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SUMMARY

Inhibition of muscleblind-like (MBNL) activity due to sequestration by microsatellite expansion
RNAs is a major pathogenic event in the RNA-mediated disease myotonic dystrophy (DM).
Although MBNL1 and MBNL2 bind to nascent transcripts to regulate alternative splicing during
muscle and brain development, another major binding site for the MBNL protein family is the 3’
untranslated region of target RNAs. Here, we report that depletion of Mbnl proteins in mouse
embryo fibroblasts leads to mis-regulation of thousands of alternative polyadenylation events.
HITS-CLIP and minigene reporter analyses indicate that these polyadenylation switches are a
direct consequence of MBNL binding to target RNAs. Mis-regulated alternative polyadenylation
also occurs in skeletal muscle in a mouse polyCUG model and human DM resulting in the
persistence of neonatal polyadenylation patterns. These findings reveal a novel developmental
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function for MBNL proteins and demonstrate that DM is characterized by mis-regulation of pre-
mMRNA processing at multiple levels.

INTRODUCTION

The dynamic processing of primary RNA transcripts, including alternative splicing (AS) and
alternative polyadenylation (APA), generates the functional mammalian RNA repertoire
essential for normal tissue development and maintenance (Di Giammartino et al., 2011,
Kornblihtt et al., 2013). For protein-coding genes, AS produces a vast diversity of isoforms
that may vary in coding and non-coding regions. APA may also alter coding regions but
primarily creates alternative 3’ untranslated regions (3" UTRs) that display variable
interactions with trans-acting factors, including RNA-binding proteins (RBPs) and
microRNAs, leading to modulation of RNA localization, translation and turnover (Tian and
Manley, 2013).

Regulation of AS and APA requires the recruitment of numerous RBPs and RBP-RNA
complexes to nascent transcripts and alterations in the activities of these transacting factors
are associated with a number of human diseases (Danckwardt et al., 2008; Singh and
Cooper, 2012). For example, global defects in AS due to SMN loss-of-function have been
implicated in spinal muscular atrophy and abnormal splicing due to TARDBP mutations
occurs in amyotrophic lateral sclerosis (Arnold et al., 2013; Zhang et al., 2013). Similarly,
the expansion of a GCG microsatellite in PABPN1, which encodes the major nuclear
poly(A) tail binding protein, results in oculopharyngeal muscular dystrophy (OPMD) and
enhanced selection of proximal polyA sites (pAs) during 3’-end processing (de Klerk et al.,
2012; Jenal et al., 2012). Interestingly, widespread 3’ UTR shortening due to APA is also
observed in cancer cell lines and tissues while progressive 3" UTR lengthening occurs
during mouse embryonic development (Ji et al., 2009; Mayr and Bartel, 2009).

The muscleblind-like (MBNL) protein family (MBNL1, MBNL2, MBNL3) plays a
prominent role in the regulation of AS during development (Poulos et al., 2011). MBNL1
and MBNL2 repress embryonic stem cell (ESC), and promote differentiated cell, splicing
patterns and knockdown of these proteins increases the expression of key pluripotency genes
required for induced pluripotent stem cell generation (Han et al., 2013). Loss of MBNL
function is also a central pathological event in the neuromuscular disease myotonic
dystrophy (DM). DM is caused by either CTG microsatellite expansions (CTG®*P) in the
DMPK 3’ UTR (DM1) or CCTG expansions (CCTG®*P) in CNBP intron 1 (DM2).
Transcription of these expansions yields C(C)UG®*P RNAs that sequester the MBNL
proteins, which function as alternative splicing factors responsible for switching the splicing
of target gene transcripts during postnatal development. While Mbnl1 knockout (KO) mice
show salient features of DM muscle pathology, Mbnl3 KOs develop a progressive decline in
skeletal muscle regenerative capacity (Kanadia et al., 2003; Poulos et al., 2013). In contrast,
Mbnl2 KOs display characteristic central nervous system defects associated with DM
(Charizanis et al., 2012). Although Mbnl1; Mbnl2 double knockout mice are embryonic
lethal, Mbnl17/=; Mbnl2*/~ mice are viable and develop severe muscle wasting and heart
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conduction defects (Lee et al, 2013). Thus, we have proposed that DM results from a
compound loss of Mbnl activity.

RBPs often perform multiple regulatory functions. Indeed, MBNL proteins function in AS,
MRNA localization and pre-miR-1 processing (Charizanis et al., 2012; Ho et al., 2004;
Kanadia et al., 2003; Rau et al., 2011; Wang et al., 2012). Here, we test the possibility that
MBNL loss-of-function also affects the developmental regulation of APA. PolyA-seq
analysis of mouse embryonic fibroblasts (MEFs) showed widespread APA dysregulation
following loss of Mbnl proteins. High throughput sequencing-crosslinking
immunopurification (HITS-CLIP) and minigene reporter analyses demonstrated that Mbnl
binding directs alternative pA selection. Mbnl-mediated APA regulation during postnatal
development was confirmed in a transgenic mouse DM1 model and in human DM1 and
DM2. These results indicate that Mbnl proteins are required for normal developmental
regulation of alternative polyadenylation and multiple pre-mRNA processing steps are
adversely affected in DM.

Widespread Shifts in Polyadenylation Site Selection Following Mbnl Depletion

Since previous studies indicate that major Mbnl binding sites exist in 3’ UTRs (Charizanis et
al., 2012; Poulos et al., 2013; Wang et al., 2012), we investigated the possibility that Mbnl
proteins function in APA regulation. As an initial step, primary MEFs were isolated from
WT and Mbnl12E3/AE3: \pn| 2AE2/AE2 (DK O) E13.5 littermates (Lee et al., 2013). Mbnl2
RNA levels were 1.6-fold higher, and MbnlI3 5-fold lower, than Mbnl1 in WT primary
MEFs (Figure S1A). Immunoblot analysis of WT primary MEF subcellular fractions
confirmed that Mbnl1, Mbnl2 and Mbnl3 were predominantly localized in the nucleus
similar to Elavll, another nuclear RNA-binding protein (Figure 1A). WT MEFs expressed
all three Mbnl proteins while Mbnl1 was undetectable in Mbnl12E3/AE3 (Mbnl1 KO), Mbnl2
was undetectable in Mbnl22E2/AE2 (Mbnl2 KO) and neither Mbnl1 nor Mbnl2 were
detectable in DKO MEFs (Figure 1B). In contrast, Mbnl3 protein was constitutively
expressed in DKOs. To obtain MEFs deficient in all Mbnl activity, MbnI3 protein
expression was reduced by >80% in DKO MEFs, compared to WT, following siRNA-
mediated knockdown (siMbnl3) (Figure 1B, DKO/3KD). DKO/3KD MEFs were viable
although their doubling time was reduced ~18% compared to WT cells (Figure S1B).

A PolyA-seq strategy, which involved Illumina sequencing followed by computational
removal of oligod(T) internal priming events at templated A-rich sequences, was pursued to
determine if Mbnl proteins were involved in APA regulation (Derti et al., 2012). PolyA-seq
libraries were generated from RNA isolated from WT, DKO and DKO/3KD MEFs and the
proportional change of polyA site usage and false discovery rate, estimated by the
Benjamini method (see Supplemental Experimental Procedures), were used to identify
significant pA changes. Interestingly, thousands (4,597) of pA shifts were identified in
DKO, while 5,107 shifts occurred in DKO/3KD, MEFs when compared to WT (FDR <
0.001, dI = 10.151; Table S1). Shifts to more proximal (relative to the coding region
termination codon) and distal pAs were routinely observed in WT versus DKO and
DKO/3KD MEFs (Figure 1C). Selected APA targets were validated by 3’ RACE using
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oligo(dT) reverse, and gene-specific forward, primers (Figure 1D). As examples, compound
depletion of Mbnl1 and Mbnl2 resulted in profound dysregulation of Fosl2 (distal to
proximal shift) and Papola (proximal to distal) APA site selection in DKO compared to WT
MEFs. Further depletion of Mbnl3 resulted in more pronounced pA shifts in DKO/3KD
MEFs and 3’ RACE and qRT-PCR confirmed APA shifts in Calm3 (Figure 1E). These
results indicated that Mbnl proteins are essential for the normal MEF APA signature. To
assess if these pA shifts were a direct effect of Mbnl protein binding, HITS-CLIP analysis
was performed.

Mbnl Proteins Bind Directly to Target RNAs

HITS-CLIP was done using either WT MEFs or both WT and DKO for Mbnl3 to determine
the effects on Mbnl3 binding following compound loss of Mbnl1 and Mbnl2 (Table S2,
Figure S2). Libraries, prepared using RNAs purified from low RNase lanes, were sequenced
and significant clusters identified after mapping reads to the mouse genome. As shown
previously for C2C12 myoblasts, the majority of Mbnl1 MEF CLIP tags were intronic
(40%) followed by the 3’ UTR (24%) (Figure 2A) as opposed to mouse tissues where the
majority of reads are located in the 3’ UTR (Wang et al., 2012). Similar to mouse brain
(Charizanis et al., 2012), most Mbnl2 CLIP tags mapped to the 3’ UTR (35%). In contrast to
C2C12 cells and embryonic muscle (Poulos et al., 2013), the majority (71% for WT, 63%
for DKO) of MEF Mbnl3 binding sites were intronic (Figure 2A). Considerable, but not
complete, overlap was observed between gene transcripts that bound to Mbnl1, Mbnl2 and
Mbni3 (Figure 2B) suggesting that Mbnl proteins, expressed concurrently in the same
cellular compartment, recognize both common and unique binding sites possibly due to
differences in the various isoforms expressed by each Mbnl gene (Pascual et al., 2006).

RNA regulatory maps demonstrate that Mbnl splicing activity is position-dependent
comparable to other alternative splicing factors (Charizanis et al., 2012; Du et al., 2010;
Licatalosi et al., 2008; Wang et al., 2012). Interestingly, HITS-CLIP and PolyA-seq analysis
indicated that Mbnl1, Mbnl2 and Mbnl3 binding sites were often enriched near pAs (Figure
2C). A common pattern emerged as exemplified by Calm3, where the major binding sites
for all three Mbnl proteins either overlap a proximal pA or are located upstream of a major
WT distal site. Similar to Mbnl intronic binding sites, Mbnl1, Mbnl2 and Mbnl3 recognized
YGCY clusters as the preferred binding motif although some sequence variance flanking
this core motif was evident (R/'YGCY, Figure S2A). Loss of Mbnl1 and Mbnl2 in DKO
MEFs led to a large increase in proximal pA use while further depletion of Mbnl3 in the
DKO/3KD decreased distal site use further for both 3’ UTR (Calm3) and intronic (Camk1d)
alternative pAs (Figure 2C). While this observation suggested that Mbnl binding to sites in
the immediate vicinity of a pA tended to silence site utilization, binding further upstream
enhanced use. This latter possibility was exemplified by ltgh1 where Mbnl binding sites
were restricted to a region ~100 nt upstream of the distal pA and loss of Mbnl1-3 resulted in
silencing of the distal site while the proximal site was enhanced. Using the HITS-CLIP and
RNA-seq datasets, the MEF Mbnl RNA target PolyA map was generated based on the top
200 pA changes (Figure 2D), which highlighted two major APA patterns (Figure 2E). Mbnl
protein binding proximal to a pA showed enhanced utilization in Mbnl1/2 DKO MEFs so
Mbnl proteins normally block these sites (Figure 2E, Pattern I) as suggested previously for
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Nova proteins (Licatalosi et al., 2008). Alternatively, Mbnl binding to distal sites, primarily
upstream of an alternative cleavage site (—100 to —200), may facilitate recruitment of the 3’-
end processing machinery possibly by stabilizing RNA secondary structures (Pattern 11). To
determine if Mbnl protein binding proximal to a pA regulated APA directly, a minigene
mutational analysis was pursued.

Direct Role for Mbnl Proteins in PolyA Site Selection

Minigene APA reporters were constructed using an IRES-driven firefly luciferase ORF
upstream of either the WT (Calm3WT, 1tgh1WT) or mutant (Calm3MUT  tgb1MYT) mouse
Calm3 and Itgbl 3’ UTRs, which contain two major pAs (pAl, pA2) (Figure 3A and Table
S3). Mbnl binding sites were identified as crosslinking-induced mutation sites (CIMS) by
HITS-CLIP (Zhang and Darnell, 2011) and the GC dinucleotide core of the Mbnl-binding
motifs was mutated to GG, a strategy that has been shown to block Mbnl AS activity (Du et
al., 2010). COSM6 cells were selected for this analysis since they express primarily MBNL1
(Figure 3B) and mouse Calm3 and Itgb1 primers did not amplify COSM6 endogenous
RNAs. The level of MBNL1 expression was assessed by transfecting cells with WT or MUT
plasmids with, or without, exogenous myc-Mbnl1 expression driven by pcDNA3.1-
Mbnl1mye (Figure 3C) and the effects of Calm3 and Itgb1 mutations on distal/proximal
(D/P) site ratios was determined by 3’ RACE (Figure 3D). As anticipated (Figure 2E),
mutation of the Calm3 (Calm3MUT) proximal, or Itgb1 distal (I1tgb1MYT), Mbnl-binding
sites led to an increase in pAl site use with a corresponding 40% (Calm3) to 60% (ltgh1)
decrease in D/P ratio (Figure 3D). While increased Mbnl1 expression following pcDNA3.1-
Mbnl 1y transfection enhanced Calm3 WT distal pA selection, presumably due to
increased silencing of Calm3 pAl, there were no significant effects on Calm3MUT p/p
ratios. The Calm3MUT 3/ UTR plasmid showed elevated luciferase activity compared to
Calm3WT and Mbnl 1y, expression significantly reduced Calm3WT, but not Calm3MUT,
luciferase expression (Figure 3E). In contrast, ltghl MBNL-binding site mutations upstream
of the pA2 site reduced luciferase activity suggesting enhanced use of Itghl pAl decreased
MRNA stability. This result supported a recent study that identified two ELAVL1/HuUR
binding sites between pAl and pA2 (Figure 3A) which inhibit Itghl mRNA turnover
(Naipauer et al., 2013) and ELAVL1 was expressed at a relatively high level in COSM6
cells (Figure 3B).

Several approaches were used to determine if Mbnl binding directly influenced endogenous
pA site selection by modifying site-specific recruitment of 3’ end processing factors (3’ PF).
First, an RNA immunoprecipitation protocol (RIP) was used to monitor binding of Cpsf160
and Cstf2, two core components of the 3’ PF machinery that recognize the polyadenylation
signal and U/GU-rich downstream region, respectively (Di Giammartino et al., 2011). As an
example, both Cpsf160 and Cstf2 bound to the Calm 3 distal (pA2) site in WT MEFs but
switched to proximal (pAl) site binding following loss of Mbnl activity in DKOs (Figure
3F). Since this result suggested that Mbnl proteins block 3’ PF recruitment to normally
cryptic upstream sites, HITS-CLIP analysis was performed on WT versus DKO MEFs using
an antibody against another 3’ PF, Cpsf6 (CF 1,68). This global analysis revealed a common
reciprocal pattern of Mbnl and Cpsf6 binding to polyadenylation sites. For example, Mbnl
proteins bound proximal to Tpm1 and Slc25a pALl sites that were poorly utilized in WT
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MEFs and these binding sites overlapped Cpsf6 binding, which was activated in Mbnl
DKOs (Figure 3G). Indeed, the RNA map of Cpsf6 normalized CLIP tag density indicated
increased Cpsf6 binding upstream of pA sites that were activated following loss of Mbnl
activity.

Mis-Regulation of Developmental Polyadenylation in a DM1 Model

To determine if APA was also affected by expression of CUG®*P RNA in vivo, we next
analyzed HSALR mice, a model for DM1 muscle disease that express a CUGE*P in the 3/
UTR of a human skeletal actin transgene (Mankodi et al., 2000). Immunoblot analysis
demonstrated that Mbnl1 is the most highly expressed member of the Mbnl family in adult
FVB quadriceps with lower expression of Mbnl2 and no detectable Mbnl3 (Figure 4A).
Immunofluorescence of transverse sections of 4 month old FVB quadriceps showed a
diffuse nucleoplasmic localization pattern for Mbnl1 in WT FVB while Mbnl1 re-localized
into nuclear CUG®*P foci in HSALR muscle (Figure 4B) as described previously (Lin et al.,
2006). Mbnl2 protein expression in myonuclei was below the immunofluorescence detection
threshold in WT mice but Mbnl2 sequestration in nuclear foci was evident in HSALR while
Mbnl3 proteins were not observed in either WT or HSALR adult muscle.

To investigate APA regulation in HSALR, PolyA-seq was performed for WT and HSALR
quadriceps muscle and 532 different genes showing pA changes were uncovered in HSALR
compared to WT (FDR < 0.05, dl =10.151) (Table S1 and Figure 4C). Remarkably, and
similar to AS, APA generally reverted to an embryonic pattern in HSALR adult muscle. We
found 1,848 genes that showed pA changes between WT P1 neonate and adult quadriceps
and 349 (~66% of total HSALR genes) of the genes showing pA shifts in HSALR muscle also
showed consistent changes in P1 muscle. Similar to MEFs, pA shifts to both distal and
proximal sites were observed in HSALR and WT P1 although proximal shifts predominated
(Figure 4D) (FDR < 0.05, dl = 10.151). The majority of these switch events showed a similar
pattern in the distal/proximal ratio between WT P1 neonatal and adult HSALR muscles
indicating that loss of Mbnl activity by sequestration of CUG®*P RNAs generally resulted in
a reversion to the fetal polyadenylation pattern although some genes showed the opposite
pattern (e.g., Sgcg) (Figure 4E).

To determine which polyadenylation changes were directly regulated by Mbnl proteins,
Mbnl1 HITS-CLIP was performed using adult FVVB quadriceps muscle and the Mbnl
binding consensus was identified using the top 500 clusters. Nearly half (44%) of the total
Mbnl1 binding sites were located in the 3’ UTR and many of these Mbnl peaks were
concentrated around annotated pA sites (Figure 5A). HITS-CLIP clusters were identified for
more proximal (Calm3) and distal (Tubada) pA shifts (Figure 5B). Similar to MEFs, when
Mbnl binding overlapped a pA that site was blocked but when the binding site was
predominantly upstream then use of the downstream site was enhanced.

The effects of altering Mbnl levels on APA in vivo were also studied. Calm3 and Tuba4a
skeletal muscle RNAs were analyzed by gRT-PCR from either WT, Mbnl1~/~; Mbnl2¢/c;
Myo-Cre* (muscle DKO) or MBNL1 overexpression (OE) mice. For DKOs, the genetic
background was C57/BL6 (B6) while FVB was the background for WT P1, HSALR and
MBNL1 OE mice (Chamberlain and Ranum, 2012; Lee et al., 2013; Mankodi et al., 2000).
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For Calm3, loss of Mbnl1 and Mbnl2 proteins in DKO muscle resulted in a significant
increase in proximal pA selection, and a corresponding ~50% decrease in the distal to total
(D/P+D) pA ratio, similar to that observed for WT P1 and HSALR (Figure 5C). In contrast,
MBNL1 OE repressed Calm3 pAl and led to enhanced distal site selection. The opposite
pattern was observed for Tubada where the DKO showed an increase, and Mbnl1 OE a large
decline, in distal pA use. The Mbnl RNA target PolyA map showed similar patterns to that
observed in MEFs although Mbnl1 binding sites that either promoted pA selection or
skipping were shifted to sites closer to the affected pA (Figure 5D). These results indicate
that APA of Mbnl target RNAs is responsive to Mbnl protein levels in vivo and that Mbnl
sequestration by a CUG®XP often leads to reversion to the fetal APA pattern.

Dysregulation of Alternative Polyadenylation in Myotonic Dystrophy

To pursue the possibility that APA dysregulation is also a distinctive feature of myotonic
dystrophy, PolyA-seq analysis was performed on human control (non-DM muscle atrophy)
and DM1 skeletal muscles and the results compared with the corresponding datasets for
HSALR muscle (Figure S3 and Table S4). Similar to MEFs following depletion of Mbnl1-3
proteins as well as WT neonatal (P1) muscle, the majority (59%) of pAs shifted upstream in
DM1 (Figure 6A). The highest scoring pA shift mapped to the DHFR gene (Table S1).
DHFR contains a major promoter responsible for DHFR pre-mRNA synthesis as well as an
upstream minor promoter, which produces a non-coding (nc) RNA that represses the major
promoter (Martianov et al., 2007). While multiple pAs in DHFR intron 2 have been
documented for the ncRNA, the relevance of these sites to ncRNA repression activity is
currently unclear. In control muscle, PolyA-seq indicated that three of these intronic sites
were frequently used with the most distal pA the least utilized (Figure 6B). In DM1 muscle,
use of the distal pA increased, while the proximal site decreased, and polyadenylation at the
major transcript 3’ UTR pA increased. Since the current DHFR regulatory model predicts
that lower levels of the ncRNA should relieve transcriptional repression of the major
promoter, these results suggested that a control element for ncRNA levels exists between the
intron 2 proximal and distal pAs. Indeed, the ncRNA in DM1 decreased, while DHFR
MRNA increased, significantly compared to control muscle (Figure 6C).

Pathways altered by the DMPK CTG®*P mutation were identified by GO analysis using
genes with altered 3’-end processing in DM1 versus control muscle. This analysis
highlighted genes involved in ubiquitination, IGF-1 signaling and calcium regulation
(Figures 6D and S4). Because a debilitating feature of DM1 is muscle weakness/wasting, we
focused on IGF-1 and mTOR signaling due to its central role in growth regulation and
muscle hypertrophy/atrophy (Laplante and Sabatini, 2012). mTORC1 promotes protein
synthesis and hypertrophy and is activated by Akt, which also represses the activator of
muscle catabolism FOXO1. In DM1, FOXO1 increased while the mTORC1 component
RPTOR decreased which could trigger loss of muscle mass (Figure 6C). PolyA-seq
suggested that the decrease in RPTOR RNA levels resulted from an increase in the use of a
more distal 3’ UTR pA (Figure 6E). Myogenin, in addition to its role in promoting muscle
development, regulates neurogenic atrophy (Moresi et al., 2010). Myogenin expression is
controlled by Class 11 HDACs, which are upregulated following denervation and muscle
atrophy (Cohen et al., 2007; Tang et al., 2009). Since Hdac5™/~ KO mice are protected
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against denervation-mediated atrophy due to a failure of myogenin upregulation (Moresi et
al., 2010), we also investigated HDAC5 APA and found a large decrease in distal pA
selection (Figure 6E) together with an approximately two-fold increase in HDAC5 mRNA
(Figure 6C). Therefore, the expression of CUG®P RNA and MBNL protein sequestration
led to discrete alterations in alternative polyadenylation that induce key pathways known to
inhibit protein synthesis and activate protein catabolism leading to muscle atrophy.

To confirm alternative polyadenylation in DM using a different experimental approach, we
analyzed our recent AllExon microarray dataset of human controls (normal and the disease
control FSHD), DM1 and DM2 skeletal muscle biopsies (Nakamori et al., 2013). To
prioritize candidates for further investigation, probe sets were selected with a >2-fold change
in DM1 or DM2 vs. normal controls (p < 0.01 for DM1 vs. normal, p < 0.05 for DM2 vs.
normal). Among 858 probe sets selected by these criteria, we eliminated candidates that
could result from differences in transcription start site, genes that were represented by <5
probe sets, retrogenes and non-protein coding genes leaving 438 probe sets. Among these
candidate events, 123 (28%) belonging to 80 genes represented possible alternative 3’ exons
or APA sites (Table S5). We examined 24 possible APA examples using RT-PCR with a
forward primer in a common exon and two reverse primers positioned in each of the
alternative 3’ regions (Table S6). Results of this analysis were consistent with differential 3’-
end formation for 17 of the 24 candidates for both DM1 and DM2 muscle compared to
normal controls (Figures 7A and S5). Nearly half (8/17) of these events showed similar
changes in DKO/3KD MEFs, which indicated that MBNL sequestration strongly impacted
these DM-associated RNA processing defects. Interestingly, the majority (10/12) of APA
changes observed also occurred during normal muscle development in mice (Figure 7B,
Table S7).

DISCUSSION

The majority of human gene transcripts are regulated by alternative 3’ end formation
(Danckwardt et al., 2008; Derti et al., 2012). While the coupled cleavage and
polyadenylation reaction is primarily controlled by the 3’ end processing core machinery,
additional RNPs and RNP-RNA complexes play critical modulatory roles in pA selection
(de Klerk et al., 2012; Di Giammartino et al., 2011; Elkon et al., 2013; Jenal et al., 2012;
Tian and Manley, 2013; Yao et al., 2012). Given the importance of alternative 3’-end
formation during the transition from embryonic to adult life, it is likely that additional APA
modulatory factors are required for normal development.

Mbnl Proteins Modulate Splicing and Polyadenylation during Development

During mouse development, there is a progressive increase in the overall lengths of mMRNA
3’ UTRs, which has been attributed to a decline in the activity of the core cleavage and
polyadenylation machinery resulting in the skipping of pAs with less conserved core
sequence elements (Ji et al., 2009). Analysis of EST, SAGE and microarray data sets shows
that 3’ UTR lengthening occurs in most tissues during embryogenesis with <E8 being the
most active phase followed by a more gradual increase during E8 to PO and no overall
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length changes postnatally although 3" UTRs become progressively longer and shorter
during postnatal life in brain and testis, respectively (Ji et al., 2009).

While MBNL proteins are essential for the alternative splicing of specific RNAs during
multiple developmental windows (Han et al., 2013; Poulos et al., 2011), Mbnl proteins are
also required for normal mRNA localization. Mbnl1 and Mbnl2 depletion results in impaired
trafficking of membrane-associated mMRNASs as well as inhibition of translation and protein
secretion (Wang et al., 2012). Here we demonstrate that loss of Mbnl function in both cell
and animal models leads to widespread APA mis-regulation characterized by a shift to fetal
APA patterns in adult tissues. The polyadenylation regulatory map indicates that Mbnl
binding within the core 3’ end processing region suppresses, while more distal binding
elements positioned predominantly upstream activates, pA selection. Direct binding of Mbnl
proteins is required for APA regulation since mutation of Mbnl crosslinking sites suppressed
Mbnl-induced regulation. Furthermore, loss of Mbnl activity in vivo by sequestration on
CUG®*P RNA:s, in either a mouse DM1 model or in human DM1 and DM2, led to APA
dysregulation and re-expression of fetal polyadenylation patterns in adult muscle. Thus,
MBNL proteins regulate both alternative splicing and 3’-end processing of target gene
transcripts and loss of MBNL function in DM causes a reversion to fetal pre-mRNA
processing events. Importantly, the effects of MBNL loss on downstream events, including
altered localization, translation and turnover of MBNL targets, may be impacted by these 3’
UTR structural changes.

Mis-regulation of 3’ End Processing in Disease

Errors in 3’ end cleavage and polyadenylation are associated with a number of human
hereditary diseases with both recessive and dominant mutations occurring in the cleavage
and polyadenylation core sequence elements (Danckwardt et al, 2008; Tian and Manley,
2013). Although current evidence indicates that variations in the cellular levels of 3’ end
core processing factors, such as CstF-64/CSTF2, are a common trigger of pA changes (Di
Giammartino et al., 2011), additional factors are also important for APA control. In addition
to its role in splice site selection, U1 snRNP suppresses premature cleavage and
polyadenylation, possibly by co-transcriptional inhibition of Pol Il-associated CPSF (Berg et
al., 2012; Kaida et al., 2010). Another factor that influences APA is PABPN1. GCG®*P
mutations in this gene cause another muscular dystrophy, OPMD, and normal APA patterns
are altered in transgenic PABPN1 GCG®*P (A17.1) mice with the majority showing a shift to
more proximal pA sites (de Klerk et al., 2012; Jenal et al., 2012). Thus, PABPN1 might
normally suppress proximal/weak pA selection and loss of this function in OPMD leads to
APA global dysregulation (Jenal et al., 2012).

In this study, we demonstrate that MBNL activity is required for a normal developmental
APA signature and loss of MBNL function due to sequestration by CUG®*P RNAs leads to
selective effects on APA regulation. In agreement with a prior study on Nova proteins, Mbnl
proteins show position-dependent effects on 3’ end processing although Nova regulates a
smaller number of APA events and binds preferentially to unannotated 3’ UTRs within
previously classified intergenic regions (Licatalosi et al., 2008). Since Mbnl proteins
recognize R/YGCY motifs in both ssSRNA and dsRNA contexts, Mbnl-mediated utilization
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of a polyadenylation site may be attributed to direct recruitment of the core 3’ end
processing machinery or Mbnl binding might promote the formation, or stabilization, of
RNA secondary structures amenable to pA selection. Based on these findings, we propose
that Mbnl proteins regulate developmental APA of its target RNAs and loss of Mbnl
function in DM leads to aberrant 3’-end processing of these targets (Figure 7C). Pathological
changes in DM muscle may be attributable to specific alterations in 3’ UTR structures and
consequent changes in RNA localization and/or protein isoforms and levels. The discovery
of APA dysregulation in DM reveals an additional molecular mechanism underlying this
disease and provides important new biomarkers to assess the efficacy of ongoing and future
therapeutics.

EXPERIMENTAL PROCEDURES
MEF Isolation, Viability, RNA-FISH and RNA Immunoprecipitation

Animal procedures were approved by the University of Florida IACUC. Wild-type (WT),
Mbnl1AE3/AE3 (Mbnl 1 KO), Mbnl22E2/AE2 (Mbnl2 KO) and Mbnl 1AE3/AE3: \pn| 2AE2/AE2
DKO MEFs were isolated from E13.5 embryos. For Mbnl3 RNA knockdown, DKO MEFs
were either mock-treated or treated with siRNAs directed against MbnI3 (siMbnl3) (ON-
TARGET plus SMARTpool, Thermo Scientific Dharmacon) or a non-targeting siRNA
control (SiRNAnt) 6 hr post-seeding following the manufacturer’s protocol. Mbnl1-3 protein
levels and localization were determined as described previously (Poulos et al., 2013). For
analysis of cell viability, WT and DKO MEFs were transfected with siRNAnt and siMbnl3
for 48 hr followed by trypsin treatment and re-seeding in a 96 well plate. Cell viability was
analyzed 24 hr post-seeding using PrestoBlue (Life Technologies) following the
manufacturer’s protocol. RNA-FISH and RNA immunoprecipitation (RIP) were performed
as described (see Supplemental Experimental Procedures for details).

PolyA-seq and HITS-CLIP

Total RNAs were isolated and PolyA-seq libraries were prepared as described (Derti et al.,
2012) with several modifications (see Table S3 for primers). For MEFs and mouse
quadriceps muscle, total RNA (2 pug) was used for library preparation while 5 g total RNA
was used for human muscle samples (see Human Subjects below and Table S4). DNA
libraries of 200-500 bp were obtained and sequenced (I1lumina) using an oligo dT-
containing sequencing primer for 35 bp reads. Sequence files were mapped to the mouse
genome (mm10) using OLego (Wu et al., 2013), followed by identification, quantification
and analysis of differential usage of pA sites using custom methods. HITS-CLIP was
performed as described (Charizanis et al., 2012; Jensen and Darnell, 2008) with some
modifications (see Supplemental Experimental Procedures).

3’ RACE and RT-PCR Validation

For 3' RACE, RNA was reverse transcribed using the U1-T10VN primer and Superscript 111
(Invitrogen) followed by second strand synthesis as described for PolyA-seq library
generation and nested PCR with gene specific forward primers and an oligo dT containing
reverse primer (Berg et al., 2012). For gRT-PCR experiments, the MyiQ real-time PCR
detection system (Biorad) was used to amplify cDNAs and relative RNA levels were
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calculated to determine distal/proximal (D/P) or distal/total (D/T) site ratios, which were
normalized to the corresponding WT values.

Minigene Reporter Assays

For polyadenylation analysis using a minigene reporter, wild type or mutant Calm3
(Calm3WT, Calm3MUT) and Itgh1 (Itgb1WT, Itgb1MUT) 3’'UTRs were ligated downstream of
luciferase in the pMirTarget vector (Origene). Substitution mutants were generated using
Quickchange 11 site-directed mutagenesis (Agilent) according to the manufacturer’s protocol
followed by sequencing. COSM6 cells were transfected with 1 pg of plasmid (Calm3WT,
Calm3MUT '1tgh1WT, 1tgh1MUT, pCDNAB.1-Mbnl 1) and Fugene6 (Roche) according to
manufacturer’s protocol for 48 hr. For luciferase assays, transfected COSM6 cells (as above,
24 hr) were transferred into a 96 well plate at 2 X 103 cells/well for 24 hr. Luciferase
expression was measured using britelite plus (PerkinElmer) according to the manufacturer’s
protocol (n = 3 per sample) and luciferase activity was normalized to RFP fluorescence
values.

Human Subjects and Microarray Analysis

Signed informed consent was obtained for all study participants under protocols approved
by the University of Rochester or University of Florida Human Subjects Review Boards.
Participants had DM1, DM2 or FSHD by clinical and genetic criteria (Nakamori et al.,
2013) and vastus lateralis samples were obtained by needle biopsy or during autopsy, flash
frozen and stored at —80°C. Human AllExon array analysis was performed using biopsied
muscle as described for DM1 (n=8), DM2 (n=7), FSHD (n=8, disease control) and non-
dystrophic (n=8, normal control) individuals (Nakamori et al., 2013) (see Supplemental
Experimental Procedures).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MEF PolyA Site Shifts Following Mbnl Depletion
(A) Mbnl proteins are localized primarily in the nucleus in MEFs. Immunoblot analysis of

nuclear (Nuc) and cytoplasmic (Cyt) subcellular fractions demonstrated that Mbnl proteins
were predominantly nuclear. Elavi1/HuR was included as a nuclear RBP control and LDHA
as a cytoplasmic (Cyt) marker.

(B) Immunoblot validation of MEF Mbnl knockouts and knockdowns. Mbnl1-3 protein
levels were analyzed by immunoblotting of whole cell lysates isolated from wild type (WT),
Mbnl 12E3/AE3: \Mbn| 22E2/AE2 goyble KO (DKO), Mbnl1AE3/2E3 (Mbnl1 KO), Mbnl 2AE2/AE2
(Mbnl2 KO) (left panel). Right panel shows a comparison of Mbnl3 levels in WT (longer
exposure compared to left panel) and DKO MEFs following treatment with the siRNAs
targeting Mbnl3 (siMbnl3). Gapdh was included as a loading control.

(C) Scatter plots illustrating the shift of 3/ UTR poly(A) sites to shorter (proximal, red)
versus longer (distal, blue) sites relative to the coding region in WT versus DKO (left) and
WT versus DKO/3 KD MEFs (right) based on FDR <0.001 and —0.15>d1>0.15. The number
of shifts (n) were: 1) DKO, proximal (n = 3466), distal (1131), total (4597), no shift
(53568); 2) DKO/3KD, proximal (3626), distal (1481), total (5107), no shift (53060).

(D) Wiggle plots of PolyA-seq data of two Mbnl target genes (Fosl2, Papola). The figure
includes terminal exons with 3’ UTRs (thick black line) and coding regions (black box)
showing pA shifts (left) and 3’ RACE gel validation (right) of WT (turquoise) and DKO
(orange) MEFs.
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(E) Wiggle plots of Calm3 PolyA-seq (left), 3 RACE (middle) and gRT-PCR bar graphs
(right, n = 3 per sample, data represented as mean +/- SEM, **p < 0.01) for WT (turquoise),
DKO (orange) and DKO/3 KD (red) MEFs.

Mol Cell. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Batra et al.

Page 16

B 5'UTR exon

PR
2~ 4 deep intergenic
71 \ = downstream 10K
m CDS
intron
m 3'UTR

Mbnl1 Mbni2 Mbni3 Mbni3/DKO
B C 91 7240 593
HITS-CLIP Targets = ot |, ]826 ”gm '”?6,9
wr e g el ik
566
=L owns LR 11,
Jow | 1 |
-3
3 DKO
S| okowt | | ] | i
DKO/3KD | | I |
Mbni3 (DKO) —HHH— I — _
. " cams ° ° camkta *° Itgb1 3

E

Mbnl

-200 -100 0 100 200 Pattern | (55%)
14
é E selected AAUAAA pA DSE
J -50 +100
=

Calm3, Col4a1, Capzb, Cdk16, Tmed10

~

CLIP read density

Pattern Il (40%) Mbnl
74 = Mbnlt
- i AAUAAA A S
-_— mgﬂ% skipped -200 -100 P
: PA Itgb1, Myof, Pafah1b1, Actr2, Pdiaé

Figure 2. Mbnl Binding Sites and Alternative Polyadenylation
(A) Pie charts showing genomic distributions of binding sites for Mbnl1, MbnI2 and MbnI3

in WT MEFs and Mbni3 in Mbnl1/2 KO (Mbnl3/DKO) MEFs.

(B) Venn diagram of genes that contain Mbnl binding sites (HITS-CLIP targets) showing
overlap of genes that are regulated by Mbnl1-3 in MEFs.

(C) Wiggle plots of HITS-CLIP (top) and PolyA-seq (bottom) highlight Mbnl binding sites
that overlap and flank affected pAs in MEFs for 3’ UTRs (Calm3, Itgb1) and introns
(Camkad). For MbnI3 HITS-CLIP, DKO MEFs were used since loss of Mbnl1 and Mbnl2
led to an increase in Mbnl3 binding to Mbnl targets. HITS-CLIP brackets indicate the
number of unique tags at each site. PolyA-seq analysis was performed on WT (turquoise),
DKO (orange), DKO treated with non-targeting siRNAs (DKO/NT, black) and DKO treated
with Mbnl3 siRNAs (DKO/3KD, red) MEFs.

(D) Mbnl polyadenylation regulatory map showing Mbnl CLIP tag density = 200bp from the
cleavage site and CLIP read density (x103).

(E) Two major functional patterns for Mbnl proteins in alternative polyadenylation.
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Figure 3. Minigene Polyadenylation Reporter Analysis
(A) Minigene reporters composed of the Calm3 and Itgh1 3’'UTRs (thick green lines) with

the proximal (pAl) and distal (pA2) polyadenylation sites cloned downstream of the IRES-
driven (grey box) luciferase coding region (turquoise box). The primer binding sites for RT-
PCR and 3’ RACE (red bars), the wild type (WT) and mutant (MUT, red letters) sequences
downstream (Calm3) or upstream (Itgh1) of the cleavage sites (green CA indicated for
Calm3) and the AU-rich binding sites for ELAVL1/HuR (white boxes in Itghl 3’ UTR) are
also indicated.

(B) Relative protein levels for MBNL1, MBNL2, MBNL3 and ELAVL1/HuR in WT MEFs
compared to COSM6 cells were determined by immunaoblotting.

(C) Immunoblots showing myc-tagged Mbnl1 overexpression following transfection of
COSME6 cells with pcDNA3.1-Mbnl1py.. Antibodies to Mbnll, Myc and Gapdh (loading
control) are shown for cells transfected with Calm3WT (WT) and Calm3MYT (MUT)
polyadenylation reporters without/with co-transfection with pcDNA3.1-Mbnl1pyc
(+Mbnl1).

(D) Mbnl proteins repress Calm3 proximal pA (pAl), and activate Itgb1 distal pA (pA2),
site use. The ratio of distal to proximal pA selection (D/P) was determined by gRT-PCR for
COSM6 cells transfected with the Calm3WT (WT), Calm3MUT (MUT), Itgb13WT (WT),
Itgb1MUT (MUT) reporters without/with Mbnl1yy, overexpression (+Mbnl1) (data
represented as mean +/- SEM, *p < 0.05, **p < 0.01).

(E) Elevated Calm3 pALl site use leads to enhanced, while loss of Itgb1 distal (pA2) results
in decreased, luciferase activity. COSM6 cells were mock transfected (con) or transfected as
described in (D) (data represented as mean +/- SEM, *p < 0.05, **p < 0.01).
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(F) RNA immunoprecipitation assay with anti-Cpsf160, anti-Cstf2 and anti-Tardbp (control)
antibodies.

(G) Examples (Tpm1, Slc25a4) of HITS-CLIP (top) and PolyA-Seq (bottom) showing
overlap of Mbnl and Cpsf6 binding sites in wild type (WT), but not Mbnl DKO, MEFs.
Enhanced Cpsf6 binding and activation of upstream pA sites were observed following loss
of Mbnl activity in DKO MEFs.

(H) RNA map of Cpsf6 normalized CLIP tag density (+ 200 bp from the cleavage site, CS)
in WT versus DKO MEFs. Polyadenylation sites without additional proximal (300 bp)
sites were selected to avoid interference.
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Figure 4. APA dysregulation in the HSALR mouse DM1 model
(A) Mbnl1 and Mbnl2, but not Mbnl3, are expressed in WT and HSALR adult muscle.

Immunoblots showing that Mbnl1 protein was expressed at equivalent levels in both WT
and HSALR quadriceps while Mbnl2 expression was upregulated in HSALR compared to WT
adult and Mbnl3 was not expressed at a detectable level.

(B) Mbnl1 and Mbnl2 proteins colocalize with CUG®*P RNAs in HSALR muscle.
Immunofluorescence (green), using anti-Mbnl1 (a-Mbnl1) and anti-Mbnl2 (a-Mbnl2)
antibodies, and RNA-FISH (red), using Cy3-conjugated (CAG)1q to detect CUG®*P RNA, of
quadriceps muscle sections (nuclear DNA is stained with DAPI, blue). The Mbnl2 nuclear/
cytoplasmic ratio was unchanged in WT versus HSALR so the fluorescence signal in HSALR
(a-Mbnl2) versus no signal in WT reflects increased Mbnl2 concentration in HSALR RNA
foci.

(C) Venn diagram of overlapping pA changes in WT neonatal (WT P1) versus WT adult
(light blue) and WT adult versus HSALR adult muscle (green) and the overlap (dark blue).
(D) Scatter plots illustrating 3" UTR shortening (proximal, red) and lengthening (distal, blue)
in WT neonatal (P1) and HSALR quadriceps muscles versus WT adult based on FDR < 0.05
and —0.15>d1>0.15. The number of shifts (n) were: 1) P1, proximal (2588), distal (1360),
total (3948), no shift (42601); 2) HSALR, proximal (n = 641), distal (342), total (983); no
shift (45566).

(E) Concordance of APA patterns between WT neonatal and HSALR adult muscle. The distal
to proximal pA site (D/P) ratios were determined for Fxrl, Ndrg3, Pdlim5, Sgcg and Tubada
by PCR for WT adult (blue), WT neonates (P1, green) and HSALR adult (red) muscles
within the top 10 genes having pA shifts and Mbnl1 CLIP tags (data represented as mean +/-
SEM, **p < 0.01, ***p < 0.001). The majority of Mbnl RNA targets, except Sgcg and
Pdlim5, show significant concordant shifts between WT P1 and HSALR,
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Figure 5. Reversion to Fetal APA Patterns in HSALR Mice
(A) Pie chart of Mbnl1 CLIP tag distribution in WT FVB quadriceps muscle.

(B) Mbnl-regulated alternative polyadenylation patterns in vivo. Wiggle plots of Mbnl1
HITS-CLIP (dark blue) together with PolyA-seq of WT adult (light blue), WT P1 (green)
and HSALR adult (red) muscle.

(C) Normalized Calm3 and Tubad4a distal/total (D/T) pA ratios were determined for WT B6
adult (dark blue), DKO (orange), WT FVB adult (light blue), WT P1 neonate (green),
HSALR adult (red) and MBNL1 overexpression (MBNL1 OE, purple) mouse skeletal muscle
(data represented as mean +/- SEM, *p < 0.05, **p < 0.01, ***p < 0.001).

(D) Polyadenylation regulatory map comparing MEF Mbnl1-3 and HSALR patterns.
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Figure 6. Dysregulation of Alternative Polyadenylation in DM1
(A) Predominance of proximal pA shifts in DM1 muscle. Scatter plots illustrating 3’ UTR

shortening (proximal, red, n=1863) and lengthening (distal, blue, n=1425) in DM1 versus
control muscle based on FDR < 0.05 and —0.15>d1>0.15 (no shift, n=20580).

(B) PolyA-seq revealed a proximal to distal pA shift for the ncRNA that modulates
transcription of the DHFR coding transcript. A diagram of the DHFR coding (major) and
non-coding (ncRNA, minor, dash line) transcriptional units (black box, coding region; thick
black line, 3’ UTR) are illustrated together with PolyA-seq wiggle plots of control (blue) and
DML (red). Arrows indicated the site of transcription initiation and only four exons are
included for the major transcript.

(C) Concordance between pA location and RNA level. RNA levels (relative to WT) were
determined by qRT-PCR for DHFR (DHFR, DHFRnc) as well as genes involved in the
mTOR (FOXO1, HDACS5, RPTOR) and ubiquitination (USP14) pathways (data represented
as mean +/- SEM, *p < 0.05, **p < 0.01).

(D) GO analysis based on PolyA-seq analysis of the principle biochemical pathways
affected by APA changes in DM1.

(E) PolyA-seq wiggle plots of control (blue) and DM1 (red) of RPTOR and HDAC5
terminal exons (black box, coding region; thick black line, 3’ UTR). Also indicated are the
positions of potential miR binding sites (UCSC Genome Browser).
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Figure 7. AllExon Microarray Analysis of APA in DM1 and DM2 muscle
(A) AllExon array hybridization results for probe sets representing PDLIM5 (top) and

DNAJB6 (bottom) for muscle isolated from healthy individuals (blue line, N), DM1 (red),
DM2 (green) and FSHD (FSH, violet) patients. Probe sets showing significant differences
for both DM1 vs N and DM2 vs N comparisons are indicated by orange frames. Positions of
differentially expressed RNA regions are marked on gene maps with experimentally
confirmed polyA sites indicated (pAl, pA2; black box, coding region; thick black line, 3’
UTR,; thin line, introns). The positions of RT-PCR primers (proximal, distal) are shown by
arrows below each gene structure. Also shown are APA-specific RT-PCR gels that
confirmed the transition from proximal (P) to distal (D) for PDLIMS5, and from distal to
proximal for DNAJB6, polyA sites in DM1 versus normal adult muscle.

(B) Both Pdlim5 and Dnajb6 showed pA shifts during mouse muscle development from
embryonic day (E)18, postnatal days P2, P8 and P20 to adult (Ad) mice. Note the fetal (E18)
and neonatal (P2) patterns are similar to DM1.

(C) Model for MBNL control of alternative polyadenylation. When MBNL protein (blue
ovals) binding sites overlap a polyA site, they repress recruitment of 3’ end processing
factors (3’ PF) while binding primarily upstream activates 3’ end processing at the
downstream site. Depletion of MBNL activity due to sequestration by CUG®*P RNAs results
in aberrant activation of polyA sites normally expressed during embryogenesis (red pA) and
silencing of adult polyA sites (blue pA).
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