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Abstract 29 

Memory retrieval induces a transient period of increased transcriptional and translational 30 

regulation in neurons called reconsolidation, which is regulated by the Protein Kinase B - 31 

mammalian target of rapamycin (AKT-mTOR) pathway. However, it is currently unknown how 32 

activation of the AKT-mTOR pathway is regulated during the reconsolidation process. Here, we 33 

found that in male rats retrieval of a contextual fear memory transiently increased EZH2 levels 34 

along with increased histone H3 lysine 27 trimethylation (H3K27me3) levels, which correlated 35 

with decreased levels of PTEN, a potent inhibitor of AKT-mTOR-dependent signaling in the 36 

hippocampus. Further experiments found increased H3K27me3 levels and DNA methylation 37 

across the Pten promoter and coding regions, indicating transcriptional silencing of the Pten gene. 38 

Pten H3K27me3 levels did not change following training or after the retrieval of a remote (old) 39 

fear memory, suggesting that this mechanism of Pten repression was specific to the reconsolidation 40 

of a new memory. In vivo siRNA-mediated knockdown of Ezh2 in the hippocampus abolished 41 

retrieval-induced increases in H3K27me3 and prevented decreases in PTEN levels. Ezh2 42 

knockdown attenuated increases in the phosphorylation of AKT and mTOR following retrieval, 43 

which could be restored by simultaneously reducing Pten, suggesting that H3K27me3 regulates 44 

AKT-mTOR phosphorylation via repression of Pten. Consistent with these results, knockdown of 45 

Ezh2 in area CA1 prior to retrieval impaired memory on later tests. Collectively, these results 46 

suggest that EZH2-mediated H3K27me3 plays a critical role in the repression of Pten transcription 47 

necessary for AKT-mTOR activation and memory reconsolidation following retrieval.      48 

 49 

 50 
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Significance Statement 51 

Understanding how critical translation pathways, like mTOR-mediated protein synthesis, 52 

are regulated during the memory storage process is necessary for improving memory impairments. 53 

This study tests whether mTOR activation is coupled to epigenetic mechanisms in the 54 

hippocampus following the retrieval of a contextual fear memory. Specifically, this study evaluates 55 

the role of epigenetic modifications in the form of histone methylation in downstream mTOR 56 

translational control during learning-dependent synaptic plasticity in neurons. Considering the 57 

broad implications of transcriptional and translational mechanisms in synaptic plasticity, 58 

psychiatric, and neurological and neurodegenerative disorders, these data are of interest to the 59 

neuroscience community due to the robust and specific regulation of mTOR signaling we found 60 

to be dependent on repressive histone methylation.  61 
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Introduction 62 

Increased protein synthesis is critical for learning-dependent synaptic plasticity in the 63 

brain. Supporting this, a number of studies have shown a requirement for de novo protein synthesis 64 

in neurons for the formation of long-term memories following learning (e.g., Schafe and LeDoux, 65 

2000), a process termed consolidation (McGaugh, 2000). Additionally, upon retrieval once 66 

consolidated memories become labile and require new protein synthesis in order to restabilize, a 67 

process referred to as “reconsolidation” (Nader et al., 2000). This reconsolidation process allows 68 

a transient period in which previously stored memories can be modified (Monfils et al., 2009; 69 

Graff et al., 2014; Jarome et al., 2015a; Kwapis et al., 2017), which may have significant 70 

therapeutic potential for the treatment of maladaptive memories associated with a number of 71 

anxiety disorders. However, the cellular mechanisms of memory reconsolidation remain poorly 72 

understood and how protein synthesis is regulated during activity- and learning-depdendent 73 

synaptic plasticity remains equivocal.   74 

One of the main translational control pathways involved in the reconsolidation process is 75 

the mammalian target of rapamycin complex 1 (mTORC1), which has been broadly implicated in 76 

learning-dependent synaptic plasticity in neurons (Parsons et al., 2006; Gafford et al., 2011; Jobim 77 

et al., 2012; Mac Callum et al., 2014). Phosphorylation of mTOR activates a number of 78 

downstream effectors involved in translation initiation and elongation, giving mTORC1 dynamic 79 

control over protein synthesis. However, to date, it is unknown how mTOR1 signaling is regulated 80 

during the reconsolidation process.   81 

The mTORC1 is part of the phosphatidylinositol-4,5-biphosphate 3-kinase (PI3K) – 82 

Protein Kinase B (AKT) - mTOR (PI3K-AKT-mTOR) pathway. In this pathway, PI3K 83 
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phosphorylates Phosphatidylinositol(3,4,5)-trisphosphate (PIP3) which regulates phosphorylation 84 

of AKT through PDPK1. Once phosphorylated, AKT phosphorylates mTORC1 and leads to the 85 

activation of P70S6 Kinase and Eukaryotic Translational Initiation factor 4E binding protein 86 

(4EBP1) (Hoeffer and Klann, 2010). The PI3K-AKT-mTOR pathway is tightly regulated by the 87 

phosphatase and tensin homolog (PTEN), which dephosphorylates PIP3 leading to inactivation of 88 

AKT and mTORC1. Consequently, dysregulation of PTEN levels can have dramatic effects on 89 

mTORC1-mediated protein synthesis and is associated with a number of different disease states. 90 

Interestingly, while some studies have suggested a role for PTEN in memory formation and storage 91 

(Sperow et al., 2012; Lugo et al., 2013; Mucic et al., 2015; Liu et al., 2016), it is unknown whether 92 

PTEN regulation is critical for mTORC1 activation following memory retrieval.   93 

In cancer cells, Pten can be epigenetically regulated by the transcriptionally repressive 94 

mark H3 lysine 27 trimethylation (H3K27me3) which is catalyzed by the Enhancer of Zeste 95 

Homolog 2 (EZH2), the functional enzymatic component of the polycomb repressive complex 2 96 

(PRC2) (Steelman et al., 2011; Song et al., 2012). Surprisingly, though epigenetic mechanisms 97 

have been widely implicated in memory storage processes in the brain (reviewed in, Day and 98 

Sweatt, 2010; Jarome and Lubin, 2014; Kwapis and Wood, 2014) and some studies utilizing whole 99 

epigenome and transcriptome analyses have begun to identify some of the downstream 100 

downstream signaling pathways that are regulated by these chromatin modifications following 101 

learning (Halder et al., 2016), much remains unknown about the gene targets of epigenetic 102 

modifications following memory retrieval. Additionally, very little is known in general about the 103 

role of H3K27me3 in memory storage processes in neurons (Zhang et al., 2014) and it is currently 104 

unknown if H3K27me3-mediated repression of Pten is critical for mTORC1 activation during the 105 

memory reconsolidation process. In the present study, we found that H3K27me3 regulated Pten 106 
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repression necessary for mTOR phosphorylation during memory reconsolidation. As a result, we 107 

have identified a novel epigenetic pathway critical for regulation of translational control 108 

mechanisms during memory reconsolidation.           109 
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Methods and Materials 110 

Subjects 111 

A total of 174 male Sprague-Dawley rats (Harlan) weighing 250-300g at time of arrival 112 

were used for these experiments. Rats were single housed in plastic cages, had free access to water 113 

and rat chow and were maintained on a 12:12 light:dark cycle. All procedures were approved by 114 

the University of Alabama at Birmingham Institutional Animal Care and Use Committee and done 115 

in accordance with the National Institute of Health ethical guidelines. 116 

Surgery and siRNA infusions 117 

Rats were injected with Accell siRNAs as described previously (Jarome et al., 2015b; 118 

Webb et al., 2017). Fresh Accell Ezh2 (#E-094880-00-0005), Pten (#E-080104-00-0005) and non-119 

targeting control (#D-001910-10-05) siRNA stocks (100 M) were resuspended in Accell siRNA 120 

resuspension buffer to a concentration of ~4.5 M on the day of surgery. A non-targeting green 121 

fluorescent Accell siRNA (#D-001950-01) was used to confirm targeting of the CA1 region.   122 

Behavioral Procedures 123 

Rats were handled for three days followed by three days of acclimation to the transport 124 

procedure prior to the start of behavioral training. Rats were then trained to a standard contextual 125 

fear conditioning paradigm in which 3 shock presentations (0.6mA, 2 sec, 120 sec ITI) were given 126 

over a 7 minute period in a novel context (Med Associates). Following completion of training, rats 127 

were returned to their homecages. To reactivate the memory, rats were placed back into the training 128 

context for 90 sec in the absence of shock; no retrieval rats underwent the same training protocol 129 

but were not re-exposed to the training context on the retrieval day.  Testing occurred the following 130 
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day and consisted of a 5 min exposure to the training context. All behavior was recorded and scored 131 

live by Med Associates software (Freeze Scan). 132 

Specific Experimental Procedures 133 

EXPERIMENTS 1-4. Rats were trained to contextual fear conditioning and the following day re-134 

exposed to the training context to reactivate the memory. In Experiment 1, the CA1 region of the 135 

dorsal hippocampus was then collected for protein analysis 1 hr later (React; n = 6). Separate rats 136 

were trained on Day 1 and the dorsal CA1 region was collected on Day 2 at equvialent times to 137 

the reactivation group, which served as the no reactivation (No React) control (n = 5). In 138 

Experiment 2, separate groups of rats were ran through the same procedure above except that the 139 

dorsal CA1 region was collected for protein analysis 24 hrs after retrieval (n = 10) or at an 140 

equilavent time on Day 3 (n = 8). In Experiments 3 and 4, the same procedure was used as 141 

Experiment 1 except the collected tissue was used for ChIP (Experiment 3) or meDIP (Experiment 142 

4) analysis. Experiment 3 group sizes were No react = 6, React = 6. Experiment 4 group sizes were 143 

No React = 6, React = 8.  144 

EXPERIMENTS 5-6. In Experiment 5 rats were trained to contextual fear conditioning and the 145 

dorsal CA1 region was collected 1 hr later for protein analysis (Trained; n = 5) and compared to 146 

naïve rats (n = 4). Experiment 6 was identical except tissue was collected for ChIP analysis with 147 

group sizes of Naïve =  4, Trained = 5. 148 

EXPERIMENT 7-8. In Experiment 7, rats were stereotaxically injected with Accell siRNA 149 

targeting Ezh2 (n = 7) or a nontargeting control (n = 8) and the dorsal CA1 region was collected 5 150 

days later for RNA analysis. In Experiment 8, rats were stereotaxically injected with Accell siRNA 151 
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targeting Ezh2 (n = 6) or a nontargeting control (n = 5) and trained to contextual fear conditioning 152 

5 days later. Twenty four hours after training, rats were tested for retention to the context cue.  153 

EXPERIMENTS 9-10. In Experiment 9, rats were trained to contextual fear conditioning and re-154 

exposed to the training context 1- (Recent; n = 6) or 30-days (Remote; n = 6) later to reactivate the 155 

memory. One hour after retrieval the dorsal CA1 region and the anterior cingulate cortex were 156 

collected for protein analysis. Control (No React; n = 6) rats were trained and tissue collected on 157 

Day 2 or Day 31 and pooled to form a single control group. Experiment 10 included only the No 158 

React (n = 4) and Remote (n = 4) groups and tissue was used for ChIP analysis.  159 

EXPERIMENT 11. Rats were trained to contextual fear conditioning and the following day were 160 

stereotaxically injected with Accell siRNA targeting Ezh2 (Ezh2-siRNA React; n = 6) or a 161 

nontargeting control (Scr-siRNA React; n = 5). Five days later rats were re-exposed to the training 162 

context to reactivate the memory and dorsal CA1 tissue was collected 1 hr later for protein analysis. 163 

A separate group of rats was trained on Day 1, injected with control siRNA on Day 2 and dorsal 164 

CA1 collected on Day 7; these served as the Scr-siRNA No React control group (n = 5).  165 

EXPERIMENT 12. This is identical to Experiment 11 except that rats received either a 166 

nontargeting siRNA or a combination of Ezh2 and Pten siRNAs. One hemisphere was collected 167 

for RNA analysis and the other for protein analysis. For RNA analysis of one hemisphere, we were 168 

able to collect quantifiable RNA from 15 of 18 samples, resulting in the following group sizes: 169 

Scr-siRNA No React = 6, Scr-siRNA React = 5, Ezh2+Pten-siRNA React = 4. For the protein 170 

analysis of the other hemisphere, we were able to collect a protein and histone fraction from all 171 

samples, resulting in 6 per group. 172 
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EXPERIMENT 13. Rats were trained to contextual fear conditioning and the following day were 173 

stereotaxically injected with Accell siRNA targeting Ezh2 (n = 8) or a nontargeting control (Scr-174 

siRNA; n = 7). Five days later rats were re-exposed to the training context to reactivate the memory 175 

and tested for retention to the contextual cue 24 hrs later.  176 

Tissue collection and protein extraction 177 

Rats were killed with rapid decapitation and the brain flash frozen on dry ice. Coronal 178 

sections containing the medial prefrontal cortex or dorsal hippocampus and retrosplenial cortex 179 

were dissected with the aid of a rat brain matrix. Area CA1, anterior cingulate cortext (ACC) and 180 

anterior retrosplenial cortex (RSC) were homogenized in buffer (50mM Tris, 50mM KCl, 250mM 181 

sucrose) using a Teflon homogenizer. Protein and histone extracts were collected as described 182 

previously (Maity et al., 2016). Briefly, samples were homogenized in sucrose buffer (320mM) 183 

with protease and phosphatase inhibitors. Homogenized samples were centrifuged at 7,700 x g for 184 

1 min and the supernatant collected. This supernatant was used for analysis of EZH2, PTEN, AKT 185 

and mTOR levels. The resulting pellet was resuspended in 0.4N sulfuric acid and incubated for 30 186 

minutes on ice, followed by centrifuge at max speed for 10 min. The supernatant was collected 187 

and trichloroacetic acid with 4mg/ml deoxycholic acid was added. Samples were incubated for 30 188 

min on ice, centrifuged, and histones collected by acetone drying. All protein samples were 189 

normalized using the Biorad Bradford protein assay. 190 

Western blotting 191 

Normalized samples (3 g for histones, 15-20 g for whole cell) were loaded on 7% or 20% 192 

SDS-PAGE and transferred onto an Immobilon-FL membrane using a turbo transfer system 193 

(Biorad, Hercules, CA). Membranes were blocked in Licor blocking buffer and probed with 194 
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primary antibody overnight at 4oC. Secondary goat anti-rabbit 700CW antibody (1:20,000; Licor 195 

Biosciences, Lincoln, NE) was used for detection of proteins using the Licor Odyssey system as 196 

described previously (Webb et al., 2017). Protein quantification was performed using GeneTools 197 

software (Syngene, Frederik, MD). Mean pixel density was calculated for each sample, normalized 198 

to H3 (H3K27me3), actin (EZH2, PTEN), AKT (phospho-AKT) or mTOR (phospho-mTOR) and 199 

taken as a percentage of the control group 200 

Antibodies 201 

Antibodies included trimethylated H3 lysine 27 (1:1000 for westerns, 5 g for ChIP, EMD 202 

Millipore #07-449, RRID:AB_310624), H3 (1:1000, Abcam #ab1791, RRID:AB_302613), EZH2 203 

(1:1000, Abcam #ab3748, RRID:AB_304045), phosphorylated AKT-Thr308 (1:1000, Cell 204 

Signaling #2965, RRID:AB_2255933), AKT (1:1000, Cell Signaling #4691, RRID:AB_915783), 205 

phosphorylated mTOR-Ser2448 (1:500 - 1:1000, Cell Signaling Technology #5536, 206 

RRID:AB_10691552), mTOR (1:1000, Cell Signaling Technology #2983, RRID:AB2105622), 207 

PTEN (1:1000, Cell Signaling Technology #9559, RRID:AB_390810), Phosphorylated P70S6 208 

Kinase (1:1000, Cell Signaling Technology #9205, RRID:AB_330944), P70S6 Kinase (1:1000, 209 

Cell Signaling Technology #2708, RRID:AB_390722) and Actin (1:1000, Cell Signaling 210 

Technology #4967, RRID:AB_330288).  211 

Enzyme-linked immunosorbent assay (ELISA) 212 

Phosphorylated mTOR levels were determined using the Pathscan Sandwich ELISA kit 213 

(Cell Signaling Technology #7976C) according to the manufactures instructions. A total of 20 g 214 

of homogenized CA1 tissue was used for each reaction. Results are an average of three runs and 215 

are presented as percentage of the control group.  216 
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RNA extraction and qRT-PCR 217 

RNA was extracted from CA1 lysates using the Qiagen Allprep Kit, converted to cDNA 218 

and real-time PCR amplifications performed on the Bio-Rad CFX-96 Real Time System as 219 

described previously (Gupta-Agarwal et al., 2014). All genes were ran in duplicate and compared 220 

to GAPDH. Cycle threshold (Ct) values were analyzed using the comparative Ct method to 221 

calculate differences in gene expression between samples. Primers included: Ezh2 (Forward- 222 

TCTCACCAGCTGCAAAGTGT, Reverse- AGAGGAGTTGTGTTTTCCCACT), Pten 223 

(Forward- CCAGTCAGAGGCGCTATGTA, Reverse- TCCGCCACTGAACATTGGAA) and 224 

GAPDH (Forward- ACCTTTGATGCTGGGGCTGGC, Reverse-225 

GGGCTGAGTTGGGATGGGGACT).  226 

Chromatin immunoprecipitation (ChIP) 227 

ChIP assays were performed as described previously (Webb et al., 2017).  Briefly, CA1 228 

tissue was fixed in PBS with 1% formaldehyde for 10 min at 37oC and washed extensively in PBS. 229 

Samples were homogenized in hypotonic buffer (10mM KCl, 20mM HEPES, 1mM, MgCl, 1mM 230 

DTT) with protease inhibitors and centrifuged at 1350 x g for 10 min at 4oC to pellet nuclei. Pellets 231 

were resuspended in ChIP sonication buffer (1X TE with 1% SDS) with protease inhibitors and 232 

chromatin sheared to 300bp using 25 cycles on a Bioruptor at high power. Lysates were centrifuged 233 

at 20,000 x g for 10 min at 4oC to pellet debris and supernatant collected and DNA content 234 

measured using a nanodrop. Normalized amounts of DNA were diluted in TE buffer and 2X RIPA 235 

buffer (2X PBS, 1% sodium deoxylcholate, 2% NP-40, 0.2% SDS) with 2X proteasome inhibitors. 236 

Samples were added to Magna ChIP Protein A/G magnetic beads (Millipore). 237 

Immunoprecipitations were carried out at 4°C overnight with primary antibody (anti-H3K27me3) 238 
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or no antibody (control). Immune complexes were collected and washed with low salt buffer, high 239 

salt buffer, LiCl immune complex buffer, and twice with TE buffer.  Immune complexes were 240 

extracted in TE containing 1% SDS and sodium biocarbonate and protein-DNA cross-links were 241 

reverted by heating at 65°C overnight.  After proteinase K digestion (100 μg; 2 h at 37°C), DNA 242 

was extracted by phenol/chloroform/isoamyl alcohol and then ethanol- precipitated.  243 

Immunoprecipitated DNA samples were subjected to quantitative real-time PCR using primers 244 

specific to the rat Pten promoter or coding region. The cumulative fluorescence for each amplicon 245 

was taken as a percentage of the input fraction, enrichment over background (no antibody control) 246 

calculated and taken as a fold change of the control group. We confirmed that the antibody 247 

produced Ct values that were significantly lower (sooner) than the no antibody controls, indicating 248 

enrichment of the H3K27me3 mark. DNA primers: Pten promoter (Forward: 249 

CTCTGGCTGCTGAGGAGAAG, Reverse: CTGATGCCCCTCGCTCTG, product = 114bp) and 250 

coding region (Forward: ACCATAACCCACCACAGCTAGA, Reverse: 251 

GCTGCAACATGATTGTCGTCT, product = 88bp). 252 

Methylated DNA immunoprecipitation (meDIP) 253 

Dissected CA1 samples were homogenized in TE buffer with 1% SDS and 100 g of 254 

proteinase K, incubated for 2 hrs at 55oC, and DNA extracted by phenol/chloroform/isoamyl 255 

alcohol and then ethanol preciptated. Normalized amounts of genomic DNA (4 g) were sheared 256 

to ~300bp, denaturted at 95oC for 15 min, diluted with IP buffer (16mM Tris, 1.2mM EDTA, 257 

167mM NaCl, 1% SDS, 1% Triton), mixed with MagnaChip magnetic protein A/G beads and 258 

immunoprecipitations carried out at 4°C overnight with primary antibody against 5-259 

methylcytosine (5-mC; Epigentek). Immune complexes were extensively washed, eluted and DNA 260 

was extracted by phenol/chloroform/isoamyl alcohol and ethanol precipitation.  261 
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Immunoprecipitated DNA samples were subjected to quantitative real-time PCR using primers 262 

specific to the rat Pten promoter. The cumulative fluorescence for each amplicon was taken as a 263 

percentage of the input fraction and taken as a fold change of the control group. Fold change over 264 

background could not be calculated since we did not observe amplification in precipitated DNA 265 

from no antibody control conditions. 266 

Statistical analyses 267 

All data are presented as mean and standard error. Experiments with two groups were 268 

analyzed using independent samples t-tests; those with three groups were analyzed with Analysis 269 

of Variance (ANOVA) followed by Fisher PLSD posthoc or t-tests where appropriate, unless 270 

otherwise indicated. Statistical outliers were defined as those that were two or more standard 271 

deviations from the mean. For western blots, outliers were removed from the final analysis on a 272 

case-by-case basis (i.e., based on individual antibodies, etc) rather than being excluded from an 273 

entire dataset for meeting outlier criteria on one individual, independent analysis. For behavioral 274 

experiments, if an animal was an outlier during either training or testing, they were removed from 275 

both analyses since the two measures are not independent. The number of outliers and the analysis 276 

they were identified on are: Experiment 1 = 1 (EZH2, PTEN), Experiment 2 = 1 (EZH2, 277 

H3K27me3), Experiment 8 = 1 (removed from training and test), Experiment 9 = 1 (CA1-278 

H3K27me3), Experiment 11 = 1 (AKT, P70) and Experiment 12 = 1 (H3K27me3, AKT, mTOR). 279 

During histone collection, one sample was lost in Experiment 1 and Experiment 9 (CA1) due to a 280 

centrifuge malfunction.   281 
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Results 282 

H3K27me3 levels increase at the Pten gene in the hippocampus following retrieval 283 

 We first examined if memory retrieval triggered changes in the repressive H3K27me3 284 

mark in the hippocampus. Rats were trained to contextual fear conditioning and twenty-four hours 285 

later were re-exposed to the training context (Figure 1a). Area CA1 of the dorsal hippocampus 286 

was then collected 1 or 24 hr later, time points within and outside the reconsolidation window, 287 

respectively (Nader et al., 2000). We found that retrieval of the context fear memory increased 288 

EZH2 levels in area CA1 1 hr after retrieval (t(8) = 3.518, P = 0.0079), which returned to baseline 289 

by 24 hr (t(15) =1.095, P = 0.2909; Figure 1b). Consistent with this, in bulk histone extracts from 290 

area CA1 we found increases in H3K27me3 levels 1 hr after retrieval (t(7) = 2.404, P = 0.0472; 291 

Figure 1c). Surprisingly, H3K27me3 levels were decreased 24 hr after retrieval (t(15) = 3.019, P = 292 

0.0086), suggesting continued regulation of this histone methylation mark well beyond completion 293 

of the reconsolidation process (Gupta-Agarwal et al., 2012; Gupta-Agarwal et al., 2014). 294 

Collectively, these results suggest that EZH2 methyltransferase and H3K27me3 methylation are 295 

upregulated during the reconsolidation process. 296 

Pten is a known target of H3K27me3 in some cell types, so we next tested if H3K27me3 297 

was targeting Pten during the reconsolidation process. We observed a reduction in PTEN levels in 298 

CA1 protein lysates following memory retrieval (t(8) = 2.173, P = 0.0308; Figure 1d), which 299 

returned to baseline by 24 hrs (t(16) = 0.3359, P = 0.7413), suggesting that the Pten gene could be 300 

associated with increased H3K27me3. To further investigate this possibility, we performed 301 

chromatin immunoprecipiation (ChIP) assays on CA1 tissue collected 1 hr after retrieval and 302 

examined H3K27me3 occupancy at the Pten promoter and coding regions (Figure 1e). 303 
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Remarkably, we found increased H3K27me3 levels at the Pten coding region (t(10) = 2.772, P = 304 

0.0197; Figure 1f), however, H3K27me3 levels dramatically decreased within the Pten promoter 305 

region (t(10) = 3.285, P = 0.0082). While these results do support repression of Pten following 306 

retrieval, the loss of H3K27me3 in the promoter region was unexpected. One possible explanation 307 

for the decreased H3K27me3 within the promoter region could be the presence of DNA 308 

methylation, as a strong inverse relationship exists between H3K27me3 and DNA methylation 309 

(Lindroth et al., 2008; Brinkman et al., 2012; Statham et al., 2012; Reddington et al., 2013). 310 

Importantly, in mammals H3K27me3 levels are often reduced in CpG-enriched regions where 311 

DNA methylation is more robust. We next tested whether or not DNA methylation was altered at 312 

a CpG island within the Pten promoter region following memory retrieval. We collected genomic 313 

DNA from CA1 tissue 1 hr after retrieval and performed a methylated DNA immunoprecipitation 314 

(meDIP) assay with a primer targeting a region that included a CpG island containing 7 CpG sites, 315 

which allowed us to quantify cumulative changes in DNA 5-methylcytosine levels (5-mc) within 316 

this region (Figure 1g). Consistent with the reported relationship between DNA methylation and 317 

H3K27me3 in vitro, we found increased DNA 5-mc levels within the H3K27me3 promoter region 318 

(t(12) = 2.949, P = 0.0122) that inversely correlated with decreased H3K27me3 levels at this same 319 

gene region. Collectively, these results suggest that Pten has increased levels of H3K27me3 and 320 

DNA methylation following retrieval.       321 

Pten H3K27me3 levels do not increase following learning or after the retrieval of a remote 322 

fear memory  323 

In the experiments described above, we found that Pten H3K27me3 levels increased in 324 

association with reduced PTEN levels in the hippocampus following the retrieval of a contextual 325 

fear memory. However, both mTORC1 and histone methylation mechanisms are known to play a 326 
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critical role in the hippocampus during the initial consolidation of fear memories (Gupta et al., 327 

2010; Gafford et al., 2011; Kerimoglu et al., 2013), suggesting that Pten H3K27me3 levels could 328 

increase during both the memory consolidation and reconsolidation processes. To test this idea, 329 

we examined if initial learning triggered increases in Pten H3K27me3 levels in the hippocampus 330 

(Figure 2a). We found that bulk EZH2 (t(7) = 2.846, P = 0.0248) and H3K27me3 (t(7) = 3.316, P 331 

= 0.0128) levels were increased in area CA1 1 hr after training, concurrent with decreases in PTEN 332 

(t(7) = 3.356, P = 0.0122; Figure 2b). Surprisingly, despite these bulk increases in H3K27me3 333 

levels, we found no significant learning-dependent changes in H3K27me3 occupancy at the Pten 334 

promoter (t(7) = 0.6102, P = 0.6102) or coding (t(7) = 0.5788, P = 0.5808) regions (Figure 2c), 335 

suggesting that H3K27me3 levels may be increasing at other genes during the consolidation 336 

process. To confirm that EZH2-mediated H3K27me3 was involved in memory consolidation, we 337 

infused an Accell siRNA targeting Ezh2 into the CA1 region of the dorsal hippocampus and trained 338 

rats to our contextual fear conditioning protocol (Figure 2d). We trained rats five days after siRNA 339 

infusion since we observed expression of a green fluorescent control siRNA at this time (Figure 340 

2e), which correlated with a significant reduction in Ezh2 expression in area CA1 (t(13) = 4.405, P 341 

= 0.0007; Figure 2f).  We found that while Ezh2 knockdown did not effect the ability of the rats 342 

to acquire the fear conditioning task (t(8) = 0.4338, P = 0.6759; Figure 2g), they had impaired 343 

memory for the context the following day (t(8) = 2.452, P = 0.0398; Figure 2h), indicating an 344 

impaired consolidation process. These results suggest that while EZH2 is critical for memory 345 

consolidation, this is potentially independent of increased Pten H3K27me3 levels. 346 

The hippocampus has a time-limited role in the reconsolidation of contextual fear 347 

memories, as by 30 days following acquisition (training) the memory is independent of the 348 

hippocampus and requires activity in the anterior cingulate cortex (ACC) region of the medial 349 
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prefrontal cortex (Frankland et al., 2004; Graff et al., 2014), though some studies suggest that the 350 

hippocampus may continue to be involved even at remote time points (Debiec et al., 2002; Goshen 351 

et al., 2011). To test if increases in H3K27me3 are a general mechanism of memory 352 

reconsolidation, we examined whether this histone methylation mark was increased in area CA1 353 

and the ACC following the retrieval of a recent (1 day later ) and a remote (30 days later) memory 354 

(Figure 3a-b). We did not find main effects for retrieval on global H3K27me3 levels for either 355 

the CA1 region (F(2,14) = 2.237, P = 0.1435) or the ACC (F(2,15) = 1.232, P = 0.3195). To test if 356 

this was due to differential H3K27me3 changes between recent and remote retrieval groups, we 357 

performed pairwise t-tests comparing the retrieval condition (recent or remote) to the no retrieval 358 

control group. We found increases in H3K27me3 levels in bulk histone extracts from area CA1 359 

following the retrieval of a recent (t(9) = 2.681, P = 0.0252), but not a remote (t(10) = 0.02257, P = 360 

0.9824), contextual fear memory (Figure 3c). This is consistent with the idea of “systems 361 

consolidation” where the memory becomes independent of the hippocampus with time, instead 362 

being stored in extrahippocampal sites such as the prefrontal cortex (Winocur and Moscovitch, 363 

2011). Surprisingly, we did not observe increases in H3K27me3 in the ACC following the retrieval 364 

of a recent (t(10) = 1.242, P = 0.2425) or a remote (t(10) = 1.530, P = 0.1571) fear memory, even 365 

though we have previously shown that c-fos and Npas4 protein levels are increased in this region 366 

following remote memory retrieval, indicating that the ACC is engaged during the reconsolidation 367 

process (Webb et al., 2017). To examine this further, we performed ChIP assays on CA1 and ACC 368 

tissue collected 1 hr after the retrieval of a remote contextual fear memory. ChIP analysis on the 369 

ACC supported our bulk histone extract data, as we observed no significant alterations in 370 

H3K27me3 levels at the Pten promoter (t(6) = 0.2118, P = 0.8393) or coding (t(6) = 1.610, P = 371 

0.1585) regions (Figure 3d), suggesting that Pten H3K27me3 levels did not change during the 372 
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reconsolidation of a remote fear memory. Furthermore, CA1 H3K27me3 promoter (t(5) = 0.9692, 373 

P = 0.3770)  and coding (t(5) = 1.575, P = 0.1761; Figure 3e) levels and ACC PTEN protein levels 374 

(t(10) = 0.4724, P = 0.6468; Figure 3f)  remained unchanged following the retrieval of a remote 375 

memory. Collectively, these results suggest that Pten H3K27me3 levels, and possibly overall 376 

increases in H3K27me3, are specific to the retrieval of a new fear memory.     377 

Knockdown of Ezh2 in the hippocampus abolishes increases in H3K27me3 and decreases in 378 

PTEN following retrieval 379 

 Having established that increases in H3K27me3 were specific to the retrieval of a new fear 380 

memory, we next tested whether H3K27me3 was necessary for Pten repression during the 381 

reconsolidation process. We trained rats to contextual fear conditioning and 24 hrs later performed 382 

intra-cranial brain surgeries where we infused an Accell siRNA targeting Ezh2 into the CA1 region 383 

of the dorsal hippocampus. Rats were allowed to recover from surgeries and optimal transfection 384 

of Ezh2-siRNA and Scrambled-siRNA (non-targeting) for five days. Rats were then re-exposed to 385 

the training context to reactivate the memory and at 1 hr area CA1 of the dorsal hippocampus was 386 

collected (Figure 4a). Accordingly, while the Ezh2-siRNA did not prevent memory retrieval 387 

(Figure 4b), we were able to successfully reduce EZH2 in area CA1 (F(2,13) = 6.063, P = 0.0138) 388 

but not the overlying cortical layer (F(2,13) = 0.6271, P = 0.5495; Figure 4c) supporting that the 389 

Ezh2-siRNA infusion was largely localized to the hippocampus. Consistent with the loss of EZH2, 390 

we found that the Ezh2-siRNA abolished retrieval-induced increases in H3K27me3 in area CA1 391 

(F(2,13) = 6.832, P = 0.0094; Figure 4d) and prevented reductions in PTEN levels following 392 

retrieval (F(2,13) = 4.722, P = 0.0287; Figure 4e). Collectively, these results indicate that Ezh2-393 

mediated H3K27me3 is involved in Pten repression during memory reconsolidation.       394 
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Loss of H3K27me3-induced Pten repression prevents increases in AKT-mTORC1 395 

phosphorylation following retrieval 396 

Since PTEN is a potent antagonist of the PI3K/AKT/mTORC1 pathway, we next tested if 397 

a loss of H3K27me3 following retrieval altered previously reported increases in mTOR 398 

phosphorylation (Gafford et al., 2011). While we did not find a main effect for Ezh2-siRNA 399 

manipulation on the phosphorylation of AKT (F(2,12) = 1.531, P = 0.2556), we did observe a 400 

retrieval-dependent increase in AKT phosphorylation (t(7) = 2.543, = 0.0385; No React vs Scr-401 

siRNA React) that was not present following Ezh2 knockdown (t(9) = 0.5439, P = 0.5998; No react 402 

vs Ezh2-siRNA React; Figure 4f). Furthermore, phosphorylated-mTOR levels were significantly 403 

effected by Ezh2 knockdown (F(2,13) = 4.474, P = 0.0332; Figure 4g) as we found that increases 404 

in mTOR phosphorylation following retrieval (t(8) = 3.362, P = 0.0099, No React vs Scr-siRNA 405 

React) were completely reversed by Ezh2 knockdown (t(9) = 2.680, P = 0.0252, Scr-siRNA React 406 

vs Ezh2-siRNA React), an effect we confirmed with an mTOR ELISA (F(2,13) = 6.110, P = 0.0135; 407 

Figure 4h). Since our phospho-mTOR antibodies do not distinguish between mTORC1 and 408 

mTORC2, we next tested the effect of Ezh2 knockdown on phosphorylation of the mTORC1 409 

substrate the P70S6 Kinase (P70S6K) following retrieval. We found a main effect for levels of 410 

phosphorylated P70S6K (F(2,12) = 6.683, P = 0.0112; Figure 4i). While retrieval increased levels 411 

of phosphorylated P70S6K (t(7) = 2.625, P = 0.0171, No React vs Scr-siRNA React), this was 412 

completely lost following Ezh2 knockdown (t(8) = 3.441, P = 0.0088), Scr-siRNA React vs Ezh2-413 

siRNA React), supporting that mTORC1 activity was altered by the loss of H3K27me3. 414 

Collectively, these results strongly suggest that EZH2-mediated H3K27me3 regulates Pten 415 

repression and AKT-mTORC1 phosphorylation during memory reconsolidation. 416 
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H3K27me3 regulates Pten gene repression necessary for AKT-mTORC1 phosphorylation 417 

following retrieval 418 

 Thus far our experiments provide evidence supporting that EZH2-mediated H3K27me3 is 419 

critical for AKT-mTORC1 phosphorylation following retrieval. However, we have not yet 420 

determined whether or not H3K27me3 ttranscriptional repression of Pten couples to AKT-421 

mTORC1. To directly test this relationship, we simultaneously reduced Ezh2 and Pten gene 422 

expression in area CA1 and examined AKT-mTORC1 phosphorylation during the post-retrieval 423 

period. This allowed us to prevent the increases in PTEN levels that we observed following Ezh2 424 

knockdown in our previous experiment (Figure 5a). Consistent with our targeting of Ezh2, we 425 

found a loss of retrieval-induced increases in Ezh2 expression following infusion of the Ezh2+Pten 426 

siRNA (F(2,12) = 9.285, P = 0.0037; Figure 5b). Pten expression was significantly reduced 427 

following both retrieval and infusion of the Ezh2+Pten siRNA (F(2,12) = 16.94, P = 0.0003). 428 

Furthermore, knockdown of Ezh2 and Pten resulted in reduced EZH2 and PTEN protein levels as 429 

we found that the retrieval-dependent increases in H3K27me3 (F(2,14) = 8.848, P = 0.0033; Figure 430 

5c) were lost while the increases in phosphorylated AKT were perserved (F(2,14) = 5.591, P = 431 

0.0164; Figure 5d) in the Ezh2+Pten siRNA group. Thus, we were able to sufficiently reduce both 432 

EZH2 and PTEN activity within the same samples. Additionally, we observed a significant 433 

increase in mTOR phosphorylation following retrieval in control siRNA injected rats relative to 434 

no retrieval controls (F(2,14) = 4.466, P = 0.0316; Figure 5e) which was also present in the 435 

Ezh2+Pten siRNA injected rats even though retrieval-induced increases in H3K27me3 were lost. 436 

Furthermore, we confirmed this result with a mTOR ELISA (F(2,15) = 8.450, P = 0.0035; Figure 437 

5f), supporting that we rescued deficits in mTOR phosphorylation that occur following loss of 438 

H3K27me3. Collectively, these results provide evidence suggesting that retrieval-induced EZH2 439 
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regulates mTORC1 phosphorylation through H3K27me3-mediated transcriptional repression of 440 

Pten in the hippocampus.               441 

H3K27me3 is a critical regulator of memory reconsolidation following retrieval 442 

 Pharmacological inhibition of mTORC1 activation impairs the memory reconsolidation 443 

process (Parsons et al., 2006; Gafford et al., 2011; Jobim et al., 2012; Mac Callum et al., 2014). 444 

Since we observed a loss of mTORC1 phosphorylation following Ezh2 knockdown, we next 445 

wanted to test whether increases in H3K27me3 were critical for memory reconsolidation following 446 

retrieval (Figure 6a). All rats acquired the task (t(13) = 0.2682, P = 0.7927; Figure 6b) and their 447 

retention for it was not altered by the Ezh2-siRNA infusion procedure (t(13) = 0.6323, P = 0.5382; 448 

Figure 6c). However, rats receiving the Ezh2-siRNA had significant memory impairments on a 449 

later test day (t(13) = 3.319, P = 0.0055; Figure 6d), suggesting that increases in H3K27me3 were 450 

critical for memory reconsolidation. In Figure 7, we summarize our results indicating that EZH2-451 

mediated increases in H3K27me3 regulate Pten repression and mTORC1 phosphorylation and 452 

memory stability following retrieval (Figure 7).     453 
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Discussion 454 

 While it has been strongly supported that increased translational control in memory-related 455 

brain regions is necessary for memory reconsolidation (e.g., Debiec et al., 2002; Milekic and 456 

Alberini, 2002; Lattal and Abel, 2004), exactly how this requirement for de novo protein synthesis 457 

is regulated following retrieval remains equivocal. Furthermore, though a number of studies have 458 

implicated epigenetic mechanisms in transcriptional regulation during the reconsolidation process 459 

(e.g., Lubin and Sweatt, 2007; Bredy and Barad, 2008; Maddox and Schafe, 2011), very little is 460 

known about the downstream signaling cascades that are effected by these modifications following 461 

retrieval. In the present study we found that the retrieval of a contextual fear memory increased 462 

H3K27me3-mediated repression of Pten in the hippocampus. Importantly, knockdown of the 463 

H3K27me3 methyltransferase Ezh2 prevented the retrieval-induced loss of Pten and abolished 464 

increases in AKT-mTORC1 phosphorylation, which could be restored by simultaneous 465 

knockdown of Pten. Collectively, these results reveal a novel epigenetic mechanism of the memory 466 

reconsolidation process and demonstrate that retrieval-induced activation of the AKT-mTORC1 467 

pathway requires intricate epigenetic-mediated repression of Pten.   468 

A selective involvement of H3K27me3 in PTEN regulation during the reconsolidation of a 469 

recent fear memory 470 

 Interestingly, while we did observe increases in H3K27me3 with concurrent decreases in 471 

PTEN levels following both learning and memory retrieval, Pten H3K27me3 levels only increased 472 

during the reconsolidation process. This result is particularly surprising since it suggests that this 473 

mechanism of Pten repression may be unique to the reconsolidation process. While cellular 474 

reconsolidation is largely considered to not be a recapitulation of consolidation (Alberini, 2005), 475 
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to date, only a few mechanisms have been implicated as being differentially involved in the 476 

consolidation and reconsolidation of a given memory (e.g., Taubenfeld et al., 2001; Lee et al., 477 

2004; Milekic et al., 2007; Lee et al., 2008). Our present results add to this growing literature by 478 

demonstrating novel genes regulated by H3K27me3 in the consolidation and reconsolidation 479 

processes and add a new dimension to these unique mechanisms as, to the best of our knowlegde, 480 

we show for the first time that the levels of a specific enzyme (PTEN) is differentially regulated 481 

during the consolidation and reconsolidation processes. Consistent with, PTEN is regulated at the 482 

transcriptional, translational and post-translational levels (Kreis et al., 2014), suggesting that 483 

PTEN could be regulated by a different mechanism during the consolidation process. However, an 484 

alternative explanation is that Pten H3K27me3 levels increase during memory consolidation, 485 

though the temporal dynamics of this may differ from reconsolidation as some cellular 486 

mechanisms have shown different time courses for their regulation following learning and 487 

retrieval.  While we cannot completely rule-out this interpreation, it is unlikely as we found that 488 

even though EZH2 and H3K27me3 levels were elevated simultaneously with PTEN reductions 489 

following training, Pten H3K27me3 levels did not change, suggesting that if H3K27me3 were 490 

transcriptionally silencing Pten during the consolidation process we would have still been able to 491 

see that at the time point examined. Future studies should aim to more precisely determine how 492 

PTEN is regulated during the consolidation process and whether this occurs through transcriptional 493 

repression (i.e., DNA methylation) or changes in protein turnover (ubiquitin-proteasome 494 

signaling). 495 

 Another interesting result from our study was that the repression of Pten by H3K27me3 496 

only occurred following the retrieval of a memory for a newly learned association. This result is 497 

surprising since epigenetic mechanisms have recently been implicated in the reconsolidation of 498 
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remote fear memories (Miller et al., 2010; Graff et al., 2014). Furthermore, we did not observe 499 

changes in PTEN levels in the ACC following remote memory retrieval, even though 500 

phosphorylation of the mTORC1 substrate P70S6K is increased in this region during the 501 

reconsolidation of older fear memories (Gafford et al., 2013). This suggests that mTOR-mediated 502 

protein synthesis may not require the repression of Pten during remote memory reconsolidation, 503 

though it is unclear how this would occur. However, P70S6K can also be phosphorylated by ERK-504 

MAPK signaling (Herbert et al., 2000), suggesting that ERK could be responsible for increases in 505 

P70S6K phosphorylation following the retrieval of a remote fear memory. Consistent with this, 506 

elevated levels of PTEN result in inactivation of AKT, which prevents the AKT-RAS-dependent 507 

repression of ERK activation (Rommel et al., 1999; Zimmermann and Moelling, 1999; Mendoza 508 

et al., 2011). Collectively, these results suggest that the lack of PTEN repression following the 509 

retrieval of a remote memory may allow translational control to be mediated via ERK-MAPK 510 

signaling rather than AKT-mTORC1. This potential pathway will need to be examined in future 511 

studies.    512 

 Our data suggest that Pten repression is likely regulating reconsolidation through 513 

downstream activation of mTORC1 signaling. Despite this, it is possible that PTEN regulates 514 

memory reconsolidation through other mechanisms in addition to its control of mTORC1 515 

activation. Noteably, through its regulation of AKT, PTEN can have significant control over the 516 

activation of ERK-MAPK, a critical regulator of memory storage in neurons (Atkins et al., 1998; 517 

Duvarci et al., 2005). Additionally, PTEN has a number of cellular roles independent of the PI3K-518 

AKT pathway and its phosphatase activity (Vivanco et al., 2007; Mounir et al., 2009; Song et al., 519 

2012), suggesting that PTEN could regulate the reconsolidation process through mechanisms both 520 

dependent and independent of the PI3K/AKT/mTORC1 pathway. Such diverse roles of PTEN will 521 
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likely be of interest in future studies examining the role of PTEN in long-term memory formation 522 

and storage in neurons.   523 

A role for repressive histone methylation in memory reconsolidation 524 

 Epigenetic mechanisms have been widely implicated in learning-dependent synaptic 525 

plasticity (Zovkic et al., 2013; Jarome and Lubin, 2014; Kwapis and Wood, 2014), however, very 526 

little is known about how epigenetic mechanisms control transcriptional regulation during the 527 

reconsolidation process (e.g., Lubin and Sweatt, 2007; Maddox et al., 2014). Furthermore, while 528 

histone methylation has been firmly established as a mechanism of memory consolidation (Gupta 529 

et al., 2010; Gupta-Agarwal et al., 2012; Kerimoglu et al., 2013; Gupta-Agarwal et al., 2014), a 530 

role for repressive histone methylation in reconsolidation has yet to be identified. In our present 531 

study we showed for the first time that repressive histone methylation was critical for memory 532 

reconsolidation following retrieval. This extends our current knowlegde of the epigenetic 533 

regulation of memory storage and suggests that repressive histone methylation may be critical for 534 

both initial memory formation and modification following retrieval.  535 

  Another interesting finding from our study was that PTEN simultaneously had increased 536 

levels of H3K27me3 and DNA methylation following retrieval. DNA methylation has been widely 537 

implicated in learning-dependent synaptic plasticity (Miller and Sweatt, 2007; Lubin et al., 2008; 538 

Feng et al., 2010) and pharmacological inhibition of DNA methylation impairs memory 539 

reconsolidation following retrieval (Maddox et al., 2014). However, the genes that are targeted by 540 

repressive DNA methylation mechanisms during the reconsolidation process remain elusive. Here, 541 

we identify Pten as a target of repressive DNA methylation in the hippocampus following retrieval, 542 

suggesting that at least one role of DNA methylation may be repressing protein phosphatase 543 
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expression during the reconsolidation process. Consistent with this, levels of the protein 544 

phosphatase calcineurin determines whether a retrieved memory undergoes reconsolidation or 545 

extinction, where greater calcineurin activity favors the latter (Merlo et al., 2014). Thus, repressive 546 

histone and DNA methylation may be a critical regulator of whether a memory undergoes 547 

reconsolidation or extinction following retrieval. However, it is currently unknown if other 548 

phosphatases, including calcineurin, are targeted by DNA methylation mechanisms in the 549 

hippocampus during the reconsolidation process. This will need to be examined further in future 550 

studies.  551 

The functional role of EZH2 in memory reconsolidation 552 

 In the present study we found that simultaneously reducing Ezh2 and Pten levels rescued 553 

deficits in mTOR phosphorylation that normally resulted from loss of Ezh2 alone, which strongly 554 

suggests that retrieval-dependent mTORC1 phoshorylation requires H3K27me3-mediated 555 

respression of Pten in the hippocampus. Considering the importance of mTOR signaling in the 556 

reconsolidation process, it is interesting to speculate that recovery of mTOR signaling following 557 

Ezh2 knockdown could prevent the memory impairments that normally result from losing Ezh2 558 

alone during retrieval. However, this is unlikely because EZH2 is the functional component of the 559 

PCR2, which regulates the expression of hundreds to thousands of genes (Young et al., 2011), 560 

many of which could be critical for the reconsolidation process. It is unlikely then that restoring 561 

mTOR activation following Ezh2 loss is sufficient to promote normal memory reconsolidation as 562 

transcriptional control of numerous other genes is likely to continue to be dysregulated following 563 

simultaneous knockdown of Ezh2 and Pten. However, this result does not preclude the importance 564 

of identifying epigenetic repression of Pten as a critical regulator of mTOR activation necessary 565 

for memory reconsolidation following retrieval, as promoting EZH2 activity or epigenetic 566 
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repression of Pten may prove to be useful strategies for initiating the modification of memories 567 

that normally do not undergo reconsolidation following retrieval (e.g., Wang et al., 2009; 568 

Sevenster et al., 2013; Alfei et al., 2015; Jarome et al., 2015a). Future research should test whether 569 

these “boundary conditions”, or circumstances under which reconsolidation does not occur (Nader 570 

and Einarsson, 2010; Zhang et al., 2018), can be overcome by enhancing EZH2-mediated 571 

transcriptional silencing of Pten following memory retrieval.   572 

 It is important to note that while we found that siRNA-mediated reductions in Ezh2 prior 573 

to retrieval impaired memory reconsolidation, other interpretations may exist. For example, our 574 

siRNA was infused into the dorsal CA1 region 24 hrs after training, a time when the initial memory 575 

consolidation process is thought to be complete though several cellular mechanisms remain 576 

changed, including DNA methylation and some forms of histone methylation (Gupta et al., 2010; 577 

Duke et al., 2017). This suggests that Ezh2 knockdown may have interferred with memory 578 

maintenance or the lingering consolidation process (Dudai and Eisenberg, 2004; Zovkic et al., 579 

2013). Additionally, while we did not observe memory deficits at the time of retrieval, it is possible 580 

that Ezh2 knockdown may have altered some critical cellular mechanisms, resulting in weakening 581 

of the memory trace. As a result, it is difficult to conclude the selectivity of EZH2 to the 582 

reconsolidation process, as it may also be involved in other off-line memory storage processes. 583 

Future studies should aim to further test the role of EZH2-mediated H3K27me3 in the memory 584 

consolidation, reconsolidation and maintenance processes using precise, temporally controlled 585 

gene manipulation technology.   586 

 In conclusion, we found that H3K27me3 regulates AKT-mTORC1 activation following 587 

retrieval via transcriptional repression of Pten. These results provide the first evidence of how 588 

mTOR signaling is regulated during learning-dependent synaptic plasticity and suggests that 589 
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targeting of H3K27me3 mechanisms might be a useful tool for therapuetic strategies designed 590 

using reconsolidation principles meant to attenuate maladaptive memories associated with 591 

psychiatric disorders.     592 
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Figure Legends 788 

Figure 1. H3K27me3 targets Pten following the retrieval of a newly acquired fear memory. 789 

(a) Experimental design. Rats were trained in context fear conditioning and exposed to the training 790 

context the following day. Dorsal CA1 tissue was collected 1 hr after the re-exposure. (b) EZH2 791 

levels were increased in area CA1 1 hr after retrieval and returned to baseline by 24 hrs (n’s = 1hr: 792 

4-6 per group; 24hr: 8-9 per group). (c) H3K27me3 levels were increased in area CA1 1hr after 793 

retrieval, but were decreased 24 hrs after retrieval (n’s = 1hr: 4-5 per group; 24hr: 8-9 per group). 794 

(d) PTEN levels was decreased in area CA1 1 hr after retrieval and returned to baseline by 24 hrs 795 

(n’s = 1hr: 5 per group; 24hr: 8-10 per group).  (e) Schematics showing PCR targets for chromatin 796 

immunoprecipitation (ChIP) and methylated DNA immunopreciptation (meDIP) experiments. The 797 

Pten promoter and coding regions were targeted. (f) ChIP analysis revealed a decrease in 798 

H3K27me3 binding in the promoter but an increase in the coding region of Pten (n’s = 6 per 799 

group). (g) meDIP analysis revealed an increase in DNA 5-methylcystosine in the Pten promoter 800 

(n’s = 6-8 per group). * denotes P < 0.05 from No React. 801 

 802 

Figure 2. H3K27me3 does not target Pten during memory consolidation. (a) Experimental 803 

design for b-c. Rats were trained in context fear conditioning and dorsal CA1 tissue was 804 

collected 1 hr later. (b) EZH2 and H3K27me3 levels were increased in area CA1 1 hr after 805 

training while PTEN was reduced (n’s = 4-5 per group). Bottom representative western blot 806 

images are Actin (for EZH2 and PTEN) and H3 (for H3K27me3). (c) ChIP analysis did not 807 

reveal any changes in H3K27me3 binding in the Pten promoter or coding regions (n’s = 4-5 per 808 

group). (d) Experimental design for e-h. Rats were injected in Accell siRNA targeting Ezh2 or 809 
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control 5 days prior to contextual fear conditioning and tested the following day (n’s = 4-6 per 810 

group). (e) Expression of a green fluroescent control Acell siRNA in CA1 cells 5 days after 811 

infusion. (f) qRT-PCR analysis showing reduction of Ezh2 mRNA at baseline in area CA1 812 

following siRNA infusion (n’s = 7-8 per group). (g-h) Knockdown of Ezh2 in area CA1 did not 813 

affect the ability of the rats to acquire the context-shock association (g) but memory for the task 814 

was impaired when tested the following day (h). * P < 0.05 from control (Naïve or Scr-siRNA). 815 

 816 

Figure 3. H3K27me3 does not target Pten following the retrieval of a remote memory (a) 817 

Experimental design for e-f. Rats were trained in context fear conditioning and exposed to the 818 

training context the 1 or 30 days later. Dorsal CA1 and anterior cingulate cortex (ACC) tissue 819 

were collected 1 hr after the re-exposure. (b) There were no differences in memory retention 820 

during the retrieval of a new (recent) or old (remote) fear memory. (c)  H3K27me3 levels were 821 

increased in area CA1 1hr after the retrieval of a recent, but not a remote, fear memory. 822 

H3K27me3 levels in bulk histone extracts were not significantly changed in the ACC following 823 

retrieval (n’s = 5-6 per group for CA1, 6 per group for ACC). (d-e) ChIP analysis did not reveal 824 

any changes in H3K27me3 binding at the Pten promoter or coding regions in the ACC (d) or 825 

CA1 (e) following the retrieval of a remote fear memory (n’s = 3-4 per group). (f) Pten levels 826 

were not changed in the ACC following remote memory retrieval. (n’s = 6 per group). * denotes 827 

P < 0.05 from No React.  828 

 829 

Figure 4. H3K27me3 regulates Pten repression and AKT-mTORC1 phosphorylation 830 

following retrieval. (a) Experimental design. Rats were trained in context fear conditioning and 831 
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the following day received bilateral injections of Accell siRNA against Ezh2 into area CA1 (Ezh2-832 

siRNA); a scrambled siRNA sequence was used as a control (Scr-siRNA). Five days later, rats 833 

were exposed to the training context and dorsal CA1 tissue was collected 1 hr later (n’s = 5-6 per 834 

group). (b) Infusion of Ezh2-siRNA did not alter retrieval of the memory. (c) EZH2 levels were 835 

increased in area CA1 1 hr after retrieval, which was blocked by the Ezh2-siRNA. There were no 836 

changes in EZH2 in the retrosplenial cortex (RSC). (d) H3K27me3 levels were increased in area 837 

CA1 1hr after retrieval which was blocked by infusion of the Ezh2-siRNA. (e) PTEN levels were 838 

decreased in area CA1 1 hr after retrieval, which was prevented by the Ezh2-siRNA.  (f) Retrieval 839 

increased phosphorylation of AKT at Thr-308, which was lost following Ezh2 knockdown. (g-h) 840 

Western blot (g) and ELISA (h) analysis revealed that retrieval-induced increases in mTORC1 841 

phosphorylation were lost following Ezh2 knockdown. (i) Ezh2 knockdown reduced 842 

phosphorylation of the P70S6 kinase in area CA1 following retrieval. * denotes P < 0.05 from Scr-843 

siRNA No React. # denotes P < 0.05 from scr-siRNA React. 844 

 845 

Figure 5. H3K27me3 regulates AKT-mTORC1 phosphorylation following retrieval via 846 

repression of Pten. Rats were trained in context fear conditioning and the following day received 847 

bilateral injections of Accell siRNAs against Ezh2 and Pten (Ezh2+Pten-siRNA) into area CA1; a 848 

scrambled siRNA sequence was used as a control (Scr-siRNA). Five days later, rats were exposed 849 

to the training context and dorsal CA1 tissue was collected 1 hr later. (a) Predictions for effect of 850 

doule-gene knockdown experiment. (b) Retrieval increased Ezh2 expression which was prevented 851 

by infusion of the Ezh2+Pten-siRNA. Pten levels were reduced following retrieval which was not 852 

altered by the Ezh2+Pten-siRNA (n’s = 4-6 per group) (c) H3K27me3 levels were increased in 853 

area CA1 1 hr after retrieval, which was blocked by the Ezh2+Pten-siRNA (n’s = 5-6 per group).  854 
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(d) Phosphorylated AKT(Thr-308) levels were increased in area CA1 1hr after retrieval which was 855 

further enhanced by infusion of the Ezh2+Pten-siRNA (n’s = 5-6 per group). (e-f) Western blot 856 

(e) and ELISA (f) analysis revealed that phosphorylated mTORC1 levels were increased in area 857 

CA1 1 hr after retrieval, which was not effected by the Ezh2+Pten-siRNA (n’s = 5-6 per group). 858 

(g) Knockdown of Ezh2 and Pten did not change phosphorylated P70S6 Kinase in area CA1 859 

following retrieval  * denotes P < 0.05 from Scr-siRNA No React. # denotes P < 0.05 from scr-860 

siRNA React. 861 

 862 

Figure 6. H3K27me3 is critical for memory reconsolidation following retrieval. (a) 863 

Experimental design. Rats were trained in context fear conditioning and the following day received 864 

bilateral injections of Accell siRNA against Ezh2 (Ezh2-siRNA) into area CA1; a scrambled 865 

siRNA sequence was used as a control (Scr-siRNA). Five days later, rats were exposed to the 866 

training context and the day after tested for long-term memory for the context-shock association 867 

(n’s = 7-8 per group). (b-d) All rats acquired the task normally (b) and their memory for the task 868 

was not altered by the siRNA infusions prior to retrieval (c), however, they showed significant 869 

impairments in memory for the task during the final test (d). * denotes P < 0.05 from Scr-siRNA.  870 

 871 

Figure 7. Hypothetical model for how H3K27me3 regulates mTORC1 activation following 872 

retrieval. Prior to retrieval, Pten is transcribed which limits the amount of phosphorylated 873 

mTORC1 by preventing phosphorylation of AKT. After retrieval, EZH2 binds to chromatin 874 

around the Pten gene where it trimethylates H3 lysine 27. This leads to closing of the chromatin 875 

structure and transcriptional repression of Pten. As a result, AKT becomes phosphorylated which 876 
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leads to activation of mTORC1. This should then lead to increased phosphorylation of downstream 877 

mTOR substrates previously reported to be critical for the memory storage processes (signified in 878 

boxed-out area).     879 
















