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Introduction

According to Global Cancer Statistics, colorectal car-
cinoma (CRC) ranks third among all cancers in terms of 
incidence, and second in terms of mortality (1). Although 
the overall incidence of CRC has been decreasing in the 
United States, CRC has become more common in younger 
populations than before, and more patients are diagnosed 
at the advanced stage and in the left column/rectum (2). 
Early CRC is usually asymptomatic, and missed diagno-
sis is common. More than 35% of CRC patients are dia-
gnosed at the advanced stage, thus already missing the 
best chance for radical surgery. The 5-year survival rate 
of patients with stage I CRC is 91%, and that of patients 
with stage IV CRC is only 15% (3). In recent years, studies 
in genomics, transcriptomics, and proteomics have shown 
that CRC is associated with a variety of genetic mutations 
or altered expressions (3), indicating the heterogeneity 
of CRC. As the pathogenesis of CRC has been partially 

understood, targeted drugs have become the mainstream 
anti-tumor treatment. Targeted therapy has achieved good 
efficacy and won widespread recognition in clinical prac-
tice. Therefore, how to improve the targeting precision and 
specificity of the targeted therapy, while reducing treat-
ment-related adverse reactions, has become the new trend 
of development of anti-tumor therapies. Given the above, 
the major difficulty in CRC diagnosis and treatment lies in 
understanding the molecular mechanism of tumor occur-
rence and development and finding tumor-specific biomar-
kers.

The suppressor APC domain-containing protein 2 
(SAPCD2) gene is located on the long arm of chromo-
some 9 at position 34.3 in the human genome. The carci-
nogenic effect of the SAPCD2 protein has been supported 
by in vitro, in vivo, and retrospective clinical studies and 
the mechanism underlying such carcinogenic effect is par-
tially understood. It was first discovered by Xu et al. as a 
novel oncogene involved in gastric cancer. SAPCD2 was 
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found to be specifically expressed in primary gastric can-
cer tissues, but not expressed in the paired normal gastric 
mucosa (4). Later, a large number of studies indicated that 
SAPCD2 expressions in CRC (5), gastric cancer (6), and 
liver cancer (7) were significantly higher than those in the 
normal controls. SAPCD2 can promote cancer cell proli-
feration, migration and invasion, and the malignant trans-
formation of tumor cells (6-8). Some researchers believe 
that SAPCD2, which is highly expressed in CRC, may be 
used as an independent prognostic factor in CRC (9). At 
present, the potential of SAPCD2 as a diagnostic marker 
and therapeutic target in cancers has been explored and 
confirmed.

The transcription of the SAPCD2 gene results in two 
splice variants, namely, SAPCD2 and SAPCD2X1 (sup-
pressor APC domain-containing protein 2 isoform X1), 
which encode two homologous proteins with a length 
of 394 and 424 amino acids, respectively. The mRNA 
sequence of SAPCD2X1 has 90 more nucleotides than 
SAPCD2. The amino acid sequence of SAPCD2X1 has 
30 more amino acids than SAPCD2X1. The two proteins 
are completely identical except for the above differences 
and share highly similar nucleic acid sequences and pri-
mary structure. Nevertheless, the functions and biological 
mechanisms of SAPCD2X1 have not been reported yet. 
In this study, we verified the expressions and biological 
functions of SAPCD2X1 in HCT116 cells, based on struc-
tural prediction of SAPCD2X1. Our research contributes 
to the understanding of the diversity of the products and 
functions of the SAPCD2 gene and lays a theoretical foun-
dation for finding potential targets for CRC treatment.

Materials and Methods

Analysis of the primary structures and structural do-
mains of the proteins

The mRNA sequences and amino acid sequences of 
the SAPCD2 gene were downloaded from the NCBI data-
base (https://www.ncbi.nlm.nih.gov/gene/89958). The pri-
mary structures of the proteins were aligned online using 
BLAST (https:// blast.ncbi. nlm.nih.gov/Blast.cgi). The 
conserved structural domains of the proteins were ana-
lyzed using NCBI’s conserved domain database (https://
www.ncbi.nlm.nih.gov/Structure/cdd/).

Analysis and prediction of secondary structures of the 
proteins

The secondary structures were analyzed by MLRC 
(10) (Multivariate Linear Regression Combination) on-
line (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.
pl?page=/NPSA/npsa_server.html). This program is an 
ensemble of three structure prediction methods, namely, 
GOR4, SIMPA96, and SOPMA (4, 11), and is used for 
secondary structure analysis of the proteins.

Analysis and prediction of tertiary structures of the 
proteins

The fasta files of amino acid sequences of SAPCD2 
and SAPCD2X1 were downloaded from NCBI. They were 
used for the tertiary structure prediction of SAPCD2 and 
SAPCD2X1 using homology modeling (SWISS-MO-
DEL (12)), threading (I-TASSER (12)), ab initio method 
(QUARK (13)), ensemble method (ROBETTA (14)), and 
AlphaFold, successively. After SAVEs 6.0 verification, the 

models were visualized in VDM. Finally, the models sco-
ring the highest were chosen to predict the spatial confor-
mation of the two homologous proteins.

GO annotations of sapcd2
The Gene Ontology (GO; https://www.alliancegenome.

org/gene/HGNC:28055# function---go-annotations) des-
cribes the knowledge of the biological domain of sapcd2 
with respect to three aspects: Molecular function, Biologi-
cal process and Cellular component (15).

Cell culture and transfection
Homologous plasmid construction was performed. The 

EGFP-labeled SAPCD2X1/SAPCD2-overexpressiong 
plasmids and their respective lentivirual liquids were 
synthesized by Yunzhou Biotechnology (Guangzhou) Co., 
Ltd., following the recombinant plasmid construction pro-
cess. The recombinant plasmids were subjected to enzyme 
digestion and sequencing before being used for the overex-
pression experiments. CRC HCT116 cells were cultured at 
37℃ in a 5% CO2 incubator. The HCT cells were transfec-
ted with the SAPCD2X1- and SAPCD2-overexpressing 
plasmids using GP-transfect-Mate (G04005, Genepharma, 
Shanghai, China). The fluorescence intensity was obser-
ved under the fluorescence microscope (IX53, Olympus, 
Tokyo, Japan). Cell pellets were collected at 24 h- 48 h 
post-transcription for subsequent validation.

Validation by real-time PCR
Total RNA was extracted from the cell pellets using 

the RNA extraction kit (AG21017, AG, Changsha, China), 
and was reverse transcribed into cDNA using the reverse 
transcription kit (AG, Changsha, China). Real-time qPCR 
was performed using the Evo M-MLV RT Kit on the qPCR 
system (CFX-96, Bio-RAD, Hercules, CA, USA), with 
the following primer sequences:
SAPCD2X1-F: 5’-TTCATGCTTGTCGCGGTGC-3’, 
SAPCD2X1-R: 5’-CCAGCTCCTTCATCTGCTTCAG-3’ 
ACTB-F: 5’-CCTGGCACCCAGCACAAT-3’, ACTB-R: 
5’-GGGCCGGACTCGTCATAC-3’, 
SAPCD2-F: 5’-GAGGTGACCGAGAAGAGTGAG-3’, 
SAPCD2-R: 5’- GATGAAGGTGGAATCCAGAGG-3’. 
Gene expressions were calculated using the 2-ΔΔCt method 
based on real-time PCR data.

Western Blot analysis
The cell pellets were collected and lysed using the 

RIPA buffer (R0010, Solarbio, Beijing, China). Total 
proteins were extracted from the cells, and the protein 
concentration was determined using the BCA Reagent 
(Thermo, 23225, Waltham, MA, USA). The proteins were 
then subjected to Western Blot and electrophoresis. Target 
antibodies: Anti-GAPDH (internal) antibody (60004-1-
lg, Proteintech, USA), anti-EGFP antibody (50430-2-AP, 
Proteintech, Rosemont, IL, USA), anti-SAPCD2 antibody 
(NBPI-91740, NOVUS, USA), and anti-SAPCD2X1 an-
tibody (Wuhan Dia-an Biotechnology Co., Ltd., Wuhan, 
China).

Immunofluorescence analysis
The cells were transfected with SAPCD2X1- and 

SAPCD2-overexpressing lentiviral liquids for 48 h. Then, 
the cells were digested and inoculated to a coverslip for 
24 h. After that, the cells were fixed with 4% parafor-
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seven exons, while that of SAPCD2 is composed of the 
remaining six exons except for the second exon. There-
fore, the mature mRNA of SAPCD2X1 contains 90 more 
nucleotides compared with SAPCD2. The remaining por-
tion of the nucleotide sequences are identical, and the two 
mRNA isoforms have highly similar sequences (Figure 
1A: a, b, c).

The coding sequences (CDS) of the two mRNA iso-
forms encode two homologous proteins, SAPCD2 
and SAPCD2X1, which have a length of 394 and 424 
amino acids, respectively (protein_id: NP_848543.2, 
XP_011517482.1). Compared with the sequence after 
position 191 in SAPCD2, SAPCD2X1 contains 30 more 
amino acids encoded by exon 2 (Figure 2, 192T→221G). 
The remaining portion of the amino acid sequence is com-
pletely the same between SAPCD2 and SAPCD2. There-
fore, the primary structures of the two homologous pro-
teins are also highly similar. The analysis using NCBI's 
Conserved Domain Database (https://www.ncbi.nlm.nih.
gov/Structure/cdd/) identified three conserved C-termi-
nal domain in the two proteins: suppressor APC domain 
(Cdd:pfam11414), GAS domain (Cdd:pfam13851), and 
Mplasa_alph_rch superfamily domain (Cdd:TIGR04523). 
The GAS domain is contained within the suppressor APC 
domain. The existing literature reports an EF-hand-like 
domain from position 7 to position 87 on the N-terminal 
of the homologous proteins (4, 16). Due to the high iden-
tity between the amino acid sequences of the two proteins, 
both contain all of the above domains (Figure 1A: d). The 
sequences of the three C-terminal conserved domains are 
shown in Figure 3.

MLRC was run to predict the secondary structures of 
SAPCD2 and SAPCD2X1, which also revealed high simi-
larity between the two homologous proteins (Figure 1B). 
SAPCD2 contained 176 α-helices (h), which accounted 
for 44.67%; there were 14 β-pleated sheets, accounting 
for 3.55%. SAPCD2 contained 178 α-helices (h), which 

maldehyde and washed with PBS buffer. The cells were 
stained with DAPI (C1005, Beyotime, Shanghai, China) 
for 5 min, and washed with PBS buffer. Finally, the co-
verslip was sealed with anti-quenching agent (H-1000, 
VECTOR, USA). Confocal microscopy images were ta-
ken at the green fluorescent protein excitation wavelength 
of 488 nm and at the UV excitation wavelength. 

Cell scratch test
HCT116 cells were inoculated to the 6-well plate and 

transfected with the overexpression plasmids. A line was 
streaked per well using a yellow pipette tip. The gaps 
between the line and the wound-bordering cells were ob-
served once every 24 h. Cell images were taken under the 
inverted microscope (IX53, Olympus, Tokyo, Japan) at the 
specified time points.

CCK-8 assay
After the cells were transfected with the overexpres-

sion lentiviral liquid for 48 h, the cells were digested with 
pancreatin, counted and inoculated to the 96-well plate at 
the concentration of 2×103 cells per well. Next, the cells 
were incubated in the incubator for 24 h, 48 h, 72 h, and 96 
h, respectively. Cell proliferation was assessed using the 
Cell Counting Kit-8 (CK04, Dojindo Laboratories, Kuma-
moto, Japan). Into each well, 10 ul of CCK-8 reagent and 
100 ul of culture medium were added. The cells were incu-
bated at 37°C in an incubator for 1 h. The absorbance was 
determined at 450 nm using a microplate reader (Elx800, 
BioTek, Biotek Winooski, VT, USA).

Plate clonal formation assay
After the cells were transfected with the overexpres-

sion lentiviral liquids for 48 h, the cells were digested with 
pancreatin, counted and inoculated to the 96-well plate at 
the concentration of 1×103 cells per well. Next, the cells 
were incubated in an incubator for 10-14 days and fixed 
with 4% paraformaldehyde (P0099, Beyotime, Shanghai, 
China). The cells were washed with PBS buffer and stai-
ned with 0.1% crystal violet (G1063, Solarbio, Beijing, 
China) for 55 min. The cells were then washed with PBS 
buffer again and air-dried, and images were taken.

Statistical Analysis
All data were evaluated using SPSS 19.0.0 software 

(SPSS, Chicago, IL, USA) and presented as mean±SD. 
Statistical analysis was performed using the Student's t-
test, and a p-value < 0.05 was considered to indicate a si-
gnificant difference. All experiments were repeated at least 
three times.

Results

Analysis of the primary and secondary structures and 
structural domains of SAPCD2 and SAPCD2X1

According to the downloads from the GenBank da-
tabase, the full length of the SAPCD2 gene (GeneID: 
89958) contains 8431 base pairs. The transcription of the 
gene results in a pre-mRNA that contains 7 exons, which 
further encodes two mature mRNAs, one for SAPCD2 
and the other SAPCD2X1 (transcript_id: NM_178448.4, 
XM_011519180.4). Alignment of nucleic acid sequences 
of SAPCD2 and SAPCD2X1 was performed. It was found 
that the mature mRNA of SAPCD2X1 is composed of all 

Figure 1. Primary and secondary structures of SAPCD2 and SAPC-
D2X1. (A) SAPCD2 gene and the encoded products: a. SAPCD2 
gene; b. pre-mRNA, containing 7 exons and 6 introns; c. mature 
mRNA: The splicing of mature mRNA results in two splice variants, 
namely, SAPCD2X1 and SAPCD2; d. Structures and structural do-
mains of the homologous proteins SAPCD2X1 and SAPCD2: (B) 
Predicted secondary structures of SAPCD2 and SAPCD2X1: a and 
b are the schematic diagrams of the predicted secondary structures of 
SAPCD2; c and d are the schematic diagrams of the predicted secon-
dary structures of SAPCD2X1.
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accounted for 41.98%; there were 21 β-pleated sheets, ac-
counting for 4.95% (Figure 2). Although the two homolo-
gous proteins shared similar secondary structures, the ex-
tra 30 amino acids in SAPCD2X1 caused an alteration in 
the secondary structure. Apart from the insertion of the 30 
amino acids, the secondary structure of SAPCD2 changed 
within a length of 14 amino acids before and after position 
191, the insertion site (indicated by the red arrowheads in 
Figure 2), resulting in more β-pleated sheets.

Prediction of tertiary structures of the isomeric pro-
teins

SWISS-MODEL was run to predict the three-dimen-
sional structure using homology modeling. The amino 
acid sequences of the targets SAPCD2 and SAPCD2X1 
had an identity of only 22.22%, with the longest consen-
sus sequence in the template database (6l5j.1.A, Rootle-
tin). The sequence identity was below 30%, indicating that 
the template was not suitable for homology modeling. To 
build models using QUARK, the target protein should not 
be longer than 300 amino acids. Therefore, we used I-TAS-
SER and ROBETTA to predict the tertiary structures of the 
proteins. According to I-TASSER modeling, the C-score 
of the first-ranking model of SAPCD2 was -1.39 and the 
TM-score was 0.54±0.15; the C-score of the first-ranking 
model of SAPCD2X1 was -1.38 and the TM-score was 
0.54±0.15. Both were valid models. The models were then 
validated by SAVES6.0 but failed to pass the verification. 
The model quality did not meet the requirements (Supple-
mentary Table 1). The tertiary structures generated by Al-
phaFold did not pass the SAVES6.0 verification. Among 
all prediction approaches, the quality of the models built 
by ROBETTA was the highest. All of the top 3 models for 
SAPCD2 passed the SAVES6.0 verification. Models 1 and 
3 of SAPCD2X1 also passed the SAVES6.0 verification. 

Among all models passing the SAVES6.0 verification, 
model 3 had the highest quality for either SAPCD2 or 

SAPCD2X1. There were 2 errors and 4 passes in PRO-
CHECK. In the Ramachandran plot, the number of amino 
acid residues reached 91.1% in the most favored regions 
(A,B,L). For model 3 of SAPCD2X1, there were 0 errors 
and 5 passes in PROCHECK. In the Ramachandran plot, 
the number of amino acid residues in the most favored 
regions (A,B,L) reached 91.1% (Supplementary Table 
1). A high-quality model is expected to have a number of 
amino acid residues above 90% in this region. Therefore, 
we obtained high-quality models of the tertiary structure 
generated by ROBETTA for SAPCD2 and SAPCD2X1, 
respectively. We further analyzed the structures and pre-
dicted the functions of SAPCD2 (model_21142_3) and 
SAPCD2X1 (model_18305_3) using the models with the 
highest quality.

As visualized by VMD (Figure 4), SAPCD2 and 
SAPCD2 each had two independent regions, one of 
which is known as the long arm, mainly composed of the 
α-helices contained in the Suppressor_APC domain and 
the Mplasa_alph_rch domain; the shorter one is known as 
the short arm, composed of random coils and EF hand-like 
domain, with the EF hand-like domain located at the end 
of the short arm. 

Although the two proteins shared many similari-
ties, SAPCD2X1 contained 30 more amino acids than 
SAPCD2, resulting in major changes in the spatial confor-
mation. The long arm of SAPCD2 contained four α-helices 

Figure 2. Comparison of primary and secondary structures of 
SAPCD2 and SAPCD2X1.

Figure 3. C-terminal conserved domains of SAPCD2 and SAPC-
D2X1.

Figure 4. 360-degree panorama view of the predicted tertiary struc-
tures of SAPCD2X1 and SAPCD2. (A) SAPCD2X1 secondary struc-
ture model; (B) SAPCD2X1 surface opaque model; (C) SAPCD2 
secondary structure model; (D) SAPCD2 surface opaque model; a: 
initial position of model; b-d: Rotate 90° counterclockwise according 
to the previous model; e: aerial view of d; f: bottom view of e.
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parallel with each other. Suppressor_APC domain and 
Mplasa_alph_rch domain were parallel to each other, and 
the long and short arms were located on the same plane. 
However, the long arm of SAPCD2X1 was composed of 
three α-helices, with the Suppressor_APC domain forming 
the main axis of the long arm, and the Mplasa_alph_rch 
domain coiling in the middle and lower parts of the main 
axis. The most important change was that in the presence 
of 30 extra amino acids in SAPCD2X1, the short arm was 
rotated by about 90 degrees (Figure 4). As a result, the 
plane of the long arm was perpendicular to that of the short 
arm, making the EF-hand-like domain far away from the 
Suppressor_APC domain.

GO annotations
The Gene Ontology describes the knowledge of the 

biological domain of sapcd2 with respect to three aspects 
(Supplementary Table 2): Molecular functions including 
enzyme regulator activity, DNA-binding transcription fac-
tor activity and signaling receptor activity, etc; Biological 
processes including cell cycle, cell population prolifera-
tion and cell death, etc.; Cellular components including the 
plasma membrane, cytoplasmic vesicle and cytosol, etc.

Construction, identification, and localization of the 
SAPCD2X1- and SAPCD2-overexpressing plasmids

The SAPCD2X1- and SAPCD2-overexpressing plas-
mids were purified, digested with restriction enzymes, 
identified and sequenced (Figure 5A and B), which veri-
fied that the two plasmids were successfully constructed. 
HCT116 cells were transfected with the SAPCD2X1- and 
SAPCD2-overexpressing plasmids, and used for real-time 

qPCR and Western Blot. The results showed that the mRNA 
and protein expressions of SAPCD2X1 and SAPCD2 were 
significantly higher compared with the controls (Figure 5C 
and D). The anti-EGFR and anti-SAPCD2X1 antibodies 
were detected as bands at the same positions, which served 
as indirect evidence for the good specificity of the anti-
SAPCD2X1 antibody. The overexpression plasmids were 
made into lentiviral liquids and used to transfect HCT116 
cells. The cells were observed by confocal microscopy 
after 48 h of culture. The fluorescence assay showed that 
SAPCD2X1 and SAPCD2 were mainly expressed in the 
cytoplasm. The two proteins shared the same subcellular 
localization.

Biological functions of the HCT116 cells transfected 
with the SAPCD2X1- and SAPCD2-overexpressing 
plasmids

The HCT116 cells overexpressed SAPCD2X1 and 
SAPCD2. The influences of SAPCD2X1 and SAPCD2 
on the functions of the cells were assessed by the CCK-
8 assay, cell scratch test, and plate clone formation assay 
(Figure 6). The results showed that SAPCD2X1 overex-
pression had no significant impact on the proliferation and 
migration of HCT116 cells. However, compared with the 
control group, SAPCD2 overexpression dramatically pro-
moted the migration and proliferation of HCT116 cells. 
These results suggested that SAPCD2X1 did not exert bio-
logical functions in HCT116 cells.

Figure 5. Construction of SAPCD2X1 and SAPCD2 recombinant 
plasmids and overexpression in HCT116 cells. (A) a. Simulation map 
of SAPCD2X1 plasmid; b. SAPCD2X1 plasmid digestion identifica-
tion; c. The sequencing results of the SAPCD2X1 plasmid are cor-
rect; (B) a. SAPCD2 plasmid simulation map; b. SAPCD2X1 plasmid 
digestion identification; c. The sequencing results of the SAPCD2X1 
plasmid are correct. (C) a. Quantitative real-time PCR, compared with 
the control group, the expression level of SAPCD2X1 mRNA was 
significantly increased, ***P<0.01; b. overexpression of SAPCD2X1 
plasmid and control plasmid in cells, verified by WB; (D) a. Quantita-
tive real-time PCR, compared with the control group, the expression 
level of SAPCD2 mRNA was significantly increased, ***P<0.01; 
b. overexpression of SAPCD2 plasmid and control plasmid in cells, 
verified by WB. (E) and (F) Subcellular localization of SAPCD2X1 
and SAPCD2 verified by immunofluorescence after transfection with 
lentivirus solution in cells. The results showed that SAPCD2X1 and 
SAPCD2 were mainly expressed in the cytoplasm.

Figure 6. Biological function of overexpression of SAPCD2X1 and 
SAPCD2 in HCT116 cells. (A) CCK8 proliferation experiment ana-
lysis. a. CCK8 proliferation experiment of SAPCD2X1; b. CCK8 
proliferation experiment analysis. a. CCK8 proliferation experiment 
of SAPCD2. Results show that SAPCD2X1 has no significant effect 
on cell proliferation, but SAPCD2 can significantly promote cell 
proliferation rate. (B) Effect of overexpression of SAPCD2X1 and 
SAPCD2 on Cell migration. Overexpression of X1 has no significant 
effect on Cell migration, while SAPCD2 can significantly promote 
cell migration. (C) Colony formation assay. a and c: Colony formation 
assay of overexpression of SAPCD2X1 and SAPCD2. b and d: Statis-
tical results of clones by Colony formation assay of SAPCD2X1 and 
SAPCD2. The results of plate cloning analysis showed that there was 
no difference in the number of cell clones overexpressing SAPCD2X1 
compared to the control group, and the number of cell clones ove-
rexpressing SAPCD2 was significantly higher than the control group.
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Discussion

At present, all conclusions that have been drawn 
concerning the functions of the SAPCD2 gene are based 
on studies on the SAPCD2 protein. However, we found 
through sequence alignment, using Blast from NCBI, that 
SAPCD2X1 and SAPCD2 are homologous proteins enco-
ded by the SAPCD2 gene. The functions of the SAPCD2 
gene cannot be fully defined based on those of the SAPCD2 
protein alone. Here, we analyzed the biological functions 
of the SAPCD2X1 protein by GO annotations, which pro-
vided a direction for further investigations. The GO anno-
tations are shown in Supplementary Table 2. Based on the 
structural similarity of SACPD2 and the published stu-
dies, the SACPD2 gene performs the following molecu-
lar functions: enzyme regulator activity, signaling recep-
tor binding, cytoskeletal protein binding, DNA-binding 
transcription factor activity, transcription factor binding, 
and metal ion binding. On this basis, the SACPD2 gene 
is mainly involved in the following biological processes: 
cell cycle, cell population proliferation, differentiation, 
cell death, developmental process, immune system pro-
cess, and carbohydrate metabolic process. Given the roles 
of the SACPD2 gene in the above molecular functions and 
biological processes, we infer that the SACPD2 gene may 
fulfill important functions in tumor biology. An in-depth 
discussion of the molecular functions and working mecha-
nisms of SAPCD2X1 and SAPCD2 in tumor progression 
may open up a new pathway for understanding the roles of 
the SAPCD2 gene in tumor occurrence and development.

The BLAST alignment revealed that SAPCD2X1 has 
one more exon than SAPCD2. The mature mRNA of 
SAPCD2X1 contains 90 more nucleotide residues than that 
of SAPCD2. The amino acid sequence of the former has 30 
more amino acids than that of the latter, while the remai-
ning portions of the sequences are identical. No frameshift 
mutation occurs after the insertion site ((Figure 1A). The 
two proteins are highly similar in primary and secondary 
structures, which implies functional similarity. Despite the 
high similarity in the secondary structure of the two pro-
teins, the SAPCD2X1 protein contains a specific insertion 
of 30 amino acids and exhibits alteration in the predicted 
secondary structure at 14 amino acid sites (Figure 1B and 
Figure 2). However, the 30 amino acids specific to SAPC-
D2X1 do not contain any conserved structural domains. In 
other words, both proteins contain four common structural 
domains, namely, Suppressor_APC, GAS, Mplasa_alph_
rch, and EF-hand (4, 17-19) (Figure 1A). The Suppres-
sor_APC domain is sourced from the Adenomatous poly-
posis coli tumor suppressor protein, and the crystal struc-
ture consists of three alpha-helices forming two separate 
antiparallel coiled coils. The c-terminus of the first helix 
contains the nuclear export signal (NES), but its function is 
still unclear. This domain includes the GAS domain. This 
family is the highly conserved central region of a number 
of metazoan proteins referred to as growth-arrest proteins, 
which may have a role in the functioning of motile cellu-
lar appendages and cell arrest. Several studies of SAPCD2 
have demonstrated its involvement in cell cycle regulation 
(4, 20-22). Moreover, SAPCD2 may play a vital role in the 
oriented division of spindles (4, 20-22). Mplasa_alph_rch 
superfamily domain is derived from helix-rich Mycoplas-
ma protein. Sequences are predicted (Jpred 3) to be almost 
entirely alpha-helical, and the function is still unknown. 

The N-terminus of SAPCD2 and SAPCD2X1 contains an 
EF-hand domain spanning amino acids 7-87 (4). The EF-
hand-like domain is characterized by a helix-loop-helix 
structure and predicted a metal ion binding site involving 
four amino acids within this region of SAPCD2 (17, 23). 
The functional importance of the EF-hand-like domain has 
been recognized through its association with the calcium-
bound S100 oncoprotein family, which is involved in a va-
riety of important intracellular regulatory functions, inclu-
ding proliferation, tumor transformation, differentiation, 
protein phosphorylation, inflammation, and maintenance 
of intracellular calcium homeostasis. However, whether 
SAPCD2X1 and SAPCD2 have calcium-regulating func-
tions has not been demonstrated in the laboratory. These 
structural domains in SAPCD2X1 and SAPCD2 offer fur-
ther clues for analyzing the functions of the SAPCD2 gene 
products of SAPCD2X1 and SAPCD2.

Secondary structure and structural domains are im-
portant functional bases of the proteins. Some structural 
domains perform basic biological functions. Therefore, 
based on the similarity between the two homologous pro-
teins in structural domains, we infer that they may play 
important roles in tumor cell formation, proliferation and 
migration. Besides, the biological functions and mecha-
nisms of the SAPCD2 protein have been validated in many 
solid tumors.

Although similarities in secondary structure and struc-
tural domains of the proteins imply similarities in biologi-
cal functions, changes in secondary structure also imply 
the possibility of variations in spatial conformation and 
functions of the protein. Among all high-quality predicted 
models of tertiary structures of SAPCD2X1 and SAPCD2, 
the spatial conformation of SAPCD2X1 changes signifi-
cantly due to the 30 extra amino acids. Its short arm is 
rotated by about 90 degrees (Figure 4), and its long arm 
and short arm are no longer located on the same plane, but 
perpendicular to each other. As a result, the EF-hand-like 
domain is kept further away from the Suppressor_APC 
domain. Meanwhile, in the predicted models, the spatial 
conformation of the four structural domains also changes 
for SAPCD2X1. The above changes imply the possibility 
of different biological functions of the protein. Studies 
have shown that SAPCD2 promotes the proliferation, mi-
gration, invasion and growth of CRC (5, 9), gastric cancer 
(21, 24), liver cancer (7), lung cancer (25, 26), breast cancer 
(27, 28), prostate cancer (29), melanoma (30), and kidney 
cancer (31). In this study, we constructed the SAPCD2X1- 
and SAPCD2-overexpressing plasmids, using the biologi-
cal functions of SAPCD2 as control. We arrived at similar 
conclusions regarding the functions of SAPCD2, compa-
red with our preliminary findings (31) and the results from 
other research groups. Unlike SAPCD2, the CCK-8 assay 
did not reveal significant differences between the SAPC-
D2X1-overexpressing cells and the control cells. The cell 
scratch test showed that SAPCD2X1 overexpression did 
not affect the migration capacity of HCT116 cells. The 
plate clone formation assay did not find significant diffe-
rences between SAPCD2X1-overexpressing HCT116 cells 
and the control cells in cell colony formation. We found 
that SAPCD2X1 did not exhibit the same tumor-promo-
ting effects as SAPCD2, which confirms the hypothesis 
that changes in spatial conformation do result in functional 
alterations. Our research sheds some light on how changes 
in spatial conformation of the protein lead to functional 
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alterations. Although the spatial conformation of the two 
proteins needs to be verified by protein crystal X-diffrac-
tion, we already obtained the high-quality predicted mo-
dels of the protein structures using different approaches. 
We also revealed the close connections between biological 
functions and spatial conformation of the proteins. There 
is also the possibility that the spatial distance between the 
key structural domains determines the biological functions 
of the proteins. Abundant evidence from laboratory tests 
has proved that SAPCD2X1 is a non-carcinogenic protein, 
while SAPCD2 is a carcinogenic protein. The entirely dif-
ferent biological functions of the two homologous proteins 
prove that the spatial conformation is indeed different 
between the two proteins. The fact that the SAPCD2 gene 
encodes two functionally different homologous proteins 
opens a new pathway for studying and treating CRC in-
volving the SAPCD2 gene. That is, the in vivo regulation 
of the splicing, and modification to promote the transition 
from SAPCD2X1 mRNA to SAPCD2 mRNA, which may 
be a switching event for the occurrence of CRC. However, 
the mechanism underlying such transition remains to be 
elucidated.

To conclude, the homologous proteins SAPCD2X1 
and SAPCD2 have the same subcellular localization in 
HCT116 cells and share highly similar primary structures 
and structural domains. However, the two proteins differ 
in secondary and tertiary structures. SAPCD2 promoted 
the proliferation, migration and invasion of tumor cells, 
and acted as a carcinogenic protein. On the contrary, 
SAPCD2X1 had no significant impact on tumor cell pro-
liferation and migration, which implies the important in-
fluence of spatial conformation on the biological functions 
of the two homologous proteins. The regulatory mecha-
nism underlying the transition from the non-carcinogenic 
protein SAPCD2X1 to the carcinogenic protein SAPCD2 
may provide a new target for the diagnosis and treatment 
of CRC.
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