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Identification of elements in human long 3" UTRs
that inhibit nonsense-mediated decay

KALODIAH G. TOMA," INDRANI REBBAPRAGADA,? SEBASTIEN DURAND,"? and JENS LYKKE-ANDERSEN'"

"Division of Biological Sciences, University of California San Diego, La Jolla, California 92093, USA
’Molecular, Cellular and Developmental Biology, University of Colorado, Boulder, Colorado 80309, USA

ABSTRACT

The nonsense-mediated mRNA decay (NMD) pathway serves an important role in gene expression by targeting aberrant mRNAs
that have acquired premature termination codons (PTCs) as well as a subset of normally processed endogenous mRNAs. One
determinant for the targeting of mRNAs by NMD is the occurrence of translation termination distal to the poly(A) tail. Yet, a
large subset of naturally occurring mRNAs contain long 3’ UTRs, many of which, according to global studies, are insensitive to
NMD. This raises the possibility that such mRNAs have evolved mechanisms for NMD evasion. Here, we analyzed a set of
human long 3" UTR mRNAs and found that many are indeed resistant to NMD. By dissecting the 3’ UTR of one such mRNA,
TRAM1 mRNA, we identified a cis element located within the first 200 nt that inhibits NMD when positioned in downstream
proximity of the translation termination codon and is sufficient for repressing NMD of a heterologous reporter mRNA.
Investigation of other NMD-evading long 3’ UTR mRNAs revealed a subset that, similar to TRAM1 mRNA, contains NMD-
inhibiting cis elements in the first 200 nt. A smaller subset of long 3" UTR mRNAs evades NMD by a different mechanism that
appears to be independent of a termination-proximal cis element. Our study suggests that different mechanisms have evolved

to ensure NMD evasion of human mRNAs with long 3" UTRs.

Keywords: nonsense-mediated decay; long 3’ UTR; NMD inhibition; UPF1

INTRODUCTION

The fidelity of eukaryotic gene expression depends on a mul-
titude of quality control pathways that eliminate faulty RNAs
(Doma and Parker 2007; Schmid and Jensen 2010). One such
pathway, the nonsense-mediated mRNA decay (NMD) path-
way, detects and degrades mRNAs that have acquired prema-
ture termination codons (PTCs), for example, through
mutation or faulty processing. NMD thereby prevents pro-
duction of truncated proteins that could interfere with cell
function via gain-of-function or dominant-negative effects
(Frischmeyer and Dietz 1999; Kuzmiak and Maquat 2006;
Schweingruber et al. 2013). In addition, evidence suggests
that NMD participates in regulation of normal gene expres-
sion by targeting a subset of normally processed mRNAs
(Mendell et al. 2004; Wittmann et al. 2006; Viegas et al.
2007; Huang et al. 2011; Yepiskoposyan et al. 2011; Tani
etal. 2012; Hurt et al. 2013). Consistent with this, NMD con-
tributes to important biological processes such as neuronal
differentiation, myogenesis, T lymphocyte maturation, and
inhibition of viral replication (Weischenfeldt et al. 2008;
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Gong et al. 2009; Bruno et al. 2011; Frischmeyer-Guerrerio
et al. 2011; Balistreri et al. 2014; Lou et al. 2014).

The detection of NMD substrates is carried out by a set of
UPF (UPF1, 2, and 3) and SMG (SMG1, 5, 6, and/or 7, de-
pending on organism) proteins, which, as a consequence of
translation termination at a PTC, assemble with NMD sub-
strates and target them for degradation (Chang et al. 2007;
Nicholson et al. 2010; Popp and Maquat 2013; Schweing-
ruber et al. 2013). The mechanism by which PTCs are detect-
ed by the translation termination machinery and promote
assembly of the UPF-SMG complex is still poorly understood
but seems to be dictated in large part by the composition of
the mRNA 3’ UTR. For example, the presence in the 3’ UTR
of an exon junction complex (EJC), which is deposited on
exon—exon junctions as a consequence of pre-mRNA splicing
in many eukaryotes, stimulates NMD (Le Hir et al. 2000a,b,
2001; Kim et al. 2001; Lykke-Andersen et al. 2001; Gehring
et al. 2003, 2005; Kashima et al. 2010). Moreover, the length
of the 3’ UTR is an important characteristic that influences
NMD. A number of studies have demonstrated that artificial
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3’ UTRs of 800-900 nt in length promote NMD and increase
UPF1 assembly with targeted mRNAs (Eberle et al. 2008;
Singh et al. 2008; Rebbapragada and Lykke-Andersen 2009;
Hogg and Goft 2010; Huang et al. 2011; Yepiskoposyan
etal. 2011; Hurt et al. 2013). NMD can be prevented by plac-
ing cytoplasmic poly(A) binding protein (PABP) in proxim-
ity to the termination codon, suggesting that the increased
distance between the translation termination event and cyto-
plasmic PABP that results from termination at a PTC con-
tributes to NMD (Amrani et al. 2004; Eberle et al. 2008;
Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008; Fatscher
et al. 2014). The propensity of long 3 UTRs to induce
NMD is also supported by global studies showing enrich-
ment of mRNAs containing long 3’ UTRs among endoge-
nous NMD substrates (Mendell et al. 2004; Bruno et al.
2011; Yepiskoposyan et al. 2011; Hurt et al. 2013).
Surprisingly, more than one-third of human endogenous
mRNAs have 3" UTRs longer than 1000 nt (Pesole et al.
2000), despite artificial 3’ UTRs as short as 800 nt long trig-
gering NMD (Eberle et al. 2008; Singh et al. 2008; Rebbapra-
gada and Lykke-Andersen 2009; Hogg and Goff 2010;
Yepiskoposyan et al. 2011). This raises the question of wheth-
er this large subset of mRNAs is targeted by NMD, or wheth-
er these mRNAs instead have acquired mechanisms to evade
the NMD pathway. Global and mRNA-specific analyses have
indicated that while a subset of endogenous long 3’ UTR
mRNAs are indeed substrates of NMD, many are insensitive
to depletion of NMD factors (Mendell et al. 2004; Wittmann
et al. 2006; Viegas et al. 2007; Singh et al. 2008; Hogg and
Goff 2010; Yepiskoposyan et al. 2011; Tani et al. 2012;
Hurt et al. 2013). However, the mechanism by which a subset
of long 3" UTR mRNAs evades the NMD pathway is un-
known. Here, we investigated the susceptibility of a set of hu-
man mRNAs with long 3’ UTRs (>1250 nt) to NMD and
dissected their 3" UTRs for elements promoting NMD eva-
sion. Our findings revealed that a subset of NMD-evading
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FIGURE 1. Levels of many human mRNAs containing a long 3’ UTR are not increased upon
UPF1 depletion. (A) Table showing long 3" UTR mRNAs used in this study as well as their
3’ UTR length. (B) Graph showing steady-state levels of tested mRNAs upon UPF1 depletion,
normalized to mRNA levels upon Luciferase (LUC) depletion (fold change), as measured by
quantitative RT-PCR. Error bars represent standard error of the means (SEM) from at least three
independent experiments. P-values compare UPF1 depletion to LUC depletion and were calcu-
lated using a paired two-tailed Student’s #-test. (*) P <0.05; (**) P<0.01.
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long 3" UTRs contain NMD-inhibiting cis elements located
within the first 200 nt. These elements are A/U-rich, inhibit
NMD in a position-dependent manner and can promote
NMD evasion when inserted into a heterologous NMD-sen-
sitive mRNA. Another subset of NMD-evading long 3’ UTRs
appear to evade the NMD pathway by different mechanism
(s) as their proximal 600 nt are not sufficient to promote
NMD evasion. These observations suggest that at least two
different mechanisms exist for long 3 UTR mRNAs in hu-
mans to evade degradation by the NMD pathway.

RESULTS

Many human long 3' UTR mRNAs are insensitive
to UPF1 depletion

To investigate whether general mechanisms exist for human
mRNAs with long 3’ UTRs to evade NMD, we selected several
mRNAs containing 3" UTRs of >1250 nt (Fig. 1A), signifi-
cantly longer than artificial 3’ UTRs previously shown to pro-
mote NMD (Eberle et al. 2008; Singh et al. 2008; Hogg and
Goff 2010). Using quantitative (qQ)RT-PCR assays, we tested
the effect of UPF1 depletion on the accumulation of these
mRNAs in human HeLa Tet-Off cells (Fig. 1B; Supplemental
Fig. S1). As expected, UPF1 depletion resulted in increases
in steady-state levels of SMG5 (1.6-fold; P<0.01) and
GABARAPLI1 (2.6-fold; P<0.05) mRNAs, both of which
have been previously characterized as NMD targets (Mendell
etal. 2004; Huang et al. 2011; Yepiskoposyan et al. 2011). The
other tested mRNAs showed either moderate or no accumu-
lation upon UPF1 depletion (Fig. 1B), which was consis-
tent with findings in previous global studies (Mendell et al.
2004; Yepiskoposyan et al. 2011). These observations are
consistent with the notion that many endogenous mRNAs
with long 3’ UTRs are not targeted by the NMD pathway de-
spite artificial long 3" UTRs activating NMD (Singh and

Lykke-Andersen 2003; Mendell et al.

2004; Tani et al. 2012; Hurt et al. 2013).

A subset of human long 3’ UTRs
do not promote NMD when inserted
into a heterologous mRNA

It is thought that the composition of
the 3" UTR is a major determinant for
whether an mRNA is targeted for NMD
(Le Hir et al. 2001; Lykke-Andersen et al.
2001; Gehring et al. 2003; Amrani et al.
2004; Maquat 2005; Singh et al. 2007,
2008; Eberle et al. 2008; Rebbapragada
and Lykke-Andersen 2009; Hogg and
Goff 2010; Yepiskoposyan et al. 2011).
Totest whether thelong 3’ UTRs of our se-
lected mRNAs confer NMD sensitivity
in a heterologous context, we tested the
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Nonsense-mediated decay evasion by long 3' UTRs

effect of replacing the normal 3’ UTR of the wild-type -globin
(BWT) mRNA with the 3’ UTRs of the selected mRNAs
(Fig. 2A). mRNA half-lives ((;/,)) were compared between
UPF1- and control-siRNA treated HeLa Tet-Off cells using
tetracycline-regulated pulse-chase assays (Fig. 2B; Supple-
mental Fig. S2). Constitutively transcribed pWT or pWT-
GAP mRNAs (shown in top panels for each condition) served
as internal controls for half-life calculations; the use of BWT
versus BWT-GAP mRNA in individual assays was dictated
by the need for size differences with the tested reporter
mRNAs. Consistent with previous observations (Singh et al.
2008), a BWT reporter containing an artificial long 3" UTR
(909 nt) consisting of the GFP open reading frame (BWT-

BWT-SELECTED 3'UTR BWT

GFP) is less stable (f(;/5)=204"£7’) than the fWT mRNA
(t(1/2>1000"), and stabilized (t(1/2)=663"+5"; P<0.001)
upon UPF1 depletion (Fig. 2B; fold change over the control-
siRNA condition graphed in Fig. 2C). Analyses of the individ-
uallong 3’ UTRs generally showed correlation with the behav-
ior of the endogenous mRNAs from which they were derived.
Insertion of the 3’ UTRs from the NMD target mRNAs SMG5
and GABARAPLLI into the BWT reporter mRNA resulted in
destabilization as compared with fWT mRNA alone (Fig.
2B; Supplemental Fig. S2), and half-lives were increased 2.5
to 3.6 times upon UPF1 depletion (Fig. 2C; Supplemental
Fig. S2) indicating that these mRNAs are targeted by NMD.
In contrast, the 3 UTRs of most (six of eight tested) of the
long 3’ UTR mRNAs found to be resistant

to NMD (Fig. 1B) failed to trigger NMD

when inserted into the BWT reporter

uas  mRNA as judged by the lack of stabiliza-

tion upon UPF1 depletion (Fig. 2B,C).
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FIGURE 2. Several long 3’ UTRs do not promote NMD. (A) Schematics representing 3-globin
mRNA reporters used in B and C. 3" UTRs are shown in gray. (B) Northern blots showing the
decay of BWT, PWT-GFP, BWT-TRAM1, BWT-VAMP3, PWT-CRIPT, BWT-TMED2, BWT-
PSMD5, and BWT-PRKAB1 mRNAs in HeLa Tet-Off cells treated with Luciferase (LUC) or
UPF1 siRNAs. Numbers above panels refer to minutes after tetracycline-mediated transcriptional

(min)._0_240 480 720

A subset of these 3’ UTRs destabilized
the BWT mRNA (Fig. 2B), but this desta-
bilization was independent of NMD, as
half-lives were not increased upon UPF1
depletion (Fig. 2B,C). For reasons that
are unknown, some of the NMD-resistant
reporter mRNAs exhibited greater in-
stability upon UPF1 depletion, perhaps
reflecting indirect effects of NMD repres-
sion. Two 3" UTRs behaved differently
with respect to NMD in the heterologous
BWT context as compared with their
corresponding endogenous mRNAs. The
3’ UTRs of MFN2 and AP2A2 mRNAs
promoted NMD as judged by UPF1-de-
pendent destabilization of the PWT
mRNA (Fig. 2C; Supplemental Fig. S2),
despite the corresponding endogenous
mRNAs showing modest (MFN2) or no
(AP2A2) increase in mRNA levels upon
UPF1 depletion (Fig. 1B). This suggests
that features outside of the 3’ UTR may
contribute to NMD evasion by some
long 3’ UTR mRNAs. Taken together,
we conclude that a subset of long 3’
UTRs do not activate NMD, in contrast
to both natural and artificial sequences
of equal or shorter length. This suggests
that these 3" UTRs contain features that
prevent activation of NMD.

shutoff of reporters (chase). Values of #(;/,) were calculated after normalizing levels of BWT re-
porter mRNAs (lower panel) to levels of constitutively transcribed WT or BWT-GAP internal

control mRNAs (upper panel). t(;/,) are given as averages = SEM from at least three independent
experiments. P-values compare UPF1 depletion to LUC depletion and were calculated using a
paired two-tailed Student’s #-test. (***) P<0.001. (C) Graph showing fold change in mRNA
half-lives upon UPF1 depletion relative to LUC depletion, as calculated in B and Supplemental
Figure S2. Error bars represent SEM from at least three independent experiments. P-values com-
pare UPF1 depletion to LUC depletion and were calculated using a paired two-tailed Student’s

t-test. (*) P< 0.05; (**) P<0.01; (***) P< 0.001.

TRAMT1 and CRIPT 3’ UTRs do not
inhibit mRNA polysome association

To investigate mechanisms by which nat-
ural long 3’ UTRs evade activation of
NMD, we first focused on the TRAM1

www.rnajournal.org 889
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3’ UTR. Given that NMD is a translation-dependent pathway,
we first used polysome profiling to test whether the TRAM1
3’ UTR represses polysome association. As seen in Figure 3B
(corresponding 260-nm absorbance traces are shown in
Supplemental Fig. S3A), PWT-TRAM1 mRNA predomi-
nantly comigrated with polysomal fractions, consistent with
the pWT-TRAMI reporter mRNA being actively translated.
An internal positive control mRNA (BWT-GAP), was simi-
larly enriched in polysomal fractions, but was shifted toward
heavier fractions as expected due to a longer open reading
frame (ORF) (Fig. 3A). We also tested the CRIPT 3’ UTR
in this assay. As seen in Figure 3C, PWT-CRIPT mRNA
also concentrated in polysomal fractions and showed a sim-
ilar profile to that of PWT mRNA (which shares the same
ORF) (Fig. 3A), while pWT-GAP mRNA again migrated
in heavier polysome fractions (260-nm absorbance traces

are shown in Supplemental Fig. S3B). Taken together, these
results suggest that the 3’ UTRs of TRAMI and CRIPT do
not repress polysome association of the BWT reporter,
and thus that NMD evasion is not a result of translation
repression.

The 5" and 3’ halves of TRAM1 3’ UTR repress
NMD in a distance-dependent manner

We next investigated the importance of the position of the
TRAMI1 3’ UTR relative to the termination codon. A stuffer
sequence based on GFP ORF (719 nt) was inserted into
the BWT-TRAMI1 mRNA, upstream of (PWT-STUFFER-
TRAM1) or downstream (BWT-TRAMI-STUFFER) from
the TRAM1 3’ UTR, and the corresponding mRNAs were
tested for their susceptibility to NMD. As seen in Figure 4A,

insertion of the stuffer sequence upstream

of the TRAM1 3’ UTR resulted in mRNA

BWT-GAP BWT-TRAM1 or CRIPT BWT destabilization (t(I/Z) =140+ 17/; com-
AUG UAA AlG UAA AlG UAA pare with BWT-TRAMI1 mRNA in Fig.
mG_ [ [ TJeappHORF[]A, m6[ [ T ] Ja, me__1 1 [a 2B). This destabilization is due at least in
ORF (310aa) ORF (147aa) TRAM or CRIPT ORF (1472a) part to NMD as observed by the increased
FUTR half-life (¢, =218 £23’; P<0.05)
B upon UPF1 depletion (Fig. 4A, top panels;
SprOIywmef Fo g fold difference graphed in Fig. 4B). In
nﬂlmﬂyq | T contrast, the PWT-TRAM1-STUFFER re-
4 e u-..b-*-w o [PWT-TRAM1 porter containing the stuffer sequence
3 1?: ST downstream from TRAM1 3’ UTR was
;@12 ] % not subjected to NMD (Fig. 4A, bottom
%%1g: RERERANS panels; Fig. 4B). Although the half-life
BE6{ e ax of PWT-TRAM1-STUFFER mRNA was
gf’e ol ./:\"R : shorter than the . half-life of .ﬁWT—
- R— e —— TRAM1 mRNA (Fig. 2B), depletion of
BRSNS SGUCZOS:' 98010 AR 18 UPF1 did not result in its stabilization
gradient fraction ;
and actually caused a decrease in the
C mRNA half-life as was also observed for
Subpolysomes Polysomes .
a subset of other mRNAs (Fig. 2B,C).
—h“...«-_ .ﬁ“n:“ pWAGAR Thus, the TRAMI1 3’ UTR prevents
- BR{ENT NMD only when positioned in proximity
- - PWT-CRIPT of the termination codon.
3 ) . e pwTOAR To identify region(s) of TRAMI
<T16 ] PR 3" UTR required for NMD repression,
g s --a-- BWT . .
€512 S the stuffer sequence was inserted into
g3 81 PITORIEE the TRAMI1 3’ UTR to replace the dis-
gﬂ 4 tal (BWT-TRAM1-PROX-STUFFER) or
E

12 345 6789 1011 1213141516 171819 2021
Sucrose gradient fraction

FIGURE 3. The long 3’ UTRs of TRAM1 and CRIPT do not inhibit mRNA polysome associa-
tion. (A) Schematics representing -globin mRNA reporters used in B and C. 3’ UTRs are shown
in gray. (ORF) Open reading frame. ORF size is indicated in parentheses (aa, amino acid).
“Subpolysome” designates fractions whose density is equal to or lower than the 80S ribosome.
(B) Northern blots showing the levels of PBWT-GAP and PWT-TRAMI mRNAs in fractions col-
lected after mRNP separation in sucrose gradients (polysome profiling). Graph showing
Northern blot quantifications is shown below. The mRNA level of each individual fraction was
normalized to the sum of mRNA levels in all fractions. (C) Same as in B for BWT-GAP, fWT,

and PWT-CRIPT mRNAs.
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the proximal (BWT-STUFFER-TRAM1-
DIST) regions. As seen in Figure 4C
(top panel), the reporter mRNA retaining
the proximal region of the TRAM1 3’
UTR (BWT-TRAMI1-PROX-STUFFER)
remained stable (f(;,,)=570"+31") and
unaffected by UPF1 depletion (t(5)=
559’ +36') (fold difference graphed in
Fig. 4B). In contrast, the mRNA contain-
ing the distal half of the TRAM1 3’ UTR



Nonsense-mediated decay evasion by long 3' UTRs

A Chase

(min),_0_240 480 720

BWT-
GAP|

PWT-STUFFER- 140’
TRAM1 417’
PWT-
GAP
SiUPF1
S FFER-A—~218
TRAM 1| S s 23'

AUG UAA
|

siLUC

I A,

Iﬁ_l
stuffer TRAM1 3'UTR
719nts  1-1467 nts

Chase
(mln) 0 240 480 720

siLuC GAP """
pWT-TRAM1-|| 693'
STUFFER]] 68
pwT-
AP}
SiUPF1
pwT-TRAM1-|4 381"
STUFFER|! 125
o
me [+ —

TRAM1 3'UTR  stuffer
1-1467 nts 719 nts

g
3

n

-
w

upon UPF1 depletion

mRNA half-life (fold change)

& &

C Chase
(min):_0 240 480 720
pWT
siLUC
BWT-TRAM1-
PROX-STUFFER-
pWT ]
SiUPF1 - =
BWT-TRAM1 559"
PROX-STUFFER- +36
AUG UAA
) s ¥
TRAM1  stuffer
PROX. 719nts
1-682 nts
Chase
(min)._0 240 480 720
siLUC
PWT- STUFFER
TRAM1- DIST
BWT d
siUPF1|
PWT- STUFFER
TRAM1 DIST
AUG
e Iﬁl—:l—l:|:l:lm
;'_Hﬁ_}
stuffer TRAM1
719nts DIST.
667-1467 nts

Chase
(min):_0_240 480 720

EuWT-TRAM1
DIST-STUFFER(]

siLUC

siUPF1

BWT-TRAM1- I
DIST- STUFFER

AUG UAA
] e e S s ¥

TRAM1  stuffer
DIST. 719nts
667-1467 nts

FIGURE 4. Sequences within the TRAM1 3’ UTR inhibit NMD when present in downstream
proximity of the termination codon. (A) Northern blots showing the decay of BWT-
STUFFER-TRAMI1 (top panel) and PWT-TRAM1-STUFEFER (bottorn panel) mRNAs in HeLa
Tet-Off cells treated with siRNAs targeting Luciferase (LUC) or UPF1. Numbers above panels re-
fer to minutes after tetracycline-mediated transcriptional shutoff of reporter mRNAs (chase).
Values of t#(;/,) were calculated after normalizing levels of BWT-STUFFER-TRAM1 and BWT-
TRAMI1-STUFFER to levels of constitutively transcribed BWT-GAP mRNA. ¢, ,) are given as av-
erages = SEM from at least three independent experiments. P-values compare UPF1 depletion to
LUC depletion and were calculated using a paired two-tailed Student’s t-test. (*) P <0.05.
Schematics representing PWT-STUFFER-TRAMI1 or BWT-TRAM1-STUFFER mRNA reporters
are shown below Northern blots. Numbers indicate nucleotides. 3 UTRs are shown in light gray
(GFP stuffer) and dark gray (TRAM1 3" UTR). (B) Graph showing fold change in mRNA half-
lives upon UPF1 depletion relative to LUC depletion, as calculated in A, C, and Figure
2B. Error bars represent SEM from at least three independent experiments. P-values compare
UPF1 depletion to LUC depletion and were calculated using a paired two-tailed Student’s ¢-
test. (*) P<0.05. (C) Same as in A for PWT-TRAM1-PROX-STUFFER (fop panel), WT-
STUFFER-TRAM1-DIST (middle panel), and BWT-TRAM1-DIST-STUFFER (bottormn panel)

mRNAs.

after the stuffer sequence is unstable
(t(1/2)= 140" £ 32'), and stabilized upon
UPF1 depletion (f(12)=280"+£59; P<
0.05) (Fig. 4C, middle panels). To test
whether the distal half of TRAMI
mRNA is capable of inhibiting NMD
when placed in downstream proximity
of the termination codon, we tested the
effect of placing it in front of the stuffer
sequence. As seen in Figure 4C bottom
panel, this mRNA undergoes a moderate
rate of mRNA decay but is not targeted by
the NMD pathway as it is not stabilized
upon UPF1 depletion (graphed in Fig.
4B). Taken together, the observations in
Figure 4 suggest that 5" and 3’ halves of
TRAMI1 3’ UTR can both repress NMD
(Fig. 4B,C), and that the repression de-
pends on being in downstream proximity
to the termination codon.

An NMD repression element is
located within the first 182 nt
of the TRAM1 3’ UTR

To narrow down a minimal region of
the 5" half of TRAM1 3’ UTR capable of
repressing NMD, we inserted the stuffer
sequence at different positions within
the proximal half of the TRAM1 3’
UTR (Fig. 5A). As expected, inserting
the stuffer at position +1 relative to
the termination codon (PWT-TRAMI-
STUFFER-1) resulted in an unstable
mRNA, which was stabilized upon
UPF1 depletion (Fig. 5B, top left panel;
fold stabilization graphed in Fig. 5C).
Insertion of the stuffer at position +82 re-
sulted in an mRNA that was also stabi-
lized upon UPF1 depletion (middle left
panel), but significantly less so (P<
0.001) than that observed with the stuffer
at position +1 (Fig. 5B,C). Insertion of
the stuffer sequence at, or downstream
from, position +182 resulted in stable
mRNAs that were not further stabilized
upon UPF1 depletion (Fig. 5B,C). These
results suggest the existence of a distance-
dependent NMD-inhibiting cis element
residing within the first 182 nt of the
3’ UTR of TRAMI1. Moreover, the first
82 nt of TRAM1 3’ UTR appear to par-
tially inhibit NMD when positioned in
downstream proximity of the termina-
tion codon.
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To test whether the termination-prox-
imal fragment of the TRAM1 3’ UTR is
sufficient to trigger NMD evasion in
separation from the remaining TRAM1
3’ UTR, the first 200 nt of TRAM1 3’
UTR were inserted into the BWT-GFP
NMD reporter in downstream proxi-
mity of the termination codon (PWT-
200-TRAMI1-GFP) (Fig. 6A). As shown
in Figure 6B, this resulted in strong
mRNA stabilization (t¢/)=923"+£77,
right panel, as compared wih 201" £ 15’
observed for BWT-GFP, left panel).
In addition, the pWT-200-TRAM1-GFP
mRNA was not stabilized upon UPF1
depletion (Fig. 6B; quantified in Fig.
6E). Insertion of an oligo-Ajzo tract in
downstream proximity of the termina-
tion codon of the BWT-GFP NMD re-
porter to mimic a termination-proximal
poly(A) tail served as a positive control
(Singh et al. 2008) and as expected also
inhibited NMD (Fig. 6B, middle panel).
We conclude that the first 200 nt of
the TRAM1 3’ UTR contains an element
sufficient to inhibit NMD. Insertion of
the 200-nt element downstream from
the stuffer sequence in the PWT-GFP
mRNA confirmed that the element acts
in a distance-dependent manner as the
resulting mRNA was unstable and stabi-
lized by UPF1 depletion (Supplemental
Fig. S4).

NMD-inhibiting cis elements are
present within the first 200 nt of
multiple long 3’ UTRs

We next investigated whether other
NMD-evading long 3" UTRs contain
NMD-repressing elements within the
first 200 nt. As seen in Figure 6C, the first
200 nt of the NMD-insensitive VAMP3,
CRIPT, and TMED?2 3’ UTRs, all resulted
in mRNA stabilization (compared with
BWT-GFP) (Fig. 6B) and insensitivity
to UPF1 depletion when inserted im-
mediately downstream from the ter-
mination codon in PWT-GFP mRNA
(quantified in Fig. 6E). In contrast, the
first 200 nt of GABARAPL1, MFN2, and
AP2A2 3’ UTRs did not render PWT-
GFP mRNA insensitive to NMD (Fig.
6E; Supplemental Fig. S5), which was
expected given that the corresponding
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erages +£ SEM from at least three independent experiments. P-values compare UPF1 depletion to
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t-test. (*) P<0.05; (**) P<0.01; (***) P<0.001.

full-length 3" UTRs promoted NMD (Fig. 2C; Supplemen-
tal Fig. S2). These results demonstrate that the first 200 nt
of VAMP3, CRIPT, and TMED2 3’ UTRs, similar to
TRAM]1, contain NMD-inhibiting elements sufficient to in-
hibit NMD, suggesting this as a common mechanism of
NMD evasion for long human 3" UTR. However, not all

NMD-insensitive long 3" UTRs behave
in this manner as the first 200, 400, or
600 nt of the NMD-insensitive PSMD5
and PRKAB1 3’ UTRs were not sufficient
to inhibit NMD of the BWT-GEP report-
er mRNA (Fig. 6D,E; Supplemental Fig.
S6). This suggests that these 3" UTRs
are rendered insensitive to NMD by a dif-
ferent mechanism. Taken together, our
observations reveal at least three classes
of human long 3" UTRs. Some (e.g.,
SMGS5 and GABARAPLI1 3’ UTRs) render
their mRNAs sensitive to NMD, whereas
others are NMD-resistant either due to
the presence of sequence elements that
inhibit NMD in a manner dependent on
their proximity to the termination codon
(TRAM1, VAMP3, CRIPT, and TMED?2),
or due to other, currently unknown,
mechanisms (PSMD5 and PRKABI).

DISCUSSION

The extension of the 3" UTR that results
from termination at a PTC has been pro-
posed to be an important determi-
nant for the targeting of mRNAs for
NMD (Amrani et al. 2004; Mendell et al.
2004; Buhler et al. 2006; Singh et al.
2008; Hogg and Goff 2010; Bruno et al.
2011; Yepiskoposyan et al. 2011; Hurt
et al. 2013). Yet a large subset of human
mRNAs contain 3’ UTRs far longer than
the length needed for artificial 3’ UTRs
to trigger NMD, and many of these
long 3 UTR mRNAs are insensitive to
depletion of NMD factors (Pesole et al.
2000; Mendell et al. 2004; Wittmann
et al. 2006; Viegas et al. 2007; Singh et
al. 2008; Hogg and Goft 2010; Yepisko-
posyan et al. 2011; Tani et al. 2012;
Hurt et al. 2013). This raises the question
of how long 3" UTR mRNAs evade the
NMD pathway. Here, we investigated a
set of long 3" UTR mRNAs and con-
firmed that many are not targeted for
NMD either in their endogenous context
or when their 3’ UTRs were fused with
the heterologous p-globin mRNA (Figs.

1, 2). We further dissected the 3’ UTR of TRAM1 mRNA,
which we previously identified as being insensitive to NMD
(Singh et al. 2008), and identified an NMD-inhibiting cis el-
ement located within the first 182 nt (Fig. 5). This cis element
inhibits NMD when positioned in downstream proximity
of the termination codon (Fig. 4) and is sufficient to block
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NMD of a heterologous mRNA (Fig. 6). The identified
TRAM1 3’ UTR cis element likely acts redundantly with oth-
er regions of the TRAM1 3’ UTR to repress NMD given the
capacity of the distal half of the TRAM1 3’ UTR to also inhibit
NMD (Fig. 4). Dissection of other long 3 UTR mRNAs re-
sistant to NMD revealed the presence of NMD-inhibiting
cis elements within the first 200 nt of many, but not all, of
the mRNAs tested (Fig. 6). Thus, our observations suggest
that a subset of long 3’ UTR mRNAs in humans contain ter-
mination codon-proximal cis elements that serve to promote
evasion of the NMD pathway.

What is the mechanism by which the cis elements in-
hibit NMD? Cis elements were found in downstream proxim-
ity of the termination codon in TRAM1, VAMP3, CRIPT,
and TMED2 3’ UTRs (Fig. 6) and, in the case of TRAMI,
this location was critical for its ability to repress NMD
(Figs. 4, 5; Supplemental Fig. S4). Previous studies indicate
that translation termination at NMD-inducing termination
codons is less efficient than translation termination occur-
ring at normal termination codons (Amrani et al. 2004;
Peixeiro et al. 2012). Thus, the cis elements might inhibit
NMD by promoting efficient translation termination, as
has been proposed for the poly(A) tail when in proximity
of the termination codon (Amrani et al. 2004; Eberle et al.
2008; Ivanov et al. 2008; Silva et al. 2008; Singh et al. 2008;
Fatscher et al. 2014). Alternatively, the cis elements could
promote a level of termination codon readthrough, which
has been previously associated with NMD evasion (Hogg
and Goff 2010). Finally, the cis elements could inhibit
NMD by directly preventing the assembly or function of
NMD factors on the long 3 UTR mRNAs. Consistent with
either of these ideas, the central NMD factor UPF1 has
been reported to associate less with TRAM1 and CRIPT 3’
UTRs, both of which contain NMD-inhibiting cis elements
(Fig. 6), than with NMD-sensitive 3 UTRs of similar length
(Hogg and Goft 2010).

The NMD-inhibiting cis elements are likely to act through
trans factors. Analysis of the nucleotide content of the cis el-
ements uncovered a significant enrichment for A/U nucleo-
tides (63%—71%) as compared with the same regions of the
3’ UTRs studied here that did not contain cis elements
(35%—63%) (P=0.001) (Fig. 7A). This observation raises
the possibility that a trans factor with affinity for A/U-rich
sequences may mediate the NMD-inhibitory effects of the
cis elements. One candidate for this activity could be
PABP, which has previously been found to show high affin-
ity for A/U-rich sequences (Bollig et al. 2003; Sladic et al.
2004), and is a known antagonist of NMD (Amrani et al.
2004; Eberle et al. 2008; Ivanov et al. 2008; Silva et al. 2008;
Singh et al. 2008; Fatscher et al. 2014). Alternatively, RNA
binding proteins that either directly affect translation termi-
nation or NMD factor function, or that recruit other factors
such as PABP, could be responsible (Fig. 7B). It is also a pos-
sibility that the A/U-rich cis elements base-pair with the
poly(A) tail, thereby bringing the poly(A) tail, and hence
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FIGURE 7. Model for NMD repression by termination-proximal cis el-
ements. (A) Table showing A/U content within the first 200 nt of 3’
UTRs of mRNAs either containing (+) or not (—) NMD-inhibiting cis
elements. P-values compare the two different groups and were calculat-
ed using an independent unequal variances t-test. (B) Schematic repre-
senting an mRNA with a long 3" UTR that contains an NMD-inhibiting
cis element. “+” indicates stimulation of translation termination. See
Discussion for details. (PABP) Cytoplasmic poly(A) tail binding protein;
1, 2, 3: UPF1, UPF2, UPF3, respectively.

PABP, in proximity of the termination event. In addition, a
recent study found evidence that UPF1 associates most stably
with G/C-rich sequences (Hurt et al. 2013). Thus, the A/U-
rich composition of the cis elements could prevent stable
UPF1 binding in downstream proximity of the termination
event.

Interestingly, we found that the full-length 3’ UTRs of
PSMD5 and PRKABLI are insensitive to NMD but the first
600 nt of the 3’ UTRs do not contain a cis element sufficient
to evade NMD. Thus, the 3’ UTRs of PSMD5 and PRKABI
are likely to use a different mechanism to evade NMD. It is
possible that the 3 UTRs of PSMD5 and PRKAB1 do contain
NMD-inhibiting cis elements, but that these fail to inhibit
NMD in a heterologous context. Alternatively, a cis element
could reside more distally within the 3" UTRs. Miithlemann
and coworkers reported evidence that structural arrangement
of along 3’ UTR that brings PABP in spatial proximity to the
termination codon can inhibit NMD (Eberle et al. 2008). An
interesting possibility to explore in future studies is that
PSMD5 and PRKAB1 mRNAs may evade NMD by such a
mechanism.

Our identification of termination-proximal NMD-inhibi-
tory cis elements in a subset of long 3’ UTR mRNAs in hu-
man is reminiscent of elements previously described in
yeast and retroviruses. In yeast, GCN4 and YAP1 mRNAs,
which contain upstream (u)ORFs, contain elements im-
mediately downstream from the uORFs that inhibit NMD
(Ruiz-Echevarria et al. 1998; Ruiz-Echevarria and Peltz
2000). In addition, the Rous Sarcoma Virus (RSV) produces
unspliced retroviral transcripts that contain multiple pre-
dicted NMD-activating features, including upstream ORFs
as well as long 3" UTRs. However, those viral transcripts
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are protected from NMD by the presence of a 400 nt cis-act-
ing element located downstream from the gag ORF (Weil and
Beemon 2006).

Our study describes several examples of NMD-inhibiting
cis elements in human long 3" UTRs. The lengthening of 3’
UTRs has been proposed to correlate with the evolution of
morphological complexity (Chen et al. 2012). Hence, in-
creased 3’ UTR size in higher organisms might have exposed
genes to ancestral quality control mechanisms, such as NMD,
therefore requiring compensatory evolution of gene features
to evade those pathways. In addition to protecting the long 3’
UTR mRNAs from NMD, NMD-evading cis elements could
also provide an additional level of post-transcriptional gene
regulation by regulating mRNA stability according to cellular
cues, such as, for example, if trans factors acting on the cis el-
ements are regulated. Considering that one-third of human
genes have 3’ UTRs longer than 1000 nt, NMD evasion
may be a previously unappreciated widespread principle re-
quired for proper gene regulation.

MATERIALS AND METHODS

Plasmids

All plasmids and sequences are available upon request. For genera-
tion of pcTET2-BWT-3" UTR reporter plasmids, amplification of
candidate 3 UTR c¢cDNAs was performed by PCR using PfuUltra
II Fusion HS DNA Polymerase (Agilent Technologies). Forward
and reverse primers contained NotI and, Xbal, Spel or Nhel re-
striction sites, respectively, for ligation into the pcTET2-BWT plas-
mid (Singh et al. 2008). pcTET2-BWT-STUFFER-TRAM1 and
pcTET2-BWT-TRAM1-STUFFER were generated by ligating PCR-
amplified GFP fragments into pcTET2-PWT-TRAM1 using Notl
or Xbal restriction sites, respectively. pcTET2-BWT-TRAMI-
PROX-STUFFER, pcTET2-BWT-STUFFER-TRAM1-DIST and
pcTET2-BWT-TRAM1-DIST-STUFFER were made by ligating
PCR-amplified GFP fragments into pcTET2-WT-TRAM1-PROX
(Xbal site) or pcTET2-BWT-TRAM1-DIST (Notl or Xbal sites),
which were generated by inserting proximal (1-682 nt) or distal
(667—1467 nt) fragments of TRAM1 using NotI and Xbal restriction
sites. The resulting PCR products were inserted in the pcTET2-
BWT-GFP plasmid using Notl or Xbal restriction sites (TRAM1
proximal and TRAM1 distal, respectively). For inserting GFP at dif-
ferent positions into the pcTET2-WT-TRAM]I, an Nhel restriction
site was first inserted at the desired location using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene). Then, GFP fragments
were amplified using forward and reverse primers containing Xbal
and Nhel restriction sites respectively and ligated into pcTET2-
BWT-TRAM1-PROX at different positions using the generated
Nhel restriction sites. For inserting 200, 400, or 600 bp fragments
of candidate 3" UTRs into pcTET2-BWT-GFP, the corresponding
fragments were PCR-amplified using forward and reverse primers,
both containing Notl restriction sites. Then, those fragments were
inserted into the pcTET2-BWT-GFP plasmid using Notl. The
pcTET2-BWT-GFP-200-TRAMI plasmid was made by inserting
PCR-amplified 200 bp of TRAM1 3" UTR containing Spel sites
into pcTET2-BWT-GFP using Xbal restriction site.

Pulse-chase mRNA decay assays

HeLa Tet-Off cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% heat-inactivated Fetal Bovine
Serum (FBS) (Life Technologies) and 50 ng/mL of tetracycline
(Sigma-Aldrich). Each well of 12-well plates was transfected with
20 nM of siRNA targeting either Firefly Luciferase (LUC) or UPF1
(Singh et al. 2008) using SiLentFect (Bio-Rad) according to manu-
facturer’s protocol. Twenty-four hours later, cells were transfected
with 0.8 pg of indicated tetracycline-inducible plasmids, 40 ng of ei-
ther pcPWT-GAP or pcPWT plasmids and 0.66 pg of pcDNA-Flag
using TransIT HeLa Monster reagent (Mirus) according to manu-
facturer’s protocol. Twenty-four hours later, cells were transfected
again with siRNA as described above. Sixteen hours later, transcrip-
tion from tetracycline-inducible plasmids was activated by washing
cells twice with DMEM 10% FBS without tetracycline and incu-
bating for 6 h in DMEM 10% FBS. Transcriptional shutoff was
achieved by addition of 1 ug/mL tetracycline. Starting 30 min after
tetracycline addition, cells were harvested in 600 uL TRIzol (Life
Technologies) at times indicated for each experiment (chase).
RNA isolation was performed as recommended by manufacturer’s
protocol. Northern blots were performed as previously described
(Lykke-Andersen et al. 2000). Northern blots were scanned using
a PhosphorImager (Typhoon Trio; Amersham Biosciences) and
quantified using ImageQuant TL ID software. A paired two-tailed
Student’s t-test was used to calculate P-values.

qRT-PCR

Cells were transfected with 20 nM siRNA targeting either LUC or
UPF1 as described above. Forty-eight hours later, cells were harvest-
ed in 600 pL of TRIzol and RNA was isolated according to the man-
ufacturer’s protocol. 0.5 ug of total RNA and 12.5 ng/uL of 8 nt
random primers were used to generate cDNA using SuperScript
IIT Reverse Transcriptase (Life Technologies) as recommended by
the manufacturer’s protocols. Polymerase chain reactions (PCRs)
were performed on one one-hundredth of the reverse transcription
(RT) reaction using Fast SYBER Green Master Mix (Life Technolo-
gies) according to manufacturer’s protocol and the Applied Biosys-
tems StepOnePlus Real-Time PCR System technology. Primers used
for PCR are indicated in Supplemental Table 1 (GAPDH primers
were generously provided by Dr. Shannon Lauberth). Each mea-
surement was performed in duplicate to calculate the average C,
(Threshold Cycle) value. For each set of primers and each PCR as-
say, a 10-fold standard dilution was performed to calculate the PCR
efficiency (E). When E value ranged between 1.8 and 2.1 mRNA lev-
els were determined using average C; value and E. RNA level fold
changes represent ratios between mRNA levels upon UPF1 deple-
tion and mRNA levels upon control (LUC depleted) condition.
P-values were calculated using a two-tailed paired Student’s -test.

Western blots and antibodies

Cells were transfected as described in the Pulse-chase mRNA decay
assay. At time zero after transcription shutoff, cells were harvested in
100 uL RIPA N Buffer (50 mM Tris—HCI pH 8, 150 mM NaCl, 0.1%
sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1%
Nonidet P-40) and 100 pL of 2x SDS buffer (100 mM Tris—-HCl
pH 6.8, 4% SDS, 12% B-mercaptoethanol, 20% glycerol, and
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0.1% bromophenol Blue). One-twentieth of each sample was ana-
lyzed by polyacrylamide gel electrophoresis followed by Western
blotting. Blots were probed with rabbit polyclonal anti-UPF1
(1:1000) (Lykke-Andersen et al. 2000) or rabbit polyclonal anti-
CBP80 (1:1000; antibody generously provided by Dr. Elisa
Izaurralde) followed by horseradish peroxidase (HRP)-conjugated
donkey anti-rabbit (1:20,000; Thermo Scientific) and visualization
using HyGLO Chemiluminescent Antibody Detection (Denville
Scientific Inc.).

Polysome profiling

Cells were grown in 10-cm plates with DMEM 10% heat-inacti-
vated FBS and 50 ng/mL tetracycline. Cells were then transfected
with 0.5 ug of pcBWT-GAP and 3.5 pg of pcTET2-WT-CRIPT
or pcTET2BWT-TRAMI as well as 3.5 pg of pcPWT when indicated
using TransIT HeLa Monster reagent (Mirus) according to manu-
facturer’s protocol. Forty-eight hours after transfection, cells were
washed with phosphate buffered saline solution (PBS, 8 g/L NaCl,
0.2 g/L KCl, 1.44 g/L Na,HPO,, 0.24 g/L KH,PO,, pH 7.4) and in-
cubated with DMEM containing 10% heat-inactivated FBS without
tetracycline. After 8 h, transcription was turned off by adding 1 ug/
mL tetracycline and 0.1 pg/mL cycloheximide was added for 3 min
to inhibit translation elongation. Polysome profiling was conducted
as described previously (Johannes and Sarnow 1998). Fractions were
analyzed by Northern blot as described previously (Lykke-Andersen
etal. 2000). Northern blots were scanned using the PhosphorImager
(Typhoon Trio; Amersham Biosciences) and quantified using
ImageQuant TL 1D software. Normalized mRNA quantifications
were determined by dividing individual fraction signals by the
sum of all fraction signals.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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