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Dog thyroid epithelial cells in primary culture constitute a physiologically relevant model of
positive control of DNA synthesis initiation and GO0-S prereplicative phase progression by cAMP
as a second messenger for thyrotropin (thyroid-stimulating hormone [TSH]). As previously
shown in this system, the cAMP-dependent mitogenic pathway differs from growth factor
cascades as it stimulates the accumulation of p27XP! but not cyclins D. Nevertheless, TSH induces
the nuclear translocations and assembly of cyclin D3 and cdk4, which are essential in cAMP-
dependent mitogenesis. Here we demonstrate that transforming growth factor 8, (TGFp;) selec-
tively inhibits the cAMP-dependent cell cycle in mid-G1 and various cell cycle regulatory events,
but it weakly affects the stimulation of DNA synthesis by epidermal growth factor (EGF),
hepatocyte growth factor, serum, and phorbol esters. EGF+serum and TSH did not interfere
importantly with TGEB receptor signaling, because they did not affect the TGFB-induced nuclear
translocation of Smad 2 and 3. TGFp inhibited the phosphorylation of Rb, p107, and p130 induced
by TSH, but it weakly affected the phosphorylation state of Rb-related proteins in EGF+serum-
treated cells. TGFB did not inhibit c-myc expression. In TSH-stimulated cells, TGFB did not affect
the expression of cyclin D3, cdk4, and p275P!, nor the induced formation of cyclin D3-cdk4
complexes, but it prevented the TSH-induced relocalization of p27%P! from cdk2 to cyclin
D3-cdk4. It prevented the nuclear translocations of cdk4 and cyclin D3 without altering the
assembly of cyclin D3—-cdk4 complexes probably formed in the cytoplasm, where they were
prevented from sequestering nuclear p27<P! away from cdk2. This study dissociates the assembly
of cyclin D3-cdk4 complexes from their nuclear localization and association with p27iPl. Tt
provides a new mechanism of regulation of proliferation by TGFB, which points out the subcel-
lular location of cyclin p—cdk4 complexes as a crucial factor integrating mitogenic and antimito-
genic regulations in an epithelial cell in primary culture.

INTRODUCTION

Transforming growth factor g, (TGFpB,) is a multifunctional
cytokine, member of a large family of growth and differen-
tiation factors subdivided into three groups that include the
TGEBs, the activins, and the bone morphogenetic proteins,
plus various other distantly related members such as Miil-
lerian-inhibiting substance. TGF 3, exerts different, and often
opposite, activities in controlling cell cycle progression, cell
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differentiation, cell adhesion, chemotaxy, and extracellular
matrix deposition in a variety of cell lineages (Barnard et al.,
1990; Lyons and Moses, 1990). However, in many cell types,
including most epithelial cells, TGFpB, is the most potent
growth inhibitory polypeptide known (Roberts et al., 1985;
Barnard et al., 1990). Deregulation of TGFf function has been
implicated in carcinogenesis and the pathological processes
of several human diseases. The in vitro inhibitory response
is lost in many neoplastically transformed epithelial cell
lines (Polyak, 1996, Massague, 1998).

TGEpB elicits its biological effects by signaling through a
heteromeric receptor complex consisting of the type I and
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type II receptors, two transmembrane serine/threonine ki-
nases. Binding of TGFp to type II receptor results in the
recruitment, phosphorylation and activation of type I recep-
tor within a ternary signaling complex (Derynck, 1994). The
first identified substrates of type I receptor kinase are pro-
teins of the SMAD family (Smad 2 and 3). In response to
TGEB, phosphorylated Smad 2 and 3 form a complex with
Smad 4, move into the nucleus, and activate target genes by
binding to specific promoter elements (Nakao et al., 1997;
Massague, 1998; Zhang et al., 1998). Though a role for Smad
3 in mediating the antiproliferative effects of TGFB has been
established (Liu and Massague, 1997; Datto et al., 1999), the
exact link with the inhibition of cell cycle machinery has yet
to be defined. In different cell systems, TGFB treatment
induces growth arrest at various stages of the G1 phase of
the cell cycle (Alexandrow and Moses, 1995; Reynisdottir et
al., 1995; Sandhu et al., 1997). These effects have been attrib-
uted largely to an inhibition of the phosphorylation of the
retinoblastoma susceptibility gene product Rb (Laiho et al.,
1990; Herrera et al., 1996), thus preventing the release of the
inhibition by Rb of E2F-dependent gene transcription. Over-
expression of E2F-1 overcomes TGFB-mediated growth sup-
pression (Schwarz et al., 1995), and cells lacking functional
Rb proteins are generally resistant to growth arrest by TGF3
(Herrera et al., 1996).

The phosphorylation of Rb is initiated by cyclin-depen-
dent kinase (cdk4) 4 and cdk6 activated by the p-type cyclins
(D1, D2, D3) synthesized in response to growth factors. It is
maintained in partially different sites by cyclin E-cdk2 and
then by cyclin A-cdk2 (Bartek et al., 1996; Connell-Crowley
et al., 1997; Kelly et al., 1998; Lundberg and Weinberg, 1998),
which also phosphorylate other substrates essential for ini-
tiation of DNA replication and/or cell cycle progression.
The activation process of cdk2 kinases involves the relocal-
ization of the cdk inhibitor p27%P! from cyclin E/A-cdk2
complexes to cyclin b—cdk4 and —cdk6 complexes (Reynis-
dottir et al.,, 1995; Pagano et al., 1995; Poon et al., 1995;
Sandhu et al., 1997; Massague, 1998) and/or the downregu-
lation of p27%iP! (Kato et al., 1994; Nourse et al., 1994; Pagano
et al., 1995; Resnitzky et al., 1995). In different epithelial cell
systems, TGFp inhibits cdk4 activity and increases the asso-
ciation of p27%P! with cyclin E-cdk2 complexes (Polyak,
1996), but the primary mechanism may vary considerably.
TGEB inhibits cdk4 synthesis in mink lung epithelial cells
without altering the expression of p-type cyclins (Ewen et al.,
1993), whereas in rat intestinal cells, TGF inhibits cyclin D1
synthesis (Ko et al., 1995). In keratinocytes and mammary
cells, TGFB induces the cdk4 inhibitor p15™&4B without
modifying cdk4 and p-type cyclin expression (Hannon and
Beach, 1994). In mammary cells, TGFB prevents the associ-
ation of cyclin D1 with cdk4, apparently by upregulation of
p15 (Sandhu et al., 1997), but overexpression of p15™ 4B was
claimed not to disrupt cyclin p—cdk4 complexes in mink
lung cells (Reynisdottir and Massague, 1997). The TGFfB
induction of p21<iP! (Datto et al., 1995) and p27%iF! (Florenes
et al., 1996) are also cell-type specific. Cells lacking p15™K4B
are not resistant to TGFB inhibition (Florenes et al., 1996;
Iavarone and Massague, 1997), which was then ascribed
either to downregulation of the cdk-activating tyrosine
phosphatase cdc25A (Iavarone and Massague, 1997) or in-
duction of p21<iP! (Florenes et al., 1996). In many but not all
cell lines that are responsive to its antiproliferative effect,
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TGEB also downregulates the expression of c-myc (Pietenpol
et al., 1990; Warner et al., 1999), a protooncogenic transcrip-
tion factor that exerts essential but poorly understood cell
cycle regulatory functions, mediated in part by a sequestra-
tion of p27XiP! through cyclin p—cdk4-dependent and -inde-
pendent mechanisms (Steiner et al., 1995; Vlach et al., 1996;
Bouchard et al., 1999; Perez-Roger et al., 1999).

Expression of TGFB,; has been demonstrated in thyroid
gland (see discussion and references in Roger [1996]) and
might be involved in a mechanism contributing to the sta-
bilization of thyroid-stimulating hormone (TSH)-dependent
thyroid hyperplasia (goiter) (Logan et al., 1994; Contempre et
al., 1996). TGFpB, inhibits cell proliferation in the different
thyroid cell culture systems (Tsushima et al., 1988; Colletta et
al., 1989; Grubeck-Loebenstein et al., 1989). In normal human
thyroid epithelial cells in primary culture, TGFB, prevents
most cAMP-mediated responses to TSH, including DNA
synthesis induction (Taton et al., 1993). In this article, we
studied the action of TGFB, on dog thyroid epithelial cells in
primary culture. In this physiologically relevant system,
TSH through cAMP triggers cell cycling and positively con-
trols a late G1 restriction point (Roger et al., 1987a, 1999). The
cAMP-dependent mitogenic pathway differs from rapidly
converging pathways of growth factors and phorbol esters,
because it does not involve the activation of mitogen-acti-
vated protein (MAP) kinases (Lamy et al., 1993) and down-
regulates c-jun and egr] mRNA (Reuse ef al., 1991; Deleu et
al., 1999) and after a short initial induction, c-myc mRNA and
protein (Pirson et al., 1996). Like mitogenic stimulations by
growth factors, the induction of DNA synthesis by TSH is
associated with the phosphorylation of Rb, p107, and p130
(Coulonval et al., 1997) and requires the activity of cdk4
(Lukas et al., 1996; Depoortere et al., 1998). However, the
cAMP-dependent mitogenic stimulation does not upregu-
late p-type cyclins, but it specifically requires the high ex-
pression of cyclin D3 (Depoortere et al., 1998) supported by
insulin (Van Keymeulen et al., 1999), providing the first
evidence of a physiological activation of cyclin D3-cdk4
through their enhanced assembly and nuclear translocation
(Depoortere et al., 1998; Van Keymeulen et al., 1999). Unlike
growth factors, TSH through cAMP paradoxically enhances
the accumulation of p27%iP! in dog thyrocytes (Depoortere et
al., 1996) (as found in cell systems where cAMP blocks G1
progression [Kato ef al., 1994]), leading us to postulate that
this could influence the cell sensitivity to growth inhibition
by TGFB. Here we demonstrate that TGFB, indeed specifi-
cally inhibits the cAMP-dependent cell cycle of dog thyro-
cytes but weakly affects the stimulation of DNA synthesis by
growth factors, serum, and phorbol esters, and we investi-
gate the mechanism of this inhibition.

MATERIALS AND METHODS

Primary Cultures of Dog Thyroid Follicular Cells

Dog thyrocytes, seeded as follicles (2 X 10 cells/cm?) were cultured
in monolayer in the following mixture, which constitutes the control
medium (Roger et al., 1987b): DMEM + Ham’s F12 medium +
MCDB104 medium (Life Technologies Laboratories, Paisley, United
Kingdom; 2:1:1, by volume), supplemented with ascorbic acid (40
pg/ml), insulin (5 pg/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
in the presence of bovine serum albumin (500 pg/ml, crystallized;
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Serva-Boehringer, Heidelberg, Germany): bovine TSH (Sigma
Chemical Co.), murine epidermal growth factor (EGF; Collaborative
Research, Waltham, MA), forskolin (Calbiochem-Bering, La Jolla,
CA), fetal bovine serum (Sera-Lab, Sussex, United Kingdom), dibu-
tyryl cAMP (Sigma), recombinant human hepatocyte growth factor
(HGF) (a kind gift of T. Nakamura, Osaka University Medical
School) in the absence or presence of recombinant human TGFp,
(R&D Systems, Minneapolis, MN).

Gel Electrophoresis and Immunodetection of
Proteins

Cell proteins were separated by PAGE and immunodetected after
Western blotting as previously described (Baptist et al., 1995). The
following antibodies were used: a rabbit polyclonal antibody
against recombinant bovine cyclin A, kindly provided by J. Gannon
and T. Hunt (Imperial Cancer Research Fund, Herts, United King-
dom) (Baptist et al., 1996), rabbit polyclonal antibodies against Rb,
p107, p130, cdk2, cdk4, and p275P! from Santa Cruz Biotechnology
(Santa Cruz, CA), monoclonal antibodies against cyclin D3 (DCS-22)
(Bartkova et al., 1996) and against cdc2 from Santa-Cruz Biotechnol-
ogy. Horseradish peroxidase-labeled or '*I-labeled anti-mouse or
anti-rabbit antibodies from goat (both from Amersham Interna-
tional, Little Chalfont, United Kingdom) were used as secondary
reagents to detect monoclonal and polyclonal antibodies, respec-
tively.

Indirect Immunofluorescence

Cells in Petri dishes (2 X 10* cells/cm?) were fixed with 2% para-
formaldehyde for 90 s at 4°C and then with methanol for 10 min at
—20°C and permeabilized with 0.1% Triton X-100. Indirect immu-
nofluorescence detection of proliferating cell nuclear antigen
(PCNA), cyclin D3, cdk4, cdk2, and p27%P!, and double labeling of
cyclin D3, cdk4, or cdk2 with PCNA was performed exactly as
described (Baptist et al., 1996, Depoortere et al., 1996, 1998). Percent-
ages of cells in the different phases of the cell cycle were determined
from the different patterns of PCNA staining by counting at least
500 cells per dish (Baptist et al., 1993, 1996). To unmask the DCS-22
epitope of cyclin D3, 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, Costa Mesa, CA) before
normal processing for immunofluorescent detection using DCS-22,
as described (Depoortere ef al., 1998). For immunofluorescent detec-
tion of Smad 2 and 3 proteins, cells were fixed with 3% paraformal-
dehyde for 15 min at room temperature and then permeabilized
with 1% Triton X-100. The following antibodies were used: PCNA,
PC10 (Dakopatt, Carpinteria, CA); cyclin D3, DCS-22, or DCS-28
(Bartkova et al., 1996; Depoortere et al., 1998); cdk4, DCS-31 (De-
poortere et al., 1998); cdk2, M2 from Santa Cruz Biotechnology; and
Smad 2/3, N19 from Santa Cruz Biotechnology.

The nuclear immunofluorescent detection of cyclin D3 was quan-
titated using a photomultiplier tube attached to the Zeiss Axiovert
135 microscope (Carl Zeiss, Thornwood, NY) and a 100X oil im-
mersion lens exactly as described previously (Baptist et al., 1995).
Fluorescence was measured from 100 nuclei selected at random in
each dish. All the conditions were assayed in duplicate with an
excellent reproducibility. Much care was taken to avoid fluores-
cence fading and bleaching during measurements. All the measure-
ments were recorded the same day, and immunofluorescence prep-
arations were never observed before measurements.

Bromodeoxyuridine (BrdU) incorporation was assayed as de-
scribed (Roger et al., 1992). The percentage of BrdU-labeled nuclei
was determined by counting at least 1000 cells per dish.

Immunoprecipitation

Subconfluent cultures of dog thyrocytes in 100-mm Petri dishes that
contained the same number of cells 20 h after stimulation were

Vol. 11, March 2000

Regulation of Cyclin D3-cdk Localization

washed with calcium- and magnesium-free PBS and lysed in 1 ml
lysis buffer containing 150 mM NaCl, 50 mM Tris-HCI (pH 7.5),
0.5% NP-40, 50 mM NaF, 1 mM sodium orthovanadate, dithiothre-
itol, and protease inhibitors. One milliliter of precleared cellular
lysate was incubated at 4°C for 3 h with 2 ug of antibody (mono-
clonal antibodies against cyclin D3 [DCS-28] and cdk4 [DCS-35],
polyclonal antibodies against p27<iP! or cdk2 [Santa Cruz]), linked
to gamma bind plus Sepharose (Pharmacia Biotechnology, Piscat-
away, NJ). After three washings, the 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
Santa Cruz cdk4, cdk2, and p27XiP! antibodies.

Northern Blot Analysis

Subconfluent dog thyrocytes in 100-mm Petri dishes were disrupted
in 4 M guanidinium monothiocyanate and the total RNA (10 ug/
lane) was separated as described previously (Pirson et al., 1996).
After Northern blotting transfer, filters were hybridized with the
c-myc probe (1398-bp Clal fragment of PKH 47 human c-myc. Acri-
dine orange staining of the gel was performed to assess that equal
amounts of RNA were loaded in each lane.

RESULTS

TGF; Specifically Inhibits the cAMP-dependent
Cell Cycle

After 4 days without mitogenic agents but in the presence of
insulin, dog thyrocytes were spread and quiescent. Cells
were then stimulated to proliferate using TSH, forskolin,
and dibutyryl cAMP, or by various cAMP-independent
treatments, including EGF, HGF, and 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) in the absence or presence of
TGEB, at different concentrations. As illustrated in Figure
1A, TGEB, strongly inhibited (55-93%) the induction of
DNA synthesis by TSH. The fact that TGFB, similarly inhib-
ited the DNA synthesis stimulated by dibutyryl cAMP or
forskolin indicates that this effect occurred distal to cAMP
generation. By contrast the mitogenic effects of growth fac-
tors and phorbol esters were weakly affected and only at
higher concentrations (10 ng/ml) of TGFpB, (Figure 1B). This
differential sensitivity to TGFB,, which constitutes a new
major difference between cAMP-dependent and -indepen-
dent mitogeneses in dog thyrocytes, was extremely repro-
ducible in the present study. Other cAMP-mediated func-
tions of TSH were unaffected by various TGFpB,
concentrations, including the stimulation of iodide uptake
(Figure 1C) and morphological modifications characterized
by a cell retraction associated with the disruption of actin
stress fibers (unpublished data). The interaction of TGFf
and cAMP pathways, therefore, specifically concerned the
regulation of cell cycle.

To define more precisely the stage in G1 when TGEpB
exerts its growth inhibitory effect, TGFB, was added to cells
at different times after TSH addition (Figure 2), and the
fraction of proliferating cells was assessed by continuous
BrdU incorporation 48 h after TSH administration. As pre-
viously shown (Baptist et al., 1993), dog thyrocytes progres-
sively reached G1/S transition from ~20 h after TSH addi-
tion. A partial inhibition of S phase entry was still observed
when TGFB, was added 16 h after TSH, but thereafter
TGFB, gradually lost its ability to prevent DNA synthesis.
Nevertheless a careful comparison of normalized curves
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Figure 1. Selective inhibition by TGFB of the cAMP-dependent

stimulation of DNA synthesis. Quiescent 4-day-old dog thyrocytes
were stimulated for 48 h with either (A) TSH (1 mU/ml), forskolin
(107° M), or dibutyryl cAMP (10~* M), or (B) EGF (25 ng/ml), HGF
(40 ng/ml), or TPA (10 ng/ml), or none, in combination or not with
different TGFpB; concentrations. BrdU was present for the last 24 h,
and the percentage of BrdU-labeled cells was determined. (C) Io-
dide uptake was measured in parallel. Four-day-old dog thyrocytes
were stimulated for 48 h by TSH (1 mU/ml) with or without various
TGEB,; concentrations or remained in control condition. Cells were
then incubated for 2 h with 3I-labeled Na (10~° M, 2 uCi/ml) and
mercaptomethylimidazol (1 mM), and the cell radioactivity was
measured as described (Taton et al., 1993).

reflecting the kinetics of S phase entry after TSH adminis-
tration and the time course of the escape from TGFp, inhi-
bition during G1 progression after TSH addition suggests
that the cell cycle becomes insensitive to TGFB, block ~10 h
before S phase onset (Figure 2), i.e.,, at a Gl stage that
precedes the late cAMP-dependent restriction point of dog
thyrocytes (Roger et al., 1987a, 1999).

In a second experimental approach, we analyzed the in-
fluence of TGFpB, on the kinetics of G1 progression and S
phase entry, as determined using the different morphologies
of PCNA labeling as markers of the different cell cycle
phases (Baptist et al., 1993). In response to TSH, PCNA
appears as a diffuse nuclear staining during G1 phase be-
tween 6 and 12 h before G1/S transition, and this staining
becomes speckled as PCNA associates with DNA replication
sites at the onset of S phase (Baptist et al., 1993). As shown in
Figure 3A, TGFB, added with TSH strongly inhibited the
appearance of S phase cells, but it more partially reduced the
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Figure 2. Dog thyrocytes are sensitive to TGFg, inhibition during
G1. (@) Quiescent 4-day-old dog thyrocytes were stimulated at 0 h
with TSH (1 mU/ml) in the presence of BrdU and the cumulative
BrdU-labeling index was determined at the indicated times. (O) At
the indicated times after TSH administration at 0 h in the presence
of BrdU, TGFB, (2 ng/ml) was added and the incorporation of BrdU
was allowed to proceed until 48 h after TSH addition, at which time
all cultures were fixed, and the BrdU-labeling index was deter-
mined. The 48-h labeling index without TGFB was 54% (normalized
to 100% on the axis; ®) and the maximal inhibition by TGFB,;
(normalized to 100% on the axis; O) was 70% inhibition of the
nuclear labeling.

appearance of PCNA-positive cells with a diffuse nuclear
labeling. This suggests that TGFB, inhibits G1 phase pro-
gression both before and after the stage of PCNA appear-
ance. Moreover, when TGFB was added 15 h after TSH, its
effect on the proportion of S phase cells was manifested only
after a delay of ~10 h (Figure 3A), in agreement with Figure
2 results. Together, kinetics of TGFpB, action (Figures 2 and
3A) suggest that TGFB blocks the cAMP-dependent cell
cycle at various G1 stages as in other systems (Reynisdottir
et al., 1995; Sandhu et al., 1997), but not at a stage close to
G1/S transition as in some other systems (Alexandrow and
Moses, 1995). Nevertheless, here as in previous studies (Al-
exandrow and Moses, 1995; Reynisdottir et al., 1995; Sandhu
et al., 1997), the interpretation of such kinetics is complex
because the delay of TGFpB,; action on S phase might reflect
not only the position of the TGFp,-sensitive stage of G1, but
also the lag time before the appearance of a necessary inter-
mediary in TGFB, cascade.

The cell cycle inhibitory effect of TGFB, was confirmed in
this last experiment by the analysis of the expression of
several cell cycle regulatory proteins (Figure 3B). As previ-
ously shown (Baptist ef al., 1996), cyclin A and cdc2 were
very weakly expressed in control unstimulated dog thyro-
cytes. Their accumulation was commonly induced by TSH
(Figure 3B) and, independently of cAMP, by EGF+serum
(10%) (Baptist et al., 1996), as first detected at 26 h (cyclin A)
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Figure 3. Inhibition by TGFB of TSH-induced cell
cycle progression (A) and accumulation of cell cycle
regulatory proteins (B). Four-day-old dog thyrocytes

were stimulated at 0 h with TSH (1 mU/ml) or CDK4
remained in control (C) condition. TGFB; (2 ng/ml)
(B) was administrated at the same time or 15 h after
TSH. (A) Kinetics of cell cycle progression evaluated CDK2
by the determination of the percentage of PCNA-
positive cells identified as described (Baptist et al., CyclA
1993) in G1 and S phases. PCNA-negative cells are
either in GO or at a G1 stage before PCNA appear- cbC2

ance. (B) Accumulation of cdk4, cdk2, cyclin A, and
cdc2 assessed by Western blotting in the same
experiment.

and 32 h (cdc2). Cdk2 (a 33-kDa form and a 38-kDa form
resulting from an alternative splicing [Baptist ef al., 1996])
was already expressed in control cells, and its accumulation
was further enhanced by TSH and EGF+serum but at late
time points corresponding to late stages of cell cycle (Figure
3B). TGFB, strongly repressed the stimulation by TSH of the
accumulation of these different proteins (Figure 3B). By con-
trast, it little affected the stimulation by EGF+serum (our
unpublished results). As observed in the kinetics of S phase
entry (Figure 3A), the addition of TGFpB, 15 h after TSH also
resulted in an inhibition of cyclin A, cdk2, and cdc2 accu-
mulation but with a delay (Figure 3B). Unlike cyclin A, cdk2,
and cdc2, cdk4 was abundantly expressed in control quies-
cent cells and its accumulation was very weakly influenced
by TSH and TGFp, (Figure 3B).

The activation of cdk2 is reflected by the appearance of
a downward electrophoretic shift of the 33-kDa form,
which corresponds to the activating Thr160 phosphoryla-
tion by the nuclear cdk-activating kinase (CAK/cdk?7) (Gu
et al., 1992; Tassan et al., 1994). As shown in Figure 4A,
TGFp strongly inhibited the phosphorylation of cdk?2 elic-
ited by TSH but not the effect of EGF+serum. In quiescent
control cells, cdk2 was diffusely distributed in the whole
cell (Figure 4B). In TSH-stimulated cells, the double-im-
munofluorescent staining of cdk2 and PCNA revealed an
enhanced nuclear staining due at least in part to a nuclear
translocation (Baptist et al., 1996), which was restricted to
PCNA-positive cells in late G1 and S phases (Figure 4B).
In TSH+TGFB;-treated cells, this nuclear translocation of
cdk2 was only observed in the few PCNA-positive cells
that had escaped the TGFf, inhibition of G1 progression
(Figure 4B). As recently suggested, the nuclear transloca-
tion of cdk2 likely depends on its binding to nuclear
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cyclin E (Moore et al., 1999). Unfortunately, no antibody
was available to detect dog cyclin E.

TGFB;-induced Translocation of Smad 2 and 3 Is
Not Prevented by EGF+Serum

Recently it has been suggested that growth factors can an-
tagonize the effects of TGFB, by inducing a phosphorylation
of Smad 2 and 3 and preventing their nuclear translocation
via the MAP kinase pathway (Kretzschmar et al., 1999).
Because in dog thyrocytes MAP kinases are activated by
EGF but not by TSH (Lamy et al., 1993), this might contribute
to explain the differential TGFB, sensitivity of the cell cycle
progression induced by TSH or by growth factors. As illus-
trated in Figure 5, the indirect immunofluorescence staining
of dog thyrocytes using an antibody that recognize Smad 2
and 3 revealed that TGFf, induced a marked nuclear trans-
location of these proteins in the whole cell population. This
effect was first detected 30 min after TGFB, addition,
reached maximum at 2 h (Figure 5), and persisted for at least
24 h. The concomitant addition of TSH or EGF+serum (10%)
(unpublished results), or a 20-h pretreatment of cells with
TSH or EGF+serum did not influence the nuclear translo-
cation of Smad2 and 3 induced by TGFB,; (Figure 5). This
suggests that TSH and EGF+serum did not interfere signif-
icantly with the TGFB,; receptor signaling pathway leading
to Smad translocation.

TGFf; Does Not Inhibit c-myc Expression

A sustained increase of c-myc expression is considered to be
required for the progression and DNA synthesis initiation.
TGEFp inhibits c-myc expression in most but not all cell types
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Figure 4. Inhibition by TGFB of the TSH-stimulated phosphoryla-
tion (A) and nuclear translocation (B) of cdk2. Four-day-old dog
thyrocytes were stimulated by TSH (1 mU/ml) or EGF (25 ng/ml)
+ serum (10%) (ES) alone or in combination with TGFpB; (2 ng/ml)
(B). (A) Activating Thr160 phosphorylation of cdk2 reflected by its
downward electrophoretic shift (Gu ef al., 1992) demonstrated by
Western blotting from cells stimulated for 32 h. (B) Double im-
munofluorescence labeling of PCNA used as a cell cycle marker
(left panels) and cdk2 (right panels) 26 h after cell stimulation.
Notice the increased nuclear labeling of cdk2 in PCNA-positive
cells observed in many TSH-stimulated cells but few cells treated
with TSH+TGEFpB.

(Chambard and Pouyssegur, 1988; Pietenpol et al., 1990). Very
recently this c-myc downregulation was shown to be required
for TGFB-induction of p15™K4B (Warner et al., 1999). In dog
thyrocytes the kinetics of c-myc mRNA and protein accumula-
tion are very different in response to TSH or growth factors and
phorbol esters (Pirson et al., 1996). C-myc mRNA levels are still
enhanced over basal levels 9 h after growth factor stimulation.
By contrast, after the cAMP stimulation, c-myc expression is
biphasic, with an enhancement at 1 h, followed by a rapid
downregulation. As shown in Figure 6, TGFB did not inhibit
the transient induction of c-myc mRNA by TSH at 1 h and the
EGF+serum effect observed at 3 h.
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SMAD 2/3

Figure 5. Nuclear translocation of Smad 2 and 3 induced by TGFp.
Four-day-old dog thyrocytes were stimulated for 20 h with TSH (1
mU/ml) (T), EGF (25 ng/ml) + serum (10%) (ES) or remained in
control (C) condition. They were then incubated for 2 h with TGEB,
(10 ng/ml) before fixation and immunofluorescent labeling using an
antibody against Smad 2 and 3 proteins.

TGEFf Specifically Inhibits Rb Phosphorylation
Induced by TSH

The cAMP-dependent pathway of TSH and the cAMP-inde-
pendent mitogenic pathway of growth factors and phorbol

c-myc -- .'

-28S
rRNAs

-18 S

CTTBBTTRRBES ESB
1h 3h 3h

Figure 6. Accumulation of c-myc mRNA in dog thyrocytes ana-
lyzed by Northern blotting. Quiescent 4-day-old cells were stimu-
lated for 1 or 3 h with TSH (T), EGF+serum (ES) with or without
TGEB or by TGEB (B) alone or remained in control (C) condition.
Northern blots were prepared with 10 ug of glyoxal denatured total
RNA. Acridine orange was performed to assess that equal amount
of RNA were loaded in independent lanes.
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Figure 7. TGF inhibits the TSH-stimulated phosphorylation of
proteins of the Rb family, as detected by their electrophoretic shifts
evidenced by Western blotting. Quiescent 4-day-old dog thyrocytes
were stimulated during various times with TSH (T) (1 mU/ml), EGF
(25 ng/ml) + serum (ES) with or without TGFp, or by TGFp alone
(2 ng/ml) (B) or remained in control (C) condition. The modulated
bands corresponding to the slow-migrating, hyperphosphorylated
forms of Rb, p107, and p130 are indicated by arrows.

esters converge before S phase initiation on the phosphory-
lation of Rb and related p107 and p130%B2 proteins (Coulon-
val et al., 1997). As observed by Western blotting, the slower
migrating band corresponding to hyperphosphorylated Rb
forms was almost undetectable in quiescent control cells. In
response to TSH and EGF+serum, it appeared at 16 h and
increased thereafter at the expense of the fast migrating
hypophosphorylated form (Figure 7). As observed on DNA
synthesis, TGFB, strongly repressed the phosphorylation of
Rb induced by TSH, but it weakly affected the effect of
EGF+serum (Figure 7). Similar observations were obtained
for p107 and p130%B2? (Figure 7).

TGEPB Does Not Affect the Expression of Cyclin D3
and p27-irt

The phosphorylation of Rb, p107, and p130 is considered to
be initiated by cdk4 (cdk6 is poorly expressed in dog thyro-
cytes) activated by D-type cyclins (Kitagawa et al., 1996;
Connell-Crowley et al., 1997; Lundberg and Weinberg, 1998).
Unlike growth factors that induce cyclins D1 and D2 and
moderately increase cyclin D3 levels in dog thyrocytes, TSH
does not induce the expression of D-type cyclins at least
during the GO-S prereplicative phase. During this phase it
even partially reduces the accumulation of cyclin D3, which
is the most abundant cyclin D in quiescent thyrocytes cul-
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Figure 8. Kinetics of accumulation of cyclin D3 and p27XiP! de-
tected by Western blotting. Quiescent 4-day-old dog thyroid cells
were stimulated for the indicated times using TSH (1 mU/ml) (T)
with or without TGFB (2 ng/ml) (B), EGF (25 ng/ml) + serum (ES)
or remained in control (C) condition.

tured with insulin (Depoortere et al., 1998; Van Keymeulen et
al., 1999). Nevertheless the entry into S phase of dog thyro-
cytes stimulated not only by EGF, but also by TSH, required
the activity of cdk4 as shown by microinjection of p16™K4A
(Lukas et al., 1996), and microinjections of a neutralizing
cyclin D3 antibody have shown that cyclin D3 is essential in
the TSH- and cAMP-dependent mitogenesis, but not in the
pathway of growth factors that induce the other p-type
cyclins (Depoortere et al., 1998). TGFB,; did not inhibit cdk4
accumulation (Figure 3B). In the presence of TSH, TGEFpB,
also did not reduce the concentration of cyclin D3 at times
corresponding to the whole prereplicative phase (Figure 8).
Nevertheless, at 26 and 32 h, TGFB prevented the moderate
increase of cyclin D3 accumulation in TSH-treated cells (Fig-
ure 8), which most likely results from the E2F-dependent
transcription of cyclin D3 gene (Wang et al., 1996) in cycling
cells. As previously shown (Depoortere et al., 1996), TSH
unlike EGF+serum, gradually increased the accumulation
of p27¥iPl. TGFp, did not influence this effect (Figure 8), nor
did it increase the basal accumulation of p27 (unpublished
results).

TGFB, Prevents the TSH-induced Relocalization of
p27%iP1 from cdk2 to cdk4, but not the Assembly of
Cyclin D3-cdk4 Complexes

A crucial event in the stimulation by TSH of Rb phosphor-
ylation and DNA replication is the assembly through a
ill-defined mechanism of stable cyclin D3—-cdk4 complexes
(Depoortere et al., 1998). The composition of cdk4 and cdk2
immunoprecipitable complexes was analyzed 20 h after cell
stimulation, i.e., when a maximum of cells were at a late G1
stage. As shown in Figure 9, TSH not only induced the
assembly of cyclin D3 and cdk4, but it also strongly stimu-
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Figure 9. TGFB inhibits the TSH-induced relocalization of p27XiPt
from cdk2 to cyclin D3-cdk4, but not the assembly of cyclin D3-
cdk4 complexes. Quiescent dog thyrocytes were stimulated for 20 h
with TSH (1 mU/ml) (T) or EGF (25 ng/ml) + serum (10%) (ES)
with or without TGFB (2 ng/ml) (B) or remained in control (C)
condition. Immunoprecipitations (IP) were carried out from equal
amounts of cell extracts with antibodies against cyclin D3, cdk4,
cdk2, and p27%iP1, followed by separation by SDS-PAGE. The pro-
teins were then transferred to nitrocellulose membranes, followed
by Western blotting (WB) with the indicated antibodies. The posi-
tion of p27iPl and the different forms of cdk2 are indicated by
arrows in the respective panels.

lated the association of p27%iP! with these complexes, as
evidenced from the fact that cyclin D3 and cdk4 antibodies
coprecipitated the same amount of p27%iPL. Concomitantly
the association of p27 with cdk2 was markedly reduced in
both p27 and cdk?2 precipitates (Figure 9). Thus, albeit TSH
increased the concentration of p27+iPt (Figure 8), it induced
the relocalization of p27<iP! from cdk2 to cdk4 complexes, as
observed in response to growth factors in other systems
(Poon et al., 1995; Reynisdottir and Massague, 1997; Sandhu
et al., 1997). This was associated with an increased presence
of the Thr160 activatory phosphorylation of cdk2 (Figure 9).
In the presence of EGF+serum, p27%iP! was less expressed
(Figure 8), and its relocalization from cdk2 to cdk4 was less
prominent (Figure 9), which opens the possibility that in this
condition, the role of p27%P! is played by other related
proteins, such as p21<iFt.

In the presence of TSH, but interestingly not in the pres-
ence of EGF+serum, TGFp prevented most of the mobiliza-
tion of p27~iP! from cdk2 to cdk4 (Figure 9). Unexpectedly,
however, this inhibition by TGFB of the sequestration of
p27Pt into cyclin D3-cdk4 complexes was not associated
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with a reduced formation of cyclin D3—cdk4 complexes (Fig-
ure 9). As similarly observed in complexes precipitated us-
ing either cyclin D3 or cdk4 antibodies, TGF, did not affect
the dramatic induction by TSH of cyclin D3-cdk4 assembly,
but it markedly prevented the association of p27<P! with
cyclin D3 and cdk4 (Figure 9). This striking observation
raised questions as for not only the mechanism of inhibition
by TGEp of p27XiP! sequestration, but also the mechanism of
TSH-induced cyclin D3-cdk4 assembly.

TGF; Inhibits the Nuclear Translocation of cdk4
and Cyclin D3, and Thus Their Colocalization with
Nuclear p27%irt

In response to TSH, the activation of cdk4 is associated with
its nuclear translocation (Depoortere et al., 1998). In cells
stimulated for 20 h, TGFB prevented most of the TSH-
induced nuclear translocation of cdk4, which was evidenced
by the increase of its nuclear labeling at the expense of the
cytoplasmic staining in many cells (Figure 10), but it did not
influence the nuclear import of cdk4 in cells stimulated by
EGF+serum (unpublished results).

As previously observed (Depoortere et al., 1998) the nu-
clear translocation and activation of cdk4 induced by TSH
also correlated with a marked increase of the nuclear detec-
tion of cyclin D3 using several monoclonal antibodies in-
cluding DCS-22 (Figure 11, A and B). This phenomenon
contrasts with a partial reduction of cyclin D3 content as
evidenced by Western blotting (Figure 8) (Depoortere et al.,
1998). It correlates with cell cycle progression and reflects
both the nuclear translocation of cyclin D3 and the unmask-
ing of the DCS-22 epitope, which suggests a conformational
change of cyclin D3 or a modification of its interaction with
other proteins (Depoortere et al., 1998). As quantitated by
direct fluorescence measurements using a photomultiplier
tube attached to the microscope, TGFB markedly reduced
the proportion of nuclei that display an increased reactivity
to DCS-22 in the presence of TSH (from 57% in TSH-treated
cells to 29% with TSH+TGEpB, compared with 10% arbi-
trarily fixed in control cells) (Figure 11B). A mild trypsin
digestion of fixed cells (which is a classical treatment for
retrieval of masked epitopes) before immunodetection using
DCS-22, allows to detect the overall presence of cyclin D3 in
all the conditions (Depoortere et al., 1998). This treatment
allowed to us visualize an overall cellular distribution of
cyclin D3, both in quiescent control cells and in the majority
of TSH+TGEFB-treated cells, and its nuclear translocation in
most cells stimulated by TSH (Figure 11A). The inhibition by
TGEB of the TSH-induced nuclear translocation of cyclin D3
was confirmed without unmasking treatment using the cy-
clin D3 COOH-terminus antibody DCS-28 (Figure 11A).
TGEB thus prevented the TSH effects on both the accessibil-
ity of cyclin D3 to DCS-22, and the nuclear translocation of
cyclin D3.

Double immunofluorescent labelings of cyclin D3 (DCS-
22) or cdk4 with PCNA used as a cell cycle marker showed
that the minor population of TSH+TGFp-treated cells that
escaped the cell cycle inhibition and were progressing in late
G1 and S phases always displayed high nuclear detections of
cyclin D3 and cdk4 (Figure 12). Conversely, in cells stimu-
lated by TSH in the absence of TGFpB, low nuclear labelings
of cyclin D3 and cdk4 were never found in PCNA-positive

Molecular Biology of the Cell



CDK4 [

Figure 10. TGEFg inhibits the TSH-induced
nuclear translocation of cdk4 but does not
affect the nuclear location of p27*P!. Quies-
cent 4-day-old dog thyrocytes were stimu-
lated for 20 h with TSH (1 mU/ml) (T) with or
without TGFB (2 ng/ml) (B) or remained in
control (C) condition. Cells were then pro-
cessed for cdk4 or p274P! immunofluorescent
staining. Labeled cells were photographed
using a 50X immersion lens (cdk4) or a 100X
lens (p27).

cycling cells (Depoortere et al., 1998; unpublished results).
This indicates, at the single cell level, that the inhibition by
TGEB of the nuclear translocation of cyclin D3 and cdk4 was
functionally significant with regard to the inhibition of cell
cycle progression.

Unlike cyclin D3 and cdk4, p27%iP! was detected as a
purely nuclear protein both in TSH and TSH+TGFB-treated
cells (Figure 10). By inhibiting the nuclear translocation of
cyclin D3 and cdk4 induced by TSH, TGEp thus prevented
their colocalization with nuclear p27<P!. Considering to-
gether observations of Figures 9-11, it is thus concluded that
in the presence of TGFp, the TSH-induced cyclin D3-cdk4
complexes were in large part formed in the cytoplasm,
where they were prevented from sequestering nuclear
p27%Pt away from cdk2. Moreover, by impairing their asso-
ciation with nuclear p27¥r!, TGFB might prevent the nu-
clear import of cyclin D3-cdk4 complexes, which is required
for cdk4 phosphorylation by nuclear CAK and of course for
access to nuclear substrates including Rb-related proteins.

DISCUSSION

TGF Discriminates between cAMP-dependent and
-independent Mitogenic Stimulations

The present study supports the rarely considered concept
that extracellular and intracellular inhibitory mechanisms
may differentially target the cell cycle, depending on the
specific mitogenic cascade that governs its progression. Pre-
viously, we have shown that during the growth factor—
stimulated division of dog thyrocytes, a dominant intracel-
lular repressor is generated that specifically suppresses the
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TSH- and cAMP-dependent mitogenic pathway, but not the
growth response to EGF, nor the cAMP-dependent expres-
sion of differentiation (Roger et al., 1992). Also in rat thyroid
in vivo, an irreversible desensitization mechanism specifi-
cally affects the TSH-dependent proliferation, but not the
TSH-dependent thyroid function, nor the proliferation in-
duced by tissue wounding (Wynford-Thomas et al., 1983;
Smith et al., 1987). It has been suggested that TSH-dependent
local expression of TGFB, may contribute to this mechanism
(Logan et al., 1994). An escape from this growth desensiti-
zation may occur after a few months with the development
of TSH-dependent tumors (Wynford-Thomas et al., 1983),
and many thyroid tumor cells lose TGFB responsiveness
(Blaydes et al., 1995). Here we demonstrate that TGFB, very
specifically inhibits the TSH- and cAMP-dependent cell cy-
cle of dog thyrocytes, but not the TSH-dependent iodide
uptake, and has little effect on the cAMP-independent pro-
liferation elicited by EGF, HGF, phorbol esters, and serum.

The very striking similarities of these different in vivo and
in vitro phenomena suggest a common mechanism to ex-
plain the high sensitivity of the cAMP-dependent mitogenic
pathway and the relative resistance of the growth factor-
dependent proliferation. Very recently, it has been sug-
gested that growth factors, via the MAP kinase pathway,
may antagonize the TGFB signaling by phosphorylating
Smad 2 and 3 on distinct sites and preventing their nuclear
translocation (Kretzschmar ef al., 1999). This seemed an at-
tractive explanation, because in dog thyrocytes TSH, unlike
growth factors and phorbol esters, does not activate the
various MAP kinases (Lamy ef al., 1993; Vandeput, unpub-
lished results). However, our present data suggest that
EGF+serum and TSH do not interfere importantly with
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Figure 11. TGEF}B inhibits the epitope unmasking and nuclear translocation of cyclin D3 induced by TSH. Quiescent 4-day-old dog thyrocytes
were stimulated for 20 h with TSH (1 mU/ml) (T) with or without TGFB (2 ng/ml) () or remained in control (C) condition. Cells were then
processed for cyclin D3 immunofluorescent staining using the DCS-22 or DCS-28 monoclonal antibodies. For cyclin D3 detection using
DCS-22, an epitope unmasking treatment by a mild trypsin digestion of fixed cells was applied (unmasked) or not. (A) Labeled cells were
photographed using a 50X immersion lens. (B) Distribution of nuclear cyclin D3 immunofluorescence intensities within the cell population
as measured by photometry. Cyclin D3 was detected using DCS-22 without the application of the trypsin unmasking treatment. Values of
nuclear immunofluorescences exceeding the weak to moderate ones recorded in 90% of unstimulated control cells were scored positive and
are shown as filled bars. Average values of immunofluorescence intensity are indicated for each treatment.

TGEB signaling, because they do not affect the nuclear trans-
location of Smad2 and 3 induced by TGFpB. Also in mink
lung epithelial cells, HGF counteracts TGFB-mediated
growth inhibition but does not prevent TGFp-induction of
p15™K4B (Tsubari et al., 1999). A definitive assessment of the
issue of possible interactions between growth factor and
TGFp signaling cascades should await the complete eluci-
dation of the TGFp signal transduction pathways.

As discussed below, our results are rather consistent with
the hypothesis that the differential sensitivity to TGFfB
growth inhibition could be a corollary of differences be-
tween cAMP-dependent and -independent regulations of
cell cycle by cyclin—cdk complexes. In other words, TGFf
could selectively block the cAMP-dependent cell cycle of
dog thyrocytes by inhibiting an event that is specifically rate
limiting for cAMP-dependent proliferation but not for mi-
togenesis elicited by growth factors. In fact, the TSH-cAMP
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mitogenic pathway of dog thyrocytes appears very unique
as it has provided the first demonstration in a normal non-
transfected cell of a mitogenic stimulation targeting the nu-
clear import and assembly of cyclin D3 and cdk4 in the
absence of any stimulation of cyclin D expression (Depoor-
tere et al., 1998). It offers two clues that potentially could
explain the high sensitivity of the cAMP-dependent stimu-
lation to TGFB inhibition and the relative resistance of the
mitogenic stimulation by growth factors: 1) TSH, unlike
EGF+serum, enhances the accumulation of p27%P! (Depoor-
tere et al., 1996), which plays a crucial role in cdk2 inhibition
by TGFp; and 2) exactly like TGFp, the microinjection of a
neutralizing cyclin D3 antibody blocks most of the stim-
ulation of DNA synthesis by TSH and cAMP but has little
effects on the stimulation by HGF, EGF, and EGF+serum,
which, unlike TSH, induce cyclins D1 and D2 (Depoortere
et al., 1998).

Molecular Biology of the Cell
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Figure 12. Double immunofluorescent labeling of cyclin D3 (using
DCS-22 without unmasking treatment) or cdk4, and PCNA used as
a cell cycle marker. Quiescent dog thyrocytes were stimulated for
26 h with TSH (1 mU/ml) + TGFB (2 ng/ml). Large arrows and
medium size arrows show cells identified, respectively, in late G1
and S phases as described previously (Baptist et al., 1993) (the
speckled appearance of PCNA-labeled S-phase nuclei was clearly
seen at microscope but not in these digitalized micrographs). Small
arrows show G0/G1 cells with a low PCNA staining. The micro-
scopical fields were selected to contain cells that escape the TGF3
inhibition of proliferation. Notice that all the PCNA-positive cycling
cells display intense nuclear stainings of cyclin D3 and cdk4.

TGFf Inhibits the cAMP-dependent Progression in
G1 and Phosphorylation of Rb-related Proteins

In the present study, we have demonstrated that TGFp,
blocks the TSH-stimulated cell cycle progression during G1
phase in dog thyrocytes, as often observed in other systems
(Reynisdottir ef al., 1995; Sandhu ef al., 1997), but no longer
at the very late GI restriction point that is still positively
controlled by cAMP even after cyclin D3—cdk4 complexes
are stably formed (Roger et al., 1987a, 1999). This inhibition
is not associated with an inhibition of c-myc expression at
variance with many other systems (Pietenpol et al., 1990), but
with the inhibition of the accumulation of PCNA, cyclin A,
cdk2, and its activating Thr160 phosphorylation. Again the
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inhibition by TGFp of these different events mostly concerns
their stimulation by TSH. These events are observed at or
after the restriction point and are strictly limited to cycling
cells (Baptist et al., 1996), and thus their inhibition by TGF3
could be a consequence of cell cycle arrest at earlier stages of
G1. We also have observed that TGFS specifically inhibits
the phosphorylation of Rb, p107, and p130 stimulated by
TSH. This likely explains the cell cycle arrest and the inhi-
bition of the aforementioned cell cycle-related events, which
have been causally related with Rb phosphorylation and
release of E2F-dependent gene transcription through direct
or indirect mechanisms. For instance, the promoter of cyclin
A contains a variant E2F site that binds to p107-E2F4 com-
plexes containing cyclin E-cdk2 (Zerfass-Thome et al., 1997).
The nuclear translocation of cdk2, which shortly precedes
the initiation of DNA synthesis and cyclin A appearance
(Baptist et al., 1996), probably depends on cdk2 association
with cyclin E, which is imported into nuclei via a direct
interaction with importin « (Moore et al., 1999). It is required
for the Thrl60-activating phosphorylation by the nuclear
CAK (Tassan et al., 1994). Cyclin E transcription in late G1 is
regulated by Rb via E2F proteins (Ohtani et al., 1995). Be-
cause cyclin E-cdk2 in addition to initiating S phase (Lukas
et al., 1997) also phosphorylates and inactivates Rb (Kelly et
al., 1998), this has suggested a positive feedback loop under-
lying the commitment to DNA synthesis at the restriction
point (Weinberg, 1995; Bartek et al., 1996; Sherr, 1996).

TGFB Inhibits the Sequestration of p27*¥! by Cyclin
D3-cdk4 Complexes, but not Their cAMP-dependent
Assembly

The phosphorylation of Rb by cyclin E-cdk2 requires its
prior phosphorylation by cyclin p—cdk4 (Connell-Crowley et
al., 1997; Lundberg and Weinberg, 1998). Moreover ectopic
expression of cyclin E does not activate E2F in the absence of
cdk4 and cdké activity (Lukas et al., 1997). On the other
hand, p107 has been reported as an exclusive cdk4 substrate
(Beijersbergen ef al., 1995). The activation of cyclin p kinases
is therefore considered as the triggering event of the phos-
phorylation or inactivation of Rb and related proteins and
subsequent activation of E2F-dependent gene transcription.
Within this conceptual context, our unexpected finding that
TGEB inhibits the cAMP-dependent phosphorylation of Rb,
p107, and p130 and thus cdk4 activity, without preventing
the cAMP-dependent assembly of essential cyclin D3-cdk4
complexes, is a novel and peculiarly intriguing observation.
It is at variance with former studies of TGFB inhibition of
cell cycle, which all envisage a decrease of the presence of
cyclin p—cdk4 or —cdk6 complexes, either due to reduced
cdk4 or cdk6 expression (Ewen ef al., 1993, 1995; Tsubari et
al., 1999), inhibition of cyclin D1 accumulation (Ko et al.,
1995) and/or induction of p15™K4B (Sandhu et al., 1997).
Nevertheless, in agreement with these previous studies, we
found that in dog thyrocytes TGFB prevents the TSH-in-
duced release of p27P! from cdk2 complexes and its se-
questration into cyclin D3-cdk4 complexes.

TGFf Inhibits the cAMP-dependent Nuclear
Translocation of Cyclin D3 and cdk4

We explain these apparently paradoxical observations by
modifications of subcellular locations of the different pro-
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teins. Unlike p27%iP!, which contains a nuclear localization
signal and is found as an exclusively nuclear protein (De-
poortere et al., 1996) (Figure 10), cdk4 and cyclin D3 do not
display obvious nuclear localization signal and are localized
in large part in the cytoplasm in quiescent dog thyrocytes. In
reponse to TSH, cyclin D3 and cdk4 are imported into nuclei
(Depoortere et al., 1998) (Figures 10 and 11), where they have
access to p27%P! and form stable cyclin D3-cdk4-p27<ip!
complexes. Whether cyclin D3 and cdk4 assemble before or
after their translocation is not known. As shown here, TGFp
does not inhibit the formation of cyclin D3—cdk4 complexes
induced by TSH, but prevents the nuclear import of both
cdk4 and cyclin D3 without affecting the expression and
nuclear location of p27%P1. This clearly implies that in the
presence of TGFB, TSH-induced cyclin D3-cdk4 complexes
are largely formed in the cytoplasm where they are pre-
vented, among other consequences, from interacting with
and thus sequestering p27%iPl. Cytoplasmic cyclin p-cdk
complexes are expected to be inactive, as shown for cyto-
plasmic cyclin p—cdk6 complexes in T cells (Mahony et al.,
1998), because they are not phosphorylated by nuclear CAK
(Diehl and Sherr, 1997) and of course because they lack
access to nuclear substrates, including Rb and related pro-
teins. Cyclin D3-cdk4 also likely phosphorylates p107 and
p130 (Dong et al., 1998b). The inhibition by TGFpB of the
nuclear translocation of cyclin D3 and cdk4 observed here
may thus suffice to explain the inhibition of the phosphor-
ylation of the three Rb family members.

Cytoplasmic assembly of inactive cyclin p—cdk4 com-
plexes recently has been found in two artificial models of
transfected cells (Diehl and Sherr, 1997; Reynisdottir and
Massague, 1997). In mink lung epithelial cells, ectopically
expressed cytoplasmic p15™&4B as a model recapitulating
TGEB inhibition of growth, interacts with cyclin p—cdk4 and
—cdk6 complexes and prevents them from reaching the nu-
cleus and from encountering p27<iP! (Reynisdottir and Mas-
sague, 1997). Our present observations fit well with parts of
this model system. Nevertheless, it seems unlikely that the
induction of p15™k4B could be the mechanism of the inhi-
bition by TGFp of cyclin D3-cdk4 nuclear translocation in
TSH-stimulated dog thyrocytes : 1) cells lacking p15™K4B
are not resistant to TGF inhibition of proliferation (Florenes
et al., 1996; lavarone and Massague, 1997), which is never-
theless associated with an increased association of p27~iP!
with cdk2 (Florenes et al., 1996); 2) antibodies were not
available to detect dog p15™4B, Nevertheless we failed to
detect p15 expression from dog thyrocytes treated with
TGEB or TSH+TGEFB by Northern blotting using 10 pg of
polyA™ RNA and a murine p15™*4B probe, and we also did
not detect a p15 band in cdk4 (DCS-35) immunoprecipitates
from TSH+TGFB-treated cells metabolically labeled with
[**S]methionine (unpublished negative data); 3) the induc-
tion of p15™X4B has recently been found to depend on c-myc
downregulation by TGEB (Warner et al., 1999), which was
not observed in the present study (Figure 6); 4) at variance
with the former report by Massagué’s group (Reynisdottir
and Massague, 1997), p15™¥&4B has now been found to dis-
rupt preexisting cyclin p—cdk4 complexes in Mv1Lu cells
(Warner et al., 1999), as in mammary epithelial cells (Sandhu
et al., 1997), in agreement with the general observation that
INK4 proteins including p15 are found in association with
cdk4 and cdk6 but not the p-type cyclins (Hall et al., 1995;
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Russo et al., 1998; Tsubari et al., 1999); 5) TGEB induction of

p15™K4B would not explain why the nuclear translocation of

cdk4 induced by EGF+serum was resistant to TGFS in dog

thyrocytes, unless EGF+serum inhibits p15™4B expression;

and 6) TGFp prevented the nuclear translocation of not only

cdk4, but also cyclin D3, which is unlikely to interact with
151NK4B.

The second model has suggested that determinants of
cyclin D location could govern the localization and activity
of cdk4. A mutated cyclin D1 (T156A), which fails to enter
the nucleus, competes with endogenous p-type cyclins and
sequesters cdk4 as an inactive cytoplasmic complex, thus
preventing its phosphorylation by CAK and DNA synthesis
(Diehl and Sherr, 1997). Moreover some phosphorylations of
cyclin D1 influence its subcellular localization (Diehl ef al.,
1998). Analogous mechanisms could be envisaged for the
inhibition by TGFB of TSH-induced cyclin D3-cdk4 nuclear
translocations. Unlike nuclear cyclin D3 found in TSH-stim-
ulated cells, which is presumably active (i.e., restricted to
cycling cells [Depoortere et al., 1998; Figure 12]) and bound
to cdk4 and p27%iPt), the cytoplasmic cyclin D3 found both
in quiescent cells and TSH+TGFp-treated cells required a
trypsin unmasking treatment for its immunofluorescent de-
tection by DCS-22 (Figure 11A). TGEB thus prevents both
the exposition by TSH of the DCS-22 epitope (located be-
tween amino acids 241 and 260 of cyclin D3 sequence) and
the nuclear translocation of cyclin D3. This suggests that a
conformational change of cyclin D3 or a modification of its
interaction with other proteins, which could be important
for the nuclear translocation of cyclin D3 but not for cyclin
D3-cdk4 assembly, is induced by TSH and repressed by
TGEFpB.

Role of p27*irt in the cAMP-dependent Cell Cycle

Our previous finding that TSH stimulates the accumulation
of p278iP! including in cells progressing in G1 and S phases
(Depoortere et al., 1996), was at odds with the consensual
view at that time that restricted p27%iP! to the role of a
general inhibitor of cdks, including cdk4, which mediates
various proliferation inhibitions (Nourse et al., 1994; Polyak
et al., 1994; Coats et al., 1996), including the cAMP-depen-
dent G1 block observed in some systems (Kato et al., 1994;
Ward et al., 1996; L’ Allemain et al., 1997). Although there is
still a consensus to consider p27XiP! as an inhibitor of cdk2
(Blain et al., 1997; Hengst and Reed, 1998), p27-related mem-
bers of the cip/kip family have now turned out to be asso-
ciated with an Rb-kinase activity (Soos et al., 1996; Blain et al.,
1997; Dong et al., 1998a), to assemble cyclin p—cdk com-
plexes (LaBaer et al., 1997) and target them to the nucleus
(Diehl and Sherr, 1997; LaBaer et al., 1997; Reynisdottir and
Massague, 1997), and even to be essential in these functions
required for cdk4 activity (Cheng et al., 1999). Our present
observations that TSH induces, whereas TGEB inhibits, the
association of p27<P! with cyclin D3-cdk4 complexes also
argue in favor of such a positive role. In this study, the
action of TGFp clearly dissociated the assembly of cyclin
D3-cdk4 complexes from their association with p27%iP, but
it reinforced the correlation between the binding to p27kir!
and the nuclear location of cyclin D3-cdk4. Therefore, the
TSH-stimulated accumulation of p27%iP! is probably not in-
strumental in the TSH-induced cyclin D3-cdk4 assembly,
but it might contribute to the activation and nuclear local-
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Figure 13. The subcellular localization of
cyclin D3 and cdk4 integrates the antagonis-
tic cell cycle effects of TSH and TGFB. TSH
does not stimulate cyclin D3 accumulation,
but it assembles cyclin D3-cdk4 complexes,
enhances the levels of p27%P!, and induces
the nuclear translocation of cyclin D3—-cdk4,
which correlates with the exposition of a
cyclin D3 epitope (depicted by the displace-
ment of the X element). Cyclin D3-cdk4
complexes are stabilized in the nucleus by
their binding to p275P!, which thus might
serve as a nuclear anchor. This nuclear
translocation of cdk4 is assumed to be re-
quired for its phosphorylation by nuclear
CAK and for access to Rb. TGFB does not
inhibit the assembly of cyclin D3-cdk4 com-
plexes, nor p27%iP1 accumulation, but it pre-
vents the epitope unmasking of cyclin D3
and the nuclear translocation of cyclin D3-
cdk4. Consequently these complexes are
prevented from encountering p275P! and
thus sequestering it away from the initial
pool of nuclear cdk2 complexes. Cyclin D3—
cdk4 is thus maintained in an inactive state
by its cytoplasmic location, and nuclear

TSH(#cAMP)

inactive

TGFB

Regulation of Cyclin D3-cdk Localization

CYTOPLASM

cdk2 is inhibited by its association with p27%iP1. The further import of cdk2 from the cytoplasm induced by TSH but repressed by TGFg

as a likely indirect consequence of this mechanism, is not depicted.

ization of the complex, perhaps as an anchor that stabilizes
cyclin D3-cdk4 within the nuclear compartment.

As summarized in Figure 13, the present study, investi-
gating endogenous proteins in a physiologically relevant
system of primary epithelial cells, points out the nuclear
import of cyclin p—cdk4 complexes dissociated from their
assembly, as a crucial factor integrating mitogenic and anti-
mitogenic regulations.
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