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ABSTRACT

Forkhead box P3 (FOXP3) is the master fate-determining transcription factor in regulatory T (Treg) cells and is essential for
theirdevelopment, function, andhomeostasis.Mutations inFOXP3 cause immunodysregulationpolyendocrinopathyenter-
opathy X-linked (IPEX) syndrome, and aberrant expression of FOXP3 has been implicated in other diseases such asmultiple
sclerosis and cancer. We previously demonstrated that pre-mRNA splicing of FOXP3 RNAs is highly sensitive to levels of
DExD-box polypeptide 39B (DDX39B), and here we investigate the mechanism of this sensitivity. FOXP3 introns have cyti-
dine (C)-rich/uridine (U)-poor polypyrimidine (py) tracts that are responsible for their inefficient splicing and confer sensitiv-
ity toDDX39B.Weshowthatthere isadeficiency in theassemblyofcommitmentcomplexes (CCs)onFOXP3 introns,which is
consistentwith the lower affinity of U2AF2 for C-rich/U-poor py tracts.Our data indicate an even stronger effect on the con-
versionofCCs topre-spliceosomes.Wepropose that this is due toan altered conformation thatU2AF2adoptswhen it binds
to C-rich/U-poor py tracts and that this conformation has a lower affinity for DDX39B. As a consequence, CCs assembled on
FOXP3 introns are defective in recruitingDDX39B, and this leads to the inefficient assemblyof pre-spliceosome complexes.
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INTRODUCTION

DExD-boxpolypeptide39B (DDX39B), anorthologofSub2
in Saccharomyces cerevisiae, is an ATP-dependent RNA
helicase with various roles in mRNA processing, including
mRNA nucleocytoplasmic export (Luo et al. 2001; Sträßer
et al. 2002; Masuda et al. 2005; Yamazaki et al. 2010) and
pre-mRNA splicing (Shen et al. 2007, 2008). DDX39B was
initially discovered by immunologists and referred to as
HLA-Bassociated transcript1 (BAT1)due to thegenomic lo-
cation of BAT1 in the major histocompatibility complex
(MHC) class III region (Spies et al. 1989). Early studies dem-
onstrated an anti-inflammatory role for DDX39B (Allcock
et al. 2001), and additional observations suggest genetic
associations of variants in DDX39B with autoimmune dis-
eases such as type I diabetes, rheumatoid arthritis, and
atopic dermatitis (Todd et al. 2007; Quiñones-Lombraña
et al. 2008; Paternoster et al. 2012). RNA biologists inde-

pendently identifiedDDX39Bandnamed itU2auxiliary fac-
tor 65-associated protein 56 kDa (UAP56), due to its
association with the splicing factor U2AF65 (now known
as U2AF2) (Fleckner et al. 1997). Further studies showed
thatDDX39Bplays critical roles in the early stepsof spliceo-
some formation (Shen et al. 2007, 2008).

The spliceosome is a multimegadalton ribonucleopro-
tein complex that facilitates pre-mRNA splicing, a process
by which introns are removed and exons are ligated to
form mature RNAs. Hundreds of factors are required for
the proper formation and function of the spliceosome, in-
cluding five small nuclear ribonucleoprotein complexes
(snRNPs): U1, U2, U4, U5, and U6. These snRNPs are com-
posed of uridine-rich small nuclear RNAs (U snRNAs) and
their associated proteins (Lerner and Steitz 1979; Lerner
et al. 1980; Kastner et al. 2019). Additional proteins or
trans-acting factors not associated with snRNPs are also re-
quired and are generally referred to as splicing factors (SFs)
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within the pre-mRNA interact, directly or indirectly, with
theseSFs.Thesemotifs include the5′ splicesite (SS),branch
point sequence (BPS), polypyrimidine (py) tract, and the
3′SS. Theearliest steps in theassemblyof splicing complex-
es involve thebindingof theU1snRNP to the5′SSandbind-
ing of splicing factor 1 (SF1) and the U2 auxiliary factor
(U2AF) heterodimer to the BPS and the py tract/3′SS, re-
spectively (Mount et al. 1983; Reed and Maniatis 1985;
Zamore et al. 1992; Berglund et al. 1998). These interac-
tions, which do not require ATP, form the early (E) or com-
mitment complex (CC) (Michaud and Reed 1991; Jamison
et al. 1992). U2AF2, the larger component of the U2AF het-
erodimer, recruitsDDX39B inanATP-dependent fashion to
displace SF1 from the BPS (Fleckner et al. 1997; Kistler and
Guthrie 2001; Zhang and Green 2001) and, together with
another DExD-box helicase, DDX46, allows the U2 snRNP
to bind, forming the pre-spliceosome (Zhang et al. 2021).
Additionally,DDX39Benhances the stabilityof thepre-spli-
ceosomeby interactingwithU1 snRNAat the 5′SS (Martelly
et al. 2021). It is important to note that the helicase activity
of DDX39B is not required for pre-spliceosome formation
(Shen et al. 2008). The pre-spliceosome seeds the forma-
tion of the spliceosome, in which the tri-snRNP, composed
of theU4,U6, andU5 snRNPs, interactswith thepre-mRNA.
For proper interaction of U4 andU6 snRNPswith the intron,
theRNAduplex they formmustbeunwoundby thehelicase
activity of DDX39B (Shen et al. 2008) and another helicase
called SNRNP200 (also known as BRR2) (Absmeier et al.
2016). The spliceosomebecomesactivatedupon thedisso-
ciation of U1 and U4 snRNPs from the complex, enabling
two transesterification reactions to occur (for review, see
Will and Lührmann 2011). Ultimately, these reactions pro-
duce a free intron, which initially is in the form of a lariat,
and a spliced product with ligated exons. Thus, DDX39B
acts in at least two distinct steps in spliceosome assembly:
formation of the pre-spliceosome and formation of the
spliceosome.
Given the importanceofDDX39B inbothsplicingand im-

munoregulation, our group sought to link these two roles.
First,wedemonstrated thatDDX39Bactivates the inclusion
of exon 6 of interleukin-7 receptor (IL7R) (Galarza-Muñoz
et al. 2017), which is critical for T cell homeostasis. Exon 6
of IL7R encodes for the transmembrane domain of the
protein, therefore its inclusion leads to the production of
membrane-bound IL7R, whereas its exclusion leads to pro-
duction of a soluble form of IL7R (sIL7R), which has been as-
sociated with increased risk of an autoimmune disease
called multiple sclerosis (MS) (Lundström et al. 2013).
Furthermore, we showed genetic epistasis between a sin-
gle-nucleotide polymorphism (SNP) in the 5′ untranslated
region (UTR) of DDX39B, rs2523506, and an SNP in exon
6 of IL7R, rs6897932. The population homozygous for the
risk allele of both SNPs has an approximately threefold in-
creased risk of developing MS than those homozygous for
the non-risk allele of both SNPs (Galarza-Muñoz et al.

2017). Recently, we showed that DDX39B is essential for
proper expression and function of Forkhead box P3
(FOXP3) (Hirano et al. 2023), which is critical for proper de-
velopment, function, and homeostasis of regulatory T (Treg)
cells (Georgiev et al. 2019).We demonstrated that efficient
removal of FOXP3 introns was sensitive to DDX39B levels,
and specifically required its ATP-binding andATPase activ-
ity but not its helicase activity (Hirano et al. 2023). These
findings suggest that DDX39B promotes FOXP3 splicing
during the transition of CC to pre-spliceosome complex as-
sembly. Furthermore, nine of 11 FOXP3 introns have cyti-
dine (C)-rich/uridine (U)-poor py tracts, and therefore the
effect of DDX39B on FOXP3 splicing is amplified in total
transcript production (Hirano et al. 2023).
Building on our recently published work, our aim here is

to elucidate themechanistic basis underlying the exquisite
dependence of FOXP3 introns on DDX39B. We show that
there is a deficiency in the assembly of CCs on FOXP3 in-
trons, which is consistent with the lower affinity of U2AF2
forC-rich/U-poor py tracts.Our data indicate an even stron-
ger effect on the conversion of CCs to pre-spliceosomes.
We propose that this is due to an altered conformation
that U2AF2 adopts when it binds to C-rich/U-poor py tracts
and that this conformation has a lower affinity for DDX39B.
Consequently, CCs assembled on FOXP3 introns are de-
fective in recruitingDDX39Bandultimately lead to the inef-
ficient assembly of pre-spliceosome complexes. Thus,
FOXP3 splicing, expression, and function are all dimin-
ished, potentially impacting Treg cell function and having
implications in autoimmune disorders.

RESULTS

C-rich/U-poorpolypyrimidine tracts ofFOXP3 introns
are responsible for their inefficient splicing

To study the mechanism underpinning the inefficient splic-
ing of FOXP3 introns (Hirano et al. 2023), we aimed to reca-
pitulate this effect in vitro using two different sets of
splicing substrates. The first set of substrates were based
onPIP7A,aconstruct thathasbeenshowntospliceefficiently
in an in vitro system (Fig. 1A; Gil et al. 1991). We replaced its
py tract sequence (20 nt upstream of the 3′SS) with that of
FOXP3 intron 11 (PIP7A-F3i11wt) or with a U-rich mutant,
which we name PIP7A-F3i11pU (Fig. 1A). We incubated
these uniformly radiolabeled splicing substrates with HeLa
nuclear extracts in the absence or presence of ATP and crea-
tine phosphate (CP) for 1 h. RNA from these in vitro splicing
(IVS) reactionswere isolatedand loadedontoa15%denatur-
ing gel to visualize the splicing intermediates. The percent-
age (%) spliced (also referred to as splicing efficiency) in the
presence of ATP/CP for each substrate was quantified in
three independent experiments, using three different HeLa
nuclear extract preparations. The splicing efficiency of the
PIP7A splicing was 45%, for PIP7A-F3i11pU it was 47%, but
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for PIP7A-F3i11wt it was 8% (Fig. 1B). Furthermore, we con-
ducted a time course of IVS for PIP7A-F3i11wt and PIP7A-
F3i11pU to determine their splicing kinetics. At 15min of in-
cubation with nuclear extract and ATP/CP, we did not ob-
serve splicing products with either substrate (Fig. 1C;
Supplemental Fig. S1); however, after 30 min, PIP7A-
F3i11pU spliced with an efficiency of 34%, while PIP7A-
F3i11wt remained unspliced (Fig. 1C). By 45 min, PIP7A-
F3i11wt began to splice, albeit much less efficiently than
PIP7A-F3i11pU. The splicing of both substrates continued
to increase at 60 and 90 min; however, at both time points,
PIP7A-F3i11wt splicingwas approximately two times less ef-
ficient than the splicing of PIP7A-F3i11pU (Fig. 1C).

The second set of substrates used for IVS was derived
from the FOXP3 sequence. These RNAs encompassed
the last 10 nt of FOXP3 exon 11, followed by intron 11
with either the wt or U-rich mutant py tract sequence and
the first 20 nt of exon 12, and referred to as F3i11wt-IVS
and F3i11pU-IVS, respectively. The splicing efficiency of
these RNAs was visualized via end point RT-PCR after 90
minof splicing incubation. In thepresenceofATP/CP, there
was almost no detectable splicing of F3i11wt-IVS, while

splicing of F3i11pU-IVS was robust with three different nu-
clearextracts (Supplemental Fig. S2). Taken together, these
datademonstrate that the IVS system recapitulateswhatwe
have previously shown in vivo, which is that the C-rich/U-
poor py tract of FOXP3 intron 11 hinders its ability to splice
efficiently. Furthermore, the in vitro results support the con-
clusion that the effect of the py tract was directly on splicing
and not an indirect effect on transport or stability (Hirano
et al. 2023).

Inefficient assembly of commitment complexes
on FOXP3 intron 11

We recently demonstrated that complementation of
FOXP3 intron splicing in DDX39B-depleted cells requires
expression of DDX39B with wild-type (wt) ATP-binding
and ATPase activity, but does not require helicase activity
(Hiranoet al. 2023). This suggests that theDDX39B-depen-
dence of FOXP3 introns is likely due to a barrier in pre-spli-
ceosome formation, as opposed to a barrier in later steps in
spliceosome assembly. To determine how DDX39B facili-
tates the assembly of early splicing complexes on FOXP3

A

C

B

FIGURE 1. C-rich/U-poor polypyrimidine tract of FOXP3 intron 11 weakens the splicing efficiency of a robust splicing substrate. (A) Schematic di-
agram of PIP7A-based splicing substrates. The sequence of all three constructs remains the same except the PIP7A py tract sequence (20 nt up-
stream of the 3′SS) is replaced with that of FOXP3 intron 11 (PIP7A-F3i11wt) or a U-rich mutant (PIP7A-F3i11pU) (created with BioRender). (B)
IVS of PIP7A-based splicing substrates. The first lane is the ladder (L) with its respective sizes on the left. Depicted on the gel are splicing interme-
diates from top tobottom: (∗) represents aby-product of T7RNAsynthesis; unspliced substrate; intron lariat intermediate; (∗∗) represents aby-prod-
uct of T7 RNA synthesis; spliced product. Quantification of % spliced is shown on the right and calculated as (spliced/[spliced+unspliced]) × 100.
Eachbar represents the average±SDof three independent experiments using three different nuclear extract preparations; (∗)P<0.05, Student’s t-
test. (C ) IVS timecourseof PIP7A-F3i11wt andPIP7A-F3i11pUsubstrates.Depictedon thegel are splicing intermediates from top tobottom: intron
lariat intermediate; intron lariat; unspliced substrate; and spliced product.
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introns, we generated RNAs similar to the F3i11-IVS sub-
strates but with a tobramycin aptamer at the end of exon
12 (F3i11wt-tobra and F3i11pU-tobra, respectively, in Fig.
2A). We first assessed whether these tobramycin aptamer-
containing constructs recapitulated sensitivity to DDX39B.
To do so, we transfected these constructs in HeLa cells treat-
edwithanonsilencingcontrol (siNSC)oraDDX39B-targeted
(siDDX39B) siRNA (Fig. 2B), and thenmeasured% spliced of
FOXP3 intron11via endpoint RT-PCR (Fig. 2C). The splicing
efficiency of F3i11wt-tobra was 19% and decreased to 11%
upon DDX39B depletion (Fig. 2C; P<0.0001, Student’s t-
test).On thecontrary, F3i11pU-tobrawas fully spliced in cells
treated with either siNSC or siDDX39B and thus resulted in
100% splicing efficiency (Fig. 2C). Together these data reca-
pitulate our previous observations in vivo with other FOXP3
intron 11 splicing reporters (Hirano et al. 2023) and validate
the use of these tobramycin aptamer-containing RNAs to
study why FOXP3 introns are inefficiently spliced and very
sensitive to DDX39B expression.
To identify the differences in splicing complex formation

on F3i11wt-tobra and F3i11pU-tobra RNAs, we incubated
them with HeLa nuclear extracts for 30 min ±ATP/CP and
then added tobramycin to elute the RNA and its interacting
partners (Hartmuth et al. 2004).Weanalyzed the eluates us-
ing mass spectrometry to determine the protein abun-

dance (refer to Materials and Methods; Supplemental Fig.
S3) for each of four conditions: (i) F3i11wt-tobra without
ATP/CP; (ii) F3i11pU-tobra without ATP/CP; (iii) F3i11wt-
tobra with ATP/CP; and (iv) F3i11pU-tobra with ATP/CP.
Each condition had four replicates that were derived from
two independent experiments.
The initial splicing complex that assembles on pre-mRNA

is the CC (also known as E complex) (Fig. 3A), and its forma-
tiondoesnot requireATP.Toassess thedifferences inCCfor-
mation on F3i11wt-tobra and F3i11pU-tobra, we compared
the abundance of CC protein components that interacted
with these two RNAs. U1 snRNP components, U1A, U1C,
andU1-70K,were∼50% lower in eluates fromF3i11wt-tobra
compared to F3i11pU-tobra (Fig. 3B; Supplemental Fig. S4).
The abundanceof proteins that bind the 3′ endof the intron,
SF1, U2AF1, and U2AF2, were approximately three- to four-
fold lower in F3i11wt-tobra eluates compared to those from
F3i11pU-tobra (Fig. 3C; Supplemental Fig. S4).
The formation of CC does not require DExD/H-box heli-

cases, therefore it was not surprising to observe very low
levels of DDX46 and DDX39B in eluates from either sub-
strate (Fig. 3D). It is important to note that DDX39B has a
90% identical paralog named DDX39A, which we observe
binding to both constructs (Fig. 3D). Although the role of
DDX39A in spliceosome formation is not well understood,

A B

C

FIGURE 2. Splicing of a FOXP3 intron 11 tobramycin aptamer construct is sensitive to DDX39B. (A) Schematic diagram of FOXP3 intron 11-tobra-
mycin constructs, which encompass the last 10 nt of exon 11, intron 11 wt (F3i11wt-tobra) or U-rich mutant (F3i11pU-tobra), first 20 nt of exon 12,
followed by the tobramycin aptamer sequence. Highlighted in pink are nucleotide changes made to F3i11wt-tobra to create a stretch of 13 con-
secutiveUs inpy tractofF3i11pU-tobra.Blackarrows represent the locationofprimersused forendpointPCR toquantify splicingefficiency (created
with BioRender). (B) Representative western blot of siRNA-mediated depletion of DDX39B (siDDX39B) compared to siNSC. β-Actin was used as a
loadingcontrol. (C ) EndpointPCRanalysis ofFOXP3 intron splicing from theF3i11wt-tobra andF3i11pU-tobraconstructs inHeLacells treatedwith
siNSCor siDDX39B.Quantification of% splicing of F3i11wt-tobra (calculated as (spliced/[spliced+unspliced]) × 100) represents the average±SD
of nine biological replicates from three independent experiments; (∗∗∗∗) P<0.0001, Student’s t-test.
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data fromour group suggest that it does play a role in splic-
ing (Banerjee et al. 2024).

Additionally, the formation of CC does not require the
binding of U2 snRNP; however, our group and others
have shown U2 snRNP binding to pre-mRNA substrates in
the absence of ATP, and the U2 snRNA base pairs with
the branch point region (Jamison and Garcia-Blanco
1992; Valcarcel et al. 1996;Das et al. 2000) and in somecas-
es, these complexes can be chased to splice (Perriman and
Ares2000). That said, thebindingofU2snRNPcomponents
in the absence of ATP/CP was 50% less on F3i11wt-tobra
compared to F3i11pU-tobra (Fig. 3E; Supplemental Fig.
S4). Together thesedata illustrate thatCC, asmeasuredpri-
marily by the interactions with U1 snRNP, SF1 and U2AF
heterodimer, assembles on FOXP3 introns less efficiently
(∼50%) than on variants with U-rich py tracts.

Formation of the pre-spliceosome complex is stalled
on FOXP3 introns

Thetransitionfromcommitment topre-spliceosomecomplex
formation depends on ATP hydrolysis and requires DDX46,

DDX39B, and perhaps DDX39A (Fig. 4A). To determine dif-
ferences in pre-spliceosome assembly on F3i11wt-tobra
andF3i11pU-tobra,we compared the abundanceof proteins
involved in pre-spliceosome complex (also known as A com-
plex) assemblyonboth constructs in thepresenceofATP/CP.
The abundance of U1 snRNP components—U1A, U1C, and
U1-70K were less on F3i11wt-tobra compared to its
F3i11pU-tobra counterpart (Fig. 4B; Supplemental Fig. S4;
P<0.05, Mann–Whitney test for U1A and U1-70K but did
not reach significance for U1C [P=0.0571]). Furthermore,
the abundance of proteins that bind the 3′ end of the intron,
SF1, U2AF1, and U2AF2, were all dramatically lower on
F3i11wt-tobra compared to F3i11pU-tobra (Fig. 4C;
Supplemental Fig. S4). The binding of DDX46 was reduced
on F3i11wt-tobra compared to F3i11pU-tobra, although
this was not statistically significant, due to an outlier (Fig.
4D). There was significantly less abundance of DDX39A (P<
0.05, Mann–Whitney test) on F3i11wt-tobra compared to
F3i11pU-tobrabut no significantdifference in theabundance
of DDX39B between both constructs (Fig. 4D).

The levels of U2 snRNP proteins found in F3i11wt-tobra
eluates were ∼25% those in F3i11pU-tobra eluates (Fig.

A

B E

C

D

FIGURE3. InefficientassemblyofCCsonFOXP3 intron11. (A)DiagramofaCCassemblyonpre-mRNA.Thesplicesitemotifsare recognizedby the
U1 snRNP, SF1, and U2AF heterodimers, respectively, forming the CC (created with BioRender). (B) Abundance of U1 snRNP components on
F3i11wt-tobra and F3i11pU-tobra (see Materials and Methods for the calculation of abundance). (C ) Abundance of SF1 and U2AF heterodimers
on F3i11wt-tobra and F3i11pU-tobra. (D) Abundance of U2 snRNP components on F3i11wt-tobra and F3i11pU-tobra. In B–E, all incubations
were done in the absence of added ATP, and each bar graph is the median± interquartile range of four replicates from two independent experi-
ments; (∗) P<0.05, Mann–Whitney test.
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4E; Supplemental Fig. S4). These data, along with splicing
complexanalysis vianativegelelectrophoresis that indicate
a deficiency in pre-spliceosome formation on F3i11wt-
tobra (Supplemental Fig. S5), demonstrate that the C-
rich/U-poor py tracts of FOXP3 introns impede their ability
to efficiently convert CCs to pre-spliceosome complexes.
Furthermore, the difference in pre-spliceosome assembly
is more pronounced than the differences observed in CC
formation between F3i11wt-tobra and F3i11pU-tobra.

5′′′′′SS and py tract are necessary for recruitment of
DDX39B to FOXP3 introns

Despite the marked difference (>20 times) in U2AF2 abun-
dancebetweenF3i11wt-tobraandF3i11pU-tobra (Fig.4C),
it was surprising to observe no statistically significant differ-
ence in the abundance of DDX39B on the two RNAs. Given
the transient interactions ofDDX39Bwith the spliceosome,
wehypothesized that the reasonbehind this paradox could
be attributed to the differences in the substrate splicing ki-
netics. To test this, we conducted the tobramycin RAC ex-
periment and measured the abundance of U2AF2 and

DDX39B on F3i11wt-tobra and F3i11pU-tobra over time
(Fig. 5A; Supplemental Fig. S6A). At the earliest time we
could measure, which we label 0 min, there was approxi-
mately threefold more binding of U2AF2 to F3i11pU-tobra
than F3i11wt-tobra (Fig. 5A; Supplemental Fig. S6A). From
0 to 15min of incubation under splicing conditions, U2AF2
abundance decreased on F3i11wt-tobra, while U2AF2 in-
creased by approximately threefold on F3i11pU-tobra
(Fig. 5A; Supplemental Fig. S6A). At 30 min of incubation,
U2AF2 abundance decreased on both constructs but to a
greater extent (∼90%) on F3i11wt-tobra (Fig. 5A;
SupplementalFig.S6A).At0min, therewas little tonobind-
ing of DDX39B to either construct (Fig. 5A; Supplemental
Fig. S6A). From 0 to 15 min, there was an increase of
DDX39B abundance on both constructs, albeit a more ro-
bust increase on the F3i11pU-tobra construct (Fig. 5A;
Supplemental Fig. S6A). At 30 min of incubation, the bind-
ingofDDX39BmodestlydecreasedonF3i11wt-tobrawhile
it decreased by approximately threefold on F3i11pU-tobra
(Fig. 5A; Supplemental Fig. S6A). These data show that the
most pronounced differences in U2AF2 andDDX39Bbind-
ing between the two constructs occur at 15 min of IVS

A

B
E

C

D

FIGURE4. Inefficient pre-spliceosome formation on FOXP3 intron 11. (A) Diagramof a pre-spliceosome complex. In the presence of ATP and two
DExD-box helicases, DDX46 andDDX39B (DDX39A), SF1 is displaced from the BPS, allowing for U2 snRNP to bind and form the pre-spliceosome
(createdwith BioRender). (B) Abundanceof U1 snRNP components on F3i11wt-tobra and F3i11pU-tobra. (C ) Abundance of SF1 andU2AFhetero-
dimersonF3i11wt-tobraandF3i11pU-tobra. (D) AbundanceofU2 snRNPcomponentsonF3i11wt-tobra andF3i11pU-tobra. InB–E, all incubations
are in thepresenceof addedATP, andeachbar graph is themedian± interquartile rangeof four replicates from two independent experiments; (∗)P
<0.05, Mann–Whitney test.

DDX39B-dependent FOXP3 introns

www.rnajournal.org 829

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079933.123/-/DC1


incubation. When considered alongside Figure 1C, these
data suggest that differences in the splicing kinetics of the
two substrates can explain why there is no difference in
DDX39B but a dramatic difference in U2AF2 binding at
30 min.

To further understand the influence of the py tract on its
interactions with U2AF2 andDDX39B, we created hemi-in-
tron versions of the F3i11-tobra constructs in which we de-
leted the 10 nt of FOXP3 exon 11 and the first 119 nt of
intron 11 and refer to these RNAs as F3i11wt3′end-tobra
and F3i11pU3′end-tobra (Supplemental Fig. S6B).
Because these hemi-intron RNAs have no 5′SS, there
should be very little binding of the U1 snRNP (as measured
with U1-70K), and indeed this is what we observe (Fig. 5B;
Supplemental Fig. S6C). The binding of U2AF2 to these
hemi-intron RNAs is the same as observed for their full-
length counterparts (Fig. 5B; Supplemental Fig. S6C). The
binding of DDX39B to these substrates was ATP-depen-
dent as observed with the full-length constructs (Fig. 5B;
Supplemental Fig. S6C). Nevertheless, DDX39B bound
both hemi-intron substrates equally in contrast to what
was observed with the full-length substrates (Fig. 5B;
Supplemental Fig. S6C). These data suggest that both the
5′SS andpy tract ofFOXP3 intron11are required for proper
recruitmentofDDX39B to the intronandareconsistentwith
knownATP-dependent interactions betweenDDX39B and
both the U1 snRNP and U2AF2 (Fleckner et al. 1997;
Martelly et al. 2021).

Splicing of FOXP3 introns is sensitive to U2AF2-
mediated recruitment of DDX39B

To further examine the relationship of U2AF2 andDDX39B
on the splicing of FOXP3 introns, we sought to explore the
importance of py tract U residues in determining howsensi-
tive an intron is to DDX39B levels. The requirement for U
residues is not evenly distributed among the length of the
py tract and those in the distal half of the py tract relative
to the 3′SS are most critical for U2AF2 binding (Glasser
et al. 2022). This is due to the differential discrimination of
the RNA recognitionmotifs (RRMs) of U2AF2 for non-U res-

idues. RRM1binds the proximal half of
the py tract relative to the 3′SS, while
RRM2 binds the distal half (Sickmier
et al. 2006). While RRM1 binding is
only modestly affected by Cs, RRM2
is more sensitive to the presence of
Cs (Jenkins et al. 2013; Agrawal et al.
2014).Wemade a series of splicing re-
porters in which wemutated the distal
half (distU) or proximal half (proxU) of
the FOXP3 intron 11 py tract to a
stretch of five consecutive U residues
or both halves of the py tract with two

stretches of 5 Us (polyU.v2) (Fig. 6A). The polyU.v2 splicing
reporter is very similar to our previously tested polyU splic-
ing substrate. HeLa cells were treated with either siNSC or
siDDX39B siRNAs (Fig. 6B) and then transfected with the
splicing reporters. As we have previously shown, depletion
of DDX39B led to a significant decrease (P<0.0001; one-
wayANOVA) in splicing efficiencyofFOXP3 intron11wt re-
porter (F3i11_wt) (Fig. 6C).Mutating thedistal half of the py
tract (F3i11_distU) increased the overall splicing efficiency
to 86% and abrogated DDX39B sensitivity (Fig. 6C). On
the contrary, mutating the proximal half (F3i11_proxU) in-
creased the overall splicing efficiency of the reporter, but
did not abrogate DDX39B sensitivity (Fig. 6C). Lastly, mu-
tating both halves of the py tract (F3i11_polyU.v2) in-
creased the splicing efficiency to 88% and abrogated
DDX39B sensitivity (Fig. 6C). Together these data imply
that thedistal half of thepy tract confersDDX39B sensitivity
and is consistent with the fact that RRM2 of U2AF2 is more
sensitive to the presence of Cs compared to RRM1 (Jenkins
et al. 2013; Agrawal et al. 2014).

DISCUSSION

We have previously demonstrated that C-rich/U-poor py
tracts of FOXP3 introns cripple their ability to splice effi-
ciently. This is consistent with work we did 30 years ago
when our group showed that replacing eight consecutive
Us with 13 Cs in the py tract of a splicing substrate abrogat-
ed its ability to splice and form splicing complexes in vitro
(Roscigno et al. 1993). Furthermore, these C-rich/U-poor
py tracts of FOXP3 introns confer sensitivity to DDX39B ex-
pression. To further understand themechanism underlying
this effect, we developed an IVS system that recapitulated
what we previously reported (Figs. 1 and 2; Supplemental
Figs. S1 and S2). Furthermore, our data imply that FOXP3
introns are spliced inefficiently due to a deficiency of both
commitment and pre-spliceosome complex formation. All
proteins that assemble on pre-mRNA to form CC were de-
creased, with the majority being decreased significantly,
on F3i11wt-tobra compared to its U-rich counterpart,
F3i11pU-tobra (Fig. 3). Given that the only difference be-
tween the two constructs is the py tract sequence, it was

A B

FIGURE 5. Recruitment of DDX39B to FOXP3 intron 11 requires its 5′SS and py tract. Western
blot analyses of U2AF2 and DDX39B binding to (A) full-length constructs F3i11wt-tobra and
F3i11pU-tobra, or (B) hemi-intron constructs F3i11wt3′end-tobra and F3i11pU3′end-tobra, af-
ter 0, 15, and 30 min of IVS incubation. Each panel represents triplicate experiments with full-
length constructs or duplicate experiments with hemi-intron constructs using different nuclear
extract preparations.
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interesting toobserve∼50% lessbindingofU1 snRNPcom-
ponents to the F3i11wt-tobra construct (Fig. 3B). These
data imply that binding of the U1 snRNP components to
the 5′SS depends not only on the 5′SS sequence but also
on the py tract sequence and its interactions with other
trans-acting proteins (Wu and Maniatis 1993; Abovich and
Rosbash 1997).
Considering that FOXP3 introns have C-rich/U-poor py

tracts and that these py tracts serve as poor substrates for
U2AF2 binding (Sickmier et al. 2006; Glasser et al. 2022),
it was not surprising that we observed significantly less
U2AF2 binding to F3i11wt-tobra compared to F3i11pU-
tobra (Fig. 3C). U2AF2 directly interacts with SF1, which
binds the BPS, and U2AF1, which binds the 3′SS, so it was
also not surprising that we detected less binding of both
proteins on F3i11wt-tobra compared to F3i11pU-tobra
(Fig. 3C). Our group and others have shown ATP-indepen-
dent binding of U2 snRNP components to pre-mRNA dur-
ing CC assembly (Jamison and Garcia-Blanco 1992;
Gozani et al. 1998),which iswhatweobservedonboth con-

structs but significantly less on
F3i11wt-tobra (Fig. 3E). Furthermore,
it hasbeenshown that someATP-inde-
pendent U2 snRNP complexes could
be chased to splice (Perriman and
Ares 2000). When ATP/CP was added
to this IVS system to visualize pre-spli-
ceosome formation, the difference in
abundance of SF1, U2AF hetero-
dimer, and components of the U2
snRNP between F3i11wt-tobra and
F3i11pU-tobra was compounded
(Fig. 4C,E). It appears that the abun-
dance of those proteins did not in-
crease in the presence of ATP/CP on
F3i11wt-tobra but drastically in-
creased on F3i11pU-tobra (Figs. 3
and4). Thesedata suggest that the ini-
tial binding of U2AF2 on F3i11pU-
tobra drives the splicing reaction for-
ward, while its binding on F3i11wt-
tobra is suboptimal andperhaps forms
“functionallydead/weak”CC, thereby
hindering theabilityofproperpre-spli-
ceosome assembly on FOXP3 introns.

Formation of the pre-spliceosome
complex is ATP-dependent and isme-
diated by DExD-box RNA helicases,
including DDX46, DDX39B, and pos-
sibly DDX39A (Fig. 4A). Although the
difference in DDX46 abundance was
not statistically different between the
two constructs, there was ∼50% less
binding to F3i11wt-tobra compared
to F3i11pU-tobra. This is in line with

the fact thatDDX46 interactswith theU2 snRNP to facilitate
its binding and stabilization to the BPS (Liang and Cheng
2015; Zhang et al. 2021). On the contrary, the abundance
of the twoDDX39paralogson the twoconstructs is quite in-
teresting. As previously mentioned, the role of DDX39A in
splicing has not been specified, as many of the studies on
splicing focus on its 90% identical paralog, DDX39B.
Nonetheless, our data demonstrated that DDX39A deple-
tion does not phenocopy the decrease in splicing of
FOXP3 introns observed upon DDX39B depletion.
However, overexpressing DDX39A in DDX39B-depleted
cells can rescue the splicing of FOXP3 introns (Banerjee
et al. 2024). Moreover, here we show that DDX39A binds
to both constructs in the absence of ATP/CP, and its abun-
dance is increased on both constructs in the presence of
ATP/CP, albeit significantly more on F3i11pU-tobra (Fig.
4D). Together these data suggest that DDX39A responds
to ATP/CP addition similar to its paralog DDX39B and
DDX46, and can possibly substitute for DDX39B in pre-
mRNA splicing.

A

C

B

FIGURE6. Cytidines in thedistal half of thepy tract ofFOXP3 intron11mediate its sensitivity to
DDX39B. (A) SchematicdiagramofFOXP3 intron11 splicing reporters. The sequenceofFOXP3
intron11was inserted into theopen reading frameof Renilla luciferase. The sequenceof all con-
structs remains the same except for the py tract sequence (20 nt upstream of the 3′SS).
Highlighted in pink are nucleotide changes made to Rluc-F3i11_wt to create a stretch of five
Us in the distal half of the py tract (Rluc-F3i11_distU), proximal half (Rluc-F3i11_proxU), or in
both halves of the py tract (Rluc-F3i11_polyU.v2). Black arrows represent the location of primers
used for end point PCR to quantify splicing efficiency (created with BioRender). (B)
Quantification of siRNA-mediated depletion of DDX39B (siDDX39B) compared to siNSC.
Quantification represents the average±SD of nine biological replicates from three indepen-
dent experiments; (∗∗∗∗)P<0.0001, Student’s t-test. (C ) Endpoint PCRanalysis ofFOXP3 intron
splicing from the FOXP3 intron 11 py tract mutant splicing reporters in HeLa cells treated with
siNSC or siDDX39B. Quantification represents the average±SD of nine biological replicates
from three independent experiments; (∗∗∗∗) P<0.0001, one-way ANOVA.
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The recruitment of DDX39B to the
intron is mediated by the binding of
U2AF2 to the py tract and allows for
SF1 to be displaced from the BPS to
enable U2 snRNP binding (Fleckner
et al. 1997; Kistler and Guthrie 2001).
The binding of U2AF2 to the py tract
depends on its strength, specifically
RRM2 recognition of a U-rich distal
half mediates a conformational change
that allows RRM1 to bind the proximal
half of the py tract (Mackereth et al.
2011). Because DDX39B interacts with
U2AF2 through a region that includes
the RRM1 (Fleckner et al. 1997), proper
binding of U2AF2 to the py tract is es-
sential for DDX39B recruitment and
binding to the intron. In fact, this is con-
sistentwith ourobservation thatU2AF2
and DDX39B bound F3i11pU-tobra
better than F3i11wt-tobra (Fig. 5A;
Supplemental Fig. S6A). Nevertheless,
whenwedisrupt the5′SS inhemi-intron
RNAs, we do not observe more
DDX39B binding to the polyU py tract
(F3i11pU3′end-tobra) than F3i11wt3′

end-tobra (Fig. 5B; Supplemental Fig.
S6C). These data indicate that concur-
rent binding of the U1 snRNP to the 5′SS and U2AF2 to the
py tract are critical for proper recruitment of DDX39B to
FOXP3 introns. Given that both the 5′SS and py tracts of
FOXP3 introns are weak (Hirano et al. 2023), simultaneous
binding of the U1 snRNP and U2AF2 to the introns is infre-
quent,which isunfavorable in recruitingDDX39Bandcanex-
plain the DDX39B-dependence of FOXP3 introns.

Nine of eleven FOXP3 introns have C-rich/U-poor py
tracts and are conserved in vertebrates (Hirano et al.
2023). Due to their weak py tracts characterized by these
C-rich/U-poor sequences, anyaberrations to SFs thatmedi-
ate their proper splicing can lead to an increase of retained
FOXP3 introns. We propose a model in which suboptimal
binding of U2AF2 to py tracts of FOXP3 introns, primarily
due to the poor ability of U2AF2 RRM2 to accommodate
C residues, leads to a twofold decrease of CC assembly
compared towhat isobserved in intronswithU-richpy tracts
(Fig. 7A). More importantly, the transition from CC to pre-
spliceosome complex formation on FOXP3 introns is ap-
proximately three times less efficient than in introns with
U-rich py tracts (Fig. 7A). We attribute this to the fact that
U2AF2 conformation is altered when its RRM2 interacts
with C residues. Our proteomic data suggest that pre-spli-
ceosomecomplexes formedon intronswithU-rich py tracts
progress into spliceosomeandactivatedspliceosomecom-
plexes (represented with ∗ in Fig. 7A). These data suggest
that the quality of U2AF2 binding to py tracts influences

the transition from commitment to pre-spliceosome com-
plex formation through its ability to recruit DDX39B.
When DDX39B is reduced (by ∼50%, denoted by ∗ in Fig.
7B), as in individuals homozygous for the MS risk allele, A,
of SNP rs2523506 in its 5′UTR (Galarza-Muñoz et al.
2017), the transition from CC to pre-spliceosome is drasti-
cally reduced (Fig. 7B). The result is intron retention, de-
creased FOXP3 protein, and impaired immune function.

MATERIALS ANDMETHODS

Cell culture

HeLa cells were purchased fromATCC (CCL-2) and grown at 37°C
in Dulbecco’s modified Eagle medium (DMEM) (Genesee
Scientific) with 10% fetal bovine serum (FBS) (Genessee
Scientific) and 1% (v/v) penicillin–streptomycin (Thermo Fisher
Scientific). Cells were tested for mycoplasma contamination using
MycoAlert Mycoplasma Detection Kit (Lonza).

Plasmids

PIP7A plasmid was previously described (Gil et al. 1991). To con-
struct PIP7A-F3i11wt and PIP7A-F3i11pU plasmids, synthesized
DNA fragments were purchased from Integrated DNA
Technologies and subcloned intoPIP7AatKpnI andHindIII restric-
tion enzyme sites. To construct tobramycin aptamer-containing

A

B

FIGURE 7. Inefficient transition from commitment to pre-spliceosome complex assembly on
FOXP3 introns is dependent on DDX39B levels. (A) Comparison of commitment and pre-spli-
ceosome complex assembly on FOXP3 intron wt and FOXP3 intron pU. Dark gray boxes repre-
sent 5′ and 3′ exons that are intercepted by an intron (light gray) with a C-rich (C) or U-rich (U) py
tract. (Key: U1 snRNP=blue circle and RNA structure, SF1=green circle, RRM1 and RRM2 of
U2AF2=orange circles, U2AF1= yellow circle, U2 snRNP=purple circle and RNA structure,
DDX39B= red star; created with BioRender.) (B) Representative graph depicting the depend-
ency of FOXP3 intron wt compared to FOXP3 intron pU on DDX39B levels to transition from
CCtopre-spliceosome(A) complex.NormalexpressionofDDX39B is representedby^,andde-
creased expression (∼50%) of DDX39B is represented by ∗ (created with BioRender).
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plasmids, F3i11wt-tobra, F3i11pU-tobra, F3i11wt3′end-tobra,
and F3i11pU3′end-tobra, synthesized DNA fragments were pur-
chased from Integrated DNA Technologies and subcloned into
pcDNA5 plasmid at HindIII and NotI restriction enzyme sites.
FOXP3 intron 11 wt splicing reporter plasmid was previously de-
scribed (Hirano et al. 2023). To construct FOXP3 intron 11 py tract
mutant splicing reporters, synthesized DNA fragments were pur-
chased fromTwist Bioscience and subcloned into pcDNA3.1 plas-
mid at KpnI and NotI restriction enzyme sites. All constructs were
confirmed by Sanger sequencing (Azenta).

In vitro splicing

Uniformly [α-32P]-UTP radiolabeledRNAswere transcribedwithT7
RNA polymerase (New England Biolabs) from PIP7A-based tem-
plates that were linearized with HindIII. The labeling reaction con-
sisted of 1× T7 reaction buffer, 2 µL T7 RNA polymerase mix, 1 µg
ofDNAtemplateand final concentrationsof 1mMATP,1mMCTP,
0.2 mM GTP, 4 µM UTP, 2 µM [α-32P]-UTP (BLU507X250UC,
Revvity), 0.8 mM m7G cap analog, and 5 mM DTT (all reagents
fromNewEngland Biolabs unless noted). Reactions were incubat-
ed at 37°C for 6 h. Twomicroliters of DNase I was then added and
reactions were incubated at 37°C for an additional 15 min. RNAs
were then isolated using TRIzol LS (Invitrogen), following theman-
ufacturer’s protocol.

Splicing reactions were performed as described previously
(Jamison et al. 1992). For each 25 µL splicing reaction, 5×105

cpm of [α-32P]-UTP radiolabeled RNA was incubated at 30°C
with a splicing mixture composed of final concentrations of 33%
(v/v) nuclear extract (prepared following methods described by
Dignam et al. 1983 and Lee et al. 1988), 62 mM KCl, 2 mM
MgCl2, 1 mM ATP, and 5 mM CP. Reactions were immediately
placed on ice and the volumes were brought up to 75 µL with nu-
clease-freewater (Ambion). To stop the splicing reactions, 75 µL of
high salt buffer (10 mM Tris-HCl [pH 7.5], 50 mM EDTA, 7 M urea,
0.1 M LiCl, 0.5% SDS) was added. To identify splicing intermedi-
ates, RNA was extracted using TRIzol LS (Invitrogen) following
the manufacturer’s protocol, and then subjected to electrophore-
sis on a 15% denaturing TBE–urea gel (SequaGel) at 15 W for 4
h. The gel was then fixed in a solution of 10% methanol and 10%
acetic acid for 30 min. The gel was visualized by exposing it to a
phosphorimaging screen for 2 h at−80°C, and the image was de-
velopedusing aphosphorimager (TyphoonFLAandTyphoonTrio
+). Splicing efficiency was measured by densitometry analysis in
ImageJ and quantified as (spliced/[spliced+unspliced]) × 100.

To identify splicing complexes formed on F3i11-IVS substrates,
uniformly [α-32P]-UTP radiolabeledRNAswere transcribedwith T7
RNA polymerase (New England Biolabs) from templates PCR am-
plified from F3i11wt-tobra and F3i11pU-tobra plasmids using for-
ward primer 5′-TGACCTCCATAGAAGACACC-3′ and reverse
primer 5′-CTATACTAAGCCGGATCCCC-3′. The labeling reaction
and RNA isolation methods were described above. These RNAs
were then incubated at 30°C with splicingmixtures for a designat-
ed amount of time. Following incubation, heparin was added to a
final concentrationof 0.5mg/mLand the reactionwas incubatedat
30°C for an additional 5min. The reactionswere then subjected to
native gel (4% polyacrylamide/50 mM Tris-glycine) (Konarska and
Sharp 1987) electrophoresis at 200 V for 3 h, then transferred to
Whatman paper and dried at 80°C for 1 h. The dried gel was ex-

posed to a phosphorimaging screen for 8–14 h anddevelopedus-
ing a phosphorimager (Typhoon Trio+).
To visualize the splicing efficiency of F3i11-IVS substrates, RNAs

were transcribed from DNA templates prepared as above. The in
vitro transcription reaction consisted of 1× T7 reaction buffer, 2
µL T7 RNA polymerase mix, 1 µg of DNA template and final con-
centrations of 10 mM ATP, CTP, and UTP, 2 mM GTP, 8 mMm7G
cap analog, and 5 mM DTT (all reagents from New England
Biolabs). Reactions were incubated at 37°C overnight. Twomicro-
liters of DNase I was then added and reactions were incubated at
37°C for an additional 15 min. RNAs were then isolated using
TRIzol LS (Invitrogen), following the manufacturer’s protocol.
These RNAs were then incubated with splicing mixtures in the ab-
sence or presence of ATP/CP at 30°C for 90 min. Reactions were
immediately placed on ice, the volumes were brought up to 75
µL with nuclease-free water (Ambion), and the splicing reactions
were stopped with the addition of 75 µL of the high salt buffer.
RNAs were then extracted using an RNA Clean & Concentrator
kit (Zymo Research), following the manufacturer’s protocol.
Reverse transcription was performed on total RNA using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific), following the manufacturer’s protocol. To visualize the
splicing efficiency of these substrates, end point PCR (2X Taq
Master Mix, New England Biolabs) was conducted with forward
primer 5′-CCCTATAGTGCACCTGGAAG-3′ and reverse primer
5′-CTATACTAAGCCGGATCCCC-3′. The thermocycling condi-
tions were 95°C for 30 sec, followed by 45 cycles of 95°C for 30
sec, 58°C for 30 sec, 68°C for 30 sec, and final extension at 68°C
for 5 min. PCR products were detected by electrophoresis on a
6% TBE gel (Invitrogen), stained with 1× SYBR Gold Nucleic Acid
Gel Stain (Thermo Fisher Scientific) for 10min, and then visualized
with a UV transilluminator.

FOXP3 splicing reporter assays

A total of 5×104 HeLa cells were seeded in 24-well plates and re-
verse transfected at a final concentrationof 10nMwith a siNSC (all-
stars nontargeting control, Qiagen) or a DDX39B-targeting
(siDDX39B: Hs_BAT1_13, Qiagen) siRNA using Lipofectamine
RNAiMAX Transfection Reagent (Thermo Fisher Scientific). After
24 h, 500 ng of tobramycin aptamer-containing constructs (Fig.
2) or 500 ng of FOXP3 intron 11 py tract mutant constructs (Fig.
6) were transfected using Lipofectamine 3000 (Thermo Fisher
Scientific), and themedia was changed 6 h later. At 24 h post plas-
mid transfection, total RNA was isolated and protein was
harvested.
RNA was isolated using a Direct-zol RNA kit with on-column

DNase I treatment (Zymo Research), following the manufacturer’s
protocol. Reverse transcriptionwasperformedwith 500 ngof RNA
using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), following the manufacturer’s protocol. To quan-
tify the splicing efficiency of the tobramycin aptamer-containing
constructs, end point PCR (2X Taq Master Mix, New England
Biolabs) was conducted with forward primer 5′-CCCTATAGTGC
ACCTGGAAG-3′ and reverse primer 5′-CTATACTAAGCCGG
ATCCCC-3′. The thermocycling conditions were 95°C for 30 sec,
followed by 35 cycles of 95°C for 30 sec, 58°C for 30 sec, 68°C
for 30 sec, and final extension at 68°C for 5 min. To measure the
splicing efficiency of the FOXP3 intron 11 py tract mutant
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constructs, end point PCRwas performed using forward primer 5′-
TT GGTATGGGCAAATCAGGC-3′ and reverse primer 5′-
TGGACG ACGAACTTCACCTT-3′. The thermocycling conditions
were 95°C for 30 sec, followed by 18 cycles of 95°C for 30 sec,
59°C for 30 sec, 68°C for 30 sec, and final extension at 68°C for 5
min. PCR products were detected by electrophoresis on a 6%
TBE gel (Invitrogen) and stained with 1× SYBR Gold Nucleic Acid
Gel Stain (Thermo Fisher Scientific) for 10 min then visualized
with a UV transilluminator. Splicing efficiency was measured by
densitometry analysis in ImageJ and quantified as (spliced/
[spliced+unspliced]) × 100.

Whole-cell lysates were harvested in 1× RIPA buffer (Cell
Signaling Technologies) supplementedwith 1×protease inhibitor
cocktail (Cell Signaling Technologies). Lysateswere centrifuged at
13,000g for 15 min at 4°C, and protein concentration was quanti-
fied by BCA (Thermo Fisher Scientific). For western blot analysis,
15 µg of total protein prepared in 1× LDS sample buffer
(GenScript) supplemented with 5% 2-mercaptoethanol was incu-
bated at 70°C for 10 min and loaded on 4%–12% precast PAGE
gels (GenScript), transferred to nitrocellulose membranes (Bio-
Rad), and blotted with antibodies against DDX39B (1:5000;
ab18106, Abcam) and β-actin (1:2000; sc-47778, Santa Cruz) as a
loading control.

Tobramycin RNA affinity chromatography

Tobramycin RNA affinity chromatography was carried out as de-
scribed by Hartmuth et al. (2004) and analyzed by western blot
andmass spectrometry. RNAswere transcribedwith T7 RNApoly-
merase from tobramycin aptamer-containing templates linearized
with NotI. Reactions consisted of 1 µg of DNA template and final
concentrations of 1× T7 reaction buffer, 10 mM each of ATP,
GTP, UTP, and CTP, 5 mM DTT, and 2 µL T7 RNA polymerase
mix. Reactions were incubated at 37°C for 16 h. Two microliters
of DNase I was then added to the reaction and incubated at
37°C for 15 min before RNAs were isolated using TRIzol LS
(Invitrogen), following the manufacturer’s protocol.

Tobramycin-coupled Sepharose matrix was prepared following
the protocol in Hartmuth et al. (2004). Briefly, 1mL ofNHS-activat-
ed Sepharose (Cytiva) was washed four times with 4.5 mL of 1 mM
HCl then incubatedwith1mLof5mMtobramycin in couplingbuff-
er (0.2M NaHCO3, 0.5M NaCl, pH 8.3 [NaOH]) at 4°C overnight.
The tobramycin matrix was then collected by centrifugation at
250g for 5 min and then incubated with 8 mL of blocking buffer
A (0.2 M NaHCO3, 0.1 M NaCl, 1 M ethanolamine, pH 8.0 [HCl])
for2hat roomtemperaturewithhead-over-tail rotation.Thematrix
was then collected by centrifugation at 250g for 5min andwashed
three timeswith 10mLof PBSand stored in 2mLof PBS containing
0.02% NaN3 at 4°C.

To prepare tobramycin matrix-bound RNA, a packed tobramy-
cinmatrix volumeof 15µLwas blocked in 250µLof blockingbuffer
B (20 mM Tris-HCl [pH 8.1 and 21°C], 1 mM CaCl2, 1 mMMgCl2,
300 mM KCl, 0.1 mg/mL tRNA, 0.5 mg/mL BSA, 0.01% NP-40,
0.2 mM DTT) at 4°C overnight with head-over-tail rotation. The
tobramycin matrix was then collected by centrifugation at 250g
for 5 min and then incubated with RNAs. To prepare RNAs, 60
pmol of RNA was added to 400 µL of binding buffer (20 mM Tris-
HCl [pH 8.1 and 21°C], 1 mM CaCl2, 1 mM MgCl2, 145 mM KCl,
0.1 mg/mL tRNA, 0.2 mM DTT), and the mixture was heated at

95°C for 5 min. The RNA-binding buffer mixture was then cooled
to roomtemperature for 15–30minbeforebeingadded to thepre-
blocked tobramycin matrix. This RNA and tobramycin matrix mix-
ture was then incubated at 4°C for 1–1.5 h with head-over-tail
rotation. The tobramycin matrix-bound RNA was then collected
by centrifugation at 250g for 5 min and then washed three times
with 1 mL of RNA washing buffer (20 mM Tris-HCl [pH 8.1 and
21°C], 1 mM CaCl2, 1 mM MgCl2, 145 mM KCl, 0.1% NP-40, 0.2
mMDTT). The RNAs bound the tobramycinmatrix at an efficiency
of 55%–58%, which is similar to Hartmuth et al. (2004).

To identify proteins bound to the RNAs, tobramycin matrix-
bound RNA was incubated at 30°C with head-over-tail rotation
with the IVS mixture consisting of final concentrations of 33%
(v/v) precleared nuclear extract, 62 mM KCl, 2 mM MgCl2, 1 mM
ATP, and 5 mM CP. ATP and CP were omitted from the splicing
mixture indesignated−ATPsamples.After incubationunder splic-
ing conditions for a designated amount of time, the tobramycin
matrix-bound RNA was centrifuged at 250g for 5 min at 4°C and
washed three times with 500 µL of W150 buffer (20 mM Tris-HCl
[pH 8.1 at 21°C], 1 mM CaCl2, 1 mM MgCl2, 150 mM KCl, 0.1%
NP-40, 0.2 mM DTT). To elute the RNA and interacting proteins,
125 µL of elution buffer (20 mM Tris-HCl [pH 8.1 at 21°C], 1 mM
CaCl2, 3 mM MgCl2, 145 mM KCl, 5 mM tobramycin, 0.2 mM
DTT) was added to the matrix and incubated at 4°C for 10 min
with head-over-tail rotation. The eluates were collected by centri-
fugation at 250g for 5 min at 4°C and stored at−20°C until further
analysis. It is important to note that 85%–90% of the tobramycin
matrix-bound RNA was released upon elution, which is similar to
Hartmuth et al. (2004).

For western blot analysis, 20 µL of eluates prepared in 1× LDS
sample buffer (GenScript) supplemented with 5% 2-mercaptoe-
thanol were incubated at 70°C for 10 min and loaded on 4%–

12% precast PAGE gels (GenScript), transferred to nitrocellulose
membranes (Bio-Rad), and blotted with antibodies against
DDX39B (1:5000; ab18106, Abcam), U2AF2 (1:2000; U4758,
Sigma), U1-70K (1:2000; 05-1588, EMD Millipore) and SF3B1
(1:1000; 14434S, Cell Signaling Technologies).

Mass spectrometry analysis

Formass spectrometry analysis, eluateswere sent to theUniversity
of Texas Medical Branch Mass Spectrometry Facility. Samples
were prepared according to standard proteomic sample prep
workflow, which includes reduction and alkylation of cysteines
and S-trap-based trypsin digestion. Briefly, 1 µL of benzonase
(70664-10KUN, MilliporeSigma) was added to 25 µL of the eluate
andheatedat 37°C for 30min. Twenty-fivemicroliters of 10%SDS,
100mMtetraethylammoniumbicarbonate (TEAB,pH7.1) and1µL
of 0.25M Tris(2-carboxyethyl)phosphine (TCEP) (77720, Thermo
Fisher Scientific) was added and the mixture was heated to 65°C
for 30 min. The sample was then cooled to room temperature
and 1 μL of 0.5M iodoacetamide was added and allowed to react
for 30 min in the dark. Then, 2.7 μL of 12% phosphoric acid was
then added to the protein solution followed by 165 μL of S-Trap
buffer solution (90% Methanol, 100 mM TEAB final; pH 7.1). The
resulting solution was administered to an S-Trap spin column
(Protifi) and passed through the column using a bench-top centri-
fuge at 4000g for 30 sec. The spin column was then washed two
times with 150 μL of delipidation wash (50% MTBE/50% MeOH)
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and centrifuged at 1200 rpm for 1 min. The spin column was then
washed two times with 150 μL of S-Trap buffer solution and centri-
fuged at 1200 rpm for 1 min. Trypsin (V5280, Promega) was then
added to the protein mixture in a ratio of 1:25 in 50 mM TEAB,
pH 8, and incubated at 37°C overnight. Peptides were eluted
with 75 µL of 50% acetonitrile (ACN), 0.2% formic acid followed
by 75 µL of 80% ACN, 0.2% formic acid, and centrifuged at 1200
rpm for 1 min. The combined peptide solution was then dried in
a speed vacuum at room temperature for 1.5 h and resuspended
in 2% ACN, 0.1% formic acid, and 97.9% water. A total of 20 µL
of each sample was added in an autosampler vial.

Peptide mixtures were analyzed by nanoflow liquid chromatog-
raphy-tandem mass spectrometry (nanoLC–MS/MS) using a
nanoLC chromatography system (UltiMate 3000 RSLCnano,
Dionex), coupled online to a Thermo Orbitrap Eclipse mass spec-
trometer (Thermo Fisher Scientific) through a nanospray ion
source. A direct injection method is used onto an analytical col-
umn;Aurora (75 µm×25 cm, 1.6 µm) from (ionopticks). After equil-
ibrating the column in 98% solvent A (0.1% formic acid in water)
and 2% solvent B (0.1% formic acid in ACN), the samples (2 µL in
solvent A) were injected (300 nL/min) by gradient elution onto
the C18 column as follows: isocratic at 2% B, 0–10 min; 2%–27%
10–98 min, 27%–45% B, 98–102 min; 45%–90% B, 102–103 min;
isocratic at 90% B, 103–104 min; 90%–15%, 104–106 min; 15%–

90% 106–108 min; isocratic for 2 min; 90%–2%, 110–112 min;
and isocratic at 2% B, till 120 min. All LC–MS/MS data were ac-
quired using an Orbitrap Eclipse in positive ion mode using a top
speed data-dependent acquisition (DDA) methodwith a 3-sec cy-
cle time. The survey scans (m/z 375–1500) were acquired in the
Orbitrap at 50,000 resolution (at m/z=400) in profile mode, with
a maximum injection time of 100 msec and an AGC target of
400,000 ions. The S-lens RF level was set to 30. Isolation was per-
formed in the quadrupole with a 1.6-Da isolation window, and
HCD MS/MS acquisition was performed in profile mode using
the orbitrap at a resolution of 7500 using the following settings:
parent threshold=5000; collision energy=30%; using the default
settings. Monoisotopic precursor selection (MIPS) and charge
state filtering were on, with charge states 2–6 included.
Dynamic exclusion was used to remove selected precursor ions,
with a ±10 ppm mass tolerance, for 60 sec after the acquisition of
one MS/MS spectrum.

Tandemmass spectrawereextractedandchargestatedeconvo-
luted using Proteome Discoverer 2.5 (Thermo Fisher Scientific).
Deisotopingwasnotperformed.AllMS/MSspectraweresearched
against a Uniprot Human database using Sequest. Searches were
performed with a parent ion tolerance of 5 ppm and a fragment
ion tolerance of 0.60 Da. Trypsin was specified as the enzyme, al-
lowing for two missed cleavages. Fixed modification of carbami-
domethyl (C) and variable modifications of oxidation (M) and
deamidation were specified in Sequest. The processing nodes
were Spectrum Files RC, Spectrum Selector, Sequest HT,
Percolator, and also included Minora Feature Detector. The con-
sensus nodes were MSF Files, Feature Mapper, Precursor Ions
Quantifier, and also included PSM Grouper, Peptide Validator,
Peptide and Protein Filter, and Protein Annotation. To quantify
peptide abundance, the intensities of the top three peptides for
each protein were averaged and referred to as raw protein abun-
dance values. For peptides that had missing values, low abun-
dance resampling was conducted to replace the missing values
with randomvalues sampled fromthe lower5%ofdetectedvalues.

The raw protein abundance values for each protein were then nor-
malized to the sample with the highest total peptide amount and
referred to as normalized protein abundance values.
We elected to represent themedian± interquartile range of the

raw, as opposed to normalized, protein abundance values for each
of the four conditions (Figs. 3 and 4). Our rationale for this is that
these RNAs are being incubated with nuclear extract and splicing
conditions in order to specifically identify differences in their splic-
ing complex formation. Therefore, the rawprotein abundance val-
ues in the eluates are a representation of thebiological differences
between splicing complexes being formed on F3i11wt-tobra and
F3i11pU-tobra. Furthermore, Supplemental FigureS3displays the
log10 transformed raw protein abundance values of all proteins in
each replicate of each condition (−ATP:F3i11wt-tobra= light
blue, −ATP:F3i11pU-tobra= light orange, +ATP:F3i11wt-tobra=
blue, +ATP:F3i11pU-tobra=orange) and indicates that the differ-
ences in total abundance is not statistically significant (Mann–
Whitney test) between F3i11wt-tobra and F3i11pU-tobra in both
minus and plus ATP conditions.

Data analysis and statistics

Bar graphs in Figures 1 and2 represent themean±SDand the sta-
tistical tests performedwere Student’s t-test. Bar graphs in Figures
3and4andSupplemental Figures S3 andS4 represent themedian
± interquartile range and the statistical tests conducted were
Mann–Whitney test. The bar graphs in Figure 6 represent the
mean±SD and the statistical tests performed were Student’s
t-test for panel B and one-way ANOVA for panel C. Asterisks rep-
resent levels of statistical significance: (∗) P<0.05, (∗∗) P<0.01,
(∗∗∗) P<0.001 and (∗∗∗∗) P<0.0001. All statistical analyses were
conducted using GraphPad Prism 9.4.1 software.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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What are themajor results described in your paper and how do
they impact this branch of the field?

Here we describe the splicingmechanism of FOXP3 introns, which
have C-rich/U-poor polypyrimidine (py) tracts and determine why
their splicing is sensitive to an essential splicing factor called
DDX39B. We show that inefficient binding of U2AF2 to the C-
rich/U-poor py tracts of FOXP3 introns leads to poor recruitment
of DDX39B, which ultimately contributes to a deficiency in pre-
spliceosome formation. The information presented in this manu-
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During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

Given the dramatic difference of U2AF2 binding between the
FOXP3 intron 11 wt and polyU mutant RNAs, it was surprising to
see no significant difference in DDX39B binding (Fig. 4D). This re-
sult prompted us to conduct time course experiments (Fig. 5;
Supplemental Fig. S6), which revealed that the binding of both

U2AF2 and DDX39B to the two RNAs is dramatically different at
early time points.

If youwereable togiveonepieceof advice to your younger self,
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One piece of advice I would give my younger self is to appreciate
the grind.
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