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CD46 splice variant enhances translation
of specific mRNAs linked to an aggressive
tumor cell phenotype in bladder cancer
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CD46 is well known to be involved in diverse biological pro-
cesses. Although several splice variants of CD46 have been
identified, little is known about the contribution of alternative
splicing to its tumorigenic functions. In this study, we found
that exclusion of CD46 exon 13 is significantly increased in
bladder cancer (BCa) samples. In BCa cell lines, enforced
expression of CD46-CYT2 (exon 13-skipping isoform) pro-
moted, and CD46-CYT1 (exon 13-containing isoform) attenu-
ated, cell growth, migration, and tumorigenicity in a xenograft
model. We also applied interaction proteomics to identify
exhaustively the complexes containing the CYT1 or CYT2
domain in EJ-1 cells. 320 proteins were identified that interact
with the CYT1 and/or CYT2 domain, andmost of them are new
interactors. Using an internal ribosome entry site (IRES)-
dependent reporter system, we established that CD46 could
regulate mRNA translation through an interaction with the
translation machinery. We also identified heterogeneous nu-
clear ribonucleoprotein (hnRNP)A1 as a novel CYT2 binding
partner, and this interaction facilitates the interaction of
hnRNPA1 with IRES RNA to promote IRES-dependent trans-
lation of HIF1a and c-Myc. Strikingly, the splicing factor
SRSF1 is highly correlated with CD46 exon 13 exclusion in clin-
ical BCa samples. Taken together, our findings contribute to
understanding the role of CD46 in BCa development.

INTRODUCTION
Alternative splicing (AS) is a pivotal mechanism for generating diver-
sity at the RNA and protein levels in eukaryotes, and aberrant splicing
events are frequently observed in many types of cancers.1 Many genes
that regulate critical biological processes, such as cell division,
apoptosis, and differentiation, are subjected to AS, and changes in
the isoform ratios of these genes provide an important contribution
to tumor development and progression.2 In addition, AS changes
also play a key role in resistance to cancer therapy (reviewed in Sieg-
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fried and Karni3). Since the high-throughput technique came into be-
ing, its application in the identification of aberrant AS events of can-
cers has made great advancements.1,4 However, the function of most
AS events is unknown.

CD46, also named membrane cofactor protein (MCP), has been re-
ported to be involved in diverse biological processes. The best docu-
mented function of CD46 is to inhibit complement activation.5

Increasing evidence indicates that CD46 has many other functions.
For example, CD46 plays a central role in cellular entry by human
pathogens, fertilization processes, innate and acquired immunity,
and T helper (Th)1 biology.5–7 This ubiquitously expressed protein
is a human type I transmembrane glycoprotein, composed of four
N-terminal conserved complement control protein (CCP) domains
and a heavily O-glycosylated STP domain followed by a transmem-
brane hydrophobic anchor and a short cytoplasmic tail.5 CD46 has
14 exons, and multiple exons (exons 7, 8, 9, and 13) are subject to
AS regulation, which generates different isoforms dependent on in-
clusion/exclusion of these regulated exons.8,9 AS at exons 7, 8, and
9 gives rise to the generation of at least four STP isoforms.8 Exon
13 inclusion or exclusion contributes to the generation of two distinct
intracellular domains of the CD46 cytoplasmic tail, CYT1 and CYT2,
which mediate differentially important signaling events.7,10–14 Marie
et al.7 found that CD46-CYT1 and CD46-CYT2 have opposite effects
on T cell immune responses. Similarly, CD46-CYT1 is required for
interferon (IFN)-g production and Th1 cell polarization in CD4+

T cells.6,15 In addition, Hirano et al.13 found that CD46-CYT1 and
uthor(s).
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CD46-CYT2 have the opposite effect on nitric oxide (NO) produc-
tion. Furthermore, Kolev et al.12 demonstrated that CD46-CYT1,
but not CYT2, is crucial for amino acid and hexose uptake, as well
as LAMTOR5 expression, to potentiate mTORC1 signaling. Taken
together, these data suggest that the two CD46 cytoplasmic domains
contain signaling motifs and have distinct cellular functions.

The dysregulation of CD46 pathways has been described in many hu-
man diseases, including asthma,16 rheumatoid arthritis,17 multiple
sclerosis (MS),18 lupus,19 and atypical hemolytic uremic syndrome
(aHUS).20,21 The molecular basis of CD46-mediated activities can at
least partially be explained by its interaction with various proteins.
For example, some pathogens that bind to the CD46 ectodomain can
induce autophagy dependent on CD46-CYT1/GOPC interaction.22

In addition, CD46 associates with other molecules, including lipid
rafts,23 DLG4,24 Lck,25 SHP-1,26 SPAK,17 a-E-catenin, and E-cad-
herin,27 which regulate T cell receptor (TCR) stimulation, cell polarity,
morphological changes, NO production, T cell differentiation, and
epithelial cell barrier integrity and repair, respectively. Notably,
CD46 is subjected to further enzymatic processing by matrix metallo-
peptidase (MMP) and g-secretase,15,28 which generates cytoplasmic
tails with signaling abilities and is pivotal to ensure T cell function.29

Additionally, the cleaved CYT1 and CYT2 can translocate to the nu-
cleus and regulate downstream gene expression.12 Recently, CD46
glycosylation was shown to be required for the enzymatic processing
of CD46, and its defect may contribute to MS.30 Although great prog-
ress has been made, the functions of CD46 and relevant molecular
mechanisms remain largely unknown.

CD46 also plays a key role in multiple cancers. Numerous studies
have demonstrated that CD46 increases expression in tumors relative
to the corresponding normal tissue, which may serve as a mechanism
for cancer cells to block killing by complement.31–36 Notably, the
CD46 locus is frequently co-amplified with 1q21 in most relapsed
myeloma patients, and it is highly expressed in myeloma cell lines.37

Sherbenou et al.37 have shown that antibody-drug conjugate targeting
CD46 (CD46-ADC) inhibited proliferation inmyeloma cell lines with
little effect on normal cells, suggesting that CD46 is a promising target
for the treatment of multiple myeloma. However, the molecular
mechanisms responsible for the pro-tumorigenesis functions of the
CD46 pathway remain ill-defined.

In this study, we observed that the exclusion of CD46 exon 13 is
significantly increased in bladder cancer (BCa) samples. CD46-
CYT1 inhibits, and CD46-CYT2 promotes, bladder tumor tumori-
genesis. Of interest, we demonstrated that the splicing factor SRSF1
promotes the exclusion of exon 13 of the CD46 gene, and we assessed
the role of SRSF1 in BCa progression. Importantly, SRSF1 is upregu-
lated in BCa and highly correlated with CD46 exon 13 exclusion (p =
0.0276, r = 0.4238). We also systematically screened CYT1 and CYT2
domain protein interactors and identified heterogeneous nuclear
ribonucleoprotein (hnRNP)A1 as a novel CYT2 binding partner,
and this interaction facilitates the interaction of hnRNPA1 with inter-
nal ribosome entry site (IRES) RNA to promote IRES-dependent
translation. These findings help understanding the roles and molecu-
lar mechanisms of CD46 in tumor development and progression.

RESULTS
Dysregulated CD46 exon 13 splicing in clinical BCa samples

To identify aberrant AS events in BCa, we performed a systematic
analysis of RNA sequencing (RNA-seq) profiles from a human BCa
gene expression dataset (GEO: GSE31617). SpliceSeq software anal-
ysis38 and then manual proofreading identified 33 AS events that
were deregulated in BCa as compared with normal bladder tissues
(Table S1). We focused our attention on the differential splicing of
CD46 because the function of CD46 in cancer remains largely un-
known, and there was a huge difference (a fold change >5) in the
CD46 exon 13 inclusion between human bladder tumors and
matched normal tissues. Translation of the exon 13-included
mRNA generates a CYT1 intracellular domain-containing protein
(CD46-CYT1), while the exon 13-skipping transcript generates a
CYT2 intracellular domain-containing protein (CD46-CYT2) (Fig-
ure 1A). To confirm that CD46 exon 13 splicing is dysregulated in
BCa, we designed a primer pair that could differentiate alternative
exon 13 isoforms (Figure 1B). RT-PCR analysis revealed that the
CYT2-to-CYT1 ratio of CD46 was significantly higher in BCa tissue
as compared to adjacent normal tissue (fold change = 2.9, p = 0.0002;
Figures 1C and 1D). These data suggested that the dysregulation of
CD46 exon 13 AS may play an important role in BCa development.

CD46-CYT2 promotes the tumorigenic features of BCa cells

Wenext assessed the roles of these two isoforms in bladder tumorigen-
esis. To this end, we applied the efficient CRISPR-Cas genome-editing
system targeting exon 1 and intron 1 boundaries of CD46 to knock out
this gene in EJ-1 cells (Figures S1A–S1C). We found that CRISPR-
Cas9-mediated knockout (KO) of CD46 attenuated cell proliferation,
DNA synthesis, and colony formation of EJ-1 cells. In EJ-1 cells with
CD46 KO, re-expression of CD46-CYT2 without exon 13 remarkably
accelerated cancer cell proliferation, DNA synthesis, colony forma-
tion, and cell migration, while re-expression of CD46-CYT1 with
exon 13 had the opposite effect of decreasing all of these activities (Fig-
ures 2A–2E; Figures S2A and S2B). A similar phenomenon was found
when CD46-CYT1 or CD46-CYT2 was stably overexpressed in 5637
BCa cells (Figures S3A–S3D). Furthermore, in vivo tumorigenic ana-
lyses revealed that the restoration of CD46-CYT2 in EJ-1-CD46-KO
cells resulted in an accelerated tumor growth and amore serious tumor
burden, but CD46-CYT1 restoration suppressed tumor growth rate
and tumor size in a subcutaneous xenograft model (Figure 2F). Taken
together, these results indicate that AS variants of CD46 exon 13 can
play distinct roles in the regulation of BCa cell growth and migration,
with CD46-CYT2 being a tumorigenic factor in vitro and in vivo.

Identification of CD46 cytoplasmic tail interaction proteins by

tandem affinity purification (TAP) and mass spectrometry (MS)

analysis

Because CD46-CYT1 and CD46-CYT2 isoforms differ only in their
cytoplasmic tails, we reasoned that different tails must have different
binding partners, which may contribute to their opposite roles in
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Figure 1. CD46 exon 13 skipping is upregulated in

bladder cancers

(A) Schematic representation of the CD46 exons structure

to highlight the alternative splicing between exons 12 and

14 generating CD46-CYT1 and CD46-CYT2 variants. (B)

Diagrams for detection of CD46-CYT1 and CD46-CYT2

mRNA. Primer pairs and product sizes for the two variants

are shown. (C) Expression of CD46-CYT1 and CD46-

CYT2 mRNA in 27 paired bladder cancer tissues (T) and

adjacent nontumor tissues (N) by RT-PCR. GAPDH tran-

script level was used as the loading control. The ratio for

13�/13+ is listed below the panel. (D) Quantification of

data from (C) for the exon 13 exclusion inclusion ratio. The

data were analyzed by a paired Student’s t test. ***p <

0.001.

Molecular Therapy: Nucleic Acids
bladder tumor development. We next sought to screen for proteins
interacting with the C-terminal cytosolic tail of CD46. To facilitate
the purification of CYT1 or CYT2 interaction proteins, we established
a stable cell line expressing Twin-Strep and the glutathione S-trans-
ferase (GST)-tagged CYT1 and CYT2 domains of CD46 (Figure S4A).
Interaction proteins were recovered using a two-step purification that
involved sequential binding to Strep-Tactin and glutathione agarose
(Figure S4B). After elution from beads, all proteins identified by
MS analysis corresponded to three different type interaction proteins,
that is, CYT1-specific binding (n = 78), CYT2-specific binding (n =
145), and both CYT1/CYT2 binding proteins (n = 19) (Figure 3A).
A compilation of the CYT1 domain- and CYT2 domain-associated
proteomes is given in Table S2.We next proceeded to validate a subset
of these potential CYT1/2 interaction partners by co-immunoprecip-
itation (coIP) experiments. To this end, five previously unknown in-
teracting proteins were selected. CoIP assays of SNX27, PTPN3,
HMGB1, EIF5A, and RPL17 with CD46-CYT1 and CD46-CYT2 in
CD46-KO EJ-1 cells showed that CD46-CYT1 coprecipitated effi-
ciently with SNX27 and PTPN3, while CD46-CYT2 coprecipitated
efficiently with HMGB1 and RPL17, which is to a large extent consis-
tent with the TAP-MS identification (Figures S5A and S5B). The
interaction of these proteins with the CYT1 or CYT2 domain of
CD46 was determined by reciprocal coprecipitation experiments
(Figures S5C–S5G). Interestingly, consistent with previous reports
that the PDZ domain can specifically bind to the CYT1 domain,22,24

we also identified four PDZ domain-containing proteins (SNX27,
PTPN3, GOPC, and SLC9A3R2) as potential CYT1 domain-interac-
142 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
tion partners. Among the four proteins, SNX27
and PTPN3 are unknown binding proteins
(which is verified in Figure S5), while GOPC is
a known CYT1 interaction partner.22 Taken
together, these results confirm that our
approach provided credible global partners of
the CYT1 and CYT2 domains.

The identified CYT1 and CYT2 domain part-
ners were grouped according to their molecular
function based on literature investigations and functional enrichment
analysis using FunRich software.39 Many of them belonged to distinct
protein families and were known to participate in many cellular pro-
cesses, including glycolysis, translation regulation, cytoskeleton orga-
nization, and nucleic acid metabolism (Figure 3B; Tables S3 and S4).
Interestingly, we found that many proteins involved in glycolysis (n =
8) and ribosome (n = 34) complexes are specifically coprecipitated
with the CYT2 domain, and proteins involved in lipid metabolism
(n = 2) and protein phosphatase activity (n = 5) are specifically copre-
cipitated with the CYT1 domain (Figure 5B; Tables S3 and S4). A
functional network analysis was also performed to test for possible
complex formation between several CYT1 or CYT2 domain partners.
Among these interactions, some well-known complexes such as ribo-
some complexes, the glycolysis enzyme complex, and hnRNP com-
plexes were detected in CYT2 domain partners, but not in CYT1
domain partners (Figure 3C).

CD46 cytoplasmic tails regulate translation

As described above, many CYT1/2 domain partners were components
of ribosome complexes, the translation initiation complex, and hnRNP
complexes, such as RPL17, eEF1D, EIF3I, EIF3S9, EIF4B, EIF5A,
PABPC1, PCBP2, PDCD4, and hnRNPA1 (Table S2), which play
essential roles in regulation of protein synthesis and translational initi-
ation. Considering that translation initiation is typically the rate-
limiting step of protein synthesis,40 we tested whether CD46 might
play a role in translational initiation. To this end, we performed teth-
ering experiments using IRES-dependent bicistronic reporter plasmids



Figure 2. CD46-CYT1 andCD46-CYT2 have opposite

roles in bladder cancer development

(A) Generation of CD46-knockout (CD46-KO) cells that

were engineered to re-express CD46-CYT1 or CD46-

CYT2. CD46-KO cells were infected with lentiviruses ex-

pressing vector control, CD46-CYT1, or CD46-CYT2.

Immunoblotting was performed to evaluate the expression

of CD46.GAPDH is an internal control. (B) ACCK-8 kit was

utilized to quantify cell viability at each time point. The data

represent mean ± SD and were analyzed by a two-way

ANOVA (n = 3). ***p < 0.001. (C) Quantification of 5-ethy-

nyl-20-deoxyuridine (EdU)-incorporated cells in indicated

engineered cell lines. The data represent mean ± SD and

were analyzed by an unpaired two-tailed Student’s t test

(n = 4). ***p < 0.001. (D) A colony formation assay and

quantification were performed with EJ-1 cells and CD46-

KO cells expressing CD46-CYT1 or CD46-CYT2 as

described in (B). The data represent mean ± SD and were

analyzed by an unpaired two-tailed Student’s t test (n = 3).

***p < 0.001. (E) Transwell cell migration assay for EJ-1

cells. Numbers of migrated cells were quantified in four

random images from each treatment group. The data

represent mean ± SD and were analyzed by an unpaired

two-tailed Student’s t test (n = 4). *p < 0.05, **p < 0.01,

***p < 0.001. (F) (1) Time course of xenograft growth.Mean

tumor volume was measured by caliper on the indicated

weeks. The data represent mean ± SD and were analyzed

by a two-way ANOVA (n= 8). ***p < 0.001. (2) Photographs

of tumors excised 7 weeks after the inoculation of stably

transfected EJ-1 cells into nudemice. (3) The tumorweight

of CD46-CYT1- or CD46-CYT2-overexpressed EJ-1 cells

in nude mice at the end of 7 weeks after transplantation.

The data represent mean ± SD and were analyzed by an

unpaired two-tailed Student’s t test (n = 8). **p < 0.01.
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(Figure 4A). As shown in Figure 4A, the bicistronic reporter plasmid
containing an internal IRES between Renilla luciferase (Rluc) and
firefly luciferase (Fluc) and four MS2-binding sites (MS2bs) is located
just downstream of the stop codon of the Fluc gene.We then tested this
possibility using four virus IRESs from encephalomyocarditis virus
(EMCV), enterovirus A71 (EV-A71), cricket paralysis virus (CrPV),
and hepatitis C virus (HCV). We found that direct tethering of both
CYT1 and CYT2 to the 30 UTR of the above reporters specifically
decreased the translation of EMCV and EV-A71 IRES-dependent
translation of Fluc compared to Rluc translation. In contrast, neither
CYT1 nor CYT2 tethering showed a statistically significant effect on
CrPV and HCV IRES-dependent Fluc translation (Figure 4B; Fig-
ure S6). EMCVIRESandEV-A71 IRES require all translation initiation
factors except for eIF4E, whereas CrPV IRES- and HCR IRES-depen-
dent translation does not need any translation initiation factors, which
indicated that CD46’s cytosolic tails might play an important role in
regulating translation initiation.

We next investigated whether endogenous human IRES can be regu-
lated by tethering of CD46’s cytosolic tails to downstream of the stop
codon of the Fluc gene. CCND1, HIF1a, and c-Myc are known to be
oncogenic drivers for many human cancers, and all of them harbor an
IRES structure in the 50 UTR of their mRNA.We thus investigated the
effects of CYT1/CYT2 tethering on CCND1, HIF1a, and c-Myc IRES-
dependent translation. Unexpectedly, both CYT1 and CYT2 tethering
enhanced these three IRES-dependent Fluc translations (Figure 4C).
Taken together, the results indicated that tethering the CD46’s cyto-
solic tails to the 30 UTR have both translational repression and
enhancement functions depending on the specific IRES.

The data described above led us to further explore the impact of
CD46-CYT1/CYT2 overexpression on the IRES-dependent transla-
tion of HIF1a and c-Myc. Overexpression of CD46-CYT2 signifi-
cantly increased the translation activity of HIF1a and c-Myc IRESs,
while CD46-CYT1 overexpression had little effect on these activities
(Figure 4D), suggesting that CD46-CYT2 might be a translational
regulator of HIF1a and c-Myc. To further confirm these results, the
levels of newly synthesized HIF1a and c-Myc protein in CD46-
CYT2 knockdown and control cells were monitored by an L-azidoho-
moalanine (AHA) incorporation assay. As expected, AHA-labeled
newly synthesized HIF1a and c-Myc proteins were markedly reduced
in CD46-CYT2 knockdown cells compared with control cells (Fig-
ure 4E). We next wanted to determine whether CD46 was regulating
the global translation. Using a surface sensing of translation
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 143
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Figure 3. Classification of identified CYT1 and CYT2

domain-interacting proteins

(A) The number of CYT1- and CYT2-binding partners in

the EJ-1 cells. (B) Function classification of the 320 pro-

teins identified as CYT1 and/or CYT2 domain partners in

the EJ-1 cell line. (C) Network analysis of associated

proteins identified through liquid chromatography-tandem

mass spectrometry (LC-MS/MS) of CYT2 domain-inter-

acting proteins. Three main complexes (ribosome com-

plexes, the glycolysis enzyme complex, and hnRNP

complexes) are boxed.
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(SUnSET) method to monitor protein synthesis, we demonstrated
that neither CD46-CYT1 nor CD46-CYT2 has any effect on the trans-
lation in 293T and EJ-1 cells (Figures S7A and S7B). Taken together,
our findings are highly supportive that CD46-CYT2 has an important
role in regulating the translation of a subset of oncogenes, such as
HIF1a and c-Myc.

CD46-CYT2 regulates IRES-dependent translation via hnRNPA1

Many IRES trans-acting factors (ITAFs) such as hnRNPA1, PABPC1,
and PCBP2 were specifically immunoprecipitated by CYT2, but not
by CYT1 (Table S2). Moreover, the hnRNPA1 protein is involved
in promoting the IRES-dependent translation of a number of genes,
including HIF1a and MYC.41 We thus decided to investigate the rela-
tionship between CD46-CYT2, hnRNPA1, and IRES-dependent
translation inmore detail. Reciprocal coIP assays confirmed the inter-
action of CD46-CYT2 with hnRNPA1 in 293T and EJ-1 cells (Figures
5A and 5B). Additionally, the bacterially expressed GST-CYT2
domain was associated with FLAG-hnRNPA1 (Figure 5C), indicating
that CD46-CYT2 directly interacts with hnRNPA1.
144 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
To determine whether hnRNPA1 is required for
CD46-CYT2’s translational regulatory function,
we first confirmed the role of hnRNPA1 in the
IRES-dependent translation. Control (short
hairpin RNA [shRNA] LacZ [sh-LacZ]) or
hnRNPA1 knockdown EJ-1 cells were trans-
fected with HIF1a and c-Myc IRES reporters,
and the IRES-dependent translation level of
each gene was tested. Consistent with previously
reported findings, knockdown of hnRNPA1
significantly suppressed the activities of HIF1a
and c-Myc IRESs (Figure 5D; Figure S8).41 We
next investigated the effects of CD46-CYT2 on
IRES-dependent translation in hnRNPA1
depleted cells. The effect of CD46-CYT2 overex-
pression on IRES-dependent translation was
partially reversed by concomitant hnRNPA1
depletion (Figures 5E and 5F). Furthermore,
CD46-CYT2 knockdown decreased the activ-
ities of HIF1a and c-Myc IRESs, and the effect
of CD46-CYT2 silencing on these activities
was reversed by concomitant hnRNAPA1 overexpression (Figure 5G).
In addition, the RNA pull-down assay was performed in hnRNPA1
depleted cells. As shown in Figure 5H, both the c-Myc IRES and
HIF1a IRES precipitated considerably less CD46-CYT2 in
hnRNPA1-knockdown EJ-1 cells compared with the sh-LacZ cells,
indicating that the IRES-CYT2 interaction was hnRNPA1-depen-
dent. Taken together, the results suggest that the effect of CD46-
CYT2 on IRES-dependent translation is mediated, at least in part,
through hnRNPA1.

Based on the above findings, our next aim was to clarify the mecha-
nism of CYT2 binding on the regulation of hnRNPA1 activity. The
binding affinity of hnRNPA1-IRES is thought to play a critical role
in hnRNPA1’s regulation of IRES-dependent translation.41 Thus,
we next performed RNA immunoprecipitation (RIP) analysis in
CD46 wild-type or KO EJ-1 cells, using hnRNPA1 antibodies. Fig-
ure 5I demonstrates that hnRNPA1 precipitated considerably less
HIF1a and c-Myc mRNAs in CD46 knocked out cells, indicating
that CD46 enhances the IRES-hnRNPA1 interaction.



Figure 4. The CYT1 and CYT2 domain of CD46

regulates protein translation

(A) Schematics of the tethering reporter assay. (B) The

tethering of CYT1 or CYT2 to the EMCV and EV-71A IRES

reporters led to a decrease in translation in comparison

with the control. The relative luciferase activity is shown of

EJ-1 cells transfected with MS2-myc (control), MS2-myc-

CYT1, or MS2-myc-CYT2 with the indicated tethering

reporter plasmids. (C) The tethering of CYT1 or CYT2 to

CCND1, HIF1a, or c-Myc IRES led to an increase in

translation. The relative luciferase activity is shown of EJ-1

cells transfected with MS2-myc (control), MS2-myc-

CYT1, or MS2-myc-CYT2 with the indicated tethering

reporter. (D) CD46-CYT2 promotes the IRES-dependent

translation of HIF1a and c-Myc. Top: schematic repre-

sentation of bicistronic reporter constructs with different

IRESs. Bottom: EJ-1 cells were transfected with the

indicated plasmids. The firefly and Renilla luciferase ac-

tivities were measured, and the ratios of firefly luciferase

activity over Renilla luciferase activity were calculated. (E)

EJ-1 and 5637 cells transfected with sh-CD46-CYT2 or

sh-LacZ were cultured in Met-free DMEM for 1 h in the

presence of AHA to capture newly synthesized proteins

and immunoblotted using the indicated antibodies. Levels

of HIF1a and c-Myc are normalized against GAPDH and

expressed as fold change relative to base expression

determined using control shRNA. All data represent

mean ± SD and were analyzed by an unpaired two-tailed

Student’s t test (n = 3). *p < 0.05 versus control; **p <

0.01, ***p < 0.001. n.s., not significant.
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CD46-CYT2 promotes tumorigenesis via hnRNPA1

Given that hnRNPA1 has been proposed to function as an oncogene
in various cancers,42 we wanted to determine the effect of hnRNPA1
on the tumorigenicity of BCa cells. In support of a pro-tumorigenic
role, overexpression of hnRNPA1 increased colony formation and
cell migration capability (Figures 6A and 6B; Figure S9A). Next, we
sought to determine whether hnRNPA1 is required for CD46-
CYT2 to regulate the proliferation, migration, and invasion abilities
of BCa cells. To this end, we tested whether exogenous hnRNPA1
expression could compensate for CD46-CYT2 knockdown.We found
that the effect of CD46-CYT2 silencing on colony formation, migra-
tion, and invasion was reversed by concomitant hnRNPA1 overex-
pression (Figures 6C and 6D; Figure S9B). Overall, these findings
show that hnRNPA1 function is regulated by CYT2 binding, and
they provide the rationale to explore the role of hnRNPA1 in medi-
ating the tumorigenicity of CD46-CYT2.

SRSF1 promotes BCa tumorigenesis in part via regulating CD46-

CYT2 levels

Previous studies have indicated that CD46 exon 13 splicing is regu-
lated by multiple trans-acting splicing factors such as hnRNPA1,
SRSF1, PTBP1, TIA1, and TIAL1 in HEK293T cells.8 We thus exam-
ined whether CD46 exon 13 inclusion is regulated by these splicing
factors in BCa cells. To this end, we established knockdown EJ-1
cell lines stably expressing shRNA constructs against these genes.
The result showed that knockdown of TIA1 or TIAL1 induced
exon 13 skipping while PTBP1 and SRSF1 knockdown had the oppo-
site effect (Figure 7A; Figures S10A–S10C). As a previous study
showed that hnRNPA1 interacts with the exonic splicing enhancer
(ESE) of CD46 exon 13,8 we speculated that other splicing factors
(such as hnRNPA2B1) could compensate for the hnRNPA1 deple-
tion. We thus investigated a role of hnRNPA1 overexpression in
exon 13 splicing. As expected, both SRSF1 and hnRNPA1 overexpres-
sion promoted exon 13 skipping (Figure 7B). Taken together, these
results suggested that CD46 exon 13 splicing is also regulated by
hnRNPA1, SRSF1, PTBP1, TIA1, and TIAL1 in EJ-1 cells.

As described in Figure 1, the CYT2-to-CYT1 ratio of CD46 was signif-
icantly higher in BCa tissue as compared to adjacent normal tissue,
and thus we investigated whether a correlation between the expression
of splicing factors and the 13�/13+ ratio of CD46 exists in clinical BCa
samples. We found that 19 of 27 primary BCa specimens had upregu-
lated (>2-fold) SRSF1 mRNA expression (Figure 7C). Furthermore,
SRSF1 expression levels positively correlated with the ratio of CD46
splice variants (13�/13+) in these clinical samples (p = 0.0276, r =
0.4238, Spearman correlation) (Figure 7D). We thus decided to
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Figure 5. CD46-CYT2 regulates IRES-dependent translation via hnRNPA1

(A) EJ-1 cells were transiently transfected with StrepII-GST-CYT1/2 and/or FLAG-hnRNPA1. The cell lysates were precipitated with StrepII-Tactin and immunoblotted with an

anti-FLAG antibody. (B) Co-immunoprecipitation experiments were conducted with an CD46 antibody in CD46-KO cells stably expressing CD46-CYT1 or CD46-CYT2,

respectively. (C) Lysates from 293T cells transfected with FLAG-hnRNPA1 were incubated with either purified protein GST-CYT1 or GST-CYT2. Bound FLAG-hnRNPA1

proteins were immunoblotted by anti-FLAG. (D) EJ-1 cells expressing sh-LacZ or sh-hnRNPA1 were transfected with indicated IRES-dependent reporters, respectively. The

firefly and Renilla luciferase activities were measured. (E and F) EJ-1 cells expressing sh-LacZ or sh-hnRNPA1 were transfected with CD46-CYT2 or pHAGE-negative control

(NC) (control/empty vector) and the indicated IRES-dependent reporter plasmids. The firefly and Renilla luciferase activities were measured. (G) Relative luciferase activity of

wild-type (WT) or CD46-KO EJ-1 cells transfected with Lenti-NC (control) or FLAG-hnRNPA1 with the indicated tethering reporter. (H) CD46-KO cells stably expressing

CD46-CYT2, MS2-GST together with sh-LacZ, or sh-hnRNPA1 were transfected with the 30 MS2 stem-loop-tagged IRES sequence of HIF1a or c-Myc. After 48 h of culture,

cells were lysed and incubated overnight with glutathione Sepharose beads. Precipitates were subjected to western blotting with anti-hnRNPA1 or anti-CD46 antibodies.

Levels of hnRNPA1 and CD46 are normalized against input and expressed as fold change relative to base expression determined using control sh-LacZ. (I) Cell lysates from

WT or CD46-KO cells were incubated with IgG or anti-hnRNPA1 antibody and immunoprecipitated with protein A/G-conjugated beads. Bound RNAs were then eluted,

purified, and subjected to qPCR for CCND1 and c-Myc mRNAs.
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investigate whether SRSF1 regulates BCa cell proliferation andmigra-
tion by promoting CD46 exon 13 skipping. SRSF1 functions as a key
oncodriver in numerous solid tumors by regulating AS of many can-
cer-related genes.43–45 However, the role of SRSF1 in BCa is not well
established. As expected, knockdown of SRSF1 significantly decreased
cancer cell proliferation, colony formation ability, and migration
in vitro (Figures S11A–S11E). Furthermore, in vivo tumorigenic ana-
lyses showed that depleted expression of SRSF1 in EJ-1 cells resulted in
a decrease in tumor growth rate and tumor size (Figures S11A–S11E).
We conclude that SRSF1 promotes tumorigenicity of BCa cells in both
146 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
in vitro and in vivo assays. We next sought to determine whether the
exogenous CD46 expression can compensate for SRSF1 knockdown
effects. We found that forced expression of the CD46-CYT2 isoform
in SRSF1-knockdown cells increased cancer cell proliferation, colony
formation ability, and migration, although the growth impairment
and migration defects were not fully restored compared with the con-
trol (Figures 7E–7G; Figure S12). However, cells expressing SRSF1
shRNA/CD46-CYT1 showed an opposite effect of decreasing these
three activities compared with cells expressing SRSF1 shRNA alone
(Figures 7E–7G), indicating that such phenotypical rescue is specific



Figure 6. CD46-CYT2 regulates human bladder cancer cell migration via hnRNPA1

(A) (1) Representative images of cell culture plates following staining for colony formation of EJ-1 cells expressing FLAG-hnRNPA1 or control plasmid psi-FLAG. (2) Number of

colonies was quantified. (B) Migration assay for bladder cancer cells. The number of migrated cells was quantified in five random images from each treatment group. The data

represent mean ± SD and were analyzed by an unpaired two-tailed Student’s t test (n = 5). ***p < 0.001 versus control. (C and D) EJ-1 cells were infected with different

combinations of lentivirus encoding sh-LacZ, sh-CD46-CYT2, psi-FLAG, and/or FLAG-hnRNPA1 as indicated. After 72 h of culture, a colony formation assay and transwell

migration assay were performed. ***p < 0.001 versus control.
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for CD46-CYT2. These results demonstrate that CD46 is a critical
target of the SRSF1-mediated splicing program in BCa.

DISCUSSION
Aberrant splicing of many genes plays a critical role in tumor devel-
opment and progression. In this study, we demonstrated that CD46
exon 13 exclusion is a frequent event in BCa. We performed a full
screening of the C-terminal cytosolic tail of CD46 interactome in
BCa cells and found that many ribosome proteins and eukaryotic
translation factors are CYT2, but not CYT1, binding partners. Impor-
tantly, we defined a critical role for CD46-CYT2 in regulating IRES-
mediated translation; this regulation is mediated partially through
interaction with hnRNPA1.

CD46 was originally reported to function as an inhibitor of comple-
ment activation, which may contribute to its pro-tumor activities in
several tumors.31–36 Increasing evidence indicates that CD46 is also
involved in signal transduction pathways, and both of CD46’s cyto-
plasmic domains, CYT1 and CYT2, can transmit distinct intracellular
signals, whichmay relate to their different function in tumors. Indeed,
we also provide functional evidence that CD46-CYT1 inhibits, and
CD46-CYT2 promotes, cancer cell growth, migration, and colony for-
mation in vitro and tumorigenesis in vivo. A number of studies
demonstrated that various CD46-related signaling pathways (e.g.,
the Notch signaling pathway6 and SPAK-mitogen-activated protein
kinase [MAPK] pathway5,11,17,27) also play a prominent role in the
regulation of tumor development/progression. However, the molecu-
lar basis for their opposite functions in BCa remains to be defined.

Notably, in the present study we indicate that CD46 is a translational
regulator. The mechanism by which CD46 transmits intracellular sig-
nals remains largely unknown. Protein function is frequently regu-
lated by its interaction with other proteins. This aspect is particularly
important for transmembrane receptors, which transmit extracellular
signals into the cells to influence cellular functions. Indeed, many
studies have shown that the cytoplasmic tail of CD46 plays a critical
role in multiple signaling pathways mediated by interacting with
various intracellular proteins. Although several partners of CYT1 or
CYT2 have already been described,5,6,11,17,22–27,29 no global interac-
tome analysis of the cytoplasmic tail of CD46 proteins is currently
available. This study presents the first high-throughput analysis of
the two intracellular tails ofCD46 interactome byTAP-MS in a human
cell line. Most CYT1 domain partners identified are involved in lipid
metabolism, protein phosphatase activity, and cytoskeleton organiza-
tion. As mentioned earlier, only the CD46-CYT1 isoform affects cell
morphology and polarity by interacting with DLG4.23,24 It seems
thatCD46-CYT1 can regulate cellmorphology throughmultiple other
cytoskeleton-associated proteins. The C-terminal tetrapeptide FTSL
of CD46-CYT1 has been shown to bind to the PDZ domain of
DLG4 and GOPC.22,24 Of interest, our TAP-MS study revealed three
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Figure 7. SRSF1 promotes bladder cancer

tumorigenesis in part via regulating CD46-CYT2

levels

(A) EJ-1 cells were infected with lentivirus expressing

several indicated shRNAs to establish stably expressing

cell lines. Semiquantitative RT-PCR analysis was per-

formed todetect theCD46exon13alternative splicing. The

ratio for 13�/13+ is listed below the panel. (B) CD46 exon

13 splicing was measured by RT-PCR in EJ-1 cells stably

expressing FLAG-Cherry, FLAG-SRSF1, or FLAG-

hnRNPA1. (C) Relative expression of SRSF1 mRNA

expression levels were evaluated by real-time PCR in 27

paired case specimens. Expression levels of SRSF1 were

normalized to that of GAPDH. A bar value <1 indicates that

SRSF1 isdecreased in tumors. Abar value>1 indicates that

SRSF10 is increased in tumors. (D) The positive correlation

between the CD46 13�/13+ ratio and expression levels of

SRSF1 was observed in bladder cancer samples. Re-

lationships between these two variables were determined

by Pearson’s correlation coefficients. The correlation was

analyzed using GraphPad Prism 5 software. (E) A CCK-8

assaywasutilized to quantify cell viability at each timepoint.

Data are plotted as the mean ± SD of three independent

experiments andwere analyzedby two-wayANOVA. ***p <

0.001. (F) (1) Representative images of cell culture plates

following staining for colony formation of the indicated cell

lines. (2) The number of colonies was quantified. The data

represent mean ± SD and were analyzed by an unpaired

two-tailed Student’s t test (n = 3). *p < 0.05. n.s., not sig-

nificant. (G) (1)Migrationassay for the indicatedcell lines. (2)

Number of migrated cells was quantified in five random

images from each treatment group. The data represent

mean ± SD and were analyzed by an unpaired two-tailed

Student’s t test (n = 5). **p < 0.01, ***p < 0.001.
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other PDZ domain-containing proteins, that is, SNX27, PTPN3 and
SLC9A3R2, as binding partners for the CYT1 domain. Furthermore,
both SNX27 and SLC9A3R2mediate many cellular processes by bind-
ing to and regulating endosome-to-membrane trafficking and endoso-
mal recycling of plasma membrane receptors,46–48 suggesting that
SNX27 and SLC9A3R2 may act as adaptors for CD46-CYT1 during
its transport between endosomes and the cell surface. Importantly,
we also found that ribosome complexes, the glycolysis enzyme com-
plex, and hnRNP complexes were associated with the CYT2 domain,
but not with the CYT1 domain. Significantly, we found that hnRNPA1
is a critical CYT2-interaction protein mediating the translational reg-
ulatory function of CD46-CYT2. It is well known that protein synthe-
sis occurs primarily at both the cytosol and the cytoplasmic surface of
the endoplasmic reticulum (ER). However, there is evidence at present
in support of the idea that protein synthesis occurs at the plasmamem-
brane.49 For example, RACK1 is a plasma membrane-associated pro-
tein that is stably associated with both membrane-bound receptors
and the ribosome, which leads to the stimulation of local translation
of specific mRNAs at the plasma membrane.50 In addition, the ER
forms physical contacts with the plasma membrane, and they have
many properties in common.51 Considering that CD46 is also a
plasma membrane protein, it is highly likely that CD46 regulates the
148 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
translation that occurs at the cytoplasmic surface of the plasma mem-
brane. It was of significant interest that CD46 is subjected to further
enzymatic processing and is cleaved on the cell surface, which releases
CYT1 and CYT2 into the cytoplasm;15,28 therefore, another possibility
is that released CYT1/CYT2 peptides in cytoplasm can interact with
the translational machine and regulate the translation of a subset of
oncogenes. The specific intracellular compartments where CD46 is
involved in the regulation of translation are currently unknown.

Previous evidence revealed the importance of hnRNPA1 for translation
control of many oncogenes, including HIF1a, CCND1, and c-Myc.41,52

Our discovery that CD46-CYT2 promotes hnRNPA1 binding to
mRNAmay, at least in part, provide an explanation for its translational
regulatory function.Currently, there are>100humangenes predicted to
contain IRES elements. Thus, our results suggest that dysregulation of
theCD46-CYT2/hnRNPA1 translational networkmayfine-tune a large
portion of them post-transcriptionally and drive tumorigenesis of BCa.
Apart from hnRNPA1, several proteins that play key roles in transla-
tional control have been identified as interactors of the CD46-CYT2
complex. For example, PDCD4 has been demonstrated to be a transla-
tion inhibitor, which can inhibit the translation of p53 and Sin1.53–56

These results led us to propose a model for regulation of translation
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by CD46-CYT2; that is, hnRNP proteins might function as adaptors of
their target mRNA and CD46-CYT2, which regulate ribosome com-
plexes binding for enhanced or decreased protein translation. Dysregu-
lation of mRNA translation is a hallmark of many cancers. It will be
interesting to explore the global effects of CD46-CYT2 on translation.

CD46 undergoing AS, which affects the cytoplasmic tail, has been
known for a long time, and Tang et al.8 demonstrated that exon 13
inclusion and exclusion are subject to splicing regulation by multiple
trans-acting splicing factors, including hnRNPA1, PTBP1, TIA1/
TIAL1, and SRSF1.57 Consistent with previous reports, we showed
that both SRSF1 and PTBP1 act as repressors of exon 13 inclusion,
while TIA1 and TIAL1 promote exon 13 inclusion in BCa cells.
Tang et al.8 also showed that hnRNPA1 interacts with the ESE of
CD46 exon 13. We found that hnRNPA1 knockdown has little effect
on exon 13 inclusion, while hnRNPA1 overexpression promotes the
exon 13 exclusion, and we thus speculated that other splicing factors
(such as hnRNPA2B1) could compensate for the hnRNPA1 deple-
tion. Thus, we found that hnRNPA1 also promotes a CYT1-to-
CYT2 splice switch, and that CD46-CYT2 also promotes hnRNPA1
activity, revealing a cross-regulation between CD46 and hnRNPA1
activities. Importantly, we found that SRSF1 is significantly upregu-
lated in BCa tissues in comparison with matching adjacent normal
tissues. Importantly, the level of SRSF1 mRNA is positively correlated
with exon 13-lacking CD46 transcripts in clinical BCa samples. We
thus propose a model for the crosstalk between AS regulation of
CD46 exon 13 and translational regulation (Figure S13).

SRSF1 is the first splicing factor shown to be directly involved in cancer,
and its expression was increased in many types of cancer.43,44 In addi-
tion, our results demonstrated that the exon 13-lacking CD46 (CD46-
CYT2) isoform is upregulated, and the exon 13-containing CD46
(CD46-CYT1) isoform is downregulated, in BCa tissues, respectively,
and CD46-CYT2 and CD46-CYT1 isoforms have opposite roles in
the tumorigenesis of human BCa. Thus, it is reasonable to propose
that SRSF1 regulates tumorigenesis of BCa through AS regulation of
CD46 precursor (pre-)mRNA. Because we found that CD46-CYT2
was not sufficient to rescue the growth defects following SRSF1 deple-
tion, the effects of SRSF1 knockdown on cell growth and migration
likely involves a number of other genes. Furthermore, SRSF1 also has
other biological functions; for example, SRSF1 has been shown to
play critical roles in the regulation of mRNA stability and translation,
miRNAprocessing, protein sumoylation, and stress response (reviewed
in Chen et al.58).59 Further elucidation of the role of CD46 isoforms and
other candidate SRSF1-regulated oncogenes will likely provide valuable
insights into their mechanistic pathway in cancer cell growth.

MATERIALS AND METHODS
Human samples

Twenty-eight pairs of BCa and their corresponding adjacent normal
tissues were obtained from BCa patients treated at the Department of
Urology at Tongji Hospital (Wuhan, P.R. China) after their written
informed consent was obtained. All samples were kept in liquid nitro-
gen before RNA extraction.
Antibodies

The following antibodies were used in the experiments: anti-FLAG
(F3165) from Sigma-Aldrich; anti-Myc (562), anti-Strep-tag II
(M211-3), and anti-hemagglutinin (HA) antibody (M180-3) from
Medical & Biological Laboratories (MBL); anti-CD46 (#13241),
anti-hnRNPA1 (#8443), anti-c-Myc (#9402), and anti-SRSF1
(#14902) from Cell Signaling Technology; anti-puromycin
(MABE343, clone 12D10) purchased from Millipore; anti-HIF1a
(NB100-105) purchased from Novus Biologicals; anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (sc-32233) purchased
from Santa Cruz Biotechnology; goat anti-mouse immunoglobulin
G (IgG) horseradish peroxidase (HRP)-linked whole antibody
(31430) and goat anti-rabbit IgG HRP-linked whole antibody
(31460) purchased from Thermo Scientific.

Western blot

Western blot analysis was performed to detect the expression levels of
various proteins in cells. Cells were harvested, washed, with cold 1�
PBS, and lysed with NETN buffer consisting of 50 mM Tris-HCl at
pH 8.0, 0.15 M NaCl, 1 mM EDTA, 0.5% Nonidet P-40 (NP-40),
and a 1� protease inhibitor cocktail (Roche) for 30 min on ice, then
centrifuged at 12,000� g for 15 min at 4�C. The total protein concen-
tration was determined by a bicinchoninic acid (BCA) protein assay
kit (Beyotime). Equal amounts (20 mg per load) of protein samples
were subjected to SDS-PAGE electrophoresis and transferred onto
polyvinylidene fluoride (PVDF) membranes (Roche). The blots were
blocked in 5% nonfat milk (Becton Dickinson [BD]) and incubated
with primary antibodies, followed by incubation with secondary anti-
bodies conjugated with HRP. The protein bands were developed with
the chemiluminescent reagents.

Plasmids and molecular cloning

The shRNA plasmids of hnRNPA1, PTBP1, and SRSF1 have been
described previously.58 Human SRSF1, hnRNPA1, HMGB1, EIF5A,
PTPN3 (500–901 aa), SNX27, and RPL17 cDNA were generated by
PCR and cloned into BamHI and XhoI sites of psi-FLAG expression
plasmid. Mammalian expression plasmids for human CD46-CYT1
and CD46-CYT2 were generated by PCR and cloned into NheI and
XhoI sites of pHAGE-cytomegalovirus (CMV) (a gift from Prof. Xiao-
dong Zhang,WuhanUniversity, P.R. China) plasmids. PCDH-strepII-
GST-C1, which contains fusion tags including the Strep-tag-II and
GST-tag, was constructed by subcloning the MSCV promoter, Strep-
tag-II, and GST-tag into the XbaI and NotI sites of PCDH-CD513B-
1 (System Biosciences, USA). Human CYT1 and CYT2 domains of
CD46 were PCR amplified, digested by BamHI and XhoI, and then
ligated into PCDH-strepII-GST-C1 to create PCDH-strepII-GST-
CYT1 and PCDH-strepII-GST-CYT2, respectively. psi-MCS-EGFP
plasmid and psi-Rluc-MCS-Fluc plasmid were previously
described.58,60 PCDH-Rluc-MCS-Fluc was constructed by subcloning
the encoding region of Rluc-MCS-Fluc of psi-Rluc-MCS-Fluc into the
BamHI and NheI sites of PCDH-MSCV. For tethering assays, a lucif-
erase reporter containing four copies of the MS2 binding site was
generated by cloning the MS2 stem loop region of single guide RNA
(sgRNA) (MS2) plasmids (Addgene, #61424) into the NheI and EcoRI
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cut PCDH-Rluc-MCS-Fluc. CrPV IRES, HCV IRES, EMCV IRES, and
EV-71A IRES were synthesized and cloned into BamHI and XhoI sites
of PCDH-Rluc-MCS-Fluc-4xMS2 plasmid. CCND1 IRES, HIF1A
IRES, and c-Myc IRES were generated by PCR and cloned into BamHI
and XhoI sites of PCDH-Rluc-MCS-Fluc and PCDH-Rluc-MCS-Fluc-
4xMS2 plasmids, respectively. EF1a promoter and the MS2-N55K
open reading frame (ORF) was PCR amplified from MS2-P65-
HSF1_GFP (Addgene, #61423) and cloned into the XbaI and BamHI
sites of psi-MCS-T2A-puro to produce psi-EF1a-MS2-N55K-myc.
Human CYT1 and CYT2 domains of CD46, as well as GST, were
PCR amplified and ligated into psi-EF1a-MS2-N55K-myc to create
MS2-N55K-myc-CYT1, MS2-N55K-myc-CYT2, and MS2-N55K-
myc-GST, respectively. The PCDH-H1 shRNA cloning vector was
constructed by digesting out the CMV promoter of the PCDH-
CD513B-1 plasmid, and then inserting the H1 promoter of pSi-
lencer5.1-H1 Retro plasmid (Thermo Fisher Scientific, USA). All of
the splicing factors of RNAi plasmids used in the present study were
previously described.58 Gene-specific shRNA target sequences were
synthesized, annealed, and cloned into the BamH and NotI sites of
the PCDH-H1 plasmid. For application of Cas9 for site-specific
genome editing in human cells, CD46-specific sgRNAwas synthesized
and cloned into lentiCRISPR v2 containing two expression cassettes,
hSpCas9 and the chimeric guide RNA (Addgene, #52961). The primers
for making these constructs are shown in Table S5. All plasmids were
verified by sequencing.

TAP and MS

EJ-1 cells (approximately 200 million) stably expressing StrepII-
GST, StrepII-GST-CYT1, or StrepII-GST-CYT2 were lysed in
NETN buffer consisting of 50 mM Tris-HCl at pH 8.0, 0.15 M
NaCl, 1 mM EDTA, 0.5% NP-40, and a 1� protease inhibitor cock-
tail (Roche). Prior to complex purification, avidin (A9275, Sigma,
20 mg/1 mL extracts) was added to the extracts to remove bio-
tinylated molecules that may bind unspecifically to the Strep-Tactin
XT superflow resin (2-4010, IBA). Then, the Strep-Tactin XT super-
flow resin (80 mL) was added and incubated for 4 h at 4�C. Beads
were washed three times with 6 mL of washing buffer 1 (50 mM
Tris-HCl at pH 8.0, 0.3 M NaCl, 1 mM EDTA, 0.5% NP-40) and
then two times with 6 mL of washing buffer 2 (50 mM Tris-HCl
at pH 8.0, 0.5 M NaCl, 1 mM EDTA, 0.5% NP-40). Beads were
equilibrated in NETN buffer and complexes were eluted with biotin
(50 mM in elution buffer) in two steps of 10–15 min at 4�C. Eluates
were pooled, cleared by centrifugation, and used for the second pu-
rification step. Glutathione Sepharose beads (GE Healthcare/Dhar-
macon) were incubated with the eluates for 4 h at 4�C. The beads
were washed four times with washing buffer 2. The retained pro-
teins were eluted by NuPAGE lithium dodecyl sulfate (LDS) sample
buffer (NP0007, Thermo Fisher Scientific) and then separated by
SDS-PAGE (NP0322BOX, Thermo Fisher Scientific).

The separated proteins were cut out fromCoomassie blue-stained gels
into three portions according to their molecular weights (10–35, 35–
70, and 70–180 kDa). Then, the in-gel proteins were reduced, alky-
lated, and trypsin digested as previously described.61 Protein mixtures
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were then analyzed by a high-performance liquid chromatography
(HPLC)-Orbitrap Elite mass spectrometer (Thermo Fisher Scientific).
The resulting RAW files were searched against the NCBI nr using the
Mascot search algorithm to identify the corresponding proteins using
the Proteome Discoverer 2.1 software package (Thermo Scientific).
The detailed results of the experiments are shown in Table S2. Func-
tional enrichment analysis was performed using FunRich software
(http://www.funrich.org).39
RT-PCR and real-time PCR analysis

Total RNAs were extracted from 1–5 � 106 cells by TRIzol (Invi-
trogen), and cDNAs were synthesized using ReverTra Ace qPCR
RT Kit (Toyobo). Real-time PCR was performed using SYBR
Green real-time PCR master mix (Roche) and the ABI ViiA7
qPCR system (Applied Biosystems). GAPDH was the house-
keeping gene used as a control. The primers and the PCR condi-
tions used for RT-PCR and real-time PCR are provided in Table
S5. For semiquantitative RT-PCR, the PCR products were run
on a 1.5% agarose gel and visualized under UV light, after which
densitometric analysis was performed using ImageJ software for
the quantification analysis.
CoIP

To analyze protein interactions, coIP experiments were performed
using HEK293T or EJ-1 cells after 48-h transfection according to pre-
viously published protocols.35 To analyze protein interactions,
HEK293T or EJ-1 cells (about 5 � 106 cells) were transfected with
the indicated plasmids. After a 48-h transfection, the cells were lysed
in NETN buffer consisting of 50 mM Tris-HCl at pH 8.0, 0.15 M
NaCl, 1 mMEDTA, 0.5% NP-40, and a 1� protease inhibitor cocktail
(Roche). Specified antibody and protein G agarose (Roche) were incu-
bated with the cell lysates overnight at 4�C. The resins were washed
four times with wash buffer (50 mM Tris-HCl at pH 8.0, 0.5 M
NaCl, 1 mM EDTA, 0.5% NP-40). After elution by loading buffer,
the bound proteins were separated by SDS-PAGE.
RIP assays

To analyze RNAmolecules associated with CD46 and hnRNPA1, RIP
experiments were performed as described.58 The cells (about 1 � 107

cells) were scraped and lysed in 0.5 mL of cold RIP lysis buffer supple-
mented with RNase inhibitor. After centrifugation, the specified anti-
body andmagnetic beads were incubated with the cell lysates for 4 h at
4�C. The beads were washed five times with RIP wash buffer. The RIP
RNA fraction was extracted using TRIzol reagent (Invitrogen). The
subsequent steps were the same as in RT-PCR and real-time PCR anal-
ysis described in this section.
Cell culture

HEK293T, EJ-1, and 5637 cell lines were purchased from the National
Infrastructure of Cell Line Resource (Beijing, P.R. China). These cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (In-
vitrogen) with 10% fetal bovine serum (HyClone). All cells were
maintained in the presence of 5% CO2 at 37�C.

http://www.funrich.org
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AHA incorporation assay

Newly synthesized proteins were analyzed by AHA incorporation.
Cells were cultured in methionine (Met)-free DMEM (Sigma) supple-
mented with AHA (Click-iT AHA, Life Technologies). Approxi-
mately 1 h after AHA incubation, cells were lysed and subjected to
click reaction using biotin-alkyne according to the manufacturer’s in-
structions (Invitrogen, catalog #B10184). Labeled proteins were then
desalted with Zeba spin desalting columns (7 kDA molecular weight
cutoff [MWCO], 2 mL). Then, the biotin-labeled de novo synthesized
proteins were affinity purified using streptavidin resin (Sigma). The
newly synthesized proteins were subjected to immunoblot analysis.

MS2 pull-down assay

The cells were transfected with the plasmid encoding MS2-GST and
the indicated 30 MS2 stem-loop-tagged IRES sequence of HIF1a or c-
Myc and harvested 48 h post-transfection. Cytoplasmic proteins were
extracted as described61 and then incubated with fusion MS2-GST
bound glutathione Sepharose 4B beads for 3 h at 4�C. The beads
were subsequently washed three times with wash buffer (20 mM
HEPES at pH 7.9, 200 mM KCl, and 1 mM EDTA) and once with
ice-cold PBS. Bound proteins were dissociated by boiling with 1�
SDS-PAGE sample buffer and resolved on 10% SDS-PAGE.

AS analysis

SRA datasets were downloaded from https://www.ncbi.nlm.nih.gov/
sra/. Datasets were divided into two groups as normal (SRX093212,
SRX093210, SRX093208) and tumor (SRX093211, SRX093209,
SRX093207) and analyzed by SpliceSeq.38 Genes with differentially
splicing patterns between two groups were confirmed by manual
proofreading.

Colony formation, cell proliferation, cell migration, and invasion

assays

Colony formation was measured 2 weeks after seeding 1,000 cells per
well in six-well plates. Cell proliferation was estimated using the Cell
CountingKit-8 (CCK-8) (Dojindo Laboratories) according to theman-
ufacturer’s instructions. Migration and invasion assays were performed
using uncoated and Matrigel-coated transwell inserts according to the
manufacturer’s instructions. All experiments were performed in
triplicate.

Animal experiments

Tumorigenesis in nude mice was determined as described previously.
Five mice each were injected subcutaneously with prepared cells at a
single site. Tumor onset was measured with calipers at the site of in-
jection weekly at different times on the same day. All experiments
were approved by the Animal Care and Use Committee of Tongji
Medical College of Huazhong University of Science and Technology.

Statistical analysis

The data are presented as the mean ± SD. Differences among groups
were determined by a two-way ANOVA followed by a Tukey post hoc
test. Comparisons between two groups were performed using an un-
paired Student’s t test. A p value of <0.05 was considered significant.
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