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Abstract

Background: Developmental processes, including neuronal differentiation, require precise 

regulation of transcription. The RE-1 silencing transcription factor (Rest), is often called a 

“master neuronal regulator” due to its large number of neural-specific targets. Rest recruits CoRest 

(Rcor) and Sin3 co-repressor complexes to gene regulatory sequences. CoRest not only associates 

with Rest, but with other transcription regulators. In this study, we generated zebrafish rcor1 

mutants using transcription activator-like effector nucleases (TALENs), to study its requisite role 

in repression of Rest target genes as well as Rest-independent Rcor1 developmental functions.

Results: While rcor1 mutants have a slight decrease in fitness, most survived and produced 

viable offspring. We examined expression levels of RE1-containing genes in Maternal Zygotic 

rcor1 mutants (MZrcor1) and found that Rcor1 is generally not required for repression of 

Rest target genes at early stages. However, MZrcor1 mutants undergo more rapid neurogenesis 

compared to controls. We found that at gastrula stages, Rcor1 acts as a repressor of her gene 

family, but at later stages, many of these genes were increased in the MZrcor1 mutant.

Conclusions: Based on these findings, the central role of CoRest1 in neurogenesis is likely due 

to a Rest-independent role rather than as a Rest co-repressor.
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Introduction

The nervous system arises from pools of stem and progenitor cells through the highly 

regulated processes of neurogenesis. Tight control of gene expression is required to promote 

the emergence of neurons from undifferentiated cells. One key regulator of neural gene 

transcription is the RE-1 silencing transcription factor/Neuron restrictive silencing factor 

(Rest/Nrsf) (Chong, Tapia-Ramirez et al. 1995, Schoenherr and Anderson 1995). Rest is a 

transcriptional repressor that binds to a highly conserved ~23 nt DNA element called the 

RE1 site (Kraner, Chong et al. 1992, Lunyak, Burgess et al. 2002) to regulate neurogenesis, 

inhibit cellular differentiation, fine-tune expression of neural genes, and suppress expression 

of target genes in non-neural tissues (Ballas, Grunseich et al. 2005, Lunyak and Rosenfeld 

2005, Gao, Ure et al. 2011, Aoki, Hara et al. 2012, Kok, Taibi et al. 2012, Moravec, 
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Samuel et al. 2016). Co-repressor proteins recruited by Rest alter chromatin landscapes and 

modulate gene transcription include CoRest, Sin3, MeCP2, LSD1, and HDACs (Huang, 

Myers et al. 1999, Battaglioli, Andrés et al. 2002, Lunyak, Burgess et al. 2002, Cunliffe 

2008).

Association of chromatin modifying factors with the C-terminal Rest repressor domain is 

mediated by CoRest proteins, which are a highly conserved family of co-repressors (Andrés, 

Burger et al. 1999). CoRest family members lack site-specific DNA binding activity but 

associate with DNA through interactions with other proteins. CoRest1, together with lysine-

specific demethylase 1 (LSD1) and histone deacetylases (HDACs) 1/2, forms a powerful 

repressor known as the LCH complex (Gocke and Yu 2008, Sáez, Gómez et al. 2015). LSD1 

binds to the second SANT domain of CoRest and HDACs 1/2 to the ELM2 and first SANT 

domain (You, Tong et al. 2001, Shi, Matson et al. 2005, Yang, Gocke et al. 2006). LSD1 

removes methyl groups from histone 3 at lysine 4 or 9 (H3K4/H3K9) (Lee, Wynder et al. 

2005), while HDACs remove acetyl groups from histone tails (Jenuwein and Allis 2001).

There are three vertebrate CoRest genes: rcor1, rcor2, and rcor3, with CoRest1 (Rcor1) 

being the first one identified (Tontsch, Zach et al. 2001, Zeng, Kong et al. 2010). When 

compared to CoRest1, CoRest2 and 3 have decreased repressor activity (Barrios, Gómez 

et al. 2014). CoRest2 repressor activity is not dependent on HDACs as alterations in the 

first SANT domain curtail interactions with HDACs. In comparison with CoRest1, CoRest3 

is a less potent activator of LSD1 (Upadhyay, Chowdhury et al. 2014). These functional 

differences led us to speculate that CoRest1 is the primary Rest co-repressor and the other 

family members play secondary roles as Rest co-repressors.

Unlike rest, rcor1 is found in invertebrates (Jarriault and Greenwald 2002, Bruce, Donaldson 

et al. 2004, Dallman, Allopenna et al. 2004), which suggests both ancient and Rest-

independent functions of Rcor1. Like rest mutants (Chen, Paquette et al. 1998), murine 

rcor1 mutants are embryonic lethal (Yao, Goldman et al. 2014). In both vertebrate and 

invertebrate models, Rcor1 appears important in early stages of neurogenesis. Early in 

mouse development, rcor1 is expressed in neural tissue but decreases near birth (Tontsch, 

Zach et al. 2001). CoRest1 is also expressed at early neurulation in areas of active 

neurogenesis in Xenopus embryos (de la Calle-Mustienes, Modolell et al. 2002). In 

mouse cortex, CoRest is required to maintain progenitor pools and limit the number of 

differentiating neurons (Monaghan, Nechiporuk et al. 2017).

Although CoRest1 was isolated through its association with Rest, Rcor1 interacts with other 

transcription factors including C-terminal binding protein (CtBP), selected mouse cDNA 

on the X (SMCX)/Jumonji AT-rich interactive domain 1C (JARID1C), chromodomain on 

Y-like (CDYL), insulinoma-associated 1 (INSM1), Serine carboxypeptidase-like (Scpl), 

and Specificity protein 3 (Sp3) (Hakimi, Bochar et al. 2002, Shi, Sawada et al. 2003, 

Khalil, Guttman et al. 2009, Monaghan, Nechiporuk et al. 2017). Studies examining the 

independent role of the LCH during development are further parsing out the roles CoRest 

plays in neural processes and neural fate determination.
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We generated a zebrafish rcor1 mutant to determine whether Rcor1 is the key Rcor family 

member required for Rest repression of target genes during early development and to 

assess the requirement for Rcor1 during neurogenesis. We found that expression of most 

Rest target genes was unaffected in rcor1 mutants early in development, indicating a locus-

specific requirement for Rest-mediated repression. Examination of pro and pan-neural gene 

expression in rcor1 mutants revealed increases in neural progenitors and early differentiating 

neurons, respectively. Accordingly, we observed misregulation of her genes in MZrcor1 
mutants in a stage-specific manner suggesting that Rcor1 regulates the rate of neurogenesis 

through Rest-independent complexes.

Materials and Methods

Fish husbandry

Fish were housed, maintained, and genotyped as previously described (Kok, Taibi et al. 

2012, Moravec, Li et al. 2015, Moravec, Samuel et al. 2016). Adult fish were genotyped and 

separated by sex into 1.8L tanks at 3 months of age, housed in groups of eight.

TALENs-generated mutations

TALENs were designed to target the first exon of rcor1 using the zfit TALEN algorithm 

(Reyon, Khayter et al. 2012). Target sequences were AACAATTCATGGGAGGA and 

TCAAGTGATGACGAGCA. TALENs were synthesized by Genescript and cloned in the 

JDS70 vector (Sander, Cade et al. 2011). mRNA corresponding to the two TALENs was 

synthesized using the Message Machine kit (Ambion) and microinjected into 1-cell wild-

type embryos. At 24 hours post fertilization (hpf); embryos were collected and mutations 

were screened by PCR. Primer pairs used for screening and subsequent genotyping: RCOR1 

F2 (5’-GAGGGGCAGGAACTCTGTAA-3’) R2 (5’-GAACCCGAACTTCCTTCCTC-3’).

Quantitative RT-PCR

Total RNA was extracted from pools of eight sphere staged embryos and pools of six 

shield (6 hpf) and bud (10 hpf) stage embryos using Trizol (Invitrogen) and ZYMO 

Research Direct-zol RNA MiniPrep. cDNA was synthesized using SuperScript II reverse 

transcriptase (Invitrogen). Quantitative real-time PCR (qPCR) was performed with a Light 

Cycler 480 (Roche) using QuantaSYBR Green (Quanta Bioscience). Transcript levels from 

each sample were normalized to β-actin and error bars represent standard error. Each 

experiment consisted of three pools of embryos run in duplicate with mutants set to 1. 

Primer pairs used were previously described in (Kok, Oster et al. 2007, Kok, Taibi et al. 

2012, Moravec, Samuel et al. 2016).

Whole mount RNA in situ Hybridization

Embryos were fixed in 4% PFA at 4°C overnight, washed with PBT, then stored in methanol 

at −20°C (~15-20 embryos per tube). Whole mount RNA in situ hybridization protocol was 

adapted from (Thisse, Thisse et al. 1993); digoxigenin labeled probes were made using T3, 

T7, and Sp6 RNA polymerase. For heterozygous crosses genotypes were determined post-

hoc by PCR. Measurements of domain expression were taken and compared by Student’s 

t-test with error bars representing standard error.
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Live imaging

rcor1sbu54/+ allele was crossed with an elavl3:GFP transgenic reporter background. Embryos 

from the heterozygous cross were placed in 1-phenyl 2-thiourea (PTU) during segmentation 

to inhibit pigmentation. 26hpf, 50hpf, and 98hpf embryos were anesthetized with MS-222 

(Tricaine) and mounted on 3% methyl cellulose. 12-15 lateral and dorsal images were 

acquired at each stage during one imaging session, and embryos were genotyped post-

imaging. Average fluorescence was quantified for the olfactory bulb/forebrain and midbrain/

hindbrain regions of the larva using ImageJ. Averages were compared by Student’s t-test 

with error bar representing standard error.

Behavior

6 days post fertilization (dpf) larval behaviors were recorded using a Zebrabox imaging 

system (Viewpoint Life Sciences, France) constantly illuminated by infrared light and 

tracked with automated video-tracking software (Zebralab; Viewpoint Life Sciences, 

France). All experiments were conducted during the hours of 12 to 6 p.m. The visual-motor 

behavior paradigm consisted of 20 minutes of acclimation, 15 minutes in the light followed 

by a stimulus (light change), and 15 minutes in the dark. At 24hpf, larvae were placed 

in 24-well plates, with one larva placed per well. The software tracked parameters such 

as small and large movements, distance, duration, spatial preference, and stimulus-evoked 

movements upon stimulation (change from light to dark). Data was assessed in 1-minute 

bins for the analysis of spontaneous movement and 1 second bins to capture acute response 

to stimulus. The sex of the larvae cannot be determined at this stage and therefore could not 

be taken into consideration.

Movements were analyzed using repeated measures ANOVA with the independent variable 

being genotype and the repeated measure being time on SPSS. Significance was defined as 

p< 0.05 for all tests and error bars represent the standard error of the mean. A Student’s 

t-test was used to compare average number between wild-type and mutant. This work was 

approved and conducted in accordance to the Stony Brook University Institutional Animal 

Care and Use Committee.

Results

rcor1 is expressed in neurogenic regions in larval zebrafish

Whole mount RNA in situ hybridization was used to determine the dynamic expression 

pattern of rcor1 expression during early zebrafish development. At early stages, rcor1 is 

widely expressed throughout the embryo, but becomes gradually restricted to the head 

(Figure 1A-E). This pattern is similar to rest expression at comparable stages (Gates et 

al. 2010). By 36 hpf, rcor1 expression is enriched in the eyes, posterior optic tectum, and 

midline (Figure 1D, E) with these domains becoming further refined by 57 hpf (Figure 1F-I).

rcor1 expression was also studied in transverse sections of 42 hpf wild-type larva in 

four regions: forebrain, midbrain, hindbrain, and anterior trunk. rcor1 is expressed in non-

neural tissue, proliferative, and undifferentiated populations of the neural tube, including 

undifferentiated regions of optic tectum (Figure 1K). rcor1 is also enriched in areas where 
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the neural tube is undergoing differentiation, revealing a dynamic expression pattern. 

Expression is robust in proliferative zones in the brain including along the midline of the 

forebrain, midbrain, and hindbrain (black bracket, Figure 1J-L). Expression of rcor1 in the 

tegmentum and hindbrain (Figure 1K-M) is lower in the cells closest to the ventricular zone 

compared to the adjacent cells. The same pattern is evident throughout the hindbrain, which 

is undergoing a similar rate of neurogenesis at this stage.

rcor1 mutants are viable

To determine the requirement for CoRest1 during development, we disrupted rcor1 using 

TALENs. Five germline mutations in rcor1 were isolated (Figure 2C). All of the lesions are 

predicted to produce frameshift mutations that result in premature stop codons and eliminate 

the bulk of the protein including most of the ELM2 domain and both SANT domains 

(Fig. 2A), which are required for association with HDACs and LSD1 respectively (Barrios, 

Gómez et al. 2014). PCR analysis of cDNA prepared from MZrcor1sbu54/sbu54 embryos 

at 10 hpf failed to detect the wild-type allele. Only the smaller amplification product 

corresponding to mRNA produced from the mutant allele was present (Figure 2E). Because 

the SBU54 (Δ7bp) lesion produced a strong disruption of Rcor1, we primarily utilized this 

allele for our studies. Prior to these experiments, the rcor1sbu54 line was outcrossed for four 

generations to minimize possible non-linked off-target TALEN lesions.

Offspring of rcor1sbu54/+ intercrosses all appeared morphologically normal at 6 dpf. 

Although many homozygous rcor1 mutants survived to adulthood, they were not recovered 

at the expected Mendelian ratios (83/423 fish, 19.6%, Fisher’s exact test p≤ 0.011), 

suggesting a slight reduction of fitness of the mutants (Figure 2D). Surviving rcor1sbu54/sbu54 

adults appear morphologically normal and are fertile. This contrasts the effects of a 

conditional Corest1knockout in mice, where the mutants die by P7 (Yao, Goldman et al. 

2014). Because zebrafish rcor1 is supplied to the embryo as a maternal transcript (Kok, Taibi 

et al. 2012), we sought to determine whether fish lacking both maternal and zygotic rcor1 
mRNA (MZrcor1 mutants) presented with severe defects. Like the zygotic rcor1 mutants, 

MZrcor1 mutants appear morphologically normal and survive to adulthood. Therefore, most 

of the experiments described below were performed on MZrcor1 fish because of the ease in 

obtaining large numbers of mutants.

Expression of Rest target genes in rcor1 mutants

Among CoRest family members, Rcor1 forms the most robust repressor complexes and 

is therefore often assumed to be the main co-repressor for Rest, but this premise has not 

been rigorously evaluated. Because Rest represses RE1-containing genes in early zebrafish 

development, we assessed the requirement for CoRest1in the repression of Rest target genes 

in blastula stage embryos. For this analysis, we selected a varied subset of RE1-containing 

genes that are de-repressed in rest mutants (Kok, Taibi et al. 2012, Moravec, Samuel et 

al. 2016) and had a wide range of functions during development (Figure 3A). cDNA was 

prepared from MZrcor1 mutants and related wild-type embryos at 4 hpf (late blastula) 

shortly after the onset of zygotic transcription, thus minimizing potential secondary effects. 

In the absence of maternal and zygotic rcor1, qPCR revealed snap25b expression was 

enhanced (de-repressed) (Figure 3A), but no significant changes in gene expression of the 
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nine other Rest target genes were observed, while expression of amphiphysin and gpr27 was 

reduced (Figure 3A). These results indicate that Rcor1 is only required for repression of one 

of the 12 Rest target genes analyzed at late blastula stage, snap25b.

To determine whether Rcor1 regulates snap25 expression at later stages, we assayed 

snap25a/b expression in 24 hpf MZrcor1 and related wild-type control embryos using RNA 

in situ hybridization. No difference in expression was observed for snap25a in rcor1 mutants 

(Figure 3 B-E). However, ectopic snap25b expression was observed in the midbrain and 

hindbrain of rcor1 mutants (arrowhead in Figure 3C, n=6/10 embryos). These results suggest 

that while Rcor1 is important for Rest-mediated repression of snap25b, repression of many 

other targets occur independent of Rcor1. Presumably repression of these Rest target genes 

relies on other Rcor family members or additional co-repressors such as Sin3. However, 

rest, rcor2, and rcor3 by qRT-PCR showed no differences in their mRNA levels in the rcor1 
mutant (data not shown).

rcor1 fish are hypoactive

Snap-25 is a SNARE protein that promotes vesicle fusion at the cell membrane (Clary, 

Griff et al. 1990). Failure of Rest-mediated repression of snap25a/b contributes to altered 

locomotor behavior in MZrest mutants and snap25a or snap25b RE1 site mutants (Moravec, 

Samuel et al. 2016). Therefore, we asked whether similar locomotor defects are apparent 

in MZrcor1 larvae using a visual-motor behavior paradigm (Figure 4A). This test assesses 

spontaneous movement in both light and dark conditions as well as the evoked response of 

the fish to a stimulus (light change). Individual larvae were assayed in 24-well dishes at 

6 dpf. For the entirety of the assay, the following parameters were recorded for each fish: 

number of movements made, duration of movement, distance traveled, and location within 

the well.

Overall the MZrcor1 larvae were hypoactive in both the light and dark conditions. MZrcor1 
larvae (n=36) initiated 1835±119.352 movements in the light while the wild-type controls 

(n=36) made significantly more movements (2385±175.884 movements) (Figure 4C). 

During each minute of the assay, MZrcor1 mutants initiated fewer movements (Figure 

4B). On average, MZrcor1 larvae initiate 122 movements a minute compared to wild-type 

that make around 159 movements a minute (Figure 4B). This pattern is also observed 

when comparing duration (mutants= 10 seconds, WT= 12 seconds) and distance traveled 

(mutants= 72 mm, WT=104 mm). In the dark, the MZrcor1 mutants continued to move 

less than the wild-type controls, with mutants producing 1832±67 movements on average 

(compared to 2485±98 from wildtypes Figure 4E). In addition to making fewer movements, 

MZrcor1 larvae spent significantly less time moving. During the light interval the mutants 

each spent less than 150 seconds in motion while wild-type moved ~184 seconds; in the 

dark, the same pattern is seen with wild-type spending more time moving than mutants 

(Figure 4E, K). The wild-type controls traveled a greater distance in both light and dark, 

1555±122 mm and 1769±91 mm, compared to the MZrcor1 larvae that traveled less than 

1200 mm in both lighting conditions (Fig. 4G, M).

Because MZrest mutants display anxiety-like behaviors (Moravec, Samuel et al. 2016) and 

prefer the outer regions of the well, spatial preference was also analyzed for MZrcor1 
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mutants. In total, the MZrcor1 mutants spent more time exploring the inner well compared 

to wild-type (180±21 seconds and 98±15 seconds, respectively), while the controls spent 

more time in the outer (767±20 seconds) well than mutants, in the light (678±27 seconds) 

(Figure 5A). Across both the light and dark periods, the MZrcor1 mutants made fewer 

movements, spent less time moving, and traveled less than the related wild-type controls. 

There was no significant difference between wild-type and mutant in response to an evoked 

stimulus (light change). The mutant larvae exhibited a startle response that was comparable 

to that of the wild-type controls, suggesting the MZrcor1 mutants do not have gross visual or 

motor impairments to hinder their movements (Figure 5B).

CoRest1 is required for normal progression of neurogenesis

Based on the locomotor defects in the MZrcor1 mutants (Figures 4,5) and the expression 

pattern of rcor1 (Figure 1) in neurogenic regions, we sought to explore the role CoRest1 

plays in neurogenesis. Therefore, we examined pan neural marker, elalv3, by RNA in 
situ hybridization and live-imaging in the mutant. In both assays, we observed enhanced 

expression of elalv3 in the mutant. At 13hpf (segmentation), RNA in situ hybridization 

revealed increased expression of elalv3 in the midbrain, tegmentum, and in the trunk 

(Rohon-Beard neurons) in 13/17 MZrcor1 mutants when compared to related wild-type 

controls (n=30) (Figure 6A-B). Enhanced expression of elalv3 was also detected in MZrcor1 
(22/26 embryos) at 24hpf with robust expression along the midline from midbrain to tail 

when compared to wild-type (n=16) (Figure 6 C-E).

The rcor1sbu54 allele was crossed into the elavl3:GFP transgenic reporter background (Park, 

Kim et al. 2000) to allow for dynamic visualization of differentiating neurons in living fish. 

Fish that were heterozygous for the rcor1 mutation and the elavl3 transgene were crossed 

to rcor1 heterozygotes and larvae were collected at 26, 50, and 98hpf, then imaged using 

fluorescent microscopy. At 26hpf, a significant increase of elavl3:GFP fluorescence was 

observed in the midbrain/hindbrain of the rcor1 mutants compared to wild-type siblings 

(Fig. 6 F, I, L) (rcor1+/+ N= 3, rcor1+/− N=6, rcor1−/− N= 6 ). No significant difference was 

observed in elavl3:GFP fluorescence at 50 and 98hpf, in rcor1 mutants (Figure 6 G, H, J, 

K, L). This data demonstrates that differentiating neurons emerge more rapidly in MZrcor1 
mutants at early developmental stages than in wild-type controls, but this defect does not 

persist.

Modulation of her gene family expression by CoRest1

The effects of a lack of CoRest on the increased neurogenesis that we observed could be 

explained if Rcor1 regulated expression of her genes, which are Notch targets known to 

be involved in maintaining neural progenitor pools and determining fate decisions. To test 

this hypothesis, we examined expression of her genes in MZrcor1 mutants by qRT-PCR and 

RNA in situ hybridization. We performed qPCR at 6 and 10hpf on Notch targets: her1, her6, 
her15, her4, and nort (Jarriault, Brou et al. 1995, Takke, Dornseifer et al. 1999, Tsutsumi 

and Itoh 2007) (Figure 7). Expression of her4 and nort are largely neural, while her6, her1, 
and her15 are both neural and mesodermal (Bae, Shimizu et al. 2005, Chapouton, Webb et 

al. 2011).We found that regulation of her genes by Rcor1 are stage- dependent. At 6dpf in 

MZrcor1sbu54/sbu54 mutants her1, her6, and her4 transcript levels are increased while her15 
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(p=0.06) and nort (p=0.08) levels trend upward compared to wild-type (Figure 7A, C, E, 

G, I). Levels of these genes were comparable in MZrcor1 mutants and controls at 10hpf 

(Figure 7J). In comparison, neural expression of her6 by RNA in situ hybridization revealed 

decreased expression in MZrcor1 mutants in comparison to wild-type controls at 13, 24, and 

36 hpf (Figure 8A-F, Q). At 13hpf, little her6 expression is apparent in the hatching gland of 

rcor1 mutants and there is a sizable decrease of expression in the brain. At 24 and 36hpf, the 

trend remains, with decreased expression of her6 in the brain/head region of the embryo in 

MZrcor1 mutants when compared with controls.

Because her genes regulate expression of proneural markers (Jarriault, Brou et al. 1995) we 

examined expression of proneural genes neurogenin (ngn1) and zash1a in MZrcor1 mutants 

using whole mount RNA in situ hybridization. Ectopic ngn1 expression was detected in the 

hindbrain of MZrcor1 mutants at 13 hpf (13/16 embryos) and 24 hpf (6/10 embryos), but 

expression domains were restored to wild-type levels by 36 hpf (Figure 8G-L). zash1a 
expression was not detected 13 hpf (image not shown), but an increase of zash1a in 

MZrcor1 mutants is observed at 36 hpf (15/15 embryos), with an expansion of zash1a 
visible in the hindbrain and trunk of the mutant larva when compared to wild-type (Figure 

8M-Q). Together these results reveal stage-dependent modulation of her genes by Rcor1, 

with Rcor1 serving as a repressor at early stages but having the opposite effect later in 

development. Activation of her genes, later in development, presumably accounts for the 

increased expression of proneural markers and an altered rate of early neurogenesis observed 

in MZrcor1 mutants.

Discussion

CoRest1 was the first member of the Rcor family identified. It has frequently been studied 

in association with the Rest repressor complex and has been thought to play a pivotal role in 

Rest repressor function. However, Rcor1 is also associated with other proteins that modulate 

neurogenesis. We found that CoRest1 plays a nuanced role in Rest-mediated transcriptional 

repression in early zebrafish development suggesting that other co-repressors must play 

leading roles at these stages. Nonetheless, modulation of her genes by Rcor1 regulates the 

progression of neurogenesis in a stage-dependent manner.

CoRest as a Rest co-repressor

Surprisingly, only one of the Rest target genes that we examined (snap25b) was derepressed 

in MZrcor1 mutants (Figure 3). All of the genes we assayed are increased in MZrest mutants 

at blastula stages suggesting that these effects presumably stem from Rest repressive 

activity that is independent of CoRest1. In many contexts snap25 is particularly sensitive 

to manipulations of Rest levels and large alterations of snap25 levels are often observed 

(Bruce, Donaldson et al. 2004, Prada, Marchaland et al. 2011, Moravec, Samuel et al. 2016). 

In zebrafish, rest loss-of-function mutants both snap25a/b genes are de-repressed in the 

hindbrain of 24hpf embryos (Moravec, Samuel et al. 2016). We previously found that at 

blastula stages, treatment of wild-type embryos with the HDAC inhibitor, TSA, increased 

snap25b to levels comparable with MZrest mutants (Kok, Taibi et al. 2012), which indicates 

that Rest-dependent HDAC activity (mediated by Rcor1) is key to repression of snap25b at 
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blastula stages. However, TSA had different effects on expression of other RE1-containing 

genes suggesting variation in Rest complexes between loci. This is consistent with our 

analysis of rcor1 mutants which shows that Rcor1 is only required at a subset of Rest targets 

genes. Together, these findings support the model that Rcor heterogeneity contributes to 

differential regulation of targets. It is also likely that some degree of redundancy of function 

exists between family members even though Rcor2 or Rcor3 are insufficient to provide 

repression of snap25b in the absence of CoRest1. Studies of the effects on expression of 

Rest target genes in the absence of Rcor2 or Rcor3 or combinations of multiple Rcors will 

be required to sort out locus-specific requirements for CoRest activity in Rest-mediated 

repression. Analysis of mouse conditional rcor1/2 double mutants revealed a much stronger 

phenotype in the double mutants than the single mutants, which is consistent with the notion 

of overlapping functions of rcor family members (Monaghan, Nechiporuk et al. 2017).

rcor1 dysfunction results in atypical swimming patterns

Because enhanced snap25b expression is associated with hyperactivity in zebrafish (Wei, 

Thatcher et al. 2013) we examined locomotor behavior of MZrcor1 mutants and found them 

to be hypoactive. This phenotype is similar to zygotic rest mutants, which retain maternal 

rest expression but not MZrest larvae and snap25b-RE1 site mutants which have more 

profound deficits in Rest repressor function at the snap25b locus and exhibit hyperactive 

spontaneous swimming patterns (Moravec, Li et al. 2015, Moravec, Samuel et al. 2016). 

Locomotion is a complex behavior governed by many genes. However, the observation 

that loss of maternal and zygotic rcor1 and rest (MZrcor1 and MZrest) produce opposite 

behaviors is consistent with our conclusion that Rcor1 is not the chief Rest co-repressor 

during early development. The movement deficits in MZrcor1 result from disruption of other 

Rcor1 dependent regulatory complexes.

CoRest1 regulates neurogenesis

In the developing zebrafish nervous system, rcor1 is well positioned to regulate 

neurogenesis. rcor1 transcripts are enriched in regions of neural differentiation (Figure 1). 

Likewise, in the mouse, rcor1 is expressed in undifferentiated neural stem and progenitor 

cells (Abrajano, Qureshi et al. 2010, Welcker, Hernandez-Miranda et al. 2013, Monaghan, 

Nechiporuk et al. 2017). Comparison of zebrafish rcor1 expression with rest expression at 

42hpf (Gates et al. 2010) shows that though both are expressed in the proliferative zones, 

rcor1 expression extends laterally into the adjacent zone containing cells exiting mitosis. 

These cells located intermediately between the ventricular zone and the differentiated lateral 

populations, also expresses neural progenitor markers such as sox3, as well as cell cycle 

exit factor cdkn1c (Park, Boyce et al. 2005). hdac1 also shows a similar expression pattern, 

where it plays a role in promoting neurogenesis (Cunliffe 2008). Murine CoREST1 is 

associated with the RARE complex mediated repression Rest in freshly post-mitotic cells 

(Ballas, Grunseich et al. 2005).

Although rcor1 mutants are generally viable and show no outward defects as adults, we 

detected accelerated rates of neurogenesis in early development. Presumably, regulatory 

mechanisms that control neuron numbers compensate for the loss of CoRest1 over 

longer time periods restore the number of neurons in MZrcor1 mutants to near wild-type 
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levels. The slight decrease in fitness of the mutants could stem from animals where this 

compensation is partial. Alternatively, Corest1 has been implicated in host defense systems 

to establish viral latency (Zhou, Du et al. 2013) and failure of immune related functions 

could result in decreased fitness. Because of the modest percentage of Rest target genes 

altered in MZrcor1 mutants and the more robust effects on her family members, the overt 

effects on neurogenesis likely stem from alteration of her gene expression. However, in 

mouse conditional rcor1/2 double mutants, neurogenesis is enhanced in a Rest-dependent 

manner (Monaghan, Nechiporuk et al. 2017), which points to Rest-dependent influences of 

Rcor1 on neurogenesis. As we have only analyzed a small subset of Rest target genes, we 

cannot rule out direct or indirect effects of Rest on her gene expression during zebrafish 

neurogenesis.

Modulation of her genes by CoRest1

Our results show reduced her6 and enhanced neurogenesis which is largely consistent with 

a positive influence of Rcor1 on her6 expression. However, knockdown of Rcor1 in the 

mouse cerebral cortex increases hes1 and decreases neurogenin expression (Lopez, Saud et 

al. 2016). This result appears to be diametrically opposite to our results that show decreases 

in her6 and an increase in ngn1 expression (Figure 8). At earlier stages, we observe that 

Rcor1 repressed several her genes (Figure 7). This demonstrates that stage and tissue impact 

the nature of the Rcor1 interaction with the her gene family. Furthermore, in the mouse 

knockdown experiments, residual Rcor1 may also impact the character of regulation of the 

hes genes and subsequent proneural markers. CoRest1 binds both LSD1 and HDAC1/2 

forming a dynamic repressor complex; context-dependent activity of Rcor1 by regulation of 

chromatin modifiers could account for seemingly opposing effects of Rcor1 on the her gene 

family. While the exact mechanism has yet to be fully elucidated, these results indicate that 

Rcor1 modulates her in a highly stage and tissue-specific manner.

Her genes are highly regulated by the Notch pathway, which plays a pivotal role in neural 

differentiation. All of the her genes examined regulate neural fate, with some playing a 

dual role in both neural and mesodermal tissue. Of the many binding partners associated 

with CoRest, the C-terminal binding protein (CtBP) has been shown to complex with the 

RBP-J repressor, implying a role for CoRest1 in Notch signaling (Oswald, Winkler et 

al. 2005). However, opposing conclusions have been drawn on the effect of CoRest on 

Notch signaling. In Drosophila, CoRest is important for the mitotic-to-endocycle transition 

in follicle cells (Domanitskaya and Schüpbach 2012). The Notch target gene hnt and 

a transgenic Notch reporter are both downregulated in Drosophila corest mutants. This 

suggests positive modulation of Notch by Rcor1, possibly by destabilizing CtBP/LSD1 

complexes or repressing another repressor of the Notch pathway. In contrast, both in vitro 
and in vivo studies in mice suggest that CoRest1 is a repressor of Notch target gene 

transcription (Lopez, Saud et al. 2016).

Our focus has been on the role of CoRest1 as a repressor of neural gene expression 

and impacts on neurogenesis. However, CoRest1 functions in diverse processes due to its 

many binding partners. Recent work has shown requirements for CoRest1 in hematopoiesis 

(Saleque, Kim et al. 2007), promoting viral latency following infection (Zhou, Du et al. 
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2013) and in a variety of cancers (Chan, Telenius et al. 2015, Kalin, Wu et al. 2018). 

Zebrafish rcor1 mutants have decreased fitness, but their outward appearances appear to 

be healthy suggesting that the fish rcor1 mutants compensate for lack of the protein. 

Our analysis of the mutants suggests that at most loci, Rcor1 is not required for Rest 

repressor activity (Figure 3) and therefore other co-repressors must recruit the needed 

chromatin-modifying factors. Nonetheless, we observed that Rcor1 modulates the rate at 

which neurons differentiate via stage-dependent influences on expression of her genes. Our 

study demonstrates that in the context of early development one of the key roles of CoRest1 

is to modulate the progression of neurogenesis. Analysis of possible redundancy with other 

CoRest family members will be important in discerning the activities of Rcor1.

Acknowledgements

We thank our many colleagues for experimental support and advice; the zebrafish community for providing probes 
and fish lines; our Research Technician and the undergraduate assistants for fish care; Dr. Nurit Ballas, Dr. Cara 
Moravec, Jinelle Wint, Irvin Huang, Josiah Zoodsma, and Anastasia Slavutsky for comments on this manuscript.

Funding source

This work was supported by NIH 1R03HD1066000 and Hartman Foundation SBU64249 to H.I.S and a Simons 
Foundation Summer Fellowship to Karen Jiang. Support was also given by the Bridge to the Doctorate and the Dr. 
W. Burghardt Turner Fellowship.

Grant sponsor:

NIH, Hartman Foundation

Grant number:

1R03HD1066000, SBU64249

Literature Cited:

Abrajano JJ, Qureshi IA, Gokhan S, Molero AE, Zheng D, Bergman A and Mehler MF (2010). 
"Corepressor for element-1–silencing transcription factor preferentially mediates gene networks 
underlying neural stem cell fate decisions." Proceedings of the National Academy of Sciences.

Andrés ME, Burger C, Peral-Rubio MJ, Battaglioli E, Anderson ME, Grimes J, Dallman J, Ballas N 
and Mandel G (1999). "CoREST: A functional corepressor required for regulation of neural-specific 
gene expression." Proceedings of the National Academy of Sciences 96(17): 9873–9878.

Aoki H, Hara A, Era T, Kunisada T and Yamada Y (2012). "Genetic ablation of Rest leads to in 
vitro-specific derepression of neuronal genes during neurogenesis." Development.

Bae Y-K, Shimizu T and Hibi M (2005). "Patterning of proneuronal and inter-proneuronal domains 
by hairy- and enhancer of split-related genes in zebrafish neuroectoderm." Development 132(6): 
1375–1385. [PubMed: 15716337] 

Ballas N, Grunseich C, Lu DD, Speh JC and Mandel G (2005). "REST and Its Corepressors Mediate 
Plasticity of Neuronal Gene Chromatin throughout Neurogenesis." Cell 121(4): 645–657. [PubMed: 
15907476] 

Barrios ÁP, Gómez AV, Sáez JE, Ciossani G, Toffolo E, Battaglioli E, Mattevi A and Andrés ME 
(2014). "Differential properties of transcriptional complexes formed by the CoREST family." 
Molecular and Cellular Biology.

Battaglioli E, Andrés ME, Rose DW, Chenoweth JG, Rosenfeld MG, Anderson ME and Mandel G 
(2002). "REST Repression of Neuronal Genes Requires Components of the hSWI·SNF Complex." 
Journal of Biological Chemistry 277(43): 41038–41045.

Monestime et al. Page 11

Dev Dyn. Author manuscript; available in PMC 2022 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bruce AW, Donaldson IJ, Wood IC, Yerbury SA, Sadowski MI, Chapman M, Göttgens B and Buckley 
NJ (2004). "Genome-wide analysis of repressor element 1 silencing transcription factor/neuron-
restrictive silencing factor (REST/NRSF) target genes." Proceedings of the National Academy of 
Sciences of the United States of America 101(28): 10458–10463. [PubMed: 15240883] 

Chan FC, Telenius A, Healy S, Ben-Neriah S, Mottok A, Lim R, Drake M, Hu S, Ding J, Ha G, 
Scott DW, Kridel R, Bashashati A, Rogic S, Johnson N, Morin RD, Rimsza LM, Sehn L, Connors 
JM, Marra MA, Gascoyne RD, Shah SP and Steidl C (2015). "An RCOR1 loss–associated gene 
expression signature identifies a prognostically significant DLBCL subgroup." Blood 125(6): 959–
966. [PubMed: 25395426] 

Chapouton P, Webb KJ, Stigloher C, Alunni A, Adolf B, Hesl B, Topp S, Kremmer E and Bally-Cuif 
L (2011). "Expression of Hairy/enhancer of split genes in neural progenitors and neurogenesis 
domains of the adult zebrafish brain." Journal of Comparative Neurology 519(9): 1748–1769.

Chen Z-F, Paquette AJ and Anderson DJ (1998). "NRSF/REST is required in vivo for repression 
of multiple neuronal target genes during embryogenesis." Nature Genetics 20: 136. [PubMed: 
9771705] 

Chong JA, Tapia-Ramirez J, Kim S, Toledo-Aral JJ, Zheng Y, Boutros MC, Altshuller YM, Frohman 
MA, Kraner SD and Mandel G (1995). "REST: A mammalian silencer protein that restricts sodium 
channel gene expression to neurons." Cell 80(6): 949–957. [PubMed: 7697725] 

Clary DO, Griff IC and Rothman JE (1990). "SNAPs, a family of NSF attachment proteins involved in 
intracellular membrane fusion in animals and yeast." Cell 61(4): 709–721. [PubMed: 2111733] 

Cunliffe VT (2008). "Eloquent silence: developmental functions of Class I histone deacetylases." 
Current Opinion in Genetics & Development 18(5): 404–410. [PubMed: 18929655] 

Dallman JE, Allopenna J, Bassett A, Travers A and Mandel G (2004). "A Conserved Role But 
Different Partners for the Transcriptional Corepressor CoREST in Fly and Mammalian Nervous 
System Formation." The Journal of Neuroscience 24(32): 7186–7193. [PubMed: 15306652] 

de la Calle-Mustienes E, Modolell J and Gómez-Skarmeta JL (2002). "The Xiro-repressed gene 
CoREST is expressed in Xenopus neural territories." Mechanisms of Development 110(1): 209–
211. [PubMed: 11744385] 

Domanitskaya E and Schüpbach T (2012). "CoREST acts as a positive regulator of Notch signaling in 
the follicle cells of Drosophila melanogaster." Journal of Cell Science 125(2): 399–410. [PubMed: 
22331351] 

Gao Z, Ure K, Ding P, Nashaat M, Yuan L, Ma J, Hammer RE and Hsieh J (2011). "The Master 
Negative Regulator REST/NRSF Controls Adult Neurogenesis by Restraining the Neurogenic 
Program in Quiescent Stem Cells." The Journal of Neuroscience 31(26): 9772–9786. [PubMed: 
21715642] 

Gocke CB and Yu H (2008). "ZNF198 Stabilizes the LSD1–CoREST–HDAC1 Complex on Chromatin 
through Its MYM-Type Zinc Fingers." PLOS ONE 3(9): e3255. [PubMed: 18806873] 

Hakimi M-A, Bochar DA, Chenoweth J, Lane WS, Mandel G and Shiekhattar R (2002). "A core–
BRAF35 complex containing histone deacetylase mediates repression of neuronal-specific genes." 
Proceedings of the National Academy of Sciences 99(11): 7420–7425.

Huang Y, Myers SJ and Dingledine R (1999). "Transcriptional repression by REST: recruitment 
of Sin3A and histone deacetylase to neuronal genes." Nature Neuroscience 2: 867. [PubMed: 
10491605] 

Jarriault S, Brou C, Logeat F, Schroeter EH, Kopan R and Israel A (1995). "Signalling downstream of 
activated mammalian Notch." Nature 377: 355. [PubMed: 7566092] 

Jarriault S and Greenwald I (2002). "Suppressors of the egg-laying defective phenotype of sel-12 
presenilin mutants implicate the CoREST corepressor complex in LIN-12/Notch signaling in C. 
elegans." Genes & Development 16(20): 2713–2728. [PubMed: 12381669] 

Jenuwein T and Allis CD (2001). "Translating the Histone Code." Science 293(5532): 1074–1080. 
[PubMed: 11498575] 

Kalin JH, Wu M, Gomez AV, Song Y, Das J, Hayward D, Adejola N, Wu M, Panova I, Chung HJ, 
Kim E, Roberts HJ, Roberts JM, Prusevich P, Jeliazkov JR, Roy Burman SS, Fairall L, Milano 
C, Eroglu A, Proby CM, Dinkova-Kostova AT, Hancock WW, Gray JJ, Bradner JE, Valente 
S, Mai A, Anders NM, Rudek MA, Hu Y, Ryu B, Schwabe JWR, Mattevi A, Alani RM and 

Monestime et al. Page 12

Dev Dyn. Author manuscript; available in PMC 2022 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cole PA (2018). "Targeting the CoREST complex with dual histone deacetylase and demethylase 
inhibitors." Nature Communications 9(1): 53.

Khalil AM, Guttman M, Huarte M, Garber M, Raj A, Rivea Morales D, Thomas K, Presser A, 
Bernstein BE, van Oudenaarden A, Regev A, Lander ES and Rinn JL (2009). "Many human 
large intergenic noncoding RNAs associate with chromatin-modifying complexes and affect gene 
expression." Proceedings of the National Academy of Sciences 106(28): 11667–11672.

Kok FO, Oster E, Mentzer L, Hsieh J-C, Henry CA and Sirotkin HI (2007). "The role of the SPT6 
chromatin remodeling factor in zebrafish embryogenesis." Developmental Biology 307(2): 214–
226. [PubMed: 17570355] 

Kok FO, Taibi A, Wanner SJ, Xie X, Moravec CE, Love CE, Prince VE, Mumm JS and Sirotkin 
HI (2012). "Zebrafish rest regulates developmental gene expression but not neurogenesis." 
Development 139(20): 3838–3848. [PubMed: 22951640] 

Kraner SD, Chong JA, Tsay H-J and Mandel G (1992). "Silencing the type II sodium channel gene: A 
model for neural-specific gene regulation." Neuron 9(1): 37–44. [PubMed: 1321645] 

Lee MG, Wynder C, Cooch N and Shiekhattar R (2005). "An essential role for CoREST in 
nucleosomal histone 3 lysine 4 demethylation." Nature 437: 432. [PubMed: 16079794] 

Lopez CI, Saud KE, Aguilar R, Berndt FA, Cánovas J, Montecino M and Kukuljan M (2016). "The 
chromatin modifying complex CoREST/LSD1 negatively regulates notch pathway during cerebral 
cortex development." Developmental Neurobiology 76(12): 1360–1373. [PubMed: 27112428] 

Lunyak VV, Burgess R, Prefontaine GG, Nelson C, Sze S-H, Chenoweth J, Schwartz P, Pevzner 
PA, Glass C, Mandel G and Rosenfeld MG (2002). "Corepressor-Dependent Silencing of 
Chromosomal Regions Encoding Neuronal Genes." Science 298(5599): 1747–1752. [PubMed: 
12399542] 

Lunyak VV and Rosenfeld MG (2005). "No Rest for REST: REST/NRSF Regulation of 
Neurogenesis." Cell 121(4): 499–501. [PubMed: 15907461] 

Monaghan CE, Nechiporuk T, Jeng S, McWeeney SK, Wang J, Rosenfeld MG and Mandel G (2017). 
"REST corepressors RCOR1 and RCOR2 and the repressor INSM1 regulate the proliferation–
differentiation balance in the developing brain." Proceedings of the National Academy of Sciences 
114(3): E406–E415.

Moravec CE, Li E, Maaswinkel H, Kritzer MF, Weng W and Sirotkin HI (2015). "Rest mutant 
zebrafish swim erratically and display atypical spatial preferences." Behavioural Brain Research 
284: 238–248. [PubMed: 25712696] 

Moravec CE, Samuel J, Weng W, Wood IC and Sirotkin HI (2016). "Maternal Rest/Nrsf Regulates 
Zebrafish Behavior through snap25a/b." The Journal of Neuroscience 36(36): 9407–9419. 
[PubMed: 27605615] 

Oswald F, Winkler M, Cao Y, Astrahantseff K, Bourteele S, Knöchel W and Borggrefe T (2005). 
"RBP-Jk/SHARP Recruits CtIP/CtBP Corepressors To Silence Notch Target Genes." Molecular 
and Cellular Biology 25(23): 10379–10390. [PubMed: 16287852] 

Park H-C, Boyce J, Shin J and Appel B (2005). "Oligodendrocyte Specification in Zebrafish Requires 
Notch-Regulated Cyclin-Dependent Kinase Inhibitor Function." The Journal of Neuroscience 
25(29): 6836–6844. [PubMed: 16033893] 

Park H-C, Kim C-H, Bae Y-K, Yeo S-Y, Kim S-H, Hong S-K, Shin J, Yoo K-W, Hibi M, Hirano T, 
Miki N, Chitnis AB and Huh T-L (2000). "Analysis of Upstream Elements in the HuC Promoter 
Leads to the Establishment of Transgenic Zebrafish with Fluorescent Neurons." Developmental 
Biology 227(2): 279–293. [PubMed: 11071755] 

Prada I, Marchaland J, Podini P, Magrassi L, D'Alessandro R, Bezzi P and Meldolesi J (2011). "REST/
NRSF governs the expression of dense-core vesicle gliosecretion in astrocytes." The Journal of 
Cell Biology 193(3): 537–549. [PubMed: 21536750] 

Reyon D, Khayter C, Regan MR, Joung JK and Sander JD (2012). "Engineering Designer 
Transcription Activator--Like Effector Nucleases (TALENs) by REAL or REAL-Fast Assembly." 
Current Protocols in Molecular Biology 100(1): 12.15.11–12.15.14.

Sáez JE, Gómez AV, Barrios ÁP, Parada GE, Galdames L, González M and Andrés ME (2015). 
"Decreased Expression of CoREST1 and CoREST2 Together with LSD1 and HDAC1/2 during 
Neuronal Differentiation." PLOS ONE 10(6): e0131760. [PubMed: 26111147] 

Monestime et al. Page 13

Dev Dyn. Author manuscript; available in PMC 2022 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Saleque S, Kim J, Rooke HM and Orkin SH (2007). "Epigenetic Regulation of Hematopoietic 
Differentiation by Gfi-1 and Gfi-1b Is Mediated by the Cofactors CoREST and LSD1." Molecular 
Cell 27(4): 562–572. [PubMed: 17707228] 

Sander JD, Cade L, Khayter C, Reyon D, Peterson RT, Joung JK and Yeh J-RJ (2011). "Targeted gene 
disruption in somatic zebrafish cells using engineered TALENs." Nature Biotechnology 29: 697.

Schoenherr C and Anderson D (1995). "The neuron-restrictive silencer factor (NRSF): a coordinate 
repressor of multiple neuron-specific genes." Science 267(5202): 1360–1363. [PubMed: 7871435] 

Shi Y-J, Matson C, Lan F, Iwase S, Baba T and Shi Y (2005). "Regulation of LSD1 Histone 
Demethylase Activity by Its Associated Factors." Molecular Cell 19(6): 857–864. [PubMed: 
16140033] 

Shi Y, Sawada J.-i., Sui G, Affar EB, Whetstine JR, Lan F, Ogawa H, Po-Shan Luke M, Nakatani Y 
and Shi Y (2003). "Coordinated histone modifications mediated by a CtBP co-repressor complex." 
Nature 422: 735. [PubMed: 12700765] 

Takke C, Dornseifer P, v Weizsacker E and Campos-Ortega JA (1999). "her4, a zebrafish homologue 
of the Drosophila neurogenic gene E(spl), is a target of NOTCH signalling." Development 126(9): 
1811–1821. [PubMed: 10101116] 

Thisse C, Thisse B, Schilling TF and Postlethwait JH (1993). "Structure of the zebrafish snail1 gene 
and its expression in wild-type, spadetail and no tail mutant embryos." Development 119(4): 
1203–1215. [PubMed: 8306883] 

Tontsch S, Zach O and Bauer H-C (2001). "Identification and localization of M-CoREST (1A13), a 
mouse homologue of the human transcriptional co-repressor CoREST, in the developing mouse 
CNS." Mechanisms of Development 108(1): 165–169. [PubMed: 11578870] 

Tsutsumi M and Itoh M (2007). "Novel transcript nort is a downstream target gene of the Notch 
signaling pathway in zebrafish." Gene Expression Patterns 7(3): 227–232. [PubMed: 17085079] 

Upadhyay G, Chowdhury AH, Vaidyanathan B, Kim D and Saleque S (2014). "Antagonistic actions 
of Rcor proteins regulate LSD1 activity and cellular differentiation." Proceedings of the National 
Academy of Sciences 111(22): 8071–8076.

Wei C, Thatcher EJ, Olena AF, Cha DJ, Perdigoto AL, Marshall AF, Carter BD, Broadie K and Patton 
JG (2013). "miR-153 Regulates SNAP-25, Synaptic Transmission, and Neuronal Development." 
PLOS ONE 8(2): e57080. [PubMed: 23451149] 

Welcker JE, Hernandez-Miranda LR, Paul FE, Jia S, Ivanov A, Selbach M and Birchmeier C (2013). 
"Insm1 controls development of pituitary endocrine cells and requires a SNAG domain for 
function and for recruitment of histone-modifying factors." Development 140(24): 4947–4958. 
[PubMed: 24227653] 

Yang M, Gocke CB, Luo X, Borek D, Tomchick DR, Machius M, Otwinowski Z and Yu H (2006). 
"Structural Basis for CoREST-Dependent Demethylation of Nucleosomes by the Human LSD1 
Histone Demethylase." Molecular Cell 23(3): 377–387. [PubMed: 16885027] 

Yao H, Goldman DC, Nechiporuk T, Kawane S, McWeeney SK, Tyner JW, Fan G, Kerenyi MA, 
Orkin SH, Fleming WH and Mandel G (2014). "Corepressor Rcor1 is essential for murine 
erythropoiesis." Blood 123(20): 3175–3184. [PubMed: 24652990] 

You A, Tong JK, Grozinger CM and Schreiber SL (2001). "CoREST is an integral component of the 
CoREST- human histone deacetylase complex." Proceedings of the National Academy of Sciences 
98(4): 1454–1458.

Zeng W, Kong Q, Li C and Mao B (2010). "Xenopus RCOR2 (REST corepressor 2) interacts with 
ZMYND8, which is involved in neural differentiation." Biochemical and Biophysical Research 
Communications 394(4): 1024–1029. [PubMed: 20331974] 

Zhou G, Du T and Roizman B (2013). "The Role of the CoREST/REST Repressor Complex in Herpes 
Simplex Virus 1 Productive Infection and in Latency." Viruses 5(5): 1208. [PubMed: 23628827] 

Monestime et al. Page 14

Dev Dyn. Author manuscript; available in PMC 2022 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Expression pattern of rcor1 in early zebrafish development.
(A-C) At 4hpf, 6hpf, and 13hpf, rcor1 is ubiquitously expressed in the embryo. (D, E) 
Lateral and dorsal views of 36 hpf larvae reveal broad rcor1 expression throughout the 

head. (F-I) Lateral and dorsal images of 48 hpf and 57 hpf, respectively, show expression 

of rcor1 in the eye and posterior optic tectum. Transverse sections of 42 hpf larvae of 

the forebrain, midbrain, hindbrain and anterior trunk (J-M). Dorsal view of whole 42hpf 

embryo used for transverse sectioning (N). Brackets outline the proliferative zone along the 

midline indicating regions of un-differentiated cell populations. Staining is seen in the eyes, 

OT, tg, and cg. OT-optic tectum, tg-tegmentum, cg- cranial ganglia. (Scale bar = 15 um)
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Figure 2. Generation of a zebrafish rcor1 mutant.
(A) Schematic representation of CoRest1 domain structure including ELM2 and SANT 

domains. (B-C) Chromatogram with region of mutation indicated by red box and sequence 

alignment of wild-type and rcor1 alleles with protein translation for each allele indicating 

stop codon. (D) Survival data on recovery of adult Rcor1sbu54−/− fish were not recovered 

at Mendelian ratios (**p <0.01). (E) RT-PCR of RNA extracted from bud stage indicating 

mutant mRNA in MZrcor1 embryos.
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Figure 3. Expression analysis of Rest target genes in MZrcor1 mutants.
(A) qPCR analysis of RE-1 containing genes in MZrcor1 mutants compared to related 

wild-type control embyos at 4 hpf. Increased expression of snap25b is observed in MZrcor1 
mutants, but no significant differences in expression level is seen in snap25a, synt4, nfsa, 
npas4a, grm5, scn3, kcnh8, sty10, and bdnf, while decreased expression of gpr27 and amph 
is observed in MZrcor1 mutant embryos. MZrcor1 mutant expression is set to 1 because 

some markers are not detectable (ND) in wild-types. (B-E) RNA in situ hybridization 

at 24 hpf showing ectopic expression of snap25b in the hindbrain of MZrcor1 mutants 

(indicated by arrowheads) (seen in 6/10) (B-C) and comparable snap25a expression in 

MZrcor1 mutants and wild-type controls (D-E). (*p<0.05) (Scale bar = 25um)
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Figure 4. MZrcor1 mutants are hypoactive in comparison to sibling wildtypes.
Schematic of the visual-motor behavioral paradigm (A). Total counts (number of 

movements), total duration, and total distance were calculated for 15 minutes in light (B-G) 
and dark conditions (H-M) for MZrcor1 mutants and related wild-type controls. MZrcor1 
mutants initiate fewer swimming movements than controls, which results in decreased 

distance travelled and duration of swims. Locomotion was assayed at 6 dpf. A Student’s 

t-test was used to analyze the average between groups and a repeated measures ANOVA, 

along with a Tukey post-hoc, to assess the spontaneous movements at each of the 15 minutes 

of movement. (*p<0.05, **<0.01, ***<p<0.001) (n=36)

Monestime et al. Page 18

Dev Dyn. Author manuscript; available in PMC 2022 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. MZrcor1 mutant larvae show spatial preference.
Analysis of place preference showed that MZrcor1 mutants mutants spend more time in 

the inner well and less time in the outer well compared to related wild-type controls (A). 
Upon shift from light to dark conditions, the evoked responses of MZrcor1 mutants were 

comparable to related wild-type controls (B). (*p<0.05, **<0.01) (n=36)
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Figure 6. Enhanced neurogenesis in MZrcor1 mutants.
Whole mount RNA in situ hybridization of MZrcor1 and related wild-type embryos at 

13 hpf (A, B) and 24 hpf (C, D) using elavl3 probe reveals ectopic expression of elavl3 
in the midbrain and tegmentum at 13 hpf and increased expression along the midline 

from midbrain to tail at 24 hpf (as indicated by bar). Quantification of domain expression 

(indicated by bar graph). The average width of the elavl3 domain in the MZrcor1 was 

47.7±1.5 um compared to 36.9±2 um for the wild-type controls. (E).Dorsal views of 26 hpf 

(F, I), 50 hpf (G, J), and 98 hpf (H, K) of Tg(elavl3: GFP);rcor1sbu54/sbu54 mutants show 

increased differentiating neurons at 24 hpf in midbrain and hindbrain. (L) Quantification of 

fluorescence levels of Tg(elavl3:GFP);rcor1sbu54/sbu54 larva and sibling controls. (*p<0.05) 

(Scale bar=20 um)
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Figure 7. Expression levels of her genes in MZrcor1 mutants.
qPCR analysis of her1, her6, her4, her15, and nort expression levels at 6 hpf (A, C, E, 
G, I) demonstrates increased levels of her1, her6, and her4 genes in MZrcor1 mutants 

when compared to related wild-type controls. However, at 10 hpf there was no significant 

difference in expression levels of her genes in MZrcor1 mutants (B, D, F, H, J).
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Figure 8. MZrcor1 mutants have increased pro-neural gene expression.
(A-F) RNA in situ hybridization of MZrcor1 mutants and related wild-type controls revealed 

that her6, has decreased expression pattern in the mutants at 13, 24, and 36 hpf. At 13 

(G, J) and 24 hpf (H, K), ngn1, expression is more robust in the hindbrain of MZrcor1 
mutants when compared to wild-type control, while MZrcor1 mutants have increased zash1a 
expression at 36hpf (N, P) compared to wild-type controls. Quantification of expression 

domain at 13hpf of her6 indicated that MZrcor1 domain was 0.6±0.06 um in comparison to 

1.11±0.03 for wild-type. Expression at 36 hpf of zash1a expression showed increased width 

Monestime et al. Page 22

Dev Dyn. Author manuscript; available in PMC 2022 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the MZrcor1 mutants (69.78±3.5) when compared to controls (38.6±2) (Q). (*p<0.05) 

(Scale bar = 20 um)
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