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Abstract

Microproteins encoded by short open reading frames (sORFs) of <100 codons have been predicted to constitute a substantial fraction of the
eukaryotic proteome. However, the relevance and roles of a majority of microproteins remain undefined, as only a small fraction of these
intriguing cellular players have been characterized in-depth so far. Here, we use pooled overexpression screens with a library of 11 338 sORFs to
overcome the challenge of elucidating which of the thousands of putative translated sORFs are biologically functional. As a proof-of-concept, we
performed a phenotypic screen to identify sORFs protecting cells from treatment with the nucleotide analogue 6-thioguanine. With this approach,
we identified two cytoprotective microproteins: altDDIT3 and PIPPI. PIPPI is encoded within the LCR16a core duplicon of the Morpheus/NPIP
gene cluster. We show that PIPPI modulates the cellular response to protein folding stress in the endoplasmic reticulum (ER) and interacts with
proteins in the same pathway, including protein disulfide isomerase ERp44. PIPPI overexpression protects, while PIPPI knockdown sensitizes
cells to ER stress. Besides providing mechanistic insights into a new microprotein, this study highlights the power of using pooled overexpression
screens to identify functional microproteins.
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Introduction

Short open reading frames (sORFs) with the potential to en-
code functional polypeptides, have remained unnoticed for a
long time due to their small size (i.e. <300 bp). Neverthe-
less, increasing evidence highlights that these microproteins,
or micropeptides, are abundantly expressed in both prokary-
otic and eukaryotic cells. sORFs can be present in messenger
RNA (mRNA) molecules, as an alternative to the main OREF,
but also in other transcripts, such as long noncoding RNAs,
microRNAs, or antisense transcripts [1, 2]. Over recent years,
a significant effort has been undertaken in distinguishing be-
tween noncoding and translating sORFs, for which ribosome
profiling (Ribo-seq), mass spectrometry (MS), and bioinfor-
matic assessment of evolutionary conservation, have served as
the main approaches used for identifying putative micropro-
teins [1]. Finally, ongoing efforts are aiming to benchmark the
ever-growing number of sSORFs predicted to be translated us-
ing Ribo-seq, and propose a high-confidence and standardized
catalogue of human sORFs [3]. Although thousands of micro-
proteins have been predicted to exist in mammalian cells, only
a small fraction of them have been thoroughly characterized.
To mention a few prominent examples, microproteins have
been shown to be involved in the maintenance of genome sta-
bility [4-6], gene expression [7, 8], metabolism [9, 10], and
signalling [11-14]. Even from this brief overview, it can be
appreciated that microproteins display an intriguing variety
of target tissues, subcellular compartments, and intra- or ex-
tracellular mechanisms of action [15]. Ongoing research is
highlighting how microproteins are not specifically evolved to
solely serve in a subset of biological processes, but they appear
to play an underappreciated role in cellular and organismal
biology [15, 16].

Cells are equipped with a plethora of evolutionarily con-
served signalling pathways that can be activated to coun-
teract endogenous and exogenous stress events, thereby en-
suring the maintenance of cellular homeostasis. In case of
excessive stress, pro-death pathways represent a last resort
used to remove severely damaged cells from the organism
[17]. Recent ribosome profiling studies have demonstrated
that translation of a large number of sORFs, specifically up-
stream ORFs (uORFs), is upregulated in stress conditions
[18-21]. This is particularly relevant for cancer initiation
and progression, as tumor cells exhibit remarkable plastic-
ity and the ability to rewire their intracellular pathways to
overcome negative stimuli, such as antineoplastic drug treat-
ments, which ultimately leads to drug resistance in cancer pa-
tients [22]. While some of these translational events could
lack function at the protein level, we can expect that many
functional stress-induced microproteins await discovery and
characterization [23], potentially posing themselves as clin-
ical biomarkers or molecular targets for cancer and other
diseases [24]. To date, two of the major challenges that re-
main in the microprotein field are to elucidate which of the
thousands of putative translated sORFs are biologically ac-
tive, and to functionally characterize them. Here, we sought
to identify bioactive microproteins with a pooled overex-
pression screen of putative sORFs encoded in the human
genome. Upon introducing an sORF library into human A375
melanoma cells, we selected for increased resistance to the
widely used chemotherapeutic compound 6-thioguanine (6-
TG), identified two sORFs promoting cell proliferation, and
followed up with the in-depth characterization of one of the
candidates.

Materials and methods

Cell culture

A375, U20S, HEK293T, and COS-7 cell lines were main-
tained in Dulbecco’s modified Eagle medium (DMEM), con-
taining high glucose, GlutaMAX™ and pyruvate (Gibco).
hTERT RPE-1 cells were maintained in DMEM/Nutrient
Mixture F-12 (DMEM/F-12), containing high glucose,
GlutaMAX™ and pyruvate (Gibco). For all cell lines, medium
was supplemented with 10% fetal bovine serum (FBS; Sigma—
Aldrich). All cell lines were cultured in an ambient-controlled
incubator at 37 °C, 5% O, and 5% CO;. A375 and COS-
7 cells were purchased from Sigma-Aldrich. HEK293T cells
were a gift from Prof. T. Helleday, whereas U20S and RPE-1
cells were a gift from Prof. J. Bartek.

DNA constructs
DNA constructs and sources are detailed in Tablel.

Generation of stable expression cell lines using
lentivirus

Twenty-four hours post seeding, HEK293T cells were co-
transfected with a lentiviral transfer plasmid, the envelope
plasmid pMD2.G (Addgene #12260), and the second gen-
eration packaging plasmid psPAX2 (Addgene #12259), us-
ing transIT®-LT1 (Mirus Bio) according to manufacturer’s in-
structions. After 24 h, medium was replenished with fresh
DMEM. Virus supernatant was collected at 48 and 72 h and,
after filtration using a 0.45 mm mixed cellulose esters sy-
ringe filter (Millipore), directly used to transduce target cells.
The following concentrations of polybrene (Sigma-Aldrich),
puromycin (Cayman Chemical), or blasticidin (InvivoGen)
were used to either help infect or select target cells: A375 (2
pg/ml, 3 pug/ml, 20 pg/ml), U20S (4 ug/ml, 6 pg/ml, -), " TERT
RPE-1 (4 pg/ml, -, 50 pug/ml).

sORF library design and production

sORF sequences composing the library (Supplementary Table
S1) were ordered at Twist Biosciences as a 200-nucleotide
oligo pool. Because of this hard limit imposed by DNA syn-
thesis, only microproteins up to 57 amino acids (AA) in
length were included in the library. Coding sequences have
been codon optimized for human expression using Twist’s
internal algorithm. An ATG starting codon was included
for all coding sequences and Ochre (TAA) was selected
to be the consensus stop codon. Sapl sites surrounded the
sORF sequences to enable cloning into the modified recipient
pCDH_EF1_IRES_Puro lentiviral expression plasmid (System
Biosciences, CD532A-2). Following golden gate cloning using
Sapl (NEB) and T4 ligase (NEB), the vector was electropo-
rated into MegaX DH10BTM T1R cells (Invitrogen). Bacte-
ria were plated and selected overnight with 200 mg/ml car-
benicillin. At this stage, multiple plates ensuring the mainte-
nance of library diversity were used. Colonies were collected
by scraping, and pooled before extracting plasmid DNA using
the QIAGEN Plasmid Plus Maxi Kit (Qiagen).

Virus production for pooled screens

A concentrated lentivirus pool was produced at the VirusTech
Core Facility of Karolinska Institutet. In short, HEK293T
cells were co-transfected with the lentiviral expression plas-
mid pCDH_EF1-sORFs_IRES_Puro, the envelope plasmid
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Table 1. DNA constructs

ID Name/description Backbone Origin
CDS532A-2 pCDH_EFla_MCS_IRES_Puro pCDH System Biosciences
L300 pCDH_EF1la_MCS_IRES_Puro_Sapl _removed CDS532-A This study
L301 pCDH_EF1a_2xSapl_A_IRES_Puro L300 This study
L302 pCDH_EF1a_2x Sapl_C_IRES_Puro L300 This study
L303 pCDH_EFla_2x Sapl_G_IRES_Puro L300 This study
L309 pCDH_EF1a_All-sORFs_IRES_Puro L301/L302/L303 This study
L1320 pCDH_EF1a_altDDIT3_IRES_Puro L1302 This study
#12260 psPAX2 (second generation lentiviral packaging plasmid) Addgene
#12259 pMD2.G (VSV-G envelope expressing plasmid) Addgene
L321 pCDH_EF1a_altDDIT3-GFP_IRES_Puro L327 This study
L1325 pAS1_EF1a_PIPPI-HA_IRES_Puro E404 (#140009) This study
K106 pAS1_4 x 7SKPylT_EF1_Ub-*PIPPI K038 (#162801) This study
K110 pAS1_4 x 7SKPylT_EF1_Ub-*PIPPI-HA K039 (#162802) This study
K111 pAS1_4 x 7SKPylT_EF1_Ub-PIPPI-HA K039 (#162802) This study
L327 pCDH_EF1a_2x Sapl_C-GFP_IRES_Puro L302 This study
L329 pCDH_EF1a_PIPPI_IRES_Puro L302 This study
L356 pCDH_EF1la_GFP_IRES_Puro L313 This study
L330 pCDH_EF1a_PIPPI-GFP_IRES_Puro 1327 This study
1344 pCDH_EF1a_PIPPI-L-GFP_IRES_Puro L1327 This study
L346 pCDH_EF1a_2x Sapl_C-GFP_IRES_BSD 1327 This study
1348 pCDH_EF1a_PIPPI-GFP_IRES_BSD L346 This study
#115969 pLVX-ATF4 mScarlet NLS pLVX-Puro Addgene
L363 pCDH_EF1a_PIPPI-L_IRES_Puro L302 This study
L381 pCDH_EF1a_PIPPI-del2-9-GFP_IRES_Puro L327 This study
L382 pCDH_EF1a_PIPPI-del10-17-GFP_IRES_Puro 1327 This study
L383 pCDH_EF1a_PIPPI-del20-27-GFP_IRES_Puro L327 This study
1384 pCDH_EF1a_PIPPI-del28-35-GFP_IRES_Puro 1327 This study
L385 pCDH_EF1a_PIPPI-del36-43-GFP_IRES_Puro L1327 This study
L386 pCDH_EF1a_PIPPI-del44-51-GFP_IRES_Puro L327 This study
A014 pCDH_EF1a_2x Sapl_G_IRES_BSD L303 This study
L388 pCDH_EFla_HA-ERp44_IRES_BSD A014 This study
L389 pCDH_EF1a_HA-ERp44_CRFS-mut_IRES_BSD A014 This study
L40S pCDH_EF1a_PIPPI-C35A_IRES_Puro L302 This study
L406 pCDH_EF1a_PIPPI-C35A-GFP_IRES_Puro 1327 This study
L407 pCDH_EF1a_PIPPI-C51A_IRES_Puro L1302 This study
L408 pCDH_EF1a_PIPPI-C51A-GFP_IRES_Puro L327 This study
L410 pCDH_EF1a_PIPPI-Q12N-GFP_IRES_Puro L327 This study

pMD2.G (Addgene #12259), and the second generation pack-
aging plasmid psPAX2 (Addgene #12260). pMD2.G and
psPAX2 plasmids were gifts from Didier Trono. The media
was exchanged after 16 h, and virus-containing supernatant
was collected 48 h and 64 h post transfection. After con-
centrating by double step centrifugation, the final titre was
assessed by extracting and quantifying proviral DNA from
transduced cells. The number of integrations into the host
genome was calculated by normalizing the total number of
provirus copies to a housekeeping gene (hALB).

sORF screens

During screens, media was supplemented with 1% penicillin—
streptomycin. A375 cells were transduced at day 0 with the
lentiviral sORF-encoding library in two biological replicates
at a low multiplicity of infection (MOI) (~0.5). For each repli-
cate, transduction was performed in presence of 2 pug/ml poly-
brene (Sigma-Aldrich), and in enough cells to achieve a rep-
resentation of at least 1000 cells per sORE. Two days af-
ter transduction, cells were re-seeded and selected with 1.5
mg/ml puromycin. At day 5, a fraction of cells was pelleted
by centrifugation and frozen for genomic DNA (gDNA) ex-
traction (timepoint 0, “T0”). The remaining cells were kept
in puromycin and split in different arms for further “no
treatment” or drug treatments (see Fig. 1). After one day,
puromycin selection was removed, and treatment with 10 uM

6-TG (Sigma-Aldrich) was started. Cells of the “no treat-
ment” control arm were maintained under puromycin selec-
tion for three days longer. Untreated cells were sub-cultured
every 3—4 days until the final timepoint at day 21. Drug treat-
ment was renewed every third day, and cells were subcultured
when confluent. The screen was continued until cells repopu-
lated the culture flasks (day 28). Throughout the screens, cells
were collected or re-seeded in a minimal number that would
maintain a representation of at least 1000 cells per sORE.

gDNA extraction and sequencing

gDNA was isolated using the QIAamp DNA Blood Midi Kit
(Qiagen) according to the manufacturer’s instructions. For
PCR amplification of sORF sequences, gDNA was divided
into 100 pl reactions such that each tube had at most 4 pg
of gDNA. PCR reactions were performed using NEBNext®
Ultra™ 11 Q5® Master Mix (NEB). Afterwards, tubes were
pooled per sample and purified using the QIAquick PCR
Purification Kit (Qiagen). Custom-made primers containing
the i5/i7 adapter sequences were synthesized at Integrated
DNA Technologies (IDT), and incorporated during a sec-
ond PCR step. PCR products were purified using QIAquick
PCR Purification Kit (Qiagen), and sequenced on an Illumina
NextSeq500 platform. Finally, the resulting Fastq files were
aligned to our custom sORF library using kallisto v0.46.1
25].



Table 2. PIPPI-targetingsiRNAs

siRNA 5’-3" RNA sequence

PIPPI_siRNA_1_sense
PIPPI_siRNA_1_antisense
PIPPI_siRNA_2_sense
PIPPI_siRNA_2_antisense
PIPPI_siRNA_3_sense
PIPPI_siRNA_3_antisense
PIPPI_siRNA_4_sense
PIPPI_siRNA_4_antisense

GUUGACCUGGUGCAAGAAACAUGCT
AGCAUGUUUCUUGCACCAGGUCAACAG
CUGAGAAUCAGAGACAGAACAUAAA
UUUAUGUUCUGUCUCUGAUUCUCAGAA
ACAUUCUCCAAAAAGAAGCUGCAAC
GUUGCAGCUUCUUUUUGGAGAAUGUUU
GGAGCAGGGUGGUCACACUGACCTT
AAGGUCAGUGUGACCACCCUGCUCCAA

Growth competition assays and flow cytometry

One day before treatment, cell lines were seeded in a 1:1
ratio. This time point is considered “Day 0” of each assay,
and an aliquot of the cell mix was collected for flow cytom-
etry analysis. On day 1, cells were treated with the indicated
dose of 6-TG (Sigma-Aldrich) or tunicamycin (TM; Sigma-—
Aldrich) (see figures for details). An untreated control well
was included for each replica, and biological replicas were
performed on different days. Throughout the duration of the
assay, cells were visually assessed for viability and confluency,
and split accordingly. On sampling days, cells were collected
by trypsinization, and a fraction of the suspension was fixed
with 4% formaldehyde for 10 min at room temperature. After
washing, cells were resuspended in phosphate buffered saline
(PBS), and stored in the dark at 4 °C until analysing them
with a Navios flow cytometer (Beckman Coulter). At least 10
000 living cells were measured for each sample. Long-term
growth competition assays shown in Supplementary Fig. S1B
were performed as above, but 6-TG was renewed every third
day, and cells were collected for flow cytometry every sev-
enth day. In this case, biological replicates were performed in
parallel.

For siRNA knockdown and competition assays, A375
parental and A375-GFP cells were used. Four different siR-
NAs were designed using an online siRNA design tool (https://
eu.idtdna.com/site/order/tool/index/DSIRNA_PREDESIGN),
and ordered from IDT along with a nontargeting, negative
control (NC) siRNA (IDT, #51-01-14-03). The sequences
of all siRNAs are listed in Table 2. Cells were transfected
with either a nontargeting control (NC) siRNA, or a pool
of siRNAs (10 puM) targeting PIPPI, using lipofectamine
RNAIMAX (Thermo Scientific, #13778075) according to
the manufacturers’ recommendations. Twenty-four hours
after transfection, three different 1:1 co-cultures of A375
cells transfected with PIPPI siRNAs were established: a
control co-culture (Parental + NC: GFP + NC), a PIPPI-
knockdown GFP-negative co-culture (Parental + siRNA:
GFP + NC), and a PIPPI-knockdown GFP-positive co-culture
(Parental + NC: GFP + siRNA). The initial percentage of
GFP-positive/negative cells was quantified by flow cytometry
using an Attune TxT cytometer (Thermo Scientific) the day
the co-cultures were plated. Then, cells were maintained
in culture for 7 days, either with vehicle dimethylsulfoxid
(DMSO) or TM (500 ng/ml) treatment, with passages and
renewal of drug every 2-3 days to prevent full confluency.
Final GFP-positive/negative percentages were measured again
by flow-cytometry on day 7. The flow cytometry results
were analysed using FlowJo™ v10.8 Software (BD Life
Sciences).

Generation of PIPPI antibody

The PIPPI antibody was generated by immunoGlobe GmbH.
In short, a rabbit was immunized using the 11-AA-long syn-
thetic peptide CSENQRQNIKG, corresponding to PIPPT AA
14-23. Serum from the final bleed was affinity-purified using
the High-Affinity Antibody Purification Kit (GenScript) with
the immobilized synthetic peptide, and used for immunoblot-
ting (1:200-1:500) or immunoprecipitation experiments.

Protein gels and western blotting

Cell lysates were prepared in RIPA buffer [S0 mM Tris-HCl,
pH 7.5, 1% NP-40, 0.25% sodium deoxycholate, 150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), and
0.1% sodium dodecyl sulphate (SDS)] supplemented with 1x
cOmplete™ Protease inhibitor cocktail (Roche). After son-
ication, the insoluble fraction was removed by centrifuga-
tion. Proteins were resolved by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) under dena-
turing conditions using 4%—-20% Mini-PROTEAN® TGX™
precast polyacrylamide gels (Bio-Rad). Proteins were trans-
ferred to nitrocellulose membranes (Bio-Rad). Immunoblots
were performed using the appropriate primary antibodies (Ta-
ble 3) and the relative horseradish peroxidase (HRP)-coupled
secondary antibodies (Bio-Rad). Proteins were visualized on
an ImageQuant™ LASS500 Imager (GE Healthcare Life Sci-
ences) using the Immobilon Forte Western HRP substrate
(Merck Millipore).

To visualize ncAA(TCO=*K)-containing proteins, 500 nM
SiR-tetrazine (Spirochrome) was added to the lysates for 15
min at room temperature before denaturation. After elec-
trophoresis, the gel was imaged using an Amersham Imager
600 (GE Healthcare life Sciences).

Amber suppression

HEK293T were co-transfected with a plasmid encoding the
protein of interest, and a plasmid encoding the AF variant
of the Methanosarcina mazei pyrrolysine transfer RNA syn-
thetase (PylRS-AF), using transIT®-LT1 (Mirus Bio) accord-
ing to manufacturer’s instructions. COS-7 cells were trans-
fected using Lipofectamine LTX™ with PLUS™ reagent (In-
vitrogen) according to manufacturer’s protocol. Axial trans-
cyclooct-2-ene-l-lysine (TCO%K) was added at the time of
transfection, and cells were either fixed after 24 h for mi-
croscopy (COS-7), or lysed after 48 h and analysed by im-
munoblotting (HEK293T). When cells were to be analysed by
microscopy, the TCO*K was withdrawn 1 h before cell fixa-
tion. TCO*K (SiChem, SC-8008) stock solution was prepared
at 100 mM in 0.2 M NaOH/H; O, 15% DMSO, and diluted to
50 uM right before use in the appropriate growth medium. At
the end of the experiment, TCO*K-containing polypeptides
were labeled using either Tetrazine-Silicon Rhodamine (tet-
SiR, Spirochrome) or 6-Methyl-Tetrazine-BODIPY®-FL (me-
tet-BDP-FL, Jena Bioscience). Both stocks were prepared in
dimethylformamide (DMF) and further diluted in either RIPA
buffer (lysate labeling) or Tris-buffered saline with Tween 20
(TBS-T) for fixed cells labeling before use.

Analysis of glycosylated proteins

Constructs were forward transfected in HEK293T cells us-
ing transIT®-LT1 (Mirus Bio) according to manufacturer’s in-
structions. After 24 h, cells were lysed in RIPA buffer and, after
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Table 3. Antibodies used in the study

Target Antibody name Company Application
ATF-4 Anti-ATF-4 (D4B8) rabbit mAb, #11815 Cell Signaling WB (1:1000)
3-Actin -Actin (13ES) rabbit mAb, #4970 Cell Signaling WB (1:5000)

BiP BiP (C50B12) rabbit mAb, #3177 Cell Signaling WB (1:1000)
Calnexin Calnexin (C5C9) rabbit mAb, #2679 Cell Signaling WB (1:1000), IF (1:50)
CHOP CHOP (L63F7) mouse mAb, #2895 Cell Signaling WB (1:500)
ERp44 ERp44 rabbit Ab, #2886 Cell Signaling WB (1:500)
ERp44 TXNDC4 (E-6) mouse mAb, sc-393687 Santa Cruz P

GAPDH GAPDH chicken Ab, AB2302 Millipore WB (1:10 000)
GFP GFP (B-2) mouse mAb, sc-9996 Santa Cruz WB (1:5000)

GFP GFP rabbit Ab, pabg-1 ChromoTek IF (1:800)

HA HA-HRP high affinity Ab, 12013819001 Roche WB (1:5000)

HA HA-Tag (F-7) mouse mAb, sc-7392w Santa Cruz IF (1:400)

P4HB PDI (C81H6) rabbit mAb, #3501 Cell Signaling WB (1:1000)
SLC30A7 SLC30A7 rabbit Ab, HPA018034 Atlas Antibodies WB (1:200)
Vinculin Vinculin, rabbit Ab, #4650 Cell Signaling WB (1:1000)
PIPPI Polyclonal rabbit serum immunoGlobe GmbH WB (1:200-1:500)

sonication, the insoluble fraction was removed by centrifuga-
tion. Samples were then treated with PNGase F (NEB) accord-
ing to manufacturer’s instructions. In short, lysates were dena-
tured for 10 min in Denaturing Buffer at 100°C. After cooling,
samples were incubated for 60 min at 37°C in the presence of
1% NP-40, GlycoBuffer 2, and PNGase F. NC samples were
included. All samples were then analysed by SDS-PAGE gels
and immunoblotting.

Immunofluorescence microscopy

Cells grown in 18 well p-Slides (ibidi) were fixed with 4%
formaldehyde for 10 min at room temperature and permeabi-
lized for 15 min with 0.1% (v/v) triton/PBS. After washing
with TBS supplemented with 0.1% Tween-20 (TBS-T), cells
were blocked with 2% BSA in TBS-T for 1 h and then incu-
bated overnight at 4 °C with primary antibodies (Table3). In
amber suppression experiments, cells were click-labeled for 60
min with 500 nM 6-Methyl-tetrazine-BODIPY-FL in block-
ing buffer (2% BSA in TBS-T) and washed three times with
TBS-T prior to the incubation with primary antibodies. Af-
ter washing with TBS-T, cells were stained with Alexa Fluor-
conjugated secondary antibodies (Life Technologies) for 60
min at room temperature and counterstained with 1 mg/ml
4’,6-diamidino-2-phenylindole DAPI (Sigma—Aldrich) or with
10 pg/ml AF647-conjugated Concanavalin A (Con A; Invit-
rogen). After washing, cells were imaged on a Zeiss LSM880
confocal laser scanning microscope using a 63x/1.4 oil im-
mersion objective. Images were processed and prepared for
publication using Fiji [26].

Live cell microscopy

One day before the experiment, A375 cells expressing the
ATF4-mScarlet-NLS reporter were seeded in 18 well p-Slides
(ibidi) and cultured overnight in DMEM supplemented as
detailed above. One hour before starting the experiment,
medium was exchanged to Leibovitz’s L-15 Medium (no phe-
nol red, Gibco) supplemented with 10% FBS (Sigma-Aldrich),
4.5 g/l glucose (Sigma-Aldrich), and 1 mM sodium pyruvate
(Gibco). Prior to imaging, TM (500 ng/ml) was added to some
of the wells. Cells were imaged over 24 h at 2-h intervals using
a Nikon eclipse Ti2 inverted widefield microscope equipped
with a heated imaging chamber. Images were acquired with a
20x/0.75 air objective and, post-acquisition, quantified using

CellProfiler [27]. Plots included in the publications were pre-
pared using ggplot2 v3.3.5 [28] run on RStudio v2022.02.03
[29].

Co-immunoprecipitation/MS

Cell lysates were prepared from 80% confluent T-175 flasks in
RIPA buffer not containing SDS (50 mM Tris-HCI, pH 7.5,
1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1
mM EDTA) supplemented with 1x cOmplete™ Protease in-
hibitor cocktail (Roche). After allowing lysis for 15 min, ro-
tating at 4 °C, the insoluble fraction was removed by cen-
trifugation. Supernatants were incubated for 4 h rotating at 4
°C with either 25 pl of GFP-trap magnetic beads (ChromTek,
pre-equilibrated in RIPA w/o SDS) or anti-HA magnetic beads
(Pierce™, pre-equilibrated in 0.05% TBS-T). In the case of the
IP-LC MS/MS experiment in U20S cells, RIPA was supple-
mented with 0.1% SDS for lysis. Before incubating the lysates
with the magnetic beads, samples were diluted 1:10 in RIPA
w/o SDS to lower the concentration of the detergent. After
incubation with the lysates, beads were bound to a magnetic
stand and, if not specified otherwise, washed three times with
RIPA w/o SDS and once with ddH,O. Samples were shortly
vortexed in-between washes. Finally, proteins were eluted
from beads either by boiling in 2x Laemmli buffer (4% SDS,
20% glycerol, 120 mM, pH 6.8) for western blotting analysis
or using 1% acetic acid for liquid chromatography-tandem
mass spectrometry (LC-MS/MS analysis). Elution with 1%
acetic acid was performed twice and supernatants were pooled
and evaporated by heating.

The dried samples were reduced and alkylated for 30 min at
room temperature with 5 mM Tris(2-carboxyethyl)phosphine
TCEP (Pierce™) and 20 mM chloroacetamide (Sigma) dis-
solved in 250 mM Tris buffer, pH 8.5. Sera-Mag beads
(Sigma—Aldrich) were added to the samples in a 1:25 ratio.
An equal volume of absolute ethanol was added to the mix-
ture to stimulate coupling of the proteins to beads. After §
min incubation at room temperature, beads were washed on
a magnetic stand three times with 80% ethanol and then re-
suspended in 50 mM triethylammonium bicarbonate TEAB
(Sigma-Aldrich).One microgram of trypsin (Pierce™) was
added to each sample and digestion was allowed to occur
overnight at 37 °C under gentle agitation. After immobi-
lizing beads on a magnetic stand, supernatants were col-
lected. Bound peptides were then eluted using 2% acetoni-



trile (ACN; Sigma—Aldrich) in 50 mM TEAB (Sigma—Aldrich)
and pooled with the collected supernatants. Samples were
completely dried using a SpeedVac and finally resuspended in
solvent B (80% ACN, 0.1% formaldehyde) for LC-MS/MS
analysis.

LC-MS/MS service was provided by the Finkemeier lab
(Miinster University). Samples were analysed using an EASY-
nLC 1200 (Thermo Fisher Scientific) coupled to an Exploris
480 mass spectrometer (Thermo Fisher Scientific). Separation
of peptides was performed on 20 cm frit-less silica emitters
(CoAnn Technologies, 0.75 pum inner diameter), packed in-
house with reversed-phase ReproSil-Pur C18 AQ 1.9 um resin
(Dr Maisch). The column was constantly kept at 50 °C. Pep-
tides were eluted in 115 min applying a segmented linear gra-
dient of 0%-98% solvent B [solvent A 0% ACN, 0.1% FA;
solvent B 80% ACN, 0.1% formic acid (FA)] at a flowrate
of 300 nl/min. Mass spectra were acquired in data-dependent
acquisition mode. MS1 scans were acquired at an Orbitrap
Resolution of 120 000 with a Scan Range (m/z) of 380-
1500, a maximum injection time of 100 ms and a Normal-
ized AGC Target of 300%. For fragmentation only precursors
with charge states 2—-6 were considered. Up to 20 Dependent
Scans were taken. For dynamic exclusion, the exclusion du-
ration was set to 40 s and a mass tolerance of + 10 ppm.
The Isolation Window was set to 1.6 m/z with no offset. A
normalized collision energy of 30 was used. MS2 scans were
taken at an Orbitrap Resolution of 15 000, with a fixed First
Mass (m/z) = 120. Maximum injection time was 22 ms and
the normalized AGC Target 50%.

The raw data were analysed using MaxQuant Version
1.6.3.4 [30] and searched against the Uniprot protein
database (Human all 2017/11) [31], PIPPI sequences, and the
CRAPome database [32]. MaxQuant default settings were
used with the two options Match between runs and LFQ
intensity reporting activated. The resulting LFQ intensities
were then analysed using the Differential Enrichment analy-
sis of Proteomics data (DEP) package 1.14.0 [33] on RStudio
2022.02.03. After removing common contaminants, imputa-
tion was performed using the “MinProb” method without a
prior “DEP normalization” of the data. Proteins were then
ranked according to their LFC enrichment over parental con-
trol and DEP P-value. Only proteins present in 6/6 replicates
of each pulldown were considered for this analysis. Finally,
volcano plots for publication were generated using the Vol-
caNoseR web app [34].

PIPPl-enrichment/MS

For immunoprecipitation/MS experiments with the PIPPI rab-
bit antibody in Fig. 2 and Supplementary Fig. S2, Pierce
protein-A magnetic beads (50 ul/reaction) were washed twice
with 1x PBS and incubated in the PIPPI rabbit antibody
(1:100 dilution in 1x PBS) overnight at 4 °C.The follow-
ing day, antibody-bound beads were washed once with RIPA
buffer to equilibrate them. 2 Mio A375 cells (parental, PIPPI,
and PIPPI-GFP) were lysed in RIPA buffer for 10 min on ice,
followed by centrifugation at 16 000 xg at 4 °C for 15 min.
The supernatant lysates were retained andadded to antibody-
bound beads. The bead + lysate suspension was incubated
overnight at 4 °C. Post incubation, the beads were washed
once in RIPA buffer, once in 1x PBS with 250 mM NaCl, twice
with 1x PBS, and once with ddH,O. The beads were then
eluted twice with 1% acetic acid, incubated for 5 min each.

The eluates from both rounds were pooled and then evapo-
rated at 95 °C for 25 min, followed by reduction/alkylation
with § mM TCEP (Sigma—Aldrich) and then directly alkylated
in the presence of 20 mM 2-chloroacetamide (Sigma—Aldrich)
for 30 min at 22 °C. Next, proteins were pre-digested for 2 h at
37 °Cwith 1 pg Lys-C (Fujifilm Wako Chemicals), followed by
digestion with trypsin at an enzyme: substrate ratio of 1:100
(Promega), and incubation overnight at 37 °C. The following
day, digests were adjusted with 0.1% trifluoroacetate TFA for
cleanup using C18 tips (Thermo) per manufacturer instruc-
tions. The cleared peptides were dried in a SpeedVac for 2 h
at 65 °C. For MS measurement, peptides were reconstituted
in 0.1% FA.

For the endogenous detection of PIPPI peptides in A375
parental, PIPPI, and PIPPI-GFP cells (Fig. 2D and E and
Supplementary Fig. S2H), we used an Orbitrap Astral and tim-
sTOF HT-Evosep mass spectrometer, for which protocols of
sample processing are described below:

Astral

The following protocol was used to detect PIPPI peptides in
IP/MS samples with a data dependent acquisition (DDA) in
Fig. 2E: top left — Peptide 1, and top right — Peptide 2 MS2
spectra, Supplementary Fig. S2H: top left — Peptide 1, top two
right — Peptide 2 MS2 spectra. The VanquishNeo UPLC sys-
tem (Thermo Scientific) injected samples (containing 200 ng
of digested peptides dissolved in 0.1% FA) into the trap col-
umn (PepMap™ Neo Trap Cartridge, Thermo Scientific) with
a 150 pl loading volume. Then followed a 41.5-min separa-
tion gradient (mobile phase A: 0.1% FA in H,O, and mobile
phase B: 80% ACN, 0.1% FA) on an Aurora Ultimate G3,
C18,25 cm x 75 um ID, 1.7 um bead size analytical column
(IonOpticks, Melbourne, Australia) online with nanoelectro-
spray onto the Orbitrap Astral Mass Spectrometer (Thermo
Scientific). The gradient went from 1% to 4% ACN in 0.5
min, to 32% in 25.5 min, to 45% in 30.5 min, and finally
to 99% at 32.5 min to initiate a washout for 10 min. For all
of these acquisitions, flowrate was maintained at 300 nl/min
and the MS instrumentation parameters were as follows: For a
full scan in positive mode, Orbitrap resolution was set to 120
000, scan range m/z 380-1180, RF Lens 45%, with a target
AGC of 300% or until a maximum injection time of 10 ms is
reached. Precursors were selected for MS/MS scans in the As-
tral mass analyzer based on a Intensity threshold filter of 103,
and charge states 2, 3, 4, 5, 6 were selected, with a dynamic
exclusion duration of 25 s. MS/MS was performed with an
isolation window of 2 Th, 27% HCD collision energy, with a
scan range of 100-1200 m/z, with a target AGC of 100% or
until the maximum injection time of 10 ms is reached.

tims TOF

The following protocol was used to detect PIPPI peptides in
IP/MS samples on the timsTOF HT-Evosep with a ddaPASEF-
based workflow in Fig. 2E: bottom right — Peptide 2 MS2
spectra,Supplementary Fig. S2H: bottom right — Peptide 2
MS2 spectra. For MS analysis, 200 ng of peptides were
loaded onto Evotip PURE (EV2013) according to manufac-
turer’s instructions (EvoSep). The samples were separated
using a standard 30SPD gradient (44 min). The separation
column was a PepSep FIFTEEN 15 cm x 150 um x 1.5
um (Bruker 1893474) connected to a 20 uM ZDV Sprayer
(Bruker 1865710) kept at 40 °C by a heating oven (Column
Toaster, Bruker, Bremen, Germany). Mobile phase A was 0.1%
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FA in MQ and B 0.1% FA in ACN. Online LC-MS was per-
formed using a Tims TOF HT mass spectrometer (Bruker) in
DDA mode, using the CaptiveSpray source, capillary voltage
1500 V in positive mode, dry gas flow of 3 I/min, dry gas
temperature at 180 °C. Mass range 100-1700 m/z and mobil-
ity range of 0.6-1.6 V.s.cm2 was selected. MS/MS was used
with 10 PASEF (parallel accumulation—serial fragmentation)
scans (with 100 ms ramp time) per cycle with a target inten-
sity of 20 000 and intensity threshold of 2500, considering
charge states 0-5. Active exclusion was used with release after
0.4 min. Advanced collision energy setting with nine points of
11 points of collision energy depending on ion mobility: 0.60
V.s/em? — 15.00 eV; 0.70 V.s/em? — 17.50 eV; 0.80 V.s/cm?
- 21.00 eV; 0.90 V.s/cm? — 26.00 eV; 1.0 V.s/em? — 34.00
eV; 1.10 V.s/em? — 42.50 eV; 1.20 V.s/em? — 52.00 eV; 1.30
V.s/cm? — 57.00 eV; 1.40 V.s/cm? — 60.00 eV; 1.50 V.s/cm? —
62.00 eV; 1.60 V.s/cm? — 70.00 eV. Isolation Peak m/z of 2 m/z
was used for 700 m/z and 3 m/z was used for 800 m/z. Data
were acquired using Timscontrol v6.1.1 and Compass HyStar
6.3.1.8.

Data-independent acquisition proteomic analysis of
PIPPI cell lines

For data-independent detection of PIPPI (Supplementary Fig.
S2F and G), cell pellets of 30 M cells were lysed in ly-
sis buffer (100 mM HEPES pH 7.6, 150 mM KCI, 1 mM
MgCl,) by passing the cell suspension through a 27G needle
10 times using a 1 ml syringe. Subsequently, the cell lysate was
incubated on ice for 20 min. The suspension was centrifuged
for 4 min at 16 000 x g at 4 °C and the supernatant was taken
aside. Then the cell pellet was resuspended in lysis buffer and
passed through a 27G needle for 10 times. After 10 min in-
cubation on ice, the suspension was centrifuged for 4 min at
16 000 x g at 4 °C and the supernatant was mixed with the
supernatant obtained from the first centrifugation. Lysate cor-
responding to 100 ug protein was subjected to digestion. Af-
ter 5 min denaturation at 95 °C, sodium deoxycholate (DOC)
(Sigma—Aldrich) was added to a concentration of 5%. Proteins
were reduced for 30 min at 37 °C with 5 mM TCEP (Sigma—
Aldrich) and then directly alkylated in the presence of 20 mM
iodoacetamide (Sigma-Aldrich) for 40 min at room tempera-
ture in the dark. Next, proteins were pre-digested for 4 h at
37 °C with 1 pg Lys-C (Fujifilm Wako Chemicals) and then
diluted 1:5 in freshly prepared 0.1 M ammonium bicarbonate
buffer to bring the concentration of DOC to 1%. Sequencing-
grade Trypsin (Promega) was added at an enzyme: substrate
ratio of 1:100 and incubated overnight at 37 °C. The next day,
the tryptic digest was stopped, and DOC was precipitated by
the addition of FA. To remove DOC precipitates, the digest
was centrifuged at 20 000 xg for 10 min and the supernatant
was transferred to a fresh tube. This procedure was repeated
twice. The cleared digest was loaded onto a 50 mg SepPak
C18 column (Waters) which was primed with 100% methanol
(Sigma—Aldrich), 80% ACN (Sigma—Aldrich) + 0.1% FA and
equilibrated with 1% ACN + 0.1% FA. The flow-through was
loaded one more time, and then the column was washed three
times with 1% ACN + 0.1% FA. Lastly, peptides were eluted
in 35% ACN + 0.1% FA and dried in a SpeedVac for 4 h at
45 °C. For MS measurement peptides were reconstituted in
3% ACN + 0.1% FA.

Peptides were analysed in a data-independent acquisition
(DIA) mode with an Exploris 480 (Thermo Scientific) mass

spectrometer connected to an EASY-nLC (Thermo scientific)
liquid chromatography system operating in nano-flow. Pep-
tides were separated on a 30 cm fused silica column with 75
pum inner diameter packed in-house with 1.9 um C18 beads
(Dr Maisch Reprosil-Pur 120). Peptides were separated along
a 2-h nonlinear gradient constituting of a mixture of buffer A
(3% ACN + 0.1% FA) and buffer B (90% ACN + 0.1% FA)
at a flow rate of 250 nl/min. The DIA method acquired MS1
spectra with a scan range of 350-1650 m/z at a resolution of
120 000 followed by 40 variable MS2 DIA windows with 0.5
m/z overlap at a resolution of 30 000 and a normalized AGC
Target of 3000%.

DIA-MS runs were analysed with Spectronaut 16 (Biog-
nosys AG) in direct DIA + search mode. The spectra were
searched for Trypsin/P specific peptides with a length be-
tween 7 and 52 AA, allowing for two missed cleavages and
setting carbamidomethyl(C) as fixed, and oxidation(M) and
acetyl(protein, N-term) as variable modifications. Identifica-
tions were controlled for a false-discovery rate of 1% on pre-
cursor, peptide, and protein level. The Uniprot release from
15.10.2020 of the Homo sapiens proteome was used as a
reference. To search for peptides corresponding to PIPPI, the
fasta sequence of PIPPI was manually added to the refer-
ence proteome. The report table in the MSstats format was
exported from Spectronaut 16 and further analysed with
MSstats (version 4.6.5) in R. Data from Spectronaut was fil-
tered in MSstats using a g-value cutoff of 1% and removing
proteins with only one feature. The data were normalized in
MSstats using the “equalizeMedians” method and only the
top three features were used to build quantities. For differ-
ential abundance testing, MSstats fits a linear mixed effects
model and applies the Benjamini-Hochberg correction to ac-
count for multiple testing. Volcano plots were plotted in R
using the ggplot package with significance thresholds set to
log, fold change (log,FC) > 1, and adjusted P-value <.035.
The principal component analysis was done with base R us-
ing the MSstats protein quantities as input. The PCA plot was
generated with ggplot in R.

DDA proteomic analysis with stress induction (TM,
6-TG)

For proteomic analysis of A375 cells treated with TM and 6-
TG (Fig. 3E and F), cells were seeded at a density of 1 million
cells per condition and left to adhere overnight. The follow-
ing day, cells were treated with either vehicle control (DMSO)
(Sigma), TM (500 ng/ml), or 6-TG (2 mM) for 24 h. Fol-
lowing treatment, cells were harvested and processed using
the EasyPep™ Mini MS Sample Prep Kit (Thermo Scientific)
per manufacturer instructions. For MS measurement, peptides
were then reconstituted in 0.1% FA.

LC-MS/MS was performed on an Exploris 120 mass spec-
trometer (Thermo Fisher Scientific), with UltiMate 3000
(Thermo Fisher Scientific) UHPLC system. Separation was
performed on PepMap EASYSpray columns at 50 °C. Peptides
were eluted in 115 min with a segmented linear gradient of
0%—-98% solvent B (solvent A 0% ACN, 0.1% FA; solvent B
80% ACN, 0.1% FA), and a flow rate of 300 nl/min. MS spec-
tra were acquired in DDA mode. MS1 scans were acquired at
an Orbitrap Resolution of 120 000 with a Scan Range (m/z)
of 380-1500, a maximum injection time of 100 ms and a Nor-
malized AGC Target of 300%. Up to 4 Dependent Scans were
taken. For dynamic exclusion, the exclusion duration was set
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to 40 s and a mass tolerance of &= 10 ppm. The Isolation Win-
dow was set to 1.6 m/z with no offset. A normalized collision
energy of 30 was used. MS2 scans were taken at an Orbitrap
Resolution of 15 000, with a fixed First Mass (m/z) = 120.
Maximum injection time was 22 ms and the normalized AGC
Target 50%.

The raw data were analysed using MaxQuant Version
1.6.3.4 [30] and searched against the Uniprot protein
database (Human all 2017/11) [31], PIPPI sequences, and the
CRAPome database [32]. MaxQuant default settings were
used with the two options Match between runs and LFQ
intensity reporting activated. The resulting LFQ intensities
were then analysed using the Differential Enrichment analy-
sis of Proteomics data (DEP) package 1.14.0 [33] on RStudio
2022.02.03. After removing common contaminants, imputa-
tion was performed using the “MinProb” method without a
prior “DEP normalization” of the data. Only proteins present
in 3/3 replicates of each pulldown were considered for this
analysis.

PIPPI sORFs sequence alignment

The coordinates of the 24 sORFs matching the PIPPI sequence
from Supplementary Table S2 were used to retrieve the corre-
sponding nucleotide sequences from Ensembl (release 113 —
October 2024), using the script retrieve_sequences.py. The re-
trieved nucleotide sequences were aligned using Benchling’s
Sequence Alignment Tool (MAFFT v7-based alignment, gap
open penalty = 1.53, gap extension penalty = 0). The aligned
nucleotide sequences were then translated into protein se-
quences, compiled in the PIPPI_NPIPfamily_prot.fasta file. Fi-
nally, Jalview software (v2.11.4.1) was used to visualize the
AA variations, the consensus sequence and the similarity tree.
Scripts, files, and sequences are available on the Mendeley
Data entry (access details in Data availability section).

Results

Pooled overexpression screens to identify
functional sORFs

Although thousands of microproteins have been predicted to
exist in mammalian cells, it is highly challenging to define
which of these have a function, and to identify their biologi-
cal role. To efficiently pinpoint functional microproteins, we
set out to perform overexpression screens using a large li-
brary of sORFs encoding for putative microproteins. We fil-
tered our previously described microprotein database [35],
retaining 11 338 sORFs coding for microproteins between
10 and 57 AA (capped by the 200-nucleotide length limit of
oligo pool synthesis), and cloned the sORFs into a lentivi-
ral vector (Fig. 1A). With deep sequencing, we confirmed the
presence of >10 900 of the sequences in the transduced cells
(Supplementary Fig. S1A).

We conducted two parallel screens in human A375
melanoma cells (Fig. 1B): In the first arm, cells were cul-
tured untreated for three weeks to assess whether overex-
pression of any of the sORFs would promote cellular prolif-
eration, whereas in the second arm of the screen, cells were
treated with the cytotoxic compound 6-TG. 6-TG is an ana-
logue of the naturally occurring purine base guanine, and it
is mainly used in the clinic for the treatment of acute and
chronic myelogenous leukemias. In vivo, 6-TG is converted

to 6-TG nucleotides, which interfere with a variety of cellu-
lar processes involved in nucleic acid synthesis [36]. For ex-
ample, 6-TG nucleotides are incorporated in the genome of
target cells during replication, and repair of the resulting le-
sions leads to cellular death. In this arm of the screen, cell
cultures were continuously treated with 10 pM 6-TG un-
til the surviving cells were able to repopulate the culturing
flasks.

For the screen, over 10 million cells were transduced with
the pool of sORFs at a low MOI, ensuring that each sORF
would be represented at least 1000 times in the cell popu-
lation. After antibiotic selection to remove uninfected cells,
a fraction of cells representing the starting population were
collected for later extraction of gDNA. Thereafter, cells were
cultured in absence or presence of 6-TG, and, at the end of
the screen, gDNA of the different populations was harvested.
Finally, sORF cassettes were amplified by PCR and, after li-
brary preparation, the abundance of the individual sORFs
in the different populations was quantified by Illumina se-
quencing (Fig. 1B). By plotting the logarithmic fold-change
(logy FC) in sORFs abundance between the start and the end
populations of the cell proliferation screen, we could appre-
ciate that overexpression of the sSORFs did not influence cell
growth of normally proliferating cells (Fig. 1C). In contrast,
with the 6-TG screen, we could see that a large fraction of
sORFs were depleted in both replicates (Fig. 1D). In con-
trast, two sORFs were highly enriched in both replicates upon
drug treatment, suggesting that cells expressing these two mi-
croproteins are less sensitive toward 6-TG (Fig. 1D). Beside
these two hits, other sORFs were enriched in the final pop-
ulation, but in only one of the two replicates (Fig. 1D). This
was most likely occurring because of a proliferative advantage
that few cells acquired thanks to random mutations, rather
than the presence of the sORFs. The top hit in both repli-
cates corresponds to altDDIT3, which is an annotated mi-
croprotein encoded by a sORF located upstream of the pro-
apoptotic transcription factor CHOP/DDIT3 [37-39]. Previ-
ous work on this uORF suggests that it can be translated to a
functional microprotein that interacts with the downstream-
encoded protein CHOP/DDIT3 [37, 40]. It has also been
shown that the uORF encoding for altDDIT3 principally acts
in cis, either in a peptide-dependent or -independent man-
ner, to downregulate translation of the canonical ORF [41-
44]. The second hit encoded a 50 AA microprotein origi-
nally suggested based on peptide evidence in a proteomics
study [45]. Matching sORF sequences were found in 24 dif-
ferent locations on chr16 and chr18 of the Ensembl 110 hu-
man genome annotation, encoded on transcripts of the NPIP
gene family (Fig. 1E) [46, 47]. We therefore named this mi-
croprotein PIPPL. The NPIP gene cluster, also known as mor-
pheus gene cluster or LCR16a core duplicons, encodes many
rapidly diversifying NPIP paralogs [48], and is one of the
most extreme cases of positive selection observed in primates
[46,47].

To validate the results of the screen, we performed growth
competition assays in which the proliferative capacity of a
microprotein-overexpressing cell line was directly compared
to that of its parental counterpart in a co-culture. In short, a
microprotein-expressing cell line was mixed at a 1:1 ratio with
a control cell line, and the cell mixture was then either cultured
untreated for one week or allowed to recover from a 6-TG
treatment for the same period. At the beginning and at the
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Figure 1. A pooled sORF overexpression screen identifies sSORFs conferring resistance to 6-TG treatment. (A) Schema depicting the rationale for the
design of the sORF library used in this study. (B) Workflow of the pooled overexpression screens performed to identify sORFs modulating cell
proliferation or resistance to 6-TG. (C, D) Scatterplots depicting the results of the cell proliferation screen (C) and the 6-TG screen (D). The log,FC in
abundance of each sORF between the start and the end of the screen is plotted for the two biological replicates. (E) Chromosomal location of nuclear
pore complex interacting protein (NPIP) genes encoding for the PIPPI sORF (left), and exemplary alternative splicing transcript variants annotated in
Ensembl. PIPPI sORFs (PIPPI, PIPPI-L) are shown in red arrows, and the consensus sequence is shown in bold. Minor sequence variants are depicted in
grey below the PIPPI consensus sequence. See also Supplementary Fig. S1C for sequence alignment and Supplementary Fig. S1D for example
RNA-seq coverage. (F) Top: Schema depicting the experimental setup for the growth competition assays. Bottom: Bar charts representing the results of
the growth competition assays performed to validate the results of the 6-TG screen. Where indicated (violet bars), cells were treated for 24 h with 2 uM
6-TG. Height of the bars represents the fraction of microprotein-expressing cells present in the total cell population. Values were averaged based on
three independent biological replicates (black circles). P-values were calculated using unpaired Student's t-test (ns =P >.05; x = P <.05; % = P <.01).

end of the assay, the ratio between GFP-positive and -negative
cells was assessed by flow cytometry (Fig. 1F). Validating the
screening results, expression of untagged PIPPI did not pro-
vide a proliferation advantage over GFP-only-expressing cells
in untreated conditions, but cells expressing the microprotein
proliferated better than the parental cell line after treatment
with 2 uM 6-TG (Fig. 1F). Similarly, cells expressing altD-
DIT3 proliferated better than parental cells after a 6-TG treat-
ment but not in untreated conditions (Fig. 1F). The same ob-
servation could be made when performing the assay using a
cell line expressing a GFP-tagged version of PIPPI and treat-
ing them with a higher dose of 6-TG (10 uM 6-TG, the same
dose used for the screen). Interestingly, when the same strat-
egy was applied to altDDIT3, we could observe that includ-

ing the GFP tag inhibited the protective activity of altDDIT3
(Supplementary Fig. S1B). Altogether, our data support previ-
ous reports indicating that altDDIT3 can be functional as a
microprotein and suggests that it could have a role in inhibit-
ing the pro-apoptotic effects of CHOP/DDIT3, while PIPPI
appeared to exert a similar effect through a yet unknown
mechanism. We therefore chose to focus on PIPPI for subse-
quent characterization.

PIPPI is a novel microprotein localizing to the ER

The coding sequence for PIPPI originates from a highly dupli-
cated region of the human genome. 23 sORFs matching the
PIPPI microprotein sequence were found on chr16 (Fig. 1E,
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Supplementary Fig. S1C, and Supplementary Information)
[49], all encoded by NPIP genes/pseudogenes of the 20 kbp
core duplicon LCR16a [46]. One additional match mapped
to the pseudogene/long-noncoding RNA (IncRNA) NPIPB1P
on chr18. Further, 11 matches were found on alternative chro-
mosome scaffolds. Members of the NPIP gene family can be
subdivided in two subfamilies, NPIPA and NPIPB, encoding
for structurally different proteins, with the NPIPB subfam-
ily being exclusively expanded in chimpanzee, human, and
gorilla [47, 50]. In the majority of instances, PIPPI sORF
is located in the last intron of the reference transcript, but
in certain splice variants, the PIPPI sORF is included in the
mature transcripts (Fig. 1E). NPIP family transcripts appear
to exhibit diverse tissue-specific expression patterns [48]. In-
specting published poly-A RNA-seq from A375 cells [35], we
confirmed that the PIPPI sORF-containing introns show read
coverage and are hence included in many NPIP transcripts
variants (Supplementary Fig. S1D). The AA sequence of all
24 PIPPI paralogs is largely identical, with two minor sin-
gle AA variants S13P and N15S in one and seven paralogs,
respectively (Fig. 1E and Supplementary Fig S1C). In two
pseudogenes/IncRNAs, PDXDC2P-NPIPB14P and NPIPB1P,
the NPIP OREF is lost and a longer isoform of PIPPI, named
here as PIPPI-L, is encoded in the last exon (Fig. 1E). When
we exogenously expressed the two GFP-tagged micropro-
teins in A375 cells, we noticed that PIPPI was more stable
than PIPPI-L (Supplementary Fig. S2A), we therefore decided
to focus on this isoform for further characterization of the
protein.

To characterize the cellular role of PIPPI, we overexpressed
tagged versions of the microprotein in various cell lines, con-
firming its expression and subcellular localization in both sta-
ble A375, RPE-1 and U20S cells (Fig. 2A and Supplementary
Fig. S2A and C), as well as transiently transfected COS-7 and
HEK293T cells (Fig. 2A and Supplementary Fig. S2D). We
decided to work with different tags to ensure that these tags,
despite their sizes and biophysical properties, would not affect
the subcellular localization and function of the microprotein.
When a single HA tag was included at the C-terminus of the
microprotein, PIPPI-HA, the construct appeared to be partic-
ularly lowly expressed and/or unstable, since we were not able
to detect the tagged microprotein in transiently transfected
cells by immunoblotting (Supplementary Fig. S2D). However,
fused to a STELLA tag [51] leader sequence, we were able to
detect the STELLA-PIPPI-HA microprotein via bioorthogo-
nal label and HA-tag (Supplementary Fig. S2D). We observed
STELLA-PIPPI-HA enrichment in the endoplasmic reticulum
(ER) when expressed in COS-7 cells, as highlighted by colo-
calization with the lectin Con A, a well-established marker of
this organelle (Fig. 2A). A stably expressed PIPPI-GFP fusion
also colocalized with the ER marker in A375 (Fig. 2A), RPE-1
and U20S cells (Supplementary Fig. S2B and C). To ascertain
whether PIPPI was associated to the cytoplasmic side of the ER
membrane or was present within the ER lumen, we engineered
a glycosylation site in PIPPI (PIPPIR?'>N-GFP). When tran-
siently expressed in HEK293T cells, this construct displayed
an additional PIPPI band that migrated slower in SDS-PAGE,
and could be reverted by treatment with the de-glycosylase
enzyme PNGase F (Fig. 2B). Altogether, these results suggest
that a fraction of PIPPI is localizing within the glycosylation-
supporting environment of the ER lumen [52], despite the fact
that the microprotein does not possess a canonical ER local-
ization sequence.

Validation of endogenous PIPPI expression

To gain insight on the endogenous expression, localization,
and regulation of PIPPIL, we raised a rabbit antiserum against
the epitope sequence SENQRQNIKG, chosen based on unique-
ness in the human genome and predicted antigenicity. The
affinity-purified antibody robustly detected exogenously ex-
pressed PIPPI-GFP (Supplementary Fig. S2A). However, we
detected neither endogenous PIPPI in parental A375 cells, nor
overexpressed (tagless) PIPPL. Instead, the antibody showed
various unspecific bands in the western blot (Supplementary
Fig. S2A). This could be ascribed either to an inefficient trans-
fer, or high threshold for detecting untagged PIPPIL, since
large amounts of the synthetic PIPPI peptide were needed
to be spiked into the lysate to gain a western blot signal
(Supplementary Fig. S2E).

In a parallel effort, we sought to validate the presence
of endogenous PIPPI by MS. We performed DIA deep pro-
teomics on whole cell lysates of parental A375, PIPPI, and
PIPPI-GFP overexpressing cells (Fig. 2C) and found robust
evidence for overexpressed PIPPI and PIPPI-GFP based on
two independent peptides (see Fig. 2E), but no PIPPI pep-
tides were detected in the parental A375 lysate. Surveying
the proteome-wide differences in parental A375, PIPPL, PIPPI-
GFP, or GFP-expressing cells in the same DIA data, we found
that any effects induced by exogenously expressing PIPPI
were overall mild, with very few other proteins being signifi-
cantly increased or decreased (Supplementary Fig. S2F and G
andSupplementary Table S3).

We hypothesized that, despite its limited performance on a
western blot, our polyclonal antibody could be used to enrich
for endogenous PIPPI as a pre-fractionation step for a pro-
teomics experiment (Fig. 2D). We performed PIPPI immuno-
precipitation (IP) from A375 cells on Protein A-magnetic
beads followed by LC-MS/MS with DDA acquisition on two
high-end mass spectrometers, Thermo Orbitrap Astral and
Bruker timsTOF. In addition to the parental A375 cell line,
we also included A375 PIPPI and A375 PIPPI GFP cell lines
in this experimental set up. We were able to detect two tryp-
tic peptides, deriving from the PIPPI consensus sequence in
wildtype A375 cells (Fig. 2D and E). While undetectable in
whole cell lysates, PIPPI ranked amongst the top ~20% most
abundant proteins after the antibody-based enrichment. On
the timsTOF system, we were able to detect one of the pep-
tides with high confidence (Fig. 2D and E). The same peptides
were also identified in pre-enriched lysates from PIPPI and
PIPPI-GFP overexpressing cells (Supplementary Fig. S2H). In
summary, antibody-based pre-enrichment provided us with a
means to specifically enrich the cellular proteome for our mi-
croprotein of interest, a strategy that could be generally ap-
plicable for enhancing detection of endogenous microprotein
species.

The microprotein PIPPI enables cells to overcome
ER stress

Based on the results of our initial screen, we hypothesized that
PIPPI could be involved in the repair of nuclear DNA lesions.
However it is also known that 6-TG treatment can result in
mitochondrial DNA damage, mitochondrial dysfunction, and
the activation of the unfolded protein response (UPR), a stress-
response pathway that cells activate to relieve the accumula-
tion of misfolded proteins in the ER [53-56]. While we did not
find evidence that PIPPI alleviated cellular stress in response
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Figure 2. PIPPI is a novel microprotein localizing to the ER. (A) STELLA tag was used to define the subcellular localization of PIPPI-HA in COS-7 cells.
The BODIPY-FL:tetrazine dye (BDP-FL) was reacted with TCOx*K incorporated in the PIPPI-HA sequence. The ER is stained using Con A. Images
presented in Fig. 2A are overlapped to highlight the extent of colocalization between the BDP-FL and HA signals, as well as the BFP-FL and Con A
signals. In the lowest panel are representative confocal images of A375 cells stably expressing a PIPPI-GFP transgene. Con A staining was included to
visualize the ER. (B) A PIPPI-GFP point mutant engineered to allow N-glycosylation were transiently expressed in HEK293T cells. After lysis, samples
were treated with the recombinant amidase PNGase F and analysed by immunoblotting. Actin was used as the loading control. (C) MS (DIA) was used
to quantify the abundance of PIPPI and PIPPI-GFP in whole cell lysates from A375 cells, represented by the bar plot. P-values were calculated using
unpaired Student's t-test (ns = P >.05; * = P <.05, ** = P <.01. %xx = P <.001). (D) Schema showing the pre-enrichment strategy, using PIPPI
antibody-bound Protein-A magnetic beads. The tables below summarize the identification of PIPPI tryptic peptides in Astral (top table, three replicates)
as well as timsTOF (bottom table). (E) Schema of tryptic peptides identified by MS (Peptide 1, Peptide 2) as well as the immunogen used to raise the
custom-made PIPPI antibody used for pre-enrichment. MS2 spectra from A375 parental cells in both Astral and timsTOF are presented.



12

A A375 E  Total Proteome
™ - 5h - Principle component analysis
Ads
6-TG - - sh 2 Cellline
N « A375
> & &> T 10 ® PIPPI
@ o K @ K E ¥
> R & K & KR a ® PIPPI-GFP
e AL QT Q =
o~
Treatment
g‘; -—— —‘ ATF-4 g .y
% i 1o = Sere
j-—-——-lACtln ®
37 ATM
-20  pe
B Tunicamycin -20 o
@80 PC1 (23.4%)
§) 60 F Significant protein alterations Tunicamycin, 6-Thioguanine
% |:| Untreated No treatment ~ Tunicamycin  6-Thioguanine
% A375 PIPPI PIPPI- A375 PIPPI PIPPI- A375 PIPPI PIPPI-
5 40 [ Tunicamycin GFP GFP GFP
X DNAJC3 [ . 1
) NUCB2
a 20 TIMP1
s CRELD2
ARHGEF2 [N N n
X SERPINE2 [ IEEW
=0 Vo . ™
SLC1A4
PRRC1 & o
TINAGL1 [ e
LAMB3 G2
FAM129A TS
HYOU1 oW s
WARS 2o
IFITM3 S g
SAT1 e 23
PDIA3 c8a
MANF g3
c A375 PDIA4 gé 5
- HSP0B1 2eg
- PSPH
™ 5h ASNS | 538
x X LGALS3BP 229
S S HSPAS 80
A
& & o R Tl 38
wa QT R R Q SPANXC

COX5B
Sl s ATFs Vong:
37 T-CO2
E—— o e

HNRNPK.1 L | |

2= —cror ek
150 ’ . DNMT1
100@ Vinculin TYMS
f . e
s7-|== == === Actin

ITGAG | )
i i ARL3 2
D Tunicamycin favrd I 3
5 KPNA2 3
—_ UBE2T o
5 Al g
< 4 PIPPI wsHo | g
> SPTBN1 3
3 3 CUL4B 2
c = MARCKSL1 o
2 o PBK o
c 2 . —— PLOD3
= y s P4HA2
s f TSG101
L — ZC3H18
= = MRPS17
o RPL22L1 [ |
0 5 1 15 20 25 PRESeT Fl
Time (h) log2 Centered intensity A -
4 2 0 2 4
G H
80
@
siRNA 1 siRNA 2 siRNA 3 siRNA 4 E 60 DUntreated
== z [ Tunicamycin
NPIPB5-204 PIPPI % 20 (500 ng/mL)
R e T
Exon 57 67 n % 20 @ A375-GFP cells
NFIFEs-Z'M PIPPI ) = A A375 parental cells
Exon: 34 4/4 0
SO
o'\\ +PIPPI
siRNA

Figure 3. PIPPI is involved in the ER stress response. (A) Parental and PIPPIl-expressing A375 cells were treated for bh with either 500 ng/ml TM or 5
uM 6-TG. The level of ATF4 induction was assessed by immunoblotting. Actin was used as a loading control. (B) Bar chart representing the results of the
growth competition assays performed to assess the effects of TM on cellular proliferation of parental versus microprotein-expressing cells. Height of the
bars represents the fraction of PIPPl-expressing cells present in the total cell population. Values were averaged based on three independent biological
replicates (circles). P-values were calculated using unpaired Student’s t-test (ns = P >.05; * = P <.05, ** = P <.01). (C) Parental and PIPPl-expressing
A375 cells were treated with 500 ng/ml TM for 5 h. After lysis, the expression of different proteins involved in ER stress response were assessed by
immunoblotting. Actin was used as a loading control. (D) Parental and PIPPIl-expressing A375 cells, engineered to express a fluorescent ATF4 reporter,
were treated with 500 ng/ml TM, and imaged every 30 min over the course of 24 h. Wells with untreated cells were included and are reported in the
graph as dashed lines. Plotted are the median, first quartile and third quartile values that were calculated using the mean intensity of at least 300 cells.
(E) Principal component analysis of whole cell lysate MS performed on A375 parental, PIPPI, and PIPPI-GFP expressing cells treated with either vehicle
(DMSO), TM (500 ng/ml, 24 h), or 6-TG (2 mM, 24 h). (F) Clustered heatmap representing log, centered intensity of significantly altered proteins
comparing 6-TG and TM treatments with vehicle control, with gene ontology analysis of the proteins commonly deregulated in 6-TG and TM treatments.
(G) Schematic showing the siRNA target locations used for knocking down the PIPPI sORF region in A375 cells. (H) Bar graph representing competitive
growth between A375 parental (GFP—) and A375-GFP (GFP+) cells transfected with siRNAs targeting PIPPI or a nontargeting NC, and further treated
with either vehicle (DMSO) or TM (500 ng/ml). Shown is proportion of GFP— cells transfected with PIPPI siRNAs (triangles) competing with GFP + cells
transfected with NC or GFP + cells transfected with PIPPI siRNAs (circles) competing with GFP— cells transfected with NC. Statistical significance was
assessed by two-way ANOVA followed by Tukey's multiple comparisons test. Adjusted P-values are indicated as follows: (ns =P >.05; * = P <.05, %% =
P <.01, xxx = P <.001). Values were averaged based on four independent biological replicates (2 GFP+, and 2 GFP— replicates, to account for GFP
labelling bias).



to DNA-damaging agents camptothecin, etoposide, and cis-
platin (data not shown), we ascertained that PIPPI modulated
the UPR: When treating parental and PIPPI-expressing A375
cells for 5 h with either 6-TG or TM, a compound inhibiting
the first step of N-linked glycosylation [57], we confirmed that
both drugs triggered a stabilization of activating transcription
factor 4 (ATF4), a central player of the UPR. Interestingly, in
these experiments, we also noticed that ATF4 activation in
PIPPI-expressing cells was attenuated compared to parental
A375 (Fig. 3A). We further performed growth competition as-
says, in which cells were treated with a sub-lethal dose of TM.
Confirming the involvement of PIPPI in an ER stress response
pathway, PIPPI-expressing cells were able to grow better than
their parental counterparts after either a short (5 h) or long
(24 h) treatment with TM (Fig. 3B), with a similar outcome in
PIPPI-GFP expressing cells (Supplementary Fig. S3A).

To better understand the effects of PIPPI on cancer cells’
ability to deal with misfolded proteins, we assessed the in-
duction of some key components of the UPR. The chaperone
BiP/HSPAS plays a critical role in sensing the accumulation
of misfolded proteins in the ER and, upon binding to un-
folded proteins, further activating transcription factors ATF6
and IRE1 [58]. ATF6 and IRE1 promote the upregulation of
ER chaperones, such as BiP itself, and folding enzymes, such as
protein disulfide isomerase (PDI). BiP also activates the PKR-
like ER kinase PERK, one of the four kinases constituting
the integrated stress response (ISR), which in turn phosphory-
lates the eukaryotic initiation factor 2 alpha (elF2«) [59]. As
a result of e[F2« phosphorylation, the rate of translation ini-
tiation is decreased to reduce general protein synthesis and
thereby alleviate the situation of stress. Under these condi-
tions, a subset of mRNAs, which include the one encoding
for ATF4, are selectively translated to promote recovery and
survival [60]. Finally, if the stress situation is not promptly
resolved, prolonged activation of the UPR results in the up-
regulation of the C/EBP Homologous Protein (CHOP/DDIT3)
transcription factor, which initiates apoptotic cell death [39].
Interestingly, despite both cell lines displaying a similar up-
regulation of BiP which is indicative of the cells being sub-
jected to similar levels of ER stress, PIPPI-expressing cells had
a dampened downstream signalling, resulting in a weaker sta-
bilization of both transcription factors ATF4 and CHOP (Fig.
3C). Importantly, the same phenotype could also be recapit-
ulated in A375 cells expressing either PIPPI-GFP or PIPPI-L
(Supplementary Fig. S3B and C). To confirm this observation
using an independent approach, we engineered A375 cells to
express a fluorescent reporter for ATF4 induction [61], and
imaged the living cells for 24 h after treatment with TM. Two
hours after TM treatment, the levels of ATF4 started increas-
ing in both parental and PIPPI-expressing cells, but from the
beginning the PIPPI curve was less steep than the parental
one. Moreover, ATF4 levels plateaued earlier in PIPPI cells,
corroborating the initial observation that these cells have a
dampened activation of the UPR after exposure to ER stress
(Fig. 3D). Further, experiments performed in human U20S os-
teosarcoma cells confirmed that the dampened activation of
the UPR is not an A375-specific phenotype, but can be reca-
pitulated in cells of different origin (Supplementary Fig. S3D
and E).

To further understand the relationship between TM- and
6-TG-induced stress and the role of PIPPI, we performed a
proteomics survey of parental, PIPPI- and PIPPI-GFP A375
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cells treated with TM or 6-TG. Notably, the majority of sig-
nificantly up- and downregulated proteins in the response to
TM and 6-TG were shared (Fig. 3E and F and Supplementary
Table S4); common upregulated proteins were enriched in
GO terms ‘protein folding’ and ‘ER stress response’, whereas
downregulated proteins were indicative of a cell cycle arrest
(Fig. 3F and Supplementary Fig. S3F and G). The overall pro-
teome response was highly similar between parental, PIPPI,
and PIPPI-GFP overexpressing cells (Fig. 3E), albeit many of
the key ER-stress induced factors, including ATF4, BiP, CHOP,
were too low abundant to be detected in any of the treatments
in our proteomics dataset of ~2000 quantified proteins. A
known group of genes downstream of ER stress are AA trans-
porters [62, 63], and intriguingly we found one of the previ-
ously described ATF4 targets, SLC1A4, to be highly upregu-
lated in parental A375, but not PIPPI and PIPPI-GFP express-
ing cells upon TM treatment (Fig. 3F). This may indicate that,
through attenuation of ATF4 activity, PIPPI also attenuates
activation of some of the downstream stress response genes.

Given the collective evidence from the overexpression stud-
ies above, pointing to a role of PIPPI in dampening the stress
response, we hypothesized that depleting endogenous PIPPI
would in turn sensitize cells to ER stress. Given the complexity
of the NPIP gene cluster, various challenges existed to perform
a loss-of-function experiment: it is unclear which NPIP para-
log expresses a transcript retaining the intronic PIPPI sORFE,
and whether PIPPI is produced from a single or multiple NPIP
genes, or the pseudogenes encoding for PIPPI-L (Fig. 1E). The
high sequence similarity between paralogs made it impossi-
ble to target specific NPIP transcripts e.g. with CRISPR/Cas9,
and any knockout or knockdown of the main NPIP transcript
would invariably affect expression of the NPIP proteins with
unknown consequences. However, we reasoned that target-
ing RNA interference (RNAI) to the PIPPI sORF would en-
able depletion of PIPPI while sparing the main NPIP tran-
script for which the targeted region lies in an intron. The
PIPPI sORF and surrounding sequences are virtually identi-
cal amongst all occurrences, allowing us to design four short
interfering RNAs (siRNAs) spanning all PIPPI sORF (Fig. 3G).
None of the four siRNAs had significant matches elsewhere in
the human genome (Supplementary Fig. S3H). We performed
co-culture experiments mixing parental and GFP-expressing
A375 cells after transfecting each with a pool of the PIPPI
siRNAs or nontargeting NC siRNAs, respectively (Fig. 3H). In
2/4 replicates, the labeling of PIPPT and NC siRNA-transfected
cells was swapped (see the ‘Materials and methods’ section
for co-culture experiment details). By tracking the fraction
of GFP— and GFP + cells over time, with or without TM
treatment, we were able to determine if PIPPI siRNA affected
cell growth and stress sensitivity compared to the control
siRNA. Strikingly, PIPPI knockdown cells showed a signifi-
cant growth defect compared to NC-transfected cells, which
was further exacerbated after TM treatment (Fig. 3H). These
results support a protective role for endogenous PIPPI in the
cellular response to ER stress, although it cannot be ruled
out that the knockdown of PIPPI-containing transcripts has
wider effects on NPIP main ORFs or noncoding functions
of the affected NPIP genes/pseudogene transcripts. In sum-
mary, PIPPI-expression correlates with a dampened response
when experiencing ER stress and, consequently, provides cells
with a better chance to survive and proliferate under stress
conditions.
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Dissecting PIPPI’s interactome

The presence of PIPPI at the ER, including the ER lumen
(Fig. 2A and B), in combination with its apparent ER-related
function (Fig. 3), led us to hypothesize that PIPPI may be
exerting its function as stress mediator in the ER. To iden-
tify cellular interaction partners of PIPPL, we performed co-
immunoprecipitation (co-IP) experiments followed by LC-
MS/MS with the PIPPI-GFP fusion and controls in A375
and U20S cells. Our rationale for using a strong affinity tag
was the limited specific enrichment with the PIPPI antibody
(Fig. 2D). Capturing PIPPI-GFP with GFP-nanobody-coupled
beads, we identified several ER-resident (BiP/HSPAS, P4HB,
DNAJC10, ERLINT1) or ER-golgi trafficking proteins (ERp44,
TMED10) that were enriched in the PIPPI-GFP sample in both
A375 and U20S cells (Fig. 4A-C and Supplementary Table
S5). STRING network analysis of the top 10 putative PIPPI
interactors highlighted proteins belonging to biological pro-
cesses significantly enriched in the network. For example, blue
nodes indicate proteins involved in the “response to ER stress”
(FDR = 0.00054) and green nodes correspond to proteins re-
lated to “protein folding in the ER” (FDR = 0.00054). In ad-
dition to this, nodes associated with cellular components sig-
nificantly enriched in the network, in this case the “ER-Golgi
intermediate compartment” (ERGIC), are highlighted in red
(FDR = 7.85¢7%) (Fig. 4D).

We further validated the interaction of PIPPI-GFP with BiP
and the Endoplasmic Reticulum Protein 44 (ERp44) in U20S
cells (Fig. 4E and F). BiP is a chaperone involved in the folding
and assembly of proteins in the ER, and its main function is
to recognize and bind unfolded proteins in the ER. Hence, we
were not able to distinguish if PIPPI-GFP is a folding client of
BiP or binds BiP in another way. BiP protein levels increase
when unfolded proteins accumulate in the ER, but we did not
observe such effect by PIPPI overexpression, corroborating
that PIPPI itself does not induce or increase protein folding
stress in the ER (e.g. Fig. 3C and Supplementary Fig. S3C).
ERp44, the other top interactor, is a member of the PDI fam-
ily of ER proteins, which principally functions as a pH- and
Zinc-dependent chaperone along the secretory pathway. In
fact, ERp44 cycles between the ER and the Golgi, control-
ling the secretion of disulfide-linked oligomeric proteins and
ensuring the correct localization of ER enzymes, lacking local-
ization signals [64]. Besides these canonical roles, ERp44 has
been shown to interact and regulate a brain-specific subtype of
the Inositol 1,4,5-trisphosphate receptors (IP;Rs), which are
intracellular channels controlling calcium release from the ER
[65].

To better understand the relationship between PIPPI and
its interaction partners, we generated a panel of cell lines ex-
pressing PIPPI-GFP truncations (Fig. 4G) and analysed them
by co-IP and confocal microscopy (Fig. 4H and I). The most
striking phenotype was observed for PIPPI**4-51 lacking its
C-terminus, resulting in the loss of almost all interaction part-
ners (Fig. 4H), and a pan-cellular localization (Fig. 41). A dif-
fuse localization was also observed for the N-terminal mutant
PIPPI*?>~, despite which this mutant seemed to retain some of
the interaction partners (Fig. 4H). Interestingly, both of these
PIPPI mutants lost their interaction with TMED10. Thus, we
hypothesize that in normal conditions, the Golgi complex-
localizing protein channel TMED10 is shuttling PIPPI into the
lumen of the secretory pathway, where it is retained princi-
pally thanks to the action of ERp44. Another interesting phe-
notype could be observed for PIPPI*?%-3% which appeared to

be particularly unstable (Fig. 4H and I). Finally, the A10-
17, A20-27, and A36-43 mutants appeared to retain their
capability of localizing in the ER and Golgi complex, but
their distribution within the compartments could be affected
by their differential ability to interact with ERp44, BiP, and
ERd;jS5. Interestingly, mutants A20-27 and A36-43 seemed to
be able to reach the ER, as judged by their capability to inter-
act with BiP and ERdj5, despite not interacting with ERp44
(Fig. 4H). This indicates that there is another factor able to
relocate PIPPI from the Golgi to the ER. Further, mutants of
the C-terminal domain of PIPPI, where the only two cysteines
of PIPPI are located, interact less promptly with ERdj5. We
confirmed the interaction of PIPPI-GFP with TMED10 and
ERdj5/DNAJC10, also showing distinct dependencies on in-
teracting regions within PIPPI (Fig. 4H). TMEDI10 is a type
I membrane protein which localizes to the plasma membrane
and Golgi and is involved in protein trafficking [66]. More
recently, it has also been shown that TMED10 can mediate
the uptake of leaderless secretory proteins into the ERGIC,
favouring their secretion via an unconventional protein secre-
tion pathway [67]. ERd;}$ is an ER disulfide reductase capable
of both promoting correct folding of proteins by removing
nonnative disulfide bonds, but also for initiating the degrada-
tion of misfolded proteins [68, 69]. To summarize, we showed
that PIPPI interacts with different proteins within the secre-
tory compartment, predominantly ERp44 and BiP. In addi-
tion, we tentatively delineate the role of each interactor for
PIPPI localization and function.

The ability to interact with ERp44 is a prerequisite
for PIPPI's function

To further validate the interaction between PIPPI and ERp44,
we performed reverse co-IP by immunoprecipitating HA-
ERp44 in lysates obtained from PIPPI-GFP A375 cells
engineered to co-express HA-ERp44 (Supplementary Fig.
S4A). We performed a similar co-IP experiment after co-
overexpressing ERp44 and PIPPI-GFP in HEK293T cells (Fig.
SA). In this experiment, we included the ERp44<?°Y mu-
tant which is unable to interact with its client proteins [70].
The mutated cysteine C29, which is part of the N-terminal
thioredoxin-like domain of ERp44 (CRFS), is in fact necessary
to form mixed disulfide bonds with client proteins [70]. Inter-
estingly, the C29V mutant of ERp44 was not abrogating the
interaction with PIPPI, suggesting that PIPPI is not a canonical
client protein of ERp44 (Fig. SA). To clarify the importance of
(mixed) disulfide bonds for PIPPI function, and encouraged by
the observation that PIPPI*?8-35 and PIPPI**+-5! severely af-
fect the microprotein’s stability and localization, we decided
to point-mutate to alanine the two cysteines present in PIPPI
(C35A and/or C51A). The double mutant PIPPIC35A-CS1A 5.
peared to be particularly unstable, but the single point mu-
tants could be expressed in cells and were slightly more stable
than the wild type microprotein, suggesting that the two cys-
teines forming an intramolecular disulfide bond is not a pre-
requisite for proper folding and stabilization of the protein.
When we tested how the cysteine mutants affected the inter-
actome of PIPPI, we noticed that both point mutants com-
pletely abrogated the interaction with ERp44 and increased
the fraction of the protein that remains bound to TMED10
(Fig. 5B). Similar to what was observed with the truncation
mutants, inhibiting the ability of PIPPI to interact with ERp44
decreased the amount of the microprotein that reaches the ER,
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Figure 4. |dentification of PIPPI interaction partners. (A, B) Volcano plots of co-immunoprecipitation LC-MS/MS (co-IP/MS) experiment performed with
parental, GFR and PIPPI-GFP-expressing A375 cells. The experiment was conducted in two biological replicates, each analysed with three technical
replicates. Thresholds are set at logoFC = 2 and DEP adjusted P-value = 0.1 (dashed lines). Proteins enriched in PIPPI-GFP lysates are clustering in the
right half of the plot, top enriched proteins (assessed by Manhattan distance) are labelled in the plot. (C) Volcano plot of co-IP/MS experiment performed
with parental, and PIPPI-GFP-expressing U20S cells. Commonly enriched proteins are highlighted in bold in A375 and U20S plots. (D) STRING network
of the putative top 10 PIPPI interactors identified by co-IP/MS in U20S cells. Nodes belonging to biological processes significantly enriched in the
network are highlighted in blue (Response to ER stress, FDR = 0.00054) and in green (Protein folding in the ER, FDR = 0.00054). Nodes associated to
cellular components significantly enriched in the network are highlighted in red (ERGIC, FDR = 7.85e 7). (E) U20S-PIPPI-GFP lysates were
immunoprecipitated using a GFP-trap and analysed by immunoblotting to validate the co-IP/MS results. (F) Lysates obtained from parental and
PIPPI-GFP-expressing U20S cells were immunoprecipitated using a GFP-trap and analysed by immunoblotting. (G) Schema depicting the different
PIPPI-GFP truncations that were tested in Fig. 4H and |. (H) Lysates from A375 cells stably expressing different deletion mutants of PIPPI were
immunoprecipitated using GFP-trap, and analysed by immunoblotting to identify regions in PIPPI responsible for protein—protein interactions. (I) Confocal
images of A375 cells stably expressing a panel of PIPPI-GFP truncations. Con A staining was included to visualize the ER.
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Figure 5. PIPPI exerts its protective function through the PDI ERp44. (A) PIPPI-GFP was transiently co-overexpressed with either wild-type HA-ERp44 or
a CRSF mutant of HA-ERp44 in HEK293T cells. Lysates were subjected to immunoprecipitation using HA-beads and analysed by immunoblotting. (B)
Lysates obtained from parental, wild type PIPPI-GFP-, C35A PIPPI-GFP-, and C57A PIPPI-GFP-expressing A375 cells were subjected to
immunoprecipitation using GFP-trap and analysed by immunoblotting. (S) indicates a short exposure, whereas (L) indicates a long exposure of the same
antibody. (C) Bar chart presenting the results of the growth competition assays performed to assess the effects of TM on the proliferation of C35A
PIPPI-GFP- and C57A PIPPI-GFP-expressing A375 cells. Height of the bars represents the fraction of PIPPl-expressing cells present in the total cell
population. Values were averaged based on three independent biological replicates (circles). At least 10 000 cells were measured for each sample.
P-values were calculated using unpaired Student’s t-test (ns =P >.05; * = P <.05).

as implied by the lower amount of PIPPI binding to BiP (Fig.
5B). Finally, we investigated how these two PIPPI mutants in-
fluenced cell proliferation upon treatment with TM, and we
observed that overexpression of neither of them was helping
cells coping with ER stress to the extent measured with the
wild type PIPPI microprotein (Fig. 5C). In line with this, the
dampened activation of the UPR observed in PIPPI cells was
less accentuated in cells expressing the one or the other cys-
teine mutant, suggesting that interaction with ERp44 is critical
for PIPPI functionality (Supplementary Fig. S4B).

Discussion

In this study, we presented a pooled cDNA overexpression
screen, capable of identifying microproteins with specific cel-
lular phenotypes, out of an sORF library of over 10 000 can-
didates. One disadvantage of a pooled screen is the inability
to validate how many of the supplied sORFs produce stable
microprotein products. Since the majority of our sORF candi-
dates were derived from ribosome profiling evidence, it may
be expected that many of these represent sSORFs for transla-
tion control that do not produce a stable functional micro-
protein. However, the pooled format does not suffer from car-
rying along many nonfunctional clones, hence providing the
bandwidth to include large numbers of candidates in order to
“find the needle in a haystack”. In a proof-of-concept screen
performed to uncover novel factors promoting cell survival
upon exposure to 6-TG, we identified the known microprotein
altDDIT3 and a novel, uncharacterized microprotein, which
we named PIPPIL PIPPI is encoded within a highly duplicated
region of the human genome, the NPIP gene family [46, 71].
In all NPIP genes, the PIPPI sORF is found downstream of
the main NPIP ORF, and located in an intron of the most an-
notated NPIP transcripts. Nevertheless, poly-A RNA-seq data
suggests that the PIPPI sORF is part of splice variants that
include the intron.

While PIPPI was first suggested on the basis of proteomics
evidence in K562 cell lysates [45], we were not able to de-
tect PIPPI by DDA (data-dependent acquisition) shotgun pro-
teomics in a range of cell lysates, including A375, K562,

U20S, HEK293T, even when applying small protein fraction-
ation methods (data not shown). Raising a polyclonal anti-
serum against a predicted immunogenic sequence within PIPPI
did not yield highly specific antibodies that could be used for
general western blot, immunofluorescence, or immunohisto-
chemistry applications, but provided us a means to enrich
PIPPI from cell lysates, and ultimately allowed us to detect
tryptic peptides from endogenously produced PIPPI.

Validating the role of PIPPI in 6-TG resistance, we un-
covered functional and biochemical links between PIPPI and
the unfolded protein response (UPR). Co-culture experiments
provided us a sensitive assay for assessing cell fitness un-
der normal growth and ER stress conditions. Overexpress-
ing PIPPI or PIPPI-GFP did not affect normal growth in com-
parison to the parental A375 cells, but enhanced growth af-
ter TM and 6-TG treatments. In turn, RNAi targeting the
PIPPI sORFs increased sensitivity to TM treatment, suggest-
ing a positive correlation between PIPPI levels and resistance
to ER stress. Knockdown of PIPPI sORFs reduced cell pro-
liferation already under normal growth conditions, an inter-
esting finding given that the NPIP proteins have not been as-
signed an essential function despite the strong positive selec-
tion observed for the gene cluster [48, 50]. A limitation of
our study is that we could not delineate which (one or more)
instances of the sORF could produce the microprotein, and
how its transcription and translation is regulated, together
or separately from the NPIP gene products. Hence, further
studies will be needed to dissect the functional elements en-
coded by the LCR16a core duplicon in the form of main
and alternative ORFs, or noncoding features. A deeper un-
derstanding of any functional relationship between the NPIP
main ORFs and the downstream PIPPI sORFs is pending a
functional characterization of the NPIP protein family, albeit
preliminary analysis suggests that NPIP proteins are upreg-
ulated by signals of viral infection, and hence may also par-
ticipate in stress responses [50]. The entire NPIP gene fam-
ily is undergoing rapid positive selection in primates [46,
48], suggesting that these evolutionarily young proteins could
perform specialized functions in primate-specific tissues and
organs.
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For further experiments in our study, we worked with the
exogenously expressed microprotein to define its localization
and interactome to set the basis for further characterization of
PIPPIL. Interestingly, PIPPI appeared to be localized in the ER
lumen, despite being devoid of canonical signal peptides or ER
localization motifs. We hypothesized that this occurs thanks
to the action of the trafficking protein TMED10, which can
orchestrate the secretion of a spectrum of cargos upon facili-
tating their uptake in the ERGIC [67]. From here, PIPPI can be
shuttled to the ER via its interaction with the PDI-homologue
chaperone ERp44 [64]. Once in the ER, we observed that
PIPPI has the ability to positively affect cellular response to ER
stress, allowing cells to proliferate better, and partially escape
apoptosis, under these conditions. Challenges remain, such as
understanding how and when specific SORFs are used by an
organism, especially in the case of recently evolved sORFs,
whose expression and function could be extremely narrow by
cell type or condition. As an attenuator of the ISR, PIPPI may
serve a general pro-survival function that could be invoked
by cells under specific stress conditions, which we have yet
to fully understand. In summary, our study adds to our un-
derstanding of the functional potential of microproteins, and
provides strategies to explore the vast and largely uncharac-
terized human sORF translatome.
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