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Cell proliferation downregulated by TGF-b2-triggered G1/S checkpoint in clinical CAFs

Jinliang Wua,#, Rong Fub,#, Zongzhi Liuc, Guochao Lid, Xiaolei Huanga, Yang Xuea, Yan Xub, Yingli Sund, Jiangmin Zhaoa,
and Jun Mib

aShanghai 9th People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China; bKey Laboratory of Cell Differentiation
and Apoptosis of Chinese Ministry of Education, Shanghai Jiao Tong University School of Medicine, Shanghai, China; cUniversity of Chinese Academy of
Sciences, Beijing, China; dKey laboratory of Genomic and Precision Medicine, China Gastrointestinal Cancer Research Center, Beijing Institute of
Genomics, Chinese Academy of Sciences, Beijing, China

ARTICLE HISTORY
Received 22 August 2016
Revised 18 October 2016
Accepted 22 October 2016

ABSTRACT
The metabolic reprogramming is indispensible for the fast growth of tumor cells. The metabolism of CAFs
is reprogrammed to aerobic glycolysis too. However, it is not clear whether this metabolic reprogramming
promotes the growth of CAFs themselves. In this study, we found that the proliferation rate of CAFs was
slower than NAFs, which was determined by cell counting, BrdU assay and flow cytometry analysis.
Moreover, we found TGF-b signaling regulated cell growth of CAF through RNA-sequencing analysis and
Western blot, which was further supported by the observation that TGF-b2 was highly expressed in colon
cancer tissues. In the end, we demonstrated that CAFs were critical to tumor cell proliferation, which was
supported by the evidence of their close localization in clinical tumor tissue and tumor promoting effect in
mice. In brief, our data have manifested that the proliferation rate is decreased in CAFs, which enable CAFs
generate more intermediate metabolites to support tumor cells growth, suggesting CAFs is an ideal target
for tumor therapy.
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Introduction

The development and progression of tumors are controlled not
only by tumor cells but also by their surrounding stromal cells.1-
5 Cancer-associated fibroblasts (CAFs), a major component of
cancer stromal cells that account for about 40»50% of total cell
population in cancer.6 CAFs are primarily derived from the acti-
vation of quiescent fibroblasts surrounding cancer cells, and
have been shown to directly promote tumor initiation7,8 pro-
gression9,10 and metastasis11,12 CAFs produce ECM-degrading
enzymes, secrete growth factors and cytokines, which collec-
tively promote tumor development and progression.13-18,19-21

Previous studies have revealed that the metabolism in CAFs is
reprogrammed.6,22 The glucose uptake and lactate generation in
CAFs are dramatically increased, which is also known as the
reverse Warburg effect to distinguish from the Warburg effect of
tumor cells. CAFs secrete large amounts of lactate and ketone
bodies, which are utilized by tumor cells for anabolic metabolism
or oxidative phosphorylation to accelerate the tumor cell
growth.21 For example, b-hydroxybutyrate, one of ketone bodies,
increased cancer cell proliferation approximately 3-fold compare
with the control group, and lactate promoted angiogenesis in
tumor model.19-21 However, it remains unclear whether this met-
abolic reprogramming promotes the growth of CAFs themselves.

In this study, we found that the proliferation decreased rather
than increased in clinical isolated CAFs, distinct from tumor
cells. Moreover, the expression profiling analysis revealed TGF-

b2 signaling-activated G1/S checkpoint played critical role in
inhibiting CAFs growth. These observations suggest that CAFs
are critical for the fast growth of tumor cells and a potential
target for tumor therapy, although CAFs are not tumorigenic.

Results

Isolation and identification of cancer-associated
fibroblasts from clinical colon cancer and liver cancer

To determine whether metabolic reprogramming promotes the
growth of cancer-associated fibroblasts (CAFs), the CAFs were
first isolated from clinical colon cancers (4 cases) or liver can-
cers (1 cases) and non-activated fibroblasts (NAFs) were iso-
lated from paratumor tissue at least 6 cm away from tumor
border. From the morphology observation, the most of fibro-
blasts from tumor tissue were multipolar compare with NAFs,
which were bipolar (Fig. 1A).

To further identify these fibroblasts from tumor tissue are
CAFs, the expression of fibroblast activation marker FAP and
their function were analyzed. As shown in Figure 1B, the expres-
sion of FAP was increased in CAFs compare with NAFs.
Through co-culture with CAF-conditioned medium, the colony
numbers of colon cancer HCT116 cells or liver cancer HepG2
cells was counted. As shown in Figure 1C, the colon CAFs dra-
matically promoted colon cancer growth (48 § 3 vs 17 § 2
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colonies per dish) and the liver CAFs also enhanced liver cancer
growth (44§ 4 vs 18§ 1 colonies per dish). These observations
suggest that the isolation of CAF and NAF were successful.

Cell proliferation was downregulated in CAFs

To examine whether CAFs grow faster than non-activated
fibroblasts, the cell numbers were first counted at the indicated
time points. The 1 £ 105 cells of CAF or NAF were seeded in
the 10 cm dishes at the beginning. As shown in Figure 2A, the
total cell numbers of CAF, no matter from colon cancer or liver
cancer, were less than that in NAF group, suggesting CAFs
grow slower than the relative NAFs. To further test whether the
cell proliferation of CAFs is lower than NAFs, the proliferation
rate were determined by the BrdU incorporation assay at the
24 hour or 72 hours after seeding. Compared to NAFs, the pro-
liferation rate of CAFs were lower than that in control group
(Figure 2B). These observations suggest the cell proliferation of
CAF is decreased rather than increased.

To dissect the mechanism underlying the decreased cell prolif-
eration of CAFs, the cell cycles were analyzed by flow cytometry
after PI (Propidium Iodide) staining. As shown in Figure 2C, there
were more sub-population of CAFs accumulated at the G0/G1
phase of cell cycle, compare with the relativeNAFs. The subpopula-
tion of CAFs at the G0/G1 phase of cell cycle or NAFs from colon
cancer was 76.41 vs 43.67; this subpopulation of CAFs or NAFs
from liver cancer was 69.74 vs 49.26. This observation suggests that
the CAFs were arrested at the G0/G1 phase of cell cycle.

TGF-b2 signaling regulates G1/S checkpoint in CAFs

To explore which signaling pathway activates G1/S check-
point in CAFs, the expression profiling of CAFs were ana-
lyzed by RNA-sequencing. The proteins regulating cell
cycle, of which the expression level changes at least 2 folds
than NAFs, were further analyzed. As shown in Figure 3A,
expression of most of CDKs, cyclin proteins and cyclin-
dependent kinase inhibitors were significantly altered in
CAF, compare with NAFs. Through ingenuity pathway
analysis (IPA), we found TGF-b signaling pathway was acti-
vated in CAF (Figure 3B). To verify whether TGF-b signal-
ing regulates G1/S checkpoint in CAF, the expression or
phosphorylations of molecules involved in this pathway
were determined by Western blot. As shown in Figure 3C,
TGF-b/p15/CDK4, TGF-b/p21/CDK2 and TGF-b/CDC25A/
Cyclin E2 or Cyclin D3 pathways were activated and led to
G1/S arrest, consistent with the data shown in Figure 2C.
Moreover, the phosphorylation of Rb, a downstream target
of these signaling was also detected. The Western blot
showed that the Rb was dephosphorylated in CAFs, which
further suppressed cell growth.

In addition, the expression and distribution of TGF-b2
was detected in clinical colon cancer tissue. As shown in
Figure 3D, TGF-b2 universally expressed in colon cancer
tissue, surrounding cancer cells and CAFs, suggesting TGF-
b2 signaling is a critical factor inducing cell cycle arrest in
CAFs.

Figure 1. Isolation and identification of cancer-associated fibroblasts from clinical colon cancer and liver cancer. (A) The morphology of CAF and NAF isolated from colon
cancer or liver cancer. (B) Identification of CAF by FAP expression. C. Identification of CAF by its tumor-promoting effect. The cologenic assay was performed. �: p < 0.05.

CELL CYCLE 173



CAFs are critical to the fast growth of cancer cells

To better understanding how CAFs promotes the fast growth of
tumor cells, the co-localization of CAF and proliferating tumor
cells was determined by immunofluorescence staining in vari-
ous types of tumor tissues. As shown in Figure 4A, most of fast
proliferating tumor cells, including colon cancer, liver cancer,
breast cancer and lung cancer, are adjacent to and/or surround-
ing by CAFs, suggesting CAFs are critical for the fast growth of
tumor cells.

To further manifest the effect of CAF on tumor growth, the
isolated colon CAFs or liver CAFs were co-injected into arm-
pits of nude mice with colon cancer HCT116 cells or liver can-
cer HepG2 cells, respectively. As shown in Figure 4B, both
colon CAFs and liver CAFs remarkably promoted tumor
growth, the colon CAFs increased the xenografted HCT116
tumor volume from 116 § 18 mm3 to 342 § 42 mm3 and the
liver

CAFs increased the xenografted HepG2 tumor volume from
102 § 15 mm3 to 320 § 22 mm3, their difference was statisti-
cally significant. These observations demonstrated that CAFs
are critical for tumor faster growth although their proliferation
was reduced.

Discussion

Cancer-associated fibroblasts (CAFs), a major component of
cancer stromal cells that account for about 40»50% of total cell
population in cancer.6 Although glucose uptake is enhanced in
CAFs, their catabolins are exported to extracellular to fuel
tumor cells instead of being utilized by CAF themselves. There-
fore, cell proliferation of CAFs is decreased, which is consistent
with our finding. Moreover, we found that the TGF-b2 signal-
ing downregulated cell proliferation of CAFs through activating
G1/S checkpoint. In the same tumor microenvironment, TGF-

Figure 2. Cell proliferation was downregulated in CAFs. (A) CAFs grow slower than NAFs. Cell numbers were counted at the indicated time points, �: p < 0.05. (B) The cell
proliferation rate of CAFs decreased, compare with NAFs. The cell proliferation rate was determined by the BrdU assay. �: p < 0.05; ��: p < 0.01. (C) The subpopulation of
CAFs at the G0/G1 phase increased. The cell cycle was analyzed by flow cytometry.
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b2 signaling regulates both CAFs and cancer cells. However, in
cancer cells, the transcriptional corepressor ZNF451 blocks the
ability of Smad3/4 to recruit p300 in response to TGF-b and
dephosphorylation of the nuclear exporter RanBP3 at Ser 58
promotes the export of Smad2/3 and terminates TGF-b
responses, which together overcome the TGF-b signaling-
induced growth inhibition of cancer cells.23,24 Due to the
importance of CAF in tumor progression, it is necessary to dis-
sect the detail mechanism underlying the metabolic reprogram-
ming in CAFs, and to better understand their difference
between tumor cells and CAFs.

The fast growth of cancer cells requires a large amount
of biomaterials for biosynthesis. Previous studies have indi-
cated that these biomaterials not only depend on the supply
of glucose and amino acids from blood, but also depend on
the transport of intermediate metabolites from adjacent

CAFs.19,25-27 Apparently, the metabolism in CAFs is not
same as that in cancer cells, although the glycolysis is upre-
gulated in both cancer cells and CAFs.22 Our data suggest
that CAFs are more like a factory to catalyze larger mole-
cules of nutrition into small size of intermediate metabo-
lites, to support the fast growth of cancer cells, but not
themselves, suggesting CAF may be an ideal target to
improve the efficacy of tumor therapy.

Materials and methods

Reagents

Fetal bovine serum (FBS) was purchased from GEMINI.
DMEM was purchased from Basal Media. FAP and FSP1 anti-
bodies were purchased from Abcam. Anti-Ki67, anti-CDK2,

Figure 3. TGF-b signaling regulates G1/S checkpoint in CAFs. (A) The analysis of cell cycle regulation pathway. Proteins of which expression changed more than 2 folds
and involved in cell cycle regulation were presented (B) The possible pathway regulating G1/S checkpoint. (C) Verification of the possible pathway regulating G1/S check-
point. (D) The expression of TGF-b2 in colon cancer tissue. FSP1 is a marker of CAF.
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anti-CDK4, anti-CyclinD3 and anti-p21 antibodies were
purchased from Cell Signaling Technology (MA, USA).
Anti-b-actin antibody was purchased from Santa Cruz (CA,
USA). Antibodies against Rb, p-Rb or CyclinE2 were purchased
from ABclonal (Shanghai, China). Anti-CDC25A and p15
INK4b antibodies were purchased from Proteintech (IL,USA).
Anti-cdc25A(Phospho-Ser76) antibody was purchased from
AbSci (MD,USA).

Fibroblast isolation and culture

Clinical specimens were obtained from Shanghai Ninth Peo-
ple’s Hospital affiliated to Shanghai Jiao Tong University
School of Medicine, which was approved by the Ethics Com-
mittee of Shanghai Jiao Tong University and informed consent
by the patient. Both cancer-associated fibroblasts (CAFs) and
Non-activated fibroblasts (NAFs) were isolated from human
colon cancers (4 cases)/liver cancers (1 cases) tissue and non-

cancerous colon/liver tissue 6 cm away from colon/liver cancer,
respectively. After dissection, the tissues were immediately put
into the cold PBS containing 1% pen/strep and transported to
the laboratory on ice. All the tissues were minced and then
digested with 0.1% type I collagenase and trypsin. After diges-
tion, the tissue was filtered with a 400-mesh sieve, and the flow
through was centrifuged at 1,000 x g for 10 min. Cells obtained
from the pellet were cultured with DMEM containing 10% FBS
for 30 minutes; The medium was changed and the adherent
cells remained were fibroblasts. After three passages, the cells
were collected and verified by FAP expression and the function
assay.

Immunofluorescence staining

The tumors tissues were embedded in O.C.T medium (Tissue-
Tek) and frozen at ¡808C overnight. The 5 mm thick frozen
sections were fixed in ice-cold 4% paraformaldehyde for

Figure 4. CAFs are critical to the fast growth of cancer cells. (A) The proliferating tumor cells are closely adjacent to CAFs. The FSP1 is a marker of CAF and the Ki67 is
marker for cell proliferation. (B) CAFs promote tumor growth. The pictures are representative photos of tumor in each group. �: p < 0.05; ��: p < 0.01.
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20 min. After permeabilization with 0.4% Trion-X100, the
tissues were blocked with 10% goat serum in PBS for 1 hr, fol-
lowed by incubation with the primary antibodies at 4�C over-
night. The appropriate fluorescein-conjugated secondary
antibodies were incubated for 1 hr at the next day. After wash-
ing with TBST, the slices were stained with DAPI and observed
by fluorescence microscopy.

Western blot

The cells were washed with PBS and harvested and lysed on ice
for 20 min in lysis buffer (Thermo Fisher Scientific, Inc.). The
lysates were centrifuged at 16.000 g for 20 min at 48C. Protein
concentration was detected using the BCA assay kit (Ding Guo
Biotechnology, Shanghai, China). Proteins were separated by
SDS-PAGE and transferred to NC membrane. The membrane
was blocked with 5% (w/v) skimmed dry milk and then the pri-
mary antibodies were incubated overnight at 4�C at the dilu-
tions indicated in the manufacturer’s protocol.

Cologenic assay

HCT116 cells or HepG2 cells were plated in 6-well plate (150
cells/well) and cultured at 37 �C with 5% CO2 overnight. Then
the culture medium was replaced with fresh medium contain-
ing 1/3 supernatant from Colon CAFs, Colon NAFs, Liver
CAFs and Liver NAFs. After keeping culture for about 2 weeks
until the colonies were seen, cells were fixed and stained with
1% crystal violet, and colonies containing at least 50 cells were
scored.

Cell proliferation assay

Cells were seeded in 100-mm dishes at a density of 1 £ 105

cells/dish and were cultured in 8 ml DMEM supplemented
with 10% FBS at 37 �C with 5% CO2. The cell number was
counted using the Countless cell counter (Invitrogen, Grand
Island, NY, USA) at the indicated time points. For the cell pro-
liferation assay, cells were seeded in 96-well plate at a density of
2 £ 103 cells/well. Relative cell growth was analyzed at the indi-
cated time points using a Brdu kit according to the manufac-
turer’s instructions. The OD370 were measured on ELISA
microplate reader (BioTex, USA).

Cell cycle analysis

Cells were seeded in 100-mm dishes at a density of 1 £ 106

cells/dish and cultured at 37 �C with 5% CO2 for 24 hr. After
trypsinization and washing with PBS, the cells were fixed with
pre-cooled 70% ethanol overnight at 4 �C. After washing, cells
were resuspended in 500 uL of PBS containing 100 ug/mL
RNase for 30 min at 37�C, and then incubated with PtdIns at a
final concentration of 40 ug/ml for 15 min. Finally, the cells
were analyzed using flow cytometer (BD Inc., Franklin Lakes,
NJ, USA). The percentage of cells in each phase of cell cycle
was calculated using the provided software.

Statistics

The student’s T-test was performed using the SPSS version 16.0
statistical software package. The data are presented as the mean
§ SD. All data are representative of at least 3 independent
experiments. Difference was considered as statistically signifi-
cant when p < 0.05.
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