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Background: Insufficient expression of survival motor neuron (SMN), a protein involved in small nuclear ribonucleopro-

tein (snRNP) biogenesis, causes spinal muscular atrophy (SMA).

Results: The U1A protein binds to and inhibits polyadenylation and cleavage of the SMN pre-mRNA.
Conclusion: The U1A protein is a critical regulator of SMN expression.
Significance: Understanding of the regulation of SMN expression is fundamental for developing treatments for SMA.

Insufficient expression of the survival motor neuron (SMN)
protein causes spinal muscular atrophy, a neurodegenerative
disease characterized by loss of motor neurons. Despite the
importance of maintaining adequate SMN levels, little is known
about factors that control SMN expression, particularly 3’ end
processing of the SMN pre-mRNA. In this study, we identify the
U1A protein as a key regulator of SMN expression. U1A, a com-
ponent of the Ul snRNP, is known to inhibit polyadenylation
upon direct binding to mRNA. We show that U1A binds directly
and with high affinity and specificity to the SMN 3'-UTR adja-
cent to the polyadenylation site, independent of the Ul snRNP
(U1 small nuclear ribonucleoprotein). Binding of U1A inhibits
polyadenylation of the SMN pre-mRNA by specifically inhibit-
ing 3’ cleavage by the cleavage and polyadenylation specificity
factor. Expression of U1A in excess of Ul snRNA causes inhibi-
tion of SMN polyadenylation and decreases SMN protein levels.
This work reveals a new mechanism for regulating SMN levels
and provides new insight into the roles of U1A in 3’ processing
of mRNAs.

The survival of motor neuron (SMN)? protein, the product of
the spinal muscular atrophy (SMA) disease gene, is a ubiqui-
tously expressed protein that functions in the biogenesis of spli-
ceosomal small nuclear ribonucleoproteins (snRNPs) (1-8). In
the cytoplasm of metazoan cells, SMN binds to the seven Sm
proteins (Sm B/B’, D1, D2, D3, E, F, and G) and assembles them
into a heptameric ring on snRNAs (9-11). Following this Sm
core assembly, the new snRNPs are imported into the nucleus
and are targeted to Cajal bodies where they assemble with sev-
eral additional snRNP-specific proteins (12). After further mat-
uration, the snRNPs can then function in pre-mRNA splicing.
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SMA is caused by the reduced functional expression of the
SMN protein through mutation or deletion of the SMNI gene
(13). SMA is characterized by degeneration of motor neurons
and subsequent atrophy of muscle (14). SMA has a broad range
of clinical severity, classified as types 0—IV (15-18), and the
severity of these phenotypes is tightly correlated with SMN lev-
els in patients (19, 20). A very slight increase in SMN levels
correlates with a significant lessening of severity, with milder
type III patients often expressing as little as 20% more SMN
than much more severe type I patients (21). Similarly, increas-
ing SMN expression by as little as 20% in the spinal cord of
mouse SMA models via delivery of scAAV9 SMN results in
rescue of the phenotype (22).

Despite the obvious importance of raising SMN levels, very
little is currently known about the mechanisms that regulate
SMN expression in any tissue or cell line. Most of the effort to
date has been in understanding the regulation of the aberrant
splicing of exon 7 from the SMNZ2 gene, a disease modifier with
a single nucleotide change that results in mis-splicing of the
majority of the transcripts (23—27). Conversely, nothing is cur-
rently known about 3’ processing of the SMN pre-mRNA in the
nucleus. In most mRNAs, polyadenylation is signaled by three
sequences found in the 3'-UTR that interact with the basal
polyadenylation machinery: an AAUAAA sequence, a CA
dinucleotide at the site of 3’ cleavage and polyadenylation, and
a downstream U- or GU-rich sequence (28). The AAUAAA
sequence is bound by the cleavage and polyadenylation speci-
ficity factor (CPSF), a four-subunit protein complex that con-
tains the CPSF73 endonuclease (29-31). The downstream
sequence binds the cleavage stimulation factor (CstF), another
multiprotein complex (32). Once both complexes are bound,
additional proteins are recruited, and CPSF73 cleaves the RNA
after the CA dinucleotide (30, 31), after which, poly(A) poly-
merase adds an adenosine tail to the cleaved 3’ end (33, 34). The
SMN 3’-UTR has easily recognizable canonical CPSF and CstF
binding sites but contains a UA dinucleotide instead of the
canonical CA at the 3’ cleavage site. This is an inefficient site for
cleavage by CPSF73, suggesting that it may be a target for reg-
ulated polyadenylation.

UlA is a dual function protein in the SMN-dependent
snRNP biogenesis pathway that is known to regulate poly-
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adenylation (35-37). U1A primarily functions as a component
of the Ul snRNP. U1A, a 32-kDa RNA-binding protein, binds
directly to stem-loop 2 of the U1 snRNP, where it is required for
pre-mRNA splicing (38 —40). Ul snRNP biogenesis is coordi-
nated by the SMN complex, which assembles the Sm ring onto
the snRNA (41-43). Changes in SMN levels, as seen in SMA,
cause defects in U1 snRNP assembly and alter both the amounts
of Ul snRNA and presumably the amount of UlA associated
with the Ul snRNP (7, 44—46). When U1A is not associated
with the U1 snRNP, it functions as a modulator of polyadenyl-
ation (35-37). snRNP-free U1A binds to tandem sites in its own
mRNA, called the polyadenylation inhibition element (PIE)
(35-37). Binding of U1A to the PIE inhibits polyadenylation of
its own message and serves as part of a feedback mechanism to
decrease U1A until it reaches proper levels.

Here, we undertake a study of the SMN 3'-UTR to identify
regulatory factors that control 3" processing of the SMN tran-
script. We find that U1A binds directly to sequences flanking
the polyadenylation site in the 3’-UTR of the SMN pre-mRNA.
In addition to being a component of the U1 snRNP, U1A is also
known to bind to several mRNAs and regulates their poly-
adenylation (35, 47, 48). We show here that binding of U1A
inhibits polyadenylation of the SMN pre-mRNA by specifically
blocking 3’ cleavage of the transcript by the CPSF73 endonu-
clease. Further, increasing the snRNP-free levels of ULA causes
a corresponding decrease in SMN protein levels. This work
reveals a new mechanism regulating SMN expression and
allows future investigation of this pathway in SMA.

EXPERIMENTAL PROCEDURES

Biotinylated RNA Pulldowns—pUC19 plasmids containing
T7 promoters and SMN RNA sequences were linearized with
Bsal and in vitro transcribed for 2 h at 37 °C in the presence of
biotin-16-UTP. HeLa total extract was prepared by resuspend-
ing HeLa cell pellets in lysis buffer (40 mm Tris, pH 7.9, 100 mm
KCL, 0.2 mm EDTA, 1 mMm DTT, 10% glycerol). The lysate was
sonicated three times for 10 s and centrifuged at maximum
speed for 20 min. The supernatant was then precleared with
streptavidin beads (Pierce) for 20 min at 4 °C with rotation. Ten
pmol of in vitro transcribed RNA was then incubated with HeLa
extract in a 25-ul reaction containing RNaseOUT (Invitrogen)
and 5 ug of tRNA (Invitrogen) for 30 min at 30 °C to allow
binding to occur. Afterward, prewashed streptavidin beads
were added to the reactions and were tumbled at 4 °C for 1 h to
capture the RNP complexes on the streptavidin beads. Beads
were washed extensively with 1X RSB-150 (10 mm Tris, pH 7.4,
150 mm NaCl, 2.5 mm MgCl,) with 0.1% Nonidet P-40 and
eluted into SDS-PAGE loading buffer. Samples were then run
out on4—12% NuPAGE (Invitrogen) gels and stained with Coo-
massie Blue or silver stain or probed with antibodies by West-
ern. Westerns were imaged on the Li-Cor Odyssey and quanti-
tated using the Li-Cor Image Studio 2.0 software.

MS2-MBP Pulldowns—MS2-MBP fusion protein in pMALc
(49) was expressed in Escherichia coli and purified on an amy-
lose column according to the manufacturer’s specifications
(New England BioLabs) with an added heparin purification step
as described in Ref. 50 to remove any E. coli nucleic acids bound
to the MS2 coat protein. A construct containing the SMN
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3’-UTR was cloned into the 3’ end of the luciferase gene in the
pmirGLO vector at Pmel (Promega). Six tandem MS2 stem-
loops were cloned out of pSL-MS2-6X (AddGene 27118) by
PCR and inserted into the Pmel site between the 3’ end of the
luciferase coding sequence and the beginning of the 192 nucle-
otide SMN 3’-UTR fragment. HeLa cells were transfected with
the SMN 3’-UTR construct along with a pcDNA3 plasmid con-
taining the coding region of the U1A gene using Lipofectamine
2000 (Invitrogen). Mock transfected cells served as the negative
control. The cells were incubated for 24 h before harvesting.
Cells were lysed with 1X RSB-100 buffer (10 mm Tris, pH 7.4,
100 mMm NaCl, 2.5 mm MgCl,) with 0.01% Nonidet P-40, prote-
ase inhibitors (Roche Applied Science) and RNaseOUT (Invit-
rogen). Cells were sonicated three times for 10 s on ice and then
centrifuged at maximum speed for 10 min at 4 °C. Supernatant
was cleared by filtering through a 0.22-um filter and quanti-
tated by Bradford (Bio-Rad). 8 ul of amylose beads (New Eng-
land BioLabs) per reaction were washed three times with 1X
PBS with 0.1% Nonidet P-40 and three times with 1X RSB-100
with 0.1% Nonidet P-40. 20 pg of MS2-MBP fusion protein per
reaction was added to the washed beads and allowed to bind for
1 h before washing again with 1X RSB-100 with 0.1% Nonidet
P-40. 5-8 mg of HelLa lysate was added to the immobilized
MS2-MBP beads and rotated for 1 h at 4 °C. The beads were
then washed extensively with 1 X RSB-100 with 0.01% Nonidet
P-40 before resuspending the beads in SDS-PAGE loading
buffer. Samples were heated and loaded onto 4-12% NuPAGE
gels (Invitrogen). Western blots were probed with antibodies
against U1-70K, U1C, U1A, and tubulin.

Antibodies—The antibodies used were mouse monoclonal
anti-Gemin5 (Millipore), mouse monoclonal anti-SNRPA
(Santa Cruz), rabbit polyclonal anti-HuR (Abcam), mouse
monoclonal anti-B-tubulin (Sigma), rabbit polyclonal anti-
CstF64 (Bethyl Laboratories), rabbit polyclonal anti-DHX9
(Abcam), mouse monoclonal anti-hnRNP U (Abcam), rabbit
polyclonal anti-hnRNP D (Millipore), mouse monoclonal anti-
U1-70K (Millipore), rabbit polyclonal U1C (Bethyl Laborato-
ries), rabbit polyclonal anti-FUS (Bethyl Laboratories), and
mouse monoclonal anti-FLAG (Sigma). Li-Cor secondary anti-
bodies used were donkey anti-rabbit IRDye 700DX and goat
anti-mouse IRDye 800 (Rockland).

Mass Spectrometry—Mass spectrometry was performed on
streptavidin pulldowns as above except that 20 individual pull-
downs were pooled together and precipitated with TCA before
loading on an SDS-PAGE gel. Bands were excised from Coo-
massie-stained gels (Bio-Rad Coomassie stain) and submitted
for mass spectrometry analysis at the Fred Hutchinson Cancer
Research Center Proteomics Facility. The samples were run on
the Orbitrap Elite (ThermoFisher), and data were searched
against the IPI Human 3.87 database using X!Tandem. The
results were filtered to include only proteins with Peptide
Prophet scores of less than or equal to 5% (5% error rate).

EMSA—RNA was in vitro transcribed and radiolabeled with
[**PJUTP. 10,000 cpm RNA was incubated with varying con-
centrations of recombinant U1A protein at room temperature
for 1 hin the presence of binding buffer (25 mm Tris, pH 7.4, 60
mM NaCl, 5 mm DTT, RNaseOUT, 1 mm MgCl,, 0.05% Triton
X-100, 50 ng/ul tRNA, 10% glycerol). NaCl concentration,

VOLUME 289-NUMBER 6+FEBRUARY 7, 2014



MgCl, concentration, and SMN RNA concentrations were var-
ied, and affinity was constant with time, verifying equilibrium
conditions. The reaction was then loaded directly onto 6%
native polyacrylamide gels and exposed to autoradiography
film or imaged with a Phosphor screen (GE Healthcare) and
quantitated on the Storm 860 (GE Healthcare) using
ImageQuant 5.2 software. The data were graphed using Sigma-
Plot software.

In Vitro Cleavage and Polyadenylation Assays—Cleavage and
polyadenylation were performed as described in Refs. 36 and
51. Briefly, in vitro cleavage was performed in 20-ul reactions
containing 1 g of tRNA, 20 mm creatine phosphate, 1 mm
MgCl,, 80 units of RNAseOUT (Invitrogen), 2 mm DTT, 1 mm
ATP, 0.8 mm cordycepin, 2% polyvinyl alcohol 50,000 cpm
RNA, 7 ul of HeLa nuclear extract (6 —8 mg/ml), and varying
concentrations of recombinant U1A protein. Reactions were
incubated at 30 °C for 1 h. Reactions were then stopped by the
addition of proteinase K (Invitrogen) and incubated at 65 °C for
20 min, after which time the samples were extracted with
TRIzol reagent (Invitrogen) and precipitated with isopropanol.
The reactions were resuspended and loaded onto 6% polyacryl-
amide denaturing urea gels and exposed to autoradiography
film. The specific polyadenylation reaction proceeded much
the same way except that cordycepin 5'-triphosphate was
omitted.

Recombinant Proteins—The coding sequence of UlA was
cloned into pET28b(+) (Novagen) yielding a C-His-tagged
UlA construct. His-tagged recombinant Ul1A was overex-
pressed in BL21 Star (DE3) cells (Invitrogen) at 30 °C. Cells
were pelleted and resuspended in lysis buffer (25 mm Tris, pH 8,
300 mm NaCl, 10 mm imidazole, 0.01% Nonidet P-40, and pro-
tease inhibitors). Cells were sonicated six times for 10 s, and
then the lysate was pelleted. The supernatant was loaded onto a
HisTrap HP column (GE Healthcare), washed, and eluted with
an imidazole gradient using the NGC Quest Chromatography
system (Bio-Rad). The His tag was removed by incubation with
AcCTEV protease (Invitrogen).

Dual-Luciferase Assay—SMN 3'-UTR sequences were
cloned into the pmirGLO (Promega) vector 3’ of the luciferase
gene in between the Pmel and Xbal sites. The vector backbone
was modified to remove the bovine growth hormone poly-
adenylation signal sequence tract. The plasmid also contains
the Renilla gene as a transfection control, whereas efficiency
was monitored with GFP. Plasmids were transfected into
mouse 3T3 or Hela cells with or without a UIA pcDNA3
expression plasmid using Lipofectamine 2000 (Invitrogen)
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 manufacturer’s protocol. The reporter assay data were
collected using the Tecan Infinite F200.

Real Time PCR—Cells expressing U1A and control cells were
harvested with TRIzol (Invitrogen), and the RNA was
extracted. cDNA was made from the RNA using SMART Molo-
ney murine leukemia virus reverse transcriptase (Clontech)
according to the manufacturer’s protocol. SMN and U1 snRNA
RNA levels were quantitated using primers: SMN forward,
ACGGTTGCATTTACCCAGCTA; SMN reverse, CAGATT-
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TTGCTCCTCTCTATTTCCA; Ul forward, CCATGATCAC-
GAAGGTGGTTT; and U1 reverse, ATGCAGTCGAGTTTC-
CCACAT. PCRs were set up using SYBR Green PCR Master
Mix (Applied Biosystems) according to the manufacturer’s pro-
tocol. 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 comparative Ct method. Samples were normalized to
18 S rRNA. Primers were 18 S forward (CCTTTAACGAGGAT-
CCATTGGA) and 18 S reverse (CGAGCTTTTTAACTGC-
AGCAACT).

Statistics—All data are presented as the means * 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 ¢ test. Resulting p values less than 0.05
were considered significant.

RESULTS

Identification of Proteins That Bind the Polyadenylation Site
of the SMN 3'-UTR—To identify proteins that function in the
polyadenylation of the SMIN transcript, mass spectrometry was
performed on biotinylated RNA/streptavidin pulldown sam-
ples. We designed a 192-nucleotide construct spanning the
sequences ~93 nucleotides upstream of the CPSF binding site
to 74 nucleotides downstream of the cleavage site. This frag-
ment contains the polyadenylation site and all nearby poly-
adenylation signal sequences and binding sites for the general
polyadenylation machinery. As a control, we also generated a
fragment of RNA that lacks all the polyadenylation signal
sequences. In this way, we could verify that our pre-mRNA
fragment is assembling the polyadenylation complex. The
biotinylated RNA constructs were incubated with HeLa
extract, and associated proteins were isolated using streptavi-
din beads. HeLa total extract was used so we could also poten-
tially identify proteins involved in regulated RNA decay. The
proteins were separated by SDS-PAGE, and a segment of the gel
representing the full lane (molecular mass, 15-250 kDa) was
submitted for mass spectrometry analysis and compared with a
corresponding segment from the control pulldown. Table 1 is a
summary of top mRNA processing-related proteins identified
with Peptide Prophet scores of 5% or less that were found to
bind to the SMN 3'-UTR, but not the control RNA (see supple-
mental Table S1 for complete data). Common contaminating
proteins such as keratins and ribosomal components were dis-
carded from our final analysis.

We found 52 unique proteins that are known to function in
RNA processing, including several members of the general poly-
adenylation machinery, such as cleavage and polyadenylation
factors CPSF2, CPSF4, CPSF5 (NUDT21), CstF1, and CstF2,
confirming that our construct assembles polyadenylation com-
plexes. Interestingly, we also identified SNRPA (U1A), a bifunc-
tional protein primarily involved in pre-mRNA splicing but also
shown to function in regulated polyadenylation. We addition-
ally identified NONO (p54™™), SFPQ (PSF), and PTBP1 (PTB),
three factors known to bind snRNP-free U1 A and function with
itin polyadenylation (48, 52, 53). In addition to factors involved
in polyadenylation, we identified Gemin5, the RNA-binding
protein of the SMN complex (54). Additionally, ELAVL1 (HuR)
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TABLE 1

Summary of SMN 3’-UTR interacting proteins identified by mass
spectrometry

The table shows a summary of selected SMN 3"UTR- interacting proteins that were
identified by mass spectrometry and potentially function in pre-mRNA processing.
Shown are the gene names of proteins identified with Peptide Prophet scores of less
than or equal to 5%. Contaminating proteins identified in a control streptavidin
pulldown were subtracted. Bold text is the SNRPA gene encoding the Ul snRNP-
protein ULA.

Gene name

GEMIN5
CPSEF2
CPSF4
CSTF1
CSTF2
FIP1L1
NONO
NUDT21
PTBP1
SNRPA
CCAR2
COIL
CUGBP1
DDX21
DHX30
ELAVL2
FUS/TLS
HNRNPC
HNRNPCLI
HNRNPD
HNRNPL
HNRNPR
HNRNPU
IGF2BP2
KHDRBS1
LARP5
LSM12
LSM14A
NCBP1
PABPC4
PAIP1
PRPF31
PUM1
RBM5
RBMSA
RBM25
RBM39
SART1
SFPQ
SFRS11
SNRNP200
SNRNPDI1
SNRNPD3
SNRPE
STAU1L
STRAP
STRBP
SYF2
THRAP3
TIALL
U2AF2
ZNF326

Category

SMN complex
Cleavage and polyadenylation

Other mRNA processing proteins

and HNRNPD (hnRNP D/Auf1), two factors involved in regu-
lated mRNA decay (55-58), were found to be enriched in the
SMN sample. HuR has been previously shown to bind and reg-
ulate turnover of the SMN mRNA, further verifying our exper-
imental approach (59).

We confirmed the mass spectrometry results using Western
blot analysis of the proteins isolated with the SMN 3'-UTR (Fig.
1A). Gemin5, hnRNP U, HuR, CstF64, UlA, and hnRNP D
(Aufl) were positively identified in our samples. Gemin5,
hnRNP U, CstF64, and U1A were unique hits by mass spec-
trometry and are present only in the SMN pulldown sample.
HuR and hnRNP D were enriched, but not unique, in the mass
spectrometry results; however, both were confirmed by West-
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FIGURE 1. Confirmation of mass spectrometry results. A, Western blots of
streptavidin pulldowns of biotinylated SMN 3’-UTR RNAs were probed with
indicated antibodies. B, diagram depicting the SMN deletion constructs used
in A. ctrl, control; Del, deletion.

ern blot. DHX9 was present in both control and SMN 3'-UTR
mass spectrometry samples, so it was used as a nonspecific con-
trol for Western blot, whereas tubulin was used as a negative
control. FUS/TLS, although identified in the mass spectrome-
try results, was only very slightly enriched by Western blot.

To confirm that the binding of these proteins to the SMN
3’'-UTR was indeed specific to the SMN sequence and also to
delineate the binding site for these proteins, we performed
streptavidin pulldowns with a series of biotinylated SMN
3'-UTR deletions. We generated a series of 35—40-nucleotide
deletion mutants of the 192-nucleotide fragment of the SMN
3'-UTR (Fig. 1, A and B). We found that deletion 2 bound less
U1A, indicating that a U1A binding motif resides in the region
of nucleotides 41-79 of the 3’-UTR construct. Deletion 2 and
deletion 3 bound less Gemin5, indicating that the sequence
flanking the polyadenylation sequence may contain a binding
site for Gemin5. The same was true for some isoforms of
hnRNP D. CstF64 bound less to deletion 3 and deletion 4, which
is expected because those two deletions remove the polyadenyl-
ation and cleavage sequences. The other proteins did not show
preference for any particular region of this SMN 3'-UTR frag-
ment and may bind indirectly or nonspecifically to the SMN
3'-UTR.

UIA Specifically Binds Sequences Flanking the Polyadenyl-
ation Site—The Ul snRNP protein, UlA, is already known to
function as a regulator of polyadenylation (35-37). Further, Ul
snRNP is assembled by the SMN complex (41-43). Therefore,
we chose to investigate this interaction further as a likely regu-
latory element for SMN expression. We hypothesized that U1A

VOLUME 289-NUMBER 6+FEBRUARY 7, 2014



A streptavidin B input MS2-MBP
H E E
] z z z
2 T = T =2 T =
£ o oW o W o »w
- U1-70K — U1-70K
- uicC —— u1cC
— b-tubulin —_— = b-tubulin
- - U1A =& — UIA
C D
idi ©
streptavidin 2 « SMN wt
. 5 35 g12 SMN site 1 mut
s E E c 10 SMN site 2 mut
Zz — o T
= 2 2 °
(2T

ctrl

b-tubulin

-
=
£

£

-

-

FIGURE 2. Sequence-specific binding of snRNP-free U1A to the SMN
3’-UTR. A, Western blot of streptavidin pulldowns probed with antibodies
against U1 snRNP proteins. B, Western blot of MS2-MBP pulldown. C, top,
Western blot of streptavidin pulldowns with mutant SMN RNA. Bottom, dia-
gram of SMN depicting the locations of site 1 and site 2 mutations. D, quan-
titation of UTA in pulldowns shown in B. *, p < 0.05. ctrl, control; mut,
mutation.

functions to inhibit polyadenylation of the SMN pre-mRNA
much as it does for its own pre-mRNA.

One possibility was that U1A might be associating with the
SMN 3'-UTR as part of the Ul snRNP. However, we did not
detect either U1-70K or U1C, the other two proteins specific to
the U1 snRNP, by mass spectrometry. To confirm this, strepta-
vidin pulldowns were performed again and Western blotted for
U1-70K and U1C (Fig. 24). We did not detect either U1-70K
or U1Cbound to the UTR in Western blots despite the fact that
U1A is readily detectable, indicating that the Ul snRNP is not
present, and U1A binds independently to the SMN 3'-UTR.

We also performed pulldowns of SMN 3'-UTR-containing
mRNAs tagged with MS2 hairpins to confirm that the interac-
tion occurs in cells undergoing co-transcriptional mRNA pro-
cessing (Fig. 2B). HeLa cells were transfected with a luciferase
reporter containing the MS2 hairpin-tagged SMN 3’-UTR
attached to an intronless luciferase gene. The MS2 hairpin-
SMN construct was co-transfected with the UIA ¢cDNA. The
cells were incubated for 24 h before isolating MS2-hairpin
mRNP complexes with immobilized MS2-MBP fusion protein
on amylose beads. Western blots of the proteins bound to the
MS2-reporter constructs showed that ULA protein binds to the
SMN 3'-UTR construct and is not found in the mock trans-
fected control. Furthermore, U1-70K and U1C, components of
the U1 snRNP, do not associate with the SMN 3’-UTR. Tubulin
was used as the negative control that does not bind to the con-
trol or to the SMN reporter. This result shows that U1A can
bind to the SMN 3’-UTR in vivo as well as in vitro and is inde-
pendent of the Ul snRNP.

U1A contains two RRM domains, one of which binds directly
to mRNAs and the Ul snRNA by recognition of an AUUGYAY
heptanucleotide consensus sequence (38, 60). U1A binds to its
own mRNA by recognizing a PIE element containing tandem
U1A binding sites in its own 3'-UTR (35-37). We examined the
sequence of the SMN 3'-UTR and identified tandem consensus
U1A binding sequences flanking the polyadenylation site (Fig.
2C, bottom). The first site, 36 nucleotides upstream of the CPSF
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binding site, has the sequence AUUGUAC and is predicted to
be a high affinity U1A site. The second site, AUUGUAU, found
17 nucleotides downstream of the cleavage site is predicted to
bind U1A with lower affinity. This arrangement of combining
one higher and one lower affinity sites is similar to what is found
in a canonical PIE, where U1A typically dimerizes on the RNA
across the two sites (61).

To verify that U1A binds to the predicted consensus U1A
binding sites, we created SMN 3’-UTR constructs with muta-
tions to each of the predicted U1A binding sequences. These
RNAs were added to HeLa extract, and association with U1A
was monitored by streptavidin pulldown and Western blot. We
found that mutation of either of these sites reduces association
of U1A with the SMN 3’-UTR in cell extract. Fig. 2C shows the
Western blot for UlA, and Fig. 2D shows the quantitation.
Mutation of the first site reduces U1A binding by 65.73 * 1.5%
of that of the wild type SMN sequence. Mutation of the second
site also significantly reduces U1A binding to SMN 3’-UTR, but
to a lesser extent than for the first site, by 30.05 = 7.5%. This
difference indicates weaker binding at this site than at the first
site, as predicted. These results demonstrate that U1A specifi-
cally recognizes binding sites flanking the polyadenylation site
on the SMN pre-mRNA.

UIA Directly Binds the SMN 3'-UTR—To show that U1A
binds directly and with high specificity to the SMN 3'-UTR, we
measured direct binding with recombinant U1A protein and in
vitro transcribed SMN 3'-UTR RNA. Upon addition of increas-
ing amounts of U1A protein, we observed binding of first one
and then a second molecule of U1A to the SMN 3'-UTR (Fig.
3A). Mutation of the upstream, higher affinity site (site 1)
resulted in a loss of the monomer species, although U1A even-
tually dimerized at higher protein concentrations on the down-
stream, low affinity site (site 2) (Fig. 3B). To verify that the band
represented binding of U1A to site 2 and not simply low affinity
binding to the mutant site 1, we also mutated the second site,
causing complete loss of U1A binding in the absence of both
sites (Fig. 3C). This is reminiscent of what occurs when U1A
binds its own 3'-UTR (35, 61). In that case, U1A first recognizes
the high affinity site (35, 61). Following binding to RNA, U1A
dimerizes through extensive contacts between the N-terminal
RRM domains as well as a peptide adjacent to the RRM (62, 63).
Once dimerized, the RRM from the second UlA contacts the
lower affinity RNA site (61— 63).

We determined the affinity of the interaction of U1A with the
SMN 3’-UTR using EMSAs under equilibrium conditions. UTA
binds to the SMIN 3’-UTR with an apparent K, of 19 = 4 nm
(Fig. 3, D and F) for binding of the first molecule of U1A to the
RNA. Mutation of the first U1A binding site greatly reduces
U1A protein binding to the SMN 3’-UTR, as shown in Fig. 3E,
demonstrating high specificity of ULA for the SMN 3'-UTR.
Taken together, these data show that U1A directly binds the
SMN 3’-UTR with high affinity and specificity.

U1A Specifically Inhibits 3' Processing of the SMIN Pre-mRNA—
Because U1A binds near the polyadenylation site of the SMN
3’-UTR, and U1A is known to function as an inhibitor of poly-
adenylation, we investigated the function of U1A in 3’ process-
ing of the SMN pre-mRNA. We first performed in vitro poly-
adenylation assays with [**PJUTP-labeled SMN 3'-UTR
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constructs that contain the polyadenylation signal sequences
and 3’ cleavage site. Labeled RNA was incubated with HeLa
nuclear extract under conditions that favor polyadenylation
and cleavage, allowing endogenous CPSF, CstF, and PAP pres-
ent in the nuclear extract to cleave and polyadenylate the sub-
strate RNA. Polyadenylation of the labeled RNAs causes the
appearance of a smear of larger species on a denaturing poly-
acrylamide gel. Fig. 4 (A—C) shows that the addition of recom-
binant U1A protein inhibits the formation of poly(A) tails on
the RNA. Cordycepin is included in the reaction as a control,
because it is an ATP analog that will not allow 3" extension by
PAP, verifying that the signal on the gel is due to polyadenyl-
ation. U1A has been shown to bind and directly inhibit PAP
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(36). Recombinant U1A readily inhibited PAP in solution, so
the inhibition we observed was not RNA-specific. Also, poly-
adenylation of the SMN transcript was particularly inefficient,
possibly in part because of the UA dinucleotide at the 3’ cleav-
age site and/or other possible negative regulatory elements,
allowing spurious polyadenylation at the 3’ end of the con-
struct. We therefore directly examined the 3’ cleavage step that
is independent of PAP and that occurs immediately prior to the
poly(A) tail addition. Cleavage assays were performed much
like the polyadenylation assay, except that cordycepin 3’
triphosphate was added. Under these conditions, cleavage will
still occur, but poly(A) addition is blocked, allowing detection
of the 118-nucleotide cleaved intermediate (Fig. 4D). Addition
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of U1A to the wild type SMN pre-mRNA construct in nuclear
extract effectively inhibited 3’ cleavage of mRNA (43.8 = 10.7%
decrease; Fig. 4E). Mutation of either of the U1 A sites (site 1 and
site 2 mutations) blocked the inhibition by U1A, restoring
proper cleavage of the pre-mRNA. These results demonstrate
that binding of U1A to the SMN 3’-UTR specifically blocks 3’
cleavage of the SMN pre-mRNA prior to the poly(A) addition
step and that both U1A binding sites are required for inhibition
of cleavage.

UIA Overexpression Reduces SMN Levels in Cell Culture—
Because U1A inhibits 3" processing of the SMN pre-mRNA in
vitro and in cell extract, we next tested whether U1A affects
SMN expression in living cells. Under normal growth condi-
tions, most or all of ULA is bound to the Ul snRNA as a com-
ponent of the U1 snRNP (64). Regulation of polyadenylation by
U1A has been observed under conditions where U1A is over-
expressed relative to the Ul snRNA, resulting in a significant
pool of snRNP-free U1A (35, 47, 65). Under these conditions,
excess U1A binds to its own mRNA and inhibits its own expres-
sion through decreased polyadenylation as part of an autoreg-
ulatory loop to restore UlA to proper levels. We wanted to
investigate whether these same conditions also resulted in
down-regulation of SMN. A construct containing the U1A cod-
ing sequence under the control of the CMV promoter was
transfected into HeLa cells. Twenty-four hours later, the cells
were harvested and analyzed for protein and RNA expression.
Fig. 54 shows a Western blot of cells transfected with either 2 or
4 ng of U1A plasmid. U1A expression increased with increasing
amounts of plasmid, with transfection efficiencies of ~75—80%
for the 2-ug samples and 85-90% for the 4-ug. Transfection of
4 pg of plasmid resulted in an ~2-fold increase in ULA protein
relative to mock transfected controls, whereas Ul snRNA was
only slightly increased, verifying that we had generated snRNP-
free U1A (Fig. 5B). Under these conditions, we observe a dose-
dependent decrease in endogenous SMN protein and mRNA
expression that is inversely correlated with UlA expression
(Fig. 5C). Because U1A also functions as part of the pre-mRNA
splicing machinery, it was possible that overexpression of U1A
could affect SMN expression by perturbing splicing of the
endogenous mRNA. To eliminate this possibility, we generated
luciferase reporter constructs that contain the luciferase open
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reading frame with either the luciferase 3'-UTR, the UlA
3’-UTR, or the SMN 3'-UTR. These constructs were trans-
fected into mouse 37T3 cells or HeLa cells along with a construct
for overexpression of human U1A. A separate cell line overex-
pressing FLAG-tagged U1A was used to verify that ULA could
target its own endogenous expression (Fig. 5D). After 24 h, cells
were assayed for U1A protein levels as well as luciferase activity.
Fig. 5E show that co-transfection of U1A results in a significant
decrease in luciferase from reporters tagged with either the
U1A or the SMN 3'-UTRs, whereas a luciferase construct lack-
inga 3’-UTR was used as a negative control, and expression was
not significantly different in the presence or absence of ULA
overexpression.

DISCUSSION

The results described above demonstrate that U1A binds to
the SMN 3'-UTR both in vitro and in vivo. Binding of U1A to
the SMN 3’-UTR specifically inhibits 3" cleavage of the mRNA,
causing a decrease in polyadenylation and a corresponding
decrease in SMN protein expression. This is the first example of
any protein regulating SMN levels through 3’ processing of the
SMN transcript.

The primary U1A binding site is immediately upstream of
the CPSF binding site and 3’ cleavage site. U1A binds to this site
with high affinity and specificity both in vitro and in cell
extracts. We find a second potential, albeit much weaker, U1A
binding site immediately downstream of the cleavage site, rem-
iniscent of the PIE arrangement. This site is likely only bound
when U1A dimerizes following recruitment through the higher
affinity upstream site. Although we could not detect significant
direct binding to this site independent from the first site, muta-
tion of this second site does cause a small but significant
decrease in the association of U1A with the SMN 3'-UTR in cell
extracts, as well as a loss of binding in vitro when the first site
has already been mutated, and the complete loss of Ul1A-de-
pendent inhibition of 3’ cleavage. An alternative explanation is
that UlA primarily functions through the higher affinity
upstream site, either alone or in conjunction with other, as yet
unidentified, proteins, and that the second site mutant is affect-
ing the local secondary structure. Further structural and bio-
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physical work will be necessary to determine exactly how U1A
interacts with this downstream site.

In the best understood system, U1A inhibits polyadenylation
of its own mRNA through dimerization on a PIE in its own
3’-UTR (35-37). In that case, the two UlA binding sites are
both upstream of the polyadenylation site, and binding of U1A
inhibits poly(A) tail addition by poly(A) polymerase (PAP). In
the case of the SMN transcript, the higher affinity site is
upstream of the cleavage and polyadenylation site, but the sec-
ond site is 17 nucleotides downstream of the cleavage site. In
this case, we find that U1A blocks polyadenylation by specifi-
cally inhibiting the 3’ cleavage step immediately prior to
poly(A) tail addition by PAP. One explanation for this differ-
ence in mechanism may be that the SMN 3’-UTR contains a
noncanonical, inefficient UA dinucleotide at the cleavage site,
leaving cleavage more amenable to inhibition. Further, UIA
dimerization across the cleavage site could potentially affect the
geometry of the cleavage site. Indeed, U1A has been shown to
inhibit both 3’ cleavage and polyadenylation of the IgM heavy
chain mRNA during B cell differentiation, and, similarly to the
SMN system, U1A binds to the IgM heavy chain pre-mRNA
both upstream and downstream of the regulated cleavage site.
U1A may be functioning on the SMN mRNA in a manner sim-
ilar to the IgM heavy chain system (47, 66, 67). Identifying the
molecular details of the inhibitory mechanism presents an
interesting avenue for further investigation.

U1A is also a component of the U1 snRNP, which itself func-
tions in polyadenylation. Recent work has identified a global
role for the U1 snRNP in regulation of alternative polyadenyl-
ation (68), and U1 snRNP sites have been shown to work syn-
ergistically with direct U1A binding sites on mRNAs (69, 70).
We did not detect U1 snRNP bound to the SMN 3'-UTR either
in vitro or in vivo, nor did we identify any Ul snRNP binding
sequences in the SMN 3'-UTR. Rather, in this case, UIA
appears to be acting independent of the Ul snRNP.

U1A inhibits its own polyadenylation as part of a feedback
mechanism. When U1A levels are too high, U1A binds to its
own mRNA to inhibit its own expression until UlA levels
return to normal. We now extend this feedback to SMN, the
protein responsible for the biogenesis of the Ul snRNP. High
levels of U1A not only signal to reduce U1A expression, but also
to reduce SMN expression, and presumably U1 snRNP produc-
tion, until levels of U1A are brought back to normal. This work
demonstrates that regulation of expression of the basal splicing
machinery is more complex and tightly controlled than previ-
ously thought.

There is much interest in understanding how SMN levels are
controlled in cells. Small increases in SMN have the potential to
have a significant impact on SMA pathogenesis. Increasing
SMN levels to restore function in SMA has largely focused on
replacement of the defective SMNI gene, increasing transcrip-
tion, and correction of aberrant splicing of the SMN2
mRNA transcript. Because low levels of SMN cause SMA, any
regulatory pathway that could be exploited to restore SMN
expression to improve function of motor neurons will be criti-
cal. Here, we describe a new mechanism of controlling SMN
expression through 3’ processing of its transcript. Whether the
repression of SMN by U1A is active in motor neurons remains
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unknown, although U1 snRNP levels and activity are tightly
coupled to SMN expression. Reduction of SMN, as seen in
SMA, causes tissue-specific defects in the expression of Ul
snRNP, potentially changing the balance between snRNP-
bound and snRNP-free U1A. This work allows investigation of
this pathway in SMA.
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