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ABSTRACT

JMJD6, a jumonji C (Jmj C) domain-containing pro-
tein demethylase and hydroxylase, has been impli-
cated in an array of biological processes. It has
been shown that JMJD6 interacts with and hydroxy-
lates multiple serine/arginine-rich (SR) proteins and
SR related proteins, including U2AF65, all of which
are known to function in alternative splicing regu-
lation. However, whether JMJD6 is widely involved
in alternative splicing and the molecular mecha-
nism underlying JMJD6-regulated alternative splic-
ing have remained incompletely understood. Here, by
using RASL-Seq, we investigated the functional im-
pact of RNA-dependent interaction between JMJD6
and U2AF65, revealing that JMJD6 and U2AF65 co-
regulated a large number of alternative splicing
events. We further demonstrated the JMJD6 function
in alternative splicing in jmjd6 knockout mice. Mech-
anistically, we showed that the enzymatic activity of
JMJD6 was required for a subset of JMJD6-regulated
splicing, and JMJD6-mediated lysine hydroxylation
of U2AF65 could account for, at least partially, their
co-regulated alternative splicing events, suggesting
both JMJD6 enzymatic activity-dependent and inde-
pendent control of alternative splicing. These find-
ings reveal an intimate link between JMJD6 and
U2AF65 in alternative splicing regulation, which has
important implications in development and disease
processes.

INTRODUCTION

Precursor messenger RNAs (Pre-mRNAs) are subjected to
multiple steps of processing to produce mature messenger
RNAs (mRNAs), which include but are not limited to cap-
ping at the 5′ end, cleavage and polyadenylation at the 3′
end, and intron removal by splicing (1). RNA splicing is the
process by which introns are removed from the pre-mRNA
and the remaining exons connected to form mature mRNA.
A typical eukaryotic intron has GU dinucleotide at its 5′ end
and AG at its 3′ end. In front of the AG sequence, there
is a branch-point sequence (BPS) followed by a series of
pyrimidines, known as the polypyrimidine tract (Py tract)
(2). The splicing reaction is catalyzed by the spliceosome,
a large RNA-protein complex composed of five small nu-
clear ribonucleoproteins (snRNPs) (U1, U2, U4, U5 and
U6) (3,4). U1 snRNP recognizes the GU dinucleotide at
the 5′ splice sites (5′ SSs) while the U2 snRNP binds to
the 3′ splice sites (3′ SSs) by base-pairing with the branch-
point sequence (BPS) in the intron and the remaining three
snRNPs (U4/6 and U5) contribute to the formation of the
catalytic core of spliceosome (3,4). Due to the fact that BPS
is highly degenerative in higher eukaryotic cells, the addi-
tion of U2 snRNP requires a number of accessory pro-
teins, including U2 small nuclear RNA auxiliary factor 1
(U2AF1/U2AF35), U2AF2 (U2AF65) and splicing factor
1 (SF1) (2,5). After U1 snRNP binding at the 5′ SS and SF1
to the BPS, the U2AF65/35 heterodimer interacts with the
Py tract to assist the recruitment of U2 snRNP (6–9).

Many pre-mRNAs are alternatively spliced to produce
different mRNA isoforms that either encode different pro-
teins or confer differential RNA stability. This process al-
lows the human genome to produce many more proteins
than would be expected from its limited number of protein-
coding genes (5). In humans, ∼95% of multi-exonic genes
are alternatively spliced (10). There are many modes of al-
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ternative splicing, of which five basic ones are generally rec-
ognized, including exon skipping or cassette exon, mutu-
ally exclusive exons, alternative donors, alternative accep-
tors, and differential intron retention (2,5,11). The most
common mode is cassette exon, in which a particular exon
may be included or skipped in a context specific manner
(11). Alternative splicing is regulated by numerous trans-
acting proteins (repressors and activators) via specific cis-
acting elements (silencers and enhancers) they recognize in
pre-mRNAs. Molecular mechanisms underlying alternative
splicing regulation are very diversified and complicated, and
new regulatory paradigms are continuously emerging with
the use of high-throughput sequencing techniques (12). Ab-
normal splicing variants are thought to contribute to devel-
opment of cancer as well as other diseases in humans (13–
16).

U2AF65 has been implicated as a key regulator of
alternative splicing (17–21). Recently, it was estimated
that U2AF65 has the capacity to directly bind ∼88%
of functional 3′ splice sites in the human genome based
on U2AF65 CLIP-Seq (cross-linking immunoprecipitation
coupled with high-throughput sequencing), and in addi-
tion, numerous U2AF65 binding events also occur in exonic
and intronic locations, thus providing additional mecha-
nisms for the regulation of alternative splicing (21). Indeed,
both RNA-Seq (RNA high-throughput sequencing) and
RASL-Seq (RNA-mediated oligonucleotide annealing, se-
lection and ligation coupled with high-throughput sequenc-
ing) experiments indicate that U2AF65 is extensively in-
volved in the regulation of alternative splicing (21). How-
ever, how U2AF65 activity and thus its controlled alterna-
tive splicing events might be regulated still remains incom-
pletely understood.

Jumonji C (Jmj C) domain-containing protein 6
(JMJD6), also known as PTDSR or PSR, was originally
identified as a phosphatidylserine receptor on the surface
of phagocytes (22–24). Subsequent sequence analysis of
JMJD6 reveals that it has multiple nuclear localization
signals as well as a JmjC domain, suggesting that it may
possess novel nuclear functions (25–29). Indeed, JMJD6
has been shown to be an iron (Fe2+)- and 2-oxoglutarate (2-
OG)-dependent dioxygenase that demethylates histone H3
at arginine 2 (H3R2) and histone H4 at arginine 3 (H4R3)
in both biochemical and cell-based assays (30,31). JMJD6
arginine demethylase activity has also been demonstrated
on a couple of non-histone proteins, including estrogen re-
ceptor (ER�) (32), RNA helicase A (RHA) (33), heat shock
protein 70 (HSP70) (34), Paired Box 3 (PAX3) (35) and
TNF receptor associated factor 6 (TRAF6) (36). JMJD6′s
lysyl-5-hydroxylation function has been demonstrated on
both histone and non-histone proteins, such as U2AF65
and tumor protein 53 (TP53) (37–40). We recently reported
a new transcriptional paradigm in which JMJD6 and its
functional partner, bromo-domain-containing protein 4
(BRD4), regulate promoter-proximal Pol II pausing release
(31). Besides its function in transcriptional control, we and
others have shown that JMJD6 also interacts with multiple
arginine–serine-rich (RS) domains of SR proteins and SR-
like splicing factors, including U2AF65, suggesting JMJD6
may be involved in splicing regulation (31,39,41,42). In-
deed, a recent study demonstrated that JMJD6 regulates

splicing of vascular endothelial growth factor receptor
1 (VEGFR1/Flt1) in mouse endothelial cells, which is
required for angiogenic sprouting (43). The effect of iron
on splicing of a ferrochelatase has been linked to JMJD6
activity (44). Despite these rapid progresses, however, it
has remained unclear how extensively JMJD6 is involved
in regulated splicing and whether such regulatory function
is directly linked to its interaction with and/or its activity
on U2AF65. In addition, JMJD6 has been implicated in
a multitude of biological processes, including embryonic
development (24,45,46), cell cycle control (40), cellular
proliferation and motility (47,48), adipocyte differentiation
(49) and development of various types of cancers, such as
breast (47,50), lung (51) and colon cancer (40). Whether
the JMJD6′s function in any of these biological processes
is linked to its regulatory role in splicing is still an open
question.

In the present study, we investigated the functional sig-
nificance of the interaction between JMJD6 and U2AF65
by using a high-throughput sequencing technique, RASL-
Seq (52,53). We found that JMJD6 regulated a large set
of alternative splicing events, and importantly, its regu-
lated splicing events were significantly overlapped those
controlled by U2AF65. We further confirmed the func-
tion of JMJD6 in alternative splicing in jmjd6 knockout
mice. Mechanistically, we demonstrated that JMJD6 and
U2AF65 co-regulated a large subset of alternative splicing
events, which were dependent on JMJD6 enzymatic activ-
ity and JMJD6-modified lysine residues (K15, 38 and 276)
in U2AF65. These findings establish an U2AF65-mediated,
JMJD6-regulated splicing pathway in mammalian cells.

MATERIALS AND METHODS

Plasmids and cloning procedures

JMJD6 and U2AF65 were PCR-amplified from cDNAs
by using KOD Hot Start DNA Polymerase (Novagen) and
then cloned into p3XFLAG-CMV-10 (Sigma) or pEGFP-
C3 (Clontech) for expression. All point mutations were gen-
erated by using QuikChange Lightning Site-Directed Mu-
tagenesis Kit (Stratagene).

siRNAs and antibodies

Two independent siRNAs against JMJD6 or U2AF65
were used in this study: siJMJD6(1) (Dharmacon
siGENOME SMARTpool M-010363-03), siJMJD6(2)
(QIAGEN, CAGCTATGGTGAACACCCTAA),
siU2AF65(1) (Dharmacon siGENOME SMART-
pool M-012380-01-0020), siU2AF65(2) (QIAGEN,
ACCCAACTACCTGAACGATGA). Anti-U2AF65
(C-8) (SC-166695), anti-BRD4 (SC-48772) and anti-GFP
(SC-8334) antibodies were purchased from Santa Cruz
Biotechnology; anti-JMJD6 (ab10526) antibody was
purchased from Abcam.

Plasmids, siRNA transfection, RNA isolation and RT-qPCR

Plasmid and siRNA transfection were performed using
Lipofectamine 2000 (Invitrogen) according to manufac-
turer’s protocols. Total RNA was isolated using RNeasy
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Mini Kit (Qiagen). First-strand cDNA synthesis from total
RNA was carried out using iScript™ cDNA Synthesis Kit
(Bio-Rad). All RT-qPCRs were repeated at least three times
and representative results were shown. Sequence informa-
tion for primers used to check the expression of JMJD6
or U2AF65 was as follows: JMJD6 mRNA (F) 5′-CTGA
ATTCAAACCCCTGGAA-3′; JMJD6 mRNA (R) 5′- TA
CCGTCTTGTGCCATACCA-3′; U2AF65 mRNA (F) 5′-
GATTCCAGCCACTGCTCTTC-3′; U2AF65 mRNA (R)
5′-CTGAGCGGAACTCCAAAAAG-3′. Sequence infor-
mation for other primers used in this study is available upon
request.

Protein immunoblotting and immunoprecipitation

Protein immunoblotting and immunoprecipitation were
performed following the protocol described previously (31).

Splicing profiling by RASL-seq and validation by RT-PCR

The RASL reaction (Supplementary Figure S1) was car-
ried out as previously described (52–54). Briefly, a pool
of oligonucleotides was designed to detect 3710 alterna-
tive splicing events (5610 in the expanded version). These
oligonucleotides were mixed with 1 �g of total RNA fol-
lowed by selection and ligation. Ligated oligos were ampli-
fied with barcoded primers, and PCR products were then
subjected to high-throughput sequencing. Data analysis
was performed as previously described (53,54). A minimal
of five counts for each isoform (both long and short iso-
form) in a given splicing event was required to calculate an
expressed isoform and significantly changed splicing events
were selected based on triplicated experiments with P-value
<0.05 and/or fold change in isoform ratio ≥2. Gene ontol-
ogy (GO) analysis for genes with changed alternative spliced
exons was performed with DAVID (55). To validate altered
splicing events detected by RASL-Seq, RT (reverse tran-
scriptase) reactions were carried out followed by standard
PCR (RT-PCR) using primer sets specifically targeting the
flanking exons of the alternatively spliced exon in individual
genes.

RNA immunoprecipitation (RNA-IP)

RNA-IP without crosslinking was performed as previously
described with minor modifications (56). Briefly, cells grown
in a 10-cm dish were lysed in polysome lysis buffer (100 mM
KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.0, 0.5% NP-40,
1 mM DTT, 100 U/ml RNasin RNase inhibitor (Promega,
N2511), 2 mM vanadyl ribonucleoside complexes solution
(Sigma, 94742), 25 �l/ml protease inhibitor cocktail for
mammalian tissues (Sigma, P8340)) and then subjected to
IP followed by washing with polysome lysis buffer four
times, and then polysome lysis buffer plus 1 M urea four
times. RNAs was released by adding 150 �l of polysome ly-
sis buffer with 0.1% SDS and 45 �g proteinase K (Ambion,
AM2548) and incubated at 50◦C for 30 min. RNA extracted
with phenol–chloroform–isoamyl alcohol mixture (Sigma,
77618) was recovered by adding 2 �l GlycoBlue (15 mg/ml,
Ambion, AM9516), 36 �l 3 M sodium acetate and 750 �l
ethanol followed by incubation at −20◦C for overnight. Pre-
cipitated RNAs were washed with 70% ethanol, air dried,

and re-suspended in RNase-free water followed by DNase
I (Promega, M6101) treatment to remove genomic DNA.
The resultant RNAs were subjected to RT-qPCR analysis
using primers specifically designed to detect specific pre-
mRNAs.

UV-crosslinked RNA-IP was performed as previously de-
scribed with minor modifications (57,58). Briefly, cells from
a 10-cm dish were UV-irradiated at 254 nm, 400 mJ/cm2

(Stratagene Stratalinker) and then lysed in cell lysis buffer
(10 mM Tris–HCl, 100 mM NaCl, 2.5 mM MgCl2, 35
mg/ml digitonin, 0.5% Triton X-100). Supernatant was
subjected to IP with wash, once in low-stringency buffer
(1× PBS (150 mM NaCl), 0.1% SDS, 0.5% sodium deoxy-
cholate, 0.5% NP-40) and twice in high-stringency buffer
(5× PBS (750 mM NaCl), 0.1% SDS, 0.5% sodium deoxy-
cholate, 0.5% NP-40). RNA release, extraction, treatment
with DNase I and RT-qPCR were performed as described
above.

RESULTS

JMJD6 and U2AF65 co-regulate alternative splicing

Through affinity purification followed by mass spectrom-
etry analysis, we previously reported that JMJD6 was as-
sociated with an array of proteins involved in RNA biol-
ogy metabolism (31). Gene ontology (GO) analysis of po-
tential JMJD6 interactors revealed that RNA processing,
RNA metabolic process, and RNA splicing were among the
most enriched GO terms, suggesting JMJD6 might play a
regulatory role in RNA metabolism (Supplementary Table
S1). One of the JMJD6 interactors was U2AF65, which has
been reported earlier to be lysine hydroxylated by JMJD6
(21,39). In the present study, we focused on investigating
JMJD6 function in the regulation of alternative splicing and
the underlying molecular mechanism with respect to its in-
teraction with U2AF65.

Firstly, JMJD6 interaction with U2AF65 was confirmed
by immunoprecipitation (IP) with anti-JMJD6 antibody
followed by immunoblotting (IB) with anti-U2AF65 anti-
body (Figure 1A, upper panel). Interestingly, the inclusion
of RNase A during IP completely abolished the interac-
tion, suggesting that JMJD6 associated with U2AF65 in
an RNA-dependent manner, consistent with an early report
(39). As a control, RNase A showed no significant impact
on the interaction between JMJD6 and BRD4, a protein we
reported previously to co-regulate transcriptional pause re-
lease (31) (Figure 1A, bottom panel). The RNA-dependent
connection between JMJD6 and U2AF65 prompted us to
investigate their functional relationship in regulated splic-
ing. For this purpose, we performed RASL-Seq (RNA-
mediated oligonucleotide annealing, selection and ligation
coupled with high-throughput sequencing) (Supplementary
Figure S1) with total RNA extracted from HEK293T cells
transfected with control siRNA (small interfering RNA)
or siRNAs specifically targeting JMJD6 or U2AF65. The
knockdown efficiency of two independent siRNAs target-
ing JMJD6 or U2AF65 was confirmed by RT-qPCR (Fig-
ure 1B) and immunoblotting (see later in Figures 6A and
7A). The data also showed that knockdown of JMJD6 had
no effect on the expression of U2AF65, and vice versa.
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Figure 1. JMJD6 and U2AF65 co-regulate alternative splicing. (A) JMJD6 interacted with U2AF65 in a RNA-dependent manner. Cell lysates from
HEK293T cells were subjected to immunoprecipitation (IP) with control IgG or anti-JMJD6 antibody in the presence or absence of RNase A (+: 50
ng/�l; ++: 250 ng/�l; +++: 500 ng/�l) followed by immunoblotting (IB) with anti-U2AF65 (upper panel) or anti-BRD4 (bottom panel) antibodies. (B)
HEK293T cells were transfected with control siRNA (siCTL) or two independent siRNAs specifically targeting JMJD6 (siJMJD6(1), siJMJD6(2)) or
U2AF65 (siU2AF65(1), siU2AF65(2)) for 72 h followed by RNA extraction and RT-qPCR analysis using primers specifically targeting JMJD6 (left panel)
or U2AF65 (right panel). Data shown was the relative fold change compared to control samples after normalization to actin. (C, E) Pie chart showing
JMJD6- (C) or U2AF65- (E) regulated alternative splicing events, both exon inclusion and skipping, examined through RASL-Seq analysis using RNA
samples described in (B) (P < 0.05). Data shown was from siJMJD6(1) (C) and siU2AF65(1) (E). (D, F) Scatter plot showing the isoform ratio (short versus
long, log2) of all detectable alternative splicing events (read counts >5) in RASL-Seq when knocking down JMJD6 (D) or U2AF65 (F). (G) Venn diagram
showing overlapping between JMJD6 and U2AF65-regulated alternative splicing events (P = 0.000785, hypergeometric test, expected background value:
52). (H) Pie chart showing alternative splicing events regulated by JMJD6 and U2AF65 in the same direction including exon inclusion and skipping (P <

0.05).
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The human RASL-Seq platform was initially designed
to target 3710 alternative splicing events. Although this
technology focuses on selected and annotated targets com-
pared to completely unbiased profiling of alternative splic-
ing by RNA-Seq, RASL-Seq has been proven to be ro-
bust in quantitative measurement of alternative splicing,
which enables large-scale comparison of regulated splicing
events (21,53,54,59,60). By filtering events with counts <5,
we identified 814 alternative splicing events in HEK293T
cells in the current experiment. Changes in isoform ratio
(counts for long isoform versus short isoform) between con-
trol and knockdown cells were then calculated and statisti-
cal significance was determined based on triplicated experi-
ments. We found that 515 alternative splicing events showed
significant changes in isoform ratio upon knockdown of
JMJD6 (siJMJD6(1), P < 0.05), which represented 14%
and 63% of total (n = 3710) and detectable (n = 814) al-
ternative splicing events, respectively, on the platform (Fig-
ure 1C and D and Supplementary Table S2). Interestingly,
among these 515 altered alternative splicing events induced
by JMJD6 knockdown, 378 and 137 events showed in-
creased exon skipping and inclusion, respectively, suggest-
ing JMJD6 preferentially promoted exon inclusion (Figure
1C and D and Supplementary Table S2). The impact of the
second independent siRNA targeting JMJD6 (siJMJD6(2))
on alternative splicing was similarly assessed, again reveal-
ing splicing ratio changes in 12% and 54% of total and de-
tectable alternative splicing events, respectively, with preva-
lent induction of exon skipping (Supplementary Figure S2A
and S2B). Altered splicing events were extensively over-
lapped between the experiments using these two indepen-
dent siRNAs against JMJD6 (Supplementary Figure S2C
and S2D).

Similarly, knockdown of U2AF65 (siU2AF65(1)) led to
significant changes in the isoform ratio of 573 alternative
splicing events, corresponding to 15% and 70% of total
(n = 3710) and detectable (n = 814) events, respectively
(Figure 1E and F and Supplementary Table S2). U2AF65
also appeared to preferentially promote exon inclusion as
nearly three-quarters of altered events showed increased
exon skipping upon U2AF65 knockdown, fully consistent
with a previous report (Figure 1E and F and Supplemen-
tary Table S2) (21). The second independent siRNA tar-
geting U2AF65 (siU2AF65(2)) gave similar results (Sup-
plementary Figure S2E and S2F) and the induced splicing
events by both siRNAs targeting U2AF65 were significantly
overlapped and correlated (Supplementary Figure S2G and
S2H). For simplicity, we focused on the alternative splicing
events regulated by JMJD6 and U2AF65 based on the use
of siJMJD6(1) and siU2AF65(1). We also assessed the im-
pact of knocking down JMJD6 and U2AF65 on alterna-
tive splicing by using percentage spliced in (PSI, long iso-
form divided by the sum of both short and long isoforms),
and found that 517 events were significantly changed upon
JMJD6 knockdown, among which 381 and 136 events ex-
hibited increased exon skipping and inclusion, respectively
(Supplementary Figure S3A). The data are highly compa-
rable to those obtained based on changes in splicing ratio
(Supplementary FigureS3B and S3C). Similarly, U2AF65-
regulated splicing events calculated based on changes in PSI

or isoform ratio were also highly concordant (Supplemen-
tary Figure S3D-F).

Comparing the alternative splicing events regulated by
JMJD6 and U2AF65, we found that 383 events were regu-
lated by both proteins, which were 74% and 67% of JMJD6
and U2AF65-regulated events, respectively, suggesting a
functional interaction between these two proteins (Figure
1G). Given the large number of splicing events regulated by
both proteins, we determined that the overlap was statisti-
cally significant (P = 0.000785, hypergeometric test). More
importantly, 77% of the alternative splicing events regulated
by both JMJD6 and U2AF65 were altered in the same di-
rections (Figure 1H).

If a more stringent cutoff was taken (P < 0.05 and fold
change (FC) of isoform ratio between control and knock-
down samples >2), knockdown of JMJD6 altered the iso-
form ratio of 6.6% and 30% of total and detectable alter-
native splicing events, respectively (Supplementary Figure
S4A and S4B). The extent of JMJD6′s impact on alternative
splicing was comparable to other classic RNA-binding pro-
teins that have been assessed on the RASL-Seq platform,
such as SRSF1, SRSF2 and RBFox2 (54,59). When the
same cutoff was applied to determine the alternative splic-
ing events regulated by U2AF65 (Supplementary Figure
S4C-D) and then compared to that of JMJD6, a significant
overlap could still be observed (Supplementary Figure S4E
and S4F). The high degree of overlap between JMJD6 and
U2AF65-regulated alternative splicing events could also be
confirmed by comparing data from any of the two siRNAs
targeting JMJD6 or U2AF65. Taken together, these data
suggested that JMJD6 and U2AF65 co-regulate a large set
of alternative splicing events.

Next, we sought to validate the altered alternative splic-
ing events identified through RASL-Seq by RT-PCR (re-
verse transcription polymerase chain reaction). Specifically,
total RNA extracted from HEK293T cells transfected with
control siRNA or siRNAs targeting JMJD6 or U2AF65
were subjected to RT followed by PCR using specific primer
sets, which were designed to target the two exons flanking
the alternatively spliced exon to detect the expression of
both isoforms (depicted in top panels of Figure 2A–J). In
total, we validated 20 events co-regulated by both JMJD6
and U2AF65 with a successful rate of 90% (two failed), and
showed a representative set of validated events (Figure 2A–
J). Of note, some alternative splicing events appear to ex-
press an isoform at the levels too low to be detectable with
RASL-Seq (i.e. too few counts after sequencing), but still
subjected to the regulation by JMJD6 and U2AF65, as ex-
emplified by exon 6 in RBM5 and exon 2 in MADD, indi-
cating the impact of both proteins on alternative splicing
could be larger than what had been detected by RASL-Seq
(Supplementary Figure S5A and S5B).

JMJD6 regulates alternative splicing in the mouse

JMJD6 is highly conserved throughout the animal king-
dom and functionally essential for embryonic development
(24,45,46). Jmjd6 knockout mice died prenatally and jmjd6
deficient embryos manifested severe developmental defects
in multiple organs, including lung, kidney, liver, intestine,
eye and brain. For example, a delay in differentiation of
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Figure 2. Validation of alternative splicing events co-regulated by JMJD6 and U2AF65 through RT-PCR. (A–J) First-strand cDNA synthesis was done
from RNA samples described in Figure 1B followed by standard PCR analysis (RT-PCR) using primer sets specifically targeting to the upstream and
downstream exon relative to the cassette exon (alternatively spliced exon) to detect the expression of both short and long isoforms of representative genes
as indicated. The length of the alternatively spliced exon as well as the expected length of the PCR products was shown as indicated. DNA marker (M)
was included on the left. Percentage spliced in (PSI) was calculated as the ratio of the density of the long isoform versus that of the sum of the long and
short isoforms. The position of the alternatively spliced exon in each gene was as follows: KIAA0515 (NM 013318, exon 30) (A); TCERG1 (BI091338,
exon 3) (B); BAT2D1 (AV650960, exon 6) (C); HNRNPH3 (NM 012207, exon 3) (D); UTRN (NM 007124, exon 66) (E); TMEM126B (NM 018480, exon
2) (F); ZDHHC20 (uc001uod.1, exon 13) (G); BRD8 (NM 006696, exon 21) (H); PTBLP (NM 021190, exon 10) (I); NCAM1 (NM 181351, exon 9) (J).
F: forward primer; R: reverse primer; bp: base pair.

kidney was observed in jmjd6-deficient embryos, exhibit-
ing primitive glomeruli and poorly-developed collecting
tubules at E16.5(24). Jmjd6-deficient embryos also showed
severe brain malformation characterized by exencephaly,
disrupted forebrain proliferative zones, expanded midbrain,
and a disrupted cortical plate as well as altered morphol-
ogy of the olfactory bulb, brainstem-spinal cord junction,
and cerebellum (45). We took advantage of this existing
mouse model to test JMJD6-regulated alternative splic-
ing in vivo. We isolated total RNA from kidney and brain
from wild type (+/+) (n = 3) and knockout (−/−) (n =
5) mice (E17.5) for RASL-Seq analysis (Figure 3A). The
mouse RASL-Seq platform was designed to target 1280 al-
ternative splicing events conserved between mouse and hu-
man for the experiments presented in this report. We found
that jmjd6 knockout led to significant changes in around
23% and 45% of total and detectable alternative splicing
events, respectively in kidney compared to wild-type mice,
confirming an extensive impact of JMJD6 in alternative
splicing in vivo (Figure 3B and Supplementary Table S3).
We found that JMJD6-regulated the expression of isoforms

from many genes known to be critical for kidney devel-
opment, such as clmn, pkd1, ptpro, fip1l1, bat3, fgfr2 and
lef1, suggesting their contributions to developmental de-
fects in kidney observed in jmjd6 knockout mice. Similar
to what observed in cultured HEK293T cells, jmjd6 knock-
out also preferentially induced exon skipping (Figure 3B).
Representative JMJD6-regulated alternative splicing events
were validated by RT-PCR, including pip5k1c, clmn, rpain,
phf20l1 and unc84a (Figure 3C and Supplementary Figure
S6A). Of note, PSI between individual wild type or knock-
out groups was highly consistent (Figure 3C and Supple-
mentary Figure S6A). To further demonstrate JMJD6′s im-
pact on alternative splicing, we also performed RASL-Seq
with RNAs extracted from the brain of wild type or jmjd6
knockout mice, finding that around 24% and 43% of total
and detectable alternative splicing events, respectively, were
significantly altered by jmjd6 knockout and 65% of the al-
tered events displayed induced exon skipping (Figure 3D
and Supplementary Table S3). JMJD6-regulated splicing
was found on many genes involved in brain development,
such as centg1, kras, lhx6, pax6, grin1, grik1 and grik2. Rep-
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Figure 3. JMJD6 regulates alternative splicing in vivo. (A) RNAs were extracted from kidney and brain samples of wild type (jmjd6 (+/+)) (n = 3) or
jmjd6 knockout (jmjd6 (−/−)) (n = 5) mice, and the expression of jmjd6 was examined through RT-qPCR. Data shown was jmjd6 expression in brain
samples. (B, D) Pie chart showing alternative splicing events, both exon inclusion and skipping, regulated by jmjd6 in kidney (B) or brain (D) samples
examined through RASL-Seq analysis using RNA samples described in (A) (P < 0.05). (C, E) RT-PCR was done using RNA samples from kidney (C) or
brain (E), both wild type (+/+, n = 3) and jmjd6 knockout (−/−, n = 3), as described in Figure 3A to validate alternative splicing events (exon inclusion)
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resentative JMJD6-regulated alternative splicing events in
the brain were validated by RT-PCR (Figure 3E and Sup-
plementary Figure S6B).

To determine whether JMJD6-regulated alternative splic-
ing has tissue specificity, the altered alternative splicing
events in kidney were compared to those in brain. We noted
that 146 events were commonly regulated, which was 49%
and 48% of JMJD6-regulated alternative splicing events in
kidney and brain, respectively, suggesting that JMJD6 reg-
ulates both tissue specific alternative splicing events as well
as a core set of alternative splicing events in different tis-
sues (Figure 3F). Importantly, the vast majority of this com-
mon set of events (∼87%) was altered in the same direction
in both kidney and brain, suggesting the direct impact of
JMJD6 ablation on these alternative splicing events (Figure
3G and Supplementary Table S3). As the alternative splic-
ing events included in the mouse RASL-Seq platform were
conserved between mouse and human, JMJD6-regulated
alternative splicing events in mouse kidney and brain were
compared to those in HEK293T cells. JMJD6-regulated al-
ternative splicing events in both kidney and brain in mice
were first combined and duplicates removed, resulting in a
list of 457 unique events, which were then compared to the
set of 515 JMJD6-regulated events detected in HEK293T
cells. We noted 141 events in common (Supplementary Fig-
ure S6C). Importantly, around 78% of these 141 events were
co-regulated by JMJD6 and U2AF65 in HEK293T cells,
suggesting overlaps between the two species were enriched
for co-regulation by JMJD6 and U2AF65 in human (Sup-
plementary Figure S6D). If a more stringent cutoff was
taken (P < 0.05, FC of isoform ratio > 1.5), 22% and 26%
of detectable alternative splicing events displayed significant
changes in kidney and brain from jmjd6 knockout mice, re-
spectively (Supplementary Figure S6E and S6F). Similarly,
under this more stringent cutoff, JMJD6′s function in alter-
native splicing appeared to have tissue specificity as well as
commonality (Supplementary Figure S6G and S6H). Taken
together, our data described above suggested a widespread
role of JMJD6 in alternative splicing in both cultured cells
and animals.

JMJD6 and U2AF65 bind pre-mRNA directly to regulate al-
ternative splicing

We next sought to understand the molecular mechanism
underlying JMJD6-regulated alternative splicing. Recently,
a structural study revealed a novel substrate binding groove
and two positively charged surfaces in JMJD6, suggest-
ing its capability to directly bind RNA (61). To test this,
we first performed RIP (RNA immunoprecipitation) on
HEK293T cells using control IgG or specific antibodies
against JMJD6 or U2AF65, and examined resultant RNAs
by RT-PCR with primers that specifically target JMJD6
and U2AF65 regulated exons (Supplementary Figure S7A).
For all altered alternative splicing events shown in Figure 2
and Supplementary Figure S5, we detected robust JMJD6
and U2AF65 association with RNA compared to IgG (Fig-
ure 4A and Supplementary Figure S7B). We performed
PCR amplification without reverse transcriptase (no RT) to
rule out contamination of genomic DNA. We also tested
several alternatively spliced genes (DNAJC7, ATP5C1 and

AASDHPPT) included in our RASL-Seq, but their splic-
ing unaffected by knockdown of JMJD6 or U2AF65 based
on our RNA-Seq results, finding no binding of their pre-
mRNAs with either JMJD6 or U2AF65 (Supplementary
Figure S7C). For further comparison, we examined two
other genes (MAPKAP1 and BCL11A), which were in-
cluded in our RASL-Seq pool and shown to be sensitive
to knockdown of JMJD6 but not U2AF65, for interaction
with JMJD6 and U2AF65. We detected binding of JMJD6,
but not U2AF65, with both of these pre-mRNAs (Sup-
plementary Figure S7D). Conversely, analysis of the two
other genes (N-PAC and OPA1), which were included in
our RASL-Seq pool and detected to be sensitive to knock-
down of U2AF65, but not JMJD6, showed the association
of their pre-mRNAs with U2AF65, but not JMJD6 (Sup-
plementary Figure S7E). Together, these data demonstrated
a degree of selectivity for JMJD6 and U2AF65 to interact
with RNA.

To further confirm JMJD6 binding with RNA, we sub-
jected HEK293T cells stably expressing a control vector or
Flag-tagged JMJD6 to RIP using anti-Flag specific anti-
body. In accordance with RIP using anti-JMJD6 antibody,
we detected robust binding of Flag-tagged JMJD6 with spe-
cific pre-mRNAs using the same set of primers described
above (Figure 4B and Supplementary Figure S7F). The ob-
served JMJD6 binding with RNA could be direct or in-
direct. To distinguish between these possibilities, we per-
formed UV (ultraviolet)-crosslink RIP in HEK293T cells
with control IgG or anti-JMJD6 antibody and separated re-
sultant RNAs on a gel (57). We detected a large amount of
RNA associated with JMJD6 in UV-treated cells, but not in
untreated cells, suggesting JMJD6 binding with RNA was
direct. No RNA was detected in IgG pulldown in either un-
treated or UV-treated cells (Supplementary Figure S8A).
RT-PCR analysis of resultant RNAs revealed that, com-
pared to IgG controls, both JMJD6 and U2AF65 were sig-
nificantly enriched on a selective set of pre-mRNAs exam-
ined, including KIAA0515, TCERG1, UTRN and RBM5
(Figure 4C), but not DNAJC7 expressed at comparable lev-
els in either UV-treated or untreated cells, which served as a
negative control (Supplementary Figure S8B). We similarly
confirmed direct binding of JMJD6 with these pre-mRNAs
with anti-Flag antibody in HEK293T cells that stably ex-
press Flag-tagged JMJD6 (Supplementary Figure S8C).

U2AF65 regulates JMJD6 interaction with pre-mRNA

The RNA-dependent interaction between JMJD6 and
U2AF65 (Figure 1A), and the high degree of overlap
between JMJD6 and U2AF65-regulated alternative splic-
ing programs prompted us to examine whether JMJD6
binding with RNA was regulated by U2AF65. HEK293T
cells were transfected with control siRNA or two indepen-
dent siRNAs specifically targeting JMJD6 or U2AF65 fol-
lowed by RIP with control IgG or antibody specifically
against JMJD6 or U2AF65. We found that knockdown
of U2AF65 nearly abolished JMJD6 binding with pre-
mRNAs co-regulated by JMJD6 and U2AF65, as illus-
trated on representative examples, such as TCERG1, HN-
RNPH3, BAT2D1 and RBM5 (Figure 5A). Of note, in ac-
cordance with the fact that knockdown of splicing fac-
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Figure 4. JMJD6 and U2AF65 co-bind with the pre-mRNAs they regulate. (A) HEK293T cells were subjected to RIP using control IgG, anti-JMJD6 or
U2AF65 antibodies, and the resultant RNAs were examined by RT-qPCR with primer sets specifically targeting to the upstream and downstream intron
region relative to the alternatively spliced exon to determine JMJD6 and U2AF65 binding with pre-mRNA. The position of the alternatively spliced exon in
each gene was described in Figure 2. RT: with reverse transcriptase; no RT: without adding reverse transcriptase. RIP signals were presented as fold change
over IgG (RT) (± S.E.M., **P < 0.01, ***P < 0.001). (B) HEK293T cells stably expressing a control vector (CTL) or Flag-tagged JMJD6 (F-JMJD6) were
subjected to RIP using anti-Flag antibody. Flag-tagged JMJD6 binding with pre-mRNAs of representative genes was shown. RIP signals were presented
as fold change over control sample (RT) (± S.E.M., **P < 0.01, ***P < 0.001). (C) HEK293T cells were treated with or without UV (ultraviolet) before
RIP followed by RT-qPCR as described in (A) to determine JMJD6 and U2AF65 binding with pre-mRNA. RIP signals were presented as fold change
over IgG (UV) (± S.E.M., *P < 0.05, **P < 0.01, ***P < 0.001).

tors may trigger changes in expression levels of some pre-
mRNAs, knockdown of U2AF65 led to decreased levels of
the pre-mRNA from two specific genes RBM5 and BAT2D1
based on input normalized data in Figure 5A (Supplemen-
tary Figure S9A). As a control, JMJD6 interaction with
pre-mRNA of TPP2, which was occupied by JMJD6 but
not U2AF65, was unaffected upon U2AF65 knockdown
(Supplementary Figure S9B). The amount of immunopre-
cipitated JMJD6 in each condition was similar (Supplemen-
tary Figure S9C). To our surprise, knockdown of JMJD6

also resulted in a significant decrease in U2AF65 bind-
ing with pre-mRNAs they co-regulated (Figure 5B). The
amount of U2AF65 obtained in each immunoprecipita-
tion performed was similar (Supplementary Figure S9D).
Importantly, despite that JMJD6 was efficiently knocked
down, which largely abolished JMJD6 binding, the impact
of JMJD6 on U2AF65 binding was not as dramatic as
that of U2AF65 on JMJD6 (Figure 5A and B and Supple-
mentary Figure S9E). Potential reasons might account for
these observations: (i) Enzymes redundant to JMJD6 may
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Figure 5. U2AF65 regulates JMJD6 binding with pre-mRNAs they co-regulate. (A, B) HEK293T cells were transfected with control siRNA (siCTL) or
two independent siRNAs specifically targeting JMJD6 (siJMJD6(1), siJMJD6(2)) or U2AF65 (siU2AF65(1), siU2AF65(2)) followed by RIP with control
IgG or antibody specifically against JMJD6 or U2AF65. JMJD6 (A) or U2AF65 (B) binding with pre-mRNAs of representative genes was shown as
indicated. RIP signals were first normalized to input and then presented as fold change over control (siCTL) (± S.E.M., *P < 0.05, **P < 0.01, ***P <

0.001). (C) HEK293T cells were transfected with vectors expressing GFP-tagged wild-type U2AF65 (wt) or U2AF65 mutants with lysine 15, 38 or 276
substituted with arginine (K15R, K38R or K276R), followed by RIP with anti-GFP antibody. U2AF65 binding with pre-mRNAs of representative genes
was shown as indicated. RIP signals were first normalized to input and then presented as fold change over control (wt) (± S.E.M., *P < 0.05, **P < 0.01,
***P < 0.001).

also regulate U2AF65; (ii) JMJD6 enzymatic activity was
not proportionally affected to its protein level, which has
been demonstrated on other epigenetic regulators, such as
CARM1 (62) and SET7/9 (63). As a control, JMJD6 inter-
action with N-PAC and OPA1 pre-mRNA, which was oc-
cupied by U2AF65 but not JMJD6, was unaffected upon
knockdown of JMJD6 (Supplementary Figure S9F).

It has been previously reported that JMJD6 catalyzes hy-
droxylation on lysine residues 15, 38 and 276 in U2AF65
(39). To see whether the detected impact of JMJD6 on
U2AF65 binding can be linked to its modification on these

lysine residues, we transfected HEK293T cells with vectors
expressing GFP-tagged wild-type U2AF65 (wt) or U2AF65
mutants in which lysine 15, 38 or 276 was individually
substituted with arginine (K15R, K38R or K276R), and
then performed RIP with anti-GFP specific antibody. We
found that substitution of lysine 15 or 38 with arginine
largely diminished U2AF65 binding with pre-mRNAs from
TCERG1, HNRNPH3, BRD8 and RBM5, whereas sub-
stitution of lysine 276 with arginine significantly altered
U2AF65 binding with pre-mRNAs from RBM5 and BRD8,
but not TECRG1 or HNRNPH3 (Figure 5C). Serving as
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controls, binding of U2AF65 with pre-mRNAs of two other
genes, N-PAC and OPA1, which were found to be associated
with U2AF65 but not JMJD6 (Supplementary Figure S7E),
was unaffected by any of the mutants (Supplementary Fig-
ure S9G). However, we do not exclude the possibility that
these mutants will affect U2AF65 binding to pre-mRNAs
without JMJD6 binding as they also seemed to be able
to affect U2AF65 binding independent of JMJD6 enzy-
matic activity (vide infra). U2AF65 (wt), K15R, K38R and
K276R were found to be expressed at similar levels (Supple-
mentary Figure S9H). Taken together, these data suggested
that U2AF65 was required for JMJD6 binding with RNA,
and conversely, JMJD6 also modulated U2AF65 binding
with RNA, which could potentially link to JMJD6 hydrox-
ylase activity on several lysine residues (K15, 38 and 276) in
U2AF65.

JMJD6 regulation of alternative splicing is linked to its en-
zymatic activity

We next sought to address whether the enzymatic activ-
ity of JMJD6 was important for its regulatory function in
alternative splicing. Several published studies suggest that
JMJD6 function in alternative splicing depends on its en-
zymatic activity (39,43), but others indicated that the en-
zymatic activity of JMJD6 was not essential (41,49). Be-
cause only a reporter gene or a very limited number of genes
were examined in each of these studies, we revisited this
critical issue in a much larger scale by using our RASL-
Seq platform. We transfected HEK293T cells with control
siRNA or two independent siRNAs specifically targeting
JMJD6 in the presence or absence of a control vector or
vectors expressing rat wild-type JMJD6 (wt) or its enzy-
matically deficient mutant containing a substitution of his-
tidine 187 to alanine (H187A), followed by RNA extrac-
tion and RASL-Seq analysis. The RASL-Seq platform was
expanded in this set of experiments to target 5610 alterna-
tive splicing events. The knockdown efficiency of two inde-
pendent siRNAs targeting JMJD6 (Figure 6A, top panel,
compared lanes 2 and 5 to lane 1) and the expression of ex-
ogenous rat JMJD6 (wt) and JMJD6 (H187A) (Figure 6A,
bottom panel, columns 3, 4, 6 and 7) were determined by
using specific anti-JMJD6 antibody. We observed oligomer-
ization of JMJD6 (wt), but not JMJD6 (m) protein, as re-
ported previously (31). RASL-Seq analysis revealed that
around 11% and 30% of total and detectable alternative
splicing events, respectively, displayed fold changes ≥2 (FC
≥ 2) in JMJD6 knockdown cells compared to control sam-
ples, which was strikingly consistent with our initial obser-
vation (Figure 6B and C and Supplementary Figure S4A,
S4B). Of note, due to the increased number of alternative
splicing events included in this extended RASL-Seq pool
and increased sequencing depth for this experiment, both
the absolute number of detectable (i.e. events with a min-
imal of 5 counts for each isoform) and JMJD6-regulated
alternative splicing events increased. Among those JMJD6-
dependent exon inclusion events (n = 406), 56% of them
could be rescued by exogenous JMJD6 (P = 6.48E−28) (i.e.
siJMJD6 versus siCTL, FC > 2 and siJMJD6 + JMJD6
(wt) versus siJMJD6, FC > 1), which were thus referred to
as exon inclusion truly regulated by JMJD6 (n = 226) (Fig-

ure 6D, left panel). Interestingly, the vast majority of those
exon inclusion truly regulated by JMJD6 (n = 226) was de-
pendent on its enzymatic activity, as JMJD6 (H187A) failed
to rescue them (P = 4.88E−24) (i.e. siJMJD6 versus siCTL,
FC>2 and siJMJD6 + JMJD6 (wt) versus siJMJD6, FC >
1 and siJMJD6+JMJD6 (H187A) versus siJMJD6+JMJD6
(wt), FC < 1) (Figure 6D, right panel). For JMJD6-affected
exon skipping events (n = 198), 67% of them seemed to be
truly regulated by JMJD6 (P = 1.68E−16) (Figure 6E, left
panel). Furthermore, 64% of those JMJD6 truly regulated
exon skipping events were also dependent on the JMJD6
enzymatic activity (Figure 6E, right panel). The percent-
age of JMJD6 truly regulated alternative splicing events and
those dependent on the JMJD6 enzymatic activity were also
confirmed with the second independent siRNA targeting
JMJD6 (data not shown).

A subset of JMJD6 and U2AF65 co-regulated alternative
splicing events were linked to JMJD6-mediated lysine hy-
droxylation on U2AF65

As the JMJD6 enzymatic activity appeared to be involved,
at least partially, in its regulated alternative splicing, and
JMJD6 functionally interacted with U2AF65, we further
tested whether JMJD6-mediated U2AF65 lysine hydrox-
ylation was linked to JMJD6 and U2AF65 co-regulated
alternative splicing events. We transfected HEK293T cells
with control siRNA or two independent siRNAs targeting
U2AF65 in the presence or absence of control GFP vec-
tor or vectors expressing GFP-tagged wild-type U2AF65
(wt) or its mutants with substitution of lysine 15, 38 or 276
to arginine (K15R, K38R or K276R) followed by RNA
extraction and RASL-Seq analysis. The knockdown effi-
ciency of two independent siRNAs targeting U2AF65 was
determined by immunoblotting using anti-U2AF65 anti-
body (Figure 7A, top panel, compared lanes 2 and 7 to lane
1), and the expression of GFP control vector and exogenous
GFP-tagged U2AF65 (wt), U2AF65 (K15R), U2AF65
(K38R) and U2AF65 (K276R) (Figure 7A, bottom panel)
were determined with antibody specifically against GFP.
We found that around 17% and 50% of total and de-
tectable alternative splicing events, respectively, displayed
fold changes larger than 2 (FC > 2) in U2AF65 knocking
down cells compared to control samples, consistent with
our initial observation (Figure 7B and C and Supplemen-
tary Figure S4C, S4D). Among those U2AF65-dependent
exon inclusion events (n = 729), nearly all of them (98%)
could be rescued by exogenous U2AF65 (P = 5.77E−42),
which we referred to as exon inclusion truly regulated by
U2AF65 (Figure 7D, far left panel). We overlapped JMJD6
enzymatic activity-dependent exon inclusion events (n =
193) with those truly regulated by U2AF65 and found that
there were 75 events shared by both, suggesting that JMJD6
might target U2AF65 to regulate a subset of alternative
splicing events, meanwhile, there are other substrates in ad-
dition to U2AF65 through which JMJD6 exerts its func-
tion in exon inclusion regulation (Supplementary Figure
S10A). Interestingly, mutation of each lysine residue (K15,
38 or 276) significantly impaired U2AF65 function in al-
ternative splicing (Figure 7D, right three panels). For ex-
ample, U2AF65 (K15R), U2AF65 (K38R) and U2AF65
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Figure 6. JMJD6 enzymatic activity is involved in its regulated alternative splicing. (A) HEK293T cells were transfected with control siRNA (siCTL) or
two independent siRNAs specifically targeting JMJD6 (siJMJD6(1), siJMJD6(2)) in the presence or absence of a control vector or vectors expressing rat
wild-type JMJD6 (wt) or its enzymatically deficient mutant with substitution of histidine 187 to alanine (H187A), followed by immunoblotting (IB) with
anti-JMJD6 antibody. JMJD6 monomer and oligomer were shown as indicated. (B) Pie chart showing alternative splicing events regulated by JMJD6, both
exon inclusion and skipping (FC≥2), examined through RASL-Seq analysis (expanded version) using RNA samples described in (A). Data shown was
from siJMJD6(1). (C) Scatter plot showing the isoform ratio (short versus long, log2) of all detectable alternative splicing events in RASL-Seq (expanded
version) when knocking down JMJD6. (D, E) Left panels: Pie chart showing exon inclusion (D) or skipping (E) regulated by JMJD6, including the ones
could be rescued by JMJD6 protein (referred as exon inclusion (D) or skipping (E) truly regulated by JMJD6) and the ones could not; Right panels: Pie
chart showing exon inclusion (D) or skipping (E) truly regulated by JMJD6 including the ones were dependent on JMJD6 enzymatic activity and the ones
were not.
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Figure 7. JMJD6-mediated lysine hydroxylation of U2AF65 is involved in alternative splicing regulation. (A) HEK293T cells were transfected with control
siRNA (siCTL) or two independent siRNAs specifically targeting U2AF65 (siU2AF65(1), siU2AF65(2)) in the presence or absence of a control vector
or vectors expressing wild-type U2AF65 (wt) or its mutants with substitution of lysine 15, 38 or 276 to arginine (K15R, K38R or K276R), followed by
immunoblotting (IB) with anti-U2AF65 (upper panel) or anti-GFP antibody (bottom panel).(B) Pie chart showing alternative splicing events regulated by
U2AF65, both exon inclusion and skipping (FC≥2), examined through RASL-Seq analysis (expanded version) using RNA samples described in (A). Data
shown was from siU2AF65(1). (C) Scatter plot showing the isoform ratio (short versus long, log2) of all detectable alternative splicing events in RASL-Seq
(expanded version) when knocking down U2AF65. (D, E) Far left panels: Pie chart showing exon inclusion (D) or skipping (E) regulated by U2AF65,
including the ones could be rescued by U2AF65 protein (referred to as exon inclusion (D) or skipping (E) truly regulated by U2AF65) and the ones could
not; Right three panels: Pie chart showing exon inclusion (D) or skipping (E) truly regulated by U2AF65, including the ones were dependent on K15, K38
or K276 as indicated, and the ones were not.
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(K276R) failed to rescue 57%, 50% and 58% of U2AF65
truly regulated exon inclusion events, respectively, com-
pared to the rescue effect of U2AF65 (wt) (P = 4.63E−170,
5.25E−207 and 6.05E−167, respectively). Removing the
duplicated events regulated by these three lysines, 584 out of
711 exon inclusion events truly regulated by U2AF65 were
linked to either lysine 15, 38 or 276 (Supplementary Fig-
ure S10B). Importantly, for those 75 exon inclusion events
dependent on JMJD6 enzymatic activity and truly regu-
lated by U2AF65, 60 of them were dependent on K15, 38 or
276 in U2AF65, suggesting that, as long as an exon inclu-
sion event was dependent on JMJD6 enzymatic activity and
U2AF65, it was often linked to K15, 38 or 276 in U2AF65
(Supplementary Figure S10C). However, for those exon in-
clusion events affected by either lysine 15, 38 or 276, a large
number of them were not mediated by JMJD6 enzymatic
activity, and the mechanisms through which they regulate
exon inclusion remain unknown.

Similarly, the vast majority (∼88%) of those exon skip-
ping events regulated by U2AF65 could be rescued by
exogenous U2AF65 (P = 2.02E−12) (Figure 7E, far left
panel). When we overlapped JMJD6 enzymatic activity-
dependent exon skipping events (n = 85) with those truly
regulated by U2AF65 (n = 194), it was found that there were
30 events shared by both, suggesting that, similar as exon
inclusion, JMJD6 might target U2AF65 to regulate a sub-
set of alternative splicing events, meanwhile, there are other
substrates in addition to U2AF65 through which JMJD6
exerts its function in exon skipping regulation (Supplemen-
tary Figure S10D). Each of the three U2AF65 mutants
significantly impaired U2AF65 function in exon skipping
(K15R, P = 0.00231; K38R, P = 0.00271; K276R, P =
0.00066) (Figure 7E, right three panels). Removing dupli-
cated events regulated by these three lysines, 155 out of
194 exon skipping events truly regulated by U2AF65 were
linked to either lysine 15, 38 or 276 in U2AF65 (Supplemen-
tary Figure S10E). Importantly, for those 30 exon skipping
events dependent on JMJD6 enzymatic activity and truly
regulated by U2AF65, 26 of them were dependent on K15,
38 or 276 in U2AF65, suggesting that, similar as exon in-
clusion, as long as an exon skipping event was dependent
on JMJD6 enzymatic activity and U2AF65, it was often
linked to K15, 38 or 276 in U2AF65 (Supplementary Fig-
ure S10F). Taken together, the impact of JMJD6 and lysine
15, 38 or 276 in U2AF65 having on a subset of alternative
splicing events was consistent with JMJD6′s function as a
U2AF65 lysine hydroxylase.

DISCUSSION

JMJD6 has been described as an important regulator of
gene transcription and pre-mRNA splicing, with implica-
tions in a large array of development and disease pro-
cesses. However, the scope and the molecular mechanism
of JMJD6 function in splicing regulation have remained
incompletely understood. In the present study, we provide
evidence that JMJD6 is widely involved in the regulation
of alternative splicing in conjunction with one of its in-
teracting partners/substrates, U2AF65. Our data suggest
that JMJD6 may be a general regulator of the spliceosome.
Mechanistically, JMJD6 and U2AF65 appear to co-bind

with the pre-mRNAs they regulate, and a subset of JMJD6
and U2AF65 co-regulated alternative splicing events seem
to depend on both JMJD6 enzymatic activity and lysine
residues K15, K38 and/or K276 in U2AF65, which is con-
sistent with the fact that JMJD6 functions as a lysine hy-
droxylase targeting U2AF65.

Initially, the RNA-dependent JMJD6 interaction with
U2AF65 prompted us to examine a potential splicing pro-
gram co-regulated by these two proteins. Instead of look-
ing at specific genes as in previous reports (39,41,43,44),
we applied a large-scale and robust method for detecting
differential expression of mRNA isoforms to uncover such
a program. Strikingly, we found that over 74% (P < 0.05)
(53% if a more stringent cutoff was taken, P < 0.05 and
FC > 2) of JMJD6-regulated alternative splicing events
were co-regulated by U2AF65, suggesting a functional in-
teraction between these two proteins. More interestingly,
both JMJD6 and U2AF65 seem to preferentially promote
exon inclusion, the mechanism for which has been described
previously for U2AF65 through genome-wide mapping of
U2AF65 binding sites with RNA using CLIP-Seq (21). Al-
though we showed a few pre-mRNAs co-bound by JMJD6
and U2AF65, uncovering the genome-wide map of JMJD6
binding with RNA and therefore the underlying mechanis-
tic insights for JMJD6 regulation of exon inclusion awaits
similar approaches. To further demonstrate the functional
role of JMJD6 in regulating alternative splicing, we also an-
alyzed RNA samples from brain and kidney of wild type
and jmjd6 knock out mice. In accordance with our observa-
tion on cultured cells, jmjd6 knockout mice displayed signif-
icant changes in a large cohort of alternative splicing events
compared to wild type, suggesting the developmental ab-
normality of jmjd6 knock out mice may be linked to its func-
tion in regulated splicing. Future studies will investigate the
contribution of specific isoform switching event(s) to a de-
fined developmental defect.

To investigate the mechanism underlying JMJD6 regu-
lated alternative splicing, we first focus on the RNA bind-
ing characteristic of JMJD6 revealed by the published struc-
tural study (61). Despite we have not yet mapped the exact
binding sites, we have used RIP to show that JMJD6 and
U2AF65 co-bind multiple pre-mRNAs they jointly regu-
late. JMJD6 is a member of the superfamily of iron- and
2-oxoglutarate-dependent dioxygenases. What is the ‘true’
substrate of JMJD6 and whether its enzymatic activity is
linked to its biological functions has been a major focus
for all studies related to this enzyme. We have determined
whether the enzymatic activity of JMJD6 is involved in
its regulated alternative splicing events by knocking down
JMJD6 and then rescuing with JMJD6 (wt) and JMJD6
(H187A) (enzymatically-dead mutant) followed by RASL-
Seq analysis. Our data demonstrated that the vast major-
ity of JMJD6-regulated alternative splicing events is depen-
dent on H187. Since H187A mutant also loses its ability for
oligomerization, it is possible that the inefficient rescue by
this mutant might result from, in addition to enzymatic de-
ficiency, its inability to interact with other proteins, which
are functional important in JMJD6-regulated alternative
splicing. However, our previous work indicates that most
proteins associated with wild-type and mutant (H187A)
JMJD6 are nearly identical (31). Among all of the sub-
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strates reported for JMJD6 so far, we have focused on hy-
droxylation on multiple lysine residues in U2AF65 includ-
ing lysine 15, 38 and 276. Our rescue experiments demon-
strated that each of these lysines is involved in a large per-
centage of U2AF65-regulated alternative splicing events.
However, despite these splicing events are co-regulated by
JMJD6 and U2AF65, a significant portion of K15, K38 or
K276 affected alternative splicing events appear to be in-
dependent of JMJD6 enzymatic activity, and the mecha-
nism(s) through which these lysine residues affect alterna-
tive splicing remains as an interesting topic for future inves-
tigation.

We recently report a new paradigm in gene transcrip-
tional pausing release, in which enhancers (anti-pause
enhancers)-bound JMJD6 regulates p-TEFb activation and
Pol II promoter-proximal pausing release of a substantial
set of genes (31). In the present study, we show that JMJD6
plays a widespread role in alternative splicing. We propose
that JMJD6 function in gene transcription and splicing
control may account for, at least in part, various develop-
mental abnormalities and pathological complications when
it is dysregulated. Elucidation of JMJD6-regulated tran-
scription and splicing programs and the underlying molec-
ular mechanisms has important implications in JMJD6-
assocaited human diseases, such as cancer.
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