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In response to DNA damage, checkpoint proteins halt cell cycle
progression and promote repair or apoptosis, thereby preventing
mutation accumulation and suppressing tumor development. The
DNA damage checkpoint protein Hus1 associates with Rad9 and
Rad1 to form the 9-1-1 complex, which localizes to DNA lesions and
promotes DNA damage signaling and repair. Because complete
inactivation of mouse Hus1 results in embryonic lethality, we
developed a system for regulated Hus1 inactivation in the mam-
mary gland to examine roles for Hus1 in tissue homeostasis and
tumor suppression. Hus1 inactivation in the mammary epithelium
resulted in genome damage that induced apoptosis and led to
depletion of Hus1-null cells from the mammary gland. Conditional
Hus1 knockout females retained grossly normal mammary gland
morphology, suggesting compensation by cells that failed to un-
dergo Cre-mediated Hus1 deletion. p53-deficiency delayed the
clearance of Hus1-null cells from conditional Hus1 knockout mice
and caused the accumulation of damaged, dying cells in the
mammary gland. Notably, compensatory responses were impaired
following combined Hus1 and p53 loss, resulting in aberrant
mammary gland morphology and lactation defects. Overall, these
results establish a requirement for Hus1 in the survival and pro-
liferation of mammary epithelium and identify a role for p53 in
mammary gland tissue regeneration and homeostasis.

breast cancer � DNA damage checkpoint

DNA is constantly subjected to intrinsic and extrinsic genotoxins
that may lead to mutations in growth regulatory genes, result-

ing in cancer formation (1). To prevent mutation accumulation,
evolutionarily conserved DNA damage checkpoint pathways survey
the genome and respond to DNA lesions by halting the cell cycle,
stabilizing replication forks, and inducing repair. In cases of exten-
sive or unrepairable damage, checkpoints instead trigger apoptosis,
which eliminates defective cells that are at risk for malignant
transformation and stimulates regenerative proliferation that en-
sures tissue homeostasis.

Two primary checkpoint pathways, the Atm and Atr pathways,
function in parallel to respond to DNA damage in mammals (2).
The Atm pathway, which includes Atm, Chk2, p53, and additional
components, responds to double-stranded DNA breaks (DSBs).
Inactivating mutations in genes of the Atm pathway cause increased
risk for a variety of malignancies, including breast cancers (3).
Notably, over half of all solid human tumors are estimated to have
p53 mutations (4). In addition to its well-established functions in
apoptosis induction, cell cycle control, and safeguarding of genome
stability, p53 also plays a complex and incompletely understood role
in tissue homeostasis. In some settings, p53 appears to impede
regenerative processes (5–7), while in others it facilitates tissue
renewal and recovery from cell loss (8–10).

The Atr pathway, which includes Atr, Chk1, and the Rad9-Rad1-
Hus1 (9-1-1) complex, responds to stalled replication forks and a
broad array of DNA lesions (2). Because the Atr pathway is
essential for embryonic development in mammals, many of its
physiological roles have not been fully characterized. Although

Chk1 activation is known to occur in response to oncogenic signals
(11), there is limited direct evidence indicating that Atr pathway
defects are strongly tumor predisposing. Monoallelic ATR and
CHK1 mutations, as well as misexpression of CHK1 and 9-1-1
complex components, have been reported in human cancers (12–
19). In mouse models, Atr heterozygosity causes a slight increase in
tumor incidence (20). Chk1 haploinsufficiency is associated with
defects suggestive of cell transformation in the mammary gland (21)
and modestly accelerates mammary tumorigenesis in Wnt-1 trans-
genic mice (22). These data suggest a possible role for the Atr
pathway in tumor suppression; however, heterozygosity for these
genes in mice results in relatively mild phenotypes.

As a member of the 9-1-1 complex, Hus1 shows predicted
structural homology to proliferating cell nuclear antigen (23), the
sliding clamp that serves as a processivity factor during DNA
replication. 9-1-1 is loaded onto DNA in response to damage and
functions as a scaffold that facilitates the formation of checkpoint
signaling complexes, leading to efficient phosphorylation and ac-
tivation of downstream effectors in response to DNA damage.
Notably, 9-1-1 promotes the Atr-dependent phosphorylation of
Chk1 through the recruitment of the checkpoint mediator TopBP1,
which stimulates Atr kinase activity (24). Targeted deletion of Hus1
(25) or Rad9 (26) results in severe genomic instability, profound
hypersensitivity to genotoxic stress, and mid-gestational embryonic
lethality.

To study the physiological functions of the Atr checkpoint
pathway in tumor suppression and tissue homeostasis while bypass-
ing the embryonic lethality of conventional knockout models, we
previously developed a conditional loxP-flanked Hus1 allele
(Hus1Flox) (27). Hus1Flox is a fully functional allele that expresses
wild-type Hus1, but is converted to the null allele Hus1�2,3 upon
Cre-mediated recombination. In this study, we generated condi-
tional Hus1 knockout mice that express Cre from the beta-
lactoglobulin (Blg) promoter to inactivate Hus1 selectively in the
mammary glands of pregnant and lactating mice (28). The mam-
mary gland was targeted because this tissue expresses Hus1 (29),
has a well-characterized developmental pattern (30), and is sus-
ceptible to tumor development due to defects in DNA damage
response factors (3). Complete Hus1 inactivation was not associated
with increased mammary tumor predisposition; instead Hus1 was
found to be essential for genome maintenance and cell survival in
mammary epithelium. Unexpectedly, p53 loss exacerbated the
deleterious effects of Hus1 inactivation and impaired a compen-
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satory response that in p53-proficient animals promoted tissue
regeneration by cells that failed to delete Hus1. These data identify
a role for p53 in tissue homeostasis in the mammary gland and
additionally suggest that inhibition of Atr signaling may be an
effective tool for the treatment of p53-deficient cancers.

Results
Depletion of Hus1-Null Cells from the Mouse Mammary Gland Follow-
ing Conditional Hus1 Inactivation. The conditional allele Hus1Flox

(27) was used in combination with Blg-Cre transgenic mice (28) to
produce mice in which Hus1 was deleted selectively in mammary
epithelium. Hus1Flox/�1 Cre� conditional Hus1 knockout mice
contained the conditional allele and one copy of the null allele
Hus1�1 such that Cre-mediated recombination in the mammary
gland upon pregnancy would generate Hus1-deficient cells. Control
Hus1�/Flox Cre� mice served as an indicator of the maximum
possible Hus1 deletion in the absence of selection against Hus1 loss,
as the mammary glands of these mice retain one wild-type Hus1
copy following recombination. Hus1�/� and Hus1Flox/Flox Cre�

mice express wild-type levels of Hus1 and were used to establish
baseline values in all assays.

Conditional Hus1 knockout and control mice were born at
expected frequencies and appeared grossly normal (Table S1). To
determine the extent of Cre-mediated Hus1 inactivation, we per-
formed Southern blotting on DNA extracted from mammary
glands from mice as virgins, at the 18th day of pregnancy (P18), or
at the second day of lactation (L2) using a probe that can distinguish
the unrecombined Hus1Flox, wild-type Hus1�, and inactivated
Hus1�2,3 alleles (Fig. 1 A and B). No Hus1 deletion was seen in the
Cre� control animals as expected, and only limited deletion was
seen in virgin Cre� control mice, likely due to basal Blg promoter
activity as reported previously (28). Blg-Cre expression increases
during pregnancy and lactation, and accordingly, control Hus1�/Flox

Cre� mammary glands showed an average of 43% Hus1 deletion at
P18 and 50% at L2. Notably, the extent of Hus1Flox deletion was
substantially reduced in Hus1Flox/�1 Cre� mice relative to Hus1�/Flox

Cre� mice at every developmental stage. Hus1Flox/�1 Cre� mam-
mary glands showed an average of 1.4% (virgin), 9% (P18), and
17% (L2) Hus1 deletion. Relative to Hus1�/Flox Cre� controls,
these values represent decreases in Hus1 deletion of 84, 80, and 66%
in virgin, P18, and L2 mice, respectively. These data suggest that
Hus1 loss puts cells at a selective disadvantage and results in their
depletion from the mammary gland.

To determine whether Hus1-deficient cells would accumulate in
the mammary glands of multiparous females, we continuously bred
conditional Hus1 knockout females to wild-type males. On average,
Hus1�/Flox Cre� females gave birth to 10 litters, while Hus1Flox/�1

Cre� and Hus1Flox/�1 Cre� females gave birth to 11 litters. Mam-
mary glands were harvested from these females several months
after they gave birth to their final litter, and DNA was isolated and
analyzed by Southern blot for Hus1 deletion (Fig. 1B and Fig. S1).
Strikingly, there was a complete absence of Hus1-deficient cells in
Hus1Flox/�1 Cre� multiparous mammary glands. By contrast, an
average of 28% Hus1 deletion was observed in Hus1�/Flox Cre�

multiparous mammary glands; this Hus1 deletion level is lower than
that seen in control females at L2 of their first pregnancy because
of reduced epithelial cell content following involution. Together,
these data indicate that Hus1-deficient cells are selected against
and, following multiple pregnancies, completely eliminated from
mammary glands of conditional Hus1 knockout mice.

Grossly Normal Mammary Gland Morphology Following Cre-Mediated
Hus1 Inactivation. To determine the effects of Hus1 deletion on
mammary gland development and morphology, we performed
histopathological analysis of mammary glands from conditional
Hus1 knockout and control mice at P18 (Fig. S2), L2 (Fig. 1C), or
following multiple rounds of pregnancy (Fig. S1C). Whole mounts
and histological sections of Hus1Flox/�1 Cre� mammary glands were

Fig. 1. Depletion of Hus1-deficient cells from mammary glands of condi-
tional Hus1 knockout mice. (A) DNA was isolated from mammary glands of
virgin mice, mice at the 18th day of pregnancy (P18) or mice at the second day
of lactation (L2), and analyzed by Southern blotting. The position of the bands
for Hus1Flox, wild-type Hus1, and the recombined inactivated Hus1 allele,
Hus1�2,3, are indicated. The Hus1�1 allele is not detected in this assay. Because
there is variation in gel mobility between samples, the position of the band for
wild-type Hus1 is additionally marked with a ‘‘�’’ symbol. ‘‘% deletion’’ refers
to the extent of Cre-mediated conversion of Hus1Flox to Hus1�2,3, as deter-
mined by quantification of Southern blot signal by PhosphorImager. (B) Bar
graph shows the average percentage of Hus1 deletion at each developmental
stage for mice of the indicated genotypes. Values are means derived from the
Southern blots in Fig. 1A and Fig. S1A; error bars, standard deviation. Hus1
deletion was significantly lower in Hus1Flox/�1 Cre� mice relative to Hus1�/Flox

Cre� controls at all stages except in virgins (virgin, P � 0.856; P18, P � 0.001;
L2, P � 0.001; Multiparous, P � 0.001) as determined by one-way ANOVA. (C)
Representative images of whole mount preparations and histological sections
of mammary glands from conditional Hus1 knockout and control females are
shown. (Scale bar, 400 �m.)
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similar to those prepared from control Hus1�/Flox Cre�, Hus1Flox/�1

Cre�, and wild-type females at all developmental stages. Normal
mammary gland development was observed during pregnancy and
lactation in mammary glands of all genotypes (Fig. 1C), including
similar densities of epithelial and adipose cells as well as typical
patterns of side branching, ductal epithelial expansion, and terminal
differentiation of milk-producing alveoli (30). These findings sug-
gest that cells that failed to undergo Cre-mediated recombination
were able to compensate for the loss of Hus1-deficient cells from
the mammary gland and promote normal development.

Consistent with these observations of normal mammary gland
architecture, Hus1Flox/�1 Cre� mice were capable of lactating and
nursing offspring. Both Hus1Flox/�1 Cre� and control multiparous
females had an average of seven pups per litter at weaning,
suggesting that multiparous Hus1Flox/�1 Cre� females were capable
of nourishing their offspring. In addition, conditional Hus1 inacti-
vation had no significant effect on mammary tumor incidence.
Mammary epithelial tumors were found in two of 22 (9.1%)
multiparous Hus1Flox/�1 Cre� females, and one of 16 (6.25%)
multiparous Hus1�/Flox Cre� and Hus1Flox/�1 Cre� control females.
The mammary tumors were composed of cuboidal cells arranged in
solid to cystic lobules with variable amounts of glandular formation
and scant supporting stroma (Fig. S1D). The cells had small to
moderate amounts of eosinophilic cytoplasm and round to oval
nuclei with few (�5) mitotic figures in ten 400� fields. A third
Hus1Flox/�1 Cre� mouse developed a palpable mammary mass that
fully regressed before euthanasia. Southern blot analysis further
indicated that Hus1 loss did not directly contribute to tumor
formation in multiparous Hus1Flox/�1 Cre� mice, as these tumors
showed no Hus1 deletion, whereas complete recombination of the
Hus1Flox allele was observed in the neoplasm from the multiparous
Hus1�/Flox Cre� control female (Fig. S1B). The tumors arose in
mice that were on average 14 months old and had delivered multiple
litters each, suggesting that these were spontaneous background
neoplasms in aged mice. Overall, the analysis of conditional Hus1
knockout mice indicates that Hus1-deleted cells are cleared from
the mammary gland and do not cause increased cancer risk.
Moreover, remaining Hus1-expressing cells compensate for the loss
of Hus1-deficient cells and regenerate a morphologically normal,
functional mammary gland.

Increased Genome Damage and Apoptosis in Hus1-Deficient Mammary
Epithelium. Checkpoint dysfunction can cause increased cell death
or impaired cell cycle progression (2). To determine if the depletion
of Hus1-deficient cells from the developing mammary gland was
due to apoptosis or defective proliferation, we performed terminal
uridine deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) and Ki67 antigen staining. TUNEL staining detects
extensive DNA fragmentation, a characteristic feature of apoptotic
cells (31), while Ki67 antigen is expressed in actively dividing but not
quiescent cells and therefore is commonly used as a proliferation
marker (32). At L2, control Hus1�/Flox Cre� mammary glands
contained an average of 0.44% apoptotic cells, whereas Hus1Flox/�1

Cre� glands contained an average of 0.85% apoptotic cells, indi-
cating that Hus1 deficiency led to a moderate but significant
increase in apoptosis in the developing mammary gland (P � 0.049)
(Fig. 2B). The increased apoptosis was not associated with a
significant change in cellular proliferation (P � 0.265) (Fig. 2A).

To determine the basis for the increased apoptosis, we per-
formed immunohistochemistry against �-H2AX, the phosphory-
lated histone variant that accumulates at DSB sites and serves as a
robust marker for genome damage (33). Hus1Flox/�1 Cre� mam-
mary glands showed significantly elevated levels of �-H2AX stain-
ing as compared to control Hus1�/Flox Cre� mammary glands (P �
0.016) (Fig. 2C). A trend toward increased genome damage in
Hus1-deficient mammary epithelium also was observed when com-
paring Hus1Flox/�1 Cre� and wild-type samples, although in this case
the difference was not statistically significant (P � 0.088). Overall,

these histological analyses suggest that Hus1 deficiency in the
mammary gland results in genome damage that impairs cell via-
bility, while cells that escape recombination and retain wild-type
Hus1 compensate to maintain the structure of the developing gland.

p53 Loss Delays the Clearance of Hus1-Deficient Cells from the
Mammary Gland but Impairs Mammary Gland Structure and Function.
Hus1 loss results in genome damage that can trigger Hus1-
independent DNA damage responses (25, 34). Because p53 induc-
tion is observed following Hus1 inactivation in embryos and
cultured fibroblasts (35), we hypothesized that the increased apo-
ptosis in Hus1-deficient mammary tissue may be due to a p53-
dependent checkpoint response to genome damage that occurs
following Hus1 loss. We therefore tested whether Hus1-deficient
cells would be retained in the mammary gland in the absence of p53
by crossing conditional Hus1 knockout mice onto a p53-deficient
background. Southern blot analysis of mammary glands from
control Hus1�/Flox Cre� mice on p53�/� and p53�/� backgrounds
revealed levels of Hus1 deletion similar to those in Hus1�/Flox Cre�

p53�/� controls (Fig. 3 A and B and Fig. S3). Notably, Hus1Flox/�1

Cre� mice on p53�/� and p53�/� backgrounds showed deletion
levels similar to those of Hus1�/Flox Cre� controls, suggesting that
inactivation of even one p53 allele reduced the loss of Hus1-
deficient cells from the mammary gland. At L2, p53�/� conditional
Hus1 knockout mammary glands showed an average of 41%
deletion, a 2.3-fold increase in Hus1 deletion as compared to that
in p53�/� conditional Hus1 knockouts. Likewise, p53-deficiency
caused a 2.2-fold increase in Hus1 deletion in the p53-deficient
conditional knockout glands at P18 (Fig. S3), and similar results
also were observed at L4 (Fig. S4A).

To determine the effects of combined Hus1 and p53 loss on
mammary gland development and morphology, we prepared whole
mounts and histological sections from the mammary glands of these
mice at P18 and L2. Germline p53�/� mice exhibit normal mam-
mary gland growth and morphogenesis during pregnancy and
lactation (36). These mice typically do not develop mammary
neoplasms, but succumb to other malignancies. In agreement with
these previous findings, grossly normal mammary gland growth and
morphogenesis was observed at P18 and L2 in Hus1�/Flox Cre�

p53�/�, Hus1�/Flox Cre� p53�/�, and Hus1Flox/�1 Cre� p53�/�

control mice (Fig. 3C and Fig. S3 B and C). However, histological
analysis of Hus1Flox/�1 Cre� p53�/� mammary glands at P18 unex-
pectedly showed delayed lobuloalveolar development and fewer
lipid vacuoles (Fig. S3B). These defects were even more striking at

Fig. 2. Significantly increased apoptosis and genome damage in mammary
glands from conditional Hus1 knockout mice. Sections from the fourth mam-
mary gland of conditional Hus1 knockout mice at L2 were stained for Ki67 to
assess proliferation, by TUNEL assay to detect apoptosis, or for �-H2AX to
detect DNA damage. The percentage of (A) Ki67, (B) TUNEL, or (C) �-H2AX
positive cells was quantified. Values are means of at least six fields per
genotype; error bars, standard deviation. The respective number of wild-type
(Hus1�/� or Hus1Flox/Flox Cre�), Hus1�/Flox Cre�, and Hus1Flox/�1 Cre� mice ana-
lyzed was 4, 2, and 3 in A; 4, 4, and 5 in B; and 4, 2, and 2 in C.
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L2 (Fig. 3C and Fig. S3C) and L4 (Fig. S4B), at which point the
mammary epithelium appeared sparser and the formation of
milk-filled alveoli was impaired. Quantification of epithelial content

revealed that Hus1Flox/�1 Cre� p53�/� mammary glands contained
2.2-fold less epithelium than those from Hus1�/Flox Cre� p53�/�

control mice (P � 0.001) (Fig. S5). Consistent with these findings,
offspring from four Hus1Flox/�1 Cre� p53�/� females showed de-
layed growth relative to cross-fostered littermates and in three of
four cases failed to survive to weaning age, suggesting that these
females were incapable of normal lactation. Subsequent litters from
these females showed less severe phenotypes, and in one case,
apparently normal pups were obtained, presumably because the
involution defects of p53-deficient mice (36) resulted in retention of
mammary epithelium into subsequent pregnancies.

To determine how p53 loss affected the proliferation and survival
of mammary epithelium, we performed TUNEL and Ki67 staining
on histological sections from p53-deficient conditional Hus1 knock-
out mice at L2 (Fig. 4). There was no significant difference in
proliferation between conditional Hus1 knockout and control mice
on either p53�/� or p53�/� backgrounds (Fig. 4 A and B). Inter-
estingly, the 2-fold increase in apoptosis observed in p53�/� con-
ditional Hus1 knockout mammary glands as seen in Fig. 2 was
elevated to a 4-fold increase in the absence of p53 (Fig. 4 C and D).

Fig. 3. Increased retention of Hus1-null cells in mammary glands from
p53-deficient conditional Hus1 knockout mice. (A) Southern blot analysis was
performed to determine the extent of Hus1 deletion in mammary glands of
conditionalHus1knockoutmicethatdiffer inp53status.DNAwasextractedfrom
mammary glands of mice of the indicated genotypes at L2 and probed by
Southern blot as described in Fig. 1. (B) The percentage of Hus1 deletion for each
genotype was calculated as the average from the following number of mice:
Hus1�/Flox Cre� p53�/� (n � 2), Hus1Flox/�1 Cre� p53�/� (n � 4), Hus1�/Flox Cre�

p53�/� (n � 1), Hus1Flox/�1 Cre� p53�/� (n � 2), Hus1�/Flox Cre� p53�/� (n � 4), and
Hus1Flox/�1 Cre� p53�/� (n � 2). Error bars, standard deviation. Hus1 deletion was
significantly lower in Hus1Flox/�1 Cre� mice relative to Hus1�/Flox Cre� controls in
the p53�/� background (P � 0.006) but not in the p53�/� background (P � 0.839)
as determined by one-way ANOVA. (C) Representative histological sections of
mammary glands from p53-deficient conditional Hus1 knockout and control
mice are shown. [Scale bars, 400 �m for low-magnification images (Left); 100 �m
for high-magnification images (Right).]

Fig. 4. Increased genome damage and apoptosis in mammary glands from
p53-deficient conditional Hus1 knockout mice. Sections from the fourth mam-
mary gland of p53-deficient conditional Hus1 knockout mice at L2 were
stained for Ki67 to assess proliferation, by TUNEL assay to detect apoptosis, or
for �-H2AX to detect DNA damage. Representative images of mammary
glands stained for (A) Ki67, (C) TUNEL, or (E) �-H2AX are shown. Arrows
highlight positively-stained cells. (Scale bars, 40 �m.) Bar graphs show the
average percentage of cells positive for (B) Ki67, (D) TUNEL, or (F) �-H2AX
staining, with error bars denoting standard deviation. Wild-type refers to
Hus1�/� Cre� p53�/� and Hus1Flox/Flox Cre� p53�/� or Hus1�/Flox Cre� p53�/�.
Values for p53�/� mice are the mean of at least six fields from two animals.
Data for Ki67, TUNEL, and �-H2AX staining on sections from p53�/� mice are
the same as those shown in Fig. 2. The difference between the frequency of
positively stained cells in Hus1Flox/�1 Cre� p53�/� and Hus1�/Flox Cre� p53�/�

mice was significant for TUNEL (P � 0.021) and H2AX (P � 0.001) but not Ki67
(P � 0.059) assays as determined by Student’s t-test.
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The significantly increased apoptosis in the p53-deficient condi-
tional Hus1 knockout as compared to p53-deficient Hus1�/Flox

Cre� control mice (P � 0.021) also was associated with a signifi-
cantly greater level of H2AX phosphorylation (P � 0.001) (Fig. 4
E and F). Similar results were observed in mammary glands at L4
(Fig. S4 C–E). Together, the data suggest that while p53 loss delays
the clearance of Hus1-deficient cells from the mammary gland,
these cells do undergo apoptosis through a p53-independent path-
way that responds to unrepaired DNA damage. In contrast to what
happens in p53�/� conditional Hus1 knockout mammary glands,
tissue regeneration by cells that have not undergone Hus1 deletion
is limited in the absence of p53, resulting in impaired mammary
gland development and function.

Discussion
Hus1 is an essential checkpoint gene, inactivation of which results
in spontaneous chromosomal aberrations and embryonic lethality
in mice. The ability to conditionally delete Hus1 in adult mice using
Cre-loxP recombination allowed us to circumvent this lethality and
investigate the physiological consequences of checkpoint dysfunc-
tion specifically in the mammary gland. Southern blot analysis
revealed that Hus1-deficient cells were under-represented in mam-
mary glands from Hus1Flox/�1 Cre� mice at all developmental stages
and, instead of accumulating over multiple rounds of pregnancy and
repeated Cre induction, were entirely absent from multiparous
females. Mammary glands from conditional Hus1 knockout mice
exhibited increased DNA damage and apoptosis, suggesting that
Hus1-null cells were selected against due to impaired genome
maintenance. Together with previous observations that Hus1 in-
activation has severe consequences on genomic integrity in embryos
and embryonic fibroblasts (25, 34), these data further establish a
fundamental requirement for Hus1 in responding to spontaneous
genome damage, even in the absence of extrinsic genotoxic stresses.

Importantly, conditional Hus1 knockout females were not pre-
disposed to mammary tumor formation. This finding is consistent
with the fact that complete inactivation of Atr pathway components
has not been observed in human cancers. In mice, nullizygous
mutations in Atr, Chk1, Hus1, or Rad9 cause embryonic lethality
(20, 22, 25, 26). Conditional inactivation of these genes also has not
been reported to result in tumor predisposition. Chk1 deletion in
the mammary glands of Chk1Flox/Flox Wap-Cre� mice leads to loss
of proliferative potential and clearance of Chk1-deficient epithe-
lium by apoptosis (21), similar to the effects of Hus1 deficiency we
observed. In thymocytes, Chk1 deletion causes apoptosis and cell
loss, but is not associated with spontaneous tumorigenesis or
leukemogenesis (37). Atr adult mosaic knockout mice similarly are
not tumor prone (38). Partial inactivation of the Atr pathway,
however, may have tumor-promoting effects. Deletion of one Chk1
allele causes inappropriate S-phase entry and other features com-
mon to cancer cells (21), and also moderately enhances mammary
tumor predisposition in WNT-1 transgenic mice (22). In addition,
Atr�/� mice develop various neoplasms at a low frequency (20). On
the other hand, mice with a partial reduction in Hus1 expression are
not prone to spontaneous tumor development, despite increased
genomic instability (39). Clearly, additional studies are required to
fully resolve the importance of Hus1 and the Atr checkpoint
pathway in tumorigenesis.

Fifty to sixty percent of cells in the mammary glands of control
Hus1�/Flox Cre� mice underwent Cre-mediated Hus1 deletion.
Depletion of an equivalent number of cells from the mammary
glands of conditional Hus1 knockout mice would be predicted to
result in significant morphological defects. Yet, Hus1Flox/�1 Cre�

mammary glands were morphologically indistinguishable from con-
trols, suggesting that cells that failed to undergo Hus1 deletion
compensated for the loss of Hus1-deficient cells and promoted
normal mammary gland development. Similarly, Atr deletion in
adult mice by Cre-loxP recombination leads to widespread cell loss,
followed by the recovery of cellularity in most tissues due to

expansion of cells retaining Atr expression (38). Apoptosis-induced
compensatory proliferation is a well-established phenomenon
known to occur in Drosophila and mammals (8, 10, 40, 41). Dying
cells, as well as the phagocytes that clear them, signal to surrounding
cells via mitogens and immune modulators (40–42). The relatively
normal mammary gland architecture in conditional Hus1 knockout
mice reflects the action of powerful homeostatic mechanisms that
are capable of regenerating a functional mammary gland following
extensive cell loss.

Based on the central role of p53 in the apoptotic response to
DNA damage (5), we hypothesized that p53 was responsible for the
elimination of Hus1-deficient cells from the mammary gland. In
mouse embryos, Hus1 deficiency triggers p53-dependent induction
of p21 and Perp, indicating that p53 is activated by genome damage
induced by Hus1 loss (35). In this study, Hus1-deficient cells were
retained in the mammary gland longer in the absence of p53,
suggesting that p53 normally contributes to the death and/or
clearance of Hus1-deficient cells. Although p53 loss did reduce the
clearance of Hus1-deficient cells from the mammary gland at P18,
L2, and L4, the combined loss of p53 and Hus1 ultimately resulted
in significantly increased DNA damage and apoptosis in the mam-
mary gland. The increased TUNEL staining observed in p53-
deficient conditional Hus1 knockout mice may occur because cell
death becomes restricted to a narrower time frame, or because
dying cells accumulate due to inefficient clearance. Alternatively,
p53 deficiency may cause an even greater amount of genome
damage in Hus1-null mammary epithelial cells, resulting in elevated
apoptosis. The latter possibility is supported by the prior observa-
tion that p53 loss increases genomic instability in primary condi-
tional Hus1 knockout fibroblasts (34).

These results add to the emerging picture that dysfunction of the
Atr checkpoint pathway triggers p53-independent apoptotic re-
sponses. For instance, Chk1-deficient embryos undergo p53-
independent apoptosis (22). Similarly, IR or replication stress in the
absence of Chk1 trigger apoptosis through p53-independent path-
ways that are dependent on caspase-2 or caspase-3, respectively (43,
44). Here we show that Hus1 loss sensitizes p53-deficient cells to
apoptosis in vivo, without additional exogenous stresses. Alto-
gether, the data presented here suggest that Hus1-deficient cells in
the developing mammary gland are targeted for apoptosis even
when p53 is absent, a process that eliminates cells that are at risk for
malignant transformation due to increased genomic instability.
While this manuscript was in preparation, Greenow and colleagues
published similar results indicating that conditional Chk1 inactiva-
tion in the small intestine causes p53-independent apoptosis fol-
lowed by compensatory proliferation by remaining Chk1-proficient
cells (45).

It follows that Hus1 impairment also may reduce cancer cell
viability. Interestingly, tumor-initiating cells from p53-null mam-
mary tumors show up-regulation of Hus1 and other DNA damage
response genes, suggesting that these cancer stem cells may be
highly dependent upon checkpoint functions (46). Inactivation of
Hus1 or other Atr checkpoint pathway components therefore
represents a potential strategy to sensitize tumors, particularly those
harboring p53 mutations, to DNA-damaging chemotherapeutics.
The Chk1 inhibitors currently undergoing clinical testing represent
one promising means to accomplish this, and evidence from cell
culture models suggests that these agents are indeed effective in
cells with mutant p53 (47, 48).

Among the most striking findings from this study was that p53
deficiency greatly limited compensatory tissue regeneration by cells
that escaped recombination of the conditional Hus1 allele, resulting
in substantial morphological defects in the mammary glands of
p53�/� conditional Hus1 knockout mice. In p53�/� conditional
Hus1 knockout mice, p53-induced apoptosis and clearance of
Hus1-deleted cells during mammary development may signal sur-
rounding cells to regenerate a functional mammary gland. This
could be a physical cue, such as the creation of space for the
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expansion of neighboring cells, or a biochemical signal, such as
the production of a secreted mitogen, that is lacking in the
p53-deficient genetic background. Such a mechanism has been
elucidated in Drosophila, where p53 is required for compen-
satory proliferation in damaged tissues containing dying cells
(10). An alternative model is that the damaged Hus1-deficient
cells that accumulate in the absence of p53 secrete a dominant
inhibitory signal that acts on surrounding cells. Cells that are
induced to senesce by genotoxic stress are known to produce
various secreted factors, some of which are growth inhibitory,
and a recent study indicates that the senescence-associated
secretory phenotype is more vigorous in the absence of p53
(49). These mechanisms are not mutually exclusive; in p53-
deficient conditional Hus1 knockout mammary glands, com-
pensatory growth may be prevented through a combination of
the absence of a regenerative signal and the presence of a
dominant inhibitory signal. The conditional Hus1 knockout
mouse model described here will be a valuable tool for
deciphering the precise molecular mechanism underlying the
role for p53 in mammary gland tissue regeneration and
homeostasis.

Materials and Methods
Mice. Details of the mouse strains used are provided in the SI Text. Mice were
housed in accordance with institutional animal care and use guidelines.

Southern Blot. Deletion of the conditional Hus1 allele was quantified by South-
ern blotting as described in SI Text.

Whole Mounts and Histology. Mammary glands from conditional Hus1 knockout
and control mice were subjected to whole mount and histological analysis as
described in SI Text.

Immunohistochemistry and TUNEL Staining. Mammary gland sections were
stainedbyTUNELassayorwithantibodies specificforKi67or�-H2AXasdescribed
in SI Text.
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