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Processing of the eukaryotic transcriptome is a dynamic reg-
ulatory mechanism that confers genetic diversity, and splicing
and adenosine to inosine (A-to-I) RNA editing are well-charac-
terized examples of such processing. Growing evidence reveals
the cross-talk between the splicing and RNA editing, but there is
a paucity of substantial evidence for its mechanistic details and
contribution in a physiological context. Here, our findings dem-
onstrate that tumor-associated differential RNA editing, in con-
junction with splicing machinery, regulates the expression of vari-
ants of HNRPLL, a gene encoding splicing factor. We discovered an
HNRPLL transcript variant containing an additional exon 12A
(E12A), which is a substrate of ADAR1 and ADAR2. Adenosine
deaminases acting on RNA (ADAR) direct deaminase-dependent
expression of the E12A transcript, and ADAR-mediated regula-
tion of E12A is largely splicing-based, and does not affect the
stability or nucleocytoplasmic distribution of the transcript.
Furthermore, ADAR-mediated modification of exon 12A gen-
erates an enhancer for the oncogenic splicing factor SRSF1 and
consequently promotes the frequency of alternative splicing.
Gene expression profiling by RNA-seq revealed that E12A
acts distinctly from HNRPLL and regulates a set of growth-
related genes, such as cyclin CCND1 and growth factor recep-
tor TGFBR1. Accordingly, silencing E12A expression leads to
impaired clonogenic ability and enhanced sensitivity to doxoru-
bicin, thus highlighting the significance of this alternative iso-
form in tumor cell survival. In summary, we present the inter-
play of RNA editing and splicing as a regulatory mechanism of
gene expression and also its physiological relevance. These find-

ings extend our understanding of transcriptional dynamics and
provide a mechanistic explanation to the link of RNA editors to
tumorigenesis.

Most eukaryotic genes are transcribed to precursor mRNA
(pre-mRNA),3 which undergoes multiple rounds of RNA
processing before becoming mature mRNA that can either
be translated into proteins or perform biological functions
directly. Thus, mRNA processing of pre-mRNA is a gene reg-
ulatory mechanism that confers genome dynamics and diver-
sity. Examples of mRNA processing include capping, poly-
adenylation, adenosine to inosine (A-to-I) RNA editing, and
splicing; the latter two occur during transcription and are orga-
nized in a spatiotemporal manner (1–3). There is growing evi-
dence for interplay between these two molecular processes in
the regulation of gene expression: RNA editing affects splicing
patterns by disrupting exon definition or mimicking the splice
acceptor via conversion of the intronic dinucleotides AA to AI
(4), whereas splicing can direct editing frequency via control of
the editable substrates (5). This cross-talk between RNA editing
and splicing thus appears to serve as a mechanism for fine-
tuning gene expression.

A-to-I RNA editing is mediated by adenosine deaminases
acting on RNA (ADARs), which recognize repetitive elements
in transcripts forming double-stranded structures, and catalyze
the hydrolytic deamination of adenosine residues. ADAR pro-
teins are highly conserved across species (6), and expression of
all three family members: ADAR1, ADAR2, and ADAR3, is
found in vertebrates. ADAR1 and ADAR2 are expressed in most
tissues, and the ubiquitously expressed ADAR1 has two isoforms:
a nuclear constitutive protein (ADAR1–p110) and a cytoplasmic
interferon-inducible protein (ADAR1–p150). ADAR3 expression
is restricted to brain tissues, and it appears to be enzymatically
inactive (7). Resulting inosine by ADARs acts as guanosine in
genetic translation machinery and forms bp with cytidine; thus,
A-to-I editing is functionally equivalent to A-to-G editing.

This work was supported by Ministry of Science and Technology of Taiwan
Grants MOST105-2320-B-182-017 (to H. L.), MOST104-2320-B-182-029-
MY3, and MOST105-2314-B-182-061-MY4 (to B. C.-M. T.), MOST103-2632-B-
182-001, MOST104-2632-B-182-001, and MOST105-2632-B-182-001, Chang
Gung Memorial Hospital Grants CMRPD1F0571 (to H. L.), CMRPD1C0843,
CMRPD3E0153, CMRPD1F0442, and BMRP960 (to B. C-M. T.), National Health
Research Institute of Taiwan Grant NHRI-EX105-10321SI, and a grant from
the Ministry of Education of Taiwan. The authors declare that they have no
conflicts of interest with the contents of this article.

This article contains Figs. S1–S8 and Tables S1–S4.
1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: Graduate Institute of

Biomedical Sciences and Dept. of Biomedical Sciences, College of Med-
icine, Chang Gung University, 259 Wen-Hwa First Rd., Kwei-San,
Taoyuan 333, Taiwan, ROC. Tel.: 886-3-211-8800; Fax: 866-3-211-8700;
E-mail: btan@mail.cgu.edu.tw.

3 The abbreviations used are: pre-mRNA, precursor mRNA; E12A, exon 12A;
ADAR, adenosine deaminases acting on RNA, qRT, quantitative RT; PARP,
poly(ADP-ribose) polymerase; miRNA, microRNA; RBP, RNA-binding pro-
tein; �-gal, �-galactosidase; RNC, ribosome nascent chain; IP, immunopre-
cipitation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

croARTICLE

10158 J. Biol. Chem. (2018) 293(26) 10158 –10171

© 2018 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

https://orcid.org/0000-0002-2218-7115
http://www.jbc.org/cgi/content/full/RA117.001197/DC1
mailto:btan@mail.cgu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA117.001197&domain=pdf&date_stamp=2018-5-16


A-to-I modification is known to alter transcript characteristics
such as structural stability, nucleocytoplasmic distribution, and
protein coding (8).

Dysregulation of ADAR expression and ADAR-mediated
editing is observed in physiological disorders and cancers (9,
10). The oncogenic and tumor-suppressive roles of ADARs
have been reported and are dependent upon cell type. In this
regard, ADAR-mediated regulation relies on the nonsynony-
mous substitution of oncogenic proteins and modulation of the
microRNA interference pathway. For example, via changes in
their protein codes and properties, enhanced ADAR-mediated
RNA editing of AZIN1 and RHOQ confer augmented invasive-
ness and aggressiveness to liver and colorectal cancer cells,
respectively (11, 12). In contrast, the ADAR-edited form of
GABRA3 down-regulates AKT activation and suppresses breast
cancer metastasis (13). In parallel with protein recoding, ADARs
could also modulate the substrate recognition of microRNA
and RNAi machinery (14). ADAR-edited miR-376a and uned-
ited miR-376a individually function as tumor-suppressive and
oncogenic molecules, respectively, and attenuated editing pro-
motes the expression of unedited miR-376a and the metastasis
of glioblastomas (15). However, there is a paucity of concrete
evidence for the elucidation of the interplay between RNA edit-
ing and splicing and its relevance in a physiological context.

Splicing removes introns from pre-mRNA and ligates adja-
cent exons to form continuous mRNA. Splicing of the same
pre-mRNA transcript to produce different exon arrangements
is termed alternative splicing, and this process generates tran-
script diversity. Core splicing operators are composed of small
nuclear ribonucleoprotein molecules, which cooperate with
auxiliary components to recognize splice sites and catalyze
intron excision via transesterification reactions. The nature of
spliceosome assembly is dynamic and complex, and the com-
position of and interaction within the assembly architecture
determines the splicing outcome (16, 17). Cancer-associated
mutations and dysregulated splicing factors can drive onco-
genic splicing patterns that produce loss-of-function proteins
and increase susceptibility to disease and malignancy (18).
Aberrant splicing can also promote tumor progression by pro-
ducing noncanonical transcripts implicated in anti-apoptotic
signaling, angiogenesis, and drug resistance (19).

The current study provides substantial evidence of the inter-
play between RNA editing and splicing, with an implication in
cancer biology. We uncovered in different tumor types the
splicing factor gene HNRPLL as a differentially edited target,
which was further identified as a substrate of both ADAR1
and ADAR2. ADARs-mediated RNA editing of the HNRPLL
pre-mRNA determined its splicing pattern, an inclusion of a
novel exon 12A, and consequently the generation of a tran-
script variant we named HNRPLL–E12A (E12A). E12A up-reg-
ulation is coordinated with alternative splicing; RNA editing
created an additional exonic enhancer for the oncogenic splic-
ing factor SRSF1, which promotes exon 12A inclusion and
E12A transcript abundance in an ADAR-dependent manner.
Although no functional protein product was detected for
the E12A transcript, this variant was found by RNA-seq-
based transcriptome profiling to regulate the expression of
several genes, revealing a cellular role distinct from HNRPLL

and a functional link to proliferation. Further in line with
this role in cell growth and survival, knockdown of E12A
expression altered the expression of several cell growth regulators,
impaired colony formation of tumor cells, and enhanced their apo-
ptotic state. Taken together, these findings demonstrate that
tumor-associated A-to-I modification of the E12A transcript,
which occurs via altered splicing preferences, has a fundamen-
tal role in tumorigenesis. This study also sheds light on the
functional relevance of the coordinated action of two co-tran-
scriptional processes, RNA editing and alternative splicing.

Results

Identification of tumor-associated differential RNA editing
events in the HNRPLL transcript

To provide further insights into the physiological rele-
vance of RNA editing in tumor malignancy, we first sought to
identify from a systems perspective A-to-I(G) events with
differential incidence in tumors. Toward this end, we used
public RNA-seq data on kidney and bladder tumors to obtain
corresponding RNA editome profiles (20, 21). We subse-
quently discovered three editing events in close proximity on
the HNRPLL transcript, with a distinct difference in the degree
of editing between normal and tumor specimens (Fig. 1, A and
B). Sequence alignment mapped this cluster of editing sites to
intron 12 of the HNRPLL gene. Intriguingly, according to the
EST sequences archived in the UCSC genome browser, these
editing positions could be expressed in the exonic region of a
particular HNRPLL transcript variant (Fig. S1A). Because this
alternative exon is 3� to the annotated exon 12, we hereafter
termed this exon 12A and the transcript variant as HNRPLL–
E12A (or E12A). The expression of the E12A transcript was
confirmed by variant-specific amplification in both normal and
cancer cell lines (Fig. 1C), whereas its RNA editing at the three
nucleotide locations (annotated from 5� to 3� as A, B, and C) in
various cancer cells was verified by Sanger sequencing (Fig. 1C,
Fig. S1B). Several lines of evidence provided additional support
to the notion that the E12A transcript is a substrate of ADARs-
mediated RNA editing: 1) HNRPLL pre-mRNA was predicted
by the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi)4 to form double-stranded struc-
tures via complementarity between two inverted Alu repetitive
elements bordering on the 12A exon, which presumably favors
ADAR catalysis (Fig. S1C). 2) RNAi-mediated repression of
ADAR1 was found to reduce A-to-G transition at the first two
sites (A and B) (Fig. 1D, Fig. S1, D and E), whereas ADAR2
repression decreased editing degrees of all three sites, with site
C exhibiting the most notable change (Fig. 1E). These results
further illustrated that E12A indeed undergoes ADARs-depen-
dent RNA editing. 3) Next, RNA immunoprecipitation (RNA-
IP) assays were conducted to document the physical interac-
tion between ADARs and the E12A transcript. Anti-ADAR1
RNA-IP revealed specific and abundant levels of E12A RNA in
the precipitates relative to the control IgG (Fig. 1F, Fig. S1F).
RNA-IP with ectopic ADAR2 expression also showed similar

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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results, illustrating the binding of ADAR2 to the pre-mRNA,
but not the mature transcript, of HNRPLL (Fig. 1G, Fig. S1G).
Our RNA-IP assays therefore substantiated the possibility that
ADARs bind and enzymatically modify the E12A RNA. 4)
Finally, as a further verification of the A-to-I(G) editing of E12A
transcript, Sanger sequencing of the genomic region corre-
sponding to the editing sites excluded the interference of SNP
(Fig. 1H). Taken together, these findings demonstrated that the

E12A transcript, a novel HNRPLL splicing variant, is targeted
by ADARs-mediated RNA editing.

The editing status of the HNRPLL–E12A transcript is correlated
with its expression

Given the possible involvement of both ADAR1 and ADAR2
in E12A RNA editing, we set out to delineate the mode and
consequence of this enzymatic regulation. Because both the

Figure 1. The HNRPLL pre-mRNA transcript is differentially edited in tumors and a substrate of ADAR1 and ADAR2. A and B, editing profiles of HNRPLL
in clinical tumor specimens. Distribution of the A-to-G editing rates of three editing sites identified in the HNRPLL transcript is shown for paired kidney (a; n �
34) and bladder (b; n � 16) tumor patient samples. C, an exon E12A-containing HNRPLL variant was detected by end point PCR, using primers as shown by the
schematic representation in the upper panel. PCR amplicons from the indicated cell lines were sequenced by the Sanger method shown in the lower panel, and
the marked nucleotides denote the A-to-I(G) editing positions. D and E, vectors expressing control (pSUPER) or ADAR1/2-specific (shADAR1/2) shRNAs were
transfected into HeLa cells, and protein knockdown in transfected cells was assessed by Western blotting, with GAPDH and �-actin as loading control. E12A
editing in the transfected cells was determined by Sanger sequencing. F, for RNA-IP assay, HeLa cell lysates were immunoprecipitated with control IgG or
ADAR1 antibody, and the precipitated RNA was measured by qPCR assay with specific primers to GAPDH and pre-mRNA of HNRPLL (n � 3). G, HeLa cells were
transfected with the indicated plasmids and harvested for immunoprecipitation with anti-FLAG M2 beads. The RNA abundance in precipitated complexes was
determined by a qPCR assay with specific primers to HNRPLL pre-mRNA, reference HNRPLL mRNA (WT), and the E12A variant (n � 3). H, Sanger sequencing of
the genomic DNA region corresponding to the editing positions. The highlighted nucleotides indicate positions undergoing editing in the transcripts.
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p110 and p150 isoforms of ADAR1 are known to possess
deaminase activity, we first aimed to distinguish the isoform
responsible for E12A editing. For this purpose, we generated
isoform-specific expression constructs with synonymous muta-
tions that render their ectopic expression resistant to RNAi-
mediated silencing. Although ADAR1 knockdown cells exhib-
ited reduced editing at positions A and B, as shown in Fig. 1D,
restoration of ADAR1 p110 in these cells via the RNAi-resistant
expression construct rescued RNA editing at both sites (Fig. 2,
A and B). By contrast, replenishing ADAR1 with an enzyme-
deficient mutant (E912A) had no effect on E12A editing, con-
firming enzyme catalysis as a requirement of this regulation.
Re-expression of ADAR1 p150 did not restore editing, thus
excluding a connection to E12A editing.

Because of the possible role of ADARs in expression regula-
tion of edited genes (8, 22, 23), we then analyzed E12A RNA
abundance in ADAR1-altered cells. ADAR1 depletion decreased
the expression levels of the E12A transcript, whereas ectopic

re-expression of enzymatically inactive ADAR1 failed to dis-
cernably alter target abundance (Fig. 2, C and E, Fig. S2, A and
B). To further highlight the importance of deaminase activity in
this functional context, a dominant-negative ADAR1 mutant
construct (G1007R) (24) was delivered into cells, and conse-
quently shown to diminish both the editing and expression of
the E12A transcript (Fig. 2, C–E).

In terms of ADAR2 and its editing activity, we found that
overexpression of ADAR2 in HeLa cells markedly up-regulated
the expression and editing of the E12A transcript (Fig. 2, C–G).
This phenotype was similarly observed in HEK293 and MCF7
cells (Fig. S2, C and D). Incidentally, WT ADAR2 enhanced
E12A expression and editing in a dose-dependent manner (Fig.
S2, E and F). Overexpression of enzymatically inactive ADAR2
(E396A) in these cell lines led to reduced expression and editing
of the E12A transcript, underscoring the requirement for
deamination in ADAR2-mediated regulation. Conversely, ADAR-
altered cells showed negligible changes in the expression of WT

Figure 2. ADARs control HNRPLL–E12A expression in a deaminase-dependent manner. A and B, HeLa cells were transfected with shADAR1 (shA1) and
different ADAR1 expression vectors harboring resistance to shA1 (A1-iR). Specific protein expression and E12A editing status in transfected cells was analyzed,
respectively, by Western blotting and Sanger sequencing. �-Actin serves as internal control. C–E, ADAR1 mutants, shADAR1 (shA1), and ADAR2 expression
vectors were, respectively, transfected into HeLa cells, which were subsequently harvested for protein and RNA expression analyses. Specific protein expres-
sion was monitored by Western blotting (�-actin is the loading control). Expression and editing status of the E12A transcript was analyzed by qPCR and Sanger
sequencing, respectively (n � 3). F and G, WT and mutant ADAR2 expression vectors were transfected into HeLa cells, and the E12A transcript was assessed for
expression and editing status in the transfected cells, as above (n � 5).
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HNRPLL RNA (Fig. 2, E and F, Fig. S2B) and protein (Fig. 2, A
and C), suggesting that the reference form of HNRPLL is not
a target of ADARs. Taken together, our results implicated
ADAR1 p110 and ADAR2 deaminase activities in RNA editing
and expression of the HNRPLL–E12A transcript.

RNA editing mediates HNRPLL–E12A expression by triggering
alternative splicing of HNRPLL

We next investigated the mechanistic basis underlying the
RNA editing-dependent E12A expression changes. Because of
the reported functional link of ADAR2 to mRNA decay
machinery (22), we first assessed target transcript stability. To
this end, we monitored temporal changes in RNA abundance in
the presence of transcription inhibitor actinomycin D. EGR1, a
known short-lived gene, served as an experimental control and
displayed rapid decline in response to actinomycin D treatment
(Fig. S3A). However, in ADAR2-overexpressing cells, time
course detection of RNA abundance showed no difference in
the turnover rates of both WT and E12A transcripts (Fig. 3A),
therefore ruling out the involvement of the mRNA-decay
mechanism in E12A regulation. Next, given that certain edited
transcripts reportedly display distinct subcellular localizations
via association with RNA shuttling factors such as P54 and
STAU1 (25, 26), we analyzed the spatial distribution of E12A
RNA under ADAR2 overexpression. We first performed sub-
cellular fractionation, the extent of which was measured by
expression of compartment-specific marker RNA (Fig. S3B).
Subsequent qRT-PCR analysis first revealed that the E12A tran-
scripts are expressed in both the nuclear and cytosolic fractions
(Fig. 3B). Moreover, whereas ectopic ADAR2 elevated the overall
abundance and site C editing of E12A (Fig. 3, B and C), it did not
have any effect on the subcellular distribution of E12A (Fig. 3B).
As a control, the relative levels of the HNRPLL reference
RNA transcript between compartments remained unchanged in
ADAR2-overexpressing cells (Fig. S3C). The lack of spatial
changes thus indicated that RNA editing mediates E12A
expression regulation irrespectively of subcellular localization
of the transcript.

PCR amplification of cDNA using primers specific to exon 10
and 3� UTR of HNRPLL resulted in a product that is longer than
the reference form (Fig. 3D) and later confirmed to be the exon
12A-inclusion variant (Fig. 3E). Isoform-specific amplification
of the adjoining sequences at 5� and 3� sides of exon 12A illus-
trated that, aside from the included exon 12A, the E12A variant
sequences are identical to reference HNRPLL transcripts (Fig.
S3, D and E). Additionally, whereas HNRPLL-targeting shRNAs
triggered down-regulation of both the reference and E12A
variant transcripts, shRNAs specifically targeting the E12A
sequence resulted in limited repression of the reference tran-
script (Fig. S4, A and B), further pinpointing the novel exon 12A
as the structural distinction between the two HNRPLL tran-
script forms. Based on these observations, together with the
results that ADARs regulate E12A RNA levels without affecting
the reference RNA level, we hypothesized that ADARs might
modulate the splicing of this region to give rise to the alterna-
tive E12A transcript. In support of this notion, ectopic expres-
sion of WT ADAR2 promoted the incorporation of exon 12A in
HNRPLL transcripts, but had no effect on the levels of the ref-

erence transcript (Fig. 3D). In line with the requirement for
deamination in this regulation, expression of enzymatically-in-
active ADAR2 conversely only marginally influenced the extent
of exon 12A inclusion.

To further strengthen this ADAR-mediated regulation of
E12A splicing, we next employed a splicing reporter assay. For
this purpose, we established a minigene reporter construct (27),
which encompasses the splice donor/acceptor sequences, the
luciferase reporter, and the intronic fragment with the embed-
ded Alu elements (Fig. 3F). Repetitive sequences of Alu ele-
ments that readily form double-stranded structures facilitate
ADAR binding and editing (28), and the editing complemen-
tary Alu repeat for E12A was identified in intron 12 and thus
part of the reporter construct (Fig. S4C). Additionally, the
translation initiation codons in the acceptor and luciferase
sequences were removed by mutagenesis to reduce interference
from leaky reporter protein expression. Based on our design,
expression of the luciferase reporter thus signify splicing of the
ectopic HNRPLL exons into a coding sequence in-frame with
the luciferase gene, therefore serving as a readout for our assay
(Fig. 3F). The feasibility of our minigene reporter construct was
confirmed by its editability, we were able to detect specific
occurrence of A-to-G changes at the three editing locations in
the ectopic expressed sequences (Fig. S4D).

Using this reporter construct, we found that overexpression
of WT ADAR2 led to elevated luciferase activity (Fig. 3G), illus-
trating the role of RNA editing in HNRPLL splicing. The
ADAR2 mutant had a negligible effect on the levels of the
reporter as compared with the control vector group, thus
affirming that deamination is requisite for HNRPLL alternative
splicing (Fig. 3G). We also repeated the reporter assay using a
noneditable version of the minigene reporter (termed Mutant
Minigene), which was altered to express guanosines instead of
adenosines at the editing positions. Intriguingly, ADAR2 over-
expression did not induce an up-regulation of the noneditable
reporter (Fig. 3G), indicating that ADAR-directed A-to-G
transition on the transcript determines the splicing event.
Furthermore, we did not observe any changes in the HNRPLL
transcription rate in the ADAR2-overexpressing cells, thus
excluding the possibility that the HNRPLL gene is transcrip-
tionally regulated by ADAR2 (Fig. S4E). In conclusion, our
results in this part demonstrated that ADAR-catalyzed deami-
nation on the E12A transcript contributes to the splicing out-
come and consequently variant expression.

Exon 12A inclusion is regulated coordinately by RNA editing
and SRSF1

Upon establishing the positive role of RNA editing in alter-
native splicing of HNRPLL, we next examined whether the
mature and the unspliced forms of E12A are differentially
edited. Our Sanger sequencing results showed a greater extent
of editing in the mature E12A than in the precursor counterpart
(Fig. 4A, Fig. S5, A and B). Distinct differences in the degree of
editing in precursor versus spliced E12A transcripts implied
that the edited transcript might be prioritized in the recogni-
tion of spliceosome assembly and splicing outcome. Thus, to
explore the possibility of a functional interaction between
RNA editing and splicing, we used Human Splicing Finder
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Figure 3. RNA editing determines HNRPLL alternative splicing. A, for RNA stability analysis, actinomycin D was added to HeLa cells transfected with
ADAR2-encoding or pcDNA empty vectors. At the indicated time points post-treatment, the abundance of WT HNRPLL (WT) and E12A RNA in cells was detected
by qPCR assay (representative sample, n � 2). B and C, HeLa cells were transfected with control vector or ADAR2 expression plasmid, and subsequently
separated into nuclear and cytoplasmic fractions. Expression and editing status of the E12A transcript in these subcellular compartments was analyzed by the
qPCR assay and Sanger method, respectively (n � 3). D, HeLa cells transfected with plasmids encoding the indicated ADAR2 variant proteins were collected,
and analyzed for the extent of alternative splicing by PCR analysis of the E12A region (�-actin expression as internal control). Schematic depiction of the relative
locations of primers is shown in upper panel, and the inclusion frequency (%) of E12A-specific PCR products was measured by GelQuantNet software and
corresponds to the relative representation of the variant signals. E, PCR products shown in D were cloned and sequenced by Sanger method. F, schematic
representation of the E12A splicing reporter construct. G, HeLa cells were transfected with different versions of reporter constructs, ADAR2 overexpression
vectors, and �-gal expression plasmid, as indicated. Transfected cells were harvested and subjected to splicing efficiency analysis via measurement of
luciferase activity. Relative luciferase intensity was obtained by normalizing to the �-gal levels in each sample, and shown compared with the control group
(represented as 1). Four independent experiments were conducted and statistical significance was measured by paired Student’s t test.
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(http://www.umd.be/HSF3/),4 an online bioinformatics web
server, to search for cis-acting elements underlying the
HNRPLL splicing event. As expected of a canonical exon, the
exon 12A sequence was found to possess a competent donor splice
site as well as a characteristic splice acceptor (Fig. S5C). Intrigu-
ingly, we detected an exonic splicing enhancer in the edited but not
the reference version of the E12A sequence that also corresponds
to the binding sequence of serine- and arginine-rich splicing factor
1 (SRSF1), a member of the SR protein family that modulates con-
stitutive and alternative splicing (29, 30).

Although splicing mechanisms could antagonize the binding
of ADARs to pre-mRNA and thus interfere with RNA editing
frequency (5), our in silico analysis suggested that A-to-G
changes on the E12A RNA creates a binding site for a splicing
regulator and conceivably engenders an alternative regulation.
To further clarify this functional coordination as well as the
involvement of SRSF1 in alternative splicing of HNRPLL, we
provided the following lines of experimental evidence. First, a
direct regulation was illustrated by RNA-IP assay, which
showed the occupancy of the HNRPLL pre-mRNA by SRSF1
(Fig. 4B). ADAR2 overexpression enhanced the interaction of
SRSF1 with the transcript, further supporting our predicted
gain of SRSF1-binding site upon RNA editing. Second, to dem-
onstrate the involvement of SRSF1 in E12A splicing, we next
characterized the effect of ectopic SRSF1 in cells. Increased
exon 12A inclusion was evident as a result of SRSF1 expression
(Fig. 4C). Concordantly, SRSF1 overexpression also elevated
E12A transcript abundance but had no effect on the reference
form, as shown by qRT-PCR (Fig. 4, D and E, Fig. S5D). This
SRSF1-mediated up-regulation was further stimulated by

overexpression of WT ADAR2. On the contrary, the splicing
enhancing effect of ADAR2 was lost when the enzymatically
inactive form was simultaneously introduced with SRSF1, again
indicative of the importance of RNA editing in conferring
SRSF1-dependent alternative splicing. Finally, we assessed the
effect of ectopic SRSF1 on E12A editing and did not observe a
notable alteration in RNA editing (Fig. 4F), suggesting that the
formation of the E12A editing-competent duplex was indepen-
dent, and likely upstream, of SRSF1 activity. Viewed together,
these results substantiated the scenario that the occurrence of
RNA editing on the E12A transcript provided preferential rec-
ognition to splicing factors that contribute to an alternative
splicing outcome.

The E12A-encoded protein product is intrinsically unstable

The additional exon 12A in the HNRPLL variant transcript
creates an extended coding sequence that could hypothetically
be translated into a 65-kDa polypeptide (595 amino acids). The
association of this transcript with the isolated ribosome nascent
chain mRNA complex (RNC-mRNA) fraction (Fig. 5A), which
typically comprises translating mRNAs (Fig. 5B, Fig. S6A),
served as another evidence for the protein coding potential of
the E12A transcript (31). To verify the protein output of this
variant, we then constructed unedited and edited versions of
the E12A protein-coding region for ectopic expression analysis
by Western blotting. To this end, ectopic E12A expression was
detected using an antibody raised against a conserved region in
the N terminus of HNRPLL (Fig. 5C, lanes 3 and 4); however, no
signals of the size corresponding to E12A (�65 kDa) or similar
to the ectopic protein were present in the nontransfected sam-

Figure 4. Exon 12A inclusion is regulated coordinately by RNA editing and SRSF1. A, editing status of the E12A pre-mRNA and mature mRNA in HeLa cells
was detected by the Sanger method. The marked nucleotides indicate the editing positions as well as the intronic/exonic regions, and the highlighted
sequences at the bottom denote the binding motif of SRSF1. B, for RNA-IP experiments, the indicated transfected HeLa cells were collected and subsequently
immunoprecipitated with anti-FLAG M2 beads, and the precipitated RNA was quantified by qPCR assay using specific primers to the pre-mRNA sequence of
HNRPLL (n � 4). C, extent of exon 12A inclusion in control and SRSF1-overexpressing cells was analyzed by PCR analysis (�-actin expression as loading control).
Schematic depiction of relative primer locations is shown in Fig. 3D, and the inclusion frequency (%) of E12A-specific PCR products was measured by
GelQuantNet software and corresponds to the relative representation of the variant signals. D and E, FLAG-tagged SRSF1 was co-expressed with WT or mutant
ADAR2 in HeLa cells, which were examined for ectopic proteins and RNA expression by Western blotting assay and qPCR experiment, respectively (n � 4).
GAPDH was used as internal control. F, E12A editing status in transfected HeLa cells was analyzed by Sanger sequencing.
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ples (Fig. 5C, lane 1). Absence of these signals suggested the
putative protein product is either unstable and/or minimally
expressed endogenously. We then tested this possibility by
treating cells with proteasome inhibitors, and subsequently
found that, at doses that rescued expression of unstable pro-
tein (i.e. p53), no protein signals corresponding to E12A was
distinctly observed (Fig. 5C, lanes 5–7). Moreover, whereas
ectopic ADAR2 expression significantly increased the abun-
dance of E12A RNA, no protein signals were correspondingly
detected in ADAR2-overexpressing cells (Figs. 2C and 5D).

To ascertain expression of the E12A protein product, we gen-
erated a specific antibody against the putatively encoded pep-
tide sequence of the E12A exon (Fig. S6B). Antigen ELISA and
immunoblotting analysis of ectopic E12A overexpression veri-
fied the specificity of the E12A antibody (Fig. S6, B and C).
Ectopic overexpression of the E12A protein was detected by the
E12A-specific antibody, confirming the feasibility of this anti-
body (Fig. S6, D, left panel, and E). However, use of E12A-spe-
cific antibody did not yield distinct signals in the lysates of
either the control or ADAR2-overexpressing cells (Fig. S6D,
right panel), indicating a lack of endogenous expression of full-
length protein product for this variant. Interestingly, in West-
ern blot analysis of the overexpression of FLAG-tagged E12A
constructs, anti-FLAG signals were detected in cells overex-
pressing N terminus-tagged E12A, but not the C terminus-
tagged E12A (Fig. 5, E and F), implying an intrinsic instability of
the protein product. Collectively, these results suggested that
E12A-encoded polypeptides were targeted for proteolytic pro-
cessing (Fig. S6F).

E12A contributes to tumor cell survival via expression
regulation of CCND1

Given that SRSF1 amplification, which promotes the aberrant
splicing patterns that confer oncogenic activity, is observed in
most cancers (32), the regulation of HNRPLL alternative splic-
ing by SRSF1 may hint at a function of E12A in tumorigenesis.

To further dissect the functional relevance of the E12A variant,
we conducted RNA-seq experiments to profile transcriptome-
wide alterations in response to E12A knockdown (Fig. 6A). Dif-
ferential expression analysis revealed that about 114 genes were
up-regulated (p � 0.05, �1.5-fold change; Table S1) and 280
genes down-regulated (p � 0.05, �1.5-fold change; Table S1)
significantly in these cells relative to the control. The overall
distribution of the differentially altered genes, as depicted by
heat map representation, showed distinct changes in the tran-
scriptome landscape associated with E12A knockdown (Fig.
6A), indicative of a unique mode of action that is different from
that of the HNRPLL reference gene product. By analyzing the
functional and cellular attributes of the down-regulated gene,
we found a subset of targets implicated in cell growth. We fur-
ther performed qRT-PCR validation on a subset of the differ-
entially expressed targets and confirmed the effect of E12A
down-regulation on their expression (Fig. 6B, Fig. S7A). Reduc-
tion in the overall abundance of these targets in the E12A-
knockdown cells was not mediated by changes in subcellular
localization (Fig. 6C, Fig. S7B), but could be attributed to an
attenuated transcription rate, as illustrated by a lower extent of
nascent RNA synthesis (Fig. 6D, Fig. S7C).

We then selected one of the targets, CCND1, for further
characterization because of its close link to cancer cell growth
and survival (33). Correspondingly to the effect on mRNA
expression, E12A-knockdown markedly decreased the CCND1
protein level (Fig. 6E). Additionally, the ChIP assay showed that
E12A-knockdown reduced the RNA polymerase II binding of
the CCND1 promoter, in line with a possible transcriptional
mechanism of E12A’s action (Fig. 6F, Fig. S7, D and E). On the
basis of the pro-growth function of CCND1, we carried out a
colony formation assay and subsequently observed that E12A-
suppressed cells exhibited reduced colony numbers but unal-
tered colony sizes (Fig. 6G). However, results from the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay

Figure 5. The intrinsic instability of the E12A-encoded protein product. A and B, E12A and EEF1A1 RNA abundance in different subcellular fractions of HeLa
cells was determined by qPCR experiment (n � 4). Nuc, nucleus; Cyto, cytosol. C, ectopic expression vectors encoding WT HNRPLL (WT), unedited (A) and edited
(G) versions of E12A were transfected into cells. Cells were treated with MG132 at the indicated time point. Immunoblotting analysis was performed to assess
expression levels of the indicated proteins in the transfected and treated cells. D, expression levels of HNRPLL in the control and ADAR2-overexpressing cells
were detected by immunoblotting. E and F, HeLa cells were transfected with empty vector, or expression vectors for FLAG-tagged WT HNRPLL, and N terminus-
or C terminus-tagged E12A. Protein expression was monitored by Western blotting assay using the indicated antibodies. For immunoblotting data shown in
this figure, �-actin expression was used as loading control.
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did not reveal any difference in the metabolic state of E12A-
knockdown versus control cells (Fig. S8A). Impaired clonogenic
ability thus suggested that E12A was required for cell prolifer-
ation under selective pressure. In parallel to cell proliferation,
we also examined the possible link of E12A to the cellular apo-
ptotic response. We used in our study a clinical anti-cancer
drug doxorubicin as an inducer of apoptosis, initiation of which
entails the systematic activation of caspases, with cleavage of

the PARP protein as a hallmark of the caspase cascade. In the
course of doxorubicin treatment, the levels of cleaved PARP
were augmented in E12A-repressed cells, indicating that loss of
E12A could sensitize cells to doxorubicin-mediated apoptosis
(Fig. 6H).

Due to the limited expression of the E12A protein product
(Fig. 5), we next set out to determine whether E12A exerts its
function via either the RNA transcript or the protein form. In
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this regard, we first generated a nonprotein-coding construct of
E12A by removing the start codon and multiple Met codons
from the E12A full-length sequence (termed E12A-RNA; see
“Experimental procedures”). Further distinct from the protein-
coding construct (E12A-Pro), the E12A-RNA construct also
expresses intact 5� UTR and 3� UTR sequences. We then aimed
to compare the effect of this “RNA-only” form with the protein-
coding construct in a E12A-knockdown plus rescuing experi-
ment (Fig. 6I). Upon treating transfected cells with doxorubicin,
we analyzed the response of cells to apoptosis stimuli and subse-
quently found that replenishing ectopic E12A “protein” with the
protein-coding construct in E12A-depleted cells does not influ-
ence enhanced apoptosis by E12A knockdown; however, rescuing
E12A “RNA” expression protected cells from apoptotic signaling
induced by E12A depletion (Fig. 6I). Moreover, we assessed the
target gene expression in similar experimental conditions, and fur-
ther found that the down-regulated expression of targets in E12A-
knockdown cells was restored by over-expressing the E12A RNA-
only but not the protein-coding form (Fig. S8B). These findings
thus suggest that the RNA transcript of E12A acts as the predom-
inant functional form of E12A.

Interestingly, we observed via Sanger sequencing analysis a
more prominent E12A editing in response to a doxorubicin
challenge (Fig. S8C). Expression of E12A also underwent an
increase in the presence of doxorubicin, suggesting a distinct
regulation of and requirement for this variant expression when
cells encounter apoptotic stress (Fig. S8C). Furthermore,
in support of the functional relevance of the SRSF1–E2A
axis, we found that ectopic SRSF1 expression promoted CCND1
expression, which was reversed by simultaneous silencing of
E12A expression (Fig. S8D). These observations hence evi-
denced that E12A expression may contribute in part to the
SRSF1-mediated oncogenic process. In summary, our results
uncovered an indispensable role of HNRPLL–E12A in proper
expression of key cell growth promoters (i.e. CCND1) and the
consequent preservation of a pro-growth and anti-apoptosis
response.

Discussion

Advances in next-generation sequencing have improved the
resolution and accuracy of the RNA editome and extended our
understanding of RNA editing (34, 35). A-to-I transition by
ADARs is the predominant RNA editing mechanism, and tens
of thousands to millions of editing positions have been identi-

fied (36). However, only a limited number of editing targets
have been functionally defined, and the vast majority of edits
remain uncharacterized. Here, our findings have uncovered
tumor-associated RNA editing of the HNRPLL transcript and
addressed the role of ADARs in mediating the editing and
consequent alternative splicing of HNRPLL. Mechanistically,
A-to-I modification on the E12A transcript leads to up-regula-
tion of E12A RNA expression by enhancing recognition of the
splicing factor SRSF1. Functional relevance of the E12A variant
was revealed by RNA-seq, which showed that E12A targets a
subset of cell growth-related genes. Consistently, E12A repres-
sion altered expression of the cyclin CCND1, and led to com-
promised clonogenic ability and enhanced sensitivity to the
doxorubicin challenge. RNA editing of E12A was observed in
various cell lines and tumor tissues, demonstrating the require-
ment of A-to-I modification of the HNRPLL transcript for cell
growth maintenance (Fig. 1, Fig. S1).

Biased splicing patterns in cancers, caused by the mutation
and mis-expression of splicing factors, produce abnormal pro-
teins that could generate detrimental effects (17). For example,
cancer-associated SF3B1 mutations misdirect branch point
usage, which leads to inappropriate splicing and malignancy
(37–39). In line with the occurrence of splicing factor muta-
tions, oncogene-driven regulation of splicing factors emerges as
another cause of dysregulated splicing. For example, up-regu-
lation of SRSF1 in tumors disrupts the function of the tumor
suppressors BIM and BIN1, consequently triggering acceler-
ated cell growth and delayed apoptosis (32, 40). The known
oncogenic transcription factor, MYC, can also directly acti-
vate SRSF1 expression, and controls the splicing pattern of
downstream genes (41). Thus, our observations of the SRSF1-di-
rected production of the E12A transcript, as well as the
impaired cell growth and survival in response to E12A knock-
down, extend the substrate spectrum of SRSF1 and further
strengthen the fundamental role for SRSF1 in E12A regulation
and cancer biology.

The reference HNRPLL-encoded protein functions as a
splicing regulator by recognizing negative cis-regulatory ele-
ments and promoting exon exclusion. The reference HNRPLL
protein governs global splicing in T-cell activation, including
the alternative splicing of CD45, a gene implicated in T-cell
transition from naive to activated state (42). Patients with a
higher proportion of CD45RO-positive cells have reduced

Figure 6. The role of the E12A variant in gene regulation and tumor cell survival. A, for global profiling of target genes, RNA-seq experiments were
performed on HeLa cells with HNRPLL or E12A knockdown (see “Experimental procedures”). The heat map represents the distribution of genes differentially
expressed compared with the control culture. The expression values were displayed in shades of red or blue relative to the means of all corresponding values
within individual experimental groups. Hierarchical clustering was performed on the samples by Euclidian distance and average linkage method. B, vectors
expressing control (pSUPER) or E12A-specific (shE12A) shRNAs were transfected into HeLa cells, and RNA expression of the indicated genes was analyzed by
qPCR assay (n � 5). C, subcellular distribution of the CCND1 and TGFBR1 RNA transcripts in the indicated transfected HeLa cells was examined by qPCR
experiment (n � 3). D, nascent RNA synthesis of the indicated genes in HeLa transfectants was determined by qPCR assay (n � 4). E, expression of the CCND1
protein in E12A-knockdown HeLa cells was analyzed by Western blotting assay, with GAPDH as loading control. F, HeLa cells with E12A-knockdown were
harvested and subjected to ChIP assay, using control IgG or Pol II antibody. The abundance of the precipitated chromatin complexes was quantified by qPCR
with a specific primer to the CCND1 promoter sequence (n � 3). G, colony formation assay was performed on E12A-knockdown HeLa cells, and images of colony
formation assay shown in the right panel (representative sample, n � 2). Starting cell number in each experiment was noted. H, vectors expressing control
(pSUPER) or E12A-specific (shE12A) shRNAs were transfected into HeLa cells, which were subsequently treated with different doses of doxorubicin, as indicated.
The treated cells were collected for PARP protein expression analysis via Western blotting, and the cleaved PARP ratio (CI) was quantitatively determined by
GelQuantNet software. GAPDH was used as loading control. I, to assess the apoptotic consequence of E12A mis-expression, HeLa cells were transfected with
the control or E12A-targeting shRNA-expressing vector, together with E12A-specific RNA-only (E12A-RNA) and protein (E12A-protein) expression vectors, as
indicated. The transfected cells were treated with the indicated dose of doxorubicin, and subsequently collected for PARP protein expression analysis as shown
in H. GAPDH expression serves as internal control.
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pathological stages and prolonged survival (43), thus linking
HNRPLL to cancer development with a tumor-suppressive
role. Interestingly, several lines of evidence provided by this
study indicate that the novel E12A variant seemingly exerts
contrasting functions in the cells. First, global transcriptome
profiling revealed alterations in gene expression in E12A-
depleted cells distinct from the HNRPLL-knockdown cells
(Fig. 6A), suggesting diverse modes of gene regulatory action
between these two molecules of the same origin. Furthermore,
the putative regulatory role of E12A in nascent RNA synthesis
implies that it may function as a transcription regulator and to a
lesser extent, if at all, as a splicing regulator. Second, the require-
ment for E12A in cell growth and survival (Fig. 6) contradicts the
tumor-suppressive function of reference HNRPLL, and implies
that these two molecules might act antagonistically in the context
of cancer biology. Finally, whereas noncoding RNA could function
through the modulation of the expression and regulatory path-
ways of the parental gene (44), our results showed that the expres-
sion levels of reference HNRPLL mRNA and protein remained
unchanged under E12A mis-expression (Fig. 2). Taken together,
these inconsistent findings strongly suggest that, despite their
shared origin, the E12A variant may acquire a unique cellular role
that is unrelated to the HNRPLL splicing function.

Due to the limited space in which transcription occurs, the
sequential order of RNA editing and splicing is still debated,
despite accumulating evidence for their functional interaction
(1, 3). Splicing reportedly can affect editing efficiency by regu-
lating the presentation of pre-mRNA to the editing machinery
(5). However, in this study, we found that A-to-I modification
of the HNRPLL transcript facilitates recognition by the splicing
factor SRSF1, leading to the inclusion of exon 12A. These find-
ings thus imply that the interplay between the RNA editing and
splicing mechanisms may be context-dependent and/or gene-
specific. In this capacity, the dynamics of transcription may
impinge on this cross-talk as an additional layer of regulation.
Precise spatiotemporal regulation of transcription and post-
transcriptional processing rely on the coordination between
the RNA-binding protein (RBP) and the appropriate phosphor-
ylation of the C-terminal domain of RNA polymerase II (1).
These RBPs, notable examples of which include ELAVL1,
are known to interact with pre-mRNA and impart splicing
regulation, among other post-transcriptional mechanisms
(45). Interestingly, ADAR enzyme-catalyzed A-to-I transition
on transcripts is known to modify RBP functions via substrate
accessibility (22). Thus, the kinetic mode of transcription may,
directly or indirectly, act as part of the regulatory hierarchy that
determines the outcome of the RNA editing and splicing pro-
cesses. Additional global analyses using existing deep sequenc-
ing platforms and datasets may shed light on the interpretation
of the dynamic interaction and cooperation between the RNA
editing and splicing machineries.

Experimental procedures

Cell culture

HeLa and HEK293 cells were cultured in high-glucose Dul-
becco’s modified Eagle’s medium, and 1� nonessential amino
acid and 1 mM sodium pyruvate was added to medium for

HEK293 cells. MCF7 cells were cultured in minimum essential
media containing 1� nonessential amino acid and 1 mM sodium
pyruvate. All culture media were supplemented with 10% heat-
inactivated fetal bovine serum and 1 unit/ml of penicillin-strep-
tomycin. All media and reagents were purchased from Thermo
Fisher Scientific. The cells were incubated at 37 °C with 5% CO2
in a humidified incubator.

Plasmid construction for gene knockdown and overexpression

RNAi-mediated gene silencing was performed using the
pSUPER RNAi system, with the target sequences annealed
and ligated into the pSUPER vectors. The coding sequences
of ADAR1, ADAR2, HNRPLL, and SRSF1 genes were ampli-
fied from cDNA with primers containing flanking restriction
enzyme sequences (EcoRV-HindIII for ADAR1, XbaI-EcoRV
for ADAR2, XbaI-EcoRV for HNRPLL, and XbaI-HindIII for
SRSF1). The resulting PCR products were ligated into clon-
ing vector using the HE Swift Cloning Kit (TOOLS Life Sci-
ence) and subsequently subcloned into the expression vector
pcDNA3.1(�). The ADAR mutants and RNAi-resistant vari-
ants were generated by PCR-directed mutagenesis, and con-
structed as described above. RNAi-resistant constructs were
established by introducing synonymous nucleotide substitution
within the shADAR1-targeting sequences, with the following
primers: forward, 5�-GAACTAGTAAGGTATCTTAACACCA-
ACCCTGTGGG; reverse, 5�-TAAGATACCTTACTAGTTCG-
CCAATCTTCCTGACC (altered nucleotides are underlined).
For generating the nonprotein-coding, or RNA-only, construct
of E12A, the start codon and multiple Met codons (at Met-106,
Met-107, and Met-108) within the full-length E12A transcript
sequence were mutated to stop codons, as a means to block
protein translation of the E12A sequence. However, this con-
struct still retains intact 5� UTR and 3� UTR sequences. To
this end, PCR-directed mutagenesis was used to introduce
nucleotide substitution with the designed primer sets, and
the resulting PCR products were subcloned into the expres-
sion vector pcDNA3.1(�). All constructed plasmids were
delivered to cells by Lipofectamine 2000 according to the
manufacturer’s instructions (Invitrogen). Primer sequences
are listed in Table S2.

RNA extraction, RT-PCR, and quantitative PCR (qPCR)

Total RNA was isolated by TRIzol reagent (Invitrogen), and
reverse transcribed into complementary DNA (cDNA) by
Moloney murine leukemia virus reverse transcriptase (Invitro-
gen) with random hexamer. Editing status on target transcript
was monitored by Sanger sequencing analysis of end point PCR
products, which were amplified from cDNA with designed
primers. The editing frequency (%) of sites shown in the figures
was quantitatively determined based on Sanger sequencing
chromatograms and summarized in Table S3. The transcript
splicing ratio was analyzed by gel electrophoresis of the end
point PCR products generated from cDNA with particular
primers. Individual gene expression was detected by real-time
qPCR (iQ5 Gradient Real Time SYBR Green PCR system) with
specific primers, and quantitatively analyzed by CFX Manager
Software (Bio-Rad). The relative gene expression was deter-
mined by normalization to the abundance of the indicated
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housekeeping gene expression, with the control group being
represented as 1. All results were obtained from at least three
independent experiments and presented as mean � S.D., and
statistical significance was measured by Student’s t test and
presented in p value. Sequences of primers used in end point
PCR and real-time qPCR experiments are listed in Table S2,
and the MIQE (46) (Minimum Information for Publication of
Quantitative Real-Time PCR Experiments) checklist is shown
in Table S4.

Chemicals and antibodies

Chemicals were mostly purchased from Sigma, except where
indicated otherwise. Primary antibodies against ADAR1 (sc-
73408), ADAR2 (sc-73409), GAPDH (sc-32233), �-actin
(sc-47778), HNRPLL (sc-132712), P53 (sc-263), and PARP
(sc-7150) were purchased from Santa Cruz Biotechnology.
Anti-FLAG primary antibody (F1804) and anti-FLAG affinity
agarose gel (A2220) were acquired from Sigma. Secondary
antibodies for immunoblotting were obtained from Vector
Laboratories.

RNA-IP experiment

RNA-IP was performed according to a previous report (47).
Briefly, cells were washed once with PBS, and lysed by Poly-
somal Lysis Buffer (100 mM KCl, 5 mM MgCl2, 10 mM HEPES
(pH 7.0), 0.5% Nonidet P-40, 1 mM DTT, 50 units/ml of RNase-
OUT, and protease inhibitor (Roche)). Lysate was passed
through a 27-gauge needle eight times for complete lysis, and
subsequently centrifuged at 12,000 � g for 15 min at 4 °C. The
supernatant was collected and incubated with Dynabeads Pro-
tein G (Invitrogen) for 1 h at 4 °C. The pre-cleared lysate was
incubated with control IgG or antibody-coated Dynabeads for
3 h at 4 °C. The precipitated complex was washed with Poly-
somal Lysis Buffer, and treated with 10 units of DNase I (Fer-
mentas) at 37 °C for 15 min. TRIzol reagent was added for RNA
extraction. The immunoprecipitated RNA was reverse tran-
scribed to cDNA, and subsequently analyzed by qPCR assay.

Nuclear and cytoplasmic fractionation

Cells were washed and collected with PBS, and lysate was
centrifuged at 1,000 � g for 10 min. The supernatant was
removed and the nuclear fractionation buffer was added to pel-
let. The nuclear fractionation buffer contained 10 mM Tris-HCl
(pH 7.8), 140 mM NaCl, 1.5 mM MgCl2, 0.5% Nonidet P-40, and
3 units/ml of RNaseOUT (Invitrogen). The suspended pellet
was incubated for 5 min at 4 °C, and subsequently centrifuged at
500 � g for 4 min. The supernatant was isolated and served as a
cytoplasmic fraction. The pellet was washed with fractionation
buffer twice, centrifuged at 3,000 � g for 10 min at 4 °C, and
used as nuclear fraction. Total RNA of cytoplasmic and nuclear
fractions were extracted by TRIzol reagent, and subsequently
reverse transcribed to cDNA. Gene expression in cDNA sample
was determined by qPCR, and U48 and 7SL were served as
nuclear and cytoplasmic markers.

Splicing luciferase reporter assay

The chimeric reporter constructs were generated by fusing
the E12A sequences with the luciferase gene. For reporter assay,

the indicated plasmids were co-transfected with �-gal expres-
sion vector into HeLa cells for 2 days. Transfected cells were
washed with PBS, and collected by Reporter Lysis 5X Buffer
(Promega). Luciferase and �-gal activity in the indicated trans-
fectant was measured by a Dual Luciferase Reporter Assay Sys-
tem (Promega), and the relative luciferase activity was obtained
by normalized to �-gal intensity. All of the samples were ana-
lyzed in triplicate, and four independent experiments were
performed.

Isolation of RNC-mRNA complex

Experimental procedures of the RNC-mRNA complex
extraction were based on Wang’s report and modified (31).
Briefly, cells were pre-treated with 100 mg/ml of cycloheximide
for 15 min, and subsequently separated into nuclear and cyto-
solic fractions. The cytosolic RNC-mRNA complex was further
isolated by centrifuging at 185,000 � g for 5 h at 4 °C with
sucrose solution. Sucrose solution contained 30% sucrose, ribo-
some buffer (20 mM HEPES/KOH (pH 7.4), 15 mM MgCl2, and
200 mM KCl), 2 mM DTT, and 100 mg/ml of cycloheximide. The
sediment fraction was washed twice with ribosome buffer, and
TRIzol reagent was used to isolate RNA. Collected RNA was
reverse transcribed into the cDNA sample, and abundance of
the target gene was quantified by a qPCR experiment. EEF1A1
expression was analyzed as the control.

RNA-Seq

Cells were transfected with control vector pSUPER and
shRNA targeting to E12A variant, and total RNA of transfected
cells was isolated by TRIzol reagent. cDNA libraries were pre-
pared based on the TruSeq� Stranded Total RNA Sample Prep-
aration Guide (Illumina, part number 15031048). Equal con-
centrations of each library were sequenced using a NextSeq 500
(Illumina) platform to create pair-end 75-bp reads.

Gene expression analysis

All RNA reads were mapped to hg19 with STAR 2.5.2b (48).
The expression levels of genes in the three samples and the
corresponding fold-changes were estimated by DESeq2 1.14.1
(49) with GENCODE V19 annotation (50).

Detection of nascent RNA synthesis rate

Metabolic labeling was used in the analysis of nascent RNA
synthesis, and experimental procedures were performed as
described previously (51), with modifications. Briefly, 500 �M

4-thiouridine was added to cells for 30 min, and labeled RNA
was isolated by TRIzol reagent and dissolved in TE buffer (10
mM Tris-HCl, 1 mM EDTA (pH 7.5)). Isolated RNA was thiol-
specific biotinylated (biotin-HPDP) and incubated for 1.5 h
with rotation, and the RNA sample was extracted by Phase Lock
Gel (QuantaBio) with chloroform/isoamyl alcohol (24:1), and
re-suspended with TE buffer. Biotinylated RNA was immobi-
lized by streptavidin-coated magnetic beads (Invitrogen) in a
30-min incubation with rotation, and subsequently washed and
eluted with 100 mM DTT. Eluted RNA sample was purified with
RNeasy Mini Kit (Qiagen), and converted into cDNA by reverse
transcription. Nascent RNA synthesis rate was determined
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by qPCR experiment, with ACTIN expression as the internal
control.

ChIP assay

Experimental procedures were performed as described
before (52). Cells were transfected with the indicated plasmids,
and transfected cells were subjected to formaldehyde cross-
linking. Cross-linked lysate was sonicated and precleared
before being incubated with the control IgG or the indicated
antibodies with rotation at 4 °C overnight. The immunocom-
plexes were washed, treated with proteinase K, and decross-
linked. Bound DNA as well as input DNA (1/10 fragmented
chromatin) were purified and extracted. The isolated DNA was
quantified by qPCR experiment using primers corresponding
to the genomic loci.
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