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Detinition of global and transcript-specitic
mRNA export pathways in metazoans

Natalie G. Farny,' Jessica A. Hurt,' and Pamela A. Silver”

Department of Systems Biology, Harvard Medical School, Boston, Massachusetts 02115, USA

Eukaryotic gene expression requires export of messenger RNAs (mRNAs) from their site of transcription in the
nucleus to the cytoplasm where they are translated. While mRNA export has been studied in yeast, the
complexity of gene structure and cellular function in metazoan cells has likely led to increased diversification
of these organisms’ export pathways. Here we report the results of a genome-wide RNAi screen in which we
identify 72 factors required for polyadenylated [poly-(A*)] mRNA export from the nucleus in Drosophila cells.
Using structural and functional conservation analysis of yeast and Drosophila mRNA export factors, we
expose the evolutionary divergence of eukaryotic mRNA export pathways. Additionally, we demonstrate the
differential export requirements of two endogenous heat-inducible transcripts—intronless heat-shock protein
70 (HSP70) and intron-containing HSP83—and identify novel export factors that participate in HSP83 mRNA
splicing. We characterize several novel factors and demonstrate their participation in interactions with known
components of the Drosophila export machinery. One of these factors, Drosophila melanogaster PCI
domain-containing protein 2 (dmPCID2), associates with polysomes and may bridge the transition between
exported messenger ribonucleoprotein particles (mRNPs) and polysomes. Our results define the global network
of factors involved in Drosophila mRNA export, reveal specificity in the export requirements of different
transcripts, and expose new avenues for future work in mRNA export.
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Transport of messenger RNA (mRNA) from the nucleus
to the cytoplasm is a complex and evolutionarily con-
served process, essential for gene expression in all eu-
karyotic cells. Prior to export, an mRNA must be tran-
scribed and undergo myriad processing steps, including
5'-capping, 3’-processing, splicing, and surveillance, to
produce a mature messenger ribonucleoprotein particle
(mRNP) competent for translation in the cytoplasm. A
cell must continuously distinguish mature mRNPs from
the multitude of messages at intermediate stages of bio-
genesis. To manage this problem, the cell has devised a
complex system of physical and functional coupling in-
teractions between factors critical to each processing
event and export. Factors required for mRNA export in-
clude those that interact with transcripts as they exit the
nucleus, and those critical for the proper processing of
the transcript so that it may be recognized later in the
export pathway. Thus the cell ensures the export of only
properly assembled mRNPs and ultimately regulates its
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gene expression program (for reviews, see Reed 2003; Va-
sudevan and Peltz 2003; Vinciguerra and Stutz 2004;
Aguilera 2005; Reed and Cheng 2005; Saguez et al. 2005;
Sommer and Nehrbass 2005).

Exemplifying the coupling network, mRNA export is
linked to transcription and splicing through the recruit-
ment of export machinery directly to these processing
sites. Most mRNA export events are mediated by het-
erodimers of the essential export factors NXF1 (human
TAP/yeast Mex67p) and p15 (human NXT1/yeast Mtr2p)
(Segref et al. 1997; Tan et al. 2000; Herold et al. 2001).
These heterodimers escort competent mRNPs out of the
nucleus through interactions with components of the
nuclear pore complex (NPC) (Strasser et al. 2000; Wie-
gand et al. 2002). However, NXF1/p15 heterodimers have
a low affinity for binding mRNA (Braun et al. 1999) and
require adaptor proteins, such as REF (human Aly/yeast
Yralp), to interface with the elongating mRNA strands
(Strasser and Hurt 2000; Stutz et al. 2000). In yeast,
Yralp is an essential mRNA export factor that is able to
interact with mRNA transcripts via interactions with
the splicing factor Sub2p (fly/human UAP56) (Strasser
and Hurt 2001). Yralp and Sub2p are members of the
conserved TREX complex that couples transcription and
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splicing to export (Reed and Cheng 2005). However,
while Yralp is an essential factor in yeast, REF is not
essential for mRNA export in metazoan cells (Gatfield
and Izaurralde 2002; Longman et al. 2003). Whether this
difference indicates the existence of other factors with
redundant functions to those of Aly and REF, or that a
different set of adaptor factors specific to the needs of the
Drosophila genome connects the processes of transcrip-
tion, splicing, and export, remains to be determined.

Evidence has also emerged demonstrating that mRNA
export is coupled not only to nuclear processing events,
but also to the cytoplasmic events of translation. For
example, the shuttling serine arginine rich (SR) adaptor
proteins remain associated with translation complexes
in the cytoplasm and stimulate the translation of mRNA
(Sanford et al. 2004; Windgassen et al. 2004; Swartz et al.
2007). In yeast, translational termination events require
the helicase activity of a known RNA export factor,
Dbp5p (Gross et al. 2007). Given the high degree of in-
terconnectedness that exists between mRNP assembly
and mRNA export, it seems probable that a similar de-
gree of coordination exists with events following the ex-
port process. Yet, very little is known, particularly in
metazoan cells, about the mechanisms by which export
and translation are linked.

Large-scale screens in yeast have yielded most of our
current understanding of the requirements for mRNA
export. These studies, while seminal to our fundamental
knowledge of export, were limited in their scope to li-
braries of nonessential gene knockouts and temperature-
sensitive mutants (Amberg et al. 1992; Brown et al. 1995;
Heath et al. 1995; Azad et al. 1997; Hieronymus et al.
2004). Several investigations into the requirement of
Drosophila and human homologs of known yeast export
factors in the mRNA export pathways of these organ-
isms have been conducted on a small scale (van Deursen
et al. 1996; Watkins et al. 1998; Gatfield et al. 2001;
Guzik et al. 2001; Herold et al. 2001). However, the
complement of factors necessary for mRNA export in
higher eukaryotes currently remains poorly defined at a
systems-wide level.

The increase in complexity of higher eukaryotic ge-
nomes compared with that of yeast is likely to have re-
sulted in a commensurate increase in mRNA export net-
work complexity. For example, while 80% of Drosophila
genes contain introns, only 5% of Saccharomyces cere-
visiae genes are intron-containing (Sakharkar and
Kangueane 2004). To accommodate these additional
mRNA processing demands, mRNA export pathways of
higher eukaryotes are likely to have gained components
and/or evolved components to harbor multiple func-
tions. Indeed a number of other adapter proteins that
function in a manner similar to REF, such as SR proteins,
exist in higher eukaryotes (Huang et al. 2003). Similarly,
URH49, an RNA helicase with 90% identity to and
seemingly similar functions to UAP56, has been found
(Kapadia et al. 2006). It is currently unknown to what
degree the evolution of the genome has affected the Dro-
sophila mRNA export pathway.

In order to define the mRNA export pathway of a

Drosophila mRNA export RNAi screen

metazoan organism on a systems-level scale, we con-
ducted a genome-wide RNAI screen for export factors in
Drosophila. Using fluorescent in situ hybridization
(FISH), we visually identified 72 factors whose depletion
resulted in a nuclear accumulation of polyadenylated
[poly-(A*)] mRNA in S2R* cells. These factors include
previously uncharacterized Drosophila proteins and
members of the translational machinery, in addition to
mRNA processing factors and known export factors. In
total, 52 of the factors identified have not been impli-
cated previously in the mRNA export pathway in Dro-
sophila. Comparison of our results with those of system-
atic yeast studies revealed significant divergence of
mRNA export requirements between single-celled eu-
karyotes and higher metazoans. We identified differ-
ences in the export requirements of an intronless and an
intron-containing transcript. Additionally, we were able
to demonstrate that several of our new mRNA export
factors have physical and functional interactions with
core export machinery. Finally, we found one of these
factors, a homolog of human PCI domain-containing pro-
tein 2 (PCID2), associates not only with NXF1 but also
with actively translating complexes, thus providing evi-
dence of an additional link between translational ma-
chinery and export.

Results

A genome-wide RNAi screen defines essential mRNA
export factors

To obtain a comprehensive understanding of mRNA ex-
port pathways in a metazoan system, we performed a
genome-wide RNAi screen in Drosophila S2R* cells
(Kiger et al. 2003; Boutros et al. 2004; Armknecht et al.
2005). Figure 1A summarizes the visual assay used to
screen a library of ~21,300 dsRNAs in duplicate for de-
fects in mRNA export from the nucleus. mRNA export
defects were identified based on the subcellular relocal-
ization of poly-(A*) mRNA in dsRNA-treated cells.
Steady-state poly-(A*) mRNA localization in untreated
or control GFP dsRNA-treated S2R* cells is predomi-
nantly cytoplasmic (Fig. 1A, left image). Upon treatment
with dsRNAs targeting NXF1, an essential mRNA ex-
port factor (Katahira et al. 1999; Herold et al. 2001), poly-
(A*) mRNA accumulates within the nucleus while being
excluded from the nucleolus (Fig. 1A, right image). Using
this assay, 133 dsRNAs from the primary screen library
scored positive for mRNA export defects. Positive
dsRNAs with more than 10 potential off-target effects
(Kulkarni et al. 2006)—as defined by complementarity of
21 or more consecutive base pairs with another gene (29
genes), or that have since been removed from the up-
dated version of the dsRNA library (16 genes)}—were
eliminated from further analysis. The remaining 88
candidate genes were rescreened in duplicate using the
same assay with a set of independent, nonoverlapping
dsRNAs, all of which have no predicted off-target effects.
A total of 72 genes (82%) were validated as poly-(A*)
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Figure 1. Identification and classification of genes affecting
mRNA export in Drosophila S2R* cells. (A) A library of ~21,300
dsRNAs was arrayed in black, clear-bottomed 384-well plates.
S2R* cells were plated on these dsRNAs, incubated for 4 d, then
fixed and assayed for localization of poly-(A*) RNA using a Cy3-
labeled Oligo-d(T);, probe. Images were collected by automated
microscopy and visually inspected for nuclear accumulation of
poly-(A*) RNA. Images were scored negative (left image) or posi-
tive (right image) for nuclear poly-(A*) RNA accumulation. In
positive cells, mRNA accumulates in the nucleus (asterisk) and
is excluded from the nucleolus (arrow). (B) Gene ontology cat-
egories of the 72 mRNA export factors identified in this screen.
(C) The cells shown were treated with dsRNAs for 4 d, targeting
the genes indicated. After fixation and hybridization, poly-(A*)
RNA localization (red, top panels) was determined by overlay-
ing images with the nuclear membrane marker, wheat germ
agglutinin (WGA) (green, bottom images). Bar, 4 pm.

poly-(A*)
RNA
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mRNA export factors and are listed in Supplemental
Table S1. Many previously confirmed Drosophila
mRNA export factors including NXF1 (Fig. 1C), pl5,
UAP56, Ssrp, Tho2, and Hrpl (Gatfield et al. 2001; Her-
old et al. 2003; Rehwinkel et al. 2004) were recovered
during this screen, as were the transcription and splicing
factor Bx42 and the nuclear exosome component Rrp6
(Fig. 1C), neither of which were shown previously to af-
fect mRNA export in Drosophila cells.

To categorize our panel of 72 mRNA export factors, we
analyzed their known or hypothetical functions using
FlyBase (http://www.flybase.org). Classification by gene
ontology (GO) of these factors (Fig. 1B) revealed that
many are known to function within mRNA processing
or export pathways (PE, 25%) or protein nuclear trans-
port (NT, 11%), thereby validating our assay. Protein
components of both the large and small ribosomal sub-
units were found to affect significantly mRNA export
(RP, 17%), as were factors involved in cell cycle control
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and mitosis (CM, 11%). Finally, 14 of the 72 factors iden-
tified (U, 19%) have no annotated gene function in Dro-
sophila.

Comparison of eukaryotic mRNA export pathways
reveals evolutionary conservation and divergence

To place our results in an evolutionary perspective, we
compared our screen results with those of previous yeast
export studies (Amberg et al. 1992; Brown et al. 1995;
Heath et al. 1995; Azad et al. 1997; Hieronymus et al.
2004) so as to reveal the evolutionary divergence of
mRNA export pathways between unicellular eukaryotes
and metazoan cells. Unlike yeast genes, the majority of
metazoan genes contain multiple introns that require
extensive processing and regulation. Thus we were in-
terested in assessing how such changes in mRNA pro-
cessing requirements were reflected in an organism'’s es-
sential export machinery. Supplemental Table S2 lists 45
S. cerevisiae mRNA export factors collected from the
literature and their 39 respective Drosophila homologs
as determined using the eukatyotic orthology YOGY
tool (http://www.sanger.ac.uk/PostGenomics/S_pombe/
YOGY; Penkett et al. 2006). To decrease the likelihood
of false-positive or false-negative scoring events that
could affect our conservation analysis, all of the 39 Dro-
sophila homolog genes used in this analysis were re-
screened during the validation round, regardless of their
initial score in the primary screen. In total, we identified
18 factors that possessed common export function be-
tween the two organisms (Fig. 2A, overlap). The obser-
vation that many yeast mRNA export factor homologs
are not required in the Drosophila pathway could indi-
cate an increase in the redundancy of the factors’ export
functions in higher eukaryotes (Gatfield and Izaurralde
2002; Longman et al. 2003). Interestingly, the degree of
amino acid sequence conservation between factors re-
quired in both organisms is significantly higher than that
between factors required in yeast but not in Drosophila
cells (Fig. 2B, P = 0.0344). Conservation at the level of
amino acid sequence suggests a critical role for these
proteins in mRNA export among eukaryotes. Not sur-
prisingly, the Drosophila factors required in both organ-
isms are mostly composed of nuclear transport (33 %)
and mRNA processing (39%) factors (Fig. 2A). The 54
additional Drosophila export factors identified in our
screen (Fig. 2A, light gray) are distributed among the
RNA processing (20%), ribosomal (21%), cell cycle con-
trol (13%), and unknown (23 %) categories. This analysis
implies that nuclear transport factors and some mRNA
processing machinery comprise a conserved core of the
mRNA export pathway, while components with other
facilitative or regulatory roles may have evolved to ac-
commodate the more complex needs of metazoan cells.

Spliced and unspliced transcripts have different
export requirements

Proper splicing of intron-containing transcripts is par-
ticularly important for efficient mRNA export in meta-
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Figure 2. mRNA export pathways have evolutionarily di-
verged between S. cerevisiae and Drosophila. (A) Shaded bar
represents the degree of overlap in mRNA export function be-
tween 45 unique factors required for poly-(A*) mRNA export in
S. cerevisiae (dark gray, left) and 72 unique factors required in
Drosophila identified in this screen (light gray, right). Eighteen
of these factors had homologs required for mRNA export in both
organisms (overlap). Gene ontology categories of these two
groups of Drosophila factors are depicted and labeled as in Fig-
ure 1B. (B) Entire ORF amino acid sequences of yeast mRNA
export factors were analyzed for sequence similarity and iden-
tity with those of their corresponding fly homologs. Line graph
illustrates sequence conservation score frequency for homologs
whose mRNA export function is conserved (red) and not con-
served (blue) in Drosophila.

zoan cells (Luo and Reed 1999; Zhou et al. 2000), and
export machinery is recruited directly to sites of tran-
scription and splicing (Lei et al. 2001; Lei and Silver
2002; Custodio et al. 2004; Moore et al. 2006). To assess
the effect of intron status on mRNA export require-
ments, we classified our 72 general factors based on their
importance in the export of endogenous intron-contain-
ing and intronless messages. Using RNA FISH, we evalu-
ated the localization of the endogenous heat-shock-in-
ducible HSP70 (heat-shock protein 70) mRNA, an in-
tronless HSP gene, and HSP83 mRNA, an intron-
containing HSP gene, in heat-shocked cells depleted of
validated export factors. We found that depletion of
seven of the 72 mRNA export factors blocked export of
both endogenous HSP70 and HSP83 mRNA (Fig. 3A,
panels a,b,e,f; Table 1) whereas depletion of an additional
11 factors blocked export of only HSP83 mRNA (Fig. 3A,
panels c,g). Importantly, of our 72 general export factors,

Drosophila mRNA export RNAi screen

those necessary for HSP70 mRNA export were also nec-
essary for HSP83 mRNA export (Table 1). These compo-
nents include NXF1, p15, and UAP56, which are known
to be required both for bulk and HSP-specific mRNA
export in Drosophila (Gatfield et al. 2001; Herold et al.
2001). Our data identify core export factors required by
all transcripts even under heat stress conditions. Most
factors required uniquely by HSP83 mRNAs belong to
the mRNA processing and export subclass (Fig. 3B).

We further interrogated a subset of factors required for
HSP83 mRNA export, and confirmed the function of
some of these factors in the splicing of the HSP83 intron.
Real-time PCR was used to measure the relative abun-
dance of unspliced versus spliced HSP83 mRNA in
knockdown cells after heat shock (Fig. 3C). Factors ana-
lyzed that were required for both HSP70 and HSP83
mRNA export (NXF1, UAP56, CG6694, and CG7351—
hereafter referred to as dmPCID2, for Drosophila mela-
nogaster PCID2, based on its identity with its human
homolog) demonstrated only a moderate or no effect on
the relative levels of unspliced transcript. In contrast,
factors that showed the greatest defect in HSP83 splicing
(>3.9-fold) upon depletion by dsSRNA were among those
selectively required for HSP83 mRNA export (CG2807,
CG5931, CG2685, Pitslre, and Bx42). CG5931 and ho-
mologs of CG2807, CG2685, PITSLRE, and Bx42 have
been demonstrated to affect splicing in Drosophila or
other organisms (Stevens et al. 2002; Hu et al. 2003;
Figueroa and Hayman 2004; Park et al. 2004). Thus, we
established a role for all five of these factors in the splic-
ing and subsequent export of the HSP83 transcript.

Previously uncharacterized export factors interact
with the core export machinery

To define further the relevance of factors with previously
uncharacterized export function to the export pathway,
we chose two independent modes of investigation. First,
we investigated the subcellular localization of the new
factors, and looked for physical interaction of new fac-
tors with the core component, NXF1. Since antibodies to
each endogenous factor were not available, these experi-
ments required the use of exogenously expressed ver-
sions of the proteins. Second, we assessed the transcrip-
tional feedback from new factors to core components in
the export pathway.

We transiently expressed V5-tagged versions of seven
of these uncharacterized export factors in S2R* cells and
assessed their subcellular localization by immunofluo-
rescence microscopy. Six of these factors localized to the
nucleus while one, dmPCID2, localized to the cytoplasm
(Fig. 4A). We next performed coimmunoprecipitation
assays with the seven V5-tagged constructs and GFP-
NXF1 (Fig. 4B). As anticipated, GFP-NXF1 coimmuno-
precipitated with V5-pl5 (Fig. 4B). Significant interac-
tions were also seen with V5-tagged dmPCID2, CG2063,
CG6694, and CG2685. While V5-tagged constructs
[(1)10Bb, CG14701, and CG31126 were efficiently im-
munoprecipitated by the V5 antibody, they did not show
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Figure 3. Export of HSP83 (intron-containing) and HSP70 (intronless) mRNAs require different sets of factors, highlighting specificity
in mRNA processing requirements. (A) Localization of endogenous HSP70 (panels a-d) and HSP83 (panels e-h) mRNAs was deter-
mined by FISH. Nuclear accumulation is highlighted with arrows. Cells shown were treated with dsSRNAs targeting genes listed for
4 d. After heat shock, fixation, and hybridization with probes against endogenous HSP70 or HSP83 mRNAs (red), localization was
determined by overlaying images with WGA (green). Bar, 4 pm. (B) Bar graph illustrates the number of factors from each gene ontology
category (as labeled in Fig. 1B) that were obtained from the primary [poly-(A*), green] and secondary (HSP83, red; HSP70, yellow)
screens. (C) Real-time PCR analysis of HSP83 mRNA species in cells treated with dsSRNAs (shown at bottom) measures levels of
unspliced HSP83 transcript relative to spliced HSP83 transcript of a representative biological replicate. Factors selectively required for

HSP83 export are marked with an asterisk.

an interaction with GFP-NXF1. None of the V5-tagged
constructs tested showed any association with GFP
alone (data not shown). We therefore demonstrated that
four of our uncharacterized mRNA export factors asso-
ciate, either directly or indirectly, with NXFI.

To assess the effects that these seven novel export fac-
tors may have on the expression levels of the core export
machinery, we monitored the transcriptional response of
cells depleted of NXF1, p15, and each of the novel fac-
tors. Previous work has illustrated that a compensatory
up-regulation of the expression of NXF1 and p15 mRNA
occurs in response to their own depletion, potentially
indicating the existence of a transcriptional feedback
loop within the export pathway network (Herold et al.
2003). The levels of NXF1, p15, UAP56, and a ribosomal
protein (RP49) mRNA were assessed by real-time PCR in
cells that were depleted of export factors and compared
with those of cells treated with GFP dsRNA (Fig. 4C). As
documented previously, depletion of either NXF1 or p15
results in a reciprocal up-regulation of mRNA levels of
the other factor (Herold et al. 2003). Additionally we
found that both NXF1 and pl5 mRNAs were up-regu-
lated upon depletion of the novel factor, CG6694. We

70 GENES & DEVELOPMENT

also observed a specific increase in p15 mRNA in cells
depleted of 1{1)10Bb. Thus, at least two of our novel ex-
port factors influence the levels of mRNA encoding core
export components, likely representative of the cell’s at-
tempt to compensate for an mRNA export blockage.

Furthermore, mRNA levels of RP49, an abundant tran-
script indicative of total RNA levels, were decreased in
NXF1-, CG6694-,1(1)10Bb-, and CG14701-depleted cells.
This reduction could be indicative of a destabilization of
this transcript in response to defective processing or ex-
port of RP49 mRNA (Herold et al. 2003). It has been
shown that aberrantly transcribed or processed tran-
scripts are often targeted by the nuclear exosome for deg-
radation in order to prevent the cell from accumulating
faulty transcripts (Libri et al. 2001; Zenklusen et al.
2002; Davis and Ares 2006).

dmPCID2 is an export factor that associates
with translationally active complexes

Our subcellular localization analysis indicated that
dmPCID2 resides predominantly within the cytoplasm
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Table 1. Results of HSP70 and HSP83 screens

Gene HSP83 HSP70 Gene ontology®
UAP56 ++ ++ PE
KaryB3 ++ ++ NT
Nupl53 ++ ++ NT
pl5 ++ ++ PE
NXF1 ++ ++ PE
CG7351/dmPCID2 ++ + O
CG6694 ++ + U
CG18591 ++ - PE
CG2807 ++ - PE
CG5931 ++ - PE
Bx42 ++ - PE
Hprl + - PE
Rrp6 + - PE
CG2685 + - 18]
noi + - PE
Pabp2 + - PE
Pitslre + - CM
Ssrp + - PE

2Gene ontology categories: (PE) mRNA processing and export;
(CM) cell cycle control and mitosis; (NT) nuclear transport; (O)
other; (U) unknown.

(++) Nuclear accumulation of mRNA (>50% penetrance of phe-
notype); (+) nuclear accumulation of mRNA (<50% penetrance
of phenotype); (-) no nuclear accumulation of mRNA.

(Fig. 4A). Interestingly, its yeast sequence homolog,
Thplp, is a factor thought to play a role in coupling tran-
scription to export and localizes to the nuclear pore
(Fischer et al. 2002; Gallardo et al. 2003). dmPCID2,
Thplp, and the uncharacterized human (hs)PCID2 each
contain a PCI domain (Fig. 5A); a structurally defined,
a-helical, protein—protein interaction domain character-
istic of elF3 translation initiation factors; the COP9 sig-
nalosome; and the proteasome lid complex (Hofmann
and Bucher 1998). While dmPCID2 contains a domain
similar to these cytoplasmic complexes, it also affects
the export of bulk mRNA and specific HSP transcripts
from the nucleus. To test whether dmPCID2 can shuttle
into the nucleus, we exposed cells transfected with V5-
dmPCID2 to the nuclear export inhibitor Leptomycin B
(LMB). Upon LMB treatment, transfected cells accumu-
lated dmPCID2 within the nucleus (Fig. 5C [red, top pan-
els], D) while the localization of the cytoplasmic RNA-
binding protein FMRI1 (Fig. 5C, green) remained static,
indicating that dmPCID2 actively shuttles between the
nucleus and the cytoplasm by a Crm1-dependent mecha-
nism. Intriguingly, deletion of the PCI domain (V5-APCI)
(Fig. 5C [red, lower panels], D) increased the shuttling
activity of dmPCID2. Blinded counting of transfected
cells revealed that shuttling of dmPCID2 was signifi-
cantly enhanced upon deletion of the PCI domain (Fig.
5D).

To determine whether the PCI domain was important
for the association of NXF1 and dmPCID2, we performed
coimmunoprecipitation experiments with V5-tagged
dmPCID2 or V5-APCI and GFP-NXF1 (Fig. 5B). Deletion
of the PCI domain did not affect the interaction of V5-
dmPCID2 with GFP-NXF1. Further, neither interaction

Drosophila mRNA export RNAi screen

was affected by RNase treatment, indicating that the in-
teraction between dmPCID2 and NXFI1 is not RNA-de-
pendent. These results suggest that dmPCID2 and NXF1
participate in a protein-dependent interaction, and that
the potential role of dmPCID2 in mRNA export does not
depend on the function of its PCI domain.

Given the homology of the PCI domain of dmPCID2
with that of the translation initiation factor eIF3m (Fig.
5A), we inquired whether dmPCID2 is associated with
translationally active complexes. We performed sucrose
density gradient fractionation on S2R* cells transiently
transfected with either V5-dmPCID2 or V5-APCI (Fig. 6).
Lysates from transfected cells were separated on su-
crose density gradients either not containing or contain-
ing EDTA, a treatment that disrupts interactions be-
tween the large (60S) and small (40S) ribosomal subunits.
In control samples, a significant proportion of the
V5-dmPCID2 protein cosedimented with fractions that
contain fully assembled ribosomes (80S) and polysomes,
as confirmed by detection of the ribosomal protein PO.
Importantly, the proportion of dmPCID2 associating
with polysomes is significantly decreased upon deletion
of the PCI domain. Monitoring of fractions by UV fluo-
rescence demonstrates that EDTA treatment efficiently
disrupted the ribosomal subunits and disassembled poly-
somes. This perturbance caused ribosomal protein PO as
well as dmPCID2 to shift to the less dense fractions of
the gradient, indicating that the presence of dmPCID2 in
heavier fractions is dependent on ribosomal integrity.
This analysis indicates that at least part of the cellular
pool of dmPCID2 is normally associated with transla-
tionally active polysomes, and that this association is
greatly mediated by the PCI domain.

Discussion

mRNA processing events are linked to each other
through an elaborate system of coupling, spanning from
transcription to translation. Here we presented the first
whole-genome screen for factors required for the nuclear
export of poly-(A*) mRNA in a metazoan system. In ad-
dition, we examined how mRNA export pathways may
have evolved between yeast and metazoan cells. Further,
we investigated several factors identified in our screen to
place them within the mRNA export pathway with re-
spect to their potential connections to transcription,
splicing, and translation.

An increase in genome complexity results
in an increase in export network complexity

mRNA nuclear export is an essential process in all eu-
karyotes. However, prior to this study, the degree of con-
servation between mRNA export pathways of yeast and
a higher eukaryotic organism had not been determined
on a genome-wide scale. Here we present evidence that
core components of the mRNA export pathway are re-
quired for the export process by both organisms. Further-
more, these particular components display a greater de-
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Figure 4. Select novel export factors physically
interact with NXFI or affect the mRNA expres-
sion levels of core export factors. (A) Plasmids
encoding seven V5-tagged uncharacterized
mRNA export factors or GAPDHI1 were trans-
fected into S2R* cells, then fixed and stained
with anti-V5 antibody (red) and WGA (green).
Bar, 4 um. (B) V5-tagged export factors depicted
in A were cotransfected with GFP-NXF1 and co-
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gree of sequence conservation between them than those
that are not conserved functionally between the path-
ways. We believe this sequence conservation indicates
the evolutionary importance of the core mRNA export
factors. Importantly, in addition to conservation be-
tween export pathways of both organisms, there are sig-
nificant differences in the export requirements of these
systems. It is possible that some of the differences we
identified in the export pathways of yeast and Dro-
sophila are due to the existence of functional homologs
in each system that are not related at the sequence level.
However, we believe the additional components re-
quired by Drosophila may be representative of other
pathways that have evolved to take a role in the export of
mRNA transcripts generated by more complex process-
ing events characteristic of a metazoan cell.

The comparative analysis of export factors between S.
cerevisiae and Drosophila is partially based on the nega-
tive results for certain factors in our export assay. Due to
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the lack of available antibodies, we were unable to moni-
tor the efficiency of depletion of these negative factors.
However, negative factors important to our evolutionary
analysis were screened for export defects using at least
two separate, nonoverlapping dsRNAs per factor in order
to reduce the possibility of false-negative results. In ad-
dition, we spot-checked the knockdown efficiency at the
mRNA level of a small panel of negative factors using
quantitative real-time PCR and found that the dsRNA-
mediated depletion of these factors was comparable with
that of our positive control NXFI (data not shown).

mRNA export requirements reflect mRNA
processing requirements

The export pathways of all mRNAs are not identical.
Studies in this laboratory (Brodsky and Silver 2000; Hi-
eronymus and Silver 2003; Yu et al. 2004; Moore et al.
2006) and others (Rehwinkel et al. 2004; Kim Guisbert et
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al. 2005) have illustrated that there is specificity in the
factors employed by each transcript for its processing
and subsequent export. Our results show that unspliced
HSP70 transcripts require fewer export factors than do
spliced HSP83 transcripts, and that some of the addi-
tional factors required for HSP83 mRNA export are also
important for its efficient splicing. However, although
some processing steps appear to be transcript-specific,
key factors late in the export process appear to be invari-
ant in their requirement for message export. Indeed, the
populations of mRNAs selectively retained in the
nucleus of Drosophila cells upon knockdown of NXFI,
pl5, or UAP56 are markedly similar (Herold et al. 2003).
Here we show that although HSP70 mRNAs required
fewer of the factors tested for export than did HSP83
mRNAs, the subset of general mRNA export factors re-
quired by HSP70 were also required by HSP83. This re-
sult suggests that the factors common to HSP70 and
HSP83 export comprise a minimum core of required fac-
tors for export of all transcripts even under conditions of
cellular stress, and as such are not likely to be message-
specific (Fig. 7). The degree of specificity of each export
and processing factor for transcripts remains to be com-
pletely understood and is likely to contribute to the ex-
quisite control a cell exerts over its expression program.

Notably, these experiments interrogated only the 72
general mRNA export factors derived from our primary
screen for their importance in HSP mRNA export. It is
probable that additional factors outside of these 72 com-
ponents are required for HSP transcript export and that
some of these additional factors would be individually or
commonly required by HSP83 and HSP70 mRNAs. We
chose the HSP mRNAs for this assay because they were
both endogenous and robustly inducible, making them
more amenable to high-throughput FISH techniques and
allowing us to be confident that our signal was specific.

dmPCID2

shuttling of dmPCID2 and APCI. P-values:
(*)0.0229; (**] 0.0072; (***) 0.0068.

APCI

Novel export factors influence core export machinery

Genome-wide RNAI screens expose both direct and in-
direct players in any process being examined. Here we
showed that at least some of our novel factors have di-
rect effects on mRNA export in two ways. First,
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Figure 6. dmPCID2 is associated with polysomes. Cells trans-
fected with V5-dmPCID2 or V5-APCI were lysed and layered on
10%-50% sucrose gradients. (Top) After centrifugation, frac-
tions were collected and UV profiles were monitored at 254 nm
under control (black and red) or polysome-disrupting (EDTA,
blue and green) conditions. (Bottom) Fractions were analyzed by
Western blot using anti-V5 or anti-ribosomal protein PO anti-
bodies.
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Figure 7. A model of mRNA export in Drosophila. Many RNA-binding proteins interact with messages during their processing and
export from the nucleus. Upon heat shock, a subset of factors is required for the export of both intronless (HSP70, top) and intron-
containing (HSP83, bottom) transcripts. These core factors likely act during general processing steps or message recruitment and
nuclear exit (yellow box). Since HSP83 messages must be properly spliced prior to export, additional factors are required for this
particular processing step and subsequent export (blue box). Factors demonstrated to be required for proper splicing of the HSP83
message in Figure 3C are shown in green. After export, mRNAs are circularized and bound by translation initiation factors (eIFs) and
a polysome is formed. Certain ribosomal subunits identified in this screen may be involved in a feedback mechanism that regulates
mRNA export. Likewise, dmPCID2 may be associating with the eIF3 complex through its PCI domain and could mediate the

transition of an exported mRNP into a polysome.

CG6694, CG2063, CG2685, and dmPCID2 were found to
interact with NXF1 by coimmunoprecipitation assays
(Fig. 4B). Second, CG6694 and 1{1)10Bb were found to
have a compensatory transcriptional up-regulation of
core export factors upon their dsRNA-mediated deple-
tion, as determined by quantitative real-time PCR analy-
sis (Fig. 4C). CG6694 was the only factor tested to show
both a transcriptional effect and a physical interaction
with NXF1. Interestingly, CG6694 possesses homology
with a member of the cleavage and polyadenylation
specificity factor (CPSF) complex that is required for
proper 3’-processing of mRNAs. We speculate that this
factor may play a role in the recruitment of NXF1 to
cleaved and polyadenylated transcripts. While the full
elucidation of the roles of these factors in mRNA export
will require future study, the assays described demon-
strate that at least some of our novel factors are direct
participants in the mRNA export pathway in Dro-
sophila.

Translation and cell cycle regulation may be linked
to mRNA export

In addition to identifying many novel factors that affect
mRNA export, our results illuminate connections be-
tween export and both translation and cell cycle regula-
tion. dmPCID2 was a previously uncharacterized fly pro-
tein that we found to specifically interact with NXF1 in
an RNA-independent manner. Additionally, we showed
that dmPCID2 shuttles in and out of the nucleus by a
Crm1-dependent mechanism, and that the NXF1 inter-
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action and shuttling properties of dmPCID2 are not due
to the presence of its PCI domain. However, association
of dmPCID2 with polysomes is strongly dependant on
the PCI domain. We propose that dmPCID2 may act as a
bridge between mRNA export and translation by medi-
ating an interaction between the exported mRNP bound
to NXF1 and the translation machinery, perhaps via in-
teractions with the PCI-containing translation initiation
complex elF3 (Fig. 7).

Our screen results identified eight export factors that
were already implicated in regulation of the cell cycle.
The cyclin-dependent kinase CDKI11 (Drosophila
PITSLRE) plays a role in transcription and splicing
through phosphorylation of the SR splicing factor 9G8 in
human cells (Hu et al. 2003), and phosphorylation-de-
pendent interactions between NXF1 and SR adaptor pro-
teins have been documented (Huang et al. 2004). Regu-
lating interactions of NXF1 with the mRNP via cell
cycle-dependent phosphorylation events is an intriguing
mechanism for linking cell growth and mRNA export.

In summary, we present the results of the first ge-
nome-wide metazoan mRNA export screen. Our results
provide important new groundwork for the study of the
essential process of nuclear mRNA export in higher eu-
karyotes.

Materials and methods

Cell lines and constructs

Drosophila S2R* cells were obtained from N. Perrimon (Harvard
Medical School, Boston, MA) and were maintained in
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Schneider’s Drosophila Medium (Invitrogen) containing 10%
fetal bovine serum and penicillin/streptomycin solution. Full
coding regions of genes used for expression studies were cloned
by RT-PCR from total RNA isolated from S2R* cells, and were
inserted into pAc5.1-V5/His (Invitrogen) or pAc5.1 containing
an N-terminal GFP.

Whole-genome RNAi screen

The full genome dsRNA library was obtained from the Dro-
sophila RNAi Screening Center (DRSC) at Harvard Medical
School (http://www.flyrnai.org). Approximately 21,300 dsRNAs
were synthesized and arrayed in duplicate in 63 384-well black,
clear-bottomed plates by the DRSC. S2R* cells were scrape-
harvested, counted, and resuspended in serum-free medium.
Cells (3 x 10*) were added to each well containing 0.25 ng of
dsRNA, incubated for 30 min, then supplemented with com-
plete growth media and incubated for 4 d at 25°C. FISH of screen
plates was adapted from described protocols (Herold et al. 2001;
Kedersha et al. 2002) as follows: The plates were fixed in 4%
paraformaldehyde in PBS (4% PF/PBS) for 10 min, post-fixed in
methanol for 10 min, and rehydrated in 70% ethanol for 10 min.
The plates were then washed in 1 M Tris (pH 8) for 5 min, then
hybridized for 1 h at 37° with a Cy3-Oligo-dT 3, probe (Inte-
grated DNA Technologies) at 1 pg/mL in hybridization buffer
(25% formamide, 10% dextran sulfate, 0.005% BSA, 1 mg/mL
yeast tRNA in 2x SSC). The plates were washed twice in 2x SSC
at 25°C and stained with Hoechst 33325 dye (Sigma) at 0.5 ng/
mL in 2x SSC. Plates were imaged using the ImageXpress Micro
(Molecular Devices) at the Institute for Chemistry and Cell Bi-
ology (ICCB) at Harvard Medical School, and the images were
collected using MetaXpress software (Molecular Devices). Im-
ages were inspected visually for an mRNA export defect pheno-
type. The screen was performed in duplicate. For validation of
the primary assay, a set of separate, nonoverlapping dsRNAs, all
having no predicted off-target effects (based on 19-base-pair
identity), was employed to rescreen candidate genes from the
primary screen. dSRNAs were synthesized from T7-ended DNA
templates obtained from the DRSC, using the MEGAscript T7
Transcription kit (Ambion) and purified using the RNeasy kit
(Qiagen) per the manufacturers’ protocols. The mRNA export
assay described above was then repeated at three time points: 72
h, 96 h, and 144 h.

Secondary screening of HSP70 and HSP83 mRNA export

Validated dsRNAs from the primary screen were examined for
export defects of specific transcripts using probes against endog-
enous HSP70 and HSP83. To visualize HSP70 mRNA, a series of
three Cy3-labeled HSP70 oligonucleotide probes (Integrated
DNA Technologies) were used at a final concentration of 2 ng/
mL each in hybridization buffer. Plates were heat-shocked for 1
h at 37°C, then fixed and hybridized as described for the primary
screen. To visualize HSP83 mRNA (Herold et al. 2001), a di-
goxygenin-labeled dsDNA probe was produced as described
(Gilks et al. 2004), denatured for 7 min at 95°C, and then diluted
1:100 in hybridization buffer. Samples were denatured for 10
min at 65°C, then hybridized for 16 h at 45°C. The samples were
then washed as described, except that the washes were per-
formed at 45°C, then stained with sheep-anti-digoxygenin
(Roche) at 1:200, then donkey-anti-sheep Cy3 secondary anti-
body at 1:2000, plus Hoechst and Alexa-488-wheat germ agglu-
tinin (WGA) as described.

Immunofluorescence staining and microscopy

S2R* cells were plated on glass coverslips in a 24-well plate and
transfected using Effectene Transfection Reagent (Qiagen) per

Drosophila mRNA export RNAi screen

the manufacturer’s protocols. After 24 h, the cells were fixed
first in 0.5% Triton X-100 + 2% PF/PBS for 5 min, and then 4%
PF/PBS for 10 min, then rinsed with PBS and blocked in 5%
normal donkey serum in PBS (NDS/PBS). All antibodies were
diluted in NDS/PBS as follows: V5 mAb (Sigma), 1:1000; don-
key-anti-mouse Cy3 (Jackson Immunoresearch), 1:2000;
Hoechst (Sigma), 1:1000; Alexa-488-WGA (Invitrogen), 1:1000.
Incubations were performed for 1 h at room temperature, fol-
lowed by three 5-min washes in PBS, then mounted on slides for
microscopy. Images were taken on a Nikon TE2000 inverted
fluorescence microscope with 3 W laser spinning disc confocal
using a 100x Plan-Apo lens, acquired using MetaMorph soft-
ware (Molecular Devices), and compiled for figures using Adobe
Photoshop CS software. Leptomycin B (Sigma) was used at 10
nM for 3 h before fixation and staining as described.

Immunoprecipitation experiments

V5-tagged constructs were transiently cotransfected into S2R*
cells with either GFP-NXF1 or GFP. At 20 h, cells were lysed in
immunoprecipitation (IP) buffer (20 mM Tris at pH 7.5, 200 mM
NaCl, 0.5 mM EDTA 10% glycerol, 0.5% NP-40, plus protease
inhibitors [Roche]). Input lysates were precleared with protein A
sepharose beads (Amersham), then incubated with V5-agarose
(Sigma) beads overnight at 4°C. V5-agarose beads were then
washed three times in room temperature IP buffer and eluted in
SDS Lammeli buffer by boiling. Where shown, RNase A and T
cocktail (Ambion) was added to lysates for 30 min at 25°C be-
fore addition of antibody.

Sequence alignment

Amino acid sequence conservation between S. cerevisiae and D.
melanogaster homologs (Fig. 2; Supplemental Table S2) was de-
termined using the pairwise alignment tool at http://www.ebi.
ac.uk/emboss/align with the following parameters: Needleman-
Wunsch global alignment algorithm (Needleman and Wunsch
1970), Blosum62 substitution matrix, gap penalty 5.0, and gap
extension penalty 0.5 (Pillai et al. 2005). Alignments for Figure
5 were constructed using the Multiple Sequence Alignment
(Huang 1994) tool at http://genome.cs.mtu.edu/map.html, and
identity/similarty shading was performed using the Multiple
Align Show (Stothard 2000) tool at http://bioinformatics.org/
sms/index.html. Structural predictions were obtained using the
SSpro8 secondary structure prediction (Pollastri et al. 2002) tool
at http://www.ics.uci.edu/~baldig/scratch.

Real-time PCR

Knockdowns were performed in biological duplicate for 4 d as
described previously except 2 x 10° S2R* cells were seeded in a
six-well plate format and 1 mL of serum-free media, 25 pg of
dsRNA, and 3 mL of complete media were used. Cells were
heat-shocked and scrape-harvested, and total RNA was isolated
using the RNeasy kit (Qiagen) as per the manufacturer’s proto-
cols. Samples were DNase-treated (Ambion) and 2.75-3 ng of
total RNA were used in cDNA synthesis reactions containing
Oligo dT and SuperScript III (Invitrogen). cDNAs were diluted
appropriately and used as input in real-time PCR reactions con-
taining iQ SYBR Green (Bio-Rad) and 50 nM oligonucleotide
primers interrogating either Drosophila HSP83 intronic or ex-
onic sequence. An intergenic primer set was additionally ana-
lyzed to ensure that no genomic sequence was present in each
cDNA preparation. A ratio of the levels of intron-containing
transcript to exon-containing transcript was calculated for each
sample and then normalized to that of a mock-treated sample
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using the AAC, method (Livak and Schmittgen 2001). Similar
techniques were employed for expression analysis, except that
cells were not heat-shocked and random hexamers were used for
c¢DNA preparation. A ratio of the levels of NXF1, p15, UAP56,
RP49, or the depleted transcript to 18S rRNA was calculated for
each sample and then normalized to that of a GFP dsRNA-
treated sample as described above. All real-time PCR primers
were designed using Primer Express 1.0 (Applied Biosystems)
and are listed in Supplemental Table S3.

Sucrose gradient fractionation

S2R* cells (3.0 x 107) were transfected with V5-CG7351 as de-
scribed. At 24 h, cells were scrape-harvested and lysed in lysis
buffer (25 mM HEPES at pH 6.9, 100 mM KCl, 10 pg/mL cyclo-
hexamide, 1 pg/mL heparin, 0.5% NP-40, and 5 mM MgCl, or
25 mM EDTA as appropriate). Nuclei were pelleted, and super-
natants were layered onto 10%-50% sucrose gradients (pre-
pared in buffer containing 25 mM HEPES at pH 6.9, 100 mM
KCI, 10 pg/mL cyclohexamide, 1 pg/mL heparin, and 5 mM
MgCl, or 25 mM EDTA). After high-speed centrifugation
(35,000 rpm for 3 h), gradients were eluted on a gradient frac-
tionator (Brandel) and monitored by UV at 254 nm. Fractions
were collected, acetone-precipitated, and processed for SDS-
PAGE, followed by blotting with anti-V5 (Invitrogen) or anti-P0
(ImmunoVision) antibodies.
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