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Abstract

Kiriippel-like factor 4 (KLF4), a key transcription factor, acts as a multifunctional player involved in the progression of
numerous aggressive cancers. The proteasome-dependent pathway is one of the main modalities in controlling KLF4
abundance at a posttranslational level. Although some of the ubiquitin ligases have been identified, the deubiquitinases of
KLF4 and the regulatory function remain unexplored. Here, by screening ubiquitin-specific proteases that may interact with
KLF4, we found ubiquitin-specific peptidase 10 (USP10) as a deubiquitinating enzyme for KLF4. Forced expression of
USP10 remarkably increases KLF4 protein level by blocking the latter degradation, whereas the depletion of USP10
promotes KLF4 degradation and thus enhances tumorigenesis. Loss of USPI0 in mice downregulates KLF4 expression and
accelerates Kras®'?P-driven lung adenocarcinoma initiation and progression. In addition, our data revealed that KLF4 can
facilitate the transcription of tumor suppressor TIMP3 by directly binding to the TIMP3 promoter. Clinically, reduction of
USP10 expression, concomitant with decreased KLF4 and TIMP3 abundance in carcinoma tissue, predicts poor prognosis of
lung cancer patient. Taken together, our results demonstrate that USP10 is a critical regulator of KLLF4, pinpointing USP10-
KLF4-TIMP3 axis as a promising therapeutic target in lung cancer.

Introduction

Lung cancer is the leading cause of cancer-related death
worldwide with high mortality and poor prognosis [1]. Non-
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small cell lung cancer (NSCLC) accounts for 80% of all
lung cancer cases and is further divided into three categories
including adenocarcinoma (ADC), squamous cell carci-
noma, and large cell carcinoma. Mutations in multiple
genetic pathways, including EGFR, TP53, and K-RAS,
contribute to lung tumorigenesis [2—4]. Ubiquitination is a
highly regulated, reversible posttranslational protein mod-
ification that serves to target proteins for degradation or
regulate protein function by the ubiquitin (Ub) system [5].
A large number of studies have demonstrated that ubiqui-
tination plays an essential role in cancer pathogenesis
and revealed the great therapeutic potential of
targeting ubiquitination in multiple cancers including lung
cancer [6-10].

Like other posttranslational modifications, ubiquitination
can be reversed by deubiquitinases (DUBs), which could
cleave and remove the Ub chains from substrate proteins
[11]. In human proteome, ~100 DUBs have been found,
which can be divided into six subfamilies: USPs, OTUs,
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JAMMs, MJDs MINDYs, and UCHs [12, 13]. Accumu-
lating evidence has demonstrated that the deregulation of
the deubiquitination process frequently occurs in tumor-
igenesis and consequently many proteins are affected by
this process [14, 15]. For example, the tumor suppressor
PTEN is de-polyubiquitinated by USP13 and OTUD3,
which suppress PTEN degradation and breast tumorigen-
esis, or is de-monoubiquitinated by USP7 that modulates its
subcellular localization [16-18]. c-Myc is directly de-
polyubiquitinated by USP22, USP28, and USP37,
which can increase c-Myc stability and tumorigenesis,
or is indirectly reduced by USP9X through stabilizing its
E3 ligase Fbw7 that inhibits colorectal cancer formation
[19-22].

KLF4, a member of the KLF-like factor subfamily of
zinc finger proteins, has an essential role in cell-fate deci-
sions, including DNA damage response, inflammation,
apoptosis and stem cell reprogramming [23-26]. Dysfunc-
tion of KLF4 has been observed in a number of human
diseases, especially in cancer [27]. Interestingly, substantial
evidence reveal an ambivalent nature for KLF4 in tumor-
igenesis as either a tumor suppressor or an oncogene in a
tissue-specific manner [25, 28, 29]. In lung cancer, KLF4 is
believed to function as a tumor suppressor and inhibits lung
tumorigenesis by its transactivation of cell cycle inhibitor
p21CPWVal and suppression of several cell cycle promoting
genes [24, 28].

Emerging evidence revealed that KLF4 is unstable and
regulated by ubiquitination [30]. The E3 ligase p-TrCP,
pVHL, FBX032, and Mule are reported to promote KLF4
ubiquitination and degradation [31-34]. B-TrCP ubiquiti-
nates KLF4 in response to phosphorylation by ERK1/2 and
regulates mouse embryonic stem cell renewal [32]. Tumor
suppressors pVHL and FBXO32 can enhance KLF4 ubi-
quitination and degradation in breast cancer [33, 35]. In
addition, the E3 ligase Mule controls T-cell proliferation by
mediating KLF4 ubiqutination and degradation [34].
Although numerous E3 ligases have been found to promote
KLF4 polyubiquitination, the DUBs for KLF4 are still
undefined.

Here, we identify USP10 as a potent DUB for KLF4
de-polyubiquitination. Increased USP10 expression sup-
presses KLF4 degradation, leading to the decrease of lung
cancer cell growth and migration. Moreover, we found
that the depletion of USP/0 in mice downregulates KLF4
expression, accelerates lung tumor formation, which thus
results in shorted survival. Further studies reveal that the
tissue inhibitor of metalloproteinases-3 (TIMP3) is a
downstream target gene of KLF4 and USP10 inhibits lung
tumorigenesis through activating KLF4-TIMP3 pathway.
Overall, our data indicate that USP10 is a novel deubi-
quitinase for KLF4 and governs KLF4 stability in lung
cancer.
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Results
USP10 enhances KLF4 expression

To screen the potential DUBs that may regulate
KLF4 stability, we expressed various DUBs together with
GFP-KLF4 in HEK293T cell line and determined the DUBs
interacting with KLF4. We found that four DUBs including
USP4, USP6, USP7, and USP10 could interact with KLF4
(Supplementary Fig. 1A-C). Subsequent experiments
revealed that KLF4 protein levels were dramatically
increased by the co-expression of USP10, rather than other
USPs such as USP4, USP5, USP6, and USP7 in
HEK293T cells (Supplementary Fig. 1D). To further con-
firm this, we overexpressed USP10 in lung cancer cells and
found that the ectopic expression of USP10 resulted in
KLF4 elevation in a dose-dependent manner (Fig. la and
Supplementary Fig. 1E). On the contrary, the knockdown
(KD) of USP10 decreased KLF4 protein levels in lung
cancer cells and human bronchial epithelia cells (HBE)
(Fig. 1b—d). Next, we examined whether the increase in
KLF4 protein levels is dependent on the deubiquitinating
enzymatic activity of USP10. Wild-type USP10 or a cata-
lytically inactive mutant USP10 CA was overexpressed in
H1299 and A549 cells. As shown in Fig. le, f, the wild-type
USP10 instead of the CA mutant increased KLF4 protein
level. These results were also confirmed in USP10 knockout
(KO) lung cancer cells that were established using the
CRISPR/Cas9 system. We found that ectopic expression of
the wild-type USP10 not the CA mutant reversed the
reduction of KLF4 by USP10 KO (Fig. 1g and Supple-
mentary Fig. 1F).

To further investigate the effects of USP10 on KLF4
expression in vivo, Loxp-Cre strategy mediated global
deletion of the Usp/0 mice were introduced (Supple-
mentary Fig. 1G, H). Consistent with the previous report,
UspZO_/_ mice died in one day after born [36]. To assess
the expression of KLF4 in Usp/0 KO mice, we dissected
and collected various tissues from UsplO0 WT and KO
mice when the mice were born. We found that the deletion
of USP10 in mice significantly decreased the KLF4
expression in lung, muscle, and spleen tissues (Fig. 1h-k).
Similarly, KLF4 protein levels rather than the mRNA
levels were downregulated in the MEF cells from Uspl0
KO mice (Fig. 11 and Supplementary Fig. 1I). In addition,
adeno-associated virus expressing USP10-shRNA was
delivered into mouse lung by intratracheal injection for
knocking down USP10 expression. The western blotting
results showed that the KD of USP10 in mouse lung
resulted in a remarkable decrease of KLF4 protein
expression (Fig. 1m). Collectively, these results indicate
that USP10 specifically increases KLF4 protein levels
in vivo and in vitro.
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Fig. 1 USP10 enhances KLF4 expression. a Increasing amounts of USP10 were transfected into H1299 cells and KLF4 expression was detected.
b—d USP10 was knocked down in H1299, A549, and HBE cells using two independent shRNAs. The protein levels of KLF4 were analyzed by
western blotting. e, f USP10 WT or CA mutant was overexpressed in H1299 and A549 cells. The protein levels of KLF4 were analyzed. g USP10
WT or CA mutant was transfected into H1299 cells with or without endogenous USP10 knockout. The protein levels of KLF4 were analyzed. h
Immunoblotting analysis protein levels of KLF4 and USP10 in different tissues from Usp/0 WT and KO littlemates. i, j The protein levels of KLF4
and USP10 were analyzed by western blotting in muscle and lung tissues of Usp/0 WT or KO mice (n =5). k Representative images from
immunohistochemical staining of USP10 and KLF4 in lung tissues from Uspl/0 WT or KO mice. Scale bars: 50 um. 1 The expression levels of
KLF4 in Usp10 WT and KO MEFs were detected by western blotting. m USP10 was knocked down in adult mouse lung tissue using AAV-shRNA
Control (Uspl0 WT) or shRNA USP10 (Uspl0 KD). After 4 weeks of infection (1 x 10'° pfu), the expression levels of KLF4 and USP10 were
analyzed by western blotting in mouse lung tissue (n=3). For all panels, data are representative results of three independent experiments.
i, j, m Quantification of KLF4 levels relative to HSP90 or ACTIN is shown. Results are shown as mean +s.d.; two-tailed Student’s z-test,
*p<0.05, ¥*p <0.01, ***p <0.001. WT wild type, KO knockout, KD knockdown, CA CA mutant, IHC Immunohistochemical staining
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USP10 maintains KLF4 stability and deubiquitinates
KLF4

To further validate whether USP10 affects KLF4 expression
in a proteasome-dependent manner, H1299 and A549 cells
with or without USP10 KD were treated by the proteasome
inhibitor MG132. We found that MG132 reversed the
downregulation of KLF4 although USP10 depleted (Fig. 2a
and Supplementary Fig. 2A). Subsequently, we treated
indicated cells with the protein synthesis inhibitor cyclo-
heximide (CHX). Notably, the overexpression of wild-type
USPI10 rather than a mutant can lead to a prominent
increase in the stability of endogenous KLF4 protein
(Fig. 2b and Supplementary Fig. 2B). In contrast, USP10
depletion results in the destabilization of KLF4 protein
(Fig. 2¢, d and Supplementary Fig. 2C, D).

Considering USP10 could act as a deubiquitinase to
remove ubiquitination from its substrates, we reasoned that
USP10 should module KLF4 expression through deubi-
quitination. As expected, ectopic expression of wild-type
USPI10 instead of the CA mutant reduced the poly-
ubiquitination of KLF4 (Fig. 2e, f and Supplementary
Fig. 2E), whereas USP10 loss increased KLF4 poly-
ubiquitination, which could be reversed by rescue experi-
ments with introduction of wild-type USP10 (Fig. 2g, h and
Supplementary Fig. 2F-H). To further verify our findings,
in vitro deubiquitylation assay was performed. Consistently,
the wild-type USP10 not the CA mutant removed Ub chains
on KLF4 in vitro (Fig. 2i). Thus, these data suggest that
USP10 governs KLF4 stability and inhibits its
polyubiquitination.

USP10 interacts with KLF4

Consequent upon findings mentioned, we next determine
whether USP10 directly interacts with KLF4 and is a bona
fide interacting protein for KLF4. Consistent with the
interaction observed in the initial screen, co-
immunoprecipitation assays confirmed that ectopically
expressed GFP-tagged KLF4 could be detected in FLAG-
tagged USP10 and vice versa (Fig. 3a, b). Moreover, pur-
ified GST-KLF4, rather than the GST control, was able to
bind to FLAG-tagged USP10 under cell-free conditions,
indicating a direct interaction between USP10 and KLF4
(Fig. 3c). More importantly, an interaction between endo-
genous USP10 and KLF4 was also detected in H1299 and
A549 cells (Fig. 3d—g). Immunofluorescence assays show
that USP10 and KLF4 co-localize in H1299 and A549 cells
(Fig. 3h). KLF4 functions as a versatile transcription factor
that up- or down-regulates its responsive genes through an
activation domain or a repressive domain located near its
amino terminus. The carboxyl terminus of KLF4 contains
three zinc-fingers and two nuclear localization signals that
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mediate DNA binding and regulate subcellular localization.
To map the USP10-binding region on KLF4, we expressed
Flag-tagged USP10 along with different domains of KLF4
in HEK293T cells. Co-immunoprecipitation assays
demonstrate that the repression domain of KLF4 is essential
for its physical interaction with USP10. In particular, the
amino-terminal region (aal-aal00) of USP10 mediates the
physical interaction with KLF4 (Fig. 3i-k). The amino-
terminal deletion mutant of USP10 lost its effect on reg-
ulating KLF4 protein levels and ubiquitination (Supple-
mentary Fig. 3A, B). Collectively, these results demonstrate
that USP10 is a bona fide interacting protein for KLF4.

Loss of USP10 promotes lung tumorigenesis via the
downregulation of KLF4

Previous study has demonstrated that KLLF4 is an important
tumor suppressor in lung cancer [37], we therefore explored
whether USP10 suppressed lung tumor formation via reg-
ulating KLF4. To this end, we overexpressed KLF4 in
H1299 and A549 cells with or without USP10 KD. Silen-
cing USP10 expression could markedly increase the pro-
liferation and migration in lung cancer cells, and restoration
of KLF4 expression completely reversed the phenotypes
caused by USP10 KD (Fig. 4a, b and Supplementary
Fig. 4A-D). Consistently, Xenograft assays showed that the
overexpression of KLF4 could reverse the effects of USP10
depletion and inhibit the tumor development and metastasis
(Fig. 4c—g and Supplementary Fig. 4E).

To interrogate the biological role of USP10 in lung
tumorigenesis in vivo, the Kras%'*P-driven lung ADC
model was established (Supplementary Fig. 4F). Adeno-
associated virus expressing USP10-shRNA was delivered
into mouse lung to knock down endogenous USP10
expression (USP10 KD) by intratracheal injection. After
2 weeks, adeno-associated virus expressing Cre-
recombinase-GFP (AAV-Cre-GFP) were delivered into
KrasBSEO2PVIgsp 10 WT and Kras™SE2PWTUsp10 KD
mice by intranasal instillation to induce expression of
Kras®'?P protein. The efficiency of AAV-mediated gene
delivery was evaluated using the bioluminescence imaging,
and equal introduction of GFP-Cre signals were monitored
to exhibit in the lung (Supplementary Fig. 4G). We imaged
a separate cohort of Kras®**"’/Usp10 WT and Kras®'?”
WT/Uspl 0 KD mice at 30, 60, and 120 days post AAV-Cre
infection using Micro-CT (Micro-Computed Tomography)
imaging. Kras®”?P"/Usp10 KD mice showed more
detectable nodules than Kras®"*?"/Usp10 WT mice in the
lung by coronal and transverse section imaging uCT scan
(Fig. 4h). Subsequently, we performed tumor analysis in
mice at 120 days post AAV-Cre-induction. Kras®?P"T/
Uspl0 KD mice exhibited a dramatical increase in tumor
burden and tumor area compared with Kras®"*?"T/Usp10
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<« Fig. 2 USP10 maintains KLF4 stability and de-polyubiquitylates

KLF4. a H1299 cells with or without USP10 knockdown were treated
with MG132 for 8 h. Cell lysates were subject to analyze with the
indicated antibodies. H1299 cells with or without USP10 WT or CA
mutant overexpression (b) or USP10 knockdown (¢) or USP10
knockout (d) were treated with CHX (10 mg/ml) for the indicated
times. The half-life of KLF4 was measured. e 293T cells were trans-
fected with the indicated constructs were treated with MG132 for 8 h
before collection. The whole-cell lysates were subjected to immuno-
precipitation with Flag antibody and western blot with anti-Ub anti-
body to detect ubiquitylated KLF4. H1299 cells with or without
USP10 WT or CA overexpression (f) or USP10 knockdown (g) were
transfected with the indicated constructs. After 24 h, the cells were
treated with MG132 for 8 h before collection. The whole-cell lysates
were subjected to immunoprecipitation with KLF4 antibody and
western blot with anti-Ub antibody to detect ubiquitylated KLF4.
h The indicated constructs were transfected into H1299 cells with or
without USP10 knockout and then the cells were treated with MG132
for 8 h before collection. The whole-cell lysates were subjected to
immunoprecipitation with KLF4 antibody and western blot with anti-
Ub antibody to detect ubiquitylated KLF4. i In vitro deubiquitination
assay was performed. Ubiquitinated GFP-KLF4 protein was treated
with USP10 WT or USP10 CA. Reaction mixes were analyzed by
western blotting. For all panels, data are representative results of three
independent experiments. b, ¢, d Quantification of KLF4 levels rela-
tive to GAPDH was shown. Results were shown as mean + s.d; two-
way ANOVA test, **p <0.01, ***p <0.001

leads to a markedly shortened survival and poor prognosis
of Kras®"*PWI/Usp10 KD mice (Fig. 4m). In addition, we
detected KLF4 expression in the lung tissue and found that
the depletion of USP10 in Kras®"*”"T mice significantly
decreased KLF4 protein levels and increased KLF4 ubi-
quitination (Fig. 4n, o and Supplementary Fig. 4H). Taken
together, these results demonstrate that USP10 suppressed
tumor growth and metastasis by regulating KLF4 in vivo
and in vitro.

KLF4 transcriptionally upregulates TIMP3
expression

To dissect the possible molecular mechanisms how the
effect of USP10 on KLF4 expression suppresses lung
cancer initiation and progression, we used RNA-seq to
identify the downstream genes of KLF4, which were
affected by USP10. After the KO of both genes through
the CRISPR/Cas9 system, we detected 629 (183 upregu-
lated and 446 downregulated) and 650 (219 upregulated
and 431 downregulated) differentially expressed mRNAs
for KLF4 KO and USP10 KO, respectively, under the
screening criteria of the absolute log2-fold change > 1 and
q value <0.05 (Supplementary Fig. 5A, B). Not surpris-
ingly, a number of the differentially expressed genes (58
upregulated and 243 downregulated) exhibited over-
lapping expression in KLF4 KO and USP10 KO condi-
tions (Fig. 5a and Supplementary Fig. 5C). Moreover, we
found that some known tumor suppressor genes were
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concomitantly downregulated after KLF4 KO and USP10
KO (Fig. 5b).

Intriguingly, TIMP3 was revealed to be significantly
enriched in many critical signatures representing cancer-
associated biological states or processes by computing
overlaps between the 243 downregulated genes and gene
sets in MSigDB (Supplementary Fig. SD-F). In particular,
among those downregulated genes that can be classed into
Module5 (lung cancer gene set), TIMP3 was a top-ranked
tumor suppressor gene (Fig. 5c). Subsequently, TIMP3
downregulation was further validated using the q-RT-PCR
and western blotting assays in KLF4 KO and USP10 KO
lung cancer cells, respectively (Fig. 5d, e). Similar results
were obtained when endogenous KLF4 and USP10 were
knocked down by two independent shRNAs (Fig. 5f, g and
supplementary Fig. 6A, B). The decrease of TIMP3 by
USP10 depletion was reversed by KLF4 overexpression.
On the contrary, the increase of TIMP3 by USP10 over-
expression was abolished when KLF4 was knocked out
(Fig. 5h, i). In addition, the loss of USP10 also suppressed
TIMP3 expression in lung tissues and MEF cells from
Uspl0 KO mice (Fig. 5j and Supplementary Fig. 6C-E).

To identify the KLF4-binding regions on the TIMP3
promoter, the two upstream sequences of TIMP3 were
cloned into pGL3-based luciferase reporter plasmids
(named P1 and P2), which then were transfected into H1299
with or without KLF4 KO. Compared with the control cells,
the luciferase activities of P2 not P1 were decreased in
KLF4 KO cells (Fig. 5k, 1). On the contrary, KLF4 over-
expression led to an increase of luciferase activity of P2
(Fig. 5m). Thus, these results indicated that the region —500
to 0 bp (P2) was a key region for the promotion of TIMP3
transcription by KLF4.

Previous reports have indicated that KLF4 is a zinc
finger-type transcription factor that usually binds to the GC
rich element of the promoters [38]. To identify the KLF4-
binding sites, we inspected the sequence of P2 and found a
putative KLF4-binding site. To verify that the potential
KLF4-binding site was indeed responsive to KLF4, two
pGL3-based luciferase reporter plasmids named BS WT and
BS Mut were constructed (Fig. 5n). Then, these plasmids
were individually transfected into H1299 cells with or
without KLF4 overexpression. As shown in Fig. 5o, the
luciferase activity of BS but not BSM was significantly
increased in KLF4 overexpressed cells indicating that the
binding site was a positive KLF4-binding site in the TIMP3
promoter.

In addition, subsequent chromatin immunoprecipitation
(ChIP) assay showed that the chromatin fragments corre-
sponding to the region (P2) were specifically present in the
anti-KLF4 immunoprecipitates from H1299 cells. The
binding of KLF4 to the TIMP3 promoter was decreased
when KLF4 was knocked out, whereas the binding was



The deubiquitinase USP10 regulates KLF4 stability and suppresses lung tumorigenesis 1753
A | Flag(IP B c Flag-USP10
npat  Fiag{F) Input_ GFP(IP) - -
Flag-vector + - + - C1-GFP + - =+ - -
. . " 4
Flag-USP10 + + C1-KLF4 - + - + 5 - 2
C1-KLF4 + + + + Flag-USP10 + + + + S |2 B
. _ = [CERO)
70kD- 100kD- 100kD-| D * |-Flag-UsP10
50kD- -HC -C1-KLF4
- e | oo o - 70kD- —|-GsT-KLF4
@ |100kD- —_ - | -Flag-USP10 u | 50kD-| L o | 50kD-
i - o a2
- | 70kD- o
1) —| 35kD- <
| 50kD- - e -HC o o 35kD
25kD- .  C " 25KD- - -GST
F H1299 A549
H1299 A549 — & _ S
= < 5 ol = o 2 o o
g % é e s < g % 9 g =2 9
- -Us o -KLF4 o -KLF4
100kD- USP10 100kD- USP10 50kD 50kD-
- B _KLF4 -KLF4 USP10 - w [-UsP10
50kD- .- 50kD- “ 100kD-| ﬂ 100kD-
Interaction with
H I USP10
1 151 388 470
USP10 KLF4 Nucleus Merge C1-KLF4 m‘ RD L"_I-s " peo .
C1-KLF4-1 (RSN &
A549 C1-KLF4-2 | RD (MNLS @
C1-KLF4-3 DBD &
Interaction with
KLF4
1 100 399 798
H1299 Flag-USP10 C .
FIag-USP10-1n .
Flag-USP10-2 @
J Flag-USP10-3 [ ®
K
Input GFP(IP) | t
C1-GFP 7+ ¥ npu Flag(IP)
C1-KLF4 + ¥ Flag-vector + +
C1-KLF4-1 + + Flag-USP10 + +
C1-KLF4-2 + + Flag-USP10-1 + +
C1-KLF4-3 + + Flag-USP10-2 + +
Flag-USP10 + + + + + + + + + + Flag-USP10-3 + +
C1-KLF4 + + + + + + + + + +
IB:Flag
100kD- -~--“ L] Lan -FIag-USP10 IB: GEP -.--- - e -C1-KLF4
L . - C1-KL — - -
: R e g
iy - - - rlag- 5
& |50kD- ws  |-C1-KLF42 o| 70kD - I
O] .. - - C1-KLF4-1 | 50kp B 120-USP10-3
Pt =
=|35kD- e
- — -C1-KLF4-3 35kD-|
20| B - T = Flag-USP10-1
15kD-} s o ’

SPRINGER NATURE



1754

X. Wang et al.

« Fig. 3 USPI10 interacts with KLF4. a, b Flag-USP10 and C1-KLF4

were co-transfected into 293T cells. The cell lysates were subjected to
immunoprecipitation with anti-Flag or anti-GFP antibodies. ¢ Purified
Flag-USP10 from 293T cells was incubated with purified recombinant
GST-KLF4 or GST for 12h at 4°C. Flag-USP10 retained on
Sepharose was blotted with the Flag antibody. d—g H1299 and A549
cell lysates were subject to immunoprecipitation with control IgG,
anti-USP10, or anti-KLF4 antibodies. The immunoprecipitates were
then detected using the indicated antibodies. h A549 and H1299 cells
were fixed and stained with USP10 antibody (Red) and KLF4 antibody
(Green). Nuclei were stained with DAPI (blue). Scale bar: 20 um. i-k
Schematic illustration of KLF4 and USP10 structure. The indicated
constructs were transfected into 293T cells. After 24 h, the cells were
subject to immunoprecipitation with anti-Flag or anti-GFP antibodies.
For all panels, data are representative results of three independent
experiments

increased when KLF4 was overexpressed (Fig. 5p and
supplementary Fig. 6F). Taken together, our data indicate
that TIMP3 is a downstream gene of USP10-KLF4
pathway.

USP10 and KLF4 inhibit lung cancer cell growth and
metastasis via regulating TIMP3 expression

To assess whether USP10 and KLF4 inhibits tumorigenesis
through upregulating TIMP3 expression, we overexpressed
TIMP3 in KLF4 or USP10 depleting-H1299 and A549 cells
and observed that the ectopic expression of TIMP3 atte-
nuated KLF4 or USP10 depletion-induced cell growth and
migration (Fig. 6a—f and supplementary Fig. 7A-F). Con-
sistently, xenograft assays showed that the overexpression
of TIMP3 could rescue the effects of KLF4 or USP10 loss
and inhibit the tumor development (Fig. 6g—j). Collectively,
these results demonstrate that USP10 and KLF4 inhibit
tumor growth and metastasis by upregulating TIMP3.

Reduced USP10 positively correlates with the
downregulation of KLF4 and TIMP3 and predicts a
poor prognosis of lung cancer patients

To evaluate the clinical importance of the USP10-KLF4-
TIMP3 axis and determine their correlation in lung cancer,
we performed immunohistochemical (IHC) staining to
examine the expression of these proteins in serial sections of
tissue microarrays (TMAs) containing lung ADC tissues
(n=92) and adjacent tissues (n=87). The IHC results
showed that compared with the adjacent or matched adja-
cent tissues, the expression levels of USP10, KLF4, and
TIMP3 are significantly downregulated in lung ADC tissues
(Fig. 7a—g). In particular, patients bearing lung tumor with
relatively low levels of USP10, KLF4, or TIMP3 showed
shorter overall survival than those with high levels of these
proteins (Fig. 7h, i). Furthermore, our data also indicated
that these tumor samples exhibited the positive correlation
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between the expression levels of USP10, KLF4, and TIMP3
proteins (Fig. 7k—-n).

The above findings are further reinforced by analyzing
RNA-seq data of two cohorts of lung cancer patients
obtained from the TCGA and GEO datasets. We verified
that the mRNA levels of KLF4 and TIMP3 are lower in
lung tumor tissues than in normal tissues and KLF4 is also
positively correlated with TIMP3 expression level (Sup-
plementary Fig. 8A-F). Taken together, these results vali-
date the mechanistic link among USP10, KLF4, and TIMP3
in lung cancer.

Discussion

KLF4 is a labile protein with a high turnover rate in a wide
variety of human cancers [30]. However, mechanisms reg-
ulating KLF4 protein stability and activity are largely
unknown in lung cancer. In this study, we identify USP10
as a novel DUB that can stabilize KLF4 and block its
degradation in lung cancer. Loss of USP10 in mice down-
regulates KLF4 expression and accelerates lung ADC pro-
gression. Importantly, reduction of USP10 expression is
positive correlation with decreased KLF4 in lung ADC
tissues and predicts poor survival of lung cancer patient.

USP10 is a member of the ubiquitin-specific protease
family that can remove ubiquitins from its substrates. Yuan
et al. found that phosphorylation of USP10 on Thr-42 and
Ser-337 by ATM leads to USP10 translocation into the
nucleus to stabilize pS53 [39]. Besides p53, some other
substrates of USP10 were also reported, including sorting
nexin 3, the cystic fibrosis transmembrane conductance
regulator, H2A.Z, MutS Homologs2, topoisomerase Ila,
AMPKa, pl4ARF, and the NOTCHI intracellular domain
[40—47]. In consideration of these substrates, USP10 was
indicated to play an important role in progression of
numerous aggressive cancers.

Here, we present several lines of evidence to support the
concept that USP10 is a true deubiquitinase for KLF4 and
exhibits a tumor suppressive role in lung cancer. Firstly, we
identified that USP10 directly interacted with KLF4.
Overexpression of USP10 not USP4, USP6, and USP7
remarkably increases KLF4 protein level and decreases its
ubiquitination, whereas the depletion of USP10 promotes
KLF4 degradation in vitro and in vivo. Although USP4,
USP6, and USP7 also interacted with KLF4, they may
affect other biological processes of KLF4 such as sub-
cellular localization or transcriptional activity, which will be
investigated in future. The KLF4 protein is frequently
dysregulated in many tumors. Previous studies indicated
that the E3 ligases pVHL and FBXO32 promote KLF4
ubiquitination and degradation in breast cancer [33, 35].
B-TrCP ubiquitinates KLF4 in mouse embryonic stem cell
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and inhibits stem cell renewal [32]. Mule controls T-cell  cancer (Supplementary Fig. 9A-D). It is well known that
proliferation by mediating KLF4 ubiquitination and degra-  KLF4 plays a role in the function of tumor suppressor or
dation [34]. However, our finding indicated that the repor-  carcinogenesis in a tissue dependent manner [23]. Like
ted E3 ligases have no effect on KLF4 expression in lung ~ KLF4, its E3 ligases may be altered relying on tumor types.
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Fig. 4 USPI10 suppresses tumorigenesis via regulating KLLF4 expres-
sion. a, b USP10 was knocked down in KLF4-overexpressing H1299
cells. Cell growth and migration were examined by colony formation
(a) and transwell assay (b). Scale bars:1 cm (a); 100 um (b). c—e USP10
was knocked down in GFP-labeled H1299 cells with or without KLF4
overexpression. The cells were intravenously injected into nude mice(n

=6 in each group). The lung was subjected to bioluminescent imaging
(c). Representative images of the lung and HE pictures are shown in d,
the metastasis nodule in each group were calculated (e). Scale bars: 2

mm (c); 6 mm (d). f, g The indicated cells were subcutaneously injected
25x% 10° cells per mouse) into nude mice (n = 10). Tumor formation
was analyzed. h Micro-CT images in indicated planes from the mice
with or without USP10 knockdown in lung as indicated days post
infection (AAV-shRNA Control or shRNA USP10 together with 1 x

10"%fu AAV-GFP-Cre). Three-dimensional rendering of micro-CT
data with lungs in gray, lost part represented tumor. i—k Representative
images of lung lesions and H&E staining from the indicated experi-
mental groups (n = 6). The tumor burden and tumor area were calcu-
lated. Scale bars:2mm(up); 6 mm(dn). 1 Immunohistochemistry
analysis protein levels of Cleaved Caspase 3, Ki-67 and CD3l
expression in lung tumors of Kras®’ 2D/WT/Usp] 0 WT and Kras®>P™T/
Uspl0 KD mice, respectively. Scale bars: 50 um. m Kaplan—Meier plot
showing overall survival of mice with the indicated genotypes infected
with AAV-Cre (Kras®"*P"T/Usp10 WT, n=6; Kras®"*""/Usp10
KD, n=38), log-rank test. n Immunohistochemistry analysis protein
levels of USP10 and KLF4 expression in lung tumors. Scale bars: 50

um. o The ubiquitylation of KLF4 was detected in lung tissues. a, b
Results are representative of three independent experiments, the data
are shown as mean =+ s.d. Student’s t-test. e, g, j, k Metastasis nodule,
tumor weight, tumor burden, and tumor area were analyzed, two-way
ANOVA test, *p <0.05,**p <0.01, ***p <0.001

Thus, the potential E3 ligases of KLF4 in lung cancer still
need further investigation.

Secondly, KD of USP10 promoted lung cancer growth
and migration by downregulating KLF4 expression. Pre-
vious studies indicated that KLF4 is mainly expressed in
fibroblasts and airway epithelial cells in the lung tissue,
and is the most significantly increased lung gene at birth
[48]. Depletion of KLF4 in mice promotes lung tumor
formation [37]. Consistently, KO of USP10 in mice
downregulates KLF4 expression and accelerates
Kras®'?P-driven lung ADC initiation and progression. The
subsequent RNA-seq analysis indicated that the tumor
suppressor TIMP3 is a downstream target gene of KLF4
and deficiency of USP10 or KLF4 downregulates TIMP3
expression in lung cancer. TIMP3, one member of TIMP
families, exerts antitumor effect via suppressing the
activity of matrix metalloproteinases or promoting the
caspase activation [49]. In lung cancer, several genes have
been reported to contribute to the downregulation of
TIMP3. The Histone-lysine N-methyltransferase EZH2
can silence TMIP3 expression through the elevation of
TIMP3 promoter methylation [50]. The miR-221/222
directly targets TIMP3 and blocks its translation [51]. We
uncovered a new regulatory mechanism of TIMP3
expression in lung cancer and found that KLF4 could
directly bind to the promoter of TIMP3 and facilitate its
transcription.
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Finally, the protein levels of USP10, KLF4, and TIMP3
are significantly reduced in lung cancer tissues compared
with the adjacent tissues, and USP10 expression correlates
with the KLF4 protein levels in lung cancer tissues. The
patients bearing lung tumors with relatively low levels of
USP10, KLF4, or TIMP3 owned poorer overall survival. In
addition, our data also suggested that the mRNA levels of
KLF4 are downregulated in lung cancer tissues and are
positively associated with TIMP3 mRNA expression. Pre-
vious study has demonstrated that mutations and promoter
methylation are not the major mechanisms that cause the
downregulation of KLF4 mRNA in lung cancer [37].
Although we found that USP10 is an important regulator of
KLF4 protein, the decrease of KLF4 mRNA in lung cancer
is still not completely clear and thus, the precise mechan-
isms need to be elucidated in future.

Collectively, our study provides a new insight into the
regulatory mechanism of KLF4 in lung cancer and uncovers
that USP10 is a novel DUB for KLF4 de-
polyubiquitylation. Functional study reveals that the loss
of USP10 expression facilitates lung tumorigenesis in vitro
and in vivo. Moreover, this observation further verified
TIMP3 as a downstream target gene of KLF4 in lung can-
cer. In conclusion, our results demonstrate that USP10 is an
essential regulator of KLF4 and that the USP10-KLF4-
TIMP3 signaling axis plays a critical role in lung cancer
suppression.

Materials and methods
Cell culture and reagents

NCI-H1299 (H1299), A549, HBE, and HEK293T cell lines
were obtained from the American Type Culture Collection.
HBE and HEK293T cells were cultured in DMEM
(GIBCO-Invitrogen) supplemented with 10% fetal bovine
serum (FBS). A549 and H1299 cells were cultured in 1640
(GIBCO-Invitrogen) supplemented with 10% FBS. USP10
WT and KO MEF cells were isolated from E13.5 embryos
of mice and cultured in DMEM supplemented with 10%
FBS and 100 pg/ml streptomycin. Reagents used in this
study included MG132 (Calbiochem), Puromycin (Media-
tech), CHX (Inalco Spa Mllano Italy), and Polybrene
(Sigma).

Plasmids and antibodies

The human deubiquitinase expression plasmids used in the
article were purchased from OriGene. Full-length USP10
WT, full-length USP10 CA, full-length KLF4 were cloned
into the pFlag-CMV-2 or pEGFP-C1 vectors as indicated.
The USP10 CA expression plasmid was constructed as
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previously described [39]. GST-tagged KLF4 was cloned
into the pGEX-4T-2 vector. C1-KLF4-1(aal-151), KLF4-2
(aal51-388), KILF4-3(aa388-470) were cloned into the
pEGFP-C1 vector. Flag-USP10-1(aal-100), Flag-USP10-2

(aal100-399), and Flag-USP10-3(399-798) were cloned into
pFlag-CMV-2 vector. The antibodies used as followed:
anti-Actin (1:1,000, sc-1616, Santa Cruz Biotechnology);
anti-GAPDH (1:1,000, SC-25778, Santa  Cruz
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Fig. 5 KLF4 upregulates TIMP3 expression. a Overlaps indicating
numbers of the differentially expressed mRNAs between KLF4 KO
and USP10 KO conditions. b Heatmap showing the expression
changes of some known tumor suppressor genes coincidently down-
regulated after KLF4 KO and USP10 KO. ¢ TIMP3 was the fifth
ranked gene among those downregulated genes related to Module5
(lung cancer gene set) in supplementary Fig. 4D. d, e The protein and
mRNA levels of TIMP3 were analyzed in H1299 cells with or without
KLF4 or USP10 knockout. f, g The protein and mRNA levels of
TIMP3 were analyzed in H1299 cells with or without KLF4 or USP10
knockdown. h USP10 was knocked down in H1299 cells with or
without KLF4 overexpression. The expression of TIMP3 was detected
by western blotting. i USP10 was overexpressed in H1299 cells with
or without KLF4 knockout. The expression of TIMP3 was detected by
western blotting. j Immunoblotting analysis the expression levels of
TIMP3 in lung tissues from UsplO WT and KO littlemates. k Sche-
matic illustration of pGL3-based reporter constructs were used in
luciferase assays to examine the transcriptional activity of TIMP3.
I, m Parts of the promoter of TIMP3, named P1 and P2 were indivi-
dually transfected into H1299 cells with or without KLF4 knockout or
overexpression. Luciferase activity was measured. n Schematic illus-
tration of KLF4 wild type binding site (BS) and the matching mutant
(BSM) that were used in luciferase assays. o The wild type promoter
(BS) or the matching mutant (BSM) were individually transfected into
H1299 cells with or without KLF4 overexpression. The luciferase
activity was measured. p ChIP analysis showed the binding of KLF4
to the promoter of TIMP3 in HI1299 cells with or without
KLF4 knockout. An isotype-matched IgG was used as a negative
control. d—j, 1, m, o Results are representative of three independent
experiments, the data are shown as mean=+s.d. Student’s r-test.
**p <0.01, ***¥p <0.001

Biotechnology); anti-Flag (1:1000; F3165, Sigma); anti-HA
(1:1000; sc-1616, Santa Cruz Biotechnology); anti-GFP
(1:1000; 66002-1-Ig, Proteintech); Normal rabbit IgG (sc-
2003, Santa Cruz Biotechnology); anti-KLF4 (1:1000 sc-
20691 Santa Cruz Biotechnology), anti-KLF4 (1:100, Cell
Signaling Technology, #12173S), anti-KLF4 (1:500,
ab129473, Abcam), Anti-USP10 (1:3000, ab72486,
Abcam), Anti-TIMP3 (1:1000, ab39184, Abcam), and anti-
Ub (1:1000, SC-47721, Santa Cruz Biotechnology).

Lentivirus packaging and infection

To generate the lentiviral ShRNA constructs against human
KLF4, USP10, B-TrCP, pVHL, FBXO0O32, and Mule, the
target sequences were cloned into pLKO.1-puro vector or
FG12 vector. The shRNA sequences are listed in Table 1.

KLF4 and USP10 KO by CRISPR/Cas9: sgRNA design
and cloning was performed according to the Feng Zhang
laboratory  general cloning protocols. KLF4 and
USP10 sgRNAs oligonucleotides were designed based on
the target site sequence (20 bp) and were flanked on the 3’
end by a 3bp NGG PAM sequence. Using the Cas9 target
design tools (http://www.genome-engineering.org), we
designed two sgRNAs for each target. The sequences are
reported in Table 1. The sgRNAs were cloned into the
lentiCRISPRv2 vector (Addgene).
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Immunoprecipitation and GST pulldown

For immunoprecipitation, cells were lysed with 1%NP40
lysis buffer together with protease-inhibitor cocktail
(Biotool). Cell lysates were incubated with the indicated
primary antibodies and protein A/G agarose beads (Santa
Cruz) at 4 °C. The immunocomplexes were then washed
with 200 pl PBS for twice. Both lysates and immunopre-
cipitates were examined using the indicated primary
antibodies.

GST pulldown assay: GST-KLF4 or GST-tag were
purified from the Escherichia coli strain BL21 (Invitrogen)
using GST agarose beads. GST or GST-KLF4 bound to
GST agarose beads were incubated with Flag-USP10 pur-
ified from the HEK293T cells for 6 h at 4 °C. Then the
beads were washed with PBS four times, followed by
western blotting.

Protein half-life assay

For the KLF4 half-life assay, the H1299 and A549 cells
with or without USP10 overexpression or depletion were
treated with CHX (Sigma, 10 mg/ml) for the indicated
durations before collection.

In vivo and in vitro KLF4 deubiquitylation assay

For KLF4 deubiquitylation in vivo, HA-Ub was trans-
fected into H1299 and A549 cells with or without USP10
overexpression or depletion. The cells then were treated
with 20 uM of the proteasome inhibitor MG132 (Calbio-
chem) for 8 h. These cells were lysed with NP40 lysis
buffer and incubated with the indicated primary anti-
bodies. For in vitro deubiquitylation experiments, CI-
KLF4 was transfected into HEK293T cells together with
HA-Ub. After 24 h, KLF4 was enriched by GFP anti-
bodies. Flag-USP10 and Flag-USP10 CA were expressed
in HEK293T cells and purified using Flag-M2 beads. The
purified proteins were eluted with 150 ng/ml FLAG pep-
tide. The proteins were then incubated with GFP-KLF4 in
deubiquitylation buffer (50 mM Tris-HCI, pH 7.4, 1 mM
MgCl,, and 1 mM DTT) at 37 °C for 2 h. Then the beads
(GFP-KLF4) were washed with PBS four times, followed
by western blot analysis.

Colony formation and cell migration assays

For colony formation assay, H1299 and A549 cells over-
expressing with the indicated genes were diluted the single-
cell suspension and 500 or 1000 cells were cultured in every
well of 6-well plate at 37 °C with 5% CO, incubator for
2 weeks. Then the colonies were stained with 0.04% crystal
violet-2% ethanol and counted.
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Fig. 6 USP10 inhibits tumorigenesis via regulating KLF4-TIMP3 axis
in lung cancer. a—c TIMP3 was overexpressed in H1299 cells with or
without USP10 knockdown. The expression levels of USP10 and
TIMP3 were analyzed by western blotting (a). Cell growth and
migration were examined by colony formation (b) and transwell assays
(c). Scale bars:1 cm (b); 100 um (c). d—f TIMP3 was overexpressed in
H1299 cells with or without KLF4 knockdown. The expression levels
of KLF4 and TIMP3 were analyzed by western blotting (d). Cell

For cell migration assay, the assay was performed in 24-
well transwell plate with 8-mm polyethylene terephalate
membrane filters (Corning). Cells were allowed to migrate for
24 h in a humidified chamber. After the incubation period, the
filters were removed and fiwer with 4% formaldehyde for 15
min and cells located in the lower filters were stained with
0.1% crystal violet for 20 min and counted.

growth and migration were examined by colony formation (e) and
transwell assays (f). Scale bars:1 cm (e); 100 um (f). g—j The indicated
cells were subcutaneously injected (5 x 10° cells per mouse) into nude
mice (n=06). Tumor volume and weight were calculated. Scale
bars:0.5cm. a—f results are representative of three independent
experiments, the data are shown as mean=+s.d. Student’s r-test.
g—i Tumor volume and weight were analyzed, two-way ANOVA test;
*p <0.05, ***p <0.001

In vivo tumorigenesis and metastasis assay

Animal studies were conducted in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals with the approval of the Animal
Research Committee of Dalian Medical University. Male
nude mice (4—6 weeks of age, 18-20 g) were obtained from
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Fig. 7 USPI10 is positively correlated with KLF4 and TIMP3 expres-
sion in lung adenocarcinoma. a—g Representative images from
immunohistochemical staining of USP10, KLF4, and TIMP3 in Lung
adenocarcinoma (n=92) and matched adjacent tissue(n = 87),
respectively. We compared cancer tissues with adjacent tissues or
matched adjacent tissues using a Wilcoxon unpaired ¢ test or paired
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USP10 scores

t test (b—g). Scale bars: 50 um. h—j Kaplan—-Meier plot of overall
survival of 92 patients with lung adenocarcinoma. Statistical sig-
nificance was calculated using log-rank test. k—n The correlation of
USP10 with KLF4 and TIMP3 protein levels were analyzed. Scale
bars: 20 um. Data were analyzed using Pearson correlation
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Table 1 Target sequences of shRNAs for indivival genes

shRNA targeting KLF4 (human)

no.1 5-TTGGTGAGTCTTGGTTCTAA-3

no.2 5-CAGAACAAATGTGTTTTTCT-3
shRNA targeting USP10 (human)

no.1 5-CCTATGTGGAAACTAAGTATT-3

no.2 5-CCCATGATAGACAGCTTTGTT-3
shRNA targeting USP10 (mouse)

no.1 5-CGCAGAGGAGTATCTAGGTTT-3

no.2 5-CCAAACGGTCAAGGTTATTAA-3
shRNA targeting pVHL (human)

no.1 5-TATCACACTGCCAGTGTATAC-3

no.2 5-TAGGATTGACATTCTACAGTT-3
shRNA targeting FBX032 (human)

no.1 5-CTTGTTGGTGGCTCGACTCGA-3

no.2 5-AGATTCAGCAACTGGTTAAAG-3
shRNA targeting p-Trcp (human)

no.l1 5-GCGTTGTATTCGATTTGATAA-3

no.2 5-GCTGAACTTGTGTGCAAGGAA-3
shRNA targeting Mule (human)

no.l1 5-CGACGAGAACTAGCACAGAAT-3
no.2 5-CCACACTTTCACAGATACTAT-3
gRNA for KLF4 (human)

no.l1 5-CACCCGCCGGGCCAGACGCGAACG-3
no.2 5-CACCgTCTTTCTCCACGTTCGCGTC-3
gRNA for USP10(human)

no.1 5-CACCgGCCTGGGTACTGGCAGTCGA-3

the SPF Laboratory Animal Center of Dalian Medical
University (Dalian, China) and were randomly divided into
indicated groups. The indicated cells (2.5 x 10° or 5 x 10°)
were subcutaneously injected into the nude mice or injected
through the lateral tail vein into the nude mice. After
12 days, the tumor size was measured every 2 days by
Vernier callipers and converted to TV according to the
following formula: TV (mm®) = (axb?)/2, where a and b are
the largest and smallest diameters, respectively.

Dual-luciferase and chromatin immunoprecipitation
assays

The promoters of TIMP3 were constructed into the pGL3-
basic vector and these plasmids were transfected into H1299
cells. The luciferase activity was measured with a Promega
Dual-Luciferases Reporter Assay kit (Promega E1980)
according to the manufacturer’s protocols after transfection.
Relative Renilla luciferase activity was normalized to firefly
luciferase activity.

ChIP assays were performed by using the Millipore ChIP
kit (17-371RF) according to the manufacturer’s instructions.

Bound DNA fragments were subjected to RT-PCR using
specific primers (Table 2).

Mouse model

The Uspl0 KO mouse model was generated by Model
Animal Research Center of Nanjing University. Strategy of
Uspl10 KO mouse model was illustrated in Supplementary
Fig. 1G. Usp10 KO mice were identified by PCR of tail-tip
genomic DNA, the primers were shown in Supplementary
Table 2. For spontaneous lung tumor experiment, C57
Kras®?P"T mice were obtained from Shanghai Model
Organisms Center, Inc. The mice were identified by PCR of
tail-tip genomic DNA. The primers were shown in Table 2.

Virus delivery into the lung

The adeno-associated virus expressing shRNA Control or
shRNA USP10 (two different target sequences were listed
in supplementary Table 1) or AAV-Cre-GFP were pur-
chased from Hanbio Co.LTD (Shanghai, China). Delivery
of adeno-associated virus was performed accordingly to
previously established protocol.

Immunohistochemistry and lung histology

The lung ADC TMAs purchased from SHANG-
HAIOUTDOBIOTECHCO.LTD Company, contain enough
pairs of cancer tumors together with matched adjacent
normal tissue. We performed IHC staining for USP10,
KLF4, and TIMP3 on the same paraffin-embedded tissue
blocks that were used for clinical diagnosis.

Micro-CT imaging and processing

Micro-CT imaging was performed using standard imaging
protocol with a mCT machine (GE Healthcare). In brief,
animals were anesthetized using isoflurane and were set up
in the imaging bed with a nosecone providing constant
isoflurane. A total of 720 views were acquired for each
mouse using a soft-tissue fast-scan setting. Raw image
stacks were processed for lung reconstruction using the
standard ROI tool (MicroView). Rendering and quantifi-
cation were performed using render volume tool and mea-
surement tool in MicroView. Tumor burden was calculated
as the sum of the sizes in mm?® from all detectable tumors
per mouse, with six mice per group.

Fluorescence microscopy
For detection of subcellular localization by immuno-
fluorescence, after fixation with 4% paraformaldehyde and

permeabilization in 0.2% Triton X-100 PBS, cells were
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Table 2 Primers for the indicated gene products

Forward

Reverse

USP10 KO mice

TGGTAAACAGTACGGGGTTTCCTA

CTGCATTCTAGTTGTGGTTTGTCC

TTTCGGAGGACACGCTCTTC GAACATGCCCGACTCTACCC
KrastSEO12PWT pjce TGTCTTTCCCCAGCACAGT GCAGGTCGAGGGACCTAATA

CTGCATAGTACGCTATACCCTGT CTGCATAGTACGCTATACCCTGT
Human KLF4 ACCTACACAAAGAGTTCCCATC TGTGTTTACGGTAGTGCCTG
Human TIMP3 TGATGGCAAGATGTACACGG GAAGTCACAAAGCAAGGCAG
Human pVHL TGCCAATATCACACTGCCAG GTCTTTCTGCACATTTGGGTG
Human FBXO032 TCCAAAGAGTCGGCAAGTC ACAAAGGCAGGTCAGTGAAG
Human p-Trep CTTAAATGGACACAAACGAGGC CAACGCACCAATTCCTCATG

Human Mule
Human actin
Mouse KLF4
Mouse TIMP3
Mouse actin

P2 fro ChIP GTCTTTCTCCTCTGTGC

GTTATACTGTTCCCTGGTGTGG
CACCTTCTACAATGAGCTGCGTGTG
CCAGTATACATTCCGCCACAG
TGAAGGCAAGATGTACACAGG
ACCTTCTACAATGAGCTGCG

TACCTGCCTTCTCATCCTTTG
ATAGCACAGCCTGGATAGCAACGTAC
TCTGGGCTTCCTTTGCTAAC
GAGGTCACAAAACAAGGCAAG
CTGGATGGCTACGTACATGG
CGCTGCCTGGGCGGCCG

incubated with antibodies: anti-USP10 (1:200, ab72486,
Abcam), anti-KLF4 (1:100, SC-166190, Santa Cruz) for 8 h
at 4 °C. The nuclei were stained with DAPI (Sigma), and
images were visualized with a Zeiss LSM 510 Meta
inverted confocal microscope.

Real-time RT-PCR

Total RNA was isolated using Trizol (Invitrogen). One
microgram of total RNA was used to synthesize cDNA
using the PrimeScript™ RT reagent kit (Takara, RRO47A)
according to the manufacturer’s instructions. The primers
were listed in the Table 2.

RNA-seq

RNA extraction, library construction, sequencing, and data
analysis were performed by Annoroad Gene Technology,
Beijing, China.

TCGA analysis

Gene expression counts of two TCGA cohorts of lung cancer
patients quantified by HTSeq were retrieved from GDC data
portal (https://portal.gdc.cancer.gov/). In addition, another
dataset of 199 NSCLC patient samples was obtained from the
NCBI sequence read archive (GEO accession number:
GSE81089) and included in our gene expression analysis.

Study approval

All animals were housed and handled in accordance with
the Animal Care and Use Committee at Dalian Medical
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University. All animal studies were conducted in accor-
dance with the Dalian Medical University guidelines for
animal care, and all animal procedures were approved by
the IACUC of the Dalian Medical University (Dalian,
China). All studies were performed in accordance with
national animal protection laws (certificate number
AEE17031). The characteristics of the patients and their
tumors were collected through review of medical records
and pathologic reports. Informed consent with approval of
the ethics committee of Taizhou Hospital of Zhejiang Pro-
vince was obtained. All of the methods in this study were in
accordance with the approved guidelines, and all of the
experimental protocols were approved by the ethics com-
mittee of Taizhou Hospital of Zhejiang Province.

Statistical analysis

The statistical significance of differences between various
groups was calculated with the two-tailed paired #-test, and
error bars represent standard deviation of the mean (s.d.).
Statistical analyses, unless otherwise indicated, were per-
formed using GraphPad Prism 5 and 7. Data are shown as
mean + s.d.
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