.4. Quantitative reverse transcription-PCR

Total RNA (1 lg) was isolated using Trizol reagent

(Invitrogen, Camarillo, CA, USA) following the manu-

facturer’s instructions and reverse transcribed into

cDNA with PrimeScriptTM RT reagent Kit (Takara,

Kusatsu, Japan). qPCR was then performed using

SYBR Premix Ex Taq (Takara) on a LightCycler 480

(Roche, Mannheim, Germany) PCR instrument. Data

were analyzed using the comparative Ct method

(2�DDCt ). Each sample was tested in triplicate. The

steady-state mRNA expression levels of a series of

SASP-associated genes previously reported (Copp�e

et al., 2010, Table S2) were evaluated. The relative val-

ues of DOX-induced senescent cells to nonsenescent

young cells were calculated to identify genes signifi-

cantly up-regulated in the DOX-induced senescent

cells. Cells pretreated with Klotho and then induced

by DOX were also compared to DOX-induced senes-

cent cells to evaluate the effect of Klotho on senescent

cells. From these calculations, an expression heatmap

was generated using HEATMAP ILLUSTRATOR software

(Heml software, Wuhan, Hubei, China).

2.5. Immunoblotting

Cells were harvested and extracted using lysis buffer

(Tris/HCl, SDS, mercaptoethanol, and glycerol), sup-

plemented with protease and phosphatase inhibitors

(Selleck, Munich, Germany). PAGE was run according

to a standard protocol and transferred onto

polyvinylidene fluoride (PVDF) membranes (Merck

Millipore, St. Louis, MO, USA). Membranes were

blocked using 5% milk powder. Primary antibodies

(Cell Signaling Technology, Beverly, MA, USA) direc-

ted against p53, p21, NF-jB, p-NF-jB, I-jB, and p-I-

jB were used. The immunoreactive bands were visual-

ized using an ECL Plus Kit according to the manufac-

turer’s instructions. The relative protein levels in the

various cell preparations were normalized to the level

of b-actin or GAPDH protein present.

2.6. Cell viability and colony formation assays

Cell viability was assessed using the Cell Counting

Kit-8 (CCK-8; Dojin Laboratories, Kumamoto, Japan)

applied according to the manufacturer’s protocol.

Colon cells were seeded in flat bottom 96-well plates at

a density of 3–4 9 103 cells/well. Cells were then trea-

ted with the different indicated CM for 24, 48, 72, 96,

or 120 h. Absorbance was measured at 450 nm after

2-h incubation with CCK-8 assay solution.

For the colony formation assay, cells were seeded in

a 6-well culture plate and incubated for 14 days. Colo-

nies were counted only if they contained more than 50

cells, and the cell colonies were stained with 0.1%

crystal violet.

2.7. Cell migration and invasion assay

Cell migration was assessed using a modified Boyden

transwell chamber assay (Coring, NY, USA). Briefly,

colon cells were plated in the upper chamber in 200 lL
serum-free medium, while the lower chamber was filled

with 600 lL of conditioned medium as a chemoattrac-

tant. After 20-h incubation, migrated cells were stained

with DAPI staining solution. Cell numbers were ran-

domly counted in three randomly chosen fields.

For invasion assays, 24-well membrane covered

inserts (Corning, NY, USA) were coated with 60 lL of

BD Matrigel at 37 °C for 6 h. Harvested colon cancer

cells were added to the upper compartment and condi-

tioned medium as a source of chemoattractant was

placed in the bottom of the chamber. The medium was

removed from the upper chamber after 30 h. Invaded

cells were fixed with 100% methanol and stained with

0.1% crystal violet. The number of migrated cells was

then counted in three randomized fields.

2.8. Subcutaneous xenograft mice

For tumorigenicity assay, colon cancer cell LoVo (2

million cells) and fibroblasts (1 million cells) prepared

with different states of senescence were subcutaneously
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injected into the left dorsal flank of 4-week-old male

nude (nu/nu) mice (n = 6 each group). Palpable tumor

size was measured every 2 days for 2–3 weeks using a

digital caliper. Tumor volume (V) was estimated by

measuring the longest diameter (L) and shortest diam-

eter (W) of the tumor and calculated by the formula

V = 0.5 9 L 9 W2. All experimental procedures were

approved by the Animal Ethics Committee of Zhejiang

University.

2.9. ELISA assay

The supernatants of WI-38 and HUVECs were col-

lected after treatment as indicated. Human CCL2

levels were measured using an ELISA Kit (R&D Sys-

tems) following the manufacturer’s instructions and

quantified using a microtiter plate reader at 450 nm

wavelength.

2.10. Luciferase reporter activity analysis

The dual-luciferase reporter assay system (Promega,

Madison, WI, USA) was used to measure NF-jB-dri-
ven reporter gene activity. Cells were transfected in 24-

well plates with 6 ng Renilla luciferase control vector

and 500 ng of the indicated plasmids, with the reporter

gene plasmid in the presence of 2 lL FugeneHD (Pro-

mega). Firefly luciferase activity was measured with

dual-luciferase Reporter Assays (Promega) and nor-

malized to Renilla luciferase activity levels. Lumines-

cence was measured with a GloMaxTM 20/20n

luminometer (Promega).

2.11. Immunohistochemistry

Formalin-fixed, paraffin-embedded specimens (143

samples) were obtained from Sir Run Run Hospital,

Zhejiang University, from January 2011 to June 2013.

After informed written consent was obtained, patients

who received surgical resection of primary cancer, but

had no prior chemotherapy, radiotherapy, or other

treatments before surgery were included in the study

cohort. Clinicopathological features including age, gen-

der, pathology, differentiation, TNM staging, lymph

node metastasis, and follow-up data were recorded.

The grade and clinical staging of tumors were based

on the American Cancer Committee (AJCC) guideline.

The study methodologies conformed to the standards

set by the Declaration of Helsinki and were approved

by the local ethics committee.

Tissue sections were incubated in 3% hydrogen perox-

ide for 10 min at room temperature and then in blocking

serum (10% normal goat serum in PBS) for 1 h. Primary

rabbit antibody (Klotho; Abcam, Cambridge, UK) incu-

bation was carried out at 4 °C overnight. Sections were

then washed and incubated with secondary antibody for

1 h. DAB incubation was applied on to the sections

before counterstaining with hematoxylin for 1 min.

Images were obtained using a Leica DMRB microscope

(Leica Microsystems, Wetzlar, Germany).

The expression of Klotho IHC score was calculated

based on the extent (0–4 score) and the intensity (0–3
score) of staining, ranging from 0 to 12 (Qian et al.,

2017). The expression of Klotho was then divided into

2 groups according to IHC score (high group 5–12
and low group 0–4). Each sample was scored indepen-

dently by two pathologists, and the average of the two

values was taken.

2.12. Statistical analysis

All statistical analyses were performed using GRAPHPAD

PRISM, version 7.0 (GraphPad Software, San Diego, CA,

USA) or SPSS, version 23.0 (SPSS Inc, Chicago, IL,

USA). All assays were performed in triplicate, and

results were expressed as mean � standard deviation

SD (continuous variables) or described as frequency

and percentage (categorical data). A 2-tailed, unpaired,

or paired Student’s t test was performed to compare the

variables of two groups, and ANOVA test was used for

multigroup comparisons. Overall survival was evaluated

by the Kaplan–Meier survival analysis. COX propor-

tion hazard regression model was performed to assess

the prognostic value of Klotho expression. Differences

were considered statistically significant when P < 0.05.

3. Results

3.1. Senescent stromal cells promote colon

cancer cells growth and invasion

It has been previously suggested that a senescent cellular

microenvironment can impact tumor progression

(Campisi, 2013). To evaluate whether senescent stromal

cells contribute to the progression of CRC, two methods

leading to cell senescence were evaluated. Replicative-

or DOX-induced cellular senescence were used. WI-38

and HUVEC were treated with doxorubicin to induce

senescence (D-sen). Long-term growth was used for

inducing replicative senescence and was used here as a

positive control (R-sen). Morphologic features of senes-

cence including cell enlargement and flattening were

microscopically detected. A commercial b-gal stain for

senescence was then evaluated in the DOX-treated cells

and R-sen groups (Fig. 1A,B). A significant induction
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of the senescence markers p21 and p53 was detected at

both mRNA and protein expression levels in the DOX-

treated and R-sen groups (Fig. 1C,D). Conditioned

medium (CM) was then collected from the senescent

cells and used to treat CRC cells (RKO and LoVo), and

the potential effect on growth characteristics was evalu-

ated. The results show that CM from replicative or

DOX-induced senescent cells could enhance CRC cell

Fig. 1. Klotho inhibits DOX-induced senescence in stromal cells. Senescence-associated b-galactosidase staining of WI-38 cells (A) and

HUVEC cells (B) with wild-type, replicative senescence (R-sen), DOX-induced senescence (D-sen), and Klotho pretreatment (KLpre+D) are

shown. Scale bar: 400 lm, 109 magnification. The percentage of SA-b-gal-positive cells was evaluated for each group and showed that

pretreatment with Klotho inhibited the senescence induced by replication or DOX. The results from three independent experiments are

presented as mean � SD. Relative mRNA and protein levels of p21 and p53 with indicated treatment for WI-38 cells (C) and HUVEC cells

(D) are shown. Induction of senescence increased expression of p21 and p53, which was attenuated by Klotho pretreatment in both cell

lines. GAPDH was used as an internal control. Error bars are represented as mean � SD (n = 3). P-values was analyzed with one-way

ANOVA. **P < 0.01; ***P < 0.001.
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Fig. 2. The effects of senescent fibroblasts and Klotho on CRC cell growth. (A) Cell viability was assayed for the RKO and LoVo cell lines

and showed that CM from replicative (R-sen) or DOX-induced (D-sen) senescent WI-38 cells could promote CRC cell line proliferation, while

pretreatment with Klotho (KL pre+D) inhibited the CRC cell growth (n = 3). Similar results were obtained from a colony formation assay for

both cell lines (B) (n = 3). (C) LoVo cells were subcutaneously injected into the flank of nude mice and grew to a larger tumor size when co-

implanted with replicative (R-sen) or DOX-induced (D-sen) senescent WI-38 as compared to LoVo cells co-implanted with control WI-38

cells, or WI-38 cells pretreated with Klotho (n = 6). Error bars were represented as mean � SD. P-values were analyzed with one-way

ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with wild with D-sen. #P < 0.05, ##P < 0.01, and ###P < 0.001 compared with

D-sen with KL pre+D.
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proliferation, as demonstrated by the cell growth curves

(Fig. 2A and Fig. S1A), and colony formation assays

(Fig. 2B and Fig. S1B). To validate these studies in vivo,

subcutaneous co-implantation of tumor cells with senes-

cent WI-38 fibroblasts was performed. The results found

enhanced tumor formation and growth in nude mice

when senescent WI-38 cells were used (Fig. 2C). In addi-

tion, using modified Boyden chamber assays we could

show that CM from senescent stromal cells significantly

enhanced the migration of CRC cell (RKO and LoVo)

and enhanced the invasion CRCs (Fig. 3 and Fig. S2).

3.2. Klotho suppresses colon cancer progression

by attenuating the DOX-induced senescent

phenotype

The studies described above have suggested that senes-

cent stromal cells may help promote the malignant

Fig. 3. The effects of senescent fibroblasts and Klotho on CRC cell migration and invasion in vitro. Representative images of experimental

wound healing (A), transwell migration (B), and Matrigel invasion (C) assays are shown. The results confirmed that replicative (R-sen) or

DOX-induced (D-sen) senescent WI-38 could promote CRC cell migration and invasion, while this effect was blocked by exogenous

administration with Klotho. Scale bars for B: 100 lm, 409 magnification. Scale bars for C: 200 lm, 209 magnification. Error bars were

represented as mean � SD (n = 3). P-values were analyzed with one-way ANOVA. ***P < 0.001.
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behavior of CRC cells. Klotho, a widely recognized

anti-aging protein, was previously proposed to act as a

tumor suppressor in CRC (Arbel Rubinstein et al.,

2018; Pan et al., 2011). Pretreatment of the senescent

WI-38 with Klotho partially reversed the enhanced

proliferation and invasion seen after treating the CRC

lines with senescent WI-38 CM. The growth stimula-

tory effect induced in vivo by senescent fibroblasts in

experimental CRC tumors in nude mice was also

blocked by the exogenous administration of Klotho

(Figs 2 and 3, Figs S1 and S2). Pretreatment with

recombinant human Klotho protein was found to

attenuate the DOX-induced senescence of stromal

cells. The level of SA-b-gal cells, and the mRNA and

protein expression of p21 and p53, was significantly

reduced following Klotho pretreatment of the DOX-

induced cells (Fig. 1). These results suggest that the

tumor-suppressing effects of Klotho may be mediated

in part by attenuation of stromal cell senescence.

3.3. CCL2 is a SASP candidate in the senescent

microenvironment

The SASP present in the senescent stromal cells was

then characterized to identify soluble factors that

could potentially drive the tumorigenic effects seen in

experimental CRC. The steady-state mRNA expression

of a panel of genes previously reported to be associ-

ated with SASP (Copp�e et al., 2010, Table S2) was

evaluated in the senescent and control cells using

qPCR. The steady-state levels of four candidate

chemokines (CXCL12, CXCL14, IL-8, and CCL2)

were found to be strongly upregulated in the senescent

stromal cells, and to also be reduced in mRNA expres-

sion in experimental stromal cells that were pretreated

with Klotho (Fig. 4A–C and Table 1). The four

chemokines identified are strongly linked to directed

cell migration. Of particular interest was the chemo-

kine CCL2, which was previously reported to be asso-

ciated with the clinical progression of CRC (Chun

et al., 2015). We observed that recombinant CCL2

could promote the proliferation and migration CRC

cells in vitro, and enhance tumourigenesis in vivo.

While administration of a CCR2 antagonist, a small

molecule inhibitor of C-C chemokine receptor 2

blocked these effects in the CRC cells tested (Fig. 4D–
F). Notably, higher levels of CCL2 were measured in

CM taken from senescent stromal cells (WI-38 and

HUVEC) as compared to nonsenescent cells, or cells

pretreated with Klotho using specific ELISA (Fig. 5B).

Adding recombinant CCL2 to the CM taken from

nonsenescent WI-38 cells enhanced the proliferation

and migration of the RKO and LoVo cell lines

(Fig. S3). Interestingly, treatment with recombinant

CXCL12, another highly upregulated SASP-chemokine

from senescent stromal cells, did not influence cell via-

bility or migration of the LoVo cell line (Fig. S4). Col-

lectively, the results suggest that CCL2 may represent

a candidate SASP protein in senescent stromal cells,

and may play an important role in modulation of the

malignant phenotype of CRC cells.

3.4. Klotho regulates the secretion of CCL2

through modulation of the NF-jB signaling

pathway

We then sought to better characterize the interaction

between Klotho and CCL2, as it relates to possible

signaling pathways involved in this effect. DOX-in-

duced senescence was found to be associated with acti-

vated NF-jB signaling as shown by increased levels of

NF-jB and I-jB phosphorylation in the senescent cells

(Fig. 5A). Klotho pretreatment suppressed this protein

phosphorylation in a way that was similar to that seen

with the NF-jB inhibitor Bay 117085 (Fig. 5A). Addi-

tionally, the DOX-senescent/induced CCL2 secretion

could be blocked by a NF-jB inhibitor or by Klotho

pretreatment of the fibroblast cells (Fig. 5B). To inves-

tigate whether Klotho could directly regulate CCL2

secretion through modulation of the NF-jB pathway,

HEK293 cells were transfected with Klotho and vari-

ous NF-jB-related expression plasmids, and the subse-

quent effect on CCL2 expression determined.

Overexpression of NF-jB components led to higher

mRNA expression and secreted protein levels of

CCL2, whereas overexpression of Klotho attenuated

the NF-jB-associated CCL2 expression. NF-jB-driven
luciferase reporter gene analysis showed that NF-jB
signaling, which is well associated with CCL2 tran-

scription, could also be suppressed by ectopic expres-

sion of Klotho (Fig. 5C). These results strongly

suggest that Klotho may regulate expression CCL2 via

effects mediated through the NF-jB signaling path-

way.

3.5. Klotho and CCL2 were correlated with

overall survival of CRC patients

To explore the potential clinical relevance of this biol-

ogy, we then analyzed the expression of Klotho and

CCL2 proteins in tissue samples from a cohort of

CRC patients (Table S1). Immunohistochemical stain-

ing revealed that both Klotho and CCL2 are expressed

primarily in the stroma of the tumor tissue. Klotho

was found to be significantly reduced in CRC tissues

as compared to adjacent normal tissues (P < 0.01)
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(Fig. 6A). Representative images of the stained cancer

tissue samples showing high or low expression of

Klotho and CCL2 are shown in Fig. 6B. The expres-

sion of Klotho positively correlated with patient age,

lymphatic metastasis, distant metastasis, and late

TNM stage (P < 0.05) (Table S1). After adjusting for

potential confounding factors such as age, gender, dif-

ferentiation, and TNM stage, Klotho expression was

found to be an independent prognostic factor for over-

all survival (HR: 0.356, 95% CI: 0.08–0.581, P = 0.03)

as seen by multivariate Cox regression analysis

(Table 2). In addition, Kaplan–Meier analysis showed

a positive correlation between the expression of

Klotho and CCL2, suggesting that CRC patients with

higher expression Klotho or lower CCL2 have signifi-

cantly longer survival. This difference was even more

pronounced in patients of early stage I/II as compared

to patients of all other stages (Fig. 6C,D).

4. Discussion

Permissive microenvironments help support and pro-

mote tumor growth and aggressiveness. Cellular

senescence, which occurs in response to excessive

extracellular or intracellular stress, is thought to act as

a protective mechanism against tumorigenesis. Recent

reports have suggested that senescence is not irre-

versible, and may also promote tumor progression in

certain settings. Several studies have reported the abil-

ity of senescent human stromal cells to promote the

growth and tumorigenesis of premalignant and malig-

nant lung cancer cells (Bartling et al., 2006; Lugo

et al., 2016; Papadopoulou and Kletsas, 2011). Ruh-

land et al. suggested a mechanism whereby senescent

stromal cells drive the local recruitment of immune

suppressive myeloid cells that can promote tumor pro-

gression. These stromal cells can thus be seen to help

establish an immune privileged microenvironment that

allows tumor cells to proliferate (Ruhland et al.,

2016). To better characterize the apparent paradoxical

role that senescence plays in tumorigenesis, our study

sought to study the impact of senescent stromal cells

on the progression of CRC. We found that tumor cells

cultured with conditioned medium from DOX-induced

or replicative senescent stromal cells (WI-38 and

HUVEC) showed higher proliferation, migration, and

Table 1. The top 10 significantly changed SASP molecules in different cells. D-sen/wild: The fold change of DOX-induced senescent cell

versus wild cell; KL pre+D/D-sen: The fold change of Klotho-pretreated cell versus DOX-induced senescent cell.

WI-38 HUVEC

SASP

D-sen/wild

(Fold change) SASP

KL pre+D/D-sen

(Fold change) SASP

D-sen/wild

(Fold change) SASP

KL pre+D/D-sen

(Fold change)

CXCL5 27.60 CXCL12 0.02 CXCL12 63.84 CCL7 0.10

CXCL14 19.09 IL-1a 0.02 CXCL5 31.85 CXCL12 0.12

CXCL12 16.12 CXCL5 0.08 CXCL14 20.51 IL-8 0.15

CCL2 12.32 CCL7 0.09 FN 14.81 CXCL14 0.17

GM-CSF 10.16 CXCL14 0.14 IL-1a 14.46 MCP-2 0.17

B2M 9.63 MCP-2 0.15 IL-8 8.62 CCL2 0.20

IL-8 9.39 IL-1b 0.16 CCL2 7.90 IL-6 0.21

CXCL1 9.20 CCL2 0.19 COL1A1 7.59 Nos-2 0.23

RPS-13 8.27 IL-8 0.21 IGF-BP3 7.45 IL-1a 0.24

STAT3 7.96 KGF 0.23 HCC-4 7.36 CCL8 0.24

Fig. 4. CCL2 is a SASP candidate in the senescent microenvironment. Screening candidate secreted factors up-regulated in senescent

stromal cells and down-regulated by Klotho. (A) Real-time PCR for common SASP genes selected candidates, which were significantly

upregulated in senescent stromal cells and altered in cells pretreated with Klotho. The heatmap was generated by HEATMAP ILLUSTRATOR

software using the relative values of D-sen versus wild and KL pre+D versus D-sen. Relative mRNA (B) and protein (C) levels of CCL2 in

WI-38 and HUVEC cells were evaluated by real-time PCR and ELISA, respectively. GAPDH was used as an internal control. ***P < 0.001.

(D) Cell viability assay showed that CCL2 promoted CRC cells proliferation in a dose-dependent manner, while CCR2 antagonist significantly

blocked this effect. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with 100 ng�mL�1 CCL2 with control. §P < 0.05, §§P < 0.01, and
§§§P < 0.001 compared with 25 nM CCR2 antagonist with control. #P < 0.05, ##P < 0.01, and ###P < 0.001 compared with 50 nM CCR2

antagonist with control. Similar results were observed in cell migration assay (E) and tumor growth in nude mice (F). *P < 0.05, **P < 0.01,

and ***P < 0.001 compared with CCL2 with PBS. Scale bars for E: 100 lm, 409 magnification. Error bars were represented as

mean � SD (n = 3). P-values were analyzed with one-way ANOVA.
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invasion in vitro and in vivo. Subcutaneous co-implan-

tation of CRC cells with senescent WI-38 fibroblasts

increased LoVo colon tumor formation and growth in

nude mice. These observations strongly suggest that

senescent stromal cells may promote the tumorigenesis

and invasion of colon cancer cells. Importantly, we

Fig. 5. Klotho inhibits CCL2 secretion through modulation of the NF-jB signaling pathway. (A) Western blot analysis was used to detect the

phosphorylation of NF-jB and I-jB expression in wild-type WI-38 and WI-38 cells pretreated with DOX, Klotho and NF-jB inhibitor, and the

relative protein expression was determined. (B) Relative mRNA and protein levels of CCL2 in WI-38 cells with indicated treatment were

evaluated by real-time PCR and ELISA, respectively. (C) HEK293 cells were transfected with plasmids as indicated. Total RNA and

supernatant were collected and subjected to analysis by real-time PCR and a reporter assay for CCL2 activity, respectively. Error bars were

represented as mean � SD (n = 3). P-values were analyzed with one-way ANOVA. ***P < 0.001.
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found that the pretreatment of tumor cells with condi-

tional medium (CM) from senescent cells resulted in a

long-term effect on experimental tumor growth in vivo.

Although the molecular basis of this complex interac-

tion between the tumor and tumor microenvironment

is at present unclear, this long-acting effect may result

from the modulation of key signaling pathways in the

tumors that are altered by factors in the CM.

Although showing arrested growth, senescent cells

are still metabolically active and have undergone

changes in gene expression and protein secretion

reflected by the expression of SASP (Copp�e et al.,

2010). The altered expression of diverse soluble and

insoluble SASP factors is thought to modulate various

signaling pathways that can impact tumor develop-

ment and progression. Potential mechanisms linked to

Fig. 6. Klotho is down-regulated in CRC and associated with poor prognosis. (A) The expression of Klotho in CRC tumor tissues and

matched adjacent normal tissues was determined by IHC. The expression score showed that Klotho expression was significantly reduced in

CRC tumor tissues. (B) Representative examples of staining images of cancer tissue samples with high or low expression of Klotho and

CCL2 were shown. Scale bar: 200 lm, 209 magnification. (C) Kaplan–Meier survival analysis in patients from all stages indicated that CRC

patients with a higher expression of Klotho, or lower expression of CCL2, had significantly longer survival (Klotho: P < 0.001; CCL2:

P = 0.001). (D) Further stratification revealed that high expression of Klotho or low expression of CCL2 predicted even more favorable

survival in patients with early TNM stage (I/II) (Klotho: P < 0.001; CCL2: P = 0.002).
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this process have been described in the literature where

SASP factors were shown to support tumor cell inva-

sion and metastasis in part by disrupting and remodel-

ing the tissue structure (Copp�e et al., 2008; Rodier and

Campisi, 2011). SASP generated from senescent cells

can also influence tumor vascularization, a key process

associated with tumor progression (Davalos et al.,

2010; Kelly et al., 2007). Finally, SASP was suggested

to enhance tumor growth by fostering a microenviron-

ment that is more immunosuppressive (Toso et al.,

2014).

To help identify potential SASP candidate factors

within the senescence microenvironment, we performed

a qPCR screen using a panel of genes previously

reported to be associated with SASP, and identified a

series of SASP-associated genes significantly upregu-

lated in senescent stromal cells in our experimental set-

ting, which included the chemokine CCL2. We could

show that the increased secretion level of CCL2 from

senescent stromal cells, or the exogenous administra-

tion of recombinant CCL2, could enhance the prolifer-

ation and invasion of RKO and LoVo cells in vitro.

The enhanced effect was blocked by a CCR2-specific

receptor antagonist in vitro. In addition, the tumor-

promoting effect of senescent stromal cells seen in

experimental tumor models in mice could also be

reduced by administration of the CCR2 antagonist

in vivo. These results strongly suggest that CCL2 may

represent a key mediator secreted by senescent stromal

cells, linked to the senescence microenvironment that

can drive progression of CRC. In support of this

hypothesis, steady-state mRNA CCL2 levels were pre-

viously shown to be significantly elevated in colon can-

cer tissues as compared to normal colon (Ohlsson

et al., 2016). The potential impact of this biology on

various tumor-associated phenomenon, such as tumor

heterogeneity, is unknown requiring more detailed

investigation.

We could show that Klotho can help attenuate

DOX-induced senescence in stromal cells and through

this, suppress progression of experimental CRC.

Klotho, a classical anti-aging protein, plays critical

role in the aging process and in the development of

age-related diseases including cancers (Zhou and

Wang, 2015). Our previous work has shown that

Klotho is silenced, or significantly down-regulated in

colon cancer cells by DNA hypermethylation in its

promoter region. Klotho can inhibit colon cancer cell

growth and their apoptosis (Pan et al., 2011). There

are at least two forms of Klotho protein, a transmem-

brane form which generally expressed in the kidney

and functions as a co-receptor for FGF23, and a

secreted form found in the peripheral circulation

(Kuro-o, 2009). In our study, we found that the pro-

tumorigenic effects induced by senescent stromal cells

could be attenuated by exogenous administration with

Table 2. Predictors of survival identified by COX regression analysis.

Variables

Univariate COX regression Multivariate COX regression

HR 95% CI P-value HR 95% CI P-value

Age

≤ 70 1 1

> 70 2.505 0.662–4.419 0.029 2.845 0.443–18.250 0.040

Gender

Female 1 1

Male 1.767 0.819–3.813 0.147 0.841 0.156–4.539 0.840

Differentiation

Well/Moderate 1 1

Poor 3.919 1.269–12.107 0.018 2.180 0.60–7.921 0.237

Lymph node metastasis

Negative 1

Positive 4.724 0.839–8.851 0.026

Distant metastasis

Yes 1

No 0.067 0.031–0.148 < 0.001

TNM stage

I–II 1 1

III–IV 4.023 1.768–9.155 0.001 2.541 1.423–15.251 0.03

Klotho expression

Low 1 1

High 0.271 0.123–0.598 0.001 0.356 0.08–0.581 0.03
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the soluble form of Klotho. Klotho protein expression

was found to be significantly reduced in CRC patient

samples as compared to adjacent normal tissues. The

level of protein expression of Klotho correlated with

distant metastasis and TNM stage and was found to

act as an independent prognostic factor for survival

outcome of CRC patients. These findings provide

important new insight into the potential role of Klotho

where it may act as a tumor suppressor within the

senescent microenvironment of CRC.

Several signaling pathways have been found to play

crucial roles in the process of senescence and the modu-

lation of SASP. These include the MAP kinase and

oxidative stress pathways (Fridman and Tainsky, 2008).

We could confirm an increase in NF-jB phosphoryla-

tion during fibroblast cells senescence and could verify

that NF-jB eventually controls relevant transcriptional

targets. The DOX-senescent induced CCL2 secretion

seen in fibroblasts cells was effectively blocked by treat-

ment with aNF-jB inhibitor. Reduced NF-jB signaling

was reported to suppress SASP and improve chemother-

apy efficiency in a mouse model of lymphoma (Chien

et al., 2011). The authors found that NF-jB was acti-

vated during senescence, which could in turn influence

the DNA damage response, and sequentially trigger

expression of SASP. The NF-jB and Klotho signaling

pathways have also been discussed in a recent study,

showing that inflammation-associated factors inhibit

Klotho gene expression in CRC cells through activation

of NF-jB signaling (Xie et al., 2019). Klotho has also

been described to prevent the degradation of IjB, an
important regulator of NF-jB, and thus block NF-jB
p65 nuclear translocation (Guo et al., 2018). The exact

molecular mechanisms underlying Klotho regulation of

NF-jB signaling remain to be identified.

5. Conclusion

In conclusion, the results presented here, in concert

with the studies highlighted above, strongly suggest

that the senescent microenvironment has an impact on

tumor growth, and potentially impacts its response to

chemotherapy. We show that senescent stromal cells

can promote the progression of experimental CRC.

This effect can be suppressed by treatment with sol-

uble Klotho, which was subsequently shown to inhibit

secretion of the chemokine CCL2 in the senescent

cells. CCL2, acting through its receptor CCR2, was

found drive important aspects of senescence. The iden-

tification of SASP, including CCL2, may provide

potential therapeutic targets in CRC as well as

enhance our understanding of this important phe-

nomenon in the context of tumor progression.
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Fig. S1. The effects of senescent fibroblasts and

Klotho on CRC cell growth. (A) Cell viability assay of

cell lines RKO and LoVo showed that CM from

replicative (R-sen) or DOX-induced (D-sen) senescent

HUVEC promoted cancer cell proliferation, while pre-

treatment with Klotho (KL pre+D) inhibited CRC

cell growth. *p < 0.05, **p < 0.01 and *** p < 0.001

compared with wild with D-sen. #p < 0.05, ##p < 0.01

and ### p < 0.001 compared with D-sen with KL

pre+D. Similar results were obtained from colony

formation in both cell lines (B). *** indicates of

p < 0.001. Error bars were represented as mean � SD

(n = 3). p-values were analyzed with one-way

ANOVA.

Fig. S2. The effects of senescent fibroblasts and

Klotho on CRC cell migration and invasion. Repre-

sentative images of wound healing (A), transwell

migration (B) and Matrigel invasion (C) assays were

shown. The calculation confirmed that replicative (R-

sen) or DOX-induced (D-sen) senescent HUVEC pro-

moted CRC cell migration and invasion, while this

effect was blocked by the exogenous administration

with Klotho. Scale bars for B: 100 lm, 409 magnifica-

tion. Scale bars for C: 200 lm, 209 magnification.

Error bars were represented as mean � SD (n = 3).

p-values were analyzed with one-way ANOVA.

***indicates of p < 0.001.

Fig. S3. The effects of recombinant CCL2 added to

conditioned media from non-senescent WI-38 on CRC

cell proliferation and migration. (A, B) Cell viability

assay of cell lines RKO and LoVo showed that admin-

istrating recombinant CCL2 to CM of non-senescent

WI-38 promoted cancer cell proliferation. Similar

results were obtained from migration assay in both cell

lines (C, D). Scale bars: 100 lm, 409 magnification.

Error bars were represented as mean � SD (n = 3).

p-values were analyzed with paired independent Stu-

dent t test. * indicates of p < 0.05; ** indicates of

p < 0.01 and *** indicates of p < 0.001.

Fig. S4. The effect of CXCL12 on CRC cell prolifera-

tion and migration. (A) Real-time PCR showed that

CXCR4, the receptor of CXCL12, is highly expressed

in LoVo cells as compared to the other CRC cell lines.

(B) Cell viability assay showed that addition of recom-

binant CXCL12 at 0, 100, and 1000 ng/ml final con-

centration did not influence the LoVo cancer cell

proliferation. Cell migration was also evaluated in

LoVo cells (C). Scale bars: 100 lm, 409 magnification.

Error bars were represented as mean � SD (n = 3).

p-values were analyzed with one-way ANOVA.

Table S1. The association of Klotho expression with

clinicopathological features inpatients with CRC.

Table S2. The senescence-associated secretory pheno-

type (SASP) associated genes.
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