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ABSTRACT

Transcriptional Mediator controls diverse gene pro-
grams for various developmental and pathological
processes. The human Mediator MED23/R617Q mu-
tation was reported in a familial intellectual disability
(ID) disorder, although the underlying mechanisms
remain poorly understood. Constructed by gene edit-
ing, the Med23/R617Q knock-in mutant mice ex-
hibited embryonic lethality due to the largely re-
duced Med23/R617Q protein level, but the R617Q
mutation in HEK293T cells didn’t change its ex-
pression and incorporation into Mediator Complex.
RNA-seq revealed that MED23/R617Q mutation dis-
turbed gene expression, related to neural devel-
opment, learning and memory. Specifically, R617Q
mutation reduced the MED23-dependent activities
of ELK1 and E1A, but in contrast, upregulated the
MAPK/ELK1-driven early immediate genes (IEGs)
JUN and FOS. ChiIP-seq and Hi-C revealed that the
MED23 R617Q mutation reprogramed a subset of
enhancers and local chromatin interactions, which
correlated well with the corresponding gene expres-
sion. Importantly, the enhancers and chromatin in-
teractions surrounding IEGs were unchanged by the
R617Q mutation, but DACH1, an upstream repressor
of IEGs, showed reduced enhancer-promoter inter-
actions and decreased expression in mutant cells,
thus relieving its inhibition to the intellectual-related
IEGs. Overall, unraveling the MED23-DACH1-IEG axis
provides a mechanistic explanation for the effects of
the MED23/R617Q mutation on gene dysregulation
and inherited ID.

INTRODUCTION

Mammalian genomes are segmented into well-organized
domains in the nucleus, organized as compartments, topo-
logically associated domains (TADs) and chromatin loops
at different scales (1-4). Transcription is a highly regu-
lated process orchestrated by cis- or trans-DNA elements,
transcription factors and cofactors. Precise gene transcrip-
tion in space and time requires distal enhancers to com-
municate with target promoters dynamically within the
gene regulatory landscape. For this process, enhancers
and promoters should be brought physically proximity
in the right time and place. Additionally, recent studies
have shown the important roles of enhancers in direct-
ing lineage- and stage-specific transcription during devel-
opment (5-9); thus, how enhancers are organized and reg-
ulated in the highly dimensioned chromatin environment
has become one of the most important questions to be
explored.

Mediator is a large, highly conserved and multisubunit
complex implicated in nearly all steps of the RNA poly-
merase I (Pol II) transcription process (10,11). The basic
function of Mediator is to help recruit general transcription
factors and Pol II for transcription initiation (10). Signal-
ing factors and DNA-binding regulators communicate with
the Pol II machinery via Mediator, which transduces devel-
opmental and environmental signals to Pol II to generate
various mRNA outputs (12). Mediator thus contributes to
loop enhancers and promoters in proximity (13), but how
exactly Mediator controls enhancer functions and partici-
pates in enhancer-promoter communication requires more
studies.

The MED?23 subunit of Mediator was originally iden-
tified as the target of adenoviral oncoprotein E1A in
mammalian cells (14,15). In recent years, in vitro and

*To whom correspondence should be addressed. Tel: +86 021 31246766; Email: gwang_fd@fudan.edu.cn
Correspondence may also be addressed to Miao Yu. Email: miaoyu@fudan.edu.cn
tThe authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0002-4582-501X

2138 Nucleic Acids Research, 2023, Vol. 51, No. 5

in vivo studies have identified a specific interactome be-
tween MED23 and other proteins, including RUNX2,
RNA20/40, hnRNPL and CDKY9, and revealed versatile
roles of MED23 in adipogenesis, osteogenesis, myogenesis,
H2B ubiquitination-mediated cell fate choice, mRNA splic-
ing, and Pol II elongation (16-21). Dysfunctions of Me-
diator subunits are frequently associated with severe hu-
man diseases (22), as is MED23. In recently reported cases,
several missense mutations of MED23 were found to be
associated with familial intellectual disabilities (IDs) (23—
25). Patients with MED23 mutations exhibit microcephaly,
speech delay, hypotonia, global developmental delay and
cognitive defects (25). Among the ID-related mutations of
MED23, the R617Q missense mutation was previously re-
ported to lead to mental disorders by disrupting the expres-
sion of the immediate early genes (IEGs) FOS and JUN
(23). These so-called IEGs, which respond rapidly to stim-
uli from the external environment, are crucial for neuronal
activity (26-29). In the brain, IEGs first respond to vari-
ous neuronal stimulations and further influence neuronal
physiology by regulating the expression of numerous down-
stream target genes (26). Disruptions in IEG transcrip-
tional regulation are closely related to various neurologi-
cal disorders (26,27). Here we determined to establish the
mouse and the cell line carrying the ID-related MED23
mutation and to elucidate the underlying mechanism
through which MED23 R617Q mutation dysregulates IEG
expression.

In this study, we utilized CRISPR/Cas9 genomic edit-
ing tools to generate ID-related MED23/R617Q mutant
mice and cell lines to investigate its effect on transcriptional
control. We first determined that the Med23 R617Q mu-
tation in mice results in serious instability of the Med23
protein and leads to early embryonic lethality. In con-
trast to mice, in the human cell line HEK293T, we found
that the R617Q mutation did not alter MED23 expres-
sion and Mediator integrity but compromised the tran-
scriptional activity of its binding transcription factors
ELK1 and E1A. Even so, the downstream activation tar-
gets of ELK1, FOS and JUN were unexpectedly upregu-
lated under the MED23 R617Q mutation. To understand
these contradictory results, we further investigated the in-
fluence of MED23/R617Q on enhancer activation and
chromatin conformation by chromatin immunoprecipita-
tion followed by high-throughput sequencing (ChIP-seq)
and Hi-C techniques and found that MED23/R617Q re-
modeled enhancer activity and chromatin compartmen-
talization and interactions, which corresponded with dis-
rupted Pol IT occupancy and gene expression. Through
further screening, we found that although the enhancer-
promoter interactions or enhancer activities involving
FOS and JUN were unchanged, their upstream suppres-
sor DACHI1 showed largely decreased enhancer-promoter
contacts under MED23 R617Q mutation, along with its
enhancer activity and mRNA expression, thus relieving
the repression of FOS and JUN expression. Together,
our findings provide mechanistic insight into MED?23
pathogenic mutations and demonstrate the role of Medi-
ator in the enhancer topology underlying transcriptional
control.

MATERIALS AND METHODS
Cell culture and targeted genome editing

Human embryonic kidney 293T cells were cultured in
10% FBS containing high glucose Dulbecco’s modified
Eagle’s medium (DMEM, HyClone, Logan, UT, USA).
sgRNAs targeting MED23 exonX were cloned into the
CRISPR/Cas9 plasmid vector PX330, which was trans-
fected into 293T cells with a 69 nt single strand DNA tem-
plate used for homologous directed DNA repair. Cells were
sorted with FACS and validated by Sanger sequencing.

Coimmunoprecipitation (Co-IP) and immunoblotting

WT and MED23/R617Q mutant 293T cells were seeded
in 10 cm dishes and cultured in an incubator. At nearly
80% confluence, the cells were harvested and lysed in lysis
buffer (1% NP-40, 10% glycerol, 135 mM NaCl, 20 mM
Tris, pH 8.0) with protease inhibitors. Lysates were sub-
jected to immunoprecipitation with anti-CDKS§ antibody
(Santa Cruz, California, USA, #sc-1521) or control IgG at
4°C overnight, followed by washing in lysis buffer, SDS-
PAGE electrophoresis and immunoblotting with the indi-
cated antibodies (MED6, Santa Cruz, #sc-9434; Med12,
Bethyl, TX, USA, # A300-774A; MED23, Abcam, Cam-
bridge, UK, ab200351; MED24, Bethyl, A300-472A; B-
actin, Sigma, MA, USA, A5441).

ChIP assay and ChIP-seq

ChIP-seq assays were conducted as previously described
(17). Briefly, cells were crosslinked with 0.9% formalde-
hyde for 9 min at room temperature, and formaldehyde was
quenched by glycine at a final concentration of 125 wM for
5 min. Cells were washed twice with ice-cold PBS and col-
lected by a cell scraper. Cell pellets were lysed and sonicated
in lysis buffer (1% SDS, 50 mM Tris—-HCI (pH 7.4), 10 mM
EDTA), and the chromatin was fragmented into 200-500
bp fragments using a COVARIS S220 sonicator. The lysates
were then diluted with dilution buffer (0.01% SDS, 1.1%
Triton X-100, 16.7 mM Tris—HCI (pH 8.0), 1.2 mM EDTA),
and immunoprecipitation was performed overnight at 4°C
with 24 g of antibodies against H3K4mel (Abcam,
ab8895), H3K4me3 (Abcam, ab8580), H3K27ac (Abcam,
ab4729) or polymerase II (Pol II, Santa Cruz, sc-899) and
chromatin corresponding to 1 x 10° cells. The next day,
IP samples were incubated with Dynabeads protein G for
2 h at 4°C, and the beads were washed with low salt
bufter (0.1% SDS, 1% Triton X-100, | mM EDTA, 20 mM
HEPES (pH 7.9), 150 mM Nacl, 0.1% deoxycholate), high
salt buffer (0.1% SDS, 1% Triton, 1 mM EDTA, 50 mM
HEPES (pH 7.9), 500 mM NacCl, 0.1% deoxycholate), LiCl
buffer (0.25 M LiCl, 0.5% NP40, 0.5% deoxycholate, 1
mM EDTA, 20 mM Tris—HCI (pH 80)) and TE buffer (10
mM Tris—HCI (pH 8.0), | mM EDTA) before elution. Elu-
ates were reverse-crosslinked at 65°C, and DNA was puri-
fied. The DNA was subjected to qRT-PCR or library con-
struction (Vazyme, Nanjing, China, ND607) for Illumina
sequencing.



qRT-PCR and RNA sequencing (RNA-seq)

Total RNA was extracted from cells lysed in TRIzol. One
microgram of total RNA was reverse transcribed (TaKaRa-
Bio, Dalian, China, R047A) to cDNA for gqRT-PCR. We
used a commercial RNA library kit to prepare the RNA-
seq library with the manufacturer’s specifications. Briefly,
mRNA was captured with mRNA Capture Beads before
fragmentation. The RNA fragment was reverse transcribed
and subjected to library amplification for [llumina sequenc-
ing.

ChIP-seq and RNA-seq analysis

ChIP-seq and RNA-seq raw reads were obtained from an Il-
lumina X-10 sequence analyzer. We utilized Fastqc (v0.1.0)
for raw data quality summary. Cutadapt was used to remove
sequencing adapters and poor-quality base trimming, re-
taining only reads with a quality score greater than 30 and
discarding reads shorter than 50 bp or 75 bp for SE100 or
PE150 reads, respectively. For RNA-seq, the filtered clean
reads were mapped to the human reference genome hgl9
with tophat2, and gene quantification and differential ex-
pression analysis were performed by cuffdiff with param-
eters -b -u. As for ChIP-seq, clean reads were aligned to
the human reference genome hgl9, and the mapping results
were normalized to FPKM (counts per million mapped
reads per kilobase) and converted to bigwig files for vi-
sualization by bamCoverage. Peak calling was conducted
by MACS2 (30) with two or three replicates, and peaks
were annotated using the R packages ChIPpeakAnno (31)
and ChlIPseeker (32). All peaks were concatenated and
merged, and peaks within 3 kb of transcription start sites
were assigned as promoter peaks. Peaks located out of
any annotated genes were assigned as distal peaks. ChIP-
seq signal intensity was calculated and normalized by to-
tal mapped reads, and P values were calculated using the
two-sample Kolmogorov—Smirnov (K-S) test. We defined
H3K27ac peaks distributed excluding known gene promot-
ers as enhancers, peaks located within 2 kb of each other
were merged together, and super enhancers were identified
using the ROSE algorithm (33). The correlation coefficient
of gene expression and H3K27ac tag density was calculated
with the MA-norm algorithm (34). Finally, all heatmaps
and density profiles were generated by DeepTools.

Hi-C library preparation

A total of 3 x 10° cells were collected by centrifugation
at 180 x g for 5 min and crosslinked in a final concentra-
tion of 1% formaldehyde for 10 min at room temperature.
For quenching of crosslink activation, glycine was added
to a final concentration of 0.2 M. Crosslinked cell pellets
were washed with cold PBS and immediately subjected to
lysis and restriction enzyme digestion. Cells were lysed in
lysis buffer (10 mM Tris—HCI pH 8.0, 10 mM NacCl, 0.2%
IGEPAL CA-630) and digested in 100 U Mbo I restric-
tion enzyme (NEB) at 37°C overnight. The DNA ends were
marked with biotin-labeled dATPs, and the 5’ overhang was
filled using the Klenow enzyme. The blunt ends were lig-
ated with T4 DNA ligase for 4 h at room temperature. Nu-
clei pellets were collected and digested with proteinase K.
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Proteinase-treated nuclei were directly reverse crosslinked at
68°C overnight. Crude DNA was fragmented into ~400 bp
fragments, and biotinylated DNA was pulled down with C1
streptavidin beads. For library preparation, approximately
500 ng of bead DNA was used as the initial material and
amplified 5 cycles after adapter ligation.

Hi-C data analysis

Hi-C data analysis was performed with Hic-Pro (35), i.e.
sequencing reads were separately aligned to the human
reference genome hgl9 with a two-step approach using
Bowtie2. We filtered out low mapping quality reads, PCR
artifacts, multiple hits and singletons. The uniquely mapped
reads were used to build the contact maps for a set of
resolutions of 5, 10, 25, 50, 100, 250, 500, 1000 and
2500 kb. Contact maps were converted into .hic files by
the hicpro2juicebox.sh utility for visualization. We used
cooltools (https://github.com/open2c/cooltools) to call dia-
mond insulation scores using a 50 kb bin size and 250 kb bin
size with default parameters. Regions between two adjacent
boundaries were considered TADs. When calculating the
overlap between the TAD boundaries identified from WT
and R617Q, we allowed a maximum of 50 kb (size of a single
bin) shift. Compartment profiles were calculated for each
chromosome in cis as described by Aiden et al. (Lieberman-
Aiden, E. et al., 2009, PMID: 19815776) using the cooltool
eigs-cis tool (https://github.com/open2c/cooltools). In sum-
mary, principal component analysis was applied to the Pear-
son correlation matrix of the observed/expected matrix un-
der 50- and 500-kb resolution. The PC1 values were further
correlated with genome GC content to assign compartment
A/B for each chromosome based on GC content. We con-
sidered a 50-kb region as the B/A switch region when the
sign of the PCI value of the region changed from negative
to positive.

RNA interference

Small interfering RNAs (siRNAs) used for the knockdown
of DACH]I and nonspecific siRNA negative controls were
designed and synthesized by RiboBio (Guangzhou, China).
The cells were seeded in a six-well cell culture plate and
cultured in growth medium on the day before transfection.
The transfection of siRNAs was carried out using Lipo-
fectamine RNAIMAX Reagent (Invitrogen, CA, USA) ac-
cording to the manufacturer’s instructions. Cells were har-
vested for qRT—PCR 48 h later.

Statistical analyses

Statistical analyses were carried out using GraphPad Prism
software. Data are presented as the mean + SD, with n in-
dicating the number of independent experiments. The com-
parison of differences among the groups was carried out
by Student’s ¢ test. Differences were considered significant
with a P value of <0.05. P values are depicted in figures us-
ing one to three asterisks (*P < 0.05, ** P < 0.01 and ***
P < 0.001).
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RESULTS

The human ID-associated MED23 R617Q mutation results
in embryonic lethality in mice

To investigate the pathogenic mechanisms of the hu-
man MED23 R617Q mutation, we constructed human
MED23 R617Q homologous mutant mice by utilizing
CRISPR /Cas9 technology. The MED23 R617 amino acid
residue is conserved between Homo sapiens and Mus mus-
culus (Supplementary Figure 1A), and successful construc-
tion of the Med23/R617Q knock-in mutant mice was con-
firmed by DNA sequencing (Supplementary Figure 1B).
The Med23/R617Q heterozygotes showed no developmen-
tal defects and lived normally. However, the homozygous
mutant died at embryonic Day 8.5 (E8.5) (Supplemen-
tary Figure 1C). By examining the expression of Med23,
we found that the Med23 R617Q mutation attenuated the
Med23 protein level in mice. The Med23 protein levels of the
Med23/R617Q mutant were dramatically decreased (Sup-
plementary Figure 1D), while the RNA level did not change
compared with that of the wild-type (WT) (Supplemen-
tary Figure 1E). Therefore, the Med23 R617Q mutation in
mice leads to more serious consequences than that in hu-
mans and can barely mimic the MED23 R617Q mutation
in humans. Of note, the possibility of off-target effect of
CRISPR /Cas9 here is unlikely, because we have also ad-
ditionally constructed the Med23/R617Q mice using the
traditional gene-targeting strategy based on homologous
recombination (Supplementary Figure 1F) and again the
generated the R617Q mutant mice died at early embryonic
stage, with Med23 protein not being expressed normally
(Supplementary Figure 1G-I).

The ID-associated mutation of MED23 does not alter medi-
ator integrity but results in reduced transcriptional activity

To understand the direct impact of ID-associated mutations
on transcriptional regulation, we used the CRISPR /Cas9
genome engineering tool to obtain the missense mutation
R617Q of MED23 (NM_015979.2, p.R617Q, ¢.G1850A) in
HEK293T cells (Figure 1A). In contrast to the results in
the mutant mouse, the G/A base substitution does not af-
fect MED?23 transcription; thus, a comparable amount of
mRNA was produced (Figure 1B), and the R/Q amino
acid residue substitution also did not change the protein
level of MED23 (Figure 1C). Since a previous study indi-
cated that MED23 deficiency may impair Mediator subunit
components (36), we tested whether this residue change of
MED23 may affect its structural association with the Me-
diator complex. Coimmunoprecipitation using an antibody
against CDKS, a subunit located in the kinase module of
Mediator, was performed to evaluate Mediator overall in-
tegrity. We observed that MED23/R617Q protein can in-
corporate into whole complex and did not result in a dif-
ferent immunoprecipitated subunit composition compared
with the WT MED23, as indicated by the MED6, MED12
and MED24 subunits (Figure 1D). In summary, the R617Q
mutation does not alter MED23 expression or MED23 in-
corporation into the Mediator complex.

To investigate the regulatory effect of the MED23 mu-
tant in vivo, we performed reporter assays to evaluate

the potential changing function of the endogenous WT
and R617Q mutant MED23 in activating transcription.
The previous reports showed that MED23 can directly in-
teract with the adenoviral oncoprotein E1A to support
transcription (14,15). The ternary complex factor (TCF)
ELKI1 can also interact with MED23 to stimulate tran-
scription when phosphorylated by mitogen-activated pro-
tein kinase (MAPK) signaling (20,36). At this point, we
employed GAL4-dependent luciferase reporter assays to
evaluate the activities of the GAL4 DNA binding domain-
fused E1A or ELK1 activation domain (Figure 1E). The
chimeric GAL4-ELK1 construct was transfected into WT
or MED23/R617Q mutant cells with or without the MAPK
kinase kinase (MEKK) plasmid cotransfection. Both WT
and mutant MED23 supported reporter gene expression,
but the mutant showed significantly reduced transcriptional
activity with or without MEKK cotransfection (Figure 1F).
Similar results were obtained from GAL4-El1A, WT and
R617Q mutant MED23, which were both capable of sup-
porting the reporter gene, while MED23/R617Q exhibited
a reduction in transcriptional activity (Figure 1G). There-
fore, the ID-associated MED23 R617Q mutation compro-
mised the transcriptional activation capability of the Medi-
ator subunit MED23.

The MED23 R617Q mutant upregulates IEGs involved in de-
velopmental process

To better understand the changed gene expression at the
genome level by the ID-associated mutant of MED23,
we performed transcriptome analysis of the WT and
MED23/R617Q mutant cells by RNA-seq. A total of 640
upregulated and 690 downregulated genes were identified
in the MED23/R617Q mutant cells compared with the
WT cells (Figure 2A). To analyze the molecular charac-
teristics of the ID-associated mutant cells, we conducted
functional analysis of these differentially expressed genes
(DEGs). Gene Ontology (GO) showed that many DEGs
involved in nervous system development, pattern specifica-
tion process, axonogenesis, neuron projection guidance, and
spinal cord development process were downregulated (Fig-
ure 2B), which is consistent with the phenotypes that pa-
tients with ID show developmental abnormalities and in-
tellectual inability. Interestingly, the upregulated genes were
also significantly enriched in the development of multiple
tissues and organs, including axonogenesis (Figure 2C).
Among these differentially expressed genes, we found
that the gene expression levels of the IEGs EGRI,
FOS family, JUN and JUNB were all increased in the
MED23/R617Q mutant cells compared with the WT cells
(Figure 2D). This finding is surprising and unexpected,
as we showed that the activation of ELK1 controlled by
MAPK is significantly reduced in the MED23/R617Q cells.
To better understand the dynamic changes in IEGs induced
by the MED23 R617Q mutation, we performed serum stim-
uli assays, and again, we found significantly higher levels
of the IEGs FOS and JUN in the MED23/R617Q mu-
tant cells than in the WT cells in either the steady state
or under serum induction (Figure 2E). As we previously
found, the ternary complex factor ELK1 transcriptionally
activates the expression of many IEGs, especially EGRI,
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Figure 1. The effects of the MED23 R617Q mutation on Mediator integrity and transcriptional activities of partner transcription factors. (A) The workflow
of targeted genome editing using CRISPR /Cas9. (B, C) The expression of MED23 at the RNA level (B, n = 3) and protein level (C) in the WT and
MED23/R617Q mutant cells. (D) Co-IP assays to determine the influence of the MED23 R617Q mutation on Mediator organization. (E) Diagram of
the luciferase reporter assay. The activation domain of ELK 1 and E1A was fused with the GAL4 DNA binding domain, which can bind upstream of the
luciferase TSS, thus recruiting Mediator to initiate transcription. (F) The effect of the MED23 R617Q mutation on the transcriptional activity of ELK1
with or without MEKK stimulation. n = 3 for each group. The values are the means &+ SDs. **P < 0.01. (G) The effect of the MED23 R617Q mutation
on the transcriptional activity of E1A. n = 3 for each group. The values are the means + SDs. *P < 0.05.

which is dependent on the presence of the Mediator sub-
unit MED?23 (36,37). Paradoxically, when ELK 1 transcrip-
tional activity was reduced in the MED23/R617Q mu-
tant cells, IEGs were upregulated. These controversial re-
sults suggest that MED23/R617Q may influence the expres-
sion of IEGs in an alternative mechanism, and we won-
dered whether the MED23 R617Q mutant exerts its func-
tions beyond transcriptional initiation. Lastly, since IEGs
participate in various processes of neuronal development
and function, including learning and memory (38-40), and
IEGs are dysregulated in MED23 R617Q mutant cells,
many learning/memory-related genes were also found to
be reprogrammed in the MED23/R617Q mutant cells com-
pared with the WT cells (Figure 2F and Supplementary Ta-
ble 1). Thus, MED23 R617Q mutation dysregulates IEGs
and other genes related to learning and memory.

The ID-associated MED23 mutant alters enhancer distribu-
tion and activity

Recent studies have revealed that Mediator controls cell
identity-related gene expression through looping enhancers
and promoters (13,41). Therefore, we wondered whether
the MED23 ID-associated mutation may dysregulate spe-

cific gene expression by altering enhancer regulation. We
investigated whether the MED23 R617Q mutation was
involved in epigenetically regulated enhancer functions.
Through ChIP-seq, we analyzed the histone modifications
of H3K27ac, H3K4mel and H3K4me3 and RNA Pol II
binding in the WT and MED23/R617Q cells. The global
Pol 11 binding profile showed no difference between the WT
and MED23/R617Q cells (Figure 3A), supporting our find-
ing that the MED23 mutant specifically changes a subset
of gene expression without greatly affecting global tran-
scription (Figure 2A). Consistently, H3K4me3 modifica-
tion, predominantly occurring at promoters, was almost
unchanged between the MED23/R617Q mutant and WT
cells (Figure 3A). However, we did observe an overall de-
crease in the H3K27ac and H3K4mel signals both at the
promoter—proximal and promoter—distal regions (Figure
3B), both of which mark active enhancers, suggesting an
overall reduction in enhancer activities. Specifically, there
were 21 481 lost and 8340 newly formed H3K27ac peaks
in the MED23 R617Q mutant cells compared with the
WT cells and 29 263 common peaks in both WT and mu-
tant cells (Figure 3C and D). Genomic distribution analysis
on the gained, lost and common H3K27ac peaks revealed
that both the lost and gained H3K27ac by MED23 R617Q
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Figure 2. Analysis of genes dysregulated by the MED23 R617Q mutation. (A) Volcano plots depicting gene expression changes in the WT and R617Q
cells (n = 3; fold change > 2, and P value < 0.05, as determined by cuftdiff). (B, C) Gene Ontology Biological Process (GO-BP) analysis of down- (B) and
upregulated (C) genes. Terms are ordered by the number of genes hit in each process. (D) FPKM of IEGs affected by the MED23 R617Q mutation in the
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mutation mainly occurred at noncoding regions, of which
>70% of sites are distributed at intron and intergenic re-
gions (Figure 3E), which also conformed with the enhancer
locations. By contrast, the common H3K27ac peaks were
unaffected by MED23/R671Q, >50% of which were in the
promoter region. These results suggest that MED23 R617Q
mutation selectively disrupted the H3K27ac modification in
the noncoding regions/enhancer locations. Therefore, the
MED23 R617Q seems to disturb the functions of a subset
of enhancers. We thus further analyzed the role of MED23
R617Q in enhancer regulation.

Conventionally, the H3K27ac modification sites outside
the promoter regions were defined as putative enhancers
(42). A total of 4755 gained and 13 471 lost putative en-
hancers were identified in the MED23 R617Q mutant cells
compared with the WT cells, as defined by the differential

binding signals of H3K27ac and H3K4mel, with the glob-
ally unchanged Pol II binding as a control (Figure 3F), in
consistence with the aforementioned result (Figure 3A). To
determine the correlation between the altered enhancer ac-
tivity and the corresponding gene expression change, we as-
signed each enhancer to its nearest promoter and calculated
its correlation of H3K27ac reads with RNA transcripts.
As a result, H3K27ac signal distributions positively corre-
lated with RNA levels with a Spearman’s coefficient of 0.57
(Figure 3G), indicating a significant positive correlation be-
tween the enhancer H3K27ac signal intensity and the cor-
responding gene expression.

Studies have suggested that Mediator binds to cell-
specific super enhancers (SEs) to regulate cell fate deter-
mination (33). We also analyzed the effect of the MED23
R617Q mutation on SE distribution. Using the rank order-
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ing of super enhancers (ROSE) algorithm (33), by plotting
the SE distribution in the WT and MED23/R617Q cells
(Figure 3H), we found a total of 238 lost and 107 newly
formed SEs in the MED23/R617Q cells compared with
the WT cells (Figure 31). Analysis of SEs in the WT and
MED23/R617Q cells showed that the average SE length
in MED23/R617Q cells was reduced compared with the
WT cells (Figure 3J). Further, we analyzed H3K27ac sig-
nal and the gene expression related to the lost and gained
SEs in the WT and MED23/R617Q cells (Figure 3K and
L, and Supplementary Figure 2A and B). For the lost
SEs in MED23/R617Q cells, the H3K27ac signal inten-
sity were reduced (Figure 3K), and the expression of their
neighboring genes was downregulated (Figure 3L). For the
gained and common SEs, we observed that the H3K27ac of
common SEs were significantly lower in MED23/R617Q,
in consistent with the globally decreased H3K27ac in the
MED23/R617Q cells (Supplementary Figure 2A). The
H3K27ac signal of gained SEs in MED23/R617Q cells
tended to be increased compared to that in WT cells, al-
though the difference is not significant (Supplementary Fig-
ure 2A). As expected, the common SE related gene expres-
sion is almost unchanged (Supplementary Figure 2B), and
by contrast, the gained SE related gene expression is upreg-
ulated in the MED23/R617Q cells (Supplementary Figure
2B). These results suggested that the MED23 R617Q muta-
tion altered the distribution and strength of enhancers, thus
disturbing the corresponding gene expression.

To dissect the functional consequence of enhancer mal-
functions, we performed GO enrichment of these enhancer-
associated genes (Figure 3M, Supplementary Figure 2C).
In the genes linked to the lost enhancers, we found multi-
ple enriched biological processes, such as ‘embryonic organ
morphogenesis’ and ‘forebrain development’ (Figure 3M).
This finding is consistent with the mental development de-
fect of MED23 R617Q mutant patients (23). In summary,
the MED23 R617Q mutation may selectively compromise
the enhancer enrichment of H3K27ac and H3K4mel, re-
sulting in dysfunction of a set of enhancers that may be key
for neural development related to intelligence.

The ID-associated MED23 mutant disrupts a subset of local
chromatin interactions

Gene activation by enhancers is mainly achieved by
enhancer-promoter looping, and the MED23 R617Q mu-
tant cells alter enhancer figures to control gene expres-
sion, which suggests that the MED23 R617Q mutation
may change chromatin interactions to a certain extent.
We therefore investigated whether the MED23 R617Q mu-
tant impacts 3D chromatin architecture using the Hi-C
approach. The mammalian genome is recapitulated with
compartments, TADs and loops ranging from megabases
to kilobases (2,43), and chromatin is mainly organized
into A and B compartments, which represent transcription-
ally active euchromatin and transcriptionally inactive hete-
rochromatin, respectively (43,44). To determine whether the
MED23 R617Q mutation may influence the A/B compart-
ment organization, we analyzed the compartment types of
the genome of the WT and MED23 R617Q mutant cells at
50-kb resolution (Figure 4A). We found that the majority

of the compartmentalization was unchanged between the
WT and mutant cells (Figure 4A and B). However, 7.9% of
the genome regions switched from the A compartment in
the WT cells to the B compartment in the MED23 R617Q
mutant cells, and 5.8% of the genome regions showed the
opposite switch from the B compartment in the WT cells
to the A compartment in the mutant cells (Figure 4B). We
further investigated whether TADs, which are demarcated
by insulators or TAD boundaries (45), were influenced by
the MED23 R617Q mutation. We called TADs and identi-
fied 4470 and 4419 TADs with the same median length of
500 kb in the WT and MED23 R617Q cells, respectively
(Figure 4C), and there were 4036 TAD boundaries overlap-
ping between the WT and MED23 R617Q mutant genomes,
suggesting that the TADs were largely unaffected by the
MED23 R617Q mutation, which is consistent with previ-
ous findings that the key factors in TAD formation are the
zinc finger transcription factor CTCF and the multisubunit
protein complex cohesin (46,47).

Therefore, in light of the results above, we further re-
vealed the link between the A/B compartment switch and
the distribution alteration of the H3K27ac and H3K4mel
peaks in the genome of the MED23 R617Q mutant cells
compared with the WT cells. We analyzed the location of
the lost, stable and gained H3K27ac and H3K4mel peaks
in the MED23 R617Q mutant cells. We found that more lost
H3K27ac peaks in the MED23 R617Q mutant cells were lo-
cated within the ‘A to B’ compartment regions compared
with the stable and gained peaks, and by contrast, more
gained H3K27ac peaks in the MED23 R617Q mutant cells
were located within the ‘B to A’ compartment regions com-
pared with the stable and lost peaks (Figure 4D). Addition-
ally, the H3K4me1 peak redistributions behaved in a similar
fashion (Figure 4D). These results suggested a positive cor-
relation between genome-wide compartment switching and
the changing enhancer epigenetic activities. Specifically, the
A/B compartment switch may be caused by the H3K27ac
and H3K4mel modification alterations.

Based on the globally decreased H3K27ac and H3K4mel
signals under the MED23 R617Q mutation (Figure
3B) and the neural development-related GO items that
were enriched in the lost enhancer-related genes in the
MED23/R617Q cells (Figure 3M), we focused on analyz-
ing the ‘A to B’ compartment regions. Consistent with the
results above, we observed that in the ‘A to B’ compart-
ment, the H3K27ac and H3K4mel signals were both weak-
ened by the MED23 R617Q mutation, and the chromatin
interactions were weakened accordingly (Figures 4E and F,
Supplementary Figure 3), which further led to weakened
Pol II binding and mRNA expression (Figure 4E, Supple-
mentary Figure 3). The expression level of DEGs located
in the genomic regions switched from the A to B compart-
ment in the MED23 R617Q mutant cells was significantly
lower than that in the WT cells (Figure 4G), suggesting a
positive relationship between compartment switching, epi-
genetic changes of enhancers, and differential gene expres-
sion. Collectively, we concluded that the MED23 R617Q
mutation modestly changes the global chromatin architec-
ture, affecting the compartment of active and inactive chro-
matin to some extent, thus disturbing a subset of enhancer
activities, which attenuates the related gene expression.
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Reduced DACHI expression relieves the repression of early
response genes

After surveying the global chromatin conformation and
enhancer epigenetic changes induced by the MED23
R617Q mutation, we wondered whether IEG disruption by
the MED23 R617Q mutation could be attributed to chro-
matin changes. Additionally, we attempted to resolve the
paradox that MED23/R617Q attenuated ELK1 activity
while upregulating IEG expression, which is thought to
be controlled by ELK1. We first analyzed the chromatin
interactions surrounding FOS and JUN but found that
there were no detectable changes between the WT and
MED23 R617Q mutant (Supplementary Figure 4). In ad-
dition, the H3K27ac and H3K4mel modifications around
the FOS and JUN loci were generally unchanged in the
WT and MED23/R617Q cells (Supplementary Figure 4).
Thus, the upregulation of FOS and JUN expression in the
MED23/R617Q cells may be not resulted from the changed
chromatin conformation and/or enhancer-promoter
interactions.

We further examined the upstream regulators of FOS
and JUN, and through reanalysis of the Hi-C data, we
found greatly decreased enhancer-promoter interactions of
Dachshund family transcription factor 1 (DACHI) in the
MED23/R617Q mutant cells (Figure 5A). DACHI1 was
previously shown to repress FOS, JUN and JUNB expres-
sion (48). As shown in Figure 5A, the contact frequency
between the DACH1 promoter and its putative enhancers,
which were modified with H3K27ac and H3K4mel in
DACHI intron regions, was obviously weakened in the
MED23/R617Q mutant cells compared with the WT cells,
as the arrows indicated. Similar to the Hi-C data, the
expression of DACHI in the MED23/R617Q cells was
also downregulated in the RNA-seq data (Figure 5B),
which was also validated by qPCR (Figure 5C). More-
over, the active enhancer marker H3K27ac and H3K4mel
modifications were both decreased at the putative en-
hancers in DACH] introns under MED23 R617Q mutation
(Figure 5A).

Interestingly, in development, DACHI1 is a cell fate deter-
mination factor that functions to control multiple progeni-
tor cell proliferation in mammalian organogenesis (49), and
Dachl mutant mice exhibit postnatal lethality (50). More-
over, DACHI1 is highly expressed in the proliferating neural
progenitors of the developing cortical ventricular and sub-
ventricular regions (51), suggesting a fundamental role of
DACHI1 in neurogenesis and intelligence. These evidences
suggested that the downregulation of DACHI may be the
reason for the upregulation of the IEGs FOS and JUN
in the MED23/R617Q mutant, which collectively accounts
for the intellectual inability related to MED23/R617Q.

We then further tested whether the elevated IEG expres-
sion was caused by the inhibitory effect of DACH1. As ex-
pected, knocking down DACH1 in HEK293T cells upreg-
ulated the expression of both FOS and JUN (Figure 5D).
Similarly, the levels of FOS and JUN were also higher un-
der serum induction conditions in the DACH1 knockdown
cells than in the control cells (Figure SE). Thus, the decrease
in DACHI indeed resulted in elevated IEG FOS and JUN
expression. Collectively, these results indicated that the dis-
rupted enhancer activity and enhancer-promoter interac-

tions caused by the MED23 R617Q mutation led to the
downregulation of DACH1, which subsequently relived its
repression and led to the upregulation of the IEGs FOS and
JUN (Figure 5F). Overall, MED23-DACH 1-IEGs may rep-
resent a novel molecular axis controlling the neural devel-
opment underlying intelligence.

DISCUSSION

Although MED?23 is known to be critical for normal in-
tellectual development (23), the mechanistic understanding
of MED23 in ID remains to be explored, especially regard-
ing how its inherited mutation dysregulates genes involved
in specific processes. In this work, we investigated the im-
pact of the ID-related mutation MED23 R617Q on gene
expression and chromatin architecture through the gene-
edited cell line and mouse model. We found that the MED23
mutation R617Q impairs the transcriptional activity of its
interacting transcription factors. At the genomic level, the
MED23 R617Q mutation reprograms gene expression by
modulating enhancer landscapes and local chromatin inter-
actions. However, regarding how the MED23 R617Q mu-
tation is associated with intellectual disability, the IEGs
FOS and JUN were found to be abnormally elevated in
the MED23 mutant cells, which is unexpected due to the
weakened transcriptional activity of their upstream acti-
vator ELK1 in the MED23/R617Q cells. In addition, the
histone modifications and chromatin interactions around
FOS and JUN gene loci were found to be unchanged by
the MED23 R617Q mutation. Subsequently, by reexamin-
ing the histone ChIP-seq and Hi-C data, we found that their
upstream regulator DACH1 was downregulated due to the
compromised enhancer activity and weakened enhancer-
promoter interactions under the MED23 R617Q mutation.
DACH 1 knockdown indeed led to the upregulation of FOS
and JUN expression. Interestingly, previous studies have
found that DACHI is strongly related to intellectual devel-
opment. Although DACHI mutation cases have not been
reported in humans to date, studies in flies have discov-
ered that dachshund, the DACHI homolog in Drosophila,
plays a pivotal role in controlling mushroom body develop-
ment, which is critical for memory and learning behavior,
and dachshund-deficient Drosophila manifest brain abnor-
malities (51-53). Therefore, DACH1 may play an important
role in human intellectual development as well, which may
be partially realized by suppressing FOS and JUN expres-
sion. Taken together, in this study we revealed the MED23-
DACHI-IEGs axis, which provides a new molecular under-
standing of the inherited ID with the MED23 mutation.
Although the HEK293 cells are considered the kidney
embryonic epithelial cells (54,55), our RNA-seq profiling
revealed that the DEGs, related to neuron and intelli-
gence development, were enriched through comparison be-
tween the WT and MED23/R617Q cells, which is unex-
pected and interesting. In fact, increasing evidence sug-
gests that HEK?293 cells may have a neuronal linage ori-
gin. The neuron-specific genes were observed to be ex-
pressing in HEK293 cells, such as neurofilaments, neu-
roreceptors, neuron-specific ion channel subunits, etc. (56—
58). In addition, HEK293 cells exhibited some character-
istics of the neuronal lineage cells. For example, HEK293
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each group. The values are the means + SDs. *P < 0.05, **P < 0.01, ***P < 0.001. (F) Model of MED23 R617Q mutation-induced transcription changes.
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cells showed neuron-like electrophysiological characteris-
tics and sensitivity to neural-specific agonist, and even
formed the functional excitatory synapses when cocul-
tured with neurons (58-64). These observations suggest
that HEK293 may share a neural linage origin, there-
fore the molecular mechanism revealed in HEK293 cells
may at least in part reflect what occurs in neuronal linage
cells.

Our previous research has established that MED23 de-
ficiency resulted in the defective ELK1 activation in re-
sponse to MAPK signaling, which further led to the defec-
tive serum induction of IEGs EGR1 and FOS (36,37). How-
ever, in this study we observed the barely-changed EGRI
and the upregulated FOS expression in MED23/R617Q
cells, which is consistent with the unchanged EGRI/ and
the upregulated FOS in the MED23/R617Q patient’s skin
fibroblasts (23). The modestly reduced ELKI1 transcrip-
tion activity by MED23 R617Q mutation might be insuf-
ficient accounting for the transcription dysregulation of
IEGs, simply because that the 50% reduced ELK 1-activity
by MED23 R617Q mutation here is far more less than
the >10-fold decrease by MED23 knockout (36). There-
fore, through the genomic-scale analysis, we further at-
tributed the dysregulation of IEGs to the disrupted DACH1
expression.

Regarding the possible mechanisms of how DACHI1 reg-
ulates gene expression, studies have found that DACH1 can
interact with HDAC1 and HDACS3, further suggesting that
DACHI1 may suppress FOS and JUN expression by pro-
moting their histone deacetylation (48). Herein, we found
that FOS and JUN expression was suppressed by DACHI,;
however, the H3K27ac modification around the FOS and
JUN gene loci was unchanged, suggesting that the alter-
native mechanisms by which DACHI1 suppresses FOS and
JUN expression may be not through epigenetic regulation.
The exact mechanisms await further investigation in the
future.

Our findings advance the overall understanding of
MED?23 in chromatin structure and transcription regula-
tion. As the bridge of enhancers and promoters, Media-
tor collaborates with cohesion to loop the enhancers and
promoters (13). However, less is known about the mecha-
nisms of the Mediator complex in mediating the enhancer-
promoter interaction. Herein, we determined that a sin-
gle amino acid mutation of MED23, R617Q, attenuated
enhancer-promoter looping without destroying its incorpo-
ration into the Mediator complex, suggesting that MED23
R617 is a critical link through which Mediator func-
tions in looping the enhancers and promoters, at least in
part.

In conclusion, this work demonstrated how the MED23
R617Q mutation functions in dysregulating gene expression
and further leads to human intellectual conditions; and the
dysregulation of the MED23-DACHI1-IEGs axis is likely
underlying the human intellectual disability.
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