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KANSER PROGRESYONUNDA VE
TEDAVISINDE ENDOPLAZMIiK RETIKULUM
STRESININ ROLU

Sena SEN'
Ceren TILGEN YASASEVER?

1. GIRIS

Endoplazmik retikulum (ER), 6karyotik hicrelerde hiicre
cekirdegi ile hiicre zar1 arasinda konumlanan en genis zarli
organeldir. Bu organel, ¢ekirdek zarinin dis katmani ile fiziksel
bir devamlilik i¢inde olup, ER liimeni olarak adlandirilan bir i¢
boslugu cevreleyen genis bir zar agindan meydana gelir.
Endoplazmik retikulumun yapist ve kapladigi alan, hiicrenin
islevine ve cesidine bagl olarak degiskenlik gosterir. Organel,
tiibiil ve sisterna gibi farkli bicimlerdeki alt bolgelerden olusur ve
bu dinamik yapilar birbirine doniisebilir. Bu durum, yiizeyinde
ribozom bulunmayan graniilsiuiz endoplazmik retikulum (SER) ile
ribozomlarla kapli olan ve bu nedenle graniillii bir gériiniime
sahip olan granllli endoplazmik retikulum (RER) olmak Uzere
iki temel formun ortaya ¢ikmasina neden olur (English, Zurek, &
Voeltz, 2009).

ER; kalsiyum depolama, kimyasal bilesiklerin
detoksifikasyonu ve lipit sentezi olmak Uzere pek ¢ok farkli
hiicresel siirecin gergeklestigi 6nemli bir organeldir. Plazma zar1
ya da diger organellere gonderilecek proteinlerin dogru sekilde
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katlanmas1 ~ ve  post-translasyonel = modifikasyonlarinin
yapilmasindan sorumlu olan bolimii graniilli endoplazmik
retikulumdur. Buna karsilik, diger organellere tasinacak lipidlerin
sentezi ise diiz endoplazmik retikulumda gergeklesir.

ER ayni zamanda hiicre i¢indeki en onemli kalsiyum
iyonu (Ca*) deposudur ve bu oOzelligiyle oksidorediiktaz
dengesinin korunmasinda kritik bir rol oynar. Sitozole kiyasla
ER’de kalsiyum konsantrasyonunun daha yiiksek olmasi,
organelde daha oksitleyici bir redoks ortaminin olusmasina neden
olur. Bu oksitleyici kosullar, yeni sentezlenen polipeptitlerin
disiilfid baglarinin olusumu ve karbonhidrat eklenmesi gibi
enzimatik modifikasyonlarinin dogru sekilde gerceklesmesi i¢in
gereklidir. ER ortamimin asir1 indirgeyici hale gelmesi
durumunda, disiilfid baglar1 olusamaz ve bu da proteinlerin hatali
katlanmasina yol agar (Braakman & Bulleid, 2011; Corazzari,
Gagliardi, Fimia, & Piacentini, 2017). Ayrica, ER’nin protein
katlama kapasitesinin sinirina ulagsmast halinde, liimen ig¢inde
yanlig katlanmis proteinlerin birikimi meydana gelir. Bu durum,
Unfolded Protein Response (UPR) olarak bilinen yanit
mekanizmasinin aktive oldugu ve Endoplazmik Retikulum Stresi
(ERS) olarak da tanimlanan bir hiicresel duruma yol acar. Besin
yoksunlugu, hipoksik kosullar ve kalsiyum tiikenmesi ERS
durumunu indukleyebilir (Yu, Li, Sun, & Li, 2025).

Kanser, diinyada olarak baglica 6liim nedenleri arasinda
yer almakta; goriilme siklig1 artmakta ve pek ¢ok hasta i¢in etkili
tedavi segenekleri halen sinirh kalmaktadir (Siegel, Giaquinto, &
Jemal, 2024). Kanser biyolojisinin karmasikligi ve tiimorlerin
heterojen yapisi kanser insidansinin ylikselmesinin artan tedavi
seceneklerine ragmen halen en onemli nedenlerinden biridir
(Zhuvd. , 2021). Son donemdeki arastirmalar, ER stresinin kanser
gelisimindeki roliine odaklanmaktadir (Yuvd., 2025). Calismalar,
ERS’nin hem kanser ilerlemesinin bir nedeni, hem de bir sonucu
oldugunu gostermektedir. Onkojenik mutasyonlar ve hiicresel
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doniisiim, genellikle artan protein sentezine ve bunun sonucunda
ERS’ye yol acar (Blazaninvd. , 2017). Bu stres durumu, tamor
hiicrelerinin ~ hayatta  kalmasim1 ~ ve  elverissiz ~ tiimor
mikrogevresine uyum saglamasini destekleyebilir. Ayrica ERS,
pek cok kanser tiirlinde gdzlemlenen bagisiklik sisteminden kagis
ve immiin baskilama mekanizmalarina da katkida bulunmaktadir
(Mandulavd. , 2022).

2. ER STRESININ SINYAL YOLAKLARI

Proteinlerin islevsel ii¢ boyutlu yapilarinin olusturulmasi
ATP, kalsiyum iyonlar1 ve oksitleyici mikrogevre gibi gesitli
faktorler tarafindan kontrol edilir. Katlanmamis veya yanlis
katlanmis proteinlerin anormal sekilde agregat olusturmasi ER
stresini tetikler. Buna karsilik olarak hiicre, protein homeostazini
yeniden saglamak UPR sinyal kaskadini aktive eder (Hetz,
Zhang, & Kaufman, 2020).

ER stresi, hiicresel bir tepki mekanizmasi olup, ER
liimeninde yanlis katlanmig veya katlanmamis proteinlerin
birikmesi ve kalsiyum homeostazindaki bozulmalar gibi
durumlar karsisinda aktive olur (Hetzvd., 2020). UPR'n isleyisi,
lic ana sensor tarafindan diizenlenir: Inositol-Requiring Enzyme
1 (IRE1), Protein Kinase RNA-activated (PERK) ve Activating
Transcription Factor 6 (ATF6). Bu sensorler, maruz kalinan
stresin tiiriine bagli olarak, protein katlanmasi ER'ye bagh
bozunum (ERAD), oksidatif stres, otofaji ve mitokondriyal
islevler gibi siirecleri yoneten farkli sinyal yolaklarini harekete
gecirir (Wiseman, Mesgarzadeh, & Hendershot, 2022). Normal
kosullarda bu sensorler, ER saperonu olan Glucose Regulated
Protein 78 (GRP78) baglanarak inaktif durumda tutar. Ancak ER
stresi olustugunda, yanlis katlanmig proteinlerin  birikimi,
GRP78'in bu sensorlerden ayrilmasina neden olur ve bu ayrilma,
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UPR sinyal kaskadinin baslamasina yol acar (Christianson,
Jarosch, & Sommer, 2023).

2.1. IRE1-XBP1 Yolag:

ER stresi basladiginda, hem kinaz hem de RNaz enzimatik
aktivitelerine  sahip IRE1  proteini  oligomerlesir  ve
otofosforilasyon ile aktif hale gelir (Clootsvd. , 2021). Tum
hiicrelerde yaygin gozlenen IRE1a ve baslica akciger ve bagirsak
epitel hucrelerinde bulunan IRE1B olmak uUzere iki temel
izoformu bulunur. Akiflesen IRE1, RNaz aktivitesi sayesinde
XBP1’i katalize ederek transkripsiyon faktori olan XBP1s
formuna doniistiiriir. XBP1s, protein katlanmast ve ERAD ile
ilgili genlerin ekspresyonunu artirarak ER homeostazinin yeniden
saglanmasinda kilit rol oynar (Yamamotovd. , 2007). IRE1l
yolunun bir diger islevi ise hiicre 6liimiinii tetikleyebilmesidir.
TRAF2 ve ASK1 adaptor proteinlerini kullanarak JINK ve p38
MAPK sinyal yolaklarini1 aktive eder. Bu durum, pro-apoptotik
BIM proteinini uyarip, anti-apoptotik Bcl-2'yi baskilayarak
apoptozu indukler (Shevelevavd. , 2012).

2.2. PERK-elF2a-ATF4-CHOP Yolag:

PERK, ER stresinin ana sensorlerinden biri olup stres
aninda saperon GRP78'den ayrilarak aktiflesir ve 6nemli bir
translasyon faktorii olan elF2a'y1 fosforiller (Kopp, Larburu,
Durairaj, Adams, & Ali, 2019). elF2a'nin fosforilasyonu protein
sentezini baskilayarak ER'nin protein sentez yukinu hafifletir.
Fosforile elF2a, transkripsiyon faktorii ATF4 sentezini artirarak
ATF4’in CHOP ve GADD34 gibi stresle yanitini diizenleyen
genleri aktive etmesine saglar. Ozellikle CHOP, uzun stireli stres
durumunda apoptozu tetikleyen énemli bir proteindir (Martonvd.
, 2022).
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2.3. ATF6 Yolag:

ATF6, ER =zarinda bulunan bir diger transmembran
sensori olup stres aninda GRP78'den ayrilarak golgiye tasinarak
proteolitize ugrayarak transkripsiyon faktorli gibi davranan
ATF6f’ye (ATF6 fragmenti) doniisiir. ATF6f, ER stresi yanit
elementlerine (ERSE, CRE) baglanarak GRP78 ve PDI gibi
protein katlanmasina yardimci saperon ve enzimlerin {iretimini
artirrak ER'nin  protein kapasitesini guclendirir (Thuerauf,
Marcinko, Belmont, & Glembotski, 2007). ATF6’nin, ana
aktivator ATF6a ve ana aktivator inhibitort olan ATF6 olmak
tizere iki paralogu bulunur. Ayrica ATF6, CREB ve SREBP gibi
diger transkripsiyon faktorleri ile etkileserek siddetli veya kalici
stres durumunda ATF6, apoptozla iliskili genleri de aktive
edebilir (Yang, Niemeijer, van de Water, & Beltman, 2020).

3. TUMOR KAYNAKLI ER STRESi VE GRP78
ARACILI ADAPTIF YANITLAR

Artmis glikolitik aktivite gosteren kanser hiicreleri, koken
aldiklart normal hiicrelere kiyasla daha hizli ¢ogalma
egilimindedir. Bu hiicreler, glikoz tiikenmesi, asidik ortam ve
belirgin hipoksinin hakim oldugu bir tiimér mikrogevresi
olusturur. Hem hiicre i¢ci mekanizmalar hem de dis c¢evresel
kosullar, bu hiicrelerde ER stresinin gelisimine katki saglar
(Zhaovd. , 2024). Bu stres durumu, ER icerisinde glikozilasyonu
bozulmus veya yanlis katlanmis proteinlerin birikmesine neden
olur.

UPR’nin 6nemli adaptif yanit bilesenlerinden biri de
timor mikrogevresinde ER  saperonu olan GRP78’in
aktivasyonudur. GRP78, fizyolojik stres kosullarinda ortaya
cikan homeostaz bozukluklarina karsi hiicreyi korumak tizere
indUklenir ve patolojik sureglerde dokulari hasardan koruyucu
islevler iistlenir. Bu protein; tiimdr hiicrelerinin ¢ogalmasini,
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yasamini siirdiirmesini, metastatik potansiyelini ve ¢esitli
tedavilere karst direng gelistirmesini destekleyen temel bir
diizenleyici olarak 6ne c¢ikar. Bu nedenle GRP78 diizeylerinin,
tiimor biyolojisi ve tedaviye yanit agisindan anlamli bir
biyobelirteg olabilecegi disiiniilmektedir (Lee, 2025). Artan
kanitlar, tiimor hiicrelerinde hipoksi ve besin eksikligi nedeniyle
UPR'nin aktivasyonunun, kanser progresyonunu ve prognozunu
etkileyebilecegini diisiindirmektedir (Bartoszewska, Collawn, &
Bartoszewski, 2022).

TUmorun karmasik mikrogevresinin metastaza neden
olarak kemoterapi, radyoterapi ve immiinoterapinin basarisiz
olmasimin ana nedenlerinden biri oldugu bilinmektedir. Tiimor
mikrocevresi esas olarak kanser htcreleri, stromal hicreler ve
tiimdr hiicrelerinin metabolizmasindan ve hayatta kalmasindan
sorumlu olan sinyal kaskadlarini etkileyen hiicre disi matris
bilesenlerinden  olusur  (Fatima, 2025). ER, protein
modifikasyonu, katlanmasi ve bozulmasinda oldukga dnemlidir.
Bununla birlikte, tiimor mikrogevresi ER homeostazini bozar ve
protein katlanmasini etkiler ve ER stresini indiikler (X. Chen &
Cubillos-Ruiz, 2021). Solid tumérlerin biyolojik o6zellikleri,
bliyiik 6l¢lide tiimdr hiicreleri ve tiimor mikrogevresi arasindaki
etkilesim ile ilgilidir. Timor hiicreleri, yiiksek besin
gereksinimleri ve yetersiz kan akisi nedeniyle uzun siireli stres
durumundadir. Timdr hiicreleri, farkli tiimér immiinosiipresif
mikrocevresi nedeniyle immin gozetimden kagar (Guo, Song,
Liu, Ou, & Guo, 2024). Bu nedenle, kanser hiicreleri stres
yanitlarin1  diizenleyerek anormal kosullar altinda hayatta
kalabilir. Kemoterapilerin uzun siireli kullaniminin, timor
mikrogevresinin yeniden programlanmasina yol agarak, pankreas
kanserinde ila¢ direncine ve kemoterapi etkinliginin azalmasina
yol actig1 gosterilmistir (Mukherjee, Rakshit, Shanmugam, &
Sarkar, 2023).
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4. ERS’NIN TUMOR HUCRESINDEKI ROLLERI

ERS ve buna karst gelisen UPR, tiimor hiicrelerinin
kaderini belirleyen ¢ift yonlii bir sliregtir. ER stresinin siddeti ve
siiresine bagli olarak UPR, ya apoptozu tetikleyerek timor
baskilayici etki gosterir ya da tlimor hiicrelerinin zorlu kosullara
uyum saglamasina yardimci olarak tiimdr ilerlemesini destekler
(Oakes, 2020). UPR; metabolizma, proliferasyon, dormansi,
invazyon, metastaz, anjiyogenez ve tedaviye direng gibi biyolojik
stireclerde rol oynar (Sekil 1).

Gen mutasyonu Hipoksi Nitrojen eksikligi ~ Asidik mikrogevre  Anjiyogenik biiyiime faktérleri

W F

Yanls Kattanmg
ein birikimi

ER

-------------- Apoptoz

L
-
-
-

e ~———

- ———
P ~———

-

ilag Direnci

1
1
i
i
i
4 1 e
i
i
i
i
i
|
{

invazyon ve Metastaz

"\
"\
Dormansi Anjiyogenez

Hiicre

Sekil 1. Tumor mikrogevresinde endoplazmik retikulum (ER)
stresinin baslica tetikleyicileri ve kanser hiicrelerinde yol actig1
biyolojik sonuclar.

Metabolik duzenleme: Kanser hiicrelerinde artmis
glikoliz, lipogenez ve glutamin metabolizmast ER stresi
tarafindan sekillendirilir. PERK, IRE1 ve ATF6 yollari; HIF-1a,
c-MYC, LDH, SCDI gibi metabolik diizenleyicileri artirarak
Warburg etkisini giiglendirir ve tiimor biiylimesini hizlandirir
(Wu, Yu, Li, Sun, & Tu, 2021). ATF4 araciligiyla amino asit
metabolizmast yeniden programlanir ve hiicreler glutamin
bagimliligi kazanir (Yan & Liu, 2025).
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Proliferasyon: UPR, IRE1-JNK, KEAP1-NRF2, IL-
6/STAT3 ve MAPK gibi yollar1 aktive ederek ¢esitli kanser
tiirlerinde hiicre ¢ogalmasimi artirir. ATF6 ve XBP1, birgok

malignitede proliferasyonu destekleyen temel UPR bilesenleridir
(C. Chen & Zhang, 2017).

Dormansi: UPR, 6zellikle dissemine tumor hicrelerinin
uzak organlarda diigiik metabolik aktiviteyle hayatta kalmasini
saglar. PERK aracili translasyon baskilanmasi ve IRE1-p38
aktivasyonu hucreleri GO-G1 fazinda tutarak dormansiyi
destekler (Ranganathan, Zhang, Adam, & Aguirre-Ghiso, 2006).

invazyon ve metastaz: ER stresi, EMT’yi tetikleyerek
tiimor hiicrelerinin hareketliligini artirir. ATF6, Snail/Snail2 gibi
EMT transkripsiyon faktorlerini diizenler. Ayrica PERK yolu,
anoikis direncini ve uzak dokularda pre-metastatik nis olusumunu
destekler (Cullinanvd. , 2003).

Anjiyogenez: IRE1-XBP1 ve PERK-ATF4 vyollar
VEGF, IL-6 ve HIF-1a gibi anjiyogenik faktorlerin iiretimini
artirarak yeni damar olusumunu uyarir. Bununla birlikte bazi
durumlarda ER stresinin anjiyogenezi baskilayabilecegi de

gosterilmistir (Masoud & Li, 2015).

Ila¢ direnci: ER stresi, ABC tastyicilarinin artisi, DNA
onarimi, antioksidan yanit ve exozom aracili iletisim gibi
mekanizmalar Gzerinden kemoterapi, hedefe yonelik tedavi ve
immiinoterapi direncini gii¢clendirir. Ancak bazi kosullarda ER
stresinin yapay olarak artirilmasi, direngli hiicrelerin yeniden
kemoterapiye duyarli hale gelmesini saglayabilir (Kannampuzha
& Gopalakrishnan, 2023).

Apoptoz: Siddetli ve uzun siireli ER stresi, IRE1-TRAF2-
ASK1-JNK ve CHOP aracili 6liim yollarim1 aktive ederek
apoptozu Dbaglatir (Oyadomari & Mori, 2004). Misfolded
proteinler aracili DRS5 aktivasyonu ve IREIl’in RIDD
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fonksiyonuyla yapilan  diizenlemeler, hiicre kaderinin
belirlenmesinde 6nemli rol oynar (Luvd. , 2014).

5. ER STRESININ TME YENIDEN
MODELLEMESINDEKI ROLU

Timor mikrogevresinde (TME) ortaya ¢ikan ERS, hem
timor hiicrelerini hem de bagisiklik hiicrelerini etkileyerek
timorlin  ilerlemesini  ve bagisiklik sisteminden kagisini
diizenleyen merkezi bir mekanizmadir (Yuvd., 2025).

5.1. Tumor Hicrelerinde ER Stresi

Timor hiicrelerindeki ER stresi, bagisiklik sisteminden
kagis1 kolaylastiran ¢esitli mekanizmalari tetikler (Pommiervd. ,
2018). MHC-I molekiillerinin ve TAP1 gibi bilesenlerin azalmasi
yoluyla T hiicrelerinin tiimorii tanimasi antijen sunumunun
baskilanmasi sonucu engellenir. XBP1s gibi faktorler T
hlcrelerinin anti-timdor aktivitesini zayiflatir (Livd. , 2019).
Ayrica, NK hiicrelerini uyaran MICA gibi ligandlarin azalmasina
yol acar. ER stresi altindaki timor hiicreleri, bagisiklik
baskilayic1 Ozelliklere sahip makrofajlar, dendritik hiicreler
(DC'ler) ve Myeloid Kokenli Baskilayic1 Hiicreleri (MDSC'ler)
¢ceker ve onlar aktive eder (Mahadevanvd. , 2012). PD-L1
ifadesinin artmas1 ve immiin baskilayici molekiillerin IL-6 ve
PGE2 gibi salinmasi yoluyla olur (X. Chen & Cubillos-Ruiz,
2021).

5.2. Bagisiklik Hiicrelerinde ER Stresi

Besin yetersizligi ve oksidatif stres gibi TME'deki
olumsuz kosullar bagisiklik hiicrelerinde ER stresine yol acarak
islevlerini bozar.

5.2.1. T Hucreleri: IRE1a/XBP1 yolaginin aktivasyonu,
mitokondriyal fonksiyonu ve IFN-y iiretimini bozarak T
hiicrelerini zayiflatir (Mavd. , 2019). Aymi yolak, T hiicresi



Tibbi Biyoloji

tilkenmesini tesvik eden bagisiklik kontrol noktalarini aktive
eder. PERK-CHOP yolagi, T hiicrelerinin enerji metabolizmasini
bozarak etkinliklerini azaltir. ER stres, baskilayict Treg
hiicrelerinin islevlerini daha da giiglendirir (X. Chen & Cubillos-
Ruiz, 2021).

5.2.2. Makrofajlar: IREloa-XBP1 yolagi, makrofajlarin
timori destekleyici (M2 tipi) fenotipe doniisiimiinii ve timdor
istilasini kolaylastiran enzim olan katepsinin salgilamasini saglar.
Lipid birikimi bu siireci daha da kétiilestirir (Batistavd. , 2020).

5.2.3. Myeloid Kokenli Baskilayici1 Hiicreler (MDSC):
PERK yolagmin aktivasyonu, MDSC'lerin hayatta kalmasini,
birikimini ve T hiicrelerini baskilama yetenegini siirdiirmesini
saglar. PERK inhibisyonu, bagisiklik tepkisini giiclendirerek
immiinoterapinin etkinligini artirabilir (Tcyganovvd. , 2021).

5.2.4. Dendritik Hucreler (DC'ler): TME'deki oksidatif
stres, DC'lerde IRE1a-XBP1 yolagini aktive ederek asir1 lipid
birikimine yol acar. Bu lipid yukli DC'ler, antijen sunma ve T
hiicrelerini aktive etme yeteneklerini kaybeder. Ayrica immiin
baskilayici PGE2 iiretimini artirirlar (Cubillos-Ruizvd. , 2015).

5.2.5. Natural Killer (NK) Hducreleri: IREla-XBP1
yolagi, NK hiicrelerinin ¢ogalmasi ve mitokondriyal solunumu
icin hayati Oneme sahiptir. Bu yolak bozuldugunda, NK
hiicrelerinin tiimorii yok etme yetenegi ciddi sekilde zayiflar ve
metastaz artar (Dongvd. , 2019).

ER stresi, timor hiicrelerinin bagisiklik gdézetiminden
kagmasini saglarken, ayni zamanda bagisiklik hiicrelerinin
islevlerini  baskilayarak immiinosiipresif bir mikrogevre
olusturur. ER stres yolaklarinin hedeflenmesi, kanser
immiinoterapilerinin etkinligini artirmak i¢in umut verici bir
strateji olarak one ¢ikmaktadir.
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6. ERS VE KANSER TEDAVIiSi

Kanser  hiicrelerinin  immiin  sistemden  kacis
mekanizmalar1 gelistirmesi Uzerine immin sistemin yeniden
etkinlestirilmesi tiimor hiicrelerine karsi yanit bagisiklik yanitini
guclendirir. Bu kapsamda kontrol noktasi inhibitorleri, adaptif
hiicre tedavileri, onkolitik viriisler ve kanser asilar1 gibi
yaklagimlar kullanilmaktadir (Kciukvd. , 2023). Ancak bazi
kanser tiirlerinde belirgin basarilar elde edilmis olsa da bir¢ok
hastada tedaviye yanit sinirli kalmakta; direng, niiks ve tedaviye
bagl toksisiteler goriilebilmektedir (Zhangvd. , 2025). TUmor
mikrogevresinde hem kanser hem bagisiklik hiicrelerinde ortaya
cikan belirgin ER stresi ve UPR aktivasyonu, antitimdr yaniti
zayiflatarak bagisiklik kagisini destekler (Salvagno, Mandula,
Rodriguez, & Cubillos-Ruiz, 2022). Bu nedenle ER stresine
yonelik hedeflerin modile edilmesi, mevcut immunoterapilerin
etkinligini artirabilecek ve tedavi seceneklerini genisletebilecek
potansiyel bir strateji olarak degerlendirilmektedir.

Kanser hucrelerinde asir1  eksprese olan GRP78,
proliferasyon, metastaz ve tedavi direnciyle iligkilidir (Amaresan
& Gopal, 2023). Bu nedenle GRP78’1 hedefleyen ¢esitli peptitler,
dogal proteinler ve kiiclik molekiiller gelistirilmistir. BMTP78 ve
BC71 gibi secici peptitler, dzellikle yizey GRP78’i (csGRP78)
hedefleyerek timor hicrelerinde mitokondriyal yolla apoptozu
aktive ederek metastazi azaltir. ISM ve PAR-4 gibi pro-apoptotik
proteinler de GRP78’e baglanarak tiimdr ve endotel hiicrelerinde
hiicre 6liimiinii artirir. SubAB toksini ise GRP78’1 parcalayarak
antitimor etki olusturur (Kaovd. , 2018). Ayrica YUM70 ve FL-
5 gibi kicuk molekiller GRP78’in fonksiyonunu bozarak timor
hlcrelerine 6zgu apoptozu destekler. GRP78’i hedefleyen CAR-
T hiicrelerinin de deneysel modellerde etkili oldugu bildirilmistir,
ancak hicre yuzeyinde gecici GRP78 ifadesi kendi kendine
hedeflemeye yol acabildiginden {iiretim siireclerinin optimize
edilmesi gerekmektedir (Samantavd. , 2021).

11



Tibbi Biyoloji

Tedavide kullanilmak tiizere ER stresinin sinyal
yolaklarindan biri olan IREla kaskadi igin de hem kinaz hem
RNaz inhibitorleri gelistirilmistir. KIRA serisi gibi tip II kinaz
inhibitorleri IREla’nin hem kinaz hem RNaz fonksiyonlarini
baskilayarak doku hasarini ve bazi tlimoérlerin bilylimesini azaltir
(Carlesso, Chintha, Gorman, Samali, & Eriksson, 2019). Ote
yandan 4u8C, STF-083010 ve MKC8866 gibi RNaz inhibitorleri
XBP1 mRNA’sinin degrede olmasini engelleyerek timor iliskili
sitokinlerin liretimini azaltir ve kemoterapi ile kombinasyonlarda
tedavi etkinligini artirir (Agalakova, 2025).

Kanser tedavisinde PERK yolu hedef alinan bir baska ER
stres koludur. GSK2656157 ve GSK2606414 gibi secici PERK
inhibitorleri ¢esitli kanser modellerinde tiimor biiyiimesini
baskilar ve ATF4-CHOP yanitin1 azaltir. Ancak bu ajanlarin
toksisitesi onemli bir sinirlamadir, dolayisiyla daha secici PERK
inhibitorlerinin gelistirilmesi gerekmektedir (Talukdar, Orr, &
Lei, 2023).

ATF6’nin  timor olusumu, anjiyogenez ve hiicre
dormansisi ile iliskisi nedeniyle bu yolun inhibe edilmesi de
potansiyel bir tedavi stratejisidir (Chovd. , 2020). Ceapin tirevleri
ATF6’ya 6zgi inhibitorler olup diger UPR yollarini etkilemeden
ATF6 aktivasyonunu engeller (Gallagher & Walter, 2016).
Melatonin ise dogal bir molekiil olarak ATF6’y1 inhibe ederek
tiimdr hiicrelerinde apoptozu destekleyebilir ve normal dokulari
radyasyon hasarindan koruyabilir (Talib, Alsayed, Abuawad,
Daoud, & Mahmod, 2021). Bu nedenle ATF6 inhibitorleri,
oOzellikle kombinasyon tedavilerinde, gelecekteki
immunoterapiler icin umut vaat etmektedir.

7. KLINIiK ONEMIi

UPR yoluna ait proteinlerin timar biyolojisindeki belirgin
rolleri, bu molekilleri potansiyel timdr belirtecleri haline
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getirmektedir. GRP78'in  bazi1 kanser tiirlerinde serum
orneklerinde gorulmesi UPR iliskili proteinlerin tani ve izlem
amaciyla kullanilabilecegini gostermektedir (Huangvd. , 2021).
Ayrica UPR aktivitesi, hastalarin genel sagkalimiyla yakin iligki
gostermistir. UPR proteinleri yalnizca bagimsiz biyobelirtegler
olmakla kalmayip AFP, PSA, CEA, CA15-3 ve CA125 gibi
mevcut timor belirteclerinin iglenmesini de etkileyebilmekte; bu
da birlikte dl¢limiin tiimor takibinde daha etkili olabilecegini
diistindiirmektedir (Zhouvd. , 2024).

UPR’1 hedefleyen ¢ok sayida molekiil tanimlanmis olsa da
cogu klinik asamaya gegmemistir. Su anda sinirli sayida klinik
calisma yiiriitiilmekte olup bunlarin basinda GRP78 hedefli
tedaviler gelmektedir. Anti-GRP78 antikoru PAT-SM6, miyelom
ve melanom igin Faz I caligmalarda gilivenli bulunmustur
(Raschevd. , 2015). Ayrica ¢ocukluk ¢agi refrakter hematolojik
ve onkolojik hastaliklarinda GRP78 hedefli CAR-T huicrelerinin
gelistirilmesine yonelik ¢alismalar devam etmektedir (Yuanvd. ,
2024).

CRISPR  teknolojisi ~ ve  nanoteknoloji, UPR
modulasyonuna yonelik yeni ve hassas tedavi stratejileri
sunmaktadir. Nanopartikiil aracili CRISPR/Cas9 ile UPR
duzenleyicisi CNPY2’nin hedeflenmesi hepatoseliiler karsinom
modellerinde giiglii antitimor etkiler gostermistir (Hongvd.
2022). PERK e kars1 siRNA tasiyan manyetik nanopartikiiller ise
makrofajlarda PERK’i baskilayarak M1 fenotipine yoOnelimi
artirmustir (D'Ursovd. , 2023).

8. SONUC

ERS ve UPR yolaklarinin, tiimor biyolojisinin hemen her
asamasinda belirleyici bir role sahip oldugu gériilmektedir. Cift
yonlii etkiler, ER stresinin hem tiimor gelisimini destekleyen hem
de tedavi direncini giiclendiren kritik bir mekanizma oldugunu

13



Tibbi Biyoloji

ortaya koymaktadir. Glincel ¢aligmalar, GRP78, PERK, IREla ve
ATF6 gibi UPR bilesenlerinin terapotik agidan hedeflenebilir
oldugunu gostermekte; Ozellikle immiinoterapi ile kombine
edilen UPR modiilatérlerinin umut verici sonuglar sundugu
bildirilmektedir. Bununla birlikte, spesifik inhibitorlerin toksisite
profilleri ve klinik gecis asamalarindaki sinirhiliklar, gelecekte
daha secici, guvenli ve etkili ER-stres hedefli tedavilerin
gelistirilmesi gerektigine isaret etmektedir. Genel olarak ER
stresinin anlasilmasi, kanser tedavisinde yeni nesil hassas ve
kisisellestirilmis stratejilerin kapisini aralamaktadir.
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HUNTINGTON HASTALIGININ MOLEKULER
MEKANIZMASI

Derya AKYILDIZ USTUNER!
Huejda THARTORI?

Cihan TANRIKUT?

Mehmet Cengiz USTUNER*

1. GIRIS

Huntington Hastaligi (HH), ilk kez Dr.George Huntington
tarafindan tanimlanmigstir. Bu tanim, 1872 yilinda gerceklesmis
olup (Huntington, 1872), otozomal dominant gegisli, geg
baslangicli, progresif ve oOliimciil bir nérodejeneratif hastalik
oldugu giin gectikce gergeklestirilen arastirmalarla kanitlanmistir
(MacDonald vd., 1993). Baslagigta “Huntington Koresi” olarak
adlandirilmigtir. Bu hastalik santral sinir sistemini etkilemektedir.
Bat1 Avrupa kokenli topluluklarda goriilme siklig1 100.000 kiside
3-7dir (Vonsattel & DiFiglia, 1997). Genellikle 30-40 yaslarinda
baslayan semptomlar, 10-20 yi1l iginde 6liimle sonu¢lanmaktadir
(Vonsattel & DiFiglia, 1997). Vakalarin %10’u erken baslangigh
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yani jiivenil formdadir. Erken baslangi¢cli Huntington hastaligi
daha hizli ve daha agir seyretmektedir (Menalled, 2005).

Huntington Hastalig1 (HH) klinik tablosu ii¢ temel alanda
kendini  gostermektedir. Bunlar motor (hareketle ilgili),
psikiyatrik (davranis ve duygudurumla ilgili) ve kognitif (biligsel
islevler ile ilgili) bozukluklar olmaktadir. Bu {i¢ alan, farkl
evrelerde farkli siddetlerde belirtiler gostermektedir (Zuccato,
Valenza, & Cattaneo, 2010). Otozomal dominant kalitilan bir
hastalik ve huntingtin isimli proteinin ndronlar tarafindan fazla
tiretilip birikmesi ile olusan bir ndrodejeneratif hastaliktir. 4p16.3
kromozom bdlgeleri ile karakterizedir. Genetik aktarimla sonraki
nesillerde CAG dizi tekrar1 artmasi seklindedir. CAG dizi tekrari
coksa hastalik siddetli ve erken yasta goriiliir (Ngrremglle vd.,
2009).

1.1. Motor Bozukluklar:

En belirgin ve en ¢ok dikkat ¢eken bulgusu “kore” adi
verilen ani, istemsiz ve diizensiz kas hareketleridir. Bu hareketler
hastaligin baglarinda kollarin ve bacaklarin proksimal ve distal
ekstremitelerinde  kisa ve diizensiz  sarsintilar  olarak
gorulmektedirler (Vonsattel & DiFiglia, 1997). Hastalik
ilerledikce bu hareketler biitlin viicuda yayilmaktadir, ayni
zamanda daha siddetli ve siirekli kasilmalar halinde devam eder

(Davies vd., 1997).

Geg¢ baslangighi olgularda kore ile birlikte, kontrolli
hareketlerde de koordinasyon bozuklugu yasanmaktadir. Bu
durumda hastalarin yazma, yiirlime, nesneleri tutma gibi basit ve
temel motor becerilerinde zorlanma durumlari olmaktadir
(Mangiarini vd., 1996). Ayrica diizensiz goz hareketleri, dizartri
olarak bilinen konusma bozulmasi, bradikinezi, yani hareketlerin

yavaglamasi, kaslarin istemsiz kasilmasi ve biikiilmesi gibi
durumlar da gorulebilmektedir (Gu vd., 2005).
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Jivenil form ise daha farklt bir motor tablosuyla
seyretmektedir. Bu olgularda kore daha az gortlmektedir, bazen
de hi¢ olmayabilir. Onun yerine bradikinezi, distoni, rijidite yani
kaslarda sertlik gibi bozukluklar goriilmektedir. Baz1 hastalarda
titreme ve epileptik nobetler de goriilmektedir (Menalled, 2005).

1.2. Psikiyatrik belirtiler

Davranigsal ve duygusal degisiklikler, motor bulgular
baslamadan oOnce bile hastalifin ilk belirtileri olabilir. Bu
degisiklikler hastaligin basladigini agikca gostermese de ¢evrenin
fark edecegi degisikliklerdir (Zuccato vd., 2010). En yaygmn
psikiyatrik belirtiler anksiyete, depresyon ve bipolar bozukluk
benzeri duygu durum dalgalanmalar1 (manif-depresif durumlar)
olmaktadir (Harjes & Wanker, 2003).

1.3. Kognitif Bozukluklar

Hastaligin ilerleyen evrelerinde bilissel islevlerde
bozulma baslamaktadir. Ik basta bu bozukluklar dikkat
dagmikligt ve diisiince yavashgt belirtileri ile kendini
gostermektedir. Zamanla ise daha da siddetlenerek demansa yol
acmaktadir (Vonsattel & DiFiglia, 1997). Bu durum hafizasini
kullanma, karar verme becerisini, yargilama, planlama ve
organize olma yetisini ciddi bir sekilde etkilemektedir (Zuccato
vd., 2010).

2. HUNTINGTIN PROTEINININ YAPISI

Huntingtin, yaklasik 348 kDa molekiiler agirliga sahip
biiylik bir proteindir ve bu yiiksek molekiiler agirlik, kristal
tiretimini ve kiitle spektrometrisi ile detayli yapisal analizleri
zorlastirmaktadir (Harjes & Wanker, 2003; Zuccato vd., 2010).

Huntingtin proteininin en dikkat c¢ekici yapisal 6zelligi,
NHa-terminal bolgesinde yer alan polyglutamin (polyQ) dizisi
olmaktadir (MacDonald vd., 1993). Bunun yani sira, proteinde
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HEAT tekrarlari olarak adlandirilan ve protein-protein
etkilesimlerinde rol alan 0&zel amino asit motifleri de
bulunmaktadir (Andrade & Bork, 1995).

Normal huntingtin proteini (HTT), sinir sistemi gelisimi
ve hiicrelerin hayatta kalma mekanizmalarinda 6nemli roller
ustlenmektedir.  Transkripsiyon regulasyonu, aksoplazmik
tasinma, sinaptik vezikiil dinamigi ve anti-apoptotik etkilere
sahip olmaktadir ve tam da bu fonksiyonlar1 sayesinde hiicre i¢i
homeostaz korunmaktadir (Harjes & Wanker, 2003; Zuccato vd.,
2010). HTT'nin ayrica kromatinle etkilesimi ve transkripsiyon
faktorleri (6rnegin  REST/NRSF) ile olan iligkisi, gen
ekspresyonunun ince ayarlanmasinda rol oynamaktadir. mHTT
bu diizeni bozarak REST’in niikleusa taginmasina yol agmaktadir,
bu da bir¢cok noronal genin baskilanmasina neden olmaktadir
(Zuccato vd., 2010).

2.1. PolyQ Bolgesi

Insan huntingtin proteininde polyQ dizisi, 18. amino
asitten itibaren baslamaktadir. Saglikli bireylerde genellikle 35
glutamin kalintisim1 ge¢gmemekle birlikte, yapilan evrimsel
analizler, polyQ dizisinin deuterostom canli grubuna 6zgii eski bir
ozellik oldugunu ve ilk kez deniz kestanclerinde NHQQ dizisi
seklinde ortaya ¢iktigini gostermektedir (Tartari vd., 2008). Bu
da, polyQ dizisinin memelilerde kademeli olarak uzayarak
insanlarda en uzun ve polimorfik bir yapr hali aldigimm
diisiindiirmektedir (Tartari vd., 2008). ilging bir sekilde, fare ve
sicanda polyQ daha kisadir (sirasiyla 7 ve 8 Q), bu da evrimsel
trendin tersine dondiigiinii gostermektedir.

PolyQ dizisini takiben, yalnizca yiiksek omurgalilarda
bulunan bir polyprolin (polyP) bdlgesi yer almakta ve bu
bolgenin, polyQ dizisini ¢dziiniir halde tutarak stabilitesine katk1
sagladig1 diistiniilmektedir (Tartari vd., 2008).
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1994 yilinda, Nobel 6diillii Max Perutz ve ekibi, polyQ dizisinin
polar fermuar (polar zipper) yapisi olusturdugunu ve bu yapinin
transkripsiyon  faktorleriyle etkilesimde gorev  aldigini
gostermistir  (Perutz, Johnson, Suzuki, & Finch, 1994).
Gilinlimiizde, polyQ boélgesinin huntingtin’in baglandig1 protein
ortaklariyla olan iliskilerinde anahtar diizenleyici rol oynadigi
bilinmektedir (Harjes & Wanker, 2003).

Bezprozvanny ve ekibi, X-1s1n1 kristalografisi kullanarak
polyQ dizisinin esnek konformasyonlara (alfa heliks, rastgele
sarmal, uzatilmis dongii) sahip olabilecegini ortaya koymustur ve
COOH-terminal bolgedeki polyprolin dizisinin, bu yapilarin
stabilitesine katki saglayabilecegini 6ne siirmislerdir (M. W.
Kim, Chelliah, Kim, Otwinowski, & Bezprozvanny, 2009).

2.2. HEAT Tekrarlari: Yapiya Acilan Bir Yol

PolyQ dizisinin hemen ardindan, HEAT tekrarlar1 olarak
adlandirilan 40 amino asitlik diziler yer almaktadir. Bu tekrarlar,
protein-protein etkilesimlerinde gorev alir ve huntingtin
proteininde 16 adet olarak tanimlanmistir, ayrica 4 ayri kiime
halinde organize olmustur ve ozellikle deuterostom canlilarda

oldukg¢a korunmuslardir (Andrade & Bork, 1995).

2001 yilinda, Andrade ve arkadaslari, HEAT tekrarlarinin
tic boyutlu bir yap:r olan a-ROD yani helikal yapt formunu
aldiginm bildirmistir (Andrade & Bork, 1995). Sonrasinda, daha
yakin zamanda, yapay sinir ag1 algoritmalar1 kullanilarak
huntingtin proteininde H1 (aa 114-413), H2 (aa 672-969) ve H3
(aa 2667-2938) bolgelerinde ti¢ farkli a-ROD domaini
tanimlanmistir (M. W. Kim vd., 2009). Bu alanlarin, huntingtin
molekill icerisinde intra- ve intermolekiiler etkilesimlere
katildig1 ve homodimerlesmeyi saglayabilecegi diisiiniilmektedir
(Harjes & Wanker, 2003). Butin bu veriler, huntingtin’in ¢coklu
protein ortaklar1 araciligiyla ¢ok islevli bir yapiya sahip
olabilecegini desteklemektedir (Zuccato vd., 2010).
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2.3. BDNF Yitimi

BDNF (beyin kaynakli norotrofik faktor), merkezi sinir
sisteminde yiiksek yogunlukta bulunmaktadir. Iinsan ve diger
memelilerin kaninda da saptanabilmektedir ancak, dolasimdaki
BDNF’nin isglevi ile ilgili arastirmalar devam etmektedir.
(Zuccato vd., 2010). Kanda bulunan BDNF; mononukleer kan
hicreleri ve endotel hucrelerinde sentezlenen BDNF’den,
trombositlerden salinan BDNF’den ve oldukca kiiclik bir oranda
da  olsa  kan-beyin  bariyerini  gecen BDNF’den
kaynaklanmaktadir.

BDNF ekspresyonunun ve metabolizmasinin nasil
diizenlendigi gelisim siirecindeki siganlarda serum BDNF
diizeylerindeki  degisimlerin  beyinle  paralel  oldugu
gosterilmektedir. Bu bulgular ve HD beyninde BDNF’nin
belirgin sekilde azaldigini ortaya koyan genis veri seti temelinde,
periferik BDNF’nin hem hastaligin ilerleyisini izlemek hem de
belirli bir tedavinin etkinligini degerlendirmek igin biyobelirteg
olarak kullanilabilecegi 6ne siiriilmektedir (Zuccato vd., 2010).

Rodent modellerinde 6zellikle BDNF mRNA dizeyi,
sistematik olarak izlenebilmekte ve bu diizey R6/2 farelerinde ve
HD  sicanlarinda  hastaligin  ilerleyisiyle  korelasyon
gostermektedir. Ayrica, kan BDNF mRNA diizeyleri
farmakolojik tedavilere duyarhidir tipki baz1 farelerdeki gibi. R6/2
farelerine akut ve kronik olarak uygulanan CEP-1347
(noroprotektif ve norotrofik etkileri olan bir MLK inhibitord),
tedavi edilmeyen R6/2 farelerine kiyasla, hem kan hem de
beyinde toplam BDNF mRNA seviyelerinde artisa yol
acmaktadir (Gu vd., 2005).

Insanlarda ise BDNF protein diizeylerini belirlemeye
yonelik baz1 girisimler yapilmis olsa da, insan kan 6rneklerinde
(RNA icin tam kan; protein icin plazma veya serum) BDNF
proteininin saptanmast oldukca karmagsiktir ve degiskenlik
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gostermektedir. HD hastalarinda BDNF tayinini giivenilir hale
getirmek i¢in, numune toplama ve isleme protokollerinin
standardizasyonuna ve biiyiik sayida ornekle ¢alismaya ihtiyac
vardir (Zuccato vd., 2010).

2.4. Proteoliz

Huntington hastaligi (HH) arastirmalarinda ¢i8ir acan en
onemli kesiflerden biri, huntingtin proteininin kaspazlar
tarafindan proteolitik olarak kesildigi ve mutant huntingtin'in bu
sekilde parcalanmasinin engellenmesinin, HD fare modellerinde
terapotik fayda sagladigi gosterilmistir. Bu bulgular, mutant
huntingtin parcalanmasinin patolojik siiregte rol oynadigini
ortaya koymustur (Graham vd., 2006).

Huntingtin'in toksik fragmanlarinin hiicresel toksisiteyi
artirdig1 yoniindeki bulgularla birlikte, huntingtin’in kaspazlar
tarafindan substrat olarak kullanilmasi, "toksik fragman hipotezi"
olarak adlandirilan yeni bir modelin gelismesine yol agmistir ve
bu hipoteze gore, proteolitik parcalanma yoluyla agiga ¢ikan,
uzamig poliglutamin (polyQ) igeren toksik fragmanlar, hiicre
icinde birikerek diger kaspazlarin aktivasyonunu tetikler ve bu
sire¢ bir kisir dongii olusturarak hiicre dliimiine yol agmaktadir
(Graham vd., 2006).

Hayden grubunun daha yakin tarihli bir ¢alismasinda,
HH’deki temel proteolitik olaymn kaspaz-6 araciligiyla
gerceklestigi  gosterilmistir (Graham vd., 2006), Ozellikle de
kaspaz-6 tarafindan yapilan huntingtin ~ kesiminin
engellenmesinin HD fare modellerinde hastalik fenotipini 6nemli
oOl¢iide iyilestirdigi tespit edilmistir (Graham vd., 2006).

Huntingtin proteolizinin patolojik bir mekanizma olarak
isledigine dair baska onemli kanitlar da Massachusetts General
Hospital’dan Marian DiFiglia ve ekibinden bulunmustur. Bu
grup, hem normal hem de mutant huntingtin’in sistein proteaz
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ailesinden olan kalpainler tarafindan da kesildigini gdostermeyi
bagarmustir (Y. J. Kim vd., 2001).

Bu bulgular, proteolitik par¢calanmanin hem toksik protein
parcalarinin olusumu hem de hastaligin ilerleyisinde temel rol
oynayan hiicresel stres mekanizmalarinin tetiklenmesi agisindan

merkezi bir 6neme sahip oldugunu ortaya koymaktadir (Davies
vd., 1997; Wellington vd., 2002)

2.5. Agregasyon

Huntingtin agregatlarinin toksisitesi, hiicre kiiltiirlerinde
inklizyon cisimciklerinin =~ olusumunun  hiicre  Gliimiiyle
korelasyon gostermesi temeline dayanmaktadir (Browne vd.,
1997). Ozellikle, huntingtin agregatlarmin hiicre ¢ekirdegine
yonlendirildiginde toksisitelerinin arttigi disiiniilmektedir (W.
Yang, Dunlap, Andrews, & Wetzel, 2002). Bu toksisite, diger
poliglutamin (polyQ) iceren proteinlerin agregatlara ¢ekilmesi ve
bdylece bu proteinlerin fizyolojik islevlerini kaybetmeleri
yoluyla ortaya ¢ikabilir (Zuccato vd., 2010). Hcrelerde ¢ok
sayida polyQ igeren protein bulunur; 6zellikle CREB baglayici
protein (CBP) gibi transkripsiyon faktorleri ve transkripsiyonel
diizenleyiciler bu grupta yer almaktadir.

Cekirdek ici birikimlerin, transkripsiyon diizenleyicilerin
huntingtin agregatlar1 tarafindan sekestre edilmesiyle iliskili
oldugu gosterilmistir ve agregatlar, hiicre gévdesi ile sinaptik ug
arasinda gergeklesen aksonal tasimayi da bozar; bunun nedeni,
¢cOzlniir motor proteinleri kendilerine baglayabilmeleridir
(DiFiglia vd., 1995).

Hastaligin ilerlemesiyle birlikte agregasyonun artmasi, bu
yapilarin patolojik etkisini destekler nitelikte olup (Zuccato vd.,
2010) ozellikle, 94 CAG tekrarini igeren exon 1’i ifade eden
kosullu fare modeli (HD94) {izerinde yapilan bir calismada,
mutant huntingtin inkliizyonlarinin hastalik ilerleyisiyle paralel
sekilde arttig1 gosterilmistir (Yamamoto, Lucas, & Hen, 2000).

32



Tibbi Biyoloji

Aym1  ¢alismada, mHTT ekspresyonu durduruldugunda
agregatlarin ortadan kalktigi, bunun da davranigsal ve bilissel
bozukluklarda iyilesmelere yol agtig1r saptanmistir Bu calisma,
biyokimyasal olarak ¢oziinmesi zor olan agregatlarin, ndronlar
tarafindan hiicre ¢ekirdegi ve disindaki birikimlerden
temizlenebilecegini ilk kez gdstermistir. Bu sebeple, agregat
olusumunu azaltmaya ya da mutant huntingtin’i inaktive etmeye
yonelik terapdtik yaklasimlar potansiyel olarak faydali
olabilmektedir.

Artan sayida calisma, ubikuitin-proteazom sistemi (UPS)
bozulmasinin hiicrelerin mutant huntingtin’i par¢alayamamasina
ve bunun sonucunda agregatlarin olugmasina sebep oldugunu
ortaya koymaktadir (Bence, Sampat, & Kopito, 2001). Huntingtin
agregatlari, ubikuitin antikorlar1 ile isaretlenebilir ve bu
agregatlar proteazom alt birimleri ve ¢esitli saperon proteinlerini
icermektedir (Zuccato vd., 2010). Bu durum, mutant
huntingtin’in yok edilmek iizere isaretlendigini ancak UPS’in
islev.  bozuklugu nedeniyle etkili bir sekilde ortadan
kaldirilamadigini gostermektedir (Wang vd., 2008).

Bu bozulmanin, glia hiicrelerine kiyasla néronlarda daha
belirgin oldugu goriilmektedir ve bu néronal UPS aktivitesinin
diisiik olmasinin, yanlis katlanmis proteinlerin néronlarda daha
fazla birikmesine ve bu hiicrelerin hastaliga kars1 daha duyarh
hale gelmesine neden olabilecegini diisiindirmektedir.

Huntingtin proteininin  yapisal ozellikleri (HEAT
tekrarlar1) ve poliglutamin dizisinin konfigiirasyonu agregasyon
egilimiyle iliskili olmaktadir (Andrade & Bork, 1995; M. W. Kim
vd., 2009; Perutz vd., 1994). Bu baglamda, ¢6ziiniir huntingtin’in
lokalizasyonu ve hiicre i¢i etkilesimleri de proteostazin
diizenlenmesinde 6nemli rol oynamaktadir (DiFiglia vd., 1995;
Harjes & Wanker, 2003).
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2.6. Mitokondri Bozukluklari

Huntington hastaliginin (HH) patogenezinde
mitokondriyal diizensizligin 6énemli bir rol oynadigina dair ¢ok
sayida bulgu bulunmaktadir (Browne vd., 1997). Buna iliskin
orneklerden biri, mutant huntingtin  (mHTT) proteininin
mitokondrinin dig membraniyla iliskili oldugu ve bu etkilesimin
elektron tasima zincirinin (ETC) kompleks II ve III’linde islev
kaybina yol a¢tig1 gosterilmistir (Feigin vd., 2001). Bu durum,
hiicre i¢gi ATP havuzunun azalmasi ve reaktif oksijen tiirlerinin
(ROS) artist ile korelasyon gostermektedir (Kuwert vd., 1990).
Trikarboksilik asit (TCA) dongusiinde gorev alan mitokondriyal
enzim akonitaz, stiperoksit aracili inaktivasyona 6zellikle duyarl
olup bu da ETC’nin bozulmasiyla ROS iiretiminin artmasi sonucu
TCA dongustnin inhibe edilerek ATP Gretiminin daha da
kisitlanabilecegini diisiindiirmektedir (Jenkins, Koroshetz, Beal,
& Rosen, 1993).

Mitokondriyal islev bozuklugunun bir diger 6rnegi ise
mitokondriyal taginimin bozulmasidir. mHTT, aksonlar boyunca
mitokondrilerin ileri (anterograd) ve geri (retrograd) yonlerde
tasinmasini engelleyerek mitokondri bakimini aksatmakta ve
enerji gereksiniminin yiiksek oldugu sinapslar gibi bolgelerde
mitokondri birikimini azaltmaktadir (Li, Li, Yu, Shelbourne, &
Li, 2001). Ayrica, mHTT'nin mitokondri biyogenezini
duzenleyen genlerin ekspresyonundan sorumlu PPAR-y
koaktivator-lo. (PGC-1a) aracili yolaklar1 baskiladigi da
bulunmustur (Gu vd., 2005). HH’de erken evrede mitokondriyal
parcalanma (fizyon) bildirilmistir ve bu siire¢ anormal fizyonu ve
tasimimi etkilemektedir.  Boylece  noéronal  fonksiyon
bozulmaktadir (S.-H. Yang vd., 2008).

HH'de erken evrede mitokondriyal parcalanma (fizyon)
bildirilmis olup, bu olaymm GTPaz aktivitesine sahip dynamin
iligkili  protein-1 (DRP-1) {izerinden gergeklestigi One
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stiriilmektedir. Bu goriisii destekleyen c¢alismalar, DRP-1’in
GTPaz aktivitesinin azaltilmasinin, anormal mitokondriyal
fizyonu ve tasmimi diizelttigini ve HD fare modellerinde
fenotipik iyilesmelere yol agtigini gostermistir.

Bu goOzlemler, HH’de bozulan  mitokondriyal
fonksiyonlarin klinik tablo {izerindeki belirgin etkisine isaret
etmekte ve mHTT’nin enerji metabolizmasin1 bozarak ve
oksidatif hasar1 artirarak noronal disfonksiyona neden oldugu
mekanizmay1 ortaya koymaktadir.

Mitokondri bakiminda, lokalizasyonunda ve
aktivitesindeki bozulmalar aynm1 zamanda ALS, Alzheimer
hastaligi (AD) ve Parkinson hastaligt (PD) gibi diger
norodejeneratif hastaliklarda da bildirilmistir. Bu durum 6zellikle
dikkat cekicidir clnkl hiicresel enerji yetersizligi yalnizca
noronal sinyal iletimini degil, aym1 zamanda islevsel bir
proteomun surddrilmesini  de tehlikeye atabilir. ATP
diizeylerinin ilerleyici olarak azalmasi, proteostaz ve
transkripsiyonel aglarin temel islevlerini sekteye ugratabilecek
sonuglar dogurabilmektedir.

2.7. Noronal Iletimde Bozulma

Mutant HTT, sinaptik iletimde gorev alan vezikiil tasinim
proteinleriyle de etkileserek sinaptik iletiyi bozmaktadir. Bu, hem
GABAEerjik hem glutamaterjik sistemlerde disfonksiyona yol
acmakta ve 6zellikle NMDA reseptdrlerine asir1 duyarlilik gelisir
ve kalsiyum akigi artarak eksitotoksisiteye neden olmaktadir (W.
Yang vd., 2002).

2.8. Hiicresel Temizleme Sistemlerinin Yetersizligi

Hem otofaji hem de UPS, mHTT ve onun agregatlarini
temizlemekte yetersiz kalabilmektedir. Mutant protein, otofajik
vezikiil olusumunu bozabilmekte, lizozomal islevi engellemekte
ve otofaji akisim1 durdurabilmektedir. Bu durum, toksik
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proteinlerin  birikmesini  hizlandirir  ve hiicre  Sliimiinii
kolaylagtirmaktadir (Bence vd., 2001; Wang vd., 2008).

3. HUNTINGTON HASTALIGININ
NOROPATOLOJIK OZELLIiKLERIi

Huntington hastaliginda en belirgin néropatolojik
degisiklik, beynin striatum bdlgesine 6zgii ndron kaybidir
(Vonsattel & DiFiglia, 1997). GABA-erjik orta boy diknesi
projeksiyon noronlar1 6zellikle, yani striyatal noronlarin yaklagik
%380ini olusturan hiicreler, hastalik siirecinde en fazla etkilenen
hiicre grubu olmaktadir.

Hastaligin erken evrelerinde noronlarin dopamin D1 ve
D2 reseptorlerinin %30-40 1 kaybolmaktadir (MacDonald vd.,
1993). Bunun ardindan ilk motor belirtileri goriilmektedir. Son
evrelerde ise kaudat putamen bolgesindeki néronlarin %90indan
fazlas1 yok olmaktadir. Bu agamada striatumda atrofi ve gliyoz
baslar.

fleri donemlerde noérodejenerasyon, sadece striatumla
smirli degildir, serebral korteks, globus pallidus, talamus,
subtalamik cekirdek, nucleus accumbens, substansiya nigra,
serebellum, beyaz madde gibi beyin bdlgelerinde de
yayilmaktadir.

Kontrolsiz  hareketler, bu dejenerasyonun bazal
gangliyon-talamus-korteks yolaklarinda yarattigi bozulmalardan
kaynaklanmaktadir. Duygudurum ve kisilik degisimleri ise
prefrontal korteksteki noronlarin disfonksiyonu ile iligkili
olmaktadir.
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4. HUNTINGTON HASTALIGININ
BiYOKIMYASAL OZELLIKLERI

Pozitron Emisyon Tomografisi (PET) ve Nikleer
Manyetik Rezonans (NMR) ile yapilan ¢alismalar, Huntington
hastaliginda enerji metabolizmasinda belli degisiklikler oldugunu
ortaya koymaktadir (Feigin vd., 2001).

Ozellikle bazal gangliyonlar ve serebral kortekste glikoz
metabolizmasinin yavasladigi goriilmistiir (Jenkins vd., 1993).
Kaudat nukleustaji hipometabolizma bradikinezi, rijidite, demans
ve fonksiyonel kapasite kaybiyla dogrudan iliskili olmaktadir,
putaminal hipometabolizma, kore ve g0z hareketlerindeki
bozukluklarla baglantili, talamus ise hastadaki distoni derecesiyle
ilgilidir (Feigin vd., 2001).

Daha da dikkat cekici bir husus ise hastalifi tasiyan
bireylerin klinik belirtileri ortaya ¢ikmadan yillar dnce metabolik
degisimlerin gozlenmesidir (Jenkins vd., 1993). Kisacasi
hastaligin, semptomlardan ¢ok 6nceden biyokimyasal diizeyde
baslamasidir.

NMR gorintilemeleri, 6zellikle bazal gangliya ve
oksipital kortekste artan laktat iiretimi ile glikoliz bozuklugunu
dogrulamakta olup serebrospinal sivida pirivat artisi, kas
dokusunda fosfokreatin/kreatin ve ATP/fosfokreatin oranlarinda
azalma yaygin olarak goriilmektedir (Jenkins vd., 1993).

Postmortem doku analizleri hastaliktan etkilenen beyin
bolgelerinde oksidatif forsforilasyon, TCA (trikarboksilik asit)
dongisu enzimleri (purivat dehidrogenaz, kompleks I1I-1V,
akonitaz) aktivitelerinin azaldigini géstermistir.

Onemli bir metabolik enzim olan GAPDH (gliseraldehit-
3-fosfat dehidrogenaz) da hastalikta dikkat c¢ekmistir ve
aktivitesinde belirgin bir degisiklik gozlenmese de, hiicre ici
yerlesimi, mutant huntington proteinin varliginda degismektedir.
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Bu da arastirmacilar1 bu enzimin hastaligin patogenezinde dolayli
bir rolii olabilecegini digiindiirmektedir.

5. HUNTINGTON HASTALIGINDA GENETIK
HAYVAN MODELLERI

Huntington hastaliginin (HH) molekiiler mekanizmalarini
anlamaya yonelik arastirmalarda genetik hayvan modelleri blyuk
onem teskil etmektedir (Davies vd., 1997; Hodgson vd., 1999;
Mangiarini vd., 1996; Menalled, 2005). Bu modeller sayesinde
normal ya da mutant huntingtin proteininin, farkli doku ve
hiicresel seviyelerde, farkl siireclerde nasil davrandigi ayrintili
bicimde izlenebilmektedir (Davies vd., 1997; Hodgson vd., 1999;
Mangiarini vd., 1996; Menalled, 2005).

5.1. Transgenik fare modelleri

Transgenik fareler, huntingtin geninin insan versiyonunu
iceren DNA parcalarinin fare genomuna aktarilmasiyla elde
edilmektedir. Bu alandaki oncii ¢aligsmalardan biri, Gillian Bates
ve ekibi tarafindan gergeklestirilmis olup insan huntingtin geninin
ilk ekzonunu ve 144 CAG tekrarini tasiyan 1.9 kb’lik bir DNA
parcasi, fare genomuna entegre edilmistir. Bu fareler, R6/2 olarak
adlandirilmis ve ¢ok erken yaslarda davranigsal ve anatomik
bozukluklar gostermislerdir, ayrica 3.5 haftada 6grenme ve hafiza
testlerinde bozulmalar, 5 haftada motor testlerde ciddi eksiklikler
gozlenmistir. Beyin ve striyatal hacimde hizli azalma, 12 haftada
noron kaybi ve 15 haftaya kadar 6liim gergeklesmistir.

R6/2 hatti, hizli ilerleyen fenotipi nedeniyle ilag
taramalar1 icin ideal bir modeldir ama hastalifin erken
mekanizmalarinin ¢alisilmasi i¢in daha uygun olan yavas
ilerleyici R6/1 hatt1 da gelistirilmistir ve her iki modelde de
mutant huntingtin’in nukleer inkliizyonlar, hastalik ilerledikge
say1 ve boyut olarak artmaktadir (Mangiarini vd., 1996).
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5.2. Knock-in Fare Modelleri

Klasik transgenik modellerde, dis kaynakli genler
genomda rastgele yerlere entegre edilir ve bu durum, ¢evresindeki
genlerin ifadesini bozabilir ve gercekci olmayan fenotiplere
neden olabilmektedir (Menalled, 2005). Bu durumun o6nline
gecmek igin, knock-in teknolojisi kullanilarak mutant huntingtin
geninin dogal genetik baglamda ve fizyolojik diizeyde ifade
edildigi fare modelleri gelistirilmistir.

Bu farelerde, ya fare HD geni (Hdh) i¢ine CAG tekrarlari
entegre edilmektedir ya da fare exon 1’i insan exon 1 ile
degistirilmektedir. Ornegin, HdhQ92, HdhQ111 gibi modeller
baslangicta noropatoloji gostermemis olsa da, daha yakindan
incelendiginde davranis bozukluklar1 ve ilerleyen yasta striyatal
dejenerasyon saptanmistir, Hdh(CAG)150 modeli ise 9. ayda
agregat olusumu ve 2. yilda motor bozukluklarla birlikte striyatal
noron kaybi gostermektedir (Menalled, 2005).

5.3. Sican Modelleri

Sicanlar, daha biiyiik yapilar1 sayesinde davranigsal ve
norogoriintiileme testleri acisindan farelere gore avantaj
sunmaktadirlar (S.-H. Yang vd., 2008). ilk HD sigan modeli,
huntingtin geninin 171-1520 amino asitlik ¢esitli formlarinin
lentiviral vektorlerle striyatuma aktarilmasiyla gelistirilmistir
ancak bu ifade gecici ve lokaldir.

Bu sinirlamay1 asmak icin Tiibingen Universitesi’nden
Olaf Riess, 51 CAG tekrar1 igeren 1962-bp’lik bir mutant
huntingtin ¢cDNA’simn1 endogen promotor kontroliinde stirekli
olarak ifade eden ilk transgenik HD sigan modelini iiretmis olup
siganlarda davranigsal bozukluklar ve histopatolojik degisiklikler,
eriskin baslangichh HD'yi taklit etmektedir. Ayrica embriyonik
kok hicrelerin izole edilmesiyle, gelecekte knock-in si¢an
modellerinin gelistirilmesini miimkiin kilmaktadir.
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6. TEDAVI AMACLI MUTANT HUNTINGTIN
EKSPRESYONUNU HEDEFLEME

HD’ye yonelik olarak kosullu bir fare modeliyle yapilan
c1gir agict gozlemler, mutant huntingtin (mHTT) ekspresyonu
durduruldugunda mHTT agregasyonu ve toksisitesinin tersine
cevrilebilecegini gostermistir (Yamamoto vd., 2000). Bu
bulgular, hiicrelerin i¢sel protein kalite kontrol mekanizmalarinin
poliglutamin  ekspresyonunun  toksik etkilerini  tersine
cevirebilecegini ve mHTT inkliizyonlar1 ile oligomerlerinin
temizlenebilecegini ortaya koymaktadir (Kordasiewicz vd.,
2012).

Daha yakin  tarihli  caligmalar ise, antisens
oligontikleotidlerin (ASO'lar) veya tek sarmalli kii¢lik girisimci
RNA’larin (ss-SiRNA’lar) HD farelerinin merkezi sinir sistemine
verilmesiyle (Zuccato vd., 2010), vahsi tip huntingtin diizeylerine
cok az ya da hi¢ etki etmeksizin mHTT protein diizeylerinin
azaltilabilecegini gostermistir (Yu vd., 2012).

Ayrica, ASO tedavisi uygulanan HD farelerinde agregat
yiikiinde belirgin bir azalma saglanmis ve buna eslik eden motor
koordinasyon ile yasam siiresinde iyilesmeler gozlemlenmis olup
(Kordasiewicz vd., 2012) bu RNAi tabanli susturma
yaklasimlarinin, spinocerebellar ataksi (SCA), amyotrofik lateral
skleroz (ALS) ve Parkinson hastaligt (PD) gibi diger
norodejeneratif hastaliklarin fare modellerinde de etkili oldugu
gosterilmistir (S.-H. Yang vd., 2008).

Bu bulgular cesaret verici olsa da, ayn1 zamanda bu tedavi
protokollerinin  gelisiminin erken asamalarinda oldugunu
gostermektedir ve etkilenen bireylerin yasam tarzi {izerinde ciddi
olumsuz etkileri olabilmektedir(S.-H. Yang vd., 2008). Ozellikle,
bu etkilerin gecici dogasi nedeniyle, hastalarin yasamlar1 boyunca
tekrarlayan enjeksiyonlara maruz kalmasi gerekecektir ve bu
nedenle, nihai hedef; mHTT ekspresyonunu secici olarak azaltan,
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daha az invaziv ve zaman agisindan daha verimli ilaglarin
gelistirilmesi olmalidir (Kordasiewicz vd., 2012).

Proteinlerin katlanmasi ve temizlenmesine dair genel
mekanizmalarin ~ yant sira, yeni bulgular poliglutamin
proteinlerinin ortak bir ekspresyon big¢imini de paylastigini 6ne
sirmektedir (Harjes & Wanker, 2003). Maya hicrelerinde
yapilan ve poliglutamin toksisitesinin diizenleyicilerini aragtiran
genetik bir tarama, uzun poliglutamin dizilerinin secici olarak
ifade edilmesi igin korunan bir transkripsiyon uzama faktoru olan
Spt4'iin gerekli oldugunu ortaya koymustur ve (Andrade & Bork,
1995) dikkat gekici bir sekilde, Spt4 kaybi; mHTT ifadesinde,
agregasyonunda ve toksisitesinde carpici bir azalmaya yol
acmakta, ancak transkriptomda bariz biyik degisiklikler
yaratmamaktadir (Perutz vd., 1994).

7. SONUC

Huntington hastalifinin  molekiiler ~mekanizmasini
derinlemesine incelenirken, hastaligin yalnizca genetik bir
bozukluk olmaktan ote, hiicresel diizeyde cok katmanli bir
patolojik siire¢ icerdigi goriilmiistiir. Mutant huntingtin
proteininin yapisal 6zelliklerinden baglayarak polyQ bdlgesinin
toksisite mekanizmalarini, proteolitik pargalanma siireclerini,
agregasyon olusumunu ve bunun hiicresel fonksiyonlara
etkilerini bilmek, hastaligin neden bu kadar hizli ilerleyebildigini
ve neden ¢ok farkli noronal sistemleri ayni1 anda etkileyebildigini
daha net anlagilmasi konusunda 6nemli bir yer edinmektedir.
Mitokondriyal bozulma, enerji metabolizmasindaki aksakliklar,
noronal iletimde yasanan sorunlar ve hiicresel temizleme
sistemlerinin yetersizligi gibi mekanizmalarin da hep birlikte
HH’nin karmasik klinik tablosunu olusturdugu gdsterilmektedir.

Genetik hayvan modelleri ve yeni tedavi yaklagimlarina
dair bulgular ise bu hastaligin tamamen ¢oziilemeyecek bir sorun
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olmadigini, aksine molekiiler seviyede hedefleme stratejileriyle
anlamli ilerlemeler kaydedilebildigini gostermektedir, 6zellikle
mHTT ekspresyonunun baskilanmasimin fenotipik iyilesme
saglayabilmesi ve agregatlarin ortadan kalkabilmesi ve
noronlarin  belirli ~ 6lclide  toparlanabilmesi,  gelecekte
gelistirilecek terapiler agisindan ¢ok umut verici bir pencere
acmaktadir.
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ILAC SANAYIDE PROTEINLERIN YERI VE
ONEMIi

Derya AKYILDIZ USTUNER!
Huejda THARTORI?

Cihan TANRIKUT?

Mehmet Cengiz USTUNER*

1. GIRIiS

Proteinler gok dnemli hayati fonksiyonlara sahip ve tim
canlilarda yer alan biiylik yapida biyomolekiillerdir. Bu
makromolekiiller aminoasitlerin birbirleriyle peptit baglariyla
olugsmaktadirlar (Stollar & Smith, 2020). Bazi1 kritik gorevlere de
sahiptirler. Bunlardan bazilar1 biyolojik sistemlerde yapisal
destek, sinyal iletimi ve katalitik aktivitedir (Koch & Schafer,
2018).

Proteinler dort yapisal organizasyona sahipdir. Bunlar
primer yapi, sekonder yapi, tersiyer yapi ve kuatener yapu.

Primer yapilardaki proteinler aminoasitlerin belirli bir
dizilimle peptid baglar1 ile birlesmesi ile olusmaktadirlar ve zincir
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seklinde goriilmektedirler (Stollar & Smith, 2020). Sekonder
yapidaki proteinler ise hidrojen baglarinin etkisiyle olusan a-
heliks ve P-tabaka gibi yapilarin olusmasiyla meydana gelir.
Bunlar daha diizenli yapilar olmaktadirlar (Koch & Schafer,
2018). Tersiyer yapidaki proteinler aslinda proteinin ti¢ boyutlu
formudur. Bu yapida proteinin {i¢ boyutlu konformasyonu
belirlenip fonksiyonel hale gelmektedir (Stollar & Smith, 2020).
Kuaterner yapidaki proteinler ise birden fazla polipeptid
zincirinin olusturdugu daha kompleks yapilardir (Janin, Bahadur,
& Chakrabarti, 2008). Proteinlerin ilag sanayide kullanimi
cogunlukla tersiyer ve kuartener formdaki proteinlerle
goriilmektedir. Bu yapilar 6zellikle tasiyici sistem olarak son
zamanlarda Onemli arastirmalarin ve gelismelerin konusu
olmustur (Schweke vd., 2024).

2. PROTEINLERIN KIMYASAL VE
MOLEKULER OZELLIiKLERIi

Proteinlerin ila¢ sanayide kullanimini belirleyen en etkili
faktorleri tasidiklart 6zelliklerinden dolayidir.Protein yapilarin
kimyasal Ozellikleri olmakla beraber, bu ozellikleri saglayan
aminoasit bilesimleri ve yan zincirlerdeki fonksiyonel
gruplardir(Jayakrishnan vd., 2024). Hidrofilik, hidrofobik, bazik
ve asidik aminoasitler, proteinin suda c¢oziinebilirligini ve
fonksiyonunu belirlemektedir. Proteinlerin katlanma
mekanizmalari ise molekiiller aras1 hidrojen baglarindan, Van der
Waals  kuvvetleri ve iyonik etkilesimler tarafindan
yonlendirilmektedir (Jayakrishnan vd., 2024).

Enzimler olarak proteinler biyokimyasal reaksiyonlarin
hizlandirilmasinda biiylik 6nem tagimaktadirlar. Ayrica hiicresel
iskeletin olusturulmasinda da ¢ok dnemli bir rol oynamaktadirlar.
Bir 6rnekle aciklamak gerekirse hemoglobin proteininin gorevi
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oksijen tasima iken, kollajen bag doku yapisin1 desteklemekle
gorevlidir (Jayakrishnan vd., 2024).

Ama proteinlerin katlanmalari ile ilgili sorunlar, herhangi
bir yapisal bozukluklar1 veya protein eksikligi cok c¢esitli
hastaliklara yol agabilmektedir. Bu baglamda proteinler ve
onlarin ila¢ sanayide etkilerinin arastirilmasi, biyoteknolojik ve
tibbi arastirmalar acgisindan ¢ok kritik bir noktada yer almaktadir.

3. PROTEIN BAZLI iLACLAR

Modern biyoteknolojinin en dnemli gelismelerinden ve
calismalarindan biri protein bazli ilaglar olmaktadir. 20. yiizyilin
baslarinda kiigiik molekiillii ilaglardan biiyiik molekullu ilaglara
dogru bir kayma baslamis olup bilimsel ilag kesifleri yapilmistir.
Bu gelisme ile de geleneksel tedavi yontemlerinin yerini bilimsel
ilaglar almistir (Jayakrishnan vd., 2024). Bu Uretim sireclerinin
tarihsel olarak gelisimi tek kullanimlik biyoreaktdr teknolojileri
ile hizlanmis olup protein bazli formiilasyonlarda jelatin
nanopartikiil hazirlama teknikleri nemli bir rol oynamistir (Lee,
Khan, Park, & Lim, 2012; Rader & Langer, 2019).

Bu gelismelerin en onemli ve kritik doniim noktasi da
rekombinant DNA (rDNA) teknolojisidir. Bu teknolojinin ortaya
cikmasiyla, terapotik proteinlerin iiretimi i¢in 6nemli olmasi ve
kullanilmasindan kaynakli proteinlerin ila¢ alaninda da Onii
acilmistir. Ik kez rekombinant DNA teknolojisi kullanilarak
insan insiilini (Humulin) iretilmistir. Bu 6nemli gelisme 1982
yilinda gerceklesmistir ve ABD Gida ve Ilag Dairesi (FDA)
tarafindan da onay almigtir ve piyasaya strilmistiir
(Jayakrishnan vd., 2024).

Fakat bu teknolojinin gelisimin getirdigi olanaklar sadece
bu kadarla kalmamistir. Bunun yami sira somatotropin
interferonlar ve sitokinler gibi terapotik proteinlerin sanayi
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boyutlarinda tiretimini de saglamistir. Bu gelismeler sayesinde
kanser tedavileri ve otoimmiin hastaliklarda yeni nesil biyolojik
ajanlarin gelistirilmesini tesvik etmistir. Bu teknoloji 6zellikle
metabolik hastaliklarin tedavilerinde 6nemli bir yer almistir.

Biyoteknolojik protein ilaglarin iiretimi ve kullanimi son
yillarda artig gostermistir ve 2025 yilina kadar pazar biiytikligii
217,5 milyar dolar seviyesinde ulagmasi beklenmektedir. Bu
artisin sebebi ise baslica kronik hastaliklarin yayginlagsmasidir
ama bir diger etken de biyolojik inovasyonlarin terapdtik
proteinlerin {iretimini daha verimli hale getirmis olmasidir
(Jayakrishnan vd., 2024).

Gelecekte protein bazli terapdtiklerin daha spesifik ve
etkili hale getirilmesi i¢in molekiiler diizeyde oOzellestirme
yontemlerinin gelistirilmesi beklenmektedir.

3.1. Rekombinant DNA (Rdna) Teknolojisi Ve Protein
Uretimi

Rekombinant DNA teknolojisi belirli bir proteinin Gretimi
icin genetik mihendislik teknikleri kullanilarak —genetik
materyalin yeniden diizenlenmesini saglayan bir yontemdir. Bu
teknolojinin sundugu en biiyiik avantajlardan biri dogada sinirl
miktarda bulunan terap6tik proteinlerin endustriyel 0Olcekte
uretilebilmesidir (Jayakrishnan vd., 2024). Bu teknoloji ile gesitli
organizmalarin genetik modifikasyonu yapilarak bakteriler,
mayalar ve memeli hicrelerden insan proteinleri Gretilebilmesi
mimkiin  olmaktadir. Protein bazli  biyofarmasétiklerin
uretiminde mikrobiyal konak sistemleri daha da fazla tercih
edilmektedir (Jayakrishnan vd., 2024). Bu suregler metabolik
muhendislik, genetik optimizasyon ve fermentasyon teknolojisi
gibi baz1 unsurlar1 igermektedir. Rekombinant protein saflastirma
asamalarinda hiicre lizat1 islemleri kritik &neme sahip olmaktadir
(Mi¢i¢, Whyte, & Karsten, 2016). Uretilen protein tasiyici
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sistemlere entegre edilmesi terapdtik etkinligi arttirabilme
potansiyeline sahiptir. (Ma vd., 2017).

Uretim sistemlerinde ¢ok¢a kullamilan mikrobiyal
konaklar arasinda bakteriler, memeli hiicreler ve mayalar vardir.
Escherichia coli birgok alanda yaygin olarak kullanilan bir bakteri
olmaktadir. Bu gibi bakteriler, hizli biiylimeleri ve genetik
maniptlasyonlara uygunluklari nedeniyle yaygin olarak tercih
edilirken, mayalar ve memeli htcreleri, post-translasyonel
modifikasyon yapabilme yetenekleri sayesinde daha kompleks
proteinlerin iiretiminde kullanilmaktadir (Jayakrishnan vd.,
2024).

Rekombinant protein {iretimi, baslica ii¢ temel asamada
gerceklestirilmektedir. Birinci asama upstream siirecidir. Bu
asamada hedef proteini kodlayan gen uygun bir vektore klonlanir
ve ekspresyon konak sistemine aktarilir. Ardindan, konak
hlcrelerin se¢ilmesi ve uygun biiyiime kosullarinin belirlenmesi
saglanarak fermentorlerde biiylik Olgekli {iretim optimize
edilmektedir. Downstream sureci, rekombinant proteinin
saflastirilmasimi ve endistriyel Olgekte biyofarmasotik olarak
kullanima uygun hale getirilmesini kapsamaktadir. Son olarak,
formiilasyon ve son iirlin agsamasinda, proteinin stabilitesi test
edilip klinik kullanima uygun hale getirilmesi saglanmaktadir.

Rekombinant protein iiretiminde verimliligi arttirmak i¢in
genetik miihendislikte farkli  stratejiler kullanilmaktadir.
Promoter miihendisligi, protein ekspresyonunun verimini
arttirmak i¢in giiclii promotorlerin kullanilmasini saglamaktadir.
Sekresyon sinyalleri proteinin hiicre dismma salgilanmasini
kolaylastirmaktadir (Jayakrishnan vd., 2024). Hatta protein
katlanma optimizasyonu ile biyolojik aktivitesi yuksek
proteinlerin  {iretimi saglanirken, metabolik miihendislik
sayesinde hiicre metabolizmas1 modifiye edilerek protein iiretim
kapasitesi arttirilmaktadir.
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3.2. Giiniimiizde Kullanilan Biyoteknolojik
Proteinlerin Simiflandirilmasi

Biyoteknolojik proteinler ¢ok olmakla birlikte kullanim
amaclarima gore, tanisal ve terapotik yonlerine gore farkli
kategorilere ayrilmaktadir. Bu proteinler genetik mihendislik ve
rekombinant DNA teknolojisi sayesinde bircok optimizasyon
asamasindan  gegirilerek  birgok  hastaligin  tedavisinde,
biyomedikal alanda yapilan aragtirmalarda ve sanayi iretim
stireglerinde yaygin olarak kullanilmaktadir (Jayakrishnan vd.,
2024). Protein-nanopartikiil ylizeyinde olusan korona yapisi
terapotik etkiyi dogrudan etkileyebilmektedir (Cai & Chen,
2019), ayrica biyouyumlu nanopartikiiller kanser hiicrelerini
hedeflemede 6nemli avantaj saglamaktadir (Ovais, Guo, & Chen,
2019).

Siniflandirma agagida belirtildigi gibi olmaktadir:
1. Terapotik Proteinler

2. Tanisal (Diagnostik) Proteinler

3. Endustriyel Proteinler

4. Asi Bilesenleri ve Biyoteknolojik Antijenler
3.2.1. Terapotik Proteinler

Bu tir proteinler farmasétik endistride ¢ok blylk 6nem
arz etmektedir ve ayrica hastaliklarin tedavisinde en c¢ok
kullanilan uygulamadir. Bu gruba dahil olan proteinler genel
olarak bahsedecek olursak enzimler, monoklonal antikorlar,
hormonlar ve sitokinler olmaktadir. Monoklonal antikorlar (6rn:
rituksimab, trastuzumab), kanser ve otoimmiin hastaliklarin
tedavisinde 6nemli bir rol oynamaktadirlar (Jayakrishnan vd.,
2024). Eritroprotein veya Rekombinant instlin gibi proteinler ise
anemi ve diyabet tedavilerinde yaygin olarak kullanilmaktadir.
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3.2.2. Tanisal (Diagnostik) Proteinler

Tanisal proteinler adindan da anlasilacagl iizere
hastaliklarin ~ belirlenmesi igin gelistirilmis biyoteknolojik
proteinlerdir. Biyomedikal alanda yapilan arastirmalarda da
kullanimi1 olduk¢a yaygin ve etkili olmaktadir ki son yillarda bu
alanda yapilan bir¢cok biyomedikal arastirmada kullanimi tercih
edilmektedir. Bu proteinler genel olarak enzimler, floresan
belirtegler ve antikorlar olarak kullanilmaktadir (Jayakrishnan
vd., 2024). Buna ornek ELISA testleri verilebilmektedir. Bu
testler de antikor bazli proteinler kullanilarak spesifik hastalik
belirteclerinin tespit edilmesini saglamaktadir. Baz1 molekiiler
biyoloji teknikleriyle de, 6rnegin: polimeraz zincir reaksiyonu
(PCR) yonteminde biyoteknolojik proteinlerden
yararlanilmaktadir.

3.2.3. Endustriyel Proteinler

Biyoteknolojik  siireglerde oldugu kadar ¢evresel
uygulamalarda da kullanilan proteinler vardir. Bu proteinler genel
olarak enzim formlarindadir. Deterjan, gida, kagit ve tekstil
endiistrilerinde yaygin olarak kullanilmaktadirlar. Biyog¢oziiniir
deterjan formiilasyonlarinda amilaz, proteaz ve lipaz gibi
enzimler tercih edilirken, kagit endiistrisinde liflerin islenmesi
icin selulaz enzimleri tercih edilmektedir.

3.2.4. As1 bilesenleri ve Biyoteknolojik Antijenler

Rekombinant DNA  teknolojisi  ile  gelistirilen
biyoteknolojik proteinler olup modern as1 teknolojilerinde
ozellikle son yillarda ¢ok Onemli bir yer almaktadirlar.
Rekombinant ekspresyonu yoluyla gelistirilen bazi as1 ve viral
proteinlere 6rnek verecek olursak Hepatit B ve insan papilloma
virisi (HPV) agilar1 bu acidan Onemli bir yere sahiptir
(Jayakrishnan vd., 2024). Ozellikle de pandemi dénemlerinde
rekombinant protein bazli asilar daha da biiyiik 6nem kazanmuistir.
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Bu anlamda biyoteknolojik proteinlerin kullanim alanlari
giin gectikge genislemektedir. Ayrica genetik miihendislik ve
biyoinformatik alanlardaki ilerlemelerle daha kompleks ve
spesifik proteinlerin gelistirilmesi miimkiindiir. Ongoriler de
gelecek vaad eden bir teknoloji olmasindan dolay1 biyoteknolojik
proteinlerin farmasdtik, tanisal ve endiistriyel alanda kullanimi
artacagi yoniindedir (Jayakrishnan vd., 2024).

4. PROTEIN STABILIiZASYONU

Protein stabilizasyonu, biyofarmasétiklerin givenli ve
etkin kullanilabilmesi i¢in kritik bir gerekliliktir. Proteinler
yapisal olarak son derece hassastir ve ¢evresel kosullara karsi
duyarlidir (Ferraro vd., 2024). Ozellikle sicaklik degisimleri, pH
dalgalanmalari, oksidatif stres ve mekanik kuvvetler, proteinlerin
yapisini bozabildigi gibi, fonksiyonlarin1 kaybetmelerine de yol
acabilmektedir. Bu yiizden, protein stabilitesinin saglanmas1 hem
biyofarmasotiklerin raf omriiniin uzatilmasi hem tedavi edici
etkilerinin korunmasi agisindan biiyiilk Onem tasimaktadir
(Ferraro vd., 2024).

Protein stabilizasyonunda kolajen temelli tasiyici
sistemleri ve hidrojel yapilar da kullanilmaktadir. Kolajen temelli
tagiyict sistemlerinde yapisal biitlinliigiin  korunmasi tedavi
etkinligi igin kritik bir 6neme sahiptir (Rathore vd., 2020).

Protein stabilizasyonunu saglayan proteinlerin kendi
kendine montaj davranislari sergilemeleridir. Bu yetenekleri yani
proteinlerin kendi kendine montaj davraniglart nano-yapi
olusumunda belirleyici etki sunmaktadir (Suresh, Suresh, &
Kannan, 2022).

Proteinlerin {i¢ boyutlu yapisin1 koruyamamasi, terapotik
etkinliklerini  yitirmelerine  neden  olabilmektedir  ve
stabilizasyonun saglanamamasi durumunda, protein bazli ilaglar
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biyolojik aktivitesini kaybedebilmektedir. Bazen istenmeyen yan
etkilere de yol acabilmektedir. Ozellikle parenteral yolla
uygulanan biyofarmasétiklerde stabilite kaybi, immiinojenisiteyi
artirarak hasta giivenligini riske atabilmektedir (Ferraro vd.,
2024).

4.1. Protein Stabilizasyon Mekanizmalari

Protein stabilizasyonu c¢esitli kimyasal ve fiziksel
mekanizmalar araciligiyla saglanabilir:

4.1.1. Hidrojen Baglar1: Sekonder yapilarin olusumunda
kritik rol oynamaktadir ve proteinin genel stabilitesine katkida
bulunmaktadir.

4.1.2. Hidrofobik Etkilesimler: Hidrofobik yan
zincirlerin su ile temasii en aza indirmek igin proteinlerin i¢
kisimlarina dogru yonlenmesi stabilizasyon agisindan énem arz
etmektedir.

4.1.3. Disiilfit Baglari: Kikirt iceren amino asitler
arasinda olusan kovalent baglar olup proteinin katlanmasini
guclendiren kritik faktorlerden biridir.

4.1.4. Tyonik Baglar: Karsit yiiklii amino asitler arasinda
olusan elektrostatik etkilesimlerdir. Bu baglar proteinin yapisini
sabitlemeye yardimci olmaktadir.

Bu stabilizasyon mekanizmalarinin herhangi birinde
bozulma meydana geldiginde, proteinler denatiire olur ve
agregasyona yatkin hale gelmektedir (Lundahl, Fogli, Colavita,
& Scanlan, 2021; Zuma, Gasa, Makhoba, & Pooe, 2022). Bu
nedenle, biyofarmasotik ilag formiilasyonlarinda protein
stabilizasyonunu artirict stratejilerin uygulanmasi gerekli ve
zorunludur (Lundahl vd., 2021).

56



Tibbi Biyoloji

5. AGREGASYON PROBLEMLERI, TERAPOTIK
ETKILERI VE COZUM STRATEJILERI

Agregasyon biyofarmasotik  {iriinlerde en yaygin
karsilagilan stabilite problemlerinden biridir. Agregasyon,
protein-protein  etkilesimleri  sonucu  biiylik  molekiiler
komplekslerin olusmasidir ve biyofarmasétiklerin etkinligini
dogrudan etkileyebilmektedir (Ferraro vd., 2024). Bu sireg,
yanlis  katlanmig  proteinlerin  bir  araya  gelmesiyle
tetiklenebilmekte olup zamanla ¢Ozinmeyen partikiller
olusmasina neden olabilmektedir. Agregasyon mekanizmalari
arasinda hidrofobik etkilesimler, elektrostatik ¢ekimler ve
kovalent baglanmalar yer almaktadir (Ferraro vd., 2024).

Agregat olusumu, biyoyararlanimi diigiirebilir ve ilaglarin
farmakokinetik 6zelliklerini degistirebilmektedir. Daha da
Onemlisi, immiinojenisiteyi artirarak hastalarda beklenmeyen
bagisiklik yanitlarina yol agabilmektedir. Hastalarda antikor
uretimini tetikleyen agregatlar, biyofarmasdétiklerin terapotik
etkinligini azaltabilir ve baz1 durumlarda ciddi advers
reaksiyonlara neden olmaktadir. Bu sebeple, agregasyonu
onlemek ve kontrol altina almak, biyofarmasétik ilag gelistirme
stireclerinde biyuk bir éncelik olarak ele alinmaktadir (Ferraro
vd., 2024).

Agregasyon gibi stabilite sorunlarin1 gidermek icin bazi
¢ozlim stratejileri kullanilmakta olup genel olarak kimyasal
modifikasyon teknikleri ve formiilasyon yaklasimlart olarak iki
ana baslik altinda ele alinmaktadir.

5.1. Kimyasal Modifikasyon Teknikleri

5.1.1. PEGilasyon (Polietilen Glikol Eklenmesi):
Proteinlere polietilen glikol eklenmesi (PEGilasyon) proteinlerin
hidrofobik yiizey alanlarini kapatarak agregasyonu Onleyebilir.
Ayrica, PEGilasyon proteinin dolagimdaki yar1 dmriinii uzatabilir
ve immunojenisite riskini azaltabilmektedir (Zuma vd., 2022).
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5.1.2. Kovalent Capraz Baglanma: Bazi protein
stabilizasyon = yontemleri, kovalent c¢apraz baglanmalar
olusturularak proteinlerin {i¢ boyutlu yapisinin korunmasini
hedefler. Bu teknik, Ozellikle mekanik strese maruz kalan
proteinlerin stabilitesini artirmak i¢in kullanilmaktadir (Lundahl
vd., 2021).

5.1.3. Amino Asit Modifikasyonlari: Proteinlerin belirli
amino asit kalintilarinda yapilan modifikasyonlar, oksidasyon ve
enzimatik parcalanmaya karst koruma saglayarak stabiliteyi
artirmaktadir (Zuma vd., 2022).

5.2. Formulasyon Teknikleri

5.2.1. pH Optimizasyonu: Protein ¢dzeltilerinin optimal
pH degerlerinde formiile edilmesi, agregasyon riskini minimize
etmek icin kritik bir stratejidir. Proteinlerin en stabil oldugu pH
aralig1 belirlenerek bu aralikta formiilasyon hazirlanmalidir
(Lundahl vd., 2021).

52.2. lIyonik  Kuvvet  Ayarlamasi:  Tuz
konsantrasyonlarinin optimize edilmesi, elektrostatik
etkilesimleri diizenleyerek protein stabilitesini artirmaktadir
(Lundahl vd., 2021).

5.2.3. Stabilizator Kullanimi: Sekerler, polialkoller ve
ylizey aktif maddelerin protein stabilitesini artirmak i¢in yaygin
olarak kullanilmaktadir. Bu bilesenler, proteinlerin dogal yapisini
koruyarak agregasyonu engellemektedir (Thakral, Sonje, Munjal,
& Suryanarayanan, 2021).

5.2.4. Liyofilizasyon (Dondurarak Kurutma): Protein
cozeltilerinin liyofilize edilmesi, uzun vadeli saklama stabilitesini
artirmak i¢in kullanilan en etkili ve en yaygin yontemlerden
biridir. Liyofilizasyon sirasinda uygun kriyoprotektanlar

eklenerek proteinlerin yapisal biitiinliigii korunmaktadir (Thakral
vd., 2021).
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6. PROTEIN NANOPARTIKULLERI VE
TASIYICI SISTEMLER

Protein bazli nanopartikiiller, biyolojik ilag tasiyici
sistemler icinde, O©zellikle son zamanlarda o6nemli bir yer
tutmaktadir. Proteinler, biyouyumlu ve biyobozunur olmalari
nedeniyle ilac iletiminde ideal adaylar olarak gortilmektedir ve
terapdtik ajanlart belirli bir hedef bolgeye iletmek, ilaglarin
sistemik dolasimdaki stabilitesini artirmak ve istenmeyen yan
etkileri en aza indirmek amaciyla tasarlanmistir (Rahban vd.,
2023). Ozellikle albiimin, jelatin, fibrinojen gibi dogal proteinler
nanopartikiil iiretiminde yaygin olarak kullanilmaktadir. Albiimin
biyolojik tasiyicilik ve membran ara yiizeyi arasinda kritik rol
oynamaktadir (Van De Wouw & Joles, 2022; Xiong vd., 2024).
Jelatin nanopartikiller emdlsiyon stabilizasyonunda yapisal ajan
olarak islev gorebilmektedir (Tan, Zhang, Han, Zhang, & Ngai,
2022). Protein nanopartikiillerinin hazirlanmasinda ¢okelme,
capraz baglama ve elektrostatik kompleksleme gibi ¢esitli
yontemler kullanilmaktadir (Rahban vd., 2023). pH duyarl
tagtyict sistemler hedefli ilag salintmini miimkiin kilmaktadir
(Yue, Ding, Hu, Zhang, & Cheng, 2024). Protein bazl
mikrokiireler ~ ise  kontrolli ~ salim  mekanizmalarini
desteklemektedir (Zhang, Wang, Wang, & Zhang, 2019). Folat
yani folik asit/B9 vitaminine duyarli nanopartikiil sistemleri
kanser hiicresi hedeflemede etkinlik saglamaktadir (Das vd.,
2020; Hanafy, Abdelbadea, Abdelaziz, & Mazyed, 2023; Jiang
vd., 2020).

Protein bazli tasiyict sistemlerin baslica avantajlari
arasinda ilaglarin kontrollii salinimini saglamalari, hedef dokuya
spesifik baglanabilmeleri ve viicutta dogal yollarla metabolize
olabilmeleri bulunmaktadir ve diger bir onemi de terapdtik
ajanlarin ¢oziiniirliglini ve biyoyararlanimint artirarak 1ilag
etkinligini optimize etmesidir (Rahban vd., 2023).
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7. HUCRE HEDEFLEME MEKANIiZMALARI

Hiicre hedefleme mekanizmalar: pasif ve aktif hedefleme
olarak 1ki ana gruba ayrilmaktadir. Pasif hedefleme,
nanopartikillerin  tmor dokusu gibi  belirli  bolgelerde
birikmesini saglayan fizikokimyasal 6zelliklerinden faydalanarak
gerceklestirilmektedir. Ozellikle, timorlerde goriilen “gelismis
gecirgenlik ve retansiyon (EPR) etkisi”” sayesinde nanopartikller
hedef bolgeye pasif olarak ulasmaktadir (Rahban vd., 2023).

Aktif hedefleme ise, ilag tastyici sistemlerin yiizeyine
belirli ligandlar (antikorlar, peptidler veya seker zincirleri)
eklenmesiyle gergeklestirilmektedir. Bu ligandlar, hiicre
ylzeyinde bulunan spesifik reseptorlere baglanarak hedef
hlcreye ilag iletimini artirmaktadir. Buna 6rnek, transferrin veya
folat reseptorleri ile etkilesime giren protein bazl
nanopartikiiller, kanser hiicrelerine spesifik olarak baglanarak
ilag yiikiinii dogrudan tiimér dokusuna ulastirmasidir (Rahban
vd., 2023).

8. PROTEIN BAZLI iLAC ILETIiM
SISTEMLERININ MEKANIZMASININ
ISLEYISIi

Protein bazl ila¢ iletim sistemlerinin isleyisi, tastyici

nanopartikiiliin sistemik dolasima girmesiyle baslamaktadir.
Tasiyict sistemler Oncelikle biyolojik engelleri asarak hedef
dokuya ulagsmalidir (Rahban vd., 2023). Bu siireg, viicutta dolagan
protein nanopartikiillerin belirli bir biyolojik yanit olusturmasiyla
devam etmektedir.

Nanopartikuliin ylzeyindeki biyouyumlu kaplamalar,
sistemik dolasimdaki makrofajlar ~ tarafindan  hizla
uzaklagtirllmasin1 Onler ve nanopartikiiliin dolasim stiresini
uzatmaktadir. Daha sonra, tasiyici sistem hedef hiicreye
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baglanarak endositoz yoluyla hiicre ic¢ine alinmaktadir.
Endozomal kagis mekanizmalart sayesinde nanopartikiil,
lizozomal par¢alanmadan kacgarak ilacin sitoplazmaya veya hiicre
cekirdegine ulagsmasini saglamaktadir. Boylece, ilag¢ kontrollii bir
sekilde salinarak terap6tik etkisini gostermektedir.

Protein bazli ila¢ tasiyict sistemler, ila¢ dagitiminda
devrim niteliginde yenilikler sunarak terapotik etkinligi artiran
bircok avantaja sahiptir (Rahban vd., 2023). Oncelikle,
biyouyumluluk ve biyobozunurluk 6zellikleri sayesinde, bu
sistemler viicut tarafindan kolaylikla tolere edilir ve dogal
metabolik yollarla parcalanarak atilabilir. Kimyasal sentetik
polimerlere kiyasla, protein bazli tasiyicilar biyolojik ortamda
daha az toksisite gosterir ve uzun vadeli kullanim agisindan
guvenlidir (Johnson vd., 2025). Bu 6zellikleri sayesinde, dzellikle
kronik hastaliklarin tedavisinde tercih edilen sistemler arasinda
yer almaktadir.

Bir diger oOnemli avantaj kontrollii ila¢ salinimi
saglamalaridir. Protein nanopartikiilleri, ila¢ yiikiinii hedef
dokuya belirli bir zaman araliginda serbest birakarak terapdtik
etkinligi optimize eder (Rahban vd., 2023). Bu, hem ilacin
biyoyararlanimini artirir hem de hastanin sik doz alimina olan
ithtiyacini azaltir. Ornegin, konvansiyonel ilag
formiilasyonlarinda ilacin hizla metabolize olmasi nedeniyle sik
doz alim1 gerekirken, protein bazli tasiyicilar ilacin daha uzun

stire etkili kalmasini saglayarak tedavi siirecini kolaylagtirir
(Johnson vd., 2025).

Bu sistemler ayrica hiicre hedefleme mekanizmalar ile
ilaglarin  belirli hiicrelere veya dokulara yo6nlendirilmesini
saglayarak etkinligi artirir. Hedefe yonelik bu tasima
mekanizmalar1 sayesinde ilaglar, saglikli hiicrelere zarar
vermeden dogrudan hastalikli bolgelere ulasir (Johnson vd.,
2025). Ornegin, kanser tedavisinde kullanilan protein bazli
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nanopartikuller, kanser hucrelerinin yiizeyinde bulunan spesifik
reseptorlere baglanarak kemoterapdtik ilaglarin saglikli hiicrelere
zarar vermesini onler. Bu, 6zellikle kanser gibi hassas tedavi
gerektiren hastaliklarda biiyiik bir avantaj saglar (Rahban vd.,
2023).

Yan etkilerin azaltilmasi da protein bazli ilag tasiyict
sistemlerin en Onemli avantajlarindan biridir. Geleneksel ilag
tedavilerinde, ilaclarin sistemik dolagima yayilmasi nedeniyle
istenmeyen yan etkiler sik¢a goriilmektedir (Rahban vd., 2023).
Ancak protein bazli nanopartikiiller, ilact dogrudan hedef
hiicrelere ilettiginden, saglikli dokular iizerindeki yan etkileri
minimize eder. Bu durum, hastalarin tedaviye uyumunu artirarak
yasam kalitesini olumlu yonde etkiler (Johnson vd., 2025).

Biyoyararlanimin artirilmasi bu sistemlerin sundugu bir
diger onemli avantajdir. Suda ¢oziiniirliigli diisiik olan ilaglar,
genellikle vicutta yeterince emilemez ve bu da terapotik
etkilerini sinirlar. Protein bazli tasiyicilar, bu ilaglarin
¢ozinlrliginlii ve biyoyararlanimini artirarak etkinliklerini
maksimize eder. Boylece, ila¢ daha diisiik dozlarda bile etkili
olabilir, bu da doz bagimli yan etkilerin Oniine gecilmesine
yardimci olur (Rahban vd., 2023).

9. SONUC

Proteinlerin ilag sanayisindeki temel roliinii, yapisal
Ozelliklerinden bagslayarak rekombinant DNA teknolojisine,
biyoteknolojik protein siniflandirmalarina ve modern protein
bazli ilag tasiyict sistemlere kadar genis bir perspektiften
incelenmigtir. Arastirmanin kazandirdigi bilgi  kapsaminda,
proteinlerin yalnizca biyolojik yapilarda temel gorevler {istlenen
molekiiller degil, ayn1 zamanda terapdtik uygulamalarda, tanisal
yontemlerde ve endustriyel sureclerde vazgecilmez araclar
oldugu  goriilmektedir. ~ Ozellikle  rekombinant  DNA
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teknolojisinin gelisimiyle birlikte terapotik protein tretiminin
bliylik 0l¢lide hizlandigt ve bu sayede bircok hastaligin
tedavisinde yeni nesil biyolojik ¢dziimlere Oncilliik ettigi
gorulmektedir.

Bununla birlikte, protein bazli nanopartikiil tasiyict
sistemlerin giiniimiizde giderek daha fazla 6nem kazandig ve ilag
etkinligini artiran yenilik¢i avantajlar sundugu gosterilmektedir.
Biyouyumluluk, kontrollii salim, hedefe yonelik ilag iletimi ve
yan etkilerin azaltilmasi gibi o6zellikler, bu sistemlerin hem
aragtirma hem klinik uygulamalarda o©Onemi vurgulanarak
arastirmalarda daha ¢ok yer verilmesi gereken bir alan oldugu
gorulmektedir. Proteinlerin, biyofarmasotik alaninin temelini
olusturan gelecekte de tedavi stratejilerini sekillendirecek giiglii
biyolojik araclar olacagi agiktir. Bu nedenle protein temelli
yaklagimlarin, 6zellikle kisisellestirilmis tip, kanser tedavisi ve
gelismis ilag tasima platformlarinda 6niimiizdeki yillarda daha da
deger kazanacag1 ongdriilmektedir.
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AKCIGER KANSERINDE MiIKRORNA'LAR:
PATOGENEZ, BIiYOBELIRTECLER VE

TERAPOTIK POTANSIYEL
Emre OZGUR!?
Murat SERILMEZ?
1. GIRIS

Akciger kanseri, diinya genelinde kansere bagli 6liimlerin
onde gelen nedenlerinden biri olarak kiiresel saglik sistemleri
tizerinde Onemli bir ylk olusturmaktadir. Akciger kanserinin
ciddiyeti, Amerika Birlesik Devletleri'ndeki istatistiklerle ¢arpici
bir sekilde ortaya konmaktadir; 2022'de yaklasik 236.740 yeni
vaka ve 130.180 o6liim rapor edilmis, 2023 tahminleri de bu
yiksek insidans ve mortalite oranlarmin devam ettigini
gostermektedir (Siegel et al., 2023). Bu yuksek mortalitenin
temelinde, hastaligin siklikla ileri evrelerde teshis edilmesi ve
gelismis tedavi protokollerine karsi direng mekanizmalari
gelistirebilmesi yatmaktadir (Siegel vd., 2023). Histolojik olarak
akciger kanseri, vakalarin %80'inden fazlasini olusturan Kiiciik
Hiicreli Dis1 Akciger Kanseri (KHDAK) ve daha az yaygin olan
ve oldukca agresif seyreden Kiigiik Hiicreli Akciger Kanseri
(KHAK) olmak iizere iki ana gruba ayrilir. KHDAK ise
adenokarsinom, skuamdéz hicreli karsinom ve biyik hicreli
karsinom gibi alt tiplere sahiptir (Gyoba et al., 2016). Son
yillarda, gen ekspresyonunun post-transkripsiyonel

1 istanbul Universitesi Onkoloji Enstitiisii Temel Onkoloji ABD, ORCID: 0000-
0002-4995-4759.

2 istanbul Universitesi Onkoloji Enstitiisii Temel Onkoloji ABD, ORCID: 0000-
0001-8502-2505.
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diizenleyicileri olan mikroRNA'larin (miRNA'lar) kesfi, kanser
biyolojisi anlayisimizi temelden doniistiirmistiir. Bu yazida,
miRNA'larin akciger kanserinin gelisimi ve ilerlemesindeki
karmasik rollerini, bu molekiillerin tanisal, prognostik ve
terapdtik  potansiyellerini  akademik bir bakis acisiyla
derinlemesine incelemektir.

Bu bolimde, molekiiler onkoloji alanindaki aragtirmacilar
ve klinisyenler i¢in giincel ve kapsamli bir kaynak olmayi
hedeflemektedir. miRNA'larin biyolojik rollerini ve kanser
patogenezindeki yerini tam olarak anlayabilmek i¢in dncelikle bu
molekdllerin hassas biyogenez siireglerinin ve temel islev
mekanizmalarinin incelenmesi esastir.

Akciger kanseri gelisiminde hem genetik hem de ¢evresel
faktorler 6nemli rol oynamaktadir. Mevcut kanitlar, akciger
kanserlerinin yaklagik %8—-14{iniin kalitsal veya somatik genetik
degisikliklerden kaynaklandigin1 gostermektedir (Kanwal et al.,
2017). Genetik materyaldeki bu bozulmalar; hiicre ¢ogalmasi,
apoptoz ve DNA onarimi gibi temel hiicresel siireglerin
aksamasina yol agarak tiimor gelisimini kolaylastirmaktadir
(Borges et al., 2008). Ornegin, akciger adenokarsinomlarinin
%10-30’u proto-onkogen KRAS mutasyonlariyla iliskilidir
(Jancik et al., 2010). Benzer sekilde, EGFR mutasyonlari insan
akciger karsinomlarinin patogenezinde oldukca yaygin olarak
rapor edilmektedir (Metro & Cirono, 2012). Timér baskilayict
gen TP53’iin ekspresyonundaki diizensizlik ise akciger
kanserlerinin yaklasik %60-70’inde go6zlenmektedir (Huang et
al., 2018). Bunun yan1 sira BCL2 genindeki mutasyonlar veya
ekspresyon degisikliklerinin de akciger kanseri gelisimine
katkida bulundugu gosterilmistir (Gu et al., 2020).

Genetik etkenlere ek olarak, sigara kullanimi, hava
kirliligi, radon gaz1 ve asbest maruziyeti gibi ¢evresel faktorler de
akciger kanseri riskini belirgin sekilde artirmaktadir (Yu et al.,
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2021). Ornegin asbest maruziyetinin, miR-21 ekspresyonunu
artirarak akciger karsinogenezini destekledigi; bunun o6zellikle
Pdcd4 ve Reck gibi tiimor baskilayict molekiillerin hedeflenmesi
yoluyla gergeklestigi bildirilmektedir (Hiraku et al., 2021).
Asagidaki boliimde, hem genetik hem de g¢evresel faktorlerin
miRNA diizenlenmesi araciligiyla akciger kanseri patogenezi
tizerindeki etkilerini ortaya koyan ¢esitli rnekler sunulmaktadir.

2. miRNA BIYOGENEZI VE iSLEV
MEKANIZMALARI

Insan genomunun yaklasik %98'lik kismi protein
kodlamayan bolgelerden olusur. Bu bolgelerden transkribe olan
ancak protein Urinlne cevrilmeyen RNA molekillerine
"kodlamayan RNA'lar" adi verilir. Bu RNA'lar, hiicresel
stireglerin ince ayarinda gorev alan molekiler duzenleyiciler
olarak iglev goriir (Esteller et al., 2011). Baslica kodlamayan
RNA tipleri sunlardir:

e Yapisal RNA'lar: Ribozomal RNA (rRNA) ve transfer
RNA (tRNA) gibi protein sentezinde dogrudan gorev alan
molekailler.

e Uzun Kodlamayan RNA'lar  (IncRNA): 200
nikleotidden uzun olan ve gen ifadesinin epigenetik,
transkripsiyonel ve  post-transkripsiyonel  dizeyde
diizenlenmesinde rol oynayan molekdiller.

e« MikroRNA'lar (miRNA): Yaklasik 20-22 nikleotid
uzunlugunda olan ve gen ifadesinin post-transkripsiyonel
diizenlenmesinde anahtar rol oynayan kigiik RNA'lar.

e Diger Kiiciik RNA'lar: piRNA, siRNA gibi farkh
regiilasyon mekanizmalarinda gorev alan molekiiller.
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Bu kodlamayan RNA'lar arasinda, 6zellikle miRNA'lar,

kanser patogenezindeki merkezi rolleri nedeniyle son yillarda
yogun ilgi gormektedir.

miRNA'larin gen diizenlemesindeki giicii, onlarin hassas

ve karmasik biyogenez siirecinden kaynaklanmaktadir. Bu
siirecin detaylarinin anlasilmasi, miRNA'larin kanserde neden ve
nasil diizensizlestigini kavramak icin temel bir gerekliliktir.
miRNA'larin biyogenezi, olduk¢a diizenlenmis bir siiregtir ve
temel olarak kanonik (klasik) yolak ve kanonik olmayan
yol iizerinden gergeklesir. Kanonik miRNA biyogenez yolagi,
birka¢ temel adimdan olusmaktadir:

Transkripsiyon ve Cekirdek Ici Islenme: Siireg,
miRNA genlerinin RNA Polimeraz II tarafindan
transkripsiyonu ile baglar ve pri-miRNA olarak
adlandirilan birincil transkriptler {retilir. Bu pri-
miRNA'lar, gekirdekte Drosha (bir RNaz Ill enzimi) ve
onun kofaktorii olan Pasha/DGCRS8'den  olusan
Mikroislemci Kompleksi tarafindan taninir ve islenerek
yaklagik 70 niikleotid uzunlugunda, sa¢ tokasi (hairpin)
yapisinda pre-miRNA molekiilleri olusturulur (Das &
Rao, 2022).

Sitoplazmaya Tasmnma: Olusturulan pre-miRNA'lar,
Ran-GTP'ye bagiml bir tasiyici protein olan Exportin-5
araciligiyla niikleer porlardan sitoplazmaya aktif olarak
taginir (Das & Rao, 2022).

Sitoplazmik Isleme ve Olgunlasma: Sitoplazmada, pre-
miRNA molekiilii bagka bir RNaz III enzimi olan Dicer
tarafindan tanmmir ve kesilir. Bu kesim sonucunda,
yaklagitk 22  niikleotid uzunlugunda olgun bir
miRNA:miRNA* dubleksi (cift zincirli yap1) meydana
gelir (Das & Rao, 2022).
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e RISC Kompleksine Yuklenme: Bu dubleks yapi,
Argonaute (AGO) proteinini igeren RNA ile induklenen
susturma kompleksine (RISC) yiklenir. Kompleks, daha
sonra bu dubleksi ¢ozerek olgun miRNA'yr (kilavuz
zincir) tutarken, yolcu (passenger) zincir olarak
adlandirilan diger zinciri genellikle bozunmaya ugratir
(Das & Rao, 2022)..

Islevsel hale gelen olgun miRNA, RISC kompleksi
araciligiyla hedef mRNA'larin genellikle 3' ¢evrilmeyen
bolgesinde (3'-UTR) bulunan ve "seed" (tohum) dizisi olarak
bilinen tamamlayic1 dizilere baglanir. Bu baglanma, mRNA
translasyonunun inhibisyonuna veya dogrudan mRNA'nin
yikimina yol acarak hedef genin ekspresyonunu post-
transkripsiyonel diizeyde susturur (Jonas & lzaurralde, 2015).

Bu hassas biyogenez sirecindeki herhangi bir genetik
veya epigenetik aksaklik, olgun miRNA seviyelerinde
duzensizliklere yol agarak kanser gibi patolojik durumlara zemin
hazirlayabilir.

3. AKCiGER KANSERINDE MIiRNA
DUZENSIZLIGININ MEKANIiZMALARI

Saglikli hiicrelerde sik1 bir sekilde kontrol edilen miRNA
ekspresyon profilleri, akciger kanserinde Onemli o6lciide
degismektedir. Bu degisimin altinda yatan molekiiler
mekanizmalar1 anlamak, hem kanserin baglangicini aydinlatmak
hem de potansiyel terapotik hedefler belirlemek icin kritik bir
oneme sahiptir. Bu mekanizmalarin aydinlatilmasi, miRNA
ekspresyon profillerini potansiyel olarak 'mormallestirebilecek’
terapoOtik miidahaleler icin mantiksal bir zemin olusturmaktadir.
Akciger kanserinde miRNA ekspresyonunun bozulmasina yol
acan ana faktorler asagida detaylandirilmistir.
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3.1. Genomik Anormallikler

mMiRNA genlerinin yaklasik %25', kromozomlarin
kirilgan bolgelerinde, heterozigotluk kaybi1 (LOH) yasanan veya
amplifikasyona ugrayan alanlarda yer almaktadir. Bu genomik
kararsizliklar, ilgili miRNA genlerinin kaybina veya asir
ekspresyonuna yol acarak hticresel dengeyi bozabilir (Calin et al.,
2004).

3.2. Epigenetik Modifikasyonlar

DNA metilasyonu ve histon modifikasyonlar1 gibi
epigenetik  mekanizmalar, Ozellikle timor  baskilayic
miRNA'larn ifadesini susturmada 6nemli rol oynar. Ornegin,
akciger kanserinde miR-34b/c, miR-9 ve miR-193a gibi
miRNA'larin promotor bolgelerindeki hipermetilasyon, bu
miRNA'larin susturulmasina ve hedefledikleri onkogenlerin
aktivitesinin artmasina neden olur (Heller et al., 2012; Wang et
al., 2011).

3.3. Polimorfizmler

mMIRNA gen dizilerinde veya hedef mRNA'larin 3'-UTR
bolgelerinde meydana gelen tek nikleotid polimorfizmleri
(SNP'ler), miIRNA-mRNA baglanma etkinligini degistirebilir.
KRAS onkogeninin 3'-UTR bdlgesindeki bir SNP'nin, timor
baskilayic1 let-7 miRNA'sinin baglanmasimi zayiflattigi ve

boylece akciger kanseri riskini artirdigi gosterilmistir (Chin et al.,
2008).

3.4. Transkripsiyonel Diizenleme Hatalar

miRNA genlerinin transkripsiyonu, ¢esitli transkripsiyon
faktorleri tarafindan  diizenlenir. Myc gibi onkogenik
transkripsiyon faktorlerinin asir1 aktivasyonu, miR-17-92 kiimesi
gibi onkogenik miRNA'larin (onko-miRNA) ekspresyonunu
artirarak timor gelisimini tesvik eder (O’ donnell et al., 2005).
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3.5. Anormal Olgunlasma Siirecleri

mMiRNA biyogenez mekanizmasinda yer alan Drosha ve
Dicer gibi temel proteinlerin fonksiyon bozukluklari, pri-
miRNA'larin olgun miRNA'lara verimli bir sekilde islenmesini
engelleyebilir. Bu durum, genel bir miRNA ekspresyon
azalmasina yol acarak kanser patogenezine katkida bulunur.

Bu mekanizmalarla ortaya ¢ikan miRNA diizensizlikleri,
kanserin temel biyolojik yeteneklerini dogrudan etkileyerek
patogenezin ilerlemesine ve hastaligin agresif bir fenotip
kazanmasina katkida bulunur (Trabucchi et al, 2009).

4, miRNA'LARIN AKCIiGER KANSERI
PATOGENEZINDEKI COK YONLU ROLLERI

Diizensiz miRNA ekspresyonu, akciger kanserinin
gelisim ve ilerlemesinde merkezi bir rol oynamaktadir.
miRNA'lar, "kanserin ayirt edici 6zellikleri" olarak bilinen temel
hiicresel siirecleri modiile ederek ya tiimor baskilayict ya da
onkogenik (oncomiR) iglevler gorirler (Sussanti et al., 2023). Bu
etkilesimlerin molekiiler diizeyde haritalandirilmasi, kanserin
ilerlemesini  durdurmak i¢in hassas miidahale noktalari
belirlememizi saglar. Bu bolimde, miRNA'larin bu siiregler
uzerindeki etkileri incelenecektir.

4.1. Proliferasyon ve Hicre Déngust Kontroll

Kontrolsiiz proliferasyon, kanserin en temel 6zelligidir.
Tiimor baskilayict miR-218-5p ve miR-134, 6nemli bir blyiume
faktorii reseptorii olan EGFR'yi dogrudan hedefleyerek akciger
kanseri hucrelerinin proliferasyonunu inhibe eder (Zhu et al.,
2016). Benzer sekilde, miR-15a/16 kiimesi ve miR-449a gibi
miRNA'lar, sirasiyla Siklin D1/E1 ve E2F3 gibi hiicre dongiisii
duzenleyicilerini hedef alarak hicre donglsind durdurur ve
timor biliytimesini baskilar (Bandi et al., 2009; Ren et al., 2014).
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Buna karsilik, miR-3613-5p ve miR-21-5p gibi onko-miRNA'lar
proliferasyonu ve hiicre gogalmasini tesvik ederler (He et al.,
2020; Tang et al., 2021).

4.2. invazyon, Metastaz ve Epitelyal-Mezenkimal
Gecis (EMT)

Metastaz, kansere bagl 6liimlerin ana nedenidir ve EMT
stireci bu olaym kritik bir baglangic adimidir. miR-200 ailesi,
EMT'nin ana dizenleyicileri olan ZEB1 ve ZEB2 transkripsiyon
faktorlerini dogrudan hedefleyerek bu siireci baskilar ve
invazyonu engeller (Chen et al., 2014). miR-148a ve miR-29b de
benzer sekilde metastazi baskilayici roller istlenir (Chen et al.,
2013). Tersine, miR-135b, Hippo sinyal yolagin1 hedef alarak,
miR-21 ise PTEN tiimor baskilayicisini susturarak hiicre gogilin,
invazyonu ve metastazi agresif bir sekilde tesvik eder (Lin et al.,
2013; Liu et al., 2013).

4.3. Anjiyogenez (Yeni Damar Olusumu)

Tiimorlerin biiylimesi ve yayilmasi, besin ve oksijen
saglamak i¢in yeni kan damarlarinin olusumuna baglidir. miR-
200b, miR-126 ve miR-128 gibi miRNA'lar, anjiyogenezin ana
tetikleyicisi olan VEGF ve reseptorlerini hedefleyerek yeni damar
olusumunu engeller (Choi et al., 2011; Liu et al., 2009). Buna
karsilik, hipoksik kosullar altinda kanser hiicrelerinden salinan
eksozomlar icindeki miR-23a, endotel hicrelerine transfer
edilerek anjiyogenezi uyarir (Hsu et al., 2017).

4.4. Apoptozdan Kacis

Kanser hiicreleri, programlanmis hiicre olimii olan
apoptozdan kacarak hayatta kalma avantaji elde eder. miR-608
(TFAP4'U0 hedefleyerek), miR-15a (BCL2L2'yi hedefleyerek) ve
miR-7 (BCL2'yi hedefleyerek) gibi miRNA'lar, anti-apoptotik
proteinleri baskilayarak hicre olimand tetikler ve timor
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baskilayici olarak islev goriir (Wang et al., 2019; Yang et al.,
2015; Xiong et al., 2011).

4.5. Hiicresel Metabolizmanin Yeniden
Programlanmasi (Warburg Etkisi)

Kanser hiicreleri, agirlikli olarak glikoliz kullanarak
metabolizmalarini yeniden programlar (Warburg etkisi). miR-
144 ve miR-199a-5p, glikoz tasiyicisi GLUT1'i hedefleyerek
glikoz alimini ve laktat {iretimini azaltir, boylece Warburg
etkisini tersine gevirir. Buna karsilik, miR-31-5p, FIH proteinini
baskilayarak HIF-1 fonksiyonunu artirir ve glikolizi tesvik ederek
Warburg etkisini gtclendirir (Liu et al. 2016; Xu et al, 2022, Zhu
etal., 2019).

4.6. Immiin Sistemden Kacis

Tiimorler, bagisiklik sisteminin denetiminden kagabilir.
miR-34a ve miR-138-5p, immiin kontrol noktas1 molekiilii olan
PD-L1'i dogrudan hedefleyerek T hiicrelerinin tiimdr hiicrelerini
yok etmesini kolaylastirir. Tersine, akciger tlimorlerinden salinan
mikro-vezikdllerle T-regiilator (Treg) hiicrelere tasinan miR-214,
bu hiicrelerin geniglemesini saglayarak immiin baskilamay1
tesvik eder ve tliimoOriin bagisiklik sisteminden kagmasina
yardimci olur (Cortez et al., 2016; Song et al., 2020; Yin et al.
2014).

miRNA'lar sadece timor hicrelerinin icsel 6zelliklerini
degil, aynt zamanda tiimoriin cevresindeki hiicrelerle olan
karmasik etkilesimini de diizenleyerek kanser patogenezinin her
asamasinda kritik roller {istlenirler.

5. TUMOR MIKROCEVRESINDE (TMC)
MIiRNA'LARIN ROLU

Akciger kanserinin gelisimi, sadece kanser hiicrelerinin
otonom Ozelliklerine degil, ayn1 zamanda onlar1 ¢evreleyen ve
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destekleyen karmasik bir ekosistem olan tiimor mikrogevresine
(TMC) de derinden baglidir. miRNA'lar, kanser hiicreleri ile
TMC'nin stromal bilesenleri (kanserle iligkili fibroblastlar,
immiin hiicreler vb.) arasindaki bu kritik iletisimi diizenleyen
onemli aracilar olarak ortaya ¢ikmistir (Kununti et al., 2016). Bu
karsilikli  etkilesimin  anlagilmasi, tiimdriin  biiylimesini
destekleyen bu simbiyotik iliskiyi bozmaya yonelik yeni terapotik
stratejiler gelistirmek i¢in elzemdir (Chatterjee et al., 2025).

5.1. Kanserle iliskili Fibroblastlar (CAF'lar)

CAF'lar, timor biiylimesini, anjiyogenezi ve metastazi
destekleyen en 0Onemli stromal hicre tiplerinden biridir.
CAF'larda ekspresyonu baskilanmis olan miR-101, hedefi olan
kemokin CXCL12'nin  salgilanmasimi  artirarak  kanser
hicrelerinin proliferasyonunu ve metastazini tesvik eder (Zhang
et al., 2015). Benzer sekilde, CAF'larda diisiik seviyelerde
bulunan miR-1, hedefi olan SDF-1'in ekspresyonunun artmasina
yol acar, bu da kanser hucrelerinin proliferasyonunu ve
kemoterapiye karsi direncini artirir (Li et al., 2016).

5.2. Tiimérle iliskili Makrofajlar (TAM'lar)

TAM'lar, genellikle immiin baskilayici M2 fenotipine
polarize olarak timor gelisimini destekler. TAM'larda yiiksek
seviyelerde eksprese edilen miR-320a, hedefi olan STAT4'l
baskilayarak, miR-130a ise hedefi olan PPARY'y1 baskilayarak
makrofajlart M2 fenotipine yOnlendirir (Fortunato et al., 2019;
Lin et al., 2015). Bu immuinosupresif makrofajlar, kanser
hicrelerinin proliferasyonunu, invazyonunu ve anjiyogenezi
destekleyerek tlimor progresyonuna katkida bulunur.

Bu molekiiler ve hiicresel etkilesimlerin aydinlatilmasi,
miRNA'lar1 akciger kanserinin klinik yonetiminde hem
biyobelirte¢ hem de terapotik hedef olarak degerli araclar haline
getirme potansiyelini dogurmaktadir.
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6. AKCIGER KANSERINDE MIiRNA'LARIN
KLINiK ONEMi

MiRNA'larin patogenezdeki temel rollerinin anlasilmasi,
bu molekiillerin akciger kanserinin teshisi, prognoz tahmini ve
tedavisi i¢in nasil kullanilabilecegine dair Onemli ipuglart
sunmaktadir. Kararli yapilari ve kan, plazma gibi viicut
stvilarinda  tespit  edilebilmeleri,  onlart  non-invaziv
biyobelirtegler olarak oldukg¢a cazip kilmaktadir. Bu boliimde,
miRNA'larin klinik uygulamalardaki potansiyel degeri ve bu
alanda karsilasilan zorluklar ele alinacaktir.

6.1. Tamisal Biyobelirtecler

Dolasimdaki miRNA'lar (ci-miRNA), akciger kanserinin,
Ozellikle de erken evrelerde, non-invaziv tespiti i¢in umut verici
bir ara¢ olarak One ¢ikmaktadir. Ci-miRNA'lar, kolay
ulagilabilirlik (minimal invaziv oOrnekleme), tiirler arasinda
yuksek dizi korunumu ve qRT-PCR, mikrodizi gibi hassas tespit
yontemlerine uygunluk gibi nedenlerle mukemmel bir
biyobelirteg profili sergiler (He et al., 2015).

e Alt Tip Ayrim: Farkli akciger kanseri alt tipleri,
kendilerine 6zgih miRNA profilleri  sergileyebilir.
Ornegin, hsa-miR-205 ifadesinin skuamoz hiicreli
karsinom i¢in spesifik oldugu (Lebonony et al., 2009),
miR-124a'nin ise adenokarsinom ile smirli oldugu
gosterilmistir (Lujambio et al., 2007).

e Erken Teshis: Saglikli bireylere kiyasla erken evre
KHDAK hastalarinin serumunda miR-492 ve miR-590-
3p seviyelerinin arttig1, miR-631 seviyesinin ise azaldigi
gosterilmistir. Bu iic miRNA'dan olusan bir panel, erken
teshis i¢in potansiyel bir biyobelirte¢ olarak onerilmistir
(Duan et al., 2021).
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6.2. Prognostik Biyobelirtecler

Belirli miRNA'larin ekspresyon seviyeleri, hastanin
sagkalim oran1 ve hastaligin seyri hakkinda onemli bilgiler
sunabilir. Diisiik let-7 ailesi ekspresyonu, cerrahi olarak tedavi
edilen akciger kanseri hastalarinda daha kisa postoperatif
sagkalim ile iligkilendirilmistir (Takamizawa et al., 2004). Buna
karsilik, yiiksek miR-155 ve miR-21 ekspresyonu ise KHDAK
hastalarinda olumsuz prognoz ve daha diisiik genel sagkalim ile
baglantili bulunmustur (Yang et al., 2013).

6.3. Tedavi Yamt: ve ila¢ Direnci

miRNA'lar, kanser hucrelerinin kemoterapi, radyoterapi
ve hedefe yonelik tedavilere verdigi yanmiti onemli Olgiide
etkileyebilir. Ornegin, onko-miRNA olan miR-155'in asir
ekspresyonu, sisplatin gibi platin bazli kemoterapilere karsi
direng gelisimine katkida bulunurken (Lu et al., 2018), miR-
18a'nin ekspresyonu hiicrelerin radyoterapiye duyarliligin
artirmaktadir (Shen et al. 2015). Benzer sekilde, miR-483-3p'nin
yeniden ekspresyonu, gefitinibe direncli hucreleri tekrar tedaviye
duyarli hale getirebilmektedir (Yue et al. 2018).

miRNA'larin tedavi yanitin1 bu denli giiglii bir sekilde
modiile etme yetenegi, onlar1 dogrudan terapotik hedef haline
getiren yeni ve yenilik¢i stratejilerin gelistirilmesine olanak
saglamaktadir.

7. miRNA TEMELLI TERAPOTIK STRATEJILER
VE DAGITIM SiSTEMLERI

miRNA'larin kanser patogenezindeki merkezi rolii, onlari
dogrudan hedef alan yenilik¢i tedavi yaklagimlart i¢in oldukca
cazip kilmaktadir. Bu yaklasimlar temel olarak, kanser
hiicrelerinde seviyesi azalmis tiimor baskilayict miRNA'lar1 geri
kazandirmay1 (replasman terapisi) veya asirt eksprese edilen
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onko-miRNA'"lar1 susturmay1 (inhibisyon terapisi)
amaclamaktadir. Ancak, bu terapétiklerin hedefe giivenli ve etkin
bir sekilde ulastirilmasi, 6nemli bir zorluk teskil etmektedir.

7.1. Terapotik Yaklasimlar

miRNA Mimikleri (Replasman Terapisi), fonksiyonunu
yitirmis tiimor baskilayici miRNA'larin etkisini taklit etmek lizere
tasarlanmig sentetik, ¢ift zincirli RNA molekiillerinin (mimikler)
hiicrelere verilmesine dayanir. Faz I klinik ¢aligmalarina giren ilk
MIRNA mimigi olan MRX34, lipozomal bir formiilasyon i¢inde
paketlenmis sentetik bir miR-34a mimigidir (Beg et al., 2017).
TargomiR ise miR-16 mimigini tagiyan ve kanser hiicrelerini
tanimak i¢in EGFR antikorlar1 ile hedeflendirilmis EDV™
(EnGenelC Delivery Vehicle) bazli bir nano hiicredir ve ilerlemis
KHDAK hastalarinda klinik olarak arastirilmistir (van Zandwijk
etal., 2017)

Anti-miRNA (inhibisyon Terapisi) yaklasimi, kanser
hiicrelerinde asir1 eksprese edilen onko-miRNA'lar1 engellemek
icin tasarlanmig, kimyasal olarak modifiye edilmis, tek zincirli
antisens oligonukleotidlerin (antagomirler veya anti-miR'ler)
kullanilmasimi icerir (Dhuri et al., 2022). Bu molekuller, hedef
onko-miRNA'ya yiiksek afinite ile baglanarak onun
fonksiyonunu bloke eder. Bir antisens morfolino oligonukleotidi
(AMO) olan Anti-miR-421'in, KHDAK hucrelerinde paklitaksel
kemoterapisine karst duyarliligi artirdigi gosterilmistir (Duan et
al., 2021).

7.2. Dagitim Sistemleri

Kapsiilsiiz miRNA molekiilleri, niikleazlar tarafindan
hizla yikima ugrar ve hiicre zarlarindan verimli bir sekilde
gecemez (Sun et al., 2022). Bu nedenle, stabilitelerini artirmak ve
hedefe 6zgii dagitim saglamak icin cesitli tasiyict sistemler
gelistirilmistir:
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e Viral Vektorler: Yiiksek transfeksiyon verimliligi
sunarlar ancak immunojenisite ve insertional mutagenez
gibi giivenlik endiseleri tasirlar (Toma et al., 2022).

e Lipid Bazh Nanopartikiiller (LNP'ler): miRNA'lar
kapsiilleyerek onlar1 yikimdan koruyan ve hiicre igine
alim1 kolaylastiran lipozom benzeri yapilardir (Lee et al.,
2019). MRX34, bu teknolojinin bir érnegidir (Beg et al.,
2017).

e Polimerik Nanopartikiller: Biyo-uyumlu
polimerlerden yapilan ve miRNA'lar1 koruyarak kontrollii
salim saglayan nanopartikiillerdir (Lee et al., 2019).

o Eksozomlar ve Hucre Turevi Vezikiller: Viucudun
dogal tasima mekanizmalar1 olan eksozomlar, diislik
immiinojenisite ve dogal hedefleme yetenekleri nedeniyle
biliyltik ilgi gormektedir. TargomiR'lerde kullanilan
EDV™ teknolojisi bu yaklagima bir ornektir (van
Zandwijk et al., 2017).

Bu umut verici stratejilerin laboratuvardan klinige
taginmast siirecinde karsilasilan zorluklar ve bu alandaki gilincel
klinik caligmalar, miRNA temelli tedavilerin gelecegini
sekillendirecektir.

8. KLINIK CALISMALAR VE GELECEK
PERSPEKTIFLERI

MiRNA temelli yaklasimlarin teorik potansiyelinin, ancak
titiz klinik calismalarla gercege doniistiiriilebilecegi agiktir. Bu
bolimde, akciger kanserinde miRNA'lar1 igeren klinik
caligmalarin mevcut durumu Ozetleyerek, bu alandaki temel
zorluklar ve gelecekteki arastirma yonelimleri tartisilacaktir.
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8.1. Klinik Calismalarin Durumu

MiRNA temelli tedavilerin klinik yolculugu, umut verici
baslangiglara ragmen Onemli zorluklarla karsilasmistir. En
bilinen érnek, miR-34a mimigi igeren lipozomal bir formiilasyon
olan MRX34"in Faz I klinik ¢alismasidir (Beg et al., 2017). Bu
calisma, ileri evre solid tiimorleri olan hastalarda bazi antitumor
aktiviteler gostermis, ancak ciddi immiin sistemle iligkili yan
etkiler nedeniyle 2016 yilinda sonlandirilmistir (Beg et al., 2017).
Bu durum, miRNA replasman terapilerinin potansiyel
toksisiteleri ve uygun hasta se¢imi gerekliligi konusunda énemli
bilgiler saglamistir.

Bununla birlikte, miRNA'lar klinik arastirmalarda farkli
amaglarla  incelenmeye devam  etmektedir.  Ornegin,
NCT04629079 numaral ¢alisma, hipoksi ile iligkili eksozomal
miRNA'lar1 akciger kanserinin erken teshisinde bir ara¢ olarak
degerlendirirken; NCT05311709 numarali ¢aligma, spesifik bir
tedaviye (Sotorasib) yanit1 ongdrmede miRNA'larin potansiyelini
arastirmaktadir. Bu c¢aligmalar, miRNA'larin sadece dogrudan
terapdtik ajan olarak degil, ayn1 zamanda tanisal ve tedaviye
yardimc1 biyobelirtegler olarak da klinik potansiyellerini
gostermektedir.

8.2. Zorluklar ve Gelecek Yonelimleri

mMiRNA'larin standart klinik uygulamaya gecisinin
onlinde asilmasi gereken Onemli engeller bulunmaktadir.
Gelecekteki  arastirmalarin bu  alanlara  odaklanmasi
beklenmektedir:

o Hedef Dis1 Etkiler: Tek bir miRNA'nin yiizlerce farkli
mRNA'y1 hedefleyebilmesi, miRNA mimiklerinin veya
anti-miRNA'larin istenmeyen ve Ongoriilemeyen yan
etkilere yol acma riskini artirmaktadir. Bu "off-target"
etkilerin en aza indirilmesi kritik bir zorluktur.
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Etkin Dagitim: miRNA terapotiklerinin timor dokusuna
spesifik, giivenli ve verimli bir sekilde ulastirilmasi en
bliyiik engellerden biridir. Dolagimda stabiliteyi saglayan
ve sadece kanser hiicrelerini hedef alan akilli dagitim
sistemlerinin  gelistirilmesi,  gelecekteki  basarinin
anahtandir.

Standardizasyon Eksikligi: Farkli calismalar arasinda
ornek toplama, saklama ve analiz yontemlerindeki
farkliliklar, sonuglarin tutarsiz ve geligkili olmasina yol
acabilmektedir.  Biyobelirteg  olarak  giivenilirligi
saglamak i¢in standartlagtirilmig protokollere acil ihtiyag
duyulmaktadir.

Biiyiik Ol¢ekli Dogrulama: Laboratuvarda veya kiiciik
hasta gruplarinda umut vaat eden miRNA biyobelirteg
panellerinin, klinik kullanima girmeden Once genis ve
cesitli hasta kohortlarinda titizlikle dogrulanmasi
gerekmektedir.

9. SONUC

Akciger kanseri, molekiiler diizeyde oldukc¢a heterojen ve

karmasik bir hastaliktir. Burada ortaya konuldugu {izere,
mikroRNA'lar bu hastaligin patogenezinin hemen her asamasinda
kritik diizenleyici roller oynamaktadir. Hem tiimor baskilayici
hem de onkogenik islevler gorerek proliferasyon, metastaz,
anjiyogenez, hiicresel metabolizma ve immiin sistemden kagis
gibi kanserin temel Ozelliklerini yonetirler. Ayrica, timor
hiicreleri ile mikrogevre arasindaki iletisimi modiile ederek
hastaligin ilerlemesine ve tedaviye direncine 6nemli 6lclde
katkida bulunurlar.

Bu molekiillerin patogenezdeki merkezi rolleri, onlari

klinik uygulamalar i¢in son derece degerli kilmaktadir.
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Dolasimdaki miRNA'lar, akciger kanserinin erken teshisi igin
non-invaziv biyobelirtegler, prognoz tahmini ve tedavi yanitini
ongormek icin potansiyel aracglar olarak buyuk bir umut vaat
etmektedir. Buna ek olarak, miRNA mimikleri ve anti-miRNA'lar
gibi terapotik stratejiler, gen ekspresyonunu hedefe yonelik
olarak modiile ederek kisisellestirilmis tedaviler i¢in yeni bir ¢i1g1r
acma potansiyeli tagimaktadir.

Ancak, bu potansiyelin klinik gercege doniismesinin
Oniinde 6nemli engeller bulunmaktadir. Tek bir miRNA'nin
birden fazla hedefi olmasi nedeniyle ortaya ¢ikabilecek hedef dis1
etkiler, terapotik ajanlarin timdr dokusuna spesifik ve giivenli bir
sekilde ulastirilmasindaki zorluklar ve biyobelirteg analizleri igin
standardizasyon eksikligi gibi sorunlar asilmalidir. Bu sorunlarin
¢oziilmesine yonelik devam eden yogun arastirmalarin, gelecekte
miRNA temelli tan1 ve tedavi yaklasimlarini akciger kanseriyle
mucadelede standart klinik uygulamalarin vazgegilmez bir
pargasi haline getirecegine inanilmaktadir.
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REDOX-SENSITIVE REGULATION OF OXIDATIVE
STRESS AND APOPTOSIS IN CANCER:
THE MOLECULAR AND TRANSLATIONAL ROLES OF
PHYTOCHEMICALS

Goniil Zisan ONCEL!

1. INTRODUCTION

Malignancies are multifactorial diseases characterized by
genetic and epigenetic alterations, as well as significant
disruptions in cellular redox homeostasis (Trachootham,
Alexandre, & Huang, 2009). Current data indicate that oxidative
stress plays a central role in tumorigenesis, tumor progression,
and the development of treatment resistance (Reuter, Gupta,
Chaturvedi, & Aggarwal, 2010). Reactive oxygen species (ROS),
once considered merely metabolic byproducts, are now
recognized as essential signaling molecules that regulate
proliferation, differentiation, and cell survival (Sena & Chandel,
2012). However, chronic oxidative imbalance promotes
malignant transformation by inducing DNA damage, genomic
instability, and disruption of apoptotic mechanisms (Liou &
Storz, 2010). Escape from apoptosis, a distinctive feature of
cancer cells, allows tumor cells to survive even under stressful
microenvironmental conditions and forms the basis of resistance
to chemotherapy and radiotherapy (Carneiro & El-Deiry, 2020;
Hanahan, 2022). The relationship between oxidative stress and
apoptosis varies depending on cellular conditions; the intensity
and duration of ROS levels can activate signaling pathways that
both support survival and trigger cell death (Sies & Jones, 2020).
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Cancer cells maintain this balance through redox adaptation,
strengthening their antioxidant defenses to gain a proliferative
advantage while suppressing apoptotic signals (Hayes, Dinkova-
Kostova, & Tew, 2020). In this context, phytochemicals are
gaining increasing attention as natural modulators of redox
balance and apoptotic signaling. Phytochemicals, including
flavonoids, polyphenols, and volatile oil components, are natural
compounds known for their antioxidant, anti-inflammatory, and
anticancer properties (Gautam, Mantha, & Mittal, 2014;
Kopustinskiene, Jakstas, Savickas, & Bernatoniene, 2020).
Unlike single-targeted chemotherapeutics, these compounds can
simultaneously modulate multiple signaling pathways such as
PI3K/Akt, MAPK, and p53 through pleiotropic mechanisms; and
it has been reported that many phytochemicals exhibit selective
cytotoxicity against cancer cells while relatively sparing non-
malignant cells (Abotaleb et al., 2018; Kopustinskiene et al.,
2020; Liskova et al., 2020)

This section focuses on the effects of phytochemicals on
redox-sensitive signaling pathways and apoptotic processes, as
well as on the roles of oxidative stress and apoptosis in cancer
biology. Based on molecular mechanisms supported by
preclinical findings, the regulatory effects of natural compounds
on oxidative stress and apoptosis are discussed in terms of their
potential contributions to the development of anticancer strategies
and future translational research.

2. OXIDATIVE STRESS IN CANCER BIOLOGY

2.1. Sources of Reactive Oxygen Species in Cancer
Cells

Reactive oxygen species are continuously generated in
cells during normal metabolic processes (Sies & Jones, 2020). In
cancer cells, however, ROS production is markedly elevated due
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to both intrinsic metabolic alterations and extrinsic factors within
the tumor microenvironment (Hayes et al., 2020). Mitochondria
represent a primary source of intracellular ROS, particularly
through electron leakage from the electron transport chain during
oxidative phosphorylation. Oncogenic transformation is often
accompanied by mitochondrial dysfunction, leading to inefficient
electron transfer and enhanced superoxide generation (Cheung &
Vousden, 2022).

In addition to mitochondrial sources, NADPH oxidase
(NOX) enzymes play a significant role in ROS production in
cancer cells (Cheung & Vousden, 2022). Several NOX isoforms
are overexpressed or hyperactivated in different tumor types,
contributing to sustained ROS signaling that promotes
proliferation, migration, and survival (Hayes et al., 2020).
Chronic inflammation within the tumor microenvironment
further amplifies ROS generation through activated immune
cells, including macrophages and neutrophils, which release large
amounts of ROS as part of the inflammatory response (Hanahan,
2022; Reuter et al., 2010).

Hypoxia, a common feature of solid tumors, also
contributes to oxidative stress. Fluctuations in oxygen availability
trigger intermittent hypoxia—reoxygenation cycles, leading to
bursts of ROS production (Cheung & Vousden, 2022). These
dynamic redox changes activate hypoxia-responsive and redox-
sensitive signaling pathways (especially HIF-1a) that support
tumor adaptation and progression (Hanahan, 2022; Singleton,
Macann, & Wilson, 2021).

2.2. Oxidative DNA Damage and Genomic Instability

Excessive ROS levels can directly damage cellular
macromolecules, with DNA being a primary target (Cheung &
Vousden, 2022). The most common marker of oxidative stress-
induced mutagenesis is 8-o0xo-7,8-dihydro-2'-deoxyguanosine (8-
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0x0-dG) lesions; If they escape DNA repair mechanisms
(particularly Base Excision Repair), they lead to point mutations
(G: C > T: A transversions), chromosomal instability, and
oncogene activation/tumor  suppressor gene inactivation
(Srinivas, Tan, Vellayappan, & Jeyasekharan, 2019).

Cancer cells frequently exhibit defects in DNA damage
response and repair pathways, exacerbating the mutagenic
consequences of oxidative stress. The accumulation of oxidative
DNA damage not only drives tumor initiation but also contributes
to intratumoral heterogeneity, which underlies disease
progression and therapeutic resistance (Hanahan, 2022). Thus,
oxidative stress serves as both a driver of genetic diversity and a
selective pressure that favors the survival of more aggressive
cancer cell clones.

2.3. Redox Homeostasis and Cancer Cell Adaptation

Cancer cells maintain a balanced redox state despite high
ROS levels to avoid oxidative damage. This adaptation is
regulated by increased antioxidant systems, such as glutathione,
superoxide dismutase, catalase, and peroxiredoxins, as well as
redox-sensitive transcription factors (Hayes et al., 2020). While
normal cells depend on low and tightly controlled ROS levels,
cancer cells function at a higher oxidative threshold
(Trachootham et al., 2009). This distinct redox environment
allows selective induction of cancer cell death when ROS levels
are increased or antioxidant defenses are suppressed, while
normal cells are relatively protected (Harris & DeNicola, 2020;
Hayes et al., 2020). Therefore, oxidative stress is considered an
important regulator affecting apoptotic sensitivity in cancer cells;
targeting redox-sensitive signaling networks represents a
meaningful approach for selective anticancer strategies.

The effect of oxidative stress on cancer cell fate is shaped
through its interaction with redox-sensitive signaling pathways.
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ROS are not only molecules that cause cellular damage, but also
signaling mediators that direct survival or apoptotic responses
depending on their concentrations, intracellular localization, and
duration. The continuous activation of redox-sensitive pathways,
such as Nrf2/ARE and NF-«B, contributes to the suppression of
apoptotic signals and to treatment resistance by supporting
antioxidant defenses and cell survival (Reuter et al., 2010; Sies &
Jones, 2020). Conversely, disruption of redox homeostasis can
trigger mitochondrial dysfunction, caspase activation, and
programmed cell death (Carneiro & EIl-Deiry, 2020; Lin et al.,
2023).

3. APOPTOTIC PATHWAYS IN CANCER CELLS

Apoptosis is a regulated form of cell death that maintains
tissue homeostasis by removing damaged or dysfunctional cells
(Strasser & Vaux, 2020). While normal tissues maintain a balance
between cell proliferation and cell death, this balance is disrupted
in cancer, allowing malignant cells to survive despite adverse
conditions. This situation makes evasion of apoptosis a
fundamental mechanism associated with tumor development,
progression, and treatment resistance (Hanahan, 2022). Apoptotic
signaling occurs through two main pathways: the intrinsic
(mitochondrial) and the extrinsic (death receptor-mediated)
pathways (Carneiro & El-Deiry, 2020). Although their initial
mechanisms differ, these pathways interact and are both regulated
by oxidative stress and redox-sensitive signaling networks (Hayes
et al., 2020).

Cellular stresses such as DNA damage, oxidative stress,
and oncogenic signals activate the intrinsic apoptotic pathway.
This pathway is mediated by mitochondria, which play a central
role in determining cell fate. Mitochondrial outer membrane
permeabilization is an irreversible step in intrinsic apoptosis and
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is regulated by the Bcl-2 protein family (Kalkavan & Green,
2018). Pro-apoptotic Bax and Bak proteins promote this process
by releasing cytochrome c into the cytosol, while anti-apoptotic
proteins such as Bcl-2 and Bcl-xL maintain mitochondrial
integrity (Strasser & Vaux, 2020). The balance between these
proteins determines whether the cell undergoes apoptosis. The
formation of the apoptosome following cytochrome c release
activates caspase-9, and the subsequent involvement of executive
caspases leads to the characteristic morphological and
biochemical features of apoptosis (Carneiro & El-Deiry, 2020).

The intrinsic apoptotic pathway is frequently disrupted in
cells that have undergone malignant transformation (Hanahan,
2022). This resistance to mitochondrial apoptosis is associated
with increased levels of anti-apoptotic Bcl-2 family proteins (Bcl-
2, Bcl-xL, Mcl-1), loss or inactivation of pro-apoptotic proteins,
and impaired caspase activation (Strasser & Vaux, 2020).
Oxidative stress plays a dual role in this process: low and
moderate levels of ROS signaling support cellular adaptation and
proliferation, while excessive ROS accumulation leads to
mitochondrial dysfunction and apoptotic cell death (Sies & Jones,
2020; Vyas, Zaganjor, & Haigis, 2016).

The extrinsic apoptotic pathway is activated by the
binding of extracellular death ligands to cell-surface death
receptors. Members of the TNF receptor superfamily, such as Fas
(CD95), TNF receptor 1 (TNFR1), and TRAIL receptors, are
involved in this process (Carneiro & El-Deiry, 2020). Ligand-
receptor interaction leads to the formation of the death-inducing
signaling complex (DISC), which activates the initiator caspase-
8. Activated caspase-8 can initiate mitochondria-independent
apoptosis by directly activating executor caspases (Strasser &
Vaux, 2020). Additionally, caspase-8 can interact with the
intrinsic pathway by cleaving the Bid protein, thereby increasing
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mitochondrial outer membrane permeabilization and enhancing
the apoptotic signal (Tummers & Green, 2017).

Neoplastic cells have developed various molecular
mechanisms to weaken extrinsic apoptotic signaling and evade
immune surveillance. These mechanisms include decreased
levels of death receptors (DR4/DR5), increased levels of decoy
receptors (DcR) that bind ligands but do not transmit signals, and
increased levels of inhibitory proteins such as c-FLIP that inhibit
caspase-8 activation in the DISC complex (Carneiro & El-Deiry,
2020; Tummers & Green, 2017). These changes contribute to
tumor cells becoming resistant to death receptor agonists, such as
TRAIL. Furthermore, chronic inflammation and oxidative stress
in the tumor microenvironment divert death receptor signaling
away from the apoptotic pathway, leading to a response that
supports cell proliferation and survival via NF-kB activation
(Von Karstedt, Montinaro, & Walczak, 2017).

Cancer cells develop various escape mechanisms to
survive under cellular stress conditions by suppressing apoptotic
signaling (Hanahan, 2022). One of the most critical events in this
process is the loss of function of the tumor suppressor protein p53,
a key regulator of responses to DNA damage and oxidative stress.
The mutation or degradation of p53 reduces the transcriptional
activation of pro-apoptotic genes, thereby decreasing cells'
sensitivity to apoptotic stimuli (Aubrey, Kelly, Janic, Herold, &
Strasser, 2018). Additionally, the continuous activation of
survival-supporting signaling pathways such as PI3K/Akt and
NF-kB enhances apoptosis resistance. These pathways increase
the expression of anti-apoptotic proteins, suppress caspase
activation, and support antioxidant defenses, enabling cancer
cells to tolerate high oxidative stress (Karin & Greten, 2005;
Manning & Toker, 2017). The combined action of redox
adaptation and survival signals creates a cellular environment
where apoptotic thresholds are elevated. Apoptosis evasion is
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closely linked to therapeutic resistance, as many anticancer
treatment approaches rely on inducing oxidative stress and
apoptotic cell death to eliminate tumor cells. Functional
suppression of apoptotic pathways can allow cancer cells to
escape treatment-induced stress and lead to disease progression.
Therefore, restoring apoptotic sensitivity is considered a key
target in the development of effective anticancer strategies
(Carneiro & El-Deiry, 2020; Fulda, 2015).

4. REDOX-SENSITIVE SIGNALING PATHWAYS
IN CANCER

Redox-sensitive signaling pathways play a crucial role in
determining the fate of cancer cells by linking oxidative stress-
induced signals to molecular processes related to cell survival,
proliferation, inflammation, and apoptosis (Sies & Jones, 2020).
Cancer cells are characterized by high ROS levels that function
in signal transduction and, under these conditions, depend on the
adaptive activation of redox-sensitive pathways that enhance
antioxidant defense and suppress apoptotic signaling to survive.
In this context, the Nrf2/ARE, NF-xB, PI3K/Akt, and MAPK
signaling pathways stand out for their roles in redox regulation
and tumor progression.

4.1. Nrf2/ARE Signaling Pathway

The Nrf2 pathway is a key regulator of cellular antioxidant
defense and redox homeostasis. Under basal conditions, Nrf2 is
suppressed via Keapl; however, under oxidative or electrophilic
stress, it becomes stabilized, translocates to the nucleus, and
increases the expression of ARE-mediated antioxidant genes
(Suzuki & Yamamoto, 2015). In cancer cells, Nrf2 signaling
exhibits a dual role: transient activation protects normal cells
from oxidative damage. In contrast, persistent or abnormal
activation supports tumor cell survival and resistance to treatment
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by enhancing antioxidant capacity and metabolic adaptation (de
la Vega, Chapman, & Zhang, 2018; Lin et al., 2023). Glutathione
metabolism, through the upregulation of target genes such as
NQO1 and HO-1, contributes to maintaining redox balance
despite high ROS levels. Constant Nrf2 activation suppresses
apoptotic signaling and raises the apoptotic threshold by limiting
ROS accumulation and supporting mitochondrial integrity
(DeNicola et al., 2011). With these properties, Nrf2 is a central
regulator and potential therapeutic target in the interaction
between oxidative stress and apoptosis (Hayes et al., 2020).

4.2. NF-xB Signaling Pathway

Nuclear factor kappa B (NF-xB) is a central transcription
factor regulating inflammation, cell survival, and immune
evasion in cancer. NF-xB signaling is highly sensitive to the
cellular redox state and is frequently constitutively activated in
malignant cells (Taniguchi & Karin, 2018). Under oxidative
stress conditions, ROS can activate the NF-«xB pathway by
activating the IkB kinase (IKK) complex and redox-dependent
modification of signaling proteins (e.g., the p65 subunit) (Morgan
& Liu, 2011). Activated NF-xB contributes to apoptosis
resistance by increasing the expression of genes encoding anti-
apoptotic proteins such as Bcl-2 and c-1APs, pro-inflammatory
cytokines such as TNF-a and IL-6, and various survival factors.
This supports cell proliferation and tumor progression,
particularly in tumors associated with chronic inflammation
(Greten & Grivennikov, 2019; Karin & Greten, 2005). The
relationship between NF-kB and oxidative stress is bidirectional;
ROS triggers NF-kB activation, while antioxidant (e.g.,
MnSOD/SOD2) and cytoprotective genes induced via NF-xB
limit excessive oxidative damage. This feedback mechanism
allows cancer cells to evade ROS-induced apoptotic signals and
convert oxidative signals into growth and survival advantages
(Bubici, Papa, Dean, & Franzoso, 2006; Morgan & Liu, 2011).

103



Tibbi Biyoloji

4.3. PI3K/AKkt Signaling Pathway

The phosphoinositide 3-kinase (PI3K)/Akt signaling
pathway is a key regulator of cell survival, metabolism, and
proliferation, and is frequently constitutively activated in cancer
(Hoxhaj & Manning, 2020). Activation of this pathway
contributes to the development of resistance to apoptotic stimuli
and increased cellular tolerance to oxidative stress. ROS can
modulate PI3K/Akt signaling, particularly through redox-
sensitive inhibition of phosphatases such as PTEN (Lee et al.,
2002). Structural PI3K/Akt activation in cancer cells supports
mitochondrial integrity, suppresses pro-apoptotic proteins such as
Bax, and enhances antioxidant defenses. Akt-mediated
phosphorylation facilitates metabolic adaptations that sustain cell
survival under oxidative stress conditions by limiting caspase
activation and mitochondrial apoptotic signals (Fruman et al.,
2017). Furthermore, the PI3K/Akt pathway interacts with Nrf2
and NF-kB signaling networks, forming an integrated regulatory
network that coordinates redox balance and survival-promoting
transcriptional responses (Hayes et al., 2020). In this context,
redox-dependent activation of PI3K/Akt contributes to elevating
the apoptotic threshold in cancer cells. It constitutes an important
molecular basis for the development of resistance to oxidative
stress-based therapies (Fruman et al., 2017).

4.4. MAPK Signaling Pathways

In particular, mitogen-activated protein kinase (MAPK)
pathways such as ERK, c-Jun N-terminal kinase (JNK), and p38
MAPK play a role in converting oxidative stress-induced signals
into cellular responses and exhibit binding-dependent effects in
cancer cells (Ray, Huang, & Tsuji, 2012). Moderate increases in
ROS support ERK activation, enhancing cell proliferation and
survival. At the same time, high and persistent oxidative stress
conditions activate the JNK and p38 pathways, linking them to
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stress responses and apoptotic processes (Yue & Lopez, 2020).
MAPK signaling is often imbalanced in cancer cells; ERK-
mediated survival responses become dominant, while apoptotic
signals transmitted via JNK and p38 are weakened. For example,
continuous activation of ERK supports proliferation by increasing
cyclin D1 expression (Samatar & Poulikakos, 2014), while
suppression of JNK and p38 limits caspase activation and
mitochondrial apoptotic responses (Wagner & Nebreda, 2009).
This selective MAPK modulation enhances redox adaptation and
contributes to the development of apoptosis resistance.

These redox-sensitive pathways form an interconnected
network that integrates oxidative stress signals into a
comprehensive response rather than functioning in isolation
within cancer cells (Gorrini, Harris, & Mak, 2013). For example,
PI3K/Akt activation supports Nrf2-mediated antioxidant gene
expression (Mitsuishi et al., 2012), while NF-xB signaling
enhances this adaptive redox response by regulating both
inflammatory responses and anti-apoptotic proteins (Taniguchi &
Karin, 2018). Similarly, MAPK pathways balance proliferative
ERK signaling with stress response and apoptosis-related
JNK/p38 signaling depending on ROS levels (Yue & Lopez,
2020). The coordination between these pathways allows cancer
cells to adapt to variable redox conditions, suppress apoptotic
signals, and maintain a survival advantage. This integrated
signaling network supports tumor growth and progression but
may also limit the effectiveness of therapies targeting individual
pathways due to parallel and compensatory mechanisms.
Therefore, approaches that disrupt redox homeostasis at multiple
levels or simultaneously modulate interrelated signaling networks
offer more rational strategies for reactivating apoptosis and
overcoming treatment resistance (Vasan, Baselga, & Hyman,
2019). This perspective also provides a conceptual basis for
explaining the anticancer potential of phytochemicals through
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their multi-targeted effects on redox-sensitive signaling networks
(Liskova et al., 2019).

5. PHYTOCHEMICALS AS MOLECULAR
MODULATORS OF OXIiDATIVE STRESS AND
APOPTOSIS

Phytochemicals, as plant-derived bioactive compounds,
are receiving significant attention in cancer biology due to their
both preventive and therapeutic potential. While most traditional
anticancer agents target a limited number of molecular targets,
phytochemicals typically exhibit pleiotropic effects by
simultaneously modulating multiple redox-sensitive signaling
pathways (Koeberle & Werz, 2014; Surh, 2003). This multi-
targeted effect profile is significant in cancer cells, where
oxidative stress, apoptotic resistance, and survival signals are
tightly intertwined (Chikara et al., 2018). A growing number of
experimental studies show that phytochemicals can disrupt
adaptive antioxidant responses and reactivate apoptotic pathways
by reshaping redox balance. These effects primarily arise through
modulation of key redox-sensitive signaling networks, such as
Nrf2/ARE, NF-kB, PI3K/Akt, and MAPK (Gorrini et al., 2013),
and biological responses are strongly dependent on cellular
context, dose, and duration of exposure (Hayes et al., 2020).

5.1. Flavonoids and Polyphenols: Redox-Modulation
and Overcoming Therapeutic Resistance

Flavonoids and polyphenols are among the best-
characterized phytochemical groups for modulating redox
regulation and apoptotic signaling in cancer cells. These
compounds can shift redox balance in favor of apoptotic signaling
by exerting a controlled pro-oxidant effect in cancer cells with
high basal ROS levels (Halliwell, 2008). This property underlies
the greater selective cytotoxicity of flavonoids and polyphenols
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against cancer cells than against normal cells. For example,
quercetin induces intrinsic apoptosis in many cancer cell lines by
causing loss of mitochondrial membrane potential, an increased
Bax/Bcl-2 ratio, and activation of caspase-9 and caspase-3 (Tang
et al., 2020). Similarly, curcumin suppresses the PI3K/Akt and
NF-«kB pathways by increasing ROS levels, leading to decreased
anti-apoptotic proteins and mitochondrial dysfunction (Giordano
& Tommonaro, 2019). Other polyphenols, such as resveratrol and
luteolin, have also been reported to modulate MAPK pathways in
a binding-dependent manner, suppressing ERK-mediated
survival signals while enhancing apoptotic responses via JNK and
p38 (Ko et al., 2017). These compounds also target redox-
sensitive transcription factors. Sulforaphane exerts cytoprotective
effects by activating Nrf2 in normal cells, whereas in cancer cells
it may increase susceptibility to oxidative stress by dysregulating
the hyperactive Nrf2 signaling pathway (Hayes et al., 2020). In
parallel, flavonoid and polyphenol inhibition of NF-xB
contributes to the suppression of anti-apoptotic and pro-
inflammatory gene expression and the lowering of apoptotic
thresholds (Surh, 2003).

From a therapeutic perspective, the ability of these
molecules to simultaneously target multiple redox-sensitive
signaling pathways allows them to overcome compensatory
resistance mechanisms specific to single-target therapies, making
them strong candidates for use both as independent agents and in
combination with chemotherapeutics.

5.2. Essential Oil Components:  Mitochondrial
Targeting and Apoptotic Responses

Essential oil components are phytochemicals that can
cause significant mitochondrial dysfunction in cancer cells by
directly interacting with mitochondrial membranes, particularly
due to their lipophilic nature (Gautam et al., 2014). This
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interaction, when combined with the impaired redox homeostasis
and metabolic fragility of malignant cells, results in a multi-
targeted effect profile that can simultaneously regulate redox
balance and apoptotic signaling at the molecular level.
Monoterpene phenols such as thymol and carvacrol can trigger
intrinsic  apoptotic responses characterized by loss of
mitochondrial membrane potential, increased ROS production,
and cytochrome c release (Khan, Bahuguna, Kumar, Bajpai, &
Kang, 2018; Salehi et al., 2018). These compounds have been
shown to suppress ERK-mediated proliferative signals while
activating JNK and p38 MAPK pathways, thereby promoting
stress responses and apoptosis (Kang et al., 2016; Yin et al.,
2012). Furthermore, thymol and similar essential oil components
have been reported to reduce anti-apoptotic protein expression by
limiting NF-xB activation (Arunasree, 2010; Li et al., 2017).
Notably, these effects are often dose-dependent and are more
pronounced in cancer cells than in normal cells; this is associated
with impaired redox homeostasis and metabolic sensitivity in
malignant cells (Trachootham et al., 2009). This synergistic
effect, which restores apoptotic sensitivity by disrupting
mitochondrial integrity, positions essential oil components as
unique and potent therapeutic candidates within the framework of
redox-driven cancer biology.

6. EVIDENCE ON THE EFFECTS OF
PHYTOCHEMICALS ON OXIDATIVE STRESS
AND APOPTOSIS IN PRECLINICAL MODELS

Preclinical studies  have  demonstrated  that
phytochemicals play functionally and mechanistically significant
roles in regulating oxidative stress and apoptotic signaling in
cancer. In vitro cell culture systems and in vivo animal models
are widely used to investigate how these compounds affect redox
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homeostasis, apoptotic pathways, and tumor progression.
Although these models cannot fully reflect the biological
complexity of human cancer, they provide an indispensable
foundation for translational research to elucidate mechanisms of
action and evaluate therapeutic potential.

Studies conducted on in vitro cancer cell line models have
shown that phytochemicals such as quercetin, curcumin, and
sulforaphane alter intracellular ROS levels in a concentration-
and time-dependent manner and, consequently, rearrange redox-
sensitive signaling networks (Giordano & Tommonaro, 2019;
Hayes et al., 2020; Kopustinskiene et al., 2020). The application
of these compounds often leads to mitochondrial dysfunction
characterized by loss of mitochondrial membrane potential,
increased mitochondrial ROS production, and cytochrome c¢
release; this is followed by the activation of caspase-9 and
caspase-3 and the initiation of the intrinsic apoptotic pathway
(Tang et al., 2020). Simultaneously, the suppression of survival-
supporting pathways such as PI3K/Akt and NF-kB and the
decreased expression of Bcl-2 family anti-apoptotic proteins
further increase the sensitivity of cancer cells to apoptotic stimuli
(Giordano & Tommonaro, 2019; Surh, 2003). In contrast, these
effects are more limited in non-malignant cells, with
phytochemicals exhibiting selective cytotoxicity (Halliwell,
2008). This selectivity is closely related to cancer cells operating
under high basal oxidative stress and being closer to the redox
tolerance threshold (Trachootham et al., 2009). Phytochemical-
mediated redox disruption can push cancer cells beyond the
oxidative toxicity threshold, while leaving normal cells with a
relatively preserved redox balance (Kopustinskiene et al., 2020).
In vitro models have played a critical role in defining this redox
sensitivity and identifying molecular targets that drive selective
apoptosis (Blowman, Magalhées, Lemos, Cabral, & Pires, 2018).
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In vivo, findings from rodent tumor models support these
mechanisms. In subcutaneous xenograft models, quercetin and
curcumin administration have been reported to significantly
reduce tumor volume, decrease lipid peroxidation and markers of
DNA oxidative damage in tumor tissue, and increase the number
of TUNEL-positive apoptotic cells (Giordano & Tommonaro,
2019; Tang et al., 2020). In orthotopic tumor models,
phytochemicals such as sulforaphane and thymol have been
shown not only to suppress tumor growth but also to reduce
inflammatory cytokine levels in the tumor microenvironment and
alter the activation status of redox-sensitive pathways (Hayes et
al.,, 2020; Li et al., 2017). These effects are observed in
conjunction with changes in the expression of apoptotic
regulators, mediated by modulation of the Nrf2, NF-xB,
PI3K/Akt, and MAPK pathways (Ko et al., 2017; Kopustinskiene
et al., 2020). Animal models also enable evaluation of systemic
toxicity and tolerability. Many phytochemicals cause limited side
effects in normal tissues at doses that exhibit antitumor activity
and demonstrate acceptable safety profiles (Gautam et al., 2014).
This supports the view that phytochemicals can exert selective
effects by exploiting redox imbalances specific to cancer cells
(Trachootham et al., 2009). Furthermore, in vivo studies reveal
that phytochemicals can modulate not only tumor cells but also
the tumor microenvironment through inflammation, oxidative
stress, and immune responses (Paudel, Mishra, & Agarwal,
2023).

7. TRANSLATIONAL CHALLENGES AND
STRATEGIC PERSPECTIVES FOR THE
FUTURE

Despite strong preclinical evidence showing that
phytochemicals have significant biological potential as
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modulators of oxidative stress and apoptosis in cancer, there are
various structural and biological barriers to effectively and
predictably translating these compounds into clinical practice.
Clearly defining these limitations is critical for realistically
evaluating the therapeutic value of phytochemicals and rationally
directing future research.

One of the main issues limiting the translational use of
phytochemicals is their low bioavailability. Many plant-derived
compounds exhibit pharmacokinetic disadvantages such as poor
water solubility, rapid hepatic metabolism, and limited systemic
absorption (Kopustinskiene et al., 2020). This situation may lead
to a mismatch between preclinical findings and clinical outcomes,
as the biological activity observed in in vitro systems may not be
adequately reflected in tumor tissue under in vivo conditions
(Choudhari, Mandave, Deshpande, Ranjekar, & Prakash, 2020).
Therefore, the bioavailability issue is not only a pharmaceutical
obstacle but also a fundamental factor limiting the clinical
relevance of mechanistic interpretations.

Another significant challenge is dose standardization.
Phytochemicals often exhibit dose-dependent bidirectional
effects; at low concentrations, antioxidant and cytoprotective
responses predominate, while at higher concentrations, increased
oxidative stress and apoptotic cell death may be induced
(Halliwell, 2008). This characteristic complicates the
identification of an effective therapeutic window targeting cancer
cells and necessitates the careful definition of appropriate dosage
ranges (Trachootham et al., 2009). In particular, incorrect dosing
can activate unwanted protective redox responses in tumor cells
(Hayes et al., 2020).

Another factor complicating the clinical use of
phytochemicals is inter-individual biological variability. Factors
such as genetic background, metabolic enzyme profiles, and gut
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microbiota can significantly affect the biotransformation and
biological activity of plant compounds (Di Lorenzo, Colombo,
Biella, Stockley, & Restani, 2021; Kopustinskiene et al., 2020).
This heterogeneity reduces the predictability of therapeutic
responses, suggesting that phytochemicals should be evaluated
within the framework of personalized cancer treatment.

From a mechanistic perspective, the pleiotropic effects of
phytochemicals entail both advantages and potential risks
(Gautam et al., 2014). Simultaneous modulation of multiple
redox-sensitive signaling networks can enhance therapeutic
efficacy by suppressing compensatory survival mechanisms
(Trachootham et al., 2009). However, this multi-targeted effect
also carries the risk of off-target biological outcomes and
unpredictable interactions with conventional anticancer therapies
(Choudhari et al.,, 2020). Therefore, phytochemical-drug
interactions need to be systematically evaluated, particularly in
the context of combination therapies.

Looking ahead, strategies to enhance the translational
potential of phytochemicals include nanoparticle-based delivery
systems, liposomal formulations, and targeted delivery
approaches, which enable increased bioavailability and selective
accumulation in tumor tissue (Choudhari et al., 2020; Mostafa &
Khojah, 2025). In parallel, evaluating phytochemicals in rational
combination strategies with chemotherapy or targeted agents may
enhance apoptotic responses and reduce treatment resistance
(Trachootham et al., 2009). Future research focusing on well-
designed preclinical models that incorporate physiologically
relevant dose ranges and clinically relevant endpoints is expected
to enable the optimization of patient selection and treatment
strategies by providing a better understanding of tumor
intracellular redox heterogeneity and identifying biomarkers that
predict treatment response (Di Lorenzo et al., 2021). A
multidisciplinary approach to these challenges could further
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support phytochemicals becoming an integral component of more
effective, safer, and personalized anticancer treatments. (Gautam
etal., 2014).

8. CONCLUSION

Oxidative stress and apoptosis are central, closely
interlinked processes that determine the fate of cancer cells and
exert decisive effects on tumor initiation, progression, and
response to treatment. Disruption of redox homeostasis enables
cancer cells to utilize oxidative signals to support survival, while
contributing to disease progression and the development of
treatment resistance by suppressing apoptotic pathways. In this
context, redox-sensitive signaling pathways, such as Nrf2/ARE,
NF-kB, PI3K/Akt, and MAPK, emerge as critical molecular
nodes that govern the balance between oxidative stress and
apoptotic sensitivity. Abnormal activation of these pathways
supports redox adaptation and apoptosis resistance, making them
therapeutically meaningful targets. Phytochemicals, on the other
hand, play a regulatory role in this complex network as unique
bioactive compounds with a multi-target effect profile that can
simultaneously modulate oxidative stress levels, mitochondrial
function, and apoptotic signaling. Their relatively selective
cytotoxicity against cancer cells and their ability to restore
apoptotic sensitivity through pleiotropic mechanisms make
phytochemicals promising candidates for complementary or
adjunctive anticancer approaches. Although challenges such as
bioavailability, dose optimization, and individual variability
persist in translating preclinical findings into clinical practice,
advances in drug delivery technologies, rational combination
strategies, and biomarker-based approaches offer significant
opportunities to overcome these obstacles. Therefore, the
systematic investigation of the redox-regulating and apoptotic

113



Tibbi Biyoloji

effects of phytochemicals is expected to both deepen our
understanding of cancer biology and contribute to the
development of more effective and personalized anticancer
strategies.
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FUCOIDAN BASED COMBINATION
STRATEGIES IN BREAST CANCER THERAPY!

Duygu AYGUNES-JAFARI?

1. INTRODUCTION

Breast cancer is still among the top cancers killing women
across the world. Even with all the advanced targeted therapy, a
big challenge is chemoresistance due to heterogeneity in tumors
and adaptive survival mechanisms that develop within a relatively
short period of treatment (Kannan et al., 2025). The commonly
used standard chemotherapeutic agents comprise paclitaxel,
doxorubicin, and cisplatin. However, these drugs are associated
with toxicities that become dose-limiting neuropathy, neutropenia
or cardiotoxicity, and many other side effects which constrain
their use (Dombernowsky et al., 1996). Additionally, aggressive
tumors often evade chemotherapy through altered signaling
pathways, drug efflux and DNA repair, leading to relapse and
poor outcomes.

These concerns have led to a growing interest in using
natural compounds as adjuvant therapies to improve the efficacy
and reduce the toxicity of conventional treatments.

Natural products, such as curcumin, polyphenols, and
marine polysaccharides, tend to have low systemic toxicity and
multimodal mechanisms of action. These mechanisms include
immunomodulatory effects that can complement the action of
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2 Dr, Ege University Faculty of Medicine Depatrment of Medical Biology, ORCID:
0000-0003-4756-7365.

122



Tibbi Biyoloji

standard drugs (Vetvicka & Vetvickova, 2017; Saeed et al.,
2021).

Within this framework, fucoidan has emerged as a
promising adjuvant agent. Fucoidan is a sulfated polysaccharide
found in brown algae, known for its low toxicity and pleiotropic
biological activities (Saeed et al., 2021). It exhibits direct anti-
tumor effects (inducing apoptosis and inhibiting cancer cell
growth) as well as immune-stimulating properties (activating
natural Killer cells and macrophages) (Vetvicka & Vetvickova,
2017; Memorial Sloan Kettering Cancer Center, 2022). These
characteristics make fucoidan an attractive candidate to combine
with chemotherapeutics to possibly obtain synergistic anticancer
effects.

The rationale is that fucoidan’s pro-apoptotic and anti-
metastatic actions, in addition to its ability to modulate tumor
immune microenvironment, could increase the efficacy of
chemotherapy (without increasing side effects) by protecting
normal tissues against collateral damage; side effects.

Specifically in breast cancer therapy, where resistance
develops very rapidly during treatment (regardless of line), an
administration regimen involving fucoidan might delay or
prevent resistance from developing while improving patient
outcomes.

The present chapter explores this strategy in detail;
outlining the properties of fucoidan, its mechanistic interactions
with cancer pathways and recent research (including our own
experimental  findings) on combining fucoidan  with
chemotherapeutic agents in breast cancer cells. We also discuss
the translational significance of these findings and how fucoidan-
based combination approaches could be integrated into future
breast cancer treatment strategies.
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2. FUCOIDAN: SOURCE AND STRUCTURE
2.1. Natural Sources and Structural Heterogeneity

Fucoidan is a sulfated polysaccharide, predominantly
sequestered within the cell wall matrix of brown seaweeds
(Phaeophyceae). While this class of algae encompasses a broad
diversity of marine flora, the isolation of bioactive fucoidan for
pharmacological applications; particularly in oncology; relies
heavily on a select group of commercially and scientifically
significant species. The most prominent natural sources utilized
in current research include Fucus vesiculosus (bladderwrack),
Undaria pinnatifida (wakame), Laminaria japonica (kombu),
Saccharina latissima (sugar kelp) and Cladosiphon okamuranus
(mozuku) (Lu et al, 2018) (Table 1)

It is imperative to note that the term "fucoidan” does not
designate a single, monolithic chemical entity with a fixed
structure. Rather, it refers to a family of heterogeneous polymers
whose structural architecture (defined by monosaccharide
composition, molecular weight distribution and the degree of
sulfation) exhibits significant plasticity. This physicochemical
variability is not only species-specific but is also modulated by
extrinsic factors such as the maturity of the algae, harvest
seasonality and geographic location. Furthermore, the
downstream biological activities of fucoidan are highly
dependent on the methodology used for its extraction as well as
purification protocols, hence needs to be intensely characterized
in therapeutic development.
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Nam_e of  the)Common Note on Source Material
species Name
. One of the most studied sources for
Fucus vesiculosus ||Bladderwrack
breast cancer research.
Undaria Commonly consumed in Asian diets;
. i Wakame . . L
pinnatifida high commercial availability.
Laminaria Rich in L-fucose and sulfated ester
. . Kombu
japonica groups.
Saccharina s Increasing interest due to sustainable
S ugar Kelp .
latissima aquaculture potential.
Cladosiphon Known for yielding high-molecular-
Mozuku . .
okamuranus weight fucoidan.

Table 1. Fucoidan-Producing Brown Seaweed Species and Their
Key Characteristics

Since, fucoidan is a complex sulfated polysaccharide
mainly composed of fucose sugars with sulfate ester groups. Its
exact structure shows difference greatly depending on the
seaweed source and extraction method (Van Weelden et al.,
2019). Generally, fucoidans consist of an a-L-fucopyranose
backbone that can be arranged in two primary forms: type |
(mainly 1—-3 linkages) or type II (alternating 1—3 and 1—4
linkages) (Van Weelden et al., 2019). The fucose backbone is
often branched with other monosaccharides (e.g. galactose,
xylose, uronic acids) and the degree and pattern of sulfation differ
by species). For example, Fucus vesiculosus fucoidan has a
relatively simple structure with primarily 1—3 and 1—4 linked
fucose and sulfates at C-2 (and C-3) positions. In contrast,
fucoidan from Macrocystis pyrifera contains significant galactose
and xylose branching. Factors like the harvest season and
extraction/purification process further influence fucoidan’s
molecular composition. This heterogeneity is important because
structural features (sulfate content and molecular weight)
correlate with bioactivity. Fucoidan is often categorized by
molecular weight: low (<10 kDa), medium (10-10,000 kDa) and
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high (>10,000 kDa). High-molecular-weight fucoidans
generally show greater anticancer and anti-angiogenic effects in
vitro, whereas some low-molecular-weight fractions have
enhanced absorption and distinct bioactivities. For instance, low-
MW fucoidan (<10 kDa) can induce apoptosis in breast cancer
cells and inhibit angiogenesis via the HIF-1o/VEGF pathway in
bladder cancer. However, overly degrading fucoidan can reduce
its activity, as sulfation and branching patterns are key to its
function. In summary, fucoidan’s structure—activity relationships
are complex: the sulfate groups and polymer size are critical
determinants of its biological effects. This diversity underscores
the need to use well-characterized fucoidan preparations in
research and therapy (Figure 1A-B).

A B
Figure 1. A) 2D B) 3D structures of fucoidan (PubChem n.d)

3. ANTICANCER MECHANISMS OF FUCOIDAN

Fucoidan (a sulfated polysaccharide derived from brown
algae) has been shown to exert multiple anticancer mechanisms
that may complement conventional chemotherapy. These
mechanisms include direct cytotoxicity, inhibition of metastasis
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and angiogenesis, as well as modulation of the immune response
(Jinetal., 2021; Lin et al., 2020).

3.1. Direct Cytotoxic Effects

e Apoptosis induction: Fucoidan induces apoptosis via
both intrinsic (mitochondrial) and extrinsic (death
receptor-mediated) pathways. It enhances pro-apoptotic
markers such as Bax, activates caspases (e.g., caspase-3
and -9) and promotes PARP cleavage, leading to
programmed cell death in various cancer cell types (Jin et
al., 2021; Hsu et al., 2017).

e Cell cycle arrest: Fucoidan has been shown to induce cell
cycle arrest at GO/G1 or G2/M phases in several cancer
cell lines, including breast, colon and cholangiocarcinoma
cells. This is often associated with downregulation of
cyclins and CDKs and upregulation of cell cycle
inhibitors such as p21 (Chantree et al., 2021; Liu et al.,
2016).

e Synergy with chemotherapy: Studies have indicated that
fucoidan enhances the efficacy of chemotherapeutic
agents such as doxorubicin paclitaxel and cisplatin by
promoting apoptosis and amplifying cell cycle disruption
(Arumugam et al., 2019).

3.2. Anti-Metastatic Properties

e Inhibition of migration and invasion: Fucoidan
suppresses cancer cell migration and invasion by
downregulating matrix metalloproteinases ( MMP-2 and
MMP-9) and cell adhesion molecules, which are critical
for extracellular matrix degradation and metastasis (Cao
etal., 2021).

o Suppression of epithelial-mesenchymal transition
(EMT): Fucoidan reduces the expression of EMT
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markers such as N-cadherin, Snail and vimentin, thereby
inhibiting the mesenchymal-like phenotype associated
with metastasis (Lin et al., 2020).

Anti-angiogenic activity: Fucoidan interferes with
angiogenesis by inhibiting vascular endothelial growth
factor (VEGF) expression and disrupting VEGFR
signaling pathways in both tumor and endothelial cells,
which restricts tumor vascularization (Turrini et al.,
2023).

3.3. Immunomodulatory Effects

Macrophage and NK cell activation: Fucoidan
enhances innate immune responses by promoting M1
macrophage polarization and increasing natural Killer
(NK) cell cytotoxicity. This may contribute to tumor
clearance via immune-mediated mechanisms (Jin et al.,
2021).

Cytokine regulation: Fucoidan modulates cytokine
secretion, including TNF-a, IL-6 and IL-10, suggesting
that it can both stimulate antitumor immunity and reduce
immunosuppressive tumor microenvironments (Hsu &
Hwang, 2019).

3.4. Anti-Angiogenic Activity

VEGF inhibition: Fucoidan inhibits VEGF expression
and secretion in cancer and stromal cells, reducing
angiogenic signaling critical for tumor growth (Liu et al.,
2016).

Endothelial cell effects: It also suppresses endothelial
cell proliferation, migration and capillary-like tube
formation, further impeding neovascularization within
tumors (Hsu & Hwang, 2019).
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4. SYNERGISTIC EFFICACY OF FUCOIDAN
WITH CONVENTIONAL
CHEMOTHERAPEUTICS ON BREAST
CANCER

Standard chemotherapeutic protocols for breast cancer
face major challenges, primarily due to resistance mechanisms
(multi drug resistance, MDR) and systemic toxicity. Integrating
bioactive marine polysaccharides into these regimens presents a
promising avenue to overcome such hurdles. In this context,
fucoidan has emerged as a promising adjuvant agent,
demonstrating the ability to sensitize cancer cells to standard
treatment regimens while potentially mitigating adverse effects.

4.1. Doxorubicin studies

The synergistic potential of fucoidan combined with
doxorubicin (DOX) has been extensively evaluated across diverse
breast cancer models, including MCF-7, MDA-MB-231, 4T1,
and drug-resistant triple-negative phenotypes. Investigations
focusing on cytotoxicity and targeted delivery consistently
demonstrate that fucoidan cotreatment potentiates apoptotic cell
death and enhances the tumor-specific accumulation of DOX,
offering superior therapeutic outcomes compared to monotherapy
(Abudabbus et al., 2017; Pawar et al., 2019; Jafari et al., 2020;
Zhang et al., 2021)

4.2. Cisplatin studies

Several breast cancer studies have assessed fucoidan in
combination with cisplatin in vitro or in animal models,
measuring cell viability, apoptosis, chemosensitization and tumor
targeting. These investigations report that fucoidan plus cisplatin
enhances cisplatin-induced cytotoxicity and apoptosis while
improving selective targeting of cancer cells compared with
cisplatin alone (Abudabbus et al., 2017; Jin et al., 2021; Zhang et
al., 2021).
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4.3. Paclitaxel studies

Investigations into paclitaxel (PTX) and fucoidan
combinations have spanned from direct co-administration in vitro
to advanced engineered nanoplatforms. These strategies
consistently yield synergistic outcomes, driven by potentiated
apoptosis and superior drug accumulation at the tumor site;
effects largely mediated by fucoidan’s targeting affinity and
immunomodulatory profile (Burney et al., 2018; Pawar et al.,
2019). Significantly, recent work utilizing fucoidan/Pluronic®
F127 nanogels established a pH-responsive delivery system; this
approach exploited the acidic tumor microenvironment to
maximize therapeutic efficacy while simultaneously attenuating
systemic toxicity (Nguyen et al., 2024). These findings
underscore fucoidan’s dual utility as both a biological
chemosensitizer and a functional excipient for precision PTX
delivery.

5. FUCOIDAN IN COMBINATION WITH
DOCETAXEL AND TRASTUZUMAB IN MCF-
7 AND MDA-MB-231 CELLS

To explore the potential of fucoidan as an adjunct
anticancer agent, a series of in vitro experiments were conducted
to examine its effects in combination with two clinically relevant
therapies: docetaxel, a microtubule-stabilizing chemotherapeutic
agent, and trastuzumab, a monoclonal antibody that targets
HER2-overexpressing cells (Aygilines, 2014). Such therapies
were chosen for their distinct mechanisms of action, which are
representative of standard approaches in breast cancer treatment.

Three human breast-derived cell lines were employed to
capture the molecular heterogeneity of breast cancer. MCF-7 cells,
classified as luminal A subtype, are estrogen receptor (ER)-
positive and HER2-normal, representing a hormone-responsive,
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less aggressive phenotype.MDA-MB-231 cells correspond to the
triple-negative breast cancer (TNBC) subtype (ER-, PR-, HER2-
negative), known for their invasive and treatment-resistant
behavior.The non-tumorigenic mammary epithelial cell line
MCF-10A served as a control to assess cytotoxic selectivity and
evaluate potential off-target effects in non-malignant cells.This
experimental design enabled the comparison of fucoidan’s
activity across different breast cancer subtypes and provided
insights into its differential effects on malignant versus normal
breast epithelial cells.The following section details the
methodology, experimental findings, and interpretations
regarding the observed interactions between fucoidan and the
selected therapeutic agents.

5.1. Cytotoxicity Profile

In this study, the effects of fucoidan-containing binary and
triple combinations with docetaxel and trastuzumab were
comparatively evaluated in breast cancer cell lines (MCF-7 and
MDA-MB-231) and the non-tumorigenic mammary epithelial
cell line MCF-10A. The findings indicate that fucoidan acts as a
context-dependent modulator of cytotoxic response.

In both MCF-7 and MDA-MB-231 cells, fucoidan alone
and/or combinations consistently reduced cell viability. Binary
combinations of fucoidan with docetaxel or trastuzumab
exhibited dose-dependent cytotoxic effects, suggesting that
fucoidan enhances the efficacy of both chemotherapeutic and
targeted agents in cancer cells. In MCF-7 cells, fucoidan showed
synergistic interactions with both agents, while triple
combinations produced cytotoxic effects comparable to, but not
exceeding, those observed with fucoidan-containing binary
treatments.

In MDA-MB-231 cells, fucoidan-containing
combinations demonstrated a more pronounced and consistent
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cytotoxic profile. Notably, the fucoidan-trastuzumab combination
displayed maximal efficacy at 1C50-level doses. Triple
combinations maintained the cytotoxic contribution of fucoidan,
although their effectiveness was not uniformly superior to that of
fucoidan-based binary combinations.

In contrast, in MCF-10A cells, fucoidan-containing
combinations induced only moderate reductions in cell viability,
without a clear dose-dependent pattern. Triple combinations did
not further enhance cytotoxicity compared to binary treatments
(Aygiines, 2014).

Overall, these results demonstrate that fucoidan
selectively enhances cytotoxic responses in breast cancer cell
lines while exerting limited and irregular effects on non-
tumorigenic cells. This profile supports the potential role of
fucoidan as a modulatory agent that improves the therapeutic
impact of combination treatments in a cancer cell specific manner.

5.2. Apoptosis Profile

A comprehensive apoptotic profiling was performed to
delineate the effects of fucoidan-containing mono, binary and
triple treatments in breast cancer cell lines (MCF-7 and MDA-
MB-231), with the non-tumorigenic mammary epithelial cell line
MCF-10A serving as a reference. Apoptosis was assessed using
complementary assays targeting distinct cellular compartments
and stages of the apoptotic cascade, enabling an integrated
evaluation of apoptotic signaling.

Across both cancer cell lines, fucoidan consistently
emerged as the dominant contributor to apoptotic induction.
While Annexin-V analysis revealed only modest and statistically
non-significant differences between cancerous and non-
cancerous cells, a clear trend toward increased apoptotic fractions
was observed in fucoidan-treated and fucoidan-containing
combination groups, particularly in MCF-7 cells. These findings
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suggest that early apoptotic events alone may underestimate the
full apoptotic impact of fucoidan.

In contrast, MitoCapture analysis uncovered a
pronounced and cell line-specific apoptotic response. Fucoidan
monotherapy and fucoidan-based combinations induced robust
mitochondrial depolarization in MCF-7 cells, significantly
exceeding that observed in MDA-MB-231 cells. This divergence
highlights a stronger engagement of mitochondrial apoptotic
pathways in hormone-responsive breast cancer cells. Importantly,
fucoidan-containing treatments consistently differentiated cancer
cells from MCF-10A, underscoring a degree of tumor selectivity
at the mitochondrial level.

Caspase-2 activation further reinforced the central role of
fucoidan in apoptotic modulation. Fucoidan-trastuzumab
combinations produced the most prominent and statistically
significant increases in caspase-2 activity in both MCF-7 and
MDA-MB-231 cells when compared with MCF-10A. These
findings position caspase-2 as a sensitive downstream readout of
fucoidan-driven apoptotic stress, particularly in combination
settings.

In contrast, caspase-3 activation displayed a more diffuse
pattern. Although cancer cells generally exhibited higher caspase-
3 activity than MCF-10A, differences did not reach statistical
significance. Nevertheless, MCF-7 cells consistently showed
higher caspase-3 activation than MDA-MB-231 across most
treatment groups, suggesting a more efficient execution-phase
apoptotic response in this cell line.

Caspase-8 activation was comparatively limited,
indicating that extrinsic apoptotic signaling played a secondary
role in the observed cytotoxic response. The absence of strong
caspase-8 activation further supports the predominance of
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intrinsic, mitochondria-centered apoptotic mechanisms in
fucoidan-mediated effects (Aygiines, 2014).

Taken together, these findings define a distinct apoptotic
signature for fucoidan-containing treatments, characterized by
preferential activation of mitochondrial dysfunction and caspase-
2 signaling, with variable engagement of downstream executioner
caspases. This signature is more pronounced in cancer cells than
in non-tumorigenic epithelial cells and differs between breast
cancer subtypes, positioning fucoidan as a potent and selective
amplifier of intrinsic apoptotic pathways in breast cancer models.

5.3. Gene Expression Signatures

Gene expression analyses revealed that fucoidan induces
a robust and coordinated transcriptional response in breast cancer
cell lines, with markedly different profiles compared to non-
tumorigenic mammary epithelial cells.

In MCF-7 cells, fucoidan treatment resulted in a
pronounced upregulation of apoptosis-related genes, including
APAF1, BAD, BAX, CASP2, CASP3, CASP8, CASP9, CD27,
CDKN1A, PTEN, SFN, TGFB1, TP53 and TP73 (p < 0.05 for all).
Notably, BAX, CD27 and CDKNZ1A were consistently upregulated
across all treatment groups, indicating a central role in fucoidan-
driven apoptotic signaling. In parallel, genes associated with
genomic stability, tumor suppression and breast cancer prognosis
(BRCAL, BRCA2, CDKN1C, CDKN2A, CTNNB1, MGMT and
RB1) exhibited significant expression increases, suggesting
reinforcement of anti-proliferative and DNA damage response
pathways.

In MDA-MB-231 cells, fucoidan also promoted apoptotic
gene expression, albeit with a more heterogeneous pattern.
Significant upregulation was observed in APAF1, BAD, BAX,
CASP2, CASP3, CASP8, CASP9, CD27, CDKN1A, SFN, TGFB1
and TP53 (p < 0.05), accompanied by a significant
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downregulation of MAPK1. Furthermore, fucoidan expanded
expression of key tumor-related genes (APC, ATM, BRCAZ2,
CDH1, CDKNI1C, CDKN2A, MGMT and RB1), while
suppressing proliferation-associated genes such as CCND1 and
JUN. This expression profile is consistent with attenuation of
proliferative signaling and activation of tumor-suppressive
programs in triple-negative breast cancer cells.

In contrast, gene expression responses in the non-
tumorigenic MCF-10A cell line were highly variable and lacked
the coordinated, directionally consistent patterns observed in
cancer cells. This divergence underscores a degree of tumor
selective transcriptional modulation by fucoidan (Aygiines,
2014).

Collectively, these data demonstrate that fucoidan
orchestrates a cancer cell-specific gene expression program
characterized by simultaneous activation of apoptotic machinery,
reinforcement of tumor suppressor pathways and suppression of
proliferative signals. The distinct transcriptional signatures
observed in MCF-7 and MDA-MB-231 cells highlight subtype
dependent responses, supporting fucoidan’s role as a context
dependent modulator of anticancer signaling networks.

5.4. Integrated Interpretation of Findings

Taken together, the cytotoxicity, apoptosis and gene
expression data converge on a coherent biological narrative in
which fucoidan functions as a central modulator of anticancer
responses in breast cancer cell lines. Rather than acting as a purely
cytotoxic agent, fucoidan appears to reshape cellular fate
decisions by simultaneously influencing cell viability, apoptotic
signaling and transcriptional programs associated with tumor
suppression and proliferation control.

At the phenotypic level, cytotoxicity assays demonstrated
that fucoidan-containing treatments preferentially reduced cell
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viability in cancer cells while exerting comparatively limited
effects on non-tumorigenic mammary epithelial cells. This
selective profile was reinforced by apoptosis assays, which
revealed that fucoidan-driven effects were not dominated by early
apoptotic markers alone but became more pronounced at the level
of mitochondrial dysfunction and caspase-mediated signaling. In
particular, the prominence of mitochondrial depolarization and
caspase-2 activation suggests engagement of intrinsic stress-
responsive apoptotic pathways rather than nonspecific cell death.

Gene expression analyses provide a mechanistic
framework supporting these observations. In both MCF-7 and
MDA-MB-231 cells, fucoidan induced coordinated upregulation
of genes involved in apoptotic execution, cell cycle regulation
and tumor suppression, accompanied by suppression of key
proliferative drivers in the more aggressive MDA-MB-231
model. The consistency of these transcriptional shifts across
functional categories indicates that the observed cytotoxic and
apoptotic effects are underpinned by structured, pathway-level
regulation rather than isolated gene perturbations.

Significantly, the nature of the response differed between
breast cancer subtypes. MCF-7 cells displayed a more uniform
and amplified activation of apoptotic and tumor suppressor gene
networks, consistent with a transcriptionally permissive,
hormone-responsive phenotype. In contrast, MDA-MB-231 cells
exhibited a more selective pattern characterized by concurrent
activation of apoptotic programs and repression of proliferation-
associated signaling, reflecting adaptation within a more
aggressive and intrinsically resistant cellular context. Despite
these differences fucoidan emerged as a shared driver of anti-
tumor signaling in both models.

In contrast, the absence of a coordinated transcriptional or
apoptotic signature in MCF-10A cells highlights a fundamental
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distinction between cancerous and non-cancerous cellular
responses. The variability observed in normal epithelial cells
suggests that fucoidan does not impose a dominant pro-apoptotic
program in the absence of oncogenic stress, supporting a degree
of cancer cell specificity.

Overall, the integrated findings position fucoidan as a
context-dependent  regulator  that  amplifies intrinsic
vulnerabilities of breast cancer cells by aligning cytotoxic stress,
apoptotic signaling and gene expression reprogramming. This
multi-layered mode of action distinguishes fucoidan from
conventional single-target agents and provides a biologically
coherent basis for its inclusion in combination-based therapeutic
strategies within breast cancer models.

5.5. Contextual Implications of the Present Findings

Despite the growing body of literature describing the
anticancer properties of fucoidan, several critical gaps remain in
the context of breast cancer biology. Most existing studies focus
on single-endpoint readouts, such as cell viability or isolated
apoptotic markers and are frequently limited to a single cell line
or treatment condition. As a result, the relationship between
cytotoxic effects, apoptotic execution and transcriptional
regulation has remained largely fragmented.

The data presented in this section directly address this gap
by providing a multi-layered evaluation of fucoidan activity
across distinct breast cancer subtypes. By integrating cytotoxicity
assays with complementary apoptosis methodologies and gene
expression analyses, this work establishes a coherent link
between phenotypic outcomes and underlying transcriptional
responses. This integrated approach moves beyond descriptive
observations and demonstrates that fucoidan-induced
cytotoxicity is accompanied by coordinated activation of
apoptotic and tumor suppressive gene networks.
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Another limitation in the existing literature is the
insufficient comparison between cancerous and non-tumorigenic
breast epithelial cells under identical experimental conditions.
Many prior reports infer selectivity indirectly or do not include
appropriate normal cell controls. The inclusion of MCF-10A cells
in parallel with MCF-7 and MDA-MB-231 models provides
direct evidence that fucoidan elicits structured and coordinated
responses primarily in malignant cells, while inducing variable
and non-convergent effects in non-cancerous cells. This
distinction strengthens claims of context-dependent activity that
are often suggested but rarely demonstrated experimentally.

Furthermore, studies examining fucoidan in combination
settings frequently emphasize enhanced cytotoxicity without
resolving whether such effects reflect nonspecific toxicity or
regulated cellular responses. By coupling apoptosis profiling with
gene expression signatures, the present data clarify that fucoidan-
associated effects are linked to regulated apoptotic programs
rather than passive cell damage. This contributes mechanistic
resolution to an area of the literature that has largely relied on
endpoint-based synergy claims.

Within the framework of this chapter, these findings fill
an important conceptual gap by positioning fucoidan not merely
as an anti-proliferative compound but as a regulator of cellular
stress responsiveness and apoptotic competence in breast cancer
cells.

This work provides experimentally grounded context for
subsequent discussions on fucoidan-based combination strategies
and their potential relevance to subtype-specific therapeutic
modulation.
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6. FUTURE DIRECTIONS

The findings presented in this section provide a
foundation for several focused lines of future investigation. First,
the coordinated cytotoxic, apoptotic and transcriptional responses
observed in distinct breast cancer subtypes warrant further
exploration under dynamic treatment conditions, including time-
dependent analyses and dose optimization within combination
settings. Such approaches may clarify the temporal hierarchy
between transcriptional reprogramming and apoptotic execution.

Second, the distinct subtype-specific differences observed
between MCF-7 and MDA-MB-231 cells emphasize the
importance of conducting broader comparative studies across a
wider range of breast cancer models. Extending this framework
to include therapy-resistant or genetically defined subtypes may
further refine the context-dependent role of fucoidan.

Finally, while the present work emphasizes regulated
cellular responses, future studies integrating pathway-level
inhibition or genetic perturbation strategies could help delineate
the upstream regulators governing fucoidan-associated signaling
networks. Within the scope of this chapter, these proposed
directions should be viewed as logical extensions of the current
findings rather than as immediate translational implications.
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BEYOND BRCA: THE DNA DAMAGE
RESPONSE NETWORK AND ITS CLINICAL
IMPLICATIONS IN BREAST CANCER

Duygu AYGUNES-JAFARI?

1. INTRODUCTION: THE “BRCA ERA”: FROM
SINGLE GENES TO COMPLEX NETWORKS

The discovery of the BRCAL and BRCA2 genes in the
1990s made a reform in our understanding of hereditary breast
cancer, marking the beginning of the “BRCA era” in cancer
genetics. These significant findings showed that inherited
mutations in BRCAL1/2 present a dramatically increased breast
and ovarian cancer risk, launching the field of clinical cancer
genetics and leading to genetic testing and designed risk-
reduction strategies for carriers. In breast cancer, BRCA1/2
mutations are relatively rare but highly penetrant, large
population studies indicate that pathogenic variants in BRCAL or
BRCA2 occur in roughly 2-3% of unselected breast cancer
patients (with higher frequencies in certain subgroups, such as
about 11% of triple-negative breast cancers) (Zhou & Zhang,
2025). These mutations have significant impact, for example
women with germline BRCAL/2 mutations face lifetime breast
cancer risks on the order of 50-70%, far above the general
population risk (Hu et al., 2021). The “BRCA-centric” paradigm
that followed has been enormously influential, BRCA1/2 became
synonymous with hereditary breast cancer and research and
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clinical practice for two decades focused heavily on these high-
risk genes.

However, the BRCA-centric understanding has clear
boundaries and limitations. First, BRCA1/2 mutations explain
only a fraction of the hereditary risk for breast cancer;
epidemiologic analyses show that germline BRCAL/2 variants
account for roughly 20-25% of familial breast cancer cases,
leaving many families with strong cancer histories unexplained
(Hu et al., 2021). Besides, beyond the realm of germline risk,
the “BRCAness” concept has emerged to describe sporadic
tumors that phenocopy BRCA-mutant cancers (exhibiting
homologous recombination DNA repair defects) despite lacking
BRCA mutations (Lord & Ashworth, 2016). A significant subset
of breast tumors without BRCA mutations show molecular signs
of homologous recombination deficiency (HRD), indicating
other genes in the DNA repair network can be disrupted. Also,
focusing narrowly on BRCAL/2 misses opportunities for
precision therapy in patients whose tumors exhibit distinct
deficiencies in DNA damage response mechanisms. The success
of poly (ADP-ribose) polymerase (PARP) inhibitors in BRCA-
mutated cancers opened the door to targeting DNA repair
vulnerabilities, but it also highlighted that such synthetic-lethal
strategies might extend to BRCA-wildtype tumors with “BRCA-
like” deficits. Consequently, there is a growing recognition that
the DNA damage response (DDR) network beyond just BRCA1
and BRCA2 and it is crucial in breast cancer biology and
therapy. This new approach represents a transition from a
single-gene focus to a broader view of genomic instability and
repair pathways in cancer.

The following sections provide an overview of the DDR
network and explore its expanding clinical implications in breast
cancer, charting a path beyond BRCA.
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2. OVERVIEW OF THE DNA DAMAGE
RESPONSE NETWORK.

Cells constantly encounter DNA damage from

endogenous sources like reactive oxygen species and exogenous
agents such as UV radiation and carcinogens. To counteract this
threat, cells have evolved a DNA damage response (DDR)
network (a coordinated system of sensors, signaling molecules
and repair enzymes) that detects DNA lesions, halts the cell
cycle and orchestrates appropriate repair mechanisms (Patel et
al., 2024). Key DDR pathways include (Figure 1):

Base Excision Repair (BER): fixes single-base
abnormalities (such as deamination or oxidation damage)
and single-strand breaks. DNA glycosylases remove
damaged bases and the resulting a basic sites or nicks are
processed and filled by DNA polymerase and ligase.
This pathway is critical for repairing endogenous
damage and operates throughout the cell cycle.

Mismatch Repair (MMR): corrects base-base
mismatches, insertion and deletion loops ascending
during DNA replication. Proteins like MSH2/MSH6 and
MLH1/PMS2 detect and remove replication errors,
ensuring accurate genome duplication. Deficiencies in
the mismatch repair (MMR) system result in
microsatellite instability and the emergence of a
hypermutator phenotype, characteristic of Lynch
syndrome associated cancers.

Nucleotide Excision Repair (NER): responsible for the
removal of bulky, helix-distorting DNA lesions; such as
UV-induced pyrimidine dimers and chemical adducts,
through the coordinated action of multiprotein
complexes that excise the damaged oligonucleotide
segment, followed by gap filling by DNA polymerase.
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NER maintains genomic stability against a broad range
of DNA lesions.

Fanconi Anemia Pathway (FA/ICL Repair):
specializes in repairing DNA interstrand
crosslinks,covalent links between both strands of DNA,
which block replication and transcription. The FA
pathway (involving FANCA, FANCD2, FANCI and
others) coordinates nucleolytic incision of crosslinks and
subsequent repair via homologous recombination.
Germline mutations in FA genes (including BRCAZ2,
also known as FANCD1) cause the cancer susceptibility
situation Fanconi anemia, underlining the pathway’s
importance.

Non-Homologous End Joining (NHEJ): a rapid yet
error-prone mechanism that repairs DNA double-strand
breaks (DSBs) by directly joining the broken DNA ends.
NHEJ can operate throughout the cell cycle and is the
dominant DSB repair mode in G1 phase. The process
entails the interaction of the Ku70/Ku80 complex with
the termini of DNA, the subsequent recruitment of DNA-
dependent protein kinase catalytic subunits (DNA-PKcs)
along with end-processing enzymes, ultimately resulting
in the ligation of DNA strands. NHEJ often yields small
insertions and deletions at the break site, which if they
are mis-repaired, it can lead to mutations.

Homologous Recombination (HR): a high-fidelity DSB
repair pathway active in S and G2 phases (when a sister
chromatid is available as a template). HR is initiated by
end resection at the DSB (mediated by the MRN
complex and CtIP, activated by ATM kinase) and
followed by coating of single-stranded DNA with
RAD51 recombinase (that facilitated by BRCAL,
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BRCA2, PALB2 and other HR proteins) to invade an
intact sister chromatid and copy the missing sequence
(Patel et al., 2024). HR accurately restores the DNA
sequence and is critical for repairing replication-
associated breaks and interstrand crosslinks (Figure 1).

DNA's Damage Control: A Guide to Cellular Repair Pathways
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Figure 1. Overview of Key DNA Damage Response (DDR)
Pathways. The figure categorizes primary repair mechanisms
based on the type of DNA damage. Single-Strand & Base-Level
Repair pathways include Base Excision Repair (BER) for small
base lesions, Mismatch Repair (MMR) for replication errors, and
Nucleotide Excision Repair (NER) for bulky, helix-distorting
damage. Complex & Double-Strand Repair pathways address
more severe breaks: Homologous Recombination (HR) provides
high-fidelity repair using a template; Non-Homologous End
Joining (NHEJ) rapidly ligates broken ends; and the Fanconi
Anemia (FA) pathway specifically resolves toxic interstrand
crosslinks (ICLs).

The DDR network not only repairs damage but also
tightly interfaces with cell cycle checkpoints. When DNA
damage is detected, checkpoint kinases such as ATM and ATR
are activated to halt cell cycle progression; ATM primarily
responds to DSBs, activating the p53-mediated G1 arrest and the
CHK2 kinase, whereas ATR responds to replication stress and
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single-stranded DNA, activating the CHK1 kinase and an intra-
S/G2 arrest (Patel et al., 2024).

Through these checkpoints, the DDR prevents cells from
dividing before lesions are fixed, to maintain the genomic
stability. Genome stability preservation is a central mission of
the DDR: by correcting mutations or preventing their
propagation, the DDR suppresses tumorigenesis. Germline
defects in DDR genes (such as BRCAL, TP53, ATM) confer
cancer susceptibility and sporadic tumors often bear somatic
mutations in DDR components or signatures of past DNA repair
failures. If DNA damage is irreparable, the DDR can trigger
apoptosis or senescence to eliminate the damaged cell (another
tumor-suppressive mechanism).

The elucidation of the DDR network has crystallized the
therapeutic principle of synthetic lethality. This term describes
a possibility in which the simultaneous impairment of two genes
or pathways is lethal to a cell, whereas a defect in either one
alone is tolerated. The classic example is the synthetic lethal
interaction between homologous recombination and the base
excision repair pathway: cells with a BRCAL/2-mediated HR
defect rely on PARP-dependent repair of single-strand DNA
breaks, so inhibition of PARP1 causes an accumulation of
unrepaired single-strand breaks that convert to lethal double-
strand breaks in HR-deficient cells. Normal cells (with intact
HR) can survive PARP inhibition by repairing DNA breaks via
recombination, but HR-deficient tumor cells cannot, leading to
selective cell death (Helleday, 2011; Patel et al., 2024). This
concept was first exploited therapeutically with PARP inhibitor
drugs in BRCA-mutated cancers and has since become a
paradigm for targeting cancer-specific vulnerabilities in the
DDR network.
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In brief, the DNA damage response network
encompasses a web of pathways guarding genome integrity and
its selective perturbation in cancer cells presents opportunities
for precision treatments based on synthetic lethality.

3. DDR GENE ALTERATIONS IN BREAST
CANCER BEYOND BRCAL/2

While BRCAL and BRCA2 mutations are the most well-
known hereditary drivers of breast cancer, many other genes in
the DDR network can be altered in breast tumors; either through
germline mutations that predispose to cancer or through somatic
mutations in the tumor itself. These alterations can impair DNA
repair mechanisms in a manner similar to BRCA mutations,
thereby promoting tumorigenesis and shaping clinical outcomes.
It is useful to distinguish germline versus somatic DDR gene
mutations. Germline mutations (inherited variants present in
every cell) in certain DDR genes confer an increased risk of
developing breast cancer; examples include ATM, CHEK2 and
PALB2, which are now established as moderate-to-high
penetrance breast cancer predisposition genes (Hu et al., 2021).
Somatic mutations (acquired only in the tumor) in DDR genes
are also frequently observed in breast cancers, especially in the
context of genomic instability. For instance, The Cancer
Genome Atlas (TCGA) data and other sequencing efforts have
revealed that a subset of sporadic breast tumors harbors somatic
loss-of-function mutations in genes like TP53 (a DNA damage
response mediator), PIK3CA (an oncogene indirectly affecting
genome maintenance) and core HR genes such as RAD51C or
BRCAL itself (epigenetically silenced or mutated somatically)
(Stancl et al., 2022). Both germline and somatic DDR gene
alterations can induce a phenotype of homologous
recombination deficiency and genomic instability, but germline
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carriers may have distinct clinical considerations (bilateral
cancer risk, family implications) compared to sporadic cases
with somatic mutations.

Several key DDR-related genes beyond BRCAL1/2 are

now recognized for their roles in breast cancer predisposition or
tumor biology (Table 1):

ATM (Ataxia Telangiectasia Mutated): ATM encodes
a serine-threonine kinase that orchestrates the response
to DNA double-strand breaks, activating checkpoints and
DNA repair pathways. Heterozygous germline ATM
mutations confer a moderate increase in breast cancer
risk (odds ratio ~2) and are found in ~0.5-1% of breast
cancer patients (making ATM one of the more common
non-BRCA predisposition genes). Somatic ATM
mutations or deletions occur in a subset of breast tumors
as well. Notably, ATM mutations have been associated
with predominantly estrogen receptor (ER)-positive
breast cancers (in one large study, ATM variant carriers
had almost a two-fold higher odds of ER-positive disease
(OR ~1.96) ) (Hu et al., 2021). Tumors with ATM loss
may exhibit impaired checkpoint control and increased
radiosensitivity.

CHEK2 (Checkpoint Kinase 2): CHEK2 is a
downstream effector kinase of ATM; germline loss-of-
function variants in CHEK2 (such as the 1100delC
allele) are established moderate-risk alleles for breast
cancer (approximately 2-3 fold risk). CHEK2 germline
mutations are found in about 1% of breast cancer
patients in Western populations. Like ATM, CHEK2-
associated cancers are often ER-positive/HER2-negative.
Pathogenic CHEK2 wvariants showed a significant
association with estrogen receptor-positive breast cancer
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(OR ~2.6) in the CARRIERS consortium study (Hu et
al., 2021). Somatic CHEK?2 mutations are less common
but when present, may indicate a deficient G1/S
checkpoint. Clinically, CHEK2 mutation carriers have a
moderate risk that sometimes influences screening or
preventive strategies and their tumors might have unique
chemosensitivities (e.g. possibly greater sensitivity to
DNA-damaging agents).

PALB2 (Partner and Localizer of BRCA2): PALB2
works closely with BRCA2 in HR repair, helping recruit
BRCA2/RAD51 to DNA breaks. Germline PALB2
mutations confer a high risk of breast cancer; lifetime
risk estimates for female PALB2 mutation carriers’
approach 50% by age 70, similar to BRCA2 in some
studies. Although individually rare (prevalence ~0.5% in
unselected patients) (Hu et al., 2021), PALB2 is one of
the most penetrant genes after BRCAL1/2 and many
guidelines now recommend PALB2 testing alongside
BRCAL/2. PALB2-mutated tumors often resemble
BRCAZ2-associated cancers (frequently ER-positive,
though PALB?2 is also seen in triple-negative cases) and
are typically HR-deficient. In fact, PALB2 mutations
were associated with significantly increased risk of
triple-negative breast cancer (OR ~13 in one study) (Hu
et al., 2021) and with high histologic grade. Importantly,
PALB2 mutant cancers have shown sensitivity to
platinum chemotherapy and PARP inhibitors, analogous
to BRCA-mutant cancers.

RAD51C and RAD51D: These genes encode proteins
directly involved in homologous recombination; both are
essential for RADS51 function in repairing DSBs.
Germline RAD51C and RAD51D mutations are more
commonly associated with ovarian cancer susceptibility,
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but they have also been implicated in breast cancer risk
(especially RAD51C). Their prevalence in breast cancer
is low (each <0.5%), but they are included in many
multigene panels. Notably, RAD51D mutations showed a
significant association with ER-negative and triple-
negative breast cancers (OR ~3.9 for ER- disease in one
report) (Hu et al., 2021). RAD51C can be inactivated by
promoter methylation in sporadic tumors, leading to an
HRD phenotype (Stancl et al., 2022). Functionally, loss
of RAD51C/D compromises HR and thus may predict
responsiveness to HR-targeted therapies.

BARD1: BARD1 (BRCA1-Associated RING Domain
protein 1) forms a heterodimer with BRCA1l and is
crucial for BRCAL’s E3 ubiquitin ligase activity and
DNA repair functions. Germline BARD1 mutations are
infrequent but have been associated with approximately
two- to three-fold increased breast cancer risk
(considered a moderate-risk gene). Interestingly, BARD1
variants show strong association with triple-negative
breast cancer; in the CARRIERS analysis, BARD1
mutation carriers had over three-fold increased odds of
triple-negative disease (OR ~3.18) (Hu et al., 2021). This
aligns with the observation that BARD1, like BRCAL, is
involved in HR repair and tends to give rise to basal-like
tumors when mutated. In tumors, BARD1 loss may
phenocopy BRCAL1 loss (since BARD1 is BRCAL’s key
partner), leading to HRD.

FANCA (Fanconi Anemia Complementation Group
A): FANCA is one of the core Fanconi anemia genes.
Biallelic mutations in FANCA cause Fanconi anemia, but
heterozygous mutations have been investigated for links
to cancer risk. FANCA heterozygous variants are
sometimes found in breast cancer patients, though a clear
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high-risk association is not established (if there is a risk,
it is likely mild). Nevertheless, because the FA pathway
intersects with BRCA pathways (the FA core complex
ultimately activates FANCD2/1 which collaborate with
BRCAL/2 in HR repair), somatic loss of FANCA or other
FA genes in tumors can contribute to HRD and genome
instability. Some breast tumors, particularly triple-
negative ones, harbor somatic deletions or promoter
methylation of FA genes. Ongoing research is evaluating
how FA pathway deficiencies might sensitize tumors to
certain treatments (e.g. cisplatin).

ATR (Ataxia Telangiectasia and Rad3-related): ATR
is a master regulator of the response to replication stress.
Germline ATR mutations are extremely rare (and usually
incompatible with life in homozygous state; a mosaic
ATR mutation causes Seckel syndrome). Somatic ATR
mutations, still, have been observed in breast cancers
(often at low frequency, ~1-2% (Patel et al., 2024)). Loss
of ATR function in tumors leads to unchecked
replication  stress and chromosome  Dbreakage.
Intriguingly, large sequencing studies have found ATR
mutations to be among the more common non-BRCA
DDR gene mutations in breast cancer, with one analysis
reporting ATR mutations in up to ~3-4% of cases (second
only to ATM among DDR genes beyond BRCA) (Patel
et al., 2024). ATR-mutant breast cancers could have
therapeutic vulnerabilities (since ATR is essential for
tolerating replication stress, ATR-deficient cells may be
highly sensitive to DNA-damaging agents or ATR
inhibitor drugs might be less effective if ATR is lost).

Other notable genes: Several additional DDR and
repair-related genes are recurrently mutated or assessed
in breast cancer. TP53, while not a “DNA repair
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enzyme” per se, is a genome guardian frequently
mutated (~30-40% of breast cancers overall and >80% of
basal-like breast cancers), reflecting defective DNA
damage-induced checkpoint control. PTEN (tumor
suppressor affecting genome stability) and CDH1
(whose loss in lobular carcinoma might interact with
DNA repair processes) also appear on multi-gene panels.
BRIP1 (FANCJ helicase) is a DDR gene associated with
ovarian cancer risk and possibly modestly with breast
cancer. NF1 (neurofibromin) and PALB2 often co-occur
with BRCA  mutations in  high-risk patients.
Additionally, large-scale sequencing has identified a
long tail of rare DDR gene mutations in breast tumors
(e.g. MRE11, NBN, POLQ), though their individual
contributions are still being elucidated (Table 1).

In terms of molecular breast cancer subtypes, DDR gene
alterations are not evenly distributed. Germline BRCAl
mutations almost universally lead to triple-negative, basal-like
breast cancers, whereas germline BRCA2 mutations more often
cause luminal (ER-positive) tumors (Zhou & Zhang, 2025).
Beyond BRCA, patterns are emerging: CHEK2 and ATM
carriers tend to develop ER-positive, HER2-negative cancers
(i.e. luminal subtypes) (Hu et al., 2021). In contrast, BARD1 and
PALB2 mutations show strong associations with triple-negative
breast cancer (Hu et al., 2021). Somatic DDR mutations also
differ by subtype; one study found non-BRCA DDR mutations
were most frequent in HER2-enriched tumors (~20% had some
DDR gene alteration), followed by luminal B, then triple-
negative and lowest in luminal A (Patel et al., 2024). This
suggests more aggressive subtypes often have greater genomic
instability and may select for DDR pathway aberrations.

Clinically, the phenotypic and prognostic impact of
non-BRCA DDR gene mutations in breast cancer is an area of
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active research. Some DDR gene mutations clearly drive high-
risk cancer syndromes (TP53 mutations cause Li-Fraumeni
syndrome with early-onset cancers; PALB2 carriers have high
lifetime risk similar to BRCA2). Others, like CHEK2 and ATM,
confer moderate risk and might be associated with later onset or
more indolent tumors on average. Tumor behavior can be
influenced by DDR status: for example, BRCALl-related breast
cancers are often high-grade but also exquisitely sensitive to
DNA-damaging chemotherapy (platinum agents) (Zhou &
Zhang, 2025). It is not yet fully clear if tumors with other DDR
defects share this enhanced chemosensitivity; some evidence
indicates PALB2-mutated cancers respond well to platinum and
CHEK2-mutant cancers might have outcomes similar to
sporadic cancers, but data are mixed. Large cohort analyses
suggest that carrying a pathogenic variant in ATM, CHEK2, or
other moderate-risk genes does confer some increased risk of
second primary cancers and may impact survival, but to a much
lesser extent than BRCA1/2 mutations. Overall, recognizing
DDR gene alterations beyond BRCA is important, as these
aberrations expand the spectrum of “BRCA-like” biology and
have implications for therapy and genetic counseling, as
discussed in later sections.

Germline / - Subtype Therapeutic
Gene Somatic Risk Level Association Sensitivity
ER-positive . "
ATM Both Moderate (especially), Platinum?, ATR

HER2-negative inhibitors

ER-positive, ||Platinum?, limited

CHEK2 Both Moderate HER2-negative || PARPI response
. . Triple-negative || PARP inhibitors
PALB2 Germline High 1, ER-positive || 1, Platinum 1

Primarily

RAD51C / || Germline; Somatic Low— Triple-negative, || PARPi 1, HRD-

RAD51D methylation Moderate ER-negative || targeted therapies
(RAD51C)

BARD1 Germline Moderate (| Triple-negative 1 PARPI potential

(HRD-like)
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Germline / . Subtype Therapeutic
Gene Somatic Risk Level Association Sensitivity
Triple-negative . " i
FANCA Both Low? (especially Platinum?, HRD
. related
somatic loss)
. Unclear / HER2-enriched, || ATR inhibitors 1,
ATR Mostly Somatic Low Luminal B 1 Platinum
High (Li- Basal-like WEEL1 inhibitors,
TP53 Both Fraumeni - ! PARPI (selected
Triple-negative
syndrome) cases)
i inum?
gripy | Germline (low Low | Notwell defined|| Pratinum? (under
frequency) investigation)
POLQ . Possibly HRD- (| POLQ inhibitors
(POLO) Somatic Unknown associated (in development)

Table 1. DDR Genes and Their Associations with Breast Cancer

4. FUNCTIONAL CONSEQUENCES OF DDR
DEFICIENCY

Deficiencies in DNA damage response pathways;
whether due to germline mutations like BRCA1/2 or somatic loss
of other repair genes; have profound functional effects on tumor
cells. One major consequence is increased genomic instability,
which is a hallmark of cancers with DDR defects. When
homologous recombination or other high-fidelity repair
mechanisms fail, cells resort to mutagenic repair or tolerate
DNA damage, leading to accumulating mutations, chromosomal
aberrations (deletions, amplifications, translocations) and an
overall “scattered” genome. For instance, tumors with HR repair
deficiency often exhibit a characteristic pattern of genomic
alterations: loss of heterozygosity (LOH) at many loci, large-
scale state transitions and telomeric allelic imbalances. These
are the genomic scars that form the basis of HRD scoring in
tumor DNA tests (Patel et al., 2024). Genomic instability can
drive tumor heterogeneity and evolution but also creates
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vulnerabilities that can be targeted by certain therapies (e.g. the
synthetic lethal strategies discussed earlier).

DDR-deficient tumors also display distinctive
mutational signatures. Homologous recombination deficiency
is associated with specific patterns of DNA sequence mutations.
The COSMIC mutational signature 3, characterized by a high
incidence of deletions with flanking microhomology, is strongly
linked to HR-defective cancers such as BRCAL/2-mutant tumors
(Cancer Sanger Institute, n.d.) (Min et al., 2020).

Beyond genomic instability, DDR defects influence the
tumor microenvironment and immune interactions in
important ways. Accumulation of DNA damage can lead to the
presence of cytosolic DNA fragments in cancer cells; either
from unrepaired double-strand breaks or aberrant DNA
structures extruded from the nucleus. These cytosolic DNA
fragments activate the cyclic GMP-AMP synthase, STING
pathway (cGAS-STING), an innate immune sensing mechanism
normally responsible for detecting viral DNA. In DDR-deficient
tumors, spontaneous activation of cGAS-STING can occur,
triggering downstream production of type | interferons and other
pro-inflammatory cytokines (Reislander et al., 2020). This can
have dual effects: on one hand, it may promote an anti-tumor
immune response by recruiting and activating dendritic cells,
macrophages and T cells in the tumor microenvironment
(tumors with HRD often show higher levels of tumor-infiltrating
lymphocytes, as seen in many BRCA1-mutant triple-negative
breast cancers). On the other hand, chronic STING activation
might lead to adaptive immune resistance or an
immunosuppressive milieu in some contexts (through induction
of immune checkpoints or myeloid suppressor cells). The net
effect appears to be context-dependent, but importantly, DDR
deficiency can make tumors more immunogenic by increasing
their neoantigen load (owing to a higher mutation burden) and
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by activating innate immune pathways (Reisléander et al., 2020).
This provides a rationale for combining DDR-targeting therapies
with immunotherapies, as discussed later. It is noteworthy that a
different kind of DDR defect; mismatch repair deficiency
(defective MMR); leads to extremely high mutational burden
and is strongly immunogenic, evidenced by the efficacy of
immune checkpoint inhibitors in MMR-deficient cancers.
Although HR-deficient breast cancers don’t reach the mutation
burden of MMR-deficient tumors, they still have above-average
mutations and indels that may provoke immune recognition.

One of the practical measures of DDR deficiency in
clinical oncology is the Homologous Recombination
Deficiency (HRD) score. This score is a quantitative
representation of the “genomic scars” left by HR repair failure.
Commercial assays (e.g. Myriad’s MyChoice® HRD test)
calculate an HRD score based on the number of LOH regions,
telomeric allelic imbalances (TAI) and large-scale transitions
(LST) across the tumor genome. In breast cancer, an HRD score
above a certain threshold (commonly >42) is used to define HR-
deficient tumors, even in the absence of BRCA mutations. These
scores have been validated to correlate with BRCA1/2 status and
predict response to platinum chemotherapy and PARP inhibitors
in both breast and ovarian cancers (Patel et al., 2024). For
example, in the TNT trial in triple-negative breast cancer, only
tumors with either BRCA1/2 mutations or high HRD scores
benefited significantly from carboplatin over standard docetaxel,
underscoring that HRD is the phenotype driving platinum
sensitivity. Beyond MyChoice, other genomic scar assays and
algorithms exist (for example FoundationFocus CDx BRCA
(LOH-based) and HRDdetect) and they all aim to capture the
downstream effect of any HR pathway defect (Patel et al.,
2024). 1t should be mentioned that these DNA-based scores are
imperfect proxies; emerging functional assays, such as the
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RADS51 foci immunofluorescence test (which directly measures
a tumor cell’s ability to form RADS51 repair foci after DNA
damage), may more precisely identify HR-deficient tumors
(Castroviejo-Bermejo et al., 2018). In any case, HRD scoring
has become an important clinical biomarker, particularly in
ovarian cancer management and is being incorporated into
breast cancer trials.

Finally, an intriguing aspect of DDR deficiency is its
interaction with the immune system at a therapeutic level. As
noted, HRD tumors can be more immunogenic and conversely,
some components of the immune system can influence DNA
repair. For instance, interferon signaling can downregulate HR
genes in tumors and activated T cells secreting interferon-y
might induce a state of “BRCA-ness” in cancer cells.
Additionally, certain DDR pathway inhibitors cause an
accumulation of cytosolic DNA, which robustly triggers the
CGAS-STING pathway and can thereby potentiate anti-tumor
immunity. This synergy is being explored to turn “cold” tumors
“hot”; for example combining PARP inhibitors (which cause
DNA fragments via replication fork collapse) with immune
checkpoint blockade to amplify T-cell responses. The STING
pathway link also suggests potential for STING agonists in HRD
tumors to enhance immune-mediated clearance. Preclinical
studies show that tumors defective in DDR components (like
ATM or CHK1) may be more susceptible to immune killing and
that exploiting the immunostimulatory byproducts of DDR
failure (such as micronuclei and cytosolic DNA) could improve
immunotherapy outcomes (Reislander et al., 2020). Thus, DDR
deficiency not only drives cancer evolution through genomic
instability but also creates new vulnerabilities (genomic,
immunologic and metabolic) that researchers and clinicians aim
to exploit.
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5. THERAPEUTIC EXPLOITATION OF DDR
DEFECTS

The recognition that DNA repair defects can be targeted
for cancer therapy has led to a new class of treatments and
clinical strategies. The prototypical success in this realm is the
development of PARP inhibitors (PARPI) for BRCA-mutated
cancers, which demonstrated the power of synthetic lethality in
the clinic. In breast cancer, two PARP inhibitors (olaparib and
talazoparib) are now approved for patients with germline
BRCAL/2 mutations and others (niraparib, rucaparib) are
approved in ovarian and being tested in breast settings. These
small-molecule inhibitors trap PARP1/2 enzymes on DNA and
block their role in single-strand break repair, leading to an
accumulation of DNA damage that is particularly toxic to cells
already compromised in homologous recombination (like
BRCA-mutant cells) (Patel et al., 2024). Clinical trials such as
OlympiAD (evaluating olaparib versus chemotherapy in HER2-
negative metastatic breast cancer with germline BRCA
mutations) and EMBRACA (comparing talazoparib with
chemotherapy in a similar cohort) demonstrated significant
improvements in progression-free survival with PARP inhibitor
therapy; median PFS of approximately 7-8.8 months for PARP
inhibitors versus 4-5.6 months for chemotherapy; as well as
higher objective response rates (Robson et al., 2017; Litton et
al., 2018). These findings led to the regulatory approval of
olaparib and talazoparib for the treatment of metastatic germline
BRCA-mutated breast cancer. More recently, the OlympiA trial
demonstrated that adjuvant olaparib after standard therapy
significantly improved outcomes in high-risk early-stage breast
cancer patients with germline BRCA mutations (Tutt et al.,
2021), expanding PARPI use into the curative setting.

An important question has been whether PARP
inhibitors can be effective in tumors with DDR defects beyond
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BRCAL/2. This is a logical extension of the BRCAness concept;
if a breast tumor is homologous recombination-deficient due to
some other gene (say PALB2 or RAD51C), will it respond to
PARP inhibition similarly to a BRCA-mutant tumor? Early
evidence suggests that some non-BRCA DDR alterations do
confer sensitivity to PARPI, though responses may be more
variable. For example, germline PALB2-mutated breast cancers
appear to be quite responsive to PARP inhibitors, with multiple
case reports and small series showing significant tumor
regressions (because PALB2 loss, like BRCA2 loss, disrupts
HR). In a phase 1l study of olaparib for metastatic breast cancer
patients carrying germline DDR gene mutations other than
BRCAL/2, those with PALB2 mutations had response rates on
the order of 80%, whereas those with ATM or CHEK2 mutations
had much lower response rates (~5-10%). This aligns with
biological expectations: ATM or CHEK2 loss causes a
checkpoint defect rather than a direct HR repair block, which
may not be as acutely exploitable by PARP inhibition. The
combination trial TOPACIO tested niraparib (a PARP
inhibitor) plus pembrolizumab in metastatic triple-negative
breast cancer and reported that even some non-BRCA HRD-
positive tumors responded, but the highest response rates were
still observed in BRCA-mutant tumors (Patel et al., 2024).
Similarly, in the Talazoparib plus Avelumab (JAVELIN) trial,
patients with ATM-mutated tumors had minimal responses
compared to those with BRCA-mutated tumors (Patel et al.,
2024). Overall, PARP inhibitors have clear efficacy in
BRCAL/2-deficient cancers; beyond that, they show activity in a
subset of HRD tumors (e.g. PALB2, RAD51C, somatic BRCA
mutations), but not all DDR defects predict sensitivity. This has
driven efforts to refine biomarkers (like HRD score or functional
HR assays) to select patients without BRCA mutations who
might benefit from PARPI.
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Beyond PARP inhibitors, a wave of new targeted

agents is in development to exploit other DDR vulnerabilities.
These include inhibitors of key signaling kinases and repair
enzymes such as:

ATR inhibitors: ATR is essential for responding to
replication  stress; inhibitors like ceralasertib
(AZD6738) and elimusertib (BAY 1895344) have
shown potent activity especially in tumors with ATM
loss (because ATR and ATM pathways are partially
redundant, ATM-deficient cells depend heavily on ATR)
(Smith et al., 2024). Early trials in solid tumors have
indicated that ATR inhibitors can cause tumor
regressions in patients with ATM-mutant cancers and can
synergize with platinum or PARP inhibitors by
preventing the repair of therapy-induced DNA damage.
For instance, in an exploratory arm of a trial, combining
olaparib with an ATR inhibitor yielded durable disease
control in  some advanced breast cancers
(PlasmaMATCH trial cohort with ATR inhibitor +
olaparib) (Amato et al., 2024). Ongoing phase 1l studies
are evaluating ATR inhibitors in metastatic breast cancer
with specific DDR defects (e.g. ATM-deficient tumors).

CHKZ1/CHK2 inhibitors: These aim at the checkpoint
kinases that mediate cell cycle arrest after DNA damage.
CHKT1 inhibitors (prexasertib, for example) override the
S/G2 checkpoint and force cells with DNA damage into
lethal mitosis. They have shown single-agent activity in
HR-deficient tumor models and are being tested
clinically, though toxicity (myelosuppression) has been a
challenge. CHK2 inhibitors are less developed, as
CHK2 is a tumor suppressor in some contexts and its
inhibition is less obviously therapeutic. But, in
combination, blocking CHK1 can prevent HR repair
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initiation and blocking WEE1 can push cells through G2;
a one-two punch causing “mitotic catastrophe” in
genomically unstable cells.

WEEL inhibitors: WEEL is a kinase that enforces the
G2/M checkpoint by inhibiting CDK1; thus, WEE1
inhibition (e.g. with adavosertib) drives cells with DNA
damage into premature mitosis. WEEL inhibitors have
shown promise especially in TP53-mutant cancers
(which lack the G1 checkpoint and rely on G2 arrest). In
breast cancer, preclinical studies indicate WEE1L
inhibition can be effective in combination with other
agents for triple-negative disease and can synergize with
PARP inhibitors by exacerbating replication stress
(Kumar et al., 2025; Smith et al., 2024). A recent trial
reported that adavosertib monotherapy had modest
activity in metastatic TNBC, but combinations (with
chemotherapy or other DDR inhibitors) are being
actively explored.

POLO® (POLQ) inhibitors: Polymerase theta is a
specialized DNA polymerase involved in the
microhomology-mediated end-joining pathway (also
called the *“alternative NHEJ” pathway). Tumors
defective in HR tend to rely on POLS to repair DSBs
through this mutagenic backup mechanism. This makes
POLO a synthetic lethal partner with HR defects;
inhibiting POLO in an HR-deficient context can cause
un-repaired breaks to accumulate. POLS inhibitors (such
as Novartis’ POLQ inhibitor and Artios’s compounds)
are currently in preclinical or early clinical stages. If
successful, they could selectively kill HRD tumors
(including BRCA-mutant cancers) and possibly treat
PARP-resistant tumors that restored HR by other means.
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Other DDR targets under investigation include ATRX
(related to alt-NHEJ and telomere maintenance), DNA-PKcs
(critical for NHEJ; DNA-PK inhibitors like peposertib are in
trials, often combined with radiotherapy) and ATM activators
or p53 reactivators to restore checkpoints. The overall strategy
is to push genetically unstable cancer cells over the edge by
removing their remaining avenues of DNA repair or checkpoint
control. As a proof of concept, a recent study showed that ATR,
CHK1and WEEL1 inhibitors each can “induce” an HR-deficient
state in otherwise HR-proficient cancer cells and thereby
sensitize them to PARP inhibitors; an approach termed induced
synthetic lethality (Smith et al., 2024). These combinations may
help overcome intrinsic or acquired PARP inhibitor resistance
(for example, tumors that have restored HR might still be
vulnerable to ATR or WEE1 blockade, which re-establishes an
HR repair defect and resensitizes them to PARPI) (Smith et al.,
2024).

Therapeutic efficacy is increasingly augmented through
multimodal approaches, with the integration of PARP inhibitors
and immunotherapy serving as a prime example of targeting the
interplay between DNA damage and immune surveillance. The
rationale is multifaceted: PARP inhibition in HRD tumors
increases cytosolic DNA and tumor mutational burden,
potentially enhancing neoantigen exposure and stimulating
STING-dependent immune activation. Meanwhile, checkpoint
blockade (anti-PD-1/PD-L1 antibodies) can unleash T cells to
attack the tumor. Early-phase trials have hinted at improved
efficacy with PARPi + PD-1 inhibitor combos in BRCA-mutant
breast cancer. For instance, the MEDIOLA trial (olaparib plus
durvalumab in BRCA-mutated metastatic breast cancer) showed
an encouraging objective response rate and prolonged disease
control in some patients (ORR ~63%) (Patel et al., 2024).
Similarly, the TOPACIO study (niraparib + pembrolizumab)
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reported responses even in platinum-resistant, BRCA-mutant
triple-negative cancers, suggesting a synergistic effect (Patel et
al., 2024). These combinations are now being tested in larger
trials, including as neoadjuvant therapy for early TNBC (e.g.
combining PARP inhibitors with pembrolizumab before surgery
to increase pathological complete response rates). Another
strategy pairs PARP inhibitors with anti-angiogenic agents
like bevacizumab. This approach has already succeeded in
ovarian cancer (the PAOLA-1 trial showed olaparib +
bevacizumab maintenance significantly benefited HRD-positive
ovarian cancer patients). In breast cancer, there is biological
rationale that anti-angiogenic therapy induces hypoxia and
replication stress in tumors, potentially exacerbating DNA
damage and making HRD tumors even more dependent on
PARP-mediated repair; thereby heightening the effect of PARP
inhibitors. Small studies (such as olaparib + cediranib in TNBC)
have shown improved response rates, though toxicity can be a
concern.

Beyond PARP, combining ATR or WEEL1 inhibitors
with chemotherapy or other targeted agents is being
explored. ATR inhibitors may synergize with platinum
chemotherapy (by preventing the repair of platinum-induced
DNA crosslinks) and trials like CAPTUR are assessing ATR
inhibitor combinations in breast cancer. WEEL inhibitors are
being combined with CDK4/6 inhibitors in hormone-receptor-
positive breast cancer to abrogate cell cycle checkpoints and
possibly overcome CDK inhibitor resistance. Another area of
combination is DDR inhibitors with radiation; exploiting the
fact that blocking DNA repair (ATM, DNA-PK, etc.) can
radiosensitize tumors, potentially allowing lower radiation doses
or tackling radioresistant cancers.

The therapeutic landscape for breast cancers with DDR
defects is rapidly expanding. PARP inhibitors have validated the
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concept that targeting a DDR weakness can translate into real
patient benefit. Now, second-generation strategies aim to extend
PARP inhibitors beyond BRCA by finding robust biomarkers
(like HRD score) to select likely responders; overcome
resistance (through combination with ATR, WEEL, etc., or
sequencing strategies); and target other nodes of the DDR
network (ATR, CHK1, WEEI1, POLSO) in their own right. The
ultimate goal is a tailored approach where each tumor’s specific
repair deficiencies are met with a corresponding synthetic lethal
or sensitizing therapy.

6. CLINICAL IMPLICATIONS AND GENETIC
TESTING

The broadened understanding of DNA damage response
genes in breast cancer has significant clinical implications, from
genetic testing and counseling to treatment decision-making and
development of new biomarkers. The discovery of actionable
pathogenic variants beyond the BRCA locus has compelled the
adoption of multi-gene assays as the cornerstone of genetic
counseling. Current protocols therefore prioritize the holistic
analysis of diverse cancer susceptibility genes (likePALB2,
ATM, CHEK2, TP53, CDH1, RAD51C, RAD51D) to ensure no
actionable predisposition is overlooked. For breast cancer
patients and high-risk individuals, contemporary guidelines (e.g.
by ASCO, NCCN, ESMO) increasingly recommend multi-gene
genetic testing if criteria for hereditary cancer are met, rather
than BRCA-only tests. For instance, the American Society of
Clinical Oncology updated its recommendations to consider
germline testing for any breast cancer patient diagnosed by age
65, which would include panel testing covering BRCA and
beyond. The National Comprehensive Cancer Network (NCCN)
guidelines also endorse panel testing for those who meet
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personal or family history criteria, acknowledging that about 5-
10% of unselected breast cancer patients carry pathogenic
variants in some cancer predisposition gene (Rodriguez-
Hernandez et al., 2025; Hu et al., 2021). Studies show that
restricting testing to only BRCA1/2 can miss a substantial
number of actionable findings; for example, PALB2 mutations
(found in ~0.5% of cases) or CHEK2 (~1%) would be
overlooked. Now, panel testing that includes these genes is
widely available and has led to more patients being identified
with moderate-risk mutations who can benefit from tailored
screening and prevention (such as earlier or more frequent MRI
for ATM/CHEK2 carriers,  prophylactic  mastectomy
consideration for PALB2 carriers, etc.). There is an ongoing
effort to fine-tune which genes should be routinely tested; an
expert working group for ESMO recently suggested a core panel
for breast cancer predisposition that includes at least BRCAL,
BRCA2, PALB2, RAD51C, RAD51D, BRIPland TP53 (for very
early-onset cases) (Turnbull et al., 2025). It’s worth noting that
some genes on panels are moderate risk (e.g. CHEK2, ATM
confer ~2-fold risk) or associated with specific subtypes (e.g.
CDH1 with lobular breast cancer) rather than high risk across
the board. Thus, post-test counseling is crucial to interpret what
a positive result means for the patient and their family.

The rise of panel testing has also brought challenges in
genetic counseling and ethics. With many more genes being
analyzed, the likelihood of finding Variants of Uncertain
Significance (VUS) increases; results that can cause anxiety but
do not immediately inform clinical management. Pre-test
counseling must prepare patients for this possibility.
Additionally, genes like CHEK2 or ATM with moderate risk
may not have clear-cut management guidelines, so when a
pathogenic variant is found, clinicians must navigate
recommendations (e.g. some suggest increased surveillance
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rather than prophylactic surgery for moderate-risk genes). There
are also ethical and psychosocial considerations unique to
genetic information. Because germline findings have
implications for biologically related family members, they raise
important ethical considerations regarding privacy and the “duty
to inform.” Patients frequently encounter challenging decisions
about whether and how to disclose their genetic results to
relatives who may also be at risk. Also, concerns about genetic
discrimination, while mitigated in some countries by legislation
(such as the U.S. GINA law), still loom in patients’ minds,
worry about insurance or employment implications from genetic
information is common (Hachmeriyan et al., 2025). Informed
consent forms now typically address these issues, emphasizing
confidentiality and legal protections. Another concern is
incidental or secondary findings: testing might unexpectedly
uncover predispositions to other diseases (for instance,
discovering a TP53 mutation, indicating Li-Fraumeni syndrome,
when testing a family for BRCA). Despite these complexities,
expanded genetic testing is largely seen as beneficial. It
identifies more patients who can benefit from personalized care,
but it absolutely requires robust pre- and post-test counseling to
ensure patients understand the results and implications.

In the somatic tumor testing arena, DNA repair defects
are also front-and-center. Many breast tumors, especially
metastatic cases, undergo genomic profiling (either through
tumor biopsy sequencing or liquid biopsy) to search for
actionable mutations. BRCA1/2 mutations can be somatic
(acquired in the tumor) and if found, they may qualify a patient
for PARP inhibitor therapy even if there is no germline
mutation. For example, in metastatic breast cancer, NCCN
guidelines acknowledge that a somatic BRCA mutation, if
proven to be pathogenic and with loss of the wild-type allele,
could be treated similarly to germline cases in terms of PARP
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inhibitor use, although current FDA approvals are specifically
for germline mutations. Some trials (like TBCRC 048) have
included patients with somatic BRCA mutations and shown
benefit from PARP inhibitors, supporting this approach. Beyond
BRCA, comprehensive genomic profiling might reveal
mutations in genes like PIK3CA (targetable with alpelisib in
HR+ breast cancer) or high tumor mutational burden (qualifying
for pembrolizumab). While mutations in HRD genes like ATM
or CHEK2 currently do not have direct targeted therapies, they
contribute to the overall molecular picture. Notably, the
development of HRD scores as a clinical test (particularly in
ovarian cancer) suggests that similar tests could be applied to
breast tumors: some breast cancer profiling assays now report an
“HRD status” or HRD score based on genomic scars, which
might inform the likelihood of response to platinum chemo or
PARP inhibitors. For now, routine HRD testing in breast cancer
iIs not standard of care (except in research or clinical trial
settings), but it is being actively studied. For instance, the
neoadjuvant BRAVO trial is evaluating if HRD score can
predict pathologic complete response to platinum-based chemo
in triple-negative breast cancer.

The evolving knowledge of DDR defects is also
influencing clinical guidelines and practice recommendations.
As mentioned, guidelines for genetic testing have broadened.
Treatment  guidelines are also incorporating DDR
considerations: for example, the addition of adjuvant olaparib
for high-risk BRCA-mutated early breast cancer was swiftly
integrated into NCCN and ASCO guidelines after the OlympiA
trial results. Moreover, panels like ESMO and ASCO have
published recommendations on the use of PARP inhibitors in
metastatic breast cancer, on the management of hereditary
syndromes and on testing tumor HRD status in clinical trials.
We are witnessing a shift toward more biomarker-driven
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therapy in breast oncology. Just as HER2 and hormone
receptors guide therapy choices, we now have BRCA mutation
status guiding PARP inhibitor use and potentially in the future,
ATM/ATR status guiding ATR inhibitor trials, or HRD status
guiding platinum usage. This necessitates multidisciplinary
collaboration: medical oncologists, genetic counselors,
molecular pathologists and bioinformaticians all play a role in
implementing DDR-targeted care.

Another crucial implication is in genetic counseling and
risk management for patients who test positive for DDR gene
mutations beyond BRCA. For example, a woman found to carry
a PALB2 mutation now should receive high-risk breast
screening (annual MRI in addition to mammograms) similar to
BRCA carriers and she might consider prophylactic mastectomy
depending on family history and personal preferences, since
PALB2 has a high risk (almost 50% lifetime risk). CHEK2 and
ATM carriers are typically advised to start screening by age 40
(if not earlier) and perhaps alternate MRI and mammogram
every 6 months, though prophylactic surgeries are not routinely
recommended for these moderate-risk genes. TP53 mutation
carriers (Li-Fraumeni syndrome) require even more intensive
screening (including whole-body MRI) due to risk of multiple
cancers. The cascade testing of family members is another
implication: when a patient is found to have a pathogenic DDR
gene mutation, their blood relatives can be offered predictive
testing to clarify who else is at risk. This cascade testing has the
potential to enable preventive measures in asymptomatic carriers
(e.g. risk-reducing salpingo-oophorectomy in BRCA2 carriers,
colonoscopies starting early in CHEK2 carriers if also relevant
to colon cancer, etc.). The ethical dimension here involves
respecting autonomy and ensuring informed consent for
relatives; not everyone may want to know their status and
genetic counselors must tread carefully.
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In the domain of biomarker development, DDR
deficiencies are spurring new ideas. For instance, researchers are
exploring blood-based markers of HRD; such as detecting
chromosomal instability features in circulating tumor DNA.
There is interest in using a liquid biopsy to monitor acquired
resistance to PARP inhibitors: tumors initially sensitive to
PARP inhibitors can acquire secondary mutations (reversion
mutations in BRCA genes that restore BRCA protein function).
These BRCA reversion mutations have been detected in
circulating tumor DNA of patients who become resistant to
PARP inhibitors (Amato et al., 2024). In the future, regularly
sampling blood for such mutations could provide an early
warning that the tumor is evolving resistance, prompting a
change in therapy. In fact, a scenario is envisioned where a
BRCAL/2-mutated patient on a PARP inhibitor undergoes serial
liquid biopsies and the emergence of a BRCA reversion
mutation in blood would signal that the drug will soon fail,
allowing the clinician to switch treatment before clinical
progression. This kind of dynamic biomarker could greatly
improve the management of DDR-targeted therapies.

Overall, the incorporation of the DDR network into
clinical practice is still in relatively early stages, but it is
accelerating. We now recognize that assessing a breast cancer
patient’s “DNA repair profile” (via germline testing, tumor
sequencing, or genomic scar assays) can Yyield valuable
information for both prognosis and therapy selection. The next
frontier is making these tools widely accessible and evidence-
based: for example, establishing HRD testing as a standard
companion diagnostic if PARP inhibitors are to be used beyond
BRCA mutations, or updating survivorship care guidelines to
reflect the outcomes of patients with DDR-deficient tumors
(some studies hint they may have distinct patterns of metastasis
or chemo responsiveness). Equally important is educating
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clinicians and patients about these advances, as navigating the
complexity of multi-gene testing and targeted therapies requires
clear communication.

Collectively, the clinical implications of going “beyond
BRCA” are broad; from who gets tested, to how we manage
risk, to what treatments we choose; and they underscore the
move toward more personalized, genome-informed cancer care.

7. FUTURE PERSPECTIVES

As research continues to illuminate the DNA damage
response network, several exciting future directions are on the
horizon that could further improve outcomes in breast cancer:

DDR-Immune Therapy Synergy: The intersection of
DNA damage repair (DDR) defects and immunotherapy is
highly promising. Tumors with DNA repair deficiencies often
respond better to immune checkpoint inhibitors, and targeting
DDR can make tumors more immunogenic. Clinical trials are
increasingly testing DDR inhibitors (like ATR, WEE1, or PARP
inhibitors) in combination with immunotherapies such as anti-
PD-1 antibodies, aiming to enhance T-cell activity. New agents
like STING agonists or cGAS modulators may further boost
immune sensing in DDR-deficient tumors. As understanding of
the immune microenvironment improves, patient selection based
on specific DNA repair mutations may become possible.
Ultimately, combining DDR inhibition with immunotherapy; an
emerging field called immunogenomics; could enable more
durable cancer control or even cures by linking genomic
instability with immune activation.

Liquid Biopsy and Longitudinal Monitoring:
Managing DDR-defective breast cancer is moving toward real-
time, minimally invasive monitoring using liquid biopsies, blood
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tests that analyze circulating tumor DNA (ctDNA). These tests
can detect resistance mutations such as BRCA reversions during
PARP inhibitor therapy and may soon allow clinicians to track
mutation frequencies (e.g., BRCAZ2) as markers of tumor burden
or emerging resistance in genes like PARP1, TP53, or RB1.
Liquid biopsies could also help with early detection, minimal
residual disease (MRD) monitoring after treatment, and
identifying multiple tumor subclones that a single tissue biopsy
might miss. In the future, features like HRD genomic scars or
mutational signatures may even be derived from CctDNA,
enabling noninvasive identification of HR-deficient tumors.
Already, ESMO recommends liquid biopsy for genotyping when
tissue samples are unavailable, and its use will expand as
technology improves; particularly for tracking the dynamic
genomic evolution of DDR-deficient cancers.

Artificial Intelligence and Bioinformatics in DDR
Profiling: The complexity of the DDR network and massive
genomic data make it ideal for artificial intelligence (Al)
applications. Machine learning models are now identifying DDR
defect patterns from diverse data sources. For example,
DeepHRD, a deep learning model, can predict homologous
recombination deficiency (HRD) directly from digitized
pathology slides, achieving accuracy comparable to genomic
tests (Bergstrom et al., 2024). Such tools could make HRD
testing faster and more accessible.Other Al systems like
HRDetect and CHORD analyze genomic data to detect HRD
and predict PARP inhibitor sensitivity, even in tumors without
BRCA mutations [(Stancl et al., 2022)]. Future models may
integrate multi-omics data; DNA, RNA, proteomics and imaging
to create a unified “DDR deficiency score”, offering deeper
insights into tumor biology. Al could also enable digital tumor
twins to simulate therapeutic responses and identify new
synthetic lethal targets across the DDR network, accelerating
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personalized treatment strategies and drug discovery in DDR-
defective cancers.

“BRCA Afterlife”: Network-Based Thinking and
Personalized Therapy

The phrase “BRCA afterlife” alludes to the idea that
even in a post-BRCA era, the legacy of BRCA research lives on
and expands. We have learned from BRCA-mutant cancers that
focusing on a network (like HR repair) rather than single genes
yields powerful therapeutic insights. The future likely holds a
more network-based or pathway-centric approach in
oncology. Instead of siloing patients by single gene mutations,
we may classify tumors by functional states (e.g. “HRD-
positive”, “MMR-deficient”, *“replication-stress-high”). This
integrated classification would guide therapy: for a patient
identified as “HRD-positive” due to any cause (BRCA mutation,
PALB2 mutation, or unknown reasons but high HRD score), the
treatment paradigm would be similar (PARP inhibitors,
platinum, etc.), essentially making the individual gene mutation
less important than the network state. To achieve this,
systematic biology tools that map the interactions among DDR
pathways will be invaluable. Future clinical trials might test
therapies in all “genomic instability-high” cancers regardless of
tissue origin, as it is already seen with pan-cancer approvals like
pembrolizumab for MSI-high tumors. In breast cancer
specifically, one can envision trials that enroll patients based on
composite DDR biomarkers for example, a trial of an ATR
inhibitor in any patient whose tumor shows evidence of an ATR
pathway dependency (which might include ATM-null, CHEK1-
amplified, or FANCD2-deficient cases across different
subtypes).

Another emerging concept is adaptive or sequential
therapy in DDR-deficient cancers. Since these tumors evolve

176



Tibbi Biyoloji

under treatment pressure (often restoring DNA repair to gain
resistance), one future strategy is to alternate or combine
therapies to prevent the cancer from “fixing” its Achilles heel.
For instance, alternating a PARP inhibitor with a DNA damage
inducer or an ATR inhibitor might keep the tumor off-balance;
if it tries to compensate for one, it gets hit by the other.
Intelligent, adaptive trial designs that use real-time genomic
monitoring (via serial biopsies or ctDNA) can test such
strategies, adjusting therapy as the tumor’s DDR status shifts.

In the long run, the goal is personalized therapy
paradigms where each breast cancer patient’s treatment is
individualized based on an array of biomarkers, including the
detailed status of their tumor’s DNA damage response network.
We foresee molecular tumor boards evaluating not just ER, PR,
HER2 and BRCA, but a full “DDR profile” for each case. In
early-stage disease, this profile might inform neoadjuvant
treatment choice (e.g. adding a PARP inhibitor in an HRD-
positive TNBC neoadjuvantly, as is being tested in the 1-SPY?2
trial). In metastatic disease, it could dictate sequences of
targeted therapies (e.g. starting with PARP inhibitor if HRD,
then moving to immunotherapy or an ATR inhibitor if a
reversion mutation appears).

Finally, education and survivorship will adapt to these
advances. Oncologists will need ongoing education on
interpreting genetic tests and genomic reports. Patients with
inherited DDR mutations (beyond BRCA) will become a larger
part of the survivorship pool, necessitating tailored follow-up
guidelines (for example, how to surveil CHEK2 carriers for
second cancers, or how to manage menopausal symptoms in
BRCA mutation carriers on extended PARP inhibitor adjuvant
therapy). Psychosocial support specific to hereditary cancer
(support groups, etc.) will broaden to include those with “new”
genes like PALB2 or RAD51C.

177



Tibbi Biyoloji

Concisely, the future of breast oncology in the post-
BRCA era is one of integrated genomics: leveraging deep
knowledge of the DNA damage response network to inform
prevention, diagnosis, treatment and monitoring. The vision is
that no patient’s cancer will be defined by a single gene
mutation; instead, it will be characterized by a constellation of
molecular features that together map onto targeted interventions.
This network-based, personalized approach holds the promise of
further improving outcomes by making sure the right patient
gets the right therapy at the right time, based on the unique
vulnerabilities of their tumor.

8. CONCLUSION

The DNA damage response network has emerged as a
central pillar of breast cancer biology and therapeutics in the era
beyond BRCA. While BRCA1 and BRCAZ initially revealed the
pivotal role of DNA repair in cancer susceptibility and
therapeutic response, it is now understood that these genes
function within a broader, highly interconnected network that
collectively preserves genomic integrity. Defects in various
components of this system (from checkpoint kinases like ATM
to repair enzymes like RAD51 and beyond) can drive cancer
development and simultaneously create exploitable weaknesses
in tumors. Harnessing this knowledge, clinicians and researchers
have begun to move from a “BRCA-centric” model to a “DDR
network” model, wherein multiple genes and pathways are
considered in risk assessment and therapy planning.

In clinical practice, this paradigm shift is already being
felt. Genetic testing for breast cancer predisposition no longer
stops at BRCA1/2 but routinely includes a panel of DDR genes,
leading to more personalized screening and prevention strategies
for carriers of genes such as PALB2, CHEK2 and ATM. On the
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therapeutic front, PARP inhibitors have become a prime
example of translating DDR biology into patient benefit and
their success is paving the way for newer agents targeting other
facets of the DDR (ATR, CHK1/2, WEEL, etc.) to enter the
clinic. The concept of synthetic lethality, once a genetic idea, is
now a treatment reality extending beyond BRCA-mutant cancers
to those with a homologous recombination-deficient phenotype.

Importantly, the integration of DDR-based approaches
into oncology is still evolving and holds great potential for the
future. As outlined, combinations of DDR inhibitors with
immunotherapies could unlock durable responses by engaging
the immune system against genomically unstable tumors.
Advanced diagnostics like ctDNA analysis and Al-driven
pathology are poised to refine how we detect and monitor DDR
defects, making truly personalized, adaptive treatment strategies
feasible. The network-based thinking encourages us to consider
how multiple pathways intersect; for example, how a tumor
might compensate for one repair defect by upregulating another
pathway and how we might counteract that through rational drug
combinations.

From a translational research perspective, the “BRCA
afterlife” underscores the importance of systems biology; we are
moving toward viewing cancer through the lens of networks
rather than single genes. This holistic approach will be critical in
tackling challenges like drug resistance. Already, the
phenomenon of BRCA reversion mutations teaches us that
tumors can evolve to restore network function; thus, a network-
level understanding will inform second-line interventions (e.g.
using an ATR or WEEL inhibitor to target a BRCA-reverted
tumor). It also underlines the importance of continual
innovation: just as PARP inhibitors were unthinkable before the
BRCA discovery, there may be entirely new classes of drugs in
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the future acting on currently obscure DNA repair targets or
synthetic lethal relationships we have yet to discover.

In conclusion, the DNA damage response network
represents a rich network of molecular interactions that is
fundamentally important in breast cancer risk, development and
treatment. Going “beyond BRCA” means embracing this
complexity and using it to the patient’s advantage; whether by
identifying those at risk through broader genetic insight or by
killing cancer cells through their achilles’ heel of genomic
instability. The integration of DDR knowledge into clinical
practice holds the promise of more effective and tailored
treatments, improved survival and perhaps even prevention of
some cancers. As we look to the future of genomic oncology,
the experience with BRCA serves as both a guide and an
inspiration: it taught us that understanding one gene could
transform care; now, understanding the whole network could
revolutionize it. The emphasis on network-based thinking is a
reminder that curing cancer will likely involve combinations and
systems-level interventions. Continued  multidisciplinary
collaboration across these fields is essential to refine therapeutic
approaches and ultimately extend survival for patients harboring
DDR pathway alterations. In conclusion, extending our focus
beyond BRCA to the broader DNA damage response network
provides critical insights for patient management, enabling the
development of therapeutic approaches that effectively target the
genomic instability inherent in these tumors
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SERVIKAL OMURGA DEJENERASYONU:
NOROLOJIK DISFONKSIYON,
INFLAMATUVAR SURECLER VE DiSK
BIYOLOJISININ MOLEKULER TEMELLERI

Hande AKALAN!?

1. GIRIS

Servikal omurga dejenerasyonu, yaslanan popiilasyonda
yaygin olarak goriilen ve genellikle servikal spondiloz adi verilen
bir dizi patolojik siireci kapsamaktadir (Kuo, 2023). Bu
dejeneratif degisiklikler, intervertebral disk (IVD) dehidrasyonu,
disk yiksekligi kaybi, faset eklem artrozu, ligamentoz hipertrofi
ve osteofit olusumu gibi yapisal bozulmalar igerir (Karaarslan ve
ark., 2022; Kuo, 2023). Bu surecler, spinal kanal ve noral
foramenlerde daralmaya yol acarak servikal radikilopati ve
dejeneratif servikal miyelopati (DCM) gibi ciddi norolojik
olaylara neden olabilmektedir (Akter, 2020; Young, 2000).
Dejeneratif servikal miyelopati (DCM), yaslilarda spinal kord
disfonksiyonunun en yaygin nedenidir ve yasam kalitesini
diisiirmektedir (Young, 2000).

Bu kitap boluma, servikal omurga dejenerasyonunun
temelini  olusturan  disk  biyolojisindeki  degisimleri,
inflamasyonun molekuler dizeydeki rolini ve bu molekiler
olaylarin sinir sistemi tizerindeki etkilerini incelemektedir. Amag,
dejeneratif sirecin sadece mekanik bir yipranma degil, ayni
zamanda karmasik norolojik ve molekiiler mekanizmalari i¢eren
dinamik bir fizyopatoloji oldugunu ortaya koyarak, ozellikle
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epigenetik, otoimmiinite, nérotrofinler, mikroglia aktivasyonu ve
santral ~ sensitizasyon gibi  yeni molekiler  hedeflere
odaklanmaktir.

2. SERVIKAL OMURGANIN NORMAL
ANATOMISIi VE BiYOMEKANIGi

Servikal omurga, basin hareketliligini ve stabilitesini
saglayan, yedi adet omurdan (C1-C7) olusan kompleks bir
yapidir. Bu bolgenin biyomekanigi, intervertebral disk (IVD)'ler,
faset eklemler ve ligamentdz yapilar arasindaki hassas dengeye
dayanmaktadir.

2.1. Intervertebral Diskin Yapisi ve Biyokimyasi

IVD, omurganin temel sok emici ve hareket segmentini
olusturan avaskiiler bir yapidir. Nukleus Pulposus (NP), Annulus
Fibrosus (AF) ve Kikirdak Son Plak (End-Plate) olmak tzere U¢
ana bilesenden olusmaktadir (Karaarslan ve ark., 2022). NP,
yuksek oranda su (%70-90) ve proteoglikanlar (6zellikle
aggrekan) igerir (Fakhoury, 2023). Bu yiiksek su igerigi, diskin
basinca kars1 direncini saglar. AF ise esas olarak Tip I kollajen
liflerinden olusur ve diskin gerilme kuvvetlerine Kkarsi
dayanikliligmmi saglar (Karaarslan ve ark., 2022). NP'nin
biyokimyasal yapisi, esas olarak Tip II kollajen ve aggrekan gibi
biiylik proteoglikan molekiillerinden olusur. Bu biyokimyasal
denge, diskin saglikli fonksiyonu i¢in 6nemlidir (Fakhoury,
2023).

2.2. Faset Eklemler ve Ligamentoz Yapilar

Faset eklemler, servikal omurganin hareket yoniini ve
smirlarini belirleyen sinovyal eklemlerdir. Dejeneratif stirecte bu
eklemlerde gelisen artroz, omurga kanalina dogru biiyiiyerek
noral yapilara basi yapabilir (Karaarslan ve ark., 2022).
Ligamentum flavum, posterior longitudinal ligament ve anterior
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longitudinal ligament gibi ligamentdz yapilar da dejenerasyonla
birlikte kalinlagarak (hipertrofi) spinal kanal darligina neden
olabilir (Karaarslan ve ark., 2022).

3. INTERVERTEBRAL DiSK
DEJENERASYONUNUN FiZYOPATOLOJISI

IVD dejenerasyonu, yaslanmanin dogal bir sonucu kabul
edilse de patogenezinde genetik yatkinlik, mekanik yiiklenme ve
biyokimyasal degisimler gibi ¢ok faktorlii etiyolojiler rol oynar
(Karaarslan ve ark., 2022).

3.1. Dejeneratif Siirecin Baslangici ve Evreleri

Dejeneratif streg, genellikle NP'nin  biyokimyasal
yapisindaki degisimlerle baslar. Bu sireg; dehidrasyon,
proteoglikan kaybi1 ve kollajen yapisinda meydana gelen
bozulmalarla ilerlemekte olup (Fakhoury, 2023), disfonksiyon,
instabilite ve stabilizasyon evreleri seklinde siniflandirilmaktadir
(Karaarslan ve ark., 2022).

3.2. Disk Biyolojisindeki Degisimler: Dehidrasyon ve
Proteoglikan Kaybi

Dejenerasyonun en belirgin biyokimyasal isareti, NP'nin
su tutma kapasitesinin azalmasidir. Bu durum, aggrekan
molekiillerinin par¢alanmasi ve kaybi ile iligkilidir (Fakhoury,
2023). Aggrekan kaybi, NP'nin ozmotik basincini diisiirerek
suyun diskten disar1 sizmasina neden olur. Disk yiiksekligindeki
bu kayip, omurlar arasi mesafeyi daraltir ve noral foramenleri
kiigiilterek radikiilopati riskini artirir (Kuo, 2023).

3.3. Hipoksi, Anjiyogenez ve Noral Invazyonun Rolii

Saglikli IVD, avaskiiler ve hipoksik bir ortamdan
olusmaktadir. Dejeneratif surecte bu ortam bozulur.
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e Hipoksi ve HIF-1a: NP hiicreleri, diisik oksijen
seviyelerine  (hipoksi) uyum saglamistir.  Ancak
dejenerasyon ilerledik¢e, NP'deki hiicre sayis1 azalir ve bu
yapilarin dokusal beslenmesinde bozukluklar meydana
gelir. Hipoksi Indiiklenebilir Faktor-1 Alfa (HIF-1a),
hiicrelerin ~ hipoksiye  yanitin1  diizenleyen temel
transkripsiyon faktéridur. Dejenere disklerde HIF-1a'nin
roli kompleks olup; bir yandan hiicre canliligini korurken
diger yandan inflamatuar reaksiyonlar sirasinda
anjiyogenezi (yeni damar olusumu) artirabilir (Kwon ve
ark., 2017).

e Anjiyogenez: Normal kosullarda avaskiiler yapida olan
IVD’ye damar invazyonu, dejenerasyonun énemli bir
gostergesi olarak kabul edilmektedir. Inflamatuvar
stirecler sirasinda  gelisen  hipoksi, anjiyogenezi
tetikleyerek  diskin dejeneratif ~ progresyonunu
hizlandirabilmektedir (Kwon ve ark., 2017).

e Noral Invazyon: Anjiyogenezi takiben, normalde
innerve olmayan diskin dis katmanlarina (AF) sinir
liflerinin girigiyle ndral invazyon meydana gelmektedir.
Bu lifler, agr1 iletiminden sorumlu nosiseptif 6zellikte
olup diskojenik agrimin  gelisiminde temel rol
oynamaktadir.

3.4. Epigenetik Mekanizmalar: Gen ifadesinin
Dizenlenmesi

Genetik  faktorlere ek olarak, DNA dizilimini
degistirmeden gen ifadesini diizenleyen ve kalitsal etkilere neden
olan epigenetik mekanizmalar, IVD dejenerasyonunun
patogenezinde dnemlidir (Li ve ark., 2022).

» DNA Metilasyonu: Genellikle gen susturulmasi ile
iliskilidir. Dejenere disklerde, NP hiicrelerinin fenotipini
koruyan genlerin promotdr bdlgelerinde anormal
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metilasyon paternleri gozlemlenmistir (Yeater ve ark.,
2025).

Histon Modifikasyonlari: Histon proteinlerinin
asetilasyonu veya metilasyonu, DNA'in sikiligimi
degistirerek gen transkripsiyonunu etkiler. Dejeneratif
stiregte, katabolik genlerin (6rnegin, MMP'ler) ifadesini
artiran ve anabolik genlerin ifadesini azaltan histon
modifikasyonlar1 bulunmaktadir (Li ve ark., 2022).

Kodlamayan RNA'lar (ncRNA'lar): MikroRNA'lar
(miRNA'lar) ve uzun  kodlamayan  RNA'lar
(IncRNA'lar), IVD hiicrelerinin  proliferasyonu,
apoptozu ve ekstraselluler matriks (ESM) sentezini
dizenleyerek dejeneratif siireci hizlandirir (Kang ve
ark., 2023). Ornegin, bazi miRNA'larin pro-inflamatuar
sitokinlerin  ifadesini  diizenledigi ve  bdylece
inflamasyonun epigenetik kontroliinde rol oynadigi
gosterilmistir (Kang ve ark., 2023).

4. MOLEKULER MEKANIiZMALAR:
INFLAMASYON VE ADAPTIF IMMUN
SISTEMIN ROLU

Servikal omurga dejenerasyonunun progresyonunda

inflamasyon belirleyici bir etkiye sahip olup, bu surecte dejenere
intervertebral disk dokusu proinflamatuar sitokinler ve katabolik
enzimler i¢in 6dnemli bir kaynak olusturarak dejeneratif siirecin

devamliligin1 saglamaktadir.

4.1. inflamatuar Sitokinlerin Rolii

IVD dejenerasyonunda en ¢ok calisilan pro-inflamatuar

sitokinler Timor Nekroz Faktor Alfa (TNF-a), Interlokin-1 Beta
(IL-1p), interlokin-6 (IL-6) ve Interldkin-8 (IL-8)'dir (Karaarslan
ve ark., 2022).
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TNF-a ve IL-1p: Bu sitokinler, disk hucrelerini uyararak
Matriks Metaloproteinaz (MMP) {iretimini artirir ve
aggrekan sentezini baskilar (Karaarslan ve ark., 2022). Bu
sitokinlerin noral doku iizerindeki dogrudan toksik etkileri
de DCM’de patogenezinde 6nemlidir (Tu ve ark., 2021).

IL-6: IL-6’nin, DCM hastalarinda serum ve beyin
omurilik stvist (BOS) diizeylerinde artis gosterdigi
bildirilmis olup, bu durum kronik inflamasyonun 6nemli
biyobelirteglerinden biri olarak degerlendirilmektedir (Du
ve ark., 2018; Kang ve ark., 2024). Nororejeneratif etkileri
tanimlanmis olmasina karsin, IL-6’nin uzun siireli ve
yuksek dizeylerde seyretmesi patolojik sdreclerin
baslamasina ve progresyonuna zemin hazirlayabilmektedir
(Du ve ark., 2018).

Noro-inflamasyon: Disk hernisinde, disk dokusundan
salman sitokinler ile prostaglandin E2 (PGE2) gibi
inflamatuvar  mediatorler, sinir  kokl  cevresinde
noroinflamatuvar bir yanit olusturarak mekanik basi
bulunmasa dahi radikiiler agrinin ortaya ¢ikmasina neden
olabilmektedir (Karaarslan ve ark., 2022).

4.2. Adaptif Immiin Sistemin Rolii: Otoimmiinite ve T
Hucreleri

Intervertebral disk (IVD), normal kosullarda immiin

yanitin baskin olmadigi bir yap1 olarak kabul edilir; ancak
dejenerasyon ve herniasyon durumlarinda bu durum
degisebilmektedir.

Otoimmunite: NP, viicudun diger bolgelerinde
bulunmayan 6zel proteinler igerir. AF yirtildiginda ve NP
materyali epidural alana sizdiginda, bu proteinler immiin
sistem tarafindan yabanci olarak algilanabilir ve bir
otoimmiin yanit olusabilir (Ye ve ark., 2022).
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* T Hucreleri: Dejenere veya herniye disklerde aktive T
hiicrelerinin varlig rapor edilmistir (Ye ve ark., 2022). Bu
T hiicreleri, inflamatuar sitokinleri salgilayarak disk
dokusuna ve sinir kokiine zarar verebilir. Ozellikle lomber
disk hernilerinde, T hicrelerinin (6zellikle gama-delta T
hiicrelerinin) varlig1 ve fenotipi, hastaligin prognozu ile
iligkilendirilmistir (Qin ve ark., 2024). Bu bulgular,
servikal disk dejenerasyonunda da adaptif immun sistemin
potansiyel bir rolii oldugunu diisiindiirmektedir.

5. Norolojik Mekanizmalar ve Klinik Korelasyonlar

Servikal omurga dejenerasyonunun norolojik sonuglari,
servikal radikilopati ve dejeneratif servikal miyelopati (DCM)
olmak tizere iki ana baslikta incelenir. Her iki durumda da
mekanik kompresyon ve kimyasal irritasyon mekanizmalari
beraber etkinlik gostermektedir.

5.1. Servikal Radikulopati: Mekanik Kompresyon ve
Kimyasal Irritasyon

Servikal radikiilopati, sinir kokiiniin sikigmasi veya tahrip
olmast sonucu boyun, omuz, kol ve elde agri, uyusma ve
gucsuzlik ile karakterizedir.

5.1.1. Mekanik Kompresyonun Noéral Dokuya EtkKisi

Disk yiiksekligi kaybi, osteofit olusumu ve faset eklem
hipertrofisi, intervertebral foramenleri daraltarak sinir kokiine
dogrudan bas1 uygular (Karaarslan ve ark., 2022). Bu mekanik
basi, sinir kokiinde iskemi ve 6dem olusumuna yol acar. Kronik
kompresyon, sinir liflerinde demyelinizasyona ve aksonal hasara
neden olarak sinir iletimini bozmaktadir (Kuo, 2023).
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5.1.2. Kimyasal Irritasyonun (Néro-inflamasyon) Rolii

Herniye disk materyalinden salgilanan PGE2, TNF-a, IL-
1B ve MMP'ler gibi kimyasal mediatorler, sinir kokii cevresindeki
dokularda inflamatuar bir yanit olusumunu tetikler (Karaarslan ve
ark., 2022). Bu noro-inflamasyon, sinir koklnln hassasiyetini
artirarak agri sinyallerinin olusumunu arttirir (Karaarslan ve ark.,
2022).

5.2. Dejeneratif Servikal Miyelopati (DCM)

Dejeneratif Servikal Miyelopati (DCM), servikal omurga
dejenerasyonunun spinal korda bas1 yapmasi sonucu ortaya ¢ikan,
yaslilarda en sik goriilen spinal kord disfonksiyonu nedenidir
(Young, 2000).

5.2.1. DCM'nin Fizyopatolojik Temelleri

DCM'nin fizyopatolojisi, spinal kord tizerindeki statik ve
dinamik kompresyonun birlesimiyle karakterizedir (Akter, 2020).
Kronik kompresyon, spinal kordda mikro-vaskiiler yapilar
tizerinde baski olusturarak iskemiye ve hipoksiye neden olur
(John, t.y.). Bu durum, néral dokuda hiicresel hasari tetikler.

6. DCM'DE NORAL DOKU HASARININ
MOLEKULER YOLLARI

DCM'de spinal kord hasari, sadece mekanik basinin
dogrudan sonucu degil, ayn1 zamanda karmasik molekiiler
olaylarin bir sonucudur.

6.1. Oligodendrosit Apoptozu ve Demyelinizasyon

Spinal kord kompresyonuna yanit olarak,
oligodendrositlerin  (miyelini  Greten hucreler) apoptozu
(programlanmis hiicre 6liimii) meydana gelir (Etheridge, 2014;
Tu ve ark., 2021). Bu apoptoz, aksonal dejenerasyondan dnce
ortaya ¢ikar ve norolojik hasarin  temel molekiler
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mekanizmalarindan biri olarak kabul edilir (Dolan, 2016).
Oligodendrositlerin kaybi, komsu aksonlarin miyelin kilifinin
bozulmasina (demyelinizasyon) ve sonug¢ olarak sinir iletim
hizinin yavaslamasina veya durmasina neden olur (Etheridge,
2014).

6.2. Mikroglia ve Makrofaj Aktivasyonu: Noro-
inflamasyonun Kroniklesmesi

DCM'de kronik spinal kord kompresyonu, spinal kord
icinde mikroglia (merkezi sinir sisteminin yerlesik immiin
hiicreleri) ve makrofajlarin (infiltre eden immiin hiicreler)
aktivasyonuna yol acar (Brockie ve ark., 2021; Takeura ve ark.,
2019).

* Mikroglia Fenotipleri: Aktive olmus mikroglia, iki ana
fenotipte bulunabilir:

e M1 (Pro-inflamatuar) Fenotip: Hasarin erken
asamalarinda baskin olup, TNF-a ve IL-1P gibi sitokinleri
salgilayarak noronal hasar1 artirir (Hirai ve ark., 2013).
Kronik DCM'de bu fenotipin varligi, devam eden ndro-
inflamasyonu ve hasar1 gosterir.

« M2 (Anti-inflamatuar/Rejeneratif) Fenotip: Hasarin
¢Ozililme ve onarim asamalarinda baskin olup, IL-4 ve IL-
10 gibi sitokinleri salgilayarak doku onarimini ve
rejenerasyonu destekler (Hirai ve ark., 2013).

* Kronik Agr1 ve Mikroglia: Kronik néropatik agri, uzun
sureli  spinal kord kompresyonunda infiltre eden
makrofajlar ve aktive olmus mikroglia ile iliskilidir
(Takeura ve ark., 2019). Bu hicrelerin aktivasyonu,
ndronal hipereksitabiliteye ve santral sensitizasyona
katkida bulunur.
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6.3. Norotrofinlerin Roli

Noronal hayatta kalim, farklilasma ve aksonal
rejenerasyon sireclerinde etkili olan nérotrofinlerin dengesi,
DCM patogenezinde bozulma gostermektedir.

* BDNF (Beyin Kaynakh Norotrofik Faktor): BDNF,
noronal sagkalim ve sinaptik plastisiteyi diizenleyen
baslica ndrotrofinlerden biridir. BDNF  genindeki
Val66Met polimorfizminin, CSM’li hastalarda nérolojik
sonuglarla iligkili oldugu bildirilmistir (Abode-lyamah ve
ark., 2016)

* NT-3 (Norotrofin-3): NT-3, oligodendrosit sagkalim1 ve
miyelin rejenerasyonunda islevsel rol iistlenen bir
norotrofin olarak tanimlanmakta olup, spinal kord
kompresyonunun NT-3 dlzeylerini modile ederek noral
hasara neden olabilecegi belirtilmektedir (Akter, 2020).

7. AGRI MEKANIZMALARI VE SANTRAL
SENSITIZASYON

Servikal omurga dejenerasyonuna bagli kronik agri,
sadece periferik sinir sikismasi ile agiklanamayan karmasik
mekanizmalar1 igerir. Santral Sensitizasyon (CS), bu kronik
agrinin bilesenlerindendir.

7.1. Santral Sensitizasyon Kavrami

CS, merkezi sinir sisteminde (spinal kord ve beyin) yer
alan noronlarin, tekrarlayict veya kronik agrili uyaranlara karsi
asir1 duyarhilik gelistirmesiyle tanimlanir. Bu durum, agri
esiginde diisiise ve agrinin siddetinde artisa neden olur. DCM ve
servikal radikiilopatili bireylerde CS’nin varligi, agr1 algisinin
artmasi ve yayillim gostermesiyle iliskilidir (Kondo ve ark.,
2020).
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7.2. CS'nin Molekuler Temelleri

CS’nin molekuler temelleri, spinal kordda meydana gelen
sinaptik plastisite degisiklikleri ve 6zellikle glutamat olmak iizere
norotransmitterlerin asirt salinim ile baglantilidir.

« NMDA Reseptorleri: Glutamatin baglanmasiyla aktive
olan N-metil-D-aspartat (NMDA) reseptorlerinin asiri
aktivasyonu, ndronlarin uyarilabilirligini artirarak CS'ye
yol agmaktadir.

* Mikroglia ve Astrositler: Aktive olmus mikroglia ve
astrositler, pro-inflamatuar sitokinler ve kemokinler
salgilayarak spinal korddaki néronlarin uyarilabilirligini
artirir ve CS'nin gelisimini destekler (Takeura ve ark.,
2019).

7.3. CS'nin Klinik Onemi

CS'nin varligr, DCM hastalarinda cerrahi sonrasi agr1 ve
fonksiyonel sonuclart olumsuz etkileyebilir (Akeda ve ark.,
2022). Bu nedenle, DCM'nin tedavisinde sadece mekanik
dekompresyon degil, ayn1 zamanda CS'yi hedef alan farmakolojik
ve non-farmakolojik yaklasimlarin da dikkate alinmasi
gerekmektedir (Kondo ve ark., 2020).

8. BIYOLOJIK TEDAViI YAKLASIMLARI VE
GELECEK PERSPEKTIFLERI

Servikal omurga dejenerasyonunun fizyopatolojisindeki
molekiiler mekanizmalarin anlasilmasi, yeni biyolojik tedavi
stratejilerinin gelistirilmesine olanak tanimaktadir.

8.1. Disk Rejenerasyonu Hedefleri

Tedavi yaklagimlari, NP hiicrelerinin canliligini artirmayz,
proteoglikan sentezini tesvik etmeyi ve ESM yikimim
yavaslatmay1 hedeflemektedir. Biiylime faktorleri (6rnegin, TGF-

195



Tibbi Biyoloji

B, BMP-2) ve kok hiicre tedavileri, dejenere diskin biyokimyasal

yapisini onarmak i¢in umut verici yaklagimlardir (Karaarslan ve
ark., 2022).

8.2. Noroproteksiyon ve Anti-inflamatuar Stratejiler

DCM’de noral hasarin 6nlenmesine yonelik yaklasimlar,
oligodendrosit apoptozu ve demiyelinizasyon sireclerini hedef
almaktadir. Ozellikle TNF-o. ve IL-1p inhibitorleri gibi anti-
inflamatuar ajanlar, ndroinflamasyonu baskilayarak sinir kokii ve
spinal kord hasarmi siirlayabilmektedir (Karaarslan ve ark.,
2022). Mikroglia aktivasyonunun M2 (rejeneratif) fenotipe
yonlendirilmesi de potansiyel bir noroprotektif yaklagim olarak
degerlendirilmektedir. Buna ek olarak, norotrofik faktorler ve
anti-apoptotik ajanlar, néron ve oligodendrositlerin sagkalimini
destekleyerek  noérolojik  iyilesmenin  tesvik  edilmesini
amaclamaktadir (Tu ve ark., 2021).

8.3. Yeni Molekuler Hedefler

* Epigenetik Dizenleyiciler: DNA metilasyonunu veya
histon modifikasyonlarini hedef alan ilaglar, dejeneratif
gen ifadesini tersine cevirerek IVD dejenerasyonunu
yavaglatma potansiyeline sahiptir.

« Immiin Modiilasyon: T hiicrelerinin aktivasyonunu ve
otoimmiin yaniti modiile eden tedaviler, ozellikle disk
hernisi kaynakli noro-inflamasyonu azaltmada etkili
olabilir.

+ Santral Sensitizasyon Inhibitorleri: NMDA reseptor
antagonistleri veya mikroglia aktivasyonunu baskilayan
ajanlar, kronik servikal agrinin tedavisinde yeni
farmakolojik yaklagimlar sunabilir.
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9. SONUC

Servikal omurga dejenerasyonu, intervertebral diskin
biyokimyasal biitiinliiglindeki bozulmalarla baslayan ve
inflamatuar molekiiler sinyal yollarinin aktivasyonu ile hizlanan
cok boyutlu bir siiregtir. Bu molekiiler degisiklikler, sinir kokleri
ve spinal kord 0Uzerinde hem mekanik kompresyon hem de
kimyasal irritasyon olusturarak servikal radikiilopati ve
dejeneratif servikal miyelopati (DCM) gibi ciddi ndrolojik
tablolarin  gelisimine zemin hazirlar. Ozellikle DCM’de
oligodendrosit apoptozu, mikroglial aktivasyon, noérotrofin
dengesizlikleri ve santral sensitizasyon gibi molekuler
mekanizmalarin noral hasarin ilerlemesinde belirleyici oldugu
gosterilmistir. Bu ayrintili fizyopatolojik ¢ergeve, gelecekte
gelistirilecek biyolojik ve farmakolojik tedavi yaklagimlari igin
giiclii bir altyap1 sunmaktadir.
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