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Abstract We recently described a novel autosomal-dominant
genodermatosis, termed familial chilblain lupus, and mapped
its genetic locus to chromosome 3p21. Familial chilblain
lupus manifests in early childhood with ulcerating acral skin
lesions and is associated with arthralgias and circulating
antinuclear antibodies. In this study, we report the identifica-
tion of a heterozygous missense mutation (D18N) in TREX]

M. Lee-Kirsch (P<)) - L. Senenko * K. Engel + M. Gahr
Klinik fiir Kinder-und Jugendmedizin,

Technische Universitit Dresden,

Fetscherstr. 74,

01307 Dresden, Germany

e-mail: minae.lee-kirsch@uniklinikum-dresden.de

D. Chowdhury - J. Lieberman

CBR Institute for Biomedical Research, Department of Pediatrics,
Harvard Medical School,

200 Longwood Avenue,

Boston, MA 02115, USA

S. Harvey * T. Hollis - F. W. Perrino
Department of Biochemistry,

Wake Forest University Health Sciences,
Winston-Salem, NC 27157, USA

M. Gong + N. Hubner (><))
Max-Delbriick-Center for Molecular Medicine,
Robert-Rossle-Str. 10,

13092 Berlin-Buch, Germany

e-mail: nhuebner@mdc-berlin.de

C. Pfeiffer

Klinik fiir Dermatologie, Technische Universitdt Dresden,
Fetscherstr. 74,

01307 Dresden, Germany

NORBERT HUBNER

received his M.D. degree from
the Humboldt-Universitit, Ber-
Germany. She obtained her post- lin, Germany. He obtained his

MIN AE LEE-KIRSCH
received her M.D. degree from
the University of Heidelberg,

doctoral and medical genetics postdoctoral training at the Max-
training at the Children’s Hospi- Delbriick-Centre for Molecular
tal, Harvard Medical School, Medicine, Berlin, Germany.
Boston, USA. She is currently a Currently, he is a full-time pro-
group leader at the Klinik fiir fessor at the Max-Delbriick-
Kinder-und Jugendmedizin, Centre for Molecular Medicine.
Technische Universitit, Dresden, His research interests include
Germany. Her research interests  genetics of complex diseases in
include genetics of metabolic and humans and experimental ge-
autoimmune diseases. netics in mammalian systems.

encoding the 3'-5'repair exonuclease 1 in affected individ-
uals of the family with chilblain lupus. The homodimeric
TREXI is the most abundant intracellular DNase in
mammalian cells. We have recently shown that TREXI
plays a role in apoptotic single-stranded DNA damage
induced by the killer lymphocyte protease granzyme A.
DI8N affects a highly conserved amino acid residue critical
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for catalytic activity. Recombinant mutant 7REX/ homo-
dimers are enzymatically inactive, while wild type/mutant
heterodimers show residual exonucleolytic activity, suggest-
ing a heterozygous loss of function. Lymphoblastoid cells
carrying the D18N mutation are significantly less sensitive to
granzyme A-mediated cell death, suggesting a novel role for
this caspase-independent form of apoptosis in the pathogen-
esis of familial chilblain lupus. Our findings also warrant
further investigation of TREX! in common forms of lupus
erythematosus.

Keywords Familial chilblain lupus - Systemic lupus
erythematosus - TREX1 - Genetics - Apoptosis -
Autoimmune disease

Introduction

Sporadic chilblain lupus (CHBL) usually affects middle-
aged females [1, 2]. We recently described the first family
with autosomal-dominant CHBL and termed this novel
genodermatosis familial CHBL [3]. Familial CHBL mani-
fests in early childhood and is characterized by painful
bluish-red inflammatory cutaneous lesions in acral locations
such as fingers, toes, nose, cheeks, and ears, which tend to
ulcerate [3]. Cutaneous lesions are precipitated by cold and
wet exposure and usually improve during summer. Other
cutaneous findings such as oral ulcers or photosensitivity
are not seen. Histological findings of skin biopsies from
affected individuals include perivascular inflammatory
infiltrates and granular deposits of immunoglobulins and
complement along the basement membrane [3]. In addition,
some affected individuals show circulating antinuclear
antibodies and immune complex formation [3]. Thus,
familial CHBL represents the first monogenic form of
cutaneous lupus erythematosus.

We mapped the genetic locus of CHBL in a large
German family over five generations to chromosome 3p21
[3]. The CHBL critical interval overlaps with the locus for
autosomal recessive Aicardi-Goutiéres syndrome 1
(AGSI), which is identical to pseudo-TORCH syndrome
or Cree encephalitis [4, 5]. AGS is a rare infantile
encephalopathy characterized by basal ganglia calcification,
transient elevation of interferon alpha, and chronic lym-
phocytosis in cerebrospinal fluid mimicking congenital
viral infection [4]. Recently, homozygous mutations of
TREXI encoding the 3'-5'repair exonuclease 1 were shown
to be the cause of AGS1 [6]. AGS is genetically
heterogeneous and in addition to 7REX] at the AGSI
locus, homozygous mutations in all three subunits of the
RNase H2 complex (AGS2/RNASEH2B on 13q, AGS3/
RNASEH2C on 11q, AGS4/RNASEH24 on 19p) were
found in AGS patients [7]. It was suggested that impairment
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in processing of DNA and RNA structures could trigger an
abnormal innate immune response.

Although CHBL is not associated with any signs of
neurological disease, there is phenotypic overlap between
CHBL and AGS as some children affected with AGS
develop chilblain-like lesions, hypocomplementemia, or
antinuclear antibodies [8—11], suggesting that AGS1 and
CHBL could represent allelic phenotypes.

Genomic sequencing of TREX! in members of the
family affected with CHBL revealed a heterozygous
missense mutation affecting a highly conserved amino acid
residue critical for catalytic activity that segregated with the
CHBL phenotype. Functional analysis of the identified
mutation showed that a loss of TREX] enzyme activity was
associated with impaired granzyme A (GzmA)-mediated
apoptosis, suggesting a role for this caspase-independent
form of apoptosis in the pathogenesis of familial CHBL.

Materials and methods
Sequence analysis

The entire coding exon and part of the 3'UTR of the
TREX1 gene was amplified by three overlapping poly-
merase chain reaction (PCR) amplicons from genomic
DNA extracted from peripheral lymphocytes from mem-
bers of the family affected with CHBL and from 200
unrelated blood bank donors. The following primers were
used: TREX1-1s: 3'-CCTCCCCTTCGGATCTTAAC-5'
and TREXI-las: 3-CCCATACAGGCGAGTGTAGA-5',

TREXI1-1cs: 3-GGGCGTCAATGTTTTGATGA-5" and
TREX1-1cas: 3'-GAGGCTGTGACCCCATACAT
-5', TREX1-1ds: 3'-ACTCGCCTGTATGGGCAGTC-5'

and TREXI-ldas: 3-GGGAAAGTGAGGGACAAACA-
5'. Both strands of the purified PCR amplicons were
sequenced using fluorescent dye terminator chemistry on
an ABI 3730 sequencer and analyzed with Sequence
Navigator and Vector NTI.

Preparation of homo- and heterodimeric mutant TREX1
enzymes

For homodimers, the human TREX1 gene was expressed
as a fusion with the maltose binding protein (MBP) in
pLM303, a pET-27b (Novagen) derivative encoding a
polyhistidine sequence on the N terminus of MBP and a
rhinovirus 3C protease recognition site between the MBP
and TREX1 genes. The plasmid was transformed into
Escherichia coli BL21(DE3) Rosetta 2 cells (Novagen) for
overexpression. The cells were grown to an O.D.600 ~0.5 at
37°C and quickly cooled on ice to 17°C. After induction
with 1 mM isopropyl-3-D-thiogalactopyranoside (IPTG), the
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cells were allowed to grow for 15 h at 17°C. The MBP-
TREXI1 fusion protein was purified by affinity chromatog-
raphy using an amylose resin (New England Biolabs). The
MBP protein was removed from the fusion by treatment with
PreScission Protease™ (GE Biosciences) at 4°C for 20 h.
The TREX1 homodimer protein was separated from the
MBP by chromatography using a phosphocellulose column.

To prepare TREX1 heterodimers, a mutant and a wild-
type copy of TREX1 were cloned on separate plasmids for
coexpression in E. coli. First, the pLM303 plasmid was
modified to eliminate the polyhistidine sequence on the N
terminus of MBP, and the TREX1 mutant genes were
cloned into the resultant modified vector pLM303X
retaining the rhinovirus 3C protease recognition site
between the MBP and TREXI1. A second plasmid contain-
ing the wt TREX1 gene was prepared as a fusion of the
His-tagged NusA with TREX1 in the pCDFDuet-1 plasmid
(Novagen). The pLM303X-TREX1mut and pCDFDuet-1-
TREXIwt plasmids were coexpressed in E. coli BL21
(DE3) Rosetta 2 cells (Novagen), resulting in the formation
of (1) wt/wt homodimers, (2) wt/mut heterodimers, and (3)
mut/mut homodimers. The His-tagged NusATREX1wt/His-
tagged NusATREX 1wt homodimers and His-tagged NusA-
TREX1wt/MBPTREX1mut heteodimer were recovered by
affinity chromatography using a nickel-NTA resin (Qiagen).
The His-tagged NusATREX1wt/MBPTREX1mut heteo-

dimer was purified by affinity chromatography using an
amylose resin. The His-tagged NusA and MBP proteins
were removed from the fusion by treatment with PreScis-
sion Protease™ (GE Biosciences) and purified using a
phosphocellulose column.

Exonuclease activity

Enzyme activities were determined from reactions containing
increasing amounts of TREX1 and 50 nM of a FAM-labeled
ssDNA 30-mer oligonucleotide substrate as described
[12, 13]. Products were separated on urea-polyacrylamide
gels and quantified as described previously. The relative
activity was calculated as relative activity=100x[(fmol of
dNMP released/s/fmol of mutant enzyme)/(fmol of dNMP
released/s/fmol wild type enzyme)].

GzmA-mediated cytotoxicity

Recombinant granzymes and perforin (Pfn) from the rat
RNK-16 cell were purified as described previously [14, 15].
For cytotoxicity assays, mutant or control cells were
radiolabeled with *>'Cr for 1 h and washed before treatment
with a sublytic dose of Pfn and 1 uM of GzmA or GzmB in
loading buffer (HBSS with 1 mg/ml BSA, 1 mM CacCl,,
and 1 mM MgCl,). After 2 h, >'Cr release in the
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Fig. 1 Identification of a TREXI/ mutation in familial CHBL.
a Schematic presentation of the TREXI protein showing the
exonuclease domains (Exo/-3), which coordinate the binding of
2 Mg**-ions required for catalysis and a polyproline II motif (PI).
The arrow indicates the position of the mutation identified in CHBL.
b Electropherogram showing the D18N mutation with the position

numbered relative to the transcriptional start site. ¢ Multiple sequence
alignment of the Exol domain of TREX! and the homologous TREX2
with highly conserved residues marked in blue and the substituted
amino acid shown in red above the sequence alignment. Arrows
indicate Mg2+-coordinating residues; 4, human; d, dog; b, bovine; m,
mouse, r, rat; and dm, Drosophila melanogaster
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supernatant was measured on a Packard Topcount. Specific
cytotoxicity was calculated using the formula 100x[(sample
release)-(spontanecous release)]/[(total release) - (spontane-
ous release)]. Statistical analysis was done using two-tailed
Student’s ¢ test.

Results and discussion

We sequenced the coding region of TREX! from genomic
DNA of 26 members of the previously described large
pedigree affected with autosomal dominant CHBL and
identified a novel heterozygous missense change, ¢.52G>A,
leading to the substitution of an aspartate with an
asparagine at position 18 of the TREX! peptide (D18N).
This mutation completely cosegregated with all affected
family members and was absent in nonaffected family

Fig. 2 Exonuclease activity of
recombinant TREX]. a Enzyme a
activity of increasing amounts of
recombinant wild type (wr) and
mutant (D/8N) TREX] homo-
and heterodimers. b Relative
activity of D18N/D18N and
DI18N/wt dimers compared to
wt/wt dimers. The migration
position of the ssDNA 30-mer is
indicated by an arrow. The
relative activity was calculated
as relative activity=100x%[(fmol
of ANMP released/s/fmol of
mutant enzyme )/(fmol of
dNMP released/s/fimol

wt enzyme)]

wt

[PM] 0 7.6 19 76 300
30-mer - -

b
Dimer
wit/wt
D18N/D18N
D18N/wt
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members (Fig. 1). D18N was also not found in 400 control
chromosomes excluding the possibility that it represents a
rare polymorphism.

The ubiquitously expressed TREX/ and its homolog
TREX2? encode the major 3’ exonuclease activity in
mammalian cells [12, 16]. Although the overall amino acid
identity is only 44%, similarity is 80% within the highly
conserved Exo motifs (Exol, Exo2, and Exo3) common to
proofreading exonucleases of mammalian and bacterial
DNA polymerases and bacterial RNase T [12]. The Exo
domains form the active site and coordinate the binding of
two Mg”" ions necessary for catalytic activity [12, 13].
TREX] forms homodimers and displays nonprocessive 3’
exonuclease activity with high specificity for single-
stranded DNA [12, 13]. The finding that TREXI can
increase fidelity of an exonuclease-deficient mammalian
DNA polymerase in vitro suggested a role in DNA repair

D18N/D18N

1200 20000 311000
[PM] 0 7.6 19 76 300 4800 78000

D18N/wt

0 7.6 19 76 300

30-mer - o s s s s s s s s ST A
Activity Relative
(fmol/s)/(fmol E) Activity
1.7 1
0.00001 1/160,000
0.63 1/2.6
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[16]. However, mice lacking TREX] do not show increased
spontaneous mutations or susceptibility to cancer but
develop inflammatory myocarditis consistent with an
autoimmune phenotype [17].

DI8N affects one of the highly conserved Mg? *-coordinating
aspartate residues within the Exol domain required for
catalysis (Fig. 1), suggesting that it could affect enzymatic
function. TREXI functions as a homodimer, and thus,
dimeric TREXI proteins in cells of heterozygous individu-
als could be either DISN/DI8N or wild-type (wt/wt)
homodimers or DI18N/wt heterodimers. We prepared
purified 7REX] homo- and heterodimers coexpressed in
E. coli and determined 3'-5'exonuclease activity using a
single-stranded 30-mer oligonucleotide (Fig. 2). DI8N/
D18N homodimers were enzymatically inactive, while
activity of DI18N/wt heterodimers was ~40% of wt
homodimers (Fig. 2), indicating independent exonucleolytic
activity of the TREXI monomers within the dimeric
enzyme. These findings indicate that D18N is a loss of
function allele that does not exhibit a dominant-negative
effect.

We previously identified TREX] as the GzmA-activated
DNase within the SET complex, an endoplasmic reticulum-
associated complex that contains the Apel base excision
repair endonuclease and NM23-H1, another endonuclease
and nucleoside diphosphate kinase [15]. The SET complex,
which translocates to the nucleus in response to oxidative
stress, is postulated to repair oxidative DNA damage and
activate the expression of genes required for the cellular
response to oxidative stress [15, 18]. The SET complex also
is responsible for apoptotic caspase-independent single-
stranded DNA damage induced by the killer lymphocyte
protease GzmA [14, 15]. GzmA activates mitochondrial
damage and superoxide generation that induces nuclear
translocation of the SET complex [15]. It then cleaves the
NM23-HI1 inhibitor SET, freeing NM23-H1 to make a
single-stranded DNA cut that is extended by TREXI [15].
Cells with silenced TREX! are relatively resistant to
apoptotic cell death induced by GzmA but are equally
sensitive to the caspase-activating GzmB [15]. Because of
the role of TREX! in GzmA-induced DNA damage and cell
death, we investigated the effect of TREX/ mutations on
apoptosis of patient-derived lymphoblastoid cells treated
with GzmA or GzmB and Pfn, the protein that delivers
these enzymes into target cells.

Mutant or control cells demonstrated no change in
background cytolysis with no additional treatment or
following treatment with granzymes or Pfn alone (Fig. 3).
However, cells carrying the D18N mutation were substan-
tially less sensitive to cell death measured 2 h after
treatment with GzmA and Pfn than control cells (p<
0.002, Fig. 3). GzmB-mediated cytolysis was unaffected
(Fig. 3), indicating that the D18N mutation that interferes

with exonuclease activity specifically interferes with
GzmA-mediated cell death. The finding that cells bearing
the enzymatically inactive D18N mutation are relatively
resistant to GzmA confirms the importance of TREX! in
GzmA-activated DNA damage.

A mutation in TREX] was recently reported in three
siblings of Bangladeshi origin affected with CHBL [19].
Our results support the findings by Rice et al. [19] who
demonstrated that lymphoblastoid cells of patients affected
with CHBL, carrying a heterozygous TREXI mutation,
display a reduced exonucleolytic activity [19]. As a novel
finding, we show for the first time that a heterozygous loss
of TREXI function can lead to impairment of caspase-
independent apoptosis.

Apoptosis is highly relevant to the pathogenesis of
autoimmune diseases such as lupus erythematosus. First,
defective apoptosis may lead to impaired antigen-mediated
B-cell maturation [20] and selection of autoreactive T-cells,
causing loss of self-tolerance as shown by mutations in
Fas, FasL, and caspase 10, which cause human autoim-
mune lymphoproliferative syndrome [21]. Secondly, self-
antigens displayed on cell surfaces as a result of deficient
disposal of extracellular nuclear waste can induce an
autoimmune response. Thus, mutations in DNase I, the
most abundant extracellular DNase, cause lupus erythema-
tosus in humans and mice [22, 23], and DNase II”" mice
develop a rheumatoid arthritis-type syndrome attributed to
the lack of this enzyme in macrophages that engulf
apoptotic bodies [24]. Finally, uncontrolled apoptosis
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Fig. 3 Cellular sensitivity to granzyme A-mediated cell death. Cells
with mutations in the Exol domain (D/8N) of TREX1 are significantly
(»<0.002) more resistant than control cells to cell death assayed by
>ICr release and induced by 1 uM granzyme A (Gzmd; a) but not
granzyme B (GzmB; b) and a sublytic dose of perforin (Pfin). Data
shown are the means+S.D. of at least three independent experiments
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is an effector mechanism responsible for autoimmune
destruction of healthy cells.

A mutation in the exonuclease responsible for degrading
DNA during apoptosis initiated by the most abundant
cytotoxic T lymphocyte and natural killer cell protease may
lead to improper clearance of altered DNA and contribute
to the pathogenesis of familial CHBL. The environmental
trigger may well be a viral infection activating these killer
lymphocytes. Many viruses have evolved mechanisms to
evade caspase and GzmB-mediated apoptosis. In a patient
with heterozygous mutant TREX! leading to relative
resistance to GzmA, elimination of caspase-resistant viruses
might be impaired, leading to chronic inflammation, a
hallmark of both Trex”” mice and AGS patients [6, 17].

We show that a defect in a single TREXI allele that
impairs GzmA-mediated apoptosis causes familial CHBL.
Patients with AGS1, who have defects in both TREXI
alleles, also sometimes develop CHBL. Thus, both of these
genetic diseases establish a firm link between TREX/ and
CHBL. Apart from arthralgias, none of the family members
with CHBL, some of whom are in their late seventies, are
known to have progressed to systemic lupus erythematosus.
However, as CHBL is one component of systemic lupus
erythematosus [25, 26], our findings raise the possibility
that defects in cellular pathways involving TREXI! may
contribute to the pathogenesis of common complex forms
of systemic lupus erythematosus.
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