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Quaking 5 suppresses TGF-b-induced EMT and cell
invasion in lung adenocarcinoma
Shengjie Wang1,2,3,† , Xin Tong1,2,†, Chang Li4,†, Ersuo Jin1,2 , Zhiyue Su1,2, Zelong Sun1,2,

Weiwei Zhang1,2, Zhe Lei1,2 & Hong-Tao Zhang1,2,5,*

Abstract

Quaking (QKI) proteins belong to the signal transduction and
activation of RNA (STAR) family of RNA-binding proteins that
have multiple functions in RNA biology. Here, we show that QKI-5
is dramatically decreased in metastatic lung adenocarcinoma
(LUAD). QKI-5 overexpression inhibits TGF-b-induced epithelial–
mesenchymal transition (EMT) and invasion, whereas QKI-5 knock-
down has the opposite effect. QKI-5 overexpression and silencing
suppresses and promotes TGF-b-stimulated metastasis in vivo,
respectively. QKI-5 inhibits TGF-b-induced EMT and invasion in a
TGFbR1-dependent manner. KLF6 knockdown increases TGFbR1
expression and promotes TGF-b-induced EMT, which is partly abro-
gated by QKI-5 overexpression. Mechanistically, QKI-5 directly
interacts with the TGFbR1 30 UTR and causes post-transcriptional
degradation of TGFbR1 mRNA, thereby inhibiting TGF-b-induced
SMAD3 phosphorylation and TGF-b/SMAD signaling. QKI-5 is posi-
tively regulated by KLF6 at the transcriptional level. In LUAD
tissues, KLF6 is lowly expressed and positively correlated with QKI-5
expression, while TGFbR1 expression is up-regulated and inversely
correlated with QKI-5 expression. We reveal a novel mechanism
by which KLF6 transcriptionally regulates QKI-5 and suggest that
targeting the KLF6/QKI-5/TGFbR1 axis is a promising targeting
strategy for metastatic LUAD.
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Introduction

Improving clinical outcomes for lung cancer (LC) is still challenging

due to its high metastasis and mortality (Jett et al, 1983; Siegel et al,

2019). Non-small-cell lung cancer (NSCLC) accounts for ~ 85% of

all LC cases, which includes lung adenocarcinoma (LUAD), lung

squamous cell carcinoma (LUSC), and large cell carcinoma (Chen

et al, 2014). LUAD represents the most common subtype of NSCLC

and has the highest heterogeneity and aggressiveness (Kuhn et al,

2018). Thus, it is of great importance and urgency to elucidate the

mechanisms underlying LUAD metastasis.

Epithelial–mesenchymal transition (EMT) has been demonstrated

to associate with tumor initiation, metastasis, and drug resistance

(Du & Shim, 2016; Pastushenko & Blanpain, 2019). When cells

undergo EMT, epithelial markers (e.g., E-cadherin) are down-

regulated while mesenchymal markers (e.g., N-cadherin and Snail)

are up-regulated, accompanied by a cuboidal-to-spindle shape shift.

These changes confer tumor cells with malignant characteristics,

including increased metastatic capabilities (Dongre & Weinberg,

2019). Transforming growth factor-b (TGF-b)/SMAD signaling plays

a predominant role in triggering EMT (Lamouille et al, 2014). Our

previous studies indicated that activation of TGF-b/SMAD signaling

can drive TGF-b-induced EMT in LUAD cells (Wang et al, 2016;

Wang et al, 2018; Tong et al, 2020). TGF-b receptor type I

(TGFbR1), an indispensable upstream receptor in TGF-b/SMAD

signal transduction, initiates a cascade reaction through phosphory-

lating R-SMADs and thereby activating the pathway (Schmierer &

Hill, 2007). There is convincing evidence showing that dysregula-

tion and dysfunction of TGFbR1 can affect tumor metastasis by

regulating TGF-b/SMAD signaling in NSCLC and breast cancer

(Fang et al, 2013; Wang et al, 2015; Kudinov et al, 2016).

Quaking (QKI) proteins, including three major isoforms QKI-5,

QKI-6, and QKI-7, belong to the signal transduction and activation

of RNA (STAR) family of RNA-binding proteins (RBPs). QKIs exert

multiple functions in RNA biology, thereby affecting transcription,

translation, shuttling between nucleus and cytoplasm, and non-

coding RNA processing (Larocque et al, 2002; Wang et al, 2013;

Zong et al, 2014; Conn et al, 2015; Zhou et al, 2017). Unlike QKI-6

and QKI-7 found in the cytoplasm, QKI-5 is mainly localized to the

nucleus because it has a nuclear localization signal (Wu et al,

1999). It was reported that QKI-5 was frequently reduced in

lung cancer (Zong et al, 2014; Zhou et al, 2017), suggesting a
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tumor-suppressive role of QKI-5 in lung cancer. Most recently, Liang

et al (2020) found that QKI-5 exhibited anticancer potential by

inhibiting miR-196b-5p in NSCLC. To date, QKI-5 was identified to

inhibit LUAD aggressiveness through preventing b-catenin activa-

tion (Zhou et al, 2017). However, an involvement of QKI-5 in TGF-

b/SMAD signaling and its underlying mechanisms remain unclear in

LUAD. Moreover, the reason why QKI-5 is down-regulated in LUAD

needs to be further elucidated.

Kr€uppel-like factor 6 (KLF6) is a broadly expressed zinc finger

transcription factor, which has been found to be frequently

decreased or inactivated in several human cancers, such as prostate

cancer, colorectal cancer, and NSCLC (Narla et al, 2001; Ito et al,

2004; Reeves et al, 2004). Given that we have previously demon-

strated that the transcriptional regulation of oncogenes or tumor

suppressors participates in TGF-b-induced EMT and NSCLC metasta-

sis (Wang et al, 2016; Tong et al, 2020) and a series of computa-

tional algorithms predicted that two putative KLF6 binding sites

(KBEs) are harbored in QKI-5 gene promoter, it was proposed that

KLF6 may transcriptionally regulate QKI-5 during LUAD metastasis.

Here, we have screened for metastatic LUAD-associated RBPs

and investigated whether QKI-5 contributes to TGF-b-induced EMT

and metastasis by regulating TGF-b/SMAD signaling in LUADs. We

have explored the novel mechanism by which KLF6 transcription-

ally regulates QKI-5 in LUADs and find that QKI-5 can prevent TGF-

b/SMAD signaling by post-transcriptionally inhibiting TGFbR1
mRNA and thereby repressing TGF-b-induced EMT and metastasis

of LUAD cells. Intriguingly, we also reveal that QKI-5 is positively

regulated by KLF6 at the transcriptional level. Our findings discover

a KLF6/QKI-5/TGFbR1 axis that blocks TGF-b/SMAD signaling,

providing new insight for a better understanding of TGF-b-induced
EMT and metastasis in LUAD.

Results

Identification of metastatic LUAD-associated QKI-5

In order to identify LUAD-associated RBPs, we firstly screened for

the differentially expressed genes in 4 independent data sets, which

meet the following criteria: (i) For TCGA_LUAD database (https://

gdc.cancer.gov/), false discovery rate (FDR) < 0.01 and the absolute

value of log2 fold change (abs.log2FC) > 1 were applied; (ii) for lung

cancer data sets of GSE40791, GSE75037, and GSE7670 from Gene

Expression Omnibus (GEO) database (Chen et al, 2009; Zhang et al,

2012; Girard et al, 2016), adjusted P-value < 0.01 and abs.log2FC > 1

were applied. Subsequently, ATtRACT database (Giudice et al, 2016)

containing all human RBPs was intersected with the aforementioned

four data sets to yield the differentially expressed RBPs. In total, we

identified four differentially expressed RBPs associated with LUAD:

ADARB1, CELF2, QKI, and ZFP36 (Fig 1A). Next, we detected the

expression of these 4 LUAD-associated RBPs by qRT–PCR in 61

LUAD and matched paracarcinoma tissues, and LUAD tissues

showed significant reduction in three RBPs (CELF2, QKI, and ZFP36)

when compared with paracarcinoma tissues (Fig 1B upper panel and

Appendix Table S1). However, we found that only QKI expression

was significantly down-regulated in metastatic LUAD tissues

(n = 28) compared with that in non-metastatic counterparts

(n = 33), when 61 paired LUAD samples were divided into

metastatic and non-metastatic groups (Fig 1B lower panel and

Appendix Table S1). Furthermore, clinical data analysis was

performed to investigate the role of QKI in the progression and prog-

nosis of LUAD. As a result, TCGA and CPTAC analysis (UALCAN,

http://ualcan.path.uab.edu/) showed that QKI mRNA and protein

levels were lower in LUAD tissues than those in normal lung tissues,

and QKI expression was negatively correlated with the clinical stage

of LUAD (Fig 1C and D). Kaplan–Meier survival analysis (http://

kmplot.com/analysis/) showed that low expression of QKI was

significantly associated with poor survival in LUAD patients, but not

in lung squamous carcinoma (LUSC; Fig 1E–G). Collectively, these

data suggest that QKI is linked to LUAD metastasis.

In fact, QKI has three major isoforms, including QKI-5, QKI-6,

and QKI-7. QKI-5 is mainly localized in the nucleus due to its

nuclear localization signal, while QKI-6 and QKI-7 are in the cyto-

plasm (Wu et al, 1999). In this study, QKI-5 mRNA expression was

far higher than QKI-6 and QKI-7 in LUAD cell lines A549 and H1299

(Fig 1H), and QKI-5 mRNA and protein expression was significantly

lower in A549 and H1299 cells than that in lung normal epithelial

cell line BEAS-2B (Fig 1H and I). Moreover, the data regarding QKI-

5 can be reflected in LUAD tissues of patients (n = 61), which

showed a significant reduction in QKI-5 mRNA expression (47/61,

77.1%) when compared with matched paracarcinoma tissues

(Fig 1J and K). Importantly, QKI-5 mRNA expression was lower in

metastatic LUAD tissues than that in non-metastatic counterparts

(Fig 1L, Appendix Tables S2 and S3). Therefore, we will focus on

QKI-5 to explore the mechanisms behind its metastasis-suppressing

potential in LUADs.

QKI-5 directly interacts with TGFbR1 mRNA by targeting TGFbR1
30 UTR in LUAD cells

Next, as shown in Fig 2A, we identified 2,511 potential QKI-targeted

genes by integrating 3 RBP-binding sites database (POSTAR,

EuRBPDB, and doRiNA) (Blin et al, 2015; Zhu et al, 2019; Liao et al,

2020). Interestingly, Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analysis of these 2511 QKI-targeted genes

revealed that 22 genes were part of the TGF-b signaling pathway

(Fig 2B). Among these 22 genes, TGFbR1, an upstream receptor that

initiates TGF-b/SMAD signaling, has attracted our attention because

we are interested in studying the crucial role of TGF-b signaling in

NSCLC metastasis (Wang et al, 2016; Wang et al, 2018; Tong et al,

2020). Thus, we performed nuclear/cytosol fractionation experi-

ments and found that QKI-5 was predominantly distributed in the

nucleus (Fig 2C), being consistent with the previous report (Wu

et al, 1999). Subsequently, we performed RIP using anti-QKI-5 anti-

body and qRT–PCR assays in nuclear and cytoplasmic extracts from

A549 and H1299 cells. The results indicated that QKI-5 can specifi-

cally bind to TGFbR1 mRNA in the nucleus of A549 and H1299 cells

(Fig 2D and E).

It has been well documented that QKI regulates gene expression

by binding to 30 UTR of target mRNAs via a specific QKI response

element [QRE, 50-A(C/U)UAAY] (Fig 2F) (Galarneau & Richard,

2005; Thangaraj et al, 2017). Sequence analysis revealed that there

were two putative QREs at positions 2,108–2,113 and 2,486–2,491

in TGFbR1 30 UTR, termed as QRE-1 and QRE-2 (Fig 2G upper

panel). To verify whether the two predicted QREs affect the post-

transcriptional regulation of TGFbR1 mRNA through interacting
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Figure 1. Identification of metastasis-associated QKI in human LUAD.

A Four lung cancer data sets including TCGA_LUAD database, and GSE40791, GSE75037, GSE7670 from GEO database were intersected with human RBP database
ATtRACT to identify the differentially expressed RBPs in LUAD. The Venn diagram depicts the overlap between five independent data sets.

B The upper panel showing qRT–PCR analysis of four identified LUAD-associated RBPs (ADARB1, CELF2, QKI, and ZFP36) mRNA levels in 61 LUAD tissues and matched
paracarcinoma tissues. The lower panel showing relative mRNA expression (T/N) of the four RBPs in metastatic (n = 28) and non-metastatic (n = 33) LUAD tissues.
LUAD tissues were classified into metastatic and non-metastatic tissues as described in Materials and Methods. T, LUAD tissues; N, paracarcinoma tissues. Y axis
represents the log10-transformed fold change of mRNA expression (T/N) of four RBPs. Data are shown as the mean � SD. ns, not significant; **P < 0.01 and
***P < 0.001 by unpaired Student’s t-test.

C, D Comparison of QKI mRNA and protein expression between normal lung tissues and LUAD tissues, which were stratified by clinical stages (Stages 1–4) in TCGA
database. Data are shown as the boxplot. Central band: median; upper and lower line of boxes: upper and lower quartile; upper and lower line of whiskers:
maximum and minimum. P < 0.001 compared to normal lung tissues by unpaired Student’s t-test.

E–G Kaplan–Meier survival curves (http://kmplot.com/analysis/) of LC, LUAD, and LUSC patients (n = 1,540, n = 865, and n = 675, respectively) with high or low
expression levels of QKI. The log-rank test was used to analyze the difference between two groups.

H qRT–PCR analysis of endogenous mRNA levels of QKI-5, QKI-6, and QKI-7 in human bronchial epithelial cell line BEAS-2B, LUAD cell lines A549 and H1299. Data are
shown as the mean � SD of n = 3 technical replicates. ***P < 0.001 compared to BEAS-2B cells by unpaired Student’s t-test.

I Western blot analysis of QKI-5 protein levels in BEAS-2B, A549, and H1299 cells. b-actin was used as an internal control.
J, K qRT–PCR analysis of QKI-5 mRNA in 61 LUAD tissues and matched paracarcinoma tissues (J) and T/N mRNA expression of QKI-5 in 61 paired LUAD tissues (K). T,

LUAD tissues; N, paracarcinoma tissues. Y axis represents the log10-transformed fold change of mRNA expression of QKI-5. In the violin plot, central dotted line
represents median, and upper and lower dotted line represents quartile (J). ***P < 0.001 by unpaired Student’s t-test.

L Violin plots showing QKI-5 mRNA expression (T/N) in metastatic (n = 28) and non-metastatic (n = 33) LUAD tissues. Central dotted line of the violin plot represents
median, and upper and lower dotted line represents quartile. *P < 0.05 by unpaired Student’s t-test.

Source data are available online for this figure.
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with QKI-5, we prepared a series of TGFbR1 30 UTR fragments

containing wild-type or mutant QRE-1/2 (Fig 2G lower panel and

Appendix Table S4) and overexpressed QKI-5 via lentiviral

expression system in A549 and H1299 cells (Fig 2H). Then, we

created various constructs encompassing above-mentioned TGFbR1
30 UTR fragments using Dual-Luciferase reporter vector (Fig 2I left
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Figure 2.
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panel) and transfected them into A549 and H1299 cells overexpress-

ing QKI-5. Luciferase reporter assay showed that QKI-5 overexpres-

sion resulted in a dramatic reduction in luciferase activity of

TGFbR1 30 UTR. Importantly, we found that either the QRE-2 muta-

tion or the combined mutations of QRE-1 and QRE-2, but not the

QRE-1 mutation, abolished the inhibitory effects of QKI-5 overex-

pression on luciferase activity in A549 and H1299 cells (Fig 2I

middle and right panels). To further confirm these luciferase data,

we performed in vitro RNA pull-down assays in A549 and H1299

cells and detected that QKI-5 protein was obviously pulled down by

biotin-labeled TGFbR1 30 UTR fragments carrying wild-type QRE-1/2

or mutant QRE-1 (Fig 2J), suggesting that QRE-2 of TGFbR1 mRNA

is a target site of QKI-5. Overall, these findings demonstrate that

QKI-5 directly interacts with TGFbR1 mRNA through binding to

TGFbR1 30 UTR in LUAD cells.

QKI-5 negatively regulates TGFbR1 and TGF-b/SMAD signaling in
LUAD cells

Based on the aforementioned findings, we speculated that QKI-5

may post-transcriptionally regulate the expression of TGFbR1 gene

in LUAD cells. To test this, we performed qRT–PCR and Western

blot assays to measure TGFbR1 mRNA and protein levels in A549

and H1299 cells stably overexpressing or silencing QKI-5. We found

that QKI-5 overexpression dramatically reduced the expression of

TGFbR1 at both mRNA and protein levels in A549 and H1299 cells

(Fig 3A and B). On the contrary, knockdown of QKI-5 significantly

increased the TGFbR1 mRNA and protein expression in A549 and

H1299 cells (Fig 3C and D). These data suggested that QKI-5

suppressed TGFbR1 expression in LUAD cells. Accumulating

evidence suggests that QKI plays critical and diverse biological roles

in regulating RNA, including mRNA stability and translational effi-

ciency (Saccomanno et al, 1999; Larocque et al, 2002; Wang et al,

2013; Zhou et al, 2017). In the present study, we conducted a stan-

dard mRNA stability assay (Rodrigues et al, 2016) to investigate

whether QKI-5 affected the stability of TGFbR1 mRNA. As expected,

upon actinomycin D treatment, TGFbR1 mRNA expression was

inhibited and decreased in time-dependent manner (Fig 3E and F).

Importantly, TGFbR1 mRNA reduction was significantly faster in

QKI-5-overexpressing A549 and H1299 cells than that in control

cells (Fig 3E), whereas the opposite tendency occurred in QKI-

5-silenced A549 and H1299 cells (Fig 3F). In summary, these results

indicate that QKI-5 promotes TGFbR1 mRNA instability, supporting

that QKI-5 is capable of accelerating TGFbR1 mRNA degradation at

post-transcriptional level in LUAD cells.

Given the fact that TGFbR1 acts as an indispensable receptor in

TGF-b/SMAD signal transduction (Schmierer & Hill, 2007), we are

inspired to explore whether QKI-5 regulates TGF-b/SMAD signaling

in LUAD cells. In addition, TGFbR1 directly phosphorylates SMAD3,

which is a hallmark of TGF-b/SMAD activation (ten Dijke & Hill,

2004). Therefore, we detected TGF-b-induced phosphorylation of

SMAD3 (p-SMAD3) in QKI-5-overexpressing or QKI-5-silenced

LUAD cells. Upon TGF-b1 stimulation, QKI-5 overexpression signifi-

cantly inhibited the expression levels of p-SMAD3 under the precon-

dition of not changing total SMAD3 protein levels in A549 and

H1299 cells (Fig 3G and H). In contrast, shRNA-mediated silencing

of QKI-5 enhanced the expression levels of p-SMAD3 in the presence

of TGF-b1 (Fig 3I and J). Moreover, upon TGF-b1 stimulation, QKI-

5-overexpressing A549 and H1299 cells showed significant changes

in the expression of downstream genes of TGF-b/SMAD signaling,

including PAI-1, Slug, Snail, E-cadherin, and/or N-cadherin

(Fig 3K). Taken together, our results reveal that QKI-5 can nega-

tively regulate TGFbR1, thereby undermining the TGF-b/SMAD

signaling pathway in LUAD cells.

QKI-5 represses TGF-b-induced EMT and migration and invasion
of LUAD cells

According to the above findings and our previous studies that TGF-

b/SMAD activation promotes EMT and invasion of NSCLC cells

(Wang et al, 2016; Tong et al, 2020), we hypothesized that QKI-5

may inhibit TGF-b-induced EMT and migration and invasion of

◀ Figure 2. QKI-5 directly interacts with TGFbR1 mRNA by targeting TGFbR1 30 UTR in LUAD cells.

A The Venn diagram depicts the identification of 2,511 QKI-targeted genes overlapping between three RBP-binding sites databases (POSTAR, EuRBPDB, and doRiNA).
B KEGG enrichment analysis was performed by clusterProfiler in R language. Top 20 interested KEGG enrichment terms of 2,511 QKI-targeted genes identified in (A)

were shown in left panel. A total of 22 genes were enriched in TGF-b signaling pathway, which were presented in right panel.
C Western blot analysis of QKI-5 expression in nuclear and cytoplasmic fractions extracted from A549 and H1299 cells. Lamin B and b-actin were used as internal

controls in nuclear and cytoplasmic extracts, respectively.
D Anti-QKI-5 RIP was conducted in nuclear and cytoplasmic extracts from A549 cells and H1299 cells, and followed by RT–PCR and gel-staining analyses to examine

TGFbR1 mRNA enrichment. The input and anti-IgG antibody were used as positive and negative controls, respectively. GAPDH served as an internal RNA control in RT–
PCR analysis.

E After RIP assay, endogenous TGFbR1 mRNA was enriched from A549 cells and H1299 cells and determined by qRT–PCR. Results were shown as the percentage of the
enrichment to input. Data are shown as the mean � SD of n = 3 technical replicates. **P < 0.01; ***P < 0.001 by unpaired Student’s t-test.

F A conserved consensus QKI-5 response element (QRE) was presented.
G Schematic drawing shows two predicted QREs in TGFbR1 mRNA 30 UTR (upper panel). Boxed areas indicate several TGFbR1 30 UTR segments (positions, 2,058–2,557)

containing wild type (TGFbR1 30 UTR-WT) or mutants of QRE-1/2 (TGFbR1 30 UTR-Mut1, TGFbR1 30 UTR-Mut2, and TGFbR1 30 UTR-Mut1*2; lower panel), which are
prepared to subclone into pGL3-Luc reporter vector. Numbers represent the nucleotide position of TGFbR1 mRNA.

H Western blot analyses of QKI-5 expressed in A549 and H1299 cells stably overexpressing Flag-tagged QKI-5.
I Left panel: schematic drawing of the pGL3-TGFbR1 30 UTR luciferase reporter assay system. Middle and right panels: QKI-5-overexpressing and vector A549 and H1299

cells were transfected with pGL3-Luc reporter plasmids that were made by fusing the above-mentioned TGFbR1 30 UTR segments. Relative luciferase activities were
determined as described in Materials and Methods and normalized to those in vector cells. Data are shown as the mean � SD of n = 3 technical replicates.
*P < 0.05, **P < 0.01 and ***P < 0.001 by unpaired Student’s t-test.

J In vitro RNA pull-down assays were performed using biotin-labeled TGFbR1 30 UTR segments in A549 and H1299 cells. After pull-down, endogenous QKI-5
enrichments were detected by Western blot analyses. b-actin was used as the protein control.

Source data are available online for this figure.
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LUAD cells. Upon TGF-b1 stimulation, QKI-5-overexpressing A549

and H1299 cells exhibited significantly reduced protein levels of

mesenchymal markers N-cadherin and Snail (Fig 4A). Moreover, we

carried out IF assays using F-actin antibody to label the cytoskeleton

of QKI-5-overexpressing LUAD cells with and without TGF-b1

treatment and examined cell morphology. After treatment with TGF-

b1 for 24 h, A549 and H1299 cells expressing empty vector

displayed the typical spindle-shape mesenchymal morphology,

whereas A549 and H1299 cells overexpressing QKI-5 largely

reversed the mesenchymal morphology (Fig 4B). Wound-healing
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Figure 3.
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migration assay, as well as Transwell migration and invasion

assays, showed that QKI-5 overexpression significantly suppressed

TGF-b-induced migratory and invasive capabilities of A549 and

H1299 cells (Fig 4C–J). Furthermore, shRNA-mediated silencing of

QKI-5 effectively promoted TGF-b-induced EMT by downregulating

E-cadherin or upregulating N-cadherin and Snail in A549 and H1299

cells (Fig EV1A–D) and enhanced TGF-b-induced migratory and

invasive abilities (Fig EV1E–H). Collectively, these results show that

QKI-5 inhibits TGF-b-induced EMT and migration and invasion of

LUAD cells.

QKI-5 attenuates TGF-b-stimulated LUAD cell metastasis in vivo

To further elucidate the function of QKI-5 exerting in LUAD cell

metastasis in vivo, we injected BALB/c nude mice intravenously

(i.v.) with A549 cells stably overexpressing QKI-5 and vector

control A549 cells, followed by injecting intraperitoneally (i.p.)

with TGF-b1, established an in vivo model of LUAD metastasis

(Fig 5A and B). At eight weeks post-inoculation, the mice were

euthanized and their lungs and livers were surgically resected for

evaluation of metastases and histology (Fig 5A). As shown in

Fig 5C and D, the mice injected with QKI-5-overexpressing A549

cells developed fewer metastatic lung nodules than those injected

with control A549 cells. The metastatic liver nodules were

macroscopically undetectable in mice. However, the results of

hematoxylin-eosin (H&E) staining showed that the injection of QKI-

5-overexpressing A549 cells resulted in significantly fewer micro-

metastatic foci in lung and liver tissues as compared with vector

control group (Fig 5E–H). Moreover, the mice injected with QKI-

5-silenced A549 cells exhibited more metastatic lung nodules and

micrometastatic foci than those injected with control cells (Fig 5E–

K). Taken together, the in vivo metastasis assays show that QKI-5

suppresses TGF-b-stimulated metastasis of LUAD cells, further

supporting our in vitro findings.

Knockdown of TGFbR1 suppresses TGF-b-induced EMT and
invasion of LUAD cells

Since QKI-5 overexpression effectively reduced TGFbR1 expression

(Fig 3A and B) and repressed TGF-b-induced EMT and LUAD cell

metastasis in vitro and in vivo (Figs 4A–J and 5C–H), we next

explored whether TGFbR1 silencing could copy the phenotype

caused by QKI-5 overexpression. As illustrated in Fig EV2A–D,

shRNA-mediated silencing of TGFbR1 decreased the expression

levels of p-SMAD3 and mesenchymal markers N-cadherin and

Snail in A549 and H1299 treated with TGF-b1. Furthermore, Tran-

swell assays indicated that TGFbR1 silencing markedly inhibited

TGF-b-induced migratory and invasive capabilities of A549 and

H1299 cells (Fig EV2E–H). Taken together, our results show that

TGFbR1 silencing can block TGF-b/SMAD signaling and inhibit

TGF-b-induced EMT and invasion of LUAD cells, which mimics

the phenotypic changes resulted from QKI-5 overexpression

in LUADs.

QKI-5 inhibits TGF-b-induced EMT and cell invasion via a
TGFbR1-dependent manner

Our aforementioned results indicate that QKI-5 not only represses

TGFbR1, but also inhibits TGF-b-induced EMT and invasion in

LUAD cells. To address the question of whether QKI-5 regulates

these biological processes in a TGFbR1-dependent manner, we first

performed a direct rescue experiment in A549 and H1299 cells

overexpressing QKI-5 and TGFbR1 ORF-only. TGFbR1 cDNA, lacks

the 30UTR containing QREs, not only restored the TGFbR1 expres-

sion repressed by QKI-5 overexpression in A549 and H1299 cells

(Fig 6A) but also abolished the inhibition of p-SMAD3, N-cadherin,

and Snail caused by QKI-5 overexpression in A549 and H1299 cells

treated with TGF-b1 (Fig 6B). Importantly, the TGFbR1 cDNA

overexpression rescued TGF-b-induced migratory and invasive

capabilities of A549 and H1299 cells overexpressing QKI-5 in the

presence of TGF-b1 (Fig 6C–F). Moreover, TGFbR1 mRNA expres-

sion was significantly up-regulated (51/61, 83.6%) in 61 LUAD

tissues (Fig 6G and H) and negatively correlated with QKI-5 mRNA

expression (Figs 6I and 1K). Importantly, TGFbR1 mRNA expression

was higher in metastatic LUAD tissues than that in non-metastatic

counterparts (Appendix Tables S2 and S3). Kaplan–Meier survival

analysis (http://kmplot.com/analysis/) showed that LUAD patients

with high expression of TGFbR1 had a significantly poor survival

(Fig 6J).

Furthermore, we treated A549 cells with SB431542, a specific

TGFbR1 kinase inhibitor (Mikami et al, 2006; Muppala et al, 2017),

blocked TGF-b/SMAD signaling. Being consistent with the impact of

QKI-5 overexpression on cell invasion, SB431542 abolished TGF-

b-mediated migratory and invasive abilities of A549 cells (Fig EV3A

◀ Figure 3. QKI-5 negatively regulates TGFbR1 and TGF-b/SMAD signaling in LUAD cells.

A, B qRT–PCR and Western blot analyses of TGFbR1 mRNA and protein levels in QKI-5-overexpressing A549 and H1299 cells. Data are shown as the mean � SD of
n = 3 technical replicates. **P < 0.01 by unpaired Student’s t-test.

C, D Expression of TGFbR1 mRNA and protein in QKI-5-silenced A549 and H1299 cells. **P < 0.01 and ***P < 0.001 by unpaired Student’s t-test.
E, F The mRNA stability of TGFbR1 was examined in QKI-5-overexpressing/-silenced and control A549 and H1299 cells. Cells were treated with actinomycin D (Act-D,

10 lg/ml) for 0, 2, 4, or 6 h, and mRNA levels of TGFbR1 were determined by qRT–PCR. The quantity value of qRT–PCR at 0 h was set 1. *P < 0.05 and **P < 0.01
by unpaired Student’s t-test.

G, H After being serum-starved for 24 h, A549 and H1299 cells stably overexpressing QKI-5 were treated with or without TGF-b1 (5 or 10 ng/ml) for 24 h and subjected
to Western blot assays to determine the protein levels of QKI-5, TGFbR1, p-SMAD3, and SMAD3. b-actin was used as an internal control.

I, J QKI-5-silenced A549 and H1299 cells were treated as above. Then, Western blot analysis was conducted to examine the protein levels of QKI-5, TGFbR1, p-SMAD3,
and SMAD3.

K QKI-5-overexpressing A549 and H1299 cells were treated as above and subjected to qRT–PCR assays to detect the mRNA expression of downstream genes of the
TGF-b/SMAD signaling, including PAI-1, Slug, Snail, E-cadherin, and/or N-cadherin. Data are shown as the mean � SD of n = 3 technical replicates. *P < 0.05,
**P < 0.01 and ***P < 0.001 by unpaired Student’s t-test.

Source data are available online for this figure.
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and B), indicating that the invasion-suppressing action of QKI-5

overexpression was recapitulated by TGFbR1 inhibitor. SB431542

almost completely offset the promotion effect of QKI-5 silencing on

TGF-b-induced migratory and invasive abilities of A549 cells (Fig

EV3C and D), suggesting that TGFbR1 inhibitor abolished the effects

of QKI-5 silencing on TGF-b-induced cell invasion. Taken together,
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our results demonstrate that QKI-5 inhibits TGF-b-induced EMT,

LUAD cell migration, and invasion in a TGFbR1-dependent manner.

KLF6 transcriptionally regulates QKI-5 gene in LUADs

Subsequently, we explored why QKI-5 was frequently down-

regulated in LUADs. First, after intersecting the aforementioned four

data sets (Fig 1A) with human TFs database JASPAR (Fornes et al,

2020), we obtained 25 differentially expressed TFs in LUADs, 10 of

which were predicted to have potential binding sites in the QKI-5

promoter (Fig 7A and B). Of note, knockdown of FLI1, KLF6, and

TBX3 expression (Fig 7C) significantly affected QKI-5 mRNA expres-

sion in A549 cells (Fig 7D). In this study, more attention was paid

to KLF6 because of it was frequently reduced in various human

cancers, including NSCLC (Narla et al, 2001; Ito et al, 2004; Reeves

et al, 2004). Furthermore, we found that KLF6 knockdown also

attenuated QKI-5 protein levels in A549 cells (Fig 7E). These results

suggested that KLF6 may positively regulate QKI-5 at transcriptional

level. By analyzing KLF6-ChIP-seq data (GSE96355), we found an

obvious peak (position �100 to +100) flanking the QKI-5 promoter

(Fig 7F). Also, we predicted two putative KLF6-binding elements

(KBEs) at positions �346 to �336 (termed as KBE1) and +21 to +31

(termed as KBE2) in QKI-5 promoter (QP) using PROMO and

JASPAR (Fig 7G upper panel). Subsequently, ChIP assays in A549

cells showed that a DNA fragment containing KBE2 rather than

KBE1 in DQP was enriched using anti-KLF6 antibody (Fig 7G lower

panel), indicating a direct interaction of KLF6 with QKI-5 promoter

via binding to KBE2.

Next, to clarify whether KLF6 contributes to QKI-5 transcriptional

activity through KBE2, we constructed four different pGL3-DQP luci-

ferase reporter plasmids containing wild type or mutants of KBE1

and 2 (Fig 7H left panel and Appendix Table S4) and co-transfected

them with KLF6 siRNAs into A549 cells. Results of luciferase

reporter assay showed that pGL3-DQP activity inhibition by KLF6

knockdown was abolished only when KBE2 was mutated (Fig 7H

right panel), indicating that KBE2 of QKI-5 promoter is a functional

KLF6-binding site. In support of these results, KLF6 mRNA expres-

sion was significantly down-regulated (46/61, 75.4%) in 61 LUAD

tissues (Fig 7I and J) and positively correlated with QKI-5 mRNA

expression (Figs 7K and 1K). Taken together, these results reveal a

transcriptional regulation mechanism of QKI-5 by KLF6, being

responsible for the altered expression of QKI-5 in LUADs.

KLF6 knockdown leads to an increase in TGFbR1 expression and
promotes TGF-b-induced EMT and LUAD cell invasion, which is
mediated by QKI-5

Based on the aforementioned findings that QKI-5 repressed TGFbR1
expression (Fig 3A and B) and inhibited TGF-b-induced EMT and

invasion of LUAD cells (Fig 4A–J) while KLF6 positively regulated

QKI-5 expression at transcriptional level (Fig 7C–H), we were

encouraged to investigate whether KLF6 reduces TGFbR1 expression

and inhibits TGF-b-induced EMT in a QKI-5-dependent manner.

Firstly, a rescue experiment combining KLF6 knockdown and QKI-5

overexpression was performed to determine the expression of

TGFbR1 and EMT markers. As a result, siRNA-mediated knockdown

of KLF6 caused a robust increase in mRNA and protein levels of

TGFbR1, which was significantly abrogated by QKI-5 overexpres-

sion in A549 cells (Fig EV4A and B). Moreover, knockdown of KLF6

increased the expression levels of p-SMAD3 and mesenchymal

markers N-cadherin and Snail in A549 cells treated with TGF-b1.
However, QKI-5 overexpression partly abolished the increase of

p-SMAD3, N-cadherin, and Snail expression caused by KLF6 knock-

down (Fig EV4C). Furthermore, wound-healing and Transwell

assays showed that knockdown of KLF6 markedly prompted TGF-

b-induced migratory and invasive capabilities of A549 cells, whereas

this promotion effect was significantly impaired by QKI-5 overex-

pression (Fig EV4D–G). Collectively, these results indicate KLF6

regulates TGFbR1 expression and TGF-b-induced EMT as well as

LUAD cell invasion, which were largely mediated by QKI-5.

Discussion

So far, whether and how RBPs regulates TGF-b/SMAD signaling and

act on TGF-b-induced EMT and metastasis of LUAD cells remains

poorly understood. In this study, we identified a metastatic LUAD-

associated RBP, QKI-5, which exerts anti-metastatic functions by

destabilizing TGFbR1 mRNA and inactivating TGF-b/SMAD signal-

ing in LUADs. Of note, we established a novel mechanistic role of

KLF6/QKI-5/TGFbR1 axis controlling TGF-b/SMAD signaling during

TGF-b-induced EMT and LUAD metastasis (Fig 7L).

Using a series of computational algorithms and tissue-based anal-

yses, we verified that QKI is associated with tumor metastasis in

LUAD because QKI expression was not only decreased in

◀ Figure 4. QKI-5 overexpression inhibits TGF-b-induced EMT and migration and invasion of LUAD cells.

A After serum starvation for 24 h, A549 and H1299 cells overexpressing QKI-5 were treated with or without TGF-b1 (5 or 10 ng/ml) for 24 h. Then, EMT markers N-
cadherin and Snail expression were analyzed using Western blot. b-actin served as an internal control.

B QKI-5-overexpressing A549 and H1299 cells and control cells were treated as above and incubated with a mouse anti-F-actin antibody and then stained with a
FITC-conjugated anti-mouse IgG (green, for F-actin). Cell nuclei were counterstained and visualized with DAPI (blue). Scale bar, 100 lm.

C–F Wound-healing migration assays were performed on QKI-5-overexpressing A549 and H1299 cells as well as control cells, which were treated as above. The wound
healing was recorded (C, E) and quantitatively measured (D, F) at least six times. Data are shown as the mean � SD of n = 6 technical replicates. **P < 0.01 and
***P < 0.001 by unpaired Student’s t-test. Scale bar, 100 lm.

G, H In the presence or absence of TGF-b1, QKI-5-overexpressing A549 and H1299 cells were allowed to migrate through a polycarbonate membrane in Transwells. After
24 h, migrated cells were stained, photographed, and counted in at least four random fields under a light microscope. Representative images (left) and the
migrated cell numbers (right) were presented. Data are shown as the mean � SD of n = 3 technical replicates. **P < 0.01 by unpaired Student’s t-test. Scale bar,
100 lm.

I, J QKI-5-overexpressing A549 and H1299 cells were treated as above and allowed to invade through Matrigel-coated membrane in Transwells. Invasive cells were
determined as described above. Scale bar, 100 lm. Data are shown as the mean � SD of n = 3 technical replicates. **P < 0.01 by unpaired Student’s t-test.

Source data are available online for this figure.
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unclassified LUAD tissues but reduced in metastatic LUAD tissues

(Fig 1A and B). QKI has three major isoforms, including nuclear

QKI-5 and cytoplasmic QKI-6/-7 (Wu et al, 1999). QKI-6 and QKI-7

were reported to be predominantly related to development and

diseases of the nervous system (Ebersole et al, 1996; Larocque et al,

2009), while QKI-5 was widely studied in various human cancers

including NSCLC (Zhou et al, 2017; Li et al, 2018; Kim et al, 2019).

In the present study, we found that QKI-5 expression was far higher

than QKI-6 and QKI-7 in LUAD cells (Fig 1H), suggesting that QKI-5

is a predominant isoform of QKI expressed in LUAD cells. Moreover,
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low expression of QKI-5 was observed in LUAD cells and tissues,

especially in metastatic LUAD tissues. Therefore, these findings

promoted us to focus on QKI-5 and elucidate the mechanisms

behind its metastasis-suppressive properties in LUADs. We have

recently reported that TGF-b-induced EMT plays an important role

in LUAD cell metastasis (Wang et al, 2016; Wang et al, 2018; Tong

et al, 2020). However, to the best of our knowledge, it has not been

clear whether QKI-5 can affect TGF-b-induced EMT during LUAD

cell metastasis. Thus, we explored the involvement of QKI-5 in

TGF-b-induced EMT and its anti-metastatic potential in LUAD cells.

Gain- and loss-of-function experiments showed that QKI-5 repressed

TGF-b-induced EMT and invasion of LUAD cells (Figs 4, 5, and

EV1). In support of this, demonstrated that QKI-5 inhibited EMT

and aggressiveness of LUAD cells; Kim and colleagues reported that

knockdown of QKI induced EMT and enhanced cell invasion in oral

squamous cell carcinoma (Kim et al, 2019).

QKIs perform diverse biological functions, such as regulation of

RNA splicing and stability, or non-coding RNA processing (Zong

et al, 2014; Conn et al, 2015; Zhou et al, 2017). In our study, QKI-5

can interact with TGFbR1 mRNA 30 UTR and decrease RNA stability

of TGFbR1, thereby deactivating TGF-b/SMAD signaling (Figs 2 and

3). QKI isoforms including QKI-5 may interact with argonaute 2

(Ago2) (Wang et al, 2010). Ago2 is the core of the RNA-induced

silencing complex (RISC) and may act as endonuclease activity in

human cells, which mediates siRNA-triggered degradation of target

mRNAs (Meister & Tuschl, 2004; Okamura et al, 2004). Thus, there

would be the possibility that QKI-5 may destabilize TGFBR1 mRNA

by interacting with and recruiting Ago2 to TGFBR1 30-UTR. Our

investigation provided the first evidence for post-transcriptional

repression of TGFbR1 by QKI-5. Recently, Zhou et al (2017) demon-

strated that QKI-5 inhibits aggressiveness of LUAD cells through

promoting b-catenin degradation. However, QKI-5 was reported to

increased migration and invasion of breast cancer cells by modulat-

ing RNA splicing during EMT (Pillman et al, 2018). This discrepancy

is not surprising because QKI-5 may play distinct roles in cancer

progression depending on cellular contexts.

In fact, TGF-b/SMAD signaling acts as a metastasis promoter by

inducing EMT in late-stage tumors (Akhurst & Derynck, 2001; Xu &

Pasche, 2007; Chen et al, 2015). In this study, TGFbR1, an essential

receptor of TGF-b/SMAD signaling, was found highly expressed in

metastatic LUAD tissues. Moreover, TGFbR1 knockdown signifi-

cantly suppressed TGF-b-induced EMT and metastasis of LUAD

cells, which is supported by the finding that TGFbR1 knockdown

attenuated metastatic ability and enhanced chemosensitivity to

cisplatin in LUAD cells (Wang et al, 2015). Therefore, TGFbR1
knockdown showed similar effects as QKI-5 overexpression in

LUAD cells (Fig EV2), thus functionally testing the mechanistic role

of QKI-5 in TGFbR1 mRNA degradation. Furthermore, our rescue

experiments demonstrated that QKI-5 inhibited TGF-b-induced EMT

and invasion of LUAD cells in a TGFbR1-dependent manner (Figs 6

and EV3).

Why is QKI-5 down-regulated in LUADs? Zhou et al (2017)

found that QKI-5 promoter hypermethylation caused a reduction of

QKI-5 expression in LUAD cells. This may be one of the underlying

mechanisms responsible for the downregulation of the QKI-5 gene.

In fact, the mechanisms behind it should be more complicated.

Thus, we tried to find specific transcriptional factors regulating the

QKI-5 gene and saw that KLF6 positively regulated QKI-5 at the

transcriptional level in LUAD cells. The functional KLF6-binding

site we confirmed is localized at position +21 to +31 in the QKI-5

gene (Fig 7G and H), which is different from the hypermethylation

region (position �700 to +1) affecting QKI-5 expression (Zhou et al,

2017). Besides, KLF6 was lowly expressed in LUAD tissues, espe-

cially in metastatic LUAD tissues (Appendix Tables S2 and S3),

which is consistent with low expression of QKI-5. These data

further suggested that QKI-5 is a target of KLF6. However, we

cannot exclude the possibility that there are other factors activating

the transcription of QKI-5. For example, C/EBP can transcriptionally

◀ Figure 5. QKI-5 suppresses TGF-b-stimulated LUAD cell metastasis in vivo.

A Schematic flowchart of LUAD cell in vivo metastasis model. QKI-5-overexpression and control vector A549 cells (3 × 106 cells/mouse) were i.v. injected into BALB/c
nude mice (10 mice per group). TGF-b1 was injected i.p. at day 1, 6, 11, 16 after cell injection to achieve TGF-b-stimulated A549 cell metastasis.

B Before cell injection, QKI-5 was confirmed to overexpress in A549 cells using qRT–PCR and Western blot. Data are shown as the mean � SD of n = 3 technical
replicates. ***P < 0.001 by unpaired Student’s t-test.

C Representative images of lung metastatic nodules developed in mice 8 weeks after injection of QKI-5-overexpressing A549 cells or control A549 cells. The surgically
resected lungs were stained as described in Materials and Methods. Red arrowheads indicate metastatic nodules established in lungs. Scale bar, 5 mm.

D Comparison of the number of lung metastatic nodules between QKI-5-overexpressing group and vector group (n = 10 mice per group). Data are shown as the
boxplot. Central band: median; upper and lower line of boxes: upper and lower quartile; upper and lower line of whiskers: maximum and minimum. Data are shown
as the mean � SEM. **P < 0.01 by unpaired Student’s t-test.

E H&E staining was performed for the evaluation of lung micrometastases. Representative images showing micrometastases of lung tissues from a pair of mice
referred in (C). Blue and red arrowheads indicate lung micrometastases of vector group and QKI-5-overexpressing group, respectively. Scale bar: 100 lm.

F Dot plots showing the difference of the micrometastases counts in lung tissues between QKI-5-overexpressing group and vector control group (n = 10 mice per
group). Data are shown as the mean � SEM. *P < 0.05 by unpaired Student’s t-test.

G Representative microscopic photographs of H&E staining for liver micrometastases in a pair of mice referred in (E). Blue and red arrowheads indicate liver
micrometastases. Scale bar: 100 lm.

H Dot plots showing the difference of the micrometastases counts in liver tissues between QKI-5-overexpressing group and control vector group (n = 10 mice per
group). Data are shown as the mean � SEM. *P < 0.05 by unpaired Student’s t-test.

I Left part: Photographs of murine lungs with metastatic nodules after inoculation of sh-QKI-5-2 or sh-NC A549 cells. Scale bar, 5 mm. Right part: representative
microscopic images of H&E staining for micrometastatic foci established in lungs from a pair of mice referred in left part. Scale bar, 1 mm. Red arrowheads indicate
metastatic nodules and micrometastatic foci in lungs.

J, K Dot plots showing the difference of the metastatic nodules (J) and micrometastases counts (K) in lung tissues between QKI-5-silenced group and control group
(n = 5 mice per group). In the boxplot, central band represents median, and upper and lower line of boxes represents upper and lower quartile, upper and lower line
of whiskers represents maximum and minimum (J). Data are shown as the mean � SEM. ***P < 0.001 by unpaired Student’s t-test.

Source data are available online for this figure.
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activate QKI-5 during macrophage differentiation (Fu et al, 2012).

Furthermore, our results showed that knockdown of KLF6

increased TGFbR1 expression and promoted TGF-b-induced EMT,

which was partly abrogated by QKI-5 overexpression in LUAD cells

(Fig EV4). In contrast, in proximal tubule cells, KLF6 not only

promoted EMT induced by TGF-b1, but also KLF6 expression was

up-regulated by TGF-b1 (Holian et al, 2008). Nevertheless, neither

KLF6 nor QKI-5 expression were significantly affected by TGF-b1 in

LUAD cells (Fig EV5), implying that the regulation of QKI-5 by

KLF6 is independent of TGF-b1.
Although QKI-5 blocks TGF-b/SMAD signaling by degrading

TGFbR1 mRNA, it is possible that QKI-5 regulates other TGF-b/
SMAD signaling genes such as BMPR2, MAPK1, and RHOA (Fig 2B)

via other mechanisms. In the present study, we have focused on

TGFbR1 because it is an indispensable upstream receptor in TGF-b/
SMAD signaling. Further research is warranted to investigate other
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potential QKI-targeted genes and possible mechanisms. Moreover, a

future challenge will be the evaluation of the function of the

isoforms QKI-6/-7 in LUAD development and progression.

Materials and Methods

Cell lines and cell culture

Human lung adenocarcinoma (LUAD) cell lines A549 and H1299,

immortalized human bronchial epithelial cell line BEAS-2B, and

human embryonic kidney (HEK) 293T cells from the Cell Bank of

Chinese Academy of Sciences were, respectively, cultured in RPMI

1640 medium (HyClone, South Logan, UT, USA) and Dulbecco’s

modified Eagle medium (DMEM; Thermo Fisher Scientific,

Waltham, MA, USA) with 10% fetal bovine serum (FBS; Invitrogen,

Carlsbad, CA, USA) at 37°C in a 5% CO2 humidified incubator.

A549 and H1299 cells were treated by TGF-b1 to elicit EMT follow-

ing serum starvation for 24 h.

Human LUAD tissue samples

Sixty-one fresh-frozen LUAD tissues and matched paracarcinoma

tissues were obtained after informed consent from patients in the

First Affiliated Hospital of Soochow University (Suzhou, China).

LUAD patients were pathologically diagnosed and evaluated in accor-

dance with the Revised International System for Staging Lung

Cancer. The clinical characteristics of 61 LUAD patients are presented

in Appendix Table S3, metastatic tissues (n = 28) were from LUAD

patients with local lymph node metastasis (T1–4N1–2M0) or distant

organ metastasis (T1–4NanyM1), and non-metastatic tissues (n = 33)

were from LUAD patients without any metastasis (T1–4N0M0). All of

the LUAD patients enrolled in this study had not received either

radiotherapy or chemotherapy before surgery. This work was autho-

rized by the Ethics Committee of Soochow University.

RNA extraction, qRT–PCR, and mRNA half-life assays

Total RNA isolation, cDNA synthesis, and qRT–PCR analysis were

performed as previously described by us (Yang et al, 2015) with some

modification. Expression of ADARB1, CELF2, QKI, ZFP36, QKI-5/6/7,

TGFbR1, E-cadherin, N-cadherin, PAI-1, Slug, Snail, KLF6, etc., was

normalized to b-actin. Relative mRNA levels were calculated using

the DDCtmethod. For mRNA half-life assay, 10 lg/ml actinomycin D

(Sigma-Aldrich, St. Louis, MO, USA) was added to A549 and H1299

cells. Total RNAs were extracted at the indicated time points for

qRT–PCR assay. Primers used for qRT–PCR assay are listed in

Appendix Table S5. Each RT–qPCR analysiswas carried out three times.

Western blot assay

Total protein was isolated from cell lysate and subjected to Western

blot analysis according to our previous methods (Yang et al, 2015).

The primary antibodies employed in Western blot were as follows:

goat anti-TGFbR1 (R&D Systems, Minneapolis, MN, USA), mouse

anti-E-cadherin and anti-N-cadherin (BD Biosciences, San Jose, CA,

USA), mouse anti-Snail, rabbit anti-SMAD3 and anti-p-SMAD3 and

anti-Lamin B (Cell Signaling Technology, Danvers, MA, USA), rabbit

anti-QKI (Abcam, Cambridge, MA, USA), rabbit anti-QKI-5 (Millipore,

Billerica, MA, USA), mouse anti-KLF6 and anti-b-actin, and anti-goat

or anti-rabbit or anti-mouse secondary antibodies (Santa Cruz

Biotechnology, Santa Cruz, CA, USA). The relative protein expression

was normalized to b-actin. EachWestern blot analysis was performed

in triplicate, and representative bands were presented.

Generation of LUAD cell lines stably overexpressing QKI-5

To generate A549 and H1299 cell lines stably overexpressing QKI-5, a

~ 1-kb coding sequence (GenBank Accession number: NM_006775)

of QKI-5 was subcloned into a GV358 lentiviral expression vector

(GeneChem Inc., Shanghai, China) containing a C-terminal 3× Flag

tag using endonucleases AgeI/BamhI (Fermentas, Glen Burnie, MD,

USA). Primers used for amplifying the coding sequence of QKI-5were

listed in Appendix Table S5. The empty lentivirus vector was served

as a negative control. Subsequently, the QKI-5 expression construct

or empty vector was co-transfected with packaging plasmids Helper

1.0 and Helper 2.0 (GeneChem Inc.) into HEK 293T cells using

Lipofectamine 3000 (Invitrogen). At 48 h post-incubation in DMEM

with 10% FBS, the packaged lentiviruses were collected and used

to infect A549 and H1299 cells for 72 h. Finally, Flag-tagged QKI-

5-overexpressing A549 and H1299 stable cells were selected with

2 lg/ml puromycin (Solarbio Lifesciences, Beijing, China).

◀ Figure 6. QKI-5 inhibits TGF-b-induced EMT and cell invasion via a TGFbR1-dependent manner.

A A549 and H1299 cells were co-transfected with QKI-5 and ORF-only of TGFbR1 and then subjected to Western blot assays for detection of QKI-5 and TGFbR1
expression.

B After serum starvation for 24 h, the above-treated A549 and H1299 cells were stimulated with or without TGF-b1 (5 or 10 ng/ml) for 24 h. The expression of p-
SMAD3, SMAD3, and EMT markers (N-cadherin and Snail) was determined using Western blot. b-actin was used as an internal control.

C–F In the presence or absence of TGF-b1, the migratory and invasive capabilities of above-treated A549 and H1299 cells were evaluated by Transwell assays as
described in Fig 4G–J. Migrated and invasive cells were stained and counted under a light microscope. Data are shown as the mean � SD of n = 3 technical
replicates. **P < 0.01 and ***P < 0.001 by unpaired Student’s t-test. Scale bar, 100 lm.

G, H qRT–PCR analysis of TGFbR1 mRNA in 61 LUAD tissues and matched paracarcinoma tissues (G) and T/N mRNA expression of TGFbR1 in 61 paired LUAD tissues (H).
T, LUAD tissues; N, paracarcinoma tissues. Y axis represents the log10-transformed fold change of mRNA expression of TGFbR1. Central dotted line of the violin plot
represents median, and upper and lower dotted line represents quartile (G). ****P < 0.0001 by unpaired Student’s t-test.

I Correlation between QKI-5 and TGFbR1 mRNA expression in 61 paired LUAD tissues. X and y axes represent the log10-transformed fold change of T/N expression
ratios of QKI-5 and TGFbR1 mRNA, respectively. P < 0.0001 by Pearson’s correlation test.

J Kaplan–Meier survival curves (http://kmplot.com/analysis/) of LUAD patients (n = 865) with high or low expression levels of TGFbR1. The log-rank test was used to
compare the difference between two groups.

Source data are available online for this figure.
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Establishment of TGFbR1-overexpressing LUAD cells

The coding sequence of TGFbR1 (GenBank Accession number:

NM_004612.4) was amplified with the corresponding primers

(Forward: ACCTCCATAGAAGATTCTAGAATGGAGGCGGCGGTCG

CT; Reverse: AACATCGTATGGGTAGGATCCCATTTTGATGCCTTCC

TGTTGA) and subcloned into a pcDNA3.1 vector using endonucle-

ases XbaI/BamhI (New England Biolabs, Beverly, MA, USA) to

generate pcDNA3.1-TGFbR1 vectors. Then, A549 and H1299 cells

were transiently transfected with above-constructed vectors using

Lipofectamine 3000 (Invitrogen). At 48 h post-transfection, the cells

were harvested or treated for further experiments.

Establishment of QKI-5-silenced and TGFbR1-silenced stable
LUAD cell lines

To establish QKI-5-silenced or TGFbR1-silenced stable A549 and

H1299 cell lines, the relative DNA fragments (sh-QKI-5-1, sh-QKI-5-2,

sh-TGFbR1-1, and sh-TGFbR1-2; Appendix Table S6) were subcloned

into a lentiviral vector pLKO.1-puro (GENEWIZ Inc., Suzhou, China)
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with endonucleases AgeI/EcoRI (Fermentas). A scrambled sequence

(sh-NC; Appendix Table S6) was used as a negative control. Then,

the construct containing sh-QKI-5 or sh-TGFbR1 or sh-NC was co-

transfected with packaging plasmids psPAX2 and pMD2.G into HEK

293T cells. The rest of the procedure is the same as that of generation

of LUAD cell lines overexpressing QKI-5 described above.

RNA interference

Two short interfering RNAs (siRNAs) for each gene were designed

and synthesized (GenePharma, Shanghai, China). A scrambled

sequence was served as a negative control (si-NC). The sequences

of synthesized siRNAs were listed in Appendix Table S6. A549 and

H1299 cells were transiently transfected with 100 pmol of siRNAs

using Lipofectamine 3000 (Invitrogen). At 72 h post-transfection,

the cells were harvested or treated for further experiments.

Luciferase reporter assay

To determine the effect of QKI-5 on the luciferase activity of TGFbR1
30 UTR, a series of constructs containing the wild-type and mutated

(Mut) 30 UTR of TGFbR1 fused to the 30-end of the luciferase cDNA

was generated using pGL3-Luc reporter vector (Promega, Madison,

WI, USA). Briefly, different fragments (Appendix Table S4) were

directly synthesized (GENEWIZ Inc.) and subcloned into pGL3-basic

vector to create various constructs (pGL3-Luc-TGFbR1 30 UTR wild

type, pGL3-Luc-TGFbR1 30 UTR-Mut1, pGL3-Luc-TGFbR1 30 UTR-

Mut2, and pGL3-Luc-TGFbR1 30 UTR-Mut1*2). Then, the above-

mentioned constructs and pRL-TK plasmids were co-transfected into

A549 and H1299 stable cell lines with vector or QKI-5 overexpres-

sion using Lipofectamine 3000 (Invitrogen).

For analyzing transcriptional regulation of KLF6 on QKI-5, various

QKI-5 promoter fragments (Appendix Table S4) were synthesized

and subcloned into pGL3-basic vector to generate the constructs

(pGL3-QKI-5 promoter-wild-type-Luc, pGL3-QKI-5 promoter-mutant

1-Luc, pGL3-QKI-5 promoter-mutant 2-Luc, and pGL3-QKI-5 promoter-

mutant 1*2-Luc). Subsequently, the above-mentioned constructs and

pRL-TK plasmids were co-transfected into A549 and H1299 cells with

si-NC or si-KLF6. At 48 h post-transfection, cells were harvested and

luciferase activity was assessed using a Dual-Luciferase� Reporter

Assay System (Promega). Results are presented as relative luciferase

activities (firefly/Renilla), and each luciferase reporter analysis was

performed in triplicate.

In vitro RNA pull-down assay

The TGFbR1 30 UTRs (Appendix Table S4) and an antisense

sequence of TGFbR1 30 UTR wild type were synthesized and labeled

using biotin (RiboBio Biotech, Guangzhou, China). In vitro RNA

pull-down assay was performed using PierceTM Magnetic RNA-

Protein Pull-down Kit (Thermo Fisher Scientific) according to the

manufacturer’s protocol. Briefly, cell lysate was incubated with the

beads containing biotin-labeled RNAs for 1 h at 4°C. After washing

the beads, the bound proteins were eluted and boiled in 1 × SDS

lysis buffer and subjected to Western blot analysis for determining

the presence of QKI-5. Each experiment was done in triplicate.

RNA-binding protein immunoprecipitation

RNA-binding protein immunoprecipitation (RIP) assay was

conducted using EZ-Magna RIP Kit (Millipore) according to the manu-

facturer’s protocol. The QKI-5-RIP experiments were performed in

A549 and H1299 cells. Briefly, cells were lysed using RIP lysis buffer

with protease inhibitor cocktail and RNase inhibitor (Millipore), and

then, the RIP lysates were mixed with protein A/G magnetic beads

incubated with rabbit anti-QKI-5 antibody or anti-IgG antibody (Milli-

pore) at 4°C overnight for immunoprecipitation. The rabbit IgG anti-

body was used as a negative control. The immunoprecipitated RNAs

◀ Figure 7. KLF6 transcriptionally regulates QKI-5 gene in LUADs.

A Four databases used in Fig 1A were intersected with human TFs database JASPAR to identify differentially expressed TFs in LUAD. The Venn diagram depicts the
overlap between five independent data sets.

B Listed are 25 LUAD-related differentially expressed TFs. TFBSTools was used to predict potential binding sites of each TF in QKI-5 promoter sequence (position
�3,000 to +200). TFBSTools minscore > 95%; TFs, transcription factors.

C, D qRT–PCR analyses of mRNA expression of 10 TFs and QKI-5 in A549 cells transfected with siRNAs of TFs, which have potential binding sites in QKI-5 promoter. Data
are shown as the mean � SD of n = 3 technical replicates. ***P < 0.001 compared to si-NC by unpaired Student’s t-test.

E Western blot analysis of QKI-5 protein levels in KLF6-silenced A549 cells.
F An overview of KLF6-ChIP-seq data (GSE96355) is illustrated using Integrative Genomics Viewer (IGV) software. An obvious peak was detected at position �100 to

+100 in the QKI-5 promoter.
G Upper panel: computational algorithms using PROMO and JASPAR predicted that two putative KBEs were harbored in DQP region (position �400 to +200). QP, QKI-

5 promoter; KBE, KLF6 binding element. Lower panel: anti-KLF6 ChIP was conducted in A549 cells and followed by PCR and gel staining to confirm the presence of
QKI-5 promoter sequence containing KBE1 (position �346 to �336) or KBE2 (position +21 to +31). The input and anti-IgG antibody were used as positive and
negative controls, respectively.

H Left panel: Schematic drawing shows the pGL3-DQP luciferase reporter assay system. Boxed areas indicate four DQP segments containing wild type or mutants of
KBE1/2 (Mutant 1, Mutant 2, and Mutant 1*2). Right panel: Four different pGL3-DQP luciferase reporter constructs were co-transfected with si-NC or si-KLF6 into
A549 cells, and their luciferase activities were determined as described in Materials and Methods. Data are shown as the mean � SD of n = 3 technical replicates.
*P < 0.05 compared to si-NC by unpaired Student’s t-test.

I, J qRT–PCR analysis of KLF6 mRNA in 61 LUAD tissues and matched paracarcinoma tissues (I) and T/N mRNA expression of KLF6 in 61 paired LUAD tissues (J). T, LUAD
tissues; N, paracarcinoma tissues. Y axis represents the log10-transformed fold change of mRNA expression of KLF6. Central dotted line of the violin plot represents
median, and upper and lower dotted line represents quartile (I). ***P < 0.001 by unpaired Student’s t-test.

K Correlation between KLF6 and QKI-5 mRNA expression in 61 paired LUAD tissues. X and y axes represent the log10-transformed fold change of T/N expression ratios
of KLF6 and QKI-5 mRNA, respectively. P = 0.002 by Pearson’s correlation test.

L A proposed work model: KLF6/QKI-5/TGFbR1 axis regulates TGF-b/SMAD signaling during TGF-b-induced EMT.

Source data are available online for this figure.
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were extracted and purified, and then subjected to RT–PCR and gel-

staining analyses to determine the relative enrichment of interested

mRNA immunoprecipitated by QKI-5 protein. Specific RIP primers

used for PCRwere summarized in Appendix Table S5.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP)-IT� Express Kit (Active

Motif, Rixensart, Belgium) was used for ChIP analysis. The detailed

protocol was performed as described earlier by us with modification

(Tong et al, 2020). In this ChIP analysis, the chromatin fraction from

cell nuclei was incubated with Protein G Agarose and anti-KLF6

antibody (Santa Cruz Biotechnology) overnight at 4°C. The ChIP-

DNA was purified and used for PCR amplification with QKI-5-speci-

fic primers, which were provided in Appendix Table S5.

Immunofluorescence (IF) analysis

Immunofluorescent analysis was performed as described by us

(Wang et al, 2016) with somewhat modification. Briefly, cell

samples were fixed with 4% paraformaldehyde and permeabilized

with 0.5% Triton X-100 for 15 min and then blocked with 5% BSA

for 1.5 h. Subsequently, cell samples were incubated with mouse

anti-F-actin (Millipore) primary antibodies at 4°C overnight,

followed by incubating with FITC-conjugated anti-mouse secondary

antibody for 2.5 h. Cell nuclei were counterstained with 40,6-
diamidino-2-phenylindole (DAPI). Finally, the cell samples were photo-

graphed using a LSM 700 confocal laser scanning microscope (Carl

Zeiss, Jena, Germany), and representative images were presented.

Wound-healing migration assay

A549 and H1299 cells were seeded and cultivated in six-well plates

until they grew into a 90% confluent monolayer. Cells were then

scratched by a sterilized pipette tip and cultured in serum-free

medium with or without TGF-b1 (5 or 10 ng/ml) for 24 h. Cells

were photographed in 6 random fields under a microscope. Cell

migration distances into the scratched area were determined and

analyzed using ImageJ Launcher software (National Institutes of

Health, Bethesda, MA, USA). Each wound-healing analysis was

repeated in triplicate.

Transwell migration and invasion assays

Transwell migration and invasion assays were performed as

described previously (Wang et al, 2016) with somewhat modifi-

cation. Briefly, 5 × 104 cells in 100 ll RPMI 1640 medium with 1%

FBS were added to the upper chamber of Transwell plates (BD Bios-

ciences), and 700 ll RPMI 1640 medium with 10% FBS was placed

as a chemoattractant in the lower chamber. After 6 h, TGF-b1 (5 or

10 ng/ml) was added to the lower chambers. After incubation for

24 h (migration) or 30 h (invasion) in 37°C, the inserts were

removed and the non-migrating or non-invading cells were removed

with cotton swabs. Cells that migrated or invaded to the

lower chamber were fixed and stained with 1% crystal violet. Cells

were photographed and counted in at least four random fields.

Each Transwell migration and invasion analysis was performed

in triplicate.

In vivo metastasis assays

Four-week-old female BALB/c nude mice were purchased from

Laboratory Animal Center of Soochow University and housed under

specific pathogen-free conditions. The mice were divided into four

groups, including control vector groups and QKI-5 overexpression

group, control sh-NC group and sh-QKI-5 group (10 or 5 mice per

group). QKI-5-overexpressing, QKI-5-silenced, and control A549

cells (3 × 106 cells/mouse) in 200-ll of PBS were intravenously

(i.v.) injected into the tail vein of mice. At every 5th day post-inocu-

lation, TGF-b1 (4 lg/kg bodyweight) was intraperitoneally (i.p.)

injected as previously described (Wang et al, 2018) to promote

tumor cell metastasis. Eight weeks later, the mice were euthanized;

then their lungs and livers were taken out and fixed in Bouin’s solu-

tion for macroscopically metastatic nodule analysis. Lung and liver

tissues were histologically examined by hematoxylin-eosin (H&E)

staining for tumor cell micrometastases analysis. Animal studies

were approved and supervised by the Animal Ethics Committee of

Soochow University.

Statistical analysis

Unpaired t-test (two-tailed) was used to assess comparisons

between two groups in vitro data, in vivo data, and LUAD sample

data. Differences between multiple groups in the clinicopathological

character of LUAD were assessed by non-parametric tests (Unpaired

t-test for two groups, and Kruskal–Wallis test for ≥ 3 groups). The

association between two groups of LUAD sample data was analyzed

by Pearson’s correlation test. Data were expressed as mean � SD/

SEM. P values of < 0.05 were considered to be statistically signifi-

cant. GraphPad Prism 7.01 (GraphPad, San Diego, CA, USA) was

used for all statistical analyses.

Bioinformatic analysis of public data sets

TCGA_LUAD data set from Genomic Data Commons (GDC) data-

base (https://gdc.cancer.gov/) and data sets including GSE40791,

GSE75037, and GSE7670 from Gene Expression Omnibus (GEO)

database (https://www.ncbi.nlm.nih.gov/geo/) are downloaded to

screen for LUAD-associated RBPs and TFs. Differentially expressed

genes (DEGs) are statistically considered as significance with

FDR < 0.01 and abs.log2FC > 1 in TCGA database, and adjusted P-

value < 0.01 and abs.log2FC > 1 in GEO database. The DEGs of the

above-mentioned four data sets are intersected with human RBPs

database ATtRACT (Giudice et al, 2016) or with TFs database

JASPAR (Fornes et al, 2020) to yield LUAD-associated RBPs or TFs.

TFBSTools is conducted to predict potential binding sites of each

LUAD-associated TFs in QKI-5 promoter sequence (position �3,000

to +200). TFBSTools minscore > 95% is applied as selection criteria.

Kaplan–Meier Plotter (http://www.kmplot.com) database and

log-rank tests are performed to evaluate the prognostic value of QKI

(data from 236154_at) and TGFbR1 (data from TCGA) in lung

cancer patients.

Three QKI-RIP-seq data from POSTAR, EuRBPDB, and doRiNA

databases (Blin et al, 2015; Zhu et al, 2019; Liao et al, 2020) are

overlapped to identify potential QKI-targeted genes. Subsequently,

KEGG enrichment analysis of these potential QKI-targeted genes is

performed by clusterProfiler in R language. A conserved consensus
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QKI-5 response element (QRE) is computationally generated using

RBPmap database (http://rbpmap.technion.ac.il/index.html).

For ChIP-seq data analysis, KLF6-ChIP-seq reads from GEO data-

base (GSE96355) are aligned to human genome reference (hg38)

using Bowtie2 with default parameters. The mapping reads from

ChIP-seq are preprocessed by Samtools and then submitted to

MACS2 for peaks calling. The characterized peaks are annotated by

the R package ChIPseeker and visualized with Integrative Genomics

Viewer (IGV) software.

Data availability

No primary data sets have been generated and deposited.

Expanded View for this article is available online.
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