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Abstract 

DExD-box RNA proteins DDX39A and DDX39B are highly homologous paralogs that are conserved in v ertebrates. T he y are required f or energy - 
driven reactions involved in RNA processing. Although we have some understanding of how their functions overlap in RNA nuclear export, our 
knowledge of whether or not these proteins ha v e specific or redundant functions in RNA splicing is limited. Our previous work has shown 
that DDX39B is responsible for regulating the splicing of important immune transcripts IL7R and FOXP3 . In this study, we aimed to investigate 
whether DDX39A, a highly homologous paralog of DDX39B, pla y s a similar role in regulating alternative RNA splicing. We find that DDX39A and 
DDX39B ha v e significant redundancy in their gene targets, but there are targets that uniquely require one or the other paralog. For instance, 
DDX39A is incapable of complementing defective splicing of IL7R e x on 6 when DDX39B is depleted. This exon and other cassette exons that 
specifically depend on DDX39B ha v e U-poor / C-rich polypyrimidine tracts in the upstream intron and this variant polypyrimidine tract is required 
f or DDX39B dependency. T his study pro vides e vidence that despite a high degree of functional redundancy, DDX39A and DDX39B are selectively 
required for the splicing of specific pre-mRNAs. 
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Introduction 

DExD proteins are RNA-dependent ATPases, which are a sub-
family of the helicase superfamily 2 (SF2) and are involved in
various aspects of RNA metabolism. All DExD-box proteins
consist of a structurally conserved helicase core composed of
the sequence motifs required for ATP-binding, and ATPase
and helicase activities. The sequence motifs that surround the
conserved helicase core differ among DExD-box proteins and
are responsible for their distinct functions ( 1 ,2 ). DExD-box
proteins act as energy-driven motors to facilitate productive
interactions between RNA–RNA and RNA–protein in large
RNP complexes, such as those involved in RNA transcription,
Received: January 28, 2024. Revised: May 1, 2024. Editorial Decision: May 5, 20
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splicing, translation, and mRNA decay. The highly homolo- 
gous DDX39A and DDX39B proteins ( > 90% sequence iden- 
tity; Supplementary Figure S1 ), which are the vertebrate or- 
thologs of S.cerevisiae Sub2, are required for RNA export and 

splicing. DDX39A and DDX39B can both compensate for the 
lethal loss of Sub2 in yeast, implying that the DDX39 proteins 
have evolutionarily conserved roles in RNA processing ( 3 ).
Notably, a study previously showed that DDX39A controls 
the nucleocytoplasmic export of short circular RNAs (circR- 
NAs), whereas DDX39B is required for the nuclear export of 
long circRNAs in human cells ( 4 ). Recent work from the Ma- 
suda group indicates that DDX39A and DDX39B can form 
24. Accepted: May 12, 2024 
c Acids Research. 
ons Attribution License (https: // creativecommons.org / licenses / by / 4.0 / ), 
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ifferent nuclear export complexes in the absence of ATP ( 5–
 ). These studies provide some evidence of factors that mod-
late DDX39A and DDX39B function, giving them distinct
oles in the nuclear export of RNAs. Our understanding of
he specific role(s) that DDX39A or DDX39B play in RNA
plicing is less well-understood. 

Pre-mRNA splicing is catalyzed by the spliceosome ma-
hinery, formed by the stepwise assembly of four small ri-
onucleoprotein complexes (U1, U2, U5, U4 / U6) and a large
umber of splicing factors. Spliceosome formation is a dy-
amic process that requires ATP-hydrolysis. DDX39B, aka
AP56, is an essential splicing factor required for at least

wo early steps in the spliceosome assembly(8–10). DDX39B
s recruited to pre-mRNA by U2AF2 in an ATP-dependent
anner. The ATPase activity of DDX39B is required to dis-
lace SF1 from the branchpoint sequence (BPS) and recruit
2snRNP to the BPS, forming the pre-spliceosome (aka com-
lex A) ( 10 ). DDX39B also interacts with U1snRNA stem-

oop III in an ATP-dependent manner, which enhances the con-
act between U1 and U2 snRNPs on the pre-mRNA ( 11 ). A
tudy found that DDX39B interacts with U4 and U6 snRNAs
nd helps in the unwinding of U4 / U6 in a U2AF65-dependent
anner ( 8 ). These experiments do not show that this unwind-

ng happens in the context of spliceosome formation, which is
ell established for Brr2 ( 12–14 ) and are thus not definitive.
onetheless, the data suggest that DDX39B plays a role in

pliceosome assembly after formation of the pre-spliceosome
 8 ). 

We and others have shown that DDX39B plays a role in
lternative splicing ( 15–17 ). DDX39B activates IL7R exon 6
plicing and promotes the production of the full-length IL7R
eceptor instead of soluble form of the receptor (sIL7R). High
evels of sIL7R are associated with a high risk of developing
ultiple sclerosis (MS)(18), and there is genetic and functional

pistasis for MS risk between these IL7R alleles and alleles in
DX39B ( 15 ) In a recent study, we established that DDX39B

ctivates FOXP3 intron splicing and regulates the expression
f FOXP3(16), a lineage-defining transcription factor that is
ssential for T regulatory cell function ( 19–21 ). These find-
ngs indicate critical roles for DDX39B activity in regulating
mmune function. Our previous studies suggested, but did not
ormally establish, that the regulation of these splicing deci-
ions with important consequences for immunity were not af-
ected by DDX39A. This open question led us to determine the
xtent of functional overlap between DDX39B and its closely
elated paralog, DDX39A. 

One study had previously indicated that depleting
DX39A and DDX39B results in decreased expression
f alternatively spliced variants of the androgen receptor
AR) in prostate cancer cells ( 17 ). This study, however, did
ot address whether the effect of DDX39A and DDX39B
epletion on AR splice variant expression is mediated
hrough the regulation of RNA splicing or nuclear export.
o our knowledge, Martelly et al ., is the only study that has
nambiguously shown the involvement of both DDX39A
nd DDX39B in spliceosome assembly. They show that both
DX39A and DDX39B proteins can interact with U1 snRNA

tem-loop III and promote further interactions between U1
nd U2 snRNPs ( 9 ). Most previous studies investigating the
ole of DDX39 proteins in RNA splicing, including our own
ork, have not unambiguously determined the involvement

f DDX39A or DDX39B. 

 

In this study, we investigated the overlap in function be-
tween DDX39A and DDX39B in regulating alternative RNA
splicing. We find that DDX39A and DDX39B have signifi-
cant redundancy in their gene targets, but there are targets
that uniquely require one or the other paralog. We focused on
cassette exons that were specifically sensitive to DDX39B dis-
ruption, and we observed that cassette exons with U-poor / C-
rich polypyrimidine tracts in the upstream intron were sensi-
tive to DDX39B levels and were skipped more upon depletion
of DDX39B, but not DDX39A. We also confirmed our pre-
vious work showing that introns containing U-poor / C-rich
polypyrimidine tracts are sensitive to DDX39B levels ( 16 ,22 ),
and now show that these are insensitive to DDX39A disrup-
tion. Among the introns retained more upon DDX39A or
DDX39B depletion were DDX39A and DDX39B intron 6,
respectively. For DDX39B dependency of both cassette ex-
ons and introns we note a special role for U-poor / C-rich
polypyrimidine tracts. 

Materials and methods 

Cell lines and cell culture conditions 

HeLa (ATCC CCL-2) and HeLa Flp-In-Trex (Thermo Fisher
Scientific) cells were grown in DMEM medium (Gibco) sup-
plemented with 10% (v / v) heat-inactivated fetal bovine serum
and 1% (v / v) penicillin-streptomycin (Thermo Fisher Scien-
tific). THP1 cells were obtained from Alexander Bukreyev’s
lab (UTMB Galveston) and were grown in RPMI medium
(Gibco) supplemented with 10% (v / v) heat-inactivated fetal
bovine serum. All cells were tested using the MycoAlert My-
coplasma Detection Kit (Lonza) and were confirmed to be free
of Mycoplasma contamination. 

Generation of stable cell lines expressing DDX39A 

or DDX39B transgene 

HeLa cells stably expressing DDX39B cDNA transgene were
generated as previously described ( 15 ). HeLa cells stably ex-
pressing an inducible DDX39A cDNA trans-gene were gener-
ated using the Flp-In T-Rex system (Thermo Fisher Scientific)
as recommended by the manufacturer. The coding sequence
of DDX39A (NC_000019.10) was amplified with Phusion
High-Fidelity DNA polymerase (New England BioLabs) us-
ing cDNA as the template prepared from total RNA isolated
from HeLa cells. The resulting PCR amplicon was cloned into
XhoI-digested pcDNA5 / FRT / TO plasmid using Gibson as-
sembly and verified by Sanger sequencing. Geneblocks for the
respective DDX39A-DDX39B chimeras were used for Gibson
assembly. The recombinant plasmids carrying the insert were
co-transfected with pOG44 plasmid (1:9 ratio), which en-
codes the Flp recombinase, into HeLa Flp-In TRex cells using
Lipofectamine 2000 (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Transfected cells were grown
in DMEM medium supplemented with 10% FBS free of doxy-
cycline (GE Healthcare) under blasticidin / hygromycinB (300
μg / ml) selection for 15 days, and resistant cells were expanded
and used for subsequent experiments. Expression of the trans-
gene was induced by the addition of doxycycline at 1 μg / ml. 

RNAi-mediated knockdown of DDX39A or DDX39B 

siRNA duplexes against DDX39A and DDX39B were pur-
chased from Qiagen and diluted to a final concentration of
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20 μM upon arrival. Two independent siRNAs were used to
account for potential off-target effects (siD06 and siD09 tar-
geting DDX39A expression and siD11 and siD13 targeting
DDX39B expression). AllStars Negative Control siRNA (Qi-
agen) was used as negative control in all knockdown ex-
periments. Transfections were performed in biological trip-
licates for each siRNA. 5 × 10 

4 HeLa cells were seeded in
500 μl of DMEM medium per well in 24-well plate for-
mat. siRNAs were diluted in Opti-MEM I medium (Thermo
Fisher Scientific) and transfected at a final concentration of 5
nM for DDX39B siRNAs and 25 nM for DDX39A siRNAs
using Lipofectamine RNAiMax (Thermo Fisher Scientific),
following the manufacturer’s recommendations. 48 hours
post-transfection, cells were harvested with Trizol Reagent
(Thermo Fisher Scientific) for RNA isolation or with 1X RIPA
buffer for protein extraction. Knockdown efficiency was esti-
mated by western blot analysis, RT-qPCR or mass spectrom-
etry. It was difficult to accurately measure DDX39A protein
expression solely using western blot analysis because commer-
cially available antibodies targeting DDX39A (anti-DDX39)
cross-react with DDX39B. 

DDX39A and DDX39B knockdown in THP1 cells was car-
ried out using Amaxa 4D-Nucleofector (Lonza). 2 × 10 

6 cells
were transfected with 30nM of each siRNA (siD09 targeting
DDX39A and siD13 targeting DDX39B) using the SG Cell
Line 4D-Nucleofector™ X Kit (Lonza). 48 h post nucleofec-
tion, cells were lysed using Trizol or 1 × RIPA buffer for RNA
isolation and protein extraction, respectively. 

For the rescue experiments, HeLa cells stably expressing a
DDX39A or DDX39B cDNA trans-gene were grown in the
absence or the presence of doxycycline to control expression
of the trans-gene. Cells were transfected with the correspond-
ing siRNAs on the day of seeding. For rescue experiments,
we used siRNAs siD09 and siD13 targeting the 3 

′ UTR of
the endogenous DDX39A and DDX39B transcripts, respec-
tively, which is not present in transcripts from the cDNA trans-
genes. 48-hour post transfection with siRNAs, transgene ex-
pression was induced with 1 ug / ml of doxycycline. Cells were
harvested on day 3 with Trizol for RNA isolation or with
1 × RIPA buffer protein extraction. 

Targeted mass spectrometry analysis 

Protein levels in DDX39A-knockdown (siD06 and siD09),
DDX39B-knockdown (siD11 and siD13), and control (NSC-
5nM and NSC-25nM) samples were determined using the
Pierce BCA Protein Assay kit (Thermo Fisher Scientific). Each
condition had three biological replicates. 10 μg of protein
was extracted from each sample and used to create peptide
samples for LCMS analysis using the S-TRAP 

TM (Protifi)
processing and trypsin digestion method. The resulting pep-
tide samples were analyzed using the Orbitrap Fusion Mass
Spectrometer (Thermo Fisher Scientific). The RAW data were
processed using Proteome Discoverer with the Sequest algo-
rithm and searched against the human database. DDX39A
and DDX39B expression levels were quantified using tar-
geted mass spectrometry with the Skyline software package.
Three unique peptide pairs for DDX39A (HF V LDECDK,
V S VFFGGLSIK, VNI V FNYDMPEDSDTYLHR)
and DDX39B (HF I LDECDK, V A VFFGGLSIK,
VNI A FNYDMPEDSDTYLHR) were identified, and the peak
areas for each peptide were normalized to the corresponding
NSC values. The only peptide that yielded reproducible results
was DDX39A-HF I LDECDK and DDX39B-HF V LDECDK.
The peak areas for siD06 and siD09 were normalized to 

NSC-25nM, and the peak areas for siD11 and siD13 were 
normalized to NSC-5nM. 

RNA Sequencing, gene expression and RNA 

splicing analysis 

Total RNA was isolated from DDX39A-knockdown (siD06 

and siD09), DDX39B-knockdown (siD11 and siD13), and 

control (NSC-5nM and NSC-25nM) samples using a Direct- 
zol RNA Purification kit (Zymoresearch). The level of knock- 
down in each sample was confirmed with targeted mass spec 
analysis (as previously explained) and RT-qPCR. Only those 
samples that had the lowest expression of DDX39A at the 
peptide level in siD06 and siD09 samples and lowest expres- 
sion of DDX39B at the peptide level in siD11 and siD13 

samples were selected. We sequenced two replicates each for 
DDX39B knockdown with siD11 and siD13. For DDX39A 

knockdown, we sequenced three replicates for siD09 and two 

replicates for siD06 conditions, respectively. Three replicates 
for each of the two control samples (NSC-5nM and NSC- 
25nM) were sequenced. Poly-A + RNA was enriched from 1 

μg of total RNA and used as the template to generate paired- 
end libraries using the NEBNext polyA mRNA Magnetic Iso- 
lation Module and NEB Ultra II RNA library preparation 

kit for Illumina following manufacturer’s protocol. Libraries 
were sequenced on a 2 × 100 paired-end format on an Illu- 
minaNextSeq 550. Quality control of the sequenced raw data 
was carried out using FastQC. We obtained 70–100 million 

reads per sample. Reads were mapped to the human GRCh38 

reference with Hisat2 ( 23 ), and read counts were calculated 

using Featurecounts R scripts. DEseq2 ( 24 ) was used to cal- 
culate the differential expression of genes (DEG) for each con- 
dition. The RNAseq data was deposited at Gene Expression 

Omnibus accession number: GSE253261. 
Gene expression for the DDX39A-knockdown group was 

compared with the NSC-25nM control group. The DDX39B- 
knockdown group was compared with the NSC-5nM group 

for DEG analysis. The DDX39A-knockdown group consisted 

of two replicates each of the siD06 and siD09 conditions, and 

the DDX39B-knockdown group consisted of two replicates 
each of the siD11 and siD13 conditions. In total, there were 
four independent replicates for each knockdown condition.
To determine the significantly altered transcripts, we used an 

initial cutoff of baseMean of greater than 50. We used a sec- 
ondary cutoff of padj value < 0.05 and |log 2 foldchange| > 

0.36 to identify the transcripts that were significantly altered 

between the control and knockdown conditions. The list of 
differentially regulated genes upon DDX39A and DDX39B 

knockdown are in Supplementary Files 1 & 2 , respectively. 
For splicing analyses, we used rMATS ( 25 ) using the de- 

fault parameters. We used the same comparison strategy as 
previously explained for DEG analysis to determine the al- 
ternative splicing changes upon knockdown. The DDX39A 

knockdown group was compared to NSC-25nM, and the 
DDX39B knockdown group was compared to NSC-5nM. A 

cutoff of P value < 0.05 and absolute value of ‘IncLevelDif- 
ference’ > 0.1 was used to define alternative splicing changes 
that were differentially regulated upon knockdown. Reads 
mapped onto the UCSC Genome Browser (hg38) were used 

to make coverage tracks to visualize read levels for transcript 
abundance and alternative splicing. rMAPS analysis ( 25 ) for 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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he U2AF2 binding motif in the introns of cassette exons in-
luded more ( n = 285) and included less ( n = 396) upon
DX39B knockdown was carried out using default param-

ters. The list of differentially regulated alternative splicing
hanges upon DDX39A and DDX39B knockdown are in
upplementary Files 3 & 4 , respectively. 

ene set enrichment analysis (GSEA) for DEG and 

NA splicing. 

o conduct GSEA analysis ( 26 ) for the differentially expressed
enes upon DDX39A and DDX39B knockdown, we created
ene sets of DDX39A up- and downregulated genes and gene
ets of DDX39B up and downregulated genes. Genes that pass
he cutoff of P adj value < 0.05 and |log 2 fold change| > 0.36
ere included in the gene sets. We generated two independent

ene lists of the differentially expressed genes upon DDX39A
nd DDX39B knockdown. Only the genes that pass the cutoff
alues of baseMean > 50 and P adj value < 0.05 were included
n the gene lists. 

Cassette exons with inclusion level differences < −0.1 upon
DX39A and DDX39B knockdown were used for construct-

ng gene sets for GSEA analysis of exons skipped more
pon each knockdown. Similarly, introns with inclusion level
ifferences > 0.1 upon DDX39A and DDX39B knockdown
ere used for constructing the gene sets for introns retained
ore upon each knockdown. The cassette exons lists con-

isted of exons differentially regulated ( P- value < 0.05) upon
DX39A knockdown and DDX39B knockdown and the

ntron lists consisted of introns differentially regulated ( P-
alue < 0.05) upon DDX39A and DDX39B knockdown. 

y tract sequence analysis of skipped exons and 

etained introns. 

equences of 3 

′ SS (from –20) were defined as polypyrim-
dine tract (py tract) sequence, and nucleotide probability
t each position was determined per gene. The sequence lo-
os were generated by WebLogo3. For comparison of py
racts of introns that were DDX39A-sensitive (more retained
pon DDX39A knockdown) and DDX39B-sensitive (more re-
ained upon DDX39B knockdown), we compared the 34 in-
rons that were significantly retained upon DDX39A knock-
own, and 89 introns significantly retained upon DDX39B
nockdown versus 100 introns randomly selected from un-
hanged introns. For comparison of py tracts of cassette exons
hat were DDX39A-sensitive (skipped more upon DDX39A
nockdown) and DDX39B-sensitive (skipped more upon
DX39B knockdown), we compared 160 skipped exons upon
DX39A knockdown, 396 skipped exons upon DDX39B
nockdown versus 150 exons randomly selected from un-
hanged exons. 

eporter construction and transfection 

he IL7R splicing reporter, as previously described ( 18 ), con-
isted of the genomic region of IL7R (NC_000005.10) encom-
assing 614 bp of intron 5, exon 6, and 573 bp of intron 6,
loned in between constitutive upstream (U), and downstream
D) exons in the pI-11 plasmid backbone. The GOLGA2 splic-
ng reporter containing the wild-type py tract sequence was
onstructed by inserting a gene block containing the genomic
egion of GOLGA2 (NM_001366244.2) coding for 120 bp
f intron 7, exon 8 and 120 bp of intron 8. The GOLGA2
plicing reporter containing the mutated py tract sequence
was constructed similarly, except the py tract of GOLGA2
intron 7 was replaced with the py tract of CELF1 intron
1 (NM_001330272.2) py tract. FOXP3 intron 11 reporter
plasmid was constructed as previously described ( 16 ) FOXP3
(NC_000023) intron 11 sequence was inserted into the open
reading frame of Renilla Luciferase (Rluc) in the pcDNA3.1
vector (pcDNA3.1-Rluc). 

Reporter transfections were carried out 48 hours after
siRNA-mediated knockdown of DDX39A and DDX39B ex-
pression. The cells were transfected with 50 ng of IL7R and
GOLGA2 splicing reporters and 500 ng of FOXP3 splicing
reporter using Lipofectamine 3000 (Thermo Fisher Scientific)
using the manufacturer’s recommendations. Total RNA was
isolated 24 hours after transfection using Direct-zol RNA kit
(Zymo Research). 

Cellular fractionation 

Hela cells were washed once in PBS and then scraped in PBS.
The cell suspension was centrifuged at 200g for 5 min. The
resulting pellet was resuspended in buffer (20 mM Tris–HCl
pH7.5, 150 mM NaCl, 1 mM DTT and 1 × protease in-
hibitor). Equal volumes of 0.15% NP-40 in PBS was added
to the cell suspension and incubated for 2.5 min on ice. Cell
lysates were then layered on top of 2.5 volumes of sucrose
cushion [24% (w / w) sucrose, 20 mM Tris–HCl pH7.5, 150
mM NaCl, 1 mM DTT and 1 × protease inhibitor] and cen-
trifuged at 14 000 rpm for 10 min. The supernatant was col-
lected as the cytoplasmic fraction for protein and RNA extrac-
tion. Pelleted nuclei were washed twice with PBS Centrifuge at
14 000 rpm for 5 min. After two PBS washes, the pelleted nu-
clei were treated with glycerol nucleoplasm lysis buffer [50%
(v / v) glycerol, 20 mM Tris–HCl pH7.5, 75 mM NaCl, 0.5
mM ED TA, 1 mM D TT and 1 × protease inhibitor] and mixed
gently. The urea nuclei lysis buffer [1% (v / v) NP-40, 1 M
urea, 20 mM HEPES pH7.5, 1 mM DTT, 7.5 mM MgCl 2 , 0.2
mM EDTA and 1 × protease inhibitor] was then added to the
suspension and incubated for 2 min on ice. The nucleoplasm
fraction was separated by centrifugation at 14 000 rpm for
2 min. Supernatants were collected as nucleoplasm fraction
and the pellets were collected as the chromatin fraction for
protein and RNA extraction. Successful separation of subcel-
lular fractions was confirmed by western blot with cytoplas-
mic α-Tubulin (Cell Signaling Technology, AB_1904178) and
nucleoplasmic Nucleolin (Abcam, ab134164). RNA was iso-
lated from each fraction using the Direct-zol RNA kit (Zymo
Research), and 200 ng of RNA from each compartment was
used for reverse transcription with random primers as above.
The abundance of DDX39A intron 6, DDX39B intron 6 and
GAPDH transcripts were quantified in each fraction by RT-
qPCR and normalized to total RNA as above. The percentage
of GAPDH, DDX39A intron 6, and DDX39B intron 6 RNA
in each compartment was calculated by dividing by the corre-
sponding total signal from the three compartments. 

Western blot analyses 

Total protein was harvested using 1X RIPA buffer (150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS and 50 mM Tris–HCl at pH 7.5) freshly supplemented
with 1 × protease inhibitors (Roche). 15 μg of total protein
were loaded per lane on NuPAGE 4%–12% Bis–Tris pre-cast
gels (Thermo Fisher Scientific), transferred to nitrocellulose
membranes (Whatman), and blotted using standard proto-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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cols with anti-DDX39B rabbit polyclonal antibody (Abcam,
ab47955), anti-DDX39A (Proteintech, 11723-1-AP) and anti-
actin mouse monoclonal antibody (Santacruz, sc-47778) as a
loading control. All western blots were quantified in Image J
using densitometric analysis, and protein band intensities were
normalized to actin intensities. 

RT-PCR and RT-qPCR analysis 

Total RNA was isolated from control or knockdown cells
using Direct-zol RNA kit (Zymo Research) and treated in-
column with DNase I following the manufacturer’s recom-
mendations. Reverse transcription was conducted with 1 μg
of total RNA and random primers using the High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific).
20 μl of the reaction mix (10 μl of mastermix -prepared as
per manufacturer’s protocol and 10 μl of diluted RNA) was
used for each cDNA synthesis. The cDNA synthesis condi-
tions were as follows: 25 

◦C for 10 min; 37 

◦C for 120 min;
85 

◦C for 5 min and hold at 4 

◦C. The Minimum Information
for Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines were followed for RT-qPCR analysis ( 27 ).
All qPCR reactions were set up using the SYBR Select Master
Mix (Thermo Fisher Scientific), 50 ng of cDNA and 0.2 μM
each of forward and reverse primer. The qPCR reactions were
run on standard thermal cycling conditions on the StepOne-
Plus Real-Time PCR system (Thermo Fisher Scientific). The
thermal cycling conditions were 50 

◦C for 2 min (UDG ac-
tivation), 95 

◦C for 2 min (AmpliTaq DNA Polymerase acti-
vation), and 40 cycles of 95 

◦C for 15 s (Denaturation) and
60 

◦C for 1 min (Anneal / Extension). All primer sequences
used for RT-qPCR analysis are tabulated in Supplementary 
File 5 . GAPDH, EEF1A and β-ACTIN were used as ref-
erence genes for normalizing transcript levels in whole cell
lysates since their expression was not affected by DDX39A
and DDX39B depletion. MALAT1 was used as a reference
gene for normalizing control for transcript levels in the nu-
clear fraction. 18S rRNA was used as a reference gene as a
normalizing control for transcript levels in the cytoplasmic
fraction. 

To quantify the splicing efficiency of all the minigene re-
porters, endpoint PCR was carried out using the 2 × Taq Mas-
ter Mix (New England Biolabs) and 0.2 μM each of forward
and reverse primers specific for each reporter. T7 forward
primer and SP6 reverse primer were used for measuring the
splicing efficiency of the IL7R exon 6 and GOLGA2 exon
8 minigene reporters in the pI-11 vector backbone. The PCR
reactions were run on the Biorad C1000 thermal Cycler and
the thermal cycling conditions were 95 

◦C for 30 s, followed
by 20 cycles of 95 

◦C for 30 s, 53 

◦C for 30 s, 68 

◦C for 30
s and final extension at 68 

◦C for 5 min. FOXP3 -intron 11 for-
ward and reverse primers were used for measuring the splic-
ing efficiency of FOXP3 intron 11 reporters at thermocycling
conditions:95 

◦C for 30 s, followed by 18 cycles of 95 

◦C for
30 s, 59 

◦C for 30 s, 68 

◦C for 30 s and final extension at 68 

◦C
for 5 min. Endogenous levels of IL7R and GOLGA2 isoforms
were measured using the respective primers at thermocycling
conditions 95 

◦C for 30 s, followed by 18 cycles of 95 

◦C for
30 s, 55 

◦C for 30 s, 68 

◦C for 30 s and final extension at 68 

◦C
for 5 min. All primer sequences used for endpoint PCR anal-
ysis are listed in Supplementary File 5 . PCR products were
detected by electrophoresis on 6% TBE gel and stained with
1 × SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher Scien-
tific) for 10 min. The splicing efficiency of each condition was 
measured by densitometry analysis in ImageJ and quantified 

as (spliced / (spliced + unspliced)) × 100 and then normalized 

to NSC. 

Statistical analyses 

In all figures, error bars represent standard deviation (S.D.) 
unless otherwise noted. Asterisks denote level of statistical 
significance: **** P ≤ 0.0001; *** P ≤ 0.001; ** P ≤ 0.01; 
* P ≤ 0.05; ns = not significant. Statistical analyses were con- 
ducted in Prism8 (GraphPad Software). Student’s t test was 
used for calculating the statistical significance of the peptide 
level differences between DDX39A knockdown (siD06 and 

siD09), DDX39B knockdown (siD11 and siD13) with respec- 
tive controls (NSC-5nM and NSC-25nM). Student’s t test was 
used for calculating the statistical significance of the tran- 
script level differences for comparing DDX39A knockdown 

(siD09), DDX39B knockdown (siD13) with control (NSC) 
conditions. Kruskal-Wallis test was used for statistical anal- 
yses of sequence comparisons between knockdown and con- 
trol conditions. For RT-qPCR analysis in rescue experiments,
a one-way ANOVA model was used, followed by the Tukey- 
Kramer test. For RT-qPCR analysis of DDX39A and DDX39B 

intron 6-retained transcript levels in THP1 cells student’s t test 
was used. 

Results 

DDX39A and DDX39B are uniquely required for the 

expression of a limited number of genes. 

Previous work on IL7R exon 6 ( 15 ) and FOXP3 introns 
( 16 ) suggested the existence of splicing events that require 
DDX39B, but not DDX39A, and this led us to investigate 
the overlap between these two paralogs. Other groups have 
explored the roles of DDX39A and DDX39B on RNA ex- 
port and splicing. Studies have shown that siRNA-mediated 

depletion of DDX39A or DDX39B results in nuclear reten- 
tion of mRNAs ( 5 ,28 ). One study suggests that DDX39A 

and DDX39B regulate the export of different groups of mR- 
NAs ( 5 ). Another study found that depletion of DDX39A and 

DDX39B leads to an increase in the accumulation of short 
and long circular RNAs, respectively, in the nucleus ( 4 ). While 
these studies provide some evidence for both redundancy and 

differences in the functions of DDX39A and DDX39B, lim- 
itations of these studies convinced us to systematically ex- 
plore which transcripts were altered when either DDX39B or 
DDX39A are depleted. 

Here, we describe salient points about the methodolo- 
gies used since these helped overcome limitations of previ- 
ous studies, including our own. First, we depleted DDX39A 

or DDX39B in the same cell line, HeLa cells, and analyzed 

how these perturbations altered the transcriptome using mas- 
sively parallel RNA sequencing (RNAseq). It should be noted 

that we attempted to evaluate the impact of simultaneous 
knockdown of DDX39A and DDX39B, but dual knockdowns 
resulted in marked loss of cell viability, rendering the data 
unreliable. 

Second, in order to assuage concerns about off-target effects 
due to idiosyncratic behavior of siRNAs we employed two in- 
dependent siRNAs to silence each protein: siD06 and siD09 

targeted DDX39A and siD11 and siD13 targeted DDX39B.
When analyzing our RNAseq data we considered all DDX39A 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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Figure 1. Genes differentially regulated upon DDX39A and DDX39B depletion: Volcano plots of genes differentially expressed upon (A) DDX39A 

knockdown or (B) DDX39B knockdown. Upregulated genes ( P adj value < 0.05 and log 2 fold change > 0.36) are represented in red, and downregulated 
genes ( P adj value < 0.05 and log 2 fold change < −0.36) are represented in blue. 
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epleted conditions (siD06 and siD09- treated cells) as repli-
ates and all DDX39B depleted conditions (siD11 and siD13-
reated cells) as replicates. This strategy, which we have used
reviously ( 29 ), reduces the number of false positive targets

dentified (see Materials and Methods). 
Third, since the efficiency of RNAi-mediated knockdowns

aries dramatically depending on the gene product being de-
leted and the siRNA used, we worked out conditions that led
o similar level of knockdown for DDX39A and DDX39B (see

aterials and Methods). To deplete DDX39A we utilized 25
M of siD06 or siD09 and these conditions were compared to
ells treated with 25 nM of the non-silencing control (NSC)
iRNA (labeled NSC-25nM). To reduce DDX39B levels equiv-
lently we used 5 nM of siD11 or siD13 and these conditions
ere compared to cells treated with 5 nM of the NSC siRNA

labeled NSC-5nM). 
Fourth, given the questionable specificity of anti-

DX39A / B antibodies, we utilized targeted mass spec-
rometry to accurately determine the expression of DDX39A
nd DDX39B proteins after siRNA-mediated depletion.
uantification of a tryptic peptide that differs by one

mino acid in DDX39A (HF V LDECDK) or DDX39B
HF I LDECDK) was used to ascertain degree of DDX39A
r DDX39B knockdown ( Supplementary Figure S2 A).
e also confirmed that DDX39A or DDX39B expres-

ion was reduced at the transcript level in samples treated
ith siRNAs targeting DDX39A or DDX39B, respectively

 Supplementary Figure S2 B). These results confirmed the spe-
ific knockdown of DDX39A or DDX39B with the siRNAs
hat targeted DDX39A or DDX39B mRNAs, respectively
 Supplementary Figure S2 A & B). 

To identify transcripts altered in overall expression upon
epletion of DDX39A or DDX39B we analyzed the RNAseq
ata using DESeq2 ( 24 ). Principal component analysis
evealed that all individual conditions clustered tightly
 Supplementary Figure S2 C). We noted that the NSC-5nM
nd NSC-25nM conditions also clustered close together sug-
esting that the two control conditions had very similar effects
n the transcriptome. Additionally, the pair of siRNAs used to
nockdown DDX39A or DDX39B, respectively, did not clus-
er together, which is likely due to well-known idiosyncratic
ff-target effects of siRNAs ( Supplementary Figure S2 C). This
ighlights the importance of our stringent approach that iden-
ified targets commonly altered by both siRNAs targeting each
aralog. 
We observed that the depletion of DDX39A resulted in the
upregulation of 72 and the downregulation of 133 transcripts
relative to levels observed in NSC-25nM control cells (|fold
change| > 1.3; P < 0.05; Figure 1 A & Supplementary File 1 ).
Depletion of DDX39B led to the upregulation of 1142 and
the downregulation of 1448 transcripts (|fold change| > 1.3;
P < 0.05; Figure 1 B & Supplementary File 2 ). The number
of transcripts that showed altered expression upon DDX39B
depletion was higher than those altered upon DDX39A deple-
tion, even though the extent of knockdown was similar for the
two ATPases ( Supplementary Figure S2 A). Additionally, de-
pletion of DDX39B resulted in a greater relative fold-change
in the expression of its target transcripts. Importantly, knock-
down of DDX39A or DDX39B resulted in a modest num-
ber of changes in gene expression, which is surprising given
the essential roles these proteins play in RNA metabolism.
This paradox, however, could be explained by a high level of
redundancy. 

DDX39A and DDX39B have overlapping roles in 

controlling gene expression. 

To examine the extent of overlap between the transcripts
that are significantly altered upon DDX39A or DDX39B de-
pletion, we carried out the Gene Set Enrichment Analysis
((GSEA) ( 26 )). GSEA is an analytical tool that determines the
distribution of a specific gene set in a transcriptome dataset
where genes are ranked based on their expression. We cre-
ated two independent ranked gene lists that included all tran-
scripts that had a significant ( P < 0.05) fold change be-
tween controls and DDX39A or DDX39B-depleted condi-
tions ( Supplementary Files 1 and 2 ). We also created cus-
tom gene sets that included the upregulated or downregu-
lated genes ( P < 0.05, |fold change| > 1.3) upon DDX39A or
DDX39B knockdown. To make sure our analysis was inter-
nally consistent we looked at the enrichment of the DDX39A
downregulated gene set in the DDX39A gene list. GSEA cal-
culates an enrichment score (ES) that quantifies the extent
to which genes within a gene set are overrepresented at ei-
ther the top or bottom of a gene list. A positive ES implies
that genes in the gene set are ranked with the high values
in the gene list, while a negative ES indicates they are with
low values in the gene list. As expected, the genes in the
DDX39A downregulated gene set ranked among the lowest
values in the DDX39A gene list (ES = −0.88, P < 0.05;

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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Figure 2 A, left panel). This control demonstrates the robust-
ness of the analysis. Interestingly, most of the genes in the
DDX39A downregulated gene set also had low rank values in
the DDX39B gene list (ES = −0.57; P < 0.05; Figure 2 A, right
panel). The asymmetric distribution of DDX39A downregu-
lated transcripts on the DDX39B gene list strongly suggests
that a large proportion of these transcripts are also downreg-
ulated upon DDX39B knockdown. Equally, we found the 72
most upregulated transcripts upon DDX39A knockdown en-
riched among upregulated transcripts in the DDX39B gene list
( Supplementary Figure S3 A). 

We evaluated the mapping of the 500 most downregulated
transcripts upon DDX39B knockdown on the DDX39A and
DDX39B gene lists. We used 500 transcripts instead of the
1448 identified above (Figure 1 B & Supplementary File 2 )
because GSEA gene sets are limited to 500 genes. As pre-
viously explained, we also ran an analysis to test for inter-
nal consistency evaluating the enrichment of the 500 most
downregulated transcripts upon DDX39B knockdown in the
DDX39B gene list. As expected, the genes from the DDX39B
downregulated gene set had the lowest ranks in the DDX39B
gene list (ES = −0.86; P < 0.05; Figure 2 B, left panel). Most
important is to note that the 500 downregulated DDX39B
transcripts mapped towards the downregulated genes on the
DDX39A gene list (ES = −0.58, P < 0.05; Figure 2 B, right
panel). Additionally, we found the 500 most upregulated tran-
scripts upon DDX39B knockdown enriched among upregu-
lated transcripts in the DDX39A gene list ( Supplementary 
Figure S3 B). Again, the asymmetric distribution of the most
altered transcripts upon DDX39B kd on the DDX39A gene
list strongly suggests that a large proportion of genes regu-
lated by DDX39B knockdown are also regulated by DDX39A
knockdown. Overall, these observations strongly suggest that
DDX39A and DDX39B have largely overlapping roles in reg-
ulating global transcript level changes. 

DDX39B and DDX39A regulate di ver se alternati ve 

splicing events 

Given what DDX39A and DDX39B are involved in consti-
tutive and alternative RNA splicing, we used rMATS ( 25 )
analysis of our RNAseq data to determine global changes in
RNA splicing caused by DDX39A or DDX39B depletion. As
done above for transcript level changes, we only considered
splicing changes common to the two siRNAs used for silenc-
ing DDX39A or DDX39B respectively. Altered splicing events
were defined as those with |inclusion level difference| ≥ 0.1
(10% change), P < 0.05 and FDR < 0.01, when comparing
DDX39A or DDX39B knockdowns relative to NSC controls.
All categories of alternative RNA splicing, including cassette
exon use (CE), intron retention (IR), alternative 3 

′ and 5 

′ splice
site usage (Alt 5 

′ SS and Alt 3 

′ SS), and mutually exclusive exon
(MXE) splicing, were impacted when DDX39A or DDX39B
were depleted (Figure 3 A). A complete list of all the alter-
native splicing events affected by DDX39A or DDX39B de-
pletion are provided in Supplementary Files 3 and 4 , respec-
tively. Several general observations are noted. We observed a
higher number of RNA splicing changes upon knockdown of
DDX39B compared to knockdown of DDX39A. The most
common events changed upon depletion of either ATPase are
cassette exon use (CE) and intron retention (IR) in that order
(Figure 3 A). Upon DDX39A or DDX39B knockdown more
cassette exons are less efficiently included than vice v er sa (Fig-
ure 3 B). For instance, in cells depleted of DDX39B, 396 cas- 
sette exons have reduced inclusion level versus 285 with in- 
creased inclusion level (Figure 3 B). When we examine the di- 
rection of the effect among intron retention events, we note 
that upon DDX39A or DDX39B knockdown more introns 
are less efficiently removed (thus higher intron inclusion lev- 
els) than vice v er sa (Figure 3 C). The direction towards less 
efficient splicing, which for cassette exons is less inclusion 

and for retained introns is more inclusion, is consistent with 

the known activity of DDX39B and the presumed activity of 
DDX39A. As observed for transcript level changes we note 
that the fraction of splicing events that significantly change 
with DDX39A or DDX39B depletion is relatively small, and 

this could be explained by significant redundancy between 

DDX39A and DDX39B. 
To address the possibility of redundancy we used GSEA 

as we have done above, except we compared sets of splic- 
ing events (equivalent to GSEA gene sets) to lists of splicing 
events ranked by magnitude of the splicing change (equiva- 
lent to GSEA gene lists) (See Methods). Our analysis suggests 
that there is some overlap among cassette exons that are de- 
pendent on DDX39A and DDX39B (Figure 3 D and E), but 
the data are not as robust as the overlap observed for tran- 
script level changes (Figure 2 ). The data also suggest that a 
small subset of exons may be regulated in opposite directions 
by the two ATPases (Figure 3 D), but this was not explored 

further. We could not find evidence for overlap among intron 

retention events ( Supplementary Figure S4 ). 

The splicing of IL7R exon 6 is controlled by 

DDX39B, not DDX39A. 

The data above suggested some degree of overlap for cassette 
exons regulation by the two ATPases, but also a significant 
number of cassette exons uniquely dependent on DDX39B for 
efficient inclusion. We have previously shown that DDX39B 

is an activator of IL7R exon 6 splicing and that depleting 
DDX39B promotes the skipping of exon 6 in both HeLa 
cells and primary human CD4 

+ T cells ( 15 ). The exquisite 
sensitivity of IL7R exon 6 inclusion to DDX39B levels sug- 
gested a requirement that DDX39A could not complement.
To directly test whether or not DDX39A could impact IL7R 

exon 6 splicing we carried out siRNA-mediated depletion of 
DDX39A or DDX39B in THP1 cells, a monocytic cell line 
that expresses both IL7R isoforms. The levels of DDX39A and 

DDX39B transcripts decreased significantly following knock- 
down with siDDX39A (siD09) and siDDX39B (siD13), re- 
spectively (Figure 4 A). As observed in the RNAseq data (Fig- 
ure 1 ), there was a greater than two-fold increase in DDX39A 

transcript levels when DDX39B was depleted, suggesting that 
DDX39B represses DDX39A expression, but not vice v er sa 
(Figure 4 A). Other studies that carried out siRNA-mediated 

knockdowns of DDX39A and DDX39B also reported an in- 
crease in DDX39A transcript levels when DDX39B is depleted 

( 5 , 6 , 28 ). At the protein level, DDX39B expression was re- 
duced by more than 50% in cells transfected with siDDX39B,
compared to cells transfected with the non-silencing control 
(NSC) or siDDX39A ( Supplementary Figure S5 A). 

We measured the expression of endogenous IL7R transcript 
isoforms that include or skip exon 6 using RT-PCR analysis.
We observed that depleting DDX39B resulted in a two-fold 

increase in IL7R exon 6 skipping when compared to NSC- 
treated cells (Figure 4 B), which is consistent with our pre- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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Figure 2. Overlap between genes regulated by DDX39A or DDX39B expression: ( A ) GSEA results of enrichment of DDX39A downregulated genes in 
control (NSC) o v er DDX39A-knockdo wn (lef t panel) and DDX39B-knoc kdown (right panel) in HeLa cells. ( B ) GSEA results of enric hment of DDX39B 

downregulated genes in control (NSC) over DDX39B-knockdown (left panel) and DDX39A-knockdown (right panel) in HeLa cells. 
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ious observations ( 15 ). In contrast, depleting DDX39A did
ot increase the skipping of IL7R exon 6 (Figure 4 B). We
urther confirmed these observations in HeLa cells using an
L7R exon 6 minigene reporter system ( 15 ,18 ). We observed
 similar increase in IL7R exon 6 skipped transcripts from the
inigene reporter following DDX39B depletion but not with
DX39A depletion ( Supplementary Figure S5 B). 
Since DDX39B is also involved in the nuclear export of
RNAs, we wanted to determine whether the disruption of
uclear export of these mRNAs upon DDX39B depletion me-
iates the differences in IL7R transcript isoform levels. We
easured the relative abundance of these transcript isoforms

n different subcellular fractions ( Supplementary Figure S5 C)
pon DDX39A or DDX39B depletion. We observed a signif-
cant increase in the levels of the exon6-skipped IL7R tran-
cript isoform and a corresponding decrease in the IL7R
xon6-included isoform in both the nuclear and cytoplas-
ic fractions. These observations suggest that the changes

n IL7R transcript isoform levels are due to a defect in
DX39B-mediated RNA splicing, rather than nuclear export

 Supplementary Figure S5 D). 
We previously showed that overexpressing a siRNA-

esistant DDX39B cDNA transgene in DDX39B-depleted
onditions rescues IL7R exon 6 splicing ( 15 ). We investi-
gated whether DDX39A overexpression could rescue IL7R
exon 6 splicing in the absence of DDX39B. We generated a
HeLaTrex cell line that expresses a siRNA resistant DDX39A
cDNA transgene under doxycycline control. Upon doxy-
cycline stimulation, we observed an increase in DDX39A
expression in both control and DDX39B-depleted condi-
tions (Figure 4 C). Depletion of DDX39B in the DDX39A-
overexpressing cell line led to a significant increase in IL7R
exon 6 skipping in the absence of doxycycline (Figure 4 D).
Overexpression of DDX39A failed to rescue IL7R exon 6
splicing in DDX39B-depleted condition. In fact, it led to a
greater increase in IL7R exon 6 skipping (Figure 4 D). In-
terestingly, overexpressing DDX39A in control conditions
also increased IL7R exon 6 skipping by approximately 3-
fold, suggesting that overexpression of DDX39A has a dom-
inant negative effect on IL7R exon 6 splicing (Figure 4 D).
Overexpression of DDX39A could inhibit interactions of
DDX39B by sequestering common factors, possibly explain-
ing the dominant negative effect on IL7R exon 6 splicing in
the control conditions. In addition, overexpressed DDX39A
could heterodimerize with DDX39B and thereby inhibit its
function ( 7 ). 

To investigate the regions of DDX39B responsible for
its unique function in IL7R exon 6 splicing, we generated

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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Figure 3. Changes in RNA alternative splicing upon DDX39A and DDX39B depletion: ( A ) number of alternative splicing events that are significantly 
different ( P < 0.05 and |inclusion le v el difference| > 0.1) between DDX39A or DDX39B knockdown as compared to control (NSC) (CE: cassette exon 
splicing; IR: intron retention; Alt3’SS: alternative 3 ′ splice site; Alt5’SS: alternative 5 ′ SS; MXE: mutually exclusive exons). ( B ) Inclusion level differences of 
e x ons that are differentially spliced upon DDX39A and DDX39B knockdown. A positive inclusion level difference indicates exons that are included more 
upon knockdown, and a negative inclusion level difference indicates exons that are skipped more (included less) upon knockdown. ( C ) Inclusion level 
differences of introns differentially spliced upon DDX39A and DDX39B knockdown. A positive inclusion level difference indicates introns that are 
retained (included more) upon knockdown, and a negative inclusion level difference indicates introns that are spliced (included less) more upon 
knockdo wn. T he red line indicates the median inclusion le v el difference. ( D ) GSEA results of enrichment of e x ons skipped more upon DDX39A 

knockdown in NSC control compared to DDX39A knockdown (left panel) and DDX39B knockdown (right panel). ( E ) GSEA results for enrichment of exons 
skipped more upon DDX39B knockdown in controls compared to DDX39B knockdown (left panel) and DDX39A knockdown (right panel). 
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Figure 4. DDX39A does not regulate IL7R e x on 6 splicing. ( A ) RT-qPCR analysis of the transcript levels of DDX39A and DDX39B upon DDX39A 

knockdown (siD09) and DDX39B knockdown (siD13) compared to control (NSC) in THP1 cells. Statistical significance was assessed using Student’s t 
test (*** P ≤ 0.001; ** P ≤ 0.01; ns = not significant). ( B ) The top panel provides a diagrammatic representation of IL7R exon 6 splicing in the presence 
and absence of DDX39B. The bottom panel shows the RT-PCR analysis of IL7R exon 6 splicing in transcripts from endogenous IL7R . ( C , D ) Rescue 
experiments of IL7R exon 6 splicing in HeLa cells stably expressing siRNA-resistant DDX39A transgene under the control of doxycycline promoter. (C) 
Immunoblot depicting the protein abundance of DDX39A and DDX39B with respect to actin. The numbers indicating protein abundance relative to actin 
are listed below each immunoblot. (D) RT-PCR analysis of IL7R exon 6 splicing from minigene reporter. In all panels, the data are shown as mean ± s.d., 
and statistical significance was assessed using one-way ANO V A (**** P ≤ *** P ≤ 0.001; ** P ≤ 0.01; ns = not significant). 
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himeras of the two ATPases by replacing the N- and C-
erminal halves of DDX39A with the corresponding halves
f DDX39B. The 10 aa linker motif connecting both the N-
nd C-terminal halves in DDX39A and DDX39B is the iden-
ical and thus is the same in both chimeras. We observed that
he N-DDX39B-C-DDX39A chimera, which contains the N-
erminal half (1–251 aa) of DDX39B and the C-terminal half
f DDX39A (261–427 aa), cannot rescue IL7R exon 6 splic-
ng when DDX39B is depleted ( Supplementary Figure S6 A).
imilarly, the N-DDX39A-C-DDX39B chimera, which has the
-terminal half of DDX39A (1–250 aa) and the C-terminal
alf of DDX39B (262–428 aa), also fails to rescue IL7R exon
 splicing ( Supplementary Figure S6 B). Overall, these obser-
ations suggest that IL7R exon 6 splicing uniquely depends
n DDX39B activity, not DDX39A, and sequence motifs in
oth the N- and C-terminal halves of DDX39B are required
or this activity. 
DDX39B-dependent cassette exons have 

U-poor / C-rich py tracts in their upstream introns. 

We decided to investigate common features among cassette ex-
ons uniquely dependent on DDX39B. We previously showed
that IL7R exon 6 inclusion is repressed by an exonic splic-
ing silencer element, which includes a uridine-rich U2AF2-
binding motif (UUUUU[C / U]C)(30). Using rMAPS ( 31 ) we
investigated whether other exons that are less included upon
DDX39B depletion also contain such U2AF2-binding motifs.
We did not find enrichment of an U2AF2-binding motif within
the exons that are included less (blue line) or those included
more (red line) upon DDX39B depletion (Figure 5 A). We did
find a U2AF2-binding motif immediately upstream of unaf-
fected (black line) cassette exons and those included more
upon DDX39B depletion. This would be expected for exons
preceded by introns with strong polypyrimidine (py) tracts. In-
terestingly, the enrichment score for the U2AF2-binding motif

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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Figure 5. Exons sensitive to DDX39B have U-poor / C-rich py tracts in their upstream introns. ( A ) rMAPS analysis showing the enrichment of U2AF2 
binding motif in introns upstream of cassette e x ons that are differentially regulated upon DDX39B depletion. ( B ) Violin plots depicting the nucleotide 
frequencies in py tracts of introns upstream of cassette exons skipped more (included less) upon DDX39A ( n = 160) and DDX39B ( n = 396) depletion 
compared to e x ons that are unchanged ( n = 150) upon either knockdown. Statistical significance is calculated using Kruskal–Wallis test 
(**** P ≤ 0.0 0 01; *** P ≤ 0.001; * P ≤ 0.05; ns = not significant). ( C ) Sequence comparisons of py tracts of introns upstream of cassette exons skipped 
more upon DDX39A and DDX39B depletion. 
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n the intronic region ( ∼30bp upstream of the 3 

′ SS) was much
ower for exons that were less included upon DDX39B deple-
ion (Figure 5 A). The lower U2AF2-binding motif score sug-
ests that introns upstream of DDX39B-dependent cassette
xons have weak py tracts, which is what we had concluded
or the py tract upstream of IL7R exon 6 ( 30 ) 

We examined the base composition of py tracts upstream
f the 396 cassette exons less included with DDX39B deple-
ion and confirmed that these py tracts are U-poor (Figure 5 B).
he frequency of Us in py tracts upstream of cassette exons
naffected by DDX39A or DDX39B knockdown is ∼40%,
hile that for the DDX39B-dependent exons is only 20%.
hese py tracts associated with exons that are less included
pon DDX39B depletion also have higher frequency of Cs
nd Gs (Figure 5 B). In contrast, the 160 cassette exons that are
kipped more upon DDX39A knockdown have no decrease in
 residues in the upstream py tract, and the only significant
ifference between these py tracts and those found upstream
f unaffected exons is a slight increase in the frequency of
urines (Figure 5 B). These observations suggest that cassette
xons that are specifically sensitive to DDX39A or DDX39B
xpression are associated with upstream py tracts that differ
n their nucleotide composition (Figure 5 C). Specifically, cas-
ette exons that depend on DDX39B for efficient inclusion
ave upstream U-poor / C-rich py tracts (Figure 5 C). 

 U-poor / C-rich py tract is required for DDX39B 

ependency of cassette exons. 

e tested the functional importance of the upstream py tract
n inclusion of DDX39B-dependent cassette exons. Skip-
ing of GOLGA2 exon 8 is increased upon DDX39B deple-
ion, but not DDX39A depletion ( Supplementary File 4 &
upplementary Figure S7 A). Furthermore, GOLGA2 exon 8
nclusion was rescued by overexpression of DDX39B but not
f DDX39A ( Supplementary Figure S7 B). These observations
uggest that splicing of GOLGA2 exon 8 is specifically sen-
itive to DDX39B expression and not DDX39A. We cloned
he GOLGA2 exon 8 and the surrounding intronic sequences
nto the alternative splicing minigene reporter constructs pI-
1 ( 18 ) (Figure 6 A). RT-PCR analysis of transcripts from the
inigene reporter showed that DDX39B depletion resulted

n an approximately 1.5-fold increase in skipping of exon 8
ompared to control or DDX39A depletion (Figure 6 B). We
eplaced the C-rich py tract of GOLGA2 intron 7 with the rel-
tively U-rich py tract of CELF1 intron 1 (Figure 6 A). CELF1
xon 2 was skipped more upon DDX39A depletion but was
naffected by DDX39B depletion ( Supplementary Files 3 and
 ). Replacing the py tract of GOLGA2 intron 7 with that
f CELF1 intron 1 eliminated the sensitivity of exon 8 to
DX39B depletion, indicating that the py tract was neces-

ary for DDX39B-dependency of GOLGA2 exon 8 (Figure
 C). It should be noted that the CELF1 intron 1 py tract did
ot make the splicing reporter sensitive to DDX39A deple-
ion, suggesting that the py tract was not sufficient to confer
DX39A sensitivity (Figure 6 C). Overall, these observations

mphasize the importance of a U-poor / C-rich py tract in ren-
ering a cassette exon sensitive to DDX39B depletion. 

ommon requirement for U-poor / C-rich py tracts 

or DDX39B dependent cassette exons and introns. 

he observations above for DDX39B-dependent cassette ex-
ns are similar to those we previously published for the splic-
ing of DDX39B-dependent introns in T cells, which have U-
poor / C-rich py tracts ( 16 ). To confirm this similarity in the
same dataset we examined cis -acting elements associated with
the 89 introns that were significantly more retained upon
DDX39B depletion (Figure 3 C). We compared these to 34
introns more retained upon DDX39A depletion (Figure 3 C)
and 100 introns unaltered by either knockdown. DDX39B-
dependent introns, but not DDX39A-dependent ones, were
U-poor and C-rich (Figure 7 A). This can be visualized clearly
by sequence logos of the py tracts (Figure 7 B). These data re-
capitulate our previously published observations re DDX39B-
dependent introns in T cells and lead us to conclude that
U-poor / C-rich py tracts determine DDX39B dependence for
both introns that contain them and cassette exons immedi-
ately downstream of them. 

DDX39A is not required for FOXP3 intron 11 

splicing, but its overexpression can rescue the 

requirement for DDX39B. 

Our data suggested that the 89 introns that are retained more
when DDX39B is depleted are not affected by DDX39A de-
pletion, which suggested a specific need for DDX39B that
could not be complemented by DDX39A. We used a FOXP3
intron 11 splicing reporter as a model for these introns to
test whether or not their splicing was sensitive to DDX39A.
This reporter, which was described in Hirano et al ., 2023, had
the FOXP3 intron 11 inserted into the open reading frame
of Renilla luciferase and quantified splicing by RT-PCR. As
shown previously, when we depleted DDX39B, the splicing
of FOXP3 intron 11 significantly decreased ( Supplementary 
Figure S8 A and B). In contrast, when we depleted DDX39A,
there was no significant change in the splicing efficiency of the
FOXP3 intron 11 reporter ( Supplementary Figure S8 A and B).
We conclude from this that splicing of FOXP3 intron 11 does
not require normal levels of DDX39A. 

Nonetheless, we were interested to see whether overex-
pressing DDX39A could rescue FOXP3 intron 11 splic-
ing in cells depleted of DDX39B. We depleted DDX39B
and induced DDX39A overexpression by adding doxycy-
cline ( Supplementary Figure S8 C). Surprisingly, overexpress-
ing DDX39A in DDX39B depleted cells rescued the splicing
of the FOXP3 intron 11 reporter ( Supplementary Figure S8 D).
Overall, these observations suggest that although there is no
requirement for DDX39A for splicing of FOXP3 intron 11,
high levels of DDX39A can complement the requirement for
DDX39B for this splicing. This is in clear contrast to the in-
ability of DDX39A to complement inclusion of IL7R exon 6.

DDX39A and DDX39B regulate the splicing of 
introns in their respective transcripts. 

The analysis of the introns that specifically depend on
DDX39A or DDX39B expression led to an unexpected ob-
servation: DDX39A intron 6 and DDX39B intron 6 are
dependent on DDX39A and DDX39B, respectively (Figure
8 A). We also analyzed our previous RNAseq data from
DDX39B-depleted CD4 

+ T cells and found that shRNA-
mediated DDX39B depletion also resulted in an increase in
DDX39B intron 6 retention (16); data not shown). We fur-
ther confirmed these observations in HeLa and THP1 cells
using RT-qPCR. Depleting DDX39B resulted in a significant
increase in the DDX39B intron 6 retained transcripts in HeLa
and THP1 cells (Figure 8 B and Supplementary Figure S9 ).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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Figure 6. U-poor py tract of GOLGA2 exon 8 dictates its dependency on DDX39B expression. ( A ) Top panel shows the change in alternative splicing of 
GOLG A2 e x on 8 and CELF1 e x on 2 upon DDX39B and DDX39A depletion, respectiv ely. (B ottom panel) Construction of GOLG A2 e x on 8 reporters with 
wild-type GOLGA2 intron 7 py tract and CELF1 intron 1 py tract. RT-PCR analysis of GOLGA2 exon 8 reporters splicing changes with ( B ) wild-type 
GOLGA2 intron 7 and ( C ) CELF1 intron 1 py tracts in DDX39A (siD09) and DDX39B (siD13) knockdown and control cells. The top panel shows the RT-PCR 

amplicons on 6% TBE gels and the bottom panel shows the bar graphs depicting the percent exon 8 skipping based on quantification of these gels. 
Statistical significance was calculated using the Student’s t test (** P ≤ 0.01) 

 

 

 

 

 

 

 

  
Similarly, DDX39A intron 6 retained transcripts were higher
in DDX39A-depleted HeLa and THP1 cells (Figure 8 B and
Supplementary Figure S9 ). Overexpressing DDX39A rescued
DDX39A intron 6 splicing in DDX39A-depleted cells. Sim-
ilarly, DDX39B overexpression rescued DDX39B intron 6
splicing in DDX39B-depleted cells (Figure 8 C). Notably, the
py tract of DDX39B intron 6 is U-poor / C-rich and has long
continuous stretches of cytosines compared to DDX39A in-
tron 6. These observations confirm that DDX39A intron 6 

and DDX39B intron 6 specifically depend on DDX39A and 

DDX39B expression, respectively. This suggests a positive- 
feedback loop for the expression of these ATPases. 

In addition to their roles in splicing, DDX39A and 

DDX39B are involved in the nuclear export of RNAs, and we 
investigated whether depleting these two ATPases impacts the 
nuclear export of their respective intron-retained transcripts.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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Figure 7. Introns dependent on DDX39B expression have U-poor / C-rich py tracts. ( A ) Violin plots depicting the nucleotide frequencies in py tracts of 
introns retained more upon DDX39A ( n = 34) and DDX39B ( n = 89) depletion compared to introns unchanged ( n = 100) upon either knockdown. 
Statistical significance is calculated using Kruskal–Wallis test (**** P ≤ 0.0001; ns = not significant). ( B ) Sequence comparisons of py tracts of introns 
retained more upon DDX39A or DDX39B depletion and unchanged introns. 
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Figure 8. DDX39A and DDX39B regulate the splicing of their respective introns. Increase in DDX39A and DDX39B intron 6 retention upon DDX39A and 
DDX39B depletion, respectively. ( A ) Bed graphs depicting the read coverage for DDX39A intron 6 (left panel) and DDX39B intron 6 (right panel) in 
DDX39A-depleted (siD06 and siD09), DDX39B-depleted (siD11 and siD13) and control-treated (NSC-5nM and NSC-25nM) samples. ( B ) RT-qPCR analysis 
of the expression of DDX39A intron 6-retained transcripts relative to total DDX39A transcripts and DDX39B intron 6-retained transcripts relative to total 
DDX39B transcripts in DDX39A knockdown (siD09), DDX39B knockdown (siD13) and control HeLa cells. ( C ) Rescue experiments to measure the levels 
of DDX39A intron 6 and DDX39B intron 6 retained transcripts using RT-qPCR in HeLa cells stably expressing siRNA-resistant DDX39A or DDX39B 

transgene under the control of the do xy cy cline operator. ( D ) RT-qPCR analysis of DDX39A intron 6-retained and DDX39B-intron 6-retained transcripts in 
subcellular compartments. MALAT1 and 18S ribosomal RNA (rRNA) were used as normalization controls for measuring transcript levels in the nuclear 
and cytoplasmic fractions, respectively. In all panels, the data are shown as mean ± s.d. and statistical significance was calculated using one-way 
ANO V A (**** P ≤ 0.0 0 01; *** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 0.05; ns = not significant). 
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e performed biochemical fractionation of cellular fractions
nd ( Supplementary Figure S5 C) measured the expression of
he DDX39A intron 6 retained and DDX39B intron 6 re-
ained transcripts in these fractions. We observed a very large
ncrease in DDX39A intron 6 retained transcripts in the nu-
lear fraction from cells depleted of DDX39A compared to
ither DDX39B depletion or NSC control (Figure 8 D, left
anel). This suggests that DDX39A depletion was affecting
he splicing of DDX39A intron 6. Similar conclusions were
eached from the equivalent data on DDX39B, depletion of
his ATPase affects splicing of DDX39B intron 6; however,
ur data suggest that this transcript is transported to the cy-
oplasm (Figure 8 D, right panel). 

iscussion 

DX39A and DDX39B are DExD-box RNA-dependent AT-
ases that are essential in pre-mRNA splicing and nuclear
xport. These two paralogs share more than 90% sequence
dentity and are, therefore, assumed to have similar func-
ions. Our study demonstrated that, indeed, there is a signif-
cant redundancy in the gene targets regulated by DDX39A
nd DDX39B. Nevertheless, we also found that DDX39A
nd DDX39B differ in regulating alternative splicing of IL7R
xon 6 and FOXP3 introns and several other targets that are
niquely sensitive to DDX39A or DDX39B depletion. We es-
ablish that the C-richness / U-poorness of the polypyrimidine
ract is one of the critical factors determining the sensitivi-
ies of introns and exons to DDX39B levels. Given the es-
ential roles DDX39A and DDX39B have in RNA process-
ng, it was not surprising to find an overall downregulation
f gene expression when these ATPases were depleted. We es-
ablish that both DDX39A and DDX39B can, to some extent,
ompensate for the loss of the other paralog, which explains
hy the number of differentially expressed genes upon either
nockdown was not high. Knocking down either DDX39A
r DDX39B individually does not lead to cell death, but the
imultaneous knockdown of both proteins is toxic (data not
hown), further highlighting their functional redundancy. The
mpact of depleting DDX39A on gene expression is less se-
ere than that of depleting DDX39B, suggesting that certain
rocesses require DDX39B more than DDX39A. While it ap-
ears that DDX39A and DDX39B have largely redundant
oles in RNA processing, it is possible that these paralogs have
volved to have tissue or cell type-specific roles. In most tis-
ues, DDX39B expression is higher than DDX39A, but in the
estis DDX39A has a higher expression than DDX39B in both
ice and men ( 3 ). DDX39A expression, but not DDX39B,

s also higher in proliferating lung squamous carcinoma cells
 32 ). Interestingly, in Xenopus laevis DDX39A expression is
igher in the subpopulation of proliferating cells in develop-
ng and regenerative tissues ( 33 ). One can speculate whether
DX39A activity has more cell cycle specific roles in prolif-

rating cells than DDX39B. Evidence suggests that DDX39A
nd DDX39B regulate the nuclear export of different subsets
f mitotic factors ( 5 ). Our prior work and data presented here
ndicate that DDX39B plays specific roles in immune modu-
ation not shared by DDX39A. 

Like cassette exons, introns with C-rich py tract depend
ore on DDX39B than DDX39A for splicing. Py tracts with
igher frequencies of cytosines instead of uracil have weaker
inding affinity for U2AF2 ( 34 ), and we proposed that C-rich
y tracts depend on DDX39B ATPase activity to form sta-
ble U2AF interactions and aid in subsequent steps of spliceo-
some assembly ( 16 ,22 ). FOXP3 introns with C-rich py tracts
are specifically retained upon DDX39B depletion and not
DDX39A, but an overexpression of DDX39A in the absence
of DDX39B is able to rescue FOXP3 intron splicing. It is pos-
sible that under normal conditions, DDX39B is more likely to
form favorable interactions with U2AF2 on C-rich py tracts
than DDX39A. Only an overabundance of DDX39A under
DDX39B-depleted conditions allows for favorable interac-
tions between DDX39A and U2AF2 due to the mass action ef-
fect. Interestingly, overexpression of DDX39A did not rescue
IL7R exon 6 splicing under DDX39B-depleted conditions. We
speculate that while an overabundance of DDX39A can com-
pensate for the DDX39B ATPase activity, it cannot compen-
sate for the DDX39B helicase activity, which is required for
IL7R exon 6 splicing ( 15 ). Although DDX39A and DDX39B
have structurally conserved helicase core domains, we cannot
assume that they have identical ATPase and helicase activi-
ties. The reason being the enzymatic activities of these pro-
teins may be influenced by interactions with other factors.
In fact, the RNA-binding and enzymatic activities of DExD-
box proteins can be regulated by their interacting partners.
For example, the interaction between eIF4A and eIF4G stim-
ulates eIF4A’s helicase activity, which is otherwise weak ( 35 ).
DDX39A and DDX39B are known to interact with different
proteins, CIP29 and Tho1, respectively, to form nuclear ex-
port complexes that recognize and transport specific subsets
of mRNAs and circRNAs ( 4 ,5 ). Evidence suggests that the in-
teraction between DDX39A and CIP29 enhances DDX39A’s
helicase RNA unwinding activities ( 32 ). We hypothesize that
during spliceosome formation, DDX39A and DDX39B most
likely interact with different factors that can influence their
RNA-binding and enzymatic functions. 

DDX39A and DDX39B have conserved helicase core do-
mains but differ in the other sequences. It is interesting to note
that a single amino acid residue difference in DDX39A and
DDX39B (which correspond to C223 and V224, respectively)
is responsible for the formation of apo-AREX and apo-TREX
complexes by DDX39A and DDX39B, respectively ( 7 ). The
four-amino-acid motif adjacent to the DECD domain, which
is divergent in DDX39A and DDX39B, is necessary and suf-
ficient in dictating the circRNA length preferences of these
two paralogs ( 4 ). Alphafold-based prediction of DDX39A and
DDX39B protein structures indicate that this divergent se-
quence motif is present on the surface of the protein ( 36 )
and may be involved in interacting with RNA or other pro-
teins. DDX39A and DDX39B show the greatest dissimilar-
ity in the first 35 amino acid residues of their N-terminal re-
gion. The functional role of this divergent N-terminal region
in DDX39 proteins is not yet characterized; however, Shi et
al . ( 37 ) previously showed that a DDX39B mutant lacking the
N-terminal region has reduced ATPase activity. Furthermore
the N-terminal region in DDX19 negatively regulates its AT-
Pase activity by favoring an open conformation of the core do-
mains in the absence of RNA ( 38 ). In fact, it is possible that the
divergent N-terminal regions of DDX39A and DDX39B also
have an intrinsic autoregulatory function that varies between
the two paralogs. Our results from the DDX39A-DDX39B
chimera experiments suggest that although important, the N-
terminal region is not the only motif responsible for the spe-
cific function of DDX39B in RNA splicing. Recently pub-
lished work from Fujita et al ., 2024 ( 39 ) also showed that
both N- and C-terminal regions of DDX39B are required for

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae431#supplementary-data
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its nuclear export complex formation. Mutating the amino
acids I411A and S412A in the C-terminal region abrogates
DDX39B ability to form the nuclear export complex. The C-
terminal domain of DDX39B is also involved in forming high-
order complexes with the scaffolding protein SARNP1, and
these interactions were found to be necessary for the nuclear
export of GC-rich mRNAs ( 40 ). We propose that different
partners, which interact with the divergent sequence motifs in
both the N- and C-terminal halves of DDX39A and DDX39B,
determine the unique requirement for DDX39A or DDX39B
in RNA splicing. 

Conclusion 

This study points out that although DDX39A and DDX39B
share similar functions, they play different roles in the splicing
of specific RNA substrates. Determining how these paralogs
regulate RNA splicing differently and whether these mecha-
nisms are evolutionarily conserved will help us develop a bet-
ter understanding of the molecular rules that govern the com-
plex regulation of RNA processing in vertebrate species. 
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