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Abstract
Submucosal invasion and lymph node metastasis are important issues affecting 
treatment options for early colorectal cancer (CRC). In this study, we aimed to unravel 
the molecular mechanism underlying the invasiveness of early CRCs. We performed 
RNA- sequencing (RNA- seq) with poorly differentiated components (PORs) and their 
normal counterparts isolated from T1 CRC tissues and detected significant upregula-
tion of serum amyloid A1 (SAA1) in PORs. Immunohistochemical analysis revealed 
that SAA1 was specifically expressed in PORs at the invasive front of T1b CRCs. 
Upregulation of SAA1 in CRC cells promoted cell migration and invasion. Coculture 
experiments using CRC cell lines and THP- 1 cells suggested that interleukin 1β (IL- 1β) 
produced by macrophages induces SAA1 expression in CRC cells. Induction of SAA1 
and promotion of CRC cell migration and invasion by macrophages were inhibited by 
blocking IL- 1β. These findings were supported by immunohistochemical analysis of 
primary T1 CRCs showing accumulation of M1- like/M2- like macrophages at SAA1- 
positive invasive front regions. Moreover, SAA1 produced by CRC cells stimulated 
upregulation of matrix metalloproteinase- 9 in macrophages. Our data suggest that 
tumor- associated macrophages at the invasive front of early CRCs promote cancer 
cell migration and invasion through induction of SAA1 and that SAA1 may be a pre-
dictive biomarker and a useful therapeutic target.
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1  | INTRODUC TION

Colorectal cancer (CRC) is a leading cause of cancer death world-
wide, and endoscopic resection of premalignant lesions or early 
CRCs can reduce mortality from CRC. Recent development of en-
doscopic therapy enables us to resect CRCs showing submucosal in-
vasion (T1 CRC), though many T1 CRCs require additional intestinal 
resection with lymph node dissection due to possible lymph node 
metastasis (LNM).1- 3 Development of accurate predictive markers 
for metastasis would thus be highly useful when making treatment 
decisions regarding T1 CRCs.

Several studies have reported histological factors predictive of 
LNM. These include depth of submucosal invasion ≥1000 μm (T1b), 
positive lymphovascular invasion, tumor budding grade 2/3 and the 
presence of poorly differentiated components (PORs). According to 
the Japanese Society for Cancer of the Colon and Rectum (JSCCR) 
guidelines 2019, intestinal resection with lymph node dissection is 
recommended for T1 CRCs with any of those risk factors.3 However, 
the incidence of LNM in T1b CRCs without other risk factors is only 
1.3%, suggesting that additional surgery after endoscopic therapy 
may be overtreatment for the majority of these tumors.3 Thus, the 
accuracy of the current LNM prediction system using pathological 
examination remains unsatisfactory.

We suggest that a fuller understanding of the molecular mecha-
nisms underlying submucosal invasion and metastasis would lead to 
the discovery of novel biomarkers and therapeutic targets in CRC. 
It is well documented that CRCs arise through accumulation of ge-
netic and epigenetic alterations, including mutations of oncogenes 
and tumor suppressor genes.4,5 It is also generally accepted that 
CRCs can exhibit either of two genetic instabilities, chromosomal 
instability or microsatellite instability, which are acquired during 
progression from premalignant tumors to CRC.6- 9 Moreover, com-
prehensive transcriptomic analyses revealed that molecular sub-
types of CRCs are strongly associated with clinical outcome,10,11 and 
more recent studies demonstrated that key regulators of intestinal 
tissue differentiation are aberrantly expressed in poorly differenti-
ated CRCs.12,13 However, most of those studies were performed on 
advanced tumors, and the molecular features associated with the 
malignant behavior of T1 CRCs have not been fully elucidated.

In the present study, we aimed to unravel the molecular mecha-
nism underlying the invasiveness of early CRCs with PORs. To that 
end, we focused on PORs in T1b CRC, which is an important risk 
factor for LNM. We found that serum amyloid A1 (SAA1) is specif-
ically upregulated at the invasive front of T1b CRCs. We also show 
that tumor- associated macrophages (TAMs) may promote CRC cell 
migration and invasion through upregulation of SAA1 in CRC cells.

2  | MATERIAL S AND METHODS

2.1 | Tissue samples

Primary T1 CRCs with PORs were collected from Japanese patients 
(n = 2) who underwent surgical resection at Teine- Keijinkai Hospital 

and were used for RNA- sequencing (RNA- seq) analysis. PORs were 
defined as described previously.14 PORs and adjacent normal com-
ponents were isolated using laser capture microdissection, after 
which total RNA was extracted. In addition, a total of 97 Tis (car-
cinoma in situ) or T1 CRCs were collected from Japanese patients 
at Teine- Keijinkai Hospital and Sapporo Medical University Hospital 
between 2013 and 2019. Tumors were treated with endoscopic 
mucosal resection, endoscopic submucosal dissection, or surgical 
resection, after which histological analyses were carried out. The 
lesions were examined by a pathologist (AT) and diagnosed based 
on World Health Organization criteria and JSCCR guidelines.3,15 T1 
tumors were divided into two groups based on the depth of inva-
sion: T1a (invasion depth <1000 μm) and T1b (≥1000 μm). Informed 
consent was obtained from all patients. Approval of this study was 
obtained from the Intuitional Review boards of Sapporo Medical 
University and Teine- Keijinkai Hospital.

2.2 | RNA- seq analysis

Total RNA was extracted using an RNeasy Mini kit (Qiagen), after 
which the quality of the RNA samples was assessed using an Agilent 
2100 Bioanalyzer (Agilent Technologies) with an Agilent RNA6000 
nanokit (Agilent Technologies). RNA- seq was performed using a 
TruSeq RNA Access Library Prep Kit (Illumina) and HiSeq 2500 
(Illumina) according to the manufacturer's standard protocols. The 
RNA- seq data were then analyzed using Strand NGS software 
(Agilent Technologies).

2.3 | Immunohistochemistry and 
clinicopathological analysis

Immunohistochemistry was performed as described previously.16 
A rabbit anti- human SAA1 monoclonal antibody (1:1000 dilution, 
ab19802; Abcam), a mouse anti- CD80 monoclonal antibody (1:100 
dilution, MAB140; R&D Systems), a mouse anti- CD163 monoclo-
nal antibody (1:200 dilution, NCL- L- CD163; Leica Biosystems), a 
mouse anti- CD68 monoclonal antibody (1:100 dilution, sc- 20060; 
Santa Cruz Biotechnology), a goat anti- interleukin 1β (IL- 1β) poly-
clonal antibody (1:25 dilution, AF- 201- NA; R&D Systems), and a rab-
bit anti- matrix metalloproteinase- 9 (MMP- 9) monoclonal antibody 
(1:2000 dilution, ab76003; Abcam) were used. Stained slides were 
scanned using a NanoZoomer 2.0HT (Hamamatsu Photonics), and 
virtual slides were observed using NDP.view2 software (Hamamatsu 
Photonics). The range of the invasive front was defined as the area 
within 700 µm from tumor cells located at the invasive front. When 
the invasive front contained subcomponents with different his-
tological grades, pictures were taken of three random areas in the 
respective subcomponents. In addition, for quantitative analysis of 
macrophage markers, pictures were taken of three random areas 
at the invasive front and the centers of the tumors. Areas positive 
for the macrophage markers were measured using ImageJ soft-
ware (NIH) after performing hematoxylin- diaminobenzidine (DAB) 



     |  4153SUDO et al.

separation, as described.17,18 A method of double staining immuno-
histochemistry is described in Methods S1.

2.4 | Quantitative reverse- transcription PCR (qRT- 
PCR)

Single- stranded cDNA was prepared using a PrimeScript RT Reagent 
Kit with gDNA Eraser Perfect Real Time (Takara Bio Inc). qRT- PCR 
was performed using SYBR Select Master Mix (Thermo Fisher 
Scientific) with a 7500 Fast Real- Time PCR System (Thermo Fisher 
Scientific). β- actin (ACTB) was used as an endogenous control. Primer 
sequences are listed in Table S1.

2.5 | Cell culture and preparation of conditioned 
medium (CM)

CRC cell lines (Caco2, HCT116, RKO, SW48, SW480, SW620, and 
T84) were obtained and cultured as described previously.19 Cancer- 
associated fibroblasts (CAFs) derived from human CRC tissue were 
purchased from Vitro Biopharma and cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 20% fetal bovine serum 
(FBS) and 1% antibiotic- antimycotic (Thermo Fisher Scientific). To 
test the effect of IL- 1β on SAA1 expression, CRC cells were treated 
with 10 ng/mL recombinant human IL- 1β (PeproTech) for up to 
48 hours. The THP- 1 human acute monocytic leukemia cell line was 
purchased from KAC Co. and cultured in RPMI- 1640 supplemented 
with 10% FBS and 1% antibiotic- antimycotic. Macrophages were 
prepared as described previously.20 Briefly, to induce macrophages, 
THP- 1 cells (2 × 105 cells in six- well plates) were treated for 24 hours 
with 50 nmol/L phorbol 12- myristate 13- acetate (PMA; Sigma- 
Aldrich). To induce TAM- like cells, THP- 1- derived macrophages were 
indirectly cocultured with CRC cells (1 × 105 cells in upper chamber) 
for 48 hours. To obtain CM from macrophages, cells were incubated 
in serum- free medium for 24 hours, after which collected CM was 
filtered through a 0.2- μm filter. To test the effect of SAA1 on MMP- 9 
expression, macrophages were treated for 24 hours with 500 ng/mL 
recombinant human Apo- SAA (PeproTech).

2.6 | siRNA and expression vectors

For SAA1 knockdown, CRC cells (3 × 105 cells in six- well plates) were 
transfected with 30 pmol of Silencer Select Pre- designed siRNA 
(siSAA1- 1, s230673; SAA1 siSAA1- 2, s230674; Thermo Fisher 
Scientific) or Silencer Select Negative Control No. 1 siRNA (Thermo 
Fisher Scientific) using Lipofectamine RNAiMAX (Thermo Fisher 
Scientific). A full- length SAA1 cDNA was amplified by PCR using 
cDNA derived from SW480 cells and was cloned into pLenti6/V5- 
DEST. A lentiviral expression vector (pLenti6- SAA1) was then con-
structed using a ViraPower Lentiviral Expression System (Thermo 
Fisher Scientific) as described.21 Primer sequences are listed in 
Table S1.

2.7 | Cell viability assays

Cells were transfected with siRNAs or infected with a lentiviral vec-
tor as described above and seeded into 96- well plates (5 × 103 cells 
per well). Cell viability assays were carried out using a Cell Counting 
kit- 8 (Dojindo) according to the manufacturer's instructions.

2.8 | Cell migration and invasion assays

Cells were transfected with siRNAs or infected with a lentiviral 
vector, after which transwell migration and invasion assays were 
performed as described.19 Cells (1 × 105 to 5 × 104 cells) in serum- 
free medium were seeded into the upper chamber. Culture medium 
with 10% FBS, CM, or 1 × 105 macrophages was added to the lower 
well. To test the effect of IL- 1β, recombinant human IL- 1β (10 ng/mL; 
PeproTech) was added to the upper chambers and lower wells. For 
neutralization of IL- 1β, a goat anti- IL- 1β polyclonal antibody (500 ng/
mL, AF- 201- NA; R&D Systems) or a normal goat IgG control (500 ng/
mL, AB- 108- C; R&D Systems) was added to the upper chambers and 
lower wells.

2.9 | Three- dimensional culture

Three- dimensional (3D) culture was performed as described previ-
ously.22 Briefly, a mixture of 2.5 × 105 CAFs and 1 mL of type I col-
lagen gel were placed in 12- well plates (Cellmatrix type I- A, Nitta 
Gelatin Inc) and incubated for 30 minutes. CRC cells (3 × 105 cells) 
were then seeded onto the gel and cultured in DMEM supplemented 
with 20% FBS. On day 7, the gels were transferred to six- well plates. 
On day 21, the gels were fixed with 10% formaldehyde and stained 
with hematoxylin/eosin. Areas of invasion were measured using 
ImageJ software (NIH) in five randomly selected fields per gel.

2.10 | Enzyme- linked immunosorbent assays

CRC cells were treated for 48 hours with or without recombinant 
human IL- 1β (10 ng/mL, PeproTech), after which SAA1 levels in cul-
ture supernatants were determined using a Human SAA ELISA kit 
(Abcam). Medium conditioned by macrophages was prepared as de-
scribed above. Levels of IL- 1β and MMP- 9 in the CM were analyzed 
using a Human IL- 1 beta/IL- 1F2 Quantikine ELISA kit (R&D Systems) 
and a Human MMP- 9 Quantikine ELISA kit (R&D Systems) according 
to the manufacturer's instructions.

2.11 | Statistical analysis

Fisher's exact test or chi- squared test was used for analysis of cat-
egorical data. Quantitative variables were analyzed using Student's 
t- tests or ANOVA with post hoc Tukey's tests. Values of P < .05 (two 
sided) were considered statistically significant. Statistical analyses 
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were carried out using R ver. 3.3.0 (The R Foundation for Statistical 
Computing).

3  | RESULTS

3.1 | SAA1 is upregulated in PORs at the invasive 
front of T1 CRCs

To identify genes associated with invasiveness and metastasis of 
early CRCs, we isolated PORs from two T1b CRC tissue samples and 
from corresponding normal colorectal tissues (Figure 1A). RNA- seq 
analysis revealed a series of genes that were upregulated in PORs as 
compared with normal tissues (Figure 1B; Table S2). Among these 
genes, we noted striking upregulation of SAA1. We therefore ex-
amined expression of SAA1 in a series of Tis (carcinoma in situ) and 
T1 CRCs (training set, n = 45). Immunohistochemistry revealed that 
SAA1 expression was not associated with age, gender, tumor loca-
tion, or tumor size (Table 1). However, SAA1 was frequently ex-
pressed at the invasive front of T1b CRCs, whereas its expression 
was negative in all Tis tumors tested (Table 1; Figure 1C). We also 
found that SAA1 is significantly associated with tumor depth, lym-
phatic invasion, higher budding grades, and the presence of PORs 
at the invasive front of T1 CRCs (Table 1). We next examined SAA1 

expression in an independent validation set which consists of T1a 
and T1b CRCs (n = 52). Because the validation set did not contain Tis 
CRCs, SAA1 did not correlate with tumor depth or lymphatic inva-
sion (Table 2). Nonetheless, we observed the positive correlation be-
tween SAA1 staining and the presence of POR at the invasive front 
(Table 2). Because CRCs often exhibit multiple histological grades 
within the same tumors, we carefully examined SAA1 expression in 
93 areas with different histological grades among the validation set 
tumors (Figures 1C and S1). As summarized in Figure 1D, SAA1 was 
strongly associated with more advanced grades.

3.2 | SAA1 promotes migration and invasion by 
CRC cells

We next analyzed the function of SAA1 in CRC cells. Real- time qRT- 
PCR analysis revealed that SAA1 is expressed at various levels in 
CRC cell lines, among which SW480 showed the highest expres-
sion (Figure 2A). We therefore transfected SW480 cells with siR-
NAs targeting SAA1 (siSAA1- 1 and - 2) and were able to successfully 
deplete SAA1 mRNA (Figure 2B). Subsequent cell viability assays 
indicated that SAA1 knockdown did not affect CRC cell prolifera-
tion (Figure 2C). By contrast, depletion of SAA1 strongly suppressed 
migration and invasion by CRC cells (Figure 2D,E). To confirm these 

F I G U R E  1   Identification of serum 
amyloid A1 (SAA1) upregulation in poorly 
differentiated components (PORs) of T1 
colorectal cancers (CRCs). A, A histological 
view of a representative T1 CRC with 
POR. Regions isolated using laser capture 
microdissection are indicated by red and 
blue circles. B, A volcano plot of RNA- seq 
analysis. Genes upregulated in PORs are 
indicated in red. C, Hematoxylin and eosin 
(H&E) staining and immunostaining of 
SAA1 in representative T1 CRC tissues 
with the indicated differentiation grades. 
Magnified views of the boxed areas are 
shown below. Note that the normal tissue 
shown in the figure is adjacent to a tumor, 
and the right upper area in the low- power 
view contains SAA1- positive CRC cells. D, 
Proportions of SAA1- positive areas in T1 
CRCs with the indicated grades
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results, we infected HCT116 cells with a lentiviral expression vector 
and established HCT116 cells stably expressing SAA1 (Figure 2F). 
Consistent with the knockdown experiments, ectopic expression of 
SAA1 did not affect CRC cell proliferation, but it significantly pro-
moted migration and invasion (Figure 2G- I). The ability of ectopic 
SAA1 expression to enhance the invasiveness of HCT116 cells was 
then further confirmed by evaluation of 3D collagen gel cocultures 
(Figure 2J).

3.3 | IL- 1β induces SAA1 expression and promotes 
CRC cell migration and invasion

Earlier studies showed that IL- 1β induces SAA1 expression in hepat-
ocytes and cancer cells.23,24 When we treated HCT116 cells with 

recombinant human IL- 1β, we detected time- dependent upregula-
tion of SAA1 expression over the course of 48 hours (Figure 3A), 
and ELISAs revealed elevated levels of secreted SAA1 in culture 
medium conditioned by HCT116 cells treated with IL- 1β (Figure 3B). 
Treatment with IL- 1β also promoted migration and invasion by CRC 
cells (Figure 3C). Notably, SAA1 knockdown in IL- 1β– treated CRC 
cells (Figure S2) significantly diminished their migration and inva-
sion, suggesting that IL- 1β activates CRC cell migration and invasion 
through upregulation of SAA1 (Figure 3D).

3.4 | IL- 1β produced by macrophages induces SAA1 
expression in CRC cells

The results summarized above suggest that IL- 1β produced by can-
cer stromal cells may induce upregulation of SAA1 in CRC cells. To 
test that hypothesis, we first cocultured CRC cell lines with CAFs 

TA B L E  1   SAA1 expression and clinicopathological features of 
early CRCs in the training set

SAA1- positive SAA1- negative

Pn = 10 n = 35

Age (mean ± SD) 65.1 ± 11.5 66.6 ± 12.1 NS

Gender (n, %)

M 6 (60) 23 (66) NS

F 4 (40) 12 (34)

Location (n, %)

Right 4 (40) 11 (31) NS

Left 6 (60) 24 (69)

Size (mean ± SD) 19.0 ± 5.6 17.9 ± 10.6 NS

Depth (n, %)

Tis 0 (0) 14 (40) .03

T1a 1 (10) 4 (11)

T1b 9 (90) 17 (49)

Lymphatic invasion (n, %)

− 4 (40) 29 (83) .01

+ 6 (60) 6 (17)

Venous invasion (n, %)

− 7 (70) 31 (89) NS

+ 3 (30) 4 (11)

Budding grade (n, %)

1 3 (30) 30 (86) .001

2 or 3 7 (70) 5 (14)

POR at invasive front (n, %)

− 0 (0) 33 (94) <.001

+ 10 (100) 2 (6)

N (n, %)

− 5 (50) 26 (74) NS

+ 4 (40) 3 (9)

ND 1 (10) 6 (17)

Abbreviations: CRC, colorectal cancer; POR, poorly differentiated 
component; SAA1, serum amyloid A1.

TA B L E  2   SAA1 expression and clinicopathological features of 
T1 CRCs in the validation set

SAA1- positive SAA1- negative

Pn = 34 n = 18

Age (mean ± SD) 63.0 ± 14.0 66.4 ± 10.3 NS

Gender (n, %)

M 17 (50) 12 (67) NS

F 17 (50) 6 (33)

Location (n, %)

Right 7 (21) 3 (17) NS

Left 27 (79) 15 (83)

Size (mean ± SD) 18.1 ± 11.4 22.8 ± 19.3 NS

Depth (n, %)

T1a 4 (12) 5 (28) NS

T1b 30 (88) 13 (72)

Lymphatic invasion (n, %)

− 27 (79) 14 (78) NS

+ 7 (21) 4 (22)

Venous invasion (n, %)

− 30 (88) 14 (78) NS

+ 4 (12) 4 (22)

Budding grade (n, %)

1 23 (68) 15 (83) NS

2 or 3 11 (32) 3 (17)

POR at invasive front (n, %)

− 12 (35) 15 (83) <.01

+ 22 (65) 3 (17)

N (n, %)

− 31 (91) 18 (100) NS

+ 3 (9) 0 (0)

Abbreviations: CRC, colorectal cancer; POR, poorly differentiated 
component; SAA1, serum amyloid A1.



4156  |     SUDO et al.

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

C
ac

o2
C

ol
o3

20
D

LD
1

H
C

T1
16

H
T2

9
Lo

V
o

R
K

O
S

W
48

S
W

48
0

S
W

62
0

T8
4

R
el

at
iv

e
ex

pr
es

si
on

(S
A

A
1

/A
C

TB
)

SAA1

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 24 48 72 96

A
bs

or
ba

nc
e

h

0
20
40
60
80

100
120

si
C

trl

si
S

A
A

1-
1

si
S

A
A

1-
2R

el
at

iv
e

ex
pr

es
si

on
(%

)

(C)

0

50

100

150

LacZ SAA1

%
In

va
si

on
ar

ea

0

50

100

150

200

LacZ SAA1

%
In

va
de

d
ce

lls
pe

rf
ie

ld
s

0

20

40

60

80

100

120

%
In

va
de

d
ce

lls
pe

rf
ie

ld
s

0

20

40

60

80

100

120

%
M

ig
ra

te
d

ce
lls

pe
rf

ie
ld

s

(B)

siCtrl

siSAA1-1

siSAA1-2

(D) (E)

LacZ

SAA1

0

0.1

0.2

0.3

0.4

LacZ SAA1

LacZ

SAA1

LacZ

SAA1

(F) (G) (H)

(I) (J)

HCT116

R
el

at
iv

e
ex

pr
es

si
on

(S
A

A
1

/A
C

TB
)

SW480 SW480

SW480

HCT116 HCT116

HCT116

siSAA1-2

siCtrl

siSAA1-1

siSAA1-2

100 µm

100 µm

siSAA1-1

siCtrl SW480

0

50

100

150

Lac Z SAA1

%
M

ig
ra

te
d

ce
lls

pe
rf

ie
ld

s
**

**
**

* *
HCT116

(A)

**
**

0.0

1.0

2.0

3.0

0 24 48 72

A
bs

or
ba

nc
e

h

Lac Z

SAA1

**
**

**



     |  4157SUDO et al.

derived from primary CRC. However, coculture with CAFs did not 
lead to upregulated SAA1 expression in CRC cells (Figure S3). Next 
tested were macrophages, which we obtained by treating THP- 1 
human monocytic leukemia cells with PMA.20 Upregulation of a 
pan- macrophage marker, CD68, in the PMA- treated THP1 cells was 
confirmed by qRT- PCR (Figure S4). Macrophages were then cocul-
tured for 48 hours with CRC cell lines in a transwell system, after 
which expression of the M1- like and M2- like macrophage markers 
CD80 and CD163 was assessed (Figure 3E). We found that CD163 
was upregulated in all macrophages tested, which suggests they 
were differentiated into M2- like cells (Figure 3F). In addition, CD80 
was upregulated in macrophages cocultured with HCT116, SW48, 
RKO, or T84 cells, suggesting they were differentiated into a mixed 
M1- like/M2- like phenotype (Figure 3F). Notably, expression of 
IL1B was significantly upregulated in the mixed CD80+/CD163+ 
cells (Figure 3F), and ELISAs confirmed increased secretion of IL- 
1β into the culture medium of CD80+/CD163+ cells (Figure 3G). 
Subsequent analysis of SAA1 expression in CRC cell lines cocultured 
with macrophages showed that with increased IL- 1β expression in 
macrophages, there were corresponding increases in SAA1 expres-
sion in HCT116, SW48, RKO, and T84 cells (Figure 3H). We further 
confirmed the production of IL- 1β by macrophages in the invasive 
front of primary T1 CRCs by performing double staining of CD68 
and IL- 1β (Figure S5).

3.5 | M1- like and M2- like macrophages are located 
in the invasive front of T1 CRCs

To confirm the above findings, we examined expression of CD80 
and CD163 in primary T1 CRC specimens. Among the 52 tumors in 
the validation set, immunohistochemical results with sufficient sig-
nals were obtained from 47 tumors. CD163+ cells were detected 
throughout the tumor tissues tested, but the density of CD163+ 
cells was highest at the invasive fronts (Figure 4A, right). By con-
trast, CD80+ cells were predominantly observed at the invasive 
front as well as in the adjacent normal colonic mucosa (Figure 4A, 
left). Double staining of CD80 and CD68 confirmed that CD80+ 
cells in the invasive front are macrophages (Figure S6). Quantitative 
measurement of the areas positive for the two markers within the 

invasive front and intratumoral regions revealed that the invasive 
front regions contained larger areas positive for both markers than 
did intratumoral regions, suggesting that both CD80+ and CD163+ 
macrophages preferentially locate within the invasive front of T1 
CRCs (Figure 4B,C). In addition, the CD80/CD163 ratio was greater 
at the invasive front (Figure 4C). When CRCs were divided into 
SAA1- positive and - negative tumors, a difference between the in-
vasive fronts and intratumoral regions was detected only for SAA1- 
positive tumors (Figure 4D). Dividing the invasive fronts of the 47 
tumors into 80 areas based on their histological grades revealed that 
both CD80 and CD163 positivity correlated significantly with POR 
(Figure 4E). When the 80 areas were divided into two groups based 
on SAA1 expression, accumulation of CD80+ and CD163+ cells and 
CD80/CD163 ratios were greater in SAA1- positve areas (Figure 4F). 
Collectively, these results indicate that the presence of M1- like/M2- 
like TAMs and SAA1 expression strongly correlate with PORs at the 
invasive front of T1 CRCs.

3.6 | M1- like/M2- like macrophages promote CRC 
cell migration and invasion via induction of SAA1

We next assessed the functional significance of M1- like/M2- like 
macrophages to CRC cells. After collecting medium conditioned by 
macrophages cocultured with different CRC cell lines, as illustrated 
in Figure 5A, we treated HCT116 cells with the CM and assessed 
its effects on cell migration and invasion. We found that medium 
conditioned by macrophages cocultured with SW48 or RKO cells 
promoted significant migration and invasion by HCT116 cells, while 
CM from cocultures of macrophages and SW620 or Caco2 cells 
had limited effects (Figures 5B, S7, and S8). These results suggest 
that the mixture of M1- like/M2- like macrophages enhance the mi-
gration and invasiveness of CRC cells. To determine whether the 
tumor- promoting effects on cancer cells were mediated by SAA1, 
we transfected HCT116 cells with siSAA1- 1 and - 2 or control siRNA 
(siCtrl) and assessed their migration and invasiveness in transwell as-
says (Figure 5C). Without siRNA transfection, macrophages in the 
lower wells promoted significant migration and invasion by CRC 
cells (Figures 5D and S9A). On the other hand, SAA1 knockdown in 
CRC cells diminished their migration and invasion, suggesting that 

F I G U R E  2   Serum amyloid A1 (SAA1) promotes migration and invasion by colorectal cancer (CRC) cells. A, qRT- PCR analysis of SAA1 
in CRC cell lines. Shown are means of three replications; error bars represent standard errors of the mean (SEMs). B, qRT- PCR analysis of 
SAA1 in SW480 cells transfected with a control siRNA (siCtrl) or siRNAs targeting SAA1. Total RNA was extracted 48 h after transfection. 
Shown are means of three replications; error bars represent SEMs. C, Proliferation of SW480 cells transfected with the indicated siRNAs. 
Results are means of eight replications; error bars represent SEMs. Results of migration (D) and invasion (E) assays using SW480 cells 
transfected with the indicated siRNAs. Lower wells contain culture medium supplemented with 10% FBS. Representative results are 
shown on the left; summarized results are on the right. Results are means of three replications; error bars represent SEMs. F, qRT- PCR 
analysis of SAA1 in HCT116 cells infected with the indicated lentiviral vector. Results are means of three replications; error bars represent 
SEMs. G, Proliferation of HCT116 cells infected with indicated vector. Results are means of eight replications; error bars represent SEMs. 
Migration (H) and invasion (I) assays using HCT116 cells infected with the indicated vector. Lower wells contain culture medium with 10% 
FBS. Representative results are shown on the left; summarized results are on the right. Results are means of three replications; error 
bars represent SEMs. J, Collagen gel invasion assays using HCT116 cells infected with the indicated vector. Results are means of three 
replications; error bars represent SEMs. *P < .05, **P < .01
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the effects of macrophages were mediated, at least in part, through 
induction of SAA1 in CRC cells (Figures 5E,F and S9B).

To evaluate the effect of IL- 1β, we performed transwell assays in 
the presence of an anti- IL- 1β antibody or a control IgG (Figure 5G). 
Treatment with the anti- IL- 1β antibody for 24 or 48 hours strongly 
suppressed SAA1 expression in HCT116 cells (Figure 5H). The anti- 
IL- 1β antibody also significantly inhibited migration and invasion by 
CRC cells (Figure 5I). This suggests IL- 1β produced by macrophages 
upregulates SAA1 in CRC cells, thereby promoting CRC cell migra-
tion and invasion.

3.7 | SAA1 secreted by CRC cells induces MMP- 9 
upregulation in macrophages

An earlier study reported that in THP- 1 cells, SAA1 stimulates 
MMP- 9 upregulation at the transcriptional and translational levels 
via nuclear factor- κB (NF- κB) signaling.25 We therefore assessed ex-
pression of MMP- 9 in macrophages cocultured with CRC cells. As 
shown in Figure 6A, MMP- 9 expression was higher in macrophages 
cocultured with HCT116, SW48, RKO, or T84 cells than in those 
cocultured with SW620 or Caco2 cells or in macrophages cultured 
alone. These results are consistent with the levels of IL- 1β in mac-
rophages and levels of SAA1 in CRC cells (Figure 3F- H). Upregulation 
of secreted MMP- 9 in the culture medium of macrophages was con-
firmed by ELISAs (Figure 6B). We also confirmed that recombinant 
human SAA1 also significantly upregulated MMP- 9 expression in 
macrophages (Figure 6C), while SAA1 knockdown in CRC cells or 
treatment with an anti- IL- 1β antibody suppressed the MMP- 9 up-
regulation (Figure 6D,E). Immunohistochemical analysis of MMP- 9 
in representative T1 CRCs, with or without SAA1 expression (n = 4), 
showed that MMP- 9 is expressed by macrophages and neutrophils 
at the invasive front of SAA1- positive CRCs (Figures 6F and S10). 
These results suggest that SAA1 secreted by CRC cells induces 
MMP- 9 upregulation in macrophages (Figure 6G).

4  | DISCUSSION

In the present study, we found that SAA1 is predominantly up-
regulated at the invasive front of T1b CRCs. SAA1 expression is 

significantly associated with poor differentiation of tumor cells, and 
functional analyses showed that SAA1 promotes migration and in-
vasion by CRC cells. SAA1 is a member of a family of acute- phase 
proteins whose expression is elevated in the blood during inflamma-
tion.26 It is therefore considered to be an ideal marker of acute and 
chronic inflammatory diseases. Elevated serum SAA1 levels are also 
reported in patients with various types of cancer, including CRC.26- 28 
In addition to liver, SAA1 is synthesized in tumors of nonhepatic ori-
gin, and earlier studies showed that a subset of CRC cell lines express 
SAA1 mRNA.26,29,30 Another group reported that SAA1 expression 
is barely detectable in normal colonic mucosa, but it gradually in-
creases with the progression of colonic tumorigenesis.31 Although 
the biological function of SAA1 in CRC remained unclear for a long 
time, a recent study revealed that SAA1 is involved in cancer metas-
tasis. Hansen et al32 reported that SAA1 transcription is activated by 
a metastasis- inducing protein, S100A4, via Toll- like receptor 4/NF- 
κB signaling in human breast and CRC cell lines, and that SAA1 stim-
ulates cancer cell migration and invasion. Taken together with those 
results, our findings strongly suggest that elevated SAA1 expression 
at the invasive front of early CRC contributes to submucosal inva-
sion. Notably, SAA1 expression correlated with the presence of POR 
at the invasive front in both training and validation set. As earlier 
studies have shown that POR is significantly associated with LNM 
in early CRC, our results suggest that POR and SAA1 expression are 
strong indicators of the malignant progression of early CRC.3,33

SAA1 is produced by hepatocytes in response to inflammatory 
cytokines, including IL- 1β, IL- 6, and TNF- α.23 In addition, a recent 
study showed that IL- 1β induces SAA1 expression in triple nega-
tive breast cancer.24 Consistent with those observations, we found 
that SAA1 is induced by IL- 1β in CRC cells. IL- 1β is tightly associated 
with colon inflammation, colon carcinogenesis, and invasiveness of 
colon cancer.34 IL- 1β reportedly promotes colon cancer invasiveness 
through multiple mechanisms, including upregulation of ZEB1 and 
activation of stromal COX- 2 signaling.35,36 In addition, our study is 
the first to demonstrate that IL- 1β mediates migration and invasion 
by CRC cells through induction of SAA1.

Within the tumor microenvironment, TAMs are important sources 
of IL- 1β, and earlier studies have shown that M2- like macrophages 
produce IL- 1β.37- 39 We therefore used the THP- 1 cell line, a com-
monly used model of human monocytes.40 The biological behavior 
of PMA- stimulated THP- 1 cells resembles that of monocyte- derived 

F I G U R E  3   IL- 1β produced by macrophages promotes migration and invasion by colorectal cancer (CRC) cells through upregulation of 
serum amyloid A1 (SAA1). A, qRT- PCR analysis of SAA1 in HCT116 cells treated with recombinant human IL- 1β for the indicated periods. 
Shown are means of three replications; error bars represent SEMs. B, ELISA results showing SAA1 levels in culture supernatants from 
HCT116 cells treated with or without recombinant human IL- 1β. Shown are means of three replications; error bars represent SEMs. 
C, Results of migration (left) and invasion (right) assays using HCT116 cells treated with IL- 1β. Lower wells contain culture medium 
supplemented with 10% FBS. Representative results are shown on the left; summarized results are on the right. Results are means of 
three replications; error bars represent SEMs. D, Results of migration (left) and invasion (right) assays using HCT116 cells transfected with 
the indicated siRNAs and treated with IL- 1β. Shown are means of three replications; error bars represent SEMs. E, Workflow of coculture 
experiments using THP- 1– derived macrophages (MΦ) and CRC cells. F, qRT- PCR analysis of CD80, CD163, and IL1B in THP- 1 cells; 
macrophages; and macrophages cocultured with the indicated CRC cell lines. Shown are means of three replications; error bars represent 
SEMs. G, ELISA results showing levels of IL- 1β in medium conditioned by the indicated cells. Shown are means of three replications; error 
bars represent SEMs. H, qRT- PCR analysis of SAA1 in CRC cells cocultured with macrophages. *P < .05, **P < .01
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macrophages with respect to phagocytic capacity, surface markers, 
and cytokine expression.41 It is well documented that macrophages 
are classified into two phenotypes: the classically activated (M1- like 
or proinflammatory) type, which is a component of host defense 
and antitumor immunity, and the alternatively activated (M2- like or 
anti- inflammatory) type, which promotes tumorigenesis by releasing 
cytokines, growth factors, proteolytic enzymes, and angiogenetic 
factors.37,42 A large number of studies have shown that TAMs re-
semble M2- like macrophages, though recent studies showed that 
medium conditioned by CRC cell lines induces differentiation of 
THP- 1 cells into a mixed M1- like/M2- like phenotype.43,44 Our co-
culture experiments revealed that four of six CRC cell lines induced 
differentiation of THP- 1– derived macrophages into the mixed M1- 
like/M2- like (CD80+/CD163+) phenotype. Moreover, these mixed 
M1- like/M2- like macrophages expressed higher levels of IL- 1β and 
exerted greater effects to induce SAA1 than CD80−/CD163+ mac-
rophages, which suggests M1- like macrophages may play a dominant 
role to upregulate SAA1 in CRC cells. We confirmed these findings 
by profiling macrophages in primary T1 CRCs and found that both 
CD80+ and CD163+ macrophages were predominantly localized at 
the SAA1- positive invasive front regions.

The clinical implications of TAMs in CRCs have been investigated 
in a number of studies, often yielding conflicting results. For instance, 
earlier studies reported that tumor- infiltrating macrophages were 
associated with better prognoses in CRC patients.45,46 In addition, 
higher densities of macrophages at the tumor front were reportedly 
associated with improved survival and less recurrence or metasta-
sis, which suggests they play a protective role.47- 49 Edin et al50 also 
reported that increased infiltration by M1- like macrophages at the 
tumor front was associated with a better prognosis in CRC and that 
the effect was stage dependent. By contrast, other studies showed 
that higher numbers of tumor- infiltrating macrophages were as-
sociated with more aggressive behavior and poorer outcomes in 
CRC.51,52 Algars et al52 showed that a high number of peritumoral 
macrophages correlate positively with survival, while intratumoral 
M2- like macrophages were associated with a poorer prognosis, and 
that macrophage type and location are important factors determin-
ing the clinical behavior of CRCs. Recently, Pinto et al18 used CD68, 
CD80, and CD163 as macrophage markers to profile TAMs in a series 
of 150 CRC tumors. They found that CD80+ cells were preferen-
tially located in the adjacent normal mucosa and at the invasive front 
of T1 CRCs, which is consistent with our present results. CD163+ 
cells were more prevalent in advanced stage tumors, and lower 

CD80/CD163 ratios were associated with decreased survival among 
patients with stage III tumors.18 Taken together, these observations 
are generally in agreement with the earlier suggestion that macro-
phages involved in cancer- initiating inflammatory responses are im-
mune activated, but once tumors are established, macrophages are 
educated to become protumoral.53 By contrast, the results of the 
present study suggest that M1- like macrophages play a protumoral 
role at the invasive front of early CRCs.

Several studies have demonstrated that a type IV collagenase/
gelatinase MMP- 9 is upregulated in stromal cells, including macro-
phages and neutrophils, at the invasive front of CRCs, which sug-
gests their possible involvement in cancer invasion.54- 56 In addition, 
Lee et al showed that SAA1 stimulates MMP- 9 expression in THP- 1 
cells via a chemoattractant receptor, formyl peptide receptor like 
1 (FPRL1), which suggests SAA1 plays a role in the modulation of 
inflammatory and immune responses.25 Our study is the first to 
demonstrate that MMP- 9 expression in CRC stromal cells is, at least 
in part, induced by SAA1 produced by cancer cells. Our findings also 
suggest that the interaction between cancer cells and TAMs at the 
tumor edge of early CRCs promotes invasion.

There are several limitations in this study. Although our results 
suggest that SAA1 may be a prognostic biomarker for early CRCs, 
further study will be required to clarify its clinical usefulness. The 
association between SAA1 expression and the clinical outcomes 
of CRC patients should be also clarified. In addition, the molecular 
mechanism by which SAA1 promotes cancer cell migration and in-
vasion is not fully understood. Although we observed a strong as-
sociation between poorer histological grade and SAA1 expression, 
its underlying mechanism remains unknown. Further studies using a 
larger number of clinical samples and animal models are warranted.

In summary, we found that SAA1 is upregulated at the invasive 
front of poorly differentiated T1 CRCs. Our data suggest that TAMs 
promote aggressive behavior by CRC cells through upregulation of 
SAA1 via IL- 1β signaling. SAA1 may be a predictive biomarker of 
LNM in T1b CRCs, and the crosstalk between TAMs and CRC cells 
via an IL- 1β– SAA1 axis may be an effective therapeutic target.
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F I G U R E  4   M1- like and M2- like macrophages are localized at the invasive front of T1 colorectal cancers (CRCs). A, Immunostaining of 
CD80 and CD163 in representative T1 CRC tissues. Areas positive for the indicated markers are shown below. B, Immunostaining of serum 
amyloid A1 (SAA1), CD80, and CD163 in representative T1 CRC tissues. Magnified views of the tumor center (blue box) and invasive front 
(red box) are shown below. Areas positive for the indicated markers are shown on the right. Magnified views of the boxed area (green and 
yellow) are shown at the bottom. C, Summarized results of CD80+ and CD163+ areas and the CD80/CD163 ratio within intratumoral (IT) 
regions and at the invasive front (IF). D, Summarized results for CD80 and CD163 within IT and IF regions with or without SAA1 expression. 
E, Summarized results for CD80 and CD163 within subregions of the invasive front of tumors with the indicated differentiation grades. F, 
Summarized results for CD80 and CD163 within subregions of the invasive front with or without SAA1 expression. Error bars represent 
SEMs. *P < .05, **P < .01
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PCR analysis of SAA1 in HCT116 cells transfected with the indicated siRNAs and cocultured with macrophages. F, Results of migration 
(left) and invasion (right) assays using HCT116 cells transfected with the indicated siRNAs and cocultured with macrophages. Lower wells 
contain culture medium with 10% FBS and macrophages. Shown are means of three replications; error bars represent SEMs. G, Schematic 
representation of the experiments. H, qRT- PCR analysis of SAA1 in HCT116 cells treated for the indicated time periods with control IgG or 
an anti- IL- 1β antibody. I, Results of migration (left) and invasion (right) assays using HCT116 cells with the indicated treatments. Lower wells 
contain culture medium with 10% FBS. Representative results are shown on the left; summarized results are on the right. Results are means 
of three replications; error bars represent SEMs. *P < .05, **P < .01
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F I G U R E  6   Serum amyloid A1 (SAA1) secreted by colorectal cancer (CRC) cells induces MMP- 9 upregulation in macrophages. A, qRT- 
PCR analysis of MMP- 9 expression in THP- 1 cells, macrophages, and macrophages cocultured with the indicated CRC cell lines. Shown are 
means of three replications; error bars represent SEMs. B, ELISA results showing levels of MMP- 9 in medium conditioned by the indicated 
cells. Shown are means of three replications; error bars represent SEMs. C, qRT- PCR analysis showing induction of MMP- 9 in macrophages 
treated with or without recombinant human SAA1 (500 ng/mL). D, qRT- PCR analysis of MMP- 9 expression in macrophages cocultured 
with HCT116 transfected with the indicated siRNAs. E, qRT- PCR analysis of MMP- 9 expression in macrophages cocultured for 48 h with 
HCT116 in the presence of control IgG or an anti- IL- β antibody. F, H&E staining and immunostaining of the indicated proteins at the invasive 
fronts of representative T1 CRCs with or without SAA1 expression. Magnified views of the boxed areas are shown below. G, Hypothesized 
mechanism of the interaction between CRC cells and macrophages at the invasive front of T1 CRCs. **P < .01
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