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Understanding inhibitory mechanisms of transforming growth factor 1 (TGF-B1) has provided insight into
cell cycle regulation and how TGF-f1 sensitivity is lost during tumorigenesis. We show here that TGF-f31
utilizes a previously unknown mechanism targeting the function of prereplication complexes (pre-RCs) to
acutely block S-phase entry when added to cells in late G,, after most G, events have occurred. TGF-f31
treatment in early G, suppresses Myc and CycE-Cdk2 and blocks pre-RC assembly. However, TGF-f31
treatment in late G, acutely blocks S-phase entry by inhibiting activation of fully assembled pre-RCs, with
arrest occurring prior to the helicase unwinding step at G,/S. This acute block by TGF-$31 requires the function
of Rb in late G, but does not involve Myc/CycE-Cdk2 suppression or transcriptional control. Instead, Rb
mediates TGF-f1 late-G, arrest by targeting the MCM helicase. Rb binds the MCM complex during late G,
via a direct interaction with Mcm?7, and TGF-$1 blocks their dissociation at G,/S. Loss of Rb or overexpression
of Mcm?7 or its Rb-binding domain alone abrogates late-G, arrest by TGF-f31. These results demonstrate that
TGF-B1 acutely blocks entry into S phase by inhibiting pre-RC activation and suggest a novel role for Rb in

mediating this effect of TGF-B1 through direct interaction with and control of the MCM helicase.

Transforming growth factor 1 (TGF-B1) is a potent inhib-
itor of cell proliferation. TGF-B1-induced arrest occurs during
G, and is mediated by Smad proteins, which regulate transcrip-
tional targets, including c-myc (11, 13, 37). Downregulation of
c-myc allows induction of the Cdk inhibitor (CKI) p15™&4B,
which inhibits Cdk4-CycD (20, 45). The p27%"P" inhibitor is
also utilized by TGF-B1 to inhibit Cdk2-CycE (39). Cdk sup-
pression prevents hyperphosphorylation of Rb (28), causing
Rb to remain in a hypophosphorylated, growth-suppressive
form. The pivotal roles for c-myc suppression and Rb are
illustrated by the demonstration that ectopic c-Myc or viral
tumor proteins that inactivate Rb override TGF-B1 (3, 28, 38).
However, this pathway utilized by TGF-B1 has been largely
derived from experimentation in which TGF-B1 is added to
cells in early G, prior to the occurrence of most G, events, and
progression into late-G,/S phase is hindered due to these
mechanisms.

Several studies have raised important questions with regard
to the mechanisms of TGF-B1 signaling. Cells lacking p27<P*,
p15™K4B or p21<P! remain sensitive to growth arrest by
TGF-B1 (24, 34, 46). Thus, CKIs are not absolutely required
for TGF-B1 to arrest cells, and it has been suggested that
transcriptional suppression of Cdc25A is an alternative means
for TGF-B1 to suppress Cdks (24). TGF-B1 can block S-phase
entry when added to cells in early G, or late G, including just
prior to G,/S, after most G, events have already occurred (4,
23). This ability of late-G; TGF-B1 exposure to acutely block
G,-S transit is particularly intriguing, since mammalian cells no
longer require de novo mRNA synthesis in late G, for S-phase
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entry (4, 9, 33) and the effectiveness of TGF-B1 arrest after
exposure in late G, is not affected by agents that block de novo
mRNA synthesis (4, 23). Thus, TGF-B1 signals in late G,
acutely block S-phase entry utilizing mechanisms independent
of transcriptional upregulation or downregulation. This calls
into question the need for acute transcriptional control of c-Myc,
Cdc25A, CKIs, or other transcriptional targets by TGF-p1
specifically in late G, and elicits questions as to the transcrip-
tion-independent and acute nature of the mechanisms by which
TGF-B1 achieves arrest when added to cells in late G,.

We reasoned that TGF-B1 likely produces negative effects
on the prereplication complex (pre-RC) and that understand-
ing such effects might offer insight into TGF-B1 signaling that
explains these unanswered questions. Pre-RCs assemble at fu-
ture origins of DNA replication and play a pivotal role in
regulating the transition to S phase (6). Each pre-RC is com-
posed of the origin recognition complex (ORC), which recruits
Cdtl1, Cdc6, and the hexameric minichromosome maintenance
(MCM) helicase. Initiation of DNA replication (i.e., the G,/S
transition) commences after Cdc45, DNA polymerases, and
PCNA (and other proteins) are recruited to the pre-RCs and
MCMs are activated to melt origin DNA (6).

We show here that TGF-B1 signals do indeed target pre-RC
functionality and that the effects of TGF-B1 on pre-RC dy-
namics provide novel explanations for these unanswered ques-
tions. TGF-B1 treatment in early G,, prior to pre-RC assem-
bly, blocks such assembly and causes numerous other cell cycle
changes, including suppression of Myc and inhibition of CycE-
Cdk2. In contrast, treatment with TGF-B1 in late G,, after
pre-RCs have already assembled, does not cause disassembly
of pre-RCs. Instead, TGF-B1 acutely inhibits pre-RC activa-
tion and arrests cells prior to the helicase unwinding step at
G,/S. This late-G, arrest does not involve CycE-Cdk2 inhibi-
tion or Myc suppression. However, Rb is critically required for
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acute inhibition of pre-RC activation by TGF-B1. Rb mediates
TGF-B1 arrest in late G, via direct targeting of the MCM
helicase, specifically through Mcm7. Loss of Rb or gain of
Mcm7 overrides TGF-B1 arrest in late G,, indicating that the
Rb-MCM interaction plays a pivotal role. These observations
provide novel insight into the mechanisms of TGF-B1 arrest
and suggest a role for Rb in mediating late-G, arrest by
TGF-B1 that involves regulating the MCM complex.

MATERIALS AND METHODS

Cell culture, synchronization, and drugs. Mouse keratinocytes (BALB/MK)
were maintained as described previously (3). HaCaT and SaOS-2 cells were
cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum. TGF-B1 (R&D Systems) was used at 10 ng/ml. MK synchroniza-
tion was achieved by culturing cells in medium lacking epidermal growth factor
(EGF) for 3.5 days. HaCaT synchronization was optimized and carried out by
plating cells at ~70% density, with serum withdrawal done for 24 h to render the
cells quiescent. Transfections utilized Fugene6 (Roche) or polyethylenimine
(40). Hydroxyurea (Hu; 3 mM), aphidicolin (Aph; 10 wg/ml), and 5,6-dichloro-
benzimidazole riboside (DRB) (40 uM) were used.

Antibodies. Antibodies were used at 1:1,000 dilutions and derived from rabbits
unless otherwise specified. Antibodies used were as follows: from Covance,
mouse monoclonal (MAb) antihemagglutinin (anti-HA), MAb anti-HA-fluores-
cein isothiocyanate (FITC), MADb anti-glutathione S-transferase (anti-GST), and
MADb anti-His6; from Cell Signaling, anti-Rb-P-Ser807/811 (1:500), anti-Cdc7 (8
pl/immunoprecipitation [IP]), and rat anti-RPA-32 (1:500, immunoblotting [IB];
1:100, immunofluorescence [IF]); from Calbiochem, MAb anti-PCNA (1:10,000)
and anti-Rb (1:500, IB); from BD Biosciences: MAb anti-Orc4, anti-Mcm?2
(1:3,000), and MADb anti-Rb (1:500, IP); anti-BrdU-Alexa 594 (1:20; Invitrogen);
from Santa Cruz, MAb anti-CycA (5 ug/ml, IP), anti-CycE (5 pg/ml, IP), anti-
Cdc6 (1:500), MADb anti-Cdc6-P (1:500), anti-p107 (1:200), MAb anti-Mcm7,
anti-Cdt1 (1:200), anti-RPA-70 (1:50), and goat anti-DNA polymerase delta (Pol
delta) (1:50); MADb anti-CycA (for IB; Neomarkers); and anti-Myc (1:500; Steve
Hann, Vanderbilt University). Chicken anti-Cdc45 and anti-Mcm5 were de-
scribed previously (33).

IF and single-stranded-DNA (ssDNA) helicase assays. Replicating DNA was
labeled by pulsing for 30 min with 15 uM bromodeoxyuridine. For helicase assays
(19), 15 uM BrdU was in the medium during the entire synchronization. BrdU
detection and IF assays used standard procedures as described previously (2),
except no HCI was used where indicated for the helicase assays. Two percent
formaldehyde was used as fixative in all IF assays. RPA and DNA Pol delta IF
assays used a 10-min preextraction at 4°C with 0.1% Triton X-100 in 10 mM
HEPES, pH 7.9, 10 mM KCl, 0.5 mM dithiothreitol, and 1.5 mM MgCl, to enrich
for chromatin-bound complements/foci of each protein tested.

shRNA design and cDNAs. Small-hairpin RNA (shRNA) was expressed using
pSuperior vectors (Oligo Engine). The luciferase target sequence was 5'-CGTA
CGCGGAATACTTCGA-3'. Rb-shRNA-2573 and Rb-shRNA-240 are de-
scribed in Results. Homo sapiens Mcm7 (HsMcm?7), HsMcem7-CT, and HsMcm6
were generated by reverse transcription (RT)-PCR from HeLa mRNA. RbN was
generated by PCR from a full-length HsRb ¢cDNA. pcDNA3-HA, pET28A, and
pGEXAT were used to subclone cDNAs with appropriate tags. Approaches are
available upon request. The Rb-M10-glu cDNA was provided by David Goodrich
(Roswell Park Cancer Center).

Bacterial expression. BL21 bacteria were used to generate GST-tagged (Rb
proteins) and His6-tagged proteins (Mcm7, Mcm7-CT, Mcm6, and Mcm?2). Stan-
dard purification approaches were used, and details of purifications are available
upon request.

Immunoprecipitations, immunoblots, and kinase assays. Immunoprecipita-
tions (IPs) used log or synchronized cells. IPs using anti-Rb, anti-CycE, anti-
CycA, or anti-Cdc7 were performed in 0.1% NP-40, 50 mM Tris, pH 7.4, and 250
mM NaCl for 2 h (overnight for Rb IPs) in the cold after preclearing of samples
with nonspecific IgG and 0.1% bovine serum albumin-blocked agarose beads.
Washing was done using the same buffer for 3 X 10 min. For immunoblots (IB),
equal numbers of cells were lysed and boiled in loading dye (for total lysates
[TCE]) or were separated into detergent-resistant (P3/chromatin) or detergent-
soluble fractions as described previously (32, 33). Pre-RC subunits present in the
chromatin fraction are sensitive to nuclease digestion (32). TCE and chromatin
samples representing equivalent cell numbers were analyzed by standard immu-
noblotting and enhanced chemiluminescence techniques. Histone H1 (10 wg/
reaction) and GST-Rb (100 ng/reaction) kinase assays were performed as de-
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scribed previously (2). Cdc7 kinase assays were performed as described
previously (12) using 1.8 wg His6-Mcm2 per reaction.

RESULTS

TGF-B1 treatment in early G, blocks MCM loading. We
made use of the model line of BALB/MK cells, which are
effectively synchronized by EGF deprivation and highly sensi-
tive to TGF-B1 growth arrest (4). Quiescent MK cells display
no ongoing DNA synthesis as measured by BrdU incorpora-
tion (Fig. 1A and B). Readdition of EGF leads to cell cycle
entry, with the G,/S transition 12 h after release and almost all
cells in S phase at 15 and 18 h (Fig. 1B). Treatment with
TGF-B1 in early G, (2 h postrelease) effectively blocks pro-
gression into S phase (Fig. 1B).

We verified that several well-established negative effects of
TGF-B1 on the cell cycle machinery were intact in MK cells.
Total protein lysates were collected at time points indicated in
Fig. 1. Myc expression was suppressed by TGF-B1, as was
CycA (Fig. 1C). Phosphorylation of Rb in late G, as measured
using antibodies against phosphoserines 807/811, was also
blocked by TGF-B1 (Fig. 1C). Ser807/811 phosphorylation is
preferentially catalyzed by CycE-Cdk?2 in vitro (26) and occurs
around the restriction point (~8 h in MK cells) when this
kinase becomes active against Rb (17, 30, 33). Consistent with
the absence of Ser807/811-P, and as shown by others (27),
CycE-Cdk2 kinase was blocked from becoming active by
TGF-B1 (Fig. 1D).

We next analyzed several aspects of pre-RC dynamics after
TGF-B1 treatment in early G,. During pre-RC assembly, sub-
units become progressively bound to chromatin and are oper-
ationally defined at such time as they are ready for initiating
DNA replication (6, 32). The chromatin-bound state is indi-
cated by resistance to extraction with nonionic detergents. Par-
allel to experiments described above that were carried out with
total cell lysates, we collected separate samples and fraction-
ated them into detergent-sensitive and detergent-resistant ly-
sates, defined as the nucleosolic/cytosolic and chromatin-
bound pools, respectively (2, 32). For simplicity, only the total
and chromatin-bound analyses are shown. Treatment with
TGF-B1 in early G, does not adversely affect the total protein
levels or chromatin-bound pool of Orc4, Orc5 (data not
shown), Cdtl, and Cdc6 (Fig. 1E, top). However, TGF-B1
suppresses the total protein levels of MCM subunits and
thereby blocks the loading of MCM subunits onto chromatin
(Fig. 1E, bottom). These results indicate that following early
G, exposure to TGF-B1, pre-RC assembly proceeds through
the ORC, Cdc6, and Cdtl loading steps but MCM hexamer
formation on chromatin is blocked.

TGF-1 treatment in early G, targets proteins involved in
MCM loading and activation. Cdc6 is phosphorylated by
CycE-Cdk2, which is required for MCM loading (31). Such
phosphorylated forms of Cdc6 also interact with chromatin (1).
One of our anti-Cdc6 antibodies preferentially recognizes
slower-mobility forms of Cdc6 that are likely representative of
phosphorylated forms of Cdc6 (called anti-Cdc6-P). Such
forms of Cdc6 are efficiently blocked in accumulation and
absent from chromatin after TGF-B1 exposure (Fig. 1E), con-
sistent with the lack of CycE-Cdk2 activity (Fig. 1D). In addi-
tion, CycE-Cdk2 activity is required for Cdc7 to function in the



Vor. 30, 2010

A

TGFB —| S-phase entry Go
+EGF ;
\ -phas
>
@,
/{p’ -EGF

C

\<>° Total Protein (TCE)

(OIS & & &
F

TGFB earl T i ﬁ ﬂ’\ >
early A - - - - -
2 hr) + =+ =+ =+ =+ =+
c-Myc - - - -
Rb-P
ser807/811P) w'e
CycA - -

E

Total Protein (TCE)

& &
ISR A Cs

TGFBearly 2hr) = = 4 = 4 = 4 = 4 = 4 = 4

&
& SERSREIRS
9 \Q\Q \";Q N N

TGF-81 REGULATION OF pre-RCs 847

G1-phase

S-phase

G1/S

10%
10hr

50%
12hr

S —

8hr

15hr 18hr

TGFR1 added in early-G1 at 2 hrs,

pulsed w/BrdU at 15 hrs

B1@2hrs
=
e
D z E
3
= =
+ & E = =
2 (l-‘?l <+ o =]
TGFBearly 2hr) = = = 4 = 4 = 4

anti-Cyclin E
HI kinase assay

histone H1 I |

Chromatin Bound (P3)

Orc4

Cdtl

Cdc6
total

- - - — -

TGFBearly 2hr) = = 4+ = 4+ = 4 = 4 = 4 = 4

Cdc6-P - e e
Mcm2 — e — ,_ . -
Mcm7 — —_ - w—
Cdc45 -— - - -
PCNA |—

I
= = =g =g =4 =g =
e — - ———— e —-——]

. Not affected
----——-‘..:—.— byTGFB
- - e e - - aww’
===+ =+ =4+ =+ =4+ =+

— - ——
- -— - -
Abrogated
T _— i by TGFB
- - -
- - - - -

FIG. 1. Early-G, TGF-B1 treatment blocks MCM loading. (A) Diagram showing experimental design. (B) EGF-synchronized MK cells pulsed
with BrdU at each hour to measure cell cycle progression. Effectiveness of early-G, TGF-B1 treatment is shown below. Percentages are means from
triplicate fields. (C) Immunoblot analysis of several established TGF-B1 targets after early-G, TGF-B1 treatment. (D) Analysis of effects of
TGF-B1 on CycE-associated histone H1 kinase activity. (E) Immunoblot analyses of TGF-B1 effects on total protein expression and chromatin-
bound complement of multiple pre-RC subunits and of Cdc45 and PCNA.

phosphorylation of Mcm2, which is also necessary for MCM
assembly (12).

Cdc45 and PCNA assemble at pre-RCs after MCMs have
loaded, leading to formation of preinitiation complexes (pre-
ICs) that are involved in MCM activation at G,/S (and DNA
polymerase activation). TGF-B1 treatment inhibits the loading
of Cdc45 and PCNA onto chromatin (Fig. 1E). Although the
total protein levels of Cdc45 are blocked by TGF-B1, explain-
ing its absence from chromatin, the total levels of PCNA are
not suppressed by TGF-B1 (Fig. 1E). We conclude that early
G, exposure to TGF-B1 produces multiple negative effects on
MCM loading and activation. MCM protein expression is sup-
pressed, and the ability of any residual MCM proteins to load

onto chromatin will be severely hindered due to an absence of
CycE-Cdk2 activity and its necessary effects on Cdc6 and Cdc7.
The loading of Cdc45 and PCNA onto chromatin is blocked,
preventing activation of MCMs. Further, c-Myc binds to
MCMs and functions in a nontranscriptional manner in pro-
moting S-phase entry and replication origin activity (15), and
its suppression by TGF-B1 also prevents MCM activation.
TGF-$1 treatment in late G, arrests cells with pre-RCs fully
assembled. TGF-B1 can also block entry into S-phase when
added to cells in late G,. Although this is true for MK (4, 38)
and mink lung cells (23, 28), one report exists suggesting that
human HaCaT cells are not sensitive to TGF-B1 in late G,
(18). However, given that very few HaCaT cells were capable
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of reentering the cell cycle after quiescence in this study, we
reasoned that the confluent cell culture conditions and 3-day
serum withdrawal were not optimal for a conclusive determi-
nation of TGF-B1 sensitivity. Using optimized quiescence-re-
lease conditions in which cells are plated at a lower density and
serum deprived for only 24 h (allowing almost 90% of cells to
reenter the cycle), we find that HaCaT cells are also sensitive
to TGF-B1 inhibition throughout G, (Fig. 2A). Thus, all three
model cell lines for TGF-B1 analysis are similarly sensitive to
TGF-B1 throughout the G, period.

MCMs, Cdc45, and PCNA normally load onto chromatin
~2/3 of the way into G, phase, 8 h after release in MK cells
(Fig. 1E and our recent study, reference 33). Since TGF-f1 can
block entry into S phase when added after this time, we next
asked how late-G, treatment with TGF-B1 affected pre-RCs
once assembled. MK cells were synchronized and released into
G,, and at 9 h (late G,), TGF-B1 was added, followed by
collection of total and chromatin-bound protein fractions at
the indicated times (diagrammed in Fig. 2B). Exposure to
TGF-B1 in late G, effectively blocks entry into S phase (Fig.
2C; also verifies population was indeed in late G, at the time
of TGF-B1 addition). Expression of Myc in late G, is blocked
by TGF-B1 (Fig. 2D), confirming that TGF-B1 signals to the
nucleus are intact. Interestingly, Rb phosphorylation on
serines 807/811, which occurs at ~8 h in MK cells (Fig. 1C), is
not reversed by TGF-B1 exposure 1 h later (Fig. 2D). In ad-
dition, the presence of the slower-migrating p110-Rb is not
acutely reduced by late G, TGF-B treatment.

In significant contrast to the effects of early G, TGF-B1
exposure, late G, treatment does not disrupt preformed pre-
RC:s (Fig. 2D). MCM subunits remain expressed and chroma-
tin bound equivalently to results for control cells at what would
be the G,/S transition (12 h; samples to the left of the dashed
line in Fig. 2D). Cdc45 and PCNA are also unperturbed, con-
firming that pre-RCs are assembled through the MCM loading
step. After a prolonged duration in TGF-B1, cells begin to
disassemble pre-RCs to some extent, as the levels of chroma-
tin-bound MCMs, Cdc45, and PCNA are slightly diminished at
later times (Fig. 2D, 15 and 18 h).

Since the MCMs and Cdc45 are loaded but polymerases are
nonfunctional (due to a lack of BrdU) (Fig. 2C), we reasoned
that cells might be arrested at the helicase unwinding step
upstream of DNA polymerase recruitment. We determined
the state of chromatin association of RPA, which binds ssDNA
at replication forks with high affinity after DNA unwinding at
origins and thus serves as a surrogate measure for the helicase
step in vivo (44). Intriguingly, cells arrested by late-G; TGF-1
exposure are significantly devoid of the RPA-32 subunit in the
chromatin fraction, although RPA-32 is present (in TCE) (Fig.
2D). As further confirmation, synchronized MK cells were
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treated with TGF-B1 at 9 h, allowed to proceed to 15 h (normal
peak S phase), and assayed by IF for the chromatin presence of
RPA-32, RPA-70, and DNA Pol delta. Figure 2E shows that
non-TGF-B1-inhibited cells (BrdU positive, “foci”) display no-
ticeable focal patterns for all three proteins that overlap BrdU
signals, whereas TGF-B1-inhibited cells (BrdU negative, “I”)
are devoid of any such focal patterns for RPA and DNA Pol
delta. Collectively, these results strongly suggest that TGF-B1
acutely arrests cells in late G, at or just prior to the helicase
unwinding step at G,/S, rendering RPA and DNA Pol delta
unable to become recruited although MCMs and Cdc45 are
present.

MCM helicases are not functional in cells growth arrested
by late-G, TGF-B1 treatment. We further verified that no
helicase activity could be detected in TGF-B-arrested cells. We
took advantage of a novel means of assessing whether MCMs
are active in cells in vivo (19). Treatment with DNA polymer-
ase blocking agents (aphidicolin or hydroxyurea) leads to a
separation of helicase/MCM activity from the halted poly-
merases (19, 36, 44), creating stretches of sSDNA ahead of the
arrested polymerases. As diagrammed in Fig. 2F (top), the
DNA (labeled with BrdU in a previous cell cycle) that is un-
wound by the active MCMs can be observed using anti-BrdU
antibodies in the absence of the HCI denaturation step that is
usually necessary for antibody access to the bromo groups (19).

During EGF synchronization, BrdU was added to the cul-
ture medium to label all of the DNA (cells proceed through 1
to 2 cycles during such synchronization). Cells were released
and allowed to progress to late G, at which time (9 h) TGF-B1
was added to one sample. Cells were then allowed to progress
into S phase (but TGF-B1-treated cells do not enter), at which
time (14 h) Aph or HU was added to two separate plates for
1 h. Figure 2F shows that the nuclei were fully labeled with
BrdU but that HCI was required to observe a BrdU signal in
untreated cells (top two panels). Aph and HU samples both
display noticeable ssDNA foci as a result of continued MCM
functioning, consistent with results in other studies (19). How-
ever, cells treated with TGF-B in late G, do not display ssDNA
foci (Fig. 2F). Although a small amount of DNA unwinding
would not be observable by this approach, these results are in
agreement with that shown above, indicating that TGF-B1
acutely arrests cells with loaded but inactive MCM helicases.

Late-G, block to MCM activation by TGF-1 is not medi-
ated by Myc suppression nor by CycE/Cdk2 or Cdc7 kinase
inhibition. We wanted to understand the mechanism by which
late-G, treatment with TGF-B1 blocks MCM activation. The
Myc protein functions in a nontranscriptional manner to stim-
ulate S-phase entry via its interaction with MCMs (15). We
asked whether acute negative effects of TGF-B1 on Myc ex-
pression, specifically in late G, explained the failure of cells to

time but allowed to proceed to 19 h (peak S phase), at which time BrdU pulsing determined the inhibition index. Means of triplicate fields are
plotted * 1 standard deviation (SD). (B) Experimental design for MK assays. (C) BrdU analysis as for Fig. 1B of synchronized MK cells.
Effectiveness of late-G, TGF-B1 treatment is shown below. Percentages are means from triplicate fields. (D) IB assays performed as for Fig. 1E,
but after late-G, TGF-B1 treatment. (E) Synchronized MK cells treated with TGF-1 at 9 h (late G,), allowed to proceed to 15 h, and then pulsed
with BrdU and processed by IF for BrdU and indicated replication proteins. “I” denotes examples of TGF-B1-inhibited cells; “foci” denotes
noninhibited cells displaying BrdU and replication protein foci that overlap. (F) Diagram illustrating in vivo helicase assay principles and
photographs of representative nuclei for the helicase assays carried out with synchronized MK cells.
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FIG. 3. Late-G, TGF-B1 treatment; growth arrest is not mediated by c-Myc loss nor by inhibition of CycE-Cdk2. (A) Experimental design.
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activate the assembled pre-RCs/MCMs. Mammalian cells be-
come insensitive to agents that block de novo mRNA synthesis
in late G, indicating that cells no longer require new mRNA
production in late G, for progression into S phase (4, 9, 33).
We compared a late-G, treatment with TGF-B1 (at 9 h), which
blocks entry into S phase, to a late-G, treatment with an
effective and specific RNA polymerase II inhibitor, DRB (also
at 9 h), which does not block S-phase entry (Fig. 3A and B).
Both TGF-B1 and DRB acutely suppress c-myc mRNA expres-
sion during this time (33, 37). Due to the short half-life of
c-myc mRNA, this acutely downregulates the Myc protein, and
Fig. 3C shows that DRB and TGF-B1 display similar kinetics
for loss of the Myc protein. Since DRB does not prevent MK
cells from entering S phase, these results indicate that acute
suppression of Myc by TGF-B1 in late G, does not play a
pivotal role in blocking S-phase entry or MCM activation at
this time.

CycE-Cdk2 kinase becomes active prior to late G, and is
blocked from becoming active by early-G; TGF-B1 treatment
(Fig. 1D). We determined if CycE-Cdk2 kinase was acutely
inactivated by late-G, TGF-B1 treatment after it had already
become active. MK cells were synchronized and released, fol-
lowed by TGF-B1 treatment at 9 h and analysis of CycE-
associated kinase activity 1 and 3 h later. Figure 3D shows
clearly that once activated, the CycE-Cdk2 kinase is not acutely
suppressed by late-G; TGF-B1 treatment as measured against
the histone H1 or GST-Rb substrate. We also found that the
Cdc7-Dbf4 kinase, which is required for origin activation in
yeast studies (8) and targets Mcm?2 for phosphorylation (12), is
not inhibited acutely by TGF-B1 (Fig. 3D). Thus, acute inac-
tivation of CycE-Cdk2 or Cdc7 is not involved in the block to
MCM activation and S-phase entry when TGF-B1 is added
specifically in late G;.

Late-G, treatment with TGF-31 acutely blocks CycA local-
ization to chromatin. We determined the effects of late-G,
TGF-B1 exposure on CycA-Cdk2 activity and on CycA expres-
sion and dynamics. Intriguingly, although the cells do not enter
S phase, CycA-Cdk2 kinase activity is induced at the same time
as in untreated cells and is not inhibited thereafter by late-G,
TGF-B1 treatment (Fig. 4A). Consistent with this, we also
found that there are no changes in the amount of Cdk2 or

p27%iP! that is associated with CycA (data not shown). Further,
late-G,; TGF-B1 treatment does not block the induction of
expression of the CycA protein as it does when TGF-B1 is
added in early G, (compare Fig. 1C and 4B). However, one
acute negative effect of late-G, TGF-B1 treatment is a block to
CycA localization to chromatin (Fig. 4B), where pre-RCs/
MCMs are also localized but not activated. We next asked if
overexpression of CycA could overcome the inhibitory effects
of late-G, treatment with TGF-B1. CycA was stably expressed
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FIG. 4. Late-G, TGF-B1 treatment has no effect on CycA-associ-
ated kinase activity but blocks CycA chromatin loading. (A) Analysis
of effects of late-G, TGF-B1 treatment on CycA-associated H1 kinase
activity in synchronized MK cells. (B) Immunoblot analysis performed
as described for Fig. 1E, examining CycA expression and chromatin
binding dynamics. (C) Immunoblot of total lysates for MK clones
stably expressing elevated HA-CycA protein (left) and analysis of
TGF-B1 sensitivity in early G, and late G, for two synchronized clones
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(H) MK(Rb—) clones and MK-Luc-shRNA control were synchronized. TGF-B1 was added at indicated times (for +p1 samples), and such cells
were allowed to progress to 15 h and BrdU labeled to determine their TGF-B1 inhibition index (left axis). In parallel, untreated MK(Rb—) clone
#5 and MK-Luc-shRNA were pulsed with BrdU at each hour to determine G, progression kinetics (right axis). (I) Asynchronous wt-MK *+
TGF-B1 overnight were assayed by BrdU incorporation to determine amount of growth arrest (top). Asynchronous MK(Rb—) clone #5 was
exposed to TGF-B1 for ~1 cell cycle (30 h) and ~2 cycles (60 h) and then assayed by BrdU incorporation to determine amount of TGF-31 growth
arrest (bottom). Percentages in panels D, E, F, and H are means of triplicate counts of ~200 cells/field (*1 SD in graphs).

in MK cells, and clones were derived, two of which are shown MK cells carrying stable shRNA constructs that downregulated

(Fig. 4C). In both MK-CycA clones, TGF-B1 was capable of
blocking G,/S transit whether it was added to cells in early G,
or late G, (Fig. 4C). Although the lack of CycA chromatin
association may contribute to late-G, TGF-B1 arrest, these
results suggest that other unknown mechanisms, dominant to
this CycA effect, mediate the late-G, block to pre-RC activa-
tion by TGF-B1.

TGF-1 block to pre-RC/MCM activation in late G, re-
quires Rb. Viral tumor proteins with Rb-binding motifs abro-
gate TGF-B1 growth arrest (28, 38). However, viral proteins
also target other cellular factors. As such, we wanted to deter-
mine conclusively if Rb alone is involved in the acute late-G,
TGF-B1 inhibition of pre-RC/MCM activation. We generated

Rb. Two shRNAs targeting two different parts of Rb were
designed (Rb-shRNA-240 and Rb-shRNA-2573) and con-
tained multiple mismatches or absent bases relative to the
related p107 and p130 proteins (Fig. SA). Three clones dis-
playing significant downregulation of Rb [MK(Rb—)] were
selected (Fig. 5B, clones #4, #5, and #13). We also generated
a control cell line with an shRNA targeting luciferase (Luc-
shRNA). The p107 protein was not suppressed in any of the
clones (Fig. 5B).

We next tested MK(Rb—) cells for their response to
TGF-B1 added in late G,. Despite significant Rb reduction, all
three MK(Rb—) clones could be rendered quiescent by EGF
withdrawal (data not shown). Figure 5C shows that after syn-
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chronization, MK(Rb—) clone #5 contained very low levels of
Rb throughout the 15-h duration of the experiment. Signifi-
cantly, treatment of MK(Rb—) clone #5 with TGF-B1 in late
G, failed to block entry into S phase (Fig. 5D and E) and thus
failed to block MCM activation. Similarly, MK(Rb—) clones
#13 and #4 also failed to arrest following late-G,; TGF-p1
exposure (Fig. SE). Since loss of Rb can reduce the length of
G,, we were concerned that our cells were not in late G, at the
time TGF-B1 was added but instead might already be in S
phase, which would serve as a simple explanation for the lack
of TGF-B1 sensitivity in such experiments. However, this is not
the case, since BrdU analysis of synchronized MK(Rb—) clone
#5 shows that the cells are in late G, at the time of TGF-B1
addition (Fig. 5F). Similar results were found for clones #13
and #4 (data not shown). MK(Rb—) clone #5 also regains the
ability to recruit RPA-32 to chromatin (Fig. 5G). The use of
two different shRNA target sites on Rb and consistent results
from multiple independent clones indicate that our results are
not due to off-target activity and are physiologically relevant to
events following specific depletion of Rb in the MK cells. We
conclude that Rb is absolutely required for TGF-B1 treatment
in late G, to block activation of MCMs and S-phase entry.

Rb is required for TGF-B1 growth arrest from the time of
pre-RC/MCM assembly. We found unexpectedly that the
MK(Rb—) clones all remained sensitive to growth arrest by
TGF-B1 if the inhibitor was added to cultures in early G, (Fig.
5H). This indicated that TGF-B1 was capable of eliciting a G,
block in the absence of Rb, at least during a window of time in
early G,. Consistent with this, another study has shown that
Rb ™/~ mouse embryo fibroblasts (MEFs) remain partially sen-
sitive to TGF-B1 arrest under low plating conditions (21). Log
wild-type MK (wt-MK) cells are inhibited maximally by
TGF-B1 after a 24-h exposure, which encompasses ~1 cell
cycle (and 1 G, phase) (Fig. 5I). However, if an Rb-indepen-
dent window of TGF-B1 sensitivity does exist in early G,, then
log Rb-depleted MKs should be partially inhibited after one
cycle of exposure to TGF-B1 but maximally inhibited after cells
that were in the previous late-G, insensitive window enter the
next early-G, window of sensitivity and become arrested. In-
deed, this is the case (Fig. 5I), indicating that MK cells do not
require Rb for early-G, arrest.

The sensitivity of MK(Rb—) cells to early-G; TGF-B1 ex-
posure indicated that TGF-B1 signaling pathways were func-
tional. The only exception to this was that acute late-G, inhi-
bition by TGF-B1 was abrogated if Rb levels were diminished.
To determine when the cells transition from a lack of need for
Rb in early G; to a strict requirement for Rb in late-G,
TGF-B1 arrest, we performed an experiment in which synchro-
nized Rb-depleted cells were compared to Rb-containing cells
(Luc-shRNA control) for their sensitivity to TGF-B1 as they
progressed through G, (Fig. 5SH). TGF-B1 was added at 2, 6, 8,
and 9 h after release, and such cells were pulsed with BrdU at
15 h to determine the percentage of inhibition after each time
of TGF-B1 exposure. In parallel, untreated control cells and
MK(Rb—) clone #5 were pulsed with BrdU at indicated times
to assess the flow of the synchronous populations through G,
into S phase (Fig. SH, slashed circles at right). Comparison of
the resulting inhibition and G, progression curves reveals that
relative to the G,/S transition (12 h for Luc-shRNA MK con-
trol and ~11 h for clone #5), all three MK(Rb—) clones lose

MoL. CELL. BIOL.

TGF-B1 sensitivity as they progress through the 7- to 8-h time
period (Fig. 5H). In contrast, control cells (Luc-shRNA +31)
remain sensitive to TGF-B1 throughout G, consistent with our
previous findings for wt-MK (4). Intriguingly, this timing of
desensitization to TGF-B1 in MK(Rb—) cells directly corre-
lates with the timing of MCM assembly (~8 h) (Fig. 1E) (33).
We conclude that once MCMs load onto chromatin in late G,
and are ready for G,/S activation, TGF-B1 inhibitory mecha-
nisms continue to function but absolutely require that Rb be
present in order to successfully block such assembled pre-RCs/
MCMs from becoming activated at G,/S.

Rb interacts with the MCM complex in late G, via the
Mcm?7 subunit. The acute ability of TGF-B1 to elicit a late-G,
arrest that requires Rb was intriguing. Rb becomes hyperphos-
phorylated at the restriction (R) point, which we showed oc-
curs at ~8 h in MK cells (33), shown again in Fig. 1C using
Ser807/811-P, a CycE-Cdk2-catalyzed site, as a surrogate (26).
Given that TGF-B1 can block entry into S phase when added
to cultures even in late G, these results collectively indicate
that TGF-B1 can block entry into S phase when added after the
R point. Further, our results indicate that Rb still functions in
mediating G,-S transit after the R point, at least in response to
TGF-B1.

Since Rb’s control over E2F complexes is diminished in late
G,, we hypothesized that the function of Rb in mediating
TGF-B1 arrest in late G, might arise from a direct role in
binding and preventing activation of the assembled MCMs. In
support of this contention, a yeast 2-hybrid study has shown
that the amino terminus of Rb (RbN) can interact with the
MCM complex subunit Mcm7 (43). Further, Rb can suppress
in vitro DNA replication using Xenopus extracts (36, 43), and
such inhibition of DNA replication by Rb derives from an
ability to target and suppress MCM helicase activity via inter-
action with Mcm7 (36). We provide evidence here that a sim-
ilar situation exists in mammalian cells that mediates the
TGF-B1 inhibitory response in late G;,.

The interaction of Rb and Mcm7 was shown to occur in
rabbit reticulocyte extracts (43), but this did not demonstrate
conclusively that Rb directly bound Mcm7. We show here that
Rb does interact directly with Mcm?7. Bacterially expressed
His6-Mcm7 and GST-RbN coimmunoprecipitate (co-IP) when
incubated together (Fig. 6A). Further, the C-terminal 137-
amino-acid fragment of Mcm?7 that was originally identified in
the 2-hybrid assay (Mcm7-CT) also binds to RbN directly in
vitro (Fig. 6A). Both Mcm7 proteins also bind to full-length Rb
(data not shown). Neither Mcm7 nor Mcm7-CT binds to beads
or GST alone, and a vast excess of His6-Mcm6 does not inter-
act with RbN, indicating that the Mcm7-Rb interaction is spe-
cific.

Rb also binds to Mcm7 in vivo in MK cells (Fig. 6B). Im-
munoprecipitation with anti-Rb followed by immunoblotting
for associated proteins (co-IP) revealed that Mcm7 was
present in Rb-containing complexes. This also occurred with
use of different anti-Rb antibodies, and transient expression of
HA-tagged Mcm7 can co-IP endogenous Rb (data not shown).
Further, McmS5 co-IPs with Rb, indicating that Rb interacts
with the MCM complex in vivo (Fig. 6C). Using EGF-synchro-
nized MK cells, we found that Mcm7 and Rb interact specifi-
cally during late G, (Fig. 6D), with the most pronounced co-IP
of Mcm7 with Rb occurring near G,/S (12 h). Intriguingly,
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after cells entered S phase, the ability of Mcm?7 to interact with
Rb was diminished (Fig. 6D, 15 and 18 h). Since Mcm7 was
interacting with Rb in late G,, after the R point and thus
presumably after multiple phosphates have been added to Rb’s
C terminus (i.e., hyperphosphorylated Rb), we asked if Mcm7
could indeed interact with such an Rb molecule. The Goodrich
laboratory has tested several alleles of Rb modified with glu-
tamates at C-terminal phospho acceptor sites that mimic hy-
perphosphorylated forms of Rb (5). One such Rb allele, Rb-
M10, carrying 10 glutamates encompassing most of the
C-terminal sites (and running predictably slower in the gel),
does indeed co-IP with endogenous Mcm?7, similar to results
with wt-Rb (Fig. 6E). Intriguingly, this particular Rb allele was
found by the Goodrich group to be capable of blocking entry
into S phase in SaOS-2 cells, but for unknown reasons, even
though it resembles a hyperphosphorylated form of Rb (5). We
conclude from these results that Rb interacts with MCMs spe-
cifically in late G, but not after cells pass through G,/S and that
the interaction occurs in a direct manner through Mcm?7.
TGF-$1 treatment enhances interaction between Mcm7 and
Rb. We reasoned that TGF-B1 inhibitory signals in late G,
might be mediated through this Rb-Mcm?7 interaction, result-
ing in a failure to activate the assembled MCMs due to a novel
inhibitory function of the associated Rb protein. One predic-
tion of this model was that TGF-B1 exposure would potentiate

the Mcm?7-Rb interaction, and treatment of log MK cells for
24 h with TGF-B1 revealed that the interaction between Mcm7
and Rb did become more robust than that in untreated cells
(Fig. 6F). In addition, treatment of EGF-synchronized MK
cells with TGF-B1 in late G, resulted in a sustained interaction
of Mcm7 and Rb from 12 to 15 h, whereas control cells again
displayed a reduced Mcm?7-Rb interaction at 15 h after enter-
ing S phase (Fig. 6G). We conclude from these results that
TGF-B1 treatment of MK cells prevents the dissociation of the
Rb-Mcm?7 interaction that is present in late G, and enhances
the efficiency of the Rb-Mcm?7 interaction after longer periods
of time.

Overexpression of Mcm?7 or its Rb-binding domain alone
abrogates late-G, arrest by TGF-1. If the Mcm7-Rb interac-
tion played a functional role in TGF-B1 late-G, arrest, then
overexpression of Mcm7 should interrupt Rb’s ability to target
the MCM complex, thus allowing MCM activation, G,/S tran-
sit, and abrogation of TGF-B1 arrest. We show here that this is
indeed the case. HA-Mcm7, HA-Mcm7-CT, or HA-Mcm6 was
transfected into MK cells at the start of the EGF ™~ synchroni-
zation and released into G, phase with each protein overex-
pressed. BrdU pulsing verified synchronization and that S-
phase entry was at 12 h (data not shown). Transfected cells
were treated with TGF-B1 in late G, and were allowed to
progress to 15 h and then pulsed with BrdU to assess the
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percentage of transfected cells for each condition that had
entered S phase in the presence of TGF-B1. Transfected cells
were identified using anti-HA IF staining, and all three pro-
teins were expressed similarly in anti-HA immunoblots (data
not shown).

As can clearly be seen in Fig. 6H, overexpression of Mcm7
or the Rb-binding domain of Mcm7 (Mcm7-CT) abrogated the
ability of TGF-B1 to acutely block entry into S phase, resulting
in BrdU-positive cells. This indicated that MCMs were now
functional, since cells had now initiated DNA synthesis. Cells
expressing Mcm?7 or Mem7-CT had not prematurely entered S
phase at the time of TGF-B1 addition (9 h; data not shown),
which might have served as a simple explanation for why
TGF-B1 could no longer inhibit their progression. Overexpres-
sion of Mcm6 (Fig. 6H) or Cdtl (data not shown) was not
capable of overriding TGF-B1. Neighboring nontransfected
cells remained largely BrdU negative, verifying that TGF-B1
could acutely inhibit late-G, progression in the absence of
ectopic proteins. Quantitation of the results observed for mul-
tiple fields is shown in Fig. 6I. We conclude that the acute
late-G, block to MCM activation and S-phase entry by TGF-1
can be overcome by either a loss of Rb or a gain of Mcm7 and
that the Rb-binding region of Mcm?7 is sufficient for this effect.
Collectively, our results indicate that the Mcm7-Rb interaction
is functionally involved in the mechanisms mediating late-G,
arrest by TGF-B1.

DISCUSSION

Early-G, control of MCM assembly by TGF-g1. TGF-g1
elicits many negative effects on the cell cycle machinery and
pre-RCs when added to cells in early G, prior to pre-RC
assembly. In particular, pre-RCs fail to recruit MCMs. TGF-B1
does not block the chromatin association of pre-RC compo-
nents that serve as the assembly platform (ORC) or are in-
volved in loading MCMs (Cdc6 and Cdtl). To a great extent,
the inability to load MCMs derives from TGF-B1 blocking
accumulation of MCM proteins. While we do not know the
mechanism for this, we do know that mRNA expression for
MCM subunits is not suppressed by TGF-B1 (P. Mukherjee
and M. G. Alexandrow, unpublished results).

TGF-B1 treatment in early G, also induces changes in the
cell cycle machinery that prevent residual MCMs from loading
or functioning. The activity of the CycE-Cdk2 kinase is re-
quired to phosphorylate Cdc6 for MCM loading (31) and to
promote association of pre-RCs with Cdc7, which phosphory-
lates Mcm?2 during loading (12). TGF-B1-induced inhibition of
CycE-Cdk2 thus indirectly blocks MCM complex assembly.
Myc plays a positive role in MCM activation and G,-S transit
independently of its transcriptional functions (15). Thus, Myc
suppression by TGF-B1, while allowing CKI induction for
CycE-Cdk2 inhibition (45), also prevents activation of any
MCMs that do load. TGF-B1 also blocks the loading of Cdc45
and PCNA, Cdc45 being required for activation of MCMs at
G,/S (36). In sum, TGF-B1 inhibitory signals in early G, use
multiple mechanisms to ensure that pre-RCs cannot form or
become activated. Interestingly, suppression of MCM levels by
TGF-B1 is sufficient to render cells unable to enter S phase,
suggesting that inhibition of CycE-Cdk2 may be a secondary
event that prevents loading if MCMs become available. Such a
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situation offers one explanation for why CKIs are not neces-
sarily required for TGF-B1 arrest (24, 34, 46).

Late-G, control by TGF-1 involves mechanisms that block
pre-RC/MCM activation. TGF-B1 treatment in late G,, after
pre-RC assembly has occurred, not only acutely blocks entry
into S phase but does so without dissociating intact pre-RCs/
MCMs that are loaded onto chromatin along with the MCM
cofactor Cdc45. Since RPA and DNA Pol delta are not re-
cruited to chromatin under these conditions, our results
strongly indicate that cells are TGF-B1 arrested at the MCM
helicase DNA unwinding step that produces ssDNA necessary
for RPA recruitment. The lack of MCM functionality is likely
due to TGF-B1 targeting critical activities necessary to stimu-
late their function and cause G,/S transit. Two well-established
TGF-B1 targets that influence MCM loading and functionality
are the CycE-Cdk2 kinase and Myc. However, our results
clearly show that in late G,, neither acute inhibition of CycE-
Cdk2 nor suppression of Myc by TGF-B1 explains why cells fail
to activate the MCMs. Interestingly, the absence of acute
CycE-Cdk?2 inhibition and the lack of inhibition of CycA-Cdk2
activity described below offer another explanation for CKI-
independent TGF-B1 cell cycle arrest. The lack of involvement
of Myc in late-G, control over G,-S transit and as a pivotal
late-G, target of TGF-B1 appears in opposition to data from
an earlier study showing that phosphorothioate oligonucleo-
tide suppression of Myc near G,/S blocks entry into S phase
(38). One possible explanation for these differing results is that
such oligonucleotides may have had off-target effects unrelated
to Myc that blocked G,/S transit. Furthermore, late-G, activa-
tion of MycER cannot override TGF-B1 arrest (3).

An Rb-MCM interaction mediates late-G, arrest by TGF-
B1. We show here that Rb is specifically required for TGF-p1
to block S-phase entry when the inhibitor is added to cells in
late G,. Although Rb is conventionally thought to regulate
transcription in late G;, we and others have shown that tran-
scriptional regulation per se in late G, is not rate limiting for
G,-S transit under normal conditions or after TGF-B1 treat-
ment in late G, (4, 9, 33). Thus, the Rb requirement for acute
late-G, arrest by TGF-B1 must extend beyond transcriptional
regulation. Intriguingly, we show that Rb is not required for
early-G, arrest by TGF-B1, indicating that an Rb-independent
window of TGF-B1 sensitivity exists in early G,. Indeed, partial
Rb-independent sensitivity to TGF-B1 in MEFs has been
shown by another group (21). The lack of a need for Rb in the
TGF-B1 response appears in opposition to studies showing
that viral oncoproteins that inactivate Rb abrogate TGF-p1
signaling (28, 38). One explanation may be that viral oncopro-
teins also target SMAD proteins (29, 35), which complicates
assessment of such studies. Our approach, however, focused
specifically on Rb.

A novel target of Rb in mediating TGF-B1 late-G, arrest is
the loaded, but nonactivated, MCM complex itself. Rb physi-
cally binds the MCM complex directly via Mcm7 in MK cells.
Rb interacts with Mcm?7 during late G,, overlapping the time
when cells are sensitive to arrest by TGF-B1. TGF-B1 treat-
ment in late G, prevents the dissociation of Rb and Mcm?7 that
is normally seen as cells progress into S phase, and Rb and
Mcm7 interact more efficiently after longer TGF-B1 durations.
Overexpression of Mcm7 can specifically and effectively abro-
gate the ability of TGF-B1 to acutely block cells in late G;.
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Importantly, the Rb-binding C-terminal domain of Mcm?7 is
sufficient for this. Thus, Rb and Mcm7 form complexes in late
G, that are targeted by TGF-B1 signals, and perturbation of
the Rb-Mcm?7 interaction by loss of Rb or overexpression of
Mcm7 leads to disruption of TGF-B1’s ability to block late-G,
transit into S phase. Intriguingly, Mcm?7 is an oncogene (22,
41), and our results indicate that one reason for its oncogenic-
ity involves its ability to override TGF-B1.

Model for Rb function in MCM regulation and TGF-31
arrest. We propose a model for late-G, arrest by TGF-B1 that
incorporates multiple findings in the literature with those
shown here and explains how TGF-B1 can elicit an Rb-depen-
dent arrest in late G, that is transcriptionally independent (4).
Rb interacts with the metazoan MCM helicase (36, 43) and
inhibits such helicase activity in vitro (36), and Rb can nega-
tively control metazoan origin function directly through bind-
ing the pre-RC (7, 42). We show here that the mammalian
MCM complex, which is loaded in late G, but inactive until
G,/S, is bound by Rb during late G, but dissociates from Rb
once cells transit G,/S. We propose that Rb functions in a
negative manner to modulate G,-S transit in mammalian cells
by preventing MCM/origin activation in late G, (in addition to
Rb’s other roles). At G,/S, the interaction of Rb with the
MCM complex and Rb’s negative effects on MCMs/origins are
relieved by a trigger, possibly involving further phosphoryla-
tion of Rb known to occur after the R point (14). Although the
identity of such a trigger is unknown, the CycA-Cdk?2 kinase is
an attractive candidate. Homologues of this kinase in yeast
trigger MCM and origin activation (16, 47); CycA-Cdk2 can
phosphorylate Rb (26), and it is present and required at mam-
malian replication sites (2, 10). Consistent with this model, Rb
is present during G, phase at future origin sites, at least in
primary cells, but not in S phase (25).

We currently do not know how Rb achieves pre-RC/MCM
control biochemically or molecularly. Although an understand-
ing of the exact mechanism of Rb control over MCM function
is beyond the scope of this study, there are several possibilities
worth testing in the future. Clearly, direct control of MCM
helicase activity is one potential mechanism (36), which may be
relieved by specific phosphorylations on Rb and/or MCM sub-
units, such as Mcm7. Alternatively, Rb may regulate MCMs via
steric mechanisms that control recruitment of regulatory fac-
tors necessary for G,/S activation of MCMs/origins or other
pre-RC components.

TGF-B1 treatment in late G, prevents dissociation of Rb
from the MCM complex, possibly due to inhibition of a trig-
ger(s), resulting in the MCM complex remaining in an inactive
state. The inactivity of the loaded MCMs is supported by the
fact that RPA and DNA Pol delta fail to be recruited to
chromatin, indicative of cells being arrested at the helicase
unwinding step that produces ssDNA for RPA recruitment.
TGF-B1 also prevents the CycA-Cdk2 kinase from binding to
chromatin (but does not block its kinase activity), where pre-
RCs/MCMs are located and awaiting activation. Although the
effect of TGF-B1 on CycA-Cdk2 may comprise part of the
block to the trigger that dissociates Rb from the MCMs/ori-
gins, the validity of this requires further investigation. Given
that Rb targets the MCM complex through Mcm?7, another
prediction of this model, demonstrated here experimentally, is
that either a loss of Rb or Mcm7 overexpression (which would
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interrupt Rb function) will succeed at abrogating this negative
control of MCMs by Rb and render TGF-B1 incapable of
blocking entry into S phase. In sum, our results demonstrate
that Rb plays a necessary negative role specifically in the
late-G, response to TGF-B1, and this involves a functional and
novel role for Rb in binding and likely regulating the MCM
complex.
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