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Rett syndrome (RTT) is a severe neurodevelopmental disorder that
affects about 1 in 10,000 female live births. The underlying cause of
RTT is mutations in the X-linked gene, methyl-CpG-binding protein 2
(MECP2); however, the molecular mechanism by which these muta-
tions mediate the RTT neuropathology remains enigmatic. Specifically,
although MeCP2 is known to act as a transcriptional repressor, anal-
yses of the RTT brain at steady-state conditions detected numerous
differentially expressed genes, while the changes in transcript levels
were mostly subtle. Here we reveal an aberrant global pattern of
gene expression, characterized predominantly by higher levels of ex-
pression of activity-dependent genes, and anomalous alternative
splicing events, specifically in response to neuronal activity in a mouse
model for RTT. Notably, the specific splicing modalities of intron re-
tention and exon skipping displayed a significant bias toward in-
creased retained introns and skipped exons, respectively, in the RTT
brain compared with the WT brain. Furthermore, these aberrations
occur in conjunction with higher seizure susceptibility in response to
neuronal activity in RTT mice. Our findings advance the concept that
normal MeCP2 functioning is required for fine-tuning the robust and
immediate changes in gene transcription and for proper regulation of
alternative splicing induced in response to neuronal stimulation.

Rett syndrome | MeCP2 | neuronal activity | gene expression |
alternative splicing

ett syndrome (RTT) is a severe postnatal neurodevelopmental
disorder characterized by normal development up to 12-18 mo
of age, followed by regression in already acquired milestones, such
as speech and motor skills, as well as by the development of a
myriad of other neurological and behavioral abnormalities, in-
cluding seizures, learning disabilities, and autism (1). The underlying
cause of over 95% of RTT cases is mutations in the X-linked gene
methyl-CpG-binding protein 2 (MECP2) (1, 2), yet how the loss of
MeCP2 function in the brain mediates RTT remains poorly un-
derstood. Specifically, although MeCP2 was characterized as a
transcriptional repressor, transcriptional profiling studies on the
whole RTT mouse brain and even specific areas of the brain
revealed numerous genes that are differentially expressed, while the
changes in transcript levels were mostly subtle (3-5). This conundrum
has led to other studies, some of which have suggested that MeCP2 is
not a gene-specific transcriptional repressor but rather a global re-
pressor that abundantly binds methylated DNA and dampens tran-
scriptional noise genomewide (6), that MeCP2 acts as both a
repressor and an activator (5, 7, 8), that MeCP2 functions in a cell-
type-specific manner (9, 10), and that MeCP2 is a long-gene-specific
repressor (4). Other studies have suggested that MeCP2 functions
posttranscriptionally as a regulator of alternative splicing (11, 12), or
as a regulator of microRNA expression (13-15). Although these
studies advanced our understanding of the function of MeCP2, they
also clearly emphasize that the molecular mechanism which mediates
RTT is likely complex and has yet to be deciphered.
Several recent studies, including our own, support the notion
that MeCP2 function is required for maintaining the proper

Www.pnas.org/cgi/doi/10.,1073/pnas.1722546 115

structure/function of the neuronal networks in the maturing as
well as in the fully matured brain (16-20). Specifically, these
studies have shown that reactivation of MeCP2 in symptomatic
adult RTT mice reverses the RTT phenotype (19), while de-
pletion of MeCP2 even at the adult stage results in a severe RTT
phenotype (16-18, 20). In addition, other studies have shown
that there is an excitatory/inhibitory imbalance in the RTT brain,
resulting specifically in hyperexcitability, which likely leads to spe-
cific RTT symptoms, including seizures and breathing abnormalities
(21-25). Together, these studies suggest that MeCP2 might have a
key role, specifically during neuronal network activity.

In this study, we tested the hypothesis that MeCP2 function is
required for proper regulation of the activity-dependent tran-
scriptome during neuronal stimulation. We found that neuronal
activity, elicited either in vitro by potassium chloride (KCl) or in
vivo by kainic acid (KA), results in a significantly higher ex-
pression of many activity-dependent genes in RTT cortical neurons
and in the hippocampi of RTT mice, respectively, compared with
their WT counterparts. Furthermore, hundreds of genes were dif-
ferentially alternatively spliced specifically in response to neuronal
activity, of which many of them were alternatively spliced in oppo-
site directions (inclusion vs. exclusion) in the hippocampi of RTT
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mice. Thus, we propose that MeCP2 is required to regulate the
robust changes in the transcriptome that occur in response to
neuronal activity.

Results

KCl-Induced Membrane Depolarization Results in Differential Expression
of Many Activity-Dependent Genes in Mecp2-Null Compared with WT
Neuron-Enriched Cortical Cultures. Because RTT is associated with
hyperexcitability of the cortex and hippocampus (21-23), we rea-
soned that analysis of the gene expression profile in response to
neuronal activity, where the immediate and robust changes in gene
expression should be tightly regulated, could provide a new per-
spective and important insight into the function of MeCP2. This
approach also allowed us to examine mainly the primary, rather
than the secondary, effect of the loss of MeCP2 on the induced gene
expression program.

We first isolated cortical neurons from WT and Mecp2-null
littermate male mice at postnatal day 0-1 and cultured them for
10 d. We analyzed by immunostaining the composition of the
cultures, using several cell-type-specific markers, and verified the
enrichment of neurons (65%) compared with glia (~33% as-
trocytes, ~2% oligodendrocytes, and <0.2% microglia), and the

A WT1 WT2 WT3 MT1 MT2 MT3 B

lack of bias for specific cell types between the WT and Mecp2-null
cultures (SI Appendix, Fig. S1 A and B). We further validated by
quantitative RT-PCR that the WT and the Mecp2-null cortical
cultures expressed similar levels of neuronal and glial specific
markers (SI Appendix, Fig. S1C). We induced membrane de-
polarization in neurons by treating the cultures with 30 mM KCl
for 3 h (without presilencing of the spontaneous neuronal activity),
performed RNA sequencing (RNA-Seq) analysis, and compared
the mRNA profiles of untreated and KCl-treated, WT and mutant
neuron-enriched cortical cultures. Our analysis shows that at
steady-state conditions (untreated), only a small number of genes
displayed differential gene expression between mutant and WT
cultures. Specifically, of the ~14,000 expressed genes, only
19 genes were down-regulated and eight genes were up-regulated
in mutant compared with the WT (Dataset S1). In contrast,
analysis of the KCl-induced activity-dependent genes, as defined
by up- or down-regulation of at least twofold (g-value < 0.05) in
the WT and/or mutant, showed that hundreds of genes were
differentially expressed between the mutant and WT neuron-
enriched cultures (Fig. 1 4 and B and Datasets S2 and S3). In-
terestingly, most of the up-regulated genes showed a propensity
toward a higher increase in gene expression in mutant compared
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Fig. 1. Membrane depolarization induced by KCI
results in greater changes in expression level of
activity-dependent genes in Mecp2-null cortical cul-
tures. (A) Heat map showing the relative mRNA ex-
pression level of activity-dependent genes (based on
[log,-fold change| > 1.0 and g-value < 0.05) between
KCl-treated and untreated WT or mutant (MT)
(Mecp2-null) cortical cultures (n = 3 pairs). Red-white
color range indicates the relative log,-fold changes
A % o 3 s A (scaled by SDs) for up-regulated genes. Blue-white
log2-fold-change wild-type color range indicates the relative log,-fold changes

(scaled by SDs) for down-regulated genes. The darker

shade of blue or red corresponds to a greater level of
down-regulation or up-regulation, respectively. (B)
Scatter plot showing the changes in the expression
level of activity-dependent genes upon KCl treat-
ment in mutant and WT cortical cultures. Red dia-
monds indicate genes that were up- or down-
regulated (|log,-fold change| > 1.0 and g-value <
0.05) in both mutant and WT cultures; green pluses
indicate genes that were up- or down-regulated
(|log,-fold change| > 1.0 and g-value < 0.05) in mu-
tant but not in WT cultures; blue squares indicate
genes that were up- or down-regulated (|log,-fold
change| > 1.0 and g-value < 0.05) in WT but not in
mutant cultures. Note that KCl treatment resulted in
greater [log,-fold changes| in mutant samples in most
genes shown. (C) Quantitative RT-PCR for the in-
dicated immediate-early genes comparing their rela-
tive expression between untreated (KCl -) WT and
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with WT cultures (Fig. 1 4 and B and Dataset S2). Specifically, of
the 522 activity-dependent genes that were up-regulated,
488 genes were up-regulated to a higher level in mutant than in
WT, while only 34 genes were up-regulated to a higher level in
WT than in mutant cultures (Fig. 14 and Dataset S2). Further-
more, of the 172 genes that were down-regulated, 156 showed a
propensity toward a greater decrease in expression in mutant than
in WT, while only 16 genes showed a greater decrease in the WT
cultures (Fig. 14 and Dataset S3). Detailed analysis of the activity-
dependent genes showed that 471 genes were up- or down-
regulated in both mutant and WT (fold change >2, g-value <
0.05), with the majority showing a higher increase in expression
levels in mutant cultures (Fig. 1B, red). Notably, 211 genes were
significantly up- or down- regulated in mutant (fold change >2, ¢-
value < 0.05), but not in WT (Fig. 1B, green), while only 12 genes
were significantly up- or down-regulated in WT but not in mutant
cultures (Fig. 1B, blue). We validated, by quantitative RT-PCR,
several of the differentially expressed activity-dependent immediate-
early genes identified by RNA-Seq, including Arc, Egr2, Duspl,
Piml, Npas4, and Fos. While there was no significant difference
between untreated WT and mutant in the expression level of
these genes, these genes were up-regulated to significantly higher
levels in the mutant than in the WT neuron-enriched cortical
cultures, upon KClI treatment (Fig. 1C).

Together, these data suggest that the loss of MeCP2 generates
significant aberrations in the level of expression of many activity-
dependent genes during neuronal stimulation.

Neuronal Activity Induced by KA in Vivo Results in Differential
Expression of Many Activity-Dependent Genes in the Hippocampi of
Mecp2-Null Mice Compared with WT Mice. We next examined the
effect of the loss of MeCP2 on the gene expression profile induced
in response to neuronal activity in vivo. Because seizure is one of
the overt characteristics of the RTT phenotype, we sought to induce
neuronal activity in mutant RTT mice using the chemoconvulsant
KA and analyze the transcription profile of their hippocampi. For
this, we used WT and Mecp2-null (Mecp2™) littermate male mice
at 7 wk of age, a time when the mutant mice show overt but not
severe RTT phenotype, reaching a median score of 4-6, based on
the observational phenotypic scoring system (0-10) we previously
described (16). We injected the mice with 23 mg/kg body weight of
KA, monitored them closely for the development of seizures, and
recorded the seizure intensity stage on a scale from 1 to 6 as pre-
viously described (26). Kinetics of seizure development showed that
while there was no significant difference between WT and mutant
mice in the latency of seizure initiation after KA injection, there was
a significant difference in the intensity of seizure development (Fig.
24). Specifically, mutant mice reached a higher seizure score in
shorter time than WT mice (Fig. 24), and while the average max-
imal seizure score of the WT mice was between 3 and 4, the average
maximal seizure score of mutant mice was between 5 and 6 (Fig. 2B,
Left). In addition, 80% of the mutant mice did not survive following
KA treatment, whereas none of the WT mice died throughout the
duration of the experiment, even those that reached a high seizure
score (Fig. 2B, Right). In fact, none of the mutant mice survived
beyond 68 min if they reached a seizure score of 5-6. These findings
support a previous study showing a differential seizure score be-
tween mutant RTT and WT mice (27).

Next, we analyzed the activity-dependent gene expression
profiles in the hippocampi of WT and mutant mice, at 40 and
68 min after administration of KA, compared with their gene
expression profiles at steady-state conditions (untreated). To
eliminate bias of the level of seizure on gene expression, we used
WT and mutant littermate mice that both reached a comparable
seizure score of 5-6 (Fig. 2 C and D). Our RNA-Seq analysis
detected ~14,000 expressed genes in the hippocampi of un-
treated WT and mutant mice. Of these expressed genes, 80 were
differentially expressed between the mutant and WT mice

Osenberg et al.

(Dataset S4). Among them, 48 genes were up-regulated and
32 were down-regulated in the mutant mice compared with their
WT counterparts (Dataset S4). Importantly, similar to the in
vitro data, RNA-Seq analysis of the mutant and WT hippocampi,
at 40 and 68 min of KA treatment, revealed widespread differ-
ential expression of hundreds of activity-dependent genes (fold
change >2, g-value < 0.05 in WT and/or mutant) between the
mutant and WT mice (Fig. 3). Specifically, of the 131 (40 min)
and 348 (68 min) genes that were up-regulated, 114 (40 min) and
281 (68 min) genes were up-regulated to a higher level in the
mutant mice compared with WT mice, while only 17 (40 min)
and 67 genes (68 min) were up-regulated to a higher level in WT
mice compared with mutant mice (Fig. 3 4 and B and Datasets
S5 and S7). In addition, 25 (40 min) and 58 (68 min) genes were
down-regulated to a lower level in mutant than in WT mice,
while only 17 (40 min) and 29 (68 min) genes were down-
regulated to a lower level in WT than in mutant mice (Fig. 3 4
and B and Datasets S6 and S8). Of the activity-dependent genes
that were up- or down-regulated in both mutant and WT hip-
pocampi (86 at 40 min and 202 at 68 min), the vast majority were
up-regulated upon KA treatment and to a higher level in mutant
than in WT mice (Fig. 3 C and D, red). Furthermore, 61 genes
(40 min) and 204 genes (68 min) were significantly up- or down-
regulated in mutant mice (fold change >2, g-value < 0.05), but
not in WT mice (Fig. 3 C and D, green), while only 34 (40 min)
and 53 (68 min) genes were significantly up- or down-regulated
in WT mice, but not in mutant mice (Fig. 3 C and D, blue).
We validated, by quantitative RT-PCR, the differential ex-
pression of several known activity-dependent genes, identified by
our RNA-Seq analysis, including Arc, Bdnf, Nr4a2, Arid5a, and
Piml. This analysis showed that, while there was no significant
difference in the expression level of these genes between the
hippocampi of untreated WT and mutant mice, these genes were
up-regulated to a significantly higher level in the hippocampi of
mutant mice compared with the WT mice, upon neuronal ac-
tivity induced by KA (Fig. 44, Top). Interestingly, stress-response
genes, such as those encoding heat shock proteins (HSP) (Hspala,
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Fig. 2. Neuronal activity induced by KA results in a higher seizure score
followed by lethality in Mecp2-null mice. (A) Kinetics of seizure development
in 7-wk-old WT and mutant (Mecp2~") male mice injected with KA. Seizure
score represents the seizure stage (1-6). Error bars display the + SEM. (B) Bar
graphs showing the mean + SEM of the maximal seizure score (Left) and
percent lethality (Right) in WT and mutant mice. Statistical significance was
determined by unpaired two-tailed Student’s t test. ***P < 0.001. (C and D)
Kinetics of seizure development during 68 min of KA treatment of two pairs
of 7-wk-old WT and mutant littermate male mice used for RNA-Seq analysis.
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Hspalb, and Hsphl) and Vps37b were significantly up-regulated
only in mutant mice upon KA treatment, while the hypoxia-
induced factor gene, Hif3a, was down-regulated only in the mu-
tant mice (Fig. 44, Bottom).

To obtain further insight into the cellular and molecular
processes that might be affected by the differential expression of
activity-dependent genes between mutant and WT mice, we
performed a Gene Ontology (GO) analysis. Because our data
suggest that the most prominent effect of the loss of MeCP2 is
increased expression of activity-dependent genes in mutant mice
compared with the WT mice (Figs. 1, 3, and 4), we performed
the GO analysis on this group of genes. Specifically, we examined
the enrichment of the GO terms for three groups of activity-
dependent genes, upon 68 min of KA treatment: up-regulated
in WT mice, up-regulated in mutant mice, and up-regulated to a
significantly higher level in mutant mice than in the WT mice
(mutant > WT after KA treatment, g-value < 0.05) (Fig. 4B).
This analysis showed that several GO terms with significant en-
richment in the mutant greater than WT group were related to
synaptic plasticity, stress response, and regulation of gene expres-
sion. Moreover, most of these GO terms were enriched in the
mutant group but not in the WT group. This suggests that those
biological processes were significantly stimulated during neuronal
activity in mutant hippocampi but not in WT hippocampi. Other
GO terms such as transcription factor AP1 complex, which consists
of immediate-early genes, were enriched in all three groups (Fig.
4B), indicating that while enriched in both WT and mutant they
were expressed to higher levels in mutant mice.

A WT1

WT1  WT2

15

-1.5

14 281

67

Notably, analysis of the global gene expression pattern (including
activity-dependent and non-activity-dependent genes), following
KA-induced neuronal activity, showed a robust increase in the total
number of differentially expressed genes between mutant and WT
mice at 40 and 68 min after the KA treatment compared with
steady-state (untreated) conditions (Fig. 4C). Additionally, at 68 min
after KA-treatment there was a significant increase in the number of
genes that were up-regulated to a higher level in the mutant mice
compared with the WT mice (615 genes) relative to the number of
genes that were down-regulated to a lower level in the mutant mice
compared with the WT mice (272) (P = 2.2E-16) (Fig. 4C).

These data together suggest that while the loss of MeCP2 af-
fects both the levels of the up-regulated and the down-regulated
genes in the activity-dependent transcriptome, the most prominent
effect of its loss is increased levels of gene expression.

Neuronal Activity Induced by KA in Vivo Results in Dramatic Alterations
in Alternative Splicing Events in the Hippocampi of Mutant Mice
Compared with WT Mice. Neuronal activity induces not only
changes in gene expression but also in alternative splicing (28).
Therefore, we sought to analyze how the loss of MeCP2 affects the
alternative splicing program during neuronal activity. We first asked
whether there are differential alternative splicing events in the
hippocampi of mutant mice compared with the WT mice at steady-
state conditions. We detected only 27 genes with increased exon or
intron inclusion and 19 genes with increased exon or intron exclu-
sion in mutant mice compared with the WT mice, with no bias
to any specific type of alternative splicing (Dataset S9). We then

MT1  MT2
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Fig. 3. KA-induced neuronal activity in vivo results in
greater changes in expression level of activity-dependent
genes in the hippocampi of mutant mice. (A and B) Heat
maps showing the changes in mRNA expression level of
activity-dependent genes in the hippocampi of WT and
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Fig. 4. Differential gene expression in the hippocampi of mutant mice compared with WT mice upon KA-induced neuronal activity. (4) Quantitative RT-PCR
for the indicated genes comparing the fold change in their expression level, upon 68 min of KA treatment (KA+/KA-), between WT and mutant mice. Bar
graphs display the mean relative mRNA expression level + SEM. n = 4 biological replicates. Statistical significance was determined by two-way ANOVA with
multiple pairwise comparisons (LSD method). *P < 0.05, **P < 0.01, ***P < 0.001. (B) GO analysis for up-regulated activity-dependent genes (log,-fold
change > 1, g-value < 0.05) upon 68 min of KA treatment in the WT group (blue bars), mutant group (orange bars), and in mutant > WT group (green bars).
Enriched GO terms in mutant > WT group were based on activity-dependent genes (log,-fold change > 1, g-value < 0.05) in mutant mice that showed a
greater level of expression than in WT mice after 68 min of KA treatment (log,-fold change in mutant minus log,-fold change in WT > 0, g-value < 0.05).
Statistically significant GO terms are based on a Fisher’s exact test P < 0.05. The vertical dashed line serves as a marker of the —log4¢(0.05). Absence of a bar
indicates that the genes of that GO term were not enriched in this specific category. (C) Volcano plots showing the relative log,-fold change in the expression
level of genes between mutant (MT) and WT hippocampi at steady state (untreated) (Top), after 40 min KA treatment (Middle), and after 68 min KA
treatment (Bottom). Red dots represent all genes with statistically significant fold change in expression between untreated mutant and WT hippocampi or
between KA-treated mutant and WT hippocampi (g-value < 0.05). Black dots represent genes with g-value > 0.05. Note the significant increase in the number
of differentially expressed genes as well as in their fold change and -logqo(g-value), between mutant and WT mice treated with KA, compared with untreated.
Note also the significant bias (two-tailed exact binominal test) toward a higher expression level in the mutant compared with the WT for the 68-min group.

analyzed the splicing events occurring during 40 and 68 min of KA-
induced neuronal activity. We identified a total of 279 and 560 dif-
ferential alternative splicing events between WT and mutant mice
that occurred upon 40 and 68 min of KA treatment, respectively
(Fig. 5 A and B). Of these events, while 223 (40 min) and 401
(68 min) generally occurred in the same direction, that is, inclusion
(red) or exclusion (blue) in both mutant and WT hippocampi, the
change in the fraction of the included or excluded isoforms [delta
“percent spliced in” (APSI)] differed (Fig. 54). Specifically, we
detected 73 (40 min) and 114 (68 min) alternative splicing events
with increased inclusion in mutant mice relative to the WT mice
and 36 (40 min) and 65 (68 min) alternative splicing events with
increased inclusion in the 'WT mice compared with mutant mice

Osenberg et al.

(Fig. 54 and Datasets S10 and S12). In addition, we identified 59
(40 min) and 120 (68 min) alternative splicing events with increased
exclusion in the mutant mice compared with WT mice and 55
(40 min) and 102 (68 min) alternative splicing events with increased
exclusion in the WT mice compared with mutant mice (Fig. 54 and
Datasets S11 and S13). Interestingly, we also identified a group
of alternative splicing events that occurred in opposite directions,
that is, that underwent increased inclusion in mutant mice and
increased exclusion in WT mice, and vice versa, during both 40 min
(56 events) and 68 min (159 events) of KA treatment (Fig. 5B and
Dataset S14). Of these events, 32 (40 min) and 81 (68 min) un-
derwent increased inclusion in mutant mice vs. increased exclusion
in WT mice, whereas 24 (40 min) and 78 (68 min) events underwent
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increased exclusion in mutant mice vs. increased inclusion in WT
mice (Fig. 5B and Dataset S14). Detailed analysis of all the alter-
native splicing events showed that 36 (40 min) and 89 (68 min)
events occurred in both mutant and WT mice (absolute APSI > 5%,
g-value < 0.05) during KA treatment (Fig. 5 C and D, red diamonds),
with many of them being differentially spliced between mutant and
WT mice. Importantly, 153 (40 min) and 283 (68 min) splicing events
occurred in mutant (based on absolute APSI > 5%, g-value < 0.05)
but not in WT mice (Fig. 5 C and D, green pluses), while 90
(40 min) and 188 (68 min) alternative splicing events occurred in
WT mice but not in mutant mice (Fig. 5 C and D, blue squares).
We validated several of the differentially alternative spliced
genes between mutant and WT mice, using quantitative RT-PCR
and semiquantitative RT-PCR (Fig. 6 and SI Appendix, Fig. S2).
Our data confirmed several genes that underwent altered alter-
native splicing events, including altered intron retention (IR),
exon skipping (ES), and alternative 5’ splice sites (A5SS), in
mutant mice compared with WT mice, upon the KA treatment.
Notably, and in agreement with the RNA-Seq analysis, these
data show that while some of the differentially spliced RNAs,
such as Tnrc6a (IR), Baiap2 (IR), Ranbp2 (ES), and Nol9 (ES),

remained unchanged during neuronal activity in the hippocampi
of the WT mice, they underwent significant alternative splicing
changes in the mutant mice. Other genes, such as Clk! (IR) and
Clk4 (IR), recently shown to undergo intron excision during
neuronal activity (29), Trpc4 (IR), and Ralgpsl (ES), underwent
alternative splicing in both, mutant and WT mice but showed a
greater degree of excision in mutant mice, whereas Ccnt2 (ASSS)
exhibited a greater degree of inclusion in the mutant mice (Fig. 6
and SI Appendix, Fig. S2). Importantly, and in agreement with
the RNA-Seq analysis, several genes, such as Rsrpl (IR), Zfp207
(ES), and Duspll (ES), were alternatively spliced in opposite
directions (increased inclusion vs. increased exclusion) in the
mutant compared with WT mice (Fig. 6 and SI Appendix, Fig. S2).

Because many more alternative splicing events were detected
in the 68 min of KA treatment group than in the 40-min group,
we pursued further analyses on the 68-min group. Analysis of the
specific types of alternative splicing events showed a differential
pattern of alternative splicing modalities employed during neu-
ronal activity (Fig. 74). In the WT mice, the most commonly
detected typical splicing events upon 68 min of KA-induced
neuronal activity were IR with a total of 82 events, comprised
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Fig. 5. Differential alternative splicing events in the hippocampi of mutant mice compared with WT mice upon KA-induced neuronal activity. (A) Heat maps
showing the changes in percentage of isoforms that include the alternative exon/intron (APSI) in WT and mutant (MT) mice (based on |APSI| > 5%, g-value <
0.05 in WT and/or mutant) at 40 min (Left) and 68 min (Right) of KA treatment compared with the untreated state. Red-white color range indicates high-low
APSIs (scaled by SDs) of alternative splicing events that have positive APSIs (inclusion events). Blue-white color range indicates low-high APSIs (scaled by SDs)
of alternative splicing events that have negative APSIs (exclusion events). The darker shade of blue or red corresponds to a greater level of exclusion or
inclusion, respectively. (B) Heat maps showing alternative splicing events with opposite APSIs, either positive in WT and negative in mutant or negative in WT
and positive in mutant (based on |APSI| > 5% and g-value < 0.05 in WT and/or mutant), at 40 min or 68 min following KA treatment compared with no
treatment. Red-white color range indicates relative positive APSIs (inclusion events); blue-white color range indicates relative negative APSIs (exclusion
events) as described in A. (C and D) Scatter plots showing the APSI for the alternative splicing events in mutant and WT hippocampi at 40 min (C) and 68 min
(D) following KA treatment (based on |APSI| > 5%, g-value < 0.05 in WT and/or mutant). Red diamonds indicate genes that underwent alternative splicing
events in both mutant and WT mice; Green pluses indicate genes that underwent alternative splicing events only in mutant mice; blue squares indicate genes
that underwent alternative splicing events only in WT mice.
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of 84% excised intron events and 16% retained intron events
(Fig. 7 A and B). These data are consistent with a recent study
showing an increase in intron excision during neuronal activity
(29). Notably, while a similar number of IR events occurred in
mutant mice, there was a clear shift toward an increase in
retained intron events (60% excised vs. 40% retained) (Fig. 7 4
and B). Furthermore, while only 27 ES events occurred in the
WT mice during 68 min of KA treatment, they show a strong
preference toward increased exon inclusion events (74% in-
creased inclusion events vs. 26% increased exclusion events)
(Fig. 7 A and B). Remarkably, in the mutant mice, there was a
threefold increase in the total number of ES events (84 events)
relative to WT mice (27 events), and these events showed a
significant bias toward exon exclusion (41% increased inclusion
vs. 59% increased exclusion) (Fig. 7.4 and B). Statistical analysis
of the IR and ES events showed a significant increase in retained

introns and a significant increase in skipped (excised) exons in
mutant mice compared with the WT mice, in response to neu-
ronal activity (Fig. 7C). Furthermore, a scatter plot of the indi-
vidual IR and ES events not only shows the bias in exclusion/
inclusion but also further highlights the finding that many events
occurred in opposite directions (positive/negative APSI) in mu-
tant vs. WT mice (Fig. 7D). Although differential alternative
splicing between mutant and WT mice was also evident for other
types of alternative splicing, including ASSS, alternative 3’ splice
sites (A3SS), and mutually exclusive exons (ME) (Datasets S10—
S14), the number of these events induced by neuronal activity
was relatively low in both mutant and WT mice (Fig. 74). In
addition, we found many alternative first exon [(AFE), generated by
a combination of alternative promoter usage and alternative splic-
ing] and alternative last exon [(ALE), generated by a combination
of alternative polyadenylation and alternative splicing] events, which
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IR, ES, and A5SS. Box plots show the relative ratio of retained vs. excised introns (IR) or included vs. excluded exons (ES, A5SS) between KA-treated (+) and untreated
(-) conditions. The diagram above each individual gene shows the two possible isoforms (included exon or intron in green, or excluded) with arrows indicating the
location of the primers used for the 5’ junction of the included intron or exon isoform and the primers for the excluded intron or exon isoform. n = 4 biological
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underwent differential exon usage between mutant and WT mice
(Datasets S10-S14). However, in contrast to IR and ES, there was
no significant bias in included/excluded exons in the AFE and ALE
events between WT and mutant mice (Fig. 74).

Finally, we performed GO analysis to gain insight into the
potential functional impacts of the genes that underwent splicing
in mutant and WT mice upon KA treatment. Alternative splicing
events were separated into increased inclusion (Fig. 84) and
increased exclusion (Fig. 8B) cohorts. Our analysis showed that
GO terms pertaining to neuronal structure and plasticity were
enriched predominantly in the inclusion cohort, whereas terms
pertaining to chromatin regulation and gene expression were
enriched in the exclusion cohort. Interestingly, many processes
related to the regulation of RNA splicing were enriched in both
the inclusion and exclusion cohorts. Other processes pertaining
to neuronal signaling and cellular stress were also enriched in
both cohorts. Importantly, very few processes, in the inclusion
and exclusion cohorts, showed enrichment in both WT and
mutant mice. In fact, the majority of the GO terms showed a
significant enrichment only in the mutant mice, while only a few
GO terms showed enrichment only in the WT mice. This sug-
gests that aberrations in alternative splicing during neuronal
activity in the mutant mice affect many fundamental cellular and
molecular processes.

Discussion

In this study, we analyzed the impact of the loss of MeCP2 on the
gene expression programs, induced specifically in response to
neuronal activity, and revealed myriad aberrations in the activity-
dependent transcriptome of the mutant RTT mice, which are
otherwise not detected at steady-state conditions. This analysis
highlights aberrations not only in the gene transcription program
but also in the posttranscriptional program, specifically, alter-
native splicing, which together dramatically alter the activity-
dependent transcriptome landscape in mutant RTT mice.

Our study revealed that—following both in vitro KCl-induced
membrane depolarization of cortical neurons and in vivo KA-
induced neuronal excitation in the hippocampus—the loss of
MeCP2 in mutant mice results in significantly higher expression
levels of the majority of the activity-dependent up-regulated genes,
compared with WT mice. Aberrations in the expression levels of
the activity-dependent down-regulated genes, due to the loss of
MeCP2, were also evident; however, this group of genes was rel-
atively small compared with the dysregulated group of activity-
dependent up-regulated genes. These down-regulated genes are
likely downstream to the primary wave of the up-regulated genes,
although the possibility that they are down-regulated directly in
response to neuronal activity cannot be ruled out.

The predominance of increased levels of up-regulated activity-
dependent genes in mutant mice suggests that MeCP2 functions
mostly as a repressor during neuronal activity. Further, it sug-
gests that MeCP2 is likely not a gene-specific repressor but
rather a global repressor that fine-tunes the immediate and ro-
bust increase in gene transcription in response to neuronal ac-
tivity. This view is lent further support by previous studies
suggesting that MeCP2 globally alters the chromatin state in
neurons to a more repressive state to dampen transcriptional
noise genomewide (6). Recent studies suggest that the MeCP2/
NCoR interaction plays a critical role in the repressor function of
MeCP2, and that the RTT-causing mutation R306C located at
the NCoR interaction domain (NID) abolishes the interaction of
the NCoR repressor complex with MeCP2 (30-32). Further-
more, in WT mice, neuronal activity induces phosphorylation of
T308, located in the NID, allowing the dissociation of MeCP2/
NCoR interaction and the efficient up-regulation of activity-
dependent genes (30). However, insertion of T308A mutation,
which blocks phosphorylation, leads to a decreased induction of
activity-dependent genes, such as Npas4 and Bdnf, likely due to
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Fig. 7. Differential alternative splicing patterns in the hippocampi of mutant
mice compared with WT mice upon 68 min of KA-induced neuronal activity.
(A) Bar graph showing the number of inclusion (positive APSI, red) and ex-
clusion (spliced) (negative APSI, blue) events for each type of alternative
splicing modality in mutant (MT) and WT mice (based on |APSI| >5% with g-
value < 0.05). Note the difference in the ratio of intron inclusion and exclusion
events (IR), and the stark disparity in the total number of ES events, particularly
in the excision events, between WT and mutant mice. (B) Pie charts showing
the relative percentage of intron inclusion (positive APSI, red) and exclusion
(negative APSI, blue) events (Top), and exon inclusion (positive APSI, red) and
exclusion (negative APSI, blue) events (Bottom) for the WT and mutant groups.
(C) Box plot displaying the APSI distribution of IR and ES events in WT and
mutant hippocampi during KA activation. Note that mutant mice have a sig-
nificant bias toward more retained introns (less negative APSI) compared with
WT mice (Left) and that mutant mice have a significant bias toward exon ex-
clusion (negative APSI) compared with WT mice (positive APSI) (Right). The P values
are based on Mann-Whitney-Wilcoxon test and are indicated at the top of each
panel. (D) Scatter plots showing changes in IR and ES events in mutant and WT
mice upon KA treatment. Red dots represent alternative splicing events that oc-
curred in both WT and mutant mice (based on|APSI|>5% and g-value < 0.05).
Blue and green dots represent alternative splicing events occurred in either WT or
mutant mice (based on |APSI|>5% and g-value < 0.05), respectively. Note the
shifts in positive and negative APSIs in IR and ES events between mutant and WT
mice and the significantly higher number of ES events that occurred in mutant
mice, many of which are in the opposite direction to those in WT mice.

the persistent interaction of NCoR with MeCP2 during neuronal
activity (30). The dynamic interaction of MeCP2/NCoR via
phosphorylation/dephosphorylation of MeCP2 during neuronal
stimulation most likely modulates the repressive state of the chro-
matin to allow efficient induction of activity-dependent genes while
fine-tuning the level of their expression. Based on this mechanism,
the loss of the MeCP2/NCoR interaction and its repressor activity,
as in the Mecp2-null mouse model in our study, could explain the
higher levels of expression of activity-dependent genes we observed.
It will be intriguing to explore whether activity-dependent genes are
up-regulated to higher levels during neuronal activity also in mice
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Fig. 8. GO analysis for genes that underwent differential alternative splic-
ing in the hippocampi of WT and mutant mice upon KA treatment. (A and B)
Enriched GO terms (Fisher’s exact test P < 0.05) for genes that underwent
inclusion (APSI > 5%, g-value < 0.05) (A) or exclusion (APSI < —=5% g-value <
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mice, respectively. The vertical dashed line serves as a marker for P value =
0.05. Absence of a bar indicates that genes of that GO term were not
enriched in this specific category.

harboring RTT-causing mutations, which abolish the interaction of
NCoR with MeCP2, such as R306C mutation and others.

We also showed that the mutant RTT mice are significantly
more susceptible to seizures, followed by lethality, in response to
neuronal excitation induced by KA, consistent with the network
hyperexcitability observed in the cortex and hippocampus of
RTT mice (21-23). It is possible that the altered levels of
activity-dependent genes we observed in the RTT mice mediate,
at least in part, the hyperexcitability. Interestingly, our tran-
scriptome analysis clearly indicates a higher activity-dependent
stress response in RTT mice compared with WT mice. For ex-
ample, some of the stress-response genes, such as genes encoding
HSPs and others, were activated only in RTT mice and not in
WT mice. Such stress response could be cell-autonomous and
activated in the neurons but could also be non-cell-autonomous
and activated by glia in response to neuronal dysfunction or
neuronal stress during their excitation. It is likely that the
activity-dependent stress response exacerbates the symptoms
initiated by neurons in RTT.

Alternative splicing plays important roles in the structure/
function of neurons, such as synapse formation (neurexins) (33),
fast excitatory neurotransmission (AMPAR subunits Grial-4)
(34), and neurotransmitter release and presynaptic plasticity
(Ca,2.1) (35). For example, the two major spliced isoforms of the
voltage-gated Ca*" channel, Ca,2.1[EFa] and Ca,2.1[EFb], reg-

Osenberg et al.

ulate neurotransmitter release and short-term synaptic plasticity
in opposite directions (35). Furthermore, neuronal activity reg-
ulates the abundance of these two isoforms and thus the function
associated with each isoform (35). Therefore, a tight regulation
of the ratios of different alternatively spliced isoforms is highly
important for proper functioning of the neuronal networks. In-
deed, aberrant ratios between the flip and flop isoforms of the
Grial—4 subunits of AMPAR have been linked recently to ab-
normal synaptic transmission in RTT (12). Our study showed
widespread aberrations in alternative splicing, specifically in
response to neuronal activity in RTT mice. Interestingly, al-
though the different types of alternative splicing events, such
as ES, IR, A3SS, and AS5SS as well as AFE and ALE, are
regulated by different mechanisms (36), the dysregulation of
each one of them was apparent during neuronal activity in the
hippocampi of mutant RTT mice. Importantly, we noted a
significant bias in the inclusion/exclusion ratios of IR events
(increased retained introns in mutant) and ES events (in-
creased skipped exons in mutant), many of which underwent
splicing in opposite directions in mutant mice. Furthermore,
the number of ES events with significant change, upon neu-
ronal activity, was more than threefold higher in mutant mice
than in the WT mice. These findings are supported by previous
studies demonstrating that in human cell lines the loss of
MeCP2 results in increased retained introns (37) and in-
creased skipped exons (38).

Notably, the mRNAs of several important splicing factors/
regulators (e.g., Ptbbl, Ptbp3, Srrm4, Srsf7, Clkl1, and Clk4) not
only were differentially expressed in response to neuronal
activity in mutant mice, but some of these splicing regulators
and others also underwent aberrant ES or IR events them-
selves, including splicing in opposite directions [e.g., ClkI (IR),
Clk4 (IR, ES), Srsf3 (ES), Duspl1 (ES), and RbfoxI (ES)]. The
abnormal splicing and/or expression levels of these splicing
factors could potentially further induce a second wave of ab-
errations in downstream splicing events and explain the in-
crease in splicing aberrations we observed in mutant mice,
upon neuronal stimulation. For example, the splicing factor
Rbfox1 has been shown to control neuronal excitability, and
reduction in its expression leads to hyperexcitability (36).
Moreover, changes in the expression of Rbfox1l have been
linked to aberrations in alternative splicing in the brains of
individuals with autism spectrum disorder (39, 40). Thus, ab-
errations not only in the activity-dependent gene transcription
program but also in the activity-dependent alternative splicing
program could potentially lead to the hyperexcitability ob-
served in RTT mice. MeCP2 is known to interact not only with
transcriptional regulators but also with splicing factors/regu-
lators, such as YB-1, Prpf3, LEDGF, DHX9, Tra2b, and others
(11, 12, 37, 41, 42). The loss of these interactions due to the
loss of MeCP2 in mutant mice could also explain the aber-
rant splicing we observed in response to neuronal activity.
In support of this view, it was suggested that the aberrant ra-
tios of the flip/flop alternative splicing of AMPAR subunits
in Mecp2-null mice are likely due to the loss of LEDGEF/
MeCP2 interaction (12). Further, it has been shown that re-
duced MeCP2 binding near splice junctions facilitates re-
tention of intron (IR) via reduced recruitment of splicing
factors, such as Tra2b (37).

Because activity-induced modifications of the transcriptome
play a crucial role in regulating neuronal properties and synaptic
plasticity, significant aberrations in the activity-induced tran-
scriptome when MeCP2 function is lost could negatively affect
the structure/function of the neuronal networks. Indeed, our GO
analyses suggest that, upon neuronal activity, several pathways
involved in neuronal properties and synaptic plasticity are af-
fected by the aberrant expression of activity-dependent genes
and alternative splicing events occurred in the MeCP2-mutant
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mice. In addition, accumulating evidence indicates that many of
the genes, which are mutated in autism spectrum disorder, rep-
resent crucial components of the activity-dependent signaling
networks that regulate synaptic plasticity (28, 39, 43, 44). Thus,
aberrations in the activity-dependent molecular program likely
play a fundamental role in the etiology of autism spectrum dis-
orders in general and RTT in particular.
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