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ABSTRACT: Human up-frameshift 1 (UPF1) is an ATP-dependent RNA
helicase and phosphoprotein implicated in several biological processes but is Condition A Condition B
best known for its key function in nonsense-mediated mRNA decay (NMD). E* __,g L,.,
Here we employed a combination of stable isotope labeling of amino acids in Light
cell culture experiments to determine by quantitative proteomics UPF1
interactors. We used this approach to distinguish between RNA-mediated and
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protein-mediated UPF1 interactors and to determine proteins that preferentially .
bind the hypo- or the hyper-phosphorylated form of UPF1. Confirming and o

expanding previous studies, we identified the eukaryotic initiation factor 3
(eIF3) as a prominent protein-mediated interactor of UPF1. However, unlike
previously reported, eIF3 binds to UPF1 independently of UPF1’s
phosphorylation state. Furthermore, our data revealed many nucleus-associated
RNA-binding proteins that preferentially associate with hyper-phosphorylated
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UPF1 in an RNase-sensitive manner, suggesting that UPF1 gets recruited to
mRNA and becomes phosphorylated before being exported to the cytoplasm as part of the mRNP.
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B INTRODUCTION

RNA helicases comprise a large family of conserved proteins
that bind or remodel RNA or RNA—protein complexes in an
ATP-dependent fashion and thereby exert important functions
on RNA metabolism." The protein UPF1 (also known as
RENTI1 or hSMG2) belongs to the superfamily 1 of ATP-
dependent helicases and is best known for its key role in
nonsense-mediated mRNA decay (NMD), a eukaryotic mRNA
turnover mechanism that specifically recognizes and degrades
mRNAs on which the termination codon is located in an
unfavorable environment for efficient translation termination.>”
Besides the classical NMD substrates with prematurely
truncated ORFs, 5—10% of all cellular mRNAs change in
levels upon inactivation of NMD, indicating that NMD serves
as both a quality control and a gene regulatory process.” NMD
is omnipresent among eukaryotes, and at least three NMD
factors, UPF1, UPF2, and UPF3, are conserved between S.
cerevisiae and H. sapiens, with UPF1 showing the hlghest degree
of conservation (48.3% amino acid sequence identity’). The
three proteins form a complex that stimulates the helicase
activity of UPF1.° Additional NMD factors are present in
metazoans, including the UPF1 phosphorylating kinase SMG1,
its regulators SMG8 and SMGY, as well as the 14—3—3-like
proteins SMGS, SMG6, and SMG?7, that have been reported to
preferentially interact with hyper-phosphorylated (p)UPF1 and
promote its PP2A-dependent dephosphorylation.”™'> When
recruited to pUPF1l-bound mRNA, SMGS and SMG7 are
believed to trigger the exonucleolytic decay of the targeted
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mRNA by engaglng the decapping complex and dead-
enylases,"> "> whereas the endoribonuclease SMG6 directly
cleaves the mRNA.'*"”

The key role of UPF1 in NMD is documented by the
requirement of its cyclic phosphorylation—dephosphorylation,
its ATP binding, ATP hydrolysis, and unwinding activ-
ities.'">'*72° However, the precise molecular pathway of
NMD, in particular, the temporal order of the protein—protein
and protein—RNA interactions, is not yet completely under-
stood. It is likely that additional yet unknown factors might be
involved and possibly associated with UPF1 at some point.
Moreover, UPF1 appears to be a truly multitasking enzyme
(reviewed in ref 21): in addition to its role in NMD, it is also
involved in other cellular processes including Staufenl-
mediated mRNA deca (SMD), histone mRNA turnover,*
telomere maintenance,”* and cell cycle progression and genome
stability.>> To date, only limited biochemical information is
available with regards to the exact role of UPF1 in these
additional processes.

As a starting point to gain more insight into the diverse
UPF1 functions, we sought for an unbiased way to identify
proteins specifically associated with UPF1 and quantify their
relative association ratios under different conditions. To
distinguish UPF1-specific interactors from unspecifically
copurifying proteins, we used a quantitative approach based
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on stable isotope labeling by amino acids in cell culture
(SILAC)*® and first compared the proteins immunoprecipitat-
ing with an anti-UPF1 antibody with a control IP in which the
antibody::UPF1 interaction was prevented by an epitope-
binding peptide. Next, we separated RNase-insensitive UPF1
interactors from the RNA-mediated interactors, and finally we
identified proteins that differentially associated with UPF1
depending on its phosphorylation state. The results from these
analyses revealed both known and novel interactors.

B MATERIALS AND METHODS

SILAC Cell Culture Medium

HeLa cells were grown at 37 °C, 5% CO, in SILAC media,
containing a formula of DMEM/Ham’s F12 (without the
amino acids L-glutamine, L-arginine, and L-lysine; BioConcept),
supplemented with 0.51 mM v-lysine (either heavy: 99%
BC4"*N,-labeled 1-lysine 2HCl [K8; Cambridge Isotope
Laboratories] or light: L-lysine HCI [KO0; BioConcept]), 0.34S
mM L-arginine (either heavy: 99% *C4'°N,-labeled L-arginine
HCl [R10; Cambridge Isotope Laboratories] or light: L-
arginine HCI [RO; BioConcept]), and 0.25 mM L-})roline
(BioConcept) to avoid arginine-to-proline conversion.”” This
medium was further supplemented with 10% (v/v) dialyzed
fetal calf serum (BioConcept), 100 U/mL penicillin, and 100
pug/mL streptomycin and 2 mM L-glutamine.

Immunoprecipitation of UPF1 from Cell Lysates

HeLa cells were grown for at least six cell doublings in heavy or
light medium before harvesting. For immunoprecipitation (IP)
experiments, 2 to 3 X 107 cells were harvested, counted, spun
down (S min at 200g and 4 °C), and washed twice with PBS.
Cells were lysed in hypotonic gentle lysis buffer (10 mM Tris
Base, 10 mM NaCl, 2 mM EDTA, 0.5% Triton X-100,
supplemented with protease/phosphatase inhibitor cocktail
[ThermoScientific]) to a final concentration of 2 X 10* cell
equivalents/yL. and incubated for 10 min on ice. After
centrifugation (1S min, 16 000g, 4 °C), the supernatant was
transferred to a fresh Eppendorf tube, and 5 M NaCl was added
to a final concentration of 150 mM. Proteins were quantified
using the Micro BCA Protein Assay Kit (ThermoScientific),
equal amounts of protein were transferred to a new Eppendorf
tube, and antibodies were added (between 15—20 ug goat a-
RENT]I antibody per condition, BETHYL A300-038A). The
mixture was incubated for 1.5 h at 4 °C on a rotating wheel.
150—200 uL of Dynabeads Protein G (Life Technologies) per
condition (ratio 10:1 uL/ug antibody) were washed three times
in wash buffer (137 mM NaCl, 20 mM Tris Base, 0.05% (v/v)
Tergitol-type NP-40), washed once in hypotonic gentle lysis
buffer, and incubated for 1 h on a rotating wheel at 4 °C.
Thereafter, the unbound fraction was saved for analysis, and the
beads were washed three times using wash buffer (with
protease/phosphatase inhibitor). Beads-bound proteins were
eluted with 40 puL of 2X SDS loading buffer, and aliquots of
each sample were analyzed by Western blotting. For the
preparative gel, the heavy and light eluates were combined and
electrophoresed on an 8% SDS-PAGE, stained with Coomassie
and stored in 1% acetic acid prior to MS/MS analysis.

MS/MS analysis

Single gel lanes were cut into 12 slices, each of which was
S : 4128
processed for trypsin digestion, as previously described.
Tryptic digests were further desalted and concentrated using a
homemade C18 tip, as described elsewhere,”® and finally

resuspended in 14 uL of 10% formic acid. Five uL of the
peptide mixture was analyzed twice as technical replicates and
resolved on a 15 cm long homemade C18 column (75 ym
inner diameter), filled with Reprosil-Pur C18 3 um resin (Dr.
Maisch, Ammerbuch-Entringen, Germany), using a 70 min
long gradient, ramping from 10 to 35% of solvent B (80%
acetonitrile, 0.5% acetic acid in water) in solvent A (2%
acetonitrile, 0.5% acetic acid in water). Eluting peptides were
directly infused into a LTQ-Orbitrap mass spectrometer
(Thermo Scientific). Full scans were acquired at high resolution
(R = 60000 @400 m/z), and AGC target was set to 1 X 10° at
a maximum injection time of 500 ms. The 10 most intense
peaks were automatically selected, fragmented by CID set at 37,
and acquired in the linear ion trap at low-resolution, AGC
target 1 X 10% and three microscans of 150 ms each. Ions
acquired twice were dynamically excluded for further selection
and fragmentation for 90 s. Spectra were loaded into MaxQuant
software (v. 1.2.2.5) and searched against the human Uniprot
complete proteome set (release 06 2012, 86 875 entries) using
the Andromeda search engine.”® Search parameters were as
follows: trypsin strict specificity for cleavage, carbamidomethy-
lation as fixed modification, methionine oxidation, and protein
N-terminal acetylation as variable modifications, two missed
cleavages allowed, 10 ppm tolerance for the precursor, and 0.5
Da tolerance for the fragment ions. To be considered as
identified, proteins had to pass the following criteria: minimum
peptide length of 6, at least 2 assigned peptides, and 1 unique
peptide. The false discovery rate for both peptides and proteins
was set at 0.01. Keratins and proteins derived from fetal calf
serum have been removed from further analysis. SILAC
quantification was done according to the MaxQuant algorithm,
on razor and unique peptides (= most likely belonging to the
same protein group), with at least 1 ratio count. Statistical
analysis was performed using Perseus tools available in the
MaxQuant environment.

The .raw MS files and search/identification files obtained
with MaxQuant have been submitted to PeptideAtlas (http://
www.peptideatlas.org/, data set identifier PASS00438), and
Supplementary Table S1 in the Supporting Information
provides the complete protein identification and quantitation
table comprising all six experiments.

Western Blot Analysis

For input and unbound fractions, material corresponding to 2
X 10° cells and 10% of the elution were electrophoretically
separated on a 8% SDS-PAGE (6% for detection of SMG1),
transferred on a Optitran BA-S 85 reinforced nitrocellulose
membrane (Schleicher and Schuell) and probed as indicated
with the following primary antibodies: polyclonal goat anti-
hUPF1 (A300—038A, BETHYL, 1:3000 diluted), monoclonal
mouse anti-hSMG1 (sc-135563, Santa Cruz Biotechnology,
1:250), monoclonal mouse anti-OctA (Flag, sc-81593, Santa
Cruz Biotechnology, 1:1000), polyclonal rabbit anti-hUPF2
(kindly provided by J. Lykke-Andersen, 1:3000), polyclonal
rabbit anti hUPF3B (kindly provided by J. Lykke-Andersen,
1:2500), polyclonal rabbit anti-CPSF73 (kindly provided by W.
Keller, 1:3000), polyclonal rabbit anti-Act B (AS060, Sigma-
Aldrich, 1:3000), polyclonal rabbit anti-p(Ser/Thr) ATM/ATR
(2851, Cell Signaling, 1:1000), monoclonal mouse anti-
PABPC1 (10E10, sc-32318, Santa Cruz Biotechnology,
1:1000), polyclonal rabbit anti-STRAP (kindly provided by
U. Fischer, 1:1000), and polyclonal rabbit anti-UNR (kindly
provided by U. Fischer, 1:500). 1:10000 diluted donkey
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Figure 1. SILAC workflow and monitoring of the immunoprecipitation (IP). (A) Schematic representation of the workflow for the identification of
UPF1 interactors. After growing HeLa cells in heavy (H) or light (L) amino-acid-containing media for at least six doublings, one of the cell pools
(designated as “experimental sample”) received the indicated treatment (e.g, SMG1 expression and addition of OA), while the other cell pool
(designated as “reference sample”) remained untreated. Cells were then lysed, protein concentrations were quantified, and equal protein amounts
were used for IP with an anti-UPF1 antibody. Co-immunopurified proteins of both samples were mixed in a 1:1 ratio, separated by SDS-PAGE and
analyzed by liquid chromatography tandem mass spectrometry (LC—MS/MS). (B) Coomassie-stained polyacrylamide gel showing a fraction of the
cell lysates (lanes 1, 2) and the unbound material (lanes 3, 4) from an H- and L-labeled sample pair and the combined eluates from these samples
after IP with anti-UPFI antibody (lane 5), from which the indicated bands (1—12) were excised. Proteins in the gel pieces were reduced, alkylated,
digested with trypsin, and subjected to LC—MS/MS analysis. Because of the high abundance of the heavy and light chains of the antibody, these
regions were excluded from the analysis. (C) The anti-UPF1 antibody (Bethyl A300-038A) immunoprecipitates UPF1 with high specificity. Western
blot analysis shows the specific immunoprecipitation of UPF1 (lane 2), whereas additional proteins recognized in HeLa cell lysate are not
immunoprecipitated (compare bands in lanes 1 and 2), indicating the unspecific recognition of those proteins only in their denatured but not in their
native conformation. The band marked by an asterisk most likely represents the bead-coupled IgG-binding protein G (57 kDa), small amounts of
which eluted from the beads during heat denaturation and are recognized by the IgG antibody.

antibody, directed against the species of the first antibody and Plasmids

coupled to IRDye800CW (green, LI-COR) or IRDye680CW For the knockdowns, short hairpin RNAs (shRNA) encoded on
(red, LI-COR), was used as secondary antibody. The bands the pSUPERpuro plasmid® were expressed. The shRNA target

were visualized by scanning the membrane on an Odyssey sequences are provided in the Supporting Information. In the
Infrared Imager (LI-COR) For detection of phosphorylated Pﬂmlmﬂ P]asmids, the mlnl//l reporter gene transcripts are
residues, membranes were blocked and incubated with the driven by the human p-actin promoter.”® Human SMGI
indicated antibodies in TBST, 3% BSA, and 10 mM glycerol-2- (NCBI RefSeq NM_015092.4) was cloned into pCK-vector
phosphate to avoid dephosphorylation. with a N-terminal Flag tag.

Cell Culture and Transfections in Knockdown Experiments Reverse-Transcription-Coupled Quantitative Real-Time

PCR (RT-gPCR
Knockdown experiments were performed as previously CR (RT-qPCR)

described.>* For transfections in six-well plates, 2 X 10° cells RT'CI.PCR was performed as previously c.iescri‘bed.n SequenFes
were seeded in 2 mL of medium per well and transfected the offprlmers and TagMan probes are provided in the Supporting
Information.

next day with 100 ng of reporter plasmids, 400 ng of
pSUPERpuro plasmid,®> and 3 uL of DreamFect (OZ Flag Co-Immunoprecipitation

Biosciences) according to the manufacturer’s protocol. One For FLAG-based IPs, 2 X 10° cells were seeded and transfected

day later, cells were exposed to 1.5 mg/mL puromycin for 2 the next day with 2 ug pCK-FLAG-STRAP, pCK-FLAG-GFP,
days and thereafter cultured in antibiotic-free media for another or pCK-FLAG-UPF1 (for UPF1, 3 ug plasmid) using

day before total RNA was isolated and whole cell lysates for Dreamfect according to the manufacturer’s manual. Two days
immunoblotting were prepared. Total cellular RNA was post transfection, cells were washed and harvested in DMEM
isolated using TRI-reagent. +/+. Cells were centrifuged (S min, 200g, 4 °C), washed with
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PBS, centrifuged (S min, 200g, 4 °C), and lysed in an
appropriate volume of hypotonic gentle lysis buffer (including
protease/phosphatase inhibitors) for 10 min on ice. Afterward,
the cell lysate was centrifuged (15 min, 16 000g, 4 °C), and the
supernatant was transferred to a new Eppendorf tube. 50 uL
was set aside for input control analysis. For each IP, 30 uL of
anti-FLAG M2 affinity gel slurry (Sigma-Aldrich) was washed
with 1 mL of TBS-light (2.5 mM Tris (pH 7.5), 150 mM
NaCl). The beads were gently spun down (S min, 1000g, 4 °C),
and the supernatant was removed. This washing step with 1 mL
of TBS-light was repeated, followed by two washes with 1 mL
of glycine 0.1 M, pH 3.5 to remove unbound antibody and a
final wash with 1 mL of TBS. The beads were carefully
resuspended in hypotonic gentle lysis buffer and added to the
lysates. RNase A (Sigma-Aldrich) was added to a final
concentration of 200 yg/mL, and the suspension was incubated
on a rotating wheel for 2.5 h at 4 °C. The unbound fraction was
removed and stored at —20 °C for analysis. The beads were
washed once with 1 mL of hypotonic gentle lysis buffer and
three times with 1 mL of washing buffer, each followed by a
centrifugation step (S min, 1000g, 4 °C), then transferred to a
new Eppendorf tube. The proteins were eluted in 60 L of 2X
SDS loading buffer.

B RESULTS

Setup of SILAC Experiments

To identify proteins that interact with UPF1 and further
characterize (i) whether the interaction is RNA-mediated or
occurs through protein—protein contacts and (ii) whether the
identified factors exhibit differential binding depending on the
phosphorylation status of UPF1, we established the following
pairwise SILAC workflows (Figure 1A): HeLa cells were grown
for at least 8 days in media, containing either natural (referred
to as light) or *C- and "“N-containing (referred to as heavy)
isotopes of L-arginine and L-lysine to allow for complete
proteome labeling (Supplementary Figure S1 in the Supporting
Information). After cell lysis, equal amounts of total protein
from the two to-be-compared experimental conditions were
immunoprecipitated using an anti-UPF1 antibody, and the
immunoprecipitated materials from both SILAC conditions
were then combined and electrophoretically separated on an
SDS-PAGE. Subsequently, the lane was cut into a dozen gel
pieces (avoiding the regions of the heavy and light chain of the
antibody; see Figure 1B), tryptic digestions were performed,
and the resulting peptide mixtures were analyzed twice by LC—
MS/MS as technical replicates. Each experiment was replicated
with inversed labeling, except for the hyper-phosphorylation
experiment in which the labeling was identical in the replicates.
Quantification of the protein groups was calculated by
MaxQuant algorithm, based on the median of the SILAC
peptide ratios. The normalized ratio value was used for all
calculations, except for the UPF1 competitor peptide experi-
ment, where the unequal distribution of the ratios is inherent to
the experiment (Supplementary Table S1 in the Supporting
Information).

For the IPs, we used an antibody that recognizes the C-
terminus of UPF1. Western blot analysis of whole HeLa cell
extract (Figure 1C, lane 1) and immunoprecipitated proteins
(lane 2) showed that, although recognizing additional
denatured proteins (lane 1, input), the antibody does not
interact with these proteins under native conditions (lane 2, IP
eluate). Hence, this antibody is suitable to specifically IP

endogenous UPF1 and its interactors. The faint band that was
detected at ~57 kDa most likely represents denatured IgG-
binding protein G that might have detached from the beads
during heat denaturation.

Discrimination between UPF1-Dependent Interactors and
Unspecific Contaminants

With the first set of SILAC experiments, we wanted to identify
proteins that specifically copurified with endogenous UPF1 and
distinguish them from unspecific contaminants. To this end, we
added to one cell lysate a 25X molar excess (relative to the anti-
UPF1 antibody amount) of a peptide comprising the antibody’s
epitope to competitively inhibit binding of UPF1. Unspecific
contaminants will copurify to a similar extent in this peptide-
mediated mock IP and in the UPF1 IP, whereas UPF1-specific
interactors are expected to be significantly more abundant in
the UPF1 IP than in the mock IP. Confirming the efficacy of
this approach, the addition of the inhibitory peptide to the
heavy lysate (H) resulted in a strong reduction of UPF1 and a
concomitant loss of its well-known interactors UPF2 and
UPF3B in the eluate (Figure 2A, compare lanes S and 6). The
experiment was replicated under reverse labeling conditions,
and the results of both mass spectrometric analyses are shown
in Figure 2B. 168 proteins have been identified in both
replicates and quantified. Their protein intensities and
respective H/L ratios showed a clear correlation (Supple-
mentary Figure S2 in the Supporting Information; Figure 2B).
Most of the 168 identified proteins showed a strong decrease in
abundance upon the addition of the inhibitory peptide,
indicating that they were immunoprecipitated in a UPF1-
dependent manner. For 12 proteins, the ratio between UPF1 IP
and mock IP did not change or hardly changed, suggesting that
they copurified independently of UPF1 (“background proteins
(not UPF1 specific)”, Supplementary Table S2 in the
Supporting Information). These proteins also did not change
upon RNase A treatment (see later), further confirming that
they most likely represent unspecific contaminants. In
summary, the data obtained from the peptide competition
SILAC experiments allow a clear discrimination between
UPF1-dependent interactors and nonspecifically copurifying
contaminants.

Discrimination between RNA-Mediated and Direct or
Protein-Mediated UPF1 Interactors

Because UPF1 is an RNA-associated helicase that appears to
bind mRNA independent of translation,>* we next wanted to
determine which of the 168 proteins identified in the previous
experiment were simply bound to the same RNA as UPF1 and
which ones associated with UPF1 directly or indirectly through
protein—protein interactions. To distinguish between RNA-
mediated and RNA-independent interactors, we used the
SILAC approach and treated one cell lysate with RNase A
(200 pg/mL final concentration) before and during the co-IP
and checked the relative ratios via mass spectrometry using a
nontreated cell pool as a control. The RNase A treatment
resulted indeed in a clearly decreased copurification of general
mRNA-binding proteins, such as the poly(A)-binding protein
PABPC1 (Figure 3A, lane 6), whereas the known direct
interactor UPF2 was still detected in the RNase A-treated IP
(Figure 3A).

The reproducibility of the replicate experiments with reverse
labeling conditions showed a Pearson correlation coeflicient of
—0.68, which is in the range of the biological variation within
such experiments (Figure 3B). 158 proteins were identified in

dx.doi.org/10.1021/pr5002143 | J. Proteome Res. XXXX, XXX, XXX—=XXX



Journal of Proteome Research

A Input Unbound Eluate
H L H L H L

UPF1| ey wan — (=}
UPF2| ™= e P — -

CPSF73 [N

-
[0}

2

3

= LS

Q

0 : 0 T
“5_2 1 7
° -1

< -

9

= -24

o 2 L]

E -
) -3

0

a 4

g .

]

¥ 51

9

5 5

=

N

[o)]

o

-8 e
log2(ratio -/+ peptide addition) of replicate 2

Figure 2. Discrimination between UPFI-specific interactors and
unspecific contaminants by sequestration of antibody binding sites
with competing peptides. (A) Addition of epitope-mimicking UPF1
peptides to the H lysate before IP abolishes precipitation of UPF1 and
copurification of the UPF1 interactors UPF2 and UPF3B (compare
lanes S and 6). CPSF73 does not interact with UPF1 and serves as
specificity control. The asterisk in the UPF3B panel depicts the heavy
chain of the anti-UPF1 antibody. (B) The scatter plot shows the log 2
values of the intensity ratios of two independent peptide competition
experiments with inverted labeling conditions. All proteins identified in
both replicates are depicted as black squares. The two isoforms of
UPF1 are highlighted in green, UPF2 in red, and UPF3B in blue. The
proteins in the lower right corner (right and below of the black curve)
are considered to be UPF1-dependent interactors, and the others in
the center are UPFl-independent contaminants. The correlation
coefficient (R?) between the replicates is —0.58.

both experiments (Supplementary Table S3 in the Supporting
Information). Although the data points clearly form a cluster
that remains essentially unaffected by RNase A treatment
(referred to as RNA-independent interactors) and a second
cluster that shows a 8—32-fold reduced copurification with
UPF1 upon RNase A digestion (referred to as RNA-mediated
interactors), there are also a number of proteins that reside in
between these two populations and for which it is not possible
to unambiguously assign them as RNA-mediated or RNA-
independent (Figure 3B, dots between the two red curves,
designated as “unclear RNA dependence”).

A comparison between proteins measured in both RNase
treatment experiments (Figure 3B) with those factors identified
as UPF1-specific interactors in both replicates of the peptide
competition experiment (Figure 2B) and with the proteins that
were later identified in phosphorylation-dependent experiments

shows a high reproducibility (Figure 3C). A set of 130 proteins
was identified in all six experiments and consists of proteins
that robustly and specifically coimmunopreciptated with UPF1
with a high signal-to-noise ratio, hence likely representing true
UPF1 interactors, either mRNA-mediated or direct. This high
overlap and consistency between the different SILAC experi-
ments allows for a combined analysis and characterization of
these 130 proteins with regard to their dependence on UPF1
and RNA. A scatter plot positioning the proteins according to
their log 2 (test/control) ratios in the peptide competition (y
axis) and in the RNase treatment (x axis) experiments reveals
three clusters (Figure 3D): one cluster constitutes background
proteins that did not change either upon addition of the UPF1
epitope-mimicking peptide or upon RNase A treatment (8
proteins; 6%). For a substantial fraction of the remaining
UPFl-specific hits (70 proteins; S4%), their association with
UPF1 seems to be mediated by RNA, which is expected
because UPF1 is an mRNA-binding protein.'®***> Among
them there are the poly(A)-binding proteins and many
hnRNPs, as expected. (See Supplementary Table S4 in the
Supporting Information for a complete list.) The third group,
consisting of 52 proteins (40%), showed no or mild RNA-
dependent UPF1 association (Table 1). Confirming previous
work, UPF2 and UPF3B were found in this group of protein-
mediated UPF1 interactors.*® Furthermore, the EJC compo-
nents CASC3 (MLNS1) and elF4A3 have been identified,
although their interaction with UPF1 seems partially RNase-A-
sensitive (especially for eIF4A3, which was identified as one of
those proteins with an unclear mRNA-dependence). In
addition, the previously reported interaction with Staufen
homologue 2 (STAU2)*” was also identified as an mRNA-
independent UPF1 interactor, while contrary to expectation, we
could not detect STAU1 in our experiments.

Interestingly, among the mRNA-independent UPF1 inter-
actors, we identified 7 (subunits a—e, i, and 1) out of 13 total
subunits of the eukaryotic translation initiation complex 3
(eIF3). Furthermore, subunit g was also identified in all six
experiments but not always with sufficient peptide numbers to
qualify as a hit, and subunits m and h were identified in 5 out of
6 experiments (Supplementary Table SS in the Supporting
Information), suggesting that UPF1 interacts with the fully
assembled functional eIF3 complex. Consistently, several eIF3
subunits have previously been shown to play a role in
NMD,** * and based on results from far western analysis,
elF3a was proposed to be the subunit that directly binds to
UPF1.>® However, the functional consequence of the UPFI-
elF3 interaction is not yet clear. While the eIF3 subunit f was
reported to inhibit NMD of mRNAs with a PTC in the first
exon,*® subunit e (also called INT6) was reported to be
required for NMD.** Notably, eIF3f was detected in only three
out of six SILAC experiments, and the obtained low signal-to-
noise ratio prevented any conclusions with regard to the
specificity and RNase A sensitivity of eIF3f’s association with
UPF1 (Supplementary Table SS in the Supporting Informa-
tion).

In addition to elIF3, several ribosomal proteins from both the
40S and the 60S ribosomal subunits appeared among the RNA-
independent interactors of UPF1 (Table 1, ribosomal
subunits). While overall these eight proteins (ribosomal
proteins L3, L4, LS, L8, S2, S3, S3a, and S6) locate to different
areas within the eukaryotic ribosome based on the X-ray
structure of Tetrahymena thermophila,** we would like to
point out that small subunit proteins S3 and S3a are positioned
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Figure 3. Discrimination between RNA-mediated and protein-mediated interactors by treatment of lysates with RNase A. (A) Western blot of inputs
(lanes 1, 2), unbound material (lanes 3, 4), and eluates (lanes S, 6) of H- and L-labeled HeLa cell lysates, of which the L lysate was incubated with
RNase A prior to the IP. The known RNA-mediated association of polyA-binding protein C1 (PABPC1) was probed to check the efficiency of the
RNase A treatment, whereas the direct interaction of UPF2 served as a positive control (not affected by RNase A treatment). Actin B does not
associate with UPF1 and served as a negative control. (B) Correlation between RNase A-treated replicates. Log 2 values of the intensity ratios of two
independent experiments with reverse labeling conditions are plotted. All proteins identified in both replicates are depicted as black squares. The two
UPF1 isoforms are highlighted in green, UPF2 in red, and UPF3B in blue. R* between the replicates is —0.68. The red curves indicate the thresholds
set for assigning a protein as RNA-independent (upper right) or RNA-mediated interactors of UPF1 (lower left). Proteins located between the two
curves were categorized as “unclear RNA dependence”. (C) Venn diagram displaying overlap of proteins identified in the three SILAC approaches.
Red represents proteins identified as specific UPF1 interactors in both peptide competition experiments (Supplementary Table S2 in the Supporting
Information), yellow depicts proteins identified in both RNase replicates (Supplementary Table S3 in the Supporting Information), and blue are
proteins identified in both phospho-UPFI replicates (Supplementary Table S6 in the Supporting Information). (D) 130 proteins identified in all
three groups (panel C) were plotted according to their specificity for UPF1 (vertical axis, log 2 ratio) and their sensitivity of the UPF1 interaction to
RNase A (horizontal axis, log 2 ratio). Proteins that did not change upon peptide competition or RNase A treatment are considered background
(red). UPF1-specific interactors sensitive to RNase treatment are depicted in orange, RNase-resistant ones in blue, and those with unclear RNA
dependence in yellow. The two isoforms of UPF1 are shown in green.

in immediate vicinity of RpS26, which has been recently shown (FMRP)*") and the serine-threonine kinase receptor-associated

to interact with the CH domain of Upflp in Saccharomyces protein (STRAP, which has been implicated in SMN complex

cerevisiae. ™ assembly and internal translation initiation; see later) to name
Furthermore, our SILAC analysis identified several other just a few.

RNA-independent UPF1 interactors that so far have not been

Ph horylation-D dent Int ti
linked to UPF1 (Table 1, other identified proteins) and might esphofylation-bependent Interactions

provide an interesting starting point for characterizing new The best-characterized and functionally essential posttransla-
factors involved in NMD and other UPF-dependent processes tional modification of UPF1 is its phosphorylation. The cycle of
and for discovering potential new roles of UPF1 in other phosphorylation and dephosphorylation of UPF1 is essential
cellular pathways. Among these hits, there are several ATP- for NMD,”"** and specific T/SQ phospho-epitopes in the N-
dependent RNA helicases, the nuclear fragile X mental terminus and C-terminus of UPF1 have been shown to be
retardation protein interacting protein 2 (NUFIP2, which crucial for interaction with SMG6 and the SMGS:SMG7
interacts with the fragile X mental retardation protein heterodimer, respectively.'” These phosphorylations are mainly
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Table 1. Identified Proteins That Interact with UPF1 Independently of RNA or for Which the RNA Dependence of Its
Interaction with UPF1 Remains Unclear (Grey)”

UNIPROT - Peptide RNase treat.
accesslon code Protein Name comp.
#1 #2 #1 #2

Nonsense-mediated mRNA decay (NMD)
Q9HAUS Regulator of nonsense transcripts 2 -5.11 498 139 -1.37
Q9BZI7 Regulator of nonsense transcripts 3B -5.80 6.47 099 -0.88
015234 Protein CASC3 (MLN51) -6.06 4.53 145 -1.39
P38919 Eukaryotic initiation factor 4A-llI -6.54 6.25 2.08 -1.47
Eukaryotic initiation factor 3 subunits (elF3)
Q14152 Eukaryotic translation initiation factor 3 subunit A -3.25 4.74 050 -1.11
P55884 Eukaryotic translation initiation factor 3 subunit B -3.82 4.94 0.51 -1.14
Q99613 Eukaryotic translation initiation factor 3 subunit C -4.82 5.33 0.99 -0.57
015371 Eukaryotic translation initiation factor 3 subunit D -3.83 5.57 0.23 -0.62
P60228 Eukaryotic translation initiation factor 3 subunit E -4.04 5.49 021 -0.45
Q13347 Eukaryotic translation initiation factor 3 subunit | -6.37 5.55 032 -044
Q9Y262 Eukaryotic translation initiation factor 3 subunit L -3.02 5.58 0.11  -0.36
Ribosomal proteins
P23396 40S ribosomal protein S3 -5.21 477 0.02 -1.68
P61247 40S ribosomal protein S3a B B 0.56 -2.91
P62753 40S ribosomal protein S6 -5.22 5.05 122  -0.04
P15880 40S ribosomal protein S2 -6.20 527 | -2.63 -240
P39023 60S ribosomal protein L3 -4.33 4.53 070 -1.31
P36578 60S ribosomal protein L4 -6.49 435 090 -2.33
P46777 60S ribosomal protein L5 -437 357 | -246 -0.75
P62917 60S ribosomal protein L8 479 414 | -093 -1.94
Other identified proteins
Q99700 Ataxin-2 -4.31 519 296 -1.54
Q08211 ATP-dependent RNA helicase A -3.76 2.82 329 -0.92
Q92499 ATP-dependent RNA helicase DDX1 -6.28 5.84 0.04 -1.77
000571 ATP-dependent RNA helicase DDX3X -5.37 5.50 0.75 -3.32
P60842 ATP-dependent RNA helicase elF4A-1 -491 410 1.09 -1.87
Q53EZ4 Centrosomal protein of 55 kDa -597 367 | -020 -0.08
Q96EY1 DnaJ homolog subfamily A member 3, mitochondrial -4.64 3.37 190 -1.67
Q9H223 EH domain-containing protein 4 -5.09 3.97| -0.76 0.10
P08107 Heat shock 70 kDa protein 1A/1B -3.82 3.26 024 -0.48
P11142 Heat shock cognate 71 kDa protein -3.49 3.02 0.57 -0.44
P10809 60 kDa heat shock protein, mitochondrial -3.36 3.04 0.76 0.56
P11021 78 kDa glucose-regulated protein -237 240 | -1.07 -0.55
075569 Interffaror‘l-inducibl‘e double stranded RNA-dependent 340 534 0.98  -0.79

protein kinase activator A
Q92615 La-related protein 4B -4.23 5.01 0.66 -3.51
Q09161 Nuclear cap-binding protein subunit 1 (CBP80) -3.00 3.95 0.65 -3.72
Q72417 Nuclear fragile X mental retardation-interacting protein2 | -6.01 6.08 0.70 -2.80
Q8NCA5 Protein FAM98A -4.93 4.94 1.32  -0.82
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Table 1. continued

Peptide RNase treat.
UNIPROT i
i Protein Name comp.
accession code
#1 #2 #1 #2
Other identified proteins
Q96T37 Putative RNA-binding protein 15 -3.96 426 | -214 -0.13
Q86TG7 Retrotransposon-derived protein PEG10 -5.75 4.45 1.44 -2.56
Q52LW3 Rho GTPase-activating protein 29 -3.53 3.69| -0.13 -0.40
Q96PK6 RNA-binding protein 14 -3.51 421 -3.08 -1.52
094806 Serine/threonine-protein kinase D3 -5.27 5.92 036 -0.21
Serine-threonine kinase receptor-associated protein
Q9Y3F4 ) ) ) -5.16 5.36 0.03 0.37
(UNR-interacting protein)
P55011 Solute carrier family 12 member 2 -3.95 527 | -0.13 -0.15
094864 STAGA complex 65 subunit gamma -4.88 437 | -3.19 0.17
QINUL3 Double-stranded RNA-binding protein Staufen 2 -4.89 5.29 0.96 -0.09
P49368 T-complex protein 1 subunit gamma -3.07 252 | -0.20 0.23
Q16881 Thioredoxin reductase 1, cytoplasmic -4.73 436 | -043 0.51
Q9Y3I0 tRNA-splicing ligase RtcB homolog -5.91 4.84 208 -1.34
Q9H7E2 Tudor domain-containing protein 3 -4.59 4.78 130 -2.11
Q5T6F2 Ubiquitin-associated protein 2 -5.14 249 075 -1.73

“Depicted are the H/L ratios (log 2 scale) of the peptide competition experiments #1 and #2 and of the RNase A-treatment experiments #1 and #2.
Peptide was added to sample H in the petide competition experiment #1 and to sample L in experiment #2. RNase A was added to sample L in the

RNase-treatment experiment #1 and to sample H in experiment #2.

mediated by the phosphatidylinositol 3-kinase-related kinase
(PIKK) SMG1. Given the important role of phosphorylation
for UPF1 function, we decided to apply the SILAC approach to
identify and compare interactors of the hyper- and of the hypo-
phosphorylated state of UPF1. Because there is only a small
fraction of hyper-phosphorylated UPF1 in normally growing
cells and SMG1 activity was reported to be rate-limiting for
NMD,* we boosted the amount of phosphorylated UPF1
(pUPF1) by plasmid-based overexpression of Flag-tagged
SMGI1 and by treating the cells with the phosphatase 2A
inhibitor okadaic acid (OA).

Treatment of the cells with OA alone for 4 h (50 nM final
concentration) before harvesting resulted only in a moderate
up-regulation compared with untreated cells (Supplementary
Figure S3 in the Supporting Information). However, additional
two-fold overexpression of Flag-SMG1 (Figure 4A) resulted in
a robust 20-fold increase in UPF1 phosphorylation (pUPF1/
UPF1 ratio; Figure 4B). As a negative control, Flag-GFP was
expressed in the heavy samples. Two biologically independent
replicates of this experiment were performed, and both times
SMGI1 was overexpressed in the L cells followed by OA
treatment. MS analysis of the samples identified a set of 295
proteins with a high reproducibility (Figure 4C, see
Supplementary Table S6 in the Supporting Information for a
complete list), of which several proteins showed a clear
preference for hyper- or hypo-phosphorylated UPF1 (>1.5-fold
change between hyper-phosphorylation and control conditions
in both replicates), emphasizing the impact of this post-
translational modification on UPF1 function (summarized in
Table 2). Because 110 of the proteins interacting preferentially
with pUPF1 were not detected in the other experiments due to
their low abundance in the immunoprecipitates as a result of
the low abundance of pUPF1 in normally grown cells, we did
not restrict our analysis on the set of 130 commonly identified

proteins (see previous) but instead included all 295 proteins
identified in both phospho-SILAC replicate experiments.

Of the three NMD factors that were previously shown to
preferentially bind to pUPF1 (SMGS, SMG6, and SMG7),"
only SMGS and SMG?7 could be detected reproducibly in our
SILAC experiments. The low abundance in HeLa cells,
inefficient ionization of its peptides, or the masking of weak
interaction surfaces by the antibody used for IP are possible
reasons for the failure to detect SMG6 in the UPF1 IPs. While
SMG?7 displayed no strong preference for pUPF1, SMGS
indeed showed a preferential association with pUPF1 (Table 2
and Figure 4C).

Interestingly and unexpectedly in the light that only a minor
fraction of the cellular UPF1 localizes to the nucleus,36 gene
ontology (GO) analysis*’ revealed a significant enrichment
among the proteins that preferentially copurified with pUPF1
for GO terms describing nuclear functions such as pre-mRNA
splicing and mRNA export (Figure 4D). Noteworthy, all six
described human THO complex subunits,*® including the
associated RNA-binding export factor THOC4 (ALY/REF),
were identified to interact with pUPF1 (Figure 4C) but were
not detected in experiments where the cells were not treated
with OA, suggesting a phosphorylation-specific association of
UPF1 with the transcription-export (TREX) complex, which
was previously shown to be recruited to mRNA during
splicing"® and to promote mRNA export.*”>°

Also, the two EJC components CASC3 (MLNS]1; identified
as an RNA-independent UPF1 interactor) and eIF4AIIl
(unclear RNA-dependence; Table 1), revealed a significant
preference for pUPF1 (Figure 4C and Table 2). Similar to
TREX, the EJC also assembles on mRNA during splicing,51_53
implying that pUPF1 might also bind to mRNA during or after
splicing inside the nucleus. (See the Discussion.) In addition,
several hnRNPs (A/B, Al, A2/B1, A3, DO, H3, L, and R), the
mRNA export receptor TAP/NXF1, the US snRNP
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Figure 4. Differential interaction of proteins with hyper- or hypo-phosphorylated UPF1. (A) Immunoblot documenting the overexpression of
SMGI1. Flag-SMG1 encoding plasmid was transfected in the L cells, whereas H cells received the empty Flag-encoding plasmid as a control. 44 h post
transfection, cells were lysed and SMG1 levels were detected by Western blotting using anti-SMG1 antibody. Detection of CPSF73 served as loading
control. (B) Immunoblot showing the IP of predominantly phosphorylated UPF1 upon okadaic acid (OA) treatment and SMGI overexpression.
The Flag-SMGI expressing L cells were treated with OA for 4 h prior to harvesting. UPF1 was detected with anti-UPF1 antibody (red in upper
panel), and phosphorylated UPF1 (pUPF1) was detected by a antiphospho(S/T)Q-specific antibody (green in upper panel). CPSF73 does not
interact with UPF1 and served as IP specificity control. (C) Scatter plot showing the log 2 values of the intensity ratios of two independent phospho-
UPF1 experiments. R? between the replicates is 0.60. Negative ratios represent preferential interaction with pUPF1 (lower left corner), and positive
ratios represent preferential interaction with hypo-phosphorylated UPF1 (upper right corner). The NMD factors UPF2, UPF3B, SMGS, and SMG?7,
the EJC factors CASC3/MLN51 and elF4AIlL, and the 6 THO complex subunits are highlighted. (D) GO annotation table*” based on UPF1
interactors with a preference for hyper- or hypo-phosphorylated UPF1 (intensity ratios change of >1.5-fold). P values and the number of proteins in
the respective GO category are indicated. All 43 proteins with a preference for pUPF1 and all 45 proteins with a preference for hypo-phosphorylated
UPF1 were included in the GO annotation analysis. (E) Scatter plot as in panel C but restricted to the 130 proteins identified in all experiments.
(See Figure 3C.) Proteins were categorized and displayed as in Figure 3D; STRAP is denoted as black triangle.
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Table 2. List of Proteins with a Phosphorylation State-Dependent Differential UPF1 Association”

log2 (OA+SMG1/control)
Uniprot ID Protein names
Exp.1 Exp.2
-1.64 -2.83 P46013 Antigen KI-67
-0.99 -0.58 QINVI7 ATPase family AAA domain-containing protein 3A
-1.14 -0.65 Q5T9A4 ATPase family AAA domain-containing protein 3B
-1.78 -3.38 P28288 ATP-binding cassette sub-family D member 3
-0.55 -0.70 P07814 Bifunctional glutamate/proline--tRNA ligase
-1.34 -1.69 Q7Z7K6 Centromere protein V
-1.00 -0.67 QIY3Y2 Chromatin target of PRMT1 protein
-1.47 -1.90 P20908 Collagen alpha-1(V) chain
-7.17 -0.58 P78527 DNA-dependent protein kinase catalytic subunit
-6.11 -0.74 095714 E3 ubiquitin-protein ligase HERC2
-0.91 -0.98 P38919 Eukaryotic initiation factor 4A-Il|
-0.77 -0.90 Q99729 Heterogeneous nuclear ribonucleoprotein A/B
-1.14 -1.40 P09651 Heterogeneous nuclear ribonucleoprotein A1
-0.66 -0.86 P51991 Heterogeneous nuclear ribonucleoprotein A3
-0.60 -0.75 Q14103 Heterogeneous nuclear ribonucleoprotein DO
-0.61 -0.70 P31942 Heterogeneous nuclear ribonucleoprotein H3
-0.90 -1.39 P14866 Heterogeneous nuclear ribonucleoprotein L
-0.73 -0.68 043390 Heterogeneous nuclear ribonucleoprotein R
-0.83 -0.89 P22626 Heterogeneous nuclear ribonucleoproteins A2/B1
-1.00 -1.87 P48200 Iron-responsive element-binding protein 2
-0.86 -0.75 043896 Kinesin-like protein KIF1C
-0.85 -1.24 P42704 Leucine-rich PPR motif-containing protein, mitochondrial
-0.75 -2.09 Q15233 Non-POU domain-containing octamer-binding protein
-1.12 -0.68 Q9UBU9 Nuclear RNA export factor 1
-1.46 -1.80 QINR30 Nucleolar RNA helicase 2
-0.58 -0.59 P06748 Nucleophosmin
-0.64 -2.10 Q6P2Q9 Pre-mRNA-processing-splicing factor 8 (PRPF8)
-0.89 -0.70 Q02809 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1
-0.89 -0.77 015234 Protein CASC3
-0.96 -1.33 Q9P2E9 Ribosome-binding protein 1
-2.08 -0.76 P22087 rRNA 2-O-methyltransferase fibrillarin
-0.88 -0.89 P36873 Serine/threonine-protein phosphatase PP1-gamma catalytic subunit
-0.67 -2.16 P23246 Splicing factor, proline- and glutamine-rich (SFPQ)
-0.93 -1.15 095425 Supervillin
-1.24 -1.47 Q96FV9 THO complex subunit 1
-1.23 -1.86 Q8NI27 THO complex subunit 2
-1.01 -1.44 Q96J01 THO complex subunit 3
-1.35 -2.24 Q86V81 THO complex subunit 4
-1.24 -1.82 Q13769 THO complex subunit 5 homolog
-1.02 -1.46 Q86W42 THO complex subunit 6 homolog
-0.70 -2.06 075643 U5 small nuclear ribonucleoprotein 200 kDa helicase (SNRNP200)
-0.90 -0.77 A4D1P6 WD repeat-containing protein 91
-1.68 -0.97 Q96KR1 Zinc finger RNA-binding protein
0.97 0.88 P61981 14-3-3 protein gamma
0.89 1.74 P10809 60 kDa heat shock protein, mitochondrial
0.90 0.59 P06733 Alpha-enolase
2.04 0.94 095782 AP-2 complex subunit alpha-1
1.89 0.82 094973 AP-2 complex subunit alpha-2
2.05 0.68 P63010 AP-2 complex subunit beta
2.01 0.87 Q96CW1 AP-2 complex subunit mu
2.68 2.36 Q99700 Ataxin-2
0.92 0.72 000571 ATP-dependent RNA helicase DDX3X
0.66 0.83 P31327 Carbamoyl-phosphate synthase [ammonia], mitochondrial
0.83 0.73 Q96EP5 DAZ-associated protein 1
0.65 0.56 Q8WXX5 DnaJ homolog subfamily C member 9
1.31 0.70 P60842 Eukaryotic initiation factor 4A-I
1.04 0.59 015371 Eukaryotic translation initiation factor 3 subunit D
1.14 0.73 Q13347 Eukaryotic translation initiation factor 3 subunit |
1.72 1.21 043432 Eukaryotic translation initiation factor 4 gamma 3
1.62 2.16 P15311 Ezrin
1.05 0.68 Q14315 Filamin-C
2.90 2.38 P51114 Fragile X mental retardation syndrome-related protein 1
1.97 1.48 P51116 Fragile X mental retardation syndrome-related protein 2
0.95 0.77 P04406 Glyceraldehyde-3-phosphate dehydrogenase
0.90 0.58 P63244 Guanine nucleotide-binding protein subunit beta-2-like 1
0.94 0.84 P07900 Heat shock protein HSP 90-alpha
0.78 0.60 P08238 Heat shock protein HSP 90-beta
2.42 1.87 Q92615 La-related protein 4B
1.22 0.73 P07195 L-lactate dehydrogenase B chain
0.69 0.59 Q09161 Nuclear cap-binding protein subunit 1
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Table 2. continued

log2 (OA+SMG1/control)
Uniprot ID Protein names
Exp.1 Exp.2
1.03 0.66 Q15149 Plectin
0.87 1.16 Q9H0J9 Poly [ADP-ribose] polymerase 12
1.63 1.62 Q9HBS0 Probable ATP-dependent RNA helicase YTHDC2
0.78 0.62 Q99873 Protein arginine N-methyltransferase 1
1.78 2.06 Q5JS75 Protein PRRC2B
3.90 2.95 Q15032 R3H domain-containing protein 1
1.88 1.28 Q52L.W3 Rho GTPase-activating protein 29
3.41 3.12 Q8IXT5 RNA-binding motif protein 12B
1.14 0.77 Q16629 Serine/arginine-rich splicing factor 7
1.70 2.09 094806 Serine/threonine-protein kinase D3
1.67 0.97 Q9BXP5 Serrate RNA effector molecule homolog
1.45 0.56 P55011 Solute carrier family 12 member 2
0.99 2.12 094864 STAGA complex 65 subunit gamma
0.87 0.90 Q92804 TATA-binding protein-associated factor 2N
1.10 1.06 P62995 Transformer-2 protein homolog beta
247 2.85 Q8NIM5 Transmembrane protein 102
0.85 0.80 Q5T6F2 Ubiquitin-associated protein 2
1.99 1.41 Q8IWRO0 Zinc finger CCCH domain-containing protein 7A

“Proteins co-immunoprecipitating preferentially with hyper-phosphorylated UPF1 are indicated in orange (criteria: >1.5-fold more abundant in p-
UPF1 than control sample in both SILAC replicates, 43 proteins). The proteins with a preferential association with hypo-phosphorylated UPF1 are
indicated in grey (criteria: >1.5-fold less abundant in p-UPF1 than control sample in both SILAC replicates, 45 proteins).
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Figure 5. UPF1 interactor STRAP is not involved in NMD. (A) Immunoblot showing the interaction of Flag-tagged STRAP with endogenous UPF1
and vice versa. Plasmids encoding Flag-tagged UPF1, STRAP, or GFP (specificity control) were transfected into HeLa cells, followed by IP with anti-
Flag antibody. Endogenous STRAP and UPF2, but not UNR, coprecipitated with FLAG-UPF1 (lane 3), whereas endogenous UPF1 and UNR, but
not UPF2, were detected in the Flag-STRAP IP (lane 6). Loss of the RNA-mediated interactor PABPCI in the IPs confirmed that the RNase
treatment was effective. None of the tested proteins were detected in the control IP with Flag-GFP (lane 8). (B) Relative mRNA levels of the NMD
reporter miniy ter310 (PTC at position 310) and its PTC-free version (WT) in cells subjected to knockdown of UPF1 or STRAP or a control
knockdown (Ctrl) are shown. RT-qPCR was performed as described in the Materials and Methods, and miniy levels were normalized to the average
levels of 18S rRNA and 7SL RNA. Average values from two independent experiments are shown. Anti-STRAP and anti-UPF1 antibodies were used
to monitor STRAP and UPF1 knockdown efficiencies (Western blot; bottom panel). (C) Knockdowns were performed as in panel B with HeLa
cells stably expressing the NMD reporter gene TCR f ter68. Relative TCR # mRNA levels, normalized to 18S rRNA, were determined under UPF1,
STRAP, and control (Ctrl) knockdown conditions using RT-qPCR. Average values from two independent experiments are shown.
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components PRPF8 and SNRNP200, and the PTB-associated
splicing factor SFPQ_also exhibited a preferential association
with pUPF1. The GO term analysis of the proteins that
exhibited a preference for hypo-phosphorylated UPF1 revealed
a slight enrichment of the terms “cytosol” and “cytoplasm”
(Figure 4D), altogether suggesting that the nuclear fraction of
UPF1 might be predominantly hyper-phosphorylated, whereas
the cytoplasmic UPF1 fraction would be mainly hypo-
phosphorylated.

When the color code for RNase-resistant versus RNase-
sensitive UPF1 interactors was applied to the scatter plot
depicting phosphorylation status-dependent UPF1 interactions
(Figure 4E), we noted that most proteins that were identified as
protein-mediated interactors do bind UPF1 independently of
its phosphorylation status or show a slight preference for hypo-
phosphorylated UPF1 (blue squares), whereas the majority of
the proteins with a preference for pUPF1 interact with UPF1 in
a RNA-mediated manner (yellow squares), suggesting a
preferred association of pUPF1 with RNA.

Verification of UPF1:STRAP Interaction

Among the many newly identified UPF1 interactors, we chose
to have a closer look at the protein STRAP (serine/threonine
kinase receptor-associated protein). STRAP has been reported
to be involved in TGF-f signaling54 and to assemble with the
SMN complex, which is essential for the maturation of
spliceosomal snRNPs.>> By its interaction with the SMN
complex component Gemin7, STRAP appears to contribute to
the cytosplasmic localization of a fraction of the SMN
complex.*® In addition, STRAP has also been shown to interact
with UNR (hence its second name: UNR-interacting protein,
UNRIP) and in this configuration to regulate internal
translation initiation of human rhinovirus RNA.>® STRAP was
detected in all experiments, it exhibited clear UPF1-specificity,
did not decrease upon RNase A treatment (Table 1), and did
not change much upon UPF1 hyper-phosphorylation induced
by OA treatment and SMG1 overexpression (Figure 4E, black
triangle).

To confirm the interaction between UPF1 and STRAP,
HeLa cells were transfected with FLAG-tagged STRAP, UPF],
or GFP, respectively. Using anti-FLAG matrix, the FLAG-
tagged proteins were immunoprecipitated, and the eluates were
checked for the presence of several NMD-related factors by
Western blotting analysis (Figure SA). The IPs were treated
with RNase A, and the loss of the mRNA-mediated interaction
between FLAG-UPF1 and PABPCI indicated efficient RNA
digestion (Figure SA, lanes 3 and 6). As anticipated by the MS
results, UPF1 coimmunoprecipitated with FLAG-tagged
STRAP and also the previously reported interaction with
UNR could be confirmed (Figure SA, lane 6). In addition,
FLAG-tagged STRAP coimmunoprecipitated endogenous
STRAP, suggesting that STRAP forms multimers in vivo.
Notably, no UPF2 could be detected in the eluate fraction of
FLAG-STRAP, suggesting that STRAP is not part of the
UPF1:UPF2:UPF3B NMD complex.*® Vice versa, in the eluate
of the FLAG-UPF1 IP, we detected STRAP and UPF2 but not
UNR. This suggests that UNR is not part of the STRAP-UPF1
complex and that hence UPF1 may not be involved in UNR-
mediated translation initiation.

Despite the counter-indication from the co-IPs, we asked if
STRAP might play a role in NMD. To this end, we depleted
HeLa cells of STRAP or of UPF1 as a positive control by
expression of the respective short hairpin (sh)RNAs. As shown

by the Western blot (Figure SB, bottom panel), knockdown of
STRAP and UPF1 resulted in efficient depletion of the
respective proteins in cells that expressed either a NMD
reporter transcript (ter310) or the corresponding PTC-free
control transcript (WT). The relative mRNA levels of these
miniy reporter transcripts were measured by RT-qPCR (Figure
SB, upper panel). Whereas the ratio between the PTC-
containing miniy ter310 construct and the miniy wild-type
construct was at ~2% (i.e, a 50-fold reduction of the PTC-
containing construct due to NMD), this ratio increased to 15%
upon depletion of the essential NMD factor UPF1. Under
STRAP knockdown conditions, the ratio remained at 2%. To
confirm this result, we also tested another NMD substrate, a
PTC-containing TCR f ter68 minigene. Its levels were also
unaffected by a STRAP knockdown, whereas under UPF1
knockdown conditions, the NMD substrate was stabilized five-
fold (Figure SC). The results strongly suggest that STRAP has
no role in NMD, consistent with its lacking interactions with
other NMD factors (Figure SA). Thus, the biological function
of the UPF1:STRAP interaction remains to be elucidated in the
future.

B DISCUSSION

We document here how SILAC can be used to interrogate
different “states” of a protein of interest and how this can
provide very detailed and specific information regarding the
protein’s interaction partners. Specifically, our goal was to
determine the proteins associated with the key NMD factor
UPF1, an ATP-dependent RNA helicase phosphoprotein.
Instead of overexpressing recombinant UPF1 with an affinity
tag, which would have facilitated affinity purification but would
have been prone to identification of false positive interactors,
we immunoprecipitated the endogenous UPF1 using a specific
antibody for which the epitope on UPF1 was known. This
allowed us to distinguish UPFI-specific interactors from
unspecifically copurifying proteins by quenching the UPF1-IP
with an excess of epitope peptide (Figure 2). The UPFI-
specific interactors were subsequently separated in RNA-
mediated and RNase-insensitive (i.e, most likely protein-
mediated) proteins by a second set of SILAC experiments
(Figure 3). Finally, in a third set of SILAC experiments, we
treated one cell pool with OA and overexpressed SMGI to
increase the fraction of pUPF1, allowing the identification of
interaction partners that have a preference for hyper- or hypo-
phosphorylated UPF1 (Figure 4). Besides previously known
interactors, we identified several dozens of new UPFI1
interactors, which constitute a treasure chest for future
functional studies. The information regarding RNA and
phosphorylation dependence of their interaction with UPF1
provides a valuable starting point for hypothesis-driven
functional studies.

Because UPF1 is an mRNA-binding enzyme, distinction
between protein-mediated interactions and mRNP components
that associated with UPF1 bridged by mRNA was a central task
of our study and the rationale for experiments in which one of
the SILAC samples was incubated with RNase A during the IP.
The observed reduction upon RNase A by 10—30-fold of
hnRNPs and PABPs confirmed the efficacy of the RNA
digestion (Supplementary Table S3 in the Supporting
Information). Detection of the well-characterized NMD factors
UPF2 and UPF3b as RNA-independent UPF1 interactors
further corroborated the validity of our experimental approach.
We also readily detected SMGS and found that it was 1.5- to
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1.8-fold more abundant in the IPs of pUPF1, consistent with
the previously reported preference for pUPF1.'""* SMGS
forms a heterodimer with the structurally related SMG7,'
which we also identified in our experiments as a UPF1
interactor, albeit with no pronounced preference for pUPF1. In
contrast, we failed to detect SMG6, which has been reported to
bind via its 14—3—3 domain to UPF1 phosphorylated at T28*
but which has been notoriously difficult to detect in IP
experiments due to its low abundance.

While most detected proteins could be unambiguously
categorized either as “RNA-mediated” or as “RNA-independ-
ent”, there was a small fraction in between these two clusters
that we termed “unclear RNA dependence” (Table 1 and
Figure 3B). The main reason for not being able to assign these
proteins was variations between the two replicas. A prominent
factor that fell into this category is the nuclear cap-binding
protein subunit 1 (CBP80), which is maybe symptomatic given
the controversial data in the literature regarding its interaction
with UPF1. While initially the helicase domain of UPF1 was
shown to directly interact with CBP80,°”*® a finding that
served as a main pillar for a model postulating the restriction of
NMD to CBC-bound mRNA,*® we and others found the
UPF1:CBP80 interaction to be RNA-mediated'*° and
provided independent evidence of NMD of eIF4E-bound
mRNA in human cells.***'

Among the RNA-independent UPF1 interactors, there were
many subunits of the eIF3 complex (Table 1). The eIF3
complex can be subdivided into three modules:*> eIF3a forms
together with subunits b, g, and i one module, of which in
addition to a also b (Prtlp in yeast) and g have been reported
to be required for NMD.®*** In addition, also subunit e of the
module c:d:e:k:] is needed for NMD in mammalian cells,***°
whereas subunits f and h of module f:h:m exert the opposite
effect on AUG-proximal termination codons in f-globin
mRNA: they are required for the suppression of NMD at
these early stops.** Seven of the totally 13 known eIF3 subunits
(a—e, i, and 1) were detected in all 6 SILAC experiments with at
least two peptides (our criteria for qualifying as high confidence
interactors), an additional subunit (g) was also identified in all
6 experiments but not always with 2 peptides, and subunits m
and h were detected in 5 of the 6 experiments. Altogether, our
data suggest an interaction of UPF1 with either the entire eIF3
complex or at least with the two eIF3 modules a:b:g:i and
c:d:e:k:l. Interestingly, subunits of these two modules were
found to be required for NMD,*#063%% yhereas subunits f and
h of the third module inhibited NMD, leading us to speculate
that UPF1 might form a complex with modules a:b:g:i and
c:d:e:k:l that is mutually exclusive with the interaction between
module f:h:m and the other two eIF3 modules.

There is evidence that eIF3a, the largest subunit, directly
interacts with UPF1 and that the interaction of pUPF1 with
elF3 impairs the eIF3-dependent translation initiation, leading
to translational repression of the targeted mRNA.>® In contrast
with this study, we did not observe a preferential interaction of
elF3 with pUPF1. On the contrary, most eIF3 subunits did not
show a significant difference between the hypo- and the hyper-
phosphorylated UPF1 samples, and subunits d and i were even
slightly (1.5- to 2-fold) reduced in the pUPF1 samples (Table
2). A possible explanation for this discrepancy could be that
Isken and colleagues achieved accumulation of pUPF1 by
mutating two amino acids within the ATPase/RNA helicase
domain of UPF1 (positions 495 and 497), whereas we

increased the pUPF1 fraction by a combination of SMGI
overexpression and OA treatment.

Among the newly identified UPF1-interacting proteins in this
study, we were particularly interested in the UNR-interacting
protein STRAP, which has been implicated in the regulation of
internal translation initiation®® and of the stability of c-fos
mRNA.* Because UPF1 functions are also linked to translation
and mRNA stability, we hypothesized that the RNase-resistant
physical interaction between UPF1 and STRAP might indicate
a functional connection between these two proteins. While we
were unable to test a potential role of UPF1 in UNR-dependent
c-fos mRNA stability or internal translation initiation of
rthinovirus RNA due to the lack of suitable assays, we tested
if STRAP knockdown would affect NMD. Our results revealed
no effect of STRAP on NMD, but it should be emphasized that
negative results of knockdown experiments are as a matter of
principle not conclusive. Further work is therefore needed to
elucidate the biological role of the UPF1:STRAP interaction.

Another of the newly identified UPF1 interactors in this
study, the TREX complex that preferentially associated with
pUPEF], is also interesting for several reasons. Human TREX
was shown to associate with mRNA during the late steps of
splicing and could not be detected on unspliced nascent
transcripts.*® Similarly, in our recent transcriptome-wide
mapping of UPF1 binding sites, we found UPF1 almost
exclusively associated with exonic sequences and highly
underrepresented on introns, rRNA or tRNA.>* The interaction
of pUPF1 with TREX therefore suggests that UPF1 might be
recruited to mRNA together with TREX during splicing. The
interaction of pUPF1 with TREX and several other nuclear
proteins is also intriguing because it is well-documented that
NMD is tightly linked to translation and hence assumed to
occur in the cytoplasm, and the SMGl-mediated phosphor-
ylation of UPF1 is thought to occur at a late step of the process
after recognition of the aberrant translation termination
event.”> According to this model, one would expect the small
fraction of pUPF1 to reside in the cytoplasm. However, our
identification of predominantly nuclear proteins as interactors
of pUPF1 challenges this view (Figure 4D) and rather indicates
that the small population of nuclear UPF1 seen in
immunostainings might correspond the biochemically detected
small fraction of pUPFI1. Further experiments are needed to
test this provocative hypothesis.

Not only are the identified p-UPF1 interactors predom-
inantly nuclear factors, most of them are also known RNA-
binding proteins, and accordingly, their association with pUPF1
is in most cases RNA-mediated (Figure 4E). This finding
strongly suggests that a majority — if not all — of pUPFI is
bound to RNA. Consistent with this notion, ATPase-deficient
UPF1 mutants, which fail to disassemble the NMD complex
from the targeted mRNA,*® accumulate in a hyper-phosphory-
lated form,'>*%%

In summary, the UPF1 interactome exposed by our mass-
spectrometry-based approach gives valuable information about
UPF1’s phosphorylation and RNA-binding status in the nucleus
and supports the idea of UPF1 recruitment to mRNA and
phosphorylation of UPFI1 taking place before translation,
possibly even before the mRNP exits the nucleus. After export
to the cytoplasm, elongating ribosomes then displace UPF1
from the coding sequence’® and aberrantly terminating
ribosomes either promote the recruitment of RNA decay
factors to pUPF1 or properly terminating ribosomes inactivate
the remaining pUPF1 by promoting its dephosphorylation. The

dx.doi.org/10.1021/pr5002143 | J. Proteome Res. XXXX, XXX, XXX—=XXX



Journal of Proteome Research

distinction between these two scenarios clearly necessitates
further investigations. The detailed characterization of the
UPFl-interacting proteins presented herein will facilitate
deciphering UPF1’s diverse functions in the future.
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