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Knockdown of KRT17 decreases osteosarcoma cell proliferation
and the Warburg effect via the AKT/mTOR/HIF1a pathway
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Abstract. Keratins are fibrous structural proteins that serve
essential roles in forming the stratum corneum and protect the
cells in this layer of skin from damage. Keratin 17 (KRT17)
is a key member of the keratins, and dysregulated expres-
sion of KRT17 has been reported in various types of cancer,
such as lung and gastric cancer. The present study aimed to
identify the role of KRT17 in osteosarcoma and the under-
lying molecular mechanism. The expression of KRT17 in
osteosarcoma tissues and cell lines was detected using reverse
transcription-quantitative PCR (RT-qPCR) and western blot-
ting. The effects of KRT17 on osteosarcoma cell proliferation
and the Warburg effect in vitro were detected using CCK-8 and
colony formation assays, cell cycle distribution analysis and
metabolic measures. The effects of KRT17 on osteosarcoma
cell proliferation in vivo were detected using a subcutaneous
tumorigenesis model. The association between KRT17
and the AKT/mTOR/hypoxia-inducible factor la (HIFla)
pathway was detected using RT-qPCR and western blotting.
The results demonstrated that KRT17 was highly expressed
in osteosarcoma tissues and cell lines. Knockdown of KRT17
decreased osteosarcoma cell proliferation and colony forma-
tion, induced G, phase arrest and inhibited glycolysis in vitro.
Similarly, the suppression of KRT17 decreased osteosarcoma
tumor growth in vivo. Knockdown of KRT17 decreased the
expression of phosphorylated (p)-AKT, p-mTOR, HIFla and
the target gene of HIFla glucose transporter 1. Restoring the
expression of p-AKT, p-mTOR or HIFla reversed the effect
of KRT17 inhibition on cell proliferation and glycolysis.
These results indicated that knockdown of KRT17 may be an
effective method for treating osteosarcoma through inhibiting
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osteosarcoma cell proliferation and the Warburg effect by
suppressing the AKT/mTOR/HIF1a pathway.

Introduction

Osteosarcoma is one of the most common types of primary
malignant cancer in bone tissues, primarily affecting adoles-
cents and young adults (1). The majority of osteosarcomas
occur in the metaphysis of the long bones of the extremities,
whereas the involvement of the axial or the craniofacial bone
can also be observed in the adult population (2). Despite
the progress that has been made in treatment strategies for
osteosarcoma, including surgical resection, chemotherapy
and radiotherapy, the clinical prognosis remains poor, and
the 5-year survival rate is still <20% due to the high rates of
metastasis and recurrence (3,4). Although substantial attention
has focused on the molecular mechanism behind osteosar-
coma, the factors behind its occurrence and development
remain unclear. Therefore, there is an urgent need to reveal the
molecular mechanism of the development of osteosarcoma,
to identify new molecular markers for early diagnosis, and to
investigate new methods for treating this disease.

Compared with normal cells, tumor cells tend to undergo
glycolysis despite the environment having sufficient oxygen;
this phenomenon was first reported by Otto Warburg and is
termed the Warburg effect (5). Through this metabolic rear-
rangement, tumor cells obtain enough energy to meet the
requirements for growth and distant metastasis (6,7). Several
oncogenes that regulate the Warburg effect and promote
the development of osteosarcoma have been reported. For
example, sphingosine-1-phosphate has been demonstrated to
regulate the glycolytic enzyme phosphoglycerate mutase 1 to
promote osteosarcoma proliferation (8). In addition, slit guid-
ance ligand 2 has been reported to enhance the expression of
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 and
to increase osteosarcoma cell proliferation and migration (9).
Therefore, targeting the glycolytic pathway may be an appro-
priate strategy for the treatment of osteosarcoma.

Keratins, one of the largest gene families in humans, are
a family of epithelial-specific intermediate filaments forming
an indispensable part of the cytoskeleton (10). Keratins can be
classified into two types, including 28 type I and 26 type 11
keratins (11). Keratins not only provide structural support for
the cytoskeleton and regulate cellular metabolic processes, but
also activate epithelial cell growth signaling pathways (12).
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Their expression is highly cell-type-specific, and mutation or
loss of a keratin gene can cause or lead to a predisposition
to several human diseases, induce the dysregulation of innate
immunity, and produce increased sensitivity to apoptosis (13).
Extensive research has been performed on the role of the
keratin family in human cancer, which has attracted broad
attention in the last two decades. For example, keratin 13
serves a role in reprogramming bone and brain metastases
of human prostate cancer cells (14). In addition, keratin 5
and keratin 20 may be associated with urothelial bladder
cancer (15). Keratin 17 (KRT17), a type I keratin, has also
been identified to be expressed in several types of normal
human epithelium, including the respiratory epithelium and
urothelium (16). KRT17 was first reported to serve a positive
role in epithelial cell proliferation and skin tumor growth (17).
Furthermore, KRT17 has been reported to be associated with
the development of various types of cancer, such as colorectal
and breast cancer (18). However, its role in the progression of
osteosarcoma remains unclear.

The present study aimed to investigate the role of KRT17
and its mechanism in osteosarcoma, and to determine whether
KRT17 may be a novel target for the diagnosis and treatment
of osteosarcoma.

Materials and methods

Patient samples. A total of 25 patients were enrolled in the
present study. All patients were pathologically diagnosed with
osteosarcoma and had received surgical resection at Guizhou
Orthopedics Hospital (Guizhou, China) between June 2017
and June 2019. The patients included 17 males and 8 females,
with a mean age of 19.15+13.17 years (range, 8-41 years).
The inclusion criteria were as follows: i) The tissues were
obtained during surgery and osteosarcoma was diagnosed by
two pathologists; ii) the patients were diagnosed and treated
for the first time; and iii) the patients were willing to partici-
pate. The exclusion criteria were as follows: i) Patients with
other malignancies; ii) patients with other systemic diseases;
iii) patients who had received treatment prior to admission;
and iv) patients (and/or their families) who refused to partici-
pate. All 25 patients provided osteosarcoma tissue samples,
of whom 10 also provided adjacent normal tissues. All speci-
mens were obtained from patients following written informed
consent form the patients or their parents/legal guardians.
The study was approved by Guizhou Provincial Orthopedics
Hospital Ethics Committee and was performed in accordance
with the principles embodied in the Declaration of Helsinki.

Cell lines and cell culture. Human osteosarcoma cell lines
(MG63, Saos2, U20S and 143B) and normal human osteoblast
hFOB cells were obtained from the Cell Bank of the Chinese
Academy of Sciences. The cells were cultured in Dulbecco's
modified Eagle's medium (Gibco; Thermo Fisher Scientific,
Inc.) containing 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.), 0.1% penicillin and 0.1% streptomycin.
MG63 (fibroblast morphology), Saos2 (epithelial morphology),
U20S (epithelial morphology) and 143B (mixed morphology)
cells were incubated at 37°C in a humidified atmosphere with
5% CO,, whereas hFOB cells were incubated at 35°C under the
same atmosphere conditions.
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Reverse transcription-quantitative PCR (RT-gPCR). TRIzol
reagent [Yeasen Biotechnology (Shanghai) Co., Ltd.] was
used to isolate total RNA from osteosarcoma tissues, adjacent
tissues, normal human osteoblast cells and osteosarcoma cells.
PrimeScript RT Reagent kit reagent (Takara Bio, Inc.) was
used to perform complementary DNA synthesis according to
the manufacturer's instructions. Hieff® qPCR SYBR® Green
Master Mix [Yeasen Biotechnology (Shanghai) Co., Ltd.] was
used for the fluorescence quantification. The following primers
were used: KRT17 forward, 5'-GGTGGGTGGTGAGATCAA
TGT-3' and reverse, 5'-CGCGGTTCAGTTCCTCTGTC-3";
VEGEF forward, 5-AGGGCAGAATCATCACGAAGT-3' and
reverse, 5'-AGGGTCTCGATTGGATGGCA-3'; glucose trans-
porter 1 (GLUT]I) forward, 5'-GGCCAAGAGTGTGCTAAA
GAA-3" and reverse, 5'-ACAGCGTTGATGCCAGACAG-3";
MCLI1 apoptosis regulator, Bcl2 family member (MCL1)
forward, 5"TGCTTCGGAAACTGGACATCA-3' and reverse,
5'"TAGCCACAAAGGCACCAAAAG-3'"; HIFla forward,
5'-GAACGTCGAAAAGAAAAGTCTCG-3' and reverse,
5'-CCTTATCAAGATGCGAACTCACA-3'; f-actin forward,
5'-CATGTACGTTGCTATCCAGGC-3' and reverse, 5'-CTC
CTTAATGTCACGCACGAT-3'. The reaction conditions were
as follows: 95°C for 10 min, followed by 40 cycles of 95°C for
1 sec and 60°C for 60 sec. f-actin was used for normaliza-
tion to determine the relative mRNA expression, which was
analyzed using the 2244 method (19).

Western blotting. RIPA lysis buffer (Boster Biological
Technology) containing a mixture of protease inhibitors was
used to extract the proteins. The lysates were centrifuged at
8,000 x g at 4°C for 10 min to separate the proteins from the
cell debris. The BCA assay kit (Boster Biological Technology)
was used to measure the total protein concentration. The
proteins (30 pg/lane) were separated by 10% SDS-PAGE
and then transferred to PVDF membranes (EMD Millipore).
Subsequently, 5% non-fat milk was used for blocking at
room temperature for 2 h, after which the membranes were
incubated overnight at 4°C with the following primary
antibodies: Anti-KRT17 (1:1,000, cat no. 17516-1-AP),
anti-cyclin D1 (1:1,000, cat no. 26939-1-AP), anti-CDK?2
(1:1,000, cat no. 10122-1-AP), anti-CDK4 (1:1,000,
cat no. 11026-1-AP, ProteinTech Group, Inc.), anti-CDK6
(1:1,000, cat no. 14052-1-AP, ProteinTech Group, Inc.),
anti-AKT (1:1,000, cat no. 10176-2-AP), anti-phosphorylated
(p)-AKT (1:1,000, cat no. 66444-1-Ig), anti-mTOR (1:1,000,
cat no. 66888-1-Ig), anti-HIF1a (1:1,000, cat no. 20960-1-AP),
anti-VEGF (1:1,000,catno. 19003-1-AP),anti-GLUT1 (1:1,000,
cat no. 21829-1-AP), anti-MCL1 (1:1,000, cat no. 16225-1-AP),
anti-B-actin (1:1,000, cat no. 60008-1-Ig) (all from ProteinTech
Group, Inc.) and anti-p-mTOR (1:500, cat no. 5536, Cell
Signaling Technology, Inc.). After three washes with TBS
containing 0.1% Tween-20, the membranes were incubated
with the secondary horseradish peroxidase (HRP)-conjugated
anti-mouse (1:3,000; cat no. BA1051) and anti-rabbit (1:3,000;
cat no. BA1050; both from Boster Biological Technology)
antibodies for 2 h at room temperature. Finally, protein bands
were visualized using ChemiDoc™ XRS+ with Image Lab™
software (version 5.2.1; Bio-Rad Laboratories, Inc.). The
expression levels of KRT17, cyclin D1, CDK2, CDK4, CDK®6,
HIFla, VEGF, MCLI1 and GLUT1 were relative to f-actin,
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whereas those of p-AKT and p-mTOR were analyzed as the
ratios of p-AKT/AKT and p-mTOR/mTOR.

Retroviral infection and transfection. Human short
hairpin RNA (shRNA) targeting KRT17 and negative
control shRNA oligonucleotide sequences were cloned
into pSuper-retro-puro viral vectors (Guangzhou RiboBio
Co., Ltd.) to generate pSuper-retro-KRT17-RNAi(s) and
pSuper-retro-scramble-RNAi(s). The shRNA sequences for
KRT17 were as follows: shRNA1, 5-GCGTGACCAGTA
TGAGAAGAT-3"; shRNA2, 5"TGGTGCAGAGTGGCA
AGAGTGAGAT-3"; and shRNA3, 5-CTGACTCAGTACAAG
AAAGAA-3". The scrambled shRNA sequence 5'-was TTC
TCCGAACGTGTCACGT-3' (all synthesized by Guangzhou
RiboBio Co., Ltd). To obtain stable knockdown of KRT17
osteosarcoma cell lines, the cells were cultured in an envi-
ronment containing 0.5 yg/ml puromycin for 2 weeks after
infection. Osteosarcoma cells with the optimal stable knock-
down of KRT17 and normal control (sh-scramble) were used
for further study.

Cell Counting Kit-8 (CCK-8) assay. MG63 and Saos-2 cells
were seeded in a 96-well plate at a density of 4x10°* cells/well
in a volume of 200 gl. On days 0, 1, 2, 3 and 4, the cells were
incubated with CCK-8 (Boster Biological Technology) for
2 h at 37°C, and absorbance was measured at 450 nm using
a microplate reader. For the rescue experiment, the AKT
activator SC79 (5 ug/ml; MedChemExpress), mTOR activator
MYHI1485 (10 puM; MedChemExpress) and HIF activator
ML228 (5 puM; MedChemExpress) were added after cell
adherence, and the absorbance was measured at 450 nm after
culturing for the time stated above.

Colony formation. MG63 and Saos-2 cells were seeded in a
6-well plate at a density of 1,000 cells/well. After culturing
for 7 days at 37°C in a humidified incubator with 5% CO,, 4%
paraformaldehyde was used to fix the cells for 15 min at room
temperature, which were then stained with 0.1% crystal violet
for 30 min at room temperature. Images of stained colonies
were captured, and the number of colonies (=10 mm?) was
counted under the naked eye.

Cell cycle analysis. MG63 and Saos-2 cells were washed
with PBS three times and fixed with 75% ethanol overnight
at -20°C. The cells were then treated with 50 ug/ml propidium
iodide solution (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions and analyzed
using a FACSCalibur flow cytometer (BD Biosciences). The
results of the cell cycle distribution were analyzed using
FlowlJo software version 7.4.1 (FlowJo LLC).

Assays for measuring the extracellular acidification rate
(ECAR) and cellular oxygen consumption rate (OCR). The
XFe Extracellular Flux Analyzer (Agilent Technologies, Inc.)
was used to detect the ECAR and OCR in the present study.
The ECAR was detected using an XF Glycolysis Stress Test
kit (Agilent Technologies. Inc.), and the OCR was detected
using an XF Cell Mito Stress Test kit. A total of 1x10* MG63
and Saos-2 cells were seeded in matched 96-well microplates.
Following baseline measurements, 30 mM glucose, 2 pM
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oligomycin (an inhibitor of oxidative phosphorylation; Selleck
Chemicals) and 10 mM 2-DG (an inhibitor of glycolysis;
Selleck Chemicals) were added to each well at the specified
time points to detect the ECAR. Similarly, 2 uM oligomycin,
5 uM FCCP (a reversible inhibitor of oxidative phosphoryla-
tion; Selleck Chemicals) and 1 uM rotenone (an inhibitor
of mitochondrial complex I; Selleck Chemicals) plus 1 pM
antimycin A (an inhibitor of mitochondrial complex III;
Selleck Chemicals) were added in the appropriate order to
detect the OCR and ECAR according to the operating steps
described in a previous study (20). The data were collected
and analyzed using XF-96 Wave software version 2.1 (Agilent
Technologies. Inc.). The data were normalized based on the
protein concentration.

Detection of glucose uptake, lactate production and ATP
synthesis. To detect glucose uptake in each group, the
Glucose Uptake Colorimetric assay kit (Invitrogen; Thermo
Fisher Scientific, Inc.) was used according to the manu-
facturer's instruction. A total of 2,000 MG63 and Saos-2
cells were seeded in a 96-well plate and treated with the
Krebs-Ringer-Phosphate-HEPES buffer containing 2% BSA
(Wuhan Boster Biological Technology, Ltd.) for 40 min to
starve the cells. Subsequently, 10 ml 2-DG (10 mM) was added
to each well. Following culture for 20 min, the rate of glucose
uptake was determined. To determine the lactate produc-
tion and ATP synthesis of each group, Lactate assay kit II
(Invitrogen; Thermo Fisher Scientific, Inc.) and ATP assay
kit (Invitrogen; Thermo Fisher Scientific, Inc.), respectively,
were used according to the manufacturer's instructions. A
total of 2x10° MG63 and Saos-2 cells were lysed in 100 ul of
the corresponding assay buffer and homogenized. Following
centrifugation, the soluble fractions of lactate and ATP were
assayed using 530 and 636 nm wavelengths in an ultraviolet
spectrophotometer, respectively.

Animal experiments. All animal procedures were approved
by the Ethics Committee of Guizhou Provincial Orthopedics
Hospital. Female BLBA/c nude mice (6-week-old; n=10) were
purchased from Beijing Huafukang Biotechnology Co., Ltd.
and housed under specific pathogen-free conditions at 25°C
with a 12-h light/dark cycle and free access to food and water.
A total of 1x10° MG63 cells transfected with sh-KRT17 or
sh-scramble were subcutaneously injected into the flanks of
nude mice. Each group contained five mice. The animal health
and behavior were monitored daily, and the volume of tumor
tissue was measured weekly. The volume of tumor tissues were
calculated using the following formula: Volume (mm?)=(length
x width?)/2. When the maximum length of any tumor reached
15 mm or the volume of any tumor reached 800 mm?, the
experiment was terminated. The mice were sacrificed in
week 5 using cervical dislocation; death was verified by the
absence of a heartbeat and the onset of rigor mortis, and the
size of each tumor was determined.

Immunohistochemical staining. The tumor tissues isolated
from nude mice were dehydrated and embedded in paraffin
(Wuhan Boster Biological Technology, Ltd.) at room tempera-
ture. After cutting into 4-um slices, tissue sections were
deparaffinized using xylene and rehydrated in a descending
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Figure 1. KRT17 is highly expressed in osteosarcoma tissues and cell lines. (A) RT-qPCR was used to detect the expression in adjacent normal osteoblast
(n=10) and osteosarcoma (n=25) tissues. (B) RT-qPCR was used to detect the expression of KRT17 in the normal osteoblast cell line hFOB and the osteosar-
coma cell lines MG63, Saos2, U20S and 143B. (C and D) Western blotting was used to detect the expression of KRT17 in the normal osteoblast cell line hRFOB
and the osteosarcoma cell lines MG63, Saos2, U208, and 143B. B-actin was used as a loading control. “P<0.01 vs. hFOB or as indicated. KRT17, keratin 17,

RT-qPCR, reverse transcription-quantitative PCR.

alcohol series (100, 95, 90 and 80%) at room temperature.
Following restoration with sodium citrate, the samples
were treated with 3% H,0, to block endogenous peroxidase
activity, and then blocked with 5% BSA (Wuhan Servicebio
Technology Co., Ltd.) for 30 min at room temperature. The
specimens were subsequently incubated with a primary
anti-K167 (1:400; cat. no. 27309-1-AP; ProteinTech Group,
Inc.) and anti-PCNA (1:400; cat. no. 10205-2-AP; ProteinTech
Group, Inc.) antibodies for 12 h at 4°C, followed by incubation
with HRP-conjugated secondary antibodies anti rabbit IgG
(1:200; cat. no. G1210-2-A-100; Wuhan Servicebio Technology
Co., Ltd.) for 2 h at room temperature. Following subsequent
development using the Cell and Tissue Staining HRP-DAB
kit (Beyotime Institute of Biotechnology) according to the
manufacturer's protocol, images were obtained under a light
microscope (magnification, x400).

Statistical analysis. SPSS 20.0 (IBM Corp.) was used to
perform the statistical analysis in the current study. Data
are representative of at least three independent experiments
and presented as the mean + standard deviation. Unpaired
Student's t-test was used to analyze the expression difference
of KRT17 in osteosarcoma and corresponding adjacent tissues.
The co-expression relationship between KRT17 and HIFla in
osteosarcoma tissues was analyzed using Pearson's correla-
tion analysis. Two-tailed unpaired Student's t-test was used

to analyze the statistical differences between two different
groups of continuous variables. One-way analysis of variance
(ANOVA) followed by Dunnett's post hoc test was performed
to test the differences between control group and multiple
experimental groups, while ANOVA followed by Bonferroni's
post hoc test was used to test the differences among multiple
groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

KRTI7 is expressed in osteosarcoma tissues and cell lines.
First, RT-qPCR was performed to analyze the expression of
KRT17 in osteosarcoma tissues. The results demonstrated
that the expression of KRT17 was significantly higher in
osteosarcoma tissues (n=25) compared with in adjacent
normal osteoblast tissues (n=10) (P<0.01; Fig. 1A). Similarly,
the mRNA and protein levels of KRT17 were markedly
increased in osteosarcoma lines, including MG63, Saos2,
U20S and 143B, compared with those in normal bone hFOB
cells (P<0.01; Fig. 1B-D). The mRNA and protein levels of
KRT17 were 2-3-fold higher in the MG63 and Saos?2 cell lines
compared with those in hFOB cells; therefore, these two cell
lines were used for further study. 143B cells were excluded
due to their mixed morphology resulting in large experimental
error.
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Figure 2. Knockdown of KRT17 decreases osteosarcoma cell proliferation and induces G1 phase arrest in vitro. (A and B) The efficiency of three
KRT17-targeting shRNAs was detected using western blotting. (C and D) Cell Counting Kit-8 assays were performed to detect the effects of KRT17 knock-
down on osteosarcoma cell proliferation. (E and F) Colony formation assays were performed to detect the effects of KRT17 knockdown on osteosarcoma cell
colony formation. (G and H) Cell cycle distribution was analyzed in the sh-scramble and sh-KRT17 groups of MG63 and Saos2 cells. (I) Western blotting was
used to detect the expression of cyclin D1, CDK2, CDK4 and CDKG6 in the sh-scramble and sh-KRT17 groups. “P<0.05, “P<0.01. KRT17, keratin 17; shRNA,
short hairpin RNA; OD, optical density.

Knockdown of KRT17 decreases osteosarcoma cell prolifera-  was disrupted using targeted KRT17 shRNA. Three potential
tion and induces G, phase arrest in vitro. To determine the role ~ KRT17-targeting shRNAs were used, and the results demon-
of KRT17 in osteosarcoma proliferation in vitro, its expression  strated that sh-KRT17-3 exhibited the strongest inhibition
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Figure 3. Knockdown of KRT17 decreases the Warburg effect of osteosarcoma cells. (A and B) Using a Seahorse Bioscience XFp analyzer, the ECAR of
MG63 and Saos?2 cells in the sh-KRT17 and sh-scramble groups was measured. (C and D) Using a Seahorse Bioscience XFp analyzer, the OCR of MG63 and
Saos2 cells with stable knockdown of KRT17 and sh-scramble cells was measured. (E-G) Glucose uptake, lactate production and ATP synthesis were measured
in MG63 cells with stable knockdown of KRT17 and those transfected with sh-scramble. (H-J) Glucose uptake, lactate production and ATP synthesis were
measured in Saos2 sh-KRT17 and sh-scramble cells. "P<0.05, “P<0.01 vs. sh-scramble. Glc, glucose; Oligo, oligomycin; 2-DG, 2-deoxy-D-glucose; FCCP,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; Rot, rotenone; AA, antimycin A; KRT17, keratin 17; ECAR, extracellular acidification rate; OCR,

cellular oxygen consumption rate.

of KRT17 expression compared with the sh-scramble group
(P<0.01; Fig. 2A and B). Therefore, sh-KRT17-3 was used to
construct osteosarcoma cells with stable KRT17 knockdown
for further experiments. CCK-8 assays were performed, and

the results revealed that KRT17 knockdown significantly
decreased the proliferation rate of MG63 and Saos2 cells
compared with those transfected with sh-scramble (P<0.01;
Fig. 2C and D). Similarly, it was identified that knockdown
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(C) The growth rate of osteosarcoma tumors in the sh-scramble and sh-KRT17 groups. (D) The expression of Ki67 and PCNA in tumor tissues from the
sh-scramble and sh-KRT17 groups. “P<0.01. KRT17, keratin 17; sh, short hairpin.

of KRT17 significantly decreased the numbers of MG63 and
Saos2 cell colonies compared with those in the corresponding
sh-scramble groups (P<0.01; Fig. 2E and F). Cell cycle
distribution analysis was performed to detect the differences
between the sh-scramble and sh-KRT17 groups; the results
demonstrated that the proportion of cells in the G, phase
significantly increased in the sh-KRT17 groups of both MG63
and Saos2 cells compared with the respective sh-scramble
groups, and a significant decrease of cells in the G, phase was
observed in the sh-KRT17 groups (P<0.05; Fig. 2G and H).
In addition, the expression levels of cyclin D1, CDK2, CDK4
and CDK6 were examined in the sh-KRT17 and sh-scramble
groups; it was observed that inhibition of KRT17 decreased
the expression of cyclin D1, CDK?2, CDK4 and CDKG6 (Fig. 2I).
These results indicated that knockdown of KRT17 decreased
osteosarcoma cell proliferation and induced G, phase arrest
in vitro.

Knockdown of KRT17 decreases the Warburg effect of osteo-
sarcoma cells. Previous studies have demonstrated that the
Warburg effect serves a key role in the proliferation of osteo-
sarcoma cells (21,22). Therefore, the present study investigated
the effect of KRT17 on the Warburg effect of osteosarcoma
cells. OCR, ECAR, glucose uptake, lactate production and
ATP synthesis were analyzed in the sh-scramble and sh-KRT17
groups. The ECAR was significantly decreased in the sh-KRT17
group in both MG63 (at 30, 35 and 40 min) and Saos-2 cells (at

35 and 40 min) (P<0.05; Fig. 3A and B), whereas the basal and
maximal OCR were significantly increased in the sh-KRT17
group compared with the sh-scramble group (P<0.05; Fig. 3C
and D). In addition, the glucose uptake rate, lactate produc-
tion and ATP synthesis were significantly decreased in MG63
and Saos-2 cells following KRT17 knockdown compared with
the sh-scramble-transfected cells (P<0.05; Fig. 3E-J). Taken
together, these results indicated that knockdown of KRT17
decreased the Warburg effect in osteosarcoma cells.

Knockdown of KRTI17 decreases tumor growth in vivo. The
effect of KRT17 on tumor growth in vivo was determined
using a subcutaneous tumorigenesis model in nude mice. The
results revealed that the rates of tumor growth were slower
and the weights of the tumor were lower in the sh-KRT17
group compared with those in the sh-scramble group (P<0.01;
Fig. 4A-C). In addition, the expression levels of KI67 and
PCNA in tumor tissues from the sh-KRT17 group were
significantly decreased compared with those in tissues from
the sh-scramble group. (P<0.05; Fig. 4D). In summary, these
results suggested that knockdown of KRT17 decreased osteo-
sarcoma tumor growth in vivo.

KRTI7 regulates the AKT/mTOR/HIFla pathway. A previous
study has demonstrated that KRT17 binds to stratifin and
recruits it to the cytoplasm, where this complex activates the
AKT/mTOR pathway (13). To determine whether KRT17 also
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Figure 5. Inhibition of KRT17 suppresses the AKT/mTOR/HIF1a pathway. (A-C) The expression of AKT, p-AKT, mTOR, p-mTOR and HIFla in the
sh-scramble and sh-KRT17 groups was detected using western blotting. 3-actin was used as a loading control. (D) The co-expression relationship between
KRT17 and HIFla in osteosarcoma tissues was determined using RT-qPCR and Pearson's correlation analysis. (E and F) The mRNA levels of VEGF,
GLUT1 and MCLI were determined using RT-qPCR in the sh-scramble and sh-KRT17 groups. (G-I) The protein levels of VEGF, GLUT1 and MCLI1 were
detected using western blotting in the sh-scramble and sh-KRT17 groups. "P<0.05, “P<0.01. KRT17, keratin 17; sh, short hairpin; p-, phosphorylated; HIFla,
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regulates the AKT/mTOR pathway in osteosarcoma, western
blotting was performed. The results demonstrated that total
AKT and total mTOR levels changed insignificantly (P>0.05),
whereas p-AKT and p-mTOR levels were significantly
decreased in the sh-KRT17 group compared with those in the
sh-scramble group (Fig. 5A-C). HIFla is a key downstream
protein of mTOR, which has been reported to serve a major

role in cell proliferation and metabolic rearrangement, such
as by increasing glycolysis (23). Therefore, the present study
determined the expression of HIFla following KRT17
inhibition and revealed that its level was also significantly
decreased in the sh-KRT17 group compared with that in the
sh-scramble group (P<0.05; Fig. 5A-C). Of note, correlation
analysis revealed that KRT17 was co-expressed with HIFla in
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Figure 6. Restoration of the AKT/mTOR/HIF1a pathway reverses the effects of KRT17 knockdown on osteosarcoma cell proliferation and colony formation.
(A and B) Western blotting was used to detect the expression of KRT17, AKT, p-AKT, mTOR, p-mTOR, HIFla and GLUT!1 in cells treated with sh-scramble
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formation assays were used to detect the colony formation of osteosarcoma cells in each group. “P<0.01 vs. sh-scramble; “P<0.05, #P<0.01 vs. sh-KRT17.
KRT17, keratin 17; sh, short hairpin; p-, phosphorylated; HIFla, hypoxia-inducible factor 1a; GLUTI, glucose transporter 1.

osteosarcoma tissues (r=0.61, P<0.01; Fig. 5D). Furthermore,
the expression levels of HIFla target genes, such as VEGF,
GLUTI1 and MCL1, were determined, which demonstrated that
the mRNA and protein levels of these genes were significantly
decreased following KRT17 inhibition compared with those in
the sh-scramble group (P<0.05; Fig. SE-I). Among these target
genes of HIFla, GIUTI1, which serves an important role in
glycolysis, exhibited the strongest decrease.

Restoration of the AKT/mTOR/HIFIlo pathway decreases
the inhibitory effect of KRTI7 knockdown on osteosarcoma
cell proliferation. To detect whether the AKT/mTOR/HIF1a
pathway was involved in the KRT17 knockdown-induced
inhibition of proliferation, activators of AKT (SC79), mTOR
(MYH1485) and HIF1a (ML228) were employed. The results
demonstrated that the expression of GLUT1 was increased
when cells in the sh-KRT17 group were treated with SC79,
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Figure 7. Restoration of the AKT/mTOR/HIF1o pathway decreases the inhibitory effect of KRT17 knockdown on osteosarcoma cell glycolysis. (A and B) The
ECAR was detected in MG63 and Saos2 cells treated with sh-scramble or sh-KRT17 and SD79, MYH1485 and ML228. (C and D) The OCR was detected in
each group of MG63 and Saos2 cells. (E-G) Glucose uptake, lactate production and ATP synthesis were measured in each group of MG63 cells. (H-J) Glucose
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MYHI1485 or ML228 compared with the untreated sh-KRT17
group (Fig. 6A and B). The results of the CCK-8 assay revealed
that the inhibitory effect of KRT17 knockdown on cell prolif-
eration was reversed by SC79, MYH1485 or ML228 in MG63
and Saos?2 cells (P<0.05; Fig. 6C and D). Similarly, the number
of colonies was significantly increased when sh-KRT17 cells
were treated with SC79, MYH1485 or ML228 compared with
that in untreated sh-KRT17 cells (Fig. 6E and F). These results

indicated that restoration of the AKT/mTOR/HIFla pathway
decreased the inhibitory effect of KRT17 knockdown on
osteosarcoma cell proliferation.

Restoration of the AKT/mTOR/HIFIlo pathway decreases
the inhibitory effect of KRTI7 knockdown on osteosarcoma
cell glycolysis. The association between KRT17, the AKT/
mTOR/HIFla pathway and glycolysis was also investigated
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in the present study. In the ECAR analysis, the ECAR at 40
and 45 min was increased in sh-KRT17 cells upon treatment
with activators of the AKT/mTOR/HIFla pathway compared
with untreated sh-KRT17 cells (P<0.05; Fig. 7A and B). In
addition, the maximal OCR at 40 and 45 min was decreased
in sh-KRT17 cells upon treatment with activators of the AKT/
mTOR/HIFla pathway compared with untreated sh-KRT17
cells (P<0.05; Fig. 7C and D). The rates of glucose uptake,
lactate production and ATP synthesis were significantly
increased when sh-KRT17 cells were treated with AKT,
mTOR or HIFla activators compared with those in untreated
sh-KRT17 cells (P<0.05; Fig. 7E-J). These results indicated
that restoration of the AKT/mTOR/HIF1a pathway decreased
the inhibitory effect of KRT17 knockdown on osteosarcoma
cell glycolysis.

Discussion

The present study identified the role of KRT17 in osteosarcoma
and the underlying molecular mechanism. KRT17 is a member
of the keratin family that serves a key role in protecting cells
from damage or physical stress (24). Dysregulated expression
of KRT17 has been reported in numerous types of cancer.
Hu ez al (25) have suggested that KRT17 is highly expressed
in gastric cancer and is associated with poor outcome in
those affected by this disease. In addition, Liu et al (26) have
demonstrated that KRT17 has the potential to promote the
proliferation, migration and invasion of lung adenocarcinoma
cells. Khanom et al (13) have reported that the inhibition
of KRT17 decreases the proliferation of oral cancer cells.
Furthermore, Li et al (27) have demonstrated that KRT17
serves a key role in the resistance to paclitaxel in cervical
cancer cells. Consistent with these previous studies, the present
study demonstrated that KRT17 is increased in osteosarcoma
cell tissues and cell lines. Knockdown of KRT17 significantly
decreased the proliferation of osteosarcoma cells in vitro and
in vivo. These results indicate that KRT17 may act as an onco-
gene in osteosarcoma.

Glycolysis is a common hallmark for cancer tissues as
cancer cells utilize energy via glycolysis rather than by the
tricarboxylic acid cycle (21). Based on glycolysis, cancer
cells have enough energy for proliferation, migration and
metastasis (28). The results of the present study demonstrated
that inhibition of KRT17 significantly increased the OCR and
decreased the ECAR, ATP production, lactate production and
glucose uptake of osteosarcoma cells compared with those in
the control group.

Previous studies have reported that the AKT/mTOR
pathway is activated in various types of cancer, including
osteosarcoma (29,30). Activated mTOR promotes cell
proliferation by promoting the phosphorylation of down-
stream proteins (31). A previous study has demonstrated
that KRT17 can bind with stratifin and increase the phos-
phorylation level of AKT (13). In Ewing's sarcoma, KRT17
has also been reported to have the capacity to activate the
AKT pathway (32). Therefore, the present study determined
the expression of proteins in the AKT pathway, with the
results revealing that the levels of p-AKT and p-mTOR were
decreased in KRT17-knockdown cells compared with those in
the normal control group.
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HIFla is one of the downstream proteins of mTOR (33).
Previous studies have demonstrated that activated mTOR can
maintain the stability of HIFla (34,35). Increased HIFla
translocates into the nucleus and binds to the promoters of
its target genes, such as VEGF, GLUT1 and MCL1 (36-38).
Through the regulation of its target genes, HIFla serves roles
in cancer cell proliferation, angiopoiesis and glycolysis (39).
Based on the significant effects of KRT17 on osteosarcoma
glycolysis, the present study considered whether HIF1a was
regulated by KRT17 via the AKT/mTOR pathway; consistent
with this speculation, it was identified that the expression of
HIF1a was significantly decreased in sh-KRT17 osteosarcoma
cells, as was that of its target genes, such as VEGF, MCL1
and GLUTI1. Among these, GLUT1, which serves a key role
in cell glycolysis, was decreased the most significantly. In
addition, the results of the correlation analysis demonstrated
that KRT17 was co-expressed with HIF1a. In summary, these
results indicate that there may be a regulatory relationship
between KRT17 and HIFla via the AKT/mTOR pathway. To
confirm these conclusions, AKT, mTOR and HIF1a activators
were used, and the results demonstrated that the restoration
of the AKT/mTOR/HIFla pathway reversed the effects of
KRT17 knockdown on osteosarcoma cell function, including
proliferation and glycolysis.

In conclusion, the results of the present study demonstrated
that KRT17 was highly expressed in osteosarcoma tissues and
osteosarcoma cell lines. Knockdown of KRT17 decreased
osteosarcoma cell proliferation and glycolysis by inhibiting
the AKT/mTOR/HIFla pathway. Therefore, KRT17 may be
a novel biomarker for osteosarcoma diagnosis, as well as an
effective target for treatment.
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