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INDÜKLENMIŞ PLURIPOTENT KÖK HÜCRELERIN (IPSC) 

ÇOCUK NÖROLOJI PRATIĞI IÇIN NADIR HASTALIKLARA 
MODELLEMESI VE KÖK HÜCRE TEDAVISINDE YENI UFUKLAR

2’yi (MeCP2) kodlayan MECP2 genindeki pato-
jenik varyantlar neden olur1. MECP2’ deki pato-
jenik varyantlar, klasik sporadik Rett Sendromu 
vakalarının yaklaşık yüzde 95’inden, atipik Rett 
Sendromu vakalarının ise yüzde 75’inden sorum-
ludur2. Bunun dışında az sayıda hasta, CDKL5 
veya FOXG1’deki patojenik varyantların neden 
olduğu atipik Rett Sendromuna sahiptir.3,4 ME-
CP2’deki patojenik varyantların hastalığa nasıl 
yol açtığı tam olarak belirlenememekle birlikte 
önde gelen hipotez, MeCP2 eksikliğinin korteks-
te sinaptik maturasyon ve plastisitede bozulma-
ya yol açtığıdır.5 Hastalığın tahmini prevalansı 
100.000 kız çocuğunda 7,1’dir.6

Hastalığın klinik bulguları; yaşamın ilk 6-18 
ayındaki normal bir nörolojik ve fiziksel gelişim 
dönemini takiben erken çocukluk döneminde 
ortaya çıkmaya başlar. Rett sendromunun karak-
teristik özellikleri; edinilmiş konuşma ve motor 
becerilerin kaybı, tekrarlayan el hareketleri, so-
lunum düzensizlikleri ve nöbetleri içerir. Bunun 
dışında hastalar uyku bozuklukları, bruksizm, 
solunum anormallikleri, otonomik disfonksiyon, 
uygunsuz kahkaha veya ağlama gibi psödobul-
ber semptomlar, azalmış ağrı tepkileri, sporadik 
gastrointestinal problemler, erken başlangıçlı 

GIRIŞ

Çocukluk çağı nörolojik hastalıklarının altında 
yatan patofizyolojik mekanizmalar, insan patoge-
nezini yansıtan uygun hastalık modellerinin bu-
lunmaması nedeniyle belirsiz kalmıştır. Tür çeşit-
liliği ve nörolojik hastalıkların hayvan modelleri 
arasındaki farklılıklar nedeniyle, hayvan ve hücre 
kültürü hastalık modellerinin insan hastalıkları-
nı doğru şekilde modelleyip modelleyemeyeceği 
tartışma konusudur. 2006 yılında Kyoto Üniver-
sitesi’nden Takahashi ve Yamanaka embriyonik 
kök hücrelere (ESC’ler) benzer pluripotentlik po-
tansiyeli sergileyen, indüklenmiş pluripotent kök 
hücrelerin (iPSC’ler) türetilmesini ilk kez rapor-
ladılar.1 Günümüzde, iPSC çalışmaları hastalık 
araştırmalarının birçok sektörüne nüfuz etmek-
tedir. Hasta numunesinden türetilen iPSC’ler, 
hastalık gelişiminin patojenik mekanizmalarını 
aydınlatmak ve yeni terapötik stratejileri test et-
mek için kullanılmaktadır.

RETT SENDROMU

Rett sendromu, neredeyse sadece kadınlarda gö-
rülen nörogelişimsel bir bozukluktur. Hastalığa, 
Xq28 ile eşleşen ve metil-CpG bağlayıcı protein 
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birikmesinin neden olduğu en yaygın nörode-
jeneratif hastalıktır. Ailesel geçişli veya sporadik 
olabilir. Presenilin 1 (PS1) ve presenilin 2 (PS2) 
mutasyonları, otozomal dominant erken başlan-
gıçlı ailesel AH’na neden olan faktörlerdir. Kli-
nikte karşımıza tipik olarak 65 yaş üzeri birey-
lerde, sinsi başlangıçlı, yavaş ve progresif bellek 
bozukluğuna zaman içinde diğer kognitif alan-
lardaki bozuklukların da eşlik ettiği ve nihayet 
günlük yaşam aktivitelerindeki bağımsızlığın ve 
işlevselliğin bozulduğu bir tablo ile çıkar.137 Olası 
AH demansının tanısına yönelik kriterler, Ulusal 
Yaşlanma Enstitüsü ve Alzheimer Derneği (NIA-
AA) tarafından oluşturulmuş ve en son 2011’de 
güncellenmiştir.138 Mevcut tedavilerin hiçbiri 
AH’nda bilişsel ve hafıza bozukluklarını iyileştir-
mede etkili değildir.139 

İndüklenmiş pluripotent kök hücre (iPSC) 
teknolojisi, hastalıkları modellemek, hücresel 
mekanizmaları incelemek ve nörodejeneratif has-
talıklar da dahil olmak üzere çeşitli hastalıklara 
karşı terapötik stratejiler oluşturmak için için kul-
lanılabilir. Yagi ve ark. 2011 yılında PS1 ve PS2’de 
mutasyon bulunan ailesel Alzheimer’s hastaları-
nın fibroblastlarından iPSC’ler türettiler ve bu 
hücrelerin nöronlara farklılaşmasını sağladılar.  
Ailesel AH-iPSC’den türetilen farklılaşmış 
nöronların amiloid β42 salgısını arttırdığı ra-
porlandı. Ayrıca mutant presenilinlerin molekü-
ler patogenezi de incelendi. Çalışma sonucunda 
ailesel AH-iPSC’den türetilmiş nöronun geçerli 
AH modeli olduğu ve yaşa bağlı nörodejeneratif 
hastalıkların incelenmesi için yenilikçi bir strateji 
sağladığı gösterildi.140 2012 yılında Israel ve ark. 
hem ailesel hem sporadik Alzheimer’s hastaların-
dan alınan iPSC’lerden türetilmiş nöronlarla AH 
benzeri fenotipler oluşturdular.141 Sporadik AH 
hatlarının dahil edildiği farklı bir çalışmada ise 
ailesel AH hücrelerine benzer hastalık fenotip-
leri gözlemlendi.142 Sporadik geç başlangıçlı AH, 
vakalarının büyük çoğunluğunu temsil etmesine 
rağmen çok az sayıda çalışma sporadik AH çizgi-
lerini içermektedir. Bu nedenle bu yönde pek çok 

çalışma başlatılmıştır ve büyük ölçekli insan ge-
nomu çalışmaları (GWAS) ile birleştirilerek var-
yantların sürekli olarak artan AH riskiyle ilişkili 
olduğu gen listeleri türetilmektedir.143 2015 yılın-
da Young ve ark. iPSC’lerden türetilen nöronlarda 
sporadik AH ile ilişkili genetik varyantlardan 
kaynaklanan bir fenotipi tanımlayan ilk çalışmayı 
yayınladılar144. Yapılan çalışmalar ışığında iPS-
C’lerden AH benzeri fenotipler geliştirilerek, AH 
tedavilerine yönelik klinik öncesi ilaç denemele-
rinde hızlı ilerleme kaydedilmektedir. Bu hücre-
sel modellerden en iyi şekilde yararlanmak için, 
tüm deneylerin farklı araştırma grupları arasında 
tekrarlanabilirliğe izin verecek şekilde, kontrollü 
ve standart yöntemlerle yapılması çok önemlidir. 

Gelecekte, fizyolojik mikro ortamda birden 
fazla nöral hücre tipini ve vaskülarizasyon tekni-
ğinin gelişmesiyle birlikte kan-beyin bariyeri pe-
netrasyonunu da içerebilen sitosistemlerle, tedavi 
araştırmaları yapmak mümkün olacaktır.

KAYNAKLAR
1. Takahashi K, Yamanaka S. Induction of pluripotent 

stem cells from mouse embryonic and adult fibroblast 
cultures by defined factors. Cell. 2006;126(4):663-676.

2. Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke 
U, Zoghbi HY. Rett syndrome is caused by mutations in 
X-linked MECP2, encoding methyl-CpG-binding pro-
tein 2. Nat Genet. 1999;23(2):185-188. 

3. Cuddapah VA, Pillai RB, Shekar KV, et al. Met-
hyl-CpG-binding protein 2 (MECP2) mutation type 
is associated with disease severity in Rett syndrome. J 
Med Genet. 2014;51(3):152-158. 

4. Fehr S, Wilson M, Downs J, et al. The CDKL5 disorder is 
an independent clinical entity associated with early-on-
set encephalopathy. Eur J Hum Genet. 2013;21(3):266-
273. 

5. Wong LC, Singh S, Wang HP, Hsu CJ, Hu SC, Lee WT. 
FOXG1-Related Syndrome: From Clinical to Molecular 
Genetics and Pathogenic Mechanisms. Int J Mol Sci. 
2019;20(17):4176. Published 2019 Aug 26. 

6. Banerjee A, Miller MT, Li K, Sur M, Kaufmann WE. 
Towards a better diagnosis and treatment of Rett sy-
ndrome: a model synaptic disorder. Brain. 2019 Feb 
1;142(2):239-248..

7. Petriti U, Dudman DC, Scosyrev E, Lopez-Leon S. Glo-
bal prevalence of Rett syndrome: systematic review and 
meta-analysis. Syst Rev. 2023 Jan 16;12(1):5

8. Ivy AS, Standridge SM. Rett Syndrome: A Timely Re-
view From Recognition to Current Clinical Approac-



ÇOCUK NÖROLOJISI PRATIĞINDE KÖK HÜCRE MULTIDISIPLINER YAKLAŞIM356

hes and Clinical Study Updates. Semin Pediatr Neurol. 
2021;37:100881. 

9. Srivastava S, Desai S, Cohen J, et al. Monogenic di-
sorders that mimic the phenotype of Rett syndrome. 
Neurogenetics. 2018;19(1):41-47. 3

10. Balachandar V, Dhivya V, Gomathi M, Mohanadevi 
S, Venkatesh B, Geetha B. A review of Rett syndrome 
(RTT) with induced pluripotent stem cells. Stem Cell 
Investig. 2016 Sep 28;3:52.

11. Hsu WL, Ma YL, Liu YC, Tai DJC, Lee EHY. Resto-
ring Wnt6 signaling ameliorates behavioral deficits in 
MeCP2 T158A mouse model of Rett syndrome. Sci Rep. 
2020;10(1):1074. Published 2020 Jan 23. 

12. Escamilla-Del-Arenal M, da Rocha ST, Heard E. Evolu-
tionary diversity and developmental regulation of X-ch-
romosome inactivation. Hum Genet. 2011;130(2):307-
327. 2

13. Deng JV, Rodriguiz RM, Hutchinson AN, Kim IH, Wet-
sel WC, West AE. MeCP2 in the nucleus accumbens 
contributes to neural and behavioral responses to psy-
chostimulants. Nat Neurosci. 2010;13(9):1128-1136. 

14. Chao HT, Chen H, Samaco RC, et al. Dysfuncti-
on in GABA signalling mediates autism-like ste-
reotypies and Rett syndrome phenotypes. Nature. 
2010;468(7321):263-269. 

15. Le TTH, Tran NT, Dao TML, et al. Efficient and Pre-
cise CRISPR/Cas9-Mediated MECP2 Modifications in 
Human-Induced Pluripotent Stem Cells. Front Genet. 
2019;10:625. Published 2019 Jul 2. 

16. Marchetto MC, Carromeu C, Acab A, et al. A model 
for neural development and treatment of Rett syndro-
me using human induced pluripotent stem cells. Cell. 
2010;143(4):527-539. 

17. Chin EW, Marcy G, Yoon SI, et al. Choline Ameliorates 
Disease Phenotypes in Human iPSC Models of Rett Sy-
ndrome. Neuromolecular Med. 2016;18(3):364-377. 

18. Tang X, Drotar J, Li K, et al. Pharmacological enhan-
cement of KCC2 gene expression exerts therapeutic 
effects on human Rett syndrome neurons and Mecp2 
mutant mice. Sci Transl Med. 2019;11(503):eaau0164. 

19. Rooms L, Kooy RF. Advances in understanding fragile 
X syndrome and related disorders. Curr Opin Pediatr. 
2011;23(6):601-606. 

20. Coffee B, Ikeda M, Budimirovic DB, Hjelm LN, Kauf-
mann WE, Warren ST. Mosaic FMR1 deletion causes 
fragile X syndrome and can lead to molecular misdi-
agnosis: a case report and review of the literature. Am J 
Med Genet A. 2008;146A(10):1358-1367.1

21. Hunter J, Rivero-Arias O, Angelov A, Kim E, Fotherin-
gham I, Leal J. Epidemiology of fragile X syndrome: a 
systematic review and meta-analysis. Am J Med Genet 
A. 2014;164A(7):1648-1658. 

22. Salcedo-Arellano MJ, Hagerman RJ, Martínez-Cerdeño 
V. Fragile X syndrome: clinical presentation, pathology 
and treatment. Síndrome X frágil: presentación clínica, 
patología y tratamiento. Gac Med Mex. 2020;156(1):60-
66. 

23. Hagerman RJ, Berry-Kravis E, Hazlett HC, et al. Fragile 
X syndrome. Nat Rev Dis Primers. 2017;3:17065. Pub-

lished 2017 Sep 29. 
24. Wiesner GL, Cassidy SB, Grimes SJ, Matthews AL, Ac-

heson LS. Clinical consult: developmental delay/fragile 
X syndrome. Prim Care. 2004;31(3):621-x. 

25. Eiges R, Urbach A, Malcov M et al. Developmental 
study of fragile X syndrome using human embryonic 
stem cells derived from preimplantation genetically di-
agnosed embryos. Cell Stem Cell 2007;1(5), 568–577.

26. Urbach A, Bar-Nur O, Daley GQ, Benvenisty N. Dif-
ferential modeling of fragile X syndrome by human 
embryonic stem cells and induced pluripotent stem cel-
ls. Cell Stem Cell 2010;6(5), 407–411.

27. Vershkov D, Benvenisty N. Human pluripotent stem 
cells in modeling human disorders: the case of fragile X 
syndrome. Regen Med. 2017;12(1):53-68. 

28. Kumari D, Swaroop M, Southall N, Huang W, Zheng 
W, Usdin K. High-Throughput Screening to Identify 
Compounds That Increase Fragile X Mental Retardati-
on Protein Expression in Neural Stem Cells Differen-
tiated From Fragile X Syndrome Patient-Derived In-
duced Pluripotent Stem Cells. Stem Cells Transl Med. 
2015;4(7):800-808. 

29. Zhou Y, Kumari D, Sciascia N, Usdin K. CGG-repeat 
dynamics and FMR1 gene silencing in fragile X synd-
rome stem cells and stem cell-derived neurons. Mol Au-
tism. 2016;7:42. 

30. Liu XS, Wu H, Krzisch M, et al. Rescue of Fragile X Sy-
ndrome Neurons by DNA Methylation Editing of the 
FMR1 Gene. Cell. 2018;172(5):979-992.e6. 

31. Antonarakis SE, Skotko BG, Rafii MS, et al. Down synd-
rome. Nat Rev Dis Primers. 2020;6(1):9. 

32. De Graaf, G., F. Buckley, and B. Skotko. "People living 
with Down syndrome in the USA."Births and populati-
on (2020).

33. Ghosh S, Feingold E, Dey SK. Etiology of Down sy-
ndrome: Evidence for consistent association among 
altered meiotic recombination, nondisjunction, and 
maternal age across populations. Am J Med Genet A. 
2009;149A(7):1415-1420. 

34. Park IH, Arora N, Huo H, et al. Disease-specific indu-
ced pluripotent stem cells. Cell. 2008;134(5):877-886. 

35. Weick JP, Held DL, Bonadurer GF 3rd, et al. Deficits in 
human trisomy 21 iPSCs and neurons. Proc Natl Acad 
Sci U S A. 2013;110(24):9962-9967. 

36. Maclean GA, Menne TF, Guo G, et al. Altered hemato-
poiesis in trisomy 21 as revealed through in vitro dif-
ferentiation of isogenic human pluripotent cells. Proc 
Natl Acad Sci U S A. 2012;109(43):17567-17572. 

37. Chou ST, Byrska-Bishop M, Tober JM, et al. Trisomy 
21-associated defects in human primitive hematopo-
iesis revealed through induced pluripotent stem cells. 
Proc Natl Acad Sci USA. 2012;109(43):17573-17578. 9

38. Hibaoui Y, Grad I, Letourneau A, et al. Modelling and 
rescuing neurodevelopmental defect of Down syndro-
me using induced pluripotent stem cells from monozy-
gotic twins discordant for trisomy 21. Embo Mol Med. 
2014;6(2):259-277. 

39. Chen C, Jiang P, Xue H, et al. Role of astroglia in Down's 
syndrome revealed by patient-derived human-induced 



İndüklenmiş Pluripotent Kök Hücrelerin (İpsc) Çocuk Nöroloji Pratiği İçin Nadir Hastalıklara Modellemesi ve Kök Hücre Tedavisinde Yeni Ufuklar 357

pluripotent stem cells [published correction appears in 
Nat Commun. 2020 Feb 21;11(1):1070]. 

40. Lawrence J, Telfer C. Interview: from Down's syndro-
me to basic epigenetics and back again. Epigenomics. 
2013;5(6):611-614. 

41. Chang CY, Chen SM, Lu HE, et al. N-butylidenepht-
halide attenuates Alzheimer's disease-like cytopathy in 
Down syndrome induced pluripotent stem cell-derived 
neurons. Sci Rep. 2015;5:8744. 

42. Mercuri E, Sumner CJ, Muntoni F, Darras BT, Finkel 
RS. Spinal muscular atrophy. Nat Rev Dis Primers. 
2022;8(1):52. 

43. Prior, Thomas W., et al. "Newborn and carrier screening 
for spinal muscular atrophy." American journal of me-
dical genetics Part A 152.7;2010: 1608-1616.

44. Kolb SJ, Kissel JT. Spinal muscular atrophy. Neurol Clin 
2015;33:831-46.

45. Mattis, Virginia B., and Clive N. Svendsen. "Induced 
pluripotent stem cells: a new revolution for clinical 
neurology?." The Lancet Neurology 10.4:2011; 383-394.

46. Saporta, Mario A., Marica Grskovic, and John T. Dimos. 
"Induced pluripotent stem cells in the study of neuro-
logical diseases." Stem cell research & therapy 2;2011: 
1-9.

47. Ebert, Allison D., et al. "Induced pluripotent stem cel-
ls from a spinal muscular atrophy patient." Nature 
457.7227;2009: 277-280.

48. Azzouz M, Le T, Ralph GS, et al. Lentivector-mediated 
SMN replacement in a mouse model of spinal muscular 
atrophy. J Clin Invest. 2004;114(12):1726-1731. 

49. Hanna J, Wernig M, Markoulaki S, et al. Treatment of 
sickle cell anemia mouse model with iPS cells generated 
from autologous skin. Science. 2007;318(5858):1920-
1923. 

50. Tsai LK, Yang CC, Hwu WL, Li H. Valproic acid treat-
ment in six patients with spinal muscular atrophy. Eur J 
Neurol. 2007;14(12):e8-e9. 

51. Ebert AD, Svendsen CN. Stem cell model of spinal mus-
cular atrophy. Arch Neurol. 2010 Jun;67(6):665-9.

52. Campuzano V, Montermini L, Moltò MD, et al. Fried-
reich's ataxia: autosomal recessive disease caused by 
an intronic GAA triplet repeat expansion. Science. 
1996;271(5254):1423-1427. 3

53. Perdomini M, Belbellaa B, Monassier L, et al. Preven-
tion and reversal of severe mitochondrial cardiomyo-
pathy by gene therapy in a mouse model of Friedreich's 
ataxia. Nat Med. 2014;20(5):542-5470

54. Arpa J, Sanz-Gallego I, Rodríguez-de-Rivera FJ, et al. 
Triple therapy with deferiprone, idebenone and ribofla-
vin in Friedreich's ataxia - open-label trial. Acta Neurol 
Scand. 2014;129(1):32-40

55. Skyclarys (omaveloxolone) capsules, for oral use. US 
Food and Drug Administration (FDA) approved pro-
duct information. Revised Feb, 2023. US Food and 
Drug Administration. Available at: https://www.acces-
sdata.fda.gov/drugsatfda_docs/label/2023/216718Ori-
g1s000lbl.pdf (Accessed on March 03, 2023).

56. Salami CO, Jackson K, Jose C, et al. Stress-Induced 
Mouse Model of the Cardiac Manifestations of Friedre-

ich's Ataxia Corrected by AAV-mediated Gene Therapy. 
Hum Gene Ther. 2020;31(15-16):819-827. 3

57. Mazzara PG, Muggeo S, Luoni M, et al. Frataxin gene 
editing rescues Friedreich's ataxia pathology in dorsal 
root ganglia organoid-derived sensory neurons. Nat 
Commun. 2020;11(1):4178.

58. Dupont M, Souriant S, Lugo-Villarino G, Maridonne-
au-Parini I, Vérollet C. Tunneling Nanotubes: Intimate 
Communication between Myeloid Cells. Front Immu-
nol. 2018;9:43.

59. Rocca CJ, Goodman SM, Dulin JN, et al. Transplantati-
on of wild-type mouse hematopoietic stem and progeni-
tor cells ameliorates deficits in a mouse model of Fried-
reich's ataxia. Sci Transl Med. 2017;9(413):eaaj2347. 7

60. Kemp KC, Hares K, Redondo J, et al. Bone marrow 
transplantation stimulates neural repair in Friedreich's 
ataxia mice. Ann Neurol. 2018;83(4):779-793. 

61. Shen X, Beasley S, Putman JN, et al. Efficient electro-
poration of neuronal cells using synthetic oligonucleo-
tides: identifying duplex RNA and antisense oligonuc-
leotide activators of human frataxin expression. RNA. 
2019;25(9):1118-1129. 9

62. Igoillo-Esteve M, Oliveira AF, Cosentino C, et al. Exe-
natide induces frataxin expression and improves mi-
tochondrial function in Friedreich ataxia. JCI Insight. 
2020;5(2):e134221. 

63. Turk BR, Theda C, Fatemi A, Moser AB. X-linked ad-
renoleukodystrophy: Pathology, pathophysiology, diag-
nostic testing, newborn screening and therapies. Int J 
Dev Neurosci. 2020;80(1):52-72. 

64. Aubourg, Patrick, et al. "Reversal of early neurologic 
and neuroradiologic manifestations of X-linked adre-
noleukodystrophy by bone marrow transplantation." 
New England Journal of Medicine 322.26;1990: 1860-
1866.

65. Kühl JS, Suarez F, Gillett GT, et al. Long-term outcomes 
of allogeneic haematopoietic stem cell transplantation 
for adult cerebral X-linked adrenoleukodystrophy. Bra-
in. 2017;140(4):953-966. 

66. Bladowska J, Kulej D, Biel A, et al. The Role of MR Ima-
ging in the Assessment of Clinical Outcomes in Child-
ren with X-Linked Adrenoleukodystrophy after Alloge-
neic Haematopoietic Stem Cell Transplantation. Pol J 
Radiol. 2015;80:181-190. 

67. Cartier N, Hacein-Bey-Abina S, Bartholomae CC, 
et al. Lentiviral hematopoietic cell gene therapy for 
X-linked adrenoleukodystrophy. Methods Enzymol. 
2012;507:187-198. 

68. Baarine M, Khan M, Singh A, Singh I. Functional Cha-
racterization of İPSC-Derived Brain Cells as a Mo-
del for X-Linked Adrenoleukodystrophy. PLoS One. 
2015;10(11):e0143238. 

69. Lee CAA, Seo HS, Armien AG, Bates FS, Tolar J, Azarin 
SM. Modeling and rescue of defective blood-brain bar-
rier function of induced brain microvascular endotheli-
al cells from childhood cerebral adrenoleukodystrophy 
patients. Fluids Barriers CNS. 2018;15(1):9. 

70. Wang XM, Yik WY, Zhang P, et al. The gene expression 
profiles of induced pluripotent stem cells from indivi-



ÇOCUK NÖROLOJISI PRATIĞINDE KÖK HÜCRE MULTIDISIPLINER YAKLAŞIM358

duals with childhood cerebral adrenoleukodystrophy 
are consistent with proposed mechanisms of pathoge-
nesis. Stem Cell Res Ther. 2012;3(5):39. 

71. Scheffer IE, Nabbout R. SCN1A-related phenoty-
pes: Epilepsy and beyond. Epilepsia. 2019;60 Suppl 
3:S17-S24. 

72.  Maljevic S., Reid C.A., Petrou S. Models for Discovery 
of Targeted Therapy in Genetic Epileptic Encephalopat-
hies. J. Neurochem. 2017;143:30–48. 

73. Schutte SS, Schutte RJ, Barragan EV, O'Dowd DK. Model 
systems for studying cellular mechanisms of SCN1A-re-
lated epilepsy. J Neurophysiol. 2016;115(4):1755-1766. 

74. Spampanato J, Kearney JA, de Haan G, et al. A novel 
epilepsy mutation in the sodium channel SCN1A iden-
tifies a cytoplasmic domain for beta subunit interaction. 
J Neurosci. 2004;24(44):10022-10034. 

75. Zayat V, Szlendak R, Hoffman-Zacharska D. Concise 
Review: Stem Cell Models of SCN1A-Related Encep-
halopathies-Current Perspective and Future Therapies. 
Cells. 2022;11(19):3119.

76. Schuster J, Fatima A, Sobol M, Norradin FH, Laan L, 
Dahl N. Generation of three human induced pluripo-
tent stem cell (iPSC) lines from three patients with Dra-
vet syndrome carrying distinct SCN1A gene mutations. 
Stem Cell Res. 2019;39:101523. 

77. Santos DP, Kiskinis E, Eggan K, Merkle FT. Comprehen-
sive Protocols for CRISPR/Cas9-based Gene Editing in 
Human Pluripotent Stem Cells. Curr Protoc Stem Cell 
Biol. 2016;38:5B.6.1-5B.6.60. 

78. Liu Y, Lopez-Santiago LF, Yuan Y, et al. Dravet syndrome 
patient-derived neurons suggest a novel epilepsy mec-
hanism [published correction appears in Ann Neurol. 
2015 Nov;78(5):838]. Ann Neurol. 2013;74(1):128-139. 
7

79. Higurashi N, Uchida T, Lossin C, et al. A human Dravet 
syndrome model from patient induced pluripotent stem 
cells. Mol Brain. 2013;6:19. 

80. Sun Y, Paşca SP, Portmann T, et al. A deleterious Nav1.1 
mutation selectively impairs telencephalic inhibitory 
neurons derived from Dravet Syndrome patients. Elife. 
2016;5:e13073. 

81. Mantegazza M, Broccoli V. SCN1A/NaV 1.1 channelo-
pathies: Mechanisms in expression systems, animal mo-
dels, and human iPSC models. Epilepsia. 2019;60 Suppl 
3:S25-S38. 

82. Butler MG, Hanchett JM, Thompson T. Clinical findin-
gs and natural history of Prader-Willi syndrome. In: 
Management of Prader-willi Syndrome, Butler MG, Lee 
PDK, Whitman BY (Eds), Springer, New York 2006.

83. Yang J, Cai J, Zhang Y, et al. Induced pluripotent 
stem cells can be used to model the genomic imprin-
ting disorder Prader-Willi syndrome. J Biol Chem. 
2010;285(51):40303-40311. 

84. Soeda S, Saito R, Fujita N, Fukuta K, Taniura H. Neuro-
nal differentiation defects in induced pluripotent stem 
cells derived from a Prader-Willi syndrome patient. 
Neurosci Lett. 2019;703:162-167. 

85. Burnett LC, LeDuc CA, Sulsona CR, et al. Induced 
pluripotent stem cells (iPSC) created from skin fibrob-

lasts of patients with Prader-Willi syndrome (PWS) 
retain the molecular signature of PWS. Stem Cell Res. 
2016;17(3):526-530. 

86. Sledziowska M, Winczura K, Jones M, et al. Non-coding 
RNAs associated with Prader-Willi syndrome regulate 
transcription of neurodevelopmental genes in hu-
man induced pluripotent stem cells. Hum Mol Genet. 
2023;32(4):608-620. 

87. Clayton-smith J, Iaan I. Angelman syndrome: a re-
view of the clinical and genetic aspects. J MedGenet. 
2003;40:87-95.

88. Fang P, Lev-Lehman E, TsaiTF, ve ark. Thespectrum 
of mutations in UBE3A causing Angelman syndrome. 
Hum MolGenet 1999; 8: 129 -135. 

89. Margolis SS, Salogiannis J, Lipton DM, et al. EphB-me-
diated degradation of the RhoA GEF Ephexin5 relieves 
a developmental brake on excitatory synapse formation. 
Cell. 2010;143(3):442-455. 

90. Kaphzan H, Buffington SA, Ramaraj AB, et al. Genetic 
reduction of the α1 subunit of Na/K-ATPase corrects 
multiple hippocampal phenotypes in Angelman synd-
rome. Cell Rep. 2013;4(3):405-412. 

91. van Woerden GM, Harris KD, Hojjati MR, et al. Rescue 
of neurological deficits in a mouse model for Angelman 
syndrome by reduction of alphaCaMKII inhibitory 
phosphorylation. Nat Neurosci. 2007;10(3):280-282. 

92. Yum MS, Lee EH, Kim JH, Ko TS, Yoo HW. Implicati-
ons of slow waves and shifting epileptiform discharges 
in Angelman syndrome. Brain Dev. 2013;35(3):245-
251. 

93. Fink JJ, Robinson TM, Germain ND, et al. Disrupted 
neuronal maturation in Angelman syndrome-deri-
ved induced pluripotent stem cells. Nat Commun. 
2017;8:15038. 

94. Niki T, Imamura K, Enami T, Kinoshita M, Inoue H. 
Establishment of human induced pluripotent stem cell 
line from a patient with Angelman syndrome carrying 
the deletion of maternal chromosome 15q11.2-q13. 
Stem Cell Res. 2019;34:101363. 

95. Maranga C, Pereira C, Raposo AC, et al. Generation and 
characterization of induced pluripotent stem cell line 
(IBBISTi004-A) from an Angelman syndrome patient 
carrying a class II deletion of the maternal chromosome 
15q11.2-q13. Stem Cell Res. 2022;61:102757. 

96. Li S, Zhu Q, Cai Y, Yang Q. Generation of an induced 
pluripotent stem cell line from a patient with Angelman 
syndrome carrying UBE3A mutation. Stem Cell Res. 
2022;62:102791. 

97. Axelrod FB. Familial dysautonomia. Muscle Nerve. 
2004;29(3):352-363. 

98. Bernardi L, Hilz M, Stemper B, Passino C, Welsch G, 
Axelrod FB. Respiratory and cerebrovascular responses 
to hypoxia and hypercapnia in familial dysautonomia. 
Am J Respir Crit Care Med. 2003;167(2):141-149. C

99. Kuhlenbäumer G, Young P, Hünermund G, Ringelste-
in B, Stögbauer F. Clinical features and molecular ge-
netics of hereditary peripheral neuropathies. J Neurol. 
2002;249(12):1629-1650. 3

100. Maayan C, Kaplan E, Shachar S, Peleg O, Godfrey S. In-



İndüklenmiş Pluripotent Kök Hücrelerin (İpsc) Çocuk Nöroloji Pratiği İçin Nadir Hastalıklara Modellemesi ve Kök Hücre Tedavisinde Yeni Ufuklar 359

cidence of familial dysautonomia in Israel 1977-1981. 
Clin Genet. 1987;32(2):106-108. 

101. Schwartz JP, Breakefield XO. Altered nerve growth fac-
tor in fibroblasts from patients with familial dysautono-
mia. Proc Natl Acad Sci U S A. 1980;77(2):1154-1158. 

102. Lee G., Chambers S. M., Tomishima M. J., Studer L. 
2010. Derivation of neural crest cells from human plu-
ripotent stem cells. Nat. Protoc. 5, 688–701 10.1038/
nprot.2010.35

103. Dor L, Rabinski T, Zlotnik D, Shilian M, Weil M, Vati-
ne GD. Induced pluripotent stem cell (iPSC) lines from 
two individuals carrying a homozygous (BGUi007-A) 
and a heterozygous (BGUi006-A) mutation in ELP1 for 
in vitro modeling of familial dysautonomia. Stem Cell 
Res. 2021;55:102495. 

104. Lee G, Papapetrou EP, Kim H, et al. Modelling pathoge-
nesis and treatment of familial dysautonomia using pa-
tient-specific iPSCs. Nature. 2009;461(7262):402-406. 

105. Lee G, Studer L. Modelling familial dysautonomia in 
human induced pluripotent stem cells. Philos Trans R 
Soc Lond B Biol Sci. 2011;366(1575):2286-2296. 

106. Rowland LP. How amyotrophic lateral sclerosis got its 
name: the clinical-pathologic genius of Jean-Martin 
Charcot. Arch Neurol 2001; 58:512.

107. Riviere M, Meininger V, Zeisser P, Munsat T. An analy-
sis of extended survival in patients with amyotrophic 
lateral sclerosis treated with riluzole. Arch Neurol 1998; 
55:526.

108.  Rothstein JD. Edaravone: A new drug approved for 
ALS. Cell. 2017;171(4):725. 

109.  Aschenbrenner DS. New Drug Approved For ALS. Am 
J Nurs. 2023;123(1):22-23. 7

110. Miller TM, Cudkowicz ME, Genge A, et al. Trial of An-
tisense Oligonucleotide Tofersen for SOD1 ALS. N Engl 
J Med. 2022;387(12):1099-1110. 

111. Takahashi K, Tanabe K, Ohnuki M, et al. Induction of 
pluripotent stem cells from adult human fibroblasts by 
defined factors. Cell. 2007;131(5):861-872. 

112. Dimos JT, Rodolfa KT, Niakan KK, et al. Induced plu-
ripotent stem cells generated from patients with ALS 
can be differentiated into motor neurons. Science. 
2008;321(5893):1218-1221

113. Du H, Huo Z, Chen Y, et al. Induced Pluripotent Stem 
Cells and Their Applications in Amyotrophic Lateral 
Sclerosis. Cells. 2023;12(6):971. 

114. Ronchi S, Buccino AP, Prack G, et al. Electrophy-
siological Phenotype Characterization of Human 
iPSC-Derived Neuronal Cell Lines by Means of Hi-
gh-Density Microelectrode Arrays. Adv Biol (Weinh). 
2021;5(3):e2000223. 

115. Toma JS, Shettar BC, Chipman PH, et al. Motoneurons 
derived from induced pluripotent stem cells develop 
mature phenotypes typical of endogenous spinal moto-
neurons. J Neurosci. 2015;35(3):1291-1306. 

116. Burkhardt MF, Martinez FJ, Wright S, et al. A cellular 
model for sporadic ALS using patient-derived induced 
pluripotent stem cells. Mol Cell Neurosci. 2013;56:355-
364. 

117. Liu B, Li M, Zhang L, Chen Z, Lu P. Motor neuron rep-

lacement therapy for amyotrophic lateral sclerosis. Neu-
ral Regen Res. 2022;17(8):1633-1639. 

118. DiFiglia M, Sapp E, Chase K, et al. Huntingtin is a cy-
toplasmic protein associated with vesicles in human and 
rat brain neurons. Neuron. 1995;14(5):1075-1081. 

119. Snell RG, MacMillan JC, Cheadle JP, et al. Relations-
hip between trinucleotide repeat expansion and phe-
notypic variation in Huntington's disease. Nat Genet. 
1993;4(4):393-397. 

120. Cha JH. Transcriptional signatures in Huntington's di-
sease. Prog Neurobiol. 2007;83(4):228-248. 

121. An MC, Zhang N, Scott G, et al. Genetic correction of 
Huntington's disease phenotypes in induced pluripo-
tent stem cells. Cell Stem Cell. 2012;11(2):253-263. 

122. Chae JI, Kim DW, Lee N, et al. Quantitative proteo-
mic analysis of induced pluripotent stem cells derived 
from a human Huntington's disease patient. Biochem J. 
2012;446(3):359-371. 

123. Zhang N, An MC, Montoro D, Ellerby LM. Charac-
terization of Human Huntington's Disease Cell Mo-
del from Induced Pluripotent Stem Cells. PLoS Curr. 
2010;2:RRN1193. 

124. HD iPSC Consortium. Induced pluripotent stem cells 
from patients with Huntington's disease show CAG-re-
peat-expansion-associated phenotypes. Cell Stem Cell. 
2012;11(2):264-278. 

125. Bachoud-Lévi AC, Rémy P, Nguyen JP, et al. Motor 
and cognitive improvements in patients with Hun-
tington's disease after neural transplantation. Lancet. 
2000;356(9246):1975-1979. 

126. Liu L, Huang JS, Han C, et al. Induced Pluripotent Stem 
Cells in Huntington's Disease: Disease Modeling and 
the Potential for Cell-Based Therapy. Mol Neurobiol. 
2016;53(10):6698-6708. 

127. Jankovic J, Tolosa E. Parkinson's Disease and Movement 
Disorders. Philadelphia. Lippincott Williams&Wilkins, 
2015.

128. Ferreira M, Massano J. An updated review of Parkin-
son's disease genetics and clinicopathological correlati-
ons. Acta Neurol Scand. 2017;135(3):273-284. 

129. Polymeropoulos MH, Lavedan C, Leroy E, et al. Muta-
tion in the alpha-synuclein gene identified in families 
with Parkinson's disease. Science. 1997;276(5321):2045-
2047. 

130. Soldner F, Laganière J, Cheng AW, et al. Generation of 
isogenic pluripotent stem cells differing exclusively at 
two early onset Parkinson point mutations [published 
correction appears in Cell. 2011 Aug 19;146(4):659]. 
Cell. 2011;146(2):318-331.

131. Nguyen HN, Byers B, Cord B, et al. LRRK2 mutant iPS-
C-derived DA neurons demonstrate increased suscepti-
bility to oxidative stress. Cell Stem Cell. 2011;8(3):267-
280. 

132. Schöndorf DC, Aureli M, McAllister FE, et al. iPS-
C-derived neurons from GBA1-associated Parkinson's 
disease patients show autophagic defects and impaired 
calcium homeostasis. Nat Commun. 2014;5:4028. 

133. Barker RA, Barrett J, Mason SL, Björklund A. Fetal 
dopaminergic transplantation trials and the future of 



ÇOCUK NÖROLOJİSİ PRATİĞİNDE KÖK HÜCRE MULTİDİSİPLİNER YAKLAŞIM360

neural grafting in Parkinson's disease. Lancet Neurol. 
2013;12(1):84-91. 

134. Cyranoski D. Trials of embryonic stem cells to launch in 
China. Nature. 2017;546(7656):15-16. 

135. Kikuchi T, Morizane A, Doi D, et al. Human iPS cell-de-
rived dopaminergic neurons function in a primate Par-
kinson's disease model. Nature. 2017;548(7669):592-
596. 

136. Hallett PJ, Deleidi M, Astradsson A, et al. Success-
ful function of autologous iPSC-derived dopamine 
neurons following transplantation in a non-human 
primate model of Parkinson's disease. Cell Stem Cell. 
2015;16(3):269-274. 

137. First-Of-Its-Kind Clinical Trial Will Use Reprogram-
med Adult Stem Cells to Treat Parkinson’s. [(accessed 
on 21 December 2018)]; Available online: http://www.
sciencemag.org/news/2018/07/first-its-kind-clini-
cal-trial-will-use-reprogrammed-adult-stem-cells-tre-
at-parkinson-s

138. Markowitsch HJ, Staniloiu A. Amnesic disorders. Lan-
cet. 2012;380(9851):1429-1440. 4

139. McKhann GM, Knopman DS, Chertkow H, et al. 
The diagnosis of dementia due to Alzheimer's disea-
se: recommendations from the National Institute on 
Aging-Alzheimer's Association workgroups on diag-
nostic guidelines for Alzheimer's disease. Alzheimers 
Dement. 2011;7(3):263-269. 

140. Han F, Bi J, Qiao L, Arancio O. Stem Cell Therapy for 
Alzheimer's Disease. Adv Exp Med Biol. 2020;1266:39-
55. 

141. Yagi T, Ito D, Okada Y, et al. Modeling familial Alzhei-
mer's disease with induced pluripotent stem cells. Hum 
Mol Genet. 2011;20(23):4530-4539. 

142. Israel MA, Yuan SH, Bardy C, et al. Probing sporadic 
and familial Alzheimer's disease using induced pluripo-
tent stem cells. Nature. 2012;482(7384):216-220. 

143. Kondo T, Asai M, Tsukita K, et al. Modeling Alzheimer's 
disease with iPSCs reveals stress phenotypes associated 
with intracellular Aβ and differential drug responsive-
ness. Cell Stem Cell. 2013;12(4):487-496. 

144. Bertram L, McQueen MB, Mullin K, Blacker D, Tan-
zi RE. Systematic meta-analyses of Alzheimer disease 
genetic association studies: the AlzGene database. Nat 
Genet. 2007;39(1):17-23. 

145. Young JE, Boulanger-Weill J, Williams DA, et al. Elu-
cidating molecular phenotypes caused by the SORL1 
Alzheimer's disease genetic risk factor using hu-
man induced pluripotent stem cells. Cell Stem Cell. 
2015;16(4):373-385. 


