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Abstract

WD-repeat domain 5 (WDR5), a core component of histone methyltransferase complexes, is
associated with Kabuki syndrome and Kleefstra syndrome that feature intellectual disability and
neurodevelopmental delay. Despite its critical status in gene regulation and neurological disorders,
the role of WDRS in neural development is unknown. Here we show that WDRS is required for
normal neuronal placement and dendrite polarization in the developing cerebral cortex. WDR5
knockdown led to defects in both entry into the bipolar transition of pyramidal neurons within
the intermediate zone and radial migration into cortical layers. Moreover, WDR5 deficiency
disrupted apical and basal polarity of cortical dendrites. Aberrant dendritic spines and synapses
accompanied the dendrite polarity phenotype. WDRS5 deficiency reduced expression of reelin
signaling receptors, ApoER and VdIdR, which were associated with abnormal H3K4 methylation
and H4 acetylation on their promoter regions. Finally, an IncRNA, HOTTIP, was found to be a
partner of WDRS5 to regulate dendritic polarity and reelin signaling via histone modification. Our
results demonstrate a novel role for WDR5 in neuronal development and provide mechanistic
insights into the neuropathology associated with histone methyltransferase dysfunction.
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Introduction

Neurons are highly polarized cells with two functionally and morphologically distinct
neurites, axon and dendrites [1,2]. Neurite polarization is a complex process, which takes
place during neuronal migration and differentiation. Neurons migrate from their birthplace
to their final position in the developing brain [3]. Apical and basal dendrites of cortical
pyramidal neurons are established during migration [4]. After pyramidal neurons settle at
appropriate positions, they further differentiate by creating extensive branches of apical and
basal dendrites and forming spines to establish functional connectivity [5]. Abnormalities in
dendritic polarity and arborization in a neural network lead to structural and functional brain
defects, and are implicated in neurodevelopmental disorders such as autism and intellectual
disability [6-9].

Transcriptional regulation by epigenetic mechanisms is a key process in brain development
and essential to modulate neuronal morphology required for neural circuit formation in

the brain [10]. Histones can be post-translationally modified by epigenetic mechanisms
including acetylation and methylation and eventually modulate gene transcription [11,12].
WDRS5 is a member of the WD40-repeat protein family and works for post-translational
modifications on histone proteins [13,14]. As a core adaptor protein of the MLL histone
methyltransferase (HMTs) complex, WDRS5 participates in recruiting the HMT complex to
histone H3K4 in target genes, leading to H3K4 tri-methylation [15,13]. Additionally, WDR5
directly associates with histone acetyltransferases (HATSs) complexes and is required for
acetylation at histone H4K16 [16]. WDR5-mediated H3K4 tri-methylation is necessary for
HAT complex recruitment and the subsequent increase in acetylation of H4K16 [17].

WDR5 defects is involved in Kabuki Syndrome has been identified by multiple congenital
abnormalities that mostly exhibit developmental delay, intellectual disability, autism [18].
Moreover, de novo mutation of WDR5 affects childhood apraxia of speech (CAS), also
known as developmental verbal dyspraxia [19]. WDR5 is component of Complex Proteins
Associated with Setl, also known as COMPASS which supports a link between histone
methylation and chromatin remodeling during neurodevelopment [20]. X-linked mental
retardation-linked CUL4B mutations resulted in the accumulation of WDR5 and H3K4
tri-methylation on the neuronal gene promoters and induce neurite extension [21].

We report that WDRS5 is required for cortical neuronal positioning and dendrite polarity
during brain development. Expression of reelin receptors is associated with the WDR5
function in neuronal development. In concert with other HMT factors such as HOXA
transcript at the distal tip (HOTTIP), WDR5 epigenetically modifies histone molecules to
influence reelin signaling and regulates neuron migration and dendrite differentiation. Our
findings reveal a novel function of WDRS5 in pyramidal neuron development in the brain.
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Results

WDRS5 is required for pyramidal neuron positioning in the developing brain

To explore the role of WDRS5 in neuronal development, we first assessed WDR5 expression
in the developing mouse brain. At embryonic day (E) 15.5, WDR5 was broadly expressed
in the cerebral cortex (Figure 1A). However, at postnatal day (P) 14, WDRS5 was highly
accumulated at the upper layer (I11-1V) of the cerebral cortex. In co-immunostaining of
cortical sections with a NeuN antibody, WDRS5 appeared to be expressed exclusively in
neurons (Figure 1B). Co-labeling of WDRS5 with a MAP2 antibody in cortical cultures
confirmed the neuronal expression of WDRS5 (Figure 1C). These results show that WDR5
is expressed in cortical neurons during embryonic and postnatal brain development, and
suggest a potential role for the protein in neuronal development.

We tested whether WDRS5 plays a role in neuronal placement during cerebrocortical
development by examining the radial migration pattern of newly-born pyramidal neurons.
We used the RNAi-mediated knockdown approach to silence WDR5 expression in
embryonic pyramidal neural progenitors at the ventricular zone [22]. Either a plasmid
encoding non-silencing shRNA (control) or shWDRS5 was electroporated 7 utero into

the ventricles of E14.5 brains. These sShRNA constructs contain a GFP sequence in a
separate reading frame to label transfected cells. Five days after electroporation (E19.5),
most GFP-labeled pyramidal neurons migrated from the ventricular zone to the upper

layer of the cortex in control brains (Figure 2A, 2B). However, radial migration of
shWDR5-electroporated neurons was abnormal, as GFP-positive neurons were apparently
localized throughout cerebral cortical regions including deeper layers V and V1. To

exclude off-target effects of ShRNAs, we generated a recombinant DNA that contains a
shWDR5-resistant sequence (rWDRS5) with twelve silent mutations (Figure 2C). To validate
the rwWDRS5 construct, we co-transfected rwWDR5 and shWDR5 in HEK 293T cells and
measured WDR5 levels by Western blotting. Co-overexpression of rWDR5 suppressed
shWDR5-mediated knockdown of WDRS5 (Figure 2D). /n utero co-electroporation of
rWDRS5 reversed the inhibitory effect of sShWDRS5 on radial neuronal migration (Figure

2E, 2F). Before migration, pyramidal neurons undergo a transition from a multipolar to a
bipolar morphology stage in the intermediate zone [23,24]. WDR5 knockdown by shWDR5
markedly decreased the multipolar to bipolar transition of pyramidal neurons. Co-expression
of rWDR5 rescued the abnormal transition caused by shWDRS5 in the 1Z (Figure 2E, 2G).
Together, these data demonstrate that pyramidal neurons require WDRS5 for their radial
migration and bipolar morphogenesis during cortical development.

WDRS5 regulates dendrite polarity in cortical pyramidal neuron

We investigated dendrite morphogenesis of pyramidal neurons in the control and WDR5-
deficient condition after /in utero electroporation of a control ShRNA or sShWDRS. In

control brains, pyramidal neurons developed a single, long primary apical dendrite extending
toward the pial surface, and several thin basal dendrites. However, WDR5-deficient neurons
lost this long apical dendrite and developed several short dendrites (Figure 3A, 3B and
Supplemental Figure 1A, 1B). /n utero co-electroporation of rWDRS rescued the inhibitory
effect shWDRS5 had on dendrite development (Figure 3A, 3B). The numbers of total and
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primary apical dendrites were markedly increased in WDR5-deficent neurons compared to
control pyramidal neurons (Figure 3C and Supplemental Figure 1C). Also, the lengths of
primary apical and total apical dendrites were significantly decreased in WDR5-deficient
neurons. However, the length of basal dendrites was increased in WDR5-deficient neurons.
Co-expression of r'WDR5 together with shWDR5 rescued the abnormal dendrite length
and number in the shWDRS5 condition. Additionally, we observed contrasting orientation
patterns of apical and basal dendrites between control and WDR5-deficient neurons.
Control neurons generally extended apical dendrites toward the pial surface, however,
WDRS5-deficient neurons showed wider angles of apical dendrite extension from the vertical
midline, and developed multiple dendrites lacking specific orientation (Figure 3D). The
orientation of basal dendrites did not appear to be different between control and WDR5-
deficent neurons. But, WDR5-deficient neurons developed longer basal dendrites compare
with control neurons (Figure 3D). Furthermore, WDR5-deficiency led to a decrease in the
thickness of their main apical dendrites compared to those from control pyramidal neurons
(Figure 3E, 3F). Next, we assessed dendritic development within cortical layer 1. In control
brains, dendritic tufts from layers 11/111 pyramidal neurons expanded into cortical layer |
and attached to the pial surface of the cortex. However, in WDR5-deficient brains, dendritic
branches of pyramidal neurons from layer I1/111 extended into layer | but did not anchor
into the pial surface (Supplemental Figure 2A). The number of dendritic branches on the
pial surface was markedly decreased in WDR5-deficient neurons while the branch number
in layer | was increased, compared to the numbers in controls (Supplemental Figure 2B).
Together, these results suggest a requirement for WDR5 in apical dendrite polarity and
orientation in cortical pyramidal neurons during development.

Altered dendritic spines and synapses in WDR5-deficient neurons

Dendritic spines are small protrusions from dendrites that play critical roles in synaptic
formation and transmission. Abnormal dendritic development in the WDR5-deficient
condition led us to examined dendritic spines and synapses. Control or shWDRS5 constructs
were transfected into cultured cortical neurons at 5 DIV. Cultured neurons were fixed at

14 DIV and dendritic spines were assessed. Similar to the /n7 utero electroporation findings,
WDRS5-deficient neurons in culture presented a decrease in the thickness of dendrites,
compared to control neurons (Figure 4A, 4B). However, the number of dendritic spines
was increased in WDR5-deficient neurons (Figure 4A, 4B). Abnormal spines were found
in WDR5-deficient neurons as they were filopodia-like in appearance and did not form
full-sized spine heads (Figure 4C, 4D). Next, excitatory and inhibitory synapses were
investigated in control and WDR5-deficient neurons using immunostaining with antibodies
to vGlutl (excitatory) and VGAT (inhibitory). WDR5-deficient neurons exhibited an increase
in the number of excitatory synapses compared to controls whereas they showed no change
in the inhibitory synapse number (Figure 4E, 4F). As a result, the balance of excitatory

and inhibitory synapses was impaired in the WDR5-deficient condition (Figure 4G). These
results reveal that WDRS is an important regulator of excitatory synapse formation and
suggest that WDRS5 dysfunction is linked to imbalanced neurotransmission.
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WDR5 promotes expression of reeling signaling genes

Reelin signaling plays an essential role in dendrite growth and neurite orientation of cortical
and hippocampal neurons [25,26]. Considering WDR5’s established function in histone
modification, we tested whether WDRS5 influences transcription of reeling signaling genes.
We first measured mRNA levels of reelin receptors ApoER and VIdIR as well as relevant
signaling components CDH2, LimK and CDKS5 in cultured cortical neurons after WDR5
knockdown. The levels of ApoER, VIdIR, LimK and CDK5 mRNAs were reduced in
WDRS5-deficient neurons, compared to those in control cells (Figure 5A, 5B). We also
assessed other genes related to dendrite development. WDR5-deficient neurons showed
reduced levels of BTBD3, NRG1, NPTN, AURKA and Shank3 mRNAs,, compared to
controls (Figure 5A, 5B). Next, we examined whether WDR5 directly binds to target gene
promoters (Figure 5C). We performed a ChIP assay with a WDR5 antibody followed by
amplification of the ApoER or VIdIR promoter region using PCR. We found that WDR5
indeed physically interacted with the ApoER or VIdIR promoter (Figure 5D). We also
investigated whether WDR5-deficiency affects epigenetic modification of histones at reelin
receptor promoters. ChIP assay was performed using the methyl-H3, acetyl-H3 and acetyl-
H4 antibodies combined with PCR. WDR5-deficient neurons showed decreased levels of
acetylated Histone H3 and H4 at the target gene promoters compared to control neurons
(Figure 5SE-5H). Moreover, the level of tri-methyl-Histone H3K4 at the reelin receptor
promoters was decreased in the mutant condition. However, the tri-methyl-Histone H3K9
level did not appear to be different between the control and WDR5-deficient condition.

WDRS5 interacts with histone modifying proteins and IncCRNA, HOTTIP in cortical neurons

We sought to identify WDR5 partners that form a histone modifying complex in the
cerebral cortex. Cortical lysates were co-immunoprecipitated with a WDR5, ASH2L or
KANSL1 antibody, and subsequently subjected to immunoblotting. We found that WDR5
was physically bound to ASH2L (Figure 6A). ASH2L belongs to the Set1/Ash2 HMT
complex that specifically methylates Lys-4 of histone H3. The co-immunoprecipitation
analysis also revealed that WDRS5 interacted with a H4 HAT component, KANSL1 (Figure
6B). WDR5 has been shown to bind a gene expression enhancer, INcRNA HOTTIP [16,27].
Thus, we examined whether HOTTIP interacts with the WDRS5 histone modifying complex
by using the RNA immunoprecipitation (RNAIP) assay. We found that the IncRNA was a
part of the histone modifying complex containing WDR5, ASH2L and KANSL1 (Figure
6C). Next, we tested whether WDRS5 plays a role in the interaction between HOTTP

and ASH2L.. Using control and WDR5-deficient cortical cells, RNAIP was performed and
resulted in a decreased binding affinity of the IncCRNA and ASH2L (Figure 6D, 6E). WDR5
knockdown reduced the HOTTIP affinity to KANSL1 as well (Figure 6F, 6G). Finally, we
assessed whether HOTTIP is required for the expression of reelin signaling components.

In HOTTIP-deficient cortical neurons, the levels of ApoER and VIdIR were decreased
compared to the levels in control cells (Figure 6H, 61). The ChIP assay showed that histone
H4 acetylation was suppressed at the ApoER promoter in HOTTIP-deficient neurons (Figure
6J, 6K). The WDR5 association with the promoter was also decreased compared to the level
in controls. Similarly, HOTTIP knockdown led to reductions in histone H4 acetylation and
WDRS5 binding at the VIdIR promoter (Figure 6L, 6M).
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HOTTIP regulates cortical dendrite arborization and polarity during development

We investigated the role of HOTTIP in dendrite development in cortical pyramidal neurons.
We in utero electroporated either a control ShRNA or shHOTTIP construct into E14.5
embryos and assessed dendritic morphology at P14. In control brains, pyramidal neurons
developed a single, long primary apical dendrite extending toward the pial surface, and
several short basal dendrites. However, HOTTIP-deficient neurons lost this long apical
dendrite and instead showed several short apical dendrites (Figure 7A, 7B). The number of
primary apical dendrites was markedly increased in HOTTIP-deficient neurons compared

to the number in controls (Fgure 7C). The lengths of primary apical, total apical, and total
dendrites were significantly decreased in HOTTIP-deficient neurons. However, the length of
basal dendrites was increased in HOTTIP-deficient neurons. Furthermore, HOTTIP-deficient
neurons did not develop apical dendritic tufts and showed wider angles of apical dendrite
extension from the vertical midline (Figure 7D). These results suggest that HOTTIP is
important of dendrite polarity and orientation in cortical pyramidal neurons.

Discussion

We provide evidence that WDRS5 is required for dendrite outgrowth, polarity and dendritic
spine formation in brain development. We also demonstrate that WDR5 and its IncRNA
partner HOTTIP cooperatively play a key role in histone epigenetic modification to regulate
reelin receptor expression. A schematic model of target gene regulation and dendrite polarity
in the absence or presence of WDRS5 is presented in Figure 8. Our findings provide insights
into the pathogenic mechanism underlying WDR5-related neurodevelopmental disorders.

WDRS5 is involved in cell morphology changes and differentiation [13].However, there

has been no information available about the neuronal placement and polarity in which
neurons find their destination and establish functional connections in the developing brain.
We show that WDR5-deficient neurons are defective in neuronal migration during cortical
development. Notably, WDR5-deficiency suppresses the multipolar-to-bipolar transition that
is an essential step for pyramidal neurons to actively initiate radial migration [28,24]. The
apical leading process of the bipolar extension renders the direction, creates appropriate
force to maintain neuron migration, and further participates in differentiation into apical
dendrites after arrival at their final destination [29]. Normally, cortical pyramidal neurons
develop one long apical dendrite and anchor the dendrite to the pial surface [30,31].
However, WDR5-deficient neurons display thin, short, and disoriented multiple apical
dendrites. Moreover, they do not extend their apical dendrites to the pia. Thus, the
impaired multipolar-to-bipolar transition appears to be a major factor for the polarity
defect, which is the absence of the long and thick apical primary dendrite in the WDR5-
deficient pyramidal neurons. WDR5-deficient neurons make dendritic branches irregularly
in layer | of the cerebral cortex. Cortical layer | is a critical region to integrate neuronal
circuit information from layer I1/111 neurons [32]. Also, layer I receives long-range inputs
from multiple brain regions, including thalamic areas [33,34], as well as local inputs

from GABAergic interneurons [35,36]. Abnormal dendrite architecture could contribute to
neurodevelopmental and psychiatric disorders such as Down syndrome, fragile X syndrome,
Angelman syndrome, Rett syndrome, autism, and schizophrenia [8,37,38]. Furthermore,
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dendritic abnormalities in cortical pyramidal neurons are the most consistent pathologic
correlate in intellectual disability [39]. We demonstrate that WDRS5 is crucial for the
polarized architecture of dendrites in upper cortical layers. Our findings provide insights
into the pathogenesis underlying WDR5-associated neurodevelopmental disorders such as
Kabuki syndrome and Kleefstra syndrome.

We show that WDRS5 controls dendritic spine morphogenesis. WDR5-deficient neurons
display a significant increase in the number of their spines. Importantly, WDR5-deficient
neurons predominately form filopodia-like, immature spines. Dendritic spines are small,
highly matile structures on dendritic shafts that are major sites of excitatory synapses

in the brain [40]. Filopodia-like spines and thin-headed spines have been reported in

some intellectual disability conditions such as human fragile-X syndrome and its mouse
models [41,42]. Consistent with spine defects, WDR5-deficient neurons show abnormal
excitatory synapses. Altered spine and synapse morphology connect to the changes in
synaptic transmission [43,44]. Moreover, imbalance of excitatory and inhibitory synapses
is correlated with disrupted neural transmission [45]. Our results indicate that WDR5 is
required not only to provide a correct local environment for neural transmission via dendritic
polarity but to present structural building blocks as spines for synaptogenesis. It remains to
be investigated if the WDR5 effect is specific to pyramidal neurons or it broadly influences
to other cell types.

Our data show that WDRS is associated with reelin signaling in developing cortical neurons.
Reelin signaling regulates neuronal migration and dendritic growth in cortical pyramidal
neurons [25,46,47]. Moreover, reelin signaling induces dendrite polarity and enhancement
of apical dendritic growth [48,26,49]. Our results present aberrant dendrite polarity in
WDRS5-deficient pyramidal neurons, which greatly resemble the dendritic morphology of
multiple apical dendrites in an abnormal condition of reelin signaling [50]. Our data also
show that WDRS5 directly interacts with the ApoER and VIdIR promoters and that WDR5-
deficient neurons have reduced acetylation of Histone H3 and H4, and trimethylation of
Histone H3K4 at the target gene promoters. Furthermore, IncRNA, HOTTIP modulates the
interaction between WDRS and a histone modification complex at target gene promoters.
Acetylation of histone H3 is relevant to neurite outgrowth since it mediates transcriptional
activation of genes associated with neurite development [51]. Methylation of H3K4 is
involved in maintaining both the self-renewal and differentiation capacity of postnatal neural
stem and progenitor cells [52]. IncRNAs control differentiation and self-renewal [53] and
IncRNA HOTTIP recruits MLL1 through an interaction with WDRS5 to distal #OXA genes
in human fibroblasts [27]. By promoting expression of reelin signaling genes via epigenetic
histone modification around those gene loci, WDRS5 appears to contribute to the positioning
and differentiation of pyramidal neurons. It will be interesting to elucidate whether WDR5
cooperates with BAF chromatin remodelers such as ARID1B [54] to regulate histone
epigenetics and neuronal differentiation. Our data suggest a potential epigenetic mechanism
responsible for cortical dendritic development.
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Materials and Methods

Plasmids

shRNAs were designed by targeting a sequence (5’-GCGTGGTCATCAGATTCTAAC-3’)
and its complement for shWDR5 and a sequence (5’-GCACAAGCGTAGTGAAATACA-3)
and its complement for shHOTTIP. These sequences were cloned into a modified pSuper-
Basic vector as previously described [55,56] and pLVX-shRNAZ2 vector (Takara Bio). For
control, non-silencing sShRNAs were generated using scrambled targeting sequences (5’-
GCTTACTCCCCGAGCAACATA-3’ and 5’-GCCCAGACTACTCTCACAGAT-3").WDR5
coding sequence was prepared by PCR using cDNA from the mouse brain as a template.
The fragment was then digested with BamHI (EcoRI) and Xhol (Xbal) (Thermo Fisher
Scientific) and ligated into the overexpression vector pcDNA3.1 (Thermo Fisher Scientific).
A WDR5 mutant construct that is resistant to shWDR5 was generated by site-directed
mutagenesis of 12 nt at wobble positions.

Immunostaining

Immunostaining of brain sections or dissociated neural cells was performed as described
previously [57,58]. The following primary antibodies were used: Mouse anti-WDR5
(Abcam, AB56919), and rabbit anti-Neu N (Abcam, AB 104225), rabbit anti-c-Myc
(Abcam, AB39688), chicken anti-MAP2 (Abcam, AB5392), chicken anti-GFP (Thermo
Fisher Scientific, A10262), rabbit anti-GFP (Thermo Fisher Scientific, A11122), rabbit
anti-RFP (Abcam, AB62341), guinea pig anti-vGlut (EMD Millipore, AB5905), and rabbit
anti-vGAT (EMD Millipore, AB5062P). Appropriate secondary antibodies conjugated with
Alexa Fluor dyes (Thermo Fisher Scientific) were used to detect primary antibodies.

In utero electroporation

In utero electroporation was performed as described previously [59]. Briefly, timed pregnant
female mice from E14.5 of gestation were deeply anesthetized, and the uterine horns were
gently exposed by laparotomy. The lateral ventricles of an embryonic brain were injected
with plasmid DNA (2 pg/ul) and 0.001% fast green (Sigma-Aldrich) using a Picospritzer

Il (Parker Hannifin). Electroporation was achieved by placing two sterile forceps-type
electrodes on opposing sides of the uterine sac around the embryonic head and applying

a series of short electrical pulses using a BTX ECM 830 electroporator (Harvard Apparatus)
(five pulses with 100 ms length separated by 900 ms intervals were applied at 45 V).

Morphometry

Dendrite morphology assessment was performed as described previously [22][60]. For the
quantification of lengths, numbers, or widths of GFP-positive dendrites, images of 20
different brain sections at periodic distances along the rostrocaudal axis were taken with
Zeiss LSM710 confocal microscope. Ten mice were used for each experiment (control mice,
n=5; mutant mice, 7= 5). Dendritic morphology in cultured neurons was also assessed
with the microscope. More than 20 fields scanned horizontally and vertically were examined
in each condition. Cell numbers are described in figure legends. The images were analyzed
using ZEN (Zeiss), LSM image browser (Zeiss), and ImagelJ. Apical dendrite lengths were
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assessed from the proximal emerging point to the distal tip of an obvious apical tuft. Basal
dendritic lengths were measured from the proximal branching point of a pyramidal cell base
to the distal end of the basal dendrite. Apical dendrite width (thickness) was assessed at

the proximal emerging point of the GFP-positive apical tuft. The calculated values were
averaged, and some results were recalculated as relative changes versus control.

Primary neuron cultures

Primary neuronal culture was performed as described previously [61,62]. Briefly, cerebral
cortices from E13.5-16.5 mice were isolated and dissociated with trituration after trypsin/
EDTA treatment. The cells were then plated onto poly-D-lysine/ laminin-coated coverslips
and cultured in a medium containing neurobasal medium, 5% serum, B27 supplements and
N2 supplements.

Cell transfection

Mouse cortical neurons were transfected with various plasmids as described in previous
papers [63,64]. Embryonic cortices were dissociated and suspended in 100 pl of Amaxa
electroporation buffer containing 1-10 ug of plasmid DNA. Then, suspended cells were
electroporated with an Amaxa Nucleofector apparatus. After electroporation, cells were
plated onto coated coverslips and the medium was changed 4 hours later to remove

the remnant transfection buffer. For transfecting DNA constructs into attached cells,
lipofectamine (Thermo Fisher Scientific) mediated transfection was performed according
to the manufacturer’s protocol.

Western Blotting

Western blotting was performed as described previously [65,66]. Cellular lysates from
cultured neurons were prepared using RIPA buffer. Proteins were separated on 4-12% SDS-
PAGE gradient gel and transferred onto a nitrocellulose membrane. Then the membrane

was incubated with rabbit anti-WDR5 (Abcam, AB56919), rabbit anti-Histone H3 (Cell
signaling, #4499), rabbit anti-acetyl-Histone H3 (Abcam, AB4441), rabbit anti-acetyl-
Histone H4 (Abcam, AB109463), rabbit anti-tri-methyl-Histone H3 (Lys4) (Cell signaling,
#9571), rabbit anti-tri-methyl-Histone H3 (Lys4) (Cell signaling, #9754), rabbit anti-ASH2L
(Protein Tech, 12331-1-AP) and rabbit anti-KANSL1 (Aviva, ARP55255 P050) antibody

at 4°C overnight. Appropriate secondary antibodies conjugated to HRP were used (Cell
Signaling Technology) and the ECL reagents (Thermo Fisher Scientific) were used for
immunedetection. For quantification of band intensity, blots from 3 independent experiments
for each molecule of interest were used. Signals were measured using Image J software and
represented by relative intensity versus control. GAPDH was used as an internal control to
normalize band intensity.

Reverse transcription PCR

RNA was extracted from cultured neurons using TRIZOL reagent (Thermo Fisher
Scientific), and cDNA was synthesized from 1 ug of total RNA using oligo-dT and
random hexamers using the Verso cDNA synthesis kit (Thermo Fisher Scientific). A
measure of 1 pl of cDNA was used in reverse transcription PCR using Master Mix
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(Promega Life Sciences). The sequences of the primers used were WDR5 forward
5-CTCCTTGTGTCTGCCTCTGA-3" and reverse 5'-GACCCTGAGACGATGAGGTT-3’,
HOTTIP forward 5’ - TCTGGCTCTGTTTGGTTTCTC-3" and

reverse 5’ - CTAGCTGGAAAACTTCGGAGG-3’, ApoER forward 5’-
CCTCATCTGGAGGAACTGGA-3’ and reverse 5'-TGCTGGTCTCCCCAAGACA-3’,
VIdIR forward 5 -GAAGTCAGTGTTCCCCCAAA-3” and

reverse 5'-CAGAAGCGCTGTGTCTACCA-3’, CDH2 forward 5’-
GAGAGGCCTATCCATGCTGA-3” and reverse 5'-ACCGCTACTGGAGGAGTTGA-3’,
LimK forward 5"-ATGAGGTTGACGCTACTTTGTTG-3" and

reverse 5'-CTACACTCGCAACAGCACCTGAA-3’, CDKS5 forward 5'-
GTGACCTGGACCCTGAGATT-3" and reverse 5'-GGGCTTCAGGTCCCTATGTA-3’,
BTBD3 forward 5'-GACGGATCCAGCAATACCTT-3" and reverse 5'-
GTCACCTTGCCACACTGAAC-3’, NRG1 forward 5'-CAGCTCATCACTCCACGACT-3’
and reverse 5'-TGTGCCTGCTGTTCTCTACC-3’, NPTN forward 5’-
CCAGCAACATGGAGTACAGG-3” and reverse 5-TCACTTCAATGGTGGCATTT-3’,
AURKA forward 5 -CAGAAACTTGGAGCAGGTCA-3 and

reverse 5’ -TTGTGTCTTCGGTCTTCTGC-3’, Shank3 forward 5'-
ACCATCCTCAAGTCGTCCAG-3" and reverse 5'-CACATCGAACTTGCTCCAGA-3’,
GAPDH forward 5"-AAGGTCATCCCAG AGCTGAA-3" and reverse 5’-
AGGAGACAACCTGGTCCTCA-3’.

The ChlIP assay was performed using the Magna-CHIP™ A chromatin
immunoprecipitation kit (EMD Millipore), followed by PCR as previously
described [67]. rabbit anti-1gG (Santa Cruz Biotechnology, sc-66931), rabbit
anti-WDR5 ( Abcam, AB56919), or rabbit anti-acetyl-Histone H3 antibody
(Abcam, AB4441) was used. The primers for amplifying the promoter regions
from the precipitated fractions were 5"- AGTCAGGGGAGCAGCGGTGCG-3’
(ApoER forward), 5-CCCCATCTCGGAGCCGCCTCT-3" (ApoER

reverse), 5'- GCACGCACGCTGCCACTTGCC-3” (VIdIR forward),
5'-GGGAACGGCGCGGGCGGCGGG-3” (VIIR reverse), 5'-
ACACCCAACCAGGTCAGAGCCG-3’ (CDKS5 forward), and 5”-
CCAGGAAGCATCGCGTGTCGGG-3" (CDKS5 reverse).

RNA immunoprecipitation

RNA immunoprecipitation was performed using a Magna RIP RNA-binding protein
immunoprecipitation kit (EMD Millipore) according to the manufacturer’s instructions.
Rabbit anti-WDR5 (Abcam, AB56919), rabbit anti-ASH2L (Protein Tech, 12331-1-
AP) and rabbit anti-KANSL1 (Aviva, ARP55255 P050) antibodies were used. Co-
precipitated RNAs were detected by reverse transcription PCR. The primers used

were HOTTIP forward 5'- TCTGGCTCTGTTTGGTTTCTC-3” and reverse 5’-
CTAGCTGGAAAACTTCGGAGG-3".
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Statistical analysis

Normal distribution was tested using Kolmogorov—-Smirnov test and variance was compared.
Unless otherwise stated, statistical significance was determined by two-tailed unpaired
Student’s t-test for two-population comparison and one/two-way analysis of variance
followed by Bonferonni correction test for multiple comparisons. Data were analyzed using
GraphPad Prism (GraphPad Software) and presented as mean (+/-) SEM. P values were
indicated in figure legends. To determine and confirm sample sizes (), we performed a
power analysis. The values for the power (1-p) and the type | error rate (o) were 0.8

and 0.05 (or 0.01), respectively. Each experiment in this study was performed blind and
randomized.
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Figure 1. Expression patterns of WDR5 in the developing cortex
(A) Expression of WDRS5 in embryonic and postnatal mouse brains. Immunostaining for

WDR5 showed that the protein was broadly expressed in the embryonic mouse brains.

In postnatal mouse brains, WDR5 was highly expressed in the upper-layer cortical plate.
Scale bar, 50um, 150um. CP, Cortical plate; 1Z, intermediate zone, VZ, ventricular zone,
SVZ, subventricular zone; 11-V1, cortical layers 11-V1. (B) WDR5 immunostaining in NeuN-
positive cells in postnatal mouse brains. WDR5 was highly expressed in upper-layer cortical
neurons at P14, suggesting roles for WDR5 in neuron differentiation. Scale bar, 25um. (C)
WDRS5 immunostaining in MAP2-positive neurons in culture. Scale bar, 10um.
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Figure 2. WDR5-suppressed neurons exhibit a defect in neuronal migration to the cortical Plate
(A) shRNA-mediated WDR5-supression induced abnormal localization of electroporated

cells in the brain. E14.5 mouse brains were electroporated /n7 utero with nonsilencing
shRNA (control) or shWDR5 construct. ShRNAs encoded GFP in a separate reading frame
for a labeling purpose. The brain samples were collected at E19.5 stages. GFP-positive

or RFP-positive cells were visualized in the lateral cerebral cortex. Scale bar, 50um.

(B) Quantification of neuron positions throughout the cerebral cortex. n=5 mice for each
condition. Statistical significance was determined by two-way ANOVA with Bonferonni
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correction test. Data shown are mean (+/-) SEM. Stars indicate significant difference

when compared with controls. *p < 0.05, ***p < 0.001. (C) lllustration showing the silent
mutations in the shWDR5-resistant construct of WDRS5. The twelve silent mutations (red)
in the shWDR5-target sequence (blue) of the WT WDR5 amino acids (black), which confer
resistance to the shWDRS5 and no change in the amino acid sequence compared with the
WT WDRS5. (D) Western blot showing insensitivity of rWDR5 versus sensitivity of WT
WDR5 to shWDRS5. The proteins were exogenously expressed in HEK 293T cells. n=3
independent experiments for WDR5 expression in HEK 293T cells. (E) Co-expression of
rWDRS5 construct restored the inhibitory effect of sShWDRS5 in pyramidal neural migration.
Control shRNA or shWDR5 or shWDR5 with rWDR5 plasmid were electroporated /n
uterointo E14.5 mouse embryos and observed neural migration and multipolar to bipolar
transition of pyramidal neurons at E17.5. Scale bar, 50um, 25um. (F) Quantification of
neuron positions throughout the cerebral cortex. n=5 mice for each condition. Statistical
significance was determined by two-way ANOVA with Bonferonni correction test. Data
shown are mean (+/-) SEM. Stars indicate significant difference when compared with
controls. ***p < 0.001. (G) Co-expression of r'WDR5 construct rescued the inhibitory
effect of sShWDR5 in multipolar to bipolar transition. Quantification of numbers either
multipolar or bipolar neurons in 1Z. n=5 mice for each condition. Statistical significance was
determined by two-way ANOVA with Bonferonni correction test.
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Figure 3. WDRS5 regulates dendritic polarity of cortical pyramidal neurons.
(A) Knockdown of WDRS inhibits primary apical dendrite development in pyramidal

neurons, and co-expression of r'WDRS5 construct restored the inhibitory effect of sShWDRS.
E14.5 embryos were electroporated /n utero with a control or shWDR5 or shWDRS5 and
r'WDR5 construct to target cortical pyramidal neurons. The electroporated brains were
collected at age P14 and dendrite morphologies in pyramidal neurons expressing GFP
were visualized. Scale bar, 25um. (B) Representative morphologies of control, shWDR5 or
shWDR5 + rWDRb5-expressing pyramidal neurons with their dendrite formation. (C) The
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numbers and lengths of dendrites were quantified. n=5 mice for each condition. Statistical
significance was determined by one-way ANOVA with Bonferonni correction test. *p <
0.05, **p < 0.01, ***p < 0.001. (D) Knockdown of WDR5 shows abnormal orientation
of apical dendrites in pyramidal neurons. The numbers on the outer circle indicate the
degrees of angles from the right horizontal line. The numbers inside of the outer circle
show the lengths of dendrites. n=50 cells from 5 mice for each condition. (E) Knockdown
of WDR5 shows thin primary apical dendrite in pyramidal neurons. Arrowheads show the
primary apical dendrite of pyramidal neurons. Scale bar, 10um. (F) The width of main
apical dendrites was quantified. n=5 mice for each condition. Statistical significance was
determined by two-tailed Student’s t-test. ***p < 0.001.
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Figure 4. Knockdown of WDRS5 leads to abnormal formation of dendrite and dendritic spines.
(A) WDR5-suppressed neurons exhibited decreased width of secondary dendrites, however,

the number of dendritic spines did not appear to be different between control and WDR5-
suppressed neurons. Cortical neurons from E15.5 mice were cultured for 14 d after
transfecting them with control ShRNA or shWDR5. Scale bar, 25um, 5um. (B) The width

of secondary dendrites and the number of dendritic spines was quantified. n=100 dendrites
from 30 primary cultured cortical neurons for either control and WDR5-suppressed neurons.
Statistical significance was determined by two-tailed Student’s t-test. ***p < 0.001. (C)

Mol Neurobiol. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kaetal.

Page 22

Higher magnification images of dendritic spines. WDR5-supressed neurons show aberrant
dendritic spines. Arrowheads show the dendritic spines in secondary dendrites of cultured
cortical neurons. (D) The lengths, and sizes of spines were quantified. n=45 cells from

3 independent cultures using 3 mice. Statistical significance was determined by two-
tailed Student’s t-test. ***p < 0.001. (E) Knockdown of WDRS5 reduces the number of
excitatory and inhibitory synapses. Excitatory and inhibitory synapses were assessed by
immunostaining with vGlutl and vGAT antibodies. Scale bar, 5um. (F) The numbers of
synapses were quantified. n=45 cells from three independent cultures using three mice.
Statistical significance was determined by two-tailed Student’s t-test. ***p < 0.001. (G)
Knockdown of WDRS5 changes the balance of excitatory and inhibitory synaptic puncta.
n=45 cells from 3 independent cultures using 3 mice. Statistical significance was determined
by two-tailed Student’s t-test. ** P<0.01.
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Figure 5. WDRS5 regulatesreelin signaling via regulating reelin signaling components expression
(A) Knockdown of WDRS decreases the transcript levels of Reelin signaling components

and neurite development related genes. Cortical neurons from E15.5 mice were cultured
and infected with a lentivirus encording control or shWDR5 at 5 DIV. Cellular lysates from
the cultures at 14 DIV were subjected to RNA isolation and RT-PCR. (B) Quantification

of transcript levels of (A). The relative levels of the genes were normalized to GAPDH
expression. The band intensities were measured using Image J software. n=3 independent
primary cultured cortical neurons using 3 mice. Statistical significance was determined
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by two-tailed Student’s t-test. *p < 0.05, **p < 0.01. (C) Illustration showing the CHIP
assay of target gene promoter region. (D) WDR5 directly interacts with ApoER, VIdIR and
CDKS5 gene promoter. ChIP assays were performed using primary cultured neurons. (E), (G)
WDR5 suppression significantly decrease the level of acetylated Histone H3 at the target
genes promoter. (F), (H) Quantification of (E), (G). The relative levels of the fold change
were normalized to input fraction of Acetyl-histone H3 levels at the target genes promoter.
n=3 independent primary cultured cortical neurons using 3 mice. Statistical significance was
determined by two-tailed Student’s t-test. *p < 0.05, **p < 0.01.
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Figure 6. WDRS5 regulates histone modification via interact with histone modification complex

and Inc RNA, HOTTIP

(A) WDRS5 and histone modification complexes interact with Inc RNA, HOTTIP. RNAIP
assays were performed using P14 brain lysates. (B) WDR5 interacts with H3K4
methyltransferase component, ASL2L. IP assays were performed using P14 brain lysates.
(C) WDRS binds with Histone H4 acetyltransferase component, KANSL1. IP assays were
performed using P14 brain lysates. (D), (F) Knockdown of WDRS5 reduces interaction

of Inc RNA, HOTTIP and ASH2L or KANSL1. Cortical neurons from E15.5 mice were
cultured and infected with a lentivirus encoding control or shWDRS5 at 5 DIV. Cellular
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lysates from the cultures at 7 DIV were subjected to RNAIP assays. (E), (G) Quantification
of transcript levels of (D), (F). The relative levels of the fold change were normalized to
input fraction of HOTTIP and GAPDH. n=3 independent primary cultured cortical neurons
using 3 mice. Statistical significance was determined by two-tailed Student’s t-test. *p <
0.05, **p < 0.01. (H) Knockdown of HOTTIP decreases the transcript levels of ApoER,
VIdIR and CDKS5 genes. Cortical neurons from E15.5 mice were cultured and infected with
a lentivirus encording control or shHOTTIP at 5 DIV. Cellular lysates from the cultures

at 14 DIV were subjected to RNA isolation and RT-PCR. (I) Quantification of transcript
levels of (H). The relative levels of the transcripts were normalized to GAPDH expression.
The band intensities were measured using Image J software. n=3 independent primary
cultured cortical neurons using 3 mice. Statistical significance was determined by two-tailed
Student’s t-test. *p < 0.05,**p < 0.01. (J), (L) HOTTIP suppression significantly decreases
the level of WDR5 and acetylated Histone H4 at the target genes promoter. (K), (M)
Quantification of (J), (L). The relative levels of the fold change were normalized to input
fraction of Acetyl-histone H3 levels at the target genes promoter. n=3 independent primary
cultured cortical neurons using 3 mice. Statistical significance was determined by two-tailed
Student’s t-test. *p < 0.05, **p < 0.01.
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Figure 7. Inc RNA, HOTTIP regulates dendritic polarity of cortical pyramidal neurons.
(A) Knockdown of HOTTIP inhibits primary apical dendrite development in pyramidal

neurons. E14.5 embryos were electroporated /n7 utero with a control or shHOTTIP construct
to target cortical pyramidal neurons. The electroporated brains were collected at age P14
and dendrite morphologies in pyramidal neurons expressing GFP were visualized. Scale
bar, 25um. (B) Representative morphologies of control or sShHOT TIP-expressing pyramidal
neurons with their dendrite formation. (C) The numbers and lengths of dendrites were
quantified. n=5 mice for each condition. Statistical significance was determined by two-
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tailed Student’s t-test. **p < 0.01, ***p < 0.001. (D) Knockdown of HOTTIP shows
abnormal orientation of apical dendrites in pyramidal neurons. The numbers on the outer
circle indicate the degrees of angles from the right horizontal line. The numbers inside of
the outer circle show the lengths of dendrites. n=50 cells from 5 mice for each condition.
Statistical significance was determined by two-tailed Student’s t-test. ***p < 0.001.
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Figure 8. A schematic model illustrating a role of WDR5 in dendrite polarity
(A) A schematic model of target gene regulation of WDR5. WDRS5 interact with Inc RNA,

HOTTIP and histone modification complexes and regulation of target gene transcription.
(B) WDR5 regulates apical dendrite polarity and extension. Control neurons elongate
single long apical dendrite toward the pial surface and branching their dendrites nearby
pial surface. In contrast, WDR5-suppressed neurons develop multiple apical dendrites and
branched irregularly their dendrite in cortical layer |
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