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DEVELOPMENTAL BIOLOGY

Alternative polyadenylation alters protein dosage by
switching between intronic and 3’UTR sites
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Alternative polyadenylation (APA) creates distinct transcripts from the same gene by cleaving the pre-mRNA at
poly(A) sites that can lie within the 3’ untranslated region (3'UTR), introns, or exons. Most studies focus on APA
within the 3'UTR; however, here, we show that CPSF6 insufficiency alters protein levels and causes a develop-
mental syndrome by deregulating APA throughout the transcript. In neonatal humans and zebrafish larvae,
CPSF6 insufficiency shifts poly(A) site usage between the 3'UTR and internal sites in a pathway-specific
manner. Genes associated with neuronal function undergo mostly intronic APA, reducing their expression,
while genes associated with heart and skeletal function mostly undergo 3'UTR APA and are up-regulated.
This suggests that, under healthy conditions, cells toggle between internal and 3'UTR APA to modulate
protein expression.

INTRODUCTION

The proteome is far more diverse than the genome, with some re-
search estimating that our cells produce hundreds of thousands of
proteins from a mere 25,000 genes (1). Much of this diversification
occurs at the level of mRNA precursors (pre-mRNA), which can
undergo various processes before being translated into proteins
(2). One process that has garnered great interest in recent years is
polyadenylation. As the nascent RNA matures, the polyadenylation
machinery cleaves it at a poly(A) site (PAS) in the 3" untranslated
region (UTR) and synthesizes a polyadenylate or poly(A) tail to
signal that transcription should be terminated and to protect the
end from degradation (3). The length of the final 3'UTR determines
the number of regulatory elements available to be bound by micro-
RNA and RNA binding proteins to direct mRNA translation,

stability, localization, and the tissue-specific functions of the result-
ing protein (4). There is not just one PAS per mRNA, however: the
3'UTR can contain several PAS, and PAS can also reside within
exons, introns, and even the 5'UTR (4, 5). By convention, the
3'UTR upstream of the proximal PAS is called the constitutive
3'UTR, while the downstream region that is present only in
longer isoforms is designated the “alternative UTR" (4). The term
alternative polyadenylation (APA) thus describes cleavage that uses
any alternative PAS in the 3'UTR or at sites internal to the gene.
When APA takes place at a PAS within the gene, it is termed “inter-
nal APA” in contradistinction to 3'UTR-APA.

The choice of PAS can alter the ratios of expressed isoforms in
response to hormonal and other exogenous signals (6). For
example, two different-length transcripts of the steroidogenic
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acute regulatory (StAR) gene are expressed at equal levels in healthy
adrenal glands, but stimulation of cholesterol metabolism by the
cyclic adenosine 5'-monophosphate (AMP) analog, Br—cyclic
AMP, favors the formation of the less stable transcript through
the use of a more distal PAS (7). Similarly, elevated glucose levels
favor distal PAS usage inHGRG-14 (high-glucose-regulated gene
14) mRNA in diabetic nephropathy (6), whereas hyperactivation
of mTORCI (mechanistic target of rapamicin complex 1) favors
the use of proximal PAS in RBXI (Ring-Box 1) in the context of
certain tumors (8). There are also instances in which mutations
within a PAS alter the outcomes of APA, for example, favoring
the retention of a long 3'UTR in HBB in b-thalassemia (9) or in
GIMAP5 (GTPase, IMAP Family Member 5 ) in systemic lupus er-
ythematosus (10). Beyond these gene-specific alterations in the
context of specific conditions, however, it has been difficult to de-
termine how PAS are selected or what consequences might follow if
there were to be global changes in APA.

We had an opportunity to study the effect of PAS choice at the
whole-organism level when we identified patients bearing muta-
tions in CPSF6 (cleavage and polyadenylation specific factor 6),
one of three proteins comprising the APA subcomplex called cleav-
age factor I (CFI). Patients with either CPSF6 deletions or loss-of-
function mutations develop a previously unidentified syndrome
that affects neurological, cardiovascular, and skeletal development.
Examining both patient fibroblasts and zebrafish larvae, we found
that CPSF6 loss deregulates APA, with consequences for protein ex-
pression, by shifting PAS choice: about three-quarters of the pre-
mRNA that normally undergo 3'UTR APA in healthy controls
instead underwent internal APA and vice versa. Overall, genes in-
volved in neurodevelopment switched to internal APA, with a con-
sequent reduction in protein expression, whereas genes involved in
cardiovascular and skeletal development underwent 3'UTR APA
and showed elevated protein expression.

RESULTS

Loss of CPSF6 function causes neurological, cardiac, and
skeletal abnormalities

The core cleavage-and-polyadenylation machinery consists of four
subcomplexes that have unhelpfully similar names: CFI, CFII, cleav-
age and polyadenylation specificity factor, and cleavage stimulation
factor (4). We focused on the CFI complex, because it is known to be
involved in PAS selection and one of its member proteins, CPSF5
(cleavage and polyadenylation specific factor 5, also known as
NUDT21, nudix hydrolase 21), had previously been identified in
patients with a developmental disorder (11). We therefore screened
several patient databases for individuals with deletions, duplica-
tions, or variants involving CPSF6 or CPSF7 (cleavage and polyade-
nylation specific factor 7), the other two members of the CFI
complex (see Materials and Methods). Both genes are predicted
to be highly intolerant to loss of function (pLI = 1, see Materials
and Methods) (12). CPSF7 did not turn up in any of the databases
but CPSF6 did. There were eight subjects (S1 to S8) who bear het-
erozygous deletions spanning 0.25 to 9.41 megabases (Mb), within
which the minimal region of overlap was CPSF6 (Fig. 1A, Table 1,
and fig. S1, A and B). Of 15 individuals with a pathogenic single-
nucleotide variant (SNV) (13) in CPSF6, we were able to enroll three
(S9 to S11; Fig. 1B, fig. S2, Table 1, tables S1 and S2, and Materials
and Methods). All three missense variants alter residues that are
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highly conserved down to zebrafish (phyloP, >5) and positionally
intolerant to missense variation. Polyphen2 predicts all three vari-
ants to be highly damaging (Fig. 1B and table S2). One subject also
had a variant in SCAF4 (SR-Related CTD Associated Factor 4),
which we determined did not contribute to the phenotype (fig.
S1, C to E; see Materials and Methods).

All subjects showed global developmental delays and motor
delays. Deletions were associated with speech delays and intellectual
disability ranging from severe to profound [by the criteria of the
Diagnostic and Statistical Manual of Mental Disorders, Sixth
Edition]; missense mutations were associated with mild or no
delays in speech or cognition (Table 1). Two of the missense muta-
tion subjects (S9 and S11) have had ataxia since childhood. Behav-
ioral issues were noted in several deletion subjects as well as S9 and
S10. Skeletal anomalies were frequent but variable and typically in-
volved digital malformations; craniofacial dysmorphia were noted
mostly among the subjects with deletions beyond CPSF6
(Table 1). Several subjects had ophthalmologic abnormalities: S9,
at 39 years of age, exhibited retinal dystrophy, esotropia, and cata-
racts. S8 (with 99% of CPSF6 deleted) and S9 have cardiomyopathy,
and S9 had complete heart block at 14 years of age and a transient
ischemic attack at age 38. [Among the other 12 individuals with
SNV whom we were unable to enroll, 5 were noted to have
cardiac valve abnormalities (table S1).] This association between
cardiovascular anomalies and CPSF6 variation was independently
found to be statistically significant in an exome sequencing cohort
of 13,218 patients [P = 0.0116; odds ratio (95% confidence inter-
val) = 2.83 (1.21; 6.35)] (see Materials and Methods). S10 and S11
both experienced seizures, although the latter had only febrile sei-
zures in childhood.

To evaluate the molecular effects of the identified variants, we
developed cell lines from fibroblasts obtained from S8 (CPSF6-
only deletion) and S11 (p.D535V de novo missense mutation)
shortly after birth. As expected, cell lines from S8 had half the quan-
tities of CPSF6 mRNA and protein as found in three healthy age-
matched controls; cell lines from S11 showed no change in CPSF6
mRNA (fig. SIF) but had 65% of the levels of CPSF6 protein found
in the healthy controls (Fig. 1C). Reduced expression of CPSF6
down-regulates the other members of the CFIm complex: CPSF5
and CPSF7 protein levels were reduced in S8 and S11 to similar
extents (Fig. 1C). The abundance of FIP1L1 (factor interacting
with PAPOLA and CPSF1), another APA factor that interacts
with the CFI complex (14), was also reduced by 50%. This is con-
sistent with previous work showing that the stoichiometry of the
complexes is carefully balanced (15).

Loss of CPSF6 function affects polyadenylation globally by
switching PAS site usage

Depletion of CPSF6 has been suggested to enhance cleavage at prox-
imal PAS in the 3'UTR (4). To understand whether this is the case in
patients, we used poly(A)-ClickSeq (PAC-seq) (16) to sequence
polyA™ mRNA in cell lines derived from S8, S11, and their age-
matched controls and then analyzed the resulting data with
PolyA-miner (17), which allows for simultaneous measurement of
mRNA expression and PAS site selection genome wide. Principal
components analysis (PCA) assessing global poly(A) distribution
cleanly separated the subjects and controls, confirming the repro-
ducibility of the PAC-seq analysis (fig. S3A).
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Fig. 1. Heterozygous deletion and missense mutations reduce CPSF6 levels in patients. (A) Deletions spanning CPSF6 (orange box) on chromosome 12q15 iden-
tified in eight subjects. Dashed lines indicate the minimal overlapping region, which deleted 99% of CPSF6 (subject 8). Mb, megabases. (B) Schematic of the CPSF6 protein
showing the RNA binding domain (RBP; orange), the Arg/Ser-rich domain (R/SD) within the nuclear targeting domain (NTD; turquoise), and the CPSF5-interacting domain
(blue). Database searches identified 15 individuals with 13 missense variants (indicated by lollipops), which are plotted here for context, but only subjects 9 to 11 (red)
were enrolled in this study. Bottom: Evolutionary alignment shows that the three variants in our subjects affect residues that are conserved from zebrafish to humans and
have high pathogenicity scores. See fig. S2 for details of the three splicing variants. (C) Representative Western blot and relative quantification shows that subjects 8 and
11 (the only subjects from whom we obtained fibroblasts) have lower CPSF6, CPSF5, CPSF7, and FIP1L1 protein levels than controls. Data were normalized to GAPDH(-
glyceraldehyde-3-phosphate dehydrogenase) protein. Data represent means + SEM from at least four technical and biological replicates compared to healthy age-
matched fibroblasts, *P < 0.05, **P < 0.01, and ***P < 0.001.

S8 and S11 exhibited a similar number of total APA events were least likely to involve PAS in the 5'UTRs or CDSs and most

(Fig. 2, A to D, and tables S3 and S4). One-quarter to one-third
of transcripts that are shorter or longer than the same transcript
in controls were the same in both subjects (fig. S3B). For transcripts
with APA events occurring only in the 3'UTR, there were a similar
number of shorter and longer 3'UTRs (831 in S8 and 754 in S11; fig.
83, C and D, and tables S5 and S6). We then analyzed the locations
of PAS used throughout the whole transcript, i.e., from the 5UTR
through coding sequences (CDS), introns, and 3'UTR, to identify
mRNA that showed statistically significant changes in the location
of PAS favored for APA compared to healthy controls (Fig. 2, E to
H, and tables S7 to S14). Although far fewer mRNA met this crite-
rion in S11 than in S8 fibroblasts (only 255 events, or 73% of the
number in S8), the two cell lines were similar in that APA events

de Prisco et al.,, Sci. Adv. 9, eade4814 (2023) 17 February 2023

likely to involve those in introns and 3'UTRs. More than half of
the APA events involved intronic PAS. It is worth noting that
these PAS were dispersed throughout the transcripts (i.e., not con-
centrated in the last intron before the 3'UTR). APA events in S8 not
only relied on intronic PAS, they tended to use more of candidate
PAS available within those introns (Fig. 2, E and F). Conversely,
despite having nearly as many APA events involving the 3'UTR,
S8 cells tended to use fewer of the available PAS in that region. In
S11, APA events used a greater variety of PAS in coding regions and
the 3'UTR but fewer in introns.

The most notable pattern among significant APA events,
however, was that those using 3'UTR PAS in healthy controls
switched to intronic PAS in subjects 8 and 11 (80 and 91%,
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Fig. 2. Loss of CPSF6 function globally affects APA. (A and B) Differ-
ences in APA between subjects 8 (A) and 11 (B) compared to controls. The
horizontal dashed lines indicate the —log;, (P adjusted) > 1.325 (P ad-
justed < 0.05), and the vertical dashed lines indicate polyA index > +0.1
and < —0.1, with positive values indicating longer transcripts and neg-
ative values indicating shorter transcripts. (C and D) Representative IGV
tracks from subject 8 (S8) showing an example of longer and shorter
3'UTR. (C) CLK4 has a shorter 3'UTR than controls, and (D) NOL12 has a
longer 3'UTR than controls. (E and F). Locations of PAS (5'UTR, CDS,
introns, and 3'UTR) from subjects 8 and 11 fibroblasts relative to controls.
Purple [log, fold change (FC) > 0] and orange (log, FC < 0) dots represent
PAS usage in that location (n = 3 replicates for each subject). The hori-
zontal and vertical dashed lines in (E) and (F) indicate the —log,, (P ad-
justed) > 1.325 (P adjusted < 0.05) and the log, FC, respectively. (G and
H) Representative IGV tracks from subject 8 (S8) showing SPAG7 switches
from 3'UTR to intronic PAS usage, and PDE3A does the reverse. (I and J)
Upset plots shows switching between internal and 3'UTR APA. Fold
change compared to healthy controls. PAC-seq was performed on three
independent biological samples from subjects 8 and 11 and their con-
trols, each in triplicate.
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respectively; Fig. 2, I and J). At the same time, the majority of events
using intronic PAS in healthy controls shifted to 3'UTR PAS in sub-
jects 8 and 11 (Fig. 2, I and J). It thus appears that CPSF6 insuffi-
ciency deregulates PAS selection. For the rest of the paper, we will
refer to transcripts that undergo APA using distal PAS in the 3'UTR
as "longer” transcripts and those that undergo APA using either
proximal 3'UTR or internal PAS as “shorter.”
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Shifts between internal and 3'UTR PAS usage affect mRNA
and protein abundance

We next analyzed our PAC-seq dataset for differentially expressed
genes (DEGs) (16). PCA again readily distinguished three groups
(fig. S4A). PolyA-miner analysis identified more DEGs in subject
8 than in 11 (Fig. 3A and tables S15 and S16). The DEGs were
fairly evenly split between up- and down-regulated genes, with
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Fig. 3. Intronic and 3'UTR PAS usage tracks with gene and protein expression change. (A) Volcano plots of DEGs in fibroblasts from subjects 8 and 11 relative to age-
matched controls (B) GSEA of preranked mRNA with intronic (top) or 3'UTR PAS usage (bottom) intersected with DEGs from subject 8 ranked from the most up-regulated
to the most down-regulated gene. (C) DEPs in subjects 8 and 11 compared to three healthy age-matched controls, each in triplicate. (D) Preranked GSEA of mRNA with
intronic PAS usage (top) and 3'UTR PAS usage (bottom) intersected with quantitative proteomics from subject 8 ranked from the most up-regulated to the most down-
regulated protein. ES, GSEA enrichment score. FDR and rank at max are calculated by GSEA (see table S18). (E) Enriched biological categories of transcripts with intronic or
3'UTR PAS in subject 8. Notably, allmRNA undergoing intronic APA use were down-regulated (blue), whereas those undergoing 3'UTR APA resulted in up-regulated (red)
protein expression. Each dot represents a protein belonging to a specific biological category. In (A) and (C), the vertical dashed lines indicate the log, FC > 0.263 (1.2 FC)
for the up-regulated genes (A) or proteins (C) and log, FC < —0.263 (—1.2 FC) for the down-regulated genes (A) or proteins (C). The horizontal dashed line indicates the
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substantial but incomplete overlap in the genes affected in the two  19), so we examined the usage of intronic and 3'UTR PAS among
subjects (fig. S4B). We found that majority of longer transcripts  the DEGs.

were up-regulated (fig. S4, C and D). Shorter transcripts, however, We performed gene set enrichment analysis (GSEA) (20) to see
were equally likely to be up- or down-regulated; even the length of how transcripts with significantly greater intronic PAS usage in S8
the 3'UTR itself did not correlate with higher or lower levels of and S11, compared to controls, were distributed among the DEGs
mRNA (fig.. S4, E and F). This runs counter to expectation (18, and found that 76% were strongly down-regulated (Fig. 3B, top, and
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fig. S4G). Conversely, 87% of transcripts that predominantly used
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intronic PAS in healthy controls and switched to 3'UTR PAS usage
in S8 and S11 were among the most strongly up-regulated (Fig. 3B,
bottom, and fig. S4H). CPSF6 insufficiency thus has a bidirectional
effect: Where it increases intronic APA, it produces unstable
mRNA, but where it favors 3'UTR APA, it augments production
of stable mRNA.

To probe the effects of CPSF6 loss of function at the protein level,
we performed quantitative liquid chromatography—tandem mass
spectrometry (LC-MS/MS) (see Materials and Methods). PCA sep-
arated S8, S11, and the healthy controls (fig. S4I). As expected, there
were more differentially expressed proteins (DEPs) in S8 than in S11
(Fig. 3C and tables S17 and S18), and the DEGs from RNA sequenc-
ing (RNA-seq) strongly correlated with the DEPs (fig. S4, ] and K).
Most of the transcripts that switched from 3'UTR usage in healthy
controls to intronic PAS in S8 were strongly down-regulated at the
protein level (Fig. 3D, top). Because S11 had fewer DEPs, GSEA did
not find statistically significant enrichment, but of 21 transcripts
that underwent intronic APA, three-quarters exhibited lower
protein expression (table S19). Thus, increased intronic APA typi-
cally reduced mRNA and protein expression, most likely by prema-
turely terminating transcription (21).

Conversely, three-quarters of the mRNA that underwent inter-
nal APA in healthy controls but switched to 3'UTR APA in S8 led to
strongly up-regulated proteins (Fig. 3D, bottom). In S11, 11 of 14
genes with aberrant 3'UTR PAS usage were up-regulated (table
S19). Preferential use of 3'UTR PAS thus typically increased
protein expression.

Last, we examined the biological pathways to which the DEPs
belonged. The down-regulated proteins from mRNA that had
shifted to internal APA in S8 (there were too few to study in S11)
were enriched in functions related to neuronal development and
differentiation, as well as exocytosis and cytoskeletal organization
(Fig. 3E). The up-regulated proteins expressed from the mRNAs
with high 3'UTR PAS usage were enriched in functions related to
cardiovascular, circulatory, and skeletal development (Fig. 3E and
table S20). These enrichments are consistent with phenotypic fea-
tures noted in the subjects and reveal that the disrupted APA profile
is more complex than initially thought based on knocking down
CPSF6 in cell culture models (22).

We wondered whether this observation might indicate that neu-
ronal genes are longer than genes involved in cardiovascular and
skeletal development. It is frequently claimed that neuronal genes
are long, but much of this length is due to their elaborate 3'UTRs.
We therefore examined intron length in both categories of genes
and found that introns in neuronal genes are, on average, around
6000 nucleotides or about one-third the total average length
(~20,000 nucleotides) of heart and skeletal genes (fig. S4L). This
could explain why, under healthy conditions, the latter are more
likely to use intronic PAS. The average number of introns was the
same in neuronal and heart/skeletal genes.

Cpsf6-deficient zebrafish show skeletal, cardiac, and
neurological defects

To investigate CPSF6 deficiency in a model organism, we used a
previously uncharacterized zebrafish line carrying a nonsense mu-
tation in the ortholog cpsf6 (fig. S5A; see Materials and Methods).
To determine the degree of cpsf6 expression, we used primers am-
plifying both the regions upstream and downstream from the mu-
tation and found that the homozygous mutant larvae expressed only
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30% of the wild-type mRNA level at 6 days postfertilization (dpf)
(fig. S5B). Because zebrafish express cpsf6 even at the one- to two-
cell stage (23), when gene expression from zygotic DNA is still re-
pressed, this suggested that cpsf6 mRNA is maternally inherited
(23). We immunostained for cpsf6 starting from 11 hours postferti-
lization (hpf) to 6 dpf. At 11 hpf, cpsf6 was expressed at similar
levels in cpsf6*'~ and cpsf6™'~ larvae and their wild-type siblings
(fig. S5C). Only a few cells showed residual cpsf6 expression at 24
hpfin cpsf6~'~, and these showed no signal at all by 2 and 6 dpf (fig.
S5C), indicating active nonsense-mediated decay of the mutant
cpsf6 mRNA. These data confirm that cpsf6 mRNA in the zebrafish
embryo is maternally inherited and that its expression supports em-
bryogenesis for the first 24 hours of larval development. When we
intercrossed cpsf6™'~ animals, all of the cpsf6™’~ offspring died
between 7 and 15 dpf (fig. S5D). We therefore performed all the be-
havioral and pathological characterization no later than 6 dpf.

The cpsf6*'~ and cpsf6~'~ were morphologically indistinguish-
able from wild-type larvae at 2 and 3 dpf (Fig. 4A). Starting from
4 dpf, however, cpsf6~'~ mutants showed extensive edema; by 5
dpf, the swim bladder has still not inflated (Fig. 4A). Skull deformi-
ties were most notable: At 4 dpf, cpsf6™'~ larvae had a 25% broader
forehead than their wild-type and cpsf6*'~ siblings (Fig. 4B). Alcian
blue and Alizarin red, which stain cartilage and bone, respectively
(24), revealed a jaw defect at 6 dpf: The palatoquadrates (Pq) were
shorter, and the distance between the two palatoquadrates (Pq-Pq)
was longer in cpsf6~'~ compared to wild-type siblings (Fig. 4C). The
ventral mandibular arch, known as Meckel's cartilage (M), appeared
unaffected, but the distance between Meckel's cartilage and the Ce-
ratohyal cartilage at the back of the jaw (M-Ch) was shortened.

Cardiac defects were prominent. Staining with elastin b (enlb)
showed a smaller cardiac outflow tract (Fig. 4D). The cpsf6~’~ fish
showed progressive bradycardia starting from 2 dpf, with longer
pauses and shorter beats per minute at 6 dpf; some of the larvae
showed sporadic episodes of heart block (Fig. 4E and movies S1
to S9). We speculate that these cardiac defects came from abnormal-
ities in the secondary heart field cardiomyocytes (25, 26), since the
atrium and ventricle, which were grossly normal, derive from the
primary heart field cardiomyocytes, which develop earlier (while
there is still maternal cpsf6 expression) (fig. S5E) (27).

To assess neuronal morphology and function, we used acetylated
tubulin to mark axonal tracts (28). The cpsf6™’~ larvae showed
much less tubulin staining, particularly in the olfactory bulb and
projections from the sensory lateral line organs that are important
for spatial locomotion (Fig. 4F) (29). Swimming behavior at 6 dpf
was terribly impaired, with cpsf6~'~ barely able to move and even
the heterozygous larvae having severe difficulties (Fig. 4G and
movies S10 to S12). To better understand the possible origin of
the swimming impairment, we traced the development and main-
tenance of primary motor neurons (pMNs). The pMNss are classi-
fied into three subtypes according to their location within the spinal
cord: caudal primary, rostral primary, and middle primary (30).
Staining with anti-synaptotagmin (znp1), which recognizes pMN,
revealed shorter axons and lower dendritic density from 52 hpf
on (Fig. 4H; see Materials and Methods); there was less znpl
signal and branching was impaired through 6 dpf (fig. S5F).
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Zebrafish lacking cpsfé show shifts between internal and
3'UTR APA

To determine whether orthologous genes underlie the similar
defects in humans and zebrafish, we performed PAC-seq on
polyA™ mRNA from cpsf6 homozygous mutant larvae. Staining
with cpsf6 antibody revealed no differences between heterozygous
and wild-type animals (fig. S5C), so we focused on the

de Prisco et al.,, Sci. Adv. 9, eade4814 (2023) 17 February 2023

cpsfet-

cpsf6-= g

homozygotes. Since the brains of zebrafish larvae are too small to
be easily extracted, we studied heads and whole larvae (i.e., the
entire body, including the head) at 6 dpf along with their stage-
matched wild-type controls. PCA of the APA analysis separated
wild-type and cpsf6 ™'~ in both whole-larvae and head samples
(fig. S6, A and B). PAC-seq identified thousands of significant
APA events from larvae and heads, which both had over twice as

9 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

many short as long isoforms compared to controls (Fig. 5, A to D,
and tables S21 and S22). APA in larval and head samples over-
lapped, with 69% of shorter and 53% of longer mRNAs belonging
to the same genes. There was minimal overlap between genes with
shorter mRNA in larvae and longer mRNA in the head and vice
versa (fig. S6C). A scatterplot of genes expressed in both larvae
and head samples showed a strong positive correlation (r = 0.73

and P < 0.0001) (fig. S6D). Despite this overlap, it is worth noting
that the number of shorter isoforms in the head alone is higher than
in the larvae, likely because the brain has a preponderance of genes
with long 3'UTRs (31, 32).

To visualize PAS usage, we analyzed all the polyA read distribu-
tions in the 5'UTR, exon, intron, and 3'UTR from larvae and heads
compared to their stage-matched controls (Fig. 5, E to H, and tables

. —/— .
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S23 to S30). PAS usage was distributed fairly evenly across the CDSs,
introns, and 3'UTR (21, 35, and 40% in larvae; 22, 37, and 37% in
the head). The distribution of APA events is thus almost random
across those three regions. This suggests that a complete loss of
cpsf6 function (as opposed to the 35 or 50% loss of function in
S11 and S8) relieves the selectivity of binding and/or cleavage.

Comparing just intronic and 3'UTR APA, roughly three-quar-
ters of genes undergoing 3'UTR APA in the larvae or heads under-
went intronic APA in controls (Fig. 5, I and J). The converse was
also true, as it had been in human fibroblasts: 74% of genes
subject to intronic PAS usage in cpsf6~'~ larvae and 71% of them
in the head overlapped with genes undergoing 3'UTR PAS usage
in wild type (Fig. 5, I and J). Loss of CPSF6 therefore causes path-
ogenic shifts between internal and 3"UTR APA in both humans and
zebrafish.

Loss of cpsf6 suppresses neuronal genes and up-regulates
cardiovascular and skeletal genes

Following the same analysis we used for patient-derived fibroblasts,
we analyzed mRNA to identify transcripts that were differentially
expressed between wild-type and mutant fish, separating larvae
and head samples. PCA neatly separated cpsf6~'~ and wild-type
controls (fig. S6, E and F). As in human subject cells, roughly half
the DEGs in larvae and heads were down-regulated and half up-reg-
ulated (Fig. 6A and tables S31 and $32). The majority of DEGs over-
lapped between larval and head samples (97%; r = 0.8980) (Fig. 6B).
Most of the transcripts, whether short or long, were equally likely to
be up- or down-regulated (fig. S6, G and H).

As with the human samples, GSEA revealed that the majority of
transcripts with high internal APA in cpsf6~'~ larvae/head were
strongly down-regulated (Fig. 6C). Conversely, the transcripts that
switched to 3'UTR-APA in fish were strongly up-regulated (fig. S6,
G and H). Because so many genes used 3'UTR PAS, we performed
an additional GSEA using a more stringent cutoff; this analysis con-
firmed the strong up-regulation (Fig. 6D).

We next asked whether the DEGs in zebrafish overlap with those
of the human subjects. S8 shared 704 DEGs (429 up-regulated and
275 down-regulated), and S11 shared 282 DEGs (178 up-regulated,
104 down-regulated) with the mutant zebrafish larvae (fig. S7A).
We then performed DAVID GO (33) followed by a clustering anal-
ysis using REVIGO (34) on these genes (tables S33 to S38) and
showed that the down-regulated genes are enriched in biological
processes related to neuronal development and maintenance, such
as cranial ganglion development, synaptic vesicle development,
neuronal projection, axogenesis, and regulation of heart contraction
[fig. S7, B, C (red circles), and D]. Genes involved in organ devel-
opment, heart and outflow tract morphogenesis, circulatory system
development, skeletal and chondrocyte differentiation, and kidney
development tended to be up-regulated [fig. S7, B, C (blue circles),
and D].

Loss of function of CPSF6 in both humans and zebrafish thus
causes a syndrome involving impairments in neurological, cardio-
vascular, and skeletal development by causing the majority of tran-
scripts that normally undergo internal APA to instead undergo
3'UTR APA and vice versa (Fig. 6E). The implication is that even
under healthy conditions, internal APA, particularly intronic
APA, plays a substantial role in regulating protein expression
during early development.
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DISCUSSION

In this study, we find that loss of CPSF6 function exerts a bidirec-
tional effect on PAS choice and protein expression. Our findings
differ from those of previous studies that studied knockout of
CPSF6 in human embryonic kidney (HEK) 293T and C2C12 cells
and found enrichment in shorter RNA isoforms (22, 35). There are
several possible explanations for these differences. APA is cell type
specific, and human fibroblasts could differ from HEK293T and
C2C12 cells. This does not explain, however, why we found the
same trends in humans and zebrafish without distinguishing cell
types. Another possibility is that different results derive from differ-
ent degrees of knockdown; however, in this study, we examined cells
from a patient with 65% of wild-type levels of CPSF6, one with 50%
of wild-type CPSF6, and zebrafish that were functionally null, all
from a similar period of early development. We propose that our
results differ simply because we looked at PAS selection throughout
the entire transcript rather than just within the 3'UTR. The fact that
cpsf6-deficient zebrafish echo the phenotypic features and APA pat-
terns observed in human CPSF6 deficiency provides a compelling
case that CPSF6 governs PAS site selection in ways that are highly
conserved across vertebrate species, with clear consequences for
mRNA and protein expression during development.

Previous work examining only 3'UTR APA has been unable to
resolve the question of whether APA affects protein expression.
Some early studies had found that cancer cells tend to have
mRNA isoforms with shorter 3'UTR and up-regulated protein ex-
pression, at least for the several genes examined (36, 37). Yet one
study looking at 13,000 genes showed that 3'UTR length had only
a modest effect on translational efficiency (19) (they did not
examine protein abundance), while another study examined
several hundred proteins and concurred that 3'UTR length had
little effect on expression overall (38). Even studies on intronic poly-
adenylation, which truncates and down-regulates mRNA, often
look at only a handful of proteins (39, 40). To our knowledge,
only one study has examined how APA across the entire transcript
(in exonic, intronic, and 3'UTR regions) influences gene expression:
LaForce et al. (41) found that loss of CLP1 (cleavage factor polyri-
bonucleotide kinase subunit 1) function produced some APA
changes that correlated with gene expression but did not explore
effects at the protein level.

Our results make it clear that APA plays an important role in
modulating protein levels during development, but they also
reveal gaps in our current understanding of CPSF6 function. It
has been proposed that a subset of mRNAs are enriched in
UGUA enhancers at the distal PAS, which, in theory, would help
recruit the APA machinery (14, 42). In the context of diminished
expression of the CFIm complex, recall that reduction of CPSF6
also reduced CPSF5 and CPSF7, there would be too little CPSF5/
6/7 to strengthen binding at the distal PAS, so the proximal PAS
would be used (14, 43). Because most studies on PAS usage
confine their investigation to different PAS within the 3'UTR,
they cannot help us explain why loss of CPSF6 would cause different
tissues or pathways to switch between 3'UTR APA and internal
APA. Differences in PAS strength would explain our observation
that below-normal concentrations of CPSF6 increased the use of in-
tronic PASs in transcripts involved in neuronal function, but it
would not explain why other transcripts associated with cardiovas-
cular or skeletal function switch to 3'UTR-APA. Nor would it
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Fig. 6. Gene expression changes correspond with PAS selection across species. (A) Volcano plots of DEGs from cpsf6~'~ larvae and heads compared to their WT
stage-matched animals. The blue and red dots represent down- and up-regulated genes, respectively. DEGs are defined as having P adjusted < 0.05 and log, FC > 0.263
(1.2 FC). (B) Scatterplot showing 97% correlation (r = 0.8980, P < 0.0001) between DEGs from cpsf6~'~ larvae and heads, compared to their respective WT stage-matched
animals. (C and D) Preranked GSEA of genes with intronic PAS usage (C) or 3'UTR PAS usage (D) intersected with DEGs from larvae and heads, ranked from the most up- to
the most down-regulated gene. ES, enrichment score; the FDR and rank at max are calculated by GSEA. (E) Model of how cells may use APA to toggle between suppressing
and augmenting protein abundance. In healthy perinatal development, a subset of genes involved in neuronal functions undergoes APA within the 3'UTR, which sta-
bilizes the mRNA and up-regulates the resulting protein levels. A different subset of genes enriched in cardiac and skeletal development tend to undergo internal APA,
generating short and unstable transcripts that result in down-regulation of protein levels. Loss of CPSF6 function causes these trends to switch.
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explain what appears to be a loss of selectivity for PAS, as we ob-
served in subject 8 for intronic PAS, in subject 11 for CDS and
3'UTR PAS, and in the mutant zebrafish, in which APA events
took place almost randomly throughout the transcripts. It is possi-
ble that the PAS that are selected share specific features or that
CPSF6 sterically hinders binding at certain PAS so that its
absence relieves this restriction. It is also plausible that the choice
of PAS reflects a response to signals (e.g., hormones) from
outside the cell rather than any intrinsic feature of the PAS.

Recent studies of the CFI complex have sought to map its func-
tion in various cell lines and tissues. Knockdown of CPSF5
(NUDT21) has been reported to bias HeLa cells and healthy
human lung fibroblasts toward shorter 3'UTR isoforms (44, 45).
In mice, loss of one copy of CPSF5 caused learning deficits with
almost no observed changes in APA, but knockdown in neurons
appeared to favor shorter 3'UTRs (46). Conversely, knockdown of
FIPILI caused enrichment in longer 3'UTR (22). In none of these
studies, however, was there a correlation between the length of the
3'UTRs and mRNA or protein concentrations (47). It was only
when we examined APA events throughout the entire transcript
that we found that switching between internal and 3'UTR-APA
led to reliable changes in mRNA and protein expression within spe-
cific tissues.

Very recent work showing sequential polyadenylation in re-
tained transcripts (48) suggests that APA is even more complex
than previously appreciated, occurring at different PAS in two
phases. This study found that CPSF6 and FIP1L1 bind distal PAS
in poly(A)" mRNA in the nuclear matrix, which is enriched with
mRNAs with partially spliced introns or with longer 3'UTR.
These nascent mRNAs are retained in the nuclear matrix so that
they might undergo posttranscriptional processing (phase two)
using the proximal PAS before being exported from the nucleus.
This is reminiscent of how neurons use intron retention to keep a
readily releasable pool of fully transcribed, partially spliced tran-
scripts to respond quickly to neural activity (49). It will take
further investigation to determine how insufficient expression of
CPSF6 or FIP1L1 affects cotranscriptional APA, posttranscriptional
APA, or both, and how the cellular context influences the choice of
internal or 3'UTR PAS.

MATERIALS AND METHODS

Ethics

The study was conducted in accordance with the Declaration of
Helsinki. Informed consent was obtained from all family
members. Subject 11 approval was granted by the Tartu University
Ethics Committee (certificate nos. 259/T-2, 263/M-16, 283/M-10,
and 287/M-15). All study procedures were defined under protocol
#AAAR7750 (V.A.G.) and #AAAJ8651 (W.K.C.), approved by the
Institutional Review Board at Columbia University Irving Medical
Center (V.A.G.); the Dell Children's Medical Group, Austin (TX);
Stanford School of Medicine, Stanford (CA); University of Roches-
ter Medical Center, Rochester (NY); Baylor Genetics Laboratories,
Houston, TX; Monroe Carell Jr. Children’s Hospital at Vanderbilt,
Nashville (TN); Serlandet Sykehus (Hospital), Kristiansand,
Norway; Tartu University Hospital, Tartu, Estonia. The study also
adhered to tenets outlined by the Declaration of Helsinki.
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Sequencing and genetic analyses

Before undergoing trio or singleton exome sequencing, most pa-
tients underwent genetic screening that included karyotyping, chro-
mosomal microarray, CAG and CGG repeat expansion analysis for
selected genes, and metabolic testing, without detection of signifi-
cant findings. Chromosomal array plots of oligonucleotide arrays
have been obtained for subject 8, while Sanger sequencing results
have been obtained for subject 11 (fig. S1, A and B).

Minor allele frequencies were obtained from the gnomAD
(https://gnomad.broadinstitute.org/gene/ENSG00000111605?
dataset=gnomad_r2_1) and BRAVO (https://bravo.sph.umich.edu/
freeze8/hg38/gene/snv/CPSF6) databases (assessed May 2022).
Variant annotation was performed using ANNOVAR (https://
annovar.openbioinformatics.org/en/latest/) with pathogenicity pre-
diction scores from the dbnsfp 4.2a dataset (50).

Subjects with CPSF6 deletions or missense variants

We searched the following public databases for anonymized indi-
viduals harboring CPSF6 variants (13): ClinVar (https://ncbi.nlm.
nih.gov/clinvar/), DECIPHER (51), GeneMatcher (52), MIRACA
Baylor College of Medicine Medical Genetics Laboratory, and the
Diaphragmatic Hernia Research and Exploration; and Advancing
Molecular Science study (53). We found 15 individuals carrying a
missense variant in CPSF6 and were able to enroll three of them
(Fig. 1 and fig. S2). Two of the three missense variants, p.A432T
(S10) and p.D535V (S11), are de novo and absent in the general
population (gnomAD, 141,456 individuals; BRAVO database,
62,784 individuals), but p.P383A (S9) was detected in two alleles
of presumably unaffected individuals of European descent. The
12 individuals that we were not able to enroll have novel variants
that have either a) not been found in gnomAD or BRAVO, or b)
have been reported in one allele according to gnomAD (subjects
17 and 18) (table S2).

The statistical association between a cardiac phenotype and
CPSF6 variant was determined by screening a large cohort of
13,218 patients (Baylor Genetics) for whom diagnostic exome se-
quencing and phenotypic descriptions were available from the
Baylor College of Medicine. Of 13,218 patients, 2350 were identified
as exhibiting a cardiac phenotype, defined by one or several of the
following keywords within their clinical descriptions: “cardiac,”’
“VSD," "CHD," “cutis marmorata,” “ischemic attack,” “atrioventric-
ular,” “aortic,” “septal,” “mitral," “cardio,” and "heart.” Of these 2350
individuals, 11 harbored putatively pathogenic variation in CPSF6.
There were 18 cases of 10,850 harboring putatively pathogenic var-
iation in CPSF6 without cardiac features being noted. A two-sided
Fisher's exact test was performed against the null hypothesis that no
association exists within the 2 x 2 contingency table (Table 2).

For copy number variations, we limited our search to those <20
megabases. Subjects were enrolled for the study (i.e., we acquired
clinical data for further analysis) only after obtaining written in-
formed consent/assent for each study subject from their respective
parents. All patient-related study procedures were conducted ac-
cording to the respective ethics committees of each participating in-
stitution. Each patient underwent a full clinical examination by a
neurologist and/or medical geneticist. Clinical data were directly ab-
stracted from medical records provided by the referring clinician(s).
Clinical data from subjects 2, 3, and 4 were obtained from DECI-
PHER. When possible, standardized assessment of impairment in
cognitive domains in each subject was made in accordance with
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Table 2. Contingency table (2 x 2) of cardiac phenotype and CPSF6
variants. Cases identified as having one (or several) cardiac-related
features had a greater likelihood of harboring a CPSF6 variant (0.47%)
relative to cases without reported cardiac phenotype (0.17%; P < 0.005).
Fisher's exact test P value = 0.0116; odds ratio (95% confidence
interval) = 2.83 (1.21; 6.35).

No cardiac-
related keyword

Cardiac-
related keyword

CPSF6 variants 11 18
identified

No CPSF6 variants 2339 10,850
identified

the Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition, which classifies intellectual disability as mild, moderate,
severe, or profound.

Genomic analysis of subject 8 found an additional mutation, a de
novo c.73A > G/p.K25E missense variant in SCAF4. To determine
whether this mutation contributed substantially to the phenotype,
we first performed Western blot analysis on fibroblasts from S8 and
three healthy age-matched controls and found no difference
between them in SCAF4 protein expression (fig. S1C). Second,
because the absence of SCAF4 in cell lines promotes transcriptional
readthrough (54), we checked the transcriptional readthrough of
two of the top SCAF4 target genes, ATG5 and SMAD2 (54), and
found no differences by either quantitative real-time polymerase
chain reaction (qQPCR) or RNA-seq between the patient-derived
cells line and the controls (fig. S1, D and E).

Fibroblast cells from CPSF6 subjects

We isolated primary fibroblasts from skin biopsies taken from the
subjects during the first year of life using standard methodology
(55). Briefly, the skin had been placed in a transport medium
(Ham's F10, Thermo Fisher Scientific, catalog no. 11550043),
from which we removed the skin specimen using a sterile technique
(in a class II biohazard cabinet). We transferred the specimen to a
sterile petri dish and cut it into small pieces (<0.5 mm) using sterile
scalpel blades. We transferred these pieces to the lower surface of a
25-cm” culture flask (six to eight pieces per flask), which had been
premoistened with 1 to 2 ml of AmnioMAX Complete Medium
(Thermo Fisher Scientific, catalog no. 17001074) supplemented
with 1% penicillin/streptomycin. Patient-derived cell lines and
three healthy age-matched controls (see below) were maintained
at 37°C in a humidified incubator supplemented with 5% CO, in
Dulbecco’s modified Eagle's medium (GenDepot, Katy, TX,
catalog no. CM002-320) supplemented with 10% heat-inactivated
fetal bovine serum (GenDepot, Katy, TX, catalog no. F0901-050),
1% penicillin/streptomycin (GenDepot, Katy, TX, catalog no.
CA005-010), and 1% L-glutamine (Hyclone Laboratories, Logan,
UT, catalog no. SH30034). The medium was renewed every 3 to 4
days until ready for subculturing.

We purchased three healthy control infant fibroblast lines: CCD-
1064Sk, CCD-1070Sk, and CCD-1079Sk (American Type Culture
Collection, Manassas, VA). Because only male infant fibroblasts
are available on the market, our controls are age-matched for
both subjects but sex-matched only for S11; the controls and the
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two subjects are all matched for ethnicity (Caucasian). To allow
for as much biological variation as possible, we performed all
human cell-based experiments at least three times, using a different
batch of cells (at a similar number of passages) for each of the sub-
jects and controls.

Preparation of human cells for Western blot analysis
We collected fibroblasts from CPSF6 subjects and controls at 6 x 10°
cell confluence and processed them for protein extraction. Cell
pellets were subsequently lysed with radioimmunoprecipitation
assay buffer consisting of 25 mM tris-HCI (pH 7.5), 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS complet-
ed with 1x Xpert Protease and 1x Phosphatase Inhibitor Cocktail
Solutions (GenDepot, catalog nos. P3100-100 and P3200-020).
We lysed cells by pipetting them up and down with a p200 tip
and then placed them on ice for 20 min. Last, we cleared the
lysate of cellular debris by centrifuging 20 min at 21,000g at 4°C.
Proteins were quantified by the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, catalog no. P123225), and the absorbance
was measured by NanoDrop OneC (Thermo Fisher Scientific).
Consequently, proteins were resolved by high-resolution
NuPAGE 4 to 12% bis-tris gel (Thermo Fisher Scientific, catalog
no. NP0335BOX) according to the manufacturer’s instructions.
Antibodies used for all the Western blot experiments were as
follows: rabbit a-CPSF6 [1:1000 (Bethyl Laboratories, TX, catalog
no. A301-356A)], mouse a-NUDT21 (2203C3) [1:500 (Santa
Cruz, TX, catalog no. sc-81109)], mouse a-CPSF7 [1:500 (Santa
Cruz, TX, catalog no. sc-393880)], rabbit a-FIP1L1 [1:500 (A301-
461A, Bethyl Laboratories, TX)], rabbit a-SCAF4 [1:1000 (Bethyl
Laboratories, TX, catalog no. A303-951A)], and mouse a—glyceral-
dehyde-3-phosphate dehydrogenase [1:10,000 (Millipore, catalog
no. CB1001)].

qPCR in human cells and zebrafish

For human cells, we collected cells as described above for Western
blot. For zebrafish, we anesthetized cpsf6 '~ larvae at 6 dpf and their
wild-type stage-matched controls with 0.0168% tricaine (Sigma-
Aldrich, catalog no. MS-222, E1052). RNA was extracted using
the miRNeasy kit (QIAGEN, Hilden, Germany, catalog no.
217004) according to the manufacturer’s instructions.

RNA was quantified using NanoDrop OneC (Thermo Fisher
Scientific). cDNA was synthesized using Quantitect Reverse Tran-
scription kit (QIAGEN, Hilden, Germany, catalog no. 205313)
starting from 1 pg of RNA. Quantitative reverse transcription
PCR experiments were performed using the CFX96 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA) with PowerUP SYBR Green Master Mix (Thermo Fisher Sci-
entific, catalog no. A25743). Real-time PCR runs were analyzed
using the comparative C; method normalized against the house-
keeping human gene GAPDH (56) or zebrafish actin beta 1
(actbl). To evaluate gene expression and unambiguously distin-
guish cDNA from genomic DNA, deoxyribonuclease treatment
was performed during RNA extraction, and specific exon-exon
spanning primers were designed to amplify across introns of the
gene tested.

PAC-seq in human fibroblasts and zebrafish
Total RNA was extracted from human fibroblasts using the miR-
Neasy kit (QIAGEN, Hilden, Germany, catalog no. 217004)
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according to the manufacturer's instructions. Zebrafish cpsf6™'~
larvae were harvested as described above, at 6 dpf (before there is
sexual differentiation), along with their wild-type stage-matched
controls, and larvae or heads were collected for RNA extraction.
Five samples were used from each genotype for both larvae and
heads for a total of 20 samples: five cpsf6™'~ larvae, five stage-
matched larvae, five cpsf6'~ heads, and five heads stage-matched
controls. Forty and 60 larvae and heads were combined and homog-
enized for each sample, respectively.

The PAS-seq library prep and sequencing protocol was adapted
from (16). We added 1 to 2 pug of total RNA to 2 pl of al:5 AzVTP:
dNTP mixture at 5 mM (AzATP, AzCTP, AzGTP, AzTTP, and base-
click) and then added 1 ul of a 100 uM stock of the 3'Illumi-
na_4N _21T_VN primer (5'-
GTGACTGGAGTTCAGACGTGTGCTCTTCC-
GATCTNNNNTTTTTTTTTTTTTTTTTTTTTVN-3') to achieve a
final volume of 13 pl. The reaction was incubated at 65° for 5 min,
followed by snap cooling on ice for >1 min. We then added 7 pl of a
master-mix containing the following reagents to make a 20-pl final
reaction (on ice): 4 ul of 5x Superscript First Strand Buffer (Thermo
Fisher Scientific), 1 pl of 0.1 M dithiothreitol, 1 pl of RNase OUT
Recombinant Ribonuclease Inhibitor (Thermo Fisher Scientific),
and 1 pl of Superscript III Reverse Transcriptase (Thermo Fisher
Scientific). The reaction was incubated at 25°C for 10 min, 50°C
for 40 min, and 75°C for 15 min. Last, we added 1 pl of RNase H
(1U/yl, diluted from higher concentration by H,O) (Thermo Fisher
Scientific) and incubated the mixture at 37°C for 20 min and then
80°C for 10 min.

To clean the RT reaction, we added 37.8 pul of AMPure XP beads
(1:1.8, pipette mix) and incubated the mixture for 5 min at room
temperature. Beads were pelleted using a magnet for 2 min at
room temperature, and the supernatant was discarded. Beads
were washed twice with 200 pl of 80% ethanol and then pelleted
using the magnet. Beads were then allowed to dry before being re-
suspended in 12 ul of 50 mM Hepes (pH 7.2) and incubated for 2
min at room temperature. Last, beads were pelleted by a magnet,
and 10 pl of the supernatant was transferred to new tubes.

For the click ligation step, 20 pl of dimethyl sulfoxide was mixed
with 3 pl of UMI-click-adapter (5 pM) 5'-Hexynyl-
NNNNNNNNNNNNAGATCGGAAGAGCGTCGTGTAGG-
GAAAGAGTGT-3' and 10 pl of the cleaned cDNA. In a separate
tube at room temperature, 0.4 ul of vitamin C (50 mM) was
mixed with 2 pl of Cu(II)-{Tris[(1-benzyl-4-triazolyl)methyl]-
amine} (TBTA) (10 mM) (Lumiprobe, #21050). The color was
allowed to change from blue to clear before we added 2.4 pl of
this mix to the cDNA and incubated it at room temperature for
30 min. The click ligation step was performed a second time by
adding another 2.4 pl of the vitamin C/Cu(II)-TBTA to the
c¢DNA and incubated again for 30 min.

To clean the click-ligated cDNA, we added 68 pl of AMPure XP
beads (1:1.8, pipette mix) and incubated the mix at room tempera-
ture for 5 min. We pelleted beads using the magnet and discarded
the supernatant. We washed the beads twice with 200 ul of 80%
ethanol and pelleted them using the magnet and then allowed
them to briefly dry before resuspending them in 22 pl of 10 mM
tris (pH 7.4), mixing with a pipette, and incubating them for 2
min at room temperature. Last, beads were pelleted using the
magnet, and 20 pl of the supernatant was transferred to a new tube.
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To PCR amplify the click-ligated cDNA, a 50-l reaction was as-
sembled that contained 10 pl of clean click-ligated cDNA, 2 ul ofa 5
uM 5" and 3’ indexing primers mix (Integrated DNA Technologies),
13 pl of H,0, and 25 pl of 2x OneTaq Standard Buffer Master Mix
(New England Biobiolabs, #M0482). The PCR reaction was then
carried out for 15 to 17 cycles under the following conditions:
94°C for 4 min, 53°C for 30 s, 68°C for 10 min, 94°C for 30 s,
54°C for 30 s, and 68°C for 2 min.

To purify PAC-seq libraries before sequencing, we added 45 pl
(50-ul PCR volume x 0.9) of AMPure XP beads to the PCR reaction,
mixed them with a pipette, and incubated them for 5 min at room
temperature. We pelleted the beads with a magnet and transferred
the supernatant to new tubes. We then added 10 ul (50-pl PCR
volume x 0.2) AMPure XP beads to the supernatant, which we in-
cubated for 10 min at room temperature. We discarded the super-
natant and pelleted the beads, which we washed twice with 200 pl of
85% ethanol before drying them briefly. The beads were then resus-
pended in 12 pl of 10 mM tris (pH 7.4), pipette mixed, and incubat-
ed further for 5 min at room temperature. Last, beads were pelleted
using the magnet, and 10 yl of the supernatant was collected and
subjected to quantification and quality control analysis.

Libraries derived from zebrafish RNA were prepared as de-
scribed here and were sequenced at the URMC Genomics Core
on a Novaseq SP100 cycle Flowcell. Libraries derived from human
RNA were prepared as described here but with two exceptions: Only
one barcode primer was used in PCR amplification, and the libraries
were sequenced at the Genomics Core located at The University of
Texas Medical Branch on a NextSeq High Output Flowcell.

PAC-seq analysis
Data processing
Human samples were sequenced to a depth of ~21 million per
sample with 150-base pair (bp)-long single-end reads, and zebra-
fish samples were sequenced to a depth of ~24 million per sample
with 121-bp-long single-end reads. For each sample, PCR duplicates
were identified using Unique molecular identifiers (UMI) bar
codes. UMI tools extract (57) was used to extract the UMI nucleo-
tides from the reads and append them to the read names. Initial
quality control was performed using fastp (58). First four nucleo-
tides and the reads shorter than 40 nucleotides were also filtered
using the -f and -1 options, respectively. Adapter contamination
(AGATCGGAAGAGC) was trimmed using the -a option. Refer-
ence human genome and annotations of the build GRCh38
release 33 were downloaded from the GENCODE portal. Reference
zebrafish genome and annotations of the build GRCz11 were down-
loaded from the Lawson Laboratory (https://umassmed.edu/
lawson-lab/reagents/zebrafish-transcriptome/) and Ensemble data
portal, respectively. UMI marked and trimmed reads were aligned
to respective reference genomes using Bowtie2 (59) version 2.2.6
with parameters -D 20 R 3 N 0 L 20 -i §,1,0.50 (very-sensitive-
local). Sample-wise alignments were saved as Sequence Alignment
Map (SAM) files. SAMtools (60) V0.1.19 “view,"” “sort” and “index”
modules were used to convert the SAM files to Binary Alignment
Maps files, sort by chromosomal coordinates, and index, respective-
ly. Mapped reads are deduplicated using UMI tools dedup (57)
based on the UMI marked read names and the mapping
coordinates.

We analyzed APA events at two levels. First, we calculated the
overall effect of APA for a transcript [shorter versus longer,
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represented by the poly(A) index; see Figs. 2, A and B, and 5, A and
B]. Then, we analyzed the locations of all of the PAS used in the
APA events for that transcript (intronic/3'UTR/5'UTR/CDS; see
Figs. 2, E and F, and 5, E and F). We provide details for each of
these analyses below.

APA analysis

We used PolyA-miner (17) to identify shifts or changes at specific
PAS. Each PAS is subjected to the same denoising filters and a -
binomial test. We combined individual PAS P values to infer the
gene-level-APA P value. We computed the overall poly(A) index
using vector projections to determine whether the overall effect
was to create shorter- or longer-than-normal transcripts. Human
samples were processed with the following parameters: -pa_p 0.6
-pa_a5-pa_m 3 -ip_u 30 -ip_d 40 -a 0.65 -novel_d 5000 -expNovel
1 -t BB. A detailed description of the pipeline and the parameters is
given in (61). We extended the PolyA-miner v1.0 with additional
upstream (-ip_u) and downstream (-ip_d) mispriming window pa-
rameters. Each polyA site is scanned with a window of -ip_u and
-ip_d for mispriming/genomic stretches of adenosine (A) nucleo-
tides. We also updated the PolyA-miner to selectively filter specific
gene features (CDS, intronic, 3'UTR, and 5'UTR) from the APA
analysis. Annotated polyadenylation sites from PolyA_DB3 (62)
were converted to GRCh38 coordinate system using liftOver from
the UCSC genome browser and used as reference. PolyA-miner
v1.31 was used in the Python 3.8 environment. We analyzed
3'UTR-APA by excluding the polyA sites mapped to other
genomic regions with the parameter -ignore UTR5, CDS, Intron,
UN. Zebrafish samples were processed using the following param-
eters -p 20 -pa_p 0.6 -pa_a 5 -pa_m 5 -ip_u 30 -ip_d 40 -a 0.65 -out-
Prefix ZF_Body_ALL -novel_d 5000 -expNovel 1 -t BB and no
reference polyadenylation annotations with PolyA-miner v1.3 in
the Python 3.9 environment. PCA on the PolyA cleavage site
counts was performed to confirm genotypes separated (63).

PAS usage analysis

We added up the read counts of all PAS mapped to each region of
interest—CDS, introns, the 5'UTR, and the 3'UTR—to determine
whether the number and variety of PAS used in each region was
greater or lesser relative to controls. CDS, 5'UTR, and 3'UTR
were extracted in bed format. Features from multiple isoforms of
a transcript were merged. Intronic features were obtained by sub-
tracting the merged exonic regions from the gene coordinates.
PolyA sites were extracted in de novo mode and cleaned for poten-
tial mispriming as done in APA in analysis above. Read counts of
the cleaned polyA sites were extracted using featureCounts (64).
Reads mapping to multiple gene features (Eon-Intron/Intron-
Exon/Intron-UTR/Exon-UTR junctions) were assigned to the
feature with the read 3' end. Each polyA site is mapped to one of
the four features (CDS, intron, 3'UTR, and 5'UTR). Any multi-
mapped polyA features were marked unknown. Total reads per
feature were computed by adding all individual polyA site counts
mapped to respective features, and total gene counts were computed
as the sum of all individual feature polyA counts. A B-binomial test
(65) was performed using the proportions of individual feature
counts to the total gene counts to infer differential polyA usage
changes. Genes with less than 10 reads mapped to a specific
feature were ignored, respectively.

DEG analysis

We computed gene levels counts as the sum total of reads mapped
to the polyA sites of a gene. We excluded genes with an average read
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count of less than two across the samples. We then normalized raw
read counts and tested for differential expression using DESeq2 (66)
as previously described (63).

Mass spectrometry

Total proteins were extracted from subject and control fibroblasts
using urea lysis buffer [8 M urea, 75 mM NaCl, 50 mM tris/HCI
(pH 8.0), and 1 mM EDTA]. Protein concentrations of all
samples were determined by Pierce BCA assay. Twenty micrograms
of total protein per sample was processed further. Disulfide bonds
were reduced with 5 mM dithiothreitol for 45 min at room temper-
ature, and cysteines were subsequently alkylated with 10 mM iodoa-
cetamide in the dark for 45 min at room temperature. Proteins were
precipitated onto magnetic SP3 beads as described in (67) by adding
ethanol to the samples, resulting in a sample that was 50% organic
solvent, and by shaking for 8 min at room temperature. Beads were
washed three times with 1.5 ml of 80% ethanol and reconstituted in
100 pl of ammonium bicarbonate. Samples were then digested off
the beads using Promega sequencing grade modified trypsin in an
enzyme-to-substrate ratio of 1:50. After 16 hours of digestion,
samples were acidified to a final concentration of 1% formic acid.
Tryptic peptides were taken off the beads and evaporated to
dryness in a vacuum concentrator. Desalted peptides were then
labeled with the TMTpro mass tag labeling reagent. TMTpro
reagent (0.1 U) was used per 20 ug of sample. (TMT allows for mul-
tiplexing of samples so that there is greater quantification precision
during mass spectrometry analysis.) Peptides were dissolved in 30 pl
of 50 mM Hepes (pH 8.5) solution, and the TMTpro reagent was
added in 12.3 pl of MeCN. After 1-hour incubation, the reaction
was stopped with 4 pl of 5% hydroxylamine for 20 min at 25°C. Dif-
ferentially labeled peptides were mixed, desalted on C18 StageTips
according to (68), evaporated to dryness in a vacuum concentrator,
and reconstituted in 100 pl of 4.5 mM ammonium formate (pH 10)
in 2% acetonitrile for high-performance liquid chromatography
(HPLC) fractionation.

Channels 131C through 134 were left out of downstream com-
parisons (Table 3). We performed mass spectrometry on all three
healthy controls, but because we had used 1079 for PAC-seq com-
parative analysis, we used it for the mass spectrometry analysis as
well. The mixed, desalted sample was fractionated into 12 fractions
via basic reversed-phase chromatography as per (69). The sample
was separated on the basis of hydrophobicity using an Agilent
Zorbax 300 Extend-C18 15-cm column on an Agilent 1260 Series
HPLC into a 96 deep-well plate. Solvent A and solvent B were 4.5
mM ammonium formate in 2% acetonitrile and 4.5 mM ammoni-
um formate in 90% acetonitrile, respectively. The gradient mimics
that in (69) but with a flow rate of 0.2 ml/min. The collected wells
were then concatenated into 12 fractions in an alternating pattern to
evenly distribute each part of the gradient into each concatenated
fraction.

LC-MS/MS analysis on a Q-Exactive HF

About 1 g of total peptides was analyzed on a Waters M-Class
UPLC using a 25-cm Ionopticks Aurora column coupled to a
benchtop Thermo Fisher Scientific Orbitrap Q Exactive HF mass
spectrometer. Peptides were separated at a flow rate of 400 nl/min
with a 160-min gradient, including sample loading and column
equilibration times. MSI1 spectra were measured with a resolution
of 120,000, an AGC target of 3 x 10° and a mass range from 300
to 1800 mass/charge ratio (m/z). Up to 12 MS2 spectra per duty
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Table 3. Proteomics labeling scheme. Tandem mass tag (TMT) labeling
was used to label different samples. The name of the reporter ion channel is
listed in the table with the corresponding sample name and replicate
number. The channel 127N was not used.

TMTpro channel Sample Replicate
126 Subject 11 1
.......... 127NEmpty_
.......... ‘|27CSubJect‘|‘|2
.......... 128N5ubject'|'|3
.......... 128C5ubject81
.......... 129Nsubject82
.......... 129C5ubject83
.......... 130Nc°ntr0|1o791
.......... 130cc°ntro|10792
.......... 131Ncontro|10793
.......... 131cunre|amdsamp|91
.......... 132NUme|atedsamp|e2
.......... 132CUnre|atedsamp|e3
.......... 133NUnre|atedsamp|e1
.......... 133CUme|atedsamp|e2
........... 134Un.—e|ated5amp|e3

cycle were triggered at a resolution of 60,000, an AGC target of 1 X
10, an isolation window of 0.8 1m/z, a normalized collision energy of
28, a scan range of 200 to 2000 m/z, and a fixed first mass of 110 m/z.

Proteomics: Quantification and statistical analysis

All raw data were analyzed with MaxQuant software version
1.6.10.43 (70) using a UniProt database (Homo sapiens,
UP000005640), and MS/MS searches were performed with the fol-
lowing parameters: TMTpro-16plex labeling on the MS2 level, ox-
idation of methionine and protein N-terminal acetylation as
variable modifications; carbamidomethylation as fixed modifica-
tion; trypsin/P as the digestion enzyme; precursor ion mass toler-
ances of 20 parts per million (ppm) for the first search (used for
nonlinear mass recalibration) and 7 ppm for the main search; and
a fragment ion mass tolerance of 20 ppm. For identification, we
applied a maximum false discovery rate (FDR) of 1% separately
on protein and peptide levels. We required 1 or more unique/
razor peptides for protein identification and at least two MS/MS
spectra ratio counts for quantification for each TMT channel.
This gave us a total of 4358 quantified protein groups.

First, protein group intensities were normalized for the number
of observable peptides in each protein group using the iBAQ value
for a given protein group (71). iBAQ value refers to the sum of all
peptide intensities of a protein group divided by the number of ob-
servable peptides in that protein group. To normalize, a protein
group intensity in a given channel was divided by the sum of inten-
sities across the TMT plex for that protein group and multiplied by
the iBAQ value of that protein group.

Next, we normalized the corrected TMT MS2 intensity such that,
at each channel's intensity, values were added up to exactly
1,000,000; therefore, each protein group value can be regarded as
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a normalized microshare. A pseudo count of 1 was added to all
zero values to allow for log, transformation of the data. Once in
log, space, the data were then used for downstream differential ex-
pression analysis.

Zebrafish mutation and genotype

All zebrafish work followed protocols approved by Columbia Uni-
versity Irving Medical Center's Institutional Animal Care and Use
Committee. We obtained cpsf6°*>*** from the Zebrafish Interna-
tional Resource Center (ZIRC) (72). This allele has a point mutation
(C>T) creating a premature stop codon in exon 4. To genotype adult
fish, we extracted genomic DNA from the fin; for paraformaldehyde
(PFA)-fixed larvae, we used whole larva for genotyping. Fins or
larvae were dissolved in 50 or 20 ul of 50 mM NaOH, respectively,
incubated for 20 min at 95°C neutralized with tris-HCI (pH 7.5;
1:10). We performed PCR with EconoTaq PLUS GREEN
(Lucigen, Middleton, W1, catalog no. 30033-1) according to the
manufacturer’s instructions, using between 2 and 5 pl of genomic
DNA and the following  primers:  cpsf6-fw  5'-
GCCTTCCCCTCTCCTGACAT-3' and cpsf6-rv 5'-
ATCTCTCTGTGGCCCTCACC-3'. Two microliters of the 666-bp
PCR product was digested with 0.3 ul of Bsph I (New England
Biolabs, catalog no. R0517). The C>T mutation creates a Bsph I re-
striction site; the PCR product from wild-type zebrafish will result
in one DNA band (666 bp), cpsf6+/ ~ will result in three bands (666,
466, and 200 bp), and cpsf6~'~ will result in two bands (466 and
200 bp).

Depigmentation of embryos

When necessary, embryos were depigmented after overnight fixa-
tion in 4% PFA at 4°C. They were washed twice in PBT (phos-
phate-buffered saline-0.1% Tween) and then incubated in 3%
H,0,, 0.5% KOH, and 0.1% Tween for 35 min at 6 dpf. Subse-
quently, the embryos were washed twice again in PBT.

Zebrafish imaging and video experiments

Bright-field acquisition

We anesthetized zebrafish from 2 to 6 dpf with 0.0168% tricaine
(Sigma-Aldrich, catalog no. MS-222, E1052) and acquired images
in brightfield using the Zeiss stereomicroscope at 5x (Fig. 4A)
and 10x (Fig. 4, B and C). We recorded videos of the hearts
beating for 30 s per zebrafish with the Zeiss stereomicroscope at
10x (movies S1 to S9). Beats were counted for 30x and doubled
to achieve beats per minute.

Immunofluorescence

Whole-mount immunofluorescence for heart and axonal projec-
tion were performed as previously described (73) for the following
antibodies: mouse monoclonal antibodies against sarcomeric
myosin heavy chain, a-MF20 (1:200; Developmental Studies Hy-
bridoma Bank); mouse monoclonal atrial myosin heavy chain, a-
S46 (1:20; Developmental Studies Hybridoma Bank); rabbit poly-
clonal anti—elastin b, a-elnb (1:500); mouse monoclonal anti-acet-
ylated tubulin, a-ac-tubulin (1:250; Millipore Sigma, catalog no.
T7451); and rabbit a-CFIm68 (1:200; Bethyl Laboratories, TX,
catalog no. A301-356A). MF20 and S46 were obtained from the De-
velopmental Studies Hybridoma Bank maintained by the Depart-
ment of Biological Sciences, University of Iowa, under contract
NOI1-HD-2-3144 from the National Institute of Child Health and
Human Development. Elnb was generated in collaboration by the
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Waxman lab and YenZym (www.YenZym.com) from the PGA-
GYQQQYPGFGGPGAGGPGS (amino acids 1958 to 1979) (74).

Whole-mount immunofluorescence for pMNs was performed as
previously described (75) using mouse monoclonal anti-synapto-
tagmin 2, a-znpl (1:100; Zebrafish International Resource Center,
ZIRC, catalog no. AB_10013783). The following secondary anti-
bodies were used: goat anti-mouse immunoglobulin G2b (IgG2b)
Alexa Fluor 568 (Thermo Fisher scientific, catalog no. A-21144),
goat anti-mouse IgG1 Alexa Fluor 488 (Thermo Fisher scientific,
catalog no. A-21121), and goat anti-mouse 1gG2a Alexa Fluor 568
(Thermo Fisher scientific, catalog no. A-21134). All the secondary
antibodies were used at a dilution of 1:200. Larvae stained for MF20/
S46 were placed in a glass-well plate with concave wells and imaged
using a fluorescence stereomicroscope. For all other staining, we
mounted larvae in 0.1% low-melting agarose and acquired images
with a Zeiss LSM-800 confocal microscope. Z-stack images were
processed with Fiji software (76); we quantified axonal length
with Neuron] (77), a Fiji plugin (76).

Alcian blue—Alizarin red staining

We performed Alcian blue and Alizarin red staining as previously
described (24). Briefly, we fixed up to 100 larvae in 4% PFA for
2 hours at room temperature. We then dehydrated the larvae with
50% (v/v) ethanol for 10 min at room temperature and stained them
with an acid-free solution of Alcian blue—Alizarin red overnight
(also at room temperature). The next day, we washed the larvae
with water and bleached them for 30 min at room temperature
with a solution of 3% H,0O, and 2% KOH. After bleaching, we re-
suspended the larvae in 20% (v/v) glycerol and 0.25% KOH and
took images using a bright-field stereomicroscope.

Free swimming assay on zebrafish larvae

We used 6-dpf larvae for the swimming assay. We placed individual
larvae in 24-well plates placed on top of a light pad to provide back-
lighting. We video-recorded the fish for 10 min using the Supereyes
B003+ camera (at 18 frames/s) and iSpy software. Analysis was per-
formed using EthoVision XT (Noldus).

DAVID gene ontology and REVIGO clustering analysis

We performed DAVID gene ontology as previously described (33).
Biological processes were obtained as an output file, and significant
gene ontology terms (FDR < 0.25) were used for clustering using
REVIGO (34). Both DAVID GO (33) and PubMed (https://
pubmed.ncbi.nlm.nih.gov/) were used to infer the biological path-
ways in Fig. 6 (E and F).

Gene set enrichment analysis

Preranked GSEA was performed as previously described (20) using
the ranked lists of RNA-seq or quantitative mass spectrometry and
the list of genes with intronic or 3'UTR PAS usage as input. The
output file was used to graph the enrichment score.

Primers used in this manuscript

The following primers were used: Hs_CPSF6, 5'-GATGTCGGC-
GAAGAGTTCA-3" (forward) and 5-CTTCTGGGGCATCTC-
CATTA-3' (reverse); Hs_GAPDH, 5'-
CGACCACTTTGTCAAGCTCA-3' (forward) and 5'-
TTACTCCTTGGAGGCCATGT-3' (reverse); Zf_cpsf6 exon 2, 5'-
AAAGGGGCTCCAGCTAATGT-3" (forward); Zf_cpsf6 exon 3,
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5-TATTGAGCGAATGGCATCTG-3' (reverse); Zf_cpsf6 exon 9,
5-AGCTCACTGCAGGACTGCTT-3'" (forward) and 5'-
TTCTCACGAGAGCGACTGTG-3" (reverse); Zf_actbl, 5'-
TCTCTTGCTCCTTCCACCAT-3' (forward) and 5'-GGGCCA-
GACTCATCGTACTC-3" (reverse); Zf cpst6 genotype, 5'-
GCCTTCCCCTCTCCTGACAT-3' (forward) and 5'-
ATCTCTCTGTGGCCCTCACC-3' (reverse).

Quantification and statistical analysis

Experimental design

At every stage of the study, the experimenter was blinded to the
identity of the cell lines. For example, experimenter #1 made a list
of samples and controls to be tested, and experimenter #2 random-
ized this list and relabeled the tubes; experimenter #2 was the only
person with the key to identify the samples. These samples were
then distributed to experimenter #3 to culture the cells, then to ex-
perimenter #1 to perform Western blots, and lastly, experimenters
#1 and #4 analyzed the data. Only then was the key applied to iden-
tify the samples. For behavioral assays and immunofluorescence,
the experimenter was blinded to the genotype of the animals, as de-
scribed in the preceding paragraph.

Software and statistical analysis

Unless otherwise specified, all experimental statistics and graphs
were analyzed using GraphPad Prism 9 (https://graphpad.com/
scientific-software/prism/) and Excel Software (Microsoft). Statisti-
cal details and numbers of replicates for each experiment can be
found in figures and legends.
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