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ABSTRACT

YPEL2 is a member of the evolutionarily conserved YPEL family involved in cellular proliferation, mobility, differentiation
as well as senescence and death. However, the mechanism by which YPEL2, or YPEL proteins, mediates its effects
is yet unknown. Proteins perform their functions in a network of proteins whose identities, amounts, and compositions
change spatiotemporally in a lineage-specific manner in response to internal and external stimuli. We here explored
interaction partners of YPEL2 by using dynamic TurbolD-coupled mass spectrometry analyses to infer a function for
the protein. Our results using inducible transgene expressions in COS7 cells indicate that proximity interaction partners
of YPEL2 are largely involved in RNA and mRNA metabolic processes, ribonucleoprotein complex biogenesis,
regulation of gene silencing by miRNA, and cellular responses to stress. We showed that YPEL2 interacts with RNA
binding protein ELAVL1 and selective autophagy receptor SQSTM1. We also found that YPEL2 participates in events
associated with the formation/disassembly of stress granules in response to sodium arsenite an oxidative stress
inducer. Establishing a point of departure in the delineation of structural/functional features of YPEL2, our results
suggest that YPEL2 may be involved in stress surveillance mechanisms.
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INTRODUCTION

17B-Estradiol (E2), the most potent estrogen hormone in the circulation, is involved in a wide variety of vital
physiological functions ranging from the development and maintenance of reproductive organs to the regulation of
cardiovascular, musculoskeletal, immune, and central nervous system homeostasis'-3. Effects of E2 on cells are
primarily mediated by estrogen receptors (ER) a and 3, which are the products of distinct genes and act as transcription
factors'2. Upon binding to E2, the activated ER modulates the expression of E2 target genes, whose protein products
are involved in the regulation of cellular proliferation, differentiation, and death'™3. Despite the contribution of both
inherited and environmental factors, perturbations in E2 signaling are considered to be the major factor for the initiation
and development of estrogen-target tissue malignancies, including breast cancer'3. Due to the central role of the E2-
ERa signaling in the physiology and pathophysiology of estrogen target tissues, identifying estrogen-responsive genes
and functional characterization of their protein products involved in the manifestation of cellular phenotype could provide
new prognostic tools and/or therapeutic targets. In an effort directed at deciphering the underlying mechanism of E2-
ERa actions at genomic levels, we previously identified Yippee Like 2 (YPEL2) as an E2-ER responsive gene®.

YPELZ2 is a member of the highly conserved YPEL gene family named after the Drosophila Yippee protein. The YPEL
family has 100 genes from 68 species ranging from yeast, C. elegans, flies, and plants to mammals®®. Although the
number of YPEL genes varies among eukaryotes, the human YPEL family, like other mammals, includes five distinct
YPEL genes: YPEL1, 2, 3, 4, and 5 located in different chromosomes®®. The YPEL family genes encode small proteins
with molecular masses (MMs) ranging from 13,5 to 17,5 kDa that show remarkably high amino-acid sequence identities
(43.8-96.6%). Amino-acid sequence alignments based on the highly conserved cysteine residues of all identified YPEL
proteins in different species revealed two cysteine pairs that are 52 amino acids apart (C-X2-C-Xs2-C-X2-C) predicted
to form a zinc-finger like metal binding pocket, or the Yippee domain®”. This high degree of evolutionary conservation
among YPEL proteins implies that YPELs are critically involved in various cellular processes. Indeed, experimental
studies suggest that the YPEL proteins, including YPEL2, participate in cellular proliferation, mitochondrial function,
morphology, mobility, differentiation as well as senescence and death®8-27. Moreover, deregulated expression of YPEL
genes could be associated with, or contribute to, the initiation/development of various disorders, malignancies, and
resistance to therapies'"131924.28-32 Similarly, high levels of YPEL2 expression are suggested to be one factor
contributing to Dominant Retinitis Pigmentosa®® and autophagy processes in breast cancer®.

However, the mechanisms by which YPEL proteins mediate their effects are yet unclear. Proteins perform their
functions in a network of proteins whose identities, amounts, and compositions change spatiotemporally in a lineage-
specific manner in response to various internal and external stimuli®®3¢. To better understand the functional features of
YPEL2 in mediating cellular processes in both physiology and pathophysiology, we initially explored the identification
of protein interaction networks of YPEL2 dynamically. Using inducible transgene expression in COS7 cells followed by
time-resolved TurbolD-coupled mass spectrometry analyses, we found that YPEL2 proximity interacts with proteins
largely involved in RNA and mRNA metabolic processes, ribonucleoprotein complex biogenesis, regulation of gene
silencing by miRNA, and cellular responses to stress. We also found that YPEL2, as endogenous YPEL proteins in
COS7 cells, participates in events associated with the formation/disassembly of stress granules in response to sodium
arsenite an oxidative stress inducer. Our results suggest that YPEL2 is a critical component in cellular responses to
oxidative stress.
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Experimental Procedures

In silico analyses. The alignment of amino acid sequences of human YPEL proteins was generated with the Jalview®”
program (https://www.jalview.org/) using the ClustalOmega® plug-in (https://www.ebi.ac.uk/Tools/msa/clustalo/). For
the tertiary structure prediction and superimposition of the tertiary structures of YPEL1-5 proteins, we used the
AlphaFold**4! server (https://alphafold.ebi.ac.uk/) with the ChimeraX molecular visualization*?4® program
(https://www.cgl.ucsf.edu/chimerax/). For the homology modeling of YPEL proteins, we used the Phyre24* protein fold
recognition server (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index). We also used a Venn diagram tool
(https://bicinformatics.psb.ugent.be/webtools/Venn/) to visualize the intersections of proximity interaction partners.
Tissue-specific gene expression analyses were carried out with the GTEx portal (https://gtexportal.org/home/). For
chromatin features of transcription start sites, we used the Cistrome (http://cistrome.org/) database*®. Functional
features, interactome profiles, and membership analyses of putative interacting proteins of YPEL2 were carried out
with the Metascape?® portal (https://metascape.org/).

Biochemicals

Restriction and DNA modifying enzymes were obtained from New England Bio-Labs (Beverly, MA, USA) or
ThermoFisher (ThermoFisher, Waltham, MA, USA). Chemicals were obtained from Sigma-Aldrich (Germany),
ThermoFisher, or BioTechne-Tocris Corp. (Minnesota, USA). DNA and RNA isolation kits were purchased from
ZymoResearch (California, USA). SYBR Green Supermix kit was procured from Bio-Rad Life Sciences Inc. (California,
USA). Pageruler Prestained Protein Ladder (ThermoFisher, 26616) or Pageruler Plus Prestained Protein Ladder
(ThermoFisher; 26620) was used as the molecular mass marker. Sodium Arsenite (SA, NaAsO,, S7400) was acquired
from Sigma-Aldrich Inc. (Missouri, USA).

Monoclonal mouse Flag-M2 antibody (F1804) was purchased from Sigma-Aldrich. Rabbit polyclonal HDAC1
(ab19845), rabbit polyclonal B-actin (ab8227), rabbit polyclonal biotin (ab53494) antibodies, and Alexa Fluor 647-
conjugated goat anti-rabbit IgG (ab150083) were acquired from Abcam Inc. (Connecticut, USA). Rabbit polyclonal
pan-YPEL (sc-99727), mouse monoclonal G3BP1 (sc-365338), mouse monoclonal ELAVL1 (sc-5261), mouse
monoclonal Vimentin (sc-6260), mouse monoclonal y-tubulin (sc-17787), mouse monoclonal SQSTM1 (sc-48402)
antibodies together with a siRNA poll specific for ELAVL1 transcripts (sc-35619) and HRP-conjugated goat anti-mouse
IgG (sc-2005) were purchased from Santa Cruz Biotechnology, Inc. (SCBT, Texas, USA). A rabbit polyclonal antibody
specific to G3BP1 (13057-2-AP) was obtained from Proteintech Group (lllinois, USA). We obtained Alexa Fluor 488-
conjugated goat anti-mouse IgG (BioLegend 405319) from BioLegend Inc. (California, USA) and HRP-conjugated goat
anti-rabbit 1gG (Advansta R-05072-500) from Advansta Inc. (California, USA). AllStar negative control siRNA
(S103650318) was purchased from Qiagen Inc. (Germany).

Cell lines and growth conditions

The estrogen-responsive and ERa-synthesizing MCF7 cells derived from a breast adenocarcinoma and COS7 cells
derived from African green monkey kidney fibroblasts were maintained in high glucose (4.5 g/L) Dulbecco’s modified
eagle medium (DMEM) without phenol red (Biochrom F0475) supplemented with 10% fetal bovine serum (FBS,
Biochrom S0115), 1% penicillin-streptomycin, and 0.5% L-glutamine as we described previously47’48. To test the effects
of ligands on YPEL gene expressions in MCF7 cells, we used E2 (Sigma-Aldrich, E2758) and Imperial Chemical
Industries (ICl) 182,780, (BioTechne-Tocris, 1047), a complete antagonist for ERa. For 10° M E2 and/or 107 M ICI
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treatments, MCF7 cells were grown in DMEM supplemented with charcoal-dextran-stripped FBS (CD-FBS) to reduce
endogenous steroid hormone content. For the induction of transgene expression by doxycycline (Dox), COS7 cells
were maintained and transfected in the DMEM medium containing 10% tetracycline-free FBS (Tet-free FBS, Biowest,
France, S181T) to minimize the effect of endogenous tetracycline on transgene expression. Media of cultured cells
incubated in a humidified incubator with 5% CO- at 37°C were refreshed every three days. Cells were passaged for a
maximum of eight passages.

RNA isolation and RT-qPCR

Total RNA isolation was carried out with QuickRNA Miniprep Kit (ZymoResearch) according to the manufacturer’s
instructions including on-column DNase | digestion as we described*. Isolated total RNA from MCF7 cells treated
without (ethanol control) or with 10-° M E2 and/or 107 M ICl for 24 hours was used for cDNA synthesis (The RevertAid
First Strand cDNA Synthesis Kit, Thermo-Fisher) with oligo (dT)1s primers according to manufacturer’s instructions. We
also used total RNA from COS?7 cells maintained under the steady-state condition for cDNA synthesis. The expression
of YPEL transcripts was then assessed with RT-qPCR using transcript-specific primer sets (Supplemental Information,
Table S1) and the SsoAdvanced Universal SYBR Green Supermix kit (Bio-Rad). Expression levels of transcripts were
assessed with the efficiency corrected form of the 22T method and normalized using the RPLPO expression levels®.
Relative expression levels of YPEL genes were assessed using the 222CT method®® and normalized using the RPLPO
expression levels. Results were arbitrarily adjusted to the expression level of YPEL1. In all RT-gPCR experiments,
MIQE Guidelines were followed>®'.

Cloning of YPEL1 through YPEL5 cDNAs

For the cloning of open reading frames of YPEL1-YPELS5, we used RefSeq mRNA sequences obtained from the NCBI
database, which were aligned with the MUSCLE (MUltiple Sequence Comparison by Log-Expectation) software®2. Two
sets of primers using NCBI Primer Blast (https://www.ncbi.nIm.nih.gov/tools/primer-blast/) were generated for each
gene based on the sequences in the NCBI database. The first set of primers consisted of a forward primer from 5’UTR
and a reverse primer from 3'UTR. The second set of primers internal to the first set of primers, nested primers,
contained restriction enzyme sites that were designed to provide flexibility in cloning. For YPEL3, we also used
transcript variant 1, which has the identical core sequence of transcript variant 2, containing an extended 5’ sequence
that encodes an additional 38 amino acids at the amino terminus. In the engineering of all constructs, the first ATG was
designed to be embedded into the consensus Kozak sequence (CCATGGQG) for efficient translation; reverse cloning
primers were also designed to contain a polyA signal (TAATAAA) that comprises a stop codon as we described
previously49’53'54. The generated YPEL cDNAs were then cloned into the pcDNA 3.1(-) vector. We also cloned YPEL
cDNAs into the pcDNA 3.1(-) vector bearing in-frame sequences encoding for an amino-terminally located 3xFlag (3F)
tag at the 5’-end of the multiple cloning site. All constructs were sequenced for the fidelity of encoding sequences. All

primer sequences are given in Supplemental Information, Table S1.

For inducible expression of the YPEL2 cDNA, we used a tetracycline-responsive expression system, pINDUCER2055

obtained from Addgene (Plasmid #44012; Massachusetts, USA). pINDUCERZ20 is a single vector system that encodes
the reverse tetracycline-controlled transactivator (rtTA3) and the neomycin resistance gene as a constitutive, bicistronic

transcript55. rtTA3 binds to and activates transgene expression from the TRE promoter, which is a seven-repeat of a

19-nucleotide long tetracycline operator (tetO), only in the presence of tetracycline or the stable tetracycline analog
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doxycycline, Dox. We modified pINDUCER20 by inserting a DNA fragment bearing a Multiple Cloning Site (MCS) on
gateway destination sequences for easy cloning of the gene of interest (pINDUCER20-MCS). We then cloned 3F-
YPEL2 cDNA into the pINDUCER20-MCS and sequenced it to ensure the sequence fidelity.

Establishment of the TurbolD System

Enzyme-catalyzed proximity labeling (PL) is an effective tool for unbiased proteomic analysis of macromolecular
complexes, organelles, and protein interaction networks. Following its introduction, the proximity-dependent
biotinylation (BiolD) approach has been widely used, as we have®, for the identification of interacting partners of many
proteins®. The BiolD approach is based on the genetic fusion of a promiscuous biotin ligase, a mutant E. coli biotin
ligase enzyme, BirA*(R118G), which is defective in both self-association and DNA binding, to a protein-of-interest to
biotinylate proximity proteins®. The addition of biotin initiates the covalent tagging of endogenous proteins within a few
nanometers of the promiscuous enzyme. Biotinylated proteins are then selectively isolated with biotin-affinity capture
and identified with mass spectrometry (MS). However, one major disadvantage of BiolD is its slow kinetics in
biotinylation requiring hours to produce sufficient biotinylated material for proteomic analysis®’. Studies for the dynamic
proximity protein interactions necessitate the actuation of proximity biotin labeling with greater efficiency occurring on
a timescale of minutes than the BiolD approach. For the identification of interacting partners of YPEL2, we envisioned
that the generation of time-dependent profiling of stable, transient, and/or weak protein interactions could provide
important clues about the functional features of YPEL2. For this purpose, we used 3xHA-TurbolD-NLS-pcDNA3%7
(Plasmid #107171; Addgene, Massachusetts, USA). TurbolD system uses a biotin ligase engineered through yeast
display-based directed evolution of BirA* that catalyzes proximity biotin labeling of proteins with higher efficiencies and
faster kinetics compared to BirA*. This allows the investigation of protein interaction networks dynamically®”. The
TurbolD-HA cDNA was generated by PCR with a primer containing sequences encoding a carboxyl-terminally located
HA tag with a stop codon present in a polyA motif (TAATAAA) and a primer encoding sequences with or without the
initiation methionine codon (iMet) by the use of the 3xHA-TurbolD-NLS-pcDNA3 vector as the template. In this
engineering, our basic aim was to generate transgene proteins that display an overlapping intracellular distribution
thereby minimizing false-negative results (Supplemental Information, Fig. S1). The TurbolD-HA amplicon with the iMet
codon was then cloned with appropriate restriction enzyme sites into pcDNA3.1(-) to generate pcDNA-TurbolD-HA. We
then cloned the 3F-YPEL2 cDNA into pcDNA-TurbolD-HA to generate the pcDNA-3F-YPEL2-TurbolD-HA expression
vector. The constructs were sequenced for sequence fidelity.

Immunocytochemistry (ICC) and Western Blot (WB). To assess the intracellular location of transgene
products, we transiently transfected COS7 cells with the expression vector pcDNA3.1(-) bearing none (EV) or a cDNA
for 3F-YPEL2, Turbo-HA or 3F-YPEL2-TurbolD-HA. Cells after a 24h transient transfection were processed for ICC
and WB analyses as we described previously®®. In brief, for ICC, cells on coverslips were washed three times with 1x
PBS and fixed with 3.7% formaldehyde for 30 min. Cells were then permeabilized with 0.4% Triton-X-100 for 10 min.
Blocking was carried out with 10% Bovine Serum Albumin (BSA) for 1 h. The Flag (1:250, Sigma Aldrich, F-1804) in
3% BSA, the HA (1:500, Abcam ab9119), or the Biotin (1:500, in 3% BSA, Abcam ab53494) primary antibody in 3%
BSA was added sequentially onto the cells for 2 h. Cells were then washed three times with 1x PBS and incubated with
a secondary antibody for 30 min for each. An Alexa Fluor 488-conjugated goat anti-mouse (1:1000 in 3% BSA; Abcam
ab150113) for the Flag antibody or an Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody (1:1000 in 3%
BSA; Abcam ab150080) for the HA or the Biotin antibody was used. After three 1x PBS washes, coverslips were
mounted onto the glass slides with the Fluoroshield Mounting Medium containing 4',6-diamidino-2-phenylindole (DAPI).
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Imaging was carried out with a Nikon Eclipse 50i Fluorescence Microscope. We observed that 3F-YPEL2-Turbo-HA
as 3F-YPEL2 shows diffuse intracellular staining encompassing the nucleus and cytoplasm (Supplemental Information,
Fig. S1A). For WB analysis, equal amounts (50 pg) of cellular extracts were subjected to Sodium Dodecyl Sulfate
(SDS)-10% Polyacrylamide Gel Electrophoresis (PAGE), and proteins were scanned with the Flag antibody for 3F-
YPEL2 and 3F-YPEL2-Turbo-HA or the HA antibody for Turbo-HA. Results indicated that proteins were synthesized at
expected MMs (Supplemental Information, Fig. S1B). To assess the incorporation of biotin into the endogenous
proteins, cells transfected with pcDNA-3F-YPEL2-TurbolD-HA expression vector for 24 h were incubated without or
with 50 uM biotin in the presence of 1 mM ATP for 3 or 16 h. Equal amounts of cellular extracts were then subjected to
WB analysis using a biotin antibody (1:500 dilution, Abcam ab53494). Results indicated that 3F-YPEL2-TurbolD-HA
effectively induces the incorporation of biotin into the proteins (Supplemental Information, Fig. S1C).

Dynamic analysis of the proximity interaction network of YPEL2 with TurbolD. Based on our findings that TurbolD
can be effectively used for dynamic protein interaction profiling, we cloned the 3F-YPEL2, 3F-YPEL2-Turbo-HA, or
Turbo-HA cDNA into pINDUCER20-MCS to dictate the timing and the level of protein synthesis in transiently transfected
cells to minimize potential adverse effects of transgene overexpression.

Assessing Dox concentrations for an effective transgene synthesis with WB. COS7 cells, 6x10%, seeded
in six-well tissue culture plates and grown in DMEM containing 10% Tet-Free FBS for 48 h were transiently transfected
with the pINDUCER20-MCS vector bearing none (empty vector, EV), 3F-YPEL2, 3F-YPEL2-Turbo-HA, or Turbo-HA
cDNA. Twenty-four hours after transfection, cells were incubated in a fresh medium containing various concentrations
(0-1000 ng/ml) of Dox for 24 h. Cells were then collected with trypsinization and pelleted by centrifugation. Pellets were
washed twice with 1x PBS and lysed with M-PER (ThermoFisher; 78,833) containing freshly added protease and
phosphatase inhibitors. Total cell protein concentrations were assessed with Bradford Protein Assay (Bio-Rad, USA,
500-0201). Equal amounts (50 pg) of proteins were subjected to SDS-10%PAGE followed by WB as described above
using an antibody specific to the Flag (1:1000; Flag-M2, Sigma-Aldrich, F-1804) or the HA (1:500; Abcam ab9119)
epitope followed by an HRP conjugated goat anti-mouse (for the Flag-M2) or anti-rabbit (for the HA antibody) secondary
antibody (1:4000). Membranes were then subjected to the chemiluminescence substrate (WesternBright ECL
substrate, Advansta) for visualization, and were imaged with the Bio-Rad Image Processor. Our results indicated that
Dox at the 10 ng/ml amount is an optimal Dox concentration for the maximal level of 3F-YPEL2-Turbo-HA protein
synthesis (Supplemental Information, Fig. S2A).

Assessing the optimal concentration and the effects of doxycycline on the incorporation of Biotin onto
intracellular proteins. COS7 cells grown in DMEM containing 10% TET-Free FBS for 48 h were transfected with the
pINDUCER20-MCS vector bearing the Turbo-HA or the 3F-YPEL2-Turbo-HA cDNA for 24 h. Cells were then treated
with 10 ng/ml Dox for transgene synthesis for 24 h. Cells were then incubated in a medium containing 50, 100, or 250
UM biotin in the presence of 1 mM ATP for 30 min, 1 h, or 3 h. Cells were lysed and equal amounts (50 pg) of proteins
were fractionated with SDS-10%PAGE for WB analysis using the biotin antibody (1:500 dilution, Abcam ab53494). Our
results indicated that TurbolD alone or as the 3F-YPEL2-Turbo-HA fusion protein effectively conjugates biotin onto
intracellular proteins as early as 30 min even at 25 uM biotin concentration (Supplemental Information, Fig. S2B).
Based on these results, we selected to use 50 uM biotin concentration for subsequent experiments.

Assessing the effects of YPEL2 on cellular growth
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To assess the effects of YPEL2 on cellular growth, 6x10* COS7 cells grown in six-well culture plates for 48 h were
transiently transfected with pINDUCER20-MCS vector bearing none (EV), or the 3F-YPEL2 cDNA for 24 h. Cells were
then incubated in a fresh medium without or with 10 ng/ml Dox for 96 h with refreshing at every 24 h. At the end of an
experiment, cells were collected by trypsinization, and a portion of cells was subjected to counting using a
hemocytometer as described previously*% or subjected to crystal violet staining® at 96 h. We also subjected cellular
extracts collected every 24 h to WB analysis to ensure that cells synthesize 3F-YPEL2 in response to Dox at similar
levels throughout the experiment.

In assessing the effects of YPEL2 on cell cycle distribution, we used flow cytometry as we described previously®®. In
short, transfected cells as described for cellular growth for 24 h were collected with trypsinization, washed with PBS,
and pelleted. Cells were gently re-suspended in 100 pl of 2%CD-FBS containing PBS, fixed, and permeabilized with
ice-cold 70% ethanol overnight. Cells were subsequently incubated with 200 ul of PBS containing propidium iodide
(20 pg/ml; Sigma-Aldrich), 200 ug/ml RNase A (Thermo-Fisher), and 0.1% (v/v) Triton X-100 (AppliChem, Germany)
for 30 min. Cell cycle analyses were then carried out with flow cytometry (BD Accuri C6 Cytometer; BD Biosciences,
San Jose, CA, USA).

For the Annexin V staining, we used Tonbo APC Annexin V Apoptosis Detection Kit (Cytek Biosciences, The
Netherlands). Transfected cells as described for cellular growth for 24 h were harvested and washed twice with cold
1X PBS and then re-suspended in 1 ml Stain Buffer. Cells were then centrifuged at 300-400 x g for 5 minutes at room
temperature. The cell pellet was resuspended in 100 pl Annexin V Binding Buffer (1X). PE-APC Annexin V conjugate
(5 pl) and 7-Amino-Actinomycin (7-ADD) solution (5 pl) were then added to 100 pl of cell suspension which was gently
mixed and incubated for 15 min at room temperature in the dark followed by the addition of 400 pl of 1X binding buffer.
Cells were then subjected to flow cytometry (BD Accuri C6 cytometer, BD Biosciences). We also used apoptosis inducer
doxorubicin (DRC) at 10 or 100 uM concentration for 24 h as a control for the induction of apoptosis in un-transfected
cells.

Dynamic analyses of the putative YPEL2 proximity protein partners with TurbolD

To identify proximity interaction partners of YPEL2, we carried out dynamic proximity-dependent biotinylation using the
TurbolD approach. COS7 cells (2 x 108/10 cm? culture dish of a total of four culture dishes) grown for 48 h were
transiently transfected with pINDUCER20-MCS vector bearing none (EV), the Turbo-HA, or the 3F-YPEL2-Turbo-HA
cDNA for 24 h. Cells were then subjected to 10 ng/ml Dox treatment for 24 h. Cells were subsequently incubated in a
fresh medium containing 50 M Biotin 1 mM ATP for 1, 3, 6, or 16 h with 10 ng/ml Dox. At the end of a time point, cells
were collected with trypsinization and pelleted. Pellets were then washed twice with ice-cold 1x PBS and lysed at RT
in 400 pl lysis buffer [50 mM Tris, pH 7.4; 500 mM NaCl; 0.4% SDS; 5 mM EDTA; 2% TritonX; 1 mM DTT with freshly
added protease (Roche; 5892970001)] and phosphatase (Roche; 4906845001)] inhibitors. Cell lysates were sonicated
for a total of 7.5 min (with 10-sec pulse and 15-sec rest in between pulses) and centrifuged at 7500 rpm for 10 min at
4°C. Protein concentrations were assessed with the QuickStart Bradford Protein assay and 6 mg of protein samples
were incubated with 500 pl Streptavidin magnetic beads (NEB, S1420S) overnight. Beads were collected with a
magnetic rack and washed twice with Wash Buffer | (2% SDS in water) for 10 min. Beads were then washed once with
Wash Buffer Il (2% deoxycholate; 1% TritonX; 50 mM NaCl; 50 mM HEPES pH 7.5; 1 mM EDTA) for 10 min, once with
Wash Buffer Il (0.5% NP-40; 0.5% deoxycholate; 1% TritonX; 500 mM NaCl; 1 mM EDTA; 10 mM Tris pH 8.0) for 10
min, and once with Wash Buffer IV (50 mM Tris, pH 7.4; 50 mM NaCl) for 30 min at RT. A fraction, 5%, of bound
proteins were eluted from the streptavidin beads with 50 pl of Laemmli-DTT sample buffer containing 500 nM D-Biotin
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for WB analyses using the biotin antibody (Ab533494), and the remaining samples were subjected to Mass
Spectrometry (MS) analyses. Experiments were carried out two independent times.

Protein identification by mass spectrometry. Mass spectrometry (MS) analyses were carried out at the
Kog University Proteomic Facility (Istanbul, Tirkiye) as we described previously®*. The protein-bound streptavidin
beads were washed with 50 mM NH4HCOs3, followed by reduction with 100 mM DTT in 50 mM NH4sHCO3 at 56 °C for
45 min, and alkylation with 100 mM iodoacetamide at RT in the dark for 30 min. MS Grade Trypsin Protease (Pierce)
was added onto the beads for overnight digestion at 37°C (enzyme:protein ratio of 1:100). The resulting peptides were
purified using C18 StageTips (ThermoFisher). Peptides were analyzed by C18 nanoflow reversed-phase HPLC (2D
nanoLC; Eksigent) linked to a Q-Exactive Orbitrap mass spectrometer (ThermoFisher). The data sets were searched
against the human SWISS-PROT database version 2014_08. Proteome Discoverer (version 1.4; ThermoFisher) was
used to identify proteins. The final protein lists were analyzed using the STRING v11.5% and DAVID v2022q45
databases.

Assessing the interaction of Putative interaction Protein Partners with YPEL2

Subtractive analyses of MS results suggested that YPEL2 interacts with a large number of proteins with or without
overlapping patterns at different time points. Based on their functional properties and being common at different
biotinylation time points, we initially selected ADSS (Adenylosuccinate Synthase), EEF1D (Eukaryotic Translation
Elongation Factor 1 Delta), G3BP1 (G3BP Stress Granule Assembly Factor 1), ELAVL1 (ELAV-like RNA Binding
Protein 1), and SQSTM1 (Sequestosome1) to verify that they are interacting partners of YPEL2.

Cloning. For the generation of cDNAs for ADSS, EEF1D, ELAVL1, G3BP1, and SQSTMH1, total RNA from
COS7 cells was processed for cDNA, which was used as template in PCR with primer sets designed for each gene
based on transcript sequences in the NCBI database (https://www.ncbi.nim.nih.gov/). PCR amplicons were then cloned
into pcDNA 3.1(-) vector that bears in-frame sequences encoding for an amino-terminally located 3F or HA tag at the
5’-end of the multiple cloning site with appropriate restriction enzymes. Constructs were then sequenced for sequence
fidelity.

Synthesis and intracellular location of putative YPEL2 protein partners. pcDNA 3.1(-) expression vector
bearing none (EV) or a cDNA for a putative YPEL2 interaction partner were transiently transfected into COS7 cells and
processed for WB or ICC as described above.

Co-Immunoprecipitation (Co-IP). Co-IP was carried out as described previously>*. Briefly, COS7 cells, 6x10*
cells/well, were seeded into six-well tissue culture plates. Cells were transfected with pcDNA 3.1(-) expression vector
(0.5 pg/well) bearing the 3F-YPEL2 cDNA and/or the HA-tagged vector driving the expression of the ADSS, EEF1D,
ELAVL1, G3BP1, or SQSTM1 cDNA for 48 h. In co-transfections, the total amount of transfected DNA was 1 ug/well.
To equalize the total amount of DNA (1 pg/well) in transfections that were carried out with a single construct, 0.5 ug
pcDNA 3.1(-) driving a cDNA expression was used together with 0.5 pg pcDNA 3.1(-) bearing no cDNA. Cells were
then collected with trypsinization and lysed with M-PER (ThermoFisher; 78,833) containing freshly added protease and
phosphatase inhibitors. The protein concentration of lysates was assessed with the Bradford Protein Assay. To block
non-specific protein binding to magnetic beads, 500 ug lysates were incubated with non-specific IgG (5 pg) together
with 25 pl Protein A/G conjugated magnetic beads at 4 °C for 1 h. The supernatant was transferred to a clean 1.5 ml
microcentrifuge tube and the beads were discarded. The pre-cleared lysates were subsequently incubated with 5 ug of
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the HA or Flag antibody at 4 °C overnight and followed by the addition of 25 pl Protein A/G conjugated magnetic beads
at 4 °C for 1.5 h. The beads were then washed two times with 500 pl IP buffer (150 mM NaCl, 10 mM HEPES pH 7.5,
10 mM MgCl2, 0.5% Igepal, protease inhibitors, and phosphatase inhibitors). Bead pellets were resuspended in 30 pl
of 2xLaemmli-SDS buffer [187.5 mM Tris—HCI (pH 6.8), 6% (w/v) SDS, 30% glycerol, 150 mM DTT, 0.03% (w/v)
bromophenol blue, 2% (-mercaptoethanol] and incubated at 95 °C for 5 min. Samples were then applied to a magnetic
field for 30 sec and supernatants were subjected to SDS-10%PAGE for WB analysis using the Flag or the HA antibody
followed by the HRP-conjugated VeriBlot (Abcam, ab131366). To ensure that the interactions between proteins are not
due to specific tags, we also carried out co-immunoprecipitation with the reverse tag constructs.

Proximity ligation assay (PLA). To further verify the interaction between YPEL2 and ELAVL1 or SQSTM1
we carried out a PLA assay using the Duolink In Situ Red Starter kit (Sigma-Aldrich) as described previously>*. In brief,
COS7 cells (2.5 % 10%) grown on glass coverslips in a well of a 12-well tissue culture plate for 48 h were transiently
transfected with the expression vectors bearing none, the 3F-YPEL2 and/or HA- ELAVL1, and/or HA-SQSTM1 cDNA
for 48 h. Cells were then fixed with 3.2% PFA in PBS for 10 min, permeabilized with 0.1% Triton-X for 5 min, and then
blocked with Duolink blocking solution at 37 °C for 30 min. Cells were subsequently probed with the Flag (1:250) and/or
the HA (1:500) antibody overnight at 4 °C. Cells were then treated with fluorescent probes for 1 h at 37 °C. Cells were
washed with wash buffer A for 10 min at RT and incubated with secondary antibodies conjugated to plus and minus
PLA probes for 1 h at 37 °C. After repeating the washing step with wash buffer A for 10 min at RT, cells were incubated
with the ligase for 30 min at 37 °C. Cells were then incubated with the polymerase in the amplification buffer for 100
min at 37 °C. Cells were washed in 1x wash buffer B for 20 min and then with 0.01x wash buffer B for 1 min at RT.
Duolink In Situ Mounting media containing DAPI was used for nuclear staining. Images were captured with a Nikon
Eclipse 50i Fluorescence Microscope. ImagedJ software was used for image analysis.

Assessing the formation of stress granules (SGs)

SGs are dynamic phase-separated, membrane-less cytoplasmic ribonucleoprotein assemblies that promote cell
survival by condensing translationally stalled mRNAs, ribosomal components, translation initiation factors, and RNA-
binding proteins (RBPs)f2-%4, To assess the formation of SGs in COS7 cells in response to various concentrations (0-
400 uM) of sodium arsenite (NaAsO,, SA, Sigma Aldrich, S7400), as an oxidative stress inducer, we initially examined
the intracellular localization of G3BP1 as one of the canonical SG nucleating factors®® (Supplemental Information, Fig.
S3). For ICC, COS7 cells grown on coverslips in 12-well tissue culture plates were treated without or with 100, 200,
and 400 pM SA for 1h. Cells were fixed, washed, blocked, and incubated with a mouse monoclonal G3BP1 antibody
(SCBT, sc-365338) followed by an AlexaFluor 488-conjugated goat anti-mouse secondary antibody (BioLegend,
405319). Images were captured with a fluorescence microscope. Results revealed that 200 uM SA is the optimal
concentration for inducing SG-like foci in cells without inducing cell death. Based on these preliminary studies, we
selected 200 yM of SA as the optimal amount to induce SG formation following 1 h treatment.

To further ensure the identity of SGs, we carried out RNA-fluorescence in situ hybridization (RNA-FISH) with an
ATTOA488-conjugated oligo-dT (50 nucleotides in length) probe (Integrated DNA Technologies, IDT, Belgium) for mRNA
detection followed by the identification of G3BP1 protein with ICC. Cells were then fixed in 3,7% formaldehyde in PBS
at room temperature for 30 min and permeabilized with 0.4% Triton-X in PBS for 10 min. Cells were washed twice with
1x PBS and then washed twice with 2x saline sodium citrate (SSC) for 5 min. Cells were subsequently incubated with
the ATTOA488 conjugated oligo-(dT)so probe (16 ng/ul) in hybridization buffer (%50 Formamide, 10% w/v Dextran
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sulfate, 1 mg/ml Salmon sperm diluted in 2xSSC) at 37° C overnight. Cells were washed with 2x SSC (2x5 min) and 1x
PBS (2x5 min). Images were captured with a fluorescence microscope.

Assessing co-localization of YPEL and ELAVL1 or G3BP1 in SGs in response to SA. To examine the localization
of endogenous YPEL proteins in SGs in response to SA for 1 h, COS7 cells grown on coverslips were subjected to ICC
using the pan-YPEL (sc-99727), ELAVL1 (sc-5261), and/or G3BP1 (sc-365338) antibody. We used an Alexa Fluor-647
conjugated secondary antibody for the pan-YPEL antibody and/or a secondary antibody conjugated with Alexa Fluor-
488 (Biolegend, 405319) for the ELAVL1 (sc-5261) or G3BP1 antibody. Samples were mounted onto glass slides with
a mounting medium containing DAPI for imaging with a fluorescence microscope.

Similarly, we assessed the kinetics of SG formation in response to SA and the disassembly of SGs following the
withdrawal of SA. For the formation of SGs, COS7 cells grown on coverslips were subjected to 200 uM SA for 0, 15,
30, 60, and 120 min, and were processed for ICC using the YPEL (sc-99727) or the G3BP1 (sc-365338) antibody. For
the disassembly of SG following a 1 h of SA treatment (post-stress, PS), cells were washed and maintained in fresh
medium without SA for 0, 1, 2, 3, and 4 h. Cells were then fixed and processed for ICC.

To assess the effects of reduced ELAVL1 levels on the co-localization of the endogenous YPEL proteins in SGs, COS7
cells were transiently transfected with 10 nM of a control siRNA (AllStar) or a siRNA pool that targets ELAVL1 transcripts
for 24 h. For WB analysis, cell extracts from COS7 cells grown in six-well tissue culture plates were subjected to SDS-
10%PAGE followed by WB using the ELAVL1-specific antibody (sc-5261). Proteins were visualized with an HRP-
conjugated secondary antibody (BioLegend 405319). For ICC, cells grown on coverslips and transfected with 10 nM of
a control siRNA (Qiagen, AllStar, S103650318) or a siRNA pool that targets ELAVL1 transcripts (sc-35619) for 24 h
were subjected to 200 uM SA for 1 h. Cells were then processed for ICC using the ELAVL1 (sc-5261) or a G3BP1
rabbit polyclonal (13057-2-APG3BP1) antibody. Samples mounted onto glass slides with a mounting medium
containing DAPI were subjected to visualization using a fluorescence microscope.

Quantification of SGs. To assess the effects of repressed levels of ELAVL1 on the number and size of SGs
in the absence or presence of SA, we carried out SG quantification on ICC images using CellProfiler®® as an open-
source image analysis program (http://www.cellprofiler.org). We initially used the Gaussian Filter method to clean up
the images from artifact objects by setting the artifact diameter as 5. For nuclei detection (‘PrimaryObjects’), we used
the global threshold followed by the Otsu threshold. The nucleus was used to identify cytoplasm (‘SecondaryObjects’)
with the Distance-B method as a parameter of 100 pixels outward from the nucleus. Cytoplasm was then extended a
few pixels to keep granules present on the cell surface boundaries through ‘ExpandOrShrinkObjects’ modules. For
small circular granules, we used enhancement with the ‘EnhanceOrSuppressFeatures’ module. Enhanced images were
finally used to measure the size and number of granules per cell in two independent experiments with a total of 100
cells. For statistical analyses, we used a two-tailed Student’s t-test with p<0.05 as the statistical limit of significance.

Experimental Design and Statistical Rationale

In examining the expression of the YPEL family genes in MCF7 and COS7 cells as well as the E2 signaling on YPEL2,
YPEL3, and YPELS, all samples were processed as three biological replicates and three technical repeats. Results
were analyzed by a two-tailed unpaired Student's t-test and depicted as mean + SD with a p<0.05 as the statistical limit
of significance. In assessing the effects of 3F-YPEL on cellular growth and cell cycle distribution, experiments were
carried out as three biological replicates. Results were analyzed by a two-tailed unpaired Student's t-test and depicted
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as mean + SD with a p<0.05 as the statistical limit of significance. All other experiments including dynamic proximity
labeling, WB, ICC, and PLA were conducted at least two independent times.

12


https://doi.org/10.1101/2023.07.31.551286
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.31.551286; this version posted August 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

RESULTS

In an effort directed at deciphering the underlying mechanism of E2-ERa actions at genomic levels, we previously
identified Yippee Like 2 (YPEL2) as an E2-ERa responsive gene*. Yippee of Drosophila melanogaster was first
described in a yeast interaction trap screen as a protein physically interacting with the hemolin protein of Hyalophora
cecropia’. Subsequent studies with the sequencing of a cDNA library generated from total RNA from mouse embryonic
branchial arch tissue, which is an integral part of the development of the craniofacial complex, led to the identification
of a cDNA of 2396 bp in length, with a single open reading frame (ORF) of 357 bp encoding 119 residue Yippee-like
1 (Ypel1) protein that shows very high amino-acid sequence homology to the Yippee protein®. Screening of the human
expressed sequence tag (EST) with a mouse Ypel1 ORF probe identified the human YPEL1 gene that maps to human
chromosome 22q11.2, a region associated with several congenital anomalies involving craniofacial malformation
including DiGeorge syndrome and Velocardiofacial syndrome®”. Sequence comparison at nucleotide levels indicated a
high degree of conservation (91.2%) between the human YPEL1 and mouse Ypel1 ORFs and also among many
vertebrate and non-vertebrate species®. Similarly, a differential gene expression analysis of 32Dcl3 myeloblastic cells
in the presence or absence of interleukin 3 identified a gene that encodes the Small unstable apoptotic protein (SUAP),
which is now named YPEL3, as a homolog of Yippee and Ypel122. Later studies using the YPEL1 cDNA as a query
sequence for the entire human genome revealed four paralogs with remarkably high nucleotide sequence homologies
(Supplemental Information, Fig. S4) on four different chromosomes: YPEL2 (17923.2), YPEL3 (16p11.2), YPEL4
(11912.1), and YPELS5 (2g23.1) giving rise to the YPEL gene family®.

Although the number of YPEL genes varies with species, they are expressed essentially in all eukaryotes®S. In
agreement with previous studies conducted with Northern blot or PCR analyses of human tissue cDNA libraries®22, our
tissue-specific gene expression analyses with the GTEx portal (https://gtexportal.org/home/) (Supplemental

Information, Fig. S5) suggest that while YPEL1 is expressed primarily in the brain and testis; the expression of YPEL4
is restricted mainly to the brain. On the other hand, YPEL2, 3, and 5 appear to be expressed in all tissues examined.
Since YPEL2, YPEL3, and YPELS5 show similar tissue expressions, we initially wanted to explore in silico chromatin
features of transcription start sites (TSSs) as regions containing putative promoter elements as well as transcription
factors/co-regulators associated with the expression of the YPEL2, YPEL3, and YPELS5 genes in the human mammary
tissue, including E2 responsive and ERa synthesizing MCF7 cells derived from a breast adenocarcinoma. To
accomplish this, we used the Cistrome (http://cistrome.org/) database, which is a resource of human and mouse cis-
regulatory information derived from ChIP-seq, DNase-seq, and ATAC-seq chromatin profiling assays to map the
genome-wide locations of transcription factor (TF) binding sites*®. Our analyses using the regulatory potential score
(defined as the half-decay distance to the highest value at TSS) of £10 kb distance to TSS (http://dbtoolkit.cistrome.org/)
suggest that TSSs of YPEL2, YPEL3, and YPELS, which are located in or vicinity of short CpG islands
(http://genome.ucsc.edu), display accessible chromatin structure assessed with DNAse | sensitivity and ATAC-Seq
analyses and are decorated with histone proteins modified with H3K27ac and H3K4me3, markers for active
transcription and are associated with of POLR2A (RNA Polymerase Il Subunit A). This indicates that YPEL2, 3, and 5
are actively transcribed in MCF7 cells (Supplemental Information, Fig. S6). Cistrome analyses further suggest that ERa
can be associated with the putative regulatory regions. Moreover, our analyses of the human mammary gland datasets
with the Signaling Pathways Project (SPP) portal (https://www.signalingpathways.org/), which is an integrated omics
knowledgebase for mammalian cellular signaling pathways®® suggest that epidermal growth factor (EGF), the insulin
family (Insulin and IGF1), or estrogen signaling is involved in YPEL2, YPEL3, and YPELS5 expressions (Supplemental
Information, Fig. S7). Collectively, these results imply that a single signaling pathway in tissue has the potential to co-
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modulate the expression of the YPEL family member genes. Consistent with this, it was shown that the suppression of
MDM4 or MDM2 transcript levels involved in the mediation of p53 activities with a siRNA approach in MCF7 cells alters
the expression of YPEL2, YPEL3, and YPEL5%°.

The YPEL gene family encodes proteins with very high amino acid sequence identities such that the homology among
the YPEL1-YPELA4 proteins is 83.2-96.6%; whereas, YPELS5 shows the lowest homology (43.8%)° as our analyses also
indicate (Fig. 1A). It should be noted that there exist two isoforms of YPELS3 resulting from alternative splicing in the
first exon of YPEL3 (https://www.ncbi.nlm.nih.gov/gene?Db=gene&Cmd=DetailsSearch&Term=83719). The YPEL3
isoform2 has an additional 38 amino acids at the amino terminus generating a 157 aa long protein with an estimated
MM of 17,5; whereas the YPELS3 isoform1 is composed of 119 amino acids with an estimated MM of 13,6 kDa. As
YPEL3 isoform1, YPEL1, and YPEL2 are 119 aa in length proteins with estimated MMs of 13,5 kDa. The YPEL4
protein is 127 aa in length with an estimated MM of 14,3 kDa; whereas YPEL5 is composed of 121 amino acids with
an estimated MM of 13,8 kDa. The extraordinarily high degree of amino-acid sequence identity among YPEL proteins
identifies a consensus sequence of C-Xz-C-X19-G-X3-L-X5-N-X13-G-Xg-C-X2-C-X4-GWXY-X1o-K-Xs-E for all YPEL
proteins®’. Based on the primary structures of YPEL proteins, our analyses to predict tertiary structures using the
AlphaFold**4! server (https://alphafold.ebi.ac.uk/) with the ChimeraX molecular visualization*?4® program
(https://www.cgl.ucsf.edu/chimerax/) suggested that YPEL proteins, except the short sequences at the amino-termini,
fold into a superimposable globular structure, or Yippee domain, (Fig. 1B). Moreover, structural homologs of YPEL
proteins using the Phyre2** server (http://www.sbg.bio.ic.ac.uk/~phyre2/ntml/page.cgi?id=index) to infer a potential

function(s) for YPEL proteins indicated matches for YPEL proteins with probabilities of more than 80% confidence to
the Yippee-like domains of oxidoreductase, RNA binding/hydrolase, ligase/signaling, and MSS4/RABIF-like protein
families (Fig. 1C). The oxidoreductase heading includes methionine-S-sulfoxide reductase (MSRA) and the
methionine-R-sulfoxide reductase family (MsrB, MsrB1, and MsrB2) of both prokaryote and eukaryotes. The oxidation
of methionine by reactive oxygen species (ROS) generates a mixture of methionine-S-sulfoxide and -R-sulfoxide™.
Sulfoxide reductases catalyze the enzymatic reduction and repair of oxidized-methionine residues generated by redox
processes thereby protecting cellular proteins from oxidative stress-induced damage’. The MSS4-like header contains
the evolutionarily conserved MSS4/RABIF (mammalian suppressor of Sec4/RAB Interacting Factor) superfamily of
proteins. Displaying structural similarity to methionine sulphoxide reductases’’, MSS4/RABIF acts as a holdase
chaperone in assisting the ATP-independent non-covalent folding of nucleotide-free Rab GTPases, thereby protecting
from degradation’. Upregulation of MSS4/RABIF after stress induction is suggested to play a role in protecting cells
against programmed cell death by interacting with eukaryotic translation initiation factor 3 subunit f (EIF3F)"3.
Ligase/signaling protein headings comprise the human cereblon protein’# which functions as a substrate receptor of
the E3 ubiquitin ligase complex and targets proteins for proteolysis through a ubiquitin-proteasome pathway’® and plays
arole in cellular stress signaling®. Ligase heading also includes kinetochore protein mis18 of yeast as well as MIS18A
and MIS18B of the MIS18 complex in higher eukaryotes. These proteins through the Yippee-like domain’” are involved
in the priming of centromeres for recruiting CENP-A critical for cellular proliferation’®. RNA binding and hydrolase
headers include Dicer-related helicase 3, DRH-3"°, an ortholog of the family of RIG-I/DHX58 (Dicer- and retinoic acid-
inducible gene I/RNA binding protein DExH-Box Helicase 58) and MDA5 (melanoma differentiation-associated protein
5).

Potential commonalities in the regulation of the YPEL expressions, the evolutionary conservation in nucleotide
sequences of ORFs, encoded amino acid sequences, and predicted functions of YPELs imply shared activities for
YPEL proteins in cellular processes. However, this also poses experimental challenges in deciphering the function of
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a YPEL protein when co-expressed/synthesized with other YPELs. For example, our analyses, using the Cancer
Dependency Map portal (DepMap, DM, https://depmap.org/portal/), of the average expression of the YPEL gene family

members in breast cancer cell lines (DM-BCCL) or only in MCF7 cells (DM-MCF7) together with our results from MCF7
cells with gPCR (MCF7) suggest that YPEL2, 3, and 5 genes are expressed in these cell lines (Fig. 2A). Moreover,
treatment of MCF7 cells, grown for 72 h in CD-FBS to reduce the endogenous estrogen hormone concentrations, with
E2 (10°° M) for 24 h led to suppression of YPEL2, YPELS5, and as shown previously for YPEL3', expressions compared
to control cells treated with ethanol (EtOH) (Fig.2B). E2 treatment on the other hand augmented the expression of
TFF1, an E2-responsive gene that we used as a control*®. The suppression of YPEL2, 3, and 5 expressions is ER-
dependent, this is because 10”7 M Imperial Chemical Industries 182,780 (ICl), a complete ER antagonist®?, effectively
blocked the E2-mediated repression. Thus, E2-ER signaling mediates the expression of YPEL2, YPEL3, and YPELS
in MCF7 cells. We also observed in COS7 cells grown under steady-state conditions that all YPEL genes are expressed

at varying levels (Fig. 2C).

The experimental challenge was also evident when we attempted to detect the YPEL2 protein with commercially
available and purportedly YPEL2-specific antibodies in WB or ICC studies in which we could not detect a YPEL protein
using these YPEL2 antibodies (data not shown); despite the fact that we effectively observed the synthesis of 3F-
YPEL2 as well as 3F-tagged YPEL proteins with ICC and WB using the Flag antibody in MCF7 or COS7 cells upon
ectopic expressions. Of the antibodies we tested, a pan-YPEL antibody, which is an affinity-purified polyclonal antibody
raised against a peptide that corresponds to an internal region of YPEL1, with amino acid sequences largely common
within YPEL2, 3, and 4 of human origin (SCBT, S-14 Ypel antibody, sc99727), detected YPEL1, 2, 3, and 4 of human
origin (SCBT, S-14 Ypel antibody, sc99727), detected YPEL1, 2, 3, and 4 but not YPEL5 in WB of COS7 cells (Fig.
2D). Similarly, this antibody also detected, albeit at low levels, a protein species with electrophoretic mobility of about
13-14 kDa, likely corresponding to YPEL1, YPEL2, YPEL3 subtype1, and/or YPEL4 proteins of COS7 cells in WB (Fig.
2E). This observation is supportive of a previous finding using an in-house pan-YPEL polyclonal antibody raised against
a synthetic peptide corresponding to the carboxyl-terminal amino acid sequences of YPEL1-4 proteins that COS7 cells
synthesize a YPEL protein(s)®. The use of this in-house pan-YPEL antibody also suggested that YPEL(s) localizes to
the nucleus and nucleus periphery including the centrosomic region and nucleoli during interphase, and around the
mitotic apparatus during the mitotic phase of COS7 cells®. Similarly, mouse Ypel1 as a GFP-fusion protein is reported
to localize to the nucleus in transfected NIH3T3 mouse fibroblast cells®. Likewise, YPEL3 localization is suggested to
be weakly nuclear with punctate perinuclear staining®'. On the other hand, YPELS3, using a YPEL3-specific antibody, is
reported to show diffuse staining including nucleus and cytoplasm?. The pan-YPEL antibody we used to detect the
Flag-YPEL proteins in WB analyses reveals staining in un-transfected COS7 cells encompassing both the cytoplasm
and the nucleus as well as denser staining puncta at the nuclear periphery reminiscent of the centrosomic region® (Fig.
2F). Similar locations were also observed in transfected COS7 cells synthesizing 3F-YPEL2 (Fig. 2G & H) detected
with the Flag (Fig 2G) or the pan-YPEL antibody (Fig. 2H). Likewise, the GFP-3FYPEL2 fusion protein showed a

diffuse intracellular location (Fig. 2I).

The presence of a YPEL protein in COS7 cells suggests that YPEL protein(s) has functional roles in these cells. We,
therefore, selected to use COS7 cells to assess YPEL2 functions. Although we were aware that co-expressions/co-
syntheses of YPELs with functional commonalities could compensate for the effects of targeted downregulation of
YPEL2, we nevertheless initially selected to use siRNA approaches to assess the role of YPELZ2 in cellular processes.
However, high sequence nucleotide homologies among YPEL transcripts (Supplemental Information, Fig. S4) rendered
the design of siRNAs with various tools to target specifically YPEL2, any or all members of the YPEL family, to be
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difficult. In several attempts with our design or commercially available siRNAs, we were unsuccessful in effectively
altering the YPEL expressions in COS7 cells (data not shown). We, therefore, used an overexpression system to
examine YPEL2 functions. To circumvent possible adverse effects of YPEL2 overexpression on cellular phenotypes,
as we observed acute cell death in MCF7 cells upon overexpression (data not shown), we decided to use an inducible
expression approach. pINDUCERZ20 is a tightly controlled tetracycline-inducible lentiviral single-vector that provides a
constitutive expression of the reverse tetracycline transactivator 3 (tTA3) and contains promoter sequences composed
of tetracycline-responsive elements (TRE) for transgene expression>®. Upon binding to tetracycline, or its stable analog
Dox, the constitutively synthesized rtTA3 induces transgene expression from the TRE-driven promoter®. We inserted
the 3F-YPEL2 cDNA with appropriate restriction sites into pINDUCER20-MCS, which we modified by inserting a
multiple cloning site (MCS) to ease transgene cloning. We then transiently transfected COS7 cells with pINDUCER20-
MCS bearing none or the 3F-YPEL2 cDNA. We observed by WB and ICC that Dox effectively induced 3F-YPEL2
synthesis, the levels of which were correlated with Dox concentrations: The minimal amount of Dox required for the
maximal amount of 3F-YPEL2 synthesis was 10 ng/ml (Fig. 3A). Independent of Dox concentrations, 3F-YPEL2 showed
diffuse intracellular staining, as we observed with the endogenous YPEL1-4 proteins (Fig. 2F-H), including the nucleus
and cytoplasm (Fig. 3B) which we further confirmed with WB using fractionated cellular proteins (Fig. 3C).

Since the YPEL family proteins appear to be involved in alterations of cellular phenotype, we initially assessed the
effect of YPEL2 on cellular proliferation in COS7 cells transfected with pINDUCER20-MCS bearing none or the 3F-
YPEL2 cDNA for 24 h. Cells were then treated without or with 10 ng/ml Dox for up to 96 h with fresh medium every 24
h. We found by cell counting (Fig. 3D) and crystal violet staining, which is shown at 96 h (Fig. 3E), that 10 ng/ml Dox-
induced 3F-YPEL2 synthesis reduces cellular proliferation (Fig. 3F). Interestingly, the decline in cellular proliferation
appeared to occur only at 24 h Dox treatment without altering the rate of proliferation at subsequent time points which
remained the same throughout (Fig. 3D) even though cell synthesized 3F-YPEL2 at levels that were similar at all time
points (Supplemental Information, Fig. S8A). However, we could not ascertain how 3F-YPEL2 synthesis led to the
repression in cell growth at 24 h at which we observed no significant changes in cell cycle distribution assessed with
flow cytometry (Supplemental Information, Fig. 8B) or in cell death by Annexin V staining (Supplemental Information,
Fig. 8C).

Dynamic analyses of proximity protein interaction network of YPEL2

Although YPEL2 appears to be involved in cellular proliferation, the underlying mechanism is unclear. Since proteins
function within protein interaction networks critical for cellular processes, we reasoned that the identification of
interacting partners of YPEL2 in a time-dependent manner could provide critical information about YPEL2 functions.
To explore this issue, we used the TurbolD proximity labeling approach, a derivative of the BiolD system®%:82 which we
utilized previously®*. TurbolD uses a biotin ligase engineered through yeast display-based directed evolution of a
promiscuous mutant of E. coli biotin ligase, BirA* that catalyzes proximity biotin labeling of proteins with higher
efficiencies and faster kinetics compared to BirA*. This allows the investigation of protein interaction networks
dynamically®’. Based on our initial analyses that TurbolD can be effectively used for dynamic protein interaction profiling
of YPEL2 (Supplemental Information, Fig. S1 & S2), we cloned the Turbo-HA, 3F-YPEL2, or 3F-YPEL2-Turbo-HA
cDNA into pINDUCER20-MCS to efficiently dictate the timing and the level of protein synthesis in transiently transfected
cells to minimize potential adverse effects of transgene overexpression. We transiently transfected COS7 cells with the
expression vectors for 24 h. Cells were then treated with 10 ng/ml Dox for 24 h to induce 3F-YPEL2 synthesis. We then
treated cells without or with 50 uM biotin and 1 mM ATP for 1, 3, 6, or 16 h in the presence of 10 ng/ml Dox followed
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by WB (Fig. 4A & 4B) and ICC (Fig. 4C) using an antibody specific for the Flag, HA, or biotin. Results, shown are biotin
labeling for 3 h, revealed that cells only in the presence of Dox synthesize 3F-YPEL2, Turbo-HA, or 3F-YPEL2-TurbolD-
HA with an expected molecular mass (MM) of approximately 17, 37, or 54 kDa protein respectively (Fig. 4A) and the
proteins show diffuse intracellular staining encompassing both the nucleus and cytoplasm independently of the
exogenously added biotin (Fig. 4C). Importantly, the detection of many biotinylated proteins only in the presence of
biotin in transfected cells synthesizing 3F-YPEL2-TurbolD-HA indicates that the fusion protein is functional as well. The
detection of Turbo-HA or 3F-YPEL2-TurbolD-HA with the Biotin antibody in the absence of exogenously added biotin
also suggests self-labeling of the proteins with residual endogenous biotin (Fig. 4A).

Based on these results, and our preliminary studies (Supplemental Information, Fig. S1 & S2), we carried out large-
scale biotin labeling of intracellular protein for MS analyses. COS7 cells transiently transfected with pINDUCER20-
MCS bearing i) none (EV), ii) the Turbo-HA, or iii) the 3F-YPEL2-Turbo-HA cDNA for 24 h were subjected to 10 ng/ml
Dox for 24 h. Cells were then incubated in a fresh medium containing 50 uM biotin and 1 mM ATP for 1, 3, 6, and 16
h. Cells were lysed and biotinylated proteins in cell lysates were captured with streptavidin-conjugated magnetic beads.
Protein fragments following on-bead tryptic proteolysis of the captured proteins were subjected to MS analyses. MS
identified many proteins from each group conducted as two biological replicates. Subtractive analyses of identified
proteins generated from cells transfected with pINDUCER20-MCS bearing i) none (EV), ii) the Turbo-HA, or iii) the 3F-
YPEL2-Turbo-HA cDNA revealed 130, 99, 157, and 115 specific proximal interactors of YPEL2 at 1, 3, 6, and 16 h
respectively (Supplementary Information, Table S2). We found that a large number of proteins was present only at a
distinct time point, some were common at specific time points or all time points examined (Fig. 5A & 5B).

It should be noted that of the previously identified proteins STRN as a YPEL1 interacting protein®; SH2D4A8, and
SRKP2% as YPEL?2 interactors; LARP4, SH2D4A, SPG21, SRPK2, TP53, and TRIP6 as YPEL3 interacting partners®;
DDX5%, ELAVL1%7, LARP4%, PFDN5%, and RANBP9%:%6 as YPELS5 interacting proteins are also present in our protein
interaction network of YPEL2. This suggests YPEL2 and other YPEL proteins function similarly.

To assess ontologies of putative interacting proteins of YPEL2 for biological functions, we analyzed the MS results with
the Metascape portal (https://metascape.org/), which is an integrated web-based system that allows functional
enrichment, interactome analysis, gene annotation, and membership search*. Results revealed that the profile of
proximity interaction partners of YPEL2 changes dynamically generating a temporal enrichment of Gene Ontology (GO;
http://geneontology.org/) and Reactome pathway (https://reactome.org/) terms (Fig. 5C). We find common enrichment
of proteins at all time points in GO and Reactome terms that encompass RNA and mRNA metabolic processes,
ribonucleoprotein complex biogenesis, regulation of gene silencing by miRNA, and cellular responses to stress, as the
secondary neighbor analyses of YPEL2 partners at all time points similarly indicate (Supplemental Information, Fig.
S9). Proximity interaction partners of YPEL2 involved in RNA metabolic processes include CELF1, DDX6, DDX52,
EEF1D, EIF4H, ELAVL1, G3BP1, HNRNPAO, HNRNPDL, LARP4B, PTBP1, SMN1, SQSTM1, and UPF1; whereas,
ARID1A, ARID2, EMSY, HELLS, MBD3, DNMT1, KMT2D, RUVBL1/2, NCOA3 & 5, NCOR1/2, POLA1, POLA2, are
sub-grouped in DNA- and chromatin-associated processes. Proteins sub-grouped in cellular responses to stress
include AGO2, ANAPC, PN1, BAG3, GFPT1, HSP90B1, MAP4K4, RPS, STAT3, TNRC6A, TP53, and TUBB4B.
Despite the distinct identities of proximal interaction partners of YPEL2 at specific time points, similar GO-term
enrichments at all time points suggest the interdependency of regulatory networks that YPEL2 takes part in.

Furthermore, and importantly, the identities of a substantial number of the putative protein partners of YPEL2 at all time
points appear to be coincident with proteins involved in the formation of processing bodies (p-bodies, PBs)®, and stress
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granules (SGs)® as cytoplasmic ribonucleoprotein (RNP) assemblies (Fig. 6A & B). These include canonical markers
of PBs including AGO2, DCP1A, EDC3, and TNRCG6A, markers of SGs comprising ATXN2, ELAVL1, G3BP1, NCOAS3,
PABPC1, SQSTM1, TARDBP, and USP10 proteins as well as proteins shared between SGs and PBs including AGO?2,
DDX2, XRN1. RNPs including PBs and SGs are membrane-less dynamic networks of multivalent protein-protein and
protein-RNA condensates that form through liquid-liquid phase separation (LLPS) for RNA storage and/or
processing®91-%%_ Of RNPs, PBs are constitutively present in the cytoplasm. PBs contain mRNAs that encode proteins
involved in a variety of regulatory processes as reservoirs for rapid adaptation to gene expressions in response to
internal and external clues®-°®. Whereas, cytoplasmic SGs are formed as defense mechanisms to protect cells against
adverse effects of specific types of stresses including osmotic and oxidative stresses which also increase the size
and/or number of PBs®°'-9 |n stressed cells, PBs are often found adjacent to SGs and exchange content with each
other and the cytoplasm®+91-%5_SG-associated proteome and transcriptome profiles show that SGs sequester primarily
untranslated mRNPs derived from mRNAs stalled in translation initiation including pre-initiation complexes for storage
during a period of stress, and once the stress is attenuated for re-initiation of translation or degradation through
autophagy®1-%, It is therefore suggested that SGs are critical for translation reprogramming by dynamically
partitioning translationally silenced mRNAs. This facilitates the preferential translation of priority mMRNAs from the
cytoplasm or stored pool in PBs for cellular stress responses®%.

Our findings that the putative YPEL2 partners include proteins involved in RNA metabolic processing, in the formation
and/or sustaining PBs and SGs, together with the network analyses of all-time points with Metascape (Fig. 6C & D),
imply the involvement of YPEL2 responses to stress in under both steady-state and stress conditions, which could
result in alterations in mitotic cell cycle processes and, as our results suggest, cellular proliferation.

Assessing the interaction of YPEL2 with putative protein partners

Based on functional importance derived from our Metascape analyses, we selected ADSS, EEF1D, ELAVL1, G3BP1,
and SQSTM1 for the initial interaction screening to test whether or not they are protein partners of YPEL2.

ADSS (Adenylosuccinate synthetase-1 and -2 with estimated MMs of 50,2 and 50,09 kDa, respectively) plays a critical
role in the de novo and the salvage pathway of purine nucleotide biosynthesis by carrying out initial steps in the
biosynthesis of adenosine monophosphate (AMP) from inosine monophosphate®. EEF1D (Eukaryotic Translation
Elongation Factor 1 Delta) with a predicted MM of 71.4 kDa is a subunit of the elongation factor-1 complex and functions
as a guanine nucleotide exchange factor by stimulating the exchange of GDP to GTP in EEF1A1%". ELAVL1 (ELAV
Like RNA Binding Protein 1), an RNA-binding protein with an estimated 36 kDa MM, binds to poly-U and AU-rich
elements (AREs) in the 3'-UTR of target mMRNAs and increases their stability®®°. ELAVL1 is also involved in SG
maturation®%°. G3BP1 (G3BP stress granule assembly factor 1) with an estimated MM of 52 kDa is an RNA-binding
protein and a key component of SG assembly®3'%. | ocalized also in SGs, SQSTM1 (Sequestosome-1) with a MM of
47,7 kDa is an autophagy receptor required for selective macro-autophagy by functioning as a bridge between
polyubiquitinated cargo and autophagosomes'?’'%2, To validate the interaction between YPEL2 and a putative
interacting partner, we transiently transfected COS7 cells with the expression vector pcDNA3.1(-) bearing none, 3F-
YPEL2 and/or HA-ADSS, HA-EEF1D, HA-ELAVL1, HA-G3BP1 or HA-SQSTM1 cDNA for 48 h. Our preliminary studies
using Co-IP did not detect an interaction between 3F-YPEL2 and HA-ADSS, HA-G3BP1, or HA-EEF1D (Supplemental
Information, Fig. S10). We found, on the other hand, that 3F-YPEL2 interacts with HA-ELAVL1 (Fig. 7A-D) or HA-
SQSTM1 (Fig. 7E-H).

18


https://doi.org/10.1101/2023.07.31.551286
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.31.551286; this version posted August 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Based on these results, we further characterized the interaction of YPEL2 with ELAVL1 or SQSTM1. In transiently
transfected COS7 cells with expression vectors bearing the 3F-YPEL2 and/or HA-ELAVL1 cDNA, YPEL2 alone shows
diffuse staining encompassing both the nucleus and cytoplasm (Fig. 7A). Although HA-ELAVL1 localizes primarily to
the nucleus'®®, we also observe the localization of HA-ELAVL1 in the cytoplasm with intensely stained cytoplasmic foci
wherein the 3F-YPEL2 staining shows overlaps. This suggests that ELAVL1 and YPEL2 co-localize to cytoplasmic
structures, reminiscing of PGs/SGs. HA-ELAVL1 in transfected cells shows discrete electrophoretic migration with an
MM of about 37 kDa; whereas 3F-YPEL2 displays an electrophoretic species migrating at 17 kDa MM (Fig. 7B).
Immunoprecipitation of cellular extracts of transiently transfected cells that co-synthesize 3F-YPEL2 and HA-ELAVLA
using the HA or the Flag antibody together with protein A and G magnetic beads followed by immunoblotting with the
Flag or the HA antibody indicates the presence of both HA-ELAVL1 and 3F-YPEL2 in the immunoprecipitants (Fig. 7C).
The co-localization or Co-IP results were not due to the nature of the tags as we observed 3F-ELAVL1 and HA-YPEL2
interact and co-localize to PGs/SGs-like structures when co-synthesized (data not shown). These results demonstrate
that 3F-YPEL2 and ELAVL1 interact only in the cytoplasm. Since ELAVL1 is predominantly found in the nucleus but
can translocate to the cytoplasm through phosphorylation of residues located in the hinge region of the protein'%, our
results suggest that YPEL2 may interact with the phosphorylated ELAVLA1.

To further verify that ELAVL1 is an interacting protein partner of YPEL2, we carried out the proximity ligation assay
(PLA) as we described previously®*. PLA utilizes species-specific secondary antibodies conjugated with distinct DNA
primers. A hybridization step followed by circular DNA amplification with fluorescent probes to the conjugated DNA
primers allows the visualization of proximity spots by fluorescence microscopy'%*. In transiently transfected COS7 cells,
we observed prominent fluorescence signals in the cytoplasm, only when cells co-synthesize HA-ELAVL1 and 3F-
YPEL2 in the presence of both the HA and the Flag antibodies (Fig. 7D), as we observe virtually no fluorescence signal
in the presence of a single antibody even when cells synthesize both interacting partners (Supplemental Information,
Fig. S11). These results lend credence to the conclusion that ELAVL1 is an interacting partner of YPEL2 when both

proteins are present in the cytoplasm.

Similar studies by the use of IP, WB, ICC, and PLA in transient transfection into COS7 cells with expression vectors
bearing the 3F-YPEL2 and/or HA-SQSTM1 cDNA indicated that SQSTM1 is also an interaction partner of YPEL2 (Fig.
7E-H).

Localization of the endogenous YPEL proteins in Stress Granules in response to Sodium Arsenite

Interaction of YPEL2 with ELAVL1, or SQSTM1, and co-localizations in PB/SG-like structures in the cytoplasm suggest
that YPEL2 is involved in processes associated with the formation and/or maintenance of PBs/SGs thereby cellular
stress responses. Because overexpression in experimental systems could induce SG formation without stress
stimuli'>1%, to ensure that our results are not experimental artifacts, we examined the involvement of the endogenous
YPEL in SG formation in cellular responses to a stress inducer. Since cells respond to various internal and external
stresses including heat shock, amino acid deprivation, hypoxia, and oxidative stress by inducing the formation of SGs®3
and since our Phyre2 results assign possible RNA binding and oxidoreductase activities to YPEL proteins (Fig. 1C),
we chose sodium arsenite (SA) as an oxidative stress inducer to instigate SG formation®107-109,

To assess SGs formation in COS7 cells in response to SA, we treated cells without (- SA) or with 200 uM SA (+ SA),
which was based on the minimal concentration of SA to induce SG-like loci in all cells in 1h (Supplemental Information,
Fig. S3). Cells were then subjected to RNA-FISH with an ATTO488-conjugated oligo-(dT)so probe for mRNA detection
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and/or RNA-FISH coupled ICC using a rabbit polyclonal antibody specific to G3BP1 as an essential nucleator of SG
assembly to ensure that SA treatment of COS7 cells faithfully reconstitutes SG formation. We observed that oligo-
(dT)so and G3BP1 signals merge to cytoplasmic foci only in response to SA, indicating that SA-induced cytoplasmic
foci are bona fide SGs (Fig. 8A).

Under identical conditions, co-localization of endogenous YPEL, assessed with the pan-YPEL antibody, with G3BP1
probed with a mouse monoclonal antibody specific to G3BP1 indicated that the endogenous YPEL proteins (YPEL)
also localize to SGs (Fig. 8B). In transiently transfected COS7 cells, co-localization of 3F-YPEL2 assessed with the
Flag antibody with the endogenous G3BP1 in cytoplasmic foci in response to 200 uM SA shows that 3F-YPEL2 as the
endogenous YPEL is involved in SG-associated processes as well (Fig. 8C).

SG assembly and disassembly occur dynamically through sequential multistep processes that involve an initial
nucleation event which follows a growth phase requiring the accumulation of substrate molecules and finally the fusion
of the small initial stress granules into larger assemblies®®. To examine whether or not the endogenous YPEL is also
involved in dynamic SG assembly and/or disassembly of SGs, we treated COS7 cells with 200 uM SA for 15 min
intervals up to 2h. Cells were then probed with the pan-YPEL and G3BP1 antibodies (Fig. 8D). Results revealed that
15 min after SA treatment, the endogenous YPEL and G3BP1 co-localized to numerous and various sizes SGs. These
SGs coalesced to form larger size SGs thereby decreasing the number of SGs at later time points up to 2h within which
YPEL and G3BP1 co-localized. Following a 1h SA treatment (post-SA, PS, treatment), SGs completely disappeared
within 4h of the SA withdrawal leading to diffuse staining of both YPEL and G3BP1 (Fig. 8E). These results suggest
that the YPEL protein is associated with the dynamic assembly and disassembly processes of SGs.

HA-G3BP1 did not interact (Supplemental Information, Fig. S10) but co-localized with 3F-YPEL2 in SG-like structures
in the cytoplasm of transiently transfected COS7 cells (Fig. 8B, D & E). On the other hand, HA-ELAVL1 interacted and
co-localized with 3F-YPEL2 in SG-like structures (Fig. 7). This raises the possibility that the interaction between
ELAVL1 and YPEL is critical for the localization of the endogenous YPEL in SGs. To examine whether or not reducing
levels of the endogenous ELAVL1 protein decreases/represses the localization of YPEL in SGs, we transiently
transfected COS7 with AllStar control siRNA (AS-siR) or a siRNA pool that targets ELAVL1, EL1-siR, for 24 h. WB
analysis indicated that EL1-siR effectively reduces both cytoplasmic and nuclear levels of ELAVL1 (Fig. 9A) reflected
in ICC as well (Fig. 9B). To examine the SG formation, COS7 cells transfected with EL1-siR were treated without (Fig.
9C) or with 200 uM SA (Fig. 9D) for 1 h. We observed that even in the presence of reduced cytoplasmic levels of
ELAVL1 in cells transfected with EL1-siR, YPEL localizes to SG-like structures in response SA (Fig. 9D) as observed
in cells transfected with AS-siR (Fig. 9B). This suggests that YPEL localization to SGs is independent of ELAVLA1.
Furthermore, we observed that G3BP1 and YPEL co-localize to SGs with smaller sizes and substantially higher
numbers (Fig. 9E) in cells transfected with EL1-siR compared to those in cells transfected with the control AS-siR, as
reported previously''®. This implies that ELAVL1 is a critical substrate for the maturation of SGs as shown

previously%-%,
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DISCUSSION

We here initially explored the identification of dynamic YPEL2 protein interaction networks as a means to delineate the
functional features of YPEL2 in mediating cellular processes using inducible YPEL2 synthesis in COS7 cells under
steady-state conditions followed by dynamic TurbolD-MS analyses. Our results indicate that the proximity interaction
partners of YPEL2 encompass proteins largely involved in RNA metabolic processes including RNA folding, mRNA
maturation, stability, export, translation, and degradation. Since the proximity interacting partners of YPEL2 also
functionally overlap in processes associated with the formation and disassembly of cytoplasmic RNP granules involved
in cellular stress responses, as we observe here with sodium arsenite an oxidative stress inducer, we suggest that
YPEL2 is involved in stress surveillance mechanisms critical for cellular survival.

Our in silico analyses show that YPEL proteins with MMs ranging from 13.5 to 17.5 possess only a single structural
feature: the Yippee domain. Homology modeling, as an attempt to infer a function(s) for YPEL proteins through the
Yippee domain, known also as MeDIY"" or CULT/B-tent fold domain''?, indicated matches for proteins with
oxidoreductase, RNA binding/hydrolase, and chaperon functions in several protein families of prokaryotes and
eukaryotes. The presence of yippee-like globular domains in oxidoreductase MSRA/MSRB proteins of prokaryotes and
eukaryotes, E3 ligase cereblon protein, RNA helicases DHR-3, RIG-I/DHX58, and MDAS proteins, as well as chaperon

MSS4/RABIF protein of eukaryotes, likely indicate an evolutionary relationship, as suggested””'12,

However, distinct ligand specificities of the evolutionarily conserved yippee domain in these proteins rendered
predictions of mechanisms involved in ligand recognition hence assigning a physiological ligand(s) for YPEL2 in
particular and YPEL proteins in general difficult. Despite the Yippee fold, differences in amino acid compositions of the
Yippee fold in proteins could generate specialized molecular interaction networks that drive the formation of discrete
interacting surfaces resulting in selective ligand recognition. For example, the deposition and restoration level of CENP-
A at centromeres is primarily mediated by the MIS18 complex composed of MIS18A, MIS18B, and MIS18BP178,
Structural studies indicate that the heterodimerization and subsequent formation of the oligomeric state of MIS18A and
MIS18B are initiated by the Yippee domains through specific residues in the dimerization interfaces. The Yippee domain
of MIS18A in the oligomer then specifically recruits two monomers of MIS18BP1 to form the MIS18 complex, whereas
the Yippee domain of MIS18B through a distinct ligand interacting surface directly associates with CENP-C for
subsequent CENP-A deposition''" "3, Similarly, members of the RIG-I-like RNA helicase (RLR) family including DRH3
of C. elegans, the human RIG-I/DHX58, and MDAS5 proteins are involved in the endogenous RNAI biogenesis as well
as in recognition of cytoplasmic viral RNA as sensors. This family of proteins possesses a central helicase domain and
a carboxyl-terminally located Yippee domain (also referred to as the regulatory domain, RD) with different RNA binding
specificities''* due to the protein-specific regional conformation''®. DRH3, for example, binds both single-stranded and
double-stranded RNAs independently of 5'-triphosphate'®, whereas the Yippee domain of MDA5 preferentially binds
long, capped 5 mono- or di-phosphate containing double- or single-stranded RNAs. On the other hand, the Yippee
domain of RIG-I associates with short double-stranded or 5’-triphosphates of uncapped single- or double-stranded
RNAs'"4117.118 |nterestingly, as one of the YPEL proximity interactors ZCCHC3 acts as a co-receptor for both RIG-I
and MDAJ5 by binding to RNA and interacting with the Yippee domains of RIG-I and MDAS5, thereby enhancing RNA
binding of these proteins''®. Moreover, the recruitment of E3 ligase TRIM25 to the RIG-I/MDA5/ZCCHC3 complex by
ZCCHC3 induces the ubiquitylation and activation of RIG-I and MDA5'"°.
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In contrast to the substrate specificities of modular RLR proteins, proximal interaction partners of YPEL2 possessing
only the Yippee domain show remarkable diversity. We observed under steady-state conditions in COS7 cells that
YPEL2, as the endogenous YPEL protein(s), shows diffuse intracellular staining encompassing both the nucleus and
cytoplasm and interacts with functionally diverse proteins involved in cellular processes ranging from RNA metabolism
to cellular proliferation. Importantly, a substantial portion of the interaction partners of YPEL2 at all time points coincided
with proteins critical for the formation/resolution of PB and SG, as indicated by interactions and co-localizations of
YPEL2 with RNA binding proteins including ELAVL1 under both the steady-state and oxidative stress condition in
response to SA. These observations suggest that YPEL2 can temporarily associate with functionally integrated and
spatially restricted multicomponent complexes involved in various cellular processes and raise the possibility that
YPEL2 uses a common feature to recognize and interact with the putative partners.

One of the predicted functional features for YPEL by our homology modeling involves oxidoreductase activity derived
from the evolutionary conserved MSRA and MSRB proteins of eukaryotes'?-'22, Under steady-state conditions,
reactive oxygen species (ROS), including superoxide anion (O2*-), hydroxyl radical (+OH), singlet oxygen ('O),
hydrogen peroxide (H20.), and peroxyl radicals (ROQe), are formed as physiological metabolic by-products of
reduction-oxidation reactions mediated by a large number of oxidase enzymes and the mitochondrial electron transport
chain'?-122 Effects of ROS in cells are largely manifested in the reversible oxidation of methionine, cysteine,
selenoproteins, lipids, and RNA/DNA leading to modification of substrate activities2%-'22, The formation and subsequent
degradation of ROS are regulated by cellular defense systems, including superoxide dismutases, catalase,
thioredoxin/thioredoxin reductase, and glutathione peroxidase as scavenging enzymes capable of removing oxidants
or their precursors'?*-'22, Non-enzymatic antioxidants such as tocopherols and ascorbic acid, and also metal binding
proteins delay oxidation reactions or prevent the development of reactive species. Repair and removal systems
including methionine sulfoxide reductases, disulfide reductases/isomerases, and the ubiquitin-proteasome-system are
critical for counteracting the effects of ROS'2%-122, Increased levels of ROS that exceed the ability of the cell defense
system to remove oxidants result in the activation of intracellular signaling pathways for removal of, or adaptation to,
stress or stress-induced cell death'2%12!, Methionine, for example, in proteins acts as a reversible redox switch which
constitutes an important antioxidant defense mechanism that affects many cellular functions. Methionine can be
oxidized to methionine sulfoxide either non-specifically by ROS or as a specific, enzyme-catalyzed post-translational
modification. On oxidation, the methionine sulfur atom becomes a new chiral center, producing methionine-R-sulfoxide
or methionine-S-sulfoxide altering the local conformation of proteins'?%12!. While the MSRA enzyme present throughout
the cell reduces the S-epimer, MSRB enzymes (MSRB1, MSRB2, MSRB3A, and MSRB3B) with distinct intracellular
distributions reduce the R-epimer to generate unmodified methionine. Of MSRBs, MSRB1 exhibits the highest
methionine-R-sulfoxide reductase activity because of the presence of selenocysteine (Sec) in its active site”*123.124_ For
example, control of the assembly and disassembly of actin affecting various cellular events ranging from cell
morphology to proliferation is shown to be mediated by the reversible oxidation of methionine residues by the MICAL
family monooxygenases and subsequent reduction of methionine sulfoxides by MSRB1'2. Similarly, Ca**/calmodulin-
dependent protein kinase Il (CaMKIl) is involved in many signaling cascades critical for energy metabolism and
adaptation to oxidative stress'?®. Calcium-independent activation of CaMKIl through the oxidation of methionine
residues leads to apoptosis, while MSRA reverses the autoactivation of CaMKII thereby inhibiting apoptosis'?’. Despite
the Yippee fold, it is unlikely that YPEL proteins are members of the methionine-sulfoxide reductase family as they lack
the invariably conserved cysteine-containing motifs essential for the catalytic activity of MSRA (GCPWG) or the MSRB
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(RXCXN) proteins’®123124 Nevertheless, the yippee domain of YPELs as a ‘reader/sensor’ could associate with
oxidized methionine in free form or in proteins.

The possible ‘reader/sensor’ function of YPELs could also be operational for the oxidation of cysteine residues of
cellular proteins. As methionine, cysteine is a redox-sensitive site that can be covalently modified by ROS through
reversible and irreversible oxidation by sensing levels of oxidative stressors'?®'2°. Due to the unique chemical
characteristics of its thiol group, cysteine plays also a crucial role in the structure of proteins and protein-folding
pathways through intra- and inter-molecular linkages with other cysteine residues. For example, cysteine oxidation of
the SG-nucleating protein TIA1 is shown to lead to oligomerization and subsequent inhibition of SG assembly that result
in the promotion of apoptosis'®. This finding lends also credence to the conclusion that the removal of oxidation-
induced damage on proteins is critical for cell survival. SQSTM1, one of the YPEL2 interacting partners, is a prototypical
autophagic receptor that links ubiquitylated substrates to the nascent autophagic vesicles for cell survival'®'. Studies
indicate that oxidation of cysteine residues in SQSTM1 in response to hydrogen peroxide, H20-, at low concentrations
triggers rapid but transient SQSTM1 oligomerization, in contrast to high concentrations that lead to aggregation and
subsequent degradation of SQSTM1 with its ubiquitinated substrates through autophagy'®?. Moreover, TARDBP as
one of the YPEL2 proximity interactors acts also as an RNA-binding protein. Cysteine oxidation of one of the RNA
recognition motifs of TARDBP is shown to result in the loss of function by fragmentation and accumulation of fragments
in insoluble aggregates'®. Furthermore, BAG6 is a member of the Bcl-2 associated athanogene family which is an
evolutionarily conserved, multifunctional group of co-chaperone regulators including BAG2 and BAG3, which are
YPEL2 proximal interactors. BAG6 functions in the prevention of the aggregation of misfolded hydrophobic patch-
containing proteins as a part of a cytosolic protein quality control complex'. It appears that BAG6 as a sensor for
fragments of TARDBP facilitates the ubiquitylation of fragments for degradation thereby preventing their intracellular
aggregation'3®. The possible reader/sensor function for YPEL2 of redox homeostasis is supportive of our observation
that YPEL2 interacts with the members of the RIG-I/MDA5/ZCCHC3/TRIM25 complex which counteracts viral infection-
generated increases in ROS levels'%.

The possible ‘reader/sensor’ function of YPELs could allow YPELs to sequester ROS. The Yippee domain of YPEL
proteins contains two cysteine pairs that are fifty-two amino acids apart (CX2C-Xs2-CX2C). Our structural similarity
analyses suggest that the Yippee fold of YPELs forms a zinc (Zn**) binding pocket (Supplemental Information, Fig.
$12), as, for example, observed with the MSRB proteins’®'%7, Zn**-mediated cysteine residue coordination is critical
for the formation of a stable protein structure and conformation that mediates protein function, protein-DNA, protein-
RNA, and protein-protein interactions'3®'3%, Resulting in the release of Zn**, the oxidation of cysteine thiols of the
Yippee fold could sequester ROS. Subsequent formation of intra/inter-molecular linkages with other cysteine residues
within the protein or other proteins could lead to protein aggregations critical for the removal, elimination, and/or repair
of oxidized substrates under both steady-state and oxidative-stress-induced conditions to ensure cell survival, as
observed with TIA1'% and SQSTM132,

The probable reader/sensor function of YPEL2 for oxidized substrates could also be critical for processes in the repair
of oxidative stress-mediated damages/modifications to RNA. In addition to proteins, ROS under both steady-state and
oxidative stress conditions induce nucleic acid 8-oxo-guanine (0®G) modification that occurs more frequently on coding-
and non-coding RNAs, including rRNA and tRNA, than DNA'™0-143_ 038G modification affects every stage of mRNA
metabolism including RNA folding, maturation processing, stability, export, translation, translation fidelity, and decay'#*-
143, For instance, XRN1, one of the YPEL2 proximity partners, is a member of the 5'—3'-exoribonucleases family that
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plays key roles in mRNA processing and turnover, no-go and nonsense-mediated decay, as well as the RNA
interference pathways'#4. It is shown that 08G modifications induce translation stalling’® and decrease the processing
efficiency of XRN1'6_ In addition, ribosome rescue upon translation stalling is carried out by a set of proteins including
ABCEH1, a proximity interacting partner of YPEL2, which participates in the alleviation of stalling-induced translational

stresses'’.

In summary, our results suggest that YPEL2 likely as a sensor/reader for ROS is involved in stress surveillance critical
for cellular proliferation through proximity interactions with protein networks largely encompassing RNA metabolic
processes. Our findings provide a point of departure to delve further into the involvement of YPEL2 in cellular events
and also testable predictions about the structure/function of YPEL2. Since ROS act as damaging molecules and are
also critical inducers of cellular signaling networks, deciphering the potential function and role of YPEL2 in stress
surveillance mechanisms could contribute to a better understanding of the physiology and pathophysiology of cellular
stress responses.
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Fig 1. In silico analyses of YPEL proteins. (A) The alignment of amino acid sequences of YPEL proteins was
generated with the Jalview program using the ClustalOmega plug-in. (B) Prediction and superimposition of tertiary
structures of YPEL proteins were carried out with the AlphaFold server using the ChimeraX molecular visualization
program. (C) The Phyre2 web tool was used for the homology modeling of YPEL proteins.
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Fig. 2. Expression of the YPEL family genes in cell lines. (A) Based on data from the DepMap portal, the averag
e expression of the YPEL gene family members relative to the expression of YPEL1 in breast cancer cell lines (DM-
BCCL) or only in MCF7 cells (DM-MCF7) is shown. For comparison, our RT-gPCR analyses for the relative
expression of YPEL genes in MCF7 cells (MCF7) are also indicated. (B) To assess whether or not E2-ERa signaling
is involved in the regulation of YPEL2, 3, and 5 expressions, MCF7 cells grown for 72 h in CD-FBS containing
growth medium were treated without (EtOH as control) or with 10° M E2, and/or 10° M ICI, a complete ER
antagonist, for 24h. cDNAs generated from total RNA were subjected to qPCR. We also used the E2-ERa
responsive gene TFF1 as a control. Star indicates a significant change compared to EtOH control. (C) Relative to
YPEL1, the expression of YPEL genes in COS7 cells was assessed by gPCR using cDNA from total RNA obtained
from COS7 cells grown in steady-state conditions. (D) To evaluate the synthesis of YPEL1-5 proteins, which Y3.1
and Y3.2 indicate short and long variant YPEL3 proteins, COS7 cells were transiently transfected with the
expression vector pcDNA3.1(-) bearing none (EV) or cDNA for a YPEL protein. Total protein extracts of COS7 cells
grown in steady-state condition were subjected to SDS-15%PAGE followed by WB using a pan-YPEL antibody
(SCBT, sc99727) and an HRP-conjugated goat-anti-rabbit secondary antibody (Advansta R-05072-500).
Membranes were re-probed with an antibody specific to HDAC1 (Abcam, ab19845). Molecular masses (MM) in kDa
are indicated. (E) To assess the synthesis of endogenous YPEL proteins in COS7 cells, protein extracts ranging
from 50 to 150 ug were subjected to WB using the pan-YPEL antibody. We also used protein extracts from COS7
cells transiently transfected with pcDNA3.1(-) bearing the 3F-YPEL2 cDNA for comparison. Membranes were re-
probed with the HDAC1 antibody (Abcam, ab19845). Molecular masses (MM) in kDa are indicated. (F) To assess
the intracellular localization of endogenous YPEL (YPEL) proteins, COS7 cells grown on coverslips were subjected
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(Abcam, ab150080) or a vimentin (sc-6260) antibody followed by an Alexa Fluor 488-conjugated goat anti-mouse
secondary antibody (Abcam, ab150113). DAPI was used to indicate the nucleus. The scale bar is 20 ym. (G & H)
The intracellular localization of 3F-YPEL2 was evaluated in transiently transfected cells with the use of the Flag (G)
or the pan-YPEL (H) antibody or GFP fusion (I). DAPI staining indicates the nucleus. The scale bar is 20 ym.


https://doi.org/10.1101/2023.07.31.551286
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.31.551286; this version posted August 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Fig 3 available under aCC-BY-NC-ND 4.0 International license.
A 3F-YPEL2 c Nuclear  Cytoplasmic ~ Total D
Dox Dox
(ng/ml): 0 1 25 5 10 100 1000 (10 ng/ml): + + + 16 91 EV
M MM
- 8
c~
35 [ 15| s — J— -— |2 5
25 o 854
o 25
© s§32
15 —— (L P £ %§
35| — — — — 2 O~ 1
10 @
0
- - Hours:
- Q
55 L T ———— — g 55w —— L — - é E
I I
35 - p— -
> |
B £ é w
LAMIN-B1 MERGED EX]
o "
x o%
52
S b N
= o8
2 °g £
2 = 06
F

MERGED MERGED MERGED MERGED

Flag

HD1

0 ng/ml Dox 5 ng/ml Dox 100 ng/ml Dox 1000 ng/ml Dox

Fig. 3. Assessing effects of 3F-YPEL2 on the growth of COS7 cells. (A) COS7 cells were transiently transfected
with the pINDUCER20-MCS vector bearing none (EV) or the 3F-YPEL2 cDNA for 24 h. Cells were then treated
without (0) or with varying concentrations (1-1000 ng/ml) of Dox for 24 h. Total cell extracts (50 ug) were then
subjected to WB using the Flag antibody followed by an HRP-conjugated goat-anti-mouse secondary antibody
(Advansta R-05071-500). Membranes were re-probed with the HDAC1 antibody. Molecular masses (MM) in kDa
are indicated. (B) Transiently transfected cells with pINDUCER20-MCS bearing the 3F-YPEL2 cDNA for 24 h were
then treated with 0, 5, 10, or 100 ng/ml Dox for 24 h. Cells were subsequently fixed, permeabilized, washed, and
stained with the Flag antibody followed by an Alexa Fluor 488-conjugated goat anti-mouse secondary antibody
(Abcam, ab150113) or a Lamin B1 antibody (Abcam, ab16048) followed by an Alexa Fluor 647-conjugated goat
anti-rabbit secondary antibody. DAPI was used to indicate the nucleus. The scale bar is 20 ym. (C) To assess the
subcellular levels of inducibly synthesized 3F-YPEL2 in transiently transfected cells treated without or with various
concentrations of Dox for 24 h, fractionated nuclear and cytoplasmic protein extracts were subjected to WB using
the Flag antibody. Membranes were re-probed with an antibody specific to B-actin (Abcam, ab8227) or HDAC1
(Abcam, ab19845). Molecular masses (MM) in kDa are indicated. (D) To assess the effects of 3F-YPEL2 on cellular
growth, COS7 cells transiently transfected with pINDUCER20-MCS bearing none (EV) or the 3F-YPEL2 cDNA for
24 h were treated without or with 10 ng/ml Dox for 24 h intervals up to 96 h. At every 24 h, cells were collected and
counted with a hematocytometer. The asterisk indicates significant changes (P<0.05) in cellular growth depicted as
fold changes. (E) Crystal violet staining for cellular growth and (F) WB analysis with the Flag antibody of COS7
cells inducibly synthesizing 3F-YPEL2 at 96 h are shown.
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Fig. 4. Synthesis, subcellular location, and effects of TurbolD constructs on the biotinylation of intracellular
proteins in COS7 cells. (A) COS7 cells were transfected with pINDUCER20-MCS carrying none (EV), the 3F-
YPEL2 (3F-Y2), 3F-YPEL2-Turbo-HA (3F-Y2-T-HA), or Turbo-HA (T-HA) cDNA. 24 hours after transfection, cells
were treated without or with 10 ng/ml Dox to induce protein synthesis for 24 h in the absence or presence of biotin
(50 uM) for the biotinylation of endogenous proteins. Cells were then collected and equal amounts (50 pg) of protein
extracts were subjected to SDS-10%PAGE electrophoresis followed by WB analyses using the Flag, HA, or Biotin
(Abcam, ab53494) antibody. Molecular masses are indicated in kDa. (B) To assess subcellular distributions of 3F-
YPEL2 (3F-Y2), Turbo-HA (T-HA), or 3F-YPEL2-Turbo-HA (3F-Y2-T-HA) proteins following 10 ng/ml Dox induction
for 24 h in transiently transfected cells, cytoplasmic, nuclear, or the total protein extracts (50 ug) were subjected to
WB analyses wherein 3-actin (8-Ac, ab8227) and HDAC1 (HD1) were used as the cytoplasmic and nuclear protein
loading controls. Molecular masses are depicted in kDa. (C) Intracellular locations of the TurbolD constructs in the
transiently transfected cell grown on coverslips without (-) with Biotin (+) were assessed with the Flag antibody
followed by the Alexa Fluor 488-conjugated secondary antibody (Abcam, ab150113), or HA and/or biotin antibody
followed by the Alexa Fluor 594-conjugated secondary antibody (Abcam, ab150080). DAPI staining indicates the
nucleus. The scale bar is 20 pym.
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Fig. 5. In silico analysis of proxiavaliheradtiorfaptnels SPYRELR2I(A)dntélisections of proximal protein partners

of YPEL2 at (different time points were constructed using a Venn diagram tool
(https://bicinformatics.psb.ugent.be/webtools/Venn/). (B) The Circos plot generated with Metascape indicates time-
dependent (outside arcs with distinct colors for each time point) proximal interaction partners of YPEL2 that are
shared among time points (inside arcs with a dark orange color that are linked with purple lines). (C) A hierarchically
clustered heatmap of enriched terms related to functions of proteins across all time points colored by p-values was

generated by Metascape.
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Fig. 6. Cumulative network arahjsiic ofidprexitnal-teractiomipartiters iofn¥PEL2 at all points. (A & B)

Intersections of proximal protein partners of YPEL2 at different time points with proteins of (A) processing bodiessg,

PBs, or (B) stress granulesgo, SGs, curated in the RNAgranuleDB database, version 2.0, Gold Standart
(http://rnagranuledb.lunenfeld.ca/) were generated using a Venn diagram tool. (C) A network of enriched terms
using all proximal interaction partners of YPEL2 is generated with Metascape and visualized with Cytoscape. A
circle node where size is proportional to the number of proteins specific to a term is colored represented. Nodes
that share the same cluster identity are represented close to each other. (D) The network of enriched terms is

represented by colored p-values, where terms containing more proteins indicate more significant p-values.
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Fig. 7. Interaction of 3F-YPEL2 arrildR-BEIANACIC A N6 -AE3d gk thier matieiglligknsecalization of 3F-YPEL2 and/or
HA-ELAVL1, COS7 cells grown on coverslips un-transfected (UT) or transiently transfected for 36 h with the
expression vector pcDNA3.1(-) bearing the 3F-YPEL2 or HA-ELAVL1 cDNA were stained with the Flag or the HA
antibody. DAPI was used to indicate the nucleus. The scale bar is 20 ym. (B) To examine the protein synthesis,
COS7 cells were transfected (+) with the expression vector bearing 3F-YPEL2 and/or HA-ELAVL1 cDNA. The
synthesis of proteins was assessed by WB using the Flag or the HA antibody. HDAC1 used as a loading control
was probed with the HDAC1 antibody. (C). The cellular extracts (500 pg) of transiently co-transfected COS7 cells
were subjected to Co-IP with the HA, Flag, or isotype-matched I1gG. 50 g of lysates was used as input control. The
precipitates were subjected to SDS-10%PAGE followed by WB using the Flag or the HA antibody. Molecular
masses (MM) in kDa are indicated. (D) To assess in cellula interaction of 3F-YPEL2 and HA-ELAVL1, the proximity
ligation assay was carried out in transiently transfected COS7 cells grown on coverslips. Cells were fixed,
permeabilized, blocked, and probed with the HA and/or the Flag antibody. Cells were then subjected to fluorescent
probes for circular DNA amplification for proximity interaction foci. DAPI was used for nuclear staining. Images were
captured with a fluorescence microscope. The scale bar is 20 pym. (E) The intracellular localization, (F) protein
synthesis, (G) interaction, and (H) PLA of 3F-YPEL2 and/or HA-SQSTM1 in transiently transfected COS?7 cells were
as assessed as described in legend of A-D. HDAC1 was used as a loading control.
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Fig. 8. Stress granule formation in COS7 cells in response to sodium arsenite. (A) To assess the formation of
stress granules, COS7 cells grown on coverslips were treated without (-SA) or with 200 uM sodium arsenite (+SA)
for 1 h. Cells were fixed and subjected to hybridization-couple ICC using an ATTO488 conjugated oligo-dT probe
and the polyclonal G3BP1 antibody (ab200550) followed by an Alexa Fluor-647 conjugated secondary antibody.
DAPI indicates the nucleus. The scale bar is 20 ym. (B) To assess the co-localization of the endogenous YPEL
proteins (YPEL) with G3BP1, cells treated with SA for 1 h were fixed and subjected to ICC using the monoclonal
G3BP1 antibody (SCBT, sc-365338) followed by an Alexa Fluor-488 conjugated secondary antibody (405319,
Biolegend) and the pan-YPEL antibody (SCBT, sc99727) followed by an Alexa Fluor-647 conjugated goat-rabbit
secondary antibody (Abcam, ab150083). DAPI was used to indicate the nucleus. (C) To assess whether 3F-YPEL2
also co-localizes with G3BP1 in SGs, cells transfected with the expression vector pcDNA3.1(-) bearing 3F-YPEL2
cDNA were subjected to ICC using the polyclonal G3BP1 antibody (Abcam, ab200550) followed by an Alexa Fluor-
647 conjugated secondary antibody and the monoclonal Flag antibody (Sigma-Aldrich, F1804) followed by an Alexa
Fluor 488-conjugated secondary antibody. DAPI indicates the nucleus. (D) To examine the co-localization of YPEL
and G3BP1 during the formation and disassembly of SGs, COS7 cells grown on coverslips were treated with 200
UM sodium arsenite (+SA) for 0, 15 min, 30 min 1 h, and 2 h. (E) Following 1 h of 200 uM sodium arsenite (+SA)
treatment, cells (post-stress, PS), were washed and incubated in the growth medium without SA for 0, 1, 2, 3, or 4
h. (D & E) Fixed cells were then subjected to ICC using the monoclonal G3BP1 antibody (sc-365338) and the pan-
YPEL antibody (sc99727) followed by secondary antibodies for visualization with a fluorescence microscope. DAPI

staining indicates the nucleus. The scale bar is 20 ym.
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Fig. 9. Effects of suppressed levels of ELAVL1 by a siRNA approach on the co-localization of YPEL and
G3BP1 in SGs. (A) To examine whether or not a reduction of ELAVL1 levels in cells alters the location of YPEL in
SGs, COS7 cells were left un-transfected (UT) or transiently transfected with a control siRNA AllStar (AS-siR) or a
siRNA pool specific to ELAVL1 transcripts (EL-siR) for 24 h. Cytoplasmic and nuclear extracts (50 ug) were
subjected to SDS-10%PAGE for WB analysis using a monoclonal antibody specific to ELAVL1 (SCBT, sc-5261).
HDAC1 probed with the HDAC1-specific antibody (Abcam, ab19845) was used as the loading control. (B)
Transfected COS7 cells with the AllStar siRNA or the ELAVL1 siRNA pool for 24 h were also treated without (-SA)
or with 200 uM sodium arsenite (+SA) for 1 h. Cells were then fixed and subjected to ICC using the ELAVL1 antibody
or the pan-YPEL antibody. DAPI staining indicates the nucleus. The scale bar is 20 um. (C & D) To assess the co-
localization of ELAVL1 and YPEL in SGs when ELAVL1 protein levels were reduced, COS7 cells transfected with
(C) the control (AS-siR) or with (D) the siRNA pool specific to ELAVL1 transcripts (EL-siR) for 24 h were treated
without (-SA) or with 200 uyM sodium arsenite (+SA) for 1 h and subjected to ICC with the ELAVL1-specific
monoclonal antibody and the pan-YPEL antibody. DAPI staining indicates the nucleus. The scale bar is 20 ym. (E)
To assess the effect of the reduced levels of ELAVL1 on the size and numbers of SG, cells shown in Fig. D were
subjected to quantification using the CellProfiler image analysis program. Asterisks indicate significant changes
(P< 0.0001).
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Fig. S1. Effects of TurbolD constructs on the biotinylation of intracellular proteins in COS7 cells. (A & B)
COS7 cells were transfected with the pcDNA3.1(-) expression vector bearing none (EV), the 3F-YPEL2 (3F-Y2),
3F-YPEL2-Turbo-HA (3F-Y2-T-HA), or Turbo-HA (T-HA) cDNA. 24 hours after transfection, cells were subjected to
(A) ICC or (B) WB using the Flag antibody (F-1804) for 3F-YPEL2 and 3F-YPEL2-Turbo-HA or the HA antibody
(ab9119) for Turbo-HA. In ICC, DAPI staining was used to indicate the nucleus. The scale bar is 20 um. For WB,
molecular masses (MM) in kDa are indicated. (C) Assessing the duration of biotin incorporation into endogenous
proteins. COS7 cells were transiently transfected with the pcDNA3.1(-) expression vector bearing 3F-YPEL2-Turbo-
HA (3F-Y2-T-HA). Twenty-four hours after transfections, cells were incubated in fresh medium without or with (+)
50 uM biotin and 1 mM ATP for 3 or 16 h for the biotinylation of endogenous proteins. Cells were then collected,
lysed, and equal amounts (50 pg) of protein extracts were subjected to SDS-10%PAGE electrophoresis followed
by WB analysis using the Biotin (ab53494) antibody. Molecular masses (MM) are indicated in kDa.
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Fig. S2. Inducible synthesis and effects of biotin concentrations on the biotinylation of intracellular proteins
in COS7 cells by TurbolD constructs. (A) COS7 cells were transfected with the pINDUCER20-MCS vector
carrying none (EV), the 3F-YPEL2 (3F-Y2), 3F-YPEL2-Turbo-HA (3F-Y2-T-HA), or Turbo-HA (T-HA) cDNA. 24
hours after transfection, cells were treated without (0) or with various concentrations of Dox (1-1000 ng/ml) to induce
protein synthesis for 24 h. Cells were then collected and equal amounts (50 ug) of protein extracts were subjected
to SDS-10%PAGE electrophoresis followed by WB analyses using the Flag antibody (F-1804), for 3F-YPEL2 (3F-
Y2) and 3F-YPEL2-Turbo-HA (3F-Y2-T-HA) or the HA antibody (ab9119) for Turbo-HA (T-HA). We also used £3-
actin (B-Act) as the loading control using the B-actin antibody (ab8227). Molecular masses (MM) are indicated in
kDa. (B) To assess the kinetics of biotinylation of intracellular proteins with 3F-YPEL2-Turbo-HA or Turbo-HA (T-
HA), cells transiently transfected with the pINDUCER20-MCS vector bearing 3F-YPEL2-Turbo-HA (3F-Y2-T-HA)
or Turbo-HA (T-HA) cDNA for 24h were treated with 10 ng/ml Dox for the synthesis of transgene protein synthesis.
Twenty-four hours after Dox induction, cells were treated with 25, 50, and 100 uM Biotin for 30 min, 1 h, or 3 h.
Cells were collected, lysed, and total protein extracts (50 pg) were subjected to WB analysis using the Biotin
antibody (ab53494).
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Fig. S3. Effects of various concentrations of sodium arsenite (SA) on stress granule formation in COS7
cells. To assess the optimal concentration of SA, COS7 cells grown on coverslips were treated without (0) or with
100, 200, or 400 uM SA for 1h. Cells were then fixed, washed, permeabilized, and subjected to ICC using the
monoclonal G3BP1 antibody (sc-365338) followed by an Alexa Fluor-488 conjugated secondary antibody (405319,
Biolegend). DAPI staining was used to indicate the nucleus. The scale bar is 20 pm.
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Fig. S4. Alignment of ORF sequences of human YPEL genes in comparison with drosophila YIPPEE and
yeast MOH1 genes. The alignment of ORF sequences of the YPEL family was generated with the Jalview program

using the ClustalOmega plug-in.
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Fig. S5. Expression of the YPELafahtilyndgerrssCin hiimdlp ifduesialionalsimssehe bulk tissue expressions of

individual YPEL genes, we used the GTEXx portal (https://gtexportal.org/home/).
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Fig. S6. In silico analyses of ahiebtatiniastrGctired@Nd ¢iskregudatorylielesnents of YPEL2, YPEL3, and

YPELS5 genes. Analyses with the use of the Genome Browser (http://genome.ucsc.edu) and the Cistrome portal
(http://dbtoolkit.cistrome.org/) for chromatin structures and cis-regulatory elements within a £10 kb distance to TSS
of putative promoters suggest that these promoters are located in, or vicinity of, CpG islands displaying accessible
chromatin structures, and are associated with transcription regulators including ERa (red rectangular), BRD4,
CTCF, FOXAA1.
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Fig. S7. Regulation of YPEL2, ¥PEil8; anttndRELSYBY cSmindntsigaialingiqgsatieways. Analyses of the human

mammary gland datasets with the Signaling Pathways Project'#®149 portal (https://www.signalingpathways.org/)
suggest that EGF, the insulin family or estrogen signaling is involved in YPEL2, YPEL3, and YPEL5 expressions.
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Fig. S8. Assessing effects of 3F-YPEL2 on the growth of COS7 cells. (A) COS7 cells were transiently
transfected with the pINDUCER20-MCS vector bearing none (EV) or the 3F-YPEL2 cDNA for 24 h. Cells were then
treated without or with 10 ng/ml of Dox every 24 h for 96 h. Total cell extracts (50 ug) were then subjected to WB
using the Flag antibody. Membranes were re-probed with the HDAC1 antibody. Molecular masses (MM) in kDa are
indicated. (B) Transfected cells treated without or with 10 ng/ml of Dox for 24 h were also subjected to cell cycle
analysis and (C) Annexin V staining. (D) Un-transfected cells were also treated with 10 or 100 uM apoptosis inducer

Doxorubicin for 24h as control.
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Fig. S9. Secondary neighbor analyses of the proximity interaction partners of YPEL2. Proteins identified as
primary interactors of YPEL2 were subjected to secondary neighbor analysis using the STRING database. Proteins
in the human interactome with curated database or experimental scores above 900 that were associated with at
least two of the primary interactors of YPEL2 were defined as secondary neighbors. For the visualization of the
protein network including primary and secondary neighbors, the Cytoscape'® (http://www.cytoscape.org/) network
visualization and analysis tool was used. When visualizing the dynamic protein network of YPEL2, the primary
neighbors were colored in red, the secondary neighbors were colored in green and the proteins not seen at that
time interval were indicated as gray for each experimental hour (1, 3, 6, and 16 h). For protein clustering, we used
the CommunityClustering (Glay) option of the clusterMaker tool'®! available as a plug-in in Cytoscape. After
clustering, the GOTerm Biological Process annotations of each cluster, with the threshold value of 0.05, were
assessed with the BINGO and the Benjamin and Hochberg False Discovery Rate correction of Cytoscape. The
heatmap was constructed according to the number of genes enriched in GOTerms by using GraphPad Prism.
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Fig. $10. Interaction of 3F-YPEL2 with HA-ADSS, HA-EEF1D, or HA-G3BP1. (A-C) To assess the interactions
of 3F-YPEL2 with putative interaction partners, the expression vector pcDNA3.1(-) bearing the 3F-YPEL2, (A) HA-
ADSS, (B) HA-EEF1D, or (C) HA-G3BP1 cDNA were transiently transfected into COS7 cells for 24h. The synthesis
of proteins was assessed by WB using the Flag (F-1804) or the HA (ab9119) antibody. HDAC1 used as a loading
control was probed with the HDAC1 antibody (ab19845). Cellular extracts (500 pg) of transiently co-transfected
cells were subjected to Co-IP with the Flag, HA, or isotype-matched IgG. The precipitates were then subjected to
SDS-10%PAGE followed by WB using the HA or Flag antibody. Molecular masses (MM) in kDa are indicated.
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Fig. S11. Proximity ligation assay for YPEL2 & ELAVL1 interactions. The interaction of 3F-YPEL2 and HA-
SQSTM1 in transiently transfected COS7 cells was examined with proximity ligation assay (PLA). 36 h after
transfections, cells were fixed, permeabilized, blocked, and probed without (No Ab) or with the Flag and/or the HA
antibody. Cells were subsequently subjected to fluorescent probes for circular DNA amplification for PLA. DAPI

staining indicates the nucleus. Images were captured with a fluorescence microscope. The scale bar is 20 ym.
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Fig. S12. Zinc binding modeling of YPEL2. Structural similarity analysis reveals a conserved Zinc** binding motif.
The AlphaFold model of YPELZ2 (https://alphafold.ebi.ac.uk/entry/Q96QA6) in the center is used as the basis for the
structural similarity search. This analysis was performed using the PDBeFold server with a minimum acceptable
match threshold set at 70%. As an outcome, we identified four distinct proteins, each originating from different
organisms, all displaying a similar fold to YPEL2. Examination of these protein structures revealed a common Zinc**
binding motif mediated by four cysteine residues. Notably, while the AlphaFold model does not contain a Zinc ion,
it accurately represents the spatial arrangement of cysteine residues observed in other structures. Zinc and cysteine
residues are depicted in sphere and stick representations, respectively.
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Table S1
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CLONING PRIMERS

Primer Name

Sequence (5’-3°)

YPEL1_5UTR_FP

GCTTTTGTCAGAGAGGCCAGC

YPEL1_3UTR_REP

CACCTTACCCACAGAGATGGCC

XNmetN_YPEL1_FP

CGCATCTCGAGACCATGGCTAGCGCACTGA GATGCATCCACTCAGCA

YPEL1_EpolyAB_REP

CGCATGGGATCCTTTATTAGAATTCCTCAAAGGGAAGGGTCAGTTTAAG

YPEL2 5UTR_FP

CCATCCTGTGGGAGTGCCTCG

YPEL2_3UTR_REP

GATGGCGTCAGGGTGGGAGG

XNmetN_YPEL2_FP

CGCATCTCGAGACCATGGCTAGCGTGAAGATGACAAGATCGAAG

YPEL2_EpolyaB_REP

CGCATGGATCCTTTATTAGAATTCGTCCCAGCCATTGTC

YPEL3_5UTR_FP

CCAGTGTGACAGAGCGAGTCC

YPEL3_3UTR_REP

CTATAGGGCAGGTGGGGCAGG

XNmetN_YPEL3_FP

CGCATCTCGAGACCATGGCTAGCTGTGTGGCCCAGGTCCTGACAGCC

YPEL3_EpolyAB_REP

CGCATGGGATCCTTTATTAGAATTCGTCCCAGCCGTTGTCTTTGATCAT

YPEL4 5UTR_FP

GGCCAGCTTTGCAGCCCCAGT

YPEL4_3UTR_REP

CTGTCTCTCCCTGACTGCTGCC

XNmetN_YPEL4_FP

CGCATCTCGAGACCATGGCTAGCCCCAGCTGTGACCCCGGTCCGGGC

YPEL4_EpolyaB_REP

CGCATGGGATCCTTTATTAGAATTCGTCCCAGCCGTTGTCCTTCACCA

YPEL5_5UTR_FP

GCATACTTGTACTGGGTTAGCC

YPEL5_3UTR_REP

GCATAATATTCTCTCTACACACTGCTGTTG

XNmetN_YPEL5_FP

CGCATCTCGAGACCATGGCTAGCGGCAGAATTTTCCTTGATCATATC

YPEL5_EpolyaB_REP

CGCATGGGATCCTTTATTAGAATTCAGAGTTATCAGATGGTA CATGCTC

Xhol YPEL2 FP

CGCTATGCTCGAGGTGAAGATGACAAGATCGAAG

BamHI YPEL2 REP

CGCATGGGATCCGTCCCAGCCATTGTCCTTGATCATG

BamHI Notl Turbo FP

CGCATGGGATCCGCGGCCGCAGGCGGCAGCGCTAGCAAAGACAATACTGTG

Kpnl PolA HA Agel Turbo REH

CGCATGGGTACCTTTATTAAGCGTAATCTGGAACATCGTATGGGTAACCGGTGTCGGCCCTGCTGAATTCCTTTTC

pINDUCER20 BstAP1 FP

CTGATGCATCTGTTGCAACTCACAGTCTGGGGCATCAAG

pINDUCER20 MCS REP

CTGATGTCGACTGATCAGTTTAAACACGCGTATGCATGCTAGCGTATACCTCGAGTGATATCTGCAGAATTCCACCACACT

Bstz171 3xFlag pINDUCER20

CGCATGGTATACCCATGGAAGACTACAAAGACCAT

Miul YPEL2 REP

CGCTATGACGCGTTTTATTAGTCCCAGCCATTG

Xhol Turbo FP

CGCTATGCTCGAGATGGCTAGCAAAGACAATACT

Miul HA REP

CGCTATGACGCGTTTTATTAAGCGTAATCTGGAA

SQSTM1 5UTR FP

GTTTTCCGCCAGCTCGCCGCTC

SQSTM1 3UTR REP

CACACAGGGACCCTCCCTTC

SQSTM1_Nhel_FP

CGCATGGCTAGCGCGTCGCTCACCGTGAAGGCCTAC

SQSTM1_EcoRI_REP

CGCATGGAATTCCAACGGCGGGGGATGCTTTG

ELAVL1 5UTR FP

GAGGCCGAGCGGAGCCGTTAG

ELAVL1 3UTR REP

GGCGCAAAATGAGTTGTACAC

ELAVL1 Nhel FP

CGCATGGCTAGCTCTAATGGTTATGAAGACCAC

ELAVL1_Kpnl_REP

CGCATGGGTACCTTTATTATTTGTGGGACTTGTTGGTTTTG

ADSS 5UTR FP

AGAGCAGTTCAGTTCGCTCACTCCT

ADSS 3UTR REP

AGAGCAGCAGGAGCAACAAATGA

ADSS_Nhel FP

CTCATGGCTAGCGCGTTCGCCGAGACCTACCC

ADSS_EcoRI_REP

CGCATGGAATTCAAAGAGTTGAATCATAGATTCTCTGGATTTACCAAC

EEF1D 5UTR FP

GTTAGCCAGGATGGTCTCAGTCTCC

EEF1D 3UTR REP

GCCGGTCTCAGTCTTTAATCGTGGC

EEF1D_Nhel_FP

CTCATGGCTAGCAGGAGCGGGAAGGCCTCCTGCA

EEF1D_EcoRI_REP

CTCATGGAATTCGATCTTGTTGAAAGCTGCGATATCGACACTCTGCAC

G3BP1 UTR FP

CGGTGCTGTGGTGCAGAGCTAG

G3BP1 UTR REP

GAACCAGGGTTTGTATGGCTGCATG

Hindlll_Flag_EcoRI_G3BP1

CGCATGAAGCTTCCGATTACAAGGATGACGACGATAAGGAATTCGTGATGGAGAAGCCTAGTC

BamHI_PolyA_G3BP1 REP

CGCATGGGATCCTTTATTACTGCCGTGGCGCAAGCCCCCTTC

RT-qPCR PRIMERS

Primer Name

Sequence (5’-3’)

YPEL1_3UTR_FP

CCCTTCTCCTTTGAATGCTGTTTTGTG

YPEL1 3UTR_REP

CACCTTACCCACAGAGATGGCC

YPEL2_3UTR_FP

CAGCATCTACCCAACCCAGTGTCC

YPEL2 3UTR_REP

GATGGCGTCAGGGTGGGAGG

YPEL3 _3UTR_FP

GCATGCACTGTGACCTTGGG

YPEL3_3UTR_REP

CTATAGGGCAGGTGGGGCAGG

YPEL4 3UTR_FP (970)

CCACTACCAGGCACCCTTTAGAACAG

YPEL4_3UTR_REP (1125)

AATCCTCTCTGCCTGAGTCTATGCC

YPEL5 3UTR_FP (945)

CATCTTTTCCCAGGTCTCCTTCACTGAA

YPEL5_3UTR_REP (1030)

GATTCTCACAACCTCTTGTTCCGC

RPLPO_FP GGAGAAACTGCTGCCTCATA
RPLPO_REP GGAAAAAGGAGGTCTTCTCG
TAG SEQUENCES USED IN THE STUDY
Tag Nucleotide Sequence ((5’-3’) Amino Acid Sequence
Flag GATTACAAGGATGACGACGATAAG DYKDDDDK
3xFlag GACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGACTACAAAGACGATGACGACAAG DYKDHDGDYKDHDIDYKDDDDK
HA TACCCATACGATGTTCCAGATTACGCT YPYDVPDYA
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Table S2

Differentially biotinylated proteins at 1h biotin labeling in cells transfected with expression vector bearing the 3F-YPEL2-
Turbo-HA cDNA compared to bearing none and the Turbo-HA cDNA.

Accession Number | Preferred Names Description
P61221 ABCE1 ATP-binding cassette sub-family E member 1
P30520 ADSS Adenylosuccinate synthetase isozyme 2
QIUKV8 AGO2 Protein argonaute-2
Q5TGY3 AHDC1 Transcription factor Gibbin
Q9H1A4 ANAPCA1 Anaphase-promoting complex subunit 1
Q8IWZ3 ANKHD1 Ankyrin repeat and KH domain-containing protein 1
075179 ANKRD17 Ankyrin repeat domain-containing protein 17
P05023 ATP1A1 Sodium/potassium-transporting ATPase subunit alpha-1
P25705 ATP5F1A ATP synthase subunit alpha, mitochondrial
095817 BAG3 BAG family molecular chaperone regulator 3
QINR09 BIRC6 Baculoviral IAP repeat-containing protein 6
QINSY1 BMP2K BMP-2-inducible protein kinase
QONPI1 BRD7 Bromodomain-containing protein 7
QO8AD1 CAMSAP2 Calmodulin-regulated spectrin-associated protein 2
P27824 CANX Calnexin
Q8IX12 CCAR1 Cell division cycle and apoptosis regulator protein 1
Q92879 CELF1 CUGBP Elav-like family member 1
P23528 CFL1 Cofilin-1
Q96KP4 CNDP2 Cytosolic non-specific dipeptidase
A5YKK6 CNOT1 CCR4-NOT transcription complex subunit 1
Q8N684 CPSF7 Cleavage and polyadenylation specificity factor subunit 7
P35222 CTNNB1 Catenin beta-1
Q2TBEO CWF19L2 CWF19-like protein 2
QINPI6 DCP1A mRNA-decapping enzyme 1A
Q9Y2R4 DDX52 Probable ATP-dependent RNA helicase DDX52
Q7L2E3 DHX30 ATP-dependent RNA helicase DHX30
Q9H2U1 DHX36 ATP-dependent DNA/RNA helicase DHX36
Q9UPY3 DICER1 Endoribonuclease Dicer
Q9Y485 DMXL1 DmX-like protein 1
Q96BY6 DOCK10 Dedicator of cytokinesis protein 10
075461 E2F6 Transcription factor E2F6
Q15056 EIF4H Eukaryotic translation initiation factor 4H
Q8N8S7 ENAH Protein enabled homolog
P06733 ENO1 Alpha-enolase
P78312 FAM193A Protein FAM193A
P15407 FOSLA1 Fos-related antigen 1 (FRA-1)

P51114 FXR1 RNA-binding protein FXR1

P50395 GDI2 Rab GDP dissociation inhibitor beta

Q06210 GFPT1 Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 1
P49915 GMPS GMP synthase

Q92917 GPKOW G-patch domain and KOW motifs-containing protein
Q13151 HNRNPAO Heterogeneous nuclear ribonucleoprotein A0
014979 HNRNPDL Heterogeneous nuclear ribonucleoprotein D-like
P31943 HNRNPH1 Heterogeneous nuclear ribonucleoprotein H
P14866 HNRNPL Heterogeneous nuclear ribonucleoprotein L
043390 HNRNPR Heterogeneous nuclear ribonucleoprotein R
P14625 HSP90B1 Endoplasmin
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PODMV9 HSPA1B Heat shock 70 kDa protein 1B

Q72627 HUWE1 E3 ubiquitin-protein ligase HUWE1

Q9ULO03 INTS6 Integrator complex subunit 6

Q9H1B7 IRF2BPL Probable E3 ubiquitin-protein ligase IRF2BPL

Q7Z7F0 KHDC4 KH homology domain-containing protein 4

Q5T5P2 KIAA1217 Sickle tail protein homolog

Q9ULHO KIDINS220 Kinase D-interacting substrate of 220 kDa

014686 KMT2D Histone-lysine N-methyltransferase 2D

P02538 KRT6A Keratin, type |l cytoskeletal 6A

QINS86 LANCL2 LanC-like protein 2

Q71RC2 LARP4 La-related protein 4

Q92615 LARP4B La-related protein 4B (La ribonucleoprotein domain family member 4B)
Q9Y4W?2 LAS1L Ribosomal biogenesis protein LAS1L

P36776 LONP1 Lon protease homolog, mitochondrial

Q9UDY8 MALT1 Mucosa-associated lymphoid tissue lymphoma translocation protein 1
P36507 MAP2K2 Dual specificity mitogen-activated protein kinase kinase 2
095819 MAP4K4 Mitogen-activated protein kinase kinase kinase kinase 4
Q9Y4F3 MARF1 Meiosis regulator and mRNA stability factor 1

000159 MYO1C Unconventional myosin-Ic

075376 NCOR1 Nuclear receptor corepressor 1

P08651 NFIC Nuclear factor 1 C-type

Q6KC79 NIPBL Nipped-B-like protein

015226 NKRF NF-kappa-B-repressing factor

Q9BZ95 NSD3 Histone-lysine N-methyltransferase NSD3

Q9UKX7 NUP50 Nuclear pore complex protein Nup50
Q6GQQ9 OTUD7B OTU domain-containing protein 7B

P11940 PABPC1 Polyadenylate-binding protein 1

Q96HC4 PDLIM5 PDZ and LIM domain protein 5

Q9UHV9 PFDN2 Prefoldin subunit 2

Q7Z3K3 POGZ Pogo transposable element with ZNF domain

Q9H9Y6 POLR1B DNA-directed RNA polymerase | subunit RPA2

Q99575 POP1 Ribonucleases P/MRP protein subunit POP1

Q8TF05 PPP4R1 Serine/threonine-protein phosphatase 4 regulatory subunit 1
Q9Y520 PRRC2C Protein PRRC2C

P26599 PTBP1 Polypyrimidine tract-binding protein 1

Q6NSI4 RADX RPA-related protein RADX

Q96S59 RANBP9 Ran-binding protein 9

P62888 RPL30 Large ribosomal subunit protein eL30

P49207 RPL34 Large ribosomal subunit protein eL34

P04843 RPN1 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1
P25398 RPS12 Small ribosomal subunit protein eS12

H3BN98 RPS15a 40S ribosomal protein S15a

P62701 RPS4X Small ribosomal subunit protein eS4, X isoform

P46781 RPS9 Small ribosomal subunit protein uS4

Q7L412 RSRC2 Arginine/serine-rich coiled-coil protein 2

095487 SEC24B Protein transport protein Sec24B

P61619 SEC61A1 Protein transport protein Sec61 subunit alpha isoform 1
Q9H788 SH2D4A SH2 domain-containing protein 4A

060292 SIPA1L3 Signal-induced proliferation-associated 1-like protein 3
Q00325 SLC25A3 Solute carrier family 25 member 3

P11166 SLC2A1 Solute carrier family 2, facilitated glucose transporter member 1
095391 SLU7 Pre-mRNA-splicing factor SLU7

Q8l1YB5 SMAP1 Stromal membrane-associated protein 1

Q8TAQ2 SMARCC2 SWI/SNF complex subunit SMARCC2

Q92540 SMG7 Nonsense-mediated mRNA decay factor SMG7
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Q16637 SMN1 Survival motor neuron protein

Q13425 SNTB2 Beta-2-syntrophin

Q8NOX7 SPART Spartin

P37108 SRP14 Signal recognition particle 14 kDa protein

P78362 SRPK2 SRSF protein kinase 2

P40763 STAT3 Signal transducer and activator of transcription 3

P53999 SuB1 Activated RNA polymerase |l transcriptional coactivator p15
Q6ZW31 SYDE1 Rho GTPase-activating protein SYDE1

Q9UMZ2 SYNRG Synergin gamma

000268 TAF4 Transcription initiation factor TFIID subunit 4

Q9UGUO TCF20 Transcription factor 20 (TCF-20)

QINZ01 TECR Very-long-chain enoyl-CoA reductase

Q3ZCQ8 TIMM50 Mitochondrial import inner membrane translocase subunit TIM50
Q8NDV7 TNRC6A Trinucleotide repeat-containing gene 6A protein

Q14258 TRIM25 E3 ubiquitin/ISG15 ligase TRIM25

Q9UPN9 TRIM33 E3 ubiquitin-protein ligase TRIM33

Q15645 TRIP13 Pachytene checkpoint protein 2 homolog

Q15654 TRIP6 Thyroid receptor-interacting protein 6

Q9UJA5 TRMT6 tRNA (adenine(58)-N(1))-methyltransferase non-catalytic subunit TRM6
QOUHF7 TRPS1 Zinc finger transcription factor Trps1

P68371 TUBB4B Tubulin beta-4B chain

015213 WDRA46 WD repeat-containing protein 46

P49750 YLPM1 YLP motif-containing protein 1

Q96QA6 YPEL2 Protein yippee-like 2

Q72739 YTHDF3 YTH domain-containing family protein 3

Q86VM9 ZC3H18 Zinc finger CCCH domain-containing protein 18

Q9UPT8 ZC3H4 Zinc finger CCCH domain-containing protein 4

QINUDS ZCCHC3 Zinc finger CCHC domain-containing protein 3

Q5SVZ6 ZMYMA1 Zinc finger MYM-type protein 1

Differentially biotinylated proteins at 3h biotin labeling in cells transfected with expression vector bearing 3F-YPEL2-
Turbo-HA cDNA compared to bearing none and the Turbo-HA cDNA.

Accession Number | Preferred Names Description
P30520 ADSS Adenylosuccinate synthetase isozyme 2
P52594 AGFG1 Arf-GAP domain and FG repeat-containing protein 1
QIUKV8 AGO2 Protein argonaute-2

Q8WWM7 ATXN2L Ataxin-2-like protein
060563 CCNT1 Cyclin-T1
P78371 CCT2 T-complex protein 1 subunit beta
Q6P2H3 CEP85 Centrosomal protein of 85 kDa
A5YKK6 CNOT1 CCR4-NOT transcription complex subunit 1
P53618 COPB1 Coatomer subunit beta
060716 CTNND1 Catenin delta-1
P17812 CTPS1 CTP synthase 1
P39880 CUx1 Homeobox protein cut-like 1
000148 DDX39A ATP-dependent RNA helicase DDX39A
Q86XP3 DDX42 ATP-dependent RNA helicase DDX42
P17844 DDX5 Probable ATP-dependent RNA helicase DDX5
P26196 DDX6 Probable ATP-dependent RNA helicase DDX6
P26358 DNMT1 DNA (cytosine-5)-methyltransferase 1
Q96F86 EDC3 Enhancer of mMRNA-decapping protein 3
P29692 EEF1D Elongation factor 1-delta
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Q15717 ELAVL1 ELAV-like protein 1

Q8N8S7 ENAH Protein enabled homolog

P49327 FASN Fatty acid synthase

Q13283 G3BP1 Ras GTPase-activating protein-binding protein 1
P22102 GART Trifunctional purine biosynthetic protein adenosine-3
Q8WXI9 GATAD2B Transcriptional repressor p66-beta

Q8N158 GPC2 Glypican-2

Q5JVS0 HABP4 Intracellular hyaluronan-binding protein 4
P51610 HCFC1 Host cell factor 1

QINRZ9 HELLS Lymphoid-specific helicase

P00492 HPRT1 Hypoxanthine-guanine phosphoribosyltransferase
P07900 HSP90AA1 Heat shock protein HSP 90-alpha

Q92598 HSPH1 Heat shock protein 105 kDa

P78318 IGBP1 Immunoglobulin-binding protein 1

P11717 IGF2R Cation-independent mannose-6-phosphate receptor
Q12906 ILF3 Interleukin enhancer-binding factor 3

Q02241 KIF23 Kinesin-like protein KIF23

P05787 KRT8 Keratin, type Il cytoskeletal 8

Q92615 LARP4B La-related protein 4B

P43243 MATRS3 Matrin-3

094776 MTA2 Metastasis-associated protein MTA2

075376 NCOR1 Nuclear receptor corepressor 1

Q9Y618 NCOR2 Nuclear receptor corepressor 2

QINXR1 NDE1 Nuclear distribution protein nudE homolog 1
QINVZ3 NECAP2 Adaptin ear-binding coat-associated protein 2
Q08J23 NSUN2 RNA cytosine C(5)-methyltransferase NSUN2
Q14980 NUMA1 Nuclear mitotic apparatus protein 1

P35658 NUP214 Nuclear pore complex protein Nup214

Q15084 PDIA6 Protein disulfide-isomerase A6

Q01813 PFKP ATP-dependent 6-phosphofructokinase

000443 PIK3C2A Phosphatidylinositol 4-phosphate 3-kinase C2 domain-containing subunit alpha
P54277 PMS1 PMS1 protein homolog 1

P09884 POLA1 DNA polymerase alpha catalytic subunit
Q9H1D9 POLR3F DNA-directed RNA polymerase Il subunit RPC6
P78527 PRKDC DNA-dependent protein kinase catalytic subunit
043172 PRPF4 U4/U6 small nuclear ribonucleoprotein Prp4
Q6P2Q9 PRPF8 Pre-mRNA-processing-splicing factor 8

Q5JS75 PRRC2B Protein PRRC2B

Q9Y520 PRRC2C Protein PRRC2C

Q9GZU8 PSME3IP1 PSME3-interacting protein

P26599 PTBP1 Polypyrimidine tract-binding protein 1

QIP2N5 RBM27 RNA-binding protein 27

Q96EV2 RBM33 RNA-binding protein 33

P35249 RFC4 Replication factor C subunit 4

P62906 RPL10A Large ribosomal subunit protein uL1

P26373 RPL13 Large ribosomal subunit protein eL13

Q07020 RPL18 Large ribosomal subunit protein eL18

P32969 RPLIP7; RPLIP8; HLarge ribosomal subunit protein uL6

P05388 RPLPO Large ribosomal subunit protein uL10

P04843 RPN1 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1
P62851 RPS25 Small ribosomal subunit protein eS25

P62701 RPS4X Small ribosomal subunit protein eS4, X isoform
095486 SEC24A Protein transport protein Sec24A

Q9UHDS8 SEPTIN9 Septin-9

P50454 SERPINH1 Serpin H1
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Q15637 SF1 Splicing factor 1

Q15393 SF3B3 Splicing factor 3B subunit 3

Q9H788 SH2D4A SH2 domain-containing protein 4A

P12236 SLC25A6 ADP/ATP translocase 3
QINWH9 SLTM SAFB-like transcription modulator (Modulator of estrogen-induced transcription)
P62318 SNRPD3 Small nuclear ribonucleoprotein Sm D3

Q13573 SNW1 SNW domain-containing protein 1

Q13501 SQSTM1 Sequestosome-1

095793 STAU1 Double-stranded RNA-binding protein Staufen homolog 1
Q81X01 SUGP2 SURP and G-patch domain-containing protein 2
Q92804 TAF15 TATA-binding protein-associated factor 2N
Q9HBM6 TAF9B Transcription initiation factor TFIID subunit 9B
Q13148 TARDBP TAR DNA-binding protein 43

P42166 TMPO Lamina-associated polypeptide 2, isoform alpha
Q15654 TRIP6 Thyroid receptor-interacting protein 6

Q62T12 UBR3 E3 ubiquitin-protein ligase UBR3

Q92900 UPF1 Regulator of nonsense transcripts 1

Q14694 USP10 Ubiquitin carboxyl-terminal hydrolase 10
P26640 VARS1 Valine--tRNA ligase

P08670 VIM Vimentin

Q8IZH2 XRN1 5'-3' exoribonuclease 1

P46937 YAP1 Transcriptional coactivator YAP1

Q96QA6 YPEL2 Protein yippee-like 2

Q9Y5A9 YTHDF2 YTH domain-containing family protein 2
Q72739 YTHDF3 YTH domain-containing family protein 3
Q6PJT7 ZC3H14 Zinc finger CCCH domain-containing protein 14

Differentially biotinylated proteins at 6h biotin labeling in cells transfected with expression vector bearing the 3F-YPEL2-
Turbo-HA cDNA compared to bearing none and the Turbo-HA cDNA.

Accession Number | Preferred Names Description
P30520 ADSS Adenylosuccinate synthetase isozyme 2
P55196 AFDN Afadin (ALL1-fused gene from chromosome 6 protein)
P52594 AGFG1 Arf-GAP domain and FG repeat-containing protein 1
000116 AGPS Alkyldihydroxyacetonephosphate synthase, peroxisomal
Q5TGY3 AHDC1 Transcription factor Gibbin
Q8IWZ3 ANKHD1 Ankyrin repeat and KH domain-containing protein 1
Q52LW3 ARHGAP29 Rho GTPase-activating protein 29
014497 ARID1A AT-rich interactive domain-containing protein 1A
Q68CP9 ARID2 AT-rich interactive domain-containing protein 2
Q9ULHA1 ASAP1 Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 1
Q8N3CO0 ASCC3 Activating signal cointegrator 1 complex subunit 3
Q8WWM7 ATXN2L Ataxin-2-like protein
095817 BAG3 BAG family molecular chaperone regulator 3
Q5H9F3 BCORLA1 BCL-6 corepressor-like protein 1
060885 BRD4 Bromodomain-containing protein 4
Q86Y37 CACUL1 CDK2-associated and cullin domain-containing protein 1
Q8IX12 CCAR1 Cell division cycle and apoptosis regulator protein 1
Q8N163 CCAR2 Cell cycle and apoptosis regulator protein 2
Q3V6T2 CCDC88A Girdin (Akt phosphorylation enhancer) (APE)
QINXV6 CDKN2AIP CDKN2A-interacting protein
Q58W79 CEP170 Centrosomal protein of 170 kDa
Q8TEP8 CEP192 Centrosomal protein of 192 kDa
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Q6P2H3 CEP85 Centrosomal protein of 85 kDa

Q9UEE9 CFDP1 Craniofacial development protein 1

Q9P2D1 CHD7 Chromodomain-helicase-DNA-binding protein 7
P12107 COL11A1 Collagen alpha-1(XI) chain

Q9P2I0 CPSF2 Cleavage and polyadenylation specificity factor subunit 2
Q8N684 CPSF7 Cleavage and polyadenylation specificity factor subunit 7
075534 CSDE1 Cold shock domain-containing protein E1

060716 CTNND1 Catenin delta-1

P39880 CUx1 Homeobox protein cut-like 1

015528 CYP27B1 25-hydroxyvitamin D-1 alpha hydroxylase, mitochondrial
QINPI6 DCP1A mRNA-decapping enzyme 1A

Q96C86 DCPS m7GpppX diphosphatase

060879 DIAPH2 Protein diaphanous homolog 2

QI6N67 DOCK7 Dedicator of cytokinesis protein 7

Q96FN9 DTD2 D-aminoacyl-tRNA deacylase 2

P29692 EEF1D Elongation factor 1-delta

Q15717 ELAVL1 ELAV-like protein 1 (HUR)

Q72589 EMSY BRCAZ2-interacting transcriptional repressor EMSY
Q8N8S7 ENAH Protein enabled homolog

Q8IUD2 ERCA1 ELKS/Rab6-interacting/CAST family member 1
Q9BSJ8 ESYT1 Extended synaptotagmin-1

Q01780 EXOSC10 Exosome component 10

Q5TON5S FNBP1L Formin-binding protein 1-like

Q9Y2L6 FRMD4B FERM domain-containing protein 4B

Q8WXI9 GATAD2B Transcriptional repressor p66-beta

Q92616 GCN1 Stalled ribosome sensor GCN1

Q8TEQS6 GEMIN5S Gem-associated protein 5

Q9Y2X7 GIT1 ARF GTPase-activating protein GIT1

P78347 GTF2I General transcription factor II-I

P51610 HCFCA1 Host cell factor 1 (HCF)

Q13151 HNRNPAO Heterogeneous nuclear ribonucleoprotein A0
P52597 HNRNPF Heterogeneous nuclear ribonucleoprotein F
P11142 HSPAS8 Heat shock cognate 71 kDa protein

P04792 HSPB1 Heat shock protein beta-1

Q659A1 ICE2 Little elongation complex subunit 2

Q14005 IL16 Pro-interleukin-16

015054 KDM6B Lysine-specific demethylase 6B

Q7Z7F0 KHDC4 KH homology domain-containing protein 4
Q5T5P2 KIAA1217 Sickle tail protein homolog

Q2KJY2 KIF26B Kinesin-like protein KIF26B

Q96EK5 KIFBP KIF-binding protein

Q92615 LARP4B La-related protein 4B

075581 LRP6 Low-density lipoprotein receptor-related protein 6 (LRP-6)
P46734 MAP2K3 Dual specificity mitogen-activated protein kinase kinase 3
Q96GX5 MASTL Serine/threonine-protein kinase greatwall (GW)
095983 MBD3 Methyl-CpG-binding domain protein 3

Q8IWI9 MGA MAX gene-associated protein

Q8N4C8 MINK1 Misshapen-like kinase 1

094776 MTA2 Metastasis-associated protein MTA2

P42285 MTREX Exosome RNA helicase MTR4

Q8NEV4 MYO3A Myosin-llla

Q9UM5S4 MYO6 Unconventional myosin-VI

Q13459 MYO9B Unconventional myosin-1Xb

Q8IVLA1 NAV2 Neuron navigator 2

Q9Y6Q9 NCOA3 Nuclear receptor coactivator 3
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Q9Y618 NCOR?2 Nuclear receptor corepressor 2 (N-CoR2)
P08651 NFIC Nuclear factor 1 C-type (NF1-C)

Q14938 NFIX Nuclear factor 1 X-type (NF1-X)

Q6P4R8 NFRKB Nuclear factor related to kappa-B-binding protein
Q96TA1 NIBAN2 Protein Niban 2 (Meg-3)

P11940 PABPC1 Polyadenylate-binding protein 1 (PABP-1)
Q8N3R9 PALS1 Protein PALS1

Q86TB9 PATLA Protein PAT1 homolog 1

Q96HC4 PDLIM5 PDZ and LIM domain protein 5

Q9H814 PHAX Phosphorylated adapter RNA export protein
Q7Z3K3 POGZ Pogo transposable element with ZNF domain
Q14181 POLA2 DNA polymerase alpha subunit B

Q9H1D9 POLR3F DNA-directed RNA polymerase Il subunit RPC6
A8CG34 POM121C Nuclear envelope pore membrane protein POM 121C
Q13136 PPFIA1 Liprin-alpha-1 (LAR-interacting protein 1)
Q06190 PPP2R3A Serine/threonine-protein phosphatase 2A regulatory subunit B" subunit alpha
Q99633 PRPF18 Pre-mRNA-splicing factor 18

Q8WXF1 PSPC1 Paraspeckle component 1

P49023 PXN Paxillin

Q96PU8 QKI KH domain-containing RNA-binding protein QKI
P62826 RAN GTP-binding nuclear protein Ran

Q81Y67 RAVER1 Ribonucleoprotein PTB-binding 1

QINTZ6 RBM12 RNA-binding protein 12 (RNA-binding motif protein 12)
Q96PK6 RBM14 RNA-binding protein 14

P35249 RFC4 Replication factor C subunit 4

P62888 RPL30 Large ribosomal subunit protein eL30

Q5VT52 RPRD2 Regulation of nuclear pre-mRNA domain-containing protein 2
Q92736 RYR2 Ryanodine receptor 2
QIUPWG6 SATB2 DNA-binding protein SATB2

A3KN83 SBNO1 Protein strawberry notch homolog 1

Q96KG9 SCYL1 N-terminal kinase-like protein

Q9Y6Y8 SEC23IP SEC23-interacting protein

095487 SEC24B Protein transport protein Sec24B

Q9H788 SH2D4A SH2 domain-containing protein 4A

060292 SIPA1L3 Signal-induced proliferation-associated 1-like protein 3
Q8TAQ2 SMARCC2 SWI/SNF complex subunit SMARCC2

Q92540 SMG7 Nonsense-mediated mRNA decay factor SMG7
Q16637 SMN1 Survival motor neuron protein

Q6ZUB1 SPATA31E1 Spermatogenesis-associated protein 31E1
Q96EA4 SPDL1 Protein Spindly (hSpindly)

QINZD8 SPG21 Maspardin

Q13501 SQSTM1 Sequestosome-1

Q96SI19 STRBP Spermatid perinuclear RNA-binding protein
043815 STRN Striatin

Q9UH6B5 SWAP70 Switch-associated protein 70

Q8N3V7 SYNPO Synaptopodin

Q92804 TAF15 TATA-binding protein-associated factor 2N
000268 TAF4 Transcription initiation factor TFIID subunit 4
P49848 TAF6 Transcription initiation factor TFIID subunit 6
Q13148 TARDBP TAR DNA-binding protein 43 (TDP-43)

QIUGUO TCF20 Transcription factor 20

Q9UBB9 TFIP11 Tuftelin-interacting protein 11

Q86UES TLK2 Serine/threonine-protein kinase tousled-like 2
Q6IEE7 TMEM132E Transmembrane protein 132E

Q9H8H3 TMT1A N6-adenosine-methyltransferase TMT1A
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QIUPQ9 TNRC6B Trinucleotide repeat-containing gene 6B protein
015050 TRANKA1 TPR and ankyrin repeat-containing protein 1

015164 TRIM24 Transcription intermediary factor 1-alpha (TIF1-alpha)
Q14258 TRIM25 E3 ubiquitin/ISG15 ligase TRIM25

Q9UPN9 TRIM33 E3 ubiquitin-protein ligase TRIM33

075962 TRIO Triple functional domain protein

Q15654 TRIP6 Thyroid receptor-interacting protein 6

Q9UJAS TRMT6 tRNA (adenine(58)-N(1))-methyltransferase non-catalytic subunit TRM6
Q71U36 TUBA1A Tubulin alpha-1A chain

P04350 TUBB4A Tubulin beta-4A chain

043396 TXNL1 Thioredoxin-like protein 1

P29597 TYK2 Non-receptor tyrosine-protein kinase TYK2

P62987 UBA52 Ubiquitin-ribosomal protein eL40 fusion protein (CEP52)
Q62T12 UBR3 E3 ubiquitin-protein ligase UBR3

Q14694 USP10 Ubiquitin carboxyl-terminal hydrolase 10

P50552 VASP Vasodilator-stimulated phosphoprotein

P55072 VCP Transitional endoplasmic reticulum ATPase

Q9HOD6 XRN2 5'-3' exoribonuclease 2

P49750 YLPM1 YLP motif-containing protein 1

Q96QA6 YPEL2 Protein yippee-like 2

Q72739 YTHDF3 YTH domain-containing family protein 3

Q722W4 ZC3HAV1 Zinc finger CCCH-type antiviral protein 1

Q9Y6X8 ZHX2 Zinc fingers and homeoboxes protein 2

Q8NF64 ZMIZ2 Zinc finger MIZ domain-containing protein 2

Q5VUA4 ZNF318 Zinc finger protein 318

015014 ZNF609 Zinc finger protein 609

Differentially biotinylated proteins at 16h biotin labeling in cells transfected with expression vector bearing the 3F-
YPEL2-Turbo-HA cDNA compared to bearing none and the Turbo-HA cDNA.

Accession Number | Preferred Names Description
Q12802 AKAP13 A-kinase anchor protein 13
014497 ARID1A AT-rich interactive domain-containing protein 1A
Q68CP9 ARID2 AT-rich interactive domain-containing protein 2
095816 BAG2 BAG family molecular chaperone regulator 2
P46736 BRCC3 Lys-63-specific deubiquitinase BRCC36
Q9BRDO BUD13 BUD13 homolog
Q86VP6 CAND1 Cullin-associated NEDD8-dissociated protein 1
Q3V6T2 CCDCB88A Girdin (Akt phosphorylation enhancer) (APE)
060563 CCNT1 Cyclin-T1
P78371 CCT2 T-complex protein 1 subunit beta
Q00534 CDK®6 Cyclin-dependent kinase 6
Q8TEP8 CEP192 Centrosomal protein of 192 kDa
Q6P2H3 CEP85 Centrosomal protein of 85 kDa
P50238 CRIP1 Cysteine-rich protein 1 (CRP-1)
Q9Y4K1 CRYBG1 Beta/gamma crystallin domain-containing protein 1
Q96EP5 DAZAP1 DAZ-associated protein 1
P31689 DNAJA1 DnaJ homolog subfamily A member 1
060884 DNAJA2 DnaJ homolog subfamily A member 2
P25685 DNAJB1 DnaJ homolog subfamily B member 1
Q99615 DNAJC7 DnaJ homolog subfamily C member 7
Q9BQC3 DPH2 2-(3-amino-3-carboxypropyl)histidine synthase subunit 2
B5ME19 EIF3CL Eukaryotic translation initiation factor 3 subunit C-like protein
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P60228 EIF3E Eukaryotic translation initiation factor 3 subunit E
Q15717 ELAVL1 ELAV-like protein 1 (HuR)

Q9Y4F1 FARP1 FERM, ARHGEF and pleckstrin domain-containing protein 1
P85037 FOXKA1 Forkhead box protein K1

Q96AE4 FUBP1 Far upstream element-binding protein 1 (FBP)

Q86YP4 GATAD2A Transcriptional repressor p66-alpha

Q8IYD1 GSPT2 Eukaryotic peptide chain release factor GTP-binding subunit ERF3B
P31943 HNRNPH1 Heterogeneous nuclear ribonucleoprotein H

P14866 HNRNPL Heterogeneous nuclear ribonucleoprotein L

Q659A1 ICE2 Little elongation complex subunit 2

Q9ULO03 INTS6 Integrator complex subunit 6

Q9H1B7 IRF2BPL Probable E3 ubiquitin-protein ligase IRF2BPL

Q14678 KANKA1 KN motif and ankyrin repeat domain-containing protein 1
Q07666 KHDRBS1 KH domain-containing, RNA-binding, signal transduction-associated protein 1
Q5T5P2 KIAA1217 Sickle tail protein homolog

P01130 LDLR Low-density lipoprotein receptor

095372 LYPLA2 Acyl-protein thioesterase 2 (APT-2)

P56192 MARS1 Methionine-tRNA ligase

Q8N4C8 MINKA1 Misshapen-like kinase 1

P20585 MSH3 DNA mismatch repair protein Msh3 (hMSH3)

Q15021 NCAPD2 Condensin complex subunit 1

Q9HCD5 NCOA5 Nuclear receptor coactivator 5

Q9Y618 NCOR2 Nuclear receptor corepressor 2

P35240 NF2 Merlin

P08651 NFIC Nuclear factor 1 C-type (NF1-C)

Q14938 NFIX Nuclear factor 1 X-type (NF1-X)

015226 NKRF NF-kappa-B-repressing factor

Q14978 NOLC1 Nucleolar and coiled-body phosphoprotein 1

075694 NUP155 Nuclear pore complex protein Nup155
Q6GQQ9 OTUD7B OTU domain-containing protein 7B

Q15154 PCM1 Pericentriolar material 1 protein

Q8IZL8 PELP1 Proline-, glutamic acid- and leucine-rich protein 1
Q99471 PFDN5 Prefoldin subunit 5

Q8NOY7 PGAM4 Probable phosphoglycerate mutase 4

Q6P5272 PKN3 Serine/threonine-protein kinase N3

Q7Z3K3 POGZ Pogo transposable element with ZNF domain

Q9H9Y6 POLR1B DNA-directed RNA polymerase | subunit RPA2

043314 PPIP5K2 Inositol hexakisphosphate and diphosphoinositol-pentakisphosphate kinase 2
Q8TF05 PPP4R1 Serine/threonine-protein phosphatase 4 regulatory subunit 1
Q99633 PRPF18 Pre-mRNA-splicing factor 18

094906 PRPF6 Pre-mRNA-processing factor 6

Q99460 PSMD1 26S proteasome non-ATPase regulatory subunit 1
Q96PU8 QKI KH domain-containing RNA-binding protein QKI
P63244 RACK1 Small ribosomal subunit protein RACK1

Q6NSI4 RADX RPA-related protein RADX

Q9UKM9 RALY RNA-binding protein Raly

P43487 RANBP1 Ran-specific GTPase-activating protein

P20936 RASA1 Ras GTPase-activating protein 1 (GAP)

Q8IY67 RAVER1 Ribonucleoprotein PTB-binding 1

QONTZ6 RBM12 RNA-binding protein 12 (RNA-binding motif protein 12)
Q8IXT5 RBM12B RNA-binding protein 12B

Q96PK6 RBM14 RNA-binding protein 14

075150 RNF40 E3 ubiquitin-protein ligase BRE1B (BRE1-B)

P42677 RPS27 Small ribosomal subunit protein eS27

P23396 RPS3 Small ribosomal subunit protein uS3
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Q9Y265 RUVBLA1 RuvB-like 1

Q9Y230 RUVBL2 RuvB-like 2

Q5PRF9 SAMD4B Protein Smaug homolog 2

A3KN83 SBNO1 Protein strawberry notch homolog 1

095104 SCAF4 SR-related and CTD-associated factor 4
015027 SEC16A Protein transport protein Sec16A

075396 SEC22B Vesicle-trafficking protein SEC22b

094855 SEC24D Protein transport protein Sec24D

094979 SEC31A Protein transport protein Sec31A

P50454 SERPINH1 Serpin H1

Q9Y3B4 SF3B6 Splicing factor 3B subunit 6

Q12872 SFSWAP Splicing factor, suppressor of white-apricot homolog
Q9H788 SH2D4A SH2 domain-containing protein 4A

Q00325 SLC25A3 Solute carrier family 25 member 3

Q13425 SNTB2 Beta-2-syntrophin

Q8NOX7 SPART Spartin

Q9Y6N5 SQOR Sulfide:quinone oxidoreductase, mitochondrial
Q96SI19 STRBP Spermatid perinuclear RNA-binding protein
Q9NRL3 STRN4 Striatin-4 (Zinedin)

Q96C24 SYTL4 Synaptotagmin-like protein 4

000268 TAF4 Transcription initiation factor TFIID subunit 4
Q9BTW9 TBCD Tubulin-specific chaperone D

075663 TIPRL TIP41-like protein

Q92973 TNPO1 Transportin-1 (Importin beta-2)

P04637 TP53 Cellular tumor antigen p53

015164 TRIM24 Transcription intermediary factor 1-alpha (TIF 1-alpha)
Q9UPN9 TRIM33 E3 ubiquitin-protein ligase TRIM33

Q5TAX3 TUT4 Terminal uridylyltransferase 4

Q5T6F2 UBAP2 Ubiquitin-associated protein 2

Q5T4S7 UBR4 E3 ubiquitin-protein ligase UBR4

Q709C8 VPS13C Intermembrane lipid transfer protein

Q9C0J8 WDR33 pre-mRNA 3' end processing protein WDR33
Q96QA6 YPEL2 Protein yippee-like 2

Q9H6S0 YTHDC2 3'-5' RNA helicase YTHDC2

QINUD5 ZCCHC3 Zinc finger CCHC domain-containing protein 3
Q8NF64 ZMIZ2 Zinc finger MIZ domain-containing protein 2
Q5SVZ6 ZMYMA1 Zinc finger MYM-type protein 1

Q14966 ZNF638 Zinc finger protein 638

095218 ZRANB2 Zinc finger Ran-binding domain-containing protein 2
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