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Abstract

Introduction—Sin3B serves as a scaffold for chromatin-modifying complexes that repress gene
transcription to regulate distinct biological processes. Sin3B-containing complexes are critical for
cell cycle withdrawal, and abrogation of Sin3B-dependent cell cycle exit impacts tumor
progression.

Areas covered—In this review, we discuss the biochemical characteristics of Sin3B-containing
complexes and explore how these complexes regulate gene transcription. We focus on how Sin3B-
containing complexes, through the association of the Rb family of proteins, repress the expression
of E2F target genes during quiescence, differentiation, and senescence. Finally, we speculate on
the potential benefits of the inhibition of Sin3B-containing complexes for the treatment of cancer.

Expert opinion—Further identification and characterization of specific Sin3B-containing
complexes provide a unique opportunity to prevent the pro-tumorigenic effects of the senescence-
associated secretory phenotype, and to abrogate cancer stem cell quiescence and the associated
resistance to therapy.
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1. Introduction

In the USA, cancer is the second-leading cause of death with approximately 600,000 deaths
in 2016 [1]. The progress made in basic, translational, and clinical research in the past half-
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century have significantly improved the prognosis for certain cancer types including chronic
myeloid leukemia, colon cancer, and prostate cancer. However, the prognosis for other
cancer types such as pancreatic ductal adenocarcinoma (PDAC) and lung cancer remains
abysmal [1]. While targeted therapies have been added to the arsenal of cancer treatments,
resistance almost invariably emerges. As such, there continues to be a pressing need to
identify new cellular targets that can specifically affect tumor cells and/or modulate the
tumor microenvironment.

The past decade has highlighted the importance of epigenetic processes in the initiation and
the progression of almost all types of cancers. Mutations in numerous chromatin modifiers
have been identified in cancers and are thought to be early events that promote cell
transformation [2]. It is generally thought that these mutations alter the transcriptional status
of the cells who harbor them, leading to the inappropriate expression of specific genes.
These defects result in the impairment of normal differentiation and/or promote aberrant
cellular division and self-renewal. Because histone modifications and the modulation of
chromatin architecture are reversible processes, targeting the specific factors responsible for
abnormal chromatin status in cancer cells represents a promising therapeutic strategy. In
fact, numerous drugs that inhibit chromatin-modifying enzymatic activities are currently
being used clinically or are being tested in clinical trials [2].

In this review, we focus on the chromatin modifier Sin3B and its associated complexes. We
discuss the mechanisms underlying the alteration of chromatin structure by Sin3B-
containing complexes and the relevance of these mechanisms in normal biological processes.
We further explore the role of Sin3B in cancer and highlight the potential therapeutic
benefits of inhibiting Sin3B-containing complexes in cancer.

2. The Sin3 complex

2.1. The discovery of Sin3

Sin3 (switch independent 3) was initially discovered in a genetic screen investigating factors
important for mating-type switching in S. cerevisiae [3,4]. Subsequently, Sin3 was identified
through mutations associated with inappropriate gene derepression [5]. From these studies
and further biochemical purifications, it quickly became apparent that Sin3 functions in a
transcriptional repressive complex that contains numerous core factors and at least one class
I histone deaceytlase (HDAC). In mammals, two isoforms of Sin3, Sin3A, and Sin3B, were
isolated in studies investigating novel proteins associated with either Max interacting protein
1 (Mxil) or mitotic arrest deficient gene 1 (Mad1), both transcription factors that associate
with the Myc partner Max (Myc-associated factor X) to repress transcription of its target
genes [6,7]. Similar to Sin3’s function in yeast, both Sin3A and Sin3B are required for the
repressive functions of Mxil and Mad1 proteins [6,7]. While Sin3 is known to interact with
chromatin to repress gene transcription, it lacks any intrinsic enzymatic activity and is
devoid of known DNA-binding sequences suggesting that interaction with transcription
factors and/or chromatin-binding partners is required for its localization on chromatin.
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2.2. Structural insight into Sin3 function

Sin3’s structure provided important insight into its function. In yeast, Sin3 is a 175-kDa
protein that contains six evolutionarily conserved regions, including four paired amphipathic
helices (PAH 1-4), one HDAC interaction domain (HID), and one highly conserved region
(HCR) (Figure 1) [8]. Structural studies revealed that the PAH domains of Sin3 form helix-
loop-helix folds similar to those of the Myc family of transcription factors suggesting that
PAH domains may serve as protein-binding interfaces. Indeed, through these domains, Sin3
interacts with a plethora of proteins and serves as a scaffold to tether different enzymatic
activities to sequence-specific transcription factors (Figure 1). Biochemical studies have
identified 8 core components of the Sin3 complex: Sin3, HDAC1/2, RBBP4/7
(Retinoblastoma-binding protein), SAP18 (Sin3-associated protein), SAP30, and SDS3 [8].
Additional Sin3-interacting factors including SAP130, SAP180, BRMS1 (breast cancer
metastasis suppressor 1), ING1/2 (inhibitor of growth protein), RBBP1, the plant
homeodomain (PHD) protein PF1, and the chromodomain protein MRG15 have
subsequently been identified, and are believed to stabilize Sin3 interactions with various
components of the complex and/or chromatin [9-12]. Sin3 has also been reported to
associate with chromatin-modifying enzymes and transcription factors such as the histone
demethylase KDM5A, Rb (Retinoblastoma), p130, p53, the histone methylase ESET, NCoR
(nuclear receptor corepressor), the transcription factor E2F4, and the ATP-dependent
helicase BRG1, which tether Sin3 complexes to genomic loci and facilitate the modification
of chromatin structure [10,13-19].

Exactly how Sin3 can interact with so many different enzymes and/or transcription factors in
a cellular context-specific manner remains unclear. One hypothesis is that the PAH1 and
PAH2 domains of Sin3 are flexible and can fold into numerous confirmations generating a
diverse repertoire of specific protein-protein interfaces [20-22]. Whether extrinsic forces
influence Sin3’s protein structure to favor certain interactions over others, however, is not
known. Additionally, Sin3 is known to interact with adaptor proteins like SAP30 to bridge
other factors such as RBBP1 and the Rb family of proteins to Sin3 complexes [10].
Phosphorylation of RBBP1 and Rb by cyclin-dependent kinase (CDK)-Cyclin complexes
during cell cycle blocks their association and prevents Sin3-HDAC and E2F4 repressive
complexes from repressing E2F target genes [23]. It is likely that other protein modifications
occur either on Sin3, core factors of the Sin3 complex, or associated factors that modulate
their interactions [24].

In mammals, Sin3A and Sin3B have highly similar sequences and structures when
associated with known interactors [25]. This explains how both isoforms associate with
similar factors such as Mad1. Yet, other factors such as Foxk1/2 (forkhead box protein) and
the methyl CpG-binding protein MeCP2 or PF1 and E2F4 preferentially interact with Sin3A
or Sin3B, respectively, despite the almost ubiquitous expression of both Sin3A and Sin3B
proteins [17,26—-28]. One possible explanation for this specificity may be the differences in
structure observed for the apo-form of the PAH2 domain between Sin3A and Sin3B [29].
Additionally, the differences in amino acid sequences between Sin3A and Sin3B outside the
six evolutionarily conserved domains may be sufficient to generate unique protein-
interaction sites. It will therefore be important to perform biochemical and proteomic studies
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on Sin3A and Sin3B individually to identify novel protein interactions instead of relying on
one isoform to infer interactions with the other.

Along similar lines, it is now appreciated that Sin3 is a scaffold for several complexes that
function in unique cellular processes. In both yeast and mammalian cells, a large (Rpd3L)
and a small (Rpd3S) Sin3-containing complex have been described [28,30,31]. In yeast,
these complexes share the core components Sin3, Rpd3, and Umel but also contain unique
components such as Sds3 for Rpd3(L) and the PHD-containing Rcol and the
chromodomain-containing Eaf3 for Rpd3(S). Moreover, the molecular mechanism engaged
by each complex to repress transcription is distinct. The Rpd3(L) complex, via its interaction
with sequence-specific transcription factors, is tethered to the promoters of discrete genes
and deacetylates histones to prevent access for the transcription machinery. On the other
hand, the Rpd3(S) complex binds to gene bodies of actively transcribed genes through the
direct recognition of H3K36me3 by Eaf3. There, Rpd3(S) deacetylates histones in the wake
of Polll progression to prevent intragenic cryptic transcription [32]. In mammals, a
homologous complex to the Rpd3(S) complex has been described, and it similarly associates
within actively transcribed gene bodies [28]. Intriguingly, this complex contains Sin3B but
not Sin3A, demonstrating isoform specificity within Sin3 complexes in mammals. In support
of this, a recent study described a Sin3A-specific complex that associates with Foxk1 at the
promoters of autophagy genes in muscle cells to repress their expression during normal
growth conditions [26].

2.3. Nonredundant functions of Sin3A and Sin3B

While the sequences of Sin3A and Sin3B are highly similar, mouse Sin3A is more closely
related to human Sin3A than mouse Sin3B, suggesting that each isoform evolved to perform
specialized functions. This is supported by biochemical data showing that Sin3A and Sin3B
can exist in distinct complexes, as presented above, and by studies investigating the role of
both Sin3A and Sin3B in development. In Drosophila, Sin3 null mutants die during larval
development. However, each of the three Sin3 isoforms in Drosophila (Sin3 187, Sin3 190,
Sin3 220) are expressed temporally and in a tissue-specific manner during development,
suggesting that the different Sin3 isoforms regulate distinct genes and pathways [33,34].
Similarly, genetic deletion of either Sin3A or Sin3B prevents embryonic development in the
mouse [35-37]. Yet, while Sin34~/~ embryos did not survive past embryonic day 6.5 (E6.5),
Sin3B~"~ embryos were detected as late as E18.5, indicating nonredundant cellular functions
for Sin3A and Sin3B [35,36]. The defects of Sin3A~~ embryos were due to a requirement
for Sin3A for cell survival whereas the failure for Sin38~~ embryos to develop correlated
with the failure of certain cellular lineages including erythrocytes and chondrocytes to
properly differentiate [35-37].

These differences were also apparent in somatic cells deleted for either Sin3A or Sin3B.
Sin3A~"~ mouse embryonic fibroblasts (MEFs) lose proliferative capacity and rapidly die via
apoptosis [35]. Similar observations were described for thymocytes and mouse germ cells
acutely deleted for Sin3A [37,38]. In contrast, Sin3B is not required for cell viability in
normal growth conditions, but instead is required for cell cycle withdrawal such as cellular
quiescence, senescence, and differentiation following the appropriate cellular signals
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[36,39,40]. While the precise mechanisms Sin3A engages to promote viability in normal and
neoplastic cells remain unclear, a growing literature supports a model where Sin3B functions
with the Rb family of proteins (Rb, p107, and p130) and E2F4 to repress the transcription of
E2F target genes during cell cycle withdrawal [10,13,14,17,36].

2.4 Sin3B, E2F4, and the Rb family of proteins: partners in gene repression to promote cell

cycle exit

The regulation of cell cycle gene expression is a highly coordinated process and ensures that
the appropriate genes are expressed according to the stage of cell cycle. The restriction
point, the time in cell cycle where a cell commits to either fully complete a cell cycle and
divide or instead to exit cell cycle, is regulated by the coordinated action of the Rb family of
proteins and CDKs [41]. Hypophosphorylated Rb associates with and sequesters activating
E2F transcription factors (E2F1, E2F2, and E2F3), thus preventing their ability to bind their
target genes and to promote cell cycle progression [41,42]. Additionally, recent work has
identified a complex in mammalian cells named DREAM, containing p130 (and p107 in
instances when p130 is absent), E2F4, the transcription factor DP1, and the MuvB (multi-
vulval class B) core, that is essential for the repression of pro-proliferative cell cycle genes
in quiescence [43-45]. When a cell commits to entering cell cycle, p130 dissociates from
DREAM at least in part due to changes in its phosphorylation status [43,46]. In tandem,
CDKA4/6-Cyclin-D complexes phosphorylate Rb and prevent its binding to activating E2F
complexes. These actions simultaneously relieve the transcriptional repression of cell cycle
genes and free activating E2F complexes to associate at the promoters of their target genes.
Accordingly, the cell upregulates pro-proliferative cell cycle genes and initiates the
replication of its DNA [42,47].

The initial hints of functional interplay between Sin3 and the Rb family came through the
observations that the Rb family of proteins requires class | HDACs for part of their
repressive activity [48-50]. Additionally, Sin3B and HDAC1 associate with the DREAM
complex supporting the earlier observations that, in quiescent cells, p130 and E2F4
association at specific promoters correlates with histone hypoacetylation [17,51]. RBBP1, a
bridging factor that binds to Rb family members, associates with SAP30 and recruits Sin3-
HDAC to Rb family complexes (Figure 1). This recruitment of Sin3-HDAC to Rb accounted
for all of Rb’s HDAC repressive activity demonstrating a functional link between Sin3 and
Rb [10]. Moreover, in quiescent cells, E2F4, p107, p130, HDAC1, and Sin3B colocalize at
genes, such as cyclin A and E2F1, whose expression is initially repressed but increases as a
cell progresses through G1 [17]. Consistently, the recruitment of Sin3B and HDAC1 to the
promoter of these genes required p107, p130, and an intact E2F4-binding site [17].

The generation and characterization of Sin38~ embryos and cells provided genetic
evidence for a functional association between Sin3B, the Rb family of proteins, and E2F4.

In Sin3B~"~ embryos, chondrocytes and erythrocytes failed to terminally differentiate similar
to observations made for p130~ p107/~, E2F4™", and Rb1~/~ embryos [52-54]. /n vitro,
Sin3B™~ MEFs failed to exit cell cycle following the overexpression of the tumor
suppressor p16'"k4a again reminiscent of p130~~ p107/~, E2F4™~, and Rb1/~ MEFs
[52,54]. In hepatocytes, which are a largely quiescent, Sin3B localized to the promoters of
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E2F targets cyclin £, E2F1, and b-myb and was required for their repression [36]. These
studies support a model where Sin3B along with HDACL1 is recruited to the promoters of
E2F target genes by the Rb family of proteins and E2F4 to deacetyate their histones and

repress their transcription (Figure 2).

However, it is clear that Sin3B is essential for cellular differentiation both /n vitroand in
vivo [13,14,36], yet acetylation/deacetylation of histones is not believed to be sufficient for
the stable silencing of genes. In this regard, it was shown that Rb is required for H3K27me3,
a repressive histone mark, to be deposited and maintained on cell cycle genes for their
permanent silencing during the differentiation of myoblasts into myotubes /in vitro [55].
Similarly, an analysis of the genomic occupancy of Sin3A/B, E2F4, and KDM5A, a H3K4
demethylase, demonstrated that all four proteins associate at a subset of cell cycle gene
promoters in order to modify their histones, compact the surrounding chromatin, and
permanently turn off their expression as myoblasts differentiate into myotubes (Figure 2)
[14]. Accordingly, mice with muscle-specific deletion of Sin3A and/or Sin3B revealed a
coordinated role for these proteins in the repression of cell cycle genes and maintenance of
differentiated muscle cells in vivo [13]. Surprisingly, KDM5A was shown to require MRG15
to associate specifically with Sin3B within the mammalian homolog of the Rpd3(S) complex
[14,28,56,57]. How KDMB5A associates at similar genomic loci as Sin3A in differentiating
muscle cells remains unclear, but one possibility is that Sin3B-containing complexes
associate with Sin3A-containing complexes, consistent with immunoprecipitation studies
that have demonstrated that Sin3A and Sin3B interact at sub-stoichiometric levels [14,26]. A
recent report demonstrated coordinated repression of cell cycle targets by p130, E2F4, and
KDMS5A as embryonic stem cells differentiate [58]. Whether the mammalian Rpd3(S)
complex is required for the recruitment of KDMB5A to these loci and more broadly whether
Sin3B participates in gene silencing as stem cells differentiate is not known.

3. Sin3B expression in cancer

The analysis of numerous public databases documenting genomic alterations failed to
identify recurring mutations within the Sin3B coding regions in any cancer type. However,
interrogation of Sin3B expression in different tumors revealed that in pancreatic cancer,
Sin3B protein levels are inversely correlated with the disease stage [39,40]. Similarly,
analysis of publicly available expression databases revealed that Sin3B is significantly
downregulated in human prostate adenocarcinoma compared to normal prostate tissue [59].
These results were confirmed by the observation that the transcriptional program engaged by
the Sin3B-HDAC complex is altered in human prostate adenocarcinoma, even in cases
where Sin3B expression was not altered [59]. These observations suggest that a better
readout for Sin3B alterations in cancer may lie in the assessment of its target genes’
expression, rather than Sin3B expression itself. Such an approach would be consistent with
the notion that in addition to Sin3B, alterations of other components of its associated
complex(es) would result to a similar functional outcome. In that aspect, it is important to
note that the expression levels of several components of the Sin3B small complex are altered
in solid tumors. These include EMSY, which was first identified as amplified in breast
cancer and in higher-grade ovarian cancer [60] as well as PF1 and KDM5A, which are all
significantly overexpressed in breast cancers [60,61]. Additionally, while Sin3B expression
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levels are not significantly different between healthy individuals and patients affected by
blood malignancies, increased Sin3B levels are predictive of a poor prognosis in acute
myeloid leukemia (AML; discussed below) [62]. The bases for such effects are currently
unknown, but may be related to Sin3B’s ability to regulate HSC differentiation and
quiescence [63]. The fact that the expression levels of Sin3B or its associated partners may
be either increased or decreased depending on malignancy type likely reflects the wide range
of Sin3B targets and its organ-specific biological functions.

These data coupled with the fact that Sin3B-containing complexes are important for the
transcriptional repression of cell cycle genes during differentiation and quiescence support
further investigation of how Sin3B-mediated cell cycle exit affects cancer development and
progression. Cellular senescence, a permanent form of cell cycle withdrawal, has recently
emerged as a central regulator of cancer initiation and progression, warranting the
investigation of the role of the Sin3B-containing complexes in this biological process.

4. Sin3B mediated cellular senescence

4.1. The dual roles of cellular senescence

Cellular senescence is a form of cell cycle exit distinct from quiescence and terminal
differentiation that has been implicated in numerous disease processes such as aging, wound
healing, and cancer [64]. Numerous cellular stressors including genotoxic agents, oncogene
activation, loss of tumor suppressors, exposure to reactive oxygen species, and aging can
trigger the loss of proliferative capacity and promote entry into cellular senescence. The
mechanisms that promote entry into senescence remain incompletely understood, but are
known to include the activation of the DNA damage response and the engagement of cellular
effectors such as p53, p16'"k4a and Rb that enforce the molecular programs required for cell
cycle exit [64,65]. Additionally, chromatin-modifying complexes are essential for the
reorganization of chromatin structure in senescent cells and the maintenance of the senescent
state [66]. In senescent cells, the promoters of E2F target genes are enriched for Rb, histone
methyltransferases (i.e. Suv39H1), HDACs, and heterochromatic protein 1 (HP1) and are
embedded in senescence-associated heterochromatic foci (SAHF), resulting in the seemingly
irreversible silencing of transcription at E2F loci [67]. While SAHF are a characteristic of
senescent cells, they alone are not sufficient to identify senescent cells. Instead, a set of
senescence hallmarks should be used to identify senescent cells such as senescence-
associated beta-galactosidase (SA-B-gal) positivity, the upregulation of p16/"k4a, the
generation and secretion of the senescence-associated secretory phenotype (SASP), and the
presence of SAHF [68,69].

In the context of cancer, senescence was initially hypothesized to serve as a barrier to tumor
progression. This hypothesis stemmed from several observations. First, ectopic expression of
oncogenes caused primary cells to prematurely senesce /in vitroin a process termed
oncogene-induced senescence (OIS) [70]. Second, senescent cells are detected in
preneoplastic lesions, but not in the corresponding cancerous tissues, in both mice and
humans [71]. And third, genetic ablation of the effector programs of senescence (i.e. p53,
p16'"k42 and Rb) in mouse models of cancer leads to accelerated disease progression and
decreased disease-free survival [72—74]. Together, these observations support a model where
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oncogene activation drives a cell into cellular senescence, ultimately preventing the
proliferation of a potentially deleterious pre-cancerous cell.

In addition to exiting the cell cycle, senescent cells secrete a distinct set of proinflammatory
cytokines, growth factors, and matrix metalloproteases collectively termed the SASP
[75,76]. The SASP is thought to signal in both an autocrine and paracrine manner to
reinforce cellular senescence and promote senescence in neighboring cells [75,77,78].
Furthermore, in early preneoplastic lesions, the SASP recruits immune cells that are
responsible for clearing potentially deleterious senescent cells. Consistently, abrogation of
the SASP or immune cell depletion prevents senescent cell clearance and accelerates tumor
progression in various mouse models of cancer, supporting an antitumorigenic role for the
SASP [79-81]. Conversely, studies have also demonstrated that conditioned medium from
senescent fibroblasts promotes the growth and invasion of cancer cells /in vitro[76,82,83].
Additionally, coculture with senescent fibroblasts accelerates the growth of cancer cells in
mouse xenografts [76,82,83]. In specific mouse models of cancer, the SASP can also
promote an inflammatory microenvironment that accelerates cancer progression [40,84,85].
A recent study using a mouse model of hepatocellular carcinoma (HCC) reported that the
SASP played distinct roles depending on the stage of tumorigenesis [85]. As discussed
above, in precancerous lesions, the SASP recruited immune cells that eliminated
preneoplastic senescent cells and prevented tumor progression. However, in the presence of
fully transformed cells, the inflammatory microenvironment generated by the SASP fueled
their growth, resulting in accelerated tumor progression [85]. These studies support a model
where the SASP initially restricts the progression of preneoplastic lesions (Figure 3).
However, as cells bypass or escape senescence and become fully transformed cancer cells,
the SASP promotes their growth and invasive potential (Figure 3). Therefore, targeting
senescent cells and/or the SASP at specific stages of cancer progression may represent a
novel strategy for the treatment of various cancers [86].

4.2. Targeting Sin3B-mediated cellular senescence

We previously demonstrated that Sin3B is required for both replicative senescence and OIS
in primary fibroblasts, due to its ability to silence the expression of pro-proliferative E2F
target genes [39]. As such, targeting Sin3B may serve as an effective method to prevent the
detrimental consequences of SASP production in cancer. In support of this, we found that
pancreatic-specific genetic inactivation of Sin3Bimpaired PDAC progression in mice [40].
In Sin3B-deleted pancreata, pancreatic intraepithelial neoplasms (PanIN), the preneoplastic
lesion in PDAC, were devoid of senescent cells and did not express SASP factors such as
IL-1a and IL-6. Accordingly, the recruitment of immune cells and the activation of
inflammatory pathways were significantly decreased in Sin3B-deleted pancreata [40]. Other
observations similarly point to the possibility that targeting SASP factors improves PDAC
prognosis. IL-1a expression, which has been proposed to be an initiating event for the
generation of the SASP [87], predicts poor prognosis in PDAC patients, and the
pharmacological inhibition of the IL-1 receptor (IL-1R) reduces tumor burden in mice
[88,89]. Moreover, IL-6 was required for PanIN progression and its deletion prevented
PDAC formation [90]. Additionally, targeting of the NF-xp pathway, which functions
downstream of IL-1R activation, abolishes the SASP, prevents the generation of an
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inflammatory microenvironment, and greatly improves overall survival in a mouse model of
PDAC [88,91]. Together these studies demonstrate that targeting both upstream mediators of
the SASP, such as Sin3B, and the effector arms of the SASP, such as IL-1a and IL-6,
efficiently prevents PDAC progression. It will therefore be important to assess whether
inhibition of Sin3B similarly mitigates the negative impact of the SASP in other types of
cancer, such as HCC.

However, because loss of Sin3B also prevents the cell cycle withdrawal of cells expressing
oncogenes [39], inhibiting Sin3B may affect different cancer types in distinct ways. One
study reported that decreased Sin3B levels correlated with worse survival and increased
metastasis in breast cancer [92]. Additionally, in lymphoma cells derived from Eu-tTA/tet-
O-MYC mice, c-myc-induced miR-17-92 targeted Sin3B mRNA transcripts for degradation.
This miR-17-92-dependent decrease of Sin3B levels, along with other miR-17-92targets,
prevented the premature entry into senescence of lymphoma cells [93]. Recently, we
assessed the role of Sin3B in prostate cancer progression using PTEN deletion to model
prostate adenocarcinoma (PCa) in mice [59]. Similar to our observations in PDAC, Sin3B
was required for senescence of prostatic intraepithelial neoplasms, the preneoplastic lesions
in PCa. However, unlike what was reported in PDAC, Sin3B deletion promoted PCa
progression and PCa cell invasion [59].

The differences in the impact of Sin3B inactivation in PDAC and PCa progression likely
highlight the different contributions of senescence and SASP in these cancers. PDAC is a
highly inflammatory disease and increased inflammation is associated with worse prognosis
in patients. Moreover, as discussed above, studies that target the effector arms of the SASP
have proven effective at improving disease outcome [88-90]. In contrast, enhancing
senescence and the SASP in PCa sensitizes prostate cancer cells to cytotoxic therapies and
improves survival in mice [94-96]. Moving forward, it will be important to determine the
role of the SASP in specific subtypes of cancers in order to determine whether pro-senescent
or anti-senescent therapies are appropriate. Additionally, studies should attempt to perturb
the SASP at different stages of cancer development using either chemical compounds or
temporal ablation of SASP effector pathways, instead of using mouse genetic models where
specific genes are deleted prior to cancer development. These studies could then better
reflect the treatment of cancer patients in the clinic and provide important insight into the
therapeutic potential of SASP inhibition at different stages of cancer progression.

5. Targeting Sin3B-mediated quiescence to eliminate cancer stem cells

5.1. Targeting cancer stem cell quiescence sensitizes cells to cytotoxic therapy

Studies over the past decades have identified that cancer cell populations are heterogeneous
and hierarchically organized. In leukemia as well as in some solid tumors, it is thought that a
subpopulation of self-renewing cancer stem cells (CSCs) sustains the long-term growth of
the cancer. Critically, in both mouse models of cancer and in clinical studies, CSCs have
been found to be resistant to commonly employed therapies and are often responsible for
disease relapse [97]. Therefore, in order to provide long-term disease remission to patients,
new therapeutic strategies are needed that target and eliminate CSCs.
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A common theme across numerous cancerous types such as AML, melanoma, breast cancer,
and colon cancer is the observation that CSCs are a slow-cycling population of cells [98—
100]. In these cancers, treatment with traditional cytotoxic therapies that target actively
cycling cells fails to eradicate quiescent CSCs. These quiescent CSCs then drive disease
relapse following treatment [101]. One strategy that has been utilized to sensitize CSCs to
therapy is through the ablation of cellular pathways required for the maintenance of
quiescence. For example, in chronic myelogenous leukemia (CML), which is known to
contain quiescent CSCs that are resistant to imatinib, targeting FBXW?7 prevented CSC
quiescence and synergized with imatinib to eradicate CSCs and improve disease outcome in
mice [102,103]. Similarly, forcing AML CSC reentry into cell cycle through the
administration of G-CSF sensitized these cells to cytotoxic therapy and improved survival in
mice [104]. Finally, inhibiting CSC quiescence in breast cancer also sensitized cells to
therapy, suggesting that this strategy has efficacy across multiple cancer types [105].
Therefore, the identification of novel strategies to prevent quiescence in CSCs will likely be
useful for the treatment of cancer patients.

5.2. Sin3B as a potential mediator of CSC quiescence

Recently, we identified a critical role for Sin3B in maintaining quiescence of hematopoietic
stem cells (HSCs) [63]. Similar to observations made in somatic cells, Sin3B loss resulted in
the upregulation of E2F target genes in HSCs. Moreover, we found that Sin3B associated
with E2F4, KDM5A, and HDACL in the HSC-like HPC-7 cell line suggesting that Sin3B
complexes that regulate cell cycle exit in somatic cells likely mediate similar effects in HSCs
[63]. Factors that have been reported to be required for HSC quiescence are often required
for leukemic stem cell (LSC) quiescence, and approaches that target LSC quiescence have
been successful at eliminating LSCs in mouse models of AML and have been used in
patients [99,106]. In this regard, targeting Sin3B-containing complexes may be an attractive
approach to perturb LSC quiescence and sensitize LSCs to cytotoxic therapies. Indeed, we
identified a subset of AML patients with elevated Sin3B expression levels that had worse
overall survival than patients with no alteration in Sin3B expression levels (Figure 4) [62]. It
will be important for future studies to determine whether Sin3B levels are causative or
correlative in AML prognosis, and whether targeting Sin3B may sensitize LSCs to cytotoxic
therapies due to their increased propensity to reenter cell cycle.

The risk of targeting factors important for normal HSC function is poor tolerance due to
unwanted side effects. For example, while broad HDAC inhibition is effective at eliminating
LSCs in a mouse model of chronic myeloid leukemia, it similarly impacts normal HSCs,
limiting its efficacy [107,108]. We found that Sin3B loss only mildly perturbs steady-state
hematopoiesis [63]. This suggests that a therapeutic window may exist for Sin3B inhibition
in AML patients. Since Sin3B likely exists in a variety of complexes that engage different
cellular pathways, strategies should attempt to identify the specific complex that is
biologically relevant to the regulation of quiescence and disrupt its assembly and/or function
[109]. One potential Sin3B containing complex that could be targeted is DREAM, which has
previously been shown to promote quiescence in gastrointestinal stromal tumors (GIST).
Inhibition of DREAM assembly synergized with imatinib therapy and increased GIST
apoptosis [110].
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6. The use of decoy molecules to inhibit specific Sin3B complexes

As discussed above, Sin3B provides a scaffold for the assembly of several chromatin-
modifying complexes that regulate gene transcription in distinct biological processes [8].
One potential strategy to inhibit these complexes is the use of chemical compounds that
inhibit the specific enzymatic activity of these complexes such as HDAC inhibitors or
histone demethylase inhibitors. However, because these enzymes are often found in
numerous complexes, their inhibition will likely lead to unwanted side effects. A more
promising approach would be to develop inhibitors that prevent the assembly of specific
Sin3B complexes. An intriguing approach is the use of decoy molecules that mimic the
structure of Sin3B domains and competitively inhibit Sin3B associated factors from binding
to Sin3B complexes. Sin3-interacting domain (SID) decoys, which resemble the PAH2
domain of Sin3A and Sin3B, have been successfully used to inhibit breast cancer growth
both in vitroand in vivo[111,112]. These studies demonstrate that decoy molecules
effectively disrupt Sin3A and Sin3B complex assembly and inhibit their associated activities
to target cancer cells. It will therefore be important to continue to identify novel Sin3B-
associated factors that mediate specific Sin3B complex functions. By subsequently
identifying the critical interacting domain for such interactions coupled with structural
studies of the conserved domains of Sin3B, decoy molecules can be designed that prevent
the assembly of Sin3B complexes and subsequently inhibit their function.

7. Expert opinion

The past couple decades of research has identified essential functions for Sin3B complexes
in numerous physiological and pathological processes [8]. While it is appreciated that Sin3B
functions as a scaffold for multiple chromatin-modifying complexes, the identity of these
complexes remains elusive [8,28,56]. Much of the work identifying Sin3B interactions relied
on targeted immunoprecipitation experiments based on previous work performed on yeast
Sin3 or the closely related Sin3A. Since it is clear that Sin3A and Sin3B mediate
nonredundant cellular functions in mammalian cells, delineating differences in complex
composition between the two paralogues will likely inform the specific cellular pathways
regulated by each Sin3 protein. Unbiased approaches should be utilized to identify specific
Sin3B complexes in both primary and cancer cells.

Along similar lines, many of the studies into Sin3B complex function have yet to identify
the specific interactions that mediate its functions. While there is clear evidence that the Rb
family of proteins recruit and associate with Sin3B complexes at E2F target genes to repress
their expression during cellular quiescence, differentiation, and senescence [17,36], little is
known about the exact domains within Sin3B that are responsible for this function.
Moreover, studies have suggested that distinct Sin3B complexes regulate different forms of
cell cycle withdrawal through unique mechanisms. For example, Sin3B complexes are often
associated at the promoters of E2F loci in quiescent cells whereas they are found in
intragenic regions of E2F loci in differentiating muscle cells [14,17,36]. Furthermore,
KDMBA interacts with Sin3B and associates at similar E2F loci as muscle cells differentiate.
This suggests that the mammalian Rpd3(S) complex containing Sin3B likely contributes to
cell cycle exit during myoblast differentiation. Whether this complex is similarly important
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for quiescence and senescence or whether the mammalian Rpd3(L) complex containing
Sin3B mediates these functions remains unknown. While interaction studies shed light into
the mechanisms used by Sin3B to mediate these forms of cell cycle exit, future experiments
should attempt to identify the critical Sin3B interactions and Sin3B domains for quiescence,
differentiation, and senescence through the use of Sin3B mutants that prevent specific
associations. This would aide in the development of decoy molecules that prevent specific
Sin3B-containing complex formation and functions in cells.

In this review, we discuss how eliminating the SASP prevents PDAC progression and
inhibits the growth and invasion potential of cancer cells [40,76,88,90]. Sin3B inhibition
likely prevents the SASP by abrogating the senescence process entirely. As such, its
inhibition in cancer may pose a risk by increasing the proliferative capacity of cancer cells
as has been observed in lymphoma and PCa cells [59,93]. An alternative approach could be
to identify the mechanisms downstream of Sin3B that specifically upregulate the SASP. We
observed that Sin3B modulated IL-1a production in PDAC both /n vitroand in vivo [40]. It
has been proposed that activation of IL-1a is an initiating event for the SASP [83,87], yet
the mechanisms that activate IL-1a are not known. A better understanding of the
mechanisms both upstream and downstream of IL-1a activation will greatly improve our
understanding of how the SASP is initiated and maintained and provide numerous molecules
that can be targeted to inhibit the SASP.

In conclusion, we believe that an improved understanding of the composition of specific
Sin3B containing complexes will enable the generation of novel therapeutic strategies for the
treatment of cancer. Specifically, we propose that Sin3B inhibition may be useful for
targeting the CSC population and for dampening the proinflammatory, pro-tumorigenic
aspects of the SASP. Moving forward, studies should not merely investigate the functions of
Sin3B, but instead delineate the specific Sin3B interactions that mediate specific
physiological and pathological processes.
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Avrticle highlights

. Sin3B is a scaffold for the assembly of various chromatin-modifying
complexes.

. Sin3B-containing complexes, through their association with the Rb family of
proteins, E2F4, and KDM5A are critical for the repression of E2F pro-
proliferative target genes during cellular quiescence, differentiation, and
senescence.

. Targeting Sin3B ablates the senescence-associated secretory phenotype
(SASP) and prevents pancreatic ductal adenocarcinoma (PDAC) progression
in mice.

. Sin3B is required for hematopoietic stem cell (HSC) quiescence and its
inhibition could force quiescent cancer stem cells to cycle and sensitize them
to cytotoxic therapies.

. Decoy molecules effectively prevent the assembly of Sin3 complexes and
represent a unique strategy for the inhibition of specific Sin3B-containing
complexes.

This box summarizes key points contained in the article.
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Figure 1.
Sin3 and its associated proteins.

Sin3 has 6 evolutionary conserved domains: 4 paired amphipathic domains (PAH, P1-4 in
figure), 1 HDAC interacting domain (HID), and 1 highly conserved region (HCR). The core
complex assembles around the PAH3 and HID domain whereas transcription factors are

thought to associate with the PAH1 and PAH2 domains.
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Figure 2.
Proposed model of Sin3B mediated gene repression during cell cycle exit.

Depicted is a proposed model for Sin3B mediated repression of E2F target genes during cell
cycle withdrawal. (a) Depicted is a gene locus targeted by activating E2F transcription
factors during normal cell growth where the promoter has activating histone marks. The
chromatin is accessible for binding of the transcription machinery. (b) During cell
quiescence, Sin3B-HDAC complexes associate at the promoters of E2F target genes through
the recruitment of E2F4 and the Rb family of proteins. There, Sin3B-HDAC complexes
deacetylate histones to impair to accessibility of the locus. (c) During differentiation, a
Sin3B-HDAC-KDM5A complex bind to intragenic regions of E2F target genes to deaceylate
and demethylate histones in order to compact chromatin and repress transcription. Whether
MRG15 contributes to the binding to H3K36me3 is not known.
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Figure 3.

The dual role of the SASP in tumor progression.

Depicted is a model for the role of the SASP at distinct stages of cancer development. (a) In
early preneoplastic lesions, cells that acquire oncogenes become senescent. These cells exit
cell cycle and generate the SASP, which functions in an autocrine manner to enforce
senescence and in a paracrine manner to promote neighboring cells to become senescent.
The SASP further recruits various types of immune cells, which recognize and clear
senescent cells. (b) In more developed neoplastic lesions that contain fully transformed cells,
the SASP generates a pro-inflammatory environment. Fibroblasts are also involved in
generating the proinflammatory SASP. This in turn increases the proliferative and invasive
capacity of transformed cells.
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Figure 4.
Increased Sin3B expression correlates with poor prognosis in acute myeloid leukemia.

Data was acquired and visualized through cbioportal from the study done by The Cancer
Genome Atlas Research Network [62]. (a) Oncomine plot for Sin3B status (both exome-
sequencing and RNA-sequencing) showing that Sin3B is upregulated or amplified in a small
subset of patients. High Sin3B levels correlates with intermediate or poor risk disease. (b)
Worse overall survival for patients with increased Sin3B expression. Curves were compared
using the log-rank test.
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