
Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 11513-11517, December 1993
Cell Biology

Inhibition of granulocyte differentiation by G1 cyclins D2 and D3
but not Dl

(D-type cyclns/cyclin-dependent kInass/Gs progreion)

JUN-YA KATO* AND CHARLES J. SHERR*t*
*Department of Tumor Cell Biology and tHoward Hughes Medical Institute, St. Jude Children's Research Hospital, 332 North Lauderdale,
Memphis, TN 38105

Communicated by J. Michael Bishop, August 30, 1993 (received for review July 14, 1993)

ABSTRACT Growth factor-induced signals govern the
expression of three D-type cyclins, which, in turn, function as
regulatory subunits of cyclin-dependent kinas (cdks) to con-
trol cell cycle transitions during the late G1 interval. 32D
myeloid cels, which self-renew as uncommitted precursors in
interleukin 3 (IL-3), express cyclins D2 and D3 (but not D1) in
complexes with cdk4 and cdk2. When transferred to granulo-
cyte colony-stimulating factor (G-CSF), 32D ceDls stop dividing
and terminally differentiate to mature neutrophils. Cyclin D
and cdk4 expression ceased as cells underwent growth arrest in
G-CSF, but cdk2 levels were sustained. 32D ceDls engineered to
ectopicaly express D-type cyclins exhibited contracted G1
intervals with a compensatory lengthening of S phase but
remained IL-3 dependent for cell growth; those overexpressing
cydlins D2 and D3 (but not D1) were unable to differentiate and
died in G-CSF. Cyclin D2 mutants, which cannot efficiently
bind to, or functionally interact with, the retinoblastoma
protein (pRb) or its relatives (p107) did not block differentia-
tion. Conversely, the introduction of a catalyticaly inactive
cdk4 mutant into cells overexpressing cyclin D2 restored their
G-CSF response. The persistence of cdk2 and its predilection
to functionally interact with cyclins D2 and D3 rather than Dl
might explain the specificity of the differentiation blockade.

Mitogenic growth factors act during the G1 phase of the cell
cycle to drive cells into S phase, after which their activities
are no longer required until cells exit mitosis (reviewed in ref.
1). Unlike cyclins A and B, which are first synthesized during
S phase and interact with p34cdc2, the prototypic cyclin-
dependent kinase (cdk) (reviewed in ref. 2), mammalian
D-type cyclins (Dl, D2, and D3) are differentially expressed
during the G1 interval in various cell types in response to
growth factor stimulation. By associating with several cdks,
including cdk2, -4, and -5 (3, 4), the D-type cyclins, together
with the cyclin E-cdk2 complex (5, 6), are presumed to
regulate phosphorylation of key substrates required for G1
progression and S-phase entry (reviewed in ref. 7). Although
their associated kinase activities have not been directly
measured in mammalian cells, each ofthe D-type cyclins, but
not cyclin A, B, or E, can activate cdk4 in insect cells (3, 8),
whereas cyclins D2, D3, E, and A, but not Dl, functionally
interact with cdk2 (9). Constitutive ectopic expression of
cyclin Dl, D2, orE in mammalian fibroblasts shortens G1 and
reduces their serum requirement for S-phase entry (10, 11).
Conversely, microinjection of antibodies to cyclin Dl into
serum-stimulated fibroblasts during G, phase prevents DNA
synthesis (11, 12). Thus, the functions of mammalian G1
cyclins appear both necessary and rate limiting for cell cycle
progression.
By enforcing progression into S phase, overexpression of

G1 cyclins might nullify certain commitment steps necessary
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for the proper execution of differentiation programs. We
tested this possibility by stably overexpressing each of the
D-type cyclins in 32Dcl3 myeloid precursor cells (here simply
designated 32D), which self-renew in medium containing
interleukin 3 (IL-3) but growth arrest and terminally differ-
entiate to granulocytes in granulocyte colony-stimulating
factor (G-CSF) (13). Constitutive expression of D-type cy-
clins did not affect the growth factor dependence or prolif-
erative rate of 32D cells grown in medium containing IL-3,
but cyclin D2 and D3 overexpressors were unable to differ-
entiate in G-CSF and lost viability. Cyclin Dl, which is
normally not expressed in these cells, did not block differ-
entiation. Therefore, the different D-type cyclins are unlikely
to be functionally redundant, and, in an appropriate setting,
their overexpression can alter growth factor-dependent dif-
ferentiation responses.

MATERIALS AND METHODS
Derivation of Cell Lines and Culture Conditions. 32D cells

and derivatives were maintained at 1-5 x 105 cells per ml in
Iscove's modified Dulbecco's medium with 20%o fetal bovine
serum (FBS), glutamine, antibiotics, and 25% WEHI-3B
conditioned medium as a source of IL-3 (13). An early
passage subclone that was maximally responsive to G-CSF
(>90%o terminal differentiation in 12 days) was transfected
with neo-containing pRc/RSV vectors (Invitrogen) including
cDNAs encoding mouse cyclin Dl, D2, or D3 (14, 15) or
either oftwo cyclin D2 mutants (9) encoding lysine at position
7 (E7K) or deleted for residues 2-7 (A2-7) encompassing a
Leu-Xaa-Cys-Xaa-Glu (LXCXE) motif at codons 3-7. Elec-
troporation was performed with 80 ug ofvector plasmidDNA
at 270 V and 960 ,uF using 8 x 106 cells in 0.8 ml of
phosphate-buffered saline (PBS). After overnight culture in
medium containing IL-3, a portion was subjected to limiting
dilution in medium containing IL-3 and 1 mg of G418 per ml
(Sigma). These populations were used to estimate transfec-
tion efficiencies (uniformly >1 x 103 G418-resistant cells per
electroporation) and to derive subclones from single colo-
nies. The remaining cells were distributed into a 24-multiwell
plate, and, after 2 weeks of selection, G418-resistant cells
were pooled for further analysis (see Table 1, mixed pools).
A clone derived from a single cell (designated D2-8 in Table

1) was reelectroporated with a pRc/RSV vector encoding
catalytically inactive cdk4, in which lysine at the ATP binding
site (position 35) was converted to methionine (K35M) (3, 8).
We used an equal mixture of cdk4 vector and a plasmid
(pHEBo) (16) containing the hygromycin B phosphotransfer-
ase gene (hygro) and selected transfectants with 1000 units of
hygromycin B per ml (Calbiochem). For culture in G-CSF,
cells were washed twice in PBS and transferred to medium

Abbreviations: IL-3, interleukin 3; G-CSF, granulocyte colony-
stimulating factor; cdk, cyclin-dependent kinase.
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containing 25 ng of recombinant human G-CSF per ml
(Amgen Biologicals) in lieu of IL-3.

Antisera to D-Type Cyclins and cdks. Rabbit antisera to
mouse D-type cyclins, p34cdk4, and p34cdc2, each preferen-
tially reactive with the cognate protein, were raised to
engineered bacterial polypeptides (3, 14). Specific antisera to
p33cdk2, p36cdk3, and p3lcdk5 were raised against synthetic
C-terminal peptides (anti-p33cdk2 from Giulio Draetta, Mi-
totix, Cambridge, MA). Although the antisera to cyclins Dl
and D2 crossreact, the two proteins can be distinguished by
their different molecular masses (3, 8, 15).

Protein Analysis. Cells (1 x 107) were metabolically labeled
for 1 hr with 200 ,Ci of [35S]methionine per ml (1000
Ci/mmol; 1 Ci = 37 GBq; Tran35S-label, ICN) in methionine-
free medium containing 20% dialyzed FBS and the indicated
hemopoietins. Cell lysis, immunoprecipitation, immunoblot-
ting, and gel electrophoresis were performed as described
(17, 18). For detection of cyclin D-cdk complexes, cell
lysates were precipitated with antisera to cdk, and the
denatured immunoprecipitates were separated on polyacryl-
amide gels, transferred to nitrocellulose, and immunoblotted
with antisera to cyclins.

RESULTS
Cycin D and cdk4 Synthesis in 32D Cells. Mouse myeloid

32D cells grown in IL-3 express only cyclins D2 and D3, but
transfer to G-CSF for 20 hr led to their reduced synthesis
(Fig. 1A) and eventual disappearance, with cyclin D2 being
much more labile than D3 (Fig. 1B). Synthesis of the major
catalytic subunit for D-type cyclins, cdk4 (3, 4), was also
diminished in cells undergoing granulocytic differentiation
(Fig. 1A; cf. Fig. 4A). Reduced synthesis of these proteins
preceded G-CSF-induced growth arrest observed within
48-72 hr (Fig. 2A) and occurred well in advance of morpho-
logic changes typifying granulocytic differentiation (Fig. 3A
vs. Fig. 3B).

Irreversible commitment of >80% of the cells, manifested
by an inability to respond to IL-3, requires 3-5 days in G-CSF
(13, 19), after which terminal differentiation to mature neu-
trophils takes 5-7 more days. The cells ultimately arrest with
a 2n DNA content, and their viability is maintained for 10-12
days, after which the terminally differentiated cells die. In the
presence ofboth IL-3 and G-CSF, cyclin D2 and D3 levels are
maintained, and the cells do not differentiate, implying that
persistent growth signals override the commitment step(s)
(13) and sustain cyclin D synthesis. The failure to completely
remove IL-3 retards differentiation in G-CSF and may ac-
count for the inability of some cells to arrest immediately.
Persistence of cyclin D3 during the initial commitment stage
might also help maintain cells in cycle.

Cells Overexpressing Cyclins D2 and D3 Do Not Differenti-
ate. 32D cells electroporated with a control neo expression
vector or with vectors encoding D-type cyclins were selected
in medium containing G418 and IL-3. Comparable transfec-
tion efficiencies were obtained for each vector, and pooled
drug-resistant populations synthesized 5- to 8-fold higher
levels of the corresponding cyclins (Fig. 1C), which were
sustained when cells were transferred into G-CSF (Fig. 1D).
When grown in IL-3, each population remained undifferen-
tiated and proliferated at rates indistinguishable from those of
parental 32D cells or control transfectants (Fig. 2B). Asyn-
chronously growing cells overexpressing D-type cyclins had
increased S-phase fractions (range, 52-64% calculated by
flow cytometric analysis of DNA content) compared to
neo-resistant controls (40-45%) but displayed no changes in
their G2/M fractions. Because >98% of cells remained viable
when propagated in IL-3, their G1 intervals must have been
contracted to maintain equal generation times. A 15% de-
crease in the G1 fraction reflects a shortening of G1 phase by
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FIG. 1. Expression of D-type cyclins and cdk4. (A) Parental 32D
cells in IL-3 or in G-CSF for 20 hr were labeled with [35S]methio-
nine, and immunoprecipitates prepared with nonimmune rabbit
serum (NRS) or antisera were separated on denaturing gels and
detected by autoradiography. (B) Parental 32D cells were shifted
from IL-3 to G-CSF, and immunoprecipitates prepared using
antisera to either cyclin D2 or D3 were separated on denaturing
gels, transferred to nitrocellulose, and immunoblotted with the
same antibodies. Although D2 synthesis persists for up to 20 hr (A),
>90% of the total D2 protein is degraded by 8-16 hr. (C) Meta-
bolically labeled cell lysates from parental 32D cells or from mixed
cell pools transfected with D-type cyclin genes (lanes +D1, +D2,
and +D3) were precipitated with antisera as indicated, and labeled
proteins were resolved on denaturing gels. (D) Lysates from cells
overexpressing D-type cyclins were obtained at different times
after culture in G-CSF. Immunoprecipitated cyclins were immu-
noblotted with the same antisera as in B. (E) Parental 32D cells
(lanes 1 and 4), subclone D2-8 (Table 1) expressing cyclin D2 (lane
2), pooled hygro-resistant D2-8 derivatives transfected with cata-
lytically inactive cdk4 (K35M) (lane 3), or parental 32D cells
transfected with cyclin D2 mutants encoding disrupted (lane 5) or
deleted (lane 6) LXCXE segments were labeled with [35S]methio-
nine, and lysates were precipitated with nonimmune serum (NRS;
lane 1) or antiserum to cyclin D2 (lanes 2-6). Both cyclin D2
mutants migrated somewhat faster than the wild-type protein on
denaturing gels (lanes 5 and 6). Lysates from parental 32D cells
(lane 7) or from the D2-8 subclone transfected with catalytically
inactive cdk4 (lanes 8 and 9) were immunoprecipitated with anti-
serum to cdk4 (lanes 7 and 8) or with NRS (lane 9). Separated
proteins transferred to nitrocellulose were blotted with antiserum
to cdk4. In all panels, immunoprecipitates were prepared from
equivalent numbers of cells. To facilitate quantitative compari-
sons, the immunoblots shown in B and D were derived from parallel
cultures in a singe experiment. All autoradiographic exposure times
were matched (16 hr).

-28%, consistent with the intervals calculated from rates of
incorporation of 5-bromodeoxyuridine into mitotic chromo-
somal DNA (ref. 10; data not shown).
When switched to G-CSF, parental 32D cells or those

transfected with the control vector underwent growth arrest
(Fig. 2A) and differentiated to neutrophils (Fig. 3B). The
percentage with 2n DNA content (Go/Gl) increased from 40%
to 80% within 3 days (data not shown). Cells overexpressing
cyclin Dl also arrested and differentiated (Figs. 2A and 3C),
but those overexpressing cyclins D2 and D3 gradually lost
viability (Fig. 2A) and failed to exhibit neutrophilic features
(see below). Although most of the latter did not survive
G-CSF treatment, their viability was prolonged as compared
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FIG. 2. Growth of 32D cells and transformants in media contain-

ing IL-3, G-CSF, or no hemopoietin. Mixed pools oftransfected cells
(A) or representative subclones (B-D) were cultured in medium
containing G-CSF (A, D, and E), IL-3 (B), or no exogenous he-
mopoietin (C), and the numbers of viable cells were determined at
the indicated intervals. Cells maintained in IL-3 were washed twice
with PBS and reseeded at 1 x 10W cells per ml in IL-3 or at 5 x 105
cells per ml in G-CSF or no added growth factor. Cells expanding in
IL-3 were diluted 1:10 at 2-day intervals; G-CSF-containing cultures
were split 1:2 every 4 days. o, Parental 32Dcl3 cells; x, cells
transfected with the control neo vector (either the mixed pool in A
or subclone 5 in B-D); *, cells transfected with cyclin Dl (either the
mixed pool in A or subclone D1-5 in B-D); A, cells transfected with
cyclin D2 (either the mixed pool in A, subclone D2-8 in B-D, or
hygro-resistant D2-8 cells in E); *, cells transfected with cyclin D3
(either the mixed pool in A or subclone D3-2 in B-D); o, cells
transfected with the cyclin D2 (E7K) mutant (mixed pool in A); A,
cells transfected with the cyclin D2 (A2-7) mutant (mixed pool in A);
*, subclone D2-8 transfected with catalytically inactive cdk4 (K35M)
(mixed pool in E).

to cells deprived of all hemopoietins (Fig. 2A vs. Fig. 2C).
Cell death during prolonged culture in G-CSF might reflect
the inability of blocked cells to upregulate G-CSF receptors
or other components of the G-CSF signaling pathway.

Subclones derived in IL-3 retained the characteristics of
parental transfectants. None showed altered growth rates in
IL-3 nor grew in its absence, but those overexpressing cyclin
D2 could not be maintained in G-CSF (Fig. 2D; Table 1) and
did not differentiate to neutrophils, as judged by cell mor-
phology (Fig. 3D), expression of histochemical markers, and
granulocytic cell surface antigens (Table 1). Less prominent
effects were seen with cyclin D3 (Figs. 2A and 3E; Table 1),
whereas cyclin Dl subclones exhibited no perturbations
(Figs. 2 A and D and 3C; Table 1). Immunoblotting did not
reveal significant variations in cyclin protein expression
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FIG. 3. Granulocytic differentiation in medium containing
G-CSF. Cells grown in IL-3 (A) or G-CSF (B-H) for 12 days were
cytocentrifuged and stained with Giemsa. (A) Parental 32D cells. (B)
Parental cells induced to differentiate. (C) Cycin Dl overexpressor
(clone D1-5). (D) Cyclin D2 overexpressor (clone D2-8). (E) Cyclin
D3 overexpressor (clone D3-2). (F and G) Cells transfected with
cyclin D2 (A2-7) or D2 (E7K) mutants, respectively. (H) Cyclin D2
overexpressors (clone D2-8) transfected with inactivated cdk4
(K35M) (mixed pool).

between groups of subclones overexpressing cycins Dl and
D2 (cf. Fig. 1 C and D), arguing that their effects reflect
functional differences between them.
D2 Mutants Disrupted in Their LXCXE MotifDo Not Block

Differentiation. D-type cyclins have a LXCXE motif at theirN
termini, which is found in DNA tumor virus oncoproteins that
bind to pRb and other pRb-like proteins (e.g., p107). D-type
cyclins can bind pRb and p107 (8, 9, 22) and can override the
ability ofpRb to suppress G1 exit in human RB-negative Saos-2
cells (9, 22), but cyclin D2 mutants disrupted in their LXCXE
motifbind pRb poorly and cannot abrogate its growth suppres-
sive function (9). When cyclin D2 mutants containing an E toK
substitution or lacking the entire LXCXE pentapeptide were
introduced into 32D cells, the proteins were overexpressed
(Fig. 1E, lanes 4-6), and their synthesis was sustained when
cells were cultured in G-CSF (data not shown). These cells
remained viable (Table 1; Fig. 2A) and differentiated to gran-
ulocytes (Fig. 3 Fand G), possibly implicating pRb orapRb-like
protein in the differentiation process.

Cyclin D2-Mediated Differentiation Block Is Reversible.
Electroporation of a catalytically inactive cdk4 mutant that
retains the ability to bind D-type cyclins (3, 8) into parental
32D cells led to a 10-fold reduction in G418-resistant colonies,
which in turn failed to overexpress the protein. However,
when the inactive cdk4 gene was introduced together with a
plasmid conferring resistance to hygromycin B into the D2-8
subclone overexpressing cycin D2, the number of drug-
resistant cells was similar to that obtained with the control
hygro vector alone. These pooled derivatives overexpressed
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Table 1. Survival and differentiation of transfected myeloid cells
in G-CSF

Transfection

A Time in G-CSF

Cell number

None (parental cells) 3.3 x 106
neo alone, mixed pool 7.5 x 105

Clone 1 2.3 x 1i0
Clone 2 3.1 x i05
Clone 3 5.2 x 104
Clone 4 2.6 x 106
Clone 5 1.1 x 106

Cyclin Dl, mixed pool 1.8 x i05
Clone D1-1 5.8 x 104
Clone D1-2 1.9 x 1is
Clone D1-3 9.0 x 104
Clone D1-4 5.6 x 104
Clone D1-5 1.2 x 1i0

Cyclin D2, mixed pool 3.2 x 103
Clone D2-1 <8.0 x 102
Clone D2-2 <8.0 x 102
Clone D2-3 <8.0 x 102
Clone D2-4 <8.0 x 102
Clone D2-5 <8.0 x 102
Clone D2-6 <8.0 x 102
Clone D2-7 <8.0 x 102
Clone D2-8 <8.0 x 102
Clone D2-8 (transfected with hygro) <8.0 x 102
Clone D2-8 [cdk4 (K35M) plus hygro] 3.2 x 104

Cyclin D2 (E7K), mixed pool 5.2 x 105
Clone D2 (E7K)-1 4.9 x 105

Cyclin D2 (A2-7), mixed pool 2.3 x 105
Clone D2 (A2-7)-1 1.8 x 106
Clone D2 (A2-7)-2 1.2 x 106

Cyclin D3, mixed pool 1.9 x 104
Clone D3-1 2.2 x 103
Clone D3-2 <8.0 x 102
Clone D3-3 2.6 x 103
Clone D3-4 5.5 x 103

Cells derived and maintained in medium containing IL-3 and G418
were cultured for 1 week without G418. Cells (5 x 105) were washed
twice with PBS, seeded in 1-ml cultures containing G-CSF, and fed
every 3 days thereafter. Twelve days after initiating the cultures,
viable cells were enumerated by using trypan blue vital dye. The
indicated values represent averages from duplicate cultures. More
than 90% of surviving cells exhibited a granulocytic phenotype, as
judged by cell morphology (see Fig. 3), histochemical staining, and
immunofluorocytometric analyses of granulocyte-specific antigens
(13, 19-21). Markers that are not present in IL-3-dependent myeloid
precursors but that appeared in the terminally differentiated cells
included chloroacetate esterase, the 8C5 granulocyte antigen, and
myeloperoxidase.

cyclin D2 (Fig. 1E, lanes 2 and 3) and produced 2-fold higher
levels of cdk4 (Fig. 1E, lanes 7 and 8). A significant propor-
tion of these cells survived in G-CSF (Fig. 2E; Table 1) and
showed clear evidence of granulocytic differentiation (Fig.
3H). Thus, the failure of wild-type D2 overexpressors to
differentiate in G-CSF was not due to an irreversible clonal
selection of cells that had lost the ability to respond.
Overexpressed Cyclins Form Complexes with cdk4 and

cdk2. When expressed in insect cells, all D-type cyclins can
functionally interact with cdk4, whereas cyclins D2 and D3,
but not Dl, activate cdk2 (8, 9). In parental G-CSF-treated
cells, p34Cdk4 was rapidly degraded; in contrast, p33cdk2 levels
were sustained as cells underwent differentiation (Fig. 4A).
Surprisingly, two forms of cdk2 were observed, the larger
38-kDa protein arising from translation of an alternatively
spliced cdk2 mRNA (Fig. 4A Right). A cDNA encoding the
38-kDa species was cloned from a myeloid cell library, and it
contains a 48-residue insert between amino acids 196 and 197.
When this cDNA was coexpressed with cyclins in insect Sf9
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FIG. 4. Complex formation between D-type cyclins and cdks. (A)
Lysates from parental 32D cells grown in G-CSF for the indicated
times were immunoprecipitated and blotted with antisera to cdk4 and
cdk2. (B) Cells overexpressing cyclin D2 or D3 were grown in IL-3
or in G-CSF for 16 hr and then lysed and precipitated with antisera
to the indicated cdk or to cyclin D. Proteins separated on denaturing
gels were blotted with antisera to cyclin D2 or D3. To normalize for
the loss of cell viability in G-CSF, protein from the same number of
living cells was precipitated with each antiserum.

cells, p38cdk2 was activated by cyclins D2, E, and A, but not
by Dl, just like the p33cdk2 isoform (H. Matsushime, J.-y.K.
and C.J.S., unpublished data). Experiments similar to those
in Fig. 4A could not be performed with cells overexpressing
D-type cyclins, which die in G-CSF (Fig. 2).
To study complexes between endogenous cdk and over-

expressed D-type cyclins, lysates from cells grown in IL-3 or
treated with G-CSF for 16 hr were precipitated with antisera
to different cdk, and denatured complexes were immuno-
blotted with antisera to the cyclins. In both IL-3 and G-CSF-
stimulated cells, cdk2 and cdk4 formed complexes with
cyclins D2 and D3, whereas none was detected with antisera
to cdc2, cdk3, or cdk5 (Fig. 4B). As expected, cdk4 was the
major D-type cyclin partner (3, 4). Because 30-50% of cyclin
D2 and D3 overexpressors lose viability after 16 hr in G-CSF
(Fig. 2), we normalized for total cyclin synthesis by using
protein from equal numbers of living cells in each lane of the
immunoblots. A somewhat greater percentage of total cyclin
was bound to cdk2 when cells were shifted to G-CSF (Fig.
4B). At later times, only cdk2 should be available to bind the
overexpressed cyclins (Fig. 4A), but the continued loss of cell
viability precluded such analyses.

DISCUSSION
32D cells self-renew in IL-3 but terminally differentiate to
neutrophils in G-CSF (13). In this system, G-CSF is at best
poorly mitogenic and instead serves to support the viability
of cells that undergo growth arrest and commit to the
granulocytic lineage. Differentiation commitment may be a
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stochastic process, which involves a loss of proliferative
potential but necessitates a survival signal, and the death of
the cells in the absence of any hemopoietins might simply
reflect the latter requirement. Because cells grown in IL-3
plus G-CSF continue to proliferate as immature blasts, mi-
togenic signals can override the commitment step(s). Cells
grown in IL-3 express cyclins D2 and D3, but not Dl, and
when transferred to G-CSF, cyclin D synthesis terminates,
leading to a loss of the proteins as the cells undergo growth
arrest. The synthesis of cdk4, the major D-type cyclin
partner, also ceases in G-CSF-treated cells, but cdk2 levels
are sustained, presumably as inactive monomers.

Ectopic overexpression of cyclins Dl, D2, and D3 con-
tracted the G1 intervals and correspondingly lengthened the
S phases of 32D cells grown in IL-3, but only cyclins D2 and
D3 prevented their differentiation in G-CSF. Because the
demonstrated effects of cyclin Dl on the cell cycle were
insufficient to block differentiation, we speculate that over-
expressed cyclin Dl was functionally inactivated when 32D
cells were transferred to G-CSF, whereas cyclins D2 and D3
continued to provide constitutive cdk-mediated signals. Al-
though each of the D-type cyclins can activate cdk4, its
synthesis depends on IL-3, and, in G-CSF, cdk4 is degraded
and cannot collaborate with ectopically expressed cyclins to
inhibit commitment. In contrast, cdk2, which also formed
complexes with overexpressed D-type cyclins, persisted as
the cells differentiated. Although the inability of cyclin D2
overexpressors to differentiate could be rescued by catalyt-
ically inactive cdk4, the inhibitory effects of cyclins D2 and
D3 could well be mediated by cdk2, and the failure of Dl to
functionally interact with this catalytic partner (9) might
explain its inability to inhibit differentiation. Cells blocked in
terminal differentiation by overexpression of cyclins D2 and
D3 were unable to survive in G-CSF, although they died less
rapidly than those deprived of hemopoietins. The phenotype
induced by the cycins differs from that provoked by v-abl
and v-src (20, 23), which abrogate the requirement for IL-3,
or by v-ras and v-myb (24, 25), which block differentiation by
enabling proliferation in G-CSF.
The inability of cyclin D2 mutants disrupted in their

LXCXE motif to prevent differentiation may also implicate
pRb or pRb-like proteins in this process. Here, however, we
cannot exclude the possibility that such mutants, although
able to functionally interact with cdk, might be perturbed in
their ability to phosphorylate other substrates. Introduction
of pRb into RB-negative Saos-2 cells can facilitate their
myogenic determination in response to myoD (26), and
transgenic mice lacking functional RB genes arrest relatively
late in fetal development with specific hematopoietic and
neurogenic defects (27-29), consistent with the notion that
pRb can govern differentiation. Whatever the exact mecha-
nisms, the fact that cyclins D2 and D3, but not Dl, can act in
a lineage-specific manner to disrupt granulocytic differenti-
ation underscores functional differences between them and
suggests that they can negatively regulate programs that may
in part depend on Go/Gl arrest for their execution. Although
they do not induce oncogenic transformation when overex-
pressed in fibroblasts (11), the D-type cyclins might contrib-
ute to tumor formation by disrupting differentiation in in-
stances in which they are deregulated by chromosomal
translocations or gene amplification (30-33).
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