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We report that HMGN1, a nucleosome binding
protein that destabilizes the higher-order chromatin
structure, modulates the repair rate of ultraviolet
light (UV)-induced DNA lesions in chromatin.
Hmgnl~- mouse embryonic fibroblasts (MEFs) are
hypersensitive to UV, and the removal rate of photo-
products from the chromatin of Hmgnl-~- MEFs is
decreased as compared with the chromatin of
HmgnlI*+ MEFs; yet, host cell reactivation assays and
DNA array analysis indicate that the nucleotide exci-
sion repair (NER) pathway in the Hmgnl- MEFs
remains intact. The UV hypersensitivity of Hmgnl~-
MEFs could be rescued by transfection with plasmids
expressing wild-type HMGN1 protein, but not with
plasmids expressing HMGN1 mutants that do not
bind to nucleosomes or do not unfold chromatin.
Transcriptionally active genes, the main target of the
NER pathways in mice, contain HMGNI1 protein, and
loss of HMGNI1 protein reduces the accessibility of
transcribed genes to nucleases. By reducing the com-
paction of the higher-order chromatin structure,
HMGNI facilitates access to UV-damaged DNA sites
and enhances the rate of DNA repair in chromatin.
Keywords: chromatin/chromosomal proteins/HMGN/
knockout mouse/UV repair

Introduction

Efficient and correct repair of the damage induced in DNA
by extracellular and intracellular agents is a key factor in
maintaining the fidelity of gene expression and preventing
mutations leading to disease or death. Inefficient repair of
the major DNA ultra violet light (UV) lesions, cyclobutane
pyrimidine dimers (CPD) and pyrimidine (6—4) pyrimi-
done photoproducts (6—4PPs) leads to several pathological
conditions such as xeroderma pigmentosum, Cockayne
syndrome and trichothiodystrophy (de Laat et al., 1999;
van Steeg and Kraemer, 1999; Friedberg, 2001; Bootsma
et al., 2002). Much of the UV-induced damage in DNA is
corrected by nucleotide excision repair (NER), an
evolutionarily conserved pathway that must contend with
the nucleosomal organization of the nuclear DNA and with
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the higher-order chromatin structure of the nucleosomal
arrays (Smerdon and Conconi, 1999; Thoma, 1999; Green
and Almouzni, 2002; Ura and Hayes, 2002).

The rate of repair of UV damage by the NER machinery
from nucleosomal DNA is significantly slower than from
deproteinized DNA (Wang et al., 1991; Hara et al., 2000;
Liu and Smerdon, 2000), and UV damage in the
nucleosomal linker regions is repaired faster than in the
nucleosomal core itself (Thoma, 1999; Ura et al., 2001).
Conversely, activities that disrupt the interaction between
histones and DNA such as ATP-dependent remodeling
complexes facilitate the removal of the UV damage (Hara
and Sancar, 2002). The NER process is affected not only
by direct contacts between histones and DNA but also by
the structural features of the chromatin fiber. Thus, the
linker region in a dinucleosome is repaired significantly
slower than that of naked DNA (Ura et al., 2001), and
activities that reduce the compaction of the higher-order
chromatin structure, such as global histone acetylation
(Ramanathan and Smerdon, 1989), enhance the rate of UV
repair. Likewise, the increased rate of repair in transcribed
chromatin regions correlates not only with the transcrip-
tion process itself, but also with the decondensation and
unfolding of the higher-order chromatin structure in the
vicinity of the transcribed regions (Bohr, 1991; Teng et al.,
1997). These, and several related findings suggest that the
local and higher-order chromatin structures modulate the
rate of NER (Hanawalt, 2001a; Green and Almouzni,
2002; Ura and Hayes, 2002); however, direct experimental
evidence for a role of the higher-order chromatin structure
in DNA repair is still lacking. In chromatin, NER is a
complex process involving damage recognition, chromatin
remodeling, damage excision, DNA synthesis, DNA
ligation and chromatin reassembly (Thoma, 1999; Green
and Almouzni, 2002). The various phases of the NER
process involve the function of many components, some of
which are organized in large multi-protein complexes.
Access of these complexes to the damaged site may be
impeded by a compact higher-order chromatin, a possi-
bility fully compatible with the suggestion that ability of
the various NER components to access the damage site is a
key factor regulating the rate of DNA repair in the nucleus
(Thoma, 1999; Balajee and Bohr, 2000; Green and
Almouzni, 2002).

Nuclear proteins such as the non-histone HMGN
proteins (formerly named HMG-14/-17; see Bustin,
2001b) that are known to affect the stability of the
higher-order chromatin structure (Bustin, 1999, 2001a)
may play arole in regulating access to UV-damaged DNA.
Several types of experiments indicated that the binding of
HMGN to nucleosomes reduces the compaction of
chromatin fibers and enhances transcription from chroma-
tin, but not from deproteinized DNA. HMGN proteins
destabilize the higher-order chromatin structure by target-
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Fig. 1. Targeted disruption of the mouse Hmgnl gene. (A) 1, outline of the genomic sequence; 2, targeting vector and insertion sites. The targeting
vector contained the TK gene with its promoter (asterisk) 5" to Hmgnl sequence. The Neo gene linked to HSV TK promoter (asterisk) replaced the
Hmgnl sequence from the middle of intron I to the middle of exon IV. An Xbal site that was introduced in the targeting vector and two genomic Xbal
sites flanking the Hmgnl gene were used to determine the homologous recombination, using the external probe 3’ to exon V. The primers used in PCR
for genotyping the mice are indicated by the black arrowheads and numbered 1, 2 and 3. (B) Southern blot of genomic DNA from targeted ES clones
digested with Xbal and hybridized with the external probe. The 15 and 4.1 kb fragments correspond to the wild-type and mutated allele, respectively.
(C) Genotyping analysis by PCR. DNA samples from HmgnI*"*, Hmgnl* and Hmgn 7~ mice were subjected to PCR analysis with primers 1 and 2
to identify the mutated allele, and primers 1 and 3 to identify the wild-type allele. The primer positions are shown in (A). (D) Western blot analysis of
5% PCA protein extracts from Hmgnl**, Hmgnl*~ and Hmgnl~~ MEFs. The Coomassie Blue-stained gel below the western blot indicates that the
three extracts contained equal amount of histone H1. (E) Northern blot analysis using Hmgn2 cDNA-specific probe shows equal Hmgn2 transcription
in the three types of cells. Ethidium bromide staining in the lower panel shows equal amount of RNA was applied.

ing two main elements known to compact chromatin:
histone H1 and the N-terminal tail of histone H3 (reviewed
in Bustin, 1999, 2001a).

Here, we demonstrate that chromosomal protein
HMGNI, an abundant member of the HMGN family, is
part of the cellular mechanism that regulates the rate of
UV repair. We find that loss of HMGNI increases the
sensitivity of mice and of mouse embryonic fibroblasts
(MEFs) to UV irradiation. We show that a transcribed

demonstrates that a chromatin architectural protein is
involved in the UV repair process.

Results

Generation of Hmgn1-/- mice

The Hmgnl gene was inactivated by replacing part of its
genomic sequence with a neomycin resistance cassette
(Neo; Figure 1A). Southern blot analyses with a 3” external

gene in the chromatin of Hmgnl~~ mice is digested at a
slower rate by micrococcal nuclease, implying that it
is less accessible. The UV hypersensitivity of the
Hmgnl~~ fibroblasts could be rescued by the
expression of wild-type HMGNI, but not by mutant
HMGNI1 proteins that do not bind to chromatin. Our
studies indicate that the interaction of HMGNI with
chromatin enhances the rate of removal of UV damage
from DNA, and points to an additional cellular component
involved in the UV repair process. The present
study reports a new, in vivo function for HMGNI1, and
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probe, with an internal probe (from intron IV) and with a
Neo probe verified that the vector targeted the correct
sequence (Figure 1B). The progeny of male chimera mice
were genotyped by PCR with primers that distinguish
between the wild-type and the mutated allele (Figure 1C).
Western blot analysis indicated that Hmgnl~~ mice do not
contain HMGNI protein, and that in Hmgnl heterozygotes
the amount of protein was approximately half of that
detected in the wild-type cells (Figure 1D), supporting our
previous observations that the expression of Hmgnl gene
is dosage dependent (Pash er al., 1990). Northern blot



analysis (Figure 1E) and western blot analysis (data not
shown) indicated that the transcription of the closely
related Hmgn2 gene and cellular level of the HMGN2
protein were not affected by the loss of HMGNI1 protein.

The appearance of the Hmgnl~~ mice was normal,
however, the frequency ratio of the Hmgnl~~ pups from
mating of Hmgnl~* heterozygotes (>900 pups genotyped)
was 0.08 rather than 0.25, as would be expected from a
Mendelian distribution of the Hmgnl- allele. Likely, the
low number of Hmgnl~~ offspring is due to events
occurring in early stages of embryonic development, since
the genotype distribution in 11.5 day embryos was the
same as that in born pups. Furthermore, in the matings of
>150 Hmgnl~~ pairs the average litter size was 7 * 1.7,
while that obtained from Hmgnl** matings was 11 * 2.
The 30% decrease in the litter size from the Hmgnl~~
matings, and the low frequency of Hmgnl~”~ pups from
mating of Hmgnl heterozygotes indicate that HMGNI1
protein plays a role in embryonic development.

Increased sensitivity to UV-B irradiation in the skin
of Hmgn 1/~ mice

The suggestion that proteins involved in modulating
chromatin structure may affect UV repair (Green and
Almouzni, 2002; Ura and Hayes, 2002) led us to examine
the UV sensitivity of Hmgnl”~ mice. Exposure of the
shaved backs of Hmgnl~~ mice and their Hmgnl*+*
littermates to a cumulative UV-B dose of 1200 J/m2, a
dose known to produce detectable damage in the skin of
XPA~~ mice, (de Vries et al., 1995; de Boer et al., 1999),
produced acute alterations in the skin of Hmgnl~~ mice
(Figure 2, compare panel F with C and D) but not in the
skin of control, wild-type littermates (Figure 2A and B).
Histopathological examination of skin samples reveals
marked acanthosis and localized hyperkeratosis in the
irradiated but not in the non-irradiated areas taken from the
Hmgnl~~ mice or in samples taken from irradiated skin of
control, HmgnI** mice (Figure 2). Thus, loss of HMGNI1
increased the sensitivity of the skin to the hyperprolifer-
ative effects of UV-B irradiation.

Impaired DNA repair in Hmgn1~/- embryonic
fibroblasts

Primary MEFs prepared from 13.5 days old Hmgnl~
embryos were more sensitive to UV-C irradiation than
MEFs prepared from Hmgnl** littermates. The D5y (UV
dose resulting in 50% survival) for HmgnlI~~ MEFs was
3 J/m2, a value that is four and a half times lower than the
Dso of 13.5 J/m?2, observed in the irradiated Hmgnl*/*
MEFs (Figure 2G). The survival of the heterozygote MEFs
was intermediate between that of the wild-type and
Hmgnl~~ MEF cells, indicating a dose-dependent correl-
ation between loss of HMGNI protein and the UV
sensitivity of the cells.

Cellular survival from UV irradiation is directly linked
to the cell’s ability to repair its UV-damaged DNA and
remove CPDs from chromatin (Thoma, 1999). In view of
the low survival rate of Hmgnl7~ cells after UV
irradiation, we tested whether lack of HMGNI protein
impairs the repair of UV damage in cellular chromatin.
Since murine cells lack global DNA repair, but have an
active transcription-coupled repair (Bohr et al., 1985;
Hanawalt, 2001b), we determined the rate of CPD removal
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from two transcribed genes, Dhfr and Hmgn2. DNA
isolated from MEFs at various times following UV-C
irradiation was digested with specific restriction enzymes
and half of each sample was further treated with T4
endonuclease V, which specifically induces single-strand
breaks at each CPD. Therefore, in T4 endonuclease V-
treated DNA, the intensity of a restriction fragment is
inversely correlated with the number of CPDs present in it
(Bill et al., 1991). Quantitative Southern blotting and PCR
analysis of the Dhfr and Hmgn2 genes revealed that the
rate of CPD removal from the chromatinized DNA in
Hmgnl7~ MEFs was significantly impaired. In the
Hmgnl~ cells, over 60% of the UV lesions in the
Hmgn2 and 80% of the lesions in the Dhfr genes were still
present 24 h after irradiation, while only ~20% remained
in the Hmgnl** (Figure 2H). The inefficient removal of
CPDs in Hmgnl~~ MEFs may lead to increased sensitivity
to UV-C irradiation.

The NER machinery remains functional in
Hmgn1-/- MEFs
Removal of the UV-induced damage from the chromatin
by the NER complex involves several steps (Hoeijmakers,
1993; Balajee and Bohr, 2000). The first step requires
efficient access of the NER complex to the damaged DNA,
the second involves removal of the damage and the third
involves restoration of the nucleosome structure at the
repaired site. Potentially, HMGN1 may change the repair
efficiency by affecting each of these stages either directly
or indirectly, or both. By unfolding the chromatin structure
at the damaged site, HMGN1 could facilitate access of the
NER complex to the damaged site. Alternatively, since
HMGN proteins are known to affect transcription from
chromatin templates (Bustin, 2001a), HMGN1 may affect
the activity of the NER complex indirectly by changing the
expression level of one or more of the NER components.
To test whether the expression levels of any known
NER components are affected by HMGN1, we used cDNA
microarrays to compare four sets of expression profile of
Hmgnl~~ and HmgnI*"* cells before and 6 h after UV-C
irradiation at 3 J/m? (Figure 3A). In the first set (set a), we
compared the expression profile of wild-type Hmgnl**
cells before irradiation with that of 6 h after UV-C
irradiation. In the second set (set b), we compared the
expression profile of Hmgnl~~ cells before irradiation with
that of the same cells 6 h after UV-C irradiation. In the
third set (set c), we compared the expression profile of
wild-type Hmgnl*/* cells with that of Hmgnl”~ cells
before irradiation. In the fourth set (set d), we compared
the expression profile of Hmgnl*/+ cells with that of
Hmgnl~~ cells 6 h after UV irradiation. The reliability of
these microarray results were spot checked by quantitative
RT-PCR. The number of genes whose expression changed
(either increased or decreased) in the various sets ranged
from 52 to 176 (Figure 3A); however, none of these genes
are known to be NER components as listed in the data-
base at http://www.cgal.icnet.uk/DNA_Repair_Genes.html
(Wood et al., 2001). We note however that the expression
level of a few genes potentially associated with apoptosis
and DNA damage, including Gadd45a (Hollander and
Fornace, 2002), was induced in Hmgnl~~ cells to a greater
extent than in Hmgnl+* cells (Table I). Since none of
these genes are considered part of the NER machinery, the
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Fig. 2. Loss of HMGNI1 leads to UV hypersensitivity. (A-F) Increased sensitivity of Hmgnl~~ mice to UV-B. Histology of skin after cumulative
irradiation of 1200 J/m? UV-B. (A and B) HmgnlI*/+ mice, (C-F) Hmgnl~- mice. Note the increased acanthosis (asterisk; compare E and D with F)
and hyperkeratosis (arrows) in the epidermis of the HmgnI~~ mice. (G and H) Impaired UV repair in MEFs lacking HMGNI1. (G) Increased UV sensi-
tivity of Hmgnl~~ fibroblasts. Shown is survival 72 h after irradiation with the indicated doses (see Materials and methods). (H) Decreased rate of

gene-specific CPD removal in Hmgnl~~

fibroblasts. Shown is the quantitative analysis of Southern blots with probes specific for the Dhfr and Hmgn2

genes as described in Materials and methods. The O h point represents the initial lesion frequency. The bar graphs represent the average of three

experiments.

elevated levels of the transcripts reflect, rather than cause,
the decreased ability of the Hmgnl~ cells to repair UV
damage.

To verify that Hmgnl~" cells indeed contain a func-
tional NER machinery, we used a ‘host cell reactivation
assay’ (Protic-Sabljic and Kraemer, 1985). We tested the
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ability of Hmgnl~~ and HmgnlI** MEFs to repair the UV-
induced damage in luciferase-expressing plasmids, which
were irradiated with increasing doses of UV prior to
transfection. The luciferase activity recovered from the
Hmgnl~~ and Hmgnl** MEFs extracts was very similar
(Figure 3B), an indication that the UV-irradiated plasmids
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Fig. 3. Intact NER in HmgnI~~ cells. (A) Microarray analysis of gene
expression in Hmgnl** and Hmgnl”~ cells after UV-C irradiation at
3 J/m? UV. The following RNA samples were compared: Array a,
Hmgnl** cells, before and 6 h after irradiation; Array b, Hmgnl~~
cells, before and 6 h after irradiation; Array c, non-irradiated Hmgnl*/*
and Hmgnl~~ cells; and Array d, Hmgnl** and Hmgnl~~ cells 6 h
after irradiation. The number of genes changed by >1.3-fold in each
array experiment is indicated. The arrays contained 15 out of the 27
genes listed as NER components in the database. (B) Host-cell reactiva-
tion assay indicates that a UV-damaged luciferase reported plasmid is
repaired to a similar extent in Hmgnl~~ and in HmgnI*"+ cells.

were repaired at the same rate in the two cell types.
Therefore, we conclude that the UV hypersensitivity
observed in the cells lacking HMGNI1 protein is not a
result of specific changes in the expression of genes coding
for the major components of the NER machinery. Taken
together, the cDNA microarray and the host cell reactiva-
tion results indicate that all the known components
necessary to repair the UV-induced damage in cellular
DNA are present and functioning in the Hmgnl~~ MEFs.

Loss of HMGN1 impedes access to UV-damaged
sites in cellular chromatin

The chromatin structure and transcriptional regulation of
transiently transfected plasmids is different from that of
the endogeneous cellular chromatin (Archer et al., 1992).
Our finding that loss of HMGNI1 protein impairs the repair
of cellular genes (Figure 2H) but not of transfected
plasmids (Figure 3B), raises the possibility that the UV
sensitivity of the Hmgnl~- cells is linked to the ability of
HMGNI to reduce the compaction of the higher-order
chromatin structure. To test this possibility, we established
revertant Hmgnl~~ MEFs expressing wild-type HMGNI1
under the control of the inducible tetracycline response
element (TRE) promoter. Induction of the TRE promoter
by addition of doxycycline gradually increased the cellular
levels of HMGNI1 until they were comparable to those in
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HeLa cells (data not shown). Significantly, induction of
HMGNTI expression increased the UV-C survival of the
cells (Figure 4A). In the absence of doxycycline, the D5, of
the HMGNI revertant cells remained 3 J/m? while in cells
grown in the presence of the inducer the Dso was 12 J/m?2, a
level comparable to wild-type MEFs (compare Figure 4A
with 2G). The UV sensitivity of control cells transfected
with Tet-inducible plasmids that do not express HMGN1
was not affected by addition of doxycycline, and the
survival level remains low regardless of whether they were
grown in the presence or absence of the inducer
(Figure 4A). Thus, the hypersensitivity of the Hmgnl”~
MEFs to UV irradiation is linked directly to the absence of
HMGNI protein.

To examine the molecular mechanism whereby
HMGNI affects the cellular UV response, we transfected
wild-type and HmgnlI~~ MEFs with plasmids express-
ing either intact HMGNI1 protein, the HMGN1S20,24E
double point mutant that cannot bind to chromatin
(Prymakowska-Bosak et al., 2001), or with the HMGN1-
CHUD, a C-terminal deletion mutant that binds to
nucleosomes but does not unfold chromatin (Ding et al.,
1997). The transfected cells were irradiated with UV-C
and the sensitivity to irradiation evaluated 72 h later. The
UV hypersensitivity of the Hmgnl~7~ MEFs could be
rescued by transfection with plasmids coding for intact
HMGNI1 protein (Figure 4B), a result that is in full
agreement with those obtained with the inducible revertant
cells expressing HMGNI1 (Figure 4A). In contrast,
transfection either with plasmids coding for the nucleo-
somal binding domain (NBD) mutant that cannot bind to
nucleosomes, or with the C-terminal deletion mutants that
cannot unfold chromatin, did not rescue the UV sensitivity
of the Hmgnl7~ MEFs (Figure 4B). Our finding that
expression of intact but not of mutant HMGN1 rescues the
ability of the cell to survive UV-induced DNA damage
suggests that, through a direct interaction with nucleo-
somes, HMGN1 facilitates alterations in chromatin struc-
ture that ultimately enhance the rate of repair of the
damaged DNA.

Our finding that HMGNI1 rescues the UV hypersensi-
tivity of Hmgnl7~ MEFs, taken together with the
decreased rate of CPD removal in these cells
(Figure 2H), raises the possibility that HMGNI1 protein
is at or near the sites of active UV repair. We therefore
directly tested whether HMGNI1 protein is indeed associ-
ated with Dhfr and Hmgn2, the two genes whose rate of
UV repair was impaired in Hmgnl7~ MEFs (see
Figure 2H). To this end, we isolated chromatin regions
containing HMGN1 from Hmgnl*+ MEFs by chromatin
immunoprecipitation assays (ChIP) with affinity purified
antibodies to mouse HMGN1. Chromatin isolated from
Hmgnl~~ MEFs served as negative controls. As expected,
the amount of chromatin DNA recovered from Hmgnl~~
MEFs was negligible (Figure 5B) on the same order as that
usually obtained with non-immune IgG. The immunopre-
cipitated DNA contained both DAhfr and Hmgn2 genes
(Figure 5B). To obtain a more accurate indication of the
relative amount of HMGNI1 in transcribed genes, we
analyzed the immunoprecipitated DNA by quantitative
RT-PCR. Since in murine cells most of the UV repair is
coupled to transcription, we normalized the amounts of the
transcribed Dhfr and Hmgn2 genes to 3-globin, a gene that

1669



Y.Birger et al.

is not actively transcribed in MEFs. By quantitative
RT-PCR analysis the Dhfr gene was enriched 11-fold and
the Hmgn2 gene up to 6-fold over the globin gene
(Figure 5C). Thus, HMGNI1 is preferentially associated
with genes that are actively transcribed.

The association of HMGN1 with the Dhfr and Hmgn2
genes may affect their chromatin structure and enhance the
NER process by increasing the accessibility of the DNA in
these genes. To test this possibility, we digested nuclei
isolated from the livers of either Hmgnl~~ or Hmgnl**
mice with micrococcal nuclease, a nuclease that has been
used previously to asses the relative compactness of
chromatin (van Holde, 1988). We then compared the
ethidium bromide-stained nucleosomal ladder (N1-N6),
which is indicative of the overall rate of digestion of the
chromatin, to the ladder resulting from Southern blot
analysis with a probe specific for the Hmgn2 gene, which
is indicative of the rate of digestion of this specific gene.
The rate of chromatin digestion, i.e. the conversion of the
chromatin fiber into progressively smaller oligonucleo-
somal units, is an indication of the accessibility of the
linker DNA to the enzyme. In the experiment shown in
Figure 6, after 5 min of digestion with 2 U of enzyme
(Figure 6, lane 4) the average ethidium bromide-stained
nucleosome length in the digest of nuclei isolated from
either Hmgnl”~ or Hmgnl** mice was 2.88 and 2.91,
respectively (Table II). After 5 min digestion with 11 U
(Figure 6, lane 5), the average lengths were 1.42 and 1.46
nucleosomes, respectively. Thus, in both lanes 4 and 5, the
ratio of the average nucleosomal lengths (i.e. length in the
-~ cells to length in ** cells, expressed as Hmgnl~-/
Hmgnl+*'*) is close to 1, an indication that the overall
accessibility of the chromatin to micrococcal nuclease is
the same in the two cell types. In contrast, in the
autoradiogram that measures the accessibility of the
Hmgn2 gene, the ratio is close to 1.3, an indication that
in the Hmgnl~- nuclei, the Hmgn2 gene is digested slower
than in the wild-type HmgnlI** nuclei. The average
Hmgnl~-/Hmgnl** ratio obtained in three similar experi-
ments, performed with nuclei isolated from the liver of
different mice, was 1.02 for the ethidium bromide lanes
and 1.48 for the lanes measuring the Hmgn2 organization

(Table II). Thus, loss of HMGNI1 decreases the rate at
which the chromatin region containing the Hmgn2 gene is
digested into smaller chromatin fragments, an indication
that loss of this protein decreases the accessibility of the
Hmgn2 gene to micrococcal nuclease, and by analogy to
the NER system. The reduced accessibility of the UV
damage to the NER system could account for the reduced
removal of the CPDs from the Hmgnl~~ genome and for
the lower rate of cell survival.

Discussion

Our main finding is that loss of HMGNI1, a nucleosome
binding protein that decreases the compaction of the
higher-order chromatin structure (Bustin, 2001a), reduces
the rate of repair of UV-induced DNA damage. These
studies with Hmgnl null mice demonstrate an in vivo
function for HMGNI1 and a role for higher-order
chromatin structure in DNA repair. We show that the
HMGNI-mediated enhancement of the rate of UV repair
in chromatin is linked to the ability of HMGNI1 to bind to
nucleosomes and unfold chromatin. Our data provide
experimental evidence that the NER process is affected by
the higher-order chromatin structure, and demonstrate that
the architectural changes induced in chromatin by struc-
tural proteins may ultimately modulate the rate of DNA
repair.

Higher-order chromatin structure and DNA repair

Most of the literature on the effect of chromatin structure
on repair of UV damage pertains to the role of
histone—-DNA contacts on this process. The interaction
between histone and DNA in the nucleosome reduces the
accessibility of the damaged sites and impedes the NER
process (Thoma, 1999; Balajee and Bohr, 2000; Hara et al.,
2000; Green and Almouzni, 2002). Modification of the
histone-DNA interaction by post-translational modifica-
tion of histones (Ramanathan and Smerdon, 1989), by
nucleosome remodeling activities (Hara and Sancar,
2002), or by the transcription process itself enhances the
rate of DNA repair (Meijer and Smerdon, 1999; Svejstrup,
2002). It is generally accepted that weakening of the

Table I. Genes potentially involved in the response to DNA damage with an altered expression in Hmgnl~ cells compared with Hmgnl** cells, 6 h

after UV irradiation

Expression Gene Full name Function
levels name
KO/WT
2.1 Gadd45a Growth arrest and DNA-damage- Induced by stresses. Stimulates DNA repair and
inducible 45 o inhibits entry into S phase
1.6 Rad21 RAD21 homolog (S.pombe) Involved in repair of ionizing radiation-induced
DNA damage in yeast; part of cohesin; cleavage
of RAD21 by caspase activates apoptosis
1.4 Apexl Apurinic/apyrimidinic endonuclease 1 Endonuclease involved in DNA repair
1.3 Hells Helicase, lymphoid specific Helicase; possible role in DNA repair?
1.4 Smarca5 SWI/SNF related Part of chromatin remodelling complex; possible
role in DNA repair?
1.7 Caspl2 Caspase 12 Protease; induces apoptosis
1.5 Casp3 Caspase 3, apoptosis related cysteine Protease; induces apoptosis
protease
1.4 Tial Cytotoxic granule-associated RNA Apoptosis; induces DNA fragmentation

binding protein 1
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Fig. 4. Rescue of UV-C sensitivity of Hmgn 7~ MEFs. (A) Stable trans-
fection with inducible HMGN1 expressing plasmids. Shown are UV
survival curves of cell lines either expressing (filled squares) or not
expressing (open squares) HMGNI1 in the presence or absence of doxy-
cycline. Note that addition of doxycycline reduced the UV sensitivity
of cells expressing HMGNI1 protein. (B) Rescue of the UV-C hypersen-
sitivity of Hmgnl~~ cells by transient transfection of fully functional
HMGN1 protein. Hmgnl?~ MEFs were transfected with vectors
expressing either wild-type or mutated HMGN1 cDNA. The cells were
UV irradiated 24 h after transfection and their survival rate determined
72 h later. Note that intact HMGN1, but not mutants that do not bind
to nucleosomes (NBDmut) or cannot unfold chromatin (CHUDmut),
rescued the UV sensitivity of the Hmgnl7. The schemes outline the
major functional domains of Hmgnl protein and the mutants that were
transfected. NLS, nuclear localization signal; NBD, nucleosome bind-
ing domain; CHUD, chromatin unfolding domain. In the NBD mutant,
two Ser residues were mutated to Glu (Prymakowska-Bosak et al.,
2001). The CHUD mutant lacks the chromatin unfolding domain
(Ding et al., 1997). Control, empty plasmid vector.

Impaired DNA repair upon loss of HIGN1

DNA-histone contacts facilitates access of NER
components to the damaged DNA; however, recent studies
raise the possibility that the repair factors themselves
recruit nucleosome remodeling activities to the damaged
sites (Hara and Sancar, 2002). An important concept
resulting from all these studies is that access to the
nucleosomal DNA is an early step in the UV repair process
(Meijer and Smerdon, 1999; Thoma, 1999; Green and
Almouzni, 2002). Given that access to the damaged DNA
is important, it can be expected that the compactness of the
higher-order chromatin structure, i.e. the folding of the
10 nm chromatin fiber to form the 30 nm fiber and even
more compacted structures, would also impede the action
of the NER machinery. Indeed, an additional role for
chromatin structure beyond the nucleosome itself in
regulating the rate of UV repair has been inferred from
several studies on transcription-coupled repair (Meijer and
Smerdon, 1999; Svejstrup, 2002). In part, the enhanced
rate of repair of transcribed regions can be attributed to the
transcription process itself and to the relative ‘decompac-
tion’ of the chromatin structure during transcription.
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Fig. 5. Presence of HMGNI1 on the chromatin of Hmgn2 and Dhfr
genes. (A) Primers used to detect the genes in the ChIP assays. Black
boxes indicate exons. (B) PCR analysis of chromatin immunoprecipita-
tions from Hmgnl”- and Hmgnl** cells with antibodies to HMGNI1.
Note the lack of signals in the IP DNA from Hmgnl”~ cells. This
analysis is not quantitative. (C) Quantification, by real time PCR analy-
sis, of the Hmgn2 and Dhfr genes in IP from HmgnlI** cells. The
value for B-globin is set to 1 and the bar graphs represent the average
of three experiments.
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Fig. 6. Loss of HMGN1 decreases the accessibility of the Hmgn2 gene. Micrococcal nuclease digestions of nuclei isolated from the livers Hmgnl~~
and HmgnI** mice. (A) Ethidium bromide stain prior to Southern transfer. (B) Southern analysis with Hmgn2 specific probe. (C) Scans of lane 4
(arrow). Arrow heads indicate the length of the average oligonucleosome in the digest calculated as indicated in the methods section. The increased
average oligonucleosome length in the autoradiogram of the HmgnI~~ cells indicates slower rate of digestion of the Hmgn2 chromatin. Lanes 1-7

correspond to 0, 0.05, 0.3, 2, 11, 65 and 400 U micrococcal nuclease in the digest, respectively. N1-N5 denotes the oligonucleosomal size.

Table II. Average nucleosome length (L,) following micrococcal nuclease digestion

Ethidium bromide Autoradiogram

Hmgnl+* Hmgnl~~ Hmgnl~-/Hmgnl*"* Hmgnl** Hmgnl~~ Hmgnl”-/Hmgnl*"*
L, — lane 42 2.88 2.91 1.01 1.78 2.29 1.29
L, — lane 5* 1.42 1.46 1.02 1.66 2.02 1.22

Average® 1.02 * 0.01

1.46 £ 0.2

aLanes from Figure 6.
®Average from three different experiments.

L., average nucleosome length was calculated as: L, = ZN;_n6 (Pn). Where N1-N6 is the oligonucleosome size (i.e. mono, di) and Py is the fraction
of a particular oligonucleosome size out of the total scan (the region covering mono- to hexa-nucleosomes was scanned).
Statistical significance of the two groups was determined by Student’s #-test, p < 0.01.

However, a more detailed analysis of the UV repair of the
transcribed DHFR and metallothioneine genes (Bohr,
1991), of the yeast MFA2 gene (Teng et al., 1997) and
of a promoterless APRT gene (Zheng et al., 2001)
suggested that structural features of the chromatin fiber
rather than the transcription process itself play a role in the
rate of UV repair. An obvious possibility is that structural
transitions in the chromatin fiber which affect access to the
nucleosome affect the UV repair process. Taken together
with previous information on the action of HMGN
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proteins (Bustin, 1999; 2001a), our finding that HMGN1
enhances the rate of DNA repair strengthens the evidence
that the higher-order chromatin structure plays a regula-
tory role in the UV repair process.

A role for HUIGN1 in UV repair

Our experiments both at the whole-animal level and with
tissue-culture cells indicate an involvement of HMGNI
protein in the UV response. Low UV-B doses that do not
affect the skin of wild-type animals produce significant



acanthosis and hyperkeratosis in the skin of Hmgnl~~
mice. These skin lesions are localized to the irradiated
areas, an indication that they are a direct effect of UV
irradiation rather than general abnormalities in skin
proliferation. In tissue culture cells, the increased sensi-
tivity of Hmgnl~" fibroblasts to UV-C can be linked to a
reduced rate of CPD removal from transcribed genes
(Figure 2). These cells are under increased stress as
indicated by elevated levels of the stress-response gene
Gadd45a. The UV-C hypersensitivity of the Hmgnl”~
fibroblasts is directly linked to loss of HMGNI1 protein,
since controlled induction of HMGNI1 expression in
Hmgnl~~ fibroblasts reduces their sensitivity to UV
irradiation (Figure 4). Significantly, expression of
HMGNI1 point mutants that do not bind to nucleosomes,
or deletion mutants that do not unfold the higher-order
chromatin structure failed to rescue the UV hypersensi-
tivity of the HmgnlI~~ fibroblasts. Taken together, the
results indicate that the interaction of HMGNI1 with
nucleosomes and the ability of HMGNI protein to unfold
chromatin affect the cellular response to UV irradiation.

HMGNT1 facilitates access to UV-damaged sites
Several different mechanisms could account for an
HMGNI effect on the rate of UV repair. One possibility
is that the binding of HMGNI1 to nucleosomes weakens the
histone-DNA interactions thereby exposing the DNA-
damaged sites to the NER complex. This possibility is not
compatible with all of the previous information on the
interaction of HMGN proteins with nucleosomes demon-
strating that HMGN proteins stabilize the structure of
nucleosomes (Bustin, 2001a). By this scenario, the
absence of HMGNI1 should enhance the rate of DNA
repair. Our studies with HmgnlI~~ mice and MEFs show
reduced DNA repair. A second possibility, that HMGN1
affects the rate of repair by modulating the expression
levels of one of the NER components, is not compatible
with our analysis of the transcription profiles of the
Hmgnl~~ and Hmgnl*/* fibroblasts, which failed to detect
changes in transcription levels of any of the known NER
components (Wood et al., 2001). Furthermore, the similar
host-cell reactivation results in Hmgnl~~ and Hmgnl*/*
MEFs (Figure 3) also demonstrate that all of the NER
components are present and functional in Hmgnl~~
fibroblasts.

We therefore favor a third possibility, that HMGN1
enhances the rate of DNA repair by reducing the
compaction of the chromatin fiber and facilitating access
of various components involved in the repair of the UV
damage (Green and Almouzni, 2002) to the nucleosomes
containing the damaged DNA sites. Our suggestion that
HMGNT affects the rate of UV repair by facilitating access
to the nucleosomes is supported by our findings that
HMGNI1 deletion mutants that do not unfold chromatin
fail to rescue the UV hypersensitivity of the Hmgnl~-
fibroblasts, and with the reduced rate of micrococcal
nuclease digestion of the Hmgn2 gene in these cells.

HMGN may facilitate access to nucleosomes by target-
ing histone H1 and the amino termini of core histones
(Bustin, 2001a; Catez et al,. 2002), two main elements
known to stabilize the compacted higher-order chromatin
structure. From the UV repair standpoint, perturbation of
the interaction of H1 with chromatin has been shown to

Impaired DNA repair upon loss of HIGN1

increase the accessibility of nucleosomes and facilitate the
function of histone acetylases (Herrera et al., 2000) and
nucleosome remodeling complexes such as SWI/SNF (Hill
and Imbalzano, 2000; Horn et al., 2002), activities that
could affect the NER process (Green and Almouzni,
2002).

Recent studies reveal that the intranuclear organization
of HMGN is dynamic and related to the metabolic state of
the cell. The location of the protein is spatially and
functionally related to transcription and to stages of the
cell cycle (Hock et al., 1998; Phair and Misteli, 2000;
Prymakowska-Bosak er al., 2001). The dynamics of the
intranuclear movement suggest that HMGN proteins are
only transiently associated with any specific chromatin
site. Our chromatin immunoprecipitation studies demon-
strate that HMGN1 is indeed associated with transcrip-
tionally active regions. Since in murine cells the UV repair
is coupled to transcription, the presence of HMGNI in
these genes could account for the effect on the repair
process. This possibility is supported by our finding that
loss of HMGNI1 reduced the accessibility of Hmgn2 to
micrococcal nuclease, suggesting perturbation of the
chromatin structure in or around this gene. HMGNI1 may
affect the accessibility of the transcribed chromatin
regions to the NER either by facilitating the unfolding of
the chromatin fiber, or by binding and stabilizing an
already unfolded conformation.

Materials and methods

Generation of Hmgn1~/- mutant mice

Hmgnl-containing clones from an 129 Sv A EMBL3 phage library were
identified by screening with intron-specific probes obtained by PCR of
genomic mouse DNA. The 4.5 kbp Sacl-Notl and 2.5 kbp Sacll-Sacl
restriction fragments (see Figure 1A) were sequentially subcloned to
create the targeting vector containing the Ncol-Sacl region of the gene in
which the neomycin cassette replaces part of intron 1, exons 2, 3 and part
of exon 4. The Xhol-linearized targeting vector was electroporated into
ESVIJ-1183 cells that were grown in the presence of G418 and
gancyclovir. ES cells were genotyped by Southern analysis of Xbal-
digested DNA probed with either a 400 bp fragment from intron V DNA,
located 3’ to the targeting vector (see ‘external probe’, Figure 1A), or an
internal probe spanning a 1 kb region starting from the middle of exon IV
(‘internal probe’; not shown in figure), or a Neo probe. The targeted ES
cell clones were injected into C57 BL/6 blastocysts and transferred into
pseudopregnant NIH black Swiss females. The resulting chimera males
were mated with C57BL/6 and 129 Sv females. Genotyping of the tail
clip-DNA was carried out by Southern blot analysis using the external
probe, and by PCR analysis using the primers outlined in Figure 1A. Gene
expression was monitored by northern blot analysis using the mouse
Hmgnl cDNA and by western blot analysis of 5% perchloric acid extracts
(PCA) using affinity purified antibodies to mouse HMGNI.

Skin UV-sensitivity measurements

The mice were anaesthetized by IP injection of 2.5% avertin (300 pl per
mouse) prior to each treatment. The backs of shaved 8- to 10-week-old
Hmgnl** and Hmgnl~~ littermates (nine of each), were irradiated with
UV-B (FS20 sunlamp) at a cumulative dose of 1.2 kJ/m? for 1 week. On
the seventh day, 2 h after the last treatment, the animals were euthanized
and skin samples were taken from both irradiated and non-irradiated areas
and, as additional controls, from non-irradiated animals. The skin
specimens were fixed in 10% buffered formalin phosphate, embedded in
paraffin, and 6 um-thick sections were stained with haematoxylin and
eosin. The lowest UV-B dose that induced erythema and edema after 24 h
on the shaved backs of C57 BL/6 mice was considered as the minimal
erythema/edema dose (MED) for this mouse strain.

Preparation and growth of primary MEFs and MEF cell lines

After removal of the head and viscera, E13.5 embryos were digested in
0.25% trypsin at 37°C, with gentle pipetting for 30 min. The dissociated
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fibroblasts were allowed to settle and then cultured in 150 cm plates in
DMEM with 10% FBS under 5% CO, at 37°C. Cell lines were established
by transforming the primary embryonic fibroblasts with SV40 s mutant
virus (Chou, 1989; Jat and Sharp, 1989).

Generation of Hmgn1 revertant MEFs

SV-40-immortalized Hmgnl~~ embryonic fibroblasts were co-transfected
with linearized pTet-On, pTet-tTS (Clontech) and pZeoSV2 (Invitrogen).
Cells were plated in 2% methocel (Fluka) containing 50 pg/ml zeocin
(Invitrogen) to isolate colonies of stable integrants. Colonies were
expanded and screened for the ability to induce doxycycline-dependent
expression from a transiently transfected TRE reporter plasmid. The best
clone was transfected with pTK-Hyg, and either pBI-G-HMGNI to
generate line 622, or pBI-G-HMGN1S520/24E (Prymakovska-Bosak et al.,
2001) to generate line 85, which are derived from pBI-G (Clontech). pBI-
G-HMGNI contains the open reading frame of human HMGN1 inserted
in the Sall-Notl sites. Cells were plated in methocel containing 50 pg/ml
zeocin and 100 pug/ml hygromycin (Clontech). Colonies were expanded
and screened for doxycycline-induced HMGN expression.

UV survival of MEF cells

All treatments commenced 24 h after plating 5 X 10* cells into 35 mm
dishes. The medium was aspirated and replaced with 0.5 ml PBS, the cell
plates were chilled and UV-C irradiated (UV Systems, LS-15, 254 nm) at
the indicated doses. Fresh medium was added to the plates immediately
after irradiation and cell survival was determined 72 h after treatment by
counting the number of trypan blue-excluding cells. Survival is expressed
as a percentage, using untreated cells as the 100% value. All experiments
were conducted in triplicate and were repeated at least twice.

Transfection of MEFs with HMGN1 cDNA expression vectors
Point and deletion mutants of HMGN1 cDNA subcloned into pCI-neo
(Promega) mammalian expression vectors were transfected into 5 X 10°
ME-Fs, in 35 mm plates, using Lipofectamine 2000 reagent (Gibco-BRL).
Twenty-four hours later, the cells were UV irradiated at the indicated
dosages and the cell survival rate was determined 72 h after irradiation, as
described above. Survival was expressed as a percentage using
transfected non-treated cells as the 100% value. Every experiment was
done in triplicate and repeated at least twice. Transfection efficiency for
each plasmid in the two cell types was over 60% as determined by
cotransfection with GFP HMGN-fusion proteins. Expression levels of the
protein from the various transfected plasmids were similar to each other,
as determined by immunofluorescence (Prymakowska-Bosak et al., 2001,
2002).

Host-cell reactivation assay

The pGL3 promoter vector (Promega) containing the luciferase gene
under the CMV promoter was treated with UV-C at different doses and
transfected into 1.5 X 10° MEFs in 35 mm plates using Lipofectamine
2000 reagent (Gibco-BRL). After 48 h, luciferase activity was measured
with a luminometer (TD-20/20, Turner Designs) using a luciferase assay
system (Promega) as recommended by the manufacturer. Total protein in
the cell lysates was measured by Bio-Rad protein assay. The relative
luciferase activities done with previously described plasmids were
expressed as percentage of expression from non-irradiated control
plasmids, which were taken as 100% (Emmert et al, 2002).

Removal rate of CPDs from genomic DNA

Genomic DNA was isolated at various times after UV-C irradiation
(30 J/m?) and restricted with either EcoRI (to detect the 15 kb fragment of
the Dhfr gene) or BgIII (to detect the 10 kb fragment of the Hmgn2 gene),
and half of each sample was further digested with T4 Endonuclease V
(Epicentre Technologies), which specifically cleaves at CPDs. Quanti-
tative Southern blot analysis (Image Quant-Molecular Dynamics) of
fragments detected with a 2.9 kb EcoRI-EcoRV probe from plasmid
pBR327 (a gift from V.Bohr, NIH) containing the Dhfr gene, or a 560 bp
BamHI-HindIII probe from plasmid pXT17 containing the Hmgn2 gene,
allowed estimation of the rate of removal of the CPDs from the chromatin
of the cells. For each time point the intensity of the restriction fragment
obtained in DNA that was not digested with T4 endonuclease V was taken
as 100%. The results obtained by the Southern blot analysis were
independently verified by semi-quantitative PCR, using primers that
amplified specific regions of the Dhfr or Hmgn2 genes.

Analysis of gene expression profile

Cells were harvested either before or 6 h after irradiation with 3 J/m?2
UV-C. RNA was purified using Trizol (Life Technologies) followed by
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RNeasy (Qiagen) as recommended by the manufacturers. Fluorescently
labeled cDNA was prepared using anchored oligo (dT) primer and the
Cyscribe first-strand cDNA labeling kit (AP Biotech). Cy3 and CyS5-
labeled samples were combined and hybridized to a glass microarray slide
at 65°C overnight. Mouse expression arrays from Advanced Technology
Center, NCI/NIH, contained 10 368 cDNA spots from the Incyte mouse
GEM2 clone set. Arrays were scanned and quantified using the GenePix
4000A microarray scanner. Two separate reverse-fluor hybridizations
were performed for each experiment, and genes were selected that
showed >1.3-fold change in both hybridizations. Individual mRNAs were
quantified by real-time RT-PCR using SYBR green and an ABI PRISM®
7900HT sequence detection system, as described by the manufacturer
(Applied Biosystems). Expression levels were normalized to GAPDH,
and differences calculated using the AACt method (Applied Biosystems).

Analysis of chromatin structure

Nuclei were isolated from mouse livers by ultracentrifugation through
layered 1.7 and 2.3 M sucrose solutions (Hewish and Burgoyne, 1973)
and digested with micrococcal nuclease (Sigma-Aldrich cat. N5386) for
5 min at 25°C, and the extent of digestion analyzed as described
previously (Einck et al., 1986).

Chromatin immunoprecipitation

ChIP experiments were carried out as described previously (Orlando et al.,
1997) and modified by Upstate Biotechnology. Formaldehyde (Sigma)
was added to a final concentration of 1% directly to the medium of
primary Hmgnl** and Hmgnl”~ MEFs grown to 95% confluence in
DMEM with 10% (v/v) fetal bovine serum at 37°C. Cells were sonicated
to produce ~200-800 bp DNA fragments. HMGN 1-containing fragments
were purified with affinity purified rabbit anti-mouse HMGN1 peptide 6
(Bustin et al., 1990) antibodies. Polymerase chain reactions: for semi-
quantitative PCR, 30-40 cycle-PCR (95°C for 30 s, 60°C for 30 s and
72°C for 30 s) reactions were performed with 1-5 ng DNA of input
samples or with 0.2-1% (v/v) of the IP sample. Real-time PCR were
performed using an ABI PRISM 7900HT Sequence Detection System and
SYBR Green PCR master mix (Applied Biosystems) with appropriate
primers (sequences on request). ChIP values normalized to input.
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