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The conserved TREX complex, which contains UAP56, Aly, CIP29, and the multi-subunit THO complex, functions in mRNA
export. Recently, several putative new components of the human TREX complex were identified by mass spectrometry.
Here, we investigated the function of two of these, PDIP3 and ZC11A. Our data indicate that both of these proteins are
components of a common TREX complex and function in mRNA export. Recently, we found that both CIP29 and Aly
associate with the DEAD box helicase UAP56 and with the TREX complex in an ATP-dependent manner. We now show that
this is also the case for PDIP3 and ZC11A. Thus, together with previous work, our data indicate that the TREX complex
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Introduction

During gene expression, pre-mRNAs are synthesized in the
nucleus, undergo RNA processing, followed by export of the
mature mRNA to the cytoplasm for translation. The TREX
complex, which is conserved from yeast to human, functions in
mRNA export [1,2,3]. The known components of the conserved
TREX complex are UAP56, Aly, CIP29, and the multi-
component THO complex [4,5,6]. Both CIP29 and Aly interact
with the DEAD box helicase UAP56 in an ATP-dependent
manner and require ATP for recruitment to TREX via UAP56
[4]. Recent mass spectrometry studies of immunopurified human
TREX revealed five additional putative new components that
appear to be unique to the metazoan TREX complex [4]. These
are ZC11A, PDIP3, ELG, SRAG, and ERH.

Here we investigated the function of two of the putative new
human TREX components, PDIP3 and ZC11A. We show that
both proteins are immunoprecipitated (IP’d) by antibodies to
known TREX components in RNase-treated nuclear extracts,
and PDIP3 and ZCI11A reciprocally co-IP in these extracts.
Functional studies indicate that both PDIP3 and ZCI11A
function in mRNA export. Surprisingly, we found that both
PDIP3 and ZCI11A, like CIP29 and Aly, require ATP for
association with UAP56 and the TREX complex. These data
indicate that multiple ATP-dependent interactions are involved
in TREX complex assembly.
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Results and Discussion

PDIP3 and ZC11A co-IP with TREX Components

To further characterize the human TREX complex, we sought to
analyze the putative new components. PDIP3 was of particular
interest because of its high similarity to Aly (~40% identical) [7]. To
characterize PDIP3, we raised a rabbit polyclonal antibody against
a C-terminal peptide. This antibody recognizes the two major forms
of PDIP, PDIPa and B, and IPs both forms (Fig. 1A). The o and
B forms of PDIP3 are splice variants that are 46 and 43 kD,
respectively, and both forms contain an RRM that is 42% identical
to that of Aly [7]. To characterize ZC11A, we used a commercially
available polyclonal antibody, which recognizes a protein of the
correct size by Western, and this protein is specifically IP’d by the
ZC11A antibody (Fig. 1B). ZC11A contains three amino terminal
zinc fingers of the CCCH type and nothing else is known about this
protein to our knowledge. To further investigate PDIP3 and
ZC11A, we RNase-treated HeLa nuclear extracts (Fig. 1C) and used
them for IP/Westerns (Fig. 1D, E). This analysis revealed that
PDIP3o and B efficiently co-IP with TREX components, including
THOC2, UAP56 and Aly (Fig. 1D). Previous work showed that
PDIP3 (also known as Skar [7]) interacts with and is a substrate of
S6K1 [7]. PDIP3 was also reported to associate with the exon
junction complex (E]JC), which is recruited to exon junctions during
splicing [8,9]. We did not identify a significant association between
PDIP3 and the exon junction complex [4]. However, like its relative
Aly, we found that PDIP3 is abundantly associated with TREX
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Figure 1. PDIP3 and ZC11A associate with the TREX complex. A, B. An antibody against PDIP3 (A) or ZC11A (B) recognizes their respective
antigens on a Western blot, and IPs them from nuclear extract. We note that in the input lane ZC11A antibodies detect another band (designated by
+), which may be non-specific. 10% of the input was loaded for the IPs. C, D, E. Nuclear extract was RNase-treated (C) and IPs were carried out with the
indicated antibodies (D, E) incubated in the presence of ATP. Antibodies against the indicated proteins were used for Westerns. The bands designated

by the asterisks are heavy and light chains of the antibody.
doi:10.1371/journal.pone.0043804.g001

complex components (Fig. 1D). These differences in associations
with the EJC and TREX complex may be due to the assay systems
used and/or may indicate that a handoft of PDIP3 occurs between
the TREX complex and the EJC during the mRNA export pathway.
As observed with PDIP3, we also found that ZC11A efficiently co-
IPs with TREX components in RNase-treated nuclear extracts
(Fig. 1E).

PDIP3 and ZC11A Associate with the TREX Complex in an
ATP-dependent Manner

In recent work, we found that both Aly and CIP29 associate
with UAP56 and the THO complex in an ATP-dependent
manner [4]. In contrast, the THO complex associates with UAP56
in an ATP-independent manner [4]. For the IP/Westerns carried
out in Figs. 1D and E, we included ATP in our nuclear extracts.
Thus, we next sought to determine whether ATP affected the
association of PDIP3 or ZCI11A with UAP56. To do this, we
incubated RNase-treated nuclear extract in the presence or
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absence of ATP, followed by IP/Westerns. Remarkably, this
analysis revealed that both PDIP3 (Fig. 2A, top panels) and
ZC11A (2A, bottom panels) associate with UAP56 in the presence,
but not in the absence, of ATP. We next examined whether ATP
affected the association between PDIP3, ZC11A, and the THO
complex. Significantly, PDIP3, ZC11A, and THOC2 co-IP’d only
in the presence of ATP (Fig. 2B). As expected from our previous
work, the association between UAP56 and THOC2 was ATP-
independent (Fig. 2B). Thus, together, our data indicate that both
PDIP3 and ZC11A, like Aly and CIP29, interact with UAP56 and
the THO complex in an ATP-dependent manner. Moreover, the
observation that ZC11A and PDIP3 co-IP both with each other
and with other TREX components suggests that these proteins
form one common TREX complex.

PDIP3 and ZC11A Function in mRNA Export

We next asked whether PDIP3 and ZCI11A have roles in
mRNA export. Although PDIP3 was efficiently knocked down
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Figure 2. PDIP3 and ZC11A associate with UAP56 and the TREX complex in an ATP-dependent manner. A, B. IPs were carried out with
the indicated antibodies using RNase-treated nuclear extract incubated in the presence or absence of ATP. Antibodies against the indicated proteins

were used for Westerns.
doi:10.1371/journal.pone.0043804.9002

using RNAi, we did not observe an export phenotype. We also
knocked down Aly alone or in combination with PDIP3, as these
two proteins are related. Consistent with previous work [10,11,12],
a significant inhibition of polyA+ export was observed with the Aly
knockdown alone, but this inhibition was not further exacerbated
by the PDIP3 knockdown. Thus, to investigate whether PDIP3
plays a role in mRNA export, we overexpressed full length HA-
tagged PDIP3 or a HA-tagged negative control protein (HA-
DDX3). Western blots confirmed that the HA-tagged proteins
were overexpressed (Fig. 3A). In addition, IF with HA antibodies
showed that HA-PDIP3 is present in nuclear speckles domains
(Fig. 3B), as observed with other known TREX components [2].
We then transfected HeLa cells with empty vector, HA-tagged
PDIP3 or HA-tagged DDX3 and carried out fluorescent in situ
hybridization (FISH) for total polyA+ RNA (Fig. 3B). DAPI was
used to identify the nucleus and immunofluorescence (IF) was used
to identify cells containing the overexpressed HA-tagged proteins
(Fig. 3B). Significantly, this analysis revealed that polyA+ RNA
export was potently inhibited in the cells containing overexpressed
PDIP3, but was unaffected in cells containing the empty vector or
the overexpressed negative control DDX3 (Fig. 3B). Moreover,
higher magnification images of cells transfected with HA-PDIP3
revealed that the polyA+ RNA accumulated in discrete nuclear
foct (Fig. 3C). In recent work, we found that polyA+ RNA
accumulates in nuclear speckle domains when either UAP56 or
Aly are knocked down [12]. As shown in Fig. 3D, polyA+ RNA
also accumulates in nuclear speckle domains in PDIP3-over-
expression cells, as the foci containing the polyA+ RINA co-localize
with the nuclear speckle domain marker protein SFRS2. The
observation that PDIP3 overexpression inhibits mRNA export
suggests that this protein may be functioning as a dominant
negative and thus may play a role in mRNA export. In addition, it
is possible that, similar to other TREX components [12], PDIP3
functions in releasing polyA+ RNA from nuclear speckle domains.
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Alternatively, PDIP3 may retain polyA+ RNA in speckles because
the mRNA accumulates together with PDIP3 in speckles when
PDIP3 is overexpressed.

To determine whether ZC11A functions in mRNA export, we
transfected HeLa cells with siRNAs targeting ZC11A. Non-
targeting siRNA was used as a negative control, and siRNAs
targeting UAP56 (and its close relative DDX39A) were used as
a positive control. Western analysis showed that ZCI11A and
UAP56 were efficiently knocked down by their respective siRINAs
but not by the negative control siRNA (Fig. 4A and B). We then
carried out FISH for total polyA+ RNA in the knockdown cells.
Significantly, this analysis revealed that mRNA export was
abolished in the ZC11A knockdown cells, as observed with the
UAP56 knockdown (Fig. 4C). In contrast, there was no effect on
mRNA export with the negative control knockdown (Fig. 4C). To
further characterize the ZC11A phenotype, we examined the cells
under higher magnification (Fig. 4D). Unexpectedly, this analysis
revealed that polyA+ RNA was evenly distributed throughout the
nucleoplasm (note that the dark regions are nucleoli) rather than
retained in nuclear speckles, as observed with knockdown of other
TREX components (e.g. UAP56 and Aly). These data suggest that
ZC11A functions at a different step in the mRNA export pathway
than the factors that result in nuclear speckle retention.

In this study, we have characterized PDIP3 and ZC11A as two
new components of the human TREX complex, and we have
provided evidence that both proteins function in mRNA export.
Remarkably, as we observed with Aly and CIP29 [4], both PDIP3
and ZC11A associate with UAP56 and the TREX complex in an
ATP-dependent manner. In future studies it will be essential to
understand the role of these numerous ATP-dependent interac-
tions in TREX function. The observation that all of these proteins
associate with a common TREX complex suggests that they
remain in the TREX complex but may function in its dynamic
remodeling during the mRNA export pathway.
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Figure 3. Overexpression of PDIP3 causes retention of polyA+ RNA in nuclear speckle domains. A. Westerns of Hela cell lysates
containing empty vector (lanes 1 and 3), overexpressing HA-PDIP3 (lane 2) or expressing HA-DDX3 (lane 4). B. Nucleocytoplasmic distribution of total
polyA+ RNA in Hela cells expressing empty vector, HA-PDIP3, or HA-DDX3. PolyA+ RNA was detected by FISH using an Alexa Fluor labeled oligo
dT(70) probe. DAPI staining was used to visualize the nucleus and IF to detect the HA-tagged proteins. Scale bar, 10 um. C. Higher magnification of
a cell transfected with HA-PDIP3. Scale bar, 10 um. D. PolyA+ RNA is retained in nuclear speckles in Hela cells overexpressing HA-PDIP3. PolyA+ RNA
was detected by FISH and nuclear speckles were detected by IF using an antibody to SFRS2. The merged image is shown. Scale bar, 10 um.

doi:10.1371/journal.pone.0043804.9003
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Figure 4. RNAi of ZC11A causes retention of polyA+ RNA in the nucleoplasm. A, B. The knockdown efficiency of ZC11A (A) or UAP56 (B) in
Hela cells was analyzed by Western. Loading controls were elF4A3 (A) and CBP80 (B). Non-targeting siRNA was used as a control (cntl). C. Knockdown
of ZC11A or UAP56/DDX39A results in retention of polyA+ RNA in the nucleus. PolyA+ RNA was visualized by FISH using an Alexa Fluor labeled oligo
dT(70) probe. Scale bar, 10 um. D. Same as C, except showing higher magnification of FISH images. Scale bar, 10 um.
doi:10.1371/journal.pone.0043804.g004
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Materials and Methods

Plasmids

The human PDIP3 gene was cloned into Xbal and EcoRV sites
of pcDNA3.1 (Invitrogen). The HA tag nucleotide sequence was
inserted at the 3" end of the PDIP3 gene by PCR. The ZC11A
gene was cloned into the Xbal and EcoRV sites of pcDNA3.1 (—)
Hygromycin (Invitrogen).

Antibodies

The PDIP3 rabbit polyclonal antibody was raised against the C-
terminal peptide sequence (NPPAEVDPDTILKALFKSSGAS
(Genemed Synthesis)) from human PDIP3. The mouse polyclonal
antibody against ZC11A and the mouse monoclonal antibody
against SFRS2 were from Abnova and Sigma, respectively.
Antibodies against TREX components and elF4A3 were de-
scribed [13,14,15,16,17]. The non-related M2 and SAP130 rabbit
polyclonal antibodies were used as negative controls for Figures 1
and 2, respectively.

IP/Westerns

Antibodies were coupled to protein A Sepharose and covalently
cross-linked using dimethylpimelimidate (Sigma). Reaction mix-
tures (500 pl) containing or lacking ATP were prepared and used
for the IPs. The +ATP reaction mixture contained 150 ul of HelLa
nuclear extract, 150 pl of SDB (20 mM HEPES at pH 7.9,
100 mM KCI), 500 uM ATP, 3.2 mM MgCl,, 20 mM creatine
phosphate, and 50 ng/ul RNase A and was incubated for 20 min
at 30°C. The reaction mixture was then added to 500 ul of IP
buffer (1X PBS, 0.1% Triton, 0.2 mM PMSF, protease inhibitor
EDTA-free [Roche]) and 20 pl of antibody-cross-linked beads. IPs
were carried out overnight at 4°C, followed by four 1.5 ml washes
with IP buffer. Proteins were eluted with 25 pl of SDS loading
buffer (0.65% Tris, 25% glycerol, 4.5% SDS, 0.005% Bromo-
phenol Blue) followed by incubation for 20 min at room
temperature. DTT was then added to a final concentration of
5 mM, the samples were boiled for 4 min, and 7 Wl of each IP was
fractionated on a 4%—12% SDS gradient gel. For IPs under -ATP
conditions, ATP, MgCl,, and creatine phosphate were omitted
and substituted with water.

Cell Culture and Transfection

HeLa cells were cultured in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin. HeLa cells were transfected
on 35 mm dishes with glass coverslip bottoms (MatTek Corp.,
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tagged proteins, 2 Ug of plasmid DNA was transfected into cells
that were 70% confluent for 24 hrs. For RNAi, Hel.a cells were
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transfection using lipofectamine 2000. For ZC11A, the siRNA
mixture was from Dharmacon (catalog # siGENOME SMART-
pool siRNA D-021238). The target sequences are 5'-GU-
GAAAGGGUGCAAGCGAA-3', 5'-AGCUAAAGAUUGAUA-
GUGA-3', 5-GGUGACAUGAUUAGAGGAA-3' and 5'-
UGACAGUGAUCCUCCAUUA-3" at an equal concentration.
The siRNA target sequences for UAP56/DDX39A were de-
scribed [18]. The control siRNA was purchased as non-targeting
siRNA from Dharmacon (catalog # D-001810-04).

FISH and IF
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dT(70) probe labeled at the 5" end with Alexa Fluor 546 NHS
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10 min with 4% paraformaldehyde, washed three times with PBS,
permeabilized with 0.5% Triton X-100 for 5 min, washed twice
with PBS and then once with 2X SSC for 10 min at RT. The oligo
dT(70) probe was added at 1 ng/ul followed by incubation for 16
24 hrs at 42°C. The cells were then washed at room temperature
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and once with PBS. Images were captured with an EM-CCD
camera on an inverted microscope (200M; Zeiss, Thornwood, NY)
using Metamorph software (Molecular Devices, Sunnyvale, CA).
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Acknowledgments

We are grateful to Dr. Marlene Winkelbauer-Hurt, PhD for assistance and
critical comments on the manuscript. HeLa cells were obtained from the
National Cell Culture Center Biovest International. We thank the Nikon
Imaging Center at Harvard Medical School for help with light microscopy.

Author Contributions

Conceived and designed the experiments: EF CSL KD RR. Performed the
experiments: EF CSL KD. Analyzed the data: EF CSL KD TY RR.
Contributed reagents/materials/analysis tools: EF CSL KD TY RR.
Wrote the paper: EF TY RR.

8. Le Hir H, Izaurralde E, Maquat LE, Moore MJ (2000) The spliceosome deposits
multiple proteins 20-24 nucleotides upstream of mRNA exon-exon junctions.
Embo J 19: 6860-6869.

9. Ma XM, Yoon SO, Richardson CJ, Julich K, Blenis J (2008) SKAR links pre-
mRNA splicing to mTOR/S6K1-mediated enhanced translation efficiency of
spliced mRNAs. Cell 133: 303-313.

10. Okada M, Jang SW, Ye K (2008) Akt phosphorylation and nuclear
phosphoinositide association mediate mRNA export and cell proliferation
activities by ALY. Proc Natl Acad Sci U S A 105: 8649-8654.

11. Hautbergue GM, Hung ML, Walsh M], Snijders AP, Chang CT, et al. (2009)
UIF, a New mRNA export adaptor that works together with REF/ALY,
requires FACT for recruitment to mRNA. Curr Biol 19: 1918-1924.

12. Dias AP, Dufu K, Lei H, Reed R (2010) A role for TREX components in the
release of spliced mRNA from nuclear speckle domains. Nat Commun 1: 97.

13. Zhou Z, Luo M], Straesser K, Katahira J, Hurt E, et al. (2000) The protein Aly
links pre-messenger-RNA splicing to nuclear export in metazoans. Nature 407:
401-405.

14. Luo MJ, Zhou Z, Magni K, Christoforides C, Rappsilber ], et al. (2001) Pre-
mRNA splicing and mRNA export linked by direct interactions between UAP56
and Aly. Nature 413: 644-647.

August 2012 | Volume 7 | Issue 8 | e43804



PDIP3 and ZC11A are Human TREX Components

15. Ferraiuolo MA, Lee CS, Ler LW, Hsu JL, Costa-Mattioli M, et al. (2004) A 17. Cheng H, Dufu K, Lee C-S, Hsu JL, Dias A, et al. (2006) Human mRNA export
nuclear translation-like factor eIF4AIII is recruited to the mRNA during splicing machinery recruited to the 5° end of mRNA. Cell 127: 1389-1400.
and functions in nonsense-mediated decay. Proc Natl Acad Sci U S A 101: 18. Kapadia F, Pryor A, Chang TH, Johnson LF (2006) Nuclear localization of
4118-4123. poly(A)+ mRNA following siRNA reduction of expression of the mammalian
16. Masuda S, Das R, Cheng H, Hurt E, Dorman N, et al. (2005) Recruitment of RNA helicases UAP56 and URH49. Gene 384: 37-44.
the human TREX complex to mRNA during splicing. Genes Dev 19: 1512~
1517.

PLOS ONE | www.plosone.org 7 August 2012 | Volume 7 | Issue 8 | e43804



