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Abstract. Clear cell renal cell carcinoma (ccRCC) is the most 
common type of renal cell carcinoma and has a poor prognosis. 
However, its underlying mechanisms remain unclear. The 
present study aimed to evaluate the role of small proline‑rich 
repeat protein 3 (SPRR3) in the proliferation, migration and 
invasion of ccRCC cells and to investigate its upstream and 
downstream regulatory mechanisms. Survival analysis was 
performed using the UALCAN website based on the The 
Cancer Genome Atlas database. Normal renal cell line HK‑2 
and ccRCC cell lines (786‑O, CaKi‑1 and UMRC‑2) were used. 
Reverse transcription‑quantitative PCR (RT‑qPCR) was used 
to detect mRNA and microRNA (miRNA) levels. Western 
blotting was used to detect protein levels. Cell Counting 
Kit‑8 and colony formation assays, a wound healing assay 
and a Transwell invasion assay were used to assess the prolif‑
eration, migration and invasion of ccRCC cells, respectively. 
Transfection of overexpression plasmids and small interfering 
RNAs were used to upregulate and knockdown SPRR3 expres‑
sion, respectively. Transfection of miRNA‑mimics was used 
to overexpress miR‑338‑3p. A luciferase reporter gene assay 
was used to verify the predicted binding relationship between 
SPRR3 mRNA and miR‑338‑3p. The results indicated the 
following: i)  SPRR3 was a risk factor for the survival of 
patients with ccRCC, and was upregulated in ccRCC cell lines; 
ii) SPRR3 promoted the proliferation, migration and invasion 

of ccRCC cells; iii) SPRR3 regulated the tumor phenotypes 
of ccRCC cells via the PI3K/Akt pathway; iv) miR‑338‑3p 
directly targeted SPRR3 mRNA and negatively regulated 
SPRR3 expression; and v) miR‑338‑3p inhibited the PI3K/Akt 
pathway and the tumor phenotypes of ccRCC cells by down‑
regulating SPRR3. In conclusion, SPRR3, as a novel target of 
miR‑338‑3p, regulated the proliferation, migration and inva‑
sion of ccRCC cells via the PI3K/Akt pathway; this finding not 
only enriches our understanding of the mechanism underlying 
ccRCC development, but also demonstrates a potential novel 
therapeutic target for this disease.

Introduction

Renal cell carcinoma (RCC) is the most fatal genitourinary 
malignant tumor. Clear cell renal cell carcinoma (ccRCC) is 
the most common type of RCC (1); however, the underlying 
mechanism remains unclear. Although treatments for ccRCC 
have been explored for years, there are no available approaches 
that provide satisfactory results (2). The 5‑year survival rate of 
patients with advanced tumors is only 23% (3). Therefore, there 
is a need to uncover the molecular mechanisms underlying the 
pathogenesis of ccRCC and identify novel therapeutic targets.

Small proline‑rich repeat protein 3 (SPRR3) is a member 
of the small proline‑rich protein family. SPRR3 has been asso‑
ciated with the progression of multiple cancer types. SPRR3 
was reported as a tumor promoter in colorectal cancer, breast 
cancer, glioblastoma multiforme and non‑small‑cell lung 
cancer (4‑7), while in esophageal cancer, it was revealed to 
be a tumor suppressor (8). It also plays a role in non‑tumor 
cells. SPRR3 acts to promote cell survival in vascular smooth 
muscle cells  (9), and proliferation and matrix synthesis of 
cardiac fibroblast (10). However, the role of SPRR3 in ccRCC 
remains to be elucidated. In previous years, microRNA 
(miRNA) dysfunction has been revealed to be involved in 
the pathogenesis of various cancer types (11). MiRNAs can 
downregulate target gene expression by specifically binding 
to the 3'untranslated region (3'UTR). miR‑338‑3p inhibits the 
proliferation, migration and invasion of ccRCC cells (12‑14); 
however, the underlying mechanism remains unclear, and 
to the best of our knowledge no study has reported the 
association between miR‑338‑3p and SPRR3. Activation of 
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the PI3K/Akt signaling pathway promotes ccRCC progres‑
sion (15). Furthermore, this pathway mediates the regulation 
of RCC cells by miR‑338‑3p (16). However, it remains unclear 
whether this pathway is regulated by SPRR3 in ccRCC cells. 

The present study aimed to evaluate the relationship 
between SPRR3 expression and ccRCC prognosis and to 
detect its expression in the normal human renal cell line HK‑2 
and ccRCC cell lines. Furthermore, the current study aimed 
to evaluate the roles of SPRR3 in the tumor phenotypes of 
786‑O  cells, including their proliferation, migration and 
invasion. Notably, this study aimed to further investigate the 
upstream and downstream regulatory mechanisms of SPRR3.

Materials and methods

Bioinformatics analysis. UALCAN (http://ualcan.path.uab.
edu/) (17), a web portal for analyzing cancer data (project ID: 
TCGA‑KIRC) from The Cancer Genome Atlas TCGA data‑
base (18), was used to assess the relationship between SPRR3 
expression and prognosis in patients with ccRCC. The public 
prediction platform TargetScan (version  7.2; http://www.
targetscan.org/vert_72/) was used to predict the potential 
miRNAs those target the 3'UTR of SPRR3 mRNA (19).

Cell culture. HK‑2 (cat. no.  SCSP‑511), 786‑O (cat. 
no. TCHu186) and CaKi‑1 (cat. no. TCHu135) cell lines were 
purchased from the National Collection of Authenticated Cell 
Cultures (Shanghai China), whereas the UMRC‑2 cell line 
(cat. no. HTX2941) was purchased from Otwo Biotech Co., 
Ltd. The cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin at 37˚C, under a humidified 
atmosphere of 5% CO2. For each cell line, three replicates 
were obtained using a parallel culture for subsequent experi‑
ments (n=3). All cell culture reagents were obtained from 
Gibco (Thermo Fisher Scientific, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from each sample (HK‑2, 786‑O, CaKi‑1 and 
UMRC‑2 cell lines) using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). cDNA for SPRR3 and β‑actin (ACTB) 
detection were synthesized using the TransScript All‑in‑One 
First‑Strand cDNA Synthesis SuperMix (Beijing Transgen 
Biotech Co., Ltd.) following the manufacturer's instructions, 
while qPCR was performed using TransStart® Top Green qPCR 
SuperMix (Beijing TransGen Biotech Co., Ltd.). A TaqMan 
miRNA assay kit (Ambion; Thermo Fisher Scientific, Inc.) was 
used for the synthesis of cDNA for miR‑338‑3p and U6 detection 
and RT‑qPCR analysis. The reaction was carried out using the 
following parameters: Initial denaturation at 94˚C for 10 min; 
40 cycles of denaturation at 94˚C for 5 sec; annealing at 60˚C for 
15 sec; extension at 72˚C for 10 sec; and dissociation. RT‑qPCR 
was performed using a LightCycler®  480 system (Roche 
Diagnostics). SPRR3 and miR‑338‑3p levels were normal‑
ized to those of ACTB and U6, respectively. The primers of 
miR‑338‑3p and U6 were used following a previous study (20), 
and both reverse primers are universal. The 2‑∆∆Cq method was 
used to calculate the relative mRNA expression levels of these 
genes (21). The primers used for qPCR are listed in Table I. Each 
sample was run in triplicates.

Antibodies and drugs. The primary antibodies used for 
western blotting were as follows: Anti‑SPRR3 (1:1,000; cat. 
no. DF12751; Affinity Biosciences, Ltd.), anti‑β‑actin (1:2,500; 
60008‑1‑Ig; Proteintech Group, Inc.), anti‑phospho‑pan‑Akt 
(1:500; cat. no.  AF0016; Affinity Biosciences, Ltd.), and 
anti‑pan‑Akt (1:500; cat. no. AF6261; Affinity Biosciences, 
Ltd.). The secondary HRP‑conjugated antibodies (1:5,000; 
goat anti‑mouse, SA00001‑1; goat anti‑rabbit, SA00001‑2; 
Proteintech Group, Inc.) were used for western blotting. 
Recombinant human insulin‑like growth factor‑1 (IGF‑1) 
protein (cat. no. 291‑G1; R&D systems, Inc.), an agonist of 
the PI3K/Akt pathway, was dissolved in DMEM and used at a 
concentration of 100 ng/ml.

Western blotting. The cells were harvested and processed with 
RIPA lysis buffer (CST Biological Reagents Co., Ltd.) supple‑
mented with phenylmethylsulphonyl fluoride (Thermo Fisher 
Scientific, Inc.), protease inhibitor cocktail (TransGen Biotech 
Co., Ltd.) and phosphatase inhibitor cocktail (TransGen 
Biotech Co., Ltd.). Western blotting was performed as described 
below, and the protein samples (20 µg) were separated on 
10% gels using SDS‑PAGE, and then electro‑transferred onto 
PVDF membranes (Immobilon‑P; MilliporeSigma). After 
blocking with 5% bovine serum albumin (MilliporeSigma) 
in Tris‑buffered saline containing 0.05% Tween 20 for 1 h at 
room temperature, the PVDF membranes were incubated over‑
night with the primary antibodies at 4˚C. Following incubation 
with the corresponding secondary antibodies for 1 h at room 
temperature, protein chemiluminescence was detected using 
the BeyoECL Plus kit (Beyotime Institute of Biotechnology) 
in a KETA GL Imaging System (Wealtec Corp.), and the gray 
value of the band was quantified using ImageJ (version 1.51; 
National Institutes of Health). β‑actin was used as the control.

Cell transfection. Small interfering RNAs (siRNAs) 
for SPRR3 knockdown and control‑siRNAs (scrambled 
siRNAs) were purchased from Sangon Biotech Co., Ltd. 
with the sequences listed in Table  II. miR‑338‑3p‑mimics 
(cat. no.  MC10716) for miR‑338‑3p overexpression and 
the corresponding control‑mimics (cat. no. 4464058) were 
purchased from Thermo Fisher Scientific, Inc. The human 
SPRR3 gene (accession no. NM_005416.3) was cloned into 
pcDNA 3.1/His B (cat. no. V385‑20; Thermo Fisher Scientific, 
Inc.) for protein overexpression (Fig. S1), and the empty vector 
was transfected as a control. Lipofectamine 3000 transfec‑
tion reagent (L3000075; Thermo Fisher Scientific, Inc.) was 
used to transfect these plasmids (1 µg/ml), siRNAs (50 nM) 
and miRNA‑mimics (50 nM) into 786‑O cells following the 
manufacturer's instructions. After transfection at 37˚C for 6 h, 
the culture medium was replaced with fresh medium and cells 
were incubated at 37˚C for another 24 h.

Cell Counting Kit‑8 (CCK‑8) assay. A CCK‑8 assay was used 
to assess the proliferation of 786‑O cells. Viable cell counts 
were indirectly determined by measuring optical density (OD) 
values. The cells were seeded at 3x103 cells per well in a 
96‑well culture plate, excluding the use of external rows and 
columns to avoid the edge effects. After complete cell attach‑
ment, the cells were processed according to the experimental 
requirements. When needed, IGF‑1 was used at a concentration 
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of 100 ng/ml. After treatment for 0, 24, 48 and 72 h, 10 µl of 
CCK‑8 (APExBIO Technology LLC) solution was added to 
each well. After incubation for 2 h at 37˚C, the absorbance was 

measured at 450 nm using a microplate reader (Thermo Fisher 
Scientific, Inc.). The CCK‑8 assay results were expressed as 
OD values.

Table II. Sequences of siRNAs. 

siRNA	 Forward (5'‑3')	 Reverse (5'‑3')

Control‑siRNA	 UUCUCCGAACGUGUCACGUTT	 ACGUGACACGUUCGGAGAATT
SPRR3‑siRNA‑1	 CUGAAUUAAGCAGAAAGUCUUTT	 AAGACUUUCUGCUUAAUUCAGTT
SPRR3‑siRNA‑2	 CCCAUCUGUUUCUGUGUCUUATT	 UAAGACACAGAAACAGAUGGGTT

siRNA, small interfering RNA; SPRR3, small proline‑rich repeat protein 3.

Table I. Sequences of primers used for reverse transcription‑quantitative PCR.

Gene	 Forward (5'‑3')	 Reverse (5'‑3')

SPRR3	 CTTCTCTGCACAGCAGGTCC	 AGCAATTTAATGAGGGAAGAGC
ACTB	 CTCCATCCTGGCCTCGCTGT	 GCTGTCACCTTCACCGTTCC
miR‑338‑3p	 TGCGGTCCAGCATCAGTGAT	 CCAGTGCAGGGTCCGAGGT
U6	 GCTCGCTTCGGCAGCACA	 GAGGTATTCGCACCAGAGGA

SPRR3, small proline‑rich repeat protein 3; ACTB, β‑actin; miR, microRNA.

Figure 1. Association between SPRR3 expression and the prognosis of ccRCC, and detection of SPRR3 expression in human normal renal cells HK‑2 and 
ccRCC cell lines. (A) Survival analysis of 531 patients with ccRCC by Kaplan‑Meier curve (P=0.0017). SPRR3 expression in HK‑2, 786‑O, CaKi‑1 and 
UMRC‑2 cell lines, as detected using (B) reverse transcription‑quantitative PCR and (C) western blotting. **P<0.01 vs. HK‑2. SPRR3, small proline‑rich repeat 
protein 3; ccRCC, clear cell renal cell carcinoma.
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Colony formation assay. A plate colony formation assay was used 
to assess the proliferation of 786‑O cells. The cells were plated 
in 12‑well plates at a density of 200 cells/well. When needed, 
IGF‑1 was used at a concentration of 100 ng/ml. After incubation 
for 14 days at 37˚C, the colonies were washed with PBS, fixed 
with methanol for 10 min at ‑20˚C and stained with 0.5% Crystal 
Violet Stain Solution (Shanghai Yeasen Biotechnology Co., Ltd.) 
for 10 min at room temperature, and the number of colonies 
(>50 cells/colony) was counted using ImageJ software.

Wound healing assay. A wound healing assay was used to 
assess 786‑O migration. The cells were cultured in a 12‑well 
culture plate in DMEM containing 10% FBS until the conflu‑
ence reached 100%. A 200 µl pipette tip was used to create a 

scratch in the middle of each well. The medium was replaced 
with serum‑free DMEM. When needed, IGF‑1 was used at a 
concentration of 100 ng/ml. Images were captured of three 
random fields of view using a light microscope at 0 and 24 h. 
Wound area was measured using ImageJ software. The 
results were presented as migration rate (%)=(initial wound 
area‑wound area at 24 h)/initial wound area x100.

Transwell invasion assay. Matrigel (BD Biosciences) 
was applied to Transwell plates (24‑well, 8 µm; Millicell; 
MilliporeSigma) for 30  min at 37˚C for precoating. The 
cells  (6x104) were seeded in the upper chambers of the 
Transwell plates and incubated in serum‑free DMEM, while 
the lower chambers were supplied with DMEM containing 

Figure 2. Role of SPRR3 in the tumor phenotypes of ccRCC cells. Screening of effective siRNAs against SPRR3 using (A) reverse transcription‑quantitative 
PCR and (B) western blotting. The effect of SPRR3 knockdown on ccRCC cell proliferation, as detected using (C) Cell Counting Kit‑8 assay and (D) colony 
formation assay. (E) Effects of SPRR3 knockdown on ccRCC cell migration, as detected using wound healing assay (yellow dashed lines denote the wound 
edge; scale bar, 100 µm). (F) Effects of SPRR3 knockdown on ccRCC cell invasion, as detected using Transwell invasion assay (scale bar, 50 µm). *P<0.05 and 
**P<0.01 vs. control‑siRNA. SPRR3, small proline‑rich repeat protein 3; ccRCC, clear cell renal cell carcinoma; siRNA, small interfering RNA.
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10% FBS. When needed, IGF‑1 was used at a concentration 
of 100 ng/ml. After incubation for 24 h at 37˚C, non‑invading 
cells on the upper face of the membrane were removed with a 
cotton swab, and the invaded cells were fixed with methanol 
for 10 min at ‑20˚C and stained with Giemsa dye solution 
(Yuanye Biotech, Co., Ltd.) for 20 min at room temperature. 
The images of each well were captured at three random fields 
of view using a light microscope, and the number of cells was 
counted using ImageJ software.

Luciferase reporter gene assay. The luciferase reporter plas‑
mids of wild‑type SPRR3 3'UTR (Luc‑WT) or mutant SPRR3 

3'UTR (Luc‑Mut) were constructed using pEZX‑MT06 
(Guangzhou iGene Biotechnology Co., Ltd.). Empty vector, 
Luc‑WT and Luc‑Mut were co‑transfected with control‑mimics 
or miR‑338‑3p‑mimics into 786‑O cells seeded in 96‑well 
plates using Lipofectamine® 3000 transfection reagent. After 
48 h of transfection, the cells were lysed. The results were 
determined using the Luc‑Pair™ Duo‑Luciferase HS Assay 
kit (Guangzhou iGene Biotechnology Co., Ltd.). The data were 
normalized by comparison with Renilla luciferase activity.

Statistical analysis. The quantified data were expressed as 
mean ± standard deviation. Data were analyzed using one‑way 

Figure 3. Involvement of the PI3K/Akt pathway in SPRR3‑mediated regulation of ccRCC cells. (A) Effects of SPRR3 knockdown on the PI3K/Akt pathway, 
as detected using western blotting. (B) Confirming the validity of IGF‑1 as an agonist of the PI3K/Akt pathway, as detected using western blotting. Effects of 
the PI3K/Akt pathway activation on SPRR3 knockdown‑induced inhibition of ccRCC cell proliferation, as detected using (C) Cell Counting Kit‑8 assay and 
(D) colony formation assay. (E) Effects of the PI3K/Akt pathway activation on SPRR3 knockdown‑induced inhibition of ccRCC cell migration, as detected 
using wound healing assay (yellow dashed lines denote the wound edge; scale bar, 100 µm). (F) Effects of the PI3K/Akt pathway activation on SPRR3 
knockdown‑induced inhibition of ccRCC cell invasion, as detected using Transwell invasion assay (scale bar, 50 µm). *P<0.05 and **P<0.01 vs. corresponding 
control. SPRR3, small proline‑rich repeat protein 3; ccRCC, clear cell renal cell carcinoma; siRNA, small interfering RNA; p‑, phosphorylated; t‑, total; 
OD, optical density.
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ANOVA followed by post hoc Dunnet's or Sidak's test, and 
unpaired Student's t‑test with GraphPad Prism statistical 
package (version 7.00; GraphPad Software Inc.). P<0.05 was 
considered to indicate a statistically significant difference. All 
experiments were repeated at least twice to verify the trends.

Results

SPRR3 is a risk factor for the survival of patients with 
ccRCC that is upregulated in ccRCC cell lines. To evaluate 
the relationship between SPRR3 expression and the prog‑
nosis of ccRCC, a survival analysis was performed using 
the UALCAN website based on the TCGA‑KIRC database 
(containing 531  samples). Patients with low or medium 
SPRR3 expression levels had improved prognosis compared 
with those with high SPRR3 expression levels (P=0.0017; 
Fig. 1A). To further evaluate the SPRR3 expression levels in 
ccRCC, RT‑qPCR and western blotting were performed to 
detect the mRNA and protein levels of SPRR3, respectively, 
in HK‑2, 786‑O, CaKi‑1 and UMRC‑2 cell lines. The mRNA 
levels of SPRR3 were significantly higher in ccRCC cell 
lines compared with that in the normal renal cell line HK‑2 
(Fig. 1B). The results of western blotting were consistent with 
those of RT‑qPCR (Fig. 1C). Overall, these data suggested 

that SPRR3 was a risk factor for ccRCC and was upregulated 
in ccRCC cell lines.

SPRR3 promotes the proliferation, migration and invasion of 
ccRCC cells. To evaluate the role of SPRR3 in determining 
the tumor phenotypes of ccRCC cells, the effects of SPRR3 
knockdown on the proliferation, migration and invasion 
of 786‑O  cells were measured. The SPRR3‑siRNA was 
initially transfected into 786‑O cells to knockdown SPRR3 
expression. RT‑qPCR and western blotting were performed 
to screen for the effective siRNAs, and the results showed 
that SPRR3‑siRNA‑2 significantly decreased the mRNA and 
protein levels of SPRR3 (Fig. 2A and B). Therefore, siRNA‑2 
was selected to be used in all subsequent experiments. Next, 
the results of the CCK‑8 assay indicated that the viability of 
786‑O cells was significantly decreased in the knockdown 
group compared with the control group at each time point 
(Fig. 2C). The results of the colony formation assay demon‑
strated that the colony number of 786‑O cells in the knockdown 
group was significantly decreased compared with that in the 
control group (Fig. 2D). The results of the wound healing assay 
indicated that the migration rate of 786‑O cells in the knock‑
down group was significantly decreased compared with that 
in the control group (Fig. 2E). The Transwell invasion assay 

Figure 4. Relationship between miR‑338‑3p and SPRR3 in ccRCC cells. (A) Sequence alignment of miR‑338‑3p with SPRR3 3'UTR‑WT and SPRR3 3'UTR‑Mut. 
(B) miR‑338‑3p expression in HK‑2, 786‑O, CaKi‑1 and UMRC‑2 cell lines, as detected using RT‑qPCR. (C) Confirming the validity of miR‑338‑3p mimics 
transfection, as detected using RT‑qPCR. Effects of miR‑338‑3p overexpression on the SPRR3 expression in ccRCC cells, as detected using (D) RT‑qPCR 
and (E) western blotting. (F) Relative luciferase activities were detected by the dual‑luciferase reporter assay system. **P<0.01 vs. corresponding control. 
RT‑qPCR, reverse transcription‑quantitative PCR; SPRR3, small proline‑rich repeat protein 3; ccRCC, clear cell renal cell carcinoma; miR, microRNA; 
UTR, untranslated region; WT, wild‑type; Mut, mutated.
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indicated that the number of invaded 786‑O cells per field in 
the knockdown group was significantly decreased compared 
with that in the control group (Fig. 2F). These data demon‑
strated that SPRR3 promoted the proliferation, migration and 
invasion of ccRCC cells.

SPRR3 regulates the tumor phenotypes of ccRCC cells via 
the PI3K/Akt pathway. To further explore the downstream 
signaling pathway responsible for theSPRR3‑regulated pheno‑
types of ccRCC cells, the present study investigated whether 
the PI3K/Akt pathway was involved in this regulation. The 

Figure 5. Role of miR‑338‑3p in SPRR3‑mediated regulation of ccRCC cells. Confirming the validity of SPRR3 overexpression plasmid, as detected using 
(A) reverse transcription‑quantitative PCR and (B) western blotting. (C) Effects of upregulating miR‑338‑3p on the PI3K/Akt pathway, and effects of SPRR3 
overexpression on this regulation, as detected using western blotting. Effects of SPRR3 overexpression on the upregulation of miR‑338‑3p‑induced inhibition 
of ccRCC cell proliferation, as detected using (D) Cell Counting Kit‑8 assay and (E) colony formation assay. (F) Effects of SPRR3 overexpression on upregula‑
tion of miR‑338‑3p‑induced inhibition of ccRCC cell migration, as detected using wound healing assay (yellow dashed lines denote the wound edge; scale 
bar, 100 µm). (G) Effects of SPRR3 overexpression on the upregulation of miR‑338‑3p‑induced inhibition of ccRCC cell invasion, as detected using Transwell 
invasion assay (scale bar, 50 µm). **P<0.01 vs. corresponding control. SPRR3, small proline‑rich repeat protein 3; ccRCC, clear cell renal cell carcinoma; 
miR, microRNA; p‑, phosphorylated; t‑, total; OD, optical density.
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level of phosphorylation of Akt, measured based on the ratio 
of phosphorylated Akt (p‑Akt)/total Akt (t‑Akt), was used as 
an indicator of the activation status of the PI3K/Akt pathway. 
The effect of SPRR3 knockdown on the PI3K/Akt pathway was 
initially examined. As presented in Fig. 3A, compared with the 
control group, the level of p‑Akt was significantly decreased, 
and no significant change was observed in the level of t‑Akt in 
the knockdown group. The ratio of p‑Akt/t‑Akt was significantly 
decreased in the knockdown group, suggesting that SPRR3 
knockdown inhibited the PI3K/Akt pathway in 786‑O cells. 
Next, IGF‑1, a known agonist of the PI3K/Akt pathway, was 
used to verify whether this signaling pathway was involved 
in SPRR3‑regulated 786‑O cell proliferation, migration and 
invasion. As presented in Fig. 3B, IGF‑1 significantly increased 
the level of p‑Akt/t‑Akt compared with the control group, and 
significantly reversed the decreased level of p‑Akt/t‑Akt led 
by SPRR3 knockdown, thus confirming the validity of IGF‑1. 
The results of the CCK‑8 assay demonstrated that activation 
of the PI3K/Akt pathway significantly reversed the SPRR3 
knockdown‑induced reduction in the viability of 786‑O cells at 
each time point (Fig. 3C). The results of the colony formation 
assay indicated that activation of the PI3K/Akt pathway signifi‑
cantly reversed the SPRR3 knockdown‑induced decrease in 
the colony number of 786‑O cells (Fig. 3D). The results of the 
wound healing assay showed that activation of the PI3K/Akt 
pathway significantly reversed the SPRR3 knockdown‑induced 
decrease in the migration rate of 786‑O cells (Fig. 3E). The 
results of the Transwell invasion assay showed that activation 
of the PI3K/Akt pathway significantly reversed the SPRR3 
knockdown‑induced decrease in invaded 786‑O  cells per 
field (Fig. 3F). Overall, these data demonstrated that SPRR3 
regulated the tumor phenotypes of ccRCC cells via the 
PI3K/Akt pathway.

miR‑338‑3p directly targets SPRR3 and negatively regu‑
lates SPRR3 expression. To explore the upstream regulator 
of SPRR3, TargetScan was used to predict the potential 
functional miRNAs. The binding site between SPRR3 
mRNA 3'UTR and miR‑338‑3p was predicted using 
TargetScan (Fig. 4A). The expression levels of miR‑338‑3p 
in HK‑2, 786‑O, CaKi‑1 and UMRC‑2 cell lines were 
determined using RT‑qPCR, which revealed that the levels 
of miR‑338‑3p were significantly lower in ccRCC cell lines 
compared with HK‑2 cells (Fig. 4B). Transfection of miRNA 
mimics for miR‑338‑3p overexpression was used to verify 
its association with SPRR3 in 786‑O cells. As presented 
in Fig. 4C, the RT‑qPCR results showed that the level of 
miR‑338‑3p was significantly increased in the mimics group 
compared with the control group, which confirmed that the 
miR‑338‑3p‑mimics were effective. The mRNA and protein 
levels of SPRR3 were further investigated, which revealed 
that the expression levels of SPRR3 mRNA and protein 
were significantly decreased in the mimic groups compared 
with those in the control group (Fig.  4D  and  E), which 
indicated that miR‑338‑3p inhibited SPRR3 expression in 
786‑O cells. WT and mut‑type SPRR3 3'UTR luciferase 
reporter vectors were used to perform a dual‑luciferase 
reporter assay to confirm the binding relationship and posi‑
tion between SPRR3 mRNA and miR‑338‑3p (Fig. 4A). As 
presented in Fig. 4F, in the Luc‑WT transfection group, the 
relative luciferase activity of 786‑O cells transfected with 
miR‑338‑3p‑mimics was significantly lower compared with 
that of cells transfected with control‑mimics; however, no 
significant change was observed in the Luc‑Mut transfection 
groups. These data demonstrated that miR‑338‑3p directly 
targeted SPRR3 and negatively regulated SPRR3 expression 
in ccRCC cells.

Figure 6. Schematic illustration of the regulatory mechanism of miR‑338‑3p/SPRR3 axis via the PI3K/Akt pathway in ccRCC cells. Figure created with 
BioRender.com. miR, microRNA; ccRCC, clear cell renal cell carcinoma; SPRR3, small proline‑rich repeat protein 3.
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miR‑338‑3p inhibits the PI3K/Akt pathway and tumor pheno‑
types of ccRCC cells by downregulating SPRR3 expression. 
Based on the aforementioned findings, the present study further 
investigated whether miR‑338‑3p inhibited the PI3K/Akt 
pathway and the tumor phenotypes of ccRCC cells by down‑
regulating SPRR3. The overexpression efficiency of SPRR3 
plasmids was validated using RT‑qPCR and western blotting, 
and the results showed that the mRNA and protein levels of 
SPPR3 were significantly increased in the overexpression 
group (Fig. 5A and B). The p‑Akt/t‑Akt ratio was significantly 
decreased in the miR‑338‑3p‑mimics group compared with 
that in the control group, which confirmed that miR‑338‑3p 
inhibited the PI3K/Akt pathway in 786‑O cells (Fig. 5C). 
Rescue experiments were carried out. SPRR3 overexpression 
significantly reversed the downregulation of SPRR3 by the 
miR‑338‑3p‑mimics, under which downstream pathway and 
tumor phenotypes regulated by the miR‑338‑3p‑mimics were 
observed. As presented in Fig. 5C, SPRR3 overexpression 
significantly reversed the reduction of p‑Akt/t‑Akt by the 
miR‑338‑3p‑mimics. Additionally, the results of the CCK‑8 
assay showed that the overexpression of SPRR3 significantly 
reversed the miR‑338‑3p‑mimics‑induced inhibition of 
786‑O cell proliferation (Fig. 5D). The results of the colony 
formation assay showed that the overexpression of SPRR3 
significantly reversed the miR‑338‑3p‑mimics‑induced 
decrease in the colony number of 786‑O  cells (Fig.  5E). 
The results of the wound healing assay showed that 
the overexpression of SPRR3 significantly reversed the 
miR‑338‑3p‑mimics‑induced decrease in the migration rate 
of 786‑O cells (Fig. 5F). The results of the Transwell inva‑
sion assay showed that SPRR3 overexpression significantly 
reversed the miR‑338‑3p‑mimics‑induced decrease in the 
number of invaded cells per field (Fig. 5G). These data demon‑
strated that miR‑338‑3p inhibited the PI3K/Akt pathway and 
the tumor phenotypes of ccRCC cells by downregulating 
SPRR3.

Discussion

To the best of our knowledge, this study demonstrated the 
role of SPRR3 in determining the tumor phenotypes of 
ccRCC cells for the first time, and further uncovered its 
associated downstream and upstream mechanisms. SPRR3 
as a tumor promoter has been revealed to be upregulated in 
some types of cancer. SPRR3 accelerates the proliferation 
and invasion of colorectal cancer cells (4), the proliferation 
of breast cancer cells (5), the proliferation and invasion of 
glioblastoma multiforme cells (6) and the proliferation and 
invasion of non‑small‑cell lung cancer cells (7). These results 
are similar to those reported in the present study, which 
suggested the expression of SPRR3 as a poor prognostic 
factor and a potential novel therapeutic target for ccRCC. By 
contrast, several studies on esophageal cancer have revealed 
that low expression of SPRR3 is associated with disease 
progression (8,22,23). These findings indicate that the role 
of SPRR3 may vary in different cancer types. Additionally, 
both loricrin and SPRR3 are cornified cell envelope precursor 
proteins, and their genes locates in the same cluster on chro‑
mosome 1q21 (24). Loricrin is reported to be associated with 
tumor metastatic spread. This may indicate that loricrin is 

involved in SPRR3‑mediated regulation in ccRCC  (25). 
However, the role of SPRR3 in other diseases still needs to 
be explored further.

miR‑338‑3p is downregulated in RCC (26), which was 
also confirmed by the ccRCC cell lines in the present 
study. Furthermore, previous studies have uncovered 
several downstream molecules involved in miR‑338‑3p‑me‑
diated inhibition of tumor phenotypes in ccRCC cells. 
Tong et al (12) revealed that miR‑338‑3p inhibits the prolif‑
eration and invasion of 786‑O and Caki‑1 cells by targeting 
SOX‑4. Yang et al (13) revealed that miR‑338‑3p inhibits 
the proliferation, migration and invasion of ccRCC cells 
by downregulating the expression of ETS1. Zhu et al (14) 
revealed that CAV‑1 is also a downstream target of 
miR‑338‑3p in ccRCC cells. The present study demon‑
strated that SPRR3 was a novel direct target of miR‑338‑3p, 
and that miR‑338‑3p inhibited the proliferation, migration 
and invasion of ccRCC cells by downregulating SPRR3. In 
addition to these findings, more research is needed to inves‑
tigate the how the downstream mechanism of miR‑338‑3p 
involved in the development of ccRCC. The association 
between miR‑338‑3p and survival of patients with ccRCC 
also warrants further investigation.

The aberrant activation of the PI3K/Akt signaling 
pathway promotes the proliferation, migration and invasion of 
ccRCC cells (15). SPRR3 activates the PI3K/Akt pathway in 
colorectal and breast cancer cells (4,5). Additionally, SPRR3 
activates this pathway in vascular smooth muscle cells and 
cardiac fibroblasts (9,10). miR‑338‑3p inhibits the PI3K/Akt 
pathway in RCC (16), which is consistent with the results of 
the present study showing miR‑338‑3p‑mediated inhibition of 
the PI3K/Akt pathway in 786‑O cells. Moreover, miR‑338‑3p 
exerts its anti‑tumor effects by inhibiting the PI3K/Akt 
pathway in breast cancer and neuroblastoma cells (27,28). The 
present study demonstrated that the PI3K/Akt pathway was 
involved in the regulation of ccRCC cell tumor phenotypes via 
the miR‑338‑3p/SPRR3 axis, which presented a new model 
of the mechanism driving ccRCC cell development (Fig. 6). 
Based on these findings, it was hypothesized that this regu‑
lation may occur in other tumors, although this needs to be 
verified. Additionally, further in vivo animal experiments are 
needed to verify the present findings.

In conclusion, the current study demonstrated that the 
upregulation of SPRR3 played a promotive role in the prolif‑
eration, migration and invasion of ccRCC cells in vitro, which 
was directly regulated by the downregulation of miR‑338‑3p; 
moreover, the activation of the PI3K/Akt pathway was 
involved in this regulation. This finding not only enriches the 
understanding of the mechanism understanding ccRCC devel‑
opment, but also presents a potential novel therapeutic target 
for this disease.
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