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Abstract

Autism spectrum disorders (ASD) are associated with defects in neuronal connectivity

and are highly heritable. Genetic findings suggest that there is an overrepresentation of
chromatin regulatory genes among the genes associated with ASD. ASH1 like histone lysine
methyltransferase (ASH1L) was identified as a major risk factor for ASD. ASH1L methylates
Histone H3 on Lysine 36, which is proposed to result primarily in transcriptional activation.
However, how mutations in ASH1L lead to deficits in neuronal connectivity associated with
ASD pathogenesis is not known. We report that ASH1L regulates neuronal morphogenesis by
counteracting the catalytic activity of Polycomb Repressive complex 2 group (PRC2) in stem
cell-derived human neurons. Depletion of ASH1L decreases neurite outgrowth and decreases
expression of the gene encoding the neurotrophin receptor TrkB whose signaling pathway
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is linked to neuronal morphogenesis. The neuronal morphogenesis defect is overcome by
inhibition of PRC2 activity, indicating that a balance between the Trithorax group protein
ASH1L and PRC2 activity determines neuronal morphology. Thus, our work suggests that
ASH1L may epigenetically regulate neuronal morphogenesis by modulating pathways like the
BDNF-TrkB signaling pathway. Defects in neuronal morphogenesis could potentially impair
the establishment of neuronal connections which could contribute to the neurodevelopmental
pathogenesis associated with ASD in patients with ASH1L mutations.

INTRODUCTION

Autism spectrum disorder (ASD) affects 1 in 44 children and represents a growing public
health concern worldwide. Between 50 to 75% of ASD cases are of unknown or complex
genetic etiology. One potential factor contributing to the complex etiology of ASD is the
disruption of epigenetic or chromatin regulatory mechanisms 1. Epigenetic mechanisms
entail the incorporation or removal of chemical modifications on histones or genomic
DNA that lead to the repression or activation of genes. Mutations in epigenetic regulators,
including histone and DNA methylators, have been associated with ASD 1 2, In particular,
there is a significant over-representation of chromatin regulators (over 40%) among genes
that contain high-risk variants for ASD, according to the SFARI curated database of
autism genes 3. Specifically, de novo truncating and missense mutations in the chromatin
regulator Absent, Small, Or Homeotic-Like (ASH1L) have been identified in large ASD
cohorts 46, Loss of function due to haploinsufficiency in ASHZL but not complete loss
of ASHLL protein appears to be the common determinant among the pathogenic variants
7. Furthermore, recent evidence suggests that ASH1L is associated with severe forms of
autism, as patients with mutations in ASH1L suffer from intellectual disabilities, speech
difficulties, seizures, and postnatal microcephaly (failure of the brain to grow postnatally)
8-10 Therefore, the human phenotypes associated with mutations in ASH1L suggest a major
role for this chromatin modifier during the development of neuronal connectivity.

ASH1L is a member of the Trithorax group of proteins. Trithorax proteins are major
regulators of embryonic development that are proposed to antagonize the activity of the
Polycomb repressor complex 11, In particular, ASH1L dimethylation on Histone H3 on
Lysine 36 (H3K36me2) antagonizes the activity of the Polycomb Repressor Complex

2 (PRC2) by preventing the trimethylation of Histone H3 on Lysine 27 (H3K27me3)

12,13 The function of PRC2 in neuronal development has been associated with cell

fate control of neurogenesis 14 15, and more recently, has been linked to neuronal
maturation, as its catalytic subunit Enhancer of Zeste Homolog 2 (EZH2) is proposed

to modulate neuronal arborization 6. In comparison to PRC2, the function of ASH1L

in neuronal development is largely understudied. We report an essential role for ASH1L

in neuronal morphogenesis. Using stem cell-derived human neurons 17-19, we show that
acute knockdown of ASHIL in forebrain cortical excitatory neurons reduces neurite growth
and arborization. One of the cellular mechanisms that underlie brain growth after birth

is the development of neuronal arbors; therefore, failure to form connections due to
reduced neuronal arborization could impair subsequent neuronal connectivity. The neuronal
arborization defect in ASHL1L deficient neurons correlates with enlarged phalloidin-positive
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structures at the growing ends of neurites, which could be indicative of stalled axon growth
or guidance defects. We propose that this regulation of neuronal growth is modulated by
counteracting epigenetic mechanisms between ASH1L and PRC2, as we can rescue the
ASHI1L associated neuronal morphogenesis defects by inhibiting the activity of the PRC2
complex protein EZH2 1120, Furthermore, we uncover ASH1L as a novel regulator of

the neurodevelopmentally important BDNF-TrkB signaling pathway, which is essential for
proper neuronal arborization during development 21, as well as synapse development and
function 22. We show that the levels of A'TRK?Z, the gene encoding the neurotrophin receptor
TrkB, are significantly decreased in human neurons deficient for ASH1L compared to the
other neurotrophin receptors. Downregulation of TrkB is sufficient to render the neurons
unable to respond to exogenous BDNF, as the neuronal morphogenesis phenotypes are not
rescued upon exposure to BDNF. Therefore, we propose that the deficit in TrkB expression
caused by ASH1L knockdown contributes to the defects in neuronal morphogenesis. Taken
together, we present evidence of ASH1L’s modulation of neuronal morphogenesis by
counteracting the activity of the PRC2 complex and by regulating the BDNF-TrkB signaling
pathway.

MATERIALS AND METHODS

Identification of ASH1L positive and negative correlated genes with functional enrichment

analysis

Gene expression data was obtained from the Allen Brain Atlas Developmental
Transcriptome Database (© 2010 Allen Institute for Brain Science. Allen Human Brain
Atlas. Available from: human.brain-map.org) 23 24. Transcriptome data was obtained

from RNA-sequencing and exon microarray hybridization that was generated across

13 developmental stages and 8-16 brain structures. (See Supplementary methods and
Supplementary Tables S1, S2 and S3). To identify genes with similar expression patterns

to ASHIL and other genes of interest in the study, the correlative search option within the
Developmental Transcriptome Database was used. This function finds genes with similar
expression patterns over the entire dataset or over a subset of structures and developmental
stages 23. We focused the correlative search on structures of the prefrontal cortex (PFC)
composed of the dorsolateral prefrontal cortex (DFC), ventrolateral prefrontal cortex and
the mediolateral prefrontal cortex at stages 8 to 37 weeks post conception (pcw) of prenatal
development. We also analyzed the DFC alone at stages 8 to 18 pcw. We identified genes
with either the highest positive correlation (r) (0.7<r < 1) or negative correlation (-1 <
r<-0.7) to ASHIL gene expression. To analyze the function of top positive or negative
correlated genes we used Toppgene software (https://toppgene.cchmc.org/enrichment.jsp) to
detect functional enrichment based on Transcriptome, Proteome, Ontologies (GO, Pathway),
Phenotype (human disease and mouse phenotype), and literature co-citation 25. Genes were
imported into the portal, and resulting functional enrichments were ranked by adjusted
p-value (Supplementary Tables S4, S5 to S8).

Reverse Transcriptase quantitative PCR (RT-gPCR) analysis of gene expression

Total RNA was harvested using a total RNA mini or micro-isolation kits (Qiagen
catalog #74104 or #74034) and was reverse transcribed to cDNA using the Superscript
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reverse transcription kit (Invitrogen catalog #18080-051), following manufacturer’s
recommendations. Gene expression levels were determined using SYBR green with IDT
designed primers (Supplementary Table S9) using a CFX96 Touch Real Time PCR
Detection System (BioRad). A detailed protocol is included in the supplementary methods.

Acute knockdown of ASHL1L in hESC derived human excitatory neurons

Stem cell cultures and neuronal differentiation were conducted as previously described

17,19, 26 ynless otherwise indicated human embryonic stem cell (hESCs) line H1 27 was
used to differentiate human cortical neurons for most of the experiments. In addition, human
induced pluripotent stem cell (iPSC) line 20B 28 was also used to differentiate human
cortical neurons for studies that analyzed gene expression for CREB pathway components.
For extensive methods used see supplementary methods section. ShRNA lentiviral constructs
targeting ASH1L, containing a puromycin resistance cassette were purchased from Sigma
(Supplementary Table S10). For each reaction, 400,000 human cortical neurons 17 between
days 28 to 30 were nucleofected with control or ASH1L shRNAs constructs using the X-unit
of the Amaxa nucleofector unit (Lonza, catalog # AAF1002X) per manufacturers protocol.
Neurons were subjected to puromycin selection a day after nucleofection and were harvested
72 hours (hrs.) post puromycin treatment unless otherwise indicated. A detailed protocol is
included in the supplementary methods.

Digital Droplet PCR (ddPCR) analysis of TrkB isoforms

To conduct ddPCR analysis, primers were custom designed for specific TrkB isoforms
(Supplementary Table S11). Primers and probes were purchased from IDT technologies.
ddPCR experiments were conducted using a QX200 Droplet Digital PCR (ddPCR™)
System — Bio-Rad. A detailed protocol is included in the supplementary methods.

Immunostaining and phalloidin staining of human forebrain cortical neurons

Nucleofected human neurons were fixed and immunostained with specific antibodies or
stained with phalloidin as previously described 29. A detailed protocol and antibody
information is included in the supplementary methods.

EZH2 and BDNF treatment of ASH1L knockdown neurons

To determine the capacity of exogenously added BDNF or EZH2 inhibitors to rescue the
ASHI1L associated neuronal phenotypes, we treated nucleofected neurons 48 hrs. after the
initial puromycin treatment with either BDNF (PeproTech, Catalog #450-02) at 10ng/ml

or EZH2 inhibitor EI1 (Sigma-Aldrich /Calbiochem, Catalog #5005610001) at 1.25 uM

and 2.5uM. For BDNF experiments, treatments were carried out for 72 hrs. as previously
described in studies with human neurons with defects in BDNF-TrkB signaling 1°. For
EZH2 inhibition experiments, treatments were carried out for either 72 hrs. or 120 hrs. based
on previously described studies on non-neuronal cells 30 and calculation of neuronal survival
at different dosages. After the initial treatment neurons were fed with half media changes
every other day containing the final concentration of either BDNF or EZH2 inhibitor (see
supplementary material for experimental detail).
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Image Acquisition

For neuronal arborization and growth cone studies images were taken using either a Leica
DMI3000 or DM6000 widefield fluorescence microscope. For analysis of phospho-CREB
signal, cells were imaged with conventional widefield microscopy with deconvolution. In
GFP-expressing neurons, super resolution images of the nucleus were taken using structured
illumination microscopy (DeltavisionOMX-SR). This technique was used to ascertain the
distribution of Phospho-CREB in the nucleus.

Image Analysis

Neuronal arborization: To analyze neuronal arborization parameters we utilized
Neurolucida 360 software and traced GFP stained neurons after confirming that they were
positive for B-111-Tubulin. The tracing was conducted on the GFP channel. Observers
carrying out the tracing were blinded to experimental conditions. The cell bodies were
detected using the “detect all soma” button on the cell body panel. The dendrites were then
traced by changing the controls to “user guided kernels”, following each dendrite starting
at the cell body. The complexity index (CI) measure considers changes in branch number,
length, and number of primary neurites 31. CI was calculated by Neurolucida software
based on the following equation: C/ = [Sum of sister branches emanating from the dendritic
segment between a particular terminal tip and cell body + Number of endings]*[Total
neurite length/Total Number of primary neurites].

Soma size: To analyze differences in cell body size, neuronal somas were manually traced
using image J software in the GFP channel after confirming that the cells were positive for
B-111-Tubulin.

Phalloidin positive structures: For this analysis we focused on regions at the ends

of the neurites that were stained for phalloidin. To quantify the size of the phalloidin
positive structures at the growing ends of neurites, we used ImageJ software to threshold the
images and draw regions of interest (ROI) around phalloidin stained areas to measure area,
perimeter, and integrated density of each ROI. The number of phalloidin positive areas was
counted simultaneously from the ROI.

Phospho-CREB nuclear translocation: To quantify the total content of phospho-
CREB translocated to the nucleus, we used ImageJ software. 16-bit Images for DAPI

and phospho-CREB were analyzed. ROIs were drawn around each nucleus in the DAPI
channel and then added to the ROl manager and loaded onto the phospho-CREB channel
and measured. A background area was also measured for each phospho-CREB image. Mean
fluorescent intensity (MFI) was calculated using the following formula: MF/ = Integrated
density of phospho-CREB — (phospho-CREB area*mean grey value background)

Neuronal marker analysis: To determine changes in neuronal cell fate overlay images
were analyzed using the cell counter function in ImageJ. Each channel or overlapping
channels were assigned to a specific counter category.
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Statistical Analysis

Unless otherwise specified, all data was analyzed using GraphPad statistical analysis
software and multiple groups were either analyzed using one-way ANOVA with multiple
comparisons without correction when compared to a single control or using a two-way
ANOVA with multiple comparisons without correction for multiple comparisons when
multiple treatments or conditions were compared or using paired or unpaired t-tests. A
summary of statistical parameters for each experiment is found in Supplementary materials
(Supplementary Table S12).

RESULTS

ASHL1L is dynamically expressed during human brain development

Because ASHIL is linked to ASD, we sought to determine the spatiotemporal expression
pattern of ASH1L in the developing human brain using available databases, as a determinant
of whether ASH1L could contribute to neuronal connectivity. Using transcriptome data from
human postmortem brain samples obtained from the Allen Brain Atlas 24, we analyzed

the expression of ASHIL during fetal development (Fig. 1A, Supplementary Table S1 to
S3 and Supplementary Methods). ASHIL showed the highest expression between pcw
9to 17 in prefrontal cortical (PFC) structures, including the dorsolateral, ventrolateral,

and medial prefrontal cortex (DFC, VFC, MFC). ASHL1L is an epigenetic regulator that
generally activates transcription 32 33, However, its function or the pathways that are
modulated by ASHL1L in neuronal development are not well understood. Therefore, we
analyzed genes that are either positively or negatively correlated by expression with
ASHIL to begin an analysis of the pathways that might be modulated by ASH1L during
neuronal development. We used a correlation coefficient algorithm provided by the Allen
Brain Atlas, which identifies the most highly positively or negatively correlated genes

with ASH1L by co-expression analysis. This was defined by a correlation coefficient (r)
greater than 0.7 for positive correlation or smaller than —0.7 for negative correlation.

We conducted the analysis within the three structures of the PFC, during the entire

prenatal window (8 to 37 pcw) and then more specifically the DFC during 8 to 18 pcw
(Supplementary Table S4). Using the most highly positively or negatively co-related genes
for either the PFC or DFC we conducted pathway analysis 2°. Analysis of the negatively
correlated genes (-1 < r < —0.7) showed an overrepresentation of genes associated with
mitochondrial function, RNA or Ribosomal biosynthesis and Mitochondrial associated
diseases like Leigh syndrome 34 in the PFC and DFC (Fig. 1B, Supplementary Fig. S1

and Supplementary Table S5-S6). In contrast, analysis of positively correlated genes in the
PFC showed enrichment of chromatin regulatory pathways (Fig. 1B, Supplementary Fig.
S1 and Table S7), while both the DFC and PFC showed an overrepresentation of genes
involved in neuronal projection development or morphogenesis, axonal or synaptic function,
intellectual disability, developmental delay, and autistic behaviors (Fig. 1B, Supplementary
Fig. S1 and Table S7-S8). Together, these findings, suggest a role for ASH1L in neuronal
morphogenesis. We decided to further interrogate this possibility by modeling neuronal
development using human stem cell derived cortical excitatory neurons (Fig. 1C) 17.
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Autism has a higher incidence in males than females 3°. To date, the majority of ASHIL
mutations have been reported in males with variable phenotypes 4 5: 9. 10. 36,37 Therefore,
we used male stem cells to generate human neurons. We differentiated WAQ1 (H1) male
human embryonic stem cells (hRESCs) 27 forebrain cortical excitatory neurons 7. We
analyzed ASH1L gene (Fig. 1D) and protein (Fig. 1E and Supplementary Figure S2A)
expression at day O for stem cells, at day 12 for neuroepithelial cells, at day 21 for
neuronal progenitor cells, just as neurogenesis starts in these cultures, and at day 30 when
deeper layer cortical excitatory neurons arise /n7 vitro (see supplementary methods). We
confirmed the /in vitro developmental stage of our cultures using the following markers:
NANOG for stem cells, PAX6 for neuronal progenitors, and MAP2 for mature neurons

in four independent experiments (Fig. 1D-E, Supplementary Table S9). We found that

at the mRNA and protein levels ASH1L was expressed throughout the four in vitro
developmental timepoints we analyzed (Fig. 1D-E). Taken together these findings suggest
that ASH1L function is important at multiple stages of development, which correlates with
the embryonic lethality of As/1/ 7~ mouse embryos 38,

ASHI1L regulates neuronal morphogenesis but does not alter neuronal cell fate.

A pathogenic variant in ASHIL has been associated with postnatal microcephaly, or failure
of the brain to grow after birth 10. Postnatal microcephaly could arise from defects in
neuronal axonogenesis, axonal and dendritic arborization, or synaptogenesis 3°. A role for
ASHIL in synaptic function has been described in mice 38 40, Homozygous null ASH1L
mice are embryonic lethal 38 or die at the newborn stage 9, while the heterozygous
animals reported to date do not have any obvious structural brain phenotypes 38. Based

on the pathways we identified in the correlation analysis (Fig. 1 and Supplementary

Fig. S1) and the human patient phenotypes 10, we decided to test the assumption that
deficits in ASH1L in humans might compromise neurite outgrowth. To address this, we
first tested five different sShRNA constructs for knockdown of endogenous ASHI1L in
HEK?293T cells and identified three ShRNA constructs (ShRNA2, 3 and 4) that consistently
gave close to 80% knockdown of ASHL1 protein after puromycin selection compared to
control (Supplementary Fig. S2B—C, Supplementary Table S9 and Supplementary Methods).
GFP control construct alone or ASH1L-shRNA plus a GFP construct were transfected

into male cortical neurons and subjected to puromycin selection for 72 hrs. (Fig. 1F

and Supplementary Fig. S2D). shRNA transfection of these cortical neurons significantly
reduced ASH1L gene expression levels by an average of 65.2% (Fig. 1F), compared to
control transfected neurons, with no significant differences between the different ASH1L
shRNA transfected neurons. In published mouse models of ASH1L deficiency, the reduction
in ASH1L levels in heterozygous animals is between 50 to 60% 38: 4142 While defects

in neuronal excitability were reported in one study 42 to date, no major brain anatomical
phenotypes have been reported in published studies of heterozygous animals 38: 41. 42,

The differences between distinct experimental systems could suggest either species specific
differences or disparities between acute knockdown /in vitroin contrast to dysregulation of
ASH1L /n vivowhere compensation mechanisms could be at play.

Next, we determined whether acute knockdown of ASHIL could affect neuronal
morphogenesis. We assessed changes in neuronal morphogenesis by analyzing neurite
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length, branching, changes in morphology at the growing tips of the neurites, and soma

size. Cortical neurons were co-transfected with a GFP construct plus either a control
Luciferase-shRNA construct or the ASH1L-shRNA construct, and after puromycin selection
were immunostained with the pan-neuronal marker g-111-Tubulin to confirm that GFP
positive cells were neuronal cells (Fig. 2A). Morphometric analyses done using the GFP
channel after confirming expression of p-I11-Tubulin showed a 40.5% significant decrease in
mean neurite length in male cortical neurons transfected with ASH1L-shRNA compared to
controls. Similarly, we find a significant reduction of 59.5% in mean branching complexity
index (measure of arborization) in ASH1L knockdown neurons compared to control neurons
(Fig. 2B—C). Thus, in human neurons ASH1L depletion decreases neurite outgrowth and
branching, suggesting that ASH1L modulates molecular mechanisms governing neuronal
morphogenesis. Since we observed similar effects in neurite outgrowth with all ASH1L-
shRNA constructs, and the branching complexity index is significantly smaller in ASH1L-
shRNAZ2 neurons, all subsequent experiments were carried out using the ASH1L-shRNA2
construct (ASH1L-shRNA).

We also uncovered the presence of enlarged phalloidin positive structures at the growing
tips of the neurites in the ASH1L knockdown neurons. These structures were identified
using phalloidin staining in combination with B-111-Tubulin staining in human neurons
(Fig. 2D). Analysis of the area and integrated density showed a significant increase in
phalloidin staining areas under ASH1L knockdown conditions compared to controls (Fig.
2E and Supplementary Figure S2E). This suggests, knockdown of ASH1L could interfere
with normal morphology leading to a re-arrangement of actin filaments 43. Alternatively,
reduction in neurite growth has been correlated with growth cone enlargement in Aplysia
neurons 44, so the enlargement of phalloidin-positive structures at the growing tips of
neurites with ASH1L knockdown could reflect the reduced neurite length observed in
human neurons.

Similarly, changes in neuronal morphology have been correlated with alterations in soma
size 45 46 \\e analyzed the size of the cell soma in neurons with knockdown for ASH1L
compared to control neurons. We find a modest but significant 1.3-fold increase in cell soma
area (Fig. 2F) in neurons with ASH1L knockdown compared to control neurons. Thus, we
identified an additional morphological effect (increased soma size) of dysregulating ASH1L
that correlates with changes in neuronal morphology.

To ensure that the morphological changes observed were not a consequence of changes in
cell fate we compared the neuronal composition of control and ASH1L knockdown cultures.
We used B-111-Tubulin as a pan-neuronal marker, DCX as a marker of immature neurons,
and CTIP2 as a marker for deeper layer cortical excitatory neurons (Supplementary Figure
S2F). We analyzed neurons between days 32 to 33 of neuronal induction and found no
significant difference in the percentage of either p-111-Tubulin, CTIP2 or DCX positive cells
in control vs. ASH1L knockdown cultures (Supplementary Figure S2F). Similarly, analysis
of the proportion of GFP positive cells that were simultaneously positive for either CTIP2
or B-111-Tubulin positive showed no significant difference between ASH1L knockdown vs.
control neurons (Fig. 2G—H and Supplementary Figure S2G-H). However, we found an
increase of over 9% in the percentage of GFP+/DCX+ neurons with ASH1L knockdown
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compared to controls (Supplementary Figure S2G—H). Together these data suggest that
while knockdown of ASH1L does not appear to change the cell fate of the neurons it

could delay their maturation. Our experimental system is representative of early stages in
neuronal development. The reduction in neurite outgrowth correlates with an increased ratio
of immature neurons. However, whether the delay in maturation could be overcome at later
stages of development is an important question that remains to be answered.

PRC2 and ASH1L counteracting activities modulate neuronal morphogenesis

ASH1L is a member of the Trithorax group of chromatin regulatory proteins, which are
proposed to modulate gene expression by counteracting Polycomb complex function during
development 11. 12, PRC2 is a major chromatin regulator Polycomb complex that modifies
chromatin by tri-methylation of histone H3 on Lysine 27 (H3K27me3), which is a chromatin
repressive mark 47. We hypothesized that PRC2 and ASH1L opposing activities could
regulate gene networks that modulate neuronal morphogenesis in human neurons. Thus, we
asked whether impairing the catalytic activity of PRC2 in human neurons would counteract
the effect of ASH1L knockdown (Supplementary Fig. S3A). We exposed ASH1L-shRNA
transfected human neurons to the EZH2 catalytic inhibitor - EI1 30, Previous studies in
non-neuronal cells have shown differential inhibitory effects of EI1 in EZH2 catalytic
activity depending on the dose and length of treatment 30. Therefore, we treated control and
ASH1L-shRNA transfected human neurons with 1.25 and 2.5 uM of EI1 for 3 or 5 days in
culture (Fig. 3A—C and Supplementary Fig. S3A to C) 30. After 3 days of EI1 treatment,
there was a significant but modest rescue in neurite length with both doses of EI1 (Fig.

3B), which correlated with a significant difference from the untreated ASH1L-knockdown
neurons but did not reach levels similar to the untreated control neurons. After 5 days there
was a significant increase in neurite length for both 1.25 and 2.5 uM EI1 treatments, to
levels significantly different from the untreated ASH1L-knockdown neurons (Fig. 3C).

Analysis of neurite branching showed that ASH1L knockdown neurons treated with 1.25 pM
and 2.5uM EI1 for 5 days had a modest but significant rescue in the number of branches per
cell compared to untreated ASH1L-shRNA neurons (Supplementary Fig. S3C). However, no
significant effect was observed with either dose after 3 days of treatment (Supplementary
Fig. S3B). Therefore, inhibition of the catalytic activity of PRC2 primarily rescues the
neurite length phenotype in ASH1L-knockdown neurons and more modestly the branching
phenotype. Taken together these findings suggest that there is antagonism between the
Trithorax protein ASH1L and the PRC2 complex proteins during the development of
neuronal arbors, being determined by this balance.

ASHI1L specifically regulates the expression of the neurotrophin receptor TrkB and its

isoforms

The antagonizing activities of ASH1L and PRC2 could regulate gene programs important
for neuronal morphogenesis. As neurotrophin-signaling is essential for neuronal arborization
48 we used the ENCODE database to determine if epigenetic marks associated with
transcriptional activation or repression are present in the neurotrophin receptors, NTRK1
(TrkA), NTRK2 (TrkB), NTRK3(TrkC) and P75 (P75) 4°. Using data available for human
stem cell derived cortical excitatory neurons, we aligned each gene to epigenetic marks
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associated with transcriptional repression by PRC2 (H3K27me3) °0, and associated with
active gene transcription (H3K36me3 and H3K4me3) 51-53. The current ENCODE data sets
lack analysis of H3K36me2 which is primarily deposited by ASH1L. However, H3K36me2
presence will lead to upregulation of H3K36me3 by SET2 54, and H3K4me3 marks are
deposited by the ASHIL interactor - MLL complex °°. Therefore, both H3K36me3 and
H3K4me3 marks served as correlative evidence for the presence of H3K36me2 marks 6.
We found that both NTRK1 and NTRKS3 are enriched for the PRC2 associated H3K27me3
epigenetic marks along the gene body, while P75 shows high enrichment in H3K27me3
marks at its transcription start site. In contrast, NTRK2 is primarily enriched in H3K36me3
along the gene body and H3K4me3 closer to the promoter regions (Supplementary Fig.
S3D). These results suggest that in human neurons NTRK1, NTRK3 and P75 expression
could be suppressed by PRC2. However, the absence of H3K27me3 marks on NTRK2,
suggest that under normal conditions NTRK2 is not repressed by PRC2 and hence NTRK2
is actively transcribed in neurons under normal conditions. To determine if ASH1L could
differentially modulate the expression of all neurotrophin receptors, we evaluated their
mRNA levels using RT-gPCR analyses on cortical neurons that were transfected with control
and ASH1L-shRNA constructs. Knockdown of ASHL1L in cortical neurons is associated
with a 41.8% significant decrease in NTRK2 mRNA, but did not alter NTRK1, NTRK3 or
P75 mRNA levels (Fig. 3D). Since, binding of BDNF to its TrkB receptor is essential for
neuronal arborization °7, this raises the possibility that the epigenetic regulation of TrkB by
ASH1L could modulate neuronal morphogenesis.

The finding that ASH1L regulates the expression of TrkB posits the question of whether
there is a direct correlation between the rescue of neuronal arborization by EZH2 inhibition
and the regulation of TrkB gene expression by ASH1L. Therefore, we analyzed changes in
the levels of TrkB gene expression in response to EZH2 inhibition in neurons with ASH1L
knockdown (Supplementary Fig. S3E). Neurons were analyzed for gene expression after

a 5-day treatment because we observed a larger rescue effect under this treatment (Fig.
3C). Comparison of untreated vs. 2.5uM EI1 treated ASH1L-knockdown neurons showed
an upward but variable trend in expression of NTRK2. Thus, suggesting that the rescue

by EZH2 inhibition of ASH1L phenotypes might implicate additional pathways aside from
the BDNF-TrkB signaling pathway. As TrkB has several functional variants generated by
alternative splicing, we next evaluated the effect of ASH1L knockdown on NTRK2 splice
variant expression.

Histone H3K36 methylation regulates pre-mRNA splicing in S. cerevisiae %8, and MRG15,
which forms a complex with ASH1L %9, also regulates pre-mRNA splicing 0. Since
ASHIL dimethylates H3K36 1255 and forms a complex with MRG15, we asked if
ASHI1L could regulate the alternative splicing of NTRK2 (TrkB) mRNA, which has seven
distinct splicing isoforms 6. 62, Four of these isoforms are expressed in the human PFC
during postnatal development 62, Because our cultures are composed of forebrain cortical
neurons 1719, we focused on 3 isoforms expressed in the PFC for which their sequence
was amenable to PCR based detection (Fig. 3E-F and Supplementary Table S11). Using
ddPCR in control and ASH1L shRNA-transfected neurons, we found a significant decrease
in expression of isoforms containing exons 5 and 6 (NTRK2 €5/6), which includes the

full length TrkB (NTRK2-FL) and all isoforms that contain the N-terminus of the TrkB
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protein. Two additional isoforms that we examined were TrkB-T1 (NTRK2 e15/16) 61

and TrkB-SHC (NTRK2 e17/19) 63. TrkB-T1 lacks the tyrosine kinase domain, SHC,

and PLCy binding domains. TrkB-T1 acts as a dominant negative that scavenges the full
length TrkB, leading to decreased BDNF-TrkB signaling %2 and has been suggested to
contribute to neuronal arborization 4. TrkB-SHC contains the SHC binding domain, but
lacks the PLCvy binding domain and the tyrosine kinase domain, and has been proposed

to decrease the levels of phosphorylated TrkB 62: 63 which in turn could lead to reduced
neuronal arborization 29. We found a significant downregulation of isoform NTRK2 e15/16,
which encodes TrkB-T1. However, we found significant upregulation of NTRK2 e17/19,
which encodes TrkB-SHC. Mice with a loss of function TrkB-T1 have reduced dendritic
complexity 4. Taken together these data suggest that ASH1L modulates the expression of
full length TrkB and differentially regulates two other N-terminus containing isoforms,
TrkB-T1 and TrkB-SHC, which could further exacerbate the neuronal morphogenesis
phenotype based on their opposing effects in neuronal arborization. Downregulation of
TrkB-T1 could contribute to the reduced arborization phenotype as this isoform positively
regulates neuronal arborization. Upregulation of TrkB-SHC which is a negative regulator of
TrkB phosphorylation could further reduce neurite outgrowth and branching.

Exogenous addition of BDNF neurotrophin does not rescue ASH1L neuronal phenotypes
and shows impaired downstream activation of CREB signaling

BDNF binding to TrkB receptor will elicit the endocytosis of the receptor bound ligand

and in turn elicit a signaling cascade that leads to the phosphorylation and subsequent
nuclear translocation of the CREB transcription factor. CREB activation promotes the
transcription of both BDNF and TrkB 5 66, Additionally, BDNF has been shown to elicit
local translation in dendritic and axonal compartments 7. BDNF treatment was previously
used as a rescue strategy in human neurons with defects in BDNF/TrkB signaling to

restore neuronal arborization phenotypes 1. Human stem cell-derived neurons are known

to express BDNF in culture; however, the endogenous BDNF may not be sufficient to

elicit a TrkB response in ASH1L depleted neurons. Therefore, we sought to augment BDNF/
TrkB signaling by supplying exogenous BDNF at receptor saturating levels (10ng/ml) to
test if additional BDNF ligand might rescue the neurite growth deficit seen with ASH1L
depletion by inducing TrkB expression 8. 69, We treated control and ASH1L-shRNA
transfected neurons for 72 hrs. with 10ng/ml of BDNF (Supplementary Fig. S4A) 1°. In
control neurons, we find after long-term exposure to exogenously added BDNF, there is

a significant 15% increase in mean neurite length, and a 35% increase in mean branch
number, indicating that the TrkB receptors are not saturated with endogenous BDNF (Fig.
4A-C). However, in ASH1L knockdown neurons the addition of exogenous BDNF caused a
very modest increase in mean neurite length and branching that was not statistically different
from untreated ASH1L knockdown neurons (Fig. 4A-C). Since exogenous BDNF cannot
fully rescue neurite phenotype in ASH1L knockdown neurons, this (in addition to EZH2
inhibition) also suggests additional pathways aside from the BDNF-TrkB signaling pathway
may be involved.

The inability of exogenous BDNF to fully rescue ASH1L neuronal morphogenesis
phenotypes, posits the question of whether the downstream signaling pathway remains
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intact after downregulation of ASH1L. BDNF-dependent activation of TrkB is known to
induce activation and nuclear translation of the transcription factor CREB through its
phosphorylation 79. Phosphorylated CREB is needed to activate transcription of genes
important for neurite outgrowth and neuronal morphogenesis 71 72, Thus, we reasoned that
if TrkB signaling were intact in the ASH1L depleted neurons, BDNF stimulation would
increase nuclear localization of phospho-CREB. shRNA transfected neurons were acutely
treated with BDNF at increasing doses (0, 10, 25 and 50 ng/ml) after puromycin selection
(Fig. 4D and Supplementary Fig. S4B). We found significant increase in nuclear phospho-
CREB signal in control neurons treated with increased BDNF doses. However, in ASH1L
knockdown neurons increased BDNF levels did not increase nuclear phospho-CREB signal
compared to the untreated control (Fig.4D). Using super resolution microscopy, we find

a distinct nuclear localization for phospho-CREB after 25 ng/ml BDNF exposure in
control neurons compared to reduced nuclear localization of phospho-CREB in ASH1L
knockdown neurons (Fig. 4E). We wondered if the decrease in phospho-CREB signal might
be indicative of reduced expression of CREB itself. However, after knockdown of ASH1L
in cortical neurons we found no significant change in mMRNA levels of CREBI, the gene
encoding CREB (Supplementary Fig.S4C). Taken together, these findings show that CREB
gene expression is maintained despite the knockdown of ASH1L, but the reduction of
ASHIL results in decreased activation of CREB by BDNF.

CREB phosphorylation can be regulated independent of the BDNF/TrkB signaling pathway.
Therefore, we sought to define whether other genes relevant to the CREB-signaling pathway
were altered. We examined the expression of c-FOS, MSK1, GSK3p and CAMKIV in
control and ASH1L knockdown neurons in the absence of exogenous BDNF. MSK1,
GSK3p and CAMKIV phosphorylate CREB leading to its activation 73, while c-FOS is
transcribed in response to CREB phosphorylation 7. We found no significant change in
MSK1, GSK3p or c-FOS gene expression, but we observed increased levels of CAMKIV

in ASH1L knockdown neurons (Supplementary Figure S4D). However, the increase in
CAMKIV gene expression was not sufficient to increase CREB activity as we observed no
change in c-FOS gene expression.

DISCUSSION

In mice, ASHL1L is essential for embryonic development, as ASH1L™~ mice are early
embryonic lethal 38. While ASH1L™"* mice had no major brain abnormalities reported
38 they did show changes in gene expression in response to neuronal activity 38. RNA
interference of the ASHIL homologue (AshI) in Drosophila disrupted their capacity to
complete habituation tasks, suggesting a disruption of neuronal function 2. The Drosophila
findings are further corroborated by a conditional knockout of ASH1L in mouse that
presented autism-like behaviors 40. However, the extent to which ASH1L contributes to
the structural development of human neuronal circuitry is largely unknown. We find that
acute knockdown of ASH1L stunts neurite growth and reduces neurite branching in male
human stem cell-derived cortical neurons. Our work also suggests that deficits in ASH1L
could delay neuronal maturation, as we find that ASH1L knockdown leads to higher
percentage of immature neurons. These findings are now corroborated by studies using
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CRISPR-knockdown strategies that classify ASH1L in a subset of ASD-risk genes that
disrupt neuronal maturation in dopaminergic neurons 7.

The reduced neurite outgrowth is accompanied by enlarged phalloidin areas at the growing
ends of the neurons, suggesting that reduction in ASH1L could lead to slower growth rates
or could lead to neuronal guidance defects in vivo 78. Alternatively, deficits in ASH1L

could be interfering with normal neuronal morphology causing a rearrangement of actin
filaments that are observed as enlarged phalloidin regions. In the cultures and transfected
cell populations we studied, the majority of cells are neurons. Therefore, we posit that in our
system the effect of ASH1L on neuronal morphogenesis is primarily neuronal. However, our
findings do not exclude the possibility that dysregulation of ASH1L in other brain cell types
could also contribute to the neurological phenotypes in patients with ASH1L mutations.

Several ASD related syndromes associated with defects in BDNF-TrkB signaling, present
reduced neurite outgrowth and synaptic defects 2% 77: 78, Ash1/knockout mouse 40: 79,
showed ASD-like behaviors and in response to neuronal activity, ASH1L regulates the
expression of Neurexin-1a 38. We posit that similar to other ASD-related syndromes, in
humans ASH1L deficits could also lead to defects in synapse development and function.
The present work focused on early stages of neuronal development at which human neurons
are not synaptically mature. Therefore, assessing the role ASH1L plays in the regulation of
synaptic function in long-term cultures of human neurons is an important future direction.
Furthermore, defining the role of ASH1L in mature neurons will also inform on whether the
defects in neuritogenesis, and soma size observed in immature neurons associated with loss
of ASHLL are transitory phenotypes.

The present work has focused on studying the role of ASH1L in human cortical

excitatory neurons. However, based on ASH1L’s expression at different stages of neuronal
development and in different cell types, mutations in ASH1L could also affect the neuronal
progenitor population. A recent multiplex analysis of loss-of-function mutations in several
ASD-risk genes identified a class of genes, including ASH1L, that when disrupted in
human stem cells led to reduced neuronal numbers 89. Similarly, CRISPR-knockdown of

a subset of ASD-risk genes, including ASH1L, in a mesenchymal neuronal progenitor cell
line that gives rise to dopaminergic neurons showed dysregulation of cell cycle genes by
transcriptome analysis 7°. These findings suggest a role for ASH1L in neuronal progenitors
beyond the phenotypes we find with respect to neuronal morphogenesis and maturation in
cortical excitatory neurons.

Our correlation analysis of the top positively co-expressing genes with ASH1L shows an
overrepresentation of genes involved in neurite outgrowth and cytoskeletal function. In fact,
we further identified that one potential mechanism underlying the neuronal phenotypes
associated with ASH1L knockdown is the reduction of the BDNF-TrkB signaling pathway
by downregulation of the gene encoding the TrkB receptor and differential regulation

of two key isoforms TrkB-T1 and TrkB-SHC. Downregulation of TrkB-T1, a positive
regulator of neuronal arborization 64 81 could provide an additive effect to the reduction

in neuronal arborization in ASH1L knockdown neurons. TrkB-SHC negatively modulates
TrkB phosphorylation 63 and could impair neuronal arborization. Thus, the upregulation of
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TrkB-SHC would ensure that neuronal arborization dependent on the TrkB-BDNF signaling
pathway is further repressed in neurons with deficits in ASHI1L.

Furthermore, our acute BDNF signaling experiments showed that reduction in TrkB gene
expression, leads to a reduced response to BDNF as downregulation of ASH1L leads

to diminished levels of nuclear phospho-CREB signal. Since the BDNF-TrkB signaling
pathway is critical for neuronal arborization, our findings suggest that ASH1L is important
for the early steps of neuronal circuitry development, including neuronal arborization.
BDNF regulation of neuronal arborization has been recently suggested to be cell type
specific 82. In our studies, BDNF fails to rescue the neuronal arborization phenotype.
However, we find no significant changes in neuronal cell type in the transfected cells.
Therefore, the lack of rescue by BDNF is not a result in changes in cell type but could be
due to the downregulation of TrkB expression. ASH1L has multiple targets as an epigenetic
regulator, but our data indicate that its regulation of the BDNF-TrkB signaling pathway
likely contributes to its role in neuronal morphogenesis.

In vivoand in vitro evidence suggest that ASH1L contributes to the methylation of H3K4
and H3K36 3283, The di-methylation of H3K36 (H3K36me2) and trimethylation of H3K4
(H3K4me3) sites modify chromatin structure, allowing for transcriptional activation of
target genes 12. 55, Methylation of H3K36 has been proposed to counteract the activity of the
Polycomb group and prevent deposition of the transcriptionally repressive H3K27me3 mark
11 ASHI1L deposition of the H3K36me2 mark has been reported to inhibit the catalytic
activity of PRC2 13, This mechanism of opposing activities of the Polycomb and Trithorax
complex is essential during organogenesis 11. For example, the PRC2 complex through

the tri-methylation of H3K27 regulates cell fate transitions during corticogenesis 1. In
particular, deletion of EZH2, the PRC2 catalytic subunit 11 early in development leads

to precocious neuronal differentiation and astrogliogenesis 4. In addition to its role in

cell fate determination, EZH2 has been implicated in neuronal arborization, as knockdown
of EZH2 results in increased branching of neuronal arbors in hippocampal neurons and
modulated BDNF expression 6. We find that human PRC2 contributes to development of
neuronal arbors, as inhibition of EZH2 rescues primarily the neurite outgrowth phenotypes
associated with ASH1L knockdown. We also find an upward but variable trend in the
expression of NTRK2 after rescue with EZH2 on ASH1L knockdown neurons. Based on
these data, we hypothesize that in the absence of ASH1L, the activating H3K36me2 marks
on genes relevant to neuronal morphogenesis and function are reduced, enabling PRC2 to
place repressive H3K27me3 marks and reduce the expression of gene programs that regulate
neuronal morphogenesis and function (Fig. 4F). Taken together, our findings point to the
counteracting activities of ASH1L and PRC2 as modulators of gene networks associated
with the development of neuronal connectivity by modulating neuronal morphogenesis

A recent clinical study of a patient with an ASH1L mutation reported that while head
circumference was normal at birth it was reduced at 4 years, suggesting a postnatal reduction
in brain size or microcephaly 1°. Postnatal microcephaly could arise as a result of impaired
neuronal arborization and/or a defect in the generation, proliferation or survival of glial cells
or their precursor cells 39 84, Deficits in proliferation of glial precursor cells could reflect
cell cycle defects, similar to primary/congenital microcephaly, which is associated with
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defects in genes involved in cell division that could impair neuronal progenitor proliferation
and expansion 5. Our co-expression analysis in the DFC showed a small cluster of cell
cycle genes to be oppositely correlated with ASH1L expression. Similarly, analysis of a
mesencephalic derived neural progenitor-like line identified ASH1L as part of a group

of ASD-risk genes that had dysregulation of cell cycle pathways 7. However, to date

no analysis of gliogenesis in published ASH1L mutant mouse models has been reported
38,4042 Therefore, whether or not a reduction in glial cells could contribute to the decrease
in brain size associated with ASH1L deficits /n vivo is unknown.

Recently, ASH2L, a member of the Trithorax core complex “COMPASS”, was implicated

in cell fate transitions during murine cortical development 86, Since we did not knockdown
ASHLL at the neuronal progenitor stage we do not discount the potential of ASH1L to be
involved in cell fate transitions during human corticogenesis. Finally, while the current work
has focused on the ASH1L- PRC2 axis, it does not escape our attention that ASH1L could
also oppose the activity of the PRC1 complex during embryonic development. PRC1 also
acts antagonistically to Trithorax protein complexes, and in Drosophila, the PRC1 complex
regulates neuronal arborization of class IV sensory neurons 87, Our results combined with
these recent studies provide the initial mechanistic insights for understanding the role of
epigenetic regulation of neuronal morphogenesis.
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Figure1. ASH1L isexpressed throughout development in vivo and in vitro.
(A) Analysis of ASH1L expression using the Allen Brain Atlas data set across 12

developmental stages and 18 brain structures during prenatal development. Heat map
representation of ASH1L expression built using RNA-sequencing expression values
downloaded from the developmental transcriptome database for ASH1L. Morpheus
Software was used to build the Heat map showing each donor age with the corresponding
brain region analyzed. Highest expression values are shown in red and lowest expression
values are shown in blue. Grey values are used when no data was available for a particular
developmental stage. (B) Pathway analysis of top positive correlated and top negative
correlated genes with ASH1L during pre-natal development in DFC and PFC. Positive
correlative genes with R values above 0.7 or negative correlative genes with R values below
-0.7 were identified between 8 to 18 pcw for the DFC and 8 to 37 pcw for the PFC.

GO categories for biological processes are shown as the negative Log10 of the adjusted
p-value by Bonferroni correction. (C) Neuronal differentiation of hESCs into cortical deeper
layer neurons. Top panel shows the major cellular stages from day 0 onwards during
neuronal differentiation using a double SMAD inhibition protocol. Bottom panel shows
corresponding images for each stage including hESCs colony before single cell dissociation
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(day 0), a neuroepithelial like sheet (days 1 to 16), the neural rosette stage (days 17-22), and
deeper layer neurons (day 35). Deeper layer neurons were identified by co-immunostaining
with CTIP2, a layer V marker (red) and B-I11-Tubulin a pan-neuronal marker (green).

(D) Analysis for ASH1L expression is shown at four distinct stages of in vitro neuronal
differentiation for male H1 cells (days 0, 12, 21 and 30) in four independent experiments.
Normalized gene expression is shown for ASHIL, NANOG, a stem cell marker, PAXE,

a neuronal progenitor marker and MAPZ, a mature neuron marker. Differential gene
expression for MAP2 between day 0 to day 30 (***P = 0.0001), day 12 to day 30 (***P
=0.0001) and day 21 to day 30 (**P = 0.0013) by two-way ANOVA. (E) MAP2 protein
was significantly differentially expressed between Day 0 and Day 21 (***P = 0.0007), Day
0 and Day 30 (****P < 0.0001), Day 12 to Day 21 (**P = 0.0022), and Day 12 to Day

30 (****P < 0.0001). Statistical analysis was carried using two-way ANOVA for multiple
comparisons without corrections. (F) Gene expression analysis of ASHIL by gPCR in
control or knockdown conditions. Expression of ASHIL normalized to GAPDH expression
is shown for each experiment. Each data point represents the average of three technical
replicates per experiment. Control GFP (open gray circles) = 1.31 £ 0.163, 7= 8; shRNA-2
(solid blue circles) = 0.504 £ 0.284, n= 6; shRNA-3 (solid blue triangles) = 0.525 + 0.189,
n=>5; shRNA-4 (solid blue diamonds) = 0.2989 + 0.1402, n = 7. Ordinary one-way ANOVA
uncorrected for multiple comparisons was used to obtain the p-values for: GFP vs. shRNA-2
(**P = 0.0069), GFP vs. shRNA3 (***P = 0.012) and GFP vs. shRNA4 (***P = 0.0008). In
all graphs, results are shown as the mean + standard error of the mean (SEM).
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Figure 2. ASH1L modulates neuronal mor phogenesisand soma sizein cortical excitatory deeper
layer neurons but does not alter cell fatein vitro.

(A) Defects in neurite length are observed upon knockdown of ASHLL in cortical excitatory
neurons. Representative images are shown for neurons electroporated at days 28 to 30 with
GFP and control or ASH1L-targeting ShRNA constructs. Top panels show GFP positive
cells and bottom panels show B—I11-Tubulin positive cells. For ease of viewing, grey scale
images are shown as inverted images. Red arrows follow the longest neurite in the GFP
positive neurons. Red boxes highlight regions of branching in the different neurons with

an enlarged panel shown on the right of the image. Scale bar, 10um. Neurons were treated
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with puromycin one day after nucleofection and were analyzed 72 hrs. after the start of

the puromycin selection at days 32 to 34 of neuronal induction. Neurites stained with
B—I11-Tubulin were measured using Neurolucida tracing software and no distinction was
made between dendrites and axons. (B) Mean neurite length in cortical neurons under
control or ASH1L knockdown conditions. Control sShRNA (open grey circles) = 117.3 +
3.92, n=136 cells, N= 3 experiments; sShRNA-2 (blue solid circles) = 68.91 + 2.35,

n=171 cells, N= 6 experiments; ShRNA-3 (open blue triangles) = 73.95 = 2.658, n=

87 cells, N = 3 experiments; shRNA-4 (solid light blue diamonds) = 69.76 + 2.76, n=

102 cells, N = 3 experiments. Statistical analysis was conducted using ordinary one-way
ANOVA uncorrected for multiple comparisons using the uncorrected Fishers LSD’s. (****p
< 0.0001). (C) Neurite branching complexity index in control and ASH1L knockdown.
Control shRNA (open grey circles) = 1343 + 89.46, n= 132 cells, N= 3 experiments;
shRNA-2 (blue solid circles) = 438.5 + 29.32, n= 150 cells, N= 6 experiments; ShRNA-3
(open blue triangles) = 700.7 £ 58.45, n= 82 cells, N = 3 experiments; ShRNA-4 (solid light
blue diamonds) = 493.6 + 47.07, n= 88 cells, N = 3 experiments. ShRNA2 vs, shRNA 3

** P < 0.005; sShRNA3 vs. sShRNA4 * P < 0.05. Statistical analysis was conducted using
uncorrected Fisher’s LSD multiple comparisons with ordinary one-way ANOVA (****p

< 0.0001). All measurements were first analyzed for outliers using the ROUT (Q = 1%)
method in all conditions and the analysis shown here was conducted after removal of
outliers if present. In all graphs, error bars represent SEM, middle lane represents the mean
value, and all cell measurements are shown per condition for all experiments. (D) Enlarged
phalloidin positive areas are observed in neurons knockdown for ASH1L. Representative
images are shown for neurons electroporated with GFP and control or ASH1L -targeting
shRNA2 (sh2). Top panels show GFP positive cells (green) co-stained with phalloidin

(red) and bottom panels show B—I11-Tubulin positive cells (cyan). Scale bar, 10um. Growth
cone areas were measured using ImageJ. (E) Mean phalloidin positive Area (in pm?) at
ends of growing neurites in control and ASH1L knockdown (N=5 experiments). Control
shRNA (open grey circles) = 17.18 + 0.80, n=468 phalloidin positive areas; ShRNA-2

(blue solid circles) = 26.8 + 1.21, n=337 phalloidin positive areas. Statistical analysis was
conducted using unpaired T-test with Welch’s correction (****P < 0.0001). (F) Mean Soma
area size (in um?2) in control and ASH1L knockdown (N=6 experiments). Each individual
data point represents the average value per experiment. Control and knockdown values

are shown for each paired experiment. Control ShRNA (open black circles) n= 224 cell
somas analyzed; shRNA2 (blue solid circles) n= 258 cell somas analyzed. Between 35 to
50 neurons were analyzed per experiment. Statistical analysis was conducted using paired
t-test (**P < 0.0015). (G) Neurons with ASH1L knockdown remain as deeper layer neurons.
Representative images are shown for neurons electroporated at day 28 to day 30 with GFP
and control or ASH1L-targeting ShRNA constructs. Neurons were treated with puromycin
one day after nucleofection and were analyzed 72 hrs. after the start of the puromycin
selection (day 32 to 34). Panels show GFP positive cells stained with CTIP2 a marker

for layer V deeper layer cortical excitatory neurons (red). For ease of viewing of CTIP2
positive nuclei an enlarged section is shown on the right bottom corner of each image. Scale
bars, 10um and 25um. (H) Mean number of GFP positive neurons that are also positive for
CTIP2 in control and ASH1L knockdown (N=7 experiments). Each data point represents
the average values per experiment. Control and knockdown are shown as matched paired
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experiments. Control shRNA (open black circles), n= 851 GFP+ cells analyzed; shRNA2
(solid blue circles) n=724 GFP+ cells analyzed. Statistical analysis was conducted using a
paired t-test (ns=not significant).
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Figure 3. ASH1L phenotypeisrescued by EZH2 inhibition and correlateswith downregulation
of NTRK2.

(A) Representative images are shown for neurons electroporated with GFP and either
control-shRNA or ASH1L-shRNA constructs treated with 1.25uM or 2.5uM EZH2 inhibitor
(EI1) for 3 and 5 days. Scale bars, 10um. In general, neurons were electroporated at day

29 of neuronal induction. 24 hrs. after electroporation neurons were treated with puromycin.
48 hrs. after the puromycin treatment neurons were treated with an EZH2 inhibitor for 72
hrs. (3-day treatment) or for 120 hrs. (5-day treatment). Neurons were fixed at day 35 of
neuronal induction (3-day treatment) or at day 37 of neuronal induction (5-day treatment).
See supplementary figure S3B for detail treatment scheme. (B) Mean neurite length in
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cortical neurons under control or ASH1L knockdown conditions were either untreated or
treated for 3 days with 1.25uM or 2.5uM EI1. All measurements per cell are shown for each
condition in combination with the mean + SEM. All control shRNA are open black circles
and ASH1L-shRNA are solid blue circles. Control ShRNA = 118.3 £5.82, n = 70 cells vs.
ASH1L-shRNA = 76.51 + 3.45, n = 66 cells; Control-shRNA+1.25uM EI1 = 117.1 + 5.43,
n =69 cells vs. ASH1L-shRNA +1.25uM EI1 = 88.9 + 3.41, n = 70 cells; Control-shRNA +
2.5UM EI1 =100.1 £ 4.65, n = 64 cells vs. ASH1L-shRNA + 2.5uM EI1 =101.9£5.30, n
= 73 cells. N=3 experiments per condition. Statistical analysis was conducted using ordinary
one-way ANOVA for multiple comparisons with Welch’s correction. Comparisons between
untreated control and EZH2 inhibitor treated controls are in magenta. Comparisons between
untreated control and EZH2 inhibitor treated knockdown samples are in cyan. Comparisons
between untreated knockdown samples and EZH2 inhibitor treated knockdown samples are
in green. ****p < 0.0001; ***P = 0.0001, *P < 0.04, and not significant (ns). (C) Mean
neurite length in cortical neurons under control or ASH1L knockdown conditions were
either untreated or treated for 5 days with 1.25uM or 2.5uM EI1. All control shRNA are
open black circles and ASH1L-shRNA are solid blue circles. All measurements per cell

are shown for each condition in combination with the mean + SEM. N= 4 experiments

for Untreated and EI1 1.25uM treated groups and 6 experiments for EI1 2.5uM treated
groups. Control-shRNA=125.2 + 6.49, n = 63 cells; ASH1L-shRNA = 68.16 + 3.807, n =75
cells; Control-shRNA+1.25uM EI1 = 132.0 £ 4.71, n = 85 cells; ASH1L-shRNA+1.25uM
El1 =129.3 £ 7.56, n = 94 cells; Control-shRNA + 2.5uM EI1 =141.0 + 7.56, n

=107 cells; ASH1L-shRNA + 2.5uM EI1 =101.1 £ 4.39, n = 102 cells. Statistical

analysis was conducted using ordinary one-way ANOVA for multiple comparisons with
Welch’s correction. Comparisons between untreated control and EZH2 inhibitor treated
controls are in magenta. Comparisons between untreated control and EZH2 inhibitor treated
knockdown samples are in cyan. Comparisons between untreated knockdown samples and
EZH2 inhibitor treated knockdown samples are in green. ****P < 0.0001, **P < 0.003,

and not significant (ns). For (B) and (C) data was first analyzed with the ROUT method to
account for any outliers (Q=1%). (D) Analysis of gene expression across genes encoding
the different neurotrophin receptors in control and ASH1L knockdown cortical neurons.
gPCR analysis of expression shown as normalized data to reference gene GAPDH that

was then normalized to control is shown as normalized AACt values for control (black

open circles) and ASH1L shRNA (blue solid circles) samples for the following genes:
ASHI1L (n=16 independent experiments, ****P <0.0001); NTRK1 (n = 11 independent
experiments, ns); NTRK2 (n=14 independent experiments, **P < 0.0013); NTRK3 (n =

11 independent experiments, ns); and P75 (n=5 independent experiments, ns). Statistical
analysis was carried out using paired t-tests for each gene. (E) Schematic representation of
TrkB isoforms analyzed. Top panel (i) shows the splicing isoforms of TrkB gene containing
the N-terminus (NTRK2 e5/6). Full length TrkB and isoforms TrkB-T-Shc (NTRK2 e17/19)
and TrkB-T1 (NTRK2 e15/16). Red arrows show the location of the primers utilized to
amplify the specific isoforms. Bottom panel (ii) shows the full length TrkB proteins showing
the corresponding protein domains to corresponding exons by color coding. Adapted from
62 (F) Analysis of NTRK2 isoform expression by ddPCR in male cortical neurons under
control or ASH1L knockdown conditions. Data was normalized to GAPDH and then
normalized to control and is shown as counts/ng of DNA for three independent experiments.
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Solid blue bars are control sShRNA samples while hashed blue and white bars are ASH1L-
shRNA samples for the following transcripts: ASHIL (Control-shRNA = 0.430 + 0.088 vs.
ASH1L-shRNA =0.131 + 0.010; ****P< 0.0001); NTRKZfull length (control-shRNA =
0.371 £ 0.005 vs. ASH1L-shRNA = 0.170 £ 0.006; ****P < 0.0001); NTRKZ e5/6 (control-
ShRNA = 0.499 + 0.05 vs. ASH1L-shRNA=0.279 + 0.013; ****P< 0.0001); NTRK2 ¢15/16
(control-shRNA =0.381 + 0.010 vs. ASH1L-shRNA=0.175 + 0.010; ****P< 0.0001); and
NTRKZ e17/19 (control-shRNA = 0.339 £ 0.027 vs. ASH1L-shRNA=0.495 + 0.043; ****P
< 0.0001).
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Figure4. Lossof ASHI1L reduces CREB activation by BDNF.
(A) Representative images are shown for neurons electroporated with GFP and either control

shRNA or ASH1L shRNA constructs. Neurons treated with 0 or 10 ng/ml of BDNF for 3
days after puromycin selection positive for GFP and with p-111-Tubulin (B-111-Tub) shown.
Neurons were analyzed at day 35 of neuronal induction. Scale bar, 25um for controls and
10um for ASH1L-shRNA samples. In general, neurons were nucleofected at day 29 and
analyzed at day 35. For ease of viewing images were processed from RGB to luminescence
in ImageJ and then inverted. (B) Mean neurite length in cortical neurons under control or
ASH1L knockdown with or without 72hr BDNF treatment. Untreated samples are shown
in open black circles and BDNF treated samples are shown in solid blue circles. Control
shRNA = 107.3 + 4.36, n = 93 cells; Control shRNA +BDNF = 122.7 + 6.29, n = 111

cells; ASH1L-shRNA = 69.89 + 3.179, n = 112 cells; and ASH1L-shRNA +BDNF= 76.46
+ 3.15, n= 144 cells. ****P < 0.0001, and * P < 0.02. If no p-values are shown that
denotes that the differences were not significant. (C) Mean branch number is shown for
cortical neurons under control or ASH1L-shRNA knockdown with or without 72hr BDNF
treatment. Untreated samples are shown in open black circles and BDNF treated samples are
shown in solid blue circles. Control ShRNA =5.93 + 0.34; Control sShRNA +BDNF = 9.22
+0.57; ASH1L-shRNA =4.01 + 0.23; and ASH1L-shRNA +BDNF = 4.86 + 0.27. ***P

< 0.0001, ***P < 0.0006, and * P <0.045. If no p-values are shown that denotes that the
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differences were not significant. All measurements are shown per cell for each condition for
four independent experiments. Mean is shown as the middle line and error bars are SEM.
Statistical analysis was conducted using uncorrected Fisher’s test for multiple comparisons
with ordinary one-way ANOVA. (D) Activation of phospho—-CREB is reduced in ASH1L
knockdown neurons. Control or ASH1L shRNA transfected neurons were acutely exposed
for 15 minutes to increasing doses of BDNF (0, 10, 25 and 50 ng/ml) to measure the nuclear
translocation of phospho-CREB. Neurons were analyzed at day 34 of neuronal induction.
Analysis of phospho-CREB nuclear levels was conducted by measuring integrated density
on nuclear region of interest (ROI) after background subtraction in images acquired in a
widefield fluorescent microscope. All values were normalized to the mean average value

of the BDNF Ong/ml samples for each experiment both in control-shRNA (open black
circle) and ASH1L-shRNA (solid blue circle). Control-shRNA + Ong/ml BDNF =1 + 0.077,
n=31 cells; vs. ASH1L-shRNA + Ong/ml BDNF =1 + 0.060, n=41 cells. Control-shRNA
+10ng/ml BDNF = 1.27 £ 0.111, n=38 cells; vs. ASH1L-shRNA + 10ng/ml BDNF = 0.87
+ 0.069, n=48 cells, ** P < 0.006. Control-shRNA +25ng/ml BDNF = 1.379 + 0.171,

n=39 cells; vs. ASH1L-shRNA + 25ng/ml BDNF = 0.9665 + 0.060, n=55 cells, ** P <
0.0025. Control-shRNA +50ng/ml BDNF = 1.498 + 0.166, n=31; vs. ASH1L-shRNA +
50ng/ml BDNF = 1.15 + 0.074, n=55 cells, * P < 0.02. Control-shRNA + Ong/ml BDNF

vs. Control-shRNA +10ng/ml BDNF. Control-shRNA + Ong/ml BDNF vs. Control-shRNA
+25ng/ml BDNF, * P < 0.02. Control-shRNA + Ong/ml BDNF vs. Control-shRNA +50ng/ml
BDNF, ** P < 0.003. If no p-values are shown that denotes that the differences were

not significant. All values are shown as mean £ SEM. All statistical analysis was carried
out using uncorrected Fisher’s test for multiple comparisons in one-way ANOVA on all
data points for three independent experiments. (E) Super resolution microscopy confirms
increased nuclear phospho-CREB signal in control neurons compared to ASH1L knockdown
neurons in response to exogenous BDNF. Representative images are shown for neurons
transfected with either control-shRNA or ASH1L-shRNA that were either untreated (0
ng/ml) or treated with BDNF (25ng/ml). Top panels show phospho-CREB (green) and
TUJ1 (B-111-Tubulin) a pan-neuronal marker (red), in transfected neurons. Middle panels
show co-immunostaining of phospho-CREB (green) and nuclear stain DAPI (blue). Bottom
panels show the phospho-CREB signal in grey, and the nucleus is outlined in red. (F)
Model depicting epigenetic regulation by ASH1L and PRC2 and their influence in neuronal
morphogenesis. (i) ASH1L regulates genes that control neuronal structure and function

by demethylating H3K36 (green) and preventing repression by PRC2, leading to normal
morphogenesis. (ii) Reduction in ASH1L levels lead to reduce levels of H3K36me2 in
genes that control neuronal structure and function allowing PRC2 to trimethylate H3K27
(red), leading to genes that contribute to neuronal morphogenesis leading to a reduction in
neuronal arborization.
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