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Abstract. Family with sequence similarity 83 member A 
(FAM83A) has been recently observed to be upregulated 
in various types of cancer and hypothesized to be serve 
as an oncogene. The present study aimed to determine the 
functional roles and the underlying molecular mechanism 
of FAM83A in cervical cancer. The results demonstrated 
that although FAM83A expression was increased in cervical 
cancer compared with normal tissues, the expression levels 
of FAM83A were decreased in patients with advanced FIGO 
stage, deep stromal invasion, poor differentiation and/or lymph 
node metastasis and negatively associated with short survival 
time of patients with cervical cancer. FAM83A knockdown 
promoted cell proliferative, migratory and invasive abilities 
of CaSki and HeLa cells. A mouse xenograft model demon-
strated that FAM83A knockdown promoted tumor growth in 
vivo. Mechanistically, RNA sequencing results revealed that 
knockdown of FAM83A increased the transcription of genes 
mainly associated with oncogenesis-associated pathways. In 
addition, FAM83A knockdown increased the protein levels 
of α1, α3, α5, β4 and β5 integrins in vitro and in vivo, and 
the expression of FAM83A was also negatively associated 
with the levels of these proteins in human cervical cancer 
tissue samples. In conclusion, the results of the present study 
suggested that FAM83A may exert a tumor-suppressive role 
in cervical cancer by suppressing the expression of integrins, 
which may offer new insight into the biological basis of 
cervical cancer.

Introduction

Cervical cancer is the fourth most common cancer type among 
women worldwide, with 570,000 new cases and 311,000 deaths 

estimated in 2018; however, the incidence and mortality rates 
have decreased over the last few decades due to effective 
integration of human papillomavirus (HPV)-based testing 
through screening and HPV vaccination programs in a number 
of developed countries (1). Persistent infection with HPV is a 
primary cause of cervical cancer and its precursor lesions, and 
HPV testing is used for primary screening (2). HPV infection is 
common in sexually active women, with an estimated incidence 
rate of 74-80%, but cervical cancer is comparatively rare, as 90% 
of HPV infections clear within two years (3,4). Currently, it is not 
possible to predict which women who test positive for HPV may 
develop cervical cancer. Therefore, improved understanding of 
the underlying molecular mechanisms may facilitate the devel-
opment of novel diagnostic markers and effective therapeutic 
targets for HPV-associated cancer.

Our previous study performed RNA sequencing to analyze 
the transcriptomes in healthy cervical tissues without HPV 
infection and cervical cancer tissues with high-risk HPV 
(HR‑HPV) infection, and identified family with sequence simi-
larity 83 member A (FAM83A) as one of the most upregulated 
genes in cervical cancer compared with healthy tissues (5). 
FAM83A is one of the eight-member FAM83 family of proteins; 
this 434-amino acid protein shares a conserved N-terminal 
domain of unknown function, termed the DUF1669 domain, 
with other FAM83 members and also contains serine-rich and 
proline‑rich domains (6,7). FAM83A was originally identified 
as a novel tumor‑specific gene BJ‑TSA‑9, located on chromo-
some 8q24, and was demonstrated to be highly expressed in 
lung cancer using bioinformatics (8). Additionally, FAM83A 
upregulation was identified in multiple human tumor types, 
including breast (6,9,10), pancreatic (11) and ovarian (12) cancer, 
as well as lung adenocarcinoma (13). Using a 3D laminin-rich 
extracellular matrix culture system, Lee et al (6) revealed that 
FAM83A was able to confer resistance to epidermal growth 
factor receptor tyrosine kinase inhibitors (EGFR-TKIs) via its 
putative interactions with proto-oncogene c-RAF and PI3K 
p85 in breast cancer. FAM83A depletion in breast cancer cells 
leads to suppressed proliferation and invasiveness in vitro as 
well as to suppressed tumor growth in vivo (14). In addition, 
analysis of a published breast cancer gene expression dataset 
reported that patients with breast cancer with high expression 
of FAM83A exhibited a poor clinical prognosis (15).

Based on the aforementioned studies, FAM83A is 
considered to be a candidate oncogene. However, the cellular 
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mechanism of action of FAM83A in human cancer is not fully 
understood. The present study aimed to identify the functional 
roles and mechanisms of FAM83A in cervical cancer cells. 
The results of the present study may provide a potential target 
for cervical cancer therapeutics.

Materials and methods

Human samples. A total of 153 human cervical samples without 
preoperative treatment were obtained by surgical resection 
from patients with a mean age of 45 (range 28-66) years at the 
Department of Gynecologic Oncology at the Women's Hospital, 
Zhejiang University between January 2012 and December 2013. 
The Ethics Committee of the Women's Hospital approved 
the collection and use of human samples. All patients signed 
informed consent. Diagnosis of all samples was confirmed 
independently by two pathologists before further analysis.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). RNA extraction and RT-qPCR was performed as 
previously described (16). Briefly, total RNA was extracted 
from tissues or cells using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). cDNA synthesis was performed using 
a PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.) 
according to the manufacturer's instructions. The samples 
were analyzed on an ABI/ViiA7 Real‑Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) using a 
SYBR® Premix Ex Taq kit (Takara Biotechnology Co., Ltd.). 
The thermocycling conditions were as follows: Denaturation 
at 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 
60˚C for 30 sec, and the melting curve stage at 95˚C for 15 sec, 
60˚C for 1 min and 95˚C for 15 sec. Gene quantification was 
performed using the 2‑∆∆Cq method (16). GAPDH was used as 
an internal control. The primers used are presented in Table SI.

Immunohistochemistry (IHC). IHC was performed on 
paraffin‑embedded human cervical tissue sections and cervical 
tumor xenografts with the use of the primary antibodies. Briefly, 
each 4 µm‑section was deparaffinized in xylene and rehydrated 
with 100, 85 and 75% ethanol in deionized water. The slides 
were placed in antigen retrieval solution, boiled at 100˚C for 
15 min and subsequently incubated with primary antibodies 
including anti‑FAM83A (1:800; cat. no. bs‑16014R; BIOSS), 
integrin α1 (1:100; cat. no. 22146-I-Ap; ProteinTech Group, Inc.), 
integrin α3 (1:1,000; cat. no. 66070-I-Ig; ProteinTech Group, 
Inc.), integrin α5 (1:100; cat. no. ET1701-58; Hangzhou HuaAn 
Biotechnology Co., Ltd.), integrin β4 (1:50; cat. no. ET1703-52; 
Hangzhou HuaAn Biotechnology Co., Ltd.) and integrin β5 
(1:400; cat. no. bs‑23987R; BIOSS) at 4˚C overnight, followed 
by incubation with Dako Envision Peroxidase (Dako; Agilent 
Technologies, Inc.) for 1 h at room temperature. The antibody 
staining was visualized with DAB (Dako; Agilent Technologies, 
Inc.). All section slides were counterstained in hematoxylin. 
The IHC results were evaluated and scored based on the inten-
sity of staining and the proportion of stained positive cells in a 
blinded manner by a technician (17). The frequency of positive 
cells were defined as follows: <5%, 0 points; 5‑30%, 1 point; 
31-70%, 2 points; >71%, 3 points. The staining intensity was 
scored as follows: No staining, 0 points; light brown staining, 
1 point; brown staining, 2 points; dark brown staining, 3 points. 

The staining result was determined by multiplying the score 
for the frequency of positive cells with the score for staining 
intensity. The expression of FAM83A were graded as ‘none’ 
(score, 0), ‘weak’ (score, 1-3), ‘moderate’ (score, 4-6) or ‘strong’ 
(score, 7‑9). ‘Strong’ staining was defined as ‘high expression’, 
whereas ‘weak’ or 'moderate' staining was considered ‘low 
expression’.

Cell lines. Human cervical cancer cell lines HeLa and CaSki 
were purchased from the American Type Cell Culture and 
cultured in DMEM (Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.). 
Cells were cultured at 37˚C with 5% CO2. Both cell lines were 
negative for mycoplasma.

Small interfering (si)RNA transfection. FAM83A siRNA pool 
(si-FAM83A; cat. no. M-015040-00-0005) and non-targeting 
siRNA pool (si-NS; cat. no. D-001206-13-05) were purchased 
from GE Healthcare Dharmacon, Inc. HeLa and CaSki cells 
(3x105) were plated in 6-well plates and transfected with 50 µM 
si-NS or si-FAM83A using the DharmaFECT 1 transfection 
reagent (cat. no. T-2001-03; GE Healthcare Dharmacon, Inc) 
and incubated at 37˚C in a humidified CO2 incubator for 24 h 
according to the manufacturer's instructions. The RNA was 
extracted at 48 h post-transfection, and protein was obtained 
at 72 h post-transfection. The transfection efficiency was 
confirmed by RT‑qPCR and western blotting.

Cell proliferation, migration and invasion assays. To deter-
mine cell proliferation, 5,000 HeLa and CaSki cells were 
plated in triplicate in 96-well plates, and a Cell Counting 
Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc.) 
was performed at 24, 48, 72 and 96 h post-transfection. All 
experiments were performed in triplicate and repeated three 
times independently.

Migration assays were performed using Transwell filter 
chambers (Corning, Inc.). HeLa and CaSki cells were trans-
fected with 50 nM siRNA in 12-well plates for 24 h, and 
cell viability was determined with a Trypan blue assay prior 
to the migration assay. A total of 1x105 cells with similar 
viability in 200 µl serum-free DMEM in each group were then 
seeded in the upper chamber of each Transwell, and 500 µl 
medium supplemented with 10% FBS was added to the lower 
chamber. After 16 h incubation for HeLa and 24 h for CaSki 
cells, the non-migrated cells were removed by cotton swabs, 
and cells that migrated through the membrane were fixed by 
4% paraformaldehyde for 20 min at room temperature, stained 
with 0.1% crystal violet for 30 min at room temperature, and 
counted in five random visual fields per well under a light 
microscope (x100 magnification; Leica Microsystems GmbH).

Invasion assays were performed using Transwell filter 
chambers pre‑coated with Matrigel for 30 min at 37˚C. The 
detection was performed following incubation for 24 h of 
HeLa and 36 h for CaSki cells. All migration and invasion 
experiments were performed in duplicate and repeated inde-
pendently three times.

Xenograft models. BALB/c female nude mice (n=12; age, 
4 weeks) were purchased from Shanghai Laboratory Animal 
Center. All mice were housed in a dedicated SPF facility 
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(temperature, 22±1˚C; humidity, 50±10%; light/dark cycle, 
12:12 h) with standard laboratory food and water, and used 
with the approval of the Animal Care and Use Committee 
of Zhejiang University. The mice were randomly divided 
in two groups in a blinded manner. Human cervical cancer 
HeLa cells transfected with scrambled short hairpin (sh)RNA 
(nc-shRNA) or FAM83A-shRNA were injected subcutane-
ously (1x107 cells/inoculum) into the right‑side flank of each 
mouse (n=10). Tumor growth was detected with calipers every 
4 days, and tumor volume was calculated using the following 
formula: Volume = (length x width2)/2. To further evaluate the 
metastatic potential of FAM83A, mice (n=2) were intraperito-
neally transplanted with 1x107 tumor cells (HeLa/nc-shRNA 
and HeLa/FAM83A‑shRNA) suspended in 200 µl PBS. 
Five weeks after transplantation, all mice were euthanized 
by cervical dislocation. Death was confirmed through close 
observation of the mice. The mice were assessed for any move-
ment, including the respiratory movement of the chest, and 
checked for heartbeat by a stethoscope. Once the muscles of 
the mice stiffened and evidence of animal death was observed, 
the tumors were harvested and imaged.

Immunofluorescence staining. Experiments were performed 
on 4‑µm paraffin‑embedded tumor tissues mounted on slides. 
Paraffin was removed, and the sections were serially rehydrated 
by descending ethanol series as described above. Antigen 
retrieval was performed by heating the slides in EDTA buffer 
at 100˚C for 15 min. Slides were blocked by incubating with 
3% BSA (Wuhan Servicebio Technology Co., Ltd.) for 30 min 
at 37˚C and then incubated with primary antibodies against 
FAM83A (1:500; BIOSS), integrin α1 (1:200; ProteinTech 
Group, Inc.), integrin α3 (1:1,000; ProteinTech Group, Inc.), 
integrin α5 (1:100; Hangzhou HuaAn Biotechnology Co., Ltd.), 
integrin β4 (1:100; ProteinTech Group, Inc.) and integrin β5 
(1:100; BIOSS) at 4˚C overnight, followed by the secondary 
antibodies Alexa Fluor 488-conjugated goat anti-mouse 
(1:400; cat. no. GB25303) or Cy‑3‑conjugated goat anti‑rabbit 
(1:300; cat. no. GB21303; both from Wuhan Servicebio 
Technology Co., Ltd.) for 1 h at room temperature. The cell 
nuclei were stained with DAPI. Nikon Eclipse C1 fluorescence 
microscope with an integrated camera was used to visualize 
the fluorescence and acquire images from five representative 
fields of each sections (x400).

RNA sequencing (RNA‑seq). After transiently transfecting HeLa 
cells with si-FAM83A or si-NS for 48 h, total RNA of each 
group was extracted and subjected to poly(A) selection using 
Oligo(dT) beads (Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocol. RNA libraries were sequenced 
on the Illumina HiSeq/MiSeq platform at Novogene Co., Ltd. 
RNA-seq reads in fasta format were mapped to the human 
genome GRCh38 using TopHat (version 2.0.13) (18). DESeq was 
used for differential expression (DE) analysis (19). In DE tests, a 
gene was considered significantly differentially expressed when 
the adjusted P<0.05. Integrative Genomics Viewer (20) was used 
to visualize the expression of FAM83A in each group.

Western blot analysis. At 72 h post-transfection, HeLa and 
CaSki cells were lysed in RIPA buffer in presence of protease 
and phosphatase inhibitors (ThermoFisher Scientific, Inc.). 

The protein concentration was quantified using a BCA protein 
assay kit (Thermo Fisher Scientific, Inc.). Western blotting 
was performed following a standard procedure (21). The 
membranes were blocked with 5% skimmed milk for 1 h at 
room temperature and incubated with the primary antibodies 
overnight at 4˚C, washed with TBS‑Tween‑20 and incubated 
with the secondary antibodies for 1 h at room temperature. 
The following antibodies were used: FAM83A (1:1,000; cat. 
no. SAB1103067; Sigma‑Aldrich; Merck KGaA), integrin α1 
(1:500; ProteinTech Group, Inc.), integrin α2 (1:1,000; cat. 
no. ET1611‑57; Hangzhou HuaAn Biotechnology Co., Ltd.), 
integrin α3 (1:1,000; ProteinTech Group, Inc.), integrin α5 
(1:1,000; Hangzhou HuaAn Biotechnology Co., Ltd.), inte-
grin β4 (1:1,000; Hangzhou HuaAn Biotechnology Co., 
Ltd.), integrin β5 (1:1,000; BIOSS), phosphorylated (p)‑PI3K 
(1:1,000; cat. no. 4228; Cell Signaling Technology, Inc.), p-AKT 
(1:1,000; cat. no. 4060; Cell Signaling Technology, Inc.), 
GAPDH (1:4,000; cat. no. sc‑47724; Santa Cruz Biotechnology, 
Inc.), horseradish peroxidase (HRP)-conjugated anti-mouse 
IgG (1:1,000; Cell Signaling Technology, Inc.; cat. no. 7076) 
and anti-rabbit IgG (1:1,000; cat. no. 7074; Cell Signaling 
Technology, Inc.). Blots were visualized with SuperSignal West 
Pico Chemiluminescent Substrate (Pierce; Thermo Fisher 
Scientific, Inc.) and analyzed on a LAS‑4000 Imaging System 
(Fuji Photo Film, Inc.). Band intensities were determined by 
Quantity One software v4.6.6 (Bio‑Rad Laboratories, Inc.).

Statistical analysis. The data obtained using tissue samples are 
presented as the mean ± SEM; all other data are presented as the 
mean ± SD. The experiments were performed ≥3 times unless 
stated otherwise. Analyses were performed using GraphPad 
Prism 6.0 software (GraphPad Software, Inc.). Testing 
involving two groups in cervical tissues were performed using 
the nonparametric Mann-Whitney U test. Association between 
FAM83A expression and patient clinicopathological param-
eters were analyzed by the χ2 test and Fisher's exact probability 
test. Kaplan-Meier curves and the log-rank test were used to 
examine overall survival. For experiments in cell lines and 
xenograft models, two‑tailed Student's t‑test was used. P<0.05 
was considered to indicate a statistically significant difference.

Results

FAM83A is upregulated in human cervical cancer tissues, 
but low expression is associated with a poor prognosis. In 
our previous study, FAM83A mRNA was demonstrated to 
be upregulated in cervical cancer by RNA sequencing (5). 
In the present study, the expression pattern of FAM83A was 
assessed in another cohort of human cervical tissue samples 
from the Women's Hospital of Zhejiang University. The 
mRNA expression levels of FAM83A were quantified using 
RT-qPCR in 153 cervical specimens, including 43 healthy 
and 110 cancerous cervical tissues. Compared with the 
healthy cervix, FAM83A mRNA expression was significantly 
increased in cancer tissues (Fig. 1A and B).

FAM83A IHC staining was performed in the aforemen-
tioned human cervical samples to determine whether the 
protein expression exhibited similar trends. The expression of 
FAM83A protein was weak in the healthy cervical epithelia, 
but significantly higher in cervical cancer tissues (Fig. 1C). As 
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FAM83A is considered to be an oncogene, it was hypothesized 
that its upregulation may be associated with poor outcomes in 
patients with cervical cancer. However, in the present study, the 
upregulation of FAM83A protein expression was more likely 
to occur in patients with favorable clinical parameters, as the 
results demonstrated that FAM83A protein expression was 
inversely associated with advanced FIGO stage, deep stromal 
invasion, high pathological grade and lymph node metastasis, 
but not with other clinicopathological parameters including age, 
parametrium, margins, lymphovascular space invasion, tumor 
size or the presence of squamous cell carcinoma antigen in 
patients with cervical cancer (Fig. 1D; Table I). As demonstrated 
in Fig. 1D, the FAM83A protein was located both in the cyto-
plasm and the nucleus in cervical tissues, and differences in the 
localization were observed among groups with different FIGO 

stage, stomal invasion and lymph node metastasis . The intensity 
of FAM83A protein staining was similar in the cell nucleus and 
the cytoplasm of healthy cervical epithelium; in cervical cancer 
samples, high FAM83A expression was located both in nucleus 
and cytoplasm, but the localization was mainly in cytoplasm in 
patients with low FAM83A expression. Kaplan-Meier survival 
analysis results indicated that patients with low FAM83A protein 
expression exhibited a shorter overall survival time (Fig. 1E). 
Thus, FAM83A expression was frequently upregulated in 
human cervical cancer types, but negatively associated with 
poor prognostic parameters, suggesting the possibility that 
FAM83A may serve a suppressive role in cervical cancer.

Knockdown of FAM83A promotes aggressive phenotypes in 
cervical cancer cells. To further elucidate the biological roles 

Table I. Association between FAM83A protein expression and clinicopathologic parameters of patients with cervical cancer.

 FAM83A protein expression
 ------------------------------------------------------
Characteristic Total (n=110) Low High P‑value

Age, years    0.369
  ≤45 61 36 25
  >45 49 33 16
Pelvic nodes  0.003a

  Negative 92 52 40
  Positive 18 17   1
Parametrium    1.000a

  Negative 99 62 37
  Positive 11   7   4
Margins    1.000a

  Negative 107 67 40
  Positive 3   2   1
FIGO stageb   0.046
  IA/IB 76 43 33
  IIA 34 26   8
Pathological grade   0.046a

  1/2 95 56 39
  3 15 13   2
Lymphovascular space invasion   0.741
  Negative 73 45 28
  Positive 37 24 13
Deep stromal invasion  0.035
  <2/3 58 31 27
  ≥2/3 52 38 14
Tumor size, cm  0.554
  ≤4 99 63 36
  >4 11   6   5
SCC-Ag, ng/ml   0.245a

  <4 96 58 38
  ≥4 14 11   3

aP<0.05, Fisher's exact test; bFIGO 2014 (47). FIGO, International Federation of Gynecology and Obstetrics; SCC-Ag, squamous cell carci-
noma antigen; FAM83A, family with sequence similarity 83 member A.
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of FAM83A in cervical cancer cells, FAM83A expression 
in HeLa and CaSki cells was silenced by transfection with 
si‑FAM83A (Fig. S1). As demonstrated in Fig. 2A and B, 
knockdown of FAM83A significantly promoted HeLa and 
CaSki cell proliferation compared with that in the nega-
tive controls groups. The tumor cell migratory and invasive 
abilities were assessed using Transwell assays. Knockdown of 
FAM83A significantly increased the migratory and invasive 
abilities of HeLa and CaSki cells (Fig. 2C and D). Collectively, 
these results suggested that knockdown of FAM83A promoted 
cervical cancer cell proliferation and invasion in vitro.

Knockdown of FAM83A promotes tumor growth and inva‑
sion in vivo. Subsequently, the role of FAM83A knockdown 
in cervical tumor growth and invasion was evaluated in vivo. 
BALB/c nude mice (n=10) were randomly injected subcuta-
neously with HeLa cells stably expressing either control or 
FAM83A shRNA (each n=5). Of note, HeLa/FAM83A‑sh 
tumors exhibited more progressive growth compared with that 
of HeLa/nc-shRNA tumors, as the volumes of the tumors gener-
ated from HeLa/FAM83A-sh cells were higher compared with 
those of tumors from HeLa/nc‑shRNA cells (Fig. 3A and B). 
Immunofluorescence staining in tumors dissected from the 

mice identified that tumors transfected with FAM83A shRNA 
exhibited lower FAM83A protein expression compared with 
those from the control group (Fig. 3C).

The invasive potential of FAM83A was determined in vivo. 
HeLa/FAM83A-sh cells and HeLa/nc-shRNA cells were intra-
peritoneally transplanted into nude mice (n=2). The volume of 
the abdominal HeLa/FAM83A-sh tumor was larger compared 
with that of the HeLa/nc-shRNA tumor (Fig. 3D). In addition, 
HeLa/FAM83A-sh cells significantly increased the forma-
tion of tumor nodules in the colon compared with that in the 
HeLa/nc-shRNA group (Fig. 3D). The expression of FAM83A 
in these tumors was also confirmed by immunofluorescence. 
These results demonstrated that knockdown of FAM83A 
potentiated cervical tumor growth and invasion.

RNA‑seq demonstrates that FAM83A knockdown alters key 
oncogenic signaling pathways. To identify the underlying mech-
anisms behind the observed effects of FAM83A, the present 
study investigated the signaling pathways regulated by FAM83A. 
RNA-seq was conducted in HeLa cells transiently transfected 
with si-FAM83A and the negative control groups (Table SII). 
The expression of FAM83A was significantly inhibited in HeLa 
cells transfected with FAM83A siRNA (Fig. 4A).

Figure 1. Expression of FAM83A in human cervical tissues. (A and B) Reverse transcription‑quantitative PCR analysis of FAM83A mRNA levels in 43 normal 
cervixes and 110 cervical cancer tissues. GAPDH was used as the internal control. Data are presented as (A) log2 (cancer/normal) for each cervical cancer sample 
and (B) mean (2-ΔΔCT) ± SEM in the normal and cancer groups, respectively. (A) The numbers on the x axis indicate the patient number. (C and D) Representative 
immunohistochemical staining of FAM83A in normal cervixes and cervical cancer tissues with known clinicopathological parameters. (E) Overall survival 
curves of patients with cervical cancer with high or low FAM83A expression. ***P<0.001. FAM83A, family with sequence similarity 83 member A; IB, FIGO 
stage IB; IIA, FIGO stage IIA; G3, pathological grade 3; LN+, lymph node metastasis; >2/3, deep stromal invasion.
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In total, 192 differentially expressed genes were identi-
fied in si-FAM83A-transfected cells compared with the 
control groups, with 175 upregulated and 17 downregulated 
genes (Fig. 4B and C; Table SIII). KEGG pathway analysis of 
the 192 differentially expressed genes identified a significant 
activation of key oncogenesis-associated pathways following 
FAM83A knockdown, including the ‘PI3K/AKT signaling 
pathway’, ‘TNF signaling pathway’, ‘focal adhesion’ and 
‘ECM-receptor interaction’ (Fig. 4D), while the ‘proteogly-
cans in cancer’ and ‘microRNAs in cancer’ pathways were 
suppressed (Fig. S2). To confirm the KEGG pathway analysis 
results, the activated PI3K/AKT pathways was validated 
in vitro. The results demonstrated that knockdown of FAM83A 
significantly increased the expression of p‑PI3K and p‑AKT 
proteins in HeLa and CaSki cells (Fig. S3).

A total of 46 candidate genes, including 40 genes from the 
top four activated pathways and six from the main suppressed 
pathways in both HeLa and CaSki cells, were analyzed by 
RT-qPCR. In line with the RNA-seq data, all 46 genes were 
similarly regulated following FAM83A inhibition in HeLa 
cells (Fig. 5A). Although each expression pattern of the 46 
genes was different compared with those in HeLa cells, similar 
expression patterns of 44 candidates were observed in CaSki 
cells following FAM83A knockdown, with the exception 
of collagen type 1 α1 and mitogen-activated protein kinase 

kinase kinase 20 (Fig. 5B). Therefore, FAM83A inhibition 
may activate multiple downstream genes mainly involved in 
oncogenesis-related pathways.

FAM83A knockdown activates integrins in vitro and in vivo. 
The main cell adhesion receptors, known as integrins, are 
essential for migration and invasion and have been implicated 
in almost every step of cancer progression, from primary 
tumor to metastasis (22,23). Dysregulated integrin-mediated 
adhesion to the extracellular matrix (ECM) and signaling is a 
precursor in the majority of invasive tumors (24-26). To vali-
date these candidate integrins, additional in vitro and in vivo 
experiments were performed. The effects of FAM83A knock-
down on the protein expression levels of integrins α1, α2, α3, 
α5, β4 and β5 in HeLa and CaSki cells were determined. As 
presented in Fig. 6A and B, FAM83A knockdown significantly 
increased the integrin α1, α3, α5, β4 and β5 protein expres-
sion levels in HeLa and CaSki cells compared with that in 
the corresponding si-NS groups, whereas integrin α2 protein 
expression was not significantly affected.

To evaluate the effect in vivo, the protein expression levels 
of integrins α1, α3, α5, β4 and β5 were investigated in tumor 
xenografts harvested from nude mice by immunofluorescence 
staining (Fig. 7A-F). Consistent with the in vitro findings, 
tumors expressing FAM83A shRNA exhibited increased protein 

Figure 2. Effects of FAM83A knockdown on cervical cancer cell proliferation, migration and invasion. (A and B) The effects of FAM83A knockdown on (A) HeLa 
and (B) CaSki cell proliferation were analyzed by Cell Counting Kit‑8 assay at the indicated timepoints. (C and D) The effects of FAM83A knockdown on HeLa 
and CaSki cell (C) migration and (D) invasion were measured, and the representative images of migrated and invaded cells are presented. Magnification, x100. 
**P<0.01 vs. si‑NS. FAM83A, family with sequence similarity 83 member A; si, small interfering RNA; si‑NS, scrambled control; OD, optical density.
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expression levels of the five tested integrins. These results further 
suggest that integrins α1, α3, α5, β4 and β5 may be involved in 
the tumor-promoting effects of FAM83A knockdown.

Clinical association among FAM83A and integrins α1, α3, 
α5, β4 and β5 in human cervical cancer tissues. The clinical 
relevance of the associations among FAM83A and integrins 
α1, α3, α5, β4 and β5 were determined in clinical samples from 
20 patients with cervical cancer (10 with high and 10 with low 
FAM83A expression) by IHC. As presented in Fig. 8A and B, 
the protein expression levels of integrins α1, α3, α5, β4 and β5 
were negatively associated with FAM83A protein expression 
level. For example, the protein expression of integrin α1 was 
higher in the cervical cancer tissue samples with low FAM83A 

expression compared with that in samples with high FAM83A 
expression, whereas the expression of integrin α1 was lower 
in cancer tissues with high FAM83A expression. In addition, 
the protein expression levels of integrin α3, α5, β4 and β5 
were higher in cervical cancer samples with low FAM83A 
expression compared with those in tissues with high FAM83A 
expression. Collectively, the results suggested an association 
between FAM83A and certain integrin subtypes in human 
cervical cancer samples.

Discussion

FAM83A belongs to a recently discovered oncogenic FAM83 
family and has been demonstrated to be significantly 

Figure 3. FAM83A knockdown promotes tumor growth and invasion in nude mice. (A-C) HeLa/FAM83A-sh and HeLa/nc-shRNA cells were subcutaneously 
injected into nude mice (n=10). (A) Xenograft tumor models demonstrated that tumors originating from HeLa/FAM83A‑sh cells were larger compared with 
those originating from the HeLa/nc‑shRNA cells. (B) Tumor growth curves of each group and images of tumors from nude mice. (C) Immunofluorescence 
analysis of FAM83A protein expression (red) in xenograft tumors expressing control or FAM83A shRNA. Nuclear DNA was stained with DAPI (blue). 
(D) Xenograft tumor models were induced by intraperitoneal injection of HeLa/FAM83A-sh or HeLa/nc-shRNA cells. Local tumors from the abdominal cavity 
and colon invasive tumors in each group are presented. Yellow arrow indicates the tumor position. Immunofluorescence analysis was used to determine the 
expression of FAM83A protein expression (red) in the local tumors. *P<0.05, **P<0.01 vs. HeLa/nc‑shRNA. sh/shRNA, short hairpin RNA; FAM83A, family 
with sequence similarity 83 member A.
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upregulated in a variety of types of cancer, such as breast and 
lung cancer (6,10,12,14,27,28). Thus, FAM83A is presumed 
to be a novel oncogene. However, the results of the present 
study suggested that FAM83A upregulation may serve a 
tumor-suppressing role in cervical cancer in vitro and in vivo, 
at least in part by suppressing integrins. It was speculated that 
the contrasting results identified in different types of cancer 
may indicate the context dependency of FAM83A functions.

The present clinical observations in human cervical 
samples have suggested complex roles for FAM83A. FAM83A 
mRNA expression was profiled across all human tumor and 
paired healthy tissues from TCGA and GTEx projects using 
GEPIA (29). As presented in Fig. S4, the mRNA expres-
sion of FMA83A was upregulated in bladder urothelial 
carcinoma, cervical squamous cell carcinoma, endocervical 
adenocarcinoma, head and neck squamous cell carcinoma, 
lung adenocarcinoma, lung squamous cell carcinoma, ovarian 
serous cystadenocarcinoma and pancreatic adenocarcinoma, 
but suppressed in esophageal carcinoma, acute myeloid 
leukemia and skin cutaneous melanoma. The mRNA expres-
sion of FAM83A was not altered in other types of tumors, 

indicating the tissue specificity of FAM83A expression. The 
present results demonstrated that FAM83A expression was 
upregulated in human cervical cancer compared with the 
normal cervix. Chen et al (11) have reported that elevated 
FAM83A expression was attributed to the genomic amplifica-
tion of chromosome 8q24.13 and c‑MYC gene amplification. 
FAM83A is located near the HPV integration hot spots (30,31), 
which may affect the expression of FAM83A. In the present 
study, FAM83A upregulation was identified to be negatively 
associated with advanced FIGO stage, deep stromal invasion, 
poor differentiation, lymph node metastasis and poor prog-
nosis. Although FAM83A was upregulated in cervical cancer 
tissues, it is likely that FAM83A serves tumor-suppressive role. 
The results of the present study suggested that FAM83A may 
be used as a potential biomarker for cervical cancer progres-
sion.

As FAM83A overexpression could drive HMEC transfor-
mation and confer resistance to EGFR-TKIs, and knockdown 
of FAM83A suppressed growth and tumorigenicity in breast 
cancer (6,14,27), it was initially hypothesized that FAM83A 
may also serve similar functions in cervical cancer. However, 

Figure 4. Downstream transcriptional targets of FAM83A in HeLa cells. RNA sequencing analysis was performed on HeLa cells transfected with si-NS or 
si-FAM83A. (A) Read coverage maps demonstrating the RNA expression levels of FAM83A in the si-FAM83A and si-NS groups. Samples si-NS 1-3 were 
three independent repeats of si-NS-treated HeLa cells; samples si-FAM83A 1-3 were three independent repeats of HeLa cells transfected with si-FAM83A. 
Distribution of FAM83A reads was visualized along with the FAM83A gene transcript using the Integrative Genomics Viewer. (B) Venn diagram depicting the 
overlapping genes differentially expressed following FAM83A knockdown in HeLa cells. The numbers (1-3) in the Venn diagram indicate the three independent 
replicates. (C) A heatmap of the 192 differentially expressed genes from the RNA-seq experiment following FAM83A knockdown. Red represents upregulation; 
blue represents downregulation. (D) The top 20 most significant Kyoto Encyclopedia of Genes and Genomes pathways activated in response to FAM83A inhibi-
tion. FAM83A, family with sequence similarity 83 member A; si, small interfering RNA; si-NS, scrambled control; Hg19, human genome version 19.
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in the present study, knockdown of FAM83A promoted 
cell proliferation, migration, invasion and tumorigenicity 
in vitro and in vivo. By examining how FAM83A knockdown 
promoted tumor growth and invasion, the present study iden-
tified 192 altered genes that associated FAM83A with four 
key signaling pathways using RNA-seq. It was demonstrated 
that FAM83A knockdown resulted in the activation of the 
PI3K/AKT and TNF signaling pathways, focal adhesion and 
ECM-receptor interaction. Opposite roles were reported by 
Lee et al (6), who demonstrated that FAM83A activated the 
PI3K/AKT pathways in breast cancer. Although the results of 
the present study were different from the reported data, both 
studies observed that FAM83A exerted its roles via the same 
pathway. The differences in the results may have occurred due 
to the different function of FAM83A in the different types of 
cancer. To assess the present findings, 46 genes from the top 
pathways in HeLa and CaSki cells were further validated, and 
it was demonstrated that FAM83A knockdown upregulated 
the expression of these pathway-related genes compared with 
that in the si-NS-transfected cells. It is possible that FAM83A, 
despite being generally considered to be an oncogene, may exert 

tumor-suppressive activities in cervical cancer. Similar results 
have been observed with other genes; for instance, polo-like 
kinase 1 (Plk1) has been considered to be a classical oncogene 
in a number of tumor types (32). However, de Cárcer et al (33) 
revealed that Plk1 overexpression exerted a tumor suppressor 
role, and the increased levels of Plk1 expression was associ-
ated with improved prognosis in patients with breast cancer. 
In addition, similar observations have been made for viral 
E7-induced expression of tumor-suppressive p16Ink4a (34). 
High-level of p16Ink4a expression is the clinical biomarker for 
high-risk HPV-associated lesions and cancers (35). Thus, one 
reasonable assumption may be that the HPV viral oncopro-
teins may also contribute to the altered roles of FMA83A in 
cervical cancer.

The results of the present study also suggested that 
FAM83A knockdown upregulated a set of integrin subunits. 
Integrins are members of a diverse family of glycoproteins 
that form heterodimeric receptors for ECM molecules (36). In 
total, 24 transmembrane heterodimers are generated from a 
combination of its 18 α and eight β subunits (36). Integrins are 
essential for cell migration, invasion and tumor metastasis, not 

Figure 5. Experimental validation of RNA‑seq data in HeLa and CaSki cells. (A and B) Quantitative PCR validation of selected 46 genes and FAM83A in 
(A) HeLa and (B) CaSki cells with or without FAM83A knockdown. The relative mRNA levels of individual gene transcripts are presented as fold‑change 
of FAM83A knockdown group compared with the si‑NS group. The experiments were performed in triplicate. NS, not significant; *P<0.05, **P<0.01, 
***P<0.001 vs. si‑NS. FAM83A, family with sequence similarity 83 member A; si, small interfering RNA; si‑NS, scrambled control.
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only because they directly alter adhesion to the ECM, but also 
as they respond to intracellular cues that control pro-survival 

signaling pathways (37). Aberrant integrin expression is 
frequently detected in various types of cancer (24-26). For 

Figure 6. FAM83A knockdown activates integrins α1, α3, α5, β4 and β5 in cervical cancer cells. (A and B) Western blot analysis of FAM83A and integrins α1, 
α2, α3, α5, β4 and β5 in (A) HeLa and (B) CaSki cells with or without FAM83A knockdown. GAPDH protein level was used as the loading control. NS, not 
significant; *P<0.05, **P<0.01 vs. si‑NS. FAM83A, family with sequence similarity 83 member A; si, small interfering RNA; si‑NS, scrambled control.

Figure 7. FAM83A knockdown activates integrins α1, α3, α5, β4 and β5 in mouse xenograft models. (A‑F) Immunofluorescence analysis of integrin α1, α3, α5, 
β4 and β5 protein expression (green) in HeLa xenograft tumors generated using cells transfected with nc-shRNA or FAM83A-sh. Nuclear DNA was stained 
with DAPI (blue). **P<0.01 vs. HeLa/nc‑shRNA. sh/shRNA, short hairpin RNA; FAM83A, family with sequence similarity 83 member A; nc, negative control.
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example, most β1 integrins are necessary for mammary 
tumorigenesis (38,39). In addition, integrin α5β1 upregula-
tion contributes to poor tumor prognosis and progression in 
lung cancer (40). Integrin αvβ3 is significantly upregulated 
at the invasive front of melanoma cells and angiogenic blood 
vessels (41). The laminin-binding integrin α6β4 regulates the 
mesenchymal-to-epithelial transition oncogenic signaling, 
activates PI3K and correlates with the progression to invasive 
carcinoma, such as breast carcinoma, thyroid cancer and 
gastric carcinoma (42-45). The present study demonstrated 
that FAM83A knockdown upregulated integrins α1, α3, α5, 
β4 and β5 in cervical cancer cells and animal models. Thus, 
the results of the present study provided evidence that cervical 
cancer samples with low FAM83A expression exhibited high 
protein expression of integrins α1, α3, α5, β4 and β5. In addi-
tion, it was indicated that FAM83A acted as a tumor suppressor 
and exerted its suppressive role at least partially via the inhibi-
tion of integrins α1, α3, α5, β4 and β5. In addition, laminins 
and collagens have been reported to be closely associated with 
integrins to promote tumor progression (40,46). The results 
of the present study demonstrated FAM83A knockdown also 
significantly increased the expression of several members of 
the laminin and collagen family, indicating a potential asso-
ciation among integrins, collagens and laminins.

In conclusion, the present study identified novel potential 
roles of FAM83A in cervical cancer. Understanding the exact 
role of FAM83A in cervical cancer and the molecular mecha-
nisms by which FAM83A knockdown activates integrins may 
offer new insight into the biological basis of cervical cancer 
and lay the groundwork for future studies.
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