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Abstract 

Kabuki syndrome (KS) is a rare intellectual disability syndrome caused by mutations in 

two genes (KMT2D and KDM6A) both involved in promoting open chromatin. If an 

imbalance between open and closed chromatin states is central to the pathogenesis of KS, 

we hypothesized that agents that promote chromatin opening might have therapeutic 

potential. To test this hypothesis, we have characterized a novel mouse model of KS with 

a heterozygous deletion in the mouse Kmt2d gene (Kmt2d+/βGeo), leading to a loss of 

function of methyltransferase function from one allele. Novel in vitro reporter alleles 

demonstrate a reduction in histone 4 acetylation and histone 3 lysine 4 trimethylation 

(H3K4me3) activity in mouse embryonic fibroblasts from Kmt2d+/βGeo mice, which 

responds to AR-42, a histone deacetylase inhibitor. In vivo, deficiency of H3K4me3 in 

the dentate gyrus granule cell (DG GCL) layer of Kmt2d+/βGeo mice correlates with 

reduced neurogenesis and volume as well as hippocampal memory defects. These 

abnormalities improve upon postnatal treatment with two weeks of AR-42. Additionally 

we report that treatment with a ketogenic diet elevates beta-hydroxybutyrate (BHB), an 

endogenous histone deacetylase inhibitor (HDACi). Ketogenic diet treatment is also able 

to modulate H3Ac and H3K4me3 in the DG GCL, with concomitant rescue of both the 

neurogenesis defect and hippocampal memory abnormalities seen in Kmt2d+/βGeo mice. 

We were also observed similar effects in the rescue of neurogenesis upon exogenous 

administration of BHB. Furthermore, Kmt2d+/βGeo mice appear to have a NADH/NAD+ 

ratio abnormality that predisposes them to have increased elevation of BHB on a 

ketogenic diet, suggesting that this dietary treatment may be especially productive for 

Kabuki syndrome. Overall, our work suggests that a reversible deficiency of postnatal 
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neurogenesis underlies intellectual disability in KS, and that both pharmacological and 

dietary agents that promote open chromatin appear to be viable strategies for potential 

treatment strategy for the intellectual disability seen in Kabuki syndrome and related 

disorders. 
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Introduction 

 

Since the inception of the field of medical genetics, case examples of genetic disorders 

have always been at the forefront. Because of the limitations of early genetics, some of 

the best-characterized disorders were those that followed a Mendelian inheritance pattern. 

Disorders were classified by clinical phenotype and inheritance pattern, and by large-

scale genomic rearrangements that could be seen through karyotype banding (Rimoin and 

Hirschhorn, 2004).  

Recently, because of advances in technology including whole genome and exome 

sequencing, as well as a bridge between the fields of molecular biology and genetics, a 

new subgroup of Mendelian disorders has come to light based on a shared molecular 

mechanism of disease; the Mendelian disorders of the epigenetic machinery (Fahrner and 

Bjornsson, 2014). As the name suggests, these disorders are caused by mutations in genes 

that maintain epigenetic marks, and are therefore likely to lead to downstream epigenetic 

abnormalities when these factors are not working properly. There are four main groups of 

genes that currently are thought to form components of the epigenetic machinery, these 

include writers, readers, erasers, and remodelers. Writers are proteins that add 

modifications to histones (such as methylation or acetylation), erasers remove histone 

modifications, readers interact with histone marks and recruit proteins that change 

chromatin states, and remodelers actively move nucleosomes to different areas of DNA 

to change the underlying sequence accessibility (Hargreaves and Crabtree, 2011).  

Disorders of these type include Kabuki syndrome and Rubinstein Taybi syndrome 
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(mutations in histone writers; Ng et al., 2010; Petrij et al., 1995), BDMR syndrome 

(histone eraser; Williams et al., 2010), Börjeson-Forssman-Lehmann syndrome (histone 

reader; Lower et al., 2002), and ATRX syndrome (remodeler; Gibbons et al., 1992), 

among others. 

What is particularly interesting about this subgroup of Mendelian disorders, is despite a 

wide variety in gene functions (with genes that can promote opposite chromatin states), 

there are many overlapping phenotypes. These include growth abnormalities (short 

stature, obesity), limb abnormalities, and hypotonia (Bjornsson, 2015). Additionally, 

many of these disorders also have overlapping dysmorphic facial features (broad, 

flattened face) as well as cardiac malformations, which may indicate shared epigenetic 

abnormalities (Fahrner and Bjornsson, 2014). Despite the fact that a large fraction of 

these disorders are caused by mutations in enzymes, nearly all of these disorders are 

inherited in either an autosomal dominant or x-linked manner. This is of interest because 

nearly 80% of Mendelian enzyme disorders are inherited in a recessive manner (Jimenez-

Sanchez et al., 2001). This may suggest that these disorders are caused by the dosage 

imbalance of a tightly regulated system in which losing a single copy of a gene can cause 

disease (Bjornsson, 2015). Because of the function of many of the genes involved (that 

both promote open and closed chromatin), it seems likely that the underlying hallmark for 

this class of disorders is a disruption of the balance of normal chromatin states.  

The most unifying phenotype seen in these disorders (and potentially the most 

devastating) is intellectual disability. Intellectual disability is defined as the impairment 

of the normal development of cognitive skills and functions, and currently it is estimated 
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that the worldwide prevalence of intellectual disability is between 1-3% (Maulik et al., 

2011), highlighting the prevalence of this affliction. However, despite the relatively high 

prevalence, there currently is no known medical cure or treatment for intellectual 

disability (Bhaumik et al., 2011).  

Because intellectual disability is such a cardinal feature of the Mendelian disorders of the 

epigenetic machinery, we hypothesized that an imbalance in chromatin states (the shared 

molecular phenotype of these disorders) is responsible for this phenotype. As a proof of 

principle for this hypothesis, we investigated Kabuki syndrome. Along with the 

aforementioned intellectual disability, Kabuki syndrome is also marked by a 

characteristic facial gestalt, cardiac defects, postnatal growth deficiencies, and immune 

deficiencies of currently unknown ideology (Bogershausen and Wollnik, 2013). Kabuki 

syndrome is inherited either in an autosomal dominant or X-linked manner because it can 

be caused by mutations in two separate genes, the autosomal KMT2D (Ng et al., 2010), 

and the X chromsome gene KDM6A (Lederer et al., 2012). As a disease of the epigenetic 

machinery, both KMT2D and KDM6A have roles in modifying histone marks. KMT2D 

is a methyl-transferase (writer) that adds H3K4me3 (a mark associated with open 

chromatin; ENCODE, 2007) as well as mono- and di-methylation to the same residue 

(Lee et al., 2013), while KDM6A is demethylase (eraser) that removes H3K27me3 (a 

mark associated with closed chromatin; ENCODE, 2007; Sengoku, 2011). Furthermore, 

as both KMT2D and KDM6A are part of the same open chromatin promoting SET1 

complex (Goo et al., 2003), Kabuki syndrome may be caused by disruption of the normal 

function of this complex. In support of this hypothesis, mutations in another gene that is 
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part of this complex, CHD7, lead to a disorder (CHARGE syndrome) that has phenotypic 

overlap to Kabuki syndrome (Schulz et al., 2014).  

The basis for this thesis was the hypothesis that Kabuki syndrome 1 (mutations in 

KMT2D) would be marked by decreased H3K4me3 (and consequently closed chromatin) 

of downstream target genes of KMT2D. Because histone marks can be changed reversibly 

in a way that impacts gene expression (Xu and Andreassi, 2011), the possibility might 

exist for postnatal rescue of some of the disease phenotypes by normalizing the 

potentially imbalanced chromatin state. To test this hypothesis, we characterized a mouse 

model of Kabuki syndrome (Kmt2d+/βGeo) to see if both an imbalance of chromatin states 

could be detected in vivo, and if a disease relevant cell type that might be followed during 

therapeutic trials could be identified. (Bjornsson et al., 2014). This work uncovered 

defects of H3K4me3 in the granule cell layer of the dentate gyrus, as well as decreased 

adult neurogenesis in this structure, and  hippocampal memory defects (Chapter 2; 

Bjornsson et al., 2014). 

One possible therapeutic approach would involve restoring the normal chromatin balance 

in Kabuki syndrome by promoting open chromatin in vivo, through the action of a 

pharmacological agent. For pharmacological treatment (chapter 2), we chose to treat with 

the histone deacetylase inhibitor (HDACi) AR-42. Classically, HDAC inhibitors were 

identified as compounds that inhibited lysine deacetylases (HDACs) that removed 

acetylation from histones (Bose et al., 2014). Because histone acetylation is widely 

accepted as a mark of open chromatin (Gorisch et al., 2005) and because many HDACis 

also are known to increase other marks of open chromatin (Huang et al., 2011), HDACis 
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can be broadly viewed as agents that promote open chromatin states. HDACis are defined 

based on which classes of mammalian HDACs (3 total classes) they inhibit. These classes 

are based on which yeast HDAC they share homology with (Dokmanovic et al., 2007). 

As epigenetic dysfunction has been shown to play a greater role in human disease, 

investigators have started investigating HDACis as possible therapeutic agents. These 

include treatment for cancer (Azad et al., 2013; Yang et al., 2010), epilepsy (Rosetti et 

al., 2012),Alzheimer’s disease (Sung et al., 2013), and even as agents that could improve 

cognitive function (Graff and Tsai, 2013). The rationale for the use of AR-42 as HDACi 

for treatment was due to its ability to also increase H3K4me3 (Huang et al., 2011). The 

treatment strategy we chose closely mirrors work done in a model of Rubinstein-Taybi 

syndrome, Crebbp+/- (Alarcon et al., 2004), but expands on several key areas pertinent to 

understanding the mechanism of the disease as well as future clinical application of 

treatment. This previous work reported that mice with a heterozygous loss of function 

allele of Crebbp (writer of histone acetylation), showed growth defects and hippocampal 

memory defects. Furthermore, after a two-week treatment with the HDACi SAHA, they 

reported a rescue of the hippocampal memory defect (through an increase of histone 

acetylation in the hippocampus). However, despite their discovery of hippocampal 

memory defects that recovered with treatment, this work did not lead to a mechanistic 

insight (or suggest a specific cell population of the hippocampus) into how promoting 

open chromatin might rescue the disease phenotype. Treatment with AR-42 as opposed to 

SAHA further provides more translational insights, as AR-42 is provided orally while 

SAHA was injected. In summary, the aims in chapter 2 are to further explore the 

phenotypes, cell populations affected, and mechanism of disease in Kmt2d+/βGeo, but also 
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to explore the effect treatment with AR-42 would have on these defined markers of the 

disease. 

While in chapter 2 we explore the ability of a pharmacological treatment to promote open 

chromatin, there are several barriers that may prevent immediate clinical implementation 

of this treatment strategy. These include potential toxicity of a chemotherapy agent (as 

well as the concern from the use of such a drug for a non-lethal disease), determining 

appropriate human dosing, as well as the length of a clinical trial. The next aim of this 

thesis (chapter 3) then was to see if an alternative path towards treatment might exist that 

could bypass these barriers. Recently, increasing amounts of evidence has come to light 

that suggests that dietary manipulation can affect the epigenome. For example, treatment 

with many vitamins including biotin and niacin are known to cause changes to histone 

modifications, and other dietary compounds such as curcumin and reseravtol have been 

shown to inhibit HDACs and histone acetyl transferases respectively (Choi and Freso, 

2010). Furthermore, a large number of food items thought to decrease the risk of cancers 

(Remely et al., 2015) have been shown to have an effect on the epigenome. Taken 

together, these findings suggest that one could take advantage of a known ability of 

dietary treatments to modify the epigenome for a desired therapeutic outcome. Recent 

evidence suggests that the endogenously produced ketone body, beta-hydroxybutyrate 

(BHB) has HDACi properties (Shimazu et al., 2012). During times of low dietary glucose 

intake, fatty-acids are preferentially broken down in the liver through beta-oxidation to 

produce acetyl-CoA for the TCA cycle, which also results in the production of the ketone 

bodies (of which BHB is one; Fukako et al., 2014). Such a diet that decreases glucose 

levels to preferentially promote the production of ketone bodies is known as a ketogenic 
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diet (Baranano et al., 2008). Consequently, we hypothesized that treatment with a 

ketogenic diet (which produces the HDACi BHB) might have a similar therapeutic effect 

on Kabuki syndrome outcomes as a pharmacological HDACi. Chapter 3 of this thesis 

explores what effect treatment of Kmt2d+/βGeo with a ketogenic diet would have on the 

known pathologies.  

During ketogenic diet treatment, our work also uncovered an intrinsic redox abnormality 

(NADH/NAD+ ratio increase) in Kmt2d+/βGeo mice, which resulted in increased 

production of BHB while treated on a ketogenic diet (Chapter 3). While it is unclear 

exactly what the underlying cause of this metabolic alternation, it may be due to shifts 

towards the increase in metabolic processes that increase NADH levels, which include 

glycolosis and beta-oxidation of fatty acids. The mechanism not withstanding, if this 

exaggerated BHB elevation holds true in patients with Kabuki syndrome, this may make 

the ketogenic diet a particularly effective treatment strategy for this patient population, as 

they would be provided with higher levels of HDACi than your average individual and 

perhaps a less stringent diet could be used but still achieve therapeutic effects.  

While these two projects lay a proof of principle groundwork for the treatment of Kabuki 

syndrome and potentially other Mendelian disorders of the histone machinery, there may 

be other therapeutic options that could be implemented. As previously mentioned, there 

are many others HDACis that have shown therapeutic potential (Azad et al., 2013; Yang 

et al., 2010; Rosetti et al., 2012), and may also have beneficial effects for Kmt2d+/βGeo 

similar to AR-42 and ketogenic diet treatment. As a follow-up to ketogenic diet therapy, 

there are several other ways to bring about increased BHB. These include direct 
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injection/treatment with exogenous BHB, increasing exercise (Matoulek et al., 2014), 

fasting (Nakamura et al., 2014), and treatment with oral ketone esters (Hashim 2014). 

Furthermore, when the gene networks disrupted in Kabuki syndrome have been 

delineated, taking an approach to modulate these down stream pathways (Das et al., 

2013) may provide a more specific rescue with less risk of adverse side effects. However, 

while there may be many potential routes towards a rescue, the fact as of now two 

separate disorders of histone machinery (Alarcon et al., 2004; Bjornsson et al., 2014) 

show recovery through treatment based on modifying chromatin states, suggests that this 

therapeutic strategy may have relevance for other disorders in this group.  

In summary, the purpose of our research was three fold: to test the hypothesis in a mouse 

model that Kabuki syndrome’s intellectual disability is a manifestation of an imbalance in 

chromatin states, to see if these phenotypes can be rescued in vivo by pharmacologically 

promoting open chromatin, and to also see if a dietary treatment can have a similar 

response. While these data serve primarily as a proof of principle for the treatment of this 

class of disorder, and although these interventions will later need to be refined for length 

and appropriate window of treatment, they provide a potential option for a class of 

disorders that currently have few choices for medical intervention.  
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Introduction 

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

function mutations in either of two genes (Ng et al., 2010;Lederer et al., 2012; Miyake et 

al., 2013) 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 (Ng et al., 

2010;Lederer et al., 2012; Miyake et al., 2013). 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 hippocampal memory defects that correlate 

with multiple abnormalities in the granule cell layer of the dentate gyrus, a prominent site 

of adult neurogenesis (Brus et al., 2013;Altman 1962). 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 (1-2 month-old) or adult (5-6 
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month-old) Kmt2d+/βGeo mice normalized both structural and functional deficits in the 

dentate gyrus in association with restoration of H3K4 trimethylation.  

 

Results 

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 (Hunter et al., 2012) that delineate individual functions (Fig. 

2.1A). A mouse model harboring a loss-of-function allele for Kmt2b, encoded on human 

chromosome 19 and mouse chromosome 7, has been characterized previously 

(Kerimoglu et al., 2013), 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 

Bögerhausen et al (Bögershausen et al., 2013). To specifically assess the underlying 

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

of an expression cassette encoding a -galactosidase neomycin resistance fusion protein 

(-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 -Geo cassette, respectively, is predicted to generate a truncated KMT2D protein 

with peptide sequence corresponding to the first 50 exons of Kmt2d fused to -Geo, but 

lacking the SET domain and therefore methyltransferase activity (Fig. 2.1B, Sup fig 
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2.1A). As predicted from this targeting event, quantitative real-time polymerase chain 

reaction 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. 2.1C). Expression of a KMT2D--galactosidase 

fusion protein in Kmt2d+/βGeo animals demonstrated transcription and translation of the 

targeted allele (Sup fig. 2.1B). 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. 2.1D), 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 (Sup 

fig. 2.2A) and downward rotation of the ear canal (Sup fig. 2.2B). Blinded analysis of X-

rays of Kmt2d+/βGeo mice revealed a significantly shorter maxilla (P < 0.005) when 

compared to Kmt2d+/+ littermates (Sup fig. 2.2B-C), as judged by the extent of protrusion 

beyond the mandible (Sup fig. 2.2C).  

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 (Guan et al., 2002; Gupta et al., 2010; Cohen-Armon 

et al., 2004). Kmt2d+/βGeo mice showed significant deficits in novel object recognition (P 

< 0.05, Fig. 2.1E), Morris water maze probe trial (P < 0.005, Fig. 2.1F) and contextual 

fear conditioning (P < 0.05, Sup fig. 2.3) 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 
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significant differences between Kmt2d+/βGeo and Kmt2d+/+ littermates (Sup fig. 2.4).  

Importantly, Kmt2d+/βGeo mice did not show decreased activity (Sup fig. 2.5A), reduced 

grip strength (Sup fig. 2.5B) or slower swim speeds (Sup fig. 2.5C), 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 (Sup 

fig. 2.6).  

 

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. 

2.2A) and a striking deficiency of H3K4me3 in the dentate gyrus granule cell layer of 

Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates (P < 0.05, Fig. 2.2, B and C). We also 

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

0.01, Sup fig. 2.7). The amount of H3K4me3 showed substantial cell-to-cell variability in 

Kmt2d+/βGeo animals (Fig. 2.2B), 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, Sup fig. 2.8), and had reduced dentate gyrus 

granule cell layer volume when standardized to brain weight (P < 0.05, Fig. 2.2D, 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; Rao et al., 

2004 ) (P < 0.001, Fig. 2.2F, G) and 5-ethynyl-2'-deoxyuridine (EdU) staining, a marker 
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of both neurogenesis in the granule cell layer and a marker of neuronal survival when 

monitored 30 days after labeling (P < 0.01, Sup fig. 2.9). Confocal microscopy revealed 

an apparent decrease in dendritic branching complexity of DCX positive cells (DCX+) in 

the granule cell layer of Kmt2d+/βGeo mice (Sup fig. 2.10). However, given the decreased 

amounts of DCX+ cells in these mice, further work is needed to determine if 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 (Sup fig. 2.11). 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 2.1). 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 (Kesner et al., 2013; Morris et al., 

2013; Epp et al., 2011). Other functions linked to other regions of the hippocampus 

(Brickman et al., 2011) were also abnormal in some patients as were some tasks not 

linked to hippocampus indicating that other cell populations in the central nervous 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. 

 

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. 2.3A). Both reporter alleles 
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encode halves of green fluorescent protein separated by a flexible linker region (Baird et 

al., 1999) 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. 2.3B). 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 1-30) on one end and a TATA binding protein (TBP)-

associated factor II (TAFII) bromodomain on the other end (Fig. 2.3A). 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. 2.3C and 

D). Saturation of this response correlated well with immunoblot data using antibodies to 

the modified H4 tail (Munshi et al., 2006). This response was attenuated by co-

transfection with a construct encoding a histone deacetylase (Sup fig. 2.12) and absent 

upon mutagenesis of all potential acetylation sites (Fig. 2.3E), attesting to its specificity. 

The H3K4 trimethylation reporter allele encodes the H3 tail (residues 1-40) 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. 2.3A). The H3K4 trimethylation reporter 

also demonstrated a dose response with increasing amounts of the HDACi AR-42 (Fig. 

2.3F), in keeping with prior work suggesting that AR-42 can also influence the 

methylation status of H3K4 through inhibition of demethylases (Huang et al., 2011). 

Activity was greatly attenuated upon mutagenesis of critical residues (M882A, 
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D890A/W891A, 20, 21) in the TAF3 reader domain (Fig. 2.3G) or with mutation of K4 

(H3K4Q) in the H3 tail (Fig. 2.3G). Both reporter alleles showed decreased activity when 

stably introduced into embryonic fibroblasts derived from Kmt2d+/βGeo mice, when 

compared to Kmt2d+/+ littermates (Sup fig. 2.13). H3K4 trimethylation activity was 

enhanced upon treatment of Kmt2d+/βGeo cells with HDAC inhibitors AR-42 or MS275 

(Fig. 2.3H, Sup fig. 2.14A). An analysis of transfection efficacy in cells with both 

genotypes indicated comparable transfection efficacy (Sup fig. 2.14B).  

 

Because of the ability of HDACis 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 (Huang et 

al., 2011). AR-42 appeared to have the strongest effect on H3K4me3 (Huang et al., 2011) 

and was shown to be well tolerated in mice in a long-term preclinical trial (Jacob et al., 

2012); it was therefore chosen for in vivo studies. We started at an AR-42 dose of 

25mg/kg/day, previously used in mouse models of prostate cancer (Huang et al., 2011), 

commencing at 20 weeks of age and continuing for two weeks. This dose increased 

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

mutant littermates (Sup fig. 2.15A, 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 (1-2 month-old) and 
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old (5-6 month-old) Kmt2d+/+ and Kmt2d+/βGeo mice (Sup fig. 2.15C,D). Given the known 

cytotoxic potential of AR-42 (Huang et al., 2011, Zhang et al., 2011) we next tested 5 and 

10 mg/kg/day doses, 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. 2.4A-D and Sup fig. 2.15D). 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. 2.4E) in association with normalization 

of expression of Klf10 (Sup fig. 2.16), a known Kmt2d target gene (Guo et al., 2012). In 

fact, this dose appeared to overcorrect the deficiency (Fig. 2.4E), which can be observed 

when representing data as MA plots (the relationship between log ratios and mean 

averages, Sup fig. 2.17) or visualizing the shifts in balance among the two states (Sup fig. 

2.18). 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 (Sup fig. 2.17E) or did not 

(Sup fig. 2.17B) receive drug. The bigger effect at lower intensity Log2 counts per 

million (CPM) fits with data from ablation of the Rubinstein-Taybi gene encoding 

CREB-binding protein (CBP), which has dose-dependent effects on gene expression 

thought to depend on the strength of recruitment for a particular site (Kasper et al., 2010). 

 

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

platform crossing during probe trial (Garthe et al., 2013) in response to 10mg/kg/day of 

AR-42 (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. 2.4F). 

 

Discussion 

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

neurogenesis and hippocampal memory defects (Ansorg et al., 2012; Denis-Donini et al., 

2008). In accordance with the previously observed phenotype in Kmt2b-targeted mice 

(Kerimoglu et al., 2013), 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 KS. Support for a causal relationship 

is now increased by our observation that memory deficits in a mouse 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 due to 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 over 

40 (Berdasco et al., 2013), might be amenable to therapeutic intervention with HDAC 

inhibitors (Dash et al., 2009; Vecsey et al., 2007, Graff et al., 2013). In keeping with this 

concept, neurological phenotypes in mouse models of Rubinstein-Taybi syndrome with 
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haploinsufficiency for the gene encoding the histone acetyl transferase CREB-binding 

protein (Crebp) respond to intracerebroventricular or intraperitoneal administration of the 

histone deacetylase inhibitors SAHA or trichostatin A, respectively (Korzus et al., 2004; 

Alarcon et al., 2004); 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 (Gupta et al., 2010, 

Cohen-Armon et al., 2004 ;Korzus et al., 2004; Alarcon et al., 2004). 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 (Yang et al., 

2012; Lubitz et al., 2007). Future studies using lineage-specific Kmt2d targeting will help 

to elucidate the contribution of individual cell populations (granule cell layer, pyramidal 

layer, 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 (Kerimoglu et 

al., 2013) that could vary in their expression (and therefore compensation capacity) in a 

cell type-dependent (e.g. differentiation state) or cell state-dependent (e.g. 

electrochemical environment) manner. Alternatively, this could indicate that stochastic 

events thought to contribute to epigenetic individuality (Bjornsson et al., 2004 ) play a 

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

trimethylation (Huang et al., 2011). 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 FDA-

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 

(Phiel et al., 2001). Several widely-used supplements or dietary substances, such as folic 

acid, genestein, and curcumin, are known to influence epigenetic modifications (Meeran 

et al., 2010). A recent publication suggests that ketosis, as achieved in a ketogenic diet, 

might favor chromatin opening through beta-hydroxybutyrate, an endogenous HDACi 

(Shimazu et al., 2013). This indicates the potential that dietary manipulations, such as a 

ketogenic diet, might have as another therapeutic avenue for 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 is 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 
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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 (1-2 months and 5-6 months), suggesting that this sub-

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

that neurogenesis potential is age-restricted (Martinez-Canabal et al., 2013). 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. While 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 10mg/kg/day led to the most improvement in functional 

studies (Fig. 4D), but over-correction 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 HDACi 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. 
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Potential limitations of this study include the use of a single heterozygous Kmtd2 targeted 

allele that introduces a βGeo expression cassette into the open reading frame. While 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 KS. This work adds to the emerging 

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

postnatal therapies (Guy et al., 2007; Das et al., 2013; Henderson et al., 2012). 

 

Materials and Methods 

Study design 

The purpose of this study was 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 since both causes of Kabuki syndrome involve the transition from 
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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 

3-4 biological replicates were used for each biochemical analysis, while a sample size of 

at least 8-10 per group was used for behavioral testing. Data collection occurred for a pre-

determined period of time, as dictated by literature-based 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.   

 

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 in years 2004-

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 was 

collected after consenting patients and stored in secure electronic database at KKI. For 

this particular analysis per Kennedy Krieger and Johns Hopkins organizational policy, 

additional IRB reviews was not required (three or fewer patients). We divided the 

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



 25 

associated with dentate gyrus (Kesner et al., 2013; Morris et al., 2012; Epp et al., 2011) 

or hippocampus (non-dentate gyrus; Brickman et al., 2011).  

Epigenetic reporter alleles 

Epigenetic reporter alleles were synthesized (OriGene, Rockville, MD) using published 

sequences for component elements (Baird et al., 1999; Souslova et al., 2007). Single 

nucleotide mutations were created using the QuickChange Lightening kit (Agilent 

Technologies Inc, Santa Clara, CA). 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, Madison, 

WI), 48 hours prior to FACS. Transfection efficiency of reporter alleles was comparable 

in transiently-transfected murine embryonic fibroblasts (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 media 24 hours prior to FACS. For 

stable transfections in T293 (American Type Culture Collection) cells, 10 μg/ml of 

Blastocidin (Life Technologies, Carlsbad, CA) was added to the media for several weeks. 

For stable transfection in MEFs, the reporter was transferred to a ViraPower Lentiviral 

Expression System (Life Technologies, Carlsbad, CA). After selection with Blastocidin, 

the drug of interest was added 24 hours prior to FACS. SAHA, AR-42 and MS275 were 

purchased from Selleck (Selleck Chemicals, Houston, TX). FACS was performed using 

either a FACSCalibur (BD Biosciences, San Jose, CA) or FACSverse (BD Biosciences, 

San Jose, CA) system with comparable results. FACS data were analyzed using FlowJo 
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(Tree Star Inc, Ashland, OR). A plasmid expressing HDAC3 was acquired from Addgene 

(Cambridge, MA, 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 

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, 

Houston, TX) solubilized in vehicle (0.5% methylcellulose, 0.1% Tween-80, water) or 

with vehicle alone. Drug delivery information was kindly provided by Drs. Chen and 

Kulp from Ohio State University (Huang et al., 2011). 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/day was used for these studies. For quantification of DCX positive 

cells, doses of 0, 5, 10 and 25 mg/kg/day were used. Genotyping was performed using 

primers B-GeoF-(CAAATGGCGATTACCGTTGA) and B-GeoR-

(TGCCCAGTCATAGCCGAATA) that are specific for the targeted allele and TcrdF-

(CAAATGTTGCTTGTCTGGTG) and TcrdR-(GTCAGTCGAGTGCACAGTTT) that 

control for sufficient DNA concentration. Real-time PCR using the same primers allows 

discrimination between the heterozygous and homozygous state for the targeted allele. 
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Thymus was dissected from a wild-type neonatal mouse and flash frozen in OCT. Slides 

were fixed with 4% PFA for 30 minutes. 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 NIH for mouse care and handling. 

 

Morris water maze testing 

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

with non-toxic 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 seconds. If they did not reach the platform after 60 seconds they were 

placed on it for 30 seconds. Each mouse was given 4 trials per day (for 5 days) with no 

inter-trial 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 

seconds. 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 

second trial, four of which were run in the same way as the hidden platform training. For 
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all training and probe testing, data was recorded both manually and electronically with 

ANY-maze software (San Diego Instruments, San Diego, CA) 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. 

Additional behavioral testing 

For all behavioral testing, all data were collected and analyzed by an individual blinded 

to genotype and treatment group. Mice ranged from two to three months of age in all 

tests, and all experiments were performed in the late morning or early afternoon. Novel 

object recognition: On the first day of the novel object recognition test, mice were 

individually placed into a square plastic arena (25cmx25cmx25cm) that contained two 

identical plastic objects along the midline of the arena. Each mouse was allowed to 

explore the objects for 10 minutes and then placed back in its home cage. The following 

day, each mouse was placed in the same arena with the same two identical objects and 

the time interacting with each object was recorded over 10 minutes. On the third day, one 

object was removed and replaced by a novel object. Mice were placed in the arena for 

five minutes and timed for interaction with the familiar object compared to the novel 

object. Differences in interaction time between the novel object and the familiar object 

for Kmt2d+/+ and Kmt2d+/βGeo mice were calculated by computing time spent with the 

novel object divided by the total time spent with both objects. These values were 

analyzed for significance with a Student’s t-test with significance value set at P < 0.05. 

Fear conditioning testing: On day 1 both Kmt2d+/βGeo mice and Kmt2d+/+ littermates were 

placed in chamber and allowed to explore the chamber freely. After 120 seconds (2 
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minutes), a 2000 Hz sound was played for 30 seconds. For the last 2 seconds of sound 

(seconds 148-150), the sound co-occurred with a 0.35 mAmp electrical shock (2 seconds) 

administered through the floor grid. Mice were observed for a total of 300 seconds. 

Freezing behavior was measured using the FreezeScan software (CleverSys Inc, Reston, 

VA). On days 2 and 14 (fig. S3) contextual freezing was assessed over 300 seconds (no 

cue). On days 3 and 15, cued freezing was assessed over 300 seconds. Open field testing: 

Mice were placed in the open field chamber and activity was monitored using the 

Photobeam activity system (San Diego Instruments, San Diego, CA). Activity levels (ten 

180 second intervals) were pooled to yield a general activity level (Adamczyk, et al., 

2012). Grip strength testing: Grip strength testing was performed as previously described 

(Adamczyk, et al., 2012). Three trials were performed and results were averaged for each 

mouse.  

Perfusion and cryosectioning 

Mice were sacrificed with a xylazine ketamine combination, transcardially flushed with 

PBS/Heparin and then perfused with 4% PFA/PBS. Brains were dissected and 

cryopreserved in 30% sucrose 0.1M phosphate solution overnight at 4°C. Brains were 

frozen and sectioned using a Microm HM 550 cryostat (Thermo Scientific, Waltham, 

MA). Sectioning was performed at 30 μm intervals and every section of the brain was 

collected and stored in glycerine ethylene glycol phosphate storage solution.  

 

EdU administration and staining 
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For EdU experiments, mice were injected IP over ten days, with injections on the first 

three and last three days, with 50 mg/kg EdU (Life Technologies, Carlsbad, CA). Mice 

were sacrificed 30 days after the initial start of injection, and EdU staining was done with 

the Click-iT EdU Alexa Fluor 488 Imaging Kit (Life Technologies, Carlsbad, CA) as 

well as DAPI mounting with Vectamount (Vector Laboratories, Burlingame, CA). EdU 

quantification was performed by an individual blinded to genotype. Positive cells were 

counted in every sixth slice in the granule cell layer and the average number per slice was 

calculated for each brain. 

 

Real time PCR 

Real-time PCR was performed using Kmt2d-specific probes for exons 20 and 52 

(Mm_02600438 and Mm_01717664, respectively) from TaqMan® Gene Expression 

Assays (Life Technologies, Carlsbad, CA). For a comparison of transfection efficiencies 

for indicator constructs in transient transfection studies, we performed real-time PCR 

using SYBR Green Real-Time PCR Master Mix (Life Technologies, Carlsbad, CA) and 

primers IND-F-(CTGCGCGCAAGTCAACGGGTG) and IND-R-

(ATGCCGTTCTTCTGCTTGTCG) that are specific for the H3K4 methylation indicator. 

For expression analysis for KMT2D target gene KLF10 we performed real-time PCR 

using Klf10-specific expression assay (Mm00449812_m1) from TaqMan® Gene 

Expression Assays (Life Technologies, Carlsbad, CA). 
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Immunoblotting 

Total protein lysates from Kmt2d+/βGeo and Kmt2d+/+ littermates were isolated and 

immunoprecipitated with an antibody against the amino terminus of KMT2D (sc-292359, 

Santa Cruz Biotechnology, Dallas, TX). Isolated protein was applied to a membrane and 

immunoblotted with an antibody against beta-galactosidase (ab9361, Abcam, Cambridge, 

ENG) as previously described (Loeys et al., 2010). 

 

Immunofluorescence 

Every 6th brain section was selected and then blocked with 5% Bovine Serum Albumin 

(BSA) at room temperature followed by incubation with primary antibodies overnight at 

4°C. Secondary antibodies were then applied for 1 hour at room temperature, after which 

sections were mounted onto microscope slides with Vectamount with DAPI (Vector 

Laboratories, Burlingame, CA). Primary antibodies included Doublecortin (DCX) (SC-

8066, Santa Cruz Biotechnology, Dallas, TX, 1:200 goat), trimethylated H3K4 (9727L, 

Cell Signaling Technology, Beverly, MA, 1:500 rabbit), Kmt2d H-300 (SC-292359, 

Santa Cruz Biotechnology, Dallas, TX, 1:500 rabbit) and activated caspase 3 (AB3623, 

Millipore, Billerica, MA, 1:100, Rabbit). Non-specific binding was not observed when 

we sequentially exposed sections to serum (or IgG when appropriate) from the same 

species as the primary antibody for each experiment (i.e. rabbit for KMT2D and 

H3K4me3 and goat for doublecortin), followed by the secondary antibody used for 

KMT2D and H3K4me3 (anti-rabbit) or doublecortin (anti-goat). 
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Confocal microscopy  

Z-stack images of slides were taken at either 10x using Zeiss Axiovert 200 with 510-

Meta confocal module (Carl Zeiss, Jena, GER) or 25x using Zeiss AxioExaminer with 

710NLO-Meta multiphoton (Carl Zeiss, Jena, GER). From 10x pictures, the granule cell 

layer was highlighted and fluorescent intensities for both DAPI and H3K4me3 were 

measured at the midpoint of the entire z-stack (Zen software, Carl Zeiss, Jena, GER) with 

the value for Kmt2d+/+ animals set equal to one. A Students t-test with significance value 

set at P < 0.05 was used to compare H3K4 trimethylation intensity referenced to DAPI 

intensity.  

 

Granule cell layer and doublecortin area 

The area of both the granule cell layer and DCX+ cells was measured using the NS 

elements 2.0 software (Nikon, Tokyo, JPN). Normalized DCX area was calculated by 

measuring the DCX+ area of the granule cell layer and setting the baseline (Kmt2d+/+) 

fraction to 1. A Student t-test with significance value set at P < 0.05 was used for 

comparison of DCX+ area referenced to granule cell layer area between genotypes and 

treatment arms.  

 

Evaluation of maxillary protrusion 



 33 

Maxillary protrusion was evaluated by ten investigators blinded to genotype and they 

were asked to rate maxillary protrusion on radiographs as either large (2) or small (1). 

When results were un-blinded and average scores for each animal determined, the 

Kmt2d+/βGeo animals had a significantly lower score than Kmt2d+/+ littermates. 

 

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 40μm cell strainer to obtain single cell suspensions. 10 

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

immunoprecipitation protocol, as previously described (Gilfillan et al., 2012), using a 

ChIP-grade antibody against H3K4me3 (9727, Cell Signaling Technology, Beverly, 

MA). 

 

ChIP-seq data analysis  

Sequencing was performed using a MiSeq system (Illumina, San Diego, CA). 4.8-9.6 

million paired-end 26 bp reads were obtained per sample (Supplementary Table 1). Reads 

were aligned to the M. musculus genome, version mm10, using Bowtie 2 (Langmead et 

al., 2012). We examined each sample with regard to alignment rate as well as FRIP 

(fraction of reads in peaks), a measure of the ChIP efficiency (Supplementary Table 1). 

FRIP was computed based on peaks called only on specific samples using MACS version 
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1.4.2 (Zhang et al., 2008). For analysis, reads were merged into one meta-sample and 

peak calling was performed using MACS version 1.4.2 (Zhang et al., 2008). 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 (Quinlan et al., 2010) 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 (McCarthy et al., 

2012) in edgeR version 3.5.27 (Robinson et al., 2010). A single model was fit, using all 8 

samples, with Tagwise 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-Horchberg corrected P-values 

less than 5%. Fold change and overall abundance was calculated as per edgeR. 

 

Evaluation of directional balance in ChIP-seq dataset 

For figures 2.1D and 2.4E and supplementary fig. 2.17 each point corresponds to a 

genomic location with an H3K4me3 peak in at least one of the samples. A positive value 

indicates that the peak is higher in the Kmt2d+/βGeo compared to the Kmt2d+/+. Peaks 

which are significantly differentially bound are shown in red, and other peaks are shown 

in gray. In supplementary fig. 2.17, the expected medium is demonstrated with a broken 

line, but unbroken line shows the median in our observed comparison. Supplementary 

fig. 2.18 illustrates whether the balance is shifting up (blue) or down in a particular 
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comparison. To examine whether there was a directional balance between differentially 

bound genes we developed the following test. For Kmt2d+/+(vehicle) compared to 

Kmt2d+/βGeo(vehicle), we observed 454 peaks to be stronger bound in the mutant, 1,499 to 

be stronger bound in the wild-type and 27,052 peaks to not be differentially bound. Our 

model assumes that these three numbers follow a multinomial distribution with a 

probability vector (p1, p2, p3). To test for directional balance, we constructed a standard 

likelihood-ratio test for the hypothesis p1 = p2. Per standard results, two times the 

negative log-likelihood ratio test statistic was asymptotically chi-square distributed with 1 

degree of freedom.  

 

Statistics and plots 

For all box plots generated through RStudio (RStudio Inc, Boston, MA), the margins of 

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

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

line, and scatter-plot graphs (generated through Microsoft Excel), the error bars represent 

standard error of the mean, 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 with a significance value of P < 0.05. Two-way repeated measures 

ANOVAs were calculated with SPSS (IBM, Armonk, NY). 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.  



 36 

 

Figure 2.1: Kmt2d+/βGeo mouse model of Kabuki syndrome demonstrates 

hippocampal memory defects. (A) Domain organization of KMT2D in human and 

mouse, with the H3K4 methyltransferase SET domain indicated in red and other domains 

by additional colors, as well as The human and murine chromosomal assignment (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 (Sup. Fig. 2.2A). (C) Real-time PCR using primers for exons 

20 or 52 of Kmt2d (arrows) confirmed a 50% reduction in mRNA corresponding to 

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 3 Kmt2d+/+ and 2 Kmt2d+/βGeo mice. (D) ChIP-seq revealed a 

genome-wide deficiency of H3K4me3 in cells from Kmt2d+/βGeo mice, 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, while others are gray. (E) No 

difference was seen 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)] while 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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Figure 2.2: Kmt2d+/βGeo mice demonstrate a global deficiency of H3K4me3 in the 

dentate gyrus associated with reduced granule cell layer volume and neurogenesis. 

(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 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) Calculation of 

granule cell layer area (red outline) in every sixth brain slice allowed demonstration of 

reduced granule cell layer volume (E) in Kmt2d+/βGeo mice compared to Kmt2d+/+ 

littermates. N = 4 (+/+), N = 5 (+/βGeo). (F, G) Immunofluorescence revealed reduced 

representation of cells positive for doublecortin (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. 
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Figure 2.3: H3K4me3 epigenetic reporter allele demonstrates decreased activity in 

Kmt2d+/βGeo cells. (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 E-GFP 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, D) The 

acetylation indicator demonstrated increasing fluorescence with increasing amounts of 

the histone deacetylase inhibitor 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 histone deacetylase inhibitor 

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+/βGeo mice 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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Figure 2.4: In vivo effects of AR-42. 1-2 month old mice of both genotypes showed an 

increase in H3K4me3 (A, B) [N = 5-6 per group] associated with a dose-dependent 

increase in neurogenesis in Kmt2d+/βGeo mice (C, D) (monitored by normalized DCX 

expression) [N = 4-6 per group] upon treatment with the HDACi AR-42. There was no 

difference of either H3K4me3 or neurogenesis between Kmt2d+/βGeo and Kmt2d+/+ 

animals at a dose of 10mg/kg/day. (E) The genome-wide deficiency of H3K4me3 seen in 

Kmt2d+/βGeo mice was improved upon treatment with 10 mg/kg/day AR-42. (F) The 

reduced frequency of platform crossing seen during Morris water maze testing of 

Kmt2d+/βGeo mice was normalized upon treatment with 10 mg/kg/day of AR-42. [N = 48 

(+/+, no treatment), N = 32 (+/βGeo, no treatment), N = 14 (+/+, 10 mg/kg/day AR-42), 

N = 9 (+/βGeo, 10 mg/kg/day AR-42)]. *P < 0.05; **P < 0.01; †P < 0.005; ††P < 0.001, t-

test. 
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Table 2.1: Neuropsychological findings in patients with Kabuki syndrome. A 

retrospective analysis of neuropsychological testing on three patients with mutations in 

KMT2D reveals consistent abnormalities of functions that have been associated with the 

dentate gyrus. N/A, not adequately tested with testing regiment. ↓, 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 (Kesner et al., 

2013; Morris et al., 2012; Epp et al., 2011); metrics more broadly linked to the 

hippocampus are indicted with an asterisk (Brickman et al., 2011). 
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Supplementary Material 

Supplementary figure 2.1: Integration site of gene trap in the Kmt2dβGeo allele. (A) 

DNA sequence of the targeted allele showing sequence for Kmt2d exon 50 (red) and 

intron 50 (blue) and the gene trap encoding the -Geo cassette (purple). (B) 

Immunoprecipitated protein using an antibody directed against KMT2D showed 

immunoreactivity for -galactosidase in cellular lysates from Kmt2d+/βGeo mice but not 

Kmt2d+/+ littermates. The presence of this hybrid protein suggested that mRNA from the 

Kmt2dβGeo allele is both transcribed and translated. 

 

A       B 
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 Supplementary figure 2.2: Kmt2d+/βGeo mice show overlapping phenotypic features 

with patients with Kabuki syndrome. Decreased protrusion of the maxilla over the 

mandible could be seen when skin was removed (A) and on radiographs (B) in 

Kmt2d+/βGeo mice, when compared to Kmt2d+/+ littermates (N ≥ 5 for both groups). This 

was verified by a group of investigators blinded to genotype which gave Kmt2d+/+ mice a 

significantly higher maxillary protrusion score than Kmt2d+/βGeo littermates (C).  †P  < 

0.005. 

A       B     C 
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 Supplementary figure 2.3: Kmt2d+/βGeo mice have context related memory defects. 

Kmt2d+/βGeo showed impaired performance in a fear-conditioning assay, when compared 

to Kmt2d+/+ littermates. N = 20 (+/+), 8 (+/βGeo). P < 0.05 (repeated measures ANOVA 

comparing two genotypes in all time points). 
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Supplementary figure 2.4: Kmt2d+/βGeo mice show no deficit in flag trial. Kmt2d+/βGeo 

mice and Kmt2d+/+ littermates showed similar performance during flag trials prior to 

Morris water maze testing (as reflected by no significant difference in a repeated 

measures ANOVA), suggesting no inherent impairment to task completion such as visual 

impairment, in subsequent memory-based testing. N.S., N = 15 (+/+), 9 (+/βGeo). 
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Supplementary figure 2.5: Assessment of motor function in Kmt2d+/βGeo and Kmt2d+/+ 

mice.  Kmt2d+/βGeo mice did not show any deficit in general activity level (as monitored 

by beam breaks in open field testing) (A) or grip strength (B), when compared to 

Kmt2d+/+ littermates and had comparable swimming speed in the probe trial of the Morris 

Water Maze (C). Open field testing: N.S., N = 11 (+/+), 11 (+/βGeo); grip strength: N.S.,  

N= 18 (+/+), 8 (+/βGeo). MWM probe trial: N.S., N = 29 (+/+), 23 (+/βGeo). 

 

  A       B 

 

        C 
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Supplementary figure 2.6: Escape latencies during Morris water maze training. (A) 

Average latency to platform zone for Kmt2d+/βGeo (yellow) and Kmt2d+/+ animals (blue). 

Repeated measures ANOVA showed no significant difference between groups across all 

time points. (B) Kmt2d+/βGeo mice on 10 mg/kg/day of AR-42 (yellow triangle) and 

Kmt2d+/+ animals on 10 mg/kg/day of AR-42 (blue circle). No significant difference was 

observed. (C) Kmt2d+/+ animals with (blue circle) and without (blue square) 10 

mg/kg/day of AR-42. A significant difference was observed with P <0.01. (D) 

Kmt2d+/βGeo animals with (yellow rhombus) and without (yellow triangle) 10 mg/kg/day 

of AR-42. No significant difference was observed. N = 32 (+/βGeo, vehicle), 44 (+/+, 

vehicle), 9 (+/βGeo, AR-42), 14 (+/+, AR-42). 

A     B 

 

C     D 
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Supplementary figure 2.7:  H3K4me3 is decreased in the pyramidal layer in 

Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates. H3K4me3 was also significantly 

reduced in the pyramidal layer of the hippocampus, another cell layer with strong 

expression of the KMT2D protein. N = 5 (+/+), 5 (+/βGeo). **P < 0.01. 
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Supplementary figure 2.8: Body and brain size in Kmt2d+/βGeo mice. While 

Kmt2d+/βGeo animals showed a significant reduction in body weight, at 5 months of age 

when compared to Kmt2d+/+ littermates (A) there was no significant difference in brain 

weight (B). Body, N = 10 (+/+), 5 (+/βGeo). Brain, N.S., N = 14 (+/+), 12(+/βGeo), *P < 

0.05. 

A       B 
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Supplementary figure 2.9: EdU incorporation. Kmt2d+/βGeo mice showed reduced 

incorporation of EdU in the granule cell layer 30 days after the onset of injection, 

suggesting reduced neurogenesis and long-term neuronal survival, when compared to 

Kmt2d+/+ littermates, as assessed by observers blinded to genotype. Eleven animals were 

analyzed, each brain was fully sectioned and every 6th slice was stained for each animal 

(N= 7 (+/+), 4 (+/βGeo)) **P < 0.01. 
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Supplementary figure 2.10: Decreased dendrites in DCX+ cells in the granule cell 

layer of Kmt2d+/βGeo mice. Immunofluorescence showed that Kmt2d+/βGeo animals 

demonstrate an apparent decrease in dendritic arborization of cells that are DCX+, when 

compared to Kmt2d+/+ littermates. 
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Supplementary figure 2.11: Staining for activated caspase 3 does not reveal 

increased apoptosis in the granule cell layer of Kmt2d+/βGeo mice compared to 

Kmt2d+/+ littermates. Immunofluorescence staining using an antibody against activated 

caspase 3 (red) with a DAPI counter-stain (blue) did not reveal an increased number of 

positive cells (indicating apoptosis) in Kmt2d+/βGeo animals compared to Kmt2d+/+ 

littermates, nor did animals treated with 1 mg/kg/day of AR-42 have increased apoptosis. 

We also performed immunofluorescence with the same antibody using newborn thymus 

as a positive control.   
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Supplementary figure 2.12: HDAC3 attenuates signal of the H4ac indicator. 

HEK293 cells stably expressing the H4ac indicator showed increased signal upon 

stimulation with the histone deacetylase SAHA that was attenuated by recombinant 

expression of HDAC3. N = 3 biologic replicates for each state, stable transfection. **P < 

0.01. 
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Supplementary figure 2.13: Both indicators demonstrate a deficiency in Kmt2d+/βGeo 

mice. Stable expression of the specified indicator into mouse embryonic fibroblasts 

(MEFs) demonstrated significant deficiencies in both histone H4 acetylation and H3K4 

trimethylation activity in Kmt2d+/βGeo MEFs compared to Kmt2d+/+ cells, as assessed by 

the percentage of GFP positive cells. N = 4 (+/+), 3 (+/βGeo). *P < 0.05. 
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Supplementary figure 2.14: Improved H3K4 trimethylation activity in Kmt2d+/βGeo 

cells transiently transfected with H3K4 trimethylation indicator and treated with 

MS275. Kmt2d+/βGeo MEFs showed reduced H3K4 trimethylation activity, when 

compared to Kmt2d+/+ cells, that was improved upon treatment with the histone 

deacetylase MS275 (A). Transiently transfected cells of both genotypes demonstrated 

comparable transfection efficiency as estimated by real time PCR when compared to a 

genomic control (B). N = 6 (+/+), 6 (+/βGeo), biological replicates for each 

concentration, transient transfection. *P < 0.05; **P < 0.01; ††P < 0.001. 

A      B 
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Supplementary figure 2.15: In vivo responses to AR-42. (A-B) Immunofluorescence 

revealed increased H3K4me3 in the granule cell layer of Kmt2d+/+ and Kmt2d+/βGeo mice 

upon treatment with 25 mg/kg/day of AR-42, with no difference between genotypes in 

the treated groups, N = 4-5 per group. (C) 25mg/kg/day of AR-42 did not improve DCX 

expression in Kmt2d+/βGeo mice and reduced DCX expression in Kmt2d+/+ animals, N = 4-

6 per group, (D) DCX expression was improved in older mice (5-6 months) upon 

treatment of Kmt2d+/βGeo mice with 10mg/kg/day of AR-42. N = 3-4 per group. *P < 

0.05; **P < 0.01; ††P < 0.001. 

A      B 

 

C      D 
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Supplementary figure 2.16: AR-42-induced expression of a known Kmt2d target 

gene. Klf10, a known target gene of Kmt2d (Guo et al., 2012), demonstrated reduced 

expression in spleen cells of Kmt2d+/βGeo mice  that was normalized upon treatment with 

AR-42 N = 4 per group. *P < 0.05, †P < 0.005. 
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Supplementary figure 2.17: MA plots indicate a shift in the balance of H3K4me3 

upon treatment with AR-42. Significant differences in the locus-specific intensity of 

H3K4me3 are indicated in red, with the directionality and magnitude of each peak height 

reflecting the difference between the indicated states (genotype and AR-42 treatment 

status). Kmt2d+/βGeo animals demonstrated a downward shift compared to Kmt2d+/+ 

littermates (A), which was recovered with AR-42 (B). These data indicate there may be 

some overcorrection, which could be improved in future studies by using ChIP-seq as a 

biomarker. The difference between AR-42 treated and vehicle treated Kmt2d+/+ animals 

was less notable (C), but obvious when comparing Kmt2d+/βGeo on AR-42 compared to 

Kmt2d+/βGeo littermates on vehicle (D) or both genotypes on AR-42 (E). CPM: counts per 

million, FC: fold change. N= 2 (+/βGeo, vehicle), 2 (+/+, vehicle), 2 (+/βGeo, AR-42), 2 

(+/+, AR-42). 

A      B 
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C      D 

 

E       
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Supplementary figure 2.18: A visualization of shifts in balance between states 

(genotype or AR-42) as a function of intensity demonstrates an abnormality in 

Kmt2d+/βGeo that is responsive to AR-42. Kmt2d+/βGeo animals demonstrated a downward 

shift compared to Kmt2d+/+ littermates (A; -2logQ: 589.5, P < 2.2e-16), which was 

normalized (but somewhat over corrected) with AR-42 (B; -2logQ: 146.0, P < 2.2e-16). 

The difference between AR-42-treated Kmt2d+/+ mice and vehicle treated Kmt2d+/+ 

littermates was less notable (C), but more evident when comparing Kmt2d+/βGeo on AR-

42 to Kmt2d+/βGeo littermates on vehicle (D) or on both genotypes on AR-42 (E, -2logQ: 

359.9, P < 2.2e-16). N = 2 (+/βGeo, vehicle), 2 (+/+, vehicle), 2 (+/βGeo, AR-42), 2 (+/+, 

AR-42).  
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A      B 

 

C      D 

 

E 
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Supplementary figure 2.19: Serum control experiments for antibodies used for 

immunofluorescence. Non-specific binding was not observed when we sequentially 

exposed sections to serum from the same species matching the primary antibody for each 

experiment (i.e. rabbit for KMT2D and H3K4me3 and goat for doublecortin), followed 

by the secondary antibody used for KMT2D and H3K4me3 (anti-rabbit) or doublecortin 

(anti-goat). 
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Supplementary table 2.1: A summary of genotypes, drugs and quality measures of 

ChIP-seq experiments. N Reads = number of reads, alignRate = fraction aligned to 

genome; FRIP = fraction of reads in peaks. 
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Chapter 3: Dietary treatment of Kmt2d+/βGeo  
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Introduction 

Kabuki syndrome (KS) is a rare genetic disease with cardinal manifestations 

including intellectual disability, postnatal growth retardation, immunological dysfunction, 

and characteristic facial features. Mutations in either KMT2D or KDM6A are known to 

lead to KS (Ng et al., 2010; Lederer et al., 2012; Miyake et al., 2013). Interestingly, each 

of these genes plays an independent role in the process of chromatin opening as KMT2D 

adds an open chromatin mark (histone 3, lysine 4 trimethylation; H3K4me3) and 

KDM6A removes a closed chromatin mark (histone 3, lysine 27 trimethylation; 

H3K27me3). If a deficiency of chromatin opening plays a role in KS pathogenesis, 

agents that promote open chromatin states, such as histone deacetylase inhibitors 

(HDACi), could ameliorate ongoing disease processes (Fahrner and Bjornsson, 2014).  

Previously, we observed a deficiency of adult neurogenesis, a dynamic process in 

adult life (Ming et al., 2011), in a mouse model of KS (Kmt2d+/βGeo), seen in association 

with hippocampal memory deficits. These deficits normalized following a two-week 

course with the HDACi AR-42 (Bjornsson et al., 2014), an antineoplastic agent. 

Recently, beta-hydroxybutyrate (BHB), one of the ketone bodies has been shown to have 

endogenous HDACi activity (Shimazu et al., 2013). Since BHB is actively transported 

into the central nervous system during ketosis (Hasselbalch et al., 1995), it could 

theoretically modulate histone modifications in relevant cells (neurons), and thereby 

ameliorate the neurological dysfunction previously observed in Kmt2d+/βGeo mice.  

Here we demonstrate normalization of histone 3 acetylation (H3Ac), H3K4 

trimethylation (H3K4me3) and the deficiency of neurogenesis seen in the granule cell 

layer (GCL) of the dentate gyrus (DG) in association with rescue of the hippocampal 
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memory defects in Kmt2d+/βGeo mice after administration of a ketogenic diet (KD) for two 

weeks. Furthermore, administration of exogenous BHB also rescued the neurogenesis 

defect in Kmt2d+/βGeo mice, suggesting that the increase in BHB plays a major role in the 

observed therapeutic effect of the KD. Our data show that the effects of a debilitating 

mutation can be offset by modifying the epigenome, thereby serving as proof-of-principle 

that dietary manipulation may be a viable strategy for selected causes of intellectual 

disability. 

 

Results 

Our previously characterized (Bjornsson et al., 2014) mouse model of Kabuki syndrome 

(Kmt2d+/βGeo), demonstrates several cardinal features which include hippocampal 

memory defects (Fig. 3.1A, Sup. Fig. 3.1), a deficiency of adult neurogenesis (Fig. 3.1B, 

Sup. Fig. 3.1) and growth retardation (Sup. Fig. 3.2), on both mixed and genetically 

homogenized C57BL/6J backgrounds (>10 generations; Sup. Fig. 3.3). 

Given the global deficiency of H3K4me3 seen in the GCL of Kmt2d+/βGeo mice 

(Bjornsson et al., 2014), we have hypothesized that the pathogenesis of KS relates to an 

inability to open chromatin and consequently express critical disease-relevant target 

genes (Fahrner and Bjornsson, 2014). In support of this hypothesis, we now describe that 

17 genes show significantly (>1 log2 fold change; <0.05 adjusted p-value) decreased 

expression in Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates, as measured by gene 

expression microarray (Fig. 3.1C, Sup. Tab. 3.1). In contrast, no genes showed 

significantly increased expression in Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates 

(Fig. 3.1C). Additionally, pathway analysis of the entire filtered dataset showed 
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downregulation of several pathways relevant to the phenotype observed in Kmt2d+/βGeo 

mice (Sup. Tab. 3.2). 

Based on the reported histone deacetylase inhibitory activity of BHB (Shimazu et 

al., 2013), we hypothesized that BHB could be used for therapeutic purposes. To 

independently confirm the HDACi activity of BHB (Shimazu et al., 2013), we used a 

previously described (Bjornsson et al., 2014) in vitro epigenetic reporter allele assay to 

quantify the enzymatic activity of the H3K4me3 and H4Ac machinery, and observed a 

dose-dependent increase of both reporter with increasing amounts of BHB (Fig. 3.1D). In 

an effort to increase BHB levels in vivo, we placed Kmt2d+/βGeo and Kmt2d+/+ mice on a 

KD using a regimen frequently used in humans (4:1 fat to protein; Freeman et al., 1998). 

We observed a significant increase of urine BHB from KD-treated mice compared to 

regular diet-treated counterparts (Fig. 3.1E). KD-treated Kmt2d+/βGeo mice also showed an 

increased BHB/AcAc ratio, indicating a disproportionally increased BHB (Sup. Fig. 3.4) 

when compared to Kmt2d+/+ littermates. Further studies indicated that this metabolic 

defect is likely based on an altered NADH/NAD+ ratio in the Kmt2d+/βGeo mice (Sup. Fig. 

3.5). Interestingly, these effects are not observed in a mouse model of Rubinstein-Taybi 

syndrome (Crebbp+/-; Kung et al., 2000; Sup. Fig. 3.6), another genetically imposed 

deficiency of open chromatin marks (Alarcon et al., 2004), suggesting that this finding is 

not secondary to the global loss of open chromatin modifications (Kurdistani et al., 2014, 

Castonguay et al., 2014). 

After administration of a KD to Kmt2d+/βGeo and Kmt2d+/+ mice for two weeks, we 

saw an increase in levels of H3K4me3 and H3Ac in the GCL of the DG in Kmt2d+/βGeo 

mice (Fig. 3.2A-B). Overall, the KD did not lead to global gene expression changes in 
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Kmt2d+/βGeo mice, and none of the 17 previously defined candidates (Fig. 3.1C; Sup. Tab. 

3.1) showed significant normalization (Sup. Fig. 3.7A, orange dots). However, we 

suspected that critical target genes could have been missed given the small sample size 

and stringent p-value based criteria. As a complementary approach, we ranked genes 

from the microarray based on fold change differences between Kmt2d+/βGeo mice on the 

KD compared to a standard diet (Sup. Fig. 3.7B, right edge of line). Among the top 50 

genes, we picked the five genes (10%) that showed the most dramatic rescue on the KD. 

Three of these genes demonstrated significantly less expression (RT-qPCR) in the 

hippocampus of Kmt2d+/βGeo compared to Kmt2d+/+ mice on a standard diet which 

significantly normalized in the Kmt2d+/βGeo mice on a KD (Sup. Fig. 3.7C-D).  

 The impact of the KD on neurogenesis was assessed by two independent 

markers; quantification of either EdU+ or doublecortin-positive (DCX+) cells in the GCL 

of the DG. We first counted the number of EdU+ cell in the GCL both immediately after a 

course of EdU injections (proliferation) or 30 days later (survival); both measures showed 

significant increase in numbers in Kmt2d+/βGeo mice on a KD compared to Kmt2d+/βGeo 

mice on a regular diet (Fig. 3.2C). We next quantified the DCX+ fraction of the GCL and 

found a significant increase in Kmt2d+/βGeo mice on a KD compared to mice on a standard 

diet, with no significant difference when compared to KD-treated Kmt2d+/+ littermates 

(Fig. 3.2D). 

Following a two-week treatment with the KD, Kmt2d+/βGeo mice showed a 

significant increase in the number of platform zone crossings (Fig. 3.2E) during the probe 

trial of a Morris water maze (MWM), a measure previously shown to be particularly 

sensitive for detecting a disruption of adult neurogenesis (Garthe et al., 2013). 
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Kmt2d+/βGeo mice also showed decreased escape latency during the hidden platform 

testing, with no significant differences when compared to KD-treated Kmt2d+/+ controls, 

along with no significant differences during the visible flag testing (Sup. Fig. 3.8). 

Additional control tests for strength, activity and anxiety-like behaviors (grip strength and 

open field testing) were unaffected by genotype (Sup. Fig. 3.9).  

 Finally, we asked whether exogenous administration of BHB was sufficient to 

rescue the neurogenesis defect in Kmt2d+/βGeo mice. Once daily intraperitoneal (IP) 

injection of 10 mM/kg/day of BHB led to peak urine levels of BHB comparable to levels 

seen in animals on the KD (Sup. Fig. 3.10), and led to a significant increase in EdU+ cells 

in the GCL of the DG (Fig. 3.3A) although not to the same extent as the KD (Fig. 3.2C). 

Given the short half-life of BHB (1-2 hours; Clarke et al., 2012), the overall daily 

exposure to BHB after a single injection was much less than with the KD (Fig. 3.3B). 

Consequently, we employed a combination strategy of a mini osmotic pump (Sup. Fig. 

3.11) and three daily IP injections (10 mM/kg BHB) that was able to achieve BHB levels 

comparable to the KD (Fig. 3.3C). This combination strategy led to a significant increase 

in neurogenesis, as measured by the number of EdU+ cells in the GCL of the DG, in 

Kmt2d+/βGeo compared to vehicle-treated Kmt2d+/βGeo mice (Fig. 3.3D), that closely 

mirrored the neurogenesis rescue seen after treatment with a KD (Fig. 3.2C).  

 

Discussion 

Although BHB has previously been shown to demonstrate HDACi activity 

(Shimazu et al., 2013; Lim et al., 2011), any clinical relevance remained speculative. 

Here, we show that therapeutically relevant levels of BHB are achieved with a KD 
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modeled upon protocols that are used and sustainable in humans (Wheless, 2008; Gasior 

et al., 2006). Furthermore, we demonstrate for the first time a therapeutic rescue of a 

genetic disorder by taking advantage of the HDACi activity of BHB. This work serves as 

a proof-of-principle that dietary manipulation may be a viable strategy for Kabuki 

syndrome, and suggests that BHB may underlie the mechanism of action of the 

previously observed therapeutic benefits of the KD.  

While we cannot exclude a contribution from other biochemical actions of BHB 

such as direct butyrylation of the histone tail (Chen et al., 2007), our data provide strong, 

albeit correlative, evidence that the therapeutic effect of the KD relates to BHB-mediated 

modulation of epigenetic marks. The global epigenetic abnormalities seen in Kmt2d+/βGeo 

mice occur in association with altered expression of genes important to neuronal function 

including genes that participate in CREB signaling in neurons, synaptic long-term 

potentiation, and glutamate signaling. Furthermore, some genes show rescue with the 

KD, making BHB-induced normalization of gene expression a plausible mechanism for 

the observed therapeutic effect even though the specific disease relevant disease genes 

are unknown at this time.  

Our findings that exogenous BHB treatment lead to similar effects on 

neurogenesis as the KD support the hypothesis that it is the BHB that mediates the 

therapeutic effect. In our previous study, AR-42 led to improved performance in the 

probe trial of the Morris water maze for both Kmt2d+/βGeo and Kmt2d+/+ mice (Bjornsson 

et al., 2014; genotype independent improvement), however here we report that KD 

administration only led to improvement for Kmt2d+/βGeo mice (genotype dependent 

improvement). This discrepancy may relate to the fact that AR-42 acts as an HDACi but 



 74 

also affects expression levels of histone demethylases (Huang et al., 2011), resulting in 

increased potency but less specificity. Alternatively, the physiological levels of BHB 

might be unable to reach levels that would lead to such genotype independent effects.  

Our work also uncovered a metabolic phenotype in Kmt2d+/βGeo mice which lead 

to increased BHB/acetoacetate and lactate/pyruvate ratios during ketosis; an increased 

NADH/NAD+ ratio could explain both observations. This increased NADH/NAD+ ratio 

may relate to a previously described propensity of Kmt2d+/βGeo mice towards biochemical 

processes predicted to produce more NADH, including glycolysis, and a resistance to 

high fat diet induced obesity (Kim et al., 2015). If this exaggerated BHB elevation holds 

true in patients with KS, this may make the KD a particularly effective treatment strategy 

for this patient population. Alterations of the NADH/NAD+ ratio could also impact 

chromatin structure through action of the sirtuins, a class of histone deacetylases 

(HDACs) that are known to be NAD+ dependent (Cohen et al., 2004).  

In summary, our work suggests that a particular dietary regimen (in this case a 

KD) may be useful for a particular genotype (haploinsufficiency of KMT2D). Advocates 

of personalized medicine have predicted such targeted dietary interventions, although 

currently there are few robust examples (Elliot et al., 2002; Ordovas et al., 2004; García-

Canas et al., 2010). Our data suggest that the ketogenic diet may prove to be an effective 

therapeutic approach for Kabuki syndrome. 
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Materials and methods  

Animals and treatment 

 Our mouse model, Kmt2d+/βGeo, also known as (Mll2Gt(RRt024)Byg) was generated 

by BayGenomics (San Francisco, CA, USA) through the insertion of a gene trap vector. 

The KD (4:1 ratio, F6689 Rodent Diet, Ketogenic, Fat: Paste) was acquired from Bio-

Serv (Flemington, NJ, USA). Mice were given 2 weeks ad libitum access to KD paste, 

with the paste replaced several times per week. During MWM testing, given the length of 

testing (more than a week), we treated for three weeks. Crebbp+/-, also known as 

Crebbptm1Dli (Kung et al., 2000), were acquired from the Jackson laboratories (Bar 

Harbor, ME, USA). All mice used in these studies were between 1-2 months of age 

unless otherwise noted. All experiments were performed on mice fully backcrossed to 

C57BL/6J background unless otherwise noted.  

BHB injection and assay 

Either 10mM/kg of (R)-(-)-3-Hydroxybutyric acid sodium salt (Santa Cruz 

Biotechnology, Dallas, TX, USA) or saline was injected (100µl) intraperitoneally once or 

three times a day. Urine BHB was quantified by the -Hydroxybutyrate (Ketone Body) 

Colorimetric Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA). Urine from 

injected mice was collected approximately 1.5-2 hours after injection and urine from 

mice on a KD was taken in the early afternoon unless otherwise stated in the text. 

Osmotic pumps 

An Alzet (Durect co., Cupertino, CA, USA) micro-osmotic pump (model 1002) made to 

allow for 14 days of diffusion was filled (84 µl reservoir) with either 2.5mg/ml (R)-(-)-3-
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Hydroxybutyric acid sodium salt (Santa Cruz Biotechnology) in saline vehicle or saline 

vehicle alone. Animals were anesthetized, after which a small incision was made on the 

skin of the lower back and pump was placed directly under the skin.  

Reporter alleles 

HEK 293 cells were transfected with lipofectamine LTX (Thermo Fisher, Waltham, MA, 

USA) with either our H3K4me3 or H4ac reporter alleles that have been previously 

described (Bjornsson et al., 2014). Stable transfections were induced and maintained with 

positive selection with blasticidin at a dose of 10mg/ml (Life Technologies, Life 

Technologies, Carlsbad, CA, USA). Blasticidin selection was stopped 24 hours prior to 

exposure to BHB. For BHB treatment, (R)-(-)-3-Hydroxybutyric acid sodium salt (Santa 

Cruz Biotechnology) was added to the medium 24 hours before FACSVerse flow sorting 

(BD Sciences, San Jose, CA, USA). Data were analyzed using FlowJo (Tree Star Inc., 

Ashland, OR, USA). 

Serum lactate and pyruvate analysis 

Serum was extracted from whole blood by centrifugation at 3500g for 10 minutes. 

Subsequently, the supernatant was removed and stored at -20 degrees C. Serum samples 

were then assayed for levels of lactate and pyruvate with the Lactate Assay Kit (Sigma 

Aldrich, Saint Louis, MO, USA) and Pyruvate Assay Kit (Sigma Aldrich). 

Mass spectrometry for acetoacetate and beta-hydroxybutyrate 
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Acetoacetate and beta-hydroxybutyrate were prepared via acid extraction and BSTFA 

(N,O-bis(trimethylsilyl)trifluoroacetamide) derivatization, and detected via gas 

chromatography-mass spectrometry. The mass spectrometer was set in SCAN mode to 

detect all mass fragments in a range of m/z 50-600. Compounds were identified based on 

their characteristic retention time and ion peaks. Results were reported as a ratio of 

acetoacetate to beta-hydroxybutyrate.  

Microarray experiment 

Hippocampi were dissected from three wild type and three Kmt2d+/βGeo mice on a 

standard diet, as well as four Kmt2d+/βGeo mice on the KD. RNA was extracted from 

whole hippocampi using the Qiagen RNeasy kit or TRIzol reagents (Ambion Life 

Technologies, Carlsbad, CA) followed with DNase I treatment (Qiagen, Valencia, CA, 

USA). For microarray cDNA was synthesized by the JHMI High Throughput Biology 

Center and hybridized to Affymetrix (Santa Clara, CA, USA) Mouse Gene 1.0 

microarrays.  

RT-qPCR validation 

For RT-qPCR validation cDNA was synthesized using the Applied Biosciences High 

Capacity cDNA Reverse Transcription Kit (Applied Biosciences, Foster City, CA).  

RT-qPCR was done on RNA from the same mice used for microarray but also an 

additional second cohort treated in an identical fashion with the KD (N=5-7). The 

Taqman (Life Technologies) probes used were (Pld5, Mm00620912_m1, Fam, S; Atp2b4 

Mm01285597_m1, Fam, S; Glp1r, Mm00445292_m1, Fam, S; Tmsf14, 
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Mm00447009_m1, Fam, S; Nts Mm00481140_m1 Fam, S), with control probes (Pgk1, 

Mm00435617_m1, Vic, S and Gapdh, Mm00445292_m1 Vic, S). All assays were 

multiplexed except Nts, as multiplexing was unsuccessful for this assay. The two 

experimental groups were run and normalized to untreated wildtype and then combined 

for analysis. 

Analysis of microarray data 

The data were normalized using the gene expression barcode method (Zilliox et al., 2007; 

McCall et al., 2011; McCall et al., 2014) as implemented in the fRMA package (McCall 

et al., 2012). The array was normalized using frozen RMA and probe sets, which were 

declared present in more than two arrays, were kept leaving 5,614 probe sets. Additional 

data handling was performed using the oligo package (Carvalho et al., 2010) from 

Bioconductor (Gentleman et al., 2004; Huber et al., 2015). Normalized data was analyzed 

using the empirical Bayes methods (Smyth, 2004) implemented in the limma package 

(Richie et al., 2015). P-values were adjusted for multiple testing and genes were declared 

significantly differentially expressed if they had an adjust p-value less than 5% and an 

absolute log2(fold change) greater than 1. The 5,641 probe sets were uploaded to 

QIAGEN’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, CA USA) for 

further pathway and functional analysis. Of these, 4,559 probe sets were recognized in 

the IPA software knowledgebase and four IPA analyses were performed: Canonical 

Pathways, Upstream Analysis, Disease & Function, and Networks. These analyses were 

completed for the comparison of Kmt2d+/βGeo and Kmt2d+/+ mice on a standard diet. 
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Perfusion, sectioning and staining 

Perfusion, cryosectioning and immunofluorescence staining were performed as 

previously described (Bjornsson et al., 2014). EdU (Life Technologies) in 

PBS/6%DMSO (10mg/ml) injections (50µg/g/day), was delivered either for seven 

consecutive days followed by immediate perfusion (proliferation) or seven consecutive 

days of injection and then perfusion on the 30th day after the first injection (survival). For 

staining, every sixth brain section was used, and blocking was done with 5% BSA. EdU 

was labeled with Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher) as well as 

DAPI mounting with Vectamount (Vector Laboratories, Burlingame, CA, USA). EdU 

quantification was done blinded to genotype and treatment. Labeled cells were counted in 

every sixth slice in the GCL of the DG and average number per slice was calculated for 

each brain. Immunofluorescence was performed with the following primary antibodies: 

Doublecortin (Santa Cruz Biotechnology, 1:200 goat), trimethylated H3K4 (Cell 

Signaling, 1:500 rabbit), acetylated H3K9 and H3K14 (1:5000) (Cell Signaling, Danvers, 

MA, USA). Incubations were done overnight at 4 degrees C in blocking buffer. Previous 

experiments done on normal serum from which the antibodies were derived showed no 

non-specific immuno-reactivity (Bjornsson et al., 2014). 

Confocal microscopy 

Z-stack images were taken at either 10x using Zeiss Axiovert 200 (Carl Zeiss) or 25x 

using Zeiss AxioExaminer multiphoton (Carl Zeiss) with genotypes and treatment 

blinded to the researcher. Fluorescence intensity of the highlighted GCL layer at the 

midpoint of the z-stack was measured at 10x magnification using the Zen software (Carl 
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Zeiss, Jena, Germany). Fluorescence intensity of either the H3K4me3 or H3Ac antibody 

was divided by the DAPI fluorescence intensity to normalize for cell numbers. For ease 

of interpretation, values were normalized to Kmt2d+/+ levels. Group comparisons were 

done using a Student's t-test, with significance set at p<0.05.  

Doublecortin area measurement 

The doublecortin (DCX) positive fraction of the GCL was measured by taking 4x 

pictures and using the Bezier tool on NS elements 2.0 software (Nikon, Melville, NY, 

USA) to measure the area of DCX+ cells that expressed DCX as well as the entire granule 

cell layer with researcher blinded to mouse genotype and treatment. The fraction of the 

GCL that showed DCX+ cells was then calculated, and group differences were analyzed 

using a Student's t-test with significance value set at p<0.05.  

Behavior testing 

Behavioral testing was conducted on mice between 1-2 months of age, and performed 

and analyzed blinded to genotype and treatment, with all experiments performed in the 

late morning or early afternoon. Each particular behavioral test was performed at a 

consistent time of day. For open field testing, Kmt2d+/+ and Kmt2d+/βGeo mice were 

placed individually in an open field chamber (San Diego Instruments, San Diego, CA, 

USA) for ten 180 second intervals. These intervals were combined to give an average 

activity level, and treatment and genotype groups were compared using a Student's t-test 

with significance value set at p<0.05. For grip strength, mice were allowed to grab onto 

the grip strength meter (Columbus Instruments, Columbus, OH, USA), and were lightly 
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pulled by the tail with increasing force until they released their grip. This was repeated 5 

times for each mouse with the highest and lowest value being discarded. Remaining three 

values were then averaged. Average grip strength for treatment and genotype groups 

were compared with a Student’s t-test with significance value set at p<0.05. For the 

Morris water maze, all testing was performed in a standard 1.1 meter diameter tank filled 

with room temperature water stained with white tempera paint (Crayola, Forks Township, 

PA, USA). The tank had a small platform submerged 2 cm below the water level in the 

middle of one of the four tank quadrants. For the first three days the platform had a 

visible flag on top (Flag training), and each mouse was placed in the tank for four 

consecutive 60s trials in which they were trained to reach the visible platform. During 

each trial the platform was moved to a different quadrant, but the mouse was always 

entered into the tank in the same location. Latency for each trial for each mouse was 

recorded, and if the mouse could not reach the platform in 60s they were placed there. 

Following flag training, the visible flag was removed and for five days mice were trained 

to reach the now hidden platform (Hidden platform training), with four consecutive trials 

per mouse per day, with a maximum allotment of 60s per trial. The platform was never 

moved, but each trial the mouse was entered into a different quadrant, with the order of 

these quadrants randomized for each day. On the final day (Probe trial) the platform was 

removed and mice were allowed to swim for 90s and the number of crossings over the 

previous location of the platform was measured. For training and probe tests, data were 

recorded both manually and electronically, with ANY-maze software (San Diego 

Instruments). The four genotype and treatment groups were analyzed for differences 
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using a Student's t-test during the probe trial and with repeated measures ANOVA within 

subjects test for the latencies.  
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Figure 3.1: The potential use of the KD to treat markers of disease in a mouse model 

of Kabuki syndrome (Kmt2d+/βGeo mice). (A) Fully backcrossed (C57BL/6J) 

Kmt2d+/βGeo mice demonstrate a significant decrease (p<0.005) in platform zone crosses 

during MWM probe trial compared to Kmt2d+/+ littermates (N=23-27 per group) similar 

to what was previously seen on a mixed background. (B) Fully backcrossed (C57BL/6J) 

Kmt2d+/βGeo mice demonstrate significantly fewer (p<0.005) EdU+ cells in the GCL of the 

DG compared to Kmt2d+/+ littermates (N=4-7 per group) similar to what was previously 

observed a mixed background. (C) Gene expression microarray from the hippocampus 

reveals 17 genes that show significantly (>1 log2 fold change; >0.05 adjusted p value) 

decreased expression in Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates (N=3-4 per 

group). (D) Stably transfected HEK293T cells with either an H4Ac or an H3K4me3 

reporter allele both show a dose dependent increase in fluorescence with increasing 

amounts of BHB in culture media (N=5-7 replicates per condition). (E) Mice treated with 

a KD for two weeks show a significant (p<0.001) increase of urine BHB compared to 

standard diet treated controls (N=12-17 per group). *P <0.05; **P <0.0.01; †P <0.005; 

††P <0.001. 
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Figure 3.2: In vivo responses of either genotype to the KD. (A) Kmt2d+/βGeo mice 

demonstrate a significantly (p<0.005) decreased H3K4me3/DAPI fluorescence ratio in 

the GCL of the DG compared to Kmt2d+/+ littermates on a standard diet. Upon two weeks 

of a KD, there is a significant (P <0.05) increase in the H3K4me3/DAPI fluorescence in 

Kmt2d+/βGeo mice and no significant difference (P =0.09) between the two genotypes 

(N=10-12 per group). (B) Kmt2d+/βGeo mice show a significant decrease (P <0.005) in the 

H3Ac/DAPI fluorescence ratio compared to Kmt2d+/+ littermates, this ratio significantly 

increased (P <0.05) in Kmt2d+/βGeo mice after two weeks of a KD (N=11-14 per group). 

(C) Kmt2d+/βGeo mice demonstrate significantly fewer EdU+ cells in the GCL of the DG 

both immediately after 7 days of EdU injection (proliferation, P <0.001) or 30 days after 

start of EdU injection (survival, P <0.001). Both measures increase significantly (P 

<0.001; P <0.05) in Kmt2d+/βGeo mice on a KD for two weeks (N=5-9, proliferation; N=8-

15, survival). (D) Kmt2d+/βGeo mice on a standard diet demonstrate a significantly smaller 

DCX+ cell population in the GCL of the DG (P <0.001), compared to Kmt2d+/+ 

littermates. This ratio significantly increases (P <0.01) in Kmt2d+/βGeo mice following two 

weeks of a KD (N=7-12 per group). (E) The number of platform crossings during the 

probe trial portion of the MWM increased significantly (p<0.05) in Kmt2d+/βGeo mice on 

KD compared to a standard diet. When compared to KD-treated Kmt2d+/+ mice, KD-

treated Kmt2d+/βGeo mice showed no significant difference in platform crossings (P 

=0.239; N=19-32 per group). *P <0.05; **P <0.0.01; †P <0.005; ††P <0.001. 
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Figure 3.3: Effects of exogenous BHB administration on either genotype. (A) 

Kmt2d+/βGeo mice injected with BHB showed a significant (p<0.05) increase in EdU+ cell 

numbers in the GCL of the DG of the mice compared to Kmt2d+/βGeo mice injected with 

saline vehicle. This was not a comparable rescue to what was seen with a KD since 

Kmt2d+/βGeo mice injected with BHB had significantly less (p<0.05) GCL EdU+ cells 

compared to BHB injected Kmt2d+/+ (N=5-9 per group). (B) Urine time course (12 hours) 

from mice on a KD, mice treated with a single 10mM/kg BHB injection (9AM) or saline 

vehicle reveals notably less daily BHB exposure from a single injection than what was 

seen from a KD treatment (N=4-5 per group). (C) The combination of osmotic pumps to 

provide a constant level of BHB and three injections of 10mM/kg BHB at 9AM, 2PM, 

and 7PM showed a more similar BHB profile to KD-treated mice. (D) Following a two-

week treatment with this combined BHB implementation scheme, we observed a 

significant (P <0.001) increase in EdU+ cells in the GCL of Kmt2d+/βGeo mice injected 

with BHB compared to Kmt2d+/βGeo mice injected with saline control and no significant 

difference between Kmt2d+/βGeo mice on treatment compared to Kmt2d+/+ mice on and off 

treatment (P =0.34, P =0.30). *P <0.05; ††P <0.001. 
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Supplementary figures 

Supplementary figure 3.1: Previous findings of Kmt2d+/βGeo mice on a mixed 

background. Kmt2d+/βGeo mice on a mixed C57BL/6J and 129SvEv background 

demonstrated a global deficiency of the open chromatin mark H3K4me3 in association 

with decreased neurogenesis in the GCL of the DG and decreased platform crossing 

performance in a Morris water maze when compared to littermate Kmt2d+/+ mice (First 

two columns). These defects were rescued with AR-42, an HDACi (third column, 

Bjornsson et al., 2014). These findings therefore raise the possibility that BHB (an 

endogenous HDACi) may be able to provide similar therapeutic benefits to Kmt2d+/βGeo 

mice (bottom). 
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Supplementary figure 3.2: Kmt2d+/βGeo mice show growth retardation compared to 

Kmt2d+/+ mice, which becomes more pronounced in old age. (A) Fully C57BL/6J 

backcrossed Kmt2d+/βGeo mice are significantly lighter than age matched Kmt2d+/+ at 3 

months, and this weight difference becomes larger at 12 months (N=4-10 per group). (B) 

Kmt2d+/βGeo mice on a mixed C57BL/6J and 129SvEv background show decreased 

weight when compared to Kmt2d+/+ littermates, and the difference increases with 

advanced age (N=5-15 per group). The increased weight differences of the two genotypes 

with age suggest that Kmt2d+/βGeo mice may be resistant to the age related obesity seen in 

most mice (Bachmanov et al., 2001). Interestingly, another Kmt2d+/βGeo mouse model was 

recently described to be resistant to high fat diet induced obesity due to an intrinsic 

metabolic defect (Kim et al., 2015). *P <0.05; **P <0.01. ††P <0.001. 
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Supplementary figure 3.3: The Kmt2d+/βGeo mouse model has been fully backcrossed. 

Schematic diagram showing the backcrossing of Kmt2d+/βGeo mice onto a homogenized 

(10 generations) C57BL/6J genetic background. 
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Supplementary figure 3.4: Kmt2d+/βGeo mice show a predisposition to 

disproportionately elevate BHB when on a KD. (A) When separated by genotype, 

urine from KD-treated mice revealed significantly increase urine BHB levels (P <0.05) in 

Kmt2d+/βGeo mice compared to Kmt2d+/+ controls suggesting that Kmt2d+/βGeo mice are 

predisposed to preferentially increase BHB levels during ketosis (N=4-12 per group). (B) 

GC-MS analysis confirmed this observation and revealed that this increase in BHB is in 

fact due to an altered beta-hydroxybutyrate to acetoacetate (BHB/AcAc) ratio, which is 

significantly elevated in KD-treated Kmt2d+/βGeo mice compared to controls (N=3 per 

group; *P <0.05).  

A 
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Supplementary figure 3.5: An increase in both BHB/AcAc and Lac/Pyr ratios in 

KD-treated Kmt2d+/βGeo mice suggest a potential NADH/NAD+ imbalance. In addition 

to the increased BHB/AcAc ratio seen in Sup. Fig. 3.4, serum analysis from KD-treated 

animals shows Kmt2d+/βGeo mice had a significant increase (P <0.05) in the lactate to 

pyruvate (Lac/Pyr) ratio compared to KD-treated Kmt2d+/+ littermates (N=12-15 per 

group). This schematic demonstrates how both of these processes are controlled by the 

cellular NADH/NAD+ ratio (Feron et al., 2009; White and Venkatesh, 2011), suggesting 

that Kmt2d+/βGeo mice maintain relatively higher NADH levels during ketosis. *P <0.05. 
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Supplementary figure 3.6: A mouse model of Rubinstein-Taybi syndrome does not 

demonstrate an elevation of urine BHB compared to wildtype littermates on a KD. 

Rubinstein-Taybi syndrome (RTS) is another Mendelian disorder of the epigenetic 

machinery, caused by deficiency of an histone acetyltransferase (CREBBP), which 

secondarily leads to a global deficiency of histone acetylation (Alarcon et al., 2004). The 

histone tails have previously been considered to be a potential acetyl-CoA sink 

(Kurdistani et al., 2014) and previously a link between NAD+ and histone acetylation has 

been documented (Castonguay et al., 2014). A global deficiency of histone acetylation 

could therefore potentially lead to chronic acetyl-CoA elevation, thereby driving beta-

oxidation and secondarily increasing NADH/NAD+ ratio in both KS and RTS. (A) BHB 

levels from urine show a significant (P <0.05) elevation in Kmt2d+/βGeo mice compared to 

Kmt2d+/+ and Crebbp+/- mice (Kung et al., 2000; N=6-8 per group). However, no 

significant differences were seen between Kmt2d+/+ and Crebbp+/- (P =0.36). (B) GC-MS 

analysis further revealed no significant increase in the BHB/AcAc ratio of KD-treated 

Crebbp+/- mice compared to wildtype KD-treated controls (P =0.38), while KD-treated 

Crebbp+/- mice showed a significant (P <0.05) decrease compared to Kmt2d+/βGeo mice. 

These data suggest that the NADH/NAD+ imbalance seen in Kmt2d+/βGeo mice, is unique 

to this condition and likely caused by specific target genes of Kmt2d, rather than a global 

abnormality. *P <0.05.  
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Supplementary figure 3.7: Gene expression changes on the KD. (A) Overall, we did 

not observe a global change of gene expression in Kmt2d+/βGeo mice on a KD compared to 

mice on a standard diet. For instance, none of the 17 significantly down-regulated genes 

between Kmt2d+/βGeo and Kmt2d+/+ mice (orange) showed significant change on the KD. 

(B) Ranked genes based on fold change difference in Kmt2d+/βGeo mice on and off the KD 

(right edge of line). From this list, we chose the highest five genes (10%) for RT-qPCR 

validation (red). Also displayed is the fold change difference between Kmt2d+/βGeo and 

Kmt2d+/+ mice (left edge of line). (C) Validation of these five genes by RT-qPCR 

confirms that three of these genes (Atp2b4, Pld5, Glp1r) show a significantly decreased 

expression in Kmt2d+/βGeo mice compared to Kmt2d+/+ littermates on a standard diet, with 

a significant increase in gene expression in the Kmt2d+/βGeo mice on a KD compared to 

Kmt2d+/βGeo mice on a standard diet (N=9-11 per group). (D) Additionally, the other two 

genes (Tm4sf1, Nts) showed a similar but non-significant trend. *P <0.05; **P <0.01. ††P 

<0.001.  
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Supplementary figure 3.8: Hidden platform and flag latencies. (A) The latencies to 

find the hidden platform during the 5 days of training showed a significant interaction (P 

<0.05) between genotype and treatment for Kmt2d+/βGeo compared to Kmt2d+/+ mice as 

well as standard and a KD treatment as examined by a repeated measures ANOVA. (B) 

The latencies to find the platform during the flag training did not show a significant 

interaction for either genotype or treatment (P =0.142), as examined by a repeated 

measures ANOVA (N=19-32 per group). 
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Supplementary figure 3.9: There are no significant effect of diet or genotype on tests 

exploring strength or activity levels. (A) Kmt2d+/βGeo mice did not show a significant 

difference from Kmt2d+/+ mice on the regular diet, and did not demonstrate decreased 

activity on the KD in an open field test, while Kmt2d+/+ mice did show an increase (P 

<0.05) in activity compared to Kmt2d+/βGeo mice only when both were treated with the 

KD. There were no differences for grip strength for either genotype or treatment (N=5-15 

per group). (B) Kmt2d+/βGeo mice did not show a significant difference from Kmt2d+/+ 

mice on the regular diet, and did not have decreased activity on a KD as measured by an 

open field test, while Kmt2d+/+ mice did show an increase (P <0.001) in activity 

compared to Kmt2d+/βGeo mice only when both were treated with the KD (N=13-26 per 

group). The increased activity seen in wild type animals on KD has been previously 

described (Zhao et al., 2004). *P <0.05; ††P <0.001. 
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Supplementary figure 3.10: Basis for the dose selection (10mM/kg) of exogenously 

administered BHB. Several different doses (0,5,10,20 mM/kg) of BHB were IP injected 

followed by urine collection 1.5 hours later (approximate time of BHB peak levels; 

Clarke et al., 2012). The 10mM/kg dose shows a BHB level that resembles the urine 

BHB profile (approximated in this figure with dashed lines) from KD-treated mice (N=22 

total). *P <0.05; †P <0.005. 
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Supplementary figure 3.11: BHB administered by osmotic pump did not reach 

levels of BHB comparable to levels seen in mice on a KD. Mice implanted with a two-

week BHB pump that provided 3mg/ml BHB at a rate of 0.25µl/hour showed a 

significant (P <0.05) increase in BHB measured from urine (N=10-12 per group). 

However, while the pump provided a constant stream of BHB, the urine BHB did not 

reach comparable levels to what was seen in mice on a KD (approximately 1-2 mM 

BHB). *P <0.05;  
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Supplementary Table 3.1: Genes downregulated in the hippocampus of Kmt2d+/βGeo 

compared to Kmt2d+/+ mice. 18 probes demonstrated in (Fig. 3.1C; orange) represent 17 

unique genes. Here we summarize gene symbol, gene function, examples of OMIM 

disease associated with each gene and information regarding fold change and p-values of 

each probe.  
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Supplementary table 3.2: Genetic pathways disrupted in the hippocampus of 

Kmt2d+/βGeo mice. We performed gene ontology and pathway analysis (IPA) on 

microarray data from the hippocampus of Kmt2d+/βGeo and Kmt2d+/+ mice. Pathways, 

disease processes, and cellular functions that show biggest difference between the two 

genotypes are listed. The disruption of the CREB signaling pathway is of particular 

interest, as this pathway is disrupted in Rubinstein-Taybi syndrome, another disorder 

involving the global loss of an open chromatin modification (Alarcon et al., 2004, Kung 

et al., 2000). 
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