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Nonsense-mediated mRNA decay (NMD) degrades transcripts
with premature stop codons. Given the prevalence of nonsense
single nucleotide polymorphisms (SNPs) in the general popula-
tion, it is urgent to catalog the effects of clinically approveddrugs
on NMD activity: any interference could alter the expression of
nonsense SNPs, inadvertently inducing adverse effects. This
risk is higher for patients with disease-causing nonsense muta-
tions or an illness linked to dysregulated nonsense transcripts.
On the other hand, hundreds of disorders are affected by cellular
NMD efficiency and may benefit fromNMD-modulatory drugs.
Here, we profiled individual FDA-approved drugs for their
impact on cellular NMD efficiency using a sensitive method
that directly probes multiple endogenous NMD targets for a
robust readout of NMD modulation. We found most FDA-
approved drugs cause unremarkable effects on NMD, while
many elicit clear transcriptional responses. Besides several po-
tential mild NMD modulators, the anticancer drug homohar-
ringtonine (HHT or omacetaxine mepesuccinate) consistently
upregulates various endogenous NMD substrates in a dose-
dependent manner in multiple cell types. We further showed
translation inhibition mediates HHT’s NMD effect. In sum-
mary, many FDA drugs induce transcriptional changes, and a
few impact globalNMD, and directmeasurement of endogenous
NMD substrate expression is robust to monitor cellular NMD.

INTRODUCTION
Nonsense-mediated mRNA decay (NMD) selectively degrades
mutant transcripts with a premature termination codon (PTC) to
prevent translation of C-terminal, truncated proteins.1–3 As a result,
nonsense mutations often lead to the loss of functional proteins, ac-
counting for molecular pathogenesis of over 20% monogenic dis-
eases.4–8 For example, nonsense mutation is the leading cause of
cystic fibrosis (CF) and Duchenne muscular dystrophy (DMD).9–12

Since most nonsense mutation-associated disorders are rare diseases,
therapeutic development is strategized toward targeting their com-
monalities (e.g., the underlying nonsense mutations and associated
pathways) rather than individual symptoms.

Nonsense transcripts can also be generated by erroneous mRNA pro-
cessing. NMD therefore acts as a post-transcriptional quality control
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mechanism, ensuring the fidelity of gene expression.1,3,13,14 In dis-
eases associated with aberrant mRNA processing, excessive NMD-
sensitive transcripts are produced. For example, in amyotrophic
lateral sclerosis (ALS), cancers, and some multisystem disorders,
defective splicing regulators cause dysregulated splicing, which shifts
open reading frames and creates PTCs in many transcripts.15–19

These cryptic transcript variants reduce gene expression output and
may gain toxic functions, leading to disturbance of cellular homeosta-
sis and contributing to pathogenesis.20,21

Targeting cellular NMD therefore presents an opportunity to modify
disease outcomes. In monogenic diseases, if the PTC-containing tran-
script encodes a (partially) functional protein, lower NMD efficiency
is desirable. NMD inhibition can also enhance the effectiveness of
nonsense suppression therapy, which allows a translational read-
through of the PTC to produce full-length functional proteins.22

Indeed, lower cellular NMD efficiency is associated with milder
symptoms caused by the same nonsense mutation and better response
to nonsense suppression therapy.10 On the other hand, if the PTC-
containing transcript encodes a dominant negative or a toxic trun-
cated protein, higher NMD efficiency is preferred to eliminate the
production of the deleterious protein.23 NMD potentiation thus sup-
presses syndromes caused by nonsense mutations and/or cryptic
splicing. Theoretically, NMD efficiency can modulate hundreds of
different disorders caused by nonsense mutations or aberrant
mRNA processing, with the caution that the effect depends on
whether the nonsense transcript encodes a functional or deleterious
protein.24

On the flip side, perturbing NMD efficiency by otherwise “safe”
approved medicine could be a hidden mechanism causing unforeseen
adverse effects, because even a healthy individual contains a dozen
nonsense single nucleotide polymorphisms (SNPs). Early studies
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2021.12.003
mailto:sika.zheng@ucr.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2021.12.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
estimated that the human genome contained a thousand nonsense
SNPs, half of which induced NMD of transcripts.25 By profiling 805
randomly selected nonsense SNPs in populations, Yngvadottir et al.
found that the average individual carried �46 nonsense SNPs,
including 14 PTC/PTC homozygous SNPs and 18 PTC/normal het-
erozygous SNPs.26 Because Yngvadottir et al. analyzed only a fraction
of reported nonsense SNPs, the average individual likely contains
many more nonsense variants. The biological impact of these genetic
variants on individuals is generally unknown. These nonsense SNPs
appear tolerated in normal circumstances, probably because their
expression is silenced by NMD, but they may no longer be “benign”
if NMD is attenuated in unfavorable conditions. Therefore, nonsense
SNPs present an overlooked risk factor that may compound aging and
health status to induce complications.

One way for nonsense SNPs to reveal themselves is due to treat-
ment: a drug that modulates NMD efficiency alters the expression
of nonsense SNPs and amplifies their associated risks, possibly lead-
ing to unanticipated adverse events. Theoretically, these adverse ef-
fects vary by individual for carrying different nonsense SNPs and
likely only manifest in a subpopulation. Because of this inconsis-
tency and low sampling probability, any adverse or side effects
cannot be fully determined during clinical trials. However, this hid-
den risk could be substantial once drugs are approved for use in a
larger population.

Given the prevalence of nonsense SNPs in the general population, it is
urgent to evaluate FDA-approved drugs for their possible impact on
the NMD pathway. Patients experience adverse effects from medi-
cine, usually because we lack knowledge of the drug’s full mechanism.
In one potentially debilitating scenario, a patient with disease-causing
nonsense mutations is administered a drug for a second illness unre-
lated to the nonsense mutations but the drug turns out to modulate
NMD.

Several small molecules were identified as NMD inhibitors.27 For
example, Martin et al. screened 31 selected compounds that fit
into the SMG7 pocket to prevent SMG7 binding to UPF1, and iden-
tified NMDI14.28 Bhuvanagiri et al. used a PTC-containing lucif-
erase reporter to screen the Prestwick library and showed 5-azacy-
tidine induced �2-fold upregulation of a luciferase-based NMD
reporter.29 While the mechanism of 5-azacytidine inhibiting NMD
is unclear, its effect requires Myc upregulation.29 Gonzalez-Hilarion
et al. also used a luciferase-based reporter to screen drugs and iden-
tified amlexanox, which promotes readthrough of PTC-containing
mRNAs and modestly upregulates nonsense mutation-containing
mRNAs, but somehow does not affect natural NMD substrate
expression.30,31 Dang et al. showed that pateamine A interacts
with eIF4AIII to repress NMD.32 Durand et al. reported that
NMDI1 disrupted the UPF1-SMG5 interaction and inhibited
NMD.33 Exogenous reporter-based systems have also been applied
in genetic screens to identify NMD-modulating genes. Alexandrov
et al. developed an NMD-sensitive fluorescence reporter system in
a CRISPR screen and identified 11 candidate NMD regulators in
addition to five known NMD pathway components.34 Casadio
et al. conducted an RNAi screen in C. elegans expressing a PTC-
containing GFP reporter and identified five novel NMD regula-
tors.35 These studies demonstrate the power of NMD reporters to
identify NMD modulators.36

Because false positives and negatives are common in any drug screen
and because previous screens relied on exogenous reporters, we
decided to individually assess and rigorously confirm the influence
of each FDA-approved drug on cellular NMD activity. Individually
profiling each drug met the urgent need to evaluate these approved
drugs for their possible adverse effects on nonsense SNPs. To do so
unbiasedly, we directly analyzed the endogenous NMD targets
upon each drug treatment (Figure 1A). Simultaneous measurements
of multiple NMD targets for a consistent NMD effect enhances the
rigor of calling NMD modulators.

Specifically, we applied an RT-qPCR-based quantitative method,
termed AS-NMD assay, to examine expression of a panel of endoge-
nous NMD-targeted isoforms, including Ptbp2, Hnrnpl, and Tra2b.
Alternative mRNA splicing of these genes shifts the reading frame
and produces both NMD and non-NMD isoforms.1,13,37–39 These
NMD isoforms contain a PTC >50 nt upstream of the last exon-
exon junction. In mammals, this sequence feature (termed the 50-
nt rule) has the strongest potential in triggering NMD among the
known NMD-inducing characteristics.40 Therefore, these endoge-
nous NMD reporters have a robust predictive power to identify
NMD modulators.

We separately measured the expression of their non-NMD iso-
forms to gauge whether the expression change in the NMD iso-
form was due to NMD modulation, transcriptional regulation, or
splicing changes. NMD modulation should only affect the NMD
transcripts without influencing the non-NMD transcripts. By
contrast, transcriptional regulation is expected to change both
NMD and non-NMD isoforms in the same direction. Alternative
splicing (AS) alters expression levels of NMD and non-NMD tran-
scripts in the opposite direction: upregulating one isoform and
downregulating the other. Because the expression of NMD and
non-NMD isoforms are individually measured and quantified by
sensitive RT-qPCR assay, the method has low incidence of false
positives and negatives.

RESULTS
The workflow of profiling each drug effect on NMD

We profiled 704 FDA-approved drugs curated by the National
Center for Advancing Translational Sciences (NCATS, NIH) (Ta-
ble S1). The overall workflow is described in Figure 1A. We plated
650,000 cells in each well of a 6-well plate. The next morning, we
applied individual drugs at the final concentration of 5 mM. Each
treatment batch contained a negative control DMSO treatment
and a positive control 0.2 mM thapsigargin (TG) treatment, previ-
ously shown to inhibit NMD.39 Because all the drugs were divided
into many treatment group batches, these controls served as both a
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Figure 1. Schematic of the workflow for profiling

FDA-approved drugs and preliminary analysis

(A) N2a cells were cultured in vitro the day before treat-

ment. After a uniform 5 mM treatment for 5 h, cells were

then directly collected in TRIzol reagents for total RNA

extraction. Next, standard reverse transcription assay

was performed. We applied our RT-qPCR-based AS-

NMD assay to identify drugs with uniform reporter genes

response. We then selected NMD modulator candidates

for further analyses including dose test and mechanism

study. (B) Isoform specific primers, including exon-exon

junction primers, were used to detect inclusion or exclu-

sion isoform. (C) PCA analysis of reporter gene isoform

expression after drug treatment (the six RQ values). Each

dot represents an FDA-approved drug. TG is included as

a positive control.
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benchmark and a quality control for the assay. After 5 h of treat-
ment cells were collected and total RNA extracted. We performed
RT-qPCR analysis of NMD and non-NMD isoforms to determine
their individual fold changes relative to the DMSO treatment (Ta-
ble S2).

Specifically, we assayed three different endogenous NMD targets,
Ptbp2, Hnrnpl, and Tra2b, to increase the robustness of determining
NMD-modulatory drugs. As a result, our profiling method is ex-
pected to have a low false-positive rate. Normal full-length Ptbp2
transcript (herein F_Ptbp2) contains exon 10. Skipping exon 10 pro-
duces an NMD-sensitive isoform (herein N_Ptbp2).41,42 For Hnrnpl,
the NMD-sensitive isoform (N_Hnrnpl) includes exon 6, and the
non-NMD isoform (herein F_Hnrnpl) excludes exon 6.43 The
Tra2b NMD isoform includes exon 2 (N_Tra2b), and its non-NMD
isoform excludes exon 2 (herein F_Tra2b).44 We designed exon-
exon junction primers specific to the inclusion or exclusion isoform
(Figure 1B and Table S3) for quantitative measurement of each iso-
form expression using RT-qPCR. If a drug alters only NMD effi-
ciency, the NMD isoforms are expected to change expression levels,
whereas the non-NMD isoforms do not change. When all three
NMD target genes behave similarly in response to a treatment, the
drug is a high-confidence NMD modulator.
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AS-NMD assay revealed cellular responses

to FDA-approved drugs

We first examined the global pattern of drug
responses regarding the endogenous reporter
isoform expression. We conducted unbiased hi-
erarchical clustering of the normalized expres-
sion levels (log2 transformation of RQ (relative
quantification)). The heatmap showed varying
effects of the FDA-approved drugs (Figure S1).
The positive control TG, situated at the bottom
of the heatmap, is clustered with homoharring-
tonine (HHT) and stands out with strong
induction of the three NMD isoforms. We
also performed principal component analysis
(PCA) to determine whether the drug responses could be categorized
by lower dimensions. Interestingly, most drugs were not clearly sepa-
rated by any distinguishing component, except TG, HHT, and mon-
telukast sodium (Figure 1C).

We show the responses of the NMD and non-NMD isoforms to each
drug treatment in a scatterplot (Figures 2A–2C). Positive control TG
treatments on average increased the expression ofN_Ptbp2,N_Hnrnpl,
andN_Tra2b by 7.5± 0.7-, 12.7± 1.0-, and 15.6± 1.0-fold, respectively
(their averaged fold changes are shown as the red dots in Figures 2A–
2C), but slightly affected their corresponding non-NMD isoforms
(1.5 ± 0.1-, 1.1 ± 0.1-, 1.4 ± 0.1-fold, respectively), confirming the as-
say’s effectiveness in identifying NMD modulators.

Weweremost interested in drugs that alter the expression ofNMD iso-
formswithout substantially changing the non-NMD isoforms. Because
each drug was individually applied to cells and analyzed by RT-qPCR,
each drug treatment could be analyzed independently. Our initial
criteria for categorizing NMD modulator candidates were the
following: drugs inducing >2-fold change in NMD isoforms, while
minimally (<2-fold) affecting their non-NMD counterparts. For the
Ptbp2 reporter, we found nine drugs (enhancers) that decreased
N_Ptbp2 expression by more than 2-fold, and 24 drugs (repressors)
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Figure 2. AS-NMD assay showed reporters’

responses to each FDA drug treatment

(A–C) Expression level changes in non-NMD isoform and

NMD isoform of Ptbp2 (A), Hnrnpl (B), and Tra2b (C) were

shown as scatterplots. Upregulation and downregulation

of reporter gene expression were indicated by the 2-fold-

change lines. Each dot represented the average of three

replicates of one drug treatment, and the red dot repre-

sented the averaged expression level change in TG. (D–F)

Identification of drugs that altered NMD isoforms >2-fold

or <0.5-fold and altered the non-NMD isoforms between

0.5- and 2-fold of Ptbp2 (D), Hnrnpl (E), and Tra2b (F). (G

and H) Venn diagrams were used to identify drugs ex-

hibiting similar responses in all three reporter genes. (G)

One drug changed NMD isoforms <0.5-fold and non-

NMD isoforms between 0.5- and 2-fold. (H) Two drugs

changed NMD isoforms >2-fold and non-NMD isoforms

between 0.5- and 2-fold. Positive control, TG, is not

included in (D–H).
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that increasedN_Ptbp2 expression by more than 2-fold, while the fold
change in F_Ptbp2 was less than 2-fold (Figure 2D). Similarly, for the
Hnrnpl and Tra2b reporters, we identified one and eight enhancers
and four and 31 repressors, respectively (Figures 2E and 2F).

Drugs inducing a uniform response in all three reporter genes were
classified as probable NMD modulators. Overlapping these results
Molecular Th
yielded one NMD enhancer candidate (mitox-
antrone hydrochloride) and two NMD
repressor candidates (HHT and secoisolaricire-
sinol) that uniformly affected the three re-
porters in the same direction (Figures 2G and
2H). Interestingly, all three drugs and their de-
rivatives are anticancer drugs that work by sup-
pressing cancer cell proliferation and
viability.45–49 Mitoxantrone has been impli-
cated in RNA regulation, as it binds to tau
pre-mRNA, splicing regulatory elements to
stabilize the RNA secondary structure and
prevent erroneous splicing caused by gene
mutations.50,51

FDA-approved drugs induce substantial

transcriptional response

Many drugs elicited strong transcriptional re-
sponses. They altered the NMD and non-
NMD isoform expression in the same direction
with a similar magnitude, as most drugs were
situated close to the diagonal lines, indicative
of a transcriptional change following drug treat-
ment (Figures 2A–2C). We found no drug
changed the two isoforms (>2-fold) in the
opposite direction. The wide range of fold
changes in either Ptbp2, Hnrnpl, or Tra2b also
demonstrated the effectiveness of the drug dose in causing cellular
response.

In total, 235 of 704 drugs induced a 2-fold change in either the NMD
or non-NMD isoforms of at least one reporter gene (Figure 3A).
Among them, 119 drugs induced a 2-fold change in both NMD
and non-NMD isoforms of at least one reporter gene. These numbers
erapy: Nucleic Acids Vol. 27 March 2022 307
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Figure 3. Normalizing transcriptional responses

using the NMD/non-NMD ratio of reporter genes to

assess drug’s impact on cellular NMD regulation

(A) Many FDA-approved drugs induced transcriptional

responses of the reporter genes. (B) PCA analysis of NMD/

non-NMD ratios (RQ ratios) of three reporters. (C–E) Ratio

of NMD/non-NMD isoforms were calculated for Ptbp2 (C),

Hnrnpl (D), and Tra2b (E) reporter genes. Red lines indi-

cated 2-fold upregulation or downregulation of the ratios,

and the red dot represented the averaged NMD/non-NMD

ratio of TG.
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increased to 476 and 285, respectively, when we set the threshold at
1.5-fold change (Figure 3A). These results show that transcriptional
response, either direct or indirect, constitutes a major molecular effect
of FDA-approved drugs.

Normalizing transcriptional response to define drug effect on

NMD activity

If a drug affects both transcription and NMD, the large effect size on
transcription can obscure its effects on NMD and hinder the discov-
ery of NMD-modulatory drugs using our preset criteria. Theoreti-
cally, when a drug inhibits transcription of a reporter gene and
represses NMD, the non-NMD isoform decreases and the NMD iso-
form may or may not change (Figure S2, upper left). When a drug
induces transcription and simultaneously represses NMD, the non-
NMD isoform is upregulated, though not as strongly as the NMD iso-
form (Figure S2, upper right). When a drug inhibits transcription and
enhances NMD, the non-NMD isoform is downregulated and the
308 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
NMD isoform is further reduced (Figure S2,
lower left). Finally, when a drug induces tran-
scription of a reporter gene and enhances
NMD, the non-NMD isoform is upregulated
and the NMD isoform could either change or
not (Figure S2, lower right). In all cases, a drug’s
effect on NMD cannot be determined based on
the stringent criteria that the non-NMD isoform
should not change (Figure S2). Furthermore, a
weak NMD effect could be canceled by a stron-
ger transcription effect, rendering the change in
NMD isoforms unnoticeable or in an opposite
direction.

Given the widespread transcriptional responses
and the possibility that a drug’s effect on NMD
was masked, we applied a second analysis
metric. To remove the confounding effect from
transcription changes, we normalized the
expression of the NMD isoform by its non-
NMD counterpart (the NMD/non-NMD ratio).
We found the mean NMD/non-NMD ratio was
1.04, 1.04, and 1.06 for Ptbp2, Hnrnpl, and
Tra2b, respectively, consistent with the notion
that this normalization method effectively removes the impact of
transcription. Interestingly, PCA analysis of the NMD/non-NMD ra-
tios revealed additional drugs distinguishable from the larger popula-
tion (Figure 3B).

The NMD/non-NMD ratio means (close to 1) suggested most drugs
did not obviously influence cellular NMD activity. Indeed, with a 2-
fold change (in the NMD/non-NMD ratio) as the threshold, only
12 drugs substantially altered the NMD/non-NMD ratio for the
Ptbp2 reporter, nine drugs for the Hnrnpl reporter, and 14 drugs
for the Tra2b reporter (Figures 3C–3E). Note that a ratio change
can be induced by NMD or splicing regulation, so true NMD modu-
lators are rarer.

The top 15 ranked drugs that increased the NMD/non-NMD ratio for
the Ptbp2, Hnrnpl, and Tra2b reporters are listed in Figures 4A–4C,
respectively. Among them, naloxone hydrochloride, brimonidine,



N_Hnrnpl /F_Hnrnpl

N_Hnrnpl /F_HnrnplN_Ptbp2/F_Ptbp2

N_Ptbp2 F_Ptbp2

B  A  

F E 

D  C  

N_Tra2b/F_Tra2b

N_Tra2b/F_Tra2b

Figure 4. Top 15 ranked drugs based on the NMD/

non-NMD ratios of each reporter gene

(A–C) Top 15 ranked drugs with possible NMD inhibition

activity. TG is included as a positive control. Original

values of the NMD/non-NMD ratio are showed next to

drugs. Base-2 log scale is used for the Y axis. (D–F) Top

15 ranked candidates with enhanced NMD activity.

Original values of the NMD/non-NMD ratio are showed

next to drugs. All three Y axes used the linear scale. Error

bar represented RQ±SEM for each reporter.

www.moleculartherapy.org
amlodipine, and CGS 15943 are cellular receptor antagonists.52–55

Tocainide, procaine hydrochloride, and mepivacaine hydrochloride
are voltage-gated sodium channel modulators.56–58 Vindesine sulfate,
podofilox, albendazole, and vinorelbine tartrate are microtubule
modulators.59–61 We also listed the top 15 ranked drugs that
decreased the N_Ptbp2/F_Ptbp2, N_Hnrnpl/F_Hnrnpl, and
N_Tra2b/F_Tra2b ratio (Figures 4D–4F). Annotations of these drugs
from PubChem indicate a wide range of actions from cellular enzyme
inhibitors (bestatin, naproxen sodium, pyridostigmine bromide, and
pravastatin sodium),62–65 inflammatory response regulators (triam-
cinolone acetonide, naproxen sodium, cortisone acetate, and diflu-
Molecular Th
nisal),66–69 to antibiotic reagents (sulfaceta-
mide, cefixime trihydrate, mafenide acetate,
and ampicillin sodium).70–73

Several drugs have been implicated in RNA pro-
cessing. Topotecan decreases splicing efficiency
by interfering with the interaction between
NHP2L1 and U4 snRNA.74 Its effect on Ptbp2
andHnrnplmay therefore relate to its splicing ac-
tivity. Idarubicin, increasing the N_Tra2b/
F_Tra2b ratio, competes with HNRNPA1 for
binding internal ribosomal entry sites (IRES) to
inhibit IRES-dependent translation.75 Epirubicin
promotes miR-503 export by disrupting the
interaction between hnRNPA2B1 and miR-
503.76

Most drugs exhibit differential ranking among
the reporter genes, arguing for integrating the re-
sponses of all reporter genes to rigorously identi-
fying NMDmodulators. Note that the ratio does
not distinguish NMD regulation fromAS regula-
tion. Drugs affecting the ratio of one reporter
gene but not the others likely influence AS rather
thanNMD. By contrast, if all three reporter genes
universally change their ratios in response to one
drug, it is more likely a result of NMD regulation.

To rigorously determine NMD modulators, we
first calculated the standard deviation (SD) of
NMD/non-NMD ratios across all drugs. We
then used 3xSD from the mean as a threshold to call a drug’s effect
on NMD activity. We found five possible NMD repressors from the
Ptbp2 reporter assay, one fromHnrnpl andone fromTra2b (Figure 5A).
Overlapping these results identifiedHHT (besides positive control TG)
as the sole repressor candidate. Satisfactorily, HHT showed the largest
NMD/non-NMDratios consistently across all three reporter genes (Ra-
tioPtbp2 = 5.0, RatioHnrnpl = 25.0, and RatioTra2b = 11.7). At 3xSD, no
NMD enhancer was identified for any reporter assay.

When we set a 2xSD threshold, we found 14, two, and eight
possible NMD repressors from the Ptbp2, Hnrnpl, and Tra2b
erapy: Nucleic Acids Vol. 27 March 2022 309
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0.01.
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reporter assays. Again, HHT stood out as the only overlapping hit
(Figure 5B). With a lower 1.5xSD threshold, despite more candi-
date repressors being identified (35, two, and 16 for the Ptbp2,
Hnrnpl, and Tra2b reporters), HHT was still the only drug
affecting all reporters (Figure 5C). As for possible NMD en-
hancers, none were identified with the 2xSD threshold. A lower
1.5xSD threshold led to 10, 0, and one candidates from the
Ptbp2, Hnrnpl, and Tra2b reporter assays, respectively, yielding
no overlap (Figure 5D).
310 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Althoughmost drugs were not as robust as HHT
in altering the expression of these three NMD
substrates, some mild NMD-regulatory drugs
may not have been captured by our stringent
criteria. We applied two independent methods
to statistically determine the possibility of weak
NMD regulation. First, we used Fisher’s method
to measure the significance of a drug effect
combining all three reporters. Specifically, a Z
test was developed for the RQ ratio (the NMD
transcript versus the non-NMD-transcript) at
the log2 scale. The three p values corresponding
to the three reporter genes were then combined
through the Fisher’s method to assess the overall
significance of each drug’s effect (P_Fisher). In
the second method, we performed randomiza-
tion tests to assess the statistical significance for
two out of the three reporter genes responding
to a drug (P_permutation). Specifically, we
randomly permuted the drug response data for
each reporter gene and counted the occurrences,
where two of the three random values were more
extreme than the observed expression changes
(i.e., random chance). P_Fisher and P_permuta-
tion were each subject to multiple testing correc-
tion through the FDR control. These statistics
provide tentative evidence for a drug to regulate
NMD. The detailed results are listed in Table S4.

Using Fisher’s method and with FDR%0.01,
we identified nine drugs inhibiting NMD,
including HHT, TG, artesunate, albendazole, montelukast sodium,
diphenylcyclopropenone, cladribine, hexachlorophene, and topote-
can hydrochloride (Figure 5E). Relaxing the FDR threshold to 0.05
did not identify additional candidates. Using the permutation test,
only HHT, TG, and topotecan hydrochloride were identified with
FDR %0.01 (Figure 5F). When the FDR cutoff was increased to
0.05, a total of 22 drugs were tentative NMD inhibitors. As for
NMD enhancers, the Fisher’s method identified mitoxantrone hydro-
chloride with an FDR threshold at either 0.01 or 0.05 (Figure 5E). The
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Figure 6. HHT inhibits NMD in a dosage-dependent

manner

(A–C) NMD isoform expression level changes in Ptbp2 (A),

Hnrnpl (B), and Tra2b (C) showed a dosage-dependent

manner compared with non-NMD isoform in N2a cells.

HHT started to inhibit NMD as low as 0.05 mM.

(D–F) NMD isoform expression level changes in PTBP2

(D), HNRNPL (E), and TRA2B (F) showed the same

dosage-dependent manner in HEK 293T cells. Data were

shown asmean ±SEMof three biological replicates. *, p <

0.05, **, p < 0.01, Student’s t test.
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permutation test identified mitoxantrone hydrochloride, trazodone
hydrochloride, and gabexate mesilate with an FDR cutoff of 0.01 (Fig-
ure 5F) and 32 more drugs with an FDR cutoff of 0.05. These drugs
are potential NMD modulators.

HHT inhibits NMD in a dosage-dependent manner in various cell

types

We decided to follow up with HHT, since it was ranked No.1 by mul-
tiple independent methods of calling NMD modulators and for all
three reporter genes. HHT is a natural cytotoxic alkaloid extracted
from Cephalotaxus Harringtonia and used to treat acute myeloid leu-
kemia, chronic myeloid leukemia, and other types of cancer.77,78 It
functions as a cell cycle blocker that stops the progression from G1
to S phase and from G2 to M phase and, as a result, efficiently induces
apoptosis and necroptosis in cancer cells.79–81

We first examined the minimal required dose of HHT to inhibit
NMD and its dose-response curves. We applied a range of HHT dos-
Molecular Th
ages from 0.0001 to 25 mM for 5 h and quanti-
fied the expression of NMD and non-NMD iso-
forms (Figures 6A–6C). Compared with DMSO
treatment, the non-NMD isoform levels of three
reporter genes changed minimally; therefore,
HHT does not significantly affect transcription
of these genes. The NMD isoform levels were
unchanged up to 0.002 mM. At 0.01 mM, the
NMD isoforms of Ptbp2 and Tra2b were not
changed, but the Hnrnpl NMD isoform was
modestly and significantly upregulated. At
0.05 mM, the NMD isoforms of all three reporter
genes were upregulated by 7–10-fold. They were
further increased in concordance with higher
concentration of HHT. In summary, HHT in-
hibits NMD at concentrations as low as
0.05 mM and in a dosage-dependent manner.

To test whether HHT inhibits NMD in other
cell types, we treated the human embryonic kid-
ney-originated (HEK) 293T cells with different
dosages of HHT. Again, HHT upregulated the
three NMD isoforms as low as 0.05 mM and in
a dosage-dependent manner (Figures 6D–6F). Non-NMD isoforms
exhibited no changes between DMSO- and HHT-treated samples.
We further tested whether HHT was effective in primary cells besides
transformed cell lines. We isolated mouse neural progenitor cells
(NPCs) from embryonic mouse neocortices and treated them with
the same range of HHT for 5 h. A similar expression profile of the
three reporter genes was observed under HHT treatment (Fig-
ure S3A–S3C). All three NMD isoforms began to show significant up-
regulation (�3–7-fold) after treatment of 0.05 mM HTT. As the
dosage increased, the fold changes went up to a 9- to 28-fold increase
at 25 mM HTT. These results show that the HHT effect on NMD is
conserved between human and mouse and in multiple cell types of
different tissue origins.

HHT inhibits other NMD substrates

Among the known NMD-inducing sequence features, the presence of
a terminal codon >50 nt upstream of the last exon-exon junction (in
short, the 50-nt rule) has the strongest predictive value for NMD
erapy: Nucleic Acids Vol. 27 March 2022 311
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Figure 7. HHT treatment inhibits protein synthesis and prevents polysome

formation

(A) N2a cells pulse-labeled with puromycin were lysed and subject to Western blot

analysis with anti-Puromycin antibody and anti-GAPDH antibody staining (as the

loading control). Cells treated with HHT concentration lower than 0.01 mM showed

no difference compared with DMSO. Starting at 0.01 mM, there was clear protein

synthesis inhibition. From 0.05 to 5 mM, the protein synthesis was almost completely

inhibited. Three biological replicates show similar results. Polysome graphs of N2a

samples treated with DMSO (B), 0.05 mMHHT (C), 1 mMHHT (D), and 0.2 mMTG (E).

DMSO control showed normal polysome integrity compared with significant lower

polysome portions in HHT- and TG-treated samples.
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susceptibility.40 This is the basis of our AS-NMD assay. However,
NMD can also target genes and transcripts without this feature.82–84

We therefore explored whether HHT could affect NMD substrates
without the 50-nt rule. We selected some well-established NMD tar-
gets in literature, such as Gadd45b, Ddit3, Atf3, and Atf4,2,85–87 and
tested them in HHT-treated N2a, 293T, and primary NPCs.

These four genes all were upregulated in multiple cell types upon
HHT treatment (Figure S4). In N2a cells, we observed clear upregu-
lation of Gadd45b (10.1–16.9-fold), Ddit3 (3.2–3.9-fold), and Atf3
(5.8–6.7-fold) with 0.05 mM HHT and above (Figures S4A–S4C).
Atf4 showed a modest but significant increase (�1.7-fold, Fig-
ure S4D). In 293T cells, ATF3 abundance increased after as low as
0.01 mM HHT treatment and reached up to 10.8-fold induction at
high HHT concentration (Figure S4G). GADD45B exhibited a clear
dosage-dependent upregulation (2.6–5.6-fold) upon treatment of
0.05 mM–25 mMHHT (Figure S4E).DDIT3 andATF4 had a relatively
weaker response but still displayed about 2- to 3-fold upregulation
(Figures S4F and S4H). In NPCs, the 0.01 mM HHT treatment
induced significant upregulation in Gadd45b (2.8 ± 0.3 fold), Atf3
(8.4 ± 1.2 fold), and Atf4 (3.9 ± 0.5 fold). With higher dosages, their
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mRNA levels increased by 5.5–26.4-fold (Figures S4I, S4K, and S4L).
Ddit3 was unchanged with 0.01 mM HHT but showed a 3.0-fold in-
crease at 0.05 mM and increased to 5.7-fold at 25 mM (Figure S4J).
In summary, although these four NMD targets exhibited differential
upregulation in various cell types, they all respond to HHT treatment
in agreement with NMD inhibition.

Translational inhibition mediates HHT’s NMD effect

Since HHT is a potent cell cycle blocker and cell death inducer, these
effects may confound studies of its mechanism. To examine this, we
first tested whether the NMD-inhibiting doses of HHT (0.05–5 mM)
caused a reduction in cell numbers or cell death. Cell counts showed
no difference among different treatment groups (Figure S5A). Using
Annexin V and 7-AAD to label dying and dead cells, we conducted
fluorescence-activated cell sorting (FACS) to test whether HHT acti-
vated apoptosis when inhibiting NMD. We found that all HHT-
treated groups had a similar level of apoptotic and dead cells as the
DMSO-treated group (Figures S5B–S5F and S5H). By contrast,
0.3 mM staurosporine (STS) clearly induced apoptosis as a positive
control (Figures S5G–S5H).88 Therefore, neither cell proliferation
nor cell survival are significantly affected during the treatment of
0.05–5 mM HHT, which inhibits NMD.

To understand the mechanism by which HHT inhibits NMD, we
examined whether translation could be involved, since NMD is a
translation-dependent process. 35S methionine, methionine analog
L-azidohomoalanine (L-AHA), and puromycin are commonly used
to assay global translational activity, as they incorporate into newly
synthesized proteins.89–91 Puromycin is a tyrosyl-tRNA mimic that
binds in the acceptor site of elongating ribosomes and subsequently
attaches to nascent peptide chains. A short pulse (e.g., 10 min) of pu-
romycin to label newly synthesized peptides, followed by Western
blot with anti-puromycin antibody, is a common and effective
method to measure the global level of active translation in cells.92–95

We treated N2a cells with a range of HHT dosages from 0.0001 to
5 mM, DMSO or TG control. After 5 h, puromycin was added to
the media for 10 min to label protein translation. We found that
0.0001–0.002 mM HTT did not induce noticeable changes in transla-
tion compared with DMSO treatment. These doses have no effect on
NMD reporters either (Figures 6, S3, and S4). By contrast, inhibition
of protein synthesis, demonstrated by the loss of puromycin-labelled
proteins, was evident after treatment with 0.2 mM TG and as low as
0.01 mMHHT.With a 0.05 mMor higher dose of HTT treatment, little
new protein synthesis was observed, despite loading the same amount
of protein lysates (Figures 7A and S6).

We also performed polysome fractionation using sucrose density
gradient centrifugation of drug-treated cells and examined polysome
integrity as another indicator of translational activity. DMSO-treated
control cells showed a normal polysome profile consisting of individ-
ual ribosomal subunit peaks (40S and 60S), the monosomes (80S),
and staggering peaks of polysomes (Figure 7B). TG, which inhibits
translation, was used as a control (Figure 7E). Polysome was visibly
dissociated in cells treated with 0.2 mM TG, a concentration that
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inhibits NMD. The reduced optical density of heavier polysomes was
accompanied by an increase in the monosome peak, another indica-
tion of translation inhibition.96 Similar to TG, both 0.05 and 1 mM
HHT reduced the heights of the polysomes to no visible peaks (Fig-
ures 7C and 7D). Concurrently, the monosome peak increased sub-
stantially as the polysomes became free monosomes. Since active
global translation is indicated by discrete peaks of “lighter” to “heav-
ier” (corresponding to 2� to 8�) polysomes, their absence or reduc-
tion in magnitudes indicates global translation inhibition. Therefore,
HHT inhibits translation at the minimum concentration (0.05 mM)
that represses NMD, showing that translational inhibition is the un-
derlying mechanism of NMD inhibition.

DISCUSSION
Approximately 3 million individuals in the US alone are afflicted with
genetic diseases caused by nonsense mutations that convert a protein-
coding codon into a PTC.4 PTC-harboring transcripts are degraded
by NMD. These patients can benefit from NMD-modulatory drugs
acting in a preferable direction, which depends on whether the
NMD activity is beneficial or detrimental in the disease condition.
If the C-terminal truncated proteins are deleterious or dominant neg-
atives, NMD is beneficial, and enhancing NMD may be favorable.23

On the other hand, if the C-terminal truncated proteins are (partially)
functional, NMD ablates functional proteins, and NMD repression is
more desirable.22

In addition to disease-causing nonsense mutations, an increasing
number of illnesses are associated with NMD. For example, muta-
tions in RNA splicing factors leading to the appearance of PTC-con-
taining transcripts have been shown as the most commonmechanism
inmyelodysplastic syndromes.97,98 In other cases, NMD activity elim-
inates potentially functional products and leads to a more severe
phenotype.30,99 Therefore, systematic profiling for chemical modula-
tors among existing drugs is an immediate path to identify and distin-
guish drugs that can ameliorate versus worsen NMD-associated
diseases. Furthermore, while FDA-approved drugs have not been
rigorously analyzed for their influence on NMD, patients with under-
lying nonsense mutations can be affected unknowingly by approved
drugs. It is therefore urgent to profile FDA-approved drugs for their
effect on cellular NMD activity.

In this study, we applied a robust assay to profile each of 704 FDA-
approved compounds from the NCATS/NIH clinical collection on
NMD. Both NMD and non-NMD isoforms of Ptbp2, Hnrnpl, and
Tra2b were measured simultaneously after DMSO or drug treat-
ments. This AS-NMD assay is based on one NMD-inducing feature,
namely, an exon-exon junction >50 nt downstream of a stop codon.
Although the 50-nt rule is the most predictive feature of NMD target-
ing in mammals,40 our study may not identify compounds that act on
NMD substrates of different features.

We found a wide range of drug-induced transcriptional responses.
For example, the fold change in Ptbp2 isoform ranged from 0.08 to
7.7, and its NMD isoform from 0.13 to 10.1, showing an approximate
100-fold difference. Transcriptional regulation also appeared in a
large proportion of the drugs we profiled (Figure 3A). However, we
did not directly measure the transcription rates. As RT-qPCR can
only measure the level of steady-state mRNA, these expression level
changes reflect the combined effect of transcription, splicing regula-
tion, NMD modulation, and other RNA decay regulation. Neverthe-
less, the transcriptional responses to FDA-approved drugs are worthy
of further investigation, as they may constitute a major mechanism of
drug effect, either positively or negatively.

The transcriptional response could mask the drug effect on NMD.We
therefore calculated NMD/non-NMD ratios to remove the transcrip-
tion effect with the precaution that the ratio can be influenced by
splicing regulation. The average fold change in NMD/non-NMD ratio
for three reporter genes fell within 1.04–1.06. Using the stringent
criteria requiring similar responses of the three reporters, most drugs
insignificantly influenced cellular NMD.We then took advantage of a
large amount of expression data from all 704 drugs on 6 isoform
expression and developed a randomization method and a Fisher
method to determine weak NMD regulation. As such, we assigned
statistics and FDR controls for each drug (Table S4). Only a small
group of FDA drugs show tentative evidence of affecting cellular
NMD (Figures 5E and 5F).

The knowledge that most FDA drugs act minimally on NMD is valu-
able for patients comprising 20% monogenic diseases caused by
nonsense mutations as well as for an increasing number of illnesses
linked to overloaded nonsense transcripts.4,6 One implication is
that these drugs do not interfere with NMD activity to induce adverse
effects, excluding NMD as a source of safety concern. This knowledge
is also valuable to the general population who bear thousands of
nonsense SNPs.

HHT is the most outstanding NMD modulator from this profiling. It
is best known for its anti-cancer activity, and various cellular mecha-
nisms have been proposed, including blocking cell cycle, inducing cell
apoptosis, and inhibiting tumor growth.100,101 At the molecular level,
HHT inhibits SP1, TET1, 5hmC, and FLT3 signaling pathways in
acute myeloid leukemia by directly binding to SP1 at concentrations
between 0.04 and 2 mM.102 HHT was also shown to target transcrip-
tion factor NF-lB to reduceMYC gene expression.103We foundHHT
is an effective NMD inhibitor while inhibiting translation, although to
ultimately prove this causality would require de-repressing transla-
tion after HHT treatment. Further supporting HHT’s translation
inhibition effect is that HHT can bind to the A-side cleft of the ribo-
some, a common mechanism by which antibiotics inhibit transla-
tion.104 Studies of HHT have shown its effective dosages ranging
from 0.04 to 2 mM. Since HHT inhibits NMD as low as 0.05 mM,
our finding implied that NMD inhibition might be a contributing
mechanism in prior studies.

Many previously reported NMD drugs (e.g., NMDI-1, NMDI-14, and
pateamine A) are not included in the NCATS library. Amlexanox and
5-azacytidine are included, and we found that they did not robustly
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affect the endogenous reporter genes at 5 mM. In the original report of
amlexanox as an NMD inhibitor,30 amlexanox was effective in upre-
gulating nonsense mutation-containing mRNAs at 0.2, 1, 5, and
25 mM concentrations. However, the authors also showed, and
concluded, that the same dosages did not affect natural NMD sub-
strate expression. This is in line with our observation that amlexanox
induced a 1.03- to 1.21-fold change in the expression of three endog-
enous reporter genes.

As for 5-azacytidine, the difference between ours and Bhuvanagiri
et al. could be the duration of the treatment. Bhuvanagiri et al. treated
cells for 18 h at 1.56–20 mM,29 whereas we treated cells for 5 h. Since
5-azacytidine requires Myc upregulation to inhibit NMD,29 MYC
protein may not be sufficiently induced at 5 h after 5-azacytidine
treatment. Since previous studies did not release the full data of
screened drugs other than reported positive hits, it is unclear whether
HHT was tested before.

Our study can be seen as testing each FDA drug with a validation
assay without a primary screen. Primary screens using exogenous
NMD reporters require more direct and precise validation assays to
confirm a positive hit, while non-hits, including false negatives, are
simply discarded. Protein-based exogenous reporters intrinsically
contain noise from regulatory processes other than NMD. Our
RNA-based AS-NMD assay directly examines endogenous NMD tar-
gets and distinguishes NMD regulation from transcription and AS
regulation. Furthermore, multiple endogenous NMD targets (in addi-
tion to those in this study) can be assayed at the same time to increase
the confidence of calling an NMD modulation, whereas exogenous
NMD reporters are usually tested one at a time. Although our assay
is costly and time consuming, we provide the highest-quality data
possible to date on NMD regulation for FDA-approved drugs by us-
ing an assay that normally would be deployed only during the valida-
tion phase.

Here, we have profiled 704 FDA-approved drugs. The chemical space
is vaster than our assays, and genuine NMD modulators still await
discovery. The AS-NMD assay is robust and flexible and can be adop-
ted for a larger library and/or platforms. The assay directly probes
endogenous NMD targets as a readout, which can be easily applied
to some transfection-resistant cell lines or tissues. The assay is both
sensitive and highly specific and can be expanded to include addi-
tional NMD reporters to further enhance the robustness of the dis-
covery. We will improve the assay and throughput to facilitate
profiling of larger chemical libraries with the goal of identifying
more specific NMD modulators and evaluating new drugs for their
effects on NMD.

MATERIALS AND METHODS
Cell culture and FDA drug treatments

The 704 FDA-approved drug candidates are part of the NCATS/NIH
Clinical Collection (Table S1). Six hundred and fifty thousand Neuro-
2a (N2a) cells per well were plated on 6-well BioLite TC plates
(Thermo Fisher) and incubated with 2 mL of N2a complete media.
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The N2a complete media consists of L-glutamine-free Dulbecco’s
modified Eagle’s medium (DMEM) (Thermo Fisher), 10% FBS
(VWR), and 1� GlutaMAX (Thermo Fisher). Cells were incubated
overnight before treatment with the drugs at 37�C, 5% CO2. Separate
TG (VWR)-treated cells at indicated concentrations were harvested
along with other drug treatments. Due to the numbers of treatments,
the experiments were divided into treatment groups of �12 samples
per group. All groups were collected at 5 h post-treatment.

RNA extraction and cDNA synthesis

After aspirate media, 1 mL of TRIzol (Thermo Fisher) was directly
added to the cells to extract total RNA following themanufacture pro-
tocol TRIzol reagent. DNase treatment was performed at 37�C for
35 min to degrade residue genomic DNA after TRIzol RNA isolation
with 4 units of Turbo DNase (Thermo Fisher). Following the DNase
treatment, RNA was purified again using phenol-chloroform pH 4.5
(VWR). RNA concentrations were measured using a Nanodrop
2000c (Thermo Fisher). cDNA was synthesized using 1 mg of DNA-
free total RNA. The reverse transcription used 1 mL of 30 mM random
hexamers (IDT) and 200 units of PromegaM-MLV reverse transcrip-
tase (Promega) in a 20 mL reaction following the Promega protocol.
The completed 20 mL cDNA reactions were diluted with 180 mL of
nuclease free H2O (1:9) as the working concentration.

AS-NMD drug profiling using RT-qPCR

RT-qPCR primers were designed using Primer 3 software and pur-
chased from IDT. Information of primers location was listed with
the sequence information (Table S3). For RT-qPCR primer details
and quality control information, refer to prior publications.4–7 RT-
qPCR experiments were performed using 2� Power SYBR Green
PCR master mix (Thermo Fisher), following the manufacturer proto-
col. A 10-mL reaction consisted of 5 mL 2� Power SYBR Green PCR
master mix, 0.3 mL of 10 mM forward primer, 0.3 mL of 10 mM reverse
primer, and 3 mL of cDNA. A QuantStudio 6 Real-Time PCR instru-
ment (Thermo Fisher) was used for the RT-qPCR assay. The run pro-
gram was as follows: 50�C for 2 min, 95�C for 15 s, and 60�C for
1 min, with the 95�C and 60�C steps repeated for 40 cycles. A melting
curve test from 60�C to 95�C at a 0.05�C/s measuring rate was per-
formed after each official run for quantity control. All reactions
were conducted with three replicates with a non-cDNA control
(NTC, not amplified).

Apoptosis analysis

Apoptosis analysis was performed with FITC Annexin V Apoptosis
Detection Kit I (BD science). Six hundred and fifty thousand N2a cells
per well were plated on 6-well BioLite TC plates with 2 mL of N2a
complete media. Cells were cultured overnight before treatment. Cells
were treated with different dosages of HHT from 0.01 to 5 mM, along
with a negative control DMSO and a positive control 0.3 mMSTS for 5
h. All groups were dissociated with 0.2 mL TrypLE and collected with
2 mL N2a complete media. Cells were washed twice with cold 1� PBS
and then resuspended in 1� binding buffer at a concentration of 1 �
10^6 cells/mL. One hundred microliters was taken out for staining
with 1 mL FITC Annexin V and 1 mL 7-AAD. The mixture was gently
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tapped and incubated for 15 min at room temperature (RT) in the
dark. Two hundred microliters 1� binding buffer per tube was added
to the mixture before FACS with flow cytometer (NovoCyte).

Data analysis

All RT-qPCR data were analyzed using the QuantStudio 6 software.
The software used the DDCt method to calculate RQ (i.e., fold
changes). Two housing-keeping genes, Gapdh and Sdha, were
included for normalization using their geometric averaging.105 Out-
liers were omitted when the coefficient of variation of Ct among
the three technical replicates was larger than 0.3. Statistical analysis
and figure generation were performed in Microsoft Excel.

To consider combined effects of three reporters, we applied a Z test to
measure the statistical significance of the drug effect. Specifically, the
RQ ratio between the NMD and the non-NMD transcripts at the log2
scale was Z score normalized and tested whether the drug had an up-
regulation effect (m>0) or a downregulation effect (m<0) for a reporter
gene. For each drug, the three p values corresponding to the three re-
porter genes were combined through the Fisher’s method to assess the
overall significance of its effect (P_Fisher). Secondly, we performed a
randomization test to assess the significance of extreme values from
two out of the three reporter genes. We randomly permuted the
drug response data for each reporter gene for 10,000 times and
counted the occurrences that the two random ratios were more
extreme than the observed ones (P_permutation). Both p values
were further subject to multiple testing correction through the FDR
control. PCA was performed for the six RQ values or the three RQ ra-
tios. The first two principal components were visualized to show the
overall clusters of drugs based on their effect similarity. Hierarchical
clustering and heat maps were plotted for the RQ values at the log2
scale using R software.

Puromycin labeling and Western blot

Six hundred and fifty thousand N2a cells per well were plated on
6-well BioLite TC plates with 2 mL of N2a complete media. Cells
were cultured overnight before being treated with different dosages
of HHT from 0.01 to 5 mM, along with one DMSO (negative control)
and one 0.2 mMTG (positive control) for 5 h. An amount of 10 mg/mL
puromycin was added to the media for a 10 min pulse labeling, then
all media were removed, and cells were washed twice with cold 1�
PBS. One hundred microliters lysis buffer (RIPA buffer with 1�
Phosstop, 1� Protease inhibitor and 1 U/mL BenzonaseRTM
Nuclease) was added to each well, and cells were collected into the
lysis buffer using cell scrapers. Lysate from each well was transferred
to one 1.5 mL tube, and all tubes were rotated at 4�C for 30 min to
increase lysis efficiency. Samples were centrifuged at 14,800 rpm for
15 min, and supernatants were transferred to new tubes for further
analysis. For Western blot analysis, 50 mg total protein per sample
was loaded to SDS-PAGE gel. After proteins transferred to the
PVDF membrane, the membrane was first stained with Ponceau S.
Membrane was blocked by 1� TBST with 5% BSA before being incu-
bated with primary antibodies. Anti-puromycin (Sigma-Aldrich,
MABE343) and anti-GAPDH (Cell signaling, 2118S) primary anti-
bodies were diluted at 1:1,000 ratio in 1� TBST with 5% BSA and
incubated with PVDF membrane at 4�C overnight. The next day, af-
ter washing, the membrane was incubated with the corresponding
fluorescence-conjugated secondary antibodies at RT for 30 min.
Finally, the fluorescent signals were detected with the Typhoon
FLA9000.

Polysome fractionation

For polysome fractionation experiments, 1.0 � 107 N2a cells were
plated in 150 mm petri dishes overnight with 20 mL N2a complete
media. Cells were treated with the indicated concentrations of HHT
and TG on the next day before sample processing. Cycloheximide
(Thermo Fisher) was added at a final concentration of 100 mg/mL fol-
lowed by an incubation of 10 min at 37�C before lysate collection. The
cells were washed twice with 10 mL cold 1� PBS containing 100 mg/
mL cycloheximide and collected in 4 mL of the same cold solution
with cell scrapers. The cells were lysed with 0.5 mL lysis buffer
(20 mM Tris pH 7.5, 100 mM KCl, 5 mM MgCl2, 2 mM DTT,
100 mg/mL cycloheximide, 1% Triton X-100, 50 mg/mL RNaseout,
and 1� EDTA-free protease inhibitor cocktail). Roughly, 450 mL
(6,000 optical units) of lysate was loaded onto premade sucrose gra-
dients (60%–15%) and balanced (within 0.5 mg) before ultracentrifu-
gation at 4�C at 41,000 rpm for 1.5 h using an SW41 Ti rotor. The
centrifugation tubes were carefully removed from the ultracentrifuge
and loaded onto the fractionation system consisting of the gradient
fractionator (Brandel), the ISCO absorbance detector (ISCO), and
fraction collector (R1 Fraction Collector, Brandel) at 2.0 sensitivity
and 150 cm/h chart speed to record absorbance data and collect
fractionations.

SUPPLEMENTAL INFORMATION
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