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SUMMARY

We identify a type of polycistronic transcript-derived
long noncoding RNAs (lncRNAs) that are 50 small
nucleolar RNA (snoRNA) capped and 30 polyadeny-
lated (SPAs). SPA processing is associated with
nascentmRNA 30 processing and kinetic competition
between XRN2 trimming and Pol II elongation.
Following cleavage/polyadenylation of its up-
stream gene, the downstream uncapped pre-SPA
is trimmed by XRN2 until this exonuclease reaches
the co-transcriptionally assembled snoRNP. This
snoRNP complex prevents further degradation, gen-
erates a snoRNA 50 end, and allows continuous Pol II
elongation. The imprinted 15q11-q13 encodes two
SPAs that are deleted in Prader-Willi syndrome
(PWS) patients. These lncRNAs form a nuclear accu-
mulation that is enriched in RNA binding proteins
(RBPs) including TDP43, RBFOX2, and hnRNP M.
Generation of a human PWS cellular model by
depleting these lncRNAs results in altered patterns
of RBPs binding and alternative splicing. Together,
these results expand the diversity of lncRNAs and
provide additional insights into PWS pathogenesis.

INTRODUCTION

In eukaryotic cells, nascent pre-mRNA processing, generally

including capping, splicing, and cleavage/polyadenylation (C/

P), is functionally associated with RNA polymerase II (Pol II) tran-

scription. 7-methyl guanosine (m7G) capping at the 50 end occurs

during the initial phase of Pol II transcription. The cap structure in-

creasesmRNAstability, regulates pre-mRNAprocessing andnu-

clear export, and stimulates mRNA translation (Cowling, 2009).

The mechanism of 30 end processing of nearly all Pol II

transcribed RNAs in eukaryotic cells involves C/P of nascent

transcripts. The C/P machinery first recognizes the AAUAAA

hexanucleotide (or some variants), often together with a down-

streamG/U-rich sequence present in nascent transcripts, result-

ing in the endonucleolytic cleavage of the pre-mRNA by the

cleavage and polyadenylation specificity factors (CPSFs) (Man-

del et al., 2006). A poly(A) tail is subsequently added by poly(A)

polymerase to the 30 end of the transcript in a non-templated

fashion.

The 30 end maturation of a pre-mRNA is tightly connected with

Pol II termination. Transcription of the poly(A) signal triggers the

endonucleolytic cleavage of the nascent RNA, generating an up-

stream cleavage product that is immediately polyadenylated.

The remaining downstream cleavage product, with an uncapped

phosphate at its 50 end, is highly unstable and is rapidly

degraded (Shi et al., 2009). One model explains that the connec-

tion between Pol II termination and C/P is the torpedo model

(West et al., 2004). The endonucleolytic cleavage at the poly(A)

site creates an entry site for XRN2, the 50/30 exonuclease in hu-

mans, to degrade the RNA downstream of the cleavage site.

Short nascent RNA induces Pol II elongation complex arrest

and promotes termination (Rosonina et al., 2006).

The m7G cap and 30 poly(A) are hallmark structures of eukary-

otic mRNAs that usually contain multiple exons. These features

are also true for most long noncoding RNAs (lncRNAs) (Cabili

et al., 2011; Khalil et al., 2009; Ulitsky et al., 2011). However,

recent studies have shown that some Pol II transcribed lncRNAs

are processed in alternative ways. For example, the excised

intron-derived sno-lncRNAs are ended by small nucleolar

RNAs (snoRNAs) at both ends (Yin et al., 2012).

SnoRNAs are a family of conserved RNAs that are concen-

trated in Cajal bodies or nucleoli where they either function in

the modification of small nuclear RNAs (snRNAs) or ribosomal

RNAs (rRNAs), or participate in the processing of rRNAs during

ribosomal subunit maturation (Boisvert et al., 2007; Kiss, 2001;

Matera et al., 2007). The great majority of snoRNAs are encoded

in the introns of protein-coding genes, and usually one intron

contains one snoRNA gene (Filipowicz and Pogaci�c, 2002).

SnoRNAs are processed from excised and debranched introns

by exonucleolytic trimming and carry out their functions in com-

plex with specific proteins by forming ribonucleoprotein com-

plexes (snoRNPs) (Kiss, 2001). There are two main classes of

534 Molecular Cell 64, 534–548, November 3, 2016 ª 2016 Elsevier Inc.

mailto:linglingchen@sibcb.ac.cn
http://dx.doi.org/10.1016/j.molcel.2016.10.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2016.10.007&domain=pdf


Figure 1. Identification of SPAs from the Imprinted Region of Chr15

(A) SPAs from the imprinted region of chr15. Top: diagram of the region. Transcription of SNURF-SNRPN and downstream noncoding region (green bars) occurs

only from the paternal chromosome. 70% of the PWS individuals contain the 15q11-q13 deletion up to 5�6 Mb (Cassidy et al., 2012), and the minimal chro-

mosome deletions reported in four PWS individuals are indicated (gray lines, cases 1–4 (Bieth et al., 2015; de Smith et al., 2009; Duker et al., 2010; Sahoo et al.,

2008). SPA1, SPA2 (red or blue lines), and five sno-lncRNAs (black lines) (Yin et al., 2012) are shown underneath. Bottom: Fib RIP RNA-seq (red) and poly(A)+

RNA-seq (black) revealed SPA1 in this region in PA1 cells. See also Figures S1 and S2 and Table S1.

(B) A schematic view of SPA1. SPA1 contains seven exons and is a lncRNA with the 50 snoRNA cap and a 30 poly(A) tail.
(C) Validation of SPA1 expression in hESCs H9. Total RNAs were isolated from H9 cells and resolved on an agarose gel. Probes for NB were shown in (A).

Equivalent amounts of RNAs from H9 cells were loaded as indicated by 28S and 18S rRNAs. S, sense; AS, antisense.

(legend continued on next page)
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snoRNAs: box C/D snoRNAs and box H/ACA snoRNAs. The box

C/D snoRNP contains four key proteins: Fibrillarin (Fib), Nop56,

Nop58, and 15.5k (Kiss, 2001). Sno-lncRNAs are formed when

one intron contains two snoRNA genes. During splicing, the se-

quences between the snoRNAs are not degraded, leading to the

accumulation of lncRNAs flanked by snoRNA sequences but

lacking 50 caps and 30 poly(A) tails (Yin et al., 2012). The genomic

region encoding the most abundant sno-lncRNAs in human em-

bryonic stem cells (hESCs) is specifically deleted in Prader-Willi

syndrome (PWS) (Figure 1A) (Yin et al., 2012).

PWS is a neuro-developmental genetic disorder (Cassidy

et al., 2012). The minimal deletion associated with PWS has

been mapped to the 30 untranslated region (UTR) of SNURF-

SNRPN at the imprinted region of 15q11-q13 (Figure 1A) (Bieth

et al., 2015; de Smith et al., 2009; Duker et al., 2010; Sahoo

et al., 2008). This critical deletion region that causes PWS is

paternally transcribed and expresses a number of snoRNAs

and lncRNAs (Figure 1A), but a detailed annotation of this impor-

tant genomic region still has been lacking. Here we identified two

SPAs, a type of previously unreported lncRNAs that are 50 cap-
ped by snoRNAs and 30 polyadenylated. These SPAs assemble

into a striking nuclear accumulation and affect binding patterns

of RNA binding proteins (RBPs) and alternative splicing in

hESCs, suggesting a link between aberrant localizations of mul-

tiple RBPs and PWS pathogenesis.

RESULTS

Identification of SPAs
Since the minimal PWS deletion region contains many snoRNAs

(Figure 1A), we reasoned that RNA-immunoprecipitation (RIP)

of snoRNP-associated RNAs followed by RNA-sequencing

(RNA-seq) would allow us to identify additional snoRNA-related

lncRNAs, if any. Fibrillarin is one component of the box C/D

snoRNP (Kiss, 2001). We carried out Fib-RIP followed by RNA-

seq (Fib-RIP-seq) from the human ovarian carcinoma cell line

PA1 cells using antibodies against Fib. The expressed box C/D

snoRNAs (Table S1) and the known PWS region sno-lncRNAs

(Figures S1A and S1B) could be readily precipitated by Fib-

RIP-seq. Unexpectedly, we identified two SPAs (50 snoRNA

capped and 30 polyadenylated lncRNAs) in this imprinted region

(Figure 1A and Table S1).

SPA1 and SPA2 are sequentially located downstream of the

protein-coding bicistronic gene SNURF-SNRPN (Figure 1A).

This region has been previously annotated as the 30UTR of

SNRPN. The 50 end of SPA1 correlates with the snoRNA

SNORD107 (Figure 1A, bottom panel). SPA1 contains seven

exons and is 34,000 nt in length (Figure 1B). We have confirmed

the existence of SPA1 by northern blotting (NB) in H9 cells (Fig-

ure 1C) and in PA1 cells (Figure S1C). Furthermore, two phos-

phorothioate-modified antisense oligodeoxynucleotides (ASOs)

that targeted different exons of SPA1 both reduced SPA1 to

barely detectable levels (Figure 1D), revealing that SPA1 con-

tains multiple exons. We further confirmed that SPA1 could

only be precipitated with the anti-Fib antibody (Figure 1E), but

not with an anti-m7G cap antibody (Figure 1F), and that SPA1

is only present in the polyadenylated fractionation in PA1 and

H9 cells (Figure 1G and data not shown). Although capped by

a snoRNP at the 50 end, we observed that the half-life of the poly-

adenylated SPA1 is similar to that of many m7G capped mRNAs

(Figure S1D).

In both PA1 andH9 cells,SPA2 is also produced from the PWS

deletion region (Figure 1A). The SPA2 gene is located 5.6 kb

downstream of SPA1 and contains over 30 exons (Figure S2A).

Its 50 end is capped by SNORD109A and is 16,000 nt in length

(Figure S2A). The existence of SPA2 in H9 cells was confirmed

by NB with probes that recognize its exons across splicing junc-

tions or its last exon, the IPW region (Figure S2B), and by ribonu-

clease protection assay (RPA) (Figure S2C). It should be noted

that the last exon of SPA2 was previously annotated as the

lncRNA IPW (Wevrick and Francke, 1997). Together, our ana-

lyses show that the 30 UTR of SNURF-SNRPN (Kishore and

Stamm, 2006; Runte et al., 2001) comprises two additional

SPA lncRNAs (Figure S2A).

SPA Processing Requires an Intact SnoRNA and a Weak
Upstream Poly(A) Signal
Nearly all Pol II transcribed exon-containing RNAs in mammals

are capped by m7G at their 50 ends to protect RNAs from the

50 exonuclease degradation (Ross, 1995). However, the 50 end
of SPA is not m7G capped (Figures 1A and 1F). We asked

what mechanism is involved in the 50 end formation of SPA.

Nascent RNA-seq in PA1 cells (Zhang et al., 2016) revealed

thatSPA1 is transcribed from the same promoter as its upstream

SNURF-SNRPN gene and is processed from the SNURF-

SNRPN polycistronic transcript (Figure S2D).

We next recapitulated SPA1 formation in an expression vector

to investigate its processing in detail. We cloned the last two

exons of theSNURF-SNRPN gene (E9+E10) with its endogenous

poly(A) signals, the intact 3.4 kb long internal sequence between

SNURF-SNRPN andSPA1, and the first 800 nucleotides ofSPA1

including its 50 end SNORD107, followed by a poly(A) signal

embedded in the vector (Figure 2A, left panel). We expected

that this vector would transcribe a 5,000 nt pre-RNA, which

could be processed into a mRNA containing e9+e10 and SPA

(Figure 2A, top right panel). Transfection of this plasmid into

(D) Knockdown of SPA1 by ASOs targeting two distinct exons followed by examining SPA1with primers located in opposite exons confirmed SPA1. Locations of

ASOs and primers are shown in (A).

(E) SPAs are associated with the snoRNP complexes. RIP was performed from PA1 cells using anti-Fib and anti-IgG followed by qRT-PCR. Bar plots represent

fold enrichments of RNAs immunoprecipitated by anti-Fib over IgG.

(F) SPAs are not capped by m7G. RIP was performed with total RNAs from PA1 cells using anti-m7G cap antibody and IgG followed by qRT-PCR. Bar plots

represent fold enrichments of RNAs immunoprecipitated by anti-m7G cap over IgG.

(G) SPAs are polyadenylated. Poly(A)+ and poly(A)- RNAs were purified from PA1 cells followed by qRT-PCR to examine the relative abundance of SPAs in each

sample. The poly(A)+ Snrpn and poly(A)- sno-lncRNAs (Yin et al., 2012) were controls.

In (D)–(G), error bars represent SD in triplicate experiments.
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HeLa cells, which lack endogenous SNURF-SNRPN and SPA1,

followed by NB revealed that both e9+e10 and SPA1 could be

produced (Figure 2A, lane 1). Importantly, deletion of the intact

SNORD107 or its box C, or box C’/D motifs that disrupt the

snoRNP structure, could completely eliminate SPA formation,

while the expression of e9+e10 remained unchanged (Figure 2A,

lanes 2–5). Replacement of the endogenous SNORD107 with

another box C/D or box H/ACA snoRNA still allowed SPA1 for-

mation (Figure 2A, lanes 6 and 7). Moreover, RPAs also revealed

that the 50 end ofSPA1 is a snoRNA in H9 cells, aswell as in HeLa

cells that were transfected with the SPA1 vector (Figure S3A).

These results together demonstrate that the essential motifs of

a snoRNA at the 50 end are required for SPA processing.

Production of SPA requires continuous Pol II transcription of

the downstream region including the snoRNA, after read through

of the upstream poly(A) signal. We thus examined whether the

strength of the upstream poly(A) signal would have an effect on

SPA processing. Deletion of the upstream poly(A) signal, either

the AAUAAA C/P recognition sequences (Figure 2B, lane 2), or

the cleavage signal (Figure 2B, lane 3), or both the recognition

and cleavage sequences (Figure 2B, lane 4), allowed the up-

stream RNA to be processed at different levels. A weaker poly(A)

strength led to less processed e9+e10. Correspondingly, more

pre-RNA accumulation could be observed andmore SPA1 could

be detected (Figure 2B, right panels). It is worth noting, however,

that the complete deletion of the poly(A) signal of e9+e10,

together with any possible cryptic poly(A) signals in the 3.4 kb

internal sequence downstream, not only completely inhibited

the maturation of the upstream e9+e10, but also significantly

reduced SPA1 processing (Figure 2B, lane 5). These results sug-

gest that the poly(A) signal of the upstream transcript is required

for downstream SPA processing from a polycistronic transcript

and that different strengths of the upstream poly(A) sequences

can affect the downstream SPA processing. In fact, the replace-

ment of endogenous poly(A) sequence with a strong poly(A)

signal from the BGH gene led to the strong processing of the

upstream e9+e10 but dramatically eliminated SPA1 formation

(Figure 2B, lanes 6 and 6*). Altogether, these results reveal that

Figure 2. SPA Processing Requires cis-Elements

(A) SPA processing requires a snoRNA structure at its 50 end. Left: a schematic drawing of wild-type (WT) SPA1 and mutants in the expression vector; top right

box shows the processing of SPA1 expression vector. Right: total RNA isolated fromHeLa cells transfectedwith each indicated plasmid was resolved on agarose

gels for NB with probe1 or probe2, and rRNAs were used as the loading control. See also Figure S3A.

(B) SPA processing requires a weak upstream poly(A) signal. Left: a schematic drawing of a WT SPA1 and mutants containing upstream poly(A) signals in

expression vectors. Right: total RNA isolated from HeLa cells transfected with each indicated plasmid was resolved on agarose gels for NB. Efficiency of plasmid

transfection was indicated by the co-transfection with pEGFP-C1 vector and detected by NB with an egfp probe.
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SPA formation requires an intact snoRNA, which is either a box

C/D or a box H/ACA snoRNA and a weak poly(A) signal of its

upstream gene in the polycistronic transcript.

SPAProcessingRequires Protein Factors Involved in the
Cleavage/Polyadenylation of Pre-mRNA and the
Torpedo Model of Pol II Termination
Transcription of the poly(A) signal triggers endonucleolytic

cleavage of the nascent RNA, generating an upstream cleavage

product that is immediately polyadenylated (for example, the up-

stream e9+e10mRNA shown in Figures 2A and 2B). The remain-

ing downstream cleavage product, with an uncapped phosphate

at its 50 end, is unstable and rapidly degraded. Multiple factors,

including CPSF73 and CPSF30, are responsible for the recogni-

tion of the poly(A) signal (Chan et al., 2014; Mandel et al., 2006).

To determine whether CPSFs play roles in SPA processing, we

knocked down CPSF73 or CPSF30 in PA1 cells followed by

the examination of the relative abundance of pre-SPA1 and

SPA1. Depletion of CPSF73 led to the accumulation of pre-

SPA1 after it was normalized to the upstream snurf-snrpn in

the scramble and CPSF73 shRNA treated cells (Figures S3B

and S3C). A similar result was obtained by RPA where the accu-

mulation of pre-SPA1 was increased after CPSF73 knockdown

(Figure 3A). In addition, depletion of CPSF30, another key factor

involved in C/P, also led to the accumulation of pre-SPA1

(Figure S3D).

As the torpedo model explains the connection between Pol II

termination and C/P (West et al., 2004), we next examined

whether XRN2 is involved in SPA processing. Knockdown of

XRN2 led to the accumulation of pre-SPA1 from the PWS dele-

tion region, as revealed by qRT-PCR (Figure S3E) and RPA (Fig-

ure 3A) in PA1 cells, as well as by reporter assays in HeLa cells

(Figure S3F). It should be noted that in all examined situations,

knockdown of XRN2 did not significantly affect transcription or

the processing of the upstream mRNA (Figures S3E and S3F),

but only the ratio of the relative abundance of pre-SPA1 and

SPA1 was altered (Figure S3F). Together, these results strongly

suggest that SPA processing requires factors involved in C/P of

the upstream mRNA and XRN2 involved in the torpedo model of

Pol II termination.

SPA Processing Is Associated with Fast Pol II
Transcription Elongation
Measuring the Pol II elongation speed by nascent RNA-seq

(Zhang et al., 2016) revealed that the Pol II transcription elonga-

tion rate (TER) at this locus (�3.4 kb/min) was much higher than

the average Pol II speed (�2.5 kb/min) in both H9 and PA1 cells

(Figure 3B). This observation suggested that the fast Pol II elon-

gation could allow polymerases to reach SNORD107 before

XRN2, allowing the co-transcriptional assembly of a snoRNP to

occur. This snoRNP would block the arriving XRN2 degradation

from the 50 end of nascent pre-SPA1 and allow the continuous

transcription of the polycistronic transcript by fast Pol II. To

test this hypothesis, we modulated Pol II TER by expressing

the a-amanitin-resistance (Amr) wild-type, R749H (slow Pol II),

or E1126G (fast Pol II) of the human Pol II large subunit implicated

in elongation control (Fong et al., 2014; Zhang et al., 2016) in

PA1 cells. After transfection with either wild-type or each Pol II

mutant, a-amanitin was added to block endogenous Pol II elon-

gation. We found that the R749H mutant reduced Pol II TER and

the E1126G mutant promoted TER (Figure 3C) at the SNURF-

SNRPN locus as expected (Figure 3C, left panel). Importantly,

the relative abundance of the newly processed SPA1, when

compared to its upstream snrpn mRNA at the nascent level,

was significantly decreased or increased in cells with slow or

fast Pol II (Figure 3C, right panel). These results thus support

our hypothesis that SPA processing requires a fast RNA Pol II

TER to win the competition with XRN2.

Together, we propose a model for the PWS region SPA1 pro-

cessing shown in Figure 3D. The paternal transcription at the

15q11-q13 region (Figure 1A) generates a 180 kb long snurf-

snrpn polycistronic transcript. It can be processed into both

mRNAs and different types of lncRNAs including SPAs and

sno-lncRNAs from the previously thought 30 UTR of snurf-snrpn.

Fast Pol II transcription elongation coupled with a weak pro-

moter-proximal poly(A) signal allows the continuous transcrip-

tion of fast Pol II to the downstream region including a snoRNA

gene located 3.4 kb away. Following C/P at the 30 end of up-

stream snurf-snrpn, the nascent uncapped pre-RNA associates

with XRN2, which chases the Pol II elongation complex in order

to destabilize it. However, Pol II reaches SNORD107 first. XRN2

then encounters the co-transcriptionally assembled SNORD107

snoRNP that blocks further degradation of XRN2 and also allows

continuous Pol II elongation. Such a mechanism allows the for-

mation of the 50 end snoRNP cap of SPA1. Meanwhile, Pol II con-

tinues its transcription until it encounters the next poly(A) signal

to initiate another round of cleavage and polyadenylation that

forms the 30 end poly(A) tail of SPA1. In addition, SPA2, located

5.6 kb downstream of SPA1, is formed by the same mechanism

as SPA1 (gray box, Figure 3D).

Since the SPA2 gene also comprises 29 copies of

SNORD116s and 5 sno-lncRNAs (Yin et al., 2012) in its introns,

we further examined whether SPAs are precursors of these

sno-lncRNAs. Treated cells with ASOs that target snrpn

mRNA, SPA1, or SPA2 did not significantly alter sno-lncRNA

expression (Figure 3E), suggesting that these two types of

lncRNAs do not have a precursor-product relationship. Indeed,

snrpn, SPAs, and sno-lncRNAs are all derived from the same

polycistronic transcript (Figure 3D). SPA1 and SPA2 each con-

tains multiple exons and is generated by a mechanism associ-

ated with polycistronic transcription, nascent RNA 30 process-
ing, and fast Pol II elongation rate, whereas sno-lncRNAs are

derived from the excised introns of SPA2 (Figure 3D).

The PWS Region LncRNAs Form a Striking Nuclear
Accumulation
We have measured the copy number of PWS region SPAs in

hESCs. SPAs represent one of the most abundant lncRNAs in

hESCs (Figure 3F). For instance, the abundance of SPAs is about

one third of that of the lncRNAMALAT1 and is similar to the non-

polyadenylated sno-lncRNAs in hESCs.

The nuclear/cytoplasmic RNA fractionation revealed that PWS

region SPAs were nuclear retained (Figure S4A). By RNA fluores-

cence in situ hybridization (FISH) with tiling probes that are

antisense to the full length of SPA1, SPA2, or sno-lncRNAs (Fig-

ure 4A), we found that these lncRNAs accumulated to a striking
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nuclear accumulation in each nucleus of H9 and PA1 cells

(Figures 4B and S4B). These accumulations were about

0.4�1.2 mm in diameter, and their volumes were 1�2 mm3 (Fig-

ure 4C). Their sizes were larger and greater in H9 cells than those

in PA1 cells (Figure 4C). In each subnuclear accumulation, sno-

lncRNAs appeared to be located in the middle, surrounded by

SPA1 and SPA2 (Figures 4B and S4B).

Double DNA/RNA FISH showed that SPAs accumulated at or

near their sites of processing on the paternal chromosome (Fig-

ure 4D). To exclude the possibility that the detected signals by

RNA FISH were from the partially processed PWS region poly-

cistronic transcript, we blocked Pol II transcription followed by

examining the SPA accumulation. 3 hr in Act D or DRB treat-

ment was sufficient to eliminate the polycistronic transcript,

with only 5%�12% retaining a barely detectable signal re-

vealed by an intron probe (Figure 4E). In contrast, the SPA1

RNA, although somewhat reduced, remained in 98%�100%

of these same nuclei (Figure 4E). Thus, the persistence of

PWS region lncRNAs in these transcriptionally inhibited inter-

phase cells is not due to the unprocessed polycistronic

transcript. Finally, we found that the striking subnuclear accu-

mulation of SPAs and sno-lncRNAs also existed in induced

pluripotent stem cells (iPSCs) derived from normal individuals

but was absent in iPSCs derived from PWS patients (Yang

et al., 2010) (Figure 4F).

Conservation of PWS Region SPAs
Comparison of human and mouse genomes revealed that the

genome organization of SPA1 is largely conserved (Figure S5A).

Similar to human SPA1, the 50 end of mouse SPA1 (mSPA1) is

Snord107. mSP contains 9 exons, and its predicted size is

about 20,000 nt (Figure S5A). However, the homolog of 50 end
SNROD109A for the human SPA2 gene is not present in the

mouse genome. Indeed, there is a gap missing in the mouse

genome that corresponds to the SPA2 locus in human, suggest-

ing that SPA2 lncRNA is not conserved (Figure S5A). Remark-

ably, although Snrpn is expressed in mouse embryonic stem

cells (mESCs) and upon neuronal differentiation (Figure S5B),

mSPA1 is largely absent in mESCs but highly expressed in

neurons (Figure S5B). We further confirmed the expression of

mSPA1 in the adult mouse hippocampus tissue, but not in

mESCs by NB (Figure S5C). These analyses indicate a different

processing of mSPA1 from human SPA1 and the non-

conserved feature of the PWS region lncRNAs between mouse

and human.

Generation of Allele-Specific Isogenic hESC Lines
Lacking PWS Region LncRNAs
Because the PWS region SPAs are not conserved (Figure S5)

and the current existing mouse models cannot fully recapitulate

the clinical features of human PWS (Cassidy et al., 2012; Ding

et al., 2008; Tsai et al., 1999), we decided to generate isogenic

hESC lines lacking these lncRNAs by CRISPR/Cas9 to create

an unbiased human PWS cellular model.

We designed sgRNAs to delete the entire 141 kb genomic re-

gion that comprises SPA1 and SPA2 in H9 cells (Figure 5A). As

this locus is a genomic imprinting region only transcribed pater-

nally, we selected H9 clones carrying the 141 kb paternal chro-

mosome deletion for a minimum perturbation of the genome.

Compared to wild-type (WT) cells, H9 clones having the paternal

deletion (P-KO) did not express PWS region lncRNAs (Figures 5A

and 5B). The lncRNA-enriched PWS accumulation also disap-

peared in P-KO cells (Figure S4C). It should be noted that this

141 kb genomic deletion inevitably removed the SPA2 intronic-

located SNORD116 snoRNAs, which are orphans and may

possibly lack functional potential (Bazeley et al., 2008; Bratkovi�c

and Rogelj, 2014).

H9 P-KO clones of the 141 kb paternal deletion appeared

morphologically normal, expressed pluripotency markers, main-

tained normal karyotype, and could differentiate into all three

germ layers (data not shown). RNA-seq and NB revealed little

changes in snrpn expression in P-KO cells (Figures 5A and 5C),

or few alterations in global gene expression (data not shown).

These observations suggest that although the PWS region

lncRNAs primarily accumulated to their sites of synthesis (Fig-

ure 4), they do not act in cis. Furthermore, knockout of SPAs

had no significant effect on the CpG methylation status at the

imprinting center located upstream of the SNURF-SNRPN locus

(data not shown). Together, we conclude that these PWS region

SPAs and sno-lncRNAs are not essential for hESCs, consistent

with the fact that PWS patients lacking these lncRNAs are viable.

PWS Region LncRNAs Sequester RBPs with Distinct
Binding Preferences
To further explore the role of SPA1, we set up RNA pull-down ex-

periments to identify SPA1-interacting proteins. Since SPA1 is

long (Figure 1B), we generated 1,000�2,000 nt sense and anti-

sense biotin-labeled fragments that span almost the full SPA1.

After incubation with nuclear extracts isolated from PA1 cells

with the biotin-labeled control egfp, sense, or antisense SPA1

fragments, we identified three RBPs, TDP43, RBFOX2, and

Figure 3. SPA Processing Requires Factors Involved in Nascent RNA 30 End Formation and Pol II Termination

(A) Processing of SPA1 requires CPSF73 and XRN2. Top: a schematic drawing of the gene organization of SNURF-SNRPN and SPA1. Blue line, the RPA probe;

arrowheads, primers used in (C). pre-SPA1was accumulated in CPSF73-depleted or XRN2-depleted PA1 cells, as revealed by RPAs. See also Figures S3B–S3F.

(B) The Pol II TER at the SNURF-SNRPN locus is faster than the average rate in both H9 and PA1 cells, as revealed by 4sUDRB-seq (Zhang et al., 2016).

(C) SPA1 processing is associated with rapid Pol II TER. Primer sets were shown in (A). Left, ‘‘D’’ and ‘‘P’’ primer sets were used to quantify pre-mRNA accu-

mulation at distal and proximal region with respect to the transcription start site (TSS). Right, the slow Pol II (R749H) resulted in decreased SPA1 expression and

the fast Pol II (E1126G) led to increased SPA1 expression, compared to the level of its upstream snrpn mRNA (right).

(D) A model for SPA1 processing. See text for details.

(E) SPAs are not precursors of sno-lncRNAs. Knockdown of snrpn mRNA, SPA1, or SPA2 by ASOs had no significant effect on sno-lncRNA expression, as

revealed by qRT-PCR.

(F) Relative abundance of PWS region lncRNAs. Copy numbers of PWS region lncRNAs and other lncRNAs were normalized to actin mRNA in H9 cells.

In (C), (E), and (F), error bars represent SD in triplicate experiments.
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hnRNP M that interacted with the sense but not antisense SPA1

or egfp (Figures 5D and 5E). Additional co-localization of SPA1

and TDP43, RBFOX2, and hnRNP M (Figure 5F) also revealed

that these proteins were strongly enriched in close proximity to

SPA1. Interestingly, additional RNA pull-down assays revealed

that SPA2 and sno-lncRNAs also interacted with these RBPs

(Figure S6A).

We then performed super-resolution 3D structured illumina-

tion microscopy (SIM) to assess the relative localization of

each RBP and PWS region lncRNAs. Using 3D SIM, we not

only confirmed the co-localization of each RBP with these

lncRNAs, but also found that greater than 1% of each RBP could

be sequestered there (Figure 5G). Since the diameter of the PWS

accumulation and the nucleus is about 0.4�1.2 mm and 10 mm,

Figure 4. Nuclear Localization of SPAs

(A) A schematic drawing of probes for RNA FISH and RNA/DNA FISH.

(B) PWS region SPA1, SPA2, and sno-lncRNAs form a nuclear accumulation. Triple-color RNA FISH of SPA1 (green), SPA2 (blue), and five sno-lncRNAs (red) by

individual pooled tiling AS probes was performed in PA1 and H9 cells. Nuclei are shown by red dotted lines. See also Figures S4A and S4B.

(C) Statistics of PWS region lncRNA accumulation. The volume and the median distance from the geometric center of the accumulation to its surface’s pixels are

shown by boxplots.

(D) SPA1 accumulates at a single chromosomal locus. RNA/DNA FISH of SPA1 (green, with the 1 kb long AS probe shown in A) and its DNA region (red) in PA1

cells.

(E) The persistence of PWS region lncRNA accumulation in interphase cells. Left: after treatment with two transcriptional inhibitors (ActD and DRB), the precursor

RNA of SPA1 (pre-SPA1) disappeared, but the SPA1 lncRNA still stably accumulated in the nucleus. Right: statistics of RNA FISH signal of pre-SPA1 or SPA1.

Error bars represent SD in triplicate experiments.

(F) Visualization of PWS region lncRNAs in iPSCs derived from a healthy adult and a PWS patient (Yang et al., 2010). Representative images are shown.
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respectively, the PWS lncRNAs constitute about 0.02%�0.1%

of the nuclear volume but can sequester greater than 1% of

each RBP.

To further illustrate the binding capability of each RBP with

these lncRNAs at the single-nucleotide resolution, we per-

formed individual-nucleotide resolution UV cross-linking and

Figure 5. PWS Region SPAs Interact with Multiple RNA Binding Proteins

(A) A schematic diagram of knockout (KO) the PWS region lncRNAs by CRISPR/Cas9. Top: the gene organization of SNURF-SNRPN locus and the sgRNA target

sites for the 141 kb KO comprising both SPA1 and SPA2 genes. Bottom: poly(A)+ RNA-seq revealed the successful deletion of SPAs in one of the paternal KO

(P-KO) H9 cell lines. See also Figures S4C and S5.

(B) Verification of SPA1, SPA2 and sno-lncRNAs KO in H9 cells. RT-qPCR indicates an efficient KO of SPA1, SPA2 and sno-lncRNAs in three P-KO H9 cell lines.

(C) KO SPAs did not affect its upstream snrnp mRNA expression, revealed by NB.

(D) Identification of proteins associatedwithSPA1. Proteins fromPA1 cell extracts were pulled downwith the biotin-labeled probes ofSPA1 and controls and then

subjected to SDS-PAGE and silver staining.

(E) Validation of SPA1-interacting proteins. Proteins pulled down by biotin-SPA1 were analyzed by immunoblotting with TDP43, RBFOX2, hnRNP M, and

IGF2BP1 antibodies.

(F) Co-localization ofSPA1 (green) and proteins (red).SPA1 co-localizes to the enriched staining of TDP43, RBFOX2, and hnRNPM in the nucleus. Representative

images are shown.

(G) TDP43, RBFOX2, and hnRMPMare co-localized to the PWS region lncRNA-enriched nuclear accumulation. Representative images of the co-staining of each

RBP and PWS-region lncRNAs under 3D SIM. Statistics of the proportion of each RBP enriched in this lncRNA-enriched accumulation are marked underneath.

The percentage analysis was processed using the TANGO plug-in for ImageJ/Fiji to generate the 3D mask/segment of each signal channel followed by an

integrated density counting. See also Figure S6A.
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immunoprecipitation (iCLIP) with antibodies for TDP43,

RBFOX2, and hnRNP M in WT and P-KO H9 cell lines (Figures

S6B–S6D and 6A). TDP43, RBFOX2, and hnRNP M in examined

H9 cell lines all exhibited binding motifs similar to those previ-

ously reported (Huelga et al., 2012; Tollervey et al., 2011; Yeo

et al., 2009) (Figure 6B). For example, TDP43 binds to clusters

of UG-rich sequences (Tollervey et al., 2011), RBFOX2 binds to

UGCAU and GCAUG sequences (Yeo et al., 2009), and hnRNP

M binds to clusters of GU-rich sequences that often contain

UU sequences within the motif (Huelga et al., 2012). In addition,

comparison of the TDP43 iCLIP results in H9 cells between a

previously published dataset (Tollervey et al., 2011), and ours re-

vealed that over 70% of TDP43 targeted cDNAs were overlap-

ped (Figure S6E). All of these analyses suggested successful

iCLIP assays performed in our hands. For each antibody, we per-

formed iCLIP in duplicate, and only changes detected in both

iCLIPs were counted (Figure S6F).

iCLIPexperiments confirmed that all threeproteins directly and

strongly interactedwithSPA1,SPA2, and sno-lncRNAs inWTH9

cells, but no binding signals could be retrieved in P-KO H9 cells

lacking these lncRNAs (Figures 6A andS6G). Calculation of puta-

tive binding motifs of these RBPs in these lncRNAs revealed

remarkable enrichments of their respectivemotifs without prefer-

ence (Figure 6C). Strikingly, a strong preference between lncRNA

and RBP was revealed when the binding capability of each RBP

on individual PWS region lncRNAs was counted: SPA1 preferred

to interact with TDP43, sno-lncRNAs preferred to bind RBFOX2,

while SPA2 did not have a preference to these examined RBPs

(Figure 6D). SIM further confirmed the binding preference

between TDP43 and SPA1 as well as the preference between

RBFOX2 and sno-lncRNAs (Figure 6E). Remarkably, SPA1

bound to TDP43 with a strong bias toward its 50 end but inter-

acted with RBFOX2 and hnRNP Mmore promiscuously (Figures

6F and 6G). Together, these results show that the PWS region

lncRNAs form a striking nuclear accumulation that can sequester

a significant proportion of RBPs with distinct preferences.

hESCs Lacking PWS Region LncRNAs Have Altered
Patterns of RBP Binding and Alternative Splicing
The significant enrichment of these RBPs in the PWS region

lncRNA-enriched nuclear accumulation in hESCs but not in

PWSpatients suggests that the lack of these lncRNAsmight alter

patterns of RBP binding in PWS patients. Comparing RNA tar-

gets of TDP43, RBFOX2, and hnRNPM inWT and P-KO H9 cells

revealed changes in the proportion of their associated target

RNAs (out of all cDNA counts mapping to the human genome

in each iCLIP dataset after removal of PCR duplicates) (König

et al., 2010) between WT and P-KO H9 cells (Figures S7A–

S7C). We then selected transcripts that have altered RBP bind-

ing in P-KOH9 cells; meanwhile, we required that the expression

of these RBP associated transcripts remained unchanged in WT

and P-KOH9 cell lines (Figures S7A–S7C and Tables S2, S3, and

S4). Examples of such transcripts and the proportions of cDNAs

that mapped to each transcript in iCLIPs are shown in Figures

S7D–S7F.

We then analyzed whether the altered RBP binding would

result in alternative splicing changes in P-KO hESCs lacking

these lncRNAs. 348 altered splicing events repeatedly occurred

from RNA-seq of three P-KO lines (Figure 7A and Table S5). 90

among 348 (26%) showed a corresponding change of RBPs

binding to pre-mRNAs (Figures 7B–7E and Table S5). Some

correlated only with either TDP43 or RBFOX2, and some with

both (Figures 7B–7E and S7G and Table S5), but very few corre-

lated with hnRNP M (Figure 7B). Furthermore, the binding of

TDP43 and RBFOX2 to these altered pre-mRNAs could be vali-

dated in hESCs (Figure 7F). This observation indicates that SPA1

and sno-lncRNAs can regulate different populations of targets.

Remarkably, some alternative splicing changes could be found

in human iPSCs derived from a reported PWS patient (Yang

et al., 2010) (Figure 7G). Intriguingly, a large number of altered

binding sites of RBPs were located to genes that do not have

cassette exons (Figure S7H), indicating that the PWS region

SPAs and sno-lncRNAs can sequester RBPs away from their

normal functional sites (Figure 7H).

DISCUSSION

Most well-characterized lncRNAs that containmultiple exons are

capped by m7G. We report here previously unreported nuclear

RNAs that are capped by a snoRNP at their 50 ends. SPA pro-

cessing in the chr15q11-q13 region is associated with fast Pol

II transcription elongation and C/P of the upstream gene (Figures

Figure 6. PWS Region LncRNAs Exhibit Different Binding Preferences to RBPs

(A) TDP43, RBFOX2, and hnRNPM specifically interact with PWS region lncRNAs. Left panels: iCLIP reads were enriched along the PWS deletion region, but not

in the adjacent upstream or downstream regions in H9 cells. TDP43 (blue) mainly accumulated at SPA1, RBFOX2 (red) mainly accumulated at sno-lncRNAs,

whereas hnRNPM (green) did not show an obvious preference. Right panels: in P-KOH9 cells, iCLIP reads of each RBPmapped to this region inWTH9 cells were

not present in P-KO samples. Counts of iCLIP reads were calculated every 500 bp. See also Figures S6B–S6G.

(B) Z scores of pentamer occurrence within the 61 nucleotide (nt) sequence surrounding all cross-link sites (�30 to +30 nt) for iCLIP assays with individual TDP43

(left), RBFOX2 (middle), and hnRNP M (right) antibodies in WT and P-KO H9 cells. See also Tables S2, S3, and S4.

(C) Number of putative motifs of each RBP (TDP43, RBFOX2, and hnRNP M) in SPA1, SPA2, and sno-lncRNAs per kilobase.

(D) Binding capability of TDP43, RBFOX2, and hnRNP M to different PWS region lncRNAs. TDP43 prefers to bind to SPA1, RBFOX2 prefers to interact with sno-

lncRNAs, while hnRNP M binds to all three lncRNAs without an apparent preference. Counts of iCLIP reads were calculated every 500 bp.

(E) PWS region lncRNAs interact with RBPs with preferences. SPA1 or sno-lncRNAs co-staining with TDP43 or RBFOX2 under SIM, respectively. Left panels:

representative images of lncRNA and RBP co-staining under SIM. Right panels: statistics of SPA1 or sno-lncRNAs and their interacting RBPs from triplicate

experiments. See Figure 5G for details.

(F) iCLIP binding density of TDP43, RBFOX2, and hnRNPM on SPA1. Note that there is a notable enrichment of TDP43 binding density at the 50 end of SPA1. The

biotin-labeled pull-down probes for SPA1 used in (G) are shown in the bottom.

(G) TDP43 prefers to interact with the 50 end of SPA1. Proteins fromPA1 cell extracts were pulled downwith the biotin-labeled probes of different SPA1 fragments

(F) and then subjected to immunoblotting with antibodies to TDP43, RBFOX2, and hnRNP M.
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Figure 7. HESCs Lacking PWS Region LncRNAs Have Altered Patterns of Alternative Splicing and RBP Binding to Pre-mRNAs

(A) Altered splicing of cassette exons after depleting PWS region lncRNAs. Cassette exons with significant PSI changes (jmean PSI in P-KO samples� PSI in WT

samplej R 0.2) were selected. Red points represent cassette exons with more inclusion in P-KO samples; blue points represent cassette exons with more

exclusion in P-KO samples. Cassette exons shown in (C)–(G) are marked in black. See also Table S5.

(B) Analysis of changed alternative splicing events corresponding to altered RBP binding to pre-mRNAs in P-KO hESCs. See also Tables S2, S3, and S4 and

Figures S7A–S7H.

(C–E) Examples of alternative splicing changes and their corresponding altered RBP binding in WT and P-KO hESCs. Left panels: wiggle tracks show the RNA-

seq mapped reads to altered exons, inferred from the change of PSI on the right (red tracks, WT H9; orange tracks, P-KO H9 lines). Right panels: the altered

binding of corresponding RBPs. Inclusion in RIMS2 corresponded with the altered binding of both TDP43 and RBFOX2 (C); the exclusion in DLG1 corresponded

with the altered binding of RBFOX2 (D); whereas the inclusion in MAGI2 corresponded with the altered binding of TDP43 (E). See also Figure S7G.

(F) TDP43 or RBFOX2 interact with pre-mRNAs with altered patterns of alternative splicing shown in (C)–(E). RIP was performed in H9 cells using anti-TDP43 and

anti-RBFOX2 antibodies followed by qRT-PCR. Bar plots represent fold enrichments of RNAs immunoprecipitated by anti-TDP43 and anti-RBFOX2 antibodies,

and error bars represent SD in triplicate experiments.

(legend continued on next page)
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1, 2, and 3). At the SPA-produced SNURF-SNRPN locus, Pol II

runs faster than its average speed in both PA1 and H9 cells (Fig-

ures 3B and 3C). Such a fast Pol II elongation at this locus would

shorten the window of opportunity for the upstream 30 end for-

mation to occur and win the race with XRN2 degradation (Fig-

ure 3D). It has been very recently shown that fast transcription

elongation could shift termination downstream (Fong et al.,

2015). Remarkably, the assembly of snoRNPs downstream of

cleavage sites impedes XRN2 degradation and delays Pol II

termination (Figure 3). These seamlessly coupled processes

together unexpectedly generate SPAs with 50 snoRNP ends at

the SNURF-SNRPN locus. As both box C/D and box H/ACA

snoRNAs are capable of mediating SPA formation (Figure 2A),

additional genome-wide analyses will be required to identify

more SPAs and polycistronic transcripts of this type in different

cells. For example, the analysis of publicly available ENCODE

datasets revealed a few SPAs that were likely to be generated

from the SNORD113 and SNORD115 regions (data not shown).

Bacterial and viral mRNAs are often polycistronic (Blumenthal,

1998). The use of alternative translation of bicistronic transcripts

to generate protein diversity also exists in mammals (Brubaker

et al., 2014), including the SNURF-SNRPN locus. Snurf-snrpn

is known as a bicistronic transcript encoding two proteins:

SmN, a spliceosomal protein involved in mRNA splicing (Glenn

et al., 1996), and a polypeptide SNURF with unknown function

(Gray et al., 1999). However, snurf-snrpn produces not only

mRNAs and SNROD116 snoRNAs (Bazeley et al., 2008), but

also different types of lncRNAs including SPAs and sno-lncRNAs

(Figure 3D). While SNROD116s may lack functional significance

(Bazeley et al., 2008; Bratkovi�c and Rogelj, 2014; Cassidy et al.,

2012), the two SPAs and five sno-lncRNAs localize to a close

proximity within the 1�2 mm3 sparkle in the nucleus (Figures 4

and S4). This striking co-localization indicates that all of these

lncRNAs originating from the snurf-snrpn polycistronic transcript

that are not expressed in almost all PWS patients (Figure 1A)

might possess similar functions.

A least three important RBPs, TDP43, RBFOX2, and hnRNPM,

are sequestered by PWS region lncRNAs (Figures 5 and 6).

These RBPs are well known to be involved in multiple aspects

of mRNA metabolism regulation (Cho et al., 2014; Lagier-Tour-

enne et al., 2012; Park et al., 2011; Shi et al., 2009; Tollervey

et al., 2011; Wang et al., 2008; Yin et al., 2012). Their aberrant

localization and expression have been reported to be associated

with neurogenetic disorders, such as Amyotrophic Lateral

Sclerosis (Lagier-Tourenne et al., 2012; Tollervey et al., 2011)

and autism (Voineagu et al., 2011; Weyn-Vanhentenryck et al.,

2014). We have previously reported that PWS region sno-

lncRNAs interact with RBFOX2 (Yin et al., 2012). Here we show

that SPA1 exhibits a strong preference to TDP43 (Figure 6), sug-

gesting a different role between sno-lncRNAs and SPA1.

Analysis of RNA-seq from H9 cells with or without these

lncRNAs revealed altered splicing events corresponding to

altered TDP43 and RBFOX2 cross-link clusters (Figure 7). Inter-

estingly, gene ontology showed that some genes with altered

cassette exons in P-KO hESC lines were associated with synap-

tosome and neurotrophin signaling pathways (Figure S7I). For

example, RIMS2 is a regulator of synaptic vesicles release, pre-

synaptic plasticity, and insulin secretion (Kaeser et al., 2012; Ka-

shima et al., 2001). DLG1 has a reported role in synaptogenesis

(Bonnet et al., 2013; Parkinson et al., 2013). Importantly, altered

cassette exons in RIMS2 and DLG1 mRNAs could be found in

iPSCs derived from a human PWS patient (Figure 7G). These

observations thus suggest a link between the mislocation of

RBPs, alternative splicing, and PWS pathogenesis.

The observed outcomes in PWS region lncRNA-depleted

hESCs are subtle. This is indeed consistent with the fact that

PWS patients lacking these lncRNAs are viable. At the molecular

level, such changes could be due to the requirement of the coop-

erativity and synergy between distinct RBPs that act in alterna-

tive splicing regulation. For example, we have observed that

some alternative splicing events were co-regulated by both

TDP43 and RBFOX2 (Figure 7 and Table S5). Alternatively, these

RBPs might simply be poised in undifferentiated hESCs but

could be more actively involved in a greater degree of splicing

regulation upon differentiation. Future studies are warranted to

investigate roles of these lncRNAs upon differentiation.

Finally, the PWS locus is very complex, with the expression of

a number of different noncoding RNAs (SPAs, sno-lncRNAs, and

snoRNAs) (Figures 1A and 3D). These RNAs are abundant and

processed by unusual pathways. Understanding PWSpathology

will thus require isolating the individual contributions of these

transcripts, and the current work represents important progress

in this direction. More work is needed to identify additional

proteins, RNAs, and DNAs in this lncRNA-enriched nuclear

accumulation.

EXPERIMENTAL PROCEDURES

RIP

Native RIP was carried out as described (Yeo et al., 2009; Yin et al., 2012). See

the Supplemental Experimental Procedures for details.

RNA FISH

RNA FISH was carried out as described (Yin et al., 2012), and images were ac-

quired on a DeltaVision Elite imaging system. See the Supplemental Experi-

mental Procedures for details.

3D SIM

3D SIM on fixed samples was performed on a Deltavision OMX V4 system (GE

Healthcare). SI image stacks were captured with a z-distance of 0.125 mm and

with 5 phases, 3 angles, and 15 raw images per plane. The raw data were re-

constructed with channel-specific OTFs, and aWiener filter was set to 0.01 for

DAPI channel and 0.002 for other channels using softWoRx 6.5. Images were

registered with alignment parameters obtained from calibration measure-

ments with 100 nm diameter TetraSpeck beads (Thermo Scientific). See the

Supplemental Experimental Procedures for details.

(G) Validation of altered cassette exon in P-KOH9 cells. Semi-quantitative RT-PCRswere performedwith total RNA fromWT and P-KOH9 cells, as well as normal

and PWS iPSCs.

(H) A proposed model. SPAs and sno-lncRNAs from the PWS deletion region form a striking nuclear accumulation in normal pluripotent cells. These lncRNAs

interact with multiple RBPs including TDP43, RBFOX2, and hnRNP M with distinct preferences. HESCs lacking these lncRNAs have altered patterns of RBP

binding to pre-mRNAs and alternative splicing. Note that PWS patients don’t have these lncRNAs or the lncRNA-enriched nuclear accumulations.
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Generating Allele-Specific SPA KO hESCs

Six sgRNAs (3 targeting upstream and 3 targeting downstream of the deletion)

were designed (Table S6) and inserted into one CRISPR/Cas9-nuclease vector

px330A by Multiplex CRISPR/Cas9 Assembly System Kit (Addgene) (Sakuma

et al., 2014). hESCs were transfected with px330A-SPA using FuGENE HD

Transfection Reagent (Roche), and clones were picked up in 2 weeks.

Genomic DNA and total RNA were extracted to validate P-KO hESCs with

primers listed in Table S6.

RNA Pull Down

Biotinylated RNA pull down was performed as described (Zhang et al., 2013).

The co-immunoprecipitated proteins were analyzed by western blotting. See

the Supplemental Experimental Procedures for details.

iCLIP

iCLIP assays were performed as described (König et al., 2010) with modifica-

tions. UV cross-linked immunoprecipitation was carried out with different

primary antibodies. Linearized iCLIP cDNA libraries were subjected to high-

throughput deep sequencing. See the Supplemental Experimental Procedures

for details.

Alternative Splicing Analysis

Alternative splicing events were identified by comparing PSI (percentage of

spliced in) values of cassette exons between different samples. PSI values

were calculated using MISO (mixture of isoforms). See the Supplemental

Experimental Procedures for details.

High-Throughput Sequencing

Detailed information about RNA-seq, RIP-seq, and iCLIP-seq is summarized in

Table S7.

ACCESSION NUMBERS

The accession numbers for the sequencing data reported in this study are

NCBI Sequence Read Archive: GSE85851, GSE85852, and GSE85854.
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Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and seven tables and can be found with this article online at

http://dx.doi.org/10.1016/j.molcel.2016.10.007.
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Supplemental Figures

Figure S1. Related to Figure 1. 
Identification of SPAs.
(A) Fib-RIP-seq revealed a strong association of the PWS region sno-lncRNAs with box C/D snoRNPs. Locations of 
PWS region sno-lncRNAs are shown in red lines.
(B) Classification of RNAs immunoprecipitated by Fibrillarin antibodies in PA1 cells.
(C) NB validated SPA1 expression in PA1 cells. The probes for NB are shown in Figure 1A. Equivalent amounts of 
RNAs from PA1 cells were loaded as indicated by 28S and 18S rRNAs.  
(D) The half-life of SPA1. The relative abundance of SPA1 and other RNAs were measured by RT-qPCR after ActD (10 
µg/ml) treatment. Error bars represent standard deviation (± SD) in triplicate experiments.



Figure S2. Related to Figure 1. 
Characterization of SPA2.
(A) SPA2 is produced from the imprinted region of chr15. Top, diagram of the region. Five previously reported sno-
lncRNAs (red lines), SPA1 (gray line) and SPA2 (blue line) are shown. Bottom, Fib-RIP-seq and Poly(A)+ RNA-seq 
revealed the novel lncRNA SPA2 in this region in PA1 cells. 
(B) NB validated SPA2 expression in H9 cells. Equivalent amounts of RNAs from H9 cells were loaded as indicated by 
28S and 18S rRNAs.  
(C) RPAs indicated the expression and the 5' end of SPA2 in H9 cells.
(D) SPA1 and SPA2 were produced from the same SNURF-SNRPN polycistronic transcript in H9 and PA1 (data not 
shown) cells. The nascent RNA 4sUDRB-seq with different 4sU-labeling time points at 10, 15, 30, 60, and 120 min 
after DRB removal (Zhang et al., 2016) (Top) and genomic repeats were shown (Bottom). 



Figure S3. Related to Figures 2 and 3. 
Processing of SPA1 depends on the 3' processing trans-factors and XRN2 .
(A) RPAs indicated the expression and the 5' end of the endogenous SPA1 in H9 cell line, as well as from an expression 
vector shown in Figure 2A.  
(B) A schematic drawing of the gene organization of SNURF-SNRPN and SPA1. The primer sets to detect snrpn mRNA 
(the black line), SPA1 precursor (pre-SPA1, blue lines) and both SPA1 and pre-SPA1 (the red line) are labeled 
underneath. The blue dashed line represents the distances between each primer set and the upstream poly(A) signal. The 
RPA probe to detect the 5' end of endogenous SPA1 was also indicated.
(C) CPSF73 depletion led to the accumulation of pre-SPA1. Top, knockdown of CPSF73 by shRNA in PA1 cells. Actin 
was used as a loading control. Bottom, RT-qPCRs revealed that pre-SPA1 was accumulated in CPSF73-depleted PA1 
cells, while the expression of its originated polycistronic transcript remained largely unchanged.
(D) CPSF30 depletion led to the accumulation of endogenous pre-SPA1. See (C) for details.
(E) XRN2 depletion led to the accumulation of endogenous pre-SPA1. See (C) for details.
(F) XRN2 depletion led to the accumulation of pre-SPA expressed from vectors. Left top, a schematic drawing of 
vectors expressed in both control and XRN2-depleted HeLa cells. Left bottom, knockdown of XRN2 by shRNA in 
HeLa cells. Actin was used as a loading control. Right, total RNAs isolated from both control and XRN2-depleted HeLa 
cells transfected with each indicated plasmid were resolved on agarose gels for NB with probe 1 probe 2 indicated on 
the Left. The efficiency of each transfection was indicated by co-transfection with pEGFP-C1 vector and detected by 
NB with the egfp probe, and rRNAs were used as the loading control. The relative abundance of pre-RNA and the 
processed SPA1 from each transfection was determined using Image J and labeled underneath.
In (C)-(E), error bars represent ±SD in triplicate experiments. (∗∗) p value < 0.01 (Student's t-test); n ≥ 3.



Figure S4. Related to Figures 4 and 5. 
Localization of PWS region SPAs in cells.
(A) Total RNAs from PA1 cells were separated into cytoplasmic, nuclear soluble, and nuclear insoluble fractions. Bar 
plots represent relative abundance of RNAs in the cytoplasmic, nuclear soluble and insoluble fractions as measured by 
RT-qPCRs. Error bars represent SD in triplicate experiments.
(B) Nuclear localization of the PWS region SPA1, SPA2 and sno-lncRNAs. Triple RNA ISHs of SPA1 (Green), SPA2 
(Blue) and five sno-lncRNAs (Red) by pooled tiling AS probes shown in Figure 4A was carried out in PA1 cells. The 
same images are presented by both wide field (WF) and deconvolution methods. Nuclei are shown by red lines. 
(C) Localization of SPA1 (green), sno-lncRNAs (red) and SPA2 (white) in WT and P-KO H9 cells. Note that the signals 
were completely absent in P-KO cells, which do not express PWS region lncRNAs.



Figure S5. Related to Figure 5. 
Conservation of PWS region SPAs between human and mouse.
(A) Genome organization of the PWS region in human and mouse. Top, diagram of the region in human and mouse. 
This entire region only contains one promoter located in the upstream region of the protein coding gene SNURF-
SNRPN. SPAs and SNORD116 cluster are located in the previously thought 3' UTR of SNURF-SNRPN. SNURF-SNRPN 
has conserved exons between the two species (bottom left), two of the three snoRNAs (SNORD107 and SNORD64) in 
SPA1 region are conserved (bottom middle). All snoRNAs in SNROD116 cluster are conserved, but sno-lncRNAs and 
SPA2 are not (bottom right). 
(B) Mouse SPA1 (mSPA1) is expressed in mouse neuron. Poly(A)+ RNA-seq reads mapping to the mouse PWS region 
showed the relatively high expression of mSPA1 in hippocampus (green) and neuron differentiation day 11 samples, but 
a barely detectable level of expression in mouse ES cell R1 line. Note that mouse Snurf-Snrpn is expressed in R1 cells.
(C) NB validated mSPA1 expression in mouse hippocampus tissues. Equivalent amounts of RNAs from mouse R1 cells 
and hippocampus tissues were loaded as indicated by 28S and 18S rRNAs. The NB probe was shown in (B).



Figure S6. Related to Figures 5 - 6. 
Characterization of iCLIP assays.
(A) TDP43, RBFOX2 and hnRNP M also interact with SPA2 and sno-lncRNAs. Proteins from PA1 cell extracts were 
pulled down with the biotin-labelled probes of SPA2, sno-lncRNAs, and then subjected to WB with indicated antibodies.
(B)(C)(D) iCLIP-seq library preparation. Left, analysis of cross-linked TDP43-RNA (B), RBFOX2-RNA (C) and 
hnRNP M-RNA (D) complexes using denaturing gel electrophoresis. Cell lysates extracts were prepared from UV-
cross-linked H9 WT and P-KO cells, and total RNAs were partially digested using low (+) or high (++) concentration of 
MNase. Protein-RNA complexes were immuno-purified from cell lysates using an antibody against TDP43 (B), 
RBFOX2 (C) and hnRNP M (D), respectively. The RNA adapter pre-adenylated L3 linker was ligated to the 3' ends of 
RNAs before radioactively labeling the 5' ends. Complexes were size-separated using denaturing gel electrophoresis 
and transferred to a nitrocellulose membrane. The retardation of protein-RNA complexes can be observed compared to 



the size of the proteins. The radioactive signal disappeared when cells were not cross-linked (-UV). The red boxes mark 
regions of membranes were cut out for subsequent purification steps. Right (B)(C)(D), analysis of PCR-amplified 
iCLIP cDNA libraries using denaturing gel electrophoresis. RNAs recovered from membrane regions were reverse 
transcribed and size-purified using denaturing gel electrophoresis (not shown). Three size fractions of cDNAs (High, 
120-200 nt, Medium, 85-120 nt, Low, 70-85 nt) were recovered, circularized, linearized and PCR-amplified. PCR 
products can be separated on denaturing gel and visualized by EB staining. PCR products were absent or weak when 
cells were not cross-linked (-UV). Red boxes indicated the medium bands that were sent for high throughput 
sequencing.
(E) TDP43 iCLIP targets identified in this study largely overlap with those by (Tollervey et al., 2011).
(F) iCLIP targets of TDP43 and RBFOX2 in replicates (Rep1 and Rep2) in this study largely overlapped (75%~84%), 
whereas the overlapping rate of hnRNP M iCLIP targets in replicates was about 40%~45%.
(G) TDP43 (top), RBFOX2 (middle) and hnRNP M (bottom) specifically interact with PWS region SPAs and sno-
lncRNAs. The schematic diagram of the allele specific 141kb knockout (KO) comprising the PWS region SPA1, SPA2 
and sno-lncRNAs by CRISPR/Cas9. iCLIP cDNA counts for TDP43, RBFOX2 and hnRNP M cross-link positions in 
PWS region SPA1, SPA2 and sno-lncRNAs are shown. Black and blue bars, sequences on the genome in WT and P-KO 
H9 cells. Representative RNA sequences underlying the peak cross-linking sites are shown below. One of two replicates 
iCLIP experiments is shown.



Figure S7. Related to Figure 7. 
KO PWS region lncRNAs affects TDP43, RBFOX2 and hnRNP M binding patterns.
(A)(B)(C) Altered TDP43 (A), RBFOX2 (B) and hnRNP M (A) binding in the P-KO H9 cells. Distribution of 
proportion change of each RBP targeted cDNAs between WT and P-KO (blue line) samples are shown. Transcripts with 
the largest significant change between compared samples (proportion of cDNA ≥ 0.1%, difference ≥ 0.05% and p-value 
< 0.05) are highlighted along with their respective ranks. Note that many of the identified altered binding sites do not 
locate to cassette exons. 
(D) RNA-seq of TRRAP and iCLIP cDNA counts for TDP43 cross-link position in TRRAP from WT and P-KO H9 
cells. Proportion of cDNAs mapped to TRRAP transcript in each experiment (out of all cDNAs mapping to human 
genome) is shown. The RNA sequence flanking cross-linking sites is shown below; TDP43 binding motifs are shown in 
red.
(E) RNA-seq of IGF1R and iCLIP cDNA counts for hnRNP M cross-link position in IGF1R from WT and P-KO H9 
cells.



(F) RNA-seq of FGFR1 and iCLIP cDNA counts for RBFOX2 cross-link position in FGFR1 from WT and P-KO H9 
cells.
(G) Correlation between the changed alternative splicing of cassette exons and their corresponding changes of TDP43 
or RBFOX2 binding to the cassette exons and flanking introns in SPAs P-KO hESCs. Note that some of the most 
significantly altered binding of RBPs in hESCs lacking these lncRNAs were located to genes that do not have cassette 
exons (which are commonly associated with alternative splicing).
(H) The significantly altered binding of RBPs in hESCs lacking PWS region lncRNAs were located to genes that do not 
have cassette exons. Among top 1,000 transcripts with altered TDP43 and RBFOX2 binding changes, only about 10% 
showed corresponding PSI change (average delta PSI ≥ 0.1 in all three sequenced P-KO samples).
(I) Gene ontology (GO) analysis of genes with altered cassette exons in P-KO samples. 
Top 10 GO terms enrichment of genes with altered cassette exons (delta PSI ≥ 0.2 in at least one P-KO sample) with 
their respective P values and fold enrichment are showed. Two terms with highest fold enrichment: are synaptosome 
and neurotrophin signaling pathway.

Supplemental Tables

Table S1. List of RNAs identified by Fib-RIP-seq (related to Figures 1 and S1). snoRNA-related RNAs were 
identified by Fib-RIP and RNA-seq. Their genomic locations, strand information, gene length, RPKM values from 
Input and Fib-RIP, fold enrichment (IP/Input) and P values were listed. 

Table S2. List of iCLIP targets of TDP43 in WT and SPAs P-KO H9 cells (related to Figures 6, 7 and S6). The 
absolute value of proportion of TDP43 targeted cDNA counts in WT and P-KO in replicated iCLIPs were listed. For 
each paired iCLIP experiments (WT vs. P-KO), transcripts with difference ≥ 0.001% and p-value < 0.05 were selected 
along with their respective ranks. Only changes detected in both iCLIPs were listed. The corresponding AS events 
altered in SPAs P-KO H9 cells were also listed.

Table S3. List of iCLIP targets of RBFOX2 in WT and SPAs P-KO H9 cells (related to Figures 6, 7 and S6). See 
Table S2 for details.

Table S4. List of iCLIP targets of hnRNP M in WT and SPAs P-KO H9 cells (related to Figures 6, 7 and S6). See 
Table S2 for details.

Table S5. List of changed alternative splicing events in WT and SPAs P-KO H9 cells (related to Figures 7 and 
S7). Only alternative splicing events altered in three SPAs P-KO H9 cells (delta PSI ≥ 0.2) were listed. The 
corresponding iCLIP of TDP43 and RBFOX2 in WT and SPAs P-KO H9 (P31) cells were also listed. 

Table S6. All primers used in the study (related to the Experimental Procedures and the Extended Experimental 
Procedures).

Table S7. Sequencing information (related to the Experimental Procedures).



Extended Experimental Procedures

Cell culture and cell transfection

Human cell lines including embryonal carcinoma (EC) line PA1, HeLa, and mouse cell line R1/E were cultured 
using standard protocols from ATCC. HESC H9 line was maintained as previously described (Chen and Carmichael, 
2009). Briefly, hESCs were cultured on plates coated with growth-factor-depleted Matrigel (BD Biosciences, San Jose, 
CA) in either serum-free, defined mTeSR medium (StemCell Technologies Inc, Vancouver, BC, Canada) or fibroblast-
conditioned medium (CM) with irradiation inactivated mouse embryo fibroblasts supplemented with 4 ng/mL human 
Basic Fibroblast Growth Factor (bFGF) (Life Technologies, Rockville, MD). Cultured H9 cells were regularly 
evaluated for Oct3/4 expression every 3-4 weeks and passaged every 6-7 days. Plasmid transfection was carried out 
with X-tremeGENE 9 (Roche) for HeLa cells according to the manufacturer’s protocol. Normally about 70% ~ 80% 
transfection efficiency was achieved. 

Plasmid construction

DNA sequence from SNRPN exon 9 to SNORD107 and its downstream 800 bp was amplified with Phanta 
Super-Fidelity DNA Polymerase (Vazyme Biotech co.,ltd) from PA1 cells, and cloned into pcDNA3.0 using KpnI/
EcoRI. Mutants of pcDNA3.0-SPA1 were created using PrimerSTAR HS DNA Polymerase (Takara) and restriction 
enzyme digestion with T4 ligation. All primers were listed in Table S6.

For the shRNA constructs, a target sequence of CGTCTGTTAGTTTCCTATCAT for CPSF73, 
GCACTGATTCGAGAATATGAA for CPSF30, CGTGAGTATTTGGAAAGAGAA for XRN2 and a scrambled 
sequence of GATGGCATTACGGCATGTTCA were individually cloned into the pLKO.1-TRC vector using AgeI/
EcoRI. Primers for shRNA constructs were listed in Table S6.

Lentivirus production and cell infection

To obtain lentiviral particles, 293FT cells (1.25 × 107 cells in a 15-cm dish) were transiently transfected with 20 
µg pLKO.1 shRNA constructs, 15 µg of psPAX2 and 10 µg pMD2.G. The supernatant containing lentivirus particles 
was individually harvested at 48 and 72 hr after transfection, and filtered through Millex-GP Filter Unit (0.22 µm pore 
size, Millipore). Viral particles were then concentrated about 100-fold by sucrose gradient ultracentrifugation, 
resuspended in PBS containing 0.1% BSA, and stored at -80 ℃ ultra cold freezer until use. To infect PA1 cells with 
lentivirus, PA1 cells were incubated with MEMα complete medium containing 10 µl concentrated lentivirus, 5 µg/ml 
polybrene (sigma) at 37 ℃ for 1 hr in a 15 ml-conical tube and were then seeded onto culture dishes. To increase the 
knockdown efficiency, infected PA1 cells were under several days of puromycin selection. Knockdown efficiency of 
proteins was evaluated by Western blotting.

Total RNA isolation, RT-PCR, and RT-qPCR

Total RNAs from each cultured cell line or cultured cells with different treatments were extracted with Trizol 
Reagent (Invitrogen) according to the manufacturer’s protocol. After treatment with DNase I (Ambion, DNA-freeTM 
kit), the cDNA was reverse transcribed with SuperScript III (Invitrogen) and applied for PCR and/or qPCR analysis. For 
all qPCRs, actin mRNA was used as an internal control to normalize the data. The relative expression of each examined 
gene was determined with triplicate experiments. Primers for PCRs and qPCRs were listed in Table S6.

Northern blotting

Northern blots were carried out according to the manufacturer’s protocol (DIG Northern Starter Kit, Roche). 
Isolated RNAs were resolved on 1.5% agarose gels. Digoxigenin (Dig) labeled antisense and sense probes were made 
using either SP6 or T7 RNA polymerases by in vitro transcription with the DIG Northern Starter Kit (Roche). Primers 
for Northern blots were listed in Table S6.

Nuclear soluble/insoluble RNA fractionation and polyadenylated/non-polyadenylated RNA separation

Nuclear soluble/insoluble RNA fractionation was performed as previously described(Cabianca et al., 2012). 
Polyadenylated/non-polyadenylated RNA separation was carried out as previously reported (Yang et al., 2011; Yin et 
al., 2015). RT-qPCRs were used to evaluate the relative abundance of SPA1 in each sample.

Metabolic labeling of nascent RNA with 4sU and nascent RNA purification

Metabolic labeling of newly transcribed RNA was performed as previously reported by (Zhang et al., 2016). 
Briefly, 4sU labeled and unlabeled RNAs were were incubated with 150 µl Streptavidin-coated magnetic beads 
(Invitrogen) at room temperature for 20 min, and washed four times with 0.9 ml of 65 ℃ washing buffer (100 mM Tris 
pH 7.4, 10 mM EDTA, 1 M NaCl, 0.1% Tween 20), followed by four times with 0.9 ml of room temperature washing 
buffer. 4sU labeled nascent RNAs were eluted with 100 µl 0.1 M dithiotheitol (DTT) twice, precipitated with 40 µl of 4 
M LiCl, 2 µl glycogen and 600 µl ice-cold ethanol, and resuspended with DEPC-treated water after centrifuging.

RNA in situ hybridization and immunofluorescence microscopy

RNA in situ hybridization was carried out as previously described (Chen and Carmichael, 2009) with in vitro 
transcribed digoxin labeled antisense probes. For colocalization studies, cells were fixed for 5 min in 2% formaldehyde, 
and immunofluorescence was performed as previously described (Chen et al., 2008) with mouse anti-TDP43 (1:100, 
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Abnova), mouse anti-hnRNP M (1:100, SantaCruz Biotechnology), or rabbit anti-RBFOX2 (1:100, Bethyl), 
respectively. The nuclei were counterstained with DAPI. Images were taken with a Leica TCS SP5 microscope or 
DeltaVision Elite imaging system (Applied Precision Imaging/GE Healthcare). All experiments were repeated at least 
three times.

RNA and DNA FISH

Antisense probes for multi-color RNA FISH targeting the pre-SPA1, SPA1, SPA2, sno-lncRNAs or SPA1 DNA 
sequences were labeled by nick translation (Abbott) with CF-405S-dUTP (Biotium), Alexa488-5-dUTP (Invitrogen), 
cy3-dUTP or cy5-dUTP (Enzo life sciences) following the manufacturer’s instructions. For all experiments, PA1 cells 
or H9 cells seeded on 18×18 mm glass coverslips were fixed by 4% Paraformaldehyde, permeabilized with 0.5% Triton 
X-100 and stored at -20 ℃ in 70% EtOH before used. Multi-color RNA FISH and RNA/DNA double FISH protocol 
were followed as previously described (Yin et al., 2012). Slides were mounted with ProLong Diamond Antifade 
Mountant (Molecular Probes) and imaged on a DeltaVision Elite imaging system (Applied Precision Imaging/GE 
Healthcare). Raw images were processed with softWoRx 6.0 and ImageJ/Fiji (Schindelin et al., 2012). Deconvolution 
images were generated by softWoRx 6.0 using the enhanced ratio method. Volume and distance measurements were 
performed using the “3D Object Counter” plugin for ImageJ/Fiji (Bolte and Cordelieres, 2006). All experiments were 
repeated at least three times. Primers for FISH were listed in Table S6.

3D structured illumination microscopy (SIM)

For all 3D SIM experiments, cells were seeded on No.1.5 18×18mm glass coverslips (Schott Nexterion), fixed 
and permeabilized as described above. 3D SIM was performed on a Deltavision OMX V4 system (GE Healthcare) 
equipped with a ×60/1.42 NA Plan Apo oil-immersion objective (Olympus) and six laser beams (405, 445, 488, 514, 
568 and 642nm). The microscope was routinely calibrated with a special image registration slide and algorithm 
provided by GE healthcare. To obtain optimal images, immersion oil with refractive indices of 1.516 was used. SI 
image stacks were captured with a z-distance of 0.125 µm and with 5 phases, 3 angles, 15 raw images per plane. The 
raw data were reconstructed with channel-specific OTFs and a Wiener filter was set to 0.01 for DAPI channel and 0.002 
for other channels by using softWoRx 6.5 package (GE Healthcare). Images were registered with alignment parameters 
obtained from calibration measurements with 100 nm diameter TetraSpeck beads with four colors (Molecular Probes). 

All images were cropped by Fiji/ImageJ and processed by Tango plug-in (Ollion et al., 2013). Briefly, the 
nucleus masks were generated according to a set of defaulting rules: (1) median 3D Filters with a 2-pixel (px) radius in 
x, y and 1-px in z; (2) hysteresis Segmenter with a AutoThreshold low in OTSU method and AutoThreshold high in 
YEN method; (3) size filter with a min volume of 10000 followed by morphological filters with “fill holes 2D”, “Binary 
Close”, “sill holes 2D” methods. Similarity, PWS region lncRNAs accumulation masks were generated as follow: (1) 
subtract background 2D with 10 pix in Rolling Ball method; (2) mean Filters with a 10-pixel (px) radius in x, y and 5-
px in z; (3) subtract Gaussian with voisXY of 20 pix; (4) maximum filters with a 2-pixel (px) radius in x, y and 1-px in 
z; (5) subtract background 2D with 10 pix in Rolling Ball method; (6) simple segmenter with a MOMENTS 
autothreshold; (7) size filter with a min volume of 10000 followed by morphological filters with “fill holes 2D”, 
“Binary Close”, “sill holes 2D” methods. The RBP masks were generated according to a set of defaulting parameters: 
(1) median 3D Filters with a 2-pixel (px) radius in x, y and1-px in z; (2) spot detector 3D; (3) delete outside nucleus. 
After generated these three masks, the integrated density of each RBP in the 3D nucleus - Density(n), and the integrated 
density of each RBP in the 3D PWS_lncRNAs_accumulation - Density(R) were counted in Tango. The percentage of 
each RBP sequestered by PWS region lncRNAs was calculated as Density(R) / Density(n). 

RNA-protein immunoprecipitation (RIP) and RIP-seq

RNA-protein immunoprecipitations were carried out in PA1 cells as previously described (Chen et al., 2008) 
with rabbit anti-Fibrillarin (A gift from Dr. Joan Steitz Lab at Yale), mouse anti-hnRNP M (Santa Cruz), rabbit anti-
TDP43 (Proteintech), rabbit anti-RBFOX2 (Bethyl), or mouse anti m7G-cap (Synaptic Systems), respectively. The fold 
enrichments of immunoprecipitated RNAs with different antibodies were assayed by RT-qPCRs. The PCR primers were 
listed in Table S6.

RNA-seq libraries were prepared from Input RNAs, Fibrillarin IP RNAs and mock-IP RNAs with Illumina 
TruSeq total RNA LT sample prep kit, and then applied for high throughput deep sequencing. Normalized gene 
expression was determined in units of RPKM (Reads Per Million Mapped reads). BigWig files were generated from 
wiggle track with UCSC wigToBigWig program and then viewed on UCSC genome browser. To obtain significant 
Fibrillin binding genes, Refseq genes and de novo assembled transcripts were compared between Input and Fibrillin IP 
samples with RPKM ≥1, fold change (Fibrillin IP vs Input) ≥1.5 and the p-value < 0.05. Refseq genes and de novo 
assembled transcripts with greater than 1.5 fold change between mock-IP and Input were further removed as false 
positives. Identified Fibrillin-binding genes and transcripts were manually checked on the UCSC genome browser and 
significant Fibrillin binding genes were listed in Table S1. 

RNA pull down

Biotinylated RNA pull-down was performed as described (Zhang et al., 2013). All biotin-labeled RNAs were in 
vitro transcribed with RiboMAX™ Large Scale RNA Production Systems (Promega) and Biotin Labeling Mix (Roche) 
according to manufacturer’s instruction. 4 µg biotinylated RNA was heated for 5 min at 65 ℃ in PA buffer (10 mM Tris 
HCl pH 7.5, 10 mM MgCl2, 100 mM NH4Cl) and slowly cooled down to RT (room temperature). 1×107 PA1 cells 



were resuspended in 2 ml PBS, 2 ml nuclear isolation buffer (1.28 M sucrose, 40 mM Tris-HCl pH 7.5,  20 mM MgCl2, 
4% Triton X-100) and 6 ml DEPC-water on ice for 15 min. After pelleting nuclei by centrifuged at 4 ℃ 1,000 rpm for 5 
min,  nuclear pellet was resuspended in 1 ml binding buffer (100 mM HEPES pH 7.0, 50 mM KCl, 10% glycerol, 1 mM 
EDTA, 1 mM DTT, 0.5% Triton X-100) supplemented with tRNA (0.1 mg/ml),  heparin (0.5 mg/ml) and RNasin (1 
unit). The nuclei was sonicated and centrifuged at 4 ℃ 13,000 rpm for 10 min. The supernatant was pre-cleared with 50 
µl of washed Streptavidin Dynabeads (Invitrogen) for 30 min at RT. Folded RNA was mixed with pre-cleared lysates 
and incubated for 30 min at RT, and then 50 µl of washed beads were added to each binding reaction and further 
incubated at RT for 15 min. Beads were washed five times with the binding buffer, and boiled in 1 x sample buffer for 
10 min. The retrieved proteins were subjected to SDS-PAGE, and further visualized by silver staining or WB. Protein 
bands were excised and identified by mass spectrometry.

Antisense oligonucleotide (ASO) treatment

Phosphorothioate-modified antisense oligodeoxynucleotides (ASOs) were synthesized at BioSune, Shanghai, 
China, and introduced to PA1 and H9 cells by nucleofection (Lonza) according to the manufacturer’s protocol. Optimal 
programs and solutions from the Lonza Cell Line Nucleofector Kit for the ASO delivery were tested. Re-nucleofection 
was performed 48 hr after the first ASO treatment to achieve a better knockdown efficiency. Total RNAs were collected 
for RT-qPCR analysis. Primers for ASO were listed in Table S6.

Half-life analysis

PA1 cells were treated with Actinomycin D (10 µg/ml) for 2, 4, 8, 12 and 16 hr. Total RNAs collected from equal 
number of cells at the indicated Actinomycin D treatment time were detected by RT-qPCRs.

Ribonuclease protection assay (RPA)

Digoxigenin (Dig) labeled probes were made using T7 RNA polymerase (RiboMAX™ Large Scale RNA 
Production Systems, Promega) and purified by PAGE gel. Ribonuclease protection assays (RPAs) were carried out 
according to the manufacturer’s protocol (RPA III™ Ribonuclease Protection Assay Kit, Ambion). Total RNAs were 
incubated with Dig-labeled probes, digested with RNase A/T1, separated on denatured PAGE gels, transferred onto 
Nylon membrane and finally detected by anti-Dig antibody and CDP-Star (Roche). Primers for RPA were listed in Table 
S6.

Individual-nucleotide resolution UV cross-linking and immunoprecipitation (iCLIP) and sequencing 

iCLIP assays were performed by following the standard iCLIP protocol (Konig et al., 2010) with slight 
modifications as previously described (Chen et al., 2015). UV cross-linked immunoprecipitaiton were carried out with 
mouse anti-hnRNP M (Santa Cruz), rabbit anti-TDP43 (Proteintech) or rabbit anti-RBFOX2 (Bethyl) antibody, 
respectively. iCLIP libraries were prepared with Illumina TruSeq total RNA LT sample prep kit, and subjected to high 
throughput deep sequencing. After deep sequencing, iCLIP-seq reads were separated according to 3-nt experimental 
barcodes, followed by trimming relevant sequencing adapters. The 5-nt random barcodes were registered and removed 
before mapping to the human reference genome (GRCh37/hg19) allowing one mismatch using Bowtie version 0.12.9 
(with parameter: -a –m 1 –v 1). Peak calling and the false discovery rate (FDR) calculating were determined as 
previously described(Konig et al., 2010). In brief, the genomic location of 5' end of each combined read was considered 
as the cross-link site, and the binding counts for each cross-link site were calculated. To determine the FDR for each 
cross-link site, binding counts within -5nt to +5nt of each cross-link site were merged to represent the height of this site, 
and the background height distribution was computed through randomly placing the same number of binding counts 
within the gene (wgEncodeGencodeCompV19) for 10000 iterations. Modified FDR(Yeo et al., 2009) for each cross-
link site was computed against the background height distribution, and cross-link sites with FDR < 0.05 were defined as 
iCLIP clusters (Chen et al., 2015).

Conservation analysis

To check the conservation of Snurf-Snrpn exons and snoRNAs of SPA in the mouse genome, their relevant 
human sequences were mapped to the mouse genome by BLAT. Multiple Snord116 sequence alignment between human 
and mouse was done by using web service of MUSCLE (www.ebi.ac.uk/Tools/msa/muscle).

Motif analysis

Z-scores of pentamer occurrence within the 61 nt surrounding all iCLIP cross-link sites (-30 to +30 nt) were 
calculated as previously described (Wang et al., 2010). Two pentamers for TDP43 (GUGUG, UGUGU), five pentamers 
for hnRNP M (UUUUU, UGUUU, UUGUU, UUUGU, UUUUG) and two pentamers for RBFOX2 (GCAUG, 
UGCAU) were individually labeled in examined genes.

Alternative splicing analysis

Alternatively spliced exons were quantified with MISO (Mixture-of-Isoforms) with default settings. Each 
alternative splicing event was assigned a PSI value to represent the percent of transcripts with the exon spliced in. Mean 
value of PSI in three P-KO H9 samples were compared to PSI in the WT H9 samples. Two cutoffs were set for delta 
PSI: cassette exons with delta PSI ≥0.1 were considered as alternative splicing exons; cassette exons with delta PSI ≥0.2 
were considered as significantly changed alternative splicing events. Validation of alternative splicing events were 
peformed with primers lised in Table S6. 
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