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Abstract

Kabuki syndrome is caused by haploinsufficiency for either of two genes that promote the opening 

of chromatin. If an imbalance between open and closed chromatin is central to the pathogenesis of 

Kabuki syndrome, agents that promote chromatin opening might have therapeutic potential. We 

have characterized a mouse model of Kabuki syndrome with a heterozygous deletion in the gene 

encoding the lysine-specific methyltransferase 2D (Kmt2d), leading to impairment of 

methyltransferase function. In vitro reporter alleles demonstrated a reduction in histone 4 

acetylation and histone 3 lysine 4 trimethylation (H3K4me3) activity in mouse embryonic 

fibroblasts from Kmt2d+/βGeo mice. These activities were normalized in response to AR-42, a 

histone deacetylase inhibitor. In vivo, deficiency of H3K4me3 in the dentate gyrus granule cell 

layer of Kmt2d+/βGeo mice correlated with reduced neurogenesis and hippocampal memory 

defects. These abnormalities improved upon postnatal treatment with AR-42. Our work suggests 

that a reversible deficiency in postnatal neurogenesis underlies intellectual disability in Kabuki 

syndrome.

INTRODUCTION

Kabuki syndrome is an autosomal dominant condition caused by heterozygous loss-of-

function mutations in either of two genes (1–3) with complementary functions: lysine-

specific methyltransferase 2D (KMT2D) on human chromosome 12 or lysine-specific 

demethylase 6A (KDM6A) on human chromosome X. KMT2D is a methyltransferase that 

adds a trimethylation mark to H3K4 (H3K4me3, an open chromatin mark), whereas 

KDM6A is a demethylase that removes trimethylation from histone 3 lysine 27 (H3K27me3, 

a closed chromatin mark). Both genes facilitate the opening of chromatin and promote gene 

expression (1–3). It is therefore likely that the observed gene dosage sensitivity in Kabuki 

syndrome, despite the apparent redundancy of the H3K4 trimethylation machinery, involves 

a relative imbalance between open and closed chromatin states for critical target genes. If 

this is the case, it may be possible to restore this balance with drugs that promote open 

chromatin states, such as histone deacetylase inhibitors (HDACi). To test this hypothesis, we 

have characterized a mouse model of Kabuki syndrome with a heterozygous mutation in 

Kmt2d that results in replacement of the SET (suvar, enhancer of zeste, trithorax) 

methyltransferase domain (Kmt2d+/βGeo) by a β-Geo cassette. Kmt2d+/βGeo mice have 
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hippocampal memory defects that correlate with multiple abnormalities in the granule cell 

layer of the dentate gyrus, a prominent site of adult neurogenesis (4, 5). Guided by the 

results of in vitro analyses using reporter alleles that monitored histone 4 (H4) acetylation 

and H3K4 trimethylation in cells derived from Kabuki syndrome mice, we find that oral 

administration of the HDACi AR-42 to either young (1- to 2-month-old) or adult (5- to 6-

month-old) Kmt2d+/βGeo mice normalized both structural and functional deficits in the 

dentate gyrus in association with restoration of H3K4 trimethylation.

RESULTS

Kmt2d+/βGeo mice

KMT2D is a member of the mixed lineage leukemia (MLL) family of Drosophila trithorax 

orthologs that is encoded on human chromosome 12 and mouse chromosome 15. An 

alternative name for KMT2D is mixed lineage leukemia 2 (MLL2). All members of this 

family contain a SET domain, which confers the H3K4 methyltransferase activity, as well as 

other domains (6) that delineate individual functions (Fig. 1A). A mouse model harboring a 

loss-of-function allele for Kmt2b, encoded on human chromosome 19 and mouse 

chromosome 7, has been characterized previously (7), demonstrating hippocampal memory 

defects. This gene has been alternatively designated Mll4 or Mll2, leading to confusion in 

the literature regarding nomenclature for this particular gene family, as discussed in a recent 

publication by Bögershausen et al. (8). To specifically assess the underlying pathogenesis of 

Kabuki syndrome, we have characterized a mouse model with insertion of an expression 

cassette encoding a β-galactosidase neomycin resistance fusion protein (β-Geo) into intron 

50 of Kmt2d (Mll2) on mouse chromosome 15. Inclusion of a splice acceptor sequence and a 

3′ end cleavage and polyadenylation signal at the 5′ and 3′ ends of the β-Geo cassette, 

respectively, is predicted to generate a truncated KMT2D protein with peptide sequence 

corresponding to the first 50 exons of Kmt2d fused to β-Geo, but lacking the SET domain 

and therefore methyltransferase activity (Fig. 1B and fig. S1A). As predicted from this 

targeting event, quantitative real-time polymerase chain reaction (PCR) analysis of Kmt2d 

messenger RNA in Kmt2d+/βGeo mice demonstrated normal abundance of sequence 

corresponding to exon 20 but a 50% reduction for exon 52, when compared to Kmt2d+/+ 

littermates (Fig. 1C). Expression of a KMT2D–β-galactosidase fusion protein in 

Kmt2d+/βGeo animals demonstrated transcription and translation of the targeted allele (fig. 

S1B). Furthermore, chromatin immunoprecipitation followed by next-generation sequencing 

(ChIP-seq) on splenic cells from Kmt2d+/βGeo mice and Kmt2d+/+ littermates using an 

antibody against H3K4me3 revealed an overall genome-wide decrease in H3K4me3 in 

Kmt2d+/βGeo mice (Fig. 1D), supporting the predicted functional consequences of the mutant 

allele. Finally, Kmt2d+/βGeo mice demonstrated facial features that are consistent with 

Kabuki syndrome including flattened snout (fig. S2A) and downward rotation of the ear 

canal (fig. S2B). Blinded analysis of x-rays of Kmt2d+/βGeo mice revealed a significantly 

shorter maxilla (P < 0.005) when compared to Kmt2d+/+ littermates (fig. S2, B and C), as 

judged by the extent of protrusion beyond the mandible (fig. S2C).
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Kmt2d+/βGeo mice demonstrate hippocampal memory defects

Disruption of several histone-modifying enzyme genes has been shown to lead to 

hippocampal memory defects in mice, illustrating a critical role for epigenetic homeostasis 

in memory acquisition (9–11). Kmt2d+/βGeo mice showed significant deficits in novel object 

recognition (P < 0.05; Fig. 1E), Morris water maze probe trial (P < 0.005; Fig. 1F), and 

contextual fear conditioning (P < 0.05; fig. S3) when compared to Kmt2d+/+ littermates, all 

consistent with hippocampal memory dysfunction. When performed before the hidden 

platform stage of training, the flag-training phase of the Morris water maze did not reveal 

significant differences between Kmt2d+/βGeo and Kmt2d+/+ littermates (fig. S4). 

Kmt2d+/βGeo mice did not show decreased activity (fig. S5A), reduced grip strength (fig. 

S5B), or slower swim speeds (fig. S5C), any of which would be indicative of a more 

generalized limitation of performance potential in these assays. There were no significant 

differences in the time that it took Kmt2d+/βGeo mice to identify the platform (escape 

latency) compared to Kmt2d+/+ mice during the training phase (fig. S6).

Decreased dentate gyrus volume and defective neurogenesis in Kmt2d+/βGeo mice

Immunofluorescence analyses revealed particularly high levels of expression of KMT2D 

protein in the dentate gyrus granule cell layer of the hippocampus in Kmt2d+/+ mice (Fig. 

2A) and a marked deficiency of H3K4me3 in the dentate gyrus granule cell layer of 

Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates (P < 0.05; Fig. 2, B and C). We also 

saw a similar deficiency of H3K4me3 in the pyramidal layer of the hippocampus (P < 0.01; 

fig. S7). The amount of H3K4me3 showed substantial cell-to-cell variability in Kmt2d+/βGeo 

animals (Fig. 2B), suggesting that variation in cell state or identity within the granule cell 

layer or dentate gyrus may influence vulnerability to the consequences of heterozygous 

Kmt2d disruption. Kmt2d+/βGeo mice showed a significant decrease in body weight but not 

brain weight (P < 0.05; fig. S8), and had reduced dentate gyrus granule cell layer volume 

when standardized to brain weight (P < 0.05; Fig. 2, D and E). This correlated with reduced 

neurogenesis in the granule cell layer of Kmt2d+/βGeo mice, as evidenced by significantly 

reduced expression of both doublecortin (DCX) (12) (P < 0.001; Fig. 2, F and G) and 5-

ethynyl-2′deoxyuridine (EdU) staining, a marker of both neurogenesis in the granule cell 

layer and a marker of neuronal survival when monitored 30 days after labeling (P < 0.01; 

fig. S9). Confocal microscopy revealed an apparent decrease in dendritic branching 

complexity of DCX-positive (DCX+) cells in the granule cell layer of Kmt2d+/βGeo mice 

(fig. S10). However, given the decreased amounts of DCX+cells in these mice, further work 

is needed to determine whether this is a true or primary manifestation of Kmt2d deficiency. 

Staining with an antibody against activated caspase 3 did not reveal evidence for enhanced 

cell death in the dentate gyrus in heterozygous-targeted animals (fig. S11). To explore 

whether there are hippocampal memory defects in patients with Kabuki syndrome, we 

analyzed comprehensive neuropsychological testing performed on three patients with known 

disease-causing mutations in KMT2D (Table 1). Although not all deficiencies observed can 

be explained by hippocampal dysfunction, patients consistently had abnormalities in tasks 

known to be associated with dentate gyrus function (13–15). Other functions linked to other 

regions of the hippocampus (16) were also abnormal in some patients, as were some tasks 

not linked to hippocampus, indicating that other cell populations in the central nervous 
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system may also play a role. These data support the hypothesis that observations in 

Kmt2d+/βGeo mice are, at least in part, reminiscent of findings in Kabuki syndrome in human 

patients.

Reporter alleles for epigenetic modifications in embryonic fibroblasts from Kmt2d+/βGeo 

mice

We created epigenetic reporter systems that monitored either H4 acetylation or H3K4 

trimethylation machinery activity in an effort to determine whether there was an ongoing 

activity deficiency in cells from Kmt2d+/βGeo mice (Fig. 3A). Both reporter alleles encode 

halves of green fluorescent protein (GFP) separated by a flexible linker region (17) with a 

histone tail and a histone reader at the N and C termini, respectively. When the histone tail 

corresponding to either H4 or H3 is modified by acetylation or methylation, respectively, 

GFP structure and function are reconstituted, as detected by a fluorescent readout (Fig. 3B). 

The acetyl reporter protein quantifies the activity of the acetylation machinery (acetylation 

of H4 specifically at sites K5, K8, K12, and K16) and comprises an H4 tail (residues 1 to 

30) on one end and a TATA box–binding protein (TBP)–associated factor II (TAFII) 

bromodomain on the other end (Fig. 3A). The TAFII bromodomain only recognizes and 

binds to the acetylated H4 tail. This acetylation-dependent reporter protein demonstrated a 

linear fluorescence response when quantified by fluorescence-activated cell sorting (FACS) 

in the presence of increasing amounts of suberoylanilide hydroxamic acid (SAHA), an 

HDACi, in culture systems (Fig. 3, C and D). Saturation of this response correlated well 

with immunoblot data using antibodies to the modified H4 tail (18). This response was 

attenuated by cotransfection with a construct encoding an HDAC (fig. S12) and absent upon 

mutagenesis of all potential acetylation sites (Fig. 3E), attesting to its specificity. The H3K4 

trimethylation reporter allele encodes the H3 tail (residues 1 to 40) on one end and the TBP-

associated factor III (TAF3) plant homeodomain (PHD) on the other end, which binds to 

trimethylated K4 on H3 (Fig. 3A). The H3K4 trimethylation reporter also demonstrated a 

dose response with increasing amounts of the HDACi AR-42 (Fig. 3F), in keeping with 

previous work suggesting that AR-42 can also influence the methylation status of H3K4 

through inhibition of demethylases (19). Activity was greatly attenuated upon mutagenesis 

of critical residues (M882A, D890A/W891A) (20, 21) in the TAF3 reader domain (Fig. 3G) 

or with mutation of K4 (H3K4Q) in the H3 tail (Fig. 3G). Both reporter alleles showed 

decreased activity when stably introduced into embryonic fibroblasts derived from 

Kmt2d+/βGeo mice when compared to Kmt2d+/+ littermates (fig. S13). H3K4 trimethylation 

activity was enhanced upon treatment of Kmt2d+/βGeo cells with HDAC inhibitors AR-42 or 

MS275 (Fig. 3H and fig. S14A). An analysis of transfection efficacy in cells with both 

genotypes indicated comparable transfection efficacy (fig. S14B).

Rescue of neurogenesis and H3K4 trimethylation deficiencies in Kmt2d+/βGeo mice treated 
with the HDACi AR-42

Because of the ability of HDACi to increase H3K4 trimethylation in vitro in Kmt2d+/βGeo 

cells, we next asked whether the H3K4 trimethylation deficiency seen in the dentate gyrus 

granule cell layer of Kmt2d+/βGeo mice could be attenuated or reversed upon in vivo 

postnatal treatment with an HDACi. Previously, the HDAC inhibitors AR-42 and MS275 

have both been shown to increase H3K4 trimethylation and histone acetylation (19). AR-42 
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appeared to have the strongest effect on H3K4me3 (19) and was shown to be well tolerated 

in mice in a long-term preclinical trial (22); it was therefore chosen for in vivo studies. We 

started at an AR-42 dose of 25 mg/kg per day, previously used in mouse models of prostate 

cancer (19), commencing at 20 weeks of age and continuing for 2 weeks. This dose 

increased H3K4 trimethylation in the granule cell layer in Kmt2d+/βGeo mice, compared to 

untreated mutant littermates (fig. S15, A and B), to a level that was indistinguishable from 

treated Kmt2d+/+ animals. Unexpectedly, however, this dose of AR-42 was associated with 

decreased DCX expression in the granule cell layer in both young (1- to 2-month-old) and 

old (5- to 6-month-old) Kmt2d+/+ and Kmt2d+/βGeo mice (fig. S15, C and D). Given the 

known cytotoxic potential of AR-42 (19, 23), we next tested doses of 5 and 10 mg/kg per 

day, and observed a dose-dependent increase in H3K4me3 and preservation or restoration of 

DCX expression in Kmt2d+/+ or Kmt2d+/βGeo animals in both age groups, respectively (Fig. 

4, A to D, and fig. S15D). This dose also led to a genome-wide increase in H3K4me3 in 

spleen cells from Kmt2d+/βGeo mice when compared to Kmt2d+/+ littermates on vehicle 

(Fig. 4E) in association with normalization of expression of Klf10 (fig. S16), a known 

KMT2D target gene (24). This dose appeared to overcorrect the deficiency (Fig. 4E), which 

could be observed when representing data as MA plots (the relationship between log ratios 

and mean averages, fig. S17) or visualizing the shifts in balance among the two states (fig. 

S18). We also compared other state combinations with the same representations, showing a 

relative normalization of genome-wide H3K4me3 in Kmt2d+/βGeo mice treated with AR-42 

when compared to Kmt2d+/+ littermates that did (fig. S17E) or did not (fig. S17B) receive 

drug. The bigger effect at lower intensity log2 counts per million fits with data from ablation 

of the Rubinstein-Taybi gene encoding CREB (cyclic adenosine 3′,5′-monophosphate 

response element–binding protein)–binding protein (CBP), which has dose-dependent 

effects on gene expression thought to depend on the strength of recruitment for a particular 

site (25).

Improvement of hippocampal memory defects in Kmt2d+/βGeo mice treated with AR-42

In keeping with the hypothesis that abnormal granule cell layer neurogenesis contributes to 

functional deficits, we found that performance in hippocampal memory testing correlated 

with AR-42 dose-dependent effects on DCX expression. Specifically, both Kmt2d+/+ and 

Kmt2d+/βGeo mice showed improved performance on Morris water maze platform crossing 

during probe trial (26) in response to AR-42 (10 mg/kg per day) (P < 0.001), with a greater 

response in Kmt2d+/βGeo animals and no significant difference between genotypes in the 

treatment group (P = 0.27; Fig. 4F).

DISCUSSION

Previous studies have associated structural abnormalities of the dentate gyrus with impaired 

neurogenesis and hippocampal memory defects (27, 28). In accordance with the previously 

observed phenotype in Kmt2b-targeted mice (7), we found that heterozygosity for a loss-of-

function Kmt2d allele associates a deficiency of H3K4me3 in the dentate gyrus granule cell 

layer with hippocampal memory defects in a mouse model of Kabuki syndrome. Support for 

a causal relationship is now increased by our observation that memory deficits in a mouse 
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model of Kabuki syndrome can be prevented or even reversed through systemic delivery of 

drugs that directly influence the histone modification events that favor chromatin opening.

Our data support the hypothesis that the neurodevelopmental deficiency in Kabuki syndrome 

is maintained by an impairment of adult neurogenesis because of an imbalance between 

open and closed chromatin states for critical target genes. In this light, other Mendelian 

disorders involving the histone modification machinery, now numbering more than 40 (29), 

might be amenable to therapeutic intervention with HDAC inhibitors (30–32). In keeping 

with this concept, neurological phenotypes in mouse models of Rubinstein-Taybi syndrome 

with haploinsufficiency for the gene encoding the histone acetyltransferase Cbp respond to 

intracerebroventricular or intraperitoneal administration of the HDACi SAHA or trichostatin 

A, respectively (33, 34); however, no cellular mechanism was described. The specific 

correlation between H3K4me3 and neurogenesis within the dentate gyrus of Kabuki 

syndrome mice offers a potential unifying mechanism for hippocampal memory defects seen 

in inherited defects of the histone modification machinery (10, 11, 33, 34). The further 

positive correlation of these events with functional outcome supports the hypothesis that the 

fate of the granule cell layer in the dentate gyrus is a critical determinant of both disease 

pathogenesis and treatment. More work is needed to determine the relative contribution of 

precursor cell recruitment, differentiation, proliferation, and survival (35, 36). Future studies 

using lineage-specific Kmt2d targeting will help to elucidate the contribution of individual 

cell populations (granule cell layer, pyramidal layer, and molecular layer of the cerebellum) 

to specific neurodevelopmental phenotypes.

Although there is an overall decrease in H3K4me3 in the dentate gyrus granule cell layer of 

Kmt2d+/βGeo mice, we note substantial cell-to-cell variation. This might reflect redundancy 

of enzymes capable of adding the H3K4 trimethylation mark (7) that could vary in their 

expression (and therefore compensation capacity) in a cell type–dependent (for example, 

differentiation state) or cell state–dependent (for example, electrochemical environment) 

manner. Alternatively, this could indicate that stochastic events thought to contribute to 

epigenetic individuality (37) play a role.

There is precedent that HDACi increases not only histone acetylation but also H3K4 

trimethylation (19). Our indicators nicely illustrate coupling between H4 acetylation and 

H3K4 trimethylation, with Kmt2d+/βGeo mice having defects in both systems. Although 

AR-42 was used here for this proof of principle study, such a generalized HDACi may have 

an unacceptable toxicity profile in patients. The reporter alleles described here have the 

potential for application in small-molecule screens to identify drugs with greater potency, 

specificity, and tolerance. There are also many U.S. Food and Drug Administration–

approved medications, some that have had longstanding clinical use, that influence 

epigenetic modifications in addition to their originally established functions. An example is 

the anti-epileptic agent valproic acid, which was recently shown to be a potent HDACi (38). 

Several widely used supplements or dietary substances, such as folic acid, genistein, and 

curcumin, are known to influence epigenetic modifications (39). A recent publication 

suggests that ketosis, as achieved in a ketogenic diet, might favor chromatin opening 

through β-hydroxybutyrate, an endogenous HDACi (40). This indicates the potential that 

dietary manipulations, such as a ketogenic diet, might have another therapeutic avenue for 
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treatment in disorders with a deficiency of open chromatin, such as Kabuki syndrome. These 

observations may inform the question of potential toxicity of interventions that have broad 

effects on pervasive epigenetic events. The apparent tolerance to chronic use of such agents 

during postnatal life likely reflects, at least in part, the complex context within which gene 

transcription and ultimate function are achieved. Contributing factors include DNA 

modifications, a repertoire of both positive and negative effectors of transcription, and 

feedback mechanisms that titrate both gene expression and protein function. In this light, the 

predominant influence of agents such as HDACi as therapies may prove permissive for 

correction of pathologic alterations in physiologic gene expression and function rather than 

obligate and therefore less conducive to homeostasis.

Although we were able to demonstrate a beneficial effect of AR-42 treatment on 

neurogenesis at two different ages (1 to 2 months and 5 to 6 months), suggesting that this 

subphenotype of Kabuki syndrome may be treatable even in adulthood, it is well established 

that neurogenesis potential is age-restricted (41). It will be essential to further refine the 

window of opportunity to influence neurogenesis in the granule cell layer in both mouse 

models and patients. Although our data suggest that neurogenesis and hippocampal memory 

can be recovered after 2 weeks of treatment with AR-42, it is unclear if this response can be 

sustained even in the presence of chronic treatment. It is also possible, but as yet unproven, 

that brief treatment in early postnatal stages will result in the expansion of a stable 

population of cells within the granule cell layer (despite an ongoing relative deficiency of 

methyltransferase function) and hence achieve long-term recovery of neurologic function. 

Finally, our ChIP-seq experiments suggest that AR-42 at a dose of 10 mg/kg per day led to 

the most improvement in functional studies (Fig. 4D) but overcorrection of genome-wide 

H3K4me3 (Fig. 4E). Given the favorable tolerance profile of high-dose HDACi when used 

for cancer treatment, this may not be a limiting factor. However, new challenges may arise 

when HDACis are used chronically for Kabuki syndrome or other neurodevelopmental 

disorders. The combination of in vivo ChIP-seq analyses and in vitro reporter allele 

performance with regard to H3K4me3 status may ultimately allow optimization in the 

selection of agent and dose for therapeutic purposes.

Potential limitations of this study include the use of a single heterozygous Kmt2d targeted 

allele that introduces a β-Geo expression cassette into the open reading frame. Although this 

strategy should recapitulate haploinsufficiency for KMT2D, as seen in Kabuki syndrome 

patients heterozygous for nonsense alleles, a gain-of-function contribution of the fusion 

protein cannot be formally excluded. There are also inherent limitations in the use of mouse 

models in the study of human neurocognitive disorders. Finally, lineage-specific cell 

targeting will be required to mechanistically validate the correlative link between 

performance deficits and defects in adult neurogenesis in the dentate gyrus.

In conclusion, our work suggests that a postnatally ongoing and reversible deficiency of 

granule cell layer H3K4me3, in association with alterations in adult neurogenesis, underlies 

intellectual disability in a mouse model of Kabuki syndrome. This work adds to the 

emerging view that multiple genetic etiologies of intellectual disability may be amenable to 

postnatal therapies (42–44).
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MATERIALS AND METHODS

Study design

The purposes of this study were to explore the pathophysiological sequence in Kabuki 

syndrome, a Mendelian disorder of the epigenetic machinery, and to seek robust disease-

associated phenotypes, which could be used to monitor therapeutic response. We 

hypothesized that because both causes of Kabuki syndrome involve the transition from 

closed to open chromatin, this disorder might be caused by a general imbalance between 

open and closed chromatin states (favoring closed chromatin) and this ongoing deficiency 

might be ameliorated with agents that favor chromatin opening such as HDACi. At least 3 to 

4 biological replicates were used for each biochemical analysis, whereas a sample size of at 

least 8 to 10 per group was used for behavioral testing. Data collection occurred for a 

predetermined period of time, as dictated by literature- or core facility–based standards, and 

no exclusion criteria were applied. All analyses were performed by examiners blinded to 

genotype and/or treatment arm. For drug treatments, animals were randomly assigned to 

treatment arms with approximately equivalent numbers in each group. Box and whisker 

plots identify RStudio-defined outliers (shown as circles), but all data points were used in 

statistical analyses.

Epigenetic reporter alleles

Epigenetic reporter alleles were synthesized (OriGene) using published sequences for 

component elements (17, 45). Single-nucleotide mutations were created using the 

QuikChange Lightening kit (Agilent Technologies Inc.). For H4ac indicator, we introduced 

K5R, K8R, K12R, K16R, and K20R (MUT indicator). For H3K4me3 indicator, we 

introduced K4Q and D890A/W891A and M882A (three separate constructs). For transient 

transfections, mouse embryonic fibroblasts (see below) were transfected with FuGENE HD 

(Promega) 48 hours before FACS. Transfection efficiency of reporter alleles was 

comparable in transiently transfected MEFs derived from mice of both genotypes 

(Kmt2d+/βGeo and Kmt2d+/+), as measured by real-time PCR of genomic DNA. For drug 

stimulation, drug was added to the medium 24 hours before FACS. For stable transfections 

in T293 (American Type Culture Collection) cells, blasticidin (10 µg/ml) (Life 

Technologies) was added to the medium for several weeks. For stable transfection in MEFs, 

the reporter was transferred to a ViraPower Lentiviral Expression System (Life 

Technologies). After selection with blasticidin, the drug of interest was added 24 hours 

before FACS. SAHA, AR-42, and MS275 were purchased from Selleck Chemicals. FACS 

was performed using either a FACSCalibur (BD Biosciences) or a FACSVerse (BD 

Biosciences) system with comparable results. FACS data were analyzed using FlowJo (Tree 

Star Inc.). A plasmid expressing HDAC3 was acquired from Addgene (plasmid 13819) and 

transfected into a stable cell line carrying the H4 acetyl reporter allele.

Animals

Our mouse model, Kmt2d+/βGeo, also named Mll2Gt(RRt024)Byg, was acquired from Bay 

Genomics (University of California). All experimental mice were on a mixed C57BL/6J and 

129/SvEv background. Expected Mendelian ratios were observed when heterozygous 

animals were bred to wild type. In heterozygous crosses, however, there was uniform 
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embryonic lethality of homozygotes by ED12, the earliest developmental stage assayed. For 

treatment with AR-42, mice were orally gavaged daily with drug (Selleck Chemicals) 

solubilized in vehicle (0.5% methylcellulose, 0.1% Tween-80, water) or with vehicle alone. 

Drug delivery information was provided by C.S. Chen and S.K. Kulp from Ohio State 

University (19). Drug was administered for 14 days, and mice were sacrificed on day 15. 

Morris water maze testing was initiated at day 7, and a dose of 10 mg/kg per day was used 

for these studies. For quantification of DCX+ cells, doses of 0, 5, 10, and 25 mg/kg per day 

were used. Genotyping was performed using primers B-GeoF-(CAAATGGCGAT-

TACCGTTGA) and B-GeoR-(TGCCCAGTCATAGCCGAATA), which are specific for the 

targeted allele, and TcrdF-(CAAATGTTGC-TTGTCTGGTG) and TcrdR-

(GTCAGTCGAGTGCACAGTTT), which control for sufficient DNA concentration. Real-

time PCR using the same primers allows discrimination between the heterozygous and 

homozygous state for the targeted allele. Thymus was dissected from a wild-type neonatal 

mouse and flash-frozen in optimal cutting temperature (OCT). Slides were fixed with 4% 

paraformaldehyde for 30 min. All experiments were performed using mouse protocols 

approved by the Animal Care and Use Committee of Johns Hopkins University School of 

Medicine. The mouse protocols used for this study are in accordance with the guidelines 

used by the National Institutes of Health (NIH) for mouse care and handling.

Morris water maze testing

Mice were placed in a 1.1-m-diameter tank filled with room temperature water dyed with 

nontoxic white paint. For analysis purposes, the tank was divided into four quadrants, with 

one quadrant containing a small platform submerged 1.5 cm beneath the water. On each day 

of training, mice were placed in the tank in a random quadrant facing away from the center 

and were allowed to swim until they found the platform and were left there for 30 s. If they 

did not reach the platform after 60 s, they were placed on it for 30 s. Each mouse was given 

four trials per day (for 5 days) with no intertrial interval and subsequently returned to its 

home cage. Latency to reach the platform was measured during each trial. The day after the 

final day of training, the platform was removed for a probe trial where mice were placed in 

the tank for 90 s. The average number of crossings of the platform’s previous location was 

recorded. Visible/flagged platform training was also performed for 3 days either before the 

hidden platform or after the probe trial, where a visible flag was placed on the submerged 

platform, and the time for each mouse to reach the platform was measured for each 60-s 

trial, four of which were run in the same way as the hidden platform training. For all training 

and probe testing, data were recorded both manually and electronically with ANY-maze 

software (San Diego Instruments) when applicable. Differences in the number of platform 

crossings during the probe trial were compared between groups with a Student’s t test with 

significance value set at P < 0.05.

Retrospective analysis of neuropsychological testing on patients with Kabuki syndrome

A retrospective chart review was performed using data from patients that had clinically 

indicated neuropsychological testing at the Kennedy Krieger Institute (KKI) in years 2004 to 

2014. We analyzed test results from the three individuals with most extensive testing 

available and a known disease-associated mutation in KMT2D. All patient data were 

collected after consenting patients and stored in secure electronic database at KKI. For this 
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particular analysis per Kennedy Krieger and Johns Hopkins organizational policy, additional 

Institutional Review Board review was not required (three or fewer patients). We divided 

the individual tasks into 16 categories and used literature to identify tasks known to be 

associated with dentate gyrus (13–15) or hippocampus (nondentate gyrus) (16).

ChIP-seq

Spleens were dissected from eight mice, four from each kmt2d genotype (+/βGeo or +/+), 

where half of each genotype was treated with AR-42 and half with vehicle only. Spleens 

were minced and passed through a 40-mm cell strainer to obtain single-cell suspensions. Ten 

million cells were used for each ChIP-seq experiment after the native chromatin 

immunoprecipitation protocol, as previously described (46), using a ChIP-grade antibody 

against H3K4me3 (9727, Cell Signaling Technology).

ChIP-seq data analysis

Sequencing was performed using a MiSeq system (Illumina). Paired-end 26–base pair reads 

(4.8 to 9.6 million) were obtained per sample (table S1). Reads were aligned to the Mus 

musculus genome, version mm10, using Bowtie 2 (47). We examined each sample with 

regard to alignment rate as well as FRIP (fraction of reads in peaks), a measure of the ChIP 

efficiency (table S1). FRIP was computed on the basis of peaks called only on specific 

samples using MACS version 1.4.2 (48). For analysis, reads were merged into one meta-

sample and peak calling was performed using MACS version 1.4.2 (48). This allowed 

definition of a superset of 33,517 peaks in one or more samples. The number of reads 

overlapping a peak was computed using BEDTools version 2.17.0 (49) in the following 

way: each paired-end read was converted to a single interval containing both mate 

coordinates (effectively filling in the insert), and these intervals were examined for overlaps 

with the superset of peaks. This created a peak-by-sample matrix of read counts. Differential 

binding was assessed using the GLM functionality (50) in edgeR version 3.5.27 (51). A 

single model was fit, using all eight samples, with tag-wise variance estimation. Different 

contrasts were examined corresponding to the different hypotheses considered in the main 

text, and peaks were considered differentially bound if they had a Benjamini-Hochberg 

corrected P values less than 5%. Fold change and overall abundance were calculated as per 

edgeR.

Statistics and plots

For all box plots generated through RStudio (RStudio Inc.), the margins of the box show the 

upper and lower quartiles, the central line shows the median, and the whiskers show the 

range. Circles denote outliers as defined by the RStudio algorithm. For all column, line, and 

scatterplot graphs (generated through Microsoft Excel), the error bars represent SEM, with 

the data point representing the mean of each applicable group. Unless otherwise stated, 

significance between two groups was calculated with a Student’s t test using a significance 

value of P < 0.05. Two-way repeated-measures analyses of variance (ANOVAs) were 

calculated with SPSS (IBM). For every calculated P value, the stated n represents the 

number of animals for each group contributing to that comparison. For P value 

nomenclature, *P < 0.05, **P < 0.01, †P < 0.005, ††P < 0.001.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hippocampal memory defects in a Kmt2d+/βGeo mouse model of Kabuki syndrome
(A) Domain organization of KMT2D in human and mouse, with the relative position of the 

H3K4 methyltransferase SET domain indicated in red and other domains by additional 

colors. The human and murine chromosomal assignment (Chr) is shown. (B) The Kmt2dβGeo 

targeting event introduced a β-Geo cassette including a strong splice acceptor (SA) sequence 

and a 3′ cleavage and polyadenylation signal (pA) into intron 50 of Kmt2d on mouse 

chromosome 15 (fig. S1A). (C) Real-time PCR using primers specific for exons 20 or 52 of 

Kmt2d (arrows) confirmed a substantial reduction (∼50%) in mRNA corresponding to 

Bjornsson et al. Page 16

Sci Transl Med. Author manuscript; available in PMC 2015 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sequences distal to the β-Geo insertion site when compared to proximal sequences in 

Kmt2d+/βGeo mice, in comparison to Kmt2d+/+ littermates. Results reflected three technical 

replicates for each of three Kmt2d+/+ and two Kmt2d+/βGeo mice. (D) ChIP-seq revealed a 

genome-wide deficiency of H3K4me3 in cells from Kmt2d+/βGeomice when compared to 

cells from Kmt2d+/+ littermates. A positive value indicates a higher locus-specific peak in 

Kmt2d+/βGeo mice. Each point corresponds to a genomic location with a peak in at least one 

sample. Significantly differentially bound loci are red, whereas others are gray. (E) There 

was no difference in positional preference between genotypes during the habituation phase 

[identical objects (L/R)] of the novel object recognition test. Kmt2d+/βGeo mice spent less 

time with a novel object (L) and more with a habituated object (R) compared to Kmt2d+/+ 

littermates. Kmt2d+/+ littermates also demonstrated significant improvement from 

habituation phase [novel object (L)], whereas Kmt2d+/βGeo mice did not. n = 13 (+/+), n = 

10 (+/βGeo). (F) Kmt2d+/βGeo mice showed a reduced frequency in platform zone crossings 

during the probe trial phase of Morris water maze testing. n = 48 (+/+), n = 32 (+/βGeo). *P 

< 0.05; †P < 0.005; ††P < 0.001, t test.
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Fig. 2. A global deficiency of H3K4me3in the dentate gyrus associated with reduced granule cell 
layer volume and neurogenesis in Kmt2d+/βGeo mice
(A) Immunofluorescence revealed intense expression of KMT2D (red signal) in the dentate 

gyrus granule cell and pyramidal layers of Kmt2d+/+ mice. (B) Immunofluorescence for 

H3K4me3 (red) and 4′,6-diamidino-2-phenylindole (DAPI) (blue) in the granule cell layer 

of Kmt2d+/βGeo mice and Kmt2d+/+littermates. (C) Quantification revealed a reduced 

H3K4me3/DAPI signal intensity ratio within the granule cell layer of Kmt2d+/βGeo mice 

compared to Kmt2d+/+ littermates. n = 9 (+/+), n = 5 (+/βGeo). (D and E) Calculation of 
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granule cell layer area (red outline) in every sixth brain slice allowed the demonstration of 

reduced granule cell layer volume in Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates. n 

= 4 (+/+), n = 5 (+/βGeo). (F and G) Immunofluorescence revealed reduced representation 

of cells positive for DCX, a marker for neurogenesis, in the granule cell layer of 

Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates. n = 4 (+/+), n = 4 (+/βGeo). *P < 

0.05; ††P < 0.001, t test.

Bjornsson et al. Page 19

Sci Transl Med. Author manuscript; available in PMC 2015 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. H3K4me3 epigenetic reporter allele demonstrated decreased activity in Kmt2d+/βGeocells
(A) Domain organization encoded by the H4ac and H3K4me3 reporter alleles. The H4ac 

indicator includes H4 (lysine positions indicated), the C- and N-terminal halves of enhanced 

GFP (EGFP) separated by a short linker (L), the TAFII binding domain (BD), and a 

repetitive nuclear localization signal (NLS). The H3K4me3 indicator includes the H3 and 

the TAF3-PHD. (B) Recognition of the histone tail mark by the relevant histone reader leads 

to reconstitution of GFP structure and function (fluorescence). (C and D) The acetylation 

indicator demonstrated increasing fluorescence with increasing amounts of the HDACi 

SAHA. (E) Activity of the H4ac indicator was lost upon mutagenesis of all potential 

acetylation sites from lysine to arginine. (F) The H3K4me3 indicator demonstrated a dose-

dependent response to the HDACi AR-42 with decreased cell numbers at higher doses (red 

line). (G) Activity was greatly reduced upon mutagenesis of K4 in the H3 tail and D890A/ 

W891A and M882A in the reader pocket. (H) The H3K4me3 indicator showed reduced 

activity in murine embryonic fibroblasts (MEFs) derived from Kmt2d+/βGeomice compared 

to Kmt2d+/+ littermates. Both genotypes showed a dose-dependent response to AR-42, with 

Kmt2d+/βGeo MEFs achieving untreated wild-type levels of activity at a dose of 5 µM. n = 3 

(+/+), n = 3 (+/βGeo), biological replicates for each dose. **P < 0.01; ††P < 0.001, t test.
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Fig. 4. In vivo effects of AR-42
(A to D) One- to 2-month-old mice of both genotypes showed an increase in H3K4me3 (A 
and B) (n = 5 to 6 per group) associated with a dose-dependent increase in neurogenesis in 

Kmt2d+/βGeo mice (C and D) (monitored by normalized DCX expression) (n = 4 to 6 per 

group) upon treatment with the HDACi AR-42. There was no difference in either H3K4me3 

or neurogenesis between Kmt2d+/βGeo and Kmt2d+/+ animals at a dose of 10 mg/kg per day. 

(E) The genome-wide deficiency of H3K4me3 seen in Kmt2d+/βGeo mice was improved 

upon treatment with AR-42 (10 mg/kg per day). (F) The reduced frequency of platform 
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crossing seen during Morris water maze testing of Kmt2d+/βGeo mice was normalized upon 

treatment with AR-42 (10 mg/kg per day) [n = 48 (+/+, no treatment), n = 32 (+/βGeo, no 

treatment), n = 14 (+/+, 10 mg/kg per day AR-42), n = 9 (+/βGeo, 10 mg/kg per day 

AR-42)]. *P < 0.05; **P < 0.01; †P < 0.005; ††P < 0.001, t test.
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Table 1

Neuropsychological findings in patients with Kabuki syndrome.

Patient 1 Patient 2 Patient 3

Neuropsychologic process/function 28 years 15 years 14 years

Female Female Male

Affected gene KMT2D KMT2D KMT2D

Full-scale IQ 87 84 66

Perceptual or nonverbal reasoning* ↓ ↓ ↓

Verbal reasoning/comprehension Normal Normal ↓

Verbal fluency* ↓ Normal N/A

Naming* Normal Normal Normal

Vocabulary/reading Normal Normal N/A

Processing speed ↓ ↓ ↓

Basic math calculation Normal ↓ N/A

Visual selective attention* ↓ ↓ N/A

Visual working memory* ↓ ↓ ↓

Verbal working memory* Normal Normal ↓

Visual delayed memory* ↓ ↓ ↓

Verbal delayed memory* ↓ ↓ Normal

Switching/inhibition ↓ ↓ N/A

Verbal organization Normal Normal N/A

Visual organization* ↓ ↓ ↓

Fine motor ↓ ↓ ↓

A retrospective analysis of neuropsychological testing on three patients with mutations in KMT2D revealed consistent abnormalities of functions 
that have been associated with the dentate gyrus. N/A, not adequately tested with used testing regimen; ↓, deficient area (defined as >1 SD below 
the mean and lower than full-scale IQ or, if unavailable, highest individual test score); metrics linked to the dentate gyrus are in bold font (13–15); 
metrics more broadly linked to the hippocampus are indicated with an asterisk (16).
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