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Abstract

The excitatory neurotransmitter glutamate shapes learning and memory, but the underlying
epigenetic mechanism of glutamate regulation in neuron remains poorly understood. Here, we
showed that lysine demethylase KDM6B was expressed in excitatory neurons and declined in
hippocampus with age. Conditional knockout of KDM6B in excitatory neurons reduced spine
density, synaptic vesicle number and synaptic activity, and impaired learning and memory without
obvious effect on brain morphology in mice. Mechanistically, KDM6B upregulated vesicular
glutamate transporter 1 and 2 (VGLUT1/2) in neurons through demethylating H3K27me3 at their
promoters. Tau interacted and recruited KDM®6B to the promoters of S/c7a7and Slc17a6, leading
to a decrease in local H3K27me3 levels and induction of VGLUT1/2 expression in neurons,
which could be prevented by loss of Tau. Ectopic expression of KDM6B, VGLUT1, or VGLUT2
restored spine density and synaptic activity in KDM6B-deficient cortical neurons. Collectively,
these findings unravel a fundamental mechanism underlying epigenetic regulation of synaptic
plasticity and cognition.
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INTRODUCTION

Excitatory neurons control release of the neurotransmitter glutamate from synaptic vesicles
to finely modulate synaptic plasticity and cognitive functions in the brain. However, the
underlying fundamental mechanisms remain poorly understood. Accumulating evidence
has implicated an important role of epigenetic reprogramming in learning and memory.
Abnormalities in DNA methylation cause progressive neurologic disorders with intellectual
impairment including Rett syndrome® and alter expression of brain-derived neurotrophic
factor required for cognitive functions and long-term memory formation?2. It has been
previously shown that increased histone acetylation restores learning and memory? but loss
of acetyl lysine 16 of histone H4 in the lateral temporal lobe links to aging and Alzheimer’s
disease (AD)%. Trimethyl lysine 27 of histone H3 (H3K27me3) is also elevated in the cortex
of AD patients®. However, its significance in cognitive functions remains unknown.

Lysine demethylase 6B (KDM®6B) belongs to a Jumonji domain-containing protein family
that specifically demethylates H3K27me3%-8, Numerous studies have demonstrated a critical
role of KDM6B in development, stem cell differentiation, neurogenesis, inflammation, and
cancer®-11, KDM6B knockout (KO) mice die at birth due to a respiratory problem2: 13,
KDMB6B is also involved in neurological diseases. For example, KDM6B promotes blood-
spinal cord barrier disruption and neuronal cell death by inducing matrix metalloproteases
after spinal cord injuryl4. KDMB6B is induced by ischemic stroke and inhibiting its
expression prevents neuronal cell death from strokel®. Recent work showed that genetic
variants of the KDM&6B gene are associated with neurodevelopmental delays and intellectual
disabilityl6, suggesting KDM6B as a risk gene for intellectual disabilityl”. However, little is
known about the role of KDMG6B in synaptic plasticity and cognitive functions in adult brain
under physiological conditions.

In the present study, we identified a physiological role of KDM6B in learning and memory
using genetically modified mouse models. KDM6B is mainly expressed in neurons and
cooperates with microtubule-associated protein Tau to induce the expression of vesicular
glutamate transporter 1 (VGLUTL1) and VGLUT2 through its demethylase activity, thereby
increasing the dendritic spine density and vesicle number and improving learning and
memory in mice. These findings define a fundamental mechanism underlying epigenetic
regulation of synaptic activity contributing to learning and memory.

METHODS

Details are provided in Supplementary Materials, including plasmids,
animals, co-immunoprecipitation (Co-1P), 5-Bromo-2’-deoxyuridine (BrdU) injection,
electrophysiological recording, animal behavioral tests, statistics and reproducibility.
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Characterization of the spatial and temporal expression of KDM6B in mouse brain during
normal aging process

To analyze the spatial and temporal expression of KDM6B in the murine brain, we first
dissected each brain region from 2-month-old mice. We found that Kadmé6b mRNA was
ubiquitously expressed in the entire mouse brain with relatively high levels in the cortex
(Ctx), cerebellum (Cb) and olfactory bulb (OB) (Fig. S1A). Kdm6b mRNA was increased
in the cortex during postnatal development with a peak at postnatal day 21 (P21) and then
reduced to a relatively stable level during the adulthood until P360 (Fig. S1B). Interestingly,
Kdm6b mRNA level in the hippocampus was relatively high at birth (Fig. S1C). Then it
was gradually reduced during postnatal development from PO to P21 and maintained at a
relatively stable level during young adulthood but further decreased at P360 (12-month)
age (Figs. S1B, C). Similarly, its paralog Kdméa had a ubiquitous expression pattern in
mouse brain with the relatively high levels in the cortex, olfactory bulb, and cerebellum
(Fig. S1A). Kdméa expression peaked at P21 in the cortex and at P14 in the hippocampus
but maintained at a relatively stable level during the normal aging process (Figs. S1B,

C). Next, we assessed the cell type-specific expression of KDM6B in primary cultures of
cortical neurons, astrocytes, and microglial cells. Distinct to Kaméa that was ubiquitously
expressed in neurons, microglia, and astrocytes, Kadm6b was predominantly expressed in
neurons (Fig. S1D). The purity of these three cell types was confirmed by their respective
markers including NeuN, Ibal and GFAP (Fig. S1E). These results suggest that KDM6B is
mainly expressed in neurons and declined in the hippocampus with age.

Postnatal deletion of KDM6B in excitatory neurons has a minimal impact on mouse brain

morphology

To study the function of KDME6B in neurons, we generated KDM6B conditional knockout
(cKO) mice by crossing Kam66™VT mice with transgenic CamKlla-iCre mice (Figs. S2A,
B), where CamKlla-iCre is highly expressed in excitatory neurons at the cortex and
hippocampus postnatally18: 19, Kam6t/f; CamKIla-iCre+ mice survived well without
obvious abnormality. Kam66Vf mice were also crossed with Nestin-Cre mice (Fig. S2C),
where Nestin-Cre is broadly expressed in brain including both neurons and glial cellsZ0.
However, Kadm661f:Nestin-Cre+ pups died at birth due to respiratory defects similar to
KDM6B KO micel2 13, In the current study, Kam66V mice crossed with Nestin-Cre
mice were mainly used for embryonic neuronal cultures and Kam66Vf mice crossed with
CamKlla-iCre mice were used as KDM6B cKO models to study in vivo KDM6B functions
specifically in excitatory neurons.

We found that Kadm6b mRNA was reduced by about 80-85% in the cortex and hippocampus
but not in the cerebellum of KDM6B cKO mice (Fig. S2D), suggesting that KDM6B is
mainly expressed in excitatory neurons in the forebrain. Consistently, H3K27me3, a specific
substrate of KDM6B®: 7, was increased in the cortex and hippocampus but not in the
cerebellum of cKO mice (Figs. S2E, F). As compared with their wild-type (WT) littermates
(Kam66), KDM6B cKO mice appeared to have normal body weight and brain weight

at 2 months of age (Figs. S2G-I). Furthermore, no gross abnormality of cortex layers
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and hippocampus morphology was found in KDM6B cKO mice at 2 months of age (Fig.
S21J). The number of NeuN+ neurons at the different layers of the cortex and the different
regions of hippocampus was similar between KDM6B cKO and WT mice (Figs. S3A-D).
Likewise, Ibal+ microglia and GFAP+ astrocytes were also comparable in the cortex and
hippocampus between KDM6B cKO and WT mice (Figs. S3E-J), suggesting that KDM6B
deletion in excitatory neurons does not obviously activate microglia or astrocytes in mice.
Collectively, these results indicate that KDM6B cKO mice have the intact global structure
of the somatosensory cortex and hippocampus with little if any changes of the numbers of
neurons, astrocytes, and microglia.

KDM6B cKO impairs learning and memory in mice.

To investigate the physiological consequences of KDM6B ablation in excitatory neurons, we
performed a battery of behavioral tests in 2-4-month-old KDM6B cKO mice and their WT
littermates. In the open-field test, KDM6B cKO mice showed normal spontaneous activity
without obvious anxiety as indicated by similar total moving distance and time spent in the
inner zone compared with WT mice (Figs. 1A, C). There was also no difference between
KDM6B cKO and WT mice in the total moving distance and time spent in open-arms of

the elevated plus maze test (Figs. 1D, E). Moreover, motor coordination, balance, and motor
learning skills all appeared to be intact in KDM6B cKO mice as measured by the latency of
animal on the accelerating rotarod (Fig. 1F). These behavioral results indicate that KDM6B
cKO mice have the normal gross locomotor activity with no signs of anxiety.

In the tail suspension test, KDM6B cKO mice displayed a similar immobility time compared
with WT mice (Fig. 1G), suggesting that KDM6B cKO mice do not have a depressive-like
behavior. Next, social interaction of KDM6B cKO and WT mice was assessed by the
three-chamber sociability and social novelty test. In the sociability phase, both KDM6B
cKO and WT mice showed a higher preference for the social partner (S1) than the empty
cage (Fig. 1H). In the social novelty phase, a novel partner (S2) was introduced into the
chamber to replace the empty cage. KDM6B cKO mice displayed a higher preference for the
novel partner S2, as WT mice did (Fig. 11). These results indicate that KDM6B cKO mice
have normal social memory with no signs of depressive-like behavior.

To determine whether KDM6B cKO impairs learning and memory, KDM6B cKO mice
were subjected to Y maze, object recognition, and contextual fear conditioning tests that

are often used to study spatial working memory, recognition memory, and associative
learning, respectively?1-23, In the Y maze test, KDM6B cKO mice showed a reduction

in spontaneous alternation of the arm entries (Fig. 1J), while the number of total arm

entries was comparable (Fig. 1K). In the familiarization phase of object recognition test,
both KDM6B cKO and WT mice showed a similar preference for two identical objects
(Fig. 1L). However, KDM6B cKO mice did not display a preference for the novel object as
indicated by a reduced exploration time than that of WT mice in the test phase when a novel
object was introduced into the chamber to replace one of two objects (Fig. 1M). In the fear
conditioning test, mice were first trained in a conditioning chamber for 120 s habituation and
then subjected to parings of conditioned stimulus (an auditory cue) and an unconditioned
stimulus with three sets of electric foot shocks (2 s, 0.5 mA, inter-trial interval of 60-90 s).
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On the next day, mice were placed back to the same conditioning chamber for 5 minutes but
without foot shocks. Freezing responses were significantly reduced in KDM6B cKO mice
(Fig. IN), indicating impaired associative learning. These observations reveal learning and
memory deficits in KDM6B cKO mice.

KDM6B cKO reduces vesicle numbers and synaptic activity in mice

Dendritic complexity is critical for building the neuronal circuit, receiving inputs and
transforming signals into cognitive learning and spatial memory24. To determine whether
KDMB6B loss alters neuron dendritic complexity, thereby causing cognitive dysfunction,
we cultured KDM6B WT and cKO cortical neurons from Kam66V! and Kadm66V™:Nestin
Cre+ embryos at E18 respectively and compared the axon length of KDM6B KO and WT
neurons at day in vitro (DIV) 3. The length of Tau-labeled axon was comparable between
KDM6B KO and WT neurons (Figs. 2A, B). The dendritic arborization complexity was
traced in KDM6B KO and WT neurons at DIV18 by Image J. Sholl analysis revealed that
the dendritic complexities of KDM6B KO neurons were not different from those of WT
neurons (Figs. 2C, D).

Changes in density and shape of dendritic spines are also associated with learning and
memory2°. To determine whether KDM6B regulates spine density to alter synaptic functions
critical for learning and memory, we crossed KDM6B cKO and WT mice with Thy1-GFP
mice?8 and quantified GFP-labeled spines in cortex layer \/ pyramidal neurons. The spine
density of both basal and apical dendrites was significantly reduced in KDM6B cKO mice
compared with WT mice (Figs. 2E-H).

Synaptic vesicles store and release neurotransmitters critical for synaptic activity and control
cognitive functions?’. Thus, we examined the synapse structure and vesicle numbers using
transmission electron microscope. Analysis of the vesicle number in the presynapse of
cortical layer V neurons revealed a significant reduction in KDM6B cKO mice, whereas

the length of post synaptic density (PSD) was comparable in KDM6B cKO and WT

mice (Figs. 21-L). We next assessed whether KDMG6B cKO alters the synaptic activity

in the brain by measuring the spontaneous excitatory postsynaptic currents (SEPSC) in

layer V pyramidal neurons. The amplitude and frequency both were significantly decreased
in brain slices prepared from KDM6B cKO mice (Figs. 2M-0), indicating impaired
synaptic activity in KDM6B cKO mice. In contrast, KDM6B deficiency failed to alter the
intrinsic electrophysiological properties of neurons including resting membrane potential,
input resistance, and action potential firing in response to injected currents (Figs. S4A-C),
indicating that the changes in SEPSC are likely not action potential dependent. To further
determine whether the reduced synaptic transmission is due to altered neurotransmitter
receptors, we isolated the PSD from the cortex of KDM6B cKO and WT mice. The levels of
NMDA receptors (GIuN1, GIuN2A, and GIuN2B) and AMPA receptors (GluAl and GIuA2)
were not affected by KDM6B cKO in the PSD fraction (Fig. S4D, E). The purity of the PSD
fraction was confirmed by the expression of PSD95 and synaptophysin (SYP) (Figs. S4D,
E). These results exclude a role of the composition of both NMDA and AMPA receptor
subunits as the cause of KDM6B cKO-induced loss of synaptic activity.
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Adult hippocampal neurogenesis has been implicated to modulate learning and memory

in mice28, KDM6B has been known to play an important role in postnatal olfactory bulb
neurogenesisiO. To test whether KDM6B deletion interferes with adult neurogenesis causing
cognitive dysfunction, we injected BrdU (100 mg/kg, i.p. injection/6 h) into 2-month-old
KDM6B cKO and WT mice. Mouse brains were collected 12 hours after injection. The
number of BrdU+ cells was similar in the dentate gyrus of KDM6B cKO mice compared
with that of WT mice (Figs. S5A, B). Likewise, a cell proliferation marker Ki67 and an
immature neuron marker doublecortin (Dcx) were equally expressed in the hippocampus of
WT and KDM6B cKO mice (Figs. S5A, C, D). These results exclude a role of hippocampal
neurogenesis as the cause of KDM6B loss-mediated learning and memory deficits in mice.

Collectively, these findings indicate that KDM6B plays an essential role in maintenance of
vesicle number, spine density, and synaptic activity in excitatory neurons.

KDM6B controls VGLUT1 and VGLUT2 expression in neurons through its demethylase

activity

To address molecular mechanisms by which KDM6B regulates the vesicle number, spine
density, synaptic activity, and cognitive functions, we performed an unbiased whole-genome
RNA-seq in primary KDM6B KO and WT neuron cultures, which were prepared from
Kam6t'f and Kdm6bf:Nestin-Cre+ embryos at E18. 150 genes were significantly
downregulated while 112 genes were upregulated in KDM6B KO neurons (FDR < 0.05,
logCPM > 0, fold change > 1.5. Figs. 3A, B, Source Data 1). Since KDM6B functions

as a demethylase of histone H3K27me3, a repressor marker for gene transcription?: 10,

we mainly focused on downregulated genes in KDM6B KO neurons. The gene ontology
analysis of these downregulated genes identified enrichment of pathways involving
regulation of transport and vesicle mediated transport (Fig. 3C, Source Data 2). Importantly,
a synaptic vesicle transporter gene, S/c17a6 (encoding VGLUTZ2), was the top hit among
downregulated genes in KDM6B KO neurons (Fig. 3A). Slc17a7 (encoding VGLUT1),
another synaptic vesicle transporter gene, was also repressed in KDM6B KO neurons (Fig.
3A). gqRT-PCR analysis confirmed that S/c17a7and S/c17a6 were significantly reduced

in KDM6B KO neurons (Fig. 3D), which validated bulk RNA-seq results. In contrast,
synaptophysin and PSD95 mRNAs were not regulated by KDM6B KO in cortical neurons
(Fig. 3D), indicating the specific regulation of VGLUT1/2 by KDM6B. Consistently, protein
expression of VGLUT1/2 was downregulated in the cortex and hippocampus but not
cerebellum from KDM6B cKO mice (Figs. 3E-I). Together, these findings indicate that
KDMB6B controls the expression of VGLUT1/2 in cortical and hippocampal neurons both /in
vitroand in vivo.

To determine whether the demethylase activity of KDM6B is required for VGLUT1/2
expression, we infected cultured cortical neurons with lentivirus encoding WT JmjC domain
of KDM6B (KDM6B-C-WT, aa 1144-1682) or catalytically inactive mutant H1390A2°.

In line with a previous study showing that this C-terminal KDMG6B truncate mimics

the function of full-length KDM6B protein8, we found that KDM6B-C-WT phenocopied
full-length KDM6B and was sufficient to demethylate H3K27me3 in transfected 293T

cells (Figs. S6A, B). In contrast, HL1390A mutant (KDM6B-C-mut) failed to do so (Figs.
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S6A, B). The functional activity of KDM6B-C-WT and KDM6B-C-mut on H3K27me3
demethylation was further confirmed in primary neurons (Figs. S7A, B). Expression of
KDM6B-C-WT significantly increased both mRNA and protein levels of VGLUT1 and
VGLUT?2 in cortical neurons (Figs. 4A-C, S7C-E). H3K27me3 but not histone H3 levels
were decreased when KDM6B-C-WT was expressed in neurons (Figs. 4A, D). In contrast,
KDM6B-C-mut failed to influence the expression of VGLUT1, VGLUTZ2, and H3K27me3
in cortical neurons (Figs. 4A-C, S7TC-E), indicating that the expression of VGLUT1 and
VGLUT?2 requires the KDM6B demethylase activity. Importantly, KDM6B-C-WT but not
KDM6B-C-mut restored the expression of VGLUT1 and VGLUT2 as well as H3K27me3
in KDM6B KO neurons (Figs. 4A-D, S7C-E). These results reveal that KDM6B controls
the expression of VGLUT1 and VGLUT2 in neurons through its H3K27me3 demethylase
activity.

To investigate whether KDMG6B directly binds to S/c17a6and Slc17a7to control their

gene transcription, we performed ChIP assay in neurons expressing Flag-KDM6B-C-WT,
Flag-KDM6B-C-mut, or empty vector. KDM6B-C-WT and KDM6B-C-mut were equally
enriched at promoters of S/c17a6and Sic17a7 (Figs. 4E, F). ChlP-seq showed enrichment
of H3K27me3 at promoters of S/c17a6and Slc17a7 (Figs. 4G, H), which was confirmed

in cortical neurons by ChIP-gPCR (Figs. 4l, J). Importantly, H3K27me3 enrichment at
promoters of S/c17a7and Slc17a6was diminished in KDM6B-C-WT expressed neurons
but significantly increased in KDM6B-KO neurons (Figs. 41, J). Increased H3K27me3
occupancy in KDM6B KO neurons was reversed by KDM6B-C-WT but not KDM6B-C-mut
(Figs. 41, J). In contrast, KDM6B KO had no effect on H3K27me3 enrichment on Gip, a
KDM6B-independent H3K27me3 monovalent gene3?, in neurons (Figs. S7F, G), suggesting
the specific regulation of VGLUT1/2 by KDM6B-dependent H3K27me3 demethylation.
Taken together, these findings indicate that KDM6B binds to promoters of S/c17a6and
Slc17a7and activates their transcription in neurons through H3K27me3 demethylation.

Forced expression of VGLUT1 and VGLUT2 restores spine density and synaptic activity in
KDM6B KO neurons

To determine whether VGLUT1/2 are required for KDM6B-induced reduction of spine
density, we performed the rescue experiments in KDM6B KO neurons expressing KDM6B-
WT, KDM6B-mut, VGLUTL, or VGLUT2. In line with /n vivoresults (Figs. 2E-H),
KDM6B KO significantly reduced the spine density in neurons, which was rescued by
KDM6B-WT but not KDM6B-mut (Figs. 5A, B), suggesting that KDM6B increases the
dendritic spine density through its histone demethylase activity. Importantly, expression of
VGLUT1 or VGLUT?2 similarly restored the dendritic spine density in KDM6B KO neurons
(Figs. 5A, B). These results indicate that VGLUT1 and VGLUT2 are the key KDM6B
downstream target proteins that are responsible for maintaining proper spine density in
neurons.

Next, we studied whether re-expression of VGLUT1/2 rescues synaptic transmission in
KDM6B KO neuron cultures by recording miniature excitatory post-synaptic currents
(mEPSC) in the presence of the antagonist of inhibitory gamma aminobutyric acid (GABA)-
A receptors picrotoxin (100 uM) as well as tetrodotoxin (TTX, 1 pM) to block action
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potential as our findings in brain slices revealed that the reduction of frequency and
amplitude in EPSCs is likely independent of action potential. Consistent with the results

in brain slices (Figs. 2M-0), KDM6B KO significantly decreased the mEPSC frequency in
cultured neurons, which was rescued by re-expression of KDM6B-WT but not KDM6B-mut
(Figs. 5C, D). Remarkably, re-expression of VGLUT1 or VGLUT?2 also fully reversed

the reduction of mEPSC frequency conferred by KDM6B KO in neurons (Figs. 5C, D).
Although amplitude in mEPSC was not significantly affected by KDM6B or VGLUT1/2

in neurons, there was a trend of amplitude reduction in KDM6B KO and KDM6B-mut
neurons, which was reversed by re-expression of KDM6B or VGLUT1/2 (Figs. 5C, E).
These findings indicate that VGLUT1/2 are the key proteins that are responsible for
KDM6B-mediated synaptic activity in neurons.

Altered H3K27me3 by KDM6A or EZH1/2 fails to regulate VGLUT1 and VGLUT2

KDMGA is a functional homolog of KDM6B and known to demethylate histone
H3K27me36. We found that Kam6a mRNA was increased by about 21% in KDM6B KO
neurons (Fig. S8A), but its protein level was not changed (Figs. S8B, C). To determine
whether KDMG6A has a role in VGLUT1 and VGLUT2 expression similar to KDM6B,

we generated KDM6A knockdown (KD) neurons using two independent sShRNAs (6A-shl
and 6A-sh2, Figs. 6A, B). KDM6A KD had no effects on the expression of VGLUT1

and VGLUT?2 at both mRNA and protein levels (Figs. 6A-C). KDM6B and H3K27me3
levels were also not altered in KDM6A KD neurons (Figs. 6A—C). We next examined
whether overexpression of KDMG6A regulates the expression of VGLUT1 and VGLUT2.
We constructed a C-terminal KDMB6A truncate (6A-C) containing the JmjC domain and its
expression was sufficient to reduce H3K27me3 levels in transfected 293T cells (Figs. S8D,
E), suggesting that this truncate can mimic the function of full-length KDM6A protein.
Overexpression of KDM6A-C induced the expression of VGLUT1 in both WT and KDM6B
KO neurons along with loss of H3K27me3, similar to KDM6B-C (Figs. 6D, E). However,
KDMBG6A-C overexpression was not able to upregulate VGLUTZ2 in WT neurons and also
failed to rescue VGLUT2 in KDM6B KO neurons (Figs. 6D, F). Given that VGLUT1

was not completely abolished in KDM6B KO neurons and overexpression of KDM6A

also upregulated the expression of VGLUTL1, we further examined whether both KDM6A
and KDM6B coordinate to control the expression of VGLUT1 in neurons. We generated
KDMG6A and KDM6B double deficient neurons by transducing KDM6A shRNA lentiviruses
into KDM6B KO neurons. We found that KDM6A deletion did not further reduce VGLUT1
and VGLUT?2 expression in KDM6B KO neurons (Figs. 6G, H), suggesting that KDM®6B is
mainly responsible for the expression of VGLUT1/2 in neurons.

H3K27me3 levels are also controlled by methyltransferases enhancer of zeste homology
(EZH)1 and EZH2 besides demethylases KDM6A and KDMG6B. To investigate whether
EZH1/2-mediated H3K27me3 regulates the expression of VGLUT1/2, we treated WT and
KDM6B KO neurons with a dual EZH1/2 inhibitor DS-3201 (1 uM) or DMSO for 7

days. As expected, H3K27me3 was abolished in DS-3201 treated neurons (Figs. 61, J).
However, DS-3201 treatment had no effect on VGLUT1 expression in both WT an KDM6B
KO neurons (Fig. 61, K). Although a marginal increase (about 30%) in VGLUT2 protein
was observed in WT neurons after DS-3201 treatment, DS-3201 treatment did not induce
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VGLUT2 protein in KDM6B KO neurons (Figs. 61, L), suggesting that KDM6B rather
than EZH1/2 is a primary regulator of VGLUT2. Taken together, these gain- and loss-of
function studies indicate that VGLUT1 and VGLUT?2 are mainly regulated by KDM6B but
not KDM6A or EZH1/2 in neurons.

Tau is a KDM6B coregulator that regulates VGLUT1/2 expression in nheurons

To further explore the mechanism of KDM6B-induced VGLUT1/2 expression, we screened
KDM6B-interacting proteins in the nuclei of cortical neurons expressing KDM6B-WT-C by
immunoprecipitation (IP) assay followed by mass spectrometry analysis (Fig. S9A). Top 11
protein candidates were identified to strongly bind to KDM6B-WT-C (Fig. S9B). Among
these, Tau is highly abundant in neurons and has been implicated to regulate VGLUT1
expression in neurons3L. Thus, Tau was ranked as a top hit for further studies. Co-IP

assay using anti-myc or anti-Flag antibody validated that myc-tagged Tau interacted with
Flag-tagged KDM6B-WT-C in transfected 293T cells (Figs. 7A, B). A reciprocal interaction
between full-length KDM6B and Tau was also observed in transfected 293T cells (Figs.
S9C, D). In contrast, Tau failed to bind to KDM6A in transfected 293T cells (Fig. S9E).
These results demonstrate that Tau physically and specifically binds to KDMG6B.

To assess whether Tau regulates VGLUT1/2 expression, we knocked down endogenous Tau
in neurons by transducing lentivirus encoding two independent Tau shRNAs (Figs. 7C-E).
Tau KD by either of its ShRNAs significantly reduced VGLUT1 and VGLUTZ2 in neurons
at both mRNA and protein levels (Figs. 7C-E). Notably, the global level of H3K27me3 was
not changed in Tau KD neurons compared with scrambled control (SC) neurons (Figs. 7D,
E). Next, we studied whether Tau is required for KDM6B-induced VGLUT1/2 expression.
KDM6B KO neurons were transduced with Tau shRNA lentivirus and/or KDM6B-C
lentivirus. As expected, KDM6B KO reduced the expression of VGLUTL/2 in neurons,
which was rescued by KDM6B-C (Figs. 7F-H). However, this rescue effect was prevented
by Tau KD without H3K27me3 alterations (Figs. 6G-1), indicating that Tau is required for
KDM6B-induced VGLUT1/2 expression.

We then examined whether Tau binds to promoters of S/cZ7a6and Slc17a7. ChIP-qPCR
assays showed that Tau occupied at promoters of S/cZ7a6and S/c17a7in neurons, which
was not affected by KDM6B KO (Figs. S9F, G). Remarkably, Tau KD significantly
decreased enrichment of KDMG6B at promoters of S/cZ7a6and Slc17a7in neurons (Figs.
7J, K). Consistently, H3K27me3 enrichment at promoters of S/c17a6and Slc17a7was
significantly increased when Tau was knocked down in neurons (Figs. 7L, M), although the
global level of H3K27me3 was not affected by Tau KD in neurons (Figs. 7D, E). Taken
together, these results indicate that Tau recruits KDM6B to S/ci7a6and Slc17a7 genes to
regulate their expression.

DISCUSSION

In this study, we demonstrate that KDM6B is predominantly expressed in neurons and
indispensable for maintaining the proper neuronal spine density, synaptic activity, and
cognitive functions. KDMG6B has been previously known for its role in development and
cell differentiation in the brain® 10, Aberrant development and deficits in synaptic plasticity
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are primary causes of many neurological disorders. In line with that, KDM6B has been
identified as a risk gene for autism’. In this study, KDM6B was selectively knocked

out in the excitatory neurons postnatally by crossing with CamKIlla-iCre mice, where

iCre expression starts from PO and results in the best KO effect around P2018: 19. 32,

This mouse model allows to study KDM6B functions postnatally other than its roles

during development. Indeed, KDM6B cKO mice did not exhibit any obvious developmental
abnormality, but displayed reduced spine density and synaptic activity and further developed
learning and memory associated behavioral deficits. These findings reveal a novel function
of epigenetic modifier KDMG6B in the regulation of synaptic plasticity and cognition in mice
under physiological conditions.

Our study further uncovered a deep layer mechanism underlying KDM6B-regulated spine
density, synaptic activity, and cognitive functions, which requires KDM6B demethylase
activity for the expression of its downstream target proteins VGLUT1/2. Glutamate release
from excitatory synapses in mammalian brain relies on its vesicular transporters VGLUT1
and VGLUT233: 34 Both VGLUT1 and VGLUT? play a critical role in the postnatal
maturation of pyramidal neuron plasticity, dendritic refinement, and cognition3>: 36, Ablation
of VGLUTSs blocks glutamatergic transmission leading to synaptic failure and cognitive
impairment3# 35, Thus, modulation of the expression of VGLUTSs remarkably influences
homeostasis of the glutamatergic system that is critical for maintenance of normal synaptic
functions and the development of neurological disorders. We found that VGLUT1/2
expression is controlled by KDM6B through H3K27me3 demethylation at their promoters.
KDM6B cKO mice have impaired learning and memory, similar to VGLUT1 and VGLUT2
deficient mice3>: 36, Re-expression of KDM6B or VGLUT1/2 rescues the spine density and
synaptic activity in KDM6B KO neurons. These findings reveal that VGLUT1/2 are the key
KDM6B downstream targets regulating KDM6B-mediated synaptic plasticity and cognitive
functions.

H3K27me3 levels have been known to be tightly regulated by EZH2, KDM6A and
KDM6B37: 38, Using loss-of-KDM6B, gain-of-KDM6B and rescue studies with re-
introduction of both functional KDM6B and demethylase inactive mutant KDM6B H1390A,
our results confirmed KDM®6B as a dominant epigenetic modifier that regulates the
expression of VGLUT1/2 in neurons. While KDMB6A is ubiquitously expressed in the
central nervous system, knockdown of endogenous KDMG6A failed to affect VGLUT1/2
expression, which is consistent with a previous RNA-seq study showing that KDM6A

loss in mouse hippocampus by Emx1-Cre has no effect on VGLUT1/2 expression3®.
Moreover, in KDM6B KO neurons, loss of KDM6A did not further reduce the expression
of VGLUT1/2. Interestingly, although overexpression of KDM6A did not have effects on
VGLUT?2 expression, it indeed increased VGLUT1, suggesting that KDM6A may have a
partial redundant function only when it is artificially overexpressed. Likewise, the H3K27
methyltransferases EZH1/2 did not alter VGLUT1/2 expression in KDM6B KO neurons,
but inhibition of EZH1/2 modestly increased VGLUT2 expression in KDM6B WT neurons,
indicating that EZH1/2 might be weak regulators with a preference to VGLUT2 in the
presence of KDM6B as the premise. Nevertheless, these findings indicate that KDM6B, but
not KDM6A or EZH2, is a major transcriptional regulator for VGLUT1/2 expression in
neurons through local H3K27me3 alteration.
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Previous studies reported that EZH2 regulates cognitive functions in mice via controlling
adult hippocampal neurogenesis?. In addition, KDM6A has been shown to regulate
synaptic plasticity and cognitive functions via controlling expression of neurotransmitter
5-hydroxytrytamine receptor 5B39. However, the role of H3K27me3 in cognition has not
been well elucidated. Our study clearly revealed the importance of the demethylase activity
of KDM6B in regulation of spine density, synaptic acidity, and cognitive functions, which
were confirmed by loss of KDM6B and rescue studies with WT KDM6B and demethylase
inactive mutant KDM6B H1390A. Our findings reveal that KDM6B deficiency-induced
cognitive deficits are independent of hippocampal neurogenesis and elucidate a novel
mechanism of H3K27me3-regulated synaptic plasticity and cognition.

Our current study demonstrated that Tau protein is required for the recruitment of KDM6B
to promoters of S/c17a6and Slc17a7 leading to the expression of VGLUT1 and VGLUT2 in
neurons. Tau is a highly abundant microtubule-associated protein in neurons and well-known
for its role in the stability of microtubules?!. Emerging studies from independent groups
have shown that Tau localizes in the nucleus in addition to the cytosol42-45. Tau can
directly bind to DNA in vitro determined by electron microscopy and gel electrophoresis
mobility shift assay*3. Tau-DNA binding is reversible in the presence of histone*3. In

intact cells, nuclear tau is mainly present at the internal periphery of nucleoli and binds

to AT-rich-satellite DNA sequences**. A repressive role of nuclear Tau in ribosomal DNA
transcription was also reported#°. These combined data indicate that nuclear Tau and its
DNA binding property may play a role in normal cellular physiology. Our study here
provides direct evidence of Tau protein in gene regulation, which supports a previous study
showing that Tau regulates the expression of VGLUT1 in neurons3!. We showed that Tau
increased KDM6B enrichment but decreased H3K27me3 levels locally on S/c17a6 and
Slci7a7 genes. Tau also regulates the clustered distribution of H3K9me346. Thus, our work
and others highlight a critical role of Tau in modulation of modified histone levels that
regulates gene expression in neurons. We also found that KDM6B KO had no effect on

Tau binding to chromatin in neurons, suggesting that Tau binding to DNA is independent
of KDM6B. Thus, our working model is that Tau interacts with KDM6B and facilitates the
recruitment of KDMG6B to promoters of S/c17a6and S/cl7a7 genes, thereby reducing local
H3K27me3 levels to enhance VGLUT1/2 expression, leading to increased spine density,
synaptic activity, and subsequent cognitive functions (Fig. 8). The precise mechanism of
Tau binding to DNA requires further investigations. Nevertheless, our work yields novel
molecular insights into the gene regulation functions of Tau in neurons.

Aggregation of hyperphosphorylated Tau has been recognized as a hallmark of Alzheimer’s
disease*’. A recent study showed that phosphorylated Tau interacts with nucleoporins of
the nuclear pore complex, interferes with the structural and functional integrity of the
nuclear pore, and disrupts nucleocytoplasmic transport*8. Interestingly, increase of Tau
hyperphosphorylation was found to be correlated with reduced O-GIcNAc glycosylation

on Tau protein and with diminished Tau nuclear translocation, suggesting that the balance
between phosphorylation and O-GIcNAc glycosylation of Tau protein may regulate Tau
nuclear localization*2. Moreover, aggregated Tau loses the ability to bind to DNA%*3. These
findings suggest that Tau pathology alters Tau nuclear translocation and its physiological
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role in gene regulation, which may eventually lead to neurotoxicity and neurodegeneration
in Alzheimer’s disease.

In conclusion, this study provides evidence for a novel indispensable regulatory machinery
of cognition, where the H3K27me3 demethylase KDM6B cooperates with Tau to
specifically control VGLUT1 and VGLUT2 expression for proper synaptic transmission and
normal neuron functions under physiological conditions. Loss of VGLUT1 and VGLUT2
has been observed in the prefrontal cortex and hippocampus in aging related neurological
diseases like Alzheimer’s disease, which has been correlated with cognitive decling®: 50,
Our findings on the physiological role of KDMB6B in synapse plasticity and cognition

may help understand the involvement of KDMB6B in neurological diseases and underlying
mechanisms.
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Fig. 1. KDM6B cKO mice display learning and memory-associated behavioral deficits.
(A) Representative traces of locomotor activity in KDM6B cKO mice and control (Ctrl)

littermates during the first 10 min of open field test. (B, C) Open field test showing no
difference in the moving distance (B) and duration time in the inner zone (C) between
KDM6B cKO and WT mice. n= 16 mice per group. Two-tailed Student’s ¢test. (D, E)
Elevated plus maze test showing no difference in moving distance (D) and duration time

in the open arms (E) between KDM6B cKO and WT mice. 7= 17 (WT mice) and 16
(KDM6B cKO mice). Two-tailed Student’s ftest. (F) Accelerating rotarod test showing no
difference in the latency to fall off between KDM6B cKO and WT mice. 7= 20 (WT mice)
and 19 (KDM6B cKO mice). Two-way ANOVA with Tukey’s multiple comparison test.
(G) Tail suspension test showing no difference in the immobility time between KDM6B
cKO and WT mice. n=19 (WT mice) and 18 (KDM6B cKO mice). Two-tailed Student’s #
test. (H, I) KDM6B cKO mice display normal social interaction in the three-chamber test.
The interaction time in the first (H) and second (1) phases was quantified. S1, mouse 1;

S2, stranger mouse. 7= 12 (WT mice) and 15 (KDM6B cKO mice). 7wo-way ANOVA
with Sidak’s multiple comparison test. (J, K) KDM6B cKO mice display working memory
deficits in the Y maze test. Spontaneous alternations (J) and total arm entries (K) were
quantified in KDM6B cKO and WT mice. 7= 15 mice per group. Two-tailed Student’s ¢
test. (L, M) KDM6B cKO mice display recognition memory deficits in the novel object
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recognition test. The percentage of the exploration time on a single object during the
familiarization (L) and novel object during the test sessions (M) was quantified. 7= 15 mice
per group. Two-tailed Student’s ftest. (N) KDM6B cKO mice display associative learning
deficits in the contextual fear conditioning tests. 7= 16 mice for each group. Two-tailed
Student’s t test. Data were presented as mean + s.e.m; ****p < 0.0001.
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Fig. 2. KDM 6B cKO reduces synaptic activity and vesicle numbersin mice.
(A, B) Representative images of primary WT and KDM6B KO cortical neurons at day 3

in vitro (DIV 3, A). Axon was labeled with anti-Tau antibody (red), dendrites was labeled
with anti-MAP2 antibody (green). Scale bar, 20 pm. The axon length was quantified (B).
Axons of neurons were defined as the longest neurite at that time. 7= 105 (WT) and 106
(KDM6B KO). Two-tailed Student’s t test. (C, D) Representative images of primary WT and
KDM6B KO cortical neurons at DIV 18 (C). Neurons were transfected at DIV 6 with GFP
plasmid and immunostained with anti-GFP antibody at DIV 18 (/eff). The binary picture
(right) was used for Sholl analysis at 20 um concentric circles around the soma (D). Scale
bar, 100 um. 7= 16 neurons for each group. Two-tailed Student’s ¢test. (E-H) Scheme

(E) and representative GFP staining images (F) of basal and apical dendrites of layer 5
pyramidal neurons from WT and KDM6B cKO mice crossed with Thy1-GFP mice. Scale
bar, 5 um. The spine numbers in basal and apical dendrites were quantified in G and H,
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respectively. 7= 20 neurons from 3 WT or KDM6B cKO mice. Two-tailed Student’s ¢

test. (1) Representative electron microscope images of the synaptic contacts with presynaptic
vesicles and postsynaptic densities in WT and KDM6B c¢KO mouse brain. Scale bar, 500
nm. (J) Quantitative analysis of the PSD length. n= 220 synapses from 3 WT mice. n=

211 synapses from 3 KDM6B cKO mice. Two-tailed Student’s ztest. s, not significant.

(K, L) Quantitative analysis of synaptic vesicle number in the proximal (K) or distant (L)
active zone. n= 61 synapses from 3 WT mice. 7= 82 synapses from 3 KDM6B cKO

mice. Two-tailed Student’s ftest. (M) Representative traces of SEPSCs in layer V pyramidal
neurons from WT and KDM6B cKO mice. (N, O) Quantification of SEPSC frequency (N)
and amplitude (O). n= 26 cells from 3 WT mice, n= 38 from 5 KDM6B cKO mice; Two
tailed Student’s #test. Data were presented as mean + s.e.m. *p < 0.05; ***p < 0.001; ****p
< 0.0001.
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Fig. 3. Identification of VGLUT1 and VGLUT2 as KDM6B main target genes.
(A) Volcano plot showing differentially expressed genes in KDM6B KO neurons compared

with WT neurons. Each dot represents a gene. Blue dots are up- or down-regulated genes
with more than 1.5-fold change. Three selected genes are denoted and highlighted in red.
(B) Heatmap showing expression levels (in z scores) of up- or down-regulated genes with
more than 1.5-fold change in KDM6B KO neurons by RNA-seq. 7= 3. (C) Gene ontology
analysis of downregulated genes in KDM6B KO neurons using PANTHER classification
system. The top 10 enriched biological process terms are shown. The full list of enriched
biological process terms can be found in Source Data 2. (D) gRT-PCR analysis of KDM6B,
VGLUT1, VGLUT2, SYP and PSD95 expression in KDM6B KO and WT neurons. 7= 3
biological replicates in each group. Two-tailed Student’s ftest. ns, not significant. (E, F)
gRT-PCR analysis of VGLUT1 (E) and VGLUT2 (F) expression in KDM6B cKO and WT
mice. Ctx, cortex; Hip, hippocampus; Cb, cerebellum. 7= 3 mice each group. Two-way
ANOVA with Sidak’s multiple comparison test. (G-1) Immunoblot analysis of VGLUT1 and
VGLUT?2 protein expression in KDM6B cKO and WT mice. The intensity of VGLUTL1 (H)

Mol Psychiatry. Author manuscript; available in PMC 2023 April 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 21

and VGLUT2 (I) bands was quantified and normalized to p-actin. /7= 3 mice each group.
Two-way ANOVA with Sidak’s multiple comparison test. Data were presented as mean +
s.e.m. **p < 0.01. ***p < 0.001; ****p < 0.0001.
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Fig. 4. KDM6B induces VGLUT1 and VGLUT2 expression through its H3K 27me3 demethylase

activity.

(A-D) Representative immunoblot (A) of VGLUT1 and VGLUT2 expression in WT and
KDM6B KO neurons (DIV 14) expressing empty vector (EV) or KDM6B-C-WT or
catalytically mutant (mut). The intensity of VGLUT1 (B), VGLUT2 (C), and H3K27me3
(D) bands was quantified and normalized to p-actin. 7= 3 biological replicates in each

group. One-way ANOVA with Tukey’s multiple comparison test. (E, F) ChIP-gPCR
analysis of WT and mut KDM6B enrichment at the promoters of S/c17a7 (E) and Slc17a6
(F) in neurons (DIV 14). n= 3 biological replicates in each group. Two-way ANOVA with
Sidak’s multiple comparison test. (G, H) H3K27me3 ChlIP-seq peaks at the transcriptional
start sites (TSS; +3 kb) of Slc17a7(G) and Slc17a6 (H) in neurons. Data were retrieved
from GSM2800528. (I, J) ChIP-gPCR analysis of H3K27me3 at the promoters of S/c17a7
(1) and S/c17a6 (J) in WT and KDM6B KO neurons (DIV14) expressing EV or KDM6B-
C-WT or mut. n = 3 biological replicates in each group. Two-way ANOVA with Tukey’s
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multiple comparison test. Data were presented as mean + s.e.m. *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001.
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Fig. 5. KDM 6B regulates synapse activity through VGLUT1/2 in neurons.
(A, B) Representative images of fragments of dendrites (A) and quantification of spine

density (B) in GFP-positive WT and KDM6B KO neurons (DIV 18) expressing KDM6B-C-
WT or mut, VGLUTL, or VGLUT2. n= 15 for each group. One-way ANOVA with Tukey’s
multiple comparison test. Scale bar, 10 um. (C) Representative traces of mEPSCs in WT

and KDM6B KO neurons expressing KDM6B-C-WT or mut, VGLUTL, or VGLUT2. (D, E)
Quantification of mEPSC frequency (D) and amplitude (E). 7= 18 cells per group for WT
and KO groups; 7= 16 cells per group for KO+6B-WT, KO+VGLUT1 and KO+VGLUT2; n
=15 cells for KO+6B-mut group. One-way ANOVA with Tukey’s multiple comparison test.
Data were presented as mean + s.e.m. *p < 0.05; ****p < 0.0001.
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Fig. 6. VGLUT1 and VGLUT2 were mainly regulated by KDM 6B, but not KDM6A or EZH1/2.
(A) gRT-PCR analysis of KDM6A, KDM6B, VGLUT1, and VGLUT?2 in neurons infected

with lentivirus encoding scrambled control (SC) sShRNA or KDM6A shRNAL1 (shl) or
ShRNAZ2 (sh2). n= 4 biological replicates in each group. One-way ANOVA with Dunnett’s
multiple comparison test. (B, C) Immunoblot analysis of KDM6A, H3K27me3, VGLUTL,
and VGLUT2 in neurons infected with lentivirus encoding SC shRNA or KDM6A shl

or sh2 (B). The intensity of KDM6A, H3K27me3, VGLUT1 and VGLUT2 bands was
guantified and normalized to B-actin (C). 7= 3 biological replicates in each group. One-way
ANOVA with Dunnett’s multiple comparison test. (D-F) Immunoblot analysis of KDM6A-
C, KDM6B-C, H3K27me3, VGLUTL, and VGLUT2 in WT and KDM6B KO neurons
expressing KDM6A-C or KDM6B-C (D). The intensity of VGLUT1 (E) and VGLUT?2

(F) bands was quantified and normalized to B-actin. 7= 3 biological replicates in each
group. One-way ANOVA with Tukey’s multiple comparison test. ns, not significant. (G, H)
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Immunoblot analysis of KDM6A, VGLUTL, and VGLUT2 in WT and KDM6B KO neurons
expressing KDM6A sh1 or sh2 (G). The intensity of VGLUT1 bands was quantified and
normalized to B-actin (H). 7= 3 biological replicates in each group. One-way ANOVA with
Tukey’s multiple comparison test. (I-L) Immunoblot analysis of H3K27me3, VGLUT], and
VGLUT2 in WT and KDM6B KO neurons treated for 7 days with or without a EZH1/2 dual
inhibitor DS-3201 (1). The intensity of H3K27me3 (J), VGLUTL1 (K), and VGLUT2 (L)
bands was quantified and normalized to B-actin. 7= 4 biological replicates in each group.
One-way ANOVA with Tukey’s multiple comparison test. Data were presented as mean *
s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 7. Tau isa coregulator for KDM6B to control VGLUT1 and VGLUT2 expression.
(A) Co-IP with anti-Flag antibody in HEK293T cells transfected with Flag-KDM6B-C and

Myc-Tau. WCL, whole cell lysate. (B) Co-IP with anti-Myc antibody in HEK293T cells
transfected with Myc-Tau and Flag-KDM6B-C. (C) qRT-PCR analysis of Tau, VGLUT1,
and VGLUTZ2 in neurons infected with lentivirus encoding SC shRNA or Tau shRNA1 (shl)
or ShRNAZ2 (sh2). n= 4 biological replicates. One-way ANOVA with Dunnett’s multiple
comparison test. (D, E) Immunoblot analysis of Tau, H3K27me3, VGLUT1 and VGLUT2
proteins in neurons infected with lentivirus encoding SC shRNA or Tau shl or sh2 (D). The
intensity of Tau, H3K27me3, VGLUT1, and VGLUT2 bands was quantified and normalized
to B-actin (E). n= 3 biological replicates. One-way ANOVA with Dunnett’s multiple
comparison test. (F-1) Immunoblot analysis of KDM6B-C, Tau, H3K27me3, VGLUT1

and VGLUT2 proteins in WT and KDM6B KO neurons expressing Tau shRNA and/or
Flag-KDMG6B-C (F). The intensity of VGLUT1 (G), VGLUT2 (H), and Tau (1) bands was
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quantified and normalized to p-actin. 7= 3 biological replicates. One-way ANOVA with
Tukey’s multiple comparison test. (J, K) ChlP-qPCR analysis of KDM6B enrichment at
the promoters of S/c17a7(J) and S/c17a6 (K) in WT and Tau KD neurons expressing
Flag-KDM6B-C. 7= 3 biological replicates. Two-way ANOVA with Tukey’s multiple
comparison test. (L, M) ChIP-gPCR analysis of H3K27me3 enrichment at the promoters
of Slc17a7 (L) and Slc17a6 (M) in WT and Tau KD neurons. 7= 3 biological replicates.
Two-way ANOVA with Tukey’s multiple comparison test. Data were presented as mean +
s.e.m. **p < 0.01. ***p < 0.001; ****p < 0.0001.
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Fig. 8. The proposed model for KDM 6B function in regulation of synaptic activity and cognition.
KDMG6B interacts with Tau and is recruited by Tau to the promoters of S/cZ7a6and Slc17az,

where it demethylates H3K27me3 to induce the expression of VGLUT1/2, leading to
increased vesicle number, synaptic activity, dendritic spine density, and animal cognitive
functions. KDM6B KO or Tau knockdown reduces VGLUT1/2 expression and vesicle
number. Subsequently, it diminishes synaptic activity, spine density, and cognitive functions.
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