
Sin3 interacts with Foxk1 and regulates myogenic progenitors

Xiaozhong Shi and
Lillehei Heart Institute, University of Minnesota-Twin Cities, 4-108 NHH, 312 Church St SE, 
Minneapolis, MN 55455, USA

Department of Medicine, University of Minnesota-Twin Cities, Minneapolis, MN 55455, USA

Daniel J. Garry
Lillehei Heart Institute, University of Minnesota-Twin Cities, 4-108 NHH, 312 Church St SE, 
Minneapolis, MN 55455, USA

Department of Medicine, University of Minnesota-Twin Cities, Minneapolis, MN 55455, USA

Daniel J. Garry: garry@umn.edu

Abstract

We have previously reported Foxk1 as an important transcription factor in the myogenic 

progenitors. SWI-independent-3 (Sin3) has been identified as a Foxk1 binding candidate using a 

yeast two-hybrid screen. In the present study, we have identified the Foxk1 N-terminal (1–40) 

region as the Sin3 interacting domain (SID), and the PAH2 of Sin3 as the Foxk1 binding domain 

utilizing yeast two-hybrid and GST pull-down assays. Further studies revealed that knockdown of 

Sin3a or Sin3b results in cell cycle arrest and upregulation of cell cycle inhibitor genes. In 

summary, our present studies have shown that Foxk1 interacts with Sin3 through the SID and that 

Sin3 has an important role in the regulation of cell cycle kinetics of theMPC population. The 

results of these studies continue to define and assemble the networks that regulate the MPCs and 

muscle regeneration.
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Introduction

Adult skeletal muscle has a remarkable regenerative capacity and is able to restore its 

muscle architecture even after more than 80 % of the tissue is damaged. This regenerative 

capacity is due to a pool of myogenic progenitors (i.e., satellite cells) that are resident in 

adult skeletal muscle [1]. Myogenic progenitors or satellite cells are located between the 

basement membrane and the cell membrane of individual muscle fibers. Following injury or 

disease (muscular dystrophy, sarcopenia, etc.), satellite cells become activated, they 

proliferate, differentiate, and fuse to form new muscle fibers or they contribute to the repair 

of injured myofibers. Studies using genetic mouse models and molecular biological 
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techniques have defined a number of satellite cell markers including CD29, CD34, C-met, 

integrin alpha7, m-cadherin, Foxk1, Pax3, Pax7, and Syndecan3/4 [2–4]. Additionally, a 

number of studies have uncovered signaling pathways that regulate the satellite cell, 

including the IGF signaling, Notch signaling, Tgf beta signaling, and Wnt signaling 

pathways [5, 6]. Despite these findings, the regulatory network for the myogenic progenitors 

or satellite cells remains incompletely defined.

The forkhead gene family has a broad role in stem cell biology, cell cycle kinetics, aging, 

cancer development, and cell differentiation [7–10]. We have previously identified Foxk1 as 

a regulator of the myogenic progenitor cell (MPC) population [11]. Using a gene disruption 

strategy, we produced Foxk1 null mice [12]. These Foxk1 null mice have a small body size, 

decreased number of satellite cells, and perturbed muscle regeneration. We have also shown 

that Foxk1 regulates p21 gene expression, an important cell cycle dependent kinase inhibitor 

for the MPCs [12]. Moreover, all the defects associated with the Foxk1 null mouse model 

were rescued in mice that lacked both Foxk1 and p21 [13]. In addition, we have recently 

identified Fhl2 as a potent co-repressor of Foxk1. We have observed that Foxk1 and Fhl2 

synergistically repress Foxo4 activity although the mechanism of Foxk1 in transcriptional 

repression is not clear [14].

The SWI-independent-3 (Sin3) complex is an important histone deacetylase 1 (HDAC1)-

containing repression complex [15]. The essential role of the Sin3 complex in cellular 

regulation is evident as it is conserved from yeast to mammals [16, 17]. The components of 

Sin3 complex include Sin3a, Sin3b, HDAC1, HDAC2, Rbbp4, Rbbp7, Sap18, Sap30, and 

Sds3. Within the complex, Sin3 serves as a scaffold protein, providing a platform for other 

complex members to interact. The scaffold function of Sin3 is served by its multiple 

domains, including four paired amphipathic helix (PAH) domains, a HDAC interaction 

domain (HID), and a highly conserved region (HCR) domain [16]. PAH3 and HID domains 

play important roles in the association with these component members. In addition to these 

components of the Sin3 complex, Sin3 also interacts with a number of transcription factors 

through these domains, including the PAH1 and PAH2 domains. Sin3 interacting 

transcription factors include NRSF/REST which results in the repression of neuron-specific 

gene expression in non-neuronal cells through the binding to the Sin3 PAH1 domain [18]. 

Additionally, Mad1 recruits the Sin3 repression complex to inhibit Max–Myc activity 

through the interaction with the PAH2 domain [19, 20].

Previously, Sin3b was isolated as a Foxk1 interaction candidate using the yeast two-hybrid 

screen [21]. In the present study, we extend our studies and define the protein interaction 

between Foxk1 and Sin3, and identify a Sin3 interacting domain (SID) in the N-terminal of 

Foxk1. We also demonstrate that both Sin3a and Sin3b are important regulators of the cell 

cycle in myogenic progenitors.

Methods

DNA, RNA, and qPCR

Sin3a and Sin3b expression plasmids were provided by Dr. Ron DePinho. Additional 

plasmids were routinely constructed using PCR and verified by sequence analysis. RNA was 
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prepared with Tripure (Roche) and cDNA synthesis was performed with first-strand cDNA 

synthesis kit (Invitrogen) as previously described [22]. qPCR was performed with 

Sybergreen reagent (ABI system) using the HT7900 system (ABI system).

Yeast two-hybrid

The yeast two-hybrid assay was performed using the Match-maker Two-hybrid System 

(Clontech) as previously described [22]. Full length and deletion of Foxk1 constructs were 

cloned into the pGBKT7 vector. Full length and deletion of Sin3b (293) constructs were 

cloned into the pGADT7 vector.

Western blot and GST pull-down

Cell extracts were prepared as previously described [14]. Antibodies utilized for western 

blot analysis include anti-myc (clone 9E10, Santa Cruz) and anti-alpha tubulin (Sigma) sera. 

The proteins of Foxk1 deletions and Sin3 deletions were synthesized in vitro in the presence 

of 35S-Methioine using the TNT system (Promega). E. coli BL21 cells harboring GST, GST-

Foxk1 (1–40), or GST-Sin3b (293) were induced with IPTG, extracted with B-PER bacterial 

Protein Extraction Reagent (Pierce Biochemicals) and then purified with Glutathione-

Sepharose 4B (GE Healthcare). GST fusion proteins bound to Sepharose beads were 

incubated with 35S-Met-labeled protein product. The pull-down complex was washed with 

the bead binding buffer and then resuspended in the sample buffer, analyzed using a 4–20 % 

gel and imaged using the Typhoon phosphorImager (GE Healthcare) [14].

siRNA and cell cycle analysis

Sin3a siRNA oligonucleotides, Sin3b siRNA oligonucleotides, and RNA-Induced Silencing 

Complex free (RISC free) were purchased from Dharmacon. To identify the effective 

siRNA candidates, C2C12 myoblasts were transfected with Myc-Sin3a or Myc-Sin3b 

expression plasmids and siRNA oligonucleotides or RISC free control using lipofectamine 

reagent (Invitrogen) in 6-well plates. The following siRNA oligonucleotides were selected: 

Sin3a #3 (sense: 5′-ggauggaugaaguauauaauu-3′; antisense: 5′-puuauauacuucauccauccuu-3′), 

Sin3a #4 (sense: 5′-cagacuacguggagcgauauu-3′; antisense: 5′-puaucgcuccacguagucuguu-3′), 

Sin3b #2 (sense: 5′-caacaaugcuaucagcuauuu-3′; antisense: 5′-pauagcugauagcauuguuguu-3′), 

and Sin3b #4 (sense: 5′-cgacguaugucugaagguguu-3′; antisense: 5′-

pcaccuucagacauacgucguu-3′). For cell cycle analysis, C2C12 myoblasts were transfected 

with the selected siRNA oligonucleotides or the control (RISC-free oligonucleotides) in 6-

well plates. Cells were collected 48 h after transfection and prepared as previously described 

[14]. Cell cycle profiles were obtained and analyzed using a FACScan (BD) and processed 

using CellQuest software (BD) [14].

Statistics

Student’s t tests were performed as previously described [23]. The significant difference is 

identified as p < 0.05. Data are presented as mean ± SEM.
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Results

Foxk1 interacts with Sin3b (293)

Previous studies have reported Sin3b (293) as a potential Foxk1 binding candidate using the 

yeast two-hybrid screen [21]. To define the protein interaction domain between Foxk1 and 

Sin3b (293), we cloned the deletions of Foxk1 and Sin3b (293) into pGBKT7 and pGADT7 

vectors, respectively, as shown in Fig. 1a, b. All of the constructs were tested to exclude 

autoactivation in the yeast two-hybrid assays. Each of the pGBKT7–Foxk1 constructs was 

cotransformed into the AH109 reporter strain with pGADT7–Sin3b (293). The protein 

interaction between the Foxk1 deletion constructs and Sin3b (293) was analyzed based on 

the yeast clone growth in the selection medium. As summarized in Fig. 1a, the Foxk1 N-

terminal (1–40) domain was required for its interaction with Sin3b (293) and was defined as 

the SID. Utilizing a similar strategy, the yeast reporter strain AH109 was cotransformed 

with pGBT7–Foxk1 and pGADT7–Sin3b (293) deletion constructs to identify the Foxk1 

interaction domain in Sin3b (293). We observed that the PAH2 domain in Sin3b harbors the 

Foxk1 binding domain, which is outlined in Fig. 1b.

The Foxk1 SID binds to the Sin3 PAH2 domain

The yeast two-hybrid studies revealed that the interacting regions included the Foxk1 SID 

and the Sin3 PAH2 domain. To further characterize the protein–protein interaction domains 

in vitro, we performed GST pull-down assays. As shown in Fig. 2b, the GST-Sin3b (293) 

protein was successfully purified. Foxk1 deletional proteins were efficiently synthesized in 

vitro in the presence of 35S-Methione as shown in Fig. 2c (upper panel). Using the GST 

protein as the control (data not shown), GST-Sin3b (293) successfully pulled down Foxk1 

deletion proteins containing the SID, but not Foxk1 (40–719), which lacks the SID, as 

shown in the Fig. 2c (lower panel). These studies (summarized in Fig. 2a) further confirmed 

the Foxk1–Sin3b interacting domains which were defined using the yeast two-hybrid assays. 

Using a similar strategy, we purified the GST-Foxk1 (1–40) protein as shown in Fig. 2e. As 

the PAH2 domains are conserved in Sin3a, Sin3b, and Sin3b (293), we included Sin3a and 

full length of Sin3b in the GST pull-down assays. All of the Sin3 proteins have been 

synthesized in vitro and labeled with 35S-Methione, as shown in Fig. 2f (upper panel). As 

summarized in Fig. 2d, GST-Foxk1 (1–40) binds to all of the constructs of the Sin3a, Sin3b, 

Sin3b (293), and Sin3b (148–293), which harbor the PAH2 domain, but not Sin3b (1–171) 

(Fig. 2f). These results further establish that the Foxk1 SID interacts with the PAH2 domain 

of Sin3.

Knockdown of Sin3a results in cell cycle arrest

Our previous studies have demonstrated that Foxk1 plays an important role in the cell cycle 

regulation of MPCs [12]. Sin3a is reported as the ubiquitous transcriptional co-repressor and 

may have a specific functional role in selected lineages [24, 25]. To examine the functional 

role of Sin3a in the cell cycle regulation in MPCs, we utilized siRNA oligonucleotides to 

knockdown Sin3a. Myc-tagged Sin3a expression plasmid was cotransfected with the siRNA 

oligonucleotide pool, each oligonucleotide, or the RISC-free control. As shown in Fig. 3a, 

the transfection plasmid robustly expressed Myc-Sin3a. The siRNA oligonucleotide pool 

knocked down Sin3a almost completely and each oligonucleotide also knocked down Sin3a, 
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but #3 and #4 siRNA oligonucleotides were chosen for further studies as they were most 

effective (Fig. 3a). The siRNA oligonucleotides (#3 or #4) were transfected into the C2C12 

myogenic cell line to examine the functional role of Sin3a and cell cycle regulation. As 

shown in Fig. 3b, the knockdown of Sin3a (siRNA #4) resulted in cell cycle arrest, which 

was further quantified in Fig. 3c. Sin3a siRNA #3 has the similar effect on the cell cycle 

kinetics (data not shown). To examine the gene expression profile in response to knockdown 

of Sin3a, we performed qPCR analysis (Fig. 3d). We observed that Sin3a was knocked 

down more than 60 % (compared to control) and Sin3b expression was not affected. These 

results support the hypothesis that the effect of siRNA treatment is due to the knockdown of 

Sin3a, but not Sin3b. Furthermore, we observed that the cell cycle inhibitor genes (p21 and 

p27) were upregulated, but not p57. In addition, we observed an upregulation of Foxk1 

expression with Sin3a knockdown.

Sin3b modulates the cell cycle progression

Previous reports have suggested that Sin3b plays an important role in the cell cycle exit, but 

is dispensable for cell cycle progression in MEFs [26, 27]. To examine the functional role of 

Sin3b in the myogenic progenitors, we knocked down Sin3b using specific siRNA 

oligonucleotides. As shown in Fig. 4a, both #2 and #4 siRNA oligonucleotides efficiently 

knocked down Sin3b using western blot analysis and were utilized in siRNA experiments. 

To examine the effect of Sin3b knockdown, we analyzed the cell cycle profile with siRNA 

treatment. Sin3b siRNA #4 treatments arrested the cell cycle in the G0/G1 phase as shown 

in Fig. 4b, c. We have also observed a similar effect with Sin3b siRNA #2 treatments (data 

not shown). We noted that the Sin3b knockdown-mediated cell cycle arrest was more 

modest compared with Sin3a (Fig. 3b, c). In addition, we performed qPCR analysis to 

examine the gene expression profile associated with Sin3 knockdown. We observed that 

Sin3b expression was knocked down approximately 60 % compared to the control using 

siRNA treatment, whereas the Sin3a expression was not affected. Further, we observed that 

the cell cycle inhibitor genes, p21 and p27, were upregulated in response to Sin3b 

knockdown. Interestingly, p57 was also upregulated in response to Sin3b knockdown, which 

supports the notion that Sin3b regulates p57 gene expression through a Sin3a independent 

mechanism. In addition, we also observed that Foxk1 expression was induced and similar to 

that observed with Sin3a knockdown.

Discussion

Skeletal muscle has a remarkable capacity for regeneration due to a progenitor cell 

population that is resident in adult skeletal muscle. While a number of transcription factors 

and signaling pathways have been shown to have an important role in the satellite cell 

population (also known as myogenic progenitors), the mechanistic regulation of these 

factors remain ill defined [2]. In the present study, we extended our studies of Foxk1 and 

defined the interaction domains for Foxk1 and Sin3b (293). We further examined the 

functional role for Sin3 proteins as regulators of the MPC population.

The Sin3 repression complex has been shown to play an important role in transcriptional 

repression from yeast to vertebrates [17]. The PAH domains of Sin3, specifically the PAH1 
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and PAH2 domain, have a critical role in the protein interaction between Sin3 and their 

interacting transcription factors. NMR and biochemical studies have defined the interaction 

between the PAH2 domain of Sin3 and the N-terminal of Mad1 [28, 29]. In this protein–

protein interaction, PAH2 has a wedged helical bundle structure and forms a hydrophobic 

cleft. The SID of Mad1 forms an amphipathic alpha-helix structure and is bound in the 

hydrophobic pocket of the PAH2 domain [28, 29]. This PAH2-amphipathic alpha-helix 

interaction model has also been identified in other Sin3-interacting proteins including 

KLF11 family members, HBP1, and Pf1 [30–35]. In the present study, we defined the SID 

in the Foxk1 N-terminal region. The affinity between each SID and Sin3 PAH2 domain 

depends on the structure of the SID. Using the Gal4-UAS reporter system, Gal4-Foxk1 SID 

does not repress the transcription (data not shown), which might reflect the affinity between 

the Foxk1 SID and Sin3 PAH2 domain. Future studies will focus on the characterization of 

the additional factor(s) involved in the protein interaction between Foxk1 and Sin3 

repression complex.

The functional role of Sin3 in the regulation of cell cycle kinetics has been well documented 

using biochemical and mouse genetic studies. Sin3 has been reported to interact with a 

number of signaling cascades resulting in cell cycle arrest [16]. For example, studies have 

demonstrated that Rb recruits the Sin3 repression complex and inhibits the E2F activator, 

thereby promoting cell cycle arrest [36]. Loss of Rb results in increased E2F activity. In 

addition, Mad–Max interacts with Sin3 through the Mad1 SID and opposes Myc–Max 

oncogenic activity [19, 20]. Sin3 also interacts selectively with signal cascades (e.g., 

SMRTER repressor) and modulates cell cycle progression [37]. Using siRNA techniques, 

Sin3 and SMRTER were shown to be required for the G2 phase cell cycle progression. 

Moreover, Sin3 binds to p53 thereby inhibiting p21 gene expression [38]. The dual 

functional roles for Sin3 as a regulator of cell cycle kinetics reflect the complexity and 

multiple functions of the Sin3 repression complex in cellular events. Our previous studies 

have shown that Foxk1 plays an important role in the cell cycle progression and represses 

p21 gene expression in MPCs. In the present study, the knockdown of both Sin3a and Sin3b 

resulted in the upregulation of p21 and p27, and cell cycle arrest. Our studies support the 

notion that the cyclin dependent kinase inhibitor, p21, is regulated, in part, by Sin3–Foxk1. 

Interestingly, Foxk1 gene expression is also upregulated with the knockdown of Sin3a or 

Sin3b. Therefore, we believe that Sin3 also has a dual role in the regulation of Foxk1. At the 

protein level, Foxk1 interacts with Sin3 and forms a potent transcriptional repression 

complex. Future studies will focus on the specific mechanism of the Sin3–Foxk1 repression 

of nodal pathways in the myogenic progenitors.

In vivo studies utilizing a gene disruption strategy for Sin3a and Sin3b provide further 

information regarding the functional roles of Sin3 in development, gene expression, cell 

cycle regulation, cell differentiation, and apoptosis. Studies using the Sin3A knockout 

mouse model have demonstrated its essential role in the cell cycle progression [24, 25]. The 

Sin3a null MEFs have reduced cellular proliferation and increased cell apoptosis. Consistent 

with these biochemical studies, loss of Sin3a resulted in the upregulation of Myc–Max target 

genes, including Cyclin D2, Cyclin E, and E2F target genes, including Cyclin E, Cyclin D3, 

Cdc2a, etc. The Sin3B null mice have a distinct phenotype compared with the Sin3A null 
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embryo [26]. The Sin3B null MEFs have normal cell cycle progression, but have a 

perturbation in cell cycle exit and cellular differentiation. Interestingly, the E2F target genes 

are upregulated in Sin3b null cells. In the present studies, the knockdown of Sin3b resulted 

in cell cycle arrest, although to a lesser degree compared with the Sin3a knockdown. This 

discrepancy may reflect a difference in the cell lineage difference (i.e., MEFs vs. MPCs). 

Alternatively, these differences may reflect a differential role for Sin3b during development 

where Sin3b may have a regulatory role of the cell cycle in the myogenic progenitors. 

Future studies will focus on the conditional knockout of Sin3 in the MPC population.

Acknowledgments

We are thankful to Dr. Ronald DePinho for the Sin3a and Sin3b expression plasmids. This research was supported 
by the National Institutes of Health.

References

1. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol. 1961; 9:493–495. 
[PubMed: 13768451] 

2. Shi X, Garry DJ. Muscle stem cells in development, regeneration, and disease. Genes Dev. 2006; 
20(13):1692–1708. doi:10.1101/gad.1419406. [PubMed: 16818602] 

3. Kuang S, Rudnicki MA. The emerging biology of satellite cells and their therapeutic potential. 
Trends Mol Med. 2008; 14(2):82–91. doi:10.1016/j.molmed.2007.12.004. [PubMed: 18218339] 

4. Ten Broek RW, Grefte S, Von den Hoff W. Regulatory factors and cell populations involved in 
skeletal muscle regeneration. J Cell Physiol. 2010; 224(1):7–16. doi:10.1002/jcp.22127. [PubMed: 
20232319] 

5. Buckingham M, Vincent SD. Distinct and dynamic myogenic populations in the vertebrate embryo. 
Curr Opin Genet Dev. 2009; 19(5):444–453. doi:10.1016/j.gde.2009.08.001. [PubMed: 19762225] 

6. Biressi S, Rando TA. Heterogeneity in the muscle satellite cell population. Semin Cell Dev Biol. 
2010; 21(8):845–854. doi:10.1016/j.semcdb.2010.09.003. [PubMed: 20849971] 

7. Wijchers PJ, Burbach JP, Smidt MP. In control of biology: of mice, men and foxes. Biochem J. 
2006; 397(2):233–246. doi:10.1042/BJ20060387. [PubMed: 16792526] 

8. Myatt SS, Lam EW. The emerging roles of forkhead box (Fox) proteins in cancer. Nat Rev Cancer. 
2007; 7(11):847–859. doi:10.1038/nrc2223. [PubMed: 17943136] 

9. Partridge L, Bruning JC. Forkhead transcription factors and ageing. Oncogene. 2008; 27(16):2351–
2363. doi:10.1038/onc.2008.28. [PubMed: 18391977] 

10. Hannenhalli S, Kaestner KH. The evolution of Fox genes and their role in development and 
disease. Nat Rev Genet. 2009; 10(4):233–240. doi:10.1038/nrg2523. [PubMed: 19274050] 

11. Garry DJ, Yang Q, Bassel-Duby R, Williams RS. Persistent expression of MNF identifies 
myogenic stem cells in postnatal muscles. Dev Biol. 1997; 188(2):280–294. doi:10.1006/dbio.
1997.8657. [PubMed: 9268575] 

12. Garry DJ, Meeson A, Elterman J, Zhao Y, Yang P, Bassel-Duby R, Williams RS. Myogenic stem 
cell function is impaired in mice lacking the forkhead/winged helix protein MNF. Proc Natl Acad 
Sci USA. 2000; 97(10):5416–5421. doi:10.1073/pnas.100501197100501197. [PubMed: 
10792059] 

13. Hawke TJ, Jiang N, Garry DJ. Absence of p21CIP rescues myogenic progenitor cell proliferative 
and regenerative capacity in Foxk1 null mice. J Biol Chem. 2003; 278(6):4015–4020. doi:10.1074/
jbc.M209200200M209200200. [PubMed: 12446708] 

14. Shi X, Bowlin KM, Garry DJ. Fhl2 interacts with Foxk1 and corepresses Foxo4 activity in 
myogenic progenitors. Stem Cells. 2010; 28(3):462–469. doi:10.1002/stem.274. [PubMed: 
20013826] 

Shi and Garry Page 7

Mol Cell Biochem. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1101/gad.1419406
http://dx.doi.org/10.1016/j.molmed.2007.12.004
http://dx.doi.org/10.1002/jcp.22127
http://dx.doi.org/10.1016/j.gde.2009.08.001
http://dx.doi.org/10.1016/j.semcdb.2010.09.003
http://dx.doi.org/10.1042/BJ20060387
http://dx.doi.org/10.1038/nrc2223
http://dx.doi.org/10.1038/onc.2008.28
http://dx.doi.org/10.1038/nrg2523
http://dx.doi.org/10.1006/dbio.1997.8657
http://dx.doi.org/10.1006/dbio.1997.8657
http://dx.doi.org/10.1073/pnas.100501197100501197
http://dx.doi.org/10.1074/jbc.M209200200M209200200
http://dx.doi.org/10.1074/jbc.M209200200M209200200
http://dx.doi.org/10.1002/stem.274


15. McDonel P, Costello I, Hendrich B. Keeping things quiet: roles of NuRD and Sin3 co-repressor 
complexes during mammalian development. Int J Biochem Cell Biol. 2009; 41(1):108–116. doi:
10.1016/j.biocel.2008.07.022. [PubMed: 18775506] 

16. Silverstein RA, Ekwall K. Sin3: a flexible regulator of global gene expression and genome 
stability. Curr Genet. 2005; 47(1):1–17. doi:10.1007/s00294-004-0541-5. [PubMed: 15565322] 

17. Grzenda A, Lomberk G, Zhang JS, Urrutia R. Sin3: master scaffold and transcriptional 
corepressor. Biochim Biophys Acta. 2009; 1789(6–8):443–450. doi:10.1016/j.bbagrm.
2009.05.007. [PubMed: 19505602] 

18. Nomura M, Uda-Tochio H, Murai K, Mori N, Nishimura Y. The neural repressor NRSF/REST 
binds the PAH1 domain of the Sin3 corepressor by using its distinct short hydrophobic helix. J 
Mol Biol. 2005; 354(4):903–915. doi:10.1016/j.jmb.2005.10.008. [PubMed: 16288918] 

19. Ayer DE, Lawrence QA, Eisenman RN. Mad-Max transcriptional repression is mediated by 
ternary complex formation with mammalian homologs of yeast repressor Sin3. Cell. 1995; 80(5):
767–776. [PubMed: 7889570] 

20. Schreiber-Agus N, Chin L, Chen K, Torres R, Rao G, Guida P, Skoultchi AI, DePinho RA. An 
amino-terminal domain of Mxi1 mediates anti-Myc oncogenic activity and interacts with a 
homolog of the yeast transcriptional repressor SIN3. Cell. 1995; 80(5):777–786. [PubMed: 
7889571] 

21. Yang Q, Kong Y, Rothermel B, Garry DJ, Bassel-Duby R, Williams RS. The winged-helix/
forkhead protein myocyte nuclear factor beta (MNF-beta) forms a co-repressor complex with 
mammalian sin3B. Biochem J. 2000; 345(Pt 2):335–343. [PubMed: 10620510] 

22. Meeson AP, Shi X, Alexander MS, Williams RS, Allen RE, Jiang N, Adham IM, Goetsch SC, 
Hammer RE, Garry DJ. Sox15 and Fhl3 transcriptionally coactivate Foxk1 and regulate myogenic 
progenitor cells. EMBO J. 2007; 26(7):1902–1912. doi:10.1038/sj.emboj.7601635. [PubMed: 
17363903] 

23. Shi X, Garry DJ. Myogenic regulatory factors transactivate the Tceal7 gene and modulate muscle 
differentiation. Biochem J. 2010; 428(2):213–221. doi:10.1042/BJ20091906. [PubMed: 20307260] 

24. Cowley SM, Iritani BM, Mendrysa SM, Xu T, Cheng PF, Yada J, Liggitt HD, Eisenman RN. The 
mSin3A chromatin-modifying complex is essential for embryogenesis and T-cell development. 
Mol Cell Biol. 2005; 25(16):6990–7004. doi:10.1128/MCB.25.16.6990-7004.2005. [PubMed: 
16055712] 

25. Dannenberg JH, David G, Zhong S, van der Torre J, Wong WH, Depinho RA. mSin3A corepressor 
regulates diverse transcriptional networks governing normal and neoplastic growth and survival. 
Genes Dev. 2005; 19(13):1581–1595. doi:10.1101/gad.1286905. [PubMed: 15998811] 

26. David G, Grandinetti KB, Finnerty PM, Simpson N, Chu GC, Depinho RA. Specific requirement 
of the chromatin modifier mSin3B in cell cycle exit and cellular differentiation. Proc Natl Acad 
Sci USA. 2008; 105(11):4168–4172. doi:10.1073/pnas.0710285105. [PubMed: 18332431] 

27. Grandinetti KB, David G. Sin3B: an essential regulator of chromatin modifications at E2F target 
promoters during cell cycle withdrawal. Cell Cycle. 2008; 7(11):1550–1554. [PubMed: 18469515] 

28. Brubaker K, Cowley SM, Huang K, Loo L, Yochum GS, Ayer DE, Eisenman RN, Radhakrishnan 
I. Solution structure of the interacting domains of the Mad-Sin3 complex: implications for 
recruitment of a chromatin-modifying complex. Cell. 2000; 103(4):655–665. [PubMed: 11106735] 

29. Spronk CA, Tessari M, Kaan AM, Jansen JF, Vermeulen M, Stunnenberg HG, Vuister GW. The 
Mad1-Sin3B interaction involves a novel helical fold. Nat Struct Biol. 2000; 7(12):1100–1104. 
doi:10.1038/81944. [PubMed: 11101889] 

30. Pang YP, Kumar GA, Zhang JS, Urrutia R. Differential binding of Sin3 interacting repressor 
domains to the PAH2 domain of Sin3A. FEBS Lett. 2003; 548(1–3):108–112. [PubMed: 
12885416] 

31. Swanson KA, Knoepfler PS, Huang K, Kang RS, Cowley SM, Laherty CD, Eisenman RN, 
Radhakrishnan I. HBP1 and Mad1 repressors bind the Sin3 corepressor PAH2 domain with 
opposite helical orientations. Nat Struct Mol Biol. 2004; 11(8):738–746. doi:10.1038/
nsmb798nsmb798. [PubMed: 15235594] 

Shi and Garry Page 8

Mol Cell Biochem. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.biocel.2008.07.022
http://dx.doi.org/10.1007/s00294-004-0541-5
http://dx.doi.org/10.1016/j.bbagrm.2009.05.007
http://dx.doi.org/10.1016/j.bbagrm.2009.05.007
http://dx.doi.org/10.1016/j.jmb.2005.10.008
http://dx.doi.org/10.1038/sj.emboj.7601635
http://dx.doi.org/10.1042/BJ20091906
http://dx.doi.org/10.1128/MCB.25.16.6990-7004.2005
http://dx.doi.org/10.1101/gad.1286905
http://dx.doi.org/10.1073/pnas.0710285105
http://dx.doi.org/10.1038/81944
http://dx.doi.org/10.1038/nsmb798nsmb798
http://dx.doi.org/10.1038/nsmb798nsmb798


32. van Ingen H, Lasonder E, Jansen JF, Kaan AM, Spronk CA, Stunnenberg HG, Vuister GW. 
Extension of the binding motif of the Sin3 interacting domain of the Mad family proteins. 
Biochemistry. 2004; 43(1):46–54. doi:10.1021/bi0355645. [PubMed: 14705930] 

33. Le Guezennec X, Vermeulen M, Stunnenberg HG. Molecular characterization of Sin3 PAH-
domain interactor specificity and identification of PAH partners. Nucleic Acids Res. 2006; 34(14):
3929–3937. doi:10.1093/nar/gkl537. [PubMed: 16914451] 

34. Sahu SC, Swanson KA, Kang RS, Huang K, Brubaker K, Ratcliff K, Radhakrishnan I. Conserved 
themes in target recognition by the PAH1 and PAH2 domains of the Sin3 transcriptional 
corepressor. J Mol Biol. 2008; 375(5):1444–1456. doi:10.1016/j.jmb.2007.11.079. [PubMed: 
18089292] 

35. Kumar GS, Xie T, Zhang Y, Radhakrishnan I. Solution structure of the mSin3A PAH2-Pf1 SID1 
complex: a Mad1/Mxd1-like interaction disrupted by MRG15 in the Rpd3S/Sin3S complex. J Mol 
Biol. 2011; 408(5):987–1000. doi:10.1016/j.jmb.2011.03.043. [PubMed: 21440557] 

36. Rayman JB, Takahashi Y, Indjeian VB, Dannenberg JH, Catchpole S, Watson RJ, te Riele H, 
Dynlacht BD. E2F mediates cell cycle-dependent transcriptional repression in vivo by recruitment 
of an HDAC1/mSin3B corepressor complex. Genes Dev. 2002; 16(8):933–947. doi:10.1101/gad.
969202. [PubMed: 11959842] 

37. Pile LA, Schlag EM, Wassarman DA. The SIN3/RPD3 deacetylase complex is essential for G(2) 
phase cell cycle progression and regulation of SMRTER corepressor levels. Mol Cell Biol. 2002; 
22(14):4965–4976. [PubMed: 12077326] 

38. Murphy M, Ahn J, Walker KK, Hoffman WH, Evans RM, Levine AJ, George DL. Transcriptional 
repression by wild-type p53 utilizes histone deacetylases, mediated by interaction with mSin3a. 
Genes Dev. 1999; 13(19):2490–2501. [PubMed: 10521394] 

Shi and Garry Page 9

Mol Cell Biochem. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1021/bi0355645
http://dx.doi.org/10.1093/nar/gkl537
http://dx.doi.org/10.1016/j.jmb.2007.11.079
http://dx.doi.org/10.1016/j.jmb.2011.03.043
http://dx.doi.org/10.1101/gad.969202
http://dx.doi.org/10.1101/gad.969202


Fig. 1. 
Characterization of the interaction between Foxk1 and Sin3b (293) using yeast two-hybrid 

assays. a Foxk1 N-terminal (1–40) domain is identified as the Sin3b-interacting domain 

(SID). All of the Foxk1 deletions were fused to the Gal4 DNA binding domain and used to 

analyze the interaction with Sin3b (293) using a yeast two-hybrid system. The protein 

interaction was determined by the yeast clone growth in the selection medium (+, positive; 

−, negative). FHA, Forkhead associated domain and FH, Forkhead domain. b The Sin3b 

PAH2 domain binds to Foxk1. Each of the Sin3b (293) deletions was fused to the Gal4 

activation domain and used to analyze the interaction with Foxk1. The Sin3b (293) deletion 

containing the PAH1 domain did not bind to Foxk1, but the deletions harboring the PAH2 

domain binds to Foxk1 (+, positive; −, negative; PAH, paired amphipathic helix domain)
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Fig. 2. 
Foxk1 SID binds to the Sin3 PAH2 domain. a Schematic summary of the protein interaction 

between Sin3b (293) and Foxk1 deletions using GST pull-down assays. b Coomassie 

staining of purified GST or GST-Sin3b (293). c 35S-labeled Foxk1 deletions were translated 

in vitro as input (upper panel) and pulled down using the GST-Sin3b (293) protein. The 

deletions harboring the Foxk1 SID were pulled down by GST-Sin3b (293), but the deletion 

of Foxk1 (40–719) lacking the SID did not interact (lower panel). d Schematic which 

summarizes the interaction between the Foxk1 SID and Sin3 constructs. e Coomassie 

staining of purified GST or GST-Foxk1 (1–40) proteins. f The in vitro synthesized 35S-

labeled Sin3 proteins were utilized in the GST pull-down assays as the input (upper panel). 

All of the Sin3 proteins harboring the PAH2 domain could bind to the Foxk1 SID, but Sin3b 

(1–171) which lacks the PAH2 domain could not bind to Foxk1
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Fig. 3. 
Knockdown of Sin3a in myoblasts results in cell cycle arrest. a Identification of Sin3a 

siRNA oligonucleotides. Myc-Sin3a was cotransfected into the C2C12 myoblasts with the 

Sin3a siRNA oligonucleotides or control siRNA oligonucleotides. The expression was 

detected using anti-Myc serum and equal loading of the samples was verified using anti-

alpha tubulin serum. All of the oligonucleotides successfully knocked down Sin3a (blank, 

no transfection; Ctrl, the RISC-free oligonucleotides; Pool, all of the four siRNA 

oligonucleotides). b Knockdown of Sin3a resulted in G0/G1 cell cycle arrest (Ctrl, RISC-

Shi and Garry Page 12

Mol Cell Biochem. Author manuscript; available in PMC 2015 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



free oligonucleotides). The FACS profile is a representative profile with Sin3a siRNA #4 

oligonucleotide knockdown. c Quantification of the cell cycle phases in b. Knockdown of 

Sin3a resulted in a significant increase of cells in the G0/G1 phase, (*p < 0.01; n = 4). d 
qPCR analysis was used to examine gene expression following Sin3a knockdown. Shown 

here is the ratio of the gene expression in the siRNA knockdown to that in the RISC-free 

control. The endogenous Sin3a siRNA was knocked down 60 % compared to control but 

Sin3b expression was unaffected. Note, increased expression of p21 and p27, which is 

consistent with cell cycle arrest, (*p < 0.05, **p < 0.01; n = 6)
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Fig. 4. 
Sin3b is required for myogenic cell cycle progression. a Selection of Sin3b siRNA 

candidates. Each siRNA oligonucleotide or the pool was cotransfected with Myc-tagged 

Sin3b expression plasmid into C2C12 myogenic cells. The knockdown efficiency was 

evaluated based on the Myc-Sin3b expression level using western blot analysis (anti-Myc 

serum). Anti-alpha tubulin was used to demonstrate equal loading of samples (blank, no 

transfection; Ctrl, RISC-free oligonucleotides; pool, the combination of all of the four 

oligonucleotides). b Sin3b siRNA treatment modulates cell cycle progression. 
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Representative FACS profile is shown for RISC control and Sin3b siRNA #4 knockdown. c 
Quantification of the cell cycle phases in b. The G0/G1 phase is significantly increased with 

Sin3b knockdown, (*p < 0.05; n = 4). d Sin3b knockdown results in increased expression of 

p21, p27, p57 and other selected transcripts in C2C12 myoblasts using qPCR. The Sin3a 

gene expression was not affected by the Sin3b knockdown, (*p < 0.05, **p < 0.01; n = 6)
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