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ABSTRACT

Although cancer is the second leading cause of death worldwide, it owns the first place regarding the burden on health management systems involving men
and women. Acetyl-CoA carboxylase (ACC) is a key rate-limiting enzyme in the de novo fatty acid (FA) synthesis pathway, and alterations in its expression
are seen in cancer cells. Non-alcoholic steatohepatitis (NASH) is the fastest developing cause of hepatocellular carcinoma (HCC). Higher levels of de novo
lipogenesis inside hepatic cells are essential in the progression of HCC. Here, we aimed to review the roles and function of ACC in developing non-alcoholic
fatty liver disease, non-alcoholic steatohepatitis, and, more importantly, HCC. We also reviewed the structure and biological activity of this enzyme in de

novo lipogenesis and small-molecule ACC inhibitors designed to target the conditions mentioned above.

In conclusion, ACC is a promising target in the treatment of liver fat-related conditions and HCC.
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Abbreviations

ACC: Acetyl-CoA Carboxylase

HCC: Hepatocellular Carcinoma

NAFLD: Non-alcoholic Fatty Liver Disease
NASH: Non-alcoholic Steatohepatitis
AMPK: AMP-activated Protein Kinase
PO3: Phosphite Ion

SREBP1: Sterol Regulatory-Element Binding Protein-1
DNL: De novo Lipogenesis

FA: Fatty Acid

FASN: FA synthase

Introduction

Acetyl-CoA carboxylase (ACC) is a key rate-limiting enzyme in
the de novo fatty acid (FA) synthesis pathway, and alterations in its
expression are seen in cancer cells. Considering the importance of
FAs in the cellular membrane structure and energy metabolism, FA
synthesis is vital for cancer cells. In the physiologic environment,
FAs are supplied via exogenous fat intake. However, cancer cells
provide their required FAs from intracellular pyruvate through de
novo FA synthesis [1].

De novo FA synthesis is considered a metabolic reprogramming
in tumorigenesis, allowing cancer cells to become independent
of extracellular lipids. Identification of FA synthase (FASN) in
1994 contributed to understanding the importance of the de novo
FA synthesis in cancer cell growth and survival [2,3].

During the de novo pathway, glucose carbons get converted
to acetyl-CoA. ACC uses acetyl-CoA molecules to synthesize
malonyl-CoA, which is essential for this pathway and in
determining the activity of the carnitine palmitoyl-transferases
(CPTs). CPTs are involved in transporting acyl chains-carnitine
couples to the mitochondrial matrix and p-oxidation [4].

According to the world health organization (WHO), although
cancer is the second leading cause of death worldwide, it owns
the first place regarding the burden on health management systems
involving men and women [5]. Hepatocellular carcinoma (HCC)
is one of the leading cancers with an increasing incidence rate.
HCC is closely associated with liver conditions such as cirrhosis,
non-alcoholic fatty liver disease (NAFLD), non-alcoholic
steatohepatitis (NASH) [5].

This review aimed to discuss ACC structure and its role in the
physiologic environment, the importance of its action in the
development of NAFLD, NASH, tumor growth, and metastasis
of HCC, and its utility as a target for further treatments. Further
understanding of the above subjects may contribute to the evolution
of more efficient drugs.

Biological structure

Chromosome 17q12 harbors the ACC gene, coding a 265
kDa protein. ACC expression gets initiated from at least three
promotors, specified to the tissue type [6]. Studies of ACC cDNA
coding sequences show minor differences between tissues [7,8].
However, in some tissues, including the liver, adipose tissue,
brain, and lactating mammary glands, increased ACC expression
has been observed.
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According to Abu et al., in ACC production, an open reading frame of 7038 nt in the nucleotide sequence encodes 2346 amino acids
with a calculated molecular weight of 264,737 in the HepG2 cells [7]. They found that the cDNA sequence of ACC in the abdominal
fat differs from 4410 nt at the 3’ to the end of the sequence. Furthermore, the high similarity of HepG2 cDNA sequence with those of
rats, chicken, and yeast was reported. Tables 1 and 2 present alignment and conserved sequences of ACC1 and 2 in Homo sapiens,
Mus musculus, and Rattus norvegicus.

Tables and Table legends

Table 1: Alignment and Conserved Sequences of ACC1.
Specie Accession number

Homo Sapiens Q13085.2

Mus Musculus  NP_579938.2

Rattus Norvegicus NP 071529.1

Specie

Alignment and Conserved Sequences of ACC1

Homo Sapiens

1 MDEPSPLAQPLELNQHSRFIIGSVSEDNSEDEISNLVKLDLIEEKEGSLSPASVGSDTLSDLGISSLQDGLALHIRSSMS
80

Mus Musculus

1 MDEPSPLAKTLELNQHSRFIIGSVSEDNSEDEISNLVKLDL-EEKEGSLSPASVSSDTLSDLGISGLQDGLAFHMRSSMS
79

Rattus
Norvegicus

1 MDEPSPLAKTLELNQHSRFIIGSVSEDNSEDEISNLVKLDL-EEKEGSLSPASVSSDTLSDLGISALQDGLAFHMRSSMS
79

Homo Sapiens

81 GLHLVKQGRDRKKIDSQRDFTVASPAEFVTRFGGNKVIEKVLIANNGIAAVKCMRSIRRWSYEMFRNERAIRFV
VMVTPE 160

Mus Musculus

80 GLHLVKQGRDRKKIDSQRDFTVASPAEFVTRFGGNKVIEKVLIANNGIAAVKCMRSIRRWSYEMFRNERAIRFVVM
VTPE 159

Rattus
Norvegicus

80 GLHLVKQGRDRKKIDSQRDFTVASPAEFVTRFGGNKVIEKVLIANNGIAAVKCMRSIRRWSYEMFRNERAIRFVVM
VTPE 159

Homo Sapiens

161 DLKANAEYIKMADHY VPVPGGPNNNNYANVELILDIAKRIPVQAVWAGWGHASENPKLPELLLKNGIAFMGPPS
QAMWAL 240

Mus Musculus

160 DLKANAEYIKMADHY VPVPGGPNNNNYANVELILDIAKRIPVQAVWAGWGHASENPKLPELLLKNGIAFMGPPS
QAMWAL 239

Rattus
Norvegicus

160 DLKANAEYTIKMADHYVPVPGGANNNNYANVELILDIAKRIPVQAVWAGWGHASENPKLPELLLKNGIAFMGPPS
QAMWAL 239

Homo Sapiens

241 GDKIASSIVAQTAGIPTLPWSGSGLRVDWQENDFSKRILNVPQELYEKGYVKDVDDGLQAAEEVGYPVMIKASE
GGGGKG 320

Mus Musculus

240 GDKIASSIVAQTAGIPTLPWSGSGLRVDWQENDFSKRILNVPQDLYEKGYVKDVDDGLKAAEEVGYPVMIKASE
GGGGKG 319

Rattus
Norvegicus

240 GDKIASSIVAQTAGIPTLPWSGSGLRVDWQENDFSKRILNVPQDLYEKGYVKDVDDGLKAAEEVGYPVMIKASEGG
GGKG 319

Homo Sapiens

321 IRKVNNADDFPNLFRQVQAEVPGSPIFVMRLAKQSRHLEVQILADQYGNAISLFGRDCSVQRRHQKIIEEAPATIATPAV
400

Mus Musculus

320 IRKVNNADDFPNLFRQVQAEVPGSPIFVMRLAKQSRHLEVQILADQYGNAISLFGRDCSVQRRHQKIIEEAPA AIATPAV
399

Rattus
Norvegicus

320 IRKVNNADDFPNLFRQVQAEVPGSPIFVMRLAKQSRHLEVQILADQYGNAISLFGRDCSVQRRHQKIIEEAPA AIATPAV
399

Homo Sapiens

401 FEHMEQCAVKLAKMVGYVSAGTVEYLYSQDGSFYFLELNPRLQVEHPCTEMVADVNLPAAQLQIAMGIPLYRIKDIRMMY
480

Mus Musculus

400 FEHMEQCAVKLAKMVGYVSAGTVEYLYSQDGSFYFLELNPRLQVEHPCTEMVADVNLPAAQLQIAMGIPLFRIKDIRMMY
479

Rattus
Norvegicus

400 FEHMEQCAVKLAKMVGYVSAGTVEYLYSQDGSFYFLELNPRLQVEHPCTEMVADVNLPAAQLQIAMGIPLFRIKDIRMMY
479

Homo Sapiens

481 GVSPWGDSPIDFEDSAHVPCPRGHVIAARITSENPDEGFKPSSGTVQELNFRSNKNVWGYFSVAAAGGLHEFADSQFGHC
560

Mus Musculus

480 GVSPWGDAPIDFENSAHVPCPRGHVIAARITSENPDEGFKPSSGTVQELNFRSNKNVWGYFSVAAAGGLHEFADSQFGHC
559

Rattus
Norvegicus

480 GVSPWGDAPIDFENSAHVPCPRGHVIAARITSENPDEGFKPSSGTVQELNFRSNKNVWGYFSVAAAGGLHEFADSQFGHC
559

Homo Sapiens

561 FSWGENREEAISNMVVALKELSIRGDFRTTVEYLIKLLETESFQMNRIDTGWLDRLIAEKVQAERPDTMLGVVCGALHVA
640

Mus Musculus

560 FSWGENREEAISNMVVALKELSIRGDFRTTVEYLIKLLETESFQLNRIDTGWLDRLIAEKVQAERPDTMLGVVCGALHVA
639

Rattus
Norvegicus

560 FSWGENREEAISNMVVALKELSIRGDFRTTVEYLIKLLETESFQLNRIDTGWLDRLIAEKVQAERPDTMLGVVCGALHVA
639
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Homo Sapiens

641 DVSLRNSVSNFLHSLERGQVLPAHTLLNTVDVELIYEGVKYVLKVTRQSPNSYVVIMNGSCVEVDVHRLSDGGLLLSYDG
720

Mus Musculus

640 DVSLRNSISNFLHSLERGQVLPAHTLLNTVDVELIYEGIKYVLKVTRQSPNSYVVIMNGSCVEVDVHRLSDGGLLLSYDG 719

Rattus

Norvegicus

640 DVNLRNSISNFLHSLERGQVLPAHTLLNTVDVELIYEGIKYVLKVTRQSPNSYVVIMNGSCVEVDVHRLSDGGLLLSYDG 719

Homo Sapiens

721 SSYTTYMKEEVDRYRITIGNKTCVFEKENDPSVMRSPSAGKLIQYIVEDGGHVFAGQCYAEIEVMKMVMTLTAVESGCIH 800

Mus Musculus

720 SSYTTYMKEEVDRYRITIGNKTCVFEKENDPSVMRSPSAGKLIQYIVEDGGHVFAGQCYAEIEVMKMVMTLTAVESGCIH 799

Rattus
Norvegicus

720 SSYTTYMKEEVDRYRITIGNKTCVFEKENDPSVMRSPSAGKLIQYIVEDGGHVFAGQCYAEIEVMKMVMTLTAVESGCIH 799

Homo Sapiens

801 YVKRPGAALDPGCVLAKMQLDNPSKVQQAELHTGSLPRIQSTALRGEKLHRVFHY VLDNLVNVMNGY CLPDPFFSSKVKD 880

Mus Musculus

800 YVKRPGAALDPGCVIAKMQLDNPSKVQQAELHTGSLPQIQSTALRGEKLHRVFHY VLDNLVNVMNGY CLPDPFFSSRVKD 879

Rattus
Norvegicus

800 YVKRPGAALDPGCVIAKMQLDNPSKVQQAELHTGSLPQIQSTALRGEKLHRVFHYVLDNLVNVMNGY CLPDPFFSSKVKD 879

Homo Sapiens

881 WVERLMKTLRDPSLPLLELQDIMTSVSGRIPPNVEKSIKKEMAQYASNITSVLCQFPSQQIANILDSHAATLNRKSEREV
960

Mus Musculus

880 WVERLMKTLRDPSLPLLELQDIMTSVSGRIPLNVEKSIKKEMAQYASNITSVLCQFPSQQIANILDSHAATLNRKSEREV
959

Rattus
Norvegicus

880 WVERLMKTLRDPSLPLLELQDIMTSVSGRIPLNVEKSIKKEMAQYASNITSVLCQFPSQQIANILDSHAATLNRKSEREV
959

Homo Sapiens

961 FFMNTQSIVQLVQRYRSGIRGHMKAVVMDLLRQYLRVETQFQNGHYDKCVFALREENKSDMNTVLNYIFSHAQVTKKNLL 1040

Mus Musculus

960 FFMNTQSIVQLVQRYRSGIRGHMKAVVMDLLRQYLRVETQFQNGHYDKCVFALREENKSDMNTVLNYIFSHAQVTKKNLL 1039

Rattus
Norvegicus

960 FFMNTQSIVQLVQRYRSGIRGHMKAVVMDLLRQYLRVETQFQNGHYDKCVFALREENKSDMNTVLNYIFSHAQVTKKNLL 1039

Homo Sapiens

1041 VTMLIDQLCGRDPTLTDELLNILTELTQLSKTTNAKVALRARQVLIASHLPSYELRHNQVESIFLSAIDMY GHQFCIENL
1120

Mus Musculus

1040 VTMLIDQLCGRDPTLTDELLNILTELTQLSKTTNAKVALRARQVLIASHLPSYELRHNQVESIFLSAIDMY GHQFCIENL
1119

Rattus
Norvegicus

1040 VTMLIDQLCGRDPTLTDELLNILTELTQLSKTTNAKVALRARQVLIASHLPSYDVRHNQVESIFLSAIDMYGHQFCIENL 1119

Homo Sapiens

1121 QKLILSETSIFDVLPNFFYHSNQVVRMAALEVYVRRAYIAYELNSVQHRQLKDNTCVVEFQFMLPTSHPNRGNIPTLNRM 1200

Mus Musculus

1120 QKLILSETSIFDVLPNFFYHSNQVVRMAALEVYVRRAYIAYELNSVQHRQLKDNTCVVEFQFMLPTSHPNRGNIPTLNRM 1199

Rattus
Norvegicus

1120 QKLILSETSIFDVLPNFFYHSNQVVRMAALEVYVRRAYIAYELNSVQHRQLKDNTCVVEFQFMLPTSHPNRGNIPTLNRM 1199

Homo Sapiens

1201 SFSSNLNHYGMTHVASVSDVLLDNSFTPPCQRMGGMVSFRTFEDFVRIFDEVMGCFSDSPPQSPTFPEAGHTSLYDEDKYV 1280

Mus Musculus

1200 SFASNLNHYGMTHVASVSDVLLDNAFTPPCQRMGGMV SFRTFEDFVRIFDEIMGCFCDSPPQSPTFPESGHTSLYDEDKYV 1279

Rattus

Norvegicus

1200 SFASNLNHYGMTHVASVSDVLLDNAFTPPCQRMGGMVSFRTFEDFVRIFDEVMGCFCDSPPQSPTFPESGHTSLYDEDKYV 1279

Homo Sapiens

1281 PRDEPIHILNVAIKTDCDIEDDRLAAMFREFTQQNKATLVDHGIRRLTFLVAQKDFRKQVNYEVDRRFHREFPKFFTFRA 1360

Mus Musculus

1280 PRDEPIHILNVAIKTDGDIEDDRLAAMFREFTQQNKATLVEHGIRRLTFLVAQKDFRKQVNCEVDQRFHREFPKFFTFRA 1359

Rattus
Norvegicus

1280 PRDEPIHILNVAIKTDGDIEDDRLAAMFREFTQQNKATLVEHGIRRLTFLVAQKDFRKQVNCEVDQRFHREFPKFFTFRA 1359

Homo Sapiens

1361 RDKFEEDRIYRHLEPALAFQLELNRMRNFDLTAIPCANHKMHLYLGAAKVEVGTEVTDYRFFVRAIIRHSDLVTKEASFE 1440

Mus Musculus

1360 RDKFEEDRIYRHLEPALAFQLELNRMRNFDLTAIPCANHKMHLYLGAAKVEVGTEVTDYRFFVRAIIRHSDLVTKEASFE 1439

Rattus
Norvegicus

1360 RDKFEEDRIYRHLEPALAFQLELNRMRNFDLTAIPCANHKMHLYLGAAKVEVGTEVTDYRFFVRAIIRHSDLVTKEASFE 1439

Homo Sapiens

1441 YLQNEGERLLLEAMDELEVAFNNTNVRTDCNHIFLNFVPTVIMDPSKIEESVRSMVMRY GSRLWKLRVLQAELKINIRLT 1520

Mus Musculus

1440 YLQNEGERLLLEAMDELEVAFNNTNVRTDCNHIFLNFVPTVIMDPSKIEESVRSMVMRY GSRLWKLRVLQAELKINIRLT 1519

Rattus
Norvegicus

1440 YLQNEGERLLLEAMDELEVAFNNTNVRTDCNHIFLNFVPTVIMDPSKIEESVRSMVMRY GSRLWKLRVLQAELKINIRLT 1519

Homo Sapiens

1601 IPEMFRQSLIKLWESMSTQAFLPSPPLPSDMLTYTELVLDDQGQLVHMNRLPGGNEIGMVAWKMTFKSPEYPEGRDIIVI
1680

Mus Musculus

1600 IPEMFRQSLIKLWESMSTQAFLPSPPLPSDILTY TELVLDDQGQLVHMNRLPGGNEIGMVAWKMSLKSPEYPDGRDIIVI
1679

Rattus
Norvegicus

1600 IPEMFRQSLIKLWESMSTQAFLPSPPLPSDILTY TELVLDDQGQLVHMNRLPGGNEIGMVAWKMSLKSPEYPDGRDVIVI
1679

Homo Sapiens

1681 GNDITYRIGSFGPQEDLLFLRASELARAEGIPRIYVSANSGARIGLAEEIRHMFHVAWVDPEDPYKGYRYLYLTPQDYKR
1760

Mus Musculus

1680 GNDITYRIGSFGPQEDLLFLRASELARAEGIPRIY VAANSGARIGLAEEIRHMFHVAWVDPEDPYKGYKYLYLTPQDYKR 1759
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Rattus
Norvegicus

1680 GNDITYRIGSFGPQEDLLFLRASELARAEGIPRIY VAANSGARIGLAEEIRHMFHVAWVDSEDPYKGYKYLYLTPQDYKR 1759

Homo Sapiens

1761 VSALNSVHCEHVEDEGESRYKITDIIGKEEGIGPENLRGSGMIAGESSLAYNEITISLVTCRAIGIGAYLVRLGQRTIQ
1840

Mus Musculus

1760 VSALNSVHCEHVEDEGESRYKITDIIGKEEGLGAENLRGSGMIAGESSLAYDEVITISLVTCRAIGIGAYLVRLGQRTI

Q
1839

Rattus

Norvegicus

1760 VSALNSVHCEHVEDEGESRYKITDIIGKEEGLGAENLRGSGMIAGESSLAYDEITISLVTCRAIGIGAYLVRLGQRTI

Q
1839

Homo Sapiens

1841 VENSHLILTGAGALNKVLGREVYTSNNQLGGIQIMHNNGVTHCTVCDDFEGVFTVLHWLSYMPKSVHSSVPLLNSKDPID 1920

Mus Musculus

1840 VENSHLILTGAGALNKVLGREVYTSNNQLGGIQIMHNNGVTHSTVCDDFEGVFTVLHWLSYMPKSVHSSVPLLNSKDPID 1919

Rattus

Norvegicus

1840 VENSHLILTGAGALNKVLGREVYTSNNQLGGIQIMHNNGVTHCTVCDDFEGVFTVLHWLSYMPKNVHSSVPLLNSKDPID 1919

Homo Sapiens

1921 RIIEFVPTKTPYDPRWMLAGRPHPTQKGQWLSGFFDYGSFSEIMQPWAQTVVVGRARLGGIPVGVVAVETRTVELSIPAD 2000

Mus Musculus

1920 RIIEFVPTKAPYDPRWMLAGRPHPTQKGQWLSGFFDYGSFSEIMQPWAQTVVVGRARLGGIPVGVVAVETRTVELSIPAD 1999

Rattus
Norvegicus

1920 RIIEFVPTKAPYDPRWMLAGRPHPTQKGQWLSGFFDYGSFSEIMQPWAQTVVVGRARLGGIPVGVVAVETRTVELSVPAD 1999

Homo Sapiens

2001 PANLDSEAKIIQQAGQVWFPDSAFKTYQAIKDFNREGLPLMVFANWRGFSGGMKDMYDQVLKFGAYIVDGLRECC
QPVLV 2080

Mus Musculus

2000 PANLDSEAKIIQQAGQVWFPDSAFKTYQAIKDFNREGLPLMVFANWRGFSGGMKDMYDQVLKFGAYIVDGLRECS
QPVMYV 2079

Rattus

Norvegicus

2000 PANLDSEAKIIQQAGQVWFPDSAFKTYQAIKDFNREGLPLMVFANWRGFSGGMKDMYDQVLKFGAYIVDGLRECS
QPVMV 2079

Homo Sapiens

2081 YIPPQAELRGGSWVVIDSSINPRHMEMYADRESRGSVLEPEGTVEIKFRRKDLVKTMRRVDPVYIHLAERLGTPELSTAE 2160

Mus Musculus

2080 YIPPQAELRGGSWVVIDPTINPRHMEMYADRESRGSVLEPEGTVEIKFRKKDLVKTMRRVDPVYIRLAERLGTPELSPTE 2159

Rattus
Norvegicus

2080 YIPPQAELRGGSWVVIDPTINPRHMEMYADRESRGSVLEPEGTVEIKFRKKDLVKTMRRVDPVYIRLAERLGTPELSPTE 2159

Homo Sapiens

2161 RKELENKLKEREEFLIPTYHQVAVQFADLHDTPGRMQEKGVISDILDWKTSRTFFYWRLRRLLLEDLVKKKIHNANPELT 2240

Mus Musculus

2160 RKELESKLKEREEFLIPTYHQVAVQFADLHDTPGRMQEKGVINDILDWKTSRTFFYWRLRRLLLEDLVKKKIHNANPELT 2239

Rattus
Norvegicus

2160 RKELESKLKEREEFLIPITYHQVAVQFADLHDTPGRMQEKGVINDILDWKTSRTFFYWRLRRLLLEDLVKKKIHSANPELT
2239

Homo Sapiens

2241 DGQIQAMLRRWFVEVEGTVKAY VWDNNKDLAEWLEKQLTEEDGVHSVIEENIKCISRDY VLKQIRSLV
QANPEVAMDSII 2320

Mus Musculus

2240 DGQIQAMLRRWFVEVEGTVKAY VWDNNKDLVEWLEKQLTEEDGVRSVIEENIKYISRDY VLKQIRSLV
QANPEVAMDSIV 2319

Rattus
Norvegicus

2240 DGQIQAMLRRWFVEVEGTVKAY VWDNNKDLVEWLEKQLTEEDGVRSVIEENIKYISRDY VLKQIRSLV
QANPEVAMDSIV 2319

Homo Sapiens

2321 HMTQHISPTQRAEVIRILSTMDSPST 2346

Mus Musculus

2320 HMTQHISPTQRAEVVRILSTMDSPST 2345

2320 HMTQHISPTQRAEVVRILSTMDSPST 2345

Table 2: Alignment and Conserved Sequences of ACC2
Specie Accession Number

Homo Sapiens
Mus Musculus
Rattus Norvegicus

AAR37018.1
NP_001390456.1
NP_446374.2

Specie

Alignment and Conserved Sequences of ACC2

Homo Sapiens

1 MVLLLCLSCLIFSCLTFSWLKIWGKMTDSKPITKSKSEANLIPS-QEPFPASDNSGETPQRNGEGHTLPKTPSQAEPASH 79

Mus Musculus

1 MVLLLFLTCLVFSCLTFSWLKIWGKMTDSKPLTNSKVEANLLSS-EESLSASELSGEQLQEHGDHSC---------- LSY 69

Rattus Norvegicus

1 MVLLLFLTCLVFSCLTISWLKIWGKMTDSKPLSNSKVDASLLSSKEESFSASD----QSEEHGDCSCPLTTPDQEELASH 76

Homo Sapiens

80 KGPKDAGRRRNSLPPSHQKPPRNPLSSSDAAPSPELQANGIGTQGLEATDTNGLSSSARPQGQQAGSPSKEDKKQANIKR 159

Mus Musculus

70 RGPRDASQQRNSLPSSCQRPPRNPLSSNDTWPSPELQTNWTAAPGPEVPDANGLSFPARPPSQRTVSPSREDRKQAHIKR 149

Rattus Norvegicus

77 GGPVDASQQRNSVPSSHQKPPRNPLSSNDTCSSPELQTNRVAAPGSEVPEANGLPFPARPQTQRTGSPTREDKKQAHIKR 156

Homo Sapiens

160 QLMTNFILGSFDDYSSDEDSVAGSSRESTRKGSRASLGALSLEAYLTTGEAETRVPTMRPSMSGLHLVKRGREHKKLDLH 239

Mus Musculus

150 QLMTSFILGSLDDNSSDEDPSAGSFQNSSRKSSRASLGTLSQEAALNTSDPESHAPTMRPSMSGLHLVKRGREHKKLDLH 229

Rattus Norvegicus

157 QLMTSFILGSLDDNSSDEDPSASSFQTSSRKGSRASLGTLSQEAALNTADPESHTPTMRPSMSGLHLVKRGREHKKLDLH 236

Homo Sapiens

240 RDFTVASPAEFVTRFGGDRVIEKVLIANNGIAAVKCMRSIRRWAY EMFRNERAIRFVVMVTPEDLKANAEYIKMADHY VP 319
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Mus Musculus

230 RDFTVASPAEFVTRFGGNRVIEKVLIANNGIAAVKCMRSIRRWAY EMFRNERAIRFVVMVTPEDLKANAEYIKMADQY VP 309

Rattus Norvegicus

237 RDFTVASPAEFVTRFGGNRVIETVLIANNGIAAVKCMRSIRRWAY EMFRNERAIRFVVMVTPEDLKANAEYIKMADQY VP 316

Homo Sapiens

320 VPGGPNNNNYANVELIVDIAKRIPVQAVWAGWGHASENPKLPELLCKNGVAFLGPPSEAMWALGDKIASTVVAQTLQVPT 399

Mus Musculus

310 VPGGPNNNNYANVELIIDIAKRIPVQAVWAGWGHASENPKLPELLCKHEIAFLGPPSEAMWALGDKIASTIVAQTLQIPT
389

Rattus Norvegicus

317 VPGGPNNNNYANVELIIDIAKRIPVQAVWAGWGHASENPKLPELLCKHEIAFLGPPSEAMWALGDKISSTIVAQTLQIPT
396

Homo Sapiens

400 LPWSGSGLTVEWTEDDLQQGKRTSVPEDVYDKGCVKDVDEGLEAAERIGFPLMIKASEGGGGKGIRKAESAEDFPILFRQ 479

Mus Musculus

390 LPWSGSGLTVEWTEDSRHQGKCISVPEDVYEQGCVKDVDEGLQAAEKIGFPLMIKASEGGGGKGIRKAESAEDFPMLFRQ 469

Rattus Norvegicus

397 LPWSGSGLTVEWTEDSQHQGKCISVPEDVYEQGCVRDVDEGLQAAEKVGFPLMIKASEGGGGKGIRRAESAEDFPMLFRQ 476

Homo Sapiens

480 VQSEIPGSPIFLMKLAQHARHLEVQILADQYGNAVSLFGRDCSIQRRHQKIVEEAPATIAPLAIFEFMEQCAIRLAKTVG
559

Mus Musculus

470 VQSEIPGSPIFLMKLAQNARHLEVQVLADQYGNAVSLFGRDCSIQRRHQKIIEEAPATIAAPAVFEFMEQCAVLLAKMVG
549

Rattus Norvegicus

477 VQSEIPGSPIFLMKLAQNARHLEVQVLADQYGNAVSLFGRDCSIQRRHQKIIEEAPATIAAPAVFEFMEQCAVLLAKTVG
556

Homo Sapiens

560 YVSAGTVEYLYSQDGSFHFLELNPRLQVEHPCTEMIADVNLPAAQLQIAMGVPLHRLKDIRLLYGESPWGVTPISFETPS
639

Mus Musculus

550 YVSAGTVEYLYSQDGSFHFLELNPRLQVEHPCTEMIADVNLPAAQLQIAMGVPLHRLKDIRLLY GESPWGVTPIPFETPL
629

Rattus Norvegicus

557 YVSAGTVEYLYSQDGSFHFLELNPRLQVEHPCTEMIADVNLPAAQLQIAMGVPLHRLKDIRLLY GESPWGVTPVSFETPL
636

Homo Sapiens

640 NPPLARGHVIAARITSENPDEGFKPSSGTVQELNFRSSKNVWGYFSVAATGGLHEFADSQFGHCFSWGENREEAISNMVYV 719

Mus Musculus

630 SPPTARGHVIAARITSENPDEGFKPSSGTVQELNFRSNKNVWGYFSVAAAGGLHEFADSQFGHCFSWGENREEAISNMVYV 709

Rattus Norvegicus

637 SPPTARGHVIAARITSENPDEGFKPSSGTVQELNFRSNKNVWGYFSVAAAGGLHEFADSQFGHCFSWGENREEAISNMVV 716

Homo Sapiens

720 ALKELSIRGDFRTTVEYLINLLETESFQNNDIDTGWLDYLIAEKVQAEKPDIMLGVVCGALNVADAMFRTCMTDFLHSLE 799

Mus Musculus

710 ALKELSIRGDFRTTVEYLVNLLETESFQNNDIDTGWLDHLIAQRVQAEKPDIMLGVVCGALNVADAMFRTCMTEFLHSLE 789

Rattus Norvegicus

717 ALKELSIRGDFRTTVEYLVNLLETESFQNNDIDTGWLDHLIAQRVQAEKPDIMLGVVCGALNVADAMFRTCMTEFLHSLE 796

Homo Sapiens

800 RGQVLPADSLLNLVDVELIYGGVKYILKVARQSLTMFVLIMNGCHIEIDAHRLNDGGLLLSYNGNSYTTYMKEEVDSYRI 879

Mus Musculus

790 RGQVLPADSLLNIVDVELIY GGIKYALKVARQSLTMFVLIMNGCHIEIDAHRLNDGGLLLSYNGSSYTTYMKEEVDSYRI
869

Rattus Norvegicus

797 RGQVLPADSLLNIVDVELIYGGIKY VLKVARQSLTMFVLIMNGCHIEIDAHRLNDGGLLLSYNGSSYTTYMKEEVDSYRI
876

Homo Sapiens

880 TIGNKTCVFEKENDPTVLRSPSAGKLTQYTVEDGGHVEAGSSYAEMEVMKMIMTLNVQERGRVKYIKRPGAVLEAGCV VA 959

Mus Musculus

870 TIGNKTCVFEKENDPTVLRSPSAGKLMQYTVEDGDHVEAGSSYAEMEVMKMIMTLNVQESGRVKYIKRPGVILEAGCV VA 949

Rattus Norvegicus

877 TIGNKTCVFEKENDPTVLRSPSAGKLMQYTVEDGQHVEVGSSYAEMEVMKMIMTLNVQESGRVKYIKRPGAVLEAGCVVA 956

Homo Sapiens

960 RLELDDPSKVHPAEPFTGELPAQQTLPILGEKLHQVFHSVLENLTNVMSGFCLPEPVFSIKLKEWVQKLMMTLRHPSLPL 1039

Mus Musculus

950 RLELDDPSKVHAAQPFTGELPAQQTLPILGEKLHQVFHGVLENLTNVMSGYCLPEPFFSMKLKDWVQKLMMTLRHPSLPL 1029

Rattus Norvegicus

957 KLELDDPSKVHAAQPFTGELPAQQTLPILGERLHQVFHSVLENLTNVMNGYCLPEPFFSMKLKDWVEKLMMTLRHPSLPL 1036

Homo Sapiens

1040 LELQEIMTSVAGRIPAPVEKSVRRVMAQYASNITSVLCQFPSQQ IATILDCHAATLQRKADREVFFINTQSIVQLV
1115

Mus Musculus

1030 LELQEIMTSVAGRIPAPVEKAVRRVMAQYASNITSVLCQFPSQQ [21JIATILDCHAATLQRKADREVFFMNTQSIVQLV
1126

Rattus Norvegicus

1037 LELQEIMTSVAGRIPVPVEKAVRRVMAQYASNITSVLCQFPSQQ IATILDCHAATLQRKVDREAFFMNTQSIVQLI
1112

Homo Sapiens

1116 QRYRSGIRGYMKTVVLDLLRRYLRVEHHFQQAHYDKCVINLREQFKPDMSQVLDCIFSHAQVAKKNQLVIMLIDELCGPD 1195

Mus Musculus

1127 QRYRSGTRGYMKAVVLDLLRKYLNVEHHFQQAHYDKCVINLREQFKPDMTQVLDCIFSHSQVAKKNQLVTMLIDELCGPD 1206

Rattus Norvegicus

1113 QRYRSGTRGYMKAVVLDLLRRYLNVEHHFQQAHYDKCVINLREQFKPDMTRVLDCIFSHSQVAKKNQLVTMLIDELCGPD 1192

Homo Sapiens

1196 PSLSDELISILNELTQLSKSEHCKVALRARQILIASHLPSYELRHNQVESIFLSAIDMYGHQFCPENLKKLILSETTIFD
1275

Mus Musculus

1207 PTLSDELTSILCELTQLSRSEHCKVALRARQVLIASHLPSYELRHNQVESIFLSAIDMY GHQFCPENLKKLILSETTIFD
1286

Rattus Norvegicus

1193 PTLSEELTSILKELTQLSRSEHCKVALRARQVLIASHLPSYELRHNQVESIFLSAIDMY GHQFCPENLKKLILSETTIFD
1272

Homo Sapiens

1276 VLPTFFYHANKVVCMASLEVY VRRGYIAYELNSLQHRQLPDGTCVVEFQFMLPSSHPNRMTVPISITNPDLLRHSTELFM 1355

Mus Musculus

1287 VLPTFFYHENKVVCMASLEVY VRRGYIAYELNSLQHRELPDGTCVVEFQFMLPSSHPNRMAVPISVSNPDLLRHSTELFM 1366

Rattus Norvegicus

1273 VLPTFFYHANKVVCMASLEVYVRRGYIAYELNSLQHRELPDGTCVVEFQFMLPSSHPNRMAMPINVSDPDLLRHSKELFM 1352
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Homo Sapiens

1356 DSGFSPLCQRMGAMVAFRRFEDFTRNFDEVISCFANVPKDTPLFSEARTSLY SEDDCKSLREEPIHILNVSIQCADHLED
1435

Mus Musculus

1367 DSGFSPLCQRMGAMVAFRRFEEFTRNFDEVISCFANVQTDTLLFSKACTSLY SEEDSKSLREEPIHILNVAIQCADHMED 1446

Rattus Norvegicus

1353 DSGFSPLCQRMGAMVAFRRFEEFTRNFDEVISCFANVPTDTPLFSKACTSLY SEEDSKSLQEEPIHILNVAIQCADHMED
1432

Homo Sapiens

1436 EALVPILRTFVQSKKNILVDY GLRRITFLIAQEKEFPKFFTFRARDEFAEDRIYRHLEPALAFQLELNRMRNFDLTAVPC
1515

Mus Musculus

1447 EALVPVFRAFVQSKKHILVDY GLRRITFLVAQEREFPKFFTFRARDEFAEDRIYRHLEPALAFQLELSRMRNFDLTAVPC
1526

Rattus Norvegicus

1433 ERLVPVFRAFVQSKKHILVDYGLRRITFLIAQEREFPKFFTFRARDEFAEDRIYRHLEPALAFQLELSRMRNFDLTAVPC
1512

Homo Sapiens

1516 ANHKMHLYLGAAKVKEGVEVTDHRFFIRAIIRHSDLITKEASFEYLQNEGERLLLEAMDELEVAFNNTSVRTDCNHIFLN 1595

Mus Musculus

1527 ANHKMHLYLGAAKVKEGLEVTDHRFFIRAIIRHSDLITKEASFEYLQNEGERLLLEAMDELEVAFNNTSVRTDCNHIFLN 1606

Rattus Norvegicus

1513 ANHKMHLYLGAAKVKEGLEVTDHRFFIRAIIRHSDLITKEASFEYLQNEGERLLLEAMDELEVAFNNTSVRTDCNHIFLN 1592

Homo Sapiens

1596 FVPTVIMDPFKIEESVRYMVMRY GSRLWKLRVLQAEVKINIRQTTTGSAVPIRLFITNESGY YLDISLYKEVTDSRSGNI
1675

Mus Musculus

1607 FVPTVIMDPLKIEESVRDMVMRY GSRLWKLRVLQAEVKINIRQTTSDSAIPIRLFITNESGY YLDISLYREVTDSRSGNI
1686

Rattus Norvegicus

1593 FVPTVIMDPLKIEESVRAMVMRY GSRLWKLRVLQAEVKINIRQTTSDCAVPIRLFITNESGYYLDISLYKEVTDSRSGNI
1672

Homo Sapiens

1676 MFHSFGNKQGPQHGMLINTPYVTKDLLQAKRFQAQTLGTTYIYDFPEMFRQALFKLWGSPDKYPKDILTYTELVLDSQGQ 1755

Mus Musculus

1687 MFHSFGNKQGSLHGMLINTPY VTKDLLQAKRFQAQSLGTTY VYDFPEMFRQALFKLWGSPEKYPKDILTYTELVLDSQGQ 1766

Rattus Norvegicus

1673 MFHSFGNKQGSLHGMLINTPYVTKDLLQAKRFQAQSLGTTYVYDFPEMFRQALFKLWGSPEKYPKDILTYTELVLDSQGQ 1752

Homo Sapiens

1756 LVEMNRLPGGNEVGMVAFKMRFKTQEYPEGRDVIVIGNDITFRIGSFGPGEDLLYLRASEMARAEGIPKIY VAANSGARI 1835

Mus Musculus

1767 LVEMNRLPGCNEVGMVAFKMRFKTPEYPEGRDAV VIGNDITFQIGSFGIGEDFLYLRASEMARTEGIPQIYLAANSGARM 1846

Rattus Norvegicus

1753 LVEMNRLPGCNEVGMV VFKMRFKTPEYPEGRDTIVIGNDITFQIGSFGIGEDFLY LRASEMARTEGIPQIYLAANSGARM 1832

Homo Sapiens

1836 GMAEEIKHMFHVAW VDPEDPHKGFKYLYLTPQDY TRISSLNSVHCKHIEEGGESRYMITDIIGKDDGLGVENLRGSGMIA 1915

Mus Musculus

1847 GLAEEIKQIFQVAWVDPEDPHKGFRYLYLTPQDYTQISSQNSVHCKHIEDEGESRY VIVDVIGKDANLGVENLRGSGMIA 1926

Rattus Norvegicus

1833 GLSEEIKQIFQVAWVDPEDPYKGFRYLYLTPQDYTQISSQNSVHCKHIEDEGESRY VIVDVIGKDSSLGVENLRGSGMIA 1912

Homo Sapiens

1916 GESSLAYEEIVTISLVTCRAIGIGAYLVRLGQRVIQVENSHIILTGASALNKVLGREVYTSNNQLGGVQIMHYNGVSHIT
1995

Mus Musculus

1927 GEASLAYEKTVTISMVTCRALGIGAYLVRLGQRVIQVENSHIILTGAGALNKVLGREVYTSNNQLGGVQIMHTNGVSHVT 2006

Rattus Norvegicus

1913 GEASLAYEKNVTISMVTCRAIGIGAYLVRLGQRVIQVENSHIILTGAGALNKVLGREVYTSNNQLGGVQIMHTNGVSHVT 1992

Homo Sapiens

1996 VPDDFEGVYTILEWLSYMPKDNHSPVPIITPTDPIDREIEFLPSRAPYDPRWMLAGRPHPTLKGTWQSGFFDHGSFKEIM 2075

Mus Musculus

2007 VPDDFEGVCTILEWLSFIPKDNRSPVPITTPSDPIDREIEFTPTKAPYDPRWMLAGRPHPTLKGTWQSGFFDHGSFKEIM
2086

Rattus Norvegicus

1993 VPDDFEGVCTILEWLSYIPKDNQSPVPIITPSDPIDREIEFTPTKAPYDPRWLLAGRPHPTLKGTWQSGFFDHGSFKEIM
2072

Homo Sapiens

2076 APWAQTVVTGRARLGGIPVGVIAVETRTVEVAVPADPANLDSEAKIIQQAGQVWFPDSAYKTAQAVKDFNREKLPLMIFA 2155

Mus Musculus

2087 APWAQTVVTGRARLGGIPVGVIAVETRTVEVAVPADPANLDSEAKIIQQAGQVWFPDSAYKTAQVIRDFNKERLPLMIFA 2166

Rattus Norvegicus

2073 APWAQTVVTGRARLGGIPVGVIAVETRSVEVAVPADPANLDSEAKIIQQAGQVWFPDSAFKTAQVIRDFNQEHLPLMIFA 2152

Homo Sapiens

2156 NWRGFSGGMKDMYDQVLKFGAYIVDGLRQYKQPILIYIPPYAELRGGSWVVIDATINPLCIEMYADKESRGGVLEPEGTYV 2235

Mus Musculus

2167 NWRGFSGGMKDMYEQMLKFGAYIVDGLRLYEQPILIYIPPCAELRGGSWVVLDSTINPLCIEMYADKESRGGVLEPEGTYV 2246

Rattus Norvegicus

2153 NWRGFSGGMKDMYEQMLKFGAYIVDSLRLFKQPVLIYIPPGAELRGGAWVVLDSSINPLCIEMYADKESRGGVLEPEGTYV 2232

Homo Sapiens

2236 EIKFRKKDLIKSMRRIDPAYKKLMEQLGEPDLSDKDRKDLEGRLKAREDLLLPITYHQVAVQFADFHDTPGRMLEKGVISD 2315

Mus Musculus

2247 EIKFRKKDLVKTIRRIDPVCKKLVGQLGKAQLPDKDRKELEGQLKAREELLLPITYHQVAVQFADLHDTPGHMLEKGIISD 2326

Rattus Norvegicus

2233 EIKFRKKDLVKTIRRIDPVCKKLLGQLGTAQLPDKDRKELESQLKAREDLLLPIYHQVAVQFADLHDTPGHMLEKGIISD 2312

Homo Sapiens

2316 ILEWKTARTFLYWRLRRLLLEDQVKQEILQASGELSHVHIQSMLRRWFVETEGAVKAYLWDNNQVVVQWLEQHWQAGDGP 2395

Mus Musculus

2327 VLEWKTARTFFYWRLRRLLLEAQVKQEILRASPELNHEHTQSMLRRWFVETEGAVKAYLWDSNQVVVQWLEQHWSAKDGL 2406

Rattus Norvegicus

2313 VLEWKTTRTYFYWRLRRLLLEAQVKQEILRASPELSHEHTQSMLRRWFVETEGAVKAYLWDSNQVVVQWLEQHWSARDNL 2392

Homo Sapiens

2396 RSTIRENITYLKHDSVLKTIRGLVEENPEVAVDCVIYLSQHISPAERAQVVHLLSTMDSPAST 2458

Mus Musculus

2407 RSTIRENINYLKRDSVLKTIQSLVQEHPEVIMDCVAYLSQHLTPAERIQVAQLLSTTESPASS 2469

Rattus Norvegicus

2393 RSTIRENINYLKRDSVLKTIQSLVQEHPEATMDCVAYLSQHLTPAEQMQVVQLLSTTESPASH 2455

ACCs are found in both prokaryotes and eukaryotes and are categorized in the same manner. Prokaryotic ACC is a heterogeneous
enzyme in archaea, bacteria, dicotyledonous, and non-gramineous monocotyledonous plants (9). Holoenzyme of prokaryotic ACC is
composed of three subunits, including biotin carboxylase (BC), biotin carboxyl carrier protein (BCCP), and carboxyltransferases (CT,
subdivided as CT-a and CT-B). These subunits can be readily detached from each other due to the instability of the holoenzyme [9].
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On the other hand, eukaryotic ACC is a homogeneous enzyme in
yeasts, algae, plants, and animals and comprises three sections.
These sections include BC, BC—CT interaction, BCCP domain
in the N-terminal, and the CT domain in the C-terminal. It also
owns a central domain that is not catalytic [10-12].

X-ray crystal structure of yeast CT domain showed a shape similar
to a quarter disk. The interface of a dimer of the ACC is the
location of the enzyme’s active site [13]. The enzyme activity
can be inhibited by locating the inhibitors at this site, making it
unable to bind to substrates (malonyl CoA and acetyl CoA) [14].

Three segments have been found in the structure of the BC domain;
A, B, and C. The active site comprises A and C segments, and the
B domain is responsible for closing the active site during catalysis
by undergoing a significant conformational alteration. Studies
suggest that the larger size of the eukaryotic ACC in comparison
to bacterial ACC (550 residues vs. 450 residues, respectively) is
due to the numerous inserted segments between A and B domains
(the AB linker) at the N-terminus [15].

E. coli ACC shows a symmetrical structure in the C-terminus of
the BCCP domain in the form of a flattened p-barrel composed of
two sets of four antiparallel B strands [16]. A tight B-turn of this
structure consisting of the Ala-Met-Lys-Met biotinylation motif'is
the place of the biotin part. BCCP owns an eight-residue protruding
segment called ‘thumb,” which interacts with biotin and makes
it easier for the biotin moiety to access the active components of
the enzyme [17]. Human ACC does not own the ‘thumb,’ making
the covalent biotin attachment in the BCCP flexible.

The BT domain’s structure shows a long helix surrounded by
an eight-stranded anti-parallel B-barrel (f22—29) and a ‘hook’
connecting the terminal of the helix to the first strand of B-barrel
(B22). Considering the lack of direct contact between BC and CT
domains, the BT domain facilitates the interactions between these
parts [17]. Central fields are specific to the eukaryotic ACCs and
are responsible for holding the BC and CT domains in the correct
positions during catalysis.

Furthermore, the CT domain comprises two subdomains called
N and C domains, both of which own a crotonase fold (a B-p-a
superhelix), and their equivalents in bacterial CT are called 8 and
a. A ‘canyon’ is placed in the interface of a dimer of the CT that
is the active site of the domain, making it necessary for the CT
domain to dimerize for catalysis [18].

Biological activity

ACC is a biotin-dependent catalyzer that contributes to the
production of malonyl-CoA by catalyzing carboxylation of acetyl-
CoA through biotin carboxylation and carboxyl transference
[9,19,20]. The catalysis process by ACC is a two-step process
involving three domains. In the first step, the BCCP domain makes
a covalent link with biotin, leading to its carboxylation by the BC
domain. Carboxyl groups and energy needed for the first step are
derived from bicarbonate and ATP phosphates. Coordination of the
ATP phosphates is achieved by divalent cations, including Mg2+
and Mn2+. In the second step, malonyl-CoA gets produced by
transference of biotin’s activated carboxyl group to acetyl-CoA
embedded in the CT domain [21].

ACC has two tissue-specific isoforms, ACC1 and 2, and both have
specific activity and site of action. Liver and adipose tissue express
ACCI, while ACC2 is mainly expressed in oxidative tissues,

including cardiac and skeletal muscles. ACCI1 is a cytosolic rate-
limiting enzyme involved in the long-chain fatty acid synthesis
by catalyzation of the first committed step of this pathway. The
resultant malonyl-CoA with the catalysis of fatty acid synthase
(FASN) adds two carbons to the fatty acid chain leading to its
expansion [10].

However, ACC2 leads to allosteric inhibition of carnitine
palmitoyl-transferase by malonyl-CoA in the mitochondrial outer
membrane and regulates FAOxn and fatty acid transfer within
mitochondria for B-oxidation [21]. Although ACCI and 2 have
an amino acid sequence equal to 73%, ACC2 owns a 140-residue
part at the N-terminus with highly hydrophobic first 20 residues,
which causes its association with the mitochondrial membrane;
human white adipose tissue shows an increased expression of a
type of ACC2 which doesn’t have an N-terminal mitochondrial
targeting segment [22,23].

According to literature, citrate stimulates mammalian ACC1 and
2, whereas long-chain saturated acyl-CoA inhibits their actions.
Citrate has a 1000-fold effect on ACC2 compared to its 4-fold
impact on ACC. Furthermore, they get inactivated through
phosphorylation by AMP-activated protein kinase (AMPK, at
Ser80 in ACC1, Ser222 in ACC2) and cAMP-dependent protein
kinase (protein kinase A, at Ser1201 in ACC1 [24,25]. ACCs
have two binding sites for citrate; 1. An activating site with
higher affinity (Kd ~1 mM) and 2. An inhibitory site with a lower
affinity (Ki ~30 mM). MIG12, a cytosolic protein, promotes the
stimulatory impact of citrate on the ACC1 and is embedded in the
ACCI1 polymer structure. On the other hand, forming a complex
with other proteins leads to the downregulation of MIG12 (spot
14 (~17 kD)) [15,26].
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Figure 1. de novo lipogenesis and role of ACC

ACC signaling in cancer

Regulators involved in the signaling of lipid biosynthesis are
noteworthy targets for tumor suppressors and oncogenes to cause
alterations in de novo fatty acid synthesis [27]. By rewiring their
energy production from a glycolysis-dependent pathway to a
lipogenesis-dependent pathway, cancer cells enhance their survival
against stress [28].

Considering the rapid cell division of cancer cells, it seems that
manipulation of lipid synthesis is a way of meeting the need
for significant amounts of the cell membrane, which is mainly
made of phospholipids. Interestingly, studies have shown that a
substantial part of the newly synthesized lipids in cancer cells are
phospholipids (figure 1) [29-31]. Moreover, studies report a high
percentage of saturated and monounsaturated FAs among recently
produced lipids that will be embedded in the detergent-resistant
microdomains or rafts, mediating signal transduction, intracellular
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trafficking, and signal transduction [32].

On the other hand, studies confirm an increased expression level
of ACC in multiple cancers such as breast, prostate, liver, etc.
Various studies have shown that silencing ACC1 using RNAi
strategies results in decreased synthesis of FAs and impairment
of mitochondrial potentials, leading to oxidative stress and
subsequent apoptotic cell death. Moreover, the apoptosis caused
by ACCI1 inhibition can be reversed by adding palmitic acid (16:0)
to the medium, an end product of the FA synthesis pathway. These
results confirm the importance of ACC’s role in the survival and
growth of cancer cells [33-35].

ACC’s Role in NAFLD, NASH, and HCC

Non-alcoholic steatohepatitis (NASH) is now the fastest developing
cause of hepatocellular carcinoma (HCC), and patients with NASH
cirrhosis show a higher HCC incidence rate (0.5 to 2.6%) [36].

Higher levels of de novo lipogenesis inside hepatic cells are
essential in the progression of non-alcoholic fatty liver disease
(NAFLD) and HCC [37,38]. Primarily, NAFLD results from
consuming diets full of refined carbohydrates [39].

As discussed, ACC causes malonyl-CoA formation from acetyl-
CoA, providing the substrate for de novo lipogenesis and inhibiting
fatty acid oxidation. Thus, ACC plays a vital role in controlling
the flux of carbon intermediates between carbohydrate and fatty
acid metabolism (40).

Phosphorylation of ACC decreases malonyl-CoA within cells,
suppressing fatty acid synthesis and inhibiting the development
of early signs of NAFLD and fibrosis (41). In the meantime,
endoplasmic reticulum stress (ERS) exists in non-alcoholic fatty
liver cells. As a simulation, the induction of ERS in HepG2 cell
lines contributed to the destruction of ER structure and elevation
of lipid deposition through increasing ACC1 expression (42).

Multiple pathways have been suggested by literature for ACC1
engaged paths leading to HCC progression;

a higher rate of liver cancer cell proliferation is seen in mice with
ACCI1 gene mutations that lead to elevated de novo lipogenesis.
This phenomenon happens due to inhibiting phosphorylation
of ACC1 & 2 inside liver lesions via inducing loss of function
mutations in AMPK expressing genes, contributing to an increase
in de novo lipogenesis [42,43]. Also, non-tumorous liver cells in
the tumor margin induce de novo lipogenesis in the tumor cells
upon the HCC progression (figure 2).

HCC cells up-regulate gene expression of a transmembrane
glycoprotein called CD147. CD147 plays a vital role in the
proliferation and metastasis of HCC cells. One of the CD147
mechanisms of function is through activating Akt/mTOR signaling
pathway to up-regulate the expression of sterol regulatory element-
binding protein 1¢ (SREBP1c). These steps lead to activation of the
transcription process of central lipogenic genes such as FASN and
ACCI, leading to increased de novo lipogenesis (figure 2) [37,44].

. Y™
Nucleus. a
% S
 R— {(‘\‘3
mutation £ % )Jl nmvahc\iﬂkﬂ'mlok
‘ % Y <r’ h
J
t

expression

Figure 2: ACC-Related Pathways in the Development of HCC

In accordance, ACC activation by inhibiting 6-phosphogluconate
dehydrogenase (6PGD) -an upregulated enzyme in HCC- reduces
NADPH/NAD+ and NADH concentrations within cells, leading
to increased HCC cell oxidative stress and lower survival [45].

dysregulation of the FA oxidative decomposition due to enzyme
impairment has also been reported. ACC attaches to the carnitine
palmitoyl-transferase 1 (CPT1), which is placed in the outer
mitochondrial membrane and transfers long-chain fatty acyl-CoA
to carnitine for oxidation inside mitochondria. The complex of
ACC/CPT1 coordinates B-oxidation and formation of FAs, and
in this way, ACC prevents mitochondrial distribution of CPT1
under satisfactory glucose circumstances. In glucose starvation
conditions within HCC cells, ACC detaches from CPT1. The
released free CPT1 molecules relocate within the mitochondrial
membrane, enhancing B-oxidation and protecting HCC cells
during metabolic stress [41,46].

Thus, ACC1-mediated FA synthesis controls the intracellular lipid
content needed for energy homeostasis during metabolic stress,
preventing cell death due to FA oxidation [46]. ACCI1 plays two
essential roles in HCC survival, providing substrate and enzyme
for FA oxidation in glucose deficiency conditions [46,47].

Overall, higher de novo lipogenesis is correlated with tumor
development and higher recurrence rates, and more aggressive
HCC cells [37]. Suppression of lipogenic enzymes, including
ACC1, inhibits proliferation in HepG2 hepatoma cells [37,47].

However, Che et al. evaluated the effects of de novo lipogenesis
on tumorigenesis in various mouse models of hepatic cancer.
Interestingly, they resulted that depending on the active oncogenes
involved in HCC development, different types of dependency on
lipogenesis are seen[48]. The HCC cells might be dependent on or
independent of de novo lipogenesis. Accordingly, ACC inhibition
in an HCC mouse model treated with diethylnitrosamine resulted
in a two-fold higher tumor incidence than the controls [49].
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ACC silencing also significantly suppressed cell viability in human
HepG?2 cells and rat liver cell line BRL 3A [47].

On this matter, two ACC polymorphisms were significantly
associated with various effects on the overall survival; the
homozygous variant genotype in rs7211875 and rs11871275
significantly increased and decreased mortality rate in HCC
patients, respectively, confirming the two sides of ACC’s effect
on the HCC tumorigenesis [50].

ACC Role in chemo-resistance

Resistance to chemotherapy in HCC cells rises from the cancer
stem cells. HepG2SF1 and Huh7SF1 are the two cell lines
showing stem-like characteristics. The evaluation of these cell
lines revealed increased expression of the enzymes involved in
de novo lipogenesis, including ACC [51].

Chen et al. suggested 6-phosphogluconate dehydrogenase (6GPD)
as a promising therapeutic target against HCC cell resistance.
6GPD acts through the inactivation of ACC and AMPK enzymes,
and protects the HCC cells from oxidative stress, confirming the
role of ACC in chemoresistance induction [45].

Similar results have been obtained from animal studies. Rat
HCC models have revealed higher de novo lipogenesis following
mutation of AMPK phosphorylation sites inside the ACC1
structure, which have been associated with sorafenib resistance

as the first-generation targeted therapy agent in late-stage HCC.
More importantly, ACC1 inhibition has led to higher sorafenib
efficacy and improved HCC cell survival due to reduced AMPK-
mediated ACC1 phosphorylation [42].

ACC Inhibitors

ACC inhibitors have long been developed and used in agriculture
as herbicides. Moreover, regarding ACC’s critical role in the
development of various conditions, ACC inhibitors have been
considered potential therapeutic targets during the past decades
[52]. ACC is mainly involved in de novo lipogenesis (DNL). Its
inhibition decreases hepatic lipid synthesis and increases fatty
acid oxidation, making it an exciting target in treating NAFLD,
NASH, and even HCC. Multiple studies have shown that genetic
impairment of ACC in mice models also decreases DNL, thus
improving hepatic cell health [53].

In recent decades, small molecules have shown significant progress
in treating multiple conditions. Small molecules are designed to
bind to the allosteric or orthosteric sites of the specific targets, thus
inhibiting or impairing their function. Many characteristics of these
molecules make them the best choice for therapeutic investigations
in modern-day medicine, including aqueous solubility, tissue
distribution, and cellular permeability, making them effective on
the surface and intracellular proteins. However, a short half-life is
one limitation of this technology, and frequent dosing is required
to achieve the target levels [54].

Table 3. ACC small-molecule inhibitors used for HCC, NAFLD, and NASH treatment.

Inhibitors Mechanism of ICS0 Study Dosing | Study Result Side Effects Reference
Action Disease Population
PF-05221304 | Liver-targeted | 61 nmol/L | NAFLD Phase Ila 2,10, 25, 50-65% A dose-dependent [55]
(Clesacostat) reversible trial and 50 mg | reductionin | elevation in serum
ACC1/2 inhibitor once daily | liver fat with | triglycerides (TG) in
(QD) doses >10 23/305 (8%)
mg QD
GS-0976 Liver-targeted N/A NASH Phase II trial 20 mg A relative Elevation in TG of [53]
(Firsocostat) ACC1/2 daily reduction in 16 patients (>500
Inhibitor liver fat by mg/dL)
Binds to the BC 29%
Domain
ND-654 Liver-Targeted Inhibits HCC Tumor- 10 mg/kg 55% None [42]
ACC1/2 ACCl1 bearing rats daily reduction in
Allosteric with 3 tumor burden
Inhibitor nM, and and 40% in
Binds to the BC ACC2 mortality
Domain with 8
nM
IMA-1 ACCI1 inhibitor, N/A NASH Male N/A Significantly Did not elicit [60]
Inhibits mice and blocked hyperlipidemia
Interaction with Cynomolgus NASH
arachidonate macaque progression
12-Lipoxygenase therapeutic
(ALOX12) models
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Compound Liver-Targeted N/A NAFLD Rodent 10 mg/kg 23-36% 30-130% elevation [61]
1-1 ACC1/2 models of reduction in in plasma TG
Allosteric NAFLD hepatic DNL
Inhibitor and 43-61%
Binds to the BC in TG content
Domain
NDI-010976 Liver-Targeted N/A Hepatic A A single 70-104% Diarrhea in 38% [62]
ACC1/2 de novo randomized, | oral dose | inhibition of
Allosteric lipogenesis | double-blind, | of 20, 50, DNL
Inhibito (DNL) placebo- or 200 mg
controlled,
crossover
trial
WZ66 Liver-targeted | 435.9 and NASH Mice models | 50mg/kg Efficiently Moderate elevation [63]
ACC1/2 141.3nM attenuated in plasma TG
Inhibitor hepatic
Binds to the CT steatosis and
Domain inhibited
macrophage
and hepatic
stellate cell
activation.
Compound Selective ACC1 0.58 NAFLD/ | Mice models | once daily 62% None [64]
1-2 Inhibitor nM and NASH at doses of | reduction
>10,000 3,10, and in hepatic
nM 30 mg/kg | steatosis and
fibrosis
ND-630 Liver-Targeted 3.9 uM Hepatic Rat models N/A Reduces None [65]
ACC1/2 and 6.6 steatosis hepatic
Inhibitor, uM steatosis,
Binds to the BC improves
Domain insulin
sensitivity,
reduces
weight gain
without
affecting
food intake,
and favorably
affects
dyslipidemia
MK-4074 Liver-Targeted 3nM Hepatic Phase I trial a single It might be 200% elevation in [66]
ACC1/2 steatosis dose of | beneficial for plasma TG
Inhibitor 140 mg, | the treatment
orasa of NAFLD,
divided Reduced
dose (70 liver
mg b.i.d.) | triglyceride
by 36%

In table 3, we discuss the suggested ACC1 small-molecular inhibitors in treating NAFLD, NASH, and HCC. Most of these inhibitors
are dual inhibitors of ACC1 and 2 except for the IMA-1 and compound-1, which are selective ACC1 inhibitors. Although multiple
mechanisms of action have been suggested for these inhibitors, they mainly inhibit ACC by binding to the BC domain. The BC do-
main is a great pharmaceutical target due to its shallow and hydrophilic pocket structure with excellent physiochemical characteristics
[53]. By binding to the BC domain, they inhibit the dimerization of ACC and impair its enzymatic function.

All presented inhibitors are substrates for organic anion-transporting polypeptide (OATP) transporters and hence are liver-directed
due to this property. As a result, the tissue distribution of these molecules is asymmetrical to ensure adequate liver concentrations
and liver-directed therapeutic effect and low plasma concentrations to minimize the side effects [55].

ACC miRNA-Mediated Regulation

MicroRNAs (miRNAs) are essential endogenous, tissue-specific, small non-protein-coding RNAs involved in the cellular homeosta-
sis of animals and plants by gene regulation. MiRNAs are structured from 22 nucleotides, and pair with the mRNAs resulting from
protein-coding genes and regulate their expression after transcription [56].
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Regarding the fact that miRNAs affect almost all the genetic pathways within cells, including cell proliferation and cellular death,
their normal function is of importance, and their dysregulated expression is usually associated with cancer development. miRNAs
are differentially expressed in various cancers so their down-regulation increases oncogene expression, and their up-regulation sup-
presses tumor-suppressor genes. Thus, miRNAs may act as both tumor suppressors and oncogenes [57,58].

According to the literature, 400 miRNAs have been discovered in humans, and the list is yet to extend [59]. Here, we summarized
the miRNAs involved in hepatic lipogenesis by affecting ACC expression (table 4).

Table 4: miRNAs Associated with ACC Expression in Lipogenesis

miRNA Effect on ACC Expression References
miR-33 Downregulation of ACC and FAS in Mice [67]
Liver Leading to Lipid Accumulation
miR-182 Down-Regulation of ACC and FAS in the [68]
Liver of Mice
miR-291b-3p Significant Decrease in Phosphorylated [69]
ACC and ACCI1 Levels by Reducing
Phosphorylated AMPK
miR-122 Overexpression of ACC Genes, Particularly [70]
ACC2, Leads to Reduced Liver Steatosis in
Mice.
miR-195 Suppression of ACC and FAS mRNA levels [71]
miR-370 Stimulates Expression of ACC1 and FAS Via [72]
Expression of SREBP-1c¢ in HepG2 cells
miR-1/miR-206 Suppresses Lipogenic Genes Including FASN [73]
and ACC1 by Downregulation of LXRa in
HepG2 Cells
miR-613 Same as miR-1/miR-206. Causes Lipid [73]
Accumulation in HepG2 Cells
miR-378 Down-Regulation of ACC1, FASN, and [74]
SCD1 Via Direct Targeting of p110a in Mice
miR-130a Down-Regulates Genes Related to NAFLD [75]
(ACCI1, SCDI1, FASN, etc.), Leading to
Lower Lipid Accumulation.
miR-21 Regulation of Lipid-Associated Genes such [75,76]
as ACC1 in HepG2 cells by Regulating LRP6
and up-Regulation of ACC in Human Prostate
Cancer Cells
miR-1224-5p Indirectly Deactivates ACC via Inhibition of [77]
AMPKal
miR-451 Decreases hosphorylation of ACC in ser79 [78]
miR-155 Reduces ACC1 Expression in NAFLD [79]
Patients
miR-613 Suppresses LXRa and its Target Genes, [80]
Including ACC
miR-204 Decreases Posphorylation of AMPK and ACC [81]
miR-212-5p Suppresses both mRNA and Protein Levels of [82]
ACC and FASN
Conclusion conditions, and promising results have been reported regarding

Here, we reviewed the structure and function of the ACC enzyme
in the biological environment and its role in the development and
progression of NAFLD, NASH, and HCC as the most common
vital conditions of the liver. We further assessed the ACC’s role
in the survival and prognosis of the HCC, especially as a thera-
peutic target. We concluded ACC is an integral part of de novo
lipogenesis and de novo lipogenesis is an important part of the
accumulation of fat in the liver tissue and the development of
HCC. Reported data regarding its function in HCC are different,
and there is a controversy. Multiple ACC inhibitors have been
structured targeting this enzyme in controlling the mentioned

Clesacostat and Firsocostat in phase II clinical trials. However,
further investigation of the other inhibitors is required.

In conclusion, ACC is a promising target for treating liver fat-
related conditions and HCC.
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