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ARTICLE INFO ABSTRACT

Keywords: Familial dysautonomia is a debilitating congenital neurodegenerative disorder with no causative therapy. It is
Kinetin caused by a homozygous mutation in ELP1 gene, resulting in the production of the transcript lacking exon 20.
Cytokinin

The compounds studied as potential treatments include the clinical candidate kinetin, a plant hormone from the

. . cytokinin family. We explored the relationship between the structure of a set of kinetin derivatives (N = 72) and
Alternative splicing . i . . . N
mRNA metabolism their ability to correct aberrant splicing of the ELP1 gene. Active compounds can be obtained by the substitution
ADME in vitro of the purine ring with chlorine and fluorine at the C2 atom, with a small alkyl group at the N7 atom, or with
diverse groups at the C8 atom. On the other hand, a substitution at the N3 or N9 atoms resulted in a loss of
activity. We successfully tested a hypothesis inspired by the remarkable tolerance of the position C8 to substi-
tution, postulating that the imidazole of the purine moiety is not required for the activity. We also evaluated the
activity of phytohormones from other families, but none of them corrected ELP1 mRNA aberrant splicing. A
panel of in vitro ADME assays, including evaluation of transport across model barriers, stability in plasma and in
the presence of liver microsomal fraction as well as plasma protein binding, was used for an initial estimation of
the potential bioavailability of the active compounds. Finally, a RNA-seq data suggest that 8-aminokinetin
modulates expression spliceosome components.

ELP1

stomach contents during vomiting crises is the leading cause of death
[27,28]. Motoric ability is affected (incoordination, unsteady gait), in-
telligence is not. Somatic growth is slowed down and life expectancy is
decreased; [1,25,74,77]).

The disease has the highest prevalence among persons of Ashkenazi
Jewish descent [26]. In over 99 % of the cases, the disease is caused by a
recessive point mutation in the donor splice site of intron 20
(IVS20+6T—C) of ELP1 gene (formerly known as IKAP, IkB
kinase-associated protein) [20,80]. The mutation results in the reduced
splicing efficiency, whereby the exon 20 is skipped and the truncated
form of ELP1 protein is expressed. The incomplete penetrance of the
mutation allows for the production of the lower amount of the wild-type

1. Introduction

Familial dysautonomia (FD) (Riley-Day syndrome, hereditary sen-
sory and autonomic neuropathy type III, OMIM number #223900) [73]
is a debilitating congenital neurodegeneration with no causative ther-
apy. It affects the development and survival of neurons of both sensory
and autonomic nervous systems [26,73]. The symptoms include the
abnormal perception of pain and heat, inability to produce tears and also
problems with speech and swallowing [27,49,73,82]. Patients have
labile blood pressure, gastrointestinal dysfunction and vomiting crises.
Pneumonia resulting from misdirected swallowing or the aspiration of
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List of abbreviations:

ADME  absorption — distribution — metabolism — excretion
BBB blood-brain barrier

Boc tert-butoxycarbonyl group

DIAD diisopropyl azodicarboxylate

DMF dimethyl formamide

DMSO  dimethyl sulfoxide

EGCG epigallocatechin gallate

ELP1 elongator complex protein 1

FD familial dysautonomia

GO Gene Ontology

HBBS Hank’s balanced buffer solution

LDA lithium diisopropylamide

MDCK  Madin-Darby Canine Kidney cells

MDR1  multidrug resistance 1

PAMPA parallel artificial membrane permeability assay
PBS phosphate buffer saline

RED rapid equilibrium dialysis

THF tetrahydrofuran

THP tetrahydropyran

transcript and functional protein. The effect is tissue-specific. Neurons,
in contrast to, for example, peripheral lymphocytes, produce the aber-
rant transcript predominantly [41,80].

Although the pathology of the disease is not fully understood, the
recent advances in models of FD including neurons generated from
embryonic or induced pluripotent stem cells [60-62,86,93] and hu-
manized FD mouse [30,50,66,67] allowed important insights into both
the molecular and developmental consequences of the ELP1 gene mu-
tation. Loss of ELP1 function in a mouse model [36] led to abnormal
behaviour of nervous system progenitors, neuronal stress and apoptosis
as well as to decrease in retrograde transport of nerve growth factor. All
these processes contribute to the abnormal innervation of target
structures.

The ELP1 protein is a scaffolding subunit of the conserved Elongator
complex, but it also has independent functions. The Elongator complex
regulates polymerase II transcriptional activity [46] and histone acety-
lation [57]. The Elongator plays a role in many processes related to
development and functions of the nervous system such as cell motility
[38], actin cytoskeleton organization [54], tubulin phosphorylation
intracellular trafficking [40], exocytosis and polarized secretion [72].
Expression studies showed that the canonical ELP1 mutation results in
dysregulation of genes involved in oligodendrocyte differentiation
and/or myelin formation in patients’ cerebrum tissue [37], genes related
to peripheral neurogenesis and neuronal differentiation in IPS-derived
neural crest precursors [60] and synaptic vesicular and neuronal
transport genes in embryonic stem cell-derived peripheral neural system
neurons [62].

The current therapy of FD is symptomatic [70]. However, the
neuronal dysfunction and the progressive loss of neurons throughout the
life suggest that FD patients of all ages could benefit from a pharma-
cological correction of the aberrant ELP1 pre-mRNA splicing. Experi-
mental approaches include delivery of therapeutic nucleic acids
(antisense oligonucleotides [44] and exon-specific Ul snRNAs [79], as
well as treatment with small molecules. Phosphatidylserine protects
affected neurons [56] by decreasing histone deacetylase levels and thus
increasing acetylation of a-tubulin [68]. Other compounds induce
expression of wild-type ELP1 protein. Treatment of patient fibroblasts
with polyphenol (—)-epigallocatechin gallate (EGCG) increases the in-
clusion of exon 20 [22,23]. Other compounds increasing exon 20 in-
clusion were reported: isoflavones genistein and daidzein [21], cardiac
glycosides [63] and proteasome inhibitor carfilzomib [48].
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Slaugenhaupt et al. [81] discovered that kinetin (N6-furfuryladenine)
and N°®-benzyladenine, plant hormones from the cytokinin family with
diverse effects in human cells (reviewed in [55,87], decrease the skip-
ping of exon 20 by the splicing machinery. Orally administered kinetin
corrected the splicing defect in the tissues including the brain of the
mouse expressing mutant human ELP1 gene [3]. Also, an initial trial in
patients yielded promising results - kinetin increased the levels of the
wild-type transcript in peripheral blood leukocytes and was well toler-
ated [29]. Later discovered a more potent kinetin derivative (2-chlor-
okinetin) and named it RECTAS [91]. In a follow-up paper, it was
reported that RECTAS interacts with CDC-like kinases (CLKs) and en-
hances the phosphorylation of SRSF6 [2]. Similar to kinetin, RECTAS
has only a limited effect on transcription and overall splicing [2,3],
which may reduce the side effects of therapy. Recently Salani et al. [75]
developed a cell-based luciferase splicing assay for high-throughput
quantification of the ELP1 exon 20 inclusion and used it to screen
cytokinin derivatives. However, they reveal structures of only two active
compounds, namely 2-chloro-8-[(3,3-difluorocyclobutyl)methox-
y1-N-(thiazol-2-ylmethyl)-9H-purin-6-amine and 2-chloro-8-(2-methox-
yethoxy)-N-(pyrimidin-4-ylmethyl)-9H-purin-6-amine. In both
compounds, the furan ring is replaced by another aromatic ring. A
recently granted patent by Slaugenhaupt et al. [4] revealed a large set of
NO-substituted adenines, including N°-furfurylamino derivatives that
modulate ELP1 splicing. The majority of the compounds claimed in the
patent have 2-chloro substitutions, and several purine bioisosteres are
also disclosed. Additionally, a systematic study of purine isosteres of
kinetin was conducted by Makov4 et al. [5].

However, to date, no systematic peer reviewed structure-activity
relationship study of kinetin substitution derivatives has been published.

In this study, we explored the relationship between the structure of a
large set of kinetin derivatives (N = 72) and evaluated their ability to
correct aberrant splicing of ELP1 gene due to a missense mutation in the
donor splice site. We also tested the hypothesis that kinetin analogues
without the imidazole ring and other classes of phytohormones have this
activity. A panel of in vitro ADME assays was used to evaluate the po-
tential bioavailability of the active compounds. Finally, we used tran-
scriptomic profiling to study mechanism of action of one of the active
derivatives.

2. Results
2.1. Synthesis

A group of C2 substituted kinetin derivatives was prepared, generally
in moderate to excellent yields, either by nucleophilic substitution of
chlorine at the C6 atom of readily available purine building blocks by
furfurylamine and Et3N in refluxing nPrOH (2-5) or by the reaction of 2
with large excess of corresponding nucleophile agent under elevated
temperature (6-9) (Fig. 1).

Methyl group was introduced to the N3 atom of kinetin by the re-
action of 1 with Mel in dry DMA using similar reaction conditions as
published by Mik et al. [65] (Fig. 2). The reaction provided 10 as a main
product, while the minor N9 isomer was easily removed by column
chromatography. However, the 'H and '3C NMR spectra of 10 clearly
showed presence of two sets of signals, further NMR experiments
confirmed existence of 10 in two tautomeric forms in a molar ratio
approximately 2.5:1.

N7 kinetin derivatives were prepared in two steps (Fig. 3). Firstly, 7-
substituted 6-chloro/2,6-dichloropurine intermediates (Ia-IVa) were
isolated as minor products during alkylation of 6-chloro/2,6-dichloro-
purine in DMF and in the presence of KoCOs3 in 16-20 % yield.
Further, Ia-IVa were allowed to react with furfurylamine and EtsN in
refluxing nPrOH for 4 h to give desired products 11-14 in 43-76 % yield.

The majority of C8 substituted kinetin derivatives were synthesized
following previously described protocol [17]. Shortly, heating of 9-THP
protected 6-chloropurine V [85] with furfurylamine and EtsN in nPrOH
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Fig. 1. Reagents and conditions: i) furfurylamine, Et;N, nPrOH or nBuOH (for 4), 100 °C, 4 or 12 h (for 4), 93 % (for 2), 40 % (for 3), 60 % (for 4), 48 % (for 5); ii) 8
M MeNHj; in EtOH, 95 °C, overnight, 69 %; iii) 5.6 M Me,NH in EtOH, 100 °C, 17 h, 93 %; iv) ethane-1,2-diamine, 165 °C, 3 h, 76 %; v) 2-aminoethanol, 165 °C, 3 h,

75 %; * - various conditions.
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Fig. 2. Reagents and conditions: i) Mel, DMA, 85 °C, 2 days, 58 %.

for 14 h provided 6-furfurylamino-9-(tetrahydropyran-2-yl)purine (VI)
which was further halogenated at purine C8 atom. A halogen atom was
introduced using one-pot two step reaction by lithiation (LDA, THF,
—78 °C, 1 h) followed by reaction with halogen donor (15 -

benzenesulfonyl chloride, 16 — CBr4, 17 — I5) in THF at —78 °C for 1 h.
Reaction of 15 or 16 with aliphatic amines or alcoholates yielded
8-substituted 9-THP kinetins 18-31. Introduction of phenylamino group
(27) was achieved by application of Buchwald-Hartwig amination.
Corresponding 8-substituted kinetins 32-44 were obtained after
acid-catalysed hydrolysis of THP group (Fig. 4). Heating of 8-bromoki-
netin (VII) with sodium acetate in acetic acid at 120 °C for 1.5 day
resulted in hydrolysis of bromine atom providing 8-oxokinetin 45.
Contrary to nucleophiles used in preparations of 18-31 (Fig. 4 v — xviii),
nucleophilic attack on the C8 chlorine atom with ammonia in 8-chlor-
0-9-THP-kinetin (15) is not possible. Direct ammonolysis of C8 chlo-
rine atom of IX [6] and X [84] was achieved by stirring the starting
compounds at room temperature for 1 day in iPrOH saturated at 0 °C by
ammonia. The low reaction yield of XII (only 18 %) was caused by
formation of 6-amino-2,8-dichloro-9-(tetrahydropyran-2-yl)purine as a
by-product in 1:1 ratio and problems with their separation. Hereafter,
substitution at C6 atom and hydrolysis of THP group resulted in for-
mation of 47, 49 (62 %, 83 %) and 48, 50 (71 %, 83 %), respectively. 2,
8-Dichlorokinetin 46 was prepared from 2,6,8-trichloropurine (VIII)
according to previously published protocol [34].
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Fig. 3. Reagents and conditions: i) Mel, K,CO3, DMF, rt, overnight, 20 % (for Ia), 63 % (for Ib), 16 % (for IVa), 58 % (for IVb); ii) propyl iodide, K,CO3, DMF, rt,
overnight, 16 % (for Ila), 55 % (for IIb); iii) benzyl chloride, KoCO3, DMF, rt, overnight, 18 % (for IIla), 63 % (for IIIb); iv) furfurylamine, EtsN, nPrOH, reflux, 4 h, 50

% (for 11), 54 % (for 12), 76 % (for 13), 43 % (for 14), * — various conditions.
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Fig. 4. Reagent and conditions: i) furfurylamine, EtsN, nPrOH, 65 °C, 14 h; ii) LDA, THF, —78 °C, 1 h/benzenesulfonyl chloride, —78 °C, 1 h, 69 %j; iii) LDA, THF,
—78°C, 1 h/CBry, -78 °C, 1 h, 37 %; iv) LDA, THF, —78 °C, 1 h/I,, -78 °C, 1 h, 66 %; v) KOtBu, MeOH, 60 °C, 10 h, 73 %; vi) NaSMe, iPrOH, 45 °C, 2.5 h, 96 %; vii)
Me,NH, MeOH, rt, overnight, 83 %; viii) allylamine, 60 °C, 10 h, 58 %; ix) ethane-1,2-diamine, 50 °C, 35 min, 77 %; x) 2-aminoethanol, 80 °C, 75 min, 56 %,; xi) 3-
aminopropanol, 60 °C, 6 h, 90 %; xii) NaOH, nPrOH, 60 °C, overnight, 65 %; xiii) BnOH, Na, 65 °C, overnight, 20 %; xiv) aniline, Xantphos, Pd,(dba)s, NaOtBu, 2-
MeTHF, 77 °C, 3.5 h, 20 %; xv) BnNH_, Et3N, iPrOH, 80 °C, 2.5 days, 69 %; xvi) 2-(dimethylamino)ethylamine, Et3N, iPrOH, 80 °C, 1.5 days, 79 %; xvii) 3-mor-
pholinopropylamine, Et3N, iPrOH, 80 °C, 30 h, 89 %; xviii) 2-(dimethylamino)ethanol, NaH, toluene, rt, 3 days, 60 %; ixx) AcOH, water, rt, overnight, 19 % (for
32), 66 % (for VII), 97 % (for 33), 60 % (for 34), 78 % (for 35), 42 % (for 36), 88 % (for 37), 31 % (for 38), 31 % (for 39); xx) 10 % HCl, MeOH, rt, 2 days, 37 % (for
40), 58 % (for 41), 71 % (for 48); xxi) 10 % HCl, MeOH, water, 60 °C, 2 h-1 day, 76 % (for 42), 90 % (for 43), 91 % (for 44); xxii) AcOH, NaOAc, 120 °C, 1.5 days, 16
%; xxiii) furfurylamine, water, reflux, 0.75 h; xxiv) isopropanolic ammonia, rt, 1 day, 50 % (for XI), 18 % (for XII); xxv) furfurylamine, DIPEA, tBuOH, 100 °C, 7 days,
62 %; xxvi) furfurylamine, 45 °C, 1.5 h, 83 %; xxvii) HCl, MeOH, 50 °C, 20 h, 71 %, * — various conditions, * [17].

As mentioned above, reaction of 6-chloropurine or 2,6 dichlor-
opurine with haloalkanes in the presence of K;CO3 in DMF afforded N7
derivatives (Ia-IVa) as a minor product and N9 isomers (Ib-IVb) as the
main products (yield 55-63 %) (Fig. 3), Ib-IIIb were further converted
into corresponding kinetin derivatives 51-53 using focused microwave
irradiation in reasonable yields (57-79 %) (Fig. 5). Syntheses of other
NO derivatives 54, 55, 58-61 [18] and 56 [19] were described in our

previous publications. Compound 57 was prepared simply by the reac-
tion of 1 with 1-bromo-3-chloropropane in K3CO3/DMSO conditions,
whereas 9-aminoalkyl kinetins 62, 63 were prepared in three steps using
a modified protocol [7]. Firstly, 6-chlorpurine was alkylated by N-Boc
protected aminoalcohols under Mitsunobu conditions (PPhs, DIAD,
THF) providing XV and XVI in a good yield followed by substitution at
C6 atom giving XVII and XVIII in very good to excellent yield.
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Fig. 5. Reagents and conditions: i) Mel, K,CO3, DMF, rt, overnight, 20 % (for Ia), 63 % (for Ib), 16 % (for IVa), 58 % (for IVb); ii) propyl iodide, K;CO3, DMF, rt,
overnight, 16 % (for IIa), 55 % (for IIb); iii) benzyl chloride, K,CO3, DMF, rt, overnight, 18 % (for Illa), 63 % (for IIIb); iv) ethyl vinyl ether, pTsOH, EtOAc, 55 °C, 2 h,
65 %; v) 2,3-dihydrofuran, TFA, EtOAc, rt, 1 h, quantitative; vi) furfurylamine, Et3N, MeOH, MW, 120 °C, 15 min, 79 % (for 51), 57 % (for 52), 67 % (for 53); vii)
furfurylamine, Et3N, nPrOH, reflux, 3 h, 70 %; viii) 3,4-dihydro-2H-pyran, HCOOH, EtOAc, reflux, 3 h, 76 %; ix) 1-bromo-3-chloropropane, K,CO3, DMSO, rt,
overnight, 60 %; x) 1,2-dibromoethane, K;CO3, DMF, rt, overnight; xi) 1,4-dibromobutane, Cs;CO3, DMSO, rt, overnight; xii) ethyl 4-bromoacetate, Cs;CO3, DMF, rt,
overnight; xiii) NaOH, 50 % EtOH, rt, overnight; xiv) 2-(Boc-amino)ethanol, Ph3P, DIAD, THF, rt, 2 h, 68 %; xv) 4-(Boc-amino)butanol, Ph3P, DIAD, THF, rt, 2 h, 67
%; xvi) furfurylamine, EtzN, nPrOH, reflux, 4 h, 90 % (for XVII), 81 % (for XVIII); q) Dowex 50W X8, DCM, reflux, 5 h/4 M methanolic ammonia, rt, overnight, 78 %

(for 62), 51 % (for 63); * — various conditions, ® [18], ® [19], € [7].

Simultaneous deprotection and purification of Boc-amines was achieved
on strong cation exchange resin Dowex 50W X8 [64].

Compounds 65-68 and 69-72 [10] were prepared by substitution of
chlorine atom at C6 atom of 6-chloropurine, 6-chloropurine riboside
and/or 6-chloro-9-(tetrahydrofuran-2-yl)purine with corresponding
amines and Et3N in nPrOH under elevated temperature (Fig. 6). Finally,
73 was obtained by heating of 9-(tetrahydrofuran-2-yl)adenine (IXX)
with furan-2-carbonyl chloride at 130 °C for 7 h in a 77 % yield, simi-
larly to the described procedure [95].

2.2. Effects of the compounds on the splicing of mutant ELP1 transcript

The effects of kinetin derivatives on ELP1 exon 20 inclusion were
evaluated in the patient-derived fibroblast cell line GM04663. Reverse

transcription and PCR (RT-PCR) with primers flanking exon 20 of ELP1
cDNA was followed by comparison of the amounts of the PCR products
corresponding to the wild-type transcript and aberrant transcript
missing exon 20 [81]. During the screening and structure-activity
exploration phase of the study, the activity of the compounds at 50
uM was evaluated semi-quantitatively using agarose gel electrophoresis
(data not shown). This data was used for planning of synthesis of novel
derivatives. In the end, the effect of the identified active compounds was
validated and quantified using capillary electrophoresis; the concen-
tration of the test compounds was 10 M (Fig. 7). The performance of the
assays was validated using positive controls kinetin (1) and 2-chloroki-
netin (RECTAS, 2).

The following structure-activity relationships emerged. Active com-
pounds can be obtained by the substitution at the C2 atom of the purine
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(for 67), 72 % (for 68); iii) 5-methylfurfurylamine, Et3N, nPrOH, 85 °C, 5 h, 72 %; iv) 2-thiophenemethylamine, EtsN, nPrOH, reflux, 4 h or 5 h, 65 % (for 69), 61 %
(for 70); v) 5-(hydroxymethyl)furfurylamine, Et3N, nPrOH, reflux, 5 h, 65 %; vi) 3-methylthiophene-2-methylamine, Et3N, nPrOH, reflux, 6 h, 46 %; vii) furan-2-

carbonyl chloride, pyridine, 130 °C, 7 h, 77 %, * — various conditions, * [10].
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Fig. 7. The effect of kinetin and its derivatives (10 pM) that were identified in the screening phase as active on the ratio of the wild-type and mutant ELP1 transcripts
as evaluated by capillary electrophoresis. Treatment with each compound led to increase in exon 20 inclusion, which was always statistically significant (adjusted p-

values <0.05) with exception of the compounds 12, 33, 50 and 69.

of kinetin (1) by chlorine (2) or fluorine (3). On the other hand, de-
rivatives with methylthio (4), amino (5), methylamino (6), dimethyla-
mino (7) and substituted alkylamino (8, 9) groups at this position were
inactive. Substitution by methyl group at the atoms N3 (10) or N9 (51)
caused a loss of the activity. The compounds 52-64 with larger sub-
stituents (alkyls, substituted alkyls and ribosyl) at the atom N9 were also
inactive. On the other hand, the atom N7 allowed substitution by the
methyl group (derivatives 11). 7-Propyl derivative 12 was less active
and N7-benzyl derivative 13 lost the activity completely. The combi-
nation of 2-chloro and 7-methyl group provided a derivative signifi-
cantly more active than kinetin (14).

Active derivatives were also obtained by substitution at the C8 atom
(33-45) with diverse groups, including halogens, amino, hydroxy,
alkoxy and alkylamino groups. Among them, the benzylamino (41),
methylthio (35), methoxy (34), and propoxy (38) derivatives were
significantly more active than kinetin. However, the combination of C8-
substitution with 9-tetrahydropyran-2-yl moiety led to inactive com-
pounds (15-31). On the other hand a substitution at the atom C8 can be
combined fruitfully with 2-chloro substitution as demonstrated by 2,8-
dichloro (46) and 2-chloro-8-aminokinetin (50). A large group of
other active 2,8-disubstituted derivatives was revealed in recently
granted patent by Slaugenhaupt et al. [4], which also includes com-
pounds 2 (RECTAS), 3 and 4.

The observed permissivity of the position 8 to substitution including

large groups (e.g. 43 morpholin-4-ylpropylamino group) suggests that
this part of molecule is oriented in the active site of the unknown mo-
lecular target toward the cytosol. This observation inspired an idea to
test derivatives where the imidazole of purine moiety is absent (74-82,
Fig. 8, Supplementary Fig. S1). Indeed, several 4-chloropyrimidine de-
rivatives were active at 50 M (Fig. 9). However, substitution at the
position 4 of the pyrimidine moiety with methyl or phenyl groups
yielded inactive compounds. To our disappointment, diuretic drug
furosemide, a derivative of 4-chloro-2-furfurylaminobenzoic acid was
inactive. Other inactive compounds included all three positional isomers
of furfurylaminopyrimidine. Methylation of the N° nitrogen of kinetin
yielded compound 65 with no activity and the derivative with furan-2-
carboxamido group at C6 was inactive as well (73). Also a substitution of
the furan ring with 5-methyl (66, 67) or 5-hydroxymethyl (71) group
led to a loss of activity. Replacement of the furan ring with thiophene
yielded derivative 69 with decreased activity.

Finally, plant hormones of other classes (auxin - 2-(indol-3-yl)acetic
acid, gibberellin - GA9 and its methyl ester, brassinosteroid - brassino-
lide, and jasmonates - jasmonic acid and methyl jasmonate) were also
tested. None of them corrected the aberrant ELP1 mRNA splicing (data
not shown).
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Fig. 8. The structures of the pyrimidine analogues of kinetin that induced increase in ELP1 exon 20 inclusion (74-77) and furosemide (78).
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Fig. 9. The effect of the pyridine and pyrimidine analogues of kinetin (50 yM)
on the ratio of the wild-type and mutant ELP1 transcripts evaluated by capillary
electrophoresis. Kinetin (1) at 50 yM was used as a control. The effect was
statistically significant (adjusted p-values <0.05) in the case of compounds of 1
and 74-77.

2.3. Effect of the compounds on cell proliferation of non-malignant cells

A resazurin assay after 2-day incubation was used to evaluate the
effect of the active compounds (50 M) on proliferation of the GM04663
fibroblasts as well as several other non-malignant cell lines (skin fibro-
blasts BJ, keratinocytes HaCaT, and retinal epithelial cells ARPE-19).
The assay is based on the fluorimetric quantification of resazurin
reduction by mitochondria. The majority of the kinetin derivatives had
no or limited (90-110 % of the signal of the control samples) effect on
GMO04663 fibroblasts. Only four compounds decreased resazurin signal
by more than 20 % in any of the four cell lines (Supplementary Fig. S2).
Those included 2-halogenated derivatives 2 and 3 and the derivatives
with an aromatic substituent at C8 atom of the purine moiety (40 - 8-
phenylamino, 41- 8-benzylamino).

2.4. In silico and in vitro pharmacokinetic modelling/prediction

For the majority (N = 22) of the active compounds, we performed
biochemical assays used for a prediction of the ADME (absorption,

distribution, metabolism and excretion) properties of (candidate) drugs
sometimes collectively called pharmacokinetics in vitro assays [43,94].
The Parallel Artificial Membrane Permeability Assay (PAMPA) [92] is
used for estimation of absorption by passive diffusion. The Caco-2 and
MDCK-MDR1 permeability assays are established models of intestinal
[24] and blood-brain barriers (BBB) [53], respectively. If both
apical-to-basal and basal-to-apical permeabilities through the mono-
layers are studied, the assays can be used for identification of drugs
removed from the cells by active efflux. Effective drug efflux is one of the
characteristics of BBB. The prominent role plays MDR1 (P-gp, ABC1). To
better simulate properties of BBB, dog kidney MDCK cells were trans-
fected with human MDR1 [88]. The transporter make-up of differenti-
ated colon carcinoma Caco-2 cells resembles that of enterocytes [76].
Metabolization by human plasma and liver microsomal fraction was
used to evaluate the stability of the compounds. Finally, we also studied
binding of the compounds to human plasma proteins. The results off all
the assays are summarized in Supplementary Fig. S3.

Most of the compounds were highly stable in human plasma (<5 %
degradation after 2 h). Degradation exceeded 10 % only in 4 cases
(compounds 3, 12, 36, 39). Stability in the presence of the human liver
microsomal fraction was variable (~67-100 % compound remaining
after 1 h). Values for kinetin (1) and RECTAS (2) were comparable (89.9
and 96.1 %).

Marked differences (~19-96 %, mean = 56.9 %, sd = 24.2, median
18.9 %) were observed in plasma protein binding of the compounds.
Fraction bound for kinetin (1) and more lipophilic RECTAS (2) were
55.6 % and 90.4 %, respectively. However, overall there was no clear
relation between either stability or plasma protein binding and the
values of the basic descriptors related to hydrophobicity and polarity
including logP, molar refractivity and topological polar surface area
(data not shown).

Permeability studies using PAMPA assay suggest moderate (- log Papp
5-6 cm/s) or low ability (- log Ps,p > 6 cm/s) to cross biological
membranes by passive diffusion for 10 and 11 compounds, respectively.
An exception is the derivative 42 with -log P,pp > 8 cm/s. Its tertiary
amino group in the side chain at position 8 may be charged under the
assay condition. Results of Caco-2 and MDR1-MDCK permeability assays
offer a markedly different picture (Fig. 10).

With and exception of 2 derivatives, the compounds are expected to
be absorbed from the gut (Caco-2 P,p, > 5 cm/s), 8 of them with high
efficiency (Caco-2 Papp > 20 cm/s). 16 compounds out the 22 are ex-
pected to cross blood-brain barriers (MDR1-MDCK Papp >10 cm/s). The
high permeability of the cell barriers, in contrast to the artificial mem-
brane, suggests that the compounds enter the cells through a transporter
(s). It is tempting to speculate about active transport in the case of the
compounds with extreme values in both cellular assays. Those include
kinetin (1) but not RECTAS (2). In silico predictions provide further in-
direct support for existence of a transporter. BOILED-Egg approach [42]
is based on the comparison of lipophilicity (expressed as logP) and po-
larity (expressed as tPSA) of test compounds with parameter boundaries
derived from an analysis of brain and intestinal permeation of a large set
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Fig. 10. A comparison of the results of the Caco-2 and MDR1-MDCK permeability assays for the active kinetin derivatives. The points corresponding to kinetin and
RECTAS are labelled 1 and 2, respectively. The symbols indicate if a compound is a subject of the active efflux in none, either or both cell lines. The compounds with
MDR1-MDCK permeability above 10 [uPapp] are predicted to cross the blood-brain-barrier. Vertical gray lines separate the compounds with predicted low, medium

and high intestinal absorption.

of drugs. The model predicts brain permeation by passive diffusion only
for two compounds (12, 46) out of twenty two (Supplementary Fig. S4).
We also observed that kinetin crosses MDR1-MDCK monolayer much
better than its diverse purine isosteres [5]. Identification of the putative
transporter(s) will be subject of follow-up studies. Here, we only note
that cytokinin derived cyclin-dependent kinase inhibitors were shown to
interact with nucleoside transporters [52] that beside nucleosides also
transport nucleobases and various analogues of those.

Drug efflux probably further contributes to the overall low correla-
tion between the PAMPA and the cellular permeability assays
(Supplementary Fig. S5). Majority of the compounds are actively
exported from the cells in both barrier models as indicated by efflux
ratios >2 (Fig. 10). MDR1 efflux pump present in both cell lines maybe
at least partially responsible [42]. Moreover cytokinin derived
cyclin-dependent kinase inhibitors are known substrates of this trans-
porter [8]. Different affinities for efflux transporter(s) could be another
factor behind the marked differences in absorption of kinetin (1) and
RECTAS (2).

2.5. RNA-seq study of the effects of 8-aminokinetin (compound 48)

We conducted an RNA-seq analysis with de novo assembly of the
reads to investigate the effects of a 24 h treatment of GM04663 fibro-
blasts with compound 48 at 100 pM concentration. Equimolar kinetin
was included for comparison. The analysis focused on transcripts with a
at least two-fold change expression at an adjusted p-value <0.05. The
full list of differentially expressed transcripts, along with detailed results

of Gene Ontology (GO) overrepresentation analysis performed at the
gene level, is provided in the supplementary material (Tables S1-4,
Figs. S6-11). Both compound 48 and kinetin increased the amount of
wild-type ELP1 transcript. While kinetin treatment altered the expres-
sion of only 31 transcripts (24 upregulated, 7 downregulated), which did
not belong to any coherent GO category clusters, the response to com-
pound 48 was much more pronounced. This treatment significantly
changed the expression of 324 transcripts (142 upregulated, 182
downregulated). Overrepresented GO categories (adjusted p-value
<0.05) include “spliceosome complex” with majority of genes upregu-
lated and 4 categories related to translation (Fig. 11A, Figs. S8-510).
Analysis of over-represented biological themes for upregulated genes
reveals several other overlapping GO categories related to splicing and
mRNA metabolism (Fig. 11B). The responsive mRNA splicing-related
transcripts also included upregulated LUC7L and downregulated
WDR?70, which have been reported as sensitive to kinetin treatment by
Boone et al. [99]. Other overrepresented categories are related to
chromatin remodeling and phosphatidylinositol binding (Fig. S7).

3. Discussion

Familial dysautonomia is debilitating hereditary neurodegeneration
with no causative therapy [9]. Slaugenhaupt et al. [81], reported that
the molecular cause of the disease, the skipping of the exon 20 in the
mutant ELP1 transcript, can be corrected by the treatment with phyto-
hormones kinetin and N®-benzyladenine. A positive effect of kinetin on
the mutated target gene mRNA splicing was confirmed in animal model.
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entially expressed genes. Adjusted p-value: ** - < 0.01, * <0.05. B) Relation between the mRNA splicing-related categories for upregulated genes.

The first published data from human studies show that treatment with
kinetin increases levels of wild-type transcript in the patients’ lympho-
cytes [29].

Yoshida et al. [91] later discovered a more potent kinetin derivative
(2, 2-chlorokinetin, RECTAS), and two more active 6-substituted purines
were reported by Salani et al. [75]. Another set of active NO-substituted
adenines and their analogues mainly with 2-chloro substitution was
revealed in a recently granted patent by Slaugenhaupt et al. [4]. Purine
isosteres of kinetin were explored by Makova et al. [5]. However, no
systematic structure-activity study of kinetin derivatives has been pub-
lished yet. Here we report synthesis and testing of a broad set of Lipinski
rule-compliant kinetin substitution derivatives for their ability to correct
aberrant splicing of the mutant ELP1 gene.

We found that active compounds can be obtained by substitution of
position 2 of the purine ring not only by chlorine as in RECTAS but also
with fluorine. Whereas a substitution of the positions 3 or 9 led to a loss
of the activity, position 7 could be substituted by a small alkyl. Notably,
the position 8 can be substituted by groups of diverse physico-chemical
properties including large 8-alkylamino and 8-alkoxy substituents. This
observation suggests that the position 8 is oriented out of the active site
of the yet unknown molecular target. Therefore, we also tested several
derivatives where the 5-membered ring is missing altogether and found
that they retain some activity. They may serve as leads for new series
with limited side-effects resulting from interaction(s) with the human
purinome. The results in purine series also demonstrate that sub-
stitutions in the positions 7 or 8 can be successfully combined with 2-
chloro substitution. The combination of 2-chloro substituent with a
side chain in position 8 is also present in the two active compounds
reported by Salani et al. However, in these compounds furan ring is
replaced by another heterocycle.

The initial insights into ADME properties (absorption, distribution,
metabolism and excretion) of the active compounds were obtained using
the panel of in vitro assays. All the compounds were stable in human
plasma. However, their stability in the presence of human liver micro-
somal fraction as well as plasma protein binding was highly variable
with no clear structure-activity relationships.

Most of the compounds are predicted to cross biological barriers,
including blood-brain barrier, according to the Caco-2 and MDCK-MDR1
models. Exceptionally high permeability of some compounds, including
the parent kinetin, suggests that they enter the cells by facilitated
diffusion or possibly active transport. The predicted high bioavailability
of kinetin seems to be in concord with experimental data — kinetin is
efficiently absorbed after peroral administration and animal studies
confirmed its ability to cross BBB [3]. On the other hand, absorption of

some of the compounds may be limited by active efflux — those include
compound 2, RECTAS. Notably, the substitution of RECTAS by the
8-amino group reverses this effect. Follow-up mechanistic studies will
undoubtedly shed more light on the transport mechanisms of kinetin
and its derivatives. The putative import mechanism may be both op-
portunity and obstacle in optimization of kinetin derivatives for treat-
ment of neurodegenerations including familial dysautonomia,
parkinsonism [47] and Huntington disease [33].

Previous studies have shown that kinetin has only a limited effect on
gene expression. Boone et al. [99] used Whole Human Genome Micro-
array Kit, 4 x 44K (Agilent) to study the effect of 48 h treatment of 100
uM kinetin in patient olfactoryecto-mesenchymal stem cells. Expression
of only 12 genes was changed by factor two or more. Seventy-two genes
had absolute value of fold change over 1.5. Besides ELP-1 they included
also several genes related to splicing: LUC7L, SNRPA and WDR70 with
respective fold change of 2.04, —1.70 and —1.52. A recent study
demonstrated that the effects of RECTAS (2) on mRNA pool is also
limited and splicing modulation is very specific [2].

We conducted an RNA-seq analysis of a 24 h treatment of patient
fibroblasts with compound 48 (8-aminokinetin) at 100 xM with kinetin
as a comparator. In contrast to kinetin, compound 48 induced much
more profound changes in gene expression (31 vs. 324). Notably the
over-represented Gene Ontology categories are related to cell compo-
nents and biological processes related to alternative mRNA splicing,
with the majority of genes upregulated. Other influenced processes are
related cytosolic translation and chromatin remodeling. Although
treatment with compound 48 did not have a significant negative effect
on fibroblast viability during a 2-day toxicity test (section 2.3), our
unpublished long-term cultivation studies show that the compound 5 in
contrast to kinetin has a negative effect on cell proliferation. Thus we
cannot exclude the possibility of toxic effects related to translation and/
or chromatin perturbation especially with long-term use of the drug for
familial dysautonomia. Overall, these results suggest that compound 48
may influence mRNA splicing also through a mechanism distinct from
that of kinetin which may possibly contribute to the therapeutic effect.
However, a less specific effect on mRNA splicing may also be a source of
side effects.

4. Experimental
4.1. Chemistry

Synthetic procedures and NMR spectra for the newly prepared
compounds are summarized in the Supplementary Information. Purine
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intermediates were prepared according to the previously published
protocols: V [85], VIIL IX [6], X [84], XV [7], IXX [10]. The following
substances were provided by L. Zahajska 15-26, 32-39, 45, V. Mik 54,
55, 58-61 [18], L. Plihalova 56 [19] and M. Honig 69-72 [10]. Finally 1
and 64 were purchased from OlChemIm Ltd and 74-85 from Molport.

4.2. Cell culture

GMO04663, a skin fibroblast cell line homozygous for the 2507+6T >
C mutation in ELP1 gene derived from a 2-year old female with familial
dysautonomia, was obtained from Coriell repository. Skin fibroblast BJ
(ATCC® CRL-2522™), retinal pigment epithelium cells ARPE-19
(ATCC® CRL-2302) and epithelial colorectal adenocarcinoma -cells
Caco-2 (ATCC® HTB-37™) were from American Type Culture Collec-
tion. Keratinocytes HaCaT were from DKFZ Cell Line Service. MDR1
transfected canine kidney cells MCDK were from Netherlands Cancer
Institute.

The cells were maintained in Dulbecco’s modified Eagle’ medium
(DMEM) or in DMEM/F12 medium in the case ARPE-19, containing 5 g/
L glucose, 2 mM t-glutamine, 100 U/mL penicillin, 100 pg/mL strep-
tomycin and 10 % fetal calf serum (Sigma) in standard culture condi-
tions (5.5 % CO3, 37 °C, 100 % relative humidity). The cells were
subcultured twice a week.

4.3. Evaluation of cytotoxicity of the compounds

Toxicity of the compounds to GM04663, BJ, HaCaT, ARPE-19 cells
was evaluated using a standard assay based on the metabolic reduction
of non-fluorescent resazurin into highly fluorescent resofurin [31]. The
cells were trypsinized and dispensed into 96-well plates (5000 cells in
80 pL of medium per well). After 24 h, 5 x concentrated solution of the
test compounds in the culture medium were added (the final concen-
tration 50 yM). DMSO vehicle served as a negative control. After 48 h,
20 uL of 11 x concentrated solution of resazurin (Sigma) in the culture
medium was added to the cells into the final concentration of 0.0125
mg/mL. Fluorescence (ex = 570 nm, em = 610 nm) was measured after
1h (ARPE-19) or 3 h (HaCaT and BJ) incubation using M2 reader
(Biotek).

4.4. Evaluation of the effect of the compounds on ELP1 transcript
alternative splicing

About 500.000 GM04663 cells were seeded in 10 cm Petri dishes and
grown overnight before the treatment with the test compounds. Kinetin
(1) and 2-chlorokinetin (2, RECTAS) were used as positive controls.
DMSO vehicle served as a negative control. After 24 h, total RNA was
extracted from the cells using Trizol reagent. Isolated RNA was tran-
scribed to cDNA using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Polymerase chain reaction with primers 5-
CAGGTGTCGCTTTTTCATCA-3' and 5-CATTTCCAAGAAA-
CACCTTAGGG-3' [22] was used to amplify a ELP1 ¢cDNA segment be-
tween nucleotides 2194 and 2593 (numbering corresponding to NM
_003640.5. transcript). The conditions of the PCR reaction using
JumpStart Taq DNA Polymerase with MgCl, (Sigma-Aldrich) were as
follows: initial denaturation at 94 °C for 5 min followed by 34 cycles
(denaturation at 94 °C for 40 s, annealing at 63.8 °C for 30 s and elon-
gation at 72 °C for 90 s) with final incubation at 72 °C for 5 min. The PCR
products corresponding to wild-type transcript (422 bp) and transcript
without exon 20 (348 bp) were separated by agarose gel electrophoresis
(1.5 % gel) and visualized by GelRed staining. For the final comparison
of the compounds identified as active during the screening and
structure-activity exploration phase, microfluidic electrophoresis (Agi-
lent 2100 Bioanalyzer with 1000 LabChip kit) was used. A comparison
with DNA standards of a known size and concentration allowed for the
precise quantification of the wild-type and aberrant transcripts
concentrations.
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4.5. In vitro ADME assays

4.5.1. Analytical chemistry

Preparation of the lyophilized samples for the analysis is described in
the sections dedicated to the individual in vitro ADME methods. Quan-
tification of the test compounds in the samples was performed using
RapidFire RF300 system (Agilent Technologies) interfaced with QTRAP
5500 mass spectrometer fitted with an electrospray ionization source
(AB Sciex, Concord, Canada) and running in multiple — reaction moni-
toring mode.

Lyophilized samples were dissolved in the mobile phase (95 % water,
5 % acetonitrile, 0.1 % formic acid) with respective internal standards.
The dissolved samples were aspired directly from 96-well plates into a
10 L sample loop and passed through a C4 cartridge (Agilent Tech-
nologies) with solvent A (95 % water, 0.01 % formic acid, 5 % aceto-
nitrile) at a flow rate of 1.5 mL/min for 3 s. After the desalting step, the
analyte retained on the cartridge was eluted with solvent B (95 %
acetonitrile, 5 % 0.01 % formic acid) to the mass spectrometer at a flow
rate of 0.4 mL/min for 7 s. Mass spectrometry was carried out using
electrospray ionization in the positive ion mode. Daughter ion peaks
were identified using a multiple — reaction monitoring protocol.

4.5.2. Chemical stability

Two uM solutions of the test compounds in PBS buffer (pH 7.4) were
incubated for 0, 15, 30, 60 and 120 min at 37 °C. The reactions were
stopped by the addition of cold methanol, and the samples were
lyophilized.

4.5.3. Stability in human plasma

Two uM solutions of the test compounds were incubated with human
plasma (Transfusion Department, University Hospital, Olomouc, Czech
Republic) for 0, 15, 30, 60 and 120 min at 37 °C. The reactions were
stopped by addition of acetonitrile-methanol mixture (2:1). Samples
were stored at -80 °C overnight and centrifuged (2811xg, 6 min, 4 °C).
Supernatants were lyophilized.

4.5.4. Microsomal stability

The reaction mixtures of test compounds (2 zM), human liver mi-
crosomes (ThermoFisher Scientific, 0.5 mg/mL), NADPH generating
system (NADP™ - 0.5 mM, isocitrate dehydrogenase - 6 U/mL, isocitric
acid - 4 mM, and MgSO4 — 5 mM) in 0.1 mol/L K3PO4 buffer. The re-
actions were stopped by the addition of acetonitrile-methanol mixture
(2:1) after 0, 15, 30, and 60 min at 37 °C. The samples were centrifuged
(2811 xg, 6 min, 4 °C) and the supernatants were lyophilized.

Calculations: The intrinsic clearance was calculated as CLjyt = V*
(0.693/t1,2), where V is the volume of the reaction in yL related to the
weight of the microsomal protein in mg per reaction. Elimination half-
life was calculated using the equation t;,» = 0.693/k, where k is the
slope of linear regression of natural logarithm of percent substrate
remaining plotted versus incubation time [90].

4.5.5. Parallel artificial membrane permeability assay

The parallel artificial membrane permeability assay (PAMPA) was
performed using the Millipore MultiScreen filter MultiScreen-IP Dura-
pore 0.45 um plates and receiver plates (Merck Millipore) according to
the manufacturer’s protocol PCO40ENOO. The test compounds were
dissolved in PBS (pH 7.4) to the final concentration of 20 xM and added
to the donor wells. The filter membrane was coated with 10 % lecithin
(Sigma Aldrich) dissolved in dodecane and the acceptor wells were filled
with PBS (pH 7.4). The acceptor filter plate was carefully placed on the
donor plate. Following 18 h incubation at the room temperature aliquots
of acceptor and donor solutions were removed and lyophilized.

Calculations: The relative permeability logPe was calculated as
logPe = log{C x —In(1—druga/drugg)}, where C = (Vo x Vp)/{(Vp +
Va) X A x T}. Vp and Vj, are the volumes of the donor and acceptor
solutions, respectively, A is the active surface area in cm? and T is time of
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the incubation in seconds. DrugA and drugk is the mass of the compound
in the acceptor solution and in the solution in theoretical equilibrium (as
if the donor and acceptor were combined), respectively.

4.5.6. Protein plasma binding assay

The assay is based on the rapid equilibrium dialysis (RED) [59]. The
RED plate inserts (Thermo Scientific™, Rockford, USA) consist of two
chambers separated by a semipermeable membrane. For each com-
pound, 10 uM in 10 % human plasma was transferred into the one
chamber and the other was filled with PBS buffer (pH 7.4). The equal
volumes of the solutions from either compartment were transferred into
microtubes after the 4 h incubation with shaking (250 rpm). Either 10 %
plasma or PBS buffer (pH 7.4) was added so that all the samples had the
same matrix. The reactions were stopped by the addition of
acetonitrile-methanol mixture (2:1). The samples were centrifuged
(2811xg, 6 min, 4 °C) and the supernatants were lyophilized.

4.5.7. Studies of the transport across Caco-2 and MDR-MDCK cell
monolayers

In order to generate cell monolayers for transport studies [24,53],
the cells were trypsinized and seeded on tissue culture polyester mem-
brane filters (pore size 0.4 ym for Caco-2 and 1 ym for MDR1-MCDK) in
96-well Transwell® plates (Corning, NY, USA). The culture medium was
added to both the donor and the acceptor compartments and the cells
were allowed to differentiate and form the monolayers. The culture
medium was changed every other day.

Caco-2 and MDR1-MCDK differentiated monolayers were used only
if they were intact, which was confirmed by Lucifer Yellow Rejection
Assay. Prior to the experiment, the cells were washed twice with Hank’s
balanced buffer solution (HBBS) (Gibco, Waltham, USA) and pre-
equilibrated with HBSS buffer at pH 7.4 for 1 h. After removing the
medium, the cells were treated with 10 M test compounds in HBSS (pH
7.4) for 1 and 2 h, for MDCK and Caco-2, respectively. Thereafter, the
samples were removed from both donor and acceptor compartments and
lyophilized. All experiments were done in duplicate.

Calculations: The apparent permeability coefficient was calculated
as P,pp = (dQ/dt)/(Co x A), where dQ/dt is the rate of permeation of the
drug across the cell monolayer, Cy is the donor compartment concen-
tration at time t = 0 and A is the area of the cell monolayer. The efflux
ratio R was defined as ratio Pgs/Pap where Pgp and/Pagp represent the
apparent permeability of test compound from the basal to apical and
apical to basal side of cell monolayer, respectively. The compounds with
the efflux ratio of 2 or higher were considered as potential P-gp
substrates.

4.6. Data analysis

Molecular descriptors were calculated using rdkit, a Python package
for cheminformatics (https://www.rdkit.org). Data handling, analysis
and visualization was done in R (https://www.r-project.org) with the
exception of the calculations of ADME parameters that were done in
Microsoft Excel. A BOILED-egg implementation available at http
//www.swissadme.ch [42] was used for prediction of BBB perme-
ability and interaction with MDR1. The effects of the compounds on the
increase in the ratio of the wild-type to total ELP1 transcript were
evaluated by a strict non-parametric method with a correction for
multiple testing described by Konietschke et al. [58] and implemented in
nparcomp R library. One-sided test, Dunnett-type contrasts and
Fisher-approximation were used. Differences with the corrected
p-values <0.05 were considered statistically significant. Standard errors
for drug efflux ratios were calculated by the Delta method described in
[89] implemented in R.

4.7. Transcriptomics study

Approximately 500,000 GM04663 cells were seeded in 10 cm Petri
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dishes and grown overnight before treatment with 100 xM compound 48
and kinetin (1). DMSO served as a negative control. After 24 h, total
RNA was extracted from the cells using Trizol reagent. The extracted
total RNA was used for cDNA library preparation with the Illumina®
TruSeq® Stranded mRNA Sample Preparation Kit (Illumina, San Diego,
CA, USA). Library construction and sequencing of the samples were
performed on the Illumina HiSeq 2000 platform in 100-base paired-end
mode. Three replicates were sequenced for each condition, except for
kinetin, where five samples were used. This decision was based on our
previous unsuccessful attempt to identify genes sensitive to kinetin in BJ
fibroblasts using Illumina Human v4 arrays. Fastq reads obtained from
RNA-seq underwent quality trimming and adaptor removal using
Cutadapt (version 2.1) with parameters set to maintain a minimum
Phred quality score of 30 and a minimum read length of 50 nucleotides.
Trimmed reads were aligned to the human reference genome (hg38)
using STAR aligner (version 2.7.11b). Stringtie (version 2.2.0) was
employed for splice isoform reconstruction based on the aligned reads.
Gene expression levels were quantified using Salmon (version 1.10.2) on
the transcript models reconstructed by Stringtie [11]. Sleuth (version
0.30.0) was utilized for normalization of read counts and subsequent
differential gene expression (DGE) analysis [12-14,101,102]. For sub-
sequent analysis, human transcripts were considered differentially
expressed if the absolute estimated fold change (b-value) was greater
than 2 and the adjusted p-value was less than 0.05. Overrepresentation
analysis for pooled Gene Ontology categories was carried out using the
ClusterProfiler Bioconductor package [15]. Packages org.Hs.eg.db [16]
and GO.db [103] (Carlson, 2019b) were used for annotation. Heat maps
were generated using the pheatmap package.
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