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Abstract

Methamphetamine (METH) administration alters gene expression in the nucleus accumbens 

(NAc). Previously, we showed that an acute injection of METH produced prolonged increases in 

the expression of immediate early genes (IEGs) in the NAc of HDAC2-deficent mice, suggesting 

that HDAC2 might be an important regulator of gene expression in the rodent brain. Here we 

tested the possibility that HDAC2 deletion might also impact METH-induced changes in the 

expression of various classes of HDACs in the NAc. Wild-type (WT) and HDAC2 Knockout (KO) 

mice were given a METH (20 mg/kg) injection and NAc tissue was collected at 1hr, 2hrs, and 8hrs 

post treatment. We found that METH caused decreased HDAC3, HDAC4, HDAC7, HDAC8, and 

HDAC11 but increased HDAC6 mRNA levels in the NAc of WT mice. In contrast, METH caused 

increases in HDAC3, HDAC4, HDAC7, HDAC8, and HDAC11 mRNA levels in HDAC2KO mice. 

These observations suggest that METH-induced large scale transcriptional changes in the NAc that 

might be secondary to suppression of several HDACs, in part, via HDAC2-regulated mechanisms. 

Our findings further implicate HDACs as potential novel therapeutic targets for substance use 

disorders.

Introduction

Methamphetamine (METH) use disorders are serious international health problems with an 

estimated 25 million METH users worldwide (Chomchai and Chomchai, 2015). METH 

causes a sense of euphoria, increased alertness, and hypersexuality in humans (Cruickshank 

and Dyer, 2009). These clinical effects last several hours because of the long elimination 
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half-life (10-12 hours) of METH (Segal and Kuczenski, 2006). In rodents, METH increases 

locomotor activity and produces stereotypic behaviors (Jing et al., 2014). In addition, an 

acute METH injection alters gene expression in various brain regions (Cadet et al., 2001; 

Cadet et al., 2010) including the nucleus accumbens (NAc), an important structure involved 

in the acute and chronic effects of psychostimulants (Kalivas and Volkow, 2005). Moreover, 

METH-induced molecular alterations are accompanied by time-dependent post-translational 

histone modifications (Godino et al., 2015; Jayanthi et al., 2014; Martin et al., 2012).

Gene expression is regulated, in part, by dynamic interactions between chromatin, post-

translational histone modifications, and transcription factors (TFs) (Bannister and 

Kouzarides 2011). In eukaryotic cells, DNA exists in chromatin whose basic subunits are 

called nucleosomes (Erdel et al., 2011). Each nucleosome is composed of 4 core histones 

including histones H2A, H2B, H3, and H4 that form an octomeric structure (2 of each core 

histone) (Morrison et al., 2007). Histones have N-terminal tails that contain lysine residues 

that can be reversibly acetylated by histone acetyltransferases (HATs) or deacetylated by 

histone deacetylases (HDACs) (Zhang et al., 2008). HDACs are divided into four known 

classes based on sequence similarities (Morrison et al., 2007). These include Class I 

(HDAC1, HDAC2, HDAC3, and HDAC8), Class IIA (HDAC4, HDAC5, HDAC7, and 

HDAC9), Class IIB (HDAC6 and HDAC10), Class III (Sirtuin1-7), and Class IV (HDAC11) 

(Gregoretti et al., 2004). Acetylation of histones allows for increased accessibility of TFs 

onto gene promoters with secondary increases in transcriptional activity (Verdone et al., 

2006). In contrast, deacetylation of histones by repressor complexes containing HDACs 

results in condensed chromatin states and suppressed transcriptional activity (Kelly and 

Cowley, 2013).

Of interest is the fact that HDACs appear to be involved in psychostimulant-induced 

behaviors (Kalda and Zharkovsky, 2015; Nestler et al., 2012). For example, administration 

of the non-specific HDAC inhibitors, butyric acid or valproic acid, potentiates amphetamine-

induced behavioral sensitization in mice (Kalda et al., 2007). An acute injection of METH 

produced time-dependent HDAC2 protein accumulation in the rat NAc (Martin et al., 2012). 

Moreover, decreases in the striatal expression of glutamate receptors produced by chronic 

METH administration were mediated, in part, by increased HDAC1 and HDAC2 protein 

abundance on the promoters of these genes (Jayanthi et al., 2014). More recently, our 

laboratory reported that binge toxic METH injections impacted the mRNA expression of 

several HDACs (Omonijo et al., 2014). In the present study, we used transgenic mice with a 

conditional deletion of HDAC2 to test the potential role of this protein in the regulation of 

METH-induced changes in the expression of several HDACs. Here we report that a single 

injection of METH produced decreased HDAC3, HDAC4, HDAC7, HDAC8, and HDAC11 
mRNA levels in the NAc of wild-type mice. In the absence of HDAC2, however, the METH 

injection increased their expression. These results support the notion that HDAC2 may be an 

important regulator of gene expression after acute METH treatment.
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Materials and Methods

Animals and Drug treatment

We used male HDAC2flox/flox Camk2a Cre+ mice (HDAC2KO) and age-matched 

HDAC2flox/flox Camk2a Cre- (WT) littermates weighing 30-40 g (N = 48) in this study. 

HDAC2KO mice were generated by cross-breeding HDAC2loxP/loxP transgenic mice 

(Montgomery, et al., 2007) containing loxP sites between exon 2 and exon 4 of the mouse 

HDAC2 gene with the C57BL/6 Camk2a-Cre transgenic mouse line (B6.Cg-Tg(Camk2a-

cre)T29-1Stl/J) purchased from The Jackson Laboratory (Bar Harbor, ME). Mouse breeding 

was conducted by the National Institute of Drug Abuse (NIDA) Biomedical Research Center 

(BRC) Breeding Facility Core in Baltimore, MD. Genotyping for the specific deletion of 

HDAC2 was conducted by the Charles River’s Laboratory Testing Management® (LTM) 

division. All mice were housed in a temperature-controlled (22.2+0.2°C) vivarium with ad 

libitum access to food and water. After 14 weeks of age, mice of both genotypes received a 

single injection (i.p.) of METH (20 mg/kg) and were subsequently euthanized at three 

different time points (1hr, 2hrs, or 8hrs post injection).

This dose of METH produces robust changes in gene expression and increased HDAC2 

protein levels within the NAc (Martin et al. 2012). The time course of tissue collection was 

chosen based on our previous experiments showing HDAC2 involvement in the regulation of 

METH-induced IEG expression (Torres et al., 2015). Control mice were euthanized at the 

1hr and 8hr time points after a single saline injection. All animal use procedures were 

conducted in adherence to the NIH Guide for the Care and Use of Laboratory Animals and 

were approved by the NIDA Intramural Research Program (IRP) Animal Care and Use 

Committee (ASP #12-CNRB-50).

RNA isolation

Nucleus accumbens tissue was rapidly dissected, immediately placed on dry ice and stored 

at -80°C. Total RNA was isolated using Qiagen RNeasy® Mini kits and genomic DNA 

contamination was eliminated using Qiagen RNase-free DNase (Qiagen, Valencia, CA) 

following the manufacturer's protocol. Analysis of total RNA integrity was conducted using 

an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA) and showed no degradation based on 

RIN values. Quantification of individual RNA obtained from six mice per group was then 

assessed using a Nanodrop 2000 spectrophotometer system (Thermo Scientific, Waltham, 

MA).

Quantitative Real-Time Reverse Transcription-PCR Analysis

Un-pooled total RNA (0.5μg) for each mouse was reverse-transcribed to cDNA using oligo 

dT primers from the Advantage RT for PCR kit (Clontech, Mountain View, CA). Specific 

gene primers for members of the HDAC family and PCR amplification were designed using 

the LightCycler Probe Design software (Roche, Indianapolis, IN). Primer sequences are list 

on Table 1. Each custom designed primer was then manufactured and HPLC-purified by the 

Synthesis and Sequencing Facility of the Johns Hopkins University (Baltimore, MD). The 

expression levels of each amplicon were examined by qRT-PCR using a LightCycler 480 II 

system (Roche, Indianapolis, IN) with iQ SYBR Green Supermix (BioRad, Hercules, CA). 
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Purity of each qRT-PCR product was verified by separate melting curve analyses. 

Quantitative PCR values were normalized to clathrin (Cltc) based on the observation that 

this reference gene had the most stable expression across both genotypes at various time 

points after the acute METH injection. Results are reported as fold changes calculated as the 

normalized gene expression value of each group relative to controls.

Statistical Analyses

Quantitative PCR data were analyzed using two-way analysis of variance (ANOVA) 

followed by Fisher’s LSD where appropriate (SPSS 20, IBM, Armonk, NY). All data are 

presented as means ± SEM and considered statistically significant when p < 0.05.

Results

To test the potential role of HDAC2 in the regulation of METH-induced changes in Class I 

HDACs, we measured HDAC1, HDAC2, HDAC3, and HDAC8 mRNA levels in the NAc of 

WT and HDAC2KO mice. The METH injection did not cause significant alterations in 

HDAC1 [F(3,40) = 1.51, p = 0.22] (Figure 1A) nor in HDAC2 [F(3,20) = 3.04, p = 0.05] 

(Figure 1B) mRNA levels in WT or HDAC2KO mice. However, there were main effects of 

genotype [F(1, 40) = 25.83, p < 0.001] and significant genotype*METH interactions 

[F(3,40) = 4.58, p < 0.01] in HDAC3 mRNA expression (Figure 1C). HDAC3 mRNA levels 

were decreased at the 1hr and 8hr time points after the METH injection in WT mice relative 

to saline controls (Figure 1C). In contrast, HDAC3 mRNA levels were increased at the three 

time points in HDAC2KO mice compared to WT littermates (Figure 1C). There were 

significant main effects of genotype [F(1, 38) = 10.9, p < 0.001] and genotype*METH 

interactions [F(3,38) = 3.19, p < 0.05] in HDAC8 mRNA levels (Figure 1D). HDAC8 
expression was comparable in both genotypes at the 1hr time point, but had significantly 

increased (2.4-fold) in HDAC2KO at the 2hr time point relative to saline controls and WT 

littermates (Figure 1D). HDAC8 levels returned to normal values at the 8hr time point in 

HDAC2KO mice but were decreased in WT littermates.

The effects of METH on Class IIA HDACs are shown in Figure 2. The METH injection 

caused significant main effects of genotype [F(1,40) = 29.67, p < 0.001] and significant 

genotype*METH interactions [F(3,40) = 16.17, p < 0.01] on HDAC4 mRNA levels (Figure 

2A). Decreased levels were observed at the 1hr time point in both WT and HDAC2KO mice 

relative to saline controls. HDAC4 mRNA levels remained decreased in WT mice, at both 

the 2hr and 8hr time points, whereas they significantly increased in HDAC2KO mice (Figure 

2A).

METH treatment did not alter HDAC5 mRNA levels in the NAc of either WT or HDAC2KO 

mice [F (3,40) = 1.27, p = 0.29] (Figure 2B). Figure 2C shows significant main effects of 

genotype [F(1,40) = 13.83, p < 0.005] and genotype*METH interactions [F(3,40) = 7.63, p 
< 0.01] in HDAC7 mRNA levels. HDAC7 mRNA levels decreased at the 1hr and 2hr, but 

not at the 8hr, (normalized) time points after the METH injection in WT mice compared to 

saline controls. In contrast, HDAC7 mRNA levels increased at the 1hr time point in 

HDAC2KO mice compared to saline-treated controls and to WT litter mates. HDAC7 
mRNA levels increased at the 8hr time point in HDAC2KO mice in comparison to WT mice. 
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There were no significant changes in HDAC9 mRNA expression at any time point after the 

METH injection in WT or HDAC2KO mice [F(3,39) = 1.48, p = .23] (Figure 2D).

Figure 3 illustrates the effects of METH on Class IIB HDACs. We observed significant main 

effects of genotype [F(1, 40) = 17.25, p < 0.001] and genotype*METH interactions [F(3,40) 

= 3.51, p < 0.05] on HDAC6 mRNA expression (Figure 3A). In contrast to the observations 

with the other HDACs, there were significant increases in HDAC6 mRNA levels at the three 

time points in WT mice (Figure 3A). However, significant increases in HDAC6 mRNA 

levels were only observed at the 8hr time point in HDAC2KO mice. There were no 

significant METH-induced changes in HDAC10 mRNA levels in either WT or HDAC2KO 

mice [F(3,39) = 0.70, p = 0.55] (Figure 3B). Finally, METH caused significant main effects 

of genotype [F(1,38 ) = 24.58, p < 0.001] and significant genotype*METH interactions 

[F(3,38) = 5.19, p < 0.01] on HDAC11 mRNA expression (Figure 3C). METH caused 

significant decreases in HDAC11 mRNA levels at the 3 time points post treatment in WT 

mice compared to saline controls. HDAC11 mRNA levels showed increased levels in 

HDAC2KO mice compared to WT littermates at all time points (Figure 3C).

Discussion

In the present study, we assessed the potential role of HDAC2 in mediating METH-induced 

transcriptional changes in members of the HDAC family by using conditional HDAC2KO 

mice. The main findings of this report are that: (1) acute METH caused time-dependent 

decreases in HDAC3, HDAC4, HDAC7, HDAC8, and HDAC11 mRNA in the NAc of WT 

mice; (2) there were increased HDAC6 mRNA levels after acute METH and (3) relative to 

WT mice, HDAC2KO mice showed increased HDAC3, HDAC4, HDAC7, HDAC8, and 

HDAC11 mRNA levels after a single METH injection. These findings suggest that acute 

METH causes down-regulation of HDACs in the NAc, and implicate HDAC2 as a repressor 

of various HDACs following METH treatment.

Previous work from our laboratory had shown that binge METH injections did not cause 

significant changes in HDAC1 or HDAC2 mRNA levels at 16 hours after these injections 

(Omonijo et al., 2014). In the present study, we also show that acute METH exposure does 

not alter HDAC1 or HDAC2 mRNA levels in the NAc of WT mice. Similarly, there were no 

changes in HDAC1 mRNA levels in HDAC2KO mice following a single METH injection. 

These lacks of changes may not be surprising given that the enzymatic activity of HDAC1 

and HDAC2 is mostly redundant (Montgomery et al., 2007). Indeed, among members of the 

class I HDACs, HDAC1 and HDAC2 are the most comparable with an estimated 83% amino 

acid identity (Brunmeir et al., 2009). Given that deletion of HDAC2 does not alter HDAC1 

expression in mouse embryonic stem cell lines (Winter et al., 2013), together these findings 

suggest that HDAC2 might not be intimately involved in the regulation of HDAC1 mRNA 

levels.

In contrast, acute METH decreased HDAC3 mRNA levels in WT mice. The cloning and 

characterization of HDAC3 was published in 1998 (Emilliani et al., 1998) and is known to 

be a negative regulator of transcription through the formation of SMRT and NCoR protein 

complexes (Karagianni and Wong, 2007). Considering the regulatory role of HDAC3 on 

Torres et al. Page 5

Neurotox Res. Author manuscript; available in PMC 2020 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gene expression, the down-regulation of HDAC3 mRNA after acute METH exposure might 

be, in part, a trigger for METH-induced transcriptional activation through increased histone 

acetylation. This notion is consistent with findings showing that cocaine exposure produces 

decreased HDAC3 enrichment on the promoters of c-fos and Nr4a2 (Rogge et al., 2013), 

two genes known to be up-regulated following acute cocaine (Hope et al., 1992) and METH 

treatment (Akiyama et al., 2008). We also show that HDAC2KO mice display increased 

HDAC3 mRNA levels after a single METH injection relative to WT mice. Because HDAC3 

is essential for drug-induced memory consolidation (Malvaez et al., 2013), it is possible that 

HDAC3 might be involved in the improved cognition observed after the loss of HDAC2 

(Morris et al., 2013). Another Class I HDAC affected by the acute METH injection was 

HDAC8. The characterization of HDAC8 was published by two researcher groups (Buggy et 

al., 2000; Hu et al., 2000). HDAC8 was shown to mediate transcriptional repression 

independent of protein complexes (Haider et al., 2011). Here, we show that HDAC8 mRNA 

expression was decreased at the 8hr time point after acute METH treatment in the NAc of 

WT mice. These findings are similar to our previous report (Omonijo et al., 2014) and 

suggest that METH indeed impacts HDAC8 transcription. We also showed that, in 

HDAC2KO mice, HDAC8 mRNA levels were up-regulated at the 2hr time point and 

returned to baseline at the 8hr time point following acute METH treatment. Because 

overexpression of HDAC8 decreases pCREB activity (Gao et al., 2009), and METH 

prolongs expression of pCREB-responsive IEGs in the absence of HDAC2 (Torres et al., 

2015), the transient up-regulation of HDAC8 might serve as a compensatory mechanism to 

repress pCREB-dependent transcription activation in HDAC2KO mice. Nevertheless, further 

studies are needed to fully explore this possibility.

The METH injection also impacted HDAC4 and HDAC7 mRNA expression. Unlike the 

Class I HDACs, members of the Class IIA subgroup are unique in that they shuttle between 

the nucleus and cell cytoplasm (Chawla et al., 2003). Herein, we observed that acute METH 

decreased HDAC4 mRNA levels in the NAc of WT mice. These findings are similar to our 

observations for HDAC3 and suggests that METH might down-regulate the gene expression 

of HDAC4 by similar molecular mechanisms because HDAC4 is enzymatically inactive 

when not associated with HDAC3 (Guenther et al., 2001). We also observed that, relative to 

WT mice, HDAC2KO mice displayed increased HDAC4 mRNA levels at the 2hr and 8hr 

time points after the acute METH injection. These observations suggest that HDAC2 is 

indeed involved in regulation HDAC4 transcription. METH also caused decreased HDAC7 
mRNA levels in WT mice. The METH-induced down-regulation of HDAC7 is interesting 

given that HDAC7 inhibits NR4A1 (Dequiedt et al., 2005), an orphan nuclear receptor 

known to be overexpressed after METH treatment (McCoy et al., 2011). Thus, decreases in 

HDAC7 mRNA might account for the METH-induced transcriptional activation of members 

of this nuclear family that play a key role in cell survival (Akiyama et al., 2008). METH also 

increased HDAC7 mRNA in HDAC2KO mice. Because HDAC7 also combines with protein 

complexes containing HDAC3 (Fischle et al., 2001), it is tempting to speculate whether 

HDAC2 might co-regulate these two enzymes to exert better control of their epigenetic 

effects.

Interestingly, HDAC6 mRNA was up-regulated in WT mice following the acute METH 

injection. HDAC6 is unique among other HDACs in that it has a zinc finger ubiquitin-
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binding domain able to identify misfolded proteins for lysosome degradation (Lee et al., 

2010; Ouyang et al., 2012). HDAC6 also possesses tubulin deacetylase activity (Haggarty et 

al., 2003). Acetylation of microtubules plays a critical role in cell stability whereas 

deacetylation results in cytoskeleton disarrangement (Li et al., 2007). Because METH is 

known to increase blood brain barrier permeability (Ramirez et al., 2009), the up-regulation 

of HDAC6 mRNA might be involved in METH-induced disruption of cytoskeletal viability. 

This idea is consistent with the fact that endothelial cells treated with METH show α-tubulin 

degradation secondary to HDAC6 activation (Fernandes et al., 2015). The acute METH 

injection also caused down-regulation of HDAC11 mRNA in WT mice. Given that HDAC11 

also suppresses transcriptional activity (Sahakian et al., 2015; Gao et al., 2002), decreases in 

this enzyme, in addition to the decreased expression of some of the other HDACs, might 

serve to potentiate METH-induced global changes in gene expression. We also found that, 

similar to the other HDACs, HDAC2 deletion resulted in overexpression of HDAC11 mRNA 

at the 3 time points after the METH injections. Because overexpression of HDAC11 

decreases the acetylation of H3K9 and H3K14 (Liu et al., 2009), METH-induced HDAC11 

overexpression may also decrease the acetylation status of these histones in HDAC2KO 

mice.

In summary, we report that acute METH treatment represses the mRNA expression of 

several members of the HDAC family. In addition, we report that conditional deletion of 

HDAC2 causes METH-induced up-regulation in HDAC3, HDAC4, HDAC8, HDAC7 and 

HDAC11 mRNA levels in NAc. In contrast, acute METH treatment did not affect HDAC1, 

HDAC2, HDAC5 HDAC9, or HDAC10 mRNA levels in the NAc of WT or HDAC2KO 

mice. These findings supports the notion that HDAC2 might act as a negative regulator of 

METH-induced transcriptional changes in the brain. Moreover, our work shows that HDAC2 

is an important repression of some, but not all, HDAC family members after METH 

exposure. Future studies will focus on investigating a direct association between METH-

induced repression of HDAC family members and global increase in gene expression after 

METH exposure.
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Figure 1: 
METH-induced transcriptional responses in members of the Class I HDAC family: (A) 

HDAC1, (B) HDAC2, (C) HDAC3, and (D) HDAC8. WT and HDAC2KO mice were 

injected with a single dose of METH (20 mg/kg) and euthanized 1hr, 2hrs, and 8hrs later. 

Total RNA was extracted from the NAc and used in qRT-PCR assays. The relative amounts 

of transcripts were normalized to Cltc. Statistical significance was determined by ANOVAs 

followed by post-hoc tests were appropriate. Data are presented as means ± SEM (n = 6 

animals per genotype per time point) and were examined using two-way ANOVAs. Key to 

statistics: * = p < 0.05, ** = p < 0.01, in comparison to respective saline treated controls; # = 

p < 0.05, ## = p < 0.01, in comparison to respective METH treated WT mice.
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Figure 2: 
Differential effects of acute METH treatment on class IIA HDAC mRNA levels: (A) 

HDAC4, (B) HDAC5, (C) HDAC7, and (D) HDAC9. The graphs show results from qRT-

PCR analyses. Data are presented as means ± SEM (n = 6 animals per genotype per time 

point) and were examined using two-way ANOVAs. Key to statistics: * = p < 0.05, ** = p < 

0.01, in comparison to respective saline treated controls; ## = p < 0.01, ### = p < 0.001, in 

comparison to respective METH treated WT mice.
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Figure 3: 
Effects of acute METH on the expression of Class IIB and Class IV members of the HDAC 

family: (A) HDAC6, (B) HDAC10, and (C) HDAC11. RNA extraction, qRT-PCR, and 

statistical analyses are as described in the methods section. Data are presented as means ± 

SEM (n = 6 animals per genotype per time point) and were examined using two-way 

ANOVAs. Key to statistics:* = p < 0.05, ** = p < 0.01, *** = p < 0.001, in comparison to 

respective saline treated controls; # = p < 0.05, ## = p < 0.01, ### = p < 0.001, in 

comparison to respective METH treated genotype.
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Table 1.

List of qRT-PCR primers.

Gene Name Forward Reverse

HDAC1 GCC CTT CCA ATA TGA CTA AC GAG CAG ATG GAA ATT CGT

HDAC3 ACC AGA TCC GCC AGA CAA T TTC AGC GTC GGC CTC GT

HDAC4 ACC AGG CCT TGC TGG ATG AGT GGC CTC CGC TTC TT

HDAC5 CTG GGC AAG ATC CTT AC CTC CTC CTC TTC TAG GT

HDCA6 CAG CGC ATC TTA CGC ATC A TGC GGA GAT GCT CCA CG

HDAC7 CAG CCG CCT CAA ACT GGA T TGC AGC TCG TTC CAG ATG GT

HDAC8 CAA TCC GAA GGC AGT GGT T GCC AGC TGC CAC TGT AGG

HDAC9 GCT GTG AGT CGC TGG GAA CTT GCC AGG AGG GAT TGA AG

HDAC10 CTC CCA CTG GCC TTC GAG CTG CAG CAG CTG TGT GAG A

HDAC11 AGG TGC CCA AGG GTC TCT G TGT GGC TGG AGC TAA GCTGT

Cltc GGG GTT AAA GTC ACA CAG AAG TAT CCG TAA GTG GAG
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