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ABSTRACT

REGULATION OF THE MAMMALIAN RETINOBLASTOMA PATHWAY BY
THE UBIQUITIN-PROTEASOME SYSTEM

By
Satyaki Sengupta
The Retinoblastoma (RB) family of proteins play critical roles in normal development through
their governance of genes involved in cell fate. During normal growth RB family activity is tightly
regulated through Cdk-dependent phosphorylation, resulting in their dissociation from E2F family
transcription factors. In addition, the RB pathway is also governed through the ubiquitin-
proteasome system, with deregulated degradation of RB proteins frequently associated with human
cancer. Recent studies from our labs have shown in Drosophila that the Retinoblastoma family
(Rbf) proteins are subjected to proteasome mediated turnover during embryonic development and
this process enhances Rbf engagement in transcriptional repression. This positive link between
Rbf1 activity and its destruction indicates that repressor function is governed in a manner similar

to that described by the degron theory of transcriptional activation.

To understand the relationship between RB family stability and their repressor function
during early mammalian development, we initiated studies in mouse embryonic stem (ES) cells.
Our studies suggest that differentiation of mouse ES cells is associated with the establishment of
a functional RB pathway and simultaneous changes in stability of RB family members. As
pluripotent ES cells are characterized by unrestrained cdk activity which plummets at the onset of
differentiation, we speculated that the observed changes in protein stability upon ES cell
differentiation reflects an intimate relationship between RB phosphorylation and stability. Indeed,
we show that phosphorylation dependent turnover of RB, p107 and p130 is mediated by an

evolutionarily conserved and autonomous instability element (IE) located in their C-terminal



regulatory domain. Moreover, stabilizing mutations within the IE elements also debilitate them for
transcriptional repression. We conclude that the overlap of degron sequences and repression
modules is a conserved feature shared among the RB homologues, and represents a novel mode of
transcriptional repression. Together, these findings implicate the Retinoblastoma family IE region
as a regulatory nexus linking repressor potency to the ubiquitin-proteasome system in development

and disease.
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CHAPTER 1: INTRODUCTION!

!Part of the work described in this chapter is used in the following manuscript: Satyaki Sengupta
and R. William Henry (2015) Regulation of the RB-E2F pathway by the ubiquitin-proteasome
system, Invited review from Biochemical Biophysical Acta. (BBA) Gene Regulatory Mechanisms



Abstract

The Retinoblastoma tumor suppressor (RB) and its related family members p107 and p130 regulate
cell proliferation through the transcriptional repression of genes involved in cellular G1 to S phase
transition. However, RB proteins are functionally versatile, and numerous genetic and biochemical
studies point to expansive roles in cellular growth control, pluripotency, apoptotic response,
genomic stability, metastasis, and senescence. For the vast majority of genes, RB family members
target the E2F family of transcriptional activators as an integral component of its gene regulatory
mechanism. These interactions are regulated via reversible phosphorylation by Cyclins/Cyclin-
dependent kinase (Cdk) complexes, a major molecular mechanism that regulates transcriptional
output of RB/E2F target genes. Recent studies indicate an additional level of regulation involving
the ubiquitin-proteasome system that renders pervasive control over each component of RB
pathway. Disruption of the genetic circuitry for proteasome-mediated targeting of the RB pathway
has serious consequences on development and cellular transformation during cancer progression,
and is associated with several forms of human cancer. In this review, | discuss the role of the
ubiquitin-proteasome system in proteolytic control of RB-E2F pathway components, and recent
data that points to surprising non-proteolytic roles for the ubiquitin-proteasome system in novel

transcriptional repression mechanisms.



Retinoblastoma tumor suppressor protein

Precise regulation of cell cycle is key to normal development and maintenance of
physiological homeostasis. Disruption of these regulatory mechanisms leads to deregulated
cellular proliferation associated with human cancers (1, 2). Retinoblastoma (RB) protein actively
engages in transcriptional repression of cell cycle genes and thereby coordinates from G1-to-S
phase transition during cell cycle to limit aberrant cellular proliferation (3). Historically, RB was
attributed as a tumor suppressor protein through studies that implicated mutation in the RB1 gene
as a causal event in the development of Retinoblastoma, a devastating cancer of the juvenile retina
(4). We now know that mutations in RB “per se” or it’s inactivation through upstream mechanisms
is a common theme in cancer initiation (3). Besides its anti-proliferative function, RB employs a
repertoire of others tumor suppressive mechanisms pertaining to regulation of apoptosis, genomic

stability senescence, pluripotency, tumor metabolism, angiogenesis and metastasis (3).

In mammals, the RB family is composed of RB, and the RB-like proteins p107 (RBL1)
and p130 (RBL2). These transcriptional repressor proteins are primarily related through the
conservation of the cyclin fold pocket domains that provides a docking interface for co-regulatory
factors required for target gene regulation (5). The pocket domain is evolutionarily conserved and
can be easily recognized in RB proteins from diverse metazoan species, including two members,
Rbfl and Rbf2, found in Drosophila species (6). In the canonical repression mechanism, RB
interacts with and actively blocks the function of a heterodimeric transcription factor complex
composed of E2F and DP proteins bound to gene promoters (7, 8). The E2F family is composed
of multiple members, but only some of these (E2F1-3) function as transcriptional activators in
humans, while others (E2F4-8) lack activator capacity per se, but instead can function as co-

repressors when tested in gene expression assays (7, 8). RB associates preferentially with E2F1-



3 complexes, while p107 and p130 tend to associate with the co-repressor class of E2F complexes
(7, 8). Similar E2F specialization has been observed in Drosophila with dE2F1 providing activator

functionality while the only other member, dE2F2, functions as transcriptional repressor (6).

RB interacts with E2F1 in a highly modular fashion to influence differential gene
regulation. RB is organized into three structured regions that includes the N-terminus (RB-N), the
Pocket domain (RB-pocket) and the C-terminus (RB-C) (5). RB-pocket binds to E2F1-
transactivation domain (E2F1-TAD) to regulate transcription of cell cycle genes (9, 10, 11, 12)
whereas RB-C interacts with the E2F1-Coiled-Coil-Marked Box domain (E2F1-CC-MB) to
regulate transcription of apoptotic genes (11, 13, 14). Each interaction is regulated by distinct
phosphorylation events that induce significant allosteric changes to impede the function of one
domain while potentially leaving other functionality intact (15). In vivo, targeted disruption of the
interaction between RB-pocket and E2F-TAD leads to severe impairment of RB-mediated
repression of cell cycle genes, although surprisingly these animals undergo normal development
and show no evidence of tumor formation (12). Together these studies suggest that RB-pocket
dependent interaction with E2F-TAD is necessary for RB mediated transcriptional repression, but

is dispensable for its tumor suppressor function.

Another interesting and conserved feature of the RB family pocket domain is the presence
of a conserved hydrophobic cleft that provides a binding surface for Leu-X-Cys-X-Glu (LXCXE)
containing peptides. This is particularly intriguing because LXCXE serves as a signature motif in
several RB-interacting proteins such as chromatin modifying enzymes and chromatin remodelers
(16). In vivo an allele of RB that lacks functional LXCXE binding cleft (RBAY 2%) is impaired for
interaction with several chromatin modifying enzymes such as RBP1, Sin3, CtBP, HDAC1,

HDAC2 while retaining intact binding with E2F1(17) . Consistent with the role of repressive



chromatin in RB mediated gene regulation, several cell cycle genes are derepressed in RB1AY AL
cells during quiescence and oncogenic senescence, in part through deficiencies in establishing
heterochromatin marks on target genes (17, 18). Together these studies suggest that L-X-C-X-E
dependent interactions with the transcriptional machinery is critical for establishing an epigenetic

landscape suited for RB mediated transcriptional control (16, 17, 18).

Regulation of RB-E2F pathway: general mechanisms

Attesting to its central significance in growth control, the RB/E2F pathway is subjected to
tight regulation. In the canonical pathway, sequential RB phosphorylation by the Cyclin-D/Cdk4
and Cyclin-E/Cdk2 complexes during G1-S phase progression, mitigates the two general sets of
interactions that are essential for RB-mediated repression, namely E2F/DP association and co-
factor binding (Figure 1-1) (19-24). An emerging, but surprising model of RB regulatory tactics
suggests that RB is phosphorylated at only one of its many potential sites by Cyclin-D/Cdk4 during
early G1, whereas RB becomes hyper-phosphorylated by Cyclin-E/Cdk2 in late G1 allowing
wholesale activation of E2F driven transcription of cell cycle genes required for S phase function
(25). Rather than blocking global RB function, early but limited phosphorylation may create a
suite of RB molecules with specialized functions depending upon particular phosphorylation
events. Such restrained phosphorylation may provide for more refined regulation of target genes
with selective association of some co-regulatory factors, such as histone deacetylases or ATP-
dependent chromatin remodeling factors at some target genes. In addition to control by reversible
phosphorylation, output of the RB pathway can also be influenced by modulating the abundance
of RB through transcriptional and post-transcriptional mechanisms (26). In vivo RB transcription
is cell cycle independent, however steady state abundance of RB-mRNA is governed through

autoregulatory feedback circuits in a highly cell and tissue specific manner (27).



Figure 1-1. Regulation of RB-E2F pathway during cell cycle progression
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Figure 1-1 (cont’d)

During G1, RB is actively engaged in repression of cell cycle genes (OFF) by binding to, and
inhibiting E2F-DP heterodimer. RB mediated transcriptional repression also depends upon
interaction with chromatin remodelers (e.g., Brgl) and chromatin modifying enzymes (e.g.,
HDAC). During S-phase, multisite phosphorylation mediated by Cyclin D/Cdk4 and Cyclin
E/Cdk2 disengages RB from E2F-DP and promotes transcription of cell cycle genes (ON). Cyclin
D/Cdk4 and Cyclin E/Cdk2 activity is inhibited by Cyclin-dependent-Kinase Inhibitors (CKIs)

pl6 and p27 respectively.



In contrast, p107 transcription is cell cycle dependent and also subjected to cell type specific
regulatory networks that dictates transcriptional output (28, 29). Oncogenic mutations resulting in
diminished RB transcription have been found in many cancer cell types (30, 31). RB family
abundance is also dictated post-transcriptionally through regulation of protein stability by the
ubiquitin-proteasome system and contributes to cell cycle coupled fluctuations RB levels (32).
Inappropriate degradation of RB proteins through the proteasome is also associated with cellular

transformation driven by viral oncogenes (33).

Ubiquitin-Proteasome mediated regulation of RB family proteins

Polyubiquitination of intracellular proteins directs them for proteasome mediated
degradation (126). Unhindered progression through cell cycle relies on timely degradation of
mitotic and G1 cyclins by the ubiquitin-proteasome system (35). In addition, the proteasome is
also implicated in degradation of RB and E2F family members. While unified by their ability to
repress E2F dependent transcription, RB, p107 and p130 exhibit distinct expression patterns during
cell cycle progression indicating that these factors are regulated through additional mechanisms
governing their steady state levels. Data from cell cycle block and release studies demonstrated
that p130 is abundantly expressed in quiescent cells, while both RB and p107 are maintained at
lower steady state levels (32, 35, 36). As cells progress through G1 to S phase, p107 and RB are
expressed at higher levels, as p130 steady state levels plummet. The best experimental support for
the ubiquitin-proteasome system in these processes was initially noted for p130 turnover involving
the SCFSkp2 E3 ubiquitin ligase complex (32, 36). In this process, p130 regulation is sensitive to
at least two conditions. First, early in cell cycle progression Skp2 activity is rate-limiting for p130
degradation, but upon serum stimulation and progression into S phase, Skp2 levels accumulate

(37-39). Secondly, Cdk4 phosphorylates pl130 to trigger subsequent ubiquitination and



proteasome-mediated destruction (32). The timely destruction of p130 during G1 and S phase has
important consequences for activation of gene expression programs during cell cycle progression.
Firstly, destabilization of p130 during G1-S transition ensures transcriptional activation of
activator E2Fs (E2F1-E2F3), whose expression is repressed by p130-E2F4 complexes (40, 41).
Secondly, as p130 binds to and inactivates Cdk2 (42), its degradation also ensures activation of
Cdk2 that allows progression to S phase. It is interesting that during G1-S transition p130 turnover
is mediated by the same E3 ligase complex employed for turnover of the p27 Cdk2 inhibitor,
reinforcing the timely activation of Cdk2 for coordinated cell cycle progression (43). As noted for
p130, p107 also exhibits a strong linkage between cell cycle progression and turnover, but in a
pattern that was inversely correlated with p130 behavior (32, 35, 36). In this case, p107 turnover
occurs during the point wherein it is engaged in gene repression, suggesting that p107 potency is
linked to its modification and destruction by the ubiquitin-proteasome system. Consistent with this
notion, studies using the Cdk4-specific inhibitor PD-0332991, a cytostatic drug that causes a robust
G1 arrest demonstrated that the hypo-phosphorylated and active form of p107 is degraded by the
proteasome (44). Earlier studies had reported that p107 levels are unaffected by treatment with
proteasome inhibitors. However, in those studies, the effect of proteasome inhibition may have
been obscured because MG132 treatment was carried out in cells that have entered into S-phase,
a period wherein p107 is phosphorylated and refractory to proteasome-mediated turnover (45).
Our studies suggest that dual control of p107 stability and activity is rendered by a C-terminal
instability motif which functions as a phosphorylation sensitive degron to influence protein
turnover and a repression domain that mediates molecular contacts with E2F to mediate gene
repression (46). The instability element is evolutionarily conserved and related sequences are

clearly found in Drosophila Rbfl and human p130 (46, 47). While divergent at the amino acid



level, functionally related features linking activity and proteasome-mediated turnover are also
observed in regions of the human RB C-terminal domain previously demonstrated to mediate
E2F/DP contacts (46). This correlation led us to propose a model for the RB family in which
signaling pathways converge on common motifs to simultaneously regulate protein longevity and
activity.

In contrast with both p107 and p130, which exhibit robust changes in steady state levels
during cell cycle progression, RB fluctuations are muted, and the connection between RB
degradation during cell cycle control is less well understood (32). Nonetheless, in some disease
contexts, RB stability is intimately connected to p16 mediated cell cycle arrest, but in somewhat
unexpected ways. RB is anchored to the nuclear matrix by a trimeric complex formed by Lamin-
AJ/C and LAP2a (48). Disruptions in RB anchoring either in cells lacking Lamin-A function or via
LAP2a depletion are associated with a marked reduction in endogenous RB levels (49, 50).
Moreover, Lamin-A deficient cells are also insensitive to p14*" and p16®" mediated arrest
potentially due to inappropriate RB destruction (50). It has been speculated that diminution of RB
may also have implications for progressive muscular dystrophy in a mouse models and in patients
with laminopathies. Deletion mutations in the Lamin-A gene are widely implicated in Hutchison-
Gilford-Progeria (HGP) syndrome (51). Recent study suggests that levels of RB protein decrease
in fibroblasts from HGP patients, but whether this is due altered stability remains to be determined
(52).

Additional evidence supports a role for the ubiquitin-proteasome system in RB control in
response to DNA damage. Firstly, several lines of evidence suggest that the Mdm2 E3-ligase
physically interacts with RB to promote its degradation (53, 54, 55). Human Mdm2 is frequently

amplified in many cancers (56), suggesting that deregulated RB turnover may contribute to
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tumorigenesis. In support of Mdm2-mediated RB degradation as a putative oncogenic mechanism,
an inverse correlation between Mdm2 and RB protein expression has been found in non-small cell
lung cancer (NSCLC) tumors that do not exhibit loss-of-heterozygosity (LOH) for RB (55). The
physiological significance of this regulation is further underscored by the observation that Mdm2
overexpression disrupts the formation of RB-E2F complexes (53). Secondly, in cells that harbor
genomic amplification of Mdm2, depletion of Mdm2 inhibits DNA replication in a RB-dependent
manner (54). This is consistent with previous studies showing that oncogenicity of Mdm2 relies in
part on its S-phase promoting function that is independent of p53. Evidence to date further suggests
that RB degradation may involve two distinct mechanisms. In one model, Mdm2 interacts with
endogenous RB, and promotes its ubiquitination in a process that is dependent on the E3 ligase
activity of the Ring finger domain of Mdm2 (55). In this study, RB-Mdm?2 interactions and RB
ubiquitination were also dependent on the C terminal domain of RB harboring the instability
element (46). A second model suggests Mdm2-mediated degradation of RB involves ubiquitin
independent degradation by the 20S proteasome (54). In this scenario, Mdm2 bound to RB and
promoted an interaction between RB and C8-a subunit of the 20S proteasome, which allows for
efficient tethering of RB to the 20S complex thereby facilitating its degradation. Even though all
three pocket domain proteins can interact with this E3 ligase, Mdm2 driven ubiquitination appears
specific for RB (55). Nonetheless, Mdm2 mediated control of RB family stability and function
may also extend to pl07 as Mdm2 overexpression enables p53 null cells to overcome pl107
mediated G1 arrest (57), although the molecular details are currently unknown. Recent studies
suggest that RB stability is also regulated by MDMX, a structural homolog of MDM2 that is
deficient for E3 ligase activity (58). MdmX enhances RB-Mdm2 interaction to efficiently target

RB for proteasome mediated degradation and inhibits RB mediated transcriptional repression (59).

11



In vivo ablation of MdmX in highly tumorigenic p53-null cells results in an RB-dependent
reduction of tumor growth in mouse xenograft assays, suggesting that MdmX mediated RB
degradation is potentially oncogenic (59). Dual regulation by MdmX and Mdm2 have also been
implicated in regulation of p53 stability and transactivation (60). Collectively these studies suggest
that the Mdm2-MdmX axis functions as negative regulators of RB and p53 tumor suppressor
pathways.
Regulation of RB protein stability by viral oncogenes

Inactivation of tumor suppressor pathways is a hallmark of viral oncogene induced
transformation. Replication of viral genome is heavily reliant on sustained availability of host cell
replication factors which are abundant only during S phase, and remain transcriptionally repressed
by RB family proteins during the remainder of the cell cycle. Thus disruption of RB function by
viral oncogenes provides a milieu amenable for viral replication. Indeed, early works from the
Harlow (61) and Nevins lab (62) showed that oncoproteins derived from DNA tumor viruses such
as Adenoviral ELA and Human Papilloma virus E7 (HPV-E7) binds to RB, sequestering it away
from E2F and thereby unleashing E2F transactivation potential needed for cellular transformation.
Interestingly, several E7 mutants deficient for RB sequestration retained transformation potential,
suggesting that an additional E7 function is needed to harness oncogenic potential (63-66). This
additional function of E7 required for cellular transformation was defined as its ability to trigger
ubiquitin-mediated degradation of RB (67). Structural (9) and biochemical studies (33) suggest
that the LXCXE motif in E7 interacts with the RB-pocket, and these contacts are crucial for E7
directed RB degradation. Mechanistically, RB bound E7 forms a complex with Cullin2-Rbx1-
Elongin B/C to constitute an active E3 ligase that directs proteasome dependent RB degradation

(68). ZER1, a Cullin-2 substrate specificity factor mediates the interaction between E7 and the
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Cullin-2 E3-complex, and this bridging function of ZER1 is necessary for HPV-E7 mediated RB

destabilization (69).

In addition to RB, p107 and p130 are also targeted by E7 for proteasome mediated
degradation (33), with consequent effects on cell proliferation. The maintenance of cellular
quiescence during GO is achieved by repression of cell cycle genes by the DREAM complex,
comprised of p130, E2F4, DP1 and the MuvB core (70, 71). E7 mediated degradation of p130
prevents the formation of DREAM repressor, leading to sustained activation of S phase genes that
allows cell to escape growth arrest and sustain proliferation (72). A similar of strategy of degrading
cellular RB in order to gain control over host cell machinery is employed by RNA viruses such as
hepatitis C virus (HCV). In HCV infected cells, a LXCXE-containing viral RNA-polymerase binds
to RB in the cytoplasm and recruits E6-associated-protein (E6AP) E3-ligase to promote RB
degradation (73, 74). Together these studies suggest that invoking proteasome mediated

degradation of RB family proteins is a commonly employed mechanism for oncogenesis.

Regulation of E2F1 stability by the ubiquitin-proteasome system

Similar to RB family proteins, the levels of E2F transcription factors are also tightly regulated
through transcription dependent (41, 75, 76) and independent mechanisms (77, 78). Post-
transcriptional regulation of E2F abundance through proteasome mediated turnover is an essential
feature of eukaryotic cell cycle control during development and adulthood (79, 80, 81). Most of
our understanding pertaining to E2F turnover is derived from studies involving E2F1, the major
activator E2F which serves as a dual regulator of cell proliferation and apoptosis (7, 82). E2F1
protein is most abundant during late-G1 consistent with its role in activation of S phase genes,
however at the onset of S/G2 phase E2F1 levels decline rapidly, as it gets richly ubiquitinated and

targeted to the proteasome (79, 83, 84). E2F1 protein is extremely unstable due to the presence of
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an autonomously acting C-terminal degron (85, 86). Interestingly the E2F1 degron sequence
overlaps with the RB binding motif located within its transactivation domain, suggesting that RB
binding could potentially occlude the usage of the degron, thereby preventing E2F1 degradation
(85, 86, 87). Indeed overexpression of RB stabilizes E2F1 by preventing its proteosomal
degradation, and mutant forms of RB that are unable to bind E2F1 also fail to stabilize E2F1.
Together these studies suggest that during G1, target gene repression is achieved by stable RB-
E2F1 complexes, whereas during S-phase as RB-E2F complexes disengage, free E2F molecules
are rapidly degraded. Cell cycle coupled E2F1 turnover is achieved through temporal recruitment
of distinct E3 ligases. For example, during S phase, E2F1 is degraded by the SCF*?? E3-ligase
complex (83) whereas during early mitosis its degradation is mediated by Anaphase Promoting

Complex/C (APC/C®¢20) E3-ligase (84).

Insight into the physiological significance of cell-cycle associated changes in E2F1
stability is obtained from genetic analysis of S-phase coupled degradation of Drosophila E2F1
(dE2F1). dE2F1 harbors a degron sequence known as PCNA Interacting Protein (PIP) box, which
in replicating cells enables E2F1 degradation through recruitment of Cul4®®2-E3 ligase (88).
Transgenic overexpression of a stable allele of dE2F1 that is refractory to degradation during S-
phase, results in accelerated progression through cell cycle and induces severe apoptosis through
transcription dependent and independent mechanisms (88, 89). Interestingly, in a genetic
background muted for apoptotic response, stabilized E2F1 results in hyperproliferation, suggesting
that apoptotic clearance of cells expressing aberrant levels of E2F1 enables a check on
inappropriate cellular proliferation (89). Together, these observations suggests that in vivo, S-
phase coupled E2F1 degradation limits inappropriate gene expression and is critical for

maintenance of tissue homeostasis. It is important to note that regulation of E2F1 stability is highly
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context specific. Whereas E2F1 is degraded during S-phase, its levels rapidly increase following
DNA damage as a result of altered protein stability (82, 90, 91). In this context stabilized E2F1 is

critical for efficient induction of proapoptotic genes.

Regulation of the ubiquitin-proteasome system by RB proteins

As discussed in the previous sections, components of the RB axis are highly regulated by
the ubiquitin-proteasome system. Interestingly, RB family members in turn regulate components
of the ubiquitin machinery through transcriptional and posttranscriptional mechanisms to affect
cellular proliferation and tumor suppression. In particular, most studies have focused on RB-
dependent regulation of Skp2, the F-box component of the SCFP2-E3 ligase complex that
regulates the stability of p130 (32) and the Cdk-inhibitor p27 (43). Skp2 abundance is cell cycle
dependent (37-39). Growth arrest leads to diminished Skp2 levels, whereas its expression is
induced upon active proliferation, enabling the formation of catalytically active SCFSkP?
complexes. Consistently, p27 is stabilized during quiescence, resulting in RB dephosphorylation
and growth arrest, whereas during S-phase p27 is destabilized through SCF%2 (92), resulting in
RB inactivation and cellular proliferation. RB binds to the N-terminus of Skp2 and disrupts Skp2-
p27 interaction, resulting in p27 degradation and G1 arrest (93). In addition, RB also interacts with
the catalytically active Anaphase promoting complex/cyclosome (APC/C), a multisubunit E3
ligase involved in targeted destruction of proteins at the G1/S boundary and mitosis (94).
Interestingly, RB-APC/C association doesn’t affect RB stability, but rather provides a scaffold to
recruit Skp2 and facilitate its degradation. RB interacts with Skp2 and APC through distinct
surfaces and it is highly likely that a trimeric complex formed by RB-Skp2-APC is required for
effective stabilization of p27 during cell cycle arrest. In addition to regulating Skp2 stability and

activity, RB is also involved in direct repression of Skp2 transcription in growth arrested cells (95,
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96). RB heterozygous (RB +/-) mice develops pituitary tumors with elevated Skp2 and diminished
p27 levels (97). However, pituitary specific loss of Skp2, or introduction a stable p27 allele,
completely abolishes pituitary tumors in RB+/- mice, thereby attesting to the notion that RB
mediated regulation of Skp2 abundance and activity serves a tumor suppressive function (97-99).
Furthermore, RB depleted human cone precursor cells and retinoblastoma cell lines exhibits
similar reliance on RB-Skp2-p27 axis for survival and proliferation (97, 100). Like RB, p107
promotes Skp2 turnover resulting in p27 stabilization and cell cycle arrest, however using
mechanisms that are distinct from RB induced Skp2 destabilization (101). The p107-Skp2-p27
axis is also tumor suppressive, as loss of p107 in RB null mice increases Skp2 abundance, resulting
in diminished p27 and heightened CDK?2 activity that leads to the formation of retinoblastoma
(102). Together these studies suggest that RB mediated regulation of SCFSP2-E3 ligase complex
is an important regulatory feature of mammalian cell cycle control and supports the idea of
crosstalk between these diverse regulatory modules.

Roles for ubiquitin-proteasome in RB-E2F mediated gene regulation

In addition to its function in controlling timely degradation of several transcription factors
including RB and E2F, the ubiquitin-proteasome system is also directly involved in transcriptional
regulation (103). Ubiquitination of several transcriptional activators promotes their activation
potency (104, 105). Interestingly, these activator proteins show an intimate sequence overlap
between domains involved in transactivation and degradation (104). Together these observations
suggests a model where ubiquitination within this overlapping region may additionally function in

transactivation by promoting recruitment of transcriptional cofactors (103, 106).

The following lines of evidence suggest that the ubiquitin-proteasome system may

similarly be involved in regulating transcriptional output from the RB-E2F pathway. Firstly, in a
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series of recent work we showed that domains involved in regulating RB family stability through
ubiquitin-proteasome, are also involved in mediating transcriptional repression (46, 47).
Consistently, deletion of this region both stabilizes the repressor (RB) and renders it ineffective
for transcriptional repression, suggesting that ubiquitin mediated proteolysis may positively
contribute towards gene repression. In support of this idea, ubiquitination of Drosophila Rbfl
potentiates repression of target genes (Figure 1-2 B), although the exact role for ubiquitin in this
process remains unknown (107). Secondly, the RB-E2F pathway is subjected to regulation by
COP9 signalosome (CSN), an evolutionarily conserved octameric protein complex that regulates
the assembly of Skpl-Cullinl-Fbox (SCF)-E3 ligase (108). During embryonic development
Drosophila RB homologs Rbfl and Rbf2 are stabilized through interaction with COP9
signalosome (CSN) (109). Interestingly, Rbf1-CSN interaction is evident on chromatin and
suggests that CSN may function as a corepressor by stabilizing chromatin-bound Rbf1 (Figure 1-
2 A). Attesting to CSN corepressor function, there is a substantial overlap between genomic
regions bound by Rbf1 and CSN7 subunit of the signalosome (110). Furthermore, CSN regulates
transcription of E2F dependent cell cycle genes (110, 111) probably by facilitating E2F1
degradation by the Culin4-E3 ligase (112). Indeed in the absence of CSN, E2F1 is stabilized (112)
but surprisingly rendered inert for transcriptional activation of its target genes (110, 111),
suggesting that ubiquitin mediated proteolysis may positively contribute to transactivation.
Consistent with this notion, CSN5 mediated ubiquitination and proteolysis of Myc activator
protein positively regulates its transcriptional potency (113). Yet another involvement of CSN in
gene regulation is reflected in its role as a specificity factor for E2F dependent transcription of

apoptotic genes (114-117).
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Figure 1-2. Regulation of RB-E2F dependent transcription by the ubiquitin-proteasome

system.
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Figure 1-2 (cont’d)

(A) Chromatin bound Drosophila Rbf1 is stabilized by COP9 signalosome (CSN) and may enable
appropriate gene expression program during embryonic development. (B) A proposed model
depicting that ubiquitin (Ub) attached to Drosophila Rbfl may engage in both targeting Rbf1 for
proteosomal degradation (broken green arrow), and in enhancing Rbfl repression by promoting
Rbfl interaction with co-repressors (solid green arrow). (C) Hypophosphorylated RB is
SUMOylated and the SUMO tag may promote RB interaction with transcriptional co-repressors

to facilitate repression.
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Consistently, CSN5 binds to E2F1 target genes involved in apoptosis and is absent at promoters
of replication genes (117). Intriguingly, in this context the transcriptional function of CSN5 is
independent of its deneddylase activity, suggesting that CSN contributes to transcriptional
activation through non-proteolytic mechanisms (115). One such possible mechanism may involve
CSN5 mediated disruption of the interaction between RB-C terminus and E2F1 marked box
domain that specifically inhibits transcription of apoptotic genes (11, 14). Alternatively CSN5 may
be involved in recruiting coactivators needed for transcriptional activation. Thirdly, RB-E2F
mediated gene regulation is reliant on chromatin remodelers that affect histone H2B ubiquitination,
a chromatin mark associated with active transcription (121). RB and E2F interact with two distinct
remodelling complexes, Brg-BAF250a containing SWI-SNF-A, and Brm-BAF250b containing
SWI-SNF-B (118, 119). During quiescence, both complexes are required to repress E2F target
genes, whereas only BAF250b containing complex remain bound during proliferation, suggesting
an activator function for this complex (120). BAF250b via its BC-box interacts with ElonginC-
Cullin2-Rocl E3-ligase to promote H2B ubiquitination and activate transcription. Consistently,
cells devoid of BAF250b exhibit delayed induction of cell cycle genes upon exit from quiescence
(120). Together, these studies suggest that appropriate induction of E2F target genes may rely on

chromatin modifications driven by E3-ubiquitin ligases.

Finally, in addition to ubiquitination, RB is also posttranslationally modified by
conjugation of Small-Ubiquitin-Like-Modification (SUMOylation) catalyzed by various classes
of SUMO-E3 ligases (122, 123). Hypophosphorylated RB is SUMOylated in the pocket domain
that enhances its potency for transcriptional repression (122). In this context, the SUMO tag on
RB may promote its interaction with transcriptional co-repressors to facilitate repression (Figure

1-2 C) (125). Moreover, overexpression of SUMO-E3 ligases induce a senescent phenotype that
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is reliant on a functional RB pathway (123, 124). Taken together, these studies suggest that the
ubiquitin-proteasome system plays diverse roles in regulation RB-E2F dependent transcriptional

control.

Summary

In addition to regulation by reversible phosphorylation, RB-E2F pathway is governed by
the ubiquitin-proteasome system, and this mode of governance significantly contributes towards
RB-E2F functions during development and disease. RB regulation through both of these
mechanisms involve hierarchical control by upstream regulators, and there is substantial crosstalk
between these regulatory schemes. Continuing work from our lab has characterized the molecular
pathway involved in ubiquitin-proteasome mediated regulation of Drosophila Rbfl, and its
implication for Rbf function in development and gene regulation. However such detailed
understanding of mammalian RB regulation by the ubiquitin-proteasome system is missing. In
chapter Il | present and discuss my findings pertaining to molecular mechanisms involved in
regulating mammalian RB family stability and their functional significance. In chapter I11 I discuss
the implications of this work, and summarize ongoing and future experiments that aim at better

understanding of RB regulation by the ubiquitin-proteasome system.

21



REFERENCES

22



4.

10.

11.

12.

13.

REFERENCES

Hanahan, D., and Weinberg, R. A. (2000) The hallmarks of cancer. Cell 100, 57-70

Hanahan, D., and Weinberg, R. A. (2011) Hallmarks of cancer: the next generation. Cell
144, 646-674

Burkhart, D. L., and Sage, J. (2008) Cellular mechanisms of tumour suppression by the
retinoblastoma gene. Nature Rev. Cancer 8, 671-682.

A. G. Knudson, Jr., Mutation and cancer: statistical study of retinoblastoma. Proc. Natl.
Acad. Sci. 68, 820

Dick, F. A., and Rubin, S. M. (2013) Molecular mechanisms underlying RB protein
function. Nat Rev. Mol. Cell. Biol 14, 297-306

Stevaux, O., and Dyson, N. J. (2002) A revised picture of the E2F transcriptional network
and RB function. Curr. Opin. Cell Biol. 14, 684-691

Trimarchi, J. M., and Lees, J. A. (2002) Sibling rivalry in the E2F family. Nat Rev. Mol.
Cell. Biol. 3, 11-20

Dyson, N. (1998) The regulation of E2F by pRB-family proteins. Gene Dev. 12, 2245-2262

Xiao, B., Spencer, J., Clements, A., Ali-Khan, N., Mittnacht. S., Broceno, C., Burghammer,
M., Perrakis, A., Marmorstein, R., and Gamblin, S. J. (2003) Crystal structure of the
retinoblastoma tumor suppressor protein bound to E2F and the molecular basis of its
regulation. Proc. Natl. Acad. Sci. 100, 2363-2368.

Julian, L. M., Palander, O., Seifried, L. A., Foster, J. E., and Dick, F. A. (2008)
Characterization of an E2F1-specific binding domain in pRB and its implications for
apoptotic regulation. Oncogene 27, 1572-1579

Cecchini, M. J., and Dick, F. A. (2011) The biochemical basis of CDK phosphorylation-
independent regulation of E2F1 by the retinoblastoma protein. Biochem. J. 434, 297-308

Cecchini, M. J., Thwaites, M. J., Talluri, S., MacDonald, J. 1., Passos, D. T., Chong, J.
L., Cantalupo, P., Stafford, P. M., Sdenz-Robles, M. T., Francis, S. M., Pipas, J. M., Leone,
G., Welch, 1., and Dick, F. A. (2014) A retinoblastoma allele that is mutated at its common
E2F interaction site inhibits cell proliferation in gene-targeted mice. Mol. Cell Biol. 34,
2029-2045.

Rubin, S. M., Gall, A. L., Zheng, N., and Pavletich, N. P. (2005) Structure of the Rb C-
terminal domain bound to E2F1-DP1: a mechanism for phosphorylation-induced E2F
release. Cell 123, 1093-1106

23


http://www.ncbi.nlm.nih.gov/pubmed/?term=Cecchini%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thwaites%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Talluri%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=MacDonald%20JI%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Passos%20DT%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chong%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chong%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cantalupo%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stafford%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=S%C3%A1enz-Robles%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Francis%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pipas%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Leone%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Leone%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Welch%20I%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dick%20FA%5BAuthor%5D&cauthor=true&cauthor_uid=24662053
http://www.ncbi.nlm.nih.gov/pubmed/24662053

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Dick, F. A., and Dyson, N. (2003) pRB contains an E2F1-specific binding domain that
allows E2F1-induced apoptosis to be regulated separately from other E2F activities. Mol.
Cell 12, 639-649.

Rubin S. M. (2013). Deciphering the retinoblastoma protein phosphorylation code. Trends
Biochem. Sci. 38 12-19

Talluri, S. and Dick, F. A. (2012) Regulation of transcription and chromatin structure by
pRB: Here, there and everywhere. Cell Cycle 11, 3189-3198

Isaac, C. E., Francis, S. M., Martens, A. L., Julian, L. M., Seifried, L. A., Erdmann, N.,
Binne, U. K., Harrington, L., Sicinski, P., Dyson, N. J. and Dick, F. A. (2006) The
retinoblastoma protein regulates pericentric heterochromatin. Mol. Cell. Biol. 26, 3659—
3671.

Talluri, S., Isaac, C. E., Ahmad, M., Henley, S. A., Francis, S. M., Martens, A. L., Bremner,
R., and Dick, F. A. (2010) A G1 checkpoint mediated by the retinoblastoma protein that is
dispensable in terminal differentiation but essential for senescence. Mol. Cell. Biol. 30,
948-960.

Buchkovich, K., Duffy, L. A., and Harlow, E. (1989) The retinoblastoma protein is
phosphorylated during specific phases of the cell cycle. Cell 58, 1097-1105

Chen, P. L., Scully, P., Shew, J. Y., Wang, J. Y., and Lee, W. H. (1989) Phosphorylation
of the retinoblastoma gene product is modulated during the cell cycle and cellular
differentiation. Cell 58, 1193-1198

DeCaprio, J. A., Ludlow, J. W., Lynch, D., Furukawa, Y., Griffin, J., Piwnica-Worms, H.,
Huang, C. M., and Livingston, D. M. (1989) The product of the retinoblastoma
susceptibility gene has properties of a cell cycle regulatory element. Cell 58, 1085-1095

Chellappan, S. P., Hiebert, S., Mudryj, M., Horowitz, J. M., and Nevins, J. R. (1991) The
E2F transcription factor is a cellular target for the RB protein. Cell 65, 1053-1061

Hinds, P. W., Mittnacht, S., Dulic, V., Arnold, A., Reed, S. I., and Weinberg, R. A. (1992)
Regulation of retinoblastoma protein functions by ectopic expression of human cyclins.
Cell 70, 993-1006

Lundberg, A. S., and Weinberg, R. A. (1998) Functional inactivation of the retinoblastoma
protein requires sequential modification by at least two distinct cyclin-cdk complexes. Mol.
Cell. Biol. 18, 753-761

Narasimha, A. M., Kaulich, M., Shapiro, G. S., Choi, Y. J., Sicinski, P., and Dowdy, S. F.
(2014) Cyclin D activates the Rb tumor suppressor by mono-phosphorylation. eLife,
e02872

24



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Burkhart, D. L., and Sage, J. (2010) Complex transcriptional regulatory networks around
the retinoblastoma tumor suppressor gene. Cell Cycle 9, 1663-1664.

Burkhart, D. L., Ngai, L. K., Roake, C. M., Viatour, P., Thangavel, C., Ho, V. M., Knudsen,
E. S., and Sage, J. (2010) Regulation of RB transcription in vivo by RB family members.
Mol. Cell Biol. 30, 1729-1745

Burkhart, D. L., Viatour, P., Ho, V. M., and Sage J (2008) GFP reporter mice for the
retinoblastoma-related cell cycle regulator p107. Cell Cycle 7, 2544-2552

Burkhart, D. L., Wirt, S. E., Zmoos, A.F., Kareta, M. S., and Sage, J. (2010) Tandem E2F
Binding Sites in the Promoter of the p107 Cell Cycle Regulator Control p107 Expression
and Its Cellular Functions. PLoS Genetics 6(6): e1001003.

Bookstein, R., Rio, P., Madreperla S. A., Hong, F., Allred, C., Grizzle, W. E., and Lee, W.
H. (1990) Promoter deletion and loss of retinoblastoma gene expression in human prostate
carcinoma. Proc. Natl. Acad. Sci. USA 87, 7762-7766.

Sakai, T., Ohtani, N., McGee, T. L., Robbins, P. D. and Dryja, T. P., (1991) Oncogenic
germ-line mutations in Spl and ATF sites in the human retinoblastoma gene. Nature 353,
83-86.

Tedesco, D., Lukas, J., and Reed, S. I. (2002) The pRb-related protein p130 is regulated by
phosphorylation-dependent proteolysis via the protein-ubiquitin ligase SCF(Skp2). Gene
Dev 16, 2946-2957

Gonzalez, S.L., Stremlau, M., He, X., Basile, J. R., and Minger, K. (2001) Degradation of
the retinoblastoma tumor suppressor by the human papillomavirus type 16 E7 oncoprotein
is important for functional inactivation and is separable from proteosomal degradation of
E7. J. Virol. 75, 7583-7591.

Benanti, J. A. (2012) Coordination of cell growth and division by the ubiquitin—proteasome
system. Sem. in Cell and Dev. Biol. 23, 492— 498.

Beijersbergen, R. L., Carlee, L., Kerkhoven, R. M., and Bernards, R. (1995) Regulation of
the retinoblastoma protein-related p107 by G1 cyclin complexes. Gene Dev 9, 1340-1353

Bhattacharya, S., Garriga, J., Calbo, J., Yong, T., Haines, D. S., and Grana, X. (2003) SKP2
associates with p130 and accelerates p130 ubiquitylation and degradation in human cells.
Oncogene 22, 2443-2451

Wei, W., Ayad, N. G., Wan, Y., Zhang, G. J., Kirschner, M. W., and Kaelin, W. G., Jr.

(2004) Degradation of the SCF component Skp2 in cell-cycle phase G1 by the anaphase-
promoting complex. Nature 428, 194-198

25


http://www.ncbi.nlm.nih.gov/pubmed/?term=Burkhart%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=20404509
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sage%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20404509
http://www.ncbi.nlm.nih.gov/pubmed/11462030
http://www.ncbi.nlm.nih.gov/pubmed/11462030
http://www.ncbi.nlm.nih.gov/pubmed/11462030
http://www.ncbi.nlm.nih.gov/pubmed/11462030

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

Wirbelauer, C., Sutterluty, H., Blondel, M., Gstaiger, M., Peter, M., Reymond, F., and
Krek, W. (2000) The F-box protein Skp2 is a ubiquitylation target of a Cull-based core
ubiquitin ligase complex: evidence for a role of Cull in the suppression of Skp2 expression
in quiescent fibroblasts. EMBO 19, 5362-5375

Zhang, H., Kobayashi, R., Galaktionov, K., and Beach, D. (1995) p19Skpl and p45Skp2
are essential elements of the cyclin A-CDK2 S phase kinase. Cell 82, 915-925

Furukawa, Y., lwase, S., Kikuchi, J., Nakamura, M., Yamada, H., and Matsuda, M. (1999)
Transcriptional repression of the E2F-1 gene by interferon- is mediated through induction
of E2F-4/pRB and E2F-4/p130 complexes. Oncogene 18, 2003-2014

Takahashi, Y., Rayman, J. B., and Dynlacht, B. D. (2000) Analysis of promoter binding
by the E2F and pRB families in vivo: distinct E2F proteins mediate activation and
repression. Gene Dev 14, 804-816

De Luca, A., T. K. MacLachlan, L. Bagella, C. Dean, C. M. Howard, P. P. Claudio, A.
Baldi, K. Khalil, and A. Giordano. 1997. Unique domain of pRb2/p130 acts as an inhibitor
of Cdk2 kinase activity. J. Biol. Chem. 272, 20971-20974

Carrano, A.C., Eytan, E., Hershko, A., and Pagano, M. (1999) SKP2 is required for
ubiquitin-mediated degradation of the CDK inhibitor p27. Nat. Cell Biol. 1, 193-199.

Rivadeneira, D. B., Mayhew, C. N., Thangavel, C., Sotillo, E., Reed, C. A., Grana, X., and
Knudsen, E. S. (2010) Proliferative suppression by CDK4/6 inhibition: complex function
of the retinoblastoma pathway in liver tissue and hepatoma cells. Gastroenterology 138,
1920-1930

Smith, E. J., Leone, G., and Nevins, J. R. (1998) Distinct mechanisms control the
accumulation of the Rb-related p107 and p130 proteins during cell growth. Cell Growth
Differ. 9, 297-303.

Sengupta, S., Lingnurkar, R., Carey, T. S., Pomaville, M., Kar, P., Feig, M., Wilson, C.,
Knott, J. G., Arnosti, D. N., and Henry, R.W. (2015) The evolutionarily conserved C-
terminal domains in the mammalian retinoblastoma tumor suppressor family serve as dual
regulators of protein stability and transcriptional potency. J. Biol. Chem. 290, 14462-14475

Acharya, P., Raj, N., Buckley, M. S., Zhang, L., Duperon, S., Williams, G., Henry, R. W.,
and Arnosti, D. N. (2010) Paradoxical instability-activity relationship defines a novel
regulatory pathway for retinoblastoma proteins. Mol. Biol. Cell 21, 3890-3901

Markiewicz, E., Dechat, T., Foisner, R., Quinlan, R. A. and Hutchison, C. J. (2002) Lamin

A/C binding protein LAP2a is required for nuclear anchorage of retinoblastoma protein.
Mol. Biol. Cell 13, 4401-4413.

26



49,

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

Johnson, B. R., Nitta, R. T., Frock, R. L., Mounkes, L., Barbie D. A., Stewart, C. L.,
Harlow, E., and Kennedy, B. K. (2004) A-type lamins regulate retinoblastoma protein
function by promoting subnuclear localization and preventing proteosomal degradation.
Proc. Natl. Acad. Sci. USA 101, 9677-9682.

Nitta, R. T., Jameson, S. A., Kudlow, B. A., Conlan L. A., and Kennedy, B. K. (2006)
Stabilization of the retinoblastoma protein by A-type nuclear lamins is required for
INK4A-mediated cell cycle arrest. Mol. Cell Biol. 26, 5360-5372.

Worman, H. J., Fong, L. G., Muchir, A., and Young, S. G (2009) Laminopathies and the
long strange trip from basic cell biology to therapy. J. Clin. Invest. 119, 1825-1836.

Marji, J., O’Donoghue, S. 1., McClintock, D., Satagopam, V. P., Schneider, R., Ratner, D.,
Worman, H. J., Gordon, L. B., and Djabali, K. (2010) Defective Lamin A-Rb Signaling in
Hutchinson-Gilford Progeria Syndrome and Reversal by Farnesyltransferase Inhibition.
PLoS One 5(6), €11132

Sdek, P., Ying, H., Zheng, H., Margulis, A., Tang, X., Tian, K., and Xiao, Z. X. (2004)
The central acidic domain of MDM2 is critical in inhibition of retinoblastoma-mediated
suppression of E2F and cell growth. J. Biol. Chem. 279, 53317-53322

Sdek, P., Ying, H., Chang, D. L., Qiu, W., Zheng, H., Touitou, R., Allday, M. J., and Xiao,
Z. X. (2005) MDM2 promotes proteasome-dependent ubiquitin-independent degradation
of retinoblastoma protein. Mol. Cell 20, 699-708

Uchida, C., Miwa, S., Kitagawa, K., Hattori, T., Isobe, T., Otani, S., Oda, T., Sugimura,
H., Kamijo, T., Ookawa, K., Yasuda, H., and Kitagawa, M. (2005) Enhanced Mdm2
activity inhibits pRB function via ubiquitin-dependent degradation. EMBO 24, 160-169

Momand, J., Jung, D., Wilczynski, S., and Niland, J. (1998) The Mdm2 gene amplification
database. Nucleic Acids Res. 26, 34533459

Dubs-Poterszman, M. C., Tocque, B., and Wasylyk B (1995) MDM2 transformation in the
absence of p53 and abrogation of the p107 G1cell-cycle arrest. Oncogene 11, 2445-2449

Hock, A. K., and Vousden, K. H. (2014) The role of ubiquitin modification in the regulation
of p53. Biochim. Biophys. Acta 1843, 137-149

Zhang, H., Hu, L., Qiu, W., Deng, T., Zhang, Y., Bergholz, J., and Xiao, Z. X., (2015)
MDMX exerts its oncogenic activity via suppression of retinoblastoma protein. Oncogene,
In Press

Wade, M., Li, Y. C., and Wahl, G. M. (2013) MDM2, MDMX and p53 in oncogenesis and
cancer therapy. Nature Rev. Cancer 13, 83-96.

27


http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25703327
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hu%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25703327
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qiu%20W%5BAuthor%5D&cauthor=true&cauthor_uid=25703327
http://www.ncbi.nlm.nih.gov/pubmed/?term=Deng%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25703327
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25703327
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bergholz%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25703327
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xiao%20ZX%5BAuthor%5D&cauthor=true&cauthor_uid=25703327

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Dyson, N., Howley, P. M., Munger, K., and Harlow, E. (1989) The human papillomavirus-
16 E7 oncoprotein is able to bind to the retinoblastoma gene product. Science 243. 934—
937

Chellappan, S., Kraus V. B., Kroger B., Munger, K. Howley, P. M., Phelps, W. C and
Nevins, J. R. 1992. Adenovirus E1A, simian virus 40 tumor antigen, and human
papillomavirus E7 protein share the capacity to disrupt the interaction between the
transcription factor E2F and the retinoblastoma gene product. Proc. Natl. Acad. Sci. USA
89:4549-4553

Banks, L., C. Edmonds, and Vousden, K. (1990) Ability of the HPV16 E7 protein to bind
RB and induce DNA synthesis is not sufficient for efficient transforming activity in NIH
3T3 cells. Oncogene 5, 1383-1389.

Brokaw, J. L., C. L. Yee, and Munger, K. (1994) A mutational analysis of the amino
terminal domain of the human papillomavirus type 16 E7 oncoprotein. Virology 205, 603—
607.

Edmonds, C., and Vousden, K. H. (1989) A point mutational analysis of human
papillomavirus type 16 E7 protein. J. Virol. 63:2650-2656.

Jewers, R. J., Hildebrandt, P., Ludlow, J. W., Kell, B., and McCance, D. J. (1992) Regions
of human papillomavirus type 16 E7 oncoprotein required for immortalization of human
keratinocytes. J. Virol. 66:1329-1335.

Boyer, S. N., Wazer, D. E., and Band, V. (1996) E7 Protein of Human Papilloma Virus-16
Induces Degradation of Retinoblastoma Protein through the Ubiquitin-Proteasome
Pathway. Cancer Res. 56, 4620-4624.

Huh, K., Zhou, X., Hayakawa, H., Cho, J.Y., Libermann, T. A., Jin, J., et al. (2007) Human
papillomavirus type 16 E7 oncoprotein associates with the cullin 2 ubiquitin ligase
complex, which contributes to degradation of the retinoblastoma tumor suppressor. J.
Virol. 81, 9737-9747.

White, E. A., Sowa, M. E., Tan, M. J,, et al. (2012) Systematic identification of interactions
between host cell proteins and E7 oncoproteins from diverse human
papillomaviruses. Proc. Natl. Acad. Sci. USA 109, E260-267

Litovchick, L., Sadasivam, S., Florens, L., Zhu, X., Swanson, S. K., Velmurugan, S., Chen,
R., Washburn, M. P., Liu, X. S. and DeCaprio, J. A. (2007). Evolutionarily conserved
multisubunit RBL2/p130 and E2F4 protein complex represses human cell cycle-dependent
genes in quiescence. Mol. Cell 26, 539-551.

Sadasivam, S., and Decaprio, J. A. (2013) The DREAM complex: master coordinator of
cell cycle-dependent gene expression. Nat. Rev. Cancer. 13, 585-595.

28


http://www.ncbi.nlm.nih.gov/pubmed/?term=Boyer%20SN%5BAuthor%5D&cauthor=true&cauthor_uid=8840974
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wazer%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=8840974
http://www.ncbi.nlm.nih.gov/pubmed/?term=Band%20V%5BAuthor%5D&cauthor=true&cauthor_uid=8840974
http://www.ncbi.nlm.nih.gov/pubmed/8840974

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Nor Rashid, N., Yusof, R., Watson, R. J. (2011). Disruption of repressive p130-DREAM
complexes by human papillomavirus 16 E6/E7 oncoproteins is required for cell-cycle
progression in cervical cancer cells. J. Gen. Virol. 92:2620-2627.

Munakata, T., Nakamura, M., Liang, Y., Li, K., and Lemon, S. M. (2005) Down-regulation
of the retinoblastoma tumor suppressor by the hepatitis C virus NS5B RNA-dependent
RNA polymerase. Proc. Natl. Acad. Sci. USA 102, 18159-18164.

Munakata, T., Liang, Y., Kim, S., McGivern D. R., Huibregtse, J., Nomoto, A., and Lemon
S. M. (2007) Hepatitis C virus induces E6AP-dependent degradation of the retinoblastoma
protein. PLoS Pathog. 3, 1335-1347

Hsiao, K. M., McMahon, S. L., and Farnham PJ. (1994) Multiple DNA elements are
required for the growth regulation of the mouse E2F1 promoter. Gene Dev. 8, 1526-1537.

Neuman, E., Flemington, E. K., Sellers, W. R., and Kaelin, W. G. Jr. (1994) Transcription
of the E2F-1 gene is rendered cell cycle dependent by E2F DNA-binding sites within its
promoter. Mol. Cell Biol.14, 6607-6615.

Krek, W., Ewen, M. E., Shirodkar, S., Arany, Z., Kaelin, W. G. and Livingston, D. M.
(1994) Negative regulation of the growth promoting transcription factor E2F-1 by a stably
bound cyclin A-dependent protein kinase. Cell 78, 161-72.

Dynlacht, B. D., Flores, O., Lees, J. A., and Harlow E. (1994) Differential regulation of
E2F transactivation by cyclin/cdk2 complexes. Gene Dev. 8, 1772-1786.

Asano, M., Nevins, J. R., and Wharton, R. P. (1996) Ectopic E2F expression induces S
phase and apoptosis in Drosophila imaginal discs. Gene Dev. 10, 1422-1432.

Zielke, N., Kim, K. J., Tran, V., Shibutani, S. T., Bravo, M. J., Nagarajan, S., et al. (2011)
Control of Drosophila endocycles by E2F and CRL4CPT2, Nature 480, 123-127

Shibutani, S., Swanhart, L.M., and Duronio, R.J. (2007) Rbf1-independent termination of
E2f1-target gene expression during early Drosophila embryogenesis. Development 134,
467-478.

Biswas, A. K., and Johnson, D. G. (2012) Transcriptional and nontranscriptional functions
of E2F1 in response to DNA damage. Cancer Res. 72, 13-17.

Marti, A., Wirbelauer, C., Scheffner, M., and Krek W. (1999) Interaction between

ubiquitin-protein ligase SCFSKP2 and E2F-1 underlies the regulation of E2F-1
degradation. Nat. Cell Biol. 1, 14-19.

29



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Peart, M. J., Poyurovsky, M. V., Kass, E. M., Urist, M., Verschuren, E. W., Summers, M.
K., Jackson, P. K., and Prives, C. (2010) APC/C(Cdc20) targets E2F1 for degradation in
prometaphase. Cell Cycle 9, 3956-3964

Hateboer, G., Kerkhoven, R. M., Shvarts, A., Bernards, R., and Beijersbergen, R. L. (1996)
Degradation of E2F by the ubiquitin-proteasome pathway: Regulation by retinoblastoma
family proteins and adenovirus transforming proteins. Gene Dev. 10, 2960-2970.

Campanero, M. R., and Flemington, E. K. (1997) Regulation of E2F through ubiquitin
proteasome-dependent degradation: Stabilization by the pRB tumor suppressor protein.
Proc. Natl. Acad. Sci. USA 94, 2221-2226.

Hofmann, F., Martelli, F., Livingston, D. M., and Wang Z. (1996) The retinoblastoma gene
product protects E2F-1 from degradation by the ubiquitin-proteasome pathway. Gene Dev.
10, 2949-2959.

Shibutani, S.T., de la Cruz, A. F., Tran, V., Turbyfill, W. J. 3rd, Reis, T., Edgar, B. A., and
Duronio, R. J. (2008) Intrinsic negative cell cycle regulation provided by PIP box- and
Cul4Cdt2-mediated destruction of E2f1 during S phase. Dev. Cell 15, 890-900.

Davidson, J. M., Duronio, R. J. (2012) S Phase—Coupled E2f1 Destruction Ensures
Homeostasis in Proliferating Tissues. PLoS Genetics 8(8): e1002831.

Lin, W. C,, Lin, F. T., and Nevins JR (2001) Selective induction of E2F1 in response to
DNA damage, mediated by ATM-dependent phosphorylation. Gene Dev. 15, 1833-1844.

lanari, A., Gallo, R., Palma, M., Alesse, E., and Gulino, A. (2004) Specific role for
p300/CREB-binding protein-associated factor activity in E2F1 stabilization in response to
DNA damage. J Biol. Chem. 279, 20830-30835

Montagnoli, A., Fiore, F., Eytan, E., Carrano, A.C., Draetta, G.F., Hershko, A. and Pagano,
M. (1999) Ubiquitination of p27 is regulated by Cdk-dependent phosphorylation and
trimeric complex formation. Gene Dev. 13, 1181-1189.

Ji, P., Jiang, H., Rekhtman, K., Bloom, J., Ichetovkin, M., Pagano, M., and Zhu, L. (2004)
An Rb-Skp2-p27 pathway mediates acute cell cycle inhibition by Rb and is retained in a
partial-penetrance Rb mutant. Mol. Cell 16, 47-58

Binne, U. K., et al. (2007) Retinoblastoma protein and anaphase-promoting complex
physically interact and functionally cooperate during cell-cycle exit. Nat. Cell Biol. 9, 225—
232

Zhang, L., and Wang, C. (2005) F-box protein Skp2: a novel transcriptional target of
E2F. Oncogene 25, 2615-2627.

30



96. Yung, Y., Walker, J. L., Roberts, J. M., Assoian, R. K. (2007) A Skp2 autoinduction loop
and restriction point control. J. Cell Biol. 178, 741-747.

97. Wang, H., Bauzon, F., Ji, P., Xu, X., Sun, D., Locker, J. et al. Skp2 is required for survival
of aberrantly proliferating Rb1-deficient cells and for tumorigenesis in Rb1+/- mice. Nat.
Genet. 2010; 42: 83-88.

98. Bauzon, F., and Zhu, L. (2010) Racing to block tumorigenesis after pRb loss: an innocuous
point mutation wins with synthetic lethality. Cell Cycle 9, 2118-2123.

99. Lu, Z., Bauzon, F., Fu, H., Cui, J., Zhao, H., Nakayama, K., Nakayama, K. I., and Zhu, L.
(2014) Skp2 suppresses apoptosis in Rb1-deficient tumors by limiting E2F1 activity. Nat.
Commun. 17:3463

100.Xu, X. L., Singh, H. P., Wang, L., Qi, D.-L., Poulos, B. K., Abramson, D. H., Jhanwar, S.
C., and Cobrinik, D. (2014). Rb suppresses human cone-precursor-derived retinoblastoma
tumours. Nature 514, 385-388.

101.Rodier, G., Makris, C., Coulombe, P., Scime, A., Nakayama, K., Nakayama, K. I. et al.
(2005) p107 inhibits G1 to S phase progression by down-regulating expression of the F-box
protein Skp2. J. Cell Biol. 168, 55-66.

102.Sangwan, M., McCurdy, S. R., Livne-Bar, I., Ahmad, M., Wrana, J. L., Chen, D., and
Bremner, R. (2012) Established and new mouse models reveal E2f1 and Cdk2 dependency
of retinoblastoma, and expose effective strategies to block tumor initiation. Oncogene 31,
5019-5028

103.Geng, F., Wenzel, S., and Tansey, W. P. (2012) Ubiquitin and proteasomes in transcription.
Annu. Rev. Biochem. 81, 177-201.

104.Salghetti, S. E., Muratani, M., Wijnen, H., Futcher, B., and Tansey, W. P. (2000)
Functional overlap of sequences that activate transcription and signal ubiquitin-mediated
proteolysis. Proc. Natl. Acad. Sci. USA 97, 3118-3123

105.Salghetti, S. E., Caudy, A. A., Chenoweth, J. G., and Tansey, W. P. (2001) Regulation of
transcriptional activation domain function by ubiquitin. Science 293, 1651-1653

106.Kurosu, T., and Peterlin, B. M. (2004) VP16 and ubiquitin; binding of P-TEFb via its
activation domain and ubiquitin facilitates elongation of transcription of target genes. Curr.
Biol. 14, 1112-1116

107.Raj, N., Zhang, L., Wei, Y., Arnosti, D. N., and Henry, R. W. (2012) Ubiquitination of
retinoblastoma family protein 1 potentiates gene-specific repression function. J. Biol.
Chem. 287, 4183541843

31


http://www.ncbi.nlm.nih.gov/pubmed/?term=Lu%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bauzon%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cui%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nakayama%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nakayama%20KI%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24632684
http://www.ncbi.nlm.nih.gov/pubmed/24632684
http://www.ncbi.nlm.nih.gov/pubmed/24632684
http://www.ncbi.nlm.nih.gov/pubmed/?term=Geng%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22404630
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wenzel%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22404630
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tansey%20WP%5BAuthor%5D&cauthor=true&cauthor_uid=22404630
http://www.ncbi.nlm.nih.gov/pubmed/22404630

108.Wei, N., Serino, G., and Deng, X. W. (2008) The COP9 signalosome: more than a protease.
Trends Biochem. Sci. 33, 592-600

109.Ullah, Z., Buckley, M. S., Arnosti, D. N., and Henry, R. W. (2007) Retinoblastoma protein
regulation by the COP9 signalosome. Mol. Biol. Cell 18, 1179-1186

110.Singer, R., Atar, S., Atias, O., Oron E, Segal, D., Hirsch, J. A., Tuller, T., Orian, A. and
Chamovitz, D. A. (2014) Drosophila COP9 signalosome subunit 7 interacts with multiple
genomic loci to regulate development. Nucleic Acids Res. 42, 9761-9770

111.Menon, S., Chi, H., Zhang, H., Deng, X. W., Flavell, R. A., and Wei N. (2007) COP9
signalosome subunit 8 is essential for peripheral T cell homeostasis and antigen receptor-
induced entry into the cell cycle from quiescence. Nat. Immunol. 8, 1236-1245

112.Raj, N., Zhang, L., Wei, Y., Arnosti, D. N., and Henry, R. W. (2012) Rbfl degron
dysfunction enhances cellular DNA replication. Cell Cycle 11,3731-3738

113.Adler, A. S., Lin, M., Horlings, H., Nuyten, D. S., van de Vijver, M. J., and Chang H. Y.
(2006) Genetic regulators of large-scale transcriptional signatures in cancer. Nat. Genet. 38,
421-430

114.Hallstrom, T. C., and Nevins J. R. (2003) Specificity in the activation and control of
transcription factor E2F-dependent apoptosis. Proc. Natl. Acad. Sci. USA 100, 10848-
10853

115.Hallstrom, T. C., and Nevins, J. R. (2005) Jabl is a specificity factor for E2F1-induced
apoptosis. Gene Dev. 20, 613-623

116.Hallstrom, T. C., Mori, S., and Nevins JR. (2008) An E2F1-dependent gene expression
program that determines the balance between proliferation and cell death. Cancer Cell 13,
11-22

117.Lu, H., Liang, X., Issaenko, O. A., and Hallstrom, T. C. (2011) Jab1l/CSN5 mediates E2F
dependent expression of mitotic and apoptotic but not DNA replication targets. Cell Cycle
10, 3317-3326.

118.Dunaief, J. L., Strober, B. E., Guha, S., Khavari, P. A., Alin, K., Luban, J., Begemann, M.,
Crabtree, G. R., Goff, S. P. (1994) The retinoblastoma protein and BRG1 form a complex
and cooperate to induce cell cycle arrest. Cell 79, 119-130

119.Strober, B. E., Dunaief, J. L., Guha, S. and Goff , S. P. (1996) Functional Interactions

between the hBrm/hBRGL1 transcriptional activators and the pRB family of proteins. Mol.
Cell. Biol. 16, 1576-1583

32


http://www.ncbi.nlm.nih.gov/pubmed/?term=Singer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Atar%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Atias%20O%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oron%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Segal%20D%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hirsch%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tuller%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Orian%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chamovitz%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=25106867
http://www.ncbi.nlm.nih.gov/pubmed/25106867

120.Nagl, N. G. Jr, Wang, X., Patsialou, A., Van Scoy, M., and Moran, E. (2007) Distinct
mammalian SWI/SNF chromatin remodeling complexes with opposing roles in cell-cycle
control. EMBO J. 26, 752—763.

121.Chandrasekharan, M. B., Huang, F., and Sun, Z.-W. (2010) Histone H2B ubiquitination
and beyond: regulation of nucleosome stability, chromatin dynamics and the trans-histone
H3 methylation. Epigenetics 5, 460-468

122.Ledl, A., Schmidt, D., and Muller, S. (2005). Viral oncoproteins E1A and E7 and cellular
LXCXE proteins repress SUMO modification of the retinoblastoma tumor suppressor.
Oncogene 24, 3810-3818.

123.Li, T., Santockyte, R., Shen, R. F., Tekle, E., Wang, G., Yang, D. C., and Chock, P. B.
(2006) Expression of SUMO-2/3 induced senescence through p53- and pRB-mediated
pathways. J. Biol. Chem. 281, 36221-36227

124.Bischof, O., Schwamborn, K., Martin, N., Werner, A., Sustmann, C., Grosschedl, R., and
Dejean, A. (2006) The E3 SUMO ligase PIASYy is a regulator of cellular senescence and
apoptosis. Mol. Cell 22, 783-794

125.Gill, G. (2005) Something about SUMO inhibits transcription. Curr. Opin. Genet. Dev. 15,
536-541

126.Hochstrasser, M. (2009) Origin and function of ubiquitin-like proteins. Nature 458, 422-
429

33



CHAPTER 2: THE EVOLUTIONARILY CONSERVED C-TERMINAL DOMAINS IN
THE MAMMALIAN RETINOBLASTOMA FAMILY SERVE AS DUAL REGULATORS
OF PROTEIN STABILITY AND TRANSCRIPTIONAL POTENCY!?

The work described in this chapter was published as the following manuscript: Satyaki Sengupta,
Raj Lingnurkar, Timothy S. Carey, Monica Pomaville, Parimal Kar, Michael Feig, Catherine A.
Wilson, Jason G. Knott, David N. Arnosti and R. William Henry (2015) The evolutionarily
conserved C-terminal domains in the mammalian retinoblastoma tumor suppressor family serve
as dual regulators of protein stability and transcriptional potency, Journal of Biological Chemistry,
In Press
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Abstract

The Retinoblastoma (RB) tumor suppressor and related family of proteins play critical roles in
development through their regulation of genes involved in cell fate. Multiple regulatory pathways
impact RB function, including the ubiquitin-proteasome system with deregulated RB destruction
frequently associated with pathogenesis. With the current study, we explored the mechanisms
connecting proteasome-mediated turnover of the RB family to the regulation of repressor activity.
We find that steady state levels of all RB family members, RB, p107, and p130 were diminished
during embryonic stem (ES) cell differentiation concomitant with their target gene acquisition.
Proteasome-dependent turnover of the RB family is mediated by distinct and autonomously acting
instability elements (IE) located in their C-terminal regulatory domains in a process that is
sensitive to Cyclin-dependent kinase (CDK4) perturbation. The IE regions include motifs that
contribute to E2F/DP transcription factor interaction, and consistently, p107 and p130 repressor
potency was reduced by IE deletion. The juxtaposition of degron sequences and E2F interaction
motifs appears to be a conserved feature across the RB family, suggesting the potential for
repressor ubiquitination and specific target gene regulation. These findings establish a mechanistic

link between regulation of RB family repressor potency and the ubiquitin-proteasome system.
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Introduction

The Retinoblastoma (RB) tumor suppressor regulates cell fate through its governance of distinct
gene sets that promote cell division, differentiation, and apoptosis (1,2). RB is related to two other
family members, p107 and p130 that share substantial structural conservation along with some
overlapping function in target gene regulation (3-6). While not as tightly linked to tumor
suppression as RB, tumor suppressive capacity has been assigned to these other family members
in some contexts. In mouse studies, RB deficient mice were prone to pituitary tumor formation
(7), whereas mice deficient for RB and p107 or p130 developed retinoblastoma (8,9), suggesting
that p107 and p130 can influence tissue specific predisposition towards tumor development.
Similarly, conditional loss of p130 in adult lung epithelial cells in a RB7/p537 null background
enhanced development of small cell lung carcinoma (10). Thus, all three RB family members can
act as tumor suppressors in specific contexts.

In their roles as tumor suppressors, RB family members predominately function as
transcriptional repressors of target genes through their antagonism of the E2F/DP family of
transcription factors (11,12). Recent evidence suggests that RB also plays a positive role in
transcriptional activation of some pro-apoptotic response genes, again in a mechanism requiring
E2F activity (13), although RB may also induce apoptosis through a mechanism that is independent
of transcription (14). In this scenario, RB-mediated tumor suppression is enabled through
blockade of gene products necessary for cell growth with concomitant invocation of cell death
pathways. As key regulators of cell fate, the RB family is tightly controlled by CDK-mediated
phosphorylation in response to environmental conditions (15-17). Hypo-phosphorylated RB
interacts with E2F1/DP1 (18), blocking activated transcription of cell cycle genes involved in

DNA replication and S-phase progression (11,12). In response to mitogenic signals, serial
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phosphorylation via cyclin D-CDK 4/6 and cyclin E-CDK2 renders RB family members inactive
by disengaging their association with E2F complexes (19-22). Cyclin-CDK activity is also
critically regulated during early steps in normal embryonic development (23). Rapidly dividing
pluripotent embryonic stem (ES) cells of the early developing embryo employ constitutive CDK-
mediated inhibition of RB proteins as a mechanism to maintain rapid cell division during
blastocyst formation (24-26). As ES cells differentiate, CDK activity plummets, allowing RB
family proteins to regulate E2F activity in a cell cycle dependent manner (26,27). Despite this
unifying model for cyclin-CDK regulation, there are significant differences in the coordination of
RB family member activities and steady state levels. For example, RB and p107 are active in
cycling cells, while p130 functions predominately in quiescent cells that have exited from the cell
cycle. Experiments performed with staged cells showed that steady state p130 levels peak in GO
in contrast to RB and p107 that increase as cells progress through G1 (28,29). Consistently, CDK4
activity has opposite effects on p107 and p130 steady state levels; inhibition of the enzyme leads
to diminished levels of p107 and higher levels of p130 (30). Thus, RB family member activity
and stability clearly respond differently to cyclin-CDK signaling during cell cycle progression.
However, the mechanisms that link regulation of RB family activity to their turnover are poorly
understood.

Previous studies from our lab showed that the Drosophila melanogaster RB homologue
Rbf1 is subjected to proteasome mediated turnover during embryonic development (31,32). We
further demonstrated that Rbfl turnover is influenced by an “instability element” (IE) located
within its C-terminal regulatory domain. Importantly, the IE region is also critical for full repressor
potency for some cell cycle regulated genes, but not for non-canonical targets whose expression is

not usually integrated with the cell cycle (31,33). Interestingly, Rbfl ubiquitination also enhanced
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specific activity at select cell cycle target genes (33), suggesting that the potency of the repressor
at specific genes and overall Rbf1 stability are coordinated. The IE region is well conserved within
the mammalian p107 and p130 factors, and we hypothesized that the activity of mammalian RB
family members may also be coordinated via integration of the cyclin-CDK signaling pathway
with the ubiquitin-proteasome system. We demonstrate here that this regulatory mechanism is
indeed shared among the human RB family proteins. The IE regions within the RB, p107, and
p130 C-terminal domains negatively regulate repressor stability through a cyclin-CDK responsive
proteasome dependent pathway and contribute to effective gene repression. These findings
indicate that an evolutionarily conserved regulatory pathway links stability and potency for the
mammalian RB family.

Materials and Methods

Expression Constructs - Expression plasmids encoding mutant forms of human RB, p107 and
p130 were obtained by site-directed mutagenesis of the pCMV-GFP-RB, pCMV-GFP-p107,
pCMV-GFP-p130 parental plasmids (34). To generate GFP fusion proteins, PCR amplified
instability elements from RB (residues 786-864), p107 (residues 964-1024), and p130 (residues
1035-1095) were fused in frame between the Hindlll and Kpnl sites of pPEGFP-C3 (Clontech). All

plasmids were verified by sequencing for the desired mutation.

ES cell culture, differentiation, and immunofluorescence - Mouse R1 ES cells were obtained
from American Type Culture Collection (ATCC, Manassas, VA), and were cultured on
mitomycin-treated mouse embryonic fibroblasts (MEFs) in medium containing high-glucose
DMEM supplemented with fetal calf serum (FCS), LIF, L-glutamine, nonessential amino acids,
and p-mercaptoethanol. J1-ES cells and the RB-/-, p107-/-, p130-/- triple knock out (TKO) ES

cells were a kind gift from Julien Sage (35). For ES cell differentiation, cells were plated on
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gelatin-coated plates to eliminate contaminating MEFs. Differentiation was induced by growing
cells in presence of 10 pM retinoic acid (R2625, Sigma) for 72h. Control cells were treated with
DMSO for similar time. For immunofluorescence analysis, ES cells were grown on lab-tek Il
chamber slides (Nalge Nunc International, Naperville, IL) under similar conditions and
differentiation was induced as discussed above. Cells were fixed in 3.7% freshly made
paraformaldehyde for 20 min, washed three times in wash buffer (phosphate buffered saline (PBS)
pH 7.4, 0.1% BSA, and 0.01% Tween-20). Cells were permeabilized in PBS containing 0.1%
Triton X-100 for 15 min, washed, and blocked for one hour at RT in blocking solution (PBS pH
7.4, 1% BSA and 0.01% Tween 20). Cells were incubated in primary antibody against anti-RB
(G3245, mouse monoclonal, 1:100, BD Pharmingen), anti-p107 (SC-318, rabbit polyclonal, 1:100,
Santa Cruz Biotechnology), or anti-p130 (SC-317, rabbit polyclonal, 1:100, Santa Cruz
Biotechnology) in blocking buffer either overnight at 4°C (Fig 1A-C) or for 2 h at room
temperature (Fig 2-1 D-F). Following three washes in wash buffer, cells were incubated in
secondary antibody (Alexa Fluor 488 Goat anti-rabbit-A11008, Alexa Fluor 488 Goat anti-mouse-
A11001, Life technologies, Carlsbad, CA) for one hour. Following three washes in wash buffer,
slides were mounted with Vectashield mounting media containing DAPI (Vector Laboratories Inc.,
Burlingame, CA). Images were obtained using an Olympus Fluoview 1000 Filter-based laser

scanning confocal microscope.

Chromatin Immunoprecipitation - ES cells were grown on T-125 flasks and treated with either
DMSO or 10 uM RA (R2625, Sigma) for 3 days. Cells were washed in PBS, trypsinized,
suspended in DMEM and cross-linked with 1% formaldehyde for 18h at 4°C. Cells were then
pelleted, washed with PBS and flash frozen in liquid nitrogen. Soluble chromatin was prepared as

previously described (36). Chromatin bound protein complexes were immunoprecipitated in low
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salt buffer (20mM Tris HCI, pH 8.1, 2mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X 100)
using 5ug of anti-RB (G3245, BD) or anti-p107 (SC-318) or anti-p130 (SC-317) or 5 pg of rabbit
non-specific 1gG (Millipore). Chromatin-antibody complexes were isolated using 50 pl protein G
Dynabeads (Life technologies, Carlsbad, CA). Beads were washed once each in low salt buffer,
high salt buffer (20 mM Tris HCI, pH 8.1, 2 mM EDTA, 500 mM NacCl, 0.1% SDS, 1% Triton X
100), LiCl buffer (10 mM Tris HCI pH 8.1, 1 mM EDTA, 250 mM LiCl, 1% deoxycholate, 1%
IGEPALG630), and twice with TE buffer (10mM Tris HCI, pH 8.1, 1ImM EDTA). Chromatin-
antibody complexes were eluted from the beads in 200 pl of elution buffer (100 MM NaHCO3, 1%
SDS) at 65°C for 30 min with occasional vortexing. Crosslinking was reversed by addition of 8
pl of 5 M NaCl and incubation overnight at 65°C. Extracts were then treated with 1 pl of RNase
A (10 mg/ml) for 1h. Subsequently, 13 pl of Proteinase K buffer (8 pul 1M Tris pH 6.8, 4 pl 0.5M
EDTA and 1 pl Proteinase K (10 mg/ml) was added and samples were incubated for an additional
1.5 h at 45°C. Associated DNA was purified using QIAquick PCR purification kit (Qiagen,
Valencia, CA). Quantitative real-time PCR was performed on input DNA, and antibody specific
ChIP DNA using SYBR Green Master Mix reagents with an ABI Step one plus thermocycler
(Applied Biosystems, Foster City, CA) detection system. Enrichment of RB family members at
target gene promoters was examined using primers spanning known E2F binding sites at the
murine CCNA2 and MCM10 loci. An intergenic region on mouse chromosome 6 was used as a
negative control. Primer sequences are as follows: CCNA2-F: AATAG TCGCGGGCTACTTGA;
CCNA2-R: GAGCG TAGAGCCCAGGAG; MCM10-F: AGCGTC CTCCACAAATGAAC;
MCM10-R: ACCCCG TGACGCTTACCTA; Intergenic mouse chr6F: TTTTCAGTT

CACACATATAAAGCAGA,; Intergenic mouse chr6R: TGTT GTTGTTGTT GCTTCACTG.
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RNA extraction and gene expression analysis using quantitative real time PCR — Pluripotent or
differentiated ES cells were harvested, snap frozen and stored at -80°C. RNA was extracted using
RNeasy Mini kit (Qiagen, Valencia, CA) according to manufacturer’s instruction. cDNA was
synthesized using SuperScript 1l Reverse Transcriptase (Invitrogen, Carlsbad, CA). Quantitative
real-time PCR for RB, p107, and p130 was performed using gene specific primers (10)) and SYBR
Green Master Mix reagents with an ABI Step one plus thermocycler (Applied Biosystems, Foster
City, CA) detection system. Primers sequences are as follows: RB-F:
GCTTGGCTAACTTGGGAG; RB-R: CAACTGCTGCGATAAAGATG; pl07-F:
CCGAAGCCCTGGATGACTT; pl107-R: GCATGCCAGCCAGTGTATAACTT; pl30-F:
AAGGCACATGCTAACCAATGAA,; pl30-R: GAGCAGTTACCGCAGCATGA. Transcript
levels were measured using Tagman probes (Applied Biosystems, Foster City, CA) for Pou5f1
(MmO03053917_g1), Nanog (Mm02019550 s1), and the Eukaryotic elongation factor lal
(MmO01966122 ul) as an endogenous control. Relative gene expression was measured by the 2°

A2 Ct method (37).

Human cell culture, transfection, and drug treatments - To determine the effect of CDK4
inhibition on endogenous RB family stability, approximately 5 x 10° U20S cells were grown for
48h in DMEM containing 10% fetal bovine serum and penicillin-streptomycin. Cells were then
treated with 1 uM PD0332991 (Selleck Chemicals, Houston, TX), and were cultured for an
additional 24 hours with or without 1 uM MG132 for the last 6h. Cells were harvested and the
pellet was snap frozen in liquid nitrogen. Cell extracts were prepared in lysis buffer (50mM Tris
HCI pH 8.0, 150mM NacCl, 1% Triton X-100) and the total protein concentration determined using
Bradford assay. Equal amounts of whole cell extracts (50 pg) were separated by 12.5% SDS-

PAGE and transferred to nitrocellulose membranes for Western analyses. Endogenous proteins
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were detected by using the following antibodies: anti-RB (G3245, mouse monoclonal, 1:1,000,
BD Pharmingen), anti-p107 (SC-318, rabbit polyclonal, 1:1,000, Santa Cruz Biotechnology), anti-
p130 (610261, mouse monoclonal, 1:1000, BD Bioscience), anti-tubulin (mouse monoclonal,
1:20,000, lowa Hybridoma Bank), and anti-actin (A5441, mouse monoclonal, 1:10,000, Sigma).
In Figure 2-2B, p130 was detected using the rabbit polyclonal antibody (SC-317, rabbit polyclonal,
Santa Cruz Biotechnology). All antibody incubations were performed in 5% milk in TBST (20
mM Tris HCI, pH 7.5, 120 mM NacCl, 0.1% Tween-20). Blots were developed using peroxidase
conjugated goat anti-rabbit or goat anti-mouse secondary antibodies, as appropriate (1:5000,
Thermo Scientific, Waltham, MA) and SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific, Waltham, MA). To measure the effect of CDK4 inhibition on recombinant
RB family proteins, approximately 5 x 10° U20S cells were cultured for 24 h prior to transfection
with GFP-tagged full-length or AIE mutant constructs using Nanojuice transfection reagent
(Novagen, EMD Chemicals, San Diego, CA). 24 hours after transfection, cells were treated with
1 uM PD0332991 for an additional 24 hours. Western analysis was performed, as above, using
anti-GFP antibodies (SC-9996, mouse monoclonal, 1:1,000, Santa Cruz Biotechnology).

Stability assays — The steady state abundance of GFP-tagged full length, AIE, and 4KRA proteins
(Figure 3) was determined by Western blot analyses, as described above. To determine the relative
stability of GFP and GFP fused to the RB family instability elements, transfected cells were treated
with 100 uM cycloheximide 40 hour after transfection, and samples were harvested at 3h, 6h, and
9h post treatment. For proteasome inhibitor treatments in Figures 4B and 5A, cells were treated

with DMSO or 1 pM MG132 for 24h.
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Luciferase Reporter Assay - U20S cells were transfected using with Nanojuice transfection
reagent, as described above. Typically 5 x 10° cells were transfected with 100 ng of a human
cyclin A promoter-driven luciferase reporter (human Cyclin A promoter (-89 to +11, (38)), 50 ng
of pRL-CMV Renilla luciferase reporter (Promega), and 500 ng of plasmid expressing the GFP-
tagged effector proteins. After 48 h, cells were harvested and luciferase activity was measured
using the Dual-Glo Luciferase assay system (Promega) and Veritas microplate luminometer
(Turner Biosystems). Firefly luciferase activity was normalized to Renilla luciferase reading.
Luciferase measurements were made in triplicate and at least three biological experiments were

performed.

Structural Homology Modeling - Structure homology modeling of the p130 IE in complex with
the E2F4/DP1 was performed using SWISS-MODEL (39). The crystal structure of the RB C-
terminal domain bound to an E2F1-DP1 heterodimer (PDB code: 2AZE) (40) was used to generate

the homology model.
Results

Regulation of RB, p107, and p130 localization and stability in mouse ES cells —Previous studies
in Drosophila suggested that Rbf1 turnover and function are linked during embryonic development
(31,32). We therefore examined the behavior of mammalian RB family members in pluripotent
self-renewing mouse embryonic stem (ES) cells before and after differentiation. RB function is
limited in ES cells due to elevated cyclin-CDK activity, but is established at the onset of
differentiation, in part due to down regulation of cyclin-CDK kinase complexes (23,27). Thus,
these cells offer a useful system to examine regulation of the RB family as members are mobilized

to gene promoters in response to dynamic CDK activity during development. In these
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experiments, ES cells were cultured on mitotically inactive embryonic fibroblasts in the presence
of leukemia inhibitory factor (LIF) to sustain their self-renewing potential or in the presence of
retinoic acid (RA) to induce differentiation, and the effect on RB, p107, and p130 was first
examined by immunofluorescence analyses. In undifferentiated R1-ES cells, RB and p107
exhibited predominate cytoplasmic staining, which shifted to a stronger nuclear pattern after RA
treatment (Figure 2-1 A, B). In contrast, p130 was detected in the nuclear compartment both before
and after RA-induced differentiation (Figure 2-1 C). To control for antibody specificity, RB family
staining in WT J1-ES were compared to triple knock out (TKO) ES cells under identical imaging
conditions, showing that RB and p107 were preferentially detected in the WT-ES cells (Figures 2-
1, D-E). The pattern for RB subcellular localization was similar for both R1-ES and J1-ES cells
with increased nuclear retention observed after RA challenge (see also Figure 2-1, H). However,
the strong cytoplasmic staining for p107 was muted in J1-ES cells, and nuclear staining was
observed both before and after RA treatment. Unexpectedly, p130 was equivalently detected in the
nuclei of both WT and TKO ES cells (Figure 2-1, F). In Western blot analyses, we also detected
anti-p130 reactive species in both WT and TKO cells (Figure 2-1, G) and using multiple antibodies
that recognize distinct epitopes (not shown), whereas RB and p107 were detected only in WT but
not TKO ES cells, confirming specificity for these antibodies. Based on these findings, we
conclude that RB and p107 can exhibit differential subcellular localization in response to induced
differentiation. During the execution of these experiments, we frequently observed that the staining
intensity of endogenous RB family members was reduced after RA treatment. These differences
are not obvious in Figures 2-1, A-C because the relative luminosity of the images before and after

differentiation was normalized.
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Figure 2-1. Cellular localization of RB, p107, and p130 during mouse embryonic stem (ES)

cell differentiation.
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Figure 2-1 (cont’d)

(A-C) Confocal imaging showing localization of RB, p107, and p130 in a single section of
pluripotent mouse R1-ES cell colonies before and after differentiation with retinoic acid (RA), as
indicated. Cells were counterstained with DAPI to detect nuclear DNA. Three biological replicates
were performed and at least ten ES cell colonies were imaged for each experiment. Representative
examples are presented. (D-F) Maximal intensity projection confocal images comparing WT J1-
ES and TKO cells before and after RA treatment. Samples were processed in parallel and data
collected using identical imaging parameters (G) Western blots were performed on whole cell
extracts prepared from wild type (lane 1) and triple knockout (TKO) ES (lane 2) cells using the
indicated antibodies. Comparable amounts of p107-/- MEFs (lane 3) and U20S (lane 4) extracts
were included for comparison. Different exposures are shown for the p130 Western blot to permit
visualization of the differently migrating species (labeled a-d). (H) RB exhibits nuclear
localization in response to RA treatment. Sections of the data presented in panel D (white boxes)
were enlarged to demonstrate the predominately nuclear staining pattern for RB in WT ES cells,
which was not observed for the TKO cells. Total RB staining was significantly reduced after RA

treatment with a broad range of intensity noted among cells.
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However, reduced RB expression after RA treatment is noticeable for the experiment presented in
Figure 2-1, D wherein the images were acquired using identical parameters, suggesting that ES
cell differentiation is correlated with reduced steady state expression. Variation in RB family
abundance has been observed during cell cycle progression (24,28,29,41), therefore, we
considered that RB family levels during differentiation might be associated with the differing cell
cycle profiles for pluripotent ES cells compared to cells undergoing differentiation. As shown in
Figure 2-2 A, the proportion of cells in G1 indeed increased concomitant with a diminished S
phase population in differentiated ES cells, consistent with tight relationship between RB family
levels and cell cycle progression.

Our previous studies in Drosophila further demonstrated that Rbf1 is less stable in its active
state (31,42), and we surmised that mammalian RB family proteins likewise become destabilized
as they engage target genes in differentiating cells during G1 phase. To test this hypothesis, the
levels of RB family proteins before and after RA treatment were compared to their genomic
binding at endogenous target genes. Levels in ES cells were also compared to those in MCF-7
breast adenocarcinoma cells, as a positive control for RB family members and as a negative control
for the stem cell marker Oct-4. As shown in Figure 2-2 B, Oct-4 expression was significantly
reduced by RA treatment, in line with the expected changes for this molecular marker of
pluripotency. Consistent with the reduced RB family staining that we previously noted using
confocal microscopy, the steady state abundances of all three family members were clearly
reduced after RA-induced differentiation as observed by direct Western blot assay. In two
replicates, RB levels were reduced by 69 percent while levels of p107 and p130 were reduced by
64 and 46 percent, respectively. The decrease in RB family protein levels were not due to change

in transcription or
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Figure 2-2. RB family protein abundance decreases during differentiation concomitant

with increased engagement at target gene promoters.
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Figure 2-2 (cont’d)

(A) FACS analysis showing increased G1 and reduced S phase population in differentiated ES
cells (-LIF, +RA) as compared to pluripotent ES cells (+LIF, -RA). (B) Western blot analysis of
RB, p107 and p130 in whole cell extract derived from pluripotent (-RA, lane 1) and differentiated
(+RA, lane 2) mouse ES cells. RB, p107, and p130 levels in differentiated ES cells were decreased
by 69, 64, and 46 percent, respectively, as compared to pluripotent ES cells (n=2). Oct4 was
analyzed as a positive control of differentiation and was substantially diminished in RA treated ES
cells (lane 2). Actin and tubulin were analyzed as loading controls. Whole cell extracts from
MCF7 breast adenocarcinoma cells (lane 3) were analyzed as a negative control for Oct4 and as a
positive control for RB, p107, and p130 detection. (C) Quantitative real time PCR showing
relative changes in abundance of RB, p107, and p130 mRNA transcripts upon differentiation
(+RA/-RA). RB and p107 mRNA levels increased modestly after differentiation whereas p130
levels were modestly reduced. Transcript levels of Nanog and Pou5f1 (Oct4) were reduced after
RA treatment, as expected. (D) p107 and p130 association at target promoters is stimulated during
RA-induced differentiation. Chromatin immunoprecipitation assays were performed with the
indicated antibodies to determine enrichment of RB, p107, and p130 on the CCNA2 and MCM10
promoters before and after RA treatment. After differentiation, CCNA2 start site (TSS) DNA was
significantly enriched in both the p107 and p130 immunoprecipitated samples (n=6, p<0.05),
whereas enrichment of the MCM10 promoter was observed only during p107 immunoprecipitation
(n=6, p<0.05). Under these conditions, no significant enrichment of any loci was observed for the
anti-RB immunoprecipitated samples, nor was enrichment observed with species matched IgG
control antibodies. Amplification of an intergenic region on mouse chromosome 6 was performed

as an additional negative control.
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or RNA stability because steady state mRNA levels were either unaffected by RA treatment, such
as for p130, or were modestly stimulated, such as for p107 and RB (Figure 2-2 C). Nanog and
Pou5f1 (Oct-4) expression were significantly reduced during differentiation, as expected. These
results point to a post-translational mechanism for RB family regulation, such as through
proteasome mediated turnover pathway. To examine this possibility, we treated pluripotent ES
cells and RA-differentiated cells with the proteasome inhibitor MG132. However, proteasome
inhibition induced substantial cell death for both pluripotent and differentiated ES cells (not
shown), precluding direct assessment of proteasome involvement for RB family turnover in these
cells.

Next, we determined whether the observed changes in cell cycle arrest and RB family
localization during differentiation could be correlated with repressor binding at target gene
promoters as one measure of function. To this end, we measured RB family occupancy on a set
of well-characterized E2F-dependent promoters that were demonstrated to be RB family target
genes (5,6) and whose expression was affected by RB family loss in ES cells (43). As shown in
Figure 2-2 D increased promoter binding by p107 and p130 was correlated with RA-induced
differentiation and cell cycle arrest. Interestingly, pl07 and pl130 exhibited distinct gene
association, as both were bound to the CCNA2, TK1, and E2F1 loci (Figure 2-2 D and data not
shown), while only p107 but not p130 was associated with the MCM10 locus. Finally, our data
provide some evidence for differential binding by RB family members depending upon cell type.
Specifically, p130 was not associated at the MCM10 locus in ES cells, even though it had been
detected at this locus in other cell types (6). We also did not observe RB association at any of these
target genes, although we have routinely used this antibody to detect RB binding in other cell types

(44), and we cannot conclude whether the lack of RB binding in these experiments is biologically
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relevant. The lack of RB signal at these cell cycle loci, otherwise bound by p107 and/or p130 is
consistent with data previously published using T98G cells (5). Interestingly, the current
observations indicate that p107 levels drop during differentiation even as there is increased
residency at target genes. Unlike p107, increased p130 presence at target promoters and its
diminished expression upon differentiation are independent of any changes in subcellular
localization, suggesting that turnover regulation is probably not coupled to nuclear transport

processes.

The RB family C-terminal regulatory domains influence repressor stability — We next considered
a model that signaling mechanisms governing mammalian RB family activity are involved in
regulation of repressor turnover. In Drosophila, the Rbfl homolog harbors an instability element
(IE) within its C-terminal domain that contributes to both repressor activity and destruction
(31,33). As indicated by the alignments shown in Figures 2-3 A and 2-3 B, just such a sequence
is clearly identifiable within the C-terminal regions of both p107 and p130. RB exhibits substantial
sequence differences throughout this region. Nonetheless, previous studies demonstrated that the
RB C-terminal region is structurally related to p107 and thus, this region might likewise participate
in both repression and turnover. Within RB, the IE can be subdivided into two regions previously
called the RBCNT® and RBC®°"¢, which are important for specific interactions with the marked box
domains of the E2F1/DP1 complex (see Figure 2-3 A, and (40)). The RBCNT®" region can also
interact with the MDM2 E3 ubiquitin ligase (45), suggesting that corresponding IE region within
RB similarly coordinates repressor stability. To test whether the IE regions are important for
regulation of RB family turnover, we deleted these regions from RB, p107, and p130 and examined
the effect on steady state expression during transient transfection in U20S cells. These cells were

chosen because we could achieve more efficient and reliable transfection in this system than in ES
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cells. Moreover, U20S cells do not express the p16 CDK inhibitor (46,47); hence these cells
exhibit unrestrained cyclin-CDK activity, analogously to ES cells (25). As shown in Figure 2-3C,
deletion of the RBCNT® region (A786-800) alone, harboring the putative MDM2 binding site, did
not affect RB steady state levels. In contrast, mutant RB lacking both the RBCNT® plus RBC"
regions (RBA786-864) exhibited a significant elevation in steady state abundance. Thus, the IE
region within RB negatively influences repressor abundance. The C-terminal regulatory regions
from p107 and p130 are less well characterized than for RB, and yet these proteins clearly exhibit
the highest homology to the Drosophila Rbfl IE region, as noted previously. Therefore, a more
detailed analysis of these family members was undertaken. As shown in Figure 2-3 D, IE deletion
from GFP-tagged p107 increased steady state expression. Similarly, GFP-p107 abundance was
increased by alanine substitution of four conserved lysine and arginine residues within the p107
IE region (GFP-p107*KRA) that were previously shown to influence Rbf1 half-life. As observed
for p107, deletion of the IE region in GFP-p130 resulted in an even more profound fold-increase
in abundance, a result that was mirrored by the corresponding 4KR to A substitution (Figure 2-3
E). Ablating E2F/DP interaction by deletion of the entire p130 A/B pocket domain did not affect
steady state expression, suggesting that E2F/DP association per se does not modulate p130
abundance. Moreover, IE deletion did not affect the nuclear accumulation of either p107 or p130
as observed by immunofluorescence assay (data not shown). The quantification of the effects of
IE deletion on RB family abundance is summarized in Figure 2-3 F. The effects of IE deletion
were similar in magnitude for RB and p107 showing an increase of 2.4 fold (n=5, p<0.05) and 2.8
fold (n=7, p<0.05), respectively, while p130 abundance was increased 8.8 fold (n=3, p<0.05).
Together, these data demonstrate that all three mammalian RB family members harbor C-terminal

regulatory domains that contribute to their reduced steady state expression.
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Figure 2-3. The C-terminal instability element is conserved within the mammalian RB

family.
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Figure 2-3 (cont’d)

(A) Schematic representation of the human and Drosophila RB family. The canonical instability
element (magenta box) first discovered in Rbfl (residues 728-786) is also present in the C-
terminus of human p107 (residues 964-1024) and p130 (residues 1035-1095). The corresponding
C-terminal region in human RB that functions in E2F1/DP1 interactions, shown in red, contains
two discrete regions called RBCN™" (residues 786-800) and RBC®°" (residues 829-864) (40).
Drosophila Rbf2 does not appear to harbor a C-terminal IE. The A and B cyclin fold domains
within the central pocket domains are shown as grey boxes. Potential cyclin fold domains within
the N-terminal regions are shown as blue boxes. (B) Sequence alignment of the C-terminal regions
from RB, p107, p130, and Rbfl. Residues that are identical in at least two members are highlighted
in yellow. The position of the experimentally determined instability element within Rbf1 is boxed
in blue. The RBCNT and RBC®°" regions are schematically represented above the alignment.
Asterisks indicate the position of CDK phosphorylation sites within RB that modulate
intermolecular interactions with E2F1/DP1 and intramolecular interactions with the B domain
(40). The positions of positively charged lysine and arginine residues that increase Rbfl stability
when mutated are indicated as black triangles. The position of a lysine residue within Rbfl (K774)
that induces profound developmental phenotypes when mutated (31) is indicated as an open
triangle. (C) Western blot analysis of whole cell extracts derived from U20S osteosarcoma cells
transfected with GFP-RBWT (lane 1), GFP-RBANT®' (lane 2) and GFP-RBANTeCoe (|ane 3). (D)
Western blot analysis of whole cell extracts derived from U20S osteosarcoma cells transfected
with wild type GFP-p107 (lane 2) or mutant GFP-107 harboring a deletion of the C-terminal
instability element (GFP-p1074™, lane 3) or alanine substitutions at four conserved positively

charged residues (K970, R977, R978 and K991) within the instability element (GFP-p1074KRA,
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Figure 2-3 (cont’d)

lane 4). (E) Western blot analysis of mutant p130 harboring a deletion of the C-terminal instability
element (GFP-p1302, lane 2) or bearing alanine substitutions at four conserved positively
charged residues (R1041, R1046, R1047, and K1062) within the instability element (GFP-
p130*KRA lane 4). Total p130 levels were unaffected by deletion of the A/B pocket domain GFP-
p130AA/B (lane 5). Actin was used as a loading control for all experiments. (F) Quantification
of the Western data presented in 3C-E for IE-deletion mutants. Deletion of the IE within RB (n=5),
p107 (n=7), and p130 (n=3) resulted in 2.4-fold, 2.8-fold, and 8.8-fold increase in abundance,

respectively (*, p<0.05).
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RB family members lacking their IE regions exhibited increased steady state abundance; therefore,
we hypothesized that the IE-containing regions function as degradation signals or degrons to direct
destruction of their cognate proteins. To test whether the Rbf1-related IE regions within p107 and
p130 are sufficient for autonomous recognition and target protein degradation by the ubiquitin
proteasome system, these regions were appended to GFP, and the effect on chimera protein
abundance was examined. As shown by the immunofluorescence data presented in Figure 2-4 A,
the GFP-1EP*?” chimera was expressed at reduced levels in most, but not all cells when directly
compared to GFP. The total numbers of transfected cells were similar for both constructs, as
assessed by scoring the number of GFP-positive cells independently of fluorescence intensity.
These analyses indicate that the major difference in steady state abundance is likely due to reduced
accumulation rather than differential transfection efficiency. The GFP-IE chimeras containing
either the p107 or p130 IE regions were also markedly diminished compared to GFP alone in
Western blot analyses (Figure 2-4 B). MG132 treatment increased the steady state abundance of
both GFP-1EP%” and GFP-1EP!3, whereas GFP levels were unaffected, consistent with the model
that the p107 and p130 IE regions facilitate degradation by the proteasome (Figure 2-4 B).
Significantly, alanine substitution of key lysine and arginine residues that affected p107 and p130
expression in the context of the full-length proteins also lead to elevated steady state levels of the
GFP-1E chimeras (Figure 2-4 C). These data also indicate that the cellular degradation machinery
does not require additional interactions with other domains for turnover activity. Nonetheless,
neither proteasome inhibition by MG132 nor IE mutation in this context restored expression to
levels observed for GFP alone, suggesting that other unidentified features contribute to regulation
of degron activity. We next treated cells with cycloheximide to test whether the reduced levels of

GFP-IE fusion proteins were indeed a function of accelerated turnover. The measured stabilities
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Figure 2-4. The canonical instability elements in human p107 and p130 function as

autonomously acting degrons.

DAPI GFP OL

o --
GFP-IE
(p107)

B

GFP-IE GFP-IE
GFP  (p107) (p130)

r r T

-+ -+ -+ MG132

— - - GFP-IE
—
- N GFP

T N — w—— — _ ]\ i1

1 2 3 4 5 6

C GFP-IE  GFP-IE GFP-IE
a (p107) o (p130) , (p130)
1 L|_l 1 I

r 1

w
G WTMu OWT Mu O WT Mu

\-———— ..-JACtin
- e -GFP-IE

- " GFP

F

1 2 3 4 5 6 7 8 9
short exp. long exp.

CHX (h
D A E CHX (hl’)

0 3 6 9 1

e & GFP-IE e
GFP-IE| & [ - ~GFP-IE
Flaal ~ GFP-E| |

s———— - ACtn  (D130) | 0 = Actin

———— _GFP | —
GFP GFP | L "GPP

s — — — -ACtin \-— -ACtin

1 2 3 4 1 2 3

57



Figure 2-4 (cont’d)

(A) The pl107 IE contributes to reduced steady expression of GFP. GFP fluorescence was
measured in U20S cells transfected with GFP alone or the GFP-IEP%’ chimera containing GFP
fused to residues 964-1024, corresponding to the pl07 instability element. Cells were
counterstained with DAPI to detect cellular DNA, and overlays (OL) of the GFP and DAPI signals
are shown. GFP-1EP*” showed much reduced expression as compared to GFP in most, but not all
cells. (B) GFP-1EPY and GFP-1EP*3steady state expression is enhanced by proteasome inhibition.
Anti-GFP western blot analysis was performed on whole cell extracts derived from U20S cells
transfected with GFP (lanes 1, 2), GFP-IEP%7 (lane 3, 4), or GFP-1EP®° containing GFP fused to
residues 1035-1095 corresponding to the p130 instability element (lane 5, 6), in the absence or
presence of MG132, as indicated. Whereas GFP remained insensitive to the proteasome inhibition,
the GFP-IE fusion proteins accumulated to higher levels during MG132 treatment, suggesting the
involvement of the instability element in proteasome mediated turnover. Actin was detected as a
loading control and was refractory to proteasome inhibition. (C) Conserved positively charged
amino acids contribute to autonomous IE function. Anti-GFP western blot analysis was performed
on cells extracts transfected with either wild type GFP-IEPX7 (lane 2) or mutant GFP-IEPY
containing alanine substitutions of four positively charged resides within the IE (lane 3). Similar
analysis was performed for wild type GFP-1EP*® (lanes 5, 8) and mutant GFP-IEP*® (lanes 6, 9).
In all cases, the GFP-chimeras containing the wild type IE sequences were expressed at lower
levels than GFP alone (lanes 1, 4, 7), while alanine substitution within the IE resulted in increased
steady state expression. The effect of alanine substitutions on GFP-IEP'* was more evident at a
higher exposure of the same blot (lane 8 vs. lane 9). Actin was detected as a loading control. (D,

E) The p107 and p130 instability elements contribute to enhanced protein turnover. Anti-GFP
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Figure 2-4 (cont’d)

Western analyses was performed on cells expressing either GFP or the wild type GFP-IE chimeras
incubated in the presence of the translation inhibitor cycloheximide for 0, 3, 6, or 9 h, as indicated.
GFP exhibited a half-life greater than 9 hours, whereas the half-lives of the GFP-IE chimeras were
less than 3 h. Actin was detected as a loading control and its levels remained unperturbed by

cycloheximide treatment.
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of the GFP-IE chimeras were substantially lower, demonstrating that these effects are directed
towards protein turnover (Figures 2-4 D, 2-4 E). Together, these studies define these canonical IE
regions as independently acting degrons that are capable of directing substrate degradation by the
proteasome.

The canonical IE regions from p107 and p130 differ from RB at the primary sequence
level. However, structure prediction analysis suggested that these regions may be conserved at the
tertiary level, and thus we next tested the ability of the non-canonical RB-IE region to function as
a degron. As shown in Figure 2-5 A, GFP appended with the RB-IE was expressed at a
substantially lower level than GFP, and levels were increased by MG132 treatment, suggesting
that this region is a bona fide degron. Cycloheximide treatment demonstrated that the RB-derived
IE was also destabilizing (Figure 2-5 B), as previously noted for the canonical p107 and p130 IE
constructs. We conclude that the RBCN™ and RBC®°" regions together constitute a functional
degron.

RB family members are differentially expressed during cell cycle progression with low
levels of RB and p107 during GO or early G1, and increasing levels as cells progress towards late
G1/S (29,48). In contrast, p130 is typically expressed at its highest levels during GO but at reduced
levels at other stages. These differences suggest that cyclin/CDK activity may be key for regulation
of RB family protein levels. At least for p130, proteasome-mediated turnover is known to
contribute to cell cycle associated changes (28,29). To assess the potential role of the IE in this
process, we first measured the effect of CDK4 inhibition by PD0332991 on endogenous RB family

members in asynchronously dividing U20S cells. As shown in Figure 2-6 A, p107, and RB levels
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Figure 2-5. The non-canonical instability element in human RB functions as an

autonomous degron.
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Figure 2-5 (cont’d)

(A) The RB IE contributes to reduced steady expression. Anti-GFP Western blot analysis was
performed on whole cell extracts derived from U20S cells that were transfected with GFP (lanes
1, 2) or GFP-IER® containing GFP fused to residues 786-864 from human RB (lanes 3, 4) in the
absence or presence of the proteasome inhibitor MG132, as indicated. Actin was detected as a
loading control. In these experiments, the GFP-IER® chimera was expressed at much lower levels
than GFP alone. GFP-IERB expression was also enhanced during proteasome inhibition. (B) The
RB IE region contributes to enhanced substrate turnover. Cycloheximide experiments were
performed as described previously, demonstrating that the GFP-IER® chimera exhibited
diminished stability (t¥? < 3hr), as compared to GFP (t¥> > 9hr). Actin was used as a loading

control.
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were markedly diminished after CDK4 inhibition, while endogenous pl30 levels were
significantly increased. These data are consistent with the divergent regulation of the RB family
members during cell cycle progression in staged cells (28, 29), with experiments testing the effect
of PD0332991 in asynchronously dividing hepatocellular carcinoma cells (30). Moreover, levels
of p107 and p130 were significantly increased during a short duration (6 h) of MG132 treatment,
while RB levels were modestly diminished. These data indicate that endogenous p107 and p130
are subjected to proteasome-mediated turnover under these growth conditions. Secondly, RB is
either not subjected to proteasome turnover or MG132 induced RB turnover via a proteasome-
independent pathway. Interestingly, levels of p107, but not RB, were rescued by proteasome
blockade during Cdk4 inhibition (PD+MG132), suggesting that Cdk4-mediated phosphorylation
of p107 prevents its proteasome-mediated turnover. In contrast, concomitant proteasome and
Cdk4 inhibition did not affect p130 levels compared to that observed for PD alone, suggesting that
hypo-phosphorylated p130 is not a substrate for ubiquitin mediated degradation, as described
previously (29).

We next tested whether the IE is essential for the observed destabilization of p107 by
examining the effect of CDK4 inhibition on wild type and mutant p107 lacking the IE in transiently
transfected cells. Indeed, PD0332991 treatment destabilized the wild type but not the pl07AIE
protein, indicating that the IE is required for CDK-sensitive proteasome-mediated turnover of p107
(Figure 2-6 B). Wild type RB was also destabilized during Cdk4 inhibition, while RB lacking
both the RBCN™® plus RBC®°"® (GFP-RBA'F) regions was refractory to PD0332991 influence
(Figure 2-6 C), suggesting that the IE plays a similar role for CDK4 regulation of RB. In contrast
to endogenous p130, recombinant GFP-p130 was destabilized, not stabilized during CDK4

inhibition, and this destabilization was observed regardless of IE status (Figure 2-6 D). This
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Figure 2-6. RB and p107 destabilization during CDK4 inhibition is dependent upon

instability element function.
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Figure 2-6 (cont’d)

(A) CDK4 inhibition differentially affects steady state expression of endogenous RB, p107, and
p130. Western blot analysis was performed to detect endogenous RB, p107 and p130 in whole
cell extracts derived from U20S cells treated with DMSO (lanes 1), MG132 (lane 2), the CDK4-
specific inhibitor PD0332991 (lane 3), or PD0332991 plus MG132 (lane 4). Proteasome inhibition
by MG132 (6h) increased steady state abundance of p107 and p130 by 90% and 30%, respectively
as compared to the DMSO treated samples (n=3, p<0.05), whereas RB abundance decreased by
15% (n=2, p<0.05). The steady state expression of both RB and p107 were reduced by 80% during
PD treatment as compared to the DMSO treated samples (n=5, p<0.05), whereas p130 expression
was increased by 49% (n=7, p<0.05). The PD-induced down-regulation of p107, but not RB, could
be restored by MG132 to levels comparable to the DMSO control. Actin as used as a loading
control and its levels remained unperturbed by PD or MG132 treatment. (B) p107 destabilization
during CDK4 inhibition requires IE function. Western blots analysis was performed on U20S cells
that expressed wild type GFP-p107 (lanes 1-3) or mutant GFP-p107AIE (lanes 4-6) in the absence
or presence of PD0332991, as indicated. In response to CDK4 inhibition, wild-type GFP-p107
levels were reduced by 68% as compared to the DMSO control (n=3, p<0.05), whereas the levels
of p107 lacking the instability element were modestly reduced (18%) as compared to the DMSO
control (n=3, p<0.05). (C) RB destabilization during CDK4 inhibition requires IE function.
Western blot analyses were performed as above, showing that wild-type GFP-RB levels were
reduced by 66% in response to PD as compared to the DMSO control (n=3, p<0.05), whereas
steady state expression of GFP-RBAIE was increased by 82% compared to the DMSO control
samples (n=3, p<0.05). (D) p130 destabilization during CDK4 inhibition does not require IE

function. Western blot analyses were performed as above, showing that both wild type GFP-p130
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Figure 2-6 (cont’d)
and GFP-p130AIE were destabilized to similar extents during PD0332991 treatment. On average,
the levels of both proteins were decreased by 92% in response to PD as compared to DMSO control

(n=3, p<0.05). Actin was used as a loading control in panels B-D.
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outcome suggests that an additional IE-independent pathway can contribute to p130 turnover. The
differences in response to CDK4 inhibition for the endogenous and overexpressed p130 proteins
also suggests that some turnover pathways are active only in one setting, perhaps dictated by

additional regulatory phosphorylation events that affected endogenous p130 in this context.

Previous biochemical and structural studies of the C-terminal domains of the human RB
family showed that these regions are important for interactions with the marked box domains of
E2F/DP complexes (40,49-51). A model of the p130 IE region in a complex with the marked box
domains of E2F4 and DP1 was generated by homology modeling using the RB C-terminal domain
bound to a heterodimer of E2F1 and DP1 (Figure 2-7 A). In this model, the C-terminal portion of
the IE harbors a sheet-turn-helix motif, which contacts the E2F4/DP1 complex, consistent with a
potential role for the IE in repression. Interestingly, we noted that p107 (RBL1) and p130 (RBL2)
harbor low frequency somatic mutations in cancer patients that map within the IE regions, as
documented in the TCGA and COSMIC databases (http://cancergenome.nih.gov/) (52). These
missense and nonsense mutations are found in carcinomas of the ovary, large intestine,
endometrium, and pancreas. An additional independent study focusing on RBL2 found that
mutations within the p130 IE were frequently observed in a cohort of lung adenocarcinomas (53),
including missense mutations affecting lysine 1083. It is notable that comparable lesions have
strong biological effects in Drosophila wherein Rbfl bearing a homologous substitution at K1083
(K774R) caused severe developmental defects (31,54), suggesting that some mutations may play
important roles in vivo. As also shown in Figure 2-7 A, the locations of cancer-associated RBL2
mutations map to different regions of the p130 structure, suggesting that these mutations may
generate different effects, including modulation of E2F/DP interactions or potential E3 ligase

association. We first tested whether cancer-associated point mutations can affect p130 stability by
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expression of the proteins in U20S cells. Substitutions within the C-terminal portion of the alpha
helix (§10901, 11092M) significantly enhanced p130 levels, comparable to the effect of mutating
four conserved lysine/arginine residues in the adjacent but unstructured region of the IE. Other
point mutations tested, including R1070G, N1079F, K1083R, and K1083T that map more
proximal to the E2F4/DP1 dimer interface had no effect on p130 steady state levels (Figure 2-7
B). Thus, some IE-associated cancer mutations result in enhanced expression of p130 potentially
due to disrupted E3 ligase binding.

We next tested whether deletion of the entire IE or amino acid substitutions within the IE
regions from p107 and p130 can impact repression potency (Figures 2-7 C, 2-7 D). Both wild type
p107 and p130 repressed transcription driven by the CCNA2 reporter to levels approximately 50-
63% of that observed for the control. This magnitude of repression is consistent with previously
reported activities for p107 and p130 (34), but is not as profound as that reported for Drosophila
Rbf1 (31,33). Removal of the IE, or substitution of four conserved lysines/arginines with alanine
significantly impaired repression activity for both p107 and p130, indicating that the IE in these
mammalian homologs contribute to full repression potential. Consistently, truncation of the entire
C-terminus (p130-AC) significantly impaired repression, consistent with the role of the C-terminus
in nuclear localization and in mediating contacts with E2F4/DP (55). In contrast, none of the
missense mutations within the p130-1E, as reported in human cancer samples, were significantly
altered for repression of either the cell cycle regulated CCNA2 gene or the apoptotic TP73 reporter
(not shown). We conclude that these particular point mutations are unlikely to critically affect

transcriptional regulation of canonical E2F/DP target genes.
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Figure 2-7. p130 IE activity in regulating repressor potency and stability are biochemically

separable functions.
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Figure 2-7 (cont’d)

(A) Model of the human p130 IE in a complex with E2F4/DP1. Homology model of the p130 C-
terminus (residues 1035-1113, red) in complex with the coiled coil-marked box domains from
E2F4 (residues 94-198, light green) and DP1 (residues 199-350, dark green) was generated using
the crystal structure of the RB C-terminal domain bound to an E2F1-DP1 heterodimer as an
template (PDB code: 2AZE, (40)). The N-terminal portion of the p130 IE is unstructured in this
model (dashed red line), whereas the C-terminal portion of the IE harbors a sheet (residues 1071-
1077)-turn-helix (1083-1093) motif. The positions of some amino acid residues altered in human
cancer patients are indicated (documented in COSMIC - S10901: TCGA-23-1118-01; 11092M:
TCGA-AA-3864-01; R1093H: TCGA-AA-A01Q-01; R1093C: TCGA-D1-A15W-01A-11D-
A122-09). In all cases, these mutations are rare occurring at a frequency < 0.3%. Additional
mutants (R1070G, 2/14 cases; N1079F, 2/14 cases; K1083R, 4/14 cases; K1083T, 1/14 cases) are
based on the study presented in reference 53. Residues highlighted in yellow (N1079, K1083) are
located towards the N-terminal region of the a-helix while residues highlighted in blue (S1090,
11092, R1093) are located within the C-terminal region of this helix. (B) Cancer associated IE
mutations have variable effects on p130 levels. Anti-GFP Western blot analysis was performed
on U20S cells transfected with plasmids expressing either wild type GFP-p130 or mutant versions
harboring single point substitutions, as indicated. In two replicates, GFP-130 containing the
S10901 and 11092M substitutions was expressed 2.2- and 1.7-fold greater than the wild type (n=2).
Vertical dashed lines indicate positions where image had been cut to rearrange the order of lanes.
(C) The p130 IE is required for full repression potency. Luciferase reporter assays were performed
in the presence of wild type or mutant versions of GFP-130, as indicated, testing repression of the

human CCNAZ luciferase reporter. Wild type GFP-p130 repressed transcription by 63%, as
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Figure 2-7 (cont’d)

compared to GFP alone. GFP-p130*RA GFP-p130~, and GFP-p130¢ were significantly less
effective than wild type GFP-p130 (n=8, p<0.05, *). None of the IE mutations reported in human
cancers statistically altered the repression of CCNA2 reporter by GFP-p130. (D) The p107 IE is
required for full repression potency. Luciferase reporter assays were performed in the presence of
wild type or mutant versions of GFP-107, as indicated, testing repression of the human CCNAZ2
luciferase reporter. Wild GFP-p107 repressed transcription by 50%, as compared to GFP alone.
Both GFP-p1074K®A and GFP-p107~™ were significantly less effective than wild type GFP-p107

(n=5, p<0.05, *).
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Discussion
The RB tumor suppressor family governs key steps in cellular proliferation through the
transcriptional regulation of distinct genes associated with growth control (3,4). Phosphorylation
of RB proteins by cyclin/CDK complexes in mouse and human ES cells was previously
demonstrated to inhibit RB/E2F interaction with consequent effects on gene expression and cell
proliferation (25,26,43,56). In this study, we report that early steps during developmental
regulation of the RB family in ES cells are additionally rendered through governance of subcellular
localization. Specifically, RB and p107 accumulated in the nucleus during mouse ES cell
differentiation mediated by concomitant LIF withdrawal and retinoic acid addition. This transition
was concurrent with enhanced p107 and pl30 association at select target genes. Promoter
association by p107 and p130, but not RB in this developmental context is similar to that observed
in tissue culture experiments performed using T98G glioblastoma cells (5). It is also interesting
that p107 and p130 exhibited different behavior for promoter binding with some genes harboring
only p107 and others harboring both p107 and p130. However, the functional significance of
differential promoter association during ES differentiation remains to be determined. It should be
noted that ES cells can undergo differentiation independently of RB family control (43), and thus
consequences for promoter-specific binding may depend upon additional cues, such as cell type
and developmental context. These data point to two mechanisms governing activity of some RB
family members during early development, one involving post-translational regulation by the
cyclin/CDK system and another involving control of subcellular localization.

Our data further indicate that RB family function in transcriptional repression is linked to
increased repressor turnover. This connection was first suggested by observations that steady state

levels of RB family members in ES cells were diminished during RA-induced differentiation and
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cell cycle attenuation. Our observations are also consistent with previous studies in mouse ES
cells where total RB levels dropped in early G1 after release from nocodazole blockade (24). Taken
together these observations suggest an intimate connection between cell cycle progression and RB
protein levels in development. In response to RA, cellular mRNA levels encoding RB, p107, and
p130 were either unaffected or were slightly increased, suggesting that changes in protein
abundance during differentiation are influenced at a post-transcriptional level, potentially
involving regulated protein turnover. To understand the mechanism underlying RB family
abundance, we tested the effect of proteasome inhibition on repressor levels in ES cells. However,
these cells were extremely sensitive to MG132 treatment precluding direct assessment of RB
family member half-lives. We therefore performed a biochemical structure-function study in a
human osteosarcoma cell line that also maintains elevated CDK activity, analogously to that
observed in ES cells. In this context, p107, and p130 turnover were indeed directed via a
proteasome-mediated pathway that involved the evolutionarily conserved instability elements
located within their C-terminal regulatory domains. The primary sequences of the mammalian
p107 and p130 IE regions are most similar, and both of these are clearly related to the prototypical
IE initially identified within Drosophila Rbfl (31). However, RB differs substantially in primary
sequence throughout the IE. Nonetheless, structural studies have indicated that pocket proteins
maintain secondary and tertiary conservation throughout this region (40). We show herein that
the corresponding region within RB also functions as an autonomously acting degron, suggesting
that regulation of repressor stability via these C-terminal degrons represents an important and
evolutionarily conserved component of global RB family control.

Mammalian RB family members are differentially expressed during cell cycle progression

(28,29,48) with rapid degradation of hyper-phosphorylated p130 correlated with GO exit and cell
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cycle reentry. In contrast, p107 and RB levels tend to increase as cells progress towards S phase.
Our studies showed that both wild type p107 and RB but not mutant versions lacking the IE are
diminished by CDK4 inhibition, and are consistent with a role of IE-mediated degron function in
these cell cycle fluctuations. These findings are consistent with earlier observations wherein
mouse ES cells ablated for the CDK2 inhibitor Cdk2AP1 exhibited enhanced RB phosphorylation
concomitant with increased RB abundance (57). Together, these studies demonstrate a clear
linkage between the onset of CDK regulatory activity in ES cells and inversely correlated changes
in RB family activity and abundance.

Although the IE regions of RB, p107, and p130 share similar function in turnover control,
the notable primary sequence divergence within these regions suggests that different E3 ligases
participate in RB family turnover. We propose that these distinct IE regions provide regulatory
flexibility for RB family responses to distinct cell signaling events. Such events may include
differential responses to DNA damage or during regulated cell cycle progression. For example,
the RBCN™® region can bind to the Mdm2 E3 ligase for targeted destruction of hypo-
phosphorylated RB (45,58,59). As noted, corresponding regions in p107 and p130 are only
minimally conserved with RB, and these proteins are refractory to Mdm2 expression (59). In
contrast, proteolysis of p130, but not that of RB or p107 is dependent on the ubiquitin ligase
activity of SCFSk2 (28,29), which is minimally expressed during GO but peaks during S phase (60-
62), suggesting that E3 availability also plays a significant role in turnover of specific family
members. Although SCFS*? and Mdm2 have been suggested as E3 ligases for cell cycle and DNA
damage-associated degradation of RB family proteins, the involvement of these ligases in turnover
during ES cell differentiation remains to be established. It is interesting that the RB C-terminal

domain is also sufficient for F-box protein Skp2 association, but in this case, the RB-Skp2
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interaction is mainly implicated in the regulation of p27 turnover (63), suggesting a role for the
RB-IE in non-autonomous protein turnover. We consider it likely that multiple E3 ligases
participate in RB family regulation through differential contacts with the IE regions of the different
RB family members.

Our study has additionally uncovered an intriguing aspect of mammalian RB regulation,
namely that the sequences guiding repressor instability physically overlap with regions that are
important for transcriptional repression. The inability of mutant p107 and p130 lacking the IE to
fully engage in transcriptional repression is consistent with biochemical studies that have
demonstrated a role for the IE in intermolecular contacts with the coiled coil-marked box (CC-
MB) regions of E2F1-DP1 complexes ((40), see also Figure 7). In this regard, our observations
with the RB family of repressor proteins are similar to the intimate association of degrons within
the activation domains of potent trans-activator proteins, such as E2F1 and c-Myc (64), regulatory
factors that control critical steps in cellular proliferation. A common theme emerges from these
studies that key activators and repressors governing cell fate outcomes are inherently engineered
with limitations on their life span through turnover by the ubiquitin-proteasome system.
Depending upon how the RB family interacts with distinct E2F/DP complexes, the interesting
possibility arises that IE-E2F/DP engagement may reciprocally influence interactions with E3
ubiquitin ligases. In one model, E2F/DP complexes compete with E3 ligase for access to IE
surfaces. In an alternative cooperative model, IE interactions with E2F complexes may portend
engagement with E3 ubiquitin ligases. This latter model is supported, in part, by our data showing
that the steady state levels of p107 and RB are diminished by Cyclin D/Cdk4 inhibition, a process
that also licenses these pocket proteins for E2F/DP interactions and target gene engagement.

Moreover, some cancer-associated p130 mutants tested in the current study showed increased
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steady state expression without significant effects on CCNA2 repression in vitro, suggesting that
E3 binding and E2F/DP engagement are biochemically separable. While ineffectual for
perturbation of p130-mediated repression in this context, it remains possible that in vivo, these
mutations are associated with deregulation of other, as yet uncharacterized, classes of target genes
with significant effects on cellular physiology (6,65). We note that the in the developing
Drosophila embryo, Rbfl associates with many genes involved in cell signaling and metabolism
(66) and similar categories of genes may likewise become deregulated during human cancer
progression in cells lacking IE function. In flies, expression of Rbf1 lacking the IE enhanced DNA
replication in vitro (67) and drove increased organ size when expressed in a tissue specific manner
during development (54), suggesting a critical role for IE function in developmental and

proliferative pathways.
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CHAPTER 3: SUMMARY
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The Retinoblastoma family proteins regulate cellular proliferation through transcriptional
repression of genes involved in transition from G1-S phase (1). The underlying mechanism of gene
repression by RB proteins involve inhibition of E2F transcriptional activators. Multisite
phosphorylation on RB by Cyclins/Cyclin-dependent kinase (Cdk) complexes, abolishes
interaction with E2Fs and increases transcriptional output of RB/E2F target genes (2, 3). As
discussed in Chapter 1, an additional level of regulation on RB and E2F is implemented by the
ubiquitin-proteasome system. Regulation of RB function through both these mechanisms involve
hierarchical control by upstream regulators, and there is a substantial crosstalk between these
regulons (Figure 3-1). Disruption of the genetic circuitry involved in phosphorylation and
proteasome-mediated targeting of the RB and E2F molecules results in severe deficiencies in
embryonic development (4-9), and is also an early event in cellular transformation during cancer

progression (10).

Recent studies from our labs have shown that in Drosophila the Retinoblastoma family
(Rbf) proteins are subject to proteasome mediated turnover during embryonic development, and
this process enhances Rbf engagement in transcriptional repression (4,5,6,11). This positive
linkage between Rbf1 activity and its destruction indicates that repressor function is governed in
a manner similar to that described by the degron theory of transcriptional activation (12). To
understand the relationship between RB family stability and their repressor function during early
mammalian development, | initiated studies in mouse embryonic stem (ES) cells. These studies
revealed that differentiation of mouse ES cells is associated with the establishment of a functional

RB pathway and simultaneous destabilization of RB family members (13).
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Figure 3-1. Parallel regulation of the RB-E2F pathway through reversible phosphorylation

and the ubiquitin-proteasome system.
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Figure 3-1 (cont’d)

RB is inactivated by upstream Cyclin/Cdk complexes, which in turn are negatively regulated by
CDK inhibitors. In parallel RB is inactivated by E3-ligases whose activity is modulated by
upstream E3-ligase inhibitors. Regulation of RB function through both these mechanisms involve
hierarchical control by upstream regulators, and there is substantial crosstalk between these

regulons.
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As pluripotent ES cells are characterized by unrestrained Cdk activity which plummets at the onset
of differentiation (14), we speculated that the observed changes in protein stability upon ES cell
differentiation reflects an intimate relationship between RB phosphorylation and stability. Indeed,
a C-terminal instability element (IE) in RB, p107 and p130 mediates their proteasome dependent
turnover in response to changes in phosphorylation status (13). The IE sequence is evolutionarily
conserved and functions autonomous to direct degradation of heterologous proteins (13). This
study has additionally uncovered another intriguing aspect of mammalian RB regulation, namely
that the sequences involved in regulating repressor instability physically overlaps with regions that
are important for transcriptional repression. This idea is supported by the observation that mutant
p107 and p130 lacking the IE although very stable, were unable to fully engage in transcriptional
repression. This dependence on IE for transcriptional repression is consistent with its role in
mediating intermolecular contacts with the coiled coil-marked box (CC-MB) regions of E2F1-DP1
and E2F4-DP1 (Figure 3-2A) (13, 15). To this end, it is intriguing to speculate that IE-E2F/DP
interaction may reciprocally influence interactions with E3 ubiquitin ligases. The observation that
the steady state levels of RB and p107 were diminished by Cyclin D/Cdk4 inhibition, a process
that also licenses these pocket proteins for E2F/DP interaction and gene regulation, supports a
model where IE interactions with E2F complexes may allow interaction association with E3-
ubiquitin ligases (Figure 3-2B). This overlap of degron sequences and repression domains is a
conserved feature shared among the RB homologues (5, 13), and represents a novel mode of
regulated transcriptional repression, whereby repressors governing critical cell fate outcomes are
inherently engineered with limitations on their longevity through turnover by the ubiquitin-
proteasome system. Together, these findings implicate Retinoblastoma family IE region as a

regulatory nexus linking repressor potency to the ubiquitin-proteasome system in development and
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disease. The instability element (IE) mediated regulation of RB family abundance and
transcriptional potency is evolutionarily conserved (5, 13). As part of ongoing and future
experiments, I am most keen on understanding the differential use of RB family degron for protein
turnover in response to diverse physiological perturbations, and the mechanisms of cross-talk
between CDK-directed phosphorylation control of RB proteins and the cellular degradation
machinery. Firstly, as deregulated proteosomal degradation of RB, p107 and p130 contributes to
cellular transformation (10), it will be very intriguing to determine whether the instability element
is involved in viral oncogene (HPV-E7) induced RB degradation through the proteasome.
Secondly, based on our recent observation that UV induced DNA damage results in proteosomal
degradation of p107 and p130 (Figure 3-3A, B), it will be interesting to study the role of IE in
DNA damage induced regulation of p107 and p130 stability. Thirdly, we also found that the Mdm?2
inhibitor Nutlin-3 stabilizes Mdm2, and induces proteasome mediated degradation of RB and p107
(Figure 3-3C). Given the involvement of Mdm2 in RB turnover, we hypothesize that Nutlin-3
promotes IE-MDM2 interaction that ultimately leads to RB/p107 degradation. Based on our
previous findings that the instability element (IE) binds to E2F and directs protein turnover in an
ubiquitin dependent manner, we propose a model where E2F and Mdm2 cooperatively binds to
the hypo-phosphorylated p107 via the instability element, thereby ensuring degradation of active
p107. Finally, our studies suggested that Cdk4 inhibition by PD0332991 leads to destabilization
of wild-type RB and p107 via proteasome dependent degradation, and mutant form of these
proteins lacking the instability element were refractory to PD mediated destabilization. This led us
to propose a model whereby, dephosphorylation of specific Cdk4 S-T/P sites within the IE may
lead to direct binding of E3 ligases, resulting in protein turnover. We are currently testing this

model using a battery of phospho-resistant and phospho mimetic mutations in RB and p107.
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Figure 3-2. Participation of the RB family C-terminal instability element (IE) in dual

regulation of protein stability and transcriptional potency.
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Figure 3-2 (cont’d)

(A) IE mediates intermolecular contacts with the coiled coil-marked box (CC-MB) regions of
E2F1-DP1 and E2F4-DP1, and thereby contributes to transcriptional repression. (B) RB and p107
is destabilized upon Cyclin D/Cdk4 inhibition, a process that also licenses these pocket proteins
for E2F/DP interaction and gene regulation. This supports a model whereby IE interactions with
E2F complexes may allow simultaneous interaction with E3-ubiquitin ligases to limit the life span

of active repressor molecules.
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Figure 3-3. Regulation of RB family stability by DNA damage and Nutlin-3.
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Figure 3-3 (cont’d)

(A) Western blot analysis of whole cell extracts from U20S cells treated with 100J/m”2 UV and
collected after indicated times. Levels of pl107 and p130 rapidly declined within 2-6 h of UV
treatment, whereas RB levels remained constant during this time period. (B) Reduced levels of
pl07 upon UV induced damage is a result of proteasome dependent turnover, as pl07
destabilization during this window is rescued by concomitant MG132 treatment. (C) Nutlin-3 (N3)
treatment results in altered abundance of Rb family proteins. Reduced levels of p107 upon Nutlin-
3 (N3) treatment is a result of proteasome dependent turnover, as p107 destabilization during this

window is rescued by concomitant MG132 treatment.
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COP9 regulation of RB stability in mammalian cells
COP9 signalosome (CSN) is an evolutionarily conserved protein complex comprised of eight
subunits (CSN1-CSNS8) that regulates the assembly of active Skp1-Cullinl-Fbox (SCF) E3-ligase
complex, and thereby controls ubiquitin mediated protein turnover (reviewed in 1-3). The SCF
core, comprised of Cullinl and the Ring-finger protein Rocl, provides a molecular scaffold that
via the adaptor protein Skp1 allows modular recruitment of distinct F-box receptors, which in turn
recruits specific substrates, thereby generating a repertoire of substrate specific E3 ligases.
Covalent conjugation of Nedd8 to Culinl (Neddylation) promotes the assembly of active SCF by
recruitment of the adaptor and substrate specific F-box proteins to the SCF core. Similarly,
removal of Nedd8 from Cull catalyzed by CSN5 (deNeddylation), disassembles and inactivates
the SCF complex. This dynamic neddylation and deneddylation of Culinl mediated by COP9 is
the major regulatory control that ensures optimal function of SCF E3-ligases. Studies from our lab
found that during embryogenesis, Drosophila RB homologs Rbf1 and Rbf2 are stabilized through
interaction with COP9 signalosome (CSN) (4). Interestingly, Rbf1-CSN interaction was evident
on chromatin and suggested that CSN may function as a corepressor by stabilizing chromatin-
bound Rbfl (4). Both RB and COP9 being evolutionarily conserved proteins, we hypothesized
that a similar mechanism governing RB stability should exist in human cells. To test this
hypothesis, we knocked down CSN subunits in MCF7 breast adenocarcinoma cell lines, and
examined the steady state abundance of RB, p107 and p130 through western blot analysis. In
parallel, we also studied the effect of CSN knockdown on cell cycle progression, because CSN has
been implicated in transcriptional control of cell cycle genes (5).

As shown in Figures AP-1.1A and AP-1.1B, siRNAs against CSN1 and CSN5 lead to

significant decrease in CSN1 and CSN5 protein levels, without any significant effect on the steady
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state abundance of RB family proteins. Similar experiments were also performed in three other
RB-positive cell lines namely mammary MDA-MB-231, mammary 184B5, and colorectal
HCT116 cells, and no significant changes in RB protein levels were observed (data not shown) in
any of the cell types. In addition, we also examined the effect of CSN5 knockdown on cell cycle
distribution (8-11) and in regulating p53 stability (7) as positive controls for CSN5 deficiency. As
shown in Figure AP-1.1D, CSN5 knockdown resulted in a G1 arrest, consistent with previous
reports that CSN5 deficiency influences cellular proliferation as a result of reduced CDK2 activity
and impaired RB phosphorylation (6). Moreover, CSN5 knockdown resulted in increased p53
abundance upon Doxorubicin induced DNA damage (AP-1.2), consistent with the notion that
CSNS5 plays a role in MDM2-mediated p53 ubiquitination and degradation (7). In agreement with
our observation, two independent groups recently reported that unlike Drosophila Rbf1,
mammalian RB proteins do not interact with CSN and, its knockdown is ineffectual for
mammalian RB family abundance (5, 6). Taken together, these studies suggests that in mammals,
CSN is not directly involved in regulation of RB family stability in differentiated cells, but affects
the transcriptional output of the RB-E2F pathway by modulating RB phosphorylation by CDKs.
Based on our studies with Drosophila Rbfl1, an alternative possibility is that COP9 mediated
protection of RB occurs only in the context of early embryonic development. Interestingly,
knockdown of CSN2 in mouse embryonic stem (ES) cells caused a modest reduction in RB levels
(data not shown). Future studies should aim at understanding context dependent function of CSN

in regulating RB biology.

99



Figure AP-1. COP9 signalosome is not involved in regulation of RB family protein stability

in differentiated human cells.
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Figure AP-1 (cont’d)

(A, B) Western blot analysis of MCF-7 cell extracts for RB, p107 and p130 after sSiRNA mediated
knockdown of CSN1 and CSN5. Two specific sSiRNAs against CSN5 were used. CSN1 and CSN5
levels were substantially reduced using respective siRNAS, but none of the siRNAs affected RB,
p107, and p130 levels. Actin and tubulin were used as loading controls. (C) Endogenous p130
interacts with E2F4, but not CSN5. (D) CSN5 knockdown causes a G1 cell cycle arrest in MCF7

cells.
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Figure AP-2. COP9 signalosome regulates p53 abundance upon doxorubicin induced DNA

damage
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Figure AP-2 (cont’d)
(A) Western blot analysis of MCF-7 cell extracts for p53, after doxorubicin induced DNA damage
in cells that were transfected with either control-siRNA or CSN5-siRNA (B) Validation of CSN5

knockdown in these samples using western blot analysis.
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