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Abstract 
The overexpression of membrane-bound complement regulatory proteins (mCRPs) on tumour cells helps them survive complement attacks by 
suppressing antibody-mediated complement-dependent cytotoxicity (CDC). Consequently, mCRP overexpression limits monoclonal antibody 
drug immune efficacy. CD55, an mCRP, plays an important role in inhibiting antibody-mediated CDC. However, the mechanisms regulating CD55 
expression in tumour cells remain unclear. Here, the aim was to explore CD55-targeting miRNAs. We previously constructed an in vitro model 
comprising cancer cell lines expressing α-gal and serum containing natural antibodies against α-gal and complement. This was used to simulate 
antibody-mediated CDC in colon cancer cells. We screened microRNAs that directly target CD55 using LoVo and Ls-174T colon cell lines, which 
express CD55 at low and high levels, respectively. miR-132-3p expression was dramatically lower in Ls-174T cells than in LoVo cells. miR-132-3p 
overexpression or inhibition transcriptionally regulated CD55 expression by specifically targeting its mRNA 3ʹ-untranslated regions. Further, 
miR-132-3p modulation regulated colon cancer cell sensitivity to antibody-mediated CDC through C5a release and C5b-9 deposition. Moreover, 
miR-132-3p expression was significantly reduced, whereas CD55 expression was increased, in colon cancer tissues compared to levels in ad-
jacent normal tissues. CD55 protein levels were negatively correlated with miR-132-3p expression in colon cancer tissues. Our results indicate 
that miR-132-3p regulates colon cancer cell sensitivity to antibody-mediated CDC by directly targeting CD55. In addition, incubating the LoVo 
human tumour cell line, stably transfected with the xenoantigen α-gal, with human serum containing natural antibodies comprises a stable and 
cheap in vitro model to explore the mechanisms underlying antibody-mediated CDC.
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Introduction
Therapeutic anti-tumour monoclonal antibodies (mAbs), such 
as CD20-targeting rituximab, CD52-targeting alemtuzumab, 
Her2-targeting pertuzumab and trastuzumab, and EGFR-
targeting cetuximab, which target surface antigens expressed 
on tumour cells, have been widely used for the treatment of 
cancer [1, 2]. Despite their remarkable clinical success, some 
patients do not benefit from these treatments because of in-
trinsic or acquired resistance. The most important molecular 
mechanisms underlying the anti-tumour effects of mAbs in-
clude the targeted inhibition of signalling pathways, such as 
growth factor receptors or angiogenesis pathways, which sup-
press downstream signalling and lead to apoptosis [3, 4]. In 
addition, mAbs can trigger an innate immune response to in-
duce immune-mediated cell destruction mediated by antibody-
dependent cell-mediated cytotoxicity, complement-dependent 
cytotoxicity (CDC), and antibody-dependent cell-mediated 
phagocytosis [5–7]. Therefore, enhancing immune-mediated 
cell destruction is a promising strategy to improve the clinical 
efficacy of mAbs.

CDC is one of the mechanisms by which antibodies can 
induce specific target cell lysis through activation of the com-
plement system. To maintain body homeostasis, comple-
ment activation is controlled by multiple factors [8], such as 
membrane-bound complement regulatory proteins (mCRPs), 
including CD55, CD59, CD46, and CD35 [9, 10]. Many tu-
mour cells overexpress at least one mCRP to evade mAb-
mediated CDC [11]. Therefore, inhibiting the expression 
of one or more of these proteins might reactivate the CDC 
pathway in some mCRP-highly expressing cancer cells and 
enhance cell lysis mediated by antibody drugs. Our previous 
study found that CD55 and CD59 are important inhibitors 
of trastuzumab-induced cytolysis in breast cancer, and their 
expression was determined to be correlated with resistance to 
mAbs and the risk of relapse [12]. More importantly, CD55 
overexpression is an independent risk factor for recurrence in 
breast cancer patients who received postoperative adjuvant 
trastuzumab therapy [13].

The carbohydrate epitope Gala1-3Galb1-4GlcNAc-R 
(α-gal) is a heterologous xenoantigen that causes hyperacute 
rejection. It is widely present in new world monkeys and non-
primate mammalian species, but not in humans because the 
α-(1,3)-galactosyltransferase (α-1,3GT) that catalyses the 
synthesis of α-gal was inactivated during evolution [13–15]. 
The incubation of the cancer cells engineered to express the 
α-1,3GT gene with human serum, containing abundant nat-
urally existing anti-α-gal epitope antibodies, results in imme-
diate initiation of the complement system through the classical 
pathway and the subsequent lysis of tumour cells due to 
CDC. This process is in accordance with mAb-mediated CDC 
[16, 17]. We previously established a stable α-gal-expressing 
colon cancer cell model and found that its sensitivity to α-gal-
mediated CDC is related to the expression level of CD55 [18]. 
Therefore, we showed that using cancer cell lines expressing 
low levels of CD55 and engineered to express the α-1,3GT 
or α-gal gene is not only a possible strategy for anti-tumour 
therapy research but also a stable and effective cell model to 
explore regulators affecting Ab-mediated CDC. However, the 
mechanisms underlying the regulation of CD55 expression in 
tumour cells remain largely unknown.

MicroRNAs (miRNAs) are highly conserved endogenous 
non-coding RNAs of ~20–22 nucleotides. They inhibit the 

expression of targeted genes by targeting mRNAs for cleavage 
or translational repression via complementary base-pairing 
with the 3ʹ-untranslated regions (3ʹ-UTRs) of target gene 
mRNAs [19, 20]. Recent studies have indicated that miRNAs 
play functional roles in complement-mediated tumour im-
mune escape and can directly or indirectly target mCRPs and 
affect complement attacks on cancer cells [21–23]. Although 
many databases and target prediction tools have been used to 
identify potential CD55-targeting miRNAs [24], identifying 
the true target proteins, and pathophysiological processes 
regulated by miRNAs remains challenging.

In this study, we explored the miRNAs that target CD55 by 
comparing miRNA expression patterns between colon cancer 
cell lines with high and low CD55 expression. We found 
that miR-132-3p directly targets the 3ʹ-UTR of CD55 and 
post-transcriptionally suppresses its expression. miR-132-3p 
mimics were found to promote α-gal-mediated complement 
activation and enhance antibody-mediated CDC in colon 
cancer cells. In colon cancer tissues, low miR-132-3p expres-
sion was correlated with high CD55 expression. Therefore, 
miR-132-3p might be a promising therapeutic target to re-
verse the inhibition of CDC caused by the increased expres-
sion of CD55 and ultimately improve the efficacy of antibody 
drugs.

Methods
Cell lines and cell culture
Human LoVo and Ls-174T colonic adenocarcinoma cells and 
the HEK-293T embryonic kidney cell line were purchased 
from the Type Culture Collection of the Chinese Academy 
of Sciences, Shanghai, China. In our previous study, stable 
LoVo-GT and Ls-174T-GT α-gal-expressing cell lines were 
obtained by engineering them to express the Banna minipig 
inbred-line (BMI) α-1,3GT gene [18]. All cells were cultured 
in RPMI-1640 (Hyclone, Waltham, MA, USA) supplemented 
with penicillin/streptomycin and 10% foetal bovine serum 
in a humidified incubator with 5% CO2 at 37°C, according 
to the recommended culture method. An appropriate con-
centration of geneticin (G418) was added to the medium of 
LoVo-GT and Ls-174T-GT cells at regular intervals to main-
tain the stable expression of α-gal. The expression of α-gal 
on the membrane of stable cell populations was detected 
using fluorescein isothiocyanate FITC-conjugated Griffonia 
simplicifolia isolectin B4 (FITC-BS-IB4 lectin; Vector, Miami, 
FL), which specifically binds α-gal.

Sera
We recruited 10 staff in our lab to donate whole blood (10 ml 
from each) and isolate the serum. Pooled normal human 
serum (NHS) was used as the source of both complement- 
and anti-α-gal-specific antibodies. NHS was stored at −80°C 
in aliquots until it was assayed. Heat-inactivated pooled 
normal human serum (INHS) was prepared by heating NHS 
to 56°C for 30 min.

Human tissue specimens
Twenty colon tumour tissue specimens and normal adja-
cent non-tumour tissue specimens were retrospectively col-
lected from the Biobank of the West China Hospital, Sichuan 
University. Tissues were flash-frozen after surgery. The tu-
mours were staged according to the tumour size, lymph 
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node involvement, and the distant metastasis (pTNM) clas-
sification system. A summary of the tumour sample char-
acteristics is presented in Supplementary Table 1. The 
expression levels of miR-132-3p and CD55 in the tumours 
and in the paired normal tissue were tested by RT-qPCR and 
immunohistochemistry (IHC), respectively.

miRNA transfection
miR-132-3p mimics and the inhibitor, as well as miR-NC 
mimics and the inhibitor, were purchased from GenePharma 
(Shanghai, China). Cells were transfected with these oligo-
nucleotides using Lipofectamine 2000 and Opti-MEM I 
transfection medium (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. The sequences of 
the RNA oligonucleotides were as follows: for miR-132-3p 
mimics, sense: 5ʹ-UAACAGUCUACAGCCAUGGUCG-3ʹ, 
anti-sense: 5ʹ-ACCAUGGCUGUAGACUGUUAUU-3ʹ; 
for the miR-132-3p inhibitor, sense: 
5ʹ-CGACCAUGGCUGUAGACUGUUA-3ʹ; for the nega-
tive control, sense: 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ, 
anti-sense: 5ʹ-ACGUGACACGUUCGGAGAATT-3ʹ; 
for the inhibitor negative control, sense: 
5ʹ-CAGUACUUUUGUGUAGUACAA-3ʹ.

RNA extraction and RT-qPCR
Total RNA, including miRNAs, was extracted from cancer 
cells using the Total RNA kit (Omega Bio-Tek, China) or iso-
lated from clinical specimens using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA), after which RT-qPCR was used to 
quantify CD55 mRNA and miRNA expression. First-strand 
cDNA was synthesized from total RNA, performed using 
the All-in-one TM miRNA First-Strand cDNA Synthesis Kit 
(GeneCopoeia, Rockville, MD, USA), and PCR amplification 
was carried out using the All-in-oneTM miRNA RT-qPCR 
Detection Kit (GeneCopoeia, Rockville, MD, USA) with the 
following thermal cycling conditions: 95°C for 10  min; 40 
cycles of 95°C for 10  s, 55°C for 20  s, and 72°C for 30  s. 
To detect miRNA expression, non-coding small nuclear RNA 
(U6) was used as the internal control.

For CD55 mRNA, first-strand cDNA was synthesized 
using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, 
USA), and qPCR was performed on total RNA using SsoFast 
EvaGreen Supermix (Bio-Rad, Hercules, CA, USA), according 
to the manufacturer’s instructions. GAPDH was used as 
the internal control. The relative expression levels were as-
sessed using the following PCR program: 98°C for 2  min; 
40 cycles of 98°C for 3 s, 60°C for 10 s, and 95°C for 30 s. 
Amplification products were analysed via 2% agarose gel elec-
trophoresis. The reverse-transcriptase PCR primers for CD55 
and GAPDH were as follows: for the CD55 fragment, sense: 
5ʹ-TTCCCCCAGATGTACCTAATGC-3ʹ, anti-sense: 5ʹ-TT
ACAGTATCCTCGGGAAAACTTGT-3ʹ; for the GAPDH 
fragment, sense: 5ʹ-GAAGGTGAAGGTCGGAGTC-3ʹ, anti-
sense: 5ʹ-GAAGATGGTGATGGGATTTC-3ʹ.

CD55 protein analysis through western blotting 
analysis
Forty-eight hours post-transfection, the cells were collected 
with PBS and lysed at 4°C in cell lysis buffer. Equal amounts 
of samples were loaded onto 12% SDS-polyacrylamide gels 
for electrophoresis and then transferred to PVDF mem-
branes. The membranes were blocked with 5% skim milk in 

TBS containing 0.05% Tween 20 at room temperature for 
1 h. Membranes were incubated overnight with primary anti-
bodies against CD55 (1:400, ABclonal, Woburn, MA, USA) 
and β-actin (1:8000, ZenBioScience, Chengdu, China) in 
5% non-fat milk at 4°C. After washing the membrane, goat 
anti-mouse, and anti-rabbit HRP-conjugated secondary anti-
bodies (1:8000, ZenBioScience, Chengdu, China) were used 
for 2 h. The bands were visualized using a chemiluminescence 
detection system.

Dual-luciferase reporter assay
The fragment of the 3ʹ-UTR of human CD55 containing the 
predicted target site of miR-132-3p (wild-type coding region 
3ʹ-UTR) or CD55 subjected to site-directed mutagenesis of 
the 3ʹ-UTR (mutant coding region 3ʹ-UTR) was amplified by 
RT-qPCR. The PCR product was cloned downstream of the 
modified pmirGlO luciferase reporter vector (GenePharma, 
Shanghai, China). All constructs were confirmed by DNA 
sequencing.

For the luciferase assay, 293T cells were seeded into 24-well 
plates at a density of 1 × 105 cells/well. At 24 h after plating, 
cells were co-transfected with 50  nM miR-132 mimics or 
miR-NC mimics and 500  ng of CD55 3ʹ-UTR wild-type 
or CD55 3ʹ-UTR mutant-type plasmids per well using 
Lipofectamine 2000 (Invitrogen). Luciferase activity was 
measured 24  h after transfection using the Dual-luciferase 
Reporter Assay System (Promega, Fitchburg, WI, USA), ac-
cording to the manufacturer’s instructions. For each sample, 
firefly luciferase activity was normalized to Renilla luciferase 
activity to control for the transfection efficiency.

Complement-mediated cytolysis assay
Cytotoxicity assays were performed using trypan blue exclu-
sion assays, which have been used in many previous studies 
and are still widely used [18, 32, 36]. Briefly, 48 h after trans-
fection, cells in the logarithmic growth phase were collected 
from the culture flask using 3 mM EDTA and washed. Cells 
(1 × 106) from each group were washed and incubated with 
various dilutions of 50% INHS and NHS (0, 15, 30, and 
50%) for 1 h at 37°C. The percentage of dead cells was de-
termined microscopically after mixing the sample with 0.4% 
trypan blue. The numbers of living and dead cells in each cell 
suspension sample were counted, and the survival rates were 
calculated as follows:

Survival rate = living/(dead + living) × 100%, where ‘living’ 
= no. of living cells and ‘dead’ = no. of dead cells.

Fluorescence microscopy
To measure C5b-9/membrane attack complex (MAC) de-
position, LoVo-GT and Ls-174T-GT cells were transfected 
with miR-132-3p mimics or inhibitors and compared 
with the related negative controls. Forty-eight hours post-
transfection, cells (1  ×  106) from each group were col-
lected, washed with PBS, and incubated with 50% NHS, 
for Ls-174T-GT cells, and 15% NHS, for LoVo-GT cells, or 
INHS at 37°C. After 1 h, the cells were collected with 3 mM 
EDTA, washed twice, fixed with 4% paraformaldehyde, 
and incubated with 1% bovine serum albumin (BSA) over-
night at 4°C. This was followed by incubation with 100 
μl of anti-C5b-9 mAb (dilution 1:200, Abcam, Cambridge, 
MA, USA), which was diluted with PBS containing 1% 
BSA for 1  h at 37°C. After washing with PBS, the cells 
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were incubated with FITC-conjugated goat anti-mouse 
IgG antibodies (dilution 1:200, Zhongshan Golden Bridge 
Co., China) for 30 min at room temperature and then incu-
bated with 100 μl of 0.5 μg/ml of DAPI. The cells were then 
washed to remove the unbound antibodies and DAPI. The 
cell suspensions (10 μl) were transferred to glass coverslips 
for confocal microscopy. Cells were imaged under a Leica 
TCS SP5 confocal microscope. All cells were imaged using 
the same exposure scaling conditions by applying the same 
imaging parameters.

C5a ELISA
To measure C5a release (secreted from cells undergoing com-
plement attack), cells (1 × 106) from each group were col-
lected 48  h post-transfection, washed, and incubated with 
50% pooled NHS, for Ls-174T-GT cells, and 15% NHS, 
for LoVo-GT cells, at 37°C. After 30 min, the complement 
attack was blocked through the addition of EDTA (10 mM 
final concentration in the supernatant), and the cells were re-
moved via centrifugation at 1500 rpm for 20 min to remove 
insoluble impurities and cell debris. The cell supernatant was 
collected and frozen at −80°C until further analysis. C5a 
levels were determined using a C5a ELISA kit (Elabscience 
Biotechnology, Wuhan, China). Measurements were per-
formed in triplicate.

Histology and IHC
One of the aliquots was used for haematoxylin and eosin 
(H&E) staining. The histological diagnosis of all samples was 
performed and confirmed by experienced pathologists. Tissue 
samples were inspected to ensure that there was no necrotic 
tissue, and the tumour cell content was calculated based on 
the ratio of the tumour area to the normal areas. All speci-
mens were evaluated to ensure that the tumour cell content 
was at least 70%.

All IHC assays were performed in accordance with the 
manufacturer’s instructions. Briefly, consecutive sections of 
freshly frozen colon tumour and normal tissue samples were 
prepared and incubated overnight at 4°C with primary anti-
bodies against CD55 (dilution 1:100; Abcam, Cambridge, 
MA, USA). The sections were then incubated with the 
Polink-2 plus Polymer HRP Detection System (Zhongshan 
Golden Bridge, China). The colour was developed using 
a diaminobenzidine chromogenic colour development kit 
(Zhongshan). PBS was used instead of the primary antibody 
for the negative control group. Normal colon tissue served as 
the control.

Two independent observers scored all samples in a blinded 
manner without previous knowledge of the clinicopathologic 
details of each sample. An immunoreactivity scoring system 
was applied using the extensional standard as follows: (A) a 
fraction of positively stained cells of 5% or less was scored as 
0 points, 6–25% was scored as 1 point, 26–50% was scored 
as 2 points, 51–75% was scored as 3 points, and >75% was 
scored as 4 points; (B) for the intensity of staining, no staining 
was scored as 0 points, buff was scored as 1 point, yellow was 
scored as 2 points, and brown was scored as 3 points. The 
A and B scores were multiplied, and the staining score was 
stratified as weak (score range, 0–4) or strong (score range, 
5–12) according to the proportion and intensity of positively 
stained cancer cells.

Statistical analysis
Statistical analyses were performed using SPSS 20.0 (IBM, 
Chicago, IL, USA). Quantitative data were analysed using 
a two-tailed Student’s t-test and one-way analysis of vari-
ance followed by Dunnett’s multiple comparison post-test. 
Pearson’s correlation coefficient was used to measure the 
statistical relationships between two continuous variables. 
Results are expressed as the mean ± standard deviation. The 
differences were statistically significant at *P < 0.05, **P < 
0.01, and ***P < 0.001.

Results
miR-132-3p expression is down-regulated in high 
CD55-expressing colon cancer cell line
Bioinformatics tools including TargetScan (http://www.targetscan.
org/), DIANAmT (http://diana.imis.athena-innovation.gr/), 
miRDB (http://www.mirdb.org/), miRWalk (http://zmf.umm.
uni-heidelberg.de/), and miRanda (http://www.microrna.org/) 
were used to determine the candidate miRNAs that target the 
3ʹ-UTR of CD55. Based on the predicted frequency, we listed 
the 30 top candidate miRNAs (Table 1) that were proven to be 
negatively correlated with the malignant phenotype of cancer 
cell lines or the poor prognosis of patients with cancer in pre-
vious studies [25–27]. Our previous study demonstrated that the 
LoVo cell line expresses very low levels of CD55, whereas the 
Ls-174T cell line exhibits a high expression of CD55 [18]. We 
then compared the expression levels of the candidate miRNAs in 
LoVo and Ls-174T cell lines using RT-qPCR. Expression levels of 
12 miRNAs were significantly down-regulated in Ls-174T cells 
compared to those in LoVo cells (Fig. 1A, Supplementary Table 
2). Among these, Ls-174T cells exhibited the lowest expression 
level of miR-132-3p, relative to that in LoVo cells (1.49 ± 0.74%, 
P = 2.15E−09), suggesting that miR-132-3p was the candidate 
miRNA most likely to target CD55, and it was therefore selected 
for further validation.

miR-132-3p regulates CD55 at the post-
transcriptional level
132-3p mimics or inhibitors were transfected into LoVo and 
Ls-174T cells (Fig. 1B) to determine whether they could alter 
CD55 expression. RT-qPCR and western blotting assays 
showed that miR-132-3p mimics significantly reduced the 
mRNA expression of CD55 in LoVo cells (21.1 ± 6.66%, P 
= 0.00003) and Ls-174T cells (45.68 ± 15.56%, P = 0.003) 
(Fig. 1C), as well as the protein expression (Fig. 1D) in both 
cell lines, compared to that with control miRNA mimics 
(miR-NC). Conversely, the miR-132-3p inhibitor significantly 
increased CD55 mRNA and protein expression in LoVo cells 
(3.94 ± 1.03-fold, P = 0.008) and Ls-174T cells (2.46 ± 0.73-
fold, P = 0.026) (Fig. 1C and D). Briefly, miR-132-3p down-
regulated the level of CD55 mRNA and protein.

miR-132-3p directly inhibits the expression of CD55 
through its 3ʹ-UTR
To verify the direct effects of miR-132-3p on CD55, 
TargetScan was used to predict the miR-132-3p-binding se-
quence in CD55. As shown in Fig. 1E, the seed sequence of 
miR-132-3p was complementary to the 3ʹ-UTR of CD55 
from chr1:207359650 to 207359656 (GRCh38.p13 primary 
assembly). Further, the activity of the luciferase gene, which 
is downstream of the wild-type CD55 3ʹ-UTR, was decreased 
with miR-132-3p mimics (68.31  ±  4.92%, P = 0.0004), as 
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compared to that with the negative control. However, the 
miR-132-3p mimics had no effect on luciferase activity from 
the mutated CD55 3ʹ-UTR reporter (97.31  ±  3.5%, P = 
0.25). In other words, the luciferase reporter assay demon-
strated that expression of the luciferase gene ligated to the 
wild-type CD55 3ʹ-UTR, but not the mutated CD55 3ʹ-UTR, 
was largely reduced by the high expression of miR-132-3p in 
HEK293T cells (Fig. 1E). Our data suggest that miR-132-3p 
directly inhibits CD55 by targeting its 3ʹ-UTR.

miR-132-3p increases the sensitivity of colon 
cancer cells to antibody-mediated CDC
Strong expression of α-gal was detected in LoVo-GT and 
Ls-174T-GT cells stably transfected with the α-1,3GT gene 
by performing direct immunofluorescence (Fig. 2A). Our pre-
vious study indicated that transfection with α-gal did not affect 
cancer cell morphology, growth, and tumourigenesis [18, 28]. 
Here, the relative expression levels of miR-132-3p in LoVo-GT, 
Ls-174T-GT, and their parent cell lines were determined by 
RT-qPCR (Fig. 2B). LoVo and LoVo-GT cells showed similar 
expression levels of miR-132-3p (P = 0.79), which was also ob-
served for Ls-174T and Ls-174T-GT cells (P = 0.87), indicating 
that α-gal had no effect on the expression of miR-132-3p.

To determine whether the expression of miR-132-3p would 
increase the sensitivity of colon cancer cells to antibody-
mediated CDC, α-gal-expressing tumour cells were incubated 
with pooled NHS (concentrations of 15, 30, or 50%) con-
taining both complement- and anti-α-gal-specific antibodies. 
LoVo-GT and Ls-174T-GT cells were transfected with a miR-
132-3p mimic, inhibitor, or negative control. After 48 h, cells 
were collected and incubated with NHS, and cell death was 
determined using the trypan blue exclusion assay.

No cytolysis was observed in the two cell lines after incuba-
tion with heat-inactivated 50% INHS. However, miR-132-3p 
mimics significantly enhanced LoVo-GT cell sensitivity to 
CDC when cells were incubated with 15% NHS compared 
to that with miR-NC mimics, as the cell viability decreased 
from 61.35 ± 2.99% to 38.45 ± 1.73% (P = 0.0003). The 
miR-132-3p inhibitor significantly reduced cell sensitivity 
to complement-mediated cell death, as compared to that 
with the miR-NC inhibitor, as cell viability increased from 

52.95  ±  5.76% to 70.75  ±  3.05% (P = 0.009). Almost all 
LoVo-GT cells were killed after incubation with 30 or 50% 
NHS (Fig. 2C). In Ls-174T-GT cells, which highly express 
CD55, miR-132-3p mimics only increased cell sensitivity to 
CDC in the 50% NHS group, with a decrease in cell viability 
from 94 ± 4.36% to 75.09 ± 4.49% (P = 0.006) (Fig. 2D). No 
cytolysis was detected in Ls-174T-GT cells incubated with 15 
or 30% NHS. These results indicated that the overexpression 
of miR-132-3p significantly increases α-gal-mediated CDC. 
Of particular note, this effect was observed in the cell line 
with low CD55 expression in the presence of low concentra-
tions of NHS and in the cell line with high CD55 expression 
in the presence of high concentrations of NHS.

miR-132-3p increases complement activation
The ability of miRNAs to regulate CD55 expression suggested 
the probability that miRNAs regulate C5a release and C5b-9 
deposition on targeted cells. LoVo-GT and Ls-174T-GT cells 
were incubated with NHS, followed by the detection of the 
MAC. A fluorescence assay was used to test for C5b-9 on 
the cell surfaces, and an ELISA kit was used to assess the re-
lease of C5a in the supernatant. LoVo-GT and Ls-174T-GT 
cells were transfected with a miR-132-3p mimic, inhibitor, 
or negative control. miR-132-3p mimics significantly in-
creased the release of C5a in LoVo-GT cells (31.04 ± 3.79 ng/
ml vs. 62.93 ± 7.91 ng/ml, P = 0.003) and Ls-174T-GT cells 
(16.85 ± 1.56 ng/ml vs. 27.9 ± 2.49 ng/ml, P = 0.003) com-
pared to that with miR-NC mimics, whereas the miR-132-3p 
inhibitor decreased the release of C5a in LoVo-GT cells 
(27.8 ± 2.01 ng/ml vs. 23.27 ± 1.1 ng/ml, P = 0.026), but not 
in Ls-174T-GT (15.73 ± 2.6 ng/ml vs. 15.21 ± 1.94 ng/ml, P 
= 0.79), compared to that with the miR-NC inhibitor (Fig. 3A 
and B). Additionally, C5b-9 signals were significantly stronger 
in LoVo-GT cell membranes than in Ls-174T-GT cells. 
Moreover, miR-132-3p mimics enhanced C5b-9 deposition, 
whereas the miR-132-3p inhibitor decreased C5b-9 depos-
ition on LoVo-GT cells (Fig. 3C). An increase in C5b-9 depos-
ition in Ls-174T-GT cells was also observed after transfection 
with miR-132-3p mimics. However, Ls-174T-GT cells trans-
fected with the miR-132-3p inhibitor showed similarly low 
C5b-9 deposition to that with the miR-NC inhibitor. In brief, 

Table 1: bioinformatics prediction of miRNAs regulating CD55 expression

Selected miRNAs Predicted regulatory sites Selected miRNAs Predicted regulatory sites 

miR-34b-5p 1451-1457 of CD55 3ʹUTR miR-421 1205-1211 of CD55 3ʹUTR
miR-502-5p 93-99 of CD55 3ʹUTR miR-335-5p 143-149 of CD55 3ʹUTR
miR-31-5p 1091-1098 of CD55 3ʹUTR miR-19b-3p 543-549 of CD55 3ʹUTR
miR-132-3p 40-46 of CD55 3ʹUTR miR-338-5p 974-981 of CD55 3ʹUTR
miR-382-5p 157-163 of CD55 3ʹUTR miR-200a-3p 1110-1116 of CD55 3ʹUTR
miR-641 595-601 of CD55 3ʹUTR miR-182-5p 1093-1099 of CD55 3ʹUTR
miR-769-3p 817-823 of CD55 3ʹUTR miR-381-3p 7413-7419 of CD55 3ʹUTR
miR-561-3p 1278-1284 of CD55 3ʹUTR miR-203a-3p 2961-2967 of CD55 3ʹUTR
miR-590-3p 8009-8015 of CD55 3ʹUTR miR-186-5p 694-700 of CD55 3ʹUTR
miR-942-5p 246-252 of CD55 3ʹUTR miR-216b-5p 208-214 of CD55 3ʹUTR
miR-548c-3p 259-265 of CD55 3ʹUTR miR-383-5p 7164-7170 of CD55 3ʹUTR
miR-338-3p 473-479 of CD55 3ʹUTR miR-506-3p 2919-2925 of CD55 3ʹUTR
miR-450b-3p 817-823 of CD55 3ʹUTR miR-204-5p 6589-6595 of CD55 3ʹUTR
miR-578 757-764 of CD55 3ʹUTR miR-374a-3p 378-384 of CD55 3ʹUTR
miR-142-5p 870-876 of CD55 3ʹUTR miR-363-3p 4306-4312 of CD55 3ʹUTR
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miR-132-3p mimics increased C5a release and C5b-9 depos-
ition in both cell lines, but the miR-132-3p inhibitor only de-
creased C5a release and C5b-9 deposition in LoVo-GT cells.

Expression of miR-132-3p and CD55 in colon 
tumour tissue
Twenty patients pathologically diagnosed with colon cancer 
were included, and the proportion of cancer cells in each tu-
mour sample was ≥70% (Fig. 4A and Supplementary Table 

1). IHC was used to detect the expression of the CD55 
protein, and RT-qPCR was used to detect the expression of 
CD55 mRNA and miR-132-3p. IHC showed that the CD55 
protein was highly expressed in colon cancer cells compared 
to that in adjacent normal cells (Fig. 4B). This was confirmed 
based on the fact that the expression of CD55 mRNA in tu-
mour tissue was significantly higher than that in normal tissue 
of the same patient, via a paired t-test (P = 0.0001). The ex-
pression of miR-132-3p in tumour tissues was significantly 

Figure 1: CD55 is a direct target of miR-132-3p. (A) The relative expression level of miRNAs in the Ls-174T cell line was detected by RT-qPCR and 
compared to the miRNAs levels in the LoVo cell line. (B) miR-132-3p expression level in LoVo or Ls-174T cell lines transfected with the miR-132-3p 
mimics or inhibitor and their respective negative controls. CD55 mRNA (C) and protein (D) expression in the LoVo or Ls-174T cell line transfected with 
the miR-132-3p mimics or inhibitor and their respective negative controls. (E) Schematic representation of the CD55-3ʹ-UTR (untranslated region) 
reporter construct and sequence alignment between miR-132-3p and the CD55 3ʹ-UTR wild-type and CD55 3ʹ-UTR mutant sequences. Mutations were 
generated based on the miR-132-3p-binding sequence of the CD55 3ʹ-UTR as indicated. Dual-luciferase reporter data with the wild-type and mutated 
3ʹ-UTR of CD55 are shown after miR-132-3p overexpression. *P < 0.05, **P < 0.01, ***P < 0.001.

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac120#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac120#supplementary-data
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lower than that in normal tissues of the same patient as de-
termined by performing a paired t-test (P = 0.02; Fig. 4C). 
Further, CD55 protein expression was positively correlated 
with CD55 mRNA expression (R = 0.48, P = 0.03) and nega-
tively correlated with miR-132-3p expression (R = −0.63, P = 
0.003) (Fig. 4D). These results indicated that the expression 
of miR-132-3p is negatively correlated with CD55 expression 
in colon cancer tissue.

Discussion
Our results for the first time suggest that increasing the level 
of miR-132-3p potentially down-regulates CD55 mRNA and 
protein expression at the post-transcriptional level. This re-
sults in increased sensitivity to antibody-mediated CDC in 
colon cancer cell lines via the increased release of C5a and de-
position of C5b-9. In colon cancer tissues, miR-132-3p levels 
are also expressed at lower levels than those in the adjacent 

normal tissues and are negatively correlated with CD55 
protein expression.

Beyond the targeted inhibition of signalling pathways, such 
as growth factor receptor or angiogenesis pathways, mAbs 
can also trigger innate immune reactions to cause immune-
mediated cell destruction via CDC, which can expand the anti-
tumour effect of antibody drugs [29]. Most targeted mAbs 
can activate the complement system, such as rituximab [30], 
daratumumab [31], alemtuzumab [32], cetuximab [33], and 
dinutuximab [34]. However, most tumour cells overexpress 
mCRPs, including CD46, CD55, and CD59, which can in-
hibit the mAb-mediated CDC effect, thereby limiting the 
therapeutic potential of mAbs [10, 13]. Increasing evidence 
suggests that neutralizing antibodies or siRNAs that down-
regulate the expression of mCRPs can significantly enhance 
mAb-mediated CDC in vitro [35]. As a human IgG1 Ab, 
cetuximab lacks the capacity to activate the complement cas-
cade and cannot trigger sufficient CDC in solid tumours [36, 

Figure 2: miR-132-3p regulates cell sensitivity to antibody-induced CDC. (A) Expression of the epitope Gala1-3Galb1-4GlcNAc-R (α-gal) on stably 
transfected LoVo-GT (a) and Ls-174T-GT (b) cells was observed by performing direct immunofluorescence. (B) miR-132-3p expression in LoVo, Ls-174T, 
LoVo-GT, and Ls-174T-GT cell lines, as detected via RT-qPCR. Survival rates of (C) LoVo-GT and (D) Ls-174T-GT cells transfected with the miR-132-3p 
mimics and inhibitor or control. All cells were incubated with various dilutions of normal human serum (NHS; 15, 30, or 50%). Error bars show standard 
deviations. *P < 0.05, **P < 0.01, ***P < 0.001, ns ≥ 0.05.
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37]. The single EGFR-specific IgG3 Ab cetuximab triggers 
significant CDC against CD55-negative or low-expressing 
target cells, but not CD55-highly expressing cells, as detected 
using the DiFi colorectal carcinoma cell line [38]. In addition, 
the inhibition of mCRPs could sensitize leukemic cells or 
breast cancer cells to CDC upon treatment with rituximab 
or trastuzumab, respectively [39, 40]. Our previous studies 
revealed that blocking and down-regulating the expression 
of CD55 significantly enhances trastuzumab-induced CDC in 
Her2-positive breast cancer cells [13, 18]. These studies show 
that the regulation of mCRP expression plays a critical role in 
the anti-tumour effects of mAbs.

miRNA has shown great potential for the diagnosis and 
treatment of cancer [41, 42]. Here, we selected miR-132-3p 
from numerous candidates as one of the potential miRNAs 
that regulate CD55 in colon cancer cells expressing high 
and low levels of CD55. miR-132-3p, which is located on 
human chromosome 17p13.3, has been found to be a tumour 

suppressor and its expression was determined to be down-
regulated in a series of cancers, including breast cancer [43], 
colorectal cancer [44], hepatocellular carcinoma [45], and 
lung cancer [46]. Moreover, miR-132 is involved in cell pro-
liferation, migration, and invasion [47]. Nevertheless, the 
potential mechanisms underlying the involvement of miR-
132-3p in the complement-related immune cascade remain 
unclear. This study extends our understanding of the effects 
of miR-132-3p on Ab-mediated CDC.

We noticed that miR-132-3p mimics significantly in-
hibited mRNA and protein of CD55 in Ls-174T-GT cells. 
However, miR-132-3p mimics had no effect on cell viability 
of Ls-174T-GT cells in the presence of 15 or 30% NHS. Only 
a 25% decrease in cell viability was observed in the presence 
of 50% NHS when cells were transfected with miR-132-3p 
mimics. One reason is that Ls-174T-GT cells express higher 
levels of CD59 and CD46, which possibly contribute to the 
inhibition of Ab-mediated CDC sensitivity [18]. Consistent 

Figure 3: miR-132-3p regulates cell sensitivity to complement activation. The release of (A) C5a from LoVo-GT and (B) Ls-174T-GT cells was detected 
using an ELISA kit. The deposition of C5b-9 (membrane attack complex; MAC) on (C) LoVo-GT and (D) Ls-174T-GT cells was observed with a 
fluorescence confocal microscope. LoVo-GT cells were treated with 15% normal human serum (NHS), and Ls-174T-GT cells were treated with 50% 
NHS. a: miR-NC mimics; b: miR-132-3p mimics; c: miR-NC inhibitor; d: miR-132-3p inhibitor. The bar indicates 20 μm. *P < 0.05, **P < 0.01.
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with in vitro experiments, results with colon cancer tissue veri-
fied that miR-132-3p was negatively correlated with CD55 
expression. However, more colon cancer tissues are needed 
to explore the relationship between other clinicopathological 
features and miR-132-3p/CD55 expression. In future sutdy, 
we need to explore the potiential predictive effect of miR-
132-3p and CD55 expression level on antibody drugs efficacy 
in colon cancer patients who are treated with EGFR-targeting 
Cetuximab.

Conclusions
We found that miR-132-3p regulates CD55 expression by 
directly targeting the 3ʹ-UTR of CD55, leading to changes 
in cell sensitivity to Ab-mediated CDC through the release 
of C5a and deposition of C5b-9. This study provides new 
evidence for the anti-tumour roles of miR-132-3p and re-
veals its potential use as a biomarker for the efficacy of anti-
body drugs that could trigger CDC. We also stress that our in 
vitro model can be generally applied to explore regulators of 
Ab-mediated CDC involved in the effects of antibody treat-
ments.
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