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ARTICLE

UPF1 shuttles between nucleus and cytoplasm
independently of its RNA-binding and ATPase activities
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and OLIVER MUHLEMANN'
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ABSTRACT

The ATP-dependent RNA helicase Up-frameshift 1 (UPF1) is an essential protein in mammalian cells and a key factor in non-
sense-mediated mRNA decay (NMD), a translation-dependent mRNA surveillance process. UPF1 is mainly cytoplasmic at
steady state but accumulates in the nucleus after inhibiting CRM1-mediated nuclear export by leptomycin B (LMB), indi-
cating that UPF1 shuttles between the nucleus and the cytoplasm. Consistent with its dual localization, there is evidence
for nuclear functions of UPF1, for instance, in DNA replication, DNA damage response, and telomere maintenance.
However, whether any of UPF1's biochemical activities are required for its nuclear-cytoplasmic shuttling remains unclear.
To investigate this, we examined two UPF1 mutants: the well-described ATPase-deficient UPF1-DE (D636A/E637A) and a
newly generated RNA-binding mutant UPF1-NKR (N524A/K547A/R843A). Biochemical assays confirmed that the UPF1-
NKR mutant cannot bind RNA or hydrolyze ATP in vitro but retains interaction with UPF2, UPF3B, and SMGé6.
Overexpression of UPF1-NKR exerted a dominant-negative effect on endogenous UPF1 and inhibited NMD. Subcellular
localization studies revealed that UPF1-DE accumulates in cytoplasmic granules (P-bodies), even in the presence of
LMB, whereas UPF1-NKR shuttles normally. This indicates that UPF1’s shuttling does not require its RNA-binding or
ATPase activities. Notably, the UPF1-DE.NKR double mutant restored nuclear-cytoplasmic shuttling and prevented accu-
mulation in P-bodies, suggesting that the shuttling defect of UPF1-DE arises from its tight binding to RNA. Overall, our
findings demonstrate that UPF1's shuttling is independent of its ATPase and RNA-binding activities, with RNA binding it-
self being a key determinant of its cytoplasmic retention.
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INTRODUCTION

Up-frameshift 1 (UPF1) was described in the early 90s
as a factor involved in the rapid decay of mRNAs
containing premature translation termination codons
(PTCs) in Saccharomyces cerevisiae (Leeds et al. 1991)
and Caenorhabditis elegans (Pulak and Anderson 1993).
Shortly after its discovery, it was characterized as a nucleic
acid helicase with nucleic acid-dependent ATPase activity
belonging to the helicase superfamily 1 (SF1) (Czaplinski
et al. 1995; Weng et al. 1996), and within the following
decade, UPF1 homologs were described in other species
like Homo sapiens (Perlick et al. 1996; Applequist et al.
1997), Drosophila melanogaster (Gatfield et al. 2003),
and Arabidopsis thaliana (Yoine et al. 2006). Since its dis-
covery, UPF1 has been implicated in various cellular pro-

cesses, with its role as the central regulator of nonsense-
mediated mMRNA decay (NMD) being the most extensively
studied (Kim and Maquat 2019; Karousis and Muhlemann
2022).

NMD is a eukaryotic translation-dependent mRNA deg-
radation pathway that serves both as a quality control
mechanism, by targeting for degradation faulty mRNAs
containing PTCs, as well as a post-transcriptional regulator
of gene expression, by modulating the levels of a subset of
mRNAs with full coding potential (Nasif et al. 2017; Kishor
et al. 2019). The precise molecular mechanism of NMD is
still incompletely understood due to its inherent heteroge-
neity. NMD exhibits context-dependent regulation, which
varies across cellular environments and species and in-
volves distinct trans-acting factors, resulting in mechanistic
differences. (Nasif et al. 2017; Lloyd 2018; Sato and Singer
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UPF1 shuttles independently of RNA binding

2021; Karousis and Muhlemann 2022). For example, differ-
ent species harbor distinct repertoires of NMD factors,
with only UPF1 being present in all eukaryotes, including
the early branching excavates (Lloyd 2018). Although
UPF1 plays a central and undisputed role in NMD, the
mechanisms by which it identifies and selects its targets
are still not fully understood. UPF1 binds without apparent
sequence specificity to mRNAs through its conserved heli-
case core composed of two RecA-like domains that form a
composite RNA-binding surface and an ATP-binding
pocket. The helicase core of UPF1 is N-terminally flanked
by a cysteine and histidine-rich domain (CH), and addition-
ally contains flexible domains rich in phosphorylatable ser-
ine-glutamine and threonine-glutamine ([S/T]Q) motifs in
its N and C termini (Cheng et al. 2007; Chakrabarti et al.
2011). Driven by ATP hydrolysis, UPF1 can translocate 5’
to 3’ along nucleic acids, displace proteins bound to
them, and dissociate from RNAs (Czaplinski et al. 1995;
Weng et al. 1996; Fiorini et al. 2015; Chapman et al.
2022). Both the N- and C-terminal domains were shown
to suppress UPF1's catalytic activities in vitro (Chamieh
et al. 2008; Fiorini et al. 2013). UPF1’s interaction partner
UPF2 can bind to the CH domain, and by inducing an ex-
tensive conformational change in UPF1, UPF2 relieves the
autoinhibitory function and enhances UPF1's catalytic ac-
tivities (Chamieh et al. 2008; Chakrabarti et al. 2011;
Chapman et al. 2024). In addition, phosphorylated N-
and C-terminal (S/T)Q motifs serve as binding platforms
to recruit downstream NMD factors that trigger the decay
of the mRNA (Huntzinger et al. 2008; Eberle et al. 2009;
Okada-Katsuhata et al. 2012; Durand et al. 2016). The abil-
ity of UPF1 to dissociate from non-NMD-targeted mRNAs
through ATP hydrolysis has been proposed as a key deter-
minant of its substrate specificity, as ATPase-deficient
UPF1 mutants exhibit indiscriminate binding to both
NMD and non-NMD substrates (Kurosaki et al. 2014; Lee
et al. 2015). Furthermore, ATPase-driven RNA dissociation
by UPF1 is essential for the completion of MRNA degrada-
tion, as ATPase-deficient UPF1 mutants remain bound to
decay intermediates and block the access of exonucleo-
lytic enzymes (Franks et al. 2010).

With ~450,000 molecules per cell, mammalian UPF1 is an
abundant protein that is predominantly localized in the cy-
toplasm under physiological conditions, consistent with its
role in promoting NMD as well as other translation-depen-
dent RNA decay pathways (Atkin et al. 1995; Applequist
et al. 1997; Lykke-Andersen et al. 2000; Mendell et al.
2002; Franks et al. 2010; Imamachi et al. 2012; Kim and
Maquat 2019; Cho et al. 2022). UPF1 has also been shown
to localize to the endoplasmic reticulum (ER), in an NBAS-
dependent manner, to aid in the degradation of NMD sub-
strates that are translated at the ER (Longman et al. 2020).
Additionally, experimental evidence suggests that a fraction
of UPF1 shuttles between the cytoplasm and the nucleus.
For instance, treatment with leptomycin B (LMB), a Strepto-

myces metabolite that blocks CRM1-dependent nuclear ex-
port (Kudo et al. 1998), results in nuclear accumulation of
UPF1 in both human and Drosophila cells (Mendell et al.
2002; Singh et al. 2019). Moreover, UPF1 has been detect-
ed associated with chromatin fractions after cellular fraction-
ation and in chromatin immunoprecipitation experiments
(Azzalin and Lingner 2006b; Azzalin et al. 2007; Chawla
et al. 2011; Singh et al. 2019). Furthermore, UPF1 has
been shown to interact with nuclear proteins like the telo-
meric factor TPP1, telomerase (Chawla et al. 2011), as well
as with subunits of the DNA polymerase & (Carastro et al.
2002; Azzalin and Lingner 2006b). In accordance with its nu-
clear-cytoplasmic shuttling, nuclear functions have also
been reported for UPF1. For instance, it has been suggest-
ed that UPF1 is involved in nonsense-mediated altered
splicing (Mendell etal. 2002), DNA replication and cell cycle
progression (Azzalin and Lingner 2006b), telomere homeo-
stasis (Azzalin et al. 2007; Chawla et al. 2011), and the DNA
damage response (Azzalin and Lingner 2006b). In Drosoph-
ila, ithas also been reported that UPF1 is associated with ac-
tive Pol Il transcription sites and that it is required for the
efficient release of mMRNAs from chromatin and their export
to the cytoplasm (Singh et al. 2019). Similarly, UPF1 has
been implicated in the nuclear export of HIV-1 genomic
RNA (Ajamian et al. 2015). UPF1’s capacity to bind DNA
and RNA, its ability to use ATP hydrolysis to translocate
along nucleic acids and remodel them, and its shuttling na-
ture make it a strong candidate for the proposed nuclear
functions. However, to unambiguously distinguish UPF1’s
nuclear and cytoplasmic functions, a better understanding
of the nuclear import and export pathways used by UPF1,
as well as how its shuttling is affected by cellular conditions
and its own biochemical activities, is required.

In this study, we investigated if UPF1’s biochemical ac-
tivities are determinants of its subcellular localization. To
this end, we designed and characterized a novel RNA-
binding mutant, UPF1-NKR, by introducing three point
mutations (N524A, K547A, R843A). We confirmed that
this mutant does not bind RNA in vitro and consequently
fails to hydrolyze ATP. Furthermore, UPF1-NKR is unable
to restore NMD activity in UPF1-depleted cells and exerts
a dominant-negative effect on endogenous UPF1 when
overexpressed in mammalian cells. By analyzing the sub-
cellular distribution of various UPF1 mutants, we demon-
strate that UPF1's nuclear-cytoplasmic shuttling is
independent of its ATPase and RNA-binding activities.

RESULTS

The UPF1-NKR mutant protein fails to bind RNA
and hydrolyze ATP in vitro

To test if RNA binding is important for UPF1’s ability to
shuttle between the nucleus and the cytoplasm, we de-
signed point mutations to abolish UPF1 binding to RNA.
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Based on the structure of yeast Upf1 (yUpf1) bound to RNA,
we identified amino acids asparagine 462, lysine 485, and
arginine 779 as key residues that interact with RNA. Based
on the high sequence and structural homology of yeast
and human UPF1, we predicted that the homologous resi-
dues in human UPF1, amino acids asparagine 524, lysine
547, and arginine 843, would be engaged in and therefore
presumably be required for RNA binding. We mutated
these residues to alanines to generate the RNA-binding mu-
tant UPF1-NKR (Fig. 1). The ability of this mutant to bind
RNA in vitro was tested using MicroScale Thermophoresis
(MST). To this end, we expressed and affinity-purified C-ter-
minally 3xFLAG-tagged full-length human UPF1 in three
different versions: wild type (WT), the RNA-binding
mutant (NKR), and the well-characterized ATPase-deficient
D636A/E637A (DE) (Weng et al. 1996; Franks et al. 2010),
as well as maltose-binding protein (MBP) as a control pro-
tein, from Flp-In T-Rex 293 cells (Fig. 2A). To measure
RNA binding by MST, the purified recombinant proteins
were titrated (300-0.009 nM) against a constant amount (4
nM) of Cy5-labeled U30 RNA, which was the lowest concen-
tration of the labeled RNA molecule we could confidently
detect with this assay. We first did a time-course experiment
to determine the time required to reach the binding equilib-
rium between UPF1-WT and the U30 RNA and found this to
be 60 min at 25°C (Supplemental Fig. 1A). Similar experi-
ments performed with the UPF1-DE protein showed that
this mutant reaches binding saturation faster than the
UPF1-WT counterpart, probably due to its irreversible bind-
ing to RNA (Supplemental Fig. 1A). We also addressed the
impact of ATP in the binding reactions, as it was shown that
ATP binding and hydrolysis reduce the affinity of UPF1 for
nucleic acids (Dehghani-Tafti and Sanders 2017; Gowra-
varam et al. 2018; Chapman et al. 2022). We therefore per-
formed the binding reactions for 60 min at 25°C, in the
presence or absence of 1 mM ATP, followed by MST to as-

A
hUPF1s
ATPase/HELICASE
r 1
RecA1 | RecA2 }—
1 15 205 325 449 u l 700 i 914 1118

RNA binding mutant (NKR): N524A/K547A/R843A

ATP hydrolysis mutant (DE): D636A/E637A

sess the RNA-binding activities of all the purified recombi-
nant proteins (Fig. 2B). As predicted, the UPF1-NKR
mutant did not bind RNA in vitro, showing comparable
MST traces as MBP, regardless of ATP presence (Fig. 2B).
In contrast, UPF1-WT and UPF1-DE proteins bound RNA
with characteristic sigmoidal dose-response curves, allow-
ing estimation of dissociation constants (K. We found
that in the absence of ATP, UPF1-WT and UPF1-DE proteins
bound to RNA with similar affinities, with calculated Ky of
16.378 £0.871 and 25.731£1.277 nM, respectively (Fig.
2B). While the presence of ATP in the reaction did not affect
the RNA-binding affinity of the UPF1-DE protein (calculated
Ky 17.697 = 1.095 nM), we observed a 50-fold reduction in
the RNA-binding capacity of the UPF1-WT protein with an
estimated Ky of 873.5+305.1 nM. These results are in
agreement with previous reports showing that ATP binding
and hydrolysis reduce the affinity of UPF1-WT for RNA (Deh-
ghani-Tafti and Sanders 2017; Gowravaram et al. 2018;
Chapman et al. 2022). However, under our experimental
conditions, the presence of ATP resulted in a larger K re-
duction than the previously reported four- to 18-fold chang-
es (Dehghani-Tafti and Sanders 2017, Gowravaram et al.
2018; Chapman et al. 2022).

Since UPF1 shows RNA-dependent ATPase activity (Cza-
plinski et al. 1995; Bhattacharya et al. 2000; Cheng et al.
2007; Chapman et al. 2022), we predicted that the UPF1-
NKR mutant would be unable to hydrolyze ATP in vitro,
and we used NADH-coupled ATPase assays to test our hy-
pothesis. We first compared the in vitro ATPase activity of
the full-length UPF1-WT purified from mammalian cells to
that of the UPF1 helicase domain (UPF1-HD) expressed in
Escherichia coli. We observed that both proteins perform
RNA-dependent ATP hydrolysis, with the UPF1-HD showing
a slightly higher activity than the full-length UPF1-WT
protein, presumably due to the presence of the auto-
inhibitory N- and C-terminal domains in full-length UPF1

FIGURE 1. Design of the RNA-binding mutant UPF1-NKR. (A) Scheme of the human UPF1 shortisoform, with the amino acid changes introduced
in the RNA-binding mutant (NKR) depicted in red or the ATPase mutant (DE), shown in blue. (B) The localization of the NKR and DE residues is
depicted within the crystal structure of human Upf1ACH in complex with six ribonucleotides of a U5 RNA and ADP:AIF,~.
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FIGURE 2. The UPF1-NKR mutant protein fails to bind RNA and hydrolyze ATP in vitro. (A) Coomassie-stained gel showing the purified UPF1-
3xFLAG WT, DE, and NKR mutants and MBP-3xFLAG purified as a control. A BSA standard curve loaded on the same gel was used to estimate the
concentration of the purified proteins. (M) Molecular weight marker. (B) In vitro RNA binding was analyzed by MicroScale Thermophoresis (MST).
Binding reactions were incubated for 1 h at 25°C in the absence or presence of ATP, followed by MST. The fraction of bound RNA is plotted
against the final concentration of the unlabeled titrated proteins, and the averages and standard deviations from three independent dilution se-
ries of UPF1 are shown. Estimated dissociation constants (Kg) are shown for UPF1-WT and UPF1-DE proteins; (n/a) not available. (C) NADH-cou-
pled ATPase assays were performed for 2 h at 37°C, and the oxidation of NADH was followed by measuring absorbance at 340 nm. Shown are the
averages and standard deviations of four to six independent measurements.

(Supplemental Fig. 1B; Chamieh et al. 2008; Chakrabarti
etal. 2011; Fiorini et al. 2013). Consistent with our predic-
tion, the UPF1-NKR mutant failed to hydrolyze ATP in vitro,
as did the UPF1-DE mutant and the negative control MBP
(Fig. 2C). Altogether, our results show that the UPF1-NKR
mutant is indeed unable to bind RNA and, consequently,
also fails to hydrolyze ATP in vitro.

UPF1-NKR mutant is not functional in NMD

Since the UPF1-NKR protein is unable to bind RNA and hy-
drolyze ATP, we expected that this mutant would also fail to
sustain NMD activity in mammalian cells. To test this, we
performed knockdown (KD) and rescue experiments by sta-

bly integrating pKK plasmids into Flp-In T-Rex 293 cells
(Szczesny et al. 2018). These plasmids harbor a doxycycline
(Dox)-inducible bidirectional promoter that allows the
simultaneous expression of an RNA interference cassette
(RNAI) for depletion of an endogenous protein in one direc-
tion and an RNAi-resistant recombinant version of the tar-
geted protein in the other direction. We established cell
lines where endogenous UPF1 can be depleted and re-
placed with either MBP, UPF1-WT, UPF1-DE, or UPF1-
NKR proteins, each carrying a 3xFLAG tag in their C-termi-
nus. As controls, we generated cell lines that express a
luciferase-targeting RNAi (CTRL KD) and the MBP protein.
To optimize the KD and rescue conditions, we analyzed
NMD activity in cells at various time points following Dox
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induction using RT-gPCR. Under UPF1 KD conditions, we
observed a time-dependent accumulation of all three test-
ed NMD-sensitive transcripts. The RP9P transcript reached
its maximum levels after 72 h of Dox induction, whereas
the hnRNPL_NMD and TRA2B_NMD transcripts showed
the highest accumulation after 96 h of induction (Supple-
mental Fig. 2). NMD activity could be efficiently rescued
by the expression of UPF1-WT for all tested time points.
The observed accumulation of transcripts is specific for
NMD targets since an NMD-insensitive transcript like the
hnRNPL protein-coding splice isoform (hnRNPL_Prot) re-
mained unchanged throughout the different time points
and experimental conditions (Supplemental Fig. 2). Next,
we compared the NMD activity of all the generated cell
lines after 96 h of Dox induction (Fig. 3). We observed the
specific accumulation of the NMD-sensitive transcripts
when the endogenous UPF1 protein was depleted and
the unrelated control protein MBP was expressed (UPF1
KD +MBP, Fig. 3). As expected, the expression of the
UPF1-WT protein resulted in a complete rescue of NMD ac-
tivity and restored the levels of the NMD-sensitive tran-
scripts to that of the control condition (UPF1 KD + UPF1-
WT, Fig. 3). On the contrary, expression of the UPF1-DE
or the UPF1-NKR mutants failed to restore NMD activity, re-
sults that are consistent with UPF1’s ATPase and RNA-bind-
ing activities being essential for NMD (UPF1 KD + UPF1-DE
and UPF1 KD + UPF1-NKR, Fig. 3). We also observed that
overexpression of UPF1-WT protein in addition to the en-
dogenous UPF1 does not result in increased NMD activity,
as evidenced by the unaffected levels of the NMD-sensitive
transcripts in the CTRL KD +UPF1-WT condition (Fig. 3).
These results suggest that UPF1 protein levels are not
rate-limiting for NMD in Flp-In T-Rex 293 cells, as was al-
ready shown for Hel a cells (Huang et al. 2011). The analysis
of these cell lines confirmed that the UPF1-NKR mutant can-
not sustain NMD activity.

A CTRL KD UPF1 KD B
MBP UPF1MBP UPF1UPF1UPF1 Protein-

kDa M wT WT DE NKR 3xFlag

160 — — UPF1 10

160 — e
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UPF1’s subcellular localization is determined
independently of its RNA-binding or ATPase
activities

Consistent with its central role in NMD, UPF1 is mainly cy-
toplasmic at steady state in mammalian cells. However,
UPF1 can shuttle between the nucleus and the cytoplasm,
as evidenced by its nuclear accumulation after Leptomycin
B (LMB) treatment, which blocks CRM1-dependent nucle-
ar export (Kudo et al. 1998; Mendell et al. 2002; Singh
et al. 2019). Studies in Drosophila have shown that UPF1
is continuously shuttling between the nucleus and the cy-
toplasm, and the fact that the UPF1-DE mutant fails to ac-
cumulate in the nucleus after LMB treatment, has led to the
suggestion that UPF1 shuttling depends on its ATPase ac-
tivity (Singh et al. 2019). Whether any of UPF1's biochem-
ical activities are required for its shuttling in mammalian
cells has not been addressed. We therefore set out to in-
vestigate if UPF1’s RNA-binding or ATPase activities are
important in determining its subcellular localization in
Hela cells. For this, we overexpressed UPF1-WT, UPF1-
DE, and UPF1-NKR proteins with a C-terminal GFP-tag,
and studied their subcellular localization after LMB or eth-
anol (control) treatment (Fig. 4). Consistent with previous
findings, the UPF1-WT-GFP protein can be detected ex-
clusively in the cytoplasm in the ethanol-treated condition,
and a fraction of it accumulates in the nucleoplasm after
LMB treatment (Mendell et al. 2002; Singh et al. 2019).
The localization of the overexpressed UPF1-DE-GFP pro-
tein also aligns with previous reports, showing a cytoplas-
mic localization under ethanol treatment and being barely
detectable in the nucleus in LMB-treated cells, indicating
that UPF1-DE lost its ability to shuttle (Mendell et al.
2002; Singh et al. 2019). Moreover, we also observe its ac-
cumulation in bright cytoplasmic dots, previously identi-
fied as processing bodies (P bodies) (Sheth and Parker

CTRL KD + MBP
CTRL KD + UPF1-WT
UPF1 KD + MBP

UPF1 KD + UPF1-WT
UPF1 KD + UPF1-DE
UPF1 KD + UPF1-NKR

hnRNPL_NMD RP9P

TRA2B_NMD

FIGURE 3. UPF1-NKR mutantis not functional in NMD. HEK cells stably transfected with pKK plasmids were induced for 96 h with doxycycline to
simultaneously express an RNAI cassette against UPF1 (UPF1 KD) or luciferase (CTRL KD), and RNAi-resistant UPF1 versions (WT, DE, or NKR) or
MBP as a control. (A) The efficiency of the UPF1 KD and the expression levels of the recombinant proteins were assessed by western blotting with
the indicated antibodies. Total protein stain served as loading control. (M) Molecular weight marker. (B) Relative mRNA levels of hnRNPL_Protein,
hnRNPL_NMD, RP9P, and TRA2B_NMD, normalized to actin mRNA levels, were determined by RT-gPCR. Averages and standard deviations from
three independent experiments are shown. Statistical significance was determined by two-way ANOVA and Dunnett’s multiple comparisons test
against the CTRL KD + MBP condition. Asterisks are only displayed for the comparisons with a P-value smaller than 0.05. (*) P<0.05, (**) P<0.01,
(***) P<0.001, (****) P<0.0001.
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UPF1-WT UPF1-DE

ETOH LMB

UPF1-NKR
ETOH LMB

FIGURE 4. UPF1 shuttles between the nucleus and the cytoplasm independently of its RNA-
binding and ATPase activities. UPF1-GFP (WT, DE, NKR, and DE.NKR variants) were transiently
expressed in Hela cells, and GFP signal was monitored by confocal fluorescence microscopy.
GFP signal (green channel) is shown in the ethanol-treated control condition and upon treat-
ment with leptomycin B (LMB) (50 nM, 4.5 h). The scale bars in the pictures in the upper row
correspond to 20 um. The lower row shows a twofold magnification of the indicated fields.

2006; Cheng et al. 2007; Stalder and Muhlemann 2009;
Franks et al. 2010; Singh et al. 2019). Interestingly, the
UPF1-NKR-GFP protein shows the same shuttling behavior
as the UPF1-WT-GFP protein: cytoplasmic at steady state
with a marked accumulation in the nucleoplasm upon
LMB treatment (Fig. 4). Since the NKR mutant fails to
bind RNA as well as to hydrolyze ATP, this result suggests
that neither of these activities is responsible for determin-
ing UPF1's subcellular localization. Given this finding, we
hypothesized that the failure of the UPF1-DE-GFP protein
to shuttle to the nucleus might stem from its tight binding
to cytoplasmic RNAs, from which it cannot dissociate in the
absence of ATPase activity. If this reasoning was correct,
the addition of the NKR mutations in the background of
the UPF1-DE mutant should restore the nuclear-cytoplas-
mic shuttling capacity of the resulting UPF1-DE.NKR dou-
ble mutant. To test this prediction, we generated the
UPF1-DE.NKR double mutant and confirmed that it fails
to bind RNA in vitro (Supplemental Fig. 3). We next stud-
ied the subcellular localization of the UPF1-DE.NKR fused
to GFP. Consistent with our hypothesis that the tight bind-
ing to RNA prevents shuttling of UPF1-DE, the UPF1-DE.
NKR-GFP protein is cytoplasmic under ethanol treatment
and accumulates in the nucleus upon LMB treatment
(Fig. 4). Also, the localization of the UPF1-DE-GFP protein
to P bodies is reverted in the UPF1-DE.NKR-GFP mutant,
indicating that RNA binding is required for the localization
of UPF1-DE to P bodies. Overall, our results demonstrate
that UPF1’s nuclear-cytoplasmic shuttling is independent
of its RNA-binding or ATPase activities.

The UPF1-NKR mutant exerts a dominant-negative
effect

While performing the experiments described above, we
observed that the overexpression of the UPF1-NKR mutant
was toxic to the cells. This observation, together with the
fact that one of the three residues we mutated was shown
to confer a dominant negative phenotype when mutated

=

UPF1-DE.NKR
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to cysteine (R843 [Sun et al. 1998)),
prompted us to investigate if the
o UPF1-NKR mutant has a dominant
7 | negative effect. To test this, we tran-
' siently transfected HEK293 Flp-In T-
Rex cells with plasmids encoding
UPF1-GFP fusions, harboring either
UPF1 WT or the DE, NKR, and DE.
NKR mutant sequences, as well as
GFP alone as a control. Forty-eight
hours after transfection, NMD activity
was assessed by measuring the levels
of some endogenous NMD-sensitive
transcripts by RT-gPCR, and the ex-
pression level of the overexpressed
proteins was determined by western
blotting (Fig. 5A,B). Consistent with our hypothesis, we ob-
served that even in the presence of endogenous UPF1, the
overexpression of the UPF1-NKR-GFP protein resulted in
NMD inhibition, as evidenced by the specific accumula-
tion of NMD-sensitive transcripts in this condition com-
pared to the GFP overexpression control (Fig. 5A). Also
in this transient system, overexpression of the UPF1-WT-
GFP protein did not result in increased NMD activity, fur-
ther strengthening the notion that UPF1 is not the rate-lim-
itting NMD factor under these experimental conditions.
However, the results obtained with the UPF1-DE and
UPF1-DE.NKR mutants were unexpected, as neither of
them inhibited NMD when transiently overexpressed in
HEK cells (Fig. 5A,B).

As an alternative method to verify these results, we sta-
bly integrated pKK plasmids into HEK293 Flp-In T-Rex
cells to express a luciferase-targeting RNAi (CTRL KD)
and C-terminally 3xFLAG-tagged MBP, UPF1-WT, DE,
NKR, or DE.NKR proteins, in a Dox-inducible manner.
The expression of the recombinant proteins was induced
for 48 h, and NMD activity was assessed by RT-qPCR.
Also in this stable expression system, the UPF1-NKR mu-
tant showed a strong dominant-negative effect (Fig. 5C,
D). Contrary to the transient overexpression experiments
(Fig. 5A), the stable expression of the UPF1-DE mutant re-
sulted in a small but reproducible NMD inhibition (Fig. 5C,
D). We attribute this difference to the more uniform ex-
pression of the recombinant proteins in the stable system,
compared to the inherently more variable transient trans-
fections. Strikingly, and consistent with the transient over-
expression experiments, we did not observe NMD
inhibition after the stable expression of the UPF1-DE.
NKR double mutant (Fig. 5C).

Next, we set out to investigate the mechanism by which
the UPF1-NKR mutant exerts its dominant negative effect
on NMD. We speculated that the differential interaction of
the UPF1 mutant proteins with endogenous NMD factors
might explain their different dominant negative activities
(or the lack thereof). We therefore tested the ability of
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FIGURE 5. The UPF1-NKR mutant exerts a dominant-negative effect. (A,B) HEK cells were transiently transfected to express UPF1-GFP (WT, DE,
NKR, and DE.NKR variants) or GFP as a control. (A) Relative mRNA levels of hnRNPL_Protein, hnRNPL_NMD, RP9P, and TRA2B_NMD, normalized
to 28S rRNA and actin mRNA levels, were determined by RT-qPCR 48 h after transfection. Averages and standard deviations from four indepen-
dent experiments are shown. (B) The expression level of the overexpressed recombinant proteins was assessed by western blotting using the
indicated antibodies. Tubulin served as loading control. (M) Molecular weight marker. (C,D) HEK cells stably transfected with pKK plasmids
were induced for 48 h with doxycycline to express UPF1-3xFLAG proteins (WT, DE, NKR, or DE.NKR) or MBP-3xFLAG as a control. (C)
Relative mRNA levels were determined as in A. Averages and standard deviations from five independent experiments are shown. (D) Western
blotting assessing the expression of the overexpressed recombinant proteins as in B, using the indicated antibodies. GAPDH served as loading
control. Statistical significance in RT-qPCR data was determined by two-way ANOVA and Dunnett's multiple comparisons test against the GFP (A)
or MBP (C) controls. Asterisks are only displayed for the comparisons with a P-value smaller than 0.05. (*) P<0.05; (**) P<0.01; (***) P<0.001;

(****) P<0.0001.

the different UPF1 mutant proteins to interact with the
NMD factors UPF2, UPF3B, and SMGé by coimmunopreci-
pitation. To this end, we transiently overexpressed UPF1-
WT-GFP, UPF1-DE-GFP, UPF1-NKR-GFP, and UPF1-DE.
NKR-GFP proteins in HEK293 Flp-In T-Rex cells, followed
by immunoprecipitation with anti-GFP antibodies and
western blotting. We observed that all the UPF1-GFP over-
expressed proteins coimmunoprecipitated UPF2, UPF3B,
and SMGé proteins (Supplemental Fig. 4A,B). The UPF1-
DE mutant showed the strongest interaction with the test-
ed NMD factors, consistent with previous reports showing
that this mutant is trapped in NMD intermediate complex-
es (Franks et al. 2010). We found that UPF2, UPF3B, and
SMGé were pulled down with a similar efficiency by the
UPF1-NKR and the UPF1-DE.NKR mutant proteins, de-
spite their different NMD-inhibiting potential.

One key step for NMD activation is the phosphorylation
of UPF1 (Kurosaki et al. 2014; Lee et al. 2015). We there-
fore tested whether stable expression of UPF1-3xFLAG

1878 RNA (2025) Vol. 31, No. 12

mutant proteins for 48 h resulted in altered UPF1 phos-
phorylation levels. Under our experimental conditions,
we were unable to detect endogenous levels of phos-
pho-UPF1; however, from the overexpressed proteins,
we observed increased levels of phospho-UPF1 in the
UPF1-DE overexpression condition (Supplemental Fig.
4C). Our results are consistent with the reported accumu-
lation of the phosphorylated form of this mutant in stalled
NMD intermediate complexes (Durand et al. 2016) and ex-
clude changes in UPF1 phosphorylation as an explanation
for the dominant-negative activity of UPF1-NKR. Finally,
given the translation-dependent nature of NMD, we test-
ed whether the overexpression of the UPF1 mutant pro-
teins impaired cellular translation. To this end, we
performed puromycin incorporation assays in HEK cells
stably expressing 3xFLAG-tagged UPF1 WT or mutant
proteins. We did not observe any differences in the overall
translation activities of the cells after 48 h of Dox-induced
protein expression (Supplemental Fig. 4D), suggesting


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080476.125/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080476.125/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080476.125/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080476.125/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080476.125/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080476.125/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080476.125/-/DC1
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on November 18, 2025 . Published by Cold Spring Harbor Laboratory Press

UPF1 shuttles independently of RNA binding

that translation inhibition cannot account for the dominant
negative activity of the UPF1-NKR protein.

DISCUSSION

We describe here the design and characterization of a new
RNA-binding mutant of UPF1, termed UPF1-NKR, that har-
bors three point mutations, N524A, K547A, R843A. We
show that these mutations affect UPF1’s capacity to inter-
act with RNA in vitro and, consequently, also abrogate
UPF1's ATPase activity. Additionally, we demonstrate
that UPF1-NKR is not only unable to restore NMD activity
in UPF1-depleted cells but that it actually exerts a domi-
nant negative effect on endogenous UPF1 when overex-
pressed. Finally, by studying the subcellular localization
of various UPF1 mutants, we could determine that
UPF1’s nuclear-cytoplasmic shuttling occurs independent-
ly of its ATPase or RNA-binding activities.

Our biochemical characterization of full-length hUPF1
purified from mammalian cells is a valuable addition to
the large body of literature describing UPF1’s biochemical
activities. Many studies have described UPF1’s interaction
with nucleic acids in detail. The majority of these have
characterized the binding of truncated versions of the pro-
tein, typically the helicase domain or the helicase domain
together with the UPF2-interacting CH domain, purified
from bacterial cells (Cheng et al. 2007; Chakrabarti et al.
2011; Fiorini et al. 2018; Gowravaram et al. 2018; Chap-
man et al. 2022). In addition, the nucleic acid binding ca-
pacity of full-length human UPF1 purified from insect
cells (Bhattacharya et al. 2000) or from E. coli (Dehghani-
Tafti and Sanders 2017) has also been reported. Several
methods have been used in these reports to study the ca-
pacity of UPF1 to interact with DNA or RNA, including
electrophoretic mobility shift assays (EMSAs) (Bhattacharya
et al. 2000; Dehghani-Tafti and Sanders 2017), fluores-
cence anisotropy (Chakrabarti et al. 2011; Gowravaram
etal. 2018; Chapman et al. 2022), or label-free biosensing
techniques (Cheng et al. 2007; Fiorini et al. 2018). The re-
ported dissociation constants (Kg) for UPF1 binding to nu-
cleic acids range from ~1 to 50 nM. This wide range of
measured Ky can be attributed to the wide spectrum of ex-
perimental conditions in which UPF1’s binding to nucleic
acids has been tested. Nevertheless, a general conclusion
can be made from these reports: UPF1 has a high affinity
for single-stranded nucleic acids, with a Ky in the lower
nanomolar range, and its binding to nucleic acids is de-
creased in the presence of ATP. Our calculated dissocia-
tion constants for UPF1 binding to RNA of ~16 and ~873
nM in the absence and presence of ATP, respectively, cor-
roborate this conclusion. Since we carefully tested the in-
fluence of the incubation time on the Ky measurements,
we are confident that our reported Ky were measured at
binding equilibrium (Jarmoskaite et al. 2020). On the other
hand, we acknowledge that our K values might be slightly

overestimated since the sensitivity of our MST experiment
precluded us from using RNA concentrations lower than 4
nM. However, differences between our UPF1 Ky values
and those previously reported, particularly those deter-
mined for truncated UPF1, might also stem from the pres-
ence of the N- and C-terminal domains, which were shown
to exert auto-inhibitory functions on the helicase domain
of UPF1 (Chamieh et al. 2008; Clerici et al. 2009; Chakra-
barti et al. 2011; Fiorini et al. 2013).

We demonstrate that hUPF1 purified from mammalian
cells can hydrolyze ATP in vitro, confirming, along with
RNA-binding experiments, that our purification protocol
yields active UPF1 molecules. Our purification strategy be-
gins with high salt (500 mM NaCl) and gradually lowers the
concentration during subsequent washes, reaching a final,
more physiological concentration of 150 mM NaCl. The
initial high stringency, combined with a smooth transition
to lower salt conditions, is crucial for obtaining pure, active
UPF1. Purifying recombinant proteins from cells to test
their activities in vitro bears the inherent potential risk of
assaying the activities of co-purified proteins, especially
when the target purified protein is an RNA-binding pro-
tein. We would therefore like to emphasize the importance
of having control proteins that are purified from the same
cells following the same protocol. In our case, we not only
purified the unrelated protein MBP but also the ATPase-
deficient UPF1-DE. This mutant UPF1 proved very useful
since it retains RNA-binding capacity but fails to hydrolyze
ATP, features that were previously described, and gave us
confidence that the measured activities were intrinsic to
the purified UPF1 species.

The UPF1-NKR RNA-binding mutant presented here
showed no trace of RNA binding in the MST experiments
and, correspondingly, also showed no ATPase activity in vi-
tro. Notably, mutations in two of the three amino acids we
altered were previously reported to affect UPF1’s binding
to nucleic acids. Exchanging the lysine in position 547 (in
human UPF1 isoform 2, K485 in yeast) to a proline has
been shown to reduce UPF1’s binding to nucleic acids in
vitro in experiments using the helicase domain of both hu-
man (Chapman et al. 2022) or yeast UPF1 (Kanaan et al.
2018). Likewise, the point mutant R843C (yeast R779C)
shows reduced nucleic acid binding and exerts a domi-
nant-negative effect on endogenous UPF1 (Leeds et al.
1992; Sun et al. 1998; Kurosaki et al. 2014; Chapman
et al. 2022). Each of these two mutations weakens UPF1
binding to nucleic acids, but, to our knowledge, they
have previously never been tested in combination. The
crystal structure of yeast Upf1 complexed to RNA and
ADP:AIF,~ shows that UPF1 interacts with ~8 nt, with the
arginine residue (yeast R779/human R843) in the RecA2
domain contacting ribonucleotides toward the 5 end and
the lysine residue in the RecA1 domain (yeast K485/human
K547) contacting ribonucleotides located in the 3" end of
the RNA (Chakrabarti et al. 2011). In addition to these
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two residues, the NKR mutant also harbors a modification
in residue N524, which contacts the central nucleotides in
the RNA molecule (yeast N462 in the structure). The com-
bined destabilization of the UPF1-RNA interaction at three
different positions along the binding surface results in the
severe reduction in RNA binding of UPF1-NKR.

In this work, we characterized the UPF1-NKR mutant as a
strong dominant-negative protein, capable of inhibiting
NMD when overexpressed in mammalian cells. The extent
of NMD inhibition achieved by stable expression of the
UPF1-NKR mutant for 48 h is greater than that observed af-
ter inducing an shRNA-mediated knockdown of endoge-
nous UPF1 for the same time (Fig. 5C; Supplemental Fig.
2). This makes UPF1-NKR overexpression an interesting
and easy orthogonal method to inhibit NMD, similar to
UPF1 R843C (Sun et al. 1998). Along with the UPF1-NKR,
we also tested the capacity of the other two mutants to in-
hibit NMD. We predicted that the UPF1-DE mutant would
also act as a dominant negative, as its failure to hydrolyze
ATP renders it unable to dissociate from RNAs and leads to
its accumulation in P bodies as part of stalled intermediate
decay complexes (Franks et al. 2010). However, we found
that the stable overexpression of the UPF1-DE mutant only
mildly inhibits NMD. We speculate that if the UPF1-DE can
occasionally dissociate from RNA, mRNA decay could pro-
ceed. This is consistent with a transcriptomic analysis
showing that the loss of NMD activity due to a UPF1 knock-
down can be partially rescued by expression of the UPF1-
DE mutant (Chapman et al. 2024).

Even more surprising were the results obtained with the
UPF1-DE.NKR double mutant, as the addition of the DE
mutation to the dominant dominant-negative UPF1-NKR
mutation abolished the dominant-negative capacity con-
ferred by the NKR mutation. A straightforward hypothesis
is that the UPF1-NKR could titrate away NMD factors, ren-
dering them limited to interact with endogenous UPF1.
We tested this hypothesis by coimmunoprecipitation ex-
periments. Among the three UPF1 mutants, UPF1-DE
showed the strongest interaction with UPF2, UPF3B, or
SMGé6, while UPF1-NKR and UPF1-DE.NKR coimmuno-
precipitated less of these NMD factors, arguing against a
simple sequestering mechanism. However, it is plausible
that the NMD factors might have to interact with their part-
ner proteins in a specific spatial arrangement and in the
correct temporal order, and the coimmunoprecipitations
might fail to capture such putative differences between
the UPF1 mutants. The interactions of the endogenous
NMD factors with the UPF1 mutants could have distinct
functional consequences: Those involving the UPF1-DE
mutant are likely to occur while bound to mRNA, whereas
those involving the UPF1-NKR mutant would take place in
the absence of RNA. Yet, the conundrum of the UPF1-DE.
NKR double mutant remains. We confirmed that UPF1-
NKR and UPF1-DE.NKR cannot bind RNA in vitro.
However, it would be interesting to know whether this is
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also the case in a cellular context and for specific tran-
scripts. It is conceivable that compared to UPF1-NKR,
the UPF1-DE.NKR mutant may still weakly bind RNA in a
physiological context, either assisted by other cellular
RNA-binding proteins or facilitated by the DE mutation,
which by itself causes UPF1 to remain bound to RNA.
Even though our results do not explain the mechanism un-
derlying the dominant-negative nature of the UPF1-NKR,
our biochemical characterization of UPF1-DE and UPF1-
DE.NKR highlights the role of tight RNA binding of
UPF1-DE for its entrapment in P bodies, its stronger inter-
action with other NMD factors, and its accumulation in a
hyperphosphorylated form (Franks et al. 2010).

UPF1 shuttling (Mendell et al. 2002) and the reported
cytoplasmic and nuclear functions that depend on its
biochemical activities (for reviews, see Azzalin and
Lingner 2006a; Imamachi et al. 2012) suggested that
UPF1 shuttles between the nucleus and cytoplasm in a
manner regulated by, or dependent on, these activities.
This hypothesis was tested in Drosophila S2 cells and lar-
vae (Singh et al. 2019). Immunofluorescence and frac-
tionation experiments showed that at steady state, only
a small proportion of UPF1 localized to the nucleus and
that blocking CRM1-dependent nuclear export by LMB
treatment resulted in a rapid accumulation of UPF1 in
the nucleus. To test if UPF1's helicase activity was re-
quired for its shuttling, the subcellular localization of
the ATPase-deficient UPF1-DE617AA (DE636AA in hu-
man UPF1) fused to GFP was determined, and it was
found that, contrary to WT UPF1, the UPF1-DE mutant
was unable to localize to the nucleus after LMB treatment
and stayed in bright cytoplasmic granules. These results
were interpreted as evidence for UPF1's helicase activity
being required for its nuclear-cytoplasmic shuttling
(Singh etal. 2019). Our results from experiments in mam-
malian cells expressing the UPF1-DE mutant are in com-
plete agreement with those performed in Drosophila
cells. However, the normal shuttling behavior exhibited
by the UPF1-NKR mutant, which like UPF1-DE is unable
to hydrolyze ATP, led us to revisit the notion that ATP hy-
drolysis was required for UPF1’s shuttling. We reasoned
that since ATP hydrolysis is required for UPF1 to dissoci-
ate from nucleic acids, the tight binding to RNA exhibit-
ed by the UPF1-DE protein might anchor it to
cytoplasmic P bodies, rendering it unable to shuttle to
the nucleus. We confirmed this hypothesis by showing
that the double mutant UPF1-DE.NKR, which failed to
bind RNA in vitro, no longer localized to P bodies and re-
gained normal nuclear-cytoplasmic shuttling. Overall,
our results show that UPF1’s nuclear-cytoplasmic shut-
tling is not determined by its RNA-binding or ATPase ac-
tivities, and hence most likely also not by its helicase
activity. Our results further indicate that only RNA-free
UPF1 can shuttle to the nucleus. We speculate that at
any given time, most cellular UPF1 might be bound to
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RNA in the cytoplasm of mammalian cells, considering
UPF1's high affinity for RNA and the recent estimates
that UPF1 and mRNA molecules are present at about
1:1 stoichiometry (Cho et al. 2022; Chapman et al.
2024). Consequently, only a small proportion of RNA-
free UPF1 would be available for shuttling to the nucleus.
This small amount of shuttling UPF1, and the presence of
a strong nuclear export signal (NES) in UPF1 (Eberle etal.
2021), might explain why only a very small, hardly detect-
able fraction of UPF1 can be found in the nucleus of
mammalian cells at steady state. Our results are consis-
tent with scenarios where UPF1's trafficking to the nucle-
us is driven by intrinsic sequence or structural features of
UPF1, or by direct protein interaction partners. Future
studies aimed at dissecting the nuclear import pathway
(s) of UPF1 will be key to finally tease apart the alleged
nuclear functions of UPF1 from those related to UPF1's
involvement in cytoplasmic RNA decay pathways.

MATERIALS AND METHODS

Plasmids

To generate the UPF1-WT-GFP-expressing plasmid, the GFP
coding sequence was inserted, replacing the FLAG coding se-
quence within the pPcDNA3-NG-UPF1-WT-FLAG plasmid
(Rufener and Muhlemann 2013) using Notl and Xbal restriction
enzymes. Annealed oligonucleotides encoding a linker of 16
glycine residues were inserted into the vector at the Notl site
to generate the plasmid encoding the fusion protein UPF1-
GFP with a G16 flexible linker in between. UPF1-DE-GFP was
generated by exchanging a fragment of UPF1-WT-GFP (from
Kpnl to Sbfl) with the equivalent from pcDNA3-NG-UPF1-WT-
FLAG DE636AA containing the two desired changes. Point mu-
tations for the UPF1-NKR-GFP were introduced individually by
site-directed mutagenesis PCR on cloning plasmids containing
fragments of UPF1. The mutated UPF1 sequences were then
cloned into the final plasmid by restriction sites. To construct
the UPF1-DE.NKR-GFP mutant, a fragment from pcDNA3-NG-
UPF1-WT-FLAG DE636AA containing the two desired changes
was subcloned into the UPF1-NKR-GFP plasmid, using Kpnl
and Sbfl restriction enzymes.

PKK plasmids expressing from bidirectional, Tet-responsive
CMV promoter an RNAI cassette (targeting UPF1 or luciferase
as control) on one side, and the protein of interest (triple
FLAG-tagged MBP or UPF1) on the other side, were designed
and cloned based on the original plasmid (Szczesny et al.
2018). Each RNAI cassette consisted of three siRNAs, which con-
tained self-complementary regions and a loop-forming se-
quence from murine miRNA 155. For designing the RNA
cassette against (firefly) luciferase (Photinus pyralis, NCBI acces-
sion number M15077.1), LOCK-iT RNAi Designer from Thermo
Fisher Scientific (https:/bit.ly/3qcESry) was used, and for the
UPF1 RNAI cassette, previously established siRNA target se-
quences were chosen (Paillusson et al. 2005). The RNAJ cas-
settes were synthesized (General Biosystems, Inc.) and
inserted into the pKK vectors using Apal and Mfel restriction

sites. C-terminally triple FLAG-tagged MBP was inserted into
pKK plasmids using InFusion cloning (Takara). To introduce
the WT UPF1 sequence with a C-terminal 3xFLAG tag, the
pKK vector was partially digested with Notl and Hindlll (since
two Notl sites are present), and the desired vector backbone
was purified via agarose gel. RNAi-resistant WT UPF1 coding se-
quence was obtained from the pcDNA3-NG-UPF1-WT-FLAG
(Rufener and Muhlemann 2013) plasmid using Notl and Hindlll
and cloned into the linearized vector backbone. To obtain
pKK plasmids with variant UPF1 (DE, NKR, and DE.NKR), the
corresponding fragments of the WT UPF1 sequence were re-
placed by the mutant ones using Hindlll and Pmll restriction
sites. For all PCR reactions, high-fidelity polymerases were
used (KAPA Hifi HotStart ReadyMix [Roche] or CloneAmp HiFi
PCR Premix [Takara]), and the sequences of all plasmids were
confirmed by Sanger sequencing (Microsynth).

Cell culture and transfection

Hela cells and HEK293 Flp-In T-Rex cells (Thermo Fisher
Scientific) were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin and 100 pg/mL streptomycin (P/S) (DMEM™) at
37°C under 5% CO,.

To stably introduce pKK plasmids into HEK293 Flp-In T-Rex
cells, 3 x 10° cells were seeded in a 10 cm plate using DMEM
plus tetracycline-free FBS. The next day, 2 ug of the pKK plasmid
and 18 pg of pOG44 Flp-Recombinase expression vector (Thermo
Fisher Scientific) were transfected using lipofectamine 2000
(Thermo Fisher Scientific). Twenty-four hours after transfection,
cells were transferred into T150 flasks (DMEM + tetracycline-free
FBS), and 3 h later, the antibiotics were added (P/S, 100 ng/mL
hygromycin B, 10 ug/mL blasticidin). Cells were kept under selec-
tion for ~2 weeks. Transcription of the plasmids was induced by
the addition of 1 pg/mL doxycycline (Dox), and cells were harvest-
ed at the indicated time points after Dox-induction.

For transient transfection in HEK293 Flp-In T-Rex cells, 6 x 10°
cells per well were seeded in a 6-well plate and transfected the
following day with 500 ng/well of GFP or UPF1-GFP expressing
plasmids using Dogtor Transfection Reagent (OZ Biosciences).
Cells were harvested 48 h after transfection.

HEK cells transiently transfected with UPF1-GFP expression plas-
mids, or stably transfected with pKK plasmids, were harvested for
RNA analysis using a guanidinium thiocyanate—phenol-chloroform
mix (TRI-mix [Nicholson et al. 2012]) or the Maxwell RSC simplyRNA
Cells Kit (Promega), and for protein analysis by preparing cell ly-
sates using RIPA buffer (50 mM Tris-HCI [pH 8.0], 1 mM EDTA,
1% Triton X-100, 0.25% sodium deoxycholate, 150 mM NaCl) sup-
plemented with protease and phosphatase inhibitors.

For the puromycin incorporation assay, HEK293 Flp-In T-Rex
cells stably transfected with pKK plasmids harboring a lucifer-
ase-targeting RNAI cassette (CTRL KD), and MBP-3xFLAG or
UPF1-3xFLAG (WT, DE, NKR, or DE.NKR) expression constructs
were seeded into 6-well plates at a density of 2 x 10° cells/well
in DMEM*"* supplemented with 1 ug/mL doxycyclin. Forty-eight
hours later, the medium was changed to DMEM*/* with 10 ng/mL
of puromycin for 10 min. Subsequently, the cells were washed
twice with 1x PBS, and then allowed to recover in DMEM™*
with 1 pug/mL doxycyclin for 30 min. As a positive control for
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translation inhibition, one well of every cell line was treated with
100 pg/mL cycloheximide for 2 h before the puromycin pulse,
as well as during the 30 min recovery after it. Samples were col-
lected for protein analysis via western blotting using RIPA buffer
supplemented with protease and phosphatase inhibitors.

Fortransient transfection in HeLa cells, 4 x 10° cells per well were
seeded in a 6-well plate and transfected the following day with 500
ng/well of GFP or UPF1-GFP expressing plasmids using Dogtor
Transfection Reagent (OZ Biosciences). Twenty-four hours later,
transfection efficiencies were evaluated by using fluorescence mi-
croscopy, and 40,000 cells per well were seeded in 8-well chamber
slides for fluorescence microscopy analysis the next day.

LMB treatment and fluorescence microscopy analysis

Cells in 8-well chamber slides were incubated for 4.5 h with 50 nM
LMB (Cell Signaling Technology) or ethanol as control, followed
by two washes with PBS and fixation with 4% paraformaldehyde
for 25 min at room temperature. Next, cells were washed three
times with TBS (20 mM Tris-HCI, pH 7.5, 150 mM NaCl) and incu-
bated with TBS +/+ (TBS plus 0.5% Triton X-100 and 6% FBS) con-
taining DAPI for 30 min at 37°C. Finally, cells were washed three
times with TBS, and Vectashield Mounting Medium (Vector
Laboratories) was added on slides to mount the coverslips. The
slides were analyzed by confocal spinning disc microscopy
(Nikon TI2 with Crest X-Light V2).

Coimmunoprecipitation

For investigating interaction partners of UPF1, 4 ug of UPF1-GFP
(WT, DE, NKR, or DE.NKR) or GFP-expressing plasmid (as control)
were transfected with Dogtor Transfection Reagent (OZ
Biosciences) into HEK293 Flp-In T-Rex cells seeded the previous
day in a 15 cm plate. Forty-eight hours after transfection, cells
were harvested and lysed in cold lysis buffer (50 mM HEPES, pH
7.3,150 mM NaCl, 0.5% Triton X-100 with protease and phospha-
tase inhibitors) using dual centrifugation for 4 min at 1500 rpm
and —5°C (ZentriMix 380 R, Hettich). After centrifugation
(16,000g, 10 min, 4°C), the supernatant was incubated with 25
uL of GFP-Trap magnetic agarose beads (ChromoTek) on a rotat-
ing wheel for 1 h at 4°C. After washing the beads twice on a mag-
net with lysis buffer, the samples were treated with 100 ug RNase
A for 10 min at 25°C. The samples were washed once with lysis
buffer and eluted by adding SDS-loading buffer to the beads.
The samples were incubated for 10 min at 98°C and analyzed
via western blotting.

Western blot analysis

Protein samples were loaded into 4%—-15% Criterion TGX Precast
gels (Bio-Rad) or mPAGE 4%-12% Bis-Tris precast gels (Millipore)
and electrophoresed in 1x SDS-PAGE running buffer or 1x MOPS
running buffer, respectively. After electrophoresis, proteins were
transferred onto nitrocellulose membranes using the Trans-Blot
Turbo Transfer Packs and either the High MW or the Mixed MW
protocols preloaded in the Trans-Blot Turbo Transfer System
(Bio-Rad). Efficient protein transfer to the membranes was verified
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using the Revert 700 Total Protein Stain (LI-COR), following the
manufacturer’s instructions.

Membranes were blocked for 1 h at room temperature (RT) in
5% BSA-TBS-T (0.1% Tween 20 in TBS buffer) and then incubated
with the indicated primary antibodies for 2 h at RT or overnight at
4°C. Primary antibodies were diluted in 5% BSA-TBS-T. After
three 10 min washes in TBS-T, membranes were incubated with
fluorescently labeled secondary antibodies in 5% BSA-TBS-T for
1 h at RT, followed by three 10 min TBS-T washes. The blots
were then visualized using the Odyssey Imaging System (LI-COR).

Antibodies used in this study are as follows: mouse anti-FLAG
(Sigma-Aldrich, F1804), goat anti-UPF1 (Bethyl Laboratories,
A300-038A), goat anti-GFP (Acris Antibodies, AB0020-200);
mouse anti-Tubulin (Sigma-Aldrich, T9028), mouse anti-GAPDH
(Santa Cruz Biotechnology, sc-47724), rabbit anti-UPF2
(Bethyl Laboratories, A303-929A), rabbit anti-UPF3B (Abcam,
ab134566), rabbit anti-SMGé6 (Abcam, ab87539), rabbit anti-
phospho-UPF1 (Ser1127) (Merck Millipore, 07-1016), mouse anti-
puromycin (Millipore, MABE343).

RNA analysis by RT-qPCR

Total RNA was extracted using TRI-mix and precipitated with iso-
propanol as described previously (Nicholson etal. 2012), or by us-
ing the Maxwell RSC simplyRNA Cells Kit (Promega). RNA
concentration was measured by NanoDrop, and 1 ug of RNA
was reverse transcribed using random hexamers and the
AffinityScript Multi-Temp Reverse Transcriptase (Agilent), follow-
ing the manufacturer’s protocol. Fifteen microliters of gPCR reac-
tions were set with 24 ng of cDNA and 500 nM of each primer, in
1x Brilliant Il Ultra-Fast SYBR Green gPCR mix (Agilent). cDNA
levels were measured with the Rotor-Gene Q (QIAGEN), running
technical duplicates for every sample. The absence of DNA con-
tamination was controlled by running RT minus controls in each
experiment. Relative quantitation was performed using the
AACt method.

Purification of recombinant proteins

Triple FLAG-tagged UPF1-WT, UPF1-DE, UPF1-NKR, UPF1-DE.
NKR, and MBP proteins were expressed in HEK293 Flp-In T-Rex
cells stably transfected with the respective pKK plasmids and pu-
rified by immunoprecipitation. Expression of the recombinant
proteins was induced by the addition of 1 ug/mL Dox for 48
h. Cell pellets containing each 6 x 107 cells were resuspended
in 700 pL lysis/wash buffer 1 (500 mM NaCl, 0.5% Triton-X 100,
50 mM Hepes pH 7.4, supplemented with protease and phospha-
tase inhibitors) and lysed by dual centrifugation for 4 min at 1500
rpm and —5°C (ZentriMix 380 R, Hettich). The cell lysate was clar-
ified by centrifugation (16,000g, 4°C, 10 min), and the superna-
tant was incubated with 60 uL Dynabeads M-270 Epoxy beads
(Invitrogen) coupled with anti-FLAG M2 antibodies (Sigma-
Aldrich) for 1 h at 4°C on a rotating wheel. The beads were
washed once with 1 mL lysis/wash buffer 1, once with 1 mL
wash buffer 2 (250 mM NaCl, 0.25% Triton-X 100, 25 mM
Hepes pH 7.4, supplemented with protease and phosphatase in-
hibitors), and once with 1 mL wash buffer 3 (150 mM NaCl, 0.1%
Triton-X 100, 10 mM Hepes pH 7.4, supplemented with protease
and phosphatase inhibitors). The proteins were eluted by adding
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50 pL elution buffer (1 mg/mL 3xFLAG peptide, 150 mM NaCl,
0.1% Triton-X 100, 10 mM Hepes pH 7.4, supplemented with pro-
tease and phosphatase inhibitors) and incubating it for 15 min at
25°C at 1000 rpm on a thermomixer. An SDS-PAGE followed by
Imperial Protein Stain (Thermo Scientific) staining controlled for
the purity of the eluted proteins. To estimate the concentration
of the purified proteins, a BSA standard curve was loaded on
the same gel.

MicroScale Thermophoresis

The RNA-binding activity of the purified recombinant proteins
was assessed using MicroScale Thermophoresis (MST). The 5'-la-
beled Cy5 RNA U30 oligonucleotide (Microsynth) was diluted to 8
nM in 1x elution buffer (150 mM NaCl, 0.1% Triton-X 100, 10 mM
Hepes pH 7.4, supplemented with protease and phosphatase in-
hibitors). The unlabeled recombinant proteins were serially dilut-
ed from a concentration of 300 nM down to 0.009 nM in 1x
elution buffer (150 mM NaCl, 0.1% Triton-X 100, 10 mM Hepes
pH 7.4, supplemented with protease and phosphatase inhibitors)
and mixed with a constant amount of labeled RNA (final concen-
tration of 4 nM). Binding reactions were incubated at 25°C for the
indicated time periods in the presence or absence of T mM ATP.
The RNA-protein mixtures were analyzed in standard capillaries
using the Monolith NT.115T MST (NanoTemper Technologies).
Measurements were carried out at 25°C, with the following set-
tings: LED power 100%, MST power 40%, laser on time 30 sec,
and laser off time 5 sec. The NanoTemper Technologies
Analysis software, MO.Affinity Analysis v2.3, was used to deter-
mine the corresponding Ky using the Ky fit model.

NADH-coupled ATPase assay

The capacity of the purified proteins to hydrolyze ATP in vitro was
tested using NADH-coupled ATPase assays, following a protocol
previously reported (Fritz et al. 2020). Briefly, 60 pL reactions were
assembled in a stepwise manner in a clear flat-bottomed 96-well
plate. In the first step, a mix of 80 nM of the recombinant protein,
1x ATPase buffer (50 mM MES pH 6.0, 50 mM KOAc, 0.1 mM
EDTA), and 0.4 mg/mL poly(U) RNA was made, filled up to 30
uL with nuclease-free water, and incubated for 10 min at room
temperature. Next, 24 ul of a reaction mix (1.25x ATPase buffer,
5 mM MgOAc, 1.25 mM PEP, 1 mM NADH, 24.1 U/mL pyruvate
kinase, 16.2 U/mL lactate dehydrogenase, filled up with nuclease-
free water) was added to each well. Finally, to start the reaction, 6
uL 10 mM ATP was added and mixed by pipetting, and the reac-
tions were incubated at 37°C for 120 min in a Tecan M1000 plate
reader, where the oxidation of NADH was followed by measuring
the absorbance at 340 nm every minute.

Graphs and statistical analysis

The figure with UPF1’s structure was generated using PyMol.
Graphs displaying MST traces were generated using the
NanoTemper Technologies software, MO.Affinity Analysis v2.3.
All other graphs and statistical analyses were done with
GraphPad Prism 10 software.
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Supplemental material is available for this article.
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