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Figure 5. The interaction and regulatory effect between miR-142-3p and its three target genes. The fig-
ure illustrates the binding of miR-142-3p to its three highlighted target genes (TGFBRI, CLF2, and PICALM).
The expression of these target genes were significantly down-regulated in human iPS-NPCs transfected with
miR-142-3p mimic vs untreated, and in iPS-NPCs transfected with miR-142-3p mimic vs negative control. In
contrast, the expression of these target genes were up-regulated in the hippocampus of miR-142 KO mice vs Wt
littermates. Error bars represent standard deviation (SD). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with
the control group (Wald-test).

DISCUSSION

Despite increasing interest in the biology of non-coding RNAs, relatively few genome-wide
studies have thus far demonstrated associations with human disease. In this study, we per-
formed a genome-wide scan to systematically investigate the association of miRNAs and
IncRNAs with AD by leveraging publicly available GWAS summary statistics’. We found
seven distinct ncRNA loci significantly associated with AD including a newly identified sus-
ceptibility locus on 17q22, in which the ncRNA variant leads the signal and fulfills predefined
criteria for being functional. The locus has not been reported as significant in the original
GWAS, because the p-value of the top SNP in the meta-analysis of phase 1 (AD case/control)
and phase 2 (AD-by-proxy) was above the GWAS threshold’. However, the SNP exceeds the
GWAS threshold in the phase 1 of this GWAS meta-analysis (P-value = 1.42x10”), combining
data from the two large-scale AD case/control consortia, IGAP and PGC-ALZ. In the phase
2, using the AD-by-proxy phenotype from the UK biobank cohort, the association between



rs2632516 and AD is less significant (P-value = 5.0x107), but still in the same direction. The
lower association signal for the 17q22 locus in the UK biobank cohort could be explained by
differences in case ascertainment of AD. In the UK biobank, Alzheimer dementia is ascer-
tained via self-report information from family history (parent or first-degree relative with
AD or dementia) as a proxy-phenotype for the participants*. This method relies on people to
provide accurate information about whether their parents developed AD, for which misclas-
sification of case status is of greater concern than consortia relying upon clinician reported
diagnoses. In addition, a trans-ethnic GWAS, by adding more samples to the IGAP GWAS
data, recently reported the significant association of 17q22 with AD®. In this trans-ethnic
GWAS, however, the leading ncRNA variant in the 17q22 locus was annotated to the closest
protein-coding gene (BZRAPI), and the potential impact of miR-142 has been overlooked. In
contrast a more recent GWAS, investigating the association of rare coding variants with AD,
with an even larger sample size did not find any significant association between rare variants
in BZRAPI gene and AD™. In this line, our results demonstrated that miR-142 is the most
likely functional target in the 17q22 locus implicated in AD pathogenesis.

Genetic variants in miRNA-encoding sequences have been shown previously to affect
miRNAs expression and subsequently influence gene regulation in complex diseases® ™.
Moreover, the functional impact of variants on the promoter activity of miRNAs has been
revealed, most notably for rs57095329 located in miR-146a, by altering the miRNA processing
and expression level®. Here, we demonstrated that rs2526377 affects the promoter activity and
reduces the expression levels of miR-142. Previously, Skarn et al. characterized the miR-142
promoter region and demonstrated that DNA methylation of specific CpG sites in the region
represses the promoter activity and reduces the expression level of miR-142 in mesenchymal
stem cells”. Moreover, an independent study by Mor et al. revealed that hypomethylation
of the CpGs in the miR-142 promoter region increases the miRNA expression level in the
prefrontal cortex of autism patients®. These data may indicate that rs2526377 attenuates the
risk of AD via reducing the miR-142 expression levels in the brain.

MiR-142 is a highly conserved miRNA amongst multiple invertebrate and vertebrate spe-
cies. The role of miR-142 has extensively been studied in the hematopoietic system, lung de-
velopment and cardiac hypertrophy®. Convergent evidence from multiple investigations also
indicates the expression of miR-142 in the brain, suggesting that dysregulation or malfunction
of miR-142 contribute to the pathogenesis of brain disorders. For instance, Junker et al. re-
ported miR-142 among the 10 miRNAs that are more abundant in active multiple sclerosis
(MS) brain lesions than normal white matter, and suggested miR-142 to be involved in the
brain inflammatory and degenerative diseases™. Similarly, Mandolesi et al. observed that miR-
142 is increased in the CSF of patients with active MS*. Moreover, Sorensen et al. performed
miRNA expression profiles in CSF and blood of patients with AD and found a number of
differentially expressed miRNAs, in which miR-142 is one of the significantly up-regulated

miRNAs in AD patients compared to controls™. Two independent studies also revealed that
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the expression of miR-142 is increased by age®*”’. Here, our expression data confirmed that
both mature miR-142-3p and -5p are expressed at relatively high levels in the brain; though,
our RNA-Seq analysis proposed miR-142-3p, which is the guide strand of miR-142, to be
more active on the regulation of its target genes in the brain. Consistent with this notion,
Lau et al. have performed miRNA expression profiling of the hippocampus of a cohort of 41
AD patients and 23 age-matched controls and found miR-142-3p among the 15 significantly
up-regulated miRNAs in the AD group™. Moreover, miR-142-3p has been reported as one of
the eight miRNAs up-regulated in synaptoneurosomes from forebrains and hippocampus of
mice during prion disease™. Together, these data endorse that alterations in the expression
of miR-142 in the brain could confer AD risk, where higher levels of miR-142-3p increase a
person’s risk of developing Alzheimer’s.

Up-regulation of miR-142 in the brain may influence AD risk through different mechanisms.
Gene ontology analysis on the putative target genes of miR-142-3p and -5p has shown enrich-
ment in categories related to synaptic transmission (dopaminergic synapse, neurotrophin
signaling, axon guidance) and signal transduction (TGF-p signaling, MAPK signaling, ErbB

signaling)*"®

.Mandolesi et al. proposed miR-142 to be related to neuro-inflammatory changes
in the brain occurring during MS by regulating the expression of IL-13>. Further, Chaudhuri
et al. suggested the involvement of miR-142 in autoimmune and neuro-inflammation in the
brain, via miR-142-mediated repression of SIRT1 in primary human neurons®. In an inde-
pendent study, Chaudhuri et al. verified that miR-142 indirectly reduces MAOA protein level
via regulating SIRTI expression®. Since MAOA is a neurotransmitter-metabolizing enzyme
and delaminates serotonin, melanin, epinephrine and norepinephrine, they postulated that
miR-142 up-regulation might contribute to change the dopaminergic neurotransmission by
lowering MAOA expression and activity. In this study, we further demonstrated miR-142-3p-
mediated regulation of multiple target genes in the brain that are involved in the pathways
underlying AD. TGFBRI and PICALM, among others, are of particular interest (Figure 6).
TGFBRI has been shown in several studies to be implicated in AD pathogenesis®*®. The
regulation of TGFBRI expression by miR-142-3p has been experimentally confirmed at
mRNA and protein levels in previous studies™®. Our differential expression analysis for all
miR-142-3p target genes demonstrated that TGFBRI was significantly down-regulated in
miR-142-3p overexpressing human iPS-derived NPCs and the top target gene up-regulated
in the hippocampus of miR-142 KO mice. Locating at the intersection of anti-inflammatory,
anti-aging and neuroprotective pathways, TGFBRI makes a promising molecule for mediat-
ing the function of miR-142-3p in AD.

PICALM is ubiquitously expressed in all tissue types with prominent expression in neurons
and is non-selectively distributed in pre- and postsynaptic terminals, where it plays an es-
sential role in the fusion of synaptic vesicles to the presynaptic membrane in neurotransmitter
release”. Several GWA studies have independently confirmed the association of PICALM
with AD***”", Recent studies have also shown that PICALM level is reduced in the AD brain



endothelium and postulated that it can potentially lead to A accumulation in the brain by
hindering LRP1-mediated A transport’”
PICALM in response to the reduced miR-142 expression may decrease AD risk that deserve

These data strongly suggest that derepression of

further and more deep investigation in future experimental work.

Target Genes I
(e.g., TGFBRI & PICALM)
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Figure 6. Rs2526377 in the promoter of miR-142 modulating its expression and conferring risk of AD. The
SNP rs2526377 occurring within the promoter region of miR-142 alters the promoter activity and reduces the
expression level of miR-142. Downregulation of miR-142-3p in the brain results in derepression of multiple
target genes (e.g., TGFBRI and PICALM) that contribute to the pathogenesis of AD.

Conclusions

In this study, we endorse 17q22 as a susceptibility locus for AD and provide evidence demon-
strating that miR-142 is the most likely functional target in the locus involved in AD patho-
genesis. Furthermore, we revealed miR-142-3p-mediated regulation of multiple target genes
in the brain that are implicated in the inflammatory and neurodegenerative manifestations of
AD. These include two well-validated AD-associated genes, TGFBRI and PICALM, of which
their derepression in the brain due to reduced expression levels of miR-142-3p may decrease
risk of AD. Our findings may also suggest the therapeutic potential of miR-142 inhibition for

AD, which warrants further investigations in future.

ABBREVIATIONS

AD, Alzheimer’s disease; GWAS, Genome-wide association studies; SNP, Single-nucleotide
polymorphism; IncRNA, long non-coding RNA; miRNA, microRNA; eQTL, expression
quantitative trait loci; mRNA, messenger RNA; MFE, Minimum free energy; MAF, Minor
allele frequency; LD, Linkage disequilibrium; GFP, green fluorescent protein; MSCV-BC,
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Murine Stem Cell Virus-Bar Coded; TSS, Transcription start site; PCR, Polymerase change
reaction; iPSC, induced pluripotent stem cell; FPKM, Fragments Per Kilobase Million; FDR,
False discovery rate; Wt, wild-type; KO, Knock-out.



REFERENCES

1. Brookmeyer R, Johnson E, Ziegler-Graham K, Arrighi HM. 2007. Forecasting the global burden of
Alzheimer’s disease. Alzheimers Dement 3(3):186-91.

2. Crews L, Masliah E. 2010. Molecular mechanisms of neurodegeneration in Alzheimer’s disease. Hum
Mol Genet 19(R1):R12-20.

3. Hampel H, Frank R, Broich K, Teipel S], Katz RG, Hardy J, Herholz K, Bokde AL, Jessen F, Hoessler YC
and others. 2010. Biomarkers for Alzheimer’s disease: academic, industry and regulatory perspectives.
Nat Rev Drug Discov 9(7):560-74.

4.  Schmechel DE, Saunders AM, Strittmatter W], Crain BJ, Hulette CM, Joo SH, Pericak-Vance MA,
Goldgaber D, Roses AD. 1993. Increased amyloid beta-peptide deposition in cerebral cortex as a
consequence of apolipoprotein E genotype in late-onset Alzheimer disease. Proc Natl Acad Sci U S A
90(20):9649-53.

5.  Ertekin-Taner N. 2007. Genetics of Alzheimer’s disease: a centennial review. Neurol Clin 25(3):611-67,
V.

6. Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA, Berg S, Fiske A, Pedersen NL. 2006.
Role of genes and environments for explaining Alzheimer disease. Arch Gen Psychiatry 63(2):168-74.

7. Jansen IE, Savage JE, Watanabe K, Bryois ], Williams DM, Steinberg S, Sealock J, Karlsson IK, Hagg S,
Athanasiu L and others. 2019. Genome-wide meta-analysis identifies new loci and functional pathways
influencing Alzheimer’s disease risk. Nat Genet 51(3):404-413.

8. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, DeStafano AL, Bis JC,
Beecham GW, Grenier-Boley B and others. 2013. Meta-analysis of 74,046 individuals identifies 11 new
susceptibility loci for Alzheimer’s disease. Nat Genet 45(12):1452-8.

9. Zhou X, Chen Y, Mok KY, Zhao Q, Chen K, Chen Y, Hardy J, Li Y, Fu AKY, Guo Q and others. 2018.
Identification of genetic risk factors in the Chinese population implicates a role of immune system in
Alzheimer’s disease pathogenesis. Proc Natl Acad Sci U S A 115(8):1697-1706.

10.  Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, Oyama R, Ravasi T, Lenhard B, Wells
C and others. 2005. The transcriptional landscape of the mammalian genome. Science 309(5740):1559-
63.

11.  Consortium EP. 2012. An integrated encyclopedia of DNA elements in the human genome. Nature
489(7414):57-74.

12.  Meza-Sosa KF, Valle-Garcia D, Pedraza-Alva G, Perez-Martinez L. 2012. Role of microRNAs in central
nervous system development and pathology. ] Neurosci Res 90(1):1-12.

13.  O'Carroll D, Schaefer A. 2013. General principals of miRNA biogenesis and regulation in the brain.
Neuropsychopharmacology 38(1):39-54.

14.  MalL, Bajic VB, Zhang Z. 2013. On the classification of long non-coding RNAs. RNA Biol 10(6):925-33.

15.  RinnJL, Chang HY. 2012. Genome regulation by long noncoding RNAs. Annu Rev Biochem 81:145-66.

16. Modarresi E, Faghihi MA, Patel NS, Sahagan BG, Wahlestedt C, Lopez-Toledano MA. 2011. Knock-
down of BACEI-AS Nonprotein-Coding Transcript Modulates Beta-Amyloid-Related Hippocampal
Neurogenesis. Int ] Alzheimers Dis 2011:929042.

17.  Mus E, Hof PR, Tiedge H. 2007. Dendritic BC200 RNA in aging and in Alzheimer’s disease. Proc Natl
Acad Sci U S A 104(25):10679-84.

18.  GongJ, Wu Y, Zhang X, Liao Y, Sibanda VL, Liu W, Guo AY. 2014. Comprehensive analysis of human

small RNA sequencing data provides insights into expression profiles and miRNA editing. RNA Biol
11(11):1375-85.

135



136

Chapter 6

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Saini HK, Griffiths-Jones S, Enright AJ. 2007. Genomic analysis of human microRNA transcripts. Proc
Natl Acad Sci U S A 104(45):17719-24.

Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, Boehnke M, Abecasis GR, Willer
CJ. 2010. LocusZoom: regional visualization of genome-wide association scan results. Bioinformatics
26(18):2336-7.

Ward LD, Kellis M. 2016. HaploReg v4: systematic mining of putative causal variants, cell types, regula-
tors and target genes for human complex traits and disease. Nucleic Acids Res 44(D1):D877-81.
Romanoski CE, Glass CK, Stunnenberg HG, Wilson L, Almouzni G. 2015. Epigenomics: Roadmap for
regulation. Nature 518(7539):314-6.

Bonder MJ, Luijk R, Zhernakova DV, Moed M, Deelen P, Vermaat M, van Iterson M, van Dijk E van
Galen M, Bot J and others. 2017. Disease variants alter transcription factor levels and methylation of
their binding sites. Nat Genet 49(1):131-138.

Lorenz R, Bernhart SH, Honer Zu Siederdissen C, Tafer H, Flamm C, Stadler PE, Hofacker IL. 2011.
ViennaRNA Package 2.0. Algorithms Mol Biol 6:26.

Agarwal V, Bell GW, Nam JW, Bartel DP. 2015. Predicting effective microRNA target sites in mam-
malian mRNAs. Elife 4.

Wang X, El Naga IM. 2008. Prediction of both conserved and nonconserved microRNA targets in
animals. Bioinformatics 24(3):325-32.

Paraskevopoulou MD, Georgakilas G, Kostoulas N, Vlachos IS, Vergoulis T, Reczko M, Filippidis
C, Dalamagas T, Hatzigeorgiou AG. 2013. DIANA-microT web server v5.0: service integration into
miRNA functional analysis workflows. Nucleic Acids Res 41(Web Server issue):W169-73.

Kawamoto S, Yoshii J, Mizuno K, Ito K, Miyamoto Y, Ohnishi T, Matoba R, Hori N, Matsumoto Y,
Okumura T and others. 2000. BodyMap: a collection of 3’ ESTs for analysis of human gene expression
information. Genome Res 10(11):1817-27.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, Pomeroy SL,
Golub TR, Lander ES and others. 2005. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102(43):15545-50.

Shi Y, Kirwan P, Livesey FJ. 2012. Directed differentiation of human pluripotent stem cells to cerebral
cortex neurons and neural networks. Nat Protoc 7(10):1836-46.

Shrestha A, Carraro G, El Agha E, Mukhametshina R, Chao CM, Rizvanov A, Barreto G, Bellusci S.
2015. Generation and Validation of miR-142 Knock Out Mice. PLoS One 10(9):e0136913.

Kim D, Langmead B, Salzberg SL. 2015. HISAT: a fast spliced aligner with low memory requirements.
Nat Methods 12(4):357-60.

Anders S, Pyl PT, Huber W. 2015. HTSeq--a Python framework to work with high-throughput se-
quencing data. Bioinformatics 31(2):166-9.

Cuypers B, Domagalska MA, Meysman P, Muylder G, Vanaerschot M, Imamura H, Dumetz F,
Verdonckt TW, Myler PJ, Ramasamy G and others. 2017. Multiplexed Spliced-Leader Sequencing: A
high-throughput, selective method for RNA-seq in Trypanosomatids. Sci Rep 7(1):3725.

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol 15(12):550.

Tian Y, Liao IH, Zhan X, Gunther JR, Ander BP, Liu D, Lit L, Jickling GC, Corbett BA, Bos-Veneman
NG and others. 2011. Exon expression and alternatively spliced genes in Tourette Syndrome. Am ] Med
Genet B Neuropsychiatr Genet 156B(1):72-8.

Ghanbari M, Peters M], de Vries PS, Boer CG, van Rooij JGJ, Lee YC, Kumar V, Uitterlinden AG, Tkram
MA, Wijmenga C and others. 2018. A systematic analysis highlights multiple long non-coding RNAs
associated with cardiometabolic disorders. ] Hum Genet 63(4):431-446.



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ryan BM, Robles AL, Harris CC. 2010. Genetic variation in microRNA networks: the implications for
cancer research. Nat Rev Cancer 10(6):389-402.

Skarn M, Baroy T, Stratford EW, Myklebost O. 2013. Epigenetic regulation and functional characteriza-
tion of microRNA-142 in mesenchymal cells. PLoS One 8(11):¢79231.

Davies G, Lam M, Harris SE, Trampush JW, Luciano M, Hill WD, Hagenaars SP, Ritchie SJ, Marioni RE,
Fawns-Ritchie C and others. 2018. Study of 300,486 individuals identifies 148 independent genetic loci
influencing general cognitive function. Nat Commun 9(1):2098.

Okbay A, Beauchamp JP, Fontana MA, Lee J], Pers TH, Rietveld CA, Turley P, Chen GB, Emilsson
V, Meddens SF and others. 2016. Genome-wide association study identifies 74 loci associated with
educational attainment. Nature 533(7604):539-42.

Schwickert A, Weghake E, Bruggemann K, Engbers A, Brinkmann BE, Kemper B, Seggewiss ], Stock C,
Ebnet K, Kiesel L and others. 2015. microRNA miR-142-3p Inhibits Breast Cancer Cell Invasiveness by
Synchronous Targeting of WASL, Integrin Alpha V, and Additional Cytoskeletal Elements. PLoS One
10(12):0143993.

Yang X, Dan X, Men R, Ma L, Wen M, Peng Y, Yang L. 2017. MiR-142-3p blocks TGF-beta-induced
activation of hepatic stellate cells through targeting TGFbetaRI. Life Sci 187:22-30.

Marioni RE, Harris SE, Zhang Q, McRae AF, Hagenaars SP, Hill WD, Davies G, Ritchie CW, Gale CR,
Starr JM and others. 2018. GWAS on family history of Alzheimer’s disease. Transl Psychiatry 8(1):99.
Jun GR, Chung ], Mez ], Barber R, Beecham GW, Bennett DA, Buxbaum JD, Byrd GS, Carrasquillo MM,
Crane PK and others. 2017. Transethnic genome-wide scan identifies novel Alzheimer’s disease loci.
Alzheimers Dement 13(7):727-738.

Sims R, van der Lee SJ, Naj AC, Bellenguez C, Badarinarayan N, Jakobsdottir ], Kunkle BW, Boland
A, Raybould R, Bis JC and others. 2017. Rare coding variants in PLCG2, ABI3, and TREM2 implicate
microglial-mediated innate immunity in Alzheimer’s disease. Nat Genet 49(9):1373-1384.

Dorn GW, 2nd, Matkovich SJ, Eschenbacher WH, Zhang Y. 2012. A human 3’ miR-499 mutation alters
cardiac mRNA targeting and function. Circ Res 110(7):958-67.

Ghanbari M, Darweesh SK, de Looper HW, van Luijn MM, Hofman A, Tkram MA, Franco OH, Erke-
land SJ, Dehghan A. 2015. Genetic Variants in MicroRNAs and their Binding Sites are Associated with
the Risk of Parkinson Disease. Hum Mutat 37(3):292-300.

Ghanbari M, de Vries PS, de Looper H, Peters MJ, Schurmann C, Yaghootkar H, Dorr M, Frayling TM,
Uitterlinden AG, Hofman A and others. 2014. A genetic variant in the seed region of miR-4513 shows
pleiotropic effects on lipid and glucose homeostasis, blood pressure, and coronary artery disease. Hum
Mutat 35(12):1524-31.

Luo X, Yang W, Ye DQ, Cui H, Zhang Y, Hirankarn N, Qian X, Tang Y, Lau YL, de Vries N and others.
2011. A functional variant in microRNA-146a promoter modulates its expression and confers disease
risk for systemic lupus erythematosus. PLoS Genet 7(6):e1002128.

Mor M, Nardone S, Sams DS, Elliott E. 2015. Hypomethylation of miR-142 promoter and upregulation
of microRNAs that target the oxytocin receptor gene in the autism prefrontal cortex. Mol Autism 6:46.
Shrestha A, Mukhametshina RT, Taghizadeh S, Vasquez-Pacheco E, Cabrera-Fuentes H, Rizvanov
A, Mari B, Carraro G, Bellusci S. 2016. MicroRNA-142 is a multifaceted regulator in organogenesis,
homeostasis, and disease. Dev Dyn 246(4):285-290.

Junker A, Krumbholz M, Eisele S, Mohan H, Augstein F, Bittner R, Lassmann H, Wekerle H, Hohlfeld
R, Meinl E. 2009. MicroRNA profiling of multiple sclerosis lesions identifies modulators of the regula-
tory protein CD47. Brain 132(Pt 12):3342-52.

137



138

Chapter 6

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Mandolesi G, De Vito E Musella A, Gentile A, Bullitta S, Fresegna D, Sepman H, Di Sanza C, Haji
N, Mori F and others. 2017. miR-142-3p Is a Key Regulator of IL-1beta-Dependent Synaptopathy in
Neuroinflammation. ] Neurosci 37(3):546-561.

Sorensen SS, Nygaard AB, Christensen T. 2016. miRNA expression profiles in cerebrospinal fluid and
blood of patients with Alzheimer’s disease and other types of dementia - an exploratory study. Transl
Neurodegener 5:6.

Huan T, Chen G, Liu C, Bhattacharya A, Rong J, Chen BH, Seshadri S, Tanriverdi K, Freedman JE,
Larson MG and others. 2018. Age-associated microRNA expression in human peripheral blood is as-
sociated with all-cause mortality and age-related traits. Aging Cell 17(1).

Zhang X, Azhar G, Wei JY. 2012. The expression of microRNA and microRNA clusters in the aging
heart. PLoS One 7(4):e34688.

Lau P, Bossers K, Janky R, Salta E, Frigerio CS, Barbash S, Rothman R, Sierksma AS, Thathiah A, Green-
berg D and others. 2013. Alteration of the microRNA network during the progression of Alzheimer’s
disease. EMBO Mol Med 5(10):1613-34.

Boese AS, Saba R, Campbell K, Majer A, Medina S, Burton L, Booth TFE, Chong P, Westmacott G, Dutta
SM and others. 2016. MicroRNA abundance is altered in synaptoneurosomes during prion disease. Mol
Cell Neurosci 71:13-24.

Shrestha A, Mukhametshina RT, Taghizadeh S, Vasquez-Pacheco E, Cabrera-Fuentes H, Rizvanov
A, Mari B, Carraro G, Bellusci S. 2017. MicroRNA-142 is a multifaceted regulator in organogenesis,
homeostasis, and disease. Dev Dyn 246(4):285-290.

Chaudhuri AD, Yelamanchili SV, Marcondes MC, Fox HS. 2013b. Up-regulation of microRNA-142 in
simian immunodeficiency virus encephalitis leads to repression of sirtuinl. FASEB ] 27(9):3720-9.
Chaudhuri AD, Yelamanchili SV, Fox HS. 2013a. MicroRNA-142 reduces monoamine oxidase A
expression and activity in neuronal cells by downregulating SIRT1. PLoS One 8(11):e79579.

Caraci E, Spampinato S, Sortino MA, Bosco P, Battaglia G, Bruno V, Drago E Nicoletti F, Copani A.
2012. Dysfunction of TGF-betal signaling in Alzheimer’s disease: perspectives for neuroprotection.
Cell Tissue Res 347(1):291-301.

Chen JH, Ke KE Lu JH, Qiu YH, Peng YP. 2015. Protection of TGF-betal against neuroinflammation and
neurodegeneration in Abetal-42-induced Alzheimer’s disease model rats. PLoS One 10(2):e0116549.
Flanders KC, Lippa CE Smith TW, Pollen DA, Sporn MB. 1995. Altered expression of transforming
growth factor-beta in Alzheimer’s disease. Neurology 45(8):1561-9.

Lippa CFE, Flanders KC, Kim ES, Croul S. 1998. TGF-beta receptors-I and -II immunoexpression in
Alzheimer’s disease: a comparison with aging and progressive supranuclear palsy. Neurobiol Aging
19(6):527-33.

Tesseur I, Zou K, Esposito L, Bard E, Berber E, Can JV, Lin AH, Crews L, Tremblay P, Mathews P and
others. 2006. Deficiency in neuronal TGF-beta signaling promotes neurodegeneration and Alzheimer’s
pathology. J Clin Invest 116(11):3060-9.

Wyss-Coray T, Yan E Lin AH, Lambris JD, Alexander JJ, Quigg RJ, Masliah E. 2002. Prominent neu-
rodegeneration and increased plaque formation in complement-inhibited Alzheimer’s mice. Proc Natl
Acad Sci U S A 99(16):10837-42.

Talebi E, Ghorbani S, Chan WE Boghozian R, Masoumi F, Ghasemi S, Vojgani M, Power C, Noor-
bakhsh F. 2017. MicroRNA-142 regulates inflammation and T cell differentiation in an animal model of
multiple sclerosis. ] Neuroinflammation 14(1):55.

Ando K, Brion JP, Stygelbout V, Suain V, Authelet M, Dedecker R, Chanut A, Lacor P, Lavaur J, Sazdo-
vitch V and others. 2013. Clathrin adaptor CALM/PICALM is associated with neurofibrillary tangles
and is cleaved in Alzheimer’s brains. Acta Neuropathol 125(6):861-78.



71.

72.

73.

Naj AC, Jun G, Reitz C, Kunkle BW, Perry W, Park YS, Beecham GW, Rajbhandary RA, Hamilton-
Nelson KL, Wang LS and others. 2014. Effects of multiple genetic loci on age at onset in late-onset
Alzheimer disease: a genome-wide association study. JAMA Neurol 71(11):1394-404.

Parikh I, Fardo DW, Estus S. 2014. Genetics of PICALM expression and Alzheimer’s disease. PLoS One
9(3):€91242.

Zhao Z, Sagare AP, Ma Q, Halliday MR, Kong P, Kisler K, Winkler EA, Ramanathan A, Kanekiyo T,
Bu G and others. 2015. Central role for PICALM in amyloid-beta blood-brain barrier transcytosis and
clearance. Nat Neurosci 18(7):978-87.

139



140

Chapter 6

SUPPLEMENTARY DATA
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Chapter 7

General discussion







This thesis set out to test the functionality of human iPS technology for human brain disease
modeling. In the preceding chapters I reported on several studies where we successfully used
iPS technology to answer questions on human molecular and cellular neurobiological func-
tioning. We established a simplified protocol for obtaining mature neuronal networks and
revealed on transcriptional regulation of human BDNF and sublocalization of human UBE3A.
We reported that the reprogramming procedure leads to silencing of the FMRI gene even in a
healthy individual without concomitant methylation of the full mutation. Lastly, we identified
a functional variant associated with lower risk for AD.

Nonetheless, since the emergence of iPS technology several features of its use have come to
light that require proper attention. The largest and most disturbing discovery is that not all
pluripotent stem cells are equal in their capacity to differentiate into desired cell types in vitro.
Numerous studies now point towards variation at the genetic and epigenetic level between
clones that result in functional variability between cell lines and heterogeneity between clones.

Below I discuss the sources of this variability and how we have combatted these in our studies.

DONOR CELL-INDUCED GENETIC VARIABILITY

The first introduction of genetic variability arises with the choice of donor cell from which
an iPS line is generated. Nowadays, many different cell types have proven suitable as donor
cell. In the initial publication on reprogramming by Takahashi et al. dermal fibroblasts and
fibroblast-like synoviocytes were used'. Ever since other groups confirmed that also blood
erythroblasts, hair keratinonocytes™, cells from tubular networks from the ureters, bladder
and urethra disposed in urine®’, and dental pulp cells’® are converted to iPS by the Yamanaka
factors Oct4, Sox2, Klf4, c-Myc. Also cells derived from lesser accessible tissues proved suf-
ficient such as neural stem cells, hematopoietic stem cells and liver cells’. Although all of these
cells are originally formed from different germ layers and their conversion towards a pluripo-
tent state is possible, increasing reports document that the efficiency differs as a function of
the donor cell source”®. This may depend on endogenous expression of the Yamanaka factors
themselves’. Regardless, there seem to be no limitations depending on sex, ethnic group,
disease condition, or interestingly age. This latter point however may require extra attention.
As individuals age, their DNA accumulates mutations either induced by the environment or

10,11 .
. These somatic

because of mistakes in the DNA proofreading process during cell division
mutations not necessarily turn into harmful tissue for the individual, yet this phenomenon
in iPS-based studies may pose a problem: the starting donor cell culture may be genetically
heterogeneous. Several groups indeed confirm this'*™'*. Albeit a small population of cells,
there are unique mutations not present in the culture as whole. Next to inherent heterogeneity
of the used tissue, a mutational load for cell divisions (approximately 0.02 per cell division'?)

also applies. While the contribution of variability to the culture is small, the subsequent step
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in iPS line generation requires reprogramming and colony picking. Here individual cells form
individual colonies and initial neglectable variety runs the risks of being established within
a cell line. Interestingly also, several studies suggest that somatic mosaicism, the presence of
multiple cell clones with different genotypes in the same individual, is common in normal

development'*'®

. This poses a dilemma on modeling. What is the reference genome or are the
reference genomes? What is the contribution of each? Are somatic mutation facilitating the
phenotype in an individual or are they non-functional?

In our studies we have tried to deal with donor cell variability is several ways. Firstly, our
iPS lines were derived from skin fibroblasts, where our oldest donor was 57 years old and our
youngest donor 3 years old. We made use of skin fibroblasts because of their large source and
ease for culturing. This would keep the culture-induced mutation rate as low as possible.

Ideally, we would use younger cells, such as hematopoetic stem cells which are rare in pe-
ripheral blood, but rich in bone marrow, umbilical cord blood and placenta'’. Moreover, these
last two have multi-lineage differentiation potential and a low mutational load. However in
practice this may pose a problem. Such cells are not commonly stored. Since a large group of
psychiatric disorders and degenerative disorders present themselves only decades after birth,
a large source of donor cells may be the next best option in line for modeling them with iPS.
Next to fibroblasts, another convenient source of cells are urine-derive donor cells**. Also no
medical assistance is necessary to obtain them. However little is known about this derived
source. Peripheral blood also represents itself as a rich source, yet it contains erasable im-
munogenic marks, and may contain infections”®, Overall, conscious decisions should be made
with respect to donor cell type, and quality control checks for spotting heterogeneity in donor

cell population may be of help.

REPROGRAMMING-INDUCED GENETIC VARIABILITY

Apart from variability induced by the donor cell population, several groups have reported on
additional mutations and genomic alterations after reprogramming. Gore et al. indicated that
in 22 tested iPS line an average of 6 exomic mutations per line was gained. It is unclear though
at which passage number the lines were tested. Interestingly, Ji et al. indicate an average of 12
mutations per iPS cell line at passage 6'. Their study focused on the derivation of 5 individual
iPS lines from one fibroblast source. Additionally, large chromosomal aberrations were also
found in derived iPS lines. Several groups report on abnormal chromosomal aneuploidy
(multiple copies of the same chromosome), chromosomal trisomies'*'*, copy-number variants
(CNV)'**, and deletions and duplications'**’. Taapken et al.*' reported that of 552 cultures of
219 iPS lines, 12,5% of the cultures have an abnormal karyotype. This indicates that significant

genomic aberrations emerge during reprogramming, colony picking, and expansion.



The genes affected by these mutations were not random. Many of the mutations were found
in genes related to cancer'’, and culturing specifically selected for them'. These mutations
may give the cells a growth advantage. CN'V's were also found in genes with established roles
in cancer'. Most chromosomal aberration were detected on chromosome 12 and 17 which
carry genes benefitting embryonic tumors and stem cell adaptation'. Similarly, Hussein et al.
ascertained that compared to 6596 common CNVs found in 270 healthy individuals, 37% of
the found CNVs were novel but enriched in maintaining an undifferentiated state, or associ-
ated with human ES differentiation and maintenance'. They also indicated that deletions were
commonly found in common fragile sites in the genome and subtelomeric regions. Although
others could not confirm that'®. On a karyotype level trisomy 12 was the predominant abnor-
mality in 31,9% of the hundreds of iPS lines tested. However 42% of the located chromosomal
abnormalities were nonrecurrent between lines.

Testing for mutations in the gene however only represents the genomic status in that mo-
ment, as mutations seem to be acquired and lost with passaging. In a small study Ji et al.
indicated that at passage 12, 2 of the 5 tested iPS lines had lost 2, and 1 point mutations,
and two iPS lines had gained 1, and 3 point mutations". In another study an increase of 4
mutations from passage 9 to passage 40 was found'”. A rough estimation therefore is approxi-
mately 1 mutation per 10 passages. However both studies examined mutational burden in the
exome. Additional mutations may have been incorporated in the non-coding genome as well.
Apart from the exome, the DNA also holds regulatory sequences, the proper functioning of
which ensures adequate transcriptional regulation of the cell’**. Therefore, the amount and
effect of acquired mutations may in fact be higher. Long-term culture also increases genomic
abnormalities, where aneuploidy is rare in low passage iPS, but increase at later passages™. For
example in one iPS line (hiPSC 18)***° Marshay et al. measured a normal karyotype at passage
45, passage 58 presented a mosaic cell line with normal cells and trisomic cells containing
three copies of chromosome 12. However at passage 63 the line had acquired a full trisomy of
chromosome 12. Deletions were mostly found in early passages (passage 5-8), and duplica-
tions in later passages (passage 25-34)*. Some early deletions actually receded, indicating
that they are positively selected for during reprogramming, but negatively selected for during
passaging. With regard to CNVs Hussein et al. found that they were negatively correlated
with passage numbers". This indicated that with passaging CNV's were selected against, and
their number and length decreased over passaging time. Over time, therefore, cultures were
mosaic. Others however did not find an association between CNVs and passage number'®.

To ensure that our iPS lines did not carry genetic abnormalities we checked their karyotype
between p5-p10 after colony picking and every 10 passages. We kept our lines in culture for
the least amount of time necessary. Lines with aberrant karyotypes were not used for sub-
sequent studies. Yet we did not perform exome or whole-genome sequencing at any of the
passages. A major challenge we encountered was that individual clones are selected not only

in the reprogramming procedure, but also in iPS maintenance. Culture of any given line in
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routine-practice therefore is highly branched. A way to combat this disadvantage is to work
with highly efficient reprogramming strategies, and iPS maintenance protocols that are robust
and standardized such that colony picking is prevented as much as possible. Next to this, an
administrative system to keep close track of genetically surveyed lines, and their pedigree
relationship between cryopreserved stocks, live cultures and cells from which data is derived

may greatly benefit detecting any genetic abnormalities that may obscure experimental data.

REPROGRAMING-INDUCED EPIGENETIC VARIABILITY

Next to genetic variability, also epigenetic variability occurs in cell culture. In essence cel-
lular reprogramming as is done by the Yamanaka factors, results in the repression of genes
responsible for differentiation and activation of genes responsible for reprogramming. Here
epigenetic marks are responsible for the gene-specific expression.

Different types of epigenetic marks exist. They are divided in two major classes”: DNA
methylation and histone modifications. DNA methylation is a biochemical process where a
methyl group (CH3) is covalently bound to the cytosine in the DNA. Through this modi-
fication access to the DNA is hampered. Also methyl-CG-binding domain proteins can be
recruited. They remodel histones and form compact, inactive chromatin so-called heterochro-
matin. Regularly high repeats of CG’s are found near gene promoters and transcriptional start
sites. These are called CG-islands. These islands are targets for methylation. Methylation of
CG-islands generally leads to inhibition of transcriptional activity of genes in their vicinity,
whereas unmethylated CG-islands allow activation.

For most genetic locations DNA methylation is identical on both alleles. However, at
imprinted genes and X-chromosomes though, only a single allele is methylated normally.
This results in silencing and parental-specific expression of this gene. At this point about
60 human genes are known to be imprinted®®. There are imprints that are established in the
germline, whereas others are derived in somatic cells during early embryonic development.
Imprinting defects are amongst others associated with neurodevelopmental diseases such as
Silver-Russell, Beckwith-Wiedermann, Prader-Willi syndromes and Angelman Syndrome”.

The second class of epigenetic marks is histone modification. Histones are proteins around
which the DNA winds itself. Wound up DNA together with the histone is called a nucleo-
some. Histones can also undergo covalent modifications such as acetylation, phosphorylation,
methylation, SUMOylation, and ubiquitination™.

A another class of epigenetic-related processes is covered by regulation through noncoding
RNA expression”. It has become evident that noncoding RNAs are involved in controlling
several epigenomic phenomena. One example is the dosage compensation mechanism of the
X-chromosome through the long non-coding RNA, XIST (X-inactive specific transcript).

This mechanism ensures X-chromosome inactivation (XCI). However noncoding RNAs are



also involved with silencing genes and repetitive DNA sequences by post-transcriptional and
transcriptional RNA interference-related pathways through microRNAs and siRNAs.

Cellular reprogramming requires the substitution of the donor cell epigenetic marks, which
normally are stably inherited through subsequent divisions, with that of the epigenetic marks
specific to iPS cells”. Subsequent modeling of human brain cells then obliges remodeling
of the iPS epigenetic landscape to that of the desired brain cell. This however turns out not
to be straightforward. In the original study by Takahashi et al. iPS were promoted for their
comparison to ES cells with respect to morphology, proliferation, gene expression and differ-
entiation potential'. However, at the epigenetic level iPS and ES cells share some differences.
For example, when DNA methylation patterns in iPS cells are compared to those in ES cells,
differentially methylated regions (DMR) in genes are detected” . Similarly, at several genes
methylation patterns are found in iPS that are specific to the donor cell, but are not found in
ES cells. This epigenetic memory phenomenon can either be labeled as aberrant or incomplete
reprogramming, or as an iPS-specific epigenetic signature. Lister et al. indicated that 51-56%
of 3507 DMRs in CG islands found between iPS on the one hand and donor cells or ES cells
on the other hand, were specific to the iPS cells only. Sixty-nine percent of these DMRs were
present in at least two iPS lines, and 16% of the DMRs were found in 5 iPS lines. These may
represent iPS-specific epigenetic signatures. These iPS-specific signature marks were spread
over the genome so they did not specifically disrupt certain processes. In these 5 lines 92%
of the DMRs turned out to be hypomethylated compared to the donor cell, indicating that it
mostly was methylation that was not properly reset.

Ohi et al. found a similar trend. They differentiated hepatocytes, newborn foreskin fibro-
blasts, and adult melanocytes to iPSs. In low passage iPS cells (below 20) they found that genes
that were expressed at high levels in donor cells, were repressed in iPS, yet their expression
remained higher than in ES cells. The same applied for poorly expressed genes in donor cells:
they were more highly expressed in iPS, but not as high as in ES cells. Next to this they found
that DMRs were not dependent on any of the donor cell type. However, they did find a non-
random pattern of incompletely silenced genes. These genes tended to be physically isolated
from other genes that did undergo silencing. This could indicate that the silencing machinery
or DNA methyltransferases may be inefficient or delayed at certain donor genes.

Also, when iPS were differentiated to trophoblast lineage cells, hundreds of DMRs were
found between ES cells and ES-derived tryphoblasts®. The differences were attributed to donor
cell DMRs, and iPS-specific DMRs. This indicated that aberrant methylation is maintained in
differentiated lineages. Bar-Nur et al. reprogrammed pancreatic islet beta cells towards iPS,
and found that pluripotency genes indeed were active, however donor cell genes were more
methylated™. Also, hypomethylated genes in the islet cells were still hypomethylated in the iPS
line, while normally methylated in lines derived from fibroblasts, or in ES cells. Next to this 29

mega-regions of dissimilar methylation were found in genomes®'. Half of them were greater
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than 1 MB, the largest was 4.8 MB. Many of these regions were found in close proximity to
centromeres and telomeres.

Nazor et al. also found aberrant methylation in differentiated cell types”. They studied
methylation in several female iPS lines, and discovered that numerous had partial or low
methylation of X-chromosomes. This coincided with XIST expression, where a higher expres-
sion of the non-coding RNA XIST that mediates silencing, was related to higher methylation
levels on the X-chromosome. This difference was found even though all clones were passaged
and managed in the same way. Also, where the majority of lines in early passages showed XCI
and XIST expression, at late passages they showed loss of XCI and XIST expression. Similar

patterns were observed by Mekhoubad et al.*®

This loss of imprinting resulted in biallelic
expression of the X-chromosomes. When these cells were differentiated to the NPC and OPC
lineages, these partial methylation patterns persisted. Apart from epigenetic changes that are
established during reprogramming and passed through to differentiated lineages, epigenetic
changes thus also occur during passaging over time.

We did not perform assays on DNA methylation patterns in our derived iPS or differenti-
ated neural cells. However we did experience the epigenetic altering effect of reprogramming
in our studies. In chapter 5 we worked with fibroblasts from a healthy individual who carries
a full mutation of the FMRI gene. Where a full mutation normally induces silencing of the
gene by DNA methylation of the FMRI promoter and additional histone modifications, this
individual carried unmethylated FMRI alleles in fibroblasts and showed FMRI expression.
To study the effects of epigenetic silencing of FMRI in fragile X syndrome we reprogrammed
these fibroblasts into iPS lines. However in the iPS state, the FMRI promoter of this healthy
individual was methylated. This illustrates an example of the effect of reprogramming on the
epigenome that render iPS unusable for modeling. Since in this case the epigenetic silencing
process was our area of focus, this discrepancy in methylation status came to our attention.
However, certain epigenetic marks may play subtle roles in disease modeling, and where the
involved marks are even unknown, these as of yet unpredictable differential epigenetic marks
may cause variability and faulty results.

One of the limitations of our study is that we did not evaluate the methylation pattern of the
PWS-IC of the cells used for our UBE3A localization experiments (Chapter 4). A methylated
PWS-IC inhibits expression of UBE3A-ATS. This long non-coding RNA silences expression
of the UBE3A gene. The UBE3A-ATS is exclusively expressed in neurons. As such, in neurons
derived from iPS with unmethylated PWS-ICs no UBE3A expression would be observed.
Nonetheless, we observed UBE3A expression in NPCs derived from iPS generated from
fibroblasts from an AS patient and in NPCs and neurons of a healthy control. Therefore we
assume that the PWS-IC must have been methylated. However, we are not able to ascertain
that UBE3A expression in neurons from the healthy control was not due to two active UBE3A
alleles. Nonetheless, several studies reported on fibroblast-derived iPS lines where the PWS-

d37—39

IC centers in different iPS lines was methylate , confirming the use of iPS for studying



UBE3A expression. However a recent study found differential methylation of PWS-IC and
subsequent aberrant expression of the closely located SNRPN gene, pointing towards the

necessity to thoroughly check methylation status in genes under investigation®.

INHERENT GENETIC VARIABILITY

Several researchers have established acquired genetic and epigenetic variability not to be the
biggest source of in vitro variation*’*. Inherent genetic variation between individuals seems
to play a much larger part. Burrows et al. collected blood and fibroblasts for iPS reprogram-
ming from two males, and two female individuals. Deriving multiple lines from each donor
cell source allowed them to compare cell-type of origin, epigenetic memory, and their intra-
and inter-individual components to variability. Their gene expression and DNA methylation
data showed that the contribution of cell type of origin to variation in gene expression and
methylation data was very small. There was an epigenetic memory of the donor cells in the
iPS lines, but this contributed only marginally to variation. This was also confirmed by oth-
ers”. Burrows et al. concluded that only a handful of differentially methylated sites influenced
regulatory variation but that genetic background captured a much greater proportion of the
variation seen in gene expression and methylation assays.

This fact was also supported by Kyttilla et al."” who showed that only 7-25% of the DMRs
resemble those from the donor cell. On average 70% of these DMRs are equal to those found
in ES cells. They find that the majority of variance found in gene expression and methylation
assays is dependent on genetic background. The genes differentially expressed between donors
were mostly those encoding transcriptional factors related to maintenance and differentiation
of iPS. Also, when iPS were differentiated they found that the differences in gene expression in
iPS were reflected in the gene expression in differentiated cells types as well.

Subsequent studies were able to more concretely define genetic variability to the outcomes
of measured in vitro variance'. In a comparative study using hundreds of lines from 301
individuals, Kilpiken et al. calculated that 21.4-45.8% of variance measured in immuno-
cytochemical stainings, and 7.8%-22.8% of variance measured in cellular morphology is
attributable to genetic variability between individuals. In a gene expression assay were 25.434
probes were tested, variation of 46.4% of the probes was explained by gene variability. CNVs,
culture conditions, passage numbers or gender explained 23.4%, 26.2%, 2%, and 1.9% of the
variance, respectively. Carcamo-Orive et al. found that 50% of the variance found in gene ex-
pression data was explained by genetic background. They added to this that several expression
quantitative trait loci correlated with gene expression levels. It appeared that cis-regulatory
variants contributed more to variance than shared environment and technical processing. The

genes that varied most were related to developmental processes such as pattern specification,
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regionalization, and organ and embryonic morphogenesis. This indicated that developmental
pathways contributed at length to variability between lines.

In our studies, to correct for variability between lines, we made use of three lines from three
different individuals in Chapter 2, where we tested the robustness of our neuronal differentia-
tion protocol. For the remaining of our studies we made use of one line per condition. Despite
the reported variability we found robust and reproducible results in our experiments. The
reason we asked very specific questions that did not require comparison between different
iPS lines may have been the reason for that: in Chapter 2 we were testing the robustness of
our protocol which was confirmed by the development of neuronal cultures from three inde-
pendent lines in several rounds of differentiation. In Chapter 3 we made use of one ES line,
and one iPS line for investigating transcriptional control of the BDNF gene. In Chapter 4 we
compared overexpression of different UBE3A protein isoforms. In Chapter 5 we evaluated the
epigenetic characteristics of the FMRI promoter of several lines before and after reprogram-
ming. As such our experiments did not suffer from inherent genetic variability between lines.

Whenever phenotypes between iPS lines are to be compared, an alternative study design
would be the use of isogenic lines: lines theoretically only differing in the genetic perturbation
to be studied.

In general three types of iPS-based studies are discernable: the study of fundamental bi-
ology irrespective of genetic variations or mutations, the study of a monogenic disease, or
a multigenic disease. In each study the genetic background of the stem cell line to be used
needs to be considered carefully. Commonly donor cells from a healthy subject are used to
generate control stem cells lines. Control cell lines are used for fundamental studies unrelated
to genetic variations and mutations as well as in ‘patient vs control’ designs. Yet the question
remains what healthy subjects entail. Individuals could be free of disease at the moment of
assessment, and develop disease later in life. Collection of donor cells from aged subjects
may not be accommodating because of mutational load in older cells'. In this case selection
of sufficient amount of lines would mitigate line-specific effects. This makes the selection of
youthful donor cells-derived lines a possibility, in that way eliminating high mutation load
derived from adult somatic cells. Retrospect check-up on donors when they reach the critical
age for disease development is an alternative as well.

In case of studying monogenic diseases with strong effect sizes it may suffice to select unre-

lated controls™™

(such as in chapter AS) or at best healthy family members to compare with
the patient-specific lines”. In case of smaller effect sizes variation between lines can partially
be taken away by making use of isogenic lines, lines identical other than the mutation to
be studied. This solution should mitigate the unintended genetic and epigenetic variability
that remains between two unrelated stem cell lines*. Yet several points have to be taken into
account. Commonly used procedures for gene editing entail zinc fingers, TALENSs and Crispr-
Cas9 where the use of the latter nowadays becomes standard-practice in labs. Nonetheless, al-

beit they are being improved, these techniques can unintentionally create mutations elsewhere



in the genome in the editing procedure®. Several economical high-throughput methods are
being developed to check the genome for additional mutation. Yet these would have to be-
come standard-practice as well in laboratories as often only in silico predicted off-targets are
examined. Unfortunately there is accumulating evidence that the current algorithms have low
prediction accuracy®. Taking into account the variability induced by the in vitro procedures,
the chance on differences between derived isogenic lines in point mutations as well as aberrant
epigenetic landscapes increases with every passage (see above).

In case of studying multigenic diseases where uncertainty remains on which genetic per-
turbation is responsible, patient and control selection is a delicate business. Some suggest
that selecting patients and controls with clustered risk-scores may create enough power for
phenotype detection®. Surely high numbers of lines are necessary to tease out the phenotype.

Nonetheless, where possible the use of isogenic lines seems the best way forward to reduce

genetic and epigenetic variability.

IN VITRO DIFFERENTIATION-INDUCED VARIABILITY

Another source of variability seen in human brain modeling studies is the neural differentia-
tion procedure itself. Most differentiation strategies are based on modulating naturally oc-
curring specialization in the brain. In development, neurons are derived from the ectoderm,
one of the three germ layers generated in early embryogenesis’'. Ectoderm forms the neural
tube, which gives rise to the brain and spinal cord. These developmental steps are triggered
by the expression of morphogens in strict patterns along the rostral-caudal axis (Fibroblast
Growth Factors (FGFs), Wingless/Int (WN'Ts), retinoic acid (RA)) and ventral-dorsal (WN'Ts,
Bone Morphogenetic Proteins (BMPs), Sonic Hedgehog (Shh). Under influence of FGF and
RA ectodermal tissue develops into neuroepithelia. Subsequently, a specific combination of
morphogens in the neural tube triggers the neural stem cells in that area to develop into either
neuronal or glial progenitors™. These progenitors differentiate into mature neurons or astro-
cytes and oligodendrocytes, respectively. In the differentiation process similar developmental
stages are passed. An important step is the induction of neuroectoderm. From there on, neural
stem cells and precursors continue on to differentiate into specific neuronal subtypes with or
without addition of specific morphogens.

There are several ways to induce neuroectoderm in vitro. One way is the isolation of neu-
roectoderm from embryoid bodies™. Embryoid bodies (EBs) are three-dimensional cellular
aggregates of IPSCs, obtained when cells are grown in suspension. This method allows the
spontaneous differentiation of IPSCs to cells of the three germ layers. When treated with
specific growth factors or morphogens such as RA, the proliferation of neuroectoderm is pro-
moted. Subsequently, cells are plated in neuronal supporting media. However, the drawback

of this system is that embryoid bodies can vary in size, which results in inconsistent yields
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of neural progenitors. Since the inner cell layers of embryoid bodies are difficult to reach for
morphogens, radial concentration gradients emerge which induces heterogeneous cell types.

As EBs are derived from iPS, their homogeneity also plays an important part. In vivo the
pluripotent state is a transient one, such that in vitro critical media components are necessary
to maintain the pluripotent state"**"*’. Yet iPS occasionally escape the pluripotent state and
randomly differentiate, thereby reducing the line’s overall pluripotency. Whenever these cells
are used for targeted terminal differentiation the outcome is inevitably a mixed population of
desired and undesired cells.

Kilpinen et al. tested over hundreds of lines from 301 individuals and found that 84% of
them are classified as pluripotent by the Pluritest, a tool for pluripotency assessment by whole
genome expression analysis'. In an average iPS line 18-62% of the cells co-express the pluri-
potency markers NANOG, OCT4 and SOX2. Whenever an iPS line was differentiated to one
of the germ layers 70%, 84% and 77% of the cells in the line would express markers specific
for respectively endoderm, mesoderm, and ectoderm. This indicates that roughly one-sixth
of the lines are pluripotent, and that roughly one-fourth of the cells do not differentiate to the
desired germ layer.

After neural induction of EBs from iPS, EBs are commonly plated and display neural
rosettes. Series of radial migration of NPCs occur, yet however not all these NPCs are the
same™. They are an ensemble of several neuronal precursors such as radial glia, intermedi-
ate progenitors, symmetrically and asymmetrically dividing NPCs”, but also progenitors of
oligodendrocytes, and astrocytes”. Depending on the question to be asked, treating them as
one population may result in high batch-to-batch differences. Next to that, terminal neural
differentiation highly depends on the composition of the original NPC population. As such,
mixed NPC populations may lead to dissimilar terminally differentiated neural cultures if
the ratios of the different types of progenitors are not the same. As terminally differentiated
cultures derived from NPCs by dual-SMAD inhibition also go through a neural rosette stage,
the same caution should be taken.

Apart from the cell type diversity of the NPC population, another point to take into account
is the age of the cell. Regular passage of NPCs may contain migrated NPCs, as well as newly
born NPCs. These cells represent different neurodevelopmental stages of NPCs: each of these
cells may have a different temporal-spatial expression profile, such as in the brain. Practi-
cally, the first rounds of passaging of the NPC population deliver mostly neuronal precursors,
where later populations produce more astrocytes. Whenever this tipping point occurs though
is unknown. Yet in our studies we find this to be around 10 passages of the NPC popula-
tion. During in vivo brain development different NPC populations co-exist simultaneously;
however, for modeling neurodevelopmental diseases the fine balance of the population may
be crucial.

The shortest protocols to differentiate neuronal cells with basic electrophysiological proper-

ties from a common neural progenitor need 6 weeks of in vitro culturing from a neuroectoder-



mal stage. As the protocols to generate neurons lengthen and several procedures ((sub)plat-
ing, refreshing, stable environmental factors) need to be performed, well-to-well variability is
increased, such as differences in cell density and cellular heterogeneity. Volpato et al. tested the

reproducibility of the Shi et al. protocol®"*

. They used two lines: one control line, and one line
containing a mutation in the PSENI gene, in 5 different laboratories and examined the RNA
and protein profiles of differentiated cortical neurons. Within each laboratory the differences
between lines were visible (three independent neuronal induction). However across multiple
laboratories differences in expression between the two lines were not consistently detectable.
They indicated cell type heterogeneity as the major contributor to variability. Subsequently,
they also collected 771 individual transcriptomes of cells in the culture. Here 4-5 subpopula-
tions were identified within the neural cultures expressing neuronal, astrocytic, oligodendritic
and microglial marker genes. They also found out that factors that hampered cross laboratory
comparison were iPS passage number before differentiation, the number of passages before
terminal differentiation plating, media volume changes, feeding at weekends, and use of fro-
zen progenitors. They hypothesized that the factors may alter epigenetic and cellular programs
that determine cell fate choice, eventually influencing the composition of the final culture.

For the majority of the studies we made use of the differentiation protocol described in
Chapter 2. In this chapter we showed reproducible outcomes of neural cell composition. In
Chapter 4 we made use of fluorescence-activated cell sorting (FACS) to enrich our NPC popu-
lation, thereby increasing the homogeneity of the precursor population. To validate our results
it may be worthwhile to test again the transcriptional activation of BDNF VIII-IX transcript
and the methylation states of the different iPS lines used in chapter 3 and 5 respectively with
FACS-sorted NPC populations to prove that the obtained results were not due to contamina-
tion of the cell population. Others have proved it to be a valuable technique to enrich the NPC
population®®, Tt should be taken into consideration though that even populations selected by
canonical marker expression may still present a diversity within their own subclass.

We used real-time quantitative PCR and EB differentiation to test pluripotency of our iPS
lines. However, determining when to call a line a pluripotent stem cell line remains a topic for
debate. Several tests and assays are available yet none of these tests provides exclusive proof for
all the genetic, epigenetic, transcriptional and translational assets of a stem cell>. Momentarily
the community is moving towards validation of stem cell lines by gene expression data by the
algorithm provided by Pluritest®. By computationally comparing the gene expression data
of induced stem cells to bona fide stem cells, a cut-off score determines when an induced
line is considered a stem cell line. However, once validated, stem cell lines need revalidation
after passaging, manipulation and colony picking, making it practically impossible to control
the exact composition of an iPS population. Here also studies would benefit from improved
iPS maintenance protocols, such as methods to minimize contamination of pluripotency by

spontaneous differentiation.
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To define the different types of neural cells in the culture still remains challenging. However
others are paving the way with single-cell analyses and systematic characterization on the
basis of electrophysiological and transcriptomic profiles”. As the brain in development also
depicts heterogeneity in vitro iPS-derived neural cultures may actually not stray too far from
their in vivo counterparts®. Nonetheless, as pathways regarding cell fate decision and network
formation in neuronal cultures are being explored and more knowledge on the different NPCs
emerges, caution should be taken with treating every batch of NPCs and neuronal differentia-
tion similar.

Reproducibility between labs is a concerning factor, as findings of previous researchers
may prove non-repeatable and hence their results faulty. Comparable to iPS maintenance,
protocols to generate reproducible neuronal cultures contain multiple steps, variables, and
often, subjective judgment decisions. Clearer and more accurate experimental descriptions,
improvement of induction protocols and pre-selection of NPC pools may benefit reproduc-
ibility between labs.

Overall, the extent to which acquired mutations in iPS lines, aberrant epigenomic mark-
ers, inherent genetic variability and heterogeneity in neural cultures hamper the ability to
model human brain diseases seems to largely depend on the research question to be answered.
Experimental conditions are to be tailored to these questions. Nonetheless, small effect sizes of
genes, unidentified neural cell types, and the involvement of pathways in disease require the
highest standard of iPS modeling. As such, the community at whole may do best to optimize
iPS technology to its highest capacities to continue to unravel the molecular and cellular

mechanisms underlying human brain disorders.
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SUMMARY

For decades the study of living human brain-derived cell types was challenging. With the
advent of stem cell technology this changed. Neural cells could now be generated from so-
matic cell types. With this technology a new opportunity for studying human brain diseases
emerged.

In chapter 1 I give a brief overview of the complexity and development of the human cere-
bral cortex. I introduce stem cell technology and pose the question to what extent stem cell
technology can be used to model human brain disorders.

In chapter 2 we describe a protocol to generate functional neuronal networks using hu-
man iPS. We show that these networks exist of different types of neuronal cells: neurons and
astrocytes. In addition we show that the neurons are electrophysiologically active and suitable
for modeling living human neurons.

In chapter 3 we use this protocol to generate different types of neural cells. We study the
transcriptional regulation of BDNF transcript VIII-IX. BDNF is a neurotrophic factor that
is of essence for brain development and proper structure of individual cells and networks.
We find that BDNF transcript VIII-IX is highly upregulated in neural precursor cells that are
chemically activated. This is not the case in mouse neural precursor cells. We also identified
several new human BDNF transcripts using pluripotent stem cell-derived neuronal cells.

In chapter 4 we use our protocol to study subcellular localization of human UBE3A pro-
tein isoforms. Patients with the Angelman Syndrome have a dysfunctional maternal copy of
the UBE3A gene. Comparisons between the mouse and human isoforms show that UBE3A
isoforms are differentially located in neurons. Dissimilar localization suggests that the few
differences between the mouse and human UBE3A gene sequence might be the critical deter-
minants of their distinct subcellular localization.

In chapter 5 we investigate the epigenetic effect of our reprogramming strategy on the FMR1
gene. Absence of the product of this gene, the fragile X mental retardation protein (FMRP),
causes the intellectual disability disorder fragile X. In the majority of the patients an expanded
CGG repeat in the promoter region of this gene causes, by methylation, transcriptional silenc-
ing which leads to disease. This process takes place in early human embryonic development.
We identified a healthy individual with a full mutation of the FMRI gene without concomi-
tant methylation. We find that in cell lines of this individual the FMRI promoter becomes
methylated during reprogramming and stays methylated after differentiation into neuronal
progenitors.

In chapter 6 we identify a genetic variant associated with Alzheimer’s disease (AD). This
variant is annotated to the promoter region of the non-coding RNA miR-142. In iPS-derived
neuronal progenitors we find that miR-142 regulates PICALM, a well-validated gene linked
to AD.
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In chapter 7, I discuss the limitations of iPS technology that influence its capacity to model

human brain diseases. I also discuss potential solutions.



SAMENVATTING

Decennia lang was het bestuderen van levende humane hersencellen een uitdaging. Met de
komst van de induceerbare stamcel technologie veranderde dit. Hersencellen konden vanaf
nu gegenereerd worden van somatische cellen. Deze technologie creeérde daarom een nieuwe
mogelijkheid om humane hersenaandoeningen te bestuderen.

In hoofdstuk 1 geef ik een kort overzicht van de complexiteit en de ontwikkeling van de
humane cerebrale cortex. Ik introduceer stamcel technologie en stel de vraag in hoeverre
stamcel technologie gebruikt kan worden om humane hersenaandoeningen te modeleren.

In hoofdstuk 2 beschrijven we een protocol om functionele neuronale netwerken te gener-
eren van humane geinduceerde stamcellen. We laten zien dat deze netwerken uit verschillende
neuronale cellen bestaan: neuronen en astrocyten. Deze neuronen zijn ook electrofysiologisch
actief en presenteren zich als een goed model voor levende humane neuronen.

In hoofdstuk 3 gebruiken we dit protocol om verschillende neurale cellen te genereren.
We bestuderen de transcriptionele regulatie van het BDNF transcript VIII-IX. BDNF is een
neurotrofine dat van belang is voor hersenontwikkeling en opbouw van individuele cellen en
netwerken. We vinden dat BDNF transcript VIII-IX sterk opgereguleerd wordt in neuronale
voorloper cellen die chemisch geactiveerd zijn. Dit fenomeen vindt niet plaats in neuronale
voorloper cellen in muizen. We identificeren ook enkele nieuwe humane BDNF transcripten
door gebruik te maken van neuronale cellen die zijn afgeleid van stamcellen.

In hoofdstuk 4 gebruiken we ons protocol om de subcellulaire lokalisatie van het humane
UBE3A eiwit te bestuderen. Patiénten met het Angelman Syndroom (AS) hebben een disfunc-
tioneel maternaal UBE3A gen. Vergelijkingen tussen de isovormen van de muis en de mens
van het UBE3A eiwit laten zien dat er verschillen in lokalisatie zijn. Het verschil in lokalisatie
suggeert dat de enkele verschillen tussen de DNA-sequentie van de mens en de muis wellicht
verantwoordelijk kunnen zijn voor de verschillende sublokalisaties.

In hoofdstuk 5 bestuderen we het epigenetische effect van onze reprogrammeringsstrategie
op het FMRI gen. In afwezigheid van het product van dit gen, het fragile X mentale retardatie
eiwit (FMRP), ontstaat de verstandelijke beperking fragile X Syndrome. Bij het merendeel
van de patiénten zorgt een herhaling van het CGG patroon in de promoter regio van het gen
door methylatie transcriptionele blokkade van FMRI wat tot ziekte leidt. Dit proces vindt
plaats in de vroege embryonale ontwikkeling. We identificeerden een gezond individu met
een volledige mutatie van het FMRI gen zonder bijgaande methylatie. We ondervonden dat
door het reprogrammeren de promoter van het FMR1 gen werd gemethyleerd in cellijnen van
dit individu en dat deze gemethyleerd bleef in neuronale voorloper cellen.

In hoofdstuk 6 identificeren we een genetische variant die verband houdt met de ziekte
van Alzheimer. Deze variant bevindt zich in de promoter regio van het niet-coderende RNA

miR-142. In neuronale voorloper cellen die zijn afgeleid van geinduceerde stamcellen vinden
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we dat miR-142 het gen PICALM reguleert. Dit gen werd al eerder in verband gebracht met
de ziekte van Alzheimer.

In hoofdstuk 7 bespreek ik de limitaties van induceerbare stamcel technologie en hoe
dit de capaciteit om hersenaandoeningen te modeleren beinvloedt. Ook bespreek ik enkele

potentiéle oplossingen.
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