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ABSTRACT

Erdal, R. The Role of Mitochondrial Transporters in Cancer Metabolism,
Hacettepe University Graduate School Health Sciences, Basic Oncology
Department, Doctor of Philosophy Thesis in Tumor Biology and Immunology,
Ankara, 2025. Mitochondrial transporters play crucial roles in cellular metabolism;
however, the specific substrates and functions of many remain unknown. This study
aimed to identify the physiological substrate and function of SLC25A47, a liver-
specific mitochondrial transporter associated with hepatocellular carcinoma. Using
mitochondrial immunoprecipitation and metabolomics approaches in cell lines and
mouse models, we demonstrated that SLC25A47 functions as an exporter of N-
acetylglutamate (NAG) from the mitochondrial matrix. Overexpression of SLC25A47
led to the depletion of mitochondrial NAG levels, whereas knockout mice showed
accumulation of NAG in liver mitochondria. NAG is an essential allosteric activator
of carbamoyl phosphate synthetase 1 (CPS1), which is the rate-limiting enzyme of the
urea cycle. By modulating mitochondrial NAG levels, SLC25A47 may serve as a
novel regulator of urea cycle activity in hepatocytes. Additionally, we identified the
mitochondrial protease YMEILI1 as a regulator of SLC25A47 protein levels. This
study identifies SLC25A47 as a previously uncharacterized component of hepatic
nitrogen metabolism and provides new insights into the regulation of ammonia

detoxification in the liver.

Keywords: mitochondria, liver, urea cycle, SLC25A47, N-acetylglutamate,

hepatocellular carcinoma
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OZET

Erdal, R. Mitokondriyal Transport Proteinlerinin Kanser Metabolizmasindaki
Rolii, Hacettepe Universitesi Saghk Bilimleri Enstitiisii, Temel Onkoloji Bilim
Dali, Tiimér Biyolojisi ve Immiinolojisi Programi Doktora Tezi, Ankara, 2025.
Mitokondriyal tasiyicilar hiicresel metabolizmada hayati roller oynarlar, ancak
bircogunun spesifik substratlar1 ve islevleri hala bilinmemektedir. Bu ¢alisma, daha
once hepatoseliiler karsinoma ile iligkilendirilmis olan karacigere 0zgii bir
mitokondriyal tastyici protein olan SLC25A47’nin fizyolojik substratin1 ve islevini
belirlemeyi amaglamaktadir. Hiicre hatlarinda ve fare modellerinde mitokondriyal
immiinopresipitasyon ve metabolomiks yaklasimlar1 kullanilarak, SLC25A47’nin
mitokondriyal matriksten N-asetilglutamati (NAG) sitozole ¢ikaran bir tastyici olarak
gorev yaptigin1 gosterdik. SLC25A47°nin asir1 ekspresyonu, mitokondri igindeki
NAG seviyelerinin azalmasina yol acarken, genetik olarak SLC25A47 geninin
silindigi farelerin karaciger mitokondrilerinde NAG birikimi gozlendi. NAG, iire
dongiisliniin hiz sinirlayici enzimi olan karbamoil fosfat sentetaz 1 (CPS1)’in gorev
yapmast ic¢in gerekli bir allosterik aktivatordiir. Mitokondriyal NAG seviyelerini
modiile ederek, SLC25A47’nin hepatositlerde iire dongiisii aktivitesinin yeni bir
diizenleyicisi olarak gorev yapabilecegi diislinlilmektedir. Ek olarak, SLC25A47
proteininin mitokondriyal bir proteaz olan YMEILI tarafindan regiile edildigini
gosterdik. Bu calisma, SLC25A47’yi karacigerde azot metabolizmasiin daha 6nce
tamimlanmamis bir bileseni olarak ortaya koymakta ve karacigerde amonyak

detoksifikasyonunun regiilasyonuna dair yeni bilgiler sunmaktadir.

Anahtar kelimeler: mitokondri, karaciger, tire siklusu, SLC25A47, N-

asetilglutamat, hepatoseliiler karsinoma
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GENIS TURKCE OZET

1. GIRIS

Mitokondriler, hiicrelerde metabolik bir merkez olarak goérev yaparlar ve ¢ok
cesitli biyokimyasal siire¢leri organize ederler. Birgok metabolik yol ya mitokondri
icinde baglar ya da burada {iretilen metabolitlere bagimlilik gosterir. Metabolitlerin i¢
mitokondriyal zar boyunca taginmasi oldukea siki bir sekilde diizenlenen bir siirectir.
SLC25 protein ailesi, bir membran tastyicist siiper ailesidir ve kiigiik molekiiller ile
iyonlarin zarlar arasinda taginmasini saglayarak metabolizmada kritik bir rol oynar;
bdylece hiicrelerin ve dokularmm biyokimyasal bilesimini etkiler. Metabolit
tasinmasindaki bozukluklar, dogustan gelen metabolizma hastaliklar1 ve kanser gibi
cesitli patolojilerle iligkilidir. SLC ailesinin baz1 tiyeleri karakterize edilmis olsa da,
bir¢ok iiyenin spesifik molekiiler substratlar1 hala tanimlanamamistir. Bunun sebebi,
dokuya 6zgii gen ekspresyon profilleri, izoformlar arasindaki fonksiyonel yedeklilik
ve genis substrat spesifisitesidir. Bu faktorler detayli fonksiyonel karakterizasyonu
zorlagtirmakta ve bu proteinlerin metabolik patolojilerdeki rollerinin ve farmakolojik

hedef olarak kullanilabilirliklerinin anlagilmasini sinirlamaktadir.

SLC25 ailesinin tiyeleri, kansere yonelik tedavilerin gelistirilmesinde
potansiyel hedeflerden biri olabilir. Bu hedefleri kesfetmek icin, her bir tagiyicinin
islevinin belirlenmesi ve tasidigi substrat veya substratlarin tanimlanmasi
gerekmektedir. Bu calismada, daha 6nce kanserle iliskilendirilmis bir tasiyict segmeyi
ve substratin1 ile fonksiyonunu belirleyerek kanserlesmedeki roliinii anlamay1

amagladik.

Bu ¢aligmada, SLC25A47 geni ilizerine odaklanilmistir. Bunun sebebi genin
hepatoseliiler karsinom (HCC) ile olan iliskisinin daha once bildirilmis olmasi ve
proteinin karacigere spesifik ekspresyon gostermesidir. Bu yiiksek doku 6zgiilligi,
SLC25A47 nin karaciger fonksiyonu i¢in kritik olan ve potansiyel olarak HCC tiimor
olusumunda rol oynayan Ozel metabolik yollarla iligkili olabilecegini

diistindiirmektedir. SLC25A47'nin, karacigerde yiiriittiigii metabolik islev i¢in gerekli



olan spesifik substrat(lar)in mitokondriye tasinmasimi sagladigi hipotezini ortaya
koyduk. Bu iliskiyi ortaya ¢ikararak, HCC tedavilerinde kullanilabilecek karacigere

0zgii metabolik zayifliklar1 aydinlatmay1 amagladik.

Son olarak, SLC25A47'nin hiicresel ve organizma metabolizmadaki roliinii
anlamak i¢in, hem in vitro hem de in vivo kosullarda mitokondriyal
immiinopresipitasyon (MITO-IP) yontemini kullandik. MITO-IP, mitokondriyal
metabolitlerin hassas profillenmesini saglar ve mitokondri matriks igindeki
konsantrasyonlarinin ~ dlgiilmesine  olanak ~ tamir.  Bu,  mitokondrilerin
immiinopresipitasyon yoluyla izole edilmesi ve ardindan sivi kromatografisi-kiitle
spektrometrisi (LC/MS) kullanilarak 6zgiin standartlarla hedefe yonelik metabolomik
analiz yapilmasiyla gerceklestirilir. SLC25A47 ile iliskili potansiyel substratlart
belirlemek amaciyla, genetigi diizenlenmis hiicre ve fare modellerinde gen knockout
ve knock-in stratejileri uyguladik. Genetik olarak modifiye edilmis bu hatlar arasinda
mitokondriyal metabolit profillerini karsilastirarak, SLC25A47 tarafindan tasinan
ve/veya diizenlenen spesifik metabolit(ler)i ortaya ¢ikarabilecek anlamli degisiklikleri

kesfetmeyi amagladik.

2. GENEL BILGILER

2.1. Mitokondrilerin genel 6zellikleri

“Mitochondrion” terimi, spermatogenez sirasinda bu yapilarin goériinimiinii
tanimlayan Yunanca “mitos” (iplik) ve ‘“chondros” (graniil) kelimelerinden
tiretilmistir. 1890 yilinda Altmann, mitokondrileri organel olarak tanimlamistir.
Hiicresel solunum ile mitokondriler arasindaki baglanti ise ancak 1912 yilinda
Benjamin F. Kingsbury tarafindan morfolojik gozlemler kullanilarak kesfedilmistir.
1940’lar ve 1950’lerde organel izolasyon yontemlerindeki ilerlemeler, mitokondriyal
fonksiyonlar hakkinda bir¢ok onemli kesfin yapilmasint saglamigtir. Kennedy ve
Lehninger, mitokondrilerin 6karyotik hiicrelerde oksidatif fosforilasyonun merkezi
oldugunu ortaya koymustur. Bu ¢alismay1, mitokondrilerin temel metabolik siiregler

icin gerekli enzimleri icerdigini gosteren sayisiz dnemli arastirma izlemistir.
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Mitokondriler, bakterilerden koken almalari nedeniyle diger organellerden
ayrilmaktadir. Prokaryotlarla benzerliklerinden bir tanesi, mitokondriyal genomun
dairesel yapisidir; bu yapi, bakteriyel DNA’ya benzer sekilde intronsuz genlerden
olusur. Ayrica, mitokondriyal protein sentezi, bakterilerde kullanilan modifiye bir
amino asit olan N-formilmetiyonin ile baglar ve mitokondriyal mRNA’lar, dkaryotik
mRNA’larda bulunan 5' bashk yapisim1 igermez; bu yoniiyle bakteriyel mRNA
yapisina benzerlik gosterir. Ek olarak, mitokondrilerde bulunan 12S ve 16S rRNA
yapilar1 bakterilerdekine ¢ok yakindir.

Yapisal olarak mitokondriler; matriks, i¢ zar (IMM), dis zar (OMM) ve zarlar
aras1 bosluktan olusur. Mitokondrilerin ¢ap1 genellikle yaklasik 0,2 ile 1 pm arasinda
degisir ve hiicresel ortama bagli olarak stirekli boliinme (fizyon) ve birlesme (filizyon)
yoluyla dinamik morfolojik degisiklikler gegirirler. I¢c mitokondriyal zar ile gevrili
olan matriks, mitokondriyal metabolik enzimlerin ¢ogunu, mitokondriyal DNA’y1,
ribozomlari, kofaktdrleri ve cesitli organik ile inorganik molekiilleri icerir. Bu zar
iyonlara ve kiiciik molekiillere kars1 yiiksek secicilik gosterir ve gecirgen degildir; bu
nedenle, molekiillerin bu bariyer lizerinden taginmasi i¢in spesifik tasiyici proteinler
gereklidir. Diger karakteristik 6zelliklerinden biri, elektron tagima zinciri bilesenleri
ve tastyict proteinleri barindiran, lipid c¢ift tabakasinin i¢e dogru kivrimlari olan
kristalardir; bu yapilar zarin yiizey alanini 6nemli Olgiide artirarak oksidatif
fosforilasyonu kolaylastirir. D1 mitokondriyal zar, yapisal olarak plazma membrani
ile benzerdir ve yaklasik 6 kDa’dan kii¢iik molekiillerin pasif difiizyonuna izin veren
Porin isimli proteinleri igerir. Daha biiyiik proteinlerin mitokondriye taginmasi ise 6zel
bir mitokondri hedefleme sinyali gerektirir. Zarlar aras1 boslugun bilesimi, protein

icerigi disinda sitozol ile yakindan benzerlik gosterir.
2.2. Mitokondrilerdeki SLC proteinleri
SLC (solute carrier) proteinleri, hiicre ve organizma diizeyinde homeostazin

saglanmast i¢in gereklidir ve kiiciik molekiiller ile iyonlarin zarlar arasinda

tasinmasinda gorev alirlar. I¢ mitokondriyal zara 6zgii olan SLC25 ailesi,
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mitokondrideki en biiyiik tasiyici protein grubudur ve insanlarda 53 {iyesi bulunur. Bu
proteinler, 6 tane transmembran a-sarmal iceren, korunmus bir yapiya sahiptir ve
amino asitler, niikleotitler ve iyonlar gibi metabolitlerin mitokondri matriksi ile

sitoplazma arasinda taginmasinda hayati 6neme sahiptir.

[k olarak mayalarda tanimlanan SLC25 proteinleri, mitokondriyal fonksiyon
ve hiicresel metabolizma agisindan kritik bir rol oynar. Bu tasiyicilardaki mutasyonlar
metabolik bozukluklara neden olabilir ve kanser gelisimiyle iliskilendirilmistir. Genel
olarak, SLC25 proteinleri metabolik yolaklarin se¢iminde goérev alan kritik
regiilatorlerdir ve tiimorlerin biiyiimesi, hayatta kalmasi, metastaz ve ilag direnci gibi

siirecleri etkilemektedir.

2.3. Mitokondriyal amino asit metabolizmasinda karacigerin 6nemi

Karaciger; hormonal, noral ve niitrisyonel sinyallere yanit vererek metabolik
durumlara uyum saglayabilen hepatositler sayesinde, besin maddelerinin
kullanilabilirligini ve metabolik homeostaz1 diizenleyen baglica organ olarak gdrev
yapmaktadir. Lobiiler diizeyde hepatositler, kan akist dogrultusunda periportal
bolgeden perisentral bolgeye uzanan li¢ metabolik zona ayrilmistir. Bu metabolik
zonlanma, es zamanli olarak, bolgelere 0Ozgii biyokimyasal siireclerin
gerceklestirilmesine olanak tanir. Ornegin, periportal hepatositler, amino asit alimi,
katabolizmas1 ve iire sentezi gibi siirecleri gerceklestirmektedir. Glutaminden
amonyak lretimini saglayan glutaminaz 2 (GLS2) enzimi bu bdlgede eksprese
edilmektedir. Buna karsilik, perisentral hepatositler fazla amonyagi yeniden glutamine

doniistiiren glutamin sentetaz (GS) enzimini eksprese eder.

Hiicresel diizeyde hepatositlerin fonksiyonlari, zengin organel icerigi ile
desteklenir. Mitokondri ve endoplazmik retikulum, karacigerin toplam protein
kiitlesinin yaklasik %80’ini olusturur. Mitokondriler; trikarboksilik asit (TCA)
dongiisti, oksidatif fosforilasyon, yag asidi oksidasyonu, amino asit metabolizmasi ve

amonyak detoksifikasyonu gibi temel metabolik siireclerde gorev alir ve ayn1 zamanda
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hiicresel enerji dengesinin ve besin algilamasinin diizenlenmesinde merkezi bir rol

ustlenir.

Karaciger, altigen lobiillerden olusur ve her lobiiliin koselerinde hepatik arter,
portal ven ve safra kanali igeren bir portal triad bulunur. Radyal olarak diizenlenmis
siniizoidler, kan1 santral vene dogru tasir. Hepatositler, santral ven ile portal triad
arasindaki eksen boyunca konsantrik katmanlar halinde dizilmistir. Hepatosit
fonksiyonunu destekleyen parankim dis1 hiicreler de karaciger lobiiliiniin ekseni
boyunca dagilmistir. Hepatositler tarafindan sentezlenen safra, santral bolgeden portal
alana dogru safra kanalikiilleri araciligiyla akar ve sonunda safra kanallarina ulasir.
Kan akis1 ve igindeki bilesenler, mekansal olarak derecelenmis bir organizasyon
olusturur ve bu da farkli katmanlarda farkli islevlerin gerceklestirilmesini

saglamaktadir.

2.4. Hepatoseliiler karsinom

Hepatoseliiler karsinom (HCC), diinya genelinde en yaygin karaciger kanseri
tiriidiir. Baslica risk faktorleri, kronik hepatit B (HBV) ve hepatit C (HCV)
enfeksiyonlaridir. Bat1 iilkelerinde ise metabolik sendrom ve diyabetle iliskili olup
alkole bagli olmayan steatohepatit (NASH) giderek daha onemli bir etken haline
gelmektedir. HCC vakalariin %90’indan fazlasi, 6zellikle sirozu olan hastalarda,
kronik karaciger hastaligi zemininde gelismektedir. Siroz, HCC i¢in en gii¢li altta

yatan etken olup sirotik hastalarda en sik 6liim nedenidir.

Gilinitimiizde HCC i¢in tedavi secenekleri 6nemli dl¢iide ilerlemistir. Karaciger
rezeksiyonu ve karaciger nakli kiiratif tedavi olarak uygulanmaktadir. Erken evre,
cerrahiye uygun olmayan hastalarda lokal ablasyon (6rnegin, radyofrekans ablasyonu)
tercih edilmekteyken orta evre hastalik icin transarteriyel kemoembolizasyon
yapilabilmektedir. Ileri evrelerde immiin checkpoint inhibitdrleri, tirozin kinaz
inhibitorleri ve monoklonal antikorlar gibi yeni sistemik tedaviler, tedavi stratejilerini
yeniden sekillendirmektedir. Molekiiler diizeyde, HCC tiimoérlerinin yaklagik %25’

hedeflenebilir mutasyonlar tagimaktadir, ancak klinik uygulamada bu mutasyonlara
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spesifik hedef tedaviler verilebilmesi heniiz yayginlagmamigtir. HCC i¢in yaygin
‘driver’ mutasyonlar sunlardir: TERT promotdr mutasyonlari, viral kaynakli gen
amplifikasyonlari; tiimdr baskilayici genlerde (6rnegin, 7P53, RB1, PTEN) silinmeye
yol acan mutasyonlar; CCNDI, FGF19, VEGFA, MYC ve MET gibi onkogenlerin

amplifikasyonu.

2.5. Mitokondriyal amino asit metabolizmasi ve iire siklusu

Amino asitler, organizma tarafindan belirli kosullar altinda enerji kaynag:
olarak kullanilabilir. Protein aliminin fazla oldugu durumlarda, yeni protein sentezi
icin gerekli olmayan amino asitlerin normal protein yikimi sirasinda ortaya ¢ikmasi
durumunda veya aclik sirasinda viicut proteinlerinden enerji elde edilmesi
gerektiginde kullanilmaktadir. Biyolojik olarak kullanilabilir azot kaynaklar1 sinirlt
oldugundan, organizmalar genellikle amino asitler, niikleotitler ve amonyak gibi azot
iceren bilesikleri koruma egilimindedir. Atmosferde bol miktarda bulunan azot gazi
(N2), kimyasal olarak inert oldugu i¢in biyokimyasal kullanima uygun degildir; bu
nedenle az sayida organizma azotu amonyak gibi kullanilabilir formlara

dontstiirebilmektedir.

Okaryotik hiicrelerde amino asit katabolizmas iki ana bileseni igerir: amino
grubunun uzaklastirilmasi ve karbon iskeletinin par¢alanmasi. Amino grubu genellikle
piridoksal fosfat yardimiyla uzaklastirilip azot metabolizmasina katilirken, karbon
iskeleti enerji liretimi i¢in TCA ddngiisiiniin ara iirlinlerine doniistiiriiliir. Fazla azot,
organizmaya bagli olarak farkli formlarda digar1 atilir. Suda yasayan hayvanlar
(amonyotelik), amonyag1 dogrudan atabilirken; memeliler de dahil olmak iizere cogu
kara hayvani (iireotelik) amonyagi tiireye donistiiriir; kuslar ve siiriingenler

(trikotelik) ise tirik asit olarak disari atarlar.

Memelilerde iire dongiisii, amonyag1 detoksifiye edip suda ¢oziinebilen iireye
cevirerek giivenli bir sekilde atilmasini saglayan temel yoldur. Bu dongii yalnizca
hepatositlerde gergeklesir ve mitokondride glutamat veya glutaminden hidrolize edilen

amonyakla baglar. Karaciger dis1 dokular genellikle azotu glutamine doniistiiriir ve bu
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glutamin karacigere tagimir. Karacigerde bulunan glutaminaz enzimi glutamindeki

amonyagi serbestlestirir ve bu amonyak iire dongiisiine girer.

Ure dongiisii ilk olarak 1932’de Hans Krebs ve Kurt Henseleit tarafindan
tanimlanmistir. Karaciger dokusu ile yaptiklar1 deneylerde Krebs, ornitin ve
amonyagin varliginda iire olustugunu gostermistir. Devaminda sitriilin ile arjinin gibi

ara Urilinleri tanimlayarak bu dongiiniin basamaklarin1 ortaya koydu.

Ure dongiisiiniin ilk adimi; amonyak, bikarbonat ve ATP’nin birleserek
karbamoil fosfat olusturdugu ve karbamoil fosfat sentetaz 1 (CPS1) enzimi tarafindan
katalizlenen reaksiyondur. Bu adim, N-asetilglutamat sentaz (NAGS) tarafindan
sentezlenen ve arjinin tarafindan uyarilan N-asetilglutamat (NAG) tarafindan
diizenlenir. Daha sonra ornitin transkarbamoilaz (OTC), ornitin ile karbamoil fosfati
birlestirerek sitriilin olusturur. Sitriilin, mitokondriyal tasiyict SLC25A15 (veya
SLC25A2) araciligiyla sitozole taginirken, ayni anda ornitin mitokondri igine alinir.
Sitozolde sitriilin, glutamat ve okzaloasetatin transaminasyonu ile olugan aspartat ile
birleserek arjininosiiksinat olusturur; bu reaksiyon arjininosiiksinat sentetaz (ASS)
tarafindan katalizlenir. Arjininosiiksinat daha sonra arjininosiiksinat liyaz (ASL)
tarafindan arjinin ve fumarata ayrilir. Fumarat malata doniistiiriilerek mitokondriye
geri girer ve TCA dongiisiine katilir. Son olarak arjinaz (ARG1), arjininin iire ve
ornitine ayrilmasim saglar. Ure kana karisarak bobreklerden atilir, ornitin ise

dongiiniin devam etmesi i¢in mitokondriye geri taginir.

Mitokondrideki amonyak, serbest amonyak ile glutamin ve glutamatin
parcalanmasindan koken alir; bu stirecler sirasiyla GLS2 ve glutamate dehidrogenaz
(GDH) enzimleri tarafindan saglanir. Mitokondriye alinan glutamat, GDH
reaksiyonuna girerek amonyak ve 2-oksoglutarat iiretir. Glutamatin mitokondri igine
taginmasi, Citrin ve SLC25A22 tasiyicilari araciliiyla gerceklestirilir. SLC254 13 geni
tarafindan kodlanan Citrin, mitokondri i¢ zarinda bulunan bir tasiyicidir ve bir
antiporter olarak calisarak, mitokondri matrisinden sitozole aspartat tasirken
karsiliginda glutamat alir. Buna karsilik, Glutamat Tasiyicisi 1 olarak da bilinen

SLC25A22, glutamat ve protonlart (H") mitokondri matrisine birlikte tasiyan bir
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simporterdir. GDH aktivitesi ADP ve 16sin tarafindan uyarilirken, GTP bir inhibitor
olarak gorev yapar. GDH reaksiyonundan olusan a-ketoglutarat, TCA dongiisiine
katilir. CPS1, bikarbonat ve amonyag1 karbamoil fosfata doniistiirmekten sorumludur
ve bu siire¢ NAG tarafindan aktive edilir. NAG, amino asit arjinin tarafindan regiile
edilen NAGS enzimi tarafindan iretilir. OTC, ornitin ile karbamoil fosfatin sitruline
doniisiimiinii saglar. Ayrica, SLC25A15 (veya onun paralogu SLC25A2) tastyicist
olan ORNT]I, sitrulin ve ornitin degisimini saglayarak lire dongiisiiniin devamini
saglar. Ure déngiisii, ARG1 enzimi tarafindan katalizlenen ve arjininin ornitin ve iireye
ayristig1 reaksiyonla sonlanir. ARG2 mitokondriyal bir arginaz formu olmasina

ragmen, hepatositlerdeki spesifik islevi heniiz net degildir.

2.6. Ure siklusunun regiilasyonu

Ure déngiisiiniin tek hiz kisitlayict enzimi olan karbamoil fosfat sentetaz 1
(CPS1), NAG tarafindan allosterik olarak aktive edilir; bu da her iki molekiili
memelilerde azot detoksifikasyonunun temel diizenleyicileri haline getirir. NAG ilk
olarak 1950°li yillarda E. coli’de arjinin biyosentezinin ara iirlinii olarak tanimlanmis
ve daha sonra memelilerde CPSI’in dogal kofaktorii oldugu belirlenmistir.
Memelilerde NAG, N-asetilglutamat sentaz (NAGS) tarafindan sentezlenir ve bu
enzim L-arjinin tarafindan allosterik olarak aktive edilir; bu durum, daha alt

organizmalarda goriilen L-arjininle feedback inhibisyonunun tersidir.

Karbamoil fosfat sentetaz enziminin {i¢ formu tanimlanmistir: CPS1, CPS2 ve
CPS3. CPS1 mitokondriyal, amonyak-bagimli ve NAG ile aktive edilen bir enzimdir
ve lire dongiisiinde gorev alir. CPS2 ise sitozolde bulunur, glutamin kullanir, NAG'den
bagimsiz ¢alisir ve CAD ad1 verilen trifonksiyonel bir enzim kompleksinin parcasi
olarak pirimidin biyosentezinin hiz siirlayict basamagim katalizler. CPS2, UTP
tarafindan allosterik olarak inhibe edilir. CPS3 ise bazi omurgasizlar ve deniz
canlilarinda (6zellikle kopekbaligi) bulunur; glutamin kullanir ve NAG tarafindan
kismen aktive edilir. Bu tiirlerde CPS3, viicutta {ire birikimini saglayarak osmotik

dengeyi korumada rol oynadig diisiiniilmektedir.
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Alt organizmalarda, NAG glutamattan arjinin biyosentezine giden sekiz
basamakl1 bir yolun ilk ara {iriiniidiir ve bu sentez ya NAGS (argA4 geni) ya da ornitin
asetiltransferaz (OAT, arg/ geni) aracilifiyla gergeklesir. Buna karsin, iireotelik
canlilarda NAG sentezi yalnizca NAGS tarafindan gerceklestirilir. Ayrica,
memelilerde NAGS aktivitesi L-arjinin ile uyarilirken, alt organizmalarda bu enzim
L-arjinin tarafindan inhibe edilir. Memelilerde NAG'nin bilinen tek gorevi, CPS1’in
aktivasyonu icin gerekli olan allosterik kofaktdr olarak islev gormektir. Arjinin sentezi
ise memelilerde NAG aracilifiyla degil, dogrudan iire dongiisiiniin enzimatik

bilesenleri ile gergeklesir.

NAGS, mitokondride bulunan ve glutamat ile asetil-Koenzim A (KoA)’dan
NAG sentezleyen bir enzimdir. Hepatositlerde glutamat; glutaminaz (GLS2) ve
glutamat dehidrogenaz (GDH) enzimleri aracilifiyla sentezlenebilecegi gibi,
SLC25A22 ve Citrin gibi tastyicilar aracilifiyla sitozolden mitokondri matriksine
taginabilir. Asetil-KoA ise genellikle mitokondride yag asitlerinin -oksidasyonu ve
piriivat dehidrogenaz (PDH) kompleksi yoluyla iiretilir. NAGS aktivitesi L-arjinin
tarafindan allosterik olarak aktive edilirken, metilmalonil-KoA ve propiyonil-KoA
gibi baz1 organik asitler tarafindan asetil-KoA baglanmasini engelleyerek kompetitif

bigimde inhibe edilir.

NAGS aktivitesi ve karaciger NAG diizeyleri, protein ve amonyak alimindaki
artigla birlikte yiikselir. Siganlarda yliksek proteinli diyetin, karacigerdeki
mitokondriyal NAG konsantrasyonunu artirmakta ve sitriilin tiretimini hizlandirmakta
oldugu gosterilmistir. NAG’nin CPS1 iizerindeki diizenleyici rolii, sabit amonyak
diizeyleri altinda {ire dongiisii akisinin  saglanmasini miimkiin  kilmaktadir.
Mitokondrideki arjinin ve/veya glutamat seviyeleri, organizmadaki azot birikimini
yansitir. Substrat olarak kullanilan glutamat ve allosterik aktivatdr olan arjinin

diizeyleri NAG sentezini etkiler.

Bir ¢aligmada sicanlara amonyak verilmesi, karacigerde mitokondriyal NAG
seviyelerinde bir artisa yol a¢mig; ancak CPS1 miktarinda bir degisiklik

gbézlenmemistir. Bu durum, NAG’nin mitokondriden sitozole olan taginiminin
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azalmasinin bu birikime neden olabilecegini diisiindiirmektedir. Onceki bir ¢calismada
da benzer sekilde beslenen hayvanlarda NAG’nin yar1 omrii 14 dakika iken ag
birakilanlarda 60 dakikaya kadar uzadigi bildirilmistir. Bu bulgular, NAG’nin
yikiminin esas olarak mitokondriden sitozole tasimimiyla diizenlendigini
gostermektedir. Ayrica, NAG’nin sitozolde glutamat ve asetata hidrolize edildigi
cesitli caligmalarla gosterilmistir; bu da yikim i¢in dncelikle mitokondriden taginmast
gerektigini diislindiirmektedir. Meijer ve ark. ¢alismasi, karaciger mitokondrisinin i¢
zarinin NAG gegirgenligini incelemis ve in vivo ortamda bu tasimimin tek yonlii

oldugunu, yani NAG’nin matriksten sitozole dogru tagindigini ortaya koymustur.

2.7. Ure Siklusu Bozukluklari

Hepatik mitokondriler, portal sistemden gelen amino asitleri islemek veya
amino asitlerden enerji iiretiminde kullanilan ara iiriinleri sentezlemek icin ¢ok sayida
metabolik yola ev sahipligi yapar. Cogu amino asidin metabolizmasi, mitokondriyal
enzimlerin diizgiin ¢aligmasina baglhdir; bu yollardaki bozukluklar, 6zellikle dogustan
gelen amino asit metabolizmasi bozukluklart olmak {izere insanlarda c¢esitli
hastaliklara yol agabilir. Ure dongiisii enzimleri veya tastyicilarindaki bozulmalar,
hiperammonemiye ve cesitli lire dongiisii bozukluklarina yol agar. Bu bozukluklar
genellikle kusma, halsizlik, epileptik nobetler gibi belirtilerle kendini gosterir;
ozellikle katabolik stres veya protein fazlaligi durumlarinda ortaya ¢ikar.
Hiperammonemi, proksimal (mitokondriyal) iire dongiisii bozukluklarinin temel
belirtisidir ve acil tedavi gerektirir. Bu tedaviler arasinda azot baglayici ajanlarin
kullanimi, diyette protein aliminin durdurulmasi ve ciddi vakalarda fazla amonyagin

uzaklastirilmasi i¢in diyaliz yer almaktadir.

Hiperamoneminin yenidoganlarda erken semptomlar1 arasinda beslenmede
azalma, kusma, letarji ve uykululuk hali yer alabilir. Hiperamoneminin devam
etmesiyle birlikte solunum yetmezligi, takipne, hiperventilasyon, respiratuvar alkaloz,
hipotermi veya hipertermi ve hipotoni izlenebilmektedir. Hayat1 tehdit eden
semptomlar arasinda akut ensefalopati, serebral 6dem, noébet, norojenik postiir,

periferik dolasim bozuklugu, ¢oklu organ yetmezligi ve koma yer alabilir. Hastalarin
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laboratuvar degerleri incelendiginde karaciger fonksiyon testlerinde artig, iire

diizeylerinde azalma ve fizik muayenede hepatomegali goriilebilir.

Bebeklerde, ¢ocuklarda ve erigkinlerde hiperamonemi bulgular1 Oncelikle
fizyopatolojik degisikliklerle kendini gosterir. Ekstraseliiler potasyum ve glutamin
seviyeleri artar, osmolarite ve inflamatuar sitokinlerde artig izlenir. Amonyak
seviyeleri arttik¢a psikiyatrik semptomlar da eklenmeye baslar. Bunlara 6rnek olarak
davranig degisiklikleri, uyku bozukluklari, hiperaktivite, agresiflik, deliizyonlar ve
psikoz verilebilir. Hiperamoneminin daha da yerlesmesiyle birlikte konfiizyon, letarji,
migren tarzi bas agrilari, tremor, ataksi, dizartri, 6grenme giicliigii, ndrogelisimsel
gecikmeler, nobetler, hemipleji ve koma gibi norolojik etkilenmeler goriilebilir. Bu
yas grubunda gastrointestinal semptomlar da ortaya ¢ikabilir. Karin agrisi, bulanti ve
kusma, kilo alamama, diisiik protein toleransi1 veya proteinli besinlerden kaginma
gozlenebilmektedir. Ayni sekilde bu hastalarda hepatik enzimlerde artis, {ire

seviyelerinde azalma ve fizik muayenede hepatomegali goriilebilmektedir.

2.7.1. Karbamoil Fosfat Sentetaz 1 (CPS1) Eksikligi

CPS1 eksikligi, klinik belirtileri diger proksimal tire dongiisti bozukluklarina
cok benzeyen, nadir goriilen otozomal resesif bir hastaliktir. Karbamoil fosfat
olusumunun bozulmasi, idrarda orotik asit atilimimin azalmasina yol acar. Bugiine
kadar CPS1 geninde, 6. ekzon hari¢ tiim ekzonlara dagilmis bir¢cok farkli mutasyon

tanimlanmustir.

2.7.2. Ornitin Transkarbamoilaz (OTC) Eksikligi

OTC enzimi esas olarak karaciger ve ince bagirsakta eksprese edilir. OTC
eksikligi, en yaygin goriilen iire dongiisii bozuklugudur. X’e bagl resesif kalitim
paternine sahip oldugu i¢in, hastalik genellikle erkek hemizigot tasiyicilan etkiler.
Bugiine kadar OTC geninde 500’den fazla farkli patojenik mutasyon belgelenmistir.
Klinik semptomlarin siddeti biiyiik 6l¢lide kalan enzimatik aktiviteye bagli olarak

degiskenlik gosterir. OTC aktivitesinin tamamen yoklugu, genellikle hemizigot
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erkeklerde goriiliir ve yenidogan doneminde ciddi hiperammonemiye yol agar. OTC
eksikligi, gorece yaygin olmasi, iyi tanimlanmig monogenik temeli ve mevcut

preklinik modeller nedeniyle gen tedavisi i¢in kapsamli sekilde arastirilmaktadir.

2.7.3. N-Asetilglutamat Sentaz (NAGS) Eksikligi

NAGS eksikligi, en nadir goriilen iire dongilisii bozukluklarindan biridir;
tahmini insidans1 3.500.000 ila 7.000.000 dogumda birdir. Klinik tablo genellikle
bebeklik doneminde hiperammonemi ile ortaya c¢ikar. L-arjinin baglanmasini
etkileyen mutasyonlar (6rnegin Glu360Asp varyanti) ve NAGS geninin kodlayict
olmayan diizenleyici bolgelerindeki varyantlar, NAGS aktivitesini bozarak NAGS
eksikligi fenotipine neden olabilir. NAGS eksikligi tedavisinde, NAGS'nin yerine
gecebilen ve CPS1’1 aktive eden biyoyararlanimi yiiksek bir NAG analogu olan
karglumik  asit  (N-karbamoilglutamat, NCG) kullanilir.  Ac¢iklanamayan

hiperammonemi vakalarinda, NCG uygulanmas: tanisal bir test olarak dnerilmektedir.

2.7.4. Karbonik Anhidraz Va (CA-VA) Eksikligi

Karbonik anhidrazlar, karbondioksitin hidrasyonu yoluyla bikarbonat
olusumunu katalizleyen enzimlerdir. CA-VA ve CA-VB, mitokondride bulunan
izoenzim formlardir. Hepatik mitokondrilerde bikarbonat, dort farkli enzimatik
reaksiyonda kullanilir: karbamoil fosfat sentetaz 1, piruvat karboksilaz, propiyonil-
KoA karboksilaz ve 3-metilkrotonil-KoA karboksilaz. CA-VA eksikligi, epizodik
hiperammoneminin potansiyel bir nedeni olarak tanimlanmistir. Metabolik
dekompansasyon ataklar1 sirasinda yiiksek amonyak diizeylerinin yani sira laktik
asidoz ve ketoniiri goriilmektedir. Diger iire dongiisii bozukluklarmma kiyasla
semptomlar yasamin daha ileri donemlerinde ortaya ¢ikabilir. CPS1 reaksiyonu i¢in
gerekli bikarbonatin eksikligi, proksimal iire dongiisii bozuklugu fenotipi ortaya
¢ikmasma katkida bulunur. Ozellikle, NCG nin CA-VA eksikligi olan hastalarda
hiperammonemiyi tedavi etmede etkili oldugu gosterilmistir. Kesin mekanizma heniiz
net olmamakla birlikte, bikarbonat eksikliginin propiyonil-KoA karboksilaz

aktivitesini etkiledigi ve propiyonil-KoA nin birikimine yol a¢tig1 6ne siiriilmektedir.
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Propiyonil-KoA’daki bu artis, asetil-KoA ile rekabet ederek NAGS aktivitesini
engeller ve bu da NAG firetiminin azalmasina neden olur. NAG ve bikarbonattaki
eszamanli azalma CPSI1 aktivitesini bozar ve ikincil hiperammonemiye yol acar.
Sonu¢ olarak NCG, CA-VA eksikliginde NAG eksikligini atlayarak CPS1

fonksiyonunun geri kazanilmasina yardimci olabilir.

2.7.5. Hiperornitinemi-Hiperammonemi-Homositrulliniiri Sendromu

Hiperornitinemi-hiperammonemi-homositrulliniri (HHH) sendromu,
SLC25A415 geninde meydana gelen bozukluk sonucu olusan otozomal resesif bir iire
dongiisti bozuklugudur. Bu gen, ornitin tastyicist 1 (ORC1) proteinini kodlamaktadir.
ORCI proteinin iglevinin bozulmasi, sitozolde ornitin birikimine neden olur. Bunun
sonucunda mitokondriyal ornitin diizeyleri azalir, bu da OTC aktivitesini diislirerek
karbamoil fosfat seviyelerinin artmasina ve hiperammonemiye yol acar. Artan
karbamoil fosfat, pirimidin sentez yoluna girerek idrarda artmis orotik asit atilimina
neden olur. HHH sendromunun klinik belirtileri, diger proksimal {ire dongiisii

bozukluklariyla benzerlik gosterir.

2.7.6. Ure Déngiisii Bozukluklar i¢in Tedavi Yontemleri

Karacigerdeki mitokondriyal amino asit metabolizmasi; azot atilimi, enerji
iiretimi, redoks dengesi ve protein biyosentezi gibi ¢esitli fizyolojik islevleri destekler.
Bu siiregler oldukea diizenli sekilde isler, viicuttaki besin seviyelerine dinamik olarak
uyum saglar. Genetik mutasyonlar ya da sonradan edinilen patolojiler nedeniyle amino
asit metabolizma yolaklarinin bozulmasi, 6zellikle merkezi sinir sistemini etkileyen
sistemik toksisiteye yol agabilir. Dogustan gelen bir¢cok metabolizma hastaligi,
mitokondriyal enzimlerde veya tasiyicilarda meydana gelen bozukluklardan
kaynaklanmaktadir ve toksik metabolit birikimi, hiperammonemi ve metabolik

dekompansasyon ataklar1 goriilmektedir.

Anormal metabolit diizeyleri; hastaligin anlasilmasi, tanist ve takibi agisindan

onemli bir biyobelirte¢ olarak kullanilmaktadir. Mevcut tedaviler, toksik maddelerin
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viicuttan uzaklagtirilmasina, gerekli besin veya kofaktdrlerin takviyesine, metabolit
birikimini Onlemeye yonelik diyet degisikliklerine ve hastaligin ilerlemesini
yavaglatmak i¢in ara iiriin seviyelerini siirlamaya yoneliktir. Ancak enfeksiyonlar
veya bazi ilaglar gibi stres faktorleri, akut dekompansasyonu tetikleyebilir ve bu
durum acil miidahale gerektirmektedir. Sik dekompansasyon, tedaviye uyumsuzluk ya
da klinik durumun ciddi sekilde katiilestigi vakalarda tedavi daha da zorlasir. Kontrol
altina alinamayan semptomlarin oldugu hastalar i¢in karaciger nakli en etkili secenek
olarak kabul edilmektedir; cilinkii saglikli karacigerle beraber eksik olan enzim
aktivitesini geri kazandirilir. Ure déngiisii bozukluklari ve organik asidemiler gibi
hastaliklar, ¢ocuklarda karaciger naklinin en yaygin nedenleri arasinda yer alir.
Karaciger nakli bu hastalarda klinik sonuglari iyilestirir; ancak transplantasyonun
yeterli sayida organ bulunamamasi, cerrahi riskler ve Omiir boyu siiren

immiinsiipresyon yiikii gibi ¢esitli limitasyonlar1 bulunmaktadir.

Yeni teknolojiler, 6zellikle monogenik hastaliklarin tedavisini koklii bir
sekilde degistirmektedir. Adeno-iliskili viriis aracili gen ekleme ve mRNA aktarimi
gibi gen tedavisi teknikleri, propiyonik asidemi ve OTC eksikligi gibi hastaliklar i¢in
klinik olarak test edilmektedir. Bu ydntemler, karaciger hiicrelerinde enzim
aktivitesini dogrudan geri kazandirmay: hedefleyerek uzun vadeli tedavi imkani
sunmaktadir. Ornegin, ge¢ baslangichh OTC eksikligi olan hastalarda DTX301 adl
tedavinin faz III diizeyinde, randomize, ¢ift kor, plasebo kontrollii bir klinik ¢aligmasi
yiriitilmektedir (NCT05345171). DTX301 tedavisinde insan OTC genini kodlamak
icin adeno-iligkili viriis serotip 8 kullanilmaktadir. Yakin zamanda Musunuru ve ark.
yenidogan bir hastada CPS1 eksikligini hedef alan, kisiye 6zel, lipid nanoparcacik
aracili baz diizenleme yaklagimini ortaya koymuslardir. Bu tedavi yonteminde, CPS1
Q335X stop mutasyonunu diizeltmek amaciyla kayjayguran abengcemeran veya k-
abe olarak adlandirilan bir adenin baz diizenleyicisi kullanilmistir. Tedavi sonrasi
plazma amonyak diizeylerindeki diisiis, zararli CPS1 varyantinin basariyla
diizeltildiginin bir gostergesi olarak degerlendirilmistir. Siirekli izlem gerekli olmakla
birlikte, bu aragtirma metabolik hastaliklarin tedavisinde kisisellestirilmis genom

diizenleme tekniklerinin kullaniminda kayda deger bir ilerlemeye isaret etmektedir.
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Genom diizenleme ve tastyict hedefleme alanlarindaki es zamanl gelismeler, tedavi

seceneklerini geleneksel enzim eksikliklerinin 6tesine tasiyabilir.

Metabolik reaksiyonlar fizyolojik islevlerin merkezinde yer aldigindan,
metabolomik profilleme, hastaliklar ile belirli metabolik yollar arasindaki daha once
bilinmeyen baglantilarin kesfedilmesini saglamustir. insan metabolomu {izerine
yapilan kapsamli son dénem Genom Diizeyinde Iliskilendirme Calismalar1 (GWAS),
metabolik profillerdeki bireysel farkliliklar lizerinde 6nemli genetik etkiler oldugunu
ortaya koymustur. Ayrica, gen ekspresyonunun genetik modellerini, genler tarafindan
yonlendirilen metabolit seviyelerinin diizenlenmesiyle birlestiren GeneMAP (Gen-
Metabolit iliskisi Tahmin Platformu) gibi sistemler, metabolik gen fonksiyonlarini
belirlemek amaciyla gelistirilmistir. Bu platformlar, hastaliklarin altinda yatan
mekanizmalar1 daha iyi anlamamiza yardimci olma potansiyeli tasimaktadir. Genel
olarak, karacigerdeki mitokondriyal amino asit metabolizmasinin mekanistik
yonlerine dair bilgimizin derinlesmesi, nadir hastaliklarin yonetilmesine ve kanser gibi

hastaliklara yonelik yeni tedavi stratejilerinin gelistirilmesine katki saglayacaktir.

2.8. Mitokondriyal amino asit metabolizmasi ve kanser

Metabolik yeniden programlama, kanserin temel ozelliklerinden biridir ve
kanser hiicrelerinin ¢ogalma ve hayatta kalma siireclerini siirdiirebilmek icin
metabolik yollarini ¢esitli kosullara uyacak sekilde degistirme yetenegini yansitir. Bu
adaptasyona klasik bir 6rnek Warburg etkisidir; kanser hiicreleri, oksijen varliginda
bile glikozu laktata doniistiirmeyi tercih eder. Kanserle iligkili metabolik degisimlerin
altinda yatan mekanizmalarin aydinlatilmasi timdor biyolojisinin daha iyi anlasilmasini
saglar ve kanser hiicrelerinin metabolik zayifliklarint hedef alan yeni tedavi

stratejilerinin gelistirilmesi i¢in dnemli firsatlar sunar.

Amino asit metabolizmasi, kanser hiicrelerinin hayatta kalmasin1 destekleyen
protein sentezi ve enerji liretimi gibi siireclerde 6nemli rol oynamaktadir. Epigenetik
diizenleme, protein ve niikleik asit metilasyonu araciligiyla tek karbon

metabolizmasiyla yakindan iliskilidir. Metiyonin adenosiltransferaz, metiyonini S-
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adenosilmetiyonine (SAM) doniistiirerek, bu bilesigin baglica metil donorii olarak
islev gormesini saglar. SAM, proteinlerdeki lizin ve arjinin kalintilarinin yani sira
DNA, RNA ve metabolitlerin modifikasyonunda kullanilir. Bu siiregten sonra SAM,
demetilasyonla S-adenosilhomosisteine (SAH) doniisiir. Tiimor baskilayici genlerin
metilasyon yoluyla susturulmasi SAM diizeylerine bagl olan bir siirectir ve bir¢ok
kanser tiiriiniin gelisiminde kritik bir ilk adimdir. Glutatyon (GSH), canh
organizmalarda en yaygin bulunan antioksidandir ve hiicresel redoks dengesinin
korunmasinda temel bir rol oynar. Bu ii¢lii peptit yapt glutamik asit, sistein ve
glisinden olusur. GSH, kanserin ilerlemesinde ¢ift yonlii bir isleve sahiptir. GSH
diizeylerinin azalmasi, oksidatif strese kars1 artan bir duyarlilikla iliskilidir; bu durum,
kanserin ilerlemesinde énemli bir rol oynar. Ote yandan, hiicre ici GSH diizeylerinin
yiiksek olmasi, hiicrenin antioksidan kapasitesini artirarak oksidatif hasara karsi direng

saglar. Bu da cesitli malign hiicrelerde yaygin olarak goriilen bir durumdur.

Glutamat dehidrogenaz 1 (GLUDI), farkli kanser tiirlerinde farkli etkiler
gosterebilir. Ornegin, GLUD1 bazi malign tiimérlerde, 6zellikle kiigiik hiicre dist
akciger kanseri (NSCLC) gibi, asir1 ifade edilirken; hepatoseliiler karsinomda (HCC)
baskilanmistir. GLUD1 ve GLUD?2’yi inhibe eden epigallokatesin gallat’in (EGCG),
IDH1 mutasyonu tasiyan kanser hiicre serilerinin ¢ogalmasini in vitro ortamda
baskiladigr gosterilmistir. Baska bir GLUDI1 inhibitoérii olan R162, NSCLC
hastalarindan tiiretilmis xenograft fare modellerinde hiicre ¢ogalmasini etkili bigimde

azaltarak umut verici sonuglar vermistir.

Cesitli kanser tiirleri, proliferatif kapasitelerini siirdiirmek i¢in ana enerji
kaynagi olarak glutamini kullanir. Bu genellikle glutamin alimmin artmasi ve
glutaminolizis yolunun aktive edilmesiyle gerceklesir. Karaciger tipi glutaminaz
(GLS?2 tarafindan kodlanir), tiimdr olusumunda tiimdr tipine bagli olarak hem tiimor
baskilayici hem de tiimor destekleyici etkiler gosterebilmektedir. Saha ve ark.,
Oncomine veritabanini kullanarak yaptiklar1 ¢calismada, GLS2 geninin mesane, kolon,
rektum, bag-boyun, periton ve akciger kanserlerinde belirgin sekilde asir1 eksprese
oldugunu; buna karsilik beyin, karaciger ve pankreas kanserlerinde ifadesinin anlamli

derecede azaldigini bulmuslardir. Karaciger kanserinde GLS2’nin tiimor baskilayict
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rollerini arastiran Suzuki ve ark. ise, GLS2’nin in vivo olarak hepatoseliiler karsinomu
ferroptozis indiiksiyonu yoluyla baskilayabildigini gostermislerdir. Bu etki,
glutamatin  a-ketoglutarata doniistiiriilmesi sirasinda artan ROS iretimiyle

saglanmaktadir.

Kanserde metabolik yeniden programlamanin bir diger 6rnegi, kiiclik hiicre
dis1 akciger kanseri (NSCLC) alt tiplerinden birinde onemli oldugu gosterilen
karbamoil fosfattir (CP). CP sitozolde CAD olarak bilinen trifonksiyonel bir enzim
tarafindan, mitokondride ise CPS1 tarafindan sentezlenir. CAD, de novo pirimidin
biyosentezi yolaginda glutamin, karbondioksit ve ATP’yi substrat olarak kullanarak
karbamoil fosfat tiretir. NSCLC hiicreleri ise CPS1'1 asir1 ifade ederek mitokondride
CP seviyelerinin artmasimna ve bu CPnin sitozole tagmip pirimidin biyosentezine
katilmasini saglar. Buna karsilik, HCC'de CPS1 ifadesi siklikla hipermetilasyon
yoluyla baskilanir. CPS1 diizeylerinin diisiik olmasi, CAD ekspresyonunun artigiyla
iliskilendirilmistir ve bu durumun, glutaminin CAD reaksiyonuna yonlendirilmesini

kolaylastirdig: diisiiniilmektedir.

OTC diizeylerinin azalmasi, CP'nin substrat olarak yeterince kullanilmamasi
nedeniyle mitokondride birikmesine yol agabilir. OTC ifadesinin azalmasi, ornitinin
kanser hiicrelerinin hayatta kalmasini destekleyen poliamin biyosentezi gibi alternatif
metabolik yollara yonlendirilmesini kolaylastirir. OTC ifadesinin azalmas1 HCC hasta

orneklerinde de bildirilmistir.

2.9. Mitokondriyal bir proteaz olan YMEI1L1

Mitokondriyal homeostazin siirdiiriilmesinin 6nemli pargalarindan bir tanesi
protein kalite kontrol mekanizmalarinin sorunsuz c¢alismasidir. Mitokondri icinde,
farkli alt bolmelere dagilmis, 6zgiin substrat 6zgiilliiklerine sahip ¢esitli ATP’ye bagl
proteolitik kompleksler bulunur. Bu kompleksler mitokondriyal proteostazin
korunmasinda kritik roller {istlenir. Bu 6nemli proteolitik sistemler arasinda, m-AAA
ve i-AAA proteazlari bulunmaktadir. i¢ mitokondriyal membrana gémiilii olarak

konumlanan bu proteazlarin katalitik bolgeleri birbirlerine zit yonlerdedir. i-AAA



XXV

proteazlar1 proteolitik aktivitesini intermembran boslukta gergeklestirir ve bu tiir
proteazlara ornek olarak YMEIL1 verilebilir. Buna karsilik, m-AAA proteazlari
proteolitik aktivitesini mitokondri matriksi yoniinde gosterir ve en bilinen 6rnegi

AFG3L2 proteazidir.

AAA proteazlari, protein kalite kontrolii, mitokondriyal morfolojinin
diizenlenmesi ve ETC komplekslerinin biyogenezi gibi cesitli mitokondriyal
stireclerde gorev alir. YMEILI, mitokondriyal flizyonun kilit diizenleyicisi olan
OPAT’in proteolitik islenmesini ger¢eklestirir. Ayrica YMEILI1, Tim17A ve OMA1
dahil olmak iizere birgok baska substrati da hedef alarak mitokondriyal dinamiklerin
diizenlenmesine katkida bulunur. Buna ek olarak MacVicar ve ark., mTORCI1-
LIPINI-YMEIL  eksenini  mitokondriyal = proteostazin  post-translasyonel
diizenleyicisi olarak tanimlamis ve mitokondriyal besin metabolizmasi ile proteaz

sistemi arasinda bir baglant1 olabilecegini 6ne slirmiistiir.

3. MATERYAL VE METOTLAR

3.1. Hiicre hatlar ve kiiltiir kosullar:

Insan hiicre hatlart HEK293T ve HepG2, ATCC’den temin edilmistir. Tiim
hiicre hatlarinin mikoplazma igermedigi dogrulanmistir. HEK293T hiicreleri, 2 mM
glutamin, %10 fetal sigir serumu ve %1 penisilin/streptomisin iceren RPMI-1640
ortaminda kiiltiire edilmistir. HepG2 hiicreleri ise 4,5 g/L glukoz, 110 mg/L piruvat,
4mM glutamin iceren ve %10 fetal sigir serumu ile %1 penisilin/streptomisin
ilavesiyle desteklenen DMEM ortaminda kiiltiire edilmistir. Tim hiicreler 37 °C’de,

%21 O2 ve %5 CO- ortaminin saglandig1 inkiibatorlerde muhafaza edilmistir.
3.2. Knockout ve cDNA overekspresyon hiicre hatlarinin olusturulmasi
Asir1 ekpresyon hiicre hatlart i¢in, insan SLCA25A47, 3xFlag-SLC25A47 ve

NAGS'nin kodlama dizilerini igeren sentetik gen parcalart Twist Biosciences

tarafindan sentezlendi. SLC25A47, 3xFLAG-SLC25A47 ve NAGS'ye ait cDNA’lar,
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Gibson klonlama yontemiyle pMXS-IRES-BLAST veya pLV-EFla-IRES-Puro
vektorlerine klonlandi. pMXS-IRES-BLAST vektorii BamHI ve Notl ile, pLV-EF1a-
IRES-Puro ise EcoRI ve BamHI ile lineerlestirildi.

Knockout hiicre hatlar1 i¢in, SLC25447 ve YMEILI genlerine 06zgi
sgRNA’larin klonlanmasi i¢in gerekli oligoniikleotidler IDT tarafindan sentezlendi ve
lentiCRISPRvV2-Opti plazmidine (BsmBI ile lineerlestirilmis) Gibson klonlama
yontemiyle eklendi. Knockout hiicreler, puromisin veya blastisidin ile segildikten

sonra FACS kullanilarak tek hiicre klonlamasi ile izole edilip ¢ogaltildi.

sgRNA veya cDNA iceren vektorler; Delta-VPR (lentiviriis i¢in, pLV) veya
Gag-Pol (retrovirilis i¢in, pMXs) gibi paketleme vektorleri ve pCMV-VSV-G ile
birlikte HEK293T hiicrelerine XTremeGene 9 transfeksiyon reaktifi kullanilarak
eszamanli olarak transfekte edildi. Transfeksiyondan 48 saat sonra virlis iceren
siipernatant toplandi ve 0.45 um filtre ile siiziildii. Hedef hiicreler, 6 kuyucuklu doku
kiiltiirii plakalarinda, filtrelenmis viral slipernatantin kiiltiir ortamma 4 pg/mL
polybrene ile eklenmesi ve ardindan 2200 rpm’de 80 dakika santrifiijlenmesiyle
enfekte edildi. Ertesi giin ortam degistirilerek geriye kalan virlis ortamdan

uzaklagtirildu.

pMXS-IRES-BLAST tastyan hiicreler blastisidin, pLV-EFla-IRES-Puro
tastyan hiicreler ise puromisin ile se¢ildi. Endojen SLC25A47 proteini igin glivenilir
bir antikor olmadigindan, sgSL.C25A47 ile transfekte ya da transdiikte edilen hiicreler,
genomik DNA’nin Sanger sekansina dayali olarak Synthego tarafindan gelistirilen
ICE (Inference of CRISPR Edits) analiz yontemiyle degerlendirildi. Tiim yapilar i¢in,
gen eklenmemis bos vektorler kontrol olarak kullanildi. Her yapi, Sanger dizileme

yontemiyle dogrulandi.



XXviii

3.3. Fareler

3.3.1. Slc25a47-knockout farelerin olusturulmasi

Slc25a47-KO fareleri, ekson 2’de indel olusturup SLC25A47 proteininin
translasyonunu sonlandirmak amaciyla Cas9/gRNA RNP kompleksinin C57BL/6J
fare zigotlarina enjekte edilmesiyle olusturulmustur. Slc25a47°nin ekson 2’sine
baglanan iki gRNA’nin, off-target potansiyeli CRISPOR araciyla degerlendirilmistir
ve fare embriyolarindaki on-target etkinligi temel alinarak se¢im yapilmistir. gRNA’y1
bir araya getirmek icin sentetik crRNA ve tracrRNA kullanilmigtir. gRNA ve Cas9
proteini iceren mikroenjeksiyon kokteyli hazirlama yontemi daha 6nce tanimlandigi

sekliyle uygulanmistir.

3.3.2. Fare plazmasinin metabolik analizi

Farelerin kan1 submandibular damardan lanset yardimiyla EDTA igeren tiiplere
alinmis ve 4 °C’de, 500 x g’de 5 dakika santrifiij edilmistir. Elde edilen slipernatanttan
5 pL, amino asit standartlar1 iceren %75 asetonitril/%25 metanol’den 45 pL ilave
edilip karistirllmigtir. Karisim, 4 °C’de >14.000 x g hizda 10 dakika santrifiij edilmis,
ardindan -80 °C’de saklanmustir.

3.3.3. Fare serumundan BUN (kan iire azotu) ol¢ciimii

BUN (Kan Ure Azotu), kanda bulunan iire miktarmi Slcer. Bu test hem
karaciger hem de bobrek fonksiyonlarmin onemli bir gostergesidir ¢ilinkii {ire
karacigerde iiretilir ve bobrekler yoluyla viicuttan atilir. BUN tayini, baglantili bir
enzimatik reaksiyon sistemine dayamir. ilk adimda, iire, iireaz enzimi tarafindan
amonyak ve karbondioksite pargalanir. A¢iga ¢ikan amonyak, NADH varliginda a-
ketoglutarat ile reaksiyona girerek glutamat olusturur. Bu siirecte NADH, esit oranda
oksitlenir ve 340 nm dalga boyunda absorbans azalmas1 meydana gelir. Bu absorbans

azalmasi, drnekteki iire azotu konsantrasyonu ile dogru orantilidir.
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3.3.4. Fare tiimor deneyleri

NSG farelerine, tiimorler maksimum hacim olan 2 cm®'e ulasmadan &nce, 4
hafta sonunda 6tenazi yapildi. Subkutan tiimdr olusumu igin, 1 < 10 HepG2 hiicresi,
%30 Matrigel iceren 100 pL serumsuz DMEM ortaminda siispanse edilerek farelerin
yan taraflarindaki deri altina enjekte edildi. Her fareye farkli deney gruplari her iki
yanina ayri ayrt uygulandi. Fareler Gtenaziyle sonlandirildiktan sonra tiimorler

cikarilip tartildi.

3.4. Western blot

Kiiltiire edilen hiicreler i¢in, 1 x 10° hiicre soguk PBS ile yikandi ve Triton lizis
tamponu icinde, 1:200 oraninda proteaz inhibitdr kokteyli eklenerek lizise ugratildi.
Doku o6rnekleri igin, 1020 mg doku 6rnegi soguk PBS ile yikandi, mikro santrifiij
tiiplerinde homojenize edildi ve EDTA i¢cermeyen proteaz inhibitdr kokteyl tableti
ilavesiyle Triton lizis tamponu i¢inde lizise ugratildi. Lizatlar sonikasyona tabi tutuldu,
1.000 x g’de santrifiij edildi ve siipernatant protein lizat1 olarak toplandi. Toplam
protein, protein standardi olarak sigir serum albiimini kullanilarak BCA Protein Assay
Kit’i ile kantitatif olarak belirlendi ve Ornekler arasinda esit seviyelere ayarlandi.
Protein Ornekleri 95°C’de 5 dakika kaynatildi, %10-20 SDS-PAGE jellerinde
ayristirildi. Transfer sonrasinda %5 BSA iceren Tris-tamponlu salin (TBS) ve %0,1
Tween-20 (TBS-T) ile bloklama sonrasi, PVDF membranlar 4 °C’de birincil
antikorlarla bir gece inkiibe edildi. Membranlar TBS-T ile yikandiktan sonra, ikincil
antikorlarla oda sicakliginda 1 saat inkiibasyon yapildi. Ikincil antikorlar olarak anti-
mouse [gG-HRP bagli ve anti-rabbit IgG-HRP bagli kullanildi ve 1:3000 oraninda

seyreltildi. Membranlar TBS-T ile iyice yikandiktan sonra goriintiileme yapildi.
3.5. Immiinofloresan
HEK293T hiicreleri, poli-D-lizin kapli lamlar iizerine ekildi. Deney giin,

hiicreler ii¢ kez PBS ile yikandi ve PBS i¢inde %4 formaldehit ile 15 dakika fikse
edildi. Ardindan tekrar yikandi ve %0,1 Triton-X 100 ile gecirgenlestirildi. Hiicreler,
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%1 sigir serum alblimini ile 30 dakika bloklandiktan sonra, birincil antikorlarla
4 °C’de bir gece boyunca inkiibe edildi. Lamlar ii¢ kez PBS ile yikandiktan sonra,
1:300 diliisyonda hazirlanmis ikincil antikorlarla boyandi. Antikorla isaretlenen
lamlar, DAPI (100 ng/ml) ile boyandi. U¢ PBS yikamasimin ardindan, lameller cam
lamlar tizerine ProLong Gold Antifade Mountant kiti ile monte edilerek oje ile

kapatildi. Konfokal goriintiileme gergeklestirildi.

3.6. Mitokondriyal immiinopiirifikasyon

3.6.1. Hiicrelerden mitokondriyal immiinopiirifikasyon

Mitokondriler, 3xHA-OMP25-mCherry ve 3xMyc-OMP25-mCherry
(kontrol) eksprese eden HEK293T ve HepG2 hiicrelerinden saflastirilmistir. Kisaca,
25-30 milyon hiicre toplanmis ve soguk salin (%0.9 NaCl) ile iki kez yikanmis,
ardindan 1 ml soguk KPBS ile kazinarak toplanmistir. Toplanan hiicreler 1.000 x g’de
1,5 dakika, 4 °C’de santrifiij edilerek ¢oktiiriilmiistiir. Hiicreler 1 ml KPBS iginde
yeniden siispanse edilmistir. Hiicrelerin 10 puL’si tiim hiicre proteini 6rnegi elde etmek
tizere 1% Triton lizis tamponu igeren 40 pL’ye; baska bir 10 pL’lik kisim ise dogrudan
tiim hiicre metabolitlerinin ekstraksiyonu i¢in %80 metanol 50 pL’ye aktarilmistir.
Kalan 6rnek, bir set 20 darbe ve bir set 10 darbe olacak sekilde 2 ml’lik bir
homojenizatorle homojenize edilmistir. Santrifiij sonrasi elde edilen homojenat, 4
°C’de 5 dakika boyunca doner ¢alkalayicida 200 uLL KPBS ile 6nceden yikanmis anti-
HA manyetik boncuklarla inkiibe edilmistir. Boncuklar soguk KPBS ile ili¢ kez
yikandiktan sonra, hacimlerinin %10°u protein ekstraksiyonu i¢in %1 Triton tamponu
ile, kalan %90°1 ise agir izotop etiketli amino asit standartlar1 igeren %80 metanolde,
4 °C’de 10 dakika boyunca doner c¢alkalayicida inkiibe edilerek ekstrakte edilmistir.
Numuneler daha sonra 20.000 x g’de santrifiij edilerek olas1 hiicresel kalintilar veya
boncuk kontaminasyonlar1  uzaklastirilmistir. Numuneler, kurutma islemi
uygulanmaksizin LC-MS ile polar metabolit profillemesine tabi tutulmustur. Elde
edilen veriler sitrat sentaz (CS) protein diizeyi (Western blot ile) veya NAD* miktarina

gore normalize edilmistir.
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3.6.2. Dokulardan mitokondriyal immiinopiirifikasyon

Karaciger, punch biyopsi aleti kullanilarak ¢ikarildiktan hemen sonra soguk
KPBS ile ii¢ kez yikanmustir. Iki parca karaciger dokusu (toplam ~50 mg), 1 mL KPBS
icerisinde, homojenizatdr kullanilarak 4 °C soguk odada 220 rpm hizla doku tamamen
homojen hale gelene kadar homojenize edilmistir. Elde edilen homojenat, santrifiij
tiipline aktarilmig ve 4 °C’de, 1.000 x g’de 2 dakika santrifiij edilmistir. Siipernatanttan
10 pL alinarak, yapilacak ileri analiz tiirline (metabolit veya protein ekstraksiyonu)
gbre uygun ekstraksiyon tamponu ile isleme alinmistir. Kalan siipernatant, dnceden
KPBS ile ii¢ kez yikanmis anti-HA boncuklari ile 4 °C’de, doner calkalayicida 5
dakika immiinopresipitasyona tabi tutulmustur. Baglanmamis materyalin
uzaklastirllmasi i¢in KPBS ile ii¢ kez yikanmistir. Son yikamada, boncuk
stispansiyonunun %50’si protein ekstraksiyonu ve Western blot amaciyla ayrilmais,
KPBS aspire edilerek boncuklar 50 puL Triton lizis tamponu ile karistirilmistir. Kalan
kisim ise agir izotoplar ile isaretlenmis amino asit standartlar1 iceren %80 metanol
kullanilarak ekstrakte edilmistir. Girdi Orneklerinden ve immiinopresipite edilmis
protein orneklerinden 5 puL alinarak 45 pL Triton lizis tamponu ile seyreltilmis ve

Western blot analizinde kullanilmak iizere hazirlanmistir.

3.7. LC/MS ile metabolit profilleme

Deneyden iki giin 6nce, yaklagik 300.000 HEK293T hiicresi 6 kuyucuklu
plakalara ekildi. Farmakolojik islemleri takiben, hiicreler hizla %0,9 NaCl ile iki kez
yikandi ve polar metabolitler, tamamen N ve !3C ile isaretlenmis amino asit
standartlar1 igeren %80 metanol kullanilarak ekstrakte edildi. Hiicre ekstraktlar
4°C’de 10 dakika dondiiriilerek karistirildi, ¢dziinmeyen hiicresel kalintilarin
uzaklastirilmasi i¢in 19.000 x g’de santrifiij edildi. Elde edilen siipernatant, azot gazi
iiflenerek kurutuldu ve analiz 6ncesine kadar -80 °C’de saklandi. Metabolit miktarlari,
BCA Protein Assay Kit ile 6l¢iilen toplam protein miktarina normalize edildi. Relatif

metabolit seviyeleri, internal metabolit kontrollerine normalize edildi.
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3.8. LC/MS ile tiim hiicre ve mitokondri metabolitlerinin kantifikasyonu

MitolP ekstraktlar1 (%80 metanol i¢inde) 10 saniye vorteks ile karistirildi,
4°C’de 20.000 x g’de 30 dakika santrifiij edildi ve siipernatanttan 5 pL’lik 6rnek,
ZIC-pHILIC 150x2.1 mm kolonu iizerine enjekte edildi. Kurutulmus polar
ekstraktlar, %50 asetonitril iceren 60 pL. tamponda ¢oziindiiriiliip 20 saniye vortex
yapildiktan sonra ayni kosullarda santrifiij edildi ve 5 pL siipernatant enjekte edildi.
LC-MS analizi, Ion Max kaynak ve HESI II problu Dionex Ultimate 3000 UPLC

sistemiyle entegre bir Q Exactive orbitrap kiitle spektrometresi kullanilarak yiiriitiildi.

3.9. FACS temelli CRISPR taramasi

Split mNeonGreen2-SLC25A47 ve split mNeonGreen2-MICU1 ¢cDNA’larini
birlikte eksprese eden HEK293T hiicrelerinden tek hiicreli bir klon, FACS tabanl
ayirma isleminden sonra 96 kuyucuklu plakalara kuyucuk basina ortalama <0.5 hiicre
yogunlugunda ekilerek elde edildi. Bu klon daha sonra ¢ogaltildi ve tarama (screen)
icin kullanild1. Kisaca, kiitiiphanedeki sgRNA sayisinin yaklasik 1000 kat1 kadar
hiicre, MOI (multiplicity of infection) degeri 0.5 olacak sekilde enfekte edildi. Enfekte
edilen hiicreler, enfeksiyondan 48 saat sonra 2 pg/ml puromisin ile 3 giin boyunca
secildi. Ardindan puromisin ortamdan ¢ikarildi ve hiicrelerin toparlanmasina 2 giin
izin verildi. Daha sonra hiicreler tripsinizasyonla toplandi, soguk PBS ile yikandi ve
siispansiyon halinde soguk metanol, hiicre siispansiyonuna yavasca karistirilarak
%80’lik son derisime ulasilacak sekilde damla damla eklendi. Sorting isleminden 6nce
hiicreler, damla damla PBS eklenerek yeniden sivi hale getirildi. Ardindan hiicreler
pelet haline getirilip soguk PBS ile iki kez yikandi ve FACS tamponunda (PBS i¢inde
%0.5 BSA ve 2 mM EDTA) siispanse edildi. Hiicreler FACS tamponuyla iki kez
yikand1 ve 70 pm’lik hiicre filtresinden gegcirildi. FITC sinyal siddetine gore Sony
MA900 sorting cihazi ile siralandi. Mitokondriyal proteaz taramasi i¢in, mNeonGreen
yiiksek sinyalli hiicrelerin yaklasik %3’ ve diisiik sinyalli hiicrelerin yaklasik %10°u
topland1. Siralama 6ncesi ve sonrasi hiicrelerden genomik DNA, Qiagen Blood & Cell
Culture DNA Midi Kit ile izole edildi; sgRNA dizileri PCR ile ¢cogaltild1 ve Illumina
MiSeq veya NextSeq 500 platformlarinda dizilendi. Gen skorlari, siralanmisg
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fraksiyonlardaki sgRNA miktarlarinin siralama oncesi kontrol grubuna gore log2

degisimlerinin medyan1 olarak hesaplandi.

3.10. istatistiksel analizler

Istatistiksel analizler icin GraphPad PRISM v10 ve Microsoft Excel 16.98
kullanilmistir. Metabolomik analizler Skyline (v.20.1.1.158) ile, goriintii analizleri ise
ImageJ FIJI (NIH, Siirim 1.0) programlariyla gerceklestirilmistir. P degerleri ve
kullanilan istatistiksel testler sekil alt1 agiklamalarda belirtilmistir. Tiim deneyler en az
iki kez, benzer sonuglarla tekrarlanmistir. Hem teknik hem biyolojik replikatlar
giivenilir sekilde ¢ogaltilmistir. iki ortalama deger arasindaki karsilastirma, iki yonlii

bagimsiz gruplar t-testi ile yapilmistir.

4. BULGULAR

4.1. Kanser metabolizmasim incelemek icin model bir tasiyicinin

belirlenmesi

Bu calisma i¢in, ¢aligilacak transport proteinini belirlemek amaciyla kriterler
olusturduk. Birincil kriter, belli bir organda yiiksek ekspresyona sahip bir tasiyiciya
odaklanilmas1 amaciyla secilecek tasiyici proteinin organ 6zgiilliigii olarak belirlendi.
Bu kriter, yalnizca tagtyicinin ilgili organda potansiyel olarak 6zellesmis bir fizyolojik
role sahip oldugunu gostermekle kalmayip, ayni zamanda deneysel tasarimin da
kolaylagmasini saglamaktadir. Ikincil kriter ise tastyicinin kanser ile iliskili olduguna
dair Onceki ¢aligmalarin literatiirde olmasiydi. SLC25A ailesi iiyeleri tarandiktan
sonra, SLC25A47 proteinin her iki kriteri karsiladign gériildii. Oncellikle,
SLC25A47’nin yalmizca karacigerde eksprese edildigi anlasildi. Ek olarak, bir
calisgmada SLC25A47’nin hepatoselliiler karsinom dokularinda, eslestirilmis non-
kanserdz karaciger dokularma kiyasla anlamli sekilde azaldigi gosterilmistir. Bu
azalma nedeniyle SLC25A47, HDMCP (HCC-down-regulated mitochondrial carrier

protein) olarak adlandirilmistir.
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Phylogene platformu kullanilarak yapilan filogenetik analiz, SLC25A47 nin,
iire dongiisiinde rol alan ornitin—sitriilin antiporterlerini kodlayan paraloglar olan
SLC25A15 ve SLC25A2 ile ortak evrim gecirdigini ortaya koymustur. Bu evrimsel
iliski, SLC25A47’nin {ire dongiisii ile baglantili olabilecek karacigere o6zgii bir
metabolik yolda gorev alabilecegini diisiindiirmektedir. Literatiir incelendiginde, daha
once yapilan caligmalarda sican karacigerinde N-asetilglutamat (NAG) hidrolizinin
mitokondride gerceklesmedigini ve mitokondriden NAG’nin digar1 aktarimini
saglayan tagiyicinin heniiz tanimlanmadigini gostermektedir. Literatiirdeki bu bosluga
dayanarak bu calismanin hipotezi, SLC25A47’nin mitokondriden sitozole NAG

tastyan bir transport proteini olarak islev gérmesidir.

4.2. SLC25A47 overeksprese hiicrelerde mitokondriyal NAG miktar:

onemli dl¢iide azalmistir

Bu calisma icin en uygun in vitro model olarak HepG2 insan hepatoselliiler
karsinom hiicre hatt1 secilmistir. Bulgularin dogrulanmasi amaciyla, mitokondriyal
immiinopresipitasyonun daha net sonuglar verdigi HEK293T hiicreleri kontrol olarak
kullanilarak paralel deneyler gerceklestirilmistir. Bunun nedeni, HEK293T
hiicrelerinin daha kiiclik boyutlarinin olmas1 ve daha az kontaminan organel

icermeleridir.

SLC25A47’nin fonksiyonelligini objektif sekilde degerlendirmek i¢in, Mito-
Tag (3xHA-OMP25-mCherry) eksprese eden SLC25447-knockout ve SLC25447
cDNA eklenmis HepG2 hiicreleri olusturuldu. Mito-Tag kontrolii olarak ise 3xmyc—
OMP25-mCherry iceren Mito-Tag kullanildi. Ardindan, hem tiim hiicrelerin hem de
imminopiirifiye edilmis mitokondrilerin polar metabolomu, LC-MS ile profillendi.
SLC25447 cDNA eklenmis ve SLC25A447 geni silinmis hiicrelerde NAG diizeyinde
anlamli bir azalma gozlendi. SLC25A47 kaybu, tiim hiicredeki NAG diizeyini ve ¢cogu
mitokondriyal metabolit seviyesini etkilemedi; ancak mitokondrideki NAG
diizeylerinde 5 ila 8 kat artisa neden oldu. Bu sonuglar, SLC25A47-null HEK293T
hiicrelerinde de dogrulandi. Bu veriler, SLC25A47°nin mitokondriyal NAG

diizeylerini diizenledigi hipotezini desteklemektedir.
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4.3. SLC25A47, mitokondrideki fizyolojik diizeyin iizerindeki NAG

diizeylerini diisiirebilmektedir

Yiiksek protein alimini taklit eden kosullarda mitokondriyal NAG diizeylerinin
artmasina karsilik SLC25A47°nin bu metaboliti disa tasiy1p tasryamadigini test etmek
amactyla, HEK293T hiicrelerinde NAGS enzimini overeksprese ettik. Ilk olarak,
NAGS eksprese eden HEK293T hiicre hatlari olusturduk, ardindan bu hiicreler
SLC25A47 c¢DNA’s1 tastyan bir vektor ile enfekte edildi. Onceki bulgulart
dogrulayacak sekilde NAGS ve SLC25A47'yi birlikte eksprese eden hiicrelerde,
yalnizca NAGS eksprese eden hiicrelere kiyasla mitokondriyal NAG diizeylerinin
daha diisiik oldugu gozlemlendi. Tiim hiicre diizeyinde, NAGS overekspresyonu NAG
diizeylerini artirirken, SLC25A47 ile birlikte ifade edildiginde bu artis daha da belirgin
hale geldi. Bu bulgular, SLC25A47 ile NAGS arasinda olas1 bir feedback regiilasyon
iliski olabilecegini diisiindiirmekte olup, bu iliskinin molekiiler diizeyde daha ayrintili

aragtirtlmasi gerekmektedir.

4.4. SLC25A47 mitokondriyal N-Karbamilglutamat seviyelerini etkiler

N-Karbamilglutamat (veya karglumik asit, NCG), hiperammonemi tedavisinde
kullanilan sentetik bir NAG analogudur. Hiicrelerin bir gece boyunca 1 mM veya 2
mM NCG ile muamele edilmesinin ardindan mitokondri immiinopiirifikasyonunu
gerceklestirildi. Kontrollerle karsilastirildiginda, SLC25A47 c¢DNA’s1 ile
tamamlanmis HEK293T hiicrelerinde mitokondrideki NCG miktar1 daha az oldugu
goriildi. Bu durum, SLC25A47°nin yalnizca mitokondriyal NAG seviyelerini
etkilemedigini, ayn1 zamanda onun sentetik analogu olan NCG’nin mitokondriyal

diizeylerini de azalttigin1 diisiindiirmektedir.

4.5. SLC25A47 silinmesi, in vivo olarak mitokondriyal NAG birikimine yol

acar

4.5.1. Fonksiyon kayb1 fenotipi icin in vivo modelin olusturulmasi
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SLC25A47 geninin fizyolojik roliinii karakterize etmek amaciyla,
CRISPR/Cas9 genom diizenleme yontemi kullanilarak tiim viicut Slc25a47 knockout
fare modeli olusturduk. Tiim deneylerde genetik arka plan olarak C57BL/6J fare susu
kullanildi. 6 ekzon igeren Slc25a47 geni i¢in, yontemler boliimiinde ayrintili olarak
aciklandig1 tizere, 2. ekzona hedeflenen sgRNA’lar tasarlandi. Yapilan taramalar
sonucunda 63 baz ¢ifti silinmis bir mutant hat elde edildi ve bu mutasyonun, olgun
mRNA'da intron tutulmasina neden oldugu, dolayisiyla hatali protein sentezine yol
actigt  dogrulandi.  Karacigere 0zgli  mitokondriyal —immiinopiirifikasyon
gerceklestirebilmek amaciyla, Slc25a47 heterozigot fareler, Mito-Tag alleli i¢in

heterozigot olan farelerle ¢aprazlandi.

4.5.2. Mitokondriyal NAG, Slc25a47-knockout farelerin

mitokondrilerinde artmstir

SLC25A47'nin in vivo NAG diizeylerini nasil etkiledigini aydinlatmak
amaciyla, Slc25a47-knockout farelerini MITO-Tag fareleriyle caprazlayarak elde
ettigimiz hayvanlarin karaciger dokusundan mitokondriyal immiinopiirifikasyon
gerceklestirdik ve bu 6rnekleri, ayn1 anneden ayni1 anda dogan kontrol farelerle (wild-
type) karsilagtirdik. Kalite kontrolii amaciyla, mitokondriyal protein ve metabolitlerin
basariyla zenginlestirildigini ve diger organellerden kaynaklanan kontaminasyonun
minimal oldugunu dogruladik. LC-MS analizi, SLC25A47 proteini olmayan
mitokondrilerde NAG diizeylerinin belirgin sekilde arttigini, ancak diger
metabolitlerde anlamli  bir degisiklik olmadigin1 gosterdik. Bu bulgular,
SLC25A47°nin mitokondriyal NAG homeostazin1 diizenleyici bir rol oynadigini

gostermektedir.

4.5.3. Yiiksek proteinli diyet, Slc25a47-knockout farelerde serum

glutamin seviyelerinin azalmasina yol acar

Mitokondriden NAG tasinmasini artirmak amaciyla, deneyden iki hafta 6nce

farelere yiiksek proteinli bir diyet (normal protein diizeyi olan %20'ye kiyasla %65
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protein) verildi. Serum Orneklemesinden hemen once, iire dongiisii yoluyla
metabolitlerin temizlenmesini saglamak amaciyla fareler 4 saat (veya gece boyunca)
stireyle a¢ birakildi. Ardindan, Slc25a47-knockout fareler ile ayn1 anneden ayni anda
dogan kontrol farelerinde (wild-type) serum metabolomik profilleme gergeklestirildi.
Aglik periyodunun ardindan, Slc25a47-knockout farelerde anlamli sekilde artmis kan
iire azotu (BUN) diizeyleri gézlendi; bu durum, artmis iire dongiisii aktivitesine isaret
etmektedir. Bu bulguya paralel olarak, knockout farelerde serum glutamin
konsantrasyonunun belirgin sekilde azalmis oldugu goriildii; bu da, aglik durumuna
ragmen devam eden iire dongiisii aktivitesine bagli olarak glutaminin birincil azot
kaynag1 olarak harcandigina isaret etmektedir. Diger amino asit diizeylerinde ise

anlamli bir degisiklik gézlenmemistir.

4.6. Mitokondriyal proteaz YME1L1, SLC25A47 proteininin yitkimindan

sorumludur

Mitokondride SLC25A47 proteininin stabilitesini diizenleyen mekanizmalari
arastirmak amaciyla, proteinin yar1 Omriinii sikloheksimid takip deneyleriyle
inceledik. Bulgularimiz, SLC25A47'nin dogal olarak kararsiz oldugunu ve yaklasik 20
dakikalik bir yar1 dmre sahip oldugunu ortaya koydu. Ancak, BSO (1 mM) ve erastin
(5 puM) ile yapilan muamelelerin SLC25A47’nin yar1 Omriinii belirgin sekilde
uzattigini  gézlemledik; bu etkinin altinda yatan mekanizma ise heniiz
bilinmemektedir. Bu veriler, SLC25A47’nin yikiminda proteolitik siireclerin rol

oynayabilecegine isaret etmektedir.

SLC25A47’nin yikimindan sorumlu olabilecek olas1 mitokondriyal proteazlari
belirlemek icin, split mNeonGreen2-SLC25A47 yapisin1 kullanan FACS temelli
CRISPR taramasi tasarladik. SLC25A47-NG2(11)’in, mitokondriyal zarlar arasi
boslukta lokalize olan MICU1-NG2(1-10) ile birlikte eksprese edilmesi, basarili
protein etkilesimi sonucunda artan giiglii floresans sinyali ile sonuglandi. Bu hiicrelere,
34 adet mitokondriyal proteaz genini hedefleyen (her gen i¢in yedi sgRNA igeren) bir
sgRNA Kkiitliphanesi tanitildi. Hiicreler, floresan sinyal yogunluguna gore ayrilarak

yiiksek (SLC25A47-hi) ve diisiik (SLC25A47-lo) mNeonGreen sinyali veren
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poptilasyonlardan elde edilen sgRNA’lar NGS ile analiz edildi. Taramaya dahil edilen
genler arasinda, yalnizca mitokondriyal bir proteaz olan YMEILI’nin kaybi
SLC25A47’nin stabilitesini anlamli bi¢cimde artirdi. Bu sonug, YMEIL1’ nin
SLC25A47’nin yikiminda temel bir diizenleyici olarak rol oynadigini géstermektedir.

4.7. HepG2 hiicre hatti ile subkiitan tiimor olusumu

Tiimdr bilylimesini incelemek amaciyla NSG fareleri model olarak kullanildi.
Hayvanlara tiimor enjeksiyonundan 4 hafta sonra 6tenazi uygulandi. Subkiitan tiimor
olusumu i¢in, 1 x 10° HepG2 hiicresi — SLC25A47-geni knockout veya SLC25A47
cDNA'’s1 eklenmis knockout hiicreler (addback) — 100 pL’lik serum igermeyen
DMEM ortaminda, %30 Matrigel icerecek sekilde siispanse edilerek farelerin yan
taraflarina enjekte edildi. Her fareye, sol taraftan knockout hiicreler, sag taraftan ise
addback hiicreler enjekte edildi. ilk deneyler, SLC25A47-addback hiicrelerinden
olusan tiimorlerin, knockout hiicrelerden olusanlara kiyasla anlamli sekilde daha
biiylik oldugunu gosterdi. Ancak, daha sonraki tekrarlanan deneylerde bu fark yeniden
gozlemlenemedi ve ayni tek hiicre klonlar1 kullanilarak yapilan ortotopik karaciger
enjeksiyonlarinda da knockout ve addback gruplar1 arasinda tiimdr biiyiimesinde

herhangi bir fark goriilmedi.

5. TARTISMA

Mitokondriyal tastyici ailesinin (SLC25 ailesi) iiyeleri de dahil olmak iizere
bircok tasiyict proteininin (solute carrier) fizyolojik substratlar1 biiyiikk ol¢iide
tanimlanmamistir. SLC25 ailesi, dogustan gelen metabolizma bozukluklarindan
kansere kadar cesitli hastaliklarla iliskilendirilen bir grup mitokondriyal tasiyiciy1
kapsamaktadir. Bu g¢alismada, karacigere 0zgii yiiksek diizeyde ifade edilen ve
hepatoselliiler karsinom ile potansiyel iligkisi bulunan bir mitokondriyal tasiyici olan

SLC25A47’nin fizyolojik substratini tanimlamaya odaklandik.

Bu calisma, karacigere 6zgii olarak eksprese edilen mitokondriyal bir tasiyict

olan SLC25A47’nin, hepatik azot metabolizmasinin 6nemli bir diizenleyicisi
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oldugunu ortaya koymaktadir. Filogenetik analizlerde SLC25A47’nin {ire dongiisii
tastyicilartyla birlikte evrimlesmis olmasi ve bilinen bir tasiyict olmadan NAG (N-
asetilglutamat) hidrolizinin mitokondri disinda gergeklestigine dair kanitlar
dogrultusunda, SLC25A47 nin mitokondriden NAG’1 disar1 tastyan bir tastyici olarak
gorev yaptig1 hipotezini ortaya koyduk. Bu hipotezi test etmek i¢in hem in vitro hem
de in vivo deneyler gerceklestirerek SLC25A47'nin islev kazanimi veya kaybinin
mitokondriyal ve sitozolik NAG diizeylerini etkileyip etkilemedigini degerlendirdik.
Hem in vitro hem de in vivo modeller kullanilarak yapilan deneyler, SLC25A47 nin
silinmesi ve overekspresyon durumlarinda mitokondriyal NAG seviyelerinde
degisiklikler oldugunu ortaya koymustur. Overekspresyon mitokondriyal NAG
miktarlarin1 azaltirken, knockout edilmesi bu seviyeleri arttirmigtir. Bulgularimiz,
SLC25A47’nin NAG’nin mitokondri disina tasinmasi ic¢in gerekli olan bir
mitokondriyal tasiyict oldugunu gdstermekte ve bdylece karaciger azot

metabolizmasinda daha dnce tanimlanmamis bir bilesen tanimlanmastir.

Onceki ¢aligmalar, serum amino asit diizeyleri ile iire {iretim hiz1 arasinda
dogrusal bir iliski oldugunu gostermistir. Bu durum, iire sentezinde sinirlayici ana
faktoriin  karacigerin igsel sentez kapasitesinden ziyade serum amino asit
konsantrasyonu oldugunu ortaya koymaktadir. insanlar, fazla miktarda alinan diyet
proteininin yikimi i¢in son derece etkili bir mekanizmaya sahiptir. Bu mekanizma
hepatositlerde iire dongiisii tarafindan gergeklestirilir. Ure dongiisii, hepatositlerin
yasammin son evrelerine kadar islevini siirdiirebilecek kadar dayaniklidir. Ure
dongiisii aktivitesinde belirgin bozulma genellikle yalnizca belirgin hepatoseliiler
kayip veya karaciger metabolizmasin1 bypass eden portosistemik sant gibi ciddi

karaciger hastaliklarinda gozlemlenir.

Ure dongiisiiniin iyi tamimlanms tek diizenleyici kontrolii, NAG tarafindan
aktive edilen CPS1 diizeyinde ger¢eklesmektedir. Ancak, hepatositlerin mitokondriyal
matriksine amino asit akiginda gegici bir artis1 takiben dongiiniin nasil baskilandigina
dair mekanizma hala net degildir. NAG mitokondriyal matrikste hidrolize
ugramadigina gore, mitokondriden disa tasinmasi, iire dongiisii aktivitesinin

azalmasima katkida bulunabilir. Bulgularimiza dayanarak SLC25A47 tastyicisinin,
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portal dolagimla karacigere iletilen yemek sonrasi azotlu substrat artigina yanit olarak
iire dongiisii aktivitesini diizenleyen ek bir kontrol bileseni olarak gorev yapabilecegini
one siirmekteyiz. Bu hipotez, Slc25a47-KO farelerinde periferik kanda anlamli
derecede azalmis glutamin diizeylerinin gozlemlenmesiyle desteklenmektedir. Bu da
iire donglisiiniin normalden daha uzun siire aktif kaldigin1 ve azotun daha etkin bir
sekilde atildigini gostermistir. Bu bulgular, SLC25A47°nin karacigerin ozellikle
beslenme sonrasinda amino asit miktarlarinin artmasma verdigi metabolik yanita

uyum saglamasinda 6nemli bir rol oynadigini gostermektedir.

Ure déngiisiinii in vitro olarak caliymanmn bazi kisithiliklari nedeniyle, bu
caligsmada in vivo knockout deneyleri kullanilmistir. Bu kisithiliklar arasinda, dongiide
yer alan proteinlerin cogunun hiicre hatlarinda eksprese edilmemesi, eksik bilesenlerin
asir1 eksprese edilmesi durumunda anlamli olabilecek degisikliklerin maskelenmesi ve
islev kaybi fenotipinin degerlendirilememesi yer almaktadir. Ayrica, organizma
diizeyinde, tiim viicut metabolizmasindaki downstream etkiler in vitro sistemlerde ele

alinamamaktadir.

Mitokondride NAG’nin metabolize edilmedigi goz Oniine alindiginda, bu
bilesigin disartya tagimasi, lire dongiisiiniin aktivitesini baskilamay1 saglayan bir
mekanizma olarak ortaya ¢ikmig olabilir. Dolayisiyla SLC25A47 nin, hem bir tastyici

hem de diizenleyici bir protein olarak gorev yaptig1 sdylenebilir.

Caligmada ayrica, bu tasiyicinin diizenleyicileri de tanimlanmaktadir.
Mitokondriyal proteaz YMEILI’in, SLC25A47’nin protein diizeyini diizenlemekte
oldugu gosterilmistir. YMEIL1’in genetik olarak silinmesi, tasiyicinin protein
seviyelerini daha stabil hale getirmektedir. Ek olarak, mTORC1/2 inhibitdrii Torin’in
SLC25A47 nin stabilitesini azalttig1 ve bu tasiyicinin besin duyarli mTORC sinyali

tarafindan kontrol edildigi gosterilmektedir.

Acglik sirasinda, portal dolasimdaki amino asit konsantrasyonu diiser ve bu
durum mTORC gibi besin algilama yollarmin aktivasyonunun azalmasina ve iire

dongiisii aktivitesinin diigmesine yol acar. Ozellikle arjinin, glutamin ve glutamat
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amino asitlerinin azalan girisine bagli olarak NAGS, CPS1 ve GLS2 enzim aktiviteleri
azalir. Mitokondride asir1 diizeyde NAG bulunmadiginda, mitokondriyal proteaz
YMEIL1 aktif kalir ve SLC25A47 nin proteolitik yikimini kolaylastirarak NAG’nin
sitozole ¢ikisini azaltir. Buna karsilik, yemek sonrasi durumda arjinin ve 16sin gibi
amino asitlerin artan varligit mTORC yolunun aktivasyonunu tesvik eder. mTORC ile
YMEILI1 arasinda dogrudan bir diizenleyici baglanti heniiz kurulmamis olsa da,
mTORC’nun  YMEIL1  aktivitesini dolayli mekanizmalarla etkileyerek
SLC25A47’nin stabilizasyonuna katkida bulunmasi miimkiindiir. Ayrica, NAGS nin
allosterik aktivatorii olan arjininin, NAGS i¢in substrat olan glutamin ve glutamatin
ve amino asit katabolizmasindan kaynaklanan amonyagin mitokondriye girisi, NAG
ve lire sentezini artirir. Fazla mitokondriyal NAG, SLC25A47 araciligiyla sitozole
ihrag edilir ve burada hidroliz edilir; bu da iire dongiisii akisinin ayarlanmasina katk1

saglar.

Sonug olarak, SLC25A47 daha 6nce tanimlanmamis bir mitokondriyal NAG
tastyicisi olarak tanimlanmis ve {ire dongiisiiniin regiilasyonunda kilit bir rol oynadig1
gosterilmistir. YMEIL1 ve mTORC sinyal yollari tarafindan kontrol edilen bu tasiyici,
karacigerin azot metabolizmasini besin durumuna gore ayarlamasinda kritik bir

bilesen olarak gorev yapmaktadir.

6. SONUCLAR VE GELECEK CALISMA ALANLARI

1. SLC25A47, karacigere dzgii bir mitokondriyal tastyicidir. Ure déngiisiiniin
bilinen tek dogrudan diizenleyicisi olan N-asetilglutamatin (NAG)
mitokondriden daha once bilinmeyen bir tasiyict aracilifiyla disar1 tagindigi

gosterilmistir.

2. HepG2 ve HEK293T hiicre hatlarinin mitokondrilerinde SLC25A47
overeksprese edildiginde, mitokondriyal NAG seviyeleri onemli Olciide

azalirken, sitoplazmik NAG seviyelerinde degisiklik gdzlenmemistir.
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NAG seviyeleri fizyolojik sinirlarin iizerinde oldugunda bile, SLC25A47
NAG’yi mitokondriden sitozole tagiyabilmektedir.

NAG’nin kimyasal analogu olan NCG (N-karbamoilglutamat) da
SLC25A47’nin overeksprese edildigi hiicrelerin mitokondrilerinde belirgin

sekilde azalmistir.

Yiiksek proteinli diyet uygulanan Slc25a47-KO fareleri, aglik sonrasi kan tire
azotu (BUN) ve iire diizeylerini WT farelere kiyasla ytiksek tutabilmistir; bu

da yiiksek iire dongiisii aktivitesine isaret etmektedir.

Slc25a47-KO farelerinde, WT farelere kiyasla daha diigiik serum glutamin
seviyeleri gozlenmistir; bu da artmig dongii aktivitesi olduguna yonelik

bulgular1 desteklemektedir.

Aglik sonrast Slc25a47-KO farelerinin mitokondrilerinde daha yiiksek NAG
seviyeleri bulunmugtur; bu da SLC25A47°nin NAG’yi mitokondriden

tasidigina dair in vitro kanitlar1 desteklemektedir.

SLC25A47’nin yar1 Omriiniin yaklasik 20 dakika oldugu gosterilmistir.
Mitokondiyal bir proteaz olan YMEIL1’in silinmesi, SLC25A47’nin stabil
hale gelmesine neden olurken; Torin ile yapilan mTOR inhibisyonu,
SLC25A47 proteinini destabilize etmektedir. Bu bulgular SLC25A47 nin
farkli metabolik sinyallerle regiile edilen bir protein olduguna isaret

etmektedir.

Gelecekte SLC25A47°nin regiilasyon mekanizmalarinin tamamen ortaya
cikarilmasi iire siklusunun ve memelilerde azot dengesinin nasil saglandigina
iliskin daha detayli bilgiler elde edilmesini saglayacaktir. Ek olarak, yeni fare
modelleri ile SLC25A47°nin hastaliklarla iligkisi daha net bir sekilde ortaya

konabilir.
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1. INTRODUCTION

Mitochondria serve as metabolic hubs in cells and orchestrate a wide array of
biochemical processes. Numerous metabolic pathways either originate within the
mitochondria or rely on metabolites generated there. The transfer of metabolites
through the inner mitochondrial membrane is a highly regulated process. The solute
carrier family 25 (SLC25 protein family) is a superfamily of membrane transporters
that plays a pivotal role in metabolism by mediating the transport of small molecules
and ions across membranes, thereby influencing the biochemical composition of cells
and tissues. Impairments in metabolite transport are commonly associated with a range
of pathologies, including inborn errors of metabolism and cancer. Although extensive
progress has been made in characterizing numerous SLC family members, the specific
molecular substrates of many remain unidentified. This is primarily due to their tissue-
specific expression patterns, functional redundancy, and substrate promiscuity, all of
which complicate their functional analysis and limit our understanding of their roles

in metabolic disorders and their potential therapeutic applications.

Members of the SLC25 family hold significant potential as biomarkers for the
diagnosis and prognosis of various cancers. They may serve as viable targets for the
development of anti-cancer therapies. To identify these targets, it is necessary to
determine the function of each transporter and identify the transported substrate(s). In
this study, we aimed to select a transporter previously associated with cancer and

determine its substrate and function to understand its role in carcinogenesis.

We selected SLC25A47 as the focus of our study because of its previously
reported association with hepatocellular carcinoma (HCC) and its highly liver-specific
expression profile (1). This unique tissue specificity suggests that SLC25A47 may be
involved in specialized metabolic pathways that are critical for hepatic function and
potentially for HCC tumorigenesis. Given that mitochondrial carrier proteins often
mediate the transport of key metabolic intermediates, we hypothesized that SLC25A47
facilitates the translocation of specific substrate(s) essential for hepatic metabolic

function. By uncovering this relationship, we aim to provide new insights into liver-



specific metabolic vulnerabilities that may be exploited for therapeutic interventions

in HCC.

Finally, we used the mitochondrial immunoprecipitation (MITO-IP) method in
vitro and in vivo to understand the role of SLC25A47 in cellular and organismal
metabolism. MITO-IP enables precise profiling of mitochondrial metabolites and
allows for the quantification of their concentrations within the mitochondrial matrix.
This is achieved by isolating mitochondria through immunoprecipitation, followed by
targeted metabolomics analysis using liquid chromatography—mass spectrometry
(LC/MS) with authentic standards for accurate quantification. To identify candidate
substrates or metabolites associated with SLC25A47, we employed gene knockout and
knock-in strategies in engineered cell and mouse models. By comparing the
mitochondrial metabolite profiles across these genetically modified lines, we aimed to
uncover significant changes that may reveal the specific metabolite(s) transported

and/or regulated by SLC25A47.



2. GENERAL INFORMATION

2.1. General features of mitochondria

The term mitochondrion comes from the Greek words "mitos" (meaning
thread) and "chondros" (meaning granule), which describe the appearance of these
structures during spermatogenesis (2). In 1890, Altmann recognized mitochondria as
organelles (3). It was not until 1912 that the link between cellular respiration and
mitochondria was discovered by Benjamin F. Kingsbury based on morphological
observations (4). In the 1940s and the 1950s, advancements in organellar isolation
methods led to multiple monumental discoveries regarding mitochondrial function.
Kennedy and Lehninger discovered that mitochondria are the main site of oxidative
phosphorylation in eukaryotic cells (5). This work was followed by numerous
landmark studies that demonstrated that mitochondria contain enzymes essential for

key metabolic processes (6-8).

Mitochondria exhibit several unique characteristics that distinguish them from
other organelles. They are believed to have originated from prokaryotic ancestors (9).
One notable similarity to prokaryotes is the circular structure of the mitochondrial
genome, which is analogous to bacterial DNA in that it contains intron-free genes (10).
Additionally, mitochondrial protein synthesis begins with N-formylmethionine, a
modified amino acid used by bacteria (11), and mitochondrial mRNAs lack the 5' caps
typically found in eukaryotic mRNAs, resembling the structure of bacterial mRNA
(12). Furthermore, the 12S and 16S rRNAs present in mitochondria are closely related

to those found in bacteria (10).

Mitochondria are characterized by distinct ultrastructures, including the matrix,
inner mitochondrial membrane (IMM), intermembrane space, and outer mitochondrial
membrane (OMM). Mitochondria typically range in diameter from approximately 0.2
to 1 um and undergo dynamic morphological changes through continuous fission and
fusion, depending on the cellular environment. The matrix, which is enclosed by the

IMM, contains the majority of mitochondrial metabolic enzymes, mitochondrial DNA



(mtDNA), ribosomes, cofactors, and various organic and inorganic molecules. The
IMM is highly selective and impermeable to ions and small molecules; therefore,
specific transport proteins are essential for molecular translocation across this barrier
(13). A hallmark of the IMM is the presence of cristae, which are invaginations of the
lipid bilayer that house components of the electron transport chain (ETC) and transport
proteins, significantly increasing the surface area of the membrane to facilitate
oxidative phosphorylation. The OMM shares structural similarities with the plasma
membrane and contains Porin proteins that permit passive diffusion of molecules
smaller than ~6 kDa. The voltage-dependent anion channel (VDAC) serves as a major
conduit for metabolite exchange between the intermembrane space and cytosol (14).
Import of larger proteins into the mitochondria requires a specific mitochondrial
targeting sequence. The intermembrane space closely resembles the cytosol in

composition, except for its protein composition.

2.2. Solute Carrier (SLC) proteins of mitochondria

Solute carrier (SLC) proteins maintain cellular and organismal homeostasis by
transporting small molecules and ions. SLC proteins act as metabolic gatekeepers that
regulate the transport of various substances across cellular and organellar membranes.
The SLC family includes approximately 450 proteins that are grouped into 70 distinct
families (15). Among these, the solute carrier 25 family (SLC25) is specific to the

mitochondria and is predominantly located in the inner mitochondrial membrane.

The SLC25 family of mitochondrial transporters was first identified in
Saccharomyces cerevisiae and has since become known as the largest family of solute
transport proteins in humans, comprising 53 members encoded by nuclear genes (15).
This family is highly conserved and is characterized by a three-domain structure with
six transmembrane o-helices and a 3-fold repeated motif of hydrophobic and charged
residues (16). Most structural insights into the SLC25 family have been derived from
studies of the mitochondrial ADP/ATP carrier, largely because of its high natural
abundance and the presence of inhibitors that can lock the carrier in defined

conformational states (17).



Members of the SLC25 family serve as a link between the mitochondrial matrix
and cytoplasm, thereby affecting the distribution and concentration of transported
substrates, such as amino acids, fatty acids, carboxylic acids, inorganic ions, cofactors,
and nucleotides. Mutations in mitochondrial carrier proteins have been implicated in
a range of pathologies, including inborn errors of metabolism and cancer. For instance,
pathogenic variants in SLC254 13 (encoding Citrin) and SLC25A415 are responsible for
Citrin deficiency and Hyperornithinemia-Hyperammonemia-Homocitrullinuria

(HHH) syndrome, respectively.

The SLC25 family of mitochondrial transporters has been implicated in
carcinogenesis. As they play a pivotal role in the selection of cellular metabolic
pathways by modulating metabolite transport across the mitochondrial membrane,
these carriers serve as key regulatory sites for the metabolic reprogramming of cancer
cells. These functions profoundly influence tumor cell proliferation, survival,

metastatic potential, and responsiveness to chemotherapeutic agents (18).

Citrin, encoded by SLC25413, functions as an aspartate/glutamate antiporter
and supports redox balance by regenerating NAD* and NADH. Citrin deficiency is
also linked to hepatocellular carcinoma, suggesting its potential role in tumorigenesis
(19, 20). High SLC25A413 expression is also associated with poor prognosis in
neuroblastoma and colorectal cancer (CRC) (21, 22). In addition, SLC25422 has been
shown to promote the progression of KRAS-mutant CRC (23). It has been suggested
that KRAS enhances SLC25A22 expression, which drives succinate production from
a-ketoglutarate (a-KG). Elevated succinate disrupts o-KG-dependent epigenetic
regulation and downregulates WNT repressors, thus activating WNT/B-catenin
signaling. These examples illustrate that the SLC25 transporter family is instrumental

in directing cellular metabolic pathway choices through various mechanisms.



2.3. Importance of liver in mitochondrial amino acid metabolism

The liver is the principal organ responsible for regulating nutrient availability
in humans. This critical function is facilitated by the metabolic plasticity of
hepatocytes, which respond to fluctuations in nutrient excess or deficiency by
integrating various hormonal, neural, and nutritional signals. The central role of the
liver in maintaining metabolic homeostasis necessitates systematic organization at

multiple levels (24).

The liver is organized into hexagonal lobules, with each lobule's corners
housing a triad composed of a hepatic artery (HA), portal vein (PV), and bile duct
(BD). Blood from the hepatic artery and portal vein flows through radially arranged
sinusoids toward the central vein, while hepatocytes are organized in layered cords
extending from the central vein toward the periphery (Figure 2.1). Non-parenchymal
cells, which play supportive roles, are distributed along this lobular axis. Bile produced
by hepatocytes flows in the opposite direction of blood, from the central region
outward toward the portal areas via bile canaliculi, ultimately draining into the bile
ducts. This countercurrent arrangement of bile and blood flow establishes spatial

gradients that give rise to zonated metabolic functions within the lobule (25).

At the lobular level, morphologically analogous hepatocytes are segregated
into three distinct metabolic zones based on their proximity to the portal and central
veins. This phenomenon, termed "metabolic zonation of hepatocytes," ensures rapid
and targeted processing of nutrients and permits a diverse array of biochemical
reactions to occur simultaneously within the liver (Figure 2.1). The significance of
metabolic zonation in amino acid metabolism has been extensively documented (24).
Periportal hepatocytes have a high capacity for amino acid uptake, catabolism, and
urea synthesis (26). The periportal synthesis of urea is primarily attributed to the
expression of glutaminase 2 (GLS2), which liberates ammonia from glutamine,
facilitating the initiation of the urea cycle. Following urea synthesis in the periportal
region, excess ammonia reaches perivenous hepatocytes and arrives at pericentral

hepatocytes, where the expression of glutamine synthetase (GS) allows the conversion



of ammonia back into glutamine (Figure 2.1). This intercellular cycling of glutamine
within hepatic lobules is essential for regulating ammonia levels and maintaining the

pH balance in the body (26).

At the cellular level, the meticulous organization of hepatocytes is largely
dictated by their organellar architecture. Mitochondria and endoplasmic reticulum
together constitute approximately 80% of the total liver protein content (27).
Mitochondria perform crucial metabolic functions in hepatocytes, including
participation in the tricarboxylic acid (TCA) cycle, oxidative phosphorylation, fatty
acid oxidation, ammonia detoxification, and amino acid biosynthesis and catabolism.
The functional integrity of hepatocyte mitochondria is critical for systemic metabolic

homeostasis, given their central role in nutrient sensing and energy metabolism.
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Figure 2.1: Metabolic zonation of liver lobules (25). (Created with Biorender.com)



2.4. Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most prevalent form of liver cancer
worldwide (28). Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV)
infections are the primary risk factors for HCC. However, in Western populations, the
incidence of HCC associated with non-alcoholic steatohepatitis (NASH), often linked
to metabolic syndrome and diabetes mellitus, is increasing (29). Over 90% of HCC
cases arise in the context of chronic liver disease, with cirrhosis being the most
significant predisposing factor, regardless of the etiology (30). HCC is the leading

cause of mortality among patients with cirrhosis.

The therapeutic management of HCC has improved substantially in recent
years. Curative options predominantly include hepatic resection and liver
transplantation. For patients with early-stage disease who are not candidates for
surgery, local ablation techniques, such as radiofrequency ablation, remain the
standard of care. Transarterial chemoembolization (TACE) is the most widely adopted
treatment modality for intermediate-stage HCC. Recently, systemic therapies
comprising immune checkpoint inhibitors, tyrosine kinase inhibitors, and monoclonal
antibodies have emerged as promising alternatives, particularly for advanced-stage

HCC, challenging the traditional treatment paradigms (31).

Genomic profiling has revealed that approximately 25% of HCC tumors harbor
potentially actionable mutations, although the clinical translation of these findings
remains unclear (32). Advances in understanding the molecular pathogenesis of HCC
have identified several critical driver mutations. Among these, telomerase activation
through T7ERT promoter mutations, viral genome insertions, chromosomal
translocations, and gene amplification are the most frequent oncogenic events (33).
Additional recurrent mutations occur in key tumor suppressors and cell cycle
regulators, such as TP53, RB1, CCNA2, CCNEI, PTEN, ARIDIA, ARID2, RPS6KA3,
and NFE2L2 genes (34-36). Moreover, genetic alterations affecting epigenetic
regulators, oxidative stress response pathways, and signaling cascades, including the

AKT-mTOR and MAPK pathways, further contribute to carcinogenesis. Recurrent



focal amplifications involving oncogenes, such as CCNDI, FGF19, VEGFA, MYC,
and MET, lead to their overexpression and consequent activation of multiple

oncogenic signaling pathways (37, 38).

2.5. Mitochondrial amino acid metabolism and urea cycle

Amino acids serve as fuel sources for many organisms, although their extent
of use varies. Carnivores, for example, rely heavily on proteins for energy, whereas
plants seldom oxidize amino acids for energy. As proteins are essential structural
components of cells, amino acid oxidation typically occurs under specific conditions:
when amino acids from routine protein turnover are not required for new protein
synthesis, when the dietary intake of amino acids surpasses the body's needs, or when
cellular proteins are broken down for energy due to a lack of carbohydrates or during

periods of starvation.

Biologically available nitrogen compounds are limited in nature; therefore,
organisms conserve nitrogen-containing molecules such as amino acids, nucleotides,
and ammonia. Although nitrogen gas (N2) is abundant in the atmosphere, its chemical
inertness renders it largely unavailable for biochemical reactions. Only a few
organisms can convert Nz into usable forms, such as ammonia, making efficient
nitrogen utilization essential in eukaryotic cells. Amino acid catabolism follows two
main pathways: one involving the amino group and the other involving the carbon
skeleton of the amino acid. A common step in these pathways is the use of pyridoxal
phosphate to remove the a-amino group. The carbon skeletons are broken down into
TCA cycle intermediates. Excess amino groups are eventually funneled into a single
primary excretory product. Most aquatic species are ammonotelic and excrete toxic
ammonia directly into the water. Terrestrial animals minimize toxicity and water loss
by converting nitrogen into less toxic forms. Most terrestrial animals are ureotelic and

excrete urea, whereas birds and reptiles are uricotelic and excrete uric acid.

Mammals convert toxic ammonia into water-soluble urea for safe disposal in

urine. The processing of ammonia into urea is carried out by the urea cycle, a chain of
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enzymatic reactions that occurs exclusively in hepatocytes. The cycle begins with free
ammonia in the hepatic mitochondria. Ammonia usually arrives in the form of
glutamate or glutamine. Glutamate is a key reservoir of amino groups. Extrahepatic
tissues often integrate excess nitrogen into glutamine, which is subsequently
transported to the liver. In the liver, ammonia is released from the amide group of

glutamine and enters the urea cycle.

The urea cycle, also known as the ornithine cycle, was first described in 1932
by Hans Krebs and his assistant Kurt Henseleit (39). Urea cycle was the first metabolic
cycle to be discovered and elucidated. At that time, it was known that urea was
produced in the liver, but the biochemical pathway underlying nitrogen excretion
remained unknown. Using liver tissue slice assays, Krebs demonstrated that the
addition of ornithine in the presence of ammonia stimulates urea synthesis. Building
on earlier findings that arginine is hydrolyzed by arginase to yield ornithine and urea,
Krebs investigated the arginine biosynthesis pathway. Through experiments involving
ornithine and citrulline, which were hypothesized to be intermediates in arginine
formation, he observed that citrulline facilitated urea production from ammonia and
carbon dioxide (40). These findings were critical in defining the cyclic nature of urea

metabolism.

CPS1 is the rate-limiting enzyme that initiates the urea cycle by catalyzing the
first committed step, the synthesis of carbamoyl phosphate (CP) from ammonia,
bicarbonate, and two ATP molecules. This mitochondrial form is distinct from the
cytosolic form named CPS2 or CAD, which plays a role in pyrimidine synthesis.
NAGS is allosterically regulated by the amino acid arginine. Both arginine and
glutamate indirectly influence the rate of the urea cycle through their involvement in

NAGS-mediated NAG production.

The second step involves the incorporation of ornithine and carbamoyl
phosphate to form citrulline, which is catalyzed by the enzyme ornithine
transcarbamylase (OTC). Once formed, citrulline is transported from the mitochondria

to the cytosol by the inner mitochondrial membrane transporter SLC25A15 (or its
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paralog, SLC25A2). SLC25A15 functions as a co-transporter, importing ornithine and
exporting citrulline, thereby shuttling metabolites between cellular compartments
(Figure 2.2). The export of citrulline from the mitochondria initiates cytosolic

reactions that form intermediates carrying nitrogenous groups for disposal.

The next step of the urea cycle incorporates the second amino group, which
comes from aspartate. Aspartate is produced in the mitochondria through a
transamination reaction between glutamate and oxaloacetate, which is then transported
into the cytosol. Argininosuccinate synthetase (ASS) catalyzes the ATP-dependent
condensation of citrulline and aspartate to form argininosuccinate (Figure 2.2).
Argininosuccinate is then cleaved by argininosuccinase (or argininosuccinate lyase,
ASL) to form arginine and fumarate. Notably, argininosuccinase catalyzes the only
reversible reaction in this cycle. Fumarate is subsequently converted to malate and
transported back into the mitochondria, where it enters the TCA cycle. Finally,
arginine is cleaved by the cytosolic enzyme arginase (ARG1) to produce urea and
ornithine (Figure 2.2). Urea then diffuses into the bloodstream, travels to the kidneys,
and is excreted into the urine. Ornithine is transported back into the mitochondria to

initiate a new cycle of urea synthesis.
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Figure 2.2: Metabolic pathway of the urea cycle in the liver mitochondria (41).

Within mitochondria, ammonia is derived both from free ammonia and from
the breakdown of glutamine and glutamate, processes catalyzed by the enzymes GLS2
and GDH, respectively. Imported glutamate enters the GDH reaction, yielding
ammonia and 2-oxoglutarate. The transport of glutamate into the mitochondria is
carried out by the carriers Citrin and SLC25A22. Citrin, encoded by the SLC25413
gene, is an inner mitochondrial membrane transporter that operates as an antiporter,
mediating the exchange of aspartate from the mitochondrial matrix with cytosolic
glutamate. In contrast, SLC25A22, also known as Glutamate Carrier 1, functions as a
symporter that co-transports glutamate and protons (H*) into the mitochondrial matrix.
GDH activity is enhanced by ADP and leucine, while GTP serves as an inhibitor. The
a-ketoglutarate produced by GDH enters the TCA cycle. CPS1 uses ammonia and
bicarbonate to form carbamoyl phosphate, a reaction that is activated by NAG. NAG
is synthesized by NAGS, an enzyme regulated by the amino acid arginine. OTC then
combines carbamoyl phosphate with ornithine to form citrulline. The transporter
ORNTI1 (also known as SLC25A15 or its paralog SLC25A2) is responsible for

exchanging ornithine and citrulline between the cytosol and mitochondria, allowing
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the urea cycle to proceed. The cycle concludes with a reaction catalyzed by ARGI,
which breaks arginine down into urea and ornithine. While ARG2 is a mitochondrial

form of arginase, its precise role in hepatocytes is not yet clearly defined.

2.6. Regulation of urea cycle

Since the only rate-limiting enzyme in the urea cycle is CPS1, it is natural to
consider CPS1 and its only allosteric activator, NAG, to be the main regulators of the
cycle. NAG was initially discovered in the 1950s as an intermediate in the arginine
biosynthesis pathway in Escherichia coli (42-44). Subsequent research confirmed that
in prokaryotes and lower eukaryotes, NAG serves as the first intermediate in the
synthesis of arginine. In 1953, Grisolia et al. demonstrated that a glutamate-derived
compound is necessary for citrulline production in rat liver (45). In 1957, Hall et al.
isolated acetyl-L-glutamic acid from the mammalian liver and revealed that this
derivative is a natural cofactor in carbamoyl phosphate biosynthesis (46).
Subsequently, the same group characterized purified carbamoyl phosphate synthetase
(47) and established the biochemical basis for NAG’s role as the allosteric activator of

CPSI (48).

There are three isoforms of carbamoyl phosphate synthetase (CPS): CPSI1,
CPS2, and CPS3 (49). CPS1 uses ammonia as its nitrogen donor, requires NAG as an
allosteric activator, is composed of a single polypeptide subunit, and is located in the
mitochondria. In contrast, CPS2 utilizes glutamine as its nitrogen source, functions
independently of NAG, and is composed of two distinct subunits. CPS2 is a cytosolic
enzyme that produces carbamoyl phosphate (CP). It catalyzes the rate-limiting step of
pyrimidine biosynthesis and is a part of a trifunctional multi-domain enzyme complex
named CAD (carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and
dihydroorotase). Uridine-5’-triphosphate (UTP), an end product of this reaction,
allosterically inhibits CPS2 via negative feedback. CPS3 exhibits characteristics that
are intermediate between those of CPS1 and CPS2; it uses glutamine as the nitrogen
donor, and its activation is enhanced by the addition of NAG (although not necessary

for its activation). CPS3 activity has been detected in some invertebrates and fish (50,
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51). CPS3 has also been identified in the livers of certain teleost fish and is present at
significantly higher levels in the livers of marine elasmobranchs, such as sharks (50,
52). In these elasmobranch species, CPS3 is involved in urea synthesis, which
contributes to maintaining osmotic equilibrium with the surrounding water by

allowing urea retention in their bodies.

Carbamoyl phosphate synthetases involved in pyrimidine biosynthesis in
bacteria, fungi, and the cytosol (CPS2) are not dependent on NAG for activity (49).
However, NAG plays a crucial role as an intermediate in arginine metabolism across
various organisms. In lower organisms, the biosynthesis of arginine from glutamate
follows an eight-step pathway that begins with the acetylation of glutamate to form
NAG. This compound can be synthesized through two enzymatic pathways: one
catalyzed by N-acetylglutamate synthase (NAGS), encoded by the argA4 gene, and the
other by ornithine acetyltransferase (OAT), encoded by the argJ gene (53). In contrast,
ureotelic animals rely exclusively on NAGS for NAG production. The regulation of
NAGS differs between taxa; in lower organisms, L-arginine inhibits NAGS through
feedback inhibition, whereas in mammals, it is activated allosterically by L-arginine.
In mammals, the sole known function of NAGS is to generate NAG, which is an
essential allosteric activator of mitochondrial CPS1. Unlike in lower organisms,
arginine biosynthesis in mammals does not require NAG as a precursor and instead
utilizes the enzymes of the urea cycle. Moreover, ornithine in mammals is derived
from proline or glutamate through the activity of OAT. Unlike lower organisms,
mammalian tissues lack expression of OAT isoforms required for de novo arginine

biosynthesis (54).

NAGS is a mitochondrial enzyme that catalyzes the formation of NAG from
glutamate and acetyl-CoA. In hepatocytes, glutamate can be generated through the
enzymatic activity of GLS2 and GDH, or it can be transported into the mitochondrial
matrix from the cytosol via carriers such as SLC25A22 or Citrin. Acetyl-CoA, the
second substrate for NAGS, is produced within the mitochondria primarily via -
oxidation of fatty acids or the pyruvate dehydrogenase (PDH) complex. NAGS activity

is allosterically activated by arginine and inhibited by elevated concentrations of
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several organic acids, including methylmalonyl-CoA and propionyl-CoA (55). Excess
organic acids act as competitive inhibitors by interfering with acetyl-CoA binding,

thereby attenuating the catalytic efficiency of NAGS (Figure 2.3).

Increased protein and ammonia intake correlates with elevated NAGS activity
and higher hepatic NAG concentration. In rats, consumption of a high-protein diet
results in increased mitochondrial NAG concentration in the liver and an enhanced
citrulline production rate (56). NAGS in rat liver is reported to be subject to feedback
inhibition by its product, NAG, with an inhibition constant (K;) of approximately 0.07
mM (55). The regulation of CPS1 activity by NAG enables modulation of the urea
cycle flux under relatively stable ammonium levels. The mitochondrial levels of
arginine and/or glutamate may reflect the nitrogen disposal demand of the organism,
influencing NAG synthesis via their roles as glutamate, a substrate, and arginine, an

allosteric activator of NAGS.

Administration of ammonium to rats led to an increase in mitochondrial NAG
levels in the liver without a corresponding change in the amount of CPS1 (57),
indicating that the reduced efflux of NAG from the mitochondria may account for its
accumulation in the liver. A previous study reported a similar finding, demonstrating
an extension of NAG’s half-life from 14 min in fed animals to 60 min in fasted ones
(58). These results suggest that NAG degradation is primarily regulated by its export
from the mitochondria to the cytosol. Several studies have indicated that NAG
hydrolysis into glutamate and acetate occurs in the cytosol (58, 59), implying that
NAG must first be transported out of the mitochondria for degradation. Meijer et al.
studied the permeability properties of the inner membrane of liver mitochondria for
NAG and revealed that NAG transport in vivo is predominantly unidirectional,

occurring from the mitochondrial matrix to the cytosol (60-62).
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Figure 2.3: Substrates of N-acetylglutamate synthase and the fate of N-
acetylglutamate. (Created with Biorender.com)

2.7. Urea cycle disorders

Hepatic mitochondria harbor a multitude of pathways to process incoming
amino acids from the portal system or to generate intermediates from amino acids to
yield energy. Metabolism of most amino acids is contingent upon the proper
functioning of mitochondrial enzymes; deficiencies in these pathways can lead to
various human disorders, particularly inborn errors of amino acid metabolism.
Disruptions in urea cycle enzymes or transporters can cause ammonia to accumulate
in the body, resulting in various urea cycle disorders (UCDs). These disorders typically
present with symptoms such as vomiting, fatigue, seizures, and encephalopathy,
particularly during states of increased protein breakdown or high protein intake. In
mitochondrial (proximal) UCDs, the main concern is hyperammonemia, which
requires immediate medical intervention. Treatment strategies include stopping
protein consumption, administering nitrogen-scavenging medications, and, in severe

cases, using dialysis to rapidly remove excess ammonia from the bloodstream.



17

The symptoms of an acute hyperammonemic episode differ based on a person's
age and underlying health conditions. In neonates (Figure 2.4a), early signs typically
include lethargy, poor feeding and vomiting. As ammonia levels rise, symptoms can
progress to hypotonia and hyperventilation. If not promptly treated, severe
hyperammonemia can lead to encephalopathy, seizures, coma and even death. In
contrast, late-onset hyperammonemia—seen in infants, children, and adults (Figure
2.4b)— usually occurs in people with underlying metabolic disorders and is often
triggered by physical or metabolic stress. These individuals usually present with
failure to thrive, gastrointestinal symptoms, and psychiatric issues. Neurological
complications such as developmental delays and seizures are also common. The
psychiatric and neurological effects of hyperammonemia stem from elevated ammonia
levels in the brain, which are metabolized to glutamine by astrocytes. The
accumulation of glutamine and potassium raises intracellular osmolality, leading to

cerebral edema, neuronal injury, and the release of inflammatory cytokines.

a
Clinical Manifestations of Hyperammonemia
in neonates
TN Worsening symptoms
N 3 \ R
gﬁ' T + Respiratory distress and
@ ) tachypnea
\ = + Hyperventilation and
N\ " AN respiratory alkalosis
/ [ * Hypo- or hyperthermia
* Hypotonia
Life threatening symptoms ) 4 ) -
+ Acute encephalopathy /| " ] Early symptoms
0 Ceyebral edema \ | | ( h
+ Seizures (N / \ () « Poor feeding and vomiting

* Neurogenic posturing

« Peripheral circulatory failure ° LS iy STl ey

+ Multiorgan failure + Irritability

«Coma

T Hepatic enzymes
1 Urea production —-’
+ Hepatomegaly




18

§ Clinical Manifestations of Hyperammonemia

in infants, children and adults

Worsening  Physio/pathological changes Hepatic symptoms Worsening

ymp: s ~ Symptoms
T Extracellular K* iﬁ

A T Hepatic enzymes
T Extracellular glutamine o
T Osmolarity 1 1 Urea production

1 Inflammatory cytokines * Hepatomegaly

-

Psychiatric manifestations Gastric symptoms
+ Behavioral changes " . .
+ Sleep disorders & 7 ﬁbdomlnal pain
* Mood changes 1 : vauslf_a
* Hyperactivity » ‘omiting
+ Aggressiveness X \ J
+ Combativeness
* Delusion
* Psychosis
Neurological symptoms Intestinal symptoms
: EA?;::;‘Z_W: t,?:;ﬂﬁc‘:"gz'"ess * Low protein tqlerance and/or
« Tremors, ataxia, dysarthria ?'FS"‘:(G 0\; Df‘?lt?'n
+ Learning disabilities ailure to thrive
+ Neurodevelopmental delay —
* Seizures
+ Hemiplegia
+Coma

Figure 2.4: Clinical manifestations of hyperammonemia in neonates (a), in infants,
children, and adult (b) (63). (Created with Biorender.com)

2.7.1. Carbamoyl Phosphate Synthetase 1 (CPS1) deficiency

CPS1 deficiency (CPS1D) is a rare autosomal recessive disorder with clinical
manifestations that closely resemble those of other proximal urea cycle disorders.
Impaired carbamoyl phosphate formation leads to decreased urinary excretion of
orotic acid. To date, over 270 distinct mutations in the CPS1 gene have been identified,

which are distributed across all exons, except exon 6 (64).

2.7.2. Ornithine Transcarbamoylase (OTC) deficiency

Ornithine transcarbamylase (OTC), an enzyme primarily located in the liver
and small intestine, plays a key role in the urea cycle. Deficiency of this enzyme is
known as OTC deficiency (OTCD) and is the most frequently occurring urea cycle
disorder. Inherited in an X-linked recessive manner, OTCD mainly affects males who

possess hemizygous mutations. Over 500 distinct pathogenic variants of the OTC gene
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have been identified to date (65). The clinical presentation of OTCD is highly variable
and largely depends on the level of residual enzyme function. In males lacking any
OTC activity, the disorder typically manifests as severe hyperammonemia during the
neonatal period. Due to its relatively high incidence, clear monogenic cause, and
availability of animal models, OTCD has become a major focus of ongoing gene

therapy research (66).

2.7.3. N-Acetylglutamate Synthase (NAGS) deficiency

Among the rarest of the urea cycle disorders, N-acetylglutamate synthase
deficiency (NAGSD) has an estimated prevalence ranging from 1 in 3.5 to 7 million
individuals (67). It typically presents in infancy with symptoms of hyperammonemia.
The condition arises from mutations that impair NAGS enzyme function. These
include variants like Glu360Asp, which disrupt L-arginine binding, as well as
mutations located in regulatory noncoding regions of the gene. Such alterations reduce
enzymatic activity, resulting in the NAGSD phenotype (68). Management of NAGSD
involves treatment with carglumic acid (N-carbamylglutamate or NCG), a stable and
bioavailable analog of NAG. NCG serves to activate CPS1, effectively bypassing the
defective NAGS step (69). Moreover, in patients with unexplained hyperammonemia,
a trial of NCG has been suggested as a potential diagnostic tool to assess

responsiveness in lowering ammonia levels (70).

2.7.4. Carbonic Anhydrase Va (CA-VA) deficiency

Carbonic anhydrases (CAs) are crucial enzymes that facilitate the conversion
of carbon dioxide to bicarbonate (Figure 2.2). Among their mitochondrial isoforms,
CA-VA and CA-VB play key roles in this process. In hepatic mitochondria,
bicarbonate is required for 4 critical enzymatic reactions: those catalyzed by
carbamoyl phosphate synthetase 1 (CPS1), pyruvate carboxylase, propionyl-CoA
carboxylase, and 3-methylcrotonyl-CoA carboxylase. A deficiency in CA-VA
disrupts bicarbonate availability, particularly affecting CPS1 activity, and has been

associated with episodic hyperammonemia (71). Patients with CA-VA deficiency
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often experience metabolic crises marked by elevated ammonia levels, lactic
acidemia, and ketonuria. Unlike other urea cycle disorders, symptoms may not
present immediately in infancy and can emerge later in life. The underlying
mechanism involves a shortage of bicarbonate, impairing the CPS1 reaction and
contributing to a proximal urea cycle disorder phenotype. Interestingly, N-
carbamylglutamate (NCG) has demonstrated therapeutic benefit in managing
hyperammonemia related to CA-VA deficiency (72). Although the exact pathway is
not fully understood, it is proposed that reduced bicarbonate impairs propionyl-CoA
carboxylase, resulting in an accumulation of propionyl-CoA. This excess competes
with acetyl-CoA, inhibiting NAGS activity and diminishing NAG synthesis. The
combined decrease in both NAG and bicarbonate availability compromises CPS1
function, ultimately leading to hyperammonemia. NCG appears to compensate for
the NAG deficiency, thereby partially restoring CPS1 activity in affected individuals
(73).

2.7.5. Hyperornithinemia-Hyperammonemia-Homocitrullinuria

Syndrome

Hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) syndrome is a
rare autosomal recessive urea cycle disorder caused by mutations in the SLC25415
gene. This gene encodes ornithine carrier 1 (ORC1), a mitochondrial transporter
responsible for shuttling ornithine into the mitochondria and exporting citrulline out.
These transport functions are critical for maintaining normal urea cycle activity
(Figure 2.2). When ORCI1 function is compromised, ornithine builds up in the cytosol,
resulting in hyperornithinemia. At the same time, reduced ornithine availability within
the mitochondria impairs the activity of OTC, which leads to the accumulation of
carbamoyl phosphate. The excess carbamoyl phosphate contributes to
hyperammonemia and is also diverted into the pyrimidine synthesis pathway, resulting
in increased urinary excretion of orotic acid. Clinically, HHH syndrome presents with
features similar to other proximal urea cycle disorders. Affected individuals may
exhibit symptoms of hyperammonemia, including lethargy, vomiting, failure to thrive,

seizures, and, in more severe cases, coma (74).
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2.7.6. Current and developing treatment modalities for urea cycle

disorders

Mitochondrial amino acid metabolism in the liver is essential for key
physiological functions, including nitrogen disposal, energy production, redox
balance, and the synthesis of biomolecules. These pathways are highly organized
within specific cellular compartments, tightly regulated, and responsive to nutrient
availability. These processes can be disrupted either by genetic mutations or acquired
conditions. This can result in the accumulation of toxic substances, often with severe
effects on the central nervous system. Many inherited metabolic disorders are linked
to defects in mitochondrial enzymes or transporters, leading to excessive metabolite

buildup, elevated ammonia levels, and episodes of metabolic decompensation.

Current therapeutic strategies primarily focus on the elimination of toxic
metabolites, supplementation with essential amino acids or cofactors, dietary
modifications to limit the production of harmful intermediates, and metabolic pathway
modulation to slow disease progression. Acute elevations in toxic metabolites are often
precipitated by infections, medications, or other stressors. The elevations can result in
metabolic decompensation, necessitating prompt clinical intervention and intensive
monitoring. Effective management remains challenging due to factors such as
recurrent decompensations, suboptimal adherence to treatment protocols, and
progressive clinical deterioration. Liver transplantation represents the most definitive
treatment option for patients with refractory metabolic decompensation, as it
reestablishes the enzymatic function that is deficient. Disorders such as urea cycle
defects and organic acidemias constitute a significant proportion of pediatric liver
transplant indications (75). Liver transplantation has been shown to improve clinical
outcomes (76). However, the limited availability of donor organs poses a major barrier
to timely intervention for many patients. Additionally, the risks associated with post-
transplant complications and the long-term impact of immunosuppressive therapy
underscore the pressing need for novel therapeutic strategies to enhance long-term

prognosis and quality of life.
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Emerging technologies are revolutionizing the management of inborn errors of
metabolism, with gene therapy leading the way. Techniques such as AAV-mediated
gene addition and mRNA-based therapies are being actively explored in clinical
settings for disorders like propionic acidemia and ornithine transcarbamylase (OTC)
deficiency. These strategies aim to reestablish functional enzyme activity within
hepatocytes, potentially offering durable therapeutic outcomes. A notable example is
the ongoing Phase III clinical trial (NCT05345171) evaluating DTX301, a gene
therapy candidate designed for late-onset OTC deficiency. DTX301 uses a self-
complementary AAV serotype 8 (scAAV8) vector to deliver the human OTC gene,
and the study employs a randomized, double-blind, placebo-controlled design to assess
efficacy and safety (77). In parallel, a recent breakthrough by Musunuru et al.
introduced a personalized genome editing technique to correct CPS1 deficiency in a
newborn (78). This innovative approach utilized lipid nanoparticles to deliver an
adenine base editor—kayjayguran abengcemeran (k-abe)—to precisely convert a G-
to-A nonsense mutation (Q335X) in the CPS1 gene. A subsequent reduction in plasma
ammonia levels provided early evidence of successful genetic correction. These
developments underscore a growing shift toward precision medicine in metabolic
disease management. Continued progress in genome editing tools and targeted
delivery systems may soon expand treatment possibilities beyond traditional enzyme

replacement strategies, addressing a broader spectrum of metabolic conditions.

Abnormal levels of metabolites, commonly observed in various human
diseases, play a crucial role in shedding light on disease mechanisms and serve as key
biomarkers for diagnosis, prognosis, and treatment monitoring. Since metabolic
reactions are fundamental to physiological balance, metabolomic analyses have
uncovered previously unknown associations between specific metabolic pathways and
pathological conditions. Recent advances in large-scale Genome-Wide Association
Studies (GWAS) targeting the human metabolome have highlighted the significant
influence of genetic variation on individual metabolic profiles (79). Building on these
findings, integrative tools such as the Gene-Metabolite Association Prediction

(GeneMAP) platform have emerged. GeneMAP leverages genetically predicted gene
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expression and its regulatory impact on metabolites to help infer the roles of metabolic
genes (80). These innovative approaches enhance our ability to unravel the complex
interplay between genetic factors and metabolic networks involved in disease. In
particular, deepening our understanding of hepatic mitochondrial amino acid
metabolism is likely to improve the clinical management of rare metabolic diseases
and contribute to the development of new therapies for more complex disorders,

including cancer.

2.8. Mitochondrial amino acid metabolism and cancer

One of the defining features of cancer is metabolic reprogramming, which
allows tumor cells to modify their metabolic processes to support continuous growth
and survival, even in challenging environments such as the tumor microenvironment
or distant metastatic sites. A well-known example of this shift is the Warburg effect,
where cancer cells favor the aerobic conversion of glucose to lactate. This seemingly
inefficient pathway benefits cancer cells by supplying essential biosynthetic
precursors and preserving redox balance. By uncovering the molecular drivers behind
these metabolic shifts, researchers gain deeper insight into tumor biology. Moreover,
such knowledge opens the door to innovative therapies aimed at exploiting the unique

metabolic dependencies of cancer cells.

Amino acid metabolism is vital for cancer cell survival, not only by supplying
the building blocks for protein synthesis and generating energy but also by
contributing to redox regulation and epigenetic modifications through multiple
pathways (81, 82). One critical link between metabolism and epigenetics is one-carbon
metabolism, which supports methylation processes involving both proteins and nucleic
acids (83). Central to this process is methionine adenosyltransferase (MAT), which
catalyzes the transformation of methionine into S-adenosylmethionine (SAM). SAM
serves as the primary methyl group donor for methylation reactions involving lysine
and arginine residues on proteins, as well as DNA, RNA, and various metabolites.
After donating its methyl group, SAM is converted into S-adenosylhomocysteine
(SAH). The availability of SAM is directly tied to methylation-driven silencing of
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tumor suppressor genes—an early and critical event in the onset of many cancers (84).
In parallel, the antioxidant glutathione (GSH), composed of glutamic acid, cysteine,
and glycine, plays a key role in maintaining cellular redox homeostasis. GSH’s role in
cancer is paradoxical: low levels increase susceptibility to oxidative stress, which can
promote tumor progression (85), while elevated intracellular GSH enhances
antioxidant defenses, often enabling malignant cells to resist oxidative damage and

sustain their growth (86).

Glutamate dehydrogenase 1 (GLUDI1) exhibits divergent functions across
different cancer types. While it is notably upregulated in certain malignancies such as
non-small cell lung cancer (NSCLC) (87), its expression is diminished in others,
including hepatocellular carcinoma (HCC) and clear cell renal carcinoma (88). Zhao
et al. revealed that elevating GLUD1 expression suppresses both the proliferation of
HCC cells and tumor growth in vitro and in vivo, whereas reducing GLUD1 levels
accelerates HCC development (89). Due to its context-dependent roles, GLUDI has
emerged as a promising target for therapeutic intervention. For instance,
epigallocatechin gallate (EGCG), a compound known to inhibit both GLUDI and
GLUD?2, has been shown to impede the growth of IDH1-mutant cancer cell lines in
vitro (90). Similarly, the GLUDI inhibitor R162 has demonstrated notable anti-tumor
activity by significantly limiting cell proliferation in NSCLC patient-derived xenograft
models (87).

Numerous cancer types rely on glutamine as a key energy source to maintain
their ability to proliferate, mainly by increasing glutamine uptake and glutaminolysis
(91, 92). The enzyme glutaminase, specifically the liver-type isoform encoded by the
GLS?2 gene, plays a complex and context-dependent role in cancer development, acting
either as an oncogene or a tumor suppressor depending on the cancer type. Using the
Oncomine database, Saha et al. identified that GLS2 expression is significantly
elevated in cancers such as those of the bladder, colon, rectum, head and neck,
peritoneum, and lung. Conversely, its expression is notably downregulated in brain,
liver, and pancreatic tumors (93). In liver cancer specifically, Suzuki et al.

demonstrated a tumor-suppressive function for GLS2. Their in vivo studies showed
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that GLS2 inhibits HCC progression by promoting ferroptosis. This effect is mediated
by increased production of lipid reactive oxygen species (ROS), a byproduct generated

when glutamate is converted into a-ketoglutarate during glutaminolysis (92).

Carbamoyl phosphate (CP) plays a significant role in the metabolic
reprogramming of cancer cells. While it is best known as the first intermediate in the
rate-limiting step of the urea cycle, CP also has an essential function in de novo
pyrimidine biosynthesis, where it is synthesized in the cytosol by the multi-functional
enzyme CAD using glutamine, CO., and ATP. Interestingly, certain cancer cells
repurpose mitochondrial CP generated by the enzyme CPS1 to fuel cytosolic
pyrimidine synthesis. This is made possible by CPS1 overexpression, which leads to
elevated mitochondrial CP levels that are transported into the cytosol to support
nucleotide production. Such metabolic rerouting has been observed in specific non-
small cell lung cancer (NSCLC) cases, particularly where KRAS activation is
combined with LKBI1 loss, both of which promote tumor progression (94). Moreover,
high CPS1 expression has been associated with poor prognosis in cholangiocarcinoma,
reinforcing its role in aggressive cancer phenotypes (95). In contrast, HCC often shows
reduced CPS1 expression, commonly resulting from promoter hypermethylation. This
decrease in CPSI is typically accompanied by upregulation of CAD, which may
redirect glutamine toward the CAD-mediated de novo pyrimidine synthesis pathway

(96).

Just as CPS1 overexpression contributes to CP buildup, a reduction in OTC
levels can also result in mitochondrial CP accumulation, owing to decreased utilization
of CP in the urea cycle. When OTC expression is diminished, ornithine is diverted into
alternative metabolic routes, such as polyamine biosynthesis, which supports cancer
cell survival (97). This metabolic adaptation has been observed in HCC, where studies
have identified reduced OTC expression in patient tissue samples, highlighting a
potential mechanism through which tumor cells adjust to altered metabolic demands

(98).
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2.9. Mitochondrial protease YME1L1

The maintenance of mitochondrial homeostasis depends on robust protein
quality control mechanisms. Within mitochondria, several ATP-dependent proteolytic
complexes with distinct substrate specificities are distributed across various sub-
compartments, where they perform essential roles in preserving mitochondrial
proteostasis. Among the key proteolytic systems, the m-AAA and i-AAA (ATPases
Associated with diverse cellular Activities) proteases are embedded within the inner
mitochondrial membrane, with their catalytic domains projecting toward opposite
compartments. The i-AAA protease, exemplified by YMEIL, carries out proteolysis
on the intermembrane space side. Conversely, the m-AAA protease, represented by

AFG3L2, exerts its proteolytic activity toward the mitochondrial matrix.

These AAA proteases participate in a wide range of mitochondrial processes,
including protein quality control, the regulation of mitochondrial morphology, and the
biogenesis of respiratory chain complexes (99). YMEIL1 mediates the proteolytic
processing of OPAI1, a key regulator of mitochondrial fusion. Furthermore, YMEI1LI
targets several additional substrates, including Tim17A and OMAI, thereby
contributing to the dynamic regulation of mitochondrial function. Additionally,
MacVicar et al. identified the mTORCI-LIPINI-YMEIL axis as a post-translational
regulator of mitochondrial proteostasis, suggesting a link between mitochondrial

nutrient metabolism and protease system.
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3. MATERIALS AND METHODS

All reagents and equipment used in this study were sourced from Birsoy

Laboratory at The Rockefeller University in New York, NY.

3.1. Cell Lines and Culture Conditions

Human cell lines, HEK293T and HepG2, were obtained from ATCC. Cell line
authentication was verified through short tandem repeat (STR) profiling. Cell lines
were routinely verified to be free of mycoplasma contamination. HEK293T cells were
maintained in RPMI-1640 medium supplemented with 2 mM L-glutamine. HepG2
cells were cultured in DMEM containing 4.5 g/L. glucose, 110 mg/L sodium pyruvate,
and 4 mM L-glutamine. Culture media for both cell lines were supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin. All cells were incubated at

37 °C in a humidified atmosphere of 5% CO: and 21% O-.

3.2. Establishment of Knockout and Overexpression Models in Cell Lines

For overexpression cell lines, synthetic gene fragments containing the cDNA
for the coding sequences of human SLCA25A47, 3xFlag-SLC25A47, and NAGS were
purchased from Twist Biosciences. cDNA for SLC25447, 3xFlag-SLC25447, NAGS
were cloned into pMXS-IRES-BLAST or pLV-EF1a-IRES-Puro by Gibson assembly
(Appendix-1). The pMXS-IRES-BLAST plasmid was linearized by restriction
digestion with BamHI and Notl, whereas the pLV-EF1a-IRES-Puro plasmid was

linearized using EcoRI and BamHI.

For generation of knockout cell lines, oligonucleotides encoding sgRNAs
targeting SLC25447 and YMEILI were synthesized by IDT and cloned into the
lentiCRISPRv2-Opti vector, which had been linearized with BsmBI, using Gibson
assembly (Table 3.1). Knockout cells were selected by puromycin selection and

consequent FACS-based single-cell cloning.
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HEK293T cells were co-transfected with sgRNA- or cDNA-expressing
plasmids, packaging vectors—including Delta-VPR (for lentiviral systems such as
pLV) or Gag-Pol (for retroviral systems such as pMXs)—and pCMV-VSV-G, using
XTremeGene 9 transfection reagent. Viral supernatants were harvested 48 h post-
transfection, filtered through a 0.45 um membrane, and used to transduce target cells
in 6-well plates. Transduction was carried out in the presence of 4 pg/mL polybrene,
followed by centrifugation at 2200 rpm for 80 minutes. The culture medium was

replaced the next day to remove residual virus.

Selection of transduced cells was performed using blasticidin for constructs
derived from pMXS-IRES-BLAST, and puromycin for those derived from pLV-IRES-
Puro. Each construct was validated through Sanger sequencing. Due to the lack of a
validated antibody for reliable detection of endogenous SLC25A47, cells transduced
or transfected with sgSLC25447 were analyzed using Synthego® ICE (Inference of
CRISPR Edits), based on Sanger sequencing of genomic DNA. Matching empty
vectors (lacking inserts) were used as controls for all constructs. Additional constructs
used in this study include pMXS-IRES-BLAST 3xHA-OMP25-mCherry; pMXS-
IRES-BLAST 3xMyc-OMP25-mCherry.

Table 3.1: Sequences of single guide RNA’s used in this project.

sgSLC25A47 4 CCTGACGTCGCCCACTGAG

sgSLC25A47 5 TTGCCACCTACTTCCTTTCC

sgYMEIL1 3 GTCGAGCACGGTGCAACCCC

sgYMEIL1 4 GCATTGATGAGATGACTCAG
3.3. Mice

3.3.1. Generation of Slc25a47-KO mice

All animal studies were performed in accordance with a protocol approved by

the Institutional Animal Use and Care Committee (IACUC) at The Rockefeller
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University. Animals were housed in ventilated cages on a standard light-dark cycle

with food and water ad /ibitum unless otherwise specified.

The C57BL/6J wild-type mice, NSG mice strain were acquired from Jackson
Laboratory. To produce CMV-Cre;mito-tag mice, male CMV-Cre mice—also
obtained from Jackson Laboratory—were bred with mito-tag floxed female mice.
Offspring were then genotyped to confirm the presence of both the mito-tag transgene

and Cre recombinase.

Slc25a47-KO mice were generated by CRISPR/Genome Editing and the
Transgenic/Reproductive Center at The Rockefeller University. Slc25a47 KO mice
were generated by injecting the Cas9/gRNA RNP complex into C57BL/6J mouse
zygotes to create indels in exon 2 and frameshift, thereby aborting the translation of
the Slc25a47 protein. Two gRNA’s binding to the genomic target (5°-
TGTTGCTGTGGGCTACCCTC TGG and 5° - GTACCTTCACTGTATCCAGA
GGG) on exon 2 of Slc25a47 were selected based on the evaluation of off-target
potential using the web-based tool CRISPOR (http://crispor.tefor.net) (100) and of on-
target efficiency in mouse embryos. We used synthetic crRNA and tracrRNA from
IDT to assemble the gRNA. A microinjection cocktail containing gRNA and Cas9
protein was prepared as described previously (101). Briefly, crRNA and tracrRNA
were annealed by heating to 98°C for 2 min and cooling at room temperature for 5
min. Cas9 protein (0.2uM, Cat#1081061, IDT) was added to the solution containing
the assembled gRNA (0.1uM), incubated at 37 °C for 15 min to form the
ribonucleoprotein complex, purified using a Millipore Ultrafree column (Cat#
UFC30VV25, Millipore), and placed on ice until microinjection. After microinjection,
the embryos were transferred to the oviduct of surrogate mice on the same day and

allowed to develop to term.

3.3.2. Mouse serum for metabolomic analysis

Mouse blood was collected from the submandibular vein (or facial vein) using

a lancet into EDTA-containing tubes and centrifuged at 500 x g for 5 min at 4°C. The
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plasma from supernatant (5 pL) was added to 45 pL of cold 75% acetonitrile:25%
methanol buffer containing heavy amino acid standards, mixed, centrifuged for 10 min

at over 14,000 x g at 4°C, and preserved at -80°C.

3.3.3. BUN Assay for mouse serum samples

BUN (Blood Urea Nitrogen) measures the amount of urea present in the blood.
It serves as a key indicator of both kidney and liver function since urea is formed in
the liver and eliminated by the kidneys. The BUN assay relies on a coupled enzymatic
reaction. In the first step, urease breaks down urea into ammonia and carbon dioxide.
The released ammonia then reacts with a-ketoglutarate in the presence of NADH to
form glutamate. During this process, NADH is oxidized in equal proportion, causing
a reduction in absorbance at 340 nm. This decrease in absorbance is directly related to

the concentration of urea nitrogen in the sample.

3.3.4. Mouse tumor experiments

NSG mice were euthanized at 4 weeks post-injection, before tumor volumes
reached the maximum permitted size of 2 cm?. For subcutaneous tumor initiation, 1
10 HepG2 cells were suspended in 100 uL of serum-free DMEM containing 30%
Matrigel and injected into the flanks of each mouse, with distinct experimental
conditions administered to each side. At the time of euthanasia, tumors were excised

and weighed.

3.4. Immunoblotting

For cultured cells, 1 x 10° cells were washed in cold PBS and lysed using Triton
lysis buffer (50 mM Tris-HCI at pH 7.4, 150 mM NaCl, I mM EDTA, 1% Triton X-
100) supplemented with 1:200 protease inhibitor cocktail. For tissue samples, ~10-20
mg of tissue sample was washed with cold PBS, mechanically homogenized in
microcentrifuge tubes using polypropylene pestles. The homogenized tissue then lysed

in Triton lysis buffer containing one tablet of cOmplete™ EDTA-free protease
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inhibitor cocktail. All lysates were subsequently sonicated, centrifuged at 1,000 x g,

and the supernatant was collected as the protein lysate.

Total protein concentration was determined using the BCA® Protein Assay
Kit, with bovine serum albumin (BSA) as the protein standard. Protein levels were
normalized across samples. Equal amounts of protein were denatured by boiling at
95°C for 5 min, separated on 10%—-20% SDS-PAGE gels, and analyzed by standard
immunoblotting protocol. After the electrophoretic transfer and PVDF membranes
were blocked with 5% BSA in TBS-T (Tris-buffered saline containing 0.1% Tween-
20) and incubated overnight at 4°C with primary antibodies. Following washes with
TBS-T (at least 3 times), membranes were incubated with secondary antibodies
(diluted 1:3,000) for 1 h at room temperature. After additional washes with TBS-T,
membranes were treated with ECL chemiluminescent substrate and visualized using

autoradiography films.

3.5. Immunofluorescence

HEK293T cells were seeded on coverslips pre-coated with poly-D-lysine in 6-
well plates. On the day of the experiment, the cells were washed three times with PBS,
fixed with 4% formaldehyde for 15 min, washed again, and permeabilized with 0.1%
Triton-X 100. After blocking with 1% BSA for 30 min, the cells were stained with the
indicated primary antibodies overnight at 4°C. Coverslips were then washed with PBS
for 3 times, stained with corresponding goat anti-mouse Alexa Fluor 488, goat anti-
mouse Alexa Fluor 488 conjugated secondary antibodies. The antibody-labelled slides
were stained with 4',6-diamidino-2-phenylindole (DAPI) as nuclear counterstain (100
ng/ml). After three additional PBS washes, the coverslips were mounted on glass slides
using Molecular Probes ProLong Gold Antifade Mountant and sealed with nail polish.
Confocal imaging was performed using a confocal microscope. FLAG (diluted 1:400)

and Citrate Synthase (diluted 1:200) antibodies were used.
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3.6. Mitochondrial immunopurification

3.6.1 Mitochondrial immunopurification from cells

Mitochondria were rapidly isolated from cultured cells following established
protocols (102, 103), with all procedures performed on ice to preserve organelle
integrity. HEK293T and HepG2 cells expressing either 3XxHA-OMP25-mCherry (for
mitochondrial enrichment) or 3xMyc—OMP25-mCherry (as a negative control) were
utilized. Approximately 3 x 107 cells were harvested, washed twice with ice-cold 0.9%
saline solution, and then scraped into 1 mL of cold KPBS buffer (136 mM KCl, 10
mM KH2POs, pH 7.25, prepared using LC/MS-grade water). Cells were then pelleted
by centrifugation at 1,000 x g for 90 seconds at 4°C. The cell pellet was gently
resuspended in 1 mL of KPBS. Two small aliquots were taken for downstream
analyses: one 10 pL aliquot was combined with 40 puL of 1% Triton lysis buffer
supplemented with protease inhibitors for whole-cell protein extraction, while a
second 10 pL aliquot was mixed with 50 puL of 80% methanol containing fully '>N-

and 3C-labeled amino acid standards for metabolite extraction.

The remaining cells were homogenized using a 2 mL Dounce homogenizer
with two sets of 20 strokes each. The homogenate was centrifuged and subsequently
incubated with 200 pL of anti-HA magnetic beads (pre-washed in KPBS) on a rotator
for 5 minutes at 4°C. The beads were washed three times with ice-cold KPBS. ~10%
of the bead suspension was lysed in 1% Triton buffer for protein analysis, while the
remaining 90% was subjected to extraction with 80% methanol containing heavy
isotope-labeled amino acid standards. This extraction was performed on a rotator for
10 minutes at 4°C. Following centrifugation at 20,000 x g to remove residual beads or
debris, the supernatant was directly utilized for LC-MS analysis of polar metabolites
without prior drying. Metabolite concentrations were normalized to citrate synthase

protein abundance, determined by Western blot or to NAD™ levels.
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3.6.2. Mitochondrial immunoprecipitation from tissues

A modified protocol based on a previously published method was employed
for mitochondrial immunoprecipitation (104). All steps were perfomed on ice. Liver
tissue was collected using a 4 mm punch biopsy tool and rinsed three times in ice-cold
K-PBS. ~50 mg of liver tissue (from two tissue pieces) was homogenized in 1 mL of
K-PBS using a pestle attached to a mixer rotating at 220 rpm in a 4 °C cold room for
30 seconds or until complete homogenization. The homogenate was then transferred
to a low-protein-binding microcentrifuge tube and centrifuged at 1,000 x g for 2 min
at 4 °C. A 10 pL aliquot of the supernatant was retained as the input sample and
processed with appropriate extraction buffers. The remaining supernatant was
incubated with anti-HA magnetic beads pre-washed three times with K-PBS for 5
minutes on a rotator at 4°C. Beads were then washed three times with K-PBS to
remove unbound material. Following the final wash, the bead suspension was split
equally: one half was subjected to protein extraction by removing the buffer and
resuspending the beads in 50 puL of Triton lysis buffer, while the other half was
extracted using 80% methanol containing fully labeled >N and *C amino acid internal
standards. For immunoblotting, 5 pL aliquots of both input and immunoprecipitated

protein samples were diluted in 45 pL of Triton lysis buffer.

3.7. Metabolite profiling by LC/MS

Two days before the experiment, approximately 300,000 HEK293T cells were
seeded into 6-well plates. Following pharmacological treatments, cells were rapidly
washed with 0.9% NaCl twice, and polar metabolites were extracted in 80% methanol
containing '*N and 3C fully labeled amino acid standards. Cell extracts were rotated
end-to-end for 10 min at 4°C and spun at 19,000 x g to remove insoluble cell debris.
The supernatant was dried using nitrogen blowdown and stored at -80°C until analysis.
The metabolite amount was normalized to the total protein amount measured using the
BCA Protein Assay Kit. Relative metabolite levels were quantified using XCalibur
QualBrowser 2.2 and Skyline Targeted Mass Spec Environment, applying a 5-ppm

mass tolerance and referencing a pooled metabolite standard library for metabolite
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identification. Relative metabolite levels were normalized to internal metabolite

controls.

3.8. LC-MS quantification of whole-cell and mitochondrial metabolites

Polar metabolites were extracted in 80 % methanol containing >N and 13C fully
labeled amino acid standards. Extracts were rotated end-to-end for 10 min at 4°C, spun
at 19,000 x g to remove insoluble cell debris, and stored at -80°C until liquid
chromatography-mass spectrometry analysis. Subsequently, LC-MS analysis was
conducted following previously established protocols (105). Relative metabolite levels
were reported by normalizing to internal metabolite controls, NAD for mito-IP and

tryptophan for whole cell samples.

3.9. FACS-based CRISPR screen

For the mitochondrial protease CRISPR screen, sgRNA sequences were
designed using the CRISPick portal (106) and ordered from Integrated DNA
Technologies (IDT) (https://portals.broadinstitute.org/gppx/crispick/public). For the
whole-mitochondrial (MITO-sgRNA) library, mitochondrial-localized protein
candidates were selected from the IMPI or MitoCarta2.0 databases (107, 108), and
ssDNA oligonucleotide pool was ordered from Agilent. The pooled oligonucleotide
was Gibson-assembled as ssDNA or dsDNA after PCR amplification into a linearized
LentiCRISPRv2-Opti modified vector (in which the FLAG tag on Cas9 was removed)
using NEBuilder® HiFi DNA Assembly Master Mix or Gibson Assembly Master Mix.
The assembly product was used to transform Electrocompetent cells by electroporation
on a BioRad Gene Pulser with the following settings: 25 pF, 200 Ohm, and 1600 Volts.
Transformed bacteria were allowed to grow overnight shaking at 32°C. The library
plasmids were extracted using the QTAGEN Plasmid Midi or Maxi Kit and packaged

into lentiviruses.

A single-cell clone of HEK293T cells co-expressing split mNeonGreen2-
SLC25A447 and split mNeonGreen2-MICUI cDNA was generated by seeding these
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cells in a 96-well plate at an average density of <0.5 cells per well after FACS-based
sorting (109). This clone was then expanded and used for the screen. Briefly, cells
approximately 1,000X the number of sgRNAs in the library were infected at MOI of
0.5. Infected cells were selected 48 h post-infection with 2 pg/ml puromycin for three
days. Puromycin was then withdrawn, and the cells were allowed to recover for two
days. The cells were then harvested by trypsinization, washed, and resuspended in ice-
cold PBS. Before sorting, cells were rehydrated by adding 100% volume of PBS
dropwise; the cells were then pelleted and washed twice with ice-cold PBS and
resuspended in FACS buffer (0.5% BSA and 2 mM EDTA in PBS). The cells were
then washed twice with FACS buffer, passed through a 70 um cell strainer, and sorted
based on FITC signal intensity. For the mitochondrial protease screen, approximately
top 3% of mNeonGreen-hi and 10% of mNeonGreen-lo cells were collected. Genomic
DNA from pre-sorted and sorted cells was extracted using the Qiagen Blood & Cell
Culture DNA Midi Kit. sgRNA sequences were amplified by PCR and sequenced on
Illumina MiSeq or NextSeq 500 sequencers. Gene scores were calculated as the
median log2 fold change of sgRNA abundance in a sorted fraction over the pre-sort

control.

3.10. Quantification and Statistical Analysis

All statistical analyses were performed using GraphPad Prism v10 and
Microsoft Excel 16.98. Metabolomic data were analyzed with Skyline (v.20.1.1.158),
and image analysis was performed using ImageJ FIJI (NIH, Version 1.0). Details
regarding error bars, P-values, and statistical tests are provided in the figures. All
experiments were conducted at least twice, yielding consistent results. Both technical
and biological replicates were consistently reproducible throughout the study.
Comparisons between two group means were assessed using a two-tailed unpaired or

paired t-test.
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Table 3.2: List of reagents, cell lines, animal models and tools used in this project.

SOURCE Catalog #
Cell Lines
HepG2 ATCC HB-8065
HEK293T ATCC CRL-1573
Mouse
C57BL/6J The Jackson Laboratory 000664
B6.C-Tg(CMV-cre)1Cgn/J The Jackson Laboratory 006054
NSG The Jackson Laboratory 005557
Bacterial Strains
NEB Stable Competent E. coli New England Biolabs C3040
Chemicals
RPMI 1640 Culture Media GIBCO 11875
DMEM Culture Media GIBCO 11965
Trypsin GIBCO 25200
Penicillin-Streptomycin (10,000 GIBCO 15140122
U/mL)
Fetal Bovine Serum Sigma 12306C
DMSO AlfaAesar A13280-36
HPLC Grade Water Fisher Scientific W6
HPLC Grade Methanol Fisher Scientific A454-1
Heavy labeled amino acid internal | Cambridge Isotopes MSK-A2-1.2
standards
Ethanol Fisher Scientific 04-355-222
EcoRI-HF New England Biolabs 3101L
BamHI-HF New England Biolabs R3136L
BsmBI New England Biolabs R0O580
T4 DNA ligase New England Biolabs M0202
ExTaq DNA Polymerase Takara RROOTA
XtremeGene9 Roche 6365779001
Polybrene Sigma H9268
Puromycin Sigma P8833
Blasticidin Invivogen ant-bl-1
Molecular Probes ProLong Gold Thermo Fisher Scientific P36934
Antifade Mountant
cOmplete EDTA-free protease Roche 11836170001
inhibitor
Protease inhibitor cocktail EMD Millipore 535140
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L-Buthionine-sulfoximine Sigma B2515

N-Carbamyl-L-glutamic acid Sigma C4375

Erastin Selleckchem S7242

Cycloheximide Cayman Chemical Company 14126

Cultrex UltiMatrix Reduced Growth | R&D Systems BMEO001-05

Factor Basement Membrane Extract

Phosphate Buffered Saline Corning 21-040-CM

Optima LC-MS Grade Water Fisher Scientific W6500

Optima LC-MS Grade Methanol Fisher Scientific A456-500

Devices

72 Coulter Counter Beckman Model 72

SpectraMax Microplate Reader Molecular Devices Model M5

Primovert Microscope Carl Zeiss 415510-
1105-000

FACSAriall BD Biosciences 643181

SRX-101A Film Processor Konica Minolta

Multiphoton microscope with Nikon A1R MP

confocal modality

Cell Sorter Sony MA900

Tools - Assays

Disposable Biopsy Punch 4mm Integra-Miltex 33-34

anti-HA magnetic beads Thermo Scientific Pierce 88837

Immobilon-P PVDF Membrane Merck Millipore IPVHI10100

Novex 10%—-20% SDS-PAGE gels | Thermo Fisher

Pierce™ BCA® Protein Assay Kits | Thermo Scientific 23225

Premium Autoradiography Films Thomas Scientific

NEBuilder® HiFi DNA Assembly | New England Biolabs E2621L

Master Mix

Blood & Cell Culture DNA Midi Qiagen 13343

Kit

Plasmid Mini Kit Qiagen 12123

Plasmid Midi Kit Qiagen 12143

Plasmid Maxi Kit Qiagen 12162

ECL Chemiluminescent Detection | Perkin Elmer LLC E-IR-R307

System

Antibodies

Citrate Synthase Cell Signaling Technology 143098

VDAC Cell Signaling Technology 4661S

OGDH Proteintech 15212-1-AP

GAPDH GeneTex GTX627408
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SLC25A12 abcam 200201
Beta-actin GeneTex GTX109639
Cathepsin C Santa Cruz Biotechnology sc-74590
Beta-tubulin GeneTex GTX101279
YMEILI1 Proteintech 11510-1-AP
OPA1 Cell Signaling Technology 67589T
FLAG Sigma-Aldrich F1804
SLC25A47 Proteintech 26292-1-AP
NAGS Proteintech 21566-1-AP
Anti-mouse IgG-HRP linked Cell Signalling 7076
Anti-rabbit IgG-HRP linked Cell Signalling 7074
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4. RESULTS

4.1. Determining a model transporter to study cancer metabolism

The SLC25A family of transporters, localized to the inner mitochondrial
membrane, facilitates the translocation of various nutrients across this membrane. To
date, only a limited number of SLC25A transporters have been functionally
characterized, with several members remaining as orphan transporters. For this study,
we established specific criteria to select candidate transporters for our investigation.
The primary criterion was organ specificity, with the intention to focus on a transporter
exhibiting a high degree of organ-specific expression. This criterion not only implies
a potentially specialized physiological role within that organ but also simplifies
experimental design. The secondary criterion required the transporter to have

documented associations with cancer.

Upon evaluating various SLC25A family members, SLC25A47 emerged as a
suitable candidate, fulfilling both established criteria. Notably, SLC25A47
demonstrates exclusive expression in the liver (Figure 4.1a). Furthermore, the tau
specificity score for SLC25A47 is 0.98. This score quantifies how specifically a gene
is expressed across different cell or tissue types, ranging from 0 to l—where 0 reflects
uniform expression across all types, and 1 indicates expression limited to a single cell
or tissue type. Therefore, a score of 0.98 suggests that SLC25A47 has highly tissue-

specific expression.

Prior studies have reported a significant downregulation of SLC25A47 in
hepatocellular carcinoma (HCC) tissues compared to matched non-cancerous liver
tissues (1). Due to this observed reduction, SLC25A47 has been designated as
HDMCP (HCC-down-regulated mitochondrial carrier protein).

Preliminary phylogenetic analysis using the Phylogene platform revealed that
SLC25A47 co-evolved with SLC25A15 and SLC25A2, which are paralogs encoding

ornithine—citrulline antiporters involved in the urea cycle (Figure 4.1b) (110). This
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evolutionary relationship suggests that SLC25A47 may participate in a liver-specific
metabolic pathway potentially linked to the urea cycle. Upon reviewing the literature,
previous studies in rat liver have shown that NAG hydrolysis does not occur within
the mitochondria and the mitochondrial transporter responsible for exporting N-
acetylglutamate (NAG), the key allosteric activator of CPS1 in the urea cycle, had not
yet been identified (58-62). Based on this knowledge gap, we hypothesized that
SLC25A47 functions as a mitochondrial exporter of NAG.
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Figure 4.1: Adapted from Human Protein Atlas, The RNA specificity category is
based on mRNA expression levels in the consensus dataset which is calculated from
the RNA expression levels in samples from HPA (Human Protein Atlas) RNA-seq
data and The Genotype-Tissue Expression (GTEx) RNA-seq data. nTPM (transcripts
per million) for SLC25A47 is 521.8 in liver samples indicating tissue specific
expression (a). Top 50 genes co-evolved with SLC2542, SLC25A415, and SLC25A447
according to PhyloGene platform. Additional members of SLC25A family are
indicated in pink (b).
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4.2. Mitochondrial N-acetylglutamate is depleted in SLC25A47-

overexpressing cells

The HepG2 human hepatocellular carcinoma cell line was selected as the
optimal in vitro model for this study. To validate our findings, parallel experiments
were conducted using HEK293T cells as controls, given that mitochondrial
immunoprecipitation in these cells yields more distinct results, attributable to their

smaller size and reduced presence of contaminating organelles.

To assess the functionality of this transporter in an unbiased way, we generated
SLC25447-knockout and cDNA complemented HepG2 cells expressing Mito-Tag
construct (3xHA—OMP25-mCherry). 3xmyc—OMP25-mCherry construct was used
as the Mito-Tag control. Then, we profiled the polar metabolome of both whole cells
and immunopurified mitochondria by liquid chromatography—mass spectrometry (LC-
MS). SLC25A447-knockout cells complemented with SLC25447 cDNA showed a
significant depletion of N-acetylglutamate (NAG) (Figure 4.2b-c). Notably, loss of
SLC25A47 did not affect the levels of whole cell NAG or most other mitochondrial
metabolites but caused a 5- to 8-fold increase in mitochondrial NAG (Figure 4.2a).
These results were further confirmed in SLC25447-null HEK293T cells exhibiting
overexpression phenotype (Figure 4.2d-g). These data support the hypothesis that
SLC25A47 mediates mitochondrial levels of NAG.



42

a b c
6 6 15
* NAG P <0.0001
i
saH 4 % 4 ég
%, g 22
8 NAG ' i i1
inosine KG uccinat H E
2 2
é 2
&
r T T 0 T T 1 T T T T T T 1
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
log2FC (KO /AB) log2FC (KO /AB)
d e f 9
§ NAG & axqgro  P=02242
.
N-AcMet
4 4
o a carbamoyl aspartate
g cysteinesulfinic acid gi
h S 5 orotic acid
2
NAG
T [ ] T T v T T T 1 T T T T v T T T 1
8 6 4 -2 0 2 4 6 8 8 6 4 2 0 2 4 6 8
log2FC (A47 /EV) log2FC (A47 | EV)

Figure 4.2: Volcano plot with —logio (p-adj) versus log: (fold change) in metabolite
abundance normalized to nicotinamide adenine dinucleotide (NAD) levels. Input
(whole cell) (a) and mitochondria (b) from HepG2 SLC25A447-knockout and
corresponding control cells. Relative metabolite abundance of mitochondrial NAG (c¢)
levels from SLC25447-knockout HepG2 cell lines compared with the control ones.
Input (d) and mitochondria (e) from HEK293T 3xFLAG-SLC25447 cDNA
complemented cells and corresponding controls. Relative metabolite abundance of
mitochondrial (f) and whole cell (g0 NAG levels from SLC25447-cDNA
complemented HEK293T cell lines compared with the control ones. The horizontal
dotted line is the significance threshold of p<0.05. The vertical dotted line
corresponds to Abs(log2FC) = 1. Statistical significance was determined by the two-
tailed unpaired t-test; n=3 biological replicates. For bar plots, data are the mean +
SEM with the individual points shown. A47: SLC25A47, AB: addback, EV: empty
vector, KO: knockout.

4.3. SLC25A47 lowers supraphysiological levels of mitochondrial NAG

To determine whether SLC25A47 facilitates the export of elevated
mitochondrial NAG levels under conditions mimicking high protein intake, we
overexpressed the NAGS enzyme in HEK293T cells. Initially, we generated stable
HEK293T cell lines expressing NAGS, followed by superinfection with a vector

encoding SLC25A47. This experimental design corroborated findings from previous
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experiments. Notably, cells co-expressing NAGS and SLC25A47 exhibited reduced
mitochondrial NAG levels compared to cells expressing NAGS alone (Figure 4.3a).
At the whole cell level, NAG concentrations were elevated in the NAGS-
overexpressing group, with even greater increases observed in cells co-expressing
SLC25A47 (Figure 4.3b). These findings suggest a potential feedback regulatory
interaction between SLC25A47 and NAGS, warranting further investigation to

elucidate the underlying molecular mechanisms.
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Figure 4.3: Relative metabolite abundance of mitochondrial (a) or input (whole cell)
(b) NAG levels from HEK293T expressing SLC25447 ¢cDNA and/or NAGS cDNA
compared with an empty vector control. Data are the mean + SEM. with the individual
points shown. Statistical significance was determined by the two-tailed unpaired t-test;
n =4 biological replicates.

4.4. SLC25A47 affects mitochondrial N-Carbamylglutamate levels

N-Carbamylglutamate (or carglumic acid, NCG) is a synthetic structural
analogue of NAG used in the treatment of hyperammonemia. We treated cells with
either ImM or 2mM NCG overnight and then, proceeded with immunopurification of
mitochondria. Compared to empty vector controls, SLC25A47-overexpressing cells
had less NCG in their mitochondria (Figure 4.4b). This suggests that SLC25A47 not
only decreases mitochondrial NAG levels (Figure 4.4a), but also decreases
mitochondrial levels of its synthetic analogue, NCG. Whole cell levels of NCG remain
unaffected (Figure 4.4c¢).
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Figure 4.4: The bar plots with the relative abundance of NAG (a) or N-
carbamylglutamate (NCG) (b) normalized to NAD" from the mitochondria of
HEK293T cells expressing 3xFLAG-SLC25447 compared with an empty vector
control. The relative abundance of NCG from whole cell samples normalized to
Threonine levels (¢). Plain graphs represent NCG treatment with 1mM while dotted
graphs represent NCG treatment with 2mM. Data are the mean + SEM with the
individual points shown. Statistical significance was determined by the two-tailed
unpaired t-test; n = 3 biological replicates.

input mito
A47 cDNA: - - -+ 4+ + - - - + + +
-70
A bt
Catstoun SO S

Citrate Synthase

GAPDH

VDAC

Figure 4.5: Representative western blots confirming enrichment of mitochondria from
in vitro MITO-IP experiments. Organellar specificity of the proteins: SLC25A12 from
inner mitochondrial membrane, CS from mitochondrial matrix, VDAC from outer
mitochondrial membrane, Calreticulin from endoplasmic reticulum, GAPDH from
cytosol. “Input” refers to whole cell samples while “mito” refers to mitochondrial
samples.
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4.5. SLC25A47 loss leads to NAG accumulation in vivo

4.5.1. Generation of in vivo model for loss-of-function phenotype

To investigate the physiological function of SLC25A47, we created a whole-
body Slc25a47 knockout mouse model via CRISPR/Cas9-mediated genome editing.
The C57BL/6J strain was employed as the genetic background for all experiments.
The Slc25a47 gene comprises six exons, and single guide RNAs (sgRNAs) were
designed to target exon 2, as detailed in the Methods section (Figure 4.6a). A founder
line harboring a 63-base pair deletion was identified, and subsequent analyses
confirmed that this mutation resulted in intron retention in the mature mRNA, leading
to impaired splicing and disrupted protein translation (Figure 4.6b-d). To enable liver-
specific mitochondrial immunopurification, Slc25a47 heterozygous mice were crossed
with mice heterozygous for the Mito-Tag allele (Rosa26 knock-in mice that express
the MITO-Tag (3XHA-EGFP-OMP25) only in cells that express Cre recombinase, as
a result of a loxP-STOP-loxP (LSL) cassette).
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Mutant band: 147 bp Mutant band: >400 bp
Slc25a47 CRISPR KO mouse line. 63 bp deletion. Slc25a47 CRISPR KO mouse line. 63 bp deletion.
WT +/+ and homozygous mutant were genotyped WT +/+ and homozygous mutant were genotyped
from liver genomic DNA. C57BL/6J WT tail DNA was from liver cDNA, and sent for Sanger sequencing
used as control.
C WT sibling sequence from cDNA
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Figure 4.6: SLC25A47 transcript adapted from Ensembl. This gene has 6 exons, is
annotated with 21 domains and features, is associated with 829 variant alleles (a).
Genetic validation of Slc25a47-knockout mouse colony (b). Sequence data from WT
(¢) and 63 base-pair homozygous deletion of Slc25a47 gene with intron retention (d).
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4.5.2. Mitochondrial NAG is enriched in the mitochondria of Slc25a47-

knockout mice

To elucidate the mechanism by which SLC25A47 influences in vivo NAG
levels, we generated Slc25a47-knockout mice crossed with MITO-Tag mice and
subsequently performed mitochondrial immunopurification from liver tissues of
knockout animals compared to littermate wild-type controls. As a quality control
measure, we verified successful enrichment of mitochondrial proteins and metabolites
with minimal contamination from non-mitochondrial organelles. LC-MS analysis
revealed a substantial accumulation of NAG in mitochondria lacking SLC25A47, with
no significant alterations observed in other metabolites (Figure 4.8a-b). These findings
indicate that SLC25A47 plays a regulatory role in maintaining mitochondrial NAG

homeostasis.
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Figure 4.7: Workflow of mouse diet experiments. (Created with Biorender.com)



48

34 3
a b _
® NAG > glyceraldehyde-3-phosphate
24 2
Q o
% % %
1- >
NAG ..‘
r - - 1 T T T v T T 1

T
15 -1.0 5 0.0 0.5 1.0 1.5
log2FC (A47KO / WT)

c d e
80 80 P =0.0079
P =0.0286 100« —
o

ns
3B

BUN (mg/dL)
8

43

s

BUN (mg/dL)
8
1
BUN (mg/dL)

o
I
o
1
o 8 8
| I N

WT A47 KO WT A47-KO WT KO
f
g
80 g- P=0.0020
. N
— 60 6
% ’——‘\ 4 %
2
2 a0- £3 .-
ay
£ s
2 £
@ 20 $ 2- I
0 T T T € o =

0  th ON WT A47-KO

Figure 4.8: Volcano plot with —logio (p value) versus logs (fold change) in metabolite
abundance in mitochondria (a) and whole cell (b) normalized to NAD" levels in the
liver of Slc25a47-knockout (n=3) and wild type (n=3) 6-week-old female C57BL/6J
mice. Statistical significance was determined by the two-tailed unpaired t-test. The
horizontal dotted line is the significance threshold of p value <0.05. BUN levels of
Slc25a47-knockout (n=3) and wild type (n=3) female mice on standart diet (20%
protein) for 14 days (c¢). BUN levels of Slc25a47-knockout (n=4) and wild type (n=4)
female mice on high protein diet (65% protein) for 14 days (d). Normal range for BUN
is shown in orange. BUN levels of Slc25a47-knockout (n=5) and wild type (n=5)
female mice on high protein diet (65% protein) for 14 days, additionally fasted for 4
hours before blood withdrawal (e). Line graph comparing BUN levels taken at initial
point (t0), 4 hours of fasting (t4h), and overnight (ON) fasting in Slc25a47-knockout
mice (blue line) compared to wild type (black line) (f). Relative metabolite abundance
of mitochondrial NAG levels from Slc25a47-knockout mice (n=4) and WT littermates
(n=4) on high protein diet for 14 days, fasted for 4 hours before experiment (g). Data
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are the mean + SEM with the individual points shown. Statistical significance was
determined by the two-tailed unpaired t-test.

4.5.3. High-Protein Diet Leads to Reduced Serum Glutamine Levels in
Slc25a47-Knockout Mice

To augment mitochondrial transport activity, mice were administered a high-
protein diet (65% protein vs normal protein levels at 20%) for a duration of 14 days
prior to experiment (Figure 4.7). Serum metabolomic profiling was subsequently
performed on Slc25a47-knockout mice and their wild-type littermate controls. Mice
on standard diet did not show significant difference in BUN levels between groups,
however Slc25a47-KO mice on high protein diet had higher BUN levels than WT
control (Figure 4.8c-d). To enhance metabolite clearance through urea cycle activity,
animals were fasted prior to serum collection. Following the fasting period, Slc25a47-
KO mice exhibited significantly elevated blood urea nitrogen (BUN) levels, indicative
of heightened urea cycle flux. Fasting at various time intervals (4 hours or overnight)
revealed that Slc25a47-knockout mice maintained stable blood urea nitrogen (BUN)
levels for a prolonged duration compared to controls (Figure 4.8e-g). Consistent with
this observation, serum glutamine concentrations were markedly reduced in KO mice,
likely reflecting sustained urea cycle activity and continued utilization of glutamine as
a primary nitrogen donor despite the fasting state (Figure 4.9a-b). Notably, the levels

of other amino acids remained largely unaltered (Figure 4.9¢).
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Figure 4.9: The bar plots with the relative abundance of glutamine (a), urea (b), and
tryptophan (¢) normalized to protein levels in the serum samples from Slc25a47-
knockout (n=3) vs. WT (n=3) female mice upon fasting after high protein diet. Data
are the mean = SEM with the individual points shown. Statistical significance was
determined by the two-tailed unpaired t-test.
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Figure 4.10: Representative western blots confirming enrichment of mitochondria
from in vivo MITO-IP experiments. Organellar specificity of the proteins: GM130
from golgi apparatus, SLC25A12 from inner mitochondrial membrane, CS from
mitochondrial matrix, VDAC from outer mitochondrial membrane, Calreticulin from
endoplasmic reticulum, OGDH from mitochondrial matrix, GAPDH from cytosol,
Cathepsin C from lysosome. “Input” refers to whole cell samples while “mito” refers
to mitochondrial samples.
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4.6 Mitochondrial protease YMEI1L1 degrades SLC25A47

To investigate the regulatory mechanisms governing SLC25A47 stability
within mitochondria, we assessed its protein half-life using cycloheximide chase
assays. Our results demonstrated that SLC25A47 is intrinsically unstable, exhibiting
an approximate half-life of 20 minutes (Figure 4.11a-b). Notably, pharmacological
treatments with buthionine sulfoximine (BSO, 1 mM) and erastin (5 uM) markedly
prolonged the half-life of SLC25A47, although the underlying mechanism remains
undefined (Figure 4.11c). These findings suggest the involvement of proteolytic
processes in mediating SLC25A47 turnover. To identify potential mitochondrial
proteases responsible for its degradation, we designed a FACS-based CRISPR screen
utilizing a split mNeonGreen2-SLC25A47 construct. Co-expression of SLC25A47-
NG2(11) with MICU1-NG2(1-10), which is localized to the mitochondrial
intermembrane space (IMS), resulted in reconstituted fluorescence upon successful
protein interaction. A pooled sgRNA library targeting 34 annotated mitochondrial
protease genes (seven sgRNAs per gene) was introduced into these reporter cells. Cells
were subsequently sorted based on fluorescence intensity, and sgRNA representation
in populations with high (SLC25A47-hi) or low (SLC25A47-10) mNeonGreen signal
was analyzed via next-generation sequencing (Figure 4.12a). Among the genes
screened, YMEILI emerged as the sole candidate whose loss significantly stabilized
SLC25A47, implicating it as a key regulator of SLC25A47 degradation (Figure 4.12b-
c). Additionally, treatment of cells overexpressing SLC25A47 with Torin, an inhibitor
of both mTORC1 and mTORC2 reduces SLC25A47 protein levels (Figure 4.12d).
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Figure 4.11: Immunofluorescence imaging confirming mitochondrial localization of
FLAG-tagged SLC25A47 (a). Immunoblot of FLAG protein (bottom) and a-tubulin
protein (top, loading control) in HEK293T cells expressing 3xFLAG-SLC25A47 upon
treatment with cycloheximide (CHX, 50 pg/ml) for the indicated times (b). Half-life
was calculated by the non-linear fitting of FLAG band signal intensity versus time,
increased half-life with BSO (1mM) and Erastin (5 uM) is shown (c).
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Figure 4.12: Schematic for screen design (a). Enrichment of sgRNAs (guide scores)
in the SLC25A47-hi and SLC25A47-1o fractions for the indicated genes in the MITO-
sgRNA CRISPR screen (b). Immunoblots of the indicated proteins in HEK293T cells
expressing 3XxFLAG-SLC25A47 and sgRNAs targeting YMEILI or control (c).
Immunoblots of the indicated proteins in HEK293T cells expressing 3xFLAG-
SLC25A47 treated with different pharmacologic agents (d). mNG: mNeonGreen, scc:
single cell clone.

4.7 Subcutaneous tumor formation using HepG2 single clones

NSG mice (NOD.Cg-Prkdc*i I12rg™!Wil/SzJ) were used as a model to study
tumor growth. Animals were euthanized after 4 weeks. For subcutaneous tumor
formation, 1 x 10 HepG2 cells, either SLC25447-knockout or SLC25A447-knockout
expressing SLC25A47 cDNA (addback), were prepared as described in Methods. Each
mouse received knockout cells on the left flank and addback cells on the right flank.
Initial experiments indicated that tumors derived from SLC25447-addback cells were
significantly larger than those from knockout cells (Figure 4.13a-b). However,
subsequent replicate studies failed to reproduce this difference, and orthotopic liver
injections using the same single cell clones did not reveal any tumor growth

differences between the knockout and addback groups (not shown).
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Figure 4.13: Tumor images (a) and mass (b) of subcutaneously injected HepG2
SLC25A447-knockout cells (n=5, top) and SLC25447-knockout with SLC25447 cDNA
grown in NSG mice (n=5, bottom). Data are the mean + SEM with the individual
points shown. Statistical significance was determined by the paired samples t-test.
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5. DISCUSSION

The physiological substrates of many solute carrier proteins, including
members of the mitochondrial carrier family (SLC25 family), remain largely
undefined. The SLC25 family encompasses a group of mitochondrial transporters
implicated in various diseases, ranging from inborn errors of metabolism to cancer. In
this study, we focused on identifying the physiological substrate of SLC25A47, a
mitochondrial carrier with a highly liver-specific expression pattern and potential

relevance to hepatocellular carcinoma.

Based on the co-evolution of SLC25A47 with urea cycle transporters and
evidence that NAG hydrolysis takes place outside the mitochondria in the absence of
a known transporter, we hypothesized that SLC25A47 functions as the mitochondrial
exporter of N-acetylglutamate. To test this hypothesis, we conducted both in vitro and
in vivo experiments to assess whether gain- or loss-of-function of SLC25A47 affects
the mitochondrial and cytosolic NAG levels. We demonstrated that overexpressing
SLC25A47 reduced mitochondrial NAG levels in vitro, whereas deleting Slc25a47 in
mice resulted in elevated mitochondrial NAG levels. Our findings demonstrate that
SLC25A47 is a mitochondrial carrier required for the export of NAG, identifying a

previously uncharacterized component of hepatic nitrogen metabolism.

Previous studies have demonstrated a linear correlation between serum amino
acid levels and urea production rate (111). This indicates that serum amino acid
concentration is the primary limiting factor for urea synthesis, rather than the intrinsic
synthetic capacity of the liver. Humans possess a highly efficient mechanism for the
catabolism of excess dietary protein, with the urea cycle, confined entirely to
hepatocytes, exhibiting remarkable resilience. This cycle remains functional until the
late stages of hepatocyte viability are reached. Significant impairment of urea cycle
activity is typically observed only in severe liver pathology, such as substantial

hepatocellular loss or portosystemic shunting that bypasses hepatic metabolism.
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The sole well-characterized regulatory control of the urea cycle is exerted at
the level of CPS1, which is activated by NAG. However, the mechanism by which the
cycle is suppressed following a transient increase in amino acid influx into the
mitochondrial matrix of hepatocytes remains unclear. Given that NAG is not subject
to hydrolysis within the mitochondrial matrix, its export from the mitochondria may
contribute to the attenuation of urea cycle activity. Based on our results, we speculate
that the transporter SLC25A47 may serve as an additional regulatory component that
modulates urea cycle activity in response to a postprandial surge of nitrogenous
substrates delivered to the liver via portal circulation. This hypothesis is supported by
evidence showing that Slc25a47-KO mice had significantly reduced glutamine levels

in their peripheral blood, consistent with sustained urea cycle activity.

Due to some limitations in studying the urea cycle in vitro, in vivo knockout
experiments were deemed vital in this study. These limitations include the majority of
the proteins involved in the cycle not being expressed in cell lines, changes that could
be relevant are masked when missing components are overexpressed, and loss-of-
function phenotype cannot be assessed. Additionally, on an organismal level,

downstream effects at the whole-body metabolism level cannot be addressed in vitro.

Further research is required to elucidate the pathological roles associated with
SLC25A47. While our subcutaneous tumor data did not show difference using HepG2
cells, additional methods such as endogenous tumor models via hydrodynamic tail
vein injection could be employed to investigate the gene’s involvement in the

development of hepatocellular carcinoma.

Furthermore, our data demonstrate that the expression of SLC25A47 is
regulated by the mitochondrial protease YMEIL1. Genetic deletion of YMEILI1
stabilizes SLC25A47 protein levels. In addition, we identified the mechanistic target
of rapamycin complex (mTORC) as a potential upstream regulator of SLC25A47, as
treatment with Torin, an inhibitor of both mTORC1 and mTORC?2, led to a reduction

in SLC25A47 stability. Our findings demonstrate that the liver-specific mitochondrial
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transporter SLC25A47 is required for the export of NAG, thereby modulating the rate
of the urea cycle (Figure 5.1).

In summary, the concentration of amino acids in the portal circulation declines
during fasting, leading to reduced activation of nutrient-sensing pathways such as
mTORC, as well as diminished urea cycle activity. The decreased influx of amino
acids—particularly arginine, glutamine, and glutamate—results in lower enzymatic
activity of NAGS, CPSI1, and GLS2. In the absence of excess NAG within the
mitochondria, the mitochondrial protease YMEI1L1 remains active and facilitates the
proteolytic cleavage of SLC25A47, thereby reducing the export of NAG into the
cytosol. In contrast, the postprandial state is characterized by increased availability of
amino acids such as arginine and leucine, which promotes activation of the mTORC
pathway. Although a direct regulatory link between mTORC and YMEI1L1 has not yet
been established, it is plausible that mTORC may influence YMEIL1 activity and
contribute to the stabilization of SLC25A47 through indirect mechanisms.
Additionally, the influx of arginine, an allosteric activator of NAGS, along with
glutamine and glutamate, which serve as substrates for NAGS, and ammonia derived
from amino acid catabolism, collectively enhance the synthesis of NAG and urea. The
excess mitochondrial NAG is exported to the cytosol via SLC25A47, where it

undergoes hydrolysis, thereby contributing to the fine-tuning of urea cycle flux.
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6. SUMMARY AND FUTURE DIRECTION

1. SLC25A47 is a liver-specific mitochondrial transporter. N-acetylglutamate, the only
known direct regulator of the urea cycle, was shown to be exported out of the

mitochondria by an unknown transporter.

2. When SLC25A47 is overexpressed in the mitochondria of HepG2 and HEK293T
cell lines, mitochondrial NAG levels significantly decrease, whereas cytoplasmic
NAG levels remain unaffected. Even when NAG levels are above physiological levels,

SLC25A47 can export NAG into the cytosol.

3. Similar to NAG, the levels of its chemical analog, NCG, significantly decreased in
the mitochondria of cells overexpressing SLC25A47.

4. Slc25a47-KO mice on a high-protein diet were able to sustain high levels of BUN
and urea after fasting compared to WT mice. In addition, Slc25a47-KO mice showed

lower serum glutamine levels than WT mice, indicating increased cycle activity.

5. After fasting, Slc25a47-KO mitochondria had higher NAG levels, supporting in
vitro evidence that SLC25A47 exports NAG from the mitochondria.

6. The half-life of SLC25A47 is estimated to be approximately 20 min. Deletion of
YMEIL]I causes the stabilization of SLC25A47. Additionally, inhibition of mTOR via
Torin destabilizes SLC25A47 protein, suggesting a regulatory mechanism involving

different metabolic inputs.

7. In the future, a comprehensive understanding of the regulatory mechanisms
governing SLC25A47 is expected to yield deeper insights into the urea cycle and
nitrogen homeostasis in mammals. Furthermore, the development of novel mouse
models may elucidate the role of SLC25A47 in the pathogenesis of various diseases

more precisely.
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8. APPENDIX

Appendix-1: List of cDNA sequences designed for the project.

1- SLC25A47 codon optimized sequence:

ATGGATTTTGTAGCTGGAGCGATTGGCGGGGTATGTGGAGTGGCC
GTTGGGTATCCTTTGGATACTGTTAAAGTACGGATTCAAACAGAACCCAA
ATATACCGGAATTTGGCATTGTGTGAGAGACACTTACCATAGAGAAAGG
GTCTGGGGCTTTTATAGGGGTTTGTCCCTTCCAGTCTGTACCGTTAGTCTC
GTGTCATCTGTAAGCTTCGGGACTTATAGGCATTGTCTCGCCCATATTTGT
CGTTTGCGATATGGTAATCCCGATGCTAAACCGACAAAAGCAGATATTAC
ACTTAGCGGCTGTGCTTCAGGGCTGGTGAGAGTCTTTCTCACCTCTCCGA
CGGAAGTAGCAAAGGTGAGGCTGCAAACCCAAACTCAAGCACAAAAGC
AACAACGTCGTCTGTCTGCATCCGGCCCACTTGCCGTTCCACCTATGTGC
CCCGTTCCACCCGCATGTCCCGAACCGAAATATAGGGGTCCTCTCCATTG
TCTCGCGACAGTGGCACGCGAAGAAGGCTTGTGTGGACTGTATAAAGGG
TCCTCAGCATTGGTACTGCGTGATGGTCATAGCTTCGCAACATATTTTCTG
AGCTATGCTGTGTTGTGTGAATGGCTTTCTCCAGCAGGGCATTCCCGACC
GGACGTTCCTGGGGTCCTCGTCGCTGGTGGTTGCGCTGGGGTGCTCGCAT
GGGCCGTAGCAACTCCAATGGATGTCATAAAATCCCGGCTCCAAGCTGAT
GGCCAAGGGCAACGCCGGTATCGAGGGCTTCTTCATTGCATGGTTACAAG
TGTCCGGGAAGAAGGTCCTCGCGTGCTCTTTAAAGGATTGGTGCTTAACT
GTTGTCGAGCATTTCCCGTGAATATGGTCGTGTTTGTGGCATACGAAGCG
GTACTCCGGCTGGCTAGAGGGCTTCTTACCTAA

2- 3xFLAG-SLC25A47 codon optimized sequence:

ATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATT
GATTACAAGGATGACGATGACAAGGGAGGTTCAGGTGGATCAGATTTTG
TAGCTGGAGCGATTGGCGGGGTATGTGGAGTGGCCGTTGGGTATCCTTTG
GATACTGTTAAAGTACGGATTCAAACAGAACCCAAATATACCGGAATTT
GGCATTGTGTGAGAGACACTTACCATAGAGAAAGGGTCTGGGGCTTTTAT
AGGGGTTTGTCCCTTCCAGTCTGTACCGTTAGTCTCGTGTCATCTGTAAGC
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TTCGGGACTTATAGGCATTGTCTCGCCCATATTTGTCGTTTGCGATATGGT
AATCCCGATGCTAAACCGACAAAAGCAGATATTACACTTAGCGGCTGTG
CTTCAGGGCTGGTGAGAGTCTTTCTCACCTCTCCGACGGAAGTAGCAAAG
GTGAGGCTGCAAACCCAAACTCAAGCACAAAAGCAACAACGTCGTCTGT
CTGCATCCGGCCCACTTGCCGTTCCACCTATGTGCCCCGTTCCACCCGCAT
GTCCCGAACCGAAATATAGGGGTCCTCTCCATTGTCTCGCGACAGTGGCA
CGCGAAGAAGGCTTGTGTGGACTGTATAAAGGGTCCTCAGCATTGGTACT
GCGTGATGGTCATAGCTTCGCAACATATTTTCTGAGCTATGCTGTGTTGTG
TGAATGGCTTTCTCCAGCAGGGCATTCCCGACCGGACGTTCCTGGGGTCC
TCGTCGCTGGTGGTTGCGCTGGGGTGCTCGCATGGGCCGTAGCAACTCCA
ATGGATGTCATAAAATCCCGGCTCCAAGCTGATGGCCAAGGGCAACGCC
GGTATCGAGGGCTTCTTCATTGCATGGTTACAAGTGTCCGGGAAGAAGGT
CCTCGCGTGCTCTTTAAAGGATTGGTGCTTAACTGTTGTCGAGCATTTCCC
GTGAATATGGTCGTGTTTGTGGCATACGAAGCGGTACTCCGGCTGGCTAG
AGGGCTTCTTACCTAA

3- MICU1-mNeonGreen(1-10) sequence:

TTTCTTCCATTTCAGGTGTCGTGAGGATCCGCCACCATGTTTCGTCT
GAACTCACTTTCTGCTTTGGCAGAACTGGCTGTGGGTTCTCGATGGTACC
ATGGAGGATCACAGCCCATCCAGATCCGGCGAAGACTAATGATGGTGGC
TTTCCTGGGAGCATCTGCAGTAACTGCAAGTACTGGTCTTTTGTGGAAGA
GGGCCCATGCAGAATCTCCAGGAGGCTCAGTGAGCAAGGGTGAGGAGGA
TAACATGGCCTCTCTCCCAGCGACTCATGAGTTACACATCTTTGGCTCCAT
CAACGGTGTGGACTTTGACATGGTGGGTCAGGGTACCGGCAATCCAAAT
GATGGTTATGAGGAGTTAAACCTGAAGTCCACCAAGGGTGACCTCCAGTT
CTCCCCCTGGATTCTGGTCCCTCATATCGGGTATGGCTTCCATCAGTACCT
GCCCTACCCTGACGGGATGTCGCCTTTCCAGGCCGCCATGGTAGATGGCT
CCGGATACCAAGTCCATCGCACAATGCAGTTTGAAGATGGTGCCTCCCTT
ACTGTTAACTACCGCTACACCTACGAGGGAAGCCACATCAAAGGAGAGG
CCCAGGTGATGGGGACTGGTTTCCCTGCTGACGGTCCTGTGATGACCAAC
ACGCTGACCGCTGCGGACTGGTGCATGTCGAAGAAGACTTACCCCAACG
ACAAAACCATCATCAGTACCTTTAAGTGGAGTTACACCACTGTAAATGGC
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AAACGCTACCGGAGCACTGCGCGGACCACCTACACCTTTGCCAAGCCAA
TGGCGGCTAACTATCTGAAGAACCAGCCGATGTACGTGTTCCGTAAGACG
GAGCTCAAGCACTCCATGGAATTCCTCGAGGGCGGCCGCTCTAGAGTC

4- mNeonGreen(11)-SLC25A47 sequence:

ATGACCGAGCTCAACTTCAAGGAGTGGCAAAAGGCCTTTACCGAT
ATGATGGGAGGTTCAGGTGGATCAGATTTTGTAGCTGGAGCGATTGGCG
GGGTATGTGGAGTGGCCGTTGGGTATCCTTTGGATACTGTTAAAGTACGG
ATTCAAACAGAACCCAAATATACCGGAATTTGGCATTGTGTGAGAGACA
CTTACCATAGAGAAAGGGTCTGGGGCTTTTATAGGGGTTTGTCCCTTCCA
GTCTGTACCGTTAGTCTCGTGTCATCTGTAAGCTTCGGGACTTATAGGCAT
TGTCTCGCCCATATTTGTCGTTTGCGATATGGTAATCCCGATGCTAAACCG
ACAAAAGCAGATATTACACTTAGCGGCTGTGCTTCAGGGCTGGTGAGAG
TCTTTCTCACCTCTCCGACGGAAGTAGCAAAGGTGAGGCTGCAAACCCAA
ACTCAAGCACAAAAGCAACAACGTCGTCTGTCTGCATCCGGCCCACTTGC
CGTTCCACCTATGTGCCCCGTTCCACCCGCATGTCCCGAACCGAAATATA
GGGGTCCTCTCCATTGTCTCGCGACAGTGGCACGCGAAGAAGGCTTGTGT
GGACTGTATAAAGGGTCCTCAGCATTGGTACTGCGTGATGGTCATAGCTT
CGCAACATATTTTCTGAGCTATGCTGTGTTGTGTGAATGGCTTTCTCCAGC
AGGGCATTCCCGACCGGACGTTCCTGGGGTCCTCGTCGCTGGTGGTTGCG
CTGGGGTGCTCGCATGGGCCGTAGCAACTCCAATGGATGTCATAAAATCC
CGGCTCCAAGCTGATGGCCAAGGGCAACGCCGGTATCGAGGGCTTCTTC
ATTGCATGGTTACAAGTGTCCGGGAAGAAGGTCCTCGCGTGCTCTTTAAA
GGATTGGTGCTTAACTGTTGTCGAGCATTTCCCGTGAATATGGTCGTGTTT
GTGGCATACGAAGCGGTACTCCGGCTGGCTAGAGGGCTTCTTACCTAA

5- NAGS codon optimized sequence:

ATGGCTACAGCACTTATGGCCGTTGTCCTTAGAGCCGCCGCCGTGG
CTCCTAGATTGCGCGGACGCGGTGGAACAGGTGGGGCTAGGCGGTTATC
ATGTGGTGCCAGGAGAAGGGCTGCACGAGGGACAAGTCCTGGCCGTCGA
TTGTCCACAGCGTGGTCACAACCTCAACCACCCCCAGAAGAATATGCTGG
TGCCGATGATGTAAGTCAATCCCCGGTGGCGGAAGAACCTAGCTGGGTTC



73

CTTCTCCACGTCCACCCGTCCCACATGAATCTCCCGAACCACCAAGTGGA
CGGAGCCTCGTACAACGCGATATACAAGCATTTCTCAATCAATGTGGCGC
ATCCCCCGGAGAAGCCAGGCATTGGCTGACCCAATTTCAAACGTGTCACC
ATAGCGCCGATAAACCTTTTGCTGTGATAGAAGTTGATGAAGAAGTTCTG
AAATGTCAACAAGGTGTCTCTTCACTCGCATTCGCACTCGCTTTTCTGCAA
AGGATGGATATGAAACCTTTAGTCGTTTTGGGCCTTCCAGCTCCGACAGC
CCCGAGTGGGTGCTTAAGCTTTTGGGAAGCAAAAGCCCAACTTGCAAAA
TCTTGTAAAGTACTCGTCGATGCACTGAGGCATAATGCGGCAGCCGCCGT
CCCTTTCTTCGGTGGTGGAAGCGTCTTGCGAGCAGCAGAACCTGCACCAC
ACGCATCCTATGGTGGTATTGTCTCGGTGGAGACAGACCTGCTGCAGTGG
TGCCTGGAGTCGGGCAGCATCCCCATCCTGTGCCCCATCGGGGAGACGGC
CGCGCGCCGCTCCGTGCTTCTCGACTCCCTGGAGGTGACCGCGTCGCTGG
CCAAGGCGCTGCGGCCCACCAAAATCATCTTCCTCAATAACACAGGCGG
CCTGCGCGACAGCAGTCATAAGGTCCTGAGTAACGTGAACCTGCCCGCC
GACCTGGACCTGGTGTGCAACGCCGAGTGGGTGAGCACAAAAGAACGGC
AGCAGATGCGGCTCATCGTGGACGTGCTCAGCCGCCTGCCCCACCACTCC
TCGGCCGTCATCACCGCCGCTAGCACGCTGCTCACTGAGCTCTTTAGCAA
CAAGGGGTCCGGGACCCTGTTCAAGAACGCCGAGCGAATGCTACGGGTG
CGCAGCCTGGACAAGCTGGACCAGGGCCGTCTAGTGGACCTGGTCAACG
CCAGCTTCGGCAAGAAGCTCAGGGACGACTACCTGGCCTCGCTGCGCCC
GCGGCTGCACTCCATCTACGTCTCCGAGGGGTACAACGCCGCCGCCATTC
TGACCATGGAGCCCGTCCTGGGGGGCACCCCGTACCTGGACAAATTTGTG
GTGAGCTCCAGCCGCCAGGGCCAAGGCTCCGGCCAGATGCTGTGGGAGT
GCCTGCGGCGGGACCTTCAGACACTTTTCTGGCGCTCCCGGGTCACCAAC
CCCATCAATCCCTGGTACTTCAAACACAGTGATGGCAGCTTCTCCAACAA
GCAGTGGATCTTCTTCTGGTTTGGCCTGGCTGATATCCGGGACTCCTATG
AGTTGGTCAACCACGCCAAGGGACTGCCAGACTCCTTTCACAAGCCAGCT
TCTGACCCAGGCAGCTGA
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Appendix-2: Ethical approval for animal use for the project.

| T H E ROCKEFELLER UNIVERSITY

1230 YORK AVENUE - NEW YORK. NEW YORK 10021-6399

The Rockefeller University
Comparative Bioscience Center

MEMORANDUM

To: Kivanc Birsoy
From: IACUC
Re: Approval Notice: Protocol #21102-H (Previous # 18124-H)

Date: May 19, 2022

The Rockefeller University Institutional Animal Care and Use Committee (RU IACUC) reviewed and approved the
animal work pertaining to animal protocol #21102-H, Nutrient Dependencies of Cancer cells on January 4, 2022. This

approval is granted for 3 years and will expire on January 4, 2025.

Sincerely,

Engin Ozertugrul, M.Ed., Ph.D.
The Rockefeller University


Ranya Erdal

Ranya Erdal
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Cancer Metabolism". The document containing information regarding the ethical committee approval is
provided with this document.
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