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Abstract

ultimately preventing tumor cell immune escape.

targets for NSCLC treatment.

mTOR pathway

Background: The expression of Kelch-like protein 18 (KLHL18) in non-small cell lung cancer (NSCLC) is lower than
that in normal lung tissue according to the Gene Expression Profiling Interactive Analysis database. KLHL18 is a BTB
domain protein and binds cullin 3 (CUL3). However, whether this complex participates in ubiquitination-mediated
protein degradation in NSCLC is unclear. Therefore, we aimed to investigate the role of KLHL18 in human NSCLC cells.

Results: We found that KLHL18 is downregulated in cancer cells and is associated with poor prognosis. Further, its
expression was significantly associated with tumor node metastasis (TNM) stage, lymph node metastasis, and tumor
size. In vitro analysis of NSCLC cells showed that overexpressing KLHL18 inhibited cell proliferation, migration, and
invasion. We found that the tumor-inhibitory effect of the KLHL18 protein was achieved by promoting the ubiquit-
ination and degradation of phosphatidylinositol 3-kinase (PI3K) p85a and inhibiting the expression of PD-L1 protein,

Conclusions: Our results identified the tumor-suppressive mechanism of KLHL18 and suggested that it is closely
related to NSCLC occurrence and development. Further investigation of the underlying mechanism may provide new
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Background

The incidence of lung cancer in China is increasing,
leading to an enormous social and economic burden
[1]. In the past few decades, non-small cell lung cancer
(NSCLC) and small cell lung cancer have emerged as the
most commonly used diagnostic terms for lung cancer
[2-5]. In recent years, several oncogenic genes have been
discovered, and studies on the effects of EGFR mutations,
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ALK fusions, and inhibition of hTERT overexpression
suggested that these are primary therapeutic targets
for NSCLC [6-8]. However, the molecular mechanisms
underlying lung tumorigenesis remain unclear, making it
vital to identify new therapeutic targets to improve treat-
ment strategies for patients with lung cancer.

The phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR
pathway is thought to be important in carcinogenesis and
plays a crucial role in many human tumors [9]. The PI3K/
AKT/mTOR pathway can also increase the expression
of PD-L1 at the protein level by inhibiting autophagy,
thereby contributing to the tumor’s immune micro-
environment [10]. In the past few years, therapeutics
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targeting PI3K or AKT have been widely used in clinical
trials [11-14]. However, similar to other targeted thera-
pies, adaptability and resistance limit the anti-tumor
effects of these drugs. Therefore, it is particularly impor-
tant to fully unveil and exploit the intra-pathway interac-
tions for clinical treatment [15].

Cullin 3 (CUL3) can target proteins via the BTB
domain and ubiquitinate its substrates [16, 17]. Kelch-
like protein 18 (KLHL18) contains a BTB/POZ domain,
a BACK domain, and six Kelch repeats [18]; each of
these domains have multiple functions [16, 19-24]. Cul-
lin-RING ligase (CRL) is a multi-subunit E3 ubiquitin
ligase that recruits substrate-specific adaptors to cata-
lyze protein ubiquitination [25]. Furthermore, KLHL18
reportedly interacts with CUL3 to promote their ubiq-
uitination-mediated degradation [26]. A recent study
showed that the KLHL18-CUL3 complex could degrade
the UNC119 protein. Of note, KLHL18 is expressed
specifically in photoreceptors in the mouse retina and
was not detected in the mouse lung or other tissues
[27]. However, according to the Gene Expression Profil-
ing Interactive Analysis (GEPIA) database (http://gepia
.cancer-pku.cn/), KLHLI8 is a tumor suppressor gene in
NSCLC. The purpose of this study was to determine the
role of KLHL18 in human NSCLC cells.

Results

Low expression of KLHL18 in human NSCLC is associated
with poor prognosis

In the GEPIA database, the gene KLHLI8 was found to
have lower expression in NSCLC than in normal lung tis-
sue (Fig. 1la; P<0.05). To determine the role of KLHL18
in lung cancer, we performed immunohistochemical
analysis of 214 NSCLC samples. Tumors from 128 sub-
jects with high KLHL18 expression were highly differ-
entiated, whereas 86 tumors that showed weak or low
expression of KLHL18 were less differentiated. KLHL18
expression was inversely correlated with lymph node
metastasis (P <0.0001), tumor size (P=0.037), and TNM
stage (P=0.019) (Table 1). KLHL18 was found to localize
to the cytoplasm and nucleus of both bronchial epithe-
lial cells and tumors. However, it showed strong positive
expression in normal bronchial epithelial cells and weak
expression in tumor cells (Fig. 1b). Next, we examined
22 pairs of NSCLC and adjacent tissues using quantita-
tive polymerase chain reaction (QPCR) and found that
the expression of KLHLI8 in adjacent tissues was signifi-
cantly higher than that in cancer tissues (Fig. 1c; *P<0.05,
**P<0.01). We selected 37 clinical samples and per-
formed immunohistochemistry experiments to evaluate
clinical prognosis. It was found that patients with high
KLHL18 protein expression had good clinical progno-
ses (Fig. 1d; P<0.0001). Kaplan—Meier survival analysis
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showed a significant association between low levels of
KLHL18 protein and poor prognosis (Fig. 1e; P<0.05).
Moreover, Cox regression analysis shows that KLHL18
is an independent risk factor affecting the prognosis of
NSCLC patients (Fig. 1f; P<0.0001). KLHL18 expression
was also correlated with a tumor suppressor function in
various cancers such as breast cancer (Fig. 1g), support-
ing the hypothesis that KLHLI18 acts as a tumor suppres-
sor gene.

Silencing KLHL18 promotes proliferation, migration,

and invasion of NSCLC cells

Based on our findings, we selected seven common lung
tissue cell lines (HBE, NCI-A549, NCI-H460, NCI-
H1299, NCI-LK2, SK-MES-1, and NCI-H661 cells) to
extract total protein and perform western blot analysis.
KLHL18 was highly expressed in the normal bronchial
epithelial cell line HBE, whereas its expression was rela-
tively low in the other six lung cancer cell lines (Fig. 2a).
Based on these results, we selected NCI-A549 and
NCI-H1299 cells, with relatively moderate expression
of KLHL18, as representative cancer cell lines for an in-
depth study of NSCLC.

We used KLHL18-shRNA and KLHL18-Flag plas-
mids to alter the expression of KLHLI8 in the cell lines
(Fig. 2b) and subsequently analyzed the behavioral
changes in the selected cells. A reduction in KLHLI18 pro-
moted the proliferation of NSCLC cells in vitro (Fig. 2c,
d), whereas their proliferative capacity was diminished in
KLHL18-Flag stably transfected cell lines. In the invasion
experiment, we found that after KLHL18-shRNA trans-
fection, the number of cells passing through the Tran-
swell chamber was higher than that in the control group,
and this cell invasion ability of the KLHL18-enhanced cell
line was significantly reduced (Fig. 2e). Consistent with
these observations, based on the scratch test, the migra-
tive ability of KLHLI18-suppressed cells was enhanced,
whereas it was decreased in KLHL18-overexpressing cells
(Fig. 2f). These results were validated in both the NCI-
A549 and NCI-H1299 cell lines. Together, these results
demonstrate that KLHL18 markedly inhibits the prolif-
eration, migration, and invasion of NSCLC cells. These
findings are also consistent with the previously men-
tioned immunohistochemical and qPCR results obtained
with clinical samples, in which KLHL18 expression was
associated with a decrease in tumor size, migration, and
invasion.

KLHL18 regulates the function of NSCLC cells

through the PI3K-PD-L1 axis

First, we performed mass spectrometric analysis and
found that KLHL18 protein can bind to PI3Kp85a pro-
tein (Fig. 3a and Additional file 1: Fig. S1), then KLHL18


http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/

Jiang et al. Cell Biosci ~ (2020) 10:139 Page 3 of 15

KKk
LUAD P<0.05
a . . b c P<0.0001
1.5
< 30
E oo
s 1.0 (334 L]
5 24 2 ¢ :
= I
s : i °®
8 18 / * 05 ° -
g 12 i PTE T
g 0 -,
2 X T *
= 6 p e &\o‘ é,e‘
\;o ()’D
0
T(n=483) N(n=347)
LUSC P<0.05
36
<z 30
E P<0.0001
5 24 d b - Low
s / K —- High
18 / ) %o
-~ o
@ -
£ 12 g sl
£ 6 /
i 20 40 60
Mounths
T(n=485) N(n=338)
e ° Omnibus Tests of Model Coefficients*
=7 P=0.045
-2 Log Overall (score) Change From Previous Block
2 Step(T) Likelihood | Chi-square df Sig. Chi-square df Sig.
1 91.643 19.140 i .000 16.473 1 .000
zg
g a. Beginning Block Number 1. Method = Forward Stepwise (Likelihood Ratio)
[}
a 3
Variables in the Equation
Eroresson 95.0% Exp(B) for CI
o — 1
o M ; ; . ; . B SE Wald df Sig. | Exp(B) |Lower |Upper
0 1 20 30 40 50 60 Stepl |Expression [2.171 | 587 13675 |1 000 8771|2775 |27727
Time(mouths)
g Breast cancer Renal papillary cell carcinoma Head and neck squamous cell carcinoma Rectal adenocarcinoma
2] P=6.9e-10 ° P=0.042 2 o, P=0.027
«© ©
o i o «@
E © _é‘o E © = °
§° S 38 g ° 38
S Y g3 S 2
ce e3 e g3
o o B o
S o s 3
g 07 ;50 100 150 200 250 g S 0 50 100 150 200 = o0
Time(mouths) o 50 100 150 200 Tinomoutis) 0 20 40 60 80 100 120
Time(mouths) Time(mouths)

Fig. 1 Low KLHL18 expression in human non-small cell lung cancer (NSCLC) is associated with poor prognosis. a KLHL18 expression in lung
adenocarcinoma (LUAD) is lower than in normal lung tissue. P < 0.05. KLHL18 expression in lung squamous cell carcinoma (LUSC) is lower than

in normal lung tissue. P<0.05. b The expression of KLHL18 protein in immunohistochemical sections of [a] normal bronchial epithelial tissue,

[b] normal alveolar tissue, [c] highly differentiated squamous cell carcinoma, [d] highly differentiated LUAD, [e] poorly differentiated squamous

cell carcinoma, and [f] poorly differentiated LUAD. ¢ gRT-PCR analysis of the expression level of KLHL18 in 22 pairs of NSCLC and adjacent tissues,
***P <0.0001. d Prognostic analysis of immunohistochemistry results in 37 clinical samples shows that patients with high KLHL18 protein expression
had longer survival times and better prognosis. P < 0.05. e Kaplan—Meier curves showing that low-level KLHL18 protein expression was associated
with poor prognosis of NSCLC, P=0.0045. f Cox regression analysis shows that KLHL18 is an independent risk factor affecting NSCLC patients’
prognosis, P<0.0001. g Low expression of KLHL18 protein was also associated with poor prognosis in patients with breast cancer, renal papillary cell
carcinoma, head, and neck squamous cell carcinoma, and rectal adenocarcinoma, P < 0.05
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Table 1 Distribution of KLHL18 status in non-small cell lung cancer according to clinicopathological characteristics

Characteristics Number of patients KLHL18 overexpression KLHL18 negative or weak P-value
expression

Age
> 50 years 139 79 (56.83%) 60 (43.17%) 0.245
<50 vyears 75 49 (65.33%) 26 (34.67%)

Sex
Male 110 65 (59.10%) 45 (40.90%) 0.889
Female 104 63 (60.58%) 41 (39.42%)

Histology
Adenocarcinoma 113 68 (60.18%) 45 (39.82%) 1.000
Squamous cell carcinoma 101 60 (59.41%) 41 (40.59%)

TNM stage
[l 138 91 (65.94%) 47 (34.06%) 0.019
Il 76 37 (48.68%) 39(51.32%)

Nodal status
NO 137 98 (71.53%) 39 (28.47%) <0.0001
NT, N2, N3 77 30 (38.96%) 47 (61.04%)

Differentiation
Well-moderate 118 68 (57.63%) 50 (42.37%) 0.487
Poor 96 60 (62.50%) 36 (37.50%)

Tumor size
>3cm 126 68 (53.97%) 58 (46.03%) 0.037
<3cm 88 60 (68.18%) 28 (31.82%)

was found to modulate the activity of the PI3K/AKT/
mTOR pathway. The expression of PI3Kp85a protein was
decreased and the EMT pathway was inhibited in NCI-
A549 cells stably transfected with KLHL18-Flag (Fig. 3b
and Additional file 1: Fig. S2). The protein levels of
PD-L1, related to tumor immunity, were also altered. The
opposite results were obtained with NCI-A549 cells sta-
bly transfected with shKLHL18-GFP. The same result was
obtained using NCI-H1299 cells (Fig. 3c and Additional
file 1: Fig. S2). Taken together, these results indicate
that KLHL18 inhibits the proliferation, migration, and
invasion of NSCLC cells by inhibiting the activity of the
PI3K/AKT pathway. In our experiments, the relationship
among PD-L1, PI3K, AKT, and mTOR was confirmed.
First, adding the PI3K pathway inhibitor LY294002, phos-
phorylation levels of AKT and mTOR decreased, and the
protein levels of PD-L1 decreased. Second, after add-
ing the mTOR inhibitor rapamycin, PD-L1 levels also
decreased, but the protein levels of PI3Kp85a and the
phosphorylation levels of AKT did not change (Fig. 3d, e,
and Additional file 1: Fig. S3). These data indicate that the
PI3K/AKT signaling pathway affects PD-L1 protein lev-
els through mTOR. Moreover, our findings are consistent
with previous reports demonstrating that the PI3K/AKT/
mTOR signaling pathway can affect the expression levels
of PD-L1 protein [10].

To test whether KLHL18 affects PI3Kp85a expression
at the gene level, we performed qPCR. The mRNA level
of PI3Kp85a did not change significantly, regardless of
whether KLHLI8 was increased or decreased (Fig. 3f),
indicating that KLHL18 did not affect the transcription
level of PI3Kp85a.

KLHL18 interacts with and promotes the ubiquitination
and degradation of PI3Kp85a

Co-immunoprecipitation (Co-IP) experiments revealed
that KLHL18 interacts with PI3Kp85« in both NCI-A549
and NCI-H1299 cells (Fig. 4a). This result was verified by
immune-co-localization experiments in both cell lines
(Fig. 4b). Previous studies described that KLHL18 co-
immunoprecipitates with CUL3, which, after repeated
trials, could be replicated in our study (Fig. 4c); the lat-
ter is known to function in a complex with E3 ubiquitin
ligase in the ubiquitin—proteasome system [17].

To demonstrate the CRL complex-dependent down-
regulation of PI3Kp85a protein, we pretreated NCI-
A549 and NCI-H1299 cells with MLN4924, an inhibitor
that blocks cullin neddylation. The results obtained after
treatment with MLN4924 indicated that downregula-
tion of PI3BKp85« requires the involvement of a func-
tional CRL complex (Fig. 4d, e). Upon transfection of the
Ub-HA plasmid into NCI-A549 and NCI-H1299 cells
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Fig. 2 Silencing KLHL18 promotes proliferation, migration, and invasion of non-small cell lung cancer (NSCLC) cells. a Proteins were extracted
from one bronchial epithelial and six NSCLC cell lines to determine the KLHL18 expression level. The lower panel shows the statistical analysis of
KLHL18 expression in various cell lines. b The knockdown and overexpression efficiency of KLHL18 in lung cancer NCI-A549 cells and NCI-H1299
cells. The histogram on the right is a statistical graph of its gray value, *P < 0.05, **P < 0.01. ¢ MTS assay results of NCI-A549 cells transfected with
KLHL18-shRNA and KLHL18-Flag plasmids, *P < 0.05, **P < 0.01. The upper graph is the MTS result of NCI-A549, the lower graph is the MTS result
of NCI-H1299. d The top panel shows a colony formation assay using NCI-A549 cells transfected with KLHL18-shRNA and KLHL18-Flag plasmids,
*P<0.05,**P<0.01, and the lower panel shows the same results of NCI-H1299 cells, *P < 0.05, **P < 0.01. The far-right panel shows a quantitative

representation of the colony-forming ability of both cell lines. e Transwell assays using KLHL18-expressing NCI-A549 and NCI-H1299 cell lines. The
right-most panel shows KLHL18 in both cell lines. The graph shows a representation of the number of cells passing through the Matrigel, *P < 0.05,
**P<0.01. f Wound-healing assay showing the KLHL18 effect on the NCI-A549 and NCI-H1299 cell migration. The right panel shows the migration

distance of the cancer cells, *P < 0.05, **P<0.01

stably transfected with shKLHL18-GFP, the ubiquitina-
tion level of PI3Kp85a was found to be decreased after
adding the proteasome inhibitor MG-132 (Fig. 4f). The
same experiment was performed in both cell lines sta-
bly transfected with KLHL18-Flag and an increase in
PI3Kp85a ubiquitination level was observed (Fig. 4g).
These results suggest an interaction between KLHL18
and PI3Kp85a and further demonstrate that KLHL18
acts as a tumor suppressor in NSCLC.

BTB and non-BTB domains of KLHL18 are critical

for the ubiquitination of PI3Kp85a

To investigate which domain of KLHL18 is important
for this function, we constructed a BTB domain-deleted
splice variant (KLHL18-ABTB) and another with a
fragment deleted between amino acids 140 and 571
(KLHL18-AKelch) (Fig. 5a). We then tested their effects
on KLHL18-mediated ubiquitination of PI3Kp85a.
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Fig. 3 KLHL18 regulates non-small cell lung cancer cell proliferation, migration, and invasion through the PI3K/AKT/mTOR pathway. a Spectrometry
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First, the two splice variants were transfected into
HEK-293 T (human embryonic kidney) cells, and the
efficiency of expression was determined (Fig. 5b). Co-IP
experiments were performed using two stably trans-
fected HEK-293 T cell lines. KLHL18-ABTB did not
interact with CUL3 protein (Fig. 5c). In these cells,
KLHL18-Akelch was unable to interact with PI3Kp85«
(Fig. 5¢). Immunofluorescence and Co-IPs also showed
that PI3Kp85a binds to the non-BTB domain (Additional
file 1: Figs. S4 and S5). This result confirms the hypoth-
esis that the BTB domain and the amino acid fragment
between positions 140 and 571 play a key role in the
ubiquitination of PI3Kp85a (Fig. 5d). The proliferative
ability of NCI-A549 cells was restored upon transfec-
tion with the two splice variants of KLHL18 (Fig. 6a), and
the colony formation (Fig. 6b), cell invasion (Fig. 6¢), and
migration (Fig. 6d) abilities of these cells were stronger
than those of cells transfected with KLHL18-WT. Simi-
lar results were observed for NCI-H1299 cells. Thus, the
inhibitory effects of KLHL18 were eliminated by delet-
ing its BTB domain or the fragment between amino acids
140 and 571. The ubiquitination of PI3Kp85a (Fig. 7a, b)
and decreased levels of PD-L1 protein (Fig. 7c, d) were
also suppressed by deleting the two fragments. These
results indicate that the two domains participate in and
promote the ubiquitination of PI3Kp85«, thereby inhibit-
ing proliferation, migration, and invasion of NSCLC cells.

Discussion

At present, the options for the early diagnosis of lung
cancer are limited, and the mortality rate of lung can-
cer is among the highest for malignant tumors [28].
Both molecular therapy and immunotherapy offer great
potential for the treatment of lung cancer [29]. Although
the treatment process for lung cancer is relatively estab-
lished, new methods and targets to improve and tailor
treatment options are still necessary.

Our data show that the expression of KLHLI18 is
decreased in NSCLC with a decreasing degree of differ-
entiation and is correlated with TNM stage, lymph node
metastasis, and tumor size. Clinically, we found that
subjects with high KLHL18 expression showed longer
survival and had a better prognosis than those with low
KLHL18 expression.
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We also identified PI3Kp85« as the substrate of
KLHL18, which binds PI3Kp85a and promotes its ubiq-
uitination-mediated degradation. Ubiquitination is one
of the important degradation pathways of proteins in vivo
[30-33]. We found that KLHL18 inhibits the expression
of the PD-L1 protein. Based on this discovery, we sus-
pect that KLHL18 affects PD-L1 function by prevent-
ing its binding to its specific recognition protein PD-1,
thereby inducing immune cells to kill tumor cells. There-
fore, we theorize that the KLHL18 protein can regulate
the immune microenvironment of tumor cells, thereby
demonstrating its function as a tumor suppressor. How-
ever, this conjecture requires further research for its
verification. This study only studied the potential mecha-
nism of action of KLHL18 through in vitro experiments.
Although additional in vivo experiments are warranted
to test whether KLHL18 protein affects the sensitivity of
tumor cells to immunosuppressive drugs, our findings
have important implications for understanding the role
and mechanism of action of KLHL18 in tumorigenesis.

Conclusions

Our results indicate that KLHL18 can serve as a prog-
nostic biomarker and potential immunotherapeutic
target for NSCLC. The occurrence and development
of tumors is a multifactorial process, and the KLHL18—
PI3Kp85a—PD-L1 axis may have multiple functions in
NSCLC pathogenesis. In this study, we investigated the
clinical features of KLHL18 expression, performed sur-
vival analysis, and examined its effects in vitro, providing
a foundation for considering KLHL18 as a new clinical
therapeutic target.

Methods

Patients and specimens

From 2007 to 2017, 214 NSCLC tissue sections and 22
pairs of cancer and adjacent tissues were procured from
the First Affiliated Hospital of China Medical Univer-
sity. This study was approved by the Ethics Committee
of China Medical University, and all recruited patients
provided informed consent. Before surgery, follow-up
information of patients who were not administered radi-
otherapy or chemotherapy in the study was recorded in
the patients’ medical records. The clinicopathological
features of the cases are summarized in Table 1.

(See figure on next page.)

Fig. 4 KLHL18 interacts with and promotes the ubiquitination and degradation of PI3Kp85a. a Co-IP of KLHL18 with PI3KP85a in NCI-A549
and NCI-H1299 cells. b Immunofluorescence assay; KLHL18 co-localized with PI3KP85a in NCI-A549 and NCI-H1299 cells. ¢ KLHL18 protein
co-immunoprecipitated with CUL3 protein in HEK-293 T cells. d, e KLHL18 inhibited the expression of PI3Kp85a via the Rbx1-CUL3-KLHL18
complex in d NCI-A549 and (E) NCI-H1299 cell lines. The lower graph corresponds to the gray value statistical graph, *P<0.05, **P<0.01. f
Silencing KLHL18 protein inhibited the ubiquitination of PI3Kp85a protein. g An increase in KLHL18 protein expression levels promoted the

ubiquitination-mediated degradation of PI3Kp85a protein
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NSCLC cell culture

All cell lines were purchased from the Shanghai Cell
Bank (Shanghai, China) and cultured in medium sup-
plemented with 10% fetal bovine serum (FBS; FB15015;
Clark Biosciences, Richmond, VA, USA). HBE cells and
HEK-293T cells were cultured in high-glucose Dulbec-
co’s modified Eagle’s medium; NCI-A549, NCI-H1299,
NCI-H460, NCI-H661, and NCI-LK2 cells (NSCLC cell
lines) were cultured in Roswell Park Memorial Insti-
tute 1640 medium; and SK-MES-1 cells (NSCLC squa-
mous cell carcinoma cell line) were cultured in minimal
essential medium.

Plasmid construction and transfection

shKLHL18-GFP [sh279-191, RNA oligo sequences
5-UGUCAUUUGUAAACAUAGCAU-3'] and scram-
ble shRNA (negative control) were purchased from
Sangon Biotech (Shanghai, China). KLHL18 (WT)-
Flag plasmid (RC223003), and the control plasmid
Pcmv6-Flag were purchased from Origene (Rockville,
MD, USA). ABTB-Flag, containing a knockout of the
amino acids from positions 28-131, and AKelch-
Flag, containing a knockout of the amino acids from
positions 140-571, are two splice variants of the
KLHL18 full-length plasmid; these were obtained from
TSINGKE Biological Technology (Beijing, China). Cell

(See figure on next page.)

Fig. 6 Role of BTB and non-BTB domains of KLHL18 in non-small cell lung cancer cells. a MTS assay based on KLHL18-ABTB- and
KLHL18-AKelch-transfected NSCLC cell lines; left and right panels show NCI-A549 and NCI-H1299 cell lines, respectively, *P < 0.05, **P < 0.01.
b The effect of KLHL18 and its splice variants on the colony-forming ability of NSCLC cell lines. The right panel shows the quantification of

colonies,*P<0.05, **P<0.01. c The effect of KLHL18 and its splice variants on the invasive ability of NSCLC cells. The graph on the right side indicates
the number of cells passing through the Matrigel, *P < 0.05, **P < 0.01. d The effect of KLHL18 and its splice variants on the migration of NSCLC cells.
The graph on the right side indicates the cell migration distances *P < 0.05, **P<0.01
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transfection was performed using Lipofectamine 3000
reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. KLHL18-shRNA and
its negative control, as well as KLHL18-Flag plasmid
and its control Pcmv6, were transfected into selected
cell lines. At 72 h after transient transfection, G418
antibiotics (Thermo Fisher Scientific, Waltham, MA,
USA) were added to screen the stably transfected cell
lines, and monoclonal stably transfected cell lines were
screened by the limiting dilution procedure to obtain
stable clones. The cells were cultured in a 25 T cell
culture flask.

Immunohistochemistry

NSCLC tissue sections were incubated with anti-KLHL18
rabbit polyclonal antibody (17229-1-AP, 1:100 dilution;
Protein Tech Group, Chicago, IL, USA) at 4 °C overnight,
and the percentage of stained cells and staining intensity
were calculated after color development [34].

Western blotting

Total protein was extracted with an appropriate amount
of lysis buffer (P0013; Beyotime Biosciences, Shanghai,
China), and appropriate amounts of protease inhibi-
tor and phosphatase inhibitor (B14002 and B15002,
respectively; Biotool, Shanghai, China) were used to
extract protein from 35 pg of samples. The ratio of pro-
tein lysate buffer, protease inhibitor, and phosphatase



Jiang et al. Cell Biosci (2020) 10:139

inhibitor was 100:1:1, and the total volume of the mixture
was four times the cell volume. The following primary
antibodies were used: anti-CUL3 (11107-1-AP, 1:100),
anti-p27 (25614-1-AP, 1:500), anti-MMP9 (10375-2-
AP, 1:1,000), and anti-FLAG (66008-2-Ig, 1:100) from
Proteintech Group (Chicago, IL, USA); anti-phospho-
mTOR (5536 s, 1:1,000), anti-mTOR (2983 s, 1:1,000),
anti-PI3Kp85a (136668, 1:1,000), anti-PI3Kp85a (42578,
1:1,000), anti-AKT (4691S, 1:1,000), anti-phospho-AKT
(4060, 1:1,000), anti-PD-L1 (13684S, 1:1,000), anti-RhoC
(D40E4, 1:1,000), anti-N-Cadherin (13116 s, 1:1,000),
anti-Snail (3879 s, 1:1,000), anti-Slug (9585 s, 1:1,000),
and anti-HA-Tag (3724 s, 1:1,000) from Cell Signal-
ing Technology (Danvers, MA, USA); and anti-GAPDH
(TA319654, 1:1,000) from Origene. Proteins were visual-
ized using enhanced chemiluminescence (34080; Thermo
Fisher Scientific). Image] software (NIH, Bethesda, MD,
USA) was used to quantitatively evaluate the grayscale
integral value of each band [35].

qPCR
SYBR Green PCR Master Mix was used for amplifica-
tion in a 7900HT fast RT-PCR system (Applied Biosys-
tems, Foster City, CA, USA) with a total volume of 20
pL. The reaction conditions were as follows: 95 °C for
30 s, followed by 40 cycles at 95 °C for 5 s, and 60 °C for
30 s. The dissociation step was used to generate a melt-
ing curve and confirm amplification specificity. Relative
gene expression with S-actin as the reference gene was
calculated using the 2724 method. The sequences of the
primers used were as follows: KLHL18 forward, 5-AAG
GCCTCTGCTTCTGAGAG-3/, and reverse, 5-GAT
ATCACACGGCATTCTGG-3'; B-actin forward, 5-ATA
GCACAGCCTGGATAGCAACGTAC-3/, and reverse,
5'-CACCTTCTACAATGAGCTGCGTGTG-3'.

MTS proliferation assay

The cell lines stably transfected with the KLHL18 plas-
mids were seeded into a 96-well plate (3000 cells/well)
and cultured for 5 days in a medium containing 10%
FBS. Next, 20 uL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazole
salt (MTS; G3580, Promega, Madison, WI, USA) was
added to each well to test cell viability. After incubating
the cells for 1 h at 37 °C in the dark, the color intensity
of each plate was measured at 490 nm using a microplate
reader.

Colony formation assay

Cell lines stably transfected with KLHL18-related plas-
mids were seeded into six-well plates (800 cells/well) for
colony formation assays and grown until they formed
visible colonies (approximately 14 days). They were

Page 12 of 15

then washed three times with phosphate-buffered saline
(PBS), fixed with pre-chilled methanol, washed three
times with PBS, stained with crystal violet, air dried, and
manually counted.

Cell Transwell invasion analyses

Cell invasion assays were performed in a 24-well Tran-
swell chamber containing an insert with a pore size of
8 pm (Costar, Washington, DC, USA). The insert was
added to 100 uL. Matrigel (1:9 dilution; BD Biosciences).
Next, 5 x 10* cells were added to 100 uL of 2% EBS, the
mixture was added to the Transwell upper chamber,
and 600 puL of 20% FBS was added to the lower chamber.
After incubating the cells for 24 h in a sterile incubator at
37 °C, the upper surface cells were removed with a cotton
swab and fixed with ice-cold methanol. Finally, the cells
were stained with crystal violet staining solution, dried,
and the number of cells invading the lower chamber was
counted. The field of view was randomly selected under a
microscope at a magnification of 20x.

Wound-healing assays

The cells were grown in a single layer in a six-well plate
until a growth density of approximately 90% was reached.
The cells were incubated in a sterile incubator (1758-
9327, Inalco, Beijing, China) in the dark at 37 °C for 2 h.
Next, the cells were placed under sterile conditions, and
the cell monolayer was scraped with a 100-pL pipette
tip. After non-adherent cells were removed and washed
with PBS, the cells were continuously cultured in serum
for a prescribed period, and the treated cells were pho-
tographed under a microscope. The wound distance was
quantitatively measured using ImageJ] (NIH).

Immunofluorescence

The cells were cultured in a special dish, imaged using
confocal microscopy (801002, NEST, Hong Kong, China),
and, after fixation with 4% paraformaldehyde/PBS for
15 min, treated with 0.1% Triton X-100 for 10 min. The
cells were then washed three times with PBS, blocked
with 3% bovine serum albumin (A8010, Solarbio, Beijing,
China) for 2 h, and incubated with the primary antibody
at 4 ‘C overnight. The next day, the cells were aspirated
and washed with PBS three times, followed by incuba-
tion with a secondary antibody for 2 h at 24-27 °C. The
cells were washed three times with PBS and stained with
4/,6-diamidino-2-phenylindole for 10 min. A confocal
microscope (FV3000, Olympus, Tokyo, Japan) was used
for imaging.
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Co-IP assays

The cell line of interest was plated in two 10-cm dishes.
When 100% confluency was reached, the cells were
lysed and centrifuged at 12,000 rpm for 15 min at 4 °C.
The supernatant was collected for Co-IP, and 60 pL Pro-
tein A/G Sepharose (P2012; Beyotime Biosciences) was
added to the supernatant to block for 2 h; the superna-
tant was then centrifuged at 1000 rpm for 5 min at 4 °C
and divided into two parts on average; 4—10 pg of the tar-
get antibody and anti-mouse/rabbit IgG (1:2000; ZSGB-
BIO, Beijing, China) were added, and the antibody was
shaken overnight in a 4 °C chromatography cabinet. On
the next day, 25 pL of agarose A/G magnetic beads were
added to each tube and incubated at 4 °C for 6 h, after
which the cell lysate was washed with lysis buffer, and the
tubes were heated in boiling water for 10 min followed by
immunoblotting.

Ubiquitination assays and immunoprecipitation

The stably transfected cell line was transfected with
the Ub-HA plasmid, and the 26S proteasome inhibi-
tor MG-132 (HY-13259, MedChemExpress, Monmouth
Junction, NJ, USA) was added at a final concentration of
18.5 uM. The assays were performed as described previ-
ously [36]. The immune complexes were collected by cen-
trifugation, washed in cell lysis buffer, and subjected to
immunoblot analysis.

Mass spectrometry

Cells of interest were seeded into a 10-cm dish. After
the cells reached confluence, they were collected, lysed
for 20 min, and centrifuged at 12,000 rpm at 4 °C for
15 min. Next, 60 uL of Protein A/G Sepharose (P2012;
Beyotime Biosciences) beads was added to the collected
supernatant, followed by incubation for 2 h. The sample
was then centrifuged at 1,000 rpm at 4 °C for 5 min, and
the supernatant was divided evenly into two fresh tubes.
Then, 4 pg of the indicated target antibody or the anti-
mouse IgG (1:2,000; ZSGB-BIO) was incubated with the
supernatant overnight at 4 °C. Next, 25 pL of agarose
A/G magnetic beads was added to each sample, followed
by incubation at 4 °C for 6 h. Samples were then washed
3 tims with the lysis buffer and then boiled for 10 min.
Samples were then subjected to 10% SDS-PAGE. Gels
were stained with the Coomassie brilliantblue (ST1119;
Beyotime Biosciences) to stain the glue, choose the dif-
ference from the IgG group glue to add to the Q-Exactive
mass spectrometer instrument (Thermo Scientific) for
detection, MS/MS scanning range is 50—2200 m/z. The
peak value is analyzed by Data Analysis Software, then
perform a Moscot search to find matching proteins.
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Inhibitor treatments

MG-132 (HY-13259, MedChemExpress) is a proteasome
inhibitor that can effectively prevent the hydrolysis of the
26S proteasome, which was added at a concentration of
18.5 uM for 24 h. MLN4924 (HY-70062, MedChemEx-
press) can selectively inhibit the activity of the NEDD8-
activating enzyme, which is present at the C-terminus
of CUL3 and can activate CRL by various modification
pathways [36]; it was added at a concentration of 0.3 uM
for 24 h. LY294002 (HY-10108, MedChemExpress) is a
broad-spectrum inhibitor of PI3K, which was added at a
concentration of 40 mM for 24 h. Rapamycin (HY-10219,
MedChemExpress) is a specific mTOR inhibitor; it was
added at a concentration of 15 nM for 12 h.

Statistical analysis

All data were analyzed using SPSS version 24.0 (SPSS,
Inc., Chicago, IL, USA) and GraphPad Prism 5 (Graph-
Pad, Inc., La Jolla, CA, USA). The x* test was used to
assess the correlation between clinicopathological fac-
tors and KLHL18 expression. All experiments were inde-
pendently repeated at least three times under the same
conditions. A value of P<0.05 was considered statistically
significant.
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proteins in NCI-A549 and NCI-H1299 cells. The lower graph is a gray value
statistical graph, *P <0.05, **P <0.01. Figure S3. A and B. After adding
1294002 to NCI-A549 cells and NCI-H1299 cells, AKT phosphorylation and
mTOR phosphorylation levels decreased. The lower graph is a gray value
statistical graph, *P <0.05, **P <0.01. C and D. After adding rapamycin to
NCI-A549 cells and NCI-H1299 cells, PD-L1 levels decreased. The lower
graph is a gray value statistical graph, *P <0.05, **P <0.01. Figure S4. A.
Cellular immunofluorescence shows that PI3Kp85a does not bind to the
BTB domain. B. Cellular immunofluorescence shows that PI3Kp85a binds
to the non-BTB domains. Figure S5. A and B. As demonstrated via Co-IPs
in NCI-A549 cells and NCI-H1299 cells, KLHL18-ABTB can still bind to
PI3Kp85a protein.

Abbreviations

Co-IP: Co-immunoprecipitation; CRL: Cullin-RING ligase; CUL3: Cullin 3; FBS:
Fetal bovine serum; KLHL18: Kelch-like protein 18; NSCLC: Non-small cell lung
cancer; PBS: Phosphate-buffered saline; PI3K: Phosphatidylinositol 3-kinase;
gPCR: Quantitative polymerase chain reaction; LUAD: Lung adenocarcinoma;
LUSC: Lung squamous cell carcinoma.

Acknowledgments
We would like to thank Editage (http://www.editage.cn) for English language
editing.

Authors’ contributions

XJ designed the study, conducted experiments, acquired and analyzed data,
and wrote the manuscript. YX, HR, JJ, MW, QW, JG, HS, YZ, BZ, YG, YHu, LJ,

ZL, HW, YC, and LS conducted the experiments and acquired data. XQ was


https://doi.org/10.1186/s13578-020-00499-9
https://doi.org/10.1186/s13578-020-00499-9
http://www.editage.cn

Jiang et al. Cell Biosci (2020) 10:139

responsible for the conception and supervision of the study and wrote the

manuscript. All authors corrected drafts the final version of the manuscript. All

authors read and approved the final manuscript.

Funding

This work was supported by the Liaoning Provincial Key R&D Program
(Molecular mechanism of KLHL 18 inhibiting proliferation of lung cancer cells by
MEK/ERK) and the Liaoning Provincial Natural Fund Funding Program (Grant
Number 2019-MS-03).

Availability of data and materials

All data generated or analyzed during this study are included in this published

article. Further details are available from the corresponding author upon
request.

Ethics approval and consent to participate

This study was approved by the Medical Research Ethics Committee of China

Medical University.

Consent for publication
All recruited patients provided informed consent.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Pathology, College of Basic Medical Sciences, China Medical

University, Shenyang, China. 2 Department of Pathology, The First Bethune

Hospital of Jilin University, Changchun, Jilin, China. > Department of Pathology,
Basic Medical Sciences, Xinjiang Medical University, Urumgj, China. * Depart-

ment of Pathology, Chang'an District Hospital, The First Affiliated Hospital
of Xi'an Jiaotong University, No. 120 Wenyuan Middle Road, Guodu Street,

Chang'an District, Xi'an 710100, Shaanxi, China. ® Shengjing Hospital Affiliated

With China Medical University, 19F, Building No. 1B, No. 36, Sanhao Street,
Heping District, Shenyang 110000, Liaoning, China. ® Department of Pathol-

ogy, The First Hospital of China Medical University, No. 155 NanjingBei Street,

Heping District, Shenyang 110001, Liaoning, People’s Republic of China.

Received: 12 August 2020 Accepted: 17 November 2020
Published online: 27 November 2020

References

1.

Hong QY, Wu GM, Qian GS, Hu CP, Zhou JY, Chen LA, et al. Prevention and
management of lung cancer in China. Cancer. 2015;121:3080-8. https://
doi.org/10.1002/cncr.29584.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J Clin.
2017,67:7-30. https://doi.org/10.3322/caac.21387.

Travis WD, Brambilla E, Burke AP, Marx A, Nicholson AG. Introduction to
the 2015 World Health Organization classification of tumors of the lung,
pleura, thymus, and heart. J Thorac Oncol. 2015;10:1240-2. https://doi.
org/10.1097/J70.0000000000000663.

Travis WD, Brambilla E, Nicholson AG, Yatabe Y, Austin JHM, Beasley MB,
et al. The 2015 World Health Organization classification of lung tumors:
impact of genetic, clinical and radiologic advances since the 2004
Classification. J Thorac Oncol. 2015;10:1243-60. https://doi.org/10.1097/
JTO.0000000000000630.

Osmani L, Askin F, Gabrielson E, Li QK. Current WHO guidelines and the
critical role of immunohistochemical markers in the subclassification of
non-small cell lung carcinoma (NSCLC): moving from targeted therapy
to immunotherapy. Semin Cancer Biol. 2018;52:103-9. https://doi.
org/10.1016/j.semcancer.2017.11.019.

Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H, et al.
Gefitinib or chemotherapy for non-small-cell lung cancer with mutated
EGFR. N Engl J Med. 2010;362:2380-8. https://doi.org/10.1056/NEJMo
a0909530.

Shaw AT, Kim DW, Nakagawa K, Seto T, Criné L, Ahn MJ, et al. Crizotinib
versus chemotherapy in advanced ALK-positive lung cancer. N Engl J
Med. 2013;368:2385-94. https://doi.org/10.1056/NEJMoa1214886.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 14 of 15

EldholmV, Haugen A, Zienolddiny S. CTCF mediates the TERT enhancer—
promoter interactions in lung cancer cells: identification of a novel
enhancer region involved in the regulation of TERT gene. Int J Cancer.
2014;134:2305-13. https://doi.org/10.1002/ijc.28570.

Fruman DA, Rommel C. PI3K and cancer: lessons, challenges and oppor-
tunities. Nat Rev Drug Discov. 2014;13:140-56. https://doi.org/10.1038/
nrd4204.

. Lastwika KJ, Wilson W 3rd, Li QK, Norris J, Xu H, Ghazarian SR, et al. Control

of PD-L1 expression by oncogenic activation of the AKT-mTOR pathway
in non-small cell lung cancer. Cancer Res. 2016;76:227-38. https://doi.
org/10.1158/0008-5472.Can-14-3362.

. Rodon J, Dienstmann R, Serra V, Tabernero J. Development of PI3K

inhibitors: lessons learned from early clinical trials. Nat Rev Clin Oncol.
2013;10:143-53. https://doi.org/10.1038/nrclinonc.2013.10.

. Wong KK, Engelman JA, Cantley LC. Targeting the PI3K signaling pathway

in cancer. Curr Opin Genet Dev. 2010,20:87-90. https://doi.org/10.1016/j.
gde.2009.11.002.

. Mayer IA, Arteaga CL. The PI3K/AKT pathway as a target for cancer

treatment. Annu Rev Med. 2016;67:11-28. https://doi.org/10.1146/annur
ev-med-062913-051343.

. Nitulescu GM, Van De Venter M, Nitulescu G, Ungurianu A, Juzenas P,

Peng Q et al. The Akt pathway in oncology therapy and beyond (Review).
Int J Oncol. 2018;53:2319-31. https://doi.org/10.3892/ij0.2018.4597.

. Faes S, Dormond O. PI3K and AKT: unfaithful partners in cancer. Int J Mol

Sci. 2015;16:21138-52. https://doi.org/10.3390/ijms160921138.

. Furukawa M, He YJ, Borchers C, Xiong Y. Targeting of protein ubiquitina-

tion by BTB-Cullin 3-Roc1 ubiquitin ligases. Nat Cell Biol. 2003;5:1001-7.
https://doi.org/10.1038/ncb1056.

Furukawa M, Xiong Y. BTB protein Keap1 targets antioxidant transcription
factor Nrf2 for ubiquitination by the Cullin 3-Roc1 ligase. Mol Cell Biol.
2005;25:162-71. https://doi.org/10.1128/mcb.25.1.162-171.2005.

. Dhanoa BS, Cogliati T, Satish AG, Bruford EA, Friedman JS. Update on the

Kelch-like (KLHL) gene family. Hum Genomics. 2013;7:13. https://doi.
org/10.1186/1479-7364-7-13.

. Kang MI, Kobayashi A, Wakabayashi N, Kim SG, Yamamoto M. Scaffold-

ing of Keap1 to the actin cytoskeleton controls the function of Nrf2 as
key regulator of cytoprotective phase 2 genes. Proc Natl Acad Sci USA.
2004;101:2046-51. https://doi.org/10.1073/pnas.0308347100.

Minor DL, Lin YF, Mobley BC, Avelar A, Jan YN, Jan LY, et al. The polar T1
interface is linked to conformational changes that open the voltage-
gated potassium channel. Cell. 2000;102:657-70. https://doi.org/10.1016/
50092-8674(00)00088-X.

Melnick A, Ahmad KF, Arai S, Polinger A, Ball H, Borden KL, et al. In-depth
mutational analysis of the promyelocytic leukemia zinc finger BTB/POZ
domain reveals motifs and residues required for biological and transcrip-
tional functions. Mol Cell Biol. 2000;20:6550-67. https://doi.org/10.1128/
mcb.20.17.6550-6567.2000.

Xu L, WeiY, Reboul J, Vaglio P, Shin TH, Vidal M, et al. BTB proteins are
substrate-specific adaptors in an SCF-like modular ubiquitin ligase
containing CUL-3. Nature. 2003;425:316-21. https://doi.org/10.1038/natur
e01985.

Adams J, Kelso R, Cooley L. The kelch repeat superfamily of proteins:
propellers of cell function. Trends Cell Biol. 2000;10:17-24. https://doi.
0rg/10.1016/50962-8924(99)01673-6.

Stogios PJ, Privé GG. The BACK domain in BTB-kelch proteins. Trends
Biochem Sci. 2004;29:634-7. https://doi.org/10.1016/j.tibs.2004.10.003.
Canning P, Cooper CDO, Krojer T, Murray JW, Pike ACW, Chaikuad A, et al.
Structural basis for Cul3 protein assembly with the BTB-Kelch family of E3
ubiquitin ligases. J Biol Chem. 2013,288:7803-14. https://doi.org/10.1074/
jbcM112.437996.

Moghe S, Jiang F, Miura Y, Cerny RL, Tsai MY, Furukawa M. The CUL3-
KLHL18 ligase regulates mitotic entry and ubiquitylates Aurora-A. Biol
Open. 2012;1:82-91. https://doi.org/10.1242/bi0.2011018.

Chaya T, Tsutsumi R, Varner LR, Maeda Y, Yoshida S, Furukawa T. Cul3-
KIhI18 ubiquitin ligase modulates rod transducin translocation during
light-dark adaptation. EMBO J. 2019;38:2101409. https://doi.org/10.15252
/embj.2018101409.

Dou P, Zhang D, Cheng Z, Zhou G, Zhang L. PKIB promotes cell prolifera-
tion and the invasion-metastasis cascade through the PI3K/Akt pathway
in NSCLC cells. Exp Biol Med (Maywood). 2016;241:1911-8. https://doi.
org/10.1177/1535370216655908.


https://doi.org/10.1002/cncr.29584
https://doi.org/10.1002/cncr.29584
https://doi.org/10.3322/caac.21387
https://doi.org/10.1097/JTO.0000000000000663
https://doi.org/10.1097/JTO.0000000000000663
https://doi.org/10.1097/JTO.0000000000000630
https://doi.org/10.1097/JTO.0000000000000630
https://doi.org/10.1016/j.semcancer.2017.11.019
https://doi.org/10.1016/j.semcancer.2017.11.019
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1056/NEJMoa1214886
https://doi.org/10.1002/ijc.28570
https://doi.org/10.1038/nrd4204
https://doi.org/10.1038/nrd4204
https://doi.org/10.1158/0008-5472.Can-14-3362
https://doi.org/10.1158/0008-5472.Can-14-3362
https://doi.org/10.1038/nrclinonc.2013.10
https://doi.org/10.1016/j.gde.2009.11.002
https://doi.org/10.1016/j.gde.2009.11.002
https://doi.org/10.1146/annurev-med-062913-051343
https://doi.org/10.1146/annurev-med-062913-051343
https://doi.org/10.3892/ijo.2018.4597
https://doi.org/10.3390/ijms160921138
https://doi.org/10.1038/ncb1056
https://doi.org/10.1128/mcb.25.1.162-171.2005
https://doi.org/10.1186/1479-7364-7-13
https://doi.org/10.1186/1479-7364-7-13
https://doi.org/10.1073/pnas.0308347100
https://doi.org/10.1016/S0092-8674(00)00088-X
https://doi.org/10.1016/S0092-8674(00)00088-X
https://doi.org/10.1128/mcb.20.17.6550-6567.2000
https://doi.org/10.1128/mcb.20.17.6550-6567.2000
https://doi.org/10.1038/nature01985
https://doi.org/10.1038/nature01985
https://doi.org/10.1016/S0962-8924(99)01673-6
https://doi.org/10.1016/S0962-8924(99)01673-6
https://doi.org/10.1016/j.tibs.2004.10.003
https://doi.org/10.1074/jbc.M112.437996
https://doi.org/10.1074/jbc.M112.437996
https://doi.org/10.1242/bio.2011018
https://doi.org/10.15252/embj.2018101409
https://doi.org/10.15252/embj.2018101409
https://doi.org/10.1177/1535370216655908
https://doi.org/10.1177/1535370216655908

Jiang et al. Cell Biosci (2020) 10:139

29.

30.

31.

32

33

Steven A, Fisher SA, Robinson BW. Immunotherapy for lung cancer.
Respirology (Carlton, Vic). 2016;21:821-33. https://doi.org/10.1111/
resp.12789.

Finley D. Recognition and processing of ubiquitin-protein conjugates

by the proteasome. Annu Rev Biochem. 2009,78:477-513. https://doi.
org/10.1146/annurev.biochem.78.081507.101607.

Yuan WC, Lee YR, Lin SY, Chang LY, Tan YP, Hung CC, et al. K33-linked poly-
ubiquitination of coronin 7 by Cul3-KLHL20 ubiquitin E3 ligase regulates
protein trafficking. Mol cell. 2014;54:586-600. https://doi.org/10.1016/j.
molcel.2014.03.035.

Rivkin E, AlImeida SM, Ceccarelli DF, Juang YC, MacLean TA, SrikumarT,

et al. The linear ubiquitin-specific deubiquitinase gumby regulates angio-
genesis. Nature. 2013;498:318-24. https://doi.org/10.1038/nature12296.
Mevissen TE, Hospenthal MK, Geurink PP, Elliott PR, Akutsu M, Arnaudo N,
et al. OTU deubiquitinases reveal mechanisms of linkage specificity and
enable ubiquitin chain restriction analysis. Cell. 2013;154:169-84. https://
doi.org/10.1016/j.cell.2013.05.046.

Page 15 of 15

34. Zhang X, Yu X, Jiang G, Miao Y, Wang L, Zhang Y, et al. Cytosolic TMEM88
promotes invasion and metastasis in lung cancer cells by binding
DVLS. Cancer Res. 2015;75:4527-37. https://doi.org/10.1158/0008-5472.
Can-14-3828.

35. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods. 2012,9:671-5.

36. Jiang J, XuY, Ren H, Wudu M, Wang Q, Song X, et al. MKRN2 inhibits
migration and invasion of non-small-cell lung cancer by negatively regu-
lating the PI3K/Akt pathway. J Exp Clin Cancer Res. 2018;37:189. https://
doi.org/10.1186/513046-018-0855-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1111/resp.12789
https://doi.org/10.1111/resp.12789
https://doi.org/10.1146/annurev.biochem.78.081507.101607
https://doi.org/10.1146/annurev.biochem.78.081507.101607
https://doi.org/10.1016/j.molcel.2014.03.035
https://doi.org/10.1016/j.molcel.2014.03.035
https://doi.org/10.1038/nature12296
https://doi.org/10.1016/j.cell.2013.05.046
https://doi.org/10.1016/j.cell.2013.05.046
https://doi.org/10.1158/0008-5472.Can-14-3828
https://doi.org/10.1158/0008-5472.Can-14-3828
https://doi.org/10.1186/s13046-018-0855-7
https://doi.org/10.1186/s13046-018-0855-7

	KLHL18 inhibits the proliferation, migration, and invasion of non-small cell lung cancer by inhibiting PI3KPD-L1 axis activity
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Low expression of KLHL18 in human NSCLC is associated with poor prognosis
	Silencing KLHL18 promotes proliferation, migration, and invasion of NSCLC cells
	KLHL18 regulates the function of NSCLC cells through the PI3K-PD-L1 axis
	KLHL18 interacts with and promotes the ubiquitination and degradation of PI3Kp85α
	BTB and non-BTB domains of KLHL18 are critical for the ubiquitination of PI3Kp85α

	Discussion
	Conclusions
	Methods
	Patients and specimens
	NSCLC cell culture
	Plasmid construction and transfection
	Immunohistochemistry
	Western blotting
	qPCR
	MTS proliferation assay
	Colony formation assay
	Cell Transwell invasion analyses
	Wound-healing assays
	Immunofluorescence
	Co-IP assays
	Ubiquitination assays and immunoprecipitation
	Mass spectrometry
	Inhibitor treatments
	Statistical analysis

	Acknowledgments
	References




