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Abstract: Tumor associated macrophages (TAMs) in tumor microenvironment can interact with tumor cells and are 
related to tumor progression. However, the mechanisms that drive the anti-tumor functions of TAMs are not fully un-
derstood. The Src homology 2 domain-containing tyrosine phosphatase 2 (Shp2) has been reported to have tumor-
suppressing roles in colorectal cancer (CRC). However, a role for Shp2 on TAMs in CRC has not been studied. Here 
we report that in CRC, Shp2 expression on TAMs is negatively associated with liver metastasis. TAMs require Shp2 
for their anti-tumor functions in a cell-cell co-culture system and a mouse model of CRC. Mechanistically, absence 
of Shp2 on TAMs induces their polarization toward M2 phenotype through the activation of p-STAT3 and inhibition 
of p-NF-κB p65. The findings of our study imply that Shp2 is a key factor in the tumor microenvironment to facilitate 
the TAMs’ tumor-suppressing functions in colorectal cancer. 

Keywords: Tumor-associated macrophages, protein-tyrosine phosphatase Shp2, colorectal cancer, macrophage 
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Introduction

Tumor microenvironment (TME) is a population 
of cells constituted with tumor cells and various 
stromal cells recruited by tumor cells including 
T cells, macrophages, fibroblasts and so on [1]. 
Tumor cells and stromal cells interact many 
ways either favor or hinder tumor progression 
[2, 3]. Tumor-associated macrophages (TAMs) 
are an important portion of the stromal cells 
infiltrating in the TME [4]. TAMs are character-
ized by the high functional plasticity which 
makes them controllable targets for anticancer 
therapy, through either their ablation or their 
polarization from pro-tumoral towards anti-
tumoral states. Depending on their microenvi-
ronment, macrophages can be polarized into 
two distinct functional phenotypes: M1-like 
(classically activated) TAMs or M2-like (alterna-
tively activated) TAMs [5]. M1-like TAMs have 
classically been regarded as tumor suppres-
sors and M2-like TAMs as tumor promoters. In 
general, M1 macrophages secret high levels of 
IL-6, IL-12, TNF-α and inducible NO synthase 

(iNOS) which promotes host immune response 
against invading bacteria. In contrast, M2 mac-
rophages produce high levels of IL-10, argina- 
se 1 (Arg1), chitinase 3-like protein 3 (Chi3l3, 
YM-1) and resistin-like α (Retnla, Fizz1) whi- 
ch contributes to the anti-inflammatory res- 
ponse, wound healing, and pro-tumoral activi-
ties [6, 7]. Thus, inhibiting TAMs polarization 
into M2 phenotype and/or promoting polariza-
tion into M1 phenotype might be a promising 
target for cancer treatment. 

Colorectal cancer (CRC) is the third most com-
mon cancer in the world [8]. In CRC, TAMs can 
be recruited to the tumor sites by several che-
mokines such as CCL2, CCL5, VEGF and CSF-1 
[9]. While the role of TAMs in CRC is still contro-
versial, some studies reported that high density 
of TAMs is associated with tumor progression, 
angiogenesis, epithelial-to-mesenchymal tran-
sition (EMT) and unfavorable prognosis [10, 
11]. On the contrary, other studies indicated 
that TAMs have the anti-tumor effects and are 
associated with the improved disease-free sur-
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vival [12-14]. Till now, the mechanism behind 
the potential anti-tumor effects of TAMs has 
not been clarified. 

The Src homology 2 domain-containing tyro-
sine phosphatase 2 (Shp2), is a non-receptor 
tyrosine phosphatase encoded by PTPN11 
gene. In CRC, Shp2 has been reported to inhibit 
CRC cells proliferation and migration. Low Shp2 
expression is correlated with poor tumor differ-
entiation and TNM stage, for which negatively 
regulating of STAT3 phosphorylation is involved 
[15, 16]. Considering the importance of Shp2 in 
regulating macrophages function and polariza-
tion, it is of interesting to explore the regulatory 
role for Shp2 in the scenario of TAMs in CRC 
TME. The aim of the present study was to evalu-
ate the role of Shp2 on TAMs in the CRC pro-
gression and its related mechanisms. We 
revealed that TAMs in CRC depend on Shp2  
for their anti-tumor roles in colorectal cancer 
through the regulation of macrophage pola- 
rization.

Materials and methods

Human CRC samples

A total of 81 human CRC tumor tissues con-
firmed by pathological diagnosis were obtain- 
ed for immunohistochemistry from the First 
Affiliated Hospital, Zhejiang University School 
of Medicine (Hangzhou, China) from October 
2010 to October 2013. All specimens were 
obtained from patients who had not received 
any chemotherapy or radiotherapy before sur-
gery. All patients in this work have been fol-
lowed up until death or to five years after sur-
gery. The following characteristics were record-
ed: age, gender, tumor location, TNM stage, 
tumor differentiation and serum levels of carci-
noembryonic antigen (CEA) before surgery. The 
study was approved by the Human Experimental 
Ethical Inspection of the First Affiliated Hospital 
and the informed consent of patients was 
acquired.

Immunohistochemistry and evaluation 

Immunohistochemistry was performed by Go- 
ogle Biotechnology Co. LTD (Wuhan, China)  
to detect the expression of Shp2 and CD68. 
Briefly, formalin-fixed, paraffin-embedded tis-
sue sections were consecutively cut into 4-μm 
slices before exposed to the mouse monoclo-
nal antibody against Shp2 (1:500, sc-7384; 
Santa Cruz) and CD68 (1:500, 66231-2-Ig;  

Proteintech), respectively overnight at 4°C. Af- 
ter washing with phosphate-buffered saline 
(PBS), the sections were incubated with second 
antibody for 30 min followed by washing with 
PBS. Finally, the sections were visualized by 
diaminobenzidine solution and counterstained 
with hematoxylin. Negative controls were per-
formed with the incubation with rabbit IgG 
instead of primary antibody.

Two investigators (YYY and HXL) who were 
blinded to the clinical-pathological data evalu-
ated the immunohistochemical staining inde-
pendently. The macrophages’ immunostaining 
of Shp2 protein was graded as follows-Low 
expression is defined as the percentage of 
Shp2 positive TAMs ≤ 50%, high expression is 
defined as the percentage of Shp2 positive 
TAMs > 50%.

Animals and models 

5-6-week-old female BALB/c nude mice weigh-
ing between 18-20 g or 6-8-week old female 
C57BL/6 mice were purchased from Shanghai 
Laboratory Animal Company (SLAC; Shanghai, 
China) and maintained in the animal facility  
at Zhejiang University. Shp2flox/flox mice were 
crossed with LysMCre/+ mice to generate myeloid 
Shp2 conditional knock-out mice. LysMCre/+ or 
Shp2flox/flox (Shp2MWT) and LysMCre/+: Shp2flox/flox 
mutant (Shp2MKO) mice were used in the exper-
iments. Mice were provided with water and 
food ad libitum and kept under standard condi-
tions (temperature 24 ± 2°C, humidity, 50-70%, 
12-h light/dark cycle). All animal experiments 
were performed in accordance with the Guide 
for the Care and Use of Laboratory Animals and 
were approved by the Animal Care and Use 
Committee at Zhejiang University. 

To establish the subcutaneous CRC model, 
CT26 cells (1 × 106) resuspended in 100 μL 
PBS were injected into the right flanks of nude 
mice. 3 weeks after cells implantation, mice 
were euthanasiad, tumors and spleens were 
collected for macrophages isolation.

To establish the liver metastasis model, nude 
mice were intravenously injected with clodro-
nate liposomes (200 μL/mouse, Formu Max 
Scientific, Sunnyvale, USA) 48 hours before 
cells injection to deplete macrophages. Then 
mice were anesthetized with 1.5% pentobarbi-
tal by intra-peritoneal injection, fixed and then a 
small left abdominal flank incision (1 cm) was 
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made and the spleen was exteriorized for  
the intra-splenic injection. 5 × 106 cells mixture 
(CT26 cells and BMDMs which had been dire- 
ct co-cultured for 24 hours (BMDMs: CRC 1:1)) 
suspended in 100 μL ice-cold PBS were inject-
ed into the spleen with a 27-gauge needle. A 
sterile cotton was held over the site of injection 
for 30 seconds to prevent cells leakage and 
bleeding. Then the spleen was returned to the 
abdomen and the wound was sutured with 5-0 
black silk. After 25 days, mice were sacrificed, 
livers and spleens were harvested, and num-
bers of liver metastases were enumerated. 
H&E staining was performed on livers by Google 
Biotechnology Co., Ltd. (Wuhan, China).

Cells and direct/indirect co-culture

Mouse CRC cell lines CT26 and MC38 were  
purchased from Shanghai Institution for Bio- 
logical Science (Shanghai, China). Human mo- 
nocytic leukemia cell line Thp-1 cells and 
human CRC cell line LoVo were bought from 
American Type Culture Collection. All the cells 
were cultured in RPMI-1640 medium comple-
mented with 10% heat-inactivated fetal bovine 
serum (FBS), penicillin/streptomycin (100 U/
ml) and L-glutamine (2 nM). Thp-1 cells were 
stimulated with 20 ng/mL phorbol 12-myristate 
13-acetate (PMA; Sigma-Aldrich, St. Louis, MO, 
USA) for 48 hours to induce the cells to differ-
entiate into macrophages before the experi-
ment. Primary bone marrow-derived macroph- 
ages (BMDMs) derived from wildtype C57BL/6, 
Shp2MWT or Shp2MKO mice were cultured in 
complete RPMI1640 with 10 ng/mL M-CSF 
(PeproTech, Rocky Hill, NJ, USA) for 7 days. 
Cells were cultured at 37°C with 5% CO2 in a 
humid incubator. All cell culture reagents were 
purchased from Invitrogen (Shanghai, China).

For direct co-culture: After culturing of BMDMs 
for 7 days, CRC cells were trypsined and re-
suspended onto the BMDMs (BMDMs: CRC 
1:1). After co-culturing for the indicated times, 
cells were collected for macrophages isolation. 

For indirect co-culture: transwell chambers (Co- 
rning, Cambridge, MA, USA) containing 6.5 mm-
diameter polycarbonate filters (1 μm pore) were 
used. Macrophages were seeded on the lower 
compartments, and CRC cells (BMDMs: CRC 
1:1) were cultured on the upper compartments. 
Cells were collected at the indicated times after 
co-culture for the next experiments.

CT26 cells conditioned medium stimulation

CT26 cells were cultured in serum-free RPMI-
1640 for 24 hours, and then the supernatants 
were harvested as conditioned medium (CM). 
BMDMs were stimulated by CM for the indicat-
ed times.

Macrophages isolation

Subcutaneously tumors or spleens extracted 
from mice or cells mixture after direct co-cul-
ture were collected for macrophages isolation. 
Then, F4/80 positive macrophages were sorted 
with Anti-F4/80 MicroBeads UltraPure (130-
110-443, Miltenyi Biotec) according to the 
manufacturer’s instructions for manual separa-
tion. The separated macrophages or CRC cells 
were directly subjected to mRNA extraction  
for RT-qPCR or protein extraction for western 
blotting. 

RNA extraction and RT-qPCR

Total RNA was extracted with Ultrapure RNA  
Kit (CW Biotech, Beijing, China). First-strand 
cDNA was synthesized by reverse transcriptase 
PCR with 1 μg of total RNA (DNase-treated) 
using an iScript cDNA synthesis kit (Bio-Rad) 
according to the manufacturer’s instructions. 
qPCR was then performed with 1 μL of cDNA 
with the iTaq Universal SYBR Green Supermix 
(Bio-Rad) on the CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad). The primer se- 
quences used to detect Shp2, MMP2, MMP3, 
MMP9, iNOS, IL-6, TNF-α, Arg-1, Fizz1, YM-1, 
IL-10 and β-actin are listed in Table 1. qPCR 
results were analyzed with the relative quantifi-
cation Delta delta CT (2-ΔΔCq) strategy. The cal-
culated threshold cycle was normalized to the 
value of internal β-actin amplified from the 
same cDNA and the fold-change was calculat-
ed as referenced to control. 

Western blotting 

Cells were lysed in 1 × RIPA buffer (CST, Da- 
nvers, MA, USA) containing 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF) (CST) and protease 
inhibitor cocktail. Protein concentration was 
determined using the Bradford protein assay. 
For western blotting, 20-30 μg of lysate was 
separated by electrophoresis using PAGE gels 
(10%) and transferred to PVDF membranes. 
After blocking with 5% non-fat dry milk, mem-
branes were incubated overnight at 4°C with 
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the following primary antibodies: anti-Shp2  
(sc-7384; Santa Cruz), anti-GAPDH (#60004- 
1-I g) anti-MMP2 (#10373-2-AP), anti-MMP3 
(#17873‑1‑AP), anti-MMP9 (#10375-2-AP; all 
from Proteintech, Wuhan, China), anti-p-NK-κB 
p65 (#3039), anti-NK-κB p65 (#8242), anti-p-
STAT3 (#9145), anti-p-ERK (#4370), anti-ERK 
(#4695), anti-p-p38 (#9211), anti-p38 (#9212), 
anti-p-JNK (#4668), anti-JNK (#9252), anti-p-
STAT1 (#9167), anti-STAT1 (#9172), anti-p-AKT 
(#4060) and anti-AKT (#4691; all from CST). 
Secondary HRP-conjugated anti-mouse or anti-
rabbit (Lianke, Hangzhou, China) were applied 
for 1 hour at room temperature followed by sig-
nal detection using FluorChem E System (Pro- 
tein Simple, Santa Clara, CA, USA). Densi- 
tometric analysis was performed with Image J 
software. The density for each band was nor-
malized to that of GAPDH. The relative protein 
expression of each protein was compared to 
the control, which was assigned a value of 1.

Transwell migration and invasion assay

For migration and invasion assay, transwell 
chamber with 24-well, 8.0-μm pore membra- 
nes (Corning Costar Corp., Cambridge, MA, 
USA) was used. For invasion assay, the upper 
surfaces of the membranes were coated with 
50 µL Matrigel (BD Biosciences) 6 hours before 
CRC cells were seeded. Briefly, 1 × 105 BMDMs 
in 600 μL of complete medium were plated in 
the lower chamber. Then 1 × 105 CRC cells 
were seeded in the upper chamber in 100 μL of 
serum-free medium. After incubated for 36 
hours in the incubator, the cells remaining at 

CA, USA) or vehicle (DMSO) for 1 hour and then 
replaced with the complete medium. 

For inhibition of STAT3 or activation of NF-κB, 
BMDMs in the lower chamber were pre-treated 
with AG490 (Beyotime Institute of Biotech- 
nology, Shanghai, China)) at 100 µM for 1 hour 
or PMA at 20 ng/mL for 6 hours followed by  
the medium was replaced with the complete 
medium. 

ELISA assay

CT26 cells were direct or indirect co-cultured 
with BMDMs from Shp2MWT or Shp2MKO mice 
for 24 or 48 hours before supernatants were 
collected. The concentrations of IL-6, TNF-α 
and IL-10 was determined with ELISA assays 
(R&D Systems, Shanghai, China) according to 
the manufacture’s protocols.

Cells stimulation 

BMDMs were either stimulated with LPS (10 
ng/mL) plus IFN-γ (20 ng/mL) or IL-4 (20 ng/
mL) for 24 hours before RNA or proteins were 
extracted to determine the Shp2 expression.

Statistical analysis 

Data are expressed as means ± SEM and ana-
lyzed using GraphPad Prism 5 (GraphPad InStat 
Software, San Diego, CA, USA). Significance  
of differences between the two independe- 
nt groups was determined by the two-tailed 
Student’s t-test. The Kaplan-Meier method was 
applied to estimate patient overall survival. The 

Table 1. Sequences of primers used for RT-qPCR
Gene Name Forward Primer Reverse Primer
mShp2 AGAGGGAAGAGCAAATGTGTCA CTGTGTTTCCTTGTCCGACCT
hShp2 AAAGGGGAGAGCAATGACGG CTCCACCAACGTCGTATTTCA 
MMP2 ACCTGAACACTTTCTATGGCTG CTTCCGCATGGTCTCGATG
MMP3 GGCCTGGAACAGTCTTGGC TGTCCATCGTTCATCATCGTCA
MMP9 GCAGAGGCATACTTGTACCG TGATGTTATGATGGTCCCACTTG
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
TNF-α CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
Arg-1 CTCCAAGCCAAAGTCCTTAGAG GGAGCTGTCATTAGGGACATCA 
Fizz1 CCAATCCAGCTAACTATCCCTCC ACCCAGTAGCAGTCATCCCA
YM-1 CAGGTCTGGCAATTCTTCTGAA GTCTTGCTCATGTGTGTAAGTGA
IL-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC

the upper surface of the me- 
mbrane were removed with 
cotton swabs, and the cells 
on the lower surface of the 
membrane are the migrated 
or the invaded cells. After 
fixed with ice‑cold methanol, 
stained with 0.1% crystal vio-
let, the cells that passed 
through the filter were photo-
graphed by inverted micro- 
scope.

For Shp2 inhibition, BMDMs 
were pre-treated with the 
Shp2-specific pharmacologi-
cal inhibitor PHPS1 (20 μM) 
(Santa Cruz Biotechnology, 
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log-rank test was performed to evaluate the 
survival differences. The relationship between 
Shp2 expression on TAMs and CRC clinical fea-
tures was analyzed with the Chi-square test. 
P-value < 0.05 was considered statistically 
significant.

Results

In patients with colorectal cancer, Shp2 ex-
pression on TAMs is negatively associated with 
liver metastasis

Before investigating the potential role of Shp2 
on macrophages in the tumor microenviron-

Shp2 expression was significantly lower 
(23.68%) (Figure 1B).

In TME, CRC cells upregulate Shp2 expression 
on macrophages

To assess the expression of Shp2 on TAMs, we 
first used the colon cancer mouse cell line 
CT26 to subcutaneously injected into the nude 
mice and macrophages were isolated either 
from tumors or spleens. As shown in Figure 2A, 
high expression of Shp2 was detected in tumor 
macrophages whereas splenic macrophages 
expressed low levels of Shp2. We also deter-
mined the Shp2 expression on BMDMs after 

Figure 1. Shp2 expression on TAMs in colorectal cancer is associated with 
liver metastasis and is a favorable prognostic factor. (A) Immunohistochemi-
cal staining for CD68 and Shp2 in consecutive sections of colorectal cancer 
tissues. Patient A with no liver metastasis shows strong staining of Shp2 (b) 
in CD68 positive staining (a) sections of CRC. Patient B with liver metastasis 
shows weak staining of shp2 (d) in CD68 positive staining (c) sections of 
CRC. (magnification × 200). (B) Relationship between Shp2 expression on 
TAMs and survival rates in the detected human colorectal cancer patients. 
Patients with low Shp2 expression on TAMs had significantly poorer progno-
sis than those with high Shp2 expression on TAMs (P < 0.0001).

ment (TME) in colorectal can-
cer (CRC), we examined its 
expression in CRC tissues. 
Immunohistochemical expres-
sions of Shp2 and CD68, a cell 
marker for macrophages in 
consecutive sections of CRC 
tissues were evaluated. We 
graded the macrophages’ im- 
munostaining of Shp2 protein 
according to the percentage of 
Shp2 positive-staining num-
bers of CD68 per high power 
field. Less than 50% was 
defined as low expression and 
more than that was defined as 
high. Figure 1A shows repre-
sentative IHC staining of high 
Shp2 (upper panel) and low 
Shp2 expressions (down panel) 
on TAMs. The results showed 
41 CRC patients (50.6%) had 
low Shp2 expression. More- 
over, the association between 
Shp2 expression on TAMs and 
the clinical parameters was 
investigated. As shown in Table 
2, the Shp2 expression levels 
on TAMs was significantly cor-
related with liver metastasis (P 
< 0.0001) and CEA level (P = 
0.0027).

The 5-year survival rate was 
76.74% in the CRC patients 
with high Shp2 expression on 
TAMs in their primary lesions, 
whereas the 5-year survival 
rate of the patients with low 
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direct co-cultured with CT26 cells (Figure 2B). 
In consistent with the in vivo results, TAMs 
expressed high levels of Shp2. So as Thp-1 
cells or BMDMs after indirect co-cultured with 
another human colon cancer cell line LoVo cells 
or CT26 cells (Figure 2C). Furthermore, Shp2 
expression was also up-regulated on BMDMs 
stimulated with CT26 cell culture supernatants 
(Figure 2D). Together, these results imply that 
in TME, CRC might have an impact on Shp2 
expression on TAMs. 

To test the Shp2 expression in M1 and M2 
TAMs, we first detected the polarization of 
BMDMs after co-cultured with CRC cells which 
the expression of Shp2 was upregulated. As 
shown in Supplementary Figure 1A, macro-
phages have no clear polarization after co-cul-
tured with CT-26 cells. Then we checked the 
Shp2 expression in macrophages stimulation 
either with LPS plus IFN-γ or IL-4 which differen-
tiated to M1 or M2 macrophages. 24 hours 

improved (Figure 3B and 3C). Consistent with 
the above findings, pretreatment of BMDMs 
with a Shp2 inhibitor PHPS1 increased the 
migration capacity of MC38 cells after co-cul-
ture (Figure 3D). Taken together, our results 
indicate that Shp2 on TAMs negatively regulate 
CRC cells invasion and migration.

Absence of Shp2 on macrophages promotes 
M2-like polarization of TAMs in TME

It is well known that macrophages in tumor 
microenvironment can be educated to M1 or 
M2 polarization. However, it is unknown in CRC 
whether Shp2 expression on macrophages is 
involved in this process. Our data showed th- 
at loss of Shp2 in BMDMs significantly sup-
pressed the expressions of the M1-associated 
genes encoding iNOS, IL-6 and TNF-α, whereas 
there was a marked elevation in the expres-
sions of the M2-associated genes, including 
Arg-1, Fizz1, Ym-1 and IL-10 (Figure 4A and 

Table 2. Clinicopathologic characteristics of shp2 expression 
on TAMs in human CRC

Characteristics
Shp2 Expression levels in TAMs

χ2 P-value
Low (n = 41) High (n = 40)

Age   0.01 0.92
    ≥ 60 22 21   
    < 60 19 19   
Gender   2.171 0.14
    Female 21 14   
    Male 20 26   
T factor   0.51 0.47
    T1+T2 4 6   
    T3+T4 37 34   
N factor   1.48 0.22
    N0 16 21   
    N1+N2 25 19   
M factor   37.37 < 0.0001
    M0 7 34   
    M1 34 6   
Differentiation   0.99 0.61
    Well 1 0   
    Moderate 20 20   
    Poor 20 20   
Tumor location   3.6 0.059
    rectal 15 23   
    colon 26 17   
CEA (ng/ml)   9.01 0.0027
    ≥ 5 29 15   
    < 5 12 25   

later, RNA or proteins were extra- 
cted to determine the Shp2 ex- 
pression. Results were shown in 
Supplementary Figure 1B. We found 
that the level of Shp2 in M1 and M2 
TAMs was similar.

Absence of Shp2 on TAMs pro-
motes CRC cells invasion and mi-
gration

To confirm our clinical observations 
that Shp2 on TAMs might inhibit the 
CRC metastasis, we investigated 
the migration and invasion of CRC 
cells in a co-culture model. CT26 
cells were co-cultured with BMD- 
Ms isolated from myeloid-restricted 
Shp2 deficiency (LysMCre/+Shp2flox/

flox, Shp2MKO) mice and their wild 
type controls (Shp2flox/flox, Shp2MWT). 
We first determined the expressi- 
ons of matrix metalloproteinase 2 
(MMP2), MMP3 and MMP9 in CT26 
cells after 24 hours. Results re- 
vealed that all the MMPs detected 
were up-regulated in CT26 cells 
after indirect or direct co-cultured 
with BMDMs from Shp2MKO mi- 
ce (Figure 3A and Supplementary 
Figure 2A). As expected, the migra-
tion and invasion ability of CT26 
cells or MC38 cells after co-cultured 
with Shp2MKO BMDMs were also 
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Supplementary Figure 2B). The secretion of 
TNF-α, IL-6 and IL-10 were also determined by 
the ELISA. In consistent with the mRNA expres-
sion, the decreased level of IL-6 and TNF-α  
production and elevated level of IL-10 pro- 
duction were also detected (Figure 4B and 
Supplementary Figure 2C). Collectively, our 
results indicate that Shp2 is required for the 
activation of macrophages toward M1 polari- 
zation.

Inhibition of p-STAT3 or activation of p-NF-κB 
p65 reverses the Shp2-/- induced cells migra-
tion 

To elucidate the molecular mechanisms re- 
sponsible for Shp2 induced polarization of 
macrophages in TME, we analyzed the activa-
tions of relevant signaling pathways. As expect-
ed, co-culture of CRC cells and macrophages 
could activate the phosphorylation of MAPKs, 

Figure 2. In TME, CRC cells upregulate Shp2 expression on macrophages. A. CT26 cells were injected into the right 
flanks of nude mice. 3 weeks later, mice were euthanasiad, tumors and spleens were collected for macrophages 
isolation. The mRNA and protein expression of Shp2 in isolated macrophages were determined by RT-qPCR and 
western blotting, respectively. Results were obtained from 2 independent experiments and are expressed as the 
means ± SEM. B. BMDMs were direct co-cultured with CT26 cells for 36 hours before macrophages were isolated 
to determine the Shp2 mRNA and protein expression. C. Thp-1 cells or BMDMs were indirect co-cultured with LoVo 
cells or CT26 cells, respectively for 36 hours. The mRNA and protein expression of Shp2 in Thp-1 cells or BMDMs 
were determined by RT-qPCR and western blotting, respectively. D. BMDMs were stimulated with CT26 conditioned 
medium for 24 or 48 hours before cells were collected for western blotting to determine the Shp2 expression. Re-
sults were obtained from 3 independent experiments and are expressed as the means ± SEM.
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Figure 3. Absence of Shp2 on TAMs promotes CRC cells invasion and migration. A. CT26 cells were in-direct co-
cultured with BMDMs isolated from Shp2MWT or Shp2MKO mice for 24 hours before CT26 cells were collected for 
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NF-κB p65, STAT3 and STAT1 (Figure 5A and 
Supplementary Figure 3). However, deletion of 
Shp2 caused a remarkable enhanced phos-
phorylation of STAT3 and decreased phosphor-
ylation of NF-κB p65. To further determine 
whether STAT3 or NF-κB p65 was involved in 
the regulating of CRC cells migration led by 
Shp2-/- TAMs, we used either AG490 to inhi- 
bit STAT3 activation or PMA to activate NF-κB 
before CRC cells were co-cultured with BMDMs. 
As shown in Figure 5B, either inhibition of 
STAT3 or activation of NF-κB could reverse the 

showed more evident liver metastasis and had 
a greater metastatic burden (11.8 ± 4.5 vs 
28.1 ± 5.5, P = 0.042). H&E staining also sup-
ported the results. These findings strongly indi-
cate that Shp2 knock-out macrophages in TME 
could enhance the metastatic capability of CRC 
cells. 

Discussion

TAMs affect tumor migration, invasion, epitheli-
al-mesenchymal transition, metastasis and is 

RNA or protein extraction. The mRNA or protein expressions of MMP2, MMP3 and MMP9 were determined. B. CT26 
cells were co-cultured with BMDMs isolated from Shp2MWT or Shp2MKO mice for 36 hours before migration and in-
vasion capacity of CT26 cells were determined. C. MC38 cells were co-cultured with BMDMs isolated from Shp2MWT 
or Shp2MKO mice for 36 hours before migration capacity was determine. D. BMDMs were pre-treated with PHPS1 at 
20 μM or DMSO for 1 hour before co-cultured with MC38 cells and migration of MC38 cells was determined. Repre-
sentative images of migration or invasion were taken. Results are expressed as mean ± S.E.M. *P < 0.05, **P < 0.01.

Figure 4. Absence of Shp2 on macrophages promotes M2-like polarization 
of TAMs in TME. CT26 cells were in-direct co-cultured with BMDMs isolated 
from Shp2MWT or Shp2MKO mice, A. 24 hours after co-culture, BMDMs were 
collected for RNA extraction and mRNA expressions of iNOS, IL-6, TNF-α, 
Arg-1, Fizz1, YM-1 and IL-10 were determined by RT-qPCR. B. Or 24 or 48 
hours after co-culture, supernatants were collected for ELISA to determine 
the IL-6, TNF-α and IL-10 production. Results were obtained from 3 inde-
pendent experiments and are expressed as the means ± SEM. *P < 0.05, 
**P < 0.01.

Shp2 knock-out on TAMs in- 
duced MMPs up-regulation. So 
as the migratory ability of CT26 
cells (Figure 5C). 

Shp2 knock-out macrophages 
in TME promotes tumor me-
tastasis in mice

Since Shp2 had an important 
role in regulating the polari- 
zation of macrophages and  
an inhibitory role in regulating 
CRC cells migration and inva-
sion, thus we wondered whe- 
ther Shp2 knock-out macro-
phages in TME could affect 
tumor progression. Since clo-
dronate liposomes could de- 
plete mature macrophages, we 
intravenously injected clodro-
nate liposomes into the nude 
mice 48 hours prior to implan-
tation of mixture of CT26 cells 
and macrophages in spleens. 
Mice were sacrificed 25 days 
after injection, livers and sp- 
leens were harvested and liver 
metastases were enumerated. 
The flow diagram of experi-
ment was shown in Figure 6A. 
All the mice showed liver me- 
tastasis at 25 days after the 
injection of the mixture of cells 
(Figure 6B). However, the mice 
injected with the mixture of 
CT26 and Shp2MKO BMDMs 
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Figure 5. Inhibition of p-STAT3 or activation of p-NF-κB p65 reverses the Shp2-/- induced cells migration. A. CT26 
cells were in-direct co-cultured with BMDMs for 24 hours before proteins were extracted from BMDMs for western 
blot analysis to detect the p-NF-κB p65, NF-κB p65 and p-STAT3 expressions. Shp2MWT or Shp2MKO BMDMs were ei-
ther pre-treated with AG490 at 100 µM for 1 hour or PMA at 20 ng/ml for 6 hours before co-cultured with CT26 cells. 
B. 24 hours later, proteins were extracted, and western blotting was performed to determine the p-NF-κB p65, NF-κB 
p65 and p-STAT3 expressions in BMDMs and the MMP2, MMP3 and MMP9 expressions in CT26 cells. Results were 
representative of 3 independent experiments. C. At 36 hours later, migration capacity was determined by Transwell 
migration assay. Results were obtained from 3 independent experiments and representative images are presented. 
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closely associated with cancer prognosis [17, 
18]. Till now, little is known about the mecha-
nism by which molecules induce TAMs polariza-
tion and contributes to tumor progression. 
Some molecules have been reported to be 
associated with TAMs polarization and play the 
anti- or pro-tumor effects. For example, Ron 
receptor tyrosine kinase on TAMs promotes 
tumor growth by attenuating M1 phenotype 
and promoting expression of Arg1, through a 
Stat6-independent mechanism [19]. In glio-
blastoma multiforme (GBM), coagulation factor 
X (FX) promotes macrophages toward M2 sub-
type polarization, thus accelerating GBM 
growth [20]. Our group also reported that α7 
nicotinic acetylcholine receptor (α7nAChR) in 
TAMs inhibits colorectal cancer metastasis 
through JAK2/STAT3 signaling pathway. In the 
present study we elucidated the role of tyrosine 

levels of Shp2 in the CD4+T cells was down-reg-
ulated as tumor development and CD4+T cell-
specific deletion of Shp2 promotes melanoma 
metastasis resulted from the increased release 
of inflammatory cytokines and the enhanced 
accumulation of tumor-promoting myeloid-de- 
rived suppressor cells in tumor-bearing mice 
[25]. Later Guo et al. proved that ablation or 
inhibition of Shp2 in macrophages causes 
intensified NLRP3 activation that lead to over-
production of proinflammatory cytokines [26]. 
In our study, we found that Shp2 expression on 
TAMs is negatively associated with CRC liver 
metastasis and high Shp2 is related to the 
favorable prognostic in CRC. We also found 
deletion of Shp2 in macrophages drove M2 
activation after co-cultured with CRC cells, 
which promotes cells migration and invasion. 
Skewing macrophages activation toward M1 

Figure 6. Shp2 knock-out macrophages in TME promotes tumor metastasis 
in mice. A. Flow diagram of establishment of spleen-liver model of metasta-
sis of CRC cells. 200 μL of clodronate liposomes were intravenously inject-
ed into the nude mice and randomly divided into two groups. 2 days later, 
mixture of CT26 cells and Shp2MWT or Shp2MKO BMDMs were implanted 
into spleens. 25 days later, mice were sacrificed, livers and spleens were 
harvested. B. Numbers of liver metastases were enumerated, and H&E 
staining was performed. Results were obtained from 2 independent experi-
ments and are expressed as the means ± SEM. Statistical significance was 
determined by Student’s t‑test. Representative images are presented. *P < 
0.05.

phosphatase Shp2 in regulat-
ing TAMs polarization into the 
M1 phenotype thus play the 
anti-tumor role in CRC. The 
absence of Shp2 in TAMs re- 
sulted in enhanced activation 
of STAT3 and decreased the 
activation of NF-κB signaling. 

Shp2 is ubiquitously expressed 
in cancer cells and immune 
cells such as T cells, macro-
phages and has been implicat-
ed to promote or inhibit tumor 
progression [21, 22]. Some 
studies revealed Shp2 in im- 
mune cells has the pro-tumor 
role which was related to in- 
flammation. For example, Shp2 
deficiency in CD4+T cells inhib-
its the development of azoxy-
methane-DSS-induced colitis-
associated colorectal cancer 
[23]. Recently, Xiao et al. also 
found that expression of Shp2 
was increased in colonic mac-
rophages and blood mono-
cytes from IBD patients and 
Shp2 deficiency in macroph- 
ages protects mice from colitis 
and colitis-driven colon cancer 
[24]. However, Shp2 in CD4+T 
cells also could down-regulate 
the inflammation thus inhibit-
ing tumor progression. Zhao et 
al. found that in melanoma, the 
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polarization was consistent with Tao’s results 
on BLM-induced pulmonary fibrosis [27]. 

Re-educating TAMs in TME has been consid-
ered to be a promising strategy to induce the 
effective switching of the tumor-promoting mi- 
croenvironment to the tumor-inhibiting micro-
environment. We have shown that CRC cells 
can up-regulate Shp2 expression on TAMs 
through direct interaction and paracrine effect 
(Figure 2B), suggesting that this might one of 
the mechanisms used by immune cells to main-
tain the tissue homeostasis and immune sur-
veillance against tumors. Further analyses of 
how Shp2 expression was up-regulated are cur-
rently underway in order to obtain a better 
understanding of the pivotal roles of TAMs in 
CRC. Since high Shp2 expression is associated 
with the favorable prognostic in CRC, we specu-
lated that some tumor cells may escape the 
immune surveillance through Shp2 expression 
anergy, thus skew the TAMs toward M2 polar-
ization which lose its anti-tumor effects.  

In conclusion, our present study reveals that 
Shp2 on TAMs is negatively associated with 
liver metastasis and high Shp2 is related to the 
favorable prognostic in CRC. Since Shp2 on 
TAMs promotes a functional shift towards  
M1 polarization which benefits its anti-tumor 
effects against CRC, the development of per-
sonalized therapeutic targets with the TAMs-
based or Shp2-based treatment strategies are 
feasible. 
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Supplementary Figure 1. There was no difference of Shp2 expression in M1 macrophages and M2 macrophages. 
A. BMDMs were co-cultured with CT26 cells for 24 hours before RNA was collected to determine the iNOS, IL-6, 
TNF-α, Arg-1, Fizz1, YM-1 and IL-10 expressions. B. BMDMs were stimulated with LPS (10 ng/mL) plus IFN-γ (20 
ng/mL) (polarized to M1) or IL-4 (20 ng/mL) (polarized to M2) for 24 hours before RNA or proteins were extracted. 
The expressions of Shp2, IL-6, TNF-α, Arg-1, Fizz1, YM-1 and IL-10 were determined. Results were obtained from 3 
independent experiments and are expressed as the means ± SEM.
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Supplementary Figure 2. Knock out of Shp2 on macrophages promotes MMPs expressions on CT26 cells and M2-
like polarization of TAMs in TME. (A) CT26 cells were direct co-cultured with Shp2MWT or Shp2MKO BMDMs for 24 
hours before macrophages were isolated by anti-F4/80 microbeads and then CT26 cells were collected for RNA or 
protein extraction. The mRNA or protein expressions of MMP2, MMP3 and MMP9 were determined by RT-qPCR or 
western blotting, respectively. (B) CT26 cells were direct co-cultured with BMDMs isolated from Shp2MWT or Shp2M-

KO mice for 24 hours, (B) BMDMs were collected for RNA extraction and mRNA expressions of iNOS, IL-6, TNF-α, 
Arg-1, Fizz1, YM-1 and IL-10 were determined by RT-qPCR. (C) Supernatants were collected for ELISA to determine 
the IL-6, TNF-α and IL-10 production. Results were obtained from 3 independent experiments and are expressed as 
the means ± SEM. *P < 0.05, **P < 0.01.
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Supplementary Figure 3. Deletion of Shp2 on TAMs has no effects on the activation of MAPKs, STAT1 and AKT. 
CT26 cells were in-direct co-cultured with BMDMs isolated from Shp2MWT or Shp2MKO mice for 24 hours before 
proteins were extracted from BMDMs for western blot analysis to detect the p-ERK, ERK p-P38, P38, p-JNK, JNK, 
p-AKT, AKT, p-STAT1 and STAT1 expression levels. Results were representative of 3 independent experiments.


