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Seizure enhances SUMOylation
and zinc-finger transcriptional repression
in neuronal nuclei

Hui Rong Soon,2,5 Jessica Ruth Gaunt,1,5 Vibhavari Aysha Bansal,1 Clara Lenherr,1,3 Siu Kwan Sze,4

and Toh Hean Ch’ng1,2,6,*

SUMMARY

A single episode of pilocarpine-induced status epilepticus can trigger the development of spontaneous
recurrent seizures in a rodent model for epilepsy. The initial seizure-induced events in neuronal nuclei
that lead to long-term changes in gene expression and cellular responses likely contribute toward epilep-
togenesis. Using a transgenic mouse model to specifically isolate excitatory neuronal nuclei, we profiled
the seizure-induced nuclear proteome via tandem mass tag mass spectrometry and observed robust
enrichment of nuclear proteins associated with the SUMOylation pathway. In parallel with nuclear
proteome, we characterized nuclear gene expression by RNA sequencing which provided insights into
seizure-driven transcriptional regulation and dynamics. Strikingly, we saw widespread downregulation
of zinc-finger transcription factors, specifically proteins that harbor Krüppel-associated box (KRAB)
domains. Our results provide a detailed snapshot of nuclear events induced by seizure activity and demon-
strate a robust method for cell-type-specific nuclear profiling that can be applied to other cell types and
models.

INTRODUCTION

In epilepsy, intense bursts of neuronal activity that trigger seizures activate different intracellular signaling cascades that alter nuclear

processes and shape transcriptional output. For a subset of cells in the epileptogenic zones, seizure-induced, activity-dependent modifica-

tions within the nucleus may result in persistent changes that fundamentally alter neuronal function and connectivity. Indeed, altered nuclear

processes have been observed in studies of epilepsy. These include repositioning of chromosomes altering transcription dynamics,1–3 altered

ribosome biogenesis,4 stimulation of transcription factor activity leading to neurodegeneration, inflammation or mossy fiber sprouting,5

epigenetic modifications which alter transcriptional outputs6,7 and others. Many of these studies of acquired epilepsy in rodent models

provide a snapshot of one or two aspects of seizure-induced changes in the nucleus. To comprehensively capture nuclear changes in different

brain cells during seizures, it is advantageous to use a single mouse model and system that is cross-compatible with multiple assays,

platforms, and technologies.

High-throughput omics technologies can capture diverse changes in the brain during seizures across different time points and phases of

the disorder. To date, several studies have profiled seizure-induced transcriptome,8–15 proteome,16–22 and epigenome.23–26 These studies are

most commonly performed on resected epileptic brain tissues from patients or on specific brain regions—most commonly the hippocam-

pus—in rodent models for acquired epilepsy. Collectively, these profiling studies have broadened our understanding of different brain states

during progression of epilepsy, and amore comprehensive overview of activity-dependent changes in the brain can be found in the following

reviews.27,28 Many early studies on epileptic tissues use bulk sequencing techniques which derive a shared signal from all cell types in the

tissue. While these studies have provided valuable insights into activity-driven changes in broad regions of the brain, cell-type and sub-

compartment-specific changes remain challenging to extract from these complex datasets. Nevertheless, progress has been made and

recent advances in nucleic acid-sequencing technologies and combinatorial indexing have enabled researchers to study epilepsy-related

changes at the single-cell level, even though issues with bias and lack of depth in coverage, as well as low capture efficiencies currently limit

a deeper analysis of low-abundance transcripts and variations in RNA processing.10 While the depth, sensitivity, and specificity of
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transcriptome and epigenome studies have greatly improved, proteomics studies remain challenging as the technology still lags behind that

of nucleic acid sequencing, and the development of single-cell proteomics is still a work in progress.29

We are interested in understanding how initial seizure activity drives different facets of nuclear signaling that lead to enduring changes

which may contribute to the development of spontaneous recurrent seizures in rodents, as a model for the etiology of epilepsy. Given the

challenges in proteomics, we required a method of cell-type-specific nuclear isolation that is particularly suited for mass spectrometry but

also amenable for other types of -omics analyses. Using a transgenic mouse line that genetically tags the nuclei,30 we injected pilocarpine

to induce seizures and isolated pure populations of neuronal nuclei for RNA-seq and LC-MS/MS analysis. This allowed us to capture popu-

lation-specific changes in the nucleus while maintaining the depth and coverage afforded through bulk sequencing techniques. By focusing

on the nucleus, we detected different pools of proteins and transcripts altered by seizure-induced activity, including the enrichment of all

major subunits of the AP-1 complex, indicating this methodology is sufficiently sensitive to detect activity-dependent changes in the nucleus.

In the proteome, we observed an enrichment of post-translational modification systems associated with the addition of small ubiquitin-like

tags (UBLs). This enrichment is most striking for protein SUMOylation, with multiple proteins in the SUMOylation and associated pathways

being detected in the dataset and a subset verified through immunoassays. In parallel to the proteome, RNA-seq data at the same time point

shows a strong upregulation of genes involved in several different functions, including kinase/phosphatase activity relating to theMAPK path-

ways, and a downregulation of KRAB-domain genes likely through activation of THAP11/Ronin transcriptional repressor. Finally, we also

compared intron- and exon-level differential gene expression between conditions, shedding light on seizure-driven transcriptional dynamics

and post-transcriptional responses.

RESULTS

Isolating excitatory neuronal nuclei from mock- and pilocarpine-injected SUN1-sfGFP mice

To examine how pilocarpine-induced seizures alter the nuclear proteome and transcriptome in excitatory neurons, we crossed B6.129-

Gt(ROSA)26Sortm5(CAG�Sun1/sfGFP)Nat/J with B6.Cg-Tg(CamkIIa-cre)T29�1Stl/J to generate a transgenic mouse that expresses the fusion protein

SUN1-sfGFP in excitatory neurons (Figure 1A). SUN1 is an inner nuclear membrane protein that is a part of the linker of nucleoskeleton and

cytoskeleton (LINC) complex which functions to connect the nuclear lamina with the cytoskeleton in the cytoplasm (Figure 1B).31 As previously

reported, breeding ofmice with lox-stop-lox SUN1-sfGFP expression andCaMKIIa-Cremice results in a robust SUN1-sfGFP labeling of nuclei

in forebrain excitatory neurons and not in inhibitory neurons (Figure S1).30 We also observed widespread SUN1-sfGFP neuronal expression in

multiple brain regions including the hippocampus and cortex (Figures S1 and S2).

We subjected CaMKIIa-Cre:SUN1-sfGFPmice to a dose-response experiment with pilocarpine to determine the optimal concentration for

maintaining seizures for a duration of 100min (data not shown). Our goal was to capture activity-dependent changes in neuronal nuclei before

widespread seizure-induced cell death.32,33 To that end, we used an intraperitoneal injection paradigm of scopolamine (1 mg/kg) for 30 min

followed by pilocarpine (340 mg/kg) for 100 min before terminating the experiment (Figure 1C). Under this paradigm, mice exhibited

symptoms of seizing with forelimb clonus and some rearing and falling. All mice were video-recorded, and severity of seizures was graded

on a Racine scale with scores ranging between 2 and 4 (average of 3; Figure 1D). To validate the effectiveness of pilocarpine-induced seizures,

forebrain sections were immunolabeled with antibodies to detect phosphorylation of cAMP response element-binding protein (CREB) (S133),

a commonmarker to gauge activity-dependent transcription in neurons which is known to be elevated upon seizures.34,35 We observed wide-

spread pCREB (S133) signal in excitatory neurons throughout the entire forebrain of animals injected with pilocarpine (Figures 1E and S2).

Quantification of SUN1-sfGFP-positive nuclei in the hippocampus and cortex shows distinct regional differences, with CA3 region and ento-

rhinal cortex (ENT) showing a more robust increase in CREB phosphorylation after pilocarpine injection (Figure 1F).

To extract nuclei, mice treated with either mock or pilocarpine injections were euthanized anesthesia free followed by extraction of the

forebrain and midbrain structures (minus the olfactory bulb) and nuclear isolation using modified protocols for SUN1-sfGFP-expressing

neurons (Figure 1G). We isolated on average, 4.4 x 106 SUN1-sfGFP-positive nuclei per mouse (79% yield) after immunopurification with

magnetic beads conjugated with anti-GFP antibodies (Figures S3 and S4). Western blots indicated enrichment of nuclear markers and

SUN1-sfGFP with negligible contamination from the endoplasmic reticulum or soluble cytoplasmic fractions indicated by the absence of

GRP78/BiP and GAPDH, respectively (Figure 1H).

Profiling the nuclear proteome induced by seizures

For the nuclear proteome, we identified N = 2608 unique proteins of which 94.67% (2469/2608) were mapped to the PANTHER database and

67.76% (1673/2469) ofmappedproteins are annotated as nuclear proteins (GO:0005634; Figure 2A; Table S1).While the enrichment of nuclear

proteins by sequencing indicates a successful isolation protocol, the actual number of nuclear proteins is likely to be underrepresented in the

GOdatabase as the annotations are incomplete. A histogramof themean abundance ratio (MAR) forN= 2608 shows that the peak has a value

close to 1 with a total of N = 1454 proteins having MAR >0, while N = 1154 have MAR <0 (Figure 2B).

To find out if proteins changed in the nucleus during seizures are enriched for particular functions, we performed PANTHER over-repre-

sentation tests separately on seizure-enriched and -depleted proteins using the top 15% altered proteins (Enriched: N = 196; log2MAR

R0.1203; Depleted: N = 195; log2MAR % �0.1204; Figure 2C). For proteins enriched after seizure activity, the top over-represented GO

terms ranked according to enrichment scores across all GO categories include transcription factor AP-1 complex (GO:0035976), SUMO ligase

complex (GO:0106068), protein tag (GO:0031386), SUMO transferase activity (GO:0019789), protein SUMOylation (GO:0016925), PML body

(GO:0016605), transcription repressor complex (GO:0017053), and several terms associated with transcription (GO:0006366, GO:0006351,
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Figure 1. Pilocarpine-induced seizures of CaMKIIa-Cre:SUN1-sfGFP mice

(A) Transgenic mice used in the study and breeding plan for CaMKIIa-Cre:SUN1-sfGFP.

(B) Localization of SUN1-sfGFP and nesprin in nuclear membrane and their association with cytoskeletal elements in the nuclear periphery.

(C) Timeline of seizure induction by intraperitoneal administration of scopolamine and pilocarpine.

(D) Survival curve of pilocarpine-injected CaMKIIa-Cre:SUN1-sfGFPmice over the duration of the experiment. Seizure behaviors were video recorded and scored

based on the Racine scale.

(E) Immunohistochemistry showing pCREB (S133) expression in CA1 (ROI#1) andCA3 (ROI#2) regions of the hippocampus inmock and pilocarpine-injectedmice.

SUN1-sfGFP (green); Hoechst (blue); pCREBS133 (red). Scale bars, 200 mm; 10 mm (magnified).

(F) Quantification of SUN1-sfGFP-positive and pCREB-positive neuronal nuclei (N = 3 pairs of animals; Total number of cells quantified = 14816 (mock)/12676

(pilocarpine) [DG], 2746 (mock)/2964 (pilocarpine) [CA1], 265 (mock)/276 (pilocarpine) [CA3], 3256 (mock)/3090 (pilocarpine) [ENT]. Paired t test with means G

SEM, p < 0.05 (*), p < 0.01 (**).

(G) Diagram of the nuclear isolation from the mouse forebrain.

(H) Western blot of nuclear extracts from interface stage and after purification with anti-GFP antibodies. Blots were labeled with antibodies against GFP, histone 3

(H3), GRP78/BiP, and GAPDH. IgG, Immunoglobulin G.

ll
OPEN ACCESS

iScience 26, 107707, September 15, 2023 3

iScience
Article



A B

C

D

Figure 2. Nuclear proteome from seizure-induced forebrain excitatory neurons

(A) Chart showing percentage of mapped proteins annotated in the nucleus by PANTHER GO classification.

(B) Histogram showing relative frequency of log2 [mean abundance ratio] (MAR) between pilocarpine and mock-injected mice for N = 2608. The top 15% of total

proteins with highest absolute log2MARs are highlighted in green for enriched (N = 196; log2MAR >0.1203) or red for depleted (N = 195; log2MAR < �0.1204)

nuclear proteins.

(C) Top 10 GO terms ranked by enrichment scores across all three GO categories for proteins that are either enriched or depleted during seizures. GO

classifications were performed separately for enriched or depleted pools of proteins.

(D) STRING network for seizure-enriched nuclear proteins (N = 196; Interaction score >0.7 with disconnected nodes from hidden from network). Magnified

network highlights nodes of interest from the entire network (boxed inset).
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and GO:0097659; Figure 2C). Of note, we performed multiple over-representation tests at different thresholds (top 5%, 10%, 20% log2MAR)

and found that many of the GO categories, particularly those associated with AP-1 complex and protein SUMOylation consistently showed

high-enrichment scores (data not shown). Analysis with STRING indicates that most of the AP-1 complex subunits including FOS, FOSB,

FOSL2, JUN, JUNB, and JUND (and to a lesser degree, DFOSB) are enriched during seizures (Figure 2D). This includes ATF2 and C/EBPb,

two bZIP transcription factors that interact with AP-1 complex through heterodimerization and undergo activity-dependent nuclear accumu-

lation36,37 (Figure 2D). In addition to AP-1 transcription factor complex, PANTHER over-representation tests also show enrichment of multiple

GO terms associated with protein SUMOylation and SUMO-related processes. SUMO is a small protein tag that is post-translationally

attached to target proteins on a lysine residue, a process similar to ubiquitination. SUMOylated proteins participate in regulating a variety

of cellular mechanisms including gene expression, DNA repair and subcellular localization of proteins.38,39 In our dataset, we found

SUMO-2, SUMO-3, and several key SUMOylation enzymes elevated after seizures (Figure 2D). Furthermore, STRING analysis confirms that

at least 7 proteins associated to promyelocytic leukemia (PML) nuclear bodies including DAXX, and at least 3 members of the structural main-

tenance of chromosomes 5 and 6 (SMC-5/6) complex are enriched in the nucleus after seizures with (SMC6, NSMCE1, and NSMCE2; Fig-

ure 2D). Both PML bodies and SMC-5/6 complex associate with multiple SUMO-related proteins and their functions are heavily regulated

by protein SUMOylation.

It is noteworthy that, in addition to SUMOylation, several post-translational modification systems including methylation, ubiquitination,

and ubiquitin-like proteins (classified under the enriched GO term ‘‘protein tag’’) also responded to seizure activity. In particular, Cullin-

RING ubiquitin ligases (CUL3, CUL4A, and CUL4B) and NEDD8, a protein tag much like SUMO, as well as several methyltransferases that

target histones (SETDB1, PRMT1, PRMT5, PRMT8, and RRP8) are also enriched in the nucleus after seizures (Figure 2D). We also noted

that a specific cluster of histone 2A-associated proteins are enriched during seizures (e.g., HIST2H2AB, HIST1H2AB, HIST1H2AA, H2AFZ,

and H2AFX). The increase in nuclear proteins for SUMOylation, NEDDylation, ubiquitination, and methylation may indicate that exposure

to pathological levels of activity during seizures triggers a global increase in post-translational modifications in neuronal nuclei.

While our study focused mainly on nuclear proteins enriched by activity, we also analyzed proteins depleted from the nucleus during sei-

zures. Calcium- and calmodulin-dependent protein kinase complex (GO:0005954) had one of the highest over-representation scores, with all

four members of the CaMKII family (CaMKIIa, CaMKIIb, CaMKIIg, and CaMKIId) ranked in the top 10most-depleted proteins (Table S1). Other

enriched GO terms include Arp2/3 protein complex (GO:0005885), myosin II filament (GO:0034314), structural constituent of post-synapse

actin (GO:0099186), and dendritic filopodia (Figure 2C). STRING analysis of these activity-depleted proteins shows Arp2/3 actin nucleation

complex (ACTR3, ARP1A, ARPC2, and ARPC3) and members of the myosin (MYH6, MYH9, MYH10, MYH11, MYH14, andMYO5A) and kinesin

(KIF5A, KIF5B, KIF5C, and KLC2) motor protein families (Figure S6; Table S1). Many of these cytoskeletal proteins are found cell-wide in

different subcellular compartments including axons, dendrites, synapses, and importantly, in the nucleus. The broader implications of

cytoskeletal proteins having dual functions in the cytoplasm and nucleus will be elaborated in the discussion section.

Validation of nuclear proteins altered by seizures

To validate the proteomic analysis, we performed western blots of different candidate proteins using an alternate nuclear extraction protocol

from themouse forebrain aftermock or pilocarpine treatments. Unlike the INTACT-purified nuclei, the nuclear extracts forWestern blots were

prepared from wild-type mice using a sucrose cushion (Figure S7). This is to rule out the possibility that the overexpression of SUN1-sfGFP or

the antibodies used for immuno-purification of the nuclei altered the sample composition. Overall, our Western blot data match most of the

observed differences in the nuclear proteome. We found a strong increase in overall protein levels after seizures for two subunits of the AP-1

complex, FOS and JUNB (N = 6, p = 0.0313; Figures 3A and 3B). Similarly, NEDD8, CUL4B (N = 6, p = 0.0313), and SUMO-2/3 (N = 6, p =

0.0156) are all significantly increased in the nucleus upon seizures (Figures 3C, 3D, and 3F). However, SUMO-1 protein levels are below

our threshold of enrichment (Figure 2B), and we included SUMO-1 in our validation studies to compare with SUMO2/3. In agreement with

our LC-MS/MS results, SUMO-1 was not enriched in the nucleus after seizures (N = 6, p = 0.1234; Figure 3E). Finally, validation of seizure-

depleted nuclear proteins NACC1 (N = 6, p = 0.0313) and CaMKIIb/g (N = 6, p = 0.0313) by Western blots also showed lower expression

of both proteins from pilocarpine-induced animals (Figures 3G and 3H). Taken together, ourWestern blot results of selected nuclear proteins

altered by seizures validate the proteomic data obtained through mass spectrometry sequencing.

As the isolated forebrain nuclei for Western blots are heterogeneous, we examined protein changes at the single neuron level via IHC of

brain sections and ICC of cultured hippocampal neurons. In pilocarpine-injected mice, FOS protein expression is elevated in forebrain

sections including the hippocampal pyramidal layer as well as PIR. Both brain regions have been shown to be vulnerable to epileptogenic

stimuli and damage from seizures (Figure S8).40,41 Interestingly, expression of nuclear FOS is region-specific at 100min post-seizure induction,

with CA1 hippocampal neurons recording the most robust changes (Figure S8). Like pilocarpine-induced seizures in animals, nuclear FOS

expression is also increased in cultured hippocampal neurons in the presence of bicuculline (Bic), a GABAA receptor antagonist that induces

action potential (AP) bursting in excitatory neurons (Figure S8). At 100 min post-injection, there is also an overall increase in JUNB expression

in excitatory neurons in the hippocampus and PIR (Figure S8). The increase appears to be much more uniform across all brain regions quan-

tified. Similar to FOS, JUNB expression in the nucleus is also significantly increased in hippocampal neurons stimulated with Bic (Figure S8).

As SUMO2/3 levels are enhanced after seizures, we focused on verifying our observations in forebrain sections and cultured neurons. IHC

of brain sections for mock- and pilocarpine-treatedmice show amoderate elevation of nuclear SUMO-2/3 in different brain regions (DG, CA3,

and PIR; Figures 4A, 4B, and S9). Similarly, in cultured hippocampal neurons, we observed an increase in nuclear SUMO-2/3 after exposure to

Bic for either 30min or 24 h. Notably, neurons treatedwith Bic for 24 h had on average a 1.5-fold increase in nuclear SUMO-2/3 as compared to
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basal levels (Figures 4C and 4D). The rise in SUMO-2/3 in the nucleus is also detected in the cytoplasm, though only after 24 h in the presence

of Bic stimulation (Figure S10) and may contribute to hyper-SUMOylation of cytoplasmic and plasma membrane protein targets.42 Finally, to

determine if the total SUMOylated protein level is elevated in animals that underwent seizures, we extracted nuclei frommock- or pilocarpine-

treatedmouse forebrains and performedwestern blots of the total nuclear extracts. Blots incubated with antibodies against SUMO-2/3 reveal

an increase in SUMOylated proteins across different molecular weights (Figure 4E).

A B C

D E F

G H

Figure 3. Western blot validation of selected nuclear-enriched and nuclear-depleted proteins in seizure-induced mice

(A–H) Western blots of nuclear proteins FOS, JUNB, CUL4B, NEDD8, SUMO-1, SUMO-2/3, CaMKIIb/g, and NACC1 in whole nuclear lysates from mock- and

pilocarpine-injected animals. All proteins bands are reported as mean intensities after normalizing band intensity of interest against LaminB1. Homo,

homogenate; Nuc, nuclear extract. N = 6 pairs of animals. All plots were analyzed with paired t-test or Wilcoxon test, and reported as means G SEM,

p < 0.05 (*).
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Figure 4. Enhanced protein SUMOylation in neuronal nuclei during seizures and Bic-induced AP bursting in cultured hippocampal neurons

(A) Representative images of DG, CA1, and CA3 pyramidal layer neurons in the hippocampus, and piriform cortex (PIR) of mock- and pilocarpine-injected animals

immunolabelled with anti-SUMO-2/3 antibodies. SUN1-sfGFP (green); Hoechst (blue); SUMO-2/3 (red). Scale bars, 10 mm.

(B) Quantification of SUMO-2/3 nuclear intensity in neurons shown in (A). Nuclear intensities for SUMO-2/3 were measured from SUN1-sfGFP-positive nuclei

outlined by Hoechst and SUN1-GFP staining. All values for pilocarpine-treatments are normalized against mean nuclear intensity from mock-injected

animals. N = 3 pairs of animals, n = 75 number of cells quantified across all sections.

(C) Representative images of hippocampal neurons (DIV14 to 15) stimulated with Bic (40 mM) to induce AP bursting for 30 min and 24 h. SUMO-2/3 (red); Hoechst

(blue); MAP2 (cyan). Scale bars, 5 mm.

(D) Quantification of SUMO-2/3 staining in hippocampal neurons under basal condition or stimulated conditions with Bic. All experimental values were

normalized against mean nuclear intensity of SUMO-2/3 at basal condition for each independent experiment. N = 3 independent experiments, n = 60 total

number of cells quantified across experiments.
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To again compare with SUMO 2/3, we performed a similar IHC assay for SUMO-1. In contrast to SUMO-2/3, the majority of brain regions

except for DG did not show an increase in SUMO-1 levels (Figures 4F and 4G). On the contrary, we noted a small decrease in the PIR of pilo-

carpine-treated animals (Figures 4F and 4G). Surprisingly, this decrease in SUMO-1 nuclear levels is also reflected in hippocampal neurons

exposed to Bic for either 30 min or 24 h, with the former condition resulting in much lower SUMO-1 expression in the nucleus (Figures 4H

and 4I). It is unclear why SUMO-1 levels decrease with activity. In the nuclear proteome, unlike SUMO-2/3, which is highly enriched in the nu-

cleus during seizures, SUMO-1 levels are only mildly elevated. The implications of this observation will be further explored in the discussion

section. In short, we confirm that SUMO-2/3 levels in neuronal nuclei are consistently elevated during seizures.

Profiling the nuclear transcriptome induced by seizures

We next performed nuclear RNA-seq to analyze changes in gene expression and to compare with the nuclear proteome to look for common

pathways altered by seizures. We also leveraged our experimental model to look at the pre-mRNA that is enriched in the nuclei—an RNA

population that has not been rigorously examined in other seizure-induced transcriptomes. We extracted poly(A)-enriched RNA for

sequencing from mock- and pilocarpine-injected animals using the same methodology outlined in Figure 1G. A total of 14,115 transcripts

were detected, of which 89.08% were identified as protein coding (Figure S11). In total, N = 3130 protein-coding genes were differentially

expressed during seizures (FDR <1%), with N = 174 strongly upregulated (LFC >1) andN = 130 strongly downregulated (LFC <�1; Figure 5A;

Table S2). Induced genes include known activity-regulated primary response genes (with both rapid and delayed kinetics) and some second-

ary response genes (Figure S12).43 To examine functional enrichment of biological pathways, we performed gene set enrichment analyses

(GSEA) of GO terms on expressed genes ranked by LFC (Table S3). The majority of enriched GO terms were upregulated and are associated

with major cellular processes (i.e., transcription, growth/development, and kinase/phosphatase activities) or subcellular structures (i.e., actin

cytoskeleton, synapse, and extracellular matrix). Smaller groups of GO terms also implicated alterations in circadian rhythms,Wnt signaling,

GTPase activity, apoptosis, and ER stress during seizures (Figure 5B). Notably, some of the most strongly enriched GO terms in the network

are associated with dephosphorylation of MAPK signaling cascades, including ‘‘negative regulation of ERK1 and ERK2 cascade’’ (N = 59,

padj = 2.10e-6, NES = 2.42) and ‘‘inactivation of MAPK activity’’ (N = 16, padj = 5.77e-6, NES = 2.38; Figure 5B). GSEA analyses using

both KEGG and reactome pathway databases also strongly implicated MAPK signaling pathways, with top terms including ‘‘KEGG-MAPK

signaling pathways’’ (N = 216, NES = 2.19, padj = 3.54e-9), ‘‘RDB-RAF/MAP Kinase cascade’’ (N = 214, NES = 2.14, padj = 4.21e-7), ‘‘RDB-

MAPK1/MAPK3 signaling’’ (N = 217, NES = 2.13, padj = 4.62e-7), and ‘‘RDB-MAPK family signaling cascade’’ (N = 238, NES = 2.11, padj =

8.54e-7; Figure 5C). A closer examination of strongly upregulatedMAPK-regulating DEGs (FDR <0.01, LFC >1) uncovered multiple members

of the dual-specificity phosphatases (Dusp1,2, 4–6) and growth arrest and DNA damage (Gadd45a, b, g) gene families robustly transcribed

during seizures (Figure 5D).5,44–46While transcripts belonging to theMAPK family are predominantly upregulated, we found equal numbers of

genes classified as either positive or negative regulators of theMAPK cascade, indicating that seizures likely induce bidirectional regulation of

MAPK pathways to accommodate cellular needs. Such is the case forMAPK stress response genes which include both positive (i.e.,Gadd45g,

Sphk1, and Ccn2) and negative (i.e.,Dusp1, Ezr, and Per1) regulators of the pathway (labeled in red, Figure 5D). Our list of upregulated DEGs

along with enrichment of MAPK-associated pathways during seizures is comparable to other studies, but our cell type-specific transcriptome

profile suggests that many of these changes likely originate from transcription in excitatory neurons.5,44

While the majority of differentially expressed gene sets are upregulated during seizures, the GSEA GO analysis also revealed several

downregulated processes, chief among them being cilium assembly, tRNA methylation, and DNA repair (Figure 5B). While DNA repair

and tRNA methylation are nuclear-associated processes, recent studies also indicate that nuclear proteins such as nucleoporins are assem-

bled at the cilium and that disruption of ciliary structure or assembly in neurons is linked to epilepsy.47–50 However, themost striking feature for

downregulated DEGs came from GSEA analysis of protein domains with PFAM where we observed a dramatic downregulation of proteins

harboring the Krüppel-associated box (KRAB) domain (Figures 5E and 5F). Out of a total of N = 254 unique KRAB domain-containing genes

(PF01352) present in our dataset, approximately 83% (N = 210/254) of those genes show negative LFCs. Of these, we identified N = 105 as

downregulated DEGs (FDR <0.01) as compared to N = 9 that were upregulated. Only two KRAB domain genes were strongly upregulated

(LFC >1): zfp189 and zfp955a, with the former identified as a CREB target gene that plays a role in regulating transcriptional networks for re-

silience in the prefrontal cortex51. The KRAB domain is a zinc-finger motif that is found in approximately 1/3 of all C2H2 zinc-finger proteins

and is known to function as a transcriptional repressor domain.52 We validated the downregulation of zinc-finger protein gene expression by

performing quantitative PCR on a subset of zinc-finger protein DEGs identified in our profile from forebrain tissues of WT and seizure animals

Figure 4. Continued

(E) Representative Western blot of total SUMOylated proteins by SUMO-2/3. Total lane intensities for SUMO-2/3 were normalized against total protein amount

measured with SYPRO Ruby protein blot stain. N = 4 pairs of animals. Paired t-test with means G SEM, p < 0.05 (*).

(F) Representative images of DG, CA1, and CA3 pyramidal neurons of the hippocampus, and piriform cortex (PIR) of mock- and pilocarpine-injected animals

immunolabeled with anti-SUMO-1 antibodies. SUN1-GFP (green); Hoechst (blue); SUMO-1 (red). Scale bars, 10 mm.

(G) Quantification of SUMO-1 nuclear intensities as described in (B). N = 3 pairs of animals, n = 75 number of cells quantified across all sections.

(H) Representative images of hippocampal neurons (DIV14 to 15) stimulated with Bic (40 mM) to induce AP bursting for 30 min and 24 h. SUMO-1 (red); Hoechst

(blue); MAP2 (cyan). Scale bars, 5 mm.

(I) Quantification of SUMO-1 nuclear intensity in hippocampal neurons under basal or Bic stimulation as described in (D). N = 3 independent experiments, n = 60

total number of cells quantified across experiments. Unless otherwise stated, all statistics for IHC and ICC experiments were performed usingMann-Whitney test

with bar graphs reporting means G SEM, p < 0.05 (*), p < 0.01 (**), p < 0.0001 (****).
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Figure 5. Altered gene expression in excitatory neuronal nuclei during seizures

(A) Volcano plot showing differential expression of protein-coding genes in mock-vs. pilocarpine-treated animals at 100 min. Thresholds for differential

expression are indicated at false discovery rate (FDR) < 1% and log2 fold change (LFC) > G1, at which N = 130 genes are downregulated and N = 174 are

upregulated.

(B) Gene set enrichment analysis (GSEA) of the seizure-induced transcriptome (p < 0.05). Each node corresponds to an enriched GO term (circle: Biological

Process (BP), square: Molecular Function (MF), diamond: Cellular Component (CC)) with node color representing nucleotide enrichment score (NES) and

larger nodes having lower p values. Edges indicate gene set overlap, with thicker edges representing greater overlap. Clusters of related nodes were

labeled manually. Disconnected nodes are not shown.

(C) GSEA of ReactomeDB (RDB) and KEGG pathways.

(D) DEGs involved in the regulation of MAPK cascade according to GO annotations. Genes in red regulate stress-activated MAPK signaling.

(E) GSEA of PFAM protein families.

(F) GSEA enrichment plot showing KRAB box genes ranked by LFC in the seizure vs. mock transcriptome (padj <0.01). Up and downregulated genes and DEGs

are indicated. Enrichment score is plotted for each point in the ranked list, showing enriched downregulation of KRAB genes.
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(Figure 5G) As controls, we also measured the upregulation of Fos and Junb expression (Figure S13). We then corroborated our observations

by analyzing a previously published kainic acid-induced seizure RNA-seq dataset generated by Fernandez-Albert and colleagues (2019) and

found that transcripts coding for KRAB domains are downregulated at 1 h post-induction but not at later time points (Figure S15). This down-

regulation can also be observed in ATAC-seqdatasets, suggesting that these changes are linked to chromatin accessibility.53 Surprisingly, the

suppression of KRAB domain genes is not confined to neurons undergoing chronic patterns of activity during seizures as this downregulation

can also be detected in FOS-positive neurons following exposure to a novel environment.53,54

We next asked if transcriptional suppression during seizures is controlled by specific transcription factors by employing Pscan to hunt for

over-represented transcription factor-binding site motifs among strongly downregulated DEGs (Table S6; FDR <0.01; LFC < �1).55 Binding

sites for THAP11 (Ronin), a zinc-dependent transcriptional repressor, were by far the most enriched (Figure 5H). Strikingly, the THAP11 DNA-

binding motif is found in KRAB domain genes, which represent 12 out of the top 16 genes with the strongest THAP11-binding scores in our

dataset (Figure 5I). The consensus THAP11 DNA-binding site consists of a bipartite motif that is enriched within �250 to +50 from the

transcription start site in our dataset (Figure S14). As expected, high-resolution confocalmicroscope localized THAP11 primarily in the nucleus

(Figure S17). However, a brief exposure to Bic did not alter the nuclear-cytoplasmic ratio nor total protein concentration of THAP11 in cultured

hippocampal neurons, suggesting that THAP11 activity may be regulated by post-translation modifications including protein SUMOylation

(Figure S17).

Overall, we found that seizures robustly enhance and suppress the expression of different subsets of genes in excitatory neurons. While

upregulated genes implicate MAPK signaling and transcriptional regulation, downregulated genes are enriched for zinc-finger proteins

containing KRAB domains.

Exon-intron split analysis of seizure-induced nuclear transcriptome

We noted that a large proportion of reads in our RNA-seq dataset were aligned to introns (�20%; Figure 6A), a feature of nuclear RNA which

contains a sizable fraction of pre-mRNAs. The vast majority (>95%) of expressed protein-coding genes had detectable intron signal (log2CPM

>1) despite poly(A)-positive selection, enabling comparison of exon and intron expression profiles between conditions.56–58 Taking advan-

tage of the cell type and compartment specificity of our dataset, we compared changes in gene expression during pilocarpine seizures at

the exon and intron levels to shed light on transcriptional dynamics and post-transcriptional regulation.

Overall, fold changes in gene expression between mock and seizure conditions are similar at the exon and intron levels, with a correlation

of r = 0.811 (N = 11,389) and slightly greater fold changes at the intron level on average (DI = 1116 * DE - 0.034; Figure 6B). However, a parallel

analysis of intronic and exonic reads in our dataset identifiedmany additional DEGs at the intron level (N = 2748 compared to N = 1449 at the

exon level, overlap N = 1105; FDR <0.01, LFC > G0.5; Figures 6B and 6C; Table S4). As most introns are spliced during or shortly after tran-

scription whereas mature mRNA may remain in the nucleus for some time,59 differential expression at the intron level can reflect different

states of active transcription at the time of extraction.

We further probed differences in gene expression at the intronic and exonic levels using exon-intron split analysis58 and found N = 1,976

genes that had significantly different fold changes between conditions in introns vs. exons (FDR <0.01, LFC > G0.5; Figures 6B and 6C). Of

these, N = 768 were DE exclusively in introns and amazingly, over 90% of intron-specific DEGs were downregulated in seizure (N = 711). Tran-

scriptional suppressionmay become evident at the intron level prior to significant changes in exon-level expression in nuclear poly(A)-positive

RNA due to amore rapid depletion of the transient pool of partially spliced pre-mRNA compared to the exon-onlymaturemRNApopulation.

Thus, we hypothesize that the intron-specific DEGs represent transcription occurring later or with slower kinetics relative to genes DE at both

exon and intron levels. GO analysis indicates that many of these putatively delayed transcripts are involved in mitochondrial and respiratory

functions (Figure 6D). A Pscan analysis of intron-specific downregulated DEGs showed enrichment of transcription factor-binding sites for

NRF1, as well as KLF (Krüppel-Like Factors), SP, and ZBTB families of zinc-finger transcription factors, while THAP11 transcription factor-bind-

ing sites (TFBSs) were also weakly but significantly enriched (Figure 6E).

We also identified a smaller subpopulation of upregulated genes with substantially greater fold changes in exons than introns (N = 74), of

which N = 58 were exclusively differentially expressed at the exon level. Previous research has shown that this expression pattern is indicative

of post-transcriptional regulation.58 Indeed, we found that genes in this group were enriched for target sites of miRNAs previously implicated

in epilepsy, includingmiR-137, miR-23a/b andmiR-129 (Figure 6F). Intriguingly, exon-upregulated DEGs were also enriched for kinase activity

and negative regulation of MAPK signaling (Figure 6G), suggesting that post-transcriptional processes such as miRNA interactions may

contribute to the regulation of MAPK pathways during seizures.

Overall, our bulk sequencing of nuclear mRNA enabled us to examine different mature and immature RNA populations and identify pools

of transcripts that are differentially altered at the exon and intron levels, indicating differences in transcriptional or post-transcriptional regu-

lation in excitatory neurons.

Figure 5. Continued

(G) qPCR validation of zinc-finger protein genes Zfp108, Zfp128, Zfp493, Zfp660, and Zkscan7 (N = 5 pairs of mock v. pilocarpine mice). Relative gene expression

levels determined by normalizing against average DCt values for all mock-injected animals. All statistics were performed using one-sample t test with plots

showing means G SEM, p < 0.05 (*), p < 0.01 (**).

(H) Analysis of enriched transcription factor binding sites among downregulated DEGs using Pscan. Z-scores indicating target site enrichment for top 20

transcription factors.

(I) THAP11 target genes with maximum binding scores above background average. Top targets containing KRAB domains are listed.
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Figure 6. Differential gene expression at intron and exon levels reveals transcriptional dynamics and putative post-transcriptional regulation

(A) Percentage of reads uniquely aligned to exons, introns, intergenic regions, and ribosomal RNA (rRNA), aligned ambiguously or unaligned.

(B) Log fold changes (LFCs) in gene expression between mock and seizure in introns (DI) versus exons (DE) for protein-coding genes with >1 log2CPM at both

levels (N = 11,389). Colored subsets of genes have significantly different DI vs. DE and are differentially expressed between mock and seizure in exons (red),

introns (blue), or both (yellow). Subsets of interest are circled. Linear regression is indicated by the dashed line.

(C) Venn diagram of genes differentially expressed betweenmock and seizure in exons and introns, and genes with significantly differentDI vs.DE, corresponding

to subsets indicated on LFC plot.

(D) Top 10 terms in GO analysis of intron-specific downregulated DEGs showing number of significant genes in enriched terms and log10 p value (pink: Biological

Process (BP), cyan: Molecular Function (MF), green: Cellular Component (CC)).

(E) Enriched transcription factor-binding sites for intron-specific downregulated DEGs using Pscan. Z-scores indicate target site enrichment for top 20

transcription factors (TFs), of which 16 are zinc-finger TFs.

(F) Enrichment of miRNA target sites in TargetScan database usingMIENTURNET for DEGs with significantly greater DE than DI. Number of miRNA target genes

is plotted against false discovery rate (FDR) for top 10 miRNAs by FDR.

(G) Top 10 terms in GO analysis of DEGs with significantly greater DE than DI (pink: BP, cyan: MF, green: CC).
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Nuclear proteome and transcriptome co-expression analysis

Finally, we compared the nuclear proteome and transcriptome to understand the relationship between seizure-driven changes in the nuclear

proteome and altered gene expression. Subunits of the AP-1 complex and its bZIP interacting partners showed the strongest association

between datasets, being significantly upregulated in both the nuclear proteome and transcriptome. These genes are known to undergo ac-

tivity-dependent transcription shortly after onset of seizures and are then rapidly translated in the cytoplasm before being imported into the

nucleus (Figures 7A and 7B; Table S5). In addition, we found that several proteins associated with UBL conjugation and the DNA damage

response (DDR) are upregulated in both the proteome and transcriptome (Figure 7B, Q2). We also identified subsets of seizure-affected

proteins with discordant regulation in the transcriptome, including a group of proteins that is depleted from the nucleus while showing an

upregulation in mRNA expression. This group of proteins is associated with actin (Arpc2, Arpc3, Tpm1, Actg1, and Coro1c) and myosin

(Myl6, Myh9, and Myh10). There is strong experimental evidence that cytoskeletal proteins function in the nucleus.60,61 For example,

Arpc2 and Arpc3 are major components of the Arp2/3 actin complex that can modulate transcription and modify chromatin (Figures 7A

and 7B, Q4),62 while several myosin isoforms including Myh9 and Myl6 are detected in the nucleus and regulate gene expression.63,64 A

possible explanation for this discordant protein-RNA relationship is that loss of actin-cytoskeletal proteins triggers an increase in gene expres-

sion to replenish the depleted pool of proteins. Finally, we identified a small subset of nuclear-enriched proteins that are downregulated at

the mRNA level and linked to DNA repair and methylation (Pot1, Prmt5, Mdb4, and Setdb1; Figures 5B and 7A, Q1), an observation that

applies more broadly across the datasets as GSEA plots confirm that, overall, proteins associated with DNA repair and methylation are

A

B

Figure 7. Comparison between nuclear protein and mRNA levels during seizures

(A) Plot comparing log2 fold changes (LFCs) in the nuclear transcriptome and proteome (N = 2509). Genes with FDR <1% in the transcriptome and LFC in the top

15% of the proteome are highlighted and colored according to quadrant. Quadrants are labeled Q1-4.

(B) STRING protein interaction network of DE genes/proteins with annotated interactions (confidence R0.4). Node color corresponds to quadrant. Subsets of

highly connected nodes in Q2 (bZIP transcription factors) and Q4 (actin cytoskeleton) are circled and adjacent GSEA plots for the corresponding gene sets in the

transcriptome and proteome are presented.
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enriched in neuronal nuclei while corresponding gene expression is downregulated (Figure S18). While the biological relevance of this protein

(Up)-mRNA (Down) coordination is unclear, changes in protein stability may account for this observation.

DISCUSSION

SUN1-sfGFP mouse can be used to detect activity-induced changes in the nucleus

We have demonstrated that the CaMKIIa-Cre:SUN1-sfGFP mouse can be used to identify cell-type-specific changes in the nuclear proteome

following seizures and potentially other activity-induced changes in the brain. A previous report using this mousemodel profiled a kainic acid-

induced seizure transcriptome but did not isolate the nuclear proteome.53 Functional classification of the enriched proteins revealed several

pathways altered by seizures. Two groups stood out: AP-1 transcription factor complex and post-translational protein modification systems.

AP-1 is a dimeric transcription factor complex that consists of different FOS and JUN subunits. These subunits belong to the family of bZIP

transcription factors, many of which are IEGs that accumulate in the nucleus upon neuronal activity.65–67 The activity-dependent upregulation

of FOS mRNA and protein, and to a lesser extent JUNB, during different behavioral responses as well as during seizures have been re-

ported.54,68 However, the AP-1 complex subunits are rarely detected in most proteomic studies.16,18,20,21,69–71 Our approach for sequencing

the nuclear proteome andmRNA detected enrichment of all core members of the AP-1 complex during seizures, including DFOSB which is a

splice isoform of FOSB, and closely related transcription factors CEBPB and ATF2. The enrichment in both datasets also identifies AP-1 com-

plex subunits as the only family of transcription factors that is strongly upregulated in the nucleus at both the protein andmRNA levels during

the initial period of seizure activity. It is also noteworthy that IHC showed clear differences in patterns of FOS and JUNB expression and even

pCREB activation across brain regions during seizures, which may indicate that individual subunits respond to neuronal activity differently,

thereby generating distinct transcriptional outputs.

Enhanced nuclear SUMOylation may indicate activation of DNA damage response pathways

The enrichment of proteins that regulate post-translational modification systems, along with upregulation of a subset of stress-responsive

genes in the MAPK signaling cascade, suggests that seizures likely cause substantial DNA damage that triggers the host repair mechanisms.

In particular, the role of SUMOylation and ubiquitination in DNA damage response (DDR) is well-documented. In DDR, SUMOylated proteins

are reported to accumulate at double-strand break sites where they are ubiquitinated by a specific class of SUMO-targeted ubiquitin ligases

for proteasomal degradation, a step that is crucial for the repair process and one that links SUMOylation with proteasomal degradation.72,73

Other examples include activation of the recombinational DNA repair pathwaymediated by SMC-5/6 complex through SUMOylation. The E3

SUMO ligase NSMCE2 (also known as MMS21 or NSE2) is part of the SMC-5/6 complex and its SUMOylation activity is enhanced by DNA

binding.74–76 In addition, SMC-5/6-NSMCE2 is also known to protect telomeres through SUMOylation of the Shelterin complex, of which

2 members of the complex, POT1 and TINF2 are also found highly enriched in our nuclear proteome.77 The role of protein SUMOylation

in DNA repair also extends to other nuclear assemblies such as PML nuclear bodies which are assembled in response to external stressors,

as is the case during seizures.78–81 As with SMC-5/6-NSMCE2, several core components of the PML nuclear bodies are highly enriched in the

nucleus upon seizure. Interestingly, apart from Sumo3, nuclear-enriched proteins in the SUMOylation pathway are not upregulated at the

RNA level, suggesting that accumulation is not due to increased transcription but may instead be regulated by protein turnover, nucleocy-

toplasmic shuttling, or protein synthesis from a pre-existing pool of transcripts. While other studies have shown that brain traumas including

hypothermia, brain ischemia, cardiac ischemia, and reperfusion injury can result in massive increases in SUMO and SUMO-conjugated pro-

teins,82–86 we believe our study is the first to show global changes in nuclear protein SUMOylation following seizures in rodent models. We

also note that while SUMO-2/3 nuclear levels are consistently enhanced during seizures across all our assays, SUMO-1 nuclear levels remain

largely unaltered with Western blots and immunohistochemistry of different brain regions showing no increase in nuclear levels. Intriguingly,

in the PIR as well as in neuronal cultures, increase in neural activity resulted in a drop of SUMO-1 levels. As the PIR is a critical node for epilep-

tiform activity,87,88 we speculate whether a partial redundancy in protein SUMOylation between the two isoforms may explain the brain

region-specific rise of SUMO-2/3 and concurrent decline of SUMO-1 in the nucleus.89 Further work must be done to uncover the complex

relationship between SUMO-1 and SUMO-2/3 during seizures and epileptogenesis.

Beyond SUMOylation, other UBLs enriched in our dataset also participate in DDR. NEDD8 is a substrate for NEDDylation, a post-trans-

lational covalent modification similar to SUMOylation that enhances Cullin-RING E3 ubiquitin ligase function90—another family of proteins

that is found enriched in our dataset. The localized activity of the E3 ubiquitin ligases CUL3, CUL4A, and CUL4B at the site of DNA damage

is known to promote double-strand break repair either through ubiquitination of local substrate proteins or histones.91,92 In alignment with the

enrichment of post-translationalmechanisms in the nucleus that are associatedwithDDR, transcriptomeprofiles also indicate an upregulation

of multiple transcripts linked to cellular stress responses includingDusp1 andGadd45a, -b, and -g. The expression of these genes, which form

part of a larger MAPK signaling network, is partially responsible for switching on cellular survival responses, including DDR, when exposed to

harmful stimuli.93–95

Activation of SUMOylation can suppress transcriptional outputs

While post-translational systems are integral for DNA repair, their presence can also alter transcription throughmodifications of transcription

factors, histones, and DNA. In the case of seizures, evidence for transcriptional suppression can be found in both our sequencing datasets.

Our RNA-seq analysis showsmanymore genes significantly downregulated in seizures when pre-mRNA is included in the assessment. Among
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the downregulated genes, we find evidence for a broad activation of zinc-finger transcriptional repressors along with a dramatic reduction in

KRAB-ZFP gene expression. Furthermore, GSEA analyses of both genes and proteins indicate an enrichment of transcriptional repressors

(Figure S19). Coincidentally, it is also widely reported in the literature that the vast majority of SUMOylated transcription factors reduce or

repress transcription.96 SUMOylation represses transcription by a variety of methods, including enhancing transcription factor recruitment

of HDACs where the deacetylation of histones can potentially reduce transcriptional activation at selected genomic loci during

seizure.23,25,97,98 Like HDACs, SUMOylated transcription factor is also known to preferentially recruit repressive cofactors99 or to prevent other

PTMs such as phosphorylation or acetylation from activating transcription.100,101 Indeed, we note that the transcriptional repressor THAP11

contains a highly conserved protein SUMOylation site in the coding region (Figure S17). Collectively, a rise in nuclear SUMOylation in

response to prolonged neural activity might signify a cellular defense mechanism to halt runaway activity-dependent transcription.

Downregulation of zinc-finger protein gene expression linked to Zn2+ influx during seizures

Among the downregulated DEGs, THAP11-binding site is greatly over-represented in the upstream promoter and is likely a master transcrip-

tional suppressor for KRAB-ZFPs during seizures. That THAP11 itself is also a zinc-finger transcriptional repressor is not surprising since there is

evidence that zinc-finger transcription factors regulate the expression of many other zinc-finger genes.102 Furthermore, the involvement of

Zn2+ in coordinating the activities of transcription factors that drive the downregulation of intron-specific DEGs is striking. This is true even

for NRF1 activity which is modulated by Zn2+ and forms a complex with zinc-finger proteins to regulate gene expression required for

mitochondrial biogenesis.103–105 We postulate that a massive influx of intracellular Zn2+—an excitotoxic event that is known to occur during

epileptic seizures or traumatic brain injury—is the reason for the surge in zinc-finger-mediated repression.106–109 That said, the downregula-

tion of KRAB-domain genes in neurons is also detected in rodents exposed to a novel environment and though the magnitude of the

response may differ from seizures, it indicates that this activity-dependent phenomenon might not be limited to only pathological levels

of neuronal activity.

Nuclear transcriptome enables intron-exon analysis of transcription dynamics during seizures

By isolating nuclear RNA from excitatory neurons, we can interpret differential changes in intron and exon expression levels and provide addi-

tional details of gene expression regulation and transcriptional dynamics during seizures. Amajor finding using this approach is the discovery

of enhanced gene silencing at the intron level which we attribute to subsequent waves of transcriptional repression, supported by strong

enrichment of specific transcription factor-binding sites. We have also ruled out the possibility that loss of intron signal is due to activity-

dependent excision of stably retained introns.57 By examining coverage statistics and individual coverage profiles110 in combination with

alternative isoform annotations,111 we found that intron signal was altered throughout the gene body for most DEGs with very little evidence

for differential IR in our dataset (data not shown). Nevertheless, we cannot rule out that transcriptional suppression might be obscured at the

exon level, such as by changes in mRNA stability or nuclear retention.

Using EISA, we also identified enhanced upregulation of genes involved in kinase activity at the exon level and enrichment of binding sites

for miRNAs previously reported to have altered expression in epilepsy.112–115 For example, miR-137 is reduced in human temporal lobe ep-

ilepsy and mouse chronic epilepsy models, and suppression of miR-137 in mouse hippocampus was found to increase seizure frequency and

severity as well as neuronal excitability.115 A reduction of microRNA levels would result in elevation of their target genes specifically at the

exon level and in our study, these genes include negative regulators of MAPK signaling Dusp1, Dusp4, and Spred2, suggesting that post-

transcriptional mechanisms might contribute to regulation of MAPK signaling during seizures.

Coordination between protein and mRNA expression during seizures

We profiled neuronal nuclei at 100 min following seizure induction, a time point at which both protein and mRNA levels of canonical activity-

induced proteins such as the AP-1 complex subunits are elevated. In addition to the AP-1 complex, we observed several functional clusters of

proteins and mRNAs with coordinated activity-dependent responses. The clusters of interest include actin-associated proteins (proteins

DOWN; mRNA UP), proteins linked to UBL conjugation and DDR (protein UP; mRNA UP), and DNA repair and methylation (protein UP;

mRNA DOWN). Overall, the correlation between protein and mRNA levels in our data is not significant. The weak relationship between pro-

tein and RNA expression has been described across different biological systems and is usually attributed to post-transcriptional processes

that impact steady-state protein levels (e.g., protein turnover and RNA degradation),116–119 as well as the dynamics of transcription and trans-

lation. In the future, priority should be given to investigations of PTMs affecting various nuclear processes during epilepsy, particularly protein

SUMOylation.

Downregulated cytoskeletal proteins have dual nucleus-cytoplasm localization and function

In our analysis of proteins depleted in the nucleus after seizures, we isolated multiple cytoskeletal elements, molecular motors, and scaf-

folding proteins.While we verify that SUN1-sfGFP expression is limited to the nucleus, we cannot rule out the possibility that other subcellular

compartments such as the synapse, cytoskeletal, and scaffolding components located in the perinuclear space that associates with SUN1-

KASH complex will co-purify with the nucleus during the INTACT protocol. Certainly, we have identified multiple nuclear proteins that are

strongly depleted in the nucleus including NACC1 andmembers of the CaMKII family of proteins, many of which have splice isoforms encod-

ing nuclear localization sequences.120 Furthermore, an increasing number of cytoskeletal and scaffolding proteins such as actin (e.g., ACTB
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and ACTG), actin-associated proteins (e.g., ARPC2, ARPC3, and ACTR3), myosin (e.g., MYL6 and MYL9), nuclear/synapse scaffolds (ADD1,

CORO1, etc.) are shown to possess dual functions in the cytoplasm and in the nucleus.61–64,121–124 These intriguing findings on activity-depen-

dent changes in nuclear cytoskeletal elements certainly warrant additional investigation.

Overall, our study has uncovered novel changes in both proteome and transcriptome of forebrain excitatory neuronal nuclei during sei-

zures. We have also demonstrated the robustness of this mouse model and nuclear isolation techniques that can be used for multiple -omics

platforms to look at changes in specific cell types including astrocytes and other inhibitory neurons using various Cre-inducible mouse lines.

Limitations of the study

While our nuclear proteome detected enrichment of nuclear proteins, we are unable to quantify howmuch of the nuclear protein content was

lost during purification or if there is anymovement of proteins through the nuclear membrane via nuclear pore complexes.While we detect an

overall enhancement of SUMO-2/3-modified protein signal fromWestern blots, our studies have yet to identify specific targets of SUMO-2/3-

modified proteins in the nucleus which will require additional experiments using more sensitive techniques.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

pCREB Cell Signaling Technology #9198

GRP78/BiP Gifted from Dr. Y. Lian (NTU) Not applicable.

GAPDH Proteintech Cat#60004-1-Ig

H3 Cell Signaling Technology Cat#9715

LaminB1 Abcam Cat#16048

FOS Cell Signaling Technology Cat#2250

GFP Thermo Fisher Scientific Cat#11122

GFP NeuroMab Cat#75-131

JUNB Santa Cruz Biotechnology Cat#8051

CUL4B Sigma-Aldrich Cat#011880

NEDD8 St John’s Laboratory Cat#115482

SUMO1 Abcam Cat#32058

SUMO2/3 Proteintech Cat#11251-1-AP

SUMO-2/3 Cell Signaling Technology Cat#4971

CaMKIIb/g St John’s Laboratory Cat#91990

NACC1 Santa Cruz Biotechnology Cat#376216

GAD67 Merk Millipore Cat##5406

THAP11 Proteintech Cat#23030-1-AP

MAP2 PhosphoSolutions Cat#1100

Alexa Fluor� 488 goat anti-mouse IgG (H + L) Invitrogen Cat#11001

Alexa Fluor� 555 goat anti-mouse IgG (H + L) Invitrogen Cat#21422

Alexa Fluor� 488 goat anti-rabbit IgG (H + L) Invitrogen Cat#11034

Alexa Fluor� 555 goat anti-rabbit IgG (H + L) Invitrogen Cat#21428

Alexa Fluor � 647 goat anti-chicken IgY (H + L) Invitrogen Cat#21449

Goat anti-mouse light chain specific horseradish

peroxidase (HRP)-conjugated

EMD Millipore Cat#AP200P

Goat anti-rabbit IgG (H + L) HRP-conjugated Bethyl Laboratories Cat#A120-201P

VeriBlot for IP detection reagent (HRP) Abcam Cat#131366

Chemicals, peptides, and recombinant proteins

HBSS Gibco Cat#14170112

Trypsin Life Technologies Cat#15090046

DNAse Sigma Aldrich Cat#D5025

Trypsin Inhibitor Sigma Aldrich Cat#T9128

Neurobasal�-A medium Gibco Cat#10888022

Gentamycin Gibco Cat#15750045

FBS Thermo Fisher Scientific Cat#26140079

B27 Gibco Cat#17504044

GlutaMAXTM Gibco Cat#35050061

Poly-D-Lysine Sigma Aldrich Cat#P7886

1(S),9(R)-(�)-Bicuculline methiodide Sigma Aldrich Cat#14343
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TTX Tocris Cat#1078

Scopolamine methyl nitrate Sigma Aldrich Cat#S2250

Pilocarpine hydrochloride Sigma Aldrich Cat#P6503

IGEPAL�-CA 630 Sigma Aldrich Cat#I8896

Dynabeads� Protein G Invitrogen Cat#10-004-D

SYPRO� Ruby Molecular Probes Cat#S11791

TRIzol� Reagent Invitrogen Cat#15-596-018

PowerUpTM SYBRTM Green Applied Biosystems Cat#A25741

Critical commercial assays

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23227

PicoPure RNA isolation kit Thermo Fisher Scientific Cat#KIT0204

RevertAid First strand cDNA synthesis kit Thermo Fisher Scientific Cat#K1622

Deposited data

Mass Spectometry data ProteomeXchange via PRIDE Accession ID: PXD030637

RNA-sequencesing data Gene Expression Omnibus (GEO) Accession ID: GSE205454

Experimental models: Organisms/strains

Mice: B6; 129-Gt(ROSA)26Sortm5(CAG�Sun1/sfGFP)Nat/J The Jackson Laboratory Strain #021039

Mice: B6.Cg-Tg(CamkIIa-cre)T29�1Stl/J The Jackson Laboratory Strain #005359

Mice: C57BL6/J The Jackson Laboratory via In

Vivos Singapore

Strain #000664

Oligonucleotides

Fos

Forward: CACACAGGACTTTTGCGC

Reverse: GACACGGTCTTCACCATTCC

IDT Generated internally, not applicable

Hprt

Forward: TGTTGTTGGATATGCCCTTG

Reverse: GGCCACAGGACTAGAACACC

IDT Generated internally, not applicable

Junb

Forward: TCACGACGACTCTTACGCAG

Reverse: CCTTGAGACCCCGATAGGGA

IDT Generated internally, not applicable

Zfp108

Forward: GCCCATCAGAGAGTTCATACC

Reverse: CCCACACTCCACACACATATAC

IDT Generated internally, not applicable

Zfp128

Forward: CCCTGGATACTGCTCAACATAC

Reverse: TCAGGGCTTCTCCATGTTAATAC

IDT Generated internally, not applicable

Zfp493

Forward: CCAGAGAATTCACACAGGAGAG

Reverse: GCTGTTTAAGGGTGGAGGAATA

IDT Generated internally, not applicable

Zfp660

Forward: CAGGCAGACATCTCAGGTTATT

Reverse: GTAACGATAAGCTCTCCCACAC

IDT Generated internally, not applicable

Zkscan7

Forward: GTGGCTATGGTGGAGGATTT

Reverse: CTCAGTGCTCCCATCTTCTTT

IDT Generated internally, not applicable
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Toh Hean Ch’ng (thchng@ntu.

edu.sg).

Materials availability

� No new unique reagents were generated in this study.

Data and code availability

d No new code was generated in this study.
d Mass spectrometry data are found at ProteomeXchange (PXD030637) and RNA sequencing data have been deposited at GEO

(GSE205454).
d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All animal studies were carried out in accordancewith protocols approved byNanyang Technological University Institutional Animal Care and

Use Committee (IACUC: E0019 and A18091). CaMKIIa-Cre:SUN1-sfGFP mice, were generated by crossing homozygous B6; 129-Gt(ROSA)

26Sortm5(CAG�Sun1/sfGFP)Nat/J and B6.Cg-Tg(CamkIIa-cre)T29�1Stl/J mice (The Jackson Laboratory) as described by30 (Figure 1A). 6- to

8-week-old male CaMKIIa-Cre:SUN1-sfGFP or wild-type C57BL6/J mice were used for in vivo experiments. Mouse hippocampal neurons

were isolated from P0 to P2 wild-type pups and maintained for 14 to 16 days in vitro (DIV) prior to any pharmacological treatment.

Primary hippocampal cultures

Unless otherwise stated, all culture-based experiments were carried out using mature hippocampal neurons (DIV14 to 16). Both male and

female pups were used to prepare the cultures. Briefly, hippocampi were isolated from P0-2 wild-type C57BL6/J pups in ice-cold 1x HBSS

(1 mM sodium pyruvate, 1% HEPES; Gibco). Once dissected, the hippocampi were trypsinized (HBSS, 0.25% trypsin, 1.26 mM CaCl2 and

0.48 mg/mL DNase) for 10 min and the enzymatic digestion stopped with trypsin inhibitor (1 mg/mL; Sigma-Aldrich). Hippocampal tissue

was triturated in 1 mL of Neurobasal-A medium (B27, GlutaMAX, 0.01% FBS, 200 ng/mL gentamycin; Gibco) and number of cells in the sus-

pension was counted. �65,000 cells were seeded on Poly-D-Lysine-coated (0.1 mg/mL; Sigma-Aldrich) 12 mm glass coverslips (Marienfeld

Superior). Cells were maintained in an incubator (humidified, 37�C, 5% CO2) for 14–16 days until maturity and used for pharmacological

treatments and immunocytochemistry. For treatment of hippocampal neurons, the following pharmacological agents were used: 1(S),9(R)-

(�)-Bicuculline methiodide (Bic, 40 mM; Sigma-Aldrich), tetrodotoxin (TTX, 1 mM; Tocris). Mature hippocampal neurons were incubated

with these pharmacological agents in conditioned media and maintained in an incubator (humidified, 37�C, 5% CO2) for an appropriate

amount of time before paraformaldehyde (PFA) fixation and immunocytochemistry.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Image Lab Bio-Rad https://www.bio-rad.com/en-sg/product/

image-lab-software?ID=KRE6P5E8Z

Zen Blue Zeiss https://www.micro-shop.zeiss.com/en/us/

softwarefinder/software-categories/zen-blue/

ImageJ v1.53c Fiji-ImageJ https://imagej.nih.gov/ij/

IMARIS v9.7.2 Oxford Instruments https://imaris.oxinst.com/

GraphPad Prism v9.1.2 GraphPad https://www.graphpad.com/features

PANTHER v16 PANTHER maintained by

P. Thomas laboratory

http://www.pantherdb.org/

STRING v11 STRING Consortium https://string-db.org/

R v4.1.1 R Foundation https://www.r-project.org/

Cytoscape v3.8.2 Cytoscape Team https://cytoscape.org/
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METHOD DETAILS

Pilocarpine seizure model

To induce seizures, the following pharmacological agents were used for intraperitoneal injections (IP): (�) scopolamine methyl nitrate (1 mg/

kg; Sigma-Aldrich) and pilocarpine hydrochloride (340 mg/kg; Sigma-Adrich). Appropriate volumes of diluent (0.9% NaCl; B. Braun) were

used for mock injections. Briefly, mice were injected with scopolamine 30 min prior to pilocarpine or mock injections. Pilocarpine-injected

mice were allowed to develop acute seizures for 100 min. Mice with seizure behaviors which fell within the range of 2–4 on the Racine scale

were used for downstream experiments (Racine, 1972). For immunohistochemistry, animals were anesthetized by intraperitoneal delivery of

pentobarbital (0.3 mL/40 g) and perfused with ice-cold PBS followed by 4% PFA diluted in 0.1 M phosphate buffer (PB). Following that, brains

were removed and post-fixed with 4% PFA for 2–3 h and dehydrated in 30% sucrose in 0.1 M PB for 48 h at 4�C before cryosectioning. Coronal

forebrain slices (40 mm thickness) were sectioned and stored in a cryoprotective solution (30% ethylene glycol, 30% glycerol, 20 mM PB) at

�20�C until use. For RNA extraction, forebrains were isolated and flash-frozen in liquid nitrogen before storing at �80�C until use.

Nuclear extraction and purification

INTACT protocol was modified from (Mo et al., 2015). Unless otherwise stated, all sample processing steps were performed on ice. Briefly,

after seizures, mice were euthanized by cervical dislocation and the brains were harvested and placed in ice-cold homogenization buffer (HB;

0.25M sucrose, 25mMKCl, 5mMMgCl2, 20mM tricine, pH 7.8) supplementedwith cOmplete, EDTA-free protease inhibitor cocktail (Roche).

Forebrains were isolated and homogenized in a 5 mL Potter-Elvehjem tissue grinder with 10 strokes of the pestle (Corning). 0.3% IGEPAL-CA

630 (Sigma) in PBS was then added to the homogenate and further homogenized with another 5 strokes of the pestle. Homogenates were

then filtered through a 40 mm cell strainer (Falcon) and mixed 1:1 with 50%OptiPrep Density Gradient Medium in dilution buffer (DB, 150 mM

KCl, 30 mM MgCl2, 120 mM tricine, pH 7.8) before being layered over an iodixanol gradient composed of 30% and 40% OptiPrep in HB.

Samples were centrifuged at 10,000 g for 18 min with SW28 swinging bucket rotor at a deceleration setting of 5 (Beckman Coulter). After

centrifugation, nuclei were extracted from the interface between 30% and 40% of the OptiPrep gradient. To immunoprecipitate SUN1-

sfGFP-positive nuclei by INTACT, immunoprecipitation buffer (IPB, 0.25 M sucrose, 25 mM KCl, 5 mM MgCl2, 20 mM tricine, 0.4%

IGEPAL-CA 630, pH 7.8) was added to nuclear extracts (approximately 4–5 million nuclei) with 3 mg of anti-IgG or anti-GFP antibodies

used for each reaction and incubated for 30 min at 4�C. Pre-washed Dynabeads Protein G (Invitrogen) were added for another 40 min before

nuclei were isolated with extensive and repeated binding steps to enhance binding efficiency. After the final resuspension, the Dynabeads-

bound nuclei were pelleted and washed with IPB and prepared for mass spectrometry or immunoblotting.

For nuclear extraction with a sucrose cushion, filtrates were mixed 2.3:1 with sucrose cushion buffer (SCB, 1.8 M sucrose, 10 mM tris-HCl,

1.5 mMMgCl2, pH 6.9) and layered over SCB. Samples were centrifuged at 30,000 g for 45 min with a deceleration setting of 5 using an SW41

Ti swinging bucket rotor (Beckman Coulter). Recovered nuclear pellets were resuspended in SCB (�100 mL) and processed for

immunoblotting.

Immunoblotting (IB)

Nuclei obtained from INTACT and sucrose cushion extractions were lysed by adding RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mMNaCl, 0.1%

SDS, 0.5% sodium deoxycholate, 1% Triton X-100). Protein concentrations of the nuclear lysates were measured using Pierce BCA protein

assay kit (Thermo Fisher Scientific). SDS-PAGE, transfer and immunoblotting were performed using standard protocols. For signal detection,

membranes were treated with either SuperSignal West Pico PLUS Chemiluminescent Substrate or SuperSignal West Femto Maximum

Sensitivity Substrate (Thermo Fisher Scientific) for chemiluminescence imaging with ChemiDocMP imaging system using Image Lab software

(Rio-Rad). For immunoblots probed for total SUMOylated proteins using anti-SUMO-2/3 antibody, membranes were pre-stained with SYPRO

Ruby protein blot stain (Molecular Probes) according to manufacturer’s instructions prior to addition of antibodies.

Immunocytochemistry (ICC)

For ICC, hippocampal neurons cultured on glass coverslips were fixed with 3.2% paraformaldehyde (PFA) in Tyrode’s buffer (140 mM NaCl,

10 mM HEPES, 5 mM KCl, 3 mM CaCl2, 1 mM MgCl2, 10 mM glucose) for 10 min. After fixing, the coverslips were washed with PBS and

permeabilized with PBST solution (PBS, 0.1% Triton X-100) for 5 min, washed with PBS and blocked in 10% goat serum in PBS (Invitrogen)

for 1 h. Coverslips were incubated with primary antibodies (at least 3 h or 4�C overnight) followed by secondary antibodies in the presence

of Hoechst nuclear dye (1 h) diluted in blocking solution. All coverslips were mounted onto glass slides with Aqua-Poly/Mount (PolySciences).

Unless otherwise specified, all images of single neurons were taken using Zeiss LSM800 confocal system (63x 1.4NA oil objective). Primary

hippocampal neurons were randomly sampled across the coverslip.

Immunohistochemistry (IHC)

For IHC, unless otherwise specified, all washing steps and treatments were performed in 24-well cell culture plates (Corning). Free-floating

brain sections were washed with PBS for 5 min, permeabilized with pre-warmed PBST for 5 min and incubated with pre-warmed antigen

retrieval solution (12.1 mM Tris, 0.37 mM EDTA, 10% Triton X-100) for 10–15 min at 37�C. After antigen retrieval, the sections were washed

with PBST at 37�C and then again at room temperature before blocking with 5% goat serum in PBST for 1 h. Sections were incubated

with primary antibodies overnight at 4�C followed by extensive washes with PBST before incubation with secondary antibodies and Hoechst
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dye for 1 h. Stained sections were mounted onto POLYSINE adhesion slides (Thermo Fisher Scientific) with Aqua-Poly/Mount. For the vali-

dation of candidate proteins (FOS, JUNB, SUMO-1 and SUMO-2/3), whole brain sections were imaged on Zeiss LSM800 confocal system

(40x 1.3NA or 63x 1.4NA oil objectives).

LC-MS/MS sample preparation, TMT6-labeling, and analysis

For nuclear proteome, nuclei immunopurified by the INTACT method from 2 pairs of mock- and pilocarpine-induced mice per independent

experiment were combined after the washing steps, resuspended in appropriate volumes of SDS-based buffer and boiled. A total of 3 inde-

pendent experiments were carried out. All samples were sonicated twice (10 min) with a Bioruptor (Diagenode Diagnostics) before acetone

precipitation of the proteins for 4 h at�20�C. Protein pellets were solubilized in 8M urea 50mM triethylammoniumbicarbonate (TEAB) buffer

and final protein concentrationwas determinedwith Pierce BCAprotein assay kit. For each sample, 100 mg of protein was reducedwith 10mM

DTT for 30 min at 60�C and alkylated with 55 mM iodoacetamide (IAA) for 30 min at room temperature. The samples were diluted 7-fold with

50 mM TEAB followed by digestion with sequencing-grade modified trypsin (Promega) at 37�C overnight. The tryptic peptides were then

used for tandemmass tag (TMT) labeling with TMTsixplex Isobaric Label Reagent Set (Thermo Fisher Scientific) according to manufacturer’s

protocol. The 3 independent biological replicates were labeled as mock replicate 1 (M1) with TMT-126; pilocarpine replicate 1 (P1) with TMT-

127; M2 with TMT-128; P2 with TMT-129; M3 with TMT-130 and P3 with TMT-131, respectively. All 6 samples of labeled peptides were then

pooled and desalted using a C18 Sep-Pak 200 mg cartridge (Waters) before drying in a vacuum concentrator. The TMT-labeled sample was

then subjected to high-performance liquid chromatography (HPLC) fractionation. Briefly, dried peptides were reconstituted in 200 mL of

mobile phase A (10 mmol/L ammonium hydroxide in water) and fractionated using a XBridge BEH C18 column (130 Å, 3.5 mm, 4.6 3

250 mm; Waters) on a Prominence ultra-fast liquid chromatograph (UFLC) system (Shimadzu) with UV monitoring of peptide intensities at

280 nm. Peptide separation was performed at 1 mL/min using a 60 min gradient as follows: 0–5% B for 3 min, 5–35% B for 40 min, 35–70%

B for 12 min, and 70-0% B for 5 min. Fractions were collected at intervals of 1 min and combined by concatenation. Concatenated fractions

were then completely dried in the vacuum concentrator. Following that, dried sample fractions were reconstituted in 3% acetonitrile (ACN)/

0.1% formic acid (FA) before injection to LC-MS/MS using a Dionex UltiMate 3000 RSLCnano system coupled with a Q Exactive tandemmass

spectrometer (Thermo Fisher Scientific). Spray was generated using an EASY-Spray ion source (Thermo Fisher Scientific) working at 1.5 kV.

Peptide separation was performed using a PepMap C18 column (100 Å, 3 mm; Thermo Fisher Scientific) maintained at 35�C. Separation of

peptides was performed over a 60min gradient withmobile phase A (0.1% FA in water) andmobile phase B (0.1% FA in 100%ACN) as follows:

3�30% B for 40 min, 30�50% B for 5 min, 50�80% B for 3 min, 80% B for 3 min, and finally maintained isocratic at 3% B for 10 min. Q Exactive

data acquisition was performed in positive ionmode using Xcalibur version 3.0.63 (Thermo Fisher Scientific) with alternating full Fourier trans-

formMS (FT-MS; 350–1600m/z range, resolution of 70,000 at m/z 200, 1 micro-scan/spectrum) and FT-MS/MS (resolution of 35,000) for the 10

most intense ions with charge > +2 and isolated within a 2 Da window. Fragmentation of ions was performed by high energy collisional

dissociation fragmentation mode using 28% normalized collision energy. A threshold of 500 counts was enabled. For full FT-MS and FT-

MS/MS, automatic gain control was set to 53106 and 23105, respectively.

Sample preparation for RNA sequencing and data analysis

Nuclei immunopurified by the INTACTmethod fromN= 64 pairs ofmock- and pilocarpine-inducedmicewere lysed in 1mL of TRIzol Reagent

(Invitrogen) and stored at�80�C until RNA extraction. Total RNAwas extracted, and column-purified with PicoPure RNA isolation kit (Applied

Biosystems) according to manufacturer’s instructions. Purified RNA was then sent for directional poly(A)-positive mRNA library preparation

and sequencing of >45M paired-end 150 bp reads per sample on an Illumina NovaSeq 6000 (NovogeneAIT Genomics, Singapore). All

raw RNA-seq data can be downloaded from the Gene Expression Omnibus (GEO) web portal (Accession ID: GSE205454).

RNA extraction and cDNA synthesis

Flash-frozen forebrains were thawed at room temperature and transferred to a 17 mL Potter-Elvehjem tissue grinder (Corning). 3 mL of TRIzol

Reagent (Invitrogen) was added to the tissue grinder and the forebrains were homogenized with 10 strokes of the pestle. Homogenized sam-

ples were incubated at room temperature for 5 min. After incubation, homogenates were aliquoted equally into separate 1.5 mL tubes and

centrifuged at 12, 000 g at 4�C for 10 min. Insoluble fraction in the homogenate was removed by transferring the supernatant to fresh 1.5 mL

tubes. To each tube containing 1mL of supernatant, 200 mL of chloroform (Fisher Chemical) was added. Samples were then mixed by shaking

vigorously for 1 min and incubated at room temperature for 5 min. Next, samples were centrifuged at 11, 600 g at 4�C for 15 min before the

colorless aqueous phase for each sample was transferred to a fresh 1.5 mL tube. An equal volume of pure ethanol (Sigma-Aldrich) was added

dropwise to the aqueous phase with intermittent mixing by inversion of the tube. Total RNA was then extracted, and column-purified with

PicoPure RNA isolation kit (Applied Biosystems) according to manufacturer’s instructions. RNA concentrations were measured using the

NanoDropTM OneC instrument (Thermo Fisher Scientific). 2 mg of RNA from each sample was reverse transcribed with the RevertAid First

Strand cDNA synthesis kit (Thermo Fisher Scientific) in a 20 mL mixture using the VeritiTM 96-well thermal cycler (Applied Biosystems). The

conditions for cDNA synthesis were 42�C for 60 min followed by 70�C for 5 min to terminate the reaction. cDNA samples were then stored

in �20�C until quantitative (qPCR).
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Quantitative PCR (qPCR)

All qPCR reactions and analyses were performed with the QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). qPCR reactions

were performed in triplicates with each reaction consisting of 30 ng of cDNA, 100 nM of forward and reverse primers (Table S7), and appro-

priate amount of PowerUp SYBR Green Master Mix (Applied Biosystems). No reverse transcriptase samples were included as negative

controls. Relative gene expression levels were determined using the comparative Ct method (Livak and Schmittgen, 2001). DCt values

were obtained by normalizing the mean Ct values for each target gene to the mean Ct value for housekeeping gene hypoxanthine-guanine

phosphoribosyltransferase 1 (Hprt1).DCt values were further normalized to themeanDCt value for all samples frommock-injected animals to

obtain the DDCt values.

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunoassay quantification

All immunoblot quantifications were done with Image Lab software. Bands of each candidate protein weremanually outlinedwith boxes such

that the area quantified are the same across lanes. Band intensities were then normalized against lamin B1 as a loading control. For

SUMOylated proteins, the total intensity for each lane was normalized against total loaded protein determined with SYPRO Ruby stain.

For immunocytochemistry quantification of nuclear and cytoplasmic intensities, mean pixel intensities in the respective subcellular compart-

ments were obtained based on somatic (MAP2) or nuclear (Hoechst) marker staining of neurons. Quantification of all nuclear and cytoplasmic

intensities from cultures were done with ImageJ 1.53c. All data across conditions were normalized against the average basal values for each

independent experiment. For immunohistochemistry quantification SUN1-sfGFP-positive excitatory neuronal nuclei were randomly selected

from the DG, CA1, CA3 of the hippocampus, as well as the piriform cortex (PIR) for quantification with ImageJ 1.53c. A SUN1-sfGFP-positive

nucleus is defined by the observation of a Hoescht-stained nucleus outlined with a distinct ring in Channel 488. The ring-like pattern of SUN1-

sfGFP also ensures that the nucleus quantified is in focus in the images. Mean nuclear intensities for the candidate proteins were recorded

from these SUN1-sfGFP-positive nuclei. Separately, for the quantification of pCREB-positive/SUN-sfGFP-positive nuclei, brain sections (1 slice

per animal with N = 3 animals) were imaged with Zeiss Axioscan (203 objective). Randomly selected regions of interest (ROIs; CA1, DG,

Cortex: 1895 3 1984 pixels; CA3: 856 3 298 pixels) were analyzed with IMARIS 9.7.2 using filters and size thresholds to outline nuclei. The

number of pCREB-positive and SUN-sfGFP-positive nuclei were quantified and the percentages of SUN1-sfGFP-positive nuclei expressing

pCREB in mock- and pilocarpine-induced mice were calculated.

Statistics

All graphs for quantification were plotted using GraphPad Prism 9.1.2 with the error bars being presented as meanG SEM. For ICC and IHC

experiments, statistical significance for two-group comparisons was determinedby t-test (parametric) orMann-Whitney test (non-parametric).

For IB experiments, statistical significance for comparisons between two correlated groups was determined by paired t-test (parametric) or

Wilcoxon test (non-parametric). Shapiro-Wilk test and D’Agostino & Pearson test were conducted for small (n < 30) and large sample sizes,

respectively, prior to any statistical test. Significance level (alpha) was set at 0.05 and the resulting p values for significantly different data were

indicated as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****).

Proteomics analysis

The acquired data were processed using Proteome Discoverer version 2.1 (PD2.1; Thermo Fisher Scientific). The MS/MS spectra in raw data

files were directly converted to Mascot generic file (mgf) format for protein identification by searching against UniProt mouse protein data-

base using Mascot algorithm (Matrix Sciences). The raw data files were also imported into PD2.1 and searched for the MS/MS spectra using

SEQUEST andMascot algorithmswith PD2.1 standardworkflow. Subsequent data analysis was performed using R in RStudio version 1.4.1717.

A total of 14603 peptides were identified by PD2.1 and variance stabilizing normalization (VSN) was performed on the PD2.1-determined

abundance ratio to reduce pooled variance across all samples using the package NormalyzerDE version 1.10.0 (Figure S5) (Chawade

et al., 2014; Willforss et al., 2019). In total, PD2.1 identified N = 2948 ‘‘master proteins’’, of which N = 2608 proteins with TMT ratios in all three

independent replicates and q-value <0.05 were used for further analysis. Proteins enriched or depleted in the nucleus were identified based

on the abundance ratio between conditions for paired samples for each identified protein. Gene ontology (GO) analysis was performed using

PANTHER version 16.0 and protein-protein interaction analysis was performed using STRING version 11.5(Mi et al., 2021; Szklarczyk et al.,

2015). All MS data are uploaded to ProteomeXchange via PRIDE (Accession ID: PXD030637).

RNA sequencing analysis

Pre-processing

Sequenced reads were pre-processed using Trimmomatic (v0.39)125 to remove adapter sequences and low-quality or short-length reads and

then aligned to the mouse genome (GENCODEM24) using STAR (v2.7.1a).126 Reads aligned to exons were counted using HTSeq (v0.11.2)127

using the GENCODE primary assembly annotation. These steps were performed on the Gekko high-performance computing cluster.
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Differential expression

Gene count matrices were analyzed using R 4.1.1 (R Core Team, 2021). First, genes with <1 log2 counts per million (CPM) in more than 4 sam-

ples were removed, retainingN= 14,115 expressed genes, and then trimmedmean ofM values (TMM) normalization was applied. Differential

expression betweenMock and Seizure conditions was analyzed using edgeR quasi-likelihood F-test with robust dispersion estimation.128–130

Thresholds of false discovery rate (FDR) < 1% and log2 fold change (LFC) > G1 were used to identify differentially expressed genes (DEGs).

Gene set enrichment analyses

Gene set enrichment analyses (GSEA) were conducted on expressed genes or proteins ranked by LFC between conditions using the fgsea

R package.131 The gene sets used for analysis were Gene Ontology, PFAM, ReactomeDB and KEGG pathways.132–135 Terms with <5 or >800

annotated genes were excluded. Individual enrichment plots were generated for gene sets of interest. Enriched GO terms (padj <0.05; N =

327) were mapped in Cytoscape (v3.8.2),136 following a similar approach to Merico et al.137 Each node represents a GO term and edges indi-

cate Jaccard similarity as a measure of gene set overlap (minimum 0.1). Edge thickness was mapped to Jaccard coefficient, node color to

nucleotide enrichment score (NES) and node size to -log10 adjusted p value. Prefuse force-directed layout was applied with minor manual

adjustments for clarity, and clusters were identified and labeled manually.

Transcription factor binding motif enrichment

Pscan55 was used to analyze over-representation of regulatory transcription factor (RTF) binding site motifs within gene promoters (�950

to +50 from transcription start site [TSS]) using the Jaspar 2020 non-redundant database.138 For the top candidate RTF (THAP11), genes

with binding scores greater than the average background score were plotted in Cytoscape, indicating genes with KRAB or C2H2 domains

annotated in PFAM. Edge width and edge length (using the edge-weighted spring-embedded layout) were mapped to binding score.

Analyses of intronic reads

Aligned reads were re-quantified using the INSPEcT R package139 with UCSCmm10 knownGene annotation and ‘prioritizeExons’ set to false.

Data were filtered to retain protein-coding genes with reads in both exon and intron regions and differential expression analyses were con-

ducted on exons and introns separately as described above. Exon-intron split analysis (EISA) was then performed using default parameters to

determine differential expression between exon and intron levels.58 Data were again filtered to retain genes with average log2 CPM >1 and

DEGs were determined using thresholds of LFC >G0.5 and FDR <0.01 for each test. DEG subsets of interest were analyzed using Pscan (as

described above), MIENTURNET140 with TargetScan database (v7.2)141 and topGO.142 For topGO, Fisher’s exact test was used to compare

GO term enrichment in the subset of interest to all expressed genes. Gene coverage profiles were generated using scripts described in Lee

et al., 2020.110
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