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Abstract

Low levels of the survival motor neuron (SMN) protein cause spinal muscular atrophy, the leading genetic disorder for infant
mortality. SMN is ubiquitously expressed in various cell types and localizes in both the cytoplasm and the nucleus, where it
concentrates in two subnuclear structures termed Cajal body (CB) and gems. In addition, SMN can also be detected in the
nucleolus of neurons. Mechanisms that control SMN sorting in the cell remain largely unknown. Here, we report that the
ubiquitin (Ub) ligase Itch directly interacts with and monoubiquitinates SMN. Monoubiquitination of SMN has a mild effect on
promoting proteasomal degradation of SMN. We generated two SMN mutants, SMN(KO), in which all lysines are mutated to
arginines and thereby abolishing SMN ubiquitination, and Ub-SMN(KO0), in which a single Ub moiety is fused at the N-terminus
of SMN(KO0) and thereby mimicking SMN monoubiquitination. Immunostaining assays showed that SMN(K0) mainly localizes in
the nucleus, whereas Ub-SMN(KO) localizes in both the cytoplasm and the nucleolus in neuronal SH-SY5Y cells. Interestingly,
canonical CB foci and coilin/small nuclear ribonucleoprotein (snRNP) co-localization are significantly impaired in SH-SY5Y cells
stably expressing SMN(KO0) or Ub-SMN(KO). Thus, our studies discover that Itch monoubiquitinates SMN and
monoubiquitination of SMN plays an important role in regulating its cellular localization. Moreover, mislocalization of SMN

disrupts CB integrity and likely impairs snRNP maturation.

Introduction

Spinal muscular atrophy (SMA) is an autosomal-recessive motor
neuron disease caused by homozygous loss or mutations of the
survival motor neuron 1 (SMN1) gene, which results in degener-
ation of o motor neurons within the anterior horns of the spinal
cord and subsequent muscular atrophy (1-3). Humans have two
SMN genes, the telomeric SMN1 gene and the centromeric SMN2
gene (4). Both SMN1 and SMN2 encode the 294-amino acid SMN
protein. Because of a splicing defect, the majority of the SMN2
transcripts produce a C-terminally truncated protein that is rap-
idly degraded by the proteasome, and only 10-15% transcripts
encode full-length SMN (4,5). While most SMA patients have
homozygous deletion of SMN1, they usually retain one or more
copies of SMN2. Studies have shown that the copy number of

SMN?2 often inversely correlates with the disease onset and sever-
ity in human patients (3,5-8). Thus, SMA is caused by low-protein
levels of SMN (9,10). Functionally, SMN is important for assembly
of small nuclear ribonucleoproteins (SnRNPs), precursors of the
spliceosome and thereby regulating gene splicing (11,12). Also,
SMN is involved in transporting mRNA along axons in neurons,
which is likely important for local protein translation (13). How-
ever, whether impairment of these functions due to low-protein
levels of SMN causes SMA has not been established.

SMN is ubiquitously expressed in various tissues and cell
types, with high levels in the spinal cord (9). In cells, SMN loca-
lizes primarily in the cytoplasm where the SMN complex, con-
taining SMN, Gemins 2-8 and Unrip (11,14), mediates assembly
of snRNPs. Following transcription, newly transcribed Sm-class
snRNAs export into the cytoplasm, where the SMN complex
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mediates assembly of the Sm proteins, and facilitates loading of
snRNAs to the Sm complex to form snRNPs (11,15). After cap hy-
permethylation, snRNPs together with the SMN complex import
into the nucleus and initially reside in Cajal bodies (CBs), where
snRNPs are modified and assemble with other proteins for mat-
uration (16-18). In the nucleus, SMN can also reside in another
subnuclear structure called gems (gemini of CBs). Gems contain
several components of the SMN complex, but lack snRNPs and
coilin, a marker of CBs (19). Besides CBs and gems, SMN can
also localize into the nucleolus of both neuronal and non-neur-
onal cells (20-24). How SMN sorts among the cytoplasm/nucleus
(CBs and gems)/nucleolus is not clear. In neuronal cells, a Gln-
Asn-GlIn-Lys-Glu (QNQKE) sequence encoded in Exon 7 of SMN1
was found to regulate cytoplasmic localization of SMN; both
SMN1-6, a mutant lacking amino acids encoded by Exon 7, and
SMNA7, the protein encoded by the main transcript of SMN2
that lacks Exon 7 and has four addition amino acids Glu-Met-
Leu-Ala (EMLA) from Exon 8 because of a frame shift, predomin-
ately localize in the nucleus of chick forebrain neuron (25). The
QNQKE sequence can significantly stabilize SMN1-6 (25). It is
not known if the influence of the QNQKE sequence on mediating
cytoplasmic localization of SMN stems from its capability for
sorting SMN or a secondary effect of increased SMN protein
levels. Also in neuronal cells, SMN can transport along axons
together with coat protein I vesicles by directly interacting with
the aCOP subunit, which plays an important role in mediating
neurite growth (26,27).

SMN is a substrate of 26S proteasomes (28,29). Recently, the E3
ubiquitin (Ub) ligase mind bomb 1 (MIB1) was identified to promote
SMN ubiquitination and proteasomal degradation (30). Interest-
ingly, ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), a deubi-
quitinating enzyme (DUB) that seems to possess Ub ligase activity
as well (31,32), was also able to promote SMN ubiquitination and
degradation (33). SMN has a protein half-life of 6-10 h in different
celllines (29,34). In contrast, SMNA? is rapidly degraded by the pro-
teasome and it is barely detectable in SMA patient-derived cells
(35). The C-terminal region of SMNA7 was found to function as a
degron (36), but the mechanism by which the C-terminal region
promotes SMNA7 degradation is unknown. We recently showed
that SMNA7 was heavily ubiquitinated that likely promotes protea-
somal degradation and explains the short half-life of SMNA7 (34),
whereas SMN was primarily monoubiquitinated in cells (34). Pro-
tein monoubiquitination often plays non-proteolytic functions,
such as in regulating protein trafficking, protein—protein inter-
action and enzyme activity (37). We are, therefore, interested in
investigating functions of SMN monoubiquitination.

In this study, we identified that the Ub ligase Itch physically
interacted with and monoubiquitinated SMN. Itch-mediated
ubiquitination of SMN only had a mild effect on promoting SMN
degradation. We found that SMN(KO), a SMN mutant deficient for
ubiquitination, accumulated in the nucleus, whereas Ub fused
SMN(KO) localized in the cytoplasm and the nucleolus. Moreover,
cells expressing SMN(KO) or Ub-SMN(KO) had significantly impaired
canonical CB foci and coilin/Sm co-localization. Thus, monoubi-
quitination of SMN regulates its cellular localizations, and misloca-
lization of SMN impairs CB integrity and likely snRNP maturation.

Results
The Ub ligase Itch physically interacts with SMN

SMN is primarily monoubiquitinated (28,29,34). We recently
demonstrated that the DUB USP9X stabilizes SMN and the
SMN complex by antagonizing ubiquitination-dependent SMN
degradation (34). In this study, we sought to identify the Ub ligase
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Figure 1. SMN interacts with the Ub ligase Itch. (A) Empty pRK7 vector (mock),
FLAG-SMN or FLAG-SMNA7 was transfected into 293T cells. Expressed SMN or
SMNA7 was immunoprecipitated with an anti-FLAG antibody, followed by
immunoblotting of FLAG, Itch and Huwel. (B) Endogenous SMN in 293T cells was
immunoprecipitated with an anti-SMN antibody, followed by immunoblotting of
SMN, Gemin 8 and Itch. (C) Endogenous Itch in 293T cells was immunoprecipitated
with an anti-Itch antibody, followed by immunoblotting of SMN, Gemin 8, Gemin 3
and Itch. (D) Recombinant GST or GST-Itch was incubated with recombinant SMN
or SMNA? for in vitro GST pull-down assays. Proteins bound on glutathione resin
were applied for immunoblotting of SMN or visualized by ponceau S staining.

that ubiquitinates SMN. Ub ligases often form complexes with
DUBs, we therefore examined whether USP9X-interacting Ub
ligases interact with SMN. In an assay, we overexpressed Asp-
Tyr-Lys-Asp-Asp-Asp-Asp-Lys peptide (FLAG)-tagged SMN or
SMNA7 in 293T cells, precipitates from anti-FLAG immunopreci-
pitation were used for immunoblotting of two known USP9X-
interacting Ub ligases, Itch (38) and Huwel (39). We found that
both SMN and SMNA?7 interacted with Itch, but not with Huwel
(Fig. 1A). SMNA7 lacks the C-terminal 16 amino acids of SMN,
but contains an additional four amino acids EMLA because of a
frame shift (4,5). Thus, the extreme C-terminal region of SMN is
not involved in mediating the Itch/SMN interaction. To deter-
mine whether Itch interacts with SMN at the physiological
level, we immunoprecipitated endogenous SMN in 293T cells
and found that SMN precipitated Gemin 8, a known SMN-inter-
acting protein, as well as Itch (Fig. 1B). Reciprocally, immunopre-
cipitation of endogenous Itch precipitated components of the
SMN complex including SMN, Gemins 3 and 8 (Fig. 1C), indicating
that Itch interacts with the SMN complex. To examine whether
Itch directly interacts with SMN, we purified recombinant gluta-
thione S-transferase (GST)-Itch, 6xHis-SMN and 6xHis-SMN (A7)
from Escherichia coli and then carried out GST pull-down assays.
As shown in Figure 1D, GST-Itch, but not GST, bound SMN and
SMNA7. Thus, Itch directly binds SMN and SMNA7. The Itch/
SMN interaction was also detected in SH-SY5Y neuronal cells
using an immunoprecipitation assay (Supplementary Material,
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Fig. S1A). Moreover, immunostaining assays showed that en-
dogenous Itch and SMN primarily co-localized in the cytoplasm,
and Itch sparsely co-localized with SMN-positive foci in the
nucleus (arrow mark in Supplementary Material, Fig. S1B).
Altogether, our results demonstrate that Itch directly binds SMN
and they form a complex in the cell.

The C-terminal region of SMN binds both the PRR/WW
domains and the C-terminal catalytic region of Itch

Itch contains an N-terminal C2 domain that binds the cell mem-
brane, a proline rich region (PRR) and WW domains that bind sub-
strate proteins, in which the WW domain recognizes substrate
proteins containing a Pro-Pro-x-Tyr (PPxY) (x denotes any
amino acid) motif, and the C-terminal homologous to the E6-
associated protein carboxyl terminus (HECT) domain that med-
iates its Ub ligase activity (Fig. 2B). SMN does not have a canonical
PPxY motif, butits C-terminal region is highly proline rich. To de-
termine which domain of SMN binds Itch, we generated a series
of deletion mutants, including SMN (1-160), SMN (1-240), SMN (1-
267), SMN (1-278), SMN (91-294) and SMN (158-294). 293T cells
were transfected with HA-tagged Itch and a FLAG-tagged SMN
mutant, then cell lysates were used for co-immunoprecipitation
assays using an anti-FLAG antibody. The results showed that all
SMN mutants except SMN (1-160) interacted with Itch, and SMN
(1-267) and SMN (1-278) bound Itch stronger than SMN (1-240)
(Fig. 2A). We further narrowed down the region between 160
and 240 amino acids, and found neither SMN (1-194) nor SMN
(1-216) bound Itch in a similar overexpression assay (Supplemen-
tary Material, Fig. S2A). Thus, the C-terminal region of SMN span-
ning amino acids 216-278 mediates its interaction with Itch.

Similarly, we generated constructs for expressing a series of
Itch-deletion mutants, including Itch (1-150), Itch (1-507), Itch
(141-507), Itch (141-862) and Itch (501-862). Co-transfecting a
HA-tagged Itch mutant with FLAG-tagged SMN in 293T cells fol-
lowed by co-immunoprecipitation assays revealed that the PRR/
WW domains of Itch interacted with SMN under a stringent
wash condition containing 1.2 M NaCl and 1% Triton X-100
(Fig. 2B). Interestingly, we found that the HECT domain of Itch
(amino acids 501-862) also interacted with SMN under low-salt
wash conditions containing 0.15 or 0.5 M NacCl (Fig. 2C). This
interaction appeared to be a direct binding as demonstrated by
GST pull-down assays, in which the recombinant C-terminal
HECT domain bound SMN much weaker than that of full-length
Itch (Fig.2D). Additional co-immunoprecipitation assays revealed
that both Itch (1-507) and Itch (501-862) bound the C-terminal re-
gion of SMN (Supplementary Material, Fig. S2B and C). In sum-
mary, our studies revealed that the C-terminal region of SMN
mediates its direct interaction with Itch; both the PRR/WW do-
mains and the HECT domain of Itch bind SMN, in which the
PRR/WW domain possesses a higher binding affinity.

Itch catalyzes monoubiquitination of SMN

We next asked if Itch ubiquitinates SMN. In a cell-based assay,
FLAG-SMN, HA-Itch and HA-Itch (C830A) (a mutant that
abolishes its Ub ligase activity) were transfected into 293T cells
individually or in combinations (Fig. 3A). Immunoprecipitation
using a denaturing condition demonstrated that SMN was mostly
monoubiquitinated (labeled with an asterisk) and diubiquiti-
nated (labeled with two asterisks) as judged by their molecular
weights in reactions with Itch, whereas Itch (C830A) could not
promote SMN ubiquitination (Fig. 3A). To identify the ubiquitina-
tion sites on SMN, we sliced the mono- and diubiquitinated SMN

resulting from an immunoprecipitation assay similar to that
shown in Figure 3A for mass spectrometric analysis. Lysines
179 and 209 of SMN were identified as the ubiquitination sites
catalyzed by Itch (data not shown).

Ubiquitination of SMN was significantly enhanced when
myc-Ub was co-transfected with FLAG-SMN and HA-Itch in the
presence of the proteasome inhibitor MG132 (Fig. 3B). Under
this condition, highly ubiquitinated species was detected,
probably representing polyubiquitinated and/or multiple mono-
ubiquitinated SMN (monoubiquitination on multiple lysine resi-
dues of SMN). To determine if Itch ubiquitinates SMN in vitro, we
reconstituted the ubiquitination reaction using purified recom-
binant proteins containing combinations of Ub, UbE1l (E1),
UbcH7 (E2), Itch, Itch (C830A), SMN and SMNA?7. Ubiquitination
of SMN or SMNA7 was detected by immunoblotting of SMN. Incu-
bation of SMN or SMNA7 with Itch produced species having high-
er molecular weights than SMN, which were absent in reactions
with the inactive Itch (C830A) (Fig. 3C), indicating that Itch ubi-
quitinated SMN in vitro. Most ubiquitinated SMN or SMNA7 spe-
cies only contained one to three Ub moieties based on their
molecular weights (Fig. 3C). To assess whether SMN is polyubi-
quitinated or multiple-monoubiquitinated, we used the Ub(KO0)
mutant, in which all seven lysines are mutated to arginines, to
reconstitute the in vitro ubiquitination assay. Ub(KO) blocks for-
mation of polyubiquitin chains, but is still capable of mediating
monoubiquitination because its C-terminal glycine residue can
conjugate with lysine residues on substrates. As shown in
Figure 3D and E, the same ubiquitination pattern was observed
for both SMN and SMNA7 in reactions with Ub or Ub(KO0). Thus,
Itch catalyzes monoubiquitination of SMN and SMNA7 rather
than polyubiquitination.

Itch plays a role in promoting SMN degradation

Monoubiquitination is often an insufficient degradation signal
compared with K48-linked polyubiquitination. However, monoubi-
quitination could serve as a priming factor to recruit Ub ligases for
polyubiquitination of proteins for proteasomal degradation (41).
Next, we sought to determine if Itch plays a role in regulating
SMN degradation in the cell. To this end, we first examined
whether depletion of Itch has an effect on SMN protein levels.
We used two shRNA constructs that target different regions of
Itch to knockdown Itch in 293T, HCT116 or SH-SYS5Y cells. As
shown in Figure 4A-C, compared with a negative control shRNA
construct that targets green fluorescence protein (GFP), knockdown
of Itch resulted in 1.2-1.5-fold increase of SMN protein levels in all
three cell lines. A similar result was also obtained when comparing
the SMN protein levels in Itch™~ mouse embryonic fibroblasts
(MEFs) compared with that of Itch** MEFs (Fig. 4D). Thus, depletion
of Itch led to a modest increase of SMN protein levels.

To assess if the effect of Itch on SMN protein levels is
mediated by regulating SMN degradation at the post-translation-
al level, we measured protein half-life of SMN in Itch** MEFs and
Itch™~ MEFs using a cycloheximide (CHX)-chase assay. SMN was
stable in MEFs compared with other cell lines because only ~25%
of SMN was degraded in 12 h (Fig. 4E), whereas SMN’s half-life is
~6 h in 293T cells (29). Deletion of Itch significantly stabilized
SMN in MEFs (right panel in Fig. 4E). Thus, Itch plays a role in pro-
moting SMN degradation.

SMN(KO) is still capable of forming SMN oligomers
and the SMN complex

It appeared that Itch-mediated ubiquitination of SMN only had a
mild effect in controlling SMN protein levels (Fig. 4); we, therefore,
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Figure 2. The C-terminal region of SMN binds both the N-terminal PRR/WW and the C-terminal catalytic domains of Itch. (A) Schematics of full-length SMN and SMN-
deletion mutants (upper part). Empty pRK7 vector (mock) or FLAG-tagged SMN-deletion mutants were co-expressed with HA-Itch in 293T cells. SMN proteins were
immunoprecipitated with an anti-FLAG antibody, followed by immunoblotting of FLAG and HA (lower gels). (B) Schematics of full-length Itch and Itch-deletion
mutants (upper part). Empty pRK7 vector (mock) or HA-tagged Itch-deletion mutants were co-expressed with FLAG-SMN in 293T cells. Itch proteins were
immunoprecipitated with an anti-HA antibody, followed by immunoblotting of FLAG and HA (lower gels). (C) HA-Itch (501-862) alone or with FLAG-SMN was
expressed in 293T cells. HA-Itch (501-862) was immunoprecipitated with an anti-HA antibody, washed with buffers containing different concentration of Nacl,
followed by immunoblotting of FLAG and HA. (D) Recombinant GST, GST-Itch or GST-Itch (501-862) was incubated with recombinant SMN for in vitro GST pull-down
assays, similar to that shown in Figure 1D. Asterisk denotes residual BSA applied to reduce non-specific binding.
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Figure 3. Itch catalyzes monoubiquitination of SMN. (A) FLAG-SMN, HA-Itch and HA-Itch (C830A) were expressed in 293T cells as indicated. SMN was immunoprecipitated
with an anti-FLAG antibody under a denaturing condition, followed by immunoblotting of Ub and FLAG. Asterisks denote ubiquitinated SMN. (B) Similar to (A) except that
Myc-Ub was expressed in certain combinations. (C) Reconstitution of Itch-mediated SMN ubiquitination using purified proteins. In addition to indicated proteins, all
reactions contained ubiquitin, UbE1 and UbcH?7. (D) Comparing Itch-mediated SMN ubiquitination in the presence of Ub or Ub(K0). All other conditions were similar to
(C). Asterisk denotes oxidized SMN formed by disulfide bonds (40). (E) Ubiquitination reactions were similar to (D) except SMNA7 was used.

speculated that monoubiquitination of SMN might have non-
proteolytic functions in the cell. To test this notion, we aimed to
identify a SMN mutant that abolishes its ubiquitination. Our re-
cent study showed that the SMN ubiquitination sites are promis-
cuous in the cell, and only SMN(K0), a mutant in which all 22
lysines of SMN were mutated to arginines, can completely block
SMN ubiquitination (34). Consistent with this finding, mutating
the two Itch-mediated ubiquitination sites (K179 and K209) to ar-
ginines had no effect on Itch-catalyzed ubiquitination of SMN in
the cell (data not shown). The following assays demonstrated
that SMN(KO) is still capable of forming the SMN complex. First,
co-immunoprecipitation assays determined that endogenous
SMN co-precipitated with overexpressed FLAG-SMN or FLAG-
SMN(KO) in 293T cells (Fig. 5A). Thus, SMN(KO) is still capable of
forming SMN oligomers. Secondly, the loss of SMN was found to
downregulate protein levels of the core components of the SMN
complex, including Gemins 2, 3 and 8 (11,12). We asked if overex-
pression of FLAG-SMN or FLAG-SMN(KO) can rescue Gemin protein
levels in SMN knockdown cells. To test this, we used a shRNA
construct that targets the 3’ untranslated region (UTR) of SMN1
to stably knockdown SMN in 293T cells (Fig. 5B), and then stably
expressed FLAG-SMN or FLAG-SMN(KO) in this cell line. Indeed,
compared with expression of FLAG-GFP, expression of FLAG-
SMN or FLAG-SMN(KO) rescued the protein levels of Gemins 3
and 8 (Fig. 5C). It seemed that FLAG-SMN(KO) was less efficient
than FLAG-SMN in rescuing Gemin protein levels because FLAG-
SMN(KO) expression levels were ~2-fold higher than FLAG-SMN

(anti-FLAG blot in Fig. 5C). Higher protein levels of FLAG-SMN
(K0) than FLAG-SMN is presumably because SMN(KO) is not effi-
ciently degraded by the proteasome due to the lack of ubiquitina-
tion. Finally, immunoprecipitation of FLAG-SMN(KO) in 293T cells
shown in Figure 5C co-precipitated endogenous Gemin proteins
(Fig. 5C). Overall, these results indicate that SMN(KO) can still
form the SMN complex. We, therefore, used SMN(KO0) to assess
functions of SMN ubiquitination.

SMN(KO0) predominantly localizes in the nucleus

Monoubiquitination regulates the cellular localization of p53 and
other proteins (42,43). We, therefore, asked if monoubiquitination
of SMN controls its cellular localization. To this end, we generated
stable SH-SY5Y cell lines, in which endogenous SMN was knocked
down with an shRNA construct that targets the 3’ UTR of SMN1
(Fig. 6A), and then FLAG-SMN or FLAG-SMN(K0) was stably
expressed using lentiviral expression (Fig. 6B). The overexpressed
FLAG-SMN or FLAG-SMN(KO) protein level was ~93 or 200% of that
of endogenous SMN, respectively (Fig. 6B and Supplementary
Material, Fig. S3). Immunostaining assays showed that expressed
FLAG-SMN had a cellular distribution similar to endogenous
SMN: primarily localized in the cytoplasm, but also concentrated
in the nucleus as 1-4 bright foci. Also, FLAG-SMN co-localized
with endogenous Gemin 8 in the cytoplasm and the nucleus
(Fig. 6C). In striking contrast, FLAG-SMN(K0) was predominantly
localized in the nucleus as many foci, where it also co-localized
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immunoblotting of SMN and p-tubulin. (C) FLAG-GFP (negative control), FLAG-SMN or FLAG-SMN(KO0) was stably expressed in 293T cells where endogenous SMN was
stably knocked down shown in (B). Whole-cell lysates were applied for immunoblotting using indicated antibodies. (D) Using cells shown in (C), proteins co-
immunoprecipitated with FLAG-SMN(K0) were immunoblotted using indicated antibodies.

with endogenous Gemin 8 (Fig. 6C). Fractionation of cells into the
cytoplasmic and nuclear fractions also confirmed that the major-
ity of FLAG-SMN existed in the cytoplasm, whereas FLAG-SMN(KO)
was primarily found in the nucleus (Supplementary Material,
Fig. S4). Moreover, FLAG-SMN was primarily in the cytoplasm in
cells expressing either high or low levels of FLAG-SMN; and

FLAG-SMN(KO) was primarily in the nucleus in either high or low
SMN(KO) expressing cells (Supplementary Material, Fig. S5). Thus,
higher protein levels of FLAG-SMN(KO) than FLAG-SMN in our cell
lines is not the driving factor for nuclear localization of FLAG-SMN
(K0). Altogether, these results suggest that incapable of ubiquitina-
tion of SMN(KO) likely trap it inside the nucleus.
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Figure 6. SMN(KO) primarily resides in the nucleus, and expressing SMN(KO) impairs canonical CBs and coilin/snRNP co-localization. (A) Knockdown of SMN in SH-SY5Y
cells using the shRNA construct that targets the 3' UTR of the SMN1 gene. An shRNA targeting GFP was used as a negative control. Whole-cell lysates were immunoblotted
for SMN and p-tubulin. (B) Stably overexpressing FLAG-SMN or FLAG-SMN(KO0) in SMN knockdown SH-SYSY cells. Whole-cell lysates were used for immunoblotting of
FLAG and B-tubulin. Protein levels were quantitated by desitometry, with the level of FLAG-SMN being referenced as 1. (C) Co-immunostaining of FLAG and Gemin 8
in SMN knockdown SH-SY5Y cells stably expressing FLAG-SMN or FLAG-SMN(KO). (D) Co-immunostaining of FLAG and coilin in SMN knockdown SH-SY5Y cells stably
expressing FLAG-SMN or FLAG-SMN(KO). (E) Quantification of canonical CBs (>0.3 pm in diameter) in SMN knockdown SH-SYS5Y cells stably expressing FLAG-SMN or
FLAG-SMN(KO). Three different areas of each staining were chosen for CB counting (50 cells/area). Error bars represent SD. (F) Co-immunostaining of SmB/B’ and coilin
in SMN knockdown SH-SYSY cells stably expressing FLAG-SMN or FLAG-SMN(KO0). Arrows denote CBs that did not co-localize with Sm.



Expressing SMN(KO) impairs canonical CBs and coilin/Sm
co-localization

Coilin is a marker of Cajal bodies, a nuclear structure with a diam-
eter of 0.3-1 pm (44). In the nucleus, SMN and coilin coexist and
SMN is necessary for formation of CBs (45,46). We, therefore, ex-
amined CBs in FLAG-SMN or FLAG-SMN(KO0) expressing SH-SY5Y
cells. Similarly to wild-type cells, FLAG-SMN expressing cells had
clear co-localization of coilin and FLAG-SMN (Fig. 6D) and aver-
agely, each cell had two CBs (Fig. 6E). Surprisingly, coilin in
FLAG-SMN(KO) expressing cells had a dispersed distribution in
the nucleus, seemed to formation of many microfoci that barely
co-localized with FLAG-SMN(KO) (Fig. 6D). Averagely, each SHSY-
5Y cell stably expressing FLAG-SMN(KO0) had 0.26 bright CB foci
(>0.3 pm in diameter) (Fig. 6E). Thus, expressing SMN(KO) in SH-
SYSY cells disrupts canonical CBs.

Cytoplasmic snRNPs import into the nucleus and reside in
CBs, where coilin interacts with SMN and Sm proteins, and
snRNPs assemble with other spliceosomal proteins for matur-
ation (47). Matured snRNPs leave CBs and assemble into the spli-
ceosome for mediating gene splicing. FLAG-SMN(KO) expressing
cells had impaired CBs (Fig. 6D), we then examined if coilin and
Sm co-localize in FLAG-SMN or FLAG-SMN(KO) expressing SH-
SY5Y cells. Immunostaining assays showed that endogenous
coilin and Sm co-localized as 1-3 bright foci in most FLAG-SMN
expressing cells (Fig. 6F). In contrast, they did not co-localize in
FLAG-SMN(KO) expressing cells even in those that had clear coi-
lin-positive foci (arrows in low panel of Fig. 6F). Thus, expressing
SMN(KO) also impairs co-localization of coilin with snRNPs.

Ub fused SMN(KO) localizes in the cytoplasm and the
nucleolus

To investigate whether incompetent ubiquitination restricts SMN
(K0) inside the nucleus, we fused Ub in frame to the N-terminus of
SMN(KO0), a method that is typically used to mimic protein mono-
ubiquitination (42). In order to prevent deubiquitination, the
C-terminal glycine 76 in Ub was substituted by a valine. As a con-
trol, the Ub-like protein small ubiquitin-like modifier 1 (SUMO1)
was fused in frame to the N-terminus of SMN(KO0) as well. SMN
knockdown SH-SY5Y cell lines stably expressing FLAG-tagged
Ub-SMN(KO) or SUMO1-SMN(KO) were then established in SMN
knockdown cells. Unlike the nuclear localization of SMN(KO0), Ub-
SMN(KO) largely localized in the cytoplasm (Fig. 7A). In contrast,
SUMO1-SMN(KO) was concentrated in the nucleus, similar to the
staining pattern of SMN(KO) (Fig. 7A). In ~20% of cells that express
Ub-SMN(KO0), we observed Ub-SMN(K0) accumulated in subnuclear
structures with weak 4',6-diamidino-2-phenylindole (DAPI)-stain-
ing (arrow in Fig. 7A), reminiscent of the nucleoli. To confirm the
nucleolar localization of Ub-SMN(KO), cells were co-immunos-
tained using antibodies against FLAG and the nucleolar marker
fibrillarin. Indeed, Ub-SMN(KO0), but not SMN(KO), co-localized
with fibrillarin (Fig. 7B). Thus, monoubiquitination of SMN targets
it to both the cytoplasm and the nucleolus.

Expressing Ub-SMN(KO0) impairs canonical CBs and
coilin/Sm co-localizaiton

Co-immunostaining of FLAG and coilin in FLAG-Ub-SMN(KO) ex-
pressing SH-SY5Y cells revealed that coilin seemed to form many
microfoci that are much smaller than canonical CBs (coilin stain-
ing in Fig. 7C and D), similar to that seen in SMN(KO0) expressing
cells (Fig. 6D and E). Some coilin co-localized with Ub-SMN(KO)
in the nucleolus (arrows in Fig. 7C), which was also confirmed
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by co-immunostainning of fibrillarin and coilin in FLAG-
Ub-SMN(KO0) expressing cells (Supplementary Material, Fig. S6).
Co-immunostaining of endogenous coilin and Sm proteins in
Ub-SMN(KO) expressing cells found that their co-localization
was broadly disrupted compared with cells expressing FLAG-
SMN (comparing Fig. 7E and F). Thus, expressing Ub-SMN(KO)
in SH-SY5Y cells impairs canonical CB and coilin/snRNP co-local-
ization, and a portion of coilin localizes in the nucleolus.

Discussion

In this study, we have discovered that the Ub ligase Itch directly
interacts with and monoubiquitinates SMN. Itch-mediated
monoubiquitination of SMN has a mild effect in promoting pro-
teasomal degradation of SMN. Interestingly, SMN monoubiquiti-
nation plays a major role on sorting SMN among the cytoplasm/
nucleus/nucleolus. Moreover, cells expressing SMN mutants that
interfere with SMN'’s cellular localizations have impaired canon-
ical CBs and coilin/Sm co-localization, indicating that mislocali-
zation of SMN disrupts CB integrity and likely impairs snRNP
maturation.

SMN is a substrate of 26S proteasomes (28,29). Recently,
UCHL1 and the RING finger-type Ub ligase MIB1 have been iden-
tified as Ub ligases of SMN that promote SMN degradation (30,33).
Here, we identify Itch as another Ub ligase for SMN. Itch belongs
to a group of structurally related HECT-type Ub ligases. It con-
tains four group I WW domains, which participate in substrate
recognition by binding of the PPxY motif within substrates.
SMN does not have a canonical PPxY motif, but contains a pro-
line-rich region spanning from amino acids 195 to 251, which
has been shown to bind profilin (48). We found that the PRR of
SMN is also important for interacting with Itch (Fig. 2A). A recent
study showed that the WW domains of Itch also bind the phos-
pho-serine-proline module in the transcription factor Glil (49).
Thus, the WW domains of Itch exhibit considerable plasticity in
substrate recognition. Interestingly, we also observed that the
catalytic HECT domain of Itch directly binds the proline-rich re-
gion of SMN, but has a much lower affinity than the WW domains
(Fig. 2C and D). This finding is reminiscent of the yeast Rsp5 lig-
ase, which can recognize substrates through its HECT domain
(50). Itch’s Ub ligase activity is self-inhibited by an interaction be-
tween the catalytic HECT domain and the N-terminal substrate
recognition domain (51-53). This self-inhibitory regulation can
be abrogated by modifications such as phosphorylation (53,54)
or by the binding of other proteins on the WW domains (55). It
will be interesting to determine if SMN plays a role in regulating
Itch’s Ub ligase activity because SMN interacts with both the WW
domains and the HECT domain of Itch.

Protein monoubiquitination has various non-proteolytic
functions in cells. Our results strongly indicate that SMN mono-
ubiquitination regulates its cellular localization. The ubiquitina-
tion-incompetent SMN mutant, SMN(KO), is capable of forming
SMN oligomers and the SMN complex, and rescuing the loss of
the SMN complex in SMN knockdown cells, despite it might be
less efficient than SMN in doing so (Fig. 5). Unlike the distribution
of the majority of endogenous SMN and overexpressed SMN in
the cytoplasm, overexpressed SMN(K0) predominantly accumu-
lates in the nucleus (Fig. 6C). In contrast, Ub fused SMN(KO) that
mimics monoubiquitination of SMN, primarily localizes in the
cytoplasm (Fig. 6B). SMN ubiquitination could either promote its
nuclear export when ubiquitination occurs in the nucleus
or inhibit nuclear import when ubiquitination occurs in the
cytoplasm. Immunostaining assays showed that SMN and Itch
co-localize in both the cytoplasm and the nucleus (Supplementary
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Material, Fig. S1B). Thus, Itch could ubiquitinate SMN in both the
cytoplasm and the nucleus. We treated cells with leptomycin B,
an inhibitor of chromosome region maintenance 1 (CRM1)-
mediated nuclear export, but it did not alter SMN’s localization,
probably because nuclear export of SMN to the cytoplasm is
CRM1-independent (56). Based on the following experimental re-
sults and published studies: (i) wild-type SMN mostly resides in
the cytoplasm and endogenous SMN ubiquitination is hardly de-
tectable, it seems unlikely that SMN ubiquitination functions to
sequester it in the cytoplasm; (ii) Ub-SMN(KO) also localizes in
the nucleoli (Fig. 7B) and (iii) monoubiquitination serves as a sig-
nal for nuclear export of other proteins, including p53 (42), the
human DCN1-like protein hDCNL1 (57) and BRCA1 associated pro-
tein-1 (BAP1) (43), we speculate that monoubiquitination of SMN
promotes its nuclear export. If this is the case, monoubiquitination
of SMN could recycle nuclear SMN into the cytoplasm. We recently
demonstrated that USP9X, which predominantly localizes in the
cytoplasm, deubiquitinates SMN (34). Thus, monoubiquitinated
SMN in the cytoplasm can be deubiquitinated for reuse in the as-
sembly of snRNPs. Itch catalyzes monoubiquitination of SMN,
however, knockdown of Itch did not result in overt cellular local-
ization changes in SMN in immunostaining assays (data not
shown). This could be due to inefficient Itch depletion in our ex-
periments or redundancy caused by multiple Ub ligases that can
mediate SMN ubiquitination.

Ub-SMN(KO) also localizes in the nucleoli of ~20% of cells sta-
bly expressing Ub-SMN(KO). It is unknown if the nucleolus is one
of the destinations of monoubiquitinated SMN or just a layover to
the cytoplasm. Previous studies revealed that the nucleolus con-
trols protein trafficking under certain conditions (58). For ex-
ample, monoubiquitinated p53 accumulates in the nucleolus
prior to nuclear export (59). The mechanism for sorting Ub-
SMN into the nucleolus is currently not known. SMN contains a
K-rich sequence in Exon 2 (amino acid 71-85), which was pre-
dicted as a putative nuclear/nucleolar localization signal (NoLS)
(60). Consistent with this, GFP-SMN (52-86) is concentrated in
the nucleolus (60). An SMA causing mutant SMN472A5 [SMN (1-
146)], localizes in the nucleolus as well (61). Thus, monoubiquiti-
nation of SMN might alter its conformation to expose its NoLS se-
quence for nucleolar targeting, or Ub serves as a targeting signal
by binding of another protein for nucleolar localization of SMN.
Although localization of SMN in the nucleolus is often not detect-
able, SMN was found in the nucleolus in neuronal cells and non-
neuronal cells under stress conditions that induce DNA damage
(62,63). Ub fused SMN localizes in the nucleolus, thus it could be a
useful tool for investigating the function of nucleolar SMN.

Coilin is a protein marker of CBs, a dynamic subnuclear struc-
ture whose assembly/disassembly, size and number are regu-
lated by many proteins, especially those involved in snRNP
biogenesis (46,64,65), stress and signaling pathways (66). SMN is
important for CB formation. Depletion of SMN results in the
loss of CBs (SMN, coilin and snRNP-positive) and gems (SMN-
positive, but lacking snRNPs and coilin), and mislocalization of
coilin in the cell, including distribution into the nucleolus, and
the formation of many coilin-positive microfoci in the nucleus
(67,68). We found that SMN(KO) co-localizes with Gemin 8, but
not coilin, as many foci in the nucleus (Fig. 6C and D), likely repre-
senting the formation of many gems. Coilin in SMN(KO) expres-
sing cells exists as many microfoci in the nucleus (Fig. 6E) and a
small portion of coilin localizes in the nucleolus (Supplementary
Material, Fig. S6). Moreover, Sm does not co-localize with coilin in
SMN(KO0) expressing cells (Fig. 6F). These scenarios mirror those
in SMN-depleted cells including cells derived from type I SMA pa-
tients (68). It is not known why expressing SMN(K0) disrupts CBs
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because SMN(KO0) can rescue the protein levels of the SMN com-
plex downregulated by the depletion of SMN. Interestingly, ex-
pressing Ub-SMN(KO0) targets SMN(KO) into the cytoplasm and
the nucleolus (Fig. 7A and B), but it does not restore canonical
CBs and coilin/Sm co-localization (Fig. 7C and E), presumably be-
cause Ub-SMN(KO0) does not localize in the nucleus. Protein ubi-
quitination is a dynamic modification, which is not captured by
our SMN(KO0) and Ub-SMN(KO0) expressing constructs. Presum-
ably, dynamic ubiquitination of SMN is required for mediating
CB formation and/or maintaining CB integrity. We are currently
investigating this.

Materials and Methods

Antibodies and expression constructs

The following antibodies were purchased: Huwel, Gemin 4 and
Gemin 5 (Bethyl Laboratories); SMN (H-195), Sm B/B’/N (FL-240),
Ub (P4D1) and Myc (9E10) (Santa Cruz Biotechnology); SMN (8/
smn), Gemin 2 (4/SIP), Gemin 3 (Clone 2) and coilin (Clone 56)
(BD Biosciences); Itch (SAB4200036), FLAG (M2), Gemin 8 (1F8)
and p-actin (AC-15) (Sigma); HA (16B12) (Covance); rabbit anti-
FLAG (Cell Signaling) and Itch (EPR4937) (Epitomics).

The cDNA of full-length human Itch was provided by Dr Derek
W. Abbott (Case Western Reserve University) (69). We subcloned
Itch into the pRKS5 vector and pRK5-Itch (C830A) was made by
using the Quikchange mutagenesis kit (Stratagene). Expression
plasmids of SMN or Itch-deletion mutants were constructed by
polymerase chain reaction amplification of the corresponding
open-reading frames and subsequently subcloned into the
PRKS or pRK7 vector containing an N-terminal HA or FLAG tag.
All plasmids were validated by DNA sequencing. The lentiviral
expression vector was modified from pLenti-genetic and
pharmacologic Cullin inactivation coupled with genetic (GPS)
(70), a gift from Dr Stephen J. Elledge (Harvard Medical School),
in which we deleted discosoma red fluorescent protein-internal
ribosome entry site-enhanced green fluorescence protein
sequences and added a multiple cloning site after the cyto-
megalovirus (CMV) promoter.

Cell culture and transfection

Human embryonic kidney 293T and MEFs were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bo-
vine serum (Sigma) and 100 pg/ml of penicillin and streptomycin at
37°C with 5% CO,. Itch™~ MEFs were provided by Dr Lydia Matesic
(University of South Carolina). Human neuroblastoma SH-SY5Y
cells were maintained in DMEM/F-12 (1:1) with 10% fetal bovine
serum. 293T cells were grown to 50-60% confluence and transfected
using the standard calcium phosphate precipitation method (71).
Typically, 10 ug plasmid was used for a single-gene transfection
of a 100 mm dish of cells, and up to 30 pg plasmids were used for
co-transfection of three plasmids. Usually, cells were harvested
after 48 h transfection. For experiments where indicated, 10 pm
MG132 (UBPBio) was supplemented in the medium for 8 h before
harvest.

Establishing stable sell lines

The lentivirus-based method was used to make two types of
stable cell lines: Itch knockdown and SMN or SMN mutant ex-
pressing cell lines. MISSION shRNAs of Itch (TRCN0000002087
and TRCN0000002088), SMN (TRCN0000118702) and a control
EGFP shRNA (SHCO005) in pLKO.1 vector were purchased from
the Functional Genomics Facility at the University of Colorado.
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To produce viruses, 293FT cells at 60-70% confluence were co-
transfected with 5 pg of the corresponding shRNA pLKO.1-puro
plasmid plus 2 pg each of the packaging plasmids (Sigma) using
Lipofectamine 2000 (Life Technologies). Sixteen hours post-
transfection, the medium was changed and cells were cultured
for an additional 24 h. The medium was then collected and cen-
trifuged to remove cell debris and the supernatants were filtered
through a 0.22 pym membrane. The resulting virus-containing
supernatants (5 ml) were used to infect the corresponding cells
(60 mm dish) in medium supplemented with 8 pg/ml of poly-
brene (Sigma) overnight. Cells were then selected with 2 pg/ml
of puromycin for at least 5 days or until all cells were killed in a
negative control infection. Knockdown of Itch or SMN was con-
firmed by immunoblotting assays. To stably express FLAG-SMN,
FLAG-SMN(KO), FLAG-Ub-SMN(K0) or FLAG-SUMO1-SMN(KO) in
SMN knockdown SH-SY5Y cells, we swapped the puromycin-
resistant gene in the SMN shRNA construct (TRCN0000118702)
with the neomycin-resistant gene, stable SMN knockdown
SH-SY5Y cell line was made by selection with neomycin, then
infected with the corresponding ORFs in the pLenti-GPS vector
for expressing FLAG-SMN, FLAG-SMN(KO0) or FLAG-Ub-SMN(KO),
and finally selected with puromycin as described above.

Immunoprecipitation and immunoblotting assays

For non-denaturing immunoprecipitation, cells in a 100 mm dish
(90% confluence) were harvested and washed with one time
in phosphate-buffered saline (PBS), then lysed with 1.0ml
cold cell lysis buffer (20 mm Tris, pH 7.6, 150 mM NacCl, 2 mMm
2-mercaptoethanol (BME), 0.5% Triton X-100, 10% glycerol) with
protease inhibitor cocktails (Roche). After clearing the lysates by
centrifugation, supernatants were incubated with 1 pg of an ap-
propriate antibody or control IgG for 4 h at 4°C, then supplemen-
ted with 20 pl of protein A beads that were preincubated with
2 mg/ml of BSA to reduce non-specific binding. After overnight
rocking, protein A beads were pelleted by centrifugation and
washed three times with the cell lysis buffer plus 0.6 M NaCl un-
less otherwise specified. Bound proteins were eluted by 50 pl 1x
sodium dodecyl sulfate (SDS) sample buffer. For denaturing
immunoprecipitation, cells in a 100 mm dish were lysed in 1 ml
cell lysis buffer plus 1% SDS. Cell lysates were collected and
then heated at 95°C for 15 min. After centrifugation, 0.3 ml super-
natants were diluted with 1.2 ml cell lysis buffer to reduce SDS
concentration to 0.2%. The immunoprecipitation assay was
performed as described above except that 5 pg anti-FLAG M2 anti-
body or mouse IgG was used in each reaction. Twenty microliters
of eluates were resolved by SDS-polyacrylamide gel electrophor-
esis and transferred to nitrocellulose membranes for immuno-
blotting assays. Immunoblotting images were captured by using
the ChemiDoc MP Imaging system (Bio-Rad).

Immunofluorescence staining

SH-SYS5Y cells cultured on glass coverslips were fixed with 100%
methanol at —20°C for 10 min and then blocked with blocking
buffer (3% BSA in Tween Tris buffered saline) for 1 h. Cells were
then incubated with an appropriate primary antibody (1:200-
1:1000 dilution) in blocking buffer overnight at 4°C, followed by
incubating with anti-mouse or rabbit IgG (H+L) (Alexa Fluor
488 or 555 conjugate) (Cell Signaling) for 1 h at room temperature.
The coverslip was mounted with the ProLong® Gold Antifade kit
(Invitrogen) containing the blue fluorescent nuclear counterstain
DAPI. Images were captured by using a Leica DM 500B fluores-
cence microscope with a 100x oil immersion objective lens.

Recombinant protein purification

SMN and SMNA7 were purified by refolding as described previ-
ously (29). For Itch purification, BL21-Codon Plus(DE3)-RIPL cells
(Agilent Technologies) harboring the pGEX6p-1-Itch plasmid
were grown at 37°C until OD600 =0.2. Cells were cooled down to
16°C before the addition of 0.05 mm isopropyl p-D-1-thiogalacto-
pyranoside (UBPBio) for an induction of 16 h. Cell pellets froma 21
culture were resuspended in 40 ml lysis buffer (20 mm Tris, pH
7.2, 150 mm NaCl, 2 mm BME, 10% glycerol, 1x leupeptin and 1x
phenylmethylsulfonyl fluoride), followed by sonication and cen-
trifugation at 30 000 x g for 30 min at 4°C. Proteins were purified
from the supernatant using glutathione resin (UBPBio) according
to the manufacturer’s instruction, followed by Sepharose Q
column (GE Healthcare) purification on an FPLC system.

Cytoplasmic and nuclear fractionation

Nuclear and cytoplasmic fractions were prepared as previously de-
scribed (72). Briefly, 293T cells resuspended in PBS were allowed to
swell on ice followed by homogenization with 10 strokes in a
Dounce homogenizer. The lysates were spun at 16 000 x g for 30
min, and the supernatant was collected as the cytoplasmic frac-
tion. The pellet was washed three times with PBS containing
0.1% Triton X-100 and dissolved in 1x SDS sample buffer as the nu-
clear fraction.

In vitro protein ubiquitination assay

SMN or SMNA7 were incubated with 50 pM Ub or Ub(K0), 100 nm
Ub-activating enzyme UbE1 (UBPBio), 2 um UbcH7 and 500 ng of
the purified GST-Itch or GST-Itch (C830A) in a reaction buffer con-
sisting of 40 mm Tris, pH 7.2, 40 mM NaCl, 5 mm MgCl,, 2 mm ad-
enosine triphosphate, 2 mm p-ME and 10% glycerol at 37°C for 1 h.
Ubiquitination of SMN/SMNA7 was assayed by immunoblotting
of SMN.

Supplementary Material

Supplementary Material is available at HMG online.
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