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Background: Spinal muscular atrophy (SMA), a neurodegenerative disease, is caused by low levels of expression of the
survival motor neuron (SMN) protein.
Results: Gemin5 binds to and regulates translation of the mature SMN mRNA.
Conclusion: Gemin5 functions in the regulation of the SMN mRNA.
Significance: Investigation of the regulation of SMN expression is critical for understanding SMA and developing therapeutics.

Reduced expression of SMN causes spinal muscular atrophy,
a severe neurodegenerative disease. Despite the importance of
maintaining SMN levels, relatively little is known about the
mechanisms by which SMN levels are regulated. We show here
that Gemin5, the snRNA-binding protein of the SMN complex,
binds directly to the SMN mRNA and regulates SMN expres-
sion. Gemin5 binds with high specificity, both in vitro and in
vivo, to sequence and structural elements in the SMN mRNA
3�-untranslated region that are reminiscent of the snRNP code
to which Gemin5 binds on snRNAs. Reduction of Gemin5 redis-
tributes the SMN mRNA from heavy polysomes to lighter poly-
somes and monosomes, suggesting that Gemin5 functions as an
activator of SMN translation. SMN protein is not stoichiomet-
rically present on the SMN mRNA with Gemin5, but the
mRNA-binding activity of Gemin5 is dependent on SMN levels,
providing a feedback mechanism for SMN to regulate its own
expression via Gemin5. This work both reveals a new autoregu-
latory pathway governing SMN expression, and identifies a new
mechanism through which SMN can modulate specific mRNA
expression via Gemin5.

The survival motor neuron (SMN)2 complex functions in the
assembly of small nuclear ribonucleoproteins (snRNPs), the
RNP components of the spliceosome that perform pre-mRNA
splicing (1–7). The SMN complex itself is comprised of the
SMN protein, seven proteins termed Gemins 2– 8, and unrip. In
the cytoplasm, the SMN complex binds to seven Sm proteins
(Sm B/B�, D1, D2, D3, E, F, and G) and assembles them into a
heptameric ring on each of seven small-nuclear RNAs (U1, U2,
U4, U5, U11, U12, and U4atac snRNAs) (8 –10). The snRNAs
are delivered to the SMN complex by Gemin5 (11, 12). Gemin5
binds directly to snRNAs by recognizing a set of sequence and
structural features found in the snRNAs (11, 13). Gemin5 spe-

cifically binds to an AU5– 6 sequence within the highly con-
served Sm site flanked by a short stem loop (the snRNP code)
(11, 14). In this way, Gemin5 recognizes and differentiates the
snRNAs from all other cellular RNAs, and targets them for
assembly into spliceosomal snRNPs.

Several lines of evidence suggest that, in addition to binding
snRNAs, Gemin5 may also function directly with mRNAs (15–
17). For example, Gemin5 was recently identified in a screen for
mRNA-binding proteins (15). Additionally, Gemin5 has been
shown to interact with the eukaryotic translation initiation
machinery (16 –18). In the best-characterized system to date,
Gemin5 has been shown to bind to internal ribosome entry sites
(IRESs) on foot-and-mouth disease (FMDV) and hepatitis C
virus (HCV) mRNAs (17). In these systems, Gemin5 modulates
IRES-dependent translation of viral mRNAs (17).

Reduced expression of SMN resulting from mutation of the
SMN1 gene causes the neurodegenerative disease, spinal mus-
cular atrophy (SMA) (19). Mutation and deletion of the SMN
gene results in low levels of SMN expression, which leads to
reduced snRNP assembly (7, 20, 21). It is unclear how reduced
snRNP assembly capacity leads to a motor neuron-specific dis-
ease, as snRNPs are required for splicing in all cell types. Most
therapeutics for SMA have focused on up-regulating SMN
expression or correction of mis-splicing that occurs with an
SMN2 gene copy, also in an effort to increase levels (22). How-
ever, relatively little is known about the 3� processing, localiza-
tion, stability and translation of the SMN mRNA. Understand-
ing the regulation of the SMN mRNA could not only provide
clues as to the etiology of the disease, but also lead to further
targets for SMA therapeutics.

We recently identified Gemin5 in a proteomic screen for
proteins that specifically bind to the SMN 3�-UTR (23). Here,
we show that Gemin5 associates with the SMN mRNA in vitro
as well as in both HeLa and motor-neuron-derived MN1 cells.
Gemin5 directly binds to the mature SMN 3�-UTR immediately
upstream of the poly(A) tail. The SMN complex is not stoichio-
metrically present with Gemin5 on the SMN mRNA, and
Gemin5 is the sole component of the SMN complex that binds
directly to the mRNA. Gemin5 binds to a stem-loop and U-rich
single-stranded sequence of the SMN mRNA 3�-UTR that is
remarkably similar to its binding site on snRNAs. Gemin5 bind-

* This work was supported by National Institutes of Health Grant
R01NS077010 (to D. B.).

1 To whom correspondence should be addressed: Dept. of Molecular and
Cellular Biochemistry, 383 Hamilton Hall, 1645 Neil Ave, Columbus, OH,
43210. Tel.: �1-614-688-5741; Fax: �1-614-292-4118; E-mail: battle.59@
osu.edu.

2 The abbreviations used are: SMN, survival motor neuron; SMA, spinal mus-
cular atrophy; snRNP, small nuclear ribonucleoprotein.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 25, pp. 15662–15669, June 19, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

15662 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 25 • JUNE 19, 2015



ing to the SMN 3�-UTR activates expression of SMN protein by
increasing translation of the SMN mRNA. Furthermore, the
mRNA binding activity of Gemin5 is directly dependent on
SMN levels, providing a feedback mechanism whereby SMN
regulates its own expression through Gemin5. This work iden-
tifies both a new function for the SMN complex in the direct
regulation of mRNAs via Gemin5, and a new mechanism regu-
lating the expression of the SMN protein itself. These findings
have broad implications for better understanding the pathology
of SMN reduction and optimizing treatments for SMA.

Experimental Procedures

Modified PAR-CLIP—Procedure was as described in Hafner,
2010, but modified to allow for PCR detection of transcripts
(24). HeLa or mouse MN1 cells were grown and treated with
100 �M 4-thiouridine (Sigma) for 18 h. After treatment, the cells
were irradiated with 365 nm UV and harvested. Cells were lysed
in 1� RSB-100 (10 mM Tris, pH 7.4, 100 mM NaCl, 2.5 mM

MgCl2) � 1% Empigen and immunoprecipitated with antibod-
ies immobilized on Dynabeads protein G (Invitrogen). After
washing in 1� RSB-100 � 1% Empigen buffer, immunoprecipi-
tates were digested with proteinase K (1.2 mg/ml), and RNA
was extracted with TRIzol (Invitrogen) as per manufacturer’s
specifications. cDNA was made with oligo dT primers (Invitro-
gen) using SMART MMLV reverse transcriptase (Clontech)
following manufacturer’s protocol. PCR was performed with
the SMN or GAPDH primers using Titanium Taq (Clontech).
Primer sequences were SMN Forward ACAGATCTGGAAT-
GTGAAGCGTTA, SMN Reverse AAGAGTTACCCATTC-
CACTTCCTTT, GAPDH Forward GAAGGTGAAGGTCG-
GAGTC, GAPDH Reverse GAAGATGGTGATGGGATTTC.
The PCR conditions were 95 °C 30 s, 60 °C C 1 min, 72 °C 2 min
for 40 cycles (SMN) or 20 cycles (GAPDH) on a Bio-Rad T100
thermal cycler. PCR samples were then visualized on agarose
gels stained with ethidium bromide. Gels were visualized on a
Bio-Rad GelDoc XR� System with ImageQuant Software.

Biotinylated RNA Pulldowns—Streptavidin pulldowns were
performed as described in Workman, 2014 (23). Deletion of the
3� end of the SMN 3�-UTR fragment was performed by PCR
and inserted into pUC19 with T7 promoter sequences for in
vitro RNA transcription. A 60 nucleotide nonspecific control
RNA was transcribed from the T7 promoter of a pSP72 plasmid
linearized with AccI.

Direct RNA Binding Assays—SMN 3�-UTR constructs were
cloned into pUC19 along with T7 promoter sequences. Dele-
tions of helical regions were constructed by PCR and site-di-
rected mutagenesis was performed to create the point muta-
tions. RNAs were in vitro transcribed and radiolabeled. The
control RNA was transcribed from pSP72 as stated above for
biotinylation. Gemin5, Gemin3, SMN, or control antibodies
were immobilized on protein G-Sepharose beads (Invitrogen)
and used to immunopurify the specific proteins from HeLa cell
extract. The beads were washed extensively in 1� RSB-100 (10
mM Tris, pH 7.4, 100 mM NaCl, 2.5 mM MgCl2) containing 1%
Empigen BB. Purification of each protein was confirmed by
Western blotting and silver staining with the SilverQuest kit
(Invitrogen) as per manufacturer’s instructions. The immuno-
purified proteins were then incubated with in vitro transcribed

and radiolabeled (32P-UTP) RNA. 100,000 CPM RNA was incu-
bated with the purified proteins for 30 min at room tempera-
ture in the presence of binding buffer (1� RSB-100 with 0.01%
Nonidet P-40). The beads were washed extensively with the
same buffer before extracting the RNA with TRIzol (Invitro-
gen) according to the manufacturer’s specifications. The RNA
was then resuspended in formamide load buffer and loaded
onto 6% native polyacrylamide gels. The gels were then exposed
to autoradiography film.

Antibodies—Antibodies used in Western blots were mouse
monoclonal anti-Gemin5 (Millipore), mouse monoclonal anti-
beta tubulin (Sigma), mouse monoclonal anti-SMN (BD Biosci-
ences), mouse monoclonal anti-Gemin4 (Millipore), mouse
monoclonal anti-Gemin3 (Abcam). The Li-cor secondary anti-
body used was goat anti-mouse IRDye 800 (Rockland). The fol-
lowing antibodies were used in immunoprecipitations: mouse
monoclonal anti-Gemin5 (Millipore), mouse monoclonal anti-
SMN (Millipore), mouse monoclonal anti-Gemin3 (BD Biosci-
ences) or mouse monoclonal isotype control (BioLegend).

Dual Luciferase Assay—SMN 3�-UTR sequences were cloned
into the pmirGLO (Promega) vector 3� of the luciferase gene in
PmeI to XbaI sites. This assay was performed essentially as
described in Workman et al. (23). Briefly, luciferase plasmids
were transfected into HeLa cell lines stably or transiently
expressing Gemin5 or control siRNA using Lipofectamine2000
(Life Technologies) or TransIT-LT1 (Mirus) according to the
manufacturer’s protocol. Cells were incubated for 24 h before
harvesting and assaying for luciferase activity using the Dual
Luciferase Reporter Assay (Promega) according to the manufa-
cturer’s protocol. The reporter assay data were collected using
the Tecan Infinite F200.

Cell Lines—pLKO.1 plasmids used to express non-targeting
GFP control or Gemin5-directed shRNA driven by the U6 pro-
moter were obtained from Open Biosystems. Lentivirus pack-
aging plasmids were obtained from Addgene. Lentivirus parti-
cles containing the pLKO.1 plasmids were produced and used
for infection of target cells as per The RNA Consortium Clon-
ing Vector Protocol available online (Broad Institute). Stable
cell lines were created by infecting HeLa cells with lentivirus
containing the shRNA constructs and selecting with puromy-
cin. Transient RNAi was also performed on HeLa cells. Briefly,
a non-targeting siRNA control sequence (Ambion Ctrl #2),
Gemin5 SMARTpool (Dharmacon) or SMN SMARTpool
(Dharmacon) were transfected into HeLa cells using Dharma-
fect 1 (Dharmacon) as per manufacturer’s protocol. Cells were
incubated for 48 h with siRNA and assayed for protein or RNA
expression.

Real-time PCR—Cells expressing Gemin5 siRNA or GFP
(control) cells were harvested with TRIzol (Invitrogen), and the
RNA was extracted. cDNA was made from the RNA using
SMART MMLV Reverse Transcriptase (Clontech) according
to the manufacturer’s protocol using an oligo dT (Invitrogen) or
random hexamer primer (GE Healthcare). Real-time PCR reac-
tions were set up using SYBR Green PCR Master Mix (Applied
Biosystems) according to the manufacturer’s protocol. PCR
conditions were 95°C for 10 min followed by 40 cycles of 95 °C
for 15 s and 60 °C for 1 min. The real-time PCR was performed
on the Applied Biosystems 7300 and quantitated using the
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comparative Ct method. Samples were normalized to 18S
rRNA. Primers were 18S Forward CCTTTAACGAGGATCC-
ATTGGA, 18S Reverse CGAGCTTTTTAACTGCAGCA-
ACT, SMN Forward ACGGTTGCATTTACCCAGCTA and
SMN Reverse CAGATTTTGCTCCTCTCTATTTCCA.

RNA Decay—HeLa cells were grown and after 24 h, 200 ng/�l
actinomycin D was administered to the cells. Cells were har-
vested at 0, 1, 2, 4, 6, and 8 h after actinomycin D was added.
RNA was extracted from the cells with TRIzol (Invitrogen) as
above and subjected to real-time PCR as above. The same prim-
ers as above were used to detect SMN and 18S. Data were plot-
ted as the log of transcript remaining and the half-life was deter-
mined by the equation of the line.

Polysome Fractionation and RNA Quantification—Per-
formed essentially as described in Mukherjee et al. (25). 0.2 ng
of �-globin RNA transcript was used to spike each RNA frac-
tion and normalize fractions for RNA content. RNA was iso-
lated and cDNA was made as described above. The same prim-
ers as above were used to detect SMN. Control primers used to
normalize fractions were �-globin Forward ACATTTGCTTC-
TGACACAACT and �-globin Reverse ACAGGGCAG-
TAACGGCAGA.

Statistics—All data are presented as the means of the stan-
dard error from at least three independent experiments. Statis-
tical significance between two groups was determined by using
the two-tailed Student’s t test, and resulting p values less than
0.05 were considered significant.

Results

Gemin5 Is Directly Bound to SMN mRNA in Vivo—Previous
work identified Gemin5 associated with a fragment of the SMN
mRNA 3�-UTR when the fragment was biotinylated and added
to cytoplasmic extract (23). While that experiment showed that
Gemin5 has the capability to associate with the SMN 3�-UTR, it
left unanswered whether Gemin5 associates with the SMN
mRNA in living cells, and whether that association is direct or
mediated by other proteins. To investigate this, we performed a
modified PAR-CLIP experiment based on the method of
Hafner, 2010 (24, 26). HeLa or MN1 cells were incubated with
4SU, a photo-activatable uridine analog that is incorporated
into cellular RNA. The cells were then irradiated with UV light,
allowing zero-distance, direct covalent RNA-protein crosslinks
to form (24, 26). Gemin5 was immunoprecipitated under strin-
gent conditions that still allowed the covalent RNA-protein
crosslinks to be maintained. After immunoprecipitation, the
proteins were removed by proteolysis and the crosslinked SMN
mRNA was extracted and detected by RT-PCR. Fig. 1, A and B
show that Gemin5 protein is directly and specifically bound to
the SMN mRNA in cells. Further, we found that Gemin5 is
bound to the SMN mRNA in both HeLa cells (Fig. 1A) and
mouse motor neuron-derived MN-1 cells (Fig. 1B).

Gemin5 Associates with the 3�-End of the Mature SMN
mRNA in Extract—We have previously shown that Gemin5
associates with the 3�-UTR of the SMN pre-mRNA (23). The
construct used for those experiments included sequences of the
mature SMN 3�-UTR upstream of the polyadenylation site, as
well as sequences of the SMN pre-mRNA downstream of the
cleavage and polyadenylation site (Fig. 1C). To determine if

Gemin5 associates with the mature SMN 3�-UTR, we created a
construct that ends at the polyadenylation site and includes a
short poly(A) tail (Fig. 1C). These mRNAs were biotinylated,
incubated in cell extract, and then pulled down with streptavi-
din beads. Western blot analysis of the pulldowns showed that
Gemin5 binds to the mature, polyadenylated SMN 3�-UTR con-
struct as well as it did to the pre-mRNA construct, while no
binding was observed to a control RNA (Fig. 1D). This suggests
that the Gemin5 binding site is somewhere in the mature
mRNA upstream of the polyadenylation site. In order to better
define the region of the SMN mRNA bound by Gemin5, we
created new constructs that deleted 10 or 20 nucleotides off the
end of the polyadenylated mRNA (Fig. 1C). Deletion of the first
10 or 20 nucleotides of the mature mRNA resulted in decreased
binding of Gemin5, showing that Gemin5 associates with a
sequence at the 3�-end of the mature mRNA immediately
upstream of the polyadenylation site (Fig. 1D).

Gemin5 Binds to the SMN mRNA as Part of an SMN-depleted
Complex—Roughly half of Gemin5 is stably associated with
the SMN complex at any given time, whereas the other half is
found in SMN-depleted complexes (27). The SMN-free pool
of Gemin5 binds to snRNAs and delivers them to SMN for
snRNP assembly (11, 27). To determine whether Gemin5 binds
to snRNAs as part of the SMN complex, we performed strepta-
vidin pulldowns as described above and probed for other pro-

FIGURE 1. Gemin5 binds to the mature SMN mRNA in vivo and in vitro.
RT-PCR of modified PAR-CLIP to detect SMN mRNA bound to Gemin5 in both
(A) HeLa and (B) MN1 cell extract. Control is an isotype-matched IgG antibody.
C, diagram of RNA transcripts used in D and E. The SMN pre-mRNA construct
is 192 nucleotides in length and 118 nucleotides for the mature mRNA exclu-
sive of the 5 nucleotide pA tail. The regions deleted in subsequent experi-
ments are indicated by H2, H1, as well as the U-rich region (white text). Further
10 or 20 nucleotide deletions were made to the 3�-end as indicated. D, West-
ern blot of mutant and wild type SMN mRNA fragments in streptavidin pull-
down assays. Control RNA used is a 60-nucleotide nonspecific RNA tran-
scribed from empty pSP72. E, (left) Western blot of mutant and wild type SMN
probing for proteins of the SMN complex in a streptavidin pulldown assay.
Right, Western blot of SMN immunoprecipitation showing expected ratios of
complex proteins. Control is the same as in D. For all, input represents extract
from cell lines. IP, immunoprecipitation; �10 and �20, deletion of 10 or 20
nucleotides; wt, wild type; H2, helical region 2; H1, helical region 1.
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teins in the SMN complex (Fig. 1E). We found that although
Gemin5 is readily detectable bound to the SMN mRNA,
Gemin3 and Gemin4 were only faintly detectable by Western
analysis, and SMN was not detectable. To compare the ratios of
Gemin5 to SMN and Gemins 3 and 4 as would be expected in
the SMN complex, we immunoprecipitated SMN, isolating
canonical, intact SMN complexes (Fig. 1E, right). Comparison
of the ratios of Gemin5 to SMN in Fig. 1E, left (mRNA complex)
and right (SMN complex) shows that the proteins associated
with the SMN mRNA are strongly depleted in SMN, Gemin3
and Gemin4 (left) compared with the intact SMN complexes
(SMN IP) (right). This suggests that it is the SMN-free pool of
Gemin5, possibly associated in a previously reported complex
with Gemin3 and Gemin4, that binds to the SMN mRNA (27).
However, it remains possible that the SMN complex transiently
associates with the SMN mRNA but is not captured in this
assay.

Gemin5 Binds Directly and Specifically to the SMN 3�-UTR in
Vitro—To investigate whether Gemin5 binds directly to the
SMN mRNA, we immunopurified Gemin5 and the other com-
ponents of the SMN complex under previously published strin-
gent conditions (1% Empigen-BB) where the SMN complex is
disrupted, and Gemin5 is effectively purified from other cellu-
lar proteins (11, 12). We then performed direct RNA-binding
experiments by immobilizing the immunopurified proteins on
magnetic beads and incubating them with in vitro transcribed,
radiolabeled SMN mRNA, as well as a nonspecific control RNA.
As shown in Fig. 2A, Gemin5 specifically binds to the SMN 3�
UTR but does not bind the control RNA. We detected no direct
binding of purified SMN or Gemin3 to the SMN 3�-UTR. Fur-
ther, deletion of 10 or 20 nucleotides from the 3�-end of the
SMN mRNA resulted in complete loss of Gemin5 binding, con-
firming that Gemin5 directly binds to the extreme 3�-end of the
SMN mRNA immediately upstream of the poly(A) tail (Fig. 2B).

Gemin5 has been shown to directly bind snRNAs by recog-
nizing a short single-stranded sequence of an A followed by 5 U
residues, flanked at either the 5�- or 3�-ends by a stem-loop of
varied length and composition. RNA structure prediction using
the mfold structure prediction program (28) revealed that the
3�-end of the SMN mRNA folds into two helical regions that
may coaxially stack, which we have termed H1 and H2 (Fig. 3A).

These helical regions are followed by a predicted single-
stranded U-rich sequence that matches the primary Gemin5
binding sites on snRNAs. To determine whether Gemin5 binds
to the SMN mRNA in a mode similar to its recognition of
snRNAs, we changed each nucleotide of the putative Gemin5
sequence, 5�-AUUUUUUUUUA-3�, at the 3�-end of the SMN
3�-UTR (Fig. 3B). Adenosine nucleotides were replaced with
guanine and uridines with cytosine in a sequential manner.
Direct binding assays showed that mutation of the initial aden-
osine as well as the first, fourth, and fifth uridines strongly
reduced Gemin5 binding. In addition, mutation of the second
and third uridines resulted in reduced binding. Mutation of the
remaining uridine positions had no effect on the ability of
Gemin5 to bind in vitro, nor did mutation of the final adeno-
sine. These data are consistent with previous work showing that
Gemin5 binds to an adenosine followed by 5 uridines in
snRNAs (11).

In addition to the single-stranded AU5 Sm-site sequence,
Gemin5 binding to snRNAs requires a flanking stem-loop
structure. To test whether either of the upstream helical
regions is required for Gemin5 binding to the SMN mRNA, we
deleted each of the regions and tested them for direct binding to
Gemin5. We found that the deletion of the H2 region caused a
loss of Gemin5 binding, demonstrating that the H2 region per-
forms a similar role as the flanking stem loop in snRNAs (Fig.
3C). This indicates that Gemin5 requires a stem loop structure
in addition to AU sequence to bind mRNA in the same manner
it binds to snRNAs.

Gemin5 Knockdown Reduces Protein Expression from Endog-
enous and Reporter SMN—To investigate the function of
Gemin5 binding to the SMN mRNA, we created stable knock-
down cell lines expressing shRNA directed against Gemin5 or a
control shRNA targeting GFP. Using this system, we were able
to significantly reduce Gemin5 expression in these cells by
more than 95% (Fig. 4A and quantitated in B). We found that
reduction of Gemin5 causes a greater than 40% reduction of
endogenous SMN protein. To confirm that the effect of
Gemin5 reduction is mediated by the SMN 3�-UTR we trans-
fected the GFP or Gemin5 knockdown cell lines with luciferase
constructs containing either the SMN 3�-UTR or a control
3�-UTR. We found that Gemin5 reduction caused a specific and
significant reduction of luciferase expression from the reporter
bearing the SMN 3�-UTR (Fig. 4C).

Gemin5 could affect SMN expression by altering SMN tran-
scription, mRNA stability, or translation of the SMN mRNA.
We measured the overall expression levels of the SMN mRNA
by qRT-PCR and found that the RNA levels are unchanged as a
result of Gemin5 RNAi (Fig. 5A). Further, we performed mRNA
turnover experiments in the Gemin5 or control RNAi cells and
found no significant changes in the stability of the SMN mRNA
(Fig. 5B). Since SMN mRNA levels and stability are unaffected
by Gemin5 reduction, and Gemin5 has previously been shown
to interact with the translation apparatus to regulate transla-
tion of viral IRES-containing mRNAs, we assessed whether
Gemin5 plays a role in the translation of the SMN mRNA. We
loaded cytoplasmic extracts from the control or Gemin5 RNAi
cells on a sucrose density gradient to separate mRNPs, mono-
somes, and polysomes. As shown in Fig. 5C, reduction of

FIGURE 2. Gemin5 directly binds to the SMN mRNA. A, direct RNA binding
assay performed with radiolabeled wild type SMN 3�-UTR or a control RNA
sequence (as described in Fig. 1D). The RNA was bound to immunopurified
Gemin5, Gemin3 or SMN protein or to a nonspecific isotype matched control
IgG antibody. B, direct RNA binding assay as in A performed with 10 or 20
nucleotide truncations of the SMN 3�-UTR. For both, input represents 1% or
1,000 CPM of RNA used in each binding assay.
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Gemin5 does not produce a general effect on mRNA transla-
tion. To determine if translation of the SMN mRNA was af-
fected, we isolated mRNA from each fraction and determined
the amount of SMN mRNA in each fraction by qRT-PCR. Fol-
lowing reduction of Gemin5 by RNAi, we observed a significant
loss of SMN mRNA from the heavier polysomes, and a shifting
of the SMN mRNA to lighter polysomes, monosomes, and
mRNP fractions (Fig. 5D). These results suggest that reduction
of Gemin5 results in a reduction in the translation of the SMN
mRNA.

SMN Autoregulates Its Own Expression through Gemin5—
SMA results from a reduction in the SMN protein. Under nor-
mal conditions, Gemin5 is in equilibrium between SMN-bound
and SMN-free complexes. When SMN is reduced, Gemin5 is
freed from the SMN complex and accumulates in SMN-free
complexes bound to snRNA (12, 27). To determine whether
SMN reduction as observed in SMA affects the ability of
Gemin5 to bind the SMN mRNA, we incubated biotinylated
SMN 3�-UTR RNA fragments in cytoplasmic extract from
either SMN RNAi cells or cells treated with a non-targeting
siRNA. Following incubation, the biotinylated RNAs were iso-

lated using streptavidin beads, and associated proteins were
detected by Western blot. As shown in Fig. 6A, reduction of
SMN results in an increase of Gemin5 binding to the SMN
3�-UTR, consistent with what has been observed for Gemin5
binding to snRNAs.

To determine if the increase in the mRNA-binding activity of
Gemin5 results in an increase in SMN expression, we trans-
fected luciferase reporters tagged with either the SMN 3�-UTR
or an SMN 3�-UTR mutated in the Gemin5 binding site into
either the SMN RNAi cells or cells targeted with a non-target-
ing siRNA. As shown in Fig. 6B, SMN reduction causes an increase
in expression of the reporter bearing the wild-type SMN 3�-UTR,
but not the reporter with the identical sequence containing a
mutation of the Gemin5 binding site. Taken together, these data
are consistent with a classic autoregulatory feedback mechanism
in which reduction of SMN increases the Gemin5 binding to the
SMN mRNA, in turn increasing SMN expression.

Discussion

We show here that Gemin5, the snRNA-binding protein of
the SMN complex, binds to the SMN mRNA and modulates its

FIGURE 3. Gemin5 binds to specific sequence and structure elements of the SMN 3�-UTR. A, mfold structure prediction for the 3� fragment of the SMN
3�-UTR. B, RNA binding assay performed with radiolabeled SMN RNA that contain point mutations in the AU sequence as indicated above each lane. C, RNA
binding assay performed with stem-loop deleted SMN RNA as indicated in A. Input and control are the same as described in Fig. 2. H1, helical region 1; H2, helical
region 2; wt, wild type.

FIGURE 4. Gemin5 regulates expression of endogenous and reporter SMN. A, Western blot of protein from HeLa cells stably expressing shRNA targeting
GFP (control) or Gemin5. B, quantitation of protein in A using ImageStudio for Li-Cor and normalizing signals to the loading control tubulin. The signal is
expressed as a percentage of the signal in the control RNAi cells. C, dual luciferase reporter assay with a control or SMN 3�-UTR in the presence of transiently
transfected control (nonspecific nontargeting siRNA) or Gemin5 siRNA. The control on the x-axis represents a luciferase expressed without an inserted 3�-UTR
sequence. Ctrl, control; *, p � 0.05.
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expression by controlling translation of the SMN mRNA. The
mRNA-binding activity of Gemin5 is dependent on levels of
SMN protein, creating an autoregulatory feedback mechanism
that allows SMN to regulate its own expression via Gemin5.
This discovery identifies both a new function for an SMN com-
plex protein in the direct regulation of cellular mRNA, and a
new mechanism regulating expression of SMN.

Gemin5 binds to the SMN mRNA both in vitro and in vivo.
Gemin5 binds directly to specific sequence and structural ele-
ments in the SMN 3�-UTR reminiscent of elements required for
it to bind to snRNAs. Within snRNAs, Gemin5 binds to a bipar-
tite site containing the single-stranded Sm site as well as an
adjacent stem loop (11, 14). In the Sm site, Gemin5 specifically
recognizes a sequence of an adenosine followed by 5 uridines
(11). The requirements for the adjacent stem loop are less well
understood. While the presence of an adjacent stem loop is
absolutely required, the sequence and size of the stem loop are
not conserved among snRNAs, and the stem-loop can be either
5� or 3� of the Sm site (11, 14). With the SMN mRNA, Gemin5
likewise binds with high sequence specificity to a single-stranded
adenosine followed by 5 uridines adjacent to a required stem-loop
structure. In this case, the stem-loop is 5�of the Sm-like element, in
a configuration similar to that found in the U4atac snRNA.
Gemin5 has also been reported binding to viral mRNAs through
an IRES element; however, that sequence differs from the specific-
ity seen for snRNAs and for SMN mRNA (29). The viral IRES
binding site for Gemin5 contains a stem loop, but lacks the canon-
ical AU5–6 sequence motif (29). Therefore, the Gemin5 binding
site on the SMN mRNA more closely resembles the well-charac-
terized binding site on snRNAs, rather than the binding site found
in viral IRES structures.

FIGURE 5. Knockdown of Gemin5 does not affect SMN RNA stability or turnover, but does affect translation. A, real-time quantitative PCR of SMN in RNA
extracts from control or Gemin5 RNAi cells. B, real-time quantitation of SMN RNA remaining after treatment with actinomycin D in cells with or without Gemin5
knockdown. C, UV absorbance trace of polysome fractions obtained from a sucrose gradient of cell lysates from control or Gemin5 knockdown cells. D, real-time
PCR quantitation of SMN RNA in odd fractions of polysome gradient shown in C. For all, control RNAi represents a nonspecific nontargeting siRNA. Ctrl, control;
*, p � 0.05.

FIGURE 6. Knockdown of SMN causes Gemin5-dependent up-regula-
tion of SMN reporter. A, Western blot of streptavidin pulldown assay
using cell extracts from control (nontargeting siRNA) or SMN knockdown
cells. Control RNA used is nonspecific RNA transcribed from an empty
pSP72 vector. Input is 10 �g of total protein from respective cell lines. B,
dual luciferase reporter assay performed with a wild type SMN RNA (SMN
3�-UTR) or a Gemin5 binding sequence-deleted mutant of SMN (SMN mut
3�-UTR) expressed in cells also transfected with control or SMN RNAi. Ctrl,
control; mut, mutant, *, p � 0.05.
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Although Gemin5 is an integral component of the SMN
complex, the Gemin5 complexes isolated with the SMN mRNA
are depleted in SMN protein. This is in contrast to either puri-
fied SMN complexes or complexes isolated with snRNAs where
Gemin5 and SMN are present together in stoichiometric
amounts (11, 30, 31). The data here are consistent with several
possible models. Since Gemin5 exists in the cytoplasm in both
SMN-bound and SMN-free complexes, the simplest explana-
tion is that it is the SMN-free pool of Gemin5 that binds to the
SMN mRNA, perhaps as part of a previously reported complex
with Gemin3 and Gemin4 (27). However, although we do not
detect stoichiometric amounts of SMN, the possibility remains
that Gemin5 initially binds the SMN mRNA as part of the SMN
complex, but unlike the situation with snRNAs, SMN is selec-
tively released following binding, or associates only at a partic-
ular step, such as axonal transport.

SMN and Gemin5 have been found to localize to axons (32)
and SMN has been associated with mRNA transport complexes
in neuronal cells (33–35). For instance SMN has been shown to
associate with �-actin mRNA in axons (35). It has also been
shown to interact with alpha-COP vesicles and HuD, both of
which are involved in axonal transport complexes (36 –39).
SMN’s involvement with mRNA transport coupled with
Gemin5’s capacity to bind to mRNA and regulate translation
could suggest that these proteins may function together to con-
trol specific axonal gene expression. This is supported by the
report that Gemin5 is the most highly associated of the Gemin
proteins with SMN within axons (32). Further work will deter-
mine whether SMN and Gemin5 function together with the
same mRNAs, perhaps sequentially, or whether they function
with different mRNAs.

Reduction of Gemin5 results in a parallel reduction in SMN
expression. While overall SMN mRNA levels and stability
remain unchanged, Gemin5 reduction results in selective
reduction of SMN mRNA associated with heavier polysomes,
indicating that Gemin5 acts as a modulator of SMN translation.
These data are consistent with a model in which Gemin5 is
directly or indirectly acting as an activator of SMN translation.
Attempts to simply overexpress Gemin5 in either normal or
SMN-reduced cells did not result in an increase of SMN protein
levels (data not shown), suggesting that the mechanism is likely
more complex than direct translational activation, and that
perhaps Gemin5 binding displaces an inhibitor of SMN trans-
lation. In contrast, when Gemin5 binds to viral IRES-contain-
ing mRNAs, it results in down-regulation of translation (17). In
that context, Gemin5 functions as an inhibitor of translation.
These two systems together support the idea that Gemin5 may
not directly function with the translation machinery, but
depending on the local circumstance, can displace either posi-
tive or negative modulators of translation. Further work will be
necessary to understand the mechanism of Gemin5’s ability to
affect translation.

The binding of Gemin5 to the SMN mRNA is dependent on
SMN protein levels in that reduction of SMN results in an
increase in the mRNA binding activity of Gemin5. This is sim-
ilar to what has been reported for the snRNA binding activity of
Gemin5. In that work, reduction of SMN was shown to shift
Gemin5 from the SMN-associated to the SMN-free pool, and

this SMN-free Gemin5 accumulates bound to RNAs (12, 27).
Our new data suggest a classic feedback mechanism in which,
when SMN is low, Gemin5 is freed from the SMN protein to
bind to the SMN mRNA in an attempt to restore SMN expres-
sion to proper levels. In this way, SMN modulates its own
expression levels via Gemin5.

Understanding the regulation of SMN expression is funda-
mental to developing effective treatment for SMA. Much
research has focused on up-regulating the levels of SMN in the
hopes of ameliorating the disease. Further understanding of
how SMN levels are mechanistically maintained in the cell can
provide additional targets for therapeutic intervention as well
as aid in understanding the effectiveness of therapies currently
being investigated. Here, we have identified a new pathway con-
trolling SMN expression levels through regulated translation of
the SMN transcript. This pathway is at least transiently acti-
vated in cell lines in which SMN is reduced. This work allows
investigation of whether this pathway is active in SMA, and
whether other mRNAs are targets for Gemin5.
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