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Abstract

Nonsense-mediated RNA decay (NMD) is recognized as an RNA surveillance pathway that targets
aberrant mMRNAs with premature translation termination codons (PTC) for degradation; however,
its molecular mechanisms and roles in health and disease remain incompletely understood. In this
study, we developed a novel reporter system to accurately measure NMD activity in individual
cells. A genome-wide CRISPR-Cas9 knockout screen using this reporter system identified novel
NMD-promoting factors, including multiple components of the SF3B complex and other U2
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spliceosome factors. Interestingly, cells with mutations in the spliceosome genes SF3B1 and
U2AF1, which are commonly found in myelodysplastic syndrome (MDS) and cancers, have
overall attenuated NMD activity. Compared to wild type cells, SF3B1 and U2AF1 mutant cells
were more sensitive to NMD inhibition, a phenotype that is accompanied by elevated DNA
replication obstruction, DNA damage, and chromosomal instability. Remarkably, the sensitivity
of spliceosome mutant cells to NMD inhibition was rescued by overexpression of RNase H1,
which removes R-loops in the genome. Together, these findings shed new light on the functional
interplay between NMD and RNA splicing and suggest a novel synthetic lethal strategy for the
treatment of MDS and cancers with spliceosome mutations.

Introduction

In metazoans, pre-mRNA splicing generates diversity in the transcriptome, but it also
presents a major source of aberrant RNAs when dysregulated (1-2). Incorrect splice site
selection, intron retention and exon exclusion threaten the fidelity of gene expression,
which can cause many genetic disorders, such as p-thalassemia, frontotemporal dementia
and laminopathies, and cancer (3-7). Abnormal splicing is particularly prevalent in
myelodysplastic syndrome (MDS) and other cancers with recurring mutations in splicing
factors (8-9). Approximately 50% of MDS, 20% of acute myeloid leukemia (AML) and
60% of chronic myelomonocytic leukemia (CMML) harbor heterozygous somatic mutations
in the spliceosome genes SF3B1, U2AF1, SRSFZ, and ZRSRZ2, which are involved in

the early stage of spliceosome assembly and cause distinct changes in RNA splicing

and gene expression (9-12). Many solid tumors, including uveal melanoma, breast, lung
and pancreatic cancers, also harbor spliceosome gene mutations (11-12). The inherent
vulnerability of the splicing process and its dysregulation in disease conditions necessitate
mechanisms to detect and control the fate of mis-spliced transcripts. Nonsense-mediated
RNA decay (NMD) plays a key role in RNA surveillance by specifically targeting
abnormal mRNAs with premature translation termination codons (PTCs) for degradation
(13). NMD also regulates gene expression by degrading physiological transcripts with
certain NMD-inducing features, including upstream open reading frames (UORFs), PTC-
containing exons, introns in the 3’ untranslated region (UTR), and exceedingly long 3’
UTRs (13-15). Consequently, NMD modulates the severity of many genetic diseases and
regulates various developmental processes and responses to cellular stress (16-21). In
addition to eliminating alternatively spliced or mis-spliced transcripts, NMD is believed

to be mechanistically linked to RNA splicing in mammals, as removal of introns from
target pre-mRNAs attenuates their degradation by NMD (22-24). It is believed that splicing-
mediated deposition of exon junction complexes (EJCs) facilitates the recognition of PTCs
in mRNA, although an EJC-independent NMD pathway also exists (13, 25). A key step of
NMD is the recruitment of core NMD factors UPF1 and SMGL1 to the terminating ribosome
by eRF1 and eRF3, leading to phosphorylation of UPF1 by SMG1, a member of the PIKK
family of protein kinases that also include ATM, ATR, DNA-PKcs and mTOR (26-27).
This phosphorylation leads to recruitment of SMG5, SMG6 and SMG?7 to target mMRNA
via phospho-specific interactions, which in turn either directly cleaves the mMRNA (SMG6)
or recruits nucleolytic activities for RNA degradation (SMG5 and SMG7) (28-29). Despite
extensive research in this area, our understanding of the functional interplay between NMD
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and splicing remains limited, and the exact role of NMD in cells with defective splicing
remains to be determined.

In this study, we have identified multiple early splicing factors that promote NMD, and

a synthetic lethal relationship between splicing dysregulation and NMD disruption. By
performing a genome-wide CRISPR/Cas9 knockout screen using a novel NMD reporter
system, we have identified a number of new factors that promote NMD, including
components of the U2 spliceosome complex. Interestingly, cells expressing mutants of the
U2 spliceosome genes SF3B1 or UZAF1 that are frequently found in MDS and cancers
exhibited attenuated NMD activity. Furthermore, we found that these spliceosome mutant
cells are hypersensitive to NMD disruption. Remarkably, this sensitivity could be rescued
by ectopic expression of RNaseH1, which removes R loops, a cellular structure containing a
RNA/DNA hybrid and displaced ssDNA (30-32). Together our results have uncovered novel
factors that promote NMD and a new NMD-targeting strategy for treating MDS and other
cancers with SF3B1 or U2AF1 mutations.

Materials and Methods

Generation of a fluorescence/bioluminescence-based NMD reporter

The fluorescence/bioluminescence-based NMD reporter system used for the genome-wide
CRISPR/Cas9 screen in this study was generated by inserting ORFs of mCherry and

EGFP immediately upstream of CBR and CBG, respectively, into our previously described
bioluminescence-based NMD reporter (Suppl. Table 1) (20, 33). Complete sequence and
annotation of the reporter are available upon request. U20S cells stably expressing this
NMD reporter system was generated by co-transfecting the NMD reporter plasmid and a
pMXs-puro vector that encodes a puromycin-resistance gene into U20S cells, using Mirus
TransIT-LT1 transfection reagent. After selection with puromycin (1.5 pg/mL), single clones
expressing the reporter were isolated and validated by examining the effects of depletion of
known NMD factors or caffeine treatment on NMD of the integrated reporter.

Assays for NMD of the fluorescence/bioluminescence-based reporter

Multiple assays were used to measure NMD activity using our new fluorescence/
bioluminescence-based reporter. For live cell imaging, mCherry and EGFP fluorescence
signals in U20S reporter cells plated in 3.5 cm glass-bottomed dishes (MatTek corporation)
were acquired using a Nikon Eclipse TiE inverted microscope with MetaMorph software,
as described previously (34). For flow cytometry, resuspended single U20S reporter

cells were analyzed on a FACS machine (Sony, Synergy HAPS 1) to separate cell
populations based on mCherry and EGFP signals. For western blots, anti-HA antibodies
were used to detect reporter fusion proteins HA-mCherry-CBR-TCR(PTC) and HA-EGFP-
CBG-TCR(WT). For RT-qPCR, total RNA was isolated using RNAqueous™ Total RNA
Isolation Kit (ThermoFisher Scientific, AM1912), or TRIzol™ reagent (ThermoFisher
Scientific, 15596). Trace DNA contamination was removed using TURBO DNA-free™ Kit
(ThermoFisher Scientific, AM1907), followed by reverse transcription to synthesize cDNA
using PrimeScript RT kit (Clontech, RR037A). gPCR was performed using a two-step PCR
protocol (melting temperature: 95°C; annealing/extension temperature: 60°C; cycle number:
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40) on an ABI V117 real-time PCR system with PowerUp SYBR Green Master Mix
(ThermoFisher Scientific, A25742). The mRNA levels of the housekeeping gene GAPDH
was used for normalization. The sequences of the primers used are listed in Suppl. Table 2.

Pooled genome-wide CRISPR/Cas9 knockout screen to identify new NMD factors and

regulators

U20S reporter cells were infected with lentiviruses expressing Cas9, and then selected

with blasticidin (10 pg/mL) for 5 days to establish the U20S reporter Cas9 cell line. This
cell line was validated by examining the effects of sgRNAs targeting SMG1 or UPF2 on
NMD of the reporter. To carry out the screen, U20S reporter Cas9 cells were infected with
lentiviruses expressing the GeCKOV2 library (containing two sub-libraries) at a MOI of less
than 1 with a 500x coverage of the library. Six days after infection, FACS was performed to
collect cells with increased mCherry to EGFP ratio, indicative of NMD inhibition. Genomic
DNA was extracted using PureLink Genomic DNA kit (ThermoFisher Scientific, K182001)
followed by two PCR reactions to prepare samples for lllumina Next-Gen sequencing. The
first PCR was used to amplify out sgRNA inserts in the cells, and the second PCR was used
to add Illumina sequencing tags as well as indexes for sample identification. To improve
complexity of the library required for deep sequencing, a mixture of 5 forward primers

with staggered nucleotides immediately upstream of the sgRNA sequences was used in the
second PCR. The sequences of primers used are listed on Suppl. Table 2. All PCR reactions
were performed using Phusion Hot Start 11 High-Fidelity DNA Polymerase (ThermoFisher
Scientific, F549L). PCR samples were sequenced using the lllumina HiSeq 2500 platform.
As a baseline control for the abundance of sgRNAs in the collected cells, a fraction of
unsorted cells were subjected to the same procedure of genomic DNA isolation, PCR and
Next-Gen Sequencing.

Screen data analysis and hit identification

A custom Perl script was used to determine the read counts for each sgRNA and map

the sgRNAs to their gene IDs in the reference GeCKOV2 library. The script is available

upon request. Only the sgRNAs with at least 10 reads in each sample was used for

further analysis. Analysis of genes enriched in FACS-collected cells (with inhibited NMD)
compared to baseline control was performed using MAGeCK, a computational tool designed
to rank genes based on the enrichment of individual sgRNAs as well as the number of
enriched sgRNAs for each gene (35).

AN-boxB tethering reporter and NMD analysis

The EGFP-boxB reporter construct was generated based on the -globin-boxB tethering
reporter developed by Dr. Niels Gehring and colleagues (36). The 3’UTR containing

four boxB sites were cloned into pEGFP-C1 vector to replace the 3° UTR of the EGFP
transcription cassette. The resulting EGFP-boxB expression cassette was then sub-cloned
into the pCDH lentiviral vector at Xba | and Sal | sites. A construct with scrambled boxB
(boxB’) sequences was also generated as a control. To generate a Dox-inducible AN-UPF3B
expression construct, the AN-V5-UPF3B ORF in pCl-neomycin-AN-V5-UPF3B (also a

gift from Dr. Gehring) was PCR amplified and inserted into the pCW lentiviral vector.
pCW-AN-V5 expressing AN alone, and pCW-UPF3B, without AN, were also generated
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as controls. Inducible U20S cell lines expressing AN, AN-UPF3B or AN-unfused UPF3B
were generated by lentivirus infection. Stable expression of EGFP-boxB or EGFP-boxB’
reporters in these cells lines were generated by lentiviral infection. Expression of the
inducible proteins was induced by 1 pg/mL doxycycline for 48 hours. The stability of
EGFP-boxB or EGFP-boxB’ reporter transcripts was determined by RT-gPCR analysis of
RNA samples before or after 1-2 hours of actinomycin D treatment. To determine whether
SMG1i affected decay of UPF3B-tethered RNA, cells were treated with 1 yM SMGL1i for
24 hours before RNA stability analysis. To determine whether expression of SF3B1/U2AF1
mutants affected the decay of UPF3B-tethered RNA, cells were infected with lentivirus
expressing Flag-tagged SF3B1WT, SF3B1K700E U2AFIWT or U2AF1534F 5 days prior to
doxycycline induction and RNA stability analysis.

Immunofluorescence to detect R-loops and yH2AX

U20S cells were treated with DMSO or SMG1i (5 uM) for 24 hours, or infected

with shUPF1/shLuc, and incubated for 5 days. U20S cells stably expressing SF3B1WT,
SF3B1K700E U2AFIWT or U2AF1534F were infected with LacZ control, or RNase H1
adenovirus and then treated with SMG1i (1 uM) for 3 days. To detect R-loops and yH2AX
by immunofluorescence staining, cells plated on cover-slips were first permeabilized with
PBS containing 0.2% Triton, washed with PBS and fixed with 4% PFA, and then blocked
with 10% goat serum in PBS. Cells were then incubated with antibodies against S9.6 (1:100,
Millipore Sigma, MABE1095) and yH2AX (1:500, Cell Signaling Technology, 9718) for 2
hours at room temperature. Cells were washed with PBS containing 0.1% Triton, and then
incubated with Alexa Fluor 488-conjugated goat anti-mouse antibody (1:500, ThermoFisher,
A-11001) and Alexa Fluor 568-conjugated goat anti-rabbit (1:500, ThermoFisher, A-11011)
for 1 hour. Cells were counter-stained with Hoechst (ThermoFisher, H3570). Images were
acquired using Nikon Ti-E fluorescence microscope and Metamorph software (Molecular
Devices). Nuclear signal of S9.6 and yH2AX were quantified using ImageJ software
(RRID:SCR_003070).

BrdU incorporation and cell cycle analysis

Cell cycle and DNA replication analysis was performed by flow cytometry after BrdU
incorporation, as described before (37). K562 cells expressing inducible U2AF1IWT or
U2AF1534F or with SF3B1K666N knock-in mutation were treated with 1 pM SMG1i for

3 days, and then incubated with BrdU (20 pM) for 30 min. Subsequently, cells were washed
with cold PBS and fixed with 70% ethanol overnight. DNA was denatured using 2 N
HCI/0.5% Triton X-100 for 30 minutes in room temperature, and then neutralized with 0.1
M sodium tetraborate, pH 8.5. Cells were then incubated overnight with mouse anti-BrdU
antibody (1:00, BD Biosciences, 347580) in PBS + 0.5% Tween 20 + 1% BSA. After
washing with PBS + 1% BSA, cells were incubated with Alexa Fluor 488-conjugated goat
anti-mouse 1gG (1:500, ThermoFisher, A-11001) for 1 h. After washing with PBS + 1%
BSA, cells were re-suspended in PBS containing propidium iodide (20 ug/ml) and RNase
A (200 pg/ml) and incubated at 37°C for 30 min. Flow cytometry was performed using

BD FACSCalibur (RRID:SCR_000401) Flow Cytometer and cell cycle profile was analyzed
with FlowJo software (RRID:SCR_008520).
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Metaphase chromosome spreads

Metaphase chromosome spreads to evaluate genomic instability following SMG1i treatment
were performed as previously described (38). K562 cells expressing inducible U2AFIWT

or U2AF1534F or SF3B1K666N knock-in mutation were treated with 1 pM SMG1i for 2
days. Cells were then washed and incubated in fresh medium for another 2 days. In the last
4 hours, cells were incubated with 10 uM nocodazole. Cells were then collected, washed
with PBS, and re-suspended with10 ml of pre-warmed hypotonic solution (10 mM KClI,
10% FBS) and incubated for 10 min at 37 °C. Cells were fixed by adding 500 pl of cold
fixation buffer (1V acetic acid: 3V methanol), and washed in the same buffer 4 times before
overnight incubation in the same buffer at 4 °C. The nuclei were then spread on pre-chilled
slides, air-dried overnight, and mounted with Prolong Gold Antifade reagent (ThermoFisher,
P36930) containing Hoechst (ThermoFisher, H3570). Images were acquired using Nikon
Ti-E fluorescence microscope. Fifty randomly selected metaphases per experiment (total of
3 experiments) were scored for chromosomal aberrations. Statistical analysis was done using
GraphPad Prism 6 (RRID:SCR_002798).

DNA fiber assay

DNA fiber assay to determine replication fork speed was performed as previously described
(38). K562 cells expressing inducible U2AFIWT or U2AF1534F or SF3B1K666N knock-in
mutation were treated with 1 uM SMGL1i for 3 days. Cells were then incubated with 20 uyM
5-iodo-2"-deoxyuridine (1dU, Sigma-Aldrich) for 30 minutes, followed by incubation with
400 UM 5-chloro-2’-deoxyuridine (CldU, Sigma-Aldrich) for 30 minutes. Cells were then
collected and washed with cold PBS, and then re-suspended at a concentration of 4x10°
cells/ml. A total of 2 ul of the cell solution was combined with 8 ul of lysis buffer (200 mM
Tris.HCI pH 7.5; 50 mM EDTA,; 0.5 % SDS) on a glass slide. Cells were allowed to settle on
the slide for 5 minutes and then tilted at 20-45° angle to allow DNA to slowly spread on the
slide. The resulting DNA spreads were air-dried, fixed in 3:1 methanol/acetic acid and stored
at 4 °C. DNA fibers were denatured using 2.5 N HCI for 1 hr, washed with PBS and blocked
with 5% BSA in PBS-T (PBS + 0.1% Tween-20) for 1 hr. CldU and IdU tracks were
detected with rat anti-BrdU antibody (1:50, Abcam, ab6326), and mouse anti-BrdU antibody
(1:50, BD Biosciences, 347580), respectively. Secondary antibodies (anti-rat Alexa 488,
(1:100, ThermoFisher, A-11077) and anti-mouse Alexa 546 (1:100, Thermofisher, A21123)
were used to detect CldU and 1dU. Antibody incubations was performed in a humid 37°C
chamber for 1 hr for primary antibodies, and 45 min for secondary antibodies. The slides
were air-dried and mounted with Prolong Gold Antifade reagent (ThermoFisher, P36930).
Fluorescence images of 1dU and CldU tracks were captured using an inverted microscope
(Nikon Ti-E) and Metamorph software (Molecular Devices). The 1dU and CldU tract lengths
were measured using ImageJ software, and the values were converted into micrometers
using the scale bars created by the microscope. Fork speed was measured as the length of
CldU tract in the tracts containing both IdU and CldU. Statistical analysis was performed
using GraphPad Prism 6.
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RNA-sequencing

K562 cells with inducible expression of U2AF1WT or U2AF1534F were incubated with or
without 250 ng/ml doxycycline for 48 hours. Cells were then counted and equal numbers of
cells were plated and treated with DMSO or SMG1i (1uM) for 24 hours. Doxycycline was
maintained during the treatment. Total RNA was extracted using Trizol LS (ThermoFisher,
10296028) and RNeasy mini kit (Qiagen, 74104). Genomic DNA was removed using Turbo
DNA-Free Kit (ThermoFisher, AM1907). Total RNA integrity was determined using Agilent
bioanalyzer (2100 Bioanalyzer system) using RNA 6000 Nano Kit (Agilent, 5067-1511).
Library preparation was performed using 500 ng of total RNA. Ribosomal RNA was
removed using Ribozero followed by RNA fragmentation, cDNA preparation and generation
of stranded libraries using the TruSeq Stranded Total RNA kit with Ribo-Zero Gold, set A,
RS-122-2301 (Illumina) according to the manufacturer protocol. Sequencing was performed
on the NovaSeq 6000 platform (Illumina) to generate 2 x 150 bp paired-end reads. For
patient samples, total RNA was extracted from unfractionated bulk bone marrow cells from
four acute myeloid leukemia (AML) samples harboring a U2AF1(S34F) mutation with 62—
73% myeloblasts (Patient IDs are PP1 009, UPN 245450, UPN 445045 and UPN 633734).
RNA was also isolated from CD34"* cells that were flow-sorted from bone marrow aspirate
samples of five normal healthy donors. Samples were obtained as part of studies that were
approved by the Human Research Protection Office at Washington University School of
Medicine and all individuals provided written informed consent. Bone marrow aspirate
samples from normal healthy donors were processed via ammonium—chloride—potassium red
cell lysis, washed once in phosphate-buffered saline, and then stained for flow cytometry
using the CD34-phycoerythrin (PE) antibody (PE-pool, Beckman Coulter, IM1459U, Brea,
CA). RNA-sequencing libraries were then prepared from RNA isolated from the bulk mutant
AML bone marrow cells and the normal CD34* bone marrow cells using TruSeq Stranded
Total RNA kit (Illumina) described above. Sequencing was performed on the NovaSeq

6000 platform (lllumina) to generate 2 x 150 bp paired-end reads. RNA sequencing results
comparing MDS patient bone marrow samples harboring SF3B1(K700E) to healthy control
individuals were obtained from Pellagatti et al (39). CD34* cell isolation, RNA extraction,
library preparation, and RNA sequencing for these samples was previously described (39).

RNAseq data analysis of K562 cells treated with SMG1i

RNAseq read quality was assessed using FastQC (RRID:SCR_014583). Reads were
mapped using HISAT2 (version 2.1.0, RRID:SCR_015530) against the GRCh37.67
version of the Human genome from Ensembl consortium (RRID:SCR_002344). Gene
level counts were processed excluding any secondary or unmapped reads using the
Samtools (RRID:SCR_002105) and filtering the bam files with 0x100 flag. Resulting reads
were further processed using HTseq (version 0.11.0, RRID:SCR_005514). Differentially
expressed genes were identified using DESeq2 (RRID:SCR_015687), after filtering for
genes that had 10 reads in at least half the samples. Genes that are significantly
differentially expressed were filtered using a False Discovery rate(FDR) cut-off of

<10%. Transcripts Per Kilobase Million (TPM’s) were calculated using StringTie (version
1.3.3, RRID:SCR_016323). Gene enrichment analysis against Gene Ontology (GO)
knowledgebase was performed using Clusterprofiler version (3.10.1, RRID:SCR_016884).
Pathway enrichment analysis was performed using GSEA pre-ranked method that is
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available with GSEA (version 4.0.3, RRID:SCR_003199) against Reactome and MSIGDB
gene sets (RRID:SCR_016863).

GSEA of endogenous NMD targets in splicing mutant cells

Results

As described above, we performed pathway enrichment analysis against Reactome and
MSIGDB gene sets. To further investigate the effect of splicing factor mutants on NMD
target MRNAs, we created a custom list of gene-set (endogenous NMD targets) curated from
the genes upregulated by the knockdown of the key NMD target gene UPF1 (40). Gene
expression data for each target gene was used to create custom gene-set by focusing on
genes that were upregulated at FDR 5% and fold-change of 2. We also created a custom
gene-set for NMD target mRNASs based on the effects of SMG1 inhibition (SMG1i). To do
this, we identified genes that had different expression levels between K562 cells treated with
SMG1i (WT_NO_DOX_SMGL1i) compared to vehicle treatment (WT_NO_DOX). Genes
that were upregulated in K562(WT_NO_DOX_SMG1i) (FDR<10%, L og2FC>2) were used
to create a custom gene-set.

A novel reporter system that measures NMD activity in individual cells

In order to explore the mechanisms and functional regulation of the NMD pathway, we
sought to identify additional NMD factors and regulators through a genome-wide CRISPR/
Cas9 screen. To this end, we developed a new reporter system that can rapidly and
accurately measure NMD activity in individual mammalian cells. This new reporter system
(Fig. 1A) is built on a bioluminescence-based NMD reporter that we developed previously,
which consists of two separate, but highly homologous transcription units that are inserted

in tandem into a single vector (20, 33). Each unit in the original reporter contains a CMV
promoter, a T cell receptor-p (TCRB) minigene containing three exons and two introns, a
HA tag-encoding sequence inserted in exon 1, and a polyadenylation signal. The first unit,
which contains the open reading frame (ORF) of the CBR luciferase gene and its natural
stop codon in exon 2 of the TCRP minigene, expresses a nonsense MRNA that is targeted for
degradation by NMD. The second unit, which serves as an internal control for the expression
of the first unit, contains the ORF of the CBG99 luciferase gene (without a stop codon) in
the same position in exon 2 of the TCRP minigene. This original reporter can be used to
measure NMD activity in a population of cells, based on the ratio of the products of the two
fusion reporter genes at the levels of RNA, protein, or the luciferase activity of CBR and
CBG (20, 33, 41). To develop a reporter that can analyze NMD activity in individual cells,
we inserted the ORFs of mCherry and EGFP (without stop codons) immediately upstream of
CBR and CBG, respectively, into the original reporter (Fig. 1A). The increase and decrease
in the mCherry/EGFP signal ratio represent NMD repression and enhancement, respectively.
Both the fluorescent proteins (mCherry and EGFP) and luciferases (CBR and CBG) in the
reporter are functional (Fig. 1). Thus, this new reporter is expected to allow for accurate
NMD analysis in individual live cells through fluorescence detection, while still retaining
the ability to measure NMD efficiency in a group of cells via bioluminescence detection.
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To validate the new NMD reporter, we generated a U20S cell line stably expressing

the reporter (hereafter referred to as U20S reporter cells) through stable transfection and
clone validation. As expected, while the reporter cells exhibited robust EGFP signal, little
mCherry signal was detected by fluorescence imaging (Fig. 1B). Treatment of the reporter
cells with caffeine, which inhibits NMD by decreasing the enzymatic activity of the SMG1
protein kinase, increased the mCherry signal (Fig. 1B). Flow cytometry analysis also showed
an increase in the mCherry/EGFP fluorescence ratio after caffeine treatment, leading to

a shift of the cell population in a dot plot (Fig. 1C). These results were corroborated by
western blot and RT-gPCR analyses of the levels of protein and RNA, respectively, of

the two fusion reporter genes (Fig. 1D and E). Additionally, ShRNA- or sgRNA-mediated
depletion of SMG1, UPF1, or UPF2 also resulted in increased mCherry/EGFP ratio at the
levels of protein, RNA and fluorescence activity (Fig. 1F-H, Suppl. Fig. 1A-C), further
validating the reporter. Together, these data demonstrate that our new reporter is a specific,
robust and convenient system for analyzing NMD activity at both single-cell and population
levels.

A genome-wide CRISPR/Cas9 knockout screen identifies novel NMD-promoting factors in

human cells

Using the new NMD reporter system described above, we next performed a genome-wide
CRISPR/Cas9 knockout screen to identify new NMD factors and regulators. To do this, we
generated a U20S reporter cell line expressing Cas9 and infected the cells with a lentiviral
GeCKOv2 human sgRNA library to knock out individual genes in cells. Fluorescence-
activated cell sorting (FACS) was then performed to collect cells with inhibited NMD
activity (0.22% of infected cells with increased mCherry/EGFP ratio) (Fig. 2A and B).
Genomic DNA was then isolated from the collected cells as well as a fraction of infected
but unsorted cells (baseline control), and the integrated SgRNA inserts in the genome were
amplified by PCR. After the addition of Illumina sequencing tags via a PCR method,
samples were subjected to Next-Gen sequencing and analysis to obtain read counts for
each sgRNA in the library. MAGeCK analysis was then performed to rank genes based on
the enrichment of their respective sgRNAs in the collected NMD-inhibited cells. Notably,
among the 15 top ranked hits, six are known to promote NMD. These include three known
NMD factors (UPF1, SMG6, RUVBL 1), two components of the EJC (e/F4A3, RBMEA),
and a spliceosome factor that facilitates EJC assembly on mRNA (CWC22) (Fig. 2C and
D, Suppl. Table 3). Moreover, Gene Set Enrichment Analysis (GSEA) of the overall screen
result indicates that NMD, spliceosome and mRNA translation are among the most enriched
pathways (Fig. 2E). Together, these data further validate our new reporter system and the
quality of the genome-wide CRISPR/Cas9 screen.

In addition to these known NMD factors, our screen identified genes that are potentially
novel NMD-promoting factors in human cells, providing a rich resource for future
elucidation of the mechanisms and regulation of the NMD pathway. In the present study,
we validated 9 genes among the top 15 hits that were not known to be involved in

NMD. These genes are involved in the early stage of spliceosome assembly during splicing
(SF3B1, SF3B5, SF3A3, PRPF19, RNF113A, DGCR14) (42-44), regulation of pyruvate
dehydrogenase activity (PDP2) (45), cilia function (DNAAF2) (46), or unknown processes
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(TRAM1L1). Using two independent sgRNAS for each gene that are distinct from that in
the original GeCKOV?2 library, we examined the effects of knockdown of these factors on
NMD of our reporter. Western blot results show that depletion of each factor increased the
expression of the HA-mCherry-CBR-TCR(PTC) fusion protein as well as the HA-mCherry-
CBR-TCR(PTC)/HA-EGFP-CBG-TCR(WT) ratio (Suppl. Fig. 2A and B), suggesting that
these factors indeed promote NMD. To complement this experiment, we examined in Calu-6
cells the effect of depletion of these factors on the stability of p53 mRNA, which contains
an endogenous PTC and is known to be degraded by NMD (26, 47). Depletion of the
aforementioned 9 factors individually caused increased stability of p53 mutant mRNA,
consistent with the results of our reporter assay (Suppl. Fig. 2C). Furthermore, depletion

of these factors also increased the stability of several physiological NMD targets in Calu-6
cells, including ATF4, PIM3, and UPP1, but not the stability of ORCL, which is not a NMD
target (Suppl. Fig. 2D-G) (47-49). These observations independently verify our CRISPR
screen results, although further characterization is needed to define the exact roles of these
genes in NMD.

NMD activity is attenuated in cells with SF3B1 or U2AF1 mutations

Our genome-wide CRISPR/Cas9 knockout screen identified the U2 spliceosome genes
SF3B1, SF3B5, and SF3A3among the top candidate genes that promote NMD.
Interestingly, a recent siRNA-based genome-wide screen by Hogg and colleagues using

a different NMD reporter system also identified U2 spliceosome genes, including U2AF1
and SF3 complex genes, among the top hits that promote NMD (50). The enrichment of U2
spliceosome factors in the results of two completely different screens raises the possibility
that these factors play a unique role in NMD, in addition to their function in RNA splicing.
Interestingly, the U2 genes UZAFI and SF3B1 are also frequently mutated in MDS and
cancers, and these mutations cause aberrant splicing (8-9,11). The identification of multiple
U2 spliceosome genes as putative NMD factors/regulators in at least two genome-wide
screens motivated us to determine whether common MDS-associated UZAFI and SF3B1
mutations also affect NMD activity.

Because both U2AF1 and SF3B1 are required for RNA splicing, which is mechanistically
linked to NMD, we examined the effects of mutations of these spliceosome factors on NMD
by using a NMD reporter mRNA that is not spliced. We generated an intronless, tethering
reporter system for NMD analysis, based on a reporter system previously developed by
Gehring et al (36). The published system consists of a transcription unit encoding B-globin
reporter pre-mRNA with four boxB sites in the 3" UTR, and a AN-fused NMD factor
whose binding to boxB sites leads to degradation of the target mMRNA through NMD (36,
51-52). Building on this, we generated an EGFP-boxB reporter by replacing the B-globin
reporter pre-mRNA sequence with the EGFP ORF (Fig. 3A). We then generated a U20S
cell line stably expressing this reporter. As expected, no cryptic splicing was detected in
this intronless reporter mMRNA in cells (Suppl. Fig. 3A). As a control, we also generated

a U20S cell line stably expressing a reporter mRNA with scrambled boxB sites (boxB’)

in the 3’ UTR that are deficient in AN binding. Expression of AN fusion proteins in cells
was controlled by a doxycycline-inducible system. To assess the stability of the reporter
transcripts, actinomycin D was used to block transcription, and the amount of reporter
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MRNA remaining before and after actinomycin D treatment was measured by RT-gPCR.
Consistent with published results, expression of AN-fused UPF3B (a known NMD factor)
(AN-UPF3B) resulted in accelerated degradation of the EGFP-boxB reporter mRNA, while
expression of AN or UPF3B alone had no effect (Fig. 3B). Expression of AN, UPF3B or
AN-UPF3B did not affect the stability of the EGFP-boxB’ reporter transcript (Fig. 3B).
Importantly, the degradation of the EGFP-boxB reporter mRNA after AN-UPF3B induction
was completely abrogated by sgRNA/Cas9-mediated depletion of the key NMD factor
UPF1 (Fig. 3C). Treating cells with a specific small molecule inhibitor of SMG1 (SMG1i),
which does not inhibit related kinases ATR, mTOR and PI3K at the used concentrations
(Suppl. Fig. 3B-E), also prevented the degradation of the EGFP-boxB reporter mRNA (Fig.
3D). Together, these results further validate the degradation of the AN-UPF3B-tethered
EGFP-boxB reporter mRNA by NMD.

To determine whether SF381 and UZAF1 mutations affect NMD activity, we examined the
effects of SF3B1K700F or U2AF153%F, hoth of which are commonly found in MDS and
cancers, on the decay of AN-UPF3B-tethered EGFP-boxB reporter mRNA by NMD. To do
this, we expressed Flag-SF3B1K700E Flag-SF3B1WT, Flag-U2AF1534F, or Flag-U2AF1WT
in U20S cells that contain the tethering NMD reporter system described above. The effects
on NMD of the EGFP-boxB reporter mRNA after AN-UPF3B induction were assessed

via RT-qPCR. Interestingly, as shown in Fig. 3E-F, cells expressing Flag-SF3B1K700E or
Flag-U2AF1534F put not Flag-SF3B1WT or Flag-U2AF1WT, exhibited a reduced level of
degradation of the reporter RNA, suggesting that NMD activity is attenuated in the presence
of these spliceosome mutants.

To further corroborate the results described above, we sought to determine whether
expression of SF3B1 or U2AF1 mutants in cells increases the levels of physiological

NMD targets as would be predicted from reduced NMD activity. To this end, we created

a custom list of putative endogenous NMD targets based on the genes identified by
Longman et al (40) that were upregulated after UPF1 knockdown. As expected, enrichment
of upregulated putative NMD targets was observed in K562 cells treated with the NMD
inhibitor SMG1i (Fig. 3G, top panel). Remarkably, GSEA analysis of mRNAs in K562 cells
expressing U2AF1534F showed that these spliceosome mutations also upregulated putative
physiological NMD targets (Fig. 3G, bottom panel). Although the data is not as striking
likely due to the heterogeneity of background mutations and cellular composition, AML
and MDS patient samples harboring U2AF1534F or SF3B1K700E mutations also exhibited
enrichment of upregulated putative endogenous NMD targets (Fig. 3H), consistent with the
isogenic cell line results. These data support the idea that SF381 and UZAFI mutations
attenuate NMD activity. To further test this idea, we created another custom list of putative
physiological NMD targets based on the RNA-seq results generated in this study on the
effects of SMG1i treatment on gene expression. Consistent with the results for the UPF1
depletion-based gene-set, the expression of U2AF1534F or SF3B1K700E 350 caused a strong
increase in the expression of the SMG1li-based gene-set of putative NMD targets (Suppl.
Fig. 3F). Together, results of our reporter assay and endogenous NMD target analysis
strongly suggest that MDS/cancer-associated mutations in SF381 or UZAF1 attenuate
NMD.
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Cancer cells harboring spliceosome mutations are preferentially sensitive to NMD

attenuation

The high levels of nonsense mMRNASs observed in cells with spliceosome mutations and the
role of NMD in the clearance of these potentially deleterious transcripts raise the possibility
that these mutant cells are dependent on NMD for survival (9, 53-54). The already
attenuated NMD activity in spliceosome mutant cells may also make them more vulnerable
to further NMD disruption. In support of this idea, we found that SF3B1X700E_expressing
U20S cells exhibited much more reduced viability after sShRNA-mediated knockdown of
UPF1, compared to cells expressing a comparable level of SF3B1WT (Fig. 4A). Similarly,
U20S cells expressing U2AF1534F were also more sensitive to UPF1 knockdown than cells
expressing U2AF1WT (Fig. 4B). These results suggest that a synthetic lethal relationship
exists between spliceosome mutations and NMD disruption and that NMD can be targeted
to selectively eliminate spliceosome mutant cells. In further support of this idea, we found
that SF3B1X700E_expressing U20S cells were much more sensitive to SMGL1i, exhibiting

a higher level of apoptosis after treatment, compared to SF3B1WT-expressing cells (Fig.
4C, Suppl. Fig. 4A). K562 leukemia cells expressing U2AF1534F also displayed heightened
sensitivity to SMG1i, compared to cells expressing U2AF1WT (Fig. 4D). Furthermore,
SMG1i treatment preferentially killed CRISPR/Cas9-engineered K562 cells harboring a
SF3B1K666N knock-in mutation, compared to the isogenic wild type control cells (Suppl.
Fig. 4B, Fig. 4E). Together these data suggest the possibility that NMD is a therapeutic
vulnerability for cancer cells with spliceosome mutations. It was previously reported that
spliceosome mutant cells are sensitive to splicing modulators such as PB, sudemycin,
E7107, and H3B-8800 (54-57). Consistent with published results, U20S or K562 cells
expressing SF3B1K700E U2AF1S34F or SF3B1K666N ]| exhibited elevated sensitivity to PB
(Fig. 4C-E).

To explore the cellular processes responsible for the sensitivity of spliceosome mutant
cells to NMD inhibition, we first examined the effects of SMGL1i treatment on cell cycle
progression and DNA replication. To do this, we performed flow cytometry analysis

on U2AF1534F. or SF3B1K666N_expressing K562 cells after pulse-labeling with BrdU.

As shown in Fig. 4F and G, prolonged SMG1i treatment (3 days) increased the G2/M
population in both control WT cells and spliceosome mutant cells; however, this effect
was much greater in mutant cells than in WT cells. Similarly, although SMG1i treatment
reduced BrdU incorporation in both WT and spliceosome mutant cells, this effect was
much greater in mutant cells than in WT cells (Suppl. Fig. 4C and D). These data suggest
that the combination of splicing dysregulation and NMD inhibition compromises cell cycle
progression and DNA replication. To further assess the effects of NMD inhibition on DNA
replication in spliceosome mutant cells, we performed DNA fiber analysis of nascent DNA
after a sequential 1dU/CIdU pulse-labeling procedure (37-38). In the DNA tracts with both
IdU and CldU signals, the average length of the CldU tracts represents the overall speed

of fork elongation, while the ratio of CIdU/IdU tract lengths reflects the “smoothness” of
fork progression (with a ratio < 1 indicative of fork obstruction that occurs during CldU
incorporation—note that forks stalled/collapsed during the first IdU incorporation are less
likely to proceed to have subsequent CldU incorporation.) (58-59). As shown in Fig. 4H
and I, SMG1i treatment reduced the overall speed of fork progression, with a greater effect
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observed in spliceosome mutant cells than in control WT cells. SMG1i treatment also caused
much more reduction in the CldU/1dU ratio in spliceosome mutant cells than in control WT
cells (Fig. 4J and K), indicative of replication obstruction. Defects in replication often cause
fork collapse, resulting in chromosomal instability. Consistently, we detected a higher level
of chromosome abnormalities, including chromosomal breaks and fusions, in K562 cells
expressing U2AF1534F or SF3B1K666N  compared to control cells expressing WT proteins,
after SMG1i treatment (Fig. 4L and M). Taken together, these data suggest that disruption

of NMD in spliceosome mutant cells causes an elevated level of replication obstruction,
leading to slowed replication, cell cycle arrest and chromosomal instability. These effects are
likely partially responsible for the observed hypersensitivity of spliceosome mutant cells to
NMD inhibition.

R-loops are important for the hypersensitivity of spliceosome mutant cells to NMD

disruption
It has been recently shown that spliceosome mutant cells exhibit an elevated level of R
loops, a structure containing an RNA:DNA hybrid with displaced ssDNA(60-62). This
high basal level of R loops is believed to cause intrinsic DNA damage, cell cycle arrest
and chromosomal instability in the spliceosome mutant cells (Fig. 4F-M) (60-62). To
further define the molecular mechanisms for the sensitivity of spliceosome mutant cells
to NMD disruption, we investigated the possible involvement of R-loops. It has been
shown previously that NMD factors regulate the levels of telomeric repeat-containing RNA
(TERRA) on telomeres, suggesting that they play a role in R-loop regulation at telomeres
(63). Notably, we observed that SMG1i treatment or UPF1 depletion resulted in a marked
increase in overall R-loop levels in cells (without spliceosome mutations) (Fig. 5A and
B, Suppl. Fig. 5A and C). UPF1 depletion and SMGL1i treatment also caused increased
H2AX phosphorylation (yH2AX), a marker of DNA damage (Suppl. Fig. 5B and D).
These increased levels of both R-loops and -yH2AX were largely rescued by overexpression
of RNase H1 that removes R-loops and rescue R-loop associated genomic instability
(Suppl. Fig. 5E-H) (64-65). Thus, both spliceosome mutations and NMD disruption cause
R-loop accumulation and DNA damage. This raises the possibility that the combination of
spliceosome mutations and NMD inhibition causes even more abnormal R-loops and DNA
damage. Indeed, SMG1i treatment and U2AF1534F or SF3B1K700E mutations exhibited
additive effects on the levels of R-loops and yH2AX in U20S cells (Fig. 5C, D, F, G,
Suppl. Fig. 51). These effects were largely rescued by overexpression of RNase H1 (Fig.
5C, D, F, G). Remarkably, the selective killing effect of SMG1i on spliceosome mutant
K562 cells expressing U2AF1534F or SF3B1K666N \as also largely rescued by RNase
H1 overexpression, indicating that R loops are a major underlying mechanism for the
sensitivity of spliceosome mutants to NMD inhibition (Fig. 5E and H, Suppl. Fig. 5J, K).
Taken together, the results described above strongly suggest that disruption of NMD in
spliceosome mutant cells causes further increase in R loops, leading to replication defects,
DNA damage, chromosomal instability and cell death.

Cancer Res. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cheruiyot et al. Page 14

Discussion

In this study, we developed a new reporter system for NMD in human cells, identified many
putative NMD factors and regulators, and uncovered a synthetic lethal relationship between
defective general splicing and NMD disruption. Our fluorescence- and bioluminescence-
based reporter system can measure NMD activity in individual cells as well as in cell
populations. Using this reporter, we performed a genome-wide CRISPR/Cas9 knockout
screen and identified many putative NMD-promoting factors, including components of the
U2 spliceosome and other factors required for early spliceosome assembly (Fig. 1, Fig.

2, Suppl. Fig.1, Suppl. Fig. 2). These hits, together with those identified previously in
CRISPR/Cas9 knockout and siRNA knockdown screens using different reporter systems,
provide a rich resource for future characterization of the mechanism and regulation of
NMD in human cells (66, 50). Interestingly, our data indicate that NMD activity is partially
attenuated in cells harboring mutations in U2 spliceosome components SF3B1 or U2AF1,
which are common in MDS and cancers. These spliceosome mutant cells are preferentially
sensitive to NMD disruption, suggesting that NMD is a unique therapeutic vulnerability for
malignancies with defects in general splicing.

The enrichment of early spliceosome factors on the hit lists of our CRISPR/Cas9-based
screen and the siRNA-based screen by Hogg and colleagues (50) sheds new light on the
relationship between NMD and RNA splicing. Because both introns and EJC assembly

are important for NMD of multiple reporters tested, it is believed that pre-mRNA splicing
plays a crucial role in NMD in mammals, at least for some transcripts. However, it remains
unclear whether NMD of those transcripts requires the complete process of splicing, or
whether the association of certain spliceosome factors to pre-mRNA (which then facilitates
EJC assembly) during the splicing process promotes NMD. The results of two genome-wide
screens with distinct reporter systems and gene disruption methods suggest that the latter
possibility is more likely to be correct. Six out of the 9 verified top hits in our screen
(SF3B1, SF3B5, SF3A3, PRPF19, RNF113A, DGCR14) are spliceosome factors required
for early steps of splicing, and 3 of these belong to U2 snRNP (42, 67). The top 50

hits of potential NMD factors or regulators in the screen by Hogg and colleagues include

6 components of the U2 spliceosome, 4 PRP19-related genes, and 4 genes involved in
catalytic steps of splicing/complex C (50). It is possible that these identified splicing factors
represent the proteins that promote the recruitment or maintenance of EJC required for
NMD. Consistent with this idea, the core EJC factors (Magoh, RBM8A, and elF4A3)
were shown to be present in spliceosome B complex, and more stably associated with

the C complex (68). The recruitment of the core EJC factor elF4A3, which is believed

to initiate EJC assembly, is facilitated by the spliceosome factor CWC22, a top hit in our
screen (69-72). The other spliceosome factors identified in our two screens may facilitate
the recruitment of the other three core EJC factors (MAGOH, RBMB8A and MLN51) to
MRNA, which do not interact with CWC22 (72). Alternatively, these spliceosome factors
may promote NMD by maintaining the stability of EJC on mRNA or even through an
EJC-independent mechanism. In addition to spliceosome factors, several inflammatory
pathways, including TRAF6-mediated inflammatory signaling, have also been shown to
regulate alternative splicing and/or NMD of specific transcripts (73-74). In light of this, it
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is interesting to note the IRAK2-TAK1 and TRAF6-TAK1 inflammatory pathways are also
enriched in our CRISPR screen (Fig. 2E). Further validation and characterization of the
putative NMD-promoting factors described above will provide mechanistic insights into the
functional interplay between RNA splicing, inflammatory response and NMD.

While the normal RNA splicing process promotes NMD, dysregulation of general

splicing can generate widespread nonsense mRNASs that rely on NMD for clearance.
Interestingly, we found that NMD activity is attenuated in cells expressing SF3B1(K700E)
or U2AF1(S34F), both of which are frequently found in MDS, AML, CMML and solid
tumors (10-11). Our results are in agreement with a previous observation that the levels of
the transcripts of certain NMD factor (which are themselves NMD targets) were increased
in cells expressing U2AF1(S34F) mutant (8, 75). The attenuated NMD activity observed in
cells expressing mutant spliceosome factors may be caused by the loss of ability of these
factors to promote NMD. Alternatively, abnormal splicing/expression of NMD factors (e.g.,
UPF3A and SMG7 (76)) and/or saturation of the NMD machinery by the high levels of
nonsense MRNASs in these mutant cells may lead to decreased NMD efficiency. However,
certain splicing factor mutations can also enhance NMD of specific mMRNAs. A recent study
by Krainer and colleagues shows that SRSF2P95H/L/R 'which are also found in MDS and
cancers, stimulate NMD of target transcripts that contain binding sites of these mutants (77).

The prevalence of nonsense MRNAs in spliceosome mutant cells and the requirement

of NMD for their clearance raise the possibility that functional disruption of NMD can
selectively kill these cells. Indeed, we found that cells expressing SF3B1K700E SF3B1K666N
or U2AF1534F were much more sensitive to UPF1 knockdown or SMG1 inhibition,
compared with cells expressing WT proteins (Fig. 4A—E). This preferential sensitivity is
correlated with the phenotypes of cell cycle arrest, DNA replication defects, DNA damage
and chromosomal instability observed in these mutant cells (Fig. 4F—M). Remarkably, the
sensitivity of these spliceosome mutant cells to SMG1 inhibition could be rescued by
RNaseH1 overexpression (Figs. 5E and H), suggesting that R loops are a major underlying
mechanism of the synthetic lethality between SF3B1 or U2AF1 mutations and NMD
disruption. In support of this idea, we found that SMG1 inhibition and these mutations

in combination caused an additive effect on R loop formation (Fig. 5A-C, F, Suppl. Fig.5A
and C) (61-62). This effect on R loops is in line with that on yH2AX, a marker of

DNA damage that can be induced by abnormal R loops (Fig. 5D and 5G). Thus, our data
strongly suggest that inhibition of NMD in SF3B1 or U2AF1 mutant cells causes a further
increase in R loop levels, which in turn causes heightened DNA replication obstruction,
DNA damage, chromosomal instability and cell death. Precisely how NMD inhibition causes
R loop formation and how it exacerbates R loop accumulation in spliceosome mutant cells
remain to be defined. The defects in RNA surveillance and metabolism or the toxic protein
products caused by NMD inhibition may contribute to R loop accumulation and cell death.

The selective killing effects of NMD inhibition on cells with SF3B1 or U2AF1 mutations
suggest that NMD is an attractive target for treating MDS and cancers with those mutations.
Based on the observation that spliceosome mutant cells are generally more sensitive to
further splicing perturbation, a major effort has been focused on developing splicing
modulators such as E7107 and H3B-8800—hboth of which bind to SF3B1—as therapies
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for MDS, AML and CMML (78-82). However, clinical trials with these compounds either
were suspended due to toxicity, or did not achieve objective responses (79-82). Our results
suggest the possibility that NMD inhibition, more specifically SMG1 inhibition, is an
alternative strategy for treating MDS and cancers with SF3B1 or U2AF1 mutations (Fig.
4C-E). It is worth noting that although complete disruption of NMD appears to be lethal, its
attenuation is tolerated and occurs normally in certain developmental processes and in the
responses to cellular stress (18, 83-84, 49). Beyond the cell-autonomous effects described
in this study, NMD inhibition also has the potential to induce anti-cancer immunity

by increasing the production of cancer neoantigens encoded by mis-spliced nonsense
MRNASs in spliceosome mutant cells (85-87). In addition to splicing modulation and NMD
inhibition, spliceosome mutant cells are also sensitive to inhibition of ATR, another SMG1-
related kinase in the PIKK family (62, 88-89). Of note, SMG1i described in this study is
highly specific for SMG1 (Suppl. Fig 3B). At the concentrations used for NMD inhibition
in this study, SMG1i does not inhibit ATR (Suppl. Fig. 3C). It will be important to directly
compare different therapeutic strategies for MDS and cancers with defective splicing and
test the potential of combination treatment with spliceosome modulators, SMG1i and ATRIi.
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This study has developed a novel NMD reporter system and identified a potential
therapeutic approach of targeting the NMD pathway to treat cancer with spliceosome

gene mutations.

Significance:
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Figure 1. A new reporter system for analyzing NM D in individual human cells.
A. Schematic diagram of a multicolored, fluorescence- and bioluminescence-based NMD

reporter.

B. Fluorescence imaging of the NMD reporter in U20S reporter cells after treatment with

H»0 or caffeine (10 mM) for 24 hrs.

C. FACS analysis of U20S reporter cells treated with H,O or caffeine (10 mM) for 24 hrs.
In the merged panel, green dots are H,O-treated cells whereas red dots are caffeine-treated

cells.
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D. Western blot of the protein products (HA-tagged) of the NMD reporter after 24-hr
treatment of U20S reporter cells with H,O or caffeine (10 mM).

E. Ratios of mCherry-containing reporter mRNA to EGFP-containing reporter mRNA in
U20S reporter cells treated with H,O or caffeine (10 mM) for 24 hrs. The mCherry/EGFP
mRNA ratio of the H,O control was normalized to 1. Data represent the mean + SD of three
independent experiments. **p < 0.01 (paired t-test).

F. Western blot of the protein products of the NMD reporter in U20S reporter cells after
shRNA-mediated knockdown of SMG1 or UPF1.

G. Ratio of mCherry-containing reporter mRNA to EGFP-containing reporter mRNA in
U20S reporter cells after sSARNA-mediated knockdown of SMG1 or UPF1. The mCherry/
EGFP mRNA ratio of the shLuc control was normalized to 1. Data represent the mean = SD
of three independent experiments. **p < 0.01 (paired t-test).

H. FACS analysis of U20S reporter cells after sh RNA-mediated knockdown of SMG1 or
UPF1. In the merged figure, green dots represent control shLuc cells, and red dots represent
shSMG1 or shUPF1 samples.
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Figure 2. A genome-wide CRISPR/Cas9 knockout screen to identify novel NMD factors and
regulators.

A. Workflow of the CRISPR/Cas9 knockout screen.

B. FACS analysis of Cas9-expressing U20S reporter cells infected with the two GeCKOv2
sgRNA sub-libraries, or a non-targeting sgRNA control. The gating represents the collected
cell population with attenuated NMD activity.

C. A bubble plot showing results of gene enrichment analysis obtained from MAGeCK
analysis. The bubble size represents the number of gRNAs enriched for the target gene.

D. The list of top 15 gene hits as ranked by MAGeCK analysis.
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E. Gene Set Enrichment Analysis (GSEA) analysis of the ranked gene list.
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Figure 3. NMD activity isattenuated in cellswith SF3B1 and U2AF1 mutations
A. A schematic of a tethering reporter that recapitulates NMD in human cells. The 3° UTR

of the reporter construct contains 4 boxB sites. A reporter with scrambled boxB (boxB’)
sequences in the 3° UTR was used as a control.

B. Left, western blot analysis of UPF3B or AN-UPF3B proteins (both V5-tagged) after
induction with doxycycline (1 ug/ml). Right, stability of EGFP-boxB or EGFP-boxB’
reporter mRNA in cells expressing AN, UPF3B, or AN-UPF3B. RNA decay analysis was
performed by measuring RNA before and after actinomycin D treatment. Percent mRNA
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remaining was calculated as the mRNA remaining as a percent of RNA before actinomycin
D treatment. Data represent the mean + SD of three independent experiments. **p < 0.01, *p
< 0.05 (unpaired t-test).

C. Left, western blot analysis of UPF1 knockdown and AN-UPF3B induction in cells
expressing the boxB reporter MRNA. Right, effects of UPF1 knockdown on the stability

of EGFP-boxB reporter mRNA in cells expressing AN or AN-UPF3B. Percent mRNA
remaining was calculated as the mRNA remaining as a percent of RNA before the 2-hour
actinomycin D treatment. Data represent the mean * SD of three independent experiments.
***p < 0.001 (unpaired t-test).

D. RNA decay analysis of EGFP-boxB reporter mRNA in AN- or AN-UPF3B expressing
cells after treatment with DMSO or SMG1i (1 uM). Percent mRNA remaining was
calculated as the mMRNA remaining as a percent of RNA before the 2-hour actinomycin

D treatment. Data represent the mean £ SD of three independent experiments. **p < 0.01
(unpaired t-test).

E-F. Left, western blot analysis of AN-UPF3B in EGFP-boxB reporter cells expressing
Flag-tagged SF3B1WT/K700E (E) or U2 AF1WT/S34F (F). Right, effects of SF3B1WT/K700E of
U2AF1WT/S34F gyerexpression on the stability of EGFP-boxB reporter mRNA in cells in the
presence of AN-UPF3B. Percent mRNA remaining was calculated as the mRNA remaining
as a percent of RNA before the 2-hour actinomycin D treatment. Data represent the mean +
SD of three independent experiments. **p < 0.01 (unpaired t-test).

G. Gene Set Enrichment Analysis (GSEA) enrichment score plots for NMD target genes
that are upregulated by UPF1 knockdown. We curated a list of NMD target genes that were
upregulated following UPF1 knockdown in Longman et al. (40) The NMD target genes were
upregulated in K562 cells treated with a SMG1 inhibitor (top) or K562 cells expressing
mutant U2AF1(S34F) (bottom). Individual genes in the NMD target gene set are represented
by a black vertical bar at the bottom of the plot

H. Gene Set Enrichment Analysis (GSEA) enrichment score plots for NMD target genes
that are upregulated by UPF1 knockdown. The NMD target genes curated based on the
effects of UPF1 knockdown were upregulated in MDS patient samples expressing mutant
SF3B1(K700E) (top, analysis of MDS data in Pellagatti et al. (39)) and AML patient
samples expressing mutant U2AF1(S34F) (bottom). Individual genes in the NMD target
gene set are represented by a black vertical bar at the bottom of the plot.
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Figure 4. Cells expressing mutant spliceosome factor s are sensitive to NM D inhibition.
A-B. Left, western blot analysis of UPF1 knockdown in U20S cells expressing Flag-

tagged SF3B1WT/K700E (A) or U2AFIWT/S34F (B). Right, effects of UPF1 knockdown on
the viability of U20S cells expressing SF3B1WT/K700E (A) or U2AF1IWT/S34F (B). Data
represent the mean £ SD of three independent experiments. ***p < 0.001; **p < 0.01
(unpaired t-test).

C. Left, western blot analysis of Flag-tagged SF3B1WT or SF3B1K700E gverexpression in
U20S cells. Middle and right, effects of SMGL1i or PB treatment (3 days) on the viability
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of U20S cells expressing SF3B1WT or SF3B1K700E, Data represent the mean + SD of three
independent experiments. **p < 0.01; *p < 0.05 (unpaired t-test).

D. Left, western blot analysis of inducible expression of Flag-tagged U2AF1WT or
U2AF1534F in K562 cells. Middle and right, effects of SMGL1i or PB treatment (3 days)

on the viability of K562 cells expressing U2AF1WT or U2AF1534F, Data represent the mean
+ SD of three independent experiments. **p < 0.01; *p < 0.05 (unpaired t-test).

E. Effects of SMG1i (top) or PB treatment (bottom) (3 days) on the viability of K562 cells
with or without SF3B1K866N knock-in mutation. Data represent the mean + SD of three
independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05 (unpaired t-test).

F-G. Effects of SMGL1i treatment (1 uM, 3 days) on the G2-M population of the K562 cells
expressing U2AF1WT/S34F (F) or K562 cells with or without SF3B1K666N knock-in mutation
(G). Data represent the mean + S.E.M of three independent experiments. ***p < 0.001; **p
<0.01; *p < 0.05 (unpaired t-test).

H-K. Effects of SMGL1i treatment (1 UM, 3 days) on DNA replication speed (H, I) or

fork progression (J, K) in K562 cells expressing U2AF1WT/S34F (4 J) or K562 cells with
or without SF3B1X666N knock-in mutation (1, K). Upper, experimental scheme for DNA
fiber assay. Lower, distribution of CldU tract lengths or CldU/IdU ratio. Green or red

bars represent the median + S.E.M of two independent experiments. A total of 150 tracts
analyzed per sample. ****p < 0.0001; ***p < 0.001; **p < 0.01 (Mann Whitney test).

L-M. Effects of SMG1i treatment (1 uM, 2 days followed by 2 days of recovery) on
chromosomal integrity in K562 cells expressing U2AF1WT/S34F (1) or K562 cells with

or without SF3B1X666N knock-in mutation (M). Upper, experimental scheme. Lower,
distribution of chromosomal aberrations per mitosis. Red bars represent the mean = S.E.M
of two independent experiments. A total of 150 metaphases analyzed per sample. **p <0.01
(Mann Whitney test).
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Figure 5. Elevated R-loop formation isa major underlying mechanism for the hyper sensitivity of
spliceosome mutant cellsto NM D inhibition

A. Effects of SMG1i treatment on R-loops. U20S cells were treated with SMG1i (5 uM) for
24 hours and then immunofluorescence was performed to detect nuclear S9.6 signal. Left,
representative images showing nuclear signal of S9.6. Right, Quantification of nuclear S9.6
signal. Red bars represent the mean + S.E.M of two independent experiments. A total of 130
nuclei analyzed per sample. ****p < 0.0001 (Mann Whitney test).
B. Effects of shRNA-mediated knockdown of UPF1 on R-loops. U20S cells were infected
with shLuc- or shUPF1-expressing lentiviruses and then incubated for 5 days. R-loops in
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the nucleus were detected by immunofluorescence staining using the S9.6 antibody. Left,
representative images showing nuclear signal of S9.6. Right, Quantification of nuclear S9.6
signal. Red bars represent the mean + S.E.M of two independent experiments. A total of 130
nuclei analyzed per sample. ***p < 0.001 (Mann Whitney test).

C. Effects of RNH1 expression on R-loops in SMG1i-treated cells expressing U2AF1WT

or U2AF1534F U208 cells stably expressing U2AF1WT or U2AF1534F were infected with
adenovirus expressing LacZ control or RNH1 and then treated with SMG1i (1 uM) for 3
days. R-loops in the nucleus were detected by immunofluorescence staining using the S9.6
antibody. Red bars represent the mean + S.E.M of two independent experiments. A total of
150 nuclei analyzed per sample. ****p < 0.0001 (Mann Whitney test).

D. Effects of SMG1i treatment on yH2AX in cells expressing U2AF1WT or U2AF1534F,
U20S stably expressing U2AF1WT or U2AF1534F Cells were infected with adenovirus
expressing lacZ control or RNH1 and then treated with SMG1i (1 pM) for 3 days. yH2AX
levels were detected by immunofluorescence staining. Red bars represent the mean £ S.E.M
of two independent experiments. A total of 150 nuclei analyzed per sample. ****p < 0.0001
(Mann Whitney test).

E. Effects of SMG1i treatment (3 days) on the viability of K562 cells stably expressing
empty vector (EV)/RNH1 after induction of U2AF1WT or U2AF1534F, Data represent the
mean + SD of three independent experiments. **p < 0.01; *p < 0.05 (unpaired t-test).

F. Effects of RNH1 expression on R-loops in SMG1li-treated cells expressing SF3B1WT or
SF3B1K700E U20S cells stably expressing SF3B1WT or SF3B1K700E were infected with
adenovirus expressing lacZ control or RNH1 and then treated with SMG1i (1 pM) for 3
days. R-loops in the nucleus were detected by immunofluorescence staining using the S9.6
antibody. Red bars represent the mean + S.E.M of two independent experiments. A total of
150 nuclei analyzed per sample. ****p < 0.0001 (Mann Whitney test).

G. Effects of RNH1 expression on yH2AX in SMGLi-treated cells expressing SF3B1WT or
SF3B1K700E U20S cells stably expressing SF3B1WT or SF3B1K700E were infected with
adenovirus expressing lacZ control or RNH1 and then treated with SMG1i (1 pM) for 3
days. yH2AX levels were detected by immunofluorescence staining. Red bars represent the
mean + S.E.M of two independent experiments. A total of 130 nuclei analyzed per sample.
****p < 0.0001 (Mann Whitney test).

H. Effects of RNH1 expression on the viability of wild type or SF3B1K666N knock-in K562
cells treated with SMG1i. Wild type or SF3B1K666N knock-in K562 cells were infected with
lentiviruses expressing empty vector (EV) control or RNH1 and then treated with SMG1i for
3 days. Data represent the mean + SD of three independent experiments. ***p < 0.001; **p
<0.01; *p < 0.05 (unpaired t-test).
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