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ABSTRACT

RFX transcription factors (TFs) are conserved in animals, fungi and some amoebae, but not
in algae, plants and protozoan species. The conservation is based on the protein sequence of
the DNA binding domain (DBD). The RFX DBD recognizes and binds to a DNA sequence
motif called the X-box. In addition to the DBD, most RFX TFs have a Dimerization domain
(DIM). The DIM enables RFX TFs to form homo- or heterodimers in detecting the X-box
motif, rendering the X-box often described as an imperfect palindromic sequence of two 6-bp
half-sites with variable spacers.

So far, RFX TFs are known to regulate gene transcription in cell cycle, DNA repair, immune
response, collagen transcription, insulin production, spermatogenesis and hearing. In animals,
the most common feature of RFX TFs is their regulation of ciliogenesis and the maintenance
of specialized functions of ciliated cells. Cilia are hair-like cell protrusions. They are present
in all animals but absent in many species of fungi, amoebae and flowering plants. Based on
the inner structure, cilia can be divided into two types, the primary cilia (one cilium per cell)
and the motile cilia (either as mono-cilia or multiple-cilia per cell). The primary cilia are less
understood despite being present on nearly every cell in the human body.

Humans have eight RFX genes (RFX1-8) which are expressed in diverse tissues and cell
types. This thesis serves to expand knowledge of the RFX TF family in humans and their role
in primary cilia and neurons, with interest in human brain development and function. We
used databases (Paper 1), human cell lines (Papers | and 1) and the worm C. elegans (Paper
I11) as our materials for experimentation.

In Paper I, we performed an extensive survey of RFX1-8 expression by transcription start
site (TSS) counts from the FANTOMDS database. RFX1-4 and RFX7 are prominently
expressed in different brain tissues and spinal cord, making them the reference RFX TFs for
neurons and the human brain. Furthermore, we predicted the regulation preference of RFX
TFs based on co-clustering expression analysis with known RFX target genes. We also
analyzed the positioning of the X-box motifs in the human genome and uncovered potential
upstream regulators of RFX genes.

In Paper 11, we explored the role of RFX TFs in the context of developmental dyslexia, a
developmental disorder of the human brain. The dyslexia candidate genes DYX1C1, DCDC2
and KIAA0319 have functional X-box motifs in their promoter regions, as shown by
luciferase reporter assay of wild-type versus mutated X-boxes. By siRNA knockdowns of
RFX1-3, we showed a complex regulatory mechanism among RFX1-3 in regulating DYX1C1
and DCDC2. Additionally, both DYX1C1 and DCDC2 localize to the primary cilia.

In Paper 111, we performed microarray analysis of target genes of DAF-19, the sole RFX TF
of C. elegans, at three developmental stages (3-fold embryo, L1-larvae and adult). At all
stages, DAF-19-regulated target genes were significantly enriched in neurons. Using
transcriptional GFP reporter constructs, we observed that DAF-19-dependent target genes
(both activated and repressed) affected only neurons, both ciliated and non-ciliated.

Altogether, we provided insight into the role of RFX TFs for primary cilia and neurons. We
speculate that RFX TFs and primary cilia continue to play a defined role for mature neuron
function in the human brain.



LIST OF ORIGINAL PUBLICATIONS

The thesis is based on the following articles or papers, which are referred in the text as Paper
I, Paper Il and Paper IlI, respectively.

I. Sugiaman-Trapman D, Vitezic M, Jouhilahti EM, Mathelier A, Lauter G,
Misra S, Daub CO, Kere J, Swoboda P. Characterization of the human
RFX transcription factor family by regulatory and target gene analysis.
BMC Genomics. 2018 Mar 6;19(1):181.

Il. Tammimies K*, Bieder A*, Lauter G*, Sugiaman-Trapman D, Torchet R,
Hokkanen ME, Burghoorn J, Castrén E, Kere J, Tapia-Péez I, Swoboda P.
The ciliary dyslexia genes DYX1C1 and DCDC2 are regulated by RFX
transcription factors through X-box promoter motifs. FASEB Journal.
2016 Oct;30(10):3578-3587.

I1l. De Stasio EA, Mueller KP, Bauer RJ, Hurlburt AJ, Bice SA, Scholtz SL,
Prasad Phirke, Sugiaman-Trapman D, Stinson LA, Olson HB, Vogel SL, Ek-
Vazquez Z, Esemen Y, Korzynski J, Wolfe K, Arbuckle BN, Zhang H,
Lombard-Knapp G, Piasecki BP, Swoboda P. An expanded role for the
RFX transcription factor DAF-19, with dual functions in ciliated and
non-ciliated neurons. Genetics. 2018 Mar;208(3):1083-1097.

*Authors contributed equally



CONTENTS

1

© 00 N O

[0 L8 Tox 1 o] o ISR 5
1.1 REXtransCription TACIOrS .......cccuiiiieiieiee st 5
1.1.1 RFXTFs are evolutionarily CONSErved...........ccoeoeveiireiesiereiesesiseseenns 6
1.1.2 RFX TFs recognize and bind X-boX MOtifS.........c.cccovvrveieveinennicscnnn, 6
1.1.3 RFEXtarget gene MOAUIES...........ccovereeieriee e 7
1.1.4 Regulators Of RFX gENES .....cccvveiieirieireieeesieesesee e seenenes 9
1.2 Ciliaand CIOPAtNIES ........cccviiieeieere e 9
1.2.1 Cilia architecture and intraflagellar transport (IFT) ......ccccoovveveirinenen. 10
1.2.2 Primary cilia, centrioles and cell cycle progression............cccoceevreennen. 11
1.2.3  Ciliain VErtebrates ... 12
1.2.4 Ciliopathies in the nervous system and the brain..........c.cccceeeveevreennen, 13
1.3 RFX TFs and the vertebrate NErvous SYStEM........ccccevveereiererenieneesesee e, 14
1.3.1 Expression of Rfx in the mouse, frog and fish nervous systems............ 15
1.3.2 Phenotypes of RfX defiCient MICe ..........ccccvevviriinieneineseee e, 16
1.4 DAF-19, the sole REX TF N C. €legans .........cccoeveirineieneine e, 17
1.4.1 Ciliain the invertebrate C. elegans.........cccoevrerniiniensinenne e, 19
1.42 DAF-19in C. elegans NEUIONS .........ccccerurererenerieesesesesiesesieseesesienennens 20
1.4.3 Phenotypes of daf-19 MUutants..........ccccceveirereierniscsece e, 21
AAIMIS . e bbbt bbb bbbt bbb b ettt 23
RESUITS. ... bbbt 25
3.1 PAPEE e e 25
3.2 PAPEE Ll 26
33 PAPEE T e 28
DISCUSSION.....tiittieieste ettt sttt b et b et b e e bttt b e et e ene s 31
Methodological CONSIAEIAtIONS ..........ccoreiierinirieire e s 33
5.1 Databases of Transcriptome and TF-binding Profiles..........cccccccvovviivicivnenne, 33
5.1.1 FANTOMS database (PAPer 1)......cccccovrerrereienerieeseese e 33
5.1.2 JASPAR database (Paper 1) ......ccccveiiereieneeserieesesese s seeneenes 33
5.2 Cell Lines and Animal Model..........c.ccoiiiiiiiini e, 33
5.2.1 Human cell lines (Papers I and 1) ..o 33
5.2.2 C. elegans animal model (Paper HI)........cccoeirinniniinieneiecerse e 34
Concluding Remarks and FUture PErspectiVes..........ccocvrereereieneneeneese s, 36
Popular SCIENCE SUMIMANY ........coviierieirieieesieesre et see e sse e e seeensens 38
ACKNOWIEAGEMENTS ......evieeesce e e e ne e 39
RETEIEINCES ...ttt b 41



LIST OF ABBREVIATIONS

bp

C

CAGE
ChlP-seq
cKO
Daf-c
DBD
DIM
FANTOMS
GFP

Hh / Shh
IFT
gRT-PCR
RFX
SIRNA
TF

TFBS
TPM
TSS

activating domain

B domain

base pair

C domain

Cap Analysis of Gene Expression

Chromatin immunoprecipitation followed by sequencing
Conditional knockout

Dauer formation constitutive

DNA binding domain

Dimerization domain

Functional Annotation of Mammalian Genome 5
Green Fluorescent Protein

Hedgehog / Sonic hedgehog

Intraflagellar transport

Quantitative Reverse Transcriptase Polymerase Chain Reaction
Regulatory Factor binding to the X-box

short interference RNA

transcription factor

transcription factor binding site

tags per million

transcription start site



1 INTRODUCTION

1.1 RFXTRANSCRIPTION FACTORS

Transcription factors regulate gene expression by binding to specific DNA sequences located
in gene regulatory regions [1]. The gene regulatory region around a transcription start site
(TSS) is called the promoter region. The promoters have typically two distinct regions; the
proximal promoter-region that is located from tens to a few hundred bases upstream of the
TSS and contains binding sites for sequence specific TFs; and the promoter core-region that
is located directly over the TSS and contains the general promoter sequence elements, such as
the TATA-box. The proximal promoter-region may contain tens of target sites for multiple
different TFs, and the regulatory outcome is determined by the combination of TFs that bind
to it.

Some TFs recruit chromatin modifying protein complexes that remodel the local chromatin
towards a more open or closed state, and others control the level of gene expression by
recruiting components of the general transcriptional machinery to TSSs [2]. A single gene has
often multiple promoters and which of them is used to regulate transcription varies between
cell types and conditions [3]. In addition to promoters, TFs can also bind to enhancers which
are positioned further away from the TSS. Enhancers are located typically tens to hundreds of
thousands of bases either up- or downstream of the TSS of their target gene(s). An enhancer
stimulates promoter activity via direct physical interaction, i.e. by looping, folding and
compacting the intermediate region of the chromatin, so that these two elements reside close
to each other [4].

Apart from TFs, there are other factors that regulate gene expressions. The genomic DNA is
packed in multiprotein complexes called histones. Epigenetic control of gene expression
works by changing the accessibility of DNA for transcription through histone modifications
or methylation of DNA. Histones are modified by additions of chemical groups (e.g.
methylation, acetylation, or phosphorylation), whereas DNA methylation is a covalent
addition of a methyl group to a C nucleotide that is next to a G nucleotide (CpG). TFs and
epigenetic marks influence one another in gene regulation and add to the complexity of cell
type specificity. In addition, different non-coding RNA transcripts (enhancer RNA, miRNA,
long non-coding RNA) have shown activating roles in gene expression [5, 6].

Transcriptional regulatory systems control many biological processes, from the constant cell
cycle progression to maintenance of specific cell functions. Scores of diseases are the result of
a faulty regulatory system: many TFs are important to suppress cancer and attribute to proper
development in humans. In 2009, Vaquerizas et al. performed a census of human TFs, where
there are about 1,400-1,600 different TFs with several hundreds of them expressed in most
cell types [7]. Each of these TFs plays important roles in human development, including the
recently discovered TFs that triggered the embryo genome activation [8].

This thesis serves to expand knowledge in the RFX (Regulatory Factor binding to the X-box)
TF family in humans and their role in nervous system development and function, using
human cell lines and the worm C. elegans as model systems.



1.1.1 RFX TFs are evolutionarily conserved

Members of the RFX TF family share and are defined by a conserved winged-helix DNA
binding domain (DBD), which facilitates DNA sequence recognition by contacting the minor
groove [9]. RFX genes have been identified in the genomes of all animals, various fungi and
even amoebozoan species, together representing the unikont branch of eukaryotes, while they
are excluded from algae, plants and various protozoan branches [10].

The exact evolutionary origin of RFX TFs is unknown. The RFX TF winged-helix DBD is
structurally very similar to a protein domain of the origin of replication complex (ORI),
which regulates DNA replication and has been conserved from archaea to eukaryotes [11,
12]. RFX and ORI genes may, therefore, have evolved from a common ancestor [10].

Single-celled unikonts tend to possess a single RFX TF, e.g. Sakl and Crtl are RFX TFs
found in the yeasts S. pombe [13] and S. cerevisiae [14], respectively. Metazoan genomes
encode one to several RFX genes. The worm C. elegans possesses a single RFX gene called
daf-19 [15], the fruit fly D. melanogaster has two [16], while the chordate sea squirt C.
intestinales has four and mammals have eight RFX genes ([17], www.ensembl.org
ENSG00000196460). Outside of the DBD, RFX TFs may contain other conserved domains,
such as the activation domain (AD), the dimerization domain (DIM), and the B and C
domains of unknown function [18-20].

1.1.2 RFX TFs recognize and bind X-box motifs

The RFX DBD recognizes a DNA sequence, the X-box motif, to which it binds [9]. The first
consensus X-box motif sequence was described by Emery et al. [21] as an imperfect
palindromic sequence (GTNRCC/N-Noy_3-RGYAAC), whereby the letters follow the nucleic
acid notation of the IUPAC nomenclature [22] (Figure 1).

The X-box motif consists of two 6-bp half-sites separated by a spacer region that is variable
in length (0 to 3 bp — preferentially 1 or 2 bp), typically with a strict dependence on the
RGYAAC sequence. The RFX binding profiles have been validated by microarrays [23] and
SELEX ChIP-seq [1] which show a consistent model of RFX dimeric binding. Most RFX
TFs form homo- or heterodimers and bind to the full X-box motif [24]. For RFX5 [25-27]
and RFX7 [28] which lack the dimerization (DIM) domain, they bind to a half-site X-box
motif (Figure 1D).

Little is known about the dimerization preference among RFX members. RFX4 has been
reported to homodimerize and to heterodimerize with RFX2/3 but not with RFX1 [29].
Mouse Rfx6 was shown to dimerize with Rfx3 for islet development but not in cilia
formation [30].

Computational X-box searches have focused on upstream promoter sequences, either
upstream of the first exon or of the start codon, as functional X-box motifs are often located
close to gene start sites [31]. A genome-wide association study revealed significant overlap of
the X-box motifs to risk alleles in type 2 diabetic patients [32].
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Figure 1: (A) The consensus X-box motif for RFX1 from Emery et al. [21], showing the full-site motif sequence
with preference for the right (3”) RGYAAC half-site. (B) Ribbon diagram of the human RFX1 — DNA 2:1
complex, whereby the wings W1of the RFX1 homodimer bind to the imperfect palindromic X-box sequence [9].
(C) The IUPAC nomenclature for nucleic acid notation [22]. (D) Examples of the human full-site X-box
(RFX2/4) and the half-site-X-box (RFX5) motif sequence logos from the JASPAR database version 2018.

1.1.3 RFXtarget gene modules

Target genes of RFX TFs have been identified and studied in a variety of different organisms.
Different experimental approaches have been used to demonstrate the physical interaction of
RFX TFs with target gene promoters (e.g. ChIP, gel retardation assays, reporter assays
following X-box mutagenesis) and to show the dependence of target gene expression on RFX
function (e.g. expression analysis after loss of RFX function). In addition, bioinformatic
approaches that screen entire genome sequences for conserved X-box promoter motifs have
contributed substantially to a growing list of RFX candidate target genes [10, 17, 33-40].

RFX TFs regulate gene transcription in seemingly diverse cellular and developmental
processes [18], from basic functions (ciliogenesis, cell cycle, DNA repair) to specialized
functions (immune response, collagen transcription, insulin production, spermatogenesis and
hearing).

An RFX TF was first described in the context of a human autoimmune disease [25]. RFX5 as
part of a nuclear complex exerts DNA binding activity. This RFX complex consists of three
subunits; RFX5, RFX associated protein (RFXAP) and RFX anchoring protein (RFXANK),
which coordinates the assembly of a multiprotein “enhanceosome” that serves as a docking
site for the binding of co-factors and thereby regulates the expression of major
histocompatibility class Il (MHC-II) genes. Mutations in the human RFX5 gene [41] result in
Bare Lymphocyte Syndrome (BLS) (reviewed in [26]). A similar RFX enhanceosome is also
recruited to the promoters of MHC-1 genes, where it acts as a transcriptional enhancer [42,
43]. The role of RFX TFs in the immune system is further exemplified in RFX1-2 being
regulators of the interleukin-5 receptor a chain (IL5RA) [44], CD11a (or ITGAL) and CD70
[45].



The ciliogenic role of RFX TFs is by far the most studied. One reason is connected to cilia
being present on most cells in the human body, resulting in increased interest in
understanding a rare disease class called ciliopathies. RFX mutants in different model
organisms have been characterized by structural and functional abnormalities in cilia (Table
1). The RFX/DAF-19 regulation in C. elegans’ ciliogenesis [15] led the search for ciliary
RFX target genes by genome-wide X-box promoter motif scanning. Indeed, at least half of
the candidate genes with functional X-box motifs in C. elegans and D. melanogaster were
confirmed to be ciliary genes [34, 36].

In vertebrates only a few RFX target genes have so far been identified, owing to greater
diversity of RFX isoforms and cell types. Most studies in vertebrates point to the RFX2/3 and
FOXJ1 TF cooperation in motile cilia biogenesis [20, 46, 47], for instance, in the nervous
system ependyma [48] and the lung airway epithelia [49].

Bilateria Species RFX TF Ciliary RFX target gene Reference
o Worm che-2, osm-1, osm-5, osm-6, bbs-2,
g DAF-19 [34, 50]
< C. elegans xbx-1, xbx-2, etc
o]
% Fruit fly dREX CG6129, CG31036, CG13125, etc | [36]
E D. melanogaster See (i) [51]
. rfx2 See (ii) [52]
Zebrafish
D. rerio rfx2 See (iii) [53]
' rfx2 See (iv) [54]
Frog Rfx2 TTC25 [55]
X. laevis Rfx4, Rfx7 See (V) [56]
o Rfx1, Rfx3 See (vi) [57]
s Rfx2 Lrd [54]
2 Mouse
£ Rfx2 Ccdc65, Ttll1 [58]
% M. musculus .
> Rfx3 Dync2lil, Bbs4 [46]
Rfx4 Ift172 [59]
RFX1 KIF3A [60]
Human RFX1, RFX2 | ALMS1 [61]
H. sapiens RFX1, RFX3 MAP1A [62]
RFX4 TMEM216, TMEM138 [63]

Table 1: Examples for the roles RFX TFs play in cilia function in different animal species, whereby either the
RFX TF is proven to regulate transcription of ciliary genes or the RFX mutant is characterized by dysfunctional

cilia.

(i) Rfx mutant flies had shorter or missing cilia in embryos and at the dendritic ends of type I neurons.
(if) rix2 morphants exhibited absence of motile pronephric cilia.
(iii) rfx2 morphants showed reduction in length and number of primary cilia 24 hours post fertilization embryos.
(iv) rfx2 morphants exhibited shorter Kupffer's vesicle cilia.

(v) Rfx4 and Rfx7 morphants exhibited loss of cilia in neural tube at stage 23.
(vi) RFX target genes were highly enriched in the mouse auditory hair cell transcriptome by their X-box
signature. Hair cells regeneration and kinocilia structure were disrupted in the Rfx1/3 cKO mice.

At the same time, RFX TFs regulate the cell cycle exit and entry into the stationary phase
(G0) and DNA repair pathways [13, 14] from observations in yeasts as non-ciliated
organisms. In addition, human RFX1 and Drosophila dRFX2 regulate transcription of the
gene PCNA [16, 64] with many roles in eukaryotic DNA replication [65]. The crucial role of




human RFX1 in cell proliferation was shown by RFX1 repressing c-Myc (MYC) [66],
silencing TGFp2 [67] and regulating SHP1 (PTPNG6) [68] in various human cancer cell lines.
Embryonic lethality in Rfx1-/- mice further suggests that Rfx1 function is vital for survival
and cannot be compensated for by other Rfx members [69].

Moreover, RFEX TFs were implicated in specific cell fate determinations. Rfx2 directly
regulates the expression of genes required for mouse spermatogenesis (H1t) and sperm
function (Spag6) [70-72]. RFX6 is required for the differentiation of pancreatic progenitors
and insulin production [30, 73-75] as well as for regulating the gene PDX1 [76], the TF
important for pancreatic and duodenal development. Mutations in the human RFX6 gene
cause Mitchell-Riley Syndrome, characterized by neonatal diabetes and pancreas, intestines
and gallbladder deformities [77, 78]. A group of RFX TFs has also been shown to regulate
collagen transcription [79] and be essential for hearing [57].

In summary, RFX TFs seem to cause a series of anti-proliferative effects, while they promote
the expression of genes necessary to produce or maintain the function of specific,
differentiated cell types.

1.1.4 Regulators of RFX genes

Knowledge of the upstream regulators of RFX TFs is often revealed in a specific cell fate
determination. In the invertebrate Drosophila, the TF atonal directly regulates Rfx for
ciliogenesis of the chordotonal neurons [80].

In vertebrate multi-ciliated cells, the transcription factors Multicilin and E2Fs, together with
DP1 complex co-factors, work upstream of RFX and FOXJ1 (reviewed in [81]). RFX and
FOXJ1 themselves are able to cross-regulate each other [46, 49, 53, 82]. For embryonic nodal
ciliogenesis, the homeobox protein Noto works upstream of Rfx3 and Foxj1 [83]. In
mammalian differentiation of pancreatic islet cells, Ngn3 works upstream of Rfx6 [73].

In terms of autoregulation, vertebrate RFX1 seems to be only RFX member that exhibits self-
inhibition [84]. The S. cerevisiae homologue, Crtl, is also self-inhibited by an upstream
phosphorylation cascade [85]. C. elegans DAF-19 may also be self-regulated as it harbors the
X-box motif in the promoter region [50].

1.2 CILIA AND CILIOPATHIES

Cilia and flagella are cellular organelles which look like hair protrusions. The word flagella
is used interchangeably with motile cilia because of their identical structure. The flagellar
proteins in single-cell alga C. reinhardtii have a high degree of sequence conservation to
ciliary proteins in multicellular organisms [86, 87]. However, cilia and flagella are absent in
many species of fungi, amoebae and flowering plants [10, 17].

Cilia are generally classified into two categories, motile and primary cilia [88]. Moatile cilia
can be mono-ciliated (one cilium per cell) or multi-ciliated (multiple cilia per cell). In
mammals, motile cilia are present (i) in the nodes of developing embryos for determining
left-right asymmetry, (ii) along epithelial cell surfaces of lung trachea, fallopian tube and
brain ventricles to generate fluid movement, and (iii) on sperm for cell locomotion.

Primary cilia are less well understood as compared to motile cilia. Unlike motile cilia,
primary cilia are always mono-ciliated and primarily associated with sensory functions. The



primary cilium is found on the apical, polarized surface of the majority of cells in human
body. However, they may differ in length, shape, molecular contents and functions
depending on the organ systems and cell types.

Ciliopathies are a class of genetic disorders attributed to defects in the function of cilia and
cilia-associated genes. Because of the widespread distribution of cilia in the human body,
ciliopathies have broad pathologies and encompass most human organ systems [89, 90]
(Figure 2). The current number of established human ciliopathies is 35 with at least 180
genes implicated in the diseases, including the genes involved in the early formation of the
cilium, the basic ciliary structure and the ciliary trafficking processes (reviewed in [91]).
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Figure 2: Dysfunctions in cilia cause ciliopathies that encompass most human organ systems [91].

1.2.1 Cilia architecture and intraflagellar transport (IFT)

The basic architecture of the cilium consists of (i) the basal body, (ii) the transition zone, (iii)
the axoneme, consisting of: the middle segment and the distal segment (=ciliary tip), (iv) the
ciliary membrane with enriched G-protein coupled receptors (GPCRS) and specialized
channels, and (V) the ciliary proteins, which are transported along the axoneme by
intraflagellar transport (IFT) particles (reviewed in [88]).

The axoneme is a microtubule-based structure that originates from the basal body and has a
certain optimum length. Primary cilia typically display a ring of nine microtubular doublets
(9+0 configuration) while motile cilia contain an extra pair of microtubules in the middle of
the ring (9+2 configuration). The transport of ciliary proteins along the axoneme is mediated
by IFT particles (or trains) in bidirectional movement; that is, from the cytoplasm to the
ciliary tip (anterograde IFT), and from the tip back to the cytoplasm (retrograde IFT) (Figure
3).

IFT was first described in the flagella of the single-cell alga C. reinhardtii [92]. The IFT
trains consist of the IFT motor proteins (kinesin and dynein), the IFT complex proteins (IFT
complex A, IFT complex B), and the IFT accessory proteins (BBS proteins, or collectively
termed as BBSome). The ciliary “cargo” proteins that the IFT particles transport include
axonemal components, ciliary membrane proteins and signal transduction proteins. The list of
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ciliary and cilia-associated proteins and their functions continues to increase with a growing
number of studies on the IFT-cargo protein interactions in different species [93-96].

Outer
microtubule
let:

Retrograde IFT

o« @
& Active Kinesin-2  gp Inactive Kinesin-2 gl Active cytoplasmic dynein 2 (g Inactive cytoplasmic dynein 2

h= O IFT complex A O IFT complexB ﬁ Membrane protein € BBSome

braitien JL H ! ey @ Axonemal precursor protein © Axonemal turnover protein

Source: Ishikawa & Marshall 2011, Nature Reviews Mol Cell Biol.

Figure 3: (A) The basic cilia architecture consisting of the basal body, transition zone and the microtubule-based
axoneme, with cross sections of the microtubule doublets in motile versus primary cilium. (B) The intraflagellar
transport (IFT) particles in bidirectional movement (anterograde versus retrograde) within the ciliary axoneme
[88].

1.2.2 Primary cilia, centrioles and cell cycle progression

The term primary in primary cilium means that the basal body comes from the mother
centriole inherited during the previous mitosis, as opposed to secondary cilia which form
post-mitotically. The primary cilia assembly and disassembly are, therefore, connected to the
cell cycle. In proliferating vertebrate cells, the same microtubules that make up the ciliary
axoneme are recycled to make cytoplasmic centrosomes, including the mother and daughter
centrioles in cell division.

This dichotomy in the role of centrosomes in dividing cells (as mitotic spindle poles
organizers and as templates for ciliogenesis) is regulated by cell cycle-dependent post-
translational modifications [97]. In other respects, centrioles are not essential for cell cycle
progression in invertebrates but they are necessary for ciliogenesis. The fruit fly Drosophila
needs centrioles to form mechano- and chemosensory cilia. In another case, the flatworm S.
mediterranea assembles thousands of cilia from centrioles for gliding motility [98].

The primary cilium extends out during the G1 or GO phase and appears to be resorbed
throughout G1/S phase with centrosome duplication occurring during the S phase of the cell
cycle (Figure 4). As a result, primary cilia are usually absent throughout mitosis and would
easily be missed in rapidly dividing cells. This cycle, however, does not occur in multi-
ciliated cells as they are terminally differentiated and no longer undergo cell division [88].
The involvement of cilia in cell cycle progression and in turn, the RFX TFs as known
regulators of ciliogenesis, makes them subject to cancer studies as well [99].
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Figure 4: Primary cilia assembly and disassembly in vertebrate cell cycle phases. The primary cilium extends
out during the G1 or GO phase and appears to be resorbed throughout the G1/S phase with centrosome
duplication occurring during the S phase of the cell cycle [88].

1.2.3 Ciliain vertebrates

In humans, most cells can form primary cilia, while some cells have motile cilia that are
involved in sensory and motility functions. The functional specializations of human ciliated
cells are manifested in the diverse ciliary axonemal structures present in various cell types

[89, 100] (Figure 5).

While it is generally believed that hematopoietic cells (particularly erythrocytes) do not have
primary cilia, there has been some evidence now for primary cilia in blood cells [101, 102].
So far, the role of primary cilia in the immune system is the least well characterized.
Interestingly, in T-cells which lack cilia, IFT proteins were required for the construction of
the immune synapse where the centriole and associated Golgi apparatus polarize in response

to antigen presentation [103].
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Figure 5: (A) Diversity of human ciliated cells and their axonemal structures [100]. (B) Different shapes of cilia

in human cell types [89].
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The importance of the primary cilium in vertebrate Hedgehog (Hh) signaling was first
revealed in a mouse embryo study [104]. This was unexpected since Hh signaling in
invertebrates does not require cilia. The Hh signaling pathway is required for proper
vertebrate embryonic development, such as organogenesis and stem cell maintenance. The
binding of the Hh ligand to the Patched receptor (PTCH1) stimulates Smoothened (SMO) to
move to the ciliary membrane and the kinesin motor KIF7 to the ciliary tip, allowing GLI-
SUFU dissociation and subsequent GLI activation [105]. GLI transcription factors are then
transported out of the cilium by the dynein motor and IFT particles and into the nucleus as
effectors of Hh signaling pathway [106]. Hh signaling and primary cilia continue to be
important for adult tissue homeostasis and repair [107] including the maintenance of adult
neural stem cells [108].

In addition to Hh signaling, vertebrate embryonic development is also influenced by unique
motile primary cilia which are present at the node (e.g. posterior notochord in mammals,
gastrocoel roof plate in Xenopus, Kupffer’s vesicle in D. rerio) that emerges during
embryonic gastrulation. These nodal cilia produce nodal flow which induces left-right
asymmetry of the organs [109], with RFX2/3 reported to be responsible for nodal cilia
differentiation [54, 83, 110]. The mouse homeobox TF Noto has been shown to be the key
regulator of posterior notochord ciliogenesis and regulation of Rfx3 and Foxj1 [83]. The
synergy between RFX and FOXJ1 transcription factors is often associated with motile
ciliogenesis [20, 111].

1.2.4 Ciliopathies in the nervous system and the brain

Ciliopathies affect many organ systems including the nervous system [91] (Figure 2). The
neural ciliopathic symptoms include brain malformations, cognitive deficits, hydrocephalus,
ataxia, anosmia, and hearing loss. The classic ciliopathies with strong neural defects include
Alstrom Syndrome, Bardet-Biedl Syndrome (BBS), and Joubert Syndrome [112, 113]. Both
BBS and Alstrém Syndrome cause obesity, which suggests the role of neuronal primary cilia
in the regulation of metabolism and energy homeostasis [114, 115].

More recently, ciliopathies have been linked to complex mental disorders such as
developmental dyslexia, autism spectrum disorders, bipolar disorder and schizophrenia [114],
mainly based on the connection of their risk genes to cilia [116]. An in vitro experiment by
Mufoz-Estrada et al. [117] tested that in schizophrenia patients’ olfactory neuronal precursor
cells, primary cilia were diminished and the cytoplasmic microtubules were disorganized. It
is thought that neural ciliopathies (i.e. primary cilia dysfunctions of the neural cell types)
cause defective neuronal migration and result in aberrant connectivity during the early human
brain development [114].

In this thesis, we use developmental dyslexia as the context of the human brain
developmental disorder (Paper I1). Developmental dyslexia is a complex hereditary reading
disorder, characterized by literacy difficulties despite normal vision, hearing, 1Q and access to
education. The first, and so far, most successful attempts to identify genetic susceptibility loci
are based on genetic linkage mapping in large families with dominant inheritance patterns.
The Human Gene Nomenclature Committee has named the dyslexia genetic loci DY X1 to
DY X9, which are based on families from different countries (and thus different languages)
[118]. The dyslexia susceptibility (or candidate) genes which are identified in these loci are
continuously expanding [119]. To date, DYX1C1, DCDC2 and KIAA0319 are the three most
replicated and best-studied dyslexia candidate genes.
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Dyslexia candidate genes were first connected to cilia when the gene DCDC2 was found to
influence rat neuronal cilia length and the morphology of C. elegans ciliated sensory neuron
[120]. DYX1C1, DCDC2 and KIAA0319 genes were later found to be differentially regulated
in an in silico [121] and an in vitro [122] analysis of motile, multi-ciliated cells. In zebrafish,
morpholino knockdown of Dyx1cl and Dcdc?2 resulted in typical ciliopathy phenotypes such
as hydrocephalus, situs inversus and kidney cysts [123, 124]. More recently, human DCDC2
mutations were identified in nephronophthisis (renal-hepatic ciliopathy) [124] and hearing
loss patients [125]. Furthermore, DCDC2 protein localized to the ciliary axoneme and to
mitotic spindle fibers in a human retinal pigmented epithelial cell line, nTERT-RPE1 [125].

Deficiency in Dyx1cl causes phenotypes consistent with motile cilia defects in mouse and
zebrafish. Human individuals carrying biallelic DYX1C1 mutations had classical symptoms
of primary ciliary dyskinesia, a multi-systemic motile ciliopathy. Since DY X1C1 was
discovered in the ciliary axonemal dynein assembly, DY X1C1 was given a new name,
DNAAF4 (Dynein Axonemal Assembly Factor 4) [126]. KIAA0319, on the other hand, is not
yet observed to localize to cilia and is specifically expressed in the nervous system, unlike
DCDC2 and DYX1C1. Deletion of Kiaa0319 in mice and rats led to defective auditory
function and lack of control of axonal regeneration [127-129].

Whether dyslexia and other complex mental disorders are neural ciliopathies remains an open
question. The experimental connection between dyslexia candidate genes and cilia may be
strong, but the connection between cilia and dyslexia remains debatable. The loss-of-function
mutations in ciliary dyslexia candidate genes are often found in ciliopathy patients without
dyslexia [126]. Finding the molecular functions of dyslexia candidate genes constitutes only
one piece of the puzzle in understanding the cellular etiology of developmental dyslexia.

1.3 RFXTFS AND THE VERTEBRATE NERVOUS SYSTEM

Finding the homologues of human RFX genes in other animal species is often based on the
fundamental shared feature, the winged helix DNA binding domain (DBD) [10, 17, 19].
Human RFX1-7 have corresponding, and functionally validated homologues in other
vertebrates [130] with the exception of two additional putative RFX genes in fish, Rfx8-9
[17]. According to HomoloGene (NCBI) which analyses the whole protein sequence, human
RFX3 is most conserved down, even in insect and worm, whereas RFX5 is only present in
mammals and RFX8 is only present in mammals and birds (Table 2).

H. sapiens Protein product conservation Animals with the human RFX homologue

RFX1 Euteleostomi (bony vertebrates) monkey, dog, mouse, rat, bird, frog, fish

RFX2 Euteleostomi (bony vertebrates) monkey, dog, mouse, rat, bird, frog, fish

RFX3 Bilateria (bilateral symmetry animals) | monkey, dog, mouse, rat, bird, frog, fish, insect, worm
RFX4 Euteleostomi (bony vertebrates) monkey, dog, mouse, rat, bird, frog, fish

RFX5 Boreoeutheria (placental mammals) monkey, dog, mouse, rat

RFX6 Euteleostomi (bony vertebrates) monkey, dog, mouse, rat, bird, frog, fish

RFEX7 Euteleostomi (bony vertebrates) monkey, dog, mouse, rat, bird, frog, fish

RFX8 Amniota (amniotic egg vertebrates) monkey, dog, mouse, rat, bird

Table 2: The homologues of human RFX1-8 genes according to HomoloGene (NCBI):
https://www.ncbi.nlm.nih.gov/homologene, accessed in February 2018.
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Studies in different vertebrate animals suggest that RFX1-4 and -RFX7 are the relevant RFX
TFs in the vertebrate nervous system. RFX1 was demonstrated to be important in neuronal
function and specification [60, 62, 131, 132]. Moreover, being identified as the homologue of
yeast Crtl and Sakl [84, 133], RFX1 seems to have a fundamental role in cell cycle
regulation. RFX2 is broadly required for ciliogenesis and development [55] while RFX3
plays a more specific role in ependymal cilia function for proper cerebrospinal fluid flow
[48].

RFX4 is by far the most specific RFX TF in nervous system development [82, 134, 135].
According to functional investigation of RFX7 in Xenopus [56], both RFX4 and RFX7
contribute to ciliogenesis and the early development of the brain and spinal cord.

Interestingly, both RFX2 and RFX4 are highly expressed in brain and testis [19] and could
form heterodimers [29]. A rat study suggested that Rfx4 could enhance Rfx2 binding to the
X-box but it was itself weakly bound to the X-box of the testis-specific linker histone H1t
[71, 136]. This indicates that RFX2 has a more prominent function in the male reproductive
system [136, 137].

1.3.1 Expression of Rfx in the mouse, frog and fish nervous systems

Insight into the role of the human RFX TFs in the vertebrate nervous system has been derived
mainly from studies in mice (Table 3), followed by the frog Xenopus and zebrafish D. rerio.
In rats, Rfx studies have focused on Rfx2/4 and their role in spermatogenesis in isolated rat
testis cells [71, 136]. Based on the mouse SAGE libraries data, human RFX1-7 genes (except
RFX6) were predicted to be ubiquitously expressed, with relatively high expression in the
brain. RFX6 was strikingly absent in almost all tissues except the pancreas [19].

Mouse Rfx1 proteins were expressed in the cerebral cortex, hippocampus and olfactory bulb.
They were mainly found in the nuclei of neurons and microglial cells but not in astrocytes
[131, 138]. Both Rfx2 and Rfx3 were detected in the mouse node posterior notochord
responsible for left-right organ asymmetry [54]. In addition, Rfx3 was also expressed in the
multi-ciliated ependymal cells lining the cerebral ventricles after birth [46, 48, 139].
Interestingly, Rfx2 deficient mice did not have severe defects in neural tube closure or in
organ situs, but males were infertile [58, 130, 140].

Mouse Rfx4 expression was restricted to neural tissue, including the embryonic forebrain,
neural tube and spinal cord [59]. From a single-cell RNA-sequencing profiling of the ventral
midbrain cells in mouse and human embryos, mouse Rfx4 was detected in the neuro-
progenitor cell, radial glia-like cell and ependymal cell types, whereas human RFX4 was
detected only in a subset of the radial glia-like cell types [141]. In another study, the mMRNA
levels of the mouse Rfx1-7 except Rfx6 were detected by gqRT-PCR in the embryonic
forebrain, and that Rfx1, Rfx3, Rfx4 and Rfx7 were strongly expressed (with Rfx4 being the
highest) in the neural stem cells taken from the cerebral cortices [142].

In the frog Xenopus, Rfx2 was expressed broadly in ciliated tissues of the neural tube, the
node gastrocoel roof plate, the epidermal multi-ciliated cells, auditory vesicles, and kidneys
[55]. In contrast, Rfx4 and Rfx7 genes were expressed in the nervous system, whereby Rfx4
was more specifically expressed in the brain and spinal cord, and Rfx7 was more broadly
detected in the brain, spinal cord, eyes and auditory vesicles. Neither Rfx4 nor Rfx7 were
expressed in the node. Morpholino knockdown of both Rfx4 and Rfx7 resulted in failure in
neural tube closure caused by the loss of cilia [56].
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In zebrafish D. rerio, rfx2 was expressed in the node Kupffer’s vesicle. Morpholino
knockdown of rfx2 resulted in primary cilia defects [53] and situs inversus [54]. In contrast,
rfx4 was expressed in the developing neural tube but not in the node [135].

1.3.2 Phenotypes of Rfx deficient mice

The various phenotypes observed in Rfx mouse mutants reflect the important roles of the
RFX TFs in vertebrate development. Phenotypes could be mild, but mostly severe and
embryonic lethal when both copies of the RFX alleles were absent (Table 3).

Mouse | Rfx mutation Phenotype Reference
Rfx
Rfx1 Rfx1*" (het) Normal and fertile. [69]
Rfx1" (hom) All embryos died before E2.5
Rfx2 Rfx29%" (hom) Normal, no situs inversus. [140]
gt = gene trap insertion Females were fertile while males were sterile.
Rfx2” (hom) Approximately 25% showed severe growth retardation [58]

with age and died before 2 months of age. Females were
fertile while males were sterile.

Rfx3 Rfx3” (hom) Approximately half of the embryos died before E12 and | [110]
two-thirds died at birth. The pups were smaller and
approximately 6% had situs inversus.

In addition to [110], nearly all pups that survived had [48]
hydrocephalus with variable severity.

Most died pre- and post-natal from defects in left-right [143]
body patterning. Approximately 25% survived until
E19. In addition, the reduction in insulin associated with
defect in pancreatic islet cell development was highly
significant among the viable adult -/- mice.

At E18.5, approximately half exhibited partial to [144]
complete agenesis of the brain corpus callosum, with
few or no callosal axons crossing the midline linking the
two cerebral hemispheres.

At E18.5, axon guidance defects were observed [145]
resulting in abnormality of the brain patterning.
Rfx4 Rfx4_v3" (hom) Significantly smaller litter size and substantial loss of [134]
the -/- pups compared to +/-. All of the -/- pups born
v3 = brain specific died within 1 hour of birth. The brains and spinal cord at

(v1-2 = testis specific) E16.5 and at birth were grossly dysmorphic, while the
anatomy of the rest of the body appeared normal.

Rfx4_v3*" (het) Deformed subcommissural organ, resulting in [146]
congenital hydrocephalus.

Rfx4_v3" (hom) Fatal failure of dorsal midline brain structure formation.

Additional note: Microarray validation of differentially
expressed genes (+/- versus -/-) confirmed Rfx4
regulation of genes involved in brain morphogenesis by
the X-box promoter motif binding.

Rfx4"" (hom) All died shortly after birth, with approximately two- [59]
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thirds inclining toward the severe defects that closely
Point mutation by ENU- | resembled -/-, such as the distinct defects in the

induced mutagenesis patterning of the ventral spinal cord and telencephalon
due to abnormal Sonic hedgehog (Shh) signaling.
Rfx4™" (het) Almost half developed hydrocephalus within 8 weeks of | [82]

age for both male and female, due to underdeveloped
subcommissural organ and patchy motile cilia.

Rfx4™ (hom) Many embryos did not survive to E14.5. The developing
central nervous system was affected as seen by a single
ventricle in the forebrain, and severe dorsoventral
patterning in the telencephalon and midbrain at E12.5.
The phenotypes resembled human holoprosencephaly.
cKO = conditional

knockout No anatomical abnormalities were noted outside the
brain in either +/- or -/-.
Rfx5 Rfx5™" (het) Indistinguishable from wild type mice. [147]
Rfx5" (hom) Mice were healthy and reproduce normally as long as

they were kept pathogen-free. They retained expression
of MHC-II in thymic medulla, mature dendritic cells,
and activated B cells, but not in thymic cortex, resting B
cells and resident or IFNy-activated macrophages. They
also failed in positive selection of CD4" T cells.

Rfx6 Rfx6°CTTCFPe® (hom) | Mice died within P2 for being unable to feed normally | [30]
due to gross bowel obstruction. Some had reduced
enhanced GFP (eGFP) — | pancreas size and ultra-analysis revealed the lack of all

cre fusion endocrine cells except pancreatic-polypeptide-producing
cells.
Rfx6°F® (hom) Pups were diabetic and died by P3. Newborns almost [74]

entirely lacked insulin-positive cells.
cKO endocrine lineage
specific

Table 3: Phenotypes of mice deficient in Rfx1-6. All the phenotypes described in this table agree with the
corresponding Rfx studies in rats, Xenopus, and D. rerio. Rfx2 was examined in isolated rat testis cells [71, 136]
and confirmed the mice Rfx2 mutant phenotype of male sterility. To date, no Rfx7-8 mutant mice have been
generated or characterized. Rfx7 has been studied by morphant knockdown of Xenopus embryos [56].

het = heterozygous, hom = homozygous, E = embryonic day, P = postnatal day (E0-E19 precedes PO).

Multiple Rfx genes cKO studies in mice had been done by Elkon and colleagues [57] where
they observed hearing loss in the Rfx1/3 double cKO mice. Interestingly, the hearing ability
was unaffected in the single Rfx1 cKO and Rfx3 cKO mice.

1.4 DAF-19, THE SOLE RFX TF IN C. ELEGANS

The only RFX gene in C. elegans is named daf-19 (daf = dauer formation) because mutations
were first identified in screens for constitutive dauer larva formation. Wild-type C. elegans
enter an arrested larval stage called dauer under duress (Figure 6). In contrast, daf-19 mutants
formed many dauers even in optimal growth conditions [148]. The daf-19 gene was later
characterized to encode an RFX TF of which the dysfunction affected sensory cilium
development and function in both the sexes, hermaphrodites and males [15, 149].
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Figure 6: The 3-day life cycle of the C. elegans hermaphrodite at 22°C, where 0 min is fertilization. After the
embryo stages, there are four larval stages (L1-L4) before it matures to an adult. An adult worm lays about 300
progeny in 3-5 days and lives for another 2-3 weeks. The animal enters an arrested, alternative L2 stage, called
the dauer stage when the environmental conditions are harsh.

There are five known daf-19 protein-coding transcript isoforms, of which the annotations are
different between Wormbase (https://wormbase.org) and the literature. The five transcript
isoforms consist of: daf-19a and daf-19b, which are expressed broadly across development
[150]; daf-19c, which is the ciliogenic isoform expressed only in early development (between
the 3-fold embryo and L1 stage) and has two alternative exon start sites [150, 151]; and daf-
19m, which is required for male mating behaviour [149, 152] (Figure 7).

A Northern blot analysis of embryonic total RNA revealed daf-19a to be the most abundant,
followed by daf-19c and then daf-19b as the least present [151]. The isoform daf-19m is
present in both sexes but the function was primarily analyzed in the male worms [149].

The isoforms of daf-19 are generated from distinct promoters, enhancer elements and post-
transcriptional silencing factors for spatial and temporal regulation. SL1 trans-splice leaders
were observed in Exons 1 and 4 of daf-19 [153]. A post-transcriptional silencing agent
piRNA (piwi-interacting RNA) gene, 21ur-13428, is present around exon 5 of daf-19. The
CEM enhancer and HOB and RnB elements contribute to functional daf-19m isoform [149].

18



Wormbase

annotation DBD E’EM
(F33H1.1) 1 2 3 4 5 67 8910 11 12
carroa oar1on  [—i——+——H—HH
o I W L | 1
cariop oar198  Jil—l—t——H— H -
cartoq  DAF1C H—— -
Exon 4 ATG i y i I i
DAF-19C | — H— I
dat19%e  gxonsATG | K AL :l
catioc  DARAOM | S =
' ' I U] |
daf-19a/b -------------1 : P daf-19m
Developmental stage: daf-19¢ Developmental stage:
First seen in embryos and persists throughout Exon 4 ATG In all stages

all stages.

Tissues and cells expressions:

In many neurons, pharyngeal-intestinal valve
(possibly head muscle), several tail cells
(possibly neurons), and occasionally ventral
cord nerve cells, body wall muscle and
hypodermis,

Developmental stage:
Only seen in the L1

Tissues and cells expressions:
In nuclei of a few neurons in the
head (possibly nerve ring), and 1

or 2 neurons in the tail.

Tissues and cells expressions:

In approximately 5 sensory neurons of the
anterior pharyngeal bulb, and many neurons
in the nerve ring. Some expressions in the
processes of the sensory neurons whereas in
the nerve ring, it was more nuclear-localized.
Mo expression in the tail,

Expression analysis was derived from Craig et al. 2013, BMC Genomics.

Figure 7: The five known DAF-19 isoforms in C. elegans. All the isoforms have the conserved protein domains

DBD, B, C and DIM. The numbers on top of the boxes refer to the exon humbers, whereby the black region is

coding region and the grey region is non-coding region. daf-19 isoform-specific transcript expression patterns at
all stages of wild-type C. elegans hermaphrodites were obtained from Craig et al. [150].

1.4.1 Ciliain the invertebrate C. elegans

In C. elegans, cilia are only present at the dendritic ends of ciliated sensory neurons which
function as both vestibulary (mechanosensory) and olfactory (chemosensory) organs.

Hermaphrodites have 60 ciliated sensory neurons, while males have an additional 48 ciliated

neurons out of the 87 male-specific neurons. A reference table of the ciliated neurons can be

found in Wormatlas (http://www.wormatlas.org/postembryonicneurons.htm).

The majority of the ciliated neurons are located in the head of the worm (=amphid) and act
primarily as a nose. In the tail part of the worm (=phasmid), there are only two types of

ciliated sensory neurons in the hermaphrodite responsible for chemorepulsion, while most of
the male-specific ciliated sensory neurons are concentrated in the specialized male tail sexual

organ (reviewed in [154]). C. elegans that lack functional DAF-19, the sole RFX TF of C.

elegans, were found to be missing all ciliary structures and therefore exhibited severe sensory

defects [15].

All the C. elegans cilia are classified as primary non-motile cilia with a 9+0 axonemal
configuration. Anterograde IFT in C. elegans is driven by two types of kinesin-2 motors,

heterotrimeric kinesin-11 and homodimeric OSM-3, while retrograde IFT is driven by dyneins

which recycle the kinesin-2 motors. This is similar to vertebrate olfactory cilia whereby the

heterotrimeric kinesin-2 builds the axoneme, the homodimeric kinesin-2 (KIF17, homologous
to C. elegans OSM-3) delivers signaling molecules such as cyclic nucleotide-gated channels

(cNGCs) and dopamine receptors to the ciliary membrane, and the IFT dyneins drive

transport back toward the basal body. However, the distal segment is built only by OSM-3 in

C. elegans [96] (Figure 8).
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Source: Bae & Barr 2008, Frontiers in bioscience. Source: Prevo et al. 2017, The FEBS Journal.

Figure 8: (A) The positions of ciliated sensory neurons in the two sexes of C. elegans, where each neuron name
consists of typically three uppercase letters, indicating the class. The locations of ciliary endings are indicated in
red boxes [154]. (B) Comparison of the intraflagellar transport (IFT) in C. elegans and vertebrate olfactory cilia
[96].

1.4.2 DAF-19in C. elegans neurons

Out of 959 somatic cells in a C. elegans hermaphrodite, 302 are neurons and 56 are neuronal
support cells. All the neurons can be sub-divided into sensory, motor and interneuron classes.
All the motor and interneurons in C. elegans are non-ciliated. The sensory neurons are mostly
ciliated except 2 head sensory neurons and 8 touch sensory neurons which have specialized
microtubules instead of cilia. The neurons of C. elegans form several ganglia in the head and
tail and into a spinal cord-like ventral nerve cord. The majority of the neurons are located in
the head, surrounding the pharynx (the feeding organ) and forming a nerve ring akin to the
primitive brain for the animal.

Serial electron microscopy has generated detailed information about the anatomy, position
and connectivity of each neuron [155] and a complete list of the neurons, their lineage and
descriptions can be found in Wormatlas (http://www.wormatlas.org/) and Wormbook
(http://www.wormbook.org/). Compared to the vertebrate (human) brain with approximately
80 billion neurons and 10 times more glial cells, the simplicity of the C. elegans nervous
system makes it a useful system to study the role of RFX TFs in neurons and its impact on in
vivo whole-organism developmental (dauer formation) and behavioral (foraging, locomotion)
output.

DAF-19 was first discovered to be the regulator of ciliogenesis of 60 ciliated sensory neurons
[15]. Thereafter, the majority of DAF-19 target genes were found to be either X-box motif or
DAF-19-dependent [33-35]. Subsequent genome-wide validations of DAF-19 target genes —
by microarray [38] and enhanced yeast one-hybrid (eY1H) assays [50] — used animals at the
3-fold stage embryo when ciliogenesis occurs [156].

The role of DAF-19 expands outside the ciliated sensory neurons as different DAF-19
hermaphrodite isoforms have been characterized. The larger DAF-19A/B isoforms maintain
the synaptic protein homeostasis in roughly 200 non-ciliated neurons of different neuronal
classes [151]. Unlike the X-box motif transcriptional regulation in ciliated neurons, the mode
of DAF-19 synaptic maintenance regulation in non-ciliated neurons is still unclear.
Strikingly, synaptic defects in daf-19 mutants become stronger as the animals grow older,
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displaying parallels to the synaptic decline observed in human neurodegenerative disorders
[151].

The expression patterns of daf-19 itself are mainly neuronal, with occasional expressions in
the body wall muscle, hypodermis and intestinal cells [15, 150] (Figure 7). In parts the
significance of these non-neuronal expressions is still unclear, with the exception of the
intestinal expression pattern of daf-19 which fits with DAF-19 regulation of innate immune
response upon ingestion of pathogenic bacteria [157].

1.4.3 Phenotypes of daf-19 mutants

The m86 allele [15] is the main reference allele for daf-19 mutant. This null allele exerts a
nonsense amino acid substitution in the shared coding exon 7 upstream of the DBD (Figure
7), thereby affecting all the DAF-19 protein isoforms.

The daf-19(m86) mutant has a temperature-sensitive, severe constitutive dauer phenotype
(Daf-c), and chemosensory defects, such as dye-filling defective (Dyf) and osmotic-
avoidance defective (Osm) [15]. The chemosensory deficiencies are caused by the absence of
ciliated endings in the ciliated sensory neurons. The exact cause of the Daf-c phenotype,
however, is still unknown. In gene expression studies at multiple life stages, a daf-12(sa204)
allele background is required to fully suppress the Daf-c phenotype conferred by daf-19(m86)
while the cilia remain completely absent [158].

The daf-19(m86) mutant does not have obvious impaired movement and can move as fast as
wild type. However, they have abnormal dwelling/roaming behavior and are resistant to
aldicarb and levamisole [151]. In the dwelling/roaming assay, a single wild-type worm put on
a fresh plate seeded with bacteria will quickly cover the entire bacterial lawn with tracks. In
contrast, the daf-19(m86) mutant covers only a small area and spends more time feeding
locally (= increased dwelling behavior).

The paralysis aldicarb/levamisole assay is used to test synaptic transmission in C. elegans
[159]. Aldicarb and levamisole are acetylcholine esterase inhibitor and acetylcholine receptor
agonist, respectively. In the presence of these compounds, acetylcholine accumulates and
causes persistent muscle contraction and eventual paralysis in wild-type animals. The daf-
19(m86) mutant with impaired synaptic transmission is thus more resistant to the paralyzing
effect.

In addition to neuronal impairments, daf-19(m86) also confers deficient innate immunity
phenotype as shown by lower survival rates in P. aeruginosa PA14 pathogenesis assays and
reduced immune gene markers in the intestine compared to wild-type [157]. Similarly, there
is an increased susceptibility of daf-19 RNAI worms to pathogen S. flexneri infection [160].
Although the exact mechanism is unclear, the mode of regulation is reminiscent of the RFX5-
cofactors partnership for human MHC Il gene expression [157].

Studies on daf-19 isoform specific mutants have been driven by the discovery of the daf-19m
isoform (Figure 7). Two mutants, daf-19(n4132) and daf-19(sm129), disrupt only the daf-
19m isoform and affect the male specific and core IL2 ciliated sensory neurons [149, 152].
Mutant males were inefficient in mating behavior in response to hermaphrodite contact (Lov
= location-of-vulva defective) whereas mutant hermaphrodites seemed normal. Interestingly,
the ciliated sensory neurons are intact, showing that the daf-19m isoform does not interfere
with ciliogenesis, but ensures proper specialized function of the cilia.
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2 AIMS

The overall aim of this thesis is to investigate the role of RFX transcription factors (TFs)
during development, with a focus on neurons and the human brain function, and to

understand the molecular etiology of the brain disorders that arise in the absence of functional

RFX TFs.

The specific aim of Paper | is to characterize the eight human RFX TFs, by charting the
expression patterns of all their protein-coding transcript isoforms from the FANTOMS5
database, inferring correlations and X-box motif positioning from their known target genes,
and investigating their upstream regulators.

The specific aim of Paper Il is to explore the hypothesis that developmental dyslexia as a
human brain disorder may be associated to ciliogenic RFX TFs by testing the regulation by
RFX TFs of three dyslexia candidate genes through their X-box promoter motifs.

The specific aim of Paper 11 is to substantiate the role of DAF-19, the sole RFX TF in the
invertebrate animal model C. elegans, and its contributions in the regulation of target genes
which are expressed in various types of neurons throughout development and adulthood.
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3 RESULTS

3.1 PAPERI
A survey of the human RFX genes, their target genes and upstream regulators.

Human RFX1-8 are expressed in diverse human tissues and cell types. Our extensive survey
of RFX expression by transcription start site (TSS) counts based on data from the FANTOMS5
database allowed us to rank and cluster the human RFX genes in terms of their expression
level in various tissues, primary cells and cell lines. We were able to connect most of the RFX
TSS locations to protein-coding transcripts in Ensembl and experimentally validated novel
TSS locations by RT-PCR from either brain or testis RNA. This included validation of the
previously undescribed RFX8.

Further examination of the protein products based on the position of the start codon and
functional domains of the RFX transcripts indicate that the majority of the RFX transcripts (of
the same gene) encode the same protein. The exceptions are: (i) testis-specific RFX1 novel
protein with a shorter N-terminal, (ii) three different RFX4 proteins, and (iii) three different
RFX8 proteins. We also corroborated that RFX4 and RFX8 encode isoforms with and without
the DBD, although their significance is not yet understood.

We performed hierarchical clustering of the human RFX1-8 TSS expression based on 135
tissues present in FANTOMS and found four major and two minor tissue clusters (Figure
9A). The four major tissue clusters were RFX1-4 and -RFX7 in the central nervous system
(brain and spinal cord), RFX1-4 in the testis, RFX5-6 in the gastrointestinal tract, and RFX5
in the immune system. The two minor tissue clusters were RFX2 in the uterus and RFX3 in
the lung. RFX8 was not assigned to any cluster because all RFX8 TSSs were lowly expressed.
In addition to the minimal RFX8 expression, functional characterization of RFX4 and RFX6
would present a challenge because of their tissue specificity. Very few human cell lines
would express the minimum detectable level of RFX4, RFX6 and RFX8.
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Figure 9: (A) Hierarchical clustering based on the tissue expression of human RFX1-8. (B) The X-box motif
positioning within human RFX target gene promoters with respect to the TSS.
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RFX TFs typically bind to the X-box motif in the promoter region of their target genes and
different members of RFX TFs may interact with one another in their target gene regulation.
In order to predict the groups of RFX TFs working in different tissue clusters, we extracted
the TSS expression data from FANTOMDS for the RFX target genes and performed
hierarchical co-clustering with the RFX TSSs.

This pointed to conclusions on the mode of RFX TF regulation of their target genes; (i) for a
given target gene, RFX TFs can act as activators or as inhibitors, (ii) there is a strong
difference between the immune system and the nervous system group of RFX TFs, and (iii)
RFX2 is an outlier within the nervous system group and clusters more closely to the
reproductive system. In addition, we uncovered the X-box motif positioning of human RFX
target genes with the most likely (robust) position of -500 to +500 bp, and otherwise a
permissive window of -2300 to +1400 bp, with respect to the TSS (Figure 9B).

Without focusing on any specific cell differentiation context, we wanted to find all the
potential upstream regulators of RFX genes using an extensive computational TFBS sequence
analyses of the human RFX1-8 promoter and enhancer regions. We found 19 over-
represented TFBS profiles from the JASPAR database which includes TFs involved in neural
development (SP2, ESR1, Creb5, SOX21), neurite outgrowth (KLF16, EGR3) and cell
cycle control (E2F4). We validated SP2 as a repressor of RFX7 and ESR1 as an inhibitor of
RFX2, -3, -5 and -7 in the human MCF7 breast cancer cell line.

3.2 PAPERII

RFX TFs regulate dyslexia candidate genes through X-box promoter motifs.

Developmental dyslexia is considered a developmental disorder of the human brain
characterized by reading deficits despite normal 1Q, normal senses and learning opportunity.
The candidate genes of dyslexia were obtained primarily from genetic linkage family studies.
The three most replicated genes; DYX1C1 (or DNAAF4), DCDC2 and KIAA0319 were
associated to cilia and neuronal function. We were interested in testing if these genes are
regulated by RFX TFs.

We looked for candidate X-box motifs in the promoter regions (-3000 bp with respect to the
TSS) of DYX1C1, DCDC2 and KIAA0319, starting with the principal transcript isoforms. We
developed a stringent computational approach using seven different X-box consensus motifs;
five from published work and two from our own studies (Table 4). We found a total of seven
candidate X-boxes from the secondary transcript isoform of DYX1C1 and the principal
transcript isoforms of DCDC2 and KIAA0319.

No. | X-box motif consensus (5* > 37) Organism Reference
1 GTNRCC (0-3N) RGYAAC | H.sapiens | [66]

2 GTNRC(C/N) (0-3N) RGYAAC | H.sapiens | [21,132]
3 RYYNYY WW  RRNRAC | C.elegans | [34]

4 RTHNYY WT  RRNRAC | C.elegans | [34]

5 GTHNYY AT RRNAAC | C.elegans | [34]

6 GTTNCC NN(0-1N) GGHVAC | H.sapiens | This study
7 RBNNYY NH RGHAAC | H.sapiens | This study

Table 4: X-box motif sequences used for scanning the promoter regions with the EMBOSS fuzznuc tool.
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The seven candidate X-boxes of DYX1C1, DCDC2 and KIAA0319 were further short-listed
by their sequence conservation with other vertebrate species. Thus, we selected the X-box
motifs of DYX1C1, DCDC2 and KIAA0319 positioned at -19 bp, -2110 bp and -70 bp,
respectively, for functional validation by luciferase reporter assays. Indeed, these X-box
motifs were functional as demonstrated by lower luciferase promoter activity in the case of a
mutated X-box versus a wild-type X-box (Figure 10A). Furthermore, the positioning of the
functional X-box motifs is concordant with our results in Paper 1.

We used two human cell lines to study RFX TFs regulation of DYX1C1, DCDC2 and
KIAA0319; the retinal pigmented epithelial cells hTERT-RPEL and the neuroblastoma cells
SH-SY5Y. Endogenous RFX1-7 expression was tested by gRT-PCR. All except RFX4 and -6
were undetectable, which confirmed our results from Paper I. Thereafter, we focused on
RFX1-3 in the context of cilia induction in hnTERT-RPE1 by serum starvation after 24 hours.

To test the regulation by RFX TFs of the dyslexia candidate genes, we performed single,
double and triple knockdowns of RFX1-3 in ciliated hnTERT-RPEL cells and measured the
expression levels of DYX1C1, DCDC2, KIAA0319. The results suggested that (i) RFX1 acts
as a repressor for DYX1C1 and DCDC2, (ii) RFX2 and RFX3 act as an activator complex
for DCDC2, and (iii) KIAA0319 is not significantly regulated by RFX1-3. Furthermore, we
corroborated the ciliary role of the RFX TFs by the endogenous protein localization of
DYX1C1 and DCDC2 to primary cilia basal body and axoneme, respectively (Figure 10B).

B
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Source: Paper I, Figure 1B Source: Paper Il, adapted from Figure 4
Tammimies et al. 2016, FASEB Journal Tammimies et al. 2016, FASEB Journal

Relative luciferase ratio

Figure 10: (A) Luciferase reporter assays confirmed the functionality of the X-box motifs (WT = wild type X-
box, XboxMut = mutated X-box). (B) Endogenous protein localization of DYX1C1 and DCDC2 primary cilia
basal body and axoneme, respectively, in hnTERT-RPE1 cells.

Altogether, we proved the complex regulatory mechanism among the different RFX TFs,
which may become a challenge in validating the roles of RFX TFs in humans and other
vertebrates with multiple members of RFX TFs. Nonetheless, we presented the first evidence
for a connection between RFX TFs and cilia within the context of a human brain
developmental disorder.
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3.3 PAPERIII

The C. elegans RFX TF DAF-19 regulates target genes in both ciliated and non-
ciliated (non-sensory) neurons during development and adulthood.

Using the invertebrate animal model C. elegans, we characterized the target genes of RFX TF
DAF-19, by RT-PCR and microarray analysis. The comparisons were performed between
daf-12(sa204) [daf-19(+/+)] versus daf-19(m86); daf-12(sa204) [daf-19(null)] mutants, and at
three developmental stages; 3-fold embryo, L1-larvae and adult stages of hermaphrodites. We
found that (i) the breadth of DAF-19-regulated target genes changed from embryos to L1-
larvae to adults, (ii) the top score and thus the type of DAF-19-regulated gene ontology
clusters changed from cilium assembly/dauer at embryos, to cuticle/collagen at L1-larvae, to
signal peptide at adults, and (iii) at all three stages, DAF-19-regulated target genes were
significantly enriched in neurons.

In order to examine in which way DAF-19-regulated target genes were DAF-19-dependent,
we assessed the difference in expression patterns of 33 target genes using transcriptional GFP
fusions between daf-19(+/+) and daf-19(null) backgrounds. We concluded that (i) the inner
labial (IL2) ciliated sensory neurons were a common site of DAF-19 activation; (ii) the target
genes that were DAF-19-dependent (both activated and repressed) affected only neurons
(Table 5) and that two genes in particular, gakh-1 and del-4, exhibited age-dependent
neuronal expressions, and finally (iii) the target genes that were DAF-19-independent were
predominantly expressed in neurons and the intestine.

Target gene DAF-19 isoform-specific regulation | Neuronal expression Neuronal cell type
asic-2 (T28F4.2) DAF-19C activates and DAF-19A IL2s Ciliated sensory neurons
spg-20 (F57B10.9) | overexpression represses
ddn-1 (B0507.10) DAF-19C activates URX, ASK, AFD, etc | Ciliated sensory neurons
15 Interneuron
M5 Motor neuron
gakh-1 (F46G11.3) | DAF-19A represses AVA, AVB, SIA, etc | Interneurons
M4 Motor neuron

Table 5: Selected DAF-19-dependent target genes from Paper IIl.

To dissect functional differences between the DAF-19A/B and C isoforms, we characterized
a new isoform-specific daf-19 allele, tm5562, which is a loss-of-function allele affecting both
daf-19a and b isoforms, but not the ¢ isoform. We noted the following phenotypes of daf-
19(tm5562) mutants; (i) they have cilia and are not Daf-c, (ii) they develop more slowly
through the L3-larvae stage compared to wild-type N2, and (iii) in both roaming and aldicarb
assays, the behavior was either indistinguishable from daf-19(null) or displayed an
intermediate phenotype to wild-type N2 (Figure 11A-B).

Moreover, tm5562 phenotypes were rescued by a translational fusion construct of daf-19a,
suggesting that DAF-19A plays an important and unique role in neuronal function (Figure
11B).
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Figure 11: C. elegans assays and transcriptional GFP-fusion gene expression. (A) Roaming assay (1-hour): daf-
19(tm5562) worms roam less than wild type N2. (B) Aldicarb assay (500uM): daf-19(tm5562) worms are more
resistant to aldicarb than wild type N2, and a translational daf-19(a) fusion construct rescues the tm5562
phenotype. (C) The GFP expression pattern of selected DAF-19-dependent target genes (see Table 5) in daf-
19(tm5562) and in daf-19(null) rescued with either daf-19a or daf-19c constructs.

Subsequently, we used the daf-19(tm5562) genetic background to determine whether
differential target gene expression required functional DAF-19A. We compared the
expression patterns between daf-19(tm5562) and daf-19(null) mutants for target genes that
were DAF-19-dependent. In addition, we examined differences upon genetic rescue with
either daf-19a or daf-19c constructs (Figure 11C).

Altogether, we found that (i) DAF-19-activated target genes required DAF-19C, but not
DAF-19A, (ii) DAF-19-repressed target genes appeared to depend primarily on the action of
DAF-19A, and (iii) a particular amount (stoichiometry) of DAF-19 proteins is important for
correct gene expression in some type of neurons (Table 5).
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4 DISCUSSION

In humans and other vertebrates, multiple members of RFX TFs and the RFX heterodimer
interactions present a challenge in dissecting their roles. Our work (Paper I) can be used as a
guide to select the RFX TFs in the organ system and cell type of interest. It also highlights the
utility of large, systematic data sets to analyze complex regulatory systems in detail in an
unbiased manner. This allowed us to provide the most likely X-box motif positioning of the
RFX target genes in the human genome. This is helpful in selecting the X-box motifs targeted
for mutational analyses.

In addition to the positioning, applying a more stringent X-box motif consensus and checking
for the sequence conservation with other vertebrate species will narrow down the candidate
X-boxes further (Paper I1). The RFX target gene regulation by X-box motif binding is very
likely true for the vast majority of RFX-dependent genes. However, finding RFX target genes
outside the X-box motif regulation would require transcriptomics (and proteomics) profiling
of RFX mutant versus wild type cases at different developmental stages (e.g. Paper I1I).

Human RFX1-4 and -RFX7 are prominently expressed in different brain tissues and spinal
cord (Paper 1), making them the reference RFX TFs in neurons and the nervous system. We
confirmed RFX1-3 regulation of the dyslexia candidate genes DYX1C1 and DCDC2 in the
context of mono-ciliated, non-neuronal, hnTERT-RPEL1 cells (Paper I1).

In the case of KIAA0319, the X-box motif was functional but it is likely regulated by other
members of RFX TFs. KIAA0319 is highly expressed in brain tissues [119] and is associated
to multi-ciliated cells [122], hearing [128] and axonal regeneration [129]. This ascertains the
role of RFX TFs in the specialized function of cilia and neurons in adulthood, similar to the
invertebrate animal models DAF-19M in C. elegans male sensory neurons [149] and Rfx in
Drosophila chordotonal neurons [161].

By analyzing the co-clustering patterns between validated RFX target genes and RFX1-8
expression profiles, we noted an outlier in the nervous system cluster of RFX TFs, namely
RFX2 (Paper I). The phenotypes of mice deficient in Rfx1-4 and Rfx7 (Table 3) support the
notion that RFX2 plays a crucial role in the male reproductive system, and may act as a co-
factor or form heterodimers with other RFX TFs in other organ systems (e.g. Paper II),
including the nervous system.

The extent of RFX member dimerization and their regulatory effect on their target genes are
likely dependent on the cellular context. In C. elegans, DAF-19 isoforms have different and
complementary functions in neurons and their stoichiometry matters for correct target gene
expression (Paper I11). Therefore, the extent of knockdown and overexpression of the RFX
TFs can be assessed in observing the impact on their target genes and the RFX TFs
themselves. Our results point toward a need to analyze RFX effects systematically in cell
models where the factors are co-overexpressed in pairs, to elucidate the functional effects of
possible heterodimer formation.

In analyzing RFX1-8 promoter and enhancer regions, we found 19 over-represented TFBS
profiles (Paper I). The two highest-scoring TFBS profiles were associated to the TFs SP2
(specificity protein 2) and E2F4 (E2 factor 4). Both SP2 [162, 163] and E2F4 [164, 165] are

31



involved in aspects of cell cycle progression and development-specific pathways, such as
neural development and multi-ciliated cell formation.

We validated by siRNA knockdown and gRT-PCR, SP2 and ESR1 as upstream inhibitors of
RFEX2, -3, -5 and -7 (Paper I), and MZF1 as an activator of RFX3 and -5 (unpublished work).
In all cases, RFX1 exhibited high standard deviation in the fold-change expression level.
Given the self-inhibitory mechanism of RFX1 [84] and its unique role as a tumor suppressor
[66], it might be better to study RFX1 in isolation.

Transcriptome profiling of the RFX/daf-19 mutant across C. elegans development confirmed
the prominent embryonic role of RFX TFs in the development of ciliated sensory neurons
(Paper I11). Furthermore, the target genes of RFX/DAF-19 and their neuronal expression shed
light upon the developmental (Daf-c) and behavioural (foraging defect) output of RFX/daf-19
mutants. As expected, daf-19 alters gene expression in ciliated sensory neurons, e.g. labial
neurons (IL2), dauer-inhibiting neurons (ADF, ASI and ASG) and neurons involved in
foraging and locomotion (AlY, ASE, ASI, and BAG).

One of the novel DAF-19-dependent target genes is gakh-1. The cyclin G-associated kinase
gakh-1 was repressed by DAF-19A in motor and interneurons (AVA, AVB, SIAD/V, AIN
and M4). An ortholog of gakh-1 is the human GAK gene which has been identified in GWAS
risk loci for Parkinson’s disease [166, 167]. In addition, GAK functions in the endocytosis of
synaptic vesicles in mouse neurons [168, 169]. This agrees with the previously hypothesized
role of the DAF-19A in synaptic vesicle maintenance in adult worms [151]. Altogether, we
provided insight into the role of RFX TFs in both ciliated and non-ciliated neurons, and in
both embryonic development and later in adulthood.
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5 METHODOLOGICAL CONSIDERATIONS

5.1 DATABASES OF TRANSCRIPTOME AND TF-BINDING PROFILES

Transcriptome and TF-binding profiling technologies are tools to explore genome-wide
transcript expressions and TF-DNA binding sites applied in different cellular contexts. The
data generated are nowadays stored in large databases which can then be further mined,
assessed by bioinformatics tools and subsequently validated experimentally, applying model
systems and gene expression analysis.

5.1.1 FANTOMS database (Paper 1)

Based at RIKEN (Yokohama, Japan), the Functional Annotation of The Mammalian Genome
5 (FANTOMD) (http://fantom.gsc.riken.jp/5/) project provided comprehensive expression
profiles and functional annotation of human and mouse cell-type-specific transcriptomes,
using single-molecule sequencing [170]. The technique Cap Analysis of Gene Expression
(CAGE) [171, 172] was applied across more than 800 human and about 400 mouse samples,
including tissues, primary cells and cancer cell lines.

The strength of CAGE is in the high-resolution single bp TSS peak. CAGE libraries were
sequenced to roughly a depth of 4 million mapped tags per sample. In addition to analysis of
TSS (promoter) regions, the technique allowed the identification of an RNA signature for
enhancers [173], as well as finding miRNAs [174] and long non-coding RNAs ([175],
http://fantom.gsc.riken.jp/6/) as the distal elements which support promoter activity.

5.1.2 JASPAR database (Paper I)

JASPAR (http://jaspar.genereg.net) is the leading open-access database of matrix profiles
describing the DNA-binding patterns of TFs and other proteins interacting with DNA in a
sequence-specific manner. A given TF has a known set of transcription factor binding sites
(TFBSs). These TFBSs are represented in an occurrence table called the position frequency
matrix (PFM), which summarizes the number of each nucleotide observed at each position of
the aligned TFBSs [176, 177].

The JASPAR database holds collections of PFM nucleotide profiles based on published
experiments from ChlIP-seq data collections in PAZAR database, ENCODE and
modENCODE consortia for H. sapiens, M. musculus, D. melanogaster and C. elegans, as
well as protein-binding microarrays (PBM) and high-throughput systematic evolution of
ligands by exponential enrichment (HT-SELEX) studies.

The database continues to be updated since its inception in 2004 [178], with inclusion of new
TF binding profiles every two years, with the most recent version in 2018 [179]. The version
used in Paper | was JASPAR 2016 [180].

5.2 CELL LINES AND ANIMAL MODEL

5.2.1 Human cell lines (Papers I and II)

Typically in vitro cell cultures are not normal cells as they grow on plastic or unnatural
matrices (such as Matrigel), out of their normal developmental context, and are adapted to
such conditions. They are often hyper-malignant [181], karyotypically abnormal and have
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high copy number variation. Nevertheless, cell cultures are well suited for molecular pathway
studies, particularly the human-derived cells.

The MCF7 breast cancer line (Paper I) was a gift from Karin Dahlman-Wright, Karolinska
Insitutet. The retinal pigmented epithelial h\TERT-RPE1 and neuroblastoma SH-SY5Y cell
lines (Paper I1) were obtained commercially from the American Type Culture Collection
(ATCC: https://wwwe.atcc.org/). Like many immortalized cell lines today, they are de-
identified with the consent of the donors.

MCEF7 cells were derived from the mammary gland of a 69-year-old female Caucasian and
are hypertriploid to hypotetraploid (modal chromosome number = 82, range = 66 to 87).
hTERT-RPEL cells are chromosomally female near-diploid in 90% of the cells counted with
additional material at the X-chromosome. SH-SY5Y cells were derived from the bone
marrow of a 4-year-old female with neuroblastoma and have a modal chromosome number of
47 with a trisomy of chromosome 1. These cell lines were established in the early 1970’s.

hTERT-RPEL is a common human ciliated cell line model because the proportion of
quiescent, ciliated cells increases considerably upon serum starvation [182]. In addition, the
epithelial morphology makes the cilia more stretched out and easily visible. For comparison,
the length of C. reinhardtii motile cilia is 10-14 um [183], C. elegans amphid cilia is 5-10

pum and the serum-starved (=ciliated) nTERT-RPE1 primary cilia is 2-3 um. One can
reasonably expect that primary cilia in most non-serum starved human cell lines are of similar
length to cilia from hTERT-RPEL1 cells. In Paper Il, we did not test whether SH-SY5Y cells
were ciliated, only that they were non-serum starved.

5.2.2 C. elegans animal model (Paper Ill)

Neuronal function and circuitry is best studied in vivo in whole organisms. Mice and rats are
the most widely used animal models in neurobiology. However, rodent brains are not gyrated
like humans’ and they still lack the predictive power for human neural diseases (e.g. for
treatment of Parkinson’s disease). Invertebrate animal models, such as D. melanogaster and
C. elegans, have been used to model neuronal function, synaptogenesis and to an extent,
neural circuitry. They are preferred model systems at the embryonic and organogenesis stage
because of the short propagation time.

The nematode worm C. elegans has two sexes: a self-fertilizing hermaphrodite (XX) and a
male (XO). Males arise naturally from spontaneous non-disjunction in the hermaphrodite
germ line at a low rate of 0.1%. The male occurrence can be increased up to 50% through
setting up mating crosses. In standard culture condition, a C. elegans hermaphrodite has a
short 3-day life cycle and lays approximately 300 eggs (Figure 6). Transgenic worms for
multi-generational gene expression analyses were generated by microinjection of
fluorescence-marker-encoding reporter plasmids.

Resources for the analysis of C. elegans anatomy, biology and genome (including genomic
variations and their designated allele names) can be viewed in Wormatlas
(http://www.wormatlas.org/), Wormbook (http://www.wormbook.org/) and Wormbase
(http://www.wormbase.org/), respectively. The wild-type C. elegans strain, used in
effectively all C. elegans laboratories today, is the N2 strain derived from Bristol, United
Kingdom.

In C. elegans, the genome editing technique CRISPR-Cas9 has been implemented (reviewed
in [184]). We generated frameshift mutations by CRISPR-Cas9 which led to premature stop
codons in daf-19 exons 1 and 4 to create daf-19 isoform-specific mutants (unpublished work).
However, the phenotypes of these worms were not sufficiently solid for further analyses.
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Instead, we found daf-19(tm5562) from the National BioResource Project (Mitani
Laboratory, Japan) and obtained the worms from the Caenorhabditis Genetics Center (CGC).
To ensure that the mutants were genetically unambiguous, we outcrossed the mutants six
times with wild-type N2 and confirmed the mutations by single multi-worm PCR, RT-PCR
and sequencing.

It is convenient that C. elegans has only one RFX TF compared to humans which have eight
members of RFX TFs. A limitation is that the RFX/ daf-19(m86) mutant constitutively enters
the dauer-larvae stage, a phenotype which is unique to the nematodes species. However, the
molecular pathways identified in dauer formation were conserved endocrine pathways such
as the insulin/IGF, TGF-B, serotonergic, and steroid hormone signal transduction pathways
[185].
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6 CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Our results and other published work support a broad niche of RFX TFs in ciliogenesis, cell
cycle and cell fate determination of early development. A smaller niche of RFX TFs is also
evident in the maintenance of specialized functions of cells in adulthood, including neurons.
Based on RFX target genes, we speculate a common theme of the RFX TFs in inducing a cell
cycle arrest and promoting further cell differentiation, and that the RFX targets localize to
polarized cell surfaces (e.g. cilia, immune synapse).

Accordingly, the expression level of RFX TFs can be monitored in various cell cycle phases,
in cancer versus non-cancer cells, and in proliferating versus differentiating cells. The
molecular and cellular contributions of RFX TFs in the nervous system can thus be explored
in two different, but interconnected systems; the developing brain (e.g. neural tube formation,
neuronal migration) and the (more) mature brain (e.g. synaptogenesis, synaptic transmission,
axon guidance, neuronal circuitry). All in all, we aim for a better understanding of the cellular
and molecular etiology of the nervous system phenotypes observed in the absence of
functional RFX TFs.

The ciliogenic role of RFX TFs is largely connected to the increasingly recognized
importance of primary and motile cilia function in the brain [114, 186, 187]. In particular,
neuronal primary cilia are linked to memory of avoidance behaviour in mouse [188] and to
increased risk of obesity [189] and type 2 diabetes [190]. Interestingly, while primary cilia are
typically associated with proliferating cells [88], they are present in many adult neurons in
mice brains around P60 [191-194]. Accordingly, neuronal primary cilia could assume
neuronal specific functions such as extra-synaptic integration [195] and connectivity [194,
196].

Out of the eight RFX genes in humans, RFX1-4 and -RFX7 clustered in various tissues of the
brain and spinal cord. We can test the RFX heterodimer specificities for REX1-4 (with DIM)
by co-immunoprecipitation in the neural tube, adult neurons, the spinal cord and other
specific brain tissues. The target genes of RFX TFs can be investigated, either by generating
RFX knockouts in vitro in human neuronal cells or in vivo in vertebrate models, followed by
RNA-sequencing to analyze the transcriptomic profiles. In addition, yeast two hybrid systems
for large-scale RFX proteins interactions can be performed, particularly for RFX7 (without
DIM).

The investigation of the RFX/DAF-19 in the invertebrate C. elegans revealed shifting DAF-
19 target genes during development and that multiple DAF-19 isoforms can influence one
another. The target genes of DAF-19 and their expression patterns serve as a guide for RFX
TFs in vertebrate organisms. The role of DAF-19 changes from ciliogenesis (embryonic
stage) to neuronal function by synaptic maintenance (adult stage). This confirms the role of
RFX TF in the adult neuron function. At the same time, many of the sensory neurons in C.
elegans are neuroendocrine cells which receive sensory input and produce hormones. The
equivalents in vertebrates, the brain hypothalamus and pituitary gland, would thus be
interesting brain parts to check in connection to the role of RFX TFs in neurons and the
neuroendocrine cells.

Brain development begins with the neural tube formation at the embryonic stage. The neural
tube contains neural progenitor cells which will mature into neurons and glial cells. Primary
cilia ensure proper patterning and maturation of the neural progenitors through Sonic
hedgehog (Shh) signaling [108, 197]. Rfx4 mutants in mouse and zebrafish produced less Shh
signaling because Rfx4 regulated the key components in cilia [59, 135]. As expected, the

36



primary and motile cilia were also structurally abnormal [59, 82]. The role of RFX4 in brain
development may be more specific to the primary cilia-based Shh signaling and to the motile
cilia-cerebrospinal fluid flow. Interestingly, the former corresponds to homozygous Rfx4”
[59, 82, 134] and the latter corresponds to heterozygous Rfx4*" phenotypes [82, 146].

Another aspect of brain development is the migration of inhibitory interneurons [198]. The
cellular etiology of neuronal migration is mainly explained by centrosomal defects, cell cycle
delays and spindle disorientations [187, 199-201]. In addition, primary cilia as signaling hubs
could promote tangentially migrating neurons. This was documented by the interplay
between Shh signaling and the ciliary genes Arl13b, 1ft88 and Kif3a [202, 203]. The
ciliogenic Rfx3"" mice mutants exhibited both motile and primary ciliopathy phenotypes, as
well as axon guidance defects and agenesis of the brain corpus callosum [48, 144, 145]. Other
than Shh signaling, FGF8 signaling was also implicated in Rfx3" mutants [144].

The proper function of neurons and their connectivity are supported by neuronal support
(glia) cells. Based on expression values in primary cells, RFX1-4 and -RFX7 were expressed
in neural stem cells, neurons and astrocytes (Paper I). While the vast majority of cilia in the
brain extend from neurons, some astrocytes are also ciliated [191, 193]. One of the roles of
astrocytes is to prune the synaptic circuit [204, 205]. It would thus be interesting to analyze
RFX TF functions in astrocytes or in a co-culture of neurons and astrocytes.

We hypothesize that developmental dyslexia is a rather mild phenotype among the human-
brain-specific neural ciliopathies based on the established links between dyslexia candidate
genes to neurons and cilia. Furthermore, the regulation of these genes by ciliogenic RFX TFs
prompts the need to further characterize the role of neuronal (or neural) primary cilia. For
instance, it is still unclear why mature neurons would require the primary cilia if they can
send signals (neurotransmitters) more efficiently through the synapses. Would primary cilia
detect slow-acting neuromodulators instead? What makes a neuron ciliated and the other non-
ciliated? The studies from these dyslexia candidate genes can be a platform for insight into
other, more severe, human brain ciliopathies.

Based on the severe phenotypes observed in Rfx1-6 knockout mice (Table 3), we would
expect that most individuals with null mutations in RFX1-6 would be spontaneously aborted
or die shortly after birth (e.g. Mitchell Riley syndrome). RFX1-6 have conserved DBD and
DIM, and technically should be able to form heterodimers or compensate for one another,
especially since RFX1-3 and -RFX7 are broadly expressed (Paper 1). It would be insightful to
solve how these RFX TFs regulate or compete with one another, perhaps by analyzing the
other possible functional domains (B and C) of RFX TFs, as of yet uncharacterized.
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7/ POPULAR SCIENCE SUMMARY

Imagine that our DNA consists of the 26-letter English alphabet. Having the letters
themselves, however, does not mean anything. For example, if the DNA were letters Ato Z
repeated over millions of times, we would need an instructor to arrange specific letters to be
read as sensible words of instructions. These instructors are called the transcription factors,
and the words of instructions are what scientists collectively term “gene expression”, when
DNA is transcribed into RNA (and some RNA is further translated to protein). While every
cell in our body has the same DNA, they can look and behave very differently (skin cells,
brain cells, etc) as a result of differences in gene expression. The transcription factors
themselves are proteins acting on the DNA in the cell nucleus, and serve as an example of
gene expression.

Different transcription factors bring about different gene expressions. While it is important
that a particular transcription factor executes the correct gene expression, it is equally
interesting to understand what this expression means to the cell. The RFX transcription
factors are generally known to instruct the cell to make a structure called the cilium (plural =
cilia). This is especially true for the worm C. elegans, which has only one RFX transcription
factor called DAF-19. In humans, RFX transcription factors have diverged to multiple
members and functions in different cell types.

We provide an exhaustive and updated survey of the eight members of the RFX transcription
factor family in humans (Paper I). Human RFX1, RFX2 and RFX3 regulate the expression of
the genes inherited in families with developmental dyslexia, and some of these genes become
proteins that are parts of the primary cilia structure (Paper Il). Furthermore, digging deeper
into the gene expression of the DAF-19/RFX transcription factor in C. elegans worms, we
discovered a novel role outside cilia, but within neurons in general (Paper I11).

So what are cilia and what happens when they are not made properly? Cilia are hair-like cell
protrusions which can be — per cell — single-hair-like or multiple-hair-like. For example,
sperm uses their single-cilia as beating tails to move, while our lung airways are lined with
multiple cilia hairs per cell to enable the flow of mucus. Here, we are interested in one type of
cilia which is less understood despite being present on almost every cell of our body. It is
called the primary cilium. A stationary single-cilium, it behaves like the cell’s antenna that
can act as a signaling hub (including the Hedgehog — not the animal). Diseases caused by
malfunctions of any type of cilia are termed “ciliopathies”. As expected, ciliopathies are
complex and vary in severity depending on the cell types affected.

In short, we know that RFX transcription factors are prominent in the human brain and are
important for cilia and neurons. Follow-up questions would be: Why do the neurons have
primary cilia (= antennae) if they can communicate way more efficiently with one another
through a large number of dedicated direct contact points (= synapses) that they construct
along their large meshwork of neurites and processes (= cables)? Can we prove that
developmental dyslexia is a mild form of a human brain ciliopathy? And, a relevant technical
question: How do we model the human brain? All kinds of models will fall short, but they are
nevertheless insightful as we tap into the wonder of how our brains are able to process
information such as reading.
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