16-month NF1fo*flox: K rox20-cre mice and pe-
ripheral nerves of 12-month NF1*/~ mice had
fewer mast cells (Fig. 3 C), providing genetic
evidence that the haploinsufficient state of the
somatic tissue surrounding NF'/ tumors has a
functional contribution to tumor formation (ini-
tiation or progression).

The notion that tumor formation is a coor-
dinated process in which incipient tumor cells
recruit collaborating cells from the environment
has established a firm foothold (/6). For a
normal cell to transform into a fully tumorigen-
ic cell, many internal changes must take place.
Among the requirements, it has been acknowl-
edged that cell cycle suppressors must be shut
down, growth factor requirements must be
eluded, blood vessel formation must be in-
duced, and apoptotic signals must be evaded
(16). This cell autonomous process not only
reconfigures the nature of the resident tumor
cell but also reconfigures that of its cellular
environment (/7). The present study identifies
a non—cell autonomous role for the develop-
ment of tumors in NF1. The onset, growth
potential, and multicellular nature of the
NFI~'~ neurofibromas is suppressed when the
cellular environment retains both functional
NF1 alleles. We have ruled out trivial explana-
tions for the observed difference in tumor inci-
dence that relate to the potential relative ineffi-
ciency of the Cre transgene to ablate two alleles
of the floxed NF/ gene in the flox/flox config-
uration, versus one allele in the flox/— configu-
ration. Cultured Schwann cells from newborn
(PO) spinal nerves of NF1flo¥floxKrox20-cre
mice exhibit a transformed morphology indis-
tinguishable from that of the NFI~/~ cells de-
scribed previously [Web fig. 4 (/1)] (/8). Be-
cause NFI~'~ Schwann cells have a growth
disadvantage as compared with wild-type
Schwann cells (/8), we can rule out that the
transformed cells may overtake any nontrans-
formed cells in the cultures. Hence, a majority,
if not all, of Schwann cells has undergone loss
of NF1 in the context of two floxed alleles.
Indeed, the requirement of a heterozygous NF/
state for plexiform neurofibroma formation
may explain two clinical observations. (i) With
extremely rare exceptions, the plexiform neu-
rofibroma is found only in persons afflicted
with NF1 (79). (ii) Tumors arising within spinal
roots in the setting of NF1 are exclusively
plexiform neurofibromas, whereas tumors
in a similar location in the setting of NF2 or
sporadic forms are predominantly Schwan-
nomas (20). Finally, as elaborated below,
we identify a specific cellular type that
exhibits altered properties in the heterozy-
gous versus wild-type environment.

The fact that NFI*'~ mast cells invade
pre-neoplastic nerves and remain present
throughout the development of the tumor is in
stark contrast to the absence of NF/*'* mast
cells in the NF1loflox: K rox20-cre hyperplasias
that fail to form frank neurofibromas. Previous
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studies have described the enhanced prolifera-
tive properties of heterozygous mast cells from
NF1 patients and from NF1*~ mice (21). Giv-
en the breadth of cytokine expression found in
degranulating mast cells, it is tempting to spec-
ulate that these cells could play a central role in
the initiation of neurofibroma formation (7).
In this scenario, sensitized heterozygous
(NFI*'") mast cells homing to nullizygous
(NFI7'7) NF1 Schwann cells in peripheral
nerves would create a cytokine-rich microenvi-
ronment that is apparently permissive for tumor
growth. This effect is presumably confined to
heterozygous mast cells interacting with nul-
lizygous Schwann cells, because in the original
NF1 knockout mouse, the heterozygous
Schwann cells in peripheral nerves were unable
to attract heterozygous mast cells.

Our results suggest that it may be possible
to prevent or delay tumor formation in NF1
by designing therapies that neutralize the ef-
fects of haploinsufficiency before the onset of
tumorigenesis. Moreover, tumor formation in
other familial cancers may merit similar scru-
tiny to determine the potential contribution of
the heterozygous environment (22).
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Genomic Instability in Mice
Lacking Histone H2AX
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Higher order chromatin structure presents a barrier to the recognition and
repair of DNA damage. Double-strand breaks (DSBs) induce histone H2AX
phosphorylation, which is associated with the recruitment of repair factors to
damaged DNA. To help clarify the physiological role of H2AX, we targeted H2AX
in mice. Although H2AX is not essential for irradiation-induced cell-cycle check-
points, H2AX ~/~ mice were radiation sensitive, growth retarded, and immune
deficient, and mutant males were infertile. These pleiotropic phenotypes were
associated with chromosomal instability, repair defects, and impaired recruit-
ment of Nbs1, 53bp1, and Brca1, but not RadS1, to irradiation-induced foci.
Thus, H2AX is critical for facilitating the assembly of specific DNA-repair

complexes on damaged DNA.

The first 120 amino acids of the H2AX and
the H2A1/2 bulk isoprotein species exhibit a
high degree of similarity, but H2AX carries a
unique COOH-terminal tail that contains the
consensus phosphatidyl inositol 3-kinase
(PI-3 kinase) motif that is activated by DSBs

(/, 2). Phosphorylation of H2AX (y-H2AX)
is induced by external genotoxic agents (2, 3)
and is activated at physiological sites of re-
combination in lymphocytes (4, 5) and germ
cells (6). Several essential DNA-repair fac-
tors implicated in homologous recombination
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(HR) (e.g., Brcal, Brca2, and Rad51) or that
participate in both HR and nonhomologous
end-joining (NHEJ) (e.g., Rad50, Mrell,
Nbsl) form immunofluorescent foci that co-
localize with y-H2AX (7). However, the pre-
cise relation between focus formation and
DNA repair is not understood.

To determine the physiological role of
H2AX in mammalian cells, we produced a
targeted disruption of mouse H2AX (Web
fig. 1A) (5, 8). H2AX ™/~ mice were born at
the expected frequency, and absence of
H2AX protein was confirmed by two-dimen-
sional gel electrophoresis and Western blot-
ting (Web fig. 1, B to E) (8). Despite the loss
of H2AX, treatment with +y-irradiation result-
ed in normal phosphorylation of Nbsl (Web
fig. 1E) (8). We conclude that H2AX is not
essential for survival, or for irradiation-
induced phosphorylation of Nbsl.

H2AX™'~ mice were growth retarded
(Web fig. 2) (8), and H2AX '~ mouse em-
bryo fibroblasts (MEFs) proliferated poorly
in vitro (Fig. 1A). The difference in the
growth of MEFs was partly due to a decrease
in the number of dividing cells in H2AX ™/~
cultures as determined by incorporation of
bromodeoxyuridine (BrdU) into DNA. Dur-
ing a 24-hour labeling period, only 44% of
passage 1 H2AX ™'~ MEFs were actively
cycling, compared with 72% for the controls,
and the mitotic index of H2AX ™'~ MEFs
was at least 50% lower than in wild-type
cultures (see below; Fig. 1, D and F). By
passage 4, H2AX™'~ MEFS accumulated
nondividing giant cells, suggesting premature
entry into senescence. With continual pas-
sage, both H2AX ™/~ and wild-type MEFs
went through crisis, after which there were no
longer any detectable differences in growth
(9). The early appearance of nondividing
MEFs in H2AX ™'~ cultures and growth re-
tardation in vivo is similar to the phenotype
observed in mice deficient for Ku80, Ku70,
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and ATM (ataxia telangiectasia mutated)
(10-14).

Premature senescence in Ku-deficient and
ATM™/~ MEFs is associated with chromo-
somal instability (//, 15, 16). To determine
the effects of loss of H2AX on genomic
stability, we examined metaphase spreads
from two independent cultures of wild-type
and H2AX ™'~ MEFs (8). Metaphases from
H2AX™'~ MEFS showed a marked increase
in chromatid breaks and dicentric chromo-
somes (Web fig. 3A) (&). Spectral karyotype
analysis revealed abnormally high levels of
random translocations and complex rear-
rangements involving different chromosomes
(Web fig. 3B) (8). Only 3 to 5% of wild-type
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metaphases (n = 80) exhibited such aberra-
tions, whereas 24 to 43% of the H2AX '~
metaphases (n = 74) showed structural ab-
normalities (Fig. 1B). Similar results were
found in chromosome spreads from activated
lymph node T cells (8). In contrast to wild-
type controls, in which we observed no de-
fects in 81 metaphases examined, 21% of the
H2AX~'~ T cells (n = 100) exhibited chro-
mosomal aberrations (Fig. 1C). Of the mutant
metaphases, 4% showed breaks, transloca-
tions, or rearrangements of chromosome 14,
including a reciprocal T(6;14) translocation
in which the T cell receptor o locus was
proximal to the breakpoint (Web fig. 3, C and
D) (8). This frequency is somewhat lower
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Fig. 1. H2AX deficiency results in growth retardation and genomic instability, but does not
abrogate irradiation-induced cell-cycle checkpoints. (A) Growth kinetics of three independent
H2AX™/~ (O) and wild-type (@) MEFs at passage 1. (B) Percentage of cells with chromosome
aberrations from two different H2AX wild-type (filled bars) and knockout (open bars) MEFs. (C).
Aberrations found in wild-type (+/+) (left bars) and knockout (—/—) (right bars) activated T cells.
(D) Irradiation-induced G, to S checkpoint. Exponentially growing passage 1 MEFs were untreated
(C) or irradiated (IR) with 10 Gy of y-irradiation, then grown for 24 hours in the presence of BrdU.
The percentage of cycling (BrdU™) cells is indicated. (E) Irradiation-induced S-phase checkpoint. The
[*H]thymidine incorporation in unirradiated cultures was set to 100%. (F) Irradiation-induced G,-M
checkpoint. Cells were either untreated or irradiated with 10 Gy, then incubated for 1 hour at 37°,
and cells in mitosis were identified by costaining with Pl and antibody to phospho-histone H3
(P-H3). The percentage of cells in mitosis is indicated.
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than that reported for ATM ™'~ mice (7).
We conclude that H2AX ™/~ MEFs and T
cells show frequent chromosomal abnormal-
ities, most of which are random and non-
clonal.

Genomic instability can be the result of

aberrant cell-cycle checkpoint regulation or de-

fective DNA repair (/8). To determine whether
H2AX is essential for normal activation of cell-
cycle checkpoints, we examined the response of
H2AX ™'~ cells to -y-irradiation (8). Irradiation-
induced checkpoints are activated during the G,
to S transition, S phase, and the G,-M cell-cycle
boundary. At 24 hours after treatment with 10
Gy of y-irradiation, both control and H2AX ™/~
MEFs exhibited a marked decrease (~50%) in
incorporation of BrdU into chromosomal DNA,
indicating that loss of H2AX did not impair G,
to'S checkpoint functions (Fig. 1D). Irradiation
caused a similar decrease in the ability of
H2AX™/~ and control MEFs [and lympho-
cytes; Web fig. 4 (8)] to incorporate [*H]thy-
midine and to proceed through G,, indicating
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that S phase and G,-M checkpoint functions
were activated (Fig. 1, E and F). We conclude
that loss of H2AX does not impair irradiation-
induced cell-cycle checkpoints.

Mice with defects in DSB repair are high-
ly sensitive to ionizing radiation (IR), and
both NHEJ and HR pathways are essential for

" maintaining genomic stability (I5, 16, 18-

23). To determine whether H2AX deficiency
confers increased sensitivity to DNA dam-
age, we exposed H2AX '~ and control mice
to whole-body irradiation. After exposure to
7 Gy of v-irradiation, 100% of H2AX '~
mice died within 11 days, compared with a
20% morbidity sustained by littermate con-
trols (Fig. 2A). )

To determine the cytological consequenc-
es of IR-induced DNA damage in the absence
of H2AX, we examined metaphases from
immortalized wild-type, H2AX /", and con-
trol radiosensitive Ku80~/~ MEFs (I5). Al-
though H2AX ™/~ fibroblasts showed higher
than normal baseline levels of chromosomal
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Fig. 2. H2AX "/~ mice are ra-
diation sensitive and immor- D E os
talized MEFs exhibit defective
DNA repair. (A) Survival of HahK- 0 By
4-week-old H2AX/~ and lit-  § oy 2
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Kug80 /" immortalized MEFs. At IR doses exceeding 1 Gy,
oy ) . 0.0
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for each genotype. (C) DAPI (4',6-diamidino-2-phenylin-

dole) staining of H2AX™/* and H2AX ™/~ fibroblast nuclei 24 hours after treatment with 10-Gy

vy-irradiation. Ten percent of H2AX '~ cells (n = 400) and 0.25% of wild-
showed extensive nuclear fragmentation. (D) Radiation sensitivity of H2AX™"

ype nuclei (n = 400)
* (@), H2AX '~ (Q),

and Kug80~/~ (A) fibroblasts, plotted as the fraction of surviving cells relative to unirradiated
samples of the same genotype. (E) Rejoining of DNA DSBs produced by 80-Gy ~y-irradiation. (Inset)
The fraction of DNA released into the well is plotted.

aberrations, IR induced more breaks, frag-
ments, and exchanges in H2AX ™'~ cells than
in wild type cells. In addition, we found
extensive nuclear fragmentation and a de-
creased survival in H2AX ™'~ cells relative to
wild-type (Fig. 2, B to D). To directly deter-
mine the rate of DNA repair after IR, we
measured DNA fragmentation in immortal-
ized MEFs by pulsed-field gel electrophore-
sis (Fig. 2E). Consistent with the cytological
observations, we found that the rate and ex-
tent of DNA repair were lower in H2AX ™/~
than in wild-type controls. This deficiency in
DSB repair may in part account for the radi-
ation hypersensitivity of H2AX ™/~ mice.

H2A phosphorylation-mutant strains in
Saccharomyces cerevisiae exhibit a de-
creased efficiency in DSB repair, evidenced
by a twofold decrease in NHEJ (24). In lym-
phocytes, y-H2AX foci are associated with
chromatin actively undergoing V(D)J recom-
bination (4), and the resolution of DSBs dur-
ing this reaction requires NHEJ. To deter-
mine the role of H2AX in lymphoid-specific
DNA recombination, we examined lymphoid
development in H2AX ™'~ mice. We found a
50% reduction in the number of T and B
lymphocytes but no specific block in devel-
opment, nor any defect in the ability to form
V(D)J coding and signal joints (Web fig. 5)
(8). Although small differences in NHEJ in
H2AX ™/~ mice would be difficult to detect,
our finding that V(D)J recombination is not
severely affected in the absence of H2AX is
consistent with a nonessential function for
H2AX in NHEJ. '

The mechanisms of DNA repair that me-
diate class-switch recombination are not
known, but this type of recombination re-
quires the NHEJ factors Ku and DNA-PKcs
(25-27). Other DNA-repair factors that are
required for normal class-switch recombina-
tion include the mismatch-repair proteins
Milhl, Msh2, and Pms2 (28, 29). Switching to
immunoglobulin G1 (IgG1) (5) and IgG3 is
reduced in H2AX mutant mice, as indicated
by a 70% reduction in surface 1gG3 levels
(Web fig. 6) (8). CFSE [5- (and 6-) carboxy-
fluorescein diacetate succinyl ester] dye dilu-
tion studies showed that H2AX '~ B cells
induced to switch had undergone normal
numbers of cell divisions (Fig. 3A), indicat-
ing that a class-switch recombination defect,
rather than defective cell proliferation, is the
major determinant of decreased expression of
secondary isotypes in H2AX ™/~ B cells. Se-
rum levels of IgM were similar in H2AX ™/~
and wild-type mice; however, there was a
significant reduction in serum levels of all
secondary isotypes in H2AX '~ mice (Fig.
3B) (8). Furthermore, the development of a
specific secondary antibody response to tri-
nitrophenol-keyhole limpet hemocyanin
(TNP-KLH) was impaired although not ab-
rogated (Fig. 3C). Our observation that
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H2AX is required for efficient class switch-
ing both in vitro and in vivo, but not for
V(D)J recombination, indicates that H2AX
may influence DNA-repair pathways other
than traditional NHEJ in resolving DNA le-
sions during class-switch recombination.

The repair of DSBs during meiosis is cata-
lyzed by components of the HR pathway. Al-
though meiotic DSBs initiated by Spo11 induce
v-H2AX (6), phosphorylation-mutant strains of
H2A in §. cerevisiae display normal meiotic
HR (30). To determine whether H2AX has a
role in meiosis and fertility, we bred either male
or female H2AX ™/~ mice with wild-type mice.
Although female H2AX ™/~ mice were fertile,
their litter size was smaller than litters generat-
ed by H2AX wild-type or heterozygous fe-
males. By contrast, attempts to breed male
H2AX ™'~ mice with controls did not yield any
pregnancies. Infertility was accompanied by
hypogonadism, and mutant testes at 2 months
of age were less than half the size of normal
littermates (Fig. 4A). Consistent with the re-
duced testicular size, the diameter of the semi-
niferous tubules in H2AX ™'~ mice was smaller
than that in wild-type littermates (Fig. 4B). In
control mice, primary spermatocytes were eas-
ily distinguishable, and mature sperm were
found in the lumen of the epididymus (Fig. 4, B
to D). By contrast, seminiferous tubules from
mutant mice had reduced numbers of cells, and
there were no mature sperm in the epididymus
(Fig. 4, B to D). Primary spermatocytes in
leptotene, zygotene, and even in early
pachytene were present in H2AX ™/~ testes
(Fig. 4D). However, the early pachytene stage
H2AX™'~ cells frequently exhibited hallmarks
of apoptosis (Fig. 4, D and E). On the basis of
these morphological criteria, we estimated that
H2AX™'~ spermatocytes were arrested in the
pachytene stage of meiosis L.

In normal spermatocytes, extensive
v-H2AX immunofluorescent staining occurs
during leptotene, which is dependent on the
initiation of meiotic DSB by Spoll (6).
When homologous sister pairs are joined to-
gether to form the synaptonemal complex,
immunofluorescence staining for y-H2AX
disappears from autosomal chromosomes but
continues to cover the X-Y sex body in
pachytene (6) (Fig. 4F). The early substages
(leptotene-zygotene) of meiotic prophase ap-
peared normal in H2ZAX ™/~ mice, as deter-
mined by staining for the synaptonemal com-
plex proteins Scp3/ Scpl and Rad51/Dmcl
(9). Although the autosomes in control and
H2AX ™/~ cells remained synapsed through-
out pachytene, we observed a high frequency
(35%, n = 200) of H2AX "/~ nuclei in which
X and Y chromosomes either failed to pair,
were fragmented, or were associated with
autosomes (Fig. 4G) (Web fig. 7) (8). More-
over, abnormalities were observed in the dis-
tribution of Mlhl, a mismatch-repair protein
that forms foci at sites of meiotic crossover in
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mid- to late pachytene. Out of 24 H2AX ™/~
nuclei examined, only 3 had weakly staining
Milh1 foci, and absence of Mlh] foci was not
dependent on the state of XY synapsis (Fig.
4H). Although some H2AX ™'~ nuclei could
be seen in diplotene, most cells probably did
not reach that stage and exhibited extensive
fragmentation of the synaptonemal complex
(Fig. 4I). Thus, male-specific infertility and
pachytene arrest in H2AX ™/~ mice are asso-
ciated with defects in sex-chromosome seg-
regation and impaired Mlh1 foci formation.
The observations of male infertility and
meiotic arrest prompted us to examine the
effect of H2AX deficiency on HR in mitotic
cells. We quantified levels of sister-chroma-
tid exchanges (SCEs), which are thought to
arise during postreplicative repair of DSBs by
HR (31). We found a small increase in the
number of SCEs in H2AX™/'~ T cells (8.8
SCEs/cell) relative to wild-type cultures (5
SCEs/cell) (Web fig. 8A) (8). The number of
aberrations (chromatid exchanges and chro-
mosome fusions) in H2AX ™~ T cells in-
creased relative to wild-type after treatment
with mitomycin C (MMC), an agent that
induces DNA interstrand cross-links (Web
fig. 8B) (8). Furthermore, H2AX ™/~ embry-
onic stem (ES) cells were more sensitive to
MMC than controls, as measured by clono-
genic survival (Web fig. 8C) (8). Although
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Fig. 3. Impaired immunoglobulin class-switch
recombination in H2AX™/~ mice. (A) (Upper
panel) Two-color flow cytometric analysis of
1gG1 expression on CFSE-labeled B cells that
were stimulated with LPS plus IL-4 for 4 days.
The percentage of cells expressing 1gG1 that
had undergone a given number of cell divisions
is quantified in the lower panel. (B) Sera from
6-week-old H2AX ™/~ (Of and age-matched
wild-type (@) mice were collected, and total
IgM, IgG1, IgA, and IgG3 levels were deter-
mined by enzyme-linked immunosorbent as-
say. (C) Mice were immunized with TNP-KLH,

the pathways that repair interstrand cross-,

links in mammalian cells are not well under-
stood, sensitivity to MMC has been observed
in several HR-deficient cell lines (20). To
directly determine whether H2AX affects
HR, we measured targeting to the Cockayne
syndrome B (CSB) locus in ES cells (8, 32).
Homologous integration was reduced twofold
in H2AX™/~ ES cells [14 targeted events out
of 141-puromycin resistant clones (10%) ver-
sus 14 out of 71 (20%) in wild-type] and was
almost completely abrogated in H2AX '~
ES cells [2 out of 235 (0.8%)]. Additional
targeting experiments to the mouse Rad54
locus (32) yielded similar results [13.2% for
wild-type (14 out of 106); 7.3% for
H2AX™*'~ (6 out of 82); and 0.75% for
H2AX™'~ (1 out of 132)]. Thus, H2AX is
required for efficient HR.

A potential molecular explanation for the
pleiotropic defects in H2AX ™'~ mice is that
H2AX plays a role in recruiting repair
proteins to sites of damage. To determine
whether H2AX is essential for organizing
DNA-repair focus formation, we examined
the distribution of several factors that are
known to colocalize with y-H2AX in irradi-
ation-induced foci (7). B cells were stimulat-
ed with lipopolysaccharide (LPS) plus inter-
leukin-4 (IL4), and the distribution of Nbsl,
Brcal, 53bpl, and Rad51 was determined by
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and anti-TNP-specific 1gM or IgG1 serum levels were measured at 0, 5, 12, and 21 days after
immunization. Data are plotted as the average dilution (mean = SD) determined in five mice of

each genotype.
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Fig. 4. Defective spermatogenesis in H2AX /™ mice. (A) Comparison of testis size in 2-month-old .
H2AX wild-type (+/+) and knockout (—/—) mice. Bar, 2 mm. (B) Sections of seminiferous tubules

of 7-week-old (+/+ and —/—) littermates stained with hematoxylin-eosin. Magnification, X 10.

(€) Hematoxylin-eosin—stained sections of epididymis from the same mice shown in (B). Magni-

fication, xX40. (D) High-magnification (X100) images of periodic acid—Schiff-stained paraffin

sections of seminiferous tubules of 2-month old wild-type (+/+) (left panel) and knockout (—/-)

(two right panels) mice. Primary spermatocytes in early pachytene (EP), late pachytene (LP), and

zygotype (Z) are indicated. Apoptotic nuclei with condensing chromatin are present in H2AX /-

tubules (arrows). (E) TUNEL (terminal deoxynucleotldyl transferase-mediated dUTP nick-end

labeling) assay detects very few apoptotic cells in normal tubules (arrows, left panel), whereas

H2AX-mutant tubules contain a large number of dying cells. Magnification, X40. (F to ) Indirect immunofluorescence of H2AX™ /= (+/—; left panels)
and H2AX ™/~ (/~; right panels) pachytene spermatocytes. (F) Merged image of Scp3 (red) and y-H2AX (green). (G) Merged image of Scp3 (green)
and Scp1 (red). (H} Merged image of Scp1 (red) and Mlh1 (green). (1) Diplotene (left) and diakinesis (right) H2AX™/~ stages (two individual cells
separated by the dotted line), and fragmented synaptonemal complex in H2AX ™/~ spermatocyte visualized with antibody to Scp3 (red) and
counterstained with DAPI (blue). For (F) to (H), the arrowhead indicates the Y chromosome, and the arrow shows the X chromosome. Bar [(F) to (I)],
10 pm.

b -]

Nbs1

53bp1

(]

Fig. 5. DNA-repair foci formation in B cells and fibroblasts. H2AX wild-
type (+/+) and knockout (—/—) B cells were stimulated for 2 days with
LPS and IL-4, left untreated (C) or exposed to 500 cGy of y-irradiation
(IR), and then incubated at 37°C before staining for (A) Nbs1, (B) 53bp1,
(C) Brca1, or (D) Rad51. Because irradiation-induced Nbs1 foci assemble
after the appearance of 53bp1, Brcal, and Rad51 foci, recovery after
irradiation was 8 hours for Nbs1 and 4 hours for 53bp1, Brcal, and Rad51.
Similar results were obtained at 0.75 hours, 2 hours, and 4 hours after
irradiation (9). Of irradiated wild-type cells, 57% contained Rad51 foci,
74% of which had more than three foci per cell; of irradiated H2AX =/~
cells, 53% contained Rad51 foci, 72% of which had more than three foci
per cell. (E). Nbs1 (green) and PCNA (red) staining in detergent-extracted
wild-type and H2AX /" fibroblasts. Images were merged to determine
colocalization. PCNA/Nbs1 clusters are localized to heterochromatic regions coincident with intense DAPI staining (blue).
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immunofluorescence before and after y-irra-
diation. The formation of Nbsl and 53BP1
foci was impaired in H2AX ™/~ cells, both in
the absence and presence of irradiation (Fig.
5, A and B). A few Brcal foci were present in
activated B cells, both in wild-type and
H2AX ™'~ cultures (Fig. 5C); however, irra-
diation-induced Brcal foci formed only in
wild-type B cells (Fig. 5C). In contrast to the
above repair factors, Rad51 formed irradia-
tion-induced foci both in wild-type and
H2AX™'~ cells (Fig. 5D). Thus, H2AX is
required for irradiation-induced Nbs1, 53bp1,
and Brcal focus formation, but not for the
assembly of Rad51 foci.

By in situ fractionation, it has been dem-
onstrated that the Mrel1 complex colocalizes
with proliferating cell nuclear antigen
(PCNA) at replication forks during the S
phase of the cell cycle (33). We used a similar
technique to assess whether Nbs1 localization
to replication sites was H2AX dependent.
The pattern of Nbsl and PCNA staining in
H2AX ™'~ cells was identical to that observed
in wild-type cells (Fig. 5E). Thus, although
H2AX is required for irradiation-induced
Nbsl1 foci, it is not essential for the localiza-
tion of Nbsl to sites of replication.

The maintenance of genomic integrity re-
quires the coordinated regulation of DNA rep-
lication, DNA-damage cell-cycle checkpoints,
and DNA repair. Nbsl and Brcal are essential
for irradiation-induced S and G,-M cell cycle
checkpoints and embryonic viability in mice
(18, 34). Therefore, the relatively mild pheno-
type incurred by loss of H2AX is surprising.
Our data indicate that there are at least two
pathways for Nbsl recruitment to DNA. In the
case of irradiation, H2AX is essential for Nbs1,
Brcal, and 53bpl focus formation, whereas it is
not essential for Nbsl recruitment to sites of
DNA replication. The finding that cell-cycle
checkpoints are grossly intact in H2AX "~ cells
indicates that DNA-damage sensors can detect
genome-destabilizing lesions and signal down-
stream effectors such as Nbs1, Chk2, p53, and
Brcal. Nevertheless, loss of H2AX leads to
increased chromosomal abnormalities, deficien-
cies in gene targeting, and radiation sensitivity.
We propose that DNA repair proceeds less ef-
ficiently in the absence of H2AX and its asso-
ciated foci.
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Contact-Dependent
Demyelination by
Mycobacterium leprae in the
Absence of Immune Cells

Anura Rambukkana,’* George Zanazzi,2 Nikos Tapinos,’
James L. Salzer?

Demyelination results in severe disability in many neurodegenerative dis-
eases and nervous system infections, and it is typically mediated by in-
flammatory responses. Mycobacterium leprae, the causative organism of
leprosy, induced rapid demyelination by a contact-dependent mechanism in
the absence of immune cells in an in vitro nerve tissue culture model and
in Rag7-knockout (Rag7~/~) mice, which lack mature B and T lymphocytes.
Myelinated Schwann cells were resistant to M. leprae invasion but undergo
demyelination upon bacterial attachment, whereas nonmyelinated Schwann
cells harbor intracellular M. leprae in large numbers. During M. leprae—
induced demyelination, Schwann cells proliferate significantly both in vitro
and in vivo and generate a more nonmyelinated phenotype, thereby securing

the intracellular niche for M. leprae.

Demyelination is one of the central patho-
logic conditions that ultimately lead to
prolonged neurologic disability in many
neurodegenerative diseases (/). The pro-
cess of demyelination involves multiple
factors (2). Although inflammatory re-
sponses seem to be needed for the complete
manifestation of pathologic conditions of
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demyelination and associated neurological
symptoms (/, 3), virtually nothing is known
about the mechanisms involved in early
events of such neurological injury. One of
the classic examples of infectious neurode-
generative diseases of the peripheral ner-
vous system (PNS) is leprosy, which is
caused by the obligate intracellular bacte-
rium Mycobacterium leprae (4) and is a
leading cause of nontraumatic neuropathies
in the world (3). Demyelination is a com-
mon pathologic feature in the nerve damage
in leprosy (5—8) and is likely to substantial-
ly contribute to the neurologic disability in
these patients. The nerve damage in leprosy
is widely thought to be secondary to the
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