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PTBP1 and PTBP2 serve both specific and redundant functions
in neuronal pre-mRNA splicing

John K. Vuongl, Chia-Ho Lin?, Min Zhang?!, Liang Chen3, Douglas L. Black?", and Sika
Zhengl"#

1Division of Biomedical Science, University of California, Riverside, Riverside, California, 92521,
USA.

2Department of Microbiology, Immunology, and Molecular Genetics, University of California, Los
Angeles, Los Angeles, California, 90095, USA.

SDepartment of Biological Sciences, Molecular and Computational Biology, University of Southern
California, Los Angeles, California, 90089, USA.

SUMMARY

Families of alternative splicing regulators often contain multiple paralogs presumed to fulfill
different functions. Polypyrimidine tract binding proteins PTBP1 and PTBP2 reprogram
developmental pre-mRNA splicing in neurons, but how their regulatory networks differ is not
understood. To compare their targeting, we generated a knock-in allele that conditionally
expresses PTBPL. Bred to a Ptop2 knockout, the transgene allowed us to compare the
developmental and molecular phenotypes of mice expressing only PTBP1, only PTBP2, or neither
protein in the brain. This knock-in Pthp1 rescued a forebrain-specific but not a pan-neuronal Ptop2
knockout, demonstrating both redundant and distinct roles for the proteins. Many
developmentally-regulated exons exhibited different sensitivities to PTBP1 and PTBP2.
Nevertheless, the two paralogs displayed similar RNA binding across the transcriptome indicating
that their differential targeting does not derive from their RNA interactions but from possible
different cofactor interactions.
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INTRODUCTION

Brain development is accompanied by large-scale changes in spliced isoform expression
(Pan et al., 2008; Wang et al., 2008). These neural specific splicing events are regulated by
families of special pre-mRNA binding proteins including PTBP, RBFOX, NOVA, MBNL,
SRRM4, KHDRBS and TDP43 (Raj and Blencowe, 2015; Vuong et al., 2016). Most of
these regulator families include multiple paralogs whose functional redundancy and
specificity of targeting are poorly understood. Differences in expression patterns and
different phenotypes from mutations indicate that family members serve different roles.
However, splicing regulators of the same family often show similar RNA binding and similar
activity in regulating individual exons (Amir-Ahmady et al., 2005; Damianov et al., 2016;
Lambert et al., 2014). It is difficult to define targets that are differentially affected by the
paralogs and to understand how their differential activity is achieved. Assessing the
specificity of targeting is also complicated by the crossregulation of splicing factors, with
depletion of one protein inducing the expression of another family member. For example,
depletion of the polypyrimidine tract binding protein PTBP1 (PTB or hnRNP 1) induces
PTBP2 (brPTB or nPTB) expression in most cells (Boutz et al., 2007; Makeyev et al., 2007;
Spellman et al., 2007). Some targets require depletion of both proteins to alter splicing (Han
etal., 2014; Linares et al., 2015). Other exons that change upon the depletion of PTBP1
alone could be responding to either PTBP1 loss or PTBP2 gain.

PTBP1 is widely expressed outside the nervous system and is a repressor of the neural-
specific splicing program (Keppetipola et al., 2012; Makeyev et al., 2007). At the onset of
neurogenesis, PTBP1 reduction allows PTBP2 expression and causes a large-scale shift in
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alternative splicing patterns (Linares et al., 2015). Ptbp1 depletion with the associated
upregulation of PTBP2 can promote transdifferentiation of fibroblasts into neurons (Xue et
al., 2013). These data demonstrate different activities of the two proteins and particularly
that PTBP2 does not fulfill all the functions of PTBP1.

Although playing different roles in neuronal differentiation, PTBP1 and PTBP2 have many
common targets. One example is exon 18 in the Psa-95 mRNA, encoding a key component
of the postsynaptic density at glutamatergic synapses, that is repressed by both PTB proteins
(Zheng et al., 2012). Exon 18 skipping causes a frameshift with premature translation
termination leading to nonsense-mediated MRNA decay (NMD) of Psd-95 transcripts in
early neurons and non-neuronal cells (Zheng, 2016). After its early expression in neurons,
PTBP2 is reduced before synaptogenesis to allow exon 18 splicing and PSD-95 production.
Many exons sensitive to both proteins exhibit a similar developmental profile to Psd-95 exon
18, maintaining their repression until late in neuronal maturation when PTBP2 levels drop
(Licatalosi et al., 2012; Li et al., 2014). However, other exons appear to be more sensitive to
PTBP1 than PTBP2 and exhibit a variety of regulatory patterns (Han et al., 2014; Linares et
al., 2015; Zhang et al., 2016).

To define the PTBP1 and PTBP2 target networks and to assess their redundancy and
specificity, we created mice that express each protein alone in brains of the same
developmental age. Comparing the neurons of these mice to Ptbp2~~ neurons that do not
express either PTBP1 or PTBP2 allows the direct comparison of PTBP1 and PTBP2 targets
in the same physiological context.

Generation of Ptbp1 conditional knock-in mice

We created a targeted gain-of-function allele for Pthp1 at the ubiquitously-expressed but
dispensable Rosa26 locus (Zambrowicz et al., 1997). An expression cassette containing a
FLAG-tagged mouse Ptopl (FL-Ptbpl) coding sequence was inserted via homologous
recombination so that Rosa26 transcripts would splice from the first Rosa26 exon to a new
splice acceptor site (Rosa26-SLL-PbP1 Figure 1A). Between this splice acceptor site and
the FL-Ptbpl cDNA, a loxp-STOP-loxp (LSL) cassette was inserted to prevent FLAG-
PTBP1 from expression until the LSL cassette is removed by Cre recombinase. IRES-
mCherry was added immediately after FL-Ptbpl to fluorescently label FLAG-PTBP1
expressing cells. Finally, FRT sites flanking the FL-Ptbpl-IRES-mCherry cassette allow
FLP-mediated excision and conditional silencing of transgene expression.

Correct targeting in ES cells and germ line transmission were confirmed by genotyping PCR
and Southern blot of genomic DNA (Figure 1B—C). Conditional FLAG-PTBP1 protein
expression was confirmed via crossing Rosa26-SL-FL-PIopL/LSL-FL-PibpI mice to a Nestin-Cre
transgenic line (Figure 1D). In the conditional homozygous neocortices, FLAG-PTBP1 was
expressed at about the same level as the endogenous PTBP1 at E14.5 (Figure S1A), and
mice homozygous for the conditional knock-in (cKI) allele expressed higher levels of
protein than heterozygous mice. The dependency of FLAG-PTBP1 expression on Cre
recombinase was further confirmed in an Emx21-Cre transgenic line expressing Cre in
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excitatory neurons of the forebrain particularly throughout the neocortex and hippocampus
(Figure 1E). Normally, PTBP1 is only expressed in the progenitor cells at the ventricular and
subventricular zone of the developing cortex, but not in the outer layers of mature neurons
(Figure S1C). Widespread induction of FLAG-PTBP1 was observed in the cortices of
Rosa26-SL-FL-Pp1/* - Emx]-Cre animals. In the neocortex, over 92% of FLAG-PTBP1
positive cells were immunoreactive for the neuron specific marker NeuN and over 97% of
NeuN positive neurons expressed FLAG-PTBP1 (Figure 1F). The overlap was even higher
in the hippocampus (Figure 1G). These data confirm the induction of PTBP1 upon Cre
expression in neurons, where it is usually absent.

PTBP1 partially compensates for PTBP2 loss during development

To test whether FLAG-PTBP1 expression could compensate for the loss of PTBP2 /n vivo,
we bred the cKI allele into the PrHp2 conditional knockout (KO) mice in either the Nestin-
Cre or Emx1-Cre backgrounds in order to generate homozygous Ptbp2 conditional null
animals carrying the FLAG-Ptbp1 and a Cre transgene (/R0sa26-SL-FL-PopL/+ - pipp loxp/loxp -
Cre). In these mice, induction of FLAG-PTBP1 expression and depletion of endogenous
PTBP2 occurs in the same cells and at the same time, allowing assessment of their
phenotypic compensation.

We found that FLAG-PTBP1 expression could rescue some phenotypic features of Pthp2
deletion. As seen previously, Emx1-Ptbp2KO mice exhibited retarded growth, progressive
degeneration of the cerebral cortex and died by the weaning age (Li et al., 2014). In contrast,
most Rosa26-SL-FL-PIpL/+ . pryploxp/loxp - Emx1-Cre (henceforth called Emx1-DM) mice
survived past the first three postnatal weeks and appeared grossly normal (Figure 2A-B).
Some Emx1-DM animals died between the third and eighth postnatal week from unknown
causes. Those that survived the first three months usually lived a normal life span and were
fertile (Figure 2B). Unlike the Emx1-Ptbp2KO brains whose cerebral cortices degenerated
as early as postnatal day 5, the Emx1-DM brain, even at 18-months of age, displayed a
normal size and structure (Figure 2C-D). Although not 100 percent penetrant, FLAG-
PTBP1 was sufficient to rescue the Emx1-Pthp2KO mutation with regard to neuronal
survival, development, body growth and life span.

We also found that this FLAG-PTBP1 transgene was not sufficient to rescue other conditions
of Pthp2 depletion. Pan-neuronal Ptbp2 knockout mice (Pthp2/oXP/1oxp - Nes-Cre) die at birth
(Li et al., 2014). Rosa26-5SL-FL-PIp1/# . pipploxp/loxp - Nes-Cre mice (henceforth called Nes-
DM) also exhibited complete perinatal lethality, with none (out of 57) surviving past the first
postnatal day. Higher levels of FLAG-PTBP1 expression did not improve survival, as no
double homozygous mutant (Rosa26-5L-FL-Pip1/LSL-FL-PUhp1 - ppyn Aoxp/loxp - pjes-Cre)
animals (out of 104) survived beyond the first postnatal day. Thus, PTBP1 can compensate
for the loss of PTBP2 in some developmental contexts but not others.

PTBP1 and PTBP2 regulate distinct but overlapping sets of alternative exons

The Ptbp2~~ brains showed extensive changes in alternative splicing (Licatalosi et al., 2012;
Li et al., 2014). To assess whether these changes were being reversed by FLAG-PTBP1
expression in the Emx1-DM mice, we performed deep RNA-Seq on cortical RNA from
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wildtype (Wt), Emx1-Ptbp2KO and Emx1-DM animals (Experimental Procedures). We used
an analysis pipeline (GeneSplice) that quantitatively estimates cassette exon inclusion (PSI)
for 13,097 Gencode annotated cassette exons (release m6, GRCm38.p4; see Experimental
Procedures), and subsequently validated these measurements by RT-PCR (Figure S2 and
Table S2). Setting a threshold of |APSI| > 10, we found that 42% of the exons dysregulated
in the Emx1-Ptbp2KO neocortices were rescued by FLAG-PTBP1 expression. For example,
Pdlim5 exon 8 was included in 12% of the mRNA transcripts in wildtype, 36% in Emx1-
Ptbp2KO, and reverted back to 14% inclusion with FLAG-PTBP1 expression (Figure 3A).
Similarly, 61% of PrrxI mRNA transcripts included exon 4 in the wildtype. Exon inclusion
decreased to 28% in the Emx1-Ptbp2KO, but was restored to 69% in the Emx1-DM cortex
(Figure 3B). Thus, FLAG-PTBP1 compensated for some splicing changes occurring with
PTBP2 loss, while other PTBP2-dependent exons exhibited smaller or minimal responses to
the FLAG-PTBP1 transgene.

In addition to comparing each mutant to wildtype, we also directly compared the Emx1-DM
to the Emx1-Ptbp2cKO. This comparison where PTBP2 is absent from both conditions
allows attribution of splicing changes to the FLAG-PTBP1 alone. These splicing changes
induced by PTBP1 (PSIpm - PSlpipacko) Were plotted against changes caused by PTBP2
alone (PSlyyt - PSlpipacko; Figure 3C). Cassette exons typically responded to PTBP1 and
PTBP2 in the same direction but with different magnitudes. Very few exons gave opposite
responses to the two proteins and these responses were small and not significant (pink
sectors in Figure 3C). Using a cutoff of |JAPSI| > 10 and Pvalue < 0.05, we defined exons
(Table S1) activated by PTBP2 alone (group 1, N=78), by PTBP1 alone (group 3, N=44) or
by both proteins (group 2, N=24), as well as exons repressed by PTBP2 alone (group 4,
N=357), PTBP1 alone (group 6, N=47) or both proteins (group 5, N=61). These exon groups
defined by their sensitivity to the two proteins /n vivo were used for further analyses. Exons
in group 1 and 4 showed respectively increased and decreased inclusion in the presence of
PTBP2 but were minimally affected by FLAG-PTBP1 (Figure 3D). Similarly, PTBP1-
activated exons in group 3 and PTBP1-repressed exons in group 6 reacted weakly to PTBP2.

We examined the evolutionary conservation of exons and their flanking introns from the
different groups (Figure 3E). Intronic sequence immediately flanking PTBP-regulated exons
was in general more conserved than that adjacent to non-PTBP-regulated alternative exons
or constitutive exons consistent with previous studies (Chen and Zheng, 2008). Introns
flanking exons sensitive to PTBP2 alone (groups 1 and 4) exhibited the highest conservation
and the longest stretches of conserved nucleotides (up to 150 nucleotides flanking the
exons).

PTBP1 and PTBP2 exhibit very similar RNA binding profiles

Exons may respond differently to PTBP1 and PTBP2 due to differences in RNA binding by
the two proteins, differences in protein-protein interactions or both. To examine RNA
binding by PTBP1 and PTBP2 across the transcriptome, we performed iCLIP-Seq for the
two paralogs using a previously published protocol (Kénig et al., 2010; Stork and Zheng,
2016). Each sample containing multiple neocortices of the same genotype (WT, KI, or DM)
was divided in half for immunoprecipitation with either FLAG or PTBP2 antibodies (Figure
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S3 and Experimental Procedures). FLAG iCLIP in the WT cortices served as a negative
control. After IP, micrococcal nuclease digestion, and isolation of the crosslinked RNA, the
bound RNA fragments were sequenced, aligned to the mouse genome and groups of
fragments assessed for enrichment over background (Kdnig et al., 2010). We identified
351,602 and 265,953 PTBP1 crosslinking sites showing significant enrichment over the
background in the KI and DM mice respectively. The PTBP2 iCLIP identified 155,447, and
74,416 crosslinking sites enriched over background in WT and KI respectively. Applying the
Bedtools intersect tool to these libraries, we found significant overlap between the sites of
FLAG-PTBP1 and PTBP2 binding. For example, 66.9% of the PTBP1 crosslinking sites in
DM overlapped with those in KI, while 60% of those in KI overlapped with those in DM.
Between the two paralogs, 42.5% of the PTBPL1 crosslinking sites in KI mice overlapped
with PTBP2 sites in WT mice, and 62.4% of PTBP2 crosslinking sites in the WT mice
overlapped with PTBP1 sites in the KI. Since the iCLIP reads are not expected to saturate all
the binding sites, some differences in PTBP1 and PTBP2 binding likely result from
incomplete coverage. For example, some exons with significant PTBP1 or 2 crosslinking
sites showed crosslinked fragments for the other paralog at the same locations, but which did
not pass the threshold for statistical significance.

To further compare transcriptome-wide RNA-binding of FLAG-PTBP1 and PTBP2, we
collapsed the crosslinked fragments into clusters (Experimental Procedures). We calculated
the number of unique and significant iCLIP tags within each cluster and derived the
coefficients of determination (/9) for these values for the clusters common to the two
iCLIP-Seq libraries (Figure 4A). As expected, the control FLAG iCLIP in WT brain lacked
most clusters identified in the PTBP iCLIP libraries (Figure S4), and these clusters
correlated poorly with both PTBP2 and PTBP1 clusters. By contrast, PTBP1 and PTBP2
iCLIP clusters were highly correlated with /2 values ranging from 0.797 to 0.949 (Figure
4A). These data indicated extensive overlap in the RNA binding sites of PTBP1 and PTBP2.

To examine features of the binding sites, we aligned the predicted crosslinked nucleotide and
measured the nucleotide frequency at each adjacent position (Figure 4B). As expected,
uridine was the most common nucleotide at the crosslink sites and was enriched at the
flanking positions. Cytidine was the second most preferred nucleotide at almost all positions
for both PTBP1 and PTBP2, but was least frequent in the control FLAG iCLIP. At most
positions the third and fourth most frequent nucleotides were also identical for PTBP1 and
PTBP2.

We examined nucleotide triplet frequencies in the sequences surrounding the crosslink sites
(-30 nt to +30 nt). The top nine enriched triplets for FLAG-PTBP1 or PTBP2 iCLIP
included all possible combinations of three pyrimidines plus UGU (Figure 4C). None of the
pyrimidine triplets were enriched in the FLAG control iCLIP except UUU, which
presumably reflects the intrinsic crosslinking bias for uridines. Only these triplets
consistently exhibited significant enrichment in the PTBP iCLIP sites over the control FLAG
iCLIP. Unsupervised hierarchical clustering showed that motif frequencies were similar
between PTBP1 and PTBP2 crosslinking sites but very different from the control iCLIP sites
(Figure 4C).
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Differential RNA binding is not a major determinant of specific regulation by PTBP1 or

PTBP2

To assess whether regulation specificity could be attributed to differences between PTBP1
and PTBP2 binding, we examined their binding in exon groups exhibiting different
sensitivities to the two proteins. For each exon group defined in Figure 3, we calculated the
percent of exons with PTBP1 and PTBP2 binding sites in flanking introns (Figure 4D).
Approximately 5% of all exons had PTBP1 or PTBP2 binding in the flanking introns.
PTBP-regulated exon groups all exhibited significantly higher proportions of PTBP1 or
PTBP2 binding than the total exon set (hypergeometric test, A<0.008 for groups 2, 3 and 6,
P<1077 for all other groups). Among all groups, exons sensitive to repression by both
proteins exhibited similar PTBP1 and PTBP2 binding and had the highest percentages of
exons bound to either PTBP. Most notably, the exons that were preferentially targeted by one
PTBP also exhibited binding by PTBP1 and PTBP2 that was not significantly different
(Fisher’s exact test, 7>0.7).

The similar binding of PTBP1 and PTBP2 to exons that were nevertheless differentially
regulated by the two proteins as seen in the global analyses could also be observed on
individual exons. For example, PTBP2-repressed Spata5exon 16 was insensitive to PTBP1,
but contained similar iCLIP tags (Figure 4E) and similar iCLIP clusters (Figure S3B) for the
two proteins in its downstream introns. Nrxnl exon 7 was activated by PTBP2 but not by
PTBP1. The introns flanking this exon had very similar distributions of iCLIP reads (Figure
4F) and iCLIP clusters (Figure S3C) for the two proteins. Similar binding was also seen for
exons more strongly regulated by PTBP1 than PTBP2 (Figure 4G-H, Figure S3D-E). There
were observable differences in the peak heights and sometimes the peak positions for the
PTBP1 and PTBP2 iCLIP clusters. However, these could be due to incomplete coverage of
the iCLIP and were difficult to connect to consistent differences in regulation. Additional
exons repressed or activated more strongly by one PTBP but bound similarly by the two
proteins are shown in Figure S5C—F.

We also observed iCLIP clusters in CU-rich regions adjacent to exons unaffected by changes
in PTBP expression, including Celf2, Nrg3, Nigni, Nrx3, Rbfox3, Xist, and others (Figure
S5G-H). The regulation of these exons is presumably dominated by additional factors, at
least in the cortex. We also did not see a clear effect of the position of PTBP binding in
activating or repressing splicing. Many PTBP-activated exons exhibited upstream binding by
PTBP1 or PTBP2 (e.g., Figure 4H and Figure S5D, F). This is consistent with previous
observations with PTBP1/2, and in contrast to results with splicing regulators such as Rbfox
and Nova that exhibit position dependent regulation (Damianov et al., 2016; Han et al.,
2014; Licatalosi et al., 2012, 2008; Li et al., 2014; Yeo et al., 2009).

PTBP-control of developmentally-regulated exons

Next, we asked how the PTBP dependent exons changed over brain development when
PTBP1 and PTBP2 expression undergo substantial changes. PTBP target exons are
presumably affected by multiple regulatory factors, and the extent to which PTBP targeting
alone can predict developmental regulation has not been clarified. To examine these
questions, we performed RNA-Seq analysis of polyA+ RNA from mouse neocortex at E14,
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E17, P2 and P10 (Experimental Procedures). Within each PTBP-regulated exon group, we
performed unsupervised hierarchical clustering of PSI values from the four developmental
ages. The PSI values of individual exon clusters were examined for significant changes
between the four developmental ages.

Exon clusters exhibiting developmental regulation were consistent with the developmental
downregulation of PTBP1 and PTBP2 (Figure 5). For example, among exons repressed by
PTBP2 alone, four of six clusters exhibited developmental regulation, but the timing and
magnitude of their changes differed (Figure 5A, D-G, Table S3-6). Clusters 2 and 3
displayed large increases in exon inclusion between E14 and E17, and between E17 and P2.
Cluster 3 continued to increase in splicing between P2 and P10, but Cluster 2 plateaued at
P2. The other two clusters (5 and 6) exhibited a shallower increase across the time course
and like Cluster 2 did not change between P2 and P10. For all these clusters, the period
exhibiting the most significant splicing change was between E17 and P2 coincident with
PTBP2 downregulation (P values of 3.5e-11, 5.4e-14, 0.07 and 2.3e-05 for clusters #2, 3, 5
and 6; Wilcoxon signed rank test).

The exon group repressed by both PTBP proteins segregated into 5 clusters (Figure 5B). One
of these (cluster 3) showed distinct developmental regulation with a remarkable increase in
PSI values between E14 and P2 before declining at P10 (Figure 5H, Table S7). Between E14
and P2 the APSI of Cluster 3 was 41, the largest among all clusters in all exon groups. These
splicing changes coincided with the loss of PTBP1 around E15 and the decrease in PTBP2
after birth. The decrease in PSI at P10 could result from increased numbers of PTBP1-
positive non-neuronal cells in the P10 transcriptome, or from new factors expressed late in
development.

Developmentally-controlled clusters of the PTBP-activated exons generally showed
decreased splicing over the time course (Figure 5C). Exons activated by PTBP2 had two
developmentally-controlled clusters (Figure 51-J, Table S8-9). Other groups had low exon
numbers and did not produce robust segregation into developmentally-regulated exon
clusters, although individual exons within the groups exhibited developmental changes
consistent with PTBP expression.

The patterns of coregulation identified in the clustering points to the complex combinatorial
regulatory processes occurring during neuronal development. Exons in other clusters than
those described above are likely controlled by additional factors that maintain their relatively
stable inclusion ratios between E14 and P10. It will be interesting to determine profiles of
factor sensitivity for these exon clusters in additional mutant mice and knockdown
experiments. This should identify factors both counteracting and enhancing PTBP action
over development.

DISCUSSION

Partial genetic compensation for Ptbp2 null by a Ptbp1l transgene

We found both redundancy and specificity in the action of the PTBP1 and PTBP2. The
Ptbp1 transgene expressed from the Rosa26 locus rescued the lethality of the Emx1-
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Ptbp2KO but not the Nes-Ptbp2KO, indicating that the commonality of function between the
proteins varies with development and brain region. The Flag-PtbpI cKI mice exhibited a
similar life span to wildtype, indicating that the transgene on its own did not affect survival
and that the failure to rescue the loss of PTBP2 was likely not due to PTBP1 toxicity. Failure
to rescue the Nes-Pthp2KO was also unlikely to be caused by insufficient transgene
expression, as the Flag-PTBP1 was expressed at fairly constant levels across brain regions
including the forebrain (Figure S1B). Nevertheless, we can’t exclude the possibility that a
small subset of neurons expresses inadequate FLAG-PTBP1.

Exon sensitivity to PTBP is likely to vary among cell types and brain regions and this may
contribute to the differences in the ability of PTBP1 to rescue the loss of PTBP2. Nearly half
of the mis-spliced cassette exons in Emx1-Ptbp2KO brains were reverted to near normal
splicing by the Ptop1 transgene (JPSIpwm - PSIwi|<10). It is tempting to attribute the
phenotypic rescue to these reverted exons, but connecting this developmental phenotype to
particular transcripts will be a challenge. It will also be interesting to profile non-cortical
structures in the Nestin-Cre mice and to identify differentially spliced exons between the
wildtype, Ptbp2KO and DM.

Determinants of the specificity of PTBP regulation

A majority of the PthpI-rescued exons exhibited intermediate inclusion levels in the DM,
between those found in the wildtype and the Pthp2-cKO. This may result from lower
expression from one copy of the PrhpI transgene than the endogenous Prop2 locus.
However, PTBP2-regulated exons were not all affected by the PtbpI transgene to the same
degree, and it appears that PTBP2 is more active than PTBP1 in the perinatal neocortex.

Since RNA binding does not correlate with PTBP1 and PTBP2 target specificity, regulatory
co-factors likely determine an exon’s response to the two proteins. This is in agreement with
a recent analysis of a target exon that exhibited greater repression by PTBP1 than PTBP2
(Keppetipola et al., 2016). Determinants of the higher repressive activity were found at
multiple locations across the PTBP1 protein, including the flexible linker between RRM2
and RRM3. Notably, the known PTBP1 cofactor, Raverl, was found to bind more strongly
to PTBP1 than to PTBP2 (Keppetipola et al., 2016). The developmental regulation of Raverl
is not known, but determinants conferring PTBP1 specific regulation could, like Raver1,
promote PTBP1 activity or could antagonize PTBP2 function. One possibility for the latter
is NSR100, which has been shown to antagonize PTBP1 on certain exons, but whose
expression more closely aligns with PTBP2 during development (Raj et al., 2014). Similarly,
we previously observed a class of exons in ES cells that are relatively insensitive to PTBP2
induction upon PTBP1 knockdown, possibly due to lack of positive acting PTBP2 co-factors
(Linares et al., 2015). Modulators of chromatin states could be another class of co-factors
that determine PTBP target specificity. PTBP1 was reported to interact with MRG15 in
coupling H3K36 methylation and alternative splicing (Luco et al., 2010). We have not
observed MRG15 interactions with PTBP1 or PTBP2 in brain. The extensive chromatin
changes during neuronal differentiation could have many effects on the activity of PTBP1
and PTBP2 through changes in cofactor expression (Dixon et al., 2015).
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As neuronal progenitor cells exit mitosis and begin to differentiate, some exons switch their
splicing, in part due to greater sensitivity to PTBP1 than PTBP2 (Boutz et al., 2007; Linares
et al., 2015; Makeyev et al., 2007; Zhang et al., 2016). Later in development as PTBP2
expression decreases, exons regulated by both proteins transition to adult patterns of
splicing. Many other regulatory factors are changing over this time, and by identifying exons
altered in the brains of DM mice and assessing their normal developmental profiles, we can
discern more complex splicing behaviors. Overlapping these developmental profiles with the
expression of other factors we can begin to define intricate interactions of splicing regulatory
programs in vivo.

EXPERIMENTAL PROCEDURES

Ptbpl conditional knock-in mice

A 3xNLS sequence was inserted into the CAGIG vector with the restriction sites Mscl and
Bsrgl. The vector was then digested with Bsrgl, blunt-ended with Klenow fragment followed
by Clal digestion. The linearized vector was treated with PNK and ligated with a Clal-
treated mCherry fragment, followed by insertion of a FRT sequence using the Xmal and
Sacl sites. The other FRT sequence was inserted into the BigT vector (Srinivas et al., 2001)
using the Nhel and Sall sites. The IRES-3XNLS-mCherry-FRT sequence was then
subcloned into the FRT-containing BigT vector using the Notl and Sacl sites. FLAG-Ptbpl
was subsequently inserted using the Xhol site. The resulting BigT-PTBP1 vector was
digested with Pacl and Ascl and cloned into the pPROSA26pm1 vector to generate the
targeting vector pPROSA26pm1-FRT-FLAG-Ptbpl-IRES-3XNLS-mCherry-FRT. The
targeting vector was linearized with Swal and electroporated into 129-derived ES cells.
After ES cell selection, recombinant clones were identified for correct homologous
recombination by PCR and Southern blot, and injected into blastocysts. Chimeric mice were
propagated to obtain germline-transmitted PtgpI conditional knockin mice identified by
PCR and Southern blot. Nissl staining was performed as previously described (Zheng et al.,
2010). All animal procedures conformed to the regulatory standards and were approved by
the Institutional Animal Care and Use Committee at UCR and UCLA. The
Rosa26-SL-FL-Ppl mice are available at The Jackson Laboratory as Stock No. 029838. F1:
AAAGTCGCTCTGAGTTGTTAT. R2: GCGAAGAGTTTGTCCTCAACC (310bp). R3:
GGCGGATCACAAGCAATAAT (413bp)

Statistical methods

Student’s t-test, Fisher’s exact test, hypergeometric test and Wilcoxon signed rank test, as
stated in the Results, were performed using the corresponding test functions in R.

RNA-Seq and iCLIP-Seq

RNA-Seq and iCLIP-Seq were performed following Illumina’s Truseq protocol and the
original iCLIP protocol with some modifications. Details of the experimental procedures and
analysis are in Supplemental Experimental Procedures.

Cell Rep. Author manuscript; available in PMC 2017 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vuong et al.

Page 11

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
PTBP1 partially rescues PTBP2 loss during brain development

PTBP1 and PTBP2 regulate overlapping but distinct sets of alternative
exons /in Vivo.

Exons exhibit developmental regulation following their sensitivity to
PTBP1/2.

Differential targeting is likely determined by cofactors rather than RNA
binding.
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Figure 1. A Ptpbl conditional knock-in mouse expresses inducible FLAG-PTBP1 from the
Rosa26 locus

(A) Schematic of the targeting strategy. SA: splicing acceptor. PGK-Neo-tpA: PGK
promoter-driven neomycin with PGK polyA site. NLS: nuclear localization signal. bPA:

bovine growth hormone polyA site. F1, R2 and R3: genotyping primers. » Loxp sites. D
Frt sites. (B) Genotyping shows distinct amplicons for the wildtype, Ptbp1-KI heterozygous
and homozygous animals. (C) Southern blot of Kpnl-treated genomic DNA from the
wildtype and Ptbp1-KI heterozygous animals. The wildtype allele is 37 kb and the mutant
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allele is 7.3kb. (D) Western blot shows the expression of Flag-PTBP1 protein using an anti-
Flag antibody. Anti-U1-70Kk is used as a control. (E) Immunofluorescence staining shows the
expression of FLAG-PTBPL1 in the cortex of Emx1-Ptbpl KI mice. Co-staining of FLAG-
PTBP1 and neuronal marker NeuN in the neocortex (F) and hippocampus (G) of Emx1-
Ptbpl KI mice. Scale bars: 100 pum.
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Days (Emx1-DM)

Figure 2. The FLAG-PTBPL1 transgene partially rescues the slow growth and early mortality of
Emx1-Ptbp2KO mice

(A) Postnatal day 10 animals of (1) Rosa26-SL-FLAG-PIpL/+ pipploxp/loxp Emx1-Cre+
(Emx1-DM), (2) Pthp2/oxe/loxp (considered as WT), and (3-4) Pthp2/oX0/loxp Emx1-Cre+
(Emx1-Ptbp2KO). (B) Survival curves of wildtype-like (black), Emx1-DM (purple) and
Emx1-Ptbp2KO (red) mice. The overall brain sizes (C) and structures shown by Nissl
staining (D) were similar between Rosa265-SL-FLAG-Pp1/+ ppp Aoxp/loxp Emx1-Cre+
(Emx1-DM) mouse and wildtype-like mice at 18 months of age.
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Figure 3. PTBP1 and PTBP2 regulate overlapping but distinct sets of alternative exons
RNA-Seq expression tracks show examples of exons that are (A) up-regulated or (B)

repressed in the Emx1-Ptbp2KO (Pthp2/ox/loxp - Emx1-Cre+) neocortices and reversed in the
Emx1-DM (Rosa26%-SL+FLAG-PIbp1/* - ppypploxo/loxp - Emx]-Cre+) neocortices. Arrows point
to the regulated exons. (C) A scatter plot of cassette exons shows splicing changes caused by
FLAG-PTBPL1 (yaxis) and PTBP2 (xaxis). Using a threshold of |APSI| larger than 10, six
exon groups in the colored sectors were identified by their responses to PTBP1 and PTBP2.
(D) The averaged splicing changes induced by PTBP1 or PTBP2 were plotted for each exon
group. Error bars represent standard deviation; with * Pvalue < 1x10713, using a paired
Student’s t-test. (E) Conservation of each exon group, as well as non-PTBP-regulated
alternative exons (AE) and constitutive exons.
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Figure 4. PTBP1 and PTBP2 exhibit very similar RNA binding independent of regulation

specificity

(A) A heat map shows the similarity between iCLIP libraries generated with anti- FLAG or
PTBP2 antibodies (in yellow) from mouse neocortices of different genotypes (in green). The
number of unique and significant iCLIP tags for each cluster was compared between iCLIP-
Seq experiments to derive the 72 values. (B) Logos plots of FLAG-PTBP1 or PTBP2
binding sites in each iCLIP experiment. Predicted crosslinked nucleotides are at the zero
position. (C) Z scores of the triplets enriched within 30 nucleotides upstream or downstream
of the crosslinking sites for each iCLIP experiment. A clustering dendrogram shows the
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similarity of the iCLIP libraries regarding Z scores of all possible motifs. (D) Bar graph
showing within each group the percentage of exons containing FLAG-PTBP1 (blue) and
PTBP2 (brown) significant binding sites in the flanking introns. n.s. indicates Pvalue > 0.7.
(E-H) Aligned genome browser tracks of RNA-Seq of Emx1-Ptbp2-cKO (red), Emx1-DM
(Ptbpl-cKI, Pthp2-cKO, dark blue) and Wt (orange), control iCLIP-Seq (black), PTBP1
iCLIP-seq (blue) and PTBP2 iCLIP-Seq (brown) for exons exhibiting different sensitivity to
PTBP1 and PTBP2 but similar PTBP1 and PTBP2 binding. Arrows point to the regulated
exons.
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Figure 5. Developmental regulation of PTBP1 and PTBP2 target exons
(A-C) Heat maps show the hierarchical clustering of cassette exon groups based on their

splicing levels at embryonic days 14 and 17 (E14, E17) and postnatal days 2 and 10 (P2,
P10). Numbers on the dendrogram branches indicate individual exon clusters. Exon clusters
exhibiting developmental-control were selected and their PSI values at E14, E17, P2 and
P10 are plotted (D-J). * Pvalue < 0.02., ** Pvalue < 1074, and *** Pvalue < 1079,
determined using a Wilcoxon signed rank test.
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