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ABSTRACT
Mice lacking the Gadd45a gene are susceptible to ionizing radiationinduced tumors. Increased levels of Gadd45a transcript and protein are
seen after treatment of cells with ionizing radiation as well as many other
agents and treatments that damage DNA. Because cells deficient in
Gadd45a were shown to have a partial defect in the global genomic repair
component of the nucleotide excision repair pathway of UV-induced
photoproducts, dimethylbenzanthracene (DMBA) carcinogenesis was investigated because this agent produces bulky adducts in DNA that are also
repaired by nucleotide excision repair. Wild-type mice and mice deficient
for Gadd45a were injected with a single i.p. dose of DMBA at 10 –14 days
of age. The latency for spontaneous deaths was slightly decreased for
Gadd45a-null mice compared with wild-type mice. At 17 months, all
surviving animals were killed, and similar percentages of each genotype
were found to have tumors. However, nearly twice as many Gadd45a-null
than wild-type mice had multiple tumors, and three times as many had
multiple malignant tumors. The predominant tumor types in wild-type
mice were lymphoma and tumors of the intestines and liver. In Gadd45anull mice, there was a dramatic increase in female ovarian tumors, male
hepatocellular tumors, and in vascular tumors in both sexes. In wild-type
mice, this dose of DMBA induced a >5-fold increase in Gadd45a transcript in the spleen and ovary, whereas the increase in liver was >20-fold.
Nucleotide excision repair, which repairs both UV- and DMBA-induced
DNA lesions, was substantially reduced in Gadd45a-null lymphoblasts.
Mutation frequency after DMBA treatment was threefold higher in
Gadd45a-null liver compared with wild-type liver. Therefore, lack of basal
and DMBA-induced Gadd45a may result in enhanced tumorigenesis because of decreased DNA repair and increased mutation frequency.
Genomic instability, decreased cell cycle checkpoints, and partial loss of
normal growth control in cells from Gadd45a-null mice may also contribute to this process.

ing (reviewed in Ref. 6). Mouse models of XP have been generated
that show this same predisposition to UV-induced carcinogenesis as
well as carcinogenesis by other agents that produce damage repaired
by NER (7, 8). The NER defects in XP often involve the GGR
subpathway and are associated with increased tumors. In contrast, a
defect in TCR, such as in CS, is associated with sun sensitivity, yet no
increased carcinogenesis has been observed (9). GGR is defective in
Gadd45a-null cells, and therefore, increased carcinogenesis by agents
producing damage repaired by NER was anticipated in mice lacking
this gene.
Gadd45a-null mice were shown to have a decreased latency for
IR-induced tumors (5). However, IR produces predominantly DNA
strand breaks and base damage that are not repaired by NER. Like
XPA and XPC-null mice, most Gadd45a-null mice appear normal and
do not show a significant increase in spontaneous tumors. However,
laboratory mice live in very controlled environments in the absence of
UV radiation or carcinogens. It is likely that these genes are not
required to prevent spontaneous tumors when there is no exogenous
damage to the DNA. In the presence of damage, lack of any one of
many DNA repair genes could lead to increased mutagenesis and
consequently carcinogenesis. To determine the effect of Gadd45a
deletion on tumorigenesis by an agent whose damage is repaired by
NER, young mice were injected i.p. with DMBA and monitored for
tumors. There was a small increase in tumor-induced mortality and
prevalence of tumors in Gadd45a-null mice compared with wt mice.
However, there were far more Gadd45a-null mice with multiple
tumors and a dramatic increase in vascular, ovarian, and hepatocellular tumors.
MATERIALS AND METHODS

INTRODUCTION

Animals. Mice were housed in Plexiglas cages and given autoclaved NIH
31 diet and water ad libitum. NIH is an Association for Assessment and
Accreditation of Laboratory Animal Care-accredited animal facility, and all
experiments were done under an approved NCI animal study protocol.
Mice were treated at 10 –14 days of age with a single i.p. injection of
DMBA in corn oil. The study consisted of 11 female and 15 male Gadd45anull mice and 11 female and 13 male wt mice. Animals exhibiting obvious
tumors or who were moribund, cachectic, or nonresponsive were killed for
necropsy, and at 17 months after DMBA injection, surviving animals were
killed for necropsy. Tumors and abnormal tissue were taken for histopathological analysis. Tumor and tissue sections were collected, stained with H&E,
and evaluated by a board-certified veterinary pathologist.
DNA Repair and Mutation Assays. Splenic lymphocytes were isolated
from spleens of 4- to 6-week-old mice by disruption between two sterile glass
slides and grown as previously described (5). The relative percentage of 6-4
photoproducts in total genomic DNA was determined using an ELISA as
previously described (10, 11). Briefly, splenic cells in culture were UV (254
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Gadd45a is a Mr 21,000 protein that has been linked to many
important cellular processes such as DNA repair, chromatin accessibility, cell cycle checkpoints, and genome stability (1–5). GGR2, a
subtype of NER was decreased in mouse embryo fibroblast cells
lacking Gadd45a, whereas TCR was unchanged (2). In vitro assays
have shown that addition of Gadd45a can prevent assembly of histones onto DNA and can specifically bind to UV-induced lesions in
nucleosome complexes (3). It was, therefore, proposed that Gadd45a
may enhance DNA repair by allowing accessibility of repair complexes to damaged DNA.
In the human genetic diseases XP and CS, one of many genes
involved in NER, which confers sensitivity of these individuals to UV
radiation-induced carcinogenesis and/or sunburn, is mutated or miss-
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quadruplicate) diluted 1:1000 in PBS. Another five PBST washings were
followed by two consecutive incubations (30 min, 37°C) with goat antimouse
IgG F(ab⬘)2 fragment conjugated with biotin (1:2000 dilution in PBS; Zymed)
and then with streptavidin-peroxidase conjugate (1:10000 dilution in PBS;
Zymed). Finally, after five PBST washings and one citrate-phosphate buffer
(pH 5.0) washing, 100 l of substrate solution (0.04% o-phenylene diamine
and 0.0075% H2O2 in citrate-phosphate buffer) were added to each well and
incubated for 30 min at 37°C. Reactions were stopped with 50 l 2 M H2SO4.
The absorbance at 490 nm was measured using an E-max microplate reader
(Molecular Devices).
Gadd45a-null mice were crossed into the BigBlue strain of mice, which
harbor a  shuttle vector that can be used for mutation detection. Six-week-old
mice that carried the  integration and were either wt or null for Gadd45a were
injected i.p. with 20 nmol/g body weight DMBA, and tissues were harvested
for DNA isolation 7 days later. Genomic DNA was prepared using the
RecoverEase DNA isolation kit, and bacteriophage were packaged using
Transpack packaging extract (Stratagene). At least 2 ⫻ 104 plaques were
screened for cII mutations, according to the manufacturer’s instructions in the
cII Mutation Assay Detection Kit (Stratagene).
RNA Analysis. For RNA isolation, 6-week-old mice were injected i.p. with
20 nmol of DMBA/g body weight, and tissues were harvested 4 h later. Tissues
were immediately homogenized in RNAzol (Life Technologies), and RNA was
prepared as directed by the manufacturer. RNA was dot-blotted onto nylon
membranes (Nytran; Schleicher & Schull). cDNA probes were labeled with
[32P]dCTP using Prime-It random primer labeling (Stratagene). Gadd45a RNA
was normalized to poly(A) content, which was estimated by hybridization to a
labeled polyuridylic acid probe (12, 13). Radioactivity for RNA dot blots was
counted on a PhosphorImager (Molecular Dynamics).

RESULTS
Because Gadd45a is involved in NER, it was expected that there
would be decreased DNA repair leading to increased DMBA-induced
mutations in Gadd45a-null animals, resulting in more tumors. Because of the involvement of Gadd45a in cell cycle checkpoints,
growth control, and genome stability, there was also the possibility
that these features of the Gadd45a-null phenotype could contribute to
decreased latency and increased incidence. The dose of DMBA used
was expected to produce tumors in wt animals so that tumor types,
incidence rates, and latency could be compared between Gadd45anull and wt mice. At 16 months posttreatment, there was a slight
increase in the incidence of deaths in the Gadd45a-null mice (Fig. 1),
primarily attributable to killing of moribund Gadd45a-null males. For

Fig. 1. Survival of Gadd45a-null and wt mice after DMBA treatment. Mice were
injected at 10 –14 days old with 20 nmol/g body weight i.p. DMBA. Animals were
followed for up to 17 months at which time all surviving animals were necropsied. Mice
with obvious tumors or ill health were killed for necropsy, and most mice that died before
17 months were found to have tumors.

males, 6 (40%) of 15 Gadd45a-null died early compared with 2 (15%)
of 13 wt, whereas in the females, 3 (27%) of 11 Gadd45a-null died
early compared with 4 (36%) of 11 wt. Only one early killing each in
the wt males and Gadd45a-null males and two early sacrifices in the
Gadd45a-null females were not attributable to neoplasia. All surviving mice were necropsied at 17 months.
Total tumor burden was greater in the Gadd45a-null mice of both
sexes than in wt mice (Table 1). This increase was attributable to a
greater number of male Gadd45a-null mice with neoplasm as well as
to increased multiplicity of tumors per animal, both benign and
malignant, in both the male and female Gadd45a-null when compared
with the wt animals. Almost twice as many Gadd45a-null had more
than one tumor, and more than three times as many Gadd45a-null
mice had two or more malignant tumors (malignancy being based on
presence of metastasis, invasion, or atypia), when compared with the
wt mice (Fig. 2). The average number of all tumors per affected
mouse was 1.53 and 2.37 for wt and Gadd45a-null mice, respectively
[significantly different (P ⬍ 0.03) by t test and one-way ANOVA].
There was a notable increase in incidence of hepatocellular tumors
in the male Gadd45a-null, ovarian tumors in the female Gadd45anull, and hemangiomas/hemangiosarcomas in both male and female
Gadd45a-null mice when compared with the wt (Table 1). Hemangiomas/hemangiosarcomas were most prevalent in the intestinal tract of
both Gadd45a-null and wt mice; however, in the Gadd45a-null mice
these vascular tumors tended to occur in multiple sites and in additional tissues including the spleen, pancreas, adipose tissue, and
skeletal muscle.
Gadd45a RNA is increased in cell cultures and in vivo after
treatment with a variety of agents that damage DNA. This increase
might provide a protective function because Gadd45a is involved,
either directly or indirectly, in NER, the DNA repair pathway that
repairs bulky lesions such as those produced by DMBA. Wt mice
were injected with the same dose of DMBA that was used for
carcinogenesis, and Gadd45a RNA levels were measured after 4 h,
the time when Gadd45a RNA levels are often maximal after treatment
with DNA-damaging agents. From 5- to ⬎20-fold induction was seen
in various tissues (Fig. 3). The highest induction was seen in the liver,
which might be expected because this is probably the major organ that
metabolizes DMBA. Induction was seen both in organs in which
tumors were more prevalent in Gadd45a-null mice as well as those in
which there was no increase in tumors in Gadd45a-null mice.
Decreased repair has been shown in Gadd45a-null mouse embryo
fibroblasts (2). To determine whether repair is attenuated in tissues
from Gadd45a-null mice, splenic lymphocytes were treated with UV
radiation and allowed to repair the DNA damage for up to 24 h.
Although UV and DMBA produce different types of DNA lesions,
they are repaired by the same mechanism, NER. UV radiation was
used here instead of DMBA because antibodies to 6-4 UV photoproducts are available to measure DNA lesions. As predicted, repair was
diminished in Gadd45a-null lymphocytes compared with wt lymphocytes (Fig. 4).
Decreased repair of DMBA lesions would be expected to result in
increased mutations, which might lead to tumor formation. Gadd45anull mice were bred into the BigBlue mouse strain, which uses a
bacteriophage  shuttle vector for mutation detection. Livers were
taken from DMBA-treated mice 7 days after treatment, and mutation
frequencies of the  cII gene were determined (Fig. 5). Gadd45a-null
livers exhibited three times more DMBA-induced mutations than wt
livers. Gadd45a-null and wt livers showed a 3.1- and 2.3-fold increase
in mutations after DMBA treatment, respectively. Basal mutation
frequency in wt livers was similar to published data but was increased
1.7-fold in Gadd45a-null livers.
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Table 1 Tumor types and location in DMBA-treated mice

No. of mice
Total number of tumors
No. of mice with any tumor (%)
No. of mice with ⬎1 tumor (%)
No. of mice with ⬎1 malignancy (%)
Hemangioma (B)
Liver
Uterus
Pancreas
Intestine
Hemangiosarcoma (M)
Intestine
Spleen
Liver
Uterus
Adipose tissue
Skeletal muscle
Total vascular tumors (%)b
Ovary
Granulosa cell (B)
Granulosa cell (M)
Cystadenoma (B)
Total ovarian tumors (%)b
Liver
Hepatocellular adenoma (B)
Hepatocellular sarcoma (M)
Total hepatocellular tumors (%)b
Hematopoietic neoplasm (M)
FCC
Histiocytic sarcoma
Lung
Alveolar adenoma (B)
Alveolar carcinoma (M)
Skin
Keratoacanthoma (B)
Sarcoma (M)
Epididymis
Mesothelium (M)

Wt male

Null malea

Wt female

Null female

13
11
7 (54)
3 (23)
2 (15)

15
26
12 (80)
9 (60)
6 (40)

11
14
8 (73)
4 (36)
1 (9)

11
22
7 (64)
6 (55)
4 (36)

0
—
0
0

3
—
0
0

1
3
0
0

1
2
1
1

5
0
0
—
0
0
5 (38)

5
3
1
—
0
0
12 (80)

3
0
0
0
0
0
7 (64)

5
1
0
1
1
1
14 (127)

—
—
—

—
—
—

0
1
0
1 (9)

4
0
1
5 (45)

1
1
2 (15)

2
3
5 (33)

1
0

1
0

1
0

1
2

3
0

1
0

1
2

2
2

0
0

0
0

0
0

1
0

0
2

0
1

0

1

0

0

a

Null, Gadd45a-null; B, benign; M, malignant.
b
Values are the total number of tumors divided by number of mice for that group. Numbers above 100% indicate more than one of that tumor type per mouse.

DISCUSSION
Many human tumor-prone disorders result from mutation of known
DNA repair genes. In many cases, loss of DNA repair capacity is
associated with family history of specific tumor types, such as mismatch repair defects in hereditary nonpolyposis colon cancer (14). In
some cases, tumors are known to result from environmental exposure,
such as UV radiation-induced tumors in XP patients (9). In addition,
mouse models of XP show increased tumorigenesis by other agents
that produce damage repaired by NER (7, 8). However, not all DNA

Fig. 3. Gadd45a RNA levels after injection with 20 nmol/g body weight i.p. DMBA.
Female mice were injected at 6 weeks of age, and tissues were harvested for RNA 4 h after
treatment, as described in “Materials and Methods.” Results are average from three
untreated and three treated animals.

Fig. 2. DMBA-induced tumor incidence in Gadd45a-null and wt mice. Animals are the
same as those in Fig. 1. Data include tumors from animals that died during the study as
well as animals killed at 17 months at the end of the study. Tumors were examined and
typed by a board-certified veterinary pathologist. ⴱ, significantly different (P ⬍ 0.03) by
t test and one-way ANOVA.

repair defects lead to increased tumorigenesis. For example, the CS
group B gene (CSB) is involved in transcription-coupled repair, but
patients with this disorder do not develop UV radiation-induced
tumors, possibly because of increased apoptosis of affected cells (15).
Gadd45a-null cells have a partial defect in the GGR subpathway of
NER (2), similar to that observed in XP group C and group E mutants
(9). Mice lacking Gadd45a develop ionizing radiation-induced tumors, although the DNA lesions produced are not repaired by GGR.
The mechanism for this tumorigenesis is unknown but may be related
to the induction of Gadd45a by IR in a p53-dependent fashion. In
addition, Gadd45a may be involved in other pathways of DNA repair
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because a role for the Gadd45a protein was proposed in chromatin
accessibility to repair complexes (3).
DMBA produces bulky DNA adducts that are repaired via NER.
Because NER is defective in cells derived from Gadd45a-null mice,
it was expected that unrepaired DMBA mutations would lead to more
tumors in these mice. Gadd45a-null mice did indeed develop more
DMBA-induced tumors than wt mice (Fig. 2). This increase in tumors
was associated with decreased NER in splenic lymphocytes (Fig. 4),
and an increase in DMBA-induced mutations was found in Gadd45anull liver, consistent with decreased repair (Fig. 5). Therefore, a
mechanism for increased tumorigenesis in these mice can be ascertained by which critical mutations lead to tumor formation.
XP and CS are two rare human photosensitive disorders (9). Nine
different genes were found to be responsible for various forms of
these diseases, all of which are involved in NER. XPA, XPB, XPD,
XPF, and XPG are all defective in both subpathways of NER, GGR,
and TCR. Only XPC and XPE are involved solely in GGR. In contrast,
CSA and CSB are involved solely in TCR. In animal models, GGR is
the major determinant of UV-induced skin cancer, whereas TCR is the
major determinant of sunburn (16). This is consistent with the relative
lack of tumor formation in CS patients, whose cells are defective only
in TCR. Like XPC, Gadd45a is not required for efficient TCR but is
essential for maximal GGR.
Other similarities exist between XPC, XPE, and Gadd45a. All three
have affinity for UV-induced DNA lesions in the context of chromatin
and have postulated roles in lesion accessibility. XPC is the earliest
factor involved in the initial recognition of damage in reconstituted in
vitro assays. XPC changes the DNA conformation around lesions, and
this has been suggested to facilitate binding of other NER proteins to
the lesion (17). Likewise, Gadd45a can bind to damaged DNA in
chromatin, the natural state of DNA in the cell. In vitro experiments
suggest that Gadd45a may alter chromatin structure, perhaps allowing
access to XPC or other repair proteins in vivo. XPE forms a complex
in vivo that tightly associates with chromatin after DNA damage,
suggesting that, like Gadd45a, it is also involved in recognition of
chromatinized DNA damage (18). In addition to established or potential roles in damage recognition, XPC, XPE, and Gadd45a are all

Fig. 5. Increased persistent DMBA-induced mutations in liver of Gadd45a-null mice.
Male and female BigBlue transgenic mice of the indicated genotypes were treated as in
Fig. 3, and liver DNA was isolated 7 days after treatment. Mutations in the  cII gene were
detected, as described in “Materials and Methods.”

activated by the tumor suppressor p53 (19, 20).3 p53 regulation of
these three genes, which may have similar functions in damage
recognition, supports the involvement of p53 in the NER pathway.
XPA-deficient mice are sensitive to UV-induced skin tumors as
well as to benzo(a)pyrene-induced internal tumors (7, 21). Like
Gadd45a-null mice, none of these mouse models for human NER
deficiency syndromes show high levels of spontaneous tumors.
Gadd45a deletion in mice, therefore, resembles mouse models of XP.
Mouse models of XP, however, have generally less severe phenotypes
than their human counterparts, which also show neurological symptoms (9). This is not surprising because GGR in mice is much less
robust than in humans. Human mutations in Gadd45a have not been
found in human tumor cell lines (Ref. 22 and data not shown),
although few tumor types have been examined. A human inactivation
of Gadd45a would be expected to confer increased carcinogeninduced tumorigenesis, perhaps similar to XP.
DMBA-treated Gadd45a-null mice had a dramatically higher multiplicity of tumors than did wt mice, with many developing multiple
different malignant tumors. The reason for this increase in tumorigenicity and malignancy may result from the growth and transformation
properties observed for Gadd45-null cells in culture. Gadd45a-null
MEF grow more rapidly and are immortal. These cells are transformed by a single oncogene (activated ras) and exhibit genomic
instability (5). Therefore, in a multistage model of carcinogenesis,
Gadd45a-null cells may already have compromised growth control
mechanisms and hence may be even more susceptible to malignant
transformation by additional cellular events.
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Announcements
MEETING

OF THE RADIATION

The annual meeting of the Radiation Research Socie
ty will be held at the State University of Iowa, Iowa
City, on June 22â€”24,
1953. The Society will be the guest
of the University, and all meetings will be held on the
campus. The program will consist of: (1) Two symposia,
one on â€œTheEffects of Rwliation on Aqueous Solu
tions,â€• which includes
the following
speakers:
E. S. G.
Barren,
Edwin J. Hart, Warren
Garrison,
J. L. Magee,

and A. 0. Allen. The second is â€œPhysicalMeasurements

for Radiobiologyâ€•and companion talks by Ugo Fano,
Burton J. Moyer, G. Failla, L. D. Marinelli, and Payne

RESEARCH

S. Harris.

SOCIETY

(2) On Monday

night,

June

22, a lecture

by

Dr. L. W. Alvarez on meson physics has been tentative
ly scheduled. On Tuesday night, June 23, Dr. L. H.
Gray of the Hammersmith Hospital, London, will speak
on a topic to be announced. Dr. Gray's lecture is spon
sored by the Iowa Branch of the American Cancer Soci

ety. Those desiring to report original research in radia
tion effects, or interested in attending or desiring addi
tional information, please contact the Secretary of the
Society, Dr. A. Edelmann, Biology Department, Brook
haven National Laboratory, Upton, L.I., New York.

ERRATUM

The following correction should be made in the arti
cle by Beck and Valentine, â€œThe
Aerobic Carbohydrate
Metabolism
Glycolysis
substitute

of Leukocytes
in Health and Leukemia.
I.
and Respiration,â€•
November,
1952, page 821;
for the last paragraph:

The data in Table 3 permit several interesting calcu
lations.

If one compares

the amount

of glucose

actually

disappearing with the sum of the amount equivalent to
lactic

acid

produced

plus

that

equivalent

to 02 con

by the glucose utilized by 16 per cent in CLL. If the as
sumption is made that, in this respect, the myeloid and
lymphoid celLsof leukemia are similar to those of nor
ma! blood, it may be that the computed

normal figure

represents a summation of the myeloid (M) and
lymphoid (L) cells that make up the normal leukocyte
population.

Thus,

if M = +0.27

and

L = â€”0.16 and

the normal differential is 65 per cent M and So per cent
L, then

0.65 (+0.27)
+ 0.35 (â€”0.16) = +0.12
sumption, it is seen that the amount of glucose â€œcleav
age productsâ€•exceeds the amount of glucose utilized b
a figure identical to the observed +0.12 for normal
12 per cent in N and 27 per cent in CML and is exceeded leukocytes.
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