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CCL7 and TGF-b secreted by MSCs play opposite
roles in regulating CRC metastasis in a
KLF5/CXCL5-dependent manner
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CXCL5 is overexpressed in colorectal cancer (CRC) and pro-
motes distant metastasis and angiogenesis of tumors; however,
the underlying mechanism that mediates CXCL5 overexpres-
sion in CRC remains unclear. Here, we successfully extracted
and identified primary mesenchymal stromal cells (MSCs)
and verified the promoting effects of tumor-associated MSCs
on CRC proliferation and metastasis in vivo and in vitro. We
found that MSCs not only promoted the expression of
CXCL5 by secreting CCL7 but also secreted TGF-b to inhibit
this process. After secretion, CCL7/CCR1 activated down-
stream CBP/P300 to acetylate KLF5 to promote CXCL5
transcription, while TGF-b reversed the effect of KLF5 on
transcription activation by regulating SMAD4. Taken together,
our results indicate that MSCs in the tumor microenvironment
promoted the progression andmetastasis of CRC and regulated
the expression of CXCL5 in CRC cells by secreting CCL7 and
TGF-b. KLF5 is the key site of these processes and plays
a dual role in CXCL5 regulation. MSCs and their secreted
factors may serve as potential therapeutic targets in the tumor
environment.

INTRODUCTION
Colorectal cancer (CRC) is one of the most common malignant
tumors of the digestive system, with morbidity and mortality ranking
third in the world.1 Tumorigenesis, tumor development, and metas-
tasis are complex andmultistep processes between tumor cells and the
tumor microenvironment (TME).2 A variety of cells and molecules
participate in the regulation of this process, where chemokines play
an important role.3 Our previous study found that C-X-C motif
chemokine ligand 5 (CXCL5) is overexpressed in CRC tissues and
promotes distant metastasis of tumors.4 CXCL5, also known as
epithelial cell-derived neutrophil-activating peptide, is expressed in
a variety of malignant tumors. By binding to the specific receptor
CXCR2, CXCL5 mediates neutrophil migration, promotes tumor
cell metastasis and invasion, and is related to tumor staging and
poor prognosis.5,6 However, the underlying mechanism that mediates
CXCL5 overexpression in CRC remains unclear.
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Mesenchymal stromal cells (MSCs), also known as mesenchymal
stem cells, are a type of heterogeneous mesenchymal progenitor cells
that participate in tissue maintenance under normal homeostasis and
are associated with pathological stromal responses to tissue damage
and tumor formation.7,8 In the research on CRC, tumor-associated
MSCs (T-MSCs) have been considered an activator for cancer pro-
gression and strongly promote CRC cell invasion and metastasis.9

Similarly, MSCs also showed analogous effects in other cancers,
including lung cancer,10 prostate cancer,11 and breast cancer.12 How-
ever, currently, the molecular mechanism by which MSCs contribute
to tumor pathogenesis and the mutual communication between
MSCs and tumor cells in the TME are still unclear.

In this study, we explored the effects ofMSCs and their secreted factors
on CRC. We first extracted and identified primary MSCs from CRC
tissues and normal tissues and verified the promoting effects of
T-MSCs on CRC proliferation and metastasis in vivo and in vitro.
We found that MSCs have a two-way pattern of regulation of
CXCL5 expression in CRC cells. It not only promotes the expression
of CXCL5 by secreting C-C motif chemokine ligand 7 (CCL7) but
also secretes transforming growth factor b (TGF-b) to inhibit this
process. CCL7/C-C motif chemokine receptor 1 (CCR1) activated
downstream CREB binding protein (CBP)/P300 to acetylate KLF5 to
promote CXCL5 transcription, while TGF-b reversed the effect of
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Figure 1. Extraction and identification of MSCs

(A) Schematic diagram of extractingMSCs. H&E staining showed the adherent growth of MSCs. TheMSCs showed in the figure were derived from patient P2. Scale, 100 mm.

(B) Differentiation of MSCs. Alizarin red staining showed the osteogenic differentiation, oil red O staining showed adipogenic differentiation, and alcian blue staining showed

chondrogenic differentiation. The MSCs showed in the figure were derived from patient P2. Scale, 100 mm. (C) The results of flow cytometry. Gray means blank control, red

means T-MSCs, and blue means N-MSCs. TheMSCs showed in the figure were derived from patient P8. (D) The results of immunofluorescence assay. TheMSCs showed in

the figure were derived from patient P8. Scale, 50 mm.
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KLF5 on transcription activation by regulating SMAD4. Our research
conclusively demonstrates that MSCs present in the CRC microenvi-
ronment up-regulated the expression of CXCL5 by secreting CCL7
to promote tumor progression and metastasis. However, at an early
stage, MSCs also inhibited the expression of CXCL5 by secreting
TGF-b, thereby inhibiting CRC progression. MSCs may become po-
tential targets for tumor therapy owing to their ability to remodel
the TME and regulate tumor cells.

RESULTS
Isolation of MSCs from CRC tissue and normal tissue

To study the effect of MSCs in the TME on CRC cells, we collected
matched CRC tissues and adjacent normal mucosa tissues from 20
patients and isolated MSCs from them (Figure 1A). According to
different sources, these cells were named T-MSCs and normal
MSCs (N-MSCs). We obtained 16 pairs of T-MSCs and N-MSCs
and used them in subsequent experiments (Table S1). T-MSCs and
N-MSCs isolated from patients have similar morphological character-
istics, manifested as an adherent growth to plastic in minimum essen-
tial medium a (a-MEM) culture conditions, with elongated spindle
2328 Molecular Therapy Vol. 30 No 6 June 2022
(fibroblast-like) shape (Figure 1A). Next, we tested the ability of
T-MSCs and N-MSCs to differentiate into adipocytes, osteoblasts,
and chondrocytes in vitro (Figure 1B). There was no significant differ-
ence between the differentiation efficiency of T-MSCs and N-MSCs.

We then verified the mesenchymal phenotype of T-MSCs and
N-MSCs by detecting surface marker expression (Figure 1C) and
found that they expressed mesenchymal markers, including CD73,
CD90, CD105, and CD29, but lacked expression of CD45 (bone
marrow cells), CD31 (endothelial cells), or epithelial cell adhesion
molecule (EpCAM; epithelial cells) (Figure S17A). In addition, we de-
tected the expression of fibroblast markers in T-MSCs and N-MSCs
and found that they expressed fibroblast specific protein-1 (FSP1),
a smooth muscle actin (a-SMA), and vimentin (Figure 1D). Alto-
gether, these data indicate that T-MSCs and N-MSCs isolated from
patients have phenotypic characteristics of mesenchymal stem cells
and fibroblasts.13

To further distinguish whether MSCs isolated from patients are
mesenchymal stem cells or fibroblasts, we simultaneously extracted
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MSCs and fibroblasts, namely T-MSCs, N-MSCs, cancer-associated
fibroblasts (CAFs), and normal fibroblasts (NFs), from tumors and
normal tissues of the same CRC patients. We next determined their
potential to differentiate into osteogenic, adipogenic, and chon-
drogenic cell types. The results showed that MSCs had a high differ-
entiation potential, whereas NFs had an extremely low differentiation
potential, and the differentiation potential of CAFs was between that
of MSCs and NFs (Figures S1A and S2), indicating that T-MSCs and
CAFs might represent a transitional state in the TME. In addition, we
tested the expression of a series of mesenchymal-related markers in
MSCs and fibroblasts, including fibroblast markers (CD106, CD26,
CD10, CD29, a-SMA, FAP (fibroblast activation protein alpha),
FSP1, PDGFRB (platelet derived growth factor receptor beta), and vi-
mentin),14 mesenchymal cell markers (CD90, CD73, and CD105),15

and stem cell markers (CD44, CD34, CD133, and CD166).16 Among
the mesenchymal cell markers, only CD90 was slightly down-regu-
lated in fibroblasts, especially in NFs, and there was no significant dif-
ference in the expression of CD73 and CD105 among the different
types of cells. Of the fibroblast markers, CD10 was found to be signif-
icantly less expressed in MSCs, especially in N-MSCs. In addition,
CD106 expression was down-regulated in fibroblasts, but there was
no significant difference in CD26 and CD29 expression among the
four cell types. Among the stem cell markers, a pronounced up-regu-
lation of CD34 was observed in fibroblasts, and there was no signifi-
cant difference in the expression of CD44, CD133, and CD166 among
the different types of cells (Figures S1B, S3, S4, S5, and S7). The results
of the immunofluorescence assays showed that the fibroblast markers
SMA, FAP, and PDGFRB were significantly up-regulated in fibro-
blasts, whereas FSP1 and vimentin levels were similar among the
different types of cells. In particular, high expression of fibroblast acti-
vation markers, such as SMA, FAP, and CD10, was observed not only
in fibroblasts but also in T-MSCs, representing an important feature
that distinguishes them from N-MSCs (Figures S1C and S6). Thus, in
this study, we designated these cells as MSCs according to published
research.17

Effect of MSCs on CRC

To evaluate the effect of T-MSCs and N-MSCs on CRC cells, we de-
signed two in vitro treatment methods (the MSC cell medium [MSC-
CM]-treated and co-cultivation models) (Figure 2A). Cell counting
kit-8 (CCK-8) and colony formation assays were performed to
examine the effect of MSCs on CRC cell proliferation. In the MSC-
CM-treated model, T-MSC-CM promoted the proliferation of
HT29 and SW620 cells compared with N-MSC-CM. In contrast,
both T-MSCs and N-MSCs promoted the proliferation of HT29
and SW620 cells in the co-cultivation model (Figures 2B–2D). In
addition, the transwell assay revealed that T-MSC-CM promoted
migration of HT29 and SW620 cells compared with N-MSC-CM in
the MSC-CM treatment model, but there was no difference between
T-MSCs and N-MSCs in the co-cultivation model (Figures 2E and
2F). We then used nude mice to assess the function of T-MSCs and
N-MSCs in the CRC TME (Figures 2I and 2J) and found that,
compared with the control, both T-MSC and N-MSC co-injection
with CRC cells can significantly increase the volume and weight of xe-
nografts, as well as the number of metastatic nodules, indicating that
MSCs can promote tumor growth and metastasis in vivo.

Based on these results, we suspected that in a co-culture environment
and in vivo, tumor cellsmight change thephenotype and function ofN-
MSCs. To verify this hypothesis, we tested a-SMA expression in
N-MSCs, T-MSCs, and co-cultivation-treated N-MSCs. The results
showed that the expression of a-SMA in T-MSCs was significantly
higher than that inN-MSCs, and co-cultivation treatment significantly
increaseda-SMAexpression inN-MSCs (Figures 2G and2H), suggest-
ing that tumor cells can activate N-MSCs in a co-culture environment
and transform their phenotype similar to T-MSCs. Thus, we chose the
MSC-CM-treated method to investigate the effect of T-MSCs on CRC
cells in our follow-up research, and N-MSCs were used as a control.

T-MSCs promoted the expression of CXCL5 in CRC cells by

secreting CCL7

Our previous study found that CXCL5 was overexpressed in CRC tis-
sues and promoted distant metastasis, but the underlying mechanism
of CXCL5 overexpression in CRC remains unclear.We have confirmed
the effect of T-MSCs on the proliferation andmetastasis of CRC in Fig-
ure 2. In addition, we also verified that T-MSC-CM treatment and
co-cultivation with MSCs significantly promoted the epithelial-mesen-
chymal transition (EMT) phenotype of CRC cells, which resulted in tu-
mor cells acquiring a mesenchymal, spindle-like morphology,
decreased expression of the epithelial marker E-cadherin, and
increased expression of the mesenchymal markers N-cadherin and
vimentin (Figures S8 and S9). Thus, we explored whether T-MSCs
can regulate the expression of CXCL5 in CRC cells and found that
compared with N-MSC-CM, T-MSC-CM significantly promoted the
expression of CXCL5 in both HT29 and SW620 cells (Figure S10A).
We then collected the xenografts formed by CRC cells in the previous
section (Figure 2I) and found that, compared with the control group,
the MSC co-injection treatment significantly increased CXCL5 expres-
sion in HT29 and SW620 cells (Figures S10B and S10C). These results
suggest that T-MSCs in the TME could promote the expression of
CXCL5 in CRC cells. Next, 16 pairs of T-MSC-CM and N-MSC-CM
were used to treat SW620 cells, and CXCL5 expression in SW620 cells
was detected using western blotting and PCR analyses (Figures S10D
and S10E). We selected the most effective T-MSCs (T2, T8, T12,
T15, and T16) to promote CXCL5 expression and used them in subse-
quent experiments (Figures 3A and 3B).

We then attempted to analyze the contents of T-MSC-CM to explore
the potential mechanism of its effect on regulating CXCL5 expression.
T-MSC-CM was divided into six subsets, namely 3 kDa concentrate,
3 kDa filtrate, 10 kDa concentrate, 10 kDa filtrate, 30 kDa concentrate,
and 30 kDa filtrate, using centrifugal filtration. The expression of
CXCL5 in CRC cells increased after treatment with the 3 kDa concen-
trate and 30 kDa filtrate (Figure 3C), indicating that the molecular
weight of the target protein was approximately 10 kDa. Secretory
cytokines related toMSCs or CAFs were supported according to the re-
ports and screened on the basis of their molecular mass (Table S9)18,19;
21 cytokines were finally selected. qPCR was used to screen the related
Molecular Therapy Vol. 30 No 6 June 2022 2329
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Figure 2. T-MSCs promoted the proliferation and migration of CRC cells

(A) Schematic diagram ofMSC-CM treatment model and co-cultivation model. (B) The results of CCK-8 proliferation assay. TheMSCs showed in the figure were derived from

patient P8. (C and D) The results of colony formation assay. T-MSCs significantly promote the proliferation of HT29 and SW620 in MSC-CM treatment model, and both T-

MSCs and N-MSCs promoted proliferation of HT29 and SW620 in the co-cultivation model. The MSCs showed in the figure were derived from patient P8. (E and F) The

results of transwell assay. (G) The results of flow cytometry. The MSCs showed in the figure were derived from patient P8. Scale, 200 mm. (H) The results of immunofluo-

rescence assay. The expression of a-SMA in T-MSCs was significantly higher than that in N-MSCs, and co-cultivation treatment significantly increased a-SMA expression in

N-MSCs. TheMSCs showed in the figure were derived from patient P8. Scale, 50 mm. (I) Diagram of xenograft tumors in nudemice. HT29 and SW620were injected into nude

mice alone or co-injected with MSCs. Both T-MSCs and N-MSCs significantly promoted CRC proliferation in vivo. The MSCs showed in the figure were derived from patient

P2. (J) Diagram of liver metastasis in nude mice. HT29 and SW620 were injected into nude mice alone or co-injected with MSCs. Both T-MSCs and N-MSCs significantly

promoted CRC metastasis in vivo. The MSCs showed in the figure were derived from patient P2. Data represent the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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RNA expression and revealed that only CCL7 and CCL8 were signifi-
cantly overexpressed in all the T-MSCs compared with N-MSCs (Fig-
ure 3D). ELISA was used to verify the qPCR findings (Figure 3E). In
2330 Molecular Therapy Vol. 30 No 6 June 2022
addition, Oncomine and Gene Expression Profiling Interactive Anal-
ysis (GEPIA) software showed that the expression of CCL7, CCL8,
and CXCL5 was highly correlated (Figure S10F).



Figure 3. T-MSCs promoted the expression of CXCL5 in CRC cells by secreting CCL7

(A and B) The results of western blot. T-MSC-CMpromoted the expression of CXCL5 in HT29 and SW620. TheMSCs showed in the figure were derived from patients P2, P8,

P12, P15, and P16. (C) HT29 and SW620were treated with product of centrifugal filtration, and 3 kDa concentrate and 30 kDa filtrate enhanced the expression of CXCL5. The

MSCs showed in the figure were derived from patient P15. (D) The results of qPCR showed the RNA expression of related cytokine in paired MSCs. The MSCs showed in the

figure were derived from patients P2, P8, P12, P15, and P16. (E) The results of ELISA. T-MSCs secreted high levels of CCL7 and CCL8. The MSCs showed in the figure were

derived from patients P2, P8, P12, P15, and P16. (F) The results of western blot. Expression of CXCL5 was increased in rhCCL7-treated HT29 and SW620 cell lines. (G) The

results of western blot. Anti-CCL7 antibody neutralized the CXCL5 promotion effect of T-MSC-CM. The MSCs showed in the figure were derived from patient P15. (H) The

results of western blot. Knocking down CCR1 decreased the expression of CXCL5 induced by rhCCL7. Data represent the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Recombinant human CCL7 (rhCCL7), rhCCL8, anti-CCL7, and anti-
CCL8 were used to validate the effects of CCL7 and CCL8. The results
showed that the expression of CXCL5 in HT29 and SW620 cells
increased significantly after rhCCL7 stimulation but remained un-
changed after rhCCL8 stimulation (Figure 3F). Moreover, anti-CCL7
neutralized the CXCL5 promotion effect of T-MSC-CM, while anti-
CCL8 had no significant effect on T-MSC-CM function (Figure 3G).
In addition, when the concentration of rhCCL7 reached 1 ng/mL, the
expression of CXCL5 increased significantly (Figures S10G and S10H),
which was consistent with the concentration of CCL7 in T-MSC-CM
(Figures 3E and S10I). Therefore, we concluded that T-MSC-CM pro-
moted the expression of CXCL5 in CRC cells by secreting CCL7.

KLF5 induced by CCL7/CCR1 promoted the transcription of

CXCL5 in CRC cells

The chemokine ligands in the microenvironment must bind to che-
mokine receptors on the cell membrane to function, and the specific
receptors of the chemokine CCL7 include CCR1, CCR2, and CCR5.20

Western blotting analysis showed that CCR1 knockdown signifi-
cantly decreased the expression of CXCL5 induced by CCL7, while
knockdown of CCR2 or CCR5 did not affect the expression of
CXCL5 in HT29 and SW620 cells (Figures 3H and S11A).

Studies have shown that transcription factors regulate gene transcrip-
tion and protein levels by binding to specific sequences in the gene
promoter regions.21 Because both T-MSC-CM and rhCCL7 could in-
crease the expression of CXCL5 at the RNA level (Figures S10E and
S10H), we speculated that this process was mediated by transcription
factors. The JASPAR database was used to analyze the transcription
factor binding sites in the promoter region of CXCL5, and the top
50 binding sites were selected (Table S10), which corresponded to
40 transcription factors. Next, the qPCR assay was used to detect
the expression of the above 40 transcription factors, and the results
showed that the expression of KLF5 and MEF2C was significantly
Molecular Therapy Vol. 30 No 6 June 2022 2331
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Figure 4. KLF5 induced by CCL7/CCR1 promoted the transcription of CXCL5 in CRC cells

(A) The results of qPCR showed the RNA expression of related transcription factors in HT29 and SW620. The expression of KLF5 and MEF2C were up-regulated by rhCCL7.

(B) The results of western blot. rhCCL7 promoted the expression of KLF5 and MEF2C in HT29 and SW620. (C) The results of western blot. Knocking down KLF5 decreased

the expression of CXCL5 induced by rhCCL7. (D) KLF5-binding elements (KBE1–5) on CXCL5 promoter region. (E) The results of luciferase reporter assay. KLF5 promoted

the luciferase activity of pGL3-CXCL5-FL and truncated 1 plasmids. (F–H) ChIP assay showed the direct binding of KLF5 to the predicted site (KBE2) of theCXCL5 promoter.

(I) The results of luciferase reporter assay. KLF5 could not promoted the luciferase activity of CXCL5-KBE2-Mut. (J and K) The results of ChIP assay. rhCCL7 promoted the

binding efficiency of KLF5 to KBE2, which can be reversed by ML264(a KLF5 inhibitor). Data represent the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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up-regulated after rhCCL7 treatment (Figure 4A). Western blotting
was used to verify the qPCR results (Figure 4B). Then, small inter-
fering RNA (siRNA) was used to confirm the function of KLF5 and
MEF2C, and the results showed that only when KLF5 was knocked
down that the effect of rhCCL7 in promoting CXCL5 expression
was blocked, while knocking down MEF2C did not significantly
change CXCL5 expression (Figure 4C). These results suggest that
CCL7/CCR1 promotes the expression of CXCL5 by inducing the
expression of the downstream transcription factor KLF5.

To further verify whether KLF5 can regulate CXCL5 transcriptional
expression by directly binding to its promoter region, we predicted
the potential KLF5-binding elements (KBE1–5) on the CXCL5
promoter region using the JASPAR database (Table S11).
2332 Molecular Therapy Vol. 30 No 6 June 2022
Then, the plasmids of the full-length CXCL5 promoter region
(pGL3-CXCL5-FL) and four truncated CXCL5 promoter fragments
(truncated 1: �1200 to +100 nt; truncated 2: �600 to +100 nt; trun-
cated 3:�100 to +100 nt; and truncated 4:�20 to +100 nt) were con-
structed (Figure 4D). The results showed that overexpression of
KLF5 promoted the luciferase activity of pGL3-CXCL5-FL and trun-
cated 1 plasmid (�1200 to +100 nt). In contrast, in the truncated 2
plasmid (�600 to +100 nt), which did not contain the KBE2 and
KBE3 sequences, KLF5 overexpression had no significant effect on
luciferase activity (Figure 4E). In truncated 3 and 4 plasmids, the
luciferase activity was too weak and was not significantly different
from that of pGL3-basic, suggesting that they were not effective pro-
moter regions of CXCL5. Then, chromatin immunoprecipitation
(ChIP) was used to detect the binding ability of KLF5 to these two



Figure 5. The acetylation of KLF5 by CCL7/P300 promoted CXCL5 transcription by increasing KLF5 binding to CXCL5 promoter region

(A) The results of IP and western blot. rhCCL7 increased KLF5 acetylation and the combination of CBP/P300 and KLF5. (B) PPI network of KLF5 constructed by STRING

database and inBio Discover software. (C) The results of co-IP showed the interaction between KLF5 and CBP/P300. (D) The results of western blot. rhCCL7 significantly

promoted the phosphorylation of CBP/P300. (E) A485 reversed the effect of rhCCL7 in promoting CXCL5 expression by inhibited the CBP/P300 function. (F) The results of

(legend continued on next page)
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binding sites, and the direct binding of KLF5 to KBE2 (�1112 bp) of
the CXCL5 promoter (Figures 4F–4H). In addition, the sequence of
KBE2 was deleted from pGL3-CXCL5-FL to construct the pGL3-
CXCL5-KBE2-Mut plasmid. As expected, KBE2 mutation signifi-
cantly reduced the CXCL5 promoter induced by KLF5 (Figure 4I).
Subsequently, ChIP showed that rhCCL7 treatment promoted the
binding efficiency of KLF5 to KBE2 in HT29 and SW620 cells,
whereas ML264 (a KLF5 inhibitor) reversed this effect (Figures 4J
and 4K). Therefore, we confirmed that KLF5 can promote the tran-
scriptional expression of CXCL5 in CRC cells by specifically binding
to the KBE2 (�1112 bp) sequence in the CXCL5 promoter region,
and this effect was regulated by CCL7 and could be reversed by
KLF5 inhibition.

The acetylation of KLF5 by CCL7/P300 promoted CXCL5

transcription by increasing KLF5 binding to theCXCL5 promoter

region

The activation of transcription factors is a key driving factor in cancer
development. KLF5has been reported to form a transcription complex
with other transcription factors or acetyltransferases, thereby
elevating KLF5 acetylation or histone acetylation to regulate transcrip-
tion.21,22 The immunoprecipitation (IP) assaywas used to examine the
acetylation level of KLF5 and showed that CCL7 stimulation signifi-
cantly increased KLF5 acetylation (Figure 5A). In addition, the
protein-protein interaction (PPI) network of KLF5 showed a strong
interaction between CREBBP (CBP), EP300 (P300), and KLF5 (Fig-
ure 5B). Therefore, we next validated the interaction between KLF5
and CBP/P300 and found that CBP/P300 was significantly enriched
by the KLF5 antibody (Figure 5C). Notably, CBP/P300 contains his-
tone acetyltransferase (HAT) activity,23 and CBP/P300 can be acti-
vated by phosphorylation and acetylation.24 Therefore, we examined
the phosphorylation and acetylation levels of CBP/P300 after CCL7
treatment and found that rhCCL7 significantly promoted the phos-
phorylation of CBP/P300, which can be blocked by si-CCR1 [small
interfering-CCR1]) treatment (Figure 5D). In contrast, the acetylation
of CBP/P300 was not affected by rhCCL7 or si-CCR1. A485, a CBP/
P300-specific inhibitor25 was used to detect the effect of p300/CBP
on CCL7-mediated CXCL5 overexpression. The results showed that
the effect of rhCCL7 in promoting CXCL5 expression was reversed
by A485 (Figure 5E), indicating that CCL7 promotes CXCL5 expres-
sion by increasing the phosphorylation of the KLF5 co-activator CBP/
P300. The results of western blotting showed that rhCCL7 treatment
increased the combination of CBP/P300 and KLF5 (Figures 5A and
S11B). These results indicate that rhCCL7 stimulation promoted the
CBP/P300-KLF5 combination and acetylation of KLF5 by CBP/P300.

The dbPTM database (https://awi.cuhk.edu.cn/dbPTM/) showed that
KLF5 contains four acetylation sites (Table S12): lysine 31 (K31),
luciferase reporter assay. Co-transfection with EP300 and KLF5 significantly increased t

P300 and KLF5 formed a complex and bind to the CXCL5 promoter. (H) The results o

LY294002 inhibited the effect of rhCCL7 on promoting P300 phosphorylation and CXCL

function of CCL7 on acetylating KLF5. (K) ChIP assay showed that LY294002 and A4

mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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lysine 335 (K335), lysine 369 (K369), and glutamine 278 (F278).
We selected two sites with high scores (K335 and K369), and mutated
the lysine (K) at both sites to non-acetylated arginine (R) to construct
a non-acetylated KLF5 plasmid (KLF5-K335/369R). The results of the
luciferase reporter assay showed that compared with cells transfected
with EP300 or KLF5, co-transfection with EP300 and KLF5 signifi-
cantly increased the luciferase activity of pGL3-CXCL5-FL (Fig-
ure 5F). This effect can be eliminated by replacing KLF5 with
KLF5-K335/369R or replacing pGL3-CXCL5-FL with pGL3-
CXCL5-KBE2-Mut, indicating that P300 amplified the effect of
KLF5 on promoting CXCL5 transcription by acetylating KLF5.
ChIP and Re-ChIP assays showed that P300 and KLF5 could form
a complex and bind to the KBE2 region (�1192 to �1080 nt) of
the CXCL5 promoter (Figure 5G). The pull-down assay showed
that both KLF5 and CBP/P300 were significantly enriched by the
KBE biotin-labeled probe, and CCL7 treatment increased the content
of KLF5 and phosphorylation level of P300 in the protein precipita-
tion (Figure S11C).

Next, we explored the mechanism underlying CCL7 promoting the
phosphorylation of P300. A variety of protein kinases downstream
of chemokine receptors have been reported to regulate P300 phos-
phorylation, including PI3K (phosphoinositide 3-kinase), AKT (pro-
tein kinase B), ERK (extracellular signal-regulated kinase),26 and JNK
(c-Jun N-terminal kinase).27 Thus, we analyzed the expression of
related proteins in HT29 and SW620 cells treated with or without
rhCCL7 and found that the phosphorylation level of AKT was signif-
icantly enhanced by rhCCL7 treatment (Figures 5H and S11D). Next,
an inhibitor of PI3K (LY294002) was used to verify the effect of PI3K/
AKT on CCL7-related P300 phosphorylation and CXCL5 overex-
pression. Western blotting showed that the function of rhCCL7 in
promoting P300 phosphorylation and then increasing CXCL5 expres-
sion could be reversed by LY294002 (Figures 5I and S11E). In addi-
tion, we also examined the effect of the PI3K inhibitor (LY294002)
and CBP/P300 inhibitor (A485) on the KLF5 acetylation of CCL7
and found that both LY294002 and A485 can block the function of
CCL7 in acetylating KLF5 (Figure 5J). ChIP assay verified that both
LY294002 and A485 significantly reduced KLF5 binding to the
CXCL5 promoter (Figure 5K), indicating that CCL7 can induce the
formation of the KLF5-P300 complex on the CXCL5 promoter, which
was regulated by the phosphorylation of AKT and P300.

MSC inhibited the expression of CXCL5 inCRCcells by secreting

TGF-b

As shown in Figure 3, we screened the expression of specific RNAs in
paired T-MSCs and N-MSCs. In particular, we were concerned that
some RNAs were expressed at low levels in T-MSCs compared with
paired N-MSCs, such as TGF-b (Figure 3D). Next, ELISA analysis
he luciferase activity of pGL3-CXCL5-FL. (G) The results of ChIP assay showed that

f western blot showed that rhCCL7 enhanced the phosphorylation level of AKT. (I)

5 expression. (J) The results of IP and western blot. LY294002 and A485 blocked the

85 significantly reduced the KLF5 binding on CXCL5 promoter. Data represent the
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Figure 6. MSC inhibited the expression of CXCL5 in CRC cells by secreting TGF-b

(A) ELISA analysis showed the secretion of TGF-b in 16 pairs of MSCs. (B) T-MSCs derived from tumors with earlier TNM stage had higher secretion of TGF-b. (C) The relative

RNA expression of CXCL5 of SW620 after treated with MSC-CM. Expression of CXCL5 was increased in SW620 after treated with T-MSC-CM from advanced tumor. (D) The

content of TGF-b in T-MSC-CM was detected by ELISA, and the expression of CXCL5 of SW620 was detected by qPCR. The content of TGF-b in T-MSC-CM was negatively

correlatedwithCXCL5expression in SW620 they treated. (E)Western blot showed the expression of SMAD2/3 andSMAD4 inCRCcell lines. (F) The results ofwestern blot. TGF-

b treatment significantly reduced the CXCL5 expression in SW620 and HCT116. (G) Western blot showed the expression of KLF5 and CXCL5 in SW620 and HCT116 after

indicated treatment. (H and I) Western blot showed the expression of CXCL5 in SW620 andHCT116 after indicated treatment. Knocking down SMAD4 and KLF5 recovered the

inhibitory effect of TGF-b on the expression of CXCL5, and knocking down both SMAD4 and KLF5 increased the expression of CXCL5. (J) The results of luciferase reporter

assay. Co-transfection with KLF5 and SMAD4 inhibited the luciferase activity of pGL3-CXCL5-FL. (K) The results of co-IP showed the interaction between KLF5 and SMAD4.

(L and M) The results of co-IP and western blot. TGF-b promoted the combination of SMAD4 and KLF5. Data represent the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. SMAD4 activated by TGF-b reversed the effect of KLF5 on transcription activation of CXCL5 in CRC cells

(A) SMAD4-binding elements (SBE1 and SBE2), TGF-b inhibitory element (TIE), and KBE onCXCL5 promoter region. (B) The results of luciferase reporter assay. SMAD4 reversed

the effect of KLF5 plasmid on promoting luciferase activity of pGL3-CXCL5-FL. (C and D) ChIP assay showed that SMAD4 both bound to the regions of CXCL5 promoter that

contained TIE (�1508 to�1360 nt) and SBE1 (�1192 to�1081 nt). (E and F) The results of ChIP assay. TGF-bpromoted the binding efficiency of SMAD4 toTIE. (G) The results of

luciferase reporter assay. SMAD4 could not reversed the effect of KLF5 onpromoting luciferase activity of CXCL5-TIE-Mut. (H) ChIP assay showed thatML264 (theKLF5 inhibitor)

inhibited the effect of TGF-b on promoting the binding efficiency of SMAD4 to TIE. Data represent the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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showed that the expression patterns of TGF-b in MSCs derived from
different patients were significantly different (Figure 6A). Only 37.5%
of T-MSCs (n = 6) had higher TGF-b secretion compared with their
matchedN-MSCs. It has been reported that, in the early stage of tumor
progression, TGF-b can promote cell apoptosis by inducing EMT,
thereby acting as a tumor suppressor.28,29 Our results showed that
T-MSCs derived from tumors at earlier stages showed higher secretion
of TGF-b (Figure 6B). Similarly, immunohistochemistry (IHC) stain-
ing on 78 CRC tissues4 showed that TGF-b expression in the earlier
stages (I + II) was much higher than that in the advanced tumor stages
(III +Ⅳ) (Figures S12A and S12B). In addition, our previous research
reported that high expression of CXCL5 was significantly correlated
2336 Molecular Therapy Vol. 30 No 6 June 2022
with tumor stage. Consistently, CRC cells treated with T-MSC-CM
from advanced tumors showed higher CXCL5 expression (Figure 6C).
Combined with the previous results on the effect of these 16 pairs of
MSC-CM on regulating CXCL5 expression in CRC cells, we
concluded that the content of TGF-b in T-MSC-CM was negatively
correlated with CXCL5 expression in the CRC cells they treated (Fig-
ure 6D), which strongly suggested that TGF-b secreted by T-MSCs
may have an inhibitory effect on CXCL5 expression.

In CRC, the TGF-b downstream molecule SMAD4 is commonly
mutated or inactivated, thereby escaping the inhibitory effect of
TGF-b.30 Therefore, we screened the expression of SMAD2/3 and
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SMAD4 in CRC cell lines. Western blotting indicated that only
SW620 and HCT116 cells expressed high levels of SMAD2/3 and
SMAD4, and TGF-b treatment significantly reduced their CXCL5
expression (Figures 6E and 6F). Moreover, western blotting showed
that the expression of CXCL5 decreased significantly when the con-
centration of TGF-b reached 2 ng/mL (Figure S12C), which was
consistent with the concentration of TGF-b in the supernatant
from high TGF-b-secreted T-MSCs (Figures 6A and S12D). Thus,
we concluded that MSCs could inhibit the expression of CXCL5 in
CRC cells by secreting TGF-b.

To clarify whether MSCs are the main cell type that secrete CCL7 and
TGF-b, the public database the Human Protein Atlas (https://www.
proteinatlas.org/) and a single-cell sequencing dataset (Gene Expres-
sion Series [GSE]: GSE178318) were used to analyze the expression of
CCL7 and TGF-b in different cell types. The results showed that
CCL7 was mainly secreted by immune cells, mesenchymal cells
(CAFs), and epithelial cells (cancer cells), while TGF-b was mainly
secreted by immune cells, mesenchymal cells, epithelial cells, and
endothelial cells (Figures S13A–S13C). In addition, IHC was used
to stain and locate CCL7 and TGF-b in tumor tissues, revealing
that CCL7 was expressed in tumor cells and stromal cells, while
TGF-b was mainly expressed in stromal cells (Figure S13D). Because
tumor cells and mesenchymal cells were the main cell populations
present in the experimental environment in vitro, we analyzed the
secretion of CCL7 and TGF-b in CRC cells and MSCs using ELISA.
Results showed that the secretion of CCL7 and TGF-b by CRC cells
was significantly lower than that by T-MSCs and was below the
optimal concentrations reported for CCL7 and TGF-b (Figure S13E).

The inhibitory effect of TGF-b on the expression of CXCL5 in

CRC cells was Smad4/KLF5 dependent

LY2109761, a dual inhibitor of TGF-b receptor type I/II (TGF-bRI/
II),31 was used to verify the effect of TGF-b and its receptor TGF-
bR on CCL7-induced CXCL5 overexpression in CRC cells. Overex-
pression of KLF5 and CXCL5 induced by CCL7 was abolished by
TGF-b, while LY2109761 recovered the expression of KLF5 and
CXCL5 in SW620 and HCT116 cells after TGF-b treatment (Fig-
ure 6G). In addition, TGF-b significantly increased the phosphoryla-
tion level of SMAD2, which was abolished by LY2109761 (Fig-
ure S12E). In particular, although western blotting showed that the
total expression of SMAD4 had no obvious difference in CRC cells af-
ter different treatments, the content of SMAD4 in nuclear protein was
significantly increased after TGF-b treatment, and this effect could be
reversed by LY2109761(Figures S12F and S12G).

siRNA technology was used to knock down KLF5 and TGF-b down-
stream molecules SMAD2, SMAD3, and SMAD4 in SW620 and
HCT116 cells under TGF-b stimulation, and the results showed
that knockdown of SMAD4 could recover the inhibitory effect of
TGF-b on the expression of CXCL5 in CRC cells, whereas knock-
down of SMAD2 or SMAD3 had no significant effect on CXCL5
expression compared with small interfering negative control (si-
NC). Interestingly, as shown in Figure 4, we confirmed that KLF5 pro-
moted CXCL5 expression, but when we knocked down KLF5 under
TGF-b treatment, the expression of CXCL5 increased (Figure 6H).
However, compared with knockdown of SMAD4 or KLF5 alone,
knockdown of both SMAD4 and KLF5 increased the expression of
CXCL5 (Figure 6I), suggesting that SMAD4 and KLF5 may play a
dual regulatory role in TGF-b inhibition of CXCL5 expression in
CRC cells. Next, luciferase reporter assay showed that transfection
with SMAD2, SMAD3, or SMAD4 plasmids showed no significant
effect on the luciferase activity of pGL3-CXCL5-FL when KLF5 was
not present. In contrast, when KLF5 was present, co-transfection
with SMAD4 significantly inhibited the function of KLF5 in promot-
ing the luciferase activity of pGL3-CXCL5-FL (Figure 6J).

The luciferase reporter assay confirmed that SMAD4 and KLF5 were
the main elements in the TGF-b-inhibiting CXCL5 expression pro-
cess, so we investigated whether they have direct interaction. In the
PPI network of KLF5, SMAD4 was located in the center and gained
a high score, strongly suggesting that SMAD4 and KLF5 interact
directly (Figure 5B). Co-IP assay confirmed the direct interaction be-
tween KLF5 and SMAD4 (Figure 6K). In addition, TGF-b stimulation
promoted the combination of KLF5 and SMAD4 (Figures 6L and 6M).

SMAD4 activated by TGF-b reversed the effect of KLF5 on

transcription activation of CXCL5 in CRC cells

The JASPAR database was used to predict the potential SMAD4-
binding elements (SBE1 and SBE2) in the CXCL5 promoter region
(Table S13) (Figure 7A). SMAD4 also binds to the consensus TGF-
b inhibitory element (TIE).32 Based on the multiple sequence
alignment of TIEs from genes for human urokinase, collagenase,
peroxisome proliferator-activated receptor g (PPARg), and
c-Myc,33 we predicted a new TIE sequence of CXCL5, which was
100% matched to the consensus TIE sequence (Figure S12H). The re-
sults showed that overexpression of SMAD4 reversed the effect of the
KLF5 plasmid on the luciferase activity of pGL3-CXCL5-FL, indi-
cating that only pGL3-CXCL5-FL contained the most effective inhib-
itory element (TIE) of SMAD4 on the CXCL5 promoter (Figure 7B).
ChIP showed that SMAD4 bound both to the regions of the CXCL5
promoter that contained TIE (�1508 to �1360 nt) and SBE1
(�1192 to �1081 nt) (Figures 7C and 7D). In addition, TGF-b treat-
ment only promoted the binding efficiency of SMAD4 to TIE and
LY2109761 inhibited this effect, whereas the binding efficiency of
SMAD4 to SBE1 was not influenced by TGF-b (Figures 7E and 7F).

Next, we deleted the TIE sequence from the pGL3-CXCL5-FL plasmid
to construct pGL3-CXCL5-TIE-Mut and found that the mutation of
TIE significantly abolished the inhibitory effect of SMAD4 on KLF5
and induced CXCL5 transcription activation (Figure 7G). The results
of ChIP showed that TGF-b promoted the binding efficiency of
SMAD4 to TIE, whereas ML264 (the KLF5 inhibitor) inhibited this
effect (Figure 7H). In addition, pull-down assay also verified that
both KLF5 and SMAD4 were significantly enriched by the TIE
biotin-labeled probe (Figure 7I), which was increased by TGF-b treat-
ment (Figure S12I). Therefore, we confirmed that the inhibitory effect
of TGF-b on the expression of CXCL5 was completed by SMAD4,
Molecular Therapy Vol. 30 No 6 June 2022 2337
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which can form a transcription complex with KLF5 on the CXCL5
promoter and reverse the transcription activation effect of KLF5.

DISCUSSION
The study of the interactions between tumor cells and the TME has
been the subject of current tumor progression and metastasis
research. Many types of cells, including MSCs, endothelial progenitor
cells, and immune cells, are recruited into the microenvironment of
developing tumors.34 Besides cellular components, the tumor stroma
also contains acellular components, including extracellular matrix
and soluble proteins (cytokines, chemokines, and growth factors).35,36

Therefore, the metastatic phenotype of tumor cells depends not only
on reprogramming in tumor cells but also on other cellular and acel-
lular components in the TME. Recent studies have shown that the
residence of MSCs in the TME and their interaction with inflamma-
tory factors play an important role in tumor progression.37

MSCs exist in the stroma of normal tissues and tumor tissues, and
they can differentiate into adipocytes, osteoblasts, and chondrocytes.
MSCs express specific markers, such as CD73, CD90, and CD105, but
lack CD34, CD45, and CD19 expression.15 However, in our study,
fibroblasts, especially CAFs, also possessed differentiation ability
and expressed specific markers similar to MSCs. It has been reported
that fibroblasts can be divided into four subsets based on the fibroblast
markers FAP, CD29, a-SMA, PDGFRB, and PDPN (podoplanin).14

It has also been proposed that there are high proportions of
CAF-S1 and CAF-S4 subsets in the TME, while there are high propor-
tions of CAF-S2 and CAF-S2 subsets in the non-tumor environment.
According to this classification method, combined with our
results, the expression patterns of the fibroblast markers expressed
by T-MSCs, CAFs, N-MSCs, and NFs were consistent with those of
CAF-S4, CAF-S1, CAF-S3, and S1 subsets, respectively. Therefore,
we speculated that in previous classification methods, MSCs were
classified as fibroblasts and were thus defined as one or more subsets.
For CAFs (S1 subset) and T-MSCs (S4 subset) in the TME, we
concluded that they could be distinguished based on the expression
of FAP and PDGFRB. However, we still believe that MSCs and
fibroblasts are in a transitional state; more specifically, T-MSCs
differentiate into CAFs in the TME and show half of the physiological
characteristics of MSCs and half those of fibroblasts.

MSCs secrete a variety of secretory cytokines, which canmodify extra-
cellular matrix components to regulate tumor cell growth and metas-
tasis.37 However, the role of MSCs in tumor stroma is controversial.
Previous studies have reported that MSCs can act as activators of
tumorigenesis and metastasis.38–42 In contrast, others have proposed
that MSCs may play an inhibitory role in tumor cells.43,44 The contro-
versy in these studies may be, at least in part, due to the different sour-
ces of MSCs involved in the experiment and the differences in the cul-
ture system. Most of these studies were performed with MSC lines or
healthy donor-derived MSCs,43,44 and studies on T-MSCs in cancer
patients are limited. In addition, in most studies, a co-culture system
of MSCs and cancer cells was used to detect the effect of MSCs on the
TME.40 Because MSCs within the TME might have an altered pheno-
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type, this model cannot truly reflect the function of healthy donor-
derived MSCs. In our study, we found that tumor cells can activate
N-MSCs in a co-culture environment and transform their phenotype
to T-MSCs.We believe that the tumor-promoting phenotype of MSCs
in the TME (T-MSC) was conferred by tumor cells, and N-MSCs did
not have a tumor-promoting phenotype.

CXCL5 is overexpressed in CRC and promotes tumor metastasis and
invasion and has been reported that CXCL5 secretion can be regu-
lated by a variety of cytokines, including interleukin-17A (IL-17A),
IL-1b, and tumor necrosis factor a (TNF-a).5 In this study, we
explored the upstream mechanism of CXCL5 overexpression in
CRC, which is highly related to CCL7 and TGF-b secreted by
MSCs. CCL7 is overexpressed in many cancers and is associated
with disparities in overall survival.45,46 Importantly, CCL7 can be
secreted by CAFs and promotes tumor invasion and migration.47–49

In our study, we reported that CCL7 was highly expressed in
T-MSCs, which increased the expression of CXCL5 in CRC cells.
KLF5 is highly expressed in rapidly dividing intestinal epithelial cells
and multiple epithelial cancer types.50 KLF5 is generally considered
protumorigenic51,52 and promotes the proliferation and progression
of cancer cells. Previous studies have reported that KLF5 can form
a transcription complex with acetyltransferases, thereby elevating
KLF5 acetylation21 or histone acetylation23 to regulate transcription.
Our study confirmed that CCL7 treatment increased KLF5 acetyla-
tion and significantly promoted the transcription of CXCL5.

In contrast, according to previous reports, TGF-b is closely related to
MSCs, which are not only secreted by MSCs as the main source but
also regulate the differentiation state and function of MSCs.53

However, the role of MSC-derived TGF-b in the TME
remains controversial. MSC-derived TGF-b1 promotes tumor pro-
gression.38,54 In contrast to the above conclusion, some studies have
reported the tumor-suppressive effect of TGF-b.55,56 In our study,
we found that the expression of TGF-b in T-MSCs was related to
the TNM staging of the primary tumor. This finding might help us
to better understand the dual role of TGF-b in the TME.

Classically, TGF-b binds to TGFBR2 at the cell surface, causing the
recruitment and phosphorylation of TGFBR1, which subsequently
propagates the signal through Smad activation.57 By recruiting other
cofactors to achieve high affinity and selectivity interaction with
DNA, R-Smad–Smad4 complexes regulate gene activation or inhibi-
tion responses.56 To date, many transcription factors have been re-
ported to act as cofactors, including AP1, forkhead, bHLH, and
zinc finger transcription factors.58 We confirmed that SMAD4 and
KLF5 were the main components in the TGF-b-inhibiting CXCL5
expression process through the formation of SMAD4-KLF5 com-
plexes on the CXCL5 promoter.

Increasingly, studies have shown that most transcription factors play a
dual role in transcription regulation and are often affected by internal
and external environment stimulation.59 In this article, we report that
T-MSCs derived from early-stage CRC patients secreted higher levels
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of TGF-b, and high-dose TGF-b reversed the promotion effect of CCL7
on CXCL5 expression in vitro. The key to triggering the switch of the
two-way pattern was the transcription factor KLF5. Many studies
have shown that KLF5 acts as a transcriptional activator or repressor,
depending on the environment.Our study also reported that exogenous
CCL7 stimulation triggered transcriptional activation byKLF5,whereas
exogenous TGF-b triggered the repressive functions of KLF5. We pro-
posed that the difference in TGF-b secretion by T-MSCs from different
patients was related to the clinical CRC stage. We found that TGF-b
expression in the earlier CRC stages (I + II) was much higher than
that in the advancedCRCstages (III +Ⅳ). In addition,CCL7 expression
in advanced stages was slightly higher than that in early stages, but the
difference between the two groups was not statistically significant.
Therefore, we believe that different levels of TGF-b andCCL7 secretion
byMSCs in the TME at different stages of CRC progression are impor-
tant factors in triggering of the two-way pattern switch.

CONCLUSION
In conclusion, our studies revealed that T-MSCs had a tumor-promot-
ing phenotype, while N-MSCs did not have a tumor-promoting pheno-
type. In addition, tumor cells can activate N-MSCs in a co-culture envi-
ronment and transform their phenotype similar to that of T-MSCs,
indicating that the tumor-promoting phenotype of T-MSCs was
conferred by tumor cells. In CRC cells, T-MSCs enhanced CXCL5
expression by increasing CCL7/CCR1 secretion and downstream regu-
lation of CBP/P300 andKLF5 pathway. At the same time,MSC-derived
TGF-b negatively regulated the expression of CXCL5 in CRC cells in a
Smad4/KLF5-dependent pattern, and SMAD4 reversed the effect of
KLF5 on transcription activation of CXCL5.

METHODS AND MATERIALS
Patients and specimens

Tissue samples from patients with CRC were collected after obtaining
informed consent from the Biomedical Ethics Committee of Ruijin
Hospital. Between 2017 and 2021, we collected tumor tissues and adja-
cent normal tissues from 23 patients (Table S1) at the Shanghai Mini-
mally Invasive Surgery Medical Center of Ruijin Hospital. All patients
were pathologically diagnosed with CRC and underwent laparoscopic
surgery at our center. Patients who received preoperative treatment
(such as radiotherapy or chemotherapy) were excluded from the study.
Based on the 2015 National Comprehensive Cancer Network (NCCN)
guidelines, TNM staging of the slice of each patient was performed. All
patients were fully informed and signed an informed consent form.

Specimens processing and cell culture

Paired CRC tissues and adjacent normal tissues were collected and
washed with PBS containing penicillin-streptomycin solution. Twee-
zers and disposable surgical blades were then used tomince the tissues
into meat emulsions. The tissue fragments were transferred to a
50 mL centrifuge tube and digested with 3 mg/mL collagenase IV
(Sigma) and 5 MU/mL DNase I (Calbiochem) in a-MEM at 37�C
for 30 min until fully digested. The digested tissue suspension was
passed through a 100 mm mesh filter to remove residual tissue. The
filtrate was collected and washed three times with PBS. The collected
cells were then inoculated in a-MEM (MSCs) or DMEM/F12
(fibroblasts) with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin and cultured at 37�C, 5% CO2, and 20% O2. On the
second day after culture, the supernatant and suspended cells were
discarded. After 10 days of culture, the adherent cells were harvested
and stored as frozen stock (first generation), and 2–10 passages of
cells were used for subsequent experiments.

Statistical analysis

All statistical analyses were performed using SPSS version 20.0.
Quantitative variables were analyzed using the Student’s t test. The
data are shown as the mean ± SD. All the experiments were per-
formed in triplicate. Statistical significance was set at p < 0.05.
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