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1. ABSTRACT

Amyotrophic lateral sclerosis is a so far untreatable fatal neurological disease where both up-

per and lower motor neurons (MNs) are selectively and progressively degenerated. Alt-

hough its pathogenesis in the spinal MNs is shown to stem from abnormal down-regulation of

mRNA of ADARBI encoding RNA editing enzyme ADAR?2, what factors cause this

down-regulation is yet to be determined. To infer an abnormality underlying the

down-regulation of ADARBI in the patients' MNs, the present study determined many tran-

scription factors (TFs) possibly activating alternative promoters of ADARB]I in the MNs,

based on cap analysis of gene expression for laser-captured human MNs, multiple in silico

analyses using public data and in vitro luciferase assay for the promoters of ADARBI. The

present results on the promoters suggested that ADARBI in the MNs was differentially regu-

lated from spinal dorsal horn neurons and white matter by a set of multiple TFs forming an

MN-specific complex. Because age-dependent decrease of one MN-specific activator for

the ADARBI promoters has been previously reported in the non-ALS subjects, the present

study implied that an age-dependent decrease of the ADARB-regulatory TFs from an inher-

ently low expression level due to single nucleotide polymorphisms at their expression quanti-

tative trait loci induced the down-regulation of ADARBI below a threshold level in the pa-

tients' MNs after middle life. Further investigation into other TFs in the MNs will be neces-



sary to reveal the whole picture of the abnormality driving the pathogenesis of sporadic amy-

otrophic lateral sclerosis.



2. INTRODUCTION

2-1. Regulatory mechanism of transcription

In general, transcription of a gene is regulated largely in three levels: cis-regulatory regions in
the genome sequence, trans-acting factors and epigenetic effects.

2-1-1. Cis-regulatory regions in the genome sequence (1): a promoter

A promoter drives transcription of messenger RNAs (mRNAs) and generally consists of two
core promoters in 100 base pairs (bp) and transcription start sites (TSSs) residing at the center
of each of these core promoters [Introduction Figures 1A and 1B]'. It has been demon-
strated that the core promoter has several specific features in both DNA sequences and modes
of transcription initiation. The core promoter is thought to consist of specific DNA sequence

4-10

motifs that are highly conserved among species (e.g., TATA-box and initiator)” ", although

no universal motif in the core promoter has been identified. From a mode of transcription

initiation, the core promoter is classified as either a focused or a broad core promoter*®'":

a
focused core promoter harbors a single or multiple TSSs within several nucleotides (nt), typi-
cally has a TATA-box, and is mostly observed in the spatially and temporally regulated
genes; a broad core promoter has multiple weak TSSs within the length of approximately 50 ~

100 nt, lacks the characteristic core promoter motifs and is generally associated with house-

keeping genes. Although these features are basically conserved in Drosophila and mam-



6! mammalian broad core promoters specifically reside within a CpG island®, the re-

mals
gion where over 200 CpG dinucleotides reside within a highly GC-enriched area'>"”. The
TATA-box rarely resides within the mammalian broad core promoter associated with a CpG
island”".

A paired TSSs within a promoter produces transcripts on both the plus and minus
strands in bidirectional and simultaneous ways [Introduction Figure 1B], driven by discrete

1=891316 " Such transcripts are a pair of stable mRNAs'®, or alter-

transcriptional machineries
natively, a pair of a stable mRNA and an unstable, polyadenylated non-coding promoter up-
stream transcript (PROMPT'"""), defined by an axis of 5' splice sites and polyadenylation
signals within 500 bp of the TSSs***'"***! " This pair of TSSs lies within the same
DNase-hypersensitive site (DHS) in a narrow window of 100 ~ 180 bp on average that is

1-3,9,15,20

strictly and symmetrically flanked by nucleosomes Hence, importantly, a promoter

can be defined within a relatively narrow region.

2-1-2. Cis-regulatory regions in the genome sequence (2): an enhancer

An enhancer is defined as a conserved DNA element®®?%*

that triggers transcriptional bursts

at promoters within its topologically proximal region®* by producing bidirectional

non-coding RNAs, named enhancer RNAs (eRNAs), within a single DHS®**'>******~° [Intro-



duction Figures 1C and 1D]. A single enhancer can activate some target promoters at the

25,2631

same time , and conversely, multiple enhancers are connected with a single promoters in

22,32

a tissue-specific manner By clustering within an order of magnitude wider region, mul-

33,34

tiple canonical enhancers form a super enhancer”** (or stretch enhancer”), which reinforces

expression of tissue- and cell-type-specific genes with highly concentrated eRNAs and tran-

33,3436 3137

scriptional machineries , thereby determining the identity of the tissue and cell-type
Tissue-specific canonical®*”***, super’* and stretch enhancers® are frequently linked to many

disease-associated single nucleotide polymorphisms (SNPs), highlighting the importance of

tissue-specific enhancers for pathogenesis.

2-1-3. Trans-acting factors: transcription factors

Transcription is regulated in trans by both many proteins and long non-coding RNAs

(IncRNAs*%). Because how IncRNAs regulate gene expression is largely still unknown, in

this section I am going to describe only about protein regulators, transcription factors (TFs).
So far, more than one thousand TFs that cooperatively drive transcription by RNA

470 By binding their specific DNA sequences called "consensus

polymerase II are known

motifs" within cis-regulatory regions’ >, TFs act as either an activator or a suppressor for

gene expression’: they are activators mainly when they bind to the center region between the



bidirectional TSSs within the cis-regulatory region®, whereas they tend to be suppressors

when they bind closely adjacent to the TSSs’. Expressed in a ubiquitous or tissue-specific

57,58

manner”’, TFs regulate expression of functionally-related genes’”® in a tissue-specific manner

in concert with other TFs and transcriptional co-factors™**!

through additive or synergistic
effects®*** based on their own tissue-specific hierarchical network™*,

TFs are basically classified according to the similarities of their DNA binding do-
mains*’*, but they are also distinguished by two other criteria. One criterion is the role for
remodeling the chromatin®®*%"%: pioneer TFs bind to their target DNA sequences within a
nucleosome and recruit a chromatin remodeling complex there to remove the nucleosome at
that position, thereby allowing other non-pioneer TFs to bind there. Many TFs play this

70,71

chromatin remodeling role in a situation-depending manner The other criterion is the

importance in the regulatory network of TFs**: master TFs (or core TFs) bind to super en-
hancers of the genes that are biologically important to that cell-type, thereby defining the

identity of the cell. Some master TFs also act as pioneer TFs (e.g., Oct4 and Sox27%%),

implying a functional link between these two criteria.

2-1-4. Epigenetic effects: histone modifications and DNA methylation

The third levels of transcriptional regulation are largely two epigenetic effects. One of these



is a post-translational modification of histone proteins around the cis-regulatory regions de-
pending on the transcriptional activity: some modifications with methyl and/or acetyl groups
on the N-terminal tail of a histone H3 protein render these cis-regulatory regions more acces-

sible to additional TFs and RNA polymerase II'*'%"!81938727 4p 3 tissue- and

22,7475

cell-type-specific manner Well-known modifications on the histone H3 for the active

promoters and enhancers are tri-methylation at the Ilysine 4 (H3K4me3), and
mono-methylation at the lysine 4 (H3K4mel) or acetylation at the lysine 27 (H3K27ac), re-
spectively; a ratio of H3K4me3 to H3K4mel at the enhancers positively correlates with their
activity’®. The other is methylation of a cytosine residue in CpG dinucleotides (mCpG),
which modulates binding affinity of TFs to their targets harboring CpGs™ and inhibits the

transcriptional initiation without affecting its elongation, thereby controlling the tis-

12,77

sue-specific usage of the alternative promoters Highly expressed genes tend to have few

mCpGs at their active promoter and abundant mCpGs within their gene body’ .

2-1-5. Species-, tissue- and cell-type-specificity of gene expression

The regulation of gene expression is highly specific to the species, the tissues and the

57,64

cell-types Namely, genes conserved among mammals are differently regulated by spe-

47,48,80-82

cies-specific ways at all the three levels described above , resulting in the different pro-



83,84

file of gene expression (i.e., transcriptome) among the mammalian species Similarly,

83,85-89

different tissues of the same species have different transcriptomes even in cell-type res-

olution (e.g., subtypes of neurons and glial cells in the brain®).

2-2. Amyotrophic lateral sclerosis and its etiology

2-2-1. Definition of amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS or Lou Gehrig’s disease) is a neurodegenerative disease
affecting motor function. A pathological hallmark in a patient with this disease is progres-
sive and selective degeneration of both upper and lower motor neurons (MNs). When so far
healthy people in their middle age are affected with ALS, they can live in 3 ~ 5 years after the
onset due to paralysis of muscles of respiration’. Namely, ALS is a fatal discase. Howev-
er, an etiology of this disease is currently not fully understood, leaving this disease incurable.
Therefore, ALS is one of diseases whose etiology is to be elucidated and completely curable

therapeutics is to be established.

2-2-2. Epidemiology of ALS and ALS-associated genes

An incidence of ALS is about 2 per 100,000 population per year, in which there are sex dif-

10



ferences (ratio of men to women is about 1.4:1°%) that weakens after menopause somehow”.
World-wide prevalence of ALS is 1.0 ~ 11.3 per 100,000 depending on reports™*.
No more than 10% of patients with ALS have a positive family history for the dis-

S92,94

ease, and this subpopulation of the patients is designated as familial AL Genetic anal-

yses of patients with ALS all over the world have been linking nearly 50 genes to this dis-
ease’, including copper/zinc superoxide dismutase 1 (SODI1)*, fused in sarcoma (FUS)’"*®,
TAR DNA binding protein (TARDBP)*"'®, optineurin'”', valosin-containing protein'”, ubi-

quilin 2'”, profilin 1'™, heterogenous nuclear ribonucleoprotein A1 (hnRNPAI)'”

, chromo-
some 9 open reading frame 72 (C9ORF72)'°*'"" and cyclin F (CCNF)'®. Regardless of such
various mutations, more than 90% of the patients have a negative family history for ALS (i.e.,
sporadic ALS). Although some mutations are also found in patients with sporadic ALS to a
limited extent”' (e.g., SODI'”, FUS"’, TARDBP*"'®, hnRNPAI'”, C9ORF72'°*'"''""1"2 "and
CCNF'®), associated genes and their proportions in all the ALS patients markedly differ be-

tween East Asian and Caucasian'", and none of these defined mutations has enabled to de-

velop effective therapeutics for ALS.

2-2-3. Hypotheses of sporadic ALS pathogenesis

During the past several decades, many research groups have tried to elucidate pathogenesis of

11



114

ALS®" with, for example, axonal transport defects''*, neurofilaments abnormalities'"”, de-

116

creased clearance of neurotransmitter glutamate''®, oxidative stress''” and D-serine-induced

glutamate toxicity''®. Among such hypotheses, adenosine deaminase acting on RNA 2
(ADAR2)-glutamate receptor ionotropic, AMPA 2 (GluA2) hypothesis'” proposed and ex-
panded by the Kwak' s group is the most plausible. This is because it well explains both the

cause of death of MNs and pathological changes specifically found in patients” MNs, based

on an aberrant molecular cascade.

2-2-4. ADAR2-GluA2 hypothesis for the pathogenesis of sporadic ALS

The ADAR2-GIuA2 hypothesis proposes an abnormal molecular cascade underlying the
pathogenesis of sporadic ALS, as illustrated in Introduction Figure 2A. In MNs of patients
with sporadic ALS, the expression of mRNA of ADAR2 is down-regulated in a dis-
ease-specific manner'”, thereby allowing the expression of unedited RNAs with
ADAR2-mediated adenosine-to-inosine positions, including the glutamine/arginine (Q/R) site
in preemRNA of GluA2 protein, a member of subunits of al-
pha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors'”'. When an
unedited GluA2 subunit is included in an AMPA receptor, it renders this glutamate receptor

122-124

permeable to Ca®" ions Through Ca**-permeable AMPA receptors, exaggerated intra-

12



cellular entrance of Ca®* ions activates autophagy'” and calpain, a Ca**-dependent cysteine
protease. This activated calpain then causes Transactivation Responsive Region-DNA
binding protein of 43 kilodalton (TDP-43) to aggregate abnormally in the cytosol by cleaving

TDP-43 into aggregation-prone fragments'*

(known as TDP-43 pathology), and also disrupts
nuclear pore complex (NPC) by cleaving its constituents nucleoporins'”’. Indeed, both of
TDP-43 pathology and the disruption of NPC specifically occur in the MNs of patients with
ALS'™ "' Besides, when ADAR?2 is conditionally knocked out with the Cre-loxP system in
MNs of mice after birth, these mice named AR?2 faithfully recapitulate the disease phenotypes
of ALS described above'” [Introduction Figure 2B]: loss of ADAR2 in the MNs causes se-
quentially failure of RNA editing at the Q/R site of GluA2, activation of calpain, which re-
sults in generation of TDP-43 pathology, disruption of NPC, and activation of autophagy'>.
These sequential events ultimately result in death of the MNs and motor dysfunction in the
AR?2 mice. Therefore, down-regulation of ADAR?2 in the mouse MNs mimics both clinical
features and pathological findings seen in the patients with sporadic ALS. Moreover,
down-regulation of ADAR2 mRNA is also reported in the MNs of an ALS patient carrying an
FUS"™*" mutation'" and decreased RNA editing levels at the Q/R site of GluA2 are observed

in tissues of ALS patients with an abnormal expansion of G,C, repeats in COORF72'*, indi-

cating that the ADAR2-GIuA2 hypothesis may partially explain the molecular cascade in he-

13



reditary types of ALS, as well. In short, down-regulation of ADAR2 mRNA and protein
with resultant editing insufficiency at the Q/R site of GluA2 in the MNs may play a pivotal

role in the pathogenesis of both sporadic and some types of familial ALS.

2-3. ADAR2 gene ADARBI

When the first canonical coding exon of ADAR2 gene ADARBI is designated as Exon 1'%,
ADAR? protein has two nuclear localization signals and two double-stranded RNA binding
domains residing in Exon 2, and an adenosine deaminase domain lying from Exon 4 to Exon

1717 So far ADARBI is known to have 5 alternative exons: Exon

6 [Introduction Figure 3
1a'*, Exon 0'*®, 5'-extended Exon 2", Exon 5a'*'*' and Exon 7a'**. In addition, ADARBI
transcripts can be in four forms in the 3' region downstream of Exon 9: the longest form har-
boring retained Intron 9 (L-1), two longer ones (L-2 and L3) and the shortest (S)"*>'*°.  Such
multiple alternative exons can affect enzymatic activity of ADAR2 protein'®.

14 the Functional Annotation of the

By cap analysis of gene expression (CAGE)
Mammalian Genome 5 (FANTOMS) Consortium has analyzed the transcriptional activity

genome-widely at the a nucleotide level'”*”, and determined that ADARBI had five

CAGE-defined TSSs (CTSSs): pl@ADARBI1, p2@ADARBI1, p3@ADARBI,

14



p4@ADARBI1 and p13@ADARBI [see Introduction Figure 3], where the smaller number X
in pX@Y defines a more intense and ubiquitous CTSS of Y gene'’. For simplicity, these five
CTSSs of ADARBI are abbreviated just to pl @, p2@, p3@, p4@ and pl3@ hereafter. Be-
cause of these five CTSSs, there are indeed various putative patterns of ADARBI transcripts,
many of which have high coding potential*® [Introduction Figure 4]; however, ADAR2 is
enzymatically fully active only when it is translated from ADARB]I transcripts including Exon

136,140

2 and being in one of the longer 3' end-forms (L-2 or L-3) According to the previous
reports' 7?2231 the p1@ flanks the first 5' untranslated exon (Exon -2) and the p2@ lies in
the region 714 bp upstream from the 5' end of the pl@; both CTSSs can produce full-length
transcripts. On the other hand, the p3@ and the p4@ reside at the exact 5' end of Exon 0 and
the position 18 bp downstream from the p3@, respectively; the transcripts from them are de-
void of Exon -2, Exon -1 and Exon la. The p13@ is located in the region within the gene
body between Exon -2 and Exon -1, and its transcripts are depleted Exon -2. Enzymatic
competence of ADAR?2 proteins expressed from the latter three CTSSs is currently undeter-
mined.

According to the FANTOM CAT v1.0.0 Extended View (v1, hg19) on the FANTOM

Zenbu Browser (http://fantom.gsc riken.jp/zenbu/)* [see Introduction Figure 4], ADARBI is

expressed in insignificantly weak correlation with intergenic IncRNA LINC00162. Besides,

15



ADARBI is apparently regulated by two super enhancers (~10 kilobases (kb) and ~110 kb in
length) and other canonical primate-specific enhancers, because both of the two super en-
hancers harbor many expression quantitative trait loci (eQTL) of ADARBI affecting its ex-
pression, and because many of its eQTL reside within DHSs whose DNA sequence is highly
conserved among primates but poorly between humans and mice. There are 18 CTSSs other
than the five CTSSs of ADARBI within the 231.8 kb region around ADARBI, suggesting po-
sitions of putative enhancers around this gene [annotated with "lnc" and "e" for IncRNAs and

eRNAs, respectively, in Introduction Figure 4].

2-4. Working hypothesis and problems that should be overcome in this study

2-4-1. 'Working hypothesis in this study

When the ADAR2-GluA2 hypothesis holds true, why is mRNA of ADAR2 down-regulated in
the MNs of patients with ALS? Expression of ADAR?2 and the edited form of its substrate
have been demonstrated to decrease with aging in wild-type (WT) mouse spinal MNs'* and,
corresponding phenomena are also observed in the brain of older humans compared to

146,147

youngers Based on these observations, I set a putative long-term pathogenic cascade of

sporadic ALS as a working hypothesis in the present study: abnormally decreasing in an

16



age-dependent manner, some ADARB-regulatory TFs would fail to maintain the normal ex-
pression of ADARBI in the patient's MNs, thereby accelerating the age-dependent decrease of
ADAR? [Introduction Figure 5]. This working hypothesis fueled my interest in a regula-
tory mechanism of ADARBI expression in the human MNs, because understanding this
mechanism is vital to concretely predict an abnormality underlying the down-regulation of

ADARBI in the patients' MNs.

2-4-2. Problems that should be overcome in this study

To investigate the regulatory mechanism of ADARBI expression in the human MNs, this
study should overcome the following big four problems: lack of specific profile of both ex-
pression of TFs and transcriptional activity of the ADARB] alternative promoters in the hu-
man MNs; lack of established methods that enable to systematically infer all the
ADARB]I-regulatory TFs in the MNs; limited information regarding the regulators for expres-

sion of the human'*'¥

and murine™* "> ADAR2 genes; lack of ontological difference in the
regulatory mechanism between human and mouse ADAR?2 genes. It is necessary to infer
ADARBI-regulatory TFs in silico, because expression libraries of human TFs are not com-

pletely available and because it will be quite laborious to functionally screen all

ADARBI-regulatory TFs whose library is available.
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Introduction Figure 1 Definition of the promoter and enhancer, according to Andersson R.
et al. Mol. Cell (2015)° and Chen Y. et al. Nat. Genet. (2016)".

A, Structure of core promoters. A TSS (+1) is indicated with an arrow, which resides at the
center of a core promoter. Both focus and broad core promoters are shown with positions of
the TATA-box (thicker vertical line) and/or the initiator (thinner vertical line) and mRNA
(red wavy line). B, Structure of a promoter embraced by a CpG island (green). The pro-
moter consists of a pair of bidirectional TSSs in 100 ~ 180 bp distance and is defined within a
single DNase hypersensitive site (DHS) symmetrically flanked by nucleosomes with
H3K4me3 modification (3 in an orange pentagon). Red wavy line, mRNA; blue wavy line,
non-coding promoter upstream transcript; H, histone. C, Structure of an enhancer. The en-
hancer is also defined within the single DHS flanked by nucleosomes with H3K4mel (1 in an
orange pentagon) and H3K27ac (light blue triangle) modification. In the enhancer, bidirec-
tional non-coding RNAs (enhancer RNAs) are transcribed. D, Schema of the enhancer acti-
vating its target promoter. Transcription levels are highly correlated between the enhancer

and its target promoter.
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Introduction Figure 2A Scheme of ADAR2-GluA2 hypothesis of sporadic ALS patho-
genesis.

Normal activity of ADAR?2 in motor neurons of healthy people (left panel) is deteriorated in
motor neurons of patients with ADAR2-mediated ALS, including sporadic, FUS"”*"-caused
and abnormal expansion of G,C, repeats in C9ORF72-caused ALS (right panel). As indi-
cated with a red question mark, what factor causes the down-regulation of ADAR?2 expression
is still unknown. Although Ca®" influx encircled by dotted line is confirmed only in sporadic
ALS model mice AR2, this molecular event is sure to occur in the motor neurons of the pa-
tients as well [see Introduction Figure 2B]. AMPAR, AMPA receptor; Cyt, cytoplasm;
ECM, extracellular matrix; NPC, nuclear pore complex; Nuc, nucleoplasm; TDP43, Transac-
tivation Responsive Region-DNA binding Protein of 43 kilodalton; FUS, Fused in Sarcoma.
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Introduction Figure 2B Molecular phenotype in the motor neurons of AR2 mice.
ADAR2-conditionally knocked out mice AR2 (right panel) faithfully recapitulate the molec-

ular phenotype observed in the motor neurons of the patients. Of note, such phenotype in

AR?2 mice can be rescued by intravenous injection of AAV9-ADAR?2 expression vector'> or

1]54

oral administration of anti-epileptic drug perampanel ™, providing the rationale of potential

therapeutics for sporadic ALS. Abbreviations are the same as in Introduction Figure 2A.

20



‘TeuSIs UONBZI[EJ0] Jea[onu ‘SN ‘Urewop Suipuiq YN popuens-o[qnop ‘g Urewop aseuruedp
QuIsoudpe ‘qOV W030q Y} I8 UMOYS e SYNJW 2YVAYV JO YD 2aneuenb 1oy suonisod 1owtlg 10U a1e SUONUI 9Y) I[IYM ‘9[eIS

ur QIe SUOX? oY} [V (200T) 2u2H *3 IDUIpIRD pUR "(] AOAR[S 0] SUIPIOOJR AIB SUOXD JO SIdqUINU Y3 £ (SOOT) 2U2D “[ 12 * X eIeyem

sel
-ey[ 0] SUIpPIOddE AIB PUd ¢ 9Y) Je syueLieA JurdI[ds Jo souwreu dy) pue SUTBWOP JY) JO SUONISOJ “A[oAndadsar ‘ouad ay) Jo pud € Ay} Ik
jueLIRA S QU) puUE ‘JueLIeA Surpnjoul-g/ uoxy oy} ‘Juerres paddiys-z uoxg ayj 10j suopod dojs a1e ¢, pue 7 ‘. ‘uopod dojs [eoruoued oy}
“ysudse yoerlq ¢syduosuen pajpaun ur urdyed Surdids ¢y siduosuer payps ur wroned Jurdrds ‘T {ZYVAYV JO IS Sunipa-J[os ay) ‘peay
-MOIIE JOr[qQ ‘UOPOD 1IB)S ) ‘Iew ysey ‘/gYVAV JO SSS.LD 9y Jo sowreu pue suonisod ‘pa1 {7 gyyy Jo Sumdids aaneuId)e JO SuId)
-jed ‘our onpg  (wonog) A[eAnoadsar ‘e UOXH pue ‘() UOXH ‘] UOXH [BOTUOUERD AU} WOIJ PAlIe)s oIt SJUBLIBA 9} ‘W0)0q 0) do) woi]
‘uonedyI[dwIs J0J PO I8 SUOX JAYJ0 PUB ‘UMOYS I8 YN Y} JO [BUIUId)-N 3y} Je sjuerreA Jundids oanejuasaidar ¢ Ajug  (doy)

[GYVAY QU SI pue ZYVAYV JO VNP JO seIimonng ¢ 9angiy] uondnpoxjuy

A
AN

Sv# :siawid Yodb
oL 6 8 e L 98 G ¥ € 4 ) 0 el |- - uox3
S v
- —_—— Lgyvay
nf W# N < #
21 €1 i ord  @¢ldodDed

©mgm

:.

e oo

'
1
1
1
I
I
1
1
1
I
I
1
1
1

aav ¢dgyd Lag¥a

OO0 COMAENOE_F= | YNG> 2¥vay

nmy SIN

21



[hg38] chr21:

45,000,000]

45,050,000

45,100,000

45,150,000]
1 [l

45,200,000
1l |

GENCODE v24 Sl = ADARB1 > | } f HHH f Homh
FANTOM CAT =t ra—— ¥}
(plus/minus) | -_— -
L] H H
H
1
y
-
| —
—
Coding ORF ! S g
(RNACode) ’ — =
—2
3
-
e Y
CTSS e| Inc| pz@ADARBT | le e|  p3@ADARB1 |
(plus/minus)  pz@LINC00162 | Inc| pe@ssR4pi | le e| pis@aDARB1 |
p3@LINCD0162Z | p3@SSRAPT | le pi3a@aDsrel| |tnc
p1@LINCD0162Z | p1@ADARBT | le le
p4@LINCOO162 | le le e
e le
le
CAGE | le
total count | |
(plus/minus) _ L\ il g P Jﬂ\ Liad I | 1.} ”l Losolil. L btk
CpG islands | | ] | |
eQTL-linked locus LINC00162 correlation =0.14 ADARB1
GTEx eQTL SNP (O O A1 01T
Super enhancer | ]
DHS

Rhesus | BAAAMARAN B — NN RN MNRN! - SMARSNIN (RS AR - R AR MR AR
Homology | Marmoset -t iANANS—shaiosNr e M s AR 10— AR SO IR st RS A Al
Mouse —j—y— il Hoat o dhaml W et ol e dhomh bonbi o1 b o ied bl bl i W A

Introduction Figure 4 Genetic environment around ADARBI .
ADARBI locus, CATs (CAGE-associated transcripts), its coding potential (1,2, 3 and 4 are

all putative enzymatically active coding sequences started from Exon 1a, Exon 0, Exon 1 ex-
cluding Exon 5a, and Exon 1 including Exon 5a, respectively), CTSSs (CAGE-defined TSSs)
and total count of CAGE signals (e and /nc: CTSSs of enhancer RNA and other IncRNA, re-
spectively), CpG islands (green bar), eQTL (expression quantitative trait loci)-linked
IncRNA-mRNA pair (green yellow), SNPs at eQTL of ADARBI (black), super enhancers
(brown), DHSs (DNase-hypersensitive sites; grey), and DNA sequence conservation among
mammals (green signals; lack of signals indicates human-unique sequences). All of these

are publicly available data (see the Materials and methods Section).
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Introduction Figure 5 Working hypothesis in this study.

Abnormal age-dependent decrease of ADARBI-regulatory TF(s) in the motor neurons of pa-
tients with sporadic ALS (red line) compared to the healthy (black line) could cause the
down-regulation of ADARBI. When expression of the ADARBI-regulatory TF decreases
below the threshold for maintaining the required expression of ADARBI (blue horizontal line),
at that time point (t'") expression of ADARBI might start being down-regulated. A time

point T*?***" at which expression of ADARBI becomes lower than the threshold to sufficiently
mediate RNA editing at Q/R site of GluA2 (green horizontal line) may be the entrance for the

pathogenesis of sporadic ALS already proposed by ADAR2-GluA2 hypothesis.

23



3. MATERIALS AND METHODS

3-1. Strategy in this study

To comprehensively seek human ADARBI-regulatory TFs in the MNs, this study adopted a

strategy assuming species-, tissue- and cell-type-specific regulation of ADARBI expression

[Materials and methods Figure 1]. First, [ genome-widely profiled transcriptional activity

specific to laser-captured human MNs by conducting the CAGE on these neurons. Next,

based on this valuable CAGE data and supportive public data, I defined active promoters of

ADARBI in the MNs and all TFs expressed in the human MNs (motoneuronal TFs). After

this, I predicted ADARBI-regulatory TFs in the MNs by multiple approaches that mutually

complimented and supported my prediction, with the best use of various public data of TFs.

Fourth, I validated many ADARB-regulatory TFs from the predicted TFs by in vitro lucifer-

ase assay for the ADARBI promoters. Then, based on the results of this assay and public

data of protein-protein interactions and tissue-specific expression of the TFs, I deduced an

MN-specific TF complex possibly regulating ADARBI expression in the MNs. Finally, I

inferred a role of the ADARBI-regulatory TFs in the pathogenesis of sporadic ALS, based on

public data of age- and polymorphism-dependent change in their expression, thereby propos-

ing an implication for the sporadic ALS pathogenesis.
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Profiling [4-1]
transcriptional activity in human MNs by CAGE

. .

Defining [4-2] Defining [4-3]
ADARBT1 promoters in the MNs TFs expressed in the MNs
Predicting [4-4]
ADARBT1-regulatory TFs in the MNs
Validating [4-3]
ADARBT1-regulatory TFs by in vitro luciferase assay
Deducing [>-1]

MN-specific TF complex regulating ADARB1 expression

.

Inferring [>-2]
a role of the ADARB1-regulatory TFs in the pathogenesis of sporadic ALS

Materials and methods Figure 1 Schema of the strategy in this study.
Every procedure is shown with the number of the Results and Discussion Sections in brackets.

CAGE, cap analysis of gene expression; MN, motor neuron; TF, transcription factor.
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3-2. Materials and methods in this study

When a particular software or package was not denoted, all data management was performed
by the free programming language R version 3.2.2'> on RStudio version 1.0.136'.

3-2-1. Data visualization of the genetic environment around ADARBI1

All information was visualized on the University of California, Santa Cruz Genome Browser
(UCSC-GB; https://genome.ucsc.edu/) with GRCh38/hg38 human assembly. The CTSSs
around ADARB]I and CAGE total counts were retrieved via the track data hub of FANTOMS
on the UCSC-GB. All additional information of the genetic environment around ADARB]
was extracted from the FANTOM CAT v1.0.0 Extended View vl hgl9 on the FANTOM
Zenbu Browser (http://fantom.gsc.riken.jp/zenbu/)*, re-annotated from hgl9 to hg38 using
UCSC tool LiftOver (https://genome.ucsc.edu/cgi-bin/hgLiftOver), and then, visualized on
the UCSC-GB; no insertion or deletion of nucleotides was observed during the re-annotation
with LiftOver within the investigated region around ADARBI. This information included
the FANTOMS data*® (CAGE-associated transcripts (CATSs), coding potential determined by
RNACode"’, IncRNA-mRNA pairs linked with eQTL and positions of super enhancers), po-
sitions of DHSs™, SNPs at eQTL of ADARBI affecting an expression level of this gene'®, and

positions of UCSC CpG islands.
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3-2-2. Extraction of total RNAs from spinal MNs, dorsal horns and white matter

Frozen spinal cords of two autopsied non-ALS donors (donor 1 T-153 and donor 2 T-168)

were respectively embedded in Tissue-Tek® O.C.T. Compound (Sakura Finetech) and sec-

tioned by a cryostat (Leica Microsystems) at -20 °C into 20 ym. The sections were washed

by methanol, dried in 5 minutes at the room temperature, stained by 0.1% toluidine blue,

washed by 70% ethanol 5 times, washed by 100% ethanol, dried in 5 minutes at the room

temperature, and then kept at -30 °C until following microdissection. Storage buffer of la-

ser-captured MNs was prepared with RNeasy Micro Kit Buffer RLT (QIAGEN) and be-

ta-mercaptoethanol (ratio = 100:1 in volume). From these sections, large anterior cells were

recognized as MNs, and they were sampled one by one into the storage buffer with a laser

capture microdissector (Leica Microsystems): 11,100 MNs were from donor 1 and 9,529 from

donor 2 (in total, 20,629 MNs). All the samples were kept at -80 °C until RNA extraction.

For the controls, the dorsal horns and white matter of the donor 2 were also macroscopically

sampled with a knife. Total RNAs of all the samples were extracted using QIAGEN RNeasy

Micro Kit (QIAGEN) according to the manufacturer’s instruction, respectively. Sample

collection and RNA extraction were conducted by Ms. Teramoto and me. The experimental

procedures were approved by the Ethics Committee of the University of Tokyo (Examination

Number: G1396- (32)).
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3-2-3. Cap analysis of gene expression of human MNs, dorsal horns and white matter
For the 6 sets of the extracted total RNA, CAGE'** was performed and the analyzed data files
were provided by Genome Network Analysis Support Facility, RIKEN (Yokohama, Japan).
The provided data files included bam files and bedGraph files mapped by BWA"™ version
0.7.10-r789 or TopHat2'® version 2.0.12 onto the hgl9 annotation. Before visualization of
CAGE signals around ADARBI on the UCSC-GB, all bedGraph files were re-annotated from
hg19 to hg38 using the UCSC LiftOver.

Using these bam files, expression levels of CAGE tags in every sample were calcu-

! as follows:

lated in tag per million (tpm) by a series of commands in CAGEr R package'®
normalizeTagCount(myCAGEset, method="simpleTpm"); clusterCTSS(myCAGEset, thresh-
old=1, nrPassThreshold=1, thresholdlsTpm=T, method="paraclu", maxDist=400, re-
moveSingletons=F);  cumulativeCTSSdistribution(myCAGEset,  clusters="tagClusters"),
quantilePositions(myCAGEset, clusters="tagClusters", qLow=0.1, qUp=0.9); export-
ToBed(myCAGEset, what="tagClusters", qLow=0.1, qUp=0.9, oneFile=T); aggre-
gateTagClusters(myCAGEset, tpmThreshold=5, gLow=0.1, qUp=0.9, maxDis=400); getEx-
pressionProfiles(myCAGEset, what="consensusClusters", tpmThreshold=5, nrPassThresh-

old=1, method="som", xDim=4, yDim=2); exportToBed(myCAGEset,

what="consensusClusters", colorByExpressionProfile=T); extractExpression-
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Class(myCAGEset, what="consensusClusters", which="all"). Pairwise correlations among
the 6 samples were calculated using plotCorrelation(myCAGEset, samples="all", meth-
od="pearson") function in the CAGEr R package.

There was still no consensus on a definitive list for TFs function of which was con-
firmed in vivo or in vitro*’. Therefore, before I define motoneuronal TFs, two lists of TFs in

9% were merged beforehand to make a whole list of human putative TFs, re-

previous studies
sulting that 2,410 genes were defined as TFs in this study; this list consequently included not
only bona fide DNA sequence-dependent TFs but also other genes broadly related to tran-
scription (e.g., genes encoding subunits of RNA polymerases). Expression levels of TFs in
the MNs were extracted by their names from data mapped by BWA and TopHat2 using

BEDtools2'* after the bed files of the consensus cluster sorted by sortBed were annotated

onto hg19 by bedtools intersect -s -wb -a -b in this package.

3-2-4. Processing of RNA-seq data from human tissues and cells

In this study, two sets of RNA-seq data were analyzed: the Data Set 1 included 44 RNA-seq
data from the human central nervous tissues®'*'® [Materials and methods Table 1]; the
Data Set 2 consisted of RNA-seq data from 60 various tissues, primary cells and MNs differ-

entiated from induced pluripotent stem cells (iMNs)**# 8851671 [Materials and methods
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Table 2]. After sra files were converted to fastq files using fastq-dump -I -gzip function in
sratoolkit version 2.8.1-2 (https://www .ncbi.nlm.nih.gov/sra/docs/toolkitsoft/), the first quality
control of all the files was performed with fastqc function in FastQC version 0.11.5
(https://www .bioinformatics.babraham.ac.uk/projects/fastqc/) and adaptors in reads were

'% version 0.36 with the following command for both a single-end

trimmed by Trimmomatic
and paired-end: java -jar trimmomatic-0.36 jar SE (or “PE” for the paired-end) -phred33 IL-
LUMINACLIP:[the name of the adaptor sequence file]:2:30:10 MAXINFO:40:0.7
MINLEN:36. After the quality control was conducted again in the same way as the first one,
the filtered and trimmed reads were aligned by STAR'” version 2.5.2b to UCSC hg38 with
annotation of GENCODE'' version 24 by STAR --genomeDir --readFilesIn
--readFilesCommand gunzip -c --outFilenamePrefix --outSAMstrandField intronMotif
--outSAMtype BAM SortedByCoordinate. Then, the aligned reads were assembled by string-
tie -0 -G -A -x chrM in StringTie-1.3.2d"”* and then merged by stringtie --merge -G -o -i for
both data sets, respectively. With the merged transcriptome, the aligned reads were
re-assembled by stringtie -0 -e -B -G -A, and from the re-assembled transcriptome, tran-
script-level expression of the TFs was retrieved with their gene names, using Ballgown R

package'” and referencing a protocol article'”*. After the negligible transcripts less than 1

175

fragments per kilobase mapped exon per million (FPKM) ™~ were discarded, gene-level ex-
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pression of the TFs was gained by summing up their transcript-level expression.

3-2-5. RNA-seq from spinal MNs of WT mice and its data analysis

Single spinal MNs were collected from three WT C57BL/6 mice at 7 weeks old (Oriental
Yeast Co., Ltd.) with the laser capture microdissector in the same way as described above.
The numbers of the MNs collected by Ms Teramoto and me were 1,916 from WT-1, 1,933
from WT-2 and 2,042 from WT-3. After total RNA was extracted using QIAGEN RNeasy
Micro Kit (QIAGEN), RNA quality was checked using Agilent RNA 6000 Pico Assay (Ag-
ilent Technologies), and then, sequencing libraries were prepared using SMARTer Stranded
RNA-Seq Kit (Clontech) by Ms. Teramoto. These libraries were sequenced using Illumina
HiSeq2000™ by BGI Japan, and that institution provided data of the reads whose quality was
controlled and adaptors were trimmed. Succeeding data processing procedures were the
same as those for the RNA-seq data from the human samples described above, except for an
aligned genome UCSC mm10. To visualize RNA-seq signals on the UCSC-GB, bedGraph
files were produced from the aligned bam files sorted by the coordinate with index function in
SAMtools'”® version 1.3.1, by bamCoverage -b --normalizeUsingRPKM --outFileFormat

177

bedgraph -o function in deepTools "' version 2.4.1.
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3-2-6. Investigation of conservation of TFs between human and mouse

To search common TFs between human and mouse, only names and expression levels of the
TFs were taken into consideration, and homology examination for neither DNA nor protein
sequence was performed. Because expression of 161 TFs was only detected in the public
RNA-seq data from spinal MNs, their expression levels were input as 0 tpm. On the other
hand, the mean expression levels of the other 1,168 TFs (defined by BWA) and 1,046 TFs
(defined by TopHat2) were calculated, respectively. After expression levels of TFs that
were uniquely detected by BWA or TopHat2 were set as O tpm in the other data, the final
mean expression values were calculated between these two data based on BWA and TopHat?2.
Using this processed data, quartile of expression levels of the TFs in the human MNs were
examined by quantile function in the R. On the other hand, after the mean expression levels
of the TFs among three WT mice were calculated, these mean values were used for examining

the quartile. The scatter plot was drawn using plot function in the default R.

3-2-7. Calculation of correlation coefficients among the CAGE signals
The human CAGE summary data produced by the FANTOMS Consortium'*****'"® with an-
notation (hgl9.cage_peak_phaseland2combined_tpm_ann.osc.txt.gz) was downloaded from

its website (http://fantom.gsc.riken.jp/5/datafiles/latest/extra/CAGE_peaks/). Only human
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tissue data in that file were used to investigate tissue-specific expression of the five CTSSs of
ADARBI [Materials and methods Table 3]. Pearson correlation coefficients and statistical
significance among CAGE signals around ADARB]I detected by the FANTOMS Consortium
were calculated for central nervous tissue samples (n = 60) and for all of the samples of adults
(n = 140), respectively, by pairs.panels function in psych R package'”. Statistical analyses
were performed at the same time using this pairs.panels function, setting the significance

threshold at 0.05.

3-2-8. Investigation of CAGE signals and histone modifications around ADARBI in
human tissues and HeLa-S3 cell line

In addition to HeLLa-S3 cells, I found only seven adult human tissues from which data of con-
comitant analyses of both CAGE and chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-seq) for H3K27ac, H3K4mel and H3K4me3 were availa-
ble: adipose, hippocampus, liver, pancreas, smooth muscle, spleen and substantia nigra. All
the CAGE data were extracted from the aforementioned annotated summary data downloaded
from the FANTOMS website. The mean values of CAGE signals were calculated for repli-
cated samples: the biological replicates of adipose (n = 4), hippocampus (n = 3) and substantia

nigra (n = 3), and the technical replicates of HeLLa-S3 cells (n=3). For the other tissues, only
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one data from a pooled sample was available. ChIP-seq data of the tissues and the HelLa-S3
cell line” were downloaded via the website Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) with the accession numbers summarized in Materials
and methods Table 4. After re-annotation from hg19 to hg38 using the UCSC LiftOver, all

the data were visualized on the UCSC-GB.

3-2-9. Quantification of mRNA of ADAR?2 in adipose tissue and HeL.a cells

Total RNA was extracted from HeLa cells using the illustra RNAspin Mini RNA Isolation Kit
(GE Healthcare Bioscience) according to the manufacturer's instruction. Total RNA ex-
tracted from a human abdominal subcutaneous adipose tissue was purchased at Zenbio
(RNA-T10-2; 10 pg of the RNA in 10 pL of 0.1 mM EDTA). The provided donor infor-
mation was as follows: 49 year-old non-smoker female without medications; unknown ethnic-
ity; body mass index in average was 25.8; not diabetic nor reactive to viral DNA from HIV-1,
HIV-2, HTLV I, HTLV II, hepatitis B and hepatitis C. The provided Certificate of Analysis
showed 7.8 in the RNA Integrity Number (RIN) of the RNA. From this total RNA, cDNAs
were reversely transcribed using ReverTraAce qPCR RT Kit (TOYOBO) and quantified by
real-time quantitative PCR with a set of primers for mRNAs of ADAR2 or beta-actin on

LightCycler System (Roche Diagnostics). Primer sequences for ADAR2 from the 5' to the 3'
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end were TTGGATCAGACGCCATCTC (19 nt; the forward) and

GACAGCGTCAGCTAAAACCTG (21 nt; the reverse). Primer sequences for beta-actin in

the same direction were TCCTCCCTGGAGAAGAGCTA (20 nt; the forward) and CGTG-

GATGCCACAGGACT (18 nt; the reverse). Before quantification, an internal standard

specific to each of the genes was amplified using the same set of primers mentioned above.

The set of standard DNA and cDNA were amplified in duplex in 20 pL of reaction mixture,

composed of 10 pL of 2x LightCycler 480 Probes Master Roche (Roche Diagnostics) and 10

uM of each primer and the Universal ProbeLibrary Probe (Roche Diagnostics; #48 and #27

for ADAR?2 and beta-actin, respectively) by PCR: pre-incubation at 95 °C for 10 min and am-

plification in 45 cycles of denaturation at 95 °C for 10 sec and annealing and extension at

60 °C for 30 sec. Finally, the expression level of mRNA of ADAR2 was normalized to that

of beta-actin.

3-2-10. Calculation of correlation in expression between ADARBI and TFs

Correlation in expression with ADARBI was calculated only for the 1,672 TFs defined by the

FANTOMS Consortium. For calculation, 10 tissue samples in which ADARBI was highly

expressed and another 10 in which ADARBI was lowly expressed were selected from the old

Phase 1 data of the FANTOMS Consortium downloaded via the Zenbu Browser (accessed on
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Sep/2014), respectively [Materials and methods Table S5]. The expression levels of
ADARBI in those tissue samples was extracted from that data, whereas all expression levels
of pl@TFs in the selected tissue samples were extracted from the old Phase 1 data of the
FANTOMS Consortium downloaded from its website at that time. Spearman correlation
coefficients in expression levels between pl @TFs and ADARBI were calculated using cor

function in the R.  No statistical analysis was performed during the calculation.

3-2-11. Search on a database for TFs probably targeting ADARB1
ADARBI was queried as a "target gene" on Open-access Repository of Transcriptional Inter-
actions (ORTD)'® (http://orti.sydney.edu.au/) only for "Homo sapiens" with the default other

settings (accessed on Oct/2016). The resultant table was analyzed manually.

3-2-12. Weighted gene co-expression network analysis

As a preprocessing procedure for a weighted gene co-expression network analysis (WGC-
NA)*'8-1% "4 batch effect residing in the raw RNA-seq data in the Data Set 1 was observed in
a principal component analysis by pca(method = "svd") function in pcaMethods R package'®*.
Therefore, the batch effect in log, (FPKM + 1)-transformed expression data of the whole

genes was corrected as to the laboratories that had produced the raw data by ComBat function
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in sva R package'”. Then, attenuation of the batch effect was confirmed by the principal
component analysis, and from the batch-corrected data, expression data of all the TFs in the
Data Set 1 were extracted. Additionally, expression data of ADARBI and non-TF marker
genes for several types of neurons and non-neuronal cells® were also extracted [Materials
and methods Table 6].

After this batch correction, the WGCNA was performed using WGCNA R package'*
on the following RNA-seq data in the Data Set 1 according to the developer's website
(https://1abs.genetics.ucla.edu/horvath/CoexpressionNetwork/Rpackages/WGCNA/): cerebel-

184 motor cortex (n = 7)', la-

lum (n = 5)'®, frontal cortex (n = 5)'”, hippocampus (n = 4)
ser-captured MNs from the non-ALS controls (n = 7)'* and temporal cortex (n = 3)*. The
RNA-seq data from laser-captured MNs of patients with sporadic ALS (n = 13) in the Data
Set 1 were excluded from this WGCNA to investigate modules of TFs in the state of the hu-
man central nervous tissues free from ALS. After confirmation of no outlier in all the data
by hierarchical clustering, the following parameters were set: soft-thresholding power = 6,
where mean connectiviey = 6.38, median connectivity = 3.88, max connectivity = 51.28;
minimum cluster size = 25; deepSplit =4. Branches of the dendrogram were then cut by the

Dynamic Tree Cut method by cutreeDynamic function, and the eigengene network was visu-

alized by plotEigengeneNetworks function. Correlation between modules and expression
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levels of ADARBI and the marker genes was calculated by cor and corPvalueStudent func-
tions with the significance threshold at 0.05. Bar plots and heat maps were drawn by plot
function in the R and heatmap.2 function in gplots R package'’, respectively. To seek TFs
significantly belonging to the Module Magenta, Bonferroni correction was adopted by multi-
plying the raw p-values by the number of the modules (n = 16) to counteract the problem of

multiple comparisons.

3-2-13. Scanning ChIP-seq signals and consensus motifs of TFs

Available ChIP-seq data of 571 TFs were manually downloaded one by one as bed files via
ChIP-Atlas'® for all cell types with the significance threshold at 50 (accessed on Jun/2017).
After the downloaded bed files were re-annotated from hg19 to hg38 using the UCSC LiftO-
ver, ChIP-seq signals within the promoter regions of ADARBI defined in this study were
scanned by the intersect -wb -a -b function in the BEDtools2.

Consensus motifs of 821 TFs from integrated data within rtfbsdb R package'®, in-
cluding data of Catalog of Inferred Sequence Binding Preferences database’', and from manu-
ally collected data of JASPAR 2016'” and other articles’** were used to predict TF binding
sites. After the position frequency matrices in those data sources were converted into the

position weighted matrices in probability ratio by foPWM function in TFBSTools R
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package'', all the position weighted matrices were scanned around ADARBI gene
(chr21:45,010,086-45,230,085; hg38) by tfbs.scanTFsite function with threshold = 6 in the
rtfbsdb R package. Predicted TF binding sites within the defined promoter regions of
ADARBI were scanned from the output bed file by the intersect -wb -a -b function in the

BEDtools2.

3-2-14. Search for TFs differentially expressed in ALS patients' tissues

The following published supplementary data of previous studies were analyzed, in which the
authors had investigated differentially expressed genes between sporadic ALS patients and
non-ALS healthy controls in high-throughput ways: the RNA-seq-based data from la-
ser-captured MNs (13 cases, 9 controls)'**'®; microarray-based data from laser-captured MNs
and the remained anterior horns (12 cases, 10 controls), respectively'®’; RNA-seq-based data

from the whole spinal cords (6 cases, 5 controls)'”; and two sets of microarray-based data

194,

from motor cortices (31 cases, 10 controls'®; and 11 cases, 9 controls'”).

From these sup-
plementary tables and figure, all the TFs were extracted by their names or the provided probe
IDs for the TFs. Changes in ADARBI expression were examined directly in these supple-
mentary data. Their original criteria and methods for the statistical analysis were kept

throughout this analysis. For the microarray data from the laser-captured MNs and the re-
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mained anterior horns, the significance threshold was set at 0.05.

3-2-15. Seeking for TFs interacting with FUS protein

TFs whose mRNAs were bound by FUS proteins were extracted by their names from the pub-
lished supplementary data of previous studies conducting crosslinking immunoprecipitation
followed by RNA-seq (CLIP-seq) for FUS in human temporal cortex'*’, HeLa cells '’ and
HEK?293 cells'®. Similarly, TFs interacted by FUS proteins were extracted from the pub-
lished data of quantitative mass spectrometry following to immunoprecipitation of FUS in

HeLa cells"”. The name of ADARBI was searched directly in these supplementary data.

3-2-16. Prediction of TFs targeted by miR-141 and miR-200a

To predict effects of miR-141 and miR-200a on expression of TFs, previous experimental da-
ta where these microRNAs had been overexpressed were downloaded via the Gene Expres-
sion Omnibus with the accession numbers GSM911074 (miR-141 transfection in A498 cells),
GSM911072 (miR-200a transfection in A498 cells), GSM911081 (miR-141 transfection in
Caki-1 cells) and GSM911078 (miR-200a transfection in Caki-1); while the former 2 data
were thought to be unpublished, the latter 2 data were previously reported®”. From these

processed data, fold-change values of all the TFs were extracted, and the mean value was
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calculated for every TF detected by multiple probes. Because ZEB1 and ZEB2 are estab-
lished targets of miR-141 and miR-200a™", a threshold for down-regulation was set to the
same extent for their suppressed levels (0.75 fold-change), and its reciprocal number (1.33
fold-change) was used as a threshold for up-regulation. Fold-changes in expression of
ADARBI were also extracted and analyzed in the same way above. Additionally, TFs that
might be targeted by these two microRNAs was predicted in silico using TargetScan Human
7.1* (http://www targetscan.org/vert_71/); after querying with the microRNA names on its

website, all the TFs were screened by their names from the downloaded resultant tables.

3-2-17. Plasmid construction of the selected TFs

All expression vectors of the selected 48 candidate TFs were constructed in the same way by
Dr. Yamashita, Ms. Teramoto and Mr. Hosaka. The coding sequence of the TFs was ampli-
fied using KOD -Plus- Ver. 2 (TOYOBO) from the template cDNA of HEK293 cells, HelLa
cells, SH-SYSY cells or human spinal cord. The gel-purified PCR products were cloned into
a pClI mammalian expression vector (Promega) using In-Fusion® HD Cloning Kit (Takara
Bio). The MAX Efficiency™ DHS5a™ Competent Cells (ThermoFisher Scientific) trans-
formed by the plasmid were proliferated overnight under selection with carbenicillin in LB

medium (Sigma-Aldrich) at 37 °C. After the plasmid was purified using QIAprep® Spin
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Miniprep Kit (QIAGEN), the insert sequence was verified by DNA sequencing [Materials

and methods Table 7].

3-2-18. Luciferase assay

Among the four defined ADARBI promoters, the pl, the p3/p4 and the p13 promoters were

constructed in the same way. First, the DNA sequence of every promoter was amplified

from the human genomic DNA using KOD -Plus- Ver. 2 (TOYOBO) with the following pri-

mers shown from the 5' to the 3' end: TTTTTTGGTACCCAGCCGCGGTCTCTCAGC (30

nt; forward) and TTTTTTAAGCTTGCACCCTCGCTTCTCCGC (30 nt; reverse) for ampli-

fication of the pl promoter; TTTTTTGGTACCATTGATAGATTTTTTGTATTAGGATTTC

(40 nt; forward) and TTTTTTAAGCTTCCGACGCCCCATGATGCTGAAAAAGGT (39 nt;

reverse) for the p3/p4 promoter; TTTTTTGGTACCTAATGGCTTGCTGGTTGAAAACGC

(36 nt; forward) and TTTTTTAAGCTTTCTCCATGAAAAGTCTTCTAAATACA (38 nt;

reverse) for the p13 promoter. Conditions of PCR were as follows: pre-incubation at 94 °C

for 2 min and amplification in 25 cycles of denaturation at 98 °C for 10 sec and annealing and

extension at 68 °C for 1 min (for the p1 promoter); pre-incubation at 94 °C for 2 min and am-

plification in 35 cycles of denaturation at 98 °C for 10 sec, annealing at 65 °C for 30 sec and

extension at 68 °C for 30 sec (for the p3/p4 and the pl13 promoters, respectively). The
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gel-purified PCR products were digested with restriction enzymes Kpnl-HF and HindlIll (New

England Biolabs). On the other hand, luciferase vector pGL4.15[luc2P/Hygro] (Promega)

was also digested with the same restriction enzymes and dephosphorylated using Alkaline

Phosphatase, Calf Intestinal (New England Biolabs). Then, the digested amplicons and the

luciferase vector were ligated using Quick Ligation Kit™ (New England Biolabs), respec-

tively. The succeeding purification of the luciferase plasmids was conducted in the same

way as the expression vectors were purified.

Construction of the other ADARBI promoter defined in the present study, the p2

promoter, was performed by Dr. Yamashita and Ms. Teramoto. To circumvent a persistent

mutation within the defined region, a wider region including the defined one was amplified

from the human genomic DNA using KOD -Multi & Epi- (TOYOBO) with the following

primers shown from the 5' to the 3' end: TGGCCTAACTGGCCGG-

GAGGCCAGGGCTAGTACAA (35 nt; forward) and TCTTGA-

TATCCTCGAAACAACTGCTCTTAAGACAA (35 nt; reverse). PCR was performed in

the following condition: pre-incubation at 94 °C for 2 min and amplification in 35 cycles of

denaturation at 98 °C for 10 sec and annealing and extension at 68 °C for 1.5 min. The

gel-purified PCR products were digested with restriction enzymes Drdl and AIwNI (New

England Biolabs), and the yielded fragment was blunted with Klenow Fragment (Takara Bio)

43



according to the manufacturer’s instruction, thereby gaining the insert sequence of the defined
p2 promoter. After the luciferase vector pGL4.15[luc2P/Hygro] were digested with
Kpnl-HF and Xhol, blunted with Klenow Fragment and then dephosphorylated with Alkaline
Phosphatase, Calf Intestinal, the insert sequence and the prepared luciferase vector were li-
gated using Quick Ligation Kit™ . The MAX Efficiency™ DH5a™ Competent Cells trans-
formed by this plasmid were proliferated in the same way above, and from these cells plas-
mids were purified. Because all the purified luciferase plasmids had the inverse sequence of
the defined p2 promoter, these plasmids were digested with EcoRV and Sfil (New England
Biolabs) and blunted with Klenow Fragment. This digested product and the pCI vector that
had been digested with EcoRI (New England Biolabs) and blunted with Klenow Fragment
were then ligated in the same way. The purified vector harboring the inverse sequence of
the p2 promoter was digested with Kpnl-HF and Xhol. After this fragment and
pGL4.15[luc2P/Hygro] digested with Kpnl-HF and Xhol were ligated in the same way above,
this product was transformed into the One Shot™ Stbl3™ Chemically Competent E. coli
(ThermoFisher Scientific), and these cells were proliferated under selection with carbenicillin
in LB medium at 30 °C for two days. From these cells, the luciferase plasmids of the p2
promoter were purified in the same way above.

All procedures of the following luciferase assay were performed by Ms. Teramoto.
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After HeLa cells were seeded into 96-well plates, the cells were transfected with 0.1 pg of
each plasmid of the ADARBI promoters and 0.1 pg of each plasmid of the TF expression
vectors using Lipofectamine® 3000 Transfection Reagent (Invitrogen). The empty pCI ex-
pression vector was used as a negative control. The cells in MEM-alpha medium (WAKO)
with 10% fetal bovine serum (Invitrogen), 100 U/mL penicillin and 100 pg/mL streptomycin
(Invitrogen) were cultured in 5% CO, at 37 °C for 72 hours. After this, the luciferase activ-
ity was measured with GloMax® Navigator (Promega) using the Luciferase Assay System

(Promega) according to the manufacturer's instruction.

3-2-19. Visualization of CAGE data of the human primary memory T cells

The CAGE signals of human primary CD4* CD25"¢" CD45RA" regulatory and CD4* CD25
CD45RA- conventional memory T cells before and after in vitro expansion’” around
ADARBI were extracted from the aforementioned annotated summary data downloaded from
the FANTOMS Consortium website. After bedGraph files in hg38 were produced using this

data and the LiftOver, the CAGE signals around ADARBI were visualized on the UCSC-GB.

3-2-20. Additional data analyses for the TFs examined by the luciferase assay

Data of protein-protein interactions among the examined TFs was downloaded from
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STRING™ version 10.5 and visualized using Cytoscape™” version 3.5.1; this data was based
on the experiments, databases and co-expression (> 0.15 confidence). Data of tis-
sue-specificity in expression of the TFs and their preference to be a hub were quoted from
Supplementary Table S1 of Ravasi T. et al. Cell 2010*®. Data of differentially expressed TFs
with aging was extracted from Supplementary Table S12 of Mele M. et al. Science 2015%.
Data of SNPs at eQTL of the TFs in human tissues determined by the Genotype-Tissue Ex-
pression (GTEx) Consortium'® were downloaded via the FANTOM CAT v1.0.0 Extended
View vl hgl9, and the effect of the alternative allele at these eQTL on expression of the
TFs was manually surveyed by browsing the GTEx Consortium website version V6p
(https://www.gtexportal .org’/home/). Data of SNPs observed in patients with sporadic ALS
were retrieved from ALS Variant Server’® (http://als.umassmed.edu/), ALS Data Browser™’
version 2 (http://alsdb.org/) and ALS Gene®” (http://alsgene.org/), respectively; only the ALS
Variant Server provided data of the numbers of alleles counted in the patients. All of these

web resources mentioned here were accessed on Jul/2017.
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Materials and methods Table 1. RNA-seq data in the Data Set 1.

Sample # Donor Age DatalD Accession

Cerebellum 1__Female_62 __90 cereb__ GSM1642318 .

|

5 Male 81 93 cereb  GSM1642322
1 Female 62 90 _FCX GSM1642319

Frontal cortex

5 Male 81 93 FCX GSM1642323
1 Female 77 CTRL1 GSM1645000

Hippocampus

4  Female 85 CTRL4 GSM1645003
1 Adult 64 CTRL-12 GSM2100633

Motor cortex

CTRL-13 GSM2100634

~
>
o
c

=
Ul
e
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Materials and methods Table 1 (cont.). RNA-seq data in the Data Set 1.

Sample # Donor Age DatalD Accession Ref
Spinal motor neurons 1 Male 78  10_Control GSM1977027
Healthy control 2 Male 77 39 Control GSM1977030

7 Female 58 78 Control GSM1977029
1 Male 61 16_sALS GSM1977044

Spinal motor neurons

Patients 2__Male 84 _21sALS__ GSM1977040
(sporadic ALS) 3 _Male _74_ _27sALS___GSMI1977045 ,
A _Female 81 _ 34 sALS___GSM197/041
> _Male 67 48 sALS_ __GSMI377046
6 _Tfemale 58 _ 60 sALS __GSMI377035_
7 __Male 52 62sALS __ GSM1977036_
8__Male 68 63 sALS __ GSM1977037_
9__Male 55 _79sALS _ GSM1977042
10_Male =54 _82sALS__ GSM1977043
11_Female 77 _ 85 sALS __GSMI1977047
12 Female 56__ 84 sALS___GSMI1377038
13 Male 36  89_sALS GSM1977039
Temporal cortex 1 Adult 63  63yo  GSM1901345
2 Adult _ 45 _ 45y0_ ____GSM1901344_5
3 Adult 53 53yo GSM1901347

All the accession numbers are for Gene Expression Omnibus.

Ref: 1, Prudencio M. et al. Nat. Neurosci. 2015; 2, Magistri M. et al. J Alzheimers
Dis. 2015; 3,Lin L. et al. Hum. Mol. Genet. 2016; 4, Batra R. et al. bioRxiv 2016; 5,
Zhang Y. et al. Neuron 2016.
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Materials and methods Table 4. GEO accession numbers of
ChIP-seq data for 3 histone modifications.

Tissue/cell line  H3K27ac H3K4mel H3K4me3

Adipose GSM916066 GSM669975 GSM670041
Hippocampus GSM1112791 GSM669962 GSM670022
Liver GSM1112809 GSM669972 GSM621675
Pancreas GSM906397 GSM910576 GSM910581
Smooth muscle GSM916065 GSM621642 GSM621645
Spleen GSM906398 GSM910577 GSM910582
Substantia nigra GSM1112778 GSM772898 GSM772901
Hela cell GSM733684 GSM798322 GSM733682

54



Materials and methods Table 5. Tissue samples for
calculating correlation between ADARBT expression and TF.

Group Sample
Highest 10 Aorta Bladder
in ADARB1  Cerebellum (n = 3) Dura mater
expression  Lung, right lower lobe Pineal gland
Smooth muscle Vagina
Lowest 10 Blood Heart
in ADARBT  Kidney Left ventricle
expression  Liver Parotid gland

Salivary gland
Substantia nigra

Small intestine
Thyroid
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Materials and methods Table 7. Sequence IDs of

cloned TFs in this study.

TF ID TF ID

AFF4 CCDS4164 MSX1 CCDS3378
AR CCDS14387 MXI1 CCDS7564
ARNT CCDS970 NFIA CCDS44156
ATF4 CCDS13996 NR2F1 CCDS4068
CBFB CCDS10827 NR2F2 CCDS10375
CBX3 CCDS5398 NR3C1  CCDS4278
CEBPA CCDS54243 NR3C2  CCDS3772
CREB1 CCDS2374 RFX2 CCDS12157
EBF1 CCDS4343 RUNX1  CCDS13639
ELF2 CCDS82954 RXRG CCDS72970
ENO1 CCDS97 SETBP1  CCDS11923
ESRRG CCDS1517 STAT1 CCDS42793
FOXA1  CCDS9665 TCF4 CCDS11960
FOXB1 CCDS32255 TFCP2 CCDS8808
FOXD1  CCDS75259 YBX1 CCDS470
FOXP2 CCDS43635 YY1 CCDS9957
FOXP3 CCDS14323 ZEB1 CCDS44370
HIF1A CCDS9753 ZEB2 CCDS2186
HOXB7  CCDS11532 ZFPM2  CCDS47908
ID4 CCDS4544 ZHX3 CCDS13315
KLF7 CCDS2373 ZNF25 CCDS7195
MAX CCDS9772 ZNF672 CCDS1638
MEF2A  CCDS53978 ZNF781 CCDS12507
MLLT11 CCDS982 ZNF876P NR_027481.1

AR has 21 CAG repeats (within the normal range).
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4. RESULTS

4-1. Genome-wide profile of transcriptional activity in human MNs by the CAGE
method

First of all, on assumption of species-, tissue- and cell-type-specific transcriptional activity
and regulation of gene expression, in total 20,629 single human MNs were collected from au-
topsied spinal cords of two donors with laser capture microdissection®” (11,100 and 9,529
MNs from each; i.e., two biological replicates) [Results Figure 1A]; the dorsal horns and
white matter were macroscopically collected as controls, respectively. RIN of the replicated
samples of the MNs, the dorsal horns and the white matter were 4.2,4.6,7.7,6.1,6.2 and 5.9,
respectively [Results Table 1A]. Then, I genome-widely profiled transcriptional activity in
these samples by the CAGE method. Since the starting amount of the total RNAs (045 ~
2.75 pg) was below the requirement (5 pg), each mapped read count of the samples was in an
order fewer than the average in the FANTOMS data'” [Results Table 1B]. Nevertheless,
the resultant CAGE signals in the MNs were highly correlated between the biological repli-
cates and lowly correlated with those in the dorsal horns or white matter [Results Figure 1B],
suggesting that the gained CAGE signals in the MNs faithfully represented genome-wide

transcriptional activity specific to these neurons.
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4-2. Definition of promoters of ADARBI

As a crucial step in the present study, I defined active promoters of ADARBI in the human
MNs based on the present CAGE data on the MNs and the previously annotated five CTSSs
of ADARBI. This enables to survey both species-specificity in the DNA sequences and po-
sitions of the promoters of the ADAR?2 genes and tissue-specificity in activity of the ADARBI
promoters in the adult human tissues.

4-2-1. Definition of the active promoters of ADARBI in the human MNs

Overview of the CAGE signals around ADARBI in the MNs showed that the MNs consist-
ently expressed these signals around the pl1 @ and the p2@, but not in the exact position of the
pl3@, the p3@ or the p4@ [Results Figure 2A, bottom], suggesting that regions harboring
the former two CTSSs were active promoters of ADARBI in the MNs [Results Figures
2B-D; Results Table 2].

A single weak CAGE signal in the MNs was consistently detected at the p2@, which
had no obvious PROMPT signal in the CAGE total counts [Results Figure 2B], probably due
to technical limitation to detect unstable nascent RNAs in the CAGE method’. A promoter
of ADARBI that was active in the MNs and harbored the p2@ was designated as p2 promoter
and defined within a single DHS from approximately 300 bp upstream of the 5' end of the

p2@ to 100 bp downstream of the 3' end of this CTSS (length: 412 bp); this definition was
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1 and consistent with other previous reports that an active

according to a previous report
CTSS was flanked by the closest nucleosomes with the H3K4me3 modification at -250 ~ -350
bp and about +100 bp**"", respectively. This p2 promoter has TATA-box (TATAAAAA) in
a position unusually distant from the p2@ (more than -110 bp, compared to the canonical -33
to -28 bp, relative to the CTSS*'"). The DNA sequence of the p2 promoter was highly con-
served in a rhesus and partially in a marmoset, but not in a mouse.

The CAGE signals in the region around the pl @ suggested that this region was also
an active promoter of ADARBI in the MNs [see Results Figure 2B]. This active promoter
in the MNs, designated hereafter as pl promoter of ADARBI, was defined within a single
DHS from 200 bp upstream of the 5' end of the pl@ to 320 bp downstream of the 3' end of
this CTSS (length: 596 bp), which encompassed all the CAGE signals around the pl @ in the
MNs and the previously defined two CTSSs p2@SSR4P1 and the p3@SSR4P1'%%*% of the
putative ADARBI PROMPT. The DNA sequence of the pl promoter was modestly con-
served with a marmoset and partially and weakly conserved with a mouse, whereas the se-
quence was in no homology with a rhesus. This p1 promoter resided within a CpG island.

No CAGE signals were detected in the MNs at the p13@, which lacked an obvious

PROMPT signal in the CAGE total counts [Results Figure 2C]. I defined a region from

300 bp upstream of the 5' end of the p13@ to 100 bp of the 3' end of this CTSS as p13 pro-
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moter of ADARBI (length: 435 bp) whose DNA sequence was highly conserved among the
primates and to a lower extent with a mouse.

Similarly, in the MNs, no CAGE signals were detected at the p3@ nor the p4@,
which had no obvious PROMPT signal in the CAGE total counts [Results Figure 2D]. I
defined a region within a single DHS from 300 bp upstream of the 5' end of the p3@ to 100
bp downstream of the 3' end of the p4@ as p3/p4 promoter of ADARBI (length: 455 bp),
whose DNA sequence was highly conserved throughout the primate species and modestly
with a mouse.

In addition, the overview of the CAGE signals around ADARBI in the MNs demon-
strated that many MN-specific CAGE signals were detected within and upstream regions of
the gene body of ADARBI, implying the positions of putative MN-specific enhancers [see
Results Figure 2A, bottom]. Accordingly, although none of these signals was at the exact
positions of the previously detected CTSSs'****°, seven out of the 17 CAGE signals in the

non-coding regions around ADARBI in the MNss settled within the previously defined DHSs*.

4-2-2. Species-specificity of the promoters of the ADAR2 gene between humans and
mice

To survey difference in promoters of mouse ADAR?2 gene Adarbl from the human counter-
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parts, I investigated CTSSs of Adarbl defined by the FANTOMS Consortium'**** [Results
Figure 3A], revealing that among its three annotated CTSSs, only pl@Adarbl and
p2@Adarb1 had similar features to the human pl @ (e.g., their existence within a CpG island
and presence of putative PROMPT Gm17769 in their 70 ~ 90 bp upstream), but the DNA se-
quence around these CTSSs was poorly conserved with humans [Results Figure 3B]. On
the other hand, the position of the other pS@Adarb1 did not correspond to any of the human
p2@,p3@,pd4@ or pl3@.

In conclusion, because the repertoire of the motoneuronal TFs and the promoters of
the ADAR2 gene of humans were not conserved with mice, experiments on the regulatory
mechanism of expression of mouse ADAR?2 gene in the MNs could be of little help, and only
analyses specific to the human MNs would elucidate the regulatory mechanism of ADARBI

expression in the human MNs.

4-2-3. Tissue-specific activity of the ADARBI alternative promoters

To infer specificity in activity of the ADARBI promoters among human adult tissues, I inves-
tigated transcriptional activity at the annotated five CTSSs of ADARBI using the publicly
available CAGE data from 140 different tissue samples of adults'*****'”®,  Transcription at

the pl @ within the pl promoter was ubiquitously active among the tissues; at the p2@ within
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the p2 promoter and at the p3@ and p4@ within the p3/p4 promoter, transcription was less
ubiquitously active, respectively; and transcription at the p13@ within the p13 promoter was
specifically detected in some of the nervous tissues [Results Figure 4A].

To survey co-expression of the five CTSSs of ADARBI in the human nervous tissues,
I calculated correlation in expression of all the CTSSs within the 231.8 kb region around the
ADARBI using the CAGE data on the 60 nervous tissue samples within the aforementioned
public CAGE data. It demonstrated that the pl @, the p13@ and the p2@ were co-expressed
in the 60 nervous tissue samples independently from the p3@ and the p4@ [Results Figure
4B]. Consistently, as transcriptional activity of co-regulated promoters and that of their en-
hancers are highly correlated”*®, this result also showed that the pl @, the p2@ and the p13@
may be regulated by a different set of enhancers from the p3@ and the p4@ in the nervous
tissues. This independency of the p3@ and the p3@ was also observed even in calculation
using the CAGE data on all the 140 tissue samples. Indeed, previous CAGE data from hu-
man primary CD4" CD25"¢" CD45RA" regulatory and CD4* CD25 CD45RA" conventional
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memory T cells™ showed the otherwise quiescent p3@ and p4@ were independently acti-

vated during the in vitro expansion®"”

[Results Figure 4C], suggesting independent and dy-

namic regulation of the p3/p4 promoter depending on a biological state of the cells.

To survey tissue-specific activity of the ADARBI promoters from a viewpoint of the
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EIO,22,30,178 and

histone modifications, I additionally analyzed the publicly available CAG
ChIP-seq® data for the active enhancer markers (H3K27ac and H3K4mel) and the active
promoter marker (H3K4me3) in human seven tissues (adipose, hippocampus, liver, pancreas,
smooth muscle, spleen and substantia nigra) and the HeLLa-S3 cell line [Results Figure 5].
Among these, the pl@ was the most active CTSS in all the samples but the adipose tissue
where the p2@ was more active than the pl @; the p3@ and the p4@ were weakly or scarcely
expressed and the p13@ was inactive in all of these data. In accord with the lower CAGE
signal at the pl @ in the adipose than that in the HeLLa-S3 cell line, the commercially available
total RNA from an adipose tissue indeed expressed fewer mRNAs of ADAR?2 than HeLa cells
(4.9x107 in adipose and 1.2x107 in HeLa cells, respectively, when the expression level of
ADAR?2 was quantified and then normalized to that of beta-actin by quantitative PCR). As
shown in Results Figure SA, ChIP-seq peaks of the H3K27ac and H3K4mel appeared at
different positions in different tissues and cell line, implying tissue- and cell-type-specific
combinatorial usage of enhancers® for regulating ADARBI expression. In addition, a closer
view around the pl@ and the p2@ revealed multiple peaks of the H3K4me3 around these
CTSSs [Results Figure 5B]; the patterns of the multiple peaks were quite different between

the adipose tissues actively expressing the p2@ and the other tissues dominantly expressing

the pl @, demonstrating the difference in this histone modification reflecting the different ac-
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tivity of these two CTSSs.
In conclusion, the results of these investigations altogether suggested the tis-

sue-specific regulation of the ADARBI promoters by enhancers specific to that tissue.

4-3. Definition of the human motoneuronal TFs

To define the human motoneuronal TFs, I analyzed the present CAGE data on the human
MNs and publicly available RNA-seq data on the laser-captured MNs of seven non-ALS
adults'® for complementing the relatively limited CAGE signals in the MNs. The CAGE
data defined 1,173 motoneuronal TFs [Results Figure 6]; by adding 161 TFs uniquely de-
tected in the public RNA-seq data, I defined in total 1,334 human motoneuronal TFs.

Next, to survey difference in the motoneuronal TFs between humans and mice, I an-
alyzed RNA-seq data on approximately 2,000 laser-captured MNs of WT mice (n=3) [Results
Table 3], defining 1,225 mouse motoneuronal TFs. Humans shared 74% of their motoneu-
ronal TFs (988 out of 1,334) with mice; these shared motoneuronal TFs were in modest cor-
relation in expression (Pearson's rho = 0.58, p < 2.2e-16) [Results Figures 7A, left and 7B].
However, humans shared with mice only 33% (223 out of 668) of their TFs expressed greater

than the median expression level of the human motoneuronal TFs [Results Figure 7A, right],
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demonstrating species-specificity in the expression and repertoire of the motoneuronal TFs.

4-4. Prediction of motoneuronal TFs regulating ADARBI expression

A large number of the human motoneuronal TFs required to select a subset of them that were
preferentially examined by in vitro luciferase assay. Thus, I predicted ADARBI-regulatory
TFs in the MNs by multiple in silico analyses, based on (1) correlation in expression between
each of the TFs and ADARBI, (2) a database for putative target genes of TFs, (3) correlation
in expression between TF modules and ADARBI, (4) public data of ChIP-seq and consensus
motifs of TFs, (5) TFs decreased in tissues of patients with sporadic ALS, and (6) possible
molecular cascades of pathogenesis of mutant FUS-linked ALS.

4-4-1. Prediction from correlation in expression between each of the TFs and ADARBI
TFs correlatively expressed with ADARBI might regulate ADARBI expression. Therefore, I
calculated the correlation between each of the TFs and ADARBI using the previous CAGE
data from highest and lowest 10 human tissue samples expressing ADARBI'***; this resulted
in 32 TFs above the threshold (ISpearman's rhol = 0.7), 24 of which were motoneuronal ones

[Results Table 4].

66



4-4-2. Prediction from a database for putative target genes of TF's

Database ORTI'™ informs putative TFs targeting a particular gene based on previous
low/high-throughput experiments and computational prediction. For ADARBI, this database
showed six putative TFs as its regulator (AR, E2F4, ETS1, FOXP3, GATA2 and TP53),

among which AR and E2F4 were the motoneuronal TFs.

4-4-3. Prediction from correlation in expression between TF modules and ADARBI

To find a subset of TFs ("module") regulating ADARBI in neurons in the central nervous tis-
sues, I conducted WGCNA that enabled to dissect genes expressed in heterogeneous tissues
into multiple modules that may have tissue- or cell-type-specific function®**'"*'"'** " Unfor-
tunately, the number of available RNA-seq data from the laser-captured MNs (n= 7) of
non-ALS adults'®® was below the requirement to perform this WGCNA meaningfully (n > 15).
Therefore, I conducted WGCNA using expression profiles of all TFs detected at least one

sample by RNA-seq on cerebellum (n = 5)', frontal cortex (n = 5)'*, hippocampus (n = 4)'*,
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motor cortex (n = 7)'®, the laser-captured MNs (n = 7)'° and temporal cortex (n = 3)* in the

Data Set 1 (in total 1,986 TFs). The WGCNA divided these TFs into 15 modules (colored)
and one unclassified group (Module Grey) [Results Figure 8A]; 10 of these 15 colored mod-
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ules formed the largest cluster based on their first principal component™ ("module
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eigengene") [Results Figure 8B], indicating inter-modular functional relationship within this
module cluster. On the other hand, module eigengene of Module Magenta clearly distin-
guished the MNs from the other central nervous tissues [Results Figure 8C]; four TFs nega-
tively contributing to this eigengene were expressed only in the MNs, one of which was a
well-known MN-marker gene MNX1 encoding Hb9 protein [Results Figure 8D].

Next, to find putative neuron-specific modules regulating ADARBI expression, |
examined correlation of all the module eigengenes with expression of ADARBI, an
MN-marker gene CHAT and each of 10 other marker genes for eight cell-types (neurons, glu-
tamatergic neurons, interneurons, Purkinje cells, astrocytes, oligodendrocytes, microglial cells
and meningeal cells®) in these central nervous data, respectively [Results Figure 8E]. Even
though I failed to find correlation between the expression of CHAT and any module
eigengenes due to its low expression levels, the eigengenes of the six Modules correlating
various neuronal marker genes (Turquoise, Blue, Brown, Red, Green and Black) were
strongly and positively correlated with the expression of ADARBI. All of these six modules
within the largest module cluster embraced 91.6% of the TFs (339/370) whose expression was
significantly correlated with the ADARBI expression in this WGCNA. Because 235 out of
339 were the motoneuronal TFs, they were regarded as putative ADARBI-regulatory TFs in

the MNs.
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4-4-4. Prediction from public data of ChIP-seq and consensus motifs of TFs

Possibility of TF for binding to the ADARBI alternative promoters could be predicted from
the presence of their ChIP-seq signals and their consensus motifs within the defined regions.
Among the 340 motoneuronal TFs whose ChIP-seq data were available in ChIP-Atlas'®, no
more than 60 TFs similarly bound to the pl, p2 and p3/p4 promoter, respectively [Results
Table 5], suggesting that the p3/p4 promoter is likely regulated as actively as the pl and the
p2 promoters are done in the cells. However, only MAX bound to the p13 promoter in the
available data. On the other hand, among the 328 motoneuronal TFs whose consensus mo-
tifs were available in public®™>>'*"'® the motifs of less than 150 TFs were detected within
each of the ADARBI promoters [see Results Table 5], in many cases of which these positions

were overlapped by the corresponding ChlIP-seq signals, validating this in silico motif search.

4-4-5. Extraction of TF's decreasing in the tissues of patients with sporadic ALS

Because TFs decreasing in tissues of patients with sporadic ALS might be involved in the
down-regulation of ADARBI in those tissues, I extracted such down-regulated TFs from the
published high-throughput data on tissues of the patients and the non-ALS controls: 1)
RNA-seq data from laser-captured MNs (13 cases, 9 controls)''®®; 2) microarray data from

laser-captured MNs and the remained anterior horns (12 cases, 10 controls)'**; 3) RNA-seq
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data from the whole spinal cords (6 cases, 5 controls)'”*; 4) microarray data from motor corti-

ces (31 cases, 10 controls)'™; and 5) another microarray data from motor cortices (11 cases, 9

controls)'”. Conducting unsupervised hierarchical clustering based on gene expression,

Aronica E. et al. reported that all the samples were divided into 3 groups: SALS1 group (18

cases and 1 control), SALS2 group (13 cases and 2 controls) and Control group (7 controls)'*.

As a result of this analysis, in total 619 motoneuronal TFs were regarded as candidates for the

ADARBI-regulatory TFs [Results Table 6].

4-4-6. Extraction of TFs in possible molecular cascades of pathogenesis of mutant

FUS-linked ALS

RNA-binding protein FUS'"*'***!* regulates gene expression via alternative splicing'®**">>'°
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and polyadenylation®"’ (extensively reviewed elsewhere®'®); and ALS-linked mutant FUS de-

197,199,219

teriorates such biological functions , and also forms abnormal aggregation in the cyto-

plasm”"?®.

Another report suggested the role of long-term effects from aberrant
FUS-miR-141/200a feed-back loop in the pathogenesis of mutant FUS-linked ALS*. It has
been unclear, however, whether mutant FUS causes ALS phenotype through disruption of

these known biological functions. A recent report demonstrated that expression of ADARBI

is decreased in MNs of an ALS patient carrying an FUS™*" mutation'" raised the possibility
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that mutant FUS may have a role in ADARBI regulation. To assess the role of mutant FUS
in down-regulation of ADARBI, | investigated the possibility that mutant FUS may facilitate
sequestration of either mRNAs (Putative link I) or proteins (Putative link II) of the regulatory
TFs and/or ADARBI into cytoplasmic aggregation or (Putative link III) suppress the regula-
tory TFs and/or ADARB]I through miR-141 and/or miR-200a up-regulation.

For the Putative link I, mRNAs of 834 and 579 motoneuronal TFs in total bound to
WT and mutant FUS (FUS®'C or FUS®*'™), respectively, in previous data of CLIP-seq for
FUS in human temporal cortex'*®, HeLa cells'”’ or HEK293 cells'”® [Results Table 7]. The-
se public data also showed that mRNAs of ADARBI bound to WT FUS in HelLa and HEK293
cells but not to mutant FUS in HEK293 cells. Another previous data'” showed protein-level
interaction of 48 motoneuronal TFs with FUS in HeLa cells (the Putative link 1I); ADAR2
does not interact with FUS in this cell line. According to microarray data of renal cell car-
cinoma cell lines with miR-141 and miR-200a overexpression®”, 99 ~ 191 motoneuronal TFs
were suppressed by each of these microRNAs to the similar levels of their well-known targets
ZEB1 and ZEB2, respectively (the Putative link III); TargetScan Human 7.1°* predicted 220
~ 255 TFs as putative targets of these two microRNAs. On the other hand, expression of
ADARBI was not affected by miR-141 but up-regulated by miR-200a in both of the cell lines

(1.4 ~ 1.5 fold-change).
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4-5. Invitro luciferase assay of the selected TFs

After these in silico predicting analyses, in total hundreds of motoneuronal TFs were listed up

as candidates for ADARBI-regulatory TFs. Among these candidates, in total 34 motoneu-

ronal and 14 non-motoneuronal TFs were selected to preferentially examine their regulating

properties for the four ADARBI promoters by in vitro luciferase assay [Results Figure 9;

Results Tables 8A and 8B]. These candidate TFs included two motoneuronal and eight

non-motoneuronal TFs that had been randomly selected before the present study, based on

homology in DNA sequences around the first exon of ADARBI among a human, chimpanzee,

mouse and rat.

Luciferase assay was conducted not only for the p2 and pl promoters active in the

MNss but also for the p13 and p3/p4 promoters to ask if these quiescent promoters in the MNs

could be regulated by the same TFs as the active ones were done. Co-transfecting each of

the selected TFs with each of the four promoters in the Hela cells, respectively, revealed that

all the four regions defined in the present study were competent as a promoter and each of

them was regulated by a different set of the examined TFs [Results Figure 10A]. Among

the examined 34 motoneuronal TFs, 15, 13, 21 and 23 TFs activated and 4, 8, 3 and 3 TFs

suppressed transcriptional activity at the p2, the pl, the p13 and the p3/p4 promoters, respec-

tively; 3 and 2 TFs activated and suppressed only one of the promoters, respectively; 21 and 5
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TFs activated and suppressed multiple promoters, respectively (cutoff: 3/2 and 2/3

fold-change to the negative control for up- and down-regulation, respectively). Seven out of

the 21 activators for multiple promoters activated all the four promoters (i.e., universal acti-

vators: ESRRG, ID4, KLF7, NFIA, NR3C1, NR3C2 and ZEB1); one out of five suppressors

for multiple promoters suppressed all the promoters (i.e., a universal suppressor: YBX1).

Only one motoneuronal TF, MXI1, exhibited no effect on any of the tested ADARBI promot-

ers. On the other hand, among the 14 examined non-motoneuronal TFs, 5, 4, 7 and 7 TFs

activated and 1, 6, 1 and 2 TFs suppressed the p2, the pl, the p13 and the p3/p4 promoters,

respectively, and FOXD1 and FOXP3 activated all the four promoters [Results Figure 10B].
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Results Figure 1A Laser capture microdissection of human spinal motor neurons (MNs).

Larger anterior horn cells are regarded as MNs and selectively collected with the microdis-
sector. Representative pictures before and after dissection are shown in left and right panels,
respectively. The margin of the anterior horn is depicted with white dotted line. Inset in
each panel shows a 2-fold-magnified view in a region indicated by the white rectangle. The

scale (200 um) is shown at the bottom left.
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Results Figure 1B Correlation among CAGE signals detected in the laser-captured motor
neurons, dorsal horns and white matter (aligned by BWA).

CAGE signals in the two biological replicates of the MNs are highly correlated with each
other but just weakly with those in technical replicates of dorsal horns and white matter,

demonstrating specificity of the CAGE signals in the MNs.
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Results Figure 4A  Tissue-specific expression of the 5 CTSSs of ADARBI.

Expression levels of every CTSSs in all the human tissue samples are shown in TPM (tag per

million).

tissue-types.

The number of samples in each category is indicated in brackets.

All the human samples of healthy adults are categorized with different colors as to

All of the

raw data are retrieved from the FANTOMS web site; for names of these tissue samples, see
Materials and methods Table 3.
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19" Before ) .
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Results Figure 4C Example of independent and dynamic regulation of the p3@ and the
p4@ in memory T cells.

Transcriptional activity of ADARBI at the pl@ and the p2@ (top), at the p3@ and the p4@
(bottom left) and at the p13@ (bottom right) before and after in vitro expansion of two kinds
of memory T cells is shown, respectively. CAGE signals on the plus and minus strands be-
fore and after the expansion are shown in different colors, respectively, as indicated in each
row. The raw data are downloaded from the FANTOMS web site (see the Materials and
methods Section). The scale (200 bp) is shown in the top right of each panel.
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Results Figure SA Transcriptional activity and histone modifications around ADARBI in 7
human tissues and HeL a cells.

CAGE signals (red, the plus strand; blue, the minus strand) and ChIP-seq signals for histone
H3K27ac (light blue), H3K4mel (dark blue) and H3K4me3 (orange) in human adipose (n =
4), hippocampus (n = 3), liver (n = 1), pancreas (n = 1), smooth muscle (n = 1), spleen (n = 1),
substantia nigra (n = 3) and HeLa cells (n = 3) are visualized, respectively. For CAGE sig-
nals in adipose, hippocampus, substantia nigra and HeLa cells, the mean values of their repli-
cates are shown, respectively. Note that the scale of CAGE signals in smooth muscle differs
from the others, and that because of their auto scales, ChIP-seq signals are not comparable
with each other. All of these are publicly available data (see the Materials and methods Sec-
tion). The scale (100 kb) is indicated at the top.
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Results Figure SB  Transcriptional activity and histone modifications around ADARBI in 7
human tissues and HeL a cells (view around the pl @ and the p2@).

All scales, annotations and colors are the same as those in Results Figure SA. All of these
are publicly available data (see the Materials and methods Section). The scale (2 kb) is in-
dicated at the top.
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CAGE (BWA) CAGE (TopHe
[1,168] )46

RNA-seq
[907]

Results Figure 6 The numbers of TFs detected in the motor neurons (MNs) by the present
CAGE and the previous RNA-seq.

The number of TFs found in the present data of CAGE from the MNs aligned by BWA (blue)
or TopHat2 (light blue) and in the publicly available previous RNA-seq data is indicated in
brackets, respectively. In total, 1,334 TFs are defined as motoneuronal TFs without duplica-

tion.
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Human Mouse

[1,334] [1,225]
Human Mouse
[668] [613]
98

Results Figure 7A  The number of motoneuronal TFs expressed both in humans and mice.

As a whole, 988 motoneuronal TFs are overlapped between humans and mice (left). Ap-
proximately only one-third of the motoneuronal TFs are commonly expressed between the
two species at a level greater than the median expression level of total motoneuronal TFs

(right). The total number of human and mouse TFs is shown in brackets, respectively.
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Results Figure 7B Correlation in expression between human and mouse motoneuronal TFs.
Expression levels of 988 motoneuronal TFs are just modestly correlated between human (light
blue) and mouse (dark blue). A red line shows a result of linear regression, and Pearson's
rho is indicated also in red. Lines in light and dark blue display the median of the expression
levels of the human and mouse TFs, respectively. Dotted lines in light and dark blue are the

lower or upper quartile of the expression levels of the human and mouse TFs, respectively.
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Gene dendrogram and module colors

i F- R Tk BIERR ‘_“T‘N e "'1";—"" VO e T _ G e f
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Dynamic
Tree Cut

[Results Figure 8A Dynamic tree cut in the WGCNA.
WGCNA (Weighted gene co-expression network analysis) with the dynamic tree cut divides

TFs expressed in the human central nervous tissues into the 15 colored modules and one un-
classified group (Module Grey).
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0.8

—0.6

0.4

Results Figure 8B  Adjacency of the eigengenes of the 15 modules.

The module eigengene (first principal component) shows the large cluster consisting of 10
modules (upper left). Module colors are depicted at the left and bottom. The modules
within the large cluster may be functionally related with each other. The color key at the
right side indicates the adjacency (1 + cor(Ei, Ej))/2, where Ei and Ej are the module

eigengene of Module i and j, respectively, and cor(FEi, Ej) is Pearson' rho between Ei and E;.
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Results Figure 8C Module eigengene of all the modules.

All module eigengenes in cerebellum (n = 5), frontal cortex (Frontal Cx; n = 5), hippocampus
(Hippo; n = 4), motor cortex (Motor Cx; n = 7), temporal cortex (Temporal Cx; n = 3) and
motor neurons (MNs; n = 7) are shown. FEigengene of Module Magenta clearly distinguish
the MNs from the other nervous tissues. Because negative module eigengene is prominent
in the MNs, TFs whose expression negatively contributes to the eigengene of the Module
Magenta may be specifically expressed in the MNs. The number of TFs classified in each

module is indicated in brackets.
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REST (0.68)
ZEB2 (0.57)

ZFP36L1 (0.55)
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Results Figure 8D Expression levels of TFs significantly contributing to the eigengenes of
the Module Magenta.

The WGCNA reveals that six TFs have significant positive contribution to the eigengene of
the Module Magenta, whereas four TFs have significant negative contribution to it, as indi-
cated in parentheses. As expected, negatively contributing four TFs are specifically ex-
pressed in the motor neurons (MN). The color key at the top directs expression levels of TFs.

Cx, cortex; Hippo, hippocampus.
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MEpurpIe
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Results Figure 8E Correlation between every module eigengene and expression of

ADARBI and other marker genes.

Eigengenes of some modules are significantly and uniquely correlated with expression of the

MEque I

MEpink
MEgreenyellow
MEmagenta
MEgrey

MEcyan

|

selected genes, as indicated with the asterisk in cells of the heatmap. Cell-types of the
marker genes are indicated at the upside of the heatmap. Labels for names of the marker
genes for every cell-types are omitted but in alphabetical order [also see Materials and
methods Table 6]. Modules are hierarchically clustered. Pearson's rho is indicated with
the color key at the top. Neuron, ubiquitous neuronal marker genes; Glut, Inter, Purkinje,
Astro, Oligo, Micro, Meningeal are marker genes for glutamatergic neuron, interneuron,

Purkinje cell, astrocyte, oligodendrocyte, microglia and meningeal cell.
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Results Figure 9 Flow chart for selecting candidate TFs for in vitro luciferase assay.
ADARBI-regulatory TFs were predicted in silico while the present CAGE analysis on the
human motor neurons (MNs) was progressed. The candidate TFs were randomly selected
from “SingleCor” to “ChIP & Motif” approaches, whereas two and one TFs were intendedly
selected in “Pat. tissues” and “Put. links” ones. In the "Pat. tissues" approach, two out of
619 motoneuronal TFs were additionally selected, because they were highly expressed in the
present CAGE data on the laser-captured MNs and decreased in multiple tissue types of pa-
tients with sporadic ALS. In the "Put. links" approach, I selected only one TF whose molec-

201220 The results of

ular link with FUS-ALS pathology had been implied in previous reports
the present CAGE analysis on the laser-captured MNs revealed that some of the selected TFs
in “SingleCor” and “Database” approaches were not expressed in the MNs, as indicated in the
parentheses in their rows. The number of the Results section of each predicting approach is
shown in brackets. By this selecting procedure, 32 motoneuronal and six non-motoneuronal
TFs were selected; in addition to these, two motoneuronal and eight non-motoneuronal TFs
had been already selected and prepared before the present study. SingleCor, correlation be-
tween a single TF and ADARBI expression; Database, the database ORTI for target genes of
TFs; WGCNA, correlation between a TF in the module and ADARBI expression; ChIP &
Motif, presence of ChIP-seq signals and consensus motifs of TFs within the promoters; Pat.
tissues, significantly decreased TFs in tissues of patients with sporadic ALS; Put. links, puta-

tive molecular links between ADARBI regulation and FUS-linked ALS pathogenesis.
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Results Table 3. Sample quality control and mapped
read counts of the RNA-seq of the motor neurons of

wild-type mice.

Sample quality # Mapped read
Replicate Concentration R by STAR
(ng/pl) Unique  Multiple
1 19.66 47 22,757,963 718,245
2 3.74 44 10,344,419 370,368
3 5.55 42 22,843932 774,587
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Results Table 4. TFs highly correlated or anti-correlated
with the expression of ADARBT in the 20 tissue samples.

TF Spearman's TF Spearman's
rho rho

ADNP2 0.749 RLF 0.734
AFF4 0.729 RUNX1T1 0.852
ARNTL2 0.701 SETBP1 0.788
CRAMP1L 0.717 SFPQ 0.704
EBF1 0.874 ZEB1 0.723
ELF2 0.735 ZFP90 0.750
ELK3 0.725 ZFPM2 0.833
FOXJ3 0.719 ZHX3 0.829
FOXK1 0.774 ZNF25 0.717
HSF4 0.721 ZNF83 0.744
KLF7 0.841 ZNF385B 0.724
MEF2A 0.809 ZNF385D 0.719
MEF2D 0.777 ZNF660 0.724
NFIA 0.704 ZNF672 -0.750
POUZ2F1 0.744 ZNF781 0.718
RFX2 0.770 ZNF876P 0.700

TFs that were examined by in vitro luciferase assay are shown
in bold.
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Results Table 5. #ChlIP-seq signals and consensus
motifs of TFs within the ADARBT promoters.

#AIl TFs #MnTFs #MnTFs
Promoter Data ChIP [571] ChIP [340] in total
Motif [821] Motif [328] [498/1,334]

o cnP 99 60 59
Motif 347 149

o P 89 55 os
Motif 319 123
ChiP o1 57

3/p4 177
P3/P4 —oar 336 142

013 P 2 1 113
Motif 271 113

The numbers of TFs whose ChIP-seq data and consensus
motifs were available are shown in brackets in columns,
respectively. The total numbers of motoneuronal TFs that
possibly bind to the promoters are also shown. ChIP, ChIP-
seq signals; MnTFs, motoneuronal TFs; Motif, consensus
motifs.
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Results Table 6. Differentially expressed TFs in previous studies.

#AIl TFs #MnTFs

Study Region #Case #Cntl Method Change Src
[2,410] [1,334]
1 Spinal motor 13 9 Seq Up 150 150 11
neurons Down 52 52
Spinal motor 12 10 Array Up 87 87 21
7 neurons Down 109 109
Rerpamed 12 10 Array Up 62 62 2.2
anterior horns Down 25 25
3 Whoe 6 5 Seq 4 31
spinal cord Down 23 18
Alvs Up 224 163
C Down 93 26
4 Motor cortex 31 10 Array A2vs Up 258 119 4-1
Down 560 391
Alvs Up 685 502
A2  Down 334 116
5 Motor cortex 11 9 Array Up L 0 5-1
Down 1 1

Cntl, control; Array, microarray; Seq, RNA-seq; Up, up-regulated; Down, down-regulated;
MnTF, motoneuronal TF; A1, the SALS1 group (18 cases, 1 control); A2, the SALS2
group (13 cases, 2 controls); C, the Control group (7 controls). The total numbers of all
TFs and motoneuronal TFs are shown in brackets in each column, respectively.
Study: 1, Kapeli K. et al. 2016 Nat. Commun.; 2,Rabin S. J. et al. 2009 Hum. Mol.
Genet.; 3, D'Erchia A. M. et al. 2017 Sci. Rep.; 4, Aronica E. et al. 2015 Neurobiol. Dis.;
5, Lederer C. W. et al. 2007 BMC Genomics .
Src: 1-1, Kapeli K. et al. 2016 Nat. Commun. Supplementary Data 8; 2-1, Rabin S.J. et al.
2009 Hum. Mol. Genet. Supplementary Table S2; 2-2, Rabin S. J. et al. 2009 Hum. Mol.
Genet. Supplementary Table S3; 3-1, D'Erchia A. M. et al. 2017 Sci. Rep. Supplementary
Table S2; 4-1, Aronica E. et al. 2015 Neurobiol. Dis. Supplementary Tables 2-4; 5-1,
Lederer C. W. et al. 2007 BMC Genomics Figure 3.
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Results Table 7. #TFs that are listed up from every putative molecular link
between ADARBT dysregulation and FUS mutations.

Putative #AIl TFs #MnTFs

) TF Interactor Sample Src
link [2,410] [1,334]
Temporal cortex 82 66 1
| MRNA FUS Hela 184 139 834 2
HEK293 1121 810 3
mFUS HEK293 750 579

I Protein FUS Hela 50 48 4
A498 Up 354 Up 176 5

Down 339 Down 168
miR-141 Caki-1 Up 293 Up 128 6

Down 229 Down 100
1 MRNA in silico prediction - 435399 - 255207 7
A498 b b 8

Down 340 Down 191
miR-200a Caki-1 Up 226 Up 104 9

Down 270 Down 99
in silico prediction 366 220 7

MnTF, motoneuronal TF; mFUS, mutant FUS (R521G/H). The total numbers of all
TFs and motoneuronal TFs are shown in brackets in each column, respectively. In Row
I, the total number of motoneuronal TFs bound by wild-type FUS is also indicated.

Src: 1, Nakaya T. et al. 2013 RNA Supplementary Table S3; 2, Zhou Y. et al. 2013
PLoS Genet. Supplementary Table S1; 3, Hoell J. I. et al. 2011 Nat. Struct. Mol. Biol.
Supplementary Dataset 2; 4, Sun S. ef al. 2015 Nat. Commun. Supplementary Table S1;
5,GSM911074; 6, Yoshino H. et al. 2013 J. Hum. Genet. (GSM911081); 7, TargetScan
Human 7.1; 8, GSM911072; 9, Yoshino H. et al. 2013 J. Hum. Genet. (GSM911078).

104



*MO[[OA ‘[9A ‘ostonbing ‘Ing, yuid ‘uid ‘onjqiySIupIA ‘PIAl ‘LIUaSeIAl ‘SeIA (MO[[9AUdIN) ‘X ID) (UAIIN) dID) ‘umolg ‘umg :onjg ‘nig Yoerq ‘g :$I0[0d S[NPOW JOJ SUOTBIAIQQY
"1 9[qEJ, UOTSSNISI(] 98 ‘STTVS Ul NS TLO? JO S[Te1op 104 "uwn[od oy} Jo doj oy} J& pajedIpul ST pajonpuod Sem SISA[eUE dY) dIOYM UOIDAS SINSAY Y} JO Joquuinu Y[, “A[oAndadsar ‘umoys o1e uone[nsar-umop pue -dn
10J SPIOYSAIY) Y} MO[q PuE dA0Ge ATUO JSOY) ‘G-G-f UWIN[OD A} UT SASUBYD-PO] IO "9 J[QET, SINSAY UI SIOQqUINU DINOS 3y} 0) Jurpuodsor1od are [-G§ ~ [-]S wodar snoraaxd oy ur oigroads-onssn se papresar st aaoqe £)101j102ds-onssT) Ul 21008
asoym s,I1, "A[eanoadsar ‘omrenb woyoq oy mofeq pue ‘o[nIenb wooq ay) pue uvIpaWw YY) UIIMIAq ‘uBIpaw Ay} pue d[nrenb doy o) usomiaq ‘amrenb doy oY) da0qe uBIW /4 /€ /7 ‘v/1 "seqoad uo Jurpuadop d3ueyd Apusrearquie ‘wy idn
‘N fumop ‘( ‘uoissardxa1ono ‘gO g sa [ dnoi3 §TV ‘TV-1V {[onuo) sa g dnoid §Tv ‘D-gV {[onuo) sa [ dnoid §Tv ‘D-1V (plod [eulds ‘S UIoy JOLIUE ‘Y {U0INdu Jojow ‘NN STV d1perods ‘§Tys ‘wisAydiowkjod apnoasponu o[3uts ‘NS
snoo[ Jren aanenuenb uorssaxdxa ‘1109 ‘qny snoymbiqn ‘1q (qny o1j109ds-onssn ‘adg (10[0d d[npow ‘[0 POJA] ‘SISATeuR UOISSaIdX900 duaT PAYSIOM ‘Y NDD M ‘UOTIB[AII0D 10D ‘uolssaidxa auag jo sisAreue de)) ‘gOy) ‘Surouanbas-yNY ‘bog

n AD 0SL°0- /€ 7L94NZ

» SET ) n a ) 319 LTL0 v/T  » SzdNZ
» n n n 70  IPA 6280 v/iz v/t EXHZ

8y'T » wy  wy a 80T nNg 8SE0  €£80 v/e  v/E » TNdZ

» ¥S0 €S0 vL0 690 ~ » n n Bein vy vl o~ 293z
» ¥90 S90 4 ¥90 1.0 4 » n an] €2L°0 v/1  v/1 o~ 193z
» » [Z5 , n n 19N 600 4819 v/iz vt o~ TAA
» ) ) a n 9N IS0 umg  Shp0 v/z  v/E  »  IXEA

» , » n n » 600 uel 00t°0 v/ ¥/ » zdddl

0ST 6T~ » n a gn  €€0 nig v/z  ¥/T  » TWVIS

6LT a n a a a ads 5T umg v/  v/I »~ ouxy

¥S0 950 L£T1 » 090 uld v/T ¥z » ¢oguN

P » n a n 9N S0 g v/z  wv/€ » T1DguN

, » n n n 90 ben v/  v/v »~ z42dN

2 » n n an €90 4nL 0Z5°0 vy vz  » 142N

SL0 » P » n a Sy0  AnL ¥0L°0 v/z  v/T1 +~ VN

, YET , , n a n n , 0€0 umg v/€ v/e TIXIN

890 690 » » a n a a a » a [3A €050 v/T  ¥/T1 » TLITIN

, ) an €¥0  InL 6080 v/ ¥/1  +~ VZ4ANW

2 » n a n » gn  TIT0 g SZP0 v/iz w1 o~ XYAN

S8 a P g 1v8°0 v/ T o~ L4

» zL0 9T - P n n n 9€T @D vLv0 v/e v/t val
a n n 1€T bew v/e v/t » L9XOH

& e » n a n 9N 650 Py v/T  ¥/1 » VI4H

L[S0~ a a a a L60 uel v/T  ¥/T » OWds3

, » » n n ) ud v/T  ¥/I1 » 1ON3

SET P » n €0 nig SEL0 v/ie vy » 413

P » a n qn  £Z0  AnL v/ v/lc 193D

P » n a a 120 ud v/T /1 » XD

791 €ST P ) n a n n Zz0 ud v/ wv o~ 949D

09T 29T » ) n a n a » gn zzo  AnL /1 VT A vV

» P » n n ) 9N 10 P3Y  TI6£0 vy wlZ  »  INWV

P SZ0 a a ads STT bew » viz vy o~ %
, , » » [20 Ng L[S0 62L0 /T W1 o~ vV

T-Djed 867V TDRD 86tV 4140 410 dLjo L o TV DTV IV L oo oo poc s STvs Buge _AMH 05 o o ay aseq bas  3ovD baes
PIpaid ~ebueyd>-plo  dIpaid  ebuBYI-PIo] YNYW YNYW ulslold T-%S ur fapupads  po wmi0o LYY e senow  uewn i
30 30 Sn4w Snd X8}103 1010\ dS  SHvY SNIA dNS %_g PO HIMOD 1 10y
200Z-4!N TrI-dN Aq payeiaiu senssi} spuaned ay3 ul uoissaidxa [enualayig e CPUEH AL ToRSem O U~ U vorssaadg

9 S-v- S TS €-1-S vt T-v-¥ ¢vv ¢-€v  I-€F  :Uondas

‘Aesse aseiayidn| o414 u) Aq paulwexs S4| [eUOINAUOIOA Y8 3|qeL s}nsay

105



"MO[[OA ‘oA ‘ostonbiny, ‘Ing, :onjqIySIupIA pIIA eIUSSeIA] ‘SeIA ‘UMOIg ‘UM :SIO[0D A[NPOW O] SUOTIBIAIQQY

‘uwnjod ay) Jo doj ay) Je payesIpul SI pAJINPUOD SeM SISK[RUR AU} AIAYM UOIIIS SINSIY dY) JO Joquinu oY, "A[9A10dsaI ‘umoys are uonensar

-umop pue -dn J0J SP[OYSIY) AY) MO[oq PUB dA0GE A[UO SO ‘G-G- UWN[OD Y} UT SATUBYDI-P[O] 10 "9 [QRL, SINSIY UI SIOqUINU 2INOS Ay} 0) Surpuodsor1od are [-G§ ~ [-S 1odar snotaaxd oy ur orj1oads-onssn
se pop1e3a1 s1 9A0qe AJ101J109ds-anssI) ur 91008 asoym SJJ, “s9qoid uo Surpuadop a3ueyd Apudrearquie ‘wry (dn ‘0 fumop ‘q uoIssa1dxaroao ‘g ‘g sa [ dnoid STV ‘7V-1V {[onuo) sa g dnoi3 §TV ‘D-7V {[onuo)
sA [ dnoi3 STV ‘D-1V {pI0d Teurds ‘dS ‘uIoy JOLLUE ‘Y ‘UoInau Iojow ‘NJA ‘qny o1jroads-anssn ‘odg (qny snojmbiqn ‘1) {1000 9[npow ‘[0 POJA ‘SIsATeue uorssardxo0d auad pajysrom ‘YNDOM ‘UONB[II0D ‘10D

290 IPA 00£0 d9/84NZ
L¥0  SS0 anp 8TL0 T8L4NZ
SE€C 81 , , n d qn 950 umg £89°0 401
8%°0 , , n d ang 88L°0 Td413S
) , ) a n an 180 Dew TXNNY
ZL0  SS0 , n sy'o  ANL 0LL°0 ZX4d
, 6ET 291 d ads 10T 4Nl 09€0- LZV0 TXSIN
8€'0 60 0 0€0 67T , €dX04
cLo , , a n 1 PIN ¢dX0OA4
, 9TT €ST , , TAX04
d Taxod
, 090 €£0 , IS0 SS0 wy wy g € TVXOA
€90 <290 290 , angp £LZS0 .80 14493
2, , n a wy ads 1 uekd 96£0- vdg93D
T-DeD  86vV Ted 86vV dLy0 dL40 dLyo o ev-IV O-eV OV o o o oo GNH 21035 sse
pipaid  abueyd-pjo4 Ipald  dbueyd-plo4  YNYW YNYW Uulsloid 1SS T-S Tes ¢ e IS ) ! tadvav Lgyvavy Q
yum  Aoypads  pow  yumaod ereqg
30 30 SN4w SN4 X9HO03 1010\ dS SHV SN Bue anssi - YHm 103 syl u i1
200Z-4IN THT-"IN Aq paydelau] sanssi} syuaijed ay} ul uoissaldxa [elualalIq sbueyd 1 VNDOM Rl
9-v-¥ S-v-v c-S €-1-S Evv I-vv <¢vv

‘Kesse aselaydn| 04314 Ul Aq paulwexa s{] [euoinauojow-uoN 'gg a|qel synsay

106



S. DISCUSSION

5-1. MN-specific regulation of ADARBI expression

The CAGE analysis on the laser-captured MNs revealed both the active promoters of

ADARBI and the profile of gene expression in the human MNs. Based on this CAGE data

and the previous multiple data, the present in vitro luciferase assay demonstrated that many

TFs could regulate ADARB]I expression in the MNs.

5-1-1. CAGE may detect higher transcriptional activity specific to the human MNs

Although relatively fewer CAGE signals were obtained in the MNs, these signals were highly

correlated between the two biological replicates of the MNs and independent from the signals

in the control technical replicates of the dorsal horns and white matter [see Results Figure

1B]. Because RNAs are not seriously damaged through the procedure of the laser-capture

! this independent correlation may reflect the difference in transcriptional

microdissection
activity but not the procedure for sampling between the MNs and the controls. Therefore,
this result indicates that these CAGE signals confidently represent higher transcriptional ac-
tivity in the MNs. In other words, this study provides valuable genome-wide high transcrip-
tional activity at a nucleotide level specific to the human MNs for the first time. Importantly,

CAGE signals around ADARBI in the MNs differed from those in the dorsal horns and white

matter, suggesting that MN-specific enhancers regulate ADARBI expression in a MN-specific
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way. Based on this CAGE data of the MNs and the public data'®****'"® T defined the p2 and

the p1 promoters as active promoters of ADARBI in the MNs [see Results Figure 2B].

5-1-2. ADARBI expression may be differently regulated from the mouse ADAR?2 gene

Consistent with a previous report of species-specificity in the DNA sequences of promoters®,
the present study confirms poor conservation between humans and mice in the position and
DNA sequences of their ADAR?2 gene alternative promoters [see Results Figures 2B-D and
3]. In a similar way, consistent with previous reports describing species-specificity between
humans and mice in the repertories of their TFs* and their transcriptomes®**, I found poor
conservation in expression and repertoire of the motoneuronal TFs between the two species
[see Results Figure 7A]. Since signals detected by CAGE and RNA-seq in the same tissue
type are highly correlated, the modest correlation in expression of the human and mouse
motoneuronal TFs demonstrated in the present study may reflect differences between these
two species rather than methodological differences between CAGE and RNA-seq [see Re-
sults Figure 7B]. Hence, the present study indicates that expression of human ADARBI is
regulated at different alternative promoters by different motoneuronal TFs from the mouse
counterparts and that mice might be improper for an in vivo experimental model to examine a

role of human ADARBI-regulatory TFs in the human MNs.
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5-1-3. ADARBI expression in the MNs may be regulated by an MN-specific set of mul-
tiple TFs in its alternative promoter level

So far, regulatory function of only one non-motoneuronal TF TP53 has been validated by in
vitro luciferase assay using yeast and an osteosarcoma cell line for an ADARBI promoter that
had been differently defined from the present study (i.e., in the region about 1.1 kb upstream
of the present p2 promoter)'®*. Aside from that TP53, the present luciferase assay newly de-
termined 33 motoneuronal and 13 non-motoneuronal TFs as ADARBI-regulatory TFs [see

Results Figure 10]. The presence of possible multiple ADARBI-regulatory TFs is con-

sistent with previous reports that TFs regulate gene expression in cooperative and redundant

39,48,54,59-63 k59 ,64-66

manners via their tissue-specific regulatory networ and expression’’ while
mutually buffering their effects on promoters™.

Among the ADARBI-regulatory TFs determined in the present study, which ones are
specifically expressed in the MNs? According to a previous report defining the tis-
sue-specificity of TFs and their ability to be a tissue-specific hub*® and an additional analysis
in the present study on expression patterns of TFs in human tissues and cells with the publicly
available RNA-seq data (the Data Set 1 and 2), expression of the 10 examined motoneuronal

TFs was MN-specific (AR, ESRRG, HOXB7, ID4, KLF7, MLLT11, RXRG, ZEB1, ZEB2

and ZFPM2) [summarized in Results Table 8A; Discussion Figures 1A and 1B]. Alt-
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hough a tissue specific score of ESRRG (0.97) was slightly below the previously defined
threshold (i.e., 1.0), the RNA-seq data clearly guaranteed its tissue-specificity; tis-
sue-specificity of MLLT11, ZEB1 and ZEB2 whose score was unavailable has been already
reported*”?**.  Consistent with the results of the present WGCNA determining AR as
MN-specific [see Results Figure 8D], AR was previously defined as a tissue-specific hub; in
addition to AR, RXRG also previously defined as a tissue-specific hub.

Protein-protein interactions™*

among the examined motoneuronal TFs and other
basic transcriptional machinery (e.g., subunits of RNA polymerase II) revealed that there was
one large activating TF complex: this putative TF complex was composed of eight activators
(ARNT, CREBI1, ENOI, ESRRG, HIF1A, MAX, NR3C1 and NR3C2) and interacted with
the basic transcriptional machinery via ARNT, ENO1, MAX and NR3CI1 [Discussion Figure
2]. Consistent with a previous report that protein-protein interaction of TFs consists of both
TFs ubiquitously expressed in many tissue-types and ones specifically expressed in a fewer
tissue-types™, this putative complex may exist in an MN-specific way because of MN-specific
expression of ESRRG. Moreover, because the present CAGE data on the laser-captured
MNs showed high expression of most of these TFs [see Results Table 8A], all of these TFs

belonged to the TF modules in the largest module cluster that might regulate ADARBI ex-

pression in neurons in the present WGCNA (i.e., Module Black, Pink, Red, Tan and Tur-
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quoise) [see Results Figure 8B], and because ChIP-seq signals and/or consensus motifs of six
TFs (ARNT, CREB1, ENOI1, HIF1A, MAX and NR3C1) existed within the p2 and the pl
promoters that were active in the MNs [see Results Figure 10A], this putative TF complex
could regulate ADARBI expression in an MN-specific manner. This expectation is indirect-
ly supported by a previous report showing positive correlation between MAX expression and
the whole RNA editing levels in human tissues*”. Activity of ARNT and CREB1 in the pl
promoter could be indirect through selectively activating transcription at the pl13@ whose ac-
tivity was significantly correlated with that at the pl @ [see Results Figure 4B]. Although
both AR and MXI1 also interacted with the putative TF complex [see Discussion Figure 2],
neither of these two TFs activated the p2 nor the p1 promoters in the present luciferase assay;
this discrepancy between the expectation and the results of the present luciferase assay could
be caused from the present experimental design that each of these TFs was singly transfected
into HeLa cells together with the promoter construct or the lack of intracellular condition that
requires activation of these TFs. AR might require external addition of its ligand to bind its
target, and MXI1 exclusively binds to its targets by forming a heterodimer with MAX***.  On
the other hand, the other universal activators, ID4, KLF7, NFIA and ZEB1, were independent
from the putative TF complex. Therefore, these universal activators possibly contribute to

other TF complexes regulating ADARBI expression in the MNs.
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The present luciferase assay demonstrates that the 10 motoneuronal TFs did not ac-

tivate the pl promoter but activated the p3/p4 promoter, whose transcriptional activity in the

MNs was below the detection limit in the present CAGE analysis [see Results Figure 10A].

Hence, as implied in the present in silico analyses [see Results Figures 4B and 4C and Re-

sults Table 5], the endogenous p3/p4 promoter in the MNs could be independently regulated

as actively as the p2 and the p1 promoters, based on the selective activation of the p3/p4 pro-

moter by these 10 TFs and possibly on epigenetic modifications around it. Indeed, moto-

neuronal TFs HOXB7 and MEF2A and a non-motoneuronal TF FOXB1 suppressed the pl

promoter but oppositely activated the p3/p4 promoter, implying their putative role in shifting

transcription from the pl promoter to the p3/p4 promoter, as demonstrated in the expanded

memory T cells®” [

see Results Figure 4C].

In the present luciferase assay demonstrated that most non-motoneuronal TFs were
competent to regulate transcription at one or more of the four ADARBI promoters. Because
these non-motoneuronal TFs are expressed in adult tissues other than the MNs or fetal tissues,
they may play their regulatory role of ADARBI expression in those tissues.

In short, in the human MNs, each of the four ADARBI promoters may be redundantly

regulated to some extent by a different MN-specific set of multiple TFs; these TFs may keep

the p2 and the p1 promoters active but the others rather quiescent, thereby complicatedly reg-
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ulating the total expression levels of ADARBI in the MNs in its alternative promoter level.

5-2. Implication for the ALS pathogenesis
Providing knowledge of the putative regulatory mechanism of ADARBI expression in the
human MNss, the present study enables to infer roles of the ADARBI-regulatory motoneuronal
TFs in the pathogenesis of sporadic ALS. The aforementioned putative complicated regula-
tion of ADARBI expression indicates that complicated causative abnormalities may underlie
the down-regulation of ADARBI in the patients' MNs: abnormalities of not a single but multi-
ple TFs may underlie the down-regulation of ADARBI in the patients' MNs, and such abnor-
malities possibly have some variation among the individual patients. Indeed, the present
analysis of the public data showed that the activators of the ADARBI promoters MLLT11 and
ZEBI1 apparently decreased in the MNs of some but not all of the 13 patients with sporadic
ALS'® [see Discussion Figure 1A].

What kinds of abnormalities related to the ADARBI-regulatory TFs could cause the
down-regulation of ADARBI in the patients' MNs? In accordance with the working hypoth-
esis in the present study, one possible abnormality is the age-dependent decrease of the

ADARBI-regulatory TFs, whose expression is inherently low in the patients' MNs because of
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alternative alleles at eQTL of these TFs; inherently low expression of the other TFs whose
expression is rather constant throughout the life might also underlie the down-regulation of
ADARBI [Discussion Figure 3]. Indeed, according to a previous report that comprehen-
sively defines all genes whose expression changes with aging in human tissues®, 70 moto-
neuronal TFs are significantly decreased with aging, including MLLT11 that was demon-
strated in the present study as the activator of the pl, the p13 and the p3/p4 promoters [see
Results Table 8A]. In addition, results of exome-sequencing (ALS Variant Server™ and

ALS Data Browser”’) and genome-wide association studies (ALS Gene™®

) on the patients
with sporadic ALS report many SNPs at eQTL"® of the 10 examined motoneuronal TFs, in-
cluding MLLT11 [Discussion Table 1]. Although an exact effect of SNPs at eQTL in the
MN s is uncertain, the patients in the investigated cohort have more homozygous minor alter-
native alleles at eQTL that are associated with low expression of MLLT11 than the homozy-
gous major reference alleles of this motoneuronal TF. In other words, these homozygous
minor alternative alleles at eQTL of MLLT11 could cause this TF to be inherently less ex-
pressed in the patients' MNs, resulting in low basal expression of ADARBI. Because
MLLT11 is a neuron-specific marker*” highly expressed in the MNs in the present CAGE

and the previous RNA-seq data [see Discussion Figure 1A and Results Table 8A], MLLT11

may have its MN-specific regulatory role in gene expression.  Based on this series of indi-
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193

]66,168’ the whole spinal cords ™,

rect evidence, decrease of MLLTI11 in the laser-captured MNs

and motor cortices'**'*

of the patients with sporadic ALS implies that such decrease might be
not responsive but could contribute to the down-regulation of ADARBI in the patients' MNs.
In addition to the age-dependent decrease of the ADARBI-regulatory TFs, the
down-regulation of ADARBI could also be caused by change in their quality which, for in-
stance, might be due to aberrant alternative splicing or post-translational modifications and by
SNPs at eQTL of ADARBI within its promoters and enhancers [Discussion Figure 4]. Alt-
hough the latter two are rather age-independent factors, these three abnormalities related to
the ADARBI-regulatory TFs may have mutually not exclusive but summative effects on the
down-regulation of ADARBI. Although several studies have already attempted but failed to

explain its pathogenesis with the repeat number of CAG in AR gene® ¥

(i.e., the quality of
AR protein), all of these three possible abnormalities related to the ADARBI-regulatory TFs
should be considered when the cause of the down-regulation of ADARB] in the patients' MNs
is further examined in the future.

Are abnormalities of the motoneuronal TFs regulating the p2 and the pl promoters in
the MNs enough to cause the down-regulation of ADARBI in the patients' MNs? The an-

swer to this question might be "No," because the public high-throughput data on the patients'

MNs'**'%:1%2 showed decrease of RXRG, the selective activator for the p3/p4 promoter [see
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Results Figure 10A and Results Table 8A]. RXRG is a tissue-specific hub TF* and pref-
erentially binds to its target DNA sequences with mCpG” that are enriched within actively

transcribed gene bodies’ "’

, suggesting its MN-specific role in regulating the endogenous
mCpG-rich p3/p4 promoter within the gene body of ADARBI in the MNs. Hence, the de-
crease of RXRG observed in the patients' MNs might have contributed to its pathogenesis.
If ADAR?2 proteins expressed from the p3/p4 promoter are competent for RNA editing at Q/R
site of GluA2, the p3/p4 promoter could be compensatively activated via its dynamic and in-
dependent regulation upon impairment of activity of the p2 and pl promoters in the MNs.
Therefore, to further infer contribution of such p3/p4 promoter-selective activators to the
pathogenesis of sporadic ALS, enzymatic competence of the ADAR?2 proteins expressed from
the p3/p4 promoter (and might also from the p13 promoters) should be determined first.

In short, when the p2 and the p1 promoters of ADARBI are regulated by multiple TFs

in the MNs, abnormalities of multiple TFs may cause the down-regulation of ADARBI in the

MNss of patients with sporadic ALS.

5-3. Assessment of the approaches for predicting and validating ADARBI-regiulatory

TFs in the present study
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Here, 1 briefly assess all the approaches adopted in the present study to predict

ADARB]I-regulatory TFs as comprehensive as possible, based on (1) data availability, (2) ef-

ficiency of that prediction in narrowing down the candidates from all the 1,334 motoneuronal

TFs, (3) consistency of that prediction with the results of the present luciferase assay of the 34

motoneuronal TFs, and (4) possible bias in that approach [Discussion Table 2]. Also, here |

denote limitations of the present luciferase assay for validating ADARBI-regulatory TFs.

5-3-1. Prediction from correlation in expression between TFs and ADARBI

Using (1) abundantly available high-throughput public data of gene expression profiles, (2)

calculating correlation can efficiently list up the candidate TFs by setting an arbitrary

threshold of the correlation coefficient (as in the Results Section 4-4-1) or statistical signifi-

cance (as in the Results Section 4-4-3).  Surprisingly, for both of these predicting approaches,

(3) the present luciferase assay showed that the candidates tended to activate the p2, the p13

and the p3/p4 promoters compared to the pl promoter; this tendency remained even at a lower

threshold of Spearman' rho (Irthol > 0.4 in the Results Section 4-4-1) [the parentheses in Dis-

cussion Table 2], suggesting preference of these approaches to predict TFs selectively acti-

vating the promoters other than the pl promoter. Although these correlation-based ap-

proaches achieved the most profitable prediction in the present study, (4) these approaches are

clearly under bias because these were based only on the total expression of ADARBI and dis-
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missed individual activity of the ADARBI alternative promoters that was tested by the present
luciferase assay. In other words, calculating correlation in every CTSS activity between TFs
and ADARBI in the human tissues might enable to predict ADARBI-regulatory TFs more ac-

curately in the alternative promoter level.

5-3-2. Prediction from the database for putative target genes of TFs

Based on experimental validation (e.g., ChIP assay and luciferase assay), (1) the public data-
base ORTI"™ suggested only two motoneuronal TFs as a putative ADARBI-regulatory TF,
enabling to (2) regard these two out of the 1,334 TFs as the candidates. The present lucifer-
ase assay showed that (3) a candidate motoneuronal TF AR and another candidate
non-motoneuronal TF FOXP3 did not activate and strongly activated all the ADARBI pro-
moters, respectively [see Results Figures 10A and 10B]. (4) Possible bias in this approach
is a different definition of the promoter regions of ADARBI between the present study and

previous reports curated by this database.

5-3-3. Prediction from public data of ChIP-seq and consensus motifs of TFs
(1) The database ChIP-Atlas'® and the previous reports’>>*”>"¥'*" provided the ChIP-seq and

consensus motif data of approximately 25% of the 1,334 motoneuronal TFs, respectively [see
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Results Table 5], (2) only 18% and 45% of which were regarded as the candidates based on
presence of their signals and motifs within the promoters, respectively. However, the pre-
sent in vitro luciferase assay revealed that (3) only about a half of the examined TFs whose
data were available really activated the promoter within which their ChIP-seq signals or con-
sensus motifs existed or was inactive for the promoter within which the signals or motifs were
absent. (4) The possible bias in the prediction using the ChIP-seq data is the
cell-type-specific intracellular environment (e.g., difference in activity of the ADARBI alter-
native promoters and other co-expressed TFs with which the examined TF binds to the pro-
moters in that cell); and non-functional or weak binding of the examined TF that is solely in-
sufficient to activate or suppress the promoter’®®. On the other hand, (4) the possible bias in
the prediction using the consensus motifs is variability of these motifs: although the consen-
sus motifs can vary depending on binding manners of TFs and contexts of DNA

SequenceSS3,55,6l 230

, not all those variants are yet to be determined.

5-3-4. [Extraction of TFs decreasing in the tissues of patients with sporadic ALS

(1) High-throughput data of differentially expressed gene analyses on the tissues of patients
with sporadic ALS have been accumulating in public, and such data are expected to increase

further in the future. However, (2) this approach did not straightforwardly allow the putative
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causative TFs to surface from all the motoneuronal TFs, because approximately a half of the
1,334 motoneuronal TFs decreased in one or more data sets of the studies on the patients' tis-

166,168,192—

sues "% [see Results Figure 9]. The present luciferase assay showed that (3) nearly a

half of the candidate TFs in this approach activated at least one of the ADARBI promoters;

166,168

this also holds true when I consider only the TFs decreasing in the patients' MNs and/or

the whole spinal cords'” [the parentheses in Discussion Table 2]. (4) The data of the dif-
ferentially expressed gene analyses may not only be under bias in the original statistical
method and their procedure for sample collection but also in indistinguishable co-existence of
the causative and responsive change'” and dismissing differential expression among the indi-
vidual patients. The bias in sample collection is critical especially for the data using the la-
ser-captured MNs, because the patients' single MN harboring the sufficiently edited GluA2 at
its Q/R site contains much more ADAR2 mRNA than the one harboring the unedited
GluA2'™; therefore, when the total RNA is extracted from the pooled samples of the la-
ser-captured MNs, the crucial down-regulation of ADARBI in the degenerated MNs could be
masked by relatively preserved ADAR2 mRNAs in less degenerated MNs that could have
been collected more often. Indeed, in the public data of the MNs used in this study,

ADARBI in the patients' MNs was insignificantly down-regulated or expressed in near levels

to that in the control subjects, depending on the individuals. In addition, given the afore-
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mentioned possibility that abnormalities of the ADARBI-regulatory TFs might vary to some

extent among the individual patients, a statistical analysis on the transcriptomes of a cohort of

the patients could fail to detect such individual difference. Hence, such bias altogether sug-

gests that statistically insignificant change in expression of the motoneuronal TFs in the pa-

tients' MNs may never exclude those TFs from the list of the putative causative TFs

down-regulating ADARBI expression in the MNs, leaving interpreting data of the differen-

tially expressed gene analyses quite difficult without examining their regulatory role on the

ADARBI promoters by luciferase assay.

5-3-5. Extraction of TFs in possible molecular cascades of pathogenesis of mutant

FUS-linked ALS

(1) This approach utilized many previous data available in public but (2) listed so many can-

didates [see Results Figure 9]. Although (3) about half of the motoneuronal TFs listed in

this approach really activated one or more of the tested ADARBI promoters, (4) this approach

is based on the poorest rationale, because molecular links between the pathogenesis of spo-

radic and mutant FUS-linked ALS yet to be revealed. The present results in this approach

might be rather useful to survey the pathogenesis of mutant FUS-linked ALS in the future

when most ADARB-regulatory TFs causing sporadic ALS are determined.
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5-3-6. Limitations of the present luciferase assay for validating ADARBI-regulatory

TFs

The ChIP-seq and consensus motifs whose data were used in the present in silico prediction

are mainly for the TFs highly expressed in culture cell lines, and difference in expression lev-

els of TFs between the MNs and the culture cell lines may underlie the poor availability (ap-

proximately 25%) for these data of the motoneuronal TFs [see Results Table 5]. Moreover,

as already mentioned, the prediction based on these data is not highly accurate, implying the

possible false negative in this prediction. Nevertheless, the TFs extracted by the present in

silico predicting approaches did demonstrate their regulatory function for the ADARBI pro-

moters in the present luciferase assay, suggesting their faithful regulatory roles in ADARBI

expression.

It is unclear to what extent the demonstrated regulatory function of the examined

motoneuronal TFs for the ADARBI promoters in the present luciferase assay using Hela cells

exactly recapitulates their function in the MNs, because the examined TFs demonstrated their

function for the ADARBI promoters in cooperation with other TFs that were co-expressed not

in the MNs but in the Hel a cells, and because the tested promoters were independent from

the original chromosomal environment and regulation by their enhancers. Nevertheless, the

examined motoneuronal TFs activating the ADARBI promoters in the present luciferase assay
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using the HeLa cells may activate the endogenous ADARBI promoters in the MNs as well.

Although altering expression of the motoneuronal TFs in a cell line whose transcriptome

mimics the MNs can reveal their true role in regulating ADARBI expression in the MNs, such

a cell line is currently unavailable. Indeed, even iMNs have different transcriptome from the

real MNs [see Discussion Figures 1A and 1B], possibly because of their immaturity>'.

5-4. What should be done next, to explain why and how the down-regulation of

ADARBI in the MNs of patients with sporadic ALS occurs?

The present study implies that abnormalities of the multiple ADARBI-regulatory TFs may

underlie the down-regulation of ADARBI in the MNs of patients with sporadic ALS, thereby

establishing the entrance of the final goal to explain why and how such down-regulation of

ADARBI occurs in the patients' MNs. Because of the aforementioned false negative results

in the current in silico predicting approaches, other motoneuronal TFs that were not examined

in the present in vitro luciferase assay can also regulate ADARBI expression in the MNs.

Therefore, to achieve this final goal, it still requires to determine additional

ADARBI-regulatory TFs in the MNs and then to predict a crucial subset of the

ADARBI-regulatory TFs for maintaining ADARBI expression. Besides, the present study
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concentrated solely on the ADARBI promoters to investigate the regulatory mechanism of
ADARBI expression; because transcriptional activity of the ADARBI promoters in the MNs
may be regulated by MN-specific enhancers [see Results Figure 2A], regulatory effects of
such enhancers on ADARB]I expression in the MNs should be investigated in the future.

To determine additional ADARBI-regulatory TFs in the MN:ss, it is predictable to use
information of protein-protein interactions of the unexamined TFs with the activators deter-
mined in this study and positions of ChIP-seq signals and consensus motifs of the unexamined
TFs within the ADARBI promoters, although physical interaction among TFs is not neces-
sarily required for their cooperative function®. Regulatory function of newly predicted
ADARBI-regulatory TFs on the ADARBI promoters should be examined by in vitro luciferase
assay in the same way as the present study.

What and how many TFs may contribute to the down-regulation of ADARBI in the
patients' MNs? Answering this difficult question demands prediction of a crucial subset of
the ADARBI-regulatory TFs to maintain ADARBI expression. In this regard, because genes
specifically expressed in a sub-region of the brain have been shown to significantly associate
with diseases in the brain regardless of their expression levels®, the ADARBI-regulatory TFs
expressed not ubiquitously but specifically in the MNs should be concerned in no matter what

levels they are expressed in these neurons. As described above, to ask if roles of the p3/p4
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and p13 promoter-selective motoneuronal TFs can be crucial, unexamined enzymatic activity
of ADAR?2 expressed from transcripts with Exon 0 or Exon 1a should be determined. In ad-
dition, one executable way is to deduce the crucial subset of the TFs by seeking SNPs at
eQTL'**** of the TFs around the CAGE signals in the MNs from the patients' genome se-
quences available on dbGaP website (https://www .ncbi.nlm.nih.gov/gap), where authorized
users are allowed to access such data. This approach only requires additional in silico anal-
yses and the authorized accession to dbGaP; notably, the GTEx Consortium updated data of
eQTL during preparing this dissertation, and data of eQTL in human spinal cord tissues are
now available on its website (latest version V7; https://www.gtexportal.org/home/). Other
ways are to in vitro knockdown or to simulate in silico the knockdown of the multiple
ADARB]I-regulatory TFs, thereby assessing resultant change in the ADARBI expression;
however, either way requires a currently unavailable cell line faithfully mimicking the real
adult human MNs for gaining valid results and validating the simulated results, respectively.
Adopting the approaches suggested here and additional ones that may be available in the fu-

ture will lead to depict the whole picture of the pathogenesis of sporadic ALS.

125



*K[oAT309dSa1 € X21109 [RJUOI] JO Jo)BW IYm pue LIS ¢/ pue g er[o1oru ‘g {(sayeorjdar) s914001puapoSI[O ‘4-¢ S[[99 1081nd1d-0)K001p
-uopoS3I[0 ‘7 $A1A001Sk ‘] POO[q S[OYM ‘X ‘SNIAN ‘M IOpPe[q ATeulin ‘A ‘pue[3 PIOIAY) ‘n S11S9) €} {Yorwo)s ‘s ‘uagds ‘1 ‘uojod prowdis ‘b
‘9eysoad ‘d ‘eyuaoed ‘o ‘searoued ‘u (A1eAo ‘w ‘opou ydwA] 1 ‘Suny Y IOAI[ ‘[ (ASupry ‘T {)aeay ‘Y ‘9[osnw snIwoudo1)ses ‘3 (1oppe[qres
‘1 ‘sneydose ‘0 ‘{wnuaponp ‘p ‘molrew duoq ‘O ‘pue[d [euaIpe ‘q sodipe ‘e *s[[ed WS Judjodunid paonpur WO PAIRNUIIIYIP SUOINIU
Jojow ‘NJAT! ‘STV Odrperods ‘STvs ‘uoInau Jojow NJA X109 [erodwo) ‘wa], (x91100 10jow ‘JoJN ‘sndwesoddry ‘oddry (x93100 [ejuoiy
‘[eIu0l ‘WN[[9GRIAD ‘A1) ‘soneA uolssaidxo oy syoaxrp [oued yoeo ur doy oy} Je A9y IO[0D 9], "UMOUS JOU Ik 7 pue | 19§ vle(
oY) U9IM)RQq sanssT) pajedr[dnp oy ], UMOUS aIe ABSSE JSBIQJION] AQ PAUTWEXD S ], [BUOINAUOJOW Y} PUB JFYV (VY JO S[QAJ] uorssardxg

‘S [RUOINUOJOW PAUIWEXI Y} PUB [FYVJV JO S[OAJ] uoissardxyg YT 2In3I] uoIssndsiq

SN4
NIAI!

NI (ST¥S) N NN wel 10N ddiy |ewo4  gased
L9SveEgLxmanisibdouw|yl1ybsepoqe

(1L + Wd4) 2Bo (1L + WMd4) 2bo

8 w w Z 0 8 mw w Z 0
2 195 e1e( | 19S e1eQ

126



*A[2ANDadsar “X21100 [BIUO0I) JO I3 AIYM pue A313 ¢/ pue g er[30IdTW ‘G ¢(sAed1[dar) $91A00IpUIPOSI[O ‘4-¢ S[[QD J0sINIAId-1A20Ip
-UJPOSI[O ‘7 $DJA201SE ‘T {POO[q I[OYM ‘X SNIN ‘M ‘IIPPR[qQ ATRULIN ‘A {pUR[3 PIOIAY) ‘N (SIS ‘) ‘YorWOIS ‘S ‘udQ[ds ‘1 ‘uo[0d prowsis ‘b
‘eysoad ‘d ‘eyuaoeld ‘o ‘searoued ‘u (Areao ‘w ‘opou ydwA ‘[ <Suny Y (IQAT] [ (AQUpIy ‘T $IBdy ‘Y (Q[osSnu SNIWUd0I)SES ‘3 (Ioppe[q[es
‘3 ‘sn3eydosa ‘9 ‘wnuaponp ‘p ‘MOLIBW UOq ‘O PuB[3 [euApE ‘q dsodipe ‘e “S[[90 wd)s Judjodunid paonpur wWoIJ PAIBNIUAIMJIP SUOINAU
Jojow ‘NJAI STV d1perods ‘STVS ‘U0INdU I0JoW NN X9u0d [erodwd) ‘wa], ¢x93100 J0j0w ‘10N ‘sndweosoddry ‘oddry x91100 [eju0Iy
‘[eIUOL] ‘WN[[2qaID ‘qaId)  “san[ea uorssaidxd ayy 10a1p [oued yoed ur doj oy je £33 0[O0 Y], "UMOUS JOU AIe 7 pue [ 19§ Ble Ayl
u29M19q sanssy pAjedr[dnp Ay ], UMOYS dIe ABSSE ISBIQJION] AQ PAUIWEXD S, [, [BUOINUOJOW-UOU Y} PUB [FYV TV JO S[QAJ[ uorssardxyg

'S [BUOINIUOJOW-UOU PIUIWEXD Y} PUB [FYV TV JO S[OAJ] uoissardxyg [ 9anSI,] uoIssnasi(g

SN
NIA! S wa) 10 ddi ejuo4 218D
Z_>__ __/9Svezlxmanisibdouw |y l1ybjapoqge (STVS) NIN 10N ol q

d9/84NZ

I8LINZ

[ = . I 7L
1dg13S

] - [ LXNNY
X3

LXSW

£dX04

2dX04

LaXO4

L9X04

m LVXO4

1483

vdg3d

II’I. ..||51<n_<II H EN T Y I D e

(1L + dd) 2boj (1 + WMd4) 2bol
9 4 4 0 S 4 € 4 L 0

¢ 1°S ejed | 1SS ele(

127



Basic machinery
Mediator subunit
Histone modifier

Activate h
~—_ @4 Ww
<l

Discussion Figure 2 Protein-protein interactions among the examined TFs and other pro-
teins in the transcriptional machinery.

Interactome retrieved from STRING v10.5 based on the experiments, databases and
co-expression with > 0.15 confidence is shown. Nodes of the examined TFs are colored,
based on their activating or suppressing effect on the four ADARBI promoters, respectively
(see the example chart at the top right). The legend at the top left directs the nodes of the
transcriptional machinery. The size of nodes and the thickness of edges are in accord with
the expression level of those proteins and the confidence of the interactions, respectively.
Some interactions mentioned in the text are highlighted with red edges. TFs separated by

line at the bottom right show no reported interaction with the others.
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Discussion Figure 3 Implication for the pathogenesis of sporadic ALS based on the work-
ing hypothesis in this study with some modifications.

ADARBI expression is cooperatively regulated by multiple TFs classified as TF-1 (top left)
and TF-2 (top right) groups. The TF-1 decreases with aging even in the motor neurons
(MN5s) of the healthy (e.g., MLLT11), while the TF-2 is constantly expressed throughout the
life (e.g., ENO1). In the MNs of patients with sporadic ALS (red), such ADARBI-regulatory
TFs are inherently fewer compared to the healthy (black) due to alternative alleles at expres-
sion quantitative trait loci of these TFs decreasing their basal expression. Thereby, the TF-1
in the patients' MNs may decrease below the threshold for maintaining the required expres-
sion of ADARBI (blue horizontal line) much earlier than the healthy (t"'). When expres-
sion levels of key ADARBI-regulatory TFs are all below the threshold (t""*"™), ADARBI may
begin to be down-regulated in the patients' MNs. Exp, expression level; TF, transcription
factor.
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Discussion Figure 4 Possible causes down-regulating ADARBI expression in the MNs of
patients with sporadic ALS.

There are three possible causes down-regulating ADARB]I expression in the patients' MNs: 1,
decrease of the ADARBI-regulatory TFs; 2, qualitative abnormality of the TFs; 3, SNPs
within the cis-regulatory regions of ADARBI (i.e., enhancers and the four alternative promot-
ers) that weaken binding affinity of the TFs to these regions. As indicated in the question
mark, however, it is unclear whether or not transcription at the p3/p4 and/or the p13 promot-
ers is activated for compensation, when transcriptional activity at the dominant p1 and sup-
portive p2 promoters decreases. SNPs, single nucleotide polymorphisms; TF, transcription
factor.
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Discussion Table 1. SNPs at eQTL of the tested TFs found in the patients.

Effect #Genotype Avg  A/A
TF dbSNP rs ID Ref Alt Src
of Alt R/R R/A A/A depth >R/R
1803223 D __G_A__3_0 10 11 v __
__1s708458 D A G _1_0 19 12/ _
AFFa 803221 D T C 32 20 97 26 ___ 4 _
__s708457 D __ A C_2 0 _24_ 11 ___ v _
__IS6596093 | DA G _ 4 34 227 48 _ 7 _
rs12654316 U cC T 20 0 2 1.2
___rslo847 D C T 13 0 9 12 | v
ARNT _JS11552229 U T €160 17 12 v __
152228099 U C_G__99 131 47 576 ______V/db_
rs10305672 V) G A 20 1 10 11 Vv
__rs1048310 U TG 10 2 8 14 ______
__os710092 U _ €T 25 21 11 42 ___ . v
ATF4 _ rs10854722 U G _A 33 25 10__103______
_rs146172204 D T TC 29 ~2 21 13
rs4894 V) A C 122 115 40 382 V/db
152781060 __ D___ T _C_16_ 92 165 74 __ v _|
12765511 __ D G__A_ 13 95 168 106 __ v __
__rs1006950 D T C__4_ 0 _ 23 11 /-
ENOL _ rs61784221 (D T G _8_ 0 _ 12 12 4 _ V
_rs11811795 D T C_4__0_29 12 _ v _
__s1359591 D G A _12. 0 _ 7 _ 1l ______
rs1325920 D G A 2 0 7 13 v
__Ts2269077 U C T _14_0 9 13 | v
__rs2543596 U C T 9 0 7 11 ___
KLF7 __rs2284934 ___ D __C_T_____ T __db__
_rs2037893_ U C_G_ 12 25 27 524 __N__
rs1920048 U G A G
14902357 D C_ G 170 6 __ 12 _____
__1sl957949 D C T 18 1 12 13 _____
MAX ~ rs1957948 b ¢ T 20 1 8 13 V
__rs4902359 D G _A 35 1 12 13
rs7159443 D T A 124 125 28 541
_.r3806387 D T A 6 0 25 11 v _
._.re3806386 D T ¢ 9 0 2 11 7 _
MLLTIL _ _rs3738481 I D A G 13 8 181 24 7 V
___rshi D__G A _6_ 19 36 200 7 _
rs2864699 D G C 0 0 14 11 v




Discussion Table 1 (cont.). SNPs at eQTL of the tested TFs found in the patients.

TF dbSNPrsID et pep Al —roenoype - Avg o AVA g
of Alt R/R R/A A/A depth >R/R

rs35741140 U

(0]
(@)
~
~
w1
O
=
(o)}
(92

Tisi1%97374 DT C767 3170 3713 TTTTT Y
_rs201839727 "D T TCT 717997 3 737 715 1777
MXI1 113238292 DA T 161 8 "6 19
Crsi13138616 D T T T C 2007209 28 T
(Ire61745504 1 D TC T 224 48 5 588 _____Vdb
__rs10884942° U ""A "G 46 16 30 25 77
Is16410 77D *2 G50 1 7377 14 7] v
_rs1133185° T TD AT GI 12871 27 7111 777
rs14401 D c T 12 1 17 12 v
__rs1056897 U G A 29 3 7 14 _____ }
TFCP2 | rs11169736 UG T 30 "0 "1 14 7T T
rs11738 U G A G
13503 D C A7 0 15 11 ___ v
_rs1208604 _TU_ AT GT 9 0T 171371 77T v
ZNF25 _Trs1208605 U "G A 12 0 1 137" 77
rs201863197 U TT*37 T 7210 0 3T 11 TTT
rs1208606 U A C 225 48 4 741 V/db

*1,CAAAA; *2, GTTGA; *3, TAA.

Ref, reference allele; Alt, alternative allele; Avg depth, Avgerage sample read depth; Src,
data source; V, ALS Variant Server; db, ALS Data Browser; G, ALS Gene. Blank, data not
available. Effect of alternative allele was defined by the GTEx Consortium. The number of
allele genotypes and read depth are quoted from the ALS Variant Server. SNPs whose
genotype count in Alt/Alt is larger than Ref/Ref are indicated with a check mark in the A/A
> R/R column.
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6. CONCLUSION

Based on the CAGE analysis on the laser-captured human MNs, the present study defined two

out of the four promoters as active ADARBI promoters in the MNs, predicted the

ADARB]I-regulatory TFs in the MNs by in silico analyses on the multiple public data, and

then surveyed their regulatory roles for each of the ADARBI promoters by in vitro luciferase

assay for the first time [Conclusion Figure]. The present study lists the putative

ADARB]I-regulatory motoneuronal TFs and enables to further investigate the regulatory

mechanism of ADARBI expression in the MNs. This knowledge is vital to uncover the ab-

normal molecular cascade underlying the pathogenic down-regulation of ADARBI in the MNss

of patients with sporadic ALS. Hence, even though further studies should be conducted, I

believe that the present study propels one step forward for understanding the whole image of

the pathogenesis of this fatal disease.
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Conclusion Figure The inferred regulatory mechanism of ADARBI expression in the hu-
man motor neurons (MNs).

Based on the present CAGE analysis on the human MNs and a number of the previous data,
the present study defined the four ADARBI promoters and 1,334 TFs expressed in the MNs
(the motoneuronal TFs). The present in vitro luciferase assay of the selected 34 motoneu-
ronal TFs on the ADARBI promoters showed that the p2 and pl promoters active in the MNs
could be regulated by a different set of multiple motoneuronal TFs, respectively (two dotted
ellipses within the red rectangle). Circles colored in red, blue, green and black denote the
universal activators for all the four promoters, the universal suppressor for all the four pro-
moters, the selective activators/suppressors and the inactive TF, respectively. Stars colored
in red and green denote the TFs whose expression was decreased in tissues of patients with
sporadic ALS. The 1,300 motoneuronal TFs remains unexamined by luciferase assay, and
any regulatory effects from enhancers onto the promoter activity are beyond the scope of this
study (outside the red rectangle).
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