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The INK4 family of cyclin-dependent kinase (CDK) inhibitors includes four 15- to 19-kDa polypeptides
(p16INK4a, p15INK4b, p18INK4c, and p19INK4d) that bind to CDK4 and CDK6. By disrupting cyclin D-dependent
holoenzymes, INK4 proteins prevent phosphorylation of the retinoblastoma protein and block entry into the
DNA-synthetic phase of the cell division cycle. The founding family member, p16INK4a, is a potent tumor
suppressor in humans, whereas involvement, if any, of other INK4 proteins in tumor surveillance is less well
documented. INK4c and INK4d are expressed during mouse embryogenesis in stereotypic tissue-specific
patterns and are also detected, together with INK4b, in tissues of young mice. INK4a is expressed neither before
birth nor at readily appreciable levels in young animals, but its increased expression later in life suggests that
it plays some checkpoint function in response to cell stress, genotoxic damage, or aging per se. We used
targeted gene disruption to generate mice lacking INK4d. These animals developed into adulthood, had a
normal life span, and did not spontaneously develop tumors. Tumors did not arise at increased frequency in
animals neonatally exposed to ionizing radiation or the carcinogen dimethylbenzanthrene. Mouse embryo
fibroblasts, bone marrow-derived macrophages, and lymphoid T and B cells isolated from these animals
proliferated normally and displayed typical lineage-specific differentiation markers. Males exhibited marked
testicular atrophy associated with increased apoptosis of germ cells, although they remained fertile. The
absence of tumors in INK4d-deficient animals demonstrates that, unlike INK4a, INK4d is not a tumor sup-
pressor but is instead involved in spermatogenesis.

Cell proliferation is positively regulated by cyclin-dependent
kinases (CDKs), and in normal cells, progression through the
G1 phase of the cell cycle depends upon the activities of cyclin
D-dependent CDK4 or CDK6, and later, on cyclin E- and
A-dependent CDK2 (reviewed in reference 45). These holoen-
zymes cooperate to phosphorylate the retinoblastoma protein
(Rb), canceling its growth-suppressive function and initiating
an E2F-dependent transcriptional program that is necessary
for entry into the DNA synthetic (S) phase of the cell cycle
(reviewed in references 7 and 49). In addition, cyclin E-CDK2
complexes phosphorylate additional substrates whose modifi-
cations are required for G1 exit and initiation of DNA repli-
cation (reviewed in reference 39).

The activities of the G1 CDKs can be blocked by CDK
inhibitors (CKIs) that, in mammalian cells, fall into one of
two distinct families (reviewed in references 44 and 46). The
INK4 class (Inhibitors of CDK4) consists of four members
(p16INK4a, p15INK4b, p18INK4c, and p19INK4d) that exclusively
bind to and inhibit the cyclin D-dependent catalytic subunits
CDK4 and CDK6. By contrast, the Cip/Kip family includes
three members (p21CIP1, p27KIP1, and p57KIP2) that bind to
both cyclins and CDKs to preferentially inhibit cyclin E- and
A-dependent CDK2.

CKIs act cooperatively during the G1 phase of the cell
division cycle. As cells enter the cycle from quiescence and
progress through G1 phase, Cip/Kip proteins initially act as
positive regulators of the cyclin D-dependent kinases, aiding in
their mitogen-dependent assembly, stabilization, and nuclear
import (5, 21) and remaining associated with cyclin D-CDK

complexes without inhibiting their activities (2, 21, 47, 51). (In
this context, the term CDK inhibitor is a misnomer.) Apart
from assembling into active complexes with D-type cyclins and
Cip/Kip subunits, CDK4 and CDK6 can alternatively enter
into inactive binary complexes with INK4 proteins, which may
normally serve as a sink for any unutilized or improperly folded
CDK subunits. The balance between formation of these dif-
ferent CDK4- and CDK6-containing complexes is likely set by
the accumulation of cyclin D regulatory subunits in response to
mitogenic stimulation (driving assembly of active complexes
containing Cip/Kip proteins) and, conversely, by certain anti-
proliferative signals that can act to increase the relative con-
centrations of INK4 proteins (reviewed in reference 44). Ki-
netic studies performed both in vitro and in vivo have indicated
that the association of INK4 proteins with CDK4 prevents
Cip/Kip binding, and vice versa (36), consistent with more
recently obtained structural data (3, 41) (reviewed in reference
32). During G1 phase progression, the sequestration into high-
er-order cyclin D-CDK complexes of Cip/Kip proteins lowers
their effective inhibitory threshold, thereby enabling cyclin E-
and A-dependent CDK2 to become active as cells approach
the G1-to-S-phase transition. On the other hand, by binding to
CDK4 or CDK6, induced INK4 proteins disrupt cyclin D-
dependent kinases, canceling their activities and liberating the
latent pool of Cip/Kip proteins, which can then act to inhibit
CDK2. Therefore, the enforced expression of INK4 proteins in
mammalian cells inhibits the activity of all G1-phase CDKs and
induces growth arrest by preventing entry into the S phase of
the cell cycle (1, 16, 23–25, 31, 36, 37).

Although they appear to be structurally redundant and
equally potent as inhibitors, the INK4 family members are
differentially expressed during mouse development (54).
INK4c and INK4d are widely expressed during mouse embry-
ogenesis while INK4a and INK4b expression are undetectable
before birth. By 4 weeks of age, p15INK4b, p18INK4c, and
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p19INK4d can be detected in many mouse tissues, but p16INK4a

protein expression is initially restricted to the lung and spleen
of somewhat older mice, with increasing and more widespread
expression becoming manifest as the animals age. In humans,
p16INK4a, the founding member of the family (42), functions as
a potent tumor suppressor, whereas the roles of other INK4
family members, if any, in tumorigenesis remain largely anec-
dotal (40). Mice deficient in INK4a develop normally and are
highly cancer prone (43). However, these animals also lack the
p19ARF product of the INK4a alternative reading frame (33),
whose disruption (with retention and expression of p16INK4a-
coding sequences) reproduces the same tumor-prone pheno-
type (17). Hence, the formal demonstration that p16INK4a acts
as a tumor suppressor in mice awaits the production of animals
that lack INK4a but retain alternative reading frame function.

Mice deficient in INK4c develop gigantism and widespread
organomegaly; middle lobe pituitary tumors later in life (9);
and, less commonly, seminomas, adrenal pheochromocytoma,
and renal glomerulopathies (M. Barbacid, personal communi-
cation). These animals display increased numbers of lymphoid
B and T cells, with the cells undergoing accelerated prolifera-
tion upon mitogenic stimulation (9). Disruption of INK4b
leads to extramedullary hematopoiesis and to formation of
secondary follicles in lymph nodes as well as to tumors of
various tissues in a small percentage of animals. When crossed
onto an INK4c-null background, INK4b loss did not exacerbate
the abnormalities observed in INK4c-deficient mice (M. Bar-
bacid, personal communication). This may seem surprising in
retrospect, given the fact that p15INK4b is strongly induced by
transforming growth factor b (11, 37), while p18INK4c is in-
duced by interleukin-6 (IL-6) (26).

Here, we show that deletion of INK4d in the mouse, like that
of other INK4 members, does not affect mouse development.
INK4d-deficient mice showed no gross anomalies, had a nor-
mal life span, and did not develop tumors, and primary cells of
different lineages isolated from these animals had unremark-
able proliferative properties. Males displayed marked testicu-
lar atrophy associated with increased apoptosis, without appar-
ently compromising their fertility.

MATERIALS AND METHODS

Targeting of INK4d. The genomic DNA encoding the INK4d gene was cloned
from a bacteriophage library prepared from 129/sv embryonic stem (ES) cells
using a full-length murine INK4d cDNA probe (12). A 14-kb EcoRV-HindIII
fragment containing the two coding exons was isolated. A cassette containing the
lacZ gene (b-geo) fused to the neomycin resistance gene was inserted in the
second coding exon at a unique SpeI site, and the targeting vector was electro-
porated into E14R3M4 ES cells. Correct homologous recombination occurred at
7.6% frequency as determined by Southern blotting analysis of ES cell DNA.
DNA was digested with BglII or HindIII, was separated on an agarose gel, was
transferred to nitrocellulose, and was hybridized with a 39 (probe B) or a 59
(probe A) probe (Fig. 1). Probe B detects a 9.5-kb fragment in the wild-type
allele and a 14-kb fragment in the mutant allele. Probe A detects a 14-kb
fragment from the wild-type allele and an 11-kb fragment in the DNA of mutant
mice. Mice were routinely genotyped by isolating tail DNA and digesting it with
BglII followed by Southern blotting analysis using probe B.

Histology, in situ hybridization, protein analysis, and TUNEL assays. Male
mice were overdosed with intraperitoneal injections of ketamine and rompun
and perfused intracardially with a fixative containing 4% paraformaldehyde in
0.1 M sodium phosphate buffer, pH 7.6, for 20 min. Isolated testes were
postfixed in the same solution for 4 h at 4°C and were transferred into 25%
sucrose in 0.1 M sodium phosphate buffer, pH 7.6, at 4°C for an additional 24 h.
Sections of 12-mm thickness were cut with a cryostat, were mounted on Fisher
brand Super-frost-plus slides, and were stored at 220°C. For routine histology,
sections were stained with 0.05% toluidine blue in a solution containing Wal-
pole’s acetic acid and sodium acetate buffer, pH 4.4. In situ hybridization (55)
and immunoblotting analysis (54) were performed as previously described. Ter-
minal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assays were performed by using the ApopTag detection kit (Oncor,
Gaithersburg, Md.), essentially following manufacturer’s instructions with minor
modifications depending upon the specimen preparation. In brief, sections were
postfixed for 15 min in 4% paraformaldehyde, were washed twice with phos-
phate-buffered saline (PBS), and were incubated in ethanol-acetic acid (2:1) for
5 min at 220°C. After two washes in PBS, sections were subjected to a proteinase
K digestion (10 mg/ml in 10 mM Tris HCl, pH 8.0, and 1 mM EDTA), were
washed twice with PBS, and were counterstained with methyl green. b-Galacto-
sidase staining was performed as previously described (29). Tissues were coun-
terstained with 1% neutral red in a solution containing Walpole’s acetic acid and
sodium acetate buffer.

RESULTS

Targeted disruption of INK4d in the mouse. We disrupted
the mouse INK4d gene by homologous recombination in ES
cells (Fig. 1). The p19INK4d protein is a 166-amino-acid poly-
peptide encoded by two exons: exon 1 (codons 1 to 47) and
exon 2 (codons 48 to 166) (12). We inserted a b-geo cassette
containing LacZ fused to the neomycin resistance (neo) gene

FIG. 1. Mouse INK4d locus, targeting vector, and targeted allele. The upper line shows a map of the INK4d locus with exons 1 and 2 defined by filled bars and
various restriction sites indicated. R1, EcoRI; HIII, HindIII; Bg, BglII; RV, EcoRV. The unique SpeI site in exon 2 is circled. A b-geo gene flanked by an internal
ribosome entry site (IRES) was inserted into the SpeI site in exon 2 to generate the targeting cassete. The map of the recombined locus is shown by the lower line.
Probes A and B corresponding to restriction fragments flanking INK4d coding sequences (top) are predicted to differentially hybridize to the HindIII and BglII
fragments defined at the top (wild-type allele) and at the bottom (mutant allele).
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into the second exon of INK4d. Seven independent ES cell
clones, screened for homologous recombination by Southern
blotting analysis, were microinjected into blastocysts from
C57BL/6 mice to generate chimeric animals. Two chimeric
mice, derived from two independently targeted ES cell clones,
transmitted the disrupted allele through the germ line after
breeding with C57BL/6 mice. The phenotypes of both inde-
pendently derived mouse strains, as described below, are iden-
tical.

Heterozygotes were mated to produce founder strains of all
three genotypes, including INK4d wild-type mice (1/1), het-
erozygotes (1/2), and nullizygotes (2/2), each verified by
Southern blotting analysis of tail DNA (Fig. 2A). We detected
no expression of p19INK4d protein in testes (Fig. 2B) or other
organs (see below) of INK4d-deficient animals, while the levels
of p19INK4d protein in tissues of heterozygous animals were
approximately half those detected in their wild-type littermates
(Fig. 2B). In situ mRNA hybridization and immunostaining
confirmed the absence of INK4d mRNA expression and dem-
onstrated expression of b-galactosidase in place of p19INK4d

(see below). Furthermore, the loss of p19INK4d protein expres-
sion in various tissues from INK4d-deficient mice was not com-
pensated by detectable increases in the expression of other
INK4 proteins (Fig. 2C). As noted previously (54), p15INK4b,
p18INK4c, and p19INK4d could be readily detected in different
tissues of 2-month-old animals, whereas p16INK4a expression
was conspicuously absent at this time. Pertinent to results that
follow, p15INK4b, p18INK4c, and p19INK4d were each expressed
in testes, although p19INK4d predominated.

Viability and phenotypic analysis of INK4d-deficient mice.
Interbreeding of INK4d heterozygotes yielded offspring at a
normal Mendelian ratio (25.5% 1/1, 54.2% 1/2, and 22.3%
2/2; total of 238 mice) indicating that, in spite of the expres-
sion of INK4d during normal embryogenesis (54), its loss did
not affect fetal development or survival. Apart from abnormal-
ities in testicular size and male germ cell maturation (see
below), no other overt developmental anomalies were ob-
served in INK4d-deficient animals, which were fertile and had
an otherwise uncomplicated and normal life span.

Given that human p16INK4a acts as a potent tumor suppres-
sor (reviewed in reference 40) and that mice lacking p18INK4c

develop middle lobe pituitary tumors (9) and, less often, sem-
inomas and adrenal pheochromocytomas (M. Barbacid, per-
sonal communication), we explored the possibility that INK4d
might play a role in tumor suppression. A cohort of 50 INK4d-
deficient mice was observed for spontaneous tumor develop-
ment for more than 2 years. Eight animals died of unknown
causes in their second year of life at a frequency indistinguish-
able from that of their wild-type littermates (7 of 59), all
without evidence of tumor pathology. Cohorts of INK4d-defi-
cient mice treated neonatally with ionizing radiation or with
the carcinogen dimethylbenzanthrene did not develop tumors
at sites or rates that were significantly different from those seen
in wild-type mice (27, 35). Together, these data failed to pro-
vide evidence that p19INK4d acts as a tumor suppressor.

Primary cells isolated from the INK4d-deficient animals, in-
cluding mouse embryo fibroblasts (MEFs), bone marrow-de-
rived macrophages and pro-B cells, thymic T cells, and splenic
B cells, showed no cell cycle, proliferative, or differentiative
anomalies (data not shown). For example, MEFs from INK4d-
deficient embryos and their wild-type counterparts grew at the
same rate, reached identical saturation densities, and entered
senescence after a similar number of population doublings.
Serum-starved INK4d-null MEFs exited the cell cycle normally
and, when restimulated with mitogens, entered S phase at the
same rate as their wild-type counterparts. The cells exhibited

anchorage-dependent growth and were not sensitive to trans-
formation by oncogenic Ha-Ras. Although p19INK4d is highly
expressed in spleen and thymus (54), T and B lymphocytes
derived from both spleen and thymus of these animals exhib-
ited normal responses to lymphokines, as measured by their
proliferation rates in culture, and displayed cell surface mark-
ers characteristic of their lineage. Pre- and pro-B cells cul-
tured on IL-7-producing feeder layers (50) also exhibited
characteristic lineage-specific markers without perturbation
of differentiation. Bone marrow-derived macrophages from
INK4d-deficient animals displayed the expected dependence
on colony-stimulating factor-1 for proliferation and survival.

FIG. 2. INK4d genotype and expression. (A) Southern blotting analysis of tail
DNA taken from littermates derived from interbred INK4d1/2 hemizygotes.
DNA was digested with BglII, was transferred to nitrocellulose, and was hybrid-
ized with probe B (Fig. 1, top). (B) p19INK4d protein expression in testes from
mice of the indicated genotypes, as determined by sequential immunoprecipita-
tion and immunoblotting. (C) INK4 protein expression in kidney, spleen, brain,
and testis from 8-week-old wild-type (1/1) and INK4d-null (2/2) mice deter-
mined as for panel B. Mouse erythroleukemia (MEL) cells were used as a
positive control for p16INK4a and p18INK4c expression.
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Moreover, although IL-10 treatment of mouse bone marrow-
derived macrophages leads to growth arrest associated with
induction of p19INK4d, the macrophages explanted from the
INK4d-deficient mice showed partial impairment in their abil-
ity to undergo arrest in response to IL-10 (30).

Testicular atrophy and increased apoptosis in INK4d-null
animals. Visual examination at autopsy revealed obvious tes-
ticular atrophy in INK4d-deficient adult animals (Fig. 3A).
Testes of males from all genotypes were weighed and mea-
sured between 7 and 14 weeks after mouse birth (Fig. 3B and
Table 1). A statistically significant reduction in size (30 to 40%)
was observed in the testes of INK4d-deficient animals (P ,
0.01), whereas mice of all genotypes had comparable body
weights. Histologic sections of testes from 3-month-old INK4d-
deficient mice revealed that atrophy resulted from an overall
reduction in size of the seminiferous tubules (Fig. 4C versus A
and Fig. 4I versus H). Spermatozoa were nonetheless visual-
ized in the lumina, consistent with the fact that fertility was not
critically compromised in these animals.

To analyze INK4d expression in testes, we performed in situ
hybridization of tissue sections from adult wild-type mice using
an antisense INK4d cDNA probe (Fig. 4B). Germ cell devel-
opment begins at the periphery of the tubule where spermato-

gonia reside. These cells give rise to the progressively more
differentiated spermatocytes and spermatids that populate the
more superficial tubular layers, and ultimately yield mature
spermatozoa that can normally be visualized in the tubular
lumina (reference 38 and references therein). INK4d RNA
staining was visualized throughout the tubular diameter, con-
sistent with the idea that the gene is expressed in differentiat-
ing germ cells. No signal above background was observed in
sections from INK4d-deficient testes (Fig. 4D). Since INK4d-
deficient mice were generated by inserting a lacZ gene into
exon 2 of the gene, b-galactosidase expression under control of
the INK4d promoter could reciprocally be observed in het-
erozygous and nullizygous mice by histochemical staining (Fig.
4F and G). As expected, staining of sections from INK4d-
deficient testes revealed translumenal patterns of b-galactosi-
dase expression in tissues of both INK4d1/2 and 2/2 mice, with
heavier and more widespread staining observed in testes of
animals that lacked both copies of the gene (Fig. 4G versus F).
In testis sections from INK4d-deficient mice, we also observed
many giant cells which appeared to correspond to apoptotic
bodies that were not seen frequently in sections from wild-type
mice (Fig. 4I [arrows] versus H). Consistent with this interpre-
tation, we detected a significant increase in TUNEL-positive
cells in testis sections from INK4d-deficient animals (Fig. 4K
versus J). Therefore, INK4d plays a role in male germ cell
development, but its loss is insufficient to completely compro-
mise sperm cell production.

DISCUSSION

Deletion of INK4d alone does not compromise mouse devel-
opment or lead to tumor formation. Among the four INK4
family members, INK4d is the most ubiquitously expressed.
Yet, despite INK4d RNA expression throughout embryonic
development and in virtually all mouse tissues examined (54),
its targeted disruption did not affect fetal or adult develop-
ment, and animals lacking p19INK4d function enjoyed a normal
and otherwise uncomplicated life span. Moreover, despite
the fact that neonatally irradiated and dimethylbenzan-
threne-treated C57BL/6 mice develop lymphomas and skin
tumors (17, 27, 35, 43), respectively, treated INK4d-deficient
mice developed neither a greater number of tumors nor more
aggressive tumors than wild-type littermates exposed to the
same insults.

FIG. 3. Testicular atrophy in INK4d-deficient males. (A) Testes from
4-month-old wild-type (1/1) and INK4d-deficient (2/2) mice. (B) Comparison
of the weights of wild-type (squares) and INK4d-deficient (triangles) testes at
different ages of development. Additional data and statistical parameters are
summarized in Table 1.

TABLE 1. Testicular weight versus body weight in
wild-type and INK4d-deficient micea

Mouse age
and genotype

(no. analyzed)b

Mean wt
(SD) (g)

Minimum
wt (g)

Maximum
wt (g)

12 weeks old
Testis WT (11) 0.108 (0.015) 0.084 0.131
Testis KO (13) 0.067 (0.015) 0.045 0.104
Body WT (9) 25.9 (2.77) 21.8 30.1
Body KO (10) 28.3 (2.07) 24.8 31.0

14 weeks old
Testis WT (13) 0.111 (0.013) 0.089 0.136
Testis KO (13) 0.082.2 (0.018) 0.051 0.110
Body WT (13) 29.4 (2.90) 25.2 34.1
Body KO (13) 27.1 (2.36) 24.1 30.5

a Differences in testis weight were statistically significant between these two
groups of animals (P , 0.01). Body weight, however, was not significantly dif-
ferent between wild-type and INK4d-deficient mice.

b Statistical analysis was performed by comparing testis weight and body
weight from two groups of wild-type (WT) or INK4d-deficient (KO) animals of
either 12 or 14 weeks of age.
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In general, the highest levels of p19INK4d protein expression
occur in testis, spleen, thymus, and brain (54). Although INK4d
loss partially compromised germ cell development in male
mice, their sperm counts remained at sufficient levels to main-
tain their fertility, thereby producing no overt consequences.
We saw no abnormalities in lymphoid T- or B-cell develop-
ment, differentiation, or response to lymphokines, nor did we
detect defects in the proliferation rate, cell cycle distribution,
or mitogenic response of cultured MEFs or bone marrow-
derived macrophages. The latter data are concordant with sur-
veys from our own institution that failed to implicate genetic
alterations of INK4d in pediatric hematologic malignancies
involving myeloid or lymphoid cells (D. Reardon, J. Downing,
C. J. Sherr, and M. F. Roussel, unpublished data).

The one place that INK4d expression has been relatively well
characterized is in the central nervous system (55). INK4d is
expressed during development of the brain from embryonic
day 11.5 onward, primarily in postmitotic neurons. During de-
velopment of the neocortex, asymmetric divisions give rise to
differentiated neurons that exit the cell cycle and migrate to
their final position in the brain (4, 6, 48), and it is only these
postmitotic cells that express p19INK4d (55). INK4d expression
is maintained into adulthood not only in postmitotic neurons
of the cerebral cortex, but in neurons of the dentate gyrus, the
pyramidal layer of the hippocampus, and in regions of the
cerebellum, thalamus, and brainstem. Cyclin D1 levels also
remain elevated in postmitotic neurons (10, 20), so that the
persistence of p19INK4d might prevent reactivation of CDK4
and CDK6 in this context. This raised the possibility that
INK4d loss might affect neuronal development or lead to brain

tumors. Moreover, down regulation of p19INK4d in the dentate
gyrus after kainic acid-induced seizures previously indicated
that excitotoxic stress could modify INK4d expression in non-
dividing cells (55). Together, these data alluded to possible
roles for INK4d in maintaining neurons in a quiescent state
and/or modifying apoptotic responses to stress-induced signals,
predictions that, at face value, were negated by the results
reported here. The absence of brain tumors in the INK4d-
deficient mouse after more than 2 years of follow up is consis-
tent with our surveys of pediatric brain tumors, including me-
dulloblastoma, ependymoma, and both low- and high-grade
gliomas, in which we also failed to document any INK4d alter-
ations (D. Reardon, J. Downing, C. J. Sherr, and M. F. Rous-
sel, unpublished data).

INK4c is another INK4 family member expressed in the
developing brain, but it resides exclusively in neuronal progen-
itors (55). Its inactivation also failed to cause neurologic de-
fects, whether disrupted alone or in conjunction with the
INK4d gene (M. Barbacid, F. Zindy, C. J. Sherr, and M. F.
Roussel, unpublished data). On the other hand, analysis of
expression of other CKIs revealed that INK4d and Kip1 were
coexpressed in similar regions of the brain, particularly in the
cerebral cortex (22, 55). In support of the idea that these two
CKIs might play compensating roles in neocortical develop-
ment, recent data from our laboratory indicate that codeletion
of INK4d and Kip1 leads to ectopic neuronal proliferation in
neonatal animals (53a).

Results of this type point to the need for generating mice
that lack more than one CKI, in order to explore their poten-
tial for functional compensation in different tissues. There are

FIG. 4. Deficient INK4d expression and apoptosis in testis. (Panels A to D) In situ hybridization, using an INK4d antisense riboprobe, was performed on testis
sections from 6-week-old wild-type (A and B) and INK4d-deficient (C and D) mice. Panel A shows a toluidine blue-stained bright field of panel B, and panel C shows
a bright field of panel D, all at equal magnification. (Panels E to G) Because the b-geo cassette is encoded by the disrupted INK4d gene, tissues containing the mutant
allele express b-galactosidase, which was detected in tissues from hemizygous (F) and INK4d-null mice (G). Wild-type mice that lack the b-geo cassette exhibit only
background staining (E). All tissues were counterstained with neutral red dye. INK4d expression is heterogeneous throughout the tubules and is reduced by about 50%
in heterozygous animals (cf. Fig. 2B). Under matched staining conditions, more intense and more uniform staining for b-galactosidase is therefore observed in tubules
from INK4d-deficient mice (G) than in testes from hemizygous animals (F). (Panels H to K) Sections from testes of wild-type (panels H and J) and INK4d-deficient
mice (panels I and K) were photographed and reproduced at equal magnification and were stained with toluidine blue (H and I) or subjected to TUNEL assay (J and
K). Increased apoptosis in INK4d-deficient animals correlated with testicular atrophy.
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already several precedents. Mice lacking Kip1 develop organo-
megaly and middle lobe pituitary hyperplasia (8, 19, 28), while
those lacking INK4c develop middle lobe pituitary tumors late
in life (9). However, animals that have lost both genes develop
aggressive middle lobe pituitary tumors with a much earlier
onset, suggesting that INK4c and Kip1 play overlapping roles in
controlling pituitary development (9). Presumably, these re-
sults reflect modulation of Rb function, since Rb1/2 animals
also develop middle lobe pituitary tumors with accompanying
loss of the wild-type Rb allele (13, 14). Cooperativity in regu-
lating the cell cycle and controlling differentiation of the lens
and placenta has been similarly documented in mice deleted
for Kip1 and Kip2 (52), whereas muscle development is se-
verely compromised in mice lacking Cip1 and Kip2, but not
either gene alone (53).

INK4d-deficient mice display testicular atrophy associated
with increased apoptosis. The single most remarkable finding
in INK4d-deficient mice was marked testicular atrophy as-
sociated with increased apoptosis in germ cells, a site where
p19INK4d is normally expressed (reference 54 and this work).
Spermatogenesis provides a unique in vivo model for studying
cell cycle exit and differentiation. Spermatogonia undergo mi-
tosis, whereas spermatocytes undergo meiosis, yielding sper-
matids that differentiate into mature spermatozoa. CDK4 is
expressed in spermatogonia and in early stage primary sper-
matocytes but does not contribute to later stages of germ cell
development (18, 38). Patterns of INK4d expression imply that
p19INK4d can be found in germ cells undergoing meiosis and
during differentiation from spermatids to spermatozoa, so
p19INK4d may help to prepare cells for meiosis by downregu-
lating CDK4. Conversely, the marked increase in apoptosis in
germ cells lacking INK4d suggests that cells that do not prop-
erly exit the mitotic cycle can be subsequently eliminated
through activation of checkpoint controls that are triggered
when S-phase entry occurs inappropriately. There are many
cell systems in which apoptotic events depend upon proper Rb
function (15, 49), consistent with the notion that p19INK4d

exerts its known effects through the Rb pathway.
Spermatogenesis is only partially compromised in INK4d-

deficient animals, again suggesting that other CKIs might also
be involved in that process. We indeed found by in situ hybrid-
ization that INK4c was coexpressed with INK4d during sper-
matogenesis (data not shown), raising the possibility that
INK4c might partially compensate for the lack of INK4d. Pre-
liminary results from crosses between INK4d- and INK4c-de-
ficient mice have revealed male sterility with virtual absence of
spermatozoa in the lumina of seminiferous tubules. This indi-
cates that INK4c and INK4d cooperate in male germ cell de-
velopment and are both required for the production of mature
spermatozoa. (F. Zindy, P. den Besten, P. Cohen, M. Barbacid,
C. J. Sherr, and M. F. Roussel, unpublished data). Intriguingly,
“knock-in” animals expressing a CDK4 mutant (R24C) that is
resistant to INK4 inhibition show Leydig cell hyperplasia later
in life (34), effects that we have also begun to observe in aging
INK4c-INK4d double-null animals. To our knowledge, effects
on male fertility represent the first pending example of func-
tional cooperation between different INK4 family members
during development.
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