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The kelch like family member 22 (KLHL22) is a member of the KLHL (Kelch-like) gene family, which was involved in
the progression of breast cancer. However, its role remains unclear in malignant melanoma (MM). Our study found that
KLHL22 expression was upregulated in human MM tissues. Regarding the functional analysis for KLHL22 in the progres-
sion of MM cells, we demonstrated that overexpression of KLHL22 could promote MM cell growth in vitro. Vice versa,
knockdown of KLHL22 could suppress the proliferation of MM cells. Furthermore, KLHL22 also promoted tumorigenesis
of MM cells in vivo. In experiments investigating the underlying mechanism, expressions of p-Akt and p-mTOR were
significantly increased by overexpression of KLHL22. Meanwhile, knockdown of KLHL22 could decrease the expression
levels of p-Akt and p-mTOR. Our studies thus suggest that KLHL22 can promote the growth of MM cells via activating the
PI3K/Akt/mTOR signaling pathway, which can serve as a potential target in the diagnosis and/or treatment of MM.
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Malignant melanoma (MM) is an aggressive skin cancer
that accounts for 80% of deaths caused by skin cancer [1,
2]. The incidence of MM has risen steeply by approximately
3% annually around the world [3]. Despite the significant
advances obtained in diagnosis and treatments of MM, the
prognosis of MM remains particularly suboptimal due to
its propensity to metastasize and it still causes nearly 50,000
deaths per year worldwide [4]. MM is difficult to treat
through numerous treatments such as surgery, radiation
therapy, or chemotherapy. Therefore, a better understanding
of the underlying molecular mechanism of MM is important
to develop new therapeutic targets for MM patients.

The kelch like family member 22 (KLHL22), as a member
of the KLHL (Kelch-like) gene family, is located at 22q11.21.
The KLHL gene family encodes proteins that constitute a
subgroup at the intersection between the BTB/POZ domain
and Kelch domain superfamilies. KLHL22 is a BTB (Bric-
d-brac-Tramtrack-Broad) adaptor protein, usually forming
a functional cullin-RING E3 ubiquitin ligase complex
with the scaffold protein CUL3 and the ring-finger protein
RBXI1 [5, 6]. Some KLHL family members such as KLHL6,
KLHL19, KLHL20, and KLHL37 are reported to be associ-
ated with cancer [7-10]. Besides, Chen et al. demonstrated

that depletion of KLHL22 in breast cancer cells suppresses
tumor growth in nude mice and pharmacological interven-
tions targeting KLHL22 may have therapeutic potential for
the treatment of breast cancer and age-related diseases [11].
However, the role of KLHL22 in MM still remained unclear.

In our study, we focused on the importance of KLHL22
in MM growth in vitro and in vivo. We demonstrated that
KLHL22 expression was upregulated in human MM tissues.
KLHL22 promoted the growth of MM cells in vitro and in
vivo. Additionally, we explored the underlying molecular
mechanism of KLHL22 in MM progression.

Patients and methods

Melanoma tissue samples. After obtaining written
informed consent, thirty-five pairs of primary MM tissues
and their paired adjacent normal tissues were obtained from
patients who underwent surgery and without pre-operative
radiation or chemotherapy at the Chinese PLA General
Hospital, Beijing, China. All tissue specimens were immedi-
ately frozen in liquid nitrogen after surgery. The samples
were subjected to RNA extraction for quantitative real time
PCR (qPCR) analysis. Our study was approved by the Ethics
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Committee of the Institute for the Chinese PLA General
Hospital, Beijing, China.

RNA preparation and qPCR. Total RNA of 35 pairs
of tumor tissues and adjacent normal tissues, cell lines,
and xenograft tumors samples was extracted using the
Trizol reagent (Invitrogen). 2 pg of total RNA was reverse-
transcribed to cDNA with the PrimeScript RT reagent Kit
(Takara) according to the manufacturer’s instructions. SYBR
Green qPCR SuperMix (Invitrogen) was used for qPCR. The
thermocycling protocol of QPCR was: preheating at 95°C for
10 min, followed by 40 cycles of denaturation at 95°C for 20 s
and extension at 60 °C for 30 s. The KLHL22-specific primers
were 5-ATCCACGGTGTGTCCTACAAT-3’ (forward)
and 5-GCCGGTAGACATCGAGAATGTT-3" (reverse),
and the GAPDH primers were 5-ATGACCCCTTCATT-
GACCTCA-3’ (forward) and 5’-GAGATGATCACCCTTTT-
GGCT-3’ (reverse). The relative expression of KLHL22 was
normalized to GAPDH.

Cell culture. Human MM cell lines A375, HS944T,
HS294T, and SKMELS5 were purchased from the cell bank of
the Shanghai Biology Institute, Chinese Academy of Science
(Shanghai, China). All cell lines were cultured in DMEM
medium with supplemented 10% fetal bovine serum (Gibco),
100 units/ml penicillin, and 100 mg/ml streptomycin. Cell
lines were maintained at 37°C in a humidified incubator
containing 5% CO.,.

Plasmid construction and cell transfection. The
coding sequence for the full length of KLHL22 was cloned
into the p23-ZsGreen plasmid (Invitrogen) to generate
the KLHL22 expression vector. Lentiviral short hairpin
RNA (shRNA) targeting KLHL22 were designed using
software provided by Qiagen (Valencia, CA, USA) and
inserted into pLKO.1-TRC vector. A375 and HS944T
cells were infected with p23-ZsGreen-KLHL22 lentiviral;
HS294T and SKMEL5 cells were infected with pLKO.1-
shKLHL22. Overexpressed and silenced cells were sorted
using flow cytometry or selected by puromycin (4 pug/ml)
for 4 days, respectively. The sequences of the sShKLHL22-1
were 5-CCGGCTACAATGCTATGTGCCAAATCTC-
GAGATTTGGCACATAGCATTGTAGTTTTTG-3’
(forward) and 5-AATTCAAAAACTACAATGCTATGT-
GCCAAATCTCGAGATTTGGCACATAGCATT-
GTAG-3" (reverse). The sequences of the shKLHL22-2
were: 5-CCGGCCAGAGTTTAGAAGTATTGAACTC-
GAGTTCAATACTTCTAAACTCTGGTTTTTG-3’
(forward) and 5-AATTCAAAAACCAGAGTTTAGAAG-
TATTGAACTCGAGTTCAATACTTCTAAACTCTGG-3
(reverse). Overexpressed KLHL22 with a Flag tag was
detected in cell lines with an anti-Flag antibody (Sigma).

Western blot. Total cells were lysed in RIPA Lysis Buffer
and PMSF (Thermo Scientific, USA), and the lysates were
centrifuged at 10000xg for 15 minutes at 4°C according to
the manufacturer’s instructions. Protein concentration was
determined using the Bradford reagent (Sigma). The lysates
were separated on 10% SDS-PAGE, and blots were immunob-

lotted with indicated primary antibodies and the corre-
sponding horseradish peroxidase-conjugated secondary
antibodies. Primary antibodies against the following proteins
were used in this study: KLHL22 (1:1000, 16214-1-AP),
phosphorylated and total forms of Akt (1:1000, 10176-2-AP,
66444-1-Ig) and GAPDH (1:1000, 10494-1-AP) purchased
from ProteinTech; phosphorylated and total forms of mTOR
(1:1000, sc-517464, sc-293133) were purchased from Santa
Cruz Biotechnology; Flag (1:4000, F7425) was purchased
from Sigma.

Cell proliferation analysis. Cell proliferation was
detected with crystal violet assay or MTT staining method
described by the manufacturer. 1000 cells were seeded into
6-well plates and the cells were cultured in medium with
10% FBS with the medium change every three days. 10 days
later, the medium was removed, and the cells were stained
with 1 ml 0.5% crystal violet solution in 20% methanol.
After staining for 10 min, the fixed cells were washed with
phosphate-buffered saline (PBS) and photographed. Then, 1
ml glacial acetic acid was added to the cells and the optical
density (OD) was detected at 600 nm by a microplate reader.

In the MTT assay, 1000 cells were seeded into 96-well
plates, and cell viability was detected by MTT, after 1, 2, 3,
4, 5, or 6-day incubation, 20 ul of a 5 mg/ml MTT solution
was added to each well, the plate was further incubated at
37°C for 4 h. Thereafter the medium was aspirated and the
wells washed with PBS, drained for approximately 2 h, and
then the solution was carefully aspirated and 200 ul DMSO
was added to dissolve the crystal. The microtiter plate was
placed on a shaker to dissolve the dye. The absorbance was
measured at 490 nm using a microplate reader.

Tumorigenesis in vivo. All male nude mice were raised
at the specific pathogen-free animal center. A375 control
and overexpression cell suspensions (1x10° cells/100 pl)
were injected subcutaneously on the flanks of the 5-week old
male nude mice at two sites (4 mice in each group). Tumor
volume (mm?®) was measured each week. The tumor volume
was calculated as mm® = 0.5 x length x width®. At the end of
the experiment, and the tumors were excised, photographed,
and weighted. All animal experiments were performed
under the approval of the Institutional Animal Care and Use
Committee (JACUC) of the Chinese PLA General Hospital,
Beijing, China.

Statistical analysis. All data were processed with
GraphPad Prism 5 (GraphPad Software Inc., CA, USA), and
results were expressed as mean + standard deviation. The
comparison between the two groups was conducted using
the Student’s test. A p-value <0.05 indicated a significant
statistical difference and is marked with an asterisk.

Results

KLHL22 is upregulated in MM clinical samples. To
explore the potential roles of KLHL22 in MM, we examined
its expression in 35 pairs of clinical MM tissues and their
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Figure 1. KLHL22 expression was increased in MM tissues and correlated with MM patient survival. A) KLHL22 mRNA levels in 35 pairs of tumor
samples (T) and matched normal tissues (N) determined by q-PCR. B) The expression of KLHL22 was higher in tumor (T) tissues than normal (N)
tissues derived from the GEPIA database. SKCM, Skin Cutaneous Melanoma. C) High KLHL22 expression correlated with worse overall survival in
MM patients derived from the GEPIA database. D) High KLHL22 expression correlated with worse disease-free survival in MM patients derived from

the GEPIA database.

corresponding normal tissue at the mRNA level, which
showed that the mRNA expression of KLHL22 was signifi-
cantly upregulated in 27 of 35 (77%) MM tissues compared
to the paired normal tissues (Figure 1A). Based on the GEPIA
database, we also found that the expression of KLHL22 was
significantly higher in the 461 tumor tissues than the 558
normal tissues (Figure 1B). In addition, the overall survival
(OS) rate and disease-free survival (DFS) rate were signifi-
cantly better in the KLHL22-low group compared to the
KLHL22-high group (p=0.0027 and 0.043, respectively;
Figures 1C, 1D). Taken together, we can confirm that
KLHL22 is upregulated in MM tissues based on our analysis
and GEPIA database.

Successful overexpression and knockdown of KLHL22
in MM cells. Based on the previous clinical analysis, we
speculated that KLHL22 might influence the growth of
MM cells. Firstly, we detected the KLHL22 expression levels
in several human MM cell lines including A375, HS944T,
HS294T, and SKMELS5 by western blot and qPCR. We found
that KLHL22 was highly expressed in HS294T and SKMEL5
cells than A375 and HS944T cells both as mRNA and protein
levels (Figures 2A, 2B). To further explore the function of
KLHL22 in MM cells, we transfected the A375 and HS944T
cells which have relatively low expression of KLHL22 with
plasmids containing either an empty p23 vector or KLHL22
overexpression vector (Figures 2C, 2D). And, we knocked
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down the expression of KLHL22 in HS294T and SKMEL5
MM cells which have relatively high expression of KLHL22
(Figures 2E, F).

KLHL22 overexpression promoted the growth of MM
cells in vitro. The MTT assays showed that the absorbance
values of the A375 and HS944T MM cells at 4, 5, and 6-day
after transfection with KLHL22 overexpression vectors
were significantly higher than those of the untreated cells
(Figures 3A, 3D). In addition, the crystal violet assays showed
that KLHL22 overexpression significantly promoted prolif-
eration in A375 and HS944T cells (Figures 3B, 3E). And the
absorbance values of the A375 and HS944T cells after trans-
fection with KLHL22 overexpression vectors were signifi-
cantly higher than those of the untreated cells (Figures 3C,
3F).

The knockdown of KLHL22 inhibited the growth of
MM cells in vitro. In HS294T and SKMELS5 cells, we knocked
down the basal expression of KLHL22 by shRNA. Similar to
the overexpression experiments, we explored the growth of
the control and shRNA-KLHL22 cell lines. The MTT assays

showed that the absorbance values of the HS294T and
SKMELS cells at day 6 after KLHL22 knockdown were signif-
icantly lower than those of the untreated cells (Figures 4A,
4D). The crystal violet assays found that knockdown of
KLHL22 significantly inhibited the proliferation of HS294T
and SKMELS5 cells (Figures 4B, 4E). Furthermore, the absor-
bance values of crystal violet in the HS294T and SKMEL5
cells after KLHL22 knockdown were significantly lower than
those of the untreated cells (Figures 4C, 4F).

KLHL22 promoted tumorigenesis of MM cells in vivo.
Based on the results of in vitro experiments, control and
KLHL22 overexpression A375 cells were injected subcuta-
neously into the flanks of nude mice and the tumors were
harvested and photographed. Consistent with in vitro
study, KLHL22 overexpression in A375 cells dramatically
promoted tumor growth compared with the control cells
in the xenograft mouse model (Figure 5A). Moreover, the
relative mRNA expression of KLHL22 was higher in KLHL22
overexpression compared to the Vector group (Figure 5B).
The tumors were heavier and grew more quickly in the
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Figure 2. Overexpression and knockdown of KLHL22 in MM cell lines. A) Western blotting showing KLHL22 expression in four MM cell lines. GAPDH
was used as a loading control. B) KLHL22 mRNA levels in four MM cell lines determined by q-PCR. Western blotting showing the overexpression of
KLHL22 in A375 (C) and HS944T (D) cells. Western blotting showing the knockdown of KLHL22 in HS294T (E) and SKMELS5 (F) cells.
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Figure 3. KLHL22 overexpression promoted growth in MM cells. The effects of KLHL22 overexpression on the viability of A375 (A) and HS944T (D)
cells were assessed by MTT assays. The effects of KLHL22 overexpression on the viability of A375 (B) and HS944T (E) cells were assessed by crystal
violet assays. The OD value of crystal violet assays in A375 (B) and HS944T (E) cells. Data are presented as mean + SD of three independent experi-

ments. *p<0.05, **p<0.01, **p<0.001

KLHL22 overexpression group than those generated by the
control cells (n=4; p<0.001; Figures 5C, 5D). These results
indicated that KLHL22 may act as an oncogene that promotes
tumorigenesis of MM cells in vivo.

KLHL22 activated the PI3K/Akt/mTOR signaling
pathway in MM cells. It has been reported that PI3K/Akt/
mTOR signaling pathway plays an important role in the
development and progression of MM [12-14]. Thus, the
western blotting analysis was carried out to investigate the
expression levels of Akt, p-Akt, mTOR, and p-mTOR in
KLHL22 overexpression and knockdown cell lines. In the
KLHL22 overexpression group of A375 and HS944T cells,
the total expressions of Akt and mT'OR showed no obvious
difference compared with the control group, whereas there
was a marked increase in expressions of p-Akt and p-mTOR

compared with the control group (Figure 6A). On the
contrary, the knockdown of KLHL22 exhibited a significant
decrease in expressions of p-Akt and p-mTOR compared
with the control group in HS294T and SKMELS5 (Figure 6B).
Besides, based on the correlation analysis of the GEPIA
database, the expression level of KLHL22 was positively
correlated with that of p-Akt and p-mTOR (Figures 6C,
6D). In summary, these results indicated that KLHL22 could
activate the PI3K/Akt/mTOR signaling pathway.

Discussion

The prognosis of MM, over the past few decades, has been
relatively poor, without a highly sensitive and specific, early
diagnostic method. Surgical and radiation therapies are the
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Figure 5. KLHL22 promoted tumorigenesis of MM cells in vivo. A)
Representative images of the tumors generated by KLHL22 con and
overexpression A375 cells. B) KLHL22 mRNA expression in Vector and
KLHL22 overexpression tumor samples determined by q-PCR. C) Tumor
weight of the tumors (g). D) Growth curves of the tumors (mm?). Data
are presented as mean + SD of three independent experiments. *p<0.05,
**p<0.01, ***p<0.001

main forms of treatment for MM; however, many patients
eventually develop into the advanced stages of the disease.
Our study aimed to find new potential intervention targets
for MM. In recent years, emerging evidence has confirmed
KLHL22 to be involved in tumorigenesis and cancer progres-
sion. As reported, KLHL22 can suppress tumor growth of
breast cancer cells.

In the current study, we firstly investigated the KLHL22
expression pattern based on clinical samples and the GEPIA
database. Our study found that the KLHL22 was upregulated
in human MM tissues compared with the paired normal
tissues. Based on the GEPIA database, MM patients with high
KLHL22 expression had worse overall survival and disease-
free survival rates than those with low KLHL22 expres-
sion. In regard to the functional analysis for KLHL22 in the
progression of MM cells, we successfully constructed the
KLHL22 overexpression and knockdown MM cell lines. We
found that overexpression of KLHL22 could promote MM
cell growth in vitro. A knockdown of KLHL22 could suppress
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database.

the proliferation of MM cells. Furthermore, KLHL22 also
promoted tumorigenesis of MM cells in nude mice.

In experiments investigating the underlying mecha-
nism, expressions of p-Akt and p-mTOR were significantly
increased by overexpression of KLHL22. Meanwhile, knock-
down of KLHL22 could decrease the expression levels of
p-Akt and p-mTOR. A variety of studies on genetic analyses
of genes of multiple cellular signaling pathways reveal that the
PI3K/Akt/mTOR pathway is often highly frequently altered
in human cancers [15-17]. In addition, Chen et al. demon-
strated that KLHL22 functions as a potential oncogene to
active mTORCI signaling and promote tumor growth in
breast cancer [11]. The present study revealed that KLHL22
can promote the growth of MM cells by activating the PI3K/
Akt/mTOR signaling pathway. To the best of our knowledge,
this is the first study to report how KLHL22 is involved in the
growth of MM cells.

In conclusion, our study demonstrated a novel role for
KLHL22 in the growth of MM cells via activating the PI3K/

Akt/mTOR signaling pathway. The present results provide a
better understanding of the biological function and under-
lying mechanisms for the role of KLHL22 in tumor develop-
ment and might serve as a novel therapeutic target for MM.
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