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A B S T R A C T

Background: Liver metastasis is a leading cause of colorectal cancer mortality. Therefore, the underlying mech
anism and potential therapeutic target of colorectal cancer liver metastasis urge to be found. Mounting evidence 
indicates that cancer-derived sialylated IgG promotes tumor formation and progression. However, the role of 
sialylated IgG in colorectal cancer liver metastasis remains undefined.
Materials and methods: Analysis of sialylated IgG in paired tumor tissues and adjacent normal tissues from 65 
colorectal cancer patients was performed using immunohistochemical staining. Functional assays of sialylated 
IgG were explored in vitro and in vivo. The downstream target of sialylated IgG was investigated by performing 
gene-set enrichment analysis, ubiquitination assay, cycloheximide chase assay, acetylation assay and co- 
immunoprecipitation.
Results: Here, our investigation reveals that sialylated IgG is significantly upregulated in colorectal cancer and 
that the increase of IgG is positively associated with liver metastasis and poor overall survival in colorectal 
cancer patients. Sialylated IgG promotes colorectal cancer cell migration, invasion and liver metastasis. Notably, 
anti-sialylated IgG antibody effectively blocks colorectal cancer liver metastasis in mouse models. Mechanisti
cally, sialylated IgG upregulates c-Myc protein level by decreasing c-Myc ubiquitination. Moreover, we find that 
p300/CBP can stabilize c-Myc by reducing c-Myc ubiquitination. Overexpression of p300/CBP protects c-Myc 
protein level from sialylated IgG-knockdown in a lysine acetyltransferase activity-dependent manner. Further
more, sialylated IgG upregulates p300 protein level through integrin β4-FAK-Src-Erk signaling.
Conclusion: Collectively, these results indicate that a novel sialylated IgG-integrin β4-FAK-Src-Erk-p300-c-Myc 
signaling pathway promotes colorectal cancer liver metastasis, thus providing potential therapeutic targets for 
colorectal cancer liver metastasis.

Abbreviations: CRC, colorectal cancer; CRLM, colorectal cancer liver metastasis; EMT, epithelial-to-mesenchymal transition; UPS, ubiquitin-proteasome system; T, 
threonine; S, serine; KAT, lysine acetyltransferase; SIA-IgG, sialylated IgG; siRNA, small interfering RNA; IF, immunofluorescent; IP, immunoprecipitation; Co-IP, co- 
immunoprecipitation; IHC, immunohistochemical; COAD, colon adenocarcinoma; READ, rectum adenocarcinoma; TCGA, the cancer genome atlas program; GTEx, 
the genotype-tissue expression project; GSEA, gene-set enrichment analysis; FACS, fluorescence-activated cell sorting; CHX, cycloheximide; A, alanine; Y, tyrosine; E, 
glutamic acid.
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Introduction

Colorectal cancer (CRC) is the second leading cause of cancer mor
tality worldwide [1]. Metastasis is the major cause of death of CRC 
patients. Liver is the most frequent site of metastasis for CRC, owing to 
the venous blood from the gastrointestinal system returning to the portal 
vein circulation [2]. Therefore, elucidating the mechanism of colorectal 
cancer liver metastasis (CRLM) and identification of therapeutic targets 
to improve the prognosis of patients with CRC are necessary.

The MYC oncogene (also known as c-Myc) encodes the transcription 
factor c-Myc protein, with two paralogues, namely MYCL and MYCN, 
belonging to a superfamily. As one of the most commonly activated 
genes in human cancers, c-Myc is a master regulator of hallmarks of 
cancer, contributing to cancer invasion and metastasis [3]. High c-Myc 
expression promotes CRLM by a variety of different mechanisms, 
including inducing epithelial-to-mesenchymal transition (EMT) [4], 
promoting tumor immune evasion [5] and enhancing tumor chemo
therapeutic resistance [6]. c-Myc expression is highly regulated by both 
transcriptional and post-translational mechanisms. Several post
translational modifications, including phosphorylation, acetylation and 
ubiquitination, have been implicated in the regulation of c-Myc protein 
stability. The most prominent route for c-Myc protein targeted degra
dation is the ubiquitin-proteasome system (UPS). A number of ubiquitin 
ligases, such as TRIM32 [7] and UBE3B [8], and deubiquitinases, such as 
OTUB1 [9], USP37 [10] and USP10 [11], have been identified to 
regulate c-Myc protein stability. c-Myc destabilization and degradation 
are commonly affected by two conserved phosphorylation sites: threo
nine (T) 58 [12] and serine (S) 62 [13]. c-Myc is also an acetylation 
target of several lysine acetyltransferases (KATs), including p300, CBP 
[14,15], GCN5, PCAF and Tip60 [16,17], and c-Myc acetylation facili
tates its stabilization [18,19]. c-Myc has been widely considered to be 
“undruggable” and direct targeting of c-Myc is very challenging [20]. 
Thus, various molecular mechanisms that regulate c-Myc protein sta
bility are promising therapeutic targets.

The KATs p300 and CBP are often referred to as p300/CBP due to 
their sequence homology, functional overlap and co-operation. p300/ 
CBP have recently been identified as critical tumorigenic drivers, func
tioning in CRC metastasis and proliferation through diverse mecha
nisms, including acetylating histones and serving as a bridge to connect 
transcription factors to chromatin and the basal transcriptional ma
chinery [21–23]. The regulation of p300 has been investigated previ
ously. Changes of phosphorylation as well as auto-acetylation of p300 
have been shown to associate with its degradation, which depends on 
proteasome or lysosome [21,24,25]. The relationship between 
p300/CBP and c-Myc in CRC remains to be identified.

Immunoglobulins are generally produced by B cells and defend us 
against infection. However, more evidence has shown that immuno
globulins are also expressed in non-B cells, including neurons [26], 
hepatocytes [27], spermatogenic cells [28] and cardiomyocytes [29]. Of 
note, epithelial cancers, including breast cancer [30], lung cancer [31,
32], prostate cancer [33] and pancreatic ductal adenocarcinoma [34], 
and cancer cell lines [35] have high IgG expression levels. This IgG is 
named as cancer-derived IgG. The basic structure of IgG consists of two 
identical light (L) chains and two identical heavy (H) chains, which are 
divided into the variable and constant (C) regions. The heavy chains 
contain three constant regions (CH1, CH2 and CH3). As a common 
glycoprotein, IgG is frequently glycosylated at a classic asparagine (Asn) 
297 site, located in CH2 domain [36]. Our study reveals that 
cancer-derived IgG possesses unique N-glycosylation and a high level of 
sialic acid modification at the Asn162 site of the CH1 domain [32], 
which is known as sialylated IgG (SIA-IgG). Glycosylated cancer-derived 
IgG relying on its unique sialylation modification at the Asn162 site 
plays an important role in cancer migration [32], stemness maintenance 
[31] and immune evasion [37]. Furthermore, the high level of sialyla
tion modification at Asn162 site of SIA-IgG is specifically recognized by 
RP215 antibody [32]. Although it was previously reported that the 

expression of SIA-IgG was upregulated and associated with poor overall 
survival in CRC patients [38], the function and the underlying molecular 
mechanism of SIA-IgG in CRLM remain unclear. Thus, elucidating the 
role and functional mechanism of SIA-IgG and its potential as a thera
peutic target in CRLM is essential.

In the present study, we show that high SIA-IgG expression drives 
colorectal cancer to spread to liver both in vitro and in vivo by reducing 
c-Myc ubiquitination and degradation and stabilizing c-Myc. In addi
tion, we characterize that SIA-IgG promotes p300/CBP protein levels, 
which increase c-Myc stability in an acetylation-dependent manner. 
Moreover, we propose that SIA-IgG interacts with integrin β4 and acti
vates FAK-Src-Erk signaling, leading to the increase of p300 and c-Myc 
protein levels. Therefore, we evaluate SIA-IgG as an attractive theoret
ical target for treatment of CRLM.

Materials and methods

Cell culture and reagents

The HT-29, SW480, HCT116 p53-/-, HCT116 p53+/+ and HCT8 cell 
lines were from Peking University Center of Human Disease Genomics. 
LoVo and 293FT cell lines were obtained from the Cell Resource Center 
(Beijing, China). SW620 cell line was obtained from the American Type 
Culture Collection (Manassas, VA, USA). Cells were maintained in RMPI 
1640 or Dulbecco’s modified Eagle’s medium respectively, supple
mented with 10 % fetal bovine serum and 1 % penicillin-streptomycin 
solution. All cell lines were cultured in a 5 % CO2 at 37 ◦C humidified 
atmosphere.

Cell transfection or infection

Cells were transfected with plasmids or small interfering RNA 
(siRNA) according to the polyethylenimine (Serochem) or lipofect
amine3000 (Sigma) reagent protocol. Plasmids and siRNA were supplied 
by MailGene (Beijing, China) and RiboBio (Guangzhou, China) respec
tively. Transfer plasmid, psPAX2 plasmid and pVSVG plasmid at a ratio 
of 2:1:1 was packaged by 293FT cells. After 60 h, the cell supernatant 
was harvested and concentrated using PEG 8000, preserved at − 80◦C. 
Cells were infected by lentivirus concentration solution using polybrene.

Plasmids construction

c-Myc sequence was cloned into pcDNA3.1 vector with flag tagged. 
Fast Site-Directed Mutagenesis Kit (TIANGEN) was used for single or 
double mutant plasmids construction.

Western blotting

Cell pellet was lysed in RIPA lysis (LEAGENE) with protease inhibitor 
cocktail (Roche) and phosphatase inhibitor PhosSTOP (Roche) and 
reduced and denatured with 5 × loading buffer and DTT at 99 ◦C for 15 
min. And western blotting was performed to analyze protein according 
to the standard protocol. Information on the antibodies is listed in Table 
S1.

Transwell migration and invasion assays

Cells were seeded in serum-free medium on the uncoated or Matrigel 
(Corning)-coated upper layer of the transwell chamber with 8 μm pores 
(FALCON), and 750 μL medium containing 10 % fetal bovine serum was 
placed below the cell permeable membrane. After 36 h, the cells 
migrating through the membrane were stained with 1 % crystal violet 
solution containing paraformaldehyde and counted using ImageJ 
software.
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RNA isolation and Real-time quantitative PCR

Total RNA was isolated from cell samples according to TRIzol 
(Sigma) Reagent protocol. Then, 2 μg total RNA was reverse-transcribed 
into cDNA using reverted first strand cDNA synthesis kit (Thermo Fisher 
Scientific). The cDNA was diluted at a ratio of 1:50. qPCR was performed 
using Hieff qPCR SYBR Green Master Mix (Yeasen). The expression level 
of mRNA relative to GAPDH was calculated by the 2 -ΔΔCT method. The 
qPCR primers are shown in Table S2.

Immunofluorescent (IF) staining

Cells seeded on cover glasses were washed 3 times with PBS, then 
fixed with acetone for 5 min at room temperature. After being blocked 
with 10 % goat sera for 30 min at room temperature, cells were incu
bated with primary antibody overnight at 4 ◦C. Then cells were incu
bated with FITC-conjugated anti-mouse secondary antibody at 1:200 in 
PBS for 1 h at room temperature in dark. Cells were incubated with 
Hoechst at 1:200 for 5 mins at room temperature, then mounted with a 
drop of 50 % glycerol.

Immunoprecipitation (IP) and Co-immunoprecipitation (Co-IP)

Cells were harvested and lysed in lysis buffer (150 mM NaCl, 50 mM 
Tris-HCl pH 7.4, 1 % NP-40, 10 % glycerol) with protease inhibitor 
cocktail (Roche). Cell supernatants were incubated with anti-Flag 
magnetic beads (Abmart) on a roller shaker overnight at 4◦C. After 
being washed with washing buffer (150 mM NaCl, 50 mM Tris-HCl pH 
7.4, 0.1 % NP-40) for five times, the bound flag fusion protein was eluted 
with SDS-PAGE sample buffer, then boiled, and analyzed by western 
blotting. For detection of c-Myc acetylation, cells before being harvested 
were treated with trichostatin A (Solarbio) and nicotinamide (Sigma) for 
6 h, and trichostatin A and nicotinamide were also added into the lysis 
buffer.

Animal studies

For the construction of nude mouse models of colorectal cancer liver 
metastasis, LoVo cells infected with negative control or shIgG lentivirus 
concentration solution were prepared for mouse models. After male 
nude mice were anesthetized with tribromoethanol (intraperitoneal in
jection, 100 μL (volume) /10 g (weight), biopike). A 1 cm left subcostal 

Fig. 1. Upregulation of SIA-IgG is correlated with poor outcome of colorectal cancer patients. (A) The expression of IGHG1, IGHG2, IGHG3 and IGHG4 in COAD (n =
275) and RAED (n = 92), normal colon (n = 349) and rectal (n = 318) tissues in the TCGA and GTEx databases (red column represents tumor tissues, grey column 
represents normal tissues). (B) Overall survival of patients with CRC stratified by IgG protein level based on a proteomic dataset (n = 139) using the Kaplan–Meier 
method. (C) Representative IHC staining of SIA-IgG in matched colorectal cancer and non-cancerous tissues (left panel) (n = 65). Summary of SIA-IgG expression in 
matched colorectal cancer and non-cancerous tissue (right panel). **, p < 0.01. Scale bars, 20 μm. (D) Western blot analysis of SIA-IgG and IgG protein levels in CRC 
cell lines. (E) The expression and localization of SIA-IgG in LoVo and HT-29 cells were analyzed by IF using anti-SIA-IgG antibody (green) and Hoechst (blue). Scale 
bars, 20 μm.
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incision was made, exposing and pulling out the spleen. 2.0 × 106 cells 
in 75 uL PBS were gently and slowly injected into the spleen, then close 
the peritoneum and skin with stitches. For therapy of colorectal cancer 
liver metastasis in nude mice, RP215 antibody or mIgG (5 mg/kg) were 
injected via tail veins twice a week. At indicated days, the mice were 
euthanized, liver samples were harvested.

For the xenograft tumor models, colon cancer cells SW480 (5 × 106 

cells in 150 μL of PBS containing 50 μL of Matrigel) (Corning, New York, 
USA) were injected subcutaneously into the axilla of the NOD-SCID 
mice. Tumor growth was monitored and the tumor volume was calcu
lated as (width2 × length)/2. And RP215 or mIgG was injected with 5 
mg/kg respectively every three days via intraperitoneal administration.

All animal experiments were approved by Institutional Animal Care 
and Use Committee of Peking university (permit number: PUIRB- 
LA2022691).

Immunohistochemical (IHC) staining

Colon cancer tissue and distal tissue were obtained from Peking 
University Peoples’ Hospital. And collection of these samples was 
approved by the Clinical Research Ethics Committee of Peking Univer
sity Peoples’ Hospital (permit number: 2015PHB212-01). Also, 
informed consents were obtained from participating patients. Formalin- 
fixed tissue sections were placed in xylene for deparaffinization and in 
graded ethanol for rehydration. Antigen retrieval was performed using 
Tris/EDTA-2Na buffer (pH 9.0). 3 % H2O2 was incubated with slides at 
room temperature for 10 min to suppress endogenous peroxidase. The 
sections were blocked with goat sera and incubated with primary anti
body overnight at 4 ◦C. The slides were rinsed 3 × 5 min in PBS, then 
incubated with anti-mouse/rabbit IgG horseradish peroxidase (Dako) at 
room temperature for 20 min. and detected using diaminobenzidine. 
The score was given by the multiply of the staining intensity (no stain
ing, 0; weak staining, 1; moderate staining, 2; strong staining, 3) and the 
percentage (0-100 %) of positive area.

Statistical analysis

The log-rank test was used to analyze Kaplan-Meier survival curve. 
Fisher’s exact test was used to analyze the relationship between the 

expression of IgG protein and clinicopathological features. Gene set 
enrichment pathway was performed by GSEA software. The significance 
of the differences was analyzed by two-tailed Student’s t-test. Significant 
differences were indicated by p < 0.05. The statistical analyses were 
performed using SPSS 27.0.

Results

SIA-IgG is upregulated in CRC and positively correlated with poor outcome 
and liver metastasis

To explore the expression of IgG in CRC, we first analyzed IgG mRNA 
expression level in colon adenocarcinoma (COAD, n = 275), rectum 
adenocarcinoma (READ, n = 92) and normal colon (n = 349) and rectal 
(n = 318) tissues from the cancer genome atlas program (TCGA) and the 
genotype-tissue expression project (GTEx) [39], and found that IgG was 
substantially elevated in COAD and READ compared with the normal 
tissues (Fig. 1A). We also analyzed the publicly accessible CRC proteo
mic dataset [40], and found the abundance of IgG in CRC samples (n =
139). Survival analysis revealed that IgG high expression predicted 
shorter overall survival compared to IgG low expression group (Fig. 1B). 
To further identify the clinical relevance of IgG in CRC [40], we 
analyzed the relationship between IgG protein expression level and 
clinical features, and found that the expression level of IgG was posi
tively associated with CRLM (Table 1). Furthermore, we performed IHC 
staining using RP215 antibody to evaluate SIA-IgG expression in 65 
matched tissue specimens, including the surgical margin (as the 
non-cancerous tissues) and CRC tissues. The result showed that SIA-IgG 
was expressed at higher levels in cancer cells compared to normal 
epithelial cells. Moreover, SIA-IgG in colon cancer only highly expressed 
in a small number of cancer cells, such as the high invasive potential at 
the leading edge of the tumor front (Fig. 1C). Various levels of SIA-IgG 
and IgG expression could be detected in CRC cell lines, with higher 
SIA-IgG expression level in the high metastatic cell line LoVo (Fig. 1D). 
The IF assays also showed that SIA-IgG expressed in LoVo and HT-29 
cells (Fig. 1E). In summary, these data reveal that SIA-IgG is upregu
lated in CRC, and positively associated with liver metastasis and poor 
prognosis.

SIA-IgG promotes CRC cells migration, invasion and liver metastasis

To explore the potential role of SIA-IgG on CRLM, SIA-IgG in LoVo 
and HT-29 cells was knocked down, and we observed that knockdown of 
SIA-IgG resulted in a decrease of migration and invasion of LoVo and 
HT-29 cells (Fig. 2A). To characterize the significance of the sialylation 
modification at the Asn162 site of SIA-IgG, we first blocked SIA-IgG with 
anti-SIA-IgG antibody RP215 (Supplementary Fig. 1A) and RP215 
antibody treatment drastically inhibited migration and invasion of LoVo 
and HT-29 cells (Fig. 2B). Moreover, SIA-IgG protein was purified from 
ovarian carcinoma ascites by RP215-affinity chromatography and 
evaluated by western blotting (Supplementary Fig. 1B), then SIA-IgG, 
non-SIA-IgG (the control-IgG of flow-through) or a vehicle control (PBS) 
was used to treat LoVo and HT-29 cells. The result showed that SIA-IgG 
can substantially promote CRC cells migration and invasion (Fig. 2C).

To further investigate whether SIA-IgG promotes metastasis of CRC 
in vivo, we established liver metastasis mouse models of colorectal 
cancer by intrasplenic implantation with LoVo cells, which were trans
fected with shIgG or shNC lentivirus supernatant, and confirmed that 
SIA-IgG was significantly suppressed (Fig. 2D). The results showed that 
the numbers of metastatic tumors and maximum tumor sizes were 
significantly reduced in shIgG group compared with the control group 
(Fig. 2E-H). We also constructed intrasplenic injection models of colo
rectal cancer metastasis to the liver in nude mice, followed by tail vein 
injection with RP215 (5 mg/kg) or mIgG (as a negative control) twice a 
week. RP215 treatment significantly decreased liver metastatic tumor 
numbers. The maximum tumor sizes between RP215 group and mIgG 

Table 1. 
Correlation between IgG protein level in CRC patients and their clinicopatho
logical features.

Clinicopathological 
features

Number IgG low 
expression n 
(%)

IgG high 
expression n 
(%)

p value

Gender ​ ​ ​ ​
Male 97 51(68.0) 46(66.7) p =

1.000
Female 47 24(32.0) 23(33.3) ​
Age (years) ​ ​ ​ ​
< 65 71 27(36.0) 44(63.8) p =

0.001**
≥ 65 73 48(64.0) 25(36.2) ​
Liver metastasis ​ ​ ​ ​
No 74 45(69.2) 29(42.0) p =

0.002**
Yes 60 20(30.8) 40(58.0) ​
CEA ​ ​ ​ ​
< 5 ng/mL 73 37(48.7) 36(55.4) p =

0.500
≥ 5 ng/mL 68 39(51.3) 29(44.6) ​
CA19-9 ​ ​ ​ ​
< 37 U/mL 104 61(81.3) 43(66.2) p =

0.053
≥ 37 U/mL 36 14(18.7) 22(33.8) ​

Data for IgG expression is missing for two.
Data for CEA, CA19-9 were missing for three and four patients respectively.

** p < 0.01.
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group tended to decline, though this was not statistically significant 
(Fig. 2I-L). In addition, no significant fluctuations of body weight were 
observed in the RP215 group (Supplementary Fig. 2A), suggesting the 
safety application of RP215 antibody in vivo. EMT has been reported to 
be implicated in CRLM by enhancing cancer cells mobility and invasion 
[41–43]. To demonstrate whether EMT is involved in SIA-IgG promoting 
CRLM, EMT-related molecules were detected in SIA-IgG-silenced cells. 
Western blot results indicated that Vimentin and MMP9 protein levels 
were considerably lowered in the SIA-IgG-knockdown group of high 
metastatic cell lines LoVo and SW620, and E-cadherin and N-cadherin 
protein levels showed no changes (Fig. 2M). The above results indicate 
that SIA-IgG encourages metastasis of CRC by promoting EMT.

Given that tumor proliferation and metastatic potential are mutually 
supportive processes, we aimed to investigate whether SIA-IgG pro
motes tumor growth. SW480 cells were subcutaneously injected into the 
NOD/SCID mice. Following treatment with RP215, we observed that 
RP215 treatment suppressed tumor growth compared to the control 
group (Supplementary Fig. 3A-D). This finding is consistent with our 
previous result that knockdown of SIA-IgG inhibits tumor growth in 
xenograft models [38].

Taken together, these results provide strong evidence that SIA-IgG 
promotes CRC cells proliferation, migration, invasion and liver 
metastasis.

SIA-IgG upregulates c-Myc protein level by enhancing c-Myc protein 
stability

To identify the gene expression changes and signaling pathways 
involved in SIA-IgG promoting CRLM, we first conducted gene-set 
enrichment analysis (GSEA) of all quantified proteins based on proteo
mic profiling of IgG in CRC tissues (n = 144) (Fig. 3A), and it revealed 
MYC_TARGETS_V1 and MYC_TARGETS_V2 signatures as the most 
strongly downregulated hallmark gene signatures in IgGlow CRC samples 
(Fig. 3B). Next, we determined whether SIA-IgG expression was corre
lated with c-Myc. SIA-IgGhigh and SIA-IgGlow of LoVo cells were sorted 
by fluorescence-activated cell sorting (FACS). Immunoblotting using 
sorted cells revealed that SIA-IgGhigh cells displayed significantly higher 
c-Myc level (Fig. 3C). Subsequently, the c-Myc mRNA level was quan
tified in SIA-IgGhigh and SIA-IgGlow of LoVo cells using RT-PCR. The 
result showed no significant reduction in c-Myc mRNA level in SIA- 
IgGlow cells compared to that in SIA-IgGhigh cells (Supplementary Fig. 
4A). To examine whether c-Myc can be upregulated by SIA-IgG, LoVo 
and HT-29 cells were treated with SIA-IgG and non-SIA-IgG (as control). 
The result showed that c-Myc was upregulated when cells were exoge
nously added with SIA-IgG purified by RP215-affinity chromatography, 

but not the control-IgG (Fig. 3D). On the contrary, upon RP215 treat
ment, c-Myc was significantly downregulated in LoVo and HT-29 cells 
(Fig. 3E). Together, these results illustrate that SIA-IgG dependent on its 
sialylation modification at Asn162 site upregulates c-Myc and that c- 
Myc plays an essential role in SIA-IgG promoting CRLM.

To explore the underlying mechanism of SIA-IgG regulating c-Myc, 
we first detected c-Myc mRNA and protein levels by RT-PCR and western 
blot upon silencing SIA-IgG in LoVo and HT-29 cells. We observed no 
significant reduction of c-Myc mRNA level between SIA-IgG-knockdown 
and negative control CRC cell lines. However, the c-Myc protein level 
was significantly decreased in SIA-IgG-depleted cells (Fig. 3F). c-Myc 
protein level is usually tightly regulated by UPS-mediated protein 
degradation. Therefore, MG132, which effectively blocks the proteolytic 
activity of the 26S proteasome complex, was used to determine if SIA- 
IgG regulated c-Myc relying on UPS. We found that the proteasome in
hibitor MG132 blocked SIA-IgG suppression-induced decrease of c-Myc 
protein (Fig. 3G). The above results suggested that SIA-IgG might 
regulate c-Myc through ubiquitination-proteasomal degradation. To 
further confirm this, Flag-c-Myc was overexpressed in LoVo and HT-29 
cells with or without silencing SIA-IgG, then the immunoprecipitation 
assay was done by employing anti-Flag magnetic beads. Indeed, 
knockdown SIA-IgG increased the ubiquitination level of c-Myc in LoVo 
and HT-29 cells (Fig. 3H). Consistent with SIA-IgG promotion of c-Myc 
protein stability, we found that the half-life of c-Myc was shortened by 
knockdown SIA-IgG in both LoVo and HT-29 cells in cycloheximide 
(CHX) chase assays (Fig. 3I). Collectively, our data demonstrate that 
knockdown of SIA-IgG induces ubiquitin-mediated degradation of c- 
Myc.

Upregulation of c-Myc by SIA-IgG is mediated by p300/CBP KAT activities

Early studies show that c-Myc protein stability is regulated by several 
mechanisms, prominent among which is phosphorylation at two 
conserved residues, T58 and S62 [19]. Phosphorylation of c-Myc at S62 
contributes to its stabilization [13], whereas phosphorylation of c-Myc 
at T58 results in its degradation [12]. To determine if SIA-IgG affects 
T58 and S62 phosphorylation levels of c-Myc, the phosphorylation levels 
at T58 and S62 and total protein level of c-Myc in SIA-IgG-knockdown 
LoVo and HT-29 cells were first detected. We found that there was no 
significant difference between the phosphorylation levels at T58/S62 
sites and c-Myc total protein level (Fig. 4A). Moreover, we constructed a 
panel of c-Myc phospho-deficient mutants, in which alanine (A) sub
stitutes for threonine and serine residues, and phosphomimetic mutants, 
in which glutamic acid (E) substitutes for threonine and serine residues. 
In total, the panel contained T58A, S62A, T58/S62A, T58E, S62E and 

Fig. 2. SIA-IgG increases CRC cells migration, invasion and liver metastasis. (A) SIA-IgG expression levels were determined by western blotting in SIA-IgG 
knockdown CRC cells. The effect of SIA-IgG knockdown on CRC cells migration and invasion was assessed by transwell assays. The data are presented as the 
mean ± SD (*, p < 0.05, **, p < 0.01, ***, p < 0.001). Differences between groups were evaluated with a two-tailed paired Student’s t-test. Scale bars, 50 μm. (B) 
Migration assays and invasion assays were performed using LoVo and HT-29 cells treated with 50 μg/mL RP215 or mIgG. Representative results and quantification 
are shown. The data are presented as the mean ± SD. (**, p < 0.01, ***, p < 0.001). Differences between groups were evaluated with a two-tailed paired Student’s t- 
test. Scale bars, 50 μm. (C) Migration assays and invasion assays were conducted using LoVo and HT-29 cells treated with PBS, non-SIA-IgG (30 μg/mL) or SIA-IgG 
(30 μg/mL). Representative results and quantification are shown. The data are presented as the mean ± SD. (**, p < 0.01, ***, p < 0.001). Differences between 
groups were evaluated with a two-tailed paired Student’s t-test. Scale bars, 50 μm. (D) LoVo cells were stably transfected with shIgG or shNC lentivirus, and SIA-IgG 
expression was assessed by western blot before cells were injected into spleen. (E) Representative macroscopic images of the liver metastases upon intrasplenic 
injection of NC (upper panel) and shIgG (lower panel) LoVo cells in nude mice. (F) Numbers of metastatic tumors of NC group (n = 3) and shIgG group (n = 5) LoVo 
cells in nude mouse models of colorectal cancer liver metastasis. The data are presented as the mean ± SD. (*, p < 0.05). Differences between groups were evaluated 
with a two-tailed unpaired Student’s t-test. (G) Maximum diameters of liver metastases of LoVo NC (n = 3) and shIgG (n = 5) cells in nude mouse models of colorectal 
cancer liver metastasis were measured. The data are presented as the mean ± SD. (*, p < 0.05). Differences between groups were evaluated with a two-tailed 
unpaired Student’s t-test. (H) Representative pictures of hematoxylin and eosin (HE) staining of liver tissue sections from indicated mice. Scale bars, 100 μm. (I) 
Representative macroscopic images of the liver metastases in nude mice upon intrasplenic injection of LoVo cells treated with RP215 (n = 5) or mIgG (n = 6) twice a 
week. (J) Numbers of metastatic tumors of LoVo cells treated with RP215 (n = 5) or mIgG (n = 6) in nude mouse models of colorectal cancer liver metastasis. The 
data are presented as the mean ± SD. (*, p < 0.05). Differences between groups were evaluated with a two-tailed unpaired Student’s t-test. (K) Maximum diameters 
of liver metastases of LoVo cells treated with RP215 (n = 6) or mIgG (n = 5) in nude mouse models of colorectal cancer liver metastasis were measured. The data are 
presented as the mean ± SD. (ns, not significant). Differences between groups were evaluated with a two-tailed unpaired Student’s t-test. (L) Representative pictures 
of HE staining of liver tissue sections from indicated mice. Scale bars, 100 μm. (M) Western blot analyses of metastasis-related proteins with or without SIA-IgG 
knockdown in LoVo and SW620 cells.
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T58/S62E mutants. The c-Myc mutant protein levels were evaluated in 
SIA-IgG-depleted LoVo and HT-29 cells. Neither phospho-deficient 
c-Myc mutants nor phosphomimetic c-Myc mutants were resistant to 
loss of SIA-IgG (Fig. 4B and Supplementary Fig. 5A). The above findings 
indicate that c-Myc is probably not regulated by SIA-IgG through the 
T58/S62-mediated degradation.

Several lysine acetyltransferases, such as CBP [15], p300 [14], GCN5 
[16,17] and Tip60 [44,45], have been previously reported to substan
tially increase the half-life of c-Myc. To map the acetylation modifica
tion on c-Myc protein stability, SIA-IgG was knocked down in LoVo cells 
followed by Flag-c-Myc overexpression, and we immunoprecipitated 
Flag-c-Myc and found that the acetylation level of c-Myc strongly 
decreased after knockdown of SIA-IgG (Fig. 4C). We wonder which KAT 
is involved in c-Myc regulation from SIA-IgG. First, we transfected a 
panel of acetyltransferase plasmids, including HA-CBP, HA-p300, 
HA-Tip60, HA-MOF and HA-PCAF, in LoVo and HT-29 cells respectively. 
The results showed that both CBP and p300 increased c-Myc protein 
level (Fig. 4D). To verify that p300/CBP have an effect on the stabili
zation of c-Myc, we co-expressed HA-p300/HA-CBP in LoVo and HT-29 
cells and found that HA-p300 and HA-CBP can increase the half-life of 
c-Myc (Fig. 4E). Furthermore, we co-expressed HA-p300 or HA-CBP with 
Flag-c-Myc and conducted IP assays with anti-Flag magnetic beads to 
detect the c-Myc ubiquitination level in LoVo and HT-29 cells. As shown 
in Fig. 4F, the c-Myc ubiquitination level decreased by the expression of 
HA-p300 and HA-CBP. These data suggest that p300/CBP promote 
c-Myc protein stability.

To confirm whether p300/CBP are the critical factors for SIA-IgG 
stabilizing c-Myc, we performed a series of rescue assays. HA-p300/ 
HA-CBP and Flag-c-Myc plasmids were transfected into LoVo and HT- 
29 cells following knockdown SIA-IgG. Immunoblot assays demon
strated that overexpression of p300/CBP could effectively prevent c-Myc 
downregulation from SIA-IgG knockdown (Fig. 4G). Then, HA-p300/ 
HA-CBP and Flag-c-Myc were reintroduced into the SIA-IgG-silenced 
LoVo cells, and c-Myc ubiquitination level was evaluated. As shown in 
Fig. 4H, HA-p300 and HA-CBP can dramatically deceased the c-Myc 
ubiquitination level in SIA-IgG-depleted cells. Thus, these results indi
cate that p300/CBP mediate SIA-IgG-induced c-Myc protein stability.

We further examined whether p300/CBP affect c-Myc protein sta
bility through their KAT activities, as previous studies showed that 
p300/CBP could acetylate c-Myc [15,46]. We overexpressed 
HA-p300/HA-CBP and Flag-c-Myc in LoVo and HT-29 cells following 
SIA-IgG knockdown, and cells were exposed to a selective catalytic 
p300/CBP inhibitor A-485 [47]. As shown in Fig. 4I, A-485 treatment 
resulted in the marked reduction of c-Myc protein level promoted by 
p300 and CBP under loss of SIA-IgG condition. Importantly, as LoVo and 
HT-29 cells were treated with A-485 after SIA-IgG knockdown, the 
c-Myc protein level reduction induced by SIA-IgG knockdown was 
diminished (Fig. 4J). These data highlight that the KAT activities of 
p300/CBP are required for c-Myc protein stabilized by SIA-IgG.

Erk phosphorylation activation is required for SIA-IgG-promoted p300 and 
c-Myc protein levels

We next addressed the regulation of SIA-IgG on p300/CBP. Upon 

SIA-IgG suppression in LoVo and HT-29 cells, we observed that p300/ 
CBP protein levels significantly decreased, whereas p300/CBP mRNA 
expression levels were not notably affected (Fig. 5A). Given that Erk 
activation increases p300 protein level and KAT activity by directly 
phosphorylating p300 [48,49] and oncogenic integrin-FAK-Src signal
ings are related to tumor progress [32], we next whether SIA-IgG reg
ulates p300 through integrin β4-FAK-Src-Erk singalling. Based on our 
previous work [32], we examined the interaction between SIA-IgG and 
integrin β4 in LoVo cells. Total lysates of LoVo cells were subjected to 
co-immunoprecipitation using RP215, followed by western blot to 
identify integrin β4. The interaction of SIA-IgG and integrin β4 was 
validated (Fig. 5B). Then, we analyzed the activation of FAK and Src in 
LoVo and HT-29 cells after knockdown of SIA-IgG, and found that the 
phosphorylation levels of FAK at tyrosine (Y) 397 and Y925 and Src at 
Y416 were reduced in SIA-IgG-deficiency cells (Fig. 5C). Accordingly, 
Src possesses a regulatory activity on Erk1/2 and Src facilitates activa
tion of Erk1/2 [50,51]. In this study, we also found that Erk phos
phorylation level was significantly decreased in SIA-IgG-knockdown 
LoVo cells (Fig. 5C). To further confirm the role of integrin β4 in the 
cascade, we suppressed the expression of integrin β4 with specific siR
NAs and validated that integrin β4 knockdown indeed decreased the 
phosphorylation levels of FAK, Src and Erk and the protein levels of 
p300 and c-Myc in LoVo cells (Supplementary Fig. 6A). Our results 
suggest that SIA-IgG interacts with integrin β4 and causes activation of 
the FAK-Src-Erk cascade. Next, we explored whether the effect of 
exogenous SIA-IgG depends on its Asn162 sialylation. Neuraminidase 
was used to remove the terminal sialic acids from purified SIA-IgG, and 
the product was named Neu-IgG (Fig. 5D). SIA-IgG or Neu-IgG was 
added to SIA-IgG-silencing LoVo cells. We observed that exogenous 
SIA-IgG, but not Neu-IgG, rescued the phenotypes of SIA-IgG-silencing, 
including Erk phosphorylation and the protein levels of p300 and c-Myc 
(Fig. 5E). The result suggests that the sialylation modification of SIA-IgG 
is essential for the function of SIA-IgG. To investigate the role of acti
vated Erk in SIA-IgG-promoted p300 and c-Myc, we first examined 
whether Erk activation had an effect on p300 and c-Myc in LoVo cells 
incubated with Erk1/2 phosphorylation inhibitor U0126 or DMSO for 
12 h, and we found that blocking Erk activation with U0126 clearly 
suppressed p300 and c-Myc protein levels (Fig. 5F). We next examined 
whether Erk activation was involved in SIA-IgG-induced expression of 
both p300 and c-Myc. We treated LoVo cells with SIA-IgG purified by 
RP215-affinity chromatography, non-SIA-IgG (the control-IgG) or PBS 
in the presence or absence of U0126, and observed the effect of Erk 
inactivation on p300 and c-Myc protein levels. Our results showed that 
SIA-IgG increased Erk activation, p300 and c-Myc protein levels, 
whereas U0126 decreased both basal and SIA-IgG-induced p300 and 
c-Myc protein levels (Fig. 5G), supporting that Erk1/2 activation indeed 
mediates the effect of SIA-IgG on p300 and c-Myc.

Taken together, we propose a model whereby SIA-IgG promotes 
p300 partly dependent on integrin β4-FAK-Src-Erk, leading to the 
decrease of c-Myc ubiquitination, stabilizing c-Myc protein, guiding CRC 
cells to develop liver metastasis.

Fig. 3. SIA-IgG upregulates c-Myc protein level by enhancing c-Myc protein stability. (A) Hallmark gene sets significantly enriched in CRC samples stratified based 
on low/high IgG expression from a public proteomic dataset (n = 144). (B) GSEA plots of MYC signatures of CRC samples stratified based on low/high IgG expression 
from a public proteomic dataset (n = 144). (C) FACS image of SIA-IgGhigh and SIA-IgGlow cells sorted from LoVo cells. Western blotting analysis of the indicated 
proteins from SIA-IgGhigh and SIA-IgGlow cells sorted from LoVo cells. (D) Cell lysates from LoVo and HT-29 treated with purified SIA-IgG (30 μg/mL), non-SIA-IgG 
(30 μg/mL) or PBS were subjected to western blot using the indicated antibodies. (E) Western blotting analysis of the indicated proteins from LoVo and HT-29 cells 
treated with RP215 or mIgG. (F) Total RNA extracted from SIA-IgG knockdown cells or control cells was reverse-transcribed and subjected to RT-PCR using the c-Myc 
primers. Western blot analysis of c-Myc protein level from SIA-IgG knockdown cells or negative control cells. (G) c-Myc protein level in LoVo and HT-29 cell with SIA- 
IgG knockdown in the absence or presence of proteasome inhibitor MG132 (10 μM, 10 h) determined by western blot. (H) LoVo and HT-29 cells were transfected with 
indicated plasmids and treated with MG132 for 10 h and cell lysates were subjected to immunoprecipitation using anti-Flag magnetic beads. c-Myc ubiquitination 
was analyzed by western blot. (I) LoVo and HT-29 cells were transfected as indicated and treated with CHX (200 μg/mL) as indicated time points. SIA-IgG and c-Myc 
protein levels were evaluated by western blotting. Quantification of c-Myc protein levels was summarized (right panel).
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Discussion

It is widely accepted that IgG is glycoprotein produced by plasma 
cells. However, IgG is also observed in various non-B cells [26–29,52] 
and cancer cells [53]. Notably, IgG produced by epithelial tumors rep
resents unique N-glycosylation at the Asn162 site, which is exactly the 
epitope recognized by RP215 antibody. Our previous studies have 
verified that the unique glycosylation modification at Asn162 site of 
SIA-IgG is critical for its abilities of increasing phosphorylation of c-Met, 
activation of integrin β4-FAK-Src pathway and interaction with Siglecs, 
and its functions, including stemness maintenance, cancer cell migration 
and immune evasion [31,32,37]. In this study, we identify that SIA-IgG 
is upregulated in CRC. Our previous study reported that SOX2 and OCT4 
activate SIA-IgG gene transcription in lung cancer cells [31]. Also, 
whether sialyltransferases responsible for the addition of a sialic acid 
participate in the sialylation of SIA-IgG to upregulate SIA-IgG protein 
expression needs to be explored. Furthermore, we find that SIA-IgG 
promotes CRC cells proliferation, migration, invasion and liver metas
tasis in vitro and in vivo. And our findings support the rationale for 
targeting SIA-IgG with anti-SIA-IgG antibody for CRLM treatment.

It has been reported that the c-Myc is necessary or sufficient for CRC 
invasion and metastasis by inducing EMT, improving de novo protein 
biosynthesis or enhancing aerobic glycolysis [54–58]. Moreover, a va
riety of signaling pathways, including Wnt signaling, mTOR signaling, 
eukaryotic initiation or elongation factor, microRNAs and lncRNAs, are 
involved in the regulation of c-Myc in CRC [59]. In this study, our data 
uncover that the MYC_TARGETS_V1 and MYC_TARGETS_V2 gene sets 
represent the most significantly downregulated signatures in IgGlow 

patient samples. SIA-IgG dependent on its sialylation modification at 
Asn162 site upregulates c-Myc protein level by decreasing c-Myc 
ubiquitination.

Since c-Myc is activated in the vast majority of cancers, it is vital for 
c-Myc to be tightly regulated. c-Myc can be regulated at levels of DNA 
amplification [60–62], RNA transcription, stability and translation [63,
64] and posttranslational modifications [65]. Phosphorylation, ubiq
uitination, acetylation and sumoylation are particularly critical for 
c-Myc expression and protein function. Previous studies show that c-Myc 
protein can be rapidly stabilized through T58/S62 phosphorylation, 
which prevents the targeted degradation of c-Myc by the UPS [19]. 
However, our results show that the T58/S62 phospho-deficient and 
phosphomimetic c-Myc mutants cannot rescue c-Myc degradation from 
SIA-IgG knockdown, suggesting that c-Myc is regulated through other 
ways. Previous reports indicate that c-Myc is acetylated and stabilized 
by interacting with several KATs, including p300/CBP [14,15], Tip60 
[44] and mammalian GCN5 [16]. Our results confirm that p300/CBP 
extend c-Myc half-life through decreasing c-Myc ubiquitination. 
Furthermore, p300/CBP can protect c-Myc protein degradation from 
depletion of SIA-IgG, which is attributed to their acetyltransferase ac
tivities. Acetylation of c-Myc inhibits its ubiquitination, resulting in 
increased c-Myc protein stability. The interplay between acetylation and 
ubiquitination of c-Myc is not well understood. Since both ubiquitina
tion and acetylation can occur on same lysine residue, two modifications 

can potentially antagonize with each other. Acetylation decreases 
ubiquitination of c-Myc and enhances c-Myc stability [15,16] or onco
genic potential [66]. Alternatively, acetylation on c-Myc might affect its 
affinity binding to E3 ubiquitin ligases or deubiquitinases [67]. In our 
study, we find that p300/CBP are critical to supporting 
SIA-IgG-dependent c-Myc protein stability. However, future work is 
needed to address how p300/CBP acetylating c-Myc impacts on c-Myc 
ubiquitination.

Previous results support that p300/CBP are essential for the devel
opment of CRLM [21,68–70]. Multiple signaling pathways have been 
identified in the regulation of p300 protein turnover. Phosphorylation of 
p300 modulated by Erk [48,49], AKT [21,71] and mTOR [72] activation 
has been shown to promote p300 protein and its acetyltransferase ac
tivity. In addition, the degradation of p300/CBP dependent on 
chaperone-mediated autophagy is mediated by hsc70 and LAMP2A in 
CRC [73]. Our results suggest that SIA-IgG upregulates p300 protein 
level through Erk activation in CRLM. Future studies are needed to 
precisely elucidate how this program works. In our previous study, we 
find that SIA-IgG specifically interacts with the integrin β4 and activates 
FAK-Src signaling [32]. We further confirm the role of integrin β4 in the 
cascade and find that integrin β4 significantly downregulates the 
phosphorylation levels of FAK, Src and Erk, as well as the protein levels 
of p300 and c-Myc. The previous study show that Asn162 N-sialylation is 
vital for the function of SIA-IgG in FAK-Src signaling [32] and Erk 
activation [31]. Our result show that exogenous SIA-IgG, but not 
Neu-IgG, rescues the phenotypes of SIA-IgG-silencing, including the 
phosphorylation of FAK-Src-Erk, the protein levels of p300 and c-Myc, 
suggesting that the sialylation of SIA-IgG is essential for its function.

In this study, we identify that high IgG expression in CRC is positively 
correlated with short overall survival and liver metastasis in CRC pa
tients. Moreover, we find that SIA-IgG is overexpressed in CRC and 
promotes cancer cells migration, invasion and liver metastasis depen
dent on its unconventional sialylation modification at Asn162 site and 
that blocking SIA-IgG by RP215 antibody inhibits CRC cells metasta
sizing to liver in mouse models. Mechanistically, SIA-IgG protects c-Myc 
from ubiquitin-proteasomal degradation through promoting p300/CBP 
protein levels. Moreover, p300/CBP stabilize c-Myc via their acetyl
transferase activities. Furthermore, SIA-IgG upregulates p300 and c-Myc 
by activating integrin β4-FAK-Src-Erk signaling. Hence, our results 
provide novel insights into SIA-IgG promoting CRLM, and offer SIA-IgG 
as a potential therapeutic strategy for CRLM treatment.

Ethics approval and consent to participate

Colon cancer tissue and distal tissue were obtained from Peking 
University Peoples’ Hospital. And collection of these samples was 
approved by the Clinical Research Ethics Committee of Peking Univer
sity Peoples’ Hospital (permit number: 2015PHB212-01). Also, 
informed consents were obtained from participating patients. All animal 
experiments were approved by Institutional Animal Care and Use 
Committee of Peking university (permit number: PUIRB-LA2022691).

Fig. 4. SIA-IgG promotes c-Myc protein stability relying on p300/CBP KAT activities. (A) Western blot analysis showing the total protein and phosphorylation levels 
of c-Myc in LoVo and HT-29 with SIA-IgG-knockdown or negative control cells. (B) Flag-c-MycWT, Flag-c-MycT58A, Flag-c-MycS62A, Flag-c-MycT58/S62A plasmids 
were transfected in SIA-IgG knockout LoVo and HT-29 cells. c-Myc protein levels were analyzed via western blotting. (C) The cell lysates of SIA-IgG knockdown LoVo 
and HT-29 cells treated with trichostatin A (10 μM) and nicotinamide (5 mM) were immunoprecipitated with anti-Flag magnetic beads. And Flag-c-Myc acetylation 
level was detected. (D) LoVo and HT-29 cells were transfected with vector, HA-CBP, HA-p300, HA-Tip60, HA-MOF and HA-PCAF expression plasmids, c-Myc protein 
level was analyzed via western blotting. (E) The half-life of the c-Myc protein was analyzed in transiently transfected LoVo and HT-29 cells treated with CHX (200 μg/ 
mL). (F) Immunoprecipitation of Flag-c-Myc using anti-Flag magnetic beads in LoVo and HT-29 cells transfected with the indicated plasmids and treated with MG132 
for 10 h. Immunoblot analysis of c-Myc ubiquitination was shown. (G) Negative control and SIA-IgG-knockdown LoVo and HT-29 cells were transfected with vector, 
HA-p300 or HA-CBP expression plasmids, c-Myc protein level was analyzed via western blotting. (H) Cell lysates of LoVo cells transfected with plasmids as indicated 
and treated with MG132 (10 μM) for 10 h were subjected to immunoprecipitation. The ubiquitination level of c-Myc was analyzed via immunoblot. (I) LoVo and HT- 
29 cells were transfected as indicated and treated with DMSO or A485 (3 μM) for 16 h. Western blot was performed as indicated. (J) Cell lysates extracted from the 
negative control or SIA-IgG knockdown LoVo and HT-29 cell treated with A485 (3 μM) or DMSO for 16 h were subjected to western blot using anti-SIA-IgG and anti-c- 
Myc antibodies.
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Fig. 5. SIA-IgG modulates p300 and c-Myc through integrin β4-FAK-Src-Erk signaling. (A) LoVo and HT-29 cells were transfected as indicated. The mRNA expression 
levels of p300 and CBP were assessed by RT-PCR (left panel) and western blot (right panel) was performed to determine p300 and HA-CBP protein levels. (B) Co-IP 
assay was performed to detect the interaction between SIA-IgG and integrin β4 in LoVo cells. (C) The phosphorylation levels of FAK, Src and Erk were detected via 
western blotting in SIA-IgG silencing or negative control LoVo, HT-29 and SW620 cells. (D) Purified SIA-IgG protein was digested by neuraminidase, and SIA-IgG, 
SNA lectin and IgG were detected by western blot. (E) SIA-IgG-knockdown cells were treated with purified SIA-IgG or SIA-IgG digested by neuraminidase and the 
indicated proteins were analyzed by western blot. (F) LoVo cells were transiently transfected with siRNA targeting IgG or non-targeting control siRNA, and incubated 
in the presence or absence of U0126 (10 μM) for 12 h. Whole cell lysates were prepared, and western blot was performed. (G) LoVo cells were treated with SIA-IgG, 
non-SIA-IgG or PBS for 24 h, and incubated in the presence or absence of U0126 (10 μM) for 12 h, and cell lysates were harvested and detected by western blotting.
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