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Expanded polyalanine tracts function as nuclear export signals
and promote protein mislocalization via eEF1A1 factor
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Polyalanine (poly(A)) diseases are caused by the expansion of
translated GCN triplet nucleotide sequences encoding poly(A)
tracts in proteins. To date, nine human disorders have been
found to be associated with poly(A) tract expansions, including
congenital central hypoventilation syndrome and oculopharyn-
geal muscular dystrophy. Previous studies have demonstrated
that unexpanded wild-type poly(A)-containing proteins localize
to the cell nucleus, whereas expanded poly(A)-containing pro-
teins primarily localize to the cytoplasm. Because most of these
poly(A) disease proteins are transcription factors, this mislocal-
ization causes cellular transcriptional dysregulation leading to
cellular dysfunction. Correcting this faulty localization could
potentially point to strategies to treat the aforementioned dis-
orders, so there is a pressing need to identify the mechanisms
underlying the mislocalization of expanded poly(A) protein.
Here, we performed a glutathione S-transferase pulldown assay
followed by mass spectrometry and identified eukaryotic trans-
lation elongation factor 1 a1l (eEF1A1) as an interacting partner
with expanded poly(A)-containing proteins. Strikingly, knock-
down of eEF1A1 expression partially corrected the mislocaliza-
tion of the expanded poly(A) proteins in the cytoplasm and
restored their functions in the nucleus. We further demon-
strated that the expanded poly(A) domain itself can serve as a
nuclear export signal. Taken together, this study demonstrates
that eEF1A1 regulates the subcellular location of expanded
poly(A) proteins and is therefore a potential therapeutic target
for combating the pathogenesis of poly(A) diseases.

Polyalanine (poly(A)) diseases are caused by the expansion of
GCN (where N refers to any of the four bases) trinucleotide
repeats in the disease genes encoding the poly(A) amino acid
tract in the disease proteins (1, 2). Expansion of alanine tracts
has been shown to cause several human pathological condi-
tions, including congenital malformations and/or mental retar-
dation (1, 3). Up to the present, nine disease-associated proteins
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with alanine tract expansions have been identified (4). Eight of
the nine poly(A) disease proteins are transcription factors with
nuclear localization (1, 5). Nuclear localization is essential for
transcription factors to bind to DNA and activate target gene
transcription (6). It has been reported that poly(A) disease pro-
teins, including HOXD13, HOXA13, RUNX2, SOX3, FOXL2,
ARX, and PHOX2B, are mislocalized in the cytoplasm when
overexpressed in mammalian cell lines (7-11). Furthermore,
the degree of cytoplasmic mislocalization increases as the
length of the alanine tract increases (10, 12). Polyalanine expan-
sion in FOXL2 gives rise to its accumulation in the cytoplasm in
a length-dependent manner. Expanded FOXL2 containing 19
alanine residues is found both in the nucleus and the cytoplasm.
For FOXL2 with 37 alanine residues, all of the cells display
cytoplasmic localization (9). Moreover, the degree of transcrip-
tional activity of poly(A) disease protein decreases as the ala-
nine tract increases (9). For instance, PHOX2B is a gene associ-
ated with congenital central hypoventilation syndrome (13).
The majority of patients with central hypoventilation syn-
drome have a poly(A) repeat expansion mutation in PHOX2B
protein (13). Luciferase assay results reveal an inverse correla-
tion between trans-activation activity and the length of the
poly(A) tract (7, 14). Similarly, FOXL2, which encodes a tran-
scription factor, is the causative gene in blepharophimosis, pto-
sis, and epicanthus inversus syndrome (15). The wild-type
FOXL2 protein has a highly conserved 14 residue C-terminal
alanine tract (16). Luciferase assay and quantitative reverse tran-
scription-polymerase chain reaction (RT-PCR) of the target
genes suggest that the longer a poly(A) tract appended to the
disease protein is, the lower the trans-activation activity of
FOXL2 (9). These studies suggest that poly(A) tract expansion
causes protein cytoplasmic localization, impairs the trans-acti-
vation activity of these poly(A) disease proteins, and results in a
loss-of-function phenotype.

Eukaryotic translation elongation factor 1 o (eEF1A)? is in
charge of the delivery of aminoacylation-tRNA (aa-tRNA) to
the A site of ribosome during translation elongation (17). Aside
from the canonical role in translation, eEF1A is involved in the

3 The abbreviations used are: eEF1A1, eukaryotic translation elongation fac-
tor 1 a1; aa-tRNA, aminoacylation-tRNA; eEF2, eukaryotic translation elon-
gation factor 2; FLIP, fluorescence loss in photobleaching; NES, nuclear
export signal; PA-GFP, photoactivatable GFP; ROI, region of interest; TD-
NEM, transcription-dependent nuclear export motif; VHL, von Hippel-
Lindau; N/C, nuclear/cytoplasmic; EGFP, enhanced green fluorescent pro-
tein; IP, immunoprecipitation.
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eEF1A1 modulates localization of expanded poly(A) proteins

Table 1
Constructs used in this study

Control pRev (1.4)-EGFP
NES pRev (1.4)-NES-EGEP
A6 pRev (1.4)-A6-EGFD

A22 pRev (1.4)-A22-EGFP

A25 pRev (1.4)-A25-EGFP

A28 pRev (1.4)-A28-EGFP

A31 pRev (1.4)-A31-EGFP

A34 pRev (1.4)-A34-EGFP

A37 pRev (1.4)-A37-EGFP

A10(PA9), pRev (1.4)-A10PA9PAIPA9-EGFP
A7(PA6), pRev (1.4)-A7PA6PA6PA6PA6PA6-EGFP

nuclear export of proteins (18). Translation elongation factor
EF-1 o (Tef1) is the yeast orthologue of human eEF1A, and Tefl
was implicated in the tRNA nuclear export process in Saccha-
romyces cerevisiae (19). In mammalian cells, eEF1A was also
reported to mediate the nuclear export of transcription-depen-
dent nuclear export motif (TD-NEM) containing proteins,
including the poly(A)-binding protein 1 (PABP1) and the von
Hippel-Lindau (VHL) tumor suppressor protein (18) and
SNAG-containing proteins, such as Snaill (20). The above evi-
dence clearly demonstrates that eEF1A plays a role in protein
nuclear export. In this study, we showed that eEF1A1 regulates
the localization of protein that carries a novel nuclear export
signal (NES) in a poly(A) tract of disease proteins that are impli-
cated in poly(A) disorders. Our findings provide a mechanistic
explanation for how transcription factor dysregulation is trig-
gered in poly(A) disease pathogenesis.

Results

Continuous expanded poly(A) tract alters the localization of
nuclear proteins

To determine the changes in subcellular localization of pro-
teins with an expanded poly(A) tract, the Rev nuclear export
assay (21) was employed. The wild-type HIV-1 viral Rev protein
carries a functional nucleolus localization signal and NES,
which direct Rev protein transports between the nucleus and
cytoplasm through the nuclear pore complex (22). The nuclear
export reporter protein, Rev(1.4)-EGFP, is a fusion protein that
carries a mutant version of Rev (Rev(1.4)) and EGFP. The
Rev(1.4) mutant protein lacks nuclear export activity and thus
localizes primarily to the nucleus (21). To address the effect of
poly(A) tracts on the subcellular localization of Rev(1.4), we
fused Rev(1.4)-EGFP with either an unexpanded (A6) or
expanded (A37) poly(A) repeat (Table 1) and subsequently
transfected HEK293 cells with these constructs. The subcellu-
lar localization of proteins was determined and quantified
according to Ref. 21. The nuclear export reporter protein,
Rev(1.4)-EGFP, without a poly(A) tract (control) was found to
predominantly localize to the nuclear compartment (Fig. 1, A
and B). The Rev(1.4)-NES-EGFP protein was used as the posi-
tive control to show that the insertion of a functional NES iso-
lated from the HIV-1 Rev protein (21) caused cytoplasmic
localization of the nuclear export reporter protein (Fig. 1, A and
B). Similar to the Rev(1.4)-EGFP control, the Rev(1.4)-A6-
EGEFP protein was found mainly in the nuclear compartment
(Fig. 1, A and B), which suggests that the unexpanded poly(A)
tract conferred no detectable effect on the subcellular localiza-
tion of the Rev(1.4)-EGFP reporter. In contrast, the Rev(1.4)-
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A37-EGFP protein was found to reside in both the nuclear and
cytoplasmic compartments (Fig. 1, A and B). This result sug-
gests that the expanded poly(A) tract alters the localization of
nuclear proteins, directing them to the cytoplasm.

We next sought to investigate whether the continuity of the
expanded poly(A) tract would be essential for the mislocaliza-
tion. We generated two expanded polyAPA variant constructs,
pRev(1.4)-A10PA9PA9PA9-EGFP and pRev(1.4)-A7PA6PA6
PA6PA6PA6-EGEP, which contain three or five proline resi-
dues within the expanded 37 poly(A) tract (Table 1). As aresult,
the continuity of the expanded poly(A) tract is disrupted, and
the long poly(A) tracts are split into shorter alanine stretches. In
contrast to Rev(1.4)-A37-EGFP which showed both nuclear
and cytoplasmic localization, Rev(1.4)-A10PA9PAIPA9-EGFP
and Rev(1.4)-A7PA6PA6PA6PA6PA6-EGFP proteins were
predominantly found in the nuclear compartment (Fig. 1, Cand
D). This indicates that the continuity of expanded poly(A) tract
is crucial for its effect of cytoplasmic mislocalization.

Next, we seek to determine the minimal length of poly(A)
tract that would lead to cytoplasmic localization of nuclear pro-
teins. We fused Rev(1.4)-EGFP with expanded poly(A) tract of
different lengths, including A22, A25, A28, A31l, and A34
(Table 1), and analyzed the localization of EGFP in HEK293
cells. The A22, A25, and A28 proteins resulted in 96, 98, and
98% of the cells with pure nuclear localization, respectively,
which did not appear to be different from A6 (Fig. 1, E and F).
But when the expanded poly(A) tract reached 31 repeats, we
started noticing a difference, because A31 resulted in 74% of the
cells with pure nuclear localization, and 26% of them showed
both nuclear and cytoplasmic localization (Fig. 1, E and F).
When the poly(A) tract reached 34 repeats, the majority of cells
possessed a nuclear + cytoplasmic localization pattern, with
78% of the cells having EGFP in both compartments and only
22% cells with pure nuclear localization (Fig. 1, E and F). From
these results, we concluded that the minimal length of
expanded poly(A) tract that would lead to a detectable increase
of cytoplasmic localization is somewhere between 28 and 31
alanine repeats, whereas the threshold repeat length that would
lead to nuclear + cytoplasmic localization in the majority of
cells lies between 31 and 34 repeats.

Eukaryotic translation elongation factor 1 a1 is a novel
interacting partner of protein containing expanded poly(A)
tract

To identify cellular protein-interacting partners of expanded
poly(A) proteins, a GST-pulldown assay followed by mass spec-
trometry was performed. The HEK293 cell lysate was allowed
to interact with purified bacterially expressed GST-A7 or -A37
fusion proteins in vitro. Mass spectrometric analysis of the elu-
ents unveiled eEF1A1 as an expanded poly(A) protein (GST-
A37)-interacting partner (supplemental Fig. S1). To confirm
this interaction, we repeated the in vitro GST-pulldown exper-
iment in HEK293 cells and detected eEF1A1 by means of West-
ern blotting. The endogenous eEF1A protein was only detected
in eluent of the GST-A37 capture and not the GST and GST-A7
controls (Fig. 24). We also showed that expanded poly(A) pro-
tein interacted with Myc-eEF1A1 by a GST-pulldown experi-
ment in HEK293 cells (Fig. 2B). Taken together, our results
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Figure 1. Continuous expanded poly(A) tract alters the localization of nuclear proteins. A, subcellular localization of Rev(1.4)-poly(A)-EGFP proteins in
HEK293 cells. The Rev(1.4)-EGFP control protein localized to the nuclear compartment, whereas the positive control Rev(1.4)-NES-EGFP (NES), which contained
a functional HIV-1 Rev NES sequence, localized to the cytoplasm. The Rev(1.4)-poly(A)-EGFP protein with a 6-alanine tract (A6) localized in the nuclear
compartment, whereas that with a 37-alanine tract Rev(1.4)-A37-EGFP (A37) showed both nuclear and cytoplasmic localization. Cell nuclei were stained with
Hoechst 33342. Scale bar, 10 um. B, statistical analysis of A. C, subcellular localization of Rev(1.4)-polyAPA-EGFP proteins in HEK293 cells. The Rev(1.4)-A37-EGFP
(A37) showed both nuclear and cytoplasmic localization, two Rev(1.4)-polyAPA-EGFP variants (A10(PA9); and A7(PA6);) localized in the nuclear compartment.
Cell nuclei were stained with Hoechst 33342. Scale bar, 10 um. D, statistical analysis of C. E, subcellular localization of Rev(1.4)-poly(A)-EGFP protein with A22,
A25, A28, A31, and A34. A22, A25, and A28 showed nuclear localization. A31 resulted in 26% of cells with both nuclear and cytoplasmic localization, whereas
A34 resulted in up to 78% of cells with both nuclear and cytoplasmic localization. Scale bar, 10 uwm. F, statistical analysis (E). N, nuclear; C, cytoplasmic; C + N,
cytoplasmic and nuclear localization. Three independent transfection experiments were performed. At least 100 transfected cells were analyzed in each
experiment. Error bars, S.E.

indicate that eEF1A1 interacts specifically with protein carry- The eFF1A1l protein can be structurally divided into three
ing an expanded poly(A) tract but not with the unexpanded domains (Fig. 2C); domain I functions as a GTP-binding domain,
poly(A) tract. domain II is involved in tRNA binding, and domain III is respon-
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Figure 2. eEF1A1 interacted with protein carrying a continuous expanded poly(A) tract. A, endogenous eEF1A1 interacted with GST-A37. The GST-
pulldown assay was performed to detect the interaction between endogenous eEF1A1 and GST-poly(A). The HEK293 cellular eEF1A1 protein was detected by
Western blotting using anti-eEF 1A antibody. The GST-poly(A) fusion proteins were detected by SDS-PAGE Coomassie Blue staining. B, the Myc-tagged eEF1A1
protein interacted with GST-A37. C, schematic diagram of eEF1A1 domains. D, domain Il of eEF1A1 interacted with GST-A37 protein. The GST-pulldown assay
was performed to determine the interaction between GST-poly(A) proteins and eEF1A1 domains. The eluents were detected by Western blotting using anti-Myc
antibody. The GST-poly(A) fusion proteins were detected by SDS-PAGE Coomassie Blue staining. £, schematic diagram of eEF1A1 constructs with different truncated
versions of domain lll. F, amino acids 429-449 in eEF1A1 are important for interaction between eEF1A1 and GST-A37. The GST-pulldown assay was performed to
determine the interaction region in eEF1A1 interacted with GST-A37 protein. G, continuous expanded poly(A) tract interacts with eEF1A1. Co-immunoprecipitation
was performed to detected the interaction between Rev(1.4)-poly(A)-EGFP proteins and eEF1A1. The lysates of cells co-transfected with pRev(1.4)-poly(A)-EGFP and
pcDNA3.1-myc-eEF1AT constructs were subjected to a co-IP assay. IP was performed with c-Myc agarose affinity gel followed by immunoblotting with mouse anti-Myc
antibody (Myc-eEF1A1) and mouse anti-GFP antibody (Rev(1.4)-poly(A)-EGFP). The interaction with eEF1A1 was abolished when continuity of the expanded poly(A)
tract was disrupted by proline. Three independent experiments were performed.

sible for actin binding (23). To gain further insights into the
expanded poly(A)/eEF1A1 interaction, we performed a GST-pull-
down assay to determine which domain(s) in eEF1A1 is responsi-
ble for interacting with the expanded poly(A) tract. The result
showed that eEF1A1 domain III and domain II+III, but not
domain [, II, and I +1I was able to interact with GST-A37 (Fig. 2D).
This indicates that domain III in eEF1A1 is responsible for inter-
acting with expanded poly(A) tract-containing protein. To further
map out the expanded poly(A)-interacting region in eEF1A1, we
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transfected HEK293 cells with a series of Myc-tagged eEFIA1
deletion constructs (Fig. 2E) and used cell lysates to perform a
GST-pulldown experiment. The results indicate that the region
encompassing amino acids 429 — 449 of eEF1A1 is essential for the
protein to interact with expanded poly(A) tracts (Fig. 2F).

To determine whether the interruption of continuity of the
expanded poly(A) tract would affect the interaction between
eEF1A1l and expanded poly(A) tract-containing proteins, we
performed a co-immunoprecipitation experiment in HEK293
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cells co-expressed with different versions of Rev(1.4)-polyAPA-
EGFP variants (Table 1) and Myc-tagged eEF1A1. We found
that Myc-eEF1A1 could be co-immunoprecipitated with
Rev(1.4)-A37-EGFP but not the other Rev(1.4)-polyAPA-
EGFP variants, including Rev(1.4)-A10PA9PA9PA9-EGFP
and Rev(1.4)-A7PA6PAGPA6PAGPA6-EGFP (Fig. 2G). This
result indicates that the continuity of the expanded poly(A) tract
is an essential determinant for its interaction with eEF1A1.

eEF1A1 regulates the cytoplasmic localization of expanded
poly(A) tract-containing protein

eEF1A is a GTP-binding protein that associates with protein
synthesis (23). Besides its canonical role in protein translation,
eEF1A has also been reported to be involved in nuclear export
of proteins that carry the TD-NEM, such as the VHL tumor
suppressor in mammalian cells (18). We thus speculated that
eEF1ALl is involved in regulating the localization of expanded
poly(A) tract-containing proteins.

To investigate the effect of eEF1A1 on the subcellular local-
ization of poly(A)-containing protein, we analyzed the subcel-
lular localization of Rev(1.4)-poly(A)-EGFP in HEK293 cells
with or without knockdown of eEF1A1 using confocal micros-
copy. The nucleo-cytoplasmic distribution of protein was
quantified by measuring the fluorescence intensity of the EGFP
signals in the nuclear compartment and the cytoplasmic com-
partment and expressed as the nuclear/cytoplasmic (N/C)
ratio. The result showed that knockdown of eEF1A 1 expression
caused an enrichment of the Rev(1.4)-A37-EGFP protein in the
nuclear compartment but had no effect on the subcellular local-
ization of the Rev(1.4)-A6-EGFP control protein (Fig. 3, A and
B). An increase in the percentage of cells with an N/C ratio >1
indicated that more EGFP signals were detected in the nucleus.
For the reporter proteins that were tagged with a functional
NES from the HIV-1 Rev, the knockdown of eEFIA1 has no
effect on changing the N/C ratio, suggesting that eEFIAI is not
involved in the nuclear export mediated by the classical Rev
NES (Fig. 3, A and B). The efficiency of the eEFIA1 siRNA was
analyzed by immunoblotting. The results showed that eEF1A1
protein levels were largely reduced after eEF1AI siRNA treat-
ment (Fig. 3C). Our results also showed that overexpression of
eEF1A1 enhanced the cytoplasmic localization of expanded
poly(A) protein, whereas overexpression of eEF1A1442%~449
had no such effect (Fig. 3, D—F). These data indicate that
eEF1A1 regulates the subcellular localization of expanded
poly(A) tract-containing protein.

During eukaryotic protein translation elongation, eEF1A is
responsible for the enzymatic delivery of aa-tRNA to the A site
of the ribosome, and eukaryotic translation elongation factor
2 (eEF2) is responsible for translocating the peptidyl-tRNA
out of the A site to the P site (23). To eliminate the possibility
that the eEF1A 1 knockdown-mediated nuclear enrichment of
expanded poly(A) proteins results from a blockage of general
protein translation elongation, we examined the effect of
eEF2 knockdown on the nucleo-cytoplasmic distribution of
expanded poly(A) tract-containing protein. We found that the
knockdown of eEF2 expression had no effect on the N/C ratio of
Rev(1.4)-poly(A)-EGEFP protein (Fig. 3, G-I). This suggests that
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the role of eEF1A1 in modulating the localization of expanded
poly(A) protein is not related to its protein translation function.

Knockdown of eEF1AT1 expression resulted in a nuclear
enrichment of expanded poly(A)-containing SoxN

To relate the mislocalization of expanded poly(A) domain to
poly(A) toxicity, we extended our study to an in vivo poly(A)
disease transgenic fly model. The human sex-determining
region Y-box 3 (SOX3) protein is a transcription factor that is
expressed in the brain and plays a role in neural development
(1). A mutation in SOX3 causing the addition of an extra 7-11
alanine residues to normal 15-alanine tract induces X-linked
hypopituitarism, a prevalent poly(A) disease exhibiting mental
retardation, short stature, and growth hormone deficiency
(11, 24, 25). The SoxNeuro (SoxN) protein is the Drosophila
ortholog of SOX3, and it plays a critical role in embryogenesis,
including the formation of neuroblasts (26, 27) and axonal pat-
terning (28).

We first expressed A12-SoxN-EGFP and A34-SoxN-EGFP
fusion proteins to determine the subcellular localization of
overexpressed poly(A)-SoxN in SK-N-MC cells. The A12-
SoxN-EGFP protein was found to be localized in the nucleus,
whereas A34-SoxN-EGFP predominantly localized in the cyto-
plasm and formed protein aggregates (Fig. 4A). Next, we
observed that the knockdown of eEFIAI expression did not
affect the distribution of the unexpanded A12-SoxN-EGFP. In
contrast, the knockdown of eEF1A I caused the nuclear enrich-
ment of A34-SoxN-EGEFP (Fig. 4A4). The fluorescence intensity
analysis of the two fluorescence patterns was performed along
the line passed the whole cell. A significant amount of A12-
SoxN-EGFP signal was found to overlap with nuclear stain in
cells treated with both control siRNA and eEFIAI siRNA. On
the contrary, significantly less overlapping was observed for
A34-SoxN-EGFP in cells treated with control siRNA. However,
upon eEFIAI knockdown, the overlapping was partially
restored (Fig. 4A4). To further investigate the effect of eEF1A1
knockdown biochemically, the nucleocytoplasmic fraction-
ation assay was performed. The nuclear A34-SoxN protein lev-
els rather than the A12-SoxN protein levels were found to be
increased upon eEF1AI1 knockdown (Fig. 4B). These results
demonstrated that eEF1A1 mediates expanded poly(A) do-
main-containing SoxN nucleocytoplasmic distribution but
does not alter wild-type SoxN localization.

Knockdown of Ef1a48D expression in Drosophila attenuated
the toxicity induced by expanded poly(A) SoxN

To gain insights into the effect of poly(A) repeats in vivo, we
established transgenic fly lines, L/AS-A12-SoxN and UAS-A34-
SoxN, which consist of the SoxN gene with a 12-alanine tract or
a 34-alanine tract. Gmr-GAL4 driver was used to overexpress
A12-SoxN or A34-SoxN in the fly eye, and the external eye
phenotypes were examined. The overexpression of A34-SoxN
resulted in abnormal eyes, characterized by a rough surface due
to the disturbance of ommatidia architecture, whereas the
overexpression of A12-SoxN did not display any effect on the
external eye morphology, nor did the GAL4 driver control (Fig.
4C). Depletion of Efl1a48D, which is the Drosophila homolog of
human eEFIA1, by gene knockdown rescued the external eye
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pression of Myc-eEF1A1 caused Rev(1.4)-A37-EGFP protein cytoplasmic enrichment but had no effect on the localization of Rev(1.4)-A6-EGFP protein. Over-
expression of Myc-eEF1A1442°-449 had no effect on the localization of both Rev(1.4)-A6-EGFP and Rev(1.4)-A37-EGFP. The cell nuclei were stained with
Hoechst. Scale bar, 10 um. E, statistical analysis of D. Overexpression of Myc-eEF1A1 caused a statistical significant decrease in the percentage of cells
expressing Rev(1.4)-A37-EGFP protein with N/C ratio >1. F, Myc-eEF1A1 overexpression detection using immunoblotting. B-Tubulin served as the loading
control. G, subcellular localization of Rev(1.4)-poly(A)-EGFP protein in HEK293 cells after eEF2 knockdown. The knockdown of eEF2 expression had no effect on
the subcellular localization of both Rev(1.4)-A6-EGFP and Rev(1.4)-A37-EGFP protein. The cell nuclei were stained with Hoechst. Scale bar, 10 um. H, statistical
analysis of G. Knockdown of eEF2 expression did not change the percentage of cells expressing Rev(1.4)-poly(A)-EGFP protein with N/C ratio >1. /, the
knockdown efficiency of eEF2 was measured using immunoblotting. B-Tubulin served as the loading control. Three independent transfection experiments
were performed. At least 100 transfected cells were measured per experiment. Error bars, S.E. **, p < 0.01. ns, not statistically significant.

rough surface phenotype caused by A34-SoxN, whereas it did
not alter the eye formation of flies expressing A12-SoxN (Fig.
4C). Upon Ef1a48D knockdown by dsRNA, decreased levels of
Efla48D expression were detected by RT-PCR. However, this

nucleus to the cytoplasm. Ef1a48D modifies expanded poly(A)-
containing SoxN toxicity by mediating its mislocalization.

Knockdown of eEF1AT1 patrtially restores the transcription

decrease did not alter the transcript levels of A12-SoxN and A34-
SoxN (Fig. 4D). Therefore, our results support the notion that
Ef1a48D specifically modulates the toxicity induced by expanded
poly(A)-containing SoxN without reducing its transcript levels.
In conclusion, the subcellular localization of expanded
poly(A)-containing SoxN is tightly correlated to degeneration
in poly(A) diseases. Expanded poly(A) tracts exert their toxicity
by inducing the mislocalization of the disease proteins from the
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function of poly(A)-containing protein

Eight of nine poly(A) disease genes encode for transcription
factors, and such nuclear localization is essential for transcrip-
tion factors to function. To determine the effect of expanded
poly(A) tracts on the transcriptional activity of transcription
factors, we performed an unconventional luciferase reporter
assay to examine the regulation of gene expression mediated by
the GAL4 transcription activator fused with either an unex-
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panded or expanded poly(A) tract. The conventional luciferase
assay measures the enzymatic activity of luciferase through
detecting the luminescence of its substrate. Because the trans-
lational machinery may be affected by the knockdown of
eEF1A1, we assayed for the firefly luciferase transcript instead
in our experiments. The pFR-Luc plasmid contains a promoter
with five tandem repeats of the GAL4 binding sites that control
the expression of the firefly luciferase gene (29, 30). When con-
structs containing GAL4-poly(A) were co-transfected with the
PFR-Luc reporter plasmid, the transcription of the luciferase
gene would be induced. The expression level of luciferase thus
reflects the transcriptional activity of GAL4-poly(A). At the
same time, phRL-TK, which is Renilla co-reporter vector, was
also co-transfected to serve as an internal control for normal-
ization of differences in transfection efficiency (31). The result
showed that GAL4-A37-FLAG caused a significant decrease in
firefly luciferase expression level compared with the GAL4-A6-
FLAG control (Fig. 5). We detected the localization of GAL4-
poly(A)-FLAG proteins. The GAL4-A6-FLAG was found dif-
fusely localized in both nucleus and cytoplasm, whereas GAL4-
A37-FLAG was found to be mainly localized in the cytoplasmic
component (supplemental Fig. S2). The subcellular localization
result could explain why expanded GAL4-A37-FLAG protein
demonstrated a reduced transcriptional activity. We have
shown above that the knockdown of eEF1AI expression par-
tially corrected the cytoplasmic mislocalization of expanded
poly(A) tract-containing protein (Fig. 3, A and B). Here, we
speculated that eEFIA1 knockdown would restore the tran-
scriptional activity of the expanded poly(A)-containing GAL4.
As expected, the reduction of firefly luciferase transcription
level in GAL4-A37-FLAG-transfected cells was partially re-
stored upon eEFIA1 knockdown (Fig. 5).

Expanded poly(A) tract possesses nuclear export activity
mediated by nuclear eEF1A1

We hypothesized that the expanded poly(A) tract may serve
as a novel nuclear export signal that causes the cytoplasmic
localization of poly(A) disease proteins. To determine whether
the Rev(1.4)-A37-EGFP protein detected in the cytoplasm was
exported out from the nuclei, we performed the fluorescence
loss in photobleaching (FLIP) nuclear export assay in living cells
(18). In brief, a small region of interest (ROI) of the cytoplasmic
compartment of the target cell was repeatedly photobleached
using a high-power 488-nm laser and followed by an immediate
postbleach capture using a low-power 488-nm laser. The
Rev(1.4) possesses only nuclear import activities but lacks
nuclear export activities. Thus, if the expanded poly(A) tract
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Figure 5. Knockdown of eEF1A1 expression partially restores transcrip-
tion activity of expanded poly(A) tract-containing transcription factor.
Shown is luciferase expression detection using RT-PCR. When the transcrip-
tion factor, GAL4, was combined with a 37-alanine tract (GAL4-A37-FLAG), it
caused a significant reduction of firefly luciferase expression level compared
with that when it was combined with a 6-alanine tract control (GAL4-A6-
FLAG). Knockdown of eEF1AT expression restored the transcription activity of
GAL4-A37-FLAG. The firefly luciferase expression level reflects transcription
activity of GAL4-poly(A)-FLAG. Renilla luciferase served as the transfection
control, and actin served as the loading control. Three independent experi-
ments were performed.

mediates nuclear export activities, then the nuclear export of
the reporter protein would result in the dilution of the remain-
ing fluorescence in the nuclear compartment. The nuclear
export activity of the target protein was determined by compar-
ing the relative fluorescence loss of protein in the nuclear com-
partment over time. After photobleaching of the cytoplasmic
compartment, a statistically significant decrease in the relative
nuclear fluorescence intensity of the Rev(1.4)-A37-EGFP pro-
tein was observed when compared with the Rev(1.4)-A6-EGFP
control (Fig. 6, A and B). This result demonstrates nuclear
export activity of Rev(1.4)-A37-EGFP protein from the nuclear
compartment to the cytoplasmic compartment.

To further obtain a direct visualization of a nuclear export
event, we next performed the photoactivatable GFP (PA-GFP)
nuclear export assay. PA-GFP (32) is a photoactivatable variant
form of EGFP (33) that has a single amino acid substitution at
the 203 position from threonine to histidine (T203H) in EGFP.
PA-GEFP proteins only emit green fluorescence after photoacti-
vation at 405 nm. The photoactivation property of PA-GFP
allows the capturing of nucleocytoplasmic trafficking of pro-
teins in living cells (34). In the PA-GFP nuclear export assay, the
nucleolus was selected as the ROI for photoactivation using
the 405-nm laser. Because the newly synthesized protein in the
cytoplasm was not photoactivated, the cytoplasmic fluores-

Figure 4. Knockdown of Ef1a48D expression attenuated the expanded poly(A) SoxN toxicity by mediating its mislocalization. A, the effect of knock-
down of eEFTAT on poly(A)-SoxN-EGFP localization in SK-N-MC cells. Knockdown of eEF1AT expression caused a nuclear enrichment of A34-SoxN-EGFP protein
but had no effect on the subcellular localization of A12-SoxN-EGFP protein. The cell nuclei were stained with Hoechst 33342. Confocal images were acquired
and processed using Olympus Fluoview FV1000 version 3.0.2.0 software. Red and green lines were drawn successively across individual cells in the confocal
image, with matching plots on the right reporting fluorescence intensity. Scale bar, 10 um. B, representative blots of the effect of eEF1AT knockdown on the
nuclear and cytoplasmic poly(A)-SoxN protein level. Histone (H3) was used as the nuclear marker. B-Tubulin served as the loading control. C, effect of Ef1a48D
knockdown on poly(A)-SoxN toxicity. A34-SoxN expression caused a rough eye phenotype, whereas A12-SoxN and GAL4 driver-alone control did not. Knock-
down of Ef1a48D rescued the eye phenotype induced by A34-SoxN. The images of external eyes were taken from 2 days post-eclosion flies. D, transcript levels
of poly(A)-SoxN and Ef1a48D. The transcript levels of A12-SoxN and A34-SoxN and the knockdown efficiency of Ef1a48D in flies were detected using RT-PCR at
2 days post-eclosion. The flies were raised at 28 °C. The flies were of genotypes w; gmr-GAL4/+; +/+, w; gmr-GAL4/+; UAS-A12-SoxN/+, w; gmr-GAL4/+;
UAS-A34-SoxN/+, w; gmr-GAL4/+; UAS-Ef1a48D-dsRNA/+, w; gmr-GAL4/+; UAS-A12-SoxN/UAS-Ef1a48D-dsRNA, and w; gmr-GAL4/+; UAS-A34-SoxN/UAS-

Ef1a48D-dsRNA. Three independent experiments were performed.
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Figure 6. Expanded poly(A) tract possesses nuclear export activity mediated by nuclear eEF1A1. A, FLIP nuclear export assay. ER-Tracker Red was used
as a cytoplasmic marker (gray channel). White square boxes, selected cytoplasmic regions for photobleaching. There was no obvious drop in intensity of
Rev(1.4)-A6-EGFP protein (A6) in the nucleus postbleach. In contrast, Rev(1.4)-A37-EGFP protein (A37) showed a significant drop in both nuclear and cytoplas-
mic intensities. The intensity bars show the relative fluorescence intensity with white being the maximum and black being the minimum. Scale bar, 10 um. B,
statistical analysis of A was performed using two-way analysis of variance. A statistically significant drop in nuclear fluorescence intensity of A37 protein was
observed postbleach when compared with the A6 control. The prebleach fluorescence intensity of nuclear compartment was normalized as 1. At least 14
transfected cells from three independent transfection experiments were analyzed. Error bars, S.E. **, p < 0.01; ***, p < 0.001; **** p < 0.0001. C, PA-GFP assay.
HEK293 cells transfected with pRev(1.4)-poly(A)-PA-GFP constructs were stained with ER-Tracker Red. The ROIs for photoactivation are indicated by white circles.
In contrast to the control protein (A6), photoactivated nuclearly localized expanded poly(A) protein (A37) was exported to the cytoplasm starting at 1 min
postactivation. At least 36 transfected cells from three independent transfection experiments were analyzed. Scale bar, 10 um. D, Western blotting of eEF1A1
using cytoplasmic or nuclear fractions of HEK293 and SK-N-MC cells. The majority of eEF1A1 was cytoplasmic, but eEF1A1 was detected in the nucleus as well.
Histone (H3) was used as the nuclear marker. B-Tubulin served as the loading control. £, subcellular localization of Rev(1.4)-poly(A)-EGFP protein in HEK293 cells
after eEF1A1-NES and eEF1A1-NLS overexpression. Both constructs resulted in increased cytoplasmic localization of Rev(1.4)-A37-EGFP protein but had no
effect on the subcellular localization of Rev(1.4)-A6-EGFP protein. The cell nuclei were stained with Hoechst 33432. Scale bar, 10 um. F, statistical analysis of E.
Three independent experiments were performed. At least 100 transfected cells were measured per experiment. Error bars, S.E. **, p < 0.01.

cence signal detected would solely represent the photoactivated  to the cytoplasmic compartment. These results clearly demon-

Rev(1.4)-poly(A)-PA-GFP that was being exported out from
the nuclear compartment. Upon photoactivation, the photoac-
tivated Rev(1.4)-A6-PA-GFP protein remained in the nuclear
compartment (Fig. 6C). In contrast, the nuclear photoactivated
Rev(1.4)-A37-PA-GFP protein was found in the cytoplasm
starting from 1 min post-photoactivation (Fig. 6C). This
strongly suggests that the photoactivated Rev(1.4)-A37-PA-
GFP protein was exported out from the nuclear compartment
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strate that the expanded poly(A) tract possesses NES activity.
If eEF1A1 is a mediator of expanded poly(A) tract-induced
nuclear export, it should be present in the nucleus to interact
with the poly(A) tract. However, it has been previously reported
in a number of studies that eEF1A is exclusively localized to
the cytoplasm (35, 36); thus, there is a need to verify the
presence of eEF1A1 in the nucleus. We performed Western
blotting analysis on cytoplasmic and nuclear fractions
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extracted from HEK293 and SK-N-MC cells to determine the
presence of nuclear eEF1A1. Despite the majority of eEF1A1
being in the cytoplasm, there was a detectable amount of
eEF1A1 in the nucleus (Fig. 6D). This result is consistent with
the findings of a recent study, which demonstrated that eEF1A
is capable of shuttling between the nucleus and the cytoplasm
(20).

Because eEF1A1 has been detected in both the nucleus and
the cytoplasm, we would like to determine which compart-
ment’s eEF1A1 mediates the cytoplasmic localization of
poly(A)-containing protein. Hence, we co-expressed eEF1A1-
NLS or eEF1A1-NES in HEK293 cells with Rev(1.4)-A6-EGFP
or Rev(1.4)-A37-EGFP. eEF1A1-NLS was found to localize to
the nucleus, whereas eEF1A1-NES localized to the cytoplasm
(Fig. 6E). To our surprise, both eEF1A1-NLS and eEF1A1-NES
resulted in increased cytoplasmic localization of Rev(1.4)-A37-
EGFP (Fig. 6, E and F). Thus, our results suggest that nuclear
eEF1A1 probably mediates nuclear export of poly(A)-contain-
ing proteins, whereas cytoplasmic eEF1A1 may also mediate
cytoplasmic retention of poly(A)-containing proteins.

In summary, we demonstrated that the expanded poly(A)
tract can serve as a novel NES, leading to nuclear export of
poly(A)-containing nuclear proteins. Nuclear eEF1A1 is prob-
ably involved in regulating this nuclear export process, whereas
cytoplasmic eEF1A1 may also participate in the cytoplasmic
retention of poly(A)-containing proteins. These results suggest
that eEF1A1 plays dual roles in both the nucleus and the cyto-
plasm to mediate the cytoplasmic mislocalization of proteins
with an expanded poly(A) tract. Because the cytoplasmic mis-
localization of poly(A)-containing proteins is a major cause of
poly(A) diseases, eEF1A1 may be a potent therapeutic target in
treating these diseases.

Discussion

The main finding of this study is the demonstration of the
continuous expanded poly(A) tract as a novel NES and the reg-
ulation of poly(A) protein localization by eEF1A1, which pro-
vides new insights into the underlying mechanisms of poly(A)
diseases. Our study identifies eEF1A1 as an interacting partner
of the expanded poly(A) domain, and it serves as a modulator of
the poly(A)-induced mislocalization of transcription factors.
The depletion of eEF1A1 mitigates the nuclear loss of poly(A)-
containing transcription factors and partially restores their
transcriptional activities.

Previous studies have noted that the poly(A) disease symp-
toms are linked to loss of function of the poly(A) disease pro-
teins (15, 37—-39). These wild type transcription factors localize
in the nucleus, whereas the expanded poly(A) mutant proteins
are mislocalized in the cytoplasm (7-11). Furthermore, the
mislocalization of poly(A) disease proteins leads to loss of func-
tion of these poly(A) disease proteins and reduces its transcrip-
tional activity (7, 9, 40, 41). In addition, the expanded poly(A)
tract is sufficient to confer cytoplasmic localization to a YFP
reporter protein (12). Therefore, it is believed that the
expanded alanine tract per se contributes to the cytoplasmic
localization of poly(A) disease proteins. Altogether, current
studies suggest that the pathogenesis of poly(A) diseases is
closely related to the cytoplasmic mislocalization of poly(A)
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disease proteins. Therefore, the aim of our study is to uncover
the mechanisms that underlie this mislocalization.

In this study, we performed a GST-pulldown assay and mass
spectrometry analysis and identified eEF1A1 as an expanded
poly(A) protein-interacting partner that binds specifically to
the expanded poly(A) sequences (Fig. 2, A and B). At the struc-
tural level, human eEF1A1l is divided into three domains,
referred to as domains I, II, and III (42), and binds GTP, tRNA,
and actin, respectively (23). eEF1A1 binds to exportin 5 in a
complex with aa-tRNA (35), which involves domain II (23). But
unlike the eEF1A1l/exportin 5 interaction, expanded poly(A)
tract interacts only with domain III of eEF1A1 (Fig. 2D), indi-
cating that tRNA is not required in the interaction between
eEF1A1 and expanded poly(A) domain. Our data further show
that amino acids 429 —449 of human eEF1A1 are essential for
interaction with the expanded poly(A) domain (Fig. 2F). Our
results also demonstrate that the continuity of the expanded
poly(A) tract is essential to the poly(A)-containing protein’s
interaction with eEF1A1 (Fig. 2G), and this interaction is a
major determinant of the poly(A)-containing protein’s mislo-
calization in the cytoplasm (Fig. 3, D and E).

The canonical role of eEF1A is protein synthesis in the cyto-
plasm (43), but many studies have reported its involvement in
nuclear export functions as well. Previous mammalian studies
have demonstrated eEF1A as a novel component of the nuclear
protein export machinery, participating in the nuclear export of
selected RNAs and proteins, such as tRNAs (17), SNAG-con-
taining proteins (20), the VHL tumor suppressor, and PABP1
(18). However, it has been postulated that the nuclear export
function of eEF1A may be executed in the cytoplasm instead of
the nucleus (17, 18, 44). This is because eEF1A has been found
to be exclusively localized to the cytoplasm in immunocyto-
chemistry experiments (35, 36). Interestingly, a recent study
demonstrated that eEF1A is localized in the nucleus when it is
in a complex with Snaill but localized in the cytoplasm when it
is alone (20). Thus, eEF1A can be shuttled between the nucleus
and the cytoplasm, depending on what proteins it is interacting
with. Our Western blotting results show that despite the major-
ity of eEF1A1 being cytoplasmic, there is still a detectable
amount of nuclear eEF1A1 in HEK293 and SK-N-MC cells (Fig.
6D), which is likely to mediate nuclear export of poly(A)-con-
taining proteins. This is supported by the fact that the overex-
pression of nuclear eEF1A1 resulted in increased cytoplasmic
localization of expanded poly(A)-containing Rev(1.4)-EGFP
protein (Fig. 6, E and F). However, overexpression of cytoplas-
mic eEF1A1 also had similar effects (Fig. 6, E and F); thus
cannot exclude the possibility that cytoplasmic eEF1A1 may
contribute to the cytoplasmic retention of expanded poly(A)-
containing proteins as well.

Apart from its canonical role in translation, eEF1A is associ-
ated with protein degradation as well (23). Thus, we sought to
determine whether eEF1A1 could be involved in the degrada-
tion of expanded poly(A)-containing proteins. However, we
found that the knockdown of eEFIA1 expression did not affect
the transcript and protein levels of poly(A)-containing proteins
(supplemental Fig. S3, A and B), indicating that its effects on
poly(A)-containing proteins are unlikely to be associated with
protein degradation.
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Our findings in this study demonstrate that the expanded
poly(A) tract can function as a novel NES. We used the
Rev(1.4)-EGFP reporter protein to investigate the nuclear
export property of expanded poly(A) domain. Our results show
that the insertion of a 37-alanine tract causes cytoplasmic local-
ization of the Rev(1.4)-EGFP protein (Fig. 1, A and B). This
cytoplasmic localization is in line with previous poly(A) dis-
ease studies (7, 9-11, 24, 40, 45). For instance, it has been
reported that the expanded poly(A) disease proteins, includ-
ing HOXD13, HOXA13, RUNX2, and SOX3, are cytoplasmi-
cally localized when overexpressed in COS-1 cells (10). In addi-
tion, it has also been reported that YFP-poly(A) protein of the
29-alanine tract is predominantly localized in the cytoplasm
(12). Our FLIP nuclear export assay then demonstrates that the
expanded poly(A) tract mediates nuclear export of Rev(1.4)-
A37-EGFP protein (Fig. 6, A and B). The PA-GFP nuclear
export assay allows a continuous monitoring of nucleocytoplas-
mic trafficking and illustrates the nuclear export event of
expanded poly(A) protein in living cells (Fig. 6C). The data from
these different nuclear export assays all support the notion that
the expanded poly(A) tract possesses nuclear export activity.
Therefore, although we cannot exclude the possibility of
nuclear import impairment and/or cytoplasmic retention, we
have at least demonstrated its function as a novel NES, mediat-
ing nuclear export.

The classical NES is a hydrophobic leucine-rich sequence,
whose nuclear export activity is mediated by chromosome
region maintenance 1 (CRM1), also known as exportin 1
(XPO1) (46,47). The knockdown of eEF1A I does not alter clas-
sical NES-mediated nuclear export (Fig. 3, A-C), suggesting
that eEF1A1 and CRMI1 operate independently and that
eEF1A1 is not a general regulator for protein nuclear export.
From our results, although the eEF1A1 protein level was
reduced about 90% after eEF1A1 siRNA treatment (Fig. 3C),
only about 40% of nuclear export of Rev(1.4)-A37-EGFP was
suppressed. There are at least two possible interpretations to
explain this result. First, eEEF1A1 may be only a factor involved
in the nuclear export but not the actual receptor. Genome-wide
siRNA screening may further be performed to identify compo-
nents of the expanded poly(A) tract nuclear export pathway(s).
Second, multiple receptors may contribute to the nuclear
export of the expanded poly(A) tract. It is not uncommon for
more than one receptor to regulate the nuclear export of a par-
ticular type of protein. For instance, the nuclear export of per-
oxisome proliferator-activated receptor is regulated by calreti-
culin and XPO1 (48). One of the major isoforms of thyroid
hormone receptor, TRal, harbors multiple NESs and exports
from the nucleus via an XPO1-dependent pathway in which
calreticulin plays a role as a chaperone (49). Both XPO1-depen-
dent and XPO1-independent pathways contribute to the nu-
clear export of constitutive androstane receptor, although it
harbors only an XPO1-independent NES (50 —52). Although we
did not perform a genome-wide siRNA screen, we carried out a
screen using a candidate gene siRNA knockdown approach to
identify other molecules that may regulate the nuclear export of
poly(A)-containing proteins (supplemental Fig. S4, A and B).
The candidates in our screen include multiple exportins, such
as XPO1, XPO4, XPO5, XPO6, XPO7, and XPOT. It has been
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proposed in previous studies that XPO5 may mediate the
export of eEF1A protein from the nucleus (36). However, our
candidate gene siRNA knockdown data show that the knock-
down of XPO5 and related genes does not alter the subcellular
localization of the Rev(1.4)-A37-EGFP protein (supplemental
Fig. S4, A and B). This result is consistent with a previous study
indicating that eEF1A mediates nuclear export of TD-NEM-
containing proteins, such as VHL tumor suppressor protein, via
an XPO5-independent pathway (18).

Our results show that overexpression of eEF1A1 enhances
the cytoplasmic localization of expanded poly(A) protein,
whereas overexpression of eEF1A14%?°~%4? has no such effect
(Fig. 3, D—F). This effect on poly(A)-containing protein local-
ization is not due to the enhancement of general protein trans-
lation, because we do not observe changes in the levels of pro-
tein translation when eEF1A1 is overexpressed (supplemental
Fig. S5), which is consistent with the findings of a previous
study (53). In fact, even the overexpression of eEF1A1442% 449
has no detectable effect on general protein translation (supple-
mental Fig. S5).

Whereas eEF1A1 is responsible for the enzymatic delivery of
aa-tRNA to the A site of the ribosome, eEF2 is responsible for
translocating the peptidyl-tRNA out of the A site to P site (23).
Our results show that the knockdown of eEF2 does not affect
the subcellular localization of Rev(1.4)-A37-EGFP protein (Fig.
3, G-I), which indicates that the knockdown of eEF1A I expres-
sion suppresses the cytoplasmic mislocalization of expanded
poly(A) tract specifically and that the cytoplasmic localization
of expanded poly(A) protein was not due to the blockage of
general protein translation.

Consistent with these findings, expanded poly(A) protein
expression does not perturb the cellular function of eEF1A1 in
protein translation (supplemental Fig. S6); nor does it affect the
nuclear export function of eEF1A1, because VHL is still capable
of exiting the nucleus when Rev(1.4)-A37-EGFP is being
expressed (supplemental Fig. S6). Taken together, the canoni-
cal translation functions and nuclear export functions of
eEF1A1 are unaffected by its interaction with expanded poly(A)
proteins.

Protein misfolding and aggregation are also common char-
acteristics of poly(A) expansion proteins (54). Expression of
EGFP fusion with 19 alanine residues in COS-7 cells forms
aggregates and induces cell death (54). The A37-EGFP protein
forms cytoplasmic aggregates in the eye imaginal disc of Dro-
sophila third instar larvae and causes smaller and rough eye
phenotype (55). These studies suggest that aggregate formation
in cytoplasm also contributes to poly(A) pathogenesis (10,
54-58). In line with the aforementioned findings, we find that
overexpression of A34-SoxN-EGFP results in the formation of
aggregates in the cytoplasm in SK-N-MC cells (Fig. 4A).
Because protein misfolding is a common feature among poly(A)
expansion proteins, we wondered whether it underlies the
effect of how eEF1A1 regulates the subcellular localization of
poly(A) expansion proteins. However, our results show that the
knockdown of eEFIAI does not induce changes in the tran-
script level of binding immunoglobulin protein (BiP), a chaper-
one protein that regulates protein folding (supplemental Fig.
S3A). This indicates that the regulation of subcellular localiza-
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Figure 7. Working model of eEF1A1 regulation of localization of expanded poly(A) tract-containing proteins in the cytoplasm. Expanded poly(A) tract
is a NES, signaling the export of expanded poly(A) proteins from the nucleus to the cytoplasm with the assistance of nuclear eEF1A1. This results in gene
dysregulation inside the nucleus. In the cytoplasm, eEF1A1 may be involved in the cytoplasmic retention of expanded poly(A) proteins, which aggregate and
exert toxic effects. When eEF1AT expression is knocked down, expanded poly(A) proteins are retained in the nucleus to regulate gene transcription. In the
cytoplasm, the toxicity induced by cytoplasmic expanded poly(A) proteins is reduced. In conclusion, our study connected the expanded poly(A) protein
nuclear export to its neurotoxicity and identified eEF1A1 as a regulator for expanded poly(A) nuclear export and toxicity in poly(A) diseases.

tion of poly(A) expansion proteins by eEF1A1 is not related to
protein misfolding.

To correlate the nuclear export activity of the expanded
poly(A) domain to poly(A) toxicity in an in vivo model, we
assessed the effect of Efla48D on eye degeneration of poly(A)-
SoxN transgenic flies. Our data show expanded poly(A) induced
toxicity in the fly eye, which is consistent with the previous
reports that A37 is toxic in cell culture (59), and its expression
in the fly eye results in eye degeneration (55). Our results dem-
onstrate that the knockdown of Ef1a48D expression attenuates
the expanded poly(A)-SoxN-induced toxicity and eye degener-
ation in vivo (Fig. 4C). This suggests that Ef1a48D is a genetic
modifier of expanded poly(A)-SoxN-induced toxicity and
degeneration, possibly by limiting the cytoplasmic localization
of poly(A)-SoxN.

Nuclear localization is essential for transcription factors to
function. In our study, we combined a transcription factor,
GAL4, with an unexpanded or expanded poly(A) tract to inves-
tigate the transcriptional activities of poly(A)-containing pro-
tein. Our results suggest that the transcription activity of
GALA4-A37-FLAG decreases significantly compared with GAL4-
A6-FLAG control (Fig. 5). Intriguingly, siRNA-silencing eEF1A 1
rescues the transcriptional activity of GAL4-A37-FLAG (Fig.
5), which indicates that the knockdown of eEFI1AI partially
restores the cellular function of the poly(A)-containing tran-
scription factors. It has recently been reported that the
expanded poly(A) PHOX2B disease protein adopts a cytoplas-
mic localization, and it impairs the wild-type PHOX2B protein
function by heterodimerizing with the wild-type protein, which
inhibits the nuclear import of the wild-type protein (60). These
reports are consistent with our findings, and both studies pro-
vide evidence that the nuclear localization is essential for
poly(A) proteins to function as transcription factors.
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In our working model of poly(A) disease pathogenesis, the
expanded poly(A) domain serves as a nuclear export signal and
causes cytoplasmic localization of poly(A) disease-associated
transcription factors. This in turn reduces their cellular tran-
scriptional activities, resulting in gene dysregulation and loss-
of-function toxicity (Fig. 7). Simultaneously, cytoplasmic ex-
panded poly(A)-containing proteins form aggregates and
may exert the gain-of-function toxic effect. eEF1A1 interacts
with expanded poly(A) domain and is a mediator for the cyto-
plasmic translocation of expanded poly(A)-containing pro-
teins. Depletion of eEF1A I suppresses the cytoplasmic translo-
cation of expanded poly(A) tract-containing proteins, which
partially restores the cellular transcriptional activities of
expanded poly(A) transcription factors in the nucleus. There-
fore, the knockdown of eEF1A 1 expression can partially rescue
toxicities of poly(A) caused by cytoplasmic mislocalization of
the disease proteins (Fig. 7).

In conclusion, expanded poly(A) tracts possess NES activity
and contribute to the cytoplasmic localization of poly(A)-con-
taining proteins. Our study uncovers the role of eEF1Al in
modulating expanded poly(A) protein subcellular localization
and identifies it as a novel therapeutic target for poly(A)
diseases.

Experimental procedures
Molecular cloning

For the generation of pRev(1.4)-A6-EGFP constructs, an A6
double-stranded oligonucleotide was generated using oligo_
A6_F (5'-GAT CCA GCA GCC GCC GCT GCC GCT CCA-3')
and oligo_A6_R (5'-CCG GTG GAG CGG CAG CGG CGG
CTG CTG-3') and then ligated with pRev(1.4)-EGFP (21) using
BamHI and Agel enzymes. For the generation of pRev(1.4)-
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A22-EGFP, pRev(1.4)-A25-EGFP, pRev(1.4)-A28-EGFP, pRev(1.4)-
A3I-EGFP, and pRev(1.4)-A34-EGFP constructs, the double-
stranded oligonucleotides were generated using oligo_A22 F
(5"-GAT CCA GCA GCA GCC GCC GCT GCC GCT GCT
GCC GCC GCT GCA GCA GCC GCC GCT GCT GCA GCA
GCT GCC GCT CCA-3’) and oligo_A22 R (5'-CCG GTG
GAG CGG CAG CTG CTG CAG CAG CGG CGG CTG CTG
CAG CGG CGG CAG CAG CGG CAG CGG CGG CTG CTG
CTG-3’), oligo_A25_F (5'-GAT CCA GCA GCA GCC GCC
GCT GCC GCT GCT GCC GCC GCT GCA GCA GCC GCC
GCT GCT GCA GCA GCT GCC GCT GCT GCC GCA CCA-
3’) and oligo_A25_R (5'-CCG GTG GTG CGG CAG CAG
CGG CAG CTG CTG CAG CAG CGG CGG CTG CTG CAG
CGG CGG CAGCAGCGG CAGCGGCGGCTGCTG CTG-
3"), oligo_A28 F (5'-GAT CCA GCA GCA GCC GCC GCT
GCC GCT GCT GCC GCC GCT GCA GCA GCC GCC GCT
GCT GCA GCA GCT GCC GCT GCT GCC GCC GCA GCA
GCT CCA-3’) and oligo_A28 R (5'-CCG GTG GAG CTG
CTG CGG CGG CAG CAG CGG CAG CTG CTG CAG CAG
CGG CGG CTG CTG CAG CGG CGG CAG CAG CGG CAG
CGG CGG CTG CTG CTG-3'), oligo_A31_F (5'-GAT CCA
GCA GCA GCC GCC GCT GCC GCT GCT GCC GCC GCT
GCA GCA GCC GCC GCT GCT GCA GCA GCT GCC GCT
GCT GCC GCC GCA GCA GCCGCA GCA GCT CCA-3')and
oligo_A31 R (5'-CCG GTG GAG CTG CTG CGG CTG CTG
CGG CGG CAG CAG CGG CAG CTG CTG CAG CAG CGG
CGG CTG CTG CAG CGG CGG CAG CAG CGG CAG CGG
CGG CTG CTG CTG-3’), and oligo_A34_F (5'-GAT CCA
GCA GCA GCC GCC GCT GCC GCT GCT GCC GCC GCT
GCA GCA GCC GCC GCT GCT GCA GCA GCT GCC GCT
GCT GCC GCC GCA GCA GCC GCA GCC GCT GCA GCA
GCT CCA-3') and oligo_A34_R (5'-CCG GTG GAG CTG
CTG CAG CGG CTG CGG CTG CTG CGG CGG CAG CAG
CGG CAG CTG CTG CAG CAG CGG CGG CTG CTG CAG
CGG CGG CAGCAGCGG CAGCGGCGGCTGCTG CTG-
3’) and then ligated with pRev(1.4)-EGFP using BamHI and
Agel enzymes. The A37 DNA fragment was amplified by PCR
using pEGFP-C1-A37 (61) as template and then ligated with
PpRev(1.4)-EGFP using BamHI and Agel enzymes. For the
pRev(1.4)-poly(A)-PAGFP, Rev(1.4)-poly(A) (A6 and A37) frag-
ments were subcloned from pRev(1.4)-poly(A)-EGFP to
PPAGFP-N1 vector (32) using EcoRI and Agel enzymes. For the
generation of pGEX-4T3-poly(A) constructs, an A7 double-
stranded oligonucleotide was generated using oligo_A7_F (5'-
GAT CCG CAG CAG CCG CCG CTG CCG CTC AAG CTT
CGA ATT CTG CAG-3') and oligo_A7_R (5'-TCG ACT GCA
GAA TTC GAA GCT TGA GCG GCA GCG GCG GCT GCT
GCG-3’) and then ligated with pGEX-4T3 vector using BamHI
and Sall enzymes. The pEGFP-C1-A37 plasmid was digested
with BglII and Sall enzymes, and the A37 insert was subcloned
into pGEX-4T3 vector using BamHI and Sall enzymes. The
GAL4 DNA fragment was amplified by PCR using single fly
genomic DNA prepared from a gmr-GAL4 fly (Bloomington
Drosophila Stock Center) as template. To generated the
PGAL4-poly(A)-FLAG constructs, the GAL4 coding region was
used to replace the Rev(1.4) coding region of pRev(1.4)-poly(A)-
EGFP plasmids using EcoRI and BamHI enzymes. Further, the
EGFP sequence was replaced by a synthetic FLAG tag sequence
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(oligo_FLAG_F, 5'-CCG GTC GCC ACC ATG GAC TAC
AAG GAT GAC GAT GAC AAA TAG GC-3'; oligo_FLAG_R,
5-GGCCGCCTATTTGTCATCGTCATCCTIT GTAGTC
CAT GGT GGC GA-3') using Agel and Notl enzymes. The
Myc-eEF1A1 fragment was amplified by PCR using pCM V-
XL5-eEF1AI (OriGene) as template and then inserted into
pcDNA3.1(+ ) vector using EcoRI and Xhol enzymes. The Myc-
eEF1A1 truncated fragments were amplified by PCR using
pcDNA3.1-myc-eEFIA1 as template and then inserted into
pcDNA3.1(+) vector using EcoRI and Xhol enzymes. The pFR-
Luc plasmid was purchased from Stratagene, and phRL-TK was
purchased from Promega. The pRev(1.4)-EGFP and pRev(1.4)-
NES-EGFP constructs were gifts from Professor Beric Hender-
son (Westmead Institute for Cancer Research, Westmead Hos-
pital, University of Sydney, Westmead, Australia). pEGFP-CI-
A37 was a gift from Professor David Rubinsztein (Department
of Medical Genetics, University of Cambridge, Cambridge,
UK)). pPAGFP-N1 vector was a gift from Professor Jennifer
Lippincott-Schwartz (Cell Biology and Metabolism Branch,
National Institutes of Health, Bethesda, MD).

Cell culture and transfection

HEK293 and SK-N-MC cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies, Inc.)
supplemented with 10% fetal bovine serum (Hyclone) and 1%
penicillin-streptomycin (Life Technologies) at 37 °C in a 5%
CO, incubator. For transfection experiments, cells were seeded
at a density of 0.8 X 10° cells/24-well plate. Twenty-four hours
later, 1 pg of plasmid DNA was used to transfect cells using
Lipofectamine 2000 reagent (Invitrogen).

siRNA

For siRNA-mediated gene silencing, Dharmacon ON-TAR-
GETplus® SMARTpool or siGENOME siRNAs were used to
transfect HEK293 cells with Lipofectamine® RNAIMAX re-
agent (Invitrogen). In brief, HEK293 cells were transfected with
40 pmol of siRNA for CALR (L-008197-00-0005), CSEIL
(L-004413-00-0005), IPPO13 (L-020212-01-0005), XPO1 (L-
003030-00-0005), XPO4 (L-027196-01-0005), XPOS5 (L-014000-
00-0005), XPO6 (L-022515-02-0005), and XPOT (L-010356-00-
0005) and 6 pmol of siRNA for eEF1A 1 (M-017199-02-0005), eEF2
(M-007245-02-0005), and control (D-001210-01-20) siRNA for
72 h before assays.

Reverse transcription-polymerase chain reaction

Total RNA from cells and flies was extracted using TRIzol®
reagent (Invitrogen). RT-PCR was performed using the
ImProm-I1"™ reverse transcription system (Promega) accord-
ing to the manufacturer’s instructions. Primers used were as
follows: actin (forward, 5'-ATG TGC AAG GCC GGT TTC
GC-3'; reverse, 5'-CGA CAC GCA GCT CAT TGT AC-3),
CALR (forward, 5'-GTT TCG AGC CTT TCA GCA AG-3’;
reverse, 5'-TCC TCA GGC TTG GAG TCT GT-3'), CSEIL
(forward, 5'-TCT GTA TCC CCA CGA GAT CC-3’; reverse,
5-AAG TCA GGC CAT TTC TGT GG-3'), IPO13 (forward,
5-ATG CCC AGA GGT ACG TGA AC-3'; reverse, 5'-TGA
GCG TGT CTG AGA TGT CC-3'), XPOI (forward, 5'-TGG
GCA ATA GGCTCCATT AG-3'; reverse, 5'-CAC CAA TCA
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TGT ACC CCA CA-3'), XPO4 (forward, 5'-ACC AAA GGG
CACTGA AACAC-3;reverse, 5'-CAG GCA AACATG GAC
ACA AC-3'), XPOS (forward, 5'-CCA CCT CAC TTT CCA
CCA CT-3’; reverse, 5'-GCC CAA AGC AAA GTT GAG
AG-3'), XPO6 (forward, 5'-GCC CAT GTT CTA CCA CGA
CT-3’; reverse, 5'-GTA AGG AGG GAT GGG GTG AT-3'),
XPO7 (forward, 5'-GAG GGG TTG TGT ATG CGA GT-3';
reverse, 5'-TGG TCT CTG CCT TCA CAC AG-3'), XPOT
(forward, 5'-TGC GGA GGA GTT ACT TTG CT-3’; reverse,
5'-GAA GCG CTT GAC AAA ACT CC-3'), firefly luciferase
(forward, 5'-CCA GGG ATT TCA GTC GAT GT-3’; reverse,
5'-AAT CTG ACG CAG GCA GTT CT-3’), Renilla (forward,
5'-CGA GCA CCA AGA CAA GAT CA-3'; reverse, 5'-GTA
GGC AGC GAA CTC CTC AG-3'), GAL4-poly(A)-FLAG (for-
ward, 5'-CCT TCA CCT GTG CCA TTG-3'; reverse, 5'-GGC
CGC CTATTT GTC ATC GTC ATC CTT GTA GTC CAT
GGT GGC GA-3'), eEFIAI (forward, 5'-CCG GAATTC ATG
GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG CCA
CCA ATG GAA GCA GC-3';reverse, 5'-CCG CTC GAG TCA
GCC AGC TCC AGC AGC C-3'), poly(A)-SoxN (forward,
5'-CCG GTA TGG AGC AGA AAC TCA TCT CTG AAG
AGG ATC TGT AGG C-3'; reverse, 5'-CAT ATC CTG GCG
CGC CTG TTG-3'), Efla48D (forward, 5'-CAT GTT GGA
ACC CTC TAC CAA C-3'; reverse, 5'-GAA GAC CAC AAC
GGT ACC GGG-3'), and BiP (forward, 5'-TAG CGT ATG
GTGCTGCTG TC-3';reverse, 5'-TTT GTC AGG GGT CTT
TCA CC-3').

Immunofluorescent staining

The immunofluorescent staining was performed as de-
scribed previously (62). Primary antibodies used were anti-
VHL (1:1,000; 556347; BD Biosciences) or anti-FLAG (1:100;
M2; Sigma). Secondary antibodies used were goat anti-mouse
with Cy3 conjugate (1:400; 81-6525; Zymed Laboratories Inc.)
or goat anti-mouse with FITC conjugate (1:400; 81-6511;
Zymed Laboratories Inc.). The cell images were captured using
an Olympus IX-81 FV1000 confocal microscope.

FLIP nuclear export assay

HEK293 cells were seeded onto a 35-mm w-Dish (ibidi) at a
density of 1.8 X 10°. Twenty-four hours later, the cells were
transfected with 1 ug of pRev(1.4)-poly(A)-EGFP constructs for
12 h. The cells were subsequently stained with ER-Tracker™
Red (1:1,000; Life Technologies) at 37 °C for 15 min. Then cells
were maintained in DMEM without phenol red (Life Technol-
ogies). In the FLIP experiment, the subcellular localization of
EGFP fusion proteins was monitored using 10% power of a
488-nm laser at 4 us/pixel. All of the prebleach, photobleach-
ing, and postbleach steps were controlled automatically by the
time controller module of Olympus Fluoview version 2.0c soft-
ware. In the prebleach step, a single image was taken with 10%
power of the 488-nm laser at 4 us/pixel to record the initial
subcellular localization of the EGFP fusion proteins. Then
square ROIs of the cytoplasmic region of transfected cells were
repeatedly bleached five times with 100% power of the 488-nm
laser at 200 us/pixel, and this was followed by an immediate
capture of a postbleach image with 10% power of the 488-nm
laser at 4 us/pixel. Quantification of fluorescence intensity was
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performed using Image] version 1.45s software (National Insti-
tutes of Health, Bethesda, MD).

Photoactivatable GFP nuclear export assay

HEK293 cells were prepared as described under “FLIP
nuclear export assay.” Cells were transfected with pRev(1.4)-
poly(A)-PA-GFP constructs for 48 h before the PA-GFP assay.
The preactivation, photoactivation, and postactivation steps
were controlled automatically by the time controller module of
Olympus Fluoview version 2.0c software. At preactivation, a
single image was taken with 10% 488-nm laser at 4 us/pixel to
show that no fluorescence was observed before photoactiva-
tion. Then circular ROIs at the nucleolus of transfected cells
were selected, and 20% power of the 405-nm laser at 100
us/pixel was used to photoactivate the selected ROIs. The sub-
cellular localization of activated Rev(1.4)-poly(A)-PA-GFP pro-
teins were monitored for 15 min at 1-min intervals using 10%
power of the 488-nm laser at 4 us/pixel.

Western blotting

Cells were lysed with 2X SDS sample buffer containing 100
mwm Tris-HCI (pH 6.8), 2% SDS, 20% glycerol (w/v), 5% B-mer-
captoethanol, and 0.02% bromphenol blue and boiled for 10
min. Cell lysates were subjected to SDS-PAGE and immuno-
blotting. Primary antibodies used were anti-eEF1A1 (1:1,000;
2551; Cell Signaling), anti-eEF2 (1:1,000; 2332; Cell Signaling),
anti-Myc (1:2,000; 2276; Cell Signaling), anti-B-tubulin
(1:10,000; E7; Developmental Studies Hybridoma Bank), anti-
GFP (1:5,000; 632380; Clontech), or anti-histone (1:10,000;
ab47915; Abcam). Secondary antibodies used were peroxidase-
conjugated AffiniPure goat anti-rabbit IgG (1:10,000; 111-035-
045; Jackson ImmunoResearch) or peroxidase-conjugated Affi-
niPure goat anti-mouse IgG (1:10,000; 111-035-062; Jackson
ImmunoResearch). Finally, the membranes were exposed to
X-ray film (Fujifilm) using Luminata crescendo Western HRP
substrate (Millipore).

GST-pulldown assay

Expression of GST-poly(A) fusion proteins in Escherichia
coli strain BL21 (DE3) was induced by 0.1 mm isopropyl B-p-1-
thiogalactopyranoside (Shanghai Biocolor Bioscience and
Technology). A bacterial pellet containing recombinant pro-
tein was collected by centrifugation at 4,000 X g at 4 °C for 10
min. Then the pellet was resuspended in 10 ml of GST binding
buffer (pH 7.4) containing 50 mm Tris-HCl, 1 mm EDTA, 50 mm
NaCl, and 10% glycerol and sonicated using a Sonifier 450
sonicator (Branson). The protein sample was centrifuged at
16,000 X gat 4 °C for 15 min. A volume of 1 ml of supernatant
was incubated with 50 ul of glutathione-Sepharose 4 Fast Flow
(GE Healthcare) at 4 °C for 2 h with rotation. The glutathione-
Sepharose 4 Fast Flow beads coupled with GST-poly(A) pro-
teins were washed three times with GST binding buffer. Next,
HEK293 total lysate was incubated with glutathione-Sepharose
4 Fast Flow beads coupled with GST-poly(A) proteins at 4 °C
overnight with rotation. The glutathione-Sepharose 4 Fast
Flow beads coupled with GST fusion proteins and interacting
proteins were washed five times with 1 ml of GST washing
buffer (pH 7.4) containing 50 mm Tris, 1 mm EDTA, 500 mMm
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NaCl, 10% glycerol, and 1% Nonidet P-40. Finally, 60 wl of 2X
SDS sample buffer was added, and the interacting proteins were
eluted by boiling at 99 °C for 10 min. The protein samples were
analyzed by SDS-PAGE and followed by Coomassie Blue stain-
ing to detect GST-poly(A) expression or by immunoblotting to
detect eEF1A1 interacted with GST-A37.

Co-immunoprecipitation

Immunoprecipitation was essentially performed as de-
scribed previously (63). In brief, the HEK293 cells were lysed
using 1 ml of co-immunoprecipitation (co-IP) buffer con-
taining 10 mm HEPES (pH 7.5), 5 mm MgCl,, 142.5 mm KCl,
1 mm EDTA, 10% glycerol, and 1% Triton X-100 supple-
mented with 10 ul of protease inhibitor mixture (Sigma) on
ice for 10 min. The cell lysates were placed at 4 °C for 1 h with
rotation and followed by centrifugation at 16,100 X g, 4 °C
for 30 min. The supernatant was collected, and 40 ul of it was
saved as “input.” For each sample, 450 ul of supernatant was
added to the 20 ul of anti-c-Myc-agarose affinity gel anti-
body produced in rabbits (Sigma), 450 ul of which was added
to 20 ul of protein A-agarose fast flow beads (Sigma) added
with 0.1 wg/ml rabbit IgG (Vector Laboratories). The bind-
ing step was performed at 4 °C overnight with rotation. The
agarose beads were washed five times with co-IP buffer and
then resuspended with 30 ul of 2X SDS sample buffer and
boiled at 99 °C for 10 min. Immunoprecipitates were ana-
lyzed by Western blotting.

Nucleocytoplasmic fractionation

The cells were lysed with fractionation buffer containing 10
mm Tris-HCI (pH 7.4), 50 mm NaCl, 3 mm MgCl,, and 0.5%
Nonidet P-40. The cell lysate was centrifuged at 16,000 X g for
10 min at 4 °C. The supernatant was collected as cytoplasmic
fraction. The pellet was washed three times with fractionation
buffer. Each time the samples were centrifuged at 500 X g for 5
min at 4 °C. Finally, the pellet was resuspended with resuspen-
sion buffer containing 20 mm Tris-HCI (pH 8.0) and 2% SDS
and saved as the nuclear fraction.

Drosophila stock

Fly stocks were cultured in cotton-plugged plastic vials with
15 ml of cornmeal-yeast-glucose-agar medium and maintained
in temperature-controlled incubators. The fly strains used
include gmr-GAL4 (Bloomington Drosophila Stock Center),
UAS-A12-SoxN, and UAS-A34-SoxN (Rainbow Transgenic
Flies, Inc.).

External eye phenotypic detection of adult flies

The adult fly eyes were observed under a stereomicroscope
(SZX-12, Olympus, Tokyo, Japan). External eye images were
captured by SPOT Insight CCD camera controlled by the SPOT
Advanced software (version 5.1; Diagnostic Instruments Inc.).

Statistical analyses

Statistical analyses were performed using a two-tailed
unpaired Student’s ¢ test, except in Fig. 1G. All experiments
were performed at least three times. Results are presented as
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means * S.E. A p value of less than 0.05 was considered statis-
tically significant.
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