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D-cyclins (cyclins D1, D2, and D3) are components of the core cell cycle machinery. To directly test the
ability of each D-cyclin to drive development of various lineages, we generated mice expressing only cyclin
D1, or only cyclin D2, or only cyclin D3. We found that these “single-cyclin” embryos develop normally until
late gestation. Our analyses revealed that in single-cyclin embryos, the tissue-specific expression pattern of
D-cyclins was lost. Instead, mutant embryos ubiquitously expressed the remaining D-cyclin. These findings
suggest that the functions of the three D-cyclins are largely exchangeable at this stage. Later in life,
single-cyclin mice displayed focused abnormalities, resulting in premature mortality. “Cyclin D1-only” mice
developed severe megaloblastic anemia, “cyclin D2-only” mice presented neurological abnormalities, and
“cyclin D3-only” mice lacked normal cerebella. Analyses of the affected tissues revealed that these
compartments failed to sufficiently up-regulate the remaining, intact D-cyclin. In particular, we found that in
cerebellar granule neuron precursors, the N-myc transcription factor communicates with the cell cycle
machinery via cyclins D1 and D2, but not D3, explaining the inability of D3-only mice to up-regulate cyclin
D3 in this compartment. Hence, the requirement for a particular cyclin in a given tissue is likely caused by
specific transcription factors, rather than by unique properties of cyclins.
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The key components of the core cell cycle machinery are
proteins termed D-type cyclins (Sherr and Roberts 1999).
Three D-cyclins—cyclin D1, cyclin D2, and cyclin D3—
operate in mammalian cells. The three proteins are en-
coded by separate genes, but show significant amino acid
similarity (50%–60% identity throughout the coding re-
gion; Inaba et al. 1992; Xiong et al. 1992). The levels of
D-cyclins are controlled largely by the extracellular en-
vironment. Thus, D-cyclins are induced by mitogens,
and their levels decline when mitogens are removed or
when antimitogens are added (Matsushime et al. 1991).
For these reasons, D-cyclins are regarded as sensors of
the extracellular environment that link the mitogenic
pathways to the core cell cycle machinery. Once in-
duced, D-cyclins associate with partner cyclin-depen-
dent kinases CDK4 and CDK6 and drive phosphoryla-
tion and subsequent inactivation of the retinoblastoma

tumor suppressor gene product, pRB, and pRB-related
proteins p107 and p130 (Matsushime et al. 1992, 1994;
Bates et al. 1994; Meyerson and Harlow 1994). This, in
turn, causes release or derepression of the E2F transcrip-
tion factors and allows entry of cells into the S phase
(Adams 2001). Ectopic expression of D-cyclins’ inhibitor,
p16INK4a, was shown to block the proliferation of several
cell types, underscoring a critical, essential function for
D-cyclins in cell cycle progression (Lukas et al. 1995a;
Ortega et al. 2002).
During mouse development, the three D-cyclins are

expressed in a dynamic and highly orchestrated fashion,
often in mutually exclusive cell types. For example, a
rapid switch from cyclin D1 to cyclin D3 expression
takes place during early differentiation of extraembry-
onic mesoderm (Wianny et al. 1998). Within the early
embryo, cyclins D1 and D2 display opposite, highly spe-
cific expression patterns in the developing hindbrain, cy-
clin D1 being expressed in rhombomeres r4, r6, and r7,
whereas cyclin D2 is expressed only in r3 and r5 (Wianny
et al. 1998). This unique pattern of D-cyclin expression is
also seen at later stages of embryo development. For in-
stance, in certain mesenchymal–epithelial interactions,
cyclin D1 is expressed exclusively in the mesenchymal
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compartment, whereas cyclin D2 is present only in the
juxtaposed epithelium (Aguzzi et al. 1996). In the devel-
oping skin, cyclin D1 is present in keratinocytes and
absent from developing hair follicles, whereas the con-
verse is true for cyclin D2 (Aguzzi et al. 1996). Within
the developing nervous system, cyclins D1 and D2 are
expressed in distinct proliferating compartments (Aguzzi
et al. 1996). In some stratified squamous epithelia and in
columnar gastrointestinal epithelium, cyclin D1 local-
izes to the proliferative layers, whereas cyclin D3 is pres-
ent in the adjacent compartments where differentiation
takes place (Bartkova et al. 1998). Yet other compart-
ments express combinations of two or even all three D-
type cyclins (Tam et al. 1994; Lukas et al. 1995b; Bart-
kova et al. 1998). This specific, often mutually exclusive
pattern of D-cyclin expression is also preserved in sev-
eral organs of the adult animals (Ravnik et al. 1995;
Robker and Richards 1998).
In addition to their growth-promoting functions, D-

cyclins were suggested to play unique, nonredundant
roles in promoting cell differentiation of specific cellular
compartments. For instance, the role for cyclin D3 in
muscle differentiation is suggested by the observation
that this cyclin is dramatically induced (>20-fold) when
myoblasts exit the cell cycle and fuse to form myotubes.
High levels of cyclin D3 persist in differentiated, quies-
cent myotubes. In stark contrast, the levels of cyclin D1
and D2 decline, consistent with the exit from the active
cell cycle (Rao et al. 1994; Kiess et al. 1995; Skapek et al.
1995). Collectively, these observations suggest that each
of the three D-cyclins may play unique, tissue-specific
functions.
To elucidate in vivo functions for the three D-cyclins

in different lineages, we and others previously generated
mouse strains lacking each of the D-cyclin genes (Fantl
et al. 1995; Sicinski et al. 1995, 1996; E. Sicinska and P.
Sicinski, in prep.). We found that these knockout mice
showed narrow, very restricted developmental abnor-
malities. Thus, cyclin D1-deficient mice displayed re-
duced body size, a spastic leg-clasping reflex, and some
premature mortality within the first 3 wk of life, which
we interpreted as an indication of the developmental ab-
normalities within the nervous system. Moreover, cyc-
lin D1-deficient mice displayed severely hypoplastic
retinas and pregnancy-insensitive mammary glands
(Fantl et al. 1995; Sicinski et al. 1995). Cyclin D2-defi-
cient females are sterile, owing to the inability of the
ovarian granulosa cells to proliferate normally in re-
sponse to the follicle-stimulating hormone (FSH), and
cyclin D2−/− males, although fertile, display hypoplastic
testes (Sicinski et al. 1996). Furthermore, cyclin D2-de-
ficient animals show impaired proliferation of peripheral
B-lymphocytes (Lam et al. 2000; Solvason et al. 2000) and
mild cerebellar abnormalities (Huard et al. 1999). Cyclin
D3-deficient mice, in turn, are also viable, and display
lymphoid abnormalities (E. Sicinska and P. Sicinski, in
prep.).
These single-knockout experiments are illuminating,

but their analyses are greatly confounded by the presence
of two remaining, intact D-cyclins, which may compen-

sate for the ablated protein. We decided to reduce this
complexity by creating mouse strains expressing only a
single D-type cyclin. In doing so, we hoped to be able to
directly test which proliferative and developmental
functions can be executed solely by cyclin D1, D2, or D3.

Results

Generation of single-cyclin mice

To obtain mice expressing a single D-cyclin (“single-cy-
clin” mice), we took advantage of cyclin D1−/−, D2−/−, or
D3−/− deficient animals, which we previously generated
(Sicinski et al. 1995, 1996). By crossing these mice, we
obtained double heterozygous (D1+/− D2+/−, D1+/− D3+/−,
or D2+/− D3+/−) or heterozygous/knockout (D1+/− D2−/−,
D1+/− D3−/−, or D2+/− D3−/−) animals. The double hetero-
zygous animals were indistinguishable from the wild-
type littermates, whereas heterozygous/knockout mice
displayed phenotypic abnormalities characteristic of in-
dividual single-knockout strains (data not shown). Suc-
cessive crosses of these mice yielded mice expressing
only cyclin D1 (double-knockout cyclin D2−/− D3−/−),
only cyclin D2 (double-knockout cyclin D1−/− D3−/−), or
only cyclin D3 (double-knockout cyclin D1−/− D2−/−) ani-
mals.

Analyses of single-cyclin embryos

We first collected single-cyclin embryos and analyzed
their development at embryonic day 13.5 (E13.5). At this
point, the primary structures of all major organs are well
established and easily discernible. Unexpectedly, we
found that the single-cyclin embryos were indistinguish-
able from control littermates. Detailed histopathological
examinations revealed essentially normal morphogen-
esis in all tissues (data not shown). Consistent with
these observations, we found that the bromodeoxyuri-
dine (BrdU) incorporation pattern in single-cyclin em-
bryos was virtually identical to that seen in wild-
type embryos, revealing normal proliferation rates (Fig.
1A–C).
To understand the molecular basis of this apparently

normal development in single-cyclin embryos, we deter-
mined the expression pattern of the D-type cyclins in
mutant embryos and compared it with that seen in wild-
type littermates. These analyses revealed that a cyclin
that is normally not expressed in a particular compart-
ment (or expressed at low levels) becomes reactivated in
the corresponding compartment of single-cyclin em-
bryos. For instance, developing wild-type livers express
only trace levels of cyclin D2, whereas in livers of cyclin
D1−/− D3−/− mice, cyclin D2 becomes greatly up-regu-
lated (Fig. 2A). Likewise, developing spleens express cy-
clins D2 and D3, but only trace levels of cyclin D1,
whereas cyclin D1 is greatly up-regulated in this organ in
cyclin D2−/− D3−/− embryos (Fig. 2A). As a consequence,
in single-cyclin embryos the tissue-specific expression
pattern of D-cyclins is lost. Instead, single-cyclin em-
bryos ubiquitously express the remaining, intact D-cyc-
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lin in all tissues (Fig. 2B). Collectively, these findings
suggest that each of the D-cyclins, when ubiquitously
expressed, can afford normal proliferation of the devel-
oping embryo. This, in turn, indicates that the functions
of the three D-cyclins, at least until this point of devel-
opment, are exchangeable. Alternatively, the develop-
ment of certain tissues may occur in a cyclin D-indepen-
dent fashion.
In addition to activating CDK4 and CDK6 kinases, D-

cyclins were shown to titrate the p27Kip1 cell cycle in-
hibitor from cyclin E-CDK2 complexes to cyclin D-CDK
complexes, thereby triggering the activation of the cyc-
lin E-CDK2 holoenzyme (Cheng et al. 1999; Sherr and
Roberts 1999; Tsutsui et al. 1999). For this reason, we
hypothesized that in addition to up-regulating the re-
maining D-cyclin, single-cyclin embryos might also re-
duce the levels of p27Kip1 to ensure proper activation of
the cyclin E-CDK2 kinase. To address this issue, we
compared the levels of p27Kip1 in different organs of
wild-type and single-cyclin embryos. Consistent with
our hypothesis, we observed marked down-regulation of
p27Kip1 protein in several organs of single-cyclin em-
bryos (Fig. 2C). Importantly, our semiquantitative re-
verse-transcription–PCR analyses revealed similar levels
of p27Kip1 transcripts in wild-type and mutant tissues

(data not shown), indicating that down-regulation of
p27Kip1 protein levels occurs at the posttranscriptional
level.
The down-regulation of p27Kip1 might have caused

nonphysiologic up-regulation of CDK2-associated ki-
nase, thereby bypassing the requirement for D-cyclins in
cell-cycle progression. To address this possibility, we
prepared lysates from wild-type and single-cyclin em-
bryos, immunoprecipitated CDK2, and determined asso-
ciated kinase activity using histone H1 as a substrate.
These analyses revealed normal CDK2-associated kinase
activity in single-cyclin embryos (Fig. 2D). Collectively,
we interpret these findings as an indication that the
ubiquitous, global expression of the remaining D-cyclin,
together with down-regulation of p27Kip1, affords normal
activation of cyclin E-CDK2 kinase and allows normal
proliferation of cells in single-cyclin embryos.

Phenotypes of single-cyclin mice

We next turned our attention to the appearance of single-
cyclin animals at later stages of embryonal development
and in postnatal life. First, we analyzed the development
of mice expressing only cyclin D1 (cyclin D2−/− D3−/−

animals). No live pups were recovered at day 1 of post-

Figure 1. Bromodeoxyuridine (BrdU) incorporation in wild-type and single-cyclin embryos at E13.5. Pregnant females were injected
with a single dose of BrdU, and the embryos were collected 1 h later and processed for histology. (A) Sagittal sections of the entire
embryos were stained with an anti-BrdU antibody. (B) Higher magnification showing normal BrdU incorporation rate in single-cyclin
hearts (H) and livers (L). (C) Higher magnification showing normal BrdU incorporation rate in single-cyclin roofs of neopalial cortex.
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natal life (P1). Analyses of embryos at different stages of
development revealed that cyclin D1-only embryos died
toward the end of pregnancy, with the longest survival at
E18.5 (Fig. 3A; Table 1).
Histopathological analyses of mutant embryos re-

vealed essentially normal morphogenesis in all tissues
except for the developing livers. Analyses of this com-
partment demonstrated severely reduced numbers of im-
mature erythroid cells in cyclin D1-only livers at E16.5
(Fig. 3B,C). Because fetal livers are the major source of
erythropoiesis at this stage of development, it was likely
that observed abnormalities would result in a profound
anemia. To address this possibility, we collected periph-
eral blood from mutant embryos and analyzed the num-
bers and appearance of the mature (enucleated) erythro-
cytes. We found that the number of red blood cells in the
peripheral blood of mutant mice was reduced nearly
fourfold (6.5 × 105 ± 1.6 × 105/µL, n = 6, in D2−/− D3−/−

mice vs. 23.9 × 105 ± 2.1 × 105/µL, n = 7, in control em-
bryos), revealing that cyclin D1-only animals developed
a severe anemia. Significantly, the size of enucleated red
blood cells in the peripheral blood was greatly increased
(Fig. 3D), a megaloblastic feature seen in anemias caused

by impaired division of erythroid precursors. Moreover,
several immature forms of red cell lineage were often
observed in the peripheral blood of mutant animals (data
not shown), again pointing to impaired generation of red
blood cells. These findings, together with apparently
normal development of all other organs (data not shown),
suggested that severe anemia was a cause of death.
Next, we analyzed the development of mice express-

ing only cyclin D2 (cyclin D1−/− D3−/− animals). We
found that these cyclin D2-only mice were born with
nearly expected frequency (Fig. 4A; Table 1). A great ma-
jority of animals died by the end of the first day of life.
Close examination of cyclin D2-only pups revealed that
they were unable to suckle and presented empty stom-
achs. Moreover, the physiologic content of the neonatal
gastrointestinal tract, meconium, was often found in the
lungs of dead mutants (Fig. 4D,E), suggesting an acute
asphyxiation caused by meconium aspiration syndrome
(Greenough 1995). This nature of phenotypic abnormali-
ties points to abnormal neurological reflexes as a cause
of death.
A small fraction of cyclin D2-only mice escaped peri-

natal death and survived up to 2 mo of life (Table 1).

Figure 2. Molecular analyses of single-cyclin embryos. (A–C) Protein lysates were prepared from indicated organs of mutant or
wild-type embryos and subjected to Western blotting. (A) Comparison of the levels of particular D-cyclins between wild-type and
single-cyclin embryos. In mutant embryos, the remaining, intact D-cyclin becomes up-regulated in compartments in which it is
normally not expressed or is expressed at low levels. Developing livers and spleens were collected at E13.5 and E16.5, respectively. (B)
Expression pattern of the D-type cyclins in wild-type and single-cyclin embryos. Wild-type, cyclin D1−/− D2−/−, and D1−/− D3−/−

embryos were collected at E18.5, whereas cyclin D2−/− D3−/− embryos were collected at E16.5. (C) The levels of p27Kip1 protein in
organs dissected from wild-type and single-cyclin embryos. Livers were collected at E13.5, hearts and lungs at E18.5. The blots were
probed with an anti-actin antibody to ensure equal loading. (D) CDK2-associated kinase activity in single-cyclin embryos. Lysates were
prepared from E13.5 embryos of the indicated genotypes. CDK2 was immunoprecipitated and kinase assays were performed using
histone H1 as a substrate. For control, wild-type lysates were either treated with 15 µM roscovitine (wt + roscovitine) or were subjected
to immunoprecipitation with unrelated, control anti-progesterone receptor antibody (wt + control antibody).
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These mice were much smaller than wild-type litter-
mates (Fig. 4B). Despite being fed by liquid, calorie-rich
diet, cyclin D2-only mice ultimately failed to thrive and
died. This appearance of mutant mice resembles most
affected cyclin D1-deficient mice (Fantl et al. 1995;
Sicinski et al. 1995). We presume that combined deletion
of the cyclin D1 and D3 genes exacerbates the neurologi-

cal phenotype of cyclin D1-deficient mice, leading either
to death within the first 24 h of life, or at a later stage.
Importantly, microscopic examination of organs de-

rived from cyclin D2-only mice revealed essentially nor-
mal, unperturbed morphogenesis in all tissues analyzed.
An exception to this rule was provided by the observa-
tion that cyclin D1−/− D3−/−animals displayed hypoplas-

Table 1. The survival of mutant mice

Stage of
development

D1−/− D2−/− D1−/− D3−/− D2−/− D3−/−

Observed Predicted Observed Predicted Observed Predicted

E13.5 18/310 23/310 28/273 31/273 27/225 28/225
E16.5 ND ND ND ND 28/341 59/341
E17.5 ND ND ND ND 3/105 11/105
E18.5 ND ND 59/483 71/483 2/144 14/144
P1 61/850 73/850 29/346a 35/346 1/912b 125/912
P5 11/171 21/171 9/597 88/597 — —
>P10 17/493 48/493 9/597 88/597 — —

The ratios of the number of observed viable mutants to the total number of animals analyzed (Observed) along with the expected ratios
(Predicted) at different days of embryo development (E) or in postnatal life (P).
a25 out of 29 pups died on the first day of life.
bOne pup found stillborn.

Figure 3. Phenotype of cyclin D1-only (cyclin
D2−/− D3−/−) mice. (A) A graph showing survival rate
at particular stages of embryo development, pre-
sented as the ratio of the observed to the expected
number of live embryos × 100% (for the exact num-
bers, see Table 1). (B) The number of immature ery-
throid cells in livers of wild-type and cyclin D2−/−

D3−/− embryos. Values were obtained by counting
the number of hematopoietic cells per field of view
in hematoxylin–eosin-stained sections of E16.5
wild-type (n = 4) and mutant livers (n = 5). For each
specimen, five independent counts were performed.
Bars indicate mean values for each genotype. Error
bars denote S.D. (C) Histologic appearance of wild-
type and mutant livers in E16.5 embryos. Paraffin
sections were stained with hematoxylin and eosin.
Arrows denote examples of immature erythroid
cells. Note the paucity of erythroid cells in mutant
livers. (D) Smears of peripheral blood collected from
E16.5 wild-type and cyclin D2−/− D3−/− embryos.
Pictures were taken at the samemagnification. Note
the striking difference in size between wild-type and
mutant erythrocytes.
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tic retinas, which closely resembled the retinas seen in
cyclin D1−/− mice (data not shown). Hence, cyclin D2
alone is sufficient to afford normal development in
nearly all cellular compartments.
Lastly, we turned our attention to mice expressing

only cyclin D3 (cyclin D1−/− D2−/− animals). These mice
were born with nearly the expected Mendelian ratio (Fig.
5A; Table 1) and were initially indistinguishable from
control littermates. However, by 1 wk of age it became
obvious that cyclin D3-only mice displayed retarded
growth and by 2 wk of age their weight was approxi-
mately one-third of that seen in wild-type littermates
(2.9 g, n = 6, in cyclin D1−/− D2−/− mice vs. 7.9 g, n = 10,
in control mice). A neurological abnormality in cyclin
D3-only mice was suggested by the observation that
these mice displayed greatly impaired coordination of
movements. In particular, when placed on their backs,
cyclin D3-only animals had great difficulty in regaining
normal body position (Fig. 5B). The impairment of move-
ments greatly diminished the ability of mutant mice to
search and to compete for food, and most likely consti-
tuted the cause of death within the first 3 wk of life.
Histopathological examination of tissues derived from

cyclin D1−/− D2−/− animals provided an explanation for
the observed phenotype. Specifically, we found that cy-
clin D3-only mice lacked normally developed cerebella.
As evidenced in Figure 5C and D, this organ was found
only in a rudimentary form in cyclin D3-only animals,
explaining their inability to move in a coordinated fash-
ion.
Detailed histopathological analyses revealed that the

number of cerebellar folia was decreased and the existing
folia were stunted with shallow interfolial clefts (Fig.
5C). Moreover, the thickness of the internal granular
layer, where most of the cerebellar neuronal cell bodies
reside, was severely diminished, whereas Purkinje cells

did not form a proper layer but were instead scattered
through the molecular and internal granular layers, con-
tributing to the hypoplastic, disorganized appearance of
mutant cerebella (Fig. 5D).
In mice, the most intensive proliferation of granule

neuron precursors and definitive formation of the cer-
ebellum takes place within the first 2 postnatal weeks
(Altman and Bayer 1997). We found that the phenotype
of cyclin D3-only mice was obvious at postnatal day 7
(P7; data not shown), consistent with the severe impair-
ment of neuronal precursor proliferation. Remarkably,
all other tissues appeared normal in mutant mice, except
for hypoplastic retinas of cyclin D1−/− D2−/− mice, which
closely resembled the retinas of cyclin D1−/− animals
(data not shown).

Molecular analyses of single-cyclin mice

The phenotypic analyses of single-cyclin mice, described
above, revealed that each of the D-cyclins is sufficient to
afford nearly normal development of the vast majority of
tissues. In each case, however, we found a particular cel-
lular compartment in which a given cyclin could not
support normal development, leading to circumscribed
but severe abnormalities. To gain a molecular under-
standing of this phenomenon, we decided to initially fo-
cus on cyclin D3-only mice.
First, we analyzed the expression of D-cyclins in vari-

ous organs of cyclin D3-only animals. As expected, we
found a global, ubiquitous expression of this cyclin (data
not shown), explaining normal development of the ma-
jority of tissues in mutant animals.
We next turned our attention to the developing cer-

ebella, an organ where cyclin D3 failed to support nor-
mal development. Analyses of wild-type cerebella re-
vealed that the external granule layer, where prolifera-

Figure 4. Phenotype of cyclin D2-only
(cyclin D1−/− D3−/−) mice. (A) A graph
showing survival rate at particular stages
of embryo (E) or postnatal (P) development
calculated as the ratio of the observed to
the predicted number of live embryos or
pups × 100%. For the exact numbers, see
Table 1. (B) Appearance of 2-week-old
wild-type and cyclin D1−/− D3−/− litter-
mates. (C–E) Microscopic appearance of
lungs in wild-type (C) and mutant (D,E)
1-day-old pups. Paraffin sections were
stained with hematoxylin and eosin. Note
the presence of meconium in lungs of mu-
tant animals (arrows in D,E), indicating an
acute asphyxiation with the gastrointesti-
nal content. (E) Lungs with collapsed al-
veoli in a dead mutant.
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tion of cerebellar neuronal precursors takes place
(Altman and Bayer 1997), expressed high levels of cyclin
D1 and D2 but very little cyclin D3 (Fig. 6A). Impor-
tantly, the corresponding layer of cyclin D1−/− D2−/−

mice expressed only slightly up-regulated levels of cyclin
D3 (Fig. 6A). Hence, mutant granule cells fail to suffi-
ciently up-regulate cyclin D3. This, in turn, compro-
mises the ability of these cells to proliferate and results
in a severe cerebellar hypoplasia. Consistent with this
idea, we found that the proliferation rate in the external
granular layer of cyclin D3-only cerebella was signifi-
cantly reduced, as compared with wild-type littermates
(Fig. 6B).
To further extend these analyses, we prepared protein

lysates from wild-type and cyclin D3-only cerebella and
we determined the extent of pRB phosphorylation, using
Western blotting. We found that a significant fraction of
pRB was hyperphosphorylated in wild-type cerebella. In
contrast, the majority of pRB in cyclin D3-only cerebella
was found in a hypophosphorylated state (Fig. 6C). We
concluded that the developing cerebellar granule precur-
sors fail to sufficiently up-regulate cyclin D3, resulting
in inability to phosphorylate pRB and, consequently, to
drive normal S-phase entry.

N-myc and D-cyclins in cerebellar granule cells

The high expression levels of cyclins D1 and D2 in the
developing cerebella, together with inability of cyclin

D1−/− D2−/− cerebella to up-regulate cyclin D3, suggested
to us that transcription factor(s) operating in cerebellar
granule cells may impinge on the cell cycle machinery
via cyclins D1 and D2 but not D3.
The identity of one candidate transcription factor was

provided by the observation that conditional, neuronal-
specific knockout of the N-myc gene results in a cerebel-
lar phenotype that is strikingly similar to that seen in
cyclin D1−/− D2−/− mice (Knoepfler et al. 2002). Consis-
tent with these findings, N-myc, but not other members
of the Myc family, is specifically expressed in the prolif-
erating zone of the developing cerebellum (Kenney et al.
2003). These observations led us to hypothesize that the
N-myc drives proliferation of cerebellar granule neuro-
nal precursors by impinging on cyclins D1 and D2. To
test this hypothesis, we compared the expression pattern
of N-myc in the developing cerebella of wild-type and
cyclin D1−/− D2−/− mice. As expected, we found high
levels of N-myc in the external granule layer of wild-type
animals (Fig. 7A); this layer also expressed high levels of
cyclins D1 and D2 (Fig. 6A) and incorporated BrdU
(Fig. 6B). Importantly, the corresponding layer of cyclin
D1−/− D2−/− mice expressed equally high levels of N-myc
(Fig. 7A), but only very low levels of cyclin D3 (Fig. 6A)
and presented greatly reduced proliferation rate (Fig. 6B).
These observations are consistent with the hypothesis
that N-myc induces cyclins D1 and D2 in wild-type cer-
ebellum, but fails to up-regulate cyclin D3 in wild-type
or in mutant tissues.

Figure 5. Phenotype of cyclin D3-only (cyclin
D1−/− D2−/−) mice. (A) A graph showing survival
rate at particular stages of embryo (E) or postnatal
(P) development calculated as the ratio of the ob-
served to the predicted number of live embryos
or pups × 100%. For the exact numbers, see
Table 1. (B) Appearance of 16-day-old wild-type
and cyclin D1−/− D2−/− littermates. Mutant mice
display pronounced problems with coordination
of their movements. (C) Paraffin sections of cer-
ebella from 16-day-old wild-type and cyclin D1−/−

D2−/− mice stained with hematoxylin and eosin.
Note the dramatic difference in size and the ab-
normal number of foliae in cyclin D1−/− D2−/−

cerebella. The cyclin D2−/− cerebella, which were
reported to display mild abnormalities in the
anatomy of the foliae (Huard et al. 1999) are
shown for comparison. (D) Higher magnification
of images shown in C reveals severely reduced
cell numbers within the internal granule layer
(IGL) and abnormal positioning of Purkinje cells
(arrows) in cyclin D1−/− D2−/− cerebella.
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To test this notion directly, we derived primary cell
cultures from neonatal cerebella of wild-type mice. The
great majority (>85%) of cells in these cultures corre-
spond to granule neuronal precursors, and the system
has been validated to study proliferation and differentia-
tion of cerebellar neuronal precursors (Kenney and Row-
itch 2000). Cells were infected with a retrovirus encod-
ing N-myc, and the levels of D-cyclins were determined
48 h after infection using Western blotting. We found
that ectopic expression of N-myc led to significant up-
regulation of cyclins D1 and D2. In marked contrast, the
levels of cyclin D3 remained unchanged (Fig. 7B). We
concluded that in cerebellar granule neuronal precursors,
N-myc communicates with the cell cycle machinery by
inducing cyclins D1 and D2, but not cyclin D3. Conse-
quently, cyclin D1−/− D2−/− mice are unable to up-regu-
late cyclin D3 in cerebellar granule neuronal precursors,

leading to severe cerebellar hypoplasia in cyclin D3-only
animals.

Analyses of other compartments in single-cyclin mice

The analyses described above indicated that the pheno-
type of cyclin D3-only mice can be traced to the inability
of mutant cerebella to sufficiently up-regulate the re-
maining, intact D-cyclin. We next asked whether the
same holds true for other cellular compartments that fail
to develop properly in cyclin D-deficient animals. First,
we focused on developing retinas, a tissue that is pro-
foundly hypoplastic in cyclin D1-deficient mice (Fantl et
al. 1995; Sicinski et al. 1995) as well as in cyclin D1−/−

D2−/− and D1−/− D3−/− mice (Fig. 8A; data not shown). We
compared the expression pattern of D-cyclins in the reti-
nas of wild-type versus cyclin D2-only mice using in situ

Figure 6. Molecular analyses of developing cerebella. (A) Sections of cerebella from 5-day-old wild-type (wt) or cyclin D1−/− D2−/−

mice were hybridized with riboprobes specific for cyclin D1, D2, and D3. White color represents the hybridization signal. (B) Bro-
modeoxyuridine (BrdU) incorporation in wild-type and D1−/− D2−/− cerebella derived from 5-day-old mice. The proliferating external
granule layer of wild-type mice contains numerous BrdU positive cells, whereas these numbers are reduced in mutant tissue. (Lower
panel) Higher magnification of the external granule layer. (C) Protein lysates prepared from 5-day-old wild-type or mutant cerebella
were probed with an antibody against the retinoblastoma protein. (ppRB) Hyperphosphorylated form of the pRB.
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hybridization. Adjacent sections were stained for BrdU,
to mark the proliferative layer. As reported earlier
(Zhang et al. 1998; Geng et al. 1999), the proliferative
zone of wild-type retinas expressed very high levels of
cyclin D1 and virtually no cyclin D2. The retinas of cy-
clin D2-only mice lacked cyclin D1, and expressed only
slightly up-regulated levels of cyclin D2 (Fig. 8A). How-
ever, the increased levels of cyclin D2 in cyclin D2-only
retinas were dramatically lower than that of cyclin D1 in
the wild-type retinas. Importantly, unlike cyclin D1 in
wild-type retinas, which was mainly expressed within
the proliferating, BrdU-positive layer, the expression of
cyclin D2 in cyclin D2-only retinas was largely confined
to the nonproliferating zone (Fig. 8A). Thus, as was the
case with cerebellar granule cells in cyclin D3-only
mice, proliferating neuroretinal precursors of cyclin D2-
only mice fail to sufficiently up-regulate the remaining
D-cyclin, leading to a severe hypoplasia in the affected
tissue.
Lastly, we turned to developing fetal livers, where the

erythroid compartment is unable to develop normally in
the absence of cyclins D2 and D3 (Fig. 3). We isolated
cells from wild-type and cyclin D1-only E14.5 livers and
stained them with Ter119 antibody to distinguish ery-
throid, Ter119+ cells from Ter119-negative hepatocytes.
Ter119+ cells were then flow-sorted, and the levels of
cyclins D3 and D1 were determined by Western blotting.
These analyses revealed that wild-type Ter119+ cells ex-
pressed cyclin D3 but no cyclin D1. In contrast, ery-
throid cells isolated from cyclin D2−/− D3−/− mice ex-
pressed no cyclin D3, and showed no up-regulation of
cyclin D1 (Fig. 8B). Hence, as was the case with single-
cyclin cerebella and retinas, cyclin D2−/− D3−/− erythroid
cells fail to up-regulate cyclin D1, resulting in severe
hematopoietic deficiency.

Discussion

It is well established that the D-cyclins are the recipients
of numerous mitogenic and oncogenic signals. An im-
portant, unresolved question is whether each of the three
D-type cyclins performs unique, possibly tissue-specific
roles, or the functions for these proteins are fully over-
lapping.
The highly orchestrated, often mutually exclusive ex-

pression pattern of the three D-cyclins during develop-
ment and in adult tissues raises the possibility that the
D-cyclins may perform unique functions in different cel-
lular compartments (Tam et al. 1994; Ravnik et al. 1995;
Aguzzi et al. 1996; Bartkova et al. 1998; Doglioni et al.
1998; Robker and Richards 1998; Wianny et al. 1998).
This notion is further supported by the observations that
ectopic expression of cyclin D1, but not D3, prevents
myogenic differentiation (Rao et al. 1994; Skapek et al.
1995), whereas forced expression of cyclins D2 and D3,
but not D1, blocks differentiation of granulocytes (Kato
and Sherr 1993). Although the three D-cyclins show very
high (75%–78%) amino acid identity within the so-
called cyclin-box, which mediates CDK binding, the ex-
tent of homology outside this domain is only 39%–47%
(Inaba et al. 1992; Xiong et al. 1992). It is then possible
that apart from driving the phosphorylation of the reti-
noblastoma protein, each of the D-cyclins may perform
additional, nonredundant functions, possibly via tissue-
specific interactors. Indeed, D-cyclins were shown to in-
teract with the DMP1 transcription factor (Hirai and
Sherr 1996; Inoue and Sherr 1998) as well as with the
estrogen receptor (Neuman et al. 1997; Zwijsen et al.
1997).
To address the specific roles for D-cyclins in develop-

ment, we and others previously generated mice lacking

Figure 7. N-myc in the developing cerebella and in cultured cerebellar granule neuron precursors. (A) N-myc expression in developing
cerebella of 5-day-old wild-type and cyclin D1−/− D2−/− mice detected by in situ hybridization with a riboprobe specific for N-myc.
White color represents hybridization signal. (B) In vitro cultured cerebellar granule neuron precursors were infected with a retrovirus
encoding N-myc. The levels of cyclin D1, D2, D3, and N-myc were detected by Western blotting. Blots were probed with an
anti-�-tubulin antibody to ensure equal loading.
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each of the D-cyclin genes (Fantl et al. 1995; Sicinski et
al. 1995, 1996). We found that each of these single-
knockout mice displayed narrow, tissue-specific abnor-
malities. However, the analyses of these single-knock-
out mice were confounded by the presence of two re-
maining D-cyclins. In the present study, we reduced the
complexity by generating mice that express only cyclin
D1, D2, or D3. This was accomplished by crossing
single-knockout mice and by generating double-knock-
out animals.
We expected that combined ablation of the two D-

cyclin genes would lead to an early embryonic lethality.
Contrary to our expectations, we found that single-cyc-
lin mice develop normally until late gestation. Molecu-
lar analyses revealed that in mutant embryos the tissue-
specific expression pattern of D-cyclins was lost, and
that these embryos expressed the remaining D-cyclin in
all tissues. This ubiquitous expression of cyclin D1, D2,
or D3 afforded nearly normal development of all tissues.
Moreover, even at later stages of life, the overwhelming
majority of organs also developed without any detectable
defects; cyclin D2-only and cyclin D3-only mice were
born live, and a fraction of them survived until several
weeks after birth. Thus, virtually normal development of

many different organs can take place in the presence of a
single D-cyclin. We interpret these findings as an indi-
cation that the functions for the three D-cyclins in driv-
ing development, proliferation, and differentiation of the
overwhelming majority of cell types are exchangeable.
An alternative explanation to be considered is that the
development of some tissues may occur independently
of the D-cyclins (see below).
Significantly, in each of the single-cyclin strains we

found that the remaining cyclin was not able to support
the development of a particular, highly selective com-
partment. In each case we were able to trace the pheno-
type to the inability of the remaining, intact D-cyclin to
become up-regulated in the affected tissue. This suggests
that the requirement for a particular cyclin in a given
tissue is likely caused by specific transcription factors
impinging on particular D-cyclins in this tissue. Indeed,
our molecular analyses revealed that the N-myc tran-
scription factor, which seems to drive proliferation of
cerebellar granule neuron precursors (Kenney et al. 2003;
Knoepfler et al. 2002), can communicate with the cell
cycle machinery in these cells via cyclins D1 and D2, but
not D3, explaining the inability of cyclin D1−/− D2−/−

mice to up-regulate cyclin D3 in this tissue. Consistent

Figure 8. Analyses of mutant retinas and erythroid
cells. (A) BrdU incorporation and D-type cyclin ex-
pression in developing retinas at E18.5. Pregnant fe-
males were injected with BrdU, and embryonal eyes
were collected after 1 h and processed for histology.
Transcripts for cyclin D1 and D2 were detected by in
situ hybridization with appropriate riboprobes.
Specimens were photographed by double exposure
using bright-field illumination and Hoechst epifluo-
rescence optics. The blue color represents the
Hoechst staining of cell nuclei, and the red repre-
sents the hybridization signal. R denotes neural part
of the retina. Note that the red signal within the
pigmented epithelium layer (arrowheads) represents
a false positive signal that stains all probes owing to
the presence of pigmented granules in these cells. (B)
Protein lysates were prepared from flow-sorted
Ter119+ erythroid cells (derived from E14.5 embry-
onic livers) and then subjected to Western blotting.
Blots were probed with an anti-�-tubulin antibody
to ensure equal loading. Protein extracts prepared
from entire wild-type embryos were used as a posi-
tive control.
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with this idea are recent observations that conditional
ablation of N-myc in the developing cerebellum causes a
profound reduction of cyclin D2 levels (the levels of cy-
clin D1 were not analyzed; Knoepfler et al. 2002), as well
as earlier observations that another member of the Myc
family, namely, c-myc, can induce cyclins D1 and D2
but not D3 in in vitro cultured murine fibroblasts (Perez-
Roger et al. 1999). We presume that the inability of mu-
tant retinas and erythroid cells to sufficiently up-regu-
late the remaining D-cyclin can also be ascribed to a
specific wiring of signal transduction pathways to the
cell cycle machinery. This idea is in agreement with our
earlier observations, that in mammary epithelial cells,
the Ras and Neu oncogenes can communicate with the
cell cycle machinery only via cyclin D1, explaining the
absolute dependency of Ras- and Neu-driven oncogenic
pathways on cyclin D1 (Yu et al. 2001). Hence, such rigid
wiring of the signaling pathways to the core cell cycle
machinery, observed in some selected tissues, offers a
window of opportunity for therapeutic intervention in
cancers deriving from these tissues.
Our analyses do not allow us to determine whether in

these selected compartments, which rely on particular
cyclins for development, the phenotypes observed in
knockout mice can be solely attributed to an inability to
up-regulate the remaining cyclin, or alternatively, reflect
the existence of unique functions for D-cyclins. One way
to conclusively address this issue is to create knock-in
strains of mice in which the coding sequences for par-
ticular D-cyclins have been exchanged. These studies are
in progress in our laboratory.
According to our present understanding, at least one

D-cyclin is required to afford proliferation of mamma-
lian cells. This is based on the presence of D-cyclins in
all proliferating cell types and is supported by the obser-
vations that ectopic expression of p16INK4a blocks pro-
liferation of several cell types grown in vitro (Lukas et al.
1995a; Sherr and Roberts 1999). However, it was reported
that embryonic stem cells do not express D-cyclins, and
are not inhibited by p16INK4a expression (Savatier et al.
1996), raising the possibility that the D-cyclin → pRB
pathway may not operate in very early embryonic cycles
and possibly in some other tissues of the developing em-
bryo. For this reason, the normal development of certain
compartments in single-cyclin mice might reflect the
fact that the development of these tissues proceeds in a
cyclin D-independent fashion. Combined ablation of the
three D-cyclin genes should conclusively address this
issue.
The up-regulation of the remaining, intact cyclin, ob-

served in several tissues of mutant mice, raises the pos-
sibility of the existence of a negative feedback loop, in
which the major, dominant D-cyclin normally represses
the expression of other cyclins. According to this sce-
nario, genetic ablation of the major cyclin would relieve
this repression, leading to up-regulation of the remaining
D-cyclins. Although this scenario is entirely plausible,
we found that the molecular mechanism of cyclin reac-
tivation operates differently in distinct tissues of mutant
mice. Thus, some tissues of single-cyclin mice up-regu-

late the mRNA encoding the remaining, intact cyclin,
but others up-regulate the cyclin protein, without de-
tectable changes at the RNA level (data not shown),
pointing to a posttranscriptional mechanism. Hence, if
such a feedback loop indeed exists, it operates through
different mechanisms in various tissues. Moreover, our
observation that ablation of D-cyclins leads to down-
regulation of p27Kip1 raises the possibility that in addi-
tion to cross-regulating their own levels, D-cyclins may
control the levels of p27Kip1. Hence, a network of posi-
tive and negative feedback loops may exist that cross-
regulates the expression of D-cyclins and their interac-
tors. Given the very frequent involvement of D-cyclins
in human cancers, such networks represent potential
targets for cancer therapies.

Materials and methods

Mice

Cyclin D1−/−, D2−/−, and D3−/− mice (Sicinski et al. 1995, 1996;
E. Sicinska and P. Sicinski, in prep.) were bred to generate
double-heterozygous (D1+/− D2+/−, D1+/− D3+/−, D2+/− D3+/−) and
heterozygous/knockout (D1+/− D2−/−, D1+/− D3−/−, D2+/− D3−/−)
animals. These mice were then crossed, yielding D1−/− D2−/−,
D1−/− D3−/−, and D2−/− D3−/− animals. Mice were genotyped by
the PCR as described (Sicinski et al. 1995, 1996).

BrdU staining

Pregnant females or 5-day-old mice were injected intraperito-
neally with bromodeoxyuridine (BrdU, Sigma) at 100 µg/g of
body weight. E13.5 embryos, eyes dissected from E18.5 em-
bryos, or postnatal cerebella were collected after 1 h and fixed in
4% paraformaldehyde in PBS. Five-micrometer-thick paraffin
sections were stained with anti-BrdU antibody (Becton Dickin-
son), followed by detection with the Vectastain ABC kit (Vector
Laboratories).

Western blot and kinase assays

Organs were dissected from embryos at E13.5–E18.5 or from
mice at days 1 or 5 after birth (P1 or P5), and protein lysates were
prepared. One-hundred micrograms of proteins was separated
by 12% SDS-PAGE (or 6% for retinoblastoma protein analysis).
In vitro cultured cerebellar granule precursor cells were washed
in PBS, scraped into lysis buffer, and sonicated as described
(Kenney and Rowitch 2000). Twenty-five micrograms of protein
lysates was separated on 12.5% SDS-PAGE (or 8% for N-myc
analyses) and transferred to Immobilon-P membranes (Milli-
pore). The immunoblots were probed with the following anti-
bodies: anti-cyclin D2 (recognizing both cyclin D1 and D2;
M-20; Santa Cruz Biotechnology), anti-cyclin D3 (C-16; Santa
Cruz Biotechnology), anti-p27 (C-19; Santa Cruz Biotechnol-
ogy), anti-pRb (245; PharMingen), anti-N-myc (C-19; Santa
Cruz), anti-actin (MAB1501, Chemicon International), or anti-
�-tubulin (DM 1A, Sigma). As secondary antibodies, peroxidase-
conjugated IgG (Bio-Rad) was used, followed by chemilumines-
cence detection.
For kinase assays, 200 µg of protein lysates prepared from

E13.5 embryos was incubated with anti-CDK2 antibody (M-2;
Santa Cruz Biotechnology) conjugated to agarose beads. Immu-
noprecipitates were subjected to kinase reaction using histone
H1 as a substrate as described (Geng et al. 2001). Controls in-
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cluded preincubation of lysates in the presence of 15 µM rosco-
vitine (Calbiochem) for 4 h, followed by immunoprecipita-
tion with anti-CDK2 antibody (in the presence of 15 µM rosco-
vitine) as well as immunoprecipitation with an unrelated,
control antibody (anti-progesterone receptor, C-19; Santa Cruz
Biotechnology).

Histopathologic analyses

Embryos or organs dissected from mice were fixed in Bouin’s
fixative (Sigma) and embedded in paraffin. Five-micrometer-
thick sections were stained with hematoxylin and eosin. Pe-
ripheral blood was obtained from carotid arteries of viable E16.5
embryos. Blood smears were prepared using the wedge tech-
nique, followed by air-drying and Wright-Giemsa staining.

In situ hybridization

Eyes were collected from E18.5 embryos, and cerebella were
collected from 5-day-old mice and processed as described (Sicin-
ski et al. 1995). Sections were hybridized with �-[35S]thio-UTP-
labeled riboprobes specific for cyclin D1, D2, D3, and N-myc as
described (Sicinski et al. 1995).

Flow-sorting of fetal livers

Livers were dissected from E14.5 mouse embryos, and single-
cell suspensions were obtained. Erythroid cells were then
stained with anti-mouse Ter119 antibody (Ly-76) coupled with
phycoerythrin (Pharmingen), and Ter119+ cells were sorted us-
ing a MoFlo cell sorter (Cytomation). Protein lysates were im-
mediately prepared from sorted cells; 50 µg of lysate was used
for Western blot analyses.

Retroviral constructs

Mouse N-myc (Wood et al. 2000) was cloned into the pWZL
retroviral vector. 293-EBNA (Invitrogen) packaging cells were
cotransfected with retroviral constructs, gagpol, and vesicular
stomatitis virus G glycoprotein plasmids, using Fugene 6 trans-
fection reagent (Roche); 10 µg of each plasmid was used per
transfection. Packaging cells were refed 12 h after transfection.
Retroviral supernatants were harvested every 24 h for 72 h and
stored at −80°C until use.

In vitro culture and infection of cerebellar granule neuron
precursors

Cerebella from 4- to 5-day-old Swiss-Webster mice were dis-
sected, and cerebellar granule cell cultures were established es-
sentially as described (Kenney and Rowitch 2000). Briefly, cell
suspensions were plated at the density 3 × 105 cells/cm2 onto
poly-DL-ornithine-coated plastic plates in Dulbecco’s modified
Eagle’s medium F-12 (DMEM-F-12) containing 15 mM HEPES,
L-glutamine, pyroxidine hydrochloride (GIBCO), N2 supple-
ment (GIBCO), 10% fetal calf serum, 25 mM KCl, penicillin,
streptomycin, and 1.5 µg/mL of biologically active, unmodified
N-terminal fragment of Sonic hedgehog (Shh, Biogen Inc.). Cells
were permitted to adhere during the 6–8-h period of incubation
in 37°C at 0.5% CO2. For 24 h prior to retroviral infection, cells
were incubated in serum-free DMEM-F12 supplemented with 2
mM KCl, N2 supplement, antibiotics, and 3 µg/mL of Shh. For
infections this medium was removed and saved, then cells were
exposed to retroviral supernatants for 2–3 h. Supernatants were
removed, and conditioned medium was readded. Medium was
supplemented with 1 µg/mL of cyclopamine, to inhibit the ac-

tion of Shh. Control cultures were treated with noninfectious
conditioned packaging cell medium. Cells were harvested 48 h
after infection.
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