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To understand how cellular differentiation is coupled to withdrawal from the cell cycle, we have focused on
two negative regulators of the cell cycle, the MYC antagonist MAD1 and the cyclin-dependent Kinase inhibitor
p27%™1, Generation of Mad1/p27%™" double-null mice revealed a number of synthetic effects between the null
alleles of Mad1 and p27¥"™", including embryonic lethality, increased proliferation, and impaired differenti-
ation of granulocyte precursors. Furthermore, with granulocyte cell lines derived from the Madl/p27%'"!
double-null mice, we observed constitutive Myc expression and cyclin E-CDK2 kinase activity as well as
impaired differentiation following treatment with an inducer of differentiation. By contrast, similar treatment
of granulocytes from Madl or p27%™" single-null mice resulted in differentiation accompanied by downregu-
lation of both Myc expression and cyclin E-CDK2 kinase activity. In the double-null granulocytic cells, addition
of a CDK2 inhibitor in the presence of differentiation inducer was sufficient to restore differentiation and
reduce Myc levels. We conclude that Madl and p27%'"" operate, at least in part, by distinct mechanisms to
downregulate CDK2 activity and Myc expression in order to promote cell cycle exit during differentiation.

A common feature of differentiating cells is the association
of withdrawal from the cell cycle with acquisition of the dif-
ferentiated phenotype. However, the precise molecular mech-
anisms by which differentiation and cell cycle exit are coupled
remain poorly understood. Recently, a number of families of
molecules that may play a role in these processes have been
identified. These include the cyclin-dependent kinase inhibi-
tors (CKIs) (37), the Rb family of transcriptional repressors
(26), and the Mad family of Max-interacting transcriptional
repressors (22). A critical question remains as to how these
various families of molecules functionally interact to mediate
withdrawal from the cell cycle during differentiation.

Recent studies utilizing gene targeting strategies in the
mouse have clearly implicated the CKlIs p21<™F*, p275¥F! and
p57%"2 in cell cycle arrest associated with differentiation (4,
24, 44-46). The role of the INK4 family of CKIs in differenti-
ation is less clear. However, consistent with a function for these
molecules in negative regulation of the cell cycle during dif-
ferentiation, p16™%*" and p18™¥4¢ null mice demonstrate an
increase in the numbers of some differentiated cells (12, 36)
and p19™X4d mice display dysregulation of the proliferation
and differentiation of neural cells when crossed with p27<F!-
null mice (47). Moreover, in some experimental systems, over-
expression of members of the INK4 family can promote dif-
ferentiation (1).
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The MAX network of transcription factors has also been
implicated in mediating cell cycle arrest during differentiation.
During the transition from an undifferentiated to a differenti-
ated state, there is a switch from MYC-MAX to MAD-MAX
complexes that function as transcriptional repressors. Dereg-
ulated expression of c-MYC inhibits terminal differentiation
and prevents cell cycle arrest, consistent with its integral role in
regulating the cell cycle during differentiation (reviewed in
references 9 and 14). By contrast, overexpression of the Mad
family transcriptional repressors MAD1 and MXI1 arrests
cells in the G, phase of the cell cycle (5, 32) and promotes
differentiation of some cell types (9). Consistent with a role of
MAD proteins in cell cycle control during differentiation, gene
targeting to generate Madl null mice delays cell cycle exit
during a late stage of granulocyte differentiation (11). More-
over, mice with homozygous disruption of Mxil develop hy-
perplasia of a variety of cell types, including lymphoid and
prostatic cells (34).

A major question is the relationship between members of
the Max network and the CKlIs. The expression of both MAD1
(reviewed in reference 22) and p27¥! (4, 13, 16, 21) are
upregulated during differentiation. Moreover c-MYC is down-
regulated during cellular differentiation as levels of p27<'*!
increase (see below). These correlative observations raise the
possibility that p27*'** and MAD1 cooperate in regulating the
cell cycle during differentiation. In further support of this hy-
pothesis, studies in rodent fibroblasts have indicated that c-
MYC is able to activate CDK2 (39), a major molecular target
for inhibition by p27¥'*! (28). Taken together with the notion
that Mad antagonizes Myc function, these data support the
possibility of cooperation between Mad1 and p27<™" in neg-
atively regulating CDK2 during differentiation. Here we em-
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ployed a genetic approach to define the relationship between
Mad1 and p27%'"! during differentiation. Mad1 null mice were
crossed with p27%*"! null mice to generate Mad1/p27%*! dou-
ble-null mice. Our analyses reveal that p27%™®! and MADI1
have partly redundant functions converging on regulation of
cyclin E-CDK2 as well as c-Myc.

MATERIALS AND METHODS

Mice. The generation of Madl™/~ (11) and p27~/~ (10) mice have been
described previously. All mice used in hematopoietic studies and for determina-
tions of organ weights were males aged 9 to 11 weeks. Mice had been back-
crossed a minimum of three generations to the C57BL/6 background. Mice
homozygous for each null allele were generated by breeding p27¥F1*/~ males
and females to produce mice of Mad1™/* p27XIP1+/* (wild-type) and Madl*/*;
p27%1P1=/~ (p27 null) genotypes. Mad1 ™/~ p275¥!P1+/* (Mad1 null) and Mad1~/
—;p27%IP1=/= (Mad1/p27 double-null) mice were generated by breeding male
and female Mad1™/~ p27%'""1*/~ mice. Use of mice in these experiments com-
plied with federal and institutional policies.

Studies on hematopoietic cells. Flow cytometry and cell cultures in semisolid
media were performed as previously described (11). Myeloid cell cultures con-
tained 25,000 cells/1 ml of culture. Erythroid cultures in methylcellulose medium
contained 50,000 cells/1 ml of culture. The following recombinant cytokines were
kindly provided by Immunex Corporation (Seattle, Wash.): granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), stem cell factor (SCF), interleu-
kin-6 (IL-6), and partially purified IL-3. Epo and G-CSF were obtained from
Amgen (Thousand Oaks, Calif.). The M-CSF used was a baculovirus supernatant
(L. Rohrschneider). All statistical analyses were performed using a two-sided
unpaired Student ¢ test.

Generation and differentiation of granulocyte cell lines. Granulocyte cell lines
were generated using the technique described by Tsai and Collins (41). Briefly,
bone marrow cells were obtained from age- and sex-matched mice of different
genotypes 5 days after intravenous injection with 100 mg of 5-fluorouracil/kg of
body weight. Cells were stimulated with 1,000 U of GM-CSF (Immunex)/ml
while being cocultured with PA-317 packaging cell lines encoding a control
LXSN or dominant-negative LRARa403SN-retrovirus. After 3 days, nonadher-
ent cells were transferred to separate plates and serially passaged every 2 to 3
days into fresh media. Granulocyte culture media consisted of Dulbecco’s mod-
ified Eagle’s media containing 20% bovine calf serum (BCS; HyClone, Logan,
Utah) and BHK-HM5-conditioned media containing 1,000 U of GM-CSF/ml
and 10 pg of ciprofloxacin/ml. Pools of cells were analyzed as described below.
Clones were generated by limit dilution or by micromanipulation in methylcel-
lulose media. pBabe-puro and pBabe-puro-MYCER cells were generated by
coculturing granulocyte cell lines with 293T cells transfected with ecotropic
helper plasmid and pBabe-puro retroviral plasmids (kindly provided by T. Little-
wood) as previously described (32). Following coculture, cells were selected in
granulocyte culture media containing 1 pg of puromycin/ml.

Granulocyte cell lines were induced to differentiate by transfer to Dulbecco’s
modified Eagle’s media containing 10% BCS and a 10~® M concentration of the
RXR agonist AGN194204 (kindly provided by Allergan, Irvine, Calif.). Rosco-
vitine was obtained from Calbiochem (San Diego, Calif.). Differentiation was
analyzed by staining with biotin-anti-Gr-1 antibody (Ly-6G) and phosphati-
dylethanolamine (PE)-streptavidin (Caltag) followed by analysis on a FACScan
(Becton Dickinson, San Jose, Calif.). Morphological examination was performed
on cytocentrifuge preparations that were stained with May-Griinwald Giemsa.
S-phase fractions were determined by fixing cells in 85% ethanol in phosphate-
buffered saline followed by staining with 1 pg of propidium iodide/ml and 0.25
mg of RNase A/ml in phosphate-buffered saline containing 2% BCS. Cells were
analyzed on a FACScan, and S-phase fractions were calculated using MultiCycle
software (Phoenix Flow Systems, San Diego, Calif.).

Kinase assays, Northern blottings, and immunoblottings. Assays of kinase
activity associated with cyclin E or cyclinD3 were performed as previously de-
scribed (7). Northern analysis was performed using a full-length cDNA probe of
human c-Myc following extraction of total RNA by using Trizol reagent (Gibco,
Grand Island, N.Y.). Immunoblotting was performed on protein extracts lysed in
cyclin E-lysis buffer (see above) unless otherwise described. Following sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, cellular proteins were trans-
ferred and analyzed using the antisera listed below and enhanced chemilumi-
nescence (ECL) detection. The following antibodies were utilized: rabbit anti-
p27 (28), rabbit anti-cyclin D3 (kindly provided by C. Sherr); rabbit anti-Cyclin
E (sc-198 or 481), p107 (sc-318), p130 (sc-317), CDK2 (sc-163), cdc25a (s¢-97),
p21 (sc-756 or sc-6246), and pRb (sc-50) (Santa Cruz, Santa Cruz, Calif.); mouse
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anti-pRb 14001A (Pharmigen, San Diego, Calif.); mouse anti-pRb 28-0007
(Zymed, San Diego, Calif.); and rabbit anti c-MYC 06-213 (UBI, Lake Placid,
N.Y.).

RESULTS

Null alleles of Madl and p27%'™" display synthetic effects.
To examine the functional interaction between Madl and
p27%™"! in regulation of the cell cycle, we generated animals
lacking both genes. Although we have previously observed that
Madl null and p27%™" null single-knockout mice are com-
pletely viable on the C57BL/6J background employed here (11;
M. L. Fero and K. P. Foley, unpublished data), only 12.5% of
progeny from mating male and female Mad1~/~ p27¥/F!*/~
mice represented Mad1l/p27¥™®! double-knockout animals,
rather than the expected frequency of 25%. This underrepre-
sentation was highly statistically significant (P < 0.001) as
analyzed by the Chi-square test, consistent with a phenotype of
partially penetrant embryonic lethality. However, surviving
Mad1/p27%™* double-knockout mice appeared outwardly nor-
mal, with the exception that they shared the approximately
20% increase in body weight displayed by p27%™"! null animals
on this background (data not shown).

Mice homozygous for single-null alleles of Madl and
p27¥!"! display abnormalities in their hematopoietic systems.
We therefore examined the hematopoietic organs from mice
aged 10 to 11 weeks. The most striking abnormality in p27<'*!
null mice is hyperplasia of the thymus and spleen (10, 19, 27).
Mad1 null mice displayed a modest defect in cell cycle exit
during granulocyte differentiation but had normal cellularity of
the hematopoietic organs thymus, spleen, and bone marrow
(11). Mad1/p27%"™! double-null mice exhibited similar degrees
of thymic and splenic hyperplasia to that seen in p27<"'-null
mice (data not shown). However, Mad1/p27%'"" double-null
mice had mild bone marrow hyperplasia predominantly involv-
ing myeloid cells (11.9 X 10° = 1.2 X 10° CD11b-positive
cells/femur compared to 7.8 X 10° = 0.8 X 10° in wild-type
mice). Mice homozygous for single-null alleles of Madl and
p27%™®! had relatively normal bone marrow cellularity (8.6 X
10° = 0.8 X 10° and 8.7 X 10° + 1.0 X 10° CD11b-positive
cells/femur, respectively), indicating a synthetic effect of these
null alleles on the numbers of myeloid cells in the bone mar-
row.

The defect in cell cycle exit during granulocyte differentia-
tion of Madl null mice is characterized by an increased fre-
quency of limited proliferative potential cluster-forming cells,
which represent a population of cells approaching terminal
differentiation but that still have some proliferative ability (11).
When bone marrow cells from Mad1/p27'™™" double-null mice
were stimulated with various cytokines, there was a highly
significant increase in the numbers and frequency of limited
proliferative potential cells (Fig. 1a and c), as enumerated in
semisolid cultures. This was most dramatic for the cytokines
active on granulocyte precursors, G-CSF and GM-CSF (Fig. 1la
and c). In contrast, the number and frequency of the more
immature colony-forming cells, which have greater prolifera-
tive potential, were more modestly increased in Mad1/p27%!"!
double-null mice (Fig. 1b and d). An increased proliferative
capacity of myeloid precursor cells from Mad1/p27¥™" double-
null mice would be expected to increase the size of myeloid



3016 McARTHUR ET AL. MoL. CELL. BIOL.

* *
A;m G-CSF 1 GM-CSF 1 B .l GcsrF GM-CSF
> T —
= Z
g 759 H ~:— 304
: g
% s T ! S 20
2 z %
5 - H
Z 25 H E 10
Z
od
100 M-CSF 1 EPO + IL-3
40 T
I

304

201

E
.

Numbers/Femur (103)

.
T
LPO
*
- T
+ - +

Madl | + | - * | - - Mad1
p27Kkie | *+ | * - - + | + - - p27kiet [ * | + - - + | + - -
c
§ G-CSF * GM-CSF * DE 50-
3
Z 100 E 40
% T . "é 30
a b
E 50 | ) %‘ 20
E 2 10
z £
z
3 M.CSF EPO g 0 MCSES EPO +IL-3
= O 40
g 100 R E
e T 30
i »
% 50 4 N T o 5 20
_ 2 10
:
ol
Madl | + - + - + - + - Madl [ + - + - + - + -

p27xwe | * | + | - S | e - p27xier | * | * | - =+ [+ | - -

FIG. 1. Cellular abnormalities in Mad1/p27%"*! double-null mice. (A) Total numbers of limited proliferative potential cluster-forming cells
stimulated with different cytokines from femurs of mice of each genotype. The P value was <0.01 for numbers of precursors stimulated with G-CSF
or GM-CSF from Mad1/p27%'*! double-null mice compared to those of other genotypes. The P value was <0.05 for Epo or M-CSF. (B) Total
numbers of colony-forming cells stimulated with different cytokines from femurs of mice of each genotype. The P value was =0.05 for numbers
of Mad1/p27%"®! double-null colony-forming cells compared to those of other genotypes. (C) Numbers of limited proliferative potential cluster-
forming cells per 25,000 total bone marrow cells. The P value was <0.01 for numbers of precursors stimulated with G- or GM-CSF from
Mad1/p27¥'*! double-null mice compared to those of other genotypes. (D) Numbers of colony-forming cells per 25,000 total bone marrow cells.
(E) Size of granulocyte-macrophage colonies stimulated with IL-3/IL-6 and SCF, expressed as mean number of cells/colony. The P value was <0.05
for Mad1/p27%"™®! double-null colonies compared to those of all other genotypes. (F) Size of granulocyte-macrophage colonies stimulated with
GM-CSF. The P value was <0.05 for Mad1/p27%™™! double-null colonies compared to wild-type colonies. (G) Morphology of granulocyte-
macrophage colonies stimulated with IL-3/IL-6 and SCF. (H) Morphology of cells from granulocyte-macrophage colonies stimulated with IL-3/IL-6
and SCF.

colonies in culture. Therefore, we examined the sizes of colo-
nies stimulated with various cytokines. Colonies composed of
both granulocytes and macrophages from Mad1/p27<™" dou-
ble-null mice that were stimulated with GM-CSF or the com-
bination of IL-3/IL-6 and SCF were significantly increased in
size compared to colonies from wild-type mice (Fig. le and f).
Moreover, granulocyte-macrophage colonies from Madl/
p27%™*! double-null mice that were stimulated with IL-3/IL-6
and SCF were composed of a large fraction of cells with a more
immature morphology (i.e., possessing large nuclei) than col-

onies derived from mice of other genotypes (which possess
doughnut-shaped nuclei characteristic of differentiatied gran-
ulocytes) (Fig. 1g and h). Taken together, these data support a
synthetic effect between the null alleles of Madl and p27%™*
acting to increase the population size of late-stage granulocyte
progenitor cells, most likely by delaying cell cycle exit and
terminal differentiation (see below). As p27%™*! null mice also
display hyperplasia of a number of nonhematopoietic organs
(10, 19, 27), we performed measurements of organ mass of 10-
to 11-week-old male mice of various genotypes. Interestingly,
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FIG. 1—Continued.

we also observed a synthetic effect between the null alleles of
Mad1 and p27%'™"! leading to an increase in kidney mass (0.64
+ 0.3 g for two kidneys in Mad1/p27'™™" double-null mice
compared to 0.36 * 0.1 g in wild-type mice and 0.42 = 0.06 g
and 0.44 * 0.05 g in Mad1-null and p27-null mice, respective-
ly). Histological examination of these kidneys indicated normal
proportions of cells of different lineages, suggesting that the
synthetic effect resulted in hyperplasia of all types of cells
normally present in the kidneys.

Impaired differentiation and cell cycle arrest in granulocyte
cell lines from Mad1/p27 double-null mice. To understand the
mechanisms underlying the synthetic effects observed between
the null alleles of Mad1 and p27%™", we focused our attention
on cells of the granulocyte lineage. Granulocytes from mouse
bone marrow can be immortalized at the promyelocyte stage of
differentiation by retroviral transfer of a gene encoding a trun-
cated retinoic acid receptor (RARa403) (41). This block to
differentiation can be overcome by stimulation with retinoid
agonists, such as the RXR agonist AGN 194024, allowing ter-
minal differentiation to proceed (17). We had previously dem-

onstrated that expression of MAD1 in these immortalized
granulocytes was tightly correlated with exit from the cell cycle
(11). To further examine the role of Madl and p27%'' in
granulocyte differentiation and cell cycle control, we generated
additional granulocyte cell lines derived from wild-type, Mad1
null, p27%™* null, and Mad1/p27%™* double-null mice.
Granulocytic cells infected with the LRAR«403SN-retrovi-
rus were analyzed for their ability to differentiate in response
to retinoids. Cells were stimulated with the RXR agonist
AGN194024, and 2, 4, and 6 days later, cell populations were
analyzed by flow cytometry and examined for morphological
differentiation. When granulocytic cells derived from wild-type
mice were stimulated with the RXR agonist, they underwent
cell cycle arrest (Fig. 2a), upregulated Gr-1 (Fig. 2a and b), and
terminally differentiated into mature granulocytes, as shown by
the acquisition of the characteristic doughnut-shaped nucleus
(Fig. 2c). Cells derived from single-null Mad1 null and p27<™!
null mice also reduced their S-phase fraction and terminally
differentiated, albeit with slightly reduced efficiency in the case
of Madl null cells (Fig. 2). In contrast, cells derived from
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FIG. 2. Impaired differentiation and cell cycle exit in cloned granulocyte cell lines from Mad1/p27 double-null mice. Granulocytic cell lines were
stimulated with a 10~® M concentration of the RXR agonist AGN-194204 (or carrier as a control), and cells were analyzed after 2, 4, and 6 days
in culture. (A) S-phase fractions and Gr-1 expression as determined by flow cytometry. Gr-1+ cells were defined as in Fig. 2b. The P value was
<0.05 for S-phase and Gr-1 expression in Mad1/p27%""! double-null cells compared to other genotypes at 4 and 6 days. Error bars represent
standard errors from a minimum of seven clones analyzed of each genotype. (B) Representative FACS profiles of Gr-1 expression. (C) Repre-
sentative morphology of clones 6 days after stimulation with the RXR agonist.

Mad1/p27%™" double-null mice failed to arrest and displayed
little ability to differentiate (Fig. 2a to c). Similar findings were
obtained for seven or more clones of each genotype and in
independently derived pools of cells that were examined prior
to cloning within the first 5 to 6 weeks following retroviral
infection. Taken together, these results demonstrated a
marked impairment of Mad1/p27%™" double-null granulocyte

cell lines to differentiate and exit the cell cycle in response to
attempted differentiation induction with an RXR agonist.
Granulocyte cell lines from Mad1/p27 double-null mice dis-
play constitutive expression of c-Myc. As both p27¥'F! and
MYC have been implicated in the regulation of CDK2 (25, 28,
39, 42), we next examined the expression of molecules known
to regulate CDK2. We had previously demonstrated that
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FIG. 3. Expression of c-MYC and Rb family proteins during gran-
ulocyte differentiation. Granulocyte cell lines were stimulated with
10~ M AGN-194204 to induce differentiation. Cell lysates were pre-
pared, and following sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, Western blots were probed with antisera as indicated.
Approximately 10 pg of total protein was loaded in each lane. An
antibody to HDAC1 was used to confirm equal loading.

MADI1 protein is upregulated in the wild-type granulocyte cell
lines during differentiation (11). We have also found that
p27%P! but not p21<'™*! is upregulated during granulocyte
differentiation. In addition, we did not detect any significant
changes in the total levels of CDK2, cyclin E, or cdc25a pro-
teins during differentiation of wild-type cells or cells derived
from single- or double-null mice (data not shown). In contrast,
we observed a marked upregulation of c-MYC protein in
Mad1/p27%'™®* double-null cell lines that was maintained fol-
lowing stimulation with the RXR agonist consistent with the
inability of these cells to undergo terminal differentiation (Fig.
3). Comparison of Western blots loaded with equal amounts of
protein showed that c-MYC was at lower levels in undifferen-
tiated cells of other genotypes and was abruptly downregulated
following stimulation with the RXR agonist, albeit slightly
more slowly in the single-null cells than in the wild-type cells
(Fig. 3). Finally, we examined expression of members of the Rb
family of transcription repressors, pRb, p107, and p130, which
have been found in complexes with cyclin E and CDK2 (8, 43).
Rb protein could not be detected in these cells by using three
different antisera; however, we readily detected p107 and p130,
both of which were upregulated following induction of differ-
entiation of wild-type cell lines (Fig. 3). In contrast, induction
of p107 and p130 was perturbed in single-null cells and mark-
edly attenuated in Mad1/p27¥™! double-null cells (Fig. 3).
Taken together, these data support a role for MAD1 and
p27%""! in the regulation of c-MYC, p107, and p130 that may
in turn influence the activity of CDK2.

Downregulation of kinase activity associated with cyclin E-
CDK2 complex is required for granulocyte differentiation in
response to retinoids. We next examined kinase activity asso-
ciated with the cyclin E-CDK2 complex. Wild-type, Mad1-null,
and p27™"! null granulocyte cell lines strongly downregulated
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FIG. 4. Downregulation of cyclin E-CDK2-associated kinase activ-
ity is abrogated in Mad1/p27%""'-double null cell lines. Representative
clones of granulocytic cell lines were stimulated with a 107® M con-
centration of the RXR agonist AGN-194204 and analyzed after 2, 4,
and 6 days in culture. Control (zero time point) cultures were stimu-
lated with ethanol carrier alone for 4 days. (A) Cyclin E-associated
kinase activity as determined by using histone H1 as a substrate from
a representative experiment. (B) Quantification of cyclin E-associated
kinase activity by using a phosphorimager. Results shown are means *
standard error of the mean from a total of five separate experiments
performed on two clones of each genotype. Data shown are relative to
kinase activity at day 0.

kinase activity associated with the cyclin E-CDK2 complex
during differentiation (Fig. 4). In multiple experiments, we
observed that wild-type and mad1 null cells retained less than
20% of initial kinase activity by day 6 after induction of differ-
entiation, while p27 null cells retained, on average, less than
35% of their kinase activity (Fig. 4B). In contrast, kinase ac-
tivity in Mad1/p27%'"! double-null cells was maintained at sub-
stantial levels out to day 6 following stimulation with the RXR
agonist. (Fig. 4A and B). Kinase activity associated with cyclin
D3, the major D-cyclin species expressed in granulocytes, was
only modestly downregulated during granulocyte differentia-
tion. Furthermore, there were no significant differences be-
tween cyclin D3-associated kinase activity in Mad1/p27 double-
null cells compared with cells of other genotypes (data not
shown).

The constitutive CDK2 activity found in granulocyte cell
lines from Mad1/p27¥™" double-null mice raised the possibil-
ity that downregulation of CDK2 activity was required for
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4 days. (A) Expression of Gr-1 in wild-type and Mad1/p27%'"! double-null cells after treatment with a 15 wM concentration of the CDK2 inhibitor
roscovitine. CDK2 inhibition restored the ability of Mad1/p27¥'"" double-null cells to differentiate in response to the RXR agonist. (B) Mor-
phology of wild-type and Mad1/p27%'"! double-null cells after treatment with 15 M roscovitine and the RXR agonist. (C) Expression of c-MYC
protein as detected by Western blotting and mRNA as detected by Northern blotting in Mad1/p27%""" double-null cells 4 days after stimulation
with the RXR agonist AGN-194204 and/or 15 wM roscovitine. Samples were normalized for equal amounts of protein or total RNA. (D) c-
MYCER protein was activated in wild-type cells infected with pBabe-puro-MYCER retrovirus by the addition of 200 nM 4OH-tamoxifen.
Expression of Gr-1 and cell morphology were examined 4 days after stimulation with the RXR agonist AGN-194204.

retinoid-induced granulocyte differentiation. To investigate
this possibility, we treated the granulocyte cell lines with the
CDK2-inhibitory drug Roscovitine (23). Roscovitine is an iso-
propylpurine compound that inhibits CDK2 and cdc2 at mi-
cromolar concentrations. At similar concentrations, Roscovi-
tine does not inhibit CDK4 or CDK6 or other non-CDK
kinases (23). Strikingly, Roscovitine restored the ability of
Mad1/p27%"™" double-null granulocyte cell lines to differenti-
ate in response to the RXR agonist. Treatment of the Mad1/
p27%™F! double-null cells with the CDK2-inhibitor and the
RXR agonist upregulated the expression of Gr-1 (Fig. 5a) and
induced differentiation as assessed by cell morphology (Fig.

5b). However, CDK2 inhibition alone was not sufficient to
induce differentiation as treatment with Roscovitine without
concomitant addition of the RXR agonist failed to differenti-
ate the Mad1/p27%™' double-null cells (Fig. 5a). We then
examined expression of c-MYC protein and mRNA in Mad1/
p27%™"! double-null granulocyte cell lines treated with the
RXR agonist and Roscovitine. c-MYC expression was high in
the untreated Mad1/p27%"™" double-null cells and showed
some reduction following treatment with the RXR agonist
alone (Fig. 5c). Significantly, the combination of CDK inhibi-
tion and retinoid treatment completely abrogated the expres-
sion of c-MYC (Fig. 5c), which was associated with restoration
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of the ability of the Mad1/p27™™" double-null cells to differ-
entiate. In all cases, c-MYC mRNA levels as detected by
Northern analysis changed in parallel to the levels of c-MYC
protein (Fig. 5C and data not shown). Finally, we examined
whether constitutive expression of c-MYC was sufficient to
inhibit differentiation of wild-type cells. Cells were infected
with pBabe-puro and pBabepuro-MYCER retroviruses. Fol-
lowing selection in puromycin, cells were induced to differen-
tiate by stimulation with the RXR agonist with or without
treatment with 4-hydroxy-tamoxifen (4OH-tamoxifen). The
RXR-agonist-induced differentiation of cells infected with
pBabe-puro-MYCER in the absence of 4OH-tamoxifen. The
RXR agonist also induced differentiation of cells infected with
pBabe-puro with or without treatment with 4OH-tamoxifen
(not shown). However, induction of MYCER activity by treat-
ment with 4OH-tamoxifen completely inhibited differentiation
induced by the RXR agonist (Fig. 5d), demonstrating that
constitutive expression of c-MYC was sufficient to inhibit dif-
ferentiation.

DISCUSSION

Synthetic effects between null alleles of Madl and p27%'*",

The generation of Mad1/p27%™"! double-null mice revealed
synthetic effects between the null alleles of Mad1 and p27<'"!,
First, Mad1/p27%'"! double-null mice were present at signifi-
cantly lower frequencies, suggesting embryonic, fetal, or peri-
natal mortality of a subset of Mad1/p27%™* double-null mice.
Second, kidney size was greater in Mad1/p27<™" double-null
mice than in mice of other genotypes. Third, there was bone
marrow hyperplasia in Mad1/p27%'"* double-null mice, which
was composed mostly of an increase in myeloid cells. Further
examination of hematopoiesis in these animals by using colony
assays on bone marrow cells suggested an increased number of
cell divisions occurring in vivo between the immature colony-
forming cells and the fully differentiated mature cells. This
finding was extended by deriving granulocyte cell lines from
wild-type, Mad1-null, p275""'-null, and Mad1/p27%'"*' double-
null mice. When granulocyte cell lines were derived from
Mad1/p27%™* double-null mice, the cell lines were markedly
impaired in their capacity to differentiate into mature granu-
locytes. The phenotype of the Mad1/p27%'"! double-null gran-
ulocyte cell lines that were obtained by enforced expression of
a truncated retinoic acid receptor was more severe than the
phenotype observed for primary cells. This suggests genetic
interaction between Madl and p27¥™'and pathways down-
stream of the retinoic acid receptor.

Other cell types were not subject to synthetic effects between
these null alleles. Hyperplasia in thymus, spleen, liver, and
testis seen in p27%'™! null mice was no more severe in Mad1/
p27%™®! double-null mice. This may represent a fundamental
difference in the molecular regulation of cell cycle withdrawal
in these cells. Alternatively, other members of the Mad family
may play a redundant role in these cell types. Consistent with
this possibility, abnormalities in lymphoid cell proliferation
have been noted for Mxil null mice (34). Moreover, analysis of
Mad family gene expression in spleens from Madl null mice
detected upregulation of Mxil and Mad3 (11). Hence, there is
likely to be cross-regulation between members of the Mad
gene family. Further examination of this possibility will have to
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await the generation of mice carrying null alleles of multiple
Mad family members. It will also be interesting to examine
genetic interaction of other CKIs with members of the Mad
family.

Madl and p27%"™" cooperate to inhibit cyclin E-CDK2 ac-
tivity. Strikingly, granulocyte cell lines from Mad1/p27%"!
double-null mice had kinase activity associated with cyclin E-
CDK?2 that was inefficiently downregulated following the at-
tempted induction of differentiation. The mechanism of inhi-
bition of CDK activity by p27%'™! is reasonably well
established; p27%™" binds to CDK2 close to the ATP binding
site and in doing so prevents ATP binding and catalytic activity
of the kinase (33). The mechanisms by which Mad1 inhibits
CDK?2 activity or by which Myc stimulates CDK2 activity are
not completely resolved. It has been suggested that the ability
of c-MYC to induce CDK2 activity is mediated through deg-
radation of p27¥F! (25, 29), possibly through a Cull-depen-
dent mechanism (29) or through sequestration of p27<'*! into
alternate protein complexes, such as those containing cy-
clin-D2 and CDK4, both of which have been shown to be
transcriptionally regulated by MYC (3, 15, 31). If we assume
that Mad1 and ¢-MYC have similar sets of target genes, this
model would predict that loss of Madl should not have any
synthetic effects with the loss of p27 in inducing kinase activity
associated with cyclin E-CDK2. The fact that we did observe
synthetic effects suggests that, at least in part, Madl and
p27%™®! can inactivate CDK2 by independent mechanisms. The
hypothesis that Madl has effects on cell cycle progression
independent of p27¥™" is strengthened by the observation that
overexpression of Mad1 can induce a G, arrest in p27<™* null
fibroblasts (G. A. McArthur, unpublished data). These data
are also consistent with recent evidence that Mad and Myc
transcriptional factors may not have completely overlapping
targets (30) (L. James and R. N. Eisenman, unpublished data).

Data obtained from biochemical analyses of cellular lysates
from Madl null and Mad1/p27%¥™" double-null granulocyte
cell lines suggest that Mad1 may regulate the expression of two
members of the Rb family, p107 and p130. As these molecules
may have some role in direct inhibition of cyclin E-CDK2
complexes (2, 8, 43), the loss of p107 and p130 expression may
further contribute to the activation of CDK2 in Mad1/p27%™®!
double-null cells. Constitutive activation of cyclin E-CDK2
complexes may also affect the function of p107 and p130 (6,
40). The mechanism by which the levels of p107 and p130 were
reduced in Mad1 null and Mad1/p27%'*! double-null cells has
not been addressed but could involve indirect effects on tran-
scription of p107 or p130 mRNAs or alternately may involve
posttranscriptional effects on the stability or synthesis of p107
or p130 proteins. At least two of these mechanisms have been
suggested to play a role in the regulation of these Rb family
proteins (38).

There was a marked increase in ¢c-MYC levels in the Mad1/
2751 double-null cells. As enforced expression of c-MYC was
sufficient to inhibit differentiation of wild-type cells, c-MYC
may have played a major role in inhibiting differentiation of
the Mad1/27%""! double-null cells. The increased expression of
¢-MYC was not due to simple derepression of c-MYC tran-
scription secondary to the loss of Madl, as the loss of p27%*!
was also required to induce upregulation of c-MYC. One pos-
sibility is that c-MYC transcription is being directly regulated
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by E2F proteins released through cyclin E-CDK2 phosphory-
lation of Rb family members. Indeed, positive regulation of the
c-myc promoter by E2F has been reported for other cellular
systems (48). However, CDK2 activity is clearly not the only
mechanism contributing to enhanced c-MYC expression as the
CDK?2 inhibitory compound Roscovitine, in the absence of the
differentiation inducer, was not sufficient to downregulate c-
MYC protein levels.

Coupling of differentiation to withdrawal from the cell cycle.
During granulocyte differentiation, there is a tight coupling of
inhibition of cellular proliferation and the development of the
terminally differentiated state. Our data indicate that with-
drawal from the cell cycle by downregulation of CDK2 activity
is required for granulocyte differentiation. This suggests that
downregulation of CDK2 activity by the cooperative effects of
MADI1 and p27%™* may be a critical step in allowing differ-
entiation to proceed and a key nodal point in linking regulation
of the cell cycle to the regulation of differentiation. In this
regard, the apparent deregulation of Myc in the double knock-
out cells is intriguing. Myc is generally considered to be up-
stream of E2F1, E2F2, and E2F3 and to drive cell cycle pro-
gression and cell growth (18, 20, 35). Our results with the
double-null cells may reveal a positive feedback system that
participates in maintaining Myc expression as cells progress
from G, into S phase. It will be important to identify the
transcriptional targets of MAD1 and the substrates of CDK2 in
order to further elucidate the molecular circuitry underlying
the connection between MAD1, CDK2, MYC, and differenti-
ation.
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