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Abstract 12 

The extraordinary diversity of neuron types in the mammalian brain is delineated at the highest 13 

resolution by subtle gene expression differences that may require specialized molecular 14 

mechanisms to be maintained. Neurons uniquely express the longest genes in the genome and 15 

utilize neuron-enriched non-CG DNA methylation (mCA) together with the Rett syndrome 16 

protein, MeCP2, to control gene expression, but the function of these unique gene structures and 17 

machinery in regulating finely resolved neuron type-specific gene programs has not been explored. 18 

Here, we employ epigenomic and spatial transcriptomic analyses to discover a major role for mCA 19 

and MeCP2 in maintaining neuron type-specific gene programs at the finest scale of cellular 20 

resolution. We uncover differential susceptibility to MeCP2 loss in neuronal populations 21 

depending on global mCA levels and dissect methylation patterns and intragenic enhancer 22 

repression that drive overlapping and distinct gene regulation between neuron types. Strikingly, 23 

we show that mCA and MeCP2 regulate genes that are repeatedly tuned to differentiate neuron 24 

types at the highest cellular resolution, including spatially resolved, vision-dependent gene 25 

programs in the visual cortex. These repeatedly tuned genes display genomic characteristics, 26 

including long length, numerous intragenic enhancers, and enrichment for mCA, that predispose 27 

them to regulation by MeCP2. Thus, long gene regulation by the MeCP2 pathway maintains 28 
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differential gene expression between closely-related neurons to facilitate the exceptional cellular 29 

diversity in the complex mammalian brain. 30 

 31 

Main 32 

The development and function of the mammalian nervous system relies on a remarkably diverse 33 

array of cells with distinct functions within circuits. Single-cell transcriptomic studies have defined 34 

a hierarchy of thousands of cell types organized into neuronal versus non-neuronal cells, broad 35 

“classes” such as glutamatergic and GABAergic neurons, dozens of finer resolution “subclasses” 36 

made up of cells with related functions and developmental origins (e.g. somatostatin (SST)- and 37 

parvalbumin (PV)-positive inhibitory interneurons), and hundreds of closely related cell “types” 38 

with putatively distinct functional roles in circuits (e.g. subsets of PV neurons)1. Notably, at the 39 

highest level of resolution, many neuron types emerge in postnatal development, and the 40 

development of distinct genetic programs can be influenced by environmental stimuli2,3. These 41 

types are often distinguished not by unitarily expressed marker genes, but rather through subtly 42 

tuned differences in mRNA expression across numerous genes. The existence of this extreme 43 

diversity derived from small differences in many genes in the late stages of development raises 44 

questions of how the mammalian nervous system can stably maintain transcriptomic differences 45 

across closely related types throughout the lifetime of the organism, and whether specialized gene 46 

regulatory mechanisms are necessary to facilitate this process. Furthermore, while numerous types 47 

can be defined by measuring single-cell gene expression, the functional importance of maintaining 48 

these high-resolution gene expression differences is debated, and it is not clear if disruption of 49 

these subtle differences contributes to dysfunction in disease states.  50 

 51 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2024. ; https://doi.org/10.1101/2024.01.30.577861doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.30.577861
http://creativecommons.org/licenses/by-nc-nd/4.0/


DNA methylation in neurons displays unique characteristics that suggest that this epigenetic mark 52 

supports transcriptomic diversity across cell types4. While all mammalian cells utilize cytosine 53 

methylation at CG dinucleotides (mCG) to control transcription, neurons contain high levels of 54 

non-CG methylation not present in other cell types. Non-CG methylation primarily occurs at CA 55 

dinucleotides (mCA) and accumulates in the early postnatal period until this unique mark accounts 56 

for approximately half the total methylation sites in neurons5. High levels of mCA are a hallmark 57 

of vertebrate neurons, suggesting that this epigenetic mark has a unique role in the development 58 

of complex nervous systems6. Global levels of mCA vary across different brain regions and cell 59 

types, and patterns of mCA across genes display strikingly cell-type-specific patterning7–9, 60 

suggesting an important role in regulating cell-type-specific transcription. Despite these 61 

observations, there have been limited studies to date demonstrating the mechanism and impact of 62 

mCA-mediated gene regulation at the level of individual subclasses or high-resolution cell types. 63 

 64 

The methyl-CpG binding protein 2 (MeCP2) has been identified as a critical reader of mCA, 65 

binding to this mark and canonical mCG to repress transcription. A major target of MeCP2 66 

regulation is long genes (e.g. genes longer than 100 kb) that are embedded in regions of high 67 

mCA10–16. MeCP2 has been shown to control these genes, at least in part, by recruiting the NCoR 68 

co-repressor complex17 and repressing the activity of enhancers12,18, particularly intragenic 69 

enhancers found within introns12,19. Loss or overexpression of MeCP2 leads to subtle but 70 

widespread effects across many genes, suggesting that this protein functions with DNA 71 

methylation to tune transcription in the brain rather than turn genes off and on20,21.  These studies 72 

have revealed mechanisms by which MeCP2 can work with mCA to regulate genes, but how 73 
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MeCP2 reads distinct methylation patterns in each cell type and whether it contributes to 74 

differential gene expression across closely related cell types have not been defined.    75 

 76 

As the major reader of cell-type-specific mCA, loss of MeCP2 might be expected to impact 77 

different genes across distinct brain regions and cell types, and indeed some studies of MeCP2 78 

mutants performed across different brain regions and broad cell classes (e.g. inhibitory and 79 

excitatory neurons) have focused on unique MeCP2 gene targets in each dataset22–24. 80 

Paradoxically, however, other MeCP2 mutant studies have detected sets of dysregulated genes that 81 

overlap across brain regions and cell populations10,13,25. These core MeCP2-repressed genes (those 82 

upregulated in Mecp2-null mutants) are very long genes, with annotations of key functions in 83 

neurons13,26, suggesting that their regulation is critical to nervous system function. How these 84 

genes could be consistently impacted across brain regions and neuron classes despite the cell-type-85 

specific nature of mCA has not been resolved, and the functional significance of this pathway 86 

preferentially targeting long genes is not known. Together, these apparently discordant results 87 

make it unclear if the MeCP2 pathway regulates a core set of genes across all cell types, or if it 88 

defines cell-type-specific gene programs. 89 

 90 

Deciphering the overarching biological impact of the MeCP2 pathway across cell types is critical, 91 

as disruption of this pathway is implicated in multiple neurodevelopmental disorders. Loss of mCA 92 

through mutation of the de novo methyltransferase DNMT3A causes severe neurological 93 

phenotypes in mice, and disruption of DNMT3A itself, or molecular pathways that target 94 

DNMT3A to methylate the neuronal genome, leads to Tatton-Brown-Rahman syndrome and Sotos 95 

syndrome27–30. Furthermore, loss or overexpression of MeCP2 causes Rett syndrome (RTT) or 96 
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MeCP2 duplication syndrome (MDS), respectively31–33. Rett syndrome is typified by postnatal 97 

onset, and the accumulation of mCA and MeCP2 to high levels in the brain during a dynamic 98 

period of postnatal circuit refinement and critical period closure suggests an important role for this 99 

pathway in defining mature circuits in the brain. However, the mechanisms by which disruption 100 

of mCA and MeCP2 drive dysfunction in disease, and whether this pathology arises from broad 101 

dysregulation of a core set of genes across many cell types, or through distinct dysregulation in 102 

each cell type, remains to be determined. 103 

 104 

Here we address these outstanding questions by employing cell-type-specific epigenomic profiling 105 

and spatial transcriptomics to dissect gene regulation by mCA and MeCP2 across neuron 106 

populations. We demonstrate that high mCA cell populations are more susceptible to gene 107 

dysregulation upon loss of MeCP2 than those with low mCA cells and show that megabase-scale 108 

patterns of mCA enrichment drive overlapping enhancer and gene regulation by MeCP2 across 109 

neuron populations, while cell-specific gene body depletion of mCA is linked to differential 110 

MeCP2-mediated repression between populations. Strikingly, we discover that a major function 111 

of these MeCP2 regulatory mechanisms is to stabilize the differential expression of genes that 112 

distinguish neuron types at the highest resolution. We show that long, type-specific genes with 113 

essential roles in neurons are often “repeatedly tuned” between different groups of highly-related 114 

neuron types in distinct subclasses (e.g., types found within distinct inhibitory and excitatory 115 

neuron subclasses), and that these repeatedly tuned genes display DNA methylation patterns and 116 

gene regulatory structures that predispose them to regulation by mCA and MeCP2 across cell 117 

types. We further show that this tuning function for MeCP2 is required to maintain spatially 118 

resolved gene expression patterns that emerge in sublayers of the visual cortex during postnatal 119 
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development. Together, our findings suggest that mCA and MeCP2 in vertebrate neurons is a key 120 

pathway to maintain the extreme cellular transcriptomic diversity required in complex neural 121 

circuits, and implicate disruption of fine-scale gene expression tuning across closely related neuron 122 

types in the pathology of neurodevelopmental disorders. 123 

 124 

Results 125 

Global mCA levels determine the overall impact of MeCP2 in distinct neuronal populations 126 

While major differences in levels and patterns of mCA exist between brain regions and cell types, 127 

the quantitative impact of these differences on MeCP2 gene regulation has not been systematically 128 

explored. We therefore started our investigation of neuron type-specific MeCP2 function by 129 

examining effects of MeCP2 loss across subclasses of neurons with distinct global levels of mCA. 130 

We hypothesized that upon MeCP2 loss, cell populations with high mCA levels should display 131 

more transcriptional dysregulation than those with lower levels of this methyl mark. We utilized 132 

the Isolation of Nuclei Tagged in specific Cell Types methodology (INTACT)9,34 to profile four 133 

neuron subclasses in the cerebral cortex with diverse physiologic functions and varying global 134 

mCA levels8 (Fig. 1a): somatostatin-positive (SST) and fast-spiking parvalbumin (PV) 135 

interneurons, which are enriched for mCA and implicated in Rett-like pathology in mice 35,36; as 136 

well as layer 4 (L4) and layer 5 (L5) excitatory neurons which show low and intermediate levels 137 

of mCA, respectively8 (Extended Data Fig. 1a). We collected nuclei from MeCP2 KO and WT 138 

littermate pairs for RNA-sequencing. Similar numbers of each subclass were isolated between 139 

MeCP2 KO and WT mice (Fig. 1b and Extended Data Fig. 1b), and marker gene expression 140 

validated specificity (Fig. 1c and Extended Data Fig. 1c). To analyze the correlation between mCA 141 

and gene expression effects, we compiled and validated methylomes for each subclass by merging 142 
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single-nucleus methylation data from the 8-week mouse cortex8. Each of these aggregate 143 

methylomes displayed the known anticorrelation between mCA levels in genes and subclass-144 

specific gene expression, validating the concordance between our datasets (Extended Data Fig. 145 

1d,e). 146 

 147 

To interrogate the association between mCA levels and the magnitude of MeCP2 gene regulation 148 

in neuron subclasses, we performed RUVg normalized37 differential expression analysis between 149 

MeCP2 KO and WT cells in each subclass (Fig. 1d). This analysis revealed a clear correlation 150 

between the number of dysregulated genes and mCA levels in each subclass (Fig. 1e,f). Gene 151 

expression studies have revealed subtle sub-significance threshold effects in which MeCP2 152 

generally represses longer genes containing high levels of mCA10,12,15,23, and we find that mCA 153 

levels in each subclass correlate with the effect size for the longest (>100 kb), most highly 154 

methylated genes mCA (top 10% highest methylated) in that subclass (Fig. 1g). We also observed 155 

greater overall spread in gene fold-changes in higher mCA subclasses genome-wide (Extended 156 

Data Fig. 1f). We further assessed the effect on a set of genes identified as MeCP2-repressed across 157 

studies of multiple brain regions13. These “core MeCP2-repressed genes” are long and highly 158 

methylated in all data sets examined to date13 (Extended Data Fig. 1g), and approximately 80% of 159 

these genes are upregulated in any given MeCP2 KO dataset12,13. We find similar correlation 160 

between cellular mCA levels and the magnitude of dysregulation for this gene set (Fig. 1g). Finally, 161 

analysis of bulk RNA-sequencing from brain regions revealed similar correlations between effect 162 

sizes and global levels of mCA (Extended Data Fig. 2a-c). Together, these data indicate that the 163 

level of mCA in distinct populations of neurons correlates with the magnitude of dysregulation 164 

when MeCP2 is lost. Thus, cells with the highest levels of mCA are likely most affected by loss 165 
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of mCA or MeCP2 in disease, and may have the largest influence on pathology of Rett syndrome 166 

and other disorders involving the MeCP2 pathway. 167 

 168 

Regional and gene-specific mCA patterning drive overlapping and distinct regulation by 169 

MeCP2  170 

The nature of the gene programs targeted by MeCP2 has been debated, with some previous studies 171 

of gene expression upon MeCP2 loss emphasizing nonoverlapping dysregulated gene sets across 172 

cell types and brain regions23,24 and others highlighting overlapping gene targets, such as core 173 

MeCP2-repressed genes12,13,38. To address these apparently incongruous findings, we assessed 174 

overlapping and distinct MeCP2 gene regulation between neuronal subclasses and explored 175 

methylation patterns that could drive these effects. This analysis revealed significant shared gene 176 

dysregulation across all comparisons (Fig. 2a-b and Extended Data Fig. 3a). Additionally, we 177 

observed high overlap between the MeCP2-repressed gene list in each subclass and the core 178 

MeCP2-repressed genes previously identified across non-cortical brain regions (Fig. 2a-b). In the 179 

context of this extensive overlap, we did detect genes that are uniquely dysregulated in each 180 

subclass, demonstrating that MeCP2 can mediate distinct as well as overlapping transcriptomic 181 

regulation (Fig. 2a). These findings indicate that across subclasses, a major subset of genes is 182 

predisposed to repression by MeCP2, but that in each subclass, distinct gene regulation can also 183 

occur.   184 

 185 

To understand how DNA methylation drives significant overlapping MeCP2 regulation across 186 

subclasses while also impacting distinct genes in each subclass, we performed integrated analysis 187 

of gene expression effects and DNA methylation patterns across the genome. Tissue-level studies 188 
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have shown that many MeCP2-repressed genes, putative direct targets of repression by the 189 

MeCP2-NCoR complex39,40, are embedded in megabase-scale regions of the genome that 190 

accumulate high mCA. This high regional mCA “set-point” leads to enrichment of mCA within 191 

gene bodies and at enhancers associated with these genes. The enrichment of mCA at enhancers, 192 

particularly intragenic enhancers found inside the gene, is associated with repression by 193 

MeCP212,27. Notably, however, genes can opt-out from high methylation if they are highly 194 

expressed during the early postnatal period, as deposition of gene body histone modifications 195 

associated with transcription can block recruitment of DNMT3A and lead to lower accumulation 196 

of mCA within the gene27,41. While this two-step, regional set-point and gene-specific depletion 197 

patterning mechanism for mCA has been described in brain tissue, the contributions of these steps 198 

to overlapping or distinct gene regulation by MeCP2 in individual neuron subclasses has not been 199 

assessed. We therefore evaluated methylation in and around MeCP2-repressed genes and at 200 

putative enhancers, or candidate cis-regulatory elements (cCREs), previously linked to these genes 201 

by single-cell ATAC-seq of the adult mouse brain42. 202 

 203 

In each subclass, we find that MeCP2-repressed genes are embedded in regions of high mCA 204 

resulting in high gene body and cCRE mCA levels (Fig. 2c,d and Extended Data Fig. 3b,e).  205 

Furthermore, MeCP2-repressed genes in each subclass are long and contain many intragenic 206 

enhancers (Fig. 2e and Extended Data Fig. 3f), which show the highest mCA enrichment of all 207 

elements associated with MeCP2-repressed genes (Extended Data Fig. 3b). Subtle, but significant 208 

mCG enrichment is also present at linked cCREs (Extended Data Fig. 3c,d). In contrast to MeCP2-209 

repressed genes, genes that show a relative reduction in expression upon loss of MeCP2 (“MeCP2-210 

activated” genes) tend to be depleted for methylation at their linked cCREs relative to unchanged 211 
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genes (Fig. 2c and Extended Data Fig. 3b-d), suggesting that these genes escape repression by 212 

MeCP2.  These observations support a model in which regional mCA levels in each cell population 213 

influence enhancer methylation, and mCA levels at these enhancers, particularly intragenic 214 

enhancers, in turn drive the extent of repression by MeCP2. 215 

 216 

If high regional mCA predisposes intragenic enhancers and their target genes to MeCP2-mediated 217 

repression in each cell type, what might prevent genes in high-mCA regions from being repressed 218 

by MeCP2 in some specific subclasses? To address this, we assessed how subclass-specific 219 

methylation profiles vary across regions, gene bodies, and enhancers associated with genes that 220 

are differentially impacted by MeCP2 between subclasses. Comparison of genes that are 221 

significantly repressed in a given cell subclass (“subclass MeCP2-repressed” genes) to genes that 222 

are not significantly repressed by MeCP2 in that subclass but are MeCP2-repressed in other 223 

subclasses (“other-subclass MeCP2-repressed” genes), revealed that gene body and cCRE 224 

methylation was depleted in other-subclass MeCP2-repressed genes relative to subclass MeCP2-225 

repressed genes (Fig. 2f,g). Notably, the strongest signal for differential methylation occurs at 226 

intragenic cCREs linked to MeCP2-repressed genes (Fig. 2f), implicating mCA at these sites as a 227 

major driver of subclass-specific regulation by MeCP2. In contrast, subclass MeCP2-repressed 228 

genes and other-subclass MeCP2-repressed genes show similar regional mCA levels (Fig. 2f,g). 229 

Examination of methylation associated with core MeCP2-repressed genes that escape repression 230 

in each neuron subclass revealed similar mCA patterns (Extended Data Fig. 3g-i). Together, these 231 

results support the model in which regional mCA predisposes genes to MeCP2-mediated 232 

repression, but selective protection from methylation in a given subclass can exclude these genes 233 

from repression to solidify subclass-specific gene expression programs. 234 
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 235 

The observation that high regional mCA for MeCP2-repressed genes is invariant across subclasses 236 

while gene body and cCRE mCA at these genes can be selectively depleted suggests that these two 237 

patterns of methylation may fundamentally differ in their subclass-to-subclass variation genome-238 

wide. Indeed, comparison of 1 kb windows across the genome revealed that intragenic regions 239 

show the greatest degree of variation in mCA between subclasses compared to extragenic regions 240 

(Fig. 2h and Extended Data Fig. 3j). For example, Cacna1i, which is repressed by MeCP2 in PV 241 

cells but not in L5 excitatory cells, is embedded in a region with high mCA in both PV and L5 242 

cells, but the transcribed region and associated cCREs of Cacna1i are lowly methylated in L5 cells 243 

relative to PV cells (Fig. 2i).  Thus, while regional methylation varies widely between different 244 

large-scale regions in the genome, the relative enrichment of mCA for a given region is similar 245 

between subclasses. This cell-type-invariant regional enrichment of mCA explains how MeCP2-246 

repressed genes are found in regions of high mCA in all cell types and therefore predisposed to 247 

MeCP2 regulation. 248 

 249 

MeCP2 represses enhancers from non-cognate cell types to tune gene expression 250 

To investigate the mechanism by MeCP2 and DNA methylation regulate gene expression in an 251 

individual subclass, we next carried out subclass-specific epigenomic profiling. For this analysis, 252 

we focused on PV interneurons, and utilized the INTACT system to assess differential enhancer 253 

activation43 by ChIP-seq analysis of  histone H3 lysine 27 acetylation (H3K72ac). To focus our 254 

analysis on the direct effects of MeCP2, we conducted combined analysis on INTACT-isolated 255 

PV nuclei from MeCP2 KO and MeCP2 overexpression (OE) mice (Fig. 3a) and searched for 256 

reciprocal effects in these mutants. H3K27ac ChIP-seq signal in isolated nuclei displayed strong 257 
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differential signal at genes with PV-specific expression compared to total cortical nuclei, verifying 258 

specificity for PV neurons (Fig. 3b-c).  259 

 260 

Differential analysis of H3K27ac ChIP-seq signal at cCREs in MeCP2 KO and MeCP2 OE PV 261 

nuclei using edgeR44 (Fig. 3d), identified 5078 MeCP2-regulated cCREs. We classified cCREs 262 

significantly increased H3K27ac signal in the MeCP2 KO and decreased H3K27ac signal in the 263 

MeCP2 OE as MeCP2-repressed cCREs, and those significantly affected in the opposite direction 264 

as MeCP2-activated cCREs. Consistent with a role for MeCP2 in enhancer repression in PV 265 

neurons, we found that MeCP2-repressed cCREs are enriched for mCA, mCG, and MeCP2 266 

binding, and are located within genes more than MeCP2-activated cCREs and cCREs not 267 

significantly affected (Fig. 3e and Extended Data Fig. 4a-c). We find that these altered enhancers 268 

are located within and are functionally linked to MeCP2-repressed genes (Fig. 3f). Furthermore, 269 

analysis of all cCREs linked to MeCP2-repressed genes revealed upregulation of H32K7ac signal 270 

in the MeCP2 KO and downregulation of H3K27ac signal in the MeCP2 OE at these sites (Fig. 271 

3g). These results demonstrate enhancer regulation by MeCP2 in PV neurons is directly linked to 272 

control of gene expression within these cells. 273 

 274 

We next interrogated the role of differential enhancer regulation in subclass-specific gene 275 

repression by MeCP2. Consistent with our differential DNA methylation analysis above (e.g., Fig. 276 

2f) we find that intragenic cCREs linked to PV MeCP2-repressed genes are enriched for MeCP2 277 

binding and display robust changes in H3K27ac in MeCP2 mutants, while cCREs linked to other-278 

subclass MeCP2-repressed genes not affected in PV cells display limited MeCP2 binding and 279 

H3K27ac fold-changes (Fig. 3h-i, Extended Data Fig.4d,e). These data suggest that MeCP2 280 
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regulates genes in a subclass-specific manner by reading out enhancer methylation patterns in each 281 

subclass and differentially repressing enhancer activation. 282 

 283 

Cell-type-specific enhancer activation is key to coordinating cell-type-specific gene expression 284 

programs, and DNA methylation may represent a critical mechanism to maintain cell-type 285 

specificity of enhancer activation45,46. We therefore investigated if loss of MeCP2 impacts 286 

repression of enhancers that are not normally highly active in PV neurons. Indeed, visualization of 287 

PV H3K27ac signal at genes and enhancers revealed examples of acetylation changes in regions 288 

with low baseline H3K27ac in wild-type samples that might represent de-repression of cCREs that 289 

are robustly active in other cell types but not normally active in PV neurons (Fig. 3j). Splitting 290 

cCREs into those active in PV neurons (PV-cCREs) in single cell ATAC-seq analysis42 compared 291 

to cCREs not detected as active in these cells (non-PV cCREs) and assessing their characteristics, 292 

we found that non-PV cCREs linked to PV MeCP2-repressed genes display greater methylation, 293 

MeCP2 binding, and H3K27Ac fold-changes than PV cCREs linked to MeCP2-repressed genes 294 

(Fig. 3k and Extended Data Fig. 4f). HOMER analysis47 detected transcription factor motif 295 

enrichment in non-PV MeCP2 repressed cCREs corresponding to transcription factors that are 296 

expressed in PV neurons and play important roles in neuronal cell type diversity (e.g., the ROR 297 

family)7,48 (Extended Data Fig. 4g and Table S1). This suggests that loss of MeCP2 in PV neurons 298 

creates a permissive environment that allows these transcription factors to spuriously activate 299 

enhancers normally kept off in PV neurons by DNA methylation. Together, these findings indicate 300 

that a major target of repression by MeCP2 in PV neurons is enhancers that are most active in 301 

other subclasses, suggesting that downregulation of these enhancers by MeCP2 helps to define 302 

gene expression patterns within specific neuronal populations. 303 
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 304 

The MeCP2 pathway regulates genes that are repeatedly tuned across closely related neuron 305 

types. 306 

Our analyses shed light on the mechanism by which MeCP2 and mCA regulate transcriptional 307 

programs in subclasses of neurons, but the overarching biological function of this unique 308 

regulatory pathway has remained elusive. We therefore examined the functional annotations and 309 

expression patterns of MeCP2-regulated genes we identified in each subclass, searching for 310 

unifying characteristics. Gene ontology analysis of MeCP2-repressed genes identified key 311 

functional annotations of genes that were disrupted across subclasses, including ion channels, cell-312 

adhesion molecules, and extracellular matrix proteins (Fig. 4a and Extended Data Fig. 5a). 313 

Notably, enriched functional categories in each subclass showed substantial overlap, suggesting 314 

that genes that precisely modulate the connectivity and physiology of neuronal types are 315 

commonly fine-tuned by mCA and MeCP2. These genes are important for the physiology in the 316 

neuronal subclasses profiled. For instance, in PV interneurons, we find that sets of ion channel 317 

genes, including Kcnh5 and Kcns1, known to contribute to the firing properties of these 318 

neurons49,50, are repressed by MeCP2. We further noted that genes we detect as MeCP2-regulated 319 

in each subclass are important for defining the functional identities of PV and SST neurons, 320 

including higher resolution neuronal types within these subclasses. These include the metabotropic 321 

glutamate receptor subtype 1 gene Grm1; Lypd6, a modulator of nicotinic receptor function; and 322 

Cdh13, which plays a critical role in maintaining the excitation/inhibition balance within brain 323 

networks51–54. Combined with our findings that without MeCP2, regulatory elements normally low 324 

in activity in a neuronal subclass become activated and drive aberrant gene expression, these 325 
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observations suggest that mCA and MeCP2 are particularly important for regulating genes that are 326 

differentially expressed between subclasses and even higher resolution neuron types.  327 

 328 

To further investigate if MeCP2 regulates genes that define neuron types, we turned to 329 

hierarchically organized single cell RNA-sequencing taxonomy from the primary visual and 330 

anterior lateral motor cortices55. We identified gene sets that distinguish cells at each level of the 331 

hierarchy – starting at genes that distinguish neurons from non-neuronal cells down to those that 332 

distinguish neuronal types within a subclass of neurons. We then assessed the overlap of the gene 333 

sets at each level of this hierarchy with the MeCP2-repressed genes identified in each subclass 334 

(Fig. 4b). Strikingly, we find that MeCP2-repressed genes are enriched for genes that define 335 

differences between closely related cell populations, with substantial overlap for genes that 336 

distinguish subclasses of neurons (e.g., PV vs. SST) and remarkable enrichment of genes that 337 

distinguish types of neurons at the highest resolution within subclasses (e.g., PV types) (Fig. 4b). 338 

This finding is not dependent on performing gene expression analysis with gene lists identified in 339 

specific neuronal subclasses, as we find a similar pattern of overlap with core MeCP2-repressed 340 

genes, as well as MeCP2-repressed genes identified in whole cortex analysis (Extended Data Fig. 341 

5b). Further, enrichment of type-specific genes is also specific to MeCP2 gene regulation, as gene 342 

sets altered in other neurodevelopmental models show overlap with neuronal genes, but do not 343 

show the same preferential enrichment for genes that distinguish neuronal subclasses and types 344 

(Extended Data Fig. 5b).  345 

 346 

We and others have shown that MeCP2 can have subthreshold effects on genes outside of those 347 

detected as significantly dysregulated10,12,13,15. We therefore considered the possibility that beyond 348 
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overlap of gene lists, type-specific genes may be preferentially targeted by MeCP2 as a population. 349 

We assessed the characteristics of type-distinguishing genes to see if they shared features that 350 

predispose them to MeCP2 regulation. Indeed, we find that neuronal type-distinguishing genes 351 

tend to be located in regions of high mCA, are enriched for mCA in their gene bodies, and contain 352 

large numbers of intragenic cCREs that are preferential targets of MeCP2 (Fig. 4c). Thus, neuronal 353 

type-defining genes as a population have characteristics that predispose them to MeCP2 regulation, 354 

supporting the hypothesis that loss of cell-type-specific repression by MeCP2 leads to disruption 355 

of gene expression patterns that differentiate highly related, but distinct neuron types. Finely 356 

resolved types of neurons can arise within subclasses during postnatal development2, and have 357 

recently been shown to have distinct synaptic targets within cortical microcircuits70. Thus, 358 

disruption of these gene programs could contribute to circuit dysfunction in Rett syndrome and 359 

other DNA methylation pathway disorders. 360 

 361 

While these data implicate mCA and MeCP2 in defining type-specific gene programs, they appear 362 

to contradict ample evidence of overlapping target genes for MeCP2 across cell types and brain 363 

regions. How can MeCP2 regulate highly specific gene programs but still consistently impact the 364 

same genes across brain regions and broad cell populations? One explanation for these paradoxical 365 

findings could be that the same groups of genes may be differentially expressed between closely 366 

related neuronal types found within different subclasses and brain regions (e.g., the same 367 

differentially expressed genes are tuned between two types within the PV subclass, and also 368 

between two types within the L5 subclass). Indeed, analysis of type-specific genes across the 369 

subclasses revealed that many genes are in fact differentially expressed between pairs of cell types 370 

within multiple different subclasses, and these “repeatedly tuned” genes occur at rate significantly 371 
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more than would be predicted by chance (Fig. 4d). Notably, the more often a gene is found to be 372 

differentially expressed between types, the longer the gene tends to be and the higher numbers of 373 

intragenic regulatory elements the gene contains (Extended Data Fig. 6a). Furthermore, genes that 374 

are repeatedly tuned tend to be located in regions of high mCA (Extended Data Fig. 6b). Consistent 375 

with these characteristics driving regulation by MeCP2 across many cell types, repeatedly tuned 376 

genes overlap significantly with core MeCP2-repressed genes (Fig. 4e). Together, these analyses 377 

show that genes which are tuned across many closely related neuronal types have genomic 378 

characteristics (long length, many intragenic enhancers, high regional mCA) that predispose them 379 

to come under regulation by the MeCP2 pathway, and suggest that a major function of this pathway 380 

is to regulate differential gene expression between cells at the finest scale of neuronal type 381 

distinctions. 382 

 383 

Spatial transcriptomics reveal high-resolution gene dysregulation resulting from MeCP2 384 

mutation 385 

Given this new evidence implicating mCA and MeCP2 in regulating high resolution differential 386 

gene expression, we sought to extend our study to the highest level of cellular resolution. We 387 

therefore turned to Multiplexed Error Robust Fluorescence In Situ Hybridization (MERFISH)56, a 388 

non-amplification-based RNA quantification approach that would allow us to simultaneously 389 

define cell types, determine their location, and assess changes in gene expression for hundreds 390 

genes with single-cell spatial resolution. We designed a MERFISH gene detection panel that 391 

probed expression of 490 genes, including genes previously employed to identify cell types in 392 

single cell studies of the mouse brain57–59, core MeCP2-repressed genes, the MeCP2 gene itself, 393 

and additional genes detected as repeatedly tuned across neuron types. Finally, we incorporated 394 
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control genes that are short and lowly methylated across cell types, and therefore likely excluded 395 

from regulation by MeCP2 (Table S2). To assess the impacts on gene expression in a highly 396 

controlled, Rett syndrome relevant paradigm, we performed our MERFISH analysis on 8-week-397 

old Mecp2 heterozygous null (MeCP2 KO/+) female mice that model women with Rett syndrome. 398 

Because Mecp2 is an X-linked gene, MeCP2 KO/+ mice (and Rett syndrome patients) contain a 399 

population of cells expressing only the wild-type Mecp2 allele and a population expressing only 400 

the deleted gene. This provides a powerful system to directly compare wild-type (WT) and 401 

knockout (KO) cells within one experiment60 and allowed us to quantify cell-autonomous effects 402 

of MeCP2 loss while controlling for the efficacy of in situ hybridization within the same analyzed 403 

brain section. 404 

 405 

Four coronal sections containing cortex and hippocampus were isolated at ~bregma -3 mm from 406 

three independent MeCP2 KO/+ brains, and imaged on the MERSCOPE platform (Fig. 5a, 407 

Extended Data Fig. 7). After quality filtering and total count per cell normalization, the Seurat 408 

label transfer pipeline61 was used to map each cell to types within a compendium of cell types 409 

defined by single-cell RNA-seq of the cortex and hippocampal formation1 (see methods).  This 410 

yielded 116,387 high-quality, pass-filter cells corresponding to 273 different excitatory, inhibitory, 411 

and non-neuronal cell types (Fig. 5b,c). Independent experiments showed robust reproducibility 412 

in transcript detection, relative gene expression, and co-clustering of cells across replicates 413 

(Extended Data Fig. 7a,b). Locations of cell types within the cortex and hippocampus showed 414 

good correspondence with previously observed distributions1,58 including cortical layer- and 415 

hippocampal subregion-specific localization of excitatory neurons, and cortical layer-specific 416 

distributions of inhibitory neuron types (Fig. 5b). Comparison of our bulk INTACT-RNA-seq data 417 
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to expression measured by MERFISH revealed strong correlations in gene expression levels across 418 

these analysis paradigms (Extended Data Fig. 7c). Relative numbers of distinct cell types and their 419 

expression of key marker genes were also in agreement with published studies1 (Extended Data 420 

Fig. 7d,e).  421 

 422 

To interrogate the effects of loss of MeCP2 by MERFISH, cells were “transcriptotyped” by 423 

counting Mecp2 transcripts detected by probes targeting the sequence of the mRNA deleted in the 424 

knockout allele (Fig. 5d, Extended Data Fig. 7f). This yielded a clear bimodal distribution of 425 

MeCP2 KO (0 counts) and WT (> 1 count) cells that was supported by comparison of MeCP2 426 

count distributions to negative control probes within each MeCP2 KO/+ experiment, as well as 427 

counts of MeCP2 quantified within an entirely wild-type brain (Extended Data Fig. 7f,g). 428 

Pseudobulk Differential Gene Expression (pseudoBulkDGE)62 analysis of KO and WT cells 429 

corresponding to the populations captured in our INTACT RNA-seq showed robust upregulation 430 

of MeCP2-repressed genes we had identified, thus validating that our MERFISH approach could 431 

identify KO and WT cells within the same brain and detect alterations in gene expression 432 

associated with the loss of MeCP2 (Extended Data Fig. 7h). Together these findings indicate that 433 

our MERFISH approach accurately identifies cell types and allows the quantitative assessment of 434 

gene expression in these cells.  435 

 436 

We first assessed spatial distributions of KO and WT cells in the brain to determine if loss of 437 

MeCP2 impacts the overall cellular anatomy of the brain. This analysis revealed broadly similar 438 

locations and patterns of cells between transcriptotypes (Fig. 5e and Extended Data Fig. 7i), 439 

including normal distributions of excitatory and inhibitory neuron subclasses as well as of non-440 
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neuronal cells across cortical layers. These findings are supported by previous histological 441 

analyses63,64 and suggest that loss of MeCP2 has limited impact on the generation or survival of 442 

cell types in the brain during early development, but instead primarily affects gene expression 443 

patterns within postmitotic cell types. We therefore focused additional analysis on changes in gene 444 

expression within the individual cell subclasses and types in the brain, assessing the overall 445 

magnitude of impact of loss of MeCP2 and the effect on type-specific gene expression. 446 

 447 

To further explore the hypothesis that the degree of gene dysregulation in MeCP2 knockout cells 448 

is correlated with the global levels of non-CG methylation, we calculated the average changes in 449 

gene expression for core MeCP2 repressed genes within subclasses of cells and compared these 450 

effects to the global methylation levels previously detected in corresponding subclasses in single-451 

cell methylomic studies of the cortex and hippocampus (Fig. 5f,g)7. This analysis revealed a clear 452 

correlation between the levels of non-CG methylation within neural cells and the upregulation of 453 

MeCP2-repressed genes (Fig. 5g). For example, limited effects were detected in non-neuronal cell 454 

populations and dentate gyrus granule neurons that contain very low levels of non-CG methylation, 455 

while there was robust dysregulation in inhibitory and excitatory populations that contain high 456 

non-CG methylation (Fig. 5f,g). Notably, these effects lead to differential impacts between 457 

hippocampal subregions (e.g., dentate gyrus vs. CA1) and cortical layers (e.g., L2/3 vs. L6b). 458 

These results extend our findings from INTACT analysis (Fig. 1), indicating that when MeCP2 is 459 

mutated in disease, global differences in mCA are likely to drive differential functional disruption 460 

across fine-resolution subregions of the brain. 461 

 462 
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We next utilized our MERFISH dataset to assess dysregulation of repeatedly tuned, type-specific 463 

gene expression upon loss of MeCP2. For this analysis, we examined MeCP2-repressed genes 464 

detected in our MERFISH gene panel that had previously been shown to exhibit differential tuning 465 

across cell types within each subclass in the cortex and hippocampus1. Using WT cells, we 466 

classified these genes as “low” or “high” in each type based on relative expression when compared 467 

to types within the same subclass. We then evaluated the degree of dysregulation detected for these 468 

genes in MeCP2 KO cells compared to WT in pseudoBulkDGE analysis of each type within the 469 

SST, PV, and L5 populations previously assessed by INTACT (L4 cells lacked sufficient diversity 470 

of types to be assessed). This analysis revealed a robust upregulation of “low” genes across neuron 471 

types, while “high” genes were significantly less affected (Fig. 5h).  To broaden our analysis, we 472 

extended this quantification to all neuron types included within larger “neighborhoods” of 473 

subclasses defined within the cortex and hippocampus cellular taxonomy1. We detected similar 474 

effects across these broad families, with MeCP2-repressed genes showing upregulation in neuron 475 

types in which the gene is normally lowly expressed, but showing less upregulation in cell types 476 

in which it is normally well-expressed (Fig. 5i).   477 

 478 

As an orthogonal approach to examine type-specific gene repression by MeCP2, we performed in 479 

situ hybridization by RNAScope analysis in the visual cortex of a subset of genes we identified as 480 

differentially expressed in PV neurons by INTACT-RNA-seq, but that were not well-captured by 481 

the MERFISH approach due to extremely low expression. This analysis revealed an increase in 482 

KO cells positive for joint expression of pairs of genes that are normally mutually exclusive in 483 

their expression across high-resolution PV types (Extended Data Fig. 8), further suggesting a loss 484 

of type-specific repression in MeCP2 KO cells. Together, these findings support the model in 485 
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which genes that are repeatedly tuned across neuron types are often repressed by MeCP2, with this 486 

repression being strongest in neurons in which the gene is normally maintained at low levels of 487 

expression. Upon loss of MeCP2, differential expression of these genes between closely related 488 

types breaks down, likely impacting the functional specialization of types and negatively 489 

impacting circuit function. 490 

 491 

In light of these results identifying a role for MeCP2 in type-specific gene regulation, we sought 492 

to further explore how finely-tuned gene programs may be disrupted upon loss of MeCP2. Recent 493 

high resolution transcriptomic analysis of L2/3 of the primary visual cortex (V1) has revealed 494 

distinct experience-dependent gene programs that emerge in the postnatal period between refined 495 

excitatory neuron types located in superficial, intermediate, and deep sublayers of this layer during 496 

postnatal maturation3. Expression of these genes is implicated in specialization of cells with 497 

distinct higher order visual area projections, and plays a role in the maturation of binocularly 498 

responsive neurons in V1. Given the fine-tuned nature of this gene regulation and the fact that it 499 

is established just before high levels of mCA and MeCP2 fully accumulate, we investigated if this 500 

spatially resolved gene program might be maintained by the MeCP2 pathway. Analysis of the 501 

spatially regulated L2/3 gene sets3 revealed that they are biased toward long gene length, contain 502 

many intragenic enhancers, and are enriched for mCA, suggesting that they are predisposed to 503 

regulation by MeCP2 (Extended Data Fig. 9a). Indeed, these genes significantly overlap with core 504 

MeCP2-regulated genes (Extended Data Fig. 9b).  505 

 506 

To directly interrogate the impact of MeCP2 mutation on these genes, we quantified their 507 

expression across L2/3 of the primary visual cortex in our MERFISH data. This analysis confirmed 508 
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the spatially resolved expression of these genes across wild-type excitatory neurons located in L2/3 509 

(Fig. 6a-c,e and Extended Data Fig. 9c). Consistent with a role for MeCP2 in maintaining 510 

repression of genes that are normally lowly expressed in one cell type but more highly expressed 511 

in closely related cell types, we observed upregulation of deep sublayer genes in upper layer 512 

neurons, where these genes are normally repressed (Fig. 6b-f and Extended Data Fig. 9d). Notably, 513 

we also observed a reduction in expression of superficial sublayer-specific genes in superficially-514 

positioned MeCP2 knockout cells. Together these effects led to an overall loss of reciprocal 515 

expression of deep- and superficial- sublayer specific gene programs in MeCP2 KO cells (Fig. 6f). 516 

Notably, superficial layer genes as a population overlap with core MeCP2-activated genes 517 

(Extended Data Fig. 9b), suggesting that in addition to loss of repression of deep layer genes, 518 

mutation of MeCP2 may consistently impact these genes through loss of cell-type-specific gene 519 

regulatory networks or other activating mechanisms. 520 

 521 

Given the impact of loss of MeCP2 on spatial gene expression programs, we investigated whether 522 

these effects sufficiently impact the transcriptomes of cells to alter classification of neuron types 523 

associated with different sublayers in L2/33. Analysis of excitatory neuron types assigned to L2/3 524 

cells detected types with distinct distributions in superficial, intermediate, and deep sublayers that 525 

are similar to spatially resolved types previously described in these locations3 (Fig. 6g and 526 

Extended Data Fig. 9c). However, consistent with the disruption of superficial gene programs we 527 

observe, the number of neurons identified as superficial neuron types was reduced amongst KO 528 

cells, while a concomitant increase in types normally associated with deeper sublayers was 529 

detected for KO cells higher up in L2/3. Thus, loss of MeCP2 sufficiently alters spatially resolved 530 

gene expression in L2/3 to drive switching of cellular classifications in this region. These changes 531 
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are likely to disrupt functional specialization of these cells associated with their projection 532 

targeting of higher-order visual areas or binocular responsivity. Together, these results indicate 533 

that loss of MeCP2 leads to disruption of sublayer-specific gene programs in L2/3 of the visual 534 

cortex, further supporting a role for the MeCP2 pathway in maintaining critical differential gene 535 

expression between closely related neuron types in the brain and implicating disruption of these 536 

gene programs in Rett syndrome. 537 

 538 

Discussion 539 

The discovery that neurons contain varying levels of mCA and display highly cell-type-specific 540 

patterns of this methylation has opened questions regarding the mechanisms by which this 541 

methylation mediates gene expression in individual cell types and what its overarching function 542 

may be. Our epigenomic and spatial genomic findings in this study, together with previous results 543 

defining the patterning of mCA in the brain12,27,41, suggest a model in which the build-up of mCA 544 

and MeCP2 during the postnatal period establishes a repressive mechanism that helps to maintain 545 

differential expression of genes between closely related subclasses and types of neurons. In this 546 

model, genes that are repeatedly tuned between closely related types tend to be long, contain many 547 

enhancers, and are embedded in genomic regions that accumulate high levels of mCA in all 548 

neurons. These characteristics predispose these genes to repression by MeCP2 such that for neuron 549 

types in which a gene is not highly expressed in the postnatal period, high mCA levels are read out 550 

by MeCP2 to maintain low expression of the gene in that neuron type in the adult brain. In contrast, 551 

high expression of the gene within a neuron type during postnatal maturation will block 552 

accumulation of mCA across the gene and its intragenic enhancers, allowing the gene to escape 553 

repression by MeCP2 and maintain high expression in that type through the lifetime of the 554 
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organism. In this way, the MeCP2 pathway facilitates the maintenance of neuron-type-specific 555 

gene expression patterns in the brain.   556 

 557 

Identifying if there are particular neuronal populations that could be major drivers of nervous 558 

system dysfunction upon mutation of MeCP2 is essential to understanding the nature of pathology 559 

of Rett syndrome and MeCP2 duplication syndrome. Our finding that the amount of mCA within 560 

cell populations and brain substructures dictates the magnitude of gene dysregulation when 561 

MeCP2 is lost, suggests that global mCA levels are an important determinant of the impact of 562 

MeCP2 disruption across the brain. Corroborating this idea, functional experiments assessing PV 563 

and SST neurons (two high-mCA cell types) in MeCP2 mutants have shown these two populations 564 

to be significant contributors to pathologic phenotypes in Rett syndrome mouse models35,65. Our 565 

spatial analyses also underscore the degree to which individual subregions in the brain (e.g. dentate 566 

gyrus versus CA1 in the hippocampus) may be differentially impacted by MeCP2 loss due to 567 

differences in global mCA levels in the cell types that constitute those regions. Notably, disruption 568 

of mCA is implicated in additional disorders including Tatton-Brown Rahman syndrome and Sotos 569 

syndrome, and it is therefore likely that high-mCA cell types and brain structures will be 570 

differentially impacted in these disorders as well. As tools for cell-type-specific targeting and 571 

interventions grow66–68, these analyses can help direct therapeutic approaches for mCA and 572 

MeCP2 pathway disorders aimed at particularly susceptible neuronal classes and brain structures.  573 

 574 

An open question regarding mCA is why some neuronal types have higher mCA levels than others. 575 

Our finding that mCA is read out by MeCP2 to stabilize neuronal type-specific gene expression 576 

may provide a clue as to the significance of these differences. Notably, multiple single-cell 577 
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transcriptomic studies have shown that the high mCA PV and SST interneurons are comprised of 578 

numerous distinct types, while glia and excitatory neurons with very low levels of mCA (e.g., 579 

astrocytes, L4 neurons, dentate gyrus granule neurons) have few to no identifiable types1,55,69. It is 580 

intriguing to consider that the presence of high levels of mCA within a subclass of cells may 581 

facilitate the diversification and stabilization of high-resolution types, and that these neurons in 582 

fact can maintain their diverse transcriptomic states in part because of the robust effects of MeCP2 583 

pathway in these cells.  584 

 585 

Apparently conflicting findings in the field have raised the question of whether MeCP2 regulates 586 

different targets in different cell types22–24 or if there is shared regulation between brain regions 587 

and cell classes13,38. Our finding that mCA and MeCP2 facilitate repeated tuning of genes within 588 

neuron types provides an explanation for these findings: in any given pair of tissues or cell classes, 589 

a portion of the genes will have distinct methylation patterns that lead to differential regulation by 590 

MeCP2. However, MeCP2 represses a large number of repeatedly tuned genes in any subset of 591 

high-resolution neuron types found within each sample analyzed. Upregulation of these genes 592 

within these different types upon loss of MeCP2 can manifest as an overall subtle upregulation of 593 

the entire population of repeatedly tuned genes across samples. Thus, mCA and MeCP2 do impact 594 

a core set of genes across different populations of neurons, but in fact these core genes contribute 595 

to fine-scale tuning in distinct neuron types found within these populations.   596 

 597 

Our epigenomic profiling in PV neurons indicates that MeCP2 controls enhancers in individual 598 

subclasses to regulate gene expression. This extends recent findings in whole tissue that MeCP2 599 

blocks transcriptional initiation by inhibiting enhancer activity10,12. Interestingly, only half of PV 600 
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MeCP2-repressed cCREs are robustly active in PV neurons under normal conditions, while the 601 

remainder show low activity in PV cells with higher activity in other cell types. Neuronal genes 602 

contain a multitude of enhancers that provide different transcriptional instructions in different 603 

types42,71–73. Without MeCP2 repression, the over-activation of cCREs in inappropriate neuron 604 

types appears to drive expression of non-cognate genes and have deleterious effects on that cell’s 605 

physiology.  606 

 607 

Our MERFISH analysis of gene dysregulation in the MeCP2KO/+ brain demonstrates that the mCA 608 

and MeCP2 help to maintain differential gene expression between closely related neuron types, 609 

including spatially segregated gene programs in sublayers of L2/3 in the visual cortex that emerge 610 

during postnatal development. A growing body of literature indicates that neurons undergo 611 

significant transcriptional maturation during the postnatal period, with the full collection of 612 

neuronal types not developing until neurons settle into their mature positions in the cortex and 613 

refine their synaptic inputs2,3,74–76. Developing neurons modulate their characteristics based on 614 

local cues in the early postnatal brain to configure themselves to function in their resident 615 

circuit74,77, including in the visual cortex where experience is required for the emergence of distinct 616 

neuronal gene programs3. After this period of plasticity, neurons must stabilize their properties in 617 

order to maintain functional circuits into adulthood. This process requires fine-tuning 618 

transcriptional programs to control proper expression of genes that encode synaptic proteins 619 

critical to specialized functions. Previous studies have noted that experience can shape neuronal 620 

methylomes across subclasses41. Based on these previous studies and our findings here, we propose 621 

that mCA and MeCP2 accumulate in neurons during the postnatal period to stabilize high-622 

resolution, type-specific differential gene expression after the period of plasticity and 623 
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environmental interaction required to define their identity. This mechanism can thereby provide 624 

epigenetic robustness to the terminal differentiation process while still allowing a period for 625 

functional diversification driven by extrinsic input. When MeCP2 is lost in Rett syndrome neurons, 626 

fluctuations between transcriptomic states in closely related neurons may ultimately lead to circuit 627 

dysfunction. In this way, the MeCP2 pathway may have evolved, at least in part, as a mechanism 628 

to stabilize functional specialization of extraordinarily diverse neuronal types and facilitate the 629 

complexity of the mammalian brain.  630 

 631 

Methods  632 

Mice 633 

All animal protocols were approved by the Institutional Animal Care and Use Committee and the 634 

Animal Studies Committee of Washington University in St. Louis, and in accordance with 635 

guidelines from the National Institutes of Health (NIH). Pvalb-Cre mice (B6.129P2-636 

Pvalbtm1(cre)Arbr/J) and Sst-IRES-Cre mice (Ssttm2.1(cre)Zjh/J) were obtained from The Jackson 637 

Laboratory. Nr5a1-Cre mice (FVB-Tg(Nr5a1-cre)2Lowl/J) were generously shared by the Allen 638 

Brain Institute, and Rbp4-Cre mice (Tg(Rbp4-cre)KL100Gsat) were generously provided by 639 

Bernardo Sabatini (Harvard University) and Yevgenia Kozorovitskiy (Northwestern University). 640 

Each of these Cre lines were crossed with Sun1:GFP mice (B6;129-Gt(ROSA)26Sortm5(CAG-641 

Sun1/sfGFP)Nat/J) obtained from The Jackson Laboratory. MeCP2 knockout mice (B6.129P2(C)-642 

MeCP2tm1.Bird/J) were obtained from The Jackson Laboratory. For PV-Cre, SST-Cre, and Nr5a1-643 

Cre, female heterozygous MeCP2 knockout mice were crossed to Cre:Sun1:GFP mice to generate 644 

hemizygous male knockout mice and wild-type male littermates. For Rbp4-Cre, we noticed 645 

recombination in Rbp4-Cre:Sun1:GFP mice so we crossed Rbp4-Cre to MeCP2:Sun1:GFP 646 
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heterozygous females. MeCP2 overexpression mice (FVB-Tg(MECP2)3Hzo/J) were cryo-647 

recovered from The Jackson Laboratory. Female heterozygous mice (MeCP2Tg3/+) were crossed to 648 

Pvalb-Cre:Sun1:GFP mice to generate hemizygous male transgenic mice (MeCP2Tg3/y) and wild-649 

type male litter mates (MeCP2+/y).  650 

 651 

INTACT 652 

The mouse cortex was quickly dissected in ice-cold homogenization buffer (0.25 M sucrose, 25 653 

mM KCl, 5 mM MgCl2, 20 mM Tricine-KOH) and flash frozen in liquid nitrogen and stored at -654 

80°C. Tissue was thawed on ice in homogenization buffer containing 1 mM DTT, 0.15 spermine, 655 

0.5 spermidine, EDTA-free protease inhibitor, and RNasin Plus RNase Inhibitor (Promega N2611) 656 

at 60 U/mL for RNA experiments. Tissue was minced using razor blades then dounce 657 

homogenized in homogenization buffer using 5 strokes with the loose pestle and tight pestle. A 658 

5% IGELPAL-630 solution was added and the homogenate further dounced 10 times with the tight 659 

pestle. The homogenized sample was filtered through a 40 μm strainer and underlaid with a density 660 

gradient. The sample was then slowly spun at 8,000 g on a swinging bucket rotor and the nuclei 661 

collected from the density interface. Nuclei were then isolated using GFP antibody (Fisher 662 

G13062) and Protein G Dynabeads (Invitrogen 10003D) with all immunoprecipation steps being 663 

performed in a 4°C cold room.  664 

 665 

Nuclear RNA-seq 666 

RNA from SUN1-purified nuclei was extracted using RNeasy Micro Kit (Qiagen) following the 667 

manufacturer’s instructions and sequencing libraries prepared using the Nugen/Tecan Ovation 668 

SoLo RNA-Seq Library Preparation Kit. Libraries for PV samples were sequenced using Illumina 669 
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HiSeq 3000 (GTAC). All other experimental libraries were NextSeq 500 (Center for Genome 670 

Sciences at Washington University). 671 

 672 

Chromatin immunoprecipitation protocol 673 

INTACT isolated nuclei were input into a chromatin immunoprecipitation (ChIP) experiment 674 

following a previously described protocol12,78. ChIP was performed for H3K27ac (0.03 μg; Abcam 675 

ab4729). ChIP libraries were generated using Ovation Ultralow Library System V2 (NuGEN). 676 

Libraries were pooled to a final concentration of 8-10 nM and sequenced using Illumina HiSeq 677 

3000 with GTAC to acquire 15-30 million single-end reads per sample.  678 

 679 

Chromatin immunoprecipitation analysis 680 

Sequenced reads were mapped to the mm9 genome using bowtie2 alignment, and reads were 681 

extended based on library sizes and deduplicated to consolidate PCR duplicate reads. Deduplicated 682 

reads were used to quantify read density normalized by the number of reads per sample and by 683 

read length in basepairs. Bedtools coverage -counts was used to quantify ChIP-seq signal at non-684 

promoter cCREs 42, defined as cCREs greater than 500 bp away from a gene’s transcription start 685 

site (TSS). EdgeR was then used to determine differential ChIP-signal across genotypes. The 686 

nominal p-values from edgeR were then combined using the Fisher method (log-sum) and were 687 

Benjamini-Hochberg corrected. Acetyl peaks with a combined q-value < 0.1, and a log2 fold-688 

change > 0 in the KO and a log2 fold-change < 0 in the OE were called MeCP2-repressed peaks, 689 

while peaks with a combined q-value < 0.1, and a log2 fold-change < 0 in the KO and a log2 fold-690 

change > 0 in the OE were called MeCP2-activated peaks. For plots of the log2 H3K27ac fold-691 
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change of cCREs, H3K27ac ChIP signal was calculated for 1500 bp windows centered at the 692 

middle of each cCRE before calculating the log2 H3K27ac fold-change through edgeR. 693 

 694 

 695 

RNA sequencing analysis 696 

RNA sequencing analysis was performed as previously described12. Briefly, raw FASTQ files 697 

were trimmed with Trim Galore and rRNA sequences were filtered out with Bowtie. Remaining 698 

reads were aligned to mm9 using STAR79 with the default parameters. Reads mapping to multiple 699 

regions in the genome were then filtered out, and uniquely mapping reads were converted to BED 700 

files and separated into intronic and exonic reads. Finally, reads were assigned to genes using 701 

bedtools coverage -counts80.  702 

 703 

For gene annotation we defined a “flattened” list of longest transcript forms for each gene, 704 

generated on Ensgene annotations and obtained from the UCSC table browser. For each gene, 705 

Ensembl IDs were matched up to MGI gene names. Then, for each unique MGI gene name, the 706 

most upstream Ensgene TSS and the most downstream TES were taken as that gene’s start and 707 

stop. Based on these Ensembl gene models, we defined TSS regions and gene bodies. Exonic reads 708 

were filtered for non- and lowly-expressed coding genes (minimum of 5 counts across samples) 709 

and then DESeq281 performed using adaptive shrinkage. To enable comparisons across cell types 710 

we used RUVg to normalize data from each cell type on “in silico” defined negative control genes. 711 

These were determined using RUVg recommendations as unaffected genes (bottom 5% in 712 

significant change) in KO to WT comparisons shared across all cell types. Significantly MeCP2-713 
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repressed genes were those that had a DESeq adjusted p-value < 0.1 and log2 fold-change > 0, 714 

while MeCP2-activated genes had DESeq adjusted p-value < 0.1 and log2 fold-change < 0. 715 

 716 

Methylation analysis 717 

Pseudo-bulk methylomes for L4, L5, PV, and SST cells were obtained by pooling single-cell 718 

methylation data from publicly available data8. The pseudo-bulk methylomes were then lifted over 719 

from mm10 to mm9. The methylation level for an element was assessed by dividing the total 720 

number of reads mapping to Cs that supported mC by the total coverage in that region, using 721 

bedtools map -o sum. Gene body methylation was calculated using the region 3 kb downstream of 722 

the TSS to the TES. Regional methylation for a gene was calculated using the region 10 kb to 210 723 

kb upstream of the TSS and the region 200 kb downstream of its TES, removing the signal from 724 

genes overlapping these regions. In Extended Data Figure 3E, methylation levels were calculated 725 

for topologically associating domains (TADs). The Arrowhead algorithm was used to identify 726 

these TADs from Knight-Ruiz normalized contact matrices as previously described82 from mouse 727 

cortical neurons83. TAD/cCRE methylation correlations were calculated by first intersecting TADs 728 

with cCREs. For a given TAD-cCRE pair, the TAD methylation signal was calculated by 729 

subtracting the methylation signal of the cCRE from the methylation across the entire TAD 730 

region12,27. 731 

 732 

 733 

Candidate cis-regulatory elements (cCREs) 734 

Candidate cis-regulatory elements (cCREs) and their linkages to genes were identified through 735 

chromatin co-accessibility analysis and RNA expression correlation analysis by the BRAIN 736 
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Initiative Cell Census Network (BICCN)42. The coordinates of these cCREs were lifted over from 737 

mm10 to mm9 using the UCSC LiftOver tool.  738 

cCREs most robustly regulated by MeCP2 were identified by combining analysis of H3K27ac 739 

ChIP-seq signal in cCREs in MeCP2 KO and MeCP2 OE PV nuclei. Nominal p-values and fold-740 

changes were calculated for the cCREs using edgeR. The p-values were combined using the Fisher 741 

method (log-sum) and were Benjamini-Hochberg corrected. cCREs with a combined adjusted p-742 

value ≤ 0.1, log2 fold-change > 0 in the MeCP2 KO, and log2 fold-change < 0 in the MeCP2 OE 743 

were considered MeCP2-repressed cCREs. cCREs with a combined adjusted p-value ≤ 0.1, log2 744 

fold-change < 0 in the MeCP2 KO, and log2 fold-change > 0 in the MeCP2 OE were considered 745 

MeCP2-activated cCREs. 746 

 747 

Motif analysis 748 

Transcription factor motif enrichment analysis was performed using HOMER47 on cCREs using 749 

the following parameters: findMotifsGenome.pl input.bed mm10 output -size 200 -len 8. 750 

 751 

Controlled resampling 752 

A similar resampling approach was used as previously described12. Briefly, for every entry in a 753 

sample set (e.g., MeCP2-repressed genes), an entry in the control set (e.g., all other genes) with a 754 

similar desired characteristic (e.g., expression) was selected, generating a control set of the same 755 

size and variable distribution as the sample set. 756 

 757 

Tissue preparation for RNAScope 758 
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MeCP2KO/+ female mice at 8 weeks of age were perfused with ice-cold saline. The brain was 759 

removed and placed in an embedding mold (Peel-A-Way, Sigma-Aldrich) filled with a 760 

cryoprotective embedding medium (O.C.T. compound, Fisher Scientific), which was flash frozen 761 

in an isopentane bath that was pre-cooled in liquid nitrogen. Tissue was stored at −80°C for up to 762 

3 months. The night before slicing, the brain was placed in a −20°C freezer and allowed to 763 

equilibrate to −20°C. The day of slicing, it was placed in a pre-cooled cryostat. All chambers and 764 

tools were cleaned with RNase Away (Thermo Scientific) and 70% ethanol. Slices were cut 765 

coronally at 12-14 μm with the mouse visual cortex collected using Allen Brain Atlas Mouse P56 766 

Coronal as reference. Slides were stored at -80°C in a slide box wrapped in plastic and used within 767 

two weeks.  768 

 769 

RNAScope in situ hybridization 770 

Prior to starting the experiment, all tools and surfaces were cleaned with RNase Away. Standard 771 

protocol from ACDBio for fresh-frozen tissue was performed. Brain slices were fixed in 4% PFA, 772 

dehydrated using increasing ethanol concentrations, and then treated with Protease IV. Probes 773 

were warmed to 40°C and then mixed and added to the tissue for 2 hours at 40°C in an RNAScope 774 

hybridization oven. Amplification reagents were then applied followed by Round 1 fluorescent 775 

probes (T1-T4) and DAPI. Imaging was performed for the first round and then the slide inserted 776 

into 4X saline sodium citrate (SSC) for at least an hour until the coverslip could easily slide off 777 

the slide, with great care taken to not damage the tissue. 10% cleaving solution was then applied 778 

to cleave Round 1 fluorophores. After washing, Round 2 fluorophores (T5-T8) were added and 779 

the sample imaged. This process was repeated to image the final four probes T9-T12. Imaging was 780 

performed on Zeiss AxioImager Z2 using 40X objective. 10-12 z stacks with 1 um spacing were 781 
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obtained. Images were analyzed using FIJI with cell outlined using DAPI signal. Probe images 782 

were then manually thresholded to remove background and quantification of puncta was 783 

performed. Downstream analysis was performed using custom R scripts. 784 

Tissue preparation for MERFISH 785 

To obtain fresh frozen tissue, 8–10-week-old MeCP2KO/+ female mice were anesthetized with 786 

ketamine/xylazine and perfused with 1x phosphate buffer saline, pH 7.4 (Gibco). The brain was 787 

quickly extracted from the cranium, placed in an embedding mold (Peel-A-Way, Sigma-Aldrich) 788 

containing O.C.T., and flash-frozen by placing the mold over an isopentane bath chilled with liquid 789 

nitrogen. The frozen O.C.T. compound block containing the brain was stored in -80°C until 790 

cryosectioning. 791 

10 μm-thick coronal tissue sections were prepared from the O.C.T. compound-embedded brain 792 

using a cryostat (Leica CM1860). Tissue sections were mounted onto specialized MERSCOPE 793 

slides (Vizgen, PN 20400001), fixed with 4% paraformaldehyde following the Vizgen protocol 794 

and maintained in 70% ethanol in a sealed petri dish until gene probe hybridization. 795 

MERFISH probe hybridization 796 

Hybridization of the tissue to gene probes for MERFISH was performed according to instructions 797 

provided by Vizgen. Briefly, after aspiration of the 70% ethanol, the 10 μm-thick tissue section 798 

mounted onto the MERSCOPE slide was washed with Sample Prep Wash Buffer (Vizgen, PN 799 

20300001) and Formamide Wash Buffer (Vizgen, PN 20300002) while placed in the petri dish, 800 

and incubated at 37°C for 30 min in a benchtop incubator (INCU-Line, VWR). The Formamide 801 

Wash Buffer was then aspirated, and 50 μL of a custom-designed MERSCOPE gene panel mix 802 

was delivered onto the tissue section. A 2 × 2 cm piece of Parafilm M (Fisher Scientific) was 803 

carefully placed onto the tissue so that the gene panel mix was evenly spread across the tissue and 804 
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no bubbles were introduced between the tissue and the film. The petri dish was closed with a lid 805 

and sealed with Parafilm M, sterilized with 70% ethanol, and placed in a humidified benchtop 806 

incubator (INCU-Line, VWR) set at 37°C for 36–48 h. 807 

Gel embedding and tissue clearing 808 

After gene probe hybridization, the tissue was washed twice with Formamide Wash Buffer and 809 

incubated at 47°C for 30 min after each wash, followed by an incubation in Sample Prep Wash 810 

Buffer for at least 2 min. A gel embedding solution was prepared by combining 5 mL Gel 811 

Embedding Premix (Vizgen, PN 20300004), 10% w/v ammonium persulfate solution (25 μL), and 812 

2.5 μL N,N,N’,N’-tetramethylethylenediamine. 50 μL of the gel embedding solution was pipetted 813 

onto the tissue, and a 20-mm coverslip (Deckgläser) was slowly placed on top of the solution after 814 

cleaning the coverslip with RNAse AWAY (Molecular BioProducts) and 70% ethanol and coating 815 

the facing-down side of the coverslip with Gel Slick Solution (Lonza). The tissue was incubated 816 

at room temperature for 1.5 h to allow the gel to polymerize. After polymerization of the gel, the 817 

tissue was incubated in 5 mL of a clearing solution comprising Clearing Premix (Vizgen, PN 818 

20300003) and 50 μL Proteinase K (New England BioLabs) at 37°C in a humidified benchtop 819 

incubator until the tissue was cleared. 820 

MERFISH imaging 821 

After clearing, the tissue was photobleached for 3 h in a MERSCOPE photobleacher for 822 

background autofluorescence quenching. The gel-embedded tissue was then washed with Sample 823 

Prep Wash Buffer (Vizgen, PN 20300001) and incubated in Vizgen’s DAPI and PolyT Staining 824 

Reagent (PN 20300021) for 15 min, followed by consecutive washes with Formamide Wash 825 

Buffer and Sample Prep Wash Buffer. An imaging activation mix was prepared by adding RNAse 826 

inhibitor (100 μL, New England BioLabs) to 250 μL Imaging Buffer Activator (VIZGEN, PN 827 
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203000015). The imaging activation mix was carefully added to a thawed MERSCOPE Imaging 828 

Cartridge via the Cartridge Activation Port, and the fluidics system of the MERSCOPE instrument 829 

was primed according to the manufacturer’s instructions. The MERSCOPE slide with the gel-830 

embedded, hybridized tissue was then attached to the MERSCOPE flow chamber following the 831 

manufacturer’s instructions. High-magnification imaging of the tissue was performed according 832 

to on-screen instructions following selection of the applicable gene panel-specific MERSCOPE 833 

codebook, acquiring a 10x mosaic DAPI image, and selection of the imaging area. 834 

MERFISH data pre-processing 835 

Cell segmentation was performed through the Watershed algorithm, as previously 836 

described84. DAPI images were used as the seeds and PolyT signals were used to identify cell 837 

boundaries. To remove cell segmentation artifacts in our MERFISH data, we filtered out cells with 838 

volumes less than 100 μm3 or more than three times the median volume of cells in each experiment, 839 

in accordance with previous work58. We further selected for high quality cells by removing those 840 

with less than 300 total RNA counts. To focus our analyses on the cortex and hippocampus, we 841 

used MERSCOPE’s data visualization software Vizualizer to identify cells located in those regions 842 

and filter our remaining cells from our analysis.  843 

The R package Seurat61 was used to further process and analyze our MERFISH data. The 844 

cell-by-gene matrix of cortical and hippocampal cells in each MERFISH experiment was 845 

converted into a Seurat object. RNA counts were normalized using the SCTransform method85. To 846 

facilitate joint analyses of all our MeCP2 KO/+ MERFISH experiments, we integrated the MeCP2 847 

KO/+ Seurat objects together using Seurat’s FindIntegrationAnchors and IntegrateData functions. 848 

UMAP analysis86 was performed on the integrated Seurat object for visualization of cell clusters 849 

across all our MeCP2 KO/+ experiments.  850 
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MERFISH cell type classification 851 

 Cell types in our MERFISH experiments were identified using a single-cell RNA-seq 852 

dataset of the mouse cortex and hippocampus1 as a reference dataset. The cell-by-gene matrix of 853 

this reference dataset was transformed into a Seurat object, after which cells with the fewest 854 

number of detected genes (<10th percentile) or the greatest number of detected genes (>90th 855 

percentile) were filtered out. The Seurat object was normalized by SCTransform85. The Seurat 856 

object was then input into Seurat’s label transfer functions as the reference dataset and our 857 

MERFISH Seurat objects were input as query datasets, allowing us to label the neuron types in 858 

our MERFISH experiments by projecting the PCA structure of the reference dataset onto the query 859 

dataset. Broader levels of classification (e.g. subclass, neighborhood, class) were determined by 860 

matching the type label to associated broader classification labels from the scRNA-seq reference 861 

dataset’s metadata. To focus on cells that Seurat labeled more confidently, we selected cells with 862 

Seurat prediction scores greater than 0.2. 863 

MERFISH Transcriptotyping 864 

 We transcriptotyped cells (i.e., identified cells as MeCP2 KO or MeCP2 WT) by examining 865 

the distribution of Mecp2 SCTransform-corrected counts in each MERFISH MeCP2 KO/+ 866 

experiment, reasoning that WT and MeCP2 KO cells would show different distributions. We 867 

searched for an Mecp2 count cutoff that would allow us identify a comparable number of MeCP2 868 

KO and WT cells. Furthermore, to increase our confidence in assignment of WT cells, we used a 869 

Mecp2 count cutoff that is higher than the counts of negative control blank probes in 99% of all 870 

cells, as blank probes do not target RNA. We also examined the distribution of Mecp2 counts in 871 

an independent MERFISH experiment carried out on wild-type brain to see if we would capture 872 

most WT cells using our Mecp2 count threshold defined in our MeCP2 KO/+ MERFISH 873 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2024. ; https://doi.org/10.1101/2024.01.30.577861doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.30.577861
http://creativecommons.org/licenses/by-nc-nd/4.0/


experiments. Through this analysis, we labeled cells with less than 1 SCTransform-corrected count 874 

as MeCP2 KO and cells with greater than 1 SCTransform-corrected count as WT (See Extended 875 

Data Fig. 7f). 876 

MERFISH type-specific gene expression analyses 877 

To quantify fold differences in gene expression between WT and MeCP2 KO cells, we 878 

summed raw RNA counts of each gene across all cells of each type or subclass using the 879 

pseudobulkDGE function of the R package scran62. Experiment ID was used as a blocking variable 880 

to account for differences in RNA counts between experiments. 881 

To investigate cell-type-specific gene expression responses to MeCP2 disruption, we 882 

selected genes previously identified as differentially expressed between neuron types at the highest 883 

level of resolution in cortical and hippocampal cells1. We identified a gene as “high” in a type if it 884 

was more highly expressed in that type relative to another type within the same subclass and if it 885 

was more highly expressed in that type than the median expression of all genes in that type’s 886 

subclass. Conversely, we identified a gene as “low” in a type if it was less expressed in that type 887 

relative to another type within the same subclass and if it was less highly expressed in that type 888 

than the median expression of all genes in that type’s subclass. We plotted the gene expression 889 

log-fold-changes of these genes to determine whether there is type-specific de-repression of genes 890 

(Fig. 6h). For analysis of neighborhoods (Fig. 6i), this analysis was performed for all types within 891 

each subclass and then all type-specific genes within subclasses found in each neighborhood were 892 

analyzed in aggregate. 893 

 894 

MERFISH analysis of visual cortex 895 
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 To analyze cells in primary visual cortex and interrogate sublayer gene expression patterns, 896 

the primary visual cortex was first identified by using the SHARP-Track image analysis 897 

package87,88 to register the MERFISH imaged sections to the Allen Common Coordinate 898 

Framework89. For further analysis of L2/3, this region was defined by using (Ccbe1) and L4 (Rorb) 899 

marker gene expression together with nuclear density as guides to dissect layers. To divide cells 900 

in L2/3 of V1 into sublayer depth quintiles, we first calculated a normalized depth value for each 901 

cell: in each experiment, we identified a reference set of cells on the upper boundary of L2/3 and 902 

query set of MeCP2 WT or KO cells in L2/3 of V1. For each query cell, we then calculated the 903 

minimal Euclidean distance between the center of the query cell and the centers of all reference 904 

cells. The normalized depth value for each query cell was then calculated by dividing the query 905 

cell’s minimal Euclidean distance by the greatest of these minimal Euclidean distances among all 906 

query cells, such that the shallowest query cell would have a normalized depth value of 0 and the 907 

deepest query cell would have a normalized depth value of 1. We then divided the cells into 908 

quintiles of sublayer depth based on their normalized depth values and carried out quantification 909 

of gene expression changes by cell type mapping and pseudobulkDGE analysis as described above. 910 
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Fig. 1. Neuron subclass-specific analysis of global mCA levels and gene dysregulation in the MeCP2 KO. a, Four neuron subclasses from the 
cerebral cortex with varying levels of mCA were selected for gene expression analysis in MeCP2 KO using the INTACT nuclear isolation system. b, 
Number of nuclei isolated by INTACT for KO and WT animals for each population profiled. No significant differences in numbers of nuclei isolated 
were detected. c, Genome browser view of RNA-seq data for MeCP2 WT and KO in each population. Marker genes Rspo1, Dkk3, Pvalb, and Calb2 for 
each subclass profiled (L4, L5, PV, and SST, respectively) shown to the left. Example MeCP2-repressed gene for each subclass is highlighted with a box 
(Efna5 – L4, Col5a1 – L5, Gfra1 – PV, Col4a2 – SST). d, Overview of analysis workflow of differential gene expression analysis for INTACT-RNA-
seq. e. Heatmap of per replicate fold-changes MeCP2 KO/WT of significantly down-regulated genes (blue) and up-regulated (red) genes identified in 
each subclass with total number of genes shown. f, Scatter plot of the number of significantly dysregulated genes identified in each subclass plotted vs 
average mCA level in that subclass. g, Scatter plot of mean fold-change of long (greater than 100 kb), highly methylated (top decile of mCA) genes (left) 
and core MeCP2-repressed genes (right) vs. average mCA level for all genes in each subclass. n=4 biological replicates for PV, SST, L4, and L5 RNA-
seq. 
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Fig. 2. Overlapping and distinct regulation of genes across neuronal populations by MeCP2 is associated with regional and gene-specific mCA 
patterns. a, Heatmap of fold-changes for overlapping and unique significantly dysregulated genes in each neuronal subclass.  Core MeCP2-repressed 
(MR) genes marked in black below. b, Significance of overlap of MeCP2-repressed genes in each subclass and core MeCP2-repressed genes from 
multiple datasets. P-values are calculated by two-sided Fisher’s exact test. c, Left: aggregate mCA/CA levels for MeCP2-regulated genes identified in 
L4, L5, PV, and SST neurons. Mean mCA/CA is reported for 1 kb bins. “Metagene’’ refers to 50 equally sized bins within gene bodies. Right: aggregate 
mCA/CA levels centered at cCREs linked to MeCP2-regulated genes in L4, L5, PV, and SST neurons. Mean mCA/CA is reported for 100 bp bins. Gray 
rectangle = 700 bp, ~ median length of all cCREs. d, Number of MeCP2-repressed genes found in each decile of genes sorted by regional mCA level. 
Regional mCA for each gene is calculated as mCA/CA for the region 10 kb to 210 kb upstream of the TSS and the region 200 kb downstream of its TES, 
removing the signal from genes overlapping these regions. Enrichment (log2 odds ratio) of MeCP2-repressed genes in each decile shown above each 
count for each decile. e, Number of intragenic cCREs inside MR genes identified in L4, L5, SST, and PV neurons and expression-resampled controls. 
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The center line is the median. Each box encloses the first and third quartile of the data. The whiskers extend to the most extreme values, excluding outliers 
which are outside 1.5 times the interquartile range. ****p < 0.0001 two-sided Wilcoxon rank-sum test. f, Heatmap of mCA/CA enrichment in regions, 
gene bodies, and linked cCREs of other-subclass MR genes over those of subclass MR genes, colored by the log10 two-sided Wilcoxon rank-sum p-
value. Numbers in the tiles represent the ratio of median mCA/CA of elements associated with subclass MR genes to the median mCA/CA of elements 
associated with other-subclass MR genes. g, Aggregate mCA/CA levels at gene bodies (left) and linked cCREs (right) of L5 MR genes, other-subclass 
MR genes, and unchanged genes. h, Top: density plot of mCA/CA ratio between PV and L5 neurons in 1 kb extragenic regions, intragenic regions, and 
regions centered at intragenic cCREs. Bottom: heatmap of standard deviation mCA/CA ratios between pairs of subclasses among L4, L5, PV, and SST 
neurons. i, Left: genome browser view of PV (top) and L5 (bottom) mCA/CA at Cacna1i, a gene repressed by MeCP2 in PV neurons but not in L5 
neurons. Right: regional, gene body, and intragenic linked cCRE mCA levels of Cacna1i in PV (top) and L5 (bottom) neurons. Numbers on top of bars 
are the mCA/CA levels of each group. 
DNA methylation data were compiled from previously published single-cell methylomic analysis7, see methods. RNA-seq data are from INTACT 
analysis described in Figure 1, n=4 biological replicates per genotype per cell type.  
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Fig. 3.  Dysregulation of cell-type-specific high mCA enhancers in MeCP2 knockout parvalbumin positive interneurons. a, Schematic of INTACT 
isolation and H3K27ac ChIP-seq profiling of PV MeCP2 wild-type (WT), MeCP2 knockout (KO), and MeCP2 overexpression (OE) neurons. b, Genome 
browser views of H3K27ac ChIP-seq signal in cortical (total) and PV nuclei at Slc7a7, a gene expressed in excitatory neurons, and Pvalb, a marker gene 
for PV neurons. Location of cCREs and genes shown at bottom. c, Log2 H3K27ac fold difference between PV and total nuclei for the same genetic 
background (MeCP2 WT, MeCP2 KO, or MeCP2 OE) at promoters and linked cCREs of the top 100 genes enriched for expression in PV neurons (log2 
gene expression difference (PV/excitatory) > 0, PV RPKM >= 10, FDR-adjusted p-value <= 0.01, ordered by log2 fold difference) and the top 100 genes 
enriched in excitatory (Exc) neurons (log2 gene expression fold difference (excitatory/PV) > 0, Exc RPKM >= 10, FDR-adjusted p-value <= 0.01, ordered 
by log2 fold difference). The genes were identified from previous differential gene expression analysis of PV and excitatory genes52. ****p < 0.0001 
two-sided Wilcoxon rank-sum test. Violin plots were made after excluding outliers which are outside 1.5 times the interquartile range of the data. d, 
H3K27ac fold-changes for cCREs identified as significantly dysregulated for H3K27ac ChIP-seq signal in PV neurons isolated from MeCP2 KO and 
MeCP2 OE mice (FDR-adjusted p-value ≤ 0.1). MR = MeCP2-repressed; MA= MeCP2-activated. e, Boxplot of PV mCA/kb in MeCP2-repressed (MR), 
MeCP2-activated (MA) and all other cCREs. ****p < 0.0001 two-sided Wilcoxon rank-sum test. f, Quantification of enrichment of MeCP2-regulated 
cCREs to be located inside (intragenic) or linked to MeCP2-regulated genes by co-correlation analysis42 or both. Median significance (log10 p-value 
from two-sided Fisher’s exact test, color) and enrichment (log2 odds ratio, number) are shown for cCREs associated with MeCP2-regulated genes 
compared to cCREs associated with expression-resampled genes. g, Log2 H3K27ac fold-change for cCREs located inside of, and linked to, PV MR 
genes or unchanged genes in PV MeCP2 KO and MeCP2 OE. ****p < 0.0001 Two-sided Wilcoxon rank-sum test. h, Left: overlaid PV MeCP2 WT, 
MePC2 KO, and MeCP2 OE H3K27ac ChIP-seq tracks in the PV MeCP2-repressed gene Srgap1 (top) and an other-cell-type MeCP2-repressed gene 
Syt13 (bottom). The inset shows cCRE-containing regions with changes in H3K27ac upon MeCP2 perturbation. Right: log2 H3K27ac fold-change PV 
MeCP2 KO and MeCP2 OE and PV mCA/CA of cCREs inside and linked to Srgap1 or Syt13. The expression of Syt13 is not affected in PV neurons and 
it does not show enrichment of mCA or alterations in histone acetylation at its associated cCREs. i, Log2 H3K27ac fold-change of cCREs inside and 
linked to PV MR genes, other-cell-type MR genes, or unchanged genes in PV MeCP2 KO and MeCP2 OE. *p < 0.05, ****p < 0.0001 Two-sided 
Wilcoxon rank-sum test. j, Genome browser view of H3K27ac ChIP-seq at the Ptprg gene in PV wild-type, MeCP2 KO, and MeCP2 OE. Gray bars are 
all cCREs while black bars are intragenic, cCREs linked to the gene. Inset shows region containing non-PV cCREs with changes in H3K27ac ChIP-seq 
signal in MeCP2 KO and MeCP2 OE relative to wild-type. Blue highlights are examples of non-PV cCREs called as significantly dysregulated upon 
MeCP2 perturbation. k, PV mCA/CA (left) and log2 H3K27ac fold-change in PV MeCP2 KO and MeCP2 OE (right) of PV and non-PV cCREs located 
inside of, and linked to, unchanged genes or PV MR genes. ***p < 0.001, ****p < 0.0001 two-sided Wilcoxon rank-sum test. 
n=3 biological replicates for PV WT, MeCP2 KO, and MeCP2 OE H3K27ac ChIP-seq. n=2 biological replicates for Total WT, MeCP2 KO, and 
MeCP2 OE H3K27ac ChIP-seq. For all boxplots, the center line is the median. Each box encloses the first and third quartile of the data. The whiskers 
extend to the most extreme values, excluding outliers which are outside 1.5 times the interquartile range. 
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Fig. 4. MeCP2 regulates genes that are repeatedly tuned across closely related neuronal types. a, Gene Ontology analysis of significantly 
dysregulated genes in each subclass from INTACT analysis shows enrichment for synaptic proteins, channels, and other factors important for neuronal 
cell type function. Top Molecular Function terms with overlap between cell types are shown. Gene ratio (percentage of total DEG in given GO term) and 
Benjamini-Hochberg adjusted p-value shown. b, Top: schematic of gene overlap analysis of MeCP2-repressed genes with gene sets distinguishing 
neuronal populations at different levels of hierarchical taxonomy previously generated from single cell transcriptomic data55. Bottom: odds ratio and 
significance of overlap between MeCP2-repressed genes identified in each neuron subclass and genes differentially expressed at each level of the 
hierarchy. P-value determined by two-sided Fisher’s exact test. NA shown for L4, because this subclass does not contain any defined types in the cellular 
taxonomy analyzed. c, Left, mCA enrichment analysis of regions, gene bodies, and intragenic-linked cCREs for genes that distinguish neuronal types 
within L5, PV, and SST subclasses. Enrichment relative to expression resampled control gene sets is shown numerically, significance is indicated by 
color. Right, quantification of number of intragenic enhancers and gene length for these neuron-type-specific genes. The center line of each boxplot is 
the median. Each box encloses the first and third quartile of the data. The whiskers extend to the most extreme values, excluding outliers which are 
outside 1.5 times the interquartile range. ****p < 0.0001 two-sided Wilcoxon rank-sum test d, Percentage of genes found to be differentially expressed 
between closely related neuron types in one or more pairwise comparisons of types within L5, PV, and SST subclasses. Values shown for true type-
specific genes and for expression-matched, resampled control genes. e, Repeatedly tuned neuron type-specific genes significantly overlap with core 
MeCP2-repressed genes.   
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Fig. 5. Spatial transcriptomic analysis of the Rett syndrome mouse model reveals region- and neuron type-specific gene dysregulation. a, Left: 
transcripts detected (colored dots) by MERFISH for an example MeCP2 KO/+ coronal section. Right: brain regions in the coronal plane, as defined in 
the Allen Mouse Brain Atlas, were identified using SHARP-Track87,88. Scale bar = 1 mm. b, Spatial map of glutamatergic, GABAergic, and non-neuronal 
cells in a representative MeCP2 KO/+ MERFISH experiment. Colors indicating cell types correspond to legend in c. c, Top: UMAP representation of all 
pass-filter cells identified in MeCP2 KO/+ MERFISH experiments (n=4 imaged sections from 3 biological replicates). Cells colored by type assigned by 
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Seurat label transfer using the reference mouse cortical and hippocampal scRNA-seq compendium1. Bottom: legend showing neighborhoods, subclasses, 
and types of cells detected. d, Left: example images of cortex from MeCP2 KO/+ mice showing expression of MeCP2 (red) and L4 marker Rorb+ (top) 
or Pvalb (bottom) transcripts. Scale bar = 1 mm. Right: zoom views show examples of cell segmentation and transcripts detected for WT and KO 
transcriptotyped cells. DAPI nuclear stain is shown in blue. Scale bar = 10 µm. e. Spatial map of WT and KO transcriptotyped glutamatergic and 
GABAergic cells in MeCP2 KO/+ cortex. f, Top row: spatial map of glutamatergic, GABAergic, and non-neuronal subclasses, colored by global non-
CG methylation level of each subclass. Bottom row: spatial map of glutamatergic, GABAergic, and non-neuronal subclasses, colored by mean log2 fold-
change of core MeCP2-repressed genes in that subclass. g, Top: zoom-in view of glutamatergic cells shown in f showing global non-CG methylation 
levels and fold-change of core MeCP2-repressed genes in subclasses of cells. Bottom: scatter plot of mean log2 fold-change of core MeCP2-repressed 
genes and global non-CG methylation levels for all subclasses that can be mapped between MERFISH and single cell methylomic data7. h, Log2 fold-
change of non-type-specific genes (non-DEGs), MeCP2-repressed genes that are normally “low” in each neuron type, or MeCP2-repressed genes that 
are normally “high” in each neuron type, for cell types found in the PV, SST, and L5 populations captured in our INTACT RNA-seq analyses. Violin 
plot shows fold-changes of the entire population of type-specific genes within each subclass. Points indicate fold-change of individual genes in each 
neuron type. Colors of points corresponds to the neuron type where the gene is normally lowly expressed; see color legend in panel c. **p < 0.01, ***p 
< 0.001, ****p < 0.0001 two-sided Wilcoxon test. The center black dot represents the mean and the error represents the standard error. Violin plots were 
made after excluding outliers which are outside 1.5 times the interquartile range of the data. i, Heatmap of mean log fold-change in gene expression 
difference between non-DEGs and type-specific genes “low” in a neuron type, or type-specific gene that are “high” in a neuron type in MERFISH for 
cell types aggregated by neighborhood. Numbers represent the p-value from the two-sided Wilcoxon rank-sum test compared to non-type-specific genes 
in each analysis. Arrows between boxes represent the p-value from the two-sided Wilcoxon rank-sum test comparing gene expression changes between 
low and high type-specific genes in each neighborhood analysis. 
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Fig. 6. Loss of MeCP2 disrupts sublayer-resolved gene programs in layer 2/3 of the visual cortex. a, MERFISH image of a coronal section from an 
MeCP2 KO/+ brain (top) showing expression of the L2/3 marker Ccbe1 (yellow) and the L4 marker Rorb (purple); blue, DAPI. Dotted line demarcates 
L2/3 of primary visual cortex (V1) (bottom, higher magnification) selected for further analysis. b, Spatial map of excitatory neurons in L2/3 for a 
representative MeCP2 KO/+ V1 region where each cell is colored by the quintile of sublayer depth in which it resides. c, Examples of MERFISH signal 
and transcriptotype-resolved expression in WT vs. KO excitatory neurons in L2/3 of V1 for sublayer-specific genes detected as dysregulated in the 
MeCP2 KO cells. Top, MERFISH signal from an example MeCP2 KO/+ brain section. Bottom, expression from cells of each transcriptotype across all 
excitatory neurons in L2/3 of V1. Expression is reported as the z-score of SCTransform-corrected counts of the mRNA across glutamatergic cells in L2/3 
of the visual cortex. d, Fold-change observed in MeCP2 KO vs. WT cells across superficial to deep sublayer depth quintiles for sublayer-specific genes 
examined in c. *p. < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Benjamini-Hochberg corrected p-value from pseudobulkDGE analysis. e, Spatial 
map of RNA transcripts detected in L2/3 of the MeCP2 KO/+ V1 for gene sets previously3 proposed to be preferentially expressed in neurons located in 
the superficial sublayer (top, dark blue) or deep sublayer (bottom, green) f, Left, and middle: boxplots of mean expression z-score of genes previously 
associated with deep sublayers (left) and superficial sublayers (middle) in WT and MeCP2 KO cells across sublayer depth quintiles. Right: boxplots of 
ratio of mean expression z-score of superficial-sublayer-associated genes to mean expression z-score of deep-sublayer-associated genes, plotted by 
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sublayer depth quintile. The center line of each boxplot is the median. Each box encloses the first and third quartile of the data. The whiskers extend to 
the most extreme values, excluding outliers which are outside 1.5 times the interquartile range.  g, Top: spatial map of WT and KO excitatory neuron IT 
types detected in L2/3 of the MeCP2 KO/+ V1 separated by cell types associated with superficial, intermediate, or deep gene programs3 (see Extended 
data figure 9). Bottom: stacked barplots showing proportions of neuron types in sublayer depth quintiles of L2/3 of V1, separated by transcriptotype.  
n=3 biological replicates for MeCP2 KO/+ MERFISH across 4 separate imaged brain sections. 
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Extended Data Fig. 1. Gene expression and methylation in INTACT-isolated PV, SST, L4, and L5 neurons. a, Representative images of Rbp4-
Cre;SUN1:GFP labeling of L5 excitatory neurons and Nr5a1-Cre;SUN1:GFP labeling of L4 excitatory neurons. b, Summary statistics of INTACT 
experiments organized by Cre-line and genotype (no significant differences found between genotypes). c, Heatmap of marker gene expression in RNA 
sequencing data from each subclass profiled. d, Log2 gene snmc-seq mCA/CA vs log2 gene TPMs for L4, L5, SST, and PV cells. ρ = Spearman’s 
correlation coefficient. e, Pairwise comparisons of gene body mCA/CA across cell types. Genes enriched for expression >5 fold in one cell type over 
another are colored according to the cell type where they are highly expressed. f, Log2 fold-change (MeCP2 KO/WT) of gene expression in L4, L5, SST, 
and PV cells. The y-axis is normalized counts of genes from DESeq2. g, Gene body mCA level of core MeCP2-repressed genes in each cell type compared 
to expression-matched, resampled control genes. ****p < 0.0001 two-sided Wilcoxon rank-sum test. The center line of each boxplot is the median. Each 
box encloses the first and third quartile of the data. The whiskers extend to the most extreme values, excluding outliers which are outside 1.5 times the 
interquartile range. 
n=4 biological replicates for PV, SST, L4, and L5 RNA-seq. 
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Extended Data Fig. 2. Analysis of global mCA levels and gene dysregulation in different brain regions of MeCP2 KO mice. a, Depiction of the 
three brain regions analyzed: cerebellum, striatum, and hypothalamus. b, Global mCA/CA levels across the three brain regions analyzed. c, Scatter plot 
of global mCA levels in each brain region and average fold-change in mRNA expression for long (greater than 100 kb), high mCA (top decile of gene 
body mCA) genes in the MeCP2 KO vs. WT.  
n=1 biological replicate for cerebellum, striatum, and hypothalamus methylation analysis. 
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Extended Data Fig. 3. Methylation patterns at MeCP2-regulated genes in PV, SST, L4, and L5 neurons. a, Significance of overlap of MeCP2-
activated genes from each cell type and core MeCP2-activated genes from multiple datasets. -Log10 p-value is calculated from two-sided Fisher’s exact 
test. b, Heatmap of mCA/CA enrichment in regions, gene bodies, and linked cCREs of cell-type MR genes or cell-type MA genes over those of unchanged 
genes, colored by the log10 two-sided Wilcoxon rank-sum p-value. Numbers in the tiles represent the ratio of median methylation level of elements 
associated with subclass MR or MA genes to the median methylation level of elements associated with unchanged genes. c, Left: Aggregate mCG/CG 
levels for MeCP2-regulated genes in L4, L5, SST, and PV neurons. Mean mCG/CG is reported for 1 kb bins. “Metagene’’ refers to 50 equally sized bins 
within gene bodies. Right: aggregate mCG levels centered at cCREs linked to MeCP2-regulated genes in L4, L5, SST, and PV neurons. Mean mCG/CG 
is reported for 100 bp bins. Gray rectangle = 700 bp, ~ median length of all cCREs. d, Heatmap of mCG/CG enrichment in regions, gene bodies, and 
linked cCREs of cell-type MR genes or cell-type MA genes over those of unchanged genes, colored by the log10 two-sided Wilcoxon rank-sum p-value. 
Numbers in the tiles represent the ratio of median methylation level of elements associated with cell-type MR or MA genes to the median methylation 
level of elements associated with unchanged genes. e, Scatter plot showing regional mCA/CA levels and cCRE mCA/CA levels for all cCREs in the 
genome in each cell type. This neuron subclass specific analysis shows that cCREs mCA is correlated with the mCA set-point for large-scale genomic 
regions, as previously shown for whole cortex12. Here, regions are defined as topologically associated domains (TADs) identified in the cortex83. ρ = 
Spearman’s correlation coefficient. f, Log 10 gene length of genes MeCP2-repressed in L4, L5, PV, and SST genes. The gray box next to each subclass 
represents the expression-matched genes resampled from that subclass’s list of unchanged genes. The center line of each boxplot is the median. Each box 
encloses the first and third quartile of the data. The whiskers extend to the most extreme values, excluding outliers which are outside 1.5 times the 
interquartile range. g, Heatmap of mCA/CA enrichment in regions, gene bodies, and linked cCREs core MR genes over those of all other genes, colored 
by the log10 Wilcoxon rank-sum p-value. Numbers in the tiles represent the ratio of median mCA/CA of elements associated with core MR genes to the 
median mCA/CA of elements associated with all other genes. h, Heatmap of mCA/CA enrichment in regions, gene bodies, and linked cCREs of non-
subclass core MR genes over those of subclass core MR genes, colored by the log10 two-sided Wilcoxon rank-sum p-value. Numbers in the tiles represent 
the ratio of median mCA/CA of elements associated with subclass MR genes to the median mCA/CA of elements associated with other-subclass MR 
genes. i, Aggregate mCA/CA levels at gene bodies (left) and linked cCREs (right) of L5 core MR genes, non-L5 core MR genes, and unchanged genes. 
j, Density plots of pairwise mCA/CA ratios between cell types in 1 kb extragenic regions, intragenic regions, and regions centered at intragenic cCREs. 
DNA methylation data were compiled from previously published single-cell methylomic analysis7, see methods. RNA-seq data are from INTACT 
analysis described in Figure 1, n=4 biological replicates per genotype per cell type. 
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Extended Data Fig. 4. Distribution of epigenomic signals at MeCP2-regulated cCREs in PV interneurons. a, Log2 input-normalized MeCP2 ChIP 
signal at MeCP2-repressed (MR) and MeCP2-activated (MA) cCREs in PV cells. ****p < 0.0001 two-sided Wilcoxon rank-sum test. b, Boxplot of PV 
mCG/kb in MeCP2-regulated cCREs. ****p < 0.0001 two-sided Wilcoxon rank-sum test. c, Genic distributions of MeCP2-regulated cCREs showing 
enrichment of MR cCREs to be intragenic. d, Log2 H3K27ac ChIP fold-change (MeCP2 mutant/wild-type) in cCREs inside and linked to PV core MR, 
non-PV core MR, or unchanged genes. **p < 0.01, ****p < 0.0001 two-sided Wilcoxon rank-sum test. e, Log2 input-normalized MeCP2 ChIP-seq signal 
in cCREs inside and linked to PV MR genes, other-subclass MR genes, or unchanged genes. **p < 0.01, ****p < 0.0001 two-sided Wilcoxon rank-sum 
test. f, Log2 input-normalized MeCP2 ChIP-seq signal in PV cCREs and non-PV cCREs inside and linked to PV MR genes or unchanged genes. ****p 
< 0.0001 two-sided Wilcoxon rank-sum test. g, HOMER output showing ROR family motif enrichment in PV and non-PV cCREs. 
n=3 biological replicates for PV WT, MeCP2 KO, and MeCP2 OE H3K27ac ChIP-seq. In all boxplots, the center line of each boxplot is the median. 
Each box encloses the first and third quartile of the data. The whiskers extend to the most extreme values, excluding outliers which are outside 1.5 times 
the interquartile range. 
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Extended Data Fig. 5. Functional annotation of subclass-defined MeCP2-repressed genes and their representation in other datasets. a, Gene 
ontology of MeCP2-repressed (MR) genes in L4, L5, PV, and SST neurons. Top 10 terms for Molecular Function shown. b, Overlap of differentially 
expressed genes across L5, PV, and SST cellular hierarchy with core MeCP2-repressed genes, MeCP2-repressed genes previously identified in the 
cortex12, and dysregulated genes detected in other NDD mouse models. Note that each differential list labeled on the left for L5, PV and SST reflects the 
same neuron vs. non-neuron and excitatory vs. inhibitory lists, but the lists of differential genes at the subclass and type level reflect the genes that 
specifically define these differentiations in L5, PV or SST cells. 
Analysis was performed on differentially expressed genes from INTACT RNA-seq analysis described in Figure 1. n=4 biological replicates per genotype 
per cell type, as well as the indicated published gene lists. 
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Extended Data Fig. 6. Genes that are repeatedly tuned between neuron types have characteristics that predispose them to regulation by the 
MeCP2 pathway.  a, Number of intragenic cCREs (left) and gene length (right) in genes that show repeated tuning between closely related neuron types. 
Genes are plotted by the number of times they are detected as differential between two closely related neuron types. The center line of each boxplot is 
the median. Each box encloses the first and third quartile of the data. The whiskers extend to the most extreme values, excluding outliers which are 
outside 1.5 times the interquartile range. b, Aggregate profiles of mCA/CA in the cerebral cortex for genes found to be differentially expressed between 
closely related neuron types more than three times. 
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Extended Data Fig. 7. MERFISH analysis of cell types and MeCP2 expression in MeCP2 KO/+ brain shows expected gene expression and cell 
distributions across transcriptotypes. a, Left: transcripts detected (colored dots) and DAPI images of MERFISH data in one experiment. Scale bar is 
250 μm for low resolution view, and 25 μm for close-ups. Middle: correlation between experiments 1 and 2 in log2 mean CPM of each gene. Right: 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2024. ; https://doi.org/10.1101/2024.01.30.577861doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.30.577861
http://creativecommons.org/licenses/by-nc-nd/4.0/


correlation between each pair of MERFISH experiments in log2 mean CPM of each gene. ρ = Spearman’s correlation coefficient. b, UMAP representation 
of cells in MeCP2 KO/+ MERFISH experiments, colored by experiment identity and biological replicate. B1-3=biological replicate 1-3. c, Scatter plot 
of log-transformed CPMs of gene expression in neuronal subclasses (PV, SST, L4, and L5) measured by INTACT RNA-seq and MERFISH. ρ = 
Spearman’s correlation coefficient. d, Number of cells of each type in each subclass in MeCP2 KO/+ MERFISH experiments. e. Heatmap showing z-
scores of average expression for each gene in the MERFISH panel in each cell type. Inset: close-ups of Pvalb (PV marker gene), Fezf2 (L5 PT CTX 
marker gene), and Rorb (L4/5 IT CTX marker gene). f, Representative distributions of transcript counts per cell for Mecp2 and a representative negative 
control (“Blank counts”) detected in PV cells in MERFISH analysis of wild-type or MeCP2 KO/+ coronal sections. Cut offs used for calling “WT” and 
“KO” transcriptotypes in the MeCP2 KO/+ are shown. g, UMAP representation of cells identified as either WT, KO, or unassigned in MeCP2 KO/+ 

MERFISH experiments. h, MERFISH log2 fold-change of genes identified as MeCP2-repressed in PV, SST, L4, and L5 INTACT RNA-seq analyses. 
****p < 0.0001 two-sided Wilcoxon rank-sum test. The center line of each boxplot is the median. Each box encloses the first and third quartile of the 
data. The whiskers extend to the most extreme values, excluding outliers which are outside 1.5 times the interquartile range. i, Locations of distinct 
sublcasses of WT and KO cells across cortical layers in the visual cortex identified using MERFISH. No major differences were observed in cortical 
depth between WT and KO cells. The center line of each boxplot is the median. Each box encloses the first and third quartile of the data. 
n=3 biological replicates for MeCP2 KO/+ MERFISH across 4 imaged brain sections. 
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Extended Data Fig. 8. Loss of mutually exclusive type-specific gene expression in MeCP2 KO PV interneurons. a, MeCP2 mutant heterozygous 
females contain wildtype and mutant cells. b, Representative image of visual cortex L4 area focused on for analysis. White arrow pointing to L4 region. 
c, Representative images from all 12 target probes and DAPI stain for each of the three imaging rounds. Merged images of each round shown. d, 
RNAScope analysis of expression of mutually exclusive marker genes for visual cortex PV interneurons in MeCP2 KO and WT PV neurons. Identification 
of PV neurons using Pvalb and call of MeCP2 KO and WT cells using Mecp2. e, Bar plots of rate of co-expression of putatively mutually exclusive PV 
marker genes in MeCP2 null and WT PV interneurons (n=3, 50-100 cells per experiment, two-sided unpaired t test, **p<0.01, ***p<0.005). 
n=3 biological replicates for RNAScope. 
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Extended Data Fig. 9. Visual cortex layer 2/3 sublayer-specific genes are targets of MeCP2 regulation. a, Characteristics of visual L2/3 excitatory 
neuron sublayer type-specific genes defined by Cheng et al., 20223, showing long gene length, high numbers of intragenic cCREs and enriched mCA. 
****p < 0.0001 two-sided Wilcoxon rank-sum test. b, Heatmap showing overlap and significance of excitatory neuron sublayer type-specific genes 
defined by Cheng et al., 20223 with core MeCP2-regulated gene lists. Numbers in the tiles represent enrichment (log2 odds ratio) of core MeCP2-
regulated genes in each L2/3 gene list. c, Heatmap of MERFISH-quantified expression for excitatory neuron sublayer type-specific genes defined by 
Cheng et al.3 in IT excitatory neurons in L2/3 of MeCP2 KO/+ V1 (top). d, Heatmap showing overlap and significance of excitatory neuron sublayer 
type-specific genes defined by Cheng et al.3 with genes detected as significantly dysregulated in pseudobulkDGE analysis of MERFISH data in excitatory 
neurons in sublayer depth quintiles of L2/3 of the V1. Numbers in the tiles represent enrichment (log2 odds ratio) of L2/3 genes in dysregulated gene 
lists of the excitatory neurons in each sublayer depth quintile of L2/3 of V1. 
n=3 biological replicates for MeCP2 KO/+ MERFISH across 4 imaged brain sections. 
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