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Abstract

Intellectual disability is closely related to impaired GABA neurotransmission. Brpf1 was specifically expressed in medial ganglionic emi-
nence (MGE), a developmental niche of GABAergic intereurons, and patients with BRPFT mutations showed intellectual disability. To test
its role in the development and function of MGE-derived GABAergic intereurons, we performed immunofluorescence staining, whole-cell
patch-clamp, MGE transplantation, and mRNA-Seq to understand its effect on neuronal differentiation, dendritic morphology, electrophys-
iology, migration, and gene regulation, using mouse MGE-derived GABAergic interneurons infected with AAV-shBrpf1. The results showed
that Brpf1 knockdown had a decreasing trend, although not significant, on the differentiation of GABAergic interneurons into parvalbumin™®
interneurons. Moreover, increased firing threshold, decreased number of evoked action potentials, and a reduced amplitude of miniature
inhibitory postsynaptic currents were observed before any significant change of MAP2™ dendritic morphology and in vivo migration ability
appeared. Finally, mRNA-Seq analysis revealed that genes related to neurodevelopment and synaptic transmission such as Map2k7 were
dysregulated. Our results demonstrated a key role of Brpf1 in inhibitory neurotransmission and related gene expression of GABAergic
interneurons.
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Introduction

Intellectual disability usually refers to a series of neurodevelop-
mental disorders that are obviously impaired in intelligence and
adaptive function due to brain hypoplasia or organic damage
(Marrus and Hall 2017; Purugganan 2018), affecting approxi-
mately 2-3% of the total population (Daily et al. 2000), with a
prevalence of up to 2% in children or adolescents (Roeleveld et al.
1997; Leonard and Wen 2002). Intellectual disability not only
causes a heavy burden on patients and families, but also brings a
series of problems in public health, society, and education. At
present, studies have shown that there are around 1396 genes re-
lated to intellectual disability (Ilyas et al. 2020), and bromodomain
and PHD finger-containing protein 1 (BRPF1) is one of them. In the
last few years, a total of 40 clinical cases of intellectual disability
caused by de novo or inherited BRPF1 mutations have been
reported (Mattioli et al. 2017; Yan et al. 2017; Baker et al. 2019;
Pode-Shakked et al. 2019; Yan et al. 2020). Yan et al. (2017) reported
that 10 patients with BRPF1 mutations had symptoms such as de-
velopmental delay, language expression disorder, and intellectual
disability. Another team found 6 patients with BRPF1 mutations
whose clinical manifestations were growth retardation, sagging

eyelid, and cerebellar malformations (Mattioli et al. 2017). Recent
studies have further confirmed that patients with BRPF1 mutations
often exhibited clinical symptoms such as intellectual disability,
general developmental delay, gross motor delay, facial and ocular
deformities (such as blepharoptosis and ptosis) (Baker et al. 2019;
Pode-Shakked et al. 2019; Yan et al. 2020).

BRPF1 is a unique epigenetic regulatory factor, which contains
two PHD fingers, one bromodomain, and one PWWP domain.
BRPF1 can recognize different epigenetic markers and activate
three histone acetyltransferases MOZ, MORF, and HBO1 (also
known as KAT6A, KAT6B, and KAT?7, respectively) (Lalonde et al.
2013; Yang 2015; Lloyd and Glass 2018). Our previous work indi-
cated that mouse Brpf1 plays a key role in early embryo develop-
ment (You et al. 2015a), forebrain development (You et al. 2015b,
2015¢), and embryonic hematopoietic stem cell maintenance (You
et al. 2016). Global Brpfl knockout mice were lethal before E9.5
with defects such as neural tube closure, angiogenesis, and pla-
cental development (You et al. 2015a). Forebrain-specific loss of
Brpf1 led to early postnatal lethality and growth retardation (You
et al. 2015¢), and it has also been found that loss of Brpf1 can regu-
late neuronal migration, cell cycle progression, and transcriptional
control, resulting in abnormal hippocampal morphogenesis.

Received: January 08, 2021. Accepted: March 09, 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of Genetics Society of America.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered
or transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0002-2569-0269
https://academic.oup.com/

2 | G3,2021,Vol. 11, No. 8

Another group reported that heterozygous loss of mouse Brpfl
led to reduced dendritic complexity in both hippocampal granu-
lar cells and cortical pyramidal neurons (Su et al. 2019).

Intellectual disability is closely related to the imbalance of in-
hibitory/excitatory neural circuits, especially the imbalance of in-
hibitory circuits (Ben-Ari 2014; Nelson and Valakh 2015; Contreras
et al. 2019). GABAergic interneurons are the major cellular units of
the inhibitory neural circuit (Marin 2012; Ferguson and Gao 2018),
and are mainly produced in the medial and caudal ganglionic emi-
nence (MGE and CGE) and preoptic area (PoA) of the telencephalon
(Xu et al. 2004; Tremblay et al. 2016). After differentiation,
GABAergic interneurons migrate tangentially to the neocortex,
with some of them to the cortical marginal zone (Lim et al. 2018).
MGE-derived GABAergic interneurons are mainly differentiated
into somatostatin (SST)* and parvalbumin (PV)* interneurons
(Kelsom and Lu 2013; Tremblay et al. 2016), and growth number
reaches a peak at E13.5 (Lim et al. 2018). GABAergic interneurons
stay on the MGE for a period of time, then mostly tangentially mi-
grate at E15.5-E16.5. Our previous work showed that mouse Brpf1
is specifically expressed in MGE (You et al. 2014). Relatedly, the
haploid mutation of Brdl (also called Brpf2) significantly reduced
the number of PV interneurons in the anterior cingulate cortex of
mouse (Qvist et al. 2018). We hypothesized that Brpfl regulates
MGE-derived GABAergic interneurons and affects inhibitory neural
circuits, which will eventually lead to abnormal learmning, memory,
and cognitive ability.

To test this, we applied mouse MGE-derived GABAergic intermeur-
ons and AAV-shBrpfl to examine the effect of Brpf1 deficiency on the
differentiation, dendritic morphology, electrophysiological properties,
migration, and gene expression of MGE-derived GABAergic intermeur-
ons by immunofluorescence staining, whole-cell patch-clamp, MGE
cell transplantation, and mRNA-seq. This study will help us under-
stand the key role of Brpfl on the morphology and function of
GABAergic interneurons, and provide us with new insights into the
pathogenesis of intellectual disability caused by BRPF1 mutations.

Materials and methods
Animals

C57BL/6 mice were used in this study and were purchased from
Shanghai Slac Laboratory Animal CO., LTD. The day when vaginal
plug is detected was considered to be embryonic day 0.5 (E0.5). All
experimental animals were kept in an animal facility at Fudan
University and all experiments were conducted in accordance
with guidelines approved by Fudan University.

Primary neuron culture

Primary GABAergic interneurons were prepared from E14.5 wild-
type pregnant mice. MGEs were isolated from the embryonic brains
in ice-cold HBSS (Thermo, 14185052) with 1% HEPES (Thermo,
15630106) and the MGEs were transferred to a 15ml centrifuge tube
for digestion with 3ml HBSS/HEPES containing 100 ug/ml DNase
(Sigma, D4527) and 0.05% trypsin (Sigma, T8658-1vl). Centrifuge
tube was transferred to a 37° water bath for 15 min and gently
shaked every 3-5 min. Five milliliters Neurobasal medium (Gibco,
211030049) supplemented with 10% FBS (Gibco, 10091148), 2% B27
supplement (Gibco, 17504044), and 1% GlutaMAX-1(Gibco,
35050061) was added to stop the digestion. The mixed liquid was
centrifuged at 800 rpm for 5 min and the supernatant was removed.
Neurobasal medium supplemented with 10% FBS, 2% B27 supple-
ment, and 1% GlutaMAX-1 was added again. The neurons were
then dissociated by pipetting, and the suspension was centrifuged
at 1000rpm for 5 min. Cells were then resuspended, plated at a

density of 2-5 x 10* cells/well on coverslips in a 24-well plate pre-
coated with poly-L-lysine (Sigma, P9155), and cultured in a neuro-
basal medium supplemented with 2% B27 supplement, and 1%
GlutaMAX-1.

Immunofluorescence staining

Neurons were infected with AAV-scramble-GFP or AAV-shBrpfl-
GFP virus at DIV3. The shBrpfl sequence was shown in Table 1.
After DIV10, GFP-expressing neurons could be gradually observed
under a fluorescent microscope. At DIV14-15, immunofluores-
cent staining was performed to quantify the number of
GABAergic interneurons that differentiated into PV* or SST™
interneurons. Briefly, neurons were fixed in 4% paraformalde-
hyde (Biosharp, BL539A) in PBS (Hyclone, SH30243.01) for 20 min,
permeabilized with 0.1% Triton X-100 (Sigma, X-100) in PBS for
1h, and blocked with 10% goat serum (Proteintech, b900780) in
PBS for 1h at room temperature. Neurons were then incubated
with primary antibodies at 4° overnight and second antibodies
for 1h. The primary antibodies used were mouse anti-MAP2
(1:1000, RRID: AB_2882331), rabbit anti-GFP (1:500, RRID:
AB_11042881), mouse anti-GABA (1:200, RRID: AB_476667), rabbit
anti-PV (1:500, RRID: AB_2880541), rabbit anti-SST (1:500, RRID:
AB_2195910), and mouse anti-GFP (1:500, RRID: AB_11182611).
Neurons were finally incubated with DAPI (Sigma, D9542) at

Table 1 Primer sequence

Primer name Primer sequence
shBrpfl Sense GGCTTACCGCTACTTGAACTT
Antisense AAGTTCAAGTAGCGGTAAGCC
Gapdh F AGGTCGGTGTGAACGGATTTG
R TGTAGACCATGTAGTTGAGGTCA
mBrpfl F ATGCAGCTGACCCCTTTCCT
R CACTGCTGCCCTGTAGAAGA
Rnf170 F AGAAGGAGTGAGCGACCAAGTC
R CTCGAAGCACTCTGACTAGCTC
vdr F GCTCAAACGCTGCGTGGACATT
R GGATGGCGATAATGTGCTGTTGC
Hrhl F AAGGTGACCTCTCCGACTGTCT
R TGGCTCAAGGTCTGGTCATTGG
Cldn19 F GCACTCGGGTTGGAGACAGTAA
R GGTAGCATACCAGGAGACAGCA
Pcdhgbl F CTCAGGATCTCCTGTGCGATGA
R GGCTTGAGAGAAACGCCAGTCA
Secl F GGCGAATATGCCACGCTGTTTG
R CCTTTTGGCTGTGTCGCTATGC
Fgf2 F AAGCGGCTCTACTGCAAGAACG
R CCTTGATAGACACAACTCCTCTC
Kctd20 F CCACTCAAGAGAAAGAAGGCAGC
R TTGCTGGCTGAGAGGCATAGTC
Reurn F CTTCTCGCTCTACGACGTAGAC
R TCTTCTCAGCCCGCTTTTCTGG
Shroom4 F TACAGGTTGCTGTCACGGTCCT
R TTGGCTTCCACTTGTCCACAGG
Map2k7 F TCAGGTGTGGAAGATGCGGTTC
R AAGGGCAGTCATGGCTCTTGAG
Asic3 F TATGTGGCTCGGAAGTGCGGAT
R CAGACACAAGTGTCCTTTCGCAG
Jph2 F CAACCAGGAGTCCAACATCGCC
R GCTCTCAGAGTTCTCCAGGATC
Prickle4 F AAGAAGGACCCGATCCAAGC
R AGGGTTTCCAGGGTGAGAGT
Ak4 F GAAGCAGTTGCTGCCAGGCTAA
R GCCAGATTCTGTTAGTCTCCGTC
S1prs F AGACTCCTCCAACAGCTTGCAG
R TAGAGCTGCGATCCAAGGTTGG
Nlrp6 F CTGGCGTCATTGTGGAACCTCT
R TCTCACTCAGCTCCACAGAGGT
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room temperature for 10 min and mounted with antifade mount-
ing medium.

Quantification of immunofluorescent images

To study the effect of Brpfl knockdown on the differentiation of
GABAergic interneurons, we used ImageJ Fiji (RRID: SCR_002285)
software to manually count the number of GABA'GFPT,
SSTTGFP*, PV*GFP™ neurons and the total number of GFP™ neu-
rons, the proportion of co-labeled neurons in GFP* neurons was
then calculated. For analysis of dendritic morphology, coverslips
were observed under an inverted fluorescence microscope
(Olympus) and confocal microscope (leica SP8, RRID: SCR_018169).
The images were analyzed using Image] Fiji. To calculate the
branches and the total length of dendrites, Sholl analysis was ap-
plied. Simple Neurite Tracer plug-in was used to track the path of
the neuron, and the radius was increased to cover the entire path
of the neurons with the cell body as the center and a fixed value of
10 um. The Sholl analysis plug-in was used to calculate the num-
ber of intersections between the ring and the neurite. The total
length of dendrites was also displayed when tracing the path of
neurites.

Electrophysiological recordings and analysis

For whole-cell patch-clamp recording, neurons were infected
with a reduced titer of AAV-scramble-GFP or AAV-shBrpfl-GFP
virus at DIV3 to achieve sparse labeling and the recordings were
performed at DIV15. Neurons expressing GFP under high-resolution
fluorescent microscope were chosen for electrophysiological record-
ings. Briefly, coverslips covered with neurons were transferred to a
holding chamber attached to the microscope stage, containing nor-
mal-temperature artificial cerebrospinal fluid (ACSF). Electrodes
with electrode solution were used to patch neurons under the fluo-
rescent microscope. To characterize the intrinsic membrane prop-
erties of neurons, current-clamp recordings were performed and
hyperpolarized and depolarized current steps were injected in
20pA increments. The following parameters were measured to
characterize the neuronal membrane characteristics: the resting
membrane potential was recorded immediately after the neuronal
membrane was ruptured, and the number of APs induced after dif-
ferent current injections were measured. The AP current threshold
is defined as the first rectangular current injection that causes a
spike. Offline analysis was performed using Clampfit software
(RRID: SCR_011323). To study the synaptic transmission between
neurons, mIPSCs were recorded. 1uM tetrodotoxin, 10 uM NBQX,
and 50 uM D-APS were added to ACSF. The same method to patch
the neurons was applied and the data was recorded for 6 min. The
amplitude and frequency were analyzed by mini-analysis software
(RRID: SCR_002184).

RT-qPCR

All the following experiments were RNase-free. The total RNA
was extracted by the traditional Trizol (Thermo, 15596018)
method (Groppe and Morse 1993), dissolved in a suitable volume
of RNase-free water, and the RNA concentration was determined
using a Nanodrop (RRID: SCR_018042). The RNA was then re-
verse-transcribed using a reverse transcription kit (Accurate
Biotechnology Co., Ltd, AG11705). The cDNA solution was sub-
jected to RT-qPCR using TB Green Premix Ex Taq (Takara, rr420a)
and prime script rt master mix (Takara, 11036a). Gapdh was used
as the internal control, and the relative expression of the gene
was calculated by 2722t method (Livak and Schmittgen 2001).
The primer sequences were shown in Table 1.

mRNA sequencing and bioinformatic analyses

The original sequencing data were analyzed using previously
published methods (Trapnell et al. 2012; Pertea et al. 2016). The total
RNA was extracted using Trizol method and the RNA integrity was
determined using RNA Nano chip and Agilent 2100 bioanalyzer
(Groppe and Morse 1993). The samples were subjected to high-
throughput sequencing through the paired-end sequencing mode
of the Illumina HiSeq sequencing platform (RRID: SCR_016383). For
each sample, the pre-processing sequence was compared with the
mouse genome sequence (release-98) by STAR software (RRID:
SCR_015899) after removing the linker sequence fragments and
low-quality fragments. For all samples, StringTie software (RRID:
SCR_016323) was used to count the original sequence counts of
known genes, and the expression of known genes was calculated
using fragments per kilobase of transcript per million fragments
mapped (FPKM). The DESeq2 software (RRID: SCR_015687) was used
to screen the differentially expressed genes between different sam-
ple groups, and the differential expression range of log, (fold
change) >1, log, (fold change) < —1 and P < 0.05 was used to screen
the differentially expressed genes between the two groups. The
function of differentially expressed genes was analyzed by David
(Huang da et al. 2009a, 2009b) website (https://david.ncifcrf.gov/,
RRID: SCR_001881), including gene ontology (GO) and kyoto ency-
clopedia of genes and genomes (KEGG). The raw and processed data
were deposited in Gene Expression Omnibus (RRID: SCR_005012)
database with GEO# GSE157903.

MGE cell transplantation and evaluation of
migration behavior

MGEs from E13.5 wild-type embryonic brains were harvested and
dissociated. The cell suspensions were incubated with AAV-
scramble-GFP or AAV-shBrpfl-GFP for 2h at 37°, during which
the liquid was gently mixed every half hour. Each group had
about 50,000 cells. The mixed liquid was centrifuged at 800 rpm
for 5 min and then the supernatant was removed. The centrifu-
gation step was repeated two to three times. The pellet was
resuspended in 10 ul DMEM supplemented with 10% FBS. The cell
suspension was then injected into the neocortex of wild-type P1
host. Transplanted neurons were allowed to migrate in vivo for
35 days before analysis. On day 35, mice were anesthetized, per-
fused with PBS followed by 4% PFA through the endocardium,
and then the brain was carefully dissected. The brain was incu-
bated overnight in 4% PFA, dehydrated in 30% sucrose in PBS un-
til the sample sank to the bottom, embedded with optimum
cutting temperature compound (O.C.T., Sakura, 4583), and sec-
tioned at a thickness of 20um. Rabbit anti-GFP (Proteintech,
1:500) and DAPI (1:1000) were used for immunofluorescence
staining. The proportion of GFP* cells in each layer of the cortex
was analyzed after that the stained sections were photographed
by confocal microscope (leica SP8).

Statistical analysis

Data were analyzed statistically using ImageJ Fiji and GraphPad
Prism 8.0 software (RRID: SCR_002798). Differences between
groups were tested by T-test. The values of P<0.05 were consid-
ered statistically significant. *P < 0.05, *P < 0.01, and **P < 0.001.

Data availability

Supplementary materials include Reagent Table and Supplementary
Table S1. Supplementary Table S1 contains DESeg2 output and the
FPKM values of genes. Gene expression data are available at GEO
with the accession number: GSE157903 (https://www.ncbinlm.nih.
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gov/geo/query/acc.cgi?acc=GSE157903). Figures and supplementary
materials had been uploaded to figshare: https://doi.org/10.25387/g3.
14215817.

Results

Brpf1 deficiency led to a mild decreased trend on
the differentiation of GABAergic interneurons into
PV* interneurons

To study the effect of Brpfl knockdown on the differentiation of
MGE-derived GABAergic interneurons, we dissected mouse MGEs
from E14.5 embryos for primary culture of GABAergic interneur-
ons. Neurons were infected with AAV-scramble-GFP or AAV-
shBrpf1-GFP at the 3" day in vitro (DIV3), and immunolabeling
was performed at DIV14-15. We confirmed a knockdown effi-
ciency of approximately 40% by RT-qPCR (Figure 1D). Then the
proportion of GABATGFP*, PVTGFP*, and SST*GFP"™ neurons in
total GFP* neurons was calculated (Figure 1). The results showed
that the ratio of GABA*GFP* neurons in total GFP' neurons
reached almost 100%, indicating that the majority of the cultured
MGE-derived neurons were GABAergic interneurons (Figure 1, A
and 1E). GABAergic interneurons are mainly differentiated into
SST* and PV" interneurons (Kelsom and Lu 2013; Tremblay et al.
2016). Thus, we examined the ratio of PV*GFP* or SST*GFP" in
total GFP" neurons (Figure 1, B, C, F, and G), and found little effect
on the differentiation of GABAergic interneurons into SST* inter-
neurons but a mild decreased trend into PV* interneurons upon
Brpf1 knockdown.

Brpf1 deficiency had little effect on the dendritic
morphology of MGE-derived GABAergic
interneurons

The dendrites of neurons are essential for neuronal functions.
Studies have shown that the complexity of neurites is closely re-
lated to some development-related diseases (Hutsler and Zhang
2010; Konopaske et al. 2014; Wang et al. 2017).To study the effect
of Brpfl knockdown on the dendritic morphology of MGE-derived
GABAergic interneurons, we dissociated E14.5 MGEs and
infected primary cultured neurons with AAV-scramble-GFP or
AAV-shBrpf1-GFP. Immunostaining was performed at DIV 14-15
with anti-MAP2 antibody (a specific marker for dendrites) and
the quantification was calculated from 3 independent experi-
ments (Figure 2A). Totally 33 and 37 neurons in the AAV-
Scramble and AAV-shBrpfl groups were analyzed, respectively,
using Sholl analysis (O'Neill et al. 2015). The results showed that
there was no significant difference in the number of intersec-
tions and total length of dendrites between the two groups
(Figure 2, B and C), indicating that Brpf1 knockdown had little ef-
fect on the dendritic morphology of MGE-derived GABAergic
interneurons.

Brpf1 deficiency attenuated inhibitory
neurotransmission by decreasing miniature
inhibitory postsynaptic current (mIPSC)
amplitude and increasing firing threshold

Patients with intellectual disability usually have reduced learn-
ing and memory abilities, delay of which is closely related to
synaptic dysfunction (Volk et al. 2015; Aincy et al. 2018; Lima
Caldeira et al. 2019). Synaptic dysfunction is usually determined
by the characteristics of cell membranes and synaptic transmis-
sion between neurons. To assess the functional consequences of
Brpfl knockdown on synaptic transmission, we performed whole-

cell patch-clamp to record the electrophysiological properties of
MGE-derived GABAergic interneurons at DIV 15 after AAV-scramble
or —shBrpfl infection at DIV3 (Figure 3). For inhibitory neurotrans-
mission, we measured mIPSCs. Each neuron was recorded for 6 min
and the signal of the later 3 min was selected for statistical analysis
(Figure 3A, a short fragment of the signal was shown). The ampli-
tude but not the frequency of mIPSCs decreased significantly
(Figure 3, B and C). For membrane characteristics, we measured rest-
ing membrane potential (RMP), action potentials (APs), and evoked
APs. RMP had little change (Figure 3D). Due to few or no spontane-
ous APs after many trials, we recorded evoked APs. The AAV-
shBrpfl group required a larger incident current to induce the
evoked APs, with a significant increase in the firing threshold
(Figure 3E), although the maximum frequency of evoked APs was
not affected (Figure 3F). More specifically, when the evoked APs were
induced against a serial step of increasing currents, there was a sig-
nificant decrease in the number of spikes at current 130, 170, and
190 pA (Figure 3G). All the results indicated that Brpf1 knockdown at-
tenuated inhibitory neurotransmission of MGE-derived GABAergic
interneurons.

Brpf1 deficiency had little effect on GABAergic
interneuron migration in vivo

Neurons after birth migrate to specific locations and form a net-
work with surrounding cells to perform their specific functions. In
order to study the localization and migration ability of MGE-de-
rived GABAergic interneurons in the cortex upon Brpf1 knockdown,
we adopted a transplantation assay (Vogt et al. 2015; Elbert et al.
2019). Briefly, E13.5 MGE cells were infected with AAV-scramble-
GFP or AAV-shBrpf1-GFP, then injected into the cortex of P1 wild-
type mice by micro-syringe (Figure 4A). The transplanted cells
were allowed to develop in vivo for 35days (a time point at which
mature interneuronal markers were expressed) and the proportion
of GFP* cells in the cortex was analyzed (Figure 4, B-D). First, we
analyzed the deep (V and VI) and superficial (I-IV) layers of the cor-
tex, and found that the proportion of GFP™* cells showed no signifi-
cant difference upon Brpfl knockdown (Figure 4C). Upon further
dividing cortex layers into layers I, II-IV, V, and VI, the ratio of
GFP™ cells in each layer still had little change (Figure 4D). Thus,
the mild knockdown of Brpf1 did not affect the neuronal migration
and cortical localization of MGE-derived GABAergic interneurons.

Brpf1 deficiency led to dysregulated Map2k7
expression in MGE-derived GABAergic
interneurons

To study the molecular mechanism of Brpfl knockdown leading to
the changes in electrophysiological properties of MGE-derived
GABAergic intermeurons, three batches of RNA from AAV-scramble
and AAV-shBrpfl groups were extracted for mRNA-Seq analysis.
The number of fragments per kilobase fragment (FPKM) of the tran-
script per thousand fragments was used to calculate the expression
of a known gene. DESeq2 software was used to screen the differen-
tially expressed genes (DEGs) between different groups. DEGs with
P<0.05 and log, (fold change) >1 were considered as up-regulated
genes. Similarly, DEGs with P<0.05 and log, (fold change) < —1
were considered as down-regulated genes. 24 and 22 genes were
upregulated and downregulated, respectively, upon Brpfl knock-
down (Figure 5A and Supplementary Table S1).

GO and KEGG enrichment analysis of these genes revealed
that most of the 24 up-regulated genes were involved in gene
negative transcription and inflammatory response (Figure 5B and
Supplementary Table S1). Among them, Tceal7, Mecom, Vdr, Lrch4
were involved in negative regulation of transcription, and Hrhl,


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157903
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157903
https://doi.org/10.25387/g3.14215817
https://doi.org/10.25387/g3.14215817
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkab090#supplementary-data
academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkab090#supplementary-data

J.Cacetal. | 5

>
&

RT-qPCR

¥

1

AAV-scramble
5

=
tn

Relative expression of Brpf1 mRNA

b
c%— 0.0
@ AAV-scramble AAV-shBrpf1
wvi

1
= E  15-
<

P=0.5875

] |
AAV-scramble AAV-shBrpf1

(o]
I
n
1

F 1.5
' o
g & P=0.0556
- v
N ':* 1.0
= o T
< L
= G}
3 B
=5
o
4
1]
o

AAV—scr'ambIe AAV-;;hBrpﬂ

AAV-scramble

P=0.7486

(9]
- o
lf'! o

o
wn
1

Ratio(S5T*;GFP*/GFP")
[=)
1

AAV-shBrpf1

AAV-scramble @
Ratio(GABA*;GFP*/GFP*)
2§ %

o
o

1 I
AAV-scramble AAV-shBrpf1

Figure 1 Brpfl knockdown led to a mild reduced trend on the differentiation of MGE-derived GABAergic interneurons into PV* interneurons. (A-C)
Representative immunofluorescent images at DIV15, which were co-labeled with GABA and GFP, PV and GFP, SST, and GFP antibodies, respectively.
Scale bar, 100 pm. (D) Quantitative mRNA analysis showed that knockdown efficiency of Brpf1 reached approximately 40% (AAV-scramble group, n =5
batches; AAV-shBrpf1 group, n = 5 batches; P < 0.001). (E-G) The ratio of GABA*GFP*, PV*GFP*, SST*GFP* neurons in total GFP* neurons upon Brpf1
knockdown was quantified, respectively. (E) n = 43 and 52 fields for AAV-scramble and -shBrpf1, respectively, P = 0.5875; (F) n = 55 and 50 fields for
AAV-scramble and -shBrpf1, respectively, P = 0.0556; (G) n = 49 and 45 fields for AAV-scramble and -shBrpf1, respectively, P = 0.7486. n was the number
of fields, and the average cell count per field was about 25 neurons.



6 | G3,2021, Vol. 11, No. 8

A

Q

o

E

B

L¥)

iy

=

<<

=

=

)

=

o

=

<

B ,_ c

" -e— AAV-scramble 2000+ P=0.5651
_5 6 -m- AAV-shBrpf1 g_

: £ 15004
iy =t

: 2
£ &

5 @ 1000
= 5

a2 3. 5

E 8 5004
c 5

£ 2

S -—— 0 ; -
0 50 100 150 200 AAV-scramble  AAV-shBrpf1

Distance from the soma(um)

Figure 2 Brpf1 knockdown had no significant effect on the dendritic morphology of MGE-derived GABAergic interneurons. (A) Representative

immunofluorescent images of MGE-derived GABAergic interneurons immunostained with mouse anti-MAP2 and rabbit anti-GFP antibodies. Scale bar,
75 um. (B) The mean number of intersections between dendrites and concentric circles with different radii (AAV-scramble group, n = 33 neurons; AAV-
shBrpfl group, n = 37 neurons). (C) Comparison of mean total length of neuronal dendrites (AAV-scramble group, n = 33 neurons; AAV-shBrpf1 group,

n = 37 neurons; P = 0.5651).

Mecom, Stab1 in inflammatory response. Vdr and Hrh1 were veri-
fied by RT-qPCR (Figure 5C). However, for the 22 downregulated
genes, no pathways were significantly enriched. To further ex-
plore the underlying molecular mechanism, we selected neuron-
related genes among the 46 DEGs (24 plus 22) and validated by
RT-gPCR (Figure 5C). For downregulated DEGs, We validated that
Map2k7 was significantly decreased upon Brpfl knockdown
(Figure 5C). Of note, Both Map2k7 heterozygous and tissue-spe-
cific knockout mice showed symptoms related to intellectual

disability, such as cognitive and motor dysfunction (Winchester
et al. 2012; Yamasaki et al. 2017), which is similar to that of Brpfl
knockout. This suggested that the underlying mechanism may
involve dysregulated MAPK pathway via Map2k7.

Discussion

Accumulating clinical studies have reported totally 40 cases of
patients with BRPF1 monoallelic mutations, with symptoms such
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Figure 4 Brpf1 deficiency had no effect on the neuronal migration of MGE-derived GABAergic interneurons in vivo. (A) Schematic diagram of MGE cell
transplantation. In short, MGE neurons dissociated from E13.5 embryonic brains were infected with GFP-carrying adeno-associated virus (AAV-
scramble-GFP or AAV-shBrpf1-GFP) and transplanted into the P1 neocortex. The proportion of GFP* neurons in each cortical layer were analyzed after
35 days. (B) Representative images of GFP* neurons in each layer of cortex were analyzed at day 35 after transplantation. Arrows indicated GFP*
neurons. Scale bar: 50 pm. (C) Quantitative analysis of the proportion of GFP* neurons in deep (V and VI) and superficial (I-1V) cortical layer,
respectively (AAV-scramble, n = 9 mice; AAV-shBrpfl, n = 9 mice). (D) Quantitative analysis of the ratio of GFP" neurons in layer [, II-1V, V, and VI,

respectively (AAV-scramble, n = 9 mice; AAV-shBrpfl, n = 9 mice).

as intellectual disability, developmental delay, and epilepsy
(Mattioli et al. 2017; Yan et al. 2017; Baker et al. 2019; Pode-
Shakked et al. 2019; Yan et al. 2020). Impaired GABA neurotrans-
mission is associated with mental disorders such as epilepsy and
intellectual disability. Our previous work has found that Brpfl
global knockout is embryonically lethal (You et al. 2015a), and
Brpf1 forebrain-specific knockout showed hypoplasia in hippo-
campus, corpus callosum, and cortex (You et al. 2015b, 2015c).
Moreover, we found that Brpf1 is specifically expressed in MGE at
E14.5 (You et al. 2014), a niche where most GABAergic interneur-
ons were born. To study monoallelic loss effect of Brpfl, we
mildly knocked down Brpfl in MGE-derived GABAergic interneur-
ons with a knockdown efficiency of about 40% (Figure 1D).
Interestingly, this study found that Brpfl mild knockdown led to
significant changes in electrophysiology (Figure 3) and a de-
creased differentiation trend of GABAergic interneurons into PV*
interneurons (Figure 1) before any overt influence in dendritic
morphology (Figure 2) and neuronal migration (Figure 4). More
specifically, Brpfl mild knockdown can sensitively cause attenu-
ated inhibitory neurotransmission by decreasing mIPSC

amplitude and increasing firing threshold of evoked APs
(Figure 3). The underlying mechanism may involve dysregulated
MAPX pathway via Map2k7, as indicated by mRNA-Seq (Figure 5).

We found that a decreased trend of MGE-derived GABAergic
interneurons to differentiate into PV* interneurons upon Brpfl
knockdown (p=0.056, Figure 1). Consistently, Brdl (also known
as Brpf2) heterozygous mice also displayed a decrease in the
number of PV* interneurons (Qvist et al. 2017, 2018). Moz and Morf
were involved in regulating neurogenesis (Merson et al. 2006;
Cosentino et al. 2019; Wiesel-Motiuk and Assaraf 2020). Morf mu-
tant mice showed reduced ability of neural stem cells/progenitor
cells differentiating into neurons, astrocytes, and oligodendro-
cytes, but not limited to specific neuronal types (Merson et al.
2006). Further confirmation with a more efficient knockdown/
knockout in vivo will be needed to study Brpfl’s effect on PV in-
terneuronal differentiation.

Dysregulation of excitatory/inhibitory neuronal circuits was
closely related to various neurodevelopmental disorders (Forrest
et al. 2018; Selten et al. 2018; Munoz et al. 2020) such as intellectual
disability, epilepsy, and schizophrenia. Our study found that
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Figure 5 Brpf1 deficiency led to decreased Map2k7 expression in MGE-derived GABAergic interneurons revealed by mRNA-Seq. (A) Volcano plot of DEGs
from mRNA-Seq, log,(fold change) < -1 or >1 was set as significant downregulation or upregulation (AAV-scramble group, n = 3; AAV-shBrpf1 group, n = 3).
(B) GO-analysis of 24 upregulated and 22 downregulated genes revealed by mRNA-Seq. The number of genes involved in each Go term was indicated.

(C) Validation of selected DEGs from mRNA-Seq by RT-gPCR. n indicated pairs of AAV-scramble and AAV-shBrpfl groups validated by RT-gPCR. *P < 0.05,

P < 0.001.

insufficient Brpf1 led to abnormal synaptic transmission in MGE-
derived GABAergic interneurons with reduced amplitude of
mIPSCs and increased firing threshold of evoked APs, although
the RMP was not altered. The RMP refers to the constant potential
difference between the inside and outside of the cell membrane
when the neuron is in a relatively static state. Na*, KT ion chan-
nels, and Na*/K*-ATPases are the main mechanisms for main-
taining the resting potential on the cell membrane. Among them,

K" ion channels dominate because the membrane permeability
of K* is much higher than other ions, and the chemical gradient
of K™ is very strong (Cardozo 2016). The action potential refers to
the transient and special waveform of the transmembrane poten-
tial pulse generated by the cell membrane in the resting mem-
brane potential state by appropriate stimulation. There are two
primary types of action potentials, one is generated by voltage-
gated Na™ channels, and the other is generated by voltage-gated
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Ca®" channels (Barnett and Larkman 2007). Studies have found
that Na™ ion channels are closely related to inhibitory neural cir-
cuits (Catterall 2017). These may explain why Brpfl knockdown
increased firing threshold without affecting RMP. Consistently,
previous studies showed that Brpf1 forebrain-specific (by Emx1-
Cre) heterozygotes also had increased firing threshold of APs, re-
duced mEPSC frequency and amplitude in the hippocampus (Su
et al. 2019). In addition, Brd1*/~ pyramidal neurons showed de-
creased frequency of spontaneous IPSCs and mIPSCs (Qvist et al.
2017). These results indicated that membrane properties and
functional maturation of MGE-derived GABAergic interneurons
were sensitive to Brpfl dose even with mild knockdown.

Interestingly, the mild knockdown of Brpf1 in our study only
led to significant changes in electrophysiology properties before
any major influence showed in dendritic morphology and neuro-
nal migration. Thus, we performed mRNA-Seq analysis to mainly
explain the change in electrophysiology. For downregulated
DEGs, SHROOM4 was implicated in neural development associ-
ated with human X-linked intellectual disability (Hagens et al.
2006); ion transport-related genes such as Asic3 (Wu et al. 2019),
Ak4 (Liu et al. 2009), and Slpr5 (Tran et al. 2020) can promote the
release of cations to the outside of the cell, and thus a greater
current stimulation is required to induce an AP; Map2k7 is a key
gene that activates MAPK signaling (Winchester et al. 2012);
NLRP6 is part of NLRP6 inflammasome and plays a crucial role in
innate immunity and inflammation. Nlrp6 could also induce apo-
ptosis to regulate the survival of neurons (Zhang et al. 2020). For
upregulated DEGs, overexpression of Rnf170 inhibited IP3 recep-
tor (Lu et al. 2011), which plays a key role in cell signaling; overex-
pression of transporter genes such as Vdr (Bikle 2000) and Kctd20
(Skoblov et al. 2013) affects the assembly of some cation channels
protein, and eventually leads to changes in membrane ion per-
meability. Our analysis revealed that Map2k7 was significantly
downregulated. Relatedly, MOZ knockdown led to a decrease of
JNK (a key component of MAPK signaling) phosphorylation
(Wiesel-Motiuk and Assaraf 2020), and patients with JNK muta-
tions were detected with intellectual disability (Kunde et al. 2013).
MORF disruption leads to a Noonan syndrome-like phenotype
mainly via hyperactivated MAPK signaling in human and mice
(Kraft et al. 2011). Map2k7 also plays an important role in the regu-
lation of MAPK signaling (Winchester et al. 2012). In addition,
Map2k7 heterozygous mice exhibited cognitive dysfunction
(Winchester et al. 2012) and neuron-specific Map2k7 knockout
exhibited motor dysfunction such as muscle weakness and ab-
normal walking (Yamasaki et al. 2017). This is consistent with the
learning and memory impairment in Brpfl mutant mice (Su et al.
2019). The mechanism of how Brpfl regulates Map2k7 expression
merits further investigation.

This study helps us understand the key roles of Brpf1 in differ-
entiation, dendritic morphology, electrophysiological characteris-
tics, migration, and gene expression of MGE-derived GABAergic
interneurons from a neurobiological level, and provides us with
new insights into the pathogenesis of intellectual disability
caused by BRPF1 mutations.
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