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Abstract. 

 

In different systems, cyclic adenosine mono-
phosphate (cAMP) either blocks or promotes cell cycle 
progression in mid to late G1 phase. Dog thyroid epi-
thelial cells in primary culture constitute a model of 
positive control of DNA synthesis initiation and G0-S 
prereplicative phase progression by cAMP as a second 
messenger for thyrotropin (TSH). The cAMP-depen-
dent mitogenic pathway is unique as it is independent 
of mitogen-activated protein kinase activation and 
differs from growth factor–dependent pathways at the 
level of the expression of several protooncogenes/tran-
scription factors. This study examined the involvement 
of D-type G1 cyclins and their associated cyclin-depen-
dent kinase (cdk4) in the cAMP-dependent G1 phase 
progression of dog thyroid cells. Unlike epidermal 
growth factor (EGF)

 

1

 

serum and other cAMP-inde-
pendent mitogens, TSH did not induce the accumula-
tion of cyclins D1 and D2 and partially inhibited the 
basal expression of the most abundant cyclin D3. How-
ever, TSH stimulation enhanced the nuclear detection 
of cyclin D3. This effect correlated with G1 and S phase 
progression. It was found to reflect both the unmasking 
of an epitope of cyclin D3 close to its domain of interac-

tion with cdk4, and the nuclear translocation of cyclin 
D3. TSH and EGF

 

1

 

serum also induced a previously 
undescribed nuclear translocation of cdk4, the assem-
bly of precipitable cyclin D3–cdk4 complexes, and the 
Rb kinase activity of these complexes. Previously, cdk4 
activity was found to be required in the cAMP-depen-
dent mitogenic pathway of dog thyrocytes, as in growth 
factor pathways. Here, microinjections of a cyclin D3 
antibody showed that cyclin D3 is essential in the TSH/
cAMP-dependent mitogenesis, but not in the pathway 
of growth factors that induce cyclins D1 and D2. The 

 

present study (

 

a

 

) provides the first example in a normal 
cell of a stimulation of G1 phase progression occurring 
independently of an enhanced accumulation of cyclins 
D, (

 

b

 

) identifies the activation of cyclin D3 and cdk4 
through their enhanced assembly and/or nuclear trans-
location, as first convergence steps of the parallel 
cAMP-dependent and growth factor mitogenic path-
ways, and (

 

c

 

) strongly suggests that this new mechanism 
is essential in the cAMP-dependent mitogenesis, which 
provides the first direct demonstration of the require-
ment for cyclin D3 in a G1 phase progression.

 

T

 

he

 

 D- and E-type cyclins and the cyclin-dependent
kinases (cdks)

 

1

 

 they activate, are now recognized to
be key regulators of G1 to S phase progression in

mammalian cells (Reed, 1991; Sherr, 1993). Overexpres-
sion of cyclin D1 or E in fibroblasts shortens their G1 in-

terval, decreases cell size, and renders the cell less depen-
dent on mitogens for S phase entry (Quelle et al., 1993;
Resnitzky and Reed, 1995), indicating that both G1 cyclins
can be rate-limiting factors for S phase initiation. However,
their functions are likely to be quite different (Resnitzki
and Reed, 1995). Microinjection of antisense plasmids or
neutralizing antibodies to cyclin D1 in serum-stimulated
fibroblasts (Baldin et al., 1993; Lukas et al., 1994), or an
antibody to cyclin D2 in lymphocytes (Lukas et al., 1995

 

b

 

),
during early to mid G1 phase prevents cellular DNA syn-
thesis, suggesting that cyclin D–dependent kinases execute
critical functions during middle to late G1 but are not re-
quired thereafter (Sherr, 1994). Until now, no such G1
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phase requirement has been demonstrated for cyclin D3,
which is more distantly related to the other two cyclins D
(Sherr, 1993). Cyclins D bind to and activate cdk4 (Mat-
sushime et al., 1994) or the closely related kinase cdk6
(Meyerson and Harlow, 1994; Tam et al., 1994). The ma-
jor activity of cyclin D1–cdk4/6 is to phosphorylate and in-
activate proteins of the Rb family (Weinberg, 1995; Bartek
et al., 1996) that in turn releases active transcription fac-
tors, including those of the E2F family (Bejiersbergen et
al., 1996; Lukas et al., 1996

 

a

 

). In cells lacking functional
Rb proteins, the microinjections of a cyclin D1–blocking
antibody (Lukas et al., 1995

 

a

 

), or of the cdk4 inhibitor
p16

 

ink4A

 

 (Medema et al., 1995; Lukas et al., 1995

 

c

 

), fail to
block DNA synthesis. By contrast, the lack of functional
Rb protein does not obviate the requirement of cyclin E
for DNA synthesis initiation (Ohtsubo et al., 1995). A
fundamental role of D-type cyclins is thus to integrate ex-
tracellular signals with the cell cycle machinery by neutral-
izing the Rb inhibitory pathway (Weinberg, 1995; Bartek
et al., 1996; Sherr, 1996). By contrast cyclin E is crucial for
initiation of DNA synthesis (Ohtsubo et al., 1995; Lukas et
al., 1997). Cyclin E transcription is regulated in part by Rb
via E2F proteins, which provides a mechanism for cyclin E
induction downstream to cdk4 activation (Ohtani et al.,
1995; Geng et al., 1996).

The three D-type cyclins (D1, D2, and D3) are combina-
torially expressed in a cell lineage–specific manner in pro-
liferating mammalian cells. It is unclear whether they carry
out redundant functions in response to different signals or
whether their roles are distinct. In addition to activating
cdk4 and cdk6 (Sherr, 1994), they might play distinct roles
in cell differentiation (Kato et al., 1993; Kiess et al., 1995).
Moreover, whereas cyclin D2 and cyclin D3 can also acti-
vate cdk2, cyclin D1–cdk2 complexes are inactive (Higashi
et al., 1996). D-type cyclins are synthesized as long as
growth factor stimulation persists and exhibit only moder-
ate oscillations during the cell cycle, in contrast to other
cyclins, with peak levels achieved near G1-S (Baldin et al.,
1993; Sewing et al., 1993; Lukas et al., 1995

 

b

 

). However
they are rapidly degraded when mitogens are withdrawn,
regardless of the position of the cell in the cycle (Sherr,
1994).

How cAMP, probably through PKA, can impinge on the
cell cycle machinery to either inhibit or induce cell prolif-
eration in different systems is still poorly understood
(Boynton and Whitfield, 1983; Dumont et al., 1989, 1992;
Roger et al., 1995). In some cell types, cAMP has been
found to inhibit mitogenic stimulations in mid-G1 or at the
restriction point in late G1 as in rat hepatocytes (Vinter-
myr et al., 1989) and murine macrophages, which involves
the inhibition of Rb protein phosphorylation (Christoffer-
sen et al., 1994; Kato et al., 1994). In this case, early mito-
genic responses may not be affected by cAMP (Rock et al.,
1992), but the G1 block by cAMP was ascribed to result
from a suppression of the expression of cyclin D1 (Cocks
et al., 1992; Sewing et al., 1993; L’Allemain et al., 1997),
cyclin D3 (Ward et al., 1996), and/or an increased expres-
sion of the cdk inhibitor p27

 

kip1

 

 (Kato et al., 1994; Ward
et al., 1996; L’Allemain et al., 1997). In sharp contrast with
these systems, cAMP as the main second messenger for
thyrotropin (TSH) and thyroid-stimulating antibodies elic-
its in thyroid gland in vivo a pathway leading to hyperpla-

sia (goiter) and tumorigenesis (Dumont et al., 1989, 1992;
Lyons et al., 1990; Ledent et al., 1992; Parma et al., 1993;
Coppée et al., 1996). Dog thyroid epithelial cells in pri-
mary culture reproduce these proliferative effects and
constitute a model of positive control of DNA synthesis
initiation and G0-S prereplicative phase progression by
TSH and cAMP (Roger et al., 1983, 1995, 1997; Dumont
et al., 1992). In this system, cAMP positively controls a
late G1 restriction point (Roger et al., 1987

 

a

 

; Baptist et al.,
1993). In contrast to what is observed in the signaling cas-
cades elicited by growth factors and tumor promoters in
this system, the cAMP-dependent mitogenic stimulation
does not involve the phosphorylation and nuclear translo-
cation of MAP kinases (Lamy et al., 1993), it poorly in-
duces c-Fos protein accumulation (Baptist et al., 1995), it
downregulates 

 

c-jun

 

 mRNA (Reuse et al., 1991) and, after
a short initial induction, 

 

c-myc 

 

mRNA and protein (Pirson
et al., 1996). Despite this early divergence, the cAMP-
dependent and -independent mitogenic pathways of dog
thyrocytes converge on the phosphorylation of Rb family
proteins (Coulonval et al., 1997), late common changes of
subcellular localization and phosphorylation of cdk2 and
cdc2, and common induction of cyclin A and cdc2 (Baptist
et al., 1996).

The passage of normal cells through the restriction point
has been suggested to require both the induction of D-type
cyclins and a reduction of p27

 

kip1

 

 concentration in response
to growth factors (Sherr, 1996). Recently, we have observed
in dog thyroid cells that, paradoxically, p27

 

kip1

 

 expression
is increased during the cAMP-dependent mitogenic stimu-
lation but not in response to EGF

 

1

 

serum stimulation
(Depoortere et al., 1996). Here we compare, using this sys-
tem, the expression, subcellular localization, activation,
and requirement of cyclins D and cdk4 in the cAMP-depen-
dent and cAMP-independent cell cycles, and demonstrate
a major involvement of cyclin D3 in the positive regulation
by cAMP of the cell cycle at the restriction point.

 

Materials and Methods

 

Primary Cultures of Dog Thyroid Follicular Cells

 

Dog thyrocytes, seeded as follicles (2 

 

3

 

 10

 

4

 

 cells/cm

 

2

 

) were cultured in
monolayer in the following mixture that constitutes the control medium
(Roger et al., 1987

 

b

 

): DME 

 

1

 

 Ham’s F12 medium 

 

1

 

 MCDB104 medium
(2:1:1, by volume; GIBCO BRL, Paisley, Scotland), supplemented with
ascorbic acid (40 

 

m

 

g/ml), insulin (5 

 

m

 

g/ml; Sigma Chemical Co., St. Louis,
MO), and antibiotics. The medium was changed every other day. At day 4,
the cells were quiescent and were treated with the following stimulants:
bovine TSH (Sigma Chemical Co.), murine EGF (Collaborative Re-
search, Waltham, MA), recombinant human hepatocyte growth factor
(HGF; a kind gift of T. Nakamura, Osaka University Medical School), for-
skolin (Calbiochem-Novabiochem Corp., La Jolla, CA), 12-

 

O

 

-tetradec-
anoylphorbol 13-acetate (TPA; Sigma Chemical Co), and fetal bovine se-
rum (Sera-Lab, Sussex, UK).

 

Antibodies

 

Mouse monoclonal antibodies to cyclin D1 (DCS-6; Lukas et al., 1994),
cyclin D2 (DCS-3 and -5; Lukas et al., 1995

 

b

 

), and cyclin D3 (DCS-22 and
-29; Bartkova et al., 1996) were characterized previously. DCS-28, -20, -24,
and -27 are new mouse monoclonal antibodies generated upon immuniza-
tion of BALB/c mice with bacterially produced human cyclin D3, using
techniques described in Lukas et al. (1994). The mouse monoclonal anti-
bodies DCS-31, -32, and -35 against recombinant cdk4 were generated us-
ing similar techniques. Epitope mapping of monoclonal antibodies against
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cyclin D3 was performed using an ELISA technique based on a library of
biotinylated 20-mer peptides (with 5–amino acid overlap) covering the
complete sequence of cyclin D3 (Bartkova, J., unpublished data). Rabbit
polyclonal antibodies against cdk4 (C22) and Rb (C15) were from Santa
Cruz Biotechnology (Santa Cruz, CA).

 

Gel Electrophoresis and Immunodetection of Proteins

 

Cell proteins were separated by PAGE and immunodetected after West-
ern blotting as previously described (Baptist et al., 1995). 

 

125

 

I-Labeled
anti–mouse antibody from sheep (ICN Pharmaceuticals Inc., Irvine, CA)
and 

 

125

 

I-protein A (Amersham International, Little Chalfont, UK) were
used as secondary reagents to detect monoclonal and polyclonal antibod-
ies, respectively. Autoradiographs were quantitated by densitometry (Ul-
troscan; Bio-Rad Laboratories, Hercules, CA).

 

Indirect Immunofluorescence 

 

Cells in petri dishes (2 

 

3

 

 10

 

4

 

 cells/cm

 

2

 

) were fixed with 2% paraformalde-
hyde for 90 s at 4

 

8

 

C and then with methanol for 10 min at 

 

2

 

20

 

8

 

C, perme-
abilized with 0.1% Triton X-100 in PBS, pH 7.5, at room temperature and
blocked for 30 min with normal sheep serum (5% in PBS containing 0.3%
bovine serum albumin [PBS/BSA]; Baptist et al., 1993, 1996). For staining
of cyclin D3, D2, D1, or cdk4 cells were then incubated overnight at 4

 

8

 

C
with the respective mouse monoclonal antibodies (culture supernatant: 1/3;
ascite liquid: 1/200). After washing, cells were successively incubated for 2 h
at room temperature with biotinylated sheep anti–mouse immunoglobu-
lins (1/50, RPN1001; Amersham International) and for 1 h with fluores-
cein-streptavidin (1/30, RPN1232; Amersham International).

For double staining of proliferating cell nuclear antigen PCNA used as
a cell cycle marker (Baptist et al., 1993, 1996) and cyclin D3 using two
mouse monoclonal antibodies, fixed cells were incubated overnight at 4°C
with DCS-22 and then for 2 h at room temperature with biotinylated anti-
mouse immunoglobulins and for 1 h with Texas red streptavidin. Washed
cells were then successively incubated for 30 min with normal mouse se-
rum (1/100), for 2 h with unconjugated anti-mouse immunoglobulin G Fab
fragment (50 g/ml; Jackson Immuno-Research Laboratories, West Grove,
PA), for 1 h with PC10 (1/400; DAKOPATTS, Copenhagen, Denmark),
and for 1 h with fluorescein-conjugated anti-mouse immunoglobulin (1/50;
Amersham International). This “sandwich” procedure is designed to
avoid binding of PC10 (the PCNA monoclonal antibody) to the first sec-
ondary antibody and binding of the second secondary antibody to the cy-
clin D antibody.

To unmask the DCS-22 epitope, cells were fixed and permeabilized as
above, and then incubated for 10 min at room temperature with a solution
of 0.01% trypsin (ICN Pharmaceuticals Inc.) in MCDB104 Hepes-buf-
fered culture medium. This dilution of trypsin was established from a
range of different dilutions in preliminary experiments. The trypsin diges-
tion was stopped by rapidly rinsing cells with PBS/BSA and incubating
them with normal sheep serum as above. Cells were then normally pro-
cessed for immunofluorescent detection of cyclin D3 using DCS-22.

 

Photometry

 

The nuclear immunofluorescence of cyclin D3 was quantitated using a
photometric head attached to the Zeiss Axiovert 135 microscope (Carl
Zeiss Inc., Thornwood, NY) and a 100

 

3

 

 oil immersion lens exactly as de-
scribed previously (Baptist et al., 1995). Fluorescence was measured from

 

z

 

100 nuclei selected at random in each dish. All the conditions were as-
sayed in duplicate with an excellent reproducibility.

 

DNA Synthesis

 

Cells in 3-cm Petri dishes were incubated either for 1 or 24 h before fixa-
tion in the presence of 10

 

2

 

4

 

 M 8-bromo-deoxyuridine (BrdU) and 2 10

 

2

 

6

 

 M
fluorodeoxycytidine. Cells were fixed and the incorporation of BrdU into
nuclei was revealed by immunofluorescence as described (Roger et al.,
1992). The percentage of BrdU-labeled nuclei was evaluated by counting
1,000 nuclei per dish.

 

Immunoprecipitation 

 

Subconfluent cultures of thyrocytes that contain the same number of cells
20 h after stimulation by TSH, EGF

 

1

 

serum, or none were washed with
calcium/magnesium-free PBS and lysed in 1 ml lysis buffer (Xiong et al.,

1992) containing 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.5% NP-40, 50
mM NaF, 1 mM sodium orthovanadate, DTT, and protease inhibitors (pe-
fablock, leupeptin). 1 ml of precleared cellular lysate was incubated with
2 g of antibody at 4

 

8

 

C for 2 h (monoclonal antibody against cyclin D3
[DCS-28] or against cdk4 [DCS-35]). A rabbit anti–mouse immunoglobu-
lin antibody was added in the last 30 min. The immune complexes were
recovered by incubation with protein A/G Agarose (Santa Cruz Biotech-
nology) for 1 h. The protein A/G Agarose immune complexes were sus-
pended in SDS lysis buffer, boiled for 4 min, and analyzed on 10% SDS–
polyacrylamide gels. The proteins were immunodetected as described
above using either the DCS-22 cyclin D3 antibody or the DCS-35 cdk4 an-
tibody. Cyclin D3 and cdk4 were not precipitated by a control mouse im-
munoglobulin G or irrelevant mouse monoclonal antibodies in the present
conditions.

 

Rb Kinase Assay

 

Cells were suspended in IP buffer (50 mM 

 

N

 

-2-hydroxyethylpiperazine-

 

N

 

9

 

-2-ethanesulfonic acid [Hepes, pH 7.5] 150 mM NaCl, 1 mM EDTA,
2.5 mM EGTA, 1 mM DTT, and 0.1% Tween 20) containing 10% glyc-
erol, 0.1 mM phenylmethylsulfonyl fluoride, 10 

 

m

 

g of leupeptin per ml,
20 U of aprotinin per ml, 10 mM 

 

b

 

-glycerophosphate, 1 mM NaF, and 0.1 mM
sodium orthovanadate, and sonicated at 4

 

8

 

C (Virsonic 475, full microtip
power two times for 10 s each time; Matsushime et al., 1994). Lysates were
clarified by centrifugation at 10,000 

 

g

 

 for 5 min, and the supernatants were
precipitated for 2–6 h at 4

 

8

 

C with protein A/G–Agarose beads precoated
with saturating amounts of the indicating antibodies. Protein A/G–Aga-
rose was pretreated with rabbit anti–mouse to provide a suitable affinity
matrix. Immunoprecipitated proteins on beads were washed four times
with 1 ml of IP buffer and twice with the kinase buffer (50 mM Hepes, pH
7.5, 10 mM MgCl

 

2

 

, 1 mM dithiothreitol). The beads were suspended in 30

 

m

 

l of kinase buffer containing substrate (1 

 

m

 

g of soluble glutathione

 

S

 

-transferase-Rb COOH terminus fusion protein [GST-Rbc] prepared from

 

Escherichia coli 

 

transformed with pGEX-Rb [773-928] as previously de-
scribed [Meyerson and Harlow, 1994]) and 2.5 mM EGTA, 10 mM 

 

b

 

-glyc-
erophosphate, 0.1 mM sodium orthovanadate, 1 mM NaF, 50 

 

m

 

M ATP,
and 5 

 

m

 

Ci of 

 

g

 

-[

 

32

 

P]ATP. After incubation for 30 min at 30

 

8

 

C with occa-
sional mixing, the samples were boiled in polyacrylamide gel sample buffer
containing SDS and separated by electrophoresis. Phosphorylated pro-
teins were visualized by autoradiography or phosphorimaging (Phosphor-
Imager; Molecular Dynamics, Inc., Sunnyvale, CA) of the dried slab gels.

 

Microinjection of Dog Thyroid Cells

 

Thyrocytes were microinjected at day 4 of the culture as described
(Dremier et al., 1997) with affinity-purified monoclonal antibodies against
cyclin D3 (DCS-29) or cyclin D1 (DCS-6). At this time, cells were quies-
cent and well spread. As the capacity to proliferate can differ for each fol-
licle-derived cell cluster, but is generally homogeneous within each, one
half of each cell cluster was microinjected, the other half being used as a
control. The microinjected and nonmicroinjected cells were stimulated by
various mitogenic factors just after the microinjection. BrdU (10

 

-4

 

M) and
fluorodeoxycytidine (2 

 

3

 

 10

 

2

 

6 

 

M) were added 16 h later and cells were
fixed 40 h after the stimulation with methanol for 10 min at 

 

2

 

20

 

8

 

C. In-
jected cells were identified by biotinylated anti-mouse antibody followed
by Texas red–coupled streptavidin (incubations with the antibodies for 1 h).
BrdU incorporation was then codetected as described (Roger et al., 1992),
using a FITC-coupled anti-BrdU antibody (overnight incubation; Becton
Dickinson, Mountain View, CA) and all the nuclei were counterstained
with Hoechst 33342 dye. The fraction of cells entering into DNA synthesis
was estimated by the percentage of BrdU-labeled nuclei. All the count-
ings were realized independently by two persons.

All the experiments were performed three to five times with similar re-
sults.

 

Results

 

After 4 d without mitogenic agents but in the presence of
insulin, dog thyrocytes were spread and quiescent. Cells
were then stimulated to proliferate using either TSH
(maximum cAMP-dependent mitogenic stimulation [Roger
et al., 1983]), or EGF

 

1

 

serum (maximum cAMP-indepen-
dent mitogenic stimulation), or these factors in combina-
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tion. As previously shown (Roger et al., 1987

 

b

 

; Baptist et
al., 1993) the first S-phase cells appeared 18–20 h after stim-
ulation by TSH or EGF

 

1

 

serum (Fig. 1). S-phase began
earlier (14 h) in response to the combination of
EGF

 

1

 

serum

 

1

 

TSH. This illustrates the fact that TSH
(cAMP) cooperates with cAMP-independent mitogens by
stimulating steps that are rate limiting for DNA synthesis
initiation (Roger et al., 1987

 

a

 

; Baptist et al., 1993, 1996).
The combination of TSH and EGF

 

1

 

serum also resulted in
an increase of the fraction of cells that enter S phase
(Roger et al., 1987

 

b

 

; Fig. 1).

 

Differential Expression of D-type Cyclins during 
Distinct Mitogenic Stimulations

 

The various mouse cyclin D1, D2, and D3 monoclonal an-
tibodies used throughout this study were monospecific in
Western immunoblotting analyses. In immunoblotting ex-
periments, as illustrated in Fig. 2, very different exposure
times were necessary to obtain comparable autoradiogra-
phy signals for the three cyclins D: 1–3 d for the detection
of cyclin D3, 

 

z

 

10 d for cyclin D1, and 

 

z

 

3 wk for cyclin D2
(Fig. 2 

 

A

 

). In some experiments cyclin D2 was even unde-
tectable. Similar data, i.e., strongest signals for the detec-
tion of cyclin D3 as compared with cyclin D1 and even
more to cyclin D2, were obtained using several different
monoclonal antibodies used at similar concentrations
(compare the detections with similar exposure times of cy-
clin D1 [Fig. 2 

 

A

 

] and cyclin D3 [Fig. 2 

 

B

 

]; and data not
shown). This indicates that cyclin D3 is the most abundant

one in dog thyrocytes, unlike in most cell types used until
now for proliferation studies.

In response to EGF

 

1

 

serum, cyclins D1 and D2 were
markedly induced. This effect was detectable 12 h after
stimulation, and maximum at 16–20 h, but at 26 h the ex-
pression of cyclins D1 and D2 decreased (Fig. 2, 

 

A

 

 and 

 

C

 

),
consistently with a maximum accumulation in mid to late
G1 as in other systems (Baldin et al., 1993; Lukas et al.,
1994, 1995

 

b

 

). At all the time points, TSH did not stimulate
cyclin D1 and D2 expression and even slightly inhibited it
in the presence of EGF

 

1

 

serum (Fig. 2, 

 

A

 

 and 

 

C

 

). At vari-
ance with cyclins D1 and D2, cyclin D3 was already abun-
dant in quiescent control cells, its expression was less af-
fected by mitogens, and it did not disappear at late cell
cycle stages (Fig. 2, 

 

A

 

, 

 

B

 

, and 

 

D

 

). EGF

 

1

 

serum and
EGF

 

1

 

serum

 

1

 

TSH stimulated cyclin D3 accumulation by

 

z

 

50%, as first detected 12 h after stimulation. On the con-
trary, TSH inhibited by 

 

z

 

50% the basal expression of cy-
clin D3 during the whole prereplicative phase (until 24 h).
At late time points of TSH stimulation (26–32 h), after
many cells had already reached S phase, cyclin D3 levels
increased (Fig. 2, 

 

A

 

 and 

 

D

 

). This effect could result from
the delayed induction by TSH of insulin receptors (Bur-
ikhanov et al., 1996) and the moderate stimulation of
cyclin D3 accumulation by insulin (unpublished observa-
tions).

HGF and TPA qualitatively mimicked the EGF

 

1

 

serum
action on the expression of cyclins D (data not shown).
Thus, TSH markedly differs from all the cAMP-indepen-
dent mitogens studied so far, as it triggers DNA synthesis
and cell cycle progression without stimulating the accumu-
lation of cyclins D during G1 phase.

 

TSH Enhances the Immunofluorescence Detection of 
Cyclin D3 

 

Using indirect immunofluorescence, the presence and sub-
cellular location of D-type cyclins were studied at various
time points (8, 12, 16, 20, 26, 32 h) after stimulation. Using
DCS-6 (cyclin D1), DCS-3 or -5 (cyclin D2), and DCS-22
(cyclin D3), the three cyclins D were detected as mostly
nuclear proteins (Fig. 3). EGF

 

1

 

serum treatment in-
creased their nuclear staining in 30–50% of cells, starting
at 12 h of stimulation (Fig. 3), in agreement with immuno-
blotting data on the accumulation of these proteins (Fig.
2). Also consistent with the immunoblotting analyses,
TSH did not induce cyclin D1 and D2 nuclear stainings at
any time points during the prereplicative phase (Fig. 3 il-
lustrating the 20 h time point and data not shown). How-
ever, in sharp contrast with the inhibition of cyclin D3 ex-
pression detected on immunoblots of TSH-treated cells
(Fig. 2), we observed with the same antibody (DCS-22)
that TSH like EGF

 

1serum markedly enhanced the immu-
nofluorescent labeling of cyclin D3 in the nuclei of a ma-
jority of cells (first seen 16 h after TSH stimulation; gradu-
ally increased afterwards; Fig. 3). This effect of TSH was
mimicked by the adenylyl cyclase activator forskolin (not
shown).

The nuclear DCS-22 immunofluorescent staining of cy-
clin D3 was measured by photometry from 200 individual
cells per condition 20 h after the addition of various mito-
gens. The individual responses of cells were heteroge-

Figure 1. Kinetics of cell cycle progression after mitogenic stimu-
lation of quiescent dog thyrocytes. 4-d-old dog thyrocytes were
stimulated at time 0 by TSH (1 mU/ml), EGF (25 ng/ml)1serum
(10%), or a combination of TSH, EGF, and serum (10%). 1 h be-
fore fixation at the times indicated, cells were incubated with
BrdU. BrdU incorporation was detected by immunofluorescent
staining and the percentage of cells in S phase was determined.
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neous. Compared with the average fluorescence measured
from the nuclei of control cells, TSH in the presence of in-
sulin enhanced the DCS-22 detection of cyclin D3 by a fac-
tor of 2–8 in 51% of the cell population. When comparing
the different cAMP-dependent and cAMP-independent
mitogenic treatments, a good correlation (r 5 0.929) was
found between the average intensity of the nuclear label-
ing of cyclin D3 and the subsequent accumulation of
BrdU-labeled cells during a further 28 h incubation (Fig.
4). Thus, the increase of the nuclear immunoreactivity of
cyclin D3, in response to various treatments was a better
predictive factor of their mitogenic potency than the accu-
mulation of this protein. The enhanced nuclear immunore-
activity of cyclin D3 might therefore reflect an important
event for cell cycle progression. The correlation between
the enhanced immunoreactivity of cyclin D3 and cell cycle
progression was further assessed by the analysis of the
double immunofluorescence labeling of cyclin D3 (DCS-
22) and PCNA, which has been previously demonstrated
in dog thyroid cells as a marker of the different phases of
the cell cycle (Baptist et al., 1993, 1996). In response to ei-
ther TSH or EGF1serum, the nuclear immunoreactivity
of cyclin D3 was strongly increased in all the cells in late
G1 and S (Fig. 5). There were also some cells with a low
PCNA immunoreactivity but an intense DCS-22 staining
(Fig. 5). Whether such cells were at a G1 stage before
PCNA appearance and would eventually enter S phase is
not known.

Epitope Unmasking and Nuclear Translocation of 
Cyclin D3

The TSH-induced increase of cyclin D3 immunoreactivity
was reproduced using several cyclin D3 monoclonal anti-
bodies (DCS-20, 22, 24, 27, and 29, which recognize
epitopes located between amino acids 241 and 260 of cy-
clin D3 sequence close to the “cyclin box”; data not
shown). The comparison of immunoblotting and immuno-
fluorescence data thus suggested that these epitopes were
inaccessible to these related cyclin D3 antibodies in fixed
quiescent cells and unmasked in the nuclei of cells stimu-

Figure 2. Western blotting analyses of the accumulation of the
three cyclins D in dog thyrocytes after stimulation by different
mitogenic treatments. Cells remained quiescent in control condi-

tions (C) or were stimulated by TSH (1 mU/ml), EGF (25 ng/
ml)1serum (10%; ES), or the combination of these factors
(ES1TSH) for 8 to 32 h. (A) Immunoblot autoradiograph. 30 mg
of cellular proteins were loaded per lane. The exposure durations
were different for the autoradiographical detection of the differ-
ent cyclins D: cyclin D1 (DCS-6), 8 d; cyclin D2 (DCS-3), 16 d;
cyclin D3 (DCS-22), 2 d. ND, not done or lost. (B) Detection of
cyclin D3 with DCS-29 from control cells (C) and cells stimulated
by TSH (T) or ES for 20 h. This autoradiograph was exposed for
8 d like the cyclin D1 immunoblot shown in A, in order to illus-
trate the relative abundances of cyclin D3 and cyclin D1. It also
shows the high specificity of the DCS-29 antibody used in the mi-
croinjection experiments of Figs. 10 and 11. (C) Densitometry
quantitation of cyclin D1 from the autoradiograph details in A.
(D) Densitometry quantitation of cyclin D3 (shown with a more
precise kinetics from another dog thyrocyte primary culture in or-
der to illustrate the qualitative reproducibility compared with the
results in A). In C and D, the relative amount of cyclin D1 or cy-
clin D3 after cell stimulation is expressed compared with the av-
erage (fixed as 100) of values obtained at different times from un-
stimulated (control) cells in the same experiments.
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lated by TSH (and by EGF1serum). A different situation
was revealed using another cyclin D3 monoclonal anti-
body (DCS-28). This antibody recognizes an epitope local-
ized within the COOH-terminal 20–amino acid residues of
cyclin D3; it binds cyclin D3 in Western blots and is the
most efficient for precipitating the cyclin D3-associated ki-
nase activity (our unpublished data). Using DCS-28, con-
trol quiescent cells were more heavily stained with an
overall cytoplasmic and nuclear distribution of the label-
ing (Fig. 6). In response to TSH, this labeling was not fur-
ther enhanced, but in many cells it moved to a more nu-
clear localization that suggests a nuclear translocation
(Fig. 6). Thus, the comparison of DCS-22 and DCS-28
immunofluorescent patterns also suggests that DCS-22
epitopes of cyclin D3 were masked in quiescent cells. To
substantiate this inaccessibility of the DCS-22 epitope, we
gently digested fixed cells with a diluted trypsin solution, a
classical method for retrieval of masked antigens. The
mild trypsin digestion enhanced the detection of cyclin D3
by DCS-22 in quiescent cells but not in TSH-treated cells,
confirming the overall cytoplasmic and nuclear localization
of cyclin D3 before stimulation and its nuclear transloca-
tion in response to TSH, as revealed using DCS-28 (Fig. 6).

Nuclear Translocation of cdk4

Unlike some other normal cell types (Ewen et al., 1993;
Matsushime et al., 1994), quiescent dog thyrocytes ex-
pressed cdk4 before mitogenic stimulation, as shown by
Western blotting analysis (Fig. 7). In response to TSH or
TSH1EGF1serum, but not in all the experiments in re-
sponse to EGF1serum, the abundance of cdk4 moder-
ately increased (Fig. 7). In various experiments this effect
was mostly observed at 20–40 h after stimulation, i.e.,
when most responding cells were already progressing into
S and G2 phases.

The immunofluorescent detection of cdk4 using the
DCS-31 and -32 monoclonal antibodies, or the polyclonal
antibody from Santa Cruz Biotechnology, showed that
cdk4 was distributed in both the cytoplasm and nucleus
of quiescent control cells. As first observed 12 h after
EGF1serum or 16–20 h after TSH addition, many cells
displayed a strong increase of the nuclear staining of cdk4
at the expense of the cytoplasmic labeling (Fig. 8). Since
cdk4 contents, as measured by Western blottings, varied
little at these times (Fig. 7), this suggests a nuclear translo-
cation of cdk4. The double immunofluorescent labeling of
cdk4 and PCNA showed that the nuclear staining of cdk4
remained elevated until mitosis onset in TSH-treated cells.
By contrast, in EGF1serum–treated cells, the cdk4 nu-
clear staining was increased in many cells well before the
appearance of PCNA and it decreased at 20–26 h in S-phase

Figure 3. Immunofluorescence labeling of cyclin D1 (DCS-6), cy-
clin D2 (DCS-3), and cyclin D3 (DCS-22) in dog thyrocytes stim-
ulated by different mitogenic treatments. Quiescent 4-d-old cells
were stimulated for 20 h by TSH (1 mU/ml), EGF (25 ng/
ml)1serum (10%; ES), or remained in control condition (C). Ex-
posure times of the photographs were the same for the different
cell treatments, but were shorter for cyclin D3 than cyclin D1 and
much longer for cyclin D2.

Figure 4. Correlation between the effects of various mitogenic
treatments on DNA synthesis and on the increase of cyclin D3 re-
activity to DCS-22. 4-d-old quiescent dog thyrocytes were stimu-
lated with either TSH (1 mU/ml), EGF (25 ng/ml; E), TPA (10
ng/ml; TPA), HGF (40 ng/ml; H), EGF1serum (10%; ES) or re-
mained in the usual control conditions in the presence of insulin
(5 mg/ml; C). Some cells were maintained since the beginning of
the culture in the absence of insulin (a). 20 h after stimulation
(i.e., when a maximum of cells are in mid to late G1), cells were
fixed and processed for cyclin D3 immunofluorescent labeling us-
ing DCS-22. The nuclear fluorescence was measured over 200
cells per conditions. For each condition, the proliferative activity
was evaluated 48 h after mitogenic stimulation by the incorpora-
tion of BrdU during the last 24 h of incubation, and plotted as a
function of the average intensity of cyclin D3 immunofluores-
cence.
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cells. In response to the combination of both stimulations
(TSH1EGF1serum), cdk4 nuclear staining increased early,
at 8–12 h, but remained elevated at later time points like in
TSH treatment (data not shown).

Assembly and Activity of Cyclin D3–cdk4 Complexes

The above immunofluorescence results have suggested
that TSH and EGF1serum could induce the formation of
nuclear cyclin D3–cdk4 complexes. To test this hypothesis,
we precipitated cdk4 using the DCS-35 monoclonal anti-
body and analyzed by Western blotting the coimmunopre-
cipitation of cyclin D3. Conversely, cyclin D3 was precipi-
tated using DCS-28 and precipitates were examined for
the presence of cdk4 (Fig. 9 A). Cells were used 20 h after
stimulation, i.e., when a maximum of cells are in mid to
late G1 phase.

In the experiment shown, the amount of total DCS-35–pre-
cipitable cdk4 slightly increased in response to TSH (137%
as evaluated by densitometry) and EGF1serum (133%).
The amount of total DCS-28–precipitable cyclin D3 also
moderately increased in response to EGF1serum (160%)
and weakly in response to TSH (120%), which in this last
case contrasted with the moderate reduction of cyclin D3
content consistently observed in whole lysates of TSH-
stimulated cells (Fig. 2). Thus, TSH treatment might some-
what affect the efficiency of cyclin D3 precipitation by
DCS-28 in the present nondenaturing conditions. In con-

trast to these modest variations of cdk4 and cyclin D3 con-
centrations and/or immunoreactivity, the amount of cyclin
D3 complexed with cdk4 strongly increased in TSH- or
EGF1serum–stimulated cells (Fig. 9 A). Both TSH and
EGF1serum provoked a 10-fold elevation of the amount
of cdk4 coprecipitated with cyclin D3. As grossly evaluated
by the comparison of the amounts of cdk4 precipitated by
cyclin D3 or cdk4 antibodies, z50% of total cdk4 was as-
sociated with cyclin D3 in TSH- or EGF1serum–stimu-
lated cells, compared with 5% in control cells (Fig. 9 A).

The Rb-kinase activity in cyclin D3 immunoprecipitates
was analyzed using a recombinant COOH-terminal frag-
ment of Rb as substrate (Matsushime et al., 1994). In these
precipitates, the phosphorylation of GST-Rb was stimu-
lated by both TSH and EGF1serum and paralleled the
presence of cdk4 (Fig. 9 B). TSH and EGF1serum also in-
duced the phosphorylation of Rb demonstrated by its elec-
trophoretic shift in Western blots of total cell lysates (Fig.
9 C; Coulonval et al., 1997). This demonstrates that both
TSH and EGF1serum mitogenic stimulations converge
on the assembly of active cyclin D3–cdk4 complexes and
Rb phosphorylation.

Requirement for Cyclin D3 in cAMP-dependent G1 
Phase Progression

To assess whether cyclin D3 is required for cell cycle pro-
gression, we microinjected a cyclin D3–specific antibody
(DCS-29) into quiescent dog thyrocytes and examined its
effect upon S-phase entry induced by different mitogenic
factors. DCS-29 (Bartkova et al., 1996) like DCS-22, very

Figure 5. Double immunofluorescence labeling of cyclin D3 (de-
tected using DCS-22), and PCNA used as a cell cycle marker in
the same cells. Before fixation, 4-d-old dog thyrocytes were stim-
ulated for 26 h with TSH (1 mU/ml), EGF (25 ng/ml)1serum
(10%; ES), or remained quiescent in control medium (C) for this
time. Arrowheads and large arrows show cells identified, respec-
tively, in late G1 and S phase as described previously (Baptist et
al., 1993, 1996). Small arrows show G0/G1 cells with a low PCNA
staining.

Figure 6. Immunofluorescence labeling of cyclin D3 in dog thy-
rocytes. Quiescent 4-d-old cells were stimulated for 20 h by TSH
(1 mU/ml) or remained in control condition (C). Cyclin D3 was
detected in the same experiment using DCS-22 or DCS-28 as in
Fig. 3, or using DCS-22 after a retrieval treatment of masked an-
tigen by trypsin. All the DCS-22 labelings were photographed
with the same exposure time. Note the more intense staining of
control cells with DCS-28 or with DCS-22 after the trypsin prein-
cubation, and in these two last conditions, the increase of the nu-
clear staining of cyclin D3 at the expense of its cytoplasmic staining
in many TSH-stimulated cells, which suggests a nuclear transloca-
tion.
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efficiently and quite specifically recognized dog cyclin D3
in immunoblotting and immunofluorescence experiments
(Fig. 2 B; data not shown). DCS-29 like DCS-22 recog-
nizes an epitope very close to the “cyclin box” domain re-
quired for cdk4 activation, and it does not precipitate cyclin
D3–associated kinase activity (Bartkova, J., unpublished
data).

As shown in Fig. 10 and summarized in Fig. 11, cells mi-
croinjected with DCS-29 and stimulated by TSH or the di-
rect adenylyl cyclase activator forskolin were prevented
from entering DNA synthesis (70–80% of inhibition),
whereas microinjection of a control immunoglobulin did
not result in any significant inhibition. By contrast the
DCS-6 cyclin D1 antibody did not prevent DNA synthesis
induced by TSH (Fig. 10), whereas in parallel microinjec-
tion experiments performed under identical conditions the
same batch of purified DCS-6 blocked G1 phase progres-
sion in the human MCF7 cell line (Fig. 2 in Lukas et al.,
1996b). It is worth mentioning that the DCS-6 epitope is
conserved among species and lies within the “cyclin box”
domain, which explains that this antibody prevents both
the association of cyclin D1 with cdks and DNA synthesis
in a variety of human and murine cells that predominantly
express cyclin D1 (Lukas et al., 1994, 1995a,b; Ohtsubo
et al., 1995). Since DCS-6 did recognize dog cyclin D1
(Figs. 2 A and 3), it had very likely the capacity to neutralize
dog cyclin D1 in the present microinjection experiments.
The results (Figs. 10 and 11) thus suggest that cyclin D3,
but not cyclin D1, is required for the cAMP-dependent G1
phase progression of dog thyrocytes.

On the other hand, in the same experiments the micro-
injection of DCS-29 had no or a weak effect on the capac-
ity of dog thyrocytes to enter DNA synthesis after stimula-
tions that induce the accumulation of cyclins D1 and D2,
including HGF, EGF1serum, and EGF (Figs. 10 and 11).
Whereas the microinjection of 2 mg/ml DCS-29 was suffi-
cient to block DNA synthesis in TSH-treated cells, the mi-
croinjection of a higher DCS-29 concentration (6 mg/ml)
did not inhibit the entry of cells after the stimulation by
HGF and only slightly affected the weaker stimulation by
EGF. These data demonstrate that the cell cycle inhibitory
effect of DCS-29 in TSH-treated cells is specific, rather
than attributable to some nonspecific toxic component in
the antibody preparations. The absence of DCS-29 effect
in growth factor–stimulated dog thyrocytes did not suggest
a lack of cdk4 requirement, since the microinjection of the
p16INK4A cdk4 inhibitor completely inhibited the stimula-

tions of DNA synthesis by both TSH and EGF (Lukas et
al., 1996b). Rather, the present observation is consistent
with the view that different cyclins D might play overlap-
ping roles in cdk4 activation and G1 phase progression in
thyrocytes stimulated by cAMP-independent growth fac-
tors.

Discussion
The dog thyrocyte culture system constitutes an interest-
ing model of the diversity of the mechanisms of cell cycle
control by distinct intracellular signaling cascades. In these
cells, we have previously proposed that the potent MAP
kinase–independent mitogenic pathway elicited by TSH
via cAMP and the rapidly converging cAMP-independent
ones of growth factors and tumor promoters could remain
partly separated during most of the G1 phase, and in par-
allel lead to the commitment for DNA replication (Roger
et al., 1987b; Dumont et al., 1989, 1992; Lamy et al., 1993;
Roger et al., 1995, 1997).

This study strongly supports this proposal. In dog thyro-
cytes as in a variety of cell types, cAMP-independent mito-
gens including EGF1serum, HGF, and TPA induced the
accumulation of cyclins D1 and D2 and slightly enhanced
the high basal expression of cyclin D3. In sharp contrast,
TSH via cAMP did not induce the accumulation of cyclin
D1 and D2 and even partially inhibited the basal expression
of cyclin D3 at least during the G0-S prereplicative phase.
Moreover, the synergy between TSH and EGF1serum on
DNA synthesis initiation was not associated with a similar
synergy at the level of cyclin D expression, and TSH even
slightly reduced the cyclin D1 accumulation induced by
EGF1serum. To our knowledge, there is no precedent for
such an observation in the case of a mitogenic stimulation
of a normal cell. Mitogenic pathways stimulated by agents
as diverse as growth factors through tyrosine kinase recep-

Figure 7. Time course of the ac-
cumulation of cdk4 in dog thyro-
cytes after stimulation by differ-
ent mitogenic treatments. Cells
were stimulated by TSH (1 mU/
ml), EGF (25 ng/ml)1serum
(10%; ES), or the combination
of these factors (ES1TSH) for
14–32 h. Some cells remained
quiescent in control conditions
(C) and were analyzed at 14 and
26 h. Autoradiography of cdk4
detection by Western blotting.
ND, not done.

Figure 8. Immunofluorescence labeling of cdk4 in dog thyro-
cytes. Before fixation, 4-d-old dog thyrocytes were stimulated for
20 h with TSH (1 mU/ml), EGF (25 ng/ml)1serum (10%; ES), or
remained quiescent in control condition (C). Note the increase of
nuclear staining of cdk4 at the expense of its cytoplasmic staining
in many stimulated cells, which suggests a nuclear translocation.
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tors (Sewing et al., 1993), activators of protein kinases C
(Ajchenbaum et al., 1993), transforming growth factor b
(Rao and Kohtz., 1995), or steroid hormones (Musgrove et
al., 1993), have all been found to involve the induction of
at least one of the three cyclins D, as a prerequisite for the
activation of cdk4 and the inactivation of Rb-like cell cycle
suppressors. Our results also contrast with the induction of
cyclin D2 mRNA by FSH through cAMP recently demon-
strated in rat ovarian granulosa cells (Sicinski et al., 1996),
and the reported increase of cyclin D1 accumulation in
TSH-stimulated rat FRTL5 thyroid cell line (Yamamoto
et al., 1996). In different cell systems, cAMP may thus use
different strategies, not only to inhibit cell cycle progres-
sion (Roger et al., 1995), but also to directly stimulate it.

Strikingly, in dog thyrocytes the effects of cAMP on the
accumulation of cyclins D and p27kip1 (Depoortere et al.,
1996; a cdk inhibitor whose cellular concentration, as gen-
erally considered [Kato et al., 1994; Coats et al., 1996],
should decrease as a prerequisite for the passage through
the restriction point in response to growth factors) are
thus similar to those observed in cells blocked in G1 by
cAMP (Cocks et al., 1992; Sewing et al., 1993; Kato et al.,
1994; Ward et al., 1996; L’Allemain et al., 1997). Paradoxi-
cally, in the dog thyrocyte system they are associated with
a late G1 cAMP-dependent commitment to DNA synthe-
sis (Roger et al., 1987a) and mitosis (Baptist et al., 1993),
which involves, as after a cAMP-independent mitogenic
stimulation, the phosphorylation of Rb and related p107
and p130Rb2 (Coulonval et al., 1997), the nuclear transloca-
tion and phosphorylation of cdk2 and the accumulation of
cyclin A and cdc2 (Baptist et al., 1996). This has raised the
question of the mechanism of Rb phosphorylation in this
cAMP-dependent pathway. Here we demonstrate that the

TSH and EGF1serum mitogenic pathways do converge
on the assembly of precipitable complexes of cdk4 and cy-
clin D3, and the stimulation of the Rb kinase activity asso-
ciated with cyclin D3. The activation of cdk4 is indeed an
essential step both in the cAMP-dependent and growth
factor mitogenic pathways, since the microinjection of the
p16INK4A inhibitor of cdk4 blocked the stimulation of
DNA synthesis by TSH and EGF in dog thyrocytes (Lukas
et al., 1996b), exactly as in growth factor–stimulated fibro-
blasts with a normal Rb function (Lukas et al., 1995c).
These results support the concept that the inactivation of
Rb family proteins through phosphorylation by cyclin D–cdk4
is indeed the ultimate integrator of quite diverse mitogenic
stimulations at the restriction point (Weinberg, 1995; Bar-
tek et al., 1996; Sherr, 1996; Coulonval et al., 1997).

In TSH-stimulated dog thyrocytes cyclin D3 appears to
be the main D-type cyclin involved in cdk4 activation and
DNA synthesis induction: (a) cyclins D1 and D2 were not
induced (cyclin D2 was often undetectable); (b) cyclin D3
appears to be the most abundant cyclin D in quiescent cul-
tured dog thyrocytes and in the thyroid gland of mice in
vivo (Coppée, F., F. Depoortere, J. Bartek, C. Ledent, M.
Parmentier, J.E. Dumont, manuscript submitted for publi-
cation), like in some T lymphocytes (Tam et al., 1994) but
at variance with most cell types used for cell cycle studies.
Even after a 50% reduction of its concentration, cyclin D3
remains significantly expressed since it was evaluated to
recruit z50% of cdk4 molecules in TSH-stimulated dog
thyrocytes; (c) the microinjection of the DCS-6–neutraliz-
ing antibody to cyclin D1 failed to inhibit TSH-stimulated
DNA synthesis, at variance with a wide variety of cell types,
but like other cells that weakly express cyclin D1 (Lukas et
al., 1994); (d) the microinjection of a cyclin D3 antibody
(DCS-29) directly showed that cyclin D3 is required for
DNA synthesis in cells stimulated by TSH or forskolin, but
very poorly or not at all in cells stimulated by growth fac-
tors (HGF, EGF, and the combination of EGF1serum)
that induce cyclin D1 and D2. This specific requirement of
cyclin D3 is a novel observation. Cyclin D1 or D2 knock-
outs by gene targeting have only impaired the development
of tissues that predominantly express these cyclins, and have
suggested partly overlapping functions for the three cy-
clins D in G1 progression (Sicinsky et al., 1995, 1996; Lahti
et al., 1997). In dog thyrocytes, cyclins D1 and/or D2 induced
by growth factors but not by TSH might thus compensate
for the neutralization of cyclin D3. It remains to be seen
whether cyclin D3 knockout in mice could specifically impair
the development and/or TSH-dependent hyperplasia of
the thyroid gland, but we surmise that in other cell types the
requirement for cyclin D3 also might be cryptic in the pres-
ence of other cyclins D. Other mechanisms of the differen-
tial requirement of cyclins D have not been excluded, such
as a critical influence of different cdk inhibitor levels in the
parallel mitogenic pathways. Whatever the mechanism(s),
the TSH (cAMP)-dependent cell cycle of dog thyrocytes
is unique as it mainly depends on cyclin D3 for cdk4 acti-
vation and DNA synthesis, which allows this first direct
demonstration of a G1 phase requirement for cyclin D3.

The assembly and activation of cyclin D3–cdk4 com-
plexes in TSH-treated cells that were paradoxically associ-
ated with a partial inhibition of cyclin D3 accumulation
should thus involve a new mechanism. This mechanism

Figure 9. Convergence of cAMP-dependent and -independent
mitogenic treatments on cyclin D3–cdk4 complex formation and
Rb phosphorylation. 4-d-old dog thyrocytes were stimulated for
20 h with either TSH (1 mU/ml; T), EGF (25 ng/ml)1serum
(10%; ES), or remained quiescent in control medium (C) for this
time. (A) Assembly of cyclin D3–cdk4 complexes. The complexes
were immunoprecipitated as indicated from equal amounts of cell
extract using either DCS-28 (cyclin D3) or DCS-35 (cdk4) mono-
clonal antibodies, and the presence of cyclin D3 and cdk4 was de-
tected by Western blot in these immunoprecipitates. A same au-
toradiograph exposure is provided throughout in order to allow
the direct comparison of amounts of total versus complexed cdk4
and cyclin D3. (B) Cyclin D3–associated Rb kinase activity using
GST-Rb COOH-terminal protein (GST-Rbc) and g-[32P]ATP as
substrates. (C) Phosphorylation of Rb detected by its electro-
phoretic shift in Western blot of whole cell lysates.
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might also play a nonessential role (as argued above) in
growth factor–dependent G1 phase progression, since the
formation of cyclin D3–cdk4 complexes in EGF1serum–
stimulated dog thyrocytes is also poorly explained by only
a 50% increase of cyclin D3 levels. At variance with some
other systems (Ewen et al., 1993; Matsushime et al., 1994),
in dog thyrocytes the stimulation of the activity of cdk4 is
not associated with important variations of its concentra-
tion. In quiescent thyrocytes, the simultaneous expression
of cyclin D3 and cdk4 does not suffice for cdk4 activation.
This is consistent with observations from rodent fibro-
blasts that despite constitutive engineered overexpression
of cyclin D3 together with cdk4, remain dependent on mi-
togenic stimulation for the assembly of active cyclin D3–cdk4
complexes (Matsushime et al., 1994). This study provides
some new insights about the poorly understood assembly
of cyclin D–cdk4 complexes:

(a) As detailed in Results, some but not all the epitopes
of cyclin D3 were inaccessible to antibodies in fixed quies-
cent thyrocytes, but specifically unmasked in cycling cells
in response to both cAMP-dependent and cAMP-inde-
pendent mitogenic stimulations. An attractive speculation
would be that DCS-22 and related antibodies are prefer-
entially recognizing the active cyclin D3 molecules in the
present cell fixation conditions. Interestingly, the epitope
made accessible to these antibodies in stimulated cells is
very close to the “cyclin box” domain of interaction with
cdk4. The cAMP-dependent activation step in G1 (through
modifications of protein–protein interactions or conforma-
tional changes) could thus allow both the access of DCS-22
to its antigen and the assembly of cyclin D3–cdk4 complexes.

(b) Both in TSH- and in EGF1serum–treated dog thy-
rocytes, the formation of cyclin D3–cdk4 complexes was

associated with nuclear translocations of cyclin D3 and cdk4
that initially were equally distributed in the cytoplasm and
nucleus of quiescent cells. To our knowledge, such nuclear
translocations of cyclin D3 and cdk4 have not been previ-
ously reported in other systems. They could be crucial for
cdk4 activation, as recently suggested by studies of cells
engineered to overexpress a cyclin D and cdk4 with vari-
ous cdk inhibitors (LaBaer et al., 1997; Reynisdottir and
Massagué, 1997). The cdk4 translocation occurred later
during the prereplicative phase of TSH-treated thyrocytes
than in EGF1serum–treated cells, and thus might well
correspond to the “X” event we have postulated previ-
ously as being especially rate limiting for the initiation of
DNA synthesis in TSH-stimulated cells (Baptist et al.,
1993). Previously we have evidenced the nuclear translo-
cation of cdk2 and cdc2 at G1/S and G2/M transitions, re-
spectively (Baptist et al., 1996). Subcellular localization
might thus be a general determinant of the activation of
cyclin-dependent kinases.

(c) Cyclin D3 and cdk4 are not known to contain a nu-
clear localization signal. Their nuclear accumulation might
thus depend on their interaction with other nuclear pro-
teins. After completion of the present experiments, Rey-
nisdottir and Massagué (1997) and La Baer et al. (1997)
have demonstrated using cotransfected cell lines that
p27kip1 can target cdk4 and D-type cyclins to the nucleus.
p27kip1 and other cdk inhibitors of the p21 family might
also promote the association of cdk4 with cyclins D (La-
Baer et al., 1997). Unlike initial claims (Kato et al., 1994),
the presence of p27kip1 in cyclin D-cdk4 complexes does
not necessarily prevent their activity (Soos et al., 1996;
Blain et al., 1997). The TSH (cAMP)-induced accumula-
tion of p27kip1 we have observed including in the nuclei of

Figure 10. Requirement of
cyclin D3 for G1 phase pro-
gression stimulated by TSH,
but not by the cAMP-inde-
pendent mitogen HGF. Qui-
escent dog thyrocytes were
injected with the DCS-29 cy-
clin D3 monoclonal anti-
body (6 mg/ml), or with the
DCS-6 cyclin D1 blocking
antibody, and stimulated for
40 h with TSH (1 mU/ml) or
HGF (50 ng/ml). BrdU was
added 24 h before fixation.
Nuclei were identified by
Hoechst 33342 staining of
DNA. Microinjected cells
were identified by the immu-
nodetection of the injected
antibody (IgG). BrdU incor-
poration was coimmunode-
tected (BrdU). Arrowheads
indicate injected cells that
have incorporated BrdU.
Note that none of the TSH-
stimulated cells injected with
the DCS-29 cyclin D3 anti-

body incorporated BrdU, in contrast to neighboring noninjected cells, TSH-stimulated cells injected with the DCS-6 cyclin D1 antibody,
and HGF-stimulated cells injected with the DCS-29 cyclin D3 antibody.
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G1 and S phase thyrocytes (Depoortere et al., 1996) might
thus contribute to the cAMP-dependent nuclear transloca-
tion and/or assembly of cyclin D3 and cdk4.

The unique characteristics of the TSH-controlled cAMP-
mediated growth pathway might explain how it can be
compatible with the cAMP-dependent induction of differ-
entiation expression that is inhibited by cAMP-indepen-
dent mitogens (Pohl et al., 1990). In addition to their role
as cdk4 activators, the different D-type cyclins have dis-
tinct influences on differentiation in a variety of cell types
(Kato and Sherr, 1993; Ravnik et al., 1995; Wang et al.,
1995). Cyclin D1 expression inhibits the terminal differen-
tiation of myoblasts that is associated with a strong induc-
tion of cyclin D3 (Kiess et al., 1995; Rao and Kohtz, 1995).
Thyroid growth accompanies chronic stimulation of func-
tion by TSH. The limited number of cAMP-dependent mi-
totic cycles of fully differentiated thyrocytes that this pro-
cess involves (Dumont et al., 1992), must obey specific
constrains (Roger et al., 1995). The cAMP-dependent mi-
togenic pathway could thus be viewed, in thyrocytes and
possibly other cells, as a differentiation characteristic, ad-
junctive to the more general mechanisms operated by

growth factors (Roger et al., 1992, 1995). This could help
to understand the various odd characteristics of this path-
way, such as the lack of cyclins D induction and the spe-
cific cyclin D3 requirement.

In summary, this study has precisely identified the earli-
est observed convergence point of the cAMP-dependent
and cAMP-independent mitogenic pathways of dog thyro-
cytes on cyclin D3 “activation,” cdk4 nuclear transloca-
tion, and assembly of active cyclin D3–cdk4 complexes.
However, these pathways lately differ in essential steps of
the cdk4 activation mechanism: the expression of the vari-
ous cyclins D and p27kip1 and the requirement for cyclin D3.
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