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Cell cycle checkpoints are evolutionarily conserved signaling pathways that uphold genomic integrity.
Complete inactivation of the mouse checkpoint gene Husl results in chromosomal instability, genotoxin
hypersensitivity, and embryonic lethality. To determine the functional consequences of partial Hus1 impair-
ment, we generated an allelic series in which Husl expression was incrementally reduced by combining a
hypomorphic Hus1 allele, HusI"*, with either wild-type or null (HusI*") alleles. Primary HusI"**’*’ embryonic
fibroblasts exhibited spontaneous chromosomal abnormalities and underwent premature senescence, while
higher HusI expression in Hus1"*”’"* cells allowed for normal proliferation. Antioxidant treatment almost fully
suppressed premature senescence in HusI"*/*’ cultures, suggesting a critical role for Hus1 in oxidative stress
responses. Treatment of HusI1"**° and HusI"'*’ cells with the DNA adducting agent benzo(a)pyrene
dihydrodriol epoxide resulted in a loss of cell viability that was associated with S-phase DNA damage
checkpoint failure. Likewise, the DNA polymerase inhibitor aphidicolin triggered increased cell death, chro-
mosomal aberrations, and H2AX phosphorylation, a marker for double-stranded DNA breaks, in HusI"**/"*
and Hus1"*! cultures compared to controls. Despite these pronounced genome maintenance defects in
cultured HusI"***' and HusI""* cells, mice of the same genotypes were born at expected frequencies and
appeared grossly normal. A significant increase in micronucleus formation was observed in peripheral blood
cells from Hus1"*”’*! mice, but reduced Husl expression did not cause an elevated predisposition to sponta-
neous tumor development or accelerate tumorigenesis in p53-deficient mice. These results identify differential
effects of altered Husl gene dosage on genome maintenance during in vitro culture, genotoxic stress responses,

embryonic development, and adult homeostasis.

The ability to accurately duplicate the genome and correctly
segregate damage-free chromosomes to daughter cells is cru-
cial to the health and longevity of all organisms. To ensure the
fidelity of these processes, cells respond to genome damage by
arresting the cell cycle, stabilizing replication forks, and induc-
ing DNA repair. Cell cycle checkpoint pathways mediate these
DNA damage responses and additionally can induce apoptosis
if the damage is beyond repair. By preventing the accumulation
of mutations that drives carcinogenesis, checkpoints can be
important tumor suppressor mechanisms (3, 21, 27).

Replication inhibitors and bulky DNA lesions activate a
checkpoint pathway headed by the phosphatidylinositol ki-
nase-like protein kinase Atr. Stalling of replication forks or
processing of DNA lesions causes accumulation of single-
stranded DNA that becomes coated with replication protein A
(RPA) and attracts Atr in association with its binding partner
Atrip (12). Atr then transmits the checkpoint signal by phos-
phorylating Chk1, Brcal, and other targets, which in turn reg-
ulate the cell cycle, replication, and repair machineries. Effi-
cient DNA damage signaling through Atr also requires several
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accessory factors, including TopBP1/Cut5, Claspin, and the
Rad9-Rad1-Husl (9-1-1) complex (44).

With predicted structural similarity to proliferating cell nu-
clear antigen (PCNA), the 9-1-1 complex is believed to func-
tion as a checkpoint sliding clamp and molecular scaffold (57).
Loading of the 9-1-1 trimer onto chromatin is stimulated by
genotoxic stress and is mediated by a clamp loader composed
of Rad17 and associated replication factor C subunits (8, 41,
67). Once on chromatin, the 9-1-1 complex participates in
DNA damage signaling, promoting phosphorylation of Atr
substrates such as Chk1, Rad17, and Rad9 itself (2, 40, 65, 67).
Signaling defects in cells lacking 9-1-1 components are associ-
ated with failure of an S-phase checkpoint that represses late
origin firing in response to DNA damage (2, 40, 64). The
mammalian 9-1-1 complex also directly associates with a num-
ber of DNA repair proteins, including factors involved in base
excision repair (10, 20, 46, 48, 55, 58, 59) and translesion DNA
synthesis (26, 42), and additionally is required for homologous
recombinational repair (37, 61) as well as telomere mainte-
nance (19, 37). Given these key roles in checkpoint signaling
and DNA repair, it is not surprising that cells defective for
9-1-1 function are hypersensitive to a wide variety of genotox-
ins, including replication inhibitors and DNA damaging agents
(23, 28, 40, 60, 61, 63, 64).

The mammalian 9-1-1 complex not only responds to extrin-
sic stresses but also is required for embryonic development.
Targeted inactivation of mouse HusI (63) or Rad9 (23) results
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in widespread cell death and midgestational embryonic lethal-
ity. Rad17 is also essential for murine embryogenesis (7). Loss
of Atr (6, 14) or Chkl (31, 51) has even more severe conse-
quences and causes peri-implantation lethality. In all of these
mouse models, embryonic lethality is associated with sponta-
neous chromosomal instability, indicating that these gene
products are essential for genome maintenance during normal
cell proliferation. Even in the absence of extrinsic stresses,
mammalian checkpoints regulate Cdc25A turnover (50), the
timing of origin firing (45), and replication fork progression
through fragile sites in the genome (11).

The analysis of hypomorphic alleles that are partially impaired
for gene function is a traditional genetic strategy that can yield
important insights into the activity of a given gene. This approach
is particularly appropriate for study of the Atr-dependent check-
point pathway, as its complete inactivation causes severe pheno-
types. Moreover, understanding the impact of partial impairment
of this essential checkpoint mechanism has significant biomedical
implications. For instance, a hypomorphic ATR mutation is
known to cause the human developmental disorder Seckel syn-
drome (36). Furthermore, components of this pathway have been
suggested to represent a new class of tumor suppressors that may
be only partially inactivated in cancers (31). Here, we describe a
new mouse model based on a hypomorphic Hus! allele that ex-
presses reduced levels of wild-type Husl. Partial reduction of
Hus! expression in cultured cells was found to cause premature
senescence, spontaneous chromosomal abnormalities, and DNA
damage hypersensitivity. Unexpectedly, mice with the same ge-
netic alteration were born at the predicted frequency and, despite
indications of genomic instability, developed normally without
heightened tumor predisposition.

MATERIALS AND METHODS

Mouse strains. Previously described Hus1"** and Hus1*' mouse strains were
maintained on a 129S6 inbred genetic background (30, 63). Trp53" /™ mice
were maintained on a C57BL/6 inbred genetic background (25). All mice were
housed in accordance with institutional animal care and use guidelines. For
analysis of tumor cohorts, animals were aged until they showed clinical signs of
disease. Tumors identified grossly at necropsy were fixed in 10% neutral-buffered
formalin, embedded in paraffin, sectioned, and stained with hematoxylin and
eosin. Histopathological evaluations and tumor classifications were performed
blind with respect to genotype. Kaplan Meier survival curves were generated and
compared by log rank test using SPSS statistical software.

Cell culture, proliferation rements, and genotoxin survival assays.
Mouse embryonic fibroblasts (MEFs) were generated from 13.5-dpc embryos
from timed matings between HusI ¢ and Husl™*! mice or Husl ™" and
Hus1"°/*! mice. Briefly, following removal of the heart, liver, and head, embryos
were mechanically disaggregated and the resulting single-cell suspension was
cultured in culture medium (Dulbecco minimal essential medium [DMEM]
supplemented with 10% fetal bovine serum, 1.0 mM L-glutamine, 0.1 mM MEM
nonessential amino acids, 100 wg/ml of streptomycin sulfate, and 100 U/ml of
penicillin). Serial MEF cultures were maintained according to the 3T3 protocol
in which 10° cells were passaged onto 10-cm dishes every 3 days (54). The initial
plating was considered passage zero. When primary cultures entered senescence,
the cells were provided fresh culture medium but passaged only upon reaching
confluence, until immortalized clones emerged. Population doublings were cal-
culated with the formula APDL = log(n,/n,)/log,, where n,, is the initial number
of cells and 7, is the final number of cells (4). The effect of antioxidant treatment
was assessed by culturing cells beginning at passage one in culture medium
containing 5 mM N-acetyl-alanine (NAA) (Sigma) or N-acetyl-cysteine (NAC)
(Sigma), which was changed daily. For short-term proliferation assays, 10° cells
were plated per six-well dish well and, at 24-h intervals, triplicate samples were
harvested by trypsinization. The number of viable cells in individual samples was
determined after incubation with trypan blue dye. For short-term genotoxin
survival assays, 10° cells were plated per six-well dish well, treated with geno-
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toxin, cultured for 3 days, and then harvested by trypsinization, incubated with
trypan blue dye, and individually counted. For benzo(a)pyrene dihydrodriol
epoxide (BPDE) (NCI carcinogen repository) treatment, the genotoxin was
added directly to the medium and cells were then incubated for 1 h, after which
time the genotoxin-containing medium was removed, cells were washed once
with phosphate-buffered saline (PBS), and fresh medium was added. Treatments
with aphidicolin (Sigma) were done similarly, except that genotoxin exposure to
cells was for 24 h.

Radioresistant DNA synthesis assay. Cells were plated in triplicate at a density
of 2 X 10° per well of a gelatinized six-well dish. The next day, the cells were
treated with BPDE for 1 h, washed with PBS, incubated for 30 min in culture
medium without genotoxin, and labeled for 1 h in medium containing 2.5 pCi/ml
methyl-[*H]thymidine (2.0 Ci/mmol; NEN Life Science Products, Inc). The ra-
dioactive medium was then removed, and unincorporated nucleotides were re-
moved by washing the cells three times in ice-cold 5.0% trichloroacetic acid. The
cells were then solubilized in 0.3 N NaOH, followed by neutralization with glacial
acetic acid. Radioactivity was quantitated with a liquid scintillation counter.

Northern blot hybridization and reverse transcriptase (RT) PCR. Total RNA
was prepared from passage-one MEF cultures with RNA STAT-60 reagent
(Tel-Test). Northern blot hybridization was performed as described previously
(63). The signal intensity for wild-type Husl transcripts was determined by
phosphorimager and normalized to the signal intensity for Gapdh for the same
RNA sample. cDNA was prepared from 3 pg of DNase-treated RNA by random
priming with the SuperScript preamplification system (Gibco BRL). PCR am-
plification was performed with the following primers (see also Fig. 2): 1
(5" BamH1), 5'-CTCGGATCCATGAAGTTTCGCGCCAAG-3'; 2 (3" EcoRI),
5'-CTCGAATTCCTAGGACAAGGCTGGGAT-3'; 3 (3.224), 5'-TCTTCAGA
GACTCCTTCCATT-3'; 4 (Neo2), 5'-TTCGTCCAGATCATCCTGATC-3'; 5
(Neol), 5'-AGAGGCTATTCGGCTATGACTG-3"; 6 (Neo 3'), 5'-GGTATCG
CCGCTCCCGATTCGCAG-3". PCR products generated with primers 1 and 2
were digested with BamHI and EcoRI and cloned into pBluescript IT (Strat-
agene). All other PCR products were cloned into vector pCR2.1 by TOPO TA
cloning (Invitrogen). cDNA inserts were fully sequenced.

Metaphase spread preparation. MEFs were incubated in culture medium
containing 0.15 pg/ml Colcemid for 1 h. Cells were then harvested by trypsiniza-
tion, swollen for 12 min at 37°C in hypotonic buffer (0.034 M KCI, 0.017 M
Na3;CsHs0O5), and fixed for at least 20 min at 4°C in 75% methanol-25% acetic
acid. Cells in fixative were then spotted onto microscope slides and stained with
2.0% Giemsa in Gurr buffer (pH 6.8). Chromosomal abnormalities were scored
based on standard guidelines (34, 43). For analysis of aphidicolin-induced chro-
mosomal abnormalities, MEFs were treated with 0.05 uM or 0.10 pM aphidi-
colin for 24 h and then immediately subjected to metaphase spread preparation
as described above.

Indirect immunofluorescence. Cells grown on glass slides were fixed with 2%
paraformaldehyde in Tris-buffered saline (TBS) for 35 min at 4°C. The cells were
then permeabilized and blocked with 3% bovine serum albumin, 0.2% TritonX-
100, and 0.01% nonfat dried milk in TBS for 20 min at room temperature. Cells
were incubated sequentially with primary anti-y-H2AX antibody (JBW301; Up-
state) at 1:500 for 45 min, secondary goat anti-mouse immunoglobulin G (H+L)-
fluorescein isothiocyanate (FITC) (Southern Biotechnology) at 1:60 for 35 min,
and DAPI (4',6’-diamidino-2-phenylindole) (33 ng/ml) for 1 min. Slides were
viewed with a Leica DMRE fluorescence microscope.

Micronucleus assay. Analysis of micronucleus formation in peripheral blood
cells was performed as described by others (39). Briefly, 50 ul of peripheral blood
was collected from the mandibular vein into a microcentrifuge tube containing 200
wl of heparin solution (500 USP heparin/ml PBS) and fixed in methanol at —80°C
overnight. After washing with ice-cold bicarbonate buffer (0.9% NaCl, 5.3 mM
NaHCO; [pH 7.5]), the cells were incubated in bicarbonate buffer containing RNase
A and anti-CD71:FITC antibody (Biodesign International) at 4°C for 45 min. The
samples were then washed with bicarbonate buffer, resuspended in propidium iodide
(1.25 pwg/ml in bicarbonate buffer), and analyzed on a FACSCalibur flow cytometer
(Becton-Dickinson, San Jose, CA) as described by others (15).

RESULTS

Hus1"*’ is a hypomorphic allele that expresses a reduced
level of wild-type Husl. In the process of producing a loxP
site-flanked conditional Hus! allele, Hus™* (30), we gener-
ated the HusI"* allele, which contains a frt-flanked neo cas-
sette in intron one as well as loxP sites surrounding exons two
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FIG. 1. Husl allelic series. (A) Schematic representation of the
Husl1 alleles generated in systems for constitutive and conditional Hus1
inactivation. The first four HusI exons are shown as boxed numbers. A
neomycin resistance cassette (NEO), fit sites (lined rectangles), and
loxP sites (solid triangles) are shown. Exposure of alleles containing fit
sites to the Flp recombinase or alleles containing loxP sites to the Cre
recombinase excises the intervening sequence, generating a new allele
as indicated. (B) Northern blot analysis of primary MEF cultures.
Total RNA was prepared from individual MEF cultures of the indi-
cated genotypes and hybridized with a *?P-labeled Husl or Gapdh
cDNA probe. RNA prepared from each MEF culture was loaded in
duplicate.

and three (Fig. 1A). Often the presence of a neo cassette in a
targeted gene interferes with the expression of that gene (29).
Given that complete Hus! inactivation results in embryonic
lethality and severe proliferation defects in cultured cells, we
reasoned that a reduced level of Husl expression from the
Hus1"< allele might be useful for testing the impact of a partial
impairment of this essential checkpoint gene. Therefore, we
used HusI™°, in combination with wild-type Hus! and the
previously described null HusI*/ allele (63), to produce a Husl
allelic series (Fig. 1A). MEFs of all possible genotypes except
HusI*""*" were generated. HusI*"*' MEFs cannot be pro-
duced because of the early embryonic lethality associated with
this genotype (63). Northern blot analysis revealed a striking
incremental reduction in Husl expression through the series
(Fig. 1B). The graded pattern of Husl expression observed
(HusI*'* > HusI™"° > HusI*'* > HusI"*°""*° > Hus]"*”'*")
suggested that HusI"* produced a significantly reduced level of
Hus]. Quantification of the Northern blot signal by phosphorim-
ager analysis indicated each Hus1"* allele expressed roughly 40%
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of the wild-type level of Hus1 (HusI*'*, 100%; Hus1 *"*°, 71.4%;
Hus1™*! | 43.5%; Hus1"*"*, 47.4%; Hus1""'*!, 20.8%).

Examination of the Northern blot signal for Hus1**’**° sam-
ples suggested the presence of wild-type Husl transcripts as
well as novel RNA species, including both larger and smaller
transcripts. Therefore, a thorough analysis of HusI expression
from HusI™ was performed by RT-PCR (Fig. 2). Control
reactions from which RT was omitted did not yield detectable
PCR products, confirming the absence of contaminating
genomic DNA (Fig. 2A and data not shown). Hus1"° contains
all wild-type HusI sequences and, as expected, produced wild-
type Husl transcripts (Fig. 2A). Although these RT-PCR as-
says are not quantitative, a reduced amount of wild-type Hus?
product was amplified from HusI"/**° cells compared to
Hus1*'™" cells, consistent with the results of the Northern blot
analysis. The presence of the neo cassette also induced skip-
ping of exons two and three with increased frequency. Due to
a frameshift, the resulting transcript in which exon one is
spliced to exon four has the capacity to encode only the first 19
Hus1 amino acids and is functionally inactive (30). The neo
cassette used in this study is reported to contain cryptic splice
acceptor and donor sites (33), and accordingly some HusI"
transcripts also spliced from Hus! sequences into the neo cas-
sette. Other Husl"* transcripts appeared to originate from
within the neo cassette and then spliced into Hus! sequences
(Fig. 2B). Unfortunately, endogenous mouse Husl protein
could not be detected from primary MEFs with the available
antibody reagents, and it was not possible to characterize Hus1
expression from Hus1"° in this manner. However, all aberrant
transcripts produced from Husl"*’ contained premature stop
codons and had the capacity to produce only highly truncated
protein fragments containing little Hus1 sequence. As detailed
below, HusI " cells and mice were completely normal in all
assays in which they were tested, indicating that Hus1""*° has no
detectable dominant activities, although we cannot rule out
subtle effects due to the production of aberrant transcripts
from this allele. Together, these results indicate that Hus1"* is
a hypomorphic allele that expresses a reduced level of wild-
type Husl.

Partial reduction of Husl expression in cultured cells re-
sults in proliferation defects and spontaneous chromosomal
abnormalities. Although the gross morphology of embryos of
all genotypes in the allelic series was indistinguishable,
Hus1"’*! fibroblasts appeared to grow poorly once in culture.
To quantify these observations, we initially performed short-
term proliferation assays with MEFs at passage three.
Hus1"*’*" MEFs showed a severely limited growth capacity
compared to control Hus! ™" MEFs (Fig. 3A). Husl"*""*
MEFs, on the other hand, grew as well as HusI*'* cells (Fig.
3B). Husl** and Husl™*’ MEFs also showed normal
growth (data not shown). The impaired growth of Husl"”/*!
MEFs observed in these short-term assays prompted us to
examine the growth capacity of these cells over a longer time
frame. Husl™'*, Hus1"*"*°, and HusI"**’*’ MEFs were cul-
tured according to the 3T3 protocol (54), and cumulative pop-
ulation doublings were calculated. When cultured in this man-
ner, primary mouse fibroblasts typically grow rapidly for 5 to 10
passages before undergoing growth arrest, a process termed
senescence. Later, highly proliferative immortalized clones
emerge spontaneously. As shown in Fig. 3C, MEFs of all Hus!
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FIG. 2. Husl" expresses both wild-type and aberrant noncoding transcripts. DNase-treated total RNA from MEFs of the indicated genotypes
was reverse transcribed and subjected to PCR analysis using either two HusI-specific primers (A) or one HusI-specific and one neo-specific primer
(B). Control reactions were performed in the absence of RT as indicated. Primer locations are indicated and correspond to the sequences listed
in Materials and Methods. The resulting cDNAs were cloned and sequenced, and the structure of each transcript is diagrammed. Note that Hus!
transcripts from the wild-type allele often show retention of introns one and/or two. In-frame stop codons are indicated for transcripts originating
in Hus! coding sequences. In panel B, the smallest of the sequenced PCR products generated by primers 1 plus 4 does not contain an in-frame
stop codon. For this cDNA, predicted sequence adjacent to the PCR product is depicted in gray and includes an in-frame stop codon. Stop codons
for all three reading frames are indicated for transcripts originating in the neo cassette.

genotypes proliferated to similar extents for the first 3 to 6 days
in culture. However, Hus1"*°’*’ MEFs then underwent a pre-

standard conditions experience high, nonphysiological oxygen
levels, and the resulting oxidative DNA damage is a primary

mature growth arrest, ceasing proliferation at an earlier pas-
sage than Hus1"™'" or Hus1"**""*> MEFs. Eventually, cells of all
three genotypes, including Hus1"**/*!, became immortalized
and resumed rapid growth.

The senescence of MEFs is believed to be a response to
extrinsic cellular stresses. In particular, cells cultured under

driving force for senescence in MEFs (38). We hypothesized
that the premature senescence of HusI"*’*’ MEFs might be
due to a heightened sensitivity to oxidative stress, as Husl
associates with several base excision repair proteins that pro-
mote the repair of oxidative lesions (10, 20, 46, 48, 55, 58, 59).
Therefore, we tested the impact of the antioxidant NAC on the
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FIG. 3. Impaired proliferation of cells expressing reduced levels of HusI. (A and B) Short-term proliferation of Hus1"/*! and Hus1"*""*°
MEFs along with matched Hus1™'* control cells. MEF cultures at passage three were seeded into six-well dishes in triplicate, and the number of
viable cells was determined at the indicated times postplating. Plots show the mean, with error bars representing the standard deviation.
(C) Long-term proliferation of Hus1 ™™, Hus1"*"*, and Hus1"**! cells. Cumulative population doublings were calculated for MEF cultures of
the indicated genotypes maintained according to a 3T3 passaging protocol, as described in Materials and Methods. (D) Effects of antioxidant
treatment on the proliferation of Hus!™/* and Hus1"*”*" cells. HusI*'* and Hus1"*’*! MEFs were cultured in culture medium containing 5 mM
NAA or NAC, which was changed daily. Cumulative population doublings were calculated as described for panel C.

growth of Hus!™" and Husl"*”*’ MEFs (Fig. 3D). Cells
treated with the control compound NAA behaved in the same
manner as the untreated cells described above, with Hus1¢”/*7
cultures undergoing a proliferative arrest much earlier than
their HusI*'* counterparts. Remarkably, treatment with the
antioxidant NAC nearly fully suppressed the premature senes-
cence of Hus1"*°’*’ MEFs. Although NAC also permitted sus-
tained proliferation of Husl! ™" MEFs at later time points, it
significantly enhanced the proliferation of Hus1"*”’*’ MEFs at
early time points, several passages before it had any detectable
effect on Hus1 ™" cells, suggesting that premature senescence
in Hus1"*°*! MEFs is due at least in part to an impaired
response to oxidative stress.

We next assessed whether the poor growth and premature

senescence shown by HusI"*”’*’ MEFs was associated with
genomic instability. Metaphase spreads were prepared from
MEFs of each genotype in the allelic series at passages one
through three, and gross chromosomal abnormalities were
scored (Fig. 4A). At passage one, an increased percentage of
Hus1™’*! metaphases had chromosomal aberrations com-
pared to all other genotypes. The increase in chromosomal
abnormalities in Hus1"*”*! cells was even greater at passage
two, and by passage three 48% of Hus1"**/*' MEFs had at least
one chromosomal abnormality and 32% had multiple abnor-
malities. By contrast, 84% of HusI"'" metaphases were nor-
mal at passage three, and only 9% had multiple abnormalities.
Hus1"*°*> MEFs showed an intermediate level of chromo-
somal instability which was not apparent until later passages.
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FIG. 4. A partial reduction in Hus! expression results in chromosomal instability. (A) Summary of the frequency of chromosomal abnormalities
in MEFs with reduced Hus! expression. A total of 60 to 93 metaphases, prepared from at least three independent MEF cultures, were scored for
each genotype at each passage. (B) Representative metaphase spreads from primary cultures expressing reduced levels of Hus!. Metaphase spreads
were prepared from HusI™'™, Hus1""¢ and HusI"*°’*! MEFs at passage three and stained with Giemsa. Arrows highlight some of the
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By passage three, 35% of Hus metaphases contained at
least one chromosomal abnormality and 13% contained mul-
tiple abnormalities. As reported previously for primary HusI-
null MEFs (63), the chromosomal abnormalities in Hus1"¢*/**
MEFs were primarily chromatid gaps and breaks, and the
relative frequency for different types of chromosomal lesions
was similar for all genotypes (data not shown; see also Table
1). Representative metaphases are shown in Fig. 4B. Together,
these data indicate that a partial reduction in HusI expression
leads to spontaneous chromosomal abnormalities that accu-
mulate over time and are associated with premature cellular
senescence.

Cells with partial impairment of Husl expression are hy-
persensitive to DNA damage and replication stress. Because
the level of Hus! expressed from HusI"* was insufficient for
genomic stability under normal culture conditions, it was also
of interest to test how partial Husl impairment would impact
cellular responses to DNA damage or replication blockage.
Sensitivity to the bulky DNA lesion-inducing agent BPDE, a

genotoxin to which HusI-null cells are hypersensitive (64), was
tested in short-term viability assays (Fig. 5A). These assays
employed MEFs at passage one, a passage at which untreated
cells of all genotypes proliferated similarly (Fig. 3C and data
not shown). HusI1"*’*’ MEFs showed a significant increase in
BPDE sensitivity. At 72 h after treatment with 150 nM BPDE,
only 18.8% * 6.2% of Hus1"*”’*’ cells remained viable, com-
pared to 46.3% = 2.3% of control Husl*’ cells. Although
untreated Hus1"**’**> MEFs proliferated normally, it was of
interest to test whether the level of Husl expressed in these
cells would allow cells to cope with a greater level of genome
damage. Hus1"**""*> MEFs showed an intermediate sensitivity
to BPDE relative to Husl /A’ and HusI"*”’! MEFs, with
27.8% * 5.2% of cells of this genotype surviving treatment
with 150 nM BPDE. Additional control experiments indicated
that Hus1 " and Hus1"'*’ MEFs were as sensitive to BPDE
and all other genotoxins tested as HusI*’* MEFs (data not
shown). The BPDE hypersensitivity of cells with a partial re-
duction in Husl expression was associated with defects in an
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TABLE 1. Aphidicolin-induced chromosomal abnormalities in cells with reduced HusI expression®
No. of chromatid
No. of breaks/gaps . :
Husl Aphidicolin Total no. of interchanges g;?ér?s];:/}é
genotype (»M) metaphases Chromosome Chromatid Total Avg Total Avg damage®
type type
+/neo Untreated 19 0 3 3 0.16 0 0 0
0.05 20 3 2 5 0.25 0 0 0
0.1 20 1 11 12 0.6 0 0 0
neo/neo Untreated 20 0 9 9 0.45 3 0.15 0
0.05 20 0 9 9 0.45 10 0.5 1
0.1 20 2 19 20 0.95 14 0.7 1
neo/Al Untreated 19 0 6 6 0.32 0 0 0
0.05 19 2 22 24 1.26 15 0.79 0
0.1 19 0 19 19 1.00 14 0.74 3

“ MEFs of the indicated Husl genotype were left untreated (control) or treated with the indicated dose of aphidicolin for 24 h. Metaphase spreads were then

prepared, and chromosomal abnormalities were scored.
b Severely damaged metaphases with too many abnormalities to count.

intra-S DNA damage checkpoint that inhibits DNA synthesis
in response to genome damage (Fig. 5B). At 1 h after treat-
ment with 100 nM BPDE, the level of DNA synthesis in
Hus1™*" MEFs was reduced to 61.9% = 0.5% of that for
untreated control cultures. Hus1"*’**> MEFs showed a slightly
greater level of DNA synthesis following BPDE treatment
(64.7% = 0.7% of untreated control levels), but this was not
significantly different from the value for Husl */A’ cells. How-
ever, in BPDE-treated Hus1"**’*’ MEFs, DNA synthesis was
maintained at 79.4% =+ 2.0% of that for untreated control
cultures. Impaired proliferation in untreated Hus1"*”’*’ MEFs
could lead to an overestimation of the extent of the S-phase
checkpoint defect, although similar results were obtained with
cells at passage one, when cells of all genotypes proliferate
similarly (data not shown). Thus, a partial reduction in Hus!
expression leads to defective S-phase checkpoint function and
increased sensitivity to DNA damage. The results additionally
identify a level of Husl in HusI"**/**> MEFs that is sufficient
under normal growth conditions but is sublimiting for the re-
sponse to extrinsic genotoxic stresses.

The response of cells with reduced Hus! expression to rep-
lication stress was also examined, and Hus! expression from
Hus1"°° was found to be sublimiting for cellular responses to
the replication inhibitor aphidicolin (Fig. 5C). In short-term
viability assays, Hus1"*’*’ MEFs at passage one showed an
approximately fivefold increase in sensitivity to aphidicolin rel-
ative to HusI */*' MEFs. Hus1"**""*> MEFs showed interme-
diate aphidicolin sensitivity. A similar pattern of hypersensitiv-
ity was observed when MEFs of the allelic series were treated
with hydroxyurea, another inhibitor of DNA synthesis (data
not shown).

To gain insights into the basis for increased sensitivity to
replication inhibitors in cells with reduced HusI expression, we
examined the accumulation of double-strand breaks (DSB)
following blockage of DNA synthesis in these cells. For this
purpose, we performed immunofluorescence assays to detect
v-H2AX, the phosphorylated form of histone H2AX that
marks sites of DSB formation (53). Although Atr is responsible
for H2AX phosphorylation in response to replication stress,
Husl is dispensable for this process (62). As shown in Fig. 5D,

reduced Hus! expression resulted in an increased frequency of
v-H2AX-positive cells, even in the absence of extrinsic geno-
toxin. Treatment of these cells with aphidicolin resulted in a
substantial increase in y-H2AX staining. Following low-dose
(0.1 wM) aphidicolin treatment, only 1.4% of HusI*'* MEFs
were y-H2AX positive, while 6.6% and 21.7% of HusI"**"
and HusI"**’*! MEFs, respectively, were y-H2AX positive af-
ter aphidicolin exposure. Similar results were obtained when
v-H2AX accumulation was analyzed by immunoblotting (data
not shown). These results suggest that reduced Husl expres-
sion results in accumulation of DSB under conditions of rep-
lication stress. To further assess the genomic consequences of
blockage of DNA synthesis when Hus! levels are sublimiting,
we produced metaphase spreads from MEFs of the allelic
series after low-dose aphidicolin treatment. As expected, treat-
ment of control Hus!*"**> MEFs with aphidicolin resulted in
an increase in the frequency of chromatid-type and chromo-
some-type gaps and breaks (Table 1). In untreated Hus"<*"¢°
and Hus1"*’*! MEFs, there were greater numbers of chroma-
tid gaps and breaks than in HusI*"**° MEFs, and following
aphidicolin treatment the frequency of these lesions, as well as
chromosome-type gaps and breaks, increased significantly. In-
terestingly, the frequency of chromatid interchanges also in-
creased dramatically following aphidicolin treatment in both
Hus1"¢°"*° and Hus1"*°’*! MEFs, but not in control Hus "¢
MEFs. Representative metaphase spreads are shown in Fig.
SE. These findings indicate that the level of Husl expressed
from HusI"“’ is inadequate for responding to replication stress,
leading to the formation of DSB and aberrant chromosomal
structures.

Mice with reduced Hus1 expression are grossly normal de-
spite increased genomic instability. Because MEFs with re-
duced Hus! expression showed premature senescence, sponta-
neous chromosomal abnormalities, and impaired DNA
damage responses, we expected that mice of the corresponding
genotypes also would display severe phenotypes. Surprisingly,
mice of all genotypes in the allelic series were born at the
expected frequency. Intercrosses between HusI ™ mice pro-
duced HusI1"*""*° animals in an approximately one-in-four ra-
tio (41 HusI*'*/86 Husl /49 HusI"**"**). Likewise, ap-
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proximately one-quarter of the offspring from crosses between
Hus1""° and Hus1"'*' mice were of the Hus1"**’*' genotype
(61  Hus1™7/69 Husl™°/74 Husl™/*1/65 Husl"*").
Hus1""*° and HusI"*”’*' mice were of normal size and ap-
peared indistinguishable from control littermates. Litters of
typical size were produced from three independent matings of
adult Hus1"**/*! mice, indicating that mice of this genotype
were fertile.

To test whether reduced Husl expression resulted in
genomic instability in vivo, we quantitated the frequency of
micronucleus formation in peripheral blood cells from mice of
the allelic series. Micronuclei arise from chromosomes that
mis-segregate during mitosis or from acentric fragments that
are not incorporated into the nucleus (22). Micronucleus for-
mation is a proven indicator of genomic instability and can be
induced by genotoxin exposure or by genetic defects, such as
mutation of the Atm checkpoint gene (47). A flow cytometric
assay has been developed to quantify micronucleus formation
in peripheral blood cells, based on the fact that maturing re-
ticulocytes expel their main nucleus but not micronuclei (15).
Peripheral blood was drawn from mice of the allelic series and
stained with anti-CD71 antibody, to distinguish reticulocytes
from mature normochromatic erythrocytes, and with pro-
pidium iodide, to identify cells with micronuclei (Fig. 6A). In
peripheral blood from HusI*'* mice, the fraction of erythro-
cytes with micronuclei was 0.12% =+ 0.02% on average (Fig.
6B). A similarly low level of micronucleus formation was ob-
served for Hus1 ™", Hus1™'*!, and Hus1"*°"**° mice. Notably,
a significantly increased fraction of erythrocytes with micronu-
clei (0.37% = 0.09%) was observed in peripheral blood from
HusI1"*°/*! mice. For clarity, results are shown only for female
mice because micronucleus formation is generally lower in
female mice than in male mice. A similar proportional increase
in micronucleus formation in HusI"*”’*! mice also was ob-
served in male animals (data not shown). These data indicate
that reduced Husl expression results in genomic instability
in vivo.

To determine whether increased genomic instability would
induce tumor development in mice with a partial Husl impair-
ment, we aged and monitored mice of all genotypes in the
allelic series for 14 to 22 months. Overall survival was similar
for all genotypes, and no increase in spontaneous tumor de-
velopment was observed for mice with reduced HusI expres-
sion. We therefore tested whether partial Husl inactivation
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would promote tumorigenesis in combination with a defined
oncogenic stimulus. For this purpose, we produced the Hus!
allelic series in p53~'~ and p53*/~ genetic backgrounds and
examined whether the kinetics of tumor development or the
spectrum of tumor types in p53-deficient mice would be af-
fected by a partial Hus! defect. Consistent with published
results (16, 17, 25), Hus1™'*p53~/~ mice rapidly lost viability
due to tumor development, demonstrating a median survival of
146 days. Reduced Husl gene dosage did not alter the kinetics
of tumor development in p53~/~ mice, with median survival
times of 152, 157, and 149 days observed for Husl *"**°p53~/~,
Hus1™'p537~/~, and HusI"°*'p53~/~ mice, respectively
(Fig. 7A) (P = 0.951 [log rank test]). Partial HusI impairment
also did not affect the spectrum of tumors arising in p53~/~
mice (Fig. 7C) (P = 0.913 [chi-square test]). Regardless of
Husl1 genotype, the majority of p53-null mice developed lym-
phomas, with most remaining mice developing sarcomas.

Because the strong tumor predisposition in p53~/~ mice
might mask the impact of partial Hus! impairment, we also
generated the Hus] allelic series in a p53*/~ background. Rel-
ative to p53~/~ animals, p53™/~ mice develop tumors with
significantly delayed kinetics and typically display a more di-
verse tumor spectrum (16, 17, 25). Similar to the results with
P53~/ mice, reduced Husl gene dosage did not significantly
alter tumor development in p53*/~ mice (Fig. 7B). The kinet-
ics of tumor development were actually slightly delayed in mice
with reduced Husl expression (median survival of 490, 504,
571, and 508 days for HusI*/*p53~/~, Husl*"°p53~/~,
Hus1"/*'p53~/~, and HusI"**’*'p53~'~ mice, respectively),
but these differences were not statistically significant (P =
0.531 [log rank test]). Likewise, the distribution of tumor types
in p53*/~ mice did not vary significantly by Husl genotype
(P = 0.456 [chi-square test]). Taken together, the analysis of
mice with reduced HusI expression suggests that partial HusI
impairment, alone or in combination with targeted p53 inacti-
vation, does not promote tumor development.

DISCUSSION

A full understanding of the physiological functions of the
mammalian cell cycle checkpoint pathway involving Atr, Chkl,
and the 9-1-1 complex has been elusive in part because com-
plete inactivation of HusI or other components of this pathway
in mice causes embryonic lethality. In this report, we describe

FIG. 5. Defective responses to DNA damage and replication blockage in cells expressing reduced levels of HusI. (A) Cell viability following
BPDE treatment. Husl /A, Hus1"**/"*°, and HusI"**! MEFs at passage one were treated with BPDE, and cell viability was measured 72 h
posttreatment. The percentage of viable cells, relative to mock-treated control cultures, is plotted. Values are the mean of triplicate samples, with
error bars representing the standard deviation. (B) DNA synthesis following BPDE treatment. Hus /', Hus1"**"*°, and HusI"**’*’ MEFs at
passage two were treated with BPDE and then assayed for DNA synthesis 1 h later by measurement of radiolabeled thymidine incorporation. The
percentage of DNA synthesis, relative to that for matched mock-treated control cells, is shown. Values are the mean of triplicate samples, with
error bars representing the standard deviation. (C) Cell viability following aphidicolin treatment. Hus1 /27, Hus1"*"¢°, and Hus1"**’*’ MEFs at
passage one were treated with aphidicolin for 24 h, and cell viability was measured 72 h posttreatment. The percentage of viable cells, relative to
mock-treated control cultures, is plotted. Values are the mean of triplicate samples, with error bars representing the standard deviation.
(D) y-H2AX accumulation following aphidicolin treatment. HusI /", Hus1"**"**°, and Hus1"*”’*’ cells at passage three were treated with 0.1 M
aphidicolin for 24 h, and the percentage of y-H2AX-positive cells was then determined by indirect immunofluorescence. Values are the mean for
three independent 40X microscope fields, with error bars representing the standard deviation. (E) Representative metaphase spreads from
aphidicolin-treated MEFs. HusI /" and Hus1"*’*! MEFs at passage two were mock treated or treated with 0.1 wM aphidicolin for 24 h. Metaphase
spreads were then prepared, stained with Giemsa, and imaged with a 100X objective lens. Thin arrows indicate chromosome gaps and breaks, while
thick arrows indicate chromatid interchanges.
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FIG. 6. Increased micronucleus formation in peripheral blood cells from mice w1th reduced Hus1 expression. (A) Representative FACS plots.
Peripheral blood was drawn from mice of the indicated genotypes, stained with anti-CD71 antibody and propidium iodide, and analyzed by flow
cytometry. The lower right quadrant contains mature normochromatic erythrocytes harboring micronuclei. The upper right quadrant contains
reticulocytes with micronuclei. (B) Summary of micronucleus formation in peripheral blood from mice of the Hus! allelic series. The mean
frequency of micronucleus-containing erythrocytes is graphed for HusI*'* (n = 5), Hus1*"™° (n = 6), HusI*/* (n = 6), HusI1"*°’"** (n = 3), or
Hus1"'*! (n = 10) female mice, with error bars representing the standard deviation.

a system for assessing the functional consequences of partial
impairment of the Hus1-dependent cell cycle checkpoint path-
way. This new mouse model centers on a hypomorphic allele,
Hus1"<°, that expresses wild-type Hus! transcripts at a reduced
level as well as aberrant transcripts with minimal coding ca-
pacity. A HusI allelic series was generated by combining this
and other HusI alleles. Analysis of the allelic series in cells and
mice indicated that HusI gene dosage has a significant impact
on genomic integrity during normal growth conditions and in
response to DNA damage and further identified an essential
role for Husl in the maintenance of genomic stability in adult
mice. Interestingly, however, mice with reduced HusI expres-
sion developed normally and were not tumor prone.
Hus1"*!  MEFs underwent premature senescence,
whereas cells with a slightly greater level of HusI expression
(Hus1“*°) were capable of normal proliferation. The senes-
cence of cultured mouse cells is believed to reflect a DNA

damage response to stressful culture conditions and to be in-
dependent of telomere shortening (24). That HusI"**'*’ cells
underwent premature senescence in culture while mice of the
same genotype were born at the expected frequency suggests
that some aspect of in vitro culture creates a requirement for
an intact checkpoint apparatus. The MEFs described here
were cultured under atmospheric oxygen levels (~20% oxy-
gen), and others have found that this high oxygen level causes
DNA damage that contributes to the senescence of wild-type
MEFs (38). During embryonic development, on the other
hand, Hus1"**’*! cells experience lower, physiological oxygen
levels and under these conditions the level of HusI expressed
from Hus1"* is sufficient for apparently normal proliferation
and differentiation. Thus, the partial Hus! impairment in
Hus1™°’*! MEFs might trigger premature senescence by sen-
sitizing cells to oxidative stress. Consistent with this possibility,
treatment of HusI"*”*’ cultures with the antioxidant NAC
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Hus1"*'*'p53*/~ 28. (C) Pie charts showing the tumor spectrum for the mice described above at the conclusion of the experiment. HusI *p53~/~
and Hus1 p53*/~ charts include the combined results for HusI ™", Hus1*"**°, and Husl*/*" mice. Hematoxylin- and eosin-stained tissue sections
prepared from necropsied mice were analyzed blind with respect to genotype, and tumors were categorized as sarcoma, carcinoma, lymphoma and
other hematopoietic neoplasms, or benign neoplasms. “No detectable neoplasm” refers to mice that remained healthy at the completion of the

experiment or for which no neoplasm was identified at necropsy.

largely suppressed the premature senescence phenotype. The
improved proliferation of HusI"*** cells following antioxi-
dant treatment was associated with a significant reduction in
the frequency of spontaneous chromosomal abnormalities
(data not shown). It is worth noting that the 9-1-1 checkpoint
complex associates with a number of proteins required for base
excision repair, the DNA repair pathway that mediates many
of the responses to oxidative DNA damage (10, 20, 48, 55, 58,
59). These findings suggest that an essential function of the
9-1-1 complex during an unperturbed cell cycle is responding
to spontaneous oxidative DNA lesions.

Analysis of the Hus! allelic series also revealed how incre-
mental reductions in HusI expression affect responses to ex-
trinsic genotoxins. Hus1"**’*’ MEFs were found to be hyper-
sensitive to both DNA damaging agents and replication
inhibitors. An intermediate level of genotoxin sensitivity was
observed for Hus1"*°"**> MEFs, even though untreated cells of
this genotype were fully capable of normal proliferation. This
suggests that the level of Hus1 in Hus1"**’**> MEFs is sufficient
for the response to intrinsic cellular stresses but is sublimiting
upon additional genome damage. Importantly, increasing Hus!
expression via a HusI-expressing retrovirus restored normal
genotoxin sensitivity to both Hus1¢*""*° and Hus1"**’*! MEFs
(data not shown). Consistent with our previous results (64), the
sensitivity of cells with reduced HusI expression to the DNA

adducting agent BPDE roughly correlated with the functioning
of an intra-S cell cycle checkpoint mechanism that represses
DNA synthesis following DNA damage. Sensitivity to the rep-
lication inhibitor aphidicolin was associated with increased
DSB formation, as indicated by increased H2AX phosphory-
lation, as well as increased formation of chromosomal abnor-
malities. These findings are in accord with current models sug-
gesting that replication stress in checkpoint-defective cells results
in replication fork collapse (5). Interestingly, while HusI*'* cells
showed a slight increase in chromosomal gaps and breaks follow-
ing low-dose aphidicolin treatment, Hus1"**"*** and Hus1"*'*!
cells accumulated not only gaps and breaks but also chromatid
interchanges at high frequency. This phenotype is somewhat rem-
iniscent of that observed for Fanconi anemia cells following treat-
ment with mitomycin C, which also involves high-frequency radial
chromosome formation (13). Genotoxin-induced chromatid in-
terchanges are believed to reflect a failure of DNA repair by
homologous recombination and increased use of error-prone
pathways such as nonhomologous end joining and single-strand
annealing. A similar shift in repair pathway usage might account
for the occurrence of certain chromosome aberrations in cells
with reduced Husl expression, as mammalian Husl, Rad9,
Rad17, and Chkl proteins are required for homologous recom-
binational repair (7, 37, 49, 61) and the yeast 9-1-1 complex has
been implicated in translesion DNA synthesis (26, 42).
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Consistent with the observed increase in chromosomal ab-
normalities in HusI"*°’*’ MEFs, peripheral blood cells from
Hus1"’*! mice showed increased micronucleus formation. It
is important to note that the micronucleus frequency measure-
ments gauge genomic instability specifically in red blood cell
precursors, and the extent of genomic instability in other tis-
sues of HusI**’*’ mice remains unknown. Nevertheless, de-
spite this indicator of genomic instability, Hus1"**’*’ mice were
not predisposed to spontaneous tumor development. Further-
more, reduced Husl expression did not affect the kinetics of
tumor development in p53™/~ or p53~/~ mice or significantly
change the spectrum of tumors arising in these animals. Sev-
eral other mouse models featuring defects in cell cycle check-
points and/or DNA repair similarly do not show increased
cancer incidence (1, 13, 47, 52, 66). These data contribute to
the emerging picture that a particular type and level of
genomic instability may be critical to tumor development (9).
In the case of Hus1"*’*! mice, the frequency of cancer-induc-
ing chromosomal abnormalities may be too low or, alterna-
tively, genetically unstable preneoplastic cells with reduced
Hus1 expression may be incapable of extensive proliferation, as
suggested by their propensity to undergo premature senes-
cence in culture. One interesting possibility is that the low level
of genome damage in Hus1"*”*’ mice could accumulate over
multiple generations. We have interbred HusI"*’*' mice for
over five generations and continue to obtain viable, fertile
Hus1"’*! offspring. Whether these animals will develop late-
onset phenotypes remains to be determined.

While cell cycle checkpoints in general are key tumor sup-
pressor mechanisms (3, 21, 27), the available evidence suggests
that defects in the Atr-dependent checkpoint mechanism may
not strongly promote tumorigenesis. In mammals, the compo-
nents of this pathway are essential, and their complete inacti-
vation may not be compatible with tumor cell proliferation.
Chk1™'~ mice are not prone to spontaneous tumor develop-
ment (31), and only a slight tumor predisposition is seen for
Atr*/~ mice (6). Consistent with these animal studies, there are
only limited reports of ATR and CHKI mutations in human
cancers (32, 56) and it is uncertain whether these mutations are
causative. Seckel syndrome, caused by a hypomorphic ATR
mutation, is primarily a developmental disorder that has not
been associated with increased tumor predisposition, although
relatively few patients have been analyzed (35). However, het-
erozygosity for Chkl does accelerate Wntl-induced mammary
tumorigenesis to a limited extent (31), while A#r heterozygosity
increases tumor frequency in mismatch repair-defective mice
(18). Thus, it may be that only very specific hypomorphic mu-
tations affecting this pathway, in particular genetic or environ-
mental contexts, will stimulate oncogenesis. Further analysis of
the mice described here should provide additional insights into
possible tumor suppressor functions for Hus1 and further clar-
ify the impact of checkpoint defects and genomic instability on
cancer initiation and progression.
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