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SUMMARY

The Zinc finger protein of the cerebellum 2 (Zic2) is one of the vertebrate homologs of the 

Drosophila pair-rule gene odd-paired (opa). Our molecular and biochemical studies demonstrate 

that Zic2 preferentially binds to transcriptional enhancers and is required for the regulation of gene 

expression in embryonic stem cells. Detailed genome-wide and molecular studies reveal that Zic2 

can function with Mbd3/NuRD in regulating the chromatin state and transcriptional output of 

genes linked to differentiation. Zic2 is required for proper differentiation of ES cells, similar to 

what has been previously reported for Mbd3/NuRD. Our study identifies Zic2 as a key factor in 

the execution of transcriptional fine-tuning with Mbd3/NuRD in ES cells through interactions with 

enhancers. Our study also points to the role of the Zic family of proteins as enhancer-specific 

binding factors functioning in development.

INTRODUCTION

Pluripotent cells possess nearly unlimited capacity for replicating themselves, while 

maintaining the potential to give rise to a broad spectrum of differentiated progenies 

(Gurdon and Melton, 2008; Hanna et al., 2010; Jaenisch and Young, 2008). The diverse 

interplay of transcription factors and enhancers in the permissive chromatin of embryonic 

stem (ES) cells is the primary determinant of pluripotency, leading to spatiotemporal 

specificity in gene expression upon differentiation (Bulger and Groudine, 2011; Lin et al., 

2013). Enhancers are a specific group of cis-acting regulatory DNA elements that 
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orchestrate the expression of their associated genes independently of distance and 

orientation (de Laat and Duboule, 2013; Levine, 2010; Smith and Shilatifard, 2014; Spitz 

and Furlong, 2012; Visel et al., 2009).

Recent genome-wide studies in pluripotent cells have revealed that active enhancers are 

marked with the histone modifications H3 lysine 4 monomethylation (H3K4me1) and 

histone H3 lysine 27 acetylation (H3K27ac), while poised enhancers are associated with 

H3K4me1 alone or with H3K27 trimethylation (H3K27me3) (Creyghton et al., 2010; 

Heintzman et al., 2009; Rada-Iglesias et al., 2011). The different signatures of enhancers are 

set up through crosstalk among chromatin modifying enzymes. The COMPASS family 

members Mll3 and Mll4 are required for the maintenance of H3K4me1 at enhancers and 

enhancer promoter communication during development (Ardehali et al., 2011; Herz et al., 

2014; Herz et al., 2012; Hu et al., 2013; Lee et al., 2013). The H3K4 demethylase LSD1 

functions together with the nucleosome remodeling and histone deacetylation (NuRD) 

complex in deactivating enhancers during cell stage transitions (Whyte et al., 2012). NuRD 

is a unique chromatin-remodeling complex possessing both chromatin opening and closing 

activities implemented by Chd4 and Hdac1/2 activities, respectively (Allen et al., 2013; 

Wade et al., 1998; Xue et al., 1998). Mbd3, a core component of NuRD, is essential for the 

pluripotency of mouse ES cells (Kaji et al., 2006; Kaji et al., 2007).

Prior to the function of the histone modifiers, DNA binding transcription factors typically 

occupy enhancers at different stages, building the landscape of the cis-regulatory elements, 

entailing the recruitment of chromatin remodelers and transcriptional modulators (Deng and 

Blobel, 2010; Levine, 2010; Ostuni et al., 2013; Pennacchio et al., 2013; Zaret and Carroll, 

2011). For instance, the pioneer transcription factor FoxA1 was found to direct estrogen 

receptor alpha (ERα) to genomic regions in mammary epithelial cells (Hurtado et al., 2011). 

The Brg1 chromatin-remodeling complex is recruited to oligodendrocyte-specific enhancers 

predefined by Olig2 to activate the expression of myelination-associated genes (Yu et al., 

2013). The activation of latent enhancers in terminally differentiated macrophages also 

requires stimulus-activated transcription factors (Ostuni et al., 2013).

Zinc finger protein of the cerebellum (Zic) family proteins have previously been implicated 

as major regulators of neuroectodermal development from Drosophila to humans 

(Houtmeyers et al., 2013). In this study, we demonstrate that Zic2 is enriched at the 

enhancers of both active and poised genes in ES cells. We also biochemically identify Zic2 

as a cofactor of the Mbd3-NuRD complex, co-occupying enhancer regions genome-wide 

and functioning together in regulating the ES cell chromatin state and gene expression. 

While Mbd3/NuRD is essential in the maintenance of ES cell pluripotency, depletion of Zic2 

in ES cells leads to impaired lineage commitment. The identification of the DNA binding 

factor Zic2 as a novel interaction partner of NuRD in ES cells reveals Zic2 as a critical 

factor for NuRD’s role in chromatin modification in ES cells and in the regulation of cellular 

differentiation, while also providing a novel direction in exploring the etiology human 

diseases such as holoprosencephaly resulting from mutation of Zic2 (Brown et al., 1998).
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RESULTS

Zic2 occupies enhancers in mouse ES cells

The Zic family, comprised of Zic1-5 in mammals, is a group of C2H2-type zinc finger 

proteins that play versatile roles during development and disease pathogenesis (Houtmeyers 

et al., 2013). Zic2 is a master regulator of neurogenesis, however, the expression of Zic2 can 

be easily detected in the early embryo stage of fertilized zygotes, largely overlapping with 

the expression pattern of the pluripotent marker Oct3/4, well before the induction of the 

neuronal system (Brown and Brown, 2009). To investigate the function of Zic2 in early 

development, we carried out Zic2 ChIP-seq in mouse ES cells. Our analysis identified 

10,273 significant binding sites, 83% of which are present in TSS distal regions (Figure 1A). 

Zic2 is found with the active enhancer signature of p300, H3K4me1 and H3K27ac at 

enhancers of the active Tbx3 gene, or with H3K4me1 alone at enhancers of the poised gene 

Gpr83 in ES cells (Figure 1B). The depletion of Zic2 in ES cells leads to the derepression of 

both of these genes (Figure S1B). Zic2 also occupies the regulatory elements near the key 

stem cell genes Pou5f1, Nanog, Sox2 and Klf4 (Figure S1A), although their expression is 

largely unaffected by Zic2 knockdown (Figure S1B). As a result, the ability of ES cells to 

form alkaline phosphatase positive clones is not affected by Zic2 knockdown (Figure S1C). 

Using the H3K27ac mark to distinguish active and poised enhancers, we find that Zic2 

occupies both classes, with 44% of non-TSS Zic2 peaks having an active enhancer signature 

(Figure 1C). Gene ontology analysis demonstrates that genes nearest to non-TSS Zic2 peaks 

are involved in various developmental processes including embryonic morphogenesis and 

neuron differentiation (Figure 1D).

Biochemical interactions of Zic2 with the Mbd3-containing NuRD complex in ES cells

To investigate the potential mechanism by which Zic2 functions in regulating transcription, 

we sought to identify Zic2 interacting proteins in mouse ES cells. We generated a stable ES 

cell line expressing Zic2 protein with a Flag tag under a tetracycline-inducible promoter. The 

Benzonase nuclease was used during all purifications to avoid DNA and RNA-dependent 

interactions. Flag-Zic2 and control purifications were analyzed by silver staining (Figure 

2A). Analysis of five independent purifications using Multidimensional Protein 

Identification Technology (MudPIT) resulted in the identification of all of the core 

components of the Mbd3-containing NuRD complex (Le Guezennec et al., 2006), including 

Chd4, Mta1/2 and Hdac1/2, at similar levels (Figure 2B and S2A). The co-purification of 

Chd4, Sall4, Mta2 and Mbd3 with Zic2 in ES cells was also validated by Western blotting 

(Figure S2B). Furthermore, reciprocal co-immunoprecipitation experiments confirmed the 

endogenous interaction between Zic2 and NuRD subunits (Figure 2C–D). Since Mbd3-

NuRD is an abundant complex, and since relatively low levels of NuRD are purified with 

Zic2, we performed reciprocal co-immunoprecipitation experiments and confirmed the 

endogenous, but substochiometric interaction between Zic2 and NuRD subunits (Figure 2C–

D). We also examined the co-fractionation of Zic2 with components of NuRD including 

Mta2, Mbd3 and Mbd2. The elution pattern of Mta2 and Mbd3 appeared to be similar, but 

only overlapped that of Mbd2 to a limited extent (Figure 2E). This is consistent with 

previously published studies indicating that Mbd2 and Mbd3 are mutually exclusive in 

NuRD (Gunther et al., 2013; Le Guezennec et al., 2006) and that Mta2 can preferentially 
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associate with the Mbd3 form of NuRD (Zhang et al., 1999). The co-fractionation of Zic2 

with Mbd3 is much more prominent than with Mbd2 (Figure 2E), which is in line with the 

MudPIT data showing that all of the six Mbd3 peptides identified in the Zic2 purification are 

unique to Mbd3 (Figure S2A), while no Mbd2 peptides are detected in Zic2 purifications. 

This is further supported by the detection of Zic2 in Mbd3, but not Mbd2, 

immunoprecipitates (Figure 2C). Unlike Mbd3, which is required for the assembly of the 

NuRD complex and for the stability or expression of some of its subunits (Kaji et al., 2006), 

Zic2 knockdown has no apparent effect on the stability of NuRD subunits (Figure S2C–D).

Zic2 and NuRD-dependent transcriptional activity in mouse ES cells

To further gain insight into the function of Zic2 and Mbd3-NuRD, we mapped the genomic 

distribution of the core component Mbd3 and the remodeling factor Chd4 in ES cells. Both 

Chd4 and Mbd3 are predominantly found at non-TSS regions (Figure S3A–D). Through the 

ChIP-seq analyses, we found that 11,058 and 7,421 genomic sites are bound by Chd4 and 

Mbd3 in ES cells, respectively (Figure S3A–B). 3,773 peaks are co-occupied by both Chd4 

and Mbd3 (Figure S3E). However, about half of the Mbd3 peaks and two thirds of the Chd4 

peaks are mutually exclusive of each other (Figure S3E). This could result from the fact that 

multiple versions of NuRD could exist, potentially consisting of different combinations of 

Chd3 or Chd4; Mbd2 or Mbd3; Mta1, Mta2, or Mta3. Therefore, it is conceivable that Chd4 

and Mbd3 are independent of each other at some genomic loci. Additionally, chromatin 

regulators such as NuRD can be difficult to ChIP due to their indirect interaction with DNA 

and transient nature of their interaction with chromatin during remodeling of nucleosomes 

(Hu and Wade, 2012; Ram et al., 2011). Therefore low signal-to-noise ratios obtained by 

Chd4 and Mbd3 ChIP-seq might lead to an underestimation of the convergence between 

these two factors (Figure S3C–D). Nonetheless, of the 3,773 Chd4-Mbd3 co-bound sites, 

2,047 of these are also bound by Zic2 (Figure S3E). Zic2-Mbd3-Chd4 co-bound sites were 

found at both active and poised/inactive genes with H3K27me3 (Figure 3A). Sites with Zic2, 

but without Mbd3-Chd4, are more enriched for H3K27me3 (Figure 3A).

To further investigate the functional relationship between Zic2 and the Mbd3-NuRD 

complex, we measured differential gene expression using RNA-seq upon Mbd3 or Mta2 

knockdown. Known Mbd3-repressed genes, including Tbx3, Htra1 and Ppp2r2c, are also up-

regulated after Mta2 and Zic2 depletion (Reynolds et al., 2012b) (Figure S1B and S3F–G). 

The correlation in gene expression between the Zic2 knockdown and Mbd3 or Mta2 ranged 

from 0.81–0.85 (Figure 3B–C). In order to validate our differential gene expression 

analyses, we analyzed published mRNA-Seq data from Mbd3 wild-type and knockout ES 

cells (Reynolds et al., 2012a). The 891 genes up-regulated in both Mbd3 knockout and 

knockdown datasets show a generally increasing trend in expression after Zic2 RNAi, with 

512 out of the 891 genes (~58%) being significantly up-regulated after Zic2 RNAi. 

Similarly, a large portion of genes (43%) down-regulated in both datasets show significantly 

reduced expression after Zic2 RNAi (Figure S3H). The genes regulated by Mbd3 were 

changed in the same direction upon knockdown of Zic2, but not upon knockdown of Zic3, 

another Zic family member that is highly expressed in ES cells (Figures 3D–F). 

Furthermore, the fold changes in gene expression in Zic2 knockdown and Mbd3 knockout 

cells also show a high concordance (Figure S3I).
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The majority of Zic2-Chd4-Mbd3 co-bound genes that were significantly up or down 

regulated upon Zic2 loss were changed in the same direction after either Mbd3 or Mta2 

knockdown (Figure S3J). 44% of the Zic2 and Mbd3 co-regulated genes are bound by Zic2 

and/or Mbd3 only at their nearest enhancer regions, or they are found at both the enhancer 

and TSS regions. However, less than 10% of co-regulated genes are occupied by either of 

these two factors only at the TSS region (Table S1). This suggests a dominant role for Zic2/

NuRD’s occupancy at enhancers for the regulation of gene expression.

Consistent with a previous study showing that H3K27me3 levels at bivalent genes are 

reduced in Mbd3 null ES (Reynolds et al., 2012b), knockdown of Zic2 also leads to reduced 

H3K27me3 (Figure 4A). Importantly, H3K27me3 changes resulting from depletion of these 

two factors in ES cells are highly correlated (Figure 4B). Prominent examples of loci marked 

with H3K27me3 in ES cells are the Hox clusters. We observed that upon knockdown of 

Zic2, H3K7me3 is broadly reduced in the Hox C cluster (Figure 4C). In contrast, H3K27ac 

is increased at the region between Hoxc12 and Hoxc13 that could be regulated through 

putative enhancers in the Hox C cluster bound by Zic2/NuRD (Figure 4C). However, 

H3K4me1, which is also enriched across the Hox C cluster in ES cells, is unchanged upon 

Zic2 knockdown (Figure 4C). Furthermore, bulk levels of H3K4me1, H3K27me3 and 

H3K27ac remained unchanged in Zic2 knockdown ES cells (Figure S4). Together these data 

indicate that Zic2 is a major co-repressor through its biochemical association with NuRD-

bound enhancers.

Zic2 is essential for the pluripotency of ES cells

We identified the previously known nervous system target of Zic2, EphA4, (Escalante et al., 

2013), as well as neuronal lineage genes Fgf5 and Otx2, as being co-occupied by Zic2 and 

NuRD in ES cells (Figure 5A). In order to investigate whether Zic2 phenocopies the 

function of Mbd3-NuRD in lineage specification, the control, Zic2, or Mbd3-depleted ES 

cells were differentiated into embryoid bodies (EBs) for 2, 4 and 8 day periods, and 

expression levels were measured by RT-qPCR. We find that the differentiation-induced 

expression of these genes is significantly impaired by the depletion of either Zic2 or Mbd3, 

suggesting a shared function in pluripotency (Figure 5B). Furthermore, our genome wide 

analyses indicate that more than 33% of the 2,862 genes induced in day 5 EBs (Lin et al., 

2013) are bound by Zic2 at the undifferentiated states, suggesting the possibility that Zic2 

has a broad role in marking the enhancers of genes in the ES state which are to be activated 

later in the development. To specifically evaluate the requirement of Zic2 in neural 

differentiation, control and Zic2 knockdown ES cells were cultured in N2B27 media, which 

can induce the differentiation of ES cells towards neuronal lineage (Ying et al., 2003). After 

5 days of culture in N2B27 media, the expression of the pluripotency gene Pou5f1 is largely 

reduced, while markers of the neuronal lineage such as Tubb3 and Nestin are activated 

(Figure S5A). However, knockdown of Zic2 leads to cell death during the N2B27 

differentiation process, indicating a critical role of Zic2 in neural differentiation (Figure 

S5B).
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DISCUSSION

Here, we report our identification of Zic2 as an enhancer-bound factor that biochemically 

interacts with the Mbd3-NuRD complex in ES cells, and regulates ES cell chromatin and 

gene expression (Figure 5C). Specifically, we demonstrated that (1) over 80% of Zic2-bound 

sites are non-TSS sites exhibiting a chromatin signature of enhancers; (2) purification of 

Zic2 and subsequent proteomic analyses identified core components of Mbd3-NuRD, as 

well as NuRD-associated proteins Cdk2ap1 and Sall4 as interactors; (3) knockdown of Zic2 

affects the expression of known ES cell targets of Mbd3-NuRD; (4) changes in H3K27me3 

in Zic2 RNAi ES cells are correlated with changes in H3K27me3 observed in Mbd3 

knockout ES cells; and (5) Zic2 and Mbd3 are required for proper expression of lineage 

specific genes.

The five members of the Zic family in mammals are characterized by possessing a conserved 

zinc finger domain encompassing five zinc fingers which mediate interactions with DNA 

and proteins and have partially overlapping expression patterns in tissues of developing 

embryos and adults, particularly in the nervous system (Houtmeyers et al., 2013). In mouse 

ES cells both Zic2 and Zic3 are highly expressed. However, our genome wide binding and 

expression analyses demonstrate that these two members function non-redundantly despite 

the high level of homology in the zinc finger regions. Therefore, the Zic family of proteins 

may have functional diversity even in cells/tissues where their expression patterns overlap. 

In both human and mouse models, heterozygous mutations in Zic2 lead to 

holoprosencephaly, indicating an indispensable function of Zic2 in the development of the 

brain (Houtmeyers et al., 2013). There is only one Zic family member in Drosophila, 

encoded by the pair-rule gene odd-paired (opa) (Houtmeyers et al., 2013). Unlike other pair 

rule genes, which are expressed in alternating parasegments, opa is equally expressed 

throughout the segmented region of the embryo. This suggests that Opa coordinates with 

more spatially restricted transcription factors to positively and negatively regulate gene 

expression (Benedyk et al., 1994).

Our biochemical and genome-wide data reveal a role for Zic2 in functioning with Mbd3-

Chd4-NuRD in ES cells. However, multiple versions of NuRD can exist, for example, Mbd2 

vs. Mbd3-containing NuRD or Chd3 vs. Chd4-containing NuRD. In mouse ES cells the 

expression level of Mbd2 and Chd3 is lower than Mbd3 and Chd4. Therefore, the Mbd3-

Chd4 version of NuRD could be a major form of NuRD in ES cells. Although we are not 

able to detect the interaction of Zic2 with Mbd2 or Chd3 in ES cells, we cannot rule out the 

possibility that Zic2 may partner with Mbd2 or Chd3 in tissues in which these proteins are 

highly expressed or modified in a way that can interact with Zic2.

Both our biochemical data and genome-wide occupancy studies indicate that Zic2 and 

NuRD are found together at a subset of genomic loci (Figure S3E). Only a low percentage of 

NuRD is pulled down with Zic2 (Figure 2A–B) and that Zic2 co-elutes with a fraction of 

Mbd3 and Mta2 by size exclusion chromatography (Figure 2D). The existence of NuRD 

only peaks is consistent with NuRD’s interacting with numerous other DNA-binding 

transcription factors. Zic2 “only” peaks tend to be found at genomic regions with low levels 

of H3K4me1, p300 and H3K27ac (Figure 3A), and these might be cis-regulatory elements 
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that might function at later developmental stages. In contrast, the Zic2 “together with 

NuRD” elements are most likely to be responsible for the transcriptional and chromatin 

changes observed upon depletion of either Zic2 or Mbd3-NuRD subunits.

Previously it was proposed that Mbd3-NuRD facilitates the recruitment of PRC2 to deposit 

and maintain H3K27me3 in ES chromatin. However, a biochemical/physical interaction 

between PRC2 and NuRD was not detected in a previous study (Reynolds et al., 2012b). 

Likewise, although our genome-wide H3K27me3 ChIP-seq analysis shows remarkable 

correspondence between Zic2 and NuRD depletion, we did not find components of PRC2 in 

our Zic2 purifications. An interaction with PRC2 could be dynamic or dependent on co-

occupancy on chromatin without direct protein-protein interactions between Zic2 and PRC2 

components. These potential modes of interaction would be lost due to our high salt buffer 

and benzonase treatments used throughout the nuclear protein extraction and biochemical 

purifications.

Zic2 and NuRD also co-localize at active enhancers marked with H3K27ac. NuRD has 

previously been implicated in the decommissioning of enhancers during ES cell 

differentiation (Whyte et al., 2012). It is possible that the observed co-occupancy of Zic2 

with the Mbd3-NuRD at these active enhancers facilitates the decommissioning of these 

enhancers during lineage specification. Furthermore, Zic2 was previously found to function 

as a transcriptional repressor of dopamine receptor D1 in the cerebellum (Yang et al., 2000) 

and the downstream targets of the β-catenin-TCF4 complex (Pourebrahim et al., 2011). Our 

identification of a functional linkage between Zic2 and NuRD provides a possible 

mechanism for Zic2’s regulation of the expression pattern of neuronal-linage genes in 

adults, and potentially the etiology of holoprosencephaly caused by mutation of Zic2.

A recent study suggests that the transcription factor Otx2 is essential in directing Oct4 to the 

Fgf5 enhancers to upregulate its transcription during differentiation of mouse ES cells into 

epiblast-like cells. At the ES cell stage, when the epiblast-like cell-specific enhancers of 

Fgf5 are unmarked by Otx2 (Buecker et al., 2014), Zic2 is already found occupying these 

regions (Figure 5A). Furthermore, these enhancers are enriched for the DNA binding motif 

for the Zic family members (Buecker et al., 2014). This, together with the data showing that 

Zic2 in ES cells already occupies these and other non-TSS loci lacking H3K4me1 and p300 

(Figure 1C), suggests an early bookmarking function of Zic2 in addition to its roles later in 

development. Our study also suggests that transcriptional fine-tuning in ES cells, as seen for 

the role of Zic2/NuRD in restricting transcription between the Hoxc12 and Hoxc13 loci 

(Figure 4C), is a process that is regulated at the enhancer level. Further studies of these 

factors should shed further light on their role in regulating this intricate molecular process 

through their activities at cis-regulatory elements/enhancers.

EXPERIMENTAL PROCEDURES

ES Cell Culture and Differentiation

Mouse ES cells V6.5 were cultured on irradiated mouse embryonic fibroblast (MEF) feeder 

layers in 0.1% gelatin-coated tissue culture plate. Cells were grown in DMEM (D6546, 

Sigma) supplemented with 15% ES-certified fetal bovine serum (Hyclone), 2 mM L-
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glutamine, 0.1 mM nonessential amino acids, 0.1 mM β-mercaptoethanol, and recombinant 

LIF (Millipore). Zic2 cDNA was amplified and cloned into pBS31 with N terminal Flag tag. 

The expression vector was transfected in KH2 cells and followed by selection with 

hygromycin. The expression of Flag-Zic2 protein was induced with 1 μg/ml tetracycline for 

24 to 36 h. Mouse Zic2 (SHCLNG-NM_009574), Zic3 (SHCLNG-NM_003413), Mbd3 

(SHCLNG-NM_013595) and Mta2 (SHCLNG-NM_011842) shRNA constructs were 

purchased from Sigma. The Non-targeting (NonT) shRNA construct (SHC002) was 

purchased from Sigma. For ChIP and RNA analysis, cells were grown for one passage off 

feeders on tissue culture plates for 30 minutes. Lentivirual infection, embryoid bodies (EBs) 

formation and N2B27 monolayer neuronal differentiation were performed as previously 

described (Lin et al., 2013; Ying et al., 2003).

Antibodies

The antibodies to: Zic2 (ab150404), Zic3 (ab80966), H3K27ac (ab4729), Chd4 (ab70469), 

Sall4 (ab29112), Mbd2 (ab38646) were purchased from Abcam. The antibodies to: Mbd3 

(A302-528A), Gatad2b (A301-283A), Chd4 (A301-081A), and Mta2 (A300-395A) were 

purchased from Bethyl. The antibodies to Rbbp4/7 (sc-33170) and RNA Pol II (sc-899) were 

purchased from Santa Cruz. Antibodies against H3K4me1, H3K4me3, Aff4 and Cdk9 were 

generated in our laboratory and were described previously (Hu et al., 2013; Lin et al., 2010; 

Luo et al., 2012). H3 (antigen full length yeast H3) and H3K27me3 (antigen: 

LASKAARK(me3)SAPST) were also generated in our laboratory.

Immunoprecipitation (IP)

Cells were lysed in a high-salt lysis buffer containing 420 mM NaCl and proteinase 

inhibitors (Roche) for 30 min at 4°C. After centrifugation, the balance buffer (20 mM 

HEPES [pH 7.4], 1 mM MgCl2, 10 mM KCl) was added to the supernatant to make the final 

NaCl concentration 300 mM. The lysate was then incubated with antibodies and protein A 

beads for 4 h at 4°C. The beads were spun down and washed three times with wash buffer 

before boiling in SDS loading buffer.

Flag Purification, MudPIT Analysis

Anti-Flag M2 agarose was purchased from Sigma. Nuclear extract preparation and Flag 

affinity purifications were performed in the presence of Benzonase (Sigma). Trichloroacetic 

acid-precipitated protein mixtures from the Flag purifications were digested with 

endoproteinase Lys-C and trypsin (Roche) and analyzed by MudPIT (Lin et al., 2010).

Size Exclusion Chromatography

Nuclear extract from ES cells was subjected to Superose 6 size exclusion chromatography 

(GE Healthcare) with size exclusion buffer (40 mM HEPES [PH 7.5], 350 mM NaCl, 10% 

glycerol and 0.1% Tween-20). Fractions were analyzed by Western blotting.

Quantitative RT-PCR

Total RNA samples were isolated with RNeasy (Qiagen), treated with RNase free DNase I 

(NEB), and re-purified with the RNeasy column. cDNAs were synthesized with the High 

Luo et al. Page 8

Mol Cell. Author manuscript; available in PMC 2016 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Capacity RNA-to-cDNA Kit (Applied Biosystems). The expression levels were measured on 

MyIQ (Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad). Relative expression to Actb 
was calculated. Primers used in the qRT-PCR assays: Fgf5-forward: 

ACCCGGATGGCAAAGTCAA; Fgf5-reverse: CAATCCCCTGAGACACAGCAA; EphA4-

forward: TGGAATTTGCGACGCTGTCA; EphA4-reverse: 

CACTTCCTCCCACCCTCCTT; Otx2-forward: TGGGCTGAGTCTGACCACTT; Otx2-

reverse: GCCCTAGTAAATGTCGTCCTCTC; Pou5f1-forward: 

AGCCGACAACAATGAGAACC; Pou5f1-reverse: TGGTCTCCAGACTCCACCTC; 

Nestin-forward: CTGCAGGCCACTGAAAAGTT; Nestin-reverse: 

GACCCTGCTTCTCCTGCTC; Tubb3 forward: AGGTGCGTGAGGAGTACCC; Tubb3-

reverse: AGGGCTTCATTGTCGATGCAG.

ChIP-Seq

5×107 cells were used per ChIP assay according to a previously described protocol (Lee et 

al., 2006). Briefly, cells were cross-linked with 1% paraformaldehyde for 10 min at room 

temperature, quenched with glycine and fixed chromatin was sonicated and 

immunoprecipitated with specific antibodies. Libraries were prepared with Illumina’s ChIP-

Seq sample prep kit for next-generation sequencing.

Accession to NGS data

ChIP-seq and expression data have been deposited at GEO under the accession number 

GSE61188.

Total RNA-Seq

ES cells (V6.5) were infected with lentivirus carrying Non-targeting (NonT) shRNA, Zic2 

shRNA, Mbd3 shRNA, or Mta2 shRNA. 24 hours later, ES cells were selected with 

puromycin (2 ug/ml) for 48 hours. Total RNA was extracted with the RNeasy kit (Qiagen), 

treated with DNase I (NEB), and re-purified with RNeasy. For RNA-seq, total RNA was 

depleted of rRNA using Ribozero (Illumina) before library preparation performing Tru-seq 

sample prep (Illumina).

ChIP-Seq Analysis

Sequencing data was acquired through the default Illumina pipeline using Casava v1.8. 

Reads were aligned to the mouse genome (UCSC mm9) using the Bowtie aligner v0.12.9 

allowing uniquely mapping reads only and allowing up to two mismatches (Langmead et al., 

2009). Reads were extended to 150 bases toward the interior of the sequenced fragment and 

normalized to total reads aligned (reads per million; RPM). External sequencing data was 

acquired from GEO and ArrayExpress as raw reads and aligned in the same way as 

internally sequenced samples.

Peak detection was performed with MACS v1.4.2 (Zhang et al., 2008). Associated control 

samples were used to determine statistical enrichment at a p < 1e-8 and FDR < 0.05. The 

enrichments in external data were determined at p < 1e-5 and FDR < 0.05. The enrichment 

for H3K27me3 was called using the broad domain peak detector SICER v1.1 (Zang et al., 

2009) at the FDR < 1e-8, window size of 200, and gap size of 600.
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The overlapping high-confidence peak regions of two biological replicates were used for 

further analysis. The overlapping peaks were merged into one region as the union of all. Co-

bound peaks were called if the peak regions of two samples are overlapping each other. 

Occupancies were calculated as the mean coverage under each peak region. R package 

edgeR 3.0.8 was used to perform differential occupancy analysis at p-value < 1e-5.

For ChIP-Seq enrichment profiles, regions of interest are shown for each factor as a binary 

value of enriched/not enriched and rows were sorted by the shortest distance of peak center 

to an annotated TSS. Regions shown are oriented 5′ to 3′ corresponding to the orientation 

of the nearest gene. Regions spanning 50 kb on either side of the indicated feature were 

binned into 200 bp windows. Each line represents a peak (peak centered). For ChIP-Seq 

heatmaps, regions of interest were centered at the center of each peak and sorted by the 

shortest distance of peak center to an annotated TSS. Regions shown are oriented 5′ to 3′ 
corresponding to the orientation of the nearest gene. Regions spanning 5 kb on either side of 

the indicated feature were binned into 25 bp windows.

Gene annotations and transcript start site information were from Ensembl 67 utilizing only 

Refseq mRNA entries. Non-TSS peaks are the peaks not overlapping with any TSS of the 

gene annotations. GO analysis was performed with the gene list using DAVID (Huang da et 

al., 2009a, b).

Total RNA-Seq Analysis

Sequencing data was acquired through the default Illumina pipeline using Casava v1.8. 

Reads were aligned to the mouse genome UCSC mm9 and to gene annotations from 

Ensembl 67 using TopHat v2.0.9 (Trapnell et al., 2009), using option –g 1 and allowing up 

to two mismatches. R package edgeR 3.0.8 was used to perform differential expression 

analysis at p-value < 1e-5 (Robinson et al., 2010) and p-value < 0.05 for external RNA-seq 

data.

Data generated for this study includes ChIP-seq data for Zic2, Zic3, Chd4, Mbd3, 

H3K27me3, H3K4me1, H3K4me3, H3K27ac and Pol II, and the RNA-seq data. Other data 

sets come from previously published studies: p300, H3K4me1 and H3K27ac ChIP-seq data 

are from GEO accession number GSE24164 (Creyghton et al., 2010); H3K4me3 and 

H3K27me3 ChIP-seq data are from GEO accession number GSE12241 (Mikkelsen et al., 

2007); H3K27me3 ChIP-seq in Mbd3 WT and KO ES cells are from the ArrayExpress 

repository under accession E-MTAB-888 (Reynolds et al., 2012b); RNA-seq in Mbd3 WT 

and KO ES cells are from the ArrayExpress repository under accession E-MTAB-997 

(Reynolds et al., 2012a); Chd4 ChIP-seq is from GEO accession number GSE27841(Whyte 

et al., 2012); and Mbd3 ChIP-seq is from GEO accession number GSM1246867 (Hnisz et 

al., 2013).

The parameters for next generation sequencing are reported in Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zic2 occupies enhancers in mouse ES cells
(A) Pie chart demonstrating the percentage of Zic2 peaks overlapping with a transcription 

start site (TSS), residing within a gene (inside), or upstream or downstream of the nearest 

gene. (B) Genome browser track examples of the colocalization of Zic2 with the enhancer 

marks H3K4me1, H3K27ac and/or p300 at active Tbx3 and inactive Gpr83 genes. The co-

bound regions are highlighted with gray bars. (C) Heat map of binding profiles in mouse 

embryonic stem cell for Zic2, H3K4me1, H3K27ac, p300 (Creyghton et al., 2010) and 

H3K4me3 (Mikkelsen et al., 2007) are shown within 5 kb of the center of Zic2 peaks, which 

were partitioned into three groups, TSS, non-TSS with the presence of H3K27ac, and non-

TSS without H3K27ac. (D) GO term analysis of genes bound by Zic2 non-TSS peaks were 

performed with DAVID (Dennis et al., 2003). Benjamini-Hochberg FDR was used to 

determine significance of enrichment of terms. The peaks were assigned to the nearest genes 

regardless of the actual distance. Zic2 ChIP-seq was done in duplicates. The common peaks 

detected in the duplicate studies were used for genome-wide studies. See also Figure S1.
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Figure 2. Zic2 interacts with the Mbd3-containing NuRD complex in embryonic stem cells
(A) A clonal ES cell line expressing Flag-tagged Zic2 was generated, and the resulting 

protein complexes were affinity purified and analyzed by SDS-PAGE, silver staining and 

mass spectrometry. (B) MudPIT analysis of the relative abundance of Zic2 and Mbd3-NuRD 

subunits are shown. dNSAF values represent the distributed normalized spectral abundance 

factor. All the core components of Mbd3-containing NuRD (Chd4, Mbd3, Mta1/2, 

Gatad2a/b, Hdac1/2, Rbbp4/7 (Allen et al., 2013) as well as known NuRD-associated 

proteins Cdk2ap1 and Sall4 (Kloet et al., 2014; Lu et al., 2009; Spruijt et al., 2010) were 

reproducibly identified in the Flag-Zic2 purifications. (C–D) Endogenous 

immuneprecipitations (IP) followed by Western blotting confirm the interaction of Zic2 with 

subunits of the Mbd3-NuRD complex. (C) NuRD subunit IP followed by Zic2 Western 

blotting. Aff4, which interacts with Cdk9 within the Super Elongation Complex, served as a 

negative control for the IP experiments. (D) Zic2 IP followed by Mbd3-NuRD subunit 

Western blotting. (E) Size exclusion chromatography of mouse ES cell nuclear extracts 

demonstrated that the elution pattern of Zic2 overlaps to a larger extent with Mbd3 and Mta2 

than with Mbd2. Elution profile corresponding to 1.5 MDa and 670 KDa are indicated with 

arrowheads. See also Figure S2.
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Figure 3. Zic2 colocalizes with Mbd3-NuRD Complex in ES Cells and functions in regulating 
gene expression
(A) Binding profiles in mouse ES cells demonstrating the presence of the indicated histone 

modifications at Zic2, Chd4 and Mbd3 co-bound regions (2,047 regions, highlighted in 

pink), Chd4-Mbd3 only regions (1,726 regions, highlighted in brown) and Zic2 only regions 

(5,945 regions, highlighted in purple) within 50 kb around the Zic2 or Chd4 peak. H3K4me1 

and p300 data are from (Creyghton et al., 2010), and H3K4me3 and H3K27me3 data are 

from (Mikkelsen et al., 2007). (B–C) Scatter plots demonstrating differentially expressed 

genes, as assessed by RNA-seq in Zic2 knockdown versus Mbd3 (B) and Mta2 (C) 

knockdowns. Genes significantly misregulated are shown in blue and green, respectively. 

Correlation coefficients are shown. RNA-seq after Zic2 knockdown was performed and 

analyzed in four replicates. RNA-seq after Mbd3 or Mta2 knockdown was performed and 

analyzed in duplicates. (D–F) MA plots demonstrating differentially expressed genes after 

(D) Mbd3, (E) Zic2 and (F) Zic3 knockdown in ES cells. Significantly changed genes after 

Mbd3 knockdown are shown in blue. Genes up-regulated in both Mbd3 knockdown and 

knockout datasets are highlighted with red circles, and genes down-regulated in both Mbd3 

knockdown and knockout datasets are highlighted with green circles. Genes regulated by 

Mbd3 were changed in the same direction after Zic2, but not Zic3, knockdown. See also 

Figure S3 and Table S1.
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Figure 4. Similar to Mbd3, Zic2 is required for the maintenance of H3K27me3 chromatin state 
and transcriptional repression of the homeotic cluster in ES cells
(A) MA plot demonstrating differential enrichment of H3K27me3 after Zic2 knockdown in 

ES cells. Significantly changed H3K27me3 bound regions are shown in red. (B) Scatter plot 

demonstrating differential occupancy of H3K27me3 in Zic2 knockdown versus Mbd3 

knockout (Reynolds et al., 2012b). The H3K27me3 bound regions significantly misregulated 

are shown in blue. Correlation coefficients are shown. (C) Histone H3K27me3 is broadly 

reduced across the Hox clusters. The Hox C cluster is shown as an example. ChIP-seq track 

files of H3K27me3 occupancy in control (NonT) and Zic2 knockdown cells, and Mbd3 WT 

and KO cells in the posteriors Hox C region. Other histone marks and Pol II occupancy in 

control and Zic2 knockdown cells are also shown. RNA-seq track files of a transcript located 

within the posterior Hox C region with upregulated expression in Mbd3, Mta2 and Zic2 

RNAi-treated cells are also shown. H3K27me3 ChIP-seq after Zic2 knockdown was 

performed and analyzed in duplicates. H3K27me3 ChIP-seq in Mbd3 WT and KO ES cells 

(Reynolds et al., 2012b) were analyzed in duplicates. See also Figure S4.
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Figure 5. Zic2 and ES cells pluripotency
(A) ChIP-seq track examples of Zic2, Chd4, Mbd3-occupied lineage-specific genes in the 

ES cell state. Zic2 is found with NuRD at putative enhancers for EphA4, Fgf5 and Otx2. (B) 

qRT-PCR analyses of the activation kinetics of lineage-specific genes in control (NonT), 

Zic2, or Mbd3 knockdown embryoid bodies (EBs). Control, Zic2, or Mbd3 knockdown ES 

cells were induced to form EB for the indicated time points. The expression levels were 

normalized to Actb. Error bars represent the s.d. of independent measurements of a 

representative experiment. (C) Model: In the stem cell state (top panel), the zinc finger-

containing protein Zic2 functions together with the NuRD repressor complex, setting a 

poised, yet to be activated, state of developmental genes. Knockdown of Zic2 (bottom panel) 

and/or NuRD subunits leads to derepression of the same group of developmental genes. See 

also Figure S5.
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