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ABSTRACT

The nuclear phase of the gene expression pathway
culminates in the export of mature messenger RNAs
(mRNAs) to the cytoplasm through nuclear pore
complexes. GANP (germinal- centre associated
nuclear protein) promotes the transfer of mRNAs
bound to the transport factor NXF1 to nuclear pore
complexes. Here, we demonstrate that GANP,
subunit of the TRanscription-EXport-2 (TREX-2)
mRNA export complex, promotes selective nuclear
export of a specific subset of mMRNAs whose trans-
port depends on NXF1. Genome-wide gene expres-
sion profiling showed that half of the transcripts
whose nuclear export was impaired following NXF1
depletion also showed reduced export when GANP
was depleted. GANP-dependent transcripts were
highly expressed, yet short-lived, and were highly
enriched in those encoding central components of
the gene expression machinery such as RNA synthe-
sis and processing factors. After injection into
Xenopus oocyte nuclei, representative GANP-de-
pendent transcripts showed faster nuclear export
kinetics than representative transcripts that were
not influenced by GANP depletion. We propose that
GANP promotes the nuclear export of specific
classes of mRNAs that may facilitate rapid changes
in gene expression.

INTRODUCTION

Nuclear export of messenger RNA (mRNA) is mediated
by transport factors that bind to mature mRNAs and
enable them to overcome the barrier function within the

nuclear pore complex (NPC) transport channel generated
by nuclear pore proteins that have regions rich in phenyl-
alanine-glycine repeats (FG-nucleoporins) (1-6). The
NXFI:NXTI complex is a major export factor for bulk
mRNAs although other factors, such as SR proteins, can
also participate (4,7-14). In budding yeast, the export of
some transcripts, such as those from the GAL genes, is
tightly coupled to preceding steps in the gene expression
pathway by the Sac3-containing TREX-2 complex
(3,15,16) that localizes these actively transcribing genes
to the NPCs (17,18). Although mammalian cells have an
analogous complex, based on a scaffold of the Sac3 homo-
logue germinal- centre associated nuclear protein
(GANP), preliminary evidence suggested that this
complex appears to function primarily to facilitate the
movement of mature transcripts from processing centres
deeper in the nucleus to the NPCs (19,20). However, a
recent report suggests that at steady state some TREX-2
components, such as ENY2 and PCID2, are mainly
associated with the nuclear pore basket (21). Fluorescent
recovery after photobleaching and fluorescence loss in
photobleaching experiments using stable EGFP-ENY2
and EGFP-PCID2 showed a fluorescence recovery of
hours, and minimal exchange between nucleoplasmic
and NPC-associated fractions. Interestingly, GANP also
associates with RNA polymerase II (19,22), and mass
spectroscopy studies have indicated that GANP also inter-
acts with both the mRNA processing machinery and
histones (22). In B cells, these interactions may be import-
ant in transcription complex recruitment and positioning
at immunoglobulin variable loci to favour activation-
induced deaminase targeting (22). Thus, GANP appears
to have roles in mammalian cells that are distinct from
those of its homologue, Sac3 in yeast. GANP binds to
both NPCs and NXF1 and furthermore GANP depletion
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results in nuclear retention of poly(A)+ mRNA [consistent
with its being associated with coupling export to preceding
processing steps in the gene expression pathway (20)].
Although one report has suggested that GANP functions
in the export of shugoshin-1 mRNA (23), it remains
unclear whether GANP functions generally in mRNA
export or whether it influences only a subset of transcripts,
nor is the extent to which the GANP-mediated and
NXF1-mediated export pathways overlap.

Although some selectivity of the mRNAs exported by
transport factors has been observed in yeast and
Drosophila (24,25), the mechanism by which selectivity is
achieved is poorly understood. Furthermore, whether
NXFI1 exports all mRNA or a subset remains controver-
sial. Thus, in Drosophila, ~76% of transcripts were
downregulated in the cytoplasm of NXF1-depleted cells
4 days after depletion, suggesting that NXF1 exports the
majority of RNA (26). In contrast, a study in yeast found
that although NXF1/Mex67p is considered to be the
principal RNA nuclear export factor (5), only ~1100 tran-
scripts (19% of the genome) interacted with NXF1/
Mex67p, suggesting that NXFI may export only a
subset of mRNA (25). Different experimental approaches
may account for this difference, but nevertheless, it is
unknown on a genome-wide scale what mRNAs NXFI
exports in mammalian cells. Moreover, the impact of
selectivity on the regulation of the much larger transcrip-
tome of mammalian cells is largely unexplored. Recently,
evidence has been provided that indicates that DNA
repair can be controlled via transcript-selective mRINA
export from the nucleus, whereby inositol polyphosphate
multikinase-dependent phosphoinositide turnover regu-
lates transcript-selective mRNA export to control the
expression of proteins essential for DNA repair (27).
Interestingly, mouse embryonic fibroblasts deficient in
THOCS, a component of the TREX complex, also show
decreased cytoplasmic expression of a small subset of
mRNAs, enriched for those required for hematopoietic
development (28).

Here, we show that GANP promotes the seclective
export from the nucleus of a specific subset of mRNAs
that use NXFI1 as a transport factor. This subset of
mRNA is highly expressed, turned over rapidly and
enriched for functions in RNA synthesis and processing,
suggesting that this mechanism may facilitate rapid
changes in gene expression.

MATERIALS AND METHODS
siRNNA-mediated depletion and proliferation assay

For small interfering RNA-mediated depletion, 2.5 x 10°
HCT116 cells were reverse transfected (Dharmafect) with
25nM siRNA [GANP siRNA-GAGAGGACCUAAGU
CAAUA, used previously (20); NXF1 siRNA-CGAAC
GAUUUCCCAAGUUA, GenomeWide siRNA
(Qiagen)]. Cells were harvested 48, 72 and 96 h post-trans-
fection. Efficiency of depletion was monitored by im-
munoblotting with the NXF1 (Abcam) and GANP
[previously described (20)] antibodies. A control siRNA
(GAGAGGUCCAAAGUCAAUA) identical to GANP

siRNA but for two bases was used for all experiments.
We also used siRNA against ENY2 (ON-TARGETplus
SMART pool against E(Y)2: GGCACACUGUAAAGA
GGUA, GAGCAGCGAUUAACCA AAA, AGAGAAC
GCCUCAAAGAGU, GCUGGAAG GAUCAGUUG
AA, Dharmacon), PCID2 (AUGCAGAUCAACAGUU
GGUAA, Qiagen) and TPR (On-TARGETplus
SMART pool against TPR: GGCAUACACUUACUA
GAAA, UCAAGGAGGUUUAGGAAUG, UCAGUU
GACUCCAGGAAUA, GAAGAAGUGCGUAAGAA
UA). For cell proliferation assays, HCT116 cells were
analysed by Countess viable-cell counter (Invitrogen) for
viable cell number at each indicated time point following
transfection with GANP, NXF1 or control siRNA.

RNA FISH

RNA fluorescence in situ hybridization (FISH) was
performed as previously described (20) using an
oligo(dT) primer (Sigma). Briefly, following transfection
with the indicated siRNA, cells were fixed and stained
with oligo(dT) primer labelled with Cy3 (Sigma) and
4’,6’-Diamidino-2-phenylindole dihydrochloride (DAPI)
(Sigma) 48, 72 and 96 h post-transfection. Nuclear accu-
mulation of poly(A)” RNA in depleted cells was analysed
using the ThermoFisher Cellomics ArrayScan V'
software, using the toolbox, Nuclear Translocation. Pixel
intensity from nuclei defined by DAPI staining was
compared with pixel intensity from the corresponding
ring of cytoplasm. A mask was created three pixels from
the nuclear object boundary to ensure clear demarcation
of intranuclear signals. Similarly, cytoplasmic pixel inten-
sity was also measured with a ring width of five pixels and
mask of one pixel outside the nuclear boundary. From
these intensities, the nuclear to cytoplasmic ratio was
calculated from n = 3 experiments, 200 cells/experiment,
for each sample.

Gene expression arrays

Cytoplasmic RNA was obtained from cells depleted of
GANP, NXF1 or treated with control siRNA for 72h
using RNeasy kit (Qiagen) according to manufacturer’s
instructions. RNA was treated with RNase-free DNase
(Qiagen) before elution. Cytoplasmic fractions were
obtained by digitonin permeabilization of intact cells as
described previously (20). Samples were quantified by
spectrophotometry, and purity was assessed by agarose
gel electrophoresis. Total RNA (500 ng) was amplified
using the Illumina 96-well Total Prep RNA
Amplification Kit (Ambion) according to the manufac-
turer’s instructions. The biotinylated chromosomal RNA
(1500 ng/sample) was applied to Illumina HumanWG-6 v3
Expression BeadChips and hybridized overnight at 58 C.
Each hybridization was performed three times with RNA
isolated from three independent depletion experiments.
Chips were washed, detected and scanned according to
the manufacturer’s instructions, and the data were
imported into BeadStudio software (Illumina). Data
were quantile normalized (29) and analysed using the
bioconductor  (http://www.bioconductor.org/),  lumi
(http://www.bioconductor.org/packages/2.0/bioc/html/
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Figure 1. GANP depletion displays a less severe mRNA export defect than NXF1 depletion. (A and B) Time course of mRNA export defects in cells
depleted for GANP, NXFI and both GANP and NXF1. RNA FISH was performed and poly(A)+ RNA localization was examined in NXFI,
GANP and GANP- and NXFI-depleted HCT116 cells 24-96 h post-transfection. Images are representative of three independent experiments. Nuclei
are indicated by DAPI staining and are represented in the merged panel [DNA + poly(A)+RNA]. The scale bar represents 5 um. A ratio of nuclear to
cytoplasmic poly(A)+RNA intensity was taken per cell for >200 cells/sample using the ArrayScan V' automated microscope. Values are the mean
of readings from three independent experiments, + S.E.M. (standard error of the mean) P-values are shown (*P <0.05; **P <0.01; ***P <0.001).
(C) Nuclear and cytoplasmic poly(A)+ RNA distribution was also calculated using the ArrayScan V! automated microscope, where a negative value
indicates more intensity in the cytoplasm than in the nucleus, and a positive value indicates more intensity in the nucleus than in the cytoplasm.
P-values are shown and represent the mean of readings from three independent experiments, = S.E.M. (D) Depletion of GANP, NXF1 and both

(continued)
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lumi.html) and limma packages (30). Data were P-value
adjusted (31) to yield a sorted list of differentially
expressed genes. Functional annotation of transcripts
downregulated in GANP- or NXFIl-depleted samples
enriched for proteins with the indicated ‘Biological
Process’ Gene Ontology (GO) terms was carried out
using DAVID (32,33) (Database for Annotation,
Visualization and Integrated Discovery), bioinformatics
program. A P-value cut-off of P<107° was used.
Enrichment analysis is based on the principle that
categories are ‘enriched’ if the subset contains a higher
percentage of genes in that category as compared with
the gene population background (32,33). A P-value
(based on a modified version of Fisher’s exact test) is
given for each functionally enriched category, with a
lower P-value indicating a more significant enrichment.
The categories with the lowest P-values are shown in
Figure 2B. A full list of enriched categories with a
cut-off of P <1073 is shown in Supplementary Figure S2.

gRT-PCR

Cytoplasmic RNA was obtained from cells depleted of
GANP, NXF1 or treated with control siRNA using
RNeasy kit (Qiagen) according to manufacturer’s instruc-
tions. RNA was treated with RNase-free DNase (Qiagen)
before elution. Complementary DNA (cDNA) was made
from 1 pg of RNA using Quantitect reverse transcription
kit (Qiagen). Samples were diluted and the RT-PCR
reaction was carried out using SYBR Green-UDG kit
(Invitrogen) on Rotor-Gene (Corbett Life Sciences)
qPCR machine according to manufacturer’s instructions.
The C, values were calculated and referenced to standard
curves for each primer set. All samples were then
normalized to control siRNA-treated samples.

Xenopus rate of export experiments

Mature spliced EXOSC6, GALK 1, PDXP and TST RNA
with YUTR and 3'UTR sequences, methyl-guanosine cap
structure at 5'end and poly(A) tails were used for micro-
injection experiments into Xenopus nuclei. Linearized
plasmid containing SP6 promoter site and IMAGE
clone (Source Biosciences) for each indicated gene (with
full 5 and 3'UTR sequence) was used as template for
in vitro transcription using the mMessage mMachine kit
(Ambion). Poly(A) tail was added using poly(A) tailing kit
(Ambion), and samples were quantified by spectropho-
tometry and purity assessed by agarose gel electrophor-
esis. Purified mRNAs were pooled together and injected
into Xenopus nuclei, and nuclei and cytoplasm were har-
vested at defined time points following nuclear injection
(four oocytes/time point) and snap frozen in liquid
nitrogen. RNA was extracted using RNeasy kit (Qiagen)
according to manufacturer’s instructions, and cDNA was
made from two oocyte equivalents of RNA using

Quantitect reverse transcription kit (Qiagen). Samples
were diluted and the RT-PCR reaction was carried out
using SYBR Green-Uracil DNA Glycosylase (UDG) kit
(Invitrogen) on Rotor-Gene (Corbett Life Sciences) gPCR
machine according to manufacturer’s instructions.
Primers used were designed so as not to amplify
Xenopus homologues of the human genes, and no ampli-
fication was detected in uninjected oocytes. Expression
levels were measured for each transcript between 5 and
90 min after nuclear injection and represent the average
of triplicate PCR experiments from nuclear and cytoplas-
mic RNA harvested from four pooled injections into
Xenopus oocyte nuclei per time point.

RESULTS

GANP facilitates the nuclear export of a subset of
transcripts

Although depletion of either GANP or NXF1 results in
nuclear accumulation of poly(A)J+RNA with a
concomitant reduction in the cytoplasm, the effect of
GANP depletion on both nuclear mRNA export
(Figure 1A—C) and cell proliferation (Figure 1E) is less
severe and arises on a slower timescale than with NXF1
depletion, even though the efficiency of depletion by
RNAI is similar (Figure 1D). Thus, when the nuclear-
cytoplasmic distribution of poly(A)+RNA following
GANP or NXFI1 depletion was examined using a Cy3-
labelled oligo-dT probe, an increase in the nuclear to
cytoplasmic ratio of poly(A)+RNA compared with
control siRNA-treated cells was observed in each case.
Moreover, the difference was more pronounced with
NXF1 depletion and was observed 48 h following NXF1
depletion, whereas a similar defect was not observed until
72h following GANP depletion (Figure 1B and
Supplementary Figure S1). Furthermore, when the
nuclear and cytoplasmic levels of poly(A)+RNA relative
to control siRNA were examined independently, the
increase in nuclear poly(A)+RNA levels seen following
GANP and NXFI1 depletion was accompanied by a
concomitant reduction in cytoplasmic poly(A)+ mRNA
levels, consistent with an mRNA export defect
(Figure 1C and Supplementary Figure S1). Co-depletion
of GANP and NXF1 generated more pronounced defects
in both mRNA export and cell proliferation. Strikingly,
cells in which GANP and NXFI1 were both depleted
already displayed an mRNA export defect 24h
post-transfection, whereas at this time point, cells
depleted of either GANP or NXF1 alone showed no
defect and were comparable with control siRINA-treated
cells even though depletion was relatively efficient
(Figure 1B-D and Supplementary Figure SID).
Furthermore, the severity of the mRNA export defect
seen 48h after GANP and NXF1 co-depletion was

Figure 1. Continued

GANP and NXF1. HCT116 cells were depleted of endogenous GANP, NXF1 or both NXF1 and GANP and analysed by immunoblotting for
GANP, NXF1 and actin (loading control) 48 h post-transfection. As control, cells were transfected with an siRNA differing from GANP siRNA by
two bases. (E) Time course of cell proliferation defects in cells depleted for GANP, NXF1 and both GANP and NXFI. Viable cell number was
determined in GANP, NXF1 and GANP-and NXFI-depleted samples 24-96 h post-transfection and represent the mean of independent readings

from three independent depletion experiments = S.E.M.
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Figure 2. Whole-genome gene expression profiling in cells depleted of GANP or NXFI1. (A) GANP functions in the export of a subset of NXF1-
containing mRNPs. Whole-genome gene expression profiling was performed using cytoplasmic mRNA-isolated cells depleted of GANP or NXF1 for
72h as described in ‘Materials and Methods’ section. Each hybridization was performed three times with cytoplasmic RNA isolated from three
independent depletion experiments. Each independent output was then compared with its replicates, and an adjusted P-value obtained, allowing
determination of genes with significant changes in expression following GANP or NXF1 depletion (adjusted P <0.05). The total number of
downregulated mRNAs in either GANP-(800) or NXF1-(1285) depleted cytoplasmic samples with a log,fold change of >—0.25 is indicated. The
total number of upregulated mRNAs in either GANP- or NXFI-depleted cytoplasmic samples is also indicated. (B) Transcripts in which both
GANP and NXF1 depletion impair export encode proteins required for mRNA processing, gene expression, nucleic acid metabolism and that are
involved in rapid changes of cellular function. A Venn diagram is shown indicating mRNAs downregulated in cytoplasmic samples from cells

(continued)
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comparable with that seen 72h after NXF1 depletion
alone and significantly more severe than GANP depletion
alone. Consistent with these results, 48 h after GANP and
NXF1 co-depletion, cell proliferation was impaired to
such an extent that sufficient cells could not be recovered
for mRNA export assays at later time points (Figure 1E).
In contrast, NXF1 depletion showed only a moderate
impairment of cell proliferation 48h after depletion,
whereas GANP depletion only impaired cell proliferation
72h after depletion (Figure 1E). Taken together, these
results suggest that GANP may function in the export of
only a subset of transcripts.

To test this hypothesis, the abundance of cytoplasmic
mRNAs in cells depleted of GANP or NXFI was
compared using genome-wide gene expression profiling,
which has been wused previously in Drosophila to
discriminate between global versus selective effects on
nuclear mRNA export (24). Illumina Human-6 v3
whole-genome microarrays were used to screen mRNA
levels in cytoplasmic samples of HCT116 cells depleted
of either GANP or NXFI1. The relative abundance of
each transcript was compared with cytoplasmic RNA
isolated from control siRNA-treated cells. Examination
of the levels of a predominantly nuclear retained RNA
(Supplementary Figure S2A) confirmed that the nuclear/
cytoplasmic fractionation was efficient. To ensure
reproducibility and significance, each hybridization was
performed in triplicate with RNA isolated from three
independent depletion experiments. Each independent
output was compared with its replicates and an FDR
corrected P-value obtained, allowing identification of
genes with significant changes in expression following
GANP or NXFI1 depletion (P <0.05). Of the 11134
mRNAs examined, 609 mRNAs (5.4%) were significantly
upregulated in GANP-depleted cytoplasmic samples and
1081 mRNAs (9.7%) were significantly upregulated in
NXFl1-depleted cytoplasmic samples (Figure 2A).
Furthermore, 800 (7.2%) were significantly
downregulated in GANP-depleted cytoplasmic samples,
whereas 1285 mRNAs (11.5%) were significantly
downregulated in NXF1-depleted cytoplasmic samples
(Figure 2A). We focused on the downregulated mRNAs
to examine the effects of NXF1 and GANP depletion on
transcript-selective nuclear mRNA export. Of course,
these represent only genes expressed to a sufficiently
high level to be detected, and weakly expressed genes
would not be expected to be detected in this way.
However, although these results are only derived from a
subset of the genome, the subset was the same in each case
and so are comparable. Thus, these results suggest that the
nuclear export of a subset of mRNAs in mammalian cells

is influenced by both GANP and NXF1. Of the 1434
mRNAs downregulated after depletion of GANP or
NXF1, 651 were significantly downregulated in both
NXF1 and GANP depleted samples (P-value <0.05),
149 were significantly downregulated only in GANP-
depleted samples, and 634 were significantly
downregulated only in NXF1 depleted samples
(Figure 2B). These results indicate that most transcripts
(81.4%) that showed impaired nuclear export following
GANP depletion, also showed impaired export following
NXF1 depletion. Importantly, although half of transcripts
(50.7%) that showed impaired export following NXF1
depletion also showed impaired export following GANP
depletion, half (49.3%) did not, indicating that GANP
functions in the export of only a subset of mRNPs that
use primarily NXF1 for transport. Importantly, the
proportion of NXFI-dependent transcripts that were
impaired by GANP depletion was relatively insensitive
(44—59%) to either increasing or decreasing the
stringency of the analysis (data not shown). We validated
gene expression profiling experiments by quantitative
reverse-transcription  polymerase  chain  reaction
(qQRT-PCR) analysis on six of the cytoplasmic RNAs
from either NXF1- or GANP-depleted cells. Transcripts
encoding GANP and NXF1 target genes SP1, RPS23 and
ARPP-19 were markedly reduced in both samples
(Figure 2C), in contrast to those encoding LLGL,
AXIN2 and IDH2, the levels of which were reduced in
the cytoplasm of NXF1-depleted cells but were unchanged
in the cytoplasm of GANP-depleted cells (Figure 2D). The
cytoplasmic levels of a GANP-only transcript, FOSLI,
were reduced following GANP depletion but remained
unchanged following NXF1 depletion (Supplementary
Figure S2B). Importantly, following GANP depletion,
the expression levels of GANP target mRNAs in the
total RNA fraction were largely unchanged compared
with controls (Supplementary Figure S3A), consistent
with  GANP depletion generating defects in nuclear
export rather than in mRNA processing, transcription
or overall expression. In summary, GANP promotes the
nuclear export of approximately half of the transcripts
that use NXF1 as their primary export factor.

Transcripts whose nuclear export was impaired following
GANP depletion are highly expressed, yet short-lived, and
enriched for those that function in mRNA metabolism

Examination of the functional annotation of the
transcripts that showed impaired nuclear export following
depletion of NXF1 but which were insensitive to GANP
depletion indicated that they included those that encode

Figure 2. Continued

depleted only of GANP, only of NXF1 or depleted of both NXF1 and GANP (adjusted P <0.05). For each group, average log,fold change of
transcripts in GANP-depleted samples was divided by average log,fold change of same transcripts in NXFI1-depleted samples to obtain GANP/
NXFI ratio. Functional annotation was performed on each group of transcripts using the DAVID bioinformatics program. Transcripts enriched for
proteins with the following Gene Ontology terms (P < 107°) are indicated. Functional classes of transcripts in which nuclear export is impaired by
both GANP and NXF1 depletion are indicated in bold. Raw data are in Supplementary Figure S2. (C and D) Validation of microarray by qRT-
PCR. The mRNA levels of GANP and NXF1 target (C) and NXFI target genes (D) identified in microarray were quantitated by qRT-PCR from
cytoplasmic RNA extracted from control siRNA-treated or NXF1- or GANP-depleted cells. Plots are normalized to control siRNA-treated cells,
assigned an arbitrary value of one and represent the mean of triplicate readings from three independent experiments, =+ SD.


to
ours
,
ours
ours
ours
to
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku095/-/DC1
s
-value
employ
&percnt; - 
,
,
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku095/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku095/-/DC1
to
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku095/-/DC1
employ
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku095/-/DC1

Nucleic Acids Research, 2014, Vol. 42, No.8 5065

A

NXF1 Only—'—Dj Lo e e

i

GANP/NXF1 {:; ] $

GANP Only -+ | .

°© '\6 ‘1§ "bQ' b§ 66 @I
mRNA transcript expression level (RPKM)

B

NXF1 Only{ - = «— | + | | - ]

n.s

KX¥

C
NXF1 only ce oo S ]*
5
GANP/NXF1 . X
n.s
GANP only 1 ]
o r
D egogoecess o o . .
o ot [|IIIIRE DS £ oo oo e e E
menocs [IIIENGE €5 -
GANP only 1'.]“ . ]*
. : : p

Number of Exons

Figure 3. Expression levels, half-lives, gene length and exon number are correlated with selective impairment of mRNA export following GANP
depletion. (A) NXFI-dependent transcripts in which export is impaired by GANP depletion are more highly expressed than those that are insensitive
to GANP depletion. The mRNA transcript expression level (RPKM) was calculated for each gene in GANP/NXF1, GANP only and NXF1 only
subsets using a publicly available dataset (36) and represented in a box and whiskers plot. Median is indicated by marked line and mean by a plus
sign. Statistical significance was determined by a Mann—Whitney test (***P <0.001). (B) NXFI-dependent transcripts in which nuclear export is
impaired by GANP depletion have shorter half-lives. The mRNA half-lives for each transcript in GANP/NXF1, GANP only and NXF1 only subsets
were calculated using a publicly available dataset (37) and represented in a box and whiskers plot. Statistical significance was P <0.001. (C) Gene
length is correlated with mRNA export selectivity. The length of each gene (kb) in GANP/NXFI, GANP only and NXF1 only subsets was
calculated and represented in a dot plot. The average gene length for genes in each subset is marked by a red line in the plot and also shown
numerically. Statistical significance was P <0.001. (D) Exon number is correlated with mRNA export selectivity. Exon number of each gene in
GANP/NXF1, GANP only and NXF1 only subsets was calculated and represented in a dot plot. The average exon number for genes in each subset
is marked by a red line in the plot and also shown numerically. Statistical significance was P <0.001.

proteins required for primary cellular metabolic processes processing, splicing, the biogenesis of mRNPs and
(organic, carboxylic and fatty acid metabolism, etc) ribosomes, nucleic acid metabolism and the regulation of
(Figure 2B and Supplementary Figure S2). Although the gene expression (P-values of 4.2x 107", 3.4 x107°
NXF1-dependent transcripts that also showed impaired 6.7x107"° 73x10™° and 6.8x 1077, respectively)
export following GANP depletion included some (Figure 2B; raw data are shown in Supplementary
housekeeping genes, this subset was strikingly enriched Figure S2). Thus, although mRNAs that encode proteins
for important regulatory genes that function in mRNA required for a broad range of cellular functions are
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Figure 4. Transcripts whose nuclear export was impaired following
GANP depletion display more rapid nuclear mRNA export kinetics
than GANP-independent transcripts. (A and B) A mixture of equal
amounts of four fully spliced transcripts, two GANP dependent
(EXOSC6 and PDXP) and two GANP independent (GALKI and
TST), was injected into Xenopus oocyte nuclei and their rate of
export into the cytoplasm determined. Nuclear (A) and cytoplasmic
(B) expression levels were measured for each transcript between 5
and 90 min after nuclear injection and represent the average of triplicate
qPCR experiments from nuclear and cytoplasmic RNA harvested from
four pooled injections into Xenopus oocyte nuclei per time point.

exported by NXF1, GANP depletion impairs the export
of specific classes of NXFl-exported transcripts that
encode proteins associated with facilitating rapid
adaptation to changes in gene expression.

Recent genome-wide studies of mRNA and protein
half-lives in mammalian cells have shown that the subset
of genes that encode unstable mRNAs and unstable
proteins is enriched for those that function in regulation
of transcription and ribosome biogenesis (34).
Furthermore, genes that encode unstable mRNAs but
stable proteins are enriched for those that function in
RNA splicing and mRNA processing (34). In contrast,
genes that encode stable mRNAs and stable proteins are
enriched for those that function in cellular metabolism
(34). In yeast, RNA binding proteins such as mRNA
processing and splicing factors exhibit high levels of
protein stability, translational efficiency and protein
abundance, but their encoding transcripts have short
half-lives (35). Strikingly, these functional classes of
genes are also highly enriched in the subset of transcripts
that show impaired nuclear export following GANP

depletion (Figure 2B). The expression levels and half-lives
of the transcripts that use GANP and/or NXF1 for export
were evaluated using two studies that have determined the
mRNA expression levels (36) and mRNA half-lives (37) of
the majority of genes in human cells. These indicate that
NXF1-dependent transcripts that show impaired nuclear
export following depletion of GANP have significantly
higher expression levels than those in which GANP
depletion has no effect (P<1x 10~% Mann—Whitney
test, Figure 3A). Furthermore, the subset of
NXF1-dependent transcripts that show impaired nuclear
export following GANP depletion have significantly
shorter half-lives than those that are insensitive to
GANP depletion (P<1x 107% Mann-Whitney test,
Figure 3B). A similar result was seen when a genome-wide
data set from mouse cells (34) was used, suggesting that
the observed trends may be evolutionarily conserved
(Supplementary Figure S4) and is consistent with GANP
promoting the export of transcripts that are highly
expressed, yet have short half-lives. Importantly, the
NXF1-dependent transcripts in which nuclear export
was insensitive to GANP depletion are less abundant,
have longer half-lives and encode proteins required for
constitutive cellular processes such as cellular metabolism.
Therefore, although NXFI1-dependent mRNAs have a
wide range of half-lives and expression levels, the subset
of these transcripts in which export is impaired by GANP
depletion contains a disproportionate number of
transcripts that are unstable and highly expressed.

In mammalian cells, highly expressed and rapidly
regulated genes have fewer introns that are also shorter
than average (38,39). We found that the NXF1-dependent
transcripts that showed impaired export following GANP
depletion have fewer exons than those that are insensitive
to GANP depletion (average exon number of 5.73
compared with 11.15, P<10"*, Mann-Whitney test)
and the length of the genes that encode them is also
shorter (Figure 3C and D). Half-lives for splicing reactions
in mammalian cells have been estimated at <1 min for the
first intron, rising to 1.4min for the second intron and
7.5min for the third (40). This suggests that the subset
of transcripts for which GANP facilitates export may
require less time to be fully processed into a mature
transcript.

Transcripts whose nuclear export was impaired following
GANP depletion display more rapid nuclear mRNA
export kinetics than GANP-independent transcripts

The observation that GANP-facilitated transcripts are
highly expressed, unstable, rapidly regulated and
enriched for those that may enable rapid adaptation to
changes in gene expression suggests that GANP may
function in increasing the rate of export of this specific
subset of transcripts. To test whether GANP-dependent
transcripts have different nuclear mRNA export kinetics
than GANP-independent transcripts, a mixture of four
fully spliced transcripts [2 GANP-dependent (EXOSC6
and PDXP) and 2 GANP-independent (GALK1 and
TST)] was injected into Xenopus oocyte nuclei and the
rate of export into the cytoplasm determined
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[Xenopus oocytes have the advantage that, although
transcription, splicing and mRNA export are coupled in
mammalian cells (7,8,11,41), in this system mRNA export
can be studied in isolation from earlier processing steps in
the gene expression pathway (42)]. The GANP-dependent
transcripts had significantly faster nuclear mRNA export
kinetics than GANP-independent transcripts (Figure 4A
and B). The time taken for nuclear levels to decrease by
half following nuclear injection (t ') was ~40min for
GANP-dependent transcripts compared with between 60
and 90min for GANP-independent transcripts
(Figure 4A). For all of the injected transcripts, a reduction
in nuclear levels was accompanied by a corresponding
increase in the cytoplasm (Figure 4B) as anticipated for
nuclear export. Importantly, the GANP-dependent
transcripts appeared in the cytoplasm at a faster rate
and at a higher level than the GANP-independent
transcripts (Figure 4B). Therefore, these results support
the hypothesis that GANP-dependent transcripts are
exported from the nucleus more rapidly than
GANP-independent transcripts.

Previous studies suggested that GANP functions in the
recruitment of mRNPs from nuclear processing centres to
NPCs (20). The mRNPs diffuse throughout the
interchromatin space or =zones of heterochromatin
exclusion in the nuclei of mammalian cells (43), which is
thought to be established in part by TPR (44), a
filamentous NPC-associated protein required for mRNA
export (45). Furthermore, TPR has been proposed to form
part of a structural network in the nuclear interior of
mammalian cells that could mediate facilitated diffusion
of complexes such as mRNPs from the nuclear interior to
the NPC (46-49). Interestingly, GANP and TPR
co-depletion results in a more severe mRNA export
defect than depleting TPR or GANP alone (Figure 5A),
suggesting that GANP and TPR may cooperate to export
mRNA. Fluorescence microscopy indicated that
endogenous GANP co-localized with TPR both nuclear
pores and intra-nuclear sites (Figure 5B and C).
Moreover, endogenous GANP was efficiently co-
immunoprecipitated from HCT116 nuclear cell extracts
by antibodies against TPR (Figure 5D) and endogenous
TPR was co-immunoprecipitated by antibodies against
GANP (Figure 5E). Strikingly, the interaction between
GANP and TPR was reduced following RNase treatment
(Figure 5E), suggesting that the interaction is at least
partially mediated indirectly via RNA and that both
proteins may be interacting with the same mRNA chain.
Furthermore, depletion of TPR resulted in a complete loss
of nuclear pore-associated GANP, suggesting that GANP
targeting to NPCs depends on TPR (Figure S5SF),

consistent with a recent report obtained in a different
cell line (21).

In principle, the role of GANP in the nuclear export of
specific classes of mRNA could be due either to its
function as a scaffold protein for TREX-2 components
at nuclear pores or its proposed chaperonin function in
the nucleoplasm. At steady state, a large proportion of
TREX-2 components ENY2 and PCID2 are stably
associated with the nuclear pore basket (21), consistent
with their being bound to GANP at this location.
However, some GANP is also found at mRNA processing
sites located deep in the nucleus, where it has been
proposed to facilitate the transport of mature transcripts
to the pores (20). Although it is presently not known
whether the nuclear GANP fraction is complexed with
other TREX-2 components such as ENY2 and PCID2,
the high affinity of these components for one another
(19) makes this likely. Depletion of GANP would reduce
both its nucleoplasmic and nuclear pore-associated pools,
and it is technically difficult to distinguish whether one or
both pools impact mRNA export as there is currently no
way in which they can be separated. Although a detailed
examination of the relative contributions of the
nucleoplasmic and nuclear pore-associated pools of
GANP to RNA export is beyond the scope of the
present manuscript, preliminary evidence suggests that
depletion of GANP often tends to be epistatic with
depletion of TREX-2 components ENY2 and PCID?2.
For example, decreases in the cytoplasmic expression
levels of only one of the three GANP/NXF1 targets
tested was observed when ENY2 was depleted, whereas
two of the three GANP/NXF1 targets decreased when
PCID2 were depleted (Figure 5G). Moreover, the
cytoplasmic levels of two of three GANP/NXF1 target
genes were reduced following TPR depletion, and one of
these, RPS23, was unchanged following either PCID2 or
ENY?2 depletion (Figure 5G). With the important caveat
that depletion of ENY2, PCID2 and TPR will also impact
on a range of different cellular functions (e.g. ENY2 is
also a component of the SAGA complex), taken
together, these results are consistent with both
nucleoplasmic pools and nuclear pore-associated pools
of GANP possibly contributing to its role in nuclear
export of a subset of mRNA.

DISCUSSION

Our findings indicate that GANP promotes the nuclear
export of a specific subset of mammalian mRNAs that
use NXF1 as an export factor and also provide biological
insight into the function of GANP (Figure 6). Roughly
half of the transcripts that used NXF1 for export also

Figure 5. Continued

was immunoprecipitated from nuclear extract of HCT116 cells and blotted for GANP and TPR. (E) Endogenous GANP was immunoprecipitated
from nuclear extracts of HCT116 cells with or without RNase treatment and blotted for GANP and TPR. (F) TPR depletion results in loss of
GANP from nuclear pores. Immunofluorescence of HCT116 cells with or without TPR depletion using anti-GANP and anti-TPR, respectively (scale
bar, 5pum), is shown. Scanning analysis of GANP and TPR intensity is also shown. (G) ENY2, PCID2 and TPR depletion are often epistatic with
GANP depletion. Cytoplasmic expression levels of GANP/NXF1 target transcripts RPS23, SP1 and ARPP-19 and NXF1 target transcripts AXIN2,
IDH2 and LLGL were quantitated by qRT-PCR from cytoplasmic RNA extracted from control siRNA-treated, GANP-, ENY2-, PCID2- or TPR-

depleted HCT116 cells 72 h post-transfection.
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Figure 6. Model for GANP’s role in the selective export of a subset of mRNA. We propose that GANP facilitates the nuclear export of specific
classes of mRNAs that may enable rapid adaptation to changes in gene expression, thereby optimizing their export to the cytoplasm and ensuring
that cells can respond quickly to stimuli. GANP may facilitate export of a subset of mRNA by optimizing its transport from the nuclear interior to
nuclear pores, or alternatively could facilitate export through its role as a scaffold protein of the nuclear pore-associated TREX-2 complex, or

through its potential role in both compartments.

showed impaired export when GANP was depleted.
Moreover, GANP and NXFI1 co-depletion had a
synergistic effect on both mRNA export and cell
proliferation, strongly supporting the hypothesis that
GANP promotes the export of a specific subset of
NXF1-dependent transcripts. Thus, whereas the nuclear
export of these transcripts is impaired when either
GANP and NXFI1 is depleted, the impairment is
substantially increased when GANP and NXF1 are
depleted at the same time. Our results are consistent
with a model of mammalian mRNA export through
multiple pathways analogous to that proposed in yeast
(25,50,51), where Mex67-bound mRNAs are also
enriched in transcripts of metabolism genes, as well as
RNA-binding proteins and mRNAs encoding protein
synthesis machinery (25). Although broadly speaking,
both Mex67 and NXF1 export similar classes of
mRNAs, our current results identify an additional level
of selectivity in mammalian mRNA export whereby
GANP promotes the export of a specific subset of the
NXF1-mediated transcripts.

Our results raise the interesting possibility that GANP
may define a ‘fast track’ from the nucleus for export of
specific classes of mRNAs. The nuclear mRNA export
kinetics of GANP-dependent transcripts were more
rapid than those of GANP-independent transcripts.
Importantly, although both subsets of transcripts use
NXF1 as their primary nuclear export factor,
representative transcripts that showed impaired nuclear
export following GANP depletion showed faster nuclear
mRNA export kinetics, consistent with the hypothesis that

the selective participation of GANP may increase the rate
of nuclear export of transcripts. This GANP-specific
subset of mRNAs is highly enriched for those encoding
proteins that are required for RNA processing and
splicing, mRNP and ribosome biogenesis and gene
expression. The observation that GANP-specific
transcripts have short half-lives, are highly expressed,
have fewer exons than GANP-independent transcripts
and their encoded proteins may facilitate rapid adaptation
to changes in gene expression, suggests a functional
rationale for why GANP participates in the export of
only a subset of NXF1-bound mRNPs. Interestingly, we
find that targeting of GANP to nuclear pores requires
TPR, a scaffold protein of the NPC that maintains
regions of heterochromatin exclusion surrounding NPCs
(44). Based on analysis of single mRNP translocation in
living cells, it has been proposed that mRNPs travel from
sites of transcription to NPCs through nucleoplasmic-
channelled pathways, as in this scenario, the mRNPs
face 1D diffusion rather than 3D diffusion (52). A TPR-
mediated scaffold might also confine the diffusive
movement of export cargos (44). Thus, as the transport
of mRNA to NPCs takes minutes, compared with less
than a second for actual transport through the pore
(52), it may be advantageous for GANP-associated
mRNPs to interact with TPR-mediated scaffolds, as this
could potentially increase the efficiency of diffusion to
NPCs.

In conclusion, we propose that GANP promotes the
nuclear export of specific classes of mRNAs that may
enable rapid adaptation to changes in gene expression.
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In this way, export of these transcripts to the cytoplasm is
optimized, ensuring that cells can respond quickly to
stimuli.
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