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ABSTRACT

The Ro 60-kDa autoantigen, a ring-shaped RNA-binding protein, traffics between the nucleus and cytoplasm in vertebrate cells.
In some vertebrate nuclei, Ro binds misfolded noncoding RNAs and may function in quality control. In the cytoplasm, Ro binds
noncoding RNAs called Y RNAs. Y RNA binding blocks a nuclear accumulation signal, retaining Ro in the cytoplasm. Following
UV irradiation, this signal becomes accessible, allowing Ro to accumulate in nuclei. To investigate how other cellular
components influence the function and subcellular location of Ro, we identified several proteins that copurify with the mouse
Ro protein. Here, we report that the zipcode-binding protein ZBP1 influences the subcellular localization of both Ro and the Y3
RNA. Binding of ZBP1 to the Ro/Y3 complex increases after UV irradiation and requires the Y3 RNA. Despite the lack of an
identifiable CRM1-dependent export signal, nuclear export of Ro is sensitive to the CRMT1 inhibitor leptomycin B. In agreement
with a previous report, we find that ZBP1 export is partly dependent on CRM1. Both Ro and Y3 RNA accumulate in nuclei when
ZBP1 is depleted. Our data indicate that ZBP1 may function as an adapter to export the Ro/Y3 RNA complex from nuclei.
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INTRODUCTION

All cells contain a diversity of ribonucleoprotein particles
(RNPs), whose functions impact nearly every aspect of cell
biology. Although nuclear-cytoplasmic trafficking is part of
the biogenesis of some of these RNPs, most mature RNPs
at steady state are localized to their sites of function in the
nucleus, nucleolus, or cytoplasm. Historically, this tendency
of mature RNPs to be localized to specific subcellular com-
partments enabled their grouping, often before functional
information was available, into classes such as small nuclear
RNPs (snRNPs), small nucleolar RNPs (snoRNPs), and small
cytoplasmic RNPs (scRNPs) (Hannon et al. 2006). Similarly,
many long noncoding RNAs are confined to the nucleus,
where they function in chromatin remodeling or are struc-
tural components of nuclear subcompartments (Chen and
Carmichael 2010).
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One exception to this paradigm is the Ro 60-kDa protein
and its associated RNAs. Ro is a ring-shaped RNA-binding
protein that is important for cell survival after UV irra-
diation of both mammalian cells and the eubacterium
Deinococcus radiodurans (Sim and Wolin 2011). In verte-
brate cells, Ro traffics between nuclear and cytoplasmic
compartments. In some nuclei, Ro binds misfolded non-
coding RNAs and is proposed to function in noncoding
RNA quality control (O’Brien and Wolin 1994; Shi et al.
1996; Labbe et al. 1999; Chen et al. 2003; Hogg and Collins
2007). In the cytoplasm, Ro is bound to ~100-nt non-
coding RNAs called Y RNAs. All vertebrates contain be-
tween two and four distinct Y RNAs (Mosig et al. 2007;
Perreault et al. 2007). For example, human cells contain four
Y RNAs (hY1, hY3, hY4, and hY5), while mouse cells contain
only two RNAs (mY1l and mY3). Although the primary
sequences of individual Y RNAs in a given species differ, all Y
RNAs can fold into a secondary structure consisting of a large
internal loop and a long stem formed by base-pairing the 5’
and 3’ ends. Binding of Ro to a conserved sequence
within this stem stabilizes Y RNAs from degradation
(Labbe et al. 1999; Chen et al. 2003; Xue et al. 2003).

Although the function of Y RNAs was mysterious for many
years, recent studies indicate that one role of these RNAs is to
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modulate the function and subcellular location of Ro. In D.
radiodurans, where the Ro ortholog is required for the heat
stress-induced maturation of 23S rRNA, binding of a Y RNA
to Ro inhibits this process during normal growth (Chen
et al. 2007). In mouse cells, Y RNAs influence the subcel-
lular distibution of Ro. Specifically, Y RNAs block a nuclear
accumulation signal on Ro, retaining it in the cytoplasm (Sim
et al. 2009). However, as Ro and a Y RNA accumulate in the
nuclei after UV irradiation (Chen et al. 2003), this signal
must become accessible during stress. Y RNAs may also
influence the nuclear export of Ro, as Ro likely returns to the
cytoplasm as a Ro/Y RNA complex (Simons et al. 1994). It is
also proposed that Ro recognizes some misfolded RNAs as
a Ro/Y RNA complex (Hogg and Collins 2007).

Although studies of the Ro ortholog in D. radiodurans
have revealed that the bacterial Ro functions with the 3’ to
5" exoribonucleases RNase II and RNase PH to mature 23S
rRNA during heat stress (Chen et al. 2007) and with the
exoribonuclease polynucleotide phosphorylase to degrade
rRNA during growth in stationary phase (Wurtmann and
Wolin 2010), far less is known about the proteins that
function with the vertebrate Ro protein. Several proteins,
including nucleolin, the splicing factors Puf60 and hnRNP
I, and the interferon-inducible protein IFIT5, all interact
with human Ro by binding one or more Y RNAs (Bouffard
et al. 2000; Fabini et al. 2001; Fouraux et al. 2002; Hogg
and Collins 2007). While these results provide evidence
that the multiple Ro/Y RNA complexes found in verte-
brate cells may be functionally distinct, the significance of
these protein interactions for Ro function remains un-
known.

To learn more about how Ro and Y RNAs are influenced
by interacting proteins, we used tandem affinity purification
to identify proteins that copurify with the mouse Ro protein.
We report that the zipcode-binding protein ZBP1, the Y-box
protein YB-1, and MOV 10, a member of the DExH/D class
of RNA-dependent ATPases, all associate with Ro by binding
to one or more shared RNAs. We show that the interaction
of ZBP1 with Ro requires mY3 RNA, and that the associ-
ation of ZBP1 with the Ro/mY3 complex increases after
UV irradiation. Interestingly, although Ro appears to lack
a CRM1-dependent nuclear export signal (NES), nuclear ex-
port of Ro is sensitive to the CRM1 inhibitor leptomycin B.
Depletion of ZBP1, which contains a CRM1-dependent NES
(Nielsen et al. 2003; Oleynikov and Singer 2003), results in
accumulation of both Ro and mY3 RNA in nuclei. Our data
are consistent with a model in which ZBP1 functions as an
adapter to export the Ro/mY3 complex from nuclei.

RESULTS

Identification of Ro-associated proteins

To identify proteins that copurify with mouse Ro, we
constructed stable cell lines in which all Ro was fused to an

epitope tag that facilitated purification. To this end, we
fused Ro to a tag consisting of the two IgG-binding do-
mains of Staphylococcus aureus Protein A, a TEV protease
cleavage site, and a FLAG epitope, transfected the plasmid
into Ro~'~ cells and selected for stable lines. Using Western
blotting with anti-Ro antibodies, the tagged protein, which
was expressed under the control of the Ubiquitin C (UbC)
promoter, appeared threefold higher than in wild-type cells
(Fig. 1A); however, this may be an overestimate, since the
Protein A tag also binds the primary and secondary IgG
antibodies used for Western blotting (Forsgren and Sjoquist
1967). Northern blotting confirmed that in the presence of
Protein A-TEV-FLAG-Ro, both mouse Y RNAs accumu-
lated, indicating the fusion protein was able to stabilize Y
RNAs (Fig. 1B).

After two rounds of affinity purification from Protein A-
TEV-FLAG-Ro cell lysates, silver staining revealed Ro and
additional bands that were not present in a parallel puri-
fication from an untagged strain (Fig. 1C). Both samples
were directly analyzed using multidimensional protein-
identification technology (Yates et al. 2009). As expected,
an abundant protein in the eluate from the tagged strain
was the La protein, which binds newly synthesized Y RNAs
in Ro RNPs (Hendrick et al. 1981; Simons et al. 1994). The
other abundant proteins, based on spectral counts, con-
sisted largely of known RNA-binding proteins, including
the Y-box proteins YB-1 and YB-3, the zipcode-binding
protein ZBP1 (also called IGF2BP1 and IMP1), the putative
RNA helicase MOV10, nucleolin, and two proteins closely
related to ZBP1, IGF2BP2 and IGF2BP3 (Table 1). Both
ZBP1/IGF2BP1 (Jonson et al. 2007) and nucleolin (Fouraux
et al. 2002; Chiu et al. 2006) were previously described to
copurify with human Ro.

The association of Ro with ZBP1, MOV10, and YB-1
is RNA dependent

For our initial experiments, we focused on YB-1, ZBP1, and
MOV10, which were among the most abundant proteins in
the eluate. Similar to Ro, YB-1 accumulates in nuclei after
UV irradiation (Koike et al. 1997). Consistent with a related
function, Ro, YB-1, and nucleolin all copurify with human
ZBP1 (Jonson et al. 2007; Weidensdorfer et al. 2009), a
protein that functions in mRNA localization, translational
regulation, and mRNA stability (Ross et al. 1997; Doyle
et al. 1998; Nielsen et al. 1999; Hiittelmaier et al. 2005).
MOV10, which associates with microRNAs as part of RISC
(Meister et al. 2005), has been found with Ro, La, YB-1, and
nucleolin in purifications of APOBEC3G, a cytidine de-
aminase involved in protecting the human genome from
retroviruses and endogenous retrotransposons (Chiu et al.
2006; Kozak et al. 2006; Gallois-Montbrun et al. 2007). To
validate the interactions, we performed immunoprecipita-
tions from mouse fibroblasts, in which all Ro contained
three copies of the FLAG epitope (Sim et al. 2009). Western
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FIGURE 1. Identification of proteins that copurify with Ro. (A) Lysates from wild-type, Ro /",
and ProteinA-TEV-FLAG-Ro cells were subjected to Western blotting with anti-Ro antibodies
(top). As a loading control, the blot was reprobed for actin (bottom). (B) RNAs extracted from
the cell lines were subjected to Northern blotting to detect mY1 and mY3 RNAs. As a control,
the blot was reprobed to detect 7SL RNA. (C) After affinity purification, eluates from untagged
and ProteinA-TEV-FLAG-Ro cells were fractionated in an SDS—polyacylamide gel and visu-
alized by silver staining. (D,E) Lysates of untagged and FLAG;-Ro cells were incubated with the
indicated concentrations of RNase A, followed by immunoprecipitation with anti-FLAG
antibodies. Western blots were probed to detect ZBP1 and MOV10 (D) or YB-1 (E). Because
YB-1 is important for cell survival during oxidative stress (Lu et al. 2005), we also examined
whether its association with Ro varied when cells were lysed in the presence of 0.5 mM DTT
(E). (F-H) Lysates of wild-type and Ro~’~ fibroblasts were subjected to immunoprecipitation
with rabbit anti-YB-1 (F), anti-ZBP1 (G), preimmune sera and anti-MOV10 antibodies (H).
Proteins in immunoprecipitates were subjected to Western blotting to detect Ro. (*) IgG. As
a negative control, the blots were reprobed to detect the polypyrimidine tract-binding protein
PTB.

preimmune serum was used (Fig. 1H).
Moreover, the polypyrimidine tract-
binding protein, hnRNPI/PTB, which
associates with both Ro and ZBP1
in human cells (Fabini et al. 2001;
Weidensdorfer et al. 2009), was not de-
tected in our immunoprecipitates from
mouse cells (Fig. 1F-H), thus serving as
a negative control.

MOV10 and ZBP1 increase
in nuclei after UV irradiation

Since Ro is both nuclear and cyto-
plasmic in unstressed cells, but becomes
strongly nuclear after UV irradiation
(Chen et al. 2003), we examined the
subcellular distribution of the associ-
ated proteins. The subcellular location
of MOV10 is controversial, as some
studies using epitope-tagged proteins
in transient transfection experiments
found that it is cytoplasmic and P-
body associated in unstressed cells
(Meister et al. 2005; Wulczyn et al.
2007), while others reported that the
endogenous MOV10 is primarily nu-
clear (El Messaoudi-Aubert et al. 2010).
Using affinity-purified anti-MOV10
antibodies, we found that the endoge-
nous MOV10 was both nuclear and
cytoplasmic in unstressed mouse fibro-
blasts, but accumulated strongly in nu-
clei after UV irradiation (Fig. 2A). In
contrast to Ro, which is detected in
nuclei within 3 h of irradiation (Chen
et al. 2003), MOV10 was not strongly
nuclear until 9 h after irradiation (Fig.
2A; data not shown). Using anti-ZBP1
antibodies for immunofluorescence, we
found that, as described for human
osteosarcoma cells using these antibodies

blotting with antibodies to ZBP1, MOV10, and YB-1 con-
firmed that a small fraction of each protein was present in
anti-FLAG immunoprecipitates from the tagged cells, but
was not detected in immunoprecipitates from untagged
cells (Fig. 1D,E). Treatment of the lysates with RNase A
revealed that the interactions of Ro with all three proteins
required RNA (Fig. 1D,E).

We also used antibodies against YB-1, ZBP1, and
MOV10 to immunoprecipitate Ro RNPs from wild-type
fibroblasts. Western blotting revealed that a small frac-
tion of Ro (~1%-2%) was present in each immunopre-
cipitate (Fig. 1IF-H). Although the fraction of Ro associated
with these proteins was low, Ro was not detected when
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(Stohr et al. 2006), ZBP1 was almost entirely cytoplasmic in
unstressed fibroblasts. However, at 15 and 24 h after UV
irradiation, a small fraction of ZBP1 was detected in nuclei
(Fig. 2B). Since the anti-ZBP1 antibody, which was raised
against the 95% identical chicken protein (Farina et al.
2003), recognizes several bands in mouse cells (Fig. 1D), we
confirmed this result by examining fibroblasts that were
stably transfected with GFP-ZBP1 expressed under the con-
trol of the UbC promoter. As in the immunofluorescence
experiments, GFP-ZBP1 was exclusively cytoplasmic before
irradiation, but was detected in nuclei 15 and 24 h after
irradiation. Notably, although ZBP1 accumulates in stress
granules following arsenate or heat-shock treatment of
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TABLE 1. Proteins identified by MUDPIT in ProteinA-TEV-FLAG-Ro eluates

Identified protein Official name Accession number

Molecular mass (Da)

Spectrum counts Sequence coverage (%)

Ro 60 kDa TROVE2 NP_038863
La SSB NP_001103615
YB-3 long isoform YBX3 NP_620817
YB-3 short isoform YBX3 NP_035863
YB-1 YBX1 NP_035862
ZBP1 IGF2BP1 NP_034081
MOV10 MOV10 NP_001156913
Nucleolin NCL NP_035010
hnRNPQ1 SYNCRIP NP_006363
LRP130 LRPPRC NP_082509
IGF2BP3 IGF2BP3 NP_076159
IGF2BP2 IGF2BP2 NP_898850

59,993 1137 86
47,625 138 62
38,682 79 67
30,634 75 77
35,559 60 70
63,319 50 42
113,452 36 33
76,592 26 23
69,472 24 31
156,484 24 22
63,444 25 22
65,453 17 27

human osteosarcoma cells (Stohr et al. 2006), neither the
endogenous ZBP1 or GFP-ZBP1 appeared to accumulate
strongly in stress granules at the UV dose (10 J/m* UVC)
used in our experiments (Fig. 2B). Although YB-1 was
reported to accumulate in nuclei after irradiation (Koike
et al. 1997), our experiments to localize YB-1 were unsuc-
cessful, as immunofluorescence with an antipeptide antibody
(Stickeler et al. 2001) resulted in only background staining.

Association of Ro with ZBP1 increases after UV
irradiation and requires mY3 RNA

Since both ZBP1 and MOV 10 were detected in nuclei ~15
h after UV irradiation, we examined whether the interac-
tion of either protein with Ro increased at this time.
Immunoprecipitation with anti-Ro antibodies, followed
by Western blotting of the immunoprecipitates, revealed
that the fraction of ZBP1 associated with Ro increased
approximately fourfold (Fig. 3A). The increase was specific
to ZBP1, as the levels of MOV10 and YB-1 in the immu-
noprecipitates were unchanged (Fig. 3A). Experiments to
determine whether the interaction of Ro with ZBP1 occurs
in nuclei were inconclusive, because Ro leaks out of nuclei
in all tested protocols for separating cultured cells into
nuclear and cytoplasmic fractions (data not shown).

Since the interaction between Ro and ZBP1 requires
RNA (Fig. 1D), we examined whether either of the mouse Y
RNAs was involved. Immunoprecipitations with anti-ZBP1
antibodies, followed by Northern blotting, revealed that
a small fraction of mY3 RNA, but not mY1l RNA, was
present in the immunoprecipitates (Fig. 3B). As expected, if
ZBP1 interacts with the Ro/mY3 RNA complex, the levels
of both Ro and mY3 in anti-ZBP1 immunoprecipitates
increased to a similar extent after UV irradiation (Fig.
3C,D). To examine whether mY3 was important for the
interaction, we used siRNAs against the large internal loop
of this RNA (Sim et al. 2009) to reduce the level of mY3
RNA in FLAG;-Ro cells by >85% (Fig. 3E). Depletion of

mY3 RNA eliminated the interaction of Ro with ZBP1 in
both unirradiated and UV-irradiated cells (Fig. 3F). We
conclude that mY3 RNA is required for the interaction of
Ro with ZBP1.
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FIGURE 2. Ro, MOV10, and ZBP1 all increase in nuclei after UV
irradiation. (A) Wild-type fibroblasts were either unirradiated (left) or
irradiated with 10 J/m? UVC, allowed to recover for the indicated
times, then fixed and subjected to immunofluorescence with anti-Ro or
anti-MOV10 antibodies. Nuclei (panels below immunofluorescence)
were visualized with DAPI. Bars, 10 wm. (B) Wild-type fibroblasts (top)
or fibroblasts stably expressing GFP-ZBP1 were unirradiated (left) or
irradiated as in A and allowed to recover for the indicated times. Cells
were fixed and stained to detect ZBP1 (fop) or directly mounted after
fixation to detect GFP-ZBP1 (bottom). Bars, 10 pm.
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FIGURE 3. The association of ZBP1 with Ro increases after UV irradiation and requires mY3
RNA. (A) Wild-type and FLAG;-Ro fibroblasts were either unirradiated or irradiated with 10 J/
m? UVC. After a 15-h recovery, cells were lysed and subjected to immunoprecipitation with
anti-FLAG antibodies. Immunoblotting was performed to detect ZBP1, MOV10, and YB-1. As
a negative control, the blot was reprobed for PTB. (B) Wild-type and Ro™'~ lysates were
subjected to immunoprecipitation with the indicated antibodies. RNAs extracted from
immunoprecipitates and equivalent amounts of the lysates were subjected to Northern blotting
to detect mY1 and mY3 RNAs. As a negative control, the blot was reprobed to detect U6
snRNA. (C,D) Ro~’'~ and wild-type fibroblasts were either unirradiated or irradiated and
allowed to recover as in A. Lysates were subjected to immunoprecipitation with control
nonimmune rabbit serum or with anti-ZBP1. After washing, the immunoprecipitate was
divided into two aliquots. One aliquot was subjected to Western blotting to detect Ro,
MOV10, and the GAPDH loading control (C). RNA extracted from the second aliquot was
subjected to Northern blotting to detect mY1 and mY3 RNAs (D). As a control, the Northern
blot was reprobed to detect 7SL RNA. (E,F) Either no siRNAs, nontarget control siRNAs, or
siRNAs against mY3 were transfected into FLAG;-Ro fibroblasts. After 24 h, cells were
irradiated with 10 J/m? UVC and allowed to recover for 15 h. RNA extracted from half of the
cells was subjected to Northern analyses to detect mY1, mY3, and 7SL RNA (E). Lysates from
the remaining cells were subjected to immunoprecipitation with anti-FLAG antibodies. Lysates
and proteins in immunoprecipitates were subjected to Western blotting to detect ZBP1 (F). As
a control, the blot was reprobed to detect GAPDH.

whether Ro export was sensitive to
leptomycin B (LMB), a specific inhi-
bitor of the CRM1 export factor
(Fornerod et al. 1997). Ro does not pos-
sess a recognizable CRM1-dependent
nuclear export sequence (NES), and
we have failed to detect binding of Ro
to a GST-CRM1 fusion in the presence
of a GTPase-deficient mutant of Ran
(data not shown). However, ZBP1 has
both a CRM1-dependent NES and a sec-
ond NES that functions through a lep-
tomycin B-insensitive pathway (Nielsen
et al. 2003; Oleynikov and Singer 2003).
Treatment of fibroblasts with LMB re-
vealed that 60% of the cells showed nu-
clear accumulation of Ro within 3 h,
with 80% of the cells showing nuclear
accumulation by 8 h (Fig. 4A). In con-
trast, the subcellular location of elonga-
tion factor EF1A, which is exported by
exportin-5 (Bohnsack et al. 2002), was
unaffected by leptomycin B (Fig. 4A).
Our result that Ro accumulates in nu-
clei upon LMB treatment indicates that
Ro undergoes nucleocytoplasmic shut-
tling. Moreover, Ro is likely exported
from nuclei by a pathway that involves
CRML.

We also examined the localiza-
tion of GFP-ZBP1 during leptomycin
B treatment. In chicken fibroblasts,
ZBP1 export is sensitive to leptomycin
B (Oleynikov and Singer 2003); how-
ever, in mouse cells, export of a tran-
siently transfected human ZBP1 fused
to GFP was reported to be leptomycin
B insensitive due to the presence of a
second CRM1-independent NES (Nielsen
et al. 2003). Examination of GFP-ZBP1
after leptomycin B treatment of our
stable cell lines revealed that, consis-
tent with the study in chicken cells
(Oleynikov and Singer 2003), a frac-

Nuclear export of both Ro and ZBP1 involves CRM1

Previously, we reported that Y RNAs block a nuclear ac-
cumulation signal on the Ro surface, favoring cytoplasmic
localization of Ro (Sim et al. 2009). However, since Ro may
be exported from nuclei as a Ro/Y RNA complex (Simons
et al. 1994), an additional role for Y RNAs in enhancing
export could not be eliminated. Because ZBP1 shuttles
between the nucleus and cytoplasm (Nielsen et al. 2003;
Oleynikov and Singer 2003), we tested whether ZBP1 was
involved in nuclear export of Ro. First, we examined
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tion of GFP-ZBP1 became detectable in nuclei within 3 h
of leptomycin B addition, and became more prominent
by 12 h (Fig. 4B,C). Together with the finding that ZBP1
contains a CRM1-dependent NES (Nielsen et al. 2003;
Oleynikov and Singer 2003), our results suggest that
some ZBP1 is exported via a CRM1-dependent pathway.
Although the fraction of ZBP1 that accumulates in nuclei
during leptomycin B treatment is low, this may be
because the second NES allows ZBP1 to access another
export pathway when CRM1 is inactivated (Nielsen et al.
2003).
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FIGURE 4. Nuclear export of Ro and ZBP1 involves CRM1. (A) Wild-
type fibroblasts were either untreated or treated with 10 ng/mL of LMB.
At the indicated times, cells were fixed and subjected to immunofluo-
rescence with anti-Ro (top) and anti-eEF1A (bottom) antibodies. Bar, 10
pm. (B) Fibroblasts stably expressing GFP-ZBP1 were either untreated
or treated with LMB as in A. At the indicated times, cells were fixed and
mounted. Nuclei were visualized with DAPL Bar, 10 pm. (C) Wild-
type and GFP-ZBP1-expressing fibroblasts were either untreated or
treated with 10 ng/mL LMB for 12 h. Wild-type cells were fixed and

subjected to immunofluorescence to detect Ro, while GFP-ZBPI-
expressing cells were fixed and directly mounted. Bar, 10 wm.
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Ro and mY3 RNA accumulate in nuclei
when ZBP1 is depleted

To determine whether ZBP1 was important for nuclear
export of the Ro/mY3 complex, we used siRNAs to reduce
ZBP1 levels in fibroblasts. By performing two rounds of
transfection, we were able to reduce ZBP1 by 84% by 72 h
after the first transfection (Fig. 5A). Immunofluorescence
revealed that in cells depleted of ZBP1, Ro accumulated in
nuclei (Fig. 5B,C). In contrast, the subcellular location of
EF1A was unchanged. One explanation for the finding that
siRNA-mediated depletion of ZBP1 results in a striking
change in Ro subcellular distribution, yet only a small
fraction of ZBP1 is detected in anti-Ro immunoprecipi-
tates, is that the association of the Ro/Y3 complex with
ZBP1 occurs transiently during export. Thus, despite the
fact that only a modest fraction of Ro associates stably with
ZBP1 at steady state, Ro would accumulate in nuclei over
time in ZBP1-depleted cells if the ZBP interaction is re-
quired for efficient Ro nuclear export. Consistent with this
hypothesis, Ro accumulates in nuclei within 3 h of LMB
incubation (Fig. 4), indicating that Ro undergoes active
nucleocytoplasmic shuttling.

We performed fluorescence in situ hybridization (FISH)
to determine whether ZBP1 depletion affected the sub-
cellular distribution of either Y RNA. For probes, we used
oligonucleotides complementary to the large internal loops,
since these loops are accessible to siRNAs (Sim et al. 2009).
Because the levels of both Y RNAs are greatly reduced in
Ro~'~ cells (Fig. 1B; Labbe et al. 1999; Chen et al. 2003), the
fluorescent signals in these cells were used as a standard to
determine the background fluorescence. For both mY1 and
mY3, we detected stronger signals in wild-type cells than in
Ro ™'~ cells (Fig. 6A,B), indicating that the oligonucleotides
detect their specific targets. Importantly, after siRNA-
mediated depletion of ZBP1, mY3 accumulated in nuclei
(Fig. 6B). The change in Y3 RNA localization was less
complete than observed for Ro, suggesting that this RNA
may be able to access other export pathways (see Discus-
sion). Nonetheless, quantification of the nuclear/cytoplas-
mic signal ratios in individual cells revealed clear differ-
ences for mY3 after ZBP1 depletion. In both untreated cells
and cells receiving control siRNAs, the nuclear/cytoplasmic
ratio was generally below 1, indicating that mY3 is largely
cytoplasmic (Fig. 6D). After depleting ZBP1, the nuclear/
cytoplasmic ratios ranged from 1.5 to 10, indicating that
mY3 becomes strongly enriched in nuclei (Fig. 6D). In
contrast, the mY1 nuclear/cytoplasmic ratios ranged from
0.5 to 2 after ZBP1 depletion. Thus, although some cells

A C 1o CIEF1A
siRNAs . Ro
NT ZBP1 75
—_—— ZBP1 5
— . s ACHIN % 50
=]
=
X 25

no control  siZBP1
siRNAs siRNAs

ZBP1 siRNAs

FIGURE 5. Ro accumulates in nuclei when ZBP1 is depleted. (A,B)
siRNAs against ZBP1 or control nontarget siRNAs were transfected
into wild-type fibroblasts. After 48 h, the transfection was repeated. At
72 h after the initial transfection, cells were harvested and subjected to
Western blotting to detect ZBP1 (A) or immunofluorescence to detect
Ro and eEF1A (B). In B, nuclei were visualized with DAPI. Bars, 10
pm. (C) Histogram showing the percentage of cells with predomi-
nantly nuclear staining of Ro and eEF1A. Data from three indepen-
dent experiments were graphed.
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FIGURE 6. mY3 RNA accumulates in nuclei when ZBP1 is depleted.
(A,B) Wild-type fibroblasts were transfected with siRNAs against ZBP1
or control siRNAs as described for Figure 5. At 72 h after the first trans-
fection, cells were fixed and subjected to FISH for mY1 (A) and mY3 (B)
RNA. As a negative control for the fluorescence signal, FISH was also
performed on Ro '~ fibroblasts. Bars, 20 pm. (C,D) Scatter plots of the
ratio of the nuclear and cytoplasmic signals in individual cells (loga-
rithmic scale) after FISH to detect mY1 (C) and mY3 (D). The FISH
signal was calculated by subtracting the background signal on Ro™/~
fibroblasts from the signal on either control cells or cells transfected
with siRNAs against ZBP1. Since there were no statistically significant
differences between the fluorescence signals of untransfected cells and
control siRNA-transfected cells for either mY1 or mY3 FISH, both
untransfected and control siRNA-transfected cells were counted in the
control group. (E,F) Box plots showing the logarithm of the nuclear/
cytoplasmic signal ratios. For mY1 FISH (E), the statistical analysis was
between control (n = 36) and siZBP1 (n = 40) transfected cells. The
upper and lower box boundaries indicate the 25th and 75th percentiles of
the data, respectively. The upper and lower bars indicate the first and 99th
percentiles, respectively. The analysis for the mY3 FISH (F) was between
control (n = 52) and siZBP1-treated (n = 58) cells. One-way ANOVA
test between the logarithms of the nuclear/cytoplasmic ratios of the mY3
FISH signals in siZBP1-treated vs. control cells (D,F) and between the
mY1 and mY3 FISH signals in siZBP1-treated cells: P < 0.001.

also showed nuclear enrichment of mY1, these changes
were significantly smaller than for mY3 (Fig. 6, cf. C,E and
D,F). We conclude that ZBP1 depletion results in nuclear
accumulation of Ro and mY3 RNA.
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DISCUSSION

Although Ro binds misfolded RNAs in vertebrate cells and
contributes to survival after UV irradiation, little is known
about the molecular mechanisms by which Ro functions.
To begin to address these questions, we used affinity puri-
fication to identify proteins that copurify with mouse
Ro. This revealed several RNA-binding proteins, including
two proteins shown previously to copurify with human
Ro, nucleolin, and ZBP1 (Fouraux et al. 2002; Chiu et al.
2006; Jonson et al. 2007). Because the association of Ro
with ZBP1 increased after UV irradiation, we focused on
elucidating the functional significance of this interaction.
We showed that the association of Ro with ZBP1 is me-
diated by RNA binding and requires mY3 RNA. Interest-
ingly, in ZBP1-depleted cells, the normally cytoplasmic Ro
and mY3 RNA accumulate in nuclei. Together with the
findings that leptomycin B causes Ro to accumulate in
nuclei and that ZBP1 contains a CRM1-dependent NES
(Nielsen et al. 2003; Oleynikov and Singer 2003), our data
suggest that ZBP1 may function as an adapter for export of
the Ro/mY3 complex.

Our data, together with studies of nuclear export of
human Y1 RNA in Xenopus oocytes, are consistent with
a model in which export of the Ro/mY3 complex is me-
diated by ZBP1 via a CRM1-dependent pathway, while the
less-abundant mY1 RNA is likely exported by exportin-5
(Simons et al. 1994, 1996; Rutjes et al. 2001; Gwizdek et al.
2003). Although the pathway by which Ro is exported was
not examined in the oocyte studies, the finding that an hY1
RNA carrying a mutation in the Ro binding site was
exported more slowly than wild-type hY1 was interpreted
to mean that hY1 is exported bound to Ro (Simons et al.
1996). Our result that Ro accumulates in nuclei in the
presence of leptomycin B does not rule out this possibili-
ty, since some Ro remains cytoplasmic when CRMI is
inhibited. Similarly, studies showing that injection of
excess hY3 or hY4 RNAs blocks hY1 export, which were
interpreted as demonstrating that these RNAs all utilize
the same export pathway (Rutjes et al. 2001), could indi-
cate that like tRNAs (Hopper et al. 2010), Y RNAs can be
exported through multiple pathways. Consistent with
multiple export pathways, tRNA™; also competes with
hY1 for export (Simons et al. 1996). Moreover, one
explanation for the finding that nuclear accumulation
of Ro in ZBPI-depleted cells (Fig. 5) is more striking
than that of mY3 RNA (Fig. 6) is that mY3 can access
additional export pathways.

How might ZBP1 interact with the Ro/mY3 RNA
complex? Our finding that mY3 is required for complex
formation, together with a recent report that hY1 and hY3
RNAs bind ZBP1 in vitro (Kéhn et al. 2010), suggests that
since Ro interacts with the mY3 RNA terminal stem (Wolin
and Steitz 1984; Pruijn et al. 1991; Green et al. 1998; Stein
et al. 2005), ZBP1 may bind sequences at the other end of
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mY3, such as the large internal loop. Moreover, as the
interaction of ZBP1 with hY3 RNA can be competed with
a zipcode-containing RNA (Kohn et al. 2010), the binding
site on ZBP1 for Y3 RNA and the zipcode may overlap.
Recent studies have shown that the third and fourth KH
domains of ZBP1 form an antiparallel pseudodimer that
interacts with a bipartite zipcode sequence from B-actin
mRNA (Chao et al. 2010). Interestingly, the reported
CRM1-independent NES (Nielsen et al. 2003) spans the
linker between these two KH domains (Chao et al. 2010).
Thus, one explanation for the striking accumulation of
Ro during leptomycin B treatment is that association of
the bulky Ro/Y3 complex with ZBP1 sterically blocks the
CRM1-independent NES, causing Ro export to depend on
the CRM1 NES. In contrast, if the binding of zipcode-
containing mRNA to ZBP1 leaves the CRM1-independent
NES accessible to export factors, ZBP1 export would not be
strongly dependent on CRM1. We note that this model
does not exclude the possibility that other CRM1-interact-
ing proteins also contribute to Ro nuclear export.
Interestingly, although the Ro ortholog in D. radiodurans
associates with the 3'-5" exoribonuclease polynucleotide
phosphorylase (Chen et al. 2007; Wurtmann and Wolin
2010), we did not identify an annotated exonuclease in our
tandem affinity purification of Ro. One possibility is that
the mouse Ro protein does not associate with exonucleases.
Alternatively, the interaction may be of lower affinity in
mammalian cells compared with bacteria. Moreover, we do
not yet know how the other copurifying proteins, such as
YB-1 and MOV10, affect Ro function. Future experiments
will be aimed at examining the roles of these other proteins,
as well as determining whether additional proteins, such as
exonucleases, copurify with Ro under different conditions.

MATERIALS AND METHODS

Cell lines and cell culture

The generation of immortalized mouse wild-type, Ro™'~, and
3xFLAG-Ro fibroblast lines was described (Sim et al. 2009). To
generate Protein A-TEV-FLAG-Ro cells, the IgG-binding domains
of Protein A, a TEV cleavage site and a FLAG epitope were fused
to mouse Ro using PCR and cloned into the Bam HI/Xho I sites of
pUB6/V5-HisA (Invitrogen) to create pUB6-TFMRO. This con-
struct places the tagged Ro under control of the human UbC
promoter. After transfection into Ro™’~ fibroblasts, stable lines
were selected with 5 wg/mL of Blasticidin S (InvivoGen). To
generate GFP-ZBP1 cells, a mouse ZBP1 cDNA (MGC IMAGE ID
30008106) was purchased from ATCC, the ORF fused to the eGFP
C terminus, and cloned into pUB6/V5-HisA to generate pUB-
GFP-ZBP1. Because the purchased cDNA contained a nucleotide
change that replaced the conserved glutamate at position 276
with glycine, mutagenesis was used to restore the glutamate.
After transfection into immortalized fibroblasts, stable lines
were selected with Blastacidin S. All cells were maintained in
DMEM (Invitrogen) supplemented with 10% fetal bovine serum

and 2 mM L-glutamine. UV irradiation was as described (Sim
et al. 2009). In some experiments, 10 ng/mL of leptomycin B
(Sigma-Aldrich) was added to the media and the cells fixed at
the indicated times.

Purification of Ro and associated proteins

Protein A-TEV-FLAG-Ro and untagged wild-type fibroblasts
(~10°® cells each) were harvested in PBS (Invitrogen) and lysed
in 10 mL of buffer A (20 mM HEPES at pH 7.9, 20% glycerol,
200 mM KCI, 0.5% NP-40, 0.5 mM EDTA, 1x protease inhibitor
cocktail [Roche Applied Science] and 1 mM phenylmethylsul-
fonyl fluoride [PMSF]) using a Dounce homogenizer. After
centrifuging at 55K rpm at 4°C for 45 min in a TLA 100.2
rotor, the cleared lysate was incubated with 100 pL of IgG-
Sepharose beads (GE Healthcare) at 4°C for 2 h. Beads were
washed with buffer A before incubating with 100 U of TEV
protease in 500 nL of TEV cleavage buffer (10 mM Tris-HCI at
pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM DTT) overnight at
4°C. The eluate from the cleavage reaction was incubated with
anti-Flag M2-Agarose (Sigma-Aldrich) beads for 2 h, followed by
washing with NET-2 (40 mM Tris-HCl at pH 7.5, 150 mM NaCl,
0.1% NP-40, 1 mM MgCl,) containing 1 mM PMSF and 1x
protease inhibitor cocktail (Roche Applied Science). Ro was
eluted with 0.2 mg/mL of 3xFLAG peptide in NET-2.

Mass spectrometry

After TCA precipitation, samples were resuspended in 8 M urea,
100 mM Tris (pH 8.5) and reduced with 100 mM TCEP.
Todoacetamide (55 mM final concentration) was added to alkylate
cysteines. Following Lys-C (1 pg/100 wL) digestion for 4 h at
37°C, CaCl, was added (final concentration of 1 mM), and
trypsin (1 pg/100 pL) was used to digest the samples further.
The peptides were pressure loaded onto a fused silica capillary
desalting column containing 3 cm of 5-pm C18 resin packed into
a 250-pm i.d. capillary with a 2-pm filtered union (UpChurch
Scientific). The desalting column was washed with buffer con-
taining 95% water, 5% acetonitrile, and 0.1% formic acid. After
desalting, a 100 wm i.d capillary with a 5-pm pulled tip packed
with 10 cm C18 material followed by 3 cm of 5-pm Partisphere
strong cation exchanger (Whatman) was attached to the filter
union and the entire split-column (desalting columnfilter
union—analytical column) was placed inline with an Agilent
1100 quaternary HPLC and analyzed using a 5-step separation
described previously (Washburn et al. 2001).

As peptides eluted from the microcapillary column, they were
electrosprayed directly into an LCQ-Deca mass spectrometer
(ThermoFinnigan) with the application of a distal 2.4 kV spray
voltage. A cycle of one full-scan mass spectrum (400-1400 m/z)
followed by three data-dependent MS/MS spectra at a 35% nor-
malized collision energy was repeated continuously throughout
each step of the multidimensional separation. Application of mass
spectrometer scan functions and HPLC solvent gradients were
controlled by the Xcaliber datasystem.

MS/MS spectra were searched with the SEQUEST algorithm
(Eng et al. 1994) against the most recent versions of the human
mouse and rat databases for 2004 (Peng et al. 2003). No enzyme
specificity was considered for any search. SEQUEST results were
assembled and filtered using the DTASelect (version 1.9) program
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(Tabb et al. 2002; Cociorva et al. 2006). Filtering criteria for
positive protein identifications were the identification of two
unique peptides with Xcorr values of 2.0 for plus 1 spectra, 2.2 for
plus 2 spectra, and 3.75 for plus 3 spectra.

Immunoprecipitations, immunoblotting,
and immunofluoresence

For immunoprecipitations, cells were washed in PBS and soni-
cated in NET-2 containing 1 mM PMSF and 1x protease inhibitor
cocktail. After centrifuging at 16,000g, lysates were incubated with
anti-FLAG M2-conjugated agarose (Sigma-Aldrich) or other
antibodies bound to protein A-Sepharose (GE Healthcare) as
described (Wolin and Steitz 1984). For anti-FLAG immunopre-
cipitations, proteins were eluted with 0.2 mg/mL of 3xFLAG
peptide. For other antibodies, proteins were eluted from the beads
by boiling in SDS-PAGE loading buffer. RNAs in immunopre-
cipitates were isolated by phenol extraction and ethanol pre-
cipitation, fractionated in 5% polyacrylamide/8 M urea gels and
subjected to Northern analysis. For RNase treatment, RNase A
(Roche Applied Science) was added to the cleared lysates at the
indicated concentrations for 20 min at room temperature (RT).
Western blotting (Yoo and Wolin 1994) and immunofluorescence
(Sim et al. 2009) were performed as described. Antibodies were
mouse anti-FLAG M2 (Sigma-Aldrich), mouse anti-GAPDH
(Sigma-Aldrich), rabbit anti-human YB1 (Stickeler et al. 2001),
rabbit anti-chicken ZBP1 (Farina et al. 2003), rabbit anti-human
PTB (Hall et al. 2004), mouse anti-human PTB (Invitrogen), and
mouse anti-EFIA (Millipore). Anti-MOV10 antibody was gener-
ated in rabbits using the peptide CSGPRRHQNLPQEREGE. A
monoclonal anti-Ro antibody that does not recognize native Ro
(Xue et al. 2003) was used for Western blotting. The rabbit anti-
mouse Ro antibody that recognizes native Ro (Chen et al. 2003)
was used for immunofluorescence.

siRNA transfections and Northern analyses

The siRNAs used to deplete Y RNAs were mY1 sense: 5'-UGUU
CUACACUUUCCCCCCUUUU-3', mY1 antisense: 5'-AAGGGGG
GAAAGUGUAGAACAUU-3’, mY3 sense: 5-GUUACAGAUUU
CUUUGUUCUU-3’, and mY3 antisense: 5'-GAACAAAGAAAU
CUGUAACUU-3". These siRNAs, as well as Smartpool siRNAs for
mouse ZBP1 and the control siRNAs (siCONTROL Non-Target-
ing siRNA #1), were purchased from Dharmacon. Transfection
was performed as described (Sim et al. 2009). For ZBP1, at 48 h after
transfection, cells were subjected to a second round of transfection
and incubated for an additional 24 h.

For Northern analyses, RNAs were separated in 5% polyacryl-
amide/8 M urea gels and transferred to Hybond-N (GE Healthcare)
or ZetaProbe GT membranes (Bio-Rad). [y** P]ATP-labeled oligo-
nucleotides were hybridized as described (Tarn et al. 1995). Oligo-
nucleotide probes were mY1: 5'-AAGGGGGGAAAGTGTAGAACA
GGA-3', mY3: 5'-GAGCGGAGAAGGAACAAAGAAATCTG-3', SRP
RNA: 5'-TGCTCCGTTTCCGACCTGGGCCGGTTC-3', and U6:
5'-ATGGAACGCTTCACGAATTTGCGAGTC-3'.

Fluorescence in situ hybridization

Wild-type, Ro~’~, and siRNA-transfected wild-type fibroblasts
were plated on CC?*-coated chamber slides (Nunc) and cultured
overnight. FISH was performed as described (Yao et al. 2011).
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Briefly, cells were washed twice with PBS, fixed with 4% form-
aldehyde in PBS at RT, and permeabilized with 0.1% Triton in
PBS. After washing with PBS + 0.05% Tween-20 (PBST), cells
were washed once in 2X SSC + 0.05% Tween-20 and incubated in
2X SSC + 50% formamide at 37°C for 1 h. Oligonucleotides were
labeled with the DIG-Oligonucleotide Tailing kit (Roche Applied
Science), G-25 column-purified, denatured at 95°C for 5 min, and
applied to the cells. Slides were sealed using a coverslip with
rubber cement, and incubated in a humid chamber at 37°C
overnight. Next, coverslips were removed and slides washed with
2X SSC + 50% Formamide at 37°C for 1 h, washed once in 2X
SSC + 0.05% Tween-20 and three times with PBST at RT. After
blocking for 1 h with 1% bovine serum albumin in PBST, the cells
were incubated with anti-DIG-Rhodamine (Roche Applied Sci-
ence, 1:50 dilution) at RT for 1 h. Slides were then washed three
times with PBST, mounted on a coverslip using Vectashield
(Vector Labs), and visualized with a Zeiss LSM510 META con-
focal microscope. Z-stack images were acquired and maximum
intensity projection images were presented and analyzed using
Image]. Oligonucleotide probes were mY1: 5'-GGGAAAGTGTAG
AACAGGAGTTCAATCTGTAACTGACTGTGAACA-3" and mY3:
5'-GAAGGAACAAAGAAATCTGTAACTGGTTGTGATCAATTAG
TTGTAAAC-3'.
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