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TREX1 acts in concert with the SET complex in granzyme
A–mediated apoptosis, and mutations in TREX1 cause Aicardi-
Goutières syndrome and familial chilblain lupus. Here, we
report monoallelic frameshift or missense mutations and one
3¢ UTR variant of TREX1 present in 9/417 individuals with
systemic lupus erythematosus but absent in 1,712 controls
(P ¼ 4.1 � 10�7). We demonstrate that two mutant TREX1
alleles alter subcellular targeting. Our findings implicate TREX1
in the pathogenesis of SLE.

Homodimeric TREX1, the major mammalian intracellular DNase1

and a component of the SET complex, associates with the endo-
plasmic reticulum and translocates to the nucleus in response to
oxidative stress2. TREX1 causes single-stranded DNA damage during
caspase-independent apoptosis activated by granzyme A2. Mutations
in TREX1 have recently been shown to cause Aicardi-Goutières
syndrome (AGS1) (ref. 3), an autosomal recessive encephalopathy
characterized by elevated interferon-a levels in cerebrospinal fluid,
mimicking congenital viral infection, and autosomal dominant famil-
ial chilblain lupus (CHBL)4, manifesting in early childhood with
ulcerating acral skin lesions. Some individuals with AGS1 and
CHBL develop antinuclear antibodies, suggesting that impaired
DNA processing and caspase-independent apoptosis could trigger an
autoimmune response. Moreover, Trex1�/� mice develop an auto-
immune noninfectious inflammatory myocarditis5.

Prompted by these observations, we investigated whether mutations
in TREX1 may have a role in common forms of SLE and Sjögren’s
syndrome. The hallmark of both disorders is the generation of anti-
nuclear antibodies and the activation of interferon-a, which contri-
butes to the autoimmune mediated inflammatory process. Symptoms
in SLE may involve virtually any organ, whereas Sjögren’s syndrome
primarily affects tear and salivary glands and may present in connec-
tion with SLE (secondary Sjögren’s syndrome).

We sequenced the coding region of TREX1 in four cohorts from
the UK, Germany and Finland (Supplementary Methods online).
All participants gave informed consent, and the study was approved
by ethics committees at each institution. We identified five hetero-
zygous missense changes and one frameshift change in 6/218
individuals with SLE from the UK compared with 0/200 nonsynon-
ymous changes in controls (P ¼ 3.1 � 10�2) (Table 1). All missense
changes affect highly conserved residues except one (E266G)
(Supplementary Fig. 1 online). In the German SLE cohort, we
found four heterozygous missense changes, one frameshift and a
single 3¢ UTR variant in 6/199 affected individuals but only 2/1,512
controls (P ¼ 5.3 � 10�5) (Table 1). Among these four nonsynon-
ymous changes, two alter highly conserved residues, and two
affected individuals carried the nonconserved variant E266G. Simi-
larly, the only nonsynonymous change identified in two German
controls was E266G. Moreover, we screened 169 German subjects
with primary Sjögren’s syndrome and identified one additional
missense change in a completely conserved residue that was not
observed in any of the control populations studied (Supplementary
Fig. 1). Furthermore, we sequenced TREX1 in 188 Finish nuclear
family trios and did not detect any nonsynonymous change in these
564 individuals. The absence of nonsynonymous changes in this

Table 1 Frequency of TREX1 mutations

Cohort

Number of mutations

in affected individuals

Number of mutations

in controls P value

SLE combined 12/417 2/1,712 1.7 � 10�7

UK 6/218 0/200 3.1 � 10–2

Germany 6/199 2/1,512 5.3 � 10�5

If we were to group only sequence variants not present in controls, the significance level
in the combined data set would change to P ¼ 4.1 � 10�7 (9/417 versus 0/1,712).
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cohort may be explained by the different demographic history of
the Finnish population6.

In addition, we identified 13 synonymous variants in TREX1 in the
entire data set (Supplementary Table 1 online). All variants, except
one, occurred at a very low allele frequency (between 0.01% and 1.9%)
and were found at similar frequencies among affected individuals and
controls across the different populations tested.

Altogether, we observed one 3¢ UTR variant and 11 non-
synonymous changes in 417 individuals with SLE (2.64%) but only
two nonsynonymous changes in 1,712 controls (P ¼ 1.7 � 10�7).
Our combined data identify a strongly increased relative risk (RR) for
development of SLE in individuals that carry TREX1 variants
(RR ¼ 25.3; 95% confidence interval ¼ 5.6–232.4). The phenotypic
features of individuals with SLE carrying TREX1 mutations encompass
a broad clinical spectrum of the disease, including symptoms of
Sjögren’s syndrome (Supplementary Table 2 online). This observation
prompted us to investigate TREX1 in a cohort of individuals with
primary Sjögren’s syndrome. We found one nonsynonymous mutation
in 169 individuals with primary Sjögren’s syndrome that was absent in
1,712 controls, raising the possibility of a common underlying genetic
risk for these systemic autoimmune diseases (Supplementary Table 2).

Five missense changes found in affected individuals are located
within the C terminus outside the catalytic domains, and the two
frameshift mutations, P212fs and D272fs, result in C terminally
truncated proteins (Supplementary Fig. 1 and Fig. 1). Among the
unique features of TREX1 not present in the homologous TREX2 is a
highly conserved C-terminal extension of 79 residues with no known
homology1 (Fig. 1). Computational analysis predicted a single trans-
membrane helix involving amino acid residues 286–309 (Supplemen-
tary Fig. 2 online). As a truncated version of TREX1 (residues 1–242)
is nearly fully capable of catalysis (F.W.P., unpublished observation),
we predicted that these mutations would not greatly affect enzyme
activity. The exonuclease activities of recombinant D272fs-D272fs
homodimers and D272fs–wild-type heterodimers were 56% and
107%, respectively, of the activity of wild-type homodimers (Supple-
mentary Fig. 3 online). Our in vitro findings suggest that no major
enzyme deficiency is caused by D272fs.

We next examined whether the frameshift mutations that eliminate
the putative transmembrane domain might alter TREX1 subcellular
localization using N-terminal green fluorescent protein (GFP)-
TREX1-fusion constructs. In HeLa cells, wild-type GFP-TREX1 asso-
ciated with the endoplasmic reticulum, as shown by colocalization
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Figure 1 TREX1 mutations alter subcellular targeting. (a) Subcellular localization (green) of GFP-TREX1-fusion proteins (wild-type, P212fs and D272fs)

in HeLa cells. The endoplasmic reticulum (ER) was labeled with antibody to protein disulfide isomerase PDI; red, and nuclei were counterstained with

4,6-diamidino-2-phenylindole (DAPI; blue). (b) HeLa cells stained with antibody to early endosome antigen 1 (EEA1; red). GFP-TREX1-P212fs colocalizes

with endosomal EEA1. (c) HeLa cells stained with antibody to PML (red). Nuclear GFP-TREX1-D272fs colocalizes with PML nuclear bodies.

(d) Localization of TREX1 mutations. Indicated are the exonuclease domains (Exo1–Exo3), the polyproline II motif (PII) and the transmembrane

helix (TMH). (e) Hypothetical model of the TREX1 dimer (monomers in cyan and blue) containing the two active sites bound to DNA (yellow). The dimer

is connected through a C-terminal linker to the transmembrane region, which anchors TREX1 in the ER.
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with protein disulfide isomerase (Fig. 1). GFP-TREX1-P212fs, in
which the last 103 amino acid residues are replaced by a 64-residue
aberrant peptide, was distributed in a punctate pattern throughout the
cytoplasm. Costaining with early endosome antigen 1 confirmed
uptake into endosomal vesicles (Fig. 1). In contrast, GFP-TREX1-
D272fs, which lacks the final 42 residues, was almost exclusively
localized within the nucleus (Fig. 1) and was distributed in a speckled
pattern within the interchromatin space, suggesting association with
subnuclear organelles (Fig. 1). Promyelocytic leukemia protein (PML)
is a major component of PML nuclear bodies, dynamic structures that
act as sensors of DNA damage and recruit single-stranded DNA after
exposure of cells to ultraviolet light7. Moreover, PML is induced by
interferons, and its expression is required for interferon-induced
apoptosis and antiviral host defense8. Costaining for PML showed
that GFP-TREX1-D272fs colocalized with PML nuclear bodies
(Fig. 1). Thus, both frameshift mutations alter the subcellular
distribution of TREX1 and might thereby interfere with its function.
The crystal structure of TREX1 (residues 1–242) identified a polypro-
line II helix (Fig. 1)9, a known site of protein-protein interactions. It is
possible that the identified missense mutations might interfere with
exonuclease activity, subcellular targeting or interactions with other
proteins. Moreover, variation in the 3¢ UTR could result in altered
transcript levels10. This will require further study.

Our in vitro assays suggest that the C terminus is required for
cellular compartmentalization of TREX1. Based on these findings, we
propose that each TREX1 monomer is anchored in the endoplasmic
reticulum membrane via the C-terminal transmembrane domain
(Fig. 1). The connecting linker region that contains multiple predicted
sites of serine phosphorylation (Supplementary Fig. 1) may be subject
to post-translational modification in response to oxidative stress,
allowing nuclear translocation of TREX1. In this model, the active
sites of each monomer are readily accessible to single-stranded DNA9.

Viral infection has been implicated as an environmental factor in
the pathogenesis of SLE and Sjögren’s syndrome11. Viral infection
triggers immune responses via recognition of viral DNA through toll-
like receptor 9 (TLR9) in endosomes. Yet cytosolic DNA can induce a
TLR9-independent type I interferon immune response, suggesting the
existence of a distinct cytosolic DNA sensor12. By virtue of its high
affinity for single-stranded DNA and cytosolic localization, TREX1
may be a plausible candidate for this role. Further studies looking at
induction of interferon responsive genes in cells in which TREX1 is
silenced are necessary to investigate this hypothesis.

TREX1 is not the first DNase found to be associated with SLE.
Mutations in the gene encoding DNase I, the most abundant extra-
cellular DNase, cause SLE in humans and mice13,14, and Dnase2a�/�

mice develop a rheumatoid arthritis–like syndrome15. A dual role

of TREX1 as DNA-degrading enzyme in granzyme A–mediated
apoptosis and potentially as cytosolic DNA sensor may explain how
impaired TREX1 function could induce an environment in which
autoimmunity is perpetually stimulated and sustained.

Note: Supplementary information is available on the Nature Genetics website.
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