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SUMMARY

Nonsense-mediated decay (NMD) degrades mRNAs containing a premature termination codon
(PTC). PTCs are a frequent cause of human genetic diseases and the NMD pathway is known to
modulate disease severity. Since partial NMD attenuation can potentially enhance nonsense
suppression therapies, better definition of human-specific NMD is required. However, the majority
of NMD factors were first discovered in model organisms and then subsequently identified by
homology in human. Sensitivity and throughput limitations of existing approaches have hindered
systematic forward genetic screening for NMD factors in human cells. We developed a method of
in vivo amplification of NMD reporter fluorescence (Fireworks) that enables CRISPR-based
forward genetic screening for NMD pathway defects in human cells. The Fireworks genetic screen
identifies multiple known NMD factors and numerous human candidate genes, providing a
platform for discovery of additional key factors in human mRNA degradation.
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INTRODUCTION

With nearly 20% of human disease-associated single base pair substitutions forming a
premature termination codon (PTC) (Mort et al., 2008), these lesions often have drastic
clinical consequences. PTC mutations can result in severe human genetic diseases such as
variants of Duchenne and Becker muscular dystrophies (dystrophin), retinoblastoma (RB1),
neurofibromatosis (NF1, NF2), ataxia-telangiectasia (ATM), Tay-Sachs disease (HEXA),
cystic fibrosis (CFTR), Wilm's tumor (WT1), beta thalassemia (betaglobin), hemophilia A
(factor VIII) and B (factor 1X), von Willebrand disease (Willebrand factor), p53-associated
cancers (p53), and numerous others (Holbrook et al., 2004). There are no cures for these
genetic disorders.

Experimental therapies for PTC-induced disorders, aminoglycosides (Gunn et al., 2014;
Keeling et al., 2014) and ataluren (PTC124) (Finkel et al., 2013; Kerem et al., 2014; Roy et
al., 2016), as well as a number of small molecules, e.g. RTC13 and RTC14 (Du et al., 2009),
GJ071 and GJO72 (Du et al., 2013), and amlexanox (Gonzalez-Hilarion et al., 2012),
promote PTC readthrough. A growing body of evidence (Keeling et al., 2013; Keeling et al.,
2014; Martin et al., 2014; Nomakuchi et al., 2016) suggests that successful therapies, in
addition to promoting PTC readthrough, need to address degradation of PTC-containing
MRNAs by the human nonsense-mediated decay (NMD) pathway (Kurosaki and Maquat,
2016). Because the NMD pathway reduces the levels of PTC-containing mRNA, inhibition
of NMD increases the amount of PTC-containing mRNA available for readthrough, aiding
in recovery of full-length protein product.

Not only does NMD play a prominent role in human disease, but it also serves as a major
mMRNA degradation pathway, regulating at least 10% of human mRNAs (Rehwinkel et al.,
2005). NMD operates via the concerted action of multiple factors (Kurosaki and Maquat,
2016), many of which also function in other cellular processes. Knockdown of some of these
factors (e.g. UPF1, UPF2, or SMG1) is embryonic lethal in mouse (Mcllwain et al., 2010;
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Medghalchi et al., 2001; Weischenfeldt et al., 2008), whereas depletion of others, like
SMG8, was found not to cause noticeable cell-growth defects (Usuki et al., 2013). Potential
therapeutic inhibition of human NMD therefore must be carefully crafted to limit toxic/
negative effects (Keeling et al., 2014), requiring better understanding of the precise cellular
roles of human NMD components and mechanisms of human-specific and, prospectively,
tissue-specific NMD.

However, the full scope of factors comprising the human NMD pathway is not known,
largely because of the lack of comprehensive genetic screens. Comprehensive forward
genetic screens for NMD factors have been accomplished only in model organisms such as
S. cerevisiae, C. elegans, and D. melanogaster (Hodgkin et al., 1989; Leeds et al., 1991,
Metzstein and Krasnow, 2006) leading to identification of a number of human NMD factors
by homology search (Perlick et al., 1996). Yet, vertebrate NMD pathways appear to involve
many vertebrate-specific factors (Lykke-Andersen and Jensen, 2015). For example, whereas
the exon junction complex (EJC) is a major NMD player in mammals (Le Hir et al., 2000),
the yeast S. cerevisiae has no known EJC; moreover, NMD in yeast does not depend on
splicing, and known EJC components in D. melanogasterand C. elegans are not required for
NMD (Gatfield et al., 2003; Longman et al., 2007). Therefore, screens in model
(nonvertebrate) organisms are of only limited utility for identification of human-specific
NMD components. Because, to our knowledge, no systematic forward genetic screen for
human NMD factors has been successfully performed in human cells, the list of human
NMD factors is undefined, with important factors, such as hCWC22 (Alexandrov et al.,
2012; Barbosa et al., 2012; Steckelberg et al., 2012), MOV10 (Gregersen et al., 2014),
GNL2, and SEC13 (Casadio et al., 2015), being only recently identified.

To increase understanding of human-specific NMD and expand the scope of human factors
amenable for therapeutic NMD inhibition, we developed a forward genetic method involving
in-vivo fluorescence amplification (Fireworks) that allows comprehensive screening for
genes involved in NMD. As an example of successful forward genetic screening for NMD
factors in human cells, we report identification of (i) known major NMD components
(Kurosaki and Maquat, 2016): UPF1, UPF2, SMG5, SMG6, and SMG7; (ii) a known NMD
regulator EIF2B4 (Gardner, 2008; Martin et al., 2010); as well as (iii) 11 candidate genes.
Our method of fluorescence amplification coupled with sequential rounds of enrichment for
functional sgRNAs provides a platform for forward genetic discovery of key components
and modulators of the human mRNA degradation machinery. Our approach is also generally
applicable to screening a variety of other human cellular pathways as long as their readout
can be adjusted to result in fluorescent protein expression, providing a powerful forward
genetic tool for multiple fields of human biology.

Lack of a sensitive FACS-compatible reporter system for forward genetic screening has
impeded identification of components involved in human mRNA decay

Whereas numerous NMD reporter systems relying on mRNA detection by Northern blot,
luminescence, or fluorescence are currently in use, they have difficultiy in attaining the
sensitivity and throughput thresholds required for genome-wide genetic screening in human
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cells for the following reasons. (1) Although transient transfection with NMD reporters
produces sufficient fluorescence signal intensity (Gurskaya et al., 2016; Pereverzev et al.,
2015), the reporter’s expression can vary dramatically among individual cells, impeding
analyses required to identify moderate signal differences (typical for CRISPR-based screens)
on a highly variable expression background. (2) Existing chromosomally-integrated human
NMD reporters do not yield fluorescent signal of sufficient intensity for meaningful forward
genetic screening; the only published reporters (Paillusson et al., 2005) produce such weak
signals that the fluorescence of the PTC-containing reporter completely overlaps the
background signal of reporter-lacking control cells. The same study acknowledged that the
signal of a chromosomally-integrated PTC-containing reporter was not observable — even by
FACS or confocal microscopy — unless NMD was inhibited. Because of insufficient
fluorescence intensity of these reporters, there are no reports of their use. Moreover,
typically, chromosomally-integrated reporters in human cells are subject to transgene
silencing, which produces random cell-to-cell signal variation that degrades the quality of a
genetic screen. (3) Despite high sensitivity due to enzymatic amplification, the signal of
luciferase-based NMD reporters (Nickless et al., 2014) is not directly compatible with FACS
sorting, requiring plate-based well-to-well robotic processing that limits the throughput to
tens of thousands, as opposed to a billion mutants per day, achievable with a FACS
instrument. An NMD reporter system suitable for high-throughput FACS-based screening is
therefore not readily available, precluding forward genetic identification of human-specific
components and modulators of the mMRNA decay machinery.

Fireworks: a fluorescence amplification system to screen for factors that modulate NMD in
human cells

Based on the above considerations, an ideal system would involve a chromosomally-
integrated reporter that produces intense fluorescence signal. Fluorescence intensity is
critical for a FACS-based screen because the higher the signal is over background, the more
accurately it can be measured by FACS, defining sorting accuracy and eventually the quality
of a genetic screen. Additionally, a well-balanced fluorescence-based NMD reporter system
suitable for high-throughput screening must eliminate: (i) differential effects of the PTC(+)
[PTC-containing] and PTC(-) [PTC-lacking] polypeptides [the PTC(+) peptide is always
shorter] on localization, maturation, and half-life of the fused fluorescent protein and (ii)
potential toxicity and mosaic-like silencing of genome-integrated transgenic reporters in
stable cell lines.

We solved the above problems by developing the Fireworks system (Figures 1 and S1),
which incorporates the following: (1) Translation of multiple (10 or 5) tandemly-repeated
fluorescent proteins (FPs) into a long single polyprotein to amplify the fluorescence signal
produced by a single transcription unit of a PTC-containing reporter without the need to
increase the reporter copy number (Figures 1A and S1A). (2) In vivo proteolytic release of
the multiple FPs from the polyprotein by tobacco etch virus (TEV) protease, expressed as
part of the same polyprotein, to eliminate negative effects of the PTC-containing polypeptide
(e.g. B-globin) on FP maturation and localization. (3) Multiple features to limit reporter
silencing and toxicity, including use of reporter-flanking tDNA-based (Lee et al., 2013; Raab
et al., 2012) chromatin insulators (Figure S3), introduction of a destabilizing N-terminal
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serine (Bachmair et al., 1986) into the TEV protease and the B-globin as a result of their
proteolytic processing (Figure 1A and S1A), autocatalytic self-cleavage (Parks et al., 1995)
of the TEV protease (Figures 1A and S1A), and destabilization of the B-globin via its fusion
with the PEST (Rogers et al., 1986) peptide sequence (Figures 1A and S1A).

The Fireworks approach: implementation and experimental advantages

RESULTS

The fluorescence signal produced by HelLa cells with genome-integrated Fireworks NMD
reporters is exceptionally bright, stable, and virtually immune to reporter silencing (Figures
1B, C and S1B, C). The signal is at least two orders of magnitude brighter than the signal of
existing human chromosomally-integrated NMD reporters (Paillusson et al., 2005); it is even
brighter than the brightest calibration standard of a FACS instrument (Rainbow Calibration
Particles, 8 peaks, Spherotech) in both the RFP and GFP dimensions (Figure 1B). The
remarkable brightness of the Fireworks reporters underscores their potential for use not only
with human B-globin reporters but also with other disease-related PTC-containing mRNAS
that are naturally much less stable. Additionally, because of careful selection of the FRT
(Flp-recombinase target) (Sadowski, 1995) sites (Figure S3 and Experimental Procedures),
Fireworks cell lines display low cell-to-cell signal variation (note the tight distribution in
Figure 1B) and minimal reporter silencing even after long-term propagation.

The Fireworks approach provides the ability to perform forward genetic screens for human
NMD factors at the speed of a FACS sorter

As designed, orthogonal Fireworks cell lines respond as expected to the introduction of a
stop codon (PTC39) (Zhang et al., 1998) into the B-globin sequence by a 7- to 9-fold
reduction in the reporter’s fluorescence (Figures 1C, D and S1C). PTC39, which is upstream
of the last intron in the B-globin pre-mRNA, induces NMD of the Fireworks reporter
MRNA. This, in turn, decreases the steady-state levels of all proteins (including FPs)
produced from the Fireworks reporter. Each of the two orthogonal cell lines shown in
Figures 1A and S1A (termed “green” and “red” cells, respectively) carries two genome-
integrated Fireworks reporters. The “green” Fireworks cell line contains stably integrated
PTC-containing RFP and PTC-lacking GFP reporters (Figures 1A and 1C, left panel). The
PTC-containing RFP reporter allows rapid screening for PTC-dependent effects by FACS-
isolating cells with increased RFP fluorescence; the fluorescence signal of the PTC-lacking
GFP reporter serves as a same-cell control for variations in gene expression. This
arrangement enables enrichment of NMD-defective cells at a rate approaching 50,000,000
cells/hour. In the “red” (Figures S1A and 1C, right panel) Fireworks cell line, mRNASs
transcribed from the PTC-containing GFP reporter are destabilized by NMD, whereas the
PTC-lacking RFP reporter serves as an expression control. These two orthogonal cell lines
enable enrichment, discovery, and preliminary validation of candidate genes at a high rate,
providing (i) a powerful platform to screen libraries of mutant cells for NMD defects and (ii)
sound controls for cell line- and fluorescent protein-specific effects.

As proof of principle, we show that the fluorescence of the Fireworks cell lines faithfully
increases with NMD inhibition, enabling FACS-based genetic screening for NMD factors in
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human cells. Each of the following modes of NMD inhibition results in 4- to 8-fold increase
in fluorescence of the Fireworks cell lines: (1) inhibition via transient expression of a
dominant-negative UPF1 mutant (versus UPF1(WT)) increases fluorescence 4-fold (not
shown); (2) inhibition via lentiviral expression of a UPF1-targeting ShRNA (versus
shRNA(CTRL)) increases fluorescence 8-fold (Figure 2A); (3) inhibition via simultaneous
lentiviral expression of wild-type Cas9 and an sgRNA targeting UPF1 (versus scrambled
sgRNA) increases fluorescence 4-fold (Figure 2B). As expected, NMD inhibition increases
fluorescence of only the PTC(+), not the PTC(-), reporter in each of the orthogonal
Fireworks cell lines (Figures 2A, B, and S1D), ruling out non-specific effects. These
predicted responses to NMD inhibition demonstrate that the Fireworks system can be
applied to various methods of human genome interrogation, including (1) transposon-
mediated dominant-negative (Landrette et al., 2011), (2) shRNA pLKO.1 knockdown
library-based (Moffat et al., 2006), and (3) GeCKO-lentiCRISPR knockout library-based
(Shalem et al., 2014) approaches.

CRISPR-based forward genetic screening for human NMD factors using Fireworks

We tested the Fireworks system with the CRIPR-based knockout screening using the
lentiviral GeCKO-lentiCRISPR sgRNA library (Shalem et al., 2014), which contains 64,751
sgRNAs targeting 18,080 human genes. Ease of amplification of chromosomally-integrated
SgRNAs by PCR allows multiple rounds of sgRNA library enrichment (Figure 2C) as
sgRNAs are iteratively re-transduced into the original Fireworks cell line after the each
round of FACS selection in a SELEX-like (Tuerk and Gold, 1990) manner. Fireworks-driven
FACS throughput permits completion of one FACS cycle of genome-wide GeCKO library
screening with nearly 800-fold library coverage in less than one hour. In our tests, leakage of
negative control cells into the positive control cell population was below 1% (Figures 2A, B
and S1D), demonstrating outstanding prospects for an unbiased genome-wide forward
genetic screen. Importantly, sgRNA-specific effects are amplified, whereas cell-specific
fluorescence noise is completely reset at the beginning of each sgRNA enrichment round
(Figure 2C), effectively eliminating false-positives arising from spontaneous and lentiviral
insertion-induced (and therefore sgRNA-independent) mutations affecting reporters or the
NMD pathway. An increase in the population of cells with a defect in NMD becomes
evident during FACS rounds 2 and 3 of sgRNA library enrichment, as shown in Figure 2D
for the GeCKO-IentiCRISPR (Shalem et al., 2014) library in the “green” Fireworks cell line.
Here, sorting gates were chosen so as to collect no more than 0.16% of the negative cell
population.

CRISPR-based forward genetic screening in Fireworks cells identifies sgRNAs targeting a
number of known NMD components and regulators, as well as candidate genes with
possible roles in human NMD

The pool of sgRNAs isolated from round 2 (Figure 2C, D) of NMD-deficient population
enrichment was deep sequenced to determine (i) the overall abundance of each sgRNA in the
enriched pool and (ii) the enrichment factor for each surviving sgRNA over the starting
SgRNA pool at this round. Here, the sgRNA enrichment factor serves as a measure of the
increased fluorescence of the PTC(+) Fireworks reporter achieved by that sgRNA. The top
24 most abundant sgRNAs (of 64,751 sgRNASs originally present in the GeCKO library),
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which attained enrichment scores higher than 10, are listed in Table 1 along with their
intended (Shalem et al., 2014) gene targets.

Of these top 24 highly-enriched sgRNAs, 13 target well-established NMD factors (Kurosaki
and Magquat, 2016): UPF1 (2 out of 4 sgRNAs present in the library [Table 1, rows 1 and
11]), SMG7 (2 out of 4 sgRNAs [rows 2 and 3]), SMG6 (3 out of 4 sgRNAs [rows 5, 7, and
14]), SMGS5 (3 out of 6 sgRNAs [rows 6, 8, and 18]), UPF2 (1 out of 4 sgRNAs [row 13]),
and a known human NMD regulator EIF2B4 (Gardner, 2008; Martin et al., 2010) (2 out of 5
SgRNAs [rows 10 and 23]) (Table 1). We therefore demonstrate successful unbiased
identification of NMD factors and regulators in a forward genetic screen performed directly
in human cells. Additionally, Table 1 contains 11 highly enriched sgRNAs targeting the
following genes: AVEN, YAE1D1, WDR55, FARSB, ZNHIT6, NOP58, SPATAS, GARL,
SLMO?2, RPS8, and SFI1; their potential NMD involvement is yet to be determined.

We reproduced the results of the genome-wide screen by individually transducing sgRNASs
targeting 15 of the genes listed in Table 1 into the “green” Fireworks cell line and FACS-
analyzing the fluorescence of the resulting cells. As shown in Figures 3A and S2A, cell sub-
populations (albeit sometimes small) with increased fluorescence of the PTC-containing
RFP reporter were observed for sgRNAs targeting each of the following genes: UPF1,
SMG7, AVEN, SMG6, SMG5, YAE1D1, EIF2B4, WDR55, FARSB, ZNHIT6, NOP58,
SPATA5, GAR1, SLMO2, and RPS8, demonstrating the high quality of our approach for
FACS-based pooled sgRNA library enrichment. Whereas individually-tested sgRNAs
produced varying degrees of increase in fluorescence of the PTC-containing RFP reporter,
these sgRNAs can be broadly divided into two categories based on their effects on
fluorescence of the PTC-lacking GFP control (Figures 3A and S2A). SQRNAs of the 1st
category (like those targeting UPF1, SMG7, AVEN, SMG6, SMG5, YAE1D1, SPATAS5, and
ZNHIT6) shift the CRISPR-affected population of “green” Fireworks cells right and, in
some cases, slightly up, reflecting increased fluorescence of the PTC-containing RFP
reporter and largely unaffected fluorescence of the PTC-lacking internal GFP expression
control. SgRNAs of the 2nd category (like those targeting EIF2B4, WDR55, FARSB,
NOP58, GAR1, and RPS8) shift the CRISPR-affected cell population right and downward,
reflecting an increase in fluorescence of the PTC-containing RFP reporter and simultaneous
decrease in fluorescence of the PTC-lacking internal GFP expression control. Whereas both
categories contain SgRNAs targeting well-established bona fide NMD factors or regulators,
concurrent decreases in fluorescence of the PTC-lacking GFP control produced by sgRNAs
of the 2nd category suggest complexity of their effects or, possibly, negative effects on
general protein translation. We excluded potential off-target effects of SgRNAs on FP
fluorescence for two of the genes, AVEN and RPS8, by targeting them with ShRNAs. Unlike
CRISPR-Cas9 guide RNAs (sgRNAs), which produce multiple diverse mutations at the
targeted locus that result in widely varying degrees of NMD inhibition in individual cells,
shRNAs do not produce mutations. Instead, ShRNAs affect the level of the targeted
transcript in transduced cells, resulting in a uniform fluorescence shift for the entire
population of shRNA-transduced cells. FACS-analyzed fluorescence of the resulting
Fireworks cell lines showed (Figures 3B and S2B) that sShRNAs correctly reproduce the
predicted fluorescence increase for PTC(+) but not PTC(-) reporters, eliminating the
possibility of off-target sgRNA effects for these genes.
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DISCUSSION

Since the discovery of the destabilizing effect of certain p-thalassemia mutations on spliced
B-globin mMRNAs in the early 1980s (Maquat et al., 1981), the NMD pathway has been
studied extensively, with more than 1,800 PubMed publications to date. However, the scope
of factors comprising the human NMD pathway has not yet been determined because of the
technological difficulties of performing forward genetic interrogation of mMRNA degradation
pathways in human cells.

Our Fireworks method successfully solves the problems that have hindered forward genetic
identification of human mRNA degradation factors by providing a powerful experimental
system to interrogate human NMD and mechanisms of its regulation. In just two iterative in
vivo SELEX-like rounds of sgRNA library enrichment (Figure 2C, D), our method correctly
identified 5 major known human NMD components (UPF1, UPF2, SMG5, SMG6, and
SMGT7), a known human NMD regulator (EIF2B4), and 11 candidate genes. Finding that
more than half (13 out of 24) of the top-scoring SgRNASs (Table 1) in our genetic screen
target known human NMD components and modulators provides excellent validation of the
method. The fact that for each of the aforementioned known NMD components (except
UPF2) the method identified two or more targeting SgRNAs (Table 1) — out of, on average,
four sgRNAs per gene targeted by the original GeCKO-LentiCRISPR knockout library —
adds additional credibility.

Since PTC recognition depends on ongoing translation, interference with protein synthesis
readily suppresses NMD (Belgrader et al., 1993) predicting that numerous components/
regulators of translation machinery might overwhelmingly dominate an NMD screen.
However, this is not the case for Fireworks (Table 1) because, by design, Fireworks assesses
NMD inhibition by measuring the absolute /ncrease (Figure 2D) in fluorescence (i.e.
absolute /ncrease in protein levels) of the PTC(+) reporter. In contrast, inhibition of protein
synthesis is expected to decrease protein levels, including those of PTC(+) and PTC(-)
reporters. Inhibition of protein synthesis therefore results in diminished increase in PTC(+)
reporter fluorescence and lower FACS enrichment scores as compared to those resulting
from inactivation of bona fide NMD factors, reducing the number of translation components
in the Fireworks screen.

Since potential interference with protein synthesis is readily reflected by decreasein
fluorescence of the PTC(-) Fireworks reporter, a sizeable fraction of individually validated
sgRNAs does not display noticeable defects in general protein translation (Figures 3A and
S2A). For those sgRNAs that do decrease fluorescence of the control PTC(-) reporter,
complex effects are possible, including NMD impairment in addition to or as a consequence
of inhibition of general protein synthesis. Indeed, some of the genes obtained in the screen
are known to act in translation: NOP58 and GARL1 are components of snoRNPs of the two
different classes, C/D and H/ACA, involved in rRNA modifications; RPS8 is an essential
constituent of the small (40S) subunit of the human ribosome; FARSB is a regulatory
subunit of the only human phenylalanyl-tRNA synthetase; and EIF2B4 is one of the five
subunits of a GTP exchange factor EIF2B (Eukaryotic Initiation Factor 2B), necessary for
protein synthesis and known to be involved in regulation of the human NMD (Gardner,
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2008; Martin et al., 2010). The candidate genes, obtained in the screen, must therefore be (i)
tested to determine whether the increase in fluorescence of the PTC-containing reporter
produced by an sgRNAs is solely due to a PTC-dependent decrease in mRNA stability, (ii)
inspected for possible primary and secondary effects on stop codon recognition, and (iii)
evaluated for possible roles in translation, considering potential effects of translation
inhibition on NMD. Only then should prospective mechanistic roles in the NMD pathway be
considered for these genes.

Undoubtedly, the list of human NMD factors identified in this screen is far from complete.
In the currently employed GeCKO-LentiCRSPR sgRNA library (Shalem et al., 2014) certain
known NMD components (for example, SMG1) are targeted by only one sgRNA, decreasing
the likelihood of their identification. Additionally, since only established genes are targeted
by this library, unknown, undefined human genes and genomic elements escape
interrogation. One could, therefore, envisage more detailed genetic screening strategies
based on larger, more comprehensive sgRNA libraries to identify additional human NMD
components and regulators. Since the FACS-driven throughput of Fireworks permits
screening for NMD-affecting mutations at a rate approaching 50,000,000 mutants per hour
(up to a billion mutants per day), our Fireworks approach is not limited by screening rate.
SgRNA libraries several orders (') of magnitude larger than the one employed in this study
could potentially be rapidly processed, if such libraries existed. Not only do sgRNASs vary in
their efficiency of producing genomic mutations, but not all successfully produced genomic
mutations result in bi-allelic gene inactivation (e.g., silent mutations or analogous amino
acid substitutions may only partially, if at all, affect function of a gene’s product). Therefore,
substantially larger libraries combined with more comprehensive screens containing higher
numbers of sgRNA enrichment rounds hold significant potential for identification of novel
human NMD components. Additionally, libraries can be designed to deliberately lack
sgRNAs targeting known NMD factors. Screening such libraries should be more sensitive to
new, previously unknown NMD components and regulators since their (presumably
moderate) effects on NMD will not be masked by strong effects of knockouts of known
NMD factors.

The remarkable brightness of the Fireworks reporters underscores their potential use with
other disease-related PTC-containing mRNAs that are naturally much less abundant than p-
globin mMRNA. The system can be easily extended to genetic identification of mMRNA-
destabilizing factors in pathways other than NMD, such as those affecting mRNA stability
via5’- and 3’-UTR sequences. Since Fireworks-CRISPR screening does not require
specialized haploid human cell lines (the current Fireworks HelLa cells are diploid/
polyploid), forward genetic identification of tissue-specific mechanisms underlying mRNA
stability is also possible. Though in this work we applied the Fireworks approach to screen
for genes involved in human NMD, Firework’s main significance lies in its broad
applicability to screening a variety of other human cellular pathways whose readout can be
adjusted to result in fluorescent protein expression. Adaptations of the Fireworks approach
are therefore poised to provide powerful forward genetic tools for a variety of different fields
of human biology.
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Known Fireworks constraints mainly result from the currently employed methods of
CRISPR-bhased genetic interrogation and FACS-driven screening as well as from the nature
of the reporters and cell lines: (1) Since loss of function-based forward genetic approaches
(including CRISPR-based approaches) have inherent difficulty in identifying components
that possess counterparts acting redundantly in the same pathway, Fireworks exhibits this
limitation. (2) The fact that CRISPR-based screening commonly requires cell lines that are
easy to expand and inexpensive to propagate may limit the scope of new cell lines suitable
for Fireworks-based genetic interrogation of NMD and other pathways. (3) Since our present
Fireworks HeLa cell lines are diploid/polyploid, the probability of inactivation of all alleles
of a targeted gene by CRISPR-Cas9-introduced mutations may be lower than that for
haploid cell lines, resulting in lower (but, as we show here, entirely suitable for successful
genetic screening) knockout efficiency. (4) For FACS-driven screening, cell lines should be
able to form single-cell suspensions either in culture or upon trypsinization and withstand
the stress of cell sorting. (5) Whereas we do not observe negative effects of transgenic
expression of the TEV protease on HeLa cell growth or morphology, unanticipated effects
cannot be ruled out. (6) Construction of new mammalian cell lines, including chromosomal
insertion of FRT sites, FRT sites selection, and insertion of Fireworks reporters via FRT-FIp
cassette exchange may require significant time and effort. (7) Finally, as for any new
observation obtained using a reporter system in stable cell lines, results obtained in
Fireworks cells must be independently validated using complementary experimental
approaches.

EXPERIMENTAL PROCEDURES

Generation of Fireworks cell lines for the genetic screen

To obtain HeLa cell lines that minimally silence Fireworks reporters, we constructed a
lentiviral FRT-flanked GFP cassette named Launchpad (AVA2590) and produced (using
lentiviral transduction) a pool of HeLa cells carrying 1-2 copies of this cassette at various
genomic locations. Propagated populations of these cells were FACS-selected for stable GFP
fluorescence. The GFP-containing FRT cassette was then removed (using transient
transfection of FIp recombinase) and exchanged for the PTC-lacking red Fireworks reporter
(AVA2515) (Figure S3). Cells were subsequently FACS-selected for stable RFP expression
and subjected to Flp recombinase-mediated cassette integration/exchange, as shown in
Figure S3, resulting in “green” (RFP[PTC(+)], GFP[PTC(-)]) and “red” (RFP[PTC(-)],
GFP[PTC(+)]) Fireworks cell lines.

Plasmid construction

Tandemly arranged DNA sequences of GFP and tdTomato were assembled using redundant
Dralll restriction sites; the sequence of each individual FP within the repeat was verified by
sequencing using Dralll sites as “bar codes” for annealing FP-specific sequencing primers.
Plasmids with tandemly arranged FPs were routinely propagated in the XL1Blue strain of £.
Coli, no deleterious effects of DNA recombination were observed for Fireworks reporters in
this cell line. The first intron of the human p-globin gene was precisely removed using
QuickChange to prevent skipping of p-globin exon 2, while the second intron was kept
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intact. Plasmids and plasmid sequences of the Launchpad (AVA2590) vector, PTC-lacking
red (AVA2515) and green (AVA2598) Fireworks reporters, and PTC-containing red
(AVA2626) and green (AVA2600) Fireworks reporters are deposited in and available from
the Addgene plasmid repository (see also Supplemental Information: Supplemental vector
sequences).

Forward genetic screen for NMD factors in Fireworks cells

1.8x108 (6 x 15 cm plates) “green” Fireworks cells were lentivirally transduced with the
blasticidin-resistant GeCKO-LtCRISPR viral library (Shalem et al., 2014) using 4.0 pg/ml of
polybrene and propagated for 8-9 days in DMEM media supplemented with 10% FBS and
120 pg/ml hygromycin, 0.3 pg/ml puromycin and 3.0 pg/ml blasticidin. NMD-deficient cell
populations (2x10° cells) were isolated from 4x108 transduced cells using a Bio-Rad S3e
cell sorter (100 um nozzle) and their genomic DNA was phenol-extracted. sgRNASs pools
were PCR-amplified using RandomF (5’-
TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAAC
ACCG-3") and RandomR (5°-
ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA
AAC-3") primers and Gibson-cloned into the BsmBl-inearized LentiCRISPR (Shalem et al.,
2014) vector to obtain a lentiviral library (represented by 1.5x108 independent
transformants) for the next enrichment round (Figure 2C). Three rounds of GeCKO Lt-
CRISPR library enrichment were conducted; 1.4x108 and 1.2x108 cells were sorted in the
2nd and 3rd rounds, respectively. sgRNAs obtained from the 2nd round were deep-
sequenced and ranked (Table 1) according to their (i) overall abundance in the enriched
sgRNA pool and (ii) enrichment over the starting sgRNA population in this round (since
successful enrichment increases both of these numbers).

16 of the most abundant individual sgRNAs (Table 1), whose enrichment scores in the 2nd
round exceeded 10.0, were individually cloned into linearized Lt-CRISPR vector and
lentivirally transduced into the “green” Fireworks cell line. Resulting cells were propagated
for 11 days (or 21 days for AVEN sgRNA) and FACS-analyzed to observe an increase in red
fluorescence of the PTC(+) Fireworks reporter. Indeed, the vast majority of SgRNAs
reproduced the shift when tested individually. RPS8 and AVEN were targeted with ShRNAs
(sh22:
5'CCGGCCGTGCCCTGAGGTTGGACGTCTCGAGACGTCCAACCTCAGGGCACGGT
TTTTTG3’ and sh01:
5’CCGGGACCTGAAATCCAAGGAAGATCTCGAGATCTTCCTTGGATTTCAGGTCTT
TTTTG3’ for RPS8 and AVEN, respectively) cloned into the pLKO.1 vector (Moffat et al.,
2006) that was used to transduce “green” and “red” Fireworks cells followed by FACS-
analysis to observe effects of MRNA knockdown on fluorescence of the PTC(+) reporters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Fireworks NMD reporter system: “green” cell line
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Figure 1. Fireworks in vivo NMD reporter system
(A) Schematic of the Fireworks approach is shown for the “green” Fireworks cell line. Each

Fireworks reporter expresses a single polyprotein consisting of (1) 10 or 5 FPs (RFP or
GFP), (2) TEV protease, and (3) PEST-p-globin. The p-globin gene lacks the first intron and
either carries or lacks a PTC (PTC39) upstream of its last (second) intron. The resulting
polyprotein contains 7 TEV protease cleavage sites: (i) between each copy of fluorescent
protein, (ii) between the last fluorescent protein and the protease, (iii) within the protease,
and (iv) between the protease and the PEST-B-globin. As a result, in vivo translated FPs are
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separated from each other, the protease, and the PEST-B-globin through in vivo proteolytic
cleavage. The PEST degradation sequence (Rogers et al., 1986) was added to shorten the -
globin protein half-life. (B) HeLa cells with genome-integrated Fireworks reporters produce
strong fluorescence signals, which are above the calibration range of a FACS instrument.
The fluorescence is stable, uniform, and virtually immune to silencing. Lower-right insert:
Pellets of Fireworks cells at ambient lighting. (C) Fluorescence of stable orthogonal
Fireworks cell lines observed with an epifluorescence microscope. Each (HeLa) cell line
carries two FRT-integrated Fireworks reporters that differ by a single (PTC39) nucleotide:
the cell line on the left carries PTC39 in the second exon of the B-globin sequence in the
RFP-containing reporter; the cell line on the right carries the identical PTC39 in the GFP-
containing reporter. MRNAs expressed by the PTC39-containing reporters are NMD
substrates and yield lower fluorescence; mMRNAs of the control Fireworks reporters are
unaffected, producing the green (left lower panel) and red (right upper panel) signal. The
brown color of the cells in the lower right panel results from the leakage of red color into the
green channel. (D) Pools of HeLa cells with genome-integrated Fireworks reporters
appropriately respond to the introduction of PTC39 by a 7- to 9-fold fluorescence drop (no
attempt was made to fine-tune color compensation). See also Figure S1.
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Figure 2. Fireworks reporters permit rounds of efficient forward genetic screening for factors
required for human NMD

(A) NMD inhibition via expression of UPF1-targeting ShRNA results in an 8- fold increase
in red fluorescence of the Fireworks “green” cell line (shown in Figure 1A and the left panel
of Figure 1C). (B) NMD inhibition via expression of Cas9 and UPF1-targeting SgRNA
causes a 4- fold increase in red fluorescence of the Fireworks “green” cell line. (C)
Schematic of sgRNA library enrichment using FACS sorting of Fireworks cells. Importantly,
sgRNA-specific effects are amplified, whereas cell-specific effects are reset at the beginning
of each enrichment round. (D) Enrichment of sgRNAs that affect human NMD is evident
after FACS sorting of the GeCKO-Lt-CRISPR sgRNA library transduced into “green”
Fireworks cells. An increase in the NMD-defective cell population is seen in the blue gates
after sequential rounds of enrichment (round 1: 0.21%, round 2: 0.56%, and round 3: 2.96%
of total cells).
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Figure 3. FACS analysis of the fluorescence shift produced by individual sgRNAs identified by
Fireworks screening of the GeCKO-LtCRISPR sgRNA library for factors affecting human NMD

(A) sgRNAs obtained from the genome-wide screen (Table 1) were individually transduced
into the “green” Fireworks cell line (Figure 1A) and the resulting cells were FACS-analyzed
for an increase in red fluorescence. Populations of cells with increased red fluorescence
(nearly not observable [0.9-1.0%] in the corresponding negative controls) appear in the red
gate. Fractions (percent) of cells in the original (black gates) and shifted (red gates)
populations are indicated. (B) To exclude possible off-target effects of sgRNAs, two of the
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genes not previously implicated in NMD, AVEN and RPS8, were targeted by shRNAs.
FACS-analyses of the shRNA-transduced “green” Fireworks cell line are shown; populations
of cells with increased red fluorescence appear in the red gate (FACS-analysis of the
orthogonal “red” Fireworks cell line transduced with shRNA targeting RPS8 is shown in
Figure S2B). See also Figure S2.
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TABLE 1
sgRNA sgRNA sgRNA Targeted gene
abundancel | enrichment2
(%) (2nd round)

1 | TeaTTACGTCCTCCACCTCG ™ 1.081 41.0 UPF1

2 | AGGTCCACTCACCATTGGAG 0.888 1139 SMG7

3 | AGTGTCCTCCTTAGCTCTGC ™ 0.872 1187 SMG7

4 | AGTGTCCTCCTTAGCTCTGC™ 0.440 338 AVEN

5 | GTTCTCTGATAATCAGAATG ™ 0.439 14.7 SMG6

6 | ACGCACCTGGTTGCTGGTAT* 0.265 54.7 SMGS

7 | GGATGACCAAGACGACATCA 0.262 183 SMG6

8 | CTATGAGGGGGTCAGTGACA 0.232 183 SMG5

9 | TGAGCACATACTCTTCACAC® 0.180 102.2 YAE1D1
10 | ccGTGACATCACAGACCCGT ™ 0176 21.2 ElIF2B4
11 | CGCATTGAAAACGTTTGCCG* 0.153 184 UPF1
12 | GGTACCTTCACTGGAGCCAC™ 0.132 16.1 WDRS5
13 | TATGTCTTACCAGAAGCTGC 0132 233 UPF2
14 | CTCAACCGATTCCTTAGACG 0.125 195 SMG6
15 | TCACGCTTCACGCTGACAGT ™ 0.083 80.0 FARSB
16 | TGCTTTGTGTTTCTTTACAC® 0.083 17.0 ZNHITE
17 | TTAGCATCAGCTACTGCCAG ™ 0.076 14.2 NOP58
18 | GAAAGACTGAGGAGCTGCTG 0.062 38.0 SMG5
19 [ TTCAAACTAGTAAGCAACAC ™ 0.054 184 SPATAS
20 | TAAGTTGTCAGAAAACATGA ™ 0.054 171 GARL
21 | TCACATCGGCAGCCACCCGT ™ 0.043 30.7 SLMO2
22 | GCGCCCAGCTGCCAACACCA ™ 0.036 53.9 RPS8
23 | AGCCCATAATGTACCAGTGC 0.033 144 EIF2B4
24 | TACCTATGTGCGTCAGCAGC 0.023 495 SFI1

Bold type denotes known NMD factor or regulator.

sgRNAs marked with asterisks (*) were tested individually in the “green” Fireworks cell line as shown in Figures 3 and S2.
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sgRNA abundance is the number of deep sequencing reads obtained for an SJRNA in the enriched (blue gates in Figure 2D) cell population

divided by the total number of all reads for all sgRNAs in that population and multiplied by 100.

ngRNA enrichment is the number of deep sequencing reads obtained for an SgRNA in the enriched cell population divided by the number of deep

sequencing reads obtained for this SgRNA in total cells at the beginning of the 2nd (Figure 2D) enrichment round.
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