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Formaldehyde Used as A Technical Crosslinking Tool
May Change Cell Protein Patterns

Jiang Chuo'?, Xie Liqi%, Liao Rijing®, Chen Fuxue', Wu Jiaxi**
(‘College of Life Sciences, Shanghai University, Shanghai 200444, China;
2[nstitutes of Biomedical Sciences, Fudan University, Shanghai 200032, China;
*Xuhui Central Hospital, Shanghai Clinical Research Center, Chinese Academy Sciences, Shanghai 200031, China)

Abstract Formaldehyde can reversibly crosslink protein-protein or protein-DNA molecules. As a result,
it is widely used to study the molecular components of protein-protein or protein-DNA complexes. It is generally
accepted that as a small molecule, formaldehyde, at the high concentrations that are typically used as a crosslinking
tool, can rapidly permeate cross the cell membrane and instantaneously crosslink protein or DNA molecules before
any cellular responses occur. However, it has not been reported whether high concentration formaldehyde may
affect the proteome of a cell. If it does, a false positive or negative result may be obtained. In the present study, we
have applied proteomic techniques to compare the proteomes between high concentration formaldehyde-treated
and untreated control cells. The results have shown that high concentration formaldehyde can change the levels of a
number of cellular proteins shortly following its permeation into the cells. Therefore, a formaldehyde-treated blank
or repeated experiments are recommended for any experiment to exclude false positive or negative results when
formaldehyde is technically used as a crosslinking tool.
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Fig.2 Proteins identified in two repeated experiments of formaldehyde-treated and control cells
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Table 1 Proteins identified in both formaldehyde treatment experiments but neither control experiments

K AR EEEAY R AR EJSEAY
Gene names Protein names Gene names Protein names
MTFPI Mitochondrial fission process protein 1 RRM2B Ribonucleoside-diphosphate reductase subunit M2 B
TRIM24 Transcription intermediary factor 1-alpha HAUS6 HAUS augmin-like complex subunit 6
CTAGES c¢TAGE family member 5; cTAGE family TMED4 Transmembrane emp24 domain-containing protein 4
member 6; cTAGE family member 15 NIT1 Nitrilase homolog 1
TBCID4 TBC1 domain family member 4 AVLY Late secretory pathway protein AVL9 homolog
TRAPPC2PI Trafficking protein particle complex ARIDIB AT-rich interactive domain-containing protein 1B
subunit 2 protein TRAPPC2P1; trafficking SHKBPI SH3KBP1-binding protein 1
protein particle complex subunit 2 o .
) . ERGICI Endoplasmic reticulum-Golgi intermediate compart-
ECEI Endothelin-converting enzyme 1 .
ment protein 1
I4P1 Antigen peptide transporter I MOB34 MOB kinase activator 3A
TRIP4 Activating signal cointegrator 1 NGLY1 Peptide-N(4)-(N-acetyl-beta-glucosaminyl) asparagine
FOCAD Focadhesin amidase
RSBN1 Round spermatid basic protein 1 EXOC2 Exocyst complex component 2

LYPLALI Lysophospholipase-like protein 1 NDNL2 Melanoma-associated antigen G1
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Gene names Protein names Gene names Protein names
UHRF?2 E3 ubiquitin-protein ligase UHRF2 HDAC6 Histone deacetylase 6
AGAP2 Arf-GAP with GTPase, ANK repeat and PH domain- CDC23 Cell division cycle protein 23 homolog
containing protein 2 FBXWI1 F-box/WD repeat-containing protein 11
REXO4 RNA exonuclease 4 DHRS7 Dehydrogenase/reductase SDR family member 7
POLR3F DNA-directed RNA polymerase I1I subunit RPC6 SBDS Ribosome maturation protein SBDS
UBE2Z Ubiquitin-conjugating enzyme E2 Z MTF?2 Metal-response element-binding transcription factor 2
TMEM38B Trimeric intracellular cation channel type B TAF6L TAF6-like RNA polymerase 11 p300/CBP-associated
PAKIIPI p21-activated protein kinase-interacting protein 1 factor-associated factor 65 kDa subunit 6L
RRN3 RNA polymerase I-specific transcription initiation
factor RRN3
R MRMBHIER X RBHECHANES
Table 2 Proteins identified in both control but neither formaldehyde treatment experiments
B SRS HAAM HE PR A4 A
Gene names  Protein names Gene names ~ Protein names
CASC3 Protein CASC3 DPP9 Dipeptidyl peptidase 9
EIFIB Eukaryotic translation initiation factor 1b FOXP4 Forkhead box protein P4
NDUFA7 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex ~CCDCI117 Coiled-coil domain-containing protein 117
subunit 7 CYorf40 Uncharacterized protein C9orf40
MT-ND6 NADH-ubiquinone oxidoreductase chain 6 RNF169 E3 ubiquitin-protein ligase RNF169
DBT Lipoamide acyltransferase component of branched-chain  ¢; 3047 Zinc transporter 7
alpha-keto acid dehydrogenase complex, mitochondrial MYEOV? Myeloma-overexpressed gene 2 protein
CD53 Leukocyte surface antigen CD53 GTF34 Transcription factor TITA
ERCC3 TFIIH basal transcription factor complex helicase XPB . .
subunit UBE2F NEDD&8-conjugating enzyme UBE2F
USF1 Upstream stimulatory factor 1 DINBPI Dysbindin
cDIC T-cell surface glycoprotein CDIc OTUDS OTU domain-containing protein 5
BLVRB Flavin reductase (NADPH) FAHD2A4 Fumarylacetoacetate hydrolase domain-containing
protein 2A
SLC6A6 Sodium- and chloride-dependent taurine transporter CBWDI COBW domain-containing protein 1; COBW domain-
ZFP36L2 Zine finger protein 36, C3HI type-like 2 containing protein 5; COBW domain-containing protein
PPP3RI Calcineurin subunit B type 1 3; COBW domain-containing protein 6; Putative COBW
CENPCI1 Centromere protein C 1 domain-containing protein 7; COBW domain-containing
NFATC3 Nuclear factor of activated T-cells, cytoplasmic 3 protein 2
TRIM32 E3 ubiquitin-protein ligase TRIM32 ANAPCI3 Anaphase-promoting complex subunit 13
ARFRPI ADP-ribosylation factor-related protein 1 MECR Trans-2-enoyl-CoA reductase, mitochondrial
TMYM3 Zinc finger MYM-type protein 3 MNDI Meiotic nuclear division protein 1 homolog
ACAP2 Arf-GAP with coiled-coil, ANK repeat and PH domain- EPTI Ethanolaminephosphotransferase 1
containing protein 2 LHPP Phospholysine phosphohistidine inorganic pyrophosphate
CYTHI Cytohesin-1 phosphatase
BOLA3 BolA-like protein 3 VIPAS39 Spermatogenesis-defective protein 39 homolog
ALGIOB  Putative Dol-P-Gle:Gle(2)Man(9)GleNAc(2)-PP-Dol  7AT#! POZ:, AT hook-, and zinc finger-containing protein 1
alpha-1,2-glucosyltransferase; Dol-P-Glc:Gle(2)Man(9) BLOC1S4 Biogenesis of lysosome-related organelles complex 1
GlcNAc(2)-PP-Dol alpha-1,2-glucosyltransferase subunit 4
THOC7 THO complex subunit 7 homolog BCAP29 B-cell receptor-associated protein 29
C3orfl7 Uncharacterized protein C3orf17 SYNRG Synergin gamma
KDELC1 KDEL motif-containing protein 1 ANKRD26 Ankyrin repeat domain-containing protein 26
Cllorf57 Uncharacterized protein C11orf57 DICERI Endoribonuclease dicer
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BEDK A4 FK A E SR HE AR
Gene names  Protein names Gene names ~ Protein names
TMED3 Transmembrane emp24 domain-containing protein 3 CABINI Calcineurin-binding protein cabin-1
COL4A43BP  Collagen type IV alpha-3-binding protein CAPN7 Calpain-7

R3 MARBURRAMBHHAESEEEETUMNES

Table 3 Significantly quantitatively changed proteins identified in both formaldehyde treated and both control experiments

AR HASAW

2 PEAR N

HAA

Gene names Protein names Gene names Protein names
KRBA2 60S ribosomal protein L26 UTP3 Something about silencing protein 10
UNC454 Protein unc-45 homolog A RFK Riboflavin kinase
SCD Acyl-CoA desaturase GABPA GA-binding protein alpha chain
H24FV Histone H2A.V; Histone H2A.Z ZNF622 Zinc finger protein 622
ICAM?2 Intercellular adhesion molecule 2 ILVBL Acetolactate synthase-like protein
LAMP? Lysosome-associated membrane glycoprotein 2 ANKFYI Ankyrin repeat and FYVE domain-containing protein 1
MAGEDI Melanoma-associated antigen D1 TARBPI Probable methyltransferase TARBP1
H3F34 Histone H3.3 MRPL28 39S ribosomal protein L28, mitochondrial
HEATR3 HEAT repeat-containing protein 3 PHF6 PHD finger protein 6
PPP4C Serine/threonine-protein phosphatase 4 catalytic sub-  TUBBG6 Tubulin beta-6 chain
unit CALMI Calmodulin
bryso Protein dpy-30 homolog XRCCI DNA repair protein XRCC1
ARLI ADP-ribosylation factor-like protein 1 UFMI Ubiquitin-fold modifier 1
TN Titin UBE2G1 Ubiquitin-conjugating enzyme E2 G1
DNA-d%rected RNA polymerase Il subun%t RPBII-b2: ATP5I ATP synthase subunit e, mitochondrial
POLR2J3 DNA-directed RNA polymerase II subunit RPB11-b1;
DNA-directed RNA polymerase I subunit RPB11-a RPLI9 60S ribosomal protein L19
PRKAG1 5-AMP-activated protein kinase subunit gamma-1 LSM1 U6 snRNA-associated Sm-like protein LSm1
AGL Glycogen debranching enzyme; 4-alpha-glucanotrans-  RPL26L1 60S ribosomal protein L26-like 1
ferase; Amylo-alpha-1,6-glucosidase ADRM1 Proteasomal ubiquitin receptor ADRM1
ARHGAP4 Rho GTPase-activating protein 4 PTMA Prothymosin alpha; Prothymosin alpha, N-terminally
AOR Intron-binding protein aquarius processed; Thymosin alpha-1
PEX14 Peroxisomal membrane protein PEX14 ZFHX3 Zinc finger homeobox protein 3
GTF3C4 General transcription factor 3C polypeptide 4 NAGK N-acetyl-D-glucosamine kinase
SCCPDH Saccharopine dehydrogenase-like oxidoreductase
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Extracellular
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Fig.3 Analysis of cellular locations of whole-cell

differentially expressed proteins
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X axis represents the names of the cellular pathways associated with nuclear differentially expressed proteins. The heights of the columns represent the

reliability of the associated pathways. The white columns neither activated nor suppressed pathways. The light ones, status unknown. The line repre-

sents the ratio between the number of the differentially expressed proteins and the number of all proteins in a pathway.
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Fig.5 Analysis of cellular pathways associated with nuclear differentially expressed proteins
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Table 4 Proteins identified only once in either formaldehyde treatment experiment

B SRS EEEA i HEDH A4 Pk EEEA S
Gene names Protein names Gene names Protein names
GOLGA3 Golgin subfamily A member 3 KLF16 Krueppel-like factor 16
KNOPI Lysine-rich nucleolar protein 1 ITPA Inosine triphosphate pyrophosphatase
TAF4 Transcription initiation factor TFIID subunit4 — SRXNI Sulfiredoxin-1
FRYL Protein furry homolog-like WDR55 WD repeat-containing protein 55
DLGAPS Disks large-associated protein 5 CNOTI0 CCR4-NOT transcription complex subunit 10
ATF7 Cyclic AMP-dependent transcription factor BSDCI BSD domain-containing protein 1
ATF-7 SLAIN2 SLAIN motif-containing protein 2
cDC7 Cell division cycle 7-related protein kinase C190rf25 UPF0449 protein C190rf25
WIPF1 WAS/WASL-interacting protein family member | A7k N7 Muskelin
LAT Linker for activation of T-cells family member 1 4072 1C; FAM214 WASH complex subunit FAM21C; WASH com-
DUSPI11 RNA/RNP complex-1-interacting phosphatase plex subunit FAM21A
GMNN Geminin ATP6VID V-type proton ATPase subunit D
HAUSS HAUS augmin-like complex subunit 5 WASF2 Wiskott-Aldrich syndrome protein family
ZWINT ZW10 interactor member 2
TALI T-cell acute lymphocytic leukemia protein 1 MTHFS 5-formyltetrahydrofolate cyclo-ligase
EPSI5 Epidermal growth factor receptor substrate 15~ KI4A1467 Uncharacterized protein KIAA1467
NUMB Protein numb homolog ZNF316 Zinc finger protein 316
PEXS Peroxisomal targeting signal 1 receptor CCDC85C Coiled-coil domain-containing protein 85C
MRPS11 28S ribosomal protein S11, mitochondrial PTGR2 Prostaglandin reductase 2
RING! E3 ubiquitin-protein ligase RING1 DNASE2 Deoxyribonuclease-2-alpha
MYO9B Unconventional myosin-IXb SLC3341 Acetyl-coenzyme A transporter 1
VEZF1 Vascular endothelial zinc finger 1 ZNF609 Zinc finger protein 609
PEAIS Astrocytic phosphoprotein PEA-15 FYB FYN-binding protein
MAPIS Microtubule-associated protein 1S; MAP1S BIRCS Baculoviral IAP repeat-containing protein 5
heavy chain; MAPI1S light chain ABCC4 Multidrug resistance-associated protein 4
MPRIP Myosin phosphatase Rho-interacting protein TAPBP Tapasin
RPSI19BP1 Active regulator of SIRT1 PJA2 E3 ubiquitin-protein ligase Praja-2
FNBP4 Formin-binding protein 4 EMCS ER membrane protein complex subunit 8
PDDCI Parkinson disease 7 domain-containing protein 1 HTRA2 Serine protease HTRA2, mitochondrial
BODILI Biorientation of chromosomes in cell division SORBS3 Vinexin
protein 1-like 1 PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-bisphos-
HNRNPLL Heterogeneous nuclear ribonucleoprotein L-like phatase 2; 6-phosphofructo-2-kinase; fructose-
Cl8orf25 Uncharacterized protein C18orf25 2,6-bisphosphatase
REPSI RalBP1-associated Eps domain-containing RNASEHI Ribonuclease H1
protein 1 CoQ9 Ubiquinone biosynthesis protein COQ9,
PDLIM5 PDZ and LIM domain protein 5 mitochondrial
PPPIR9B Neurabin-2 HMMR Hyaluronan mediated motility receptor
PAFAH2 Platelet-activating factor acetylhydrolase 2, CPD Carboxypeptidase D
cytoplasmic URII Unconventional prefoldin RPBS interactor 1
DPH?2 Diphthamide biosynthesis protein 2 CCNB2 G2/mitotic-specific cyclin-B2
NUDTIG6LI Protein syndesmos ETHEI Persulfide dioxygenase ETHE1, mitochondrial
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NRAS GTPase NRas NCOA6 Nuclear receptor coactivator 6
MBP Myelin basic protein TAF7 Transcription initiation factor TFIID subunit 7
EPHXI Epoxide hydrolase 1 NEDDS NEDDS
CD7 T-cell antigen CD7 HLA-B HLA class I histocompatibility antigen, B-73
FDXI Adrenodoxin, mitochondrial alpha chain
MYB Transcriptional activator Myb EML3 Echinoderm microtubule-associated protein-like 3
PYGM Glycogen phosphorylase, muscle form BCL74 B-cell CLL/lymphoma 7 protein family member A
UBL4A Ubigquitin-like protein 4A PDCD4 Programmed cell death protein 4
TRIM27 Zinc finger protein RFP PSMG4 Proteasome assembly chaperone 4
PGAM?2 Phosphoglycerate mutase 2 ZDHHC20 Probable palmitoyltransferase ZDHHC20
CHNI1 N-chimaerin DIEXF Digestive organ expansion factor homolog
PPP3CB Serine/threonine-protein phosphatase 2B ZFAND6 ANI-type zinc finger protein 6

catalytic subunit beta isoform FAM117B Protein FAM117B
ZNF24 Zinc finger protein 24 CEPS5 Centrosomal protein of 85 kDa
PTMS Parathymosin CCDC174 Coiled-coil domain-containing protein 174
CALML3 Calmodulin-like protein 3 TRIM65 Tripartite motif-containing protein 65
SHC1 SHC-transforming protein 1 SAMD1 Atherin
RBMSI; RBMS3 RNA-binding motif, single-stranded-interacting ~ MLF1IP Centromere protein U

protein 1; RNA-binding motif, single-stranded-  prcap70 Protein MCM10 homolog

GBPI1

KRT9

CETN2
GRKG6; GRKS5

GCLM
FNTB
N
APLPI
GTF241

UBE2G2
RABIIA
BLOCISI

IFI35

MLLTI
CKAP4
TFCP2; UBPI

CNTNI
MED21

EIF4EBP2

TUBB24; TUBB2B
CACNAIC

interacting protein 3

Interferon-induced guanylate-binding protein 1
Keratin, type I cytoskeletal 9

Centrin-2

G protein-coupled receptor kinase 6; G protein-
coupled receptor kinase 5

Glutamate — cysteine ligase regulatory subunit
Protein farnesyltransferase subunit beta
Tuberin

Amyloid-like protein 1; C30

Transcription initiation factor IIA subunit

1; transcription initiation factor IIA alpha
chain; transcription initiation factor IIA beta

chain
Ubiquitin-conjugating enzyme E2 G2
Ras-related protein Rab-11A

Biogenesis of lysosome-related organelles

complex 1 subunit 1

Interferon-induced 35 kDa protein

Protein ENL

Cytoskeleton-associated protein 4
Alpha-globin transcription factor CP2;
upstream-binding protein 1

Contactin-1

Mediator of RNA polymerase II transcription
subunit 21

Eukaryotic translation initiation factor 4E-
binding protein 2

Tubulin beta-2A chain; Tubulin beta-2B chain
Voltage-dependent L-type calcium channel
subunit alpha-1C

RABIIFIP2, RABIIFIPI

MOBIB
TRAPPCI1
KANSLI
SAPCD2
ZNF598
GLCCII
HOOK3
PPFIBPI
MFNI
RHOT!I
TMEM192
CYP4X]
PNKD
KRTCAP?
ENAH
Clorfl31
PAPDS
VPS374
ATL2; ATLI
MCFD2
CDY9L2
PARD3
CACTIN
NUDTS

SKA42
CKAP2
CCNB3

Rabl11 family-interacting protein 2; Rab11
family-interacting protein 1

MOB kinase activator 1B

Trafficking protein particle complex subunit 11
KATS regulatory NSL complex subunit 1
Suppressor APC domain-containing protein 2
Zinc finger protein 598
Glucocorticoid-induced transcript 1 protein
Protein Hook homolog 3

Liprin-beta-1

Mitofusin-1

Mitochondrial Rho GTPase 1

Transmembrane protein 192

Cytochrome P450 4X1

Probable hydrolase PNKD
Keratinocyte-associated protein 2

Protein enabled homolog

Uncharacterized protein Clorf131
PAP-associated domain-containing protein 5
Vacuolar protein sorting-associated protein 37A
Atlastin-2; atlastin-1

Multiple coagulation factor deficiency protein 2
CD99 antigen-like protein 2

Partitioning defective 3 homolog

Cactin

Nucleoside diphosphate-linked moiety X motif
8, mitochondrial

Spindle and kinetochore-associated protein 2
Cytoskeleton-associated protein 2

G2/mitotic-specific cyclin-B3
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CASKIN2 Caskin-2 5-Mar E3 ubiquitin-protein ligase MARCHS
orcAa2 Ovarian cancer-associated gene 2 protein MED29 Mediator of RNA polymerase II transcription
NSMAF Protein FAN subunit 29
PIGK GPlI-anchor transamidase SIRTS NAD-dependent protein deacylase sirtuin-5,
MCURI Mitochondrial calcium uniporter regulator 1 mitochondrial
AKTISI Proline-rich AKT] substrate 1 KCTDS BTB/POZ domain-containing protein KCTDS5
CHCHDI Coiled-coil-helix-coiled-coil-helix domain- MIS184 Protein Mis18-alpha
containing protein 1 GTSE! G, and S phase-expressed protein 1
DGCRI14 Protein DGCR 14 SMARCALI SWI/SNF-related matrix-associated actin-
SIRTI NAD-dependent protein deacetylase sirtuin-1; dependent regulator of chromatin subfamily
SirtT1 75 kDa fragment A-like protein 1
cCcDCIol SAGA-associated factor 29 homolog MEDI1 Mediator of RNA polymerase II transcription
NSLI Kinetochore-associated protein NSL1 homolog subunit 11
TMX3 Protein disulfide-isomerase TMX3 ABI3 ABI gene family member 3
ZFYVEI9 Zinc finger FYVE domain-containing protein 19 KANSL3 KATS regulatory NSL complex subunit 3
PASK PAS domain-containing serine/threonine-protein bPM3 Dolichol-phosphate mannosyltransferase subunit 3
Kinase SLC25413 Calcium-binding mitochondrial carrier protein
ERGIC2 Endoplasmic reticulum-Golgi intermediate Aralar 2
compartment protein 2 ZNF580 Zinc finger protein 580
RPS6KCI Ribosomal protein S6 kinase delta-1 ACADS Isobutyryl-CoA dehydrogenase, mitochondrial
UBL7 Ubiquitin-like protein 7 ACSL5; ACSLI Long-chain-fatty-acid-CoA ligase 5; long-chain-
ADO 2-aminoethanethiol dioxygenase fatty-acid-CoA ligase 1
CDCA3 Cell division cycle-associated protein 3 ING4 Inhibitor of growth protein 4
CHPI Calcineurin B homologous protein 1 C0OA43 Cytochrome‘c oxidasej assembly protein 3
ZFYVE21 Zinc finger FYVE domain-containing protein 21 homolo.g, mitochondrial
SIKE] Suppressor of IKBKE 1 POLRID DNA—'dlrected RNA polymerases I and 111
subunit RPAC2
HAUSS HAUS augmin-like complex subunit 8 MED31 Mediator of RNA polymerase II transcription
Cllorf84 Uncharacterized protein C11orf84 subunit 31
CYorf142 Uncharacterized protein C9orf142 RNF1I5 E3 ubiquitin-protein ligase RNF115
SGPPI Sphingosine-1-phosphate phosphatase 1 LRRC42 Leucine-rich repeat-containing protein 42
MKRN2 Probable E3 ubiquitin-protein ligase makorin-2  ypp3/p; Immediate early response 3-interacting protein 1
KLC2 Kinesin light chain 2 NPTN Neuroplastin
NSRPI Nuclear speckle splicing regulatory protein 1 pyyg37 {RNA-dihydrouridine (47) synthase NADP"-like
CSTF2T Cleavage stimulation factor subunit 2 tau variant ;p()g Importin-8
TMEM222 Transmembrane protein 222 ACSL3 Long-chain-fatty-acid-CoA ligase 3
PCIF1 Phosphorylated CTD-interacting factor 1 FAMI60BI Protein FAM160B1
DHX33 Putative ATP-dependent RNA helicase DHX33 SMC6 Structural maintenance of chromosomes
PHAX Phosphorylated adapter RNA export protein protein 6
CA4PI Caspase activity and apoptosis inhibitor 1 PIK3R4 Phosphoinositide 3-kinase regulatory subunit 4
CLSPN Claspin WAC WW domain-containing adapter protein with
ZFYVEI Zinc finger FYVE domain-containing protein 1 coiled-coil
COPRS Coordinator of PRMTS5 and differentiation MED23 Mediator of RNA polymerase I transcription
stimulator subunit 23
EIF4ENIF]1 Eukaryotic translation initiation factor 4E NISCH Nischarin
transporter SNX8 Sorting nexin-8
UBQLN4 Ubiquilin-4 UQCRQ Cytochrome b-c1 complex subunit 8
KLC4 Kinesin light chain 4 MEDI14 Mediator of RNA polymerase II transcription
PRMT7 Protein arginine N-methyltransferase 7 subunit 14
PIHIDI1 PIH1 domain-containing protein 1 CDC45 Cell division control protein 45 homolog
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PIK3RI Phosphatidylinositol 3-kinase regulatory subunit ZNF22 Zinc finger protein 22
alpha PSMBY Proteasome subunit beta type-9
NEDD4 E3 ubiquitin-protein ligase NEDD4 ACTRIB Beta-centractin
ARPPI9 cAMP-regulated phosphoprotein 19 CASP3 Caspase-3; Caspase-3 subunit p17; Caspase-3
MRPS6 28S ribosomal protein S6, mitochondrial subunit p12
FPGS Folylpolyglutamate synthase, mitochondrial KNTC! Kinetochore-associated protein 1
TWF1 Twinfilin-1 MECP2 Methyl-CpG-binding protein 2
TSTA3 GDP-L-fucose synthase PMS2 Mismatch repair endonuclease PMS2
PDCD2 Programmed cell death protein 2 NDUFA6 NADH dehydrogenase [ubiquinone] 1 alpha
MAPKAPK3 MAP kinase-activated protein kinase 3 subcomplex subunit 6
KDM3B Lysine-specific demethylase 3B CXCR4 C-X-C chemokine receptor type 4
TBCIDI TBC1 domain family member 1 RRAS2 Ras-related protein R-Ras2
PPWDI Peptidylprolyl isomerase domain and WD TIMM10 Mitochondrial import inner membrane
repeat-containing protein 1 translocase subunit Tim10
PIGS GPI transamidase component PIG-S SUPT4H1 Transcription elongation factor SPT4
TSGI101 Tumor susceptibility gene 101 protein LACTB Serine beta-lactamase-like protein LACTB,
GINS4 DNA replication complex GINS protein SLDS5; mitochondrial
DNA replication complex GINS protein SLD5, SRSF4 Serine/arginine-rich splicing factor 4
N-terminally processed CDC20 Cell division cycle protein 20 homolog
REPINI Replication initiator 1 USP4 Ubiquitin carboxyl-terminal hydrolase 4
TRABD TraB domain-containing protein PPFIAI Liprin-alpha-1
KATS Histone acetyltransferase KAT8 DNAJC3 DnaJ homolog subfamily C member 3
POLRIB DNA-directed RNA polymerase I subunit RPA2  PDIA5 Protein disulfide-isomerase A5
EIF2B3 Translation initiation factor eIF-2B subunit TMED2 Transmembrane emp24 domain-containing
gamma protein 2
NCDN Neurochondrin TARBP2 RISC-loading complex subunit TARBP2
ZC3H7B Zinc finger CCCH domain-containing protein CHI3L2 Chitinase-3-like protein 2
7B BAK1 Bcl-2 homologous antagonist/killer
VAV3 Guanine nucleotide exchange factor VAV3 GUK1 Guanylate kinase
GTPBPI10 GTP-binding protein 10 ORICH1 Glutamine-rich protein 1
PDXK Pyridoxal kinase PREPL Prolyl endopeptidase-like
CDK24PI; CDK24P2  Cyclin-dependent kinase 2-associated protein 1; ~ EARS2 Probable glutamate-tRNA ligase, mitochondrial
cyclin-dependent kinase 2-associated protein 2 NIPBL Nipped-B-like protein
MAP3K7 Mitogen-activated protein kinase kinase kinase 7 RETSAT All-trans-retinol 13,14-reductase
NDUFBS5 NADH dehydrogenase [ubiquinone] 1 beta 712 TELO2-interacting protein 2
subcomplex subunit 5, mitochondrial GALNT7 N-acetylgalactosaminyltransferase 7
STX6 Syntaxin-6 METTLI6 Methyltransferase-like protein 16
MRPS14 28S ribosomal protein S14, mitochondrial ABI1 Abl interactor 1
GBAS Protein NipSnap homolog 2 ATPAF2 ATP synthase mitochondrial F1 complex
DFFB DNA fragmentation factor subunit beta assembly factor 2
SNUPN Snurportin-1 LEMD?2 LEM domain-containing protein 2
PTBP3 Polypyrimidine tract-binding protein 3 PDPR Pyruvate dehydrogenase phosphatase regulatory
PCCB Propionyl-CoA carboxylase beta chain, subunit, mitochondrial
mitochondrial FBX022 F-box only protein 22
MRPL3 39S ribosomal protein L3, mitochondrial TMEM1674 Protein kish-A
PC Pyruvate carboxylase, mitochondrial C120rf23 UPF0444 transmembrane protein C120rf23
CDK4 Cyclin-dependent kinase 4 IRGQO Immunity-related GTPase family Q protein
GLUL Glutamine synthetase GCDH Glutaryl-CoA dehydrogenase, mitochondrial
NCK1I Cytoplasmic protein NCK1 WBP2 WW domain-binding protein 2
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EXOC4 Exocyst complex component 4 HIGDIA HIG1 domain family member 1A, mitochondrial
FAMI105B Ubiquitin thioesterase otulin PI4K2A4 Phosphatidylinositol 4-kinase type 2-alpha
Clorf37 UPF0361 protein C3orf37 AMDHD?2 Putative N-acetylglucosamine-6-phosphate
XPO6 Exportin-6 deacetylase
MYADM Myeloid-associated differentiation marker TMEM256 Transmembrane protein 256
MPHOSPHS M-phase phosphoprotein 8 IFRD1 Interferon-related developmental regulator 1
PAAF1 Proteasomal ATPase-associated factor 1 ZNF593 Zinc finger protein 593
CNPY3 Protein canopy homolog 3 GAPDHS Glyceraldehyde-3-phosphate dehydrogenase,
CHID1 Chitinase domain-containing protein 1 testis-specific
NUF2 Kinetochore protein Nuf2 MGST3 Microsomal glutathione S-transferase 3
GHITM Growth hormone-inducible transmembrane GEMIN?2 Gem-associated protein 2
protein AURKA Aurora kinase A
PTPN23 Tyrosine-protein phosphatase non-receptor type 23 NV Nuclear valosin-containing protein-like
DNAJC5 Dnal homolog subfamily C member 5 DDX3Y ATP-dependent RNA helicase DDX3Y
PTGES2 Prostaglandin E synthase 2; prostaglandin E FIBP Acidic fibroblast growth factor intracellular-
synthase 2 truncated form binding protein
WDR54 WD repeat-containing protein 54 RADSIC DNA repair protein RAD51 homolog 3
PLEKHAI Pleckstrin homology domain-containing family FADSI Fatty acid desaturase 1
Amember | KPNAG6; KPNAS Importin subunit alpha-7; importin subunit
SPC25 Kinetochore protein Spc25 alpha-6
APOBEC3C DNA dC->dU-editing enzyme APOBEC-3C CCDC22 Coiled-coil domain-containing protein 22
IMPADI Inositol monophosphatase 3 KIF21B Kinesin-like protein KIF21B
USE! Vesicle transport protein USE1 N4BPI NEDD4-binding protein 1
MPP6 MAGUK p55 subfamily member 6 PPP6R2 Serine/threonine-protein phosphatase 6
CWCl5 Spliceosome-associated protein CWC15 regulatory subunit 2
homolog NDUFS6 NADH dehydrogenase [ubiquinone] iron-sulfur
RNF181 E3 ubiquitin-protein ligase RNF181 protein 6, mitochondrial
cxxci CpG-binding protein MED24 Mediator of RNA polymerase II transcription
PHRF1 PHD and RING finger domain-containing subunit 24
protein 1 CRCP DNA-directed RNA polymerase III subunit
METTLI tRNA (guanine-N(7)-)-methyltransferase RPC9
SELIL Protein sel-1 homolog 1 ERALI GTPase Era, mitochondrial
DAXX Death domain-associated protein 6 PIAS?2 E3 SUMO-protein ligase PIAS2
TUBGCP4 Gamma-tubulin complex component 4 VAMPS Vesicle-associated membrane protein 5
LAMTOR3 Ragulator complex protein LAMTOR3 SIX6 Homeobox protein SIX6
ANAPC4 Anaphase-promoting complex subunit 4 MT-CO3 Cytochrome ¢ oxidase subunit 3
MINPP1 Multiple inositol polyphosphate phosphatase 1~ HLA-4 HLA class I histocompatibility antigen, A-68
RPL26LI 60S ribosomal protein L26-like 1 alpha chain
AZI1 5-azacytidine-induced protein 1 RAFI RAF proto-oncogene serine/threonine-protein
TRAPPC4 Trafficking protein particle complex subunit 4 kinase
RAP2C Ras-related protein Rap-2c HMGN1 Non-histone chromosomal protein HMG-14
RNF114 RING finger protein 114 HMGN2; HMGN3 Non-histone chromosomal protein HMG-
NDUFB9 NADH dehydrogenase [ubiquinone] 1 beta 17; high mobility group nucleosome-binding
subcomplex subunit 9 domain-containing protein 3
GOPC Golgi-associated PDZ and coiled-coil motif- SRP19 Signal recognition particle 19 kDa protein

RGPD3; RGPD4

containing protein

RanBP2-like and GRIP domain-containing
protein 3; RanBP2-like and GRIP domain-
containing protein 4

POLR2M; GCOM1

HISTIHIE
BCR

DNA-directed RNA polymerase II subunit
GRINL1A

Histone H1.4

Breakpoint cluster region protein
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BCKDHA 2-oxoisovalerate dehydrogenase subunit alpha, ~ PLP2 Proteolipid protein 2
mitochondrial GOLGA2 Golgin subfamily A member 2
ALAD Delta-aminolevulinic acid dehydratase TRIM26 Tripartite motif-containing protein 26
PLS3 Plastin-3 STK3 Serine/threonine-protein kinase 3; Serine/
ACYP2 Acylphosphatase-2 threonine-protein kinase 3 36 kDa subunit;
ERCC2 TFIIH basal transcription factor complex Serine/threonine-protein kinase 3 20 kDa
helicase XPD subunit subunit
RAB34 Ras-related protein Rab-3A NMI N-myc-interactor
RAB44 Ras-related protein Rab-4A XRCC4 DNA repair protein XRCC4
GSTM3 Glutathione S-transferase Mu 3 TOP34 DNA topoisomerase 3-alpha
RFXI MHC class II regulatory factor RFX1 TUBB3 Tubulin beta-3 chain
ATP6VOC V-type proton ATPase 16 kDa proteolipid DGKZ Diacylglycerol kinase zeta
subunit MTMRI1 Myotubularin-related protein 1
GSTM2 Glutathione S-transferase Mu 2 DYRKIA; DYRKIB Dual specificity tyrosine-phosphorylation-
PRKARIB cAMP-dependent protein kinase type I-beta regulated kinase 1A; dual specificity tyrosine-
regulatory subunit phosphorylation-regulated kinase 1B
IL2RG Cytokine receptor common subunit gamma CID Nuclear nucleic acid-binding protein C1D
KDELR2; KDELRI ER lumen protein retaining receptor 2; ER lu- cox17 Cytochrome ¢ oxidase copper chaperone
men protein refaining receptor 1 MORC3 MORC family CW-type zinc finger protein 3
c4s8 Carbonic anhydrase-related protein ARHGEF7 Rho guanine nucleotide exchange factor 7
mpvi7 Protein Mpv17 TFDPI Transcription factor Dp-1
TSPAN7 Tetraspanin-7 GSEI Genetic suppressor element 1
SLC144 Neutral amino acid transporter A PPP2R5A Serine/threonine-protein phosphatase 2A 56 kDa
SYK Tyrosine-protein kinase SYK regulatory subunit alpha isoform
ACADSB Short/branched chain specific acyl-CoA RBBPS Retinoblastoma-binding protein 5
dehydrogenase, mitochondrial TOMM20 Mitochondrial import receptor subunit TOM20
IREB2 Iron-responsive element-binding protein 2 homolog
HSPAI3 Heat shock 70 kDa protein 13 $S18 Protein SSXT
cpo7 CD97 antigen; CD97 antigen subunit alpha; DECRI 2,4-dienoyl-CoA reductase, mitochondrial
D97 antigen subunit beta DGUOK Deoxyguanosine kinase, mitochondrial
CENPE Centromere protein PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-bisphos-
HARS2 Probable histidine—tRNA ligase, mitochondrial phatase 3; 6-phosphofructo-2-kinase; Fructose-
CSNKIE Casein kinase I isoform epsilon 2,6-bisphosphatase
GSK34 Glycogen synthase kinase-3 alpha HNRNPAIL2 Heterogeneous nuclear ribonucleoprotein A l-
GALK1 Galactokinase like 2
VAMP7 Vesicle-associated membrane protein 7 TWISTNB DNA-directed RNA polymerase I subunit
RABGGTB Geranylgeranyl transferase type-2 subunit beta RPA43
HIRA Protein HIRA SNAI3 Zinc finger protein SNAI3
TMBIM6 Bax inhibitor 1 TUBBS Tubulin beta-8 chain
HSDI17B7 3-keto-steroid reductase TMEMA41B Transmembrane protein 41B
TMEM258 Transmembrane protein 258 OXLD1 Oxidoreductase-like domain-containing protein 1
RPS29 40S ribosomal protein S29 DNAJC21 Dnal homolog subfamily C member 21
RABIA Ras-related protein Rab-1A TMEM201 Transmembrane protein 201
PRAME Melanoma antigen preferentially expressed in Corfl14 Uncharacterized protein C9orf114
tumors EMCI0 ER membrane protein complex subunit 10
CCZI1,CCZIB Vacuolar fusion protein CCZ1 homolog; vacu- SYDE2 Rho GTPase-activating protein SYDE2
olar fusion protein CCZ1 homolog B MBLAC2 Metallo-beta-lactamase domain-containing
REEPS Receptor expression-enhancing protein 5 protein 2
DHODH Dihydroorotate dehydrogenase (quinone), C12o0rf73 Uncharacterized protein C120rf73
mitochondrial GRAMD4 GRAM domain-containing protein 4
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LAIRI Leukocyte-associated immunoglobulin-like PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit
receptor 1 type 3
RPUSD3 RNA pseudouridylate synthase domain- TORIAIP2 Torsin-1A-interacting protein 2
containing protein 3 ABHDII Alpha/beta hydrolase domain-containing
DUSIL tRNA-dihydrouridine (16/17) synthase NADP*- protein 11
like MRPL30 39S ribosomal protein L30, mitochondrial
FAHD2B Fumarylacetoacetate hydrolase domain- SCFD2 Secl family domain-containing protein 2
containing protein 2B DCAKD Dephospho-CoA kinase domain-containing
MTFR2 Mitochondrial fission regulator 2 protein
WDR73 WD repeat-containing protein 73 SNRNP27 U4/U6.U5 small nuclear ribonucleoprotein
FAHDI1 Acylpyruvase FAHD1, mitochondrial 27 kDa protein
RPL22L1 60S ribosomal protein L22-like 1 SLC3947 Zinc transporter SLC39A7
Céorf58 UPF0762 protein C6orf58 NDRG1 Protein NDRG1
CYP20A41 Cytochrome P450 20A1 ALG3 Dol-P-Man:Man(5)GlcNAc(2)-PP-Dol alpha-
DNMBP Dynamin-binding protein 1,3-mannosyltransferase
0S0Xx2 Sulthydryl oxidase 2 RREBI Ras-responsive element-binding protein 1
FRAI0ACI Protein FRA10AC1 ERCC4 DNA repair endonuclease XPF
Coxl1s Cytochrome ¢ oxidase assembly protein COX15 KIAA1143 Uncharacterized protein KIAA1143
homolog FLYWCH?2 FLYWCH family member 2
Sr24 Synaptic vesicle glycoprotein 2A FOXREDI FAD-dependent oxidoreductase domain-
PKDIL3 Polycystic kidney disease protein 1-like 3 containing protein 1
COMMD6 COMM domain-containing protein 6 Cl0orf35 Uncharacterized protein C100rf35
CMC1 COX assembly mitochondrial protein homolog ~ HVCNI Voltage-gated hydrogen channel 1
1SCA2 Iron-sulfur cluster assembly 2 homolog, FAM120B Constitutive coactivator of peroxisome
mitochondrial proliferator-activated receptor gamma
LDBI LIM domain-binding protein 1 RRP36 Ribosomal RNA processing protein 36 homolog
PARG Poly(ADP-ribose) glycohydrolase MMAB Cob(I)yrinic acid a,c-diamide
NDUFAII NADH dehydrogenase [ubiquinone] 1 alpha adenosyltransferase, mitochondrial
subcomplex subunit 11 DYNLL? Dynein light chain 2, cytoplasmic
MGA MAX gene-associated protein CHMP6 Charged multivesicular body protein 6
ZC3H74 Zinc finger CCCH domain-containing protein 7A  RNFI185 E3 ubiquitin-protein ligase RNF185
TPH?2 Tryptophan 5-hydroxylase 2 TOEI Target of EGR1 protein 1
CDANI Codanin-1 POMI121 Nuclear envelope pore membrane protein POM
DNAJCI10 DnaJ homolog subfamily C member 10 121
SIRT? NAD-dependent protein deacetylase sirtuin-2 INTS4 Integrator complex subunit 4
EXOC8 Exocyst complex component 8 SMIM8 Small integral membrane protein 8
Clorf174 UPF0688 protein Clorf174 ARAPI Arf-GAP with Rho-GAP domain, ANK repeat
THNSLI Threonine synthase-like 1 and PH domain-containing protein 1
KI442013 Uncharacterized protein KIAA2013 OSBPL9 Oxysterol-binding protein-related protein 9
C8orf59 Uncharacterized protein C8orf59 RNF2 E3 ubiquitin-protein ligase RING2
ORMDL3; ORMDL2  ORMI-like protein 3; ORM-like protein 2 MYDS8S8 Myeloid differentiation primary response protein
ANKRD35 Ankyrin repeat domain-containing protein 35 MyD88
ARMCI0 Armadillo repeat-containing protein 10 ARPCSL Actin-related protein 2/3 complex subunit 5-like
SMIM20 Small integral membrane protein 20 protein
JAGNI Protein jagunal homolog 1 MICU1 Calcium uptake protein 1, mitochondrial
PARPI6 Mono [ADP-ribose] polymerase PARP16 FAM118B Protein FAM118B
C19orf47 Uncharacterized protein C19orf47 Cl7orf62 Uncharacterized protein C170rf62
NHLRC2 NHL repeat-containing protein 2 TSEN34 tRNA-splicing endonuclease subunit Sen34
DAGLB Snl-specific diacylglycerol lipase beta DCTNS5 Dynactin subunit 5
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LRRCI Leucine-rich repeat-containing protein 1 DECR2 Peroxisomal 2,4-dienoyl-CoA reductase
FSDI Fibronectin type IIT and SPRY domain- C19orf66 UPFO0515 protein C190rf66
containing protein 1 UFSP2 Ufm1-specific protease 2
WRAPS53 Telomerase Cajal body protein 1 MEDI17 Mediator of RNA polymerase II transcription
TARS2 Threonine--tRNA ligase, mitochondrial subunit 17
CDCA7 Cell division cycle-associated protein 7 TMEM161A4 Transmembrane protein 161 A
CEP41 Centrosomal protein of 41 kDa BETIL BET1-like protein
EGLNI Egl nine homolog 1 CCDC88C Protein Daple
TMEM126A4 Transmembrane protein 126A STIM2 Stromal interaction molecule 2
SAP130 Histone deacetylase complex subunit SAP130 SLC25410 Mitochondrial dicarboxylate carrier
ORSLI Glutamyl-tRNA (Gln) amidotransferase subunit ~ 7JP2 Tight junction protein ZO-2
A, mitochondrial ADD3 Gamma-adducin
VPS33B Vacuolar protein sorting-associated protein 33B  1jpDJ LIM domain-containing protein 1
SLC25432 Mitochondrial folate transporter/carrier RSL24D1 Probable ribosome biogenesis protein RLP24
TRITI tRNA dimethylallyltransferase, mitochondrial SHPK Sedoheptulokinase
SRMS Tyrosine-protein kinase Srms BAZ24 Bromodomain adjacent to zinc finger domain
CUEDC2 CUE domain-containing protein 2 protein 2A
FBXO44 F-box only protein 44 TSR3 Ribosome biogenesis protein TSR3 homolog
TUTI Speckle targeted PIPSK1A-regulated poly(A) TUBEI Tubulin epsilon chain
polymerase ANAPCS Anaphase-promoting complex subunit 5
REEP4 Receptor expression-enhancing protein 4 FAM184B Protein FAM184B
METTL17 Methyltransferase-like protein 17, mitochondrial p47pJ Paladin
NRDE?2 Protein NRDE2 homolog COGS5 Conserved oligomeric Golgi complex subunit 5
NT5DC2 S-nucleotidase domain-containing protein 2 FOXJ3 Forkhead box protein J3
RMND35A Protein RMDS5 homolog A SHOC? Leucine-rich repeat protein SHOC-2
ZWILCH Protein zwilch homolog DNM3 Dynamin-3
MED20 Mediator of RNA polymerase II transcription TMA7 Translation machinery-associated protein 7
subunit 20 KLFI3 Krueppel-like factor 13
WDR76 WD repeat-containing protein 76 POLR3H DNA-directed RNA polymerase I1I subunit
RPF1 Ribosome production factor 1 RPCS8
UCK1 Uridine-cytidine kinase 1 NUBI NEDDS ultimate buster 1
SP110 Sp110 nuclear body protein NME7 Nucleoside diphosphate kinase 7
TMEM165 Transmembrane protein 165 MPCI Mitochondrial pyruvate carrier 1
NOPI10 H/ACA ribonucleoprotein complex subunit 3 AUPI Ancient ubiquitous protein 1
SDR39U1 Epimerase family protein SDR39U1 CEPTI Choline/ethanolaminephosphotransferase 1
ZCCHC3 Zinc finger CCHC domain-containing protein 3
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