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SUMMARY
Tight regulation of mRNA isoform expression is essential for neuronal development, maintenance, and func-
tion; however, the repertoire of proteins that govern isoform composition and abundance remains incom-
plete. Here, we show that the RNA kinase CLP1 regulates mRNA isoform expression through suppression
of proximal cleavage and polyadenylation. We found that human stem-cell-derived motor neurons without
CLP1 or with the disease-associated CLP1 p.R140H variant had distinct patterns of RNA-polymerase-II-
associated cleavage and polyadenylation complex proteins that correlated with polyadenylation site usage.
These changes resulted in imbalanced mRNA isoform expression of long genes important for neuronal func-
tion that were recapitulated in vivo. Strikingly, we observed the same pattern of reduced mRNA isoform di-
versity in 30 end sequencing data from brain tissues of patients with neurodegenerative disease. Together,
our results identify a previously uncharacterized role for CLP1 in mRNA 30 end formation and reveal an
mRNA misprocessing signature in neurodegeneration that may suggest a common mechanism of disease.
INTRODUCTION

Differential co-transcriptional processing is the foundation of

mRNA isoformdiversity.Multiple transcript isoformscanbegener-

ated fromasinglegene,and the ratioofexpressed isoformsacross

all genes is a key determinant of cell-type specification (Belgard

et al., 2011; Gupta et al., 2018; Kazantseva et al., 2009; Lerch

et al., 2012; Shulman and Elkon, 2019). The usage of alternative

transcription termination sites (TTSs) (alternative polyadenylation,

APA) results in transcriptome 30 end diversity, a major driver of tis-

sue-specific isoform diversity (Reyes and Huber, 2018). APA gen-

erates mRNA isoforms with different 30 untranslated region (UTR)

sequences harboring regulatory information that dictate mRNA

localization, stability, and translation (Davis and Shi, 2014; Guha-

niyogi and Brewer, 2001; Mayr, 2016; Turner et al., 2018). APA

can also alter the coding potential of mRNA isoforms to create

distinct proteins that differ in activity or function (Hwang et al.,

2017). Neurons express a greater diversity of mRNA isoforms as

well as longer genes than most cell types (Gabel et al., 2015; He
et al., 1998; King et al., 2013; Liu et al., 2011; Miura et al., 2013).

Together, thesedeterminantsmaycontribute toselective neuronal

vulnerability to RNA splicing defects (Alcott et al., 2020; Hutton

et al., 1998; Lefebvre et al., 1995; Lin et al., 1998). The importance

of transcriptome 30 end diversity in neurons and how its disruption

impacts neuronal function and survival is unclear.

At least 20 proteins comprise the core cleavage and polyadeny-

lation (CPA) machinery involved in mRNA 30 end processing in

mammalian cells (Shi et al., 2009; Turner et al., 2018). Themachin-

ery was initially purified as four distinct subcomplexes—cleavage

and polyadenylation specificity factor (CPSF), cleavage stimu-

lating factor (CstF), mammalian cleavage factor I (CFIm), and

mammalian cleavage factor II (CFIIm). CFIIm is the smallest sub-

complex, consisting only of PCF11 and CLP1 (de Vries et al.,

2000). PCF11 enhances transcription termination and 30 end pro-

cessing of closely spaced genes and attenuates expression of

genes typically encoding transcriptional regulators that are en-

riched for intronic polyadenylation (IPA) sites (Kamieniarz-Gdula

et al., 2019; Wang et al., 2019). In contrast, CLP1 function in
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mRNA 30 end processing is poorly characterized. CLP1 is an RNA

kinase (Weitzer et al., 2015), first identified as a component of the

CPAcomplex (deVriesetal., 2000) and later asacomponentof the

intron-containing tRNA-splicing complex (Paushkin et al., 2004;

Weitzer and Martinez, 2007). CLP1 function in tRNA processing

is well characterized (Weitzer et al., 2015), but its role in co-tran-

scriptional mRNA 30 end processing has proven elusive (de Vries

et al., 2000; Guyon et al., 2020; Li et al., 2015; Ogorodnikov

et al., 2018).

We previously identified a homozygous p.R140H variant in

CLP1 as causative for the neurodegenerative disease pontocer-

ebellar hypoplasia type 10 (PCH10) (Schaffer et al., 2014).

Patients with PCH10 present with cerebellar and brainstem atro-

phy, progressive microcephaly, tonic-clonic seizures, and motor

neuron disease (Karaca et al., 2014; Schaffer et al., 2014; Wafik

et al., 2018). CLP1 p.R140H has reduced kinase activity and

impaired association with PCF11 (Karaca et al., 2014; Schaffer

et al., 2014, Figure S1A), which may disrupt mRNA 30 end pro-

cessing. Given the profound neurodevelopmental impact of

this variant and its observed disruption of CFIIm-complex integ-

rity, we sought to understand the role of CLP1 in the regulation of

mRNA isoform diversity in neurons. Therefore, we generated

mutation-specific in vitro and in vivo models to define the func-

tion of CLP1 in mRNA 30 end processing in motor neurons. We

show CLP1 suppresses proximal polyadenylation site (PAS) us-

age, thereby regulating expression of long genes that are impor-

tant for neuronal function. Lastly, we establish this novel mRNA

transcriptomic misprocessing signature as a shared feature

among neurodegenerative diseases.

RESULTS

CLP1 is required for motor neuron differentiation
Patients with PCH10 have penetrant motor neuron degeneration

(Karaca et al., 2014; Schaffer et al., 2014); therefore, we chose to

profile themotor neuron transcriptome togain insight into themo-

lecular changes associated with CLP1 perturbation. We utilized

in-vitro-derived human motor-neuron-enriched cell cultures to

measure transcriptome 30 end diversity (Figure 1A). We gener-

ated a compound heterozygous deletion in exon two of CLP1 in

H9 human embryonic stem cells (hESCs) using CRISPR-Cas9

gene editing (Figures S1B and S1C), creating a CLP1 null

(CLP1KO) cell line (Figure 1B). As a control, we used isogenic

H9 hESCs that underwent mock gene editing (control, CLP1WT).

We then differentiated CLP1KO and CLP1WT hESCs to spinal mo-

tor neurons using an established protocol (Markmiller et al.,

2018). CLP1KO motor neuron cultures differentiated at a signifi-

cantly lower density than CLP1WT controls but were otherwise

morphologically indistinct (Figure 1C). Both cultures expressed

the motor-neuron-specific transcription factors ISLET-1/2 and

HB9 (Figure S1D, left) as well as SCIP and HOXA5 (Figure S1D,

right). Medial and hypaxial motor column-like motor neuron

markers FOXP1, HOXC6, LHX3, and HOXC9 were undetected

(Dasen et al., 2008; Jung et al., 2010; data not shown), indicating

our hESC-derivedmotor neurons had a phrenic-like identity (Ma-

chado et al., 2014; Philippidou et al., 2012).

To investigate whether the reduced cell density observed in

CLP1KO motor neuron cultures was caused by an altered rate
2 Neuron 110, 1–18, April 20, 2022
of differentiation, we performed immunostaining for markers of

motor neurons (ISL1/2) and motor neuron progenitors (OLIG2)

from day 22 to day 28 of differentiation (Figure 1D, left). CLP1KO

motor neuron cultures had fewer progenitors and mature motor

neurons throughout differentiation compared to CLP1WT con-

trols (Figure 1D, right). An early increase in the proportion of

OLIG2 and ISL1/2 co-positive cells in CLP1KO motor neuron cul-

tures at day 22 suggested an arrest in differentiation. However,

the proportion of OLIG2 and ISL1/2 co-positive cells significantly

decreased from day 24 to day 28 of differentiation, likely due to

the loss of cells expressing these markers (Figure S1E).

Next, we investigated whether diminished progenitor cell pro-

liferation or elevated apoptosis was responsible for the decrease

of motor neuron cell types and density observed in CLP1KO mo-

tor neuron cultures. Immunostaining for p-Histone H3 (PHH3)

andOLIG2 between day 22 and day 28 of differentiation revealed

that the proportion of proliferating OLIG2+motor neuron progen-

itor cells was reduced in CLP1KO compared to CLP1WT motor

neuron cultures after day 22 (Figure 1E). The overall proliferation

rate of the CLP1WT and CLP1KOmotor neuron cultures was com-

parable (Figure S1F), suggesting the decrease in cell density in

the CLP1KO motor neuron cultures is not due to altered propor-

tions of mitotic cell types. To assess cell death, we quantified the

percent of cleaved caspase 3 (CC3)-positive motor neuron cell

types (ISL1/2+ or OLIG2+) in CLP1WT and CLP1KO cultures be-

tween day 22 and day 28 of differentiation. Consistent with a

neurodegeneration phenotype, CLP1KO cultures from day 24 to

day 28 had increased apoptosis of OLIG2+ and ISL1/2+ cells

compared to CLP1WT controls (Figure 1F).

CLP1 regulates mRNA isoform diversity by
suppressing IPA
To assess changes in mRNA 30 end formation caused by CLP1

mutation, we first constructed an atlas of all PASs utilized in hu-

man motor neurons. We used poly(A)click-sequencing (PAC-

seq) to capture and sequence the 30 ends of mRNAs in our motor

neuron cultures (Routh et al., 2017). We combined data from 16

human motor neuron PAC-seq datasets to generate a motor-

neuron-specific PAS database (Data S1A) that we cross-refer-

enced to the PolyA_DB database (Wang et al., 2018). We found

that 66.4% of the PASs used in motor neurons were not previ-

ously annotated in the PolyA_DB database (91,089 novel sites;

46,032 PolyA_DB-matching sites; Figure S2A). The majority of

novel sites (>60,000) identified in our database fell within introns

or the coding sequence (CDS) of their annotated gene (Fig-

ure S2B). Indeed, PASs in positions proximal to the 30 UTR repre-

sent 60% of the sites that we identified; a substantial propor-

tional increase relative to PolyA_DB (27%), despite our

database containing significantly fewer samples and detecting

56% less PASs. In addition to cell-type specificity, our database

may contain more proximal PASs than others because our highly

stringent filtering criteria enabled us to use fewer a priori as-

sumptions (see STAR Methods).

To assess mRNA 30 end formation in the absence of CLP1, we

analyzed PAC-seq data fromCLP1KO and CLP1WTmotor neuron

cultures by assigning PAC-seq reads to PASs present in our mo-

tor-neuron-specific PAS database and compared usage using

DEXseq (Anders et al., 2012) (Figure 2; Data S1B). We



Figure 1. CLP1 is not required in hESCs but

impairs directed differentiation to motor

neurons

(A) Study schematic. H9 hESCs lacking CLP1

(CLP1KO) and isogenic controls (CLP1WT) were

differentiated into motor neurons and profiled for

changes in mRNA 30 end processing by PAC-seq.

(B) Western blot for CLP1 in CLP1KO and isogenic

CLP1WT H9 hESCs. GAPDH, loading control; n = 3

replicates.

(C) Representative brightfield images of CLP1KO

and CLP1WT hESCs during motor neuron differ-

entiation (left). Scale bars, 250 mm. MTT assay of

CLP1KO andCLP1WT hESC-derivedmotor neurons

during differentiation is depicted (right); n = 8

technical replicates. Three clonal hESC lines were

used as biological replicates; two-sided Student’s

t test.

(D) Immunostaining for OLIG2 and ISL1/2 in

CLP1KO and CLP1WT cultures at day 22 of motor

neuron differentiation. p, OLIG2+ statistics; p*,

ISL1/2+ statistics; n.s., non-significant (p > 0.05);

two-sided Student’s t test; n = 6, 203 fields-of-

view per clone. Representative images are shown

from three clonal lines per genotype. Scale bars,

50 mm.

(E) Analysis of OLIG2+motor neuron progenitor cell

proliferation by PHH3 immunostaining in CLP1WT

and CLP1KO cultures during differentiation (days

22–28); two-sided Student’s t test; n = 6, 203

fields-of-view per clone. Representative images

are shown from three clonal lines per genotype.

Scale bars, 50 mm.

(F) Analysis of motor neuron (OLIG2+ or ISL1/2+)

apoptosis by CC3 immunostaining in CLP1WT and

CLP1KO cultures during differentiation; two-sided

Student’s t test; n = 6, 203 fields-of-view per

clone. Representative images are shown from

three clonal lines per genotype. Scale bars, 50 mm.

See also Figure S1.
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determined the positional distribution of novel and previously an-

notated PASs that were differentially used in CLP1KO and

CLP1WT hESC-derived motor neurons. We found that the major-

ity of differentially used PASs in the CLP1KO motor neurons were

previously annotated in PolyA_DB, while novel sites comprised

the majority of intronic and CDS APA events (Figure 2A). At a

false discovery rate (FDR) of 0.05, our analysis found 2,191 sig-

nificant APA events in the CLP1KO motor neurons, with 1,320

sites showing increased usage and 871 with decreased usage

(Figure 2B). This increase in the total number of PASs used in

the CLP1KOmotor neurons indicates that CLP1 functions to sup-

press mRNA 30 end diversity in neurons (Figure 2B).

To probe whether the pattern of APA observed in CLP1KO mo-

tor neurons indicated a specific regulatory function for CLP1 in

PAS selection, we binned all APA events by their annotated intra-
genic region. The most significant in-

crease in PAS usage in the CLP1KO motor

neurons occurred in introns, while the

only significant decrease in usage was

at the most distal 30 UTR position (Fig-

ure 2C). Significant increases were also
observed for PASs positioned within the 50 UTR, the CDS, and

the proximal region of the 30 UTR (Figure 2C). Indeed, when we

examined the normalized gene position of all PASs used in the

CLP1KO motor neurons compared to CLP1WT controls, we

observed a trend toward a diffuse, proximal distribution

(Figure 2D).

This mRNA 30 end processing pattern was present in several

genes related to mRNA processing, including CPSF6, which en-

codes CFIm68 of the CPA complex. Increased usage of an IPA

site in CPSF6 in CLP1KO motor neurons resulted in 30 UTR

lengthening (Figure 2E) and a �50% decrease in protein (Fig-

ure 2G). CLP1KO motor neurons also had increased usage of

an IPA site recently shown to generate a short PCF11 isoform

(Kamieniarz-Gdula et al., 2019; Wang et al., 2019), required for

autoregulation of full-length PCF11 expression (Figure 2F)
Neuron 110, 1–18, April 20, 2022 3



Figure 2. CLP1 regulates mRNA isoform diversity by repressing intronic and proximal polyadenylation site usage

(A) Novel and previously annotated PASs in CLP1KO versus CLP1WT hESC-derivedmotor neurons binned by intragenic position. 30 UTR subdivisions are ‘‘F,’’ ‘‘S,’’

‘‘M,’’ and ‘‘L’’ for first, single, middle, and last, respectively. Intergenic corresponds to R 10 kb beyond the annotated end of genes.

(B) M-A plot (top) of polyadenylation sites (PASs) in CLP1KO versus CLP1WT hESC-derived motor neurons, red points = p value < 0.05. Quantification of sites with

increased and decreased usage is shown (bottom); two-sided binomial test.

(C) APA events binned by intragenic position in CLP1KO versus CLP1WT hESC-derived motor neurons. 30 UTR subdivisions are ‘‘F,’’ ‘‘S,’’ ‘‘M,’’ and ‘‘L’’ for first,

single, middle, and last, respectively. p values are derived from a two-sided binomial test.

(D) Positional distribution of PASs used in CLP1KO stem-cell-derived motor neurons compared to CLP1WT controls. TSS, transcription start site; TTSs, tran-

scription termination sites; K-S test.

(legend continued on next page)
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(Kamieniarz-Gdula et al., 2019). Usage of this IPA site in CLP1KO

motor neurons correlatedwith an�85% reduction in PCF11 pro-

tein (Figure 2G). Furthermore, protein levels of CstF and CPSF

subcomplex proteins, CstF-64 and CPSF100, respectively,

were reduced by �30%–35% (Figure 2G). This decrease in

mRNA-processing proteins signaled that the integrity of the

CPA complex may be compromised in the absence of CLP1.

Indeed, co-immunoprecipitation of RNA polymerase II (RNAPII)

to assess association of CPA subcomplexes revealed a broad

loss of interaction (Figure 2G). These findings demonstrate

CLP1 modulates expression of CPA co-factors and is required

for their binding to RNAPII in motor neurons.

To validate our PAC-seq findings, we selected 8PASs for qRT-

PCR validation. These sites matched their predicted direction of

change (Pearson r = 0.48, n.s; Figure S2D). In addition to mRNA

co-transcriptional regulators, we also observed changes in

genes related to neuronal mRNA transport and translation,

such as CAPRIN1. We identified increased usage of an IPA

site in CAPRIN1 in CLP1KO motor neurons resulting in 30 UTR
shortening (Figure S2E, top, middle) and�50% less protein (Fig-

ure S2E, bottom). Together, these results show CLP1 regulates

IPA of several genes encoding RNA binding proteins.

Consensus sequences within pre-mRNAs are recognized by

several CPA subcomplexes to define the site of mRNA cleavage

and polyadenylation; however, a consensus sequence for the

CFIIm subcomplex has not been determined (Chan et al., 2011;

Mandel et al., 2008). Positional motif enrichment analysis (Bailey

and Machanick, 2012) identified a mild enhancement of the ca-

nonical AU-rich polyadenylation signal in PASs with differential

usage in the CLP1KO motor neurons compared to CLP1WT con-

trols (Figure S2C), suggesting that CFIIm does not utilize a

consensus sequence.

CLP1 p.R140H iPSCs show precocious motor neuron
differentiation and reduced cell density
Next, we wanted to investigate the impact of the pathogenic

CLP1p.R140Hvariant onmRNA30 end formation inmotor neuron

disease. Patients with homozygous CLP1 p.R140H variants pre-

sent with penetrant, severe motor neuron disease characterized

by progressive sensorimotor polyneuropathy and pronounced

demyelination (Karaca et al., 2014; Schaffer et al., 2014; Wafik

et al., 2018). To examine mRNA 30 end diversity in motor neuron

disease and define the genome-wide effect of CLP1 p.R140H

on mRNA 30 end processing, we reprogrammed family-matched

fibroblasts derived from an unaffected parent (CLP1 p.R140H

carrier, referred to as ‘‘unaffected’’) and an affected child (homo-

zygous for CLP1 p.R140H, referred to as ‘‘affected’’) (Schaffer

et al., 2014) to induced pluripotent stem cells (iPSCs). The iPSCs

expressed stem cell markers, were pluripotent, and had a normal
(E) Genome browser tracks (top) of CLP1KO and CLP1WT hESC-derived motor neu

polyadenylation (IPA) site (yellow, increased usage). Representative gel images a

(F) Genome browser tracks (top) of CLP1KO and CLP1WT hESC-derived motor ne

usage). Representative gel images (bottom) are shown with qRT-PCR validation

(G) Co-immunoprecipitation of RNA polymerase II (RNAPII) in CLP1KO and CLP

proteins for cleavage and polyadenylation subcomplexes ;(PCF11 [CFIIm], CPSF

0.05; n.s., non-significant (p > 0.05); two-sided Student’s t test, n = 3.

See also Figure S2 and Data S1.
karyotype (Figures S3A–S3C). The iPSCs were then differenti-

ated to motor neurons (Markmiller et al., 2018) to examine

mRNA 30 end formation (Figure 3A).

Unaffected and affected iPSCs were morphologically indistin-

guishable as they differentiated into motor neuron progenitor

cells and mature neurons that co-expressed the motor-neuron-

specific transcription factors, ISLET-1/2 and HB9 (Figures 3B,

left andS3D). Unaffected and affectedmotor neurons expressed

the phrenic motor neuron subtype identity markers, SCIP and

HOXA5 (Figure S3E) but were largely negative for FOXP1,

HOXC6, LHX3, or HOXC9 expression (data not shown). Cell den-

sity measurements duringmotor neuron development revealed a

progressive reduction in cell numbers between day 22 and day

28 of differentiation in affected compared to unaffected motor

neuron cultures (Figure 3B). Immunostaining for markers of mo-

tor neurons (ISL1/2) and motor neuron progenitors (OLIG2)

across this time period (Figure 3C) indicated that affected motor

neuron cultures had a significantly higher proportion of progen-

itors early in differentiation (day 22 through day 24) compared

to unaffected controls, while the proportion ofmaturemotor neu-

rons was mildly elevated throughout differentiation (Figure 3C).

We did not observe a significant difference in the proportion of

OLIG2 and ISL1/2 co-positive cells at any time point for either

genotype (Figure 3D), indicating affected motor neurons were

not developmentally arrested.

Next, we investigated whether progenitor cell proliferation or

apoptosis was responsible for the increased proportion of mo-

tor neuron cell types and decreased density observed during

neurogenesis in affected motor neuron cultures. We quantified

the number of CC3-positive motor neuron cell types (ISL1/2+ or

OLIG2+) in unaffected and affected motor neuron cultures be-

tween day 22 and day 28 of differentiation and observed no dif-

ferences (Figure 3E; data not shown). Immunostaining for

PHH3, and OLIG2 between day 22 and day 28 of differentiation

revealed that the proportion of proliferating OLIG2+ motor

neuron progenitors was elevated in affected motor neuron cul-

tures at day 22 but similar to unaffected controls between day

24 and day 28 (Figure 3F). Lastly, analysis of the overall prolif-

eration rate showed that the unaffected cultures contained a

higher proportion of mitotic cells only at the end of differentia-

tion (day 28; Figure 3G). These findings indicate that the reduc-

tion in cell density in the affected motor neuron cultures

throughout differentiation is likely due to enhanced proliferation

and differentiation of motor neuron progenitor cell types into

post-mitotic neurons. While the CLP1KO and affected motor

neuron cultures both show a relative decrease of motor neuron

density, the cellular mechanism in affected cell cultures in vitro

parallels the agenesis phenotype observed in patients with

PCH10 (Karaca et al., 2014; Schaffer et al., 2014), justifying
ron 30 end sequencing reads mapped to CPSF6 at a differentially used intronic

re shown (bottom) with qRT-PCR validation values below; n = 3.

uron 30 end sequencing reads mapped to the PCF11 gene (yellow, increased

values below; n = 3.

1WT hESC-derived motor neurons. Western blot of input and affinity purified

100 [CPSF], CstF64 [CstF], and CFIm68 [CFIm]). b-actin, loading control; *p <

Neuron 110, 1–18, April 20, 2022 5



Figure 3. iPSC-derivedmotor neurons frompatients with PCH10 precociously differentiate, resulting in reduced neuronal density atmaturity

(A) Study schematic. Homozygous and heterozygous CLP1 p.R140H fibroblasts from patients with PCH10 and unaffected individuals, respectively, were re-

programmed into iPSCs and differentiated into motor neurons, followed by transcriptomic analysis.

(B) Representative images of iPSCs derived from affected and unaffected patients shown during motor neuron differentiation (left). Scale bars, 100 mm. MTT

assay of motor neurons derived from affected and unaffected patients during differentiation is depicted (right). Two clonal lines per individual (biological repli-

cates); n = 8 technical replicates; two-sided Student’s t test.

(legend continued on next page)
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the use of this model as a tool to uncover molecular changes

associated with motor neuron disease.
CLP1 p.R140H and CLP1 deficiency have opposing
effects on 30 end formation
Next, we carried out PAC-seq experiments similar to those

described above, using the iPSC-derived motor neuron disease

model of PCH10 to measure and compare changes in mRNA 30

end formation. We assessed the positional distribution of novel

and previously annotated PASs that were differentially used be-

tween motor neurons derived from affected and unaffected

iPSCs. Overall, we found that most differentially used PASs

were annotated in PolyA_DB (Figure 4A). Applying the same

analysis methods, we detected 906 differential APA events in

the affected motor neurons (379 increased usage, 527

decreased usage; Figure 4B; Data S1C). These findings demon-

strate CLP1 p.R140H alters mRNA 30 end processing in motor

neurons.

To detect a regulatory pattern of APA in the CLP1 p.R140H

mutant motor neurons, we binned all APA events by their anno-

tated intragenic region. Because the CLP1 p.R140H variant

maintains weak interactions with its canonical binding partners

(Figure S1A [Schaffer et al., 2014]), we hypothesized that we

would find a similar but attenuated pattern of APA in the CLP1

p.R140Hmotor neurons to that observed in the CLP1KO cultures.

In direct contrast, affected motor neurons had a significant

reduction in the usage of proximal PASs with a corresponding in-

crease in distal 30 UTR and downstream, intergenic PASs (Fig-

ure 4C), cumulatively resulting in lengthened 30 UTRs. Despite
detecting fewer APA events, the proximal-to-distal shift was

more pronounced in affected motor neurons than the distal-to-

proximal shift seen in CLP1KO motor neurons (Figure 4D).

We selected 18 PASs to validate our findings by qRT-PCR and

observed a statistically significant correlation between PAS fold

changes in vitro and in silico (Pearson r = 0.61, p = 6.7e�03; Fig-

ure S4). Sequencing tracks for a subset of these validated genes

are shown in Figures S4B andS4C.KLC1, encoding amember of

the kinesin light-chain family, showed increased usage of an

IPA site and decreased usage of the lowly expressed distal 30

UTR, resulting in increased expression of a short isoform (Gen-

Bank: NM_005552; Figure 4B). GRID1, encoding the delta-1

subunit of the glutamate receptor (GluD1), displayed decreased

usage of a novel IPA site, in addition to readthrough transcription

into downstream long non-coding (lnc) RNA, SALNG0079379

(Figure S4C). The biological impact of these two APA events,
(C) Immunostaining for OLIG2 and ISL1/2 in affected and unaffectedmotor neuron

ISL1/2+ statistics; two-sided Student’s t test; n = 6, 203 fields-of-view per clone

bars, 50 mm.

(D) Co-immunostaining for OLIG2 and ISL1/2 in affected (A) and unaffected (U) m

view per clone. Representative images are shown from two clonal lines per indiv

(E) Co-immunostaining for OLIG2 and CC3 at day 22 of differentiation in affected

view per clone. Representative images are shown; two clonal lines per individua

(F) OLIG2 and PHH3 co-immunostaining in affected (A) and unaffected (U) moto

field-of-view per clone. Representative images are shown from two clonal lines p

(G) PHH3 immunostaining with DAPI in affected and unaffected cultures at day 28

Representative images are shown from two clonal lines per individual. Scale bar

See also Figure S3.
and the hundreds of others that we identified, remains to be

determined.

Next, we examined differentially used PASs in affected motor

neurons for sequence motifs that may predict dysregulation by

CLP1 p.R140H. Positional motif enrichment analysis (Bailey

and Machanick, 2012) revealed a U-rich sequence motif located

in the +20 position to the cleavage site within PASs that show

increased usage in affectedmotor neurons (Figure 4E, left), while

less-used PASs contained a more diffuse U-rich sequence

element (Figure 4E, right). Consistent with the CLP1KO motor

neurons, we did not detect a difference in the sequence compo-

sition of the AU-rich polyadenylation signal at sites with differen-

tial usage in affected motor neurons (Figure 4E).

Since CLP1 is important for intron-containing tRNA splicing

(Weitzer et al., 2015), we next assessed tRNA splicing and abun-

dance in affected and unaffected motor neurons by sequencing

(Pinkard et al., 2020) and northern blot analysis and found only

marginal differential expression of 5 of the 48 tRNA isodecoder

groups (Figures S5A–S5C; Data S1D and S1E). No overt

changes in intron-containing tRNA splicing or fragment accumu-

lation were observed in affectedmotor neurons (Figures S5B and

S5C), possibly due to compensation by the parallel tRNA ligation

pathway active in human cells (Popow et al., 2011).

Given that CLP1 p.R140H has impaired association with

PCF11, a component of the CPA complex, we next tested

whether the expression of CPA-complex proteins or their asso-

ciation with RNAPII was altered in the presence of the patho-

genic CLP1 allele. Western blot analysis for PCF11, CPSF100,

CstF64, and CFIm68 in affected motor neurons found no differ-

ence in protein abundance compared to unaffected controls

(Figure 4F). However, co-immunoprecipitation experiments re-

vealed a striking decrease in the association of PCF11,

CPSF100, and CstF64 but not CFIm68 with RNAPII in the dis-

ease state (Figure 4F). These results show CLP1 p.R140H not

only disrupts the interaction of CFIIm but significantly impairs as-

sociation of CPA-subcomplex proteins with the transcriptional

machinery.

Suppression of proximal polyadenylation is associated
with patterned transcriptomic dysregulation of
long genes
Co-transcriptional cleavage at proximal PASs leads to expres-

sion of shorter mRNA isoforms with differential stability, coding

potential, and translation efficiency. To understand how alterna-

tive usage of these proximal PASs impact mRNA isoform ratios

and gene expression in the context of motor neuron disease,
cultures during differentiation. d, day of differentiation; p, OLIG2+ statistics, p*,

. Representative images are shown from two clonal lines per individual. Scale

otor neuron cultures at day 28; two-sided Student’s t test; n = 6, 203 field-of-

idual. Scale bars, 50 mm.

(A) and unaffected (U) cultures; two-sided Student’s t test; n = 6, 203 field-of-

l. Scale bars, 50 mm.

r neuron cultures during differentiation; two-sided Student’s t test. n = 6, 203

er individual. Scale bars, 50 mm.

of differentiation; two-sided Student’s t test. n = 6, 203 field-of-view per clone.

s, 50 mm.
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Figure 4. Motor neurons derived from PCH10 patient iPSCs display suppression of proximal polyadenylation and reduced mRNA isoform

diversity

(A) Novel and previously annotated PASs in PCH10 patient versus control iPSC-derivedmotor neurons binned by intragenic position. 30 UTR subdivisions are ‘‘F,’’

‘‘S,’’ ‘‘M,’’ and ‘‘L’’ for first, single, middle, and last, respectively. Intergenic corresponds to R 10 kb beyond the annotated end of genes.

(B) M-A plot (top) of PASs detected in affected motor neurons compared to unaffected controls; red points indicate an adjusted p value < 0.05. Quantification of

sites with increased and decreased usage is shown (bottom); two-sided binomial test.

(C) APA events binned by intragenic position in affected and unaffectedmotor neurons. 30 UTR subdivisions are ‘‘F,’’ ‘‘S,’’ ‘‘M,’’ and ‘‘L’’ for first, single,middle, and

last, respectively. p values are derived from a two-sided binomial test.

(D) Positional distribution of PASs in affected and unaffected motor neurons. TTS, transcription termination site; TSS, transcription start site. K-S test.

(E) Positional motif enrichment of PASs with increased usage (left) and decreased usage (right) in affected versus unaffected iPSC-derived motor neurons. Plots

are centered on the cleavage site.

(F) Co-immunoprecipitation of RNAPII in affected and unaffected iPSC-derived motor neurons for association of the cleavage and polyadenylation (CPA) sub-

complexes PCF11 (CFIIm), CPSF100 (CPSF), CstF64 (CstF), and CFIm68 (CFIm). b-actin, loading control; *p < 0.05; n.s., non-significant (p > 0.05); two-sided

Student’s t test; n = 3.

See also Figure S4 and Data S1.
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we performed RNA sequencing on day 28 unaffected and

affected motor neurons. We used established bioinformatic

pipelines to detect changes in gene expression and mRNA
8 Neuron 110, 1–18, April 20, 2022
splicing (Hartley and Mullikin, 2016; Love et al., 2014; Shen

et al., 2014). At an FDR threshold of 0.05, we identified 7,172

differentially expressed genes and 4,270 cassette exon,



Figure 5. PCH10-patient iPSC-derived motor neurons show broad transcriptomic dysregulation

(A) Transcriptomic events detected by bioinformatic analysis of RNA sequencing of unaffected and affectedmotor neurons (bar graph). n = 2 unaffected and n = 2

affected clonal replicates. Alternative exon events are cassette exons showing differential inclusion (‘‘Up’’) or exclusion (‘‘Down’’).

(B) Venn diagram of overlapping genes with mRNA processing events or differential expression. DGE, differential gene expression; APA, alternative poly-

adenylation. p = 9.4e�154, likelihood ratio test.

(C) Normalized gene position of differentially used splice acceptor sites in affected versus unaffected motor neurons; Wilcoxon rank sum test; TSS, transcription

start site; TTS, transcription termination site. Whiskers extend the full range of the data.

(legend continued on next page)
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inclusion, or skipping events, with strong overlap between genes

called for APA, alternative splicing, and differential expression

(p = 9.4e�154, likelihood ratio test; Figures 5A, 5B, and S6A–

S6D; Data S1F–S1H).

The affected motor neurons had a strong increase in distal

PAS usage; therefore, we theorized that a subset of genes would

likely evade proximal CPA and show upregulation of distal exons

positioned downstream of these sites. We calculated the

normalized gene position of all splice acceptor sites showing dif-

ferential usage in the affected motor neurons. In agreement with

our observation of APA within the CDS, we found a significant 30

end bias in upregulated splice junctions relative to those that

were downregulated (Figure 5C). Taken together, our data sug-

gest proximal CPA evasion as a potential mechanism for the

mRNA processing dysregulation observed in the affected motor

neurons. Next, we examined whether gene expression changes

in the affected motor neurons were correlated with increased or

decreased usage of PASs by intragenic regions. Decreased us-

age of IPA sites was highly correlated with upregulated gene

expression (Figure 5D), indicating that evasion of IPA likely con-

tributes to the dysregulation of gene expression observed in the

affected motor neurons.

Given thepositive correlationbetweengene length andnumber

of putative IPA sites (Figure 5F), we next asked whether expres-

sion of longgenesmight be influencedby reduced IPA.Our differ-

ential gene expression analysis revealed a strong positive length

bias in upregulated genes from affected motor neurons (Fig-

ure 5E), which was dependent upon annotated IPA sites (Fig-

ure 5G). For example, affected motor neurons had decreased

usage of IPA sites that generate short or non-coding isoforms of

calmodulin-binding transcription activator 1 (CAMTA1) and a cor-

responding increase in full-length coding transcripts and protein

expression (Figure 5H). Thus, CLP1-p.R140H-dependent modu-

lationof IPAsiteusagecan influence thebalanceofmRNA isoform

expression and abundance, particularly for long genes like

CAMTA1.

Altered mRNA processing in motor neurons
disproportionately affects genes encoding RNA-binding
and synapse-associated proteins
Next,weutilizedgeneontology (GO) termenrichmentanalysiswith

clustering visualizationmethods to categorize the differentially ex-

pressed genes, with and without APA, observed in the affected

motor neurons. Upregulated genes were strongly enriched for

synapse-specific proteins, ion channels, and cytoskeleton com-

ponents, whereas downregulated genes function in mRNA pro-
(D) APA events with gene expression changes by intragenic position. Correlation, t

single, middle, and last, respectively.

(E) Length of significantly differentially expressed genes colored by adjusted p v

(F) Genome-wide correlation of gene length and number of annotated IPA sites fro

individual. n = 40,619 intron-containing genes; default ggplot geom_smooth tren

(G) Violin plot (top) of gene length for differentially expressed genes with or withou

Welch’s t test; y axis in log10 base pairs.

(H) Genome browser tracks of affected (A1, A2) and unaffected (U2, U3) iPSC-de

CAMTA1, decreased IPA (blue), increased distal 30 UTR polyadenylation (yello

Representative gel images with qRT-PCR validation values are shown below; n =

motor neurons. b-actin, loading control.

See also Figures S5 and S6 and Data S1.
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cessing and chromosome maintenance (Figures 6A, 6B, and

S7A; Data S1I and S1J). We compared the expression of various

cell-type-specific marker genes in affected and unaffected motor

neuron cultures and found no differences (Figure S7B; Data

S1K), in agreement with our immunofluorescence-based analysis

(Figures 3C and S3D–S3G). These results suggest the transcrip-

tomic dysregulation observed in affected motor neurons is likely

due to the pathogenic CLP1 p.R140H variant rather than culture

composition.

The genes upregulated by CLP1 p.R140H in the affected mo-

tor neurons are consistent with a model of intronic PAS suppres-

sion enhancing expression of a subset of long genes, as genes

that are important for neuronal function are disproportionately

long (Gabel et al., 2015; King et al., 2013; Polymenidou et al.,

2011; Takeuchi et al., 2018). We noted increased expression of

GRIN2B and GRIN1 (Data S1F), both of which encode compo-

nents of ionotropic glutamate NMDA receptors (Dingledine

et al., 1999), in addition to a broad spectrum of ion channel

genes, indicating that ion homeostasis is probably disrupted in

affected motor neurons. Cumulatively, the differentially ex-

pressed genes in affected motor neurons are likely to influence

neuronal activity, which may lead to hyperexcitability (Wainger

et al., 2014) and the neuropathy observed in patients with

PCH10 (Karaca et al., 2014).

Mouse model of PCH10 shows correlated gene
expression changeswith patient-derivedmotor neurons
Next, we generated and studied an in vivo model of PCH10. We

employed CRISPR-Cas9-mediated gene editing to introduce the

CLP1 p.R140H variant (Clp1R140H/R140H) into the murine genome

on a B6SJLF1/J genetic background (Figures S8A, S8B, and

S8D). Mice with genomic insertions and deletions disrupting

Clp1 were also present (Clp1KO/+; Figures S8A, S8C, and S8E).

Consistent with prior reports, we found loss of Clp1 was embry-

onic lethal in mice (Figure S8G), while Clp1R140H/R140H mutant

mice were produced at expected Mendelian ratios (Figure S8F;

Hanada et al., 2013; Morisaki et al., 2021).

We analyzed the brain and motor neurons of Clp1R140H/R140H

mutant mice. Compared to littermate controls, Clp1R140H/R140H

miceexhibited a 17.6% reduction in anterior isocortex cell density

(Figure S8H), akin to frontal cortex atrophy. Tonic-clonic seizures

were present in Clp1R140H/R140H mice by postnatal day 30 (P30)

and were often lethal (�75%). Clp1R140H/R140H mice did not

show overt changes in cerebellar folia morphology (granule cell

layer and molecular layer widths) or granule cell and Purkinje

cell density at P30 compared to controls (Figures S8I–S8M),
wo-sided binomial test. 30 UTR subdivisions are ‘‘F,’’ ‘‘S,’’ ‘‘M,’’ and ‘‘L’’ for first,

alue.

m RNA sequencing of two independent iPSC-derived motor neuron clones per

dline; Pearson r correlation test; x axis in log10 base pairs.

t annotated IPA sites; quantiles drawn at 25%, 50%, and 75% of data density;

rived motor neuron RNA-sequencing and PAC-sequencing reads mapped to

w). RPM, reads per million. A subset of representative isoforms are shown.

3. Western blot (right) for CAMTA1 in CLP1KO and CLP1WT H9 hESC-derived



Figure 6. Enrichment analysis of differen-

tially expressed genes with APA in PCH10

patient iPSC-derived motor neurons pre-

dicts neuronal dysfunction

(A) ClueGO visualization of biological processes in

differentially expressed genes with alternative

polyadenylation in affected motor neurons

compared to unaffected controls.

(B) Top five genes ranked by adjusted p value from

the six GO term clusters.

See also Figure S7 and Data S1.
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consistent with a subset of patients with PCH10 (Karaca et al.,

2014). Diaphragm neuromuscular junction (NMJ) formation and

area appeared normal in Clp1R140H/R140H mice at P0 (Figure 7A).

However, by P30, NMJ size was reduced by 22.7% in

Clp1R140H/R140H mice (Figures 7B–7D), without changes in coloc-

alization of pre- and post-synaptic density markers (Figure 7E).

Clp1R140H/R140H mice that survived beyond P30 demonstrated

reduced stride length of 4%, 17%, and 13%at 3, 4, and 5months

old, respectively (Figures 7F and 7G), indicative of impairedmotor

function and progressive motor neuron degeneration. Collec-

tively, we find shared brain phenotypes and penetrant motor

neuron dysfunction in patients with PCH10 and mice.

To evaluate molecular changes in murine motor neurons,

we crossed Clp1R140H/+ mutant mice to mice expressing an

Hb9-driven GFP reporter (Hb9-GFP) to generate Hb9-

GFP;Clp1R140H/R140H mice. We isolated GFP+ spinal motor

neurons from embryonic day (e) 12.5 Hb9-GFP;Clp1+/+, Hb9-

GFP;Clp1R140H/+, andHb9-GFP;Clp1R140H/R140H dissociated spi-

nal cords by fluorescence-activated cell sorting (FACS) and

extracted RNA for qRT-PCR and PAC-seq (Figures 7H and 7I).

Hb9-GFP;Clp1R140H/+ littermateswere used as a control tomatch

heterozygous parental controls for the homozygous patients. We
compared differential gene expression of

Khdrbs1, Pspc1, Snca, Kcnma1, Grin2b,

and Kcnj6 in primary murine spinal motor

neurons to PCH10-patient-derived motor

neuronsand found that 5outof the6genes

showed concordant changes (Pearson r =

0.61; Figure 7J). PAC-seq detected few

APA events, none of which could be vali-

dated across litters (data not shown).

Although the genotypes and tissue exam-

ined were different, recent work in

CLP1R140H/KO mice support our finding

that CLP1 p.R140H suppresses proximal

PAS usage (Monaghan et al., 2021).

Reduced APA-mediated mRNA
isoform diversity is a shared
transcriptomic signature among
neurodegenerative diseases
Our findings prompted us to ask whether

altered mRNA 30 end diversity might un-

derlie neurodegeneration more broadly.

To address this question, we surveyed
publicly available datasets to identify pre-existing mRNA 30

end sequencing data generated from primary tissues isolated

from patients with neurodegenerative disease, and performed

our APA analysis. Two datasets utilized postmortem brain tissue

for mRNA 30 end sequencing in the context of neurodegenerative

disease with motor phenotypes: myotonic dystrophy (DM)

(Goodwin et al., 2015) and sporadic Parkinson’s disease (sPD;

Rhinn et al., 2012). The first identified subtype of DM, DM1, is

caused by a CUG-repeat expansion in the DMPK gene, which

sequesters MBNL RNA-binding proteins into nuclear RNA foci

(Jiang et al., 2004). sPD has an unknown molecular etiology

but shows molecular phenotypes of a-synuclein aggregation

away from synaptic terminals and into cytoplasmic Lewy bodies.

We tabulated PAS usage and gene expression from mRNA 30

end sequencing of patients with DM1 and control postmortem

frontal cortex samples (GEO: GSE68890) using our neuronal

PAS annotation set. Our analysis identified 768 APA events in

DM1, with a bias toward decreased PAS usage and isoform di-

versity (n = 326 upregulated, n = 442 downregulated PASs; Fig-

ure 8A). DM1 patient frontal cortex samples showed decreased

polyadenylation near the canonical transcript termination site

and upregulation of PASs throughout the gene bodies, as
Neuron 110, 1–18, April 20, 2022 11



Figure 7. CLP1 p.R140H homozygousmutantmicemodelmotor neuron dysfunction and show correlated gene expression changes tomotor

neurons derived from PCH10 patient iPSCs

(A) Immunofluorescence staining of control and homozygous Clp1 p.R140H (Clp1R140H/R140H) mutant diaphragms at P0 for presynaptic (neurofilament) and

postsynaptic (a-bungarotoxin) markers; ImageJ tracing (left). Quantification; a-bungarotoxin, red, area: 1.00 ± SD 0.134 versus 0.959 ± SD 0.105; n = 3 mice per

genotype. Scale bars, 1 mm.

(B) Control and Clp1R140H/R140H neuromuscular junction (NMJ) patterning is shown by a-bungarotoxin staining at P30. Scale bars, 1 mm.

(C) High-magnification images of immunofluorescence staining for presynaptic (GFP) and postsynaptic (a-bungarotoxin) markers in ChAT-GFP;Clp1R140H/R140H

mice compared to control littermates at P30. Scale bars, 100 mm.

(legend continued on next page)
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opposed to upregulated proximal PAS usage detected in motor

neurons of patients with PCH10 (Figure 8B). This mRNA pro-

cessing pattern was also observed in frontal cortex samples

from DM2 patients (Goodwin et al., 2015; Figures 8C and 8D).

This analysis was also performed with publicly available

mRNA 30 end sequencing data generated from postmortem

brain area 9 (BA9) tissue samples of patients with sPD and con-

trol patients (GEO: GSE40710). We detected 72 APA events

with significant bias toward less sites used (n = 21 upregulated,

n = 51 downregulated PASs; Figure 8E). While our analysis de-

tected far fewer APA events in the sPD dataset than in the

DM1/2 datasets, we still saw a similar trend of reduced polya-

denylation at canonical transcript termination sites (Figure 8F).

Collectively, we have uncovered a previously unrecognized

molecular signature of mRNA misprocessing associated with

neurodegenerative disease, characterized by imbalance

mRNA isoform expression driven by diminished mRNA 30 end
diversity (Figure 8G).

DISCUSSION

Here, we present evidence for a regulatory role for the RNA ki-

nase CLP1 in balancing mRNA isoform composition and abun-

dance in human motor neurons. We found CLP1 perturbation

led to distinct patterns of mRNA isoform expression stemming

from altered mRNA 30 end processing that correlated with dis-

ease. Mechanistically, we show CLP1 regulates proximal polya-

denylation, especially IPA, and mRNA 30 end diversity in motor

neurons. In addition, we discover a common transcriptional

signature of reduced mRNA isoform diversity driven by aberrant

CPA in neurodegeneration. This signature was also present in

postmortem brain tissues from patients with DM and sPD, poten-

tially suggesting a common pathophysiological mechanism.

CLP1 and PCF11 comprise the CFIIm subcomplex of the

mammalian CPA complex (de Vries et al., 2000). Our findings

from CLP1KO hESC-derived motor neurons suggest CLP1 re-

presses PCF11. In the absence of CLP1, we observed increased

IPA site usage and reduced distal PAS usage, paralleling PCF11

overexpression (Kamieniarz-Gdula et al., 2019; Wang et al.,

2019). We also observed CLP1-dependent suppression of

PCF11 IPA at its autoregulatory site, suggesting CLP1 may pro-

mote long-gene expression in differentiated neuronal subtypes

through direct repression of PCF11. Based on our findings

fromCLP1KO and isogenic control hESC-derivedmotor neurons,

we postulate that CLP1 p.R140H is not strictly a loss-of-function
(D) Quantification of NMJ size. Boxplot represents the distribution of average NMJ

area for 6 fields-of-view from a single diaphragm. Whiskers extend the full range

(E) Quantification of presynaptic (GFP) and postsynaptic (a-bungarotoxin) marke

Boxplot represents the distribution of colocalization coefficients for n = 3 mice pe

from 4 fields-of-view from a single diaphragm.Whiskers extend the full range of the

(F and G) Stride length of 3-, 4-, and 5-month-oldClp1R140H/R140Hmice compared

4-month-old male mice. Scale bars, 1 cm. Data in (G) are mean values ± SEM, n

(H) Schematic of experimental design for in vivo gene expression validation. e, e

(I) qRT-PCR of FACS and whole embryonic spinal cords for motor neuron marke

(J) Scatterplot correlation of differential expression for genes assessed by qRT-P

primary spinal motor neurons compared to controls (CLP1 p.R140H heterozygou

See also Figure S8 and Data S1.
variant because of the opposing 30 end processing changes

observed in iPSC-derived motor neurons from patients with

PCH10. CLP1 p.R140H has drastically reduced affinity for

PCF11 (Figure S1A; Schaffer et al., 2014); however, its interac-

tion with other mRNA 30 end processing factors has not been

thoroughly investigated.

Our studies in CLP1KO motor neurons suggest that the integ-

rity of the CPA complex may be dependent on CLP1 association.

It remains unknown how and when CLP1 is co-transcriptionally

recruited to the CPA complex. In CLP1KO and CLP1 p.R140H

motor neurons, the presence or absence of CFIm68 bound to

RNAPII correlates well with the changes in PAS usage observed

with each CLP1 mutation (Li et al., 2015; Martin et al., 2012). It is

possible that CLP1 p.R140H maintains association with some

CPA-complex components, while PCF11 and others are lost.

In corroboration, PCF11 knockdown and CLP1 p.R140H both

show increased usage of distal PASs and suppression of prox-

imal PAS usage (Li et al., 2015; Wang et al., 2019). A comparison

of genes with APA events in neuroblastoma cells with PCF11

knockdown (Ogorodnikov et al., 2018) to CLP1KO hESC-derived

motor neurons found substantial overlap (22%; p value =

2.7e�9, Fisher’s exact test), suggesting CFIIm may regulate a

common subset of genes in neuronal subtypes. Overall, this

highlights the need for additional understanding of CFIIm
functionality.

While it is likely that the loss of individual factors or overall

disruption of the CPA complex could lead to the mRNA 30

end processing changes we observed, it is also possible that

CLP1 p.R140H gains interactions with neuron-specific factors

that enhance PCF11 function, resulting in more full-length iso-

forms of long, neuronal genes. It is common for missense

variants in RNA-binding proteins to display gain- and loss-of-

function activities. For instance, variants in TARDBP, encoding

TDP-43, cause the motor neuron disease amyotrophic lateral

sclerosis (ALS) (Gitcho et al., 2008; Kabashi et al., 2008; Sreed-

haran et al., 2008; Van Deerlin et al., 2008). Loss of TDP-43 in

the nucleus alters mRNA splicing (loss-of-function; Polymeni-

dou et al., 2011; Tollervey et al., 2011), while toxic cytoplasmic

aggregation leads to sequestration of other proteins and

impaired nuclear import/export (neomorphic gain-of-function;

Chou et al., 2018; Liu-Yesucevitz et al., 2010; Neumann

et al., 2006). Similar to mutant TDP-43, CLP1 p.R140H is stable

and mislocalized to the cytoplasm, which could enable novel

protein-protein and protein-RNA interactions that may be

pathogenic.
area for n = 3 mice per genotype, individual points represent the average NMJ

of the data; two-sided Student’s t test.

rs at diaphragm NMJs in control and ChAT-GFP;Clp1R140H/R140H mice at P30.

r genotype, individual points represent the Pearson r (no threshold) for 6 NMJs

data, excluding outliers (>1.53 interquartile range); two-sided Student’s t test.

to wild-type sex-matched littermates. Representative images of strides (F) from

= 4 mice per genotype and age; two-sided Student’s t test.

mbryonic day; FACS, fluorescence activated cell sorting.

rs, Hb9/Mnx1 and Isl1; two-sided Student’s t test, n = 3.

CR from PCH10-patient-derived motor neurons versus Clp1R140H/R140H mouse

s individuals or mice), n = 3. Pearson r = 0.61.
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Figure 8. Loss of mRNA isoform diversity is

a shared transcriptomic signature among

neurodegenerative diseases

(A) APA events detected in mRNA 30 end

sequencing datasets from autopsy frontal cortex

tissues of patients with myotonic dystrophy type 1

(DM1); two-sided binomial test. PAS, poly-

adenylation site.

(B) The aggregate normalized positional distribu-

tion of DM1 APA events within gene bodies; K-S

test.

(C) APA events detected in mRNA 30 end

sequencing from autopsy frontal cortex tissues of

patients with myotonic dystrophy type 2 (DM2);

two-sided binomial test.

(D) The aggregate normalized positional distribu-

tion of DM2 APA events within gene bodies; K-S

test.

(E) APA events detected in mRNA 30 end

sequencing datasets from autopsy BA9 region

tissues of patients with the sPD; two-sided bino-

mial test.

(F) The positional distribution of differential APA

events within gene bodies in sPD tissues.

(G) Model of neurodegeneration caused by 30 end
processing bias and limited isoform diversity. An

example transcript can be cleaved in several pla-

ces to produce mRNA isoforms with 30 end di-

versity. Healthy neurons use a balance of isoforms,

whereas diseased neurons show reduced isoform

diversity with a proximal or distal cleavage bias.
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tRNA biogenesis defects have been implicated in many sub-

types of PCH (van Dijk et al., 2018), including PCH10 (Karaca

et al., 2014; Schaffer et al., 2014). CLP1 associates with the

tRNA splicing endonuclease (TSEN) complex to participate in

intron-containing tRNA splicing (Paushkin et al., 2004; Weitzer

and Martinez, 2007) and this interaction is reduced by

p.R140H. Defects in tRNA processing were identified in

PCH10-patient-derived fibroblasts and induced neurons

(Karaca et al., 2014; Schaffer et al., 2014). In contrast, we did

not observe tRNA splicing defects or tRNA expression changes

in affected motor neurons. While tRNA processing defects could

be pathogenic for other neuronal subtypes, they do not appear to

cause motor neuron dysfunction in PCH10.

Our findings demonstrate that transcriptome 30 end diversity is

important in neurons. This diversity is achieved by selective regu-
14 Neuron 110, 1–18, April 20, 2022
lation of gene isoforms derived fromdiffer-

ential PAS choice. Our CLP1KO studies

identify a role for CLP1 in suppressing

IPA and other proximal PASs in favor of

expression of full-length transcripts. The

selective regulation of PAS usage is linked

to 30 UTR position and length, which

mediate protein structure and function,

as well as mRNA stability and abundance,

respectively. Since CLP1 is an established

component of the CPA complex, it is likely

that CLP1 directly regulates the genera-

tion of a subset of mRNA isoforms. Neu-
rons generally express longer genes (King et al., 2013) as well

as a greater diversity of mRNA isoforms (Gabel et al., 2015; He

et al., 1998; King et al., 2013; Liu et al., 2011; Miura et al., 2013;

Polymenidou et al., 2011; Takeuchi et al., 2018) that commonly

encode ion channels, synapse-specific proteins and transmem-

brane proteins, suggesting that unbalanced isoform expression

and abundance will likely affect neuronal identity or homeostasis,

leading to neurodevelopmental defects and neurodegeneration

(Alcott et al., 2020; Hutton et al., 1998; Lefebvre et al., 1995; Lin

et al., 1998).

Our findings in human motor neurons suggest mRNA 30 end
processing defects may be major contributors to pathogenesis

of neurodegenerative diseases, including those without a

defined genetic etiology. The transcriptomic signature we

discovered reveals IPA and usage of upstream PASs as a
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regulatorymechanism for controllingmRNA isoform balance and

attenuating long gene expression. Whether the loss of short

mRNA isoforms with potentially important biological roles or

the overexpression of longmRNA isoforms is toxic in neurons re-

mains to be determined; however, overexpression of a long

SCNA isoform was recently shown to be pathogenic in cortical

neurons from patients with PD (Rhinn et al., 2012). Thus, we pro-

pose a model of neurodegeneration stemming from overall loss

of mRNA isoform diversity, due to biased cleavage at proximal or

distal PASs (Figure 8G). Normal usage of proximal PASs attenu-

ates long-gene expression and enhances mRNA 30 end isoform

diversity in healthy neurons, while reduced usage of proximal

PASs leads to lower mRNA 30 end isoform diversity, increased

expression of long genes, including genes encoding modulators

of neuronal activity that likely contribute to neurodegeneration.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-synaptophysin ThermoFisher Cat#: MA5-14532; RRID: AB_10983675

Mouse anti-a-Bungarotoxin ThermoFisher Cat#: B35451; RRID: AB_2617152

Mouse anti-TRA-1-81 Millipore Cat#: MAB4381; RRID: AB_177638

Rabbit anti-Oct4 ThermoFisher Cat#: PA5-27438; RRID: AB_2544914

Goat-anti-LIN-28A R&D Biosystems Cat#: AF3757; RRID: AB_2234537

Mouse anti-Nanog (1E6C4) Santa Cruz Cat#: sc-293121; RRID: AB_2665475

Rabbit anti-a-fetoprotein Dako Cat#: A000829-2

Mouse anti-a smooth muscle Actin Sigma-Aldrich Cat#: M085101-2

Mouse anti-Nestin ThermoFisher Cat#: MA1-110; RRID: AB_2536821

Rabbit anti-PAX6 BioLegend Cat#: 901301; RRID: AB_2565003

Mouse anti-islet-1/2 DSHB Cat#: 39.4D5; RRID: AB_2314683

Mouse anti-HB9/Mnx1 DSHB Cat#: 81.5C10; RRID: AB_2145209

Goat anti-SCIP Santa Cruz Cat#: sc-11661; RRID: AB_2268536

Anti-HOXA5 Dasen et al., 2005 N/A

Anti-FOXP1 Dasen et al., 2008 N/A

Anti-HOXC6 Liu et al., 2001 N/A

Anti-HOXC9 Jung et al., 2010 N/A

Anti-LHX3 Tsuchida et al., 1994 N/A

Rabbit-anti-OLIG2 Proteintech Cat#: 13999-1-AP; RRID: AB_2157541

Mouse anti-p-Histone H3 Santa Cruz Cat#: sc-374669; RRID: AB_11150094

Mouse anti-KI 67 Cell Signaling Cat#: 9449S; RRID: AB_2797703

Rabbit anti-Cleaved Caspase-3 Cell Signaling Cat#: 9603S; RRID: AB_11179205

Rabbit anti-GPIP137 (CAPRIN1) ThermoFisher Cat#: PA5-114941

Rabbit anti-CAMTA1 ThermoFisher Cat#: PA5-78440; RRID: AB_2735569

Rabbit anti-CLP1 Abcam Cat#: ab133669

Rabbit anti-CLP1 ThermoFisher Cat#: PA5-22386; RRID: AB_11155231

Rabbit anti-PCF11 Proteintech Cat#: 23540-1-AP; RRID: AB_2879293

Mouse anti-RNA Polymerase II Active Motif Cat#: 91151; RRID: AB_2793789

Rabbit anti-CPSF2 (CPSF100) Proteintech Cat#: 17739-1-AP; RRID: AB_2084368

Rabbit anti-CstF64 Proteintech Cat#: 26825-1-AP; RRID: AB_2880649

Rabbit anti-CPSF6 (CFIm68) ThermoFisher Cat#: PA5-41830; RRID: AB_2607690

Mouse anti-b-Actin Proteintech Cat#: 66009-1-Ig; RRID: AB_2687938

Mouse anti-GAPDH Proteintech Cat#: 60004-1-Ig; RRID: AB_2107436

Mouse IgG Isotype Control ThermoFisher Cat#:10400C; RRID: AB_2532980

Rabbit anti-FLAG Sigma-Aldrich Cat#: F7425; RRID: AB_439687

Biological samples

Mouse brain tissue Strains listed in this table N/A

Mouse diaphragm tissue Strains listed in this table N/A

Chemicals, peptides, and recombinant proteins

Thiazoyl Blue Tetrazolium Bromide Sigma-Aldrich Cat#: M5655; CAS: 298-93-1

Corning Matrigel Basement Membrane

Matrix

VWR Cat#: 47743-715

(Continued on next page)
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Vitronectin (VTN-N) Recombinant Human

Protein, Truncated

ThermoFisher Cat#: A14700

Dynabeads Protein G for

Immunoprecipitation

ThermoFisher Cat#:10004D

Pierce Protease Inhibitor Mini Tablets,

EDTA-free

ThermoFisher Cat#: A32955

Deposited data

Analyzed RNA-sequencing data This paper GEO: GSE183872

Analyzed Poly(A)Click-sequencing data This paper GEO: GSE183872

Experimental models: Cell lines

Human: 1810-VI-1 (affected) Fibroblasts Schaffer et al., 2014 N/A

Human: 1810-V-8 (unaffected) Fibroblasts Schaffer et al., 2014 N/A

Experimental models: Organisms/strains

Mouse:Clp1R140H/+: B6SJLF1/J-Clp1em1Aes This paper N/A

Mouse: Clp1KO/+: B6SJLF1/J-Clp1em2Aes This Paper N/A

Mouse: Hb9-GFP+: B6.Cg-Tg(Hlxb9-GFP)

1Tmj/J

Jackson Laboratory Stock No: 005029

Mouse: ChAT-GFP+:

B6.Cg-Tg(RP23-268L19-EGFP)2Mik/J

Jackson Laboratory Stock No: 007902

Oligonucleotides

Primers for genotyping (see Data File S1L) Eurofins Genomics N/A

Primers for qPCR (see Data File S1L) Eurofins Genomics N/A

CRISPR constructs (see Data File S1L) PNA Bio, IDT N/A

Recombinant DNA

px330 Cong, et al. 2013 Addgene Plasmid #42230

pCMV-GFP Matsuda and Cepko, 2004 Addgene Plasmid #11153

pCXLE-hOCT3/4-shp53-F Okita et al., 2011 Addgene Plasmid #27077

pCXLE-hSK Okita et al., 2011 Addgene Plasmid #27078

pCXLE-hUL Okita et al., 2011 Addgene Plasmid #27080

pCXWB-EBNA1 Okita et al., 2013 Addgene Plasmid #37624

Software and algorithms

Bowtie 2 v2.3.5.1 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

DESeq2 v1.26.0 Love et al., 2014 http://bioconductor.org/packages/release/

bioc/html/DESeq2.html

STAR v2.7.3a Dobin et al., 2013 https://github.com/alexdobin/STAR/

releases

featureCounts v2.0.1 Liao et al., 2014 http://bioconductor.org/packages/release/

bioc/html/Rsubread.html

RNASeq-MATS v4.0.2 Shen et al., 2014 http://rnaseq-mats.sourceforge.net/

JunctionSeq v1.16.0 Hartley and Mullikin, 2016 https://bioconductor.org/packages/

release/bioc/html/JunctionSeq.html

Cutadapt v2.8 Martin, 2011 https://pypi.org/project/cutadapt/

DEXSeq v1.32.0 Anders et al., 2012 https://bioconductor.org/packages/

release/bioc/html/DEXSeq.html

GenomicRanges v1.34.0 Lawrence et al., 2013 https://bioconductor.org/packages/

release/bioc/html/GenomicRanges.html

GenomicAlignments v1.18.1 Lawrence et al., 2013 https://bioconductor.org/packages/

release/bioc/html/

GenomicAlignments.html
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GenomicFeatures v1.34.8 Lawrence et al., 2013 http://bioconductor.org/packages/release/

bioc/html/GenomicFeatures.html

BSgenome v1.50.0 Pagès, 2018 https://bioconductor.org/packages/

release/bioc/html/BSgenome.html

Rsamtools v1.34.1 Morgan et al., 2019 https://bioconductor.org/packages/

release/bioc/html/Rsamtools.html

rtracklayer v1.42.2 Lawrence et al., 2009 https://bioconductor.org/packages/

release/bioc/html/rtracklayer.html

ggplot2 v3.3.5 Wickham, 2016 https://ggplot2.tidyverse.org

CentriMo v5.4.1 Bailey and Machanick, 2012 https://meme-suite.org/meme/tools/

centrimo

GSEA v4.0.0 Mootha et al., 2003; Subramanian

et al., 2005

https://www.gsea-msigdb.org/gsea/

index.jsp

ClueGO v2.5.8 Bindea et al., 2009 https://apps.cytoscape.org/apps/cluego

DAVID v6.8 Huang et al., 2009a, 2009b https://david.ncifcrf.gov/home.jsp

RStudio RStudio https://rstudio.com/products/rstudio/

download/

Fiji Fiji http://fiji.sc

ImageJ National Institutes of Health https://imagej.nih.gov/ij

Illustrator 2021 Adobe Inc. https://www.adobe.com/products/

illustrator.html

Photoshop 2021 Adobe Inc. https://www.adobe.com/products/

photoshop.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ashleigh

Schaffer (ashleigh.schaffer@case.edu).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
d RNA-sequencing, Poly(A) Click-sequencing, and tRNA-sequencing data used in this study will be available from the Gene

Expression Omnibus through series accession number GEO: GSE183872.

d All other data referenced in this publication or code used to perform meta-analysis will be shared by the lead contact upon

request.

d Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All mice were maintained according with the National Institutes of Health Guidelines for the Care and Use of Laboratory animals and

were approved by the CaseWestern Reserve Institutional Animal Care and Use Committee. CRISPR genome editing was performed

in the Case Western Reserve University Transgenic and Targeting Facility. B6SJLF1/J hybrid mice (Jackson Laboratory, 100012)

were used for CRISPR editing of the Clp1 locus. Founder mice with the Clp1R140H/+ and Clp1KO/+ alleles were intercrossed with

B6SJLF1/J mice to maintain a mixed background for disease modeling and behavioral analysis, or ChAT-GFP mice (Jackson Lab-

oratory, 007902) for diaphragm characterization. Clp1R140H/+mice were crossed to Hb9-GFPmice (Jackson Laboratory, 005029) for

in vivo validation of molecular findings. All ex vivo analyses were performed on tissue collected from mice of both sexes at postnatal

day (P) 0 or P30. No sex-dependent differences were observed.
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Cell Culture
H9 human embryonic stem cells (hESCs) were co-electroporated with px330 (Addgene, #42230) containing a 20 nucleotide single

guide sequence targeting exon 2 of human CLP1 and pCMV-GFP (Addgene, #11153). The GFP+ single cells were FACS isolated

and seeded at a low density on Matrigel (Corning) coated plates to establish clonal lines for genotyping, as previously described

(Schaffer et al., 2018). Clones containing bi-allelic indel variants in CLP1 (CLP1KO), or unedited isogenic clones (CLP1WT) were

selected for downstream analysis.

Reprogramming of patient fibroblasts into induced pluripotent stem cells (iPSCs) was performed using the Epi5 Episomal iPSC

Reprogramming Kit (Thermo Fisher) except Matrigel (Corning) was used as a substrate. Reprogramming vectors were prepared

in house and the medium was changed to StemFlex (Thermo Fisher) after 15 days. iPSC clones were selected for expansion and

plated on vitronectin-coated plates.

Motor neurons were differentiated from patient-derived iPSCs or hESCs using a previously described protocol (Markmiller

et al., 2018).

METHOD DETAILS

Animal Genotyping
Litters were genotyped by allele-specific polymerase chain reaction (AS-PCR). Genomic DNAwas prepared frommouse tissue sam-

ples as previously described (Truett et al., 2000). AS-PCR for each allele was assembled using a modified GoTaq DNA polymerase

(Promega) protocol. Modifications include the use of four primers – common forward, common reverse,mutant reverse, andwild type

forward (see Data S1L). The wild type forward primer was used at double the concentration of all other primers. Primers were

designed using an established workflow (Gaudet et al., 2009). Reaction conditions were executed as recommended by the

manufacturer. PCR for the green fluorescent protein (GFP) gene was assembled using the standard GoTaq (Promega) protocol

and GFP-specific primers (see Data S1L).

Stride Length Analysis
The hind limb paws were painted with blue ink (Sheaffer) and mice were guided down a runway over a white paper strip toward a hut.

Tracks were collected, and hind limb stride lengths were measured and analyzed for male mice only.

Immunohistochemistry
Whole-mounts of diaphragmmuscleswere stained as described in Philippidou et al. (2012). Briefly, diaphragmmuscles from neonate

and adult mice were dissected and fixed in 1% paraformaldehyde (Tsuchida et al., 1994) for 1 hr at RT followed by three washes in

PBS. Diaphragms were stained overnight at 4�C with rabbit anti-neurofilament (Synaptic Systems, 1:1000), or rat anti-GFP (gift

from C. Kioussi, 1:3000) antibodies in 0.5% Triton X-100/PBS and 4% goat serum, washed three times for 1 hr in 0.5% Triton

X-100/PBS, and incubated overnight at 4�Cwith Alexa 488-conjugated goat anti-rabbit or goat anti-rat (Invitrogen, 1:1,000) andAlexa

555-conjugated anti-a-Bungarotoxin (ThermoFisher, 1:1,000) in 0.5% Triton X-100/PBS and 4% goat serum. Diaphragms were

washed three times for 1 hr in Triton X-100/PBS, post-fixed in 1% PFA for 10 min and rinsed in PBS before flat mounting with Fluo-

romount-G (Invitrogen).

Whole brains were dissected from adult mice that had been perfused with 4% PFA and fixed overnight at 4�C in 4% PFA, followed

by dehydration overnight in 30% sucrose. Brain tissue was divided into hemispheres and each were embedded in OCT compound

and rapidly frozen on dry ice. Serial sagittal sections of 12 mm thickness were cut with a cryostat. Standard hematoxylin and eosin

(H&E) staining was performed on sagittal sections spanning the width of one hemisphere.

Immunocytochemistry
Cultured human iPSCs or stemcell-derivedmotor neuronswere fixed for 10min in 4%PFA, then permeabilized and blocked for 1 hr in

1% goat serum and 0.1% Triton X-100 in PBS. Primary antibodies were applied overnight at 4�C in Shandon coverplates. Primary

antibodies used for stem cell characterization include mouse anti-TRA-1-81 (Millipore, 1:200), rabbit anti-Oct4 (ThermoFisher,

1:1,000), goat anti-LIN-28A (R&D Biosystems, 1:50), mouse anti-Nanog (Santa Cruz, 1:200), rabbit anti-a fetoprotein (Dako, 1:400),

mouse anti-a smooth muscle Actin (Sigma, 1:400), mouse anti-Nestin (ThermoFisher, 1:200), rabbit anti-PAX6 (BioLegend, 1:2000).

Primary antibodies used for motor neuron characterization include mouse anti-Islet-1/2 (DSHB, 1:500), mouse anti-HB9/Mnx1

(DSHB, 1:500), goat anti-SCIP (Santa Cruz, 1:5000), anti-HOXA5 (Dasen et al., 2005), anti-FOXP1 (Dasen et al., 2008), anti-HOXC6

(Liu et al., 2001), anti-HOXC9 (Jung et al., 2010), anti-LHX3 (Tsuchida et al., 1994), rabbit anti-OLIG2 (Proteintech, 1:500), mouse

anti-p-Histone H3 (Santa Cruz, 1:400), Alexa 488 pre-conjugated rabbit anti-Cleaved Caspase-3 (Cell Signaling, 1:50). For detection,

we used Alexa fluor [488, 555, 594, 647]-conjugated goat anti-rabbit and goat anti-mouse secondary antibodies (Invitrogen, 1:1,000).

Quantification of Neuromuscular Junction Morphology
Neuromuscular junction size was determined by outlining junctions from a-bungarotoxin staining andmeasuring the area within each

outline in ImageJ. Colocalization of a-bungarotoxin and GFP staining was determined using the Coloc2 plugin with default param-

eters in ImageJ with individual neuromuscular junctions as regions of interest (ROI).
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FACS Isolation of e12.5 Spinal Motor Neurons
Mouse embryos from Hb9-GFP;Clp1R140H/+ x Clp1R140H/+ or Hb9-GFP;Clp1R140H/+ x Hb9-GFP;Clp1R140H/+ timed matings were

collected at embryonic day (e)12.5 and screened for GFP expression. A GFP-negative embryo was retained as a negative control

for sorting. GFP-positive embryos were genotyped as described above. Spinal cords were dissected and dissociated using a Papain

dissociation kit (Worthington). Briefly, spinal cords were incubated at 37�C for 30min in a solution of Papain and DNase dissolved in

EBSS. Spinal cords were dissociated by gentle pipetting. Cells were spun down and resuspended in 1%FBS and DNase in PBS. The

cell suspension was passed through a cell strainer (Falcon). Cells were spun down and resuspended in 1% FBS and DNase in PBS,

200 ml per embryo. GFP-positive motor neurons were isolated by fluorescence activated cell sorting (FACS) using the GFP-negative

sample as the gating control. Motor neurons were sorted into PBS and spun down to remove excess PBS before adding the extrac-

tion buffer from the Picopure RNA isolation kit (Thermo Fisher) using a �4:1 extraction buffer to cell suspension ratio.

Cell Density Measurement
AnMTT cell assay was performed on human stem cells during motor neuron differentiation (day 16 – day 28) as previously described

(Schaffer et al., 2014) with the following considerations. Motor neuron progenitors at day 15 of differentiation were plated at 105 cells/

well and measurements were captured every two days.

Western Blot
Western blot analysis for protein expression was performed according to standard protocols. Protein lysates collected in RIPA lysis

buffer (25mM Tris-HCl, pH 7.5, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, Protease Inhibitor Cocktail (Ther-

moFisher) from CLP1WT, CLP1KO, CLP1 p.R140H heterozygous (unaffected, U), and CLP1 p.R140H homozygous (affected, A) cell

lines were separated by SDS-PAGE and transferred to a nitrocellulose membrane using the TransBlot Turbo (Biorad). Themembrane

was blocked with 5% non-fat milk in PBS with 0.05% Tween-20 for 30 minutes at room temperature. Primary antibodies against

the protein of interest were applied overnight at 4�C. Primary antibodies for analyzing protein expression include rabbit anti-CLP1

(Abcam, 1:2000), rabbit anti-CLP1 (ThermoFisher, 1:1000), rabbit anti-CAPRIN1 (ThermoFisher, 1:1000), rabbit anti-CAMTA1 (Ther-

moFisher, 1:1000), rabbit anti-FLAG (Sigma-Aldrich, 1:500), mouse anti-b-actin (loading control; Proteintech, 1:20,000), and mouse

anti-GAPDH (loading control; Proteintech, 1:20,000). Themembranewaswashed in PBSwith 0.05%Tween-20 andHRP-conjugated

goat anti-rabbit and goat anti-mouse secondary antibodies (Abcam, 1:20,000) diluted in 5% non-fat milk in PBS with 0.05% Tween-

20 were incubated at room temperature for 1-2 hours. Supersignal West Dura substrate (Thermofisher) was used for detection and

blots were imaged with a Li-Cor Fc instrument. Quantification of western blots was performed in ImageJ.

Co-immunoprecipitation
Co-immunoprecipitation of RNA polymerase II was performed with Dynabeads Protein G for Immunoprecipitation (ThermoFisher)

according to the manufacturer protocol with the following modifications. Protein lysates were collected in NP-40 lysis buffer

(50mM HEPES-KOH, pH 7.5, 150mM KCl, 2mM MgCl2, 2% NP-40, Protease Inhibitor Cocktail (ThermoFisher)) from CLP1WT,

CLP1KO, CLP1 p.R140H heterozygous (unaffected, U), and CLP1 p.R140H homozygous (affected, A) cell lines. Primary antibodies

for the co-immunoprecipitation experiments include mouse anti-RNAPII (Active Motif, 10mg per IP) and mouse IgG Isotype Control

(ThermoFisher, 10mg per IP). Following antigen binding, bead-Antibody-Antigen complexes were washed in PBS with 0.1% Tween-

20. Immunoprecipitated proteins were eluted using the denaturing elution protocol. Western blot analysis of immunoprecipitated

proteins was performed as previously described. Primary antibodies for analysis include mouse anti-RNAPII (Active Motif,

1:1000), rabbit anti-PCF11 (Proteintech, 1:1000), rabbit anti-CPSF2 (Proteintech, 1:1000), rabbit anti-CPSF6 (ThermoFisher,

1:1000), rabbit anti-CstF64 (Proteintech, 1:500), and mouse anti-b-actin (loading control, Proteintech, 1:20,000). Quantification of

western blots was performed in ImageJ.

Northern Blot
Northern blot analysis was performed as previously described (Schaffer et al., 2014). Probe sequences for intron-containing tRNAs

are as follows: Chr14.tRNA19-TyrGTA intron probe 50-GATGTCCACAAA TGT TTC TACAGGCTAC-30, Chr19.tRNA10-IleTAT intron

probe 50-TGC TCC GCT CGC ACT GTC A-30, Tyr-GTA 50exon probe 50-CTA CAG TCC TCC GCT CTA CC-30, Ile-TAT 50-exon probe

50-TAT AAG TAC CGCGCGCTA AC-30, Leu-CAA 50-exon probe 50-CTT GAG TCT GGCGCC TTA GAC-30. A U6 probe 50-GCA GGG

GCC ATG CTA ATC TTC TCT GTA TCG-30 was used as a loading control.

Quantitative Real-time Reverse Transcriptase PCR
Total RNA was isolated from hESC- or patient-specific, iPSC-derived motor neurons using TRIzol as per manufacturer protocol.

Random hexamer primed cDNA for validation of differential gene expression, alternative splicing, and APA was synthesized using

the SuperScript IV VILO Master Mix with ezDNase Enzyme (ThermoFisher) as per manufacturer protocol.

Total RNAwas isolated from sortedmouse embryonic spinal motor neurons using the Picopure RNA isolation kit (ThermoFisher) as

permanufacturer protocol, and total RNA fromwhole embryonic spinal cords was isolated using TRIzol as described above. Reverse

transcription and qPCR ofmouse RNA samples spinal motor neuron total RNAwere carried out as described abovewith the following

modifications. RNA prepared using the Picopure kit were not treated with ezDNase during cDNA synthesis.
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Quantitative PCR was performed with either PowerUP or Power SYBR� Green PCR Master Mix (ThermoFisher) as per manufac-

turer protocol on a CFX384 thermal cycler (Bio-Rad).

Primers to validate differential gene expression were designed to span constitutive exon junctions. Primers for validation of splicing

events were designed to flank both constitutive and alternative exons. Two reference genes for DGE and alternative splicing valida-

tion, RANBP2 and EIF2B5, were chosen from the DESeq2 results as highly expressed and with low change. APA validation primers

were designed to amplify regions upstream of the 100bp bioinformatic counting window for chosen polyadenylation sites. Primer

sequences are listed in Data S1L.

Digital PCR gel analysis
A subset of alternative splicing events with cassette exon inclusion/exclusion were validated by RT-PCR followed by digital gel anal-

ysis. Random hexamer primed cDNA was synthesized as described above. Primers were designed to flank the alternative exon and

PCR was carried out using GoTaq� DNA Polymerase (Promega) as per manufacturer protocol for 30 cycles. The resultant products

were resolved by TapeStation (Agilent) and quantified.

RNA sequencing and Bioinformatics
Two biological replicates of CLP1WT H9 hESC-derived motor neurons, CLP1KO H9 hESC-derivedmotor neurons, and two clonal rep-

licates of CLP1 p.R140H heterozygous iPSC-derived motor neurons (unaffected parent), and CLP1 p.R140H homozygous (affected

child) were used for total RNA-seq analysis. Two clonal replicates of the following cell lines were used for total tRNA-seq analysis:

CLP1 p.R140H heterozygous iPSC-derived motor neurons and CLP1 p.R140H homozygous. RNA was extracted from hESC- or

iPSC-derived motor neurons at day 28 of differentiation with TRIzol as per manufacturer protocol.

tRNA sequencing was performed as in Pinkard et al. (2020). Briefly, 1ug of total RNA was ligated to annealed adapters under con-

ditions as in Shigematsu et al. (2017). cDNA was synthesized according to the manufacturer’s suggested conditions using Super-

Script IV Reverse Transcriptase (Thermo Fisher) and gel purified with denaturing polyacrylamide gel electrophoresis. Gel purified

cDNA product was ligated using CircLigase (Lucigen) according tomanufacturer’s recommendations. Libraries were amplified using

Q5 DNA polymerase (New England Biosciences) for 7-8 cycles and purified on a native agarose gel following themanufacturer’s sug-

gested parameters. Libraries were sequenced with single end reads on an Illumina NextSeq 550. The sequencing reads were aligned

to predicted tRNA genes from GtRNAdb with Bowtie 2 (Langmead and Salzberg, 2012) following demultiplexing and CCA trimming,

and reads per million (RPM) counted by featureCounts (Liao et al., 2014) in R. Normalized tRNA isodecoder reads were summed and

differential gene expression analysis was performed with DESeq2 (Love et al., 2014) using default parameters.

For mRNA sequencing, stranded paired-end 150bp total RNA-sequencing with ribosomal depletion was performed by Novogene,

Inc. using the dUTP method (Parkhomchuk et al., 2009). Reads were aligned to the Hg38 human genome build with STAR (Dobin

et al., 2013) using default parameters, returning a uniquemapping rate of 94-95% (31-33million uniquely mapping reads) per sample.

Differential gene expression was tested using DESeq2 (Love et al., 2014) with default parameters through Galaxy (Afgan et al., 2018)

using genewise count files generated by featureCounts (Liao et al., 2014) against the Ensembl Release 95 (Frankish et al., 2019; Zer-

bino et al., 2018) gene annotation set. Any results on the Y chromosome were filtered out. Alternative exon events were tested with

rMATS (Shen et al., 2014) using default parameters and the Ensembl Release 95 gene annotation set. Per-exon and per-splice junc-

tion events which were used to determine positional bias were discovered using JunctionSeq (Hartley andMullikin, 2016) with default

parameters against the Ensembl Release 95 gene annotation set. Relative cell type composition bioinformatic analysis was per-

formed on the same RNA-seq samples as above. In brief, genewise abundance estimates were calculated with pseudoalignment

using Salmon (Patro et al., 2017) and genewise aggregation with tximport (Soneson et al., 2016). We calculated the geometric

mean TPM of cell type-specific marker genes gathered from D’Erchia et al., (2017) and compared marker expression averages be-

tween the affected and unaffected motor neuron samples.

For mRNA 3’ end sequencing analysis, two batches of PAC-seq were run. One batch was a collection of RNA from 16 human stem

cell-derived motor neuron cultures from the PCH10 index patient family and H9 hESC genetic backgrounds. A smaller batch con-

taining H9 CLP1WT and CLP1KO iPSC-derived motor neuron RNA samples, with two replicates each, was also run. PAC-Seq library

preparation and sequencing was performed as previously described (Routh et al., 2017). The larger PAC-seq batch showed ample

polyadenosine homopolymeric stretches within the 3’ end of its reads, whereas the smaller batch did not. As such, only samples from

the larger batch were used to construct in-house annotation databases of human and mousemotor neuron polyadenylation sites. To

construct these polyadenylation site annotations, each sample’s raw reads underwent pre-alignment trimming which ensured poly-

adenosine stretches at the 3’ end of reads remained intact. Reads with any 2-color sequencing chemistry artifacts were trimmedwith

Cutadapt (Martin, 2011) using settings -a G{150} -e 0.4. Any reads smaller than 40 bp after trimming were filtered out. 12 nucleotide

unique molecular identifiers (UMIs) were removed from the 5’ end of each read and appended to the read header using umi_tools

(Smith et al., 2017). Processed reads were aligned to the hg38 genome build with STAR (Dobin et al., 2013) using an alignment strat-

egy which only performs softclipping on the 3’ end of reads (–alignEndsType Extend5pOfRead1). Because untemplated poly(A)

tails could cover large portions of input reads, STAR was also set to be less strict with the minimum proportion of the read aligned

(–outFilterMatchNminOverLread 0.3 and –outFilterScoreMinOverLread 0.3). In total, this alignment strategy produced �75%

uniquelymapped reads and optimized for alignments which ended directly at the polyadenylation site but still contained some poly(A)

tail sequence within the softclipped data.
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These alignments were then filtered with an in-house script to remove any entries with no softclipping before deduplication using

umi_tools. A final filtering step performed with in-house scripts inspected the sequence data that was soft-clipped and removed any

read alignments which did not show enough untemplated adenosines to meet the standards followed by Gencode for their polya-

denylation site annotations (Derti et al., 2012). Specifically, each read’s softclipped sequence needed to contain 1) greater than

66% adenosine content and 2) at least 3 untemplated adenosines. This filtering step was made more strict for sites where the

sequence just upstream of the softclip indicated that the read came from an internal priming hotspot, in which case the sum of ter-

minal adenosines must exceed the length of the oligo d(T) primer, then show an additional 3+ untemplated adenosines beyond this

range. Using these high-confidence alignments, each sample had its unique polyadenylation sites defined by taking slices of read

coverage greater than a minimum read threshold, keeping the most 3’ end nucleotide of each slice region, then reducing the read

threshold repeatedly, keeping the higher coverage slice region when there were overlaps. This coverage slicing process was

repeated when merging each sample’s unique polyadenylation sites to output a final set of sites that showed at least 3 reads in

at least 2 samples, and were at least 100 bp apart.

Providing each polyadenylation site with an assigned gene and intragenic feature followed logic that replicates how one annotates

polyadenylation sites by hand. Each polyadenylation site was checked for overlap or proximity to specific intragenic features in order

of likelihood, and removed from the pool for annotation when a probable match was found. These features in order were transcript

ends, 3’ UTRs, terminal exons, regions up to 10 kb downstream of transcript ends, introns, CDS, 5’ UTRs, and exons, respectively.

Any site which had more than one potential match in a step would be assigned to the longest transcript and its corresponding gene.

Determining which intragenic feature of an assigned gene that a polyadenylation site was part of followed the rules applied to Poly-

A_DB (Wang et al., 2018) with the change that we used Gencode gene and transcript annotations v37 for human (Frankish

et al., 2019).

With final polyadenylation site annotations available, APA analysis was performed with DEXSeq (Anders et al., 2012) . Polyadeny-

lation site counts were acquired using countOverlaps in the GenomicRanges R package (Lawrence et al., 2013), with inputs of either

fully-filtered per-sample alignments as described above, or in the case of samples in the smaller sequencing batch, unfiltered align-

ments were used as count inputs and counts were mathematically adjusted before use in DEXSeq to reflect the site-specific propor-

tion of reads that passed filters in the 16 other samples. Any genes with only one annotated polyadenylation site were excluded from

analysis.

Analysis of external 3’ end sequencing datasets for sporadic Parkinson’s disease (GEO: GSE40710) or Myotonic Dystrophy (GEO:

GSE68890) took place in a near-identical fashion to what was performed for the smaller sequencing batch because untemplated

adenosines were relatively scant within each read. Polyadenylation site counts based on unfiltered alignments were multiplied by

the inverse of the empirically determined internal priming rate at each given site before use in DEXSeq.

Positional motif enrichment analysis was performed using CentriMo (Bailey and Machanick, 2012) within the MEME Suite (Bailey

et al., 2015). Genomic sequence at each polyadenylation site +/- 100bp was extracted using the BSgenome.Hsapiens.UCSC.hg38 R

package (Pagès, 2018). Sequences flanking non-significant polyadenylation sites for a given comparison were used as the control

sequence input and sequences flanking upregulated or downregulated polyadenylation sites were used as the primary sequence

input. Positional enrichment settings were such that enrichment could occur anywhere, and only strand-matching motifs could be

searched. Positional motif matching was performed against the Ray 2013 Homo sapiens database (Ray et al., 2013). Differentially

enriched motifs required a Fisher E-value less than 0.05 to be deemed statistically significant.

Gene ontology (GO) term enrichment visualization was performed using ClueGO, a Cytoscape plug-in developed by Bindea et al.,

(2009). The input for ClueGO was a list of genes with differential expression and alternative polyadenylation, grouped by fold

change sign.

Clustering was performed using the GO-BiologicalProcess-EBI-UniProt-GOA-ACAP-ARAP-13.05.2021 ontology database,

showing pathways with p-value% 0.05. Default settings were used for all other parameters. Additional GO term enrichment analysis

(see Figure S7) was performed using DAVID (Huang et al., 2009a, 2009b) with a gene list of upregulated or downregulated genes

(FDR < 0.05) against a background set of all genes expressed in our dataset at or above 1 TPM. DAVID enrichment was performed

using the website’s biological process, molecular function, and cellular compartment annotations (see Data S1I and S1J).

QUANTIFICATION AND STATISTICAL ANALYSIS

Error bars in figures are shown as ± 1 SEM unless otherwise stated. The number (n) and type of replicates analyzed for each

experiment is described within the figure legends. Boxplots are displayed with lines at the median, 25th, and 75th percentiles, with

‘‘whiskers’’ extending the full range of the data. Statistical tests were performed using R (Fisher’s exact test, K-S test, Binomial

test, Wilcoxon Rank Sum test, Welch’s t test, Pearson correlation test, Chi-squared test) or Microsoft Excel (Student’s t test). All tests

were performed two-sided unless otherwise noted. Sample sizes were not statistically pre-determined. Experiments were not ran-

domized. Non-normally distributed data were tested by Wilcoxon Rank Sum for means or K-S test for distribution. Logarithmic or

other scaling transformations were performed as written in graph axes. Collection and analysis of data was not blinded with the

exception of cell counting in immunofluorescence images. Tests for overlap or enrichment were performed using the Chi-squared

likelihood ratio test (3-way Venn diagram) or Fisher’s exact test (2-way Venn diagram).
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