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Abstract: The mammalian DREAM (Drosophila, RB, E2F, and Myb) complex was discovered in 2004 by several
research groups. It was initially identified in Drosophila followed by Caenorhaditis elegans and later in mammalian
cells. The composition of DREAM is temporally regulated during cell cycle; being associated with E2F-4 and either
p107 or p130 in GO/G1 (repressive DREAM complexes) and with B-myb transcription factor in S/G2 (activator
DREAM complex). High risk human papillomavirus (HPV) E6 and E7 oncoproteins expression are important for ma-
lignant transformation of cervical cancer cells. In particular, the E7 of high risk HPV binds to pRB family members
(pPRB, p107 and p130) for degradation. It has recently been discovered that the p107 and p130 ‘pocket proteins’
are members of mammalian DREAM complexes. With this understanding, we would like to hypothesise the mam-
malian DREAM complex could plays a critical role for malignant transformation in cervical cancer cells.
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Introduction

HPV16 E7 targets pRB family members for deg-
radation. The ability of HPV16 E7 to target pRB
for degradation is necessary for malignant
transformation [1]. In contrast to HPV16 E7,
HPV6 E7 is not transforming and does not
affect the stability of pRB or p107 [2, 3]; how-
ever it does target p130 for degradation [3].
pRB family members play a key role in regulat-
ing progression through the cell cycle. p130 is
specifically up-regulated in GO/G1 and is
responsible for keeping cells in a differentiated
state [4]. The fact that both high risk and low
risk E7 target p130 for degradation may indi-
cate that p130 is important for the HPV life
cycle. Targeting p130 for degradation may be
conducive to creating an ‘S phase-like’ environ-
ment [5-7].

Mammalian DREAM complex

A multiprotein subunit has been identified in
humans which is involved in cell cycle regula-
tion. This complex is known as the DREAM or
LINC complex. It was originally discovered in
Drosophila melanogaster, in which it is involved
in transcriptional repression [8, 9]. The com-

plex is known as dREAM (Drosophila, RB, E2F
and Myb-interacting proteins) [8] or Myb-MuvB
[9] (Table 1). In addition to RB/E2F this complex
also contains a Drosophila MYB transcription
factor, three Myb-interacting proteins (Mip40,
Mip120 and Mip130) and a protein related to
the mammalian pRB-binding protein RbAp48. It
is also suggested that dAREAM/Myb-MuvB com-
plexes are highly conserved in evolution since
they are related to the Caenorhabditis elegans
synMuv class B genes, except dMYB. The syn-
Muv class B proteins form a complex which is
known as DRM [10]. The homologs of all sub-
units of the invertebrate complexes have also
been identified in human complexes, named
DREAM or LINC, whose composition is regulat-
ed at distinct phases of the cell cycle [11-15].
The core DREAM complex contains Lin9, Lin37,
Lin54, Lin52 and RbAp48 (the human homo-
logues of Drosophila Mip130, Mip40, Mip120,
dLin52 and Caflp55, respectively). The pRB
family members, p130 and p107 were com-
prised in human DREAM complex as a tran-
scriptionally repressive during the course of a
cell cycle. The composition of DREAM is tempo-
rally regulated during the cell cycle, being asso-
ciated with E2F-4 and either p107 or p130 in
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Table 1. Comparison of dREAM (Drosophila melanogaster),
DRM (Caenorhabditis elegans) and DREAM/LINC (human)
complexes constituents

Caenorhabditis

required for G2/M progression, BUB-1
and CenPE, which are required at the
mitotic spindle checkpoint, Aurora
kinase-A and Plk-1, which are required
for spindle assembly and UbCh10,
which is required for exit from mitosis
[13, 17]. This review will focus mainly
on the relationship and mechanisms
between the DREAM complex and
HPV16 E7 proteins.

HPV16 E7 disrupts p130/DREAM
complex

Several observations have provided
evidence for the disruption of p130/

Drosophila melanogaster elegans Humans
dREAM MMB DRM DREAM/LINC
RBF1, RBF2 RBF1, RBF2 LIN-35 p130, p107

dE2F2 dE2F2 EFL-1 E2F4/E2F5

dDP dDP DPL-1 DP1/DP2
P55/CAF1  P55/CAF1 LIN-53 RBBP4 RBBP4
MYB MYB B-MYB
MIP130 MIP130 LIN-9 LIN-9 LIN-9
MIP120 MIP120 LIN-54 LIN-54 LIN-54
MIP40 MIP40 LIN-37 LIN-37 LIN-37
- LIN-52 LIN-52 LIN-52 LIN-52
- L(3)MBT

- RPD3

DREAM complexes and p107/DREAM
complexes in HPV16 E7 positive cells
(Caski and SiHa) [18]. In both SiHa

DREAM was first discovered in Drosophila melanogasterembryonal cells.
Drosophila dREAM complex is resistant to dissociation by CDK-phosphor-
ylation and they exist throughout cell cycle. The dREAM/MMB complexes
are also highly conserved in evolution since they are related to the
Caenorhabditis elegans (DRM). The homologs of all subunits of the DRM
complexes have also identified in human complexes, named DREAM/
LINC, whose composition is regulated at distinct phases of the cell cycle.

Adapted from [74].

GO/G1 [12, 13, 15, 16] and with the B-myb
transcription factor in S/G2 [12, 13, 15, 16].

Although the DREAM complex is closely related
to the DRM and dREAM/Myb-MuvB complexes,
pocket proteins, B-myb and E2F transcription
factor do not form part of the stable core com-
plex. The complex dynamically interacts with
pocket proteins/E2F-4 or B-myb in a cell cycle-
dependent manner [15]. During quiescence,
DREAM is present on the promoters of E2F-
regulated genes required for G1/S and G2/M
progression in complex with p130 and E2F4
[13, 17]. During cell cycle re-entry, the promot-
er specificity of the DREAM complex changes.
In late G1, DREAM/p130/E2F4 complexes dis-
sociate from the promoters of genes required
for G1/S progression. This allows the activator
E2F (1-3) transcription factors access to pro-
moter and results in the expression of genes
required to drive the cell through G1/S. On pro-
moters of genes required for G2/M progres-
sion, DREAM selectively interacts with B-myb
during S/G2. RNAi studies have shown that
DREAM and B-myb co-activate a specific clus-
ter of genes required for G2/M phase. These
include cyclin B4, cyclin A2 and cdc2, which are
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and CaSki cells, the lowering of p130
levels was shown by Western blot and
is presumably due to E7-mediated
degradation [3]. HPV16 E7 is able to
induce the proteasomal degradation
of p130 and the related pocket pro-
teins in keratinocytes and this is a dis-
tinct function of the HPV16 E7 protein
that is not shared by adenovirus E1A or SV40T
antigen [19]. The proteasome is a large 26S
multisubunit complex that degrades polyubig-
uitylated proteins to small peptides. Protea-
somes act on proteins marked specifically for
degradation by a small protein called ubiquitin
[20]. Ubiquitin is activated for transfer to sub-
strate through the ATP-dependent formation of
a thioester bond with the ubiquitin-activating
(E1) enzyme and is subsequently transferred to
a ubiquitin-conjugating (E2) enzyme. Finally,
thioesterified ubiquitin is transferred to the tar-
get protein with the assistance of a ubiquitin
ligase (E3). E3s bind directly to substrate, sug-
gesting that they provide specificity in ubiquity-
lation reactions. SCF complexes (E3 ubiquitin
ligases) recognize and polyubiquitylate sub-
strates in a phosphorylation-dependent man-
ner, targeting them for degradation by the 26S
proteasome [21]. HPV16 E7 and pl130 both
interact with and are ubiquitylated by SCFSkp2
complex [22, 23].

Nor Rashid et al. also showed that p130/
DREAM complex was disrupted, particularly in
CaSki when compared to T98G cells in which of
the p130/DREAM complex was expressed
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The mammalian DREAM complex and HPV16 E7 proteins

HPV16

p130 N-terminal I A |I spacer| B Ei

(Ub)n ==

Figure 1. HPV16 E7 oncoproteins binding to p130-DREAM complex through
their L-X-C-X-E motif resulting in proteasomal degradation. The p130 B pocket
was critical for binding L-X-C-X-E (leucine-X-cysteine-X-glutamate) (X denotes
any amino acid residue) motif containing proteins including HPV16 E7. The
HPV16 E7 targets p130 at the B pocket, resulted in the proteasomal degra-
dation, in which the p130 proteins are degraded by the ubuiquitin-protea-
some pathway. Both, HPV16 E7 and p130 interact with and are ubiquitilated

by SCFs2 [22, 23].

abundantly. This presumably reflects the bind-
ing of p130 to E2F4 by 16E7. Both HR (HPV16
E7) and LR (HPV11 E7) proteins bind pRB fam-
ily members through their LXCXE binding motif
[24] (Figure 1). Furthermore, several in vitro
studies have revealed that HPV16 E7, in con-
trast to HPVG6 E7, has a greater affinity for pRB,
p107, and p130 [25, 26]. HR HPVs destabilize
all pRB family members and this is a critical
event that drives cellular transformation [19,
27-31]. The main contributing factor that results
in enhanced binding of HR HPV E7 to pRB and
its ability to target pRB for degradation is an
aspartic acid versus glycine residue in HR vs.
LR E7 proteins at the amino acid immediately
before the LXCXE binding motif. Although HPV6
E7 has a lower affinity for binding p130 than
HPV16 E7, it is as efficient in targeting p130 for
degradation [3]. The E7 proteins from the low
risk HPV types bind to the pocket proteins with
lower affinity than the high risk HPV E7 types.

B-myb is over-expressed in 16E7-containing
cells, as the GO/G1 transcriptional repression
(presumably mediated by p130/DREAM com-
plex) is relieved [18, 32]. This is due to the inac-
tivation of pRB family proteins by 16E7 protein
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proteasomal degradation

which subsequently causes

|-:| the G1 exit and cell cycle
entry to S-phase. On the other

hand, the higher expression
of B-myb/DREAM complexes
might be related to the inter-
action of 16E7 protein with
the cyclin A/CDK2 complex
[33] which will ensure the
cells will remain in an S-phase
like state where B-myb gene
expression is maximal. Nor
Rashid et al. also found that
p130/DREAM complex was
abundant in T98G cells (con-
trol cell line). Claudio et al.
has demonstrated that in cer-
tain cell lines, such as T98G
cells, which are deficient in
the CDK inhibitor, p16, the
p130 protein is the major cell
cycle inhibitor instead of pRB
and pl107. However, in the
C33A cell line there was a
higher expression of p107 as
indicated in the input control.
This may be related to the
lack of pRB as a cell cycle inhibitor in C33A
cells [34].

Re-expression of p53 tumour suppressor pro-
tein in E7 depleted-CaSki cells

Depletion of E7 in CaSki cells inevitably sup-
pressed E6 oncoproteins in this cell lines since
all HPVs have a conserved structure of the early
promoter, the E6 promoter or p97 including
HPV16, that initiates transcription of the E6/E7
polycistronic mRNA. Therefore, p53 was re-
expressed upon E6 depletion which could also
impact on DREAM complexes. Under these con-
ditions, p21°** could inhibit cyclin E/A cdk2
complexes, which would preclude both activat-
ing phosphorylation of B-myb [35] and inacti-
vating phosphorylation of p130 [36].

p53 plays many roles in cell-cycle regulation. It
activates repair proteins in response to DNA
damage, and if this damage is irreparable can
induce cell arrest by activating p21, a cyclin
kinase inhibitor [37, 38]. High risk HPV E6 binds
to E6G-associated protein (E6-AP), a cellular
ubiquitin-ligase, and targets the tumour sup-
pressor p53 for degradation [39, 40]. Activation
of p53 occurs upon cellular stresses, such as
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DNA damage, oncogene activation, telomere
erosion and hypoxia. It is mediated, at least in
part, by inhibition of MDM2 and rapid stabiliza-
tion of the p53 protein by post-translational
modifications. E6 protein from the high -risk
HPV type 16, has a higher affinity in binding
towards p53 and by binding and targeting p53
for degradation, it prevents cell cycle arrest and
apoptosis in stressed cells favouring accumula-
tion of DNA damages and cellular transforma-
tion [41]. Both viral oncoproteins (E6 and E7)
are able to form stable complexes with cellular
proteins and alter, or completely neutralise,
their normal functions. These events lead to
the loss of control of cell cycle check points, of
apoptosis and differentiation and eventually to
transformation of the HPV infected cell. As
hypothesised, the p53 expression was
increased upon E7 suppression in CaSki cells
[18].

Defective in the B pocket of p130 abrogate
the HPV-transformed cells proliferation

HPV16 E7 binds to a highly conserved shallow
groove on the B pocket of hypophosphorylated
pRb, an interaction that is mediated by the
LXCXE motif [42, 43]. The CR2 region contains
a conserved LXCXE sequence which interacts
with the retinoblastoma tumor suppressor pro-
tein pRB and the related ‘pocket proteins’ p107
and p130 [24, 44]. These proteins interact with
the transcription factor E2F, which is able to
regulate cell cycle transition [45-47]. The pri-
mary activity of high risk E7 proteins is to inhibit
members of the retinoblastoma (RB) tumor
repressor family to induce progression into S
phase [48]. In normal cells, pRB is hypophos-
phorylated in early G, and becomes increas-
ingly phosphorylated towards S phase. In its
hyphophosphorylated form, RB binds E2F tran-
scription factors and actively represses tran-
scription from promoters containing E2F sites.
By binding pRB in a hypophosphorylated state,
E7 prevents it from binding to E2F and thereby
promotes cell cycle progression [45]. In normal
epithelia, cell cycle exit occurs following differ-
entiation. By binding to pRB, E7 promotes cell
cycle progression in differentiated epithelial
cells, allowing for replication of the HPV
genome.

p130 localization

p130 contains three nuclear localization sig-
nals (NLS), two in the C-terminus and one in the

3528

loop region [49]. In undifferentiated cells, hypo-
phosphorylated p130 is predominantly in the
nucleus in the GO/G1 phase of the cell cycle. In
S-phase, p130 is typically phosphorylated and
transported to the cytoplasm where it is target-
ed for degradation. Shuttling of p130 between
the nucleus and the cytoplasm therefore pro-
vides a means of regulation [23, 49]. p130 lev-
els, like the levels of other pRB family mem-
bers, are regulated in response to the prolifera-
tive state of cells and are controlled by Skp-
Cullin-F-box (SCF) complexes which mediate
proteolysis in a phosphorylation-dependent
manner [23, 50-52]. p130 has been shown to
be phosphorylated in cycling cells by cyclin D/
Cdk4 or Cdke6, cyclin A/Cdk2 and cyclin E/Cdk2
[4, 50]. Cdk4/Cdk6, not Cdk2, is responsible
for targeting p130 for degradation in fibroblasts
[23]. In cycling cells Cdk4/Cdk6 phosphorylates
p130 on Ser 672, resulting in a hyperphosphor-
ylated form of p130 that is targeted for degra-
dation by an SCF 21 complex [23]. In growth-
arrested and terminally differentiated cells,
p130 is phosphorylated by glycogen synthase
kinase 3 (GSK3) in the loop region in the B sub-
domain and thus stabilized [53].

Disruption of the pRB/Lin-9 interaction by the
E7 proteins

The Lin-9 protein is known to associate with
pRB in mammalian cells, a function that
appears to mediate a number of its known
activities [54]. As hLin-9 mediates pRB tumour
suppressor activity through an interaction with
the pocket domain, it is interesting to speculate
as to whether the E7 proteins could antagonise
this interaction. The high risk HPV16 E7 protein
contains a LXCXE domain that is known to bind
to the pocket domain of pRB and suppress its
tumour suppressor activity. It is possible that
oncoproteins such as the HPV16 E7 protein
may compete for binding with the hLin-9 pro-
tein, thus diminishing its functional activity.

The strength of binding to pRB varies between
different HPV types. Although generally speak-
ing, the low risk and cutaneous HPV E7 proteins
do not bind to pRb with a particularly high affin-
ity and the high risk HPV E7 proteins do [55],
there is a grey area containing many in-between
[25, 56, 57]. In contrast to the high risk HPV
types, low risk and cutaneous E7 proteins con-
tain either a fully intact LXCXE motif, a partial
LXCXE motif or no LXCXE motif [56]. It is unclear
why E7 proteins such as the cutaneous HPV1
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E7 protein, which contains an intact LXCXE
motif and is able to bind to pRb with a similar
affinity to the high risk HPV16 E7 protein, does
not have any in vitro transforming activity [25].
It is thought that the ability to target pRB for
proteasomal degradation plays an important
role, as the HPV1 E7 protein is not able to
degrade pRB [19, 58, 59], but this is not suffi-
cient for cellular transformation [60]. The addi-
tional functional activities of the high risk HPV
E7 proteins that enable the proteins to effi-
ciently overcome the G,/S checkpoint and pro-
mote cellular transformation have not yet been
fully characterised, but are thought to include
the ability to inactivate the CDKi p21WAri/ciP1
and induce genomic instability. Presumably the
functional amalgamation of each of these
activities defines the relative efficiency by
which each E7 type may deregulate the cell
cycle.

It would be interesting to see whether the affin-
ity of the E7 type for pRB is directly comparable
with an ability to antagonize pRB-hLin-9 bind-
ing, and whether this has any functional rele-
vance. It is possible that the efficiency by which
an E7 type disrupts the pRB-hLin-9 interaction
is not just determined by its relative affinity for
pRB. The cutaneous HPV1 E7 protein for exam-
ple, may not be able to antagonize the pRB-
hLin-9 interaction as efficiently as the high risk
HPV16 E7 protein. In such a situation, the abil-
ity to prevent pRB-hLin-9 binding would be
dependent on other unidentified activities or
functional domains of the particular E7 type. If
this were the case, it could mirror the disrup-
tion of the pRB-E2F interaction. Although the
LXCXE motif is required to anchor the HPV16
E7 protein to pRB, an additional C-terminal
region is required to disrupt E2F binding [61].
By equal measure, it is possible that the effi-
ciency by which an E7 type disrupts the pRB-
hLin-9 interaction does not determine the func-
tional activity of the pRB-hLin-9 complex. The
HPV1 E7 protein may be able to stoichiometri-
cally disrupt the pRB-hLin-9 complex in a simi-
lar manner to the HPV16 E7 protein, but this
may not have the same functional effect. For
example, as the HPV1 E7 protein is not able to
degrade pRB, the E7 proteins may quickly
become saturated.

Since the hLin-9 protein synergises with pRB in
the activation of genes required for differentia-
tion, a situation may be envisaged whereby the
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high risk E7 proteins could prevent the expres-
sion of these genes. If this scenario were true,
high risk E7 proteins could simultaneously
drive the cell through G,/S and prevent the
expression of genes required for terminal dif-
ferentiation. This would result in a pool of con-
tinually dividing, undifferentiated cells similar
to those seen in high grade infections [62].

B-myb/DREAM as an activating complex in
cell cycle progression

Avian myeloblastosis viral oncogene homolog-2
(mybl2) is a member of a multigene family of
transcription factors involved in control of cell
cycle progression, differentiation and apopto-
sis [22, 63]. All members of this family, A-Myb,
B-Myb (MYBL2) and C-Myb, contain conserved
regulatory and transactivation domains that
exhibit sequence-specific DNA-binding activity.
Only B-Myb, the ancestral gene of this family, is
expressed in all proliferating cells [64].

As with many cell cycle associated transcrip-
tion factors, B-Myb expression and function is
dynamically regulated. The mybl2 gene, which
encodes B-Myb, is regulated directly by E2F
transcription factors and is maximally induced
at the G1/S boundary of the cell cycle [63]. The
trans-activation and gene regulatory potential
of B-Myb is regulated by cyclin A/cdk2-mediat-
ed phosphorylation [65], and B-Myb is degrad-
ed through a ubiquitin-mediated process late in
S phase [66]. In S/G2, the DREAM complex
associates with B-Myb to activate genes
required for G2/M transition and mitosis [15].
As demonstrated by Nor Rashid et al. B-Myb is
abundantly expressed in CaSki cell line which is
due to the inactivation of p130 pocket protein
by HPV16 E7 protein which subsequently caus-
es the G1 exit and cell cycle entry to S-phase.
Pang et al. has shown that HPV16 E7 could
bind to the B-Myb/DREAM/FoxM1 complex in
the absence of pocket proteins family. FoxM1 is
the transcriptional activator of mitotic genes
and E2F target gene [67]. FoxM1 has also been
implicated in cellular activities, including regu-
lation of oxidative stress, repair of DNA damage
and tumour metastasis [68, 69]. However,
overexpression of FoxM1 has been reported in
poor prognosis cervical cancer [70, 71]. Pang
et al. has also reports that HPV E7 interacts
with the core component of the DREAM com-
plex, Lin-9, and with transcription factors B-Myb
and FoxM1 to promote mitosis. They also
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showed that the association between Lin-9 and
FoxM1 depended on the LXCXE motif of E7,
whereas E7 association with B-Myb did not.
Moreover, the B-Myb/DREAM complex does
not contain the p130 or any of the pocket pro-
tein family [72]. However, it is quite vague on
how and where HPV16 E7 binds to B-Myb/
DREAM/FoxM1 complex.

Conclusions and future perspectives

Taken together, it is necessary for HPV16 E7
protein to disrupt the p130/DREAM complex to
promote cell cycle progression in cervical can-
cer cells. HPV16 E7 protein will interfere with
p130/DREAM complex during GO/G1 to pro-
mote into S phase in which requires B-Myb/
DREAM complex to be activated to express the
genes which are required for S/G2/M phase. To
date, there are two forms of DREAM complexes
in  mammalian cells, the repressor p130/
DREAM complex and the activator B-Myb/
DREAM complex. It should also be noted that
some features of the DREAM complex remains
poorly understood. In the context of RAS onco-
gene however, Tschop et al. has shown that
p130/DREAM is important for establishment of
senescence [73]. Further investigation on the
relationship between HPV16 E7 and the mam-
malian DREAM complex is required and will pro-
vide more insight on cervical oncogenesis and
viral regulations.

Acknowledgements

This work was supported by a grant from the
Ministry of Higher Education Malaysia (FP026-
2014A) and a grant under University Malaya
(PG020-2014B).

Disclosure of conflict of interest
None.

Address correspondence to: Nurshamimi Nor Ra-
shid, Department of Molecular Medicine, Faculty of
Medicine, University of Malaya, Kuala Lumpur
50603, Malaysia. Tel: +603-79677549; Fax: +603-
79674954; E-mail: nurshamimi@um.edu.my

References
[1]  zur Hausen H. Papillomaviruses causing can-
cer: evasion from host-cell control in early

events in carcinogenesis. J Natl Cancer Inst
2000; 92: 690-698.

3530

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

Demers GW, Espling E, Harry JB, Etscheid BG
and Galloway DA. Abrogation of growth arrest
signals by human papillomavirus type 16 E7 is
mediated by sequences required for transfor-
mation. J Virol 1996; 70: 6862-6869.

Zhang B, Chen W and Roman A. The E7 pro-
teins of low-and high-risk human papillomavi-
ruses share the ability to target the pRB family
member p130 for degradation. Proc Natl Acad
Sci US A 2006; 103: 437-442.

Cobrinik D. Pocket proteins and cell cycle con-
trol. Oncogene 2005; 24: 2796-2809.
Banerjee NS, Genovese NJ, Noya F, Chien WM,
Broker TR and Chow LT. Conditionally activated
E7 proteins of high-risk and low-risk human
papillomaviruses induce S phase in postmitot-
ic, differentiated human keratinocytes. J Virol
2006; 80: 6517-6524.

Collins AS, Nakahara T, Do A and Lambert PF.
Interactions with pocket proteins contribute to
the role of human papillomavirus type 16 E7 in
the papillomavirus life cycle. J Virol 2005; 79:
14769-14780.

Munger K, Basile JR, Duensing S, Eichten A,
Gonzalez SL, Grace M and Zacny VL. Biological
activities and molecular targets of the human
papillomavirus E7 oncoprotein. Oncogene
2001; 20: 7888-7898.

Korenjak M, Taylor-Harding B, Binne UK,
Satterlee JS, Stevaux O, Aasland R, White-
Cooper H, Dyson N and Brehm A. Native E2F/
RBF complexes contain Myb-interacting pro-
teins and repress transcription of developmen-
tally controlled E2F target genes. Cell 2004;
119: 181-193.

Lewis PW, Beall EL, Fleischer TC, Georlette D,
Link AJ and Botchan MR. Identification of a
Drosophila Myb-E2F2/RBF transcriptional re-
pressor complex. Genes Dev 2004; 18: 2929-
2940.

Harrison MM, Ceol CJ, Lu X and Horvitz HR.
Some C. elegans class B synthetic multivulva
proteins encode a conserved LIN-35 Rb-
containing complex distinct from a NuRD-like
complex. Proc Natl Acad Sci U S A 2006; 103:
16782-16787.

Guiley KZ, Liban TJ, Felthousen JG, Ramanan
P, Litovchick L and Rubin SM. Structural mech-
anisms of DREAM complex assembly and regu-
lation. Genes Dev 2015; 29: 961-974.
Litovchick L, Sadasivam S, Florens L, Zhu X,
Swanson SK, Velmurugan S, Chen R, Washburn
MP, Liu XS and DeCaprio JA. Evolutionarily con-
served multisubunit RBL2/p130 and E2F4
protein complex represses human cell cycle-
dependent genes in quiescence. Mol Cell
2007; 26: 539-551.

Pilkinton M, Sandoval R and Colamonici OR.
Mammalian Mip/LIN-9 interacts with either

Am J Cancer Res 2015;5(12):3525-3533


mailto:nurshamimi@um.edu.my

(14]

[16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

The mammalian DREAM complex and HPV16 E7 proteins

the p107, p130/E2F4 repressor complex or
B-Myb in a cell cycle-phase-dependent context
distinct from the Drosophila dREAM complex.
Oncogene 2007; 26: 7535-7543.

Sadasivam S and DeCaprio JA. The DREAM
complex: master coordinator of cell cycle-de-
pendent gene expression. Nat Rev Cancer
2013; 13: 585-595.

Schmit F, Korenjak M, Mannefeld M, Schmitt
K, Franke C, von Eyss B, Gagrica S, Hanel F,
Brehm A and Gaubatz S. LINC, a human com-
plex that is related to pRB-containing complex-
es in invertebrates regulates the expression of
G2/M genes. Cell Cycle 2007; 6: 1903-1913.
Knight AS, Notaridou M and Watson RJ. A Lin-9
complex is recruited by B-Myb to activate tran-
scription of G2/M genes in undifferentiated
embryonal carcinoma cells. Oncogene 2009;
28: 1737-1747.

Osterloh L, von Eyss B, Schmit F, Rein L,
Hubner D, Samans B, Hauser S and Gaubatz
S. The human synMuv-like protein LIN-9 is re-
quired for transcription of G2/M genes and for
entry into mitosis. EMBO J 2007; 26: 144-157.
Nor Rashid N, Yusof R and Watson RJ.
Disruption of repressive p130-DREAM com-
plexes by human papillomavirus 16 E6/E7 on-
coproteins is required for cell-cycle progres-
sion in cervical cancer cells. J Gen Virol 2011;
92: 2620-2627.

Gonzalez SL, Stremlau M, He X, Basile JR and
Munger K. Degradation of the retinoblastoma
tumor suppressor by the human papillomavi-
rus type 16 E7 oncoprotein is important for
functional inactivation and is separable from
proteasomal degradation of E7. J Virol 2001;
75: 7583-7591.

Ciechanover A, Orian A and Schwartz AL.
Ubiquitin-mediated proteolysis: biological regu-
lation via destruction. Bioessays 2000; 22:
442-451.

Deshaies RJ. SCF and Cullin/Ring H2-based
ubiquitin ligases. Annu Rev Cell Dev Biol 1999;
15: 435-467.

Oh KJ, Kalinina A, Wang J, Nakayama K,
Nakayama Kl and Bagchi S. The papillomavi-
rus E7 oncoprotein is ubiquitinated by UbcH7
and Cullin 1- and Skp2-containing E3 ligase. J
Virol 2004; 78: 5338-5346.

Tedesco D, Lukas J and Reed Sl. The pRb-relat-
ed protein p130 is regulated by phosphoryla-
tion-dependent proteolysis via the protein-
ubiquitin ligase SCF(Skp2). Genes Dev 2002;
16: 2946-2957.

Dyson N, Howley PM, Munger K and Harlow E.
The human papilloma virus-16 E7 oncoprotein
is able to bind to the retinoblastoma gene
product. Science 1989; 243: 934-937.
Ciccolini F, Di Pasquale G, Carlotti F, Crawford L
and Tommasino M. Functional studies of E7

3531

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

(34]

(35]

(36]

(38]

proteins from different HPV types. Oncogene
1994; 9: 2633-2638.

Gage JR, Meyers C and Wettstein FO. The E7
proteins of the nononcogenic human papillo-
mavirus type 6b (HPV-6b) and of the oncogenic
HPV-16 differ in retinoblastoma protein bind-
ing and other properties. J Virol 1990; 64:
723-730.

Berezutskaya E, Yu B, Morozov A, Raychaudhuri
P and Bagchi S. Differential regulation of the
pocket domains of the retinoblastoma family
proteins by the HPV16 E7 oncoprotein. Cell
Growth Differ 1997; 8: 1277-1286.

Boyer SN, Wazer DE and Band V. E7 protein of
human papilloma virus-16 induces degrada-
tion of retinoblastoma protein through the
ubiquitin-proteasome pathway. Cancer Res
1996; 56: 4620-4624.

Davies R, Hicks R, Crook T, Morris J and
Vousden K. Human papillomavirus type 16 E7
associates with a histone H1 kinase and with
p107 through sequences necessary for trans-
formation. J Virol 1993; 67: 2521-2528.
Halbert CL, Demers GW and Galloway DA. The
E7 gene of human papillomavirus type 16 is
sufficient for immortalization of human epithe-
lial cells. J Virol 1991; 65: 473-478.

Helt AM and Galloway DA. Destabilization of
the retinoblastoma tumor suppressor by hu-
man papillomavirus type 16 E7 is not sufficient
to overcome cell cycle arrest in human kerati-
nocytes. J Virol 2001; 75: 6737-6747.

Lam EW, Morris JD, Davies R, Crook T, Watson
RJ and Vousden KH. HPV16 E7 oncoprotein
deregulates B-myb expression: correlation with
targeting of pl07/E2F complexes. EMBO J
1994, 13: 871-878.

Tommasino M, Adamczewski JP, Carlotti F,
Barth CF, Manetti R, Contorni M, Cavalieri F,
Hunt T and Crawford L. HPV16 E7 protein as-
sociates with the protein kinase p33CDK2 and
cyclin A. Oncogene 1993; 8: 195-202.

Chen CR, Kang Y, Siegel PM and Massague J.
E2F4/5 and p107 as Smad cofactors linking
the TGFbeta receptor to c-myc repression. Cell
2002; 110: 19-32.

Saville MK and Watson RJ. B-Myb: a key regu-
lator of the cell cycle. Adv Cancer Res 1998;
72: 109-140.

Cheng M, Olivier P, Diehl JA, Fero M, Roussel
MF, Roberts JM and Sherr CJ. The p21(Cipl)
and p27(Kipl) CDK ‘inhibitors’ are essential
activators of cyclin D-dependent kinases in
murine fibroblasts. EMBO J 1999; 18: 1571-
1583.

Hebner CM and Laimins LA. Human papilloma-
viruses: basic mechanisms of pathogenesis
and oncogenicity. Rev Med Virol 2006; 16: 83-
o7.

Levine AJ. p53, the cellular gatekeeper for
growth and division. Cell 1997; 88: 323-331.

Am J Cancer Res 2015;5(12):3525-3533



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

The mammalian DREAM complex and HPV16 E7 proteins

Huibregtse JM, Scheffner M and Howley PM.
Cloning and expression of the cDNA for EG-AP,
a protein that mediates the interaction of the
human papillomavirus E6 oncoprotein with
p53. Mol Cell Biol 1993; 13: 775-784.
Scheffner M, Werness BA, Huibregtse JM,
Levine AJ and Howley PM. The E6 oncoprotein
encoded by human papillomavirus types 16
and 18 promotes the degradation of p53. Cell
1990; 63: 1129-1136.

Gu Z, Pim D, Labrecque S, Banks L and
Matlashewski G. DNA damage induced p53
mediated transcription is inhibited by human
papillomavirus type 18 E6. Oncogene 1994; 9:
629-633.

Huang PS, Patrick DR, Edwards G, Goodhart
PJ, Huber HE, Miles L, Garsky VM, Oliff A and
Heimbrook DC. Protein domains governing in-
teractions between E2F, the retinoblastoma
gene product, and human papillomavirus type
16 E7 protein. Mol Cell Biol 1993; 13: 953-
960.

Lee JO, Russo AA and Pavletich NP. Structure
of the retinoblastoma tumour-suppressor
pocket domain bound to a peptide from HPV
E7. Nature 1998; 391: 859-865.

Dyson N, Guida P, Munger K and Harlow E.
Homologous sequences in adenovirus E1A
and human papillomavirus E7 proteins medi-
ate interaction with the same set of cellular
proteins. J Virol 1992; 66: 6893-6902.
Chellappan SP, Hiebert S, Mudryj M, Horowitz
JM and Nevins JR. The E2F transcription factor
is a cellular target for the RB protein. Cell
1991; 65: 1053-1061.

Hiebert SW, Chellappan SP, Horowitz JM and
Nevins JR. The interaction of RB with E2F coin-
cides with an inhibition of the transcriptional
activity of E2F. Genes Dev 1992; 6: 177-185.
Zhu L, Zhu L, Xie E and Chang LS. Differential
roles of two tandem E2F sites in repression of
the human p107 promoter by retinoblastoma
and p107 proteins. Mol Cell Biol 1995; 15:
3552-3562.

Vousden KH. Interactions between papilloma-
virus proteins and tumor suppressor gene
products. Adv Cancer Res 1994; 64: 1-24.
Chestukhin A, Litovchick L, Rudich K and
DeCaprio JA. Nucleocytoplasmic shuttling of
p130/RBL2: novel regulatory mechanism. Mol
Cell Biol 2002; 22: 453-468.

Classon M and Dyson N. p107 and p130: ver-
satile proteins with interesting pockets. Exp
Cell Res 2001; 264: 135-147.

DeCaprio JA, Furukawa Y, Ajchenbaum F, Griffin
JD and Livingston DM. The retinoblastoma-
susceptibility gene product becomes phos-
phorylated in multiple stages during cell cycle
entry and progression. Proc Natl Acad Sci U S A
1992; 89: 1795-1798.

3532

(52]

(53]

[54]

[55]

[56]

(57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

Shirodkar S, Ewen M, DeCaprio JA, Morgan J,
Livingston DM and Chittenden T. The transcrip-
tion factor E2F interacts with the retinoblasto-
ma product and a p107-cyclin A complex in a
cell cycle-regulated manner. Cell 1992; 68:
157-166.

Litovchick L, Chestukhin A and DeCaprio JA.
Glycogen synthase kinase 3 phosphorylates
RBL2/p130 during quiescence. Mol Cell Biol
2004; 24: 8970-8980.

Gagrica S, Hauser S, Kolfschoten I, Osterloh L,
Agami R and Gaubatz S. Inhibition of oncogen-
ic transformation by mammalian Lin-9, a pRB-
associated protein. EMBO J 2004; 23: 4627-
4638.

Munger K, Werness BA, Dyson N, Phelps WC,
Harlow E and Howley PM. Complex formation
of human papillomavirus E7 proteins with the
retinoblastoma tumor suppressor gene prod-
uct. EMBO J 1989; 8: 4099-4105.

Caldeira S, de Villiers EM and Tommasino M.
Human papillomavirus E7 proteins stimulate
proliferation independently of their ability to
associate with retinoblastoma protein. Onco-
gene 2000; 19: 821-826.

Dong WL, Caldeira S, Sehr P, Pawlita M and
Tommasino M. Determination of the binding
affinity of different human papillomavirus E7
proteins for the tumour suppressor pRb by a
plate-binding assay. J Virol Methods 2001; 98:
91-98.

Alunni-Fabbroni M, Littlewood T, Deleu L,
Caldeira S, Giarré M, Dell’ Orco M, Tommasino
M. Induction of S phase and apoptosis by the
human papillomavirus type 16 E7 protein are
separable events in immortalized rodent fibro-
blasts. Oncogene 2000; 19: 2277-2285.
Giarre M, Caldeira S, Malanchi |, Ciccolini F,
Leao MJ and Tommasino M. Induction of pRb
degradation by the human papillomavirus type
16 E7 protein is essential to efficiently over-
come p16INK4a-imposed G1 cell cycle Arrest.
J Virol 2001; 75: 4705-4712.

Balsitis S, Dick F, Dyson N and Lambert PF.
Critical roles for non-pRb targets of human
papillomavirus type 16 E7 in cervical carcino-
genesis. Cancer Res 2006; 66: 9393-9400.
Patrick DR, Oliff A and Heimbrook DC.
Identification of a novel retinoblastoma gene
product binding site on human papillomavirus
type 16 E7 protein. J Biol Chem 1994; 269:
6842-6850.

Buckley CH, Butler EB and Fox H. Cervical in-
traepithelial neoplasia. J Clin Pathol 1982; 35:
1-13.

Sala A. B-MYB, a transcription factor implicat-
ed in regulating cell cycle, apoptosis and can-
cer. Eur J Cancer 2005; 41: 2479-2484.
Davidson CJ, Tirouvanziam R, Herzenberg LA
and Lipsick JS. Functional evolution of the ver-

Am J Cancer Res 2015;5(12):3525-3533



[65]

[66]

[67]

[68]

[69]

The mammalian DREAM complex and HPV16 E7 proteins

tebrate Myb gene family: B-Myb, but neither
A-Myb nor c¢c-Myb, complements Drosophila
Myb in hemocytes. Genetics 2005; 169: 215-
229.

Bessa M, Saville MK and Watson RJ. Inhibition
of cyclin A/Cdk2 phosphorylation impairs
B-Myb transactivation function without affect-
ing interactions with DNA or the CBP coactiva-
tor. Oncogene 2001; 20: 3376-3386.
Charrasse S, Carena |, Brondani V, Klempnauer
KH and Ferrari S. Degradation of B-Myb by
ubiquitin-mediated proteolysis: involvement of
the Cdc34-SCF(p45Skp2) pathway. Oncogene
2000; 19: 2986-2995.

Pang CL, Toh SY, He P, Teissier S, Ben Khalifa Y,
Xue Y and Thierry F. A functional interaction of
E7 with B-Myb-MuvB complex promotes acute
cooperative transcriptional activation of both
S- and M-phase genes. (129 c). Oncogene
2014; 33: 4039-4049.

Alvarez-Fernandez M, Halim VA, Krenning L,
Aprelia M, Mohammed S, Heck AJ and Medema
RH. Recovery from a DNA-damage-induced G2
arrest requires Cdk-dependent activation of
FoxM1. EMBO Rep 2010; 11: 452-458.
Huang C, Qiu Z, Wang L, Peng Z, Jia Z, Logsdon
CD, Le X, Wei D, Huang S and Xie K. A novel
FoxM1-caveolin signaling pathway promotes
pancreatic cancer invasion and metastasis.
Cancer Res 2012; 72: 655-665.

3533

[70]

[71]

[72]

[73]

[74]

Chan DW, Yu SY, Chiu PM, Yao KM, Liu VW,
Cheung AN and Ngan HY. Over-expression of
FOXM1 transcription factor is associated with
cervical cancer progression and pathogenesis.
J Pathol 2008; 215: 245-252.

He SY, Shen HW, Xu L, Zhao XH, Yuan L, Niu G,
You ZS and Yao SZ. FOXM1 promotes tumor
cell invasion and correlates with poor progno-
sis in early-stage cervical cancer. Gynecol
Oncol 2012; 127: 601-610.

DeCaprio JA. Human papillomavirus type 16
E7 perturbs DREAM to promote cellular prolif-
eration and mitotic gene expression. Oncogene
2014; 33: 4036-4038.

Tschop K, Conery AR, Litovchick L, Decaprio JA,
Settleman J, Harlow E and Dyson N. A kinase
shRNA screen links LATS2 and the pRB tumor
suppressor. Genes Dev 2011; 25: 814-830.
van den Heuvel S and Dyson NJ. Conserved
functions of the pRB and E2F families. Nat Rev
Mol Cell Biol 2008; 9: 713-724.

Am J Cancer Res 2015;5(12):3525-3533



