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Abstract

Integrator cleaves nascent RNA, triggering RNA polymerase Il transcription termination, but how
cleavage is regulated is poorly understood. Here we show hnRNPUL1 ensures efficient Integrator-
mediated cleavage of nascent RNA downstream of snRNA genes and, in the case of U2 snRNA, binds
a terminal stem-loop involved in this process. In the nucleoplasm, hnRNPUL1 binds U4 snRNA and
SART3 and enables efficient reformation of the U4:U6 di-snRNP for further rounds of pre-mRNA
splicing. Sustained hnRNPUL1 loss leads to reduced levels of snRNAs, defects in histone mRNA 3’ end
processing and loss of Cajal bodies. hnRNPUL1 binds RNA through multiple domains, including a
globular central domain comprising tightly juxtaposed SPRY and dead polynucleotide kinase folds. This
latter fold allows binding to 5-monophosphorylated RNAs in a mutually exclusive manner with ATP
binding and functions as an XRN2 antagonist when overexpressed. We identify a cohort of amyotrophic
lateral sclerosis patients harbouring disruptive mutations in hnRNPUL1. SMN loss in spinal muscular
atrophy and hnRNPUL1 loss both disrupt snRNP biogenesis, leading to motor neuron death, suggesting
a common aetiology.
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Introduction

The heterogeneous nuclear ribonucleoproteins (hnRNPs) bind heterogeneous nuclear RNA, largely
composed of pre-mRNA'. They play roles in transcription, RNA processing, stability, localisation and
translation?. Mutations in hnRNP genes lead to multiple diseases, including frontotemporal dementia,
amyotrophic lateral sclerosis and neurodevelopmental disorders®®. hnRNPUL1 is one of the largest
hnRNPs, sharing sequence homology with hnRNPU and hnRNPUL2. The well characterised hnRNPU
plays roles in splicing through U2 snRNP control® and chromatin retention of RNAs, including XIST’. It
tethers RNA to chromatin via an N-terminal SAP domain, which is phosphorylated by Aurora B kinase
during mitosis to drive RNA release®. All members of the U protein family have two central tightly
juxtaposed domains: SPRY and a nucleotide triphosphate (NTP)-binding domain with Walker A and B
motifs®, which in the case of hnRNPU allows ATP binding and regulates oligomerisation'®. hnRNPU
was previously assigned to a group of P-loop NTPases, including T4 polynucleotide kinase (PNK), by
virtue of the 5-4-1-2-3 strand order in the central 3-sheet of the NTP binding domain and presence of a
helical “lid""", which are conserved in hnRNPUL1. The SPRY/ATP-binding domain of hnRNPU also
binds RNA'2 and all U-family proteins have intrinsically disordered C-terminal domains (CTDs) with
interspersed RGG motifs associated with RNA binding'3.

In contrast to hnRNPU, the molecular characterisation of hnRNPUL1 has been more limited, although
in vivo it has been implicated in several processes. hnRNPUL1 has been shown to play a role in DNA
double-strand break (DSB) repair, where it is recruited to sites of damage via NBS1. As part of the
MRE11-RAD50-NBS1 (MRN) complex, NBS1 promotes RNA polymerase Il (Polll) transcription at
DSBs, leading to production of dilncRNAs'. Further, nRNPUL1 has been shown to work together with
hnRNPUL2 to drive DNA end resection, ATR signalling and recruitment of BLM helicase, though its
molecular role remains unclear’®. hnRNPUL1 also plays a role in pre-mRNA splicing, specifically
alternative splicing, though the molecular mechanisms are again not understood'®'’. It is also implicated
in the repression of histone gene transcription in cell cycle-arrested cells through an interaction with the
U7 snRNP'8,

A large-scale analysis of chromatin binding identified hnRNPUL1 as the most highly enriched nuclear
RNA-binding protein on snRNA genes, indicating a potential role in their biogenesis'®. The 3’ processing
of snRNAs involves the multisubunit Integrator complex, which is tightly associated with Polll?°. The
catalytic subunit, INTS11, drives 3' cleavage, though how this process is regulated is unclear. Recent
work revealed that Integrator plays a wider role in Polll transcription beyond snRNA genes, triggering
early cleavage and termination on multiple Poll transcripts, including protein coding genes?'.

Several hnRNPs are implicated in amyotrophic lateral sclerosis (ALS), including FUS, hnRNPA2B1 and
hnRNPA1. A hallmark of these proteins is a prion-like domain that can self associate. When ranked on
their likelihood of containing a prion-like domain, hnRNPUL1 is within the top ten human RNA-binding
proteins?223, Moreover, hnRNPUL1 binds the ALS-causative FET family of proteins (FUS, TAF15,
EWSR1)?425 and is sequestered by C9orf72 repeat expansion RNA, commonly associated with ALS?6.
Together, these data suggest hnRNPUL1 may play a role in ALS. In addition to a potential role in ALS,
hnRNPUL1 has also been implicated in B-cell precursor acute lymphoblastic leukemia (ALL), where a
chromosomal translocation fuses the hnRNPUL1 CTD to the DNA-binding domain of MEF2D to
generate an aberrant transcription factor?’—2°.

Despite several studies investigating hnRNPUL1’s function, a molecular role remains elusive, partly
because some studies reported inefficient knockdown of hnRNPUL1 by RNA interference'®. To address
its molecular role, we used auxin degron technology?°, allowing efficient elimination of hnRNPUL1 from
the cell. We reveal an essential role in snRNA biogenesis and recycling in the cell.
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Results

hnRNPULA1 is a dead polynucleotide kinase

A distinguishing feature of the U protein family compared with other hnRNPs is the presence of a central
NTP-binding domain. To understand the role of this domain in hnRNPUL1, we investigated its structure
using an AlphaFold v2.03"32 model. This revealed a tight juxtaposition of the SPRY and NTP-binding
domains, generating a single globular fold (Figures 1A and 1B). The confidence score reported for this
fold was >90%, except for Thr*%5-GIn“%¢ around a ligand binding pocket (discussed below), indicating a
higher degree of local flexibility. The interface between the SPRY and NTP binding domains consisted
of amino acid pairs with complementary electrostatic charge (Figure S1A). The NTP-binding domain
shares structural homology with the kinase domain of mammalian polynucleotide kinase phosphatase
PNKP (Figures 1C and S1C, RMSD over 82 Ca pairs of 1.1 A) and T4 PNK (RMSD across 59 Ca pairs
of 0.9 A). Based on experiments presented, we hereafter refer to the hnRNPUL1 NTP-binding domain
as a dead polynucleotide kinase (dPNK).

Using UV cross-linking, we found that hnRNPUL1 bound ATP via its dPNK domain and not through
non-specific electrostatic interactions with the RGG box (Figure S1B). A mutation in the Walker A motif
(AWA=48GLPAAAAA*®) reduced ATP binding, whereas a Walker B mutation (AWB= 592Y|LA%)
enhanced it (Figure S1B). The intrinsic tryptophan fluorescence of the hnRNPUL1 core altered upon
ATP binding, indicative of a conformational change (Figure S1C), a feature common to PNKP upon
binding its ligands®. Binding constants derived for WT, AWA and AWB proteins support the UV-
crosslinking results: Kdwr= 164 + 22 nM, Kdwa= 430 * 247 nM and Kdaws= 19 * 8.5 nM. Trp*’7 and
Trp*" are located close to the binding site and likely contribute to the fluorescent signal quenching.
Moreover, Trp*’7is found in a region with a predicted high degree of flexibility according to the AlphaFold
model (<70% confidence), further implicating this region in the protein’s ligand-induced conformational
change. In a competition assay, non-hydrolysable analogs of both ATP and GTP displaced ’P-labelled
ATP from hnRNPUL1, which is consistent with the ability of T4 PNK to use a range of NTPs as
phosphate donors (Figure 1D).

Since polynucleotide kinases bind nucleic acids, we next tested whether the isolated SPRY/dPNK
domain of hnRNPUL1 could bind RNA. The wild-type (WT) SPRY/dPNK domain bound a 5-
monophosphorylated (monoPi) RNA oligonucleotide, whilst AWA displayed marginally reduced binding
and AWB a slightly enhanced binding (Figure 1E). The ability of AWB to bind ATP (Figure S1B) and
RNA better may be explained by the creation of a less acidic phosphate-binding pocket (Figure S1D).
We noted a basic track leading into the ligand-binding pocket of hnRNPUL1 (Figure 1B) equivalent to
a DNA-binding site in PNKP (Figure S1D). Mutation of two residues within this track (T507 and R516)
disrupted RNA binding (Figure 1E), indicating conservation of nucleic acid-binding sites between
hnRNPUL1 and PNKP (T423 and R432). Further supporting the SPRY/dPNK cores of hnRNPUL1 and
hnRNPU as RNA-binding domains, peptides from these regions were recently identified in global mass
spectrometry studies of RNA-binding proteins'234-3¢ (Figure S1E). Additional RNA-binding peptides
were mapped in U-family proteins to the SAP and the well characterised RGG RNA-binding domain337,
indicating they make contact with RNA through multiple domains in vivo.

To explore the interplay between ATP and RNA binding to the hnRNPUL1 dPNK domain, we assessed
binding to a 5-monoPi RNA in the presence of ADP and ATP (Figure 1F). ATP effectively outcompeted
a 5-monoPi RNA, whereas ADP did not, indicating the pocket can accommodate up to 3 phosphates
and that nucleotide triphosphates may play a role in RNA ligand turnover. The arrangement of ADP and
a 5-monoPi RNA accessing the binding pocket from opposite sides was reminiscent of the inverted '
m’G cap structure of mRNA. Therefore, we investigated whether a triphosphate-linked cap analogue
could access the substrate pocket. Unlabelled GTP was an effective competitor for radioactive GTP
binding, whereas an m’G cap analog was not (Figure 1G). For comparison, m’G displaced GTP from
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the cap-binding protein CBP20, indicating that hnRNPUL1 is unlikely to accommodate the 5' cap
structure of an mRNA in its dPNK pocket.

We noted a key difference in the binding pockets of hLnRNPUL1 and PNKP: the catalytic D396 of PNKP
is an Asn at the equivalent position in hnRNPUL1. A D396N mutation in PNKP abolishes its kinase
activity®®. Therefore, we speculated that reversing N456 to Asp may restore a polynucleotide kinase
activity to hnRNPUL1. Remarkably, in an ATPase assay, the N456D mutant, but not WT, generated
~50% more ADP over background, while addition of a 5-unphosphorylated RNA oligonucleotide
stimulated ATP hydrolysis by >100% (Figure S1F). Strikingly, a kinase assay revealed that hnRNPUL1
N456D and T4 PNK were able to phosphorylate both RNA and dsDNA substrates with free 5’ ends (and
overhangs), whereas hnRNPUL1 WT and AWA were not (Figure 1H). hnRNPU also contains an Asn
at the equivalent position (N512) in its dPNK domain, whereas hnRNPUL2 possesses an acidic Glu
residue (E487). However, a kinase assay with hnRNPUL1 N456D, hnRNPU N512D and hnRNPUL2
WT revealed that the reactivation of the nucleic acid kinase function was specific to the hnRNPUL1
mutant and not a common feature of the U-family achievable with a point mutation (Figure S1G),
despite their extensive predicted structural homology. Together, these findings demonstrate that, in
vitro, hnRNPUL1 is a dead polynucleotide kinase which has retained the ability to bind nucleotide
triphosphates and RNA, validating the structural prediction.
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Figure 1. hnRNPUL1 dead polynucleotide kinase domain binds 5’ ends of non-capped RNA. (A) Schematics of hnRNPUL1
domain organisation. (B) AlphaFold v2.0 model of human hnRNPUL1 (Uniprot: Q9BUJ2) SPRY/dPNK “core” shown as surface
charge. ATP and RNA ligands are docked into the predicted binding pocket based on homology with PNKP kinase domain. The
basic patch leading into the binding pocket is encircled. (C) Structural comparison between PNKP liganded (yellow, PDB: 3ZVN)
and hnRNPUL1 (blue) binding pockets. The sidechains of catalytic Asp396 (PNKP) and Asn456 (hnRNPUL1) are shown in stick
form. Some regions are omitted for clarity. Dashed lines= hydrogen bonds, red spheres= oxygen atoms from water molecules.
(D) Nucleotide competition of full-length FLAG-tagged hnRNPUL1 WT UV-crosslinked to 32P y-ATP and varying amounts of non-
hydrolysable ATP or GTP analogues. (E) UV-crosslinking of FLAG-tagged hnRNPUL1 SPRY/dPNK carrying different mutations
to 5' 32P-labelled RNA oligonucleotide. (F) UV-crosslinking of FLAG-tagged hnRNPUL1 ACTD truncation to 5' *?P-labelled RNA
oligonucleotide and varying amounts of ATP or ADP. (G) Competition assay of FLAG-tagged hnRNPUL1 ACTD (or 6xHis-tagged
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CBP20 as a positive control) UV-crosslinked to %P y-GTP and varying amounts of unlabelled GTP or m’G cap analogue. (H)
Kinase assay using full-length FLAG-tagged hnRNPUL1 variants, 3P y-ATP and RNA or dsDNA oligonucleotide substrates with
free 5' ends and 5' overhangs. T4 PNK was used as a positive control.

hnRNPULA1 is required for U4-U6 di-snRNP formation

Having established the dPNK domain of hnRNPUL1 could bind ATP and ligand binding induced a
conformational change, we investigated the role of this domain initially using mass spectrometry to
identify binding partners. We generated HEK293 T-Rex FLP-In cell lines for FLAG-tagged WT, AWA
and a mutant lacking the CTD and determined conditions for their expression at levels close to
endogenous hnRNPUL1 (Figure S2A). hnRNPUL1 binding partners were identified for both WT and
mutant proteins in the presence and absence of RNAse A (Table S1). hnRNPUL1 interactors included
RNA-binding proteins such as ribosomal proteins, core snRNP components, and other proteins linked
to various stages of RNA metabolism, including RNA turnover (Figure S$2B). Several additional
spliceosomal and snRNP biogenesis components were identified as RNA-dependent hnRNPUL1
interactors (Table S1). Interestingly, we observed an altered protein interactome in the case of AWA,
with enhanced RNA-independent interactions with several binding partners, including the FET protein
family. For this reason, we investigated the cellular distribution of hnRNPUL1 WT and AWA in these
cell lines and observed a contrasting localisation, with equal levels of WT protein in the nucleoplasm
and chromatin compartments and >80% AWA mutant on chromatin (Figure 2A). The entrapment of the
AWA mutant in the chromatin environment may result from reduced solubility or failure to induce a
conformational change upon nucleotide triphosphate binding and release of an RNA substrate.
Nevertheless, the altered distribution reveals hnRNPUL1 associates with distinct groups of proteins in
each environment.

Comparison of the WT and AWA interactomes revealed a striking loss of the U6 snRNP-specific factor
SART3 (Figure S2C). This protein shuttles between the nucleoplasm and Cajal bodies, promoting
formation of the U4-U6 di-snRNP, which subsequently associates with U5 snRNP before entering the
splicing reaction. U4 and U6 snRNA annealing is disrupted during splicing, and each component is
released. SART3 facilitates recycling of these snRNPs for further splicing®. Co-IP confirmed a robust
interaction between hnRNPUL1 and SART3 (Figure 2B). Notably, AWA displayed a greatly reduced
association, consistent with the MS data (Figure S2C). This is in direct contrast with the enhanced
binding observed between AWA and chromatin-associated interactors, such as FUS (Figure 2B, Table
S$1), suggesting the interaction between hnRNPUL1 and SART3 occurs in the nucleoplasm. Cellular
fractionation confirmed SART3 is primarily nucleoplasmic and cytoplasmic but absent from chromatin
(Figure S2D). Thus, the chromatin-biassed distribution of AWA most likely prevents its association with
SARTS3.

Given the prominent interaction between hnRNPUL1 and SART3, we performed RNA-
Immunoprecipitation (RIP) gRT-PCR using an antibody to endogenous hnRNPUL1 to investigate
hnRNPUL1:snRNA interactions. Interestingly, U4 snRNA, followed by U5 and U6 snRNAs, displayed
the strongest interaction with hnRNPUL1 (Figure 2C), though this interaction is unlikely to involve direct
docking within the P-loop region of the dPNK domain, since this site is unable to accommodate the 5'
cap found on mature U4 snRNA (Figure 1G). We analysed ENCODE enhanced crosslinking with
immunoprecipitation (eCLIP) hnRNPUL1 data for signal over the U6 and U4 snRNAs*® (Figure 2D).
hnRNPUL1 bound U6 snRNA downstream of the SART3 binding site and the 5’ end and 5’ stem loop
of U4 snRNA, around the binding site for the U4-specific factor Snu13 (also called NHP2L1 or 15.5K).
This protein is a recruitment platform for additional U4 snRNP factors, such as Prp31 and
CypH/Prp3/Prp4#'. We detected a direct and specific interaction between Snu13 and hnRNPUL1 by
pulldown (Figure 2E). Next, we tested a series of hnRNPUL1 mutants for association with Snu13 and
found that deletion of the SPRY domain was sufficient to disrupt Snu13 binding, highlighting an
important role for this domain in Snu13 interactions (Figure S2E).
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To address the role of hnRNPUL1 function in U4-U6 di-snRNP formation and subsequent U4-U6/U5 tri-
snRNP assembly, we tagged the gene with an auxin-inducible degron in HCT116 cells harbouring a
doxycycline inducible TIR1 gene, enabling depletion of hnRNPUL1 with doxycycline and auxin
(Dox/Aux) treatment (Figure 2F). Despite some basal degradation of hnRNPUL1 in the absence of
treatment, cell survival was not affected, yet elimination of hnRNPUL1 with Dox/Aux inhibited cell
proliferation (Figure S2F). We then assessed U4-U6/U5 tri-snRNP assembly using RIPs with the U4
snRNP-specific factor Prp31 and found that depletion of hnRNPUL1 disrupted di- and tri-snRNP
formation (Figure 2G). Furthermore, analysis of chromatin-associated RNA-seq data from our
hnRNPUL1-AID cells revealed over a thousand significantly altered splicing events triggered by loss of
hnRNPUL1 (Figure 2H). Reanalysis of ENCODE RNAseq data following knockdown of hnRNPUL1
revealed similar effects?®, indicating that hnRNPUL1 loss disrupts splicing fidelity (Figure S2G).
Together these data reveal that in the nucleoplasm, hnRNPUL1 functions together with SART3 to
ensure efficient assembly and/or recycling of the U4-U6/U5 tri-snRNP.
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Figure 2: hnRNPUL1 is required for efficient U4/U6 di-snRNP formation and normal splicing. (A) Fractionation of
hnRNPUL1 WT and AWA using stable FlpIn cell lines. (B) Co-IP of FLAG-tagged hnRNPU and hnRNPUL1 variants showing
interaction with SART3 identified by mass spectrometry. AWA and ACTD mutations abolish or reduce interactions, respectively.
(C) RIP-gPCR showing hnRNPUL1 enrichment over snRNAs (n = 3). Immunoprecipitated RNAs were measured as a percentage
of input, then expressed as fold change over a mock antibody RNA-IP. (D) Schematic of U4/U6 snRNA base pairing highlighting
hnRNPUL1 eCLiP signal (dashed lines) and positions of U4 snRNP factor Snu13 and U6 snRNP factor SART3. Black lines=
canonical pairs, black dots= non-canonical pairs. (E) Pulldowns of FLAG-tagged hnRNPUL1 (prey) using 6xHis-tagged Snu13
(bait) and 6xHis-tagged GFP (negative control). (F) hnRNPUL1 levels before and after treatment of hnRNPUL1-AID cells. (G)
RIP-gPCR of U4 snRNP factor PRP31 in HCT116 and hnRNPUL1-AID cells (n = 3). Immunoprecipitated RNAs were measured
as a percentage of input, then expressed as fold change over the HCT116 RNA-IP. (H) Alternative splicing events in hnRNPUL1-
AID cells. Bar charts show relative mean values from at least three independent experiments with error bars showing s.d. All
statistical analyses were performed using two-tailed t-tests. n.s. = not significant, *p<0.05, **p<0.01.
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hnRNPULA1 is required for Cajal body formation

The recycling of the U4-U6 di-snRNP occurs in Cajal bodies (CB), which are nuclear membraneless
organelles that direct multiple steps in sSnRNP biogenesis and recycling*?. CBs are enriched for SART3
and the archetypal CB marker protein coilin*>43, as well as multiple other RNAs including snoRNAs and
scaRNAs. To determine whether hnRNPUL1 bound other CB-associated RNAs, we analysed eCLIP
datasets*® and categorised RNA species based on biotype. hnRNPUL1 showed enrichment over
scaRNA, snoRNA and snRNA categories, in contrast to other hnRNPs (Figures 3A and S3A). There
was an exceptional enrichment of hnRNPUL1 on U7 snRNA, consistent with a previous report of its role
in regulating histone transcription via U7 snRNA'8. The eCLIP enrichment pattern of hnRNPUL1 was
reminiscent of coilin’s RNA interactome*?. Furthermore, hnRNPUL1 and coilin ChIP-seq datasets
revealed coincident hnRNPUL1 binding at coilin peaks (Figures S3B and S3C). We therefore
examined the role of hLnRNPUL1 in CB formation. Despite reduced levels of hnRNPUL1 due to basal
degradation in hnRNPUL1-AID cells, there was no reduction in the levels of CBs. However, following
Dox/Aux addition and complete hnRNPUL1 knockdown, we saw a dramatic reduction in CB numbers
(Figures 3B and 3C). The depletion of hnRNPUL1 also resulted in the loss of SMN-containing nuclear
Gems, which frequently co-localise with CBs** (Figure 3B), and disruption of the coilin interactome
including SMN, SART3 and U1 snRNP components (Figure 3D).

A lincRNA Protein Coding scaRNA snoRNA snRNA
TDP43 - .._[Ij_—... —_m_—.l o _” |_E colm—e .._m_.d: . -D]_E
TAF15 4 ———ﬂ:}—-- ——II:—— —- i . -—III—»E- —= i u7
hnRNPULLA o e ———-—- --—-'I-—. _E-_ _-_ .._:. {
hnRNPU 4 -———I.—- __I.__ —— E _-_E - E
FUS---———{II'—— __m__ _D:H_ m : o m E
EWSR1 A -——-—[lé'_l——-- --—|]l:'_|—— —ﬂ]—: . . _|||_E _[D_nl

1
Il Il
8 -4 0 4 -8 -4 0 4 8 -4 0 4 8 -4 0 4 8 -4 0 4
Log2 Fold Change over Input eCLIP

Overlay

*okk Fokok ¥k

© - = =
= o [} ]
-~ 84 ] o
5 - - o4
I ] 2 61 o

2 b3 3

0, @ @

& © 3 £?
o 5 5 §
<
o 0 0 0
2 HCT116 hnRNPUL1-AID HCT116 hnRNPUL1-AID HCT116 hnRNPULL-AID
z
& N N
< (o4 D X X

T S S
6 n.s. LQ S 2 L

© = — C(w & C\N C(\r &
- Q
C o ¥E XX §
5 g ' | = 9 =
T % Coilin

8

2 SVN| - - o——_

82

© —
2 8 hnRNPULT | T8 &
b
b 0 SART3 | s e 2 |
=] HCT116 hnRNPULL-AID  hnRNPUL1-AID e —
% " Dox/Aux g Dox/Aux 5 UAC |

c
% 2 U1A |e— Sy -
< =]
hnRNPU | S s

(o}

~
[

Inputs Q\Y‘ <
& ¥

Figure 3: hnRNPUL1 associates with the coilin interactome and is required for Cajal body formation. (A) Log2 Fold
Change DESeqg2 normalized eCLIP signal over input for select RNA biotypes. (B) Immunofluorescence images and violin and
box plot quantification of coilin (Cajal Body), SART3 and SMN (Gem Body) foci per cell. (C) Violin and box plot quantification of
Cajal Bodies showing unaffected numbers in hnRNPUL1-AID cells before drug treatment. Violin and box plots show the median
and 25-75" percentile values from two independent experiments for public eCLIP data and three independent experiments for


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.22.550030; this version posted July 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

nuclear body quantification, containing 60-80 cells counted for each replicate. All statistical analyses were performed using
Welch’s t-test. n.s. = not significant, ***p<0.001. (D) Co-IP of coilin interactome in hnRNPUL1-AID cells.

hnRNPUL1 CTD binds Polll CTD

Having identified a nucleoplasmic role for hnRNPUL1, we turned our attention to its role in the chromatin
environment. We were interested in establishing the localisation of AWB, therefore we expressed this
mutant, along with WT and AWA, in the hnRNPUL1-AID cell line and depleted the degron-tagged
endogenous protein. This experiment established that AWB was also trapped in the chromatin fraction
(Figure S4A) and the localisation patterns of WT and AWA were similar at both high and low expression
levels, indicating disrupted localisation is not simply a consequence of overexpression (Figure S4B).
Therefore, mutations which either disrupt NTP binding (AWA) or enhance it together with RNA binding
(AWB) alter the distribution of hnRNPUL1. Next, we tested the mode of chromatin association of
hnRNPUL1 WT, AWA and AWB by treating chromatin fractions with RNase A and subsequently DNase
and monitoring protein release (Figure 4A). Most of the WT protein was released by RNase, indicating
it is largely engaged with chromatin via RNA. However, AWA and AWB were biassed towards DNase
release, indicating a fundamentally different association with chromatin. Together, these data imply that
either protein-protein or protein-DNA interactions might also be perturbed by these mutations in the
nucleotide triphosphate-binding site, consistent with our MS results. Strikingly, crosslinking
immunoprecipitation (CLIP) analysis (Figure 4B) revealed that both AWA and AWB crosslinked with
more RNA than WT protein in vivo, as well as in vitro (Figure S4C). Therefore, the failure to be released
by RNase was not due to a lack of RNA binding. The dramatic increase in RNA binding in vivo observed
with AWA, which is unable to bind ATP (Figure S1B), is consistent with the in vitro observation that
ATP competes for RNA binding (Figure 1F). The increased RNA binding observed with AWB is again
consistent with the in vitro observation that this mutation creates a more favourable RNA binding pocket
(Figure 1E). However, we cannot exclude the possibility that the trapping of these mutant proteins in
the RNA-rich chromatin environment also contributes to the enhanced RNA crosslinking in vivo.

An earlier MS study identified hnRNPUL1 as a prominent Polll interactor®®. Given its ability to bind
chromatin, we considered that the AWA mutation might enhance its interaction with Polll, as it does
with FUS (Figure 2B), and this may be partly responsible for the ability of DNAse, but not RNAse, to
release AWA from chromatin. Co-IP analysis revealed that AWA bound not only Polll, but also three
FET proteins, better than the wild-type protein and revealed an essential role for hnRNPUL1 CTD for
these interactions (Figure 4C). hnRNPUL1 interacted with Ser2,5 and 7-phosphorylated Polll, with
AWA displaying enhanced binding to all phosphoisoforms, indicating it associates with actively-
transcribing Polll (Figure 4D). We identified minimal regions for interaction between hnRNPUL1 and
Polll using the Polll CTD as bait. Only full-length hnRNPUL1 and the isolated CTD came down with
Polll CTD in an RNA-independent manner, suggesting that the interaction requires their CTDs (Figure
S4D).

To further investigate the nature of the CTD of hnRNPUL1, we analysed its sequence using the PLAAC
platform?*®47 (Prion-Like Amino Acid Composition), which identified a prion-like domain (PLD, Figure
S4E). Moreover, the CTD exhibits features characteristic of phase separating proteins, such as an
unstructured nature, low amino acid diversity, Arg-Tyr bias in the RGG box and PLD and
(Ser/Gly)Tyr(Ser/Gly) prion-like repeats*®4°. Therefore, we investigated its phase behaviour. A GFP-
CTD fusion formed protein droplets in physiological sodium conditions (100-150 mM) and in a
concentration-dependent manner starting around 1 uM protein (Figure 4E). Pre-formed droplets were
dissolved by 1,6-hexanediol, which also prevented new droplet formation, indicating the droplets likely
resulted from liquid-liquid phase separation (LLPS), not protein aggregation (Figure 4F). The
hnRNPUL1 CTD droplets concentrated Polll CTD from the surrounding solution, underscoring the
importance of the hnRNPUL1 and Polll CTDs for their interaction (Figure 4G). Notably, a similar Polll
CTD construct was reported to fail to phase separate on its own®°, while in our hands, it formed protein
aggregates of irregular shapes and sizes (Figure S4G), further suggesting that the hnRNPUL1 CTD
promotes concentration of Polll CTD into round droplets.
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Given the hnRNPUL1 CTD-Polll CTD interaction and the previously reported transcriptional activity of
MEF2D-hnRNPUL1 CTD fusions?’-2° (Figure S4F), we tested whether hnRNPUL1 might function as a
transcription factor. We fused hnRNPUL1 truncations to the GAL4 DNA-binding domain and monitored
gene expression with a dual luciferase reporter (Figure 4H). Only the hnRNPUL1 PLD increased
transcription of the reporter, whilst less extensive hnRNPUL1 truncations were inactive. Concomitantly,
tethering 24 copies of full-length WT or AWA to a dead Cas9 at the ASCL1 gene promoter failed to
activate transcription above background, unlike the VP64 positive control (Figure 4l). Thus, intact
hnRNPUL1 is unlikely to drive Polll transcription from protein-coding gene promoters, but its CTD
displays a gain-of-function transcription factor activity when expressed as a fusion with a heterologous
DNA binding domain, such as the MEF2D DNA-binding domain in ALL. Taken together, our results
demonstrate that the hnRNPUL1 CTD is required for interaction with multiple proteins, including Polll,
and the dPNK domain enables its dissociation from chromatin-associated RNA and certain interacting
proteins.
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Figure 4: hnRNPUL1 CTD associates with RNA polymerase Il CTD. (A) Chromatin release of WT hnRNPUL1 in HCT116 cells
and FLAG-hnRNPUL1 WT/AWA/AWB expressed in hnRNPUL1-AID cells. Protein was first released using RNAse treatment and
this was followed by DNAse mediated release. (B) In vivo crosslink-IP (CLIP) of FLAG-tagged hnRNPUL1 WT/AWA/AWB
expressed in HEK293T, followed by FLAG-IP, partial RNase A digestion and T4 PNK end-labelling of the RNA with 32P y-ATP.
*= T4 PNK. (C) Co-IP of hnRNPU and hnRNPUL1 variants identifying hnRNPUL1 CTD as a crucial mediator of interactions with
FET proteins and Polll. (D) hnRNPUL1 WT/AWA co-IP assessing interaction with Polll and its CTD phospho-isoforms. (E) LLPS
assays of hnRNPUL1 CTD expressed with N-terminal GFP and C-terminal 6xHis tags at the specified concentrations. (F) LLPS
assays of hnRNPUL1 CTD (4 pM) with 5% 1,6-hexanediol added at the beginning of the incubation (de novo) or after 1 hr LLPS
incubation (pre-formed). (G) Co-localisation of GFP-tagged hnRNPUL1 CTD and mCherry-tagged Polll CTD within phase
separated droplets. (H) Dual luciferase reporter assay measuring transcription from a GAL4-driven promoter after transfection of
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GAL4-fused FUS and hnRNPUL1 constructs (n = 4). DBD= DNA-binding domain. (I) gRT-PCR measurement of the change in
RNA production, relative to 18S rRNA, in HEK293T cells, after hnRNPUL1 and VP64 tethering to ASCL1 gene over dCas9 +
gRNA background control (n = 3). The bar charts show relative mean values from at least three independent experiments, with
the error bars showing s.d. All statistical analyses were performed using two-tailed t-tests. n.s. = not significant, **p<0.01,
***p<0.001.

hnRNPULA1 is necessary for snRNA 3’ processing and transcription termination

The ability of hnRNPUL1 to load onto actively transcribing Polll CTD via its own CTD suggested it may
play a role in co-transcriptional processing of target RNAs. snRNAs were a strong candidate for such a
function, given the strong enrichment of hnRNPUL1 ChIP signal at snRNA genes'. Using the
hnRNPUL1-AID degron line, we performed small non-coding RNA sequencing (sRNA-seq; size range
50-500 bases), which revealed downregulation of snRNAs upon hnRNPUL1 depletion (Figure 5A).
Polll ChlIP showed decreased Polll occupancy at snRNA gene bodies following hnRNPUL1 loss (Figure
5B), indicating reduced transcription. This decrease was commensurate with the decrease in snRNA
levels observed in our sRNA-seq and through qRT-PCR (Figure S5A). The hnRNPUL1 ChlP-seq
binding profile over snRNA genes showed greatest enrichment downstream of the 3' RNA cleavage site
(Figures 5C and S5B). Thus, we investigated whether snRNAs underwent hnRNPUL1-dependent
cleavage and termination. Metagene analysis of chromatin RNA-seq data over primary Polll-transcribed
snRNA loci revealed decreased signal over the gene body, followed by increased density downstream
of the cleavage site following hnRNPUL1 loss (Figure 5D, S5C). We also used gRT-PCR with primers
spanning the 3' cleavage site to confirm there was a 3’ cleavage defect for snRNAs following hnRNPUL1
depletion (Figure S5D). Similar snRNA metagene profiles have been reported following depletion of
the catalytic subunit of the Integrator complex INTS11%". To further enrich the nascently transcribed
subpopulation of snRNAs, we performed transient transcriptome sequencing with chemical RNA
fragmentation (TTchem-seq), which showed increased signal beyond the 3' end of snRNA genes within
a 5 minute 4SU pulse-chase (Figures 5E, S5C and S5E). Interestingly, we also saw increased nascent
RNA signal across snRNA gene bodies. Both of these effects match those observed using TT-seq
following acute depletion of Ints112'. Failure to cleave snRNAs at the 3’ end is expected to lead to a
Polll termination defect and Polll ChIP across the U1 snRNA locus confirmed increased occupancy 550
bp downstream of the snRNA gene body relative to the proximal sequence element following
hnRNPUL1 loss, consistent with a termination defect (Figure 5F).

hnRNPUL1 is mutated in ALS patients

Pre-mRNA splicing, CBs and SMN-containing Gem structures are all commonly disrupted in ALS and
spinal muscular atrophy (SMA)*+52-%4 _|n light of this, and the association of hLnRNPUL1 with other ALS-
causing proteins, C9orf72 repeats and its prion-like characteristics, we screened two cohorts of familial
(n=1,022, ALS variant server) and sporadic (n=4,366)% ALS patients for pathogenic coding mutations
within hnRNPUL1. We defined “rare” based on Minor Allele Frequency < 1% in population databases®
and “pathogenic” based on Combined Annotation Dependent Depletion score >10%. Multiple
heterozygous variants identified using these criteria are shown in Table S$2. Notably, mutation R541X
involved a severe truncation, suggesting loss of hnRNPUL1 function may be associated with ALS.

To examine the effects of ALS mutations in hnRNPUL1, we obtained patient-derived lymphoblastoid
cell lines with ALS-associated heterozygous hnRNPUL1 mutations A50T or S249N (Figure S5F); in
both cases, patients were confirmed negative for ALS-associated mutations within the major ALS risk
genes SOD1, C90O0RF72, TARDBP and FUS (data not shown). Levels of hnRNPUL1 were significantly
reduced with the A50T mutation (Figure S5G), similar to the levels within the hnRNPUL1-AID cells in
the absence of Dox/Aux. This prompted us to test whether the defect in snRNA 3’ processing was
already present in the hnRNPUL1-AID cells in the absence of Dox/Aux. Measurement of the ratio of the
downstream region, past the cleavage site, to the snRNA gene body via qRT-PCR revealed the
processing defect was readily detected in the hnRNPUL1-AID cells in the absence of Dox/Aux (Figure
5G). Since the hnRNPUL1-AID cells have normal CB levels in the absence of Dox/Aux, this indicates
that the processing defect is direct, rather than an indirect effect via perturbation of CBs. Analysis of the
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SPRY/dPNK AlphaFold prediction revealed that the S249N patient mutation could cause protein
misfolding around the SPRY region through loss of stabilising hydrogen bonds between neighbouring
flexible strands, potentially disrupting the overall structure (Figure S5H). The reduced levels of
hnRNPUL1 in the AS0T cells and potential protein folding disruption caused by the S249N mutation
both suggested potential loss of hnRNPUL1 function and consistent with this, we observed a processing
defect on U4 snRNA in these cells (Figure 5H). We focused on U4 snRNA as it was the most sensitive
to hnRNPUL1 loss out of all tested snRNAs (Figure S5A). Since ALS leads to motor neuron death, we
generated motor neurons differentiated from human pluripotent stem cells containing an AlD-tagged
hnRNPUL1 gene (Figures S5l and S5J) and again observed the U4 snRNA processing defect,
indicating this phenotype is present in disease-relevant cells (Figure 5H). We were able to complement
the snRNA processing defect in the HCT116-derived hnRNPUL1-AID cell line by stable expression of
WT, but not AWA or ARGG mutants (Figures 51 and S5K), indicating that nucleotide triphosphate
binding, together with RNA binding, are essential for its function in snRNA 3' processing. Despite our
best efforts, a AWB-expressing cell line could not be generated for complementation analysis, despite
facile transient expression (Figure 2C), suggesting stable expression of the construct was toxic.
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Figure 5. Loss of hnRNPUL1 leads to cleavage and transcription termination defects on snRNAs and histone mRNAs.
(A) snRNA levels in hnRNPUL1 cells measured through sRNA-seq. Although sRNAs were enriched in these datasets, counts
from other biotypes, such as protein coding RNAs, were present and used to aid sample normalisation. All shARNA annotations
containing mapped reads, including variants, were included in the analysis. (B) Polll ChIP-gPCR over snRNA gene loci (n = 3).
Immunoprecipitated chromatin was measured as a percentage of input, then expressed as fold change over the HCT116 ChlIP.
(C) Metagene of hnRNPUL1 and Polll ChlP-seq fold change over input signal distribution over non-variant Polll-transcribed
snRNA gene annotations, containing mapped reads, and their downstream region. TSS = Transcription Start Site, TES =
Transcript End Site. (D) Metagene of HCT116 and hnRNPUL1-AID chromatin RNA-seq signal distribution over Polll-transcribed
snRNA loci. Loci containing >50,000 counts across each 1.2kb region were considered mature snRNAs and were removed from
the final plot. (E) Metagene of DESeqg2-normalized TT-seq signal, summed across all non-variant Polll-transcribed snRNA gene
annotations and their downstream region. (F) Polll ChIP-qPCR showing the ratio between the region 550 bp downstream of U1
and its proximal sequence element (PSE) in hnRNPUL1-AID cells relative to HCT116 (n = 3). (G) Levels of 3"-extended snRNAs
measured through the ratio between downstream and gene body-amplified snRNA levels in untreated and Dox/Aux-treated
hnRNPUL1-AID cells (n = 3). (H) 3'-extended U4 snRNA levels in A50T and S249N Lymphoblastoid and untreated motor neuron-
differentiated hnRNPUL1-AID stem cells, measured as in (G) (n = 3). A LCL generated from a healthy individual of similar age
was used as the control for A50T and S249N LCL conditions, while motor neuron-differentiated stem cells not containing the
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hnRNPUL1-AID were used as the control for the MNhnRNPUL1-AID condition. (l) 3'-extended U4 snRNA levels in untreated
hnRNPUL1-AID cells and Sleeping Beauty transposase-complemented hnRNPUL1-AID cells, measured as in (G) (n = 3). (J)
Northern Blot of U7 snRNA levels in HCT116 and hnRNPUL1-AID cells. U6 snRNA is shown as a loading control. (K) Polll density
over Protein Coding and replication-dependent Histone genes measured through mNET-seq. (L) Metagene of hnRNPUL1 and
Polll ChIP-seq fold change over input signal, summed across all Histone genes and their downstream region. (M) Levels of
replication-dependent histones in nuclear (polyA-) and (polyA+) RNA-seq data. Bar charts show relative mean values from at
least three independent experiments with error bars showing s.d. Violin and box plots show median and 25-75" percentile values
from three independent experiments. Bar plot statistical analyses were performed using two-tailed t-tests, while violin and box
plot statistical analyses were performed using Welch'’s t-test. n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001.

hnRNPULA1 is required for histone transcription and pre-mRNA cleavage

snRNAs play diverse roles in the cell beyond splicing and U7 is required for cleavage and maturation
of nascent histone pre-mRNAs. This, together with the significant enrichment of hnRNPUL1 on U7
snRNA (Figure 3A), prompted us to analyse the effects of hnRNPUL1 loss on histone mRNA
processing. Northern blotting of U7 snRNA showed decreased levels relative to the Pollll-transcribed
U6 snRNA following hnRNPUL1 depletion (Figure 5J). Mammalian native elongating transcript
sequencing (MNET-seq) revealed decreased replication-dependent histone gene transcription upon
loss of hnRNPUL 1, which may result from a direct role in transcription or feedback from poor termination
(Figure 5K). Although the ChIP-seq binding profile over histone genes showed strong hnRNPUL1
enrichment over promoters (Figure S5L), its highest enrichment was observed downstream of the
annotated transcript end sites (Figure 5L), suggestive of involvement in regulating the downstream
cleavage of nascent histone pre-mRNAs. To monitor the extent of histone misprocessing within our
HCT116-derived hnRNPUL1-AID, we performed poly(A)-selected nuclear RNA-seq, which captures
polyadenylated misprocessed histone pre-mRNAs. Depletion of hnRNPUL1 led to an increase in
polyadenylated histone mRNAs, whilst mature histone mRNAs, observed in our sRNA-seq, were
depleted, confirming cells required hnRNPUL1 for their proper processing (Figure 5M). In support of
these data, differential expression analysis of public K562 hnRNPUL1 siRNA RNA-seq datasets
showed an increase in poly(A)-selected histone levels, revealing these termination defects are
observable within other systems (Figure S5M).

hnRNPUL1 recognizes the terminal stem loop of snRNAs and phenocopies INTS11 depletion

Our data indicate hnRNPUL1 is required for Polll-mediated snRNA 3' end cleavage and transcription
termination, which is governed by the Integrator complex (Figures 5D, 5F and S5C). To rule out the
possibility that hnRNPUL1 loss simply prevents Integrator:Polll interactions, we analysed their
association in the presence and absence of hnRNPUL1 (Figure 6A). The levels of subunits from every
Integrator module®® associated with Poll remained unchanged following hnRNPUL1 depletion,
demonstrating that hnRNPUL1 is unnecessary for Integrator binding to Polll. Next, we investigated
whether there was a direct interaction between hnRNPUL1 and Integrator in cells transfected with WT
and AWA variants (Figure 6B). Co-IP revealed an interaction between Integrator (represented by the
endonuclease INTS11 and Polll phosphatase PPP2AC) and both WT and AWA, consistent with an
earlier report of hnRNPUL1 binding INTS6%. The observation that hnRNPUL 1:Integrator:Polll complex
association was resistant to ribonuclease suggests that direct protein interactions mediate their
association.

To understand how hnRNPUL1 might assist Integrator in the cleavage process, we revisited hnRNPUL1
eCLIP and focused on the localised enrichment over snRNAs, with other hnRNPs included as controls.
hnRNPUL1 alone exhibited a ~40-fold enrichment within the 3’ end of the U2 snRNA (Figures 6C and
6D), in a stem loop previously shown to be required for the accuracy of Integrator cleavage®®. We also
observed enrichment within the terminal stem loops of the U7 and U11 snRNAs, suggesting hnRNPUL1
binds upstream of the 3' processing site on snRNAs to stimulate cleavage (Figures S6A and S6B). To
put the 3' processing defect elicited by hnRNPUL1 loss in context, we compared the effects of loss of
the integrator subunit INTS11 or hnRNPUL1 on cleavage of nascent Polll-transcribed snRNAs. INTS11
was depleted from modified HCT116 INTS11-SMASH cells by treatment with asunaprevir (ASN), as
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reported previously®'. Strikingly, a comparable 2-5-fold increase in unprocessed U1, U2 and U4 snRNA
transcripts was observed following both INTS11 and hnRNPUL1 depletion (Figure 6E), revealing the
vital role that hnRNPUL1 plays in Integrator-mediated cleavage of snRNAs.
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Figure 6. hnRNPUL1 binds the Integrator complex and facilitates its action. (A) Polll co-IP with components of the Integrator
complex in hnRNPUL1-AID cells. (B) hnRNPUL1 WT/AWA co-IP with Polll and components of the Integrator complex before and
after RNase A digestion. FLAG-tagged hnRNPUL1 variants were transfected in HEK293T cells. SART3 and LARP7 are shown
as RNase-sensitive controls. (C) eCLIP signal over the U2 snRNA from selected hnRNPs. (D) Diagram of U2 snRNA 3’ region
highlighting the position of the hnRNPUL1 peaks from (A) (numbered and coloured red) and the cleavage site for Integrator. (E)
Levels of 3-extended snRNAs measured using the ratio between downstream and gene body amplified snRNA levels in ASN
treated INTS11-SMASH cells, relative to untreated cells (n=4); and hnRNPUL1-AID cells relative to Dox/Aux-treated HCT116
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cells (n=3). (F) gRT-PCR ratio of downstream/uncleaved signal at specified loci after overexpression of hnRNPUL1
WT/AWA/AWB by transient transfection in HEK293T cells (n=4). The bar charts show relative mean values from at least three
independent experiments, with the error bars showing s.d. All statistical analyses were performed using two-tailed t-tests. n.s. =
not significant, *p<0.05, **p<0.01, ***p<0.001. (G) Model for hnRNPUL1 activity at snRNA loci and in di-snRNP recycling. The
brown dotted/solid line indicates the flexible hnRNPUL1 CTD which includes the RGG domain potentially disrupting secondary
structure in RNA substrates.

hnRNPUL1 overexpression can stabilise an XRN2 substrate.

Whilst the 5-mono-Pi RNA fragment generated by cleavage of protein coding mRNAs is degraded by
XRN2, ultimately leading to transcription termination, this is not the case for the equivalent RNA
fragment generated following snRNA and histone 3' processing. How these fragments evade XRN2
remains unresolved, given it ChIPs downstream of both snRNAs and histones®'. Instead, these
downstream cleavage products appear to be degraded from the 3' end by the exosome via the NEXT
complex®?, which is detected in our MS analysis of hnRNPUL1 interactors. Co-IP analysis confirmed
these interactions, including a particularly strong RBM7 interaction (Figure S6C). We considered that
hnRNPUL1 might utilise its dPNK domain to bind such 5-mono-Pi RNA species generated by INTS11
and protect them from XRN2, thus dictating an alternative transcription termination pathway.
Unfortunately, these RNA species are highly transient, leaving us unable to detect binding to them either
in existing eCLIP data or via RIP. However, we noticed that hnRNPUL1 had a robust ChIP signal
downstream of protein coding genes, most notably ActB (Figure S6D). To test the capacity of
hnRNPUL1 to protect 5'-mono-Pi RNA from XRN2, we examined the impact of hnRNPUL1 WT and
mutant overexpression on the RNA level downstream of the ActB cleavage/polyadenylation site, which
is an XRN2 substrate (Figures 6F, S6E and S6F). We used the ratio of downstream/uncleaved RNA
to normalise for effects on transcription. The overexpression of WT led to increased levels of the
downstream RNA, consistent with inhibition of XRN2 activity. In contrast, AWA, which shows reduced
RNA binding to a mono-Pi RNA via the dPNK domain, and is trapped in the chromatin fraction, failed to
increase levels of the XRN2 substrate. AWB, which shows enhanced RNA binding within the dPNK
domain (Figure 1E), but is also trapped on chromatin, did increase the downstream RNA levels, albeit
not as efficiently as wild-type. The response of U1, U2 and U4 snRNAs to hnRNPUL1 overexpression
contrasted with that on ActB. The wild-type protein had no significant effect on the ratio of downstream
to uncleaved RNA, indicating it is not limiting at these loci, whereas AWB had a dominant negative
phenotype, significantly increasing the uncleaved RNA levels, but not the downstream levels (Figures
6F, S6E and S6F). Together, these data indicate that increased levels of WT and to a lesser extent
AWB hnRNPUL1 can disrupt XRN2-mediated degradation of the ActB RNA downstream of the 3’
cleavage site, whereas snRNA genes are insensitive to increased WT levels, and AWB overexpression
inhibits their 3' cleavage.

Discussion

We have identified hnRNPUL1 as a component of the snRNA 3’ cleavage machinery, which associates
with the Polll-Integrator complex. It binds a terminal hairpin in the U2 snRNA, which was previously
implicated in 3' processing fidelity of this snRNA®® and in a Xenopus extract this sequence was
necessary for 3' cleavage®. In a purified system, Integrator cleaves substrates with hairpin secondary
structures poorly and also without obvious specificity??, suggesting that in vivo other factors may licence
this cleavage reaction, including hnRNPUL1. The hnRNPUL1 binding site in U2 snRNA is centred
around 25 bases upstream from the Integrator cleavage site, which intriguingly is similar to the typical
distance between a polyadenylation site and the cleavage site in a pre-mRNA. hnRNPUL1 has an RGG
RNA binding domain, which in the case of FUS, destabilises base stacking, unfolding an RNA loop®.
Thus, the hnRNPUL1 RGG domain, which is essential for activity (Figure 51), may serve a similar
function to prepare the substrate for INTS11 cleavage, or alternatively use this region to bind the
terminal stem loop in snRNAs, positioning hnRNPUL1 close to the Integrator cleavage site (Figure 6F).
Depletion of hnRNPUL1 also reduced Polll levels over the snRNA gene body, which may be through a
direct role in snRNA transcription initiation and elongation or negative feedback mechanisms due to an
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accumulation of Polll in the termination region (Figure 5F). We also observed a defect in histone mRNA
3' processing, which in part can be attributed to reduction in the levels of U7 snRNA. However,
hnRNPUL1 is a prominent U7 snRNA interactor (Figure 3A), which may indicate a role beyond that in
U7 biogenesis, with the mature U7 snRNP as suggested previously®.

The RNA downstream of the 3’ processing site on mRNAs is degraded by XRN2, which recognises the
5'-monoPi RNA, ultimately catching up with Polll and causing transcription termination. How XRN2
cleavage of RNAs might be regulated is poorly understood. For example, the downstream cleavage
products of INTS11, CPSF73 and DROSHA at snRNA, histone mRNA and pri-miRNA genes,
respectively, are not degraded by XRN2 and do not rely on XRN2 for transcription termination®.61.65-
67 In hnRNPUL1, we have identified a novel abundant nuclear 5'-mono-Pi RNA binder, utilising a dead
polynucleotide kinase domain which has the potential to compete with XRN2 for substrates, thus
dictating both degradation and transcription termination pathways. Whether the related proteins
hnRNPU and hnRNPUL2 play a similar role potentially on different RNA substrates remains to be
determined. hnRNPUL1 has also been implicated in repair of DNA DSBs by homologous recombination,
though the mechanism was unclear'. DSBs lead to bidirectional transcription of diincRNAs, which are
subsequently processed by DROSHA, and again, the termination of these transcription events does not
involve XRN2%7. Intriguingly, hnRNPUL1 was identified as a prominent Microprocessor complex
interactor®®, suggesting hnRNPUL1 might have a direct role in transcription termination and degradation
pathways for dilncRNAs, coupled with DROSHA binding.

The evolutionary preservation of the potential to form an active polynucleotide kinase by mutation of a
single amino acid in hnRNPUL1 is remarkable (Figure 1K), indicating that many of the original functions
of the ancestral fold have been preserved, including nucleotide and nucleic acid binding and the
conformational changes associated with binding and release of substrates. These properties now
appear to be harnessed for reversible binding to RNA and allowing hnRNPUL1 to operate in both the
chromatin and nucleoplasmic environments, where hnRNPUL1 takes part in distinct processes in
snRNP biogenesis and recycling. Since snRNA processing and recycling take part in CBs, it is striking
that they are strictly dependent on hnRNPUL1 for formation. However, this phenotype is common to
BRAT1, another Integrator co-factor®®. BRAT1 mutations lead to neurodevelopmental and
neurodegenerative disorders, whereas we identified hnRNPUL1 mutations in ALS patients. However,
ALS leads to death of motor neurons, in common with SMA, which involves mutations in SMN, required
for snRNP maturation’. Notably, hnRNPUL1 loss also disrupts the formation of Gems marked by SMN.
This indicates substantial overlap in their functions, leading to a common disease basis for ALS and
SMA as suggested previously for FUS, a prominent hnRNPUL1 and SMN interactor whose mutation in
ALS also prevents the formation of Gems®. A recent report identified mutations in hnRNPUL1
associated with patients with congenital limb malformations, a phenotype quite distinct from ALS, yet
these patients also had PODXL, CFTR and PRKD2 gene mutations, which could be acting as modifiers
altering disease outcome’®.

In conclusion, we propose that hnRNPUL1 is an essential cofactor for Integrator-mediated cleavage of
snRNAs (Figure 6G). It utilises an unstructured CTD to interact with Polll CTD, ensuring it is available
to interact with nascent snRNA as it leaves the Polll active site and stimulate its timely cleavage by
Integrator. Subsequently, the cleaved 3' RNA fragment may be bound by the dPNK domain, forcing an
exosome-mediated degradation pathway and XRN2-independent termination mechanism. Nucleotide
triphosphate binding induces a conformational change and allows reversible binding of RNA, allowing
hnRNPUL1’s reuse in the two compartments where it operates. In the nucleoplasm, it drives recycling
of the U4:U6 di-snRNP together with SART3. The strong preference for U4 snRNA is most likely driven
by the interaction with Snu13, which nucleates other components of the snRNP*', while the RNA
contacts between hnRNPUL1 and U4/U6 snRNA are probably governed by RNA binding regions other
than the dPNK domain, which is unable to accommodate a capped RNA. The Snu13 interaction might
also explain why hnRNPUL1 is enriched on box CD snoRNAs (Figure 3B), which also contain Snu13,
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and H/ACA snoRNAs via interaction with the Snu13-related protein NHP2. The robust RNA-mediated
interactions between hnRNPUL1 bound primarily to U4, and SART3 bound to U6 snRNA no doubt help
drive the efficient reassembly of the U4/U6 di-snRNP for further rounds of splicing.

METHODS
Lead contact

Further communication and requests for resource sharing should be addressed to the lead contact
Stuart A. Wilson (stuart.wilson@sheffield.ac.uk).

Materials availability

New reagents generated in this study are available via the lead contact.

Data and code availability

All raw sequencing datasets from this study have been submitted to the NCBI Gene Expression
Omnibus (GEO) under accession number GSE228810. Custom code used in this work is available at:
https://github.com/sudlab/yonchev_et_al.

Experimental model and study participant details

HEK293T, HCT116 cell lines were maintained in Dulbecco’s modified Eagle medium (DMEM) with 10%
fetal bovine serum (FBS). FLAG-hnRNPUL1 cell lines were generated using the Flp-IN T-Rex system
by expression of pcDNA5-FRT/FLAG-hnRNPUL1 and pOG44 Flp recombinase expression vectors in
Flp-In T-Rex 293 cells, followed by 100 ug/ml Zeocin and 15 ug/ml Blasticidin antibiotic selection. Cells
were maintained in 100 ug/ml Hygromycin following selection and FLAG-tagged protein expression was
induced using tetracycline addition. Lymphoblastoid cell lines were maintained in RPMI 1640 medium
supplemented with 20% FCS and 200 pl L-glutamine.

Bacterial culture

E. coli strains were grown at 37°C in LB medium for plasmid propagation and in TB medium (12 g/I
tryptone, 24 g/l yeast extract, 12.54 g/l K2HPOa4, 2.31 g/l KH2PO4, 4 ml/I glycerol) for protein
overexpression.

Generation of auxin-inducible hnRNPUL1 degron

HCT116 cells were subjected to CRISPR/Cas9 genome editing to tag hnRNPUL1 with an AID. Cells
were seeded in a 6-cm dish, and 24 hrs later transfected with 1 ug of Cas9-expressing guide RNA
plasmid targeting the hnRNPUL1 locus, along with 1 ug of two repair plasmids containing either
hygromycin or neomycin selection markers. A P2A sequence that is cleaved upon translation separated
selection markers from AID. After 48 hrs of transfection, cells were split in a 10-cm dish with 150 ug/ml
hygromycin and 800 pg/ml neomycin. Selection was maintained until single colonies grew, which were
transferred to individual wells in 24-well plate and expanded for western blot screening. Expression of
osTIR1 in homozygous hnRNPUL1-AID cells was achieved via CRISPR/Cas9-mediated insertion of
TIR1 gene in safe-harbour locus AAVS17'. The OsTIR1 expression vector comprised a TIR1 gene
controlled by a conditional Tet promoter and a puromycin resistance gene. The repair template
consisted of AAVS1 locus homology arms flanking this region. hnRNPUL1-AID cells were seeded in a
6-cm dish and after 24 hrs transfected with 1.5 ug of osTIR1 vector and 1.5 ug of Cas9-expressing
plasmid with AAVS1 locus-targeted guide RNA. Cells were splitin a 10-cm dish 48 hrs after transfection
and selected by addition of 1 pg/ml puromycin. Cells were cultured until individual colonies formed,
which were transferred to individual wells in a 24-well plate and expanded. Integration of TIR and
activation of the AID system were screened by treatment with 1 pg/ml doxycycline for 72 hrs and 500
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MM auxin for 24 hrs. Cells were harvested and hnRNPUL1 depletion was assessed via western blot.
Successful colonies were used in time courses to identify minimum doxycycline and auxin incubation
periods required for full hLnRNPUL1 depletion. As a result, 48 hr doxycycline and 2 hr auxin treatments
were performed in subsequent experiments unless otherwise stated.

Generation of SB hnRNPUL1-AID

hnRNPUL1-AID lines constitutively expressing WT or mutant hnRNPUL1 were generated using the
optimised sleeping beauty (SB) transposon system’2. hnRNPUL1-AID cells were seeded in a 6-cm dish
and transfected with 1.5 yg SB plasmid containing hnRNPUL1 and 500 ng pCMV(CAT)T7-SB100. SB
plasmid (derived from pSBbi-blast) contained a blasticidin resistance gene for selection of hnRNPUL1
integration. Cells were splitin a 10-cm dish 48 hrs after transfection and treated with 20 ug/mL blasticidin
until individual colonies formed, which were screened for hnRNPUL1 expression by Western blot.

Generation of hnRNPUL1-AID hPSC

Stable lines with AlD-tagged hnRNPUL1 were generated by growing human embryonic stem cell line
H7 (WAO7)"® in E8 on vitronectin and at passage number p2+4+8+7 (each '+' denotes defrost)
dissociating and transfecting 1.5 x 10° cells with 1.5 ug of each px330 hnRNPUL1 gRNA, hnRNPUL1
AID-Hyg and hnRNPUL1 AID-neo with Neon microporator kit (1600 V, 20ms, 1pulse). Cells were
replated onto vitronectin in E8 with 10 yM Y-27632. G418 (50 ug/ml) and hygromycin (25 ug/ml) were
added to the medium 24 hr post-transfection. G418 and hygromycin concentrations were gradually
increased over several days to final concentrations of 125 pug/ml G418 and 50ug/ml hygromycin in ES8.
Colonies were picked and expanded in mTESR1 on geltrex. For constitutive TIR1 expression, one clone
was transfected with SB-TIR1 and transposase using a Neon microporator kit as described above,
before selection in 10 pg/ml blasticidin.

hPSC differentiation to motor neurons

hPSC (3,000 cells) were plated on day 0 in 96 well U-bottomed low attachment plates in N2B27 media
(50:50 neurobasal and DMEM F-12, N2 1:100, B27 1:50, Glutamax 1:100, non-essential amino acids
1:100, Beta-mercaptoethanol 1:1000) containing 5 uM Y-27632 (only for plating), 0.2 yM LDN193189,
3 uM Chir99021, 40 uM SB431542 and 0.05% PVA. Plates were spun at 400x g for 4 min. Media was
changed every 2 days and only half media was replaced each time. On day 2, 0.1 yM retinoic acid and
0.5 uM SAG were added to the media. On day 7, LDN, Chir and SB were removed from the medium
and 10 ng/ml BDNF and 10 ng/ml GDNF were added. On day 9, EBs were pooled and dissociated for
30 min using accutase in a shaker set to 37°C and 800-1400 rpm. Speeds increased by 200 rpm every
5 min after EBs were manually pipetted up and down. Dispersed cells were replated at 52,000 cells/cm?
in media with 10 uM DAPT, 10 ng/ml BDNF, 10 ng/ml GDNF, 0.1 uM retinoic acid and 0.5 yM SAG.
Plates were prepared with Poly-L-Ornithine for 30 min at 37°C, washed 3x with PBS and coated with
Geltrex (1:100). Half the media was changed every three days. On day 14, retinoic acid and SAG were
removed and DAPT increased to 20 uM. On day 16, 10 ng/ml CNTF was added. On day 17, DAPT was
removed. Subsequently, media contained only BDNF, GDNF, CNTF at 10 ng/ml. Cells were used for
experiments on day 33.

Generation of FIpIN FLAG-hnRNPUL1 Stable Cell Lines

FlpIn-293 (10,000 cells) were seeded in a 6-cm dish and cultured in Tet-free FCS DMEM for 24 hrs at
37°C before transfection with 2.4 ug FRT vector and 3.6 pg Flpln recombinase (pPGKFLPobpA) using
Turbofect transfection reagent. Cells were split into two 10-cm dishes 48 hrs later. Selection medium
(DMEM containing 15 pg/ml Blasticidin and 0.1 mg/ml Hygromycin) was supplied until individual
colonies grew, which were transferred to wells in 24-well plates and expanded to allow screening via
western blotting.
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METHOD DETAILS

Plasmids

Cloning was performed using Gibson assembly with a kit from NEB. Point mutations were introduced
with an NEB site-directed mutagenesis kit. Plasmids were checked by Sanger sequencing.

Transfection

Cells were seeded 24 hrs before transfection to achieve ~70% confluency at the time of transfection.
Lipofectamine 2000 was used to transfect cells at 5 pl / 2.5 ug of DNA in a mixture of serum-free DMEM
for a final volume of 1:10 to the dish volume. Cells were harvested 48 hr later. For protein
overexpression in mammalian cells, HEK293T were seeded in 10-cm dishes, similarly. Cells were
transfected with a mixture of PEI:DNA of 3.5:1 (w/w) in serum-free DMEM for a final volume of 1:6 to
the dish volume and harvested 48 hr later.

Cell fixation and Immunostaining

Cells grown on coverslips were washed in 1x PBS and incubated in fixing solution (4% formaldehyde,
1x PBS) for 20 min. Cells were washed and incubated in permeabilisation solution (0.5% Triton-X 100,
1x PBS) for 10 min, then incubated in 1% BSA solution with primary antibody for 1 hr, washed 3x in 1x
PBS, and incubated in 1% BSA with secondary antibody for 30 min. Following three 1x PBS washes,
coverslips were mounted onto slides using VECTASHIELD DAPI-containing medium.

Immunoblotting

Western blotting was performed on Amersham Protran nitrocellulose membrane within a Trans-Blot
Turbo Transfer System. Proteins were transferred at 25 V, 1.3 mA for 22 min. Blots were incubated in
TBST + 5% milk for 1 hr, then with primary antibody for 1 hr, washed in 1x TBST 3x 5 s and 3x 5 min.
Incubation (1 hr) with secondary antibody (at 1:10,000) coupled to horseradish peroxidase (HRP)
followed. Membranes were washed as before, placed in ECL detection reagent for 1 min and exposed
in a Bio-Rad Chemidoc System.

Recombinant protein purification

FLAG-tagged proteins:

HEK293T cells were lysed in 5 pellet volumes IP Lysis buffer (IPLB) (50 mM HEPES-NaOH pH 7.5,
100 mM NacCl, 0.5% Triton-X 100, 1 mM EDTA pH 8.0, 10% Glycerol, 1 mM DTT, EDTA-free Protease
Inhibitors) and nuclei were sheared by aspiration with a 26-gauge needle. hnRNPUL1 AWA lysates
were digested with 500 U benzonase at 37°C for 30 min. Lysates were centrifuged at 16,200x g for 5
min and supernatants transferred onto 100 yl FLAG agarose beads pre-washed with IPLB. Beads were
incubated at 4°C for 2 hr, washed with 2x1 ml IPLB and treated with 4 ug RNase A at 37°C for 30 min.
Beads were washed with 3x1 ml IP wash buffer (IPLB + 1 M NaCl) and once with 1 ml IPLB. Proteins
were eluted in 300 pl IPLB + 0.25 pg/ul 3xFLAG peptide at 4°C.

Hexahistidine-tagged proteins:

E. coli BL21 (DE3) cells were resuspended in 10 pellet volumes Co?* lysis buffer (50 mM NasPO4 pH
8.0, 300 mM NaCl, 10% Glycerol, 0.5% Triton-X 100) and sonicated (10x [30s-ON/30s-OFF]) at 80%
amplitude with a Fisherbrand Model 120 Sonic Dismembrator. Lysate was centrifuged at 20,000x g and
4°C for 30 min. Supernatants were treated with 5 uyg RNase A for 20 min at 37°C, then loaded onto a 5
ml self-packed Talon Superflow Cobalt column. Beads were washed with 1 column volume (CV) Co?*
lysis buffer, then 1 CV lysis buffer + 5 yg RNase A and incubated for 30 min. The column was washed
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with 6 CV Co?* wash buffer (Lysis buffer + 10 mM Imidazole) and the protein eluted with 2 CV Co?*
elution buffer (50 mM NasPO4 pH 7.0, 300 mM NaCl, 150 mM Imidazole). Proteins were buffer-
exchanged into Co?* elution buffer without Imidazole by repeated centrifugation in Vivaspin 10K MWCO
protein concentrators.

RNA oligonucleotide labelling

An RNA oligonucleotide with 5" hydroxyl was end-labelled with T4 PNK. The reaction contained 0.5 uM
RNA, 2 ul T4 PNK 10X buffer (NEB), 16.7 uM 32P y-ATP, 10 U T4 PNK (NEB) and was incubated at
37°C for 1 hr, then RNA was separated on a 10% denaturing polyacrylamide gel in 0.5x TBE buffer
(0.44 M Tris, 0.44 M Boric Acid, 1 mM EDTA, pH 8.0). The RNA was cut from the gel and crushed, then
extracted overnight with 400 pl RNA gel extraction buffer (1 M NaCHsCOO-, 1 mM EDTA). The
supernatant was filtered through a Spin-X centrifuge tube and precipitated with 1 ml 100% ethanol and
5 ug glycogen. After 1 hr at -20°C, the RNA was centrifuged at 16,200x g for 30 min. The pellet was
washed with 1 ml 75% ethanol, centrifuged at 16,200x g for 7 min, air dried and resuspended in 100 pl
nuclease-free water.

NTP crosslinking and competition assays

ATP UV-crosslink:

Proteins (0.3 uM) were mixed in NTP binding buffer (NTP RB: 50 mM Tris-HCI pH 8.0, 100 mM NacCl,
10 mM MgClz, 1 mM DTT) and 55 nM 32P y-ATP. Reactions were incubated on ice for 15 min and UV-
crosslinked on ice for 30 min at 254 nm. Crosslinked proteins were separated on an 8% gel by SDS-
PAGE, stained and dried at 80°C for 30 min. Dried gels were exposed on a phosphorimager screen,
which was developed on a TyphoonFLA 7000 laser scanner.

NTP competition:

Full-length hnRNPUL1 (1.6 uM) was mixed in NTP RB with 55 nM 32P y-ATP and AMP-PNP or GMP-
PNP non-hydrolysable competitors (final concentrations: 0.55, 5.5 and 27.7 uM). Reactions were mixed
for 15 min on ice and UV-crosslinked for 30 min. Complexes were separated on a 10% gel by SDS-
PAGE and processed as before.

GTP/m’G cap analog competition:

hnRNPUL1 ACTD (1 uM) was mixed in NTP RB with 10 nM a-*?P GTP and GTP or m’G cap analog
competitors at 0.1, 1 and 10 yM. Samples were incubated at 37°C for 15 min and UV-crosslinked on
ice for 30 min. Complexes were separated on a 10 % gel by SDS-PAGE and processed as before.

RNA UV-crosslinking and competition

RNA UV-crosslink: SPRY/dPNK proteins (0.5 uM) were mixed in RNA binding buffer (15 mM Hepes pH
7.9, 100 mM NaCl, 5 mM MgClz, 0.2 mM EDTA, 0.5 % Tween-20, 10 % glycerol) with ~25 nM 5'-labelled
RNA oligonucleotide and 8 U RNAse inhibitor and incubated on ice for 10 min, then UV-crosslinked on
ice for 15 min. Full-length proteins were additionally incubated with 10 mM ATP in the reaction mixture.
Subsequently, proteins were separated on a 10% gel by SDS-PAGE and processed as before.

ATP/ADP competition: hnRNPUL1 ACTD (0.5 uM) was incubated in NTP RB with ~25 nM 5'-labelled
RNA oligonucleotide, 8 U RNase inhibitor and ATP or ADP competitors at 10, 100 and 1,000 uM.
Reactions were incubated at 37°C for 10 min and UV-crosslinked on ice for 15 min. Complexes were
separated on a 10% gel by SDS-PAGE and processed as before.
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Kinase assays and Thin Layer Chromatography (TLC)

Kinase assays: Proteins (0.5 uM) were mixed in NTP RB with 0.5 yM dsDNA/RNA oligonucleotides with
5' hydroxyls and 15 nM 32P y-ATP. The T4 PNK control contained 10 U enzyme and 2 ul 10X T4 PNK
buffer instead. Reactions were incubated at 37°C for 30 min and separated on a 12% 6 M urea
polyacrylamide gel in 0.5X TBE. Gel was exposed on a phosphorimager screen for 1 hr and developed
as before.

TLC: ATP hydrolysis reactions were performed in NTP RB with 0.5 uM protein, 0.8 nM 2P y-ATP and
0.5 uM RNA oligonucleotide (as specified). Reactions were incubated at 37°C for 30 min and quenched
with 0.25 M EDTA and 10 pl xylene cyanol. Proteinase K (20 ug) and 100 mM Tris pH 7.5 were added
and proteins were digested for 30 min at 37°C. T4 PNK and apyrase positive controls were performed
differently. T4 PNK reactions contained 5 ul 10X T4 reaction buffer, +/- 0.5 yM RNA oligonucleotide,
0.8 nM 32P y-ATP and 10 U T4 PNK. The apyrase control contained 5 ug apyrase, 5 yl 10X NTP binding
buffer and 0.8 nM 32P y-ATP. Reactions were incubated at 37°C for 30 min, then quenched with 0.25
M EDTA and 20 pl xylene cyanol. PEl-cellulose plates were pre-run in 0.4 M phosphate buffer pH 5.5
and dried. Equal amounts of radioactivity were spotted on PEI plates and run in the same buffer, dried
and exposed on a phosphorimager screen for 1 hr and developed as before.

Fluorescence spectroscopy studies

SPRY/dPNK proteins were buffer-exchanged into 50 mM Tris pH 8.0, 100 mM NaCl by serial
concentration/dilution with Pierce protein concentrators to dilute the 3XFLAG peptide used for elution
to 0.025 ng/ul. Proteins (0.5 yM) were mixed with 50 pl 10x Trp Fluo Buffer (0.5 M Tris pH 8.0, 1 M
NaCl, 0.1 M MgClz, 50 mM DTT) in 0.5 ml total volume. Tryptophan fluorescence was measured with a
Cary Eclipse fluorometer (Agilent), excitation wavelength= 280 nm and emission spectra= 300-400 nm
with spectral resolution of 5 nm and photomultiplier set to high. Reaction buffer + 0.025 ng/ul 3XFLAG
peptide was used to determine minimal background fluorescence and subtracted from subsequent
measurements. Each protein was measured in apo form, then ATP was titrated into the solution. Final
ATP concentrations tested were: 10, 25, 50, 74, 99, 246, 491, 735, 978, 2430 and 4840 nM. After each
titration, proteins were incubated for 1 min at 37°C and emission spectra recorded in triplicate. Five
values around the emission peak (347-352 nm) were averaged for each spectrum and fluorescence
quenching (AFluorescence) was calculated for each set of triplicate measurements. Curves were fitted
in Graphpad Prism 9 corresponding to a One site— Specific binding equation.

RNA extraction and qRT-PCR

Cells grown in 6-cm dishes were washed with 1x PBS and lysed in 250 pl of IPLB containing protease
inhibitors and RNase inhibitors. Trizol LS (750 ul) was added for 10 min at RT. Chloroform (200 pl/750
pl TRIzol) was added and samples were shaken, then centrifuged at 12,000x g for 15 min at 4°C. The
top layer was transferred to a new tube and RNA precipitated with 1:1 isopropanol, centrifugation at
12,000x g and washing with 75% EtOH. Resulting pellets were air dried and resuspended in 43 pl dH20.
RNA was incubated with Turbo DNase for 1 hr at 37°C and precipitated using RNA acidic phenol pH
5.5, 85 mM NaAc pH 5.8 and 70% EtOH. Pellets were washed twice in 75% ethanol and resuspended
in RNase-free water. Total RNA (1 pg) was reverse-transcribed into cDNA with High Capacity cDNA
Reverse Transcription Kit. cDNA was diluted 10x and 4 pl were mixed with 5 pl 2x Sensimix and 1 pl 5
MM primer mix. gqRT-PCR was performed on a Corbett Rotor-Gene 2000 instrument for 45 cycles.

Cellular Fractionation

Cells were trypsinized and transferred to 15 ml Falcons in pre-warmed DMEM-FCS, then spun down at
400x g for 3 min and washed twice in 1x PBS. Pellets were transferred to 2 ml round-bottom Eppendorfs
and resuspended in 7x volumes of ice-cold sucrose lysis buffer (10 mM Tris-HCI, pH 8.0, 0.5 M Sucrose,
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10% glycerol, 3 mM CaClz, 2 mM MgCl2) with 0.5% Triton-X 100, 1 mM DTT, EDTA-free Protease and
RNAse Inhibitors for 5 min, before spinning at 500x g for 5 min at 4°C. The supernatant was centrifuged
at 16,000x g and kept as cytoplasmic fraction, with 250 ul added to 750 pl Trizol-LS for RNA extraction,
and 50 pul kept for western blotting. Nuclear pellets were washed twice in sucrose lysis buffer, once in
1x PBS , and once in sucrose lysis buffer. Pellets were gently resuspended in 300 ul NRB (20 mM
HEPES, pH 7.5, 75 mM NaCl, 1 mM DTT, 50% Glycerol, EDTA-free Protease Inhibitors) and 300 pl
NUN buffer (20 mM HEPES, pH 7.5, 300 mM NaCl, 1 mM DTT, 10 mM MgClz, 1 M Urea, 1% NP-40)
were added for 5 min invering every minute. Samples were spun at 1,200x g for 5 min at 4°C. The
supernatant was centrifuged at 16,000x g and kept as nuclear fraction, with 250 yl added to 750 pl
Trizol-LS for RNA extraction, and 50 ul kept for western blotting. Pellets were resuspended in 1 ml
buffer A (10 mM HEPES, pH 7.5, 10 mM KCI, 10% glycerol, 4 mM MgClz, 1 mM DTT, EDTA-free
Protease Inhibitors), transferred to 1.5 ml Eppendorf and spun for 5 min at 1,200x g and 4°C. The
supernatant was removed and the pellet resuspended in 250 ul buffer A and added to 750 pl Trizol-LS
for RNA extraction. Pellets were resuspended in 100 ul RIPA buffer and incubated with 1 ul benzonase
(125 U/ul) for 45 min at RT for protein extraction. The reaction was centrifuged at 16,000x g for 10 min
at 4°C and 50 ul supernatant was kept for western blotting.

RNase/DNase release assay

Cellular fractionation was performed on two 6-cm dishes as described above until collection of a
chromatin pellet in Buffer A. The pellet was washed twice and centrifuged at 1,200x g for 5 min at 4°C,
then resuspended in 100 pl Buffer A with 0.25 mg/ml RNase A, and incubated at 37°C for 15 min. After
centrifugation at 1,200x g for 5 min, the supernatant was collected as the RNase-soluble fraction. The
cell pellet was washed twice with 1 ml Buffer A, resuspended in 100 ul Buffer A with 1X Turbo DNase
buffer and 10 U Turbo DNase, and incubated at 37°C for 30 min. After centrifugation at 16,000x g for 5
min, the supernatant was collected as the DNase-soluble fraction.

Immunoprecipitation

Formaldehyde RNA immunoprecipitation (RIP):

For one 6-cm dish/RIP, cells were at 80% confluency for experiment. Protein-G Dynabeads (100
pl/condition) were washed twice in RIP lysis buffer (RIPLB: 50 mM HEPES-HCI pH 7.5, 150 mM NaCl,
0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 10% glycerol, EDTA-free Protease Inhibitors) before
resuspension in 400 pl RIPLB + 1% BSA and 4-10 ug of relevant antibody with rotation for 1 hr. Beads
were then washed 3x in RIPLB before addition of sample lysate. Protein-RNA complexes were
crosslinked through incubation with PBS-formaldehyde (0.1%) for 10 min, before quenching with
addition of glycine (0.125 M final concentration). Cells were washed 3x with PBS and lysed in RIPLB +
Ribosafe RNase Inhibitors and Turbo DNase. Sonication using a Bioruptor (5 x [30s-ON/30s-OFF])
generated RNA fragments of 300-400 nucleotides. Samples were cleared by centrifugation (16100x g,
15 min, 4 °C), and 10% total lysate was isolated for the input fraction. Remainders were loaded on
beads and IPs performed whilst rotating for 2 hrs at 4 °C. This was followed by washing the beads twice
with RIPLB, then twice with RIP high salt wash buffer (50 mM HEPES-HCI, pH 7.5, 1 M NaCl, 0.1%
SDS, 1% NP-40, 0.5% sodium deoxycholate, 10% glycerol), and finally two more washes with RIPLB.
Input and IP samples were then made up to 56 ul with ultrapure H20, followed by the addition of 33 pl
3X reverse crosslinking buffer (3X PBS, 6% N-lauroyl sarcosine, 30 mM EDTA, pH 8, 155 mM DTT), 190
yl proteinase K (19 mg/ml) and 1 yl Ribosafe RNase Inhibitors. Samples were incubated for 1 hour at
42 °C and then 1 hour at 55°C, both whilst shaking at 1100 rpm, to reverse the crosslinks and digest
proteins in the samples. RNA was then isolated from input and IP samples via TRIzol extraction
(detailed above) and converted into cDNA prior to gPCR analysis.


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.22.550030; this version posted July 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Chromatin immunoprecipitation (ChlP):

For each ChIP condition, 1-4 15-cm dishes were seeded with 5x108 cells/dish. Protein-DNA complexes
were crosslinked through incubation with 20 ml PBS-formaldehyde (1%). Cell pellets were lysed in ChIP
Lysis Buffer 1 (50 mM HEPES-NaOH pH7.5, 140 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.25% Triton-X
100, 10% glycerol, Protease Inhibitors) and rotated for 5 min at 4°C. Nuclei were pelleted by
centrifugation (3000x g, 5 min at 4°C), resuspended in ChIP Buffer 2 (10 mM Tris-HCI, pH 7.3, 200 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA, Protease Inhibitors) and rotated for 10 min. Nuclei were pelleted by
centrifugation (1500x g, 5 min at 4°C) and resuspended in ChIP Lysis Buffer 3 (10 mM Tris-HCI pH7.3,
200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.5% N-lauroylsarcosine, 0.1% Na-deoxycholate, Protease
Inhibitors). Chromatin fragments of 250-300 nucleotides were generated by sonication in a Diagenode
Bioruptor pico (20 x [30s-ON/30s-OFF]). Samples were cleared by centrifugation (16100x g, 15 min,
4°C) and equal concentrations of chromatin were incorporated into IPs, performed overnight at 4°C
using 5 ug antibody. Blocked protein-G Dynabeads (100 ul) were added to samples and incubated for
2 hrs at 4°C, then beads were washed 4x with ChIP RIPA Wash Buffer (50 mM HEPES-NaOH, pH 7.5,
500 mM LiCl, 1% NP40, 1 mM EDTA, 0.1% N-lauroylsarcosine, 0.7% Na-deoxycholate) and once with
ChIP Final Wash Buffer (10 mM Tris-HCI pH7.3, 50 mM NaCl, 1 mM EDTA). Complexes were eluted
with ChIP Elution buffer (50 mM Tris-HCI pH8.0, 10 mM EDTA, 1% SDS) over 30 min at 65°C. NaCl
(200 mM) was added and cross-links were reversed overnight at 65 °C. Samples were treated with
RNase A (0.2 mg/ml final) for 2 hrs at 37°C, followed by proteinase K (0.2 mg/ml final) for 2 hrs at 55°C.
DNA was purified via phenol-chloroform extraction and ethanol precipitation, and resuspended in H20.

Protein co-ImmunoPrecipitation (co-IP):

Dynabeads Protein-G (40 pl) were blocked by rotating at 24 rpm for 2 hrs in 400 ul IPLB + 4 ug primary
antibody and 1% BSA. Beads were washed 3x in 1 ml lysis buffer (IPLB) and placed on ice. IPLB +
Protease Inhibitors and 1 mM DTT was placed onto 2-4 x 15-cm dishes and cells were scraped into a
1.5 ml Eppendorf and centrifuged for 5 min at 17,000x g. Supernatant (1-5 mg proteins) was mixed with
beads and rotated for 2 hrs at 24 rpm and 4°C. Beads were washed 3x and eluted using 50 yl 1 M
Arg-HCI pH 3.5. Eluates were neutralised with 1.5 ul Tris.HCI pH 8.8 and analysed by western blotting,
with input samples representing 0.1-0.5% of protein concentration loaded onto the beads.

FLAG-tagged Protein co-IP:

FLAG-agarose (50 pl) was blocked by rotating overnight at 24 rpm and 4°C in IPLB + 1% BSA. Cells
were lysed and supernatant loaded onto beads and incubated as described above. For RNase A-treated
samples, 0.25 mg/ml RNase A was supplemented during the washes before elution. Bound complexes
were eluted in 60 pl IPLB + 100 pug/ml 3xFLAG peptide by rotation at 4°C for 1 hr. Eluates were analysed
by SDS-PAGE or western blotting, with input samples representing 0.1-0.5% of protein concentration
loaded onto the beads.

Pulldowns

Bacterial pellets (0.5 g) were used to extract bait proteins, while 0.1-0.2 g cells were used for the control
baits (GST and 6xHis-GFP). Cells were resuspended in 1 ml GST lysis buffer (1X PBS, 0.1% Tween-
20) or Co?* lysis buffer and sonicated (5 x [3s-ON/3s-OFF]) at 25% amplitude with a Fisherbrand Model
120 Sonic Dismembrator. Lysates were centrifuged at 16,200x g for 5 min and incubated with 50-150
pl GSH or Talon beads for 30 min at 4°C. Beads were washed 3x with 1 ml GST lysis buffer or Co?*
wash buffer, then split into several tubes (depending on number of conditions), mixed with purified prey
proteins or total cell lysates (equalised by expression of transfected hnRNPUL1 constructs) in RB100
(25 mM Hepes pH 7.5, 50 mM NaCl, 10 mM MgClz, 1 mM DTT, 0.05% Triton-X 100, 10% Glycerol).
Reactions were incubated at 37°C for 30 min, supernatants washed with 2x 200 yl PBS and eluted with
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2 bead volumes of GST- (50 mM Tris pH 8.0, 40 mM GSH, 200 mM NaCl, 10% glycerol) or Co?* elution
buffers. Eluates were analysed by SDS-PAGE and western blotting.

Mass spectrometry analysis

co-IPs were conducted as above until washing and elution steps, with 10x 15-cm dishes/condition as
starting material. Protein-loaded beads were washed twice with IPLB, then twice with IPLB without
glycerol and Triton-X 100. Immunoprecipitated complexes were eluted using 1 M Arg-HCI pH 3.5 prior
to in-solution tryptic digestion. Mass spectrometry analysis was performed using nano-flow liquid 71
chromatography on an U3000 RSLCnano coupled to a hybrid quadrupole-orbitrap mass spectrometer
(Q Exactive HF). Peptides were separated on an Easy-Spray C18 column (75 ym x 50 cm) using a 2-
step gradient from 97% solvent A (0.1% formic acid in water) to 10% solvent B (0.1% formic acid in
80% acetonitrile) over 5 min, then 10% to 50% B over 75 min at 300 nl/min. The mass spectrometer
was programmed for data-dependent acquisition with 10 product ion scans (resolution 30,000,
automatic gain control 1€5, maximum injection time 60 ms, isolation window 1.2 Th, normalised collision
energy 27, intensity threshold 3.3e4) per full MS scan (resolution 120,000, automatic gain control 1e6,
maximum injection time 60 ms) with a 20 sec exclusion time. Database searching MaxQuant (version
1.5.2.8) software was used for database searching with *.raw MS data file using standard settings. Data
was searched against the Homo sapiens Uniprot proteome database (taxa id: 9606, downloaded 25
November 2018, 73101 entries), using the following settings: Digestion type: trypsin; Variable
modifications: Acetyl (Protein N-term); Oxidation (M); MS scan type: MS2; PSM FDR 0.01; Protein FDR
0.01; Site FDR 0.01; MS tolerance 0.2 Da; MS/MS tolerance 0.2 Da; min peptide length 7; max peptide
length 4600; max mis-cleavages 2; min number of peptides 2.IBAQ was selected for label free
quantification.

Colony formation assay

Doxycycline (1 pug/ml) and Auxin (500 uyM) were added to cells for 48 and 24 hrs respectively, for full
hnRNPUL1 depletion in the hnRNPUL1-AID degron line upon seeding. A 6-well plate/condition was
seeded at 200 cells/well. Cells were left to grow at 37°C for 14 days in 2 ml DMEM, then washed with
1X PBS, followed by staining with 1ml crystal violet/well (0.5% Giemsa powder in methanol) for 5 min.
Cells were washed twice with 1 ml deionized water, then left to dry for 30 min.

Liquid-liquid phase separation assays

Assays were performed by mixing the specified protein concentration in 50 mM Tris pH 8.0, 0.1 M NaCl
and 5% PEG 8,000. Small aliquots (2 ul) of each condition were spotted onto glass slides, covered with
coverslips and sealed, then incubated at RT for 1 hr. Droplets settled on the slide surface were
examined with a Leica fluorescent microscope. At least 5 photos were taken from representative areas.
The aliphatic alcohol 1,6-hexanediol (5%) was added at the beginning of the reaction or to pre-formed
droplets as indicated.

Dual-Luciferase assay

FLAG-Gal4-fused constructs were co-transfected with a plasmid carrying Gal4-specific promoter-driven
firefly luciferase (5xGAL4-TATA-luciferase) and a plasmid carrying CMV promoter-driven human
codon-optimised Renilla luciferase (pGL4.75). Transfection was optimised for equal test protein
expression. Dual luciferase assays were conducted using the Dual-Glo Luciferase Assay Kit as
instructed. Firefly luciferase reporter activities were normalised to co-transfected Renilla luciferase
activity, and the comparative transcription activation potential of each Gal4-fused construct was
calculated as the relative firefly luciferase activity ratio against the Gal4-DBD negative control construct.
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Northern blot

RNA (2 pg/sample) was resolved on an 8% 8 M urea polyacrylamide gel and transferred to N+ Hybond
membrane at 0.2 A for 2 hrs in 0.5x TBE. The membrane was air-dried, cross-linked under 0.2 joules
UV and blocked in 20 ml Hybridization Buffer (6x SSPE [0.9 M NaCl, 54 mM NaH2PQO4, 6 mM EDTA,
pH 8.0], 5x Denhardt’s [0.1% (w/v) Ficoll, 0.1% (w/v) Polyvinylpyrrolidone, 0.1% (w/v) bovine serum
albumin], 0.2% SDS) for 1 hr at 37°C. Oligonucleotide probe (0.25 uM) was labelled with 16.5 nM 32P
y-ATP and T4 PNK for 30 min at 37°C. Labelled probe was diluted with 1 ml Hybridization Buffer,
denatured for 5 min at 65°C, and diluted to 5 ml with Hybridization Buffer. After filtration through a 20
um filter, the probe was added to the blocked membrane and hybridised for 2-16 hrs at 37°C, then the
membrane was rinsed 3x and washed in 6x SSPE for 1 hr at 37°C. The membrane was dried and
exposed on a phosphorimager screen for 3-16 hours and visualised as before. Boiling stripping buffer
(0.1x SSPE, 0.1% SDS) was used to remove the bound probe.

Sequencing

Mammalian Native Elongation Transcript sequencing using mammalian cells (MNET-seq):

Mammalian NET-seq was performed as outlined by the authors™. Cells were seeded in 8x150-mm
dishes at 40% confluency and grown overnight. Pan-specific CMA601 Polll antibody was bound to
Dynabeads sheep anti-mouse IgG overnight by rotation at 12 rpm at 4°C. Upon reaching 80%
confluency, cells were washed with ice-cold PBS and collected into 15-ml Falcon tubes. All
centrifugation was carried out at 4°C , 420x g for 5 min for cells, 100x g for 2 s for Dynabeads IgG, and
16,000x g 15 min for chromatin and RNA precipitation steps, unless otherwise stated. Cells were spun
down and resuspended in 4 ml HLB+N lysis buffer (10 mM Tris-HCI, pH 7.5, 10 mM NaCl, 2.5 mM
MgClz, 0.5% NP-40). After a 5 min incubation, cells were underlaid with HLB+NS (10 mM Tris-HCI, pH
7.5, 10 mM NaCl, 2.5 mM MgClz2, 0.5% NP-40, 10% Sucrose) and nuclei were harvested by
centrifugation. Nuclei pellets were resuspended in 125 yl NUN1 (20 mM Tris-HCI, pH 7.9, 10 mM NaCl,
0.5 mM EDTA, 50% Glycerol), transferred to 1.5 ml Eppendorf tubes and chromatin pellets were
obtained by a 15 min incubation in 1.2 ml NUN2 buffer (20 mM HEPES-KOH, pH 7.6, 75 mM NaCl, 7.5
mM MgClz, 1% NP-40, 0.2 mM EDTA, 1 M Urea) and 10 min centrifugation. Chromatin pellets were
washed in 100 pyl MNase buffer (50 mM Tris-HCI, pH 7.9, 5 mM CaClz 100 ug/ml BSA) and incubated
for 90 seconds in MNase buffer, supplemented with 40 gel units/uyl MNase in an Eppendorf
ThermoMixer at 37°C, 1,400 rpm. The reaction was then quenched with 10 ul EGTA and the insoluble
material spun down at 16,000x g. Supernatants were pooled and rotated with Polll conjugated beads
at 4°C for 1 hour. The beads were bound to a magnetic rack, washed 6 times with NET-2 buffer (50 mM
Tris-HCI, pH 7.4, 300 mM NacCl, 0.05% NP-40), and resuspended in 300 yl PNKT buffer (70 mM Tris-
HCI, pH 7.6, 10 mM MgCI2, 5 mM DTT, 0.1% Tween-20). 15 pl of the sample was processed separately
for incorporation of 32P-ATP and monitoring the size distribution of digested RNA. The samples were
resuspended in reactions containing PNKT, 1 U/ul PNK and 1.5 mM ATP (1 uCi/ul y->?P ATP for size
monitoring) and incubated at 37°C for 6 m at 1,400 rpm on a ThermoMixer. The beads were washed
on a magnetic rack and resuspended in 1 ml TRIzol reagent and 200 pl chloroform. Following a 2 min
incubation at RT, samples were spun at 16,000x g for 15 min and 500 ul of the supernatant was
precipitated using 5 pg GlycoBlue co-precipitant and 500 pl isopropanol. After a 10 min incubation,
samples were spun down and the pellets were dried, resuspended in 10 yl urea dye and run on a
denaturing 8% 7 M urea polyacrylamide gel. The 3?P-ATP incorporated sample was visualised on a
Typhoon FLA 7000 laser scanner and the 35-100 nt region of the mNET-seq samples were cut out with
a scalpel and placed into pierced 0.5 ml tubes. The gel slices were crushed by centrifugation into a 1.5
ml Eppendorf at 15,000x g for 1 min at RT. RNA elution buffer (1 M NaCHsCOO-, 1 mM EDTA) was
applied to the slices and they were incubated on a ThermoMixer at 1100x g for 2 hrs. Supernatant (400
pl) was spun through a Spin-X column and precipitated as previously described. The pellets were
dissolved in RNase-free water and the sample size distributions were analysed on an Agilent 2100
Bioanalyzer. The Lexogen small RNA library prep kit was used in accordance with the manual to ligate
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a 5' and 3' sequencing adaptors to the RNA molecules, reverse transcribe them into cDNA libraries and
amplify them using PCR.

TTchem-seq:

TTchem-seq was performed as outlined by the authors”®, with minor alterations. In brief, the following
procedures were performed in the dark for each condition: two 15-cm dishes of 50% to 70% confluent
cells were labelled with 500 nM 4SU for 5 minutes, rinsed with warm PBS twice, lysed and homogenized
on-plate with 1.5 ml cold TRI-reagent. Each plate of cell lysate was collected into a pre-chilled 2 ml
microfuge tube. The TRI-reagent-RNA mix was chloroform-extracted and ethanol precipitated. Each
RNA pellet was resuspended in 200 pl ultrapure H20, combined into one tube and acidic phenol-
extracted using Phase Lock Gel Heavy tubes, followed by another ethanol precipitation. After
resuspending the pellets in 200 ul ultrapure H20, their concentration was measured using the Qubit
RNA BR Assay Kit. For each sample, 100 ug of isolated 4SU-labelled total RNA was spiked in with 2
Mg of 5 minute 1 mM 4TU-labelled BY4712 Saccharomyces cerevisiae total RNA and topped up to 100
pl with ultrapure H20. The RNA mix was fragmented by addition of 20 yl of 1 M NaOH and was
incubated on ice for 30 minutes. The fragmentation was quenched with 180 ul of 1 M Tris-HCI, pH 6.8
and immediately purified with acidic phenol-chloroform extraction and ethanol precipitation. Fragmented
RNA was resuspended in 196 pl ultrapure H20, and was biotinylated using 100 ug/ml Biotin-MTSEA
XX in 1% Biotinylation buffer (833 mM Tris-HCI, pH 7.4, 83 mM EDTA, pH 8.0) and 50% DMF for 30
minutes at 25°C. The biotinylated RNA was sequentially acidic phenol-extracted three times, and
ethanol-precipitated, followed by two 80% ethanol washes. The biotinylation was verified through a
streptavidin-HRP conjugate dot-blot. The biotinylated RNA was then isolated using pMAC magnetic
streptavidin beads, and washed twice with 55°C pre-heated Pull-down Wash Buffer (100 mM Tris-HCI,
pH 7.4, 10 mM EDTA, pH 8.0, 1 M NaCl, 0.1% Tween-20). The captured RNA was eluted twice with
freshly constituted 100mM DTT, acidic phenol-chloroform purified, ethanol precipitated, resuspended
in 20 pl ultrapure H20, and quantified using the Qubit RNA HS kit. The RNA fragment size was quality
checked on an Agilent TapeStation system and prepared into TT-seq libraries using the NEBNext Ultra
Il Directional RNA Library Prep Kit for lllumina.

RNA-sequencing:

All RNA-seq libraries were prepared by Novogene and sequenced in PE150 on an lllumina Novaseq
6000, except for mNET-seq, sequenced in SE50 on a Hiseq 2500. Chromatin RNA-seq libraries were
prepared from chromatin-fractionated RNA and sequenced at 40 million read pairs/sample. Nuclear
poly(A) RNA-seq libraries were prepared from nuclear RNA and sequenced at 30 million read
pairs/sample. Small Nuclear RNA-seq libraries were prepared from 20-250 nt size-selected nuclear
RNA and sequenced at 13 million read pairs/sample. mNET-seq and TTchem-seq libraries were
sequenced at a read depth of 120 million read pairs/sample.

Processing of sequencing data

RNA-seq data:

RNA-sequencing datasets were adapter-trimmed using Cutadapt v1.9.17¢ with parameters ‘-e 0.05 --
minimum-length 15’ (adapter sequences: MNET-seq: ‘-a TGGAATTCTCGGGTGCCAAGG’; TT-seq: * -
a AGATCGGAAGAGC -A AGATCGGAAGAGCS RNA-seq: ‘-a
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC -A
AATGATACGGCGACCACCGAGATCTACAC’) and mapped to the GRCh38 genome and a junction
database built from Ensembl 85, using STAR v2.4.2a’” with parameters ‘—outFilterType BySJout'.
Bigwig tracks were generated using deeptools v3.5.17 bamCoverage —binSize 1. Counts for DESeq2"®
in sSRNA and polyA RNA-seq datasets were generated using featureCounts v2.0.1% with parameters ‘-
t exon -g gene_id -a geneset.gtf -B -p -M -O -C’, where geneset.gtf contained exons for every annotated
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transcript within Ensembl 85. Genes with a baseMean count < 10 were removed from the final
differential expression plots. Counts for DESeq2 in sample normalization and differential expression
analysis for all other datasets were generated using deeptools ‘computeMatrix -bs 1 -m 1 --
averageTypeBins sum’ over a geneset generated from merged transcript entries for every gene,
generated using cgat?®' ‘gtf2gtf --method=merge-transcripts’. Splicing analysis of RNA-seq datasets was
performed using rMATS?®? v4.1.1 using default parameters.

mNET-seq data:

In order to remove contaminating reads from small ncRNAs co-immunoprecipitated with RNA Polll,
annotation sets of snRNA, snoRNA and scaRNA were obtained from the Hugo Gene Nomenclature
Committee (HGNC) and a geneset of their chromosomal locations was generated from the hg38 RefSeq
Curated table from UCSC table browser. The adapter-trimmed mNET-seq reads were mapped to a
small ncRNA genome assembled from this geneset using bwa v0.7.17-r1188 mem?3 with parameters -
k 20 -T 15 -a -M -t 1°. Unmapped reads were extracted and re-mapped against the GRCh38 genome
using v2.4.2a’” with parameters ‘—outFilterType BySJout'. The resulting bam files were filtered to select
primary alignments using samtools v1.9% ‘view —b F 256’. Single nucleotide tracks were generated
using deeptools with parameters ‘—Offset -1 —binSize 1’ and used to obtain a matrix of counts from all
Ensembl gene annotations using deeptools computeMatrix. Matrix counts were used to obtain scaling
factors for normalisation using DESeq2. Stranded bam files were generated using samtools view ‘-b -F
16’ and samtools view ‘-b -f 16’ for positive and negative stranded bam files, respectively. The DESeq2
scaling factors were reapplied to the stranded files using deeptools bamCoverage with parameters ‘—
binSize 1 —exactScaling —scaleFactor *’ to generate stranded normalised tracks.

TTchem-seq data:

TTchem-seq data was adapter-trimmed and mapped to GRCh38 using STAR, as above. Unspliced
reads were selected using samtools ‘view %(infile)s | awk -v OFS="\t" '$0 ~ /*@/{print $0;next;} $6 !~
IN/"*, strand-separated using samtools ‘view -b -f 128 -F 16’, ‘view -b -f 80’; and ‘view -b -f 144’, ‘view -
b -f 64 -F 16’, for positive and negative strand respectively. Both bam files for each strand were merged
using samtools merge. These were converted into normalised bigwigs using DESeq2 scaling factors
obtained from a deeptools count matrix generated against Ensembl 85 gene annotations using
deeptools bamCoverage with parameters ‘-binSize 1 —exactScaling —scaleFactor * to generate
stranded, normalised tracks.

eCLIP data:

eCLIP fastq files, already adapter-trimmed and UMI-extracted, were downloaded from the ENCODE
project database. UMI identifiers were moved to the end of read names using a custom awk script to
allow compatibility with umi-tools®®. eCLIP reads were aligned to the human GRCh38 genome using
STAR with parameter ‘--outFilterMultimapNmax 100’ to allow mapping to U2 snRNA. Aligned bam files
were deduplicated using umi-tools dedup with parameters ‘--method=unique --random-seed 1 --spliced-
is-unique’. Read 2 was extracted with samtools ‘view -F 64’ and counted using featurecounts with
parameters ‘-M -O —read2pos 5’ for size factor generation via DESeq2. Per-base coverage of single-
nucleotide eCLIP signal was extracted from the read 2 bam file into strand-specific bedgraph files using
bedtools genomecov with parameter ‘-5’ for bigwig and matrix generation.

ChIP-seq data:

Publicly available ChlP-seq datasets were adapter-trimmed and mapped using bwa v.0.7.17-r1188
mem and parameters -k 20 -T 15 -a -M -t 1 -t 12'. MACS2 v.2.2.7.1%¢ was used to perform peakcalling
with parameters ‘-nomodel —extsize 100 -B —SPMR —bdg -q 0.01 -g hs’. Fold change over input tracks
were generated using macs2 ‘bdgcmp -m FE'.
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Metagene analysis

Metagene profiles were generated using deeptools computeMatrix. Matrices were loaded into R for
processing and plotting, with bin values averaged across all replicates. The individual bin values of each
gene were summed across all genes, and, excluding Figure 5E, the final profiles normalized by their
sum. For Figures S3C, 5C and 5D, the bin values of each gene were first divided by the gene sum for
“per-gene” normalization. snRNA genesets used in Figures 5C, 5D and 5E were extracted from the
UCSC table browser GENCODE V43 knowngene table as a .bed file against a genelist of 16 non-variant
Polll transcribed snRNAs obtained from the HGNC (group 849). These were filtered within each
analysis, to only include snRNAs containing mapped reads. The histone geneset used in Figure 5L
was obtained from the ncbiRefSeqCurated table using a genelist of all histone annotations from the
HGNC (group 864). Replication dependent histone gene names from ref.?” were used to mark all
replication dependent histones in all differential expression boxplot subfigures in Figures 5 and S5.
snRNA and histone genesets used in bioinformatic analyses are provided within the github repository
associated with this study. For eCLIP plots in Figures 6 and S6, a pseudocount was added to every
bin prior to plotting to aid calculation of fold change over bases with no signal in the input samples.

Publicly available deep-sequencing data

Data from public repositories was downloaded and processed as above. Datasets and corresponding
accession numbers are provided within Table S3.

Graphics generation

Structural models were analysed and molecular models rendered using UCSF ChimeraX v1.68.
Diagrams were drawn using BioRender.com.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 9.1.0 software was used to generate graphs and statistical analyses of qRT-PCR data.
Statistical significance was determined by a two-tailed unpaired t-test. Number of biological replicates
and definition of error bars is indicated within figure legends, n.s. = not significant, *p < 0.05, **p < 0.01,
***p < 0.001. Statistical significance on differential expression data presented within box or violin plots
was calculated using Welch's t-test. All images shown are representative of experiments reproduced in
at least two independent experiments, unless otherwise stated in figure legends.

Acknowledgements

We thank Phil Mitchell for help throughout this project, Shona Murphy for providing the GST-Polll CTD
construct, Vicky Porteous-Medley for technical assistance and Emma Thomson for helpful comments
on the manuscript. SW acknowledges support from the Biotechnology and Biological Sciences
Research Council UK (BBSRC) grants BB/W000172/1, BB/N005430/1 and BB/N014839/1. IDY, CVA
and AW acknowledge support from the BBSRC White Rose Doctoral training programme grant
BB/M011151/1. EAM acknowledges support from CONACyT-Mexico. MJD acknowledges support from
the BBSRC (BB/M012166/1). IS acknowledges support from the BBSRC (BB/R007268/1).

Authorship Contributions

IDY, CVA and LG performed the majority of the molecular and biochemical experiments and
bioinformatic analysis, AL performed the Northern blot analysis, TT-seq and some bioinformatic
analysis. HP performed the microscopy of Cajal bodies, IB and LB generated the hnRNPUL1-AID stem
cells and differentiated motor neurons, respectively. EA-M performed molecular biology experiments.
AW performed Gal4 dual luciferase reporter assays under supervision from AL. CE and MD performed


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.22.550030; this version posted July 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

the mass spectrometry analysis, JC-K and PS identified the hnRNPUL1 mutations in ALS patients and
provided supervisory support to LG. SW provided reagents and advice on establishing the auxin degron
system. IS supervised the bioinformatic analysis of all data. SAW conceived the study, designed
experiments and supervised the work of IDY, CVA, LG and AL. IDY, CVA, LG and SAW wrote the
manuscript with input from all co-authors.

Competing interests

The authors declare no competing interests.
References

1. Dreyfuss, G., Matunis, M., Pinol-Roma, S., and Burd, C. (1993). hnRNP proteins and the
biogenesis of MRNA. Annu. Rev. Biochem. 62, 289-321. 10.1146/annurev.bi.62.070193.001445.

2. Dreyfuss, G., Kim, V.N., and Kataoka, N. (2002). Messenger-RNA-binding proteins and the
messages they carry. Nat. Rev. Mol. Cell Biol. 3, 195-205. 10.1038/nrm760.

3. Bampton, A,, Gittings, L.M., Fratta, P., Lashley, T., and Gatt, A. (2020). The role of hnRNPs in
frontotemporal dementia and amyotrophic lateral sclerosis. Acta Neuropathol. (Berl.) 140, 599—
623. 10.1007/s00401-020-02203-0.

4. Gillentine, M.A., Wang, T., Hoekzema, K., Rosenfeld, J., Liu, P., Guo, H., Kim, C.N., Vries,
B.B.A.D., Vissers, L.E.L.M., Nordenskjold, M., et al. (2021). Rare deleterious mutations of
HNRNP genes result in shared neurodevelopmental disorders. Genome Med. 13, 63.
10.1186/s13073-021-00870-6.

5. Yates, M.T., Vasudevan, P.C., Chandler, K.E., Donnelly, D.E., Stark, Z., Sadedin, S., Willoughby,
J., and Balasubramanian, M. (2017). De novo mutations in HNRNPU result in a
neurodevelopmental syndrome. Am. J. Med. Genet. A., 3003-3012. 10.1002/ajmg.a.38492.

6. Xiao, R, Tang, P., Yang, B., Huang, J., Zhou, Y., Shao, C., Li, H., Sun, H., Zhang, Y., and Fu, X.-
D. (2012). Nuclear matrix factor hnRNP U/SAF-A exerts a global control of alternative splicing by
regulating U2 snRNP maturation. Mol. Cell 45, 656-668. 10.1016/j.molcel.2012.01.009.

7. Hasegawa, Y., Brockdorff, N., Kawano, S., Tsutui, K., Tsutui, K., and Nakagawa, S. (2010). The
matrix protein hnRNP U is required for chromosomal localization of Xist RNA. Dev. Cell 19, 469—
476. 10.1016/j.devcel.2010.08.006.

8. Sharp, J.A., Perea-Resa, C., Wang, W., and Blower, M.D. (2020). Cell division requires RNA
eviction from condensing chromosomes. J. Cell Biol. 219, €201910148. 10.1083/jcb.201910148.

9. Walker, J.E., Saraste, M., Runswick, M.J., and Gay, N.J. (1982). Distantly related sequences in
the alpha- and beta-subunits of ATP synthase, myosin, kinases and other ATP-requiring enzymes
and a common nucleotide binding fold. EMBO J. 1, 945-951. 10.1002/j.1460-
2075.1982.tb01276.x.

10. Nozawa, R.-S., Boteva, L., Soares, D.C., Naughton, C., Dun, A.R., Buckle, A., Ramsahoye, B.,
Bruton, P.C., Saleeb, R.S., Arnedo, M., et al. (2017). SAF-A regulates interphase chromosome
structure through oligomerization with chromatin-associated RNAs. Cell 769, 1214-1227.e18.
10.1016/j.cell.2017.05.029.

11. Leipe, D.D., Koonin, E.V., and Aravind, L. (2003). Evolution and Classification of P-loop Kinases
and Related Proteins. J. Mol. Biol. 333, 781-815. 10.1016/j.jmb.2003.08.040.

12. Panhale, A., Richter, F.M., Ramirez, F., Shvedunova, M., Manke, T., Mittler, G., and Akhtar, A.
(2019). CAPRI enables comparison of evolutionarily conserved RNA interacting regions. Nat.
Commun. 10, 2682. 10.1038/s41467-019-10585-3.

13. Kiledjian, M., and Dreyfuss, G. (1992). Primary structure and binding activity of the hnRNP U
protein: binding RNA through RGG box. EMBO J. 11, 2655-2664. 10.1002/j.1460-
2075.1992.tb05331 .x.

14. Sharma, S., Anand, R., Zhang, X., Francia, S., Michelini, F., Galbiati, A., Williams, H., Ronato,
D.A., Masson, J.-Y., Rothenberg, E., et al. (2021). MRE11-RAD50-NBS1 complex is sufficient to
promote transcription by RNA Polymerase Il at double-strand breaks by melting DNA ends. Cell
Rep. 34, 108565. 10.1016/j.celrep.2020.108565.

15. Polo, S.E., Blackford, A.N., Chapman, J.R., Baskcomb, L., Gravel, S., Rusch, A., Thomas, A.,
Blundred, R., Smith, P., Kzhyshkowska, J., et al. (2012). Regulation of DNA-end resection by
hnRNPU-like proteins promotes DNA double-strand break signaling and repair. Mol. Cell 45,
505-516. 10.1016/j.molcel.2011.12.035.

16. Blackwell, D.L., Fraser, S.D., Caluseriu, O., Vivori, C., Tyndall, A.V., Lamont, R.E., Parboosingh,


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.22.550030; this version posted July 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

made available under aCC-BY-NC-ND 4.0 International license.

J.S., Innes, A.M., Bernier, F.P., and Childs, S.J. (2022). Hnrnpul1 controls transcription, splicing,
and modulates skeletal and limb development in vivo. G3 GenesGenomesGenetics 712, jkac067.
10.1093/g3journal/jkac067.

Vivori, C., Papasaikas, P., Stadhouders, R., Stefano, B.D., Rubio, A.R., Balaguer, C.B.,
Generoso, S., Mallol, A., Sardina, J.L., Payer, B., et al. (2021). Dynamics of alternative splicing
during somatic cell reprogramming reveals functions for RNA-binding proteins CPSF3, hnRNP
UL1, and TIA1. Genome Biol. 22, 171. 10.1186/s13059-021-02372-5.

Ideue, T., Adachi, S., Naganuma, T., Tanigawa, A., Natsume, T., and Hirose, T. (2012). U7 small
nuclear ribonucleoprotein represses histone gene transcription in cell cycle-arrested cells. Proc.
Natl. Acad. Sci. 109, 5693-5698. 10.1073/pnas.1200523109.

Xiao, R., Chen, J.-Y, Liang, Z., Luo, D., Chen, G., Lu, Z.J., Chen, Y., Zhou, B., Li, H., Du, X,, et
al. (2019). Pervasive chromatin-RNA binding protein interactions enable RNA-based regulation of
transcription. Cell 178, 107-121.e18. 10.1016/j.cell.2019.06.001.

Fianu, I., Chen, Y., Dienemann, C., Dybkov, O., Linden, A., Urlaub, H., and Cramer, P. (2021).
Structural basis of Integrator-mediated transcription regulation. Science 374, 883—-887.
10.1126/science.abk0154.

Stein, C.B., Field, A.R., Mimoso, C.A., Zhao, C., Huang, K.-L., Wagner, E.J., and Adelman, K.
(2022). Integrator endonuclease drives promoter-proximal termination at all RNA polymerase II-
transcribed loci. Mol. Cell. 10.1016/j.molcel.2022.10.004.

Li, Y.R., King, O.D., Shorter, J., and Gitler, A.D. (2013). Stress granules as crucibles of ALS
pathogenesis. J. Cell Biol. 201, 361-372. 10.1083/jcb.201302044.

Lykke-Andersen, S., Zumer, K., Molska, E.S., Rouviére, J.O., Wu, G., Demel, C., Schwalb, B.,
Schmid, M., Cramer, P., and Jensen, T.H. (2021). Integrator is a genome-wide attenuator of non-
productive transcription. Mol. Cell 81, 514-529.e6. 10.1016/j.molcel.2020.12.014.

Chi, B., O’'Connell, J.D., Yamazaki, T., Gangopadhyay, J., Gygi, S.P., and Reed, R. (2018).
Interactome analyses revealed that the U1 snRNP machinery overlaps extensively with the RNAP
Il machinery and contains multiple ALS/SMA-causative proteins. Sci. Rep. 8, 8755.
10.1038/s41598-018-27136-3.

Raczynska, K.D., Ruepp, M.-D., Brzek, A., Reber, S., Romeo, V., Rindlisbacher, B., Heller, M.,
Szweykowska-Kulinska, Z., Jarmolowski, A., and Schimperli, D. (2015). FUS/TLS contributes to
replication-dependent histone gene expression by interaction with U7 snRNPs and histone-
specific transcription factors. Nucleic Acids Res. 43, 9711-9728. 10.1093/nar/gkv794.
Cooper-Knock, J., Walsh, M.J., Higginbottom, A., Highley, J.R., Dickman, M.J., Edbauer, D., Ince,
P.G., Wharton, S.B., Wilson, S.A., Kirby, J., et al. (2014). Sequestration of multiple RNA
recognition motif-containing proteins by C9orf72 repeat expansions. Brain 137, 2040-2051.
10.1093/brain/awu120.

Gu, Z., Churchman, M., Roberts, K., Li, Y., Liu, Y., Harvey, R.C., McCastlain, K., Reshmi, S.C.,
Payne-Turner, D., lacobucci, |., et al. (2016). Genomic analyses identify recurrent MEF2D fusions
in acute lymphoblastic leukaemia. Nat. Commun. 7, 13331. 10.1038/ncomms13331.

Yasuda, T., Tsuzuki, S., Kawazu, M., Hayakawa, F., Kojima, S., Ueno, T., Imoto, N., Kohsaka, S.,
Kunita, A., Doi, K., et al. (2016). Recurrent DUX4 fusions in B cell acute lymphoblastic leukemia
of adolescents and young adults. Nat. Genet. 48, 569-574. 10.1038/ng.3535.

Zhang, M., Zhang, H., Li, Z., Bai, L., Wang, Q., Li, J., Jiang, M., Xue, Q., Cheng, N., Zhang, W.,
et al. (2022). Functional, structural and molecular characterizations of leukemogenic driver
MEF2D-HNRNPUL1 fusion. Blood 740, 1390-1407. 10.1182/blood.2022016241.

Natsume, T., Kiyomitsu, T., Saga, Y., and Kanemaki, M.T. (2016). Rapid protein depletion in
human cells by auxin-inducible degron tagging with short homology donors. Cell Rep. 75, 210-
218. 10.1016/j.celrep.2016.03.001.

Jumper, J., Evans, R, Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., Tunyasuvunakool,
K., Bates, R., Zidek, A., Potapenko, A., et al. (2021). Highly accurate protein structure prediction
with AlphaFold. Nature 596, 583-589. 10.1038/s41586-021-03819-2.

Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C., Yordanova, G., Yuan, D., Stroe,
0., Wood, G., Laydon, A, et al. (2021). AlphaFold Protein Structure Database: massively
expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic
Acids Res. 50, D439-D444. 10.1093/nar/gkab1061.

Garces, F., Pearl, L.H., and Oliver, A.W. (2011). The structural basis for substrate recognition by
mammalian polynucleotide kinase 3' phosphatase. Mol. Cell 44, 385-396.
10.1016/j.molcel.2011.08.036.

Castello, A., Fischer, B., Frese, C.K., Horos, R., Alleaume, A.-M., Foehr, S., Curk, T., Krijgsveld,
J., and Hentze, M.W. (2016). Comprehensive identification of RNA-binding domains in human


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.22.550030; this version posted July 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

made available under aCC-BY-NC-ND 4.0 International license.

cells. Mol. Cell 63, 696-710. 10.1016/j.molcel.2016.06.029.

He, C., Sidoli, S., Warneford-Thomson, R., Tatomer, D.C., Wilusz, J.E., Garcia, B.A., and
Bonasio, R. (2016). High-resolution mapping of RNA-binding regions in the nuclear proteome of
embryonic stem cells. Mol. Cell 64, 416—430. 10.1016/j.molcel.2016.09.034.

Trendel, J., Schwarzl, T., Horos, R., Prakash, A., Bateman, A., Hentze, M.W., and Kirijgsveld, J.
(2019). The human RNA-binding proteome and its dynamics during translational arrest. Cell 176,
391-403.e19. 10.1016/j.cell.2018.11.004.

Dreyfuss, G., Choi, Y.D., and Adam, S.A. (1984). Characterization of heterogeneous nuclear
RNA-protein complexes in vivo with monoclonal antibodies. Mol. Cell. Biol. 4, 1104-1114.
10.1128/mcb.4.6.1104-1114.1984.

Bernstein, N.K., Hammel, M., Mani, R.S., Weinfeld, M., Pelikan, M., Tainer, J.A., and Glover,
J.N.M. (2009). Mechanism of DNA substrate recognition by the mammalian DNA repair enzyme,
Polynucleotide Kinase. Nucleic Acids Res. 37, 6161-6173. 10.1093/nar/gkp597.

Bell, M., Schreiner, S., Damianov, A., Reddy, R., and Bindereif, A. (2002). p110, a novel human
U6 snRNP protein and U4/U6 snRNP recycling factor. EMBO J. 271, 2724-2735.
10.1093/emboj/21.11.2724.

Nostrand, E.L.V., Freese, P., Pratt, G.A., Wang, X., Wei, X., Xiao, R., Blue, S.M., Chen, J.-Y.,
Cody, N.A.L., Dominguez, D., et al. (2020). A large-scale binding and functional map of human
RNA-binding proteins. Nature 5683, 711-719. 10.1038/s41586-020-2077-3.

Nottrott, S., Urlaub, H., and Lihrmann, R. (2002). Hierarchical, clustered protein interactions with
U4/U6 snRNA: a biochemical role for U4/U6 proteins. EMBO J. 21, 5527-5538.
10.1093/emboj/cdf544.

Machyna, M., Kehr, S., Straube, K., Kappei, D., Buchholz, F., Butter, F., Ule, J., Hertel, J.,
Stadler, P.F., and Neugebauer, K.M. (2014). The coilin interactome identifies hundreds of small
noncoding RNAs that traffic through Cajal bodies. Mol. Cell 56, 389-399.
10.1016/j.molcel.2014.10.004.

Machyna, M., Heyn, P., and Neugebauer, K.M. (2013). Cajal bodies: where form meets function.
Wiley Interdiscip. Rev. RNA 4, 17-34. 10.1002/wrna.1139.

Tapia, O., Bengoechea, R., Palanca, A., Arteaga, R., Val-Bernal, J.F., Tizzano, E.F., Berciano,
M.T., and Lafarga, M. (2012). Reorganization of Cajal bodies and nucleolar targeting of coilin in
motor neurons of type | spinal muscular atrophy. Histochem. Cell Biol. 137, 657-667.
10.1007/s00418-012-0921-8.

Chi, B., O’'Connell, J.D., locolano, A.D., Coady, J.A., Yu, Y., Gangopadhyay, J., Gygi, S.P., and
Reed, R. (2018). The neurodegenerative diseases ALS and SMA are linked at the molecular level
via the ASC-1 complex. Nucleic Acids Res. 46, gky1093-. 10.1093/nar/gky1093.

Alberti, S., Halfmann, R., King, O., Kapila, A., and Lindquist, S. (2009). A systematic survey
identifies prions and illuminates sequence features of prionogenic proteins. Cell 137, 146-158.
10.1016/j.cell.2009.02.044.

Lancaster, A.K., Nutter-Upham, A., Lindquist, S., and King, O.D. (2014). PLAAC: a web and
command-line application to identify proteins with prion-like amino acid composition.
Bioinformatics 30, 2501-2502. 10.1093/bioinformatics/btu310.

Hughes, M.P., Sawaya, M.R., Boyer, D.R., Goldschmidt, L., Rodriguez, J.A., Cascio, D., Chong,
L., Gonen, T., and Eisenberg, D.S. (2018). Atomic structures of low-complexity protein segments
reveal kinked B sheets that assemble networks. Science 359, 698-701.
10.1126/science.aan6398.

Wang, J., Choi, J.-M., Holehouse, A.S., Lee, H.O., Zhang, X., Jahnel, M., Maharana, S.,
Lemaitre, R., Pozniakovsky, A., Drechsel, D., et al. (2018). A molecular grammar governing the
driving forces for phase separation of prion-like RNA binding proteins. Cell 174, 688-699.e16.
10.1016/j.cell.2018.06.006.

Burke, K.A., Janke, A.M., Rhine, C.L., and Fawzi, N.L. (2015). Residue-by-residue view of in vitro
FUS granules that bind the C-terminal domain of RNA Polymerase Il. Mol. Cell 60, 231-241.
10.1016/j.molcel.2015.09.006.

Davidson, L., Francis, L., Eaton, J.D., and West, S. (2020). Integrator-dependent and
allosteric/intrinsic mechanisms ensure efficient termination of snRNA transcription. Cell Rep. 33,
108319. 10.1016/j.celrep.2020.108319.

Turner, B.J., Baumer, D., Parkinson, N.J., Scaber, J., Ansorge, O., and Talbot, K. (2008). TDP-43
expression in mouse models of amyotrophic lateral sclerosis and spinal muscular atrophy. BMC
Neurosci. 9, 104. 10.1186/1471-2202-9-104.

Shan, X., Chiang, P.-M., Price, D.L., and Wong, P.C. (2010). Altered distributions of Gemini of
coiled bodies and mitochondria in motor neurons of TDP-43 transgenic mice. Proc. Natl. Acad.


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.22.550030; this version posted July 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

made available under aCC-BY-NC-ND 4.0 International license.

Sci. 107, 16325—-16330. 10.1073/pnas.1003459107.

Yamazaki, T., Chen, S., Yu, Y., Yan, B., Haertlein, T.C., Carrasco, M.A., Tapia, J.C., Zhai, B.,
Das, R., Lalancette-Hebert, M., et al. (2012). FUS-SMN protein interactions link the motor neuron
diseases ALS and SMA. Cell Rep. 2, 799-806. 10.1016/j.celrep.2012.08.025.

Spek, R.A.A. van der, Rheenen, W. van, Pulit, S.L., Kenna, K.P., Berg, L.H. van den, Veldink,
J.H., and Consortium, P.M.A.S. (2019). The project MinE databrowser: bringing large-scale
whole-genome sequencing in ALS to researchers and the public. Amyotroph. Lateral Scler. Front.
Degener. 20, 432—440. 10.1080/21678421.2019.1606244.

Karczewski, K.J., Weisburd, B., Thomas, B., Solomonson, M., Ruderfer, D.M., Kavanagh, D.,
Hamamsy, T., Lek, M., Samocha, K.E., Cummings, B.B., et al. (2017). The ExXAC browser:
displaying reference data information from over 60 000 exomes. Nucleic Acids Res. 45, D840—
D845. 10.1093/nar/gkw971.

Kircher, M., Witten, D.M., Jain, P., O’Roak, B.J., Cooper, G.M., and Shendure, J. (2014). A
general framework for estimating the relative pathogenicity of human genetic variants. Nat.
Genet. 46, 310-315. 10.1038/ng.2892.

Welsh, S.A., and Gardini, A. (2023). Genomic regulation of transcription and RNA processing by
the multitasking Integrator complex. Nat. Rev. Mol. Cell Biol. 24, 204—220. 10.1038/s41580-022-
00534-2.

Vervoort, S.J., Welsh, S.A., Devlin, J.R., Barbieri, E., Knight, D.A., Offley, S., Bjelosevic, S.,
Costacurta, M., Todorovski, |., Kearney, C.J., et al. (2021). The PP2A-Integrator-CDK9 axis fine-
tunes transcription and can be targeted therapeutically in cancer. Cell 184, 3143-3162.e32.
10.1016/j.cell.2021.04.022.

Uguen, P., and Murphy, S. (2003). The 3' ends of human pre-snRNAs are produced by RNA
polymerase Il CTD-dependent RNA processing. EMBO J. 22, 45444554,
10.1093/emboj/cdg430.

Fong, N., Brannan, K., Erickson, B., Kim, H., Cortazar, M.A., Sheridan, R.M., Nguyen, T., Karp,
S., and Bentley, D.L. (2015). Effects of transcription elongation rate and Xrn2 exonuclease
activity on RNA Polymerase |l termination suggest widespread kinetic competition. Mol. Cell 60,
256-267. 10.1016/j.molcel.2015.09.026.

Rouviére, J.0., Salerno-Kochan, A., Lykke-Andersen, S., Garland, W., Dou, Y., Rathore, O.,
Molska, E.S., Wu, G., Schmid, M., Bugai, A., et al. (2023). ARS2 instructs early transcription
termination-coupled RNA decay by recruiting ZC3H4 to nascent transcripts. Mol. Cell.
10.1016/j.molcel.2023.05.028.

Yuo, C.Y., Ares, M., and Weiner, A.M. (1985). Sequences required for 3' end formation of human
U2 small nuclear RNA. Cell 42, 193-202. 10.1016/S0092-8674(85)80115-X.

Loughlin, F.E., Lukavsky, P.J., Kazeeva, T., Reber, S., Hock, E.-M., Colombo, M., Schroetter,
C.V., Pauli, P., Cléry, A., MUhlemann, O., et al. (2019). The solution structure of FUS bound to
RNA reveals a bipartite mode of RNA recognition with both sequence and shape specificity. Mol.
Cell 73, 490-504.e6. 10.1016/j.molcel.2018.11.012.

Nojima, T., and Proudfoot, N.J. (2022). Mechanisms of IncRNA biogenesis as revealed by
nascent transcriptomics. Nat. Rev. Mol. Cell Biol. 23, 389-406. 10.1038/s41580-021-00447-6.
Eaton, J.D., Davidson, L., Bauer, D.L.V., Natsume, T., Kanemaki, M.T., and West, S. (2018).
Xrn2 accelerates termination by RNA polymerase Il, which is underpinned by CPSF73 activity.
Genes Dev. 32, 127-139. 10.1101/gad.308528.117.

Sousa-Luis, R., Dujardin, G., Zukher, |., Kimura, H., Weldon, C., Carmo-Fonseca, M., Proudfoot,
N.J., and Nojima, T. (2021). POINT technology illuminates the processing of polymerase-
associated intact nascent transcripts. Mol. Cell 81, 1935-1950.e6. 10.1016/j.molcel.2021.02.034.
Gregory, R.1,, Yan, K., Amuthan, G., Chendrimada, T., Doratotaj, B., Cooch, N., and Shiekhattar,
R. (2004). The Microprocessor complex mediates the genesis of microRNAs. Nature 432, 235—
240. 10.1038/nature03120.

Cihlarova, Z., Kubovciak, J., Sobol, M., Krejcikova, K., Sachova, J., Kolar, M., Stanek, D.,
Barinka, C., Yoon, G., Caldecott, KW., et al. (2022). BRAT1 links Integrator and defective RNA
processing with neurodegeneration. Nat. Commun. 13, 5026. 10.1038/s41467-022-32763-6.
Zhang, Z., Lotti, F., Dittmar, K., Younis, I., Wan, L., Kasim, M., and Dreyfuss, G. (2008). SMN
deficiency causes tissue-specific perturbations in the repertoire of snRNAs and widespread
defects in splicing. Cell 133, 585-600. 10.1016/j.cell.2008.03.031.

Smith, J.R., Maguire, S., Davis, L.A., Alexander, M., Yang, F., Chandran, S., ffrench-Constant,
C., and Pedersen, R.A. (2008). Robust, persistent transgene expression in human embryonic
stem cells Is achieved with AAVS1-targeted integration. STEM CELLS 26, 496-504.
10.1634/stemcells.2007-0039.


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.22.550030; this version posted July 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

72. Kowarz, E., Léscher, D., and Marschalek, R. (2015). Optimized Sleeping Beauty transposons
rapidly generate stable transgenic cell lines. Biotechnol. J. 10, 647-653. 10.1002/biot.201400821.

73. Thomson, J.A., ltskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., Marshall, V.S.,
and Jones, J.M. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282,
1145-1147. 10.1126/science.282.5391.1145.

74. Nojima, T., Gomes, T., Carmo-Fonseca, M., and Proudfoot, N.J. (2016). Mammalian NET-seq
analysis defines nascent RNA profiles and associated RNA processing genome-wide. Nat.
Protoc. 11, 413—-428. 10.1038/nprot.2016.012.

75. Gregersen, L.H., Mitter, R., and Svejstrup, J.Q. (2020). Using TTchem-seq for profiling nascent
transcription and measuring transcript elongation. Nat. Protoc. 75, 604—-627. 10.1038/s41596-
019-0262-3.

76. Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal 717, 10-12. 10.14806/ej.17.1.200.

77. Dobin, A, Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M.,
and Gingeras, T.R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21.
10.1093/bioinformatics/bts635.

78. Ramirez, F., Ryan, D.P., Grining, B., Bhardwaj, V., Kilpert, F., Richter, A.S., Heyne, S., Dindar,
F., and Manke, T. (2016). deepTools2: a next generation web server for deep-sequencing data
analysis. Nucleic Acids Res. 44, W160-W165. 10.1093/nar/gkw257.

79. Love, M.1., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. 10.1186/s13059-014-0550-8.

80. Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics 30, 923—-930.
10.1093/bioinformatics/btt656.

81. Sims, D., llott, N.E., Sansom, S.N., Sudbery, |.M., Johnson, J.S., Fawcett, K.A., Berlanga-Taylor,
A.J., Luna-Valero, S., Ponting, C.P., and Heger, A. (2014). CGAT: computational genomics
analysis toolkit. Bioinformatics 30, 1290-1291. 10.1093/bioinformatics/btt756.

82. Shen, S., Park, JW., Lu, Z., Lin, L., Henry, M.D., Wu, Y.N., Zhou, Q., and Xing, Y. (2014).
rMATS: Robust and flexible detection of differential alternative splicing from replicate RNA-Seq
data. Proc. Natl. Acad. Sci. 171, E5593—-E5601. 10.1073/pnas.1419161111.

83. Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM.
arXiv. 10.48550/arXiv.1303.3997.

84. Danecek, P., Bonfield, J.K., Liddle, J., Marshall, J., Ohan, V., Pollard, M.O., Whitwham, A.,
Keane, T., McCarthy, S.A., Davies, R.M., et al. (2021). Twelve years of SAMtools and BCFtools.
GigaScience 10, giab008. 10.1093/gigascience/giab008.

85. Smith, T., Heger, A., and Sudbery, |. (2017). UMI-tools: modeling sequencing errors in Unique
Molecular Identifiers to improve quantification accuracy. Genome Res. 27, 491-499.
10.1101/gr.209601.116.

86. Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, C.,
Myers, R.M., Brown, M., Li, W., et al. (2008). Model-based Analysis of ChlP-Seq (MACS).
Genome Biol. 9, R137. 10.1186/gb-2008-9-9-r137.

87. Singh, R., Bassett, E., Chakravarti, A., and Parthun, M.R. (2018). Replication-dependent histone
isoforms: a new source of complexity in chromatin structure and function. Nucleic Acids Res. 46,
8665—8678. 10.1093/nar/gky768.

88. Pettersen, E.F., Goddard, T.D., Huang, C.C., Meng, E.C., Couch, G.S., Croll, T.l., Morris, J.H.,
and Ferrin, T.E. (2021). UCSF ChimeraX: Structure visualization for researchers, educators, and
developers. Protein Sci. 30, 70-82. 10.1002/pro.3943.


https://doi.org/10.1101/2023.07.22.550030
http://creativecommons.org/licenses/by-nc-nd/4.0/

