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Abstract

The retinoblastoma protein (RB) restricts cell cycle gene expression and entry into the cell cycle. The RB-related protein
p130 forms the DREAM (DP, RB-like, E2F, and MuvB) complex and contributes to repression of cell cycle-dependent
genes during quiescence. Although both RB and DREAM bind and repress an overlapping set of E2F-dependent gene
promoters, it remains unclear whether they cooperate to restrict cell cycle entry. To test the specific contributions of RB
and DREAM, we generated RB and p130 knockout cells in primary human fibroblasts. Knockout of both p130 and RB
yielded higher levels of cell cycle gene expression in GO and G1 cells compared to cells with knockout of RB alone,
indicating a role for DREAM and RB in repression of cell cycle genes. We observed that RB had a dominant role in E2F-
dependent gene repression during mid to late G1 while DREAM activity was more prominent during GO and early G1.
Cyclin D-Cyclin-Dependent Kinase 4 (CDK4)-dependent phosphorylation of p130 occurred during early G1, and led to
the release of p130 and MuvB from E2F4 and decreased p130 and MuvB binding to cell cycle promoters. Specific
inhibition of CDK4 activity by palbociclib blocked DREAM complex disassembly during cell cycle entry. In addition,
sensitivity to CDK4 inhibition was dependent on RB and an intact DREAM complex in both normal cells as well as in
palbociclib-sensitive cancer cell lines. Although RB knockout cells were partially resistant to CDK4 inhibition, RB and
p130 double knockout cells were significantly more resistant to palbociclib treatment. These results indicate that
DREAM cooperates with RB in repressing E2F-dependent gene expression and cell cycle entry and supports a role for
DREAM as a therapeutic target in cancer.

Introduction

The DREAM (DP, RB-like, E2F and MuvB) complex
comprises the retinoblastoma (RB)-like protein p130
(RBL2), a repressor E2F (E2F4 or E2F5) and dimerization
partner DP (DP1 or DP2), and the MuvB (synthetic
multivuval class B) core containing LIN9, LIN37, LIN52,
LIN54, and RBBP4 [1, 2]. The intact DREAM complex is
present during the quiescent phase (GO) of the cell cycle
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and contributes to the repression of genes required for the
entry into the cell cycle [1]. DREAM binds and represses
the promoters of two sets of genes during GO: early cell
cycle genes required for DNA synthesis with peak
expression during late G1 and early S phase, and late cell
cycle genes required for progression through mitosis with
peak expression during G2 and M phase [3, 4]. During S
phase, the MuvB core recruits B-MYB (MYBL2) and
FOXM1 (MMB-FOXMI1 complex) to activate late cell
cycle gene expression [3, 5]. During quiescence, the
LIN54 component of MuvB binds specifically to CHR
elements found in late cell cycle gene promoters while the
E2F4-DP1 heterodimer binds to E2F elements contained
in early cell cycle gene promoters [6—10]. Together, E2F4
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and MuvB enable DREAM complex binding to promoters
containing E2F and CHR elements to repress early and
late gene expression during GO. When cells progress from
GO to S phase, p130 is released from E2F4-DP1 and
MuvB [1, 11]. Whether release of p130 from E2F4-DP1
and MuvB is required to enable increased levels of early
cell cycle genes is not known.

RB binds and inhibits the activator E2Fs (E2F1, E2F2,
E2F3a) that function to promote early cell cycle gene
expression and entry into S phase [6]. While RB can also
bind to the repressor E2F4, it is unable to bind to the MuvB
core and does not form a DREAM complex [11]. Levels of
activator E2Fs are reduced in GO due to repression by the
DREAM complex [1, 12]. Therefore, the DREAM complex
likely has a role during GO, while RB contributes to
repression later in G1 when activator E2Fs are expressed.
An emerging model proposes that DREAM and RB bind
and repress an overlapping set of early cell cycle genes [13].
However, the distinction between DREAM and RB control
of early cell cycle gene expression during GO and Gl
remains unclear.

Cyclin—-CDK complexes promote cell cycle progression
by phosphorylating RB family members during G1. Growth
factor-dependent expression of Cyclin D leads to CDK4
(and CDKG6)-dependent phosphorylation of RB and at least
partial relief of binding to the activator E2Fs and early cell
cycle gene expression [14-16]. Subsequently, E2F1 acti-
vation leads to increased levels of Cyclin E leading to
CDK?2-dependent hyper-phosphorylation of RB [17-19].
Hyper-phosphorylated RB undergoes a conformational
change and release from E2F1 with transactivation of E2F-
dependent genes and entry into S phase [15, 20]. Hyper-
phosphorylated p130 has reduced binding affinity to E2F4
and MuvB in vitro [11, 21, 22]. However, the specific
contribution of Cyclin D-CDK4 to inactivation of p130 and
DREAM remains unclear.

Whether DREAM and RB have functionally non-
redundant roles in the regulation of cellular proliferation
is unknown. Genetic loss of RB! is one of the most com-
mon mutations in cancer (reviewed in [23]), while loss of
DREAM complex members is infrequent (NCI Genomic
Data Commons Data Portal: https://portal.gdc.cancer.gov).
Inhibitors of Cyclin D-CDK4 are used clinically for treat-
ment of cancers containing wild-type RB [24, 25]. If Cyclin
D-CDK4 similarly regulates DREAM and RB, then CDK4
inhibitors may remain functional in RB-null cells with intact
DREAM complex able to repress cellular proliferation.
Here, we test the specific contributions of DREAM and RB
in the repression of cell cycle genes during GO and G1. We
determine the contribution of Cyclin D-CDK4 activity to
DREAM complex disruption and demonstrate that DREAM
and RB both contribute to cell cycle arrest in normal and
cancer cells.

Results

DREAM complex is disrupted in two steps during cell
cycle entry from GO

To study the role of DREAM in cell cycle regulation, we
first sought to determine the mechanism of DREAM dis-
ruption during cell cycle entry from G0O. We used primary
early passage natal human foreskin fibroblast cells (HFFs)
that grow well in standard media and reliably arrest in
response to contact inhibition and serum starvation [26, 27].
We characterized the proliferation kinetics of a pooled
population of HFFs and observed that HFFs had sig-
nificantly reduced levels of DNA synthesis as assessed by
BrdU incorporation when serum starved and contact arres-
ted compared to asynchronous cells or cultures split 24 h
earlier (Figure S1A). In addition, serum starvation of con-
tact arrested cells led to significantly reduced levels of
Cyclin D1 (CCNDI) transcript and protein as well as
transcripts of cell cycle genes CDC6 and MCMS5 compared
to contact arrested cells in media with 15% serum (Figures
S1B, S1C). Using these parameters, we studied the
DREAM complex in cells entering into the cell cycle when
released from contact arrest compared to confluent cells that
were serum starved for an additional 48 h (Figure S1D). We
referred to the serum starved, contact inhibited, quiescent
HFFs as O h. DNA synthesis did not occur until 12 h after
release from contact arrest with peak levels occurring at
24 h (Fig. 1a, S1E).

To determine the fate of the DREAM complex during
cell cycle entry, we prepared lysates from cells harvested at
intervals during the initial 12 h of cell cycle entry when cells
are predominately in G1 (2N DNA, BrdU-) (Fig. 1b).
Although no DNA synthesis occurred during the initial
12 h, we found substantial changes in p130 phosphoryla-
tion. Phosphorylation of p130 was initially detected at 6 h
after splitting with peak levels occurring at 10 and 12h.
Total p130 levels declined at 24 h after splitting when many
cells were in S phase, consistent with prior reports of p130
protein degradation during S phase (Fig. 1b) [28]. Cyclin
D1, a key modulator of cell cycle progression from GO, was
detected at low levels at Oh and increased with time after
release from contact arrest. The specificity of the p130-
pS672 antibody was confirmed with A phosphatase and
prolonged serum starvation (Figure S1F-G). Similar kinetics
of p130-pS672 phosphorylation and expression of Cyclin
D1 were observed in independently prepared populations of
HFFs (Figure S1H).

Phosphorylation of p130 has been reported to reduce its
interaction with E2F4 [22, 29]. Since p130 phosphorylation
was detected at 6 h of cell cycle entry (early G1) with peak
levels at 12 h, we suspected that this change might perturb
the DREAM complex. To assess the state of the DREAM
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Fig. 1 DREAM complex is disrupted in two steps during cell cycle
entry from GO. a HFFs were split from contact arrest and S phase
levels were measured by BrdU incorporation after 24 h (3 bio rep). b
HFFs were induced to enter the cell cycle and lysates were prepared at
times indicated and analyzed by immunoblot. ¢—f HFFs were induced
to enter cell cycle and were analyzed by immunoprecipitation and
immunoblot using indicated antibodies. Arrow indicates on-target
band. Different exposures are included for some antibodies with blot
including IgG having darkest exposure. Samples were ran in single gel

complex, we performed immunoprecipitation with anti-
bodies to p130, MuvB component LIN9, and E2F4 using
lysates prepared from cells at 0, 6, 12, and 24 h (Fig. 1c).
An immunoprecipitation for total p130 was blotted for
p130-pS672 and showed strong signal at 12 and 24h,
similar to levels of p130-pS672 in input. Total p130 co-
precipitated E2F4 at O h, with a slight reduction in levels at
6h and a strong reduction at 12 and 24h (Fig. 1c). In
contrast, p130 co-precipitated MuvB components LIN54
and LINO at 0, 6, and 12 h, with reduced interaction found
at 24 h. The interaction between LIN9 and p130 at 12 h was
weak but consistently detected. Similarly, LIN9 co-
precipitated p130 at 0, 6, and 12h but co-precipitated
E2F4 only at 0 and 6 h. These data indicate that p130 had
reduced binding to E2F4 after 6 h but retained binding to
MuvB components LIN9 and LIN54 up to at least 12 h after
cell cycle entry. Consistent with this finding, p130-pS672
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except for d and f in which two gels were ran and were blotted
identically. g—i Chromatin occupancy of p130, LIN9, and E2F4 on
early and late cell cycle promoters in HFFs was measured by chro-
matin immunoprecipitation (ChIP)-gPCR using p130 (6 bio rep, g),
LINO (6 bio rep, h), and E2F4 (3 bio rep, i) antibodies. Significance
was determined Student’s f-test. P-values are indicated as * for
<0.05, ** for<0.01, *** for<0.001, and ****<(.0001. See also
Figure S1, S2

was able to interact with LIN9 and LIN54 at 12 h (Fig. 1d,
e). In contrast, E2F4 co-precipitated LIN9 strongly at O h,
weakly at 6 h and not at 12 h (Fig. 1f). We were unable to
detect p130-pS672 interaction with E2F4 (Figure S1I).
These results indicate that p130 and MuvB binding to E2F4
was restricted to the initial 6 h before p130 phosphorylation
while p130 retained binding to MuvB for at least 12 h after
cell cycle entry.

Given the dissociation of E2F4 from MuvB and p130
after 6 h of cell cycle entry, we tested the impact on specific
binding to promoters of cell cycle-regulated genes
by chromatin immunoprecipitation and quantitative PCR
(ChIP-gPCR) (Fig. 1g-i). To measure the effect of
cell cycle entry on chromatin occupancy, we determined
fold change occupancy by normalizing percent input values
to O h. In serum-starved quiescent cells (0 h), p130, LIN9,
and E2F4 bound to the promoters of the early cell cycle
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Fig. 2 Cyclin D-CDK4 promotes phosphorylation of p130 and cell
cycle progression. a HFFs were split into media with palbociclib and
BrdU incorporation was measured in cells harvested after 24 h (3 bio
rep). Student’s r-test was calculated compared to 0 nM. b 200 nM
palbociclib was added at times after split and BrdU incorporation was
measured in cells harvested at 24 h post split (2 bio rep). Student’s ¢-
test was calculated compared to 0 h. ¢ HFFs were split into palbociclib
and harvested at indicated times and analyzed by immunoblot. *
indicates nonspecific band. d Parental HFFs were transduced with
pLenti-E1Fa-CDK4-WT, K35M, and I12A and contact arrested before

genes MCM5 and RADS54L and the late cell cycle gene
CCNB2. However, by 6h of cell cycle entry, p130 and
LIN9 had significantly reduced binding to these promoters
that continued to decrease further at 12 and 24 h (Fig. 1g,
h). The relative level of LIN9 binding to MCMS5, RAD54L,
and CCNB2 promoters was reduced to ~50% at 6 h (Fig.
1h). In contrast, E2F4 binding to these promoters did not
change during the initial 6 h compared to O h but was sig-
nificantly reduced by 12h (Fig. li). Raw percent input
values show similar kinetics and significant promoter
occupancy above IgG and non-cell cycle promoter negative
controls (Figure S2). The persistence of E2F4 binding to
chromatin with reduced levels of p130 and LIN9 after 6 h
was consistent with the release of p130 and MuvB from
E2F4 observed by immunoprecipitation (Fig. lc—f). We
observed that E2F4 persisted in the nuclear fraction during
the initial 12 h after cell cycle entry, while p130 nuclear
levels declined after 6 h, consistent with reports that E2F4
persists in the nucleus throughout G1 (Figure S1J) [30].

MCM5 Palbociclib (nM)

harvested for immunoblot. Arrow indicates on-target band. e CDK4
expressing HFFs were released from contact arrest into palbociclib and
harvested after 24 h and analyzed by immunoblot. f CDK4 expressing
HFFs were released from contact arrest into palbociclib and analyzed
by RT-qPCR (3 bio rep). Student’s #-test was calculated by comparing
to 0 nM. g CDK4 expressing HFFs were released from contact arrest
into palbociclib and S phase was measured by BrdU incorporation
after 24 h. Statistics comparing curves was completed by two-way
ANOVA (3 bio rep). P-values are indicated as * for <0.05, and ** for
<0.01, *** for<0.001. See also Figure S3

Together, these data indicate that phosphorylated p130
and MuvB lose interaction with chromatin but continue to
bind each other between 6 and 12 h after cell cycle entry,
while E2F4 retains binding to cell cycle genes promoters
during this time. At 12h after cell cycle entry, E2F4 was
lost from chromatin, and p130 and MuvB remained bound
to each other. Loss of interaction of phosphorylated p130
from MuvB was observed at 24 h when many cells are in S
phase.

Cyclin D-CDK4 inhibition blocks HFF cell cycle
progression

Since phosphorylation of p130 occurred when p130 and
MuvB dissociated from E2F4, we asked whether Cyclin D-
CDK4 kinase activity contributed to the process of DREAM
complex disassembly. First, we determined whether Cyclin
D-CDK4 activity was required for HFFs to enter S phase
after release from contact arrest using palbociclib, an inhi-
bitor of Cyclin D-CDK4 activity [25, 31]. Addition of

SPRINGER NATURE
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palbociclib when cells were split from confluence resulted
in a dose-dependent decrease in the fraction of cells in S
phase when measured 24 h later, with 200 nM reducing S
phase levels to <5% (Fig. 2a). Furthermore, palbociclib
treatment reduced S phase entry if added at any time during
initial 12h of cell cycle entry, while addition after 12h
had a reduced effect, indicating that Cyclin D-CDK4
activity was required during the initial 12h to enable
cell cycle entry (Fig. 2b). Palbociclib treatment reduced
levels of phosphorylated p130 and RB in a dose-dependent
manner (Fig. 2c¢).

To determine whether palbociclib-mediated inhibition of
cell cycle progression was dependent on CDK4 activity in
HFFs, we utilized a mutant of CDK4 (I12A) that is partially
resistant to palbociclib (personal communication, Nicole
Persky and Cory Johannessen, Broad Institute). We gener-
ated HFFs expressing pLenti-E1Fa-CDK4 (untagged) with
wild type (WT), kinase dead (K35M), or the I12A allele
using lentiviral transduction. We detected a stronger
CDK4 signal at ~38 kDa in HFFs expressing pLenti-E1Fa-
CDK4 compared to parental HFFs without change in CDK6
levels (Fig. 2d). Palbociclib treatment led to decreased p130
phosphorylation in CDK4-WT and CDK4-K35M cells
while CDK4-I12A cells contained phosphorylated p130
even at higher doses (Fig. 2e). Consistent with this effect on
p130 phosphorylation, CDK4-112A cells had a reduction of
MuvB interaction with p130 after palbociclib treatment
(Figure S3A-B). CDK4-112A cells persistently expressed
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early cell cycle genes CDC6 and MCM5 while CDK4-WT
or CDK4-K35M cells showed a significant reduction in
expression after treatment with palbociclib (Fig. 2f). CDK4-
I12A cells had significantly higher S phase or relative cell
density compared to WT and K35M expressing cells in the
presence of palbociclib (Fig. 2g, S3C). These data demon-
strate that palbociclib treatment inhibits cell cycle progres-
sion of HFFs, at least in part, by specifically inhibiting
CDK4 kinase activity.

Cyclin D-CDK4 promotes DREAM complex
disruption by phosphorylation of p130

Since palbociclib sensitivity was limited to the initial 12 h
of cell cycle entry and led to reduced cell cycle gene
expression, we reasoned that sustained palbociclib treatment
could maintain an intact DREAM complex after cell cycle
entry. To determine whether continued Cyclin D-CDK4
activity was required to maintain p130 phosphorylation,
cells were released from contact arrest and treated with
palbociclib for 2-h intervals just prior to harvest (Fig. 3a).
Cells harvested at 6 h of cell cycle entry (lane 3; 6—) con-
tained phosphorylated p130 but when cells were treated
with palbociclib from 6 to 8 h, (lane 4; 8+), levels of p130-
pS672 detection were reduced. Similarly, reduced phos-
phorylation levels were observed at 10 and 12 hours post
release (Fig. 3a). Phosphorylated RB (pT821) was also
reduced at 12+ h compared to untreated cells at 10 h. These
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Fig. 3 Cyclin D-CDK4 promotes DREAM complex disruption by
phosphorylation of p130. a HFFs were split into drug-free media and
200 nM palbociclib was added to media 2 h before harvesting. Lysates
were prepared and analyzed by immunoblot. b mRNA abundance was
measured by RT-qPCR from cells treated as in a (3 bio rep). Statistics
calculated using Student’s #-test. P-values as indicated * <0.05. ¢ HFFs
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were split and harvested after 0, 6, or 12 h. Cells were untreated, or
treated with 200 nM palbociclib for 12 h or the last 6 h before harvest
at 12 h. Lysates were subjected to immunoprecipitation using p130,
LIN9, or IgG antibodies and analyzed by immunoblot. * indicates
heavy chain. See also Figure S4
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data indicate that p130 phosphorylation is rapidly turned
over during G1 and continuous CDK4 activity is required
for maintenance of p130 phosphorylation.

To determine whether the transient reduction of p130 and
RB phosphorylation with the 2h treatment of palbociclib
affected cell cycle gene levels, we performed RT-qPCR
(Fig. 3b). We observed a significant reduction in CCNE2
(Cyclin E2), MCM5, and CDC6 mRNA levels when cells
were treated with palbociclib from 6 to 8 and from 8 to 10 h,
with reduced effect of treatment from 10 to 12 h. Reduced
levels of MCMS protein was also observed when comparing
lysates from 8 h untreated to 10 h with 200 nM (lane 5, lane
6) as measured by immunoblot (Fig. 3a). Since Cyclin D—
CDK4 activity was required to promote p130 phosphor-
ylation and expression of DREAM-repressed cell cycle
genes, we suspected that palbociclib could maintain an
intact DREAM complex during cell cycle entry (Fig. 3c).
We observed that treatment with palbociclib between 6 and
12 h after release or during the entire 12 h after release led to
increased levels of pl30, E2F4, and LIN9 co-
immunoprecipitation at 12h compared to untreated sam-
ples as measured by IP and immunoblot. These data indi-
cate that CDK4 inhibition maintains the intact DREAM
complex during cell cycle entry.

Since CDK2 also phosphorylates p130, we reasoned
CDK2 could also promote DREAM complex disruption.
However, we were unable to perform similar experiments
since no potent and selective CDK2 inhibitor is currently
available [32]. For example, CVT-313, a commonly used
CDK?2 inhibitor, had low potency and required at least 68
h of treatment to affect changes in p130 and RB phos-
phorylation (Figure S4A-C). Furthermore, CVT-313 treat-
ment in cells lacking p130 and RB resulted in significantly
reduced levels of genes unrelated to the cell cycle, sug-
gesting off-target effects on transcription by CVT-313
(Figure S4D). Although we cannot rule out an additional
role for CDK2, the effects of palbociclib indicate an
important role of Cyclin D-CDK4 in DREAM complex
disruption.

DREAM and RB cooperate to repress early and late
cell cycle gene expression in GO and G1

To distinguish the contribution of p130 (RBL2) and RB
(RBI) in cell cycle gene expression and sensitivity to pal-
bociclib, we generated RB/ and p130 knockout HFFs using
CRISPR-Cas9 mediated gene editing [33]. HFFs were
transduced with pLenti-CRISPR V2-puromycin against
RBI or control (sgControl-P) and selected with puromycin
(Figure S5A). Knockout of p130 was accomplished using
pLenti-CRISPR V2-neomycin followed by selection in
G418 (Figure S5B). RB and p130 knockout HFFs were
generated with two rounds of transduction and selection,

creating Control (sgControl-P, sgControl-N), sgP130
(sgControl-P, sgP130-N), sgRB1 (sgRB1-P, sgControl-N),
and sgRB1+4sgP130 (sgRBI1-P, sgP130-N) cell lines.
Knockout of p130 and RB was confirmed by immunoblot
of lysates of cells under serum starvation and contact arrest
conditions (Fig. 4a).

To assess the efficiency of RB1 and p130 knockout in
CRISPR-edited HFFs, we performed next-generation
sequencing on an amplicon generated by nested PCR cen-
tered on the PAM site of the corresponding sgRNA at the
p130 (RBL2) and RB (RBI) genetic loci. gDNA was iso-
lated from HFFs four passages after antibiotic selection was
complete. We found diverse editing of the RBI gene in all
reads with the four highest represented reads shown in
Figure S6A. A frameshift mutation in the RBL2 locus was
observed in 100% of reads from the sgP130 and the sgRB1
+sgP130 cells resulting in a fragment containing the N-
terminal 90 residues (Figure S6A-C). Since HFFs were
unable to tolerate single cell cloning, we maintained the
knockout cells as a population. We cannot exclude the
possibility of a small fraction of knockout cells retaining a
WT p130 or RBI allele in our population.

To test the effect of RB and p130 loss on cell cycle gene
expression during GO and G1, transcript levels of early and
late cell cycle genes were measured by RT-qPCR under
serum starved and contact inhibited conditions (Fig. 4b).
Loss of p130 (sgP130) did not have a significant effect on
levels of cell cycle gene expression compared to control
cells under quiescent conditions (Fig. 4b). In contrast, loss
of RB alone (sgRB1) led to a significant increase in levels
of E2F1, MYBL2, and BUBI in quiescent conditions. Fur-
thermore, when RB and p130 were lost in combination
(sgRB14-sgP130), we observed significantly higher levels
of early and late cell cycle genes compared to cells with RB
knockout alone. Increased cell cycle gene expression in
sgRB1+sgP130 cells was not explained by increased cell
cycle kinetics as no difference in rates of BrdU incorpora-
tion was measured in contact arrested or 24 h released cells
(Fig. 4c). Furthermore, no change in growth rate in low
serum conditions was observed when p130 or RB were lost
compared to the other HFF derivatives, consistent with
reports on the effect of loss of RB in other human cell lines
(Figure S5C-D) [34]. sgRB1+sgP130 cells enter S phase
with slightly quicker kinetics (21 versus 24 h) but at 24 h all
four cell lines have similar levels of BrdU incorporation
(Figure SSE). These data indicate that DREAM and RB
cooperate to repress the expression of early and late cell
cycle genes during GO under serum starvation and contact
arrest conditions.

We next tested the effect of DREAM and RB on
expression of early cell cycle genes during cell cycle entry
(Fig. 4d). CCNE2 transcript levels were unaffected in
quiescent cells (0 h) with p130 loss but were significantly
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Fig. 4 DREAM and RB cooperate to repress early and late cell cycle
gene expression in GO and G1. a Knockout of RB, p130 was measured
by immunoblot from serum starved and contact arrested HFFs
expressing sgRNA against control (sgCTL), RB (sgRB1), p130
(sgP130), or RB and pl130 (sgRB1+sgP130). b Relative mRNA
abundance of indicated transcript was measured by RT-qPCR in
contact arrested, serum-starved HFFs (4 bio rep). ¢ S phase levels were
measured by BrdU incorporation in HFFs in contact arrest and serum

increased in cells with RB loss, similar to reports using
mouse cell lines [34]. CCNE?2 levels further increased when
p130 and RB were both lost, indicating a cooperative effect
of DREAM and RB during quiescence. We tested the effect
on gene expression at 8 and 10 h after release from quies-
cence. Again, we observed no effect of p130 loss alone
compared to control cells while RB1 knockout cells had
significantly increased levels at 8§ and 10h after release
compared to control cells. Furthermore, combined knockout
of pl130 and RB led to significantly increased levels of
CCNE? at 8 and 10 h after release. The cooperative effect of
DREAM and RB to repress CCNE2 at 0, 8, and 10h was
also observed for CDC6 and MCM5. No significant dif-
ferences in cell cycle gene expression were found in cells
harvested at 24 h even when RB and p130 was lost, con-
sistent with our finding that sgRB1+sgP130 cells have
similar S phase levels to control cells at 24 h (Figure SSF).
These data indicate that DREAM and RB cooperate to
repress cell cycle gene expression during progression from
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starvation (3 bio rep) or 24 h split conditions (6 bio rep). d HFFs were
harvested after splitting and mRNA abundance of indicated transcript
was measured by RT-qPCR (4 bio rep). e HFFs were contact arrested
and serum starved and lysates were subjected to immunoprecipitation
using p107, LIN9, and IgG antibodies and analyzed by immunoblot.
Different exposures of same membrane shown for LIN9. Statistics
calculated using Student’s z-test. P-values as indicated * < 0.05, ** <
0.01. See also Figs. S5-7

GO into G1 and that loss of RB and p130 is not sufficient to
alter the proliferation rate of primary cells.

p107 does not form DREAM complex or repress
early cell cycle genes during G1

The RB-related protein p107 is a cell cycle-regulated gene
and, as expected, higher levels of pl07 were observed in
sgP130 and sgRBI1 cells (Fig. 4a). We asked whether p107
could substitute for p130 and form a DREAM-like complex
in the knockout cells. Lysates were prepared from confluent
cells and blotted (Input) or immunoprecipitated with p107
and LIN9 antibodies (Fig. 4e). Antibodies to pl07 co-
precipitated E2F4 in sgRB1, sgP130, and sgRB1+sgP130
cells (Fig. 4e). In addition, p107 co-precipitated LIN9 in
sgP130 and sgRB1+-sgP130 cells, but not in control or
sgRB1 HFFs. The interaction between LIN9 and E2F4 in
cells lacking p130 was substantially reduced compared to
control or sgRB1 cells, indicating that p107 was unable to
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form a strong link between MuvB and E2F4 and unable to
form a complete DREAM-like complex.

To test whether p107 contributed to repression of cell
cycle gene expression in sgP130, sgRBI, or sgRBI
+sgP130 HFFs, we knocked down pl07 with siRNA
(siRBL1). siRBLI transfection led to knockdown of p107
and not p130 in each cell line compared to siControl when
measured by protein and mRNA levels (Figure S7A, S7B,
S7F). Knockdown of p107 did not consistently lead to de-
repression of early cell cycle genes MCM5, CDC6, and
E2F1 (Figure S7C-E). Since Cyclin D-CDK4 activity
drives the separation of MuvB and E2F4, we tested whether
inhibition of CDK4 activity could promote DREAM com-
plex assembly with p107 when p130 is lost. Inhibition of
Cyclin D-CDK4/6 did not lead to increased levels of E2F4-
MuvB interaction in sgRB14-sgP130 cells (Figure S7G).
These data indicate that although p107 can bind E2F4 or
MuvB when p130 was absent, knockdown of p107 did not
significantly or consistently repress early cell cycle gene
expression during G1.

RB and DREAM regulate an overlapping set of early
cell cycle genes

Combined loss of p130 and RB led to higher levels of
several cell cycle genes when compared to loss of RB alone
in quiescent cells and during early G1 cell cycle entry. This
raised the question of whether all RB regulated genes were
also regulated by the DREAM complex or whether there are
genes uniquely regulated by RB and not by DREAM. To

address this question, we utilized a published meta-analysis
of TP53 and cell cycle-regulated genome-wide expression
and ChIP-seq studies to generate high-confidence target
gene maps for DREAM, p53, RB-E2F, and MMB-FOXM1
[35]. The meta-analysis employed stringent cutoffs to
ensure high-confidence targets gene lists.

To determine whether any cell cycle-regulated genes
were exclusively repressed by RB-E2F (referenced as RB-
only genes) and not repressed by DREAM, we compared
the list of DREAM and RB-E2F targets (Fig. 5a). We
identified a strong overlap of DREAM and RB target genes,
with 419 of 506 (82.81%) RB-E2F genes also bound by
DREAM in various ChIP-seq studies. In addition, there
were 552 DREAM-only genes not bound by RB, but these
were primarily G2/M or late cell cycle genes without E2F
elements and containing CHR elements in their promoters.
There were 86 genes classified as bound by RB and not by
DREAM. To test whether these 86 genes could also be
regulated by DREAM, we re-evaluated the data that led to
their exclusion (Fig. 5b). We excluded genes lacking an
E2F or CHR element (unlikely to bind specifically to RB or
DREAM), those containing a CHR element (likely to bind
to MuvB), and genes with evidence for p130, B-MYB, or
FOXM1 binding in at least 1 ChIP-seq dataset. This re-
analysis reduced the list of 86 to 18 potential RB-only
genes. Next, we ranked the 18 potential RB-only genes by
their pS3 expression score since genes with lower p53
expression scores were more likely to be cell cycle-
regulated (by p21 inhibition of CDK activity) and anno-
tated whether they had been identified in E2F4, RB, and
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Fig. 5 DREAM and RB repress an overlapping set of cell cycle genes.
a Venn diagram of DREAM and RB-E2F targets identified in Fischer
et al. [35]. b Schematic of exclusion “RB-E2F” genes from final
potential RB-only list. ¢ Chromatin occupancy of p130 (8 bio rep),
E2F4 (6 bio rep), and LIN9 (8 bio rep) on indicated promoters was
measured by ChIP-qPCR using chromatin isolated from contact

arrested and serum-starved HFFs. d Relative mRNA levels of indi-
cated transcripts in contact arrested and serum-starved HFFs was
measured by RT-qPCR (6 bio rep). Statistics calculated using Stu-
dent’s t-test. P-values as indicated * <0.05, **<0.01, *** <(0.001.
See also Table S1
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E2F1 ChIP-seq datasets. We identified CCNE2, CHAFIB,
DONSON, and MCMBP to be the top four ranked
genes most likely to be a true RB-only gene (Supplemental
Table 1).

To test whether these candidate genes were regulated by
RB-only and not DREAM, we prepared chromatin from
contact arrested HFFs that were serum starved for 48 h. We
observed significant enrichment of LIN9 and E2F4 at the
CCNE?2 promoter and significant enrichment of p130, E2F4,
and LIN9 at the DONSON promoter (Fig. 5c¢). These data
indicate that DREAM can bind specifically to these candi-
date RB-only genes, despite missing the stringent cutoff set
in the published meta-analysis. We also measured con-
tribution of p130 and RB to expression of CHAFIB (Fig.
5d), DONSON (Fig. 5d), MCMBP (Fig. 5d), and CCNE2
mRNA (Fig. 4e), and observed an increase in gene
expression when RB and p130 were lost in combination
when compared to loss of RB alone. Together, the data
demonstrated cooperation of DREAM and RB to repress the
expression of the top four candidate RB-only genes, indi-
cating that these genes were falsely identified as RB-only
genes and were also repressed by DREAM.

p130 and RB contribute to sensitivity to palbociclib

Since palbociclib treatment inhibits CDK4 activity and
maintains the DREAM complex and RB inhibition during
cell cycle entry, we tested whether DREAM or RB were
required for sensitivity to palbociclib. We measured S phase
levels of cells split into palbociclib and found control and
sgP130 cells were similarly sensitive to increasing con-
centrations of palbociclib while sgRB1 HFFs had reduced
sensitivity compared to control cells at 200 nM (Fig. 6a,
S8). Combined loss of p130 and RB led to a significant
increase in resistance to palbociclib compared to RB loss
alone. Increase in resistance of sgRB1+sgP130 cells to
palbociclib was also observed using crystal violet as a
measure of relative cell density (Fig. 6b).

To test the impact of palbociclib on cell cycle gene
expression in cells with RB and pl130 loss, we treated
control, sgRB1, sgP130, or sgRB1+sgP130 HFF cells with
palbociclib for two hours prior to harvesting during cell
cycle entry (Fig. 6¢c, d, compare 104 to 8 and 10—). Sig-
nificantly reduced levels of CDC6 and MCMS5 gene
expression was observed in control cells and p130 knockout
cells containing an intact RB. In contrast, palbociclib
treatment did not reduce MCM5 or CDC6 levels in
sgRB1 cells despite reduction of p130 phosphorylation
(Fig. 6¢c—e). These data indicate that although palbociclib
can block disruption of the DREAM complex during cell
cycle entry during the initial 6 h of cell cycle entry (Fig. 3c),
reduced levels of cell cycle genes after 8 h by palbociclib
was only dependent on RB status. Thus, DREAM is active
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and can repress gene expression during GO and early Gl,
but after disruption of p130 from E2F4 by Cyclin D-CDK4
activity, DREAM was unable to reduce early cell cycle gene
levels.

DREAM contributes to palbociclib sensitivity in
cancer cell lines

Next, we tested whether DREAM contributed to palbociclib
sensitivity in palbociclib-sensitive cancer cell lines. A549 is
a non-small cell lung cancer cell line with wild type
DREAM, RB, and p53 pathways [36]. To test whether
palbociclib treatment could regulate the DREAM complex
in A549 cells during cell cycle entry, lysates were collected
before and after 24 h release into the cell cycle in the pre-
sence of 500 nM palbociclib (Fig. 7a). The DREAM
complex was intact as determined by LIN9 co-precipitation
with p130 and E2F4 in cells treated with palbociclib (Fig.
7a).

To determine whether DREAM and RB status con-
tributes to palbociclib sensitivity in the A549 cells, we
generated control, sgP130, sgRBI1, and sgRBI1+sgP130
derivative cell lines and assessed for knockout of RB and
p130 by blotting lysates prepared from cells obtained 24 h
after release from contact arrest (Fig. 7b). Loss of p130 or
RB individually resulted in a significant increase in S phase
levels after palbociclib treatment (Fig. 7c, S9). Notably, loss
of RB and pl130 together resulted in further significant
increase in S phase levels compared cells with loss of p130
or RB alone as measured by ANOVA or Student’s z-test
comparison for each concentration (Fig. 7c, S10A-E).
A549 sgRBI cells had ~70% of the S phase levels com-
pared to sgRBI1+sgP130 cells (Figure S10F). Level of
resistance to palbociclib was also assessed by crystal violet
staining after 4 days treatment (Figure S10G). Again,
double knockout of RB and pl130 led to higher rates of
proliferation while treated with palbociclib compared to
cells with loss of RB1 alone. Resistance to palbociclib was
not an indirect effect of increased growth kinetics since all
knockout cells grew at relatively the same rate (Figure S11).
Reduced levels of the early cell cycle gene CDC6 after
palbociclib treatment was dependent on p130 and RB status
with sgRB1+sgP130 cells demonstrating significantly
higher expression than all others (Fig. 7d). CCNE1 levels
were not affected by loss of pl130 in palbociclib treated
cells, which may be due to other cell-specific increase of
CCNEI levels. These data indicate that intact DREAM and
RB status contributes to sensitivity to palbociclib treatment
in A549 cells.

To test whether p130 contributed to palbociclib sensi-
tivity in other cancer cell lines, we used the palbociclib-
sensitive T47D breast cancer cell line that is ER-positive
with wild-type RBI and DREAM complex [37, 38].
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Fig. 6 p130 and RB contribute to sensitivity to palbociclib. a HFFs
were split from confluency into palbociclib and BrdU incorporation
was measured in cells harvested after 24 h (3 bio rep). Student’s t-test
calculated compared to control cells. Two-way ANOVA used to
compare curves. b Relative cell density was measured by crystal
violent for cells seeded into palbociclib and harvested after 4 days (3

Palbociclib treatment induced DREAM complex formation
in T47D cells as measured by LIN9 co-precipitation of p130
and E2F4 (Fig. 7e). To test the contribution of DREAM and
RB to palbociclib-dependent cell cycle arrest in T47D cells,
we generated p130 and RB knockouts (Fig. 7f). We tested
the effect of p130 and RB knockout on T47D cell sensi-
tivity to palbociclib by measuring S phase levels by BrdU
incorporation after 24 h (Fig. 7g, S12). We observed that
control and sgP130 cells were strongly sensitive to palbo-
ciclib at low doses while loss of RB alone resulted in a
significant increase in S phase levels. Similar to HFFs and
A549s, combined loss of p130 and RB (sgRB1+-sgP130)
led to significant increased S phase levels compared to
sgRB1-only palbociclib treated T47D cells. We observed
that sgRB1 cells had ~70% of the S phase levels compared

bio rep). Significance calculated as in a (¢, d) mRNA abundance was
measured by RT-gPCR at 8 or 10h after splitting. 10+ cells were
treated with 200 nM palbociclib for 2 h prior to harvest (5 bio rep). e
Same as ¢ and d, but lysates were analyzed by immunoblot. P-values
are as indicated * <0.05, **<0.01, ***<0.001, **** <0.0001, NS
not significant. See also Figure S8

to sgRB1+sgP130 cells, indicating that loss of p130 in
combination with RB contributes to ~30% increase in S
phase levels with palbociclib treatment (Figure S10H).
These data demonstrate DREAM and RB contribute to
CDK4 inhibition-induced cell cycle arrest in two different
cancer cell lines.

Discussion

Our model is that the DREAM complex containing p130,
E2F4, DP, and MuvB represses the expression of early cell
cycle genes during GO and early G1 (Fig. 7h). Midway
through G1, Cyclin D expression leads to activation of
CDK4 leading to phosphorylation of p130 and the first step
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Fig. 7 DREAM and RB contribute to sensitivity to palbociclib in
cancer cell lines. a Parental A549 cells were harvested after 0 or 24 h
of cell cycle entry with palbociclib (500 nM) and immunoprecipitated
with LIN9 and IgG antibodies. b Knockout of RB, p130 was measured
by immunoblot from A549 cells expressing sgRNA against control
(sgCTL), RB (sgRB1), p130 (sgP130), or RB and pl130 (sgRBI1
+sgP130). Cells were split from confluency and harvested after 24 h. ¢
A549 cells were split into palbociclib and S phase was measured after
24h by BrdU incorporation and PI staining (4 bio rep). Statistical
significance was calculated by two-way ANOVA test. d A549 cells
were split palbociclib (500 nM) and transcript levels were measured by

of DREAM complex disruption with release of p130 and
MuvB from E2F4 and reduced binding of p130 and MuvB
to cell cycle-regulated promoters. During late G1, it is likely
that Cyclin E-CDK2 activity contributes to release of p130
from the MuvB core when maximum early cell cycle gene
expression occurs to push cells through the Restriction
Point and into S phase [39].
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RT-qPCR after 24 h (3 bio rep). Significance calculated by Student’s -
test. € T47D cells were split into palbociclib and harvested after 24 h
and analyzed by immunoprecipitation and immunoblot using indicated
antibodies. f Knockout of RB, p130 measured by immunoblot in T47D
cells expressing sgRNA against control (sgCTL), RB (sgRB1), p130
(sgP130) or RB, and p130 (sgRB1+sgP130). * indicates nonspecific
band. g T47D cells were split into palbociclib and BrdU incorporation
was measured after 24 h (3 bio rep). h Model of cooperative effect of
DREAM and RB control of cell cycle gene expression during GO and
G1. P-values are indicated as * for < 0.05, and ** for < 0.01, *** for <
0.001, and **** for <(0.0001. See also Figures S9-12

We observed that loss of RB alone, but not pl130,
resulted in a significant increase in levels of cell cycle genes
during quiescence and in G1. However, p130 loss combined
with RB1 loss consistently led to a significant increase in
cell cycle gene levels compared to RB1 loss alone. These
data indicate RB has a dominant role in the repression of
cell cycle genes while DREAM contributes to repression in
the absence of RB. Our results are consistent with a recent
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report that found LIN37 knockout (a MuvB component) in
combination with RB resulted in increased levels of gene
expression in GO [40]. However, our approach of knocking
out p130 uniquely affected the DREAM complex while
knockout of LIN37 could also impair activation of the
MMB-FOXMI1 complex in S/G2. In addition, we found no
evidence for cell cycle-regulated genes that were exclu-
sively regulated by RB and not by DREAM. Thus,
DREAM and RB cooperate to repress cell cycle gene
expression in G1.

It is unlikely that RB directly compensates for p130 loss
by forming a DREAM complex since RB does not have the
capability to bind to the MuvB complex [1]. Furthermore,
p130 likely does not act to repress activator E2Fs in the
absence of RB since pl130 has a strong specificity for
repressor E2F4-5 and does not bind E2F1-3 [41, 42]. Our
model is that RB is able to control expression of early cell
cycle genes through its direct repression of transcriptional
activation by activator E2Fs, so the de-repression by loss of
DREAM does not result in increased gene expression.
However, in a RB-null cell, DREAM can weakly maintain
repression of some cell cycle gene that can be overwhelmed
by de-repressed activator E2Fs, resulting in increased cell
cycle gene expression and S phase entry. The activity of
DREAM in RB-null cells seems to be restricted to the initial
6 h of cell cycle entry as two-hour palbociclib treatment at
10h in RB-null cells did not reduce cell cycle gene
expression. In a RB and p130 null cell, lack of DREAM
repression of cell cycle gene expression and lack of RB
repression of activator E2Fs results in a further increase in
cell cycle gene expression and near complete loss of
repression of cell cycle genes. This dominant effect of RB
activity was also observed in a mouse model of small cell
lung cancer in which loss of p130 in combination with RB
and p53 results in more aggressive tumors than RB and p53
loss alone [43, 44].

The specific role of the RB-like protein pl07 is less
studied in the context of a normal cell cycle. We found
levels of p107 were increased in HFFs lacking p130 or RB,
consistent with previous reports [45-47]. Although p107
could strongly interact with either E2F4 or LIN9, we were
unable to detect significant levels of LIN9 binding to E2F4
in the absence of p130. Furthermore, reduced levels of p107
by siRNA did not result in a consistent change in cell cycle
gene expression in the p130 and RB knockout cells. Our
data indicate that p130 and RB have significant roles in
repression of early cell cycle gene expression during G1 and
p107 does not appear to provide any additional activity.

We identified Cyclin D-CDK4 as necessary for DREAM
complex disruption during cell cycle entry from GO. Inhi-
bition of CDK4 activity with palbociclib prevented the
disruption of DREAM complex during cell cycle entry.
While Cyclin D-CDK4 phosphorylation disrupted the

p130-E2F4 interaction, it was not sufficient to disrupt p130
binding to MuvB. It was recently reported that continuous
treatment of T98G cells with palbociclib for 16h after
release from quiescence maintained the interaction of p130
with LIN37 (MuvB component) [11]. This result likely
reflected maintenance of p130 interaction with E2F4 as well
as MuvB. Phosphorylation of RB at S608, the analogous
site to p130-S672, results in a conformational change in RB
that inhibits E2F binding [20]. If a similar structural
mechanism exists in p130, this could explain the mechan-
ism of pl130-MuvB release from E2F4 during cell cycle
entry.

Our findings reveal a potential role for DREAM as a
tumor suppressor. We found that DREAM contributes to
palbociclib sensitivity in normal and cancer cells which is
novel and important since CDK4 inhibitors such as palbo-
ciclib are currently used clinically to treat a variety of tumor
types alone and in combination with other drugs that reduce
Cyclin D protein levels [24, 38, 48]. Despite the low fre-
quency of p130 mutations in cancer, functional inactivation
of RB by overexpression of Cyclin D1 or reduced levels of
the CDK4 inhibitor, pl6 (CDKN2A), are likely to also
inactivate DREAM [49, 50]. Similarly, viral oncogenes
such as E7 in human papillomavirus and Large T antigen in
Merkel cell polyomavirus induced cancers are likely to
inactivate both RB and DREAM [51, 52]. Importantly, the
DREAM complex contributed to reduced cellular pro-
liferation in a gastrointestinal stromal tumor cell line treated
with imatinib and in ovarian cancer [53, 54]. In some tumor
types such as small cell lung cancer (SCLC), genetic loss of
p130 (RBL2 gene) has been reported [55]. In a mouse model
of SCLC with RB and p53 loss, loss of p130 accelerates the
rate of tumor formation [43, 44, 55]. Therefore, DREAM is
likely to complement RB’s role in regulating proliferation
of cancer cells.

Materials and methods
Human foreskin fibroblasts

Fibroblasts were isolated from de-identified natal foreskin
specimens and grown in DMEM (Cellgro) containing 15%
fetal bovine serum supplemented with 1% Pen Strep
(GIBCO), and 1% Glutamax (GIBCO), and incubated at
37 °C with 5% CO,. Cells were treated with Palbociclib
(PD-0332991) (SelleckChem # S1116) dissolved in sterile
water or with CVT-313 (Santa Cruz Biotechnology, sc-
221445) dissolved in DMSO by direct addition to media.

Cell lines

A549 and T47D cells were obtained from ATCC.

SPRINGER NATURE



4974

A. E. Schade et al.

Lentiviral sgRNA expression vectors

The pLenti-CRISPR V2 sgRNA expression vectors that
express Cas9 and either a puromycin-resistance gene
(Addgene #52961) or a G418 resistance gene were used
[56]. sgRNA sequences were designed using the Broad
Institute sgRNA designer and cross-referenced for the
fewest off-target effects using the MIT CRISPR design site.
Oligonucleotides were synthesized containing 5’ and 3’
BsmBI sites to facilitate ligation into vector. The sgRNA
oligos (including BsmBI sites) are reported in Supplemental
Table 2.

Amplicon sequencing of RB1, RBL2 loci

Genomic DNA was isolated using Qiagen DNeasy Blood &
Tissue kit and subjected to nested PCR using Pfu Ultra
DNA polymerase. Genomic DNA was used a template to
create larger fragment using primers centered on sgRNA
target. The larger fragment was purified and used as tem-
plate in subsequent PCR reaction. Smaller fragments were
purified and sequenced by Next Generation Sequencing at
Massachusetts General Hospital Center for Computational
& Integrative Biology. PCR primers are listed in Supple-
mental Table 2.

RNAi knockdown of RBL1

Overall, 1.0 x 10° cells were seeded in 60 mm dishes and
transfected with 5 pmol of siControl (Non-Targeting siRNA
#1, D-001210-01-05) or siRBL1 (SMARTpool, M-003298-
02-0005) from GE-Dharmacon using Lipofectamine
RNAIMAX Transfection Reagent (Life Technologies,
13778030). Cells were harvested 48 h after transfection.

Protein analysis

Whole-cell lysates were prepared in EBC buffer (50 mM
Tris, pH 8.0, 150 mM NaCl, 0.5% NP-40, 1: 10,000 -
mercaptoethanol, 0.5 mM EDTA) with phosphatase inhi-
bitor cocktail set I (Calbiochem) and protease inhibitor
cocktail set I (Calbiochem). Protein extracts were boiled in
SDS sample buffer (Boston BioProducts) before SDS-
polyacrylamide gel electrophoresis (Criterion TGX precast
gels, Bio-Rad). Resolved proteins were transferred to
nitrocellulose membranes (Bio-Rad) with 75V for 1h.
Membranes were blocked with 5% milk in Tris Buffered
Saline with 0.5% Tween-20 before incubation with primary
antibodies overnight at 4 °C. Antibody detection was per-
formed with horseradish peroxidase-conjugated secondary
antibodies (Rockland) developed with SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific) and
imaged with G:BOX Chemi detection system (Syngene). To
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perform immunoprecipitations, whole-cell lysates were
incubated with antibody and magnetic Protein A/G beads
(Pierce) overnight with end-over-end agitation at 4 °C.
Beads were separated by magnet and washed with EBC
lysis buffer five times before proteins were eluted by boiling
in SDS sample buffer (Boston BioProducts) for 5 min. To
perform cellular fractionation, cells were resuspended in
cytoplasmic extraction buffer (10 mM Tris-HCI pH 7.9,
1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT). The nuclear
pellet was then lysed with nuclear extraction buffer (20mM
Tris-HCI, 25% glycerol, 1.5 mM MgCl,, 240 mM NaCl, 0.2
mM EDTA, 0.5 mM DTT). Supernatants from both steps
were treated with benzonase (1:1000, Sigma Aldrich)
before analysis by immunoblot.

Antibodies

The following commercial antibodies were used for IP and
immunoblot analysis: anti-pB-actin (D6AS, Cell Signaling),
anti-Cyclin D1 (2922S, Cell Signaling), anti-Cyclin E
(HE12, Santa Cruz), anti-E2F4 (C-20, Santa Cruz), 1gG
(2729, Cell Signaling), anti-LIN9 (BL2981, Bethyl), anti-
MCMS (ab17967, Abcam), anti-p107 (C-18, Santa Cruz),
anti-p130 (C-20, Santa Cruz), anti-p130-pS672 (ab76255,
Abcam), anti-RB (554136, BD Pharmingen), anti-RB-
pT821 (ab32015, Abcam), and anti-Vinculin (H-10, Santa
Cruz). The following antibodies were used for ChIP: anti-
E2F4 (C-20, Santa Cruz), IgG (2729, Cell Signaling), anti-
LIN9 (BL2981, Bethyl), and anti-p130 (C-20, Santa Cruz).

Validation of phospho-antibodies with phosphatase

Cells were lysed using 10x cell pellet volume of EBC lysis
buffer with protease inhibitor (Calbiochem). Lysate was
incubated with/without phosphatase inhibitor (Calbiochem)
with lambda phosphatase (New England BioLabs) at 30 °C
for 1h and analyzed by immunoblot.

Cell cycle analysis

Cells were incubated with 3 pg/mL BrdU (Sigma Aldrich) for
1 h before harvesting via trypsin digestion and fixation with
cold 70% ethanol. Cells were permeabilized with 2N HCl and
blocked Super Block Buffer (Thermo Scientific) before incu-
bation with anti-BrdU-FITC (Fischer Scientific) overnight.
Cells were washed with PBS-T and incubated with 1 mg/mL
Propidium Iodide (Sigma) with 0.5 mg/mL RNase (Sigma)
before analysis by flow cytometry (BD FACS Canto II).

Crystal violet staining

Overall, 5x10* cells were seeded into 6 well plates and
harvested by staining with 5% Crystal Violet stain in PBS
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(Sigma Aldrich) at 25°C for 20 min and destained with
ddH,0. Crystal violet was solubilized with methanol
and absorbance was measured with spectrophotometer at
570 nm.

Chromatin immunoprecipitation-qPCR

Digested chromatin was prepared using SimpleChIP enzy-
matic Chromatin IP Kit (Cell Signaling Technologies) and
incubated overnight with antibodies and magnetic ChIP
Grade Protein A/G beads (Cell Signaling). Eluted chromatin
was purified using QIAquick PCR Purification Kit (Qiagen)
and analyzed by qPCR. Fold change occupancy was cal-
culated by normalizing %input values at 0 h. ChIP-qPCR
primers are listed in Supplemental Table 2.

RNA analysis by RT-qPCR

Total RNA was isolated using Qiagen RNeasy plus mini kit.
cDNA was synthesized with a High-Capacity Reverse
Transcription kit (Thermo Fischer). qPCR was performed
using Brilliant III SYBR Master Mix using Aria Mx3000 or
AriaMx real time PCR machines (Agilent Genomics). Raw
Ct values were normalized to geometric mean of ACTB and
B2M transcripts before normalization to experimental con-
trol indicated. RT-qPCR primers are listed in Supplemental
Table 2.
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