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WiIKIPEDIA Angiotensin-converting enzyme 2
The Free Encyclopedia — ;
From Wikipedia, the free encyclopedia
Main page "ACEZ2" redirects here. For other uses, see Ace 2 (disambiguation).
gz:‘:r:‘ttsevems Angiotensin-converting enzyme 2 (ACE2)[°! is an enzyme attached to the cell membrane
el kidney, and intestines.[6l7] ACE2 lowers blood pressure by catalyzing the hydrolysis of angi
About Wikipedia angiotensin (1-7) (a vasodilator).[BI®ll'0] ACE2 counters the activity of the related angiotens | v
Contact us amount of angiotensin-I and increasing Ang(1-7),l'"] making it a promising drug target for tr ne ocas@in (1-5)

[] Circulating ACE2 in Cardiovascular and Kidney Diseases. Pu med.gOV
1 Anguiano L, Riera M, Pascual J, Soler MJ.

Cite  Curr Med Chem. 2017;24(30):3231-3241. doi: 10.2174/0929867324666170414162841.
PMID: 28413960  Review. Official Symbol ACE2 provided by HGNC

Share  Given that ACE2 counterbalances the effects of Ang Il it has been proposed as a biomarker in Officlal Full Name angiotensin |:converting enzyme 2 provided by HGNC
Primary source HGNC:HGNC:13557

kidney dlse.ase r?auents. clrculatlr.\g ACE2 .h-as been st.udled in hum?n and experimental studies Soo related Enssmbl:ENSG00000130234 MIM:300335
under physiological and pathological conditions and different techniques have b ... Gene type protein coding

RefSeq status REVIEWED

[] Angiotensin-converting enzyme 2 (ACE2) in disease pathogenesis. Organism  Homo sapiens

2 Imai Y, Kuba K, Ohto-Nakanishi T, Penninger JM. Lineage Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; Mammalia; Eutheria; Euarchontoglires; Primates;
Haplorrhini; Catarrhini; Hominidae; Homo

Also known as ACEH

~ Summary

Cite Circ J. 2010 Mar;74(3):405-10. doi: 10.1253/circj.cj-10-0045. Epub 2010 Feb 4.
PMID: 20134095 Free article. Review.

Share g - ) ) Summary The protein encoded by this gene belongs to the angiotensin-converting enzyme family of dipeptidyl carboxydipeptidases and
Importantly, ACE2 has been identified as a key SARS-coronavirus receptor and plays a protective has considerable homology to human angiotensin 1 converting enzyme. This secreted protein catalyzes the cleavage of
role in SARS pathogenesis. Furthermore, the recent explosion of research into the ACE2 homolog, angiotensin | into angiotensin 1-9, and angiotensin Il into the vasodilator angiotensin 1-7. ACE2 is known to be expressed in
collectrin, has revealed a new physiological function of ACE2 as an ... various human organs, and its organ- and cell-specific expression suggests that it may play a role in the regulation of

cardiovascular and renal function, as well as fertility. In addition, the encoded protein is a functional receptor for the spike
glycoprotein of the human coronavirus HCoV-NL63 and the human severe acute respiratory syndrome coronaviruses, SARS-
CoV and SARS-CoV-2, the causative agent of coronavirus disease-2019 (COVID-19). [provided by RefSeq, Aug 2020]
Annotation information Note: This gene has been reviewed for its involvement in coronavirus biology, and is involved in SARS-CoV-2 infection.
cite Microbes Infect. 2013 Nov;15(13):866-73. doi: 10.1016/j.micinf.2013.08.003. Epub 2013 Aug 17. Expression Biased expression in small intestine (RPKM 93.7), duodenum (RPKM 69.0) and 5 other tissues See more
PMID: 23962453 Free PMC article. Review.

[] ACE2 - from the renin-angiotensin system to gut microbiota and malnutrition.
3 Perlot T, Penninger JM.
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ENOPH1, SLC25A2, GMPPB, SLC1A4, EGFL8, HDC, DNM1L, RHCG, SLC24A4, FABP4, PDSS1, ACSBG1, UGT3A1, TAOKL, CDY1B, PPIE, GCLM, GMPR2, USP9Y, DGKD, ATP2A2, FABP2, ZDHHC7, GLRX2, DPM3, NUP155, GPX1, SLC4A5, POLI, GCHL,
APOE, PLPP7, RIPK3, HPSE, PLA2G1B, PYGL, CDK8, MGST1, DGAT2L6, PPP5C, TXNRD3, MACROD2, FABP4, DDR1, USP35, NARS, HERC1, WWP1, PIGF, MACROD1, SUOX, DGKG, PGS1, AURKB, CDY1, TKFC, PIM1, SLC1A4, GLDC, AFMID, FARL,
PHYKPL, ATP2B1, PTPDC1, LCT, ASPG, ACOT1, POLRIC, HEMK1, CDA, UPP2, PARP10, SLC15A1, ASNS, TGFBR2, POLR2F, CARS, CBL, SLC4A9, INPP4A, SUCLG1, MTAP, PKMYT1, CBLL1, MAP2K2, MARS, TECRL, SLC26A3, METTL7B, ME1, AK2,
PLA2G12A, DHRS9, EPHAS, GGACT, GGT5, ACYP2, PI4K2A, SLC25A42, USP17L25, TRMT11, DUSP15, PTGR1, PPP3R1, CAl, FN3K, UBE2F, EFL1, TYMS, PPWD1, GCNT4, PFKP, RNF126, PRKCI, TAF9, FDPS, SLC19A3, AGK, BCKDHB, CALM2, HKI,
UPRT, SRD5A1, SYVN1, GLA, CTDSPL, CYP2J2, ACOT9, PDESB, AP000812.4, IDH3B, SULT1B1, MAP3K21, HMGCS1, JMID7-PLA2G4B, CA3, SLC25A3, ACAT1, NEK9, NEK6, PPA1, ACP7, IDH1, PIK3R4, KAT6A, ASRGL1, PTPN11, SLC22A15, PTPRR,
RPEL1, PRKCSH, DOTIL, TRMT13, GPX6, NLK, PPIE, ALDH1A1l, ASAH2, PEAK1, PAK6, CTSF, ACE, SDR42E2, IMPAL, SLC2A11, CYLD, PPIP5K2, PRKD3, PTGS1, GCNT1, GC, UGT1A9, HSD11B1L, SLC16A12, USP17L5, BMPR2, SLC39A8, HS3STL,
GRK1, POLB, NCOA6, PKM, PIGN, SLC22A1, EBP, UGT1A8, SPR, PPP3CB, PDE10A, TMEM91, CTSG, NUP210L, SLC38A5, NDUFA5, FKBP4, SLC22A11, ATP1A3, GMPPB, MTMR14, SLC32A1, ADSL, PPWD1, PPIA, CMAS, STK10, RENBP, NDUFS7,
EPHALO, ALAS1, TGM7, TBK1, HSD17B2, MT-ATP8, UQCRFS1, SDSL, COP1, ATP5FIC, NEDDAL, ALG10B, ATP1B3, DUSP11, STARD5, MTHFD2L, ABHD14A-ACY1, POLL, RAD18, PCTP, METTL3, AKR1C3, STT3B, B3GNT4, POLD2, SCD, GGACT,
UQCRC2, NEK9, KMT5C, QPRT, AKT3, RPUSD4, APOB, DPEP2, CYP11B2, TPTE2, FUCAL, NNMT, GSTM4, RIPK2, PPEF2, SLC52A1, SLC2A1, LALBA, SLC7A3, MYO3B, DUSP23, PYGL, HS3ST2, RNF115, DPYD, ALG3, GLYATL3, MAP3K2, PTGIS,
GPCPD1, TOPORS, F13B, GLYATL2, STARD3, USP35, IVD, SLC26A11, PIGN, ALG8, DYRKI1A, CYP4All, SLC16A13, TYW3, GLYATL2, ITPA, UBR3, NDUFB4, INPP5D, PNLIPRP3, TFBIM, RNF14, NPC1, MYLK, CPNE7, SLC7AL0, PDE4A, CYP2A7, LRAT,
ATP8B1, PTPN14, GUCY1B1, PTPN9, NME7, PDK1, SLC28A2, TAF1, PDGFRB, NUP37, PRKCB, TENT2, RIPK1, RNF185, PONI, LIPF, MAP4K3, HEPH, PGD, NGLY1, PONI, AL8453312, FGA, SLC6A9, SLC8A2, CTH, IDH1, TRIP12, PAH, SLCA47AL,
ST6GALNAC2, CTDSP1, TRIP12, PAK6, MAST2, GMDS, NTRK1, SLC26Al11, PIGA, PIGG, DOLPP1, NAGK, MAOA, MARCH6, GCLC, TKT, MGST1, PRKDC, ATP8B1, DUSP8, ADPRH, PDF, PCYT1A, PHOSPHO2, PIGS, SUV39H2, COPB1, STARDIO,
SLC25A21, BCDIN3D, PRPSIL1, LRRK2, SGK2, BIRC6, FLAD1, VRK3, MARK3, ASAH2, TMX3, CDS1, NDUFB9, MAPK10, MAGEA2, OXCT1, FOLR1, TPSB2, RNF31, PI4K2A, ALDH8A1, SLC25A28, CHPF2, ZDHHC21, GGACT, MAP3K4, IDS, PGAM1, ASPG,
ACOX2, PRDX5, CHST6, MOGAT2, PXDN, GSTA3, TGM7, MGAT4C, DCT, SLC31A1, ZAP70, SIAH2, COX8A, SLC37A4, ATP2B4, COX6A2, SLC1Al, PARP16, PCBD1, PRPSIL1, PLA2GAC, NDUFA12, MYLK3, NEK5, USP24, GMPR2, BUBL, SUCLGL, JAKL,
LALBA, IRAK1, B3GNT2, METTL2B, RPUSD4, ALOX5, PRKCZ, ACOT4, CSAD, PPWD1, ABCC5, MOGAT2, COX7B2, RNF19B, HERC3, ALG8, ABHD14A-ACY1, BAGALNT3, ST6GALNAC6, TRAF7, AK8, NTRK1, ALOX5, USP8, DPYD, STAMBP, ST6GALNAC2,
ATP5F1B, NCOR2, DUOX1, TPSAB1, ADCY10, LDHA, ACSM2B, UST, HSD17B3, POCIB-GALNT4, MACROD1, GPHN, SLC6A4, AWAT2, CRLS1, FBLL1, SLC15A2, ACADS8, UBA7, THOP1, PTK2B, CDC42BPA, MARS, GSTO2, ARSA, COX7B, XYLT2, PLINS,
CDK14, SGPL1, MAP3K7, TGDS, PSAP, TAF9, DPEP1, GPAM, TPSB2, UPRT, PARP16, NNT, USP28, CNOT4, PIGT, BMPR2, SLC7A11, GRK1, ENO1, RORA, ABCC4, PGLS, HS2ST1, ALG2, RDH8, ST6GALNACS, KAT5, SYVN1, MAN1AL, QARS, LYPLAL,
TTC3, DPM3, GBGT1, HSD17B8, PFKFB4, NAMPT, RNF25, MOCS1, UBE2Q1, PDE7A, CAMK1G, PJAL, GIF, DMPK, MAP3K2, SLC3A2, MCAT, LCMT1, CLPS, ATP6VOA1, GYG2, HIRIP3, GPT2, KIT, INSL3, NDUFA13, G6PC, SLC44A3, AK7, SCD5, PTPRA,
USP9Y, DLD, FMO5, CDK17, GSTA5, DLX4, HEXA, GPX3, PYCR2, CP, SLC26A3, PTRH1, PLA2G16, FKBP10, PDGFRA, RPAP2, ATP5MC1, TAOK2, TGS1, ACSS1, TAF1, NSDHL, UCP1, SLC27A3, ADHIC, FMO1, DIO2, MAP2K3, SLC9A7, MARCHS,
NUDT10, KPNA6, RRM2, EIF2AK3, POLR1B, DHFR2, PDHB, USP29, HK1, SLCO3A1, BLVRB, DMPK, PHKB, CHSY3, ADH1A, PASK, USP17L25 AC093512.2, SLC25A15, SLC1A3, GALNT9, SLC25A5, CAl, PRKCQ, CLK2, CDK20, HAGH, NEDDAL,
ATP6V1G2, CDK15, QPRT, SLC7A6, AMT, ENPP7, AKR1C4, PTPDC1, PXYLP1, CBX1, RNF123, NUP210L, RFWD3, EYA2, PORCN, GGTLC1, HERC1, USP13, SLC34Al, CYP2F1, CLPS, NMRK2, GALNT6, UCP1, CA7, NMRK1, INPP5D, RPS6KA5, SMOX,
EPX, SLC33A1, LENEP, GLB1, HUWE1, KMO, TKTL1, LRTOMT, CHPF, SIN3A, CAD, ADCY4, MPI, CDK6, ASAH2, TXNRD2, GGT2, RHCG, DYRK4, TRIMS, SULT1A1, NUP210, LPCAT4, MAP4K1, ERBB3, STAR, UBE2R2, PHGDH, ALB, BDH2, MKNK2,
SLC15A4, AHCYL2, PIGO, CDK2, RNF185, ADO, PDE6A, HERC1, SARS, PPIP5K2, ATPSMPL, SLC16A1, IARS, SULT1EL, CDK10, TRPM6, SRPK1, FHIT, GGACT, PRPS1, MKRN2, NUP62CL, CPT1B, ACATL, CBR4, PTPRK, MVK, GLYAT, GALNT9, PARP14,
GLIPR1, PARP11, NLN, DUSP18, PARP6, MT-ND5, SMG1, MARK1, GLT8D1, FIG4, STRA6, UROCI1, NAT1, USP46, SLC25A18, UBR4, SLC27A6, MAP3K14, HARS, PHGDH, DCTPP1, ACATI, FUT10, SLC16A3, NUAK1, ST3GAL3, UXS1, EIF2AK4, TPTE,
METTL21A, AMPD1, ALPP, SLC26A11, IP6K2, GALNT16, HSD17B6, NDUFB6, RPS6KB1, MGMT, PADIL, IMPDH2, PTPRS, MGAT4D, STK32A, PRKAR2B, ASHIL, SRM, STARD6, DNM1, PIK3CG, ALGY, PPIL4, DUSP4, UBA7, AKR1C1, ASPH, B3GNT9,
ZDHHC3, MOCS1, ROCK1, PTPRK, SLC7A3, MGAT5B, SLC4A3, POLR2E, QPRT, SRPK2, PTDSSI, SLC35D2, MAT2B, SLC5A7, MAP3K21, SLC25A22, GCAT, NDST2, HSD11B1, MAPKAPK2, CA12, CTDSP1, ATP5FIC, GALNT3, SLK, STARD3, CASK,
SLC22A4, LDHALGA, INPP5A, PARP2, ATP6V1G3, GBGT1, PPIH, B3GLCT, DNMT1, DUSP8, MOCS1, RNF19A, UHMK1, USP12, RPS6KA6, GLS2, NAA20, RNF167, RPE, SLC22A4, SLC1A2, MDP1, SLC30A7, SMURF2, GLYCTK, COMT, NUDT11, SETD?,
ACOT13, GDA, NEU2, SLC9A5, B3GAT1, DUSP12, ENO1, CRYZ, PINK1, GPX7, RBP3, SDSL, NPEPPS, ENTPD4, PCYOX1, PPT1, ACOX3, ATP1A2, PIGO, AQP5, SLC2A6, TARS, PIGM, HERC2, CTPS1, ACADS, ZDHHC4, SOD2, CYBRD1, GALNT4, PSKH2,
AKR7A3, MCCC2, ESCO2, GNMT, POLR2H, PTPRS, STK32C, TSSK6, INPP4A, AMDHD2, CKB, USP17L29, SLCO1B3, AP000812.4, PDHA1, PPIP5K1, DUSP4, GAL3ST2, CSKMT, STK32A, PTPRB, NDUFB1, ATP2A3, NDUFA11, NEK8, SLC39A10, SDHB,
PJAL, CLK3, CYP39A1, PLCB4, ULK1, SRD5A3, PKN1, CYLD, SUV39H1, GSS, HIRIP3, PRMT2, DHCR24, GFPT2, RBKS, HUWE1, PRKARIA, RNF103, PAPOLB, DUPD1, COX6C, RFWD3, ATP6VOC, NAALO, METTL14, CDK7, INPP5F, DUSP2, STKI7A,
EYA3, UGT2B11, DHRS9, FABP3, STK33, ZDHHC11B, SLC17A8, CBLB, USP47, METTL7A, KMT2D, EYA3, CS, SLC6A20, CDK6, LIPE, AK9, ZNRD1, ST3GAL4, ZDHHC15, PGP, XDH, USP40, RNF2, INSRR, STK32B, MGAT4B, SLC25A5, ST6GALNAC3,
ACACA, ALG2, FLAD1, NDUFA12, HS3ST1, PDE7B, PGAM5, BCAT1, KALRN, PRPSIL1, ATP5MC1, CHMP4A, NDUFAF5, ASMT, SRPK2, USP34, ALDOA, PTPN7, ABCC3, SLC35B4, BRSK2, MAP3K6, SLC6A6, VAPB, EIFAEBP3, NR1D1, PFKFB1, TUT1,
NHLRC1, PPIL2, BMP2K, B3GAT3, DOLPP1, FIG4, TRMU, ALDH2, SLC23A1, ALDH5A1, MLYCD, PTPRQ, MT-CYB, PTPRR, NAT1, SLC25A38, PPP1R1A, AHCYL2, SIRT5, ACVR2A, MCAT, UGT2B11, PDHB, ENO3, PRKCA, SLC4A1, SMS, PNLIPRP3, VAPA,
EGFR, LTK, GALE, CARS, MAN1B1, ATP2B1, FABP3, DGUOK, PAH, PRKCH, B3GAT1, MVK, ADCY3, PTPRU, DCLK1, PGLYRP1, HSD3B1, SLC13A2, SLC6A20, CIT, UQCRC1, NEK4, UBE2NL, MINPP1, MUSK, TUT7, POLR3GL, CSNKIALL, DUSP9,
GLYCTK, ATP6VIE2, KMO, SLC39A4, NQO2, PTPN13, KAT6A, PANK2, CLK4, CYP4V2, PARP6, PRKACA, GLYATL2, PPP6C, PYURF, UBE2D1, BARD1, SLC17A3, GCSH, RDH5, ITPKA, HSD11B1L, UAP1, ASAH2, DYRK3, SMPD2, MAPKAPK3, ABCDS,
TGMS6, PTPRK, RCHY1, TICRR, PMM2, WEE1, POLR2A, NDUFA8, PPT1, PLCL1, CPA6, CTSV, SAPCD1, TPH2, XPO6, EPHAL, MERTK, MPO, ATPS5MPL, GGT7, MAGEA2B, TREX1, FHIT, MAGEA2B, SLC35A1, MASTL, WDYHV1, TSSK3, ST20, CHST?,
ATP2C2, TMEM54, AANAT, AWAT1, GALNT12, POLR3E, PPP2CB, MAPK4, TGM6, PPCDC, SLC39A10, USP9X, GLT6D1, TXN2, FTCD, PSPH, HS6ST3, TRIM33, ENTPD4, PLCG2, GUCY1B1, GFM1, GSTA4, CTSL, SLC5A11, MMAB, PLCL2, SLC4AL,
SLC2A5, GLYAT, UCK1, CTSB, CTSG, AKR1B15, HS3ST3B1, RNF144A, CLK2, RNF31, TRHDE, SLC9A2, NEU3, CDK16, TRHDE, ME2, GFPT2, OLAH, GALNT13, HSD17B7, GSTM4, DGKD, PIGY, STAR, NDST3, SIRT6, NAAA, SLC5A7, RHBG, IREB2,
HS3ST2, IDI1, RPELL, PAFAH1B2, G6PC2, PRKCZ, UGT2B7, PDIA2, DOLPP1, TAF9, STARDS, SLC51A, TLK1, PIN1, MEPCE, PAPOLB, PCTP, ATPSME, PRODH2, ME3, DUSP4, MIA3, AKR1B15, PIP4P1, AGMAT, PARP3, TRMT12, USP14, PTPRF, CTDSP2,
WARS, GSTK1, CDC42BPG, F13B, ENPP2, METTL3, MAP4K4, UBE2Q2, POLR2C, GM2A, ABCC8, FXYD2, DHFR, PPM1G, CA5B, TYRP1, MARS2, CSNK1G1, PARP4, FLT3, SIN3B, HSD3B1, LICAM, CYP27B1, SLC22A13, TST, CDY1B, NEDD4, MMAB,
GK3P, CAMK1, FIG4, GMPS, ATP5MC2, IRAK4, PPP3R1, ZDHHC19, SLC22A7, FHL2, B3GAT3, SLC15A3, SIK3, DPM2, DPEP1, GK, POLD3, PCK2, ELOVL2, PRDX5, RAG1, FKBP14, PRKN, SLC22A3, CYP2C19, AGK, GPAT2, PRDX1, FNTA, GYG1, ATG9B,
EGFL8, FMO5, MGAT2, PBK, SIK2, CLK2, NDUFA4, FADS1, STK39, GUK1, CTSZ, HS3ST6, SLC31A1, PLK4, PTPN5, STARD3, CYP2R1, MGST2, PIGA, LGALS13, OBSL1, TOPORS, LIPT2, PDPK1, PPT1, LGSN, PKN3, HS3ST5, MAP3K21, BDH2, SLC5A3,
PANK3, ESCO2, PGLS, MARK3, TRMU, CDY1B, PCYT2, CHD9, SLC38A4, PTGIS, INPPSF, RING1, VRK3, AQP5, RNF144B, CYP7A1, SLC25A27, PDIA5, SLC7A11, CYP2A7, CES1, STT3A, SYNJ1, TRMT1, STK33, FKBP10, PNKP, MGAT4D, IL4I1, SLC16A8,
HSD17B8, HELZ2, FOSL1, ALG10B, NDUFAF5, PLXNB3, MRPL58, ATP8A1, PDPK1, BCAP31, TGM5, PPP1R3C, PLA2G5, POLR3GL, TXNRD2, ALDH1A3, SPHK1, MRM1, PPP1R2, USP3, FHIT, IMPAD1, CPTIA, SIN3B, AP000812.4, MAPK4, MAP2K6, NMES,
NDUFA4, PDE6A, ACAT2, COX10, PFKP, ALDH9A1, FXYD2, CTH, MTHFS, GSS, SEPHS1, METTL16, SLC38A1, POLE4, ATP5PD, PPP1R1A, SLC6A1, CYP27B1, MTRR, CAD, SERPINA3, NGLY1, PEAK1, ADCY1, RIPK3, GALNT18, CES2, SLC43Al, LPO,
CA12, TNFRSF21, ANXA3, PPT1, UBLCP1, SLC35B4, ACADVL, SGMS2, SLC22A3, CDK7, PTPRD, ATP6VIE2, HKDC1, NDUFC2, USP6, SH3GLB1, SLCO1A2, UGGT1, TYMS, PHLPP1, SLC2A13, LYZL1, PHLPP2, RING1, SLC25A28, GLT6D1, MYLIP,
LPCAT4, KMT2C, CTSC, SLC8A3, RFWD3, NDUFS2, GMPR, BCO1, STAMBP, PTPN22, SEPHS2, IRAK2, MPC1, FUT9, RNF103, AQP6, PPIAL4A, USP17L29, CPAL, NUP210L, SLC10A2, PPT2, NDUFS6, CHFR, MYBBP1A, PLPPR3, PRMT9, FADS3, RENBP,
PAFAH1B1, PLCH1, MRM1, SLCO3A1, ALG5, GAD2, EYA2, EEF1A1, BRSK2, SLC27A5, DUSP19, MDH1, NEK9, GMDS, AL160269.1, G6PD, SLC12A3, SLC25A14, MRI1, CHST10, SHPRH, GBA, PLA2G12A, CDK14, TGFBR1, HSPG2, SMYD2, NAAIS5,
CYP4V2, SGPP1, CARNS1, NSUN4, TMEM54, USP21, CLYBL, TPSD1, PLCD4, SLC15A2, NME5, AMY2A, HSD17B11, MYLK2, CNDP2, SPR, SLC7A8, CTDP1, UBE2D1, COASY, PPP2R3A, IMPA1, ETFB, ATP2A2, PRODH, STARD6, INPP5K, POLRIE,
PDE1B, GUCY1A2, PYCR2, MAP3K7, SLC29A2, BMP2K, SULT1B1, DCT, TTLL10, DUSP14, ST6GALNAC3, GSTA3, TPMT, RNMT, MDH1, NUP85, SLC29A1, PDE6G, HERC1, ETFB, PTPRZi, CYP11Al, MET, POR, NAALl, GPAAL, ACATI4, IRAK2, PTPN4,
PTPN5, IDH3G, HELZ2, SLC7A9, QTRT2, CBLL2, USP13, FKBP6, USP38, PASK, PTPRB, ST8SIAL, WNK4, NDST3, CYP4F3, ENTPD1, MGAT5, APOC3, LCT, RPEL1, PADI4, PPM1B, NME2, TPSB2, PADI4, PFKM, ZNRD1, SLC2A3, CLOCK, HRASLS?,
USP13, STK24, ACSM2A, IL18BP, SULT1E1, SLC1A6, CHST14, AKT2, POLD2, HDLBP, UGDH, NEK4, MDM2, SIRT2, SARDH, GMPPA, PRKG2, USP10
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1D< Information paradox

Often it seems that the more information we have,
the less we can learn from It.

Using technigues such as clustering and enrichment
analysis, we can package the information into bite-
sized (human-friendly) pieces.
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D Gene set analysis (GSA)

 ldentifies patterns associated with the genes of interest

* (Gene sets are defined based on shared properties,

functions, interactions, etc. of the genes
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™ GEM-derived gene sets
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NB?S Subsystem gene sets .
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Reporter metabolites
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Gene list enrichment

Enrichment or over-representation analysis

Given a list of m genes of interest out of g in the genome and a gene-set of k
genes, a statistical enrichment returns the probability that x out of the m genes

of interest are in the gene-set.
This is calculated using Fisher’'s Exact Test (hypergeometric test):

genome (Q)

genes of
Interest (m)

note: (n) N k!(rgk)!
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B?S Gene list enrichment

NATIONAL BIOINFORMATICS
E . h Login | Register
n r I C r 28,099,440 lists analyzed

INFRASTRUCTURE SWEDEN
335,689 terms

IYEL7Zd  What's new?  Libraries Genesearch Termsearch About Help 168 libraries

Input data

Choose an input file to upload. Either in BED formator ~ Paste a list of valid Entrez gene symbols on each row in
a list of genes. the text-box below. Try a gene set example.

Try an example BED file.
v P ALDH3B1

Browse...  No file selected. EEF1A1
METTL16

UCKL1
UGT1A4
BCAT2
UGT1A9
UCKL1

Sl é

100 gene(s) entered

In order to enable others to search your list please enter a brief description of it.

Contribute your list so it can be searched by others
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NB:S
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Gene list enrichment o1
§ E n I’ICh r Login | Register

Transcription Ontologies  Diseases/Drugs Cell Types Misc Legacy Crowd

No description available (89 genes)

BioPlanet 2019 i WikiPathways 2019 i WikiPathways 2019 i
Human Mouse

P3925 P662

m cription Initiation WP405 n Initiation WP567

etabolism iotransformation Phase I anc ansformation WP1251

bolism WP694 tion WP2318

bolism

KEGG 2019 Human (i ] ARCHS4 Kinases Coexp KEGG 2019 Mouse (i)
Tyrosinemetabolism 'SGK2 human kinase ARCHS4 coexpression

Phenylalanine metabolism PKDCC human Kinase ARCHSA coexpression

_ -se ARCHS4 coexpression

_ _kinase ARCHS4 coexpression

-m - kinase ARCHS4 coexpressiol tabolism
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» o Gene list enrichment
Limitations

 Requires arbitrary cutoff to define gene list

 Does not correct for gene-gene correlations
(false positives)

 No ranking or relative scoring of genes
(gene at the top of the list is identical to bottom)
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Gene set analysis

N
RASTRUCTURE SWEDE
List of genes Gene-level statistics

ENOPH1 0.01 A4GALT
gkﬂcngé\z Includes only the 8-2? ﬁiig” Includes ALL measured/
SLC1AL genes of interest 002  AACS detected genes
EGFLS8 0.33 AADAC
HDC 0.08 AADAT

Types of statistics:

 Differential expression p-value

 Differential expression fold-change

« Coefficient or significance of correlation (with phenotype)
* Rank
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DS Gene set analysis

General GSA procedure

1. Score each gene set based on the statistics of the
genes it contains

2. Evaluate the significance of each gene set score
based on the score of the null or “background” score
distribution

There are many methods for both steps 1 and 2
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Gene-level statistics Modifications

GSA Tools: Piano (R)

Calculations

Gene set statistics

'@ N

Original raw data
A vs B

Statistical testing of choice

* Keep unmodified
s = B N By 8

* Absolute value
U OEE S N

e Subsetting
EEE W
== ]

Gene-level statistics ¢ p-value transformation

EgE TS =B -

(e.g. p-values or t-values) § * =

E &
[ =t up-regulated a a T
a= ‘ down-regulated o Up Bowin

.

For each gene set S:

G
Gene f\ o Al

set gene-level
statistics

Gene set statistic:

f(5,6)

— Interpretation—
Significance estimation Directionality classification
'4 k.
Background distributions * Non-directional
« Theoretical null .-
distribution (“)
* Mixed-directional
A s
* Permutation null .I
distribution
» Distinct-directional
A o' @,
. J

= Key concept

Gene-level statistics

Modifications of
gene-level statistics

bl .\ :
t-like i : ’

F-like

e = Unique path through the workflow graph

o
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Gene set statistics

#+ Key concept

Significance estimation

Gene set
p-values

Viéremo L, Nielsen J, Nookaew I. Nucleic Acids Res. 2013;41(8):4378-4391.
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GSA Tools: Piano (R)

Gene-level statistics (DE results)

ENOPH1 2.4 0.0003
SLC25A2 1.1 0.09
GMPPB 0.3 0.8
SLC1A4 -0.9 0.2
EGFLS -1.8 0.04
HDC -6.2 0.0001
A4AGALT 3.1 0.0002
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GSA Tools: Piano (R)

For each gene set, we can Gene set
: ) _ r ) Significantly
calculate 5 different p-values: Genel S reased
_ _ - \ expression
Non-directional: Gene 2 I
Test for enrichment of significant (low p-value) ( )
- - - - Gene 3
genes, ignoring fold-change direction. L )
( ) negligible
. Gene 4 ) Change
Gene 5 .
Gene 6 -
. ) Significantly
[ ) decreased
. Gene 7 ) expression
Gene 8
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For each gene set, we can
calculate 5 different p-values:

@ Non-directional:

Test for enrichment of significant (low p-value)
genes, ignoring fold-change direction.

’* OISB - 2024

GSA Tools: Piano (R)

Gene set

(Genez |

Significantly
increased
expression

negligible
change

Significantly
decreased
expression




NRBSS GSA Tools: Piano (R)
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For each gene set, we can
calculate 5 different p-values:

@ Non-directional:

Test for enrichment of significant (low p-value)
genes, ignoring fold-change direction.

Q

Mixed-directional (down and up):

Test if a subset of the gene set is enriched in
significantly increased or decreased genes

@ 0ISB-2024

Gene set

(Genez |

Significantly
increased
expression

negligible
change

Significantly
decreased
expression
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For each gene set, we can
calculate 5 different p-values:

@ Non-directional:

Test for enrichment of significant (low p-value)
genes, ignoring fold-change direction.

Q

Mixed-directional (down and up):

Test if a subset of the gene set is enriched in
significantly increased or decreased genes

Distinct-directional (down and up):

Test if the gene set is enriched in significantly
Increased or decreased genes

__Q; OISB - 2024

3G GSA Tools: Piano (R)

Gene set

(Genez |

Significantly
increased
expression

negligible
change

Significantly
decreased
expression




32 GSA Tools: Piano (R)

For each gene set, we can Gene set
calculate 5 different p-values: [ ) Significantly
P ' | Gene 1 increased
i . r ) expression
@ Non-directional: Gene 2 I
Test for enrichment of significant (low p-value) - Y
i i : : Gene 3
genes, ignoring fold-change direction. L )
® g G 4 R negligible
: . . ene
Mixed-directional (down and up): 4 ) change
Test if a subset of the gene set is enriched in Gene 5
significantly increased or decreased genes > < .
Gene 6 L
C . : : \ J Significantly
Distinct-directional (down and up): ( P i decreased
Test if the gene set is enriched in significantly ;. / expression
Increased or decreased genes Gene 8
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For each gene set, we can
calculate 5 different p-values:

@ Non-directional:

Test for enrichment of significant (low p-value)
genes, ignoring fold-change direction.

Mixed-directional (down and up):

Test if a subset of the gene set is enriched in
significantly increased or decreased genes

Distinct-directional (down and up):

Test if the gene set is enriched in significantly
Increased or decreased genes
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Gene set

( )

Gene 2

Gene 3

Significantly
increased
expression

negligible
change

Significantly
decreased
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INFRASTRUCTURE SWEDEN

NB?S GSA Tools: GSEA (R, python) .\’

NATIONAL BIOINFORMATICS ] .
Gene Set Enrichment Analysis

S1: chrX inactive

o
3
Phenotype 3
Classes -
=
A B =
ene set S =
— 2
=
: =
| :
D o
- — T T T T T
—l . 0 5000 10000 15000 20000
(OR
GCJ : S3: nkt pathway S2: vitcb pathway
DL % o
el - N e 3
g :
= £ £
= o
= £
:
Subramanian, A, et al. PNAS 2005, 102 (43) 15545-15550 (; soloo 10000 15000 20000 0 5000 10000 15000 20000
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GSA Tools: GSEA (R, python)

Gene Set Enrichment Analysis

Phenotype ‘Leading edge subset
Classes ey Gene set S

I GenesetS <i/)
H —_— Correlation with Phenotype

=

Random Walk

______ \'\w

Maximum deviation ~Gene List Rank
from zero provides the

: ity enrichment score ES(S)

Subramanian, A, et al. PNAS 2005, 102 (43) 15545-15550

Ranked Gene List
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Context-specific GEMs

A GEM contains all metabolic reactions that are known to occur
within an organism

When working with multicellular organisms (e.g., humans), the
“generic” GEM containing all reactions is not representative
of any real cell or tissue type

We can use omics data to extract a subset of the generic GEM
that is active in our system of interest

This GEM is called an “extracted” or context-specific GEM




DD Context-specific GEMs

There are many methods to generate context-specific GEMSs.

For example:

* IMAT (Integrative Metabolic Analysis Tool)

« MBA (Model Building Algorithm)

« MCADRE (metabolic Context-specificity Assessed by Deterministic Reaction Evaluation)

* tINIT (Task-driven Integrative Network Inference for Tissues)
« FASTCORE

Unfortunately, they were all implemented in MATLAB.

Here are some links to tutorials to using some of the methods:

tINIT: https://sysbiochalmers.qgithub.io/Human-GEM-guide/gem_extraction/
IMAT: https://opencobra.github.io/cobratoolbox/stable/tutorials/tutorial ExtractionTranscriptomic.html
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NB;S GEM-based comparison of transcriptomes

From the study Robinson, et al. An atlas of human metabolism. Science Signaling 2020

THE CANCER GENOME ATLAS

National Cancer Institute
National Human Genome Research Institute

Cases by Primary Site

Primary Site Disease Type Gender Vital Status

2 GTEXPortal

# Home B)Datasets~ X Expressionv & QTLs & Browsers~ 8 Sample Data~ & Do

Tissue Sampling Sites

This page provides a visual representation of the biospecimen source sites (BSSs) for the
collection of tissue from postmortem/organ procurement cases for the Genotype-Tissue
Expression (GTEX) project.

The full documentation on tissue collection procedures can be found on the GTEx Tissue
Harvesting Work Instruction (&

Minor Sakivary Gland

Thyroid

Lung

Breast - Mammary Tissue
Pancreas

Adrenal Gland

Liver

Kidney - Cortex

Kidney - Medulla

Adipose - Visceral (Omentum)
Small Intestine - Terminal lleum
Fallopian Tubs

Ovary

Uterus

Skin - Not Sun Exposed (Suprapubic)
Cervix - Endocervix

Cervix - Ectocervix

Vagina

Skin - Sun Exposed (Lower lag)
Cells - Cutltured fibroblasts
Adipose - Subcutaneous
Muscle - Skeletal

Comatied oy Mt Kt ard 1 GTE s Pl s

Cortex ! Frontal Cortex (BA9)
Anterlor cingutate cortex (BA24)
(Caudate (basal ganglia)

Putamen (basal ganglia)

Nucleus accumbens (basal ganglia)
Hypothalamus

Amygdala

Hippocampus

Cerebellum / Cerebellar Hemisphere
Substantia nigra

Pituitary

Spinal cord {cencal c-1)

Artery - Aorta

Heart - Atrial Appendage

Artery - Coronary

Heart - Left Ventricie

Esophagus - Mucosa

Esophagus - Muscularis

Esophagus - Gastroesophageal Junction
Splean

Stomach

Colon - Transverse

Colon - Sigmoid

Bladder

Prostate

Testis

Whole Blood
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GEM-based comparison of transcriptomes

NB:S

NATIONAL BIOINFORMATICS
INFRASTRUCTURE SWEDEN

Context-specific GEMs were extracted for each
of the cancer types and healthy tissue types

RNA-Seq  Cell-specific GEMs

profiles TR
. T L Cell type 1
Generic I =
Human-GEM 1
CoTIT il Cell type 2

@ Cell type 3

ETT .

-
-

i [
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=Y GEM-based comparison of transcriptomes

GEM structure (reaction content) can be represented
by a binary vector

Reaction Lung LL_lng Lung Brain Br.ain
Tumor Paired | Healthy | Tumor Paired Model.
rxnl 1 0 1 1 1 —— (r::ar::tt?(;?ls
rxn2 0 1 1 1 1
rxn3 0 0 0 0 0
i ° § ° : T rl\rA]?sdseiIng
~Xn5 1 1 0 1 1 reaction
rxn6 1 0 0 1 0
rxn7 0 0 1 1 0

__Q; OISB - 2024




GEM-based comparison of transcriptomes

Distance (Hamming) between each GEM reaction content
vector can be calculated and projected in a tSNE embedding

600
KRP-TR,  KiGH-NT
KIRC-TP KIRP-NT
kidney-GTEx ® \ KIRC-NT
SARC-NT
KICH-TP
400 stomach-GTEX UVM-TP
PCPG-TP muscle-GTEx prostate-GTEx
vagina-GTEx
SKCM-TP cervix uteri-GTEx
o uterus-GTEx THCA-TP
brain-kx Kk GBM-TP ovary-GTEx THCA-NT
200 e LGG-TP breast-GTEXx thyroid-GTEx
GBM-NT salivary gland-GTEx e testis-GTEx
DLBC-TP pituitary-GTEx
SARC-TP  CESC-NT fallopian tube-GTEx
blood-GTEx \ U?E%;‘?P nerve-GTEX ) oen-GTEX
o blood vessel-GTEx B LUAD-NT
w heart-GTEx e \ 7 LusC-NT
ol i i n H
5 SHOk NTO. o liver-GTEx MESO-TP / o \lung-GTEX
2 i
LIHC-NT® 4 LIHC-TP THYM-TP BRCANT I 'I\_AA’I:/I T|_-TB
_TpXx PCPG-NT i ! i
CHOL-TP adrenal gland-GTEx ACC-TP adipose tissue-GTEx
bladder-GTEx \_ colon-GTEx
200 |- BLCA-NT \. "PRAD-TP
PRAD-NT
ESCA-NT esophagus-GTEx
STAD-NT »
READ-NT BigATp  ePAITEATER
i ( skin-GTEx
COAD-NTe ESCA-TP
400 small intestine-GTEXx HNSC-NT
STAD-TP * COAD;J P / CESC-TP
PAAD-TP % HNSC-TP
PAAD-NT / P LUSC-TP
READ-TP UCEC-TP/ UCS-TP
OV-TP
-600 | 1 1 | 1 1 1 | 1 1 |
-700 -600 -500 -400 -300 -200 -100 0 100 200 300 400
tSNE 1
* Cancer

B Brain ®Liver © Kidney M Stomach, colon, rectum
® Non-Cancer
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? GEM-based comparison of transcriptomes

If reaction subsystem labels are included, we can look
at subsystem-specific differences between GEMs

Subsystom | Roacton | Ling | Lung, | Lung | Bran | sran
TCAcycle rxnl 1 0 1 1 1
TCAcycle rxn2 0 1 1 1 1
Glycolysis rxn3 0 0 0 0 0
TCAcycle rxnd 0 1 0 1 0
Z?(it;yagg:l rxn5 1 1 0 1 1
C;:S,itﬂze rxn6 1 0 0 1 0
Glycolysis rxn7 0 0 1 1 0
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S GEM-based comparison of transcriptomes

INFRASTRUCTURE SWEDER If reaction subsystem labels are included, we can look
at subsystem-specific differences between GEMs

Subsystem coverage: Liver

Peptide metabolism

Il Vitamin A metabolism Furthermore, FBA can be used to determine what
=i GSL synthesis - lacto ; .

Blood group biosynthesis metabolic functions the GEMs can or cannot perform

Linoleate metabolism

Protein modification . . .

O-glycan metabolism z Functional comparison: Liver

Sphingolipid metabolism 13 & ATP salvage from Hypoxanthine

SSL ?yréthes':l - globo 2 o0 Taurocholate de novo synthesis
rotein degra 'at|on ? o000 Gluconeogenesis from Ala

Sulfur metabolism o ) e

Arachidonic acid metabolism 5 ®®O®@® Agdenovosynthesis @

ROS detoxification 8 ® ® ® ® Onithine degradation 5

Androgen metabolism g 9000 Urea from Ala §

Bile a_cnd recycling o000 Urea from GIn %

Protein assembly _ 9000 Creatine de novo synthesis S

Glucocorticoid biosynthesis 0000 ) "

Metabolism of other amino acids NH3 import and degradation

Phenylalanine metabolism [ N Glycocholate de novo synthesis

Urea cycle @ Proline de novo synthesis

TETE 55k Qg
iG-S 5 5 3% 2 ®Pass
2 § -50% 0 50% s = Q Fail
© 3 Deviation from mean | e
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)< Exercise: GEM-based GSA

Exercise: (Rstudio)

Use the GEM-derived gene set collections to evaluate enrichment of
differentially expressed genes in different regions of the metabolic network.

@ OISB- 2024




	Slide 1: GEMs
	Slide 2: Information paradox
	Slide 3: Information paradox
	Slide 4: Information paradox
	Slide 5: Information paradox
	Slide 6: Information paradox
	Slide 7: Gene set analysis (GSA)
	Slide 8: GEM-derived gene sets
	Slide 9: Subsystem gene sets
	Slide 10: GEM-derived gene sets
	Slide 11: Reporter metabolites
	Slide 12: Reporter metabolites
	Slide 13: Gene list enrichment
	Slide 14: Gene list enrichment
	Slide 15: Gene list enrichment
	Slide 16: Gene list enrichment
	Slide 17: Gene set analysis
	Slide 18: Gene set analysis
	Slide 19: GSA Tools: Piano (R)
	Slide 20: GSA Tools: Piano (R)
	Slide 21: GSA Tools: Piano (R)
	Slide 22: GSA Tools: Piano (R)
	Slide 23: GSA Tools: Piano (R)
	Slide 24: GSA Tools: Piano (R)
	Slide 25: GSA Tools: Piano (R)
	Slide 26: GSA Tools: Piano (R)
	Slide 27: GSA Tools: GSEA (R, python)
	Slide 28: GSA Tools: GSEA (R, python)
	Slide 29: Context-specific GEMs
	Slide 30: Context-specific GEMs
	Slide 31: GEM-based comparison of transcriptomes From the study Robinson, et al. An atlas of human metabolism. Science Signaling 2020
	Slide 32: GEM-based comparison of transcriptomes
	Slide 33: GEM-based comparison of transcriptomes
	Slide 34: GEM-based comparison of transcriptomes
	Slide 35: GEM-based comparison of transcriptomes
	Slide 36: GEM-based comparison of transcriptomes
	Slide 37: Exercise: GEM-based GSA

