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Abstract Familial Mediterranean fever (FMF) is an
autosomal recessive disorder characterized by recurrent
and self-limited fever attacks and serositis/arthritis. The
M694V, M6941, M680L, V726A, and E148Q mutations in
MEFV, the gene responsible for FMF, account for most
FMF cases in Mediterranean populations. In Japan, M6941
and E148Q are most frequently detected; M694V, M680L,
and V726A have not been identified so far. We report the
first case of FMF associated with M680I in Japan.

Keywords Familial Mediterranean fever - M680I -
MEFV

Introduction

Familial Mediterranean. fever. (FMF) is . an autosomal

recessive disorder that is particularly common in Medi-
terranean populations [1]. It is characterized by recurrent
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and self-limited attacks of fever, serositis or arthritis and
subsequent secondary amyloidosis [1-3]. The gene
responsible for FMF-the Mediterranean fever gene
(MEFV)-has been mapped to chromosome 16p13.3 [4-6].
It consists of 10 exons and encodes a protein comprising
781 amino acids called pyrin or marenostrin, which is
expressed mainly in granulocytes and monocytes [4, 5]. So
far, 184 mutations and polymorphisms of this gene have
been identified [7]. Five common mutations (M694V,
M6941, M680I, V726A, and E148Q) account for the vast
majority of FME mutations [8-10]. The clinical symptoms
of FMF vary according to the mutations of MEFV. The
M694V homozygote and compound  heterozygote  for
M694V: are - associated . with ~greater disease  severity
[11,:12]. Notably, E148Q is found in 16~25% of normal
individuals in Japan [13], and it is known that compound
heterozygous mutations of E148Q with M694V, M694I,
M680I or V726A cause FMF,

In Japanese individuals; FMF is an extremely rare dis-
ease because of the low allele frequencies of the disease-
causing mutations [13]. E148Q/M694I seem to be the most
frequent alleles in Japanese FMF patients [13-15]. The
M694V, M680I, and - V726A mutations have not: been
found in Japan so:far; herein, we report the first case in
Japan of FMF in a patient who is compound heterozygote
for L110P-E148Q/M680L

Case report

A 7-year-old: Japanese boy was brought to our hospital in
2007 for periodic fever accompanied by chest pain. He had
experienced fever and chest pain once a year since the age
of 3 years. The fever and chest pain continued for about
3 days after onset, and then disappeared spontaneously.
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None of his family members had these symptoms; From the
age of 6 years, he experienced these symptoms about once
every. 2 months. At the time of the fever attack, he could
not breathe deeply due to the chest pain. Subsequently
rapid -shallow breathing  was  récognized. - Laboratory
examinations showed mild leucocytosis (13,200 WBCs/ul)
and elevated levels of C-reactive protein (CRP) (5.9 mg/dl)
during an episode. Chest X-ray and electrocardiography
revealed ‘no abnormalities, and ‘the patient did not have
arthritis_or rashes. Because he met the criteria for FMF
based upon the Tel Hashomer criteria [2], we made a
clinical diagnosis of FMF, After obtaining informed con-
sent, we performed a genomic search for MEFV. Since the
patient 'was found to be heterozygous for L.110P-E148Q/
M680I (Fig. 1), FMF was confirmied by the mutation in the
hot spot of MEFV. The episodes were successfully pre-
vented by administration of colchicine (0.25 mg/day).

Identification of M6801

After informed consent was obtained, the DNA of the
patient, his parents, and 2 sisters was extracted from their
peripheral blood mononuclear cells. The coding exons and
flanking - intronic  sequences of the MEFV . gene were
amplified: by ‘polymerase chain reaction (PCR). The
sequences of the PCR primers are available on request. The
PCR products were treated using an ExoSAP-IT kit (GE
Healthcare, Amersham, UK), and then analyzed by direct
sequencing with an  ABI 3130 DNA sequencer (Perkin-
Elmer, Foster City, CA).

The results of the analysis are shown in Fig. 1. The
L110P, E148Q; and M680I ‘mutations were found in the
patient. The patient’s father was heterozygous only for the
M680I mutation, and his mother carried the L110P and
E148Q mutations. On the basis of the mutations carried by
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the parents, the patient was found to be heterozygous for
L110P-E148Q/M6801. These mutations were not detected
in his one sister, and his younger sister. was heterozygous
for  L110P-E148Q. Interestingly, his:mother and elder
sister were heterozygous for the G304R mutation, which
cause exon 2 skipping in pyrin (data not shown).

Discussion

Recently, a meta-analysis study on the founder populations
(Jews, Armenians, Arabs; and Turks) for MEFV mutations
revealed that the most frequent mutations detected in FMF
patients are M694V (39.6%), V726A (13.9%), M680I
(11.4%), E148Q (3.4%), and M694L (2.9%) [9]. The 4
major disease-causing mutations (M694V, M6941, M680I,
and V726A) in exon 10 of MEFYV have low allele fre-
quencies in normal Japanese individuals [13]. Even for
M6941, which seems to be the most common mutation in
Japanese FME patients [15], allele frequency was below
0.001 [13]. We recently reported that the common MEFV
mutation patterns. were E148Q/M6941 (25.0%), L110P-
E148Q/M6941 (17.5%), and M6941 alone (17.5%), and that
the M694V, M680I or V726 A mutations were niot found in
80 Japanese FMF patients [15]. Some reports indicate that
homozygous or compound heterozygous M680I mutations
are associated with a moderate phenotype of the disease
[16, 17]. Moreover, previous: reports: indicate that the
M680I mutation, commonly seen in Armenians, is associ-
ated. with a milder phenotype of the disease and lower
frequency of amyloidosis [18; 19]. On the other hand, FMF
patient - heterozygous for the: M680I gene mutation: was
reported “to. have  developed nephritic syndrome . [20].
Although we did not find abnormalities in chest imaging
findings at the time of the fever attack, we strongly: sus-
pected presence of thoracic serositis: because chest pain
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accompanied by rapid shallow breathing are typical con-
comitant symptoms of FMF. Our patient is the first with the
M680I mutation in Japan, and he showed comparatively
mild clinical symptoms.

The patient’s mother and one sister were found to be
heterozygous for the G304R mutation, which causes
exon 2 skipping in pyrin. There is no report that this
mutation causes FMF [7], and the relationship between
L110P-E148Q/M680I and G304R in this family remains
unclear. Although the MEFV mutations E148Q and M6941
are common in Japan, our finding shows that FMF asso-
ciated with the M680I mutation certainly exists in the
Japanese population.

Conflict of interest statement None.
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Abstract

Background: DNA double strand break (DSB) repair enzymes are thought to be necessary for
retroviral infection, especially for the post-integration repair and circularization of viral cDNA.
- However, the detailed roles of DSB repair enzymies in retroviral infection remain to be elucidated.

Results: A GFP reporter assay showed that the infectivity of an HIV-based vector decreased in
ATM- and DNA-PKcs-deficient cells when compared with their complemented cells, while that of
an MLV-based vector was diminished in Mrel I- and DNA-PKcs-deficient cells. By using a method
based on inverse- and Alu-PCR, we analyzed sequences around 3' HIV-1 integration sites in ATM- .
, Mrell-and NBSI- deficient cells, Increased abnormal junctions between the HIV-1 provirus and
the host DNA were found in these mutant cell lines compared to the complemented cell lines and -~
control MRC5SV . cells. The abnormal junctions contained two types of insertions: ) GT
dinucleotides, which are normally removed by integrase during integration, and 2) inserted
nucleotides of unknown origin. Artemis-deficient cells also showed such abnormalities. In Mrel |-
deficient cells, part of a primer binding site sequence was also detected. The 5' host-virus junctions
in the mutant cells also contained these types of abnormal nucleotides. Moreover, the host-virus
junctions of the MLV provirus showed similar abnormalities. These findings suggest that DSB repair
enzymes play roles in the 3'-processing reaction and protection of the ends of viral DNA after
reverse transcription. We also identified both 5' and 3' junctional sequences of the same provirus
by inverse PCR and found that only the 3' junctions were abnormal with aberrant short repeats;
indicating that the integration step was partially impaired in these cells. Furthermore, the conserved
base preferences around HIV- integration sites were partially altered in ATM-deficient cells.

Conclusions: These results suggest that DSB repair enzymes are involved in multiple steps
including integration and pre-integration steps during retroviral replication,

Page 1 0of 13
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Background

Integration of viral DNA into the host genome is essential
for retroviral replication. In this step, the integrase
removes the two terminal nucleotides at each 3' end of the
viral DNA (3'-processing) and catalyzes the joining of the
processed end to the host DNA (strand transfer) [1]. Since
the two ends attack the target DNA in a 5'-staggered fash-
ion, single strand gaps between viral DNA and the target
DNA are generated. Host DNA repair enzymies are thought
to repair: these gaps (post-integration repair). Addition-
ally, unintegrated viral DNA is circularized to form two
kinds of circular viral DNAs, 2-LTR circles'and 1-LTR cir-
cles. Formation of these circular DNAs is also catalyzed by
host DNA repair enzymes. Recent studies reported DNA
double-strand break (DSB) repair enzymes as candidate
catalysts for the post-integration repair and the circulari-
zation of viral DNA [2,3].

DSBs are the most serious damage that chromosomal
DNA  suffers, and must be repaired immediately and
appropriately. When DSBs are generated in cellular DNA,

ataxia-telangiectasia-mutated (ATM), a major molecular -

sensor of DSBs; directly binds to the damaged DNA and
activates DSB repair pathways by phosphorylating target
proteins [4,5]. One of the major targets is the MRN com-
plex, which consists of Mrel1, Rad50 and-NBS1 [6]. This
complex has recently been reported to further enhance
ATM activation by recruiting ATM into the damaged site
[7-9]. After detecting the damage, ATM activates two DSB
repair pathways; homologous recombination (HR}, and
non-homologous end joining (NHEJ) [10]. In the NHE]J
pathway, DNA-dependent protein kinase (DNA-PK),
which ‘consists of DNA-PK catalytic subunit (DNA-PKcs)
and Ku, binds and holds the two ends of the break
together. Then ligase IV/XRCC4/XLE carries out the liga-
tion reaction [11,12]. When the ends are not suitable for
direct ligation, Artemis nuclease often processes the ends
[13].

Retroviral transduction into mutant cells lacking DNA-PK
or ligase IV was reported to induce apoptosis [14-16], sug-
gesting that NHE] is involved in retroviral replication.
Moreover, Lau et al. showed that an ATM-specific inhibi-
tor suppressed integration of HIV-1 [17]. These reports
support the involvement of DSB repair enzymes in post-

integration repair. However, in vitro experiments showed

only the involvement of the components of the single-
strand break repair pathway [18,19]. In addition, some
reports ‘showed that DSB repair enzymes were only
involved in the circularization of viral DNA [20,21]. How-
ever, the observation that Ku binds to retroviral preinte-
gration complex (PIC) raises the possibility that DSB
repair enzymes may play other roles in integration or pre-

http://www.retrovirology.com/content/6/1/114

integration. steps -[20]. Thus, the detailed. roles of these
enzymes remain to be elucidated.

We report_ here that defects in DSB repair enzymes
enhanced the formation of abnormal junctions between
retroviral DNA and the host DNA. Moreover, we observed
that the base preferences around HIV-1 integration sites
partially changed in ATM-deficient cells. These results
indicate that DSB repair enzymes are involved in multiple
steps of retroviral replication.

Results

Effects of DSB repair enzymes on retroviral transduction
efficiency

Previous reports demonstrated that retroviral infectivity
decreased in cells lacking DSB repair enzymes such as
ATM and DNA-PKcs [14,16,17]. To confirm whether the
enzymes affect HIV-1 infectivity, mutant cell lines and
complemented cell lines were transduced with an HIV-
based vector encoding a GFP réporter gene. As shown in
Figure 1A, the transduction efficiency was impaired in the
mutant cells lacking ATM compared to the complemented
cells, indicating that ATM is involved in HIV-1 transduc-
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Transduction efficiency of the HIV-based vector into
cells deficient in DSB repair enzymes. (A) ATM-defi-
cient cells and ATM-complemented cells were transduced
with three different dilutions of the HIV-based vector encod-
ing a GFP reporter. Two days postinfection, the percentage
of GFP-positive cells was determined by flow cytometry. (B-
D) The influence of DNA-PKcs (B), NBS1 (C) and Mrel| (D)
on transduction efficiency of the HiV-based vector was inves-
tigated by the same method as (A). Error bars represent +/-
SD.
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tion. We also found that DNA-PKcs-deficient M059] cells
showed a significantly lower level of transduction effi-
ciency compared to DNA-PKcs-positive MO59K cells (Fig-
ure. 1B), indicating that DNA-PKcs is also required for
stable transduction of HIV-1.

The influences of NBS1 and Mre11 on retroviral infectivity
were controversial in previous reports [21,22]. In our cell
lines, NBS1 and Mrel1l deficiencies did not influence
transduction efficiency (Figure 1C and 1D), suggesting
that the MRN complex might not affect HIV-1 transduc-
tion.

We also investigated whether defects in these DSB repair
enzymes affected MLV infectivity by using an MLV-based
vector encoding a GFP reporter gene. As for the HIV-based
vector, the infectivity of the MLV-based vector signifi-
cantly decreased in DNA-PKcs-deficient cells, indicating
the conserved role of DNA-PKcs. in retroviral infection
(Additional file S1B). Mre11-deficient cells also showed
impaired MLV infectivity compared to the complemented
cells (Additional file S1D). However, infectivity of MLV
vector remained intact in the mutant cells lacking NBS1,
which is the other component of the MRN complex
(Additional file S1C). This might be due to the different
extents of deficiencies of Mre11 and NBS1. In contrast to
the HIV-based vector, ATM-deficient cells showed similar
transduction efficiency of the MLV-based vector compared
to the complemented cells (Additional file S1A). These
results suggest that DSB repair enzymes are differentially
required for the stable transduction of HIV-1 and MLV.

Abnormal junctions between HIV-1 provirus and the host

DNA in ATM-, Mrel |-, NBSI- and Artemis-deficient cells

Since one of the potential targets of DNA repair enzymes
is the junction between provirus and the host DNA
[18,19,23], we postulated that abnormal junctions would
be generated in cells deficient in DNA repair enzymes. We
therefore analyzed the sequences of the host-virus junc-
tions. After amplification of integration sites by Alu PCR,
we used inverse PCR to amplify the sequences around the
integration sites with primers specific to LTRs and Alu

Table It The number of 3' abnormal junctions of the HIV-1 provirus

http://iwww.retrovirology.com/content/6/1/114

repeat elements [24]. With this method, we could identify
integration sites efficiently, with few non-specific amplifi-
cation products.

We analyzed 216 3' junctions between HIV-1 provirus and
the host DNA in a control cell line, MRC5SV, and found
one abnormal junction with a single nucleotide insertion,
and seven junctions with deletions in viral DNA ends (Fig-
ure 2). In mutant cells lacking DSB repair enzymes, there
were more abnormal junctions with inserted nucleotides
between provirus and the host DNA. There were two dif-
ferent groups of abnormal nucleotides. One was a GT -
dinucleotides {or a G mononucleotide) adjacent to the
provirus that is normally removed by integrase in 3'-
processing. They did not originate from the host DNA.
The other type of abnormal junction contained inserted
nucleotides of unknown origin. The number of abnormal
junctions with insertions was 1 of 216 (0.5%) events in
the control cells, but 8 of 161 (5.0%) events in ATM-defi-
cient cells (Figure 2 and Table 1), In ATM-complemented
cells, 1 of 151 (0.7%) junctions had abnormal insertions,
which was a significantly lower frequency than that of
ATM-deficient cells. Although GFP reporter assays showed
that defect of the MRN complex did not affect HIV-1 infec-
tivity, the junctions in the MRN complex deficient cells

" also had abnormal insertions: 11 of 147 (7.5%) junctions

in Mre11-deficient cells and 6 of 145 (4.1%) junctions in
NBS1-deficient cells. It is of note that some of the abnor-
mal junctions in Mrel1-deficient cells also included 2, 4,
11, or 15 nucleotides of the primer binding site (PBS)
sequences: (Figure 2). In contrast, abnormal junctions
with insertions were less frequent in Mrell-comple-
mented cells (2 of 144: 1.4%) and NBS1- complemented
cells (1 of 168: 0.6%). These results indicate that both
Mrell and NBS1 are indeed associated with HIV-1 repli-
cation. In contrast, in DNA-PKcs-deficient cells, only 3 of
153 (2.0%) junctions had abnormal insertions (Addi-
tional file §2), which is not a statistically significant differ-
ence compared to control MRC5SV cells.

Abnormal junctions with insertions were also found in 10

" 0f 136 (7.4%) junctions in cells deficient in Artemis (Fig-

ATM(-)  ATM(¥)  Mrell(-)  Mrell(+) - NBSI(-)  NBSI(+*)  Artemis(-)  MRC5SV
Insertions 8 i it 2 5 i 9 i
Insertions + Deletions 0 0 0 0 I 0 I (1}
Deletions 2 3 2 3 2 5 ] 7
Total junctions 161 151 147 144 145 168 136 216
Pvalue 0.012 0.023 0.035 V

(0.0046) (0.80) (0.00005) (0:34) (0.013) (0.86) (0.0003)

The P values under the columns of the deficient cell lines are for comparison of the number of junctions with only insertions or both insertions and
deletions to that of the corresponding complemented cell lines. The numbers in parentheses under the table represent the P values compared to

the control MRC5SV cells.
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Provirus Host ATM(-)
: CTCTAGCA g TTCAAGA
CTCTAGCA g TGCACAC
CTCTAGCA ¢ TGAGCCT
g CTCTAGCA gt GTGGTGG
CTCTAGCA . gt GGTGGGG
CTCTAGCA ~ cca ACACACA
CTCTAGCA; CTCTAGCA  tgaggca CAGTGGT
MRCS5SV CTCTAGCA  'géctgectcggcectcccaaagt — GCTGGGA
CTCTAGCA% g gmmcmc (11bp-del) ’ GGTCRAR
i : (13bp del) GGGCGGG
CTCTAGC= . GGRAACC
CTom GAGATAA
(11bp del) : CITCAGG Mrell(=)
82:‘; 3:1: :(;(c:izii CTCTAGCA g Hrrrace
CTCTAGCA - gt CAGATTC
:;2:5’ 23; :z’;::’gi CTCTAGCA - gt CCCACTG
CTCTAGCA ' gttcacgcc ATTCTCC
ATM(+) CTCTAGCA  gtg : CCCTCAG
eretagea | gt i CTCTAGCA = gtgtgt GCCACTG
{obp dst) daguntagaacas A GedeAR CTCTAGCA  gtgg CAGGTT
Ciden deis i CTCTAGCA ' gtagcy [dancact
(3ibp dei A : CTCTAGCA . gtggcgcoagaac [acdrera
CTCTAGCA . gtggegocrgaacagys adercea
Mrell '(+) » CTCTAGCA . atgacatg TAAGARA
CTOTAGCA - gkt AGachce CTCTA~~= CCTATGC
CTaciios " 'AGTATAG
CTCTAGCA .. taaccacaa GAAGAAR :
o} JRROEE TTACTAC NBS1(-)
10bp: del TCACGTA
:121:1; deli ng'rgcm coomagcA 9 brcadnar
CTCTAGCA = gttggtgcteca TAAGAAA
NBS1(+) ’ CTCTAGCA = atatc TRATTCA
CTCTAGCA . ggtgaggctcgaactcac AACCACT
((:';::A(;;!J;) gtag ‘ %:z:i:g CTCTAGCA - ctecacgcaaaaatatactcccga  AARAAGC
(1355 del) omrAR CTCTAG--  tagccc CGCATGA
(18bp del) : AGTCTCG (20bp del) CARCGAGA
: (50bp del) CTACTAG
(22bp del) CCAGCCT
(23bp del) CARAGCT Artemis(-)
CTCTAGCA g AGGGCTA
CTCTAGCA g GTTAGCC
CTCTAGCA - gt CAGTTAA
CTCTAGCA gt ATARAGC
CTCTAGCA  gtt TCCCRAC
CTCTAGCR gty CCACCAC
CTCTAGCA .. gtgaa CTCATGT
CTCTAGCA  gtgcca TCCCAGE
CTCTAGCA ¢ i TAACTGT
(12bp del) tttte AGTCCTT
(11bp del) GGGAGCT
Figure 2

Abnormal 3' junctions of the HIV-1 provirus in DSB repair enzyme deficient cells. Junctions between the 3 endof
the provirus and the host DNA were analyzed in control cells, mutant cell lines, and complemented cell lines transduced with
the HIV-based vector. Inserted abnormal sequences are lowercased. Abnormal nucleotides corresponding to the GT dinucle-
otides processed by integrase are presented in bold. Partial primer binding site (PBS) sequences are underlined. Squares indi-

cate the location of micro-homologies to the GT dinucleotides and/or PBS.
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ure 2 and Table 1), which is a target of phosphorylation
by ATM and DNA-PKcs [25,26]. Since Artemis-comple-
mented cells could not be established, we could not con-
clude  that these abnormalities ‘observed in Artemis
deficient cells were due to the deficiency of Artemis. How-
ever, the frequency was much higher than that of control
MRC58V cells - (P-= 0.0003), indicating " the' potential
effects of Artemis on HIV-1 replication.

Some of the ‘abnormal junctions also: exhibited: micro-
homologies in the host sequences, in which 1-4 nucle-
otides were identical to a part of the GT dinucleotides
and/or the PBS sequence following the inserted part (Fig-
ure 2). This observation suggests that at least some provi-
ruses with such-abnormal junctions might be integrated
by a recombination ‘mechanism " using these micro-
homologies.

§' junctional sequences in DSB repair enzymes-deficient
cells

To investigate whether the abnormalities were common
to both ends of provirus, we also analyzed the sequences
of 5! junctions. The junctions between the HIV-1 5" LTR
and the host DNA also exhibited similar abnormalities
(Figure 3A). Abnormal nucleotides were observed in 10 of
164 (6.1%) junctions in ATM-deficient cells and 13 of 134
(9.7%) junctions in Mrel1-deficient cells, compared to 2
of 178 (1.1%) junctions in MRC5SV cells (Figure 3B). In
5! junctions, the remaining nucleotides were AC dinucle:
otides, which are complementary to the GT dinucleotides
detected in 3! junctions. In Mre11 deficient cells; 3' poly-
purine tract (PPT) sequences were also identified. Thus,
defects in DSB repair enzymes enhanced the abnormal
joining of both ends of the HIV-1 DNA.

Abnormal junctions of MLV provirus in DSB repair enzyme

deficient cells :

To determine whether these abnormalities are specific to
HIV-1, we also analyzed sequences of the 3’ junctions of
the MLV provirus. Junctions with abnormal nucleotides
increased from 5 of 228 (2.2%) events in Mrel1-comple-
mented cells to 20 of 256 (7.8%]) events in Mrell-defi-
cient cells (Figure 4). The abnormal junctions also
included TT dinucleotides, which are usually removed by
MLV integrase in 3'-processing. Taken together, these
results show that defects in DSB repair enzymes increase
abnormal host-virus junctions in both HIV-1 and MLV.

Junctional sequences at the both ends of provirus

To study whether both 5'- and 3'-junctions: of the same
provirus were abnormal, we analyzed both 5' and 3’ junc-
tional sequences of the same provirus. Since the method
used in Figure 2, 3 and 4 could detect only one end of pro-
virus, we next adopted a traditional inverse PCR method.
We identified three HIV-1 proviruses with abnormal junc-
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A Host Provirus
------------- =4 5'LTR

i 7TGGARGGG

MRCSSV |
TGTTAAG ¢ TGGAAGGG
ARGCAGG tgc  TGGAAGGG
TAGAAGG w~===RAGGG

ATM(-)

TGAGCH ¢  TGGAAGGG
TACCGCG €  TGGAAGGG
AGTTATC ac  TGGAAGGG
CAGTGAT atac TGGAAGEG
GCECCCA 9 TGGAAGGG
ATAGGCG 9. TGGAAGCE
CACGCCC gt TGGAAGGG
GCCTGEC cce  TGGAAGGG
CTCECCT act TGGAAGGCG
CCCAGCC agttgttgttit = TGGAAGGE
RAATTTCT e GGG

Mrell(-)
TATCTAC ¢ TCGAAGGG
TTTICTT a¢  TGGAAGGG
creatha] 2aanggggggac  TGGAAGEG
CTGGCCT c¢  TGGAAGGG
CCTGGCC ag TGGAAGGG
TGCCTTC tt TGGAAGEG
CCTGGCC tee  TGGRAAGGG
GCTGGGT geay - TGGAAGGG
TTTGGAR gatggy TGGAAGGG
GTGTGAG tacagge TGGRAGGG.
ACTTTTT agtgagtttt . TGGAAGGE
TTECTTT gggggettce  TCGAAGGG

CAGCCAA

MRC5Sv ATM(-) Mre11(-)
Insertions 2 10 13
Deletions 1 1 0
Total junctions 178 164 134
Pvalue 0.013 0.0005
Figure 3

Abnormal 5’ junctions of the HIV-I provirus in DSB
repair enzyme deficient cells. (A) Junctions between the
5' end of the provirus and the host DNA were analyzed in
control and mutant cell lines transduced with the HiV-based
vector. Inserted abnormal sequences are in lower case.
Abnormal nucleotides corresponding to the sequence (AC)
complementary to the GT dinucleotides processed by inte-
grase are presented in bold. Partial polypurine tract (PPT)
sequences are underlined, Squares indicate the location of
micro-homologies to the AC dinucleotides and/or PPT. (B)
The number of junctions with insertions or deletions. The P
values under the table are for comparison of the number of
junctions with insertions in each cell line to that of the con-
trol MRC5SY cells.
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A Provirus

3LTR o

y

GTCTTTCA

Mrell(-)
GTCTTTCA ' ¢t EaTGACT
GTCTTTCH & GCACT
GICTTTCA ¢ AGATC
GICTTTCA &t €GCCeeE
GTCTTICA  tt GICAAGE

GTCTTTCA - tt G
GTCTTTCA £t CTTT

GTCTTTICA ttig ACTTCGG
GTCTTTCA ' tktgy kehcaca
GTCTTTCA tt t GACAGAG
GICTTTCA g GATGTCA
GTCTTTCA &t GGGCACE
GTCTITCA tgatt TTCAACC
GTCTTTCA 'aaagcat CAGGRAT
GTCTTTCA ' acacgtgagge AGCCTGG
[ SR gttttag cceacee
G ataaca AGARGGA
(10bp delj s GCTCGCA
(12bp del) ag AAGGAAA
{37bp del) ¢ CTACCAT
Pl Lo — AACACAC
[ GGGGGAA
{11bp del) AGATTAA
(12bp del) CTATTAT
Mrell(+)
GICPTTCA & AGAACCA
GTCTTTCA | & ACTCAGA
GTCTTICA ttg AAATTGA
GTCTTTCA ttidgygdotey ACT
GTCTTTICA ' ttLgguqgyctogtecqeg 'AATT
GTCTTIC~ GGTATTT
{14bp del) CCTCTTT
{23bp - del) AARAATG
Mre11(-) Mre11(+)

Insertions 15 5

Insertions + Deletions 5 [

Deletions 4 3

Total junctions 256 228
Pvalue 0.0053
Figure 4

Abnormal 3’ junctions of the MLV provirus in Mrell-
deficient cells. (A) Junctions were analyzed in Mrel |-defi-
cient cells and Mrel I-complemented cells transduced with
the MLV-based vector. Abnormal nucleotides corresponding
to dinucleotides (T'T) processed by integrase are in bold.
Underlined sequences indicate partial PBSs. Squares indicate
the location of micro-homologies to TT dinucleotides and/or
the PBS. (B) The number of junctions with insertions or dele-
tions. The P values under the table are for comparison of the
number of junctions with insertions in Mrel I-deficient cells
to that of Mrel |-complemented cells.
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tions in Mrel1-deficient cells (Figure 5). All three provi-
ruses had the abnormal nucleotides at the 3' junctions. A
single G was inserted in case 1, while both GT dinucle-
totides and part of a PBS were inserted in cases 2 and 3.
These 3' junctions also showed micro-homologies in the
host: sequences; confirmirig the abnormalities shown in
Figure 2. However, the 5' junctions were intact in these
proviruses, indicating that these 5' junctions. were proc-
essed by integrase as per normal. We also found that the
host sequence adjacent to the provirus contained short
repeats in case:1 and 2. Although all:of the other provi-
ruses had 5-bp short repeats as reported previously (data
not shown), case 1 and 2 contained 3-bp and 2-bp short
repeats, respectively. Case 3:lacked short repeats. These
results suggest that the integration of these provirtises was
catalyzed by integrase, but in abnormal ways.

Altered base preference surrounding HIV-1 integration
sites in cells lacking ATM :
Retrovirus-specific: base preferences in the immediate
vicinity of integration sites have been reported [27-29].
Our findings of abnormal host-virus junctions prompted
us to investigate whether deficiencies in: DSB repair
enzymes also influence these preference patterns. We ana-
lyzed the nucleotide frequencies for the 8 nucleotides
downstream and the 4 nucleotides upstréam of the 3'
ends of HIV-1 proviruses without insertions and/or dele-
tions (Figure 6B). As shown in Figures 6 and 7, we calcu-
lated P values at each position by 2 analysis comparing
the base compositions in each cell line and the average
base compositions in the human genome (A:29%, T:29%,
G:21%, C:21%). At the positions with P < 0.01, the bases
with high frequencies or low frequencies were focused
and colored in Figure 6 and 7. Compared to the control
MRC58V cells. and ATM-complemented  cells, which
showed a preference pattern similar to thatin the previous
report [28], ATM-deficient cells showed a partially altered
pattern: In the position -2, the different patterns were
found in ATM-deficient cells compared to control
MRC5SV cells (P < 0.0001) or ATM-complemented cells
(P < 10-14). Especially, ATM-deficient cells showed higher
frequency of G compared to the control MRC58V cells and
the complemented cells at the position -2. Similarly, inte-
gration sites for the 5' end of the provirus in ATM-defi-
cient cells showed a changed preference pattern in
position 7 compared to the control MRC5SV cells (P <
0.001); in which ATM-deficient cells showed a higher fre-
quency of G (Figure 7B). Since the 5 bp sequence (posi-
tions 1 to 5) is duplicated next to the 3' and 5' ends of the
provirus as short repeats, position 7 for the 5' end of the
provirus corresponds to position -2 for the 3' end of the
provirus. This indicates that the analyses at both ends of
the provirus showed the same change, suggesting the
influence of deficiency in ATM in the position. In contrast,
NBS1- and Mrel1-deficient cells showed no clear change
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Genome Provirus Genome
—————— 5LTR FLTR b m

Case1  TTTGCATITCEggaag ————-m————m———e—m- ctagcaGITCTAATAAT
......Q.h.“;“.. ........ LN N X N N N )

Chr 2 TTTGCATTTIC TAATAAT

Case2  CAGGAGTARGLgQgAaag —=——mmmmmmm—m—————— ctagcaGTGEGTCAGC
........“‘”; "..‘...

Chr3 CAGGAGTAGG TCAGC

Case 3  ATTATGAAGGLGQAAQG ——mmmmmmmm—————mm ctagcaGTGECGCCCGAATGACTGC
([ AN RN ENNNEN) ([ EE N AR N BE R N

Chr6 ATTATGAAGG GAATGACTGC

Figure 5

The 5' and 3' junctional sequences of the same HIV provirus in Mrel | -deficient cells. Junctions between both ends
of HIV provirus and the host DNA were analyzed together in Mrel |-deficient cells transduced with the HIV-based vector.
Three cases including abnormal junctions are shown. In each case, the integrated HIV provirus (top) and the host genome (bot-
tom) are compared. Proviral sequences are in lower case. Inserted abnormal nucleotides are shown in bold. The GT dinucle-
otides and primer binding site (PBS) sequences are underlined. Squares indicate short repeats flanking the provirus.

in base preference (data not shown). Thus, deficiency in
ATM partially influences the local base preference pattern
surrounding HIV-1 integration sites.

Effects of the MRN complex on circularization of HIV-1
cDNA

Previous reports suggested that some DSB repair enzymes
were involved in the formation of 2-LTR circles and 1-LTR
circles {20,21]. To investigate whether the formation of
abnormal host-virus junctions links to circularization of
viral cDNA, we quantified total viral cDNA, 2-LTR circles
and 1-LTR circles in Mre1 1-deficient cells and the comple-
mented cells. Quantitative analyses of these viral cDNAs
showed that the amount of all three types of viral cDNA
was similar in the deficient cells and the complemented
cells (Figure 8). This suggested that deficiency in the MRN
complex did not influence the formation of viral circular
DNAs at least in these cell lines.

Discussion

This study revealed that deficiencies in some DSB repair
enzymes caused abnormalities surrounding retroviral
integration sites. Although the GFP reporter assay indi-
cated involvement of ATM and DNA-PK¢s in HIV-1 infec-

tion consistent with previous reports [14,16,17], the
sequence analyses of the host-virus junctions revealed that
Mre11 and NBS1 were also involved in HIV-1 infection. In
addition, both the GFP reporter assay and the sequence
analysis showed the involvement of Mrel1 in MLV infec-
tion. These results suggest that DSB repair enzymes are
more important in retroviral infection than previously
thought.

We found two kinds of abnormal junctions in ATM-,
Mre11-, NBS1- and Artemis-deficient cells. One contained
remnant dinucleotides, which are normally removed
from the ends of viral DNA. These were identical to nucle-
otides processed in 3'-processing [30], which suggest that
integrase could not completely process the terminal dinu-
cleotides, or that the processed 3'-ends were repaired dur-
ing integration. This abnormality suggests that ATM, the
MRN complex and Artemis play roles in the 3'-processing
activity of integrase and possibly the protection of the
ends of viral DNA before strand transfer. In addition,
abnormal junctions containing sequences derived from
the PBS were found only in Mrel1-deficient cells. As the
tRNA primer is thought to be removed by the RNase H
domain of reverse transcriptase (RT) [31,32], Mre11 may
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Figure 6

The local base preferences surrounding 3' ends of
HIV-1 proviruses integrated in ATM-deficient cells.
(A) A schematic figure of the strand transfer reaction of HIV-
I. The 3' end of viral DNA attacks the phosphodiester bond
between positions -1 and | of the host DNA, and covalently
joins to the position | nucleotide. (B) Base compositions
around the integration sites in the control MRC5SV cells,
ATM-complemented cells and ATM-deficient cells. The
sequences represent the target DNA sequence before the
viral DNA is inserted between the position | and -1. The 5
bp sequences (positions | to 5), which are duplicated next to
both ends of the provirus, are boxed by blue lines. Each tabu-
lated number represents the observed base frequency
divided by the expected base frequency at each position. The
expected base frequencies are average frequencies observed
in human genome (A:29%, T:29%, G:21%, C:21%). The P val-
ues are obtained by 2 analysis comparing observed and
expected base compositions at each position. At the posi-
tions with P < 0.01, frequencies < 60% and frequencies >
140% of expected frequencies are colored yellow and green,
respectively.
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regulate RT to cleave the tRNA correctly. It is noteworthy
that a part of 3' PPT sequence of HIV-1, which is a primer
sequence for the synthesis of the plus strand, was found at
5' junctions in Mrell deficient cells. Inserted aberrant
nucleotides of unknown origin were another junctional
abnormality. Considering that one strand of viral DNA
has already bound to the host DNA in the integration
intermediate, it is likely that the inserted nucleotides were
added at the viral DNA ends before strand transfer. It has
been demonstrated that ATM and the MRN complex pro-
tect human telomeres, by capping them [33,34]. In addi-
tion, a report regarding telomere instability in Artemis-
deficient cells suggests that Artemis also protects telom-
eres [35]. Given that telomeres and unintegrated retroviral
DNA ends are similar, DSB repair enzymes including
ATM, the MRN complex and Artemis may protect the ends
of unintegrated viral DNA from aberrant nucleotide addi-
tion. '

One reason for the inconsistency between the GFP
reporter assay and the sequence analyses, particularly in
Mrell and NBS1, may be that the frequencies of the
abnormalities at the host-virus junctions were low. There-
fore, it was not detected by the GFP reporter assay. In addi-
tion, the GFP reporter assay could detect integrated
provirus with abnormal junctions. Therefore, the GFP
assay could not discriminate provirus with abnormal
junctions from normally integrated provirus. It is possible
that the integration efficiency of viral DNA with abnormal
ends might be low compared with normal viral DNA,
which might underestimate the frequencies of provirus
with aberrant ends. Since the deficiencies of Mrell and
NBS1 in the mutant cell lines were reported to be only
hypomorphic, the effects of their deficiencies are likely
limited in this study [36]. However, the finding that the
insertional abnormalities were more frequent in the defi-
cient cell lines compared to the control cell lines indicates
the existence of an association between retroviral infec-
tion and DSB repair enzymes including Mrel1 and NBS1.
This was also supported by one of the recent reports that
identified host factors by genome-wide screening using an
RNAI library [37]. In this report, the knockdown of Mrel1
decreased retroviral infectivity.

The identification of the abnormal junctions prompted us
to investigate how proviruses with such junctions were
integrated. The micro-homologies in the host sequences
suggest that integrase-independent recombination is
involved in this step (Figure 2, 3 and 4). However, when
both 5' and 3' junctional sequences of the same provirus
were analyzed, only the 3’ junctions of the provirus were
abnormal while the 5' junctions were intact (Figure 5),
suggesting the involvement of integrase in the establish-
ment of these proviruses. In addition, although normal
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Figure 7

The local base preferences surrounding 5' ends of
HIV-1 proviruses integrated in ATM-deficient cells,
(A) A schematic figure of the strand transfer reaction of HiV-
|. The 5' end of viral DNA attacks the phosphodiester bond
between positions -1 and | of the host DNA, and covalently
joins to the position | nucleotide. (B) Base compositions
around the integration sites in the control MRC5SV cells and
ATM-deficient cells. The sequences represent the target
DNA sequence before the viral DNA is inserted between
the position | and -1. The 5 bp sequences (positions | to 5),
which are duplicated next to both ends of the provirus, are
boxed by biue lines. Each tabulated number represents the
observed base frequency divided by the expected base fre-
quency at each position. The expected base frequencies are
average frequencies observed in the human genome (A:29%,
G:21%, C:21%). The P values are obtained by %2 analysis com-
paring observed and expected base compositions at each
position. At the positions with P < 0.0, frequencies < 60%
and frequencies > 140% of expected frequencies are colored
yellow and green, respectively.

HIV-1 integration generates 5-bp short repeats flanking
the provirus, the abnormal proviruses lacked short repeat
or had aberrant (2- or 3-bp) short repeats. These findings
suggest that these proviruses were established by impaired
activity of integrase.
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Quantification of viral cDNA in Mrel | -deficient cells
and the complemented cells. Mrel |-deficient and com-
plemented cells were transduced with the HIV-based vector,
and the total DNA was extracted. By fluorescent-monitored
quantitative PCR, total viral DNA (A), 2-LTR circles (B) and
I-LTR circles (C) were quantified. Error bars represent +/-

There are inconsistencies in previous reports regarding the
roles of DNA repair enzymes in retroviral replication [38-
42]. This is partly because almost all of these studies were
based on measuring the retroviral infectivity or apoptosis
by retroviral transduction as was done in Figure 1 and S1.
Such assays largely depend on the extent of deficiencies or
the expression levels of the complemented proteins. The
situation is further complicated by the fact that complete
deletion of some DSB repair enzymes such as Mrel1 and
NBS1 is lethal, and there are only hypomorphic mutant
cell lines [36]. In some reports, suppressed expression of
LEDGF/p75, which is a critical host factor of HIV-1 repli-
cation, had no or only modest effect on HIV-1 infectivity
[43,44]. However, biochemical assays and sequence anal-
yses in the same cell lines in other studies revealed a
strong association of LEDGF/p75 with HIV-1 replication,
suggesting that the quantitative assays could not detect all
abnormalities [45-47]. Indeed, our sequence analyses
revealed abnormalities undetected by the GFP reporter
assay in Mrell- and NBS1- deficient cells. These results
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show the importance of qualitative assays to evaluate the
involvement of host factors including DSB repair enzymes
in retroviral replication.

Our sequence analyses also showed that deficiencies of
DSB repair enzymes influenced HIV-1 integration site
selection (Figure 6 and 7). In a recent and substantial
effort to understand the mechanism of retroviral integra-
tion site selection, Holman et al. demonstrated virus-spe-
cific base preferences around retroviral integration sites by
analyzing massive numbers of integration sites [28]. Our
data showing partially altered patterns in ATM-deficient
cells reveal that the preference pattern of HIV-1 is margin-
ally influenced by ATM. Interestingly, a lack of ATM
caused the appearance of a new base preference. As the
new preference may limit the selection of a target DNA
sequence, the appearance of the new preference is consist-
ent with decreased HIV-1 infectivity in ATM-deficient
cells.

Besides post-integration repair and circularization of viral
¢DNA, we propose additional possible roles for DSB
repair enzymes. Given that Ku was reported to bind to ret-
roviral PICs {20,22], DSB repair enzymes investigated in
this study may also bind to PICs and directly regulate their
activities. Although further studies are necessary to vali-
date our models regarding the roles of DSB repair
enzymes, this study suggests that DSB repair enzymes are
involved in retroviral replication in more ways than previ-
ously thought. This study sheds light on novel links
between DSB repair enzymes and retrovirus, and raises
new questions about the detailed mechanism by which
DSB repair enzymes control retroviral replication.

Conclusions

This study showed aberrant sequences surrounding retro-
viral integration sites in DSB repair enzyme deficient cells;
increased abnormal nucleotides at the host-virus junc-
tions and partially altered base preferences surrounding
integration sites. These results suggest that DSB repair
enzymes are involved in both retroviral integration and
pre-integration steps.

Methods

Cell lines

293T cells and MRC5SV cells, an SV40-transformed
human fibroblast line, were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) and were supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/
ml penicillin, and 50 pg/ml streptomycin. Adenovirus-
transformed Artemis-deficient cells originated from RS-
SCID patients and were cultured in DMEM [48]. ATM-
deficient and ATM-complemented cells were established
by transfecting empty vector and ATM expression vector,

http://lwww.retrovirology.com/content/6/1/114

respectively, into an A-T cell line, AT5BIVA, as described
previously {49], and cultured in DMEM containing 200
ug/ml hygromycin B (Calbiochem, San Diego, CA).
NBS1-deficient and NBS1-complemented cells were
established by transfecting empty vector and NBS1 expres-
sion vector, respectively, into an NBS cell line,
GM7166VA7, as described previously [50], and cultured
in DMEM containing 500 pug/ml G418 (Nacalai tesque,
Kyoto, Japan). Mrel1l-deficient cells were established by
transforming an ATLD2 cell line, D6809 (a generous gift
from Dr. P. Concannon), by SV40, and the cells were cul-
tured in DMEM. To obtain Mrell-complemented cells,
Mrel1-deficient cells were transfected with the Mrell
expression vector pPCMV-Tag-Mre11, which was created by
cloning Mre11 cDNA between the EcoRI and Apal sites of
pCMV-Tag 2B (Clontech, Mountain View, CA), and the
cells were cultured in DMEM containing 500 pg/ml G418.
For all experiments, we used antibiotic-free medium
before 24 h of experiments.

Production of viral vectors

An HIV-based vector encoding a green fluorescent protein
(GFP) reporter was produced as follows. 293T cells were
transfected by TransFectin (Bio-Rad, Hercules, CA) with
the pCSII-EF-MCS-IRES-hrGFP transfer vector [51], the
pCMV-A8/9 packaging vector, and pcDNA-VSVG enve-
lope coding vector (generous gift from Dr H Miyoshi,
RIKEN, Tsukuba, Japan). Two days after transfection, the
supernatant was harvested, passed through a 0.45-pum-
pore-size filter, and then subjected to centrifugation at
4°C and 75,000 x g for 2 h to concentrate the virus. The
virus-containing pellet was dissolved in DMEM.

To produce an MLV-based vector encoding a GFP reporter,
the transfer vector pDON-AI-2-IRES-hrGFP was created by
excising IRES-hrGFP from pCSII-EF- MCS-IRES-hrGFP via
BamHI/Hpal digestion and inserting the DNA into the
corresponding site of pDON-AI-2 (Takara Bio, Ohtsu,
Japan). GP293 cells, containing a plasmid expressing MLV
gag and pol genes, were transfected with pDON-AI-2-IRES-
hrGFP and pcDNA-VSVG. 2 days after transfection, super-
natant was harvested, and virus was concentrated.

The titer of these vectors was determined using 293T cells,
and scoring of transduction was performed by flow

cytometry.

An HIV-based vector encoding a neomycin resistance gene
was produced by transfecting the pCMV-A8/9 packaging
vector, pcDNA-VSVG envelope coding vector, and CSII-
CMV-IRES Neor, which was constructed by inserting IRES
and a neomycin resistance gene into CSII-CMV-MCS (a
generous gift from Dr H Miyoshi, RIKEN, Tsukuba,
Japan).
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Single round transduction assay

The mutant cell lines and the complemented cell lines
were transduced with various dilutions of the HIV GFP
vector or the MLV GFP vector in the presence of 8 pg/ml
of polybrene (Sigma, St Louis, MO) for 12 h before chang-
ing the medium. The infected cells were harvested two
days post-infection and analyzed by flow cytometry to
determine the percentage of GFP-expressing cells in each
sample.

Cloning of retroviral integration sites

For cloning of retroviral integration sites by the Alu-PCR-
based method, cells transduced with the HIV-based vector
for 2 days were collected and the genomic DNA was
obtained by standard phenol-chloroform methods with
proteinase K treatment. 3' junctional sequences of HIV
were amplified by 1st long PCR using a primer (HIV3-1)

specific to the U5 region in the HIV LTR and a primer -

(Alu-1) specific to the Alu repeat sequence. The amplifica-
tion products were blunted using T4 DNA Polymerase
(TOYOBO, Osaka, Japan), phosphorylated using T4 Poly-
nucleotide Kinase (TOYOBO), and circularized and/or
concatemerized using T4 DNA Ligase (TOYOBO). The
ligation products were amplified by 2nd long PCR using a
primer (HIV3-2) specific to the U5 region in the HIV LTR
and a primer (HIV3-3) spanning the junctions generated
by ligation. Similarly, 5' junctional sequences of HIV were
amplified by 1st PCR using a primer {HIV5-1) specific to
the U3 region in the HIV LTR and a primer (Alu-2) specific
to the Alu repeat sequence, and 2nd PCR using a primer
(HIV5-2) specific to the U3 region in the HIV LTR and a
primer (HIV5-3) spanning the junctions generated by
ligation. 3' junctional sequences of MLV were amplified
by 1st PCR using a primer (MLV3-1) specific to the U5
region in the MLV LTR and a primer {Alu-1) specific to Alu
repeat sequence, and 2nd PCR using a primer (MLV3-2)
specific to the U5 region in the MLV LTR and a primer
(MLV3-3) spanning the junctions generated by ligation.
The 2nd PCR products were cloned into the pGEM-T Easy
Vector (Invitrogen, Carlsbad, CA), which allows for isola-
tion of individual clones.

For cloning of integration sites including 5' and 3' ends of
the same provirus, Mrel 1-deficient cells were transduced
by the HIV-based vector encoding a neomycin resistance
gene and cultured in DMEM containing 500 pg/mi G418
for a month. After DNA extraction, the genomic DNA was
digested with EcoRlI, circularized using T4 DNA Ligase,
and digested with Notl. Then, both of the junctional
sequences of HIV provirus were amplified by 1st long PCR
using a primer (HIV-U5) specific to the U5 region in the
HIV LTR and a primer (HIV5-1) that was previously
described and 2nd long PCR using another primer {HIV3-
1) that was previously described and a primer (HIV-U3)

http:/fwww.retrovirology.com/content/6/1/114

specific to the U3 region in the HIV LTR. The 2nd PCR
products were cloned into the pGEM-T Easy Vector.

The sequences of the primers used in these assays are
described in Additional file 3.

Sequence analysis of retroviral integration sites
Sequencing was performed using the Big Dye Terminator
(version 3.1} cycle sequencing kit and an ABI3130 autose-
quencer (both from Applied Biosystems, Foster City, CA).
The BLAT program hitp://genome.ucsc.edu, hosted at the
University of California, Santa Cruz, was used to search
each integration clone against the March 2006 freeze of
the human genome. Low-quality sequences and
sequences with < 20 base pairs (bp) were discarded.

Quantification of HIV-1 cDNA

HIV-1 ¢cDNA was quantified by fluorescent-monitored
quantitative PCR (Taqman) with an ABI Prism 7700
sequence detection system (Applied Biosystems) essen-
tially as described [24]. Cells were infected with the HIV-
based vector and the total DNA was extracted with DNA-
zol (Invitrogen) after 12 h or 24 h for analysis of total
c¢DNA or 2-LTR and 1-LTR circles, respectively. Sequences
of primers and probes are as follows; total cDNA forward,
late RT F: 5'-TGTGTGCCCGTCTGTTGTGT-3'; total cDNA
reverse, late RT R: 5-GAGTCCTGCGTCGAGAGAGC-3';
total ¢DNA  probe, LRT-P:  5'-(FAM)-CAGT-
GGCGCCCGAACAGGGA-{TAMRA)-3'; 2-LTR cirdle for-
ward, 2-LTR F: 5'-AACTAGGGAACCCACTGCTITAAG-3
2-LTR reverse, 2-LTR-R: 5'-TCCACAGATCAAGGA-
TATCTTGTC-3'; 2-LTR probe, MH603: 5'-(FAM)-ACAC-
TACTTGAAGCACTCAAGGCAAGCTTT-(TAMRA)-3";  1-
LTR circle forward, 1-LTR F: 5'-CACACCTCAGGTACCTT-
TAAGA-3"; 1-LTR reverse, 1-LTR-R: 5'-GCGCITCAG-
CAAGCCGAGTCCT-3"; 1-LTR probe, MHG03: 5'-(FAM)-
ACACTACTTGAAGCACTCAAGGCAAGCTTT-{TAMRA)-
3'. Under our PCR conditions with 1-LTR-F and 1-LTR-R
primers, 1-LTR circle products (~660 bp) were preferen-
tially amplified compared with 2-LTR circle products
{~1170 bp), as described previously [52]. This was veri-
fied by checking the specific amplicon generated by stand-
ard PCR with the same conditions. For standard curves,
we constructed control plasmids by PCR amplification
from the total DNA extracts using the same primers as flu-
orescent-monitored quantitative PCR and cloning the
products into the pGEM-T Easy Vector.
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Additional material

Additional file 1

Figure S81. Transduction efficiency of an MLV-based vector into cells defi-
cient in DSB repair enzymes. Description: The transduction efficiency of
the MLV-based vector was drastically decreased in DNA-PKcs-deficient
cells and decreased in Mrel1-deficient cells, but not altered in ATM- and
NBS1-deficient cells. (A) ATM-deficient cells and ATM-complemented
cells were transduced with the MLV-based vector encoding a GFP reporter.
2 days postinfection, the percentage of GFP-positive cells was determined
by flow cytometry. (B-D) The influence of DNA-PKcs (B), NBS1 (C) and
Mrel1 (D) on transduction efficiency of the MLV-based vector was inves-
tigated by the same method as in (A). Error bars represent +/- SD.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1742-
4690-6-114-S1.PDF]

Additional file 2

Figure S2. Abnormal 3' junctions of the HIV-1 provirus in DNA-PKcs-
deficient cells. Description: (A) Junctions between the 3' end of the provi-
rus and the host DNA were analyzed in DNA-PKcs-deficient cells trans-
duced with an HIV-based vector. Inserted abnormal sequences are in
lower case. Abnormal nucleotides corresponding to the GT dinucleotides
processed by integrase are presented in bold. (B) The number of junctions
with insertions and/or deletions. The P values under the table are for com-
parison of the number of junctions with only insertions or both insertions
and deletions to that of MRC5SV cells in Table 1.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1742-
4690-6-114-S2.PDF]

Additional file 3

Table S1. Primers for the sequence analyses around retroviral integration
sites.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1742-
4690-6-114-83.PPT]
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Infection

Case Report

Femoral Osteomyelitis due to Cladophialophora
arxii in a Patient with Chronic
Granulomatous Disease

T. Shigemura, K. Agematsu, T. Yamazaki, K. Eriko,
G. Yasuda, K. Nishimura, K. Koike

Abstract
Fungal infections in patients with chronic granulomatous
disease (CGD) are a poor prognostic factor. We describe the
first case of CGD with femoral osteomyelitis due to Cladophi-
alophora arxii, which is a member of the dematiaceous group.
The causative fungus was identified on the basis of its
morphological characteristics, growth temperature profile, and
nuclectide sequence on the internal transcribed space region
of the ribosomal gene. The patient was successfully treated
with surgical debridement, subsequent administration of
itraconazolem and interferon-y.

Infection 2009; 37: 469-473
DO1 10.1007/515010-009-8238-9

introduction
Chronic granulomatous disease (CGD) is a rare, inherited
primary immunodeficiency disease that results from defects
in phagocytic cells associated with the low activity of
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase [1]. CGD patients are susceptible to infections,
especially those caused by catalase-producing bacteria, such
as Staphylococcus, Burkholderia, Serratia, and Nocardia, and
fungi, such as Aspergillus species [2]. Dematiaceous fungi,
such as Cladophialophora arxii, which are characterized by
black melanin pigment, are isolated less frequently in CGD
patients.

We report a patient with CGD who developed fem-
oral osteomyelitis due to C. arxii. The patient underwent a
successful treatment with surgical debridement and
administration of itraconazole and IFN-y.

Case Report
The patient was 20-year-old man with X-linked CGD. The
diagnosis of CGD had been established at the age of 6 years, at
which time he presented with cervical lymphadenitis, BCG
lymphadenitis, a perirectal abscess, and recurrent pneumonia;
the neutrophil nitroblue tetrazolium reduction was abnormal. He
was treated with prophylactic therapy consisting of trimetho-
prim-sulfamethoxazole and oral itraconazole capsules (100 mg
once daily) and developed no other serious infections until
20 years of age. However, pulmonary granulomas had been

infection 37 - 2009 - No. 5 © Ursan & VoGEL

formed following an episode of pneumonia at the age of 7 years,
and these had remained, gradually growing during the following
13 years. He occasionally had hemoptysis.

The patient presented with an approximately 2-week history
of pain in the posterior, distal left thigh without fever. On
admission, he complained of knee pain that made walking dif-
ficult. Laboratory findings included a leukocyte count of 3,950/ul,
with 76% neutrophils; C-reactive protein (CRP) level, 13.8 mg/i;
erythrocyte sedimentation rate, 23 mm/h; B-p-glucan (B-glucan
Wako), 14.78 pg/ml (normal range < 11 pg/ml). Before this epi-
sode, B-p-glucan levels had been negative. Aspergillus DNA and
Aspergillus galactomannan antigen in the blood were undetect-
able. Blood cultures showed no growth.

A roentgenogram of the painful area showed no abnor-
malities, but magnetic resonance imaging suggested osteomy-
elitis (Figure 1). A computerized tomography scan of the chest
revealed a 2.5-cm nodule in the right hilar region, which partly
compressed the bronchial tube, a 1.5-cm nodule in the left upper
lobe, and numerous small nodules scattered throughout both
lungs. Enlarged lymph nodes with calcification in the superior
mediastinum, left axilla, and hepatic portal region were present.
Empiric therapy with an oral itraconazole solution (200 mg once
daily) and iv injection of micafungin (250 mg per day) was
started because the clinical and laboratory findings suggested
fungal osteomyelitis. The plasma itraconazole concentration
measured with by high performance liquid chromatography,
which was 626.0 ng/ml on admission, had elevated to 2,573.4
ng/ml by the third day of hospitalization. The following day,
extensive surgical debridement of the lesion was performed. Pus
discharge from the bone marrow was observed following the
drilling of a hole in the cortex. Fungal elements were seen in the
necrotic bone tissue. The culture of this specimen on Sabouraud
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Figure 1. Magnetic resonance
imaging of the distal
metaphysis of the left femur
before treatment. The arrow
indicates the site of the lesion.
a. Sagittal section. b. Coronal
section.

dextrose agar (Becton Dickinson Microbiology Systems, Tokyo,
Japan) yielded several colonies with no bacteria present after
14 days. These colonies were dark gray and consisted of septate
hyphae with smooth oval conidia. At this point, the fungus was
tentatively identified as Cladosporium species. The patient
showed clinical and laboratory signs of improvement on the 14th
day of hospitalization. Therapy with itraconazole and micafungin
was continued, but the level of inflammatory markers rose
gradually (CRP from 2.7 to 10.5 mg/l), and the plasma itraco-
nazole concentration decreased to 1,596.6 ng/ml. IFN-y therapy
(25 ug/m’ two times per week) was added to the therapeutic
regimen on the 24th day, and the route of itraconazole admin-
istration was changed on the 25th day, with new treatment
consisting of itraconazole iv for 12 days (200 mg once daily)
followed by oral capsules (200 mg twice daily). These changes in
the patient’s therapeutic regimen increased the plasma itraco-
nazole concentration to over 5,000 ng/ml and decreased the
CRP level to within the normal range. Micafungin was discon-
tinued on the day of discharge (40th day after admission), while
treatment with itraconazole and IFN-y was continued. The
plasma itraconazole levels stayed within the range of 7,000—
8,000 ng/ml. Five months after surgery, the patient had no signs
of recurrent disease, but there was little change in the pulmonary
granulomas. There were no side effects as a result of the drugs
given.

At the time of discharge, we had identified the isolated
fungus as C. arxii. The MICs of itraconazole, micafungin,
amphotericin B, voriconazole, flucytosine, miconazole, and
fluconazole against the present isolate were 0.03 mg/l, 0.125 mg/l,
0.25 mg/l, 0.5 mg/l, 1 mg/l, 1 mg/l, and 64 mg/l, respectively. The
MICs were established after 5 days of incubation and determined
by the ASTY (Kyokuto Pharmaceutical Industrial Co, Tokyo,
Japan) colorimetric microdilution testing system [3]. Neutrophil
superoxide production on flow cytometric analysis with dihy-
drorhodamine 123 was 0.3% of that of control neutrophils before
IFN-y therapy. Despite continuous IFN-y therapy, periodic
clinical examinations revealed no increase in superoxide pro-
duction by the patient’s neutrophils.

Mycological Examination
Colonies of the causative fungus grew slowly, attaining a diam-
eter of approximately 40 mm and 36 mm on synthetic defined
agar (SDA; Difco, Detroit, MI) and potato dextrose agar (PDA;
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Difco) plates, respectively, at 25 °C after 35 days. They were
dark grayish with aerial hyphae and blackish brown with creep-
ing hyphae at the margin on SDA (Figure 2a) and blackish
brown, felty with radial furrows on PDA. The hyphae were
septate and olivaceous brown and produced laterally and ter-
minally acropetal conidial chains that branched profusely. The
conidia were pale brown to brown, smooth- and somewhat thick-
walled, lemon- to spindle-shaped, and 5-13 x 3-4 pm with hila
(Figure 2b). The isolate had restricted growth at 35 °C, barely
grew at 37 °C and did not grow at all at 40 °C.

DNA was extracted by the benzyl chloride method from
isolates cultured on PDA at 25 °C for 7 days, and the internal
transcribed spacer (ITS) region including 5.8 S of ribosomal
RNA gene (ITS1-5.85-ITS2 rRNA) was amplified with the pri-
mer pair ITS5 (5-GGA AGTAAAAGTCGTAACAAGG-3')
and 1TS4 (5-TCCTCCGCITATTGATATG-3"). The PCR
products were labeled by 1TS1 (5-“TCCGTAGGTGAACCTGC
GG-3) and ITS4. A total of 528 bases were determined, and
these showed a 98% homology against the ITS region in C. arxii
IFM 52022 (Accession No. AB109181), derived from the type
strain CBS 306.94.

Based on these results, the causative fungus was identified
as C. arxii, and the sequence was registered at DNA Data Bank
of Japan (DDBIJ), National Institute of Genetics as Accession
No. AB458597.

Discussion
CGD patients have frequent life-threatening bacterial and
fungal infections because superoxide production is de-
creased in their phagocytes [1]. Such patients usually
suffer from infections of the skin, lymph nodes, lungs, li-
ver, and gastrointestinal tract, with the lungs being the
most common sites of infections. The overall incidence of
fungal infections has been reported to be 20% among
patients with CGD [4]. Aspergillus species are the most
common cause of fungal infections, but there have been a
few reports of other infections caused by other fungal
species. Although pulmonary infections due to Aspergillus
species are common, fungal osteomyelitis due to Asper-
gillus species is uncommon. In particular, long bone
osteomyelitis due to non-Aspergillus fungi has been re-
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Figure 2. a. Colony on synthetic
defined agar plate after a 35-day
incubation at 25 °C. b. Micrograph
from a slide culture on potato
dextrose agar showing branching
conidial chains and liberated
conidia.

ported only rarely [S]. Osteomyelitis may be a part of a
systemic infection, or it may be the only localized focus of
infection. In the case reported here, the patient had pul-
monary granulomas that partly compressed the bronchial
tube as well as hemoptysis on occasion. We hypothesized
that the causative fungus disseminated into the bone le-
sion through the bloodstream from the lung lesion, which
may have been caused by air-bone infection. Therefore,
we expected that itraconazole therapy would at least
diminish the size of the pulmonary granulomas that had
formed during the preceding 13 years. However, this
therapy did not result in such a favorable response.
Cladophialophora arxii is a relatively new member of
the dematiaceous group of mycelial fungal pathogens,
being reported as a new species of the genus Cladophi-
alophora in 1995 [6]. The identification of this species is
often difficult because of its rarity and morphological
similarity to some other Cladophialophora species. The
morphology of the conidial system of C. arxii is very
similar to that of Cladophialophora devriesii, and C.
devriesii also grows at 37 °C but not at 40 °C. However,
the conidial chains of the fungus isolated from our patient

are slightly longer than those of C. devriesii, and the

identity of the ITS region of the rRNA gene shows only
an 89-90% similarity with C. devriesii. Even though the
growth temperature profile is similar to that of C. devri-
esii, the conidial morphology and DNA identity strongly
suggest that the present isolate is C. arxii and not C.
devriesii. Generally speaking, maximum growth temper-
atures (MaxGT) of the dematiaceous fungi are not strict;
for example, the MaxGT of a principal dematiaceous
fungal pathogen, Fonsecaea prodrosoi, ranges from 38 °C
to 42 °C. The MaxGT of C. arxii for most isolates is
probably in the range of 37-40 °C. Thus, the fungus iso-
lated from our patient can be clearly differentiated by
conidial morphology, MaxGT, and identity (88%) on the
ITS region from C. bantiana, which is characterized by
long ellipsoidal or nearly cylindrical conidia consisting of
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very long, poorly branched chains and good growth at
37 °C (MaxGT 40-45 °C). The identification of such a
rare and slow-growing fungus is time-consuming and re-
quires expert knowledge of the morphology and physiol-
ogy of the fungus. Consequently, an analysis of the ITS
region on the rIRNA gene facilitates an early diagnosis
and species differentiation. However, we have to be
careful when accessing the names of fungi with sequence
identities using the nucleotide databases of NCBI BLAST
(National Center for Biotechnology Information, Basic
Local Alignment Search Tool; National Institutes of
Health, Bethesda, MDA). The fungal listings in these
databases sometimes mention several or more names of
fungi that actually belong to different genera or Species. In
order to obtain the correct name for a fungus, especially a
filamentous one, morphological, physiological, and bio-
chemical studies should be carried out simultaneously.

Dematiaceous fungi have been recognized as etiologic
agents of phaeohyphomycosis, chromoblastomycosis, and
eumycotic mycetoma. Although disseminated infection
caused by dematiaceous fungi is uncommon, it has been
increasingly recognized as a cause of serious disease,
especially in immunodeficient patients. Brain abscesses
due to C. bantiana are the commonest form of systemic
phaeohyphomycosis [7]. Other localized deep forms of
infections, such as arthritis [8], endocarditis [9], and osteo-
myelitis [10], have been rarely reported. Cladophialophora
devriesii is a very rare pathogen and reported to have
caused fatal dissemination [11, 12]. Our patient had femoral
osteomyelitis due to C. arxii. To the best of our knowl-
edge, this is the first documented case of osteomyelitis
caused by a dematiaceous fungus in CGD patients. In
addition, C. arxii is an extremely rare species, and this
is only the second reported case of C. arxii infection in
humans.

Although guidelines for treatment of fungal osteo-
myelitis due to non-Aspergillus fungi are not well estab-
lished, surgery generally plays an important role in the
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management of CGD patients [13). In cases of Aspergillus
osteomyelitis, surgical debridement appears to be very
important for a successful treatment, and extensive
debridement is more effective than limited intralesional
debridement [14]. Invasive fungal infections are a major
cause of morbidity and mortality in CGD patients, and
other rare and emerging fungi can cause significant dis-
eases. The treatment of fungal infections involves the
prolonged use of systemic antifungal agents and, in some
cases, the causative fungi may be refractory to antifungal
treatment. Therefore, extensive surgical debridement is
also likely to be necessary in cases of non-Aspergillus
fungi osteomyelitis.

Itraconazole has a broad spectrum of activity against
many infections caused by pathogenic fungi, and it is well
tolerated and safe [15]. Prophylactic itraconazole is
effective in preventing fungal infection in CGD patients
[16]. However, low plasma itraconazole concentrations
can cause a failure of prophylaxis or treatment. The
absorption of itraconazole when given as a capsule for-
mulation is highly variable [17]; for example, adequate
absorption requires an acid gastric environment and the
presence of food. .

In the case reported here, we selected itraconazole
regardless of the patient suffering from fungal infection
during itraconazole prophylaxis. This choice of treatment
was based on the evidence that the CRP level, which
had persisted at > 10 mg/l for more than 2 weeks before
admission, decreased from 13.8 mg/l to 6.6 mg/l and the
B-d-glucan became negative (< 3.57 pg/ml) following an
increase in itraconazole from 100 mg to 200 mg during the
4 days until the diagnosis was made. In fact, the MIC of
itraconazole was low and itraconazole had good in vitro
activity against the fungus isolated. Although the MIC
of itraconazole was very low (0.03 mg/l), the patient
developed fungal osteomyelitis during itraconazole pro-
phylaxis. In general, in vitro susceptibility testing for slow-
growing organisms are problematic and not standardized
[18]. The MICs of the present isolate were established
after 5 days of incubation, but true MIC endpoints may
have needed a longer incubation time because the isolated
fungus grew extremely slowly. Furthermore, antifungal
pharmacodynamic parameters in RPMI-1640, which is the
standard synthetic medium for in vitro antifungal sus-
ceptibility testing, may not always predict antifungal
activity in serum for azoles. In particular, highly protein-
bound antifungal agents, such as itraconazole (protein
binding, 99.8%), have a trend toward higher MICs in the
presence of serum [19]. In addition, the patient had taken
prophylactic itraconazole capsules without food for sev-
eral months before hospitalization. As a result, plasma
concentrations of itraconazole may have decreased. Thus,
we attribute the failure of the prophylaxis to decreasing
plasma concentrations of itraconazole. Therapy with
escalating concentrations of itraconazole resulted in
improved laboratory test results. Plasma itraconazole
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concentrations should be measured when there is failure
of prophylaxis or treatment.

This is the first reported case of osteomyelitis due
to dematiaceous fungi in CGD patients. The causative
agent was found to be an extremely rare microorganism,
C. arxii. The patient was successfully treated with surgical
debridement, increasing concentrations of itraconazole,
and IFN-y treatment.

Acknowledgments
The authors would like to thank Dr. Ayako Sano, Medical
Mycology Research Center, Chiba University, Japan for her
assistance in registering the nucleotide sequence to DDBJ.

References

1. Segal BH, Leto TL, Gallin JI, Malech HL, Holland SM: Genetic,
biochemical, and clinical features of chronic granulomatous
disease. Medicine (Baltimore) 2000; 79: 170-200.

2. Winkelstein JA, Marino MC, Johnston RB Jr, Boyle J, Curnutte J,
Gallin JI, Malech HL, Holland SM, Ochs H, Quie P, Buckley RH,
Foster CB, Chanock SJ, Dickler H: Chronic granulomatous dis-
ease. Report on a national registry of 368 patients. Medicine
(Baltimore) 2000; 79: 155-169.

3. Pfaller MA, Arikan S, Lozano-Chiu M, Chen Y, Coffman S, Messer
SA, Rennie R, Sand C, Heffner T, Rex JH, Wang J, Yamane N:
Clinical evaluation of the ASTY colorimetric microdilution panel
for antifungal susceptibility testing. J Clin Microbiol 1998; 36:
2609-2612.

4. Cohen MS, Isturiz RE, Malech HL, Root RK, Wilfert CM, Gutman L,
Buckley RH: Fungal infection in chronic granulomatous disease.
The importance of the phagocyte in defense against fungi. Am
Med 1981; 71: 59-66.

5. Sponseller PD, Malech HL, McCarthy EF Jr, Horowitz SF,
laffe G, Gallin JI: Skeletal involvement in children who have
chronic granulomatous disease. ) Bone Joint Surg Am 1991;

73: 37-51.

6. Tintelnot K, von Hunnius P, de Hoog GS, Polak-Wyss A, Gueho E,
Masclaux F: Systemic mycosis caused by a new Cladophialo-
phora species. ] Med Vet Mycol 1995; 33: 349-354.

7. Revankar SG, Sutton DA, Rinaldi MG: Primary central nervous
system phaechyphomycosis: a review of 101 cases. Clin Infect
Dis 2004; 38: 206~216.

8. Ziza JM, Dupont B, Boissonnas A, Meyniard O, Bedrossian J,
Drouhet E, Cremer GA: [Osteoarthritis caused by dematiaceous
fungi. Apropos of 3 cases]. Ann Med Interne (Paris) 1985; 136:
393-397.

9. Gavin PJ, Sutton DA, Katz BZ: Fatal endocarditis in a neonate
caused by the dematiaceous fungus Phialemonium obovatum:

" case report and review of the literature. J Clin Microbiol 2002;
40: 2207-2212.

10. Sharma NL, Mahajan V, Sharma RC, Sharma A: Subcutaneous
pheohyphomycosis in India — a case report and review. Int J
Dermatol 2002; 41; 16-20.

1. Gonzalez MS, Alfonso B, Seckinger D, Padhye AA, Ajello L:
Subcutaneous phaeohyphomycosis caused by Cladosporium
devriesii, sp. nov. Sabouraudia 1984; 22: 427-432.

12.  Mitchell DM, Fitz-Henley M, Horner-Bryce J: A case of dissemi-
nated phaeohyphomycosis caused by Cladosporium devriesii.
West Indian Med J 1990; 39: 118-123.

Infection 37 - 2009 - No. 5 © UrsaN & VOGEL



