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SUMMARY

Although Sin3a is required for survival of early embryos and embryonic stem cells (ESCs), the 

role of Sin3a in the maintenance and establishment of pluripotency remains unclear. Here we find 

that the Sin3a/HDAC corepressor complex maintains ESC pluripotency and promotes the 

generation of induced pluripotent stem cells (iPSCs). Members of the Sin3a/HDAC corepressor 

complex are enriched in an extended Nanog interactome and function in transcriptional 

coactivation in ESCs. We also identified a critical role for Sin3a and HDAC2 in efficient 

reprogramming of somatic cells. Mechanistically, Nanog and Sin3a co-occupy transcriptionally 

active pluripotency genes in ESCs and also co-localize extensively at their genome-wide targets in 

pre-iPSCs. Additionally, both factors are required to directly induce a synergistic transcriptional 
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program wherein pluripotency genes are activated and reprogramming barrier genes are repressed. 

Our findings indicate a transcriptional regulatory role for a major HDAC-containing complex in 

promoting pluripotency.
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INTRODUCTION

Sin3a is a large scaffold protein containing four paired amphipathic helix (PAH) domains 

and an internal HDAC interaction domain (HID). The PAH domains recognize and bind to 

sequence-specific transcriptional regulators such as Mad/Max, and the HID domain is 

responsible for tethering HDAC1 and HDAC2 (HDAC1/2) to Sin3a to mediate 

transcriptional repression of Sin3a target genes (Kadamb et al., 2013). Sin3a is required for 

early embryonic development, the viability of mouse embryonic fibroblasts (MEFs) and 

embryonic stem cells (ESCs), and the normal development and differentiation of male germ 

cells and muscle cells (rev. in Kadamb et al. 2013). Nanog is also required for embryonic 

and germline development as well as efficient ESC self-renewal, and importantly, Nanog is 

critical for executing the final stage of reprogramming to establish naïve pluripotency (rev. 

in Saunders et al., 2013).

Previous studies from our group (Costa et al., 2013; Wang et al., 2006) and others (Gagliardi 

et al., 2013; Liang et al., 2008) have established the physical interactions between Nanog 

and the Sin3a/HDAC complex in ESCs. These interactions are consistent with the 

requirement of Sin3a for early development and efficient ESC self-renewal, and also suggest 

a potential role of Sin3a in the final stage of reprogramming when Nanog is essential, 
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although a detailed mechanistic understanding of this corepressor complex in transcriptional 

regulation of pluripotency and reprogramming is lacking. HDAC inhibitors have been 

routinely used to significantly enhance the efficiency of somatic cell nuclear transfer as well 

as the generation of mouse and human induced pluripotent stem cells (iPSCs) (Kretsovali et 

al., 2012), although the exact mechanism of action of these inhibitors is not fully 

understood. The three major HDAC-containing protein complexes, namely the CoREST, 

NuRD, and Sin3a complexes, are highly abundant in pluripotent stem cells. The CoREST 

complex has been shown to be critical for establishing and maintaining pluripotency (Yang 

et al., 2011), and the role of the NuRD complex in establishing pluripotency seems to be 

highly context-dependent (Rais et al., 2013; Santos et al., 2014). The function of the Sin3a/

HDAC complex in somatic cell reprogramming, however, has not been investigated.

In this study, we address the significance of the Nanog/Sin3a functional partnership in stem 

cell maintenance and somatic cell reprogramming. We first report an increased 

transcriptional co-activator function of Sin3a, when partnered with Nanog, in ESCs 

underlying stem cell maintenance. We then document a requirement of Sin3a for 

reprogramming efficiency in a general context, followed by our findings that Sin3a can 

further co-localize and synergize with Nanog at the chromatin level to induce a 

transcriptional program that primes pre-iPSCs for efficient reprogramming.

RESULTS

Nanog and Sin3a co-occupy transcriptionally active promoters in ESCs

We recently expanded our Nanog interactome using enhanced affinity purification 

techniques, and identified an enrichment of members of the Sin3a/HDAC corepressor 

complex (Costa et al., 2013) (Figure S1A). We further confirmed that Nanog physically 

interacts with Sin3a in ESCs (Figure 1A). Although the Nanog-Sin3a partnership in ESCs 

was also reported in two previous studies (Gagliardi et al., 2013; Liang et al., 2008), the 

functional significance of this physical relationship in pluripotency has not been defined. To 

investigate how Sin3a might cooperate with Nanog in transcriptional regulation in ESCs, we 

analyzed the genome-wide occupancy of Sin3a, Nanog, HDAC1/2, and the chromatin marks 

H3K4me1, H3K4me3, H3K27ac, and H3K27me3 from the public domain (Table S1). Close 

inspection of Sin3a peak centers confirmed a substantial enrichment of the active promoter 

marks H3K4me3 and H3K27ac and a complete lack of the repressive promoter marks 

H3K4me1 and H3K27me3 (Figure S1B), indicating that Sin3a binds to open chromatin 

regions that are accessible to the transcriptional machinery in ESCs. In agreement with this, 

we found that 48% of Sin3a peaks lie directly at the transcription start sites (TSS) of its 

targets, with an additional 33% of peaks found within promoter regions (± 3 kb of TSS) 

(Figure S1C). The highest proportion of Nanog peaks was also centered at the TSS of its 

targets (Figure S1D), suggesting that Sin3a and Nanog may cooperatively regulate the 

expression of a subset of their common targets in ESCs.

To determine the specific genes that are bound and potentially regulated by Nanog and 

Sin3a, we identified 1,447 Nanog/Sin3a common target genes from published ESC ChIP-seq 

data and compared their expression levels across ESCs, iPSCs, and MEFs from published 

RNA-seq data (Table S1). We found many key pluripotency genes (e.g., Nanog, Oct4, Sox2) 
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among the group of genes with high ESC/MEF and iPSC/MEF expression ratios (labeled 

red) and several reprogramming barrier genes (e.g., p53, Tcf3, Ralgps2) among the group of 

genes with low ESC/MEF and iPSC/MEF expression ratios (labeled blue) (Figure 1B, left). 

Interestingly, we found that the active promoter marks H3K4me3 and H3K27ac were 

enriched at the TSS of all Nanog/Sin3a common targets, whereas the repressive promoter 

marks H3K4me1 and H3K27me3 were largely absent (Figure 1B, right).

To further understand the functional significance of Nanog and Sin3a co-occupancy in the 

ESC genome, we determined the proportions of genes bound by Nanog and/or Sin3a/HDAC 

complex members that are transcriptionally active (RNA Pol II bound + H3K79me2), 

nonproductive (RNA Pol II bound, no H3K79me2), or inactive (no RNA Pol II, no 

H3K79me2). We found that Nanog, Sin3a, and HDAC1/2 bound to higher proportions of 

active genes compared to the genome-wide average of all genes in ESCs (Figure 1C). More 

importantly, we found that Nanog and Sin3a co-occupied an even higher proportion of active 

genes than any of the individual factors examined (Figure 1C). This demonstrates that, in 

addition to its well-established corepressor functions, the Sin3a/HDAC complex can also act 

as a co-activator in ESCs. Using doxycycline (Dox)-inducible Nanog null (NgcKO) ESCs 

(Das et al., 2011) (Figure 1D), we further demonstrated the Nanog-dependent binding of 

Sin3a to two of their highest expressed common target genes, Oct4 and Nanog (Figure 1E), 

suggesting that Nanog and Sin3a cooperatively maintain the expression of these genes. This 

finding is in agreement with a previous report demonstrating a positive role of the Sin3a/

HDAC complex on Nanog expression in ESCs (Baltus et al., 2009). Knockdown of Sin3a in 

these cells also confirmed that Sin3a is required for ESC self-renewal, as Sin3a knockdown 

individually, or in combination with conditional Nanog knockout (+Dox), resulted in a 

dramatic reduction in undifferentiated ESC colony formation (Figure 1F). Notably, this 

Sin3a loss-of-function phenotype may reflect a general defect in cell proliferation and/or 

viability (Figure S1E), consistent with previous reports describing the requirement of Sin3a 

for cell cycle progression as well as the derivation and survival of ESCs in culture (Kadamb 

et al., 2013). Importantly, this self-renewal defect caused by Sin3a knockdown was further 

exacerbated by Nanog depletion, as shown by the overall reduction of total colony numbers 

(Figure S1F, “shSin3a + Dox”) as well as the relative reduction and increase in 

undifferentiated and differentiated colonies, respectively (Figure 1F). Collectively, these 

results demonstrate that Nanog and the Sin3a/HDAC complex physically and functionally 

co-operate, and predominantly co-occupy actively transcribed genes in ESCs for their 

maintenance.

To identify other factors associated with Sin3a and Nanog that might promote the 

transcriptional co-activation function of this complex, we studied the Nanog (Costa et al., 

2013) and Sin3a interactomes. We performed affinity purification of Sin3a protein 

complexes followed by mass spectrometry in ESCs, and identified 82 high-confidence 

Sin3a-interacting partners (Table S2), including 24 common interacting partners of Nanog, 

such as HDAC1/2, Sall4, Ogt, Tet1, and Tet2 (Tet1/2) (Figure S1G). The identification of 

these common partners is supported by the fact that our group as well as others have 

previously demonstrated the interactions between Tet1/2 and Nanog (Costa et al., 2013), and 

between Tet1/2 and Sin3a (McDonel et al., 2012; Williams et al., 2011). These results 

suggest that these Nanog/Sin3a common interacting partners might play important roles in 
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promoting the functional cooperation between Nanog and Sin3a in activation, and to a lesser 

extent repression (Figure 1C), of their downstream targets for ESC maintenance.

Sin3a is required for efficient somatic cell reprogramming

To explore a potential role for Sin3a in somatic cell reprogramming, we first examined Sin3a 
and Nanog expression during MEF reprogramming (Sridharan et al., 2009). We found that 

Sin3a expression levels gradually increased during reprogramming, especially during the 

final pre-iPSC to iPSC transition stage, and as expected, Nanog expression was only 

detectable in iPSCs and ESCs (Figure S2A). This indicated that Sin3a might be limiting 

during the final stage of reprogramming, when Nanog function becomes critical (Silva et al., 

2009). To assess the requirement of Sin3a in the larger context of somatic cell 

reprogramming, we knocked down Sin3a during OKSM-mediated MEF reprogramming 

(Vidal et al., 2014) (Figures 2A and S2B). We found that Sin3a knockdown dramatically 

reduced the efficiency of MEF reprogramming, with a significant reduction (~85%) in the 

number of alkaline phosphatase (AP)+ iPSC colonies after 10 days of reprogramming 

(Figure 2B). Similar to what we found in ESCs, this result is likely due to a proliferation 

defect, as others have reported that loss of Sin3a dramatically reduces MEF proliferation and 

survival (Cowley et al., 2005). Collectively, these data indicate that Sin3a is required for 

efficient somatic cell reprogramming by maintaining normal cell proliferation and/or 

survival during the reprogramming process.

To address the role of Sin3a in reprogramming in the context of its potential functional 

connection with Nanog, we first investigated the requirement of Sin3a in the Nanog-driven 

transition of partially reprogrammed neural stem cells (NSC-derived pre-iPSCs), containing 

a GFP reporter under the control of the Oct4 distal enhancer (Oct4-GFP), to fully 

reprogrammed iPSCs (Costa et al., 2013). We tested the effect of loss of Sin3a during 

reprogramming using a validated short hairpin (sh) RNA (Williams et al., 2011) (Figures 2C 

and S2C). As expected, cells expressing only empty vector (EV) control did not yield any 

Oct4-GFP+ iPSC colonies, regardless of Sin3a knockdown. However, in ectopic Nanog 

expressing cells, Sin3a knockdown resulted in a >40% reduction in Oct4-GFP+ iPSC 

colonies compared to Luciferase knockdown (shLuc) control (Figures 2D and E), an effect 

that is likely due to a proliferation defect in shSin3a cells (Figure S2D), and is consistent 

with the requirement of Sin3a for cell proliferation and survival (Kadamb et al., 2013). 

Inhibition of Nanog-driven reprogramming by Sin3a knockdown was also observed during 

the reprogramming of MEF-derived pre-iPSCs containing a Nanog-GFP reporter under the 

same reprogramming time line and culture conditions (Figures 2F–H). Moreover, we found 

that Sin3a knockdown also compromised Esrrb-mediated pre-iPSC reprogramming 

(Festuccia et al., 2012) (Figures S2E–G) due similarly to a proliferation defect of pre-iPSCs 

upon Sin3a loss (Figure S2H).

These results together demonstrate that Sin3a is required for efficient somatic cell 

reprogramming, most likely through its requisite functions in maintaining normal cell 

proliferation and/or viability, irrespective of transgene expression.
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Sin3a over-expression promotes reprogramming in a context-dependent manner

To elucidate a potential function of Sin3a in reprogramming beyond its requirement for cell 

proliferation and/or survival, we tested the effect of over-expressing Sin3a during 

reprogramming. To do this, we established stable NSC-derived pre-iPSC lines ectopically 

expressing either Nanog or Sin3a alone, or both Nanog and Sin3a (Figures 3A and S3A). 

These pre-iPSCs are negative for Oct4-GFP expression in serum + LIF, and remain so until 

reprogrammed in 2i + LIF (Figure S3B). Over-expression of Sin3a alone had a minimal 

effect on reprogramming efficiency compared to EV control. However, when co-expressed 

with Nanog, Sin3a generated >3-fold more Oct4-GFP+ iPSC colonies compared to Nanog 

alone (Figures 3B and C), a profound reprogramming synergy that is not due to an increase 

in cell proliferation (Figure S3C). Upon transposase (PBase)-mediated PiggyBac transgene 

excision (see Experimental Procedures), we further confirmed the comparable pluripotency 

statuses of transgene-free Nanog + Sin3a iPSCs and Nanog + EV iPSCs by normal 

expression of pluripotency and differentiation markers at both RNA and protein levels 

(Figures S3D and E), silencing of retroviral Oct4, Klf4, and Myc transgenes (Figure S3F), 

reduced H3K27me3 foci in these female NSC pre-iPSCs upon full reprogramming in 2i + 

LIF (indicative of X chromosome reactivation) (Figure S3G), and multi-lineage 

differentiation propensities under three independent differentiation protocols (Figure S3H 

and Table S3). These results demonstrate that iPSCs generated by Nanog + Sin3a over-

expression have indistinguishable characteristics to iPSCs generated by Nanog alone that 

have been validated with bona fide pluripotency (Silva et al., 2009).

The reprogramming synergy between Nanog and Sin3a was also observed in MEF-derived 

pre-iPSCs (Figures 3D–F) and in OEC-2 epiblast stem cells (EpiSCs) (Guo et al., 2009) 

(Figures 3G–I), yielding ~2.5-fold and 8-fold more iPSC colonies, respectively, by Nanog + 

Sin3a than by Nanog alone during reprogramming. Surprisingly, however, MEF 

reprogramming performed with combinations of OKSM plus retroviral Nanog, Sin3a, and/or 

HDAC2 revealed that ectopic Sin3a or HDAC2, with or without Nanog, significantly 

reduced MEF reprogramming efficiency (Figure S3I). While the exact mechanism 

underlying similar inhibitions of MEF reprogramming upon Sin3a knockdown (Figure 2B) 

and over-expression (Figure S3I) is unclear (see Discussion), our results nonetheless 

highlight a stage-specific effect of Sin3a over-expression in promoting reprogramming. In 

particular, Sin3a facilitates Nanog action in driving partially reprogrammed pre-iPSCs and 

primed pluripotent EpiSCs to full pluripotency.

Nanog and Sin3a induce parallel transcriptional programs that enhance reprogramming

To determine how Nanog and Sin3a may co-regulate gene expression in promoting pre-iPSC 

reprogramming, we performed microarray analysis on pre-iPSCs expressing Nanog and/or 

Sin3a. By examining significant global transcriptional changes (p < 0.05, fold change ≥ 1.5) 

immediately preceding the onset of reprogramming, we identified 320 up-regulated and 337 

down-regulated genes in Nanog + Sin3a pre-iPSCs relative to Nanog + EV pre-iPSCs 

(Figure 4A). We identified up-regulated genes implicated in pluripotency and 

reprogramming including Cited2 (Kranc et al., 2015), Elf3 (Park et al., 2014), Klf1 
(Nakagawa et al., 2008), Nfya (Dolfini et al., 2012), and Trp53bp1 (Marión et al., 2009) 

(Figure 4A, red text), and also identified several down-regulated genes known to act as 
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barriers during the reprogramming process (Qin et al., 2014; Sakurai et al., 2014; Yang et al., 

2014) (Figure 4A, blue text). We further validated the differential expression of a number of 

these reprogramming promoting and barrier genes by qRT-PCR (Figure S4A). In addition to 

these reprogramming barrier genes, we also found that Socs3, a negative regulator of the 

Jak/Stat3 pathway that was previously reported to be repressed by Nanog in ESCs and 

during reprogramming (Stuart et al., 2014), was further significantly down-regulated by 

Nanog + Sin3a (Figure S4B). Interestingly, we also observed a >3-fold reprogramming 

synergy by Stat3 + Sin3a (Figure 3J), similar to the synergy we observed for Nanog + Sin3a 

(Figure 3B). In contrast, we did not observe any reprogramming synergy by Esrrb + Sin3a or 

Klf2 + Sin3a (data not shown). These data suggest that the Jak/Stat3 signaling pathway, 

which is limiting during the final stage of reprogramming (van Oosten et al., 2012; Yang et 

al., 2010), may be involved in the Sin3a action in promoting the final stage of 

reprogramming to pluripotency, likely via its direct binding to Socs3 (see below) and 

transcriptional repression (Figure S4B). Collectively, these results demonstrate that co-

expression of Nanog and Sin3a leads to the activation of pluripotency genes and the 

repression of reprogramming barrier genes, including Socs3, which primes pre-iPSCs for 

significantly enhanced reprogramming efficiency.

To explore whether Nanog and Sin3a may act together in a similar fashion as that in ESCs 

(Figure 1) to co-regulate the activity of these differentially expressed genes in promoting 

reprogramming, we first performed reciprocal immunoprecipitation/co-immunoprecipitation 

(IP/co-IP) experiments for Nanog and Sin3a in Nanog + Sin3a pre-iPSCs. Not unexpectedly, 

we confirmed the interaction of Sin3a with HDAC1/2 in pre-iPSCs, indicating the 

preservation of the Sin3a/HDAC complex in pre-iPSCs (Figure 4B). Surprisingly, however, 

we found that Nanog and Sin3a did not physically interact in pre-iPSCs (Figure 4B), 

suggesting that other co-factors such as pluripotency transcription factors and/or chromatin 

binding may be required to mediate their observed association in ESCs (Figure 1A) or 

reprogramming synergy in pre-iPSCs (Figure 3).

To explore whether Nanog and Sin3a, while lacking direct physical association (Figure 4B), 

cooperate to regulate the expression of genes of interest (Figure 4A) at the chromatin level, 

we performed ChIP-seq experiments to determine the genome-wide occupancy of Nanog 

and Sin3a in pre-iPSCs. We found that Nanog and Sin3a were heavily enriched at the TSS of 

their targets, with both factors also binding chromatin to a large extent within exons and 

intergenic regions (Figures 4C and D). We detected a significant overlap of Sin3a targets in 

Sin3a + EV and Nanog + Sin3a pre-iPSCs (Figure 4E, top), and a similar overlap of Nanog 

targets in Nanog + EV and Nanog + Sin3a pre-iPSCs (Figure 4E, bottom), indicating that no 

major reorganization of either Nanog or Sin3a binding occurs when the other factor is co-

expressed. Interestingly, we found that Nanog and Sin3a co-bound a significant proportion 

(~86%) of target genes within 3 kb of their TSS in Nanog + Sin3a pre-iPSCs (Figures 4F 

and G), and that both factors target almost all microarray genes of interest, including Socs3 
(Figures 4G and S4C). We detected a relatively high correlation among ChIP-seq targets for 

Nanog and Sin3a in Nanog + EV and Nanog + Sin3a pre-iPSCs (Figure S4D), and 

importantly, almost all microarray genes of interest as well as Socs3 were only significantly 

up- or down-regulated by the combined expression of Nanog and Sin3a (Figure 4G, right), 

but not by Sin3a or Nanog alone (Figure 4E, right).
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Taken together, these data indicate that Nanog and Sin3a co-localize extensively at their 

targets to transcriptionally activate pluripotency genes and repress reprogramming barrier 

genes (Figures 4F–G and S4C), and suggest that Nanog and Sin3a may cooperate within 

distinct complexes at these loci in pre-iPSCs to elicit parallel transcriptional programs that 

promote reprogramming.

HDAC2 is critical for Nanog and Sin3a functional cooperation in pre-iPSC reprogramming

To further dissect the mechanistic action of Sin3a in promoting reprogramming, we explored 

the involvement of HDAC1/2 in the reprogramming-promoting function of Sin3a. By testing 

a Sin3a mutant lacking HDAC1/2 association (Sin3a ΔHID) in pre-iPSC reprogramming 

(Figures 5A and S5A), we found that the Sin3a HDAC interaction (HID) domain is required 

for the reprogramming synergy by Nanog + Sin3a, as deletion of HID completely abrogated 

the ability of Sin3a to synergize with Nanog during reprogramming (Figures 5B and S5B). 

Interestingly, the HID domain alone was able to modestly, but significantly, increase the 

reprogramming efficiency of Nanog, compared to EV; however, it was unable to recapitulate 

the full reprogramming activity of full-length, wild-type (WT) Sin3a (Figure 5B). These 

results clearly implicate HDAC1/2 in the functional cooperation between Nanog and Sin3a 

in enhancing pre-iPSC reprogramming, and suggest that additional factors associated with 

the Sin3a corepressor must also contribute to the reprogramming synergy of Nanog + Sin3a.

We then directly tested HDAC1/2 function in the context of Nanog during the final stage of 

reprogramming. We found that, when acting together with Nanog, HDAC2, and to a minimal 

extent HDAC1, could significantly promote pre-iPSC reprogramming, whereas HDAC1 or 

HDAC2 alone had only minimal effects on reprogramming (Figures 5C and S5C–D). Our 

data thus far seem contradictory with the well-known function of small molecule HDAC 

inhibitors such as valproic acid (VPA) in promoting reprogramming of mouse and human 

fibroblasts (Huangfu et al., 2008a; 2008b). To resolve this issue and further explore a 

potentially novel function of HDAC1/2 in promoting reprogramming, we tested the effect of 

VPA on the final stage of reprogramming mediated by Nanog + Sin3a using the same 

concentration of VPA (2 mM) reported to significantly enhance the generation of mouse 

iPSCs (Huangfu et al., 2008a). Surprisingly, VPA treatment resulted in complete loss of the 

Nanog + Sin3a reprogramming synergy (Figure 5D), which was not due to a cell 

proliferation defect (Figure S5E). Interestingly, we noted that VPA treatment caused a 45% 

and 82% reduction in HDAC1 and HDAC2 proteins, respectively, in pre-iPSCs expressing 

Nanog + Sin3a (Figure 5E), suggesting that abrogation of the Nanog + Sin3a 

reprogramming synergy upon VPA treatment was likely due to the loss of HDAC1/2 

expression and/or their intrinsic catalytic activity. To distinguish these two possibilities, we 

asked whether catalytic mutants of HDAC1 (H141A) (Mal et al., 2001) and HDAC2 

(H142A) (Xu et al., 2010) could also synergize with Nanog. Interestingly, we found that 

both HDAC1 H141A and HDAC2 H142A catalytic mutants were able to synergize with 

Nanog in reprogramming (Figures 5F and S5F–G) to a similar extent as their wild-type 

counterparts (Figure 5C). Collectively, our results demonstrate the requirement of HDAC1/2 

for the Nanog + Sin3a reprogramming synergy, and suggest that HDAC1/2 catalytic activity 

may be dispensable for this synergy.
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To further address the role of HDAC2 in the Nanog + Sin3a reprogramming synergy, we 

knocked down HDAC2 during pre-iPSC reprogramming by Nanog + Sin3a (Figure S5H). 

Not surprisingly, we found that HDAC2 knockdown dramatically reduced the efficiency of 

reprogramming mediated by Nanog + Sin3a, indicating that HDAC2 is critical for the ability 

of Sin3a to functionally cooperate with Nanog in the final stage of reprogramming (Figures 

5G and S5I). Similarly, Sin3a knockdown caused a significant reduction in the efficiency of 

reprogramming mediated by Nanog + HDAC2 (Figures 5H and S5J–K). These data 

demonstrate that a Sin3a/HDAC2 complex can promote pre-iPSC reprogramming in the 

context of Nanog, and that Sin3a and HDAC2 are mutually dependent for their functional 

cooperation with Nanog.

The mammalian Sin3 protein consists of two paralogs, Sin3a and Sin3b, which participate in 

distinct cellular functions despite the presence of a similar HID domain mediating their 

interactions with HDAC1/2 (Kadamb et al., 2013). Interestingly, we found that combined 

expression of Nanog + Sin3b had no effect on pre-iPSC reprogramming efficiency, 

compared to Nanog alone (Figures 5I–K), indicating that our observed reprogramming 

synergy with Nanog is specific to Sin3a.

DISCUSSION

In this study, we report that despite its well-documented role as a corepressor complex, 

Sin3a/HDAC can also act as a transcriptional co-activator complex for regulation of ESC 

pluripotency (Figure 6A) and somatic cell reprogramming (Figure 6B). Through microarray 

and ChIP-seq analyses, we identified several reprogramming-promoting and barrier genes 

that are directly up-regulated and down-regulated, respectively, by Nanog and Sin3a in pre-

iPSCs. We demonstrate that HDAC2 is critical for Sin3a function in promoting the final 

stage of Nanog-driven reprogramming, and that Sin3a and HDAC2 are mutually dependent 

for their reprogramming-promoting activities.

It is worth pointing out that our findings do not necessarily conflict with those reported by 

others regarding the beneficial effect of VPA on reprogramming, evident by a number of 

differences between this study and another report using VPA in promoting iPSC generation 

(Huangfu et al., 2008a). First, we used pre-iPSCs for our reprogramming experiments with 

VPA (Figure 5D), whereas Huangfu et al. used MEFs, resulting in distinctive chromatin 

states of starting cells used by each group. Second, our VPA treatment lasted for 10 days in 

2i + LIF conditions, whereas that of Huangfu et al. lasted 7 days in serum + LIF conditions. 

Lastly, the final Nanog-dependent stage of reprogramming was employed in this study, 

whereas the 7-day VPA treatment in MEFs by Huangfu et al. corresponds to the early stage 

of reprogramming in which Nanog is dispensable. Our study thus reveals a stage-specific 

effect of the HDAC inhibitor VPA in reprogramming, that is, VPA treatment is beneficial 

during the early stage of reprogramming, but is detrimental for the final pre-iPSC to iPSC 

transition. It is also noteworthy that previous reports have also demonstrated that VPA 

treatment causes degradation of HDAC2 protein in MEF and human erythroleukemia cells 

(Anokye-Danso et al., 2011; Krämer et al., 2003).
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Interestingly, our findings regarding the role of HDAC2 in pre-iPSC reprogramming are in 

contrast to a recent study (Wei et al., 2015), which identified HDAC2 as a barrier to the 

reprogramming process. Despite these seemingly contradictory results, however, there are 

several key differences between our study and theirs that should help explain these opposite 

findings. First, we used Oct4-GFP neural stem cell (NSC)-derived as well as Nanog-GFP 

MEF-derived pre-iPSCs, whereas Wei et al. used their own clonally derived Oct4-GFP MEF 

pre-iPSCs. Second, Wei et al. reprogrammed their MEF-derived pre-iPSCs in serum + LIF, a 

heterogeneous culture condition, whereas we reprogrammed our NSC/MEF-derived pre-

iPSCs in 2i + LIF, a defined culture condition that promotes rapid transition to naïve 

pluripotency and that does not permit the survival of any non-reprogramming cells (Silva et 

al., 2008). The serum-containing medium used by Wei et al. therefore constitutes a 

heterogeneous culture condition that may permit some clonal pre-iPSC lines to 

spontaneously reprogram. Third, and most importantly, in reference to their pre-iPSC 

reprogramming experiments with HDAC2 KD, Wei et al. state in their paper that HDAC2 
knockdown significantly blocked pre-iPSC reprogramming in 2i + LIF culture conditions, 

suggesting a positive role for HDAC2 in 2i + LIF induced reprogramming, which is 

consistent with our findings (Figures 5B–C and G). We did find, however, that HDAC2 over-

expression had a detrimental effect on MEF reprogramming efficiency, consistent with Wei 

et al. Collectively, these findings demonstrate a stage-specific requirement for HDAC2 in 

reprogramming. That is, HDAC2 is detrimental for early-stage reprogramming, but is 

beneficial for the final stage of reprogramming, suggesting a switched function for the 

Sin3a/HDAC complex during the reprogramming process.

The similar reprogramming inhibition effects upon knockdown (Figure 2B) and over-

expression (Figure S3I) of Sin3a during MEF reprogramming suggests that Sin3a levels may 

be dynamically regulated and properly balanced by OKSM during somatic cell 

reprogramming. Such an ‘ambivalent’ action of Sin3a in MEF reprogramming mimics the 

similar reprogramming inhibition by knockdown and over-expression of Mgarp, one of a 

few genes that are commonly up-regulated during OSKM-mediated reprogramming of 

multiple somatic cell types to pluripotency. In this case, counteracting activities of Oct4 and 

Klf4 on Mgarp expression during reprogramming provide a plausible explanation (Tiemann 

et al., 2014). Whether a similar expression control mechanism exists for Sin3a during MEF 

reprogramming is worthy of future investigation. Our study lays emphasis on Nanog-

dependent functions of Sin3a in promoting reprogramming in a cell-state specific manner, 

demonstrating that Sin3a can synergize with Nanog to significantly enhance reprogramming 

of partially reprogrammed pre-iPSCs and primed pluripotent EpiSCs to full pluripotency.

Dissection of the protein complexes associated with Sin3a and Nanog at the interactome 

level has been instrumental in discovering many transcriptional co-regulators that might 

contribute to the Nanog-mediated transcriptional activation function of the Sin3a/HDAC 

complex (Figure S1G). As HDAC2 is necessary (Figure 5G) but not sufficient (Figures 5B 

and C) for the full reprogramming-promoting function of Sin3a, other shared partners of 

Nanog and Sin3a such as Tet1/2 (Figure S1G) likely contribute to the Nanog + Sin3a 

reprogramming synergy. This is supported by our previous findings demonstrating the 

Nanog-dependent function of Tet1/2 in transcriptional priming and reprogramming synergy 

(Costa et al., 2013) as well as our finding of the dramatic reduction in reprogramming 
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efficiency of Nanog + Sin3a upon Tet1/2 knockdown (Figures S5L and M). We cannot rule 

out, however, that other Nanog and Sin3a common interacting partners such as Ogt or Sall4 

may also contribute to the Nanog-mediated transcriptional function of Sin3a. Future studies 

are needed to elucidate the epigenetic mechanisms mediating the dual transcriptional activity 

of Sin3a, and to determine how non-catalytic functions of HDAC1/2 such as maintaining 

complex integrity (Dovey et al., 2013; Winter et al., 2013) and protein translation (Xu et al., 

2010) may have contributed to pluripotency and reprogramming control.

EXPERIMENTAL PROCEDURES

Additional experimental procedures are provided in the Supplemental Experimental 

Procedures.

Reprogramming of pre-iPSCs, EpiSCs, and MEFs

Female neural stem cell (NSC)-derived pre-iPSCs were generated and used for 

reprogramming as described (Costa et al., 2013). For pre-iPSC reprogramming, 1.0 × 104 or 

2.0 × 104 pre-iPSCs were seeded after selection onto gelatin-coated 12-well plates and 

grown in serum + LIF for 2 days before medium switch to 2i + LIF. MEF-derived Nanog-

GFP (TNGA) pre-iPSCs were established and maintained as described (Costa et al., 2013), 

and were treated in the same manner as NSC pre-iPSCs described above.

For epiblast stem cell (EpiSC) reprogramming, 3.0 × 104 OEC-2 EpiSCs (Guo et al., 2009) 

were seeded onto fibronectin-coated 12-well plates and grown for 2 days in bFGF + Activin 

A. Medium was then switched from EpiSC medium to 2i + LIF, and Oct4-GFP+ iPSC 

colonies were scored 6 days after medium switch.

MEF reprogramming was performed as described (Vidal et al., 2014) with some 

modifications. Briefly, 3.0 × 104 reprogrammable MEFs containing a Dox-inducible OKSM 

cassette were infected with shSin3a or shLuciferase (shLuc) lentiviruses. The next day, 500 

infected MEFs/well were seeded on top of a feeder layer of irradiated mouse embryonic 

fibroblast feeders on a 6-well plate coated with gelatin, in “Dox + 3c”-containing ESC 

medium (Vidal et al., 2014). On day 6, medium was switched to ESC medium without Dox 

or 3c, and plates were stained for alkaline phosphatase activity on day 10.

Statistical analysis

Statistical analyses for all reprogramming experiments were performed using an unpaired, 

two-tailed Student’s t-test, with significance values indicated in figure legends. 

Reprogramming experiments were performed with technical triplicates and were repeated at 

least 3 independent times. All error bars throughout figures represent standard deviation 

(SD).

Microarray analysis

Total RNA was extracted from pre-iPSCs maintained in serum + LIF and subjected to 

microarray gene expression analysis using Mouse WG-6 mouse v2.0 microarray chips 

(Illumina). Microarray was performed and raw expression data were generated at the Icahn 
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Institute for Genomics and Multi Scale Biology Genomics Facility at the Icahn School of 

Medicine at Mount Sinai.

Affinity purification, mass spectrometry, and Sin3a interactome analysis

J1 mouse ESCs were expanded to 12 dishes (15-cm) in either SILAC “light” (L-arginine and 

L-lysine) or “heavy” (L-13C6
15N4-arginine and L-13C6

15N2-lysine) ESC medium for more 

than two weeks. The nuclear extracts (NE) were collected as previously described (Ding et 

al., 2015), and equal amounts of total proteins in NE were used for immunoprecipitation 

(IP). Heavy and light immunoprecipitates were then combined, separated by SDS-PAGE, 

and subjected to LC-MS/MS mass spectrometry analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nanog and Sin3a co-occupy active promoters in ESCs. See also Figure S1
(A) IP/co-IP between FLAG-bioNanog and endogenous Sin3a in mouse ESCs. BirA = biotin 

ligase.

(B) Sin3a and Nanog co-bind highly expressed pluripotency genes in ESCs. Shown are all 

Nanog and Sin3a common target genes in ESCs (n = 1,447) based on ChIP-seq data, sorted 

by high (red) to low (blue) ESC/MEF expression ratios based on RNA-seq data. 

Pluripotency genes and reprogramming barrier genes are listed in red and blue text, 
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respectively. Blue heat maps on the right show enrichment of Nanog, the Sin3a/HDAC 

complex, and four chromatin marks centered on the TSS.

(C) Percentages of active (RNA Pol. II bound + H3K79me2), non-productive (RNA Pol. II 

bound, no H3K79me2), and inactive (no RNA Pol. II bound, no H3K79me2) genes bound 

by each factor in ESCs, based on ChIP-seq data. “All genes” = genome-wide average of all 

genes, and numbers above chart indicate the number of target genes identified and analyzed 

for each individual factor or combination.

(D) Illustration of Nanog conditional knockout (NgcKO) ESCs, wherein endogenous Nanog 
is deleted and cells are maintained by a doxycycline (Dox)-suppressible Nanog transgene. 

Protein expression upon 8-hour Dox treatment (1 µg/mL) is shown.

(E) Nanog-dependent Sin3a binding to common target genes. ChIP-qPCR was performed for 

Sin3a and Nanog at two different peaks (P1, P2) in the Oct4 and Nanog promoters in 

NgcKO ESCs. Dox treatment (1 µg/mL) lasted for 8 hours.

(F) Colony formation assay after Sin3a knockdown, individually or combined with Nanog 
conditional knockout (+Dox), in NgcKO ESCs.
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Figure 2. Sin3a is required for efficient somatic cell reprogramming. See also Figure S2
(A) The procedure for assessing Sin3a knockdown in doxycycline (Dox)-inducible MEF 

reprogramming.

(B) Sin3a knockdown significantly decreases MEF reprogramming efficiency. Data are 

presented as average fold change of AP+ iPSC colonies ± SD (n = 3; *** p < 0.001).

(C) The procedure for assessing Sin3a knockdown in neural stem cell (NSC)-derived pre-

iPSC reprogramming.
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(D) Sin3a knockdown significantly decreases Nanog-mediated NSC pre-iPSC 

reprogramming efficiency. Data are presented as average fold change of Oct4-GFP+ iPSC 

colonies ± SD (n = 3; ** p < 0.01).

(E) Representative images of Oct4-GFP+ iPSC colonies.

(F) The procedure for assessing Sin3a knockdown in MEF-derived pre-iPSC 

reprogramming.

(G) Sin3a knockdown significantly decreases Nanog-mediated MEF pre-iPSC 

reprogramming efficiency. Data are presented as average fold change of Nanog-GFP+ iPSC 

colonies ± SD (n = 3; ** p < 0.01).

(H) Representative images of Nanog-GFP+ iPSC colonies.
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Figure 3. Sin3a over-expression promotes pre-iPSC and EpiSC reprogramming. See also Figure 
S3
(A) The procedure for assessing Sin3a over-expression in NSC-derived pre-iPSC 

reprogramming.

(B) Sin3a can synergize with Nanog to significantly increase NSC-derived pre-iPSC 

reprogramming efficiency. Data are presented as average fold change of Oct4-GFP+ iPSC 

colonies ± SD (n = 3; *** p < 0.001).

(C) Representative images of Oct4-GFP+ iPSC colonies.
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(D) The procedure for assessing Sin3a over-expression in MEF-derived pre-iPSC 

reprogramming.

(E) Sin3a can synergize with Nanog to significantly increase MEF pre-iPSC reprogramming 

efficiency. Data are presented as average fold change of Nanog-GFP+ iPSC colonies ± SD 

(n = 3; ** p < 0.01)

(F) Representative images of Nanog-GFP+ iPSC colonies.

(G) The procedure for assessing Sin3a over-expression in EpiSC reprogramming.

(H) Sin3a can synergize with Nanog to significantly increase EpiSC reprogramming 

efficiency. Data are presented as average fold change of Oct4-GFP+ Epi-iPSC colonies ± SD 

(n = 3; **** p < 0.0001).

(I) Representative images of Oct4-GFP+ Epi-iPSC colonies.

(J) Sin3a can synergize with Stat3 to significantly increase NSC-derived pre-iPSC 

reprogramming efficiency. Data are presented as average fold change of Oct4-GFP+ iPSC 

colonies ± SD (n = 3; ** p < 0.01)
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Figure 4. Nanog and Sin3a directly activate pluripotency genes and repress reprogramming 
barrier genes in pre-iPSCs. See also Figure S4
(A) Microarray heat maps of significantly differentially expressed genes (p < 0.05, fold 

change ≥ 1.5) in NSC pre-iPSCs. Genes in red and blue are up- and down-regulated, 

respectively, in Nanog + Sin3a pre-iPSCs relative to Nanog + EV pre-iPSCs (right).

(B) IP/co-IP for 3×FLAGNanog, Sin3a, HDAC1, and HDAC2 in Nanog + Sin3a NSC pre-

iPSCs.

(C) Heat maps for genome-wide binding of Nanog and/or Sin3a in indicated pre-iPSC 

populations.
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(D) Genome-wide distribution of Nanog and Sin3a peaks in Nanog + Sin3a pre-iPSCs. 

Promoter-TSS = −1 kb to +100 bp from transcription start site (TSS), coding = exons, TTS = 

−100 bp to +1 kb from transcription termination site (TTS).

(E) Venn diagrams showing significantly overlapping Sin3a targets (top) and Nanog targets 

(bottom) in indicated pre-iPSC populations, as well as microarray genes of interest 

contained within common target sets (right).

(F) Average ChIP-seq read density for Nanog and Sin3a in Nanog + Sin3a pre-iPSCs.

(G) Venn diagram showing significant overlap of Nanog and Sin3a targets in Nanog + Sin3a 

pre-iPSCs (left), as well as microarray genes that are directly regulated by Nanog + Sin3a 

(right).
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Figure 5. HDAC2 is critical for Nanog/Sin3a functional cooperation in NSC-derived pre-iPSC 
reprogramming. See also Figure S5
(A) Myc-tagged Sin3a constructs used for assessing the requirement of HDAC1/2 

association for Sin3a function in reprogramming.

(B) The Sin3a HID domain is critical for Sin3a function in synergizing with Nanog during 

pre-iPSC reprogramming. Data are presented as average fold change of Oct4-GFP+ iPSC 

colonies ± SD (n = 3; * p < 0.05, ** p < 0.01, ns = not significant).
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(C) HDAC2, and to a minimal extent HDAC1, can synergize with Nanog during pre-iPSC 

reprogramming. Data are presented as average fold change of Oct4-GFP+ iPSC colonies ± 

SD (n = 3; *** p < 0.001, ns = not significant).

(D) VPA treatment (2 mM) completely abrogates the Nanog/Sin3a reprogramming synergy 

compared to vehicle treated control. Data are presented as average fold change of Oct4-GFP

+ iPSC colonies ± SD (n = 3; *** p < 0.001).

(E) VPA treatment (2 mM; 24 hours) causes degradation of HDAC1/2 proteins. Western blot 

band intensities were quantified using ImageJ software and are relative to Vinculin loading 

control. HDAC1/2 protein levels were normalized to a vehicle treated sample.

(F) HDAC1/2 catalytic mutants can synergize with Nanog during pre-iPSC reprogramming. 

Data are presented as average fold change of Oct4-GFP+ iPSC colonies ± SD (n = 3; ** p < 

0.01).

(G) HDAC2 is required for efficient pre-iPSC reprogramming by Nanog + Sin3a. Data are 

presented as average fold change of Oct4-GFP+ iPSC colonies ± SD (n = 3; **** p < 

0.0001).

(H) Sin3a is required for efficient pre-iPSC reprogramming by Nanog + HDAC2. Data are 

presented as average fold change of Oct4-GFP+ iPSC colonies ± SD (n = 3; ** p < 0.01).

(I) Western blot for pre-iPSCs over-expressing 3×FLSin3b and 3×FLNanog in serum + LIF 

conditions.

(J) Co-expression of Sin3b and Nanog has no effect on pre-iPSC reprogramming efficiency 

compared to Nanog alone. Data are presented as average fold change of Oct4-GFP+iPSC 

colonies ± SD (n = 3; ns = not significant).

(K) Representative images of Oct4-GFP+ iPSC colonies.
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Figure 6. Proposed model of the Sin3a/HDAC complex in maintaining ESC self-renewal and 
promoting somatic cell reprogramming through functional cooperation with Nanog
(A) Nanog and the Sin3a/HDAC complex co-occupy promoter regions of highly expressed 

pluripotency genes in ESCs and cooperate to promote ESC self-renewal.

(B) Nanog and the Sin3a/HDAC complex functionally cooperate in pre-iPSCs by directly 

activating pluripotency genes and repressing reprogramming barrier genes resulting in 

significantly enhanced reprogramming efficiency.
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