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Accumulating evidence indicates that the alternative splicing program undergoes extensive changes during cancer develop-
ment and progression. The RNA-binding protein QKI-5 is frequently downregulated and exhibits anti-tumor activity in lung
cancer. Howeve-r, little is known about the functional targets and regulatory mechanism of QKI-5. Here, we report that
upregulation of exon 14 inclusion of cytoskeletal gene Adducin 3 (ADD3) significantly correlates with a poor prognosis in
lung cancer. QKI-5 inhibits cell proliferation and migration in part through suppressing the splicing of ADD3 exon 14.
Through genome-wide mapping of QKI-5 binding sites in vivo at nucleotide resolution by iCLIP-seq analysis, we found that
QKI-5 regulates alternative splicing of its target mRNAs in a binding position-dependent manner. By binding to multiple sites
in an upstream intron region, QKI-5 represses the splicing of ADD3 exon 14. We also identified several QKI mutations in
tumors, which cause dysregulation of the splicing of QKI targets ADD3 and NUMB. Taken together, our results reveal that
QKI-mediated alternative splicing of ADD3 is a key lung cancer-associated splicing event, which underlies in part the tumor
suppressor function of QKI.

Keywords: ADD3, alternative splicing, RNA-binding protein, QKI, lung cancer

Introduction
Alternative pre-mRNA splicing generates multiple mRNA var-

iants from a single pre-mRNA through selective recognition of
splice sites located at exon/intron boundaries. Recent advan-
ces in high-throughput technologies have facilitated the detec-
tion of alternative splicing at a genome-wide scale in a variety
of organisms, tissues, or cells under different treatments.

Alternative splicing is now well recognized as a widespread
mechanism for expanding genome complexity and regulating
gene expression (Chen and Manley, 2009; Braunschweig et al.,
2013; Baralle and Giudice, 2017). Although the functional sig-
nificance of most alternative splicing events in human genome
remains to be determined, numerous examples have illustrated
the roles of alternative splicing in a myriad of cellular pro-
cesses in development and diseases (Chabot and Shkreta,
2016; Scotti and Swanson, 2016; Fiszbein and Kornblihtt,
2017).

Accumulating evidence suggests that the alternative splicing
program undergoes dramatic changes during malignant trans-
formation, cancer progression, and anti-cancer drug resistance
(Siegfried and Karni, 2017; Song et al., 2017). Defining the mo-
lecular mechanisms underlying the misregulation of splicing in
cancer and identifying cancer-related splicing targets should
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facilitate the development of reliable biomarkers for early diag-
nosis and effective treatment strategies. Somatic mutations, al-
tered copy number and aberrant expression of spliceosomal
factors or splicing regulators have been implicated in the dysre-
gulation of the splicing program in cancers (Anczukow and
Krainer, 2016; Dvinge et al., 2016). For example, mutations
found in the core spliceosomal factors, splicing factor 3B, sub-
unit 1 (SF3B1), and U2 small nuclear RNA auxiliary factor 1

(U2AF1), have been shown to be associated with poor progno-
sis in patients with haematological malignancies
(Papaemmanuil et al., 2013; Haferlach et al., 2014). Most of
the known splicing regulators are RNA-binding proteins. Among
them, the serine/arginine-rich (SR) proteins and heterogeneous
nuclear ribonucleoproteins (hnRNPs) are two families of exten-
sively studied splicing regulators (Han et al., 2010; Zhou and Fu,
2013). Changes in gene copy number and/or in gene expression
level of SR and hnRNP proteins, such as SRSF1, SRSF6, and
hnRNP H, have been reported in tumors (Karni et al., 2007;
Lefave et al., 2011; Cohen-Eliav et al., 2013). Other RNA-binding
proteins, such as RBFOX2, RBM4, and RBM10, also show onco-
genic or tumor suppressive activities in cancer-related processes
(Venables et al., 2009; Bechara et al., 2013; Wang et al., 2014).
However, the underlying molecular mechanisms and functional
significance of the cancer-associated splicing changes mediated
by trans-acting factors are not well understood.

Lung cancer is a leading cause of cancer-related death world-
wide for both men and women (Siegel et al., 2017). About
80%–85% of lung cancers are non-small-cell lung cancer
(NSCLC), which has three main subtypes: adenocarcinoma,
squamous cell carcinoma, and large cell carcinoma.
Misregulated splicing changes found in lung cancer have been
implicated to drive lung tumorigenesis (Coomer et al., 2019).
Large-scale analyses of alternative splicing in lung cancer iden-
tified many cancer-associated splicing variants (Langer et al.,
2010; de Miguel et al., 2016; West et al., 2019; Zhao et al.,
2020). The functions of most lung cancer-related splicing
events remain unknown. The RNA-binding protein QKI is a con-
served signal transduction and activation of RNA (STAR) family
protein that plays an essential role in development as well as
in cancers, including lung cancer (Feng and Bankston, 2010;
Darbelli and Richard, 2016). QKI contains a STAR domain,
which is composed of a maxi-KH RNA binding motif and two
flanking QUA motifs (QUA1 and QUA2), several SH3-binding
sites, and a tyrosine-rich tail. Both RNA–protein interaction and
structural studies revealed that QKI proteins recognize an RNA
binding consensus YUAAY (Galarneau and Richard, 2005;
Hafner et al., 2010; Teplova et al., 2013; Fagg et al., 2017;
Hayakawa-Yano et al., 2017). The QKI gene generates three
main transcripts through alternative splicing, which encode
protein isoforms termed QKI-5, QKI-6, and QKI-7 (Kondo et al.,
1999). In mouse myoblast, different variants display a network
of auto- and cross-regulation of QKI protein isoforms (Fagg
et al., 2017). QKI-5 contains a nuclear localization signal in the
C-terminus and is localized in the nucleus of cells, while QKI-6
and QKI-7 are found in the cytoplasm and can be translocate to

the nucleus (Wu et al., 1999; Pilotte et al., 2001; van der Veer,
et al., 2013). Immunohistochemistry staining of QKI was pre-
dominantly detected in the nucleus of bronchial epithelium
and pneumocytes in non-cancerous lung tissues. QKI staining
was weaker in lung adenocarcinoma and squamous cell carci-
noma compared to normal tissues (de Miguel et al., 2016;
Zhou et al., 2017). We and others have reported previously that
QKI-5 is a critical regulator of lung cancer-associated splicing
and a prognostic marker for NSCLC at early stage (Zong et al.,
2014; de Miguel et al., 2016). We showed that QKI-5 inhibits
cell proliferation in part by regulating the splicing of NUMB
exon 12 to prevent the inappropriate activation of Notch signal-
ing. Mechanistically, QKI-5 competes with a core splicing factor
SF1 for binding to the branchpoint to inhibit exon 12 splicing. A
recent study reported that downregulation of QKI increased the
stability of an oncogenic miRNA, miR-196b-5p, in lung cancer
(Liang et al., 2020). In another work, Wang et al. suggested that
QKI is able to promote the biogenesis of circSLC7A6, a circRNA
with a tumor repressive activity (Wang et al., 2020). However, the
functional targets of QKI in lung cancer remain largely unknown.

In an effort to further explore the role of QKI-5 in lung cancer,
in this study, we identified that QKI-5 controls the alternative
splicing of Adducin transcripts and that this regulation is impor-
tant for QKI-5 to regulate cancer cell proliferation and migration.
Adducin is a family of membrane-skeletal proteins, encoded by
three genes ADD1, ADD2, and ADD3. ADD1 forms heterodimers
or heterotetramers with either ADD2 or ADD3 at spectrin–actin
junctions. While ADD1 and ADD3 are ubiquitously expressed in
all tissues, ADD2 is mainly expressed in the brain and erythro-
poietic tissues (Gilligan et al., 1999). All these proteins contain
an N-terminal globular head domain, a middle neck domain, and
a C-terminal protease-sensitive tail domain. ADD proteins are in-
volved in signal transduction, cell migration, and cell-to-cell ad-
hesion (Matsuoka et al., 2000; Luo and Shen, 2017). In our
previous study, we identified 25 QKI targets as lung cancer-
associated splicing events using paired adjacent and lung tumor
tissues (Zong et al., 2014). Among these targets, ADD3 splicing
changes displayed the highest prognostic significance. In addi-
tion, ADD3 is one of the top-ranked splicing events identified in
a large-scale analyses of alternative splicing between normal
lung and lung cancer tissues (Langer et al., 2010). However, the
role of its splicing change in lung cancer is unknown.

Considering that cytoskeleton genes play critical roles in reg-
ulating cancer cell growth and migration, in this study, we fo-
cus on the regulation and function of ADD3 alternative splicing.
We found that a high level of ADD3 exon 14 inclusion promotes
lung cancer cell proliferation and migration. QKI-5 inhibits cell
proliferation and migration in part through repressing the inclu-
sion of ADD3 exon 14. By performing individual nucleotide-
resolution crosslinking immunoprecipitation coupled to deep
sequencing (iCLIP-seq) analysis with a QKI-5-specific monoclo-
nal antibody we generated as well as splicing minigene assays,
we demonstrated that QKI-5 regulates alternative splicing in a
binding position-dependent manner and controls ADD3 splic-
ing by binding to the 3

0 end region of intron 13. In addition, we
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characterized several QKI mutations which cause aberrant
splicing of QKI targets. Our findings provide novel insights into
the role and regulation of QKI-mediated alternative splicing in
lung tumorigenesis.

Results
Alternative splicing of ADD3 exon 14 is a key lung cancer-
related splicing event

The human ADD3 gene contains 15 exons, among which exon
14 (96 nt in length) can be alternatively spliced (Figure 1A). This
alternative exon 14 is conserved in human, mouse, and rat, sug-
gesting a relevant function for the regulated ADD3 splicing (see
genome browser at www.ucsc.edu). Previously, we showed that
knockdown of QKI induced the inclusion of ADD3 exon 14, and
the exon 14 inclusion percentage increased by 1.43–3.76 folds
in 8 out of 9 paired lung adenocarcinoma and squamous cell car-
cinoma tumor tissues with QKI underexpression (see Figure 3C
and D in Zong et al., 2014). Comparing to the normal bronchial
epithelial cell line BEAS2B, several lung cancer cell lines includ-
ing A549, H1373, H520, SK-MES-1, and H358 displayed higher
levels of ADD3 exon 14 inclusion, determined by reverse-
transcription polymerase chain reaction (RT-PCR) analysis

(Figure 1B). We previously also showed that downregulation of
QKI in NSCLC patients at stage I is significantly associated with a
poor survival rate, suggesting that QKI serves as a prognostic
marker for NSCLC at an early stage (Zong et al., 2014). To further
investigate the clinical significance of QKI-mediated ADD3 splic-
ing in a large patient cohort, we analyzed TCGA datasets for
patients with adenocarcinoma and squamous cell carcinoma at
stage I. The results show that the expression level of ADD3 total
mRNA in tumors is comparable to that in normal tissues; how-
ever, ADD3 exon 14 inclusion is significantly upregulated in
tumors (Figure 1C and D). Importantly, the level of exon 14 inclu-
sion inversely correlates with the survival of patients and with
the level of QKI mRNA (Figure 1E and F). Our data indicate that
the QKI-mediated splicing of ADD3 exon 14 is a lung cancer-
related splicing event and that the exon 14 inclusion is a poten-
tial prognostic marker for NSCLC at early stage.

Increased ADD3 exon 14 inclusion promotes lung cancer cell
proliferation and migration

Given its function in cytoskeletal regulation, alternative splic-
ing of ADD3 may affect cell proliferation and migration. To

Figure 1 Increased ADD3 exon 14 inclusion ratio represents a poor prognosis for NSCLC at early stage. (A) Schematic representation for the
alternative splicing of ADD3 exon 14. Exons are represented by boxes, introns by lines, and splicing pattern by dotted lines. (B) Splicing
patterns of ADD3 exons 13–15 determined by RT-PCR analysis and the expression levels of QKI detected by western blotting in lung cancer
cell lines. (C and D) The expression levels of total ADD3 mRNA (C) and the PSI values of ADD3 exon 14 (D) in adjacent normal (n¼ 53) and
NSCLC tissues (n¼ 490). (E) Kaplan–Meier survival curves for NSCLC patients (n¼ 490) with high PSI (PSI�40) or low PSI (PSI<40).
(F) Correlation between QKI mRNA expression level and ADD3 exon 14 PSI in NSCLC patients. Each black triangle represents a lung tumor
sample, and the red line depicts the linear regression trend between ADD3 exon 14 PSI values and QKI expression. The Pearson correlation
coefficient (PCC) and P-value are shown.
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understand the role of ADD3 splicing alterations in lung cancer,
we first examined whether the switch between the two ADD3

splicing isoforms affects cell proliferation and migration. To do
this, we downregulated exon 14 inclusion ratio in adenocarci-
noma A549 or squamous cell carcinoma H520 cells using two
antisense oligonucleotides (ADD3-1 and ADD3-2 ASOs) which
targeting the upstream 3

0 splice site or the downstream 5
0

splice site of exon 14, respectively, and then determined the
effects on cell proliferation and migration by MTT or transwell
assay, respectively (Figure 2A and D). In both cell lines, isoform
switch of ADD3 induced by ASOs did not affect the total level of
ADD3 expression but decreased cell proliferation (Figure 2B
and E) and migration (Figure 2C and F). To dissect the func-
tional difference between the two isoforms of ADD3, we overex-
pressed the short and long isoforms in A549 or H520 cells,
respectively (Figure 2G and J). Interestingly, in both cell lines,
the short ADD3 form had no effect on cell proliferation and mi-
gration, while the long ADD3 form increased cell proliferation
(Figure 2H and K) and migration (Figure 2I and L). Together,
these results indicate that upregulation of ADD3 exon 14 inclu-
sion found in lung cancer cells promotes cell proliferation and
migration.

QKI-5 inhibits lung cancer cell proliferation and migration in
part through regulating alternative splicing of ADD3

To further determine the potential role of the QKI–ADD3 axis
in lung tumorigenesis, we stably knocked-down QKI in BEAS2B
cells using a previously validated shRNA (shQ3, Zong et al.,
2014; target sequence is listed in Supplementary Table S1).
Control and ADD3-specific ASOs were introduced in QKI-
depleted or QKI-undepleted BEAS2B cells by transient transfec-
tion. As shown in Figure 3A, upon QKI knockdown, ADD3 exon
14 inclusion increased dramatically at both mRNA and protein
levels, which was repressed by the ADD3-specific ASO.
Knockdown of QKI promoted cell proliferation and migration.
These effects induced by QKI knockdown were partially abro-
gated by isoform switch of ADD3 (Figure 3B–D). These data
strongly suggest that QKI exerts its tumor suppression function
partially through regulating alternative splicing of ADD3 exon 14.

Genome-wide mapping of QKI-5 binding sites at nucleotide res-
olution through iCLIP-seq analysis

In lung cells, QKI-5 is the dominant isoform of QKI proteins at
both mRNA and protein levels and QKI-6 is expressed at a rela-
tively lower level (Figure 1B; Supplementary Figure S1A).
Specific knockdown of QKI-5 reduced QKI-6 expression, while
siRNA targeting QKI-6 or QKI-7 did not affect QKI-5 expression
(Supplementary Figure S1B and C). These data suggest that
QKI-5 is required for QKI-6 expression, which is consistent with
a recent publication (Fagg et al., 2017). To gain further insights
into the splicing regulation by QKI in lung cancer, we mapped
the QKI-5–RNA interactions genome-wide in vivo in BEAS2B

cells by performing iCLIP-seq analysis. We generated a mono-
clonal antibody that recognizes a C-terminal peptide sequence
only present in QKI-5. This new antibody successfully recog-
nized FLAG-tagged QKI-5 but not QKI-6 or QKI-7 (Figure 4A).
Immunofluorescence analysis using QKI-5 specific antibody
showed that QKI-5 is mainly localized in the nucleus of lung
cancer cell line A549 (Supplementary Figure S1D). After UV irra-
diation and RNase partial digestion, anti-QKI-5 monoclonal an-
tibody immunoprecipitated specific QKI-5–RNA complex, while
the control antibody yielded little or almost no signal
(Figure 4B). RNAs in the QKI-5 immunoprecipitates or in the
control samples were extracted from the gel followed by re-
verse transcription. The resulting first-strand cDNAs were circu-
larized and the library was subjected to deep sequencing. After
the removal of PCR amplification artifacts, QKI-5 immunopreci-
pitates generated 26.7 million cDNA reads, while the control
samples only generated 0.5 million reads, indicating that most
of cDNA reads in the QKI-5 samples represent promising QKI-
5–RNA crosslink sites. The cDNA reads were aligned to the hu-
man genome by allowing one nucleotide mismatch and single
genomic hits. Among QKI-5-specific cDNA reads, 7.7 million
crosslink sites were detected, which are highly reproducible
among three independent replicates (Figure 4C). Through ap-
plying additional algorithms, in total, the iCLIP-seq analysis
identified 3.5 million clustered crosslink sites.

The RNA-binding specificity of QKI-5 was determined by
searching for enriched hexamer motifs in 21 nt sequence tags
containing both 10 nt upstream and 10 nt downstream sequen-
ces surrounding the crosslink sites. We identified the overrep-
resented hexamers (Figure 4D) and deduced the QKI-binding
consensus as ACUAAC based on top 20 hexamer sequences
(Figure 4E), which closely resembles the motif that was defined
previously by in vitro systematic evolution of ligands by expo-
nential enrichment (SELEX) as well as in vivo CLIP-seq analyses
(Galarneau and Richard, 2005; Hafner et al., 2010; Fagg et al.,
2017; Hayakawa-Yano et al., 2017). Consistent with the role of
QKI-5 in pre-mRNA splicing and its nuclear localization, QKI-5
crosslink sites (76.3%) are predominantly located in the intron
region (Figure 4F).

QKI-5 regulates alternative splicing in a binding position-
dependent manner and represses ADD3 exon 14 splicing by
binding to multiple sites in the 3

0 end of intron 13

To delineate the principles of QKI-5 in splicing regulation, we
constructed an RNA splicing map by integrating the iCLIP-seq
data in this study with the RNA-seq data in a previous study
(Zong et al., 2014). Both iCLIP-seq and RNA-seq data were gen-
erated in the same cell line, the normal bronchial epithelial cell
line BEAS2B. This map reveals that QKI-5 possesses a binding
position-dependent effect on regulating its targets (Figure 5A).
As illustrated by cassette exon-type regulation, QKI-5 tends to
bind to the 5

0 or 3
0 end of the introns downstream of QKI-5 acti-

vated exons, while represses exon inclusion by binding to the
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Figure 2 Upregulation of ADD3 long isoform encoding exon 14 promotes cancer cell proliferation and migration. (A–F) A549 (A–C) and
H520 (D–F) cells were transfected with control or ADD3-specific ASOs. (A and D) RT-PCR and western blotting analyses of ADD3 splicing
patterns and ADD3 expression, respectively. (B and E) MTT analyses of cell proliferation. Error bars represent standard deviations (techni-
cal replicates, n¼4). (C and F) Quantitation of results from transwell assays. Error bars represent standard deviation (technical replicates,
n¼ 5). Representative images of transwell membrane are shown on the right. (G–L) Short and long isoforms of ADD3 were ectopically
expressed in A549 (G–I) or H520 (J–L) cells. (G and J) Western blotting analyses of the expression of short and long isoforms of ADD3. (H
and K) MTT analyses of cell proliferation. Error bars represent standard deviations (technical replicates, n¼ 4). (I and L) Quantitation of
results from transwell assays. Error bars represent standard deviation (technical replicates, n¼5). Student’s t-test, n.s. indicates no signif-
icance; *P<0.05, **P< 0.01, ***P<0.001. Scale bar, 10 lm in C, F, I, and L.
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alternative exons or their flanking intronic regions. In addition,
we observed two interesting features of the QKI-5 splicing map.
First, QKI-5 binding sites are enriched in the 5

0 end of the
intronic regions downstream of both positively and negatively
regulated exons. For the positively regulated exons, QKI-5 bind-
ing sites are significantly overrepresented within a 200-nt region
proximal to the 5

0 splice site and extended to a deep region up
to 600 nt in the downstream introns, while for the negatively
regulated exons, QKI-5 binding sites are enriched in a narrow re-
gion within 200 nt downstream of the 5

0 splice site. This feature
suggests that QKI-5 binding to the intronic regions immediately
downstream of the alternative exons has opposite effects on the

outcome of splicing. Second, when QKI-5 activates exon inclu-
sion, it tends to bind to the intronic regions far downstream of
the alternative exons. When QKI-5 induces exon skipping, it
tends to bind to intronic regions immediately upstream of alter-
native exons. This feature implies that QKI-5 binding to the
regions close to the 3

0 end of upstream or downstream intron
has distinct effects on the inclusion of the alternative exon.

By examining the in vivo interactions between QKI-5 and
ADD3 pre-mRNAs detected by iCLIP-seq, we found that QKI-5
recognizes several cis-elements at the 3

0 end of intron 13 that
are similar to its binding consensus sequence (Figure 5B). To
determine whether QKI-5 inhibits ADD3 splicing through

Figure 3 QKI inhibits cell proliferation and migration in part through regulating ADD3 exon 14 splicing. BEAS2B cells were treated with con-
trol or ADD3-specific ASOs in the control (shLuc) or QKI-specific (shQ3) knockdown cells. shLuc is a control shRNA against luciferase gene,
while shQ3 is an shRNA specifically targeting QKI mRNA. (A) RT-PCR analysis of ADD3 splicing pattern (upper panel) and western blotting
analysis of QKI and ADD3 expression. (B) MTT analyses of cell proliferation. Error bars represent standard deviations (technical replicates,
n¼4). (C and D) Transwell assays were performed and the results were quantitated. Scale bar, 10 lm. Error bars represent standard devia-
tions (technical replicates, n¼5). Student’s t-test, *P< 0.05, **P<0.01, ***P<0.001.
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binding to these elements, we made several minigene con-
structs and carried out in vivo splicing assays by performing
cell transfection in HEK 293 cells and RT-PCR analysis. The
wild-type minigene construct encompasses exons 13–15 and
the introns in between, whereas the mutant constructs bear
substitution of the QKI-5 binding sites at different positions in
the minigenes (Figure 5C). Overexpression of QKI-5 significantly
repressed exon 14 splicing in the wild-type minigene
(Figure 5D, lanes wt). The mutant minigenes carrying mutated
QKI-5 binding sites in the vicinity of 3

0 splice site in intron 13

exhibited increased inclusion of exon 14 in transfected cells.
However, they still responded to QKI-5 overexpression
(Figure 5D, lanes mut1, mut2, and mut3), suggesting that other
QKI-5-binding elements are functional in splicing inhibition. To
test this possibility, we further mutated additional binding sites
more upstream of the 3

0 splice site to generate mut4, mut5,
and mut6 minigenes. Overexpression of QKI-5 inhibited exon
14 inclusion to a less extent in mut4 and mut5 minigenes, and
no longer repressed exon 14 splicing in mut6 minigene
(Figure 5D, lanes mut4, mut5, and mut6). Taken together, these

results indicate that QKI-5 regulates ADD3 exon 14 splicing
through recognizing multiple binding sites in the 3

0 end of in-
tron 13.

Cancer-associated QKI-5 mutations cause defects in the splicing
of ADD3 and NUMB

QKI is frequently downregulated in several types of solid
tumors including breast, colon, lung, gastric, and glioblastoma
(Yang et al., 2010; Novikov et al., 2011; Chen et al., 2012; Li
et al., 2016). By analyzing somatic mutation databases, we
identified several QKI mutations in bladder, colon, esophageal
adenocarcinoma, endometrial, glioblastoma, and lung adeno-
carcinoma cancers (Lawrence et al., 2014). To test whether
these mutations affect QKI function, we made several con-
structs expressing QKI mutants containing the cancer-
associated mutations, including Y57H, R106T, Q112P, P181R,
G127V, E174K, G118R, and M195I. We then transfected these
mutants into HEK 293 cells and examined the splicing pat-
terns of endogenous QKI targets ADD3 and NUMB. All these

Figure 4 Genome-wide mapping of in vivo QKI-5 binding sites by iCLIP-seq. (A) QKI-5 monoclonal antibody recognizes only FLAG-tagged
QKI-5 but not QKI-6 or QKI-7. (B) Phosphor image of QKI–5-RNA complex fractionated by SDS–PAGE. Cell extracts were treated with two con-
centrations of RNase A (high þþ; low þ) followed by immunoprecipitation with a control or QKI-5-specific antibody. RNAs crosslinked to
QKI-5 were 32P-labelled, and RNA–protein adducts above the position of QKI-5 in control and QKI-5 lanes (marked by red boxes) were puri-
fied for iCLIP library preparation. (C) Reproducibility of QKI-5 iCLIP crosslink sites. The crosslink sites in one replicate experiment are
grouped according to the cDNA count (C>0, all sites taken; C>1, minimal cDNA count of 2; C>2, minimal cDNA count of 3). The bars in
the figure represent the average percentage of crosslink sites in one replicate that are present in at least one of the two other replicates.
(D) Histogram of z-scores for hexamers in tags containing 10 nt upstream and 10 nt downstream sequences surrounding the crosslink
sites. Inserts are sequences of the top 5 overrepresented hexamers. (E) Deduced QKI-5 binding consensus based on top 20 hexamers.
(F) Genomic distribution of QKI-5 crosslink sites.
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Figure 5 QKI-5 regulates alternative splicing in a binding position-dependent manner and represses ADD3 exon 14 splicing by recognizing
multiple sites in the 3

0 end of intron 13. (A) RNA map of QKI-5-regulated cassette exons. The exon–intron structure is shown above. The
middle cassette exon is in half red and half blue, indicating that its inclusion can be regulated. The black bars represent the exon/intron
boundaries. The occurrence (%) indicates the percentage of exons that have at least one crosslink nucleotide within a given window (20

nt). The occurrence of cassette exons with iCLIP cDNA reads located proximal to activated (red curve on positive y-axis), repressed (blue
curve on negative y-axis), and unaffected cassette exons (transparent gray on positive and negative y-axis) is shown. The x-axis represents
nucleotide position relative to upstream, cassette, and downstream exons. The ticks on the x-axis are 200 nt scale bars. Black dots repre-
sent nucleotide positions where QKI-5 binding sites are significantly enriched compared to unaffected cassette exons (P<0.05, chi-square
test). (B) iCLIP cDNA counts for QKI-5 crosslink sites located from exon 13 to exon 15 of ADD3. Sequence immediately upstream of exon 14

is shown in the lower panel. (C) Schematic representation of ADD3 minigene constructs. Sequence elements containing substituted QKI-5
binding sequences shown in B are labelled in red. In these short elements, the conserved motif UAA in the hexamer was substituted by
UGA. (D) RT-PCR analyses of the splicing patterns of ADD3 wild-type and mutant minigene constructs transfected into HEK 293 cells to-
gether with a vector or a QKI-5 expression construct. The average percentages of exon inclusion with standard deviations are shown below
(n¼ 3).
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QKI mutants led to defects in inhibiting the splicing of NUMB
exon 12 and ADD3 exon 14 to some extents, with Y57H,
R106T, and G127V mutations exhibited stronger effects
(Figure 6A). Interestingly, Q112P did not show any inhibitory
effect on the splicing of NUMB and ADD3, but rather slightly
activated exon inclusion, likely because the exogenously
expressed Q112P perturbed the function of endogenous
QKI-5. To test this possibility, we transfected the wild-type

and Q112P QKI-5 constructs into QKI knockdown BEAS2B
cells. Introducing the wild-type QKI-5 into QKI knockdown
cells recapitulated the repression of exon inclusion in control
knockdown cells, while Q112P mutant completely lose the
ability to inhibit the splicing of ADD3 and NUMB exons
(Supplementary Figure S2). Taken together, our results sug-
gest that both downregulation and mutations of QKI can con-
tribute to tumorigenesis.

Figure 6 QKI mutations found in cancers affect ADD3 and NUMB splicing. (A) Schematic representation of the domain structure of QKI-5
and its mutations. (B) RT-PCR analyses of the splicing patterns of endogenous ADD3 exon 14 and NUMB exon 12 in HEK 293 cells trans-
fected with wild-type or mutant QKI-5 expression constructs. The average percentages of exon inclusion with standard deviations are
shown below (n¼ 3). (C) A working model of this study. Exons are represented by boxes, introns by lines, and splicing pattern by dotted
lines. In normal cells, QKI-5 binds to the intron region upstream of ADD3 exon 14 and inhibits its inclusion, generating the short isoform of
ADD3, which has no effect on cell proliferation or migration. In tumors, downregulation of QKI-5 derepresses the inclusion of exon 14, pro-
ducing the long isoform of ADD3, which is able to promote cell proliferation and migration.
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Discussion
In this work, we identified that the splicing target of QKI-5,

ADD3, is a potential prognostic marker for NSCLC (Figure 1).
Upregulation of ADD3 exon 14 inclusion promotes cancer cell
proliferation and migration (Figure 2). QKI-5 exerts its tumor
suppressor function in part through suppressing ADD3 exon 14

splicing (Figure 3). Mapping of in vivo QKI-5–RNA interactions
revealed that QKI-5 regulates splicing in a binding position-
dependent manner (Figure 5A). It represses ADD3 exon 14 in-
clusion through recognizing multiple binding sites at the 3

0 end
of intron 13 (Figures 5D and 6C). Furthermore, we characterized
several cancer-associated QKI mutations that cause dysregula-
tion of the splicing of its downstream targets ADD3 and NUMB
(Figure 6B; Supplementary Figure S2).

Our results provide novel information about the connection
between alternative splicing and cytoskeletal regulation in tu-
morigenesis. Abnormalities in cytoskeletal network are impli-
cated in the development and progression of many cancers.
Changes in splicing of a number of cytoskeletal genes have
been implicated in malignancy (Di Modugno et al., 2012; Luo
et al., 2015; Wollscheid et al., 2016; de Miguel et al., 2016;
Itoh et al., 2017). However, the functional significance of the al-
ternative splicing regulation of cytoskeletal genes remains to
be defined. Cytoskeletal protein ADD3 contains an N-terminal
globular head domain, a middle neck domain, and a C-terminal
tail domain. A myristoylated alanine-rich C kinase substrate
(MARCKS)-related domain containing a cluster of lysine resi-
dues is located at the very end of the tail domain. ADD3 exon
14 encodes a polypeptide with 32 amino acids between the
neck and MARCKS domains. The alternative inclusion of exon
14 in ADD3 provides several potential opportunities to regulate
ADD3 function. The ADD3 long isoform containing exon 14 may
have a protein-interacting network distinct from the short iso-
form without exon 14. Moreover, several serine and threonine
residues located in this region provide potential phosphoryla-
tion sites. Phosphorylation at these sites may impact on the
formation of spectrin–actin meshwork to alter cell proliferation
or migration. Recently, using Kras mutant mouse model of lung
cancer, we found an increase in ADD3 exon 14 inclusion in the
lung of Kras QkL/L mice (data not shown). Relevant to tumori-
genesis, Salomonis et al. (2009) reported that the dominant
isoform of ADD3 in undifferentiated human embryonic stem
cells (hESCs) is the long isoform. The expression pattern of
ADD3 shifted from the long isoform to the short one, when
hESCs differentiated into cardiac and neural precursors
(Salomonis et al., 2009). This finding suggests that the alterna-
tive splicing of ADD3 exon 14 may play a role in the self-
renewal, pluripotency, and differentiation of embryonic stem
cells. The physiological and pathological roles of ADD3 alterna-
tive splicing and the underlying mechanisms for differential
functions of ADD3 isoforms warrant further investigation.

RNA splicing maps generated through the integration of
genome-wide analyses on splicing profiles and RNA–protein
interactions provide global effects and mechanistic insights for
the actions of RNA-binding proteins (Witten and Ule, 2011; Fu

and Ares, 2014). It has been shown for a number of RNA-
binding proteins that can regulate exon inclusion either posi-
tively or negatively, depending on the location of their binding
sites relative to the regulated exons. In many cases, as has
been shown for Nova (Ule et al., 2006), RBFOX (Yeo et al.,
2009), MBNL (Wang et al., 2012), and CELF (Ajith et al., 2016),
binding of these proteins to intron regions downstream of the
regulated exons activates exon inclusion, while binding to the
intron regions upstream of the regulated exons or within them
represses exon inclusion. Similar to the splicing map of QKI-5
generated in neural stem cells (Hayakawa-Yano et al., 2017),
the RNA map of QKI-5 shown in this study indicates that QKI-5
shares these positioning effects. Interestingly, our map also
showed that QKI-5 represses exon inclusion when binding to
downstream intron regions proximal to the alternative exons,
and activates exon inclusion when binding to 3

0 end in the
downstream introns. In QKI proteins, QUA1 domain has been
shown to be critical for forming dimers (Beuck et al., 2012).
Dimerization of QKI-5 may facilitate to block exon inclusion via
a ‘looping out’ model of repression as proposed for the cases
of hnRNP A1 and PTB (Nasim et al., 2002; Oberstrass et al.,
2005). It is also possible that the formation of QKI-5 dimer or
interaction with other RNA-binding proteins may activate exon
inclusion by assisting the 5

0 and 3
0 splice sites of downstream

introns in close vicinity. The positional effects revealed by our
QKI-5 RNA map will guide our future mechanistic studies on the
alternative splicing of individual mRNA targets, including ADD3.

In support of the role of QKI-5 in regulating alternative splic-
ing in cancer, we found that several cancer-related mutations
in QKI cause dysregulation of its key splicing targets ADD3 and
NUMB. Among these mutations, Y57H, R106T, Q112P, and
G127V exhibited strong effects (Figure 6B). In the crystal struc-
ture of the intact QKI STAR domain (residues 7–214) in complex
with RNA (Teplova et al., 2013), the hydroxyl group of Y57 in
the QUA1 dimerization domain forms a hydrogen bond with
E174 in the KH domain on a6, which may stabilize the interac-
tion between the QUA1 and KH domains (Supplementary Figure
S3). The Y57H mutation might diminish intramolecular interac-
tions, resulting in a conformational change. R106 is located in
the loop that connects a3 and a4 in the KH domain
(Supplementary Figure S3). The side chain of R106 may interact
with the phosphodiester group in RNA via electrostatic interac-
tions, which could be disrupted by R106T mutation. Q112 is lo-
cated in the middle of a4 in the KH domain and stabilizes the
conformation of QUA1 through the hydrogen binding with R53

on a2 in the QUA1 domain (Supplementary Figure S3). The
Q112P mutation might interrupt a4 structure, leading to a con-
formational change of QUA1 and the dissociation of QKI dimer.
Spatially close to K132, the G127V mutation introduces a bulky
hydrophobic group at the position of G127, which may cause a
clashing with K132 and change the conformation of the loop
connecting b5 and a5 as well as the KH domain
(Supplementary Figure S3). Future work is needed to character-
ize the effects of these mutations on QKI-5 cellular function,
splicing of target mRNAs, and tumorigenesis.
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Materials and methods
Oligonucleotides

The sequences of all the oligonucleotides purchased from
Invitrogen or GenePharma (ASO) for this study are listed in
Supplementary Table S1.

ADD3 minigene constructs
The ADD3 minigene constructs consist of three exons and

two introns. The genomic sequences of the minigene unit were
amplified using genomic DNA isolated from HEK 293 cells as
template. To construct the wild-type minigene, most of the in-
tron sequence was deleted from 300 nt downstream of the 5

0

splice site to 300 nt upstream of the 3
0 splice site. A complete

fragment was assembled by overlapping PCRs using oligonu-
cleotides Add3-1–Add3-6 as primers, and then inserted be-
tween HindIII and XhoI sites of the pcDNA3 vector. In the
mutant constructs, QKI binding sites in the wild-type minigene
construct were mutated using similar overlapping PCRs using
primers containing nucleotide substitutions (see
Supplementary Table S1 for primer sequences).

Expression constructs of QKI-5 mutants
QKI-5 mutant expression constructs were generated by PCR

using pcDNA3-QKI-5-FLAG as template and primers with nucleo-
tide substitution (see Supplementary Table S1 for primer
sequences). PCR fragments were inserted between BamHI and
XbaI sites of the pcDNA3 vector.

Cell culture
The human bronchial epithelial BEAS2B and HEK 293 cells

were grown at 37˚C in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. The human lung
cancer cell lines A549, H1373, H520, SK-MES-1, and H358

were cultured at 37˚C in RPMI-1640 medium supplemented
with 10% fetal bovine serum.

Cell transfection of ASOs or siRNA
ASOs or siRNA were transiently transfected using

Lipofectamine 2000 (Invitrogen). Briefly, the day before trans-
fection, 2�10

5 BEAS2B, A549, or HTB182 cells were seeded in
35-mm culture dishes. According to manufacturer’s instruction,
the final concentration of ASOs or siRNA was 50 nM. After 48 h,
cells were harvested and used for further analysis.

TCGA data analysis
RNA-seq data (BAM files and expression quantification data)

and patient survival times for NSCLC lung cancers were
obtained from the TCGA projects TCGA-LUAD and TCGA-LUSC
(https://gdc.cancer.gov). Percentage splice index (PSI) values
in normal and tumor samples were estimated with the splicing

analysis tool MISO (Katz et al., 2010). Differential splicing and
expression between normal and tumor samples were evaluated
with the Wilcoxon signed-rank test. To assess the survival rele-
vance of the ADD3 exon 14 inclusion level, the NSCLC samples
were split into PSI-high (PSI�40) and PSI-low (PSI<40)
groups, fitted to the Kaplan–Meier survival curves, and com-
pared for difference with the log-rank test.

Western blotting
Cell pellets were collected by centrifugation, lysed by sodium

dodecyl sulfate (SDS) loading buffer, and separated by SDS–
polyacrylamide gel electrophoresis (SDS–PAGE) followed by gel
transfer to a nitrocellulose membrane (BioRad). The mem-
branes were incubated first with the primary antibodies, and
then with secondary antibodies coupled to horseradish peroxi-
dase (HRP). Band signals were detected with an enhanced
chemiluminescence (ECL) system (Thermo Scientific) and visu-
alized by image analyzer (Fujifilm). The primary antibodies
used for this study are anti-GAPDH (KangCheng Bio-tech), anti-
QKI (Sigma), anti-FLAG (Sigma), and anti-ADD3 (Proteintech).
The HRP-conjugated secondary antibodies anti-mouse IgG and
anti-rabbit IgG were purchased from Promega.

Real-time quantitative PCR
Total RNA was extracted from cells using Trizol (Invitrogen)

and reverse-transcribed into first-strand cDNA from random
hexamers using MMLV reverse transcriptase (Promega). PCR
was then performed using SYBRVR Green PCR Master Mix
(Applied Biosystems) on a 7500 Fast Real-Time PCR system
according to manufacturer’s instruction (Applied Biosystems).

In vivo splicing
The day before transfection, 2�10

5 BEAS2B or HEK 293 cells
were seeded in 35-mm culture dishes. Minigene plasmids were
transfected using Lipofectamine 2000. After 24 h, total RNAs
were isolated using Trizol Reagent. The first-strand cDNAs were
reverse-transcribed using BGH-rev as primer and MMLV
reverse-transcriptase following the manufacturer’s instruction.
PCR was performed using target gene-specific primers. PCR
products were loaded and run in 2% agarose gel electrophore-
sis followed by ethidium bromide staining. Quantification of
gel band signals was performed using Gel-Pro Analyzer soft-
ware according to manufacturer’s instruction.

MTT cell proliferation assay
Cells were seeded at a density of 2000 per well in 24-well

culture plates. After 24, 48, 72, 96, and 120 h of incubation,
cells were treated with 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) at a final concentration of 0.5 mg/ml
for 4 h. The resulting formazan was solubilized with dimethyl-
sulfoxide (DMSO), and the absorption was measured at 570 nm
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using a spectrophotometer (Thermo Scientific). The results of
MTT assay shown in Figures 2 and 3 were repeated three times.

Cell migration assay
Cell migration was examined in 8-mm transwell chambers

with 8-lm pores (Corning Costar). The bottom surface of each
membrane was first coated with serum-free medium for 1 h.
Approximately 25000 cells were seeded in the upper chambers
in 200 ll of serum-free medium. Lower chambers contained
600 ll of 20% serum medium. After the cells were allowed to
migrate for 12 h, the medium in the upper chamber was sucked
out and cells on the upper side were removed with a cotton
swab. Cells on the lower side of the membrane were washed
with cold PBS, fixed with methanol, and stained with 0.2% crys-
tal violet in PBS. Cells that migrated through the membrane to
the lower surface were counted by a light microscopy. The
results of transwell cell migration assay shown in Figures 2 and
3 were repeated three times.

Generating QKI-5-specific monoclonal antibody
Two copies of QKI-5-specific peptide sequence at its C-termi-

nus (GAVATKVRRHDMRVHPYQRIVTADRAATGN) were cloned and
expressed in Escherichia coli. The purified protein was immu-
nized into BALB/c mice. Hybridoma cell lines were generated
and screened, and the monoclonal antibody against QKI-5 was
purified by Abmart.

iCLIP-seq analysis
The iCLIP assay was carried out as described previously

(Konig et al., 2010; Wu et al., 2015). Briefly, five 10-cm dishes
of BEAS2B cells were irradiated with UV at 150 mJ/cm2. After
cell lysis, RNAs were partially fragmented using 10 ll high
(1:50) or low (1:5000) dilutions of 5 lg/ll RNase A (QIAGEN)
followed by immunoprecipitation with 10 lg anti-QKI5 antibody
immobilized on protein A Dynabeads (Life Technologies). RNAs
were then ligated at the 3

0 end to a DNA adapter and radioac-
tively labelled by T4 polynucleotide kinase (Fermentas), and
the protein–RNA complex was transferred to a nitrocellulose
membrane. For iCLIP cDNA library preparation, purified RNAs
were reverse-transcribed with a primer containing barcodes.
The resulting cDNAs were purified by PAGE, circularized by
single-stranded DNA ligase (Epicentre), linearized by restriction
enzyme cleavage, and amplified by PCR. The iCLIP cDNA library
was processed on an Illumina HiSeq 2000 sequencer. We
trimmed the first nine nucleotides at 5

0 ends of raw reads,
which include a four-nucleotide barcode and five random
nucleotides (e.g. NNN[barcode]NN), and removed the 3

0 adap-
tor sequences by cutadapt. The clean reads were mapped
against the human genome (version hg19/NCBI37) and tran-
script sequences allowing one mismatch and single hits using
Bowtie. The crosslink sites were identified at one nucleotide
upstream of the 5

0 end of aligned reads by custom script. iCLIP-

seq data and motif enrichment were analyzed as described pre-
viously (Wu et al., 2015).

Generation of QKI-5 RNA splicing map
The number of QKI-5 crosslink sites was counted in 40 nt ex-

onic region or 400 nt intronic region surrounding the 5
0 or 3

0

splice sites with a 20-nt bin for 244 QKI-activated and 207 QKI-
repressed events, respectively. For the short exon (<80 nt) and
intron (<800 nt), we divided the exon or intron sequence into
half. To count the number of QKI-5 crosslink sites for control
pre-mRNAs, we randomly selected the same amount of
detected cassette-exon events, which are not regulated by QKI
(P>0.95). We repeated this procedure 100 times and calcu-
lated the average numbers with 99.9999% confidence interval
for each bin. The occurrence (%) was calculated by dividing the
number of exons that have at least one crosslink site within a
given window by the total number of exons analyzed at this
window.

Data availability
The iCLIP-Seq data are available at NCBI’s GEO database un-

der the accession number GSE111133.

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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