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5-azacytidine inhibits nonsense-mediated decay in
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Abstract

Nonsense-mediated RNA decay (NMD) is an RNA-based quality
control mechanism that eliminates transcripts bearing premature
translation termination codons (PTC). Approximately, one-third of
all inherited disorders and some forms of cancer are caused by
nonsense or frame shift mutations that introduce PTCs, and
NMD can modulate the clinical phenotype of these diseases.
5-azacytidine is an analogue of the naturally occurring pyrimidine
nucleoside cytidine, which is approved for the treatment of myelo-
dysplastic syndrome and myeloid leukemia. Here, we reveal that
5-azacytidine inhibits NMD in a dose-dependent fashion specifically
upregulating the expression of both PTC-containing mutant and
cellular NMD targets. Moreover, this activity of 5-azacytidine
depends on the induction of MYC expression, thus providing a link
between the effect of this drug and one of the key cellular pathways
that are known to affect NMD activity. Furthermore, the effective
concentration of 5-azacytidine in cells corresponds to drug levels
used in patients, qualifying 5-azacytidine as a candidate drug that
could potentially be repurposed for the treatment of Mendelian and
acquired genetic diseases that are caused by PTC mutations.
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Introduction

Nonsense-mediated mRNA decay (NMD) specifically recognizes and
degrades transcripts with premature termination codons (PTCs) in a
translation and splicing-dependent manner (Hentze & Kulozik,
1999; Maquat, 2004). PTCs may be introduced into mRNAs by
mutations, transcriptional errors, or aberrant splicing (Holbrook
et al, 2004). Recognition of PTC-containing mRNAs and their target-
ing for degradation requires a set of conserved NMD effectors,
which include the Up-frame shift (UPF) proteins UPF1, UPF2 and
UPF3B; exon junction complex (EJC) proteins Y14, MAGOH,
EIF4AIIl and BTZ (MNL51); and the SMG1-SMG9 proteins (Yamashita
et al, 2001; Kashima et al, 2006). When the ribosome reaches a
PTC, interaction of the release factors eRF1 and eRF3 with down-
stream EJCs bridged by the UPF proteins triggers the phosphoryla-
tion of UPF1 and subsequent degradation of the mRNA [reviewed in
(Holbrook et al, 2004; Chang et al, 2007; Bhuvanagiri et al, 2010)].
Although the general pathway of NMD is conserved among different
species, important differences have been identified. Studies in
mammals have suggested alternative branches of the NMD path-
way, which differ in the dependence on the cofactors UPF2, EJC
core components and UPF3B, but converge at the point of UPF1
phosphorylation (Gehring et al, 2005).

The importance of NMD is also reflected in its ability to modulate
expression of many physiological transcripts, referred to as “endoge-
nous NMD targets”, involved in various cellular processes, such as
haematopoietic cell differentiation or the maintenance of chromo-
some structure and function (Mendell et al, 2004; Isken & Maquat,
2008). Inhibition of NMD stabilizes mRNAs allowing cells to
effectively respond to stress (Karam et al, 2013). Furthermore,
approximately one-third of human Mendelian diseases are estimated
to be caused by PTCs (Holbrook et al, 2004). The degradation of
PTC-mutated mRNAs limits the synthesis of their encoded C-termi-
nally truncated proteins. When such truncated proteins act in a
dominant negative fashion, NMD can protect from severe disease in
heterozygous carriers, as is exemplified in p-thalassemia (Holbrook
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et al, 2004). By contrast, when the truncated proteins are (partially)
functional, as is the case with some PTC mutations causing cystic
fibrosis (CF), Duchenne muscular dystrophy (DMD) and some types
of cancer, NMD can aggravate the disease phenotype (Holbrook et al,
2004, 2006; Karam et al, 2008; Bhuvanagiri et al, 2010). Because of its
importance in modulating the phenotype of PTC-related Mendelian
and somatic diseases such as cancer, NMD represents an attractive
target for the development of novel treatment strategies. Some small
molecules have previously been used to study the mechanism of
NMD in experimental systems. These include (i) compounds that
induce translational readthrough such as the aminoglycosides G418
and gentamycin (Keeling & Bedwell, 2002, 2011; Dranchak et al,
2011), (ii) general translation inhibitors such as cycloheximide and
anisomycin (Belgrader et al, 1993; Carter et al, 1995; Li et al, 1997) and
(iii) direct inhibitors of NMD proteins such as wortmannin and pate-
amine A (Usuki et al, 2004; Dang et al, 2009). Readthrough agents
induce the insertion of a near-cognate transfer RNA at the position of
a stop codon, which results in the incorporation of an amino acid in
place of the stop codon into the nascent peptide and could poten-
tially be used to treat PTC-mediated diseases (Burke & Mogg, 1985;
Linde et al, 2007b; Linde & Kerem, 2008; Keeling et al, 2012).
However, the readthrough agent gentamycin, which is clinically
used as an antibiotic, cannot be used for this purpose, because it is
too toxic at concentrations that modulate NMD efficiency (Mingeot-
Leclercq & Tulkens, 1999; Guthrie, 2008). The indole derivative
PTC124 has been developed as a readthrough-promoting agent for
PTC mutations (Welch et al, 2007), and it is currently in late-stage
clinical trials for the treatment of DMD and CF (Finkel et al, 2013;
Kerem et al, 2014). Amlexanox is a small molecule with both NMD
inhibitory and readthrough-promoting activity. However, the exact
mechanism of action of amlexanox is still unknown (Gonzalez-
Hilarion et al, 2012). The combination of the readthrough-promot-
ing compound G418 and the NMD modulator NMDI14 was shown
to stabilize mRNAs with PTCs and restore expression of full-length
p53 protein (Martin et al, 2014). These studies indicate that NMD
inhibition can principally be achieved pharmacologically, motivat-
ing the search for new compounds with clinically appropriate effec-
tivity/safety profiles. We thus screened for drugs that inhibit NMD
and are that are already clinically approved for other purposes. This
work identifies S-azacytidine as a dose-dependent novel NMD
inhibitor and characterizes its mechanism of action, which depends
on MYC activation.

Results
5-azacytidine specifically inhibits NMD

We first developed and validated a chemiluminescence-based high-
throughput screening assay in HeLa cells stably expressing an NMD
reporter that has previously been generated in our laboratory. This
reporter consists of a hemoglobin beta subunit (HBB) gene either
with a PTC at position 39 of the open reading frame (ORF) in exon 2
or with the normal sequence, fused to a renilla luciferase gene
(Fig 1A). When NMD is active, the mRNA of the PTC-mutated
fusion transcript is degraded and the renilla luciferase activity is low
(Boelz et al, 2006). Inhibition of NMD results in the upregulation of
nonsense-mutated mRNA levels and increased luciferase activity of

EMBO Molecular Medicine Vol 6 | No 12| 2014

5-azacytidine inhibits NMD  Madhuri Bhuvanagiri et al

the reporter. We validated this reporter system by monitoring the
effect of siRNA-mediated depletion of the essential NMD factor
UPF1. Downregulation of UPF1 protein resulted in the expected
upregulation of the PTC-mutated reporter (Fig 1B and C). We
further validated the reporter by testing known inhibitors of NMD.
Among the various controls tested, anisomycin and cycloheximide
showed a more than twofold upregulation of the luciferase-based
NMD reporter at low concentrations that only partially inhibit
general translation (Fig 1D and Supplementary Fig S1).

We then used the reporter system to perform a screen of the
Prestwick library (Prestwick Chemical), containing 1,120 clinically
licensed drugs or compounds in advanced clinical development.
HeLa cells stably expressing the NMD reporter were seeded in 384
well plates and treated either with the controls (positive: anisomy-
cin; negative: DMSO) or with the compounds from Prestwick library
at concentrations of 0.1 or 5 pg/ml for 18 h (Fig 1E). The majority
of the compounds screened showed little or no effect on the NMD
reporter at either concentration. By contrast, 5-azacytidine (5 pg/ml)
and lycorine (5 pg/ml) yielded a more than 200% up-modulation of
luciferase activity, and treatment with emetine, cephaeline, meben-
dazole and nocodazole resulted in a 150-200% up-modulation
of the NMD reporter (Fig 1E). All six compounds that showed an
effect in the primary screen were then selected for secondary screening
using HeLa cells stably expressing either the wild-type or the
PTC-mutated HBB reporter (Supplementary Fig S2). In this secondary
screen, dose-response curves were generated using an 11-point
twofold serial dilution starting at 100 uM. Further, viability of the
cells was measured in parallel by monitoring the intracellular ATP
concentrations. These analyses demonstrated that 5-azacytidine is
effective at concentrations starting from 0.5 uM up to a maximum
of around 10 pM. Above this concentration, there was a reduction
in luciferase activity resulting in a bell-shaped dose-response curve.
This is most likely due to toxicity associated with the drug at higher
concentrations. Further, this analysis revealed that 5-azacytidine
specifically acts on NMD and does not increase the expression of
the wild-type reporter construct, also excluding the possibility of
unspecific effect on luciferase enzyme activity. The other hits of the
primary screen show marginal effects at lower concentrations (lyco-
rine, nocodazole) or effective only at higher concentrations (50 puM)
(cephaeline, emetine, mebendazole), which are not practical for
clinical use (Supplementary Fig S2). Retesting these compounds at
the concentration at which the maximum signal for the PTC mutant
had been detected in the dose-response titration confirmed the
results of the primary screen and revealed a statistically significant
increase of the expression of the PTC-mutated transcript following
treatment with 5-azacytidine and nocodazole, while there was a
non-significant trend for the other compounds tested (Fig 1F).
Additionally, it is interesting to note that 5-azacytidine results in the
synthesis of approximately 40% of the wild-type protein at a
concentration of 1.56 uM (Supplementary Fig S3A). 5-azacytidine
thus emerges as a promising inhibitor of NMD identified from the
Prestwick library.

Chemical specificity of 5-azacytidine
We next analyzed whether any chemically related analogues of

S5-azacytidine could also inhibit NMD. We used stable cell
lines expressing wild-type or PTC-mutated reporter constructs

© 2014 The Authors
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Figure 1. 5-azacytidine inhibits NMD.

A Schematic representation of the NMD reporter, which contains a either a wild-type or a PTC-mutated HBB gene fused to a renilla luciferase gene and which was
used to stably transfect Hela cells.

B Western blot documenting the efficient depletion of UPF1 protein in Hela cells stably expressing the reporter construct.

C Upregulation of reporter luciferase activity following siRNA-mediated depletion of UPF1. Student’s t-test was performed to analyze the significance, N = 3 and
***p = 0.0006. Each bar represents average =+ SD.

D Upregulation of reporter luciferase activity following treatment with known NMD inhibitors, which identified anisomycin and cycloheximide as suitable positive
controls for the high-throughput screen. One-way ANOVA followed by Holm-Sidak multiple comparisons test was performed to analyze the significance, N = 3 and
***p = 0,0003 for anisomycin and ***P = 0.0006 for cycloheximide. Each bar represents average + SD.

E Graphical representation of the primary screening data. Hela cells stably expressing the reporter were treated with 5 pg/ml (blue diamond) and 0.1 pg/ml (red

square) concentrations of compounds contained in the Prestwick library along with DMSO as a negative control and anisomycin as a positive control. Following 18 h
of treatment, cells were lysed and the renilla luciferase luminescence signal was detected. Data represent the average of two biological replicates. Compounds that

resulted in > 200% reporter activity are indicated.

F Assessment of reporter activity at concentrations that have been identified to be optimal by dose—response titrations (see Supplementary Fig S2) of hits from the

high-throughput screen [5-azacytidine (1.56 uM); lycorine (1.45 uM); emetine (0.078
One-way ANOVA followed by Holm-Sidak multiple comparisons test was performed
**P = 0.0080 for nocodazole. Each bar represents average + SD.

Source data are available online for this figure.

and treated them with serial dilutions of 20 chemically related
nucleoside/nucleotide analogues (Table 1), some of which are in
clinical use for the treatment of cancer and viral diseases, and
performed luciferase and cytotoxicity assays (Fig 2A-D). Our
analyses showed that none of the drugs, even the chemically
closely related 5-aza-2'-deoxycytidine and 5-azacytosine, display

© 2014 The Authors

uM); cephaeline (0.078 uM); mebendazole (50 1tM); nocodazole (50 pM)].
to analyze the significance, N = 3 and ****P < 0.0001 for 5-azacytidine and

any effect on wild-type or NMD reporter, unlike 5-azacytidine
which specifically stimulates the luciferase activity encoded by
the PTC-mutated reporter by more than 200% already at a
concentration of 1 uM (Fig 2A and B). These results document
the high degree of chemical specificity of 5-azacytidine in inhibit-
ing NMD. Hence, for our further analyses, we have chosen a
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Table 1. Summary of the results of dose titration experiments with 20 nucleoside/nucleotide analogues on the expression of the PTC-mutated and

the wild-type reporter constructs.

Upregulation of PTC-mutant

Upregulation of wild-type

Compound reporter luciferase activity NS39 (EC pM) reporter luciferase activity Wild-type (EC pM)
Cytidine NO > 50 NO > 50
2'-deoxycytidine NO > 50 NO > 50
3'-deoxycytidine NO > 50 NO > 50
S-azacytosine NO > 50 NO > 50
5-azacytidine YES 1.56 NO > 50
5-aza-2'-deoxycytidine NO > 50 NO > 50
2’ 3'-dideoxycytidine NO > 50 NO > 50
2'-deoxycytidine NO > 50 NO > 50
2'-0-methylcytidine NO > 50 NO > 50
3'-deoxycytidine NO > 50 NO > 50
3'-0-methylcytidine NO > 50 NO > 50
6-azathymine NO > 50 NO > 50
6-azauracil NO > 50 NO > 50
Cytarabine NO > 50 NO > 50
Gemcitabine NO > 50 NO > 50
L-cytidine NO > 50 NO > 50
N4-aminocytidine NO > 50 NO > 50
Thymidine NO > 50 NO > 50
Uridine NO > 50 NO > 50
Zebularine NO > 50 NO > 50

EC, effective concentration.

concentration of 1.56 uM of 5-azacytidine at which we observed
minimal cytotoxicity and robust up-modulation of NMD reporter
activity (Fig 2C and D).

5-azacytidine increases the abundance of nonsense-mutated
mRNAs at the post-transcriptional level

To characterize the mechanism of action of 5-azacytidine, we
examined its effect on the abundance of PTC-mutated mRNA.
Stable HeLa cell lines expressing wild-type or PTC-mutated HBB
reporters were incubated for 18 h either with 5-azacytidine,
anisomycin or cycloheximide as positive controls, or DMSO and
5-aza-2'-deoxycytidine as negative controls. Total RNA was
analyzed by Northern blotting (Fig 3A). Treatment with 5-azacyti-
dine increased the steady state level of the NMD reporter sixfold
at a concentration of 0.75 uM (Fig 3A, compare lanes 1 & 2 with
7 & 8), and tenfold at 1.5 uM (compare lanes 1 & 2 with 5 & 6).
In comparison, the positive controls anisomycin and cycloheximide
yielded a 14-fold and 12-fold stimulation, respectively (lanes 3 &
4 and 11 & 12). By contrast, the negative control 5-aza-2’-deoxy-
cytidine did not stimulate the expression of the reporter mRNA
when compared to the solvent DMSO (compare lanes 1 & 2 with
9 & 10). Furthermore, as 5-azacytidine is known to remodel chro-
matin and might thus influence transcription (Christman, 2002),
we tested whether the effect of 5-azacytidine is post-transcrip-
tional and thus consistent with the postulated effect on NMD. We
quantified the HBB pre-mRNA via qRT-PCR, using GAPDH

EMBO Molecular Medicine Vol 6 | No 12| 2014

pre-mRNA as a normalization control. This analysis showed that
5-azacytidine did not affect pre-mRNA levels, hence confirming
the effect of 5-azacytidine to be post-transcriptional. By contrast,
anisomycin, which is known to affect both, transcriptional and
post-transcriptional steps of gene expression (Ronkina et al, 2011),
increased the pre-mRNA levels of the reporter by approximately
2.5-fold (Fig 3B).

Considering that 5-azacytidine inhibits NMD of a chimeric PTC
reporter gene construct, we next tested whether it also modulates
the expression of the so-called endogenous NMD targets (Mendell
et al, 2004). We analyzed the responses of several of such NMD
targets by qRT-PCR analysis of total cellular mRNA of 5-azacytidine-
treated cells. All of these targets responded to 5-azacytidine treat-
ment by approximately threefold to eightfold upregulation, whereas
the negative control 5-aza-2’-deoxycytidine did not alter expression
relative to DMSO (Fig 3C). The NMD-insensitive isoforms of the
tested endogenous NMD targets showed no upregulation upon
5-azacytidine treatment further confirming the specific effect of
5-azacytidine in inhibiting NMD (Supplementary Fig S3B).

To extend these analyses to other mutant NMD targets in a differ-
ent genetic background, we tested whether 5-azacytidine can specif-
ically upregulate expression of p53 mRNAs carrying a homozygous
CGA—-TGA PTC mutation at codon 196 in Calu-6 cells (Lehman
et al, 1991). The 5-azacytidine dose-response curve showed a dose-
dependent upregulation of PTC-mutated p53 transcript (Fig 3D),
further demonstrating that 5-azacytidine specifically modulates the
expression of mRNAs that are subject to degradation by NMD.

© 2014 The Authors
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Hela cells stably expressing HBB wild-type and PTC-mutant renilla luciferase reporters were used to study the dose-response effect of nucleoside and nucleotide analogues

(see Table 1).
A B

Assessment of the stimulation of luciferase activity of the HBB wild-type or PTC-mutant reporters by treatment with 5-azacytidine, 5-azacytosine or

5-aza-2'-deoxycytidine. The x-axis represents the serial dilution of the compounds, and the y-axis shows percentage (%) stimulation of luciferase activity.

C,D
or 5-aza-2'-deoxycytidine.

5-azacytidine inhibits NMD neither via readthrough, translation
inhibition nor direct inhibition of NMD factors

To define the mechanism by which 5-azacytidine controls NMD,
we next tested whether 5-azacytidine might affect NMD protein
levels directly. We thus analyzed factors that are known to be
necessary for NMD in cells treated with 5-azacytidine, anisomycin
or the negative controls (DMSO, 5-aza-2’-deoxycytidine) (Fig 4A
and B). This analysis showed that the abundance of the NMD core
components UPF1, UPF2, UPF3A and UPF3B; the EJC proteins
Y14, MAGOH, RNPS1 and BTZ; and SMG1 and SMG7 was unaf-
fected by 5-azacytidine treatment. Furthermore, phosphorylation of
UPF1, a key event in triggering NMD, was unaffected by 5-azacytidine
(Fig 4C).

Since 5-azacytidine can cause translational inhibition at high
concentrations (Reichman & Penman, 1973) and translation inhibi-
tion can down-modulate NMD activity (Carter et al, 1995), we
tested whether 5-azacytidine interferes with global translation at the
concentration (1.56 uM) at which it exerts its maximal inhibitory
effect on NMD without affecting cell viability (see Fig 2B and D).
We thus measured the incorporation of 3°S-methionine into
newly synthesized proteins following treatment with 5-azacytidine,
positive controls anisomycin and cycloheximide, or DMSO and

© 2014 The Authors

Viability of Hela cells expressing the wild-type or mutant HBB reporters was measured after 18 h of treatment with serial dilutions of 5-azacytidine, 5-azacytosine

5-aza-2'-deoxycytidine as negative controls. Scintillation counting of
trichloroacetic acid (TCA) precipitates showed the expected reduc-
tion of **S-methionine incorporation in anisomycin- and cyclohexi-
mide-treated cells, whereas de novo protein biosynthesis and >°S-
methionine incorporation were unaffected by 5-azacytidine when
compared to DMSO and 5-aza-2’-deoxycytidine (Fig 5A). Similarly,
autoradiography of proteins following SDS polyacrylamide gel elec-
trophoresis (PAGE) showed a reduced 353-methionine incorporation
in anisomycin- and cycloheximide-treated cells, but no negative
effect in cells treated with 5-azacytidine, DMSO, or 5-aza-2’-deoxy-
cytidine (Fig 5B) when equal loading was ascertained by staining
the SDS-PAGE gel with Coomassie blue (Fig 5C). Additionally, we
performed polyribosomal profile analyses with two different doses
of 5-azacytidine. Our results show an almost complete loss of polyri-
bosomes following treatment with arsenite, which was used as posi-
tive control. By contrast, when compared to DMSO, which was used
as negative control, treatment with 1.56 and 10 uM 5-azacytidine
did not change the abundance of polyribosomes (Fig 5D). There-
fore, the inhibitory effect of 5-azacytidine on NMD cannot be
ascribed to an inhibition of translation.

We next tested whether 5-azacytidine triggers translational read-
through, the only remaining possibility of the known inhibitory
mechanisms of NMD. We used a reporter system consisting of a

EMBO Molecular Medicine Vol 6 | No 12| 2014

1597



EMBO Molecular Medicine

5-azacytidine inhibits NMD  Madhuri Bhuvanagiri et al

re-mRNA
A =) = Fi o B b
; = o by (ERG - é g 3 Kokok
B 2 == =3 & o G
W
WMWMWMWMWM WM E"?
1 2 3 45 6 7 8 910 1112 ?:g}z'
= =
£22 -
HBB ¥ =
s 1 —
= S
(=%
: GAPDH A
- o m 0' T T
1005 70 50 30 3 60 % Wild-type 0O o o e e
. & < &*‘ &Q &
1 6 4 2 1 5 *50 & & 8 &
.@0 " ﬁcﬁ \\e
¥y &
“ N o
w"ﬁ?’
c ook NMD Targets D
10- 1 -
2 RPL3 8
§ 8- (1 SC35c _5 T
=7 [ SC3sd g2 ¢
-F] =2 L -5 = &
< 5 6 E ATF3 ¢ 22
= =R %
s S« S *
= = 41 :‘: Z =
o & -4 ]
z E= 5.
p=3 24 [aa]
1 uw;
= A
= 0- . 0-

O & P » v

Q & &
Qx*@ & & &
@’g & S-azacytidine (nM)
“ A
v
&

Figure 3. 5-azacytidine acts post-transcriptionally.
A Northern blot of total cellular RNA of Hela cells stably expressing wild-type (W) or PTC-mutated (M) HBB genes, following the treatment with DMSO, 5-azacytidine

fusion transcript between the renilla and firefly luciferase open read-
ing frames. In the control version of the construct, the renilla and
firefly luciferase ORFs are continuous and uninterrupted by a stop
codon; consequently, both renilla and firefly luciferase activities can

1598

(AC) at concentrations of 0.5 and 1.56 uM, anisomycin (ANI), 5-aza-2’-deoxycytidine (SADC) or cycloheximide (CHX) for 18 h. GAPDH mRNA was assayed as a loading
control and used for normalization. The expression of PTC-mutated HBB reporter mRNA is shown in % of wild-type with the standard deviation (SD) of at least three
independent experiments.

gRT-PCR analysis of reporter pre-mRNA of the same RNAs as shown in panel (A). GAPDH pre-mRNA is used for normalization. One-way ANOVA followed by Holm—
Sidak multiple comparisons test was performed to analyze the significance, N = 3 and ***P = 0.0002 for anisomycin. Each bar represents average + SD.

gRT-PCR analysis of the endogenous NMD targets RPL3, SC35c, SC35d and ATF3 following the treatment of Hela cells for 18 h with DMSO, 5-azacytidine or
5-aza-2'-deoxycytidine. The fold change on the y-axis represents the relative quantification of transcripts versus GAPDH mRNA, which is used as a normalization
control. The signal detected in DMSO-treated cells is set as 1. Two-way ANOVA followed by Newman—Keuls multiple comparison test was performed to analyze the
significance, N = 3 and ****P < 0.0001 for RPL3, SC35c, SC35d and ATF3 with 5-azacytidine treatment. Each bar represents average + SD.

qRT-PCR analysis of Calu-6 cells (carrying a homozygous PTC mutation of the P53 gene) following treatment with either DMSO or increasing concentrations of
5-azacytidine for 18 h. The fold change on the y-axis represents the relative quantification of PTC-mutated P53 transcript versus GAPDH mRNA, which is used as a
normalization control. The signal detected in DMSO-treated cells is set as 1. One-way ANOVA followed by Holm-Sidak multiple comparisons test was performed to
analyze the significance, N = 3 and *P = 0.03 and 0.02 for 5-azacytidine (1.5 and 3 pM) and ***P = 0.0008 and 0.0003 for 5-azacytidine (5 and 10 uM) respectively.

Each bar represents average + SD.

be measured. In the construct that quantifies translational read-
through, the renilla and firefly luciferase ORFs are separated by a
stop codon, and firefly luciferase activity is only detected when
readthrough occurs (Fig 6A) (Ivanov et al, 2008). HeLa cells were

EMBO Molecular Medicine Vol 6 | No 12| 2014 © 2014 The Authors
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A-C Western blot of HeLa cells following treatment with either DMSO as a negative control, anisomycin (ANI) as a positive control or 5-azacytidine (AC) or
5-aza-2'-deoxycytidine (SADC) for 18 h and staining with antibodies that specifically detect the NMD core components UPF1, UPF2, UPF3A, UPF3B (A); the EJC
proteins Y14, MAGOH, RNPS1 and BTZ; and the proteins SMG1 and SMG7 (B), and total and phosphorylated UPF1 following treatment with DMSO, inhibition of
UPF1 dephosphorylation with okadaic acid (OA) and inhibition of UPF1 phosphorylation with wortmannin (WORT) (C). Tubulin expression was monitored as a

loading control.

Source data are available online for this figure.

transiently transfected with these constructs and treated with either
5-azacytidine, DMSO as a negative control or G418 as a positive
control for translational readthrough (Dranchak et al, 2011). The
“fold change” of readthrough was calculated after normalization
against the values obtained from DMSO-treated cells (Fig 6B). While
G418 induced the expected ~fivefold increase in readthrough,
5-azacytidine failed to induce readthrough while specifically upregu-
lating the expression of endogenous NMD targets in the same cells
(Fig 6C). These data indicate that 5-azacytidine does not exert its
effect on NMD by inducing translational readthrough and that it
therefore inhibits NMD by a novel mechanism.

The inhibition of NMD by 5-azacytidine depends on the induction
of MYC

In order to reveal the inhibitory mechanism of 5-azacytidine on
NMD, we performed a semi-quantitative global mass spectrometry
analysis (Boersema et al, 2009). We treated HeLa cells either with
5-azacytidine or with DMSO or 5-aza-2’-deoxycytidine as negative
controls for 18 h and labeled proteomic lysates with dimethyl light
or intermediate isotopes before subjecting the samples to mass spec-
trometry (Fig 7A). This analysis revealed 857 proteins to be upregu-
lated and 1,002 proteins to be downregulated upon 5-azacytidine
treatment with a P-value of < 0.05 (Fig 7B). Gene ontology studies
showed proteins involved in ribosomal biogenesis and in RNA
processing to be among the most significantly increased polypep-
tides, and kinases involved in amino acid phosphorylation to be the

© 2014 The Authors

most significantly downregulated group upon 5-azacytidine treatment
(Fig 7B). When the P-value is limited to < 0.01, 21 proteins are
identified to be upregulated and 32 proteins to be downregulated by
5-azacytidine (Fig 7C and D). Among the most strongly increased
proteins is MYC, which has previously been reported to inhibit NMD
in B-lymphocyte differentiation (Wang et al, 2011). We validated
increased MYC expression at the mRNA and protein levels in HeLa
cells treated with increasing doses of 5-azacytidine (Fig 8A and 8B).
Immunoblot analysis of lysates from 5-azacytidine-treated cells shows
upregulation of MYC in a dose-dependent manner (Fig 8B).

We next tested whether the correlation between the upregulation
of MYC and the down-modulation of NMD efficiency by 5-azacyti-
dine is causally related. We thus depleted MYC from cells expressing
the NMD reporter by specific siRNA treatment or treated the cells
with luciferase siRNAs as a negative control. The efficiency of the
MYC ablation was monitored by immunoblotting and gRT-PCR
analysis, showing depletion of both the mRNA and the protein to
approximately 50% (Fig 8D and E). Depletion of the essential NMD
factor UPF1 and treatment of cells with 5-azacytidine alone served
as positive controls. As expected, the NMD reporter luciferase activ-
ity increased threefold to fourfold following 5-azacytidine treatment
or UPF1 depletion. This effect is specifically lost in cells depleted of
MYC (Fig 8C), implicating MYC as necessary, causal component of
the cellular pathway resulting in the inhibition of NMD following
azacytidine treatment. Notably, depletion of UPF1 and treatment of
the cells with 5-azacytidine appear not to be synergistic, indicating
that both interventions likely affect the same pathway.

EMBO Molecular Medicine Vol 6 | No 12| 2014
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Figure 5. 5-azacytidine does not affect de novo protein synthesis at concentrations that inhibit NMD.

A Analysis of S-Met incorporation in HelLa cells following treatment with DMSO, 5-azacytidine, anisomycin, 5-aza-2’-deoxycytidine or cycloheximide. HeLa cells were
incubated with the compounds for 18 h, and a pulse of **S-methionine was given for 2 h. *S-Met incorporation was assayed by scintillation counting. One-way
ANOVA followed by Holm-Sidak multiple comparisons test was performed to analyze the significance, N = 3 and ****P < 0.0001 for anisomycin and **P = 0.0015 for
cycloheximide. Each bar represents average + SD.

B Autoradiography of a polyacrylamide gel containing the lysates of the cells used for the analysis shown in panel (A) (ANI = anisomycin; AC = 5-azacytidine; SADC =
5-aza-2'-deoxycytidine, CHX = cycloheximide).

C Coomassie staining of the gel shown in panel (B) to control for equal loading.

D Polysomal profiles were recorded from Hela cells treated either with the negative control DMSO or with the positive control arsenite, or 1.56 and 10 uM of
5-azacytidine for 18 h. To determine the percentage of polysomal ribosomes, the area below the polysomal part of the curve was divided by the area below the
subpolysomal and polysomal parts of the curve and represented as average & SD in the bar graph. One-way ANOVA followed by Holm-Sidak multiple comparisons
test was performed to analyze the significance, N = 3 and *P = 0.03 for arsenite treatment.

Source data are available online for this figure.
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Figure 6. 5-azacytidine does not inhibit NMD via a readthrough mechanism.

A Schematic representation of the readthrough reporters. The open reading frames of the renilla and firefly luciferase genes are separated by a spacer that either
contains or does not contain a TAG stop codon. In case of the absence of the stop codon both, renilla and firefly luciferase luminescence are detected, while in the
presence of the stop codon, the firefly luciferase signal is detected only when there is sufficient translational readthrough.

B Assay of translational readthrough of Hela cells that were transiently transfected either with the reporter with or without the stop codon. 24 h following
transfection, the cells were treated for 18 h with DMSO (negative control), 5-azacytidine or G418 (600 uM; positive control). After 18 h, cells were harvested and
chemiluminescence was measured. The data are shown as fold change of the ratio of firefly/renilla luciferase signal of the construct with the stop codon after
normalization of the renilla and firefly luciferase signals generated by the reporter construct without the stop codon. Student’s t-test was performed to analyze

significance, N = 3 and **P = 0.0017 for G418. Each bar represents average + SD.

C gRT-PCR analysis of the endogenous NMD targets RPL3, SC35¢, SC35d and ATF3 in the same cells that were assayed for translational readthrough in panel (B). The
fold change on the y-axis represents the relative quantification of transcripts following normalization against GAPDH mRNA. The signal detected in DMSO-treated
cells is set as 1. Two-way ANOVA followed by Newman-—Keuls multiple comparison test was performed to analyze the significance, N = 3 and ****P < 0.0001 for RPL3,
SC35¢, SC35d and ATF3 with 5-azacytidine treatment and ****P < 0.0001 for RPL3 and SC35d with G418 treatment. Each bar represents average + SD.

We also analyzed the endogenous NMD targets ATF3, SC35C,
SC35D as well as MYC by qRT-PCR. RNA was isolated from cells
exposed to MYC-specific siRNAs (or siLUC as a negative control)
and subsequently treated with 5-azacytidine or with vehicle control.
All of the three tested endogenous NMD targets and MYC RNA show
approximately 1.5-threefold increase in expression following treat-
ment of the cells with 5-azacytidine and the control siLUC. In MYC-
depleted cells, the effect of 5-azacytidine on the endogenous targets
is lost, further confirming the importance of MYC for the effect of
5-azacytidine on NMD (Fig 8E). It has previously been reported that
the effect of MYC on NMD results from the increased phosphoryla-
tion of elF2or (Wang et al, 2011). We thus analyzed elF2a phosphor-
ylation following treatment of the cells with increasing
concentrations of 5-azacytidine (Fig 8F). At the low concentrations
of 5-azacytidine that inhibit NMD without toxic effects, the drug
does not induce elF2a phosphorylation, which is only noticed at
higher, toxic concentrations. Consistent with the results shown in

© 2014 The Authors

Fig 5, these data show that elF2a phosphorylation (which typically
inhibits translation) does not explain the effects of 5-azacytidine on
NMD.

In summary, these data demonstrate that the inhibitory effect of
5-azacytidine on NMD requires MYC expression.

Discussion

The identification of 5-azacytidine as a potent and specific inhibitor
of NMD represents one of the key important novel findings of the
analyses reported here. Our results show that 5-azacytidine does not
act by interfering with one of the known mechanisms that are
important for efficient NMD such as active translation, correct trans-
lation termination at the PTC, or the abundance of NMD co-factors.
Quantitative global mass spectrometric analysis implicated MYC as
a protein involved in the response to 5-azacytidine, and this protein

EMBO Molecular Medicine Vol 6 | No 12| 2014
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Figure 7. Quantitative mass spectrometry reveals candidate proteins including MYC to be induced by 5-azacytidine treatment.
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EMBO Molecular Medicine Vol 6 | No 12| 2014

Schematic representation of experimental setup followed for quantitative mass spectrometric analysis.
Graphical representation of gene ontology studies performed on the proteins upregulated or downregulated upon 5-azacytidine treatment with a P-value < 0.05.
Bar diagram showing genes upregulated upon 5-azacytidine treatment with a P-value < 0.01. Data represents the average of two replicates.

Bar diagram showing the list of genes downregulated upon 5-azacytidine treatment with value < 0.01. Data represent the average of two replicates.
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Figure 8. NMD inhibition by 5-azacytidine depends on the stimulation of MYC.

A MYC gRT-PCR analysis of total cellular RNA following treatment with increasing concentrations of 5-azacytidine or DMSO, a negative control. GAPDH mRNA is used
for normalization. One-way ANOVA followed by Holm-Sidak multiple comparisons test was performed to analyze the significance, N = 3 and ***P = 0.0002 and
***p = 0.0006 for 5-azacytidine (1.5 and 5 pM) and ****P < 0.0001 for 5-azacytidine (10 and 20 pM), respectively. Each bar represents average + SD.

B Western blot of Hela cell lysates following treatment with either DMSO as a negative control, or increasing doses of 5-azacytidine (AC) (0.1, 1.5, 5 and 10 uM) for
18 h and staining with MYC-specific antibodies. Tubulin was used as a loading control.

C Reporter luciferase activity following treatment with either DMSO or 1.56 uM AC, siLUC, siUPF or siMYC or with combined treatment of siLUC, siUPF and siMYC with
DMSO or 1.56 uM AC. The x-axis shows the treatment used, and the y-axis shows the fold change in comparison to the cells treated with the DMSO or siLUC controls.
For single siRNA treatments, one-way ANOVA followed by Holm-Sidak multiple comparisons test was performed to analyze the significance, N = 8 and
**rxp < 0.0001 for siUPF. For DMSO and AC treatment, Student’s t-test was performed to analyze the significance, N = 3 and ****P < 0.0001 for AC, and for
combined treatment, two-way ANOVA followed by Newman—Keuls multiple comparison test was performed to analyze the significance, N = 12 and ****P < 0.0001
for AC (si LUC), DMSO, AC (siUPF) and AC (siMYC). Each bar represents average + SD.

D Western blot of Hela cells following treatment with either siLUC as negative control or with siMYC. Tubulin was used as a loading control. Undiluted (100%) or
diluted (50 and 25%) lysates of siLUC-treated cells were used for semi-quantification.

E gRT-PCR analysis of the endogenous NMD targets ATF3, SC35¢, SC35d and MYC following treatment of Hela cells with siLUC or siMYC combined with DMSO or
5-azacytidine (AC). The fold change on the y-axis represents the relative quantification of transcripts versus GAPDH mRNA, which is used as a normalization control.
The signal detected in siLUC + DMSO-treated cells is set as 1. Two-way ANOVA followed by Newman-Keuls multiple comparison test was performed to analyze the
significance. N = 3 and **P = 0.0022 for SC35d and ****P < 0.0001 for ATF3, SC35c and MYC. Each bar represents average + SD.

F  Western blot of HeLa cell lysates following treatment with either DMSO as a negative control, or increasing doses of 5-azacytidine (AC) (0.1, 1.5,5 and 10 uM) for
18 h and staining with antibodies that specifically detect phospho elF2a and total elF2o. Tubulin was used as a loading control.

Source data are available online for this figure.
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was recently shown to inhibit NMD when overexpressed in B
lymphocytes (Wang et al, 2011). Here, we find that depleting only
approximately 50% of MYC expression almost completely blocks
the effect of 5-azacytidine on NMD efficiency.

Presently, it remains an open question as to how 5-azacytidine
upregulates MYC and how MYC expression inhibits NMD. These
effects are unlikely to be mediated via the known inhibitory effect of
5-azacytidine on DNA methylation, because 5-aza-2’-deoxycytidine,
a substance that shares this DNA-demethylating property (Stresemann
& Lyko, 2008), fails to inhibit NMD (see Table 1 and Fig 2).
However, unlike 5-aza-2’-deoxycytidine, 5-azacytidine interferes
with RNA methylation (Glazer & Peale, 1979; Schaefer et al, 2009),
which could play a role in its NMD inhibitory activity. The analysis
of the role of RNA methyltransferases could be an important next
step in studying the mechanism of NMD inhibition by 5-azacytidine.

MYC is a multi-functional protein that controls cell growth,
proliferation and apoptosis by stimulating or inhibiting the tran-
scription of a large number of genes (Levens, 2002). It also causes
post-translational modifications of proteins (Secombe & Eisenman,
2007), stimulates translation (Barna et al, 2008) and plays a role in
DNA replication (Dominguez-Sola et al, 2007). Furthermore, MYC
has recently been shown to broadly affect microRNA expression
(Chang et al, 2008) and specifically to induce miR-128, which was
shown to upregulate NMD targets (Bruno et al, 2011). Although the
mechanistic link between NMD and MYC requires intensive addi-
tional work, 5-azacytidine and increased MYC expression might
inhibit NMD via altered microRNA expression.

The identification of 5-azacytidine as an NMD inhibitor may
well be highly relevant from a clinical perspective, because this
drug is already approved for the treatment of chronic diseases
such as myelodysplastic syndrome and chronic myelomonocytic
leukemia (Gryn et al, 2002; Sullivan et al, 2005; Keating, 2012).
Importantly, the concentration of 5-azacytidine required for NMD
inhibition in cells is similar or even below the drug levels in the
plasma of patients undergoing anti-leukemic therapy (Stresemann
& Lyko, 2008). In contrast to other known but more toxic NMD
inhibitors (Keeling & Bedwell, 2011), the modest clinical toxicity of
S-azacytidine at these doses justifies its exploration for the treat-
ment of life-threatening diseases that would benefit from NMD
inhibition and an increased expression of PTC-mutated transcripts
(Bhuvanagiri et al, 2010). Such PTC-mutated transcripts encode
C-terminally truncated proteins, which are (partially) functional,
and NMD inhibition can thus result in a therapeutic effect. Some
forms of Duchenne muscular dystrophy and cystic fibrosis, which
are caused by PTC mutations in the 3’ region of the dystrophin
and the CFTR genes, respectively, exemplify diseases that may
benefit from such an approach (Linde & Kerem, 2008; Keeling &
Bedwell, 2011). Similarly, some forms of cancer such as gastric
cancer, lung cancer and T-cell prolymphocytic leukemia that are
driven by PTC mutations in tumor suppressor genes including
CDHI1, p53 and CDKNI1B may also be considered for treatment
with an NMD inhibitor (Lehman et al, 1991; Karam et al, 2008;
Metzeler et al, 2011). When considering 5-azacytidine as a potential
drug for the treatment of NMD-related disorders, it must also be
considered that MYC represents a potent oncogene that is upregu-
lated in many forms of cancer (Yokota et al, 1986) and which can
induce tumor formation in transgenic animals (Langenau et al,
2003; Shachaf et al, 2004). This oncogenic potential may limit the
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long-term usefulness of this drug for the treatment of non-malignant
disorders.

We would expect that 5-azacytidine acts synergistically with
compounds that induce translational readthrough at premature
termination codons (Martin et al, 2014). The mechanistic principle
of such compounds relies on the accommodation of a near-cognate
tRNA at the stop codon, thus functionally converting a PTC into a
missense mutation (Burke & Mogg, 1985; Bhuvanagiri et al, 2010).
The concept of this approach has been proven to be effective in
cystic fibrosis and in Duchenne muscular dystrophy (Linde &
Kerem, 2008; Keeling et al, 2012). Specifically, nonsense suppres-
sion has been found to be more effective in patients with naturally
less efficient NMD than in those with more efficient NMD (Linde
et al, 2007a). NMD inhibitors such as 5-azacytidine may thus
increase the abundance of mRNA substrates that would be targeted
by compounds that are currently being developed for the induction
of translational readthrough (Lee & Dougherty, 2012).

In conclusion, we demonstrate that 5-azacytidine modulates
NMD efficiency in a MYC-dependent manner. Our data suggest a
clinical potential of this drug for the treatment of Mendelian and
acquired genetic diseases that are caused by PTC mutations, and
hence its potential to advance personalized medicine.

Materials and Methods
Cell culture, siRNA transfections and plasmid transfection

HeLa cells stably expressing either HBB PTC-mutant or wild-type
renilla luciferase reporter constructs were used in this study (Boelz
et al, 2006). Stably transfected cell lines were cultivated in DMEM
medium (Invitrogen) supplemented with 10% fetal calf serum (FCS)
and 1% penicillin-streptomycin (PS) and treated with 1 pg/ml
doxycycline for induction of expression of the PTC-mutant or wild-
type reporters.

For siRNA-mediated knockdown experiments, 6-well plates were
seeded with 1 x 10° HeLa cells expressing the PTC reporter in the
morning of day 1. Four to 6 h later, transient transfection of siRNA
was performed according to the manufacturer’s recommendations
using 10 pl siRNAs (20 pM stock) and 3 pl Oligofectamine reagent
(Invitrogen) in Opti-MEM medium (Invitrogen) without serum and
antibiotics. On day 2, 2 ml of fresh DMEM medium with 10% FCS,
1% PS and 1 pg/ml doxycycline was added to the cells. Seventy-
two hours after siRNA transfection, cells were lysed (Promega,
E291A) and luciferase activity was determined using the renilla
luciferase assay reagents (Promega, E2820).

For testing luciferase activity of known NMD inhibitors, 6-well
plates were seeded with 2 x 10° HeLa cells expressing the PTC
reporter in DMEM medium with 10% FCS, 1% PS and 1 pg/ml
doxycycline, the day after cells were treated with equal amounts
of DMSO or 0.5 pg/ml of anisomycin, and 40 pg/ml of cyclohexi-
mide. Eighteen hours later, cells were harvested and lysed with
300 pul of buffer (Promega E291A) and luciferase activity was
determined using the renilla luciferase assay reagents (Promega,
E2820).

Calu-6 cells were grown in RPMI medium containing 10% FCS
and 1% PS. 2 x 10° Calu-6 cells were seeded in a 6-well plate and
treated with five different dilutions (0.5, 1, 3, 5 and 10 uM) of
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5-azacytidine. DMSO was used as a negative control. Cells were
harvested after 18 h of treatment and collected in 300 pl of RNA
lysis buffer (RLT, Qiagen), and RNA was isolated according to the
QiagenRNeasy protocol (Qiagen, 74106). One microgram of total
cytoplasmic RNA was reverse transcribed following the first-strand
cDNA synthesis according to the protocol of RevertAid™ H Minus
Reverse Transcriptase (Thermo scientific, EP0451) and used for
gPCR analysis.

For readthrough assays, HeLa cells were transfected with 2 pg of
either p2luc-wild-type or p2luc-TAG plasmids (Ivanov et al, 2008).
On day 2, the cells were treated with 1.56 uM of 5-azacytidine or
600 uM of G418. Forty-eight hours after transfection, cells were
harvested and lysed with 300 pl passive lysis buffer (Promega,
E1941) and luciferase activity was determined using the dual lucifer-
ase reporter assay (Promega, E1910) as described in Ivanov et al
(2008). For RNA isolation from the same sample, a threefold dilu-
tion of RNA lysis buffer (RLT, Qiagen) was added to 150 pl of the
sample and RNA isolation was performed according to the Qiagen
RNeasy protocol (Qiagen, 74106).

Compound libraries and preparation

A total of 1120 compounds were obtained from the Prestwick Chem-
ical Library (Prestwick Chemical, Washington, DC) and selected for
screening of potential NMD modulators. All the compounds were
stored at 2 mg/ml in 100% DMSO, and the compounds were tested
at final concentrations of 5 and 0.1 pg/ml for 18 h in 0.25% DMSO.
All the compounds were dispensed with the Evolution P3 pipetting
platform (Perkin Elmer). After 18 h, 20 pl of Renilla-Glo™ luciferase
assay reagent (Promega, E2750) was added to all wells using a Flex
Drop IV EXi reagent dispenser (Perkin Elmer). The luminescence
signal was read out 10 min later on an Envision plate reader with
ultrasensitive luminescence detector (Perkin Elmer). The Renilla-
Glo™ reagent lyses the cells and generates a luminescent signal,
which is proportional to the expression of the NMD reporter. Two
controls were used on each plate of cells: (i) cells treated with aniso-
mycin (positive control) and (ii) cells in media containing 0.25%
DMSO (negative control).

High-throughput screening and toxicity measurements

HeLa cells (~3 x 10°) stably expressing the PTC reporter were seeded
in 384-well culture plates with Flex Drop IV EXi reagent dispenser
(Perkin Elmer) a day prior to treatment in 40 pl media with 1 pg/ml
doxycycline. DMEM without phenol red with 10% FCS and 1% PS
was used throughout the screening. The following day, cells were
treated with compounds from the Prestwick Chemical Library. After
18 h, cells were harvested and lysed with the Renilla-Glo™ luciferase
assay system (Promega, E2750). The luminescence signal was
detected in a plate reader after 10 min. Along with the top two hits
5-azacytidine and lycorine, compounds which showed > 150%
upregulation of the PTC reporter with respect to the negative control
were also selected for secondary screening using HeLa cells express-
ing a wild-type HBB renilla luciferase reporter. In total, six
compounds were selected for secondary screening (5-azacytidine,
lycorine, emetine, cephaeline, mebendazole, nocodazole).

For dose-response studies with the selected hits, 384-well plates
were seeded as before with HeLa cells (~3 x 10°) stably expressing
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wild-type or mutant HBB renilla luciferase reporters a day prior to
treatment in 40 pl media with 1 pg/ml doxycycline. DMEM without
phenol red (Life Technologies) with 10% FCS and 1% PS was used.
The day after, cells were treated with a serial dilution ranging from
0.0049 to 50 uM of 5-azacytidine, lycorine, emetine, cephaeline,
mebendazole or nocodazole.

For the testing of nucleoside and nucleotide analogues, 384-well
plates were seeded with wild-type or mutant HBB reporter-expressing
HeLa cells in DMEM medium with 10% FCS, 1% PS and 1 pg/ml
doxycycline. The day after, cells were treated with a serial dilution
ranging from 0.0049 to 50 uM of each compound mentioned in
Table 1. Cell toxicity of all compounds was analyzed by performing
cell viability assay in parallel with a serial dilution of 0.0065-
50 uM. The ATPLite 1step kit (Perkin Elmer, 6016739) was used to
detect the ATP from the cells which is directly proportional to cell
viability (Crouch et al, 1993).

Z factor for pass/fail criterion

To calculate uniformity from plate to plate and from screening batch
to batch, the Z’ value was calculated for high-throughput screening
(Iversen et al, 2006). The Z' factor compares the baseline back-
ground (minimum renilla luciferase signal) from the DMSO negative
control, and the maximum signal of the positive control anisomycin.
7' factor = 1 — (3x (standard deviation anisomycin + standard devia-
tion of DMSO)/(average anisomycin — average DMSO)). The aver-
age Z'-value of the screen with 5 pug/ml was 0.65, and the average
Z'-value of the screen with 0.1 pg/ml was 0.70, which indicates that
the screening was accurate and robust.

RNA and western blot analysis

6-well plates were seeded with 2 x 10° HeLa cells expressing either
the wild-type or the PTC-mutated HBB reporter in DMEM medium
with 10% FCS, 1% PS and 1 pug/ml doxycycline. On day 2, cells
were treated with equal amounts of either DMSO as a negative
control, 0.5 pg/ml of anisomycin or 40 pg/ml of cycloheximide as
positive controls, 0.75 or 1.56 uM of 5-azacytidine, or 1.56 uM of
5-aza-2'-deoxycytidine. Eighteen hours later, cells were harvested in
1 ml of Trizol (Sigma, T3934), and 1.5-5 pg of total cytoplasmic
RNA was analyzed by Northern blot analysis with a B-globin-specific
radiolabeled antisense DNA probe as described before (Thermann
et al, 1998). For normalization, the membrane was reprobed with a
GAPDH probe. Subsequently, the ratio between the normalized
mRNA level transcribed from the PTC-mutated and the wild-type
constructs following NMD inhibition was calculated and compared
with this ratio in DMSO-treated cells. Radioactive signals were
quantified by phosphor imaging in a FLA-3000 fluorescent image
analyser (Raytest, Fujifilm). Mean values and standard deviations of
all experiments were calculated from at least three independent
experiments. Each batch of 5-azacytidine (Tocris: 3842) used
was tested for the downregulation of DNA methyltransferase 1
(DNMT1).

For simultaneous analysis of mRNA and proteins, cells were lysed
in a buffer containing protease and phosphatase inhibitors [10 mM
Tris-HCl (pH 7.5), 8 mM MgCl,, 10 mM NaCl, 1 mM DTT, 0.5%
NP-40, 1% sodium deoxycholate, complete protease inhibitor and
phosphatase inhibitor (Roche Applied Science)], and aliquots for
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protein analysis were taken before RNA isolation. Western blot
analysis was then performed using 20-30 pg of cell lysate.
Subsequently, proteins were transferred to PVDF membranes using a
semi-dry electro blotting system. Membranes were blocked with 5%
non-fat skimmed milk in TBS-Tween (0.1%), and the membrane was
probed with antibodies directed against UPF1 (Bethyl, A301-902A),
UPF2 [kindly provided by Jens Lykke-Andersen (Lykke-Andersen
et al, 2000)], UPF3A (Sigma, SAB1402625), UPF3B (Sigma,
SAB2102656), MAGOH (abcam, ab38768), Y14 (Immunoquest,
1Q220), BTZ (Abcam, ab118803), RNPS1 (Santa Cruz, sc-19940),
SMG1 (Calbiochem, DR1035), SMG7 (Bethyl, A302-170A), and phos-
phorylated UPF1 [kindly provided by Akio Yamashita (Okada-
Katsuhata et al, 2012)], MYC (Sigma-Aldrich, M5546), elF2a (Cell
Signalling, 2103) and Phospho elF2a (Cell Signalling, 3597).

35S metabolic labeling studies

2 x 10° HeLa cells were seeded in six-well plates on day 1. Culture
medium (DMEM with 10% FCS, 1% PS) was changed on day 2. On
day 3, HeLa cells were treated with equal amounts of either DMSO
or 1.56 uM of 5-aza-2'-deoxycytidine as negative controls, 0.5 pg/ml
of anisomycin or 40 pg/ml of cycloheximide as positive controls
and 1.56 uM of 5-azacytidine. Eighteen hours later, the cells were
washed and incubated for 20 min in methionine- and cysteine-free
medium (10% FCS, 1% PS and 1 pg/ml glutamine) and then
incubated for 2 h in the restriction medium supplemented with
35s.methionine and 3°S-cysteine (10 mCi/ml), and the respective
chemical treatment (DMSO or 1.56 pM of 5-aza-2'-deoxycytidine or
0.4 pg/ml of anisomycin 40 pg/ml of cycloheximide or 1.56 uM of
S-azacytidine) was readded to the restricted culture medium. After
2 h, cells were washed twice in ice-cold PBS, harvested in 200 pl
RIPA buffer (50 mM Tris-HCI at pH 7.5, 150 mM CacCl,, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS) (Banihashemi et al, 2006)
and centrifuged for 5 min at 15,871 g at 4°C. Ten microlitre of the
supernatant was spotted onto a glass microfiber filter (Whatmann),
dried, washed with ice-cold 15% TCA and incubated on ice for
30 min. A second washing step followed with ice-cold 15% TCA
and two wash steps with ice-cold 100% ethanol was carried out.
Radioactivity was then determined by scintillation counting. For gel
analysis, 15 pg of lysate was loaded on 10% SDS gel and radioactive
signals were quantified by phosphor imaging in a FLA-3000 fluores-
cent image analyser (Raytest, Fujifilm). Coomassie stained gels were
used as loading controls.

Polysomal profile analysis

HeLa cells were treated with DMSO, arsenite (300 uM, 2 h) or
S-azacytidine (1.56 pM, or 10 uM, 18 h). Shortly, before lysis, cells
are treated for 10 min with cycloheximide 100 pg/ml and then
washed with cold PBS containing 100 pug/ml cycloheximide. Cells
were then harvested and lysed in 0.2 ml of lysis buffer containing
15 mM Tris, pH 7.4, 15 mM MgCl,, 300 mM NaCl, 1% Triton
X-100, 100 pg/ml cycloheximide, 500 pg/ml heparin, 0.2 U/ml
RNasin, 0.1% 2-mercaptoethanol and EDTA-free protease inhibitor.
Cell lysates were centrifugation at 9,391 g for 10 min at 4°C. Super-
natants were loaded onto the 17.5-50% sucrose gradients and
centrifuged in a SW60 rotor at 164,756 g for 2.5 h at 4°C. Fractions
were then eluted from the top of the gradient using a Teledyne Isco
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The paper explained

Problem

It is estimated that approximately one-third of all inherited disorders
and some forms of cancer are caused by nonsense or frame shift
mutations, which introduce premature translation termination codons
(PTC) into the reading frame of mRNAs. Such mutated mRNAs thus
encode C-terminally truncated polypeptides, which can in some cases
still be (partially) functional. However, nonsense-mediated decay
(NMD), an essential and widely conserved cellular quality control
pathway, identifies and degrades such mRNAs, before such potentially
beneficial truncated proteins can be made. Because of its ability to
modulate the phenotype of various inherited diseases but also of
some forms of cancer, inhibiting NMD represents a crucial target for
the development of novel treatment strategies for treatment of PTC-
associated diseases. Hence, we undertook to identify drugs that inhibit
NMD with a tolerable toxicity profile by screening a library of
compounds that are already in clinical use or in advanced clinical
development for other therapeutic indications.

Results

Our results show that 5-azacytidine, a drug that is currently used for
the treatment of some forms of leukemia and myelodysplastic
syndrome, inhibits NMD by a novel mechanism that depends on the
activation of MYC. Importantly, the concentration of 5-azacytidine
required for NMD inhibition in cells is similar or even below the drug
levels in the plasma of patients undergoing anti-leukemic therapy.

Impact

Our results justify the exploration of 5-azacytidine in pre-clinical
models and open the perspective to develop 5-azacytidine for the
treatment of life-threatening diseases that would benefit from NMD
inhibition and an increased expression of PTC-mutated transcripts.

(Lincoln, NE) gradient elution system (Hofmann et al, 2012).
Polysomal profiles were obtained by measuring absorbance at
254 nm.

Quantitative real-time PCR

RNA was isolated by using the QiagenRNeasy method (Qiagen, cat.
no 74106). One microgram of total cytoplasmic RNA was reverse
transcribed following first-strand cDNA synthesis protocol of Revert-
Aid™ H Minus Reverse Transcriptase (Thermo scientific, EP0451).
The RT-PCR was performed on StepOnePlus™ machine (Applied
Biosystems), using Absolute SYBR green mix (Thermo scientific,
AB-1158/A). Primers for the NMD sensitive RPL3 variant were
described previously (Cuccurese et al, 2005). Other primers used in
this study are mentioned below: SC35c-forward: 5'GGCGTGTA
TTGGAGCAGATGTA-3’; reverse: 5- CTGCTACACAACTGCGCC
TTTT-3'; SC35d-forward: 5'- CGGTGTCCTCTTAAGAAAATGATGTA-3';
reverse: 5-CTGCTACACAACTGCGCCTTTT-3’; SC35a NMD-insensitive
control forward: 5-CGTGCCTGAAACTGAAACCA-3'; reverse 5'-TTG
CCAACTGAGGCAAAGC-3, P53-forward: 5-GAGGTTGGCTCTGACT
GTACC-3'; reverse: 5-TCCGTCCCAGTAGATTACCAC-3'; GAPDH-
forward: 5-TGAGCTTGACAAAGTGGTCG-3'; reverse: 5-GGCTCTC
CAGAACATCATCC-3’; RPL13 NMD-insensitive control forward:
5'-CTCTCAAGGTGTTTGACGGC-3'; reverse: 5'-TTTATTGGGCTCAG
ACCAGG-3'; ATF3-forward: 5'-GCCATTGGAGAGCTGTCTTC-3'; reverse:
5-GGGCCATCTGGAACATAAGA-3’; preHBB-forward: 5-CAGCTA
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CAATCCAGCTACC-3’; reverse: 5-CACTTTTCTGATAGGCAGC-3/;
preGAPDH-forward: 5-AGGGCCCTGACAACTCTTTT-3’; reverse:
5-AGGGGTCTACATGGCAACTG-3'; MYC- forward: 5'-AAACACAAA
CTTGAACAGCTAC-3'; MYC-reverse: 5-ATTTGAGGCAGTTTACATT
ATGG-3'.

Dimethyl labeling and quantitative mass spectrometry

Cells were treated with DMSO, 5-azacytidine or 5-aza-2’-deoxycyti-
dine for 18 h and then harvested in 1 ml PBS. After lysis of cells in
0.1% RapiGest (Waters) and 50 mM (NH,) HCO3, extracted proteins
were subsequently reduced and alkylated with S mM DTT and
10 mM iodoacetamide and digested overnight with sequencing-
grade modified trypsin (Promega). Peptides were labeled on SepPak
C18 cartridges (Waters) with labeling reagent (light and intermedi-
ate, with CH,O (Fisher) plus NaBH;CN (Fluka) or CD,O (Isotec)
plus NaBH;CN, respectively) as described in Boersema et al (2009).

Peptides were separated using the nano ACQUITY UPLC system
(Waters) fitted with a trapping column [nanoAcquity Symmetry C18;
5 pm (average particle diameter); 180 um (inner diameter) x 20 mm
(Iength)] and an analytical column [nanoAcquity BEH C18; 1.7 um
(average particle diameter); 75 um (inner diameter) x 200 mm
(Iength)]. Peptides were separated on a 120-min gradient and were
analyzed by electrospray ionization-tandem mass spectrometry on
an OrbitrapVelos Pro (Thermo Fisher Scientific). Raw data files of
mass spectrometry were processed with the MaxQuant quantitative
proteomics software package (version 1.3.0.5) (Cox & Mann, 2008).
The Andromeda search engine (version 1.3.0.5) of MaxQuant was
used to search the derived peak list using the human database
Universal Protein Resource Knowledge base (2012.07.11).

Statistical analysis

All data represent average + SD. Data were analyzed by one-way
ANOVA followed by Holm-Sidak multiple comparisons test or two-
way ANOVA followed by Newman-Keuls multiple comparison test
or by Student’s t-test, as appropriate with GraphPad Prism v.6
software.

Supplementary information for this article is available online:
http://embomolmed.embopress.org
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