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The TREX1 gene encodes a potent DNA exonuclease, and mu-
tations in TREX1 cause a spectrum of lupus-like autoimmune dis-
eases. Most lupus patients develop autoantibodies to double-
stranded DNA (dsDNA), but the source of DNA antigen is
unknown. The TREX1D18Nmutation causes amonogenic, cutaneous
form of lupus called familial chilblain lupus, and the TREX1 D18N
enzyme exhibits dysfunctional dsDNA-degrading activity, provid-
ing a link between dsDNA degradation and nucleic acid-mediated
autoimmune disease. We determined the structure of the TREX1
D18N protein in complex with dsDNA, revealing how this exonu-
clease uses a novel DNA-unwinding mechanism to separate the
polynucleotide strands for single-stranded DNA (ssDNA) loading
into the active site. The TREX1 D18N dsDNA interactions coupled
with catalytic deficiency explain how this mutant nuclease pre-
vents dsDNA degradation. We tested the effects of TREX1 D18N
in vivo by replacing the TREX1 WT gene in mice with the TREX1
D18N allele. The TREX1 D18N mice exhibit systemic inflammation,
lymphoid hyperplasia, vasculitis, and kidney disease. The observed
lupus-like inflammatory disease is associated with immune activa-
tion, production of autoantibodies to dsDNA, and deposition of
immune complexes in the kidney. Thus, dysfunctional dsDNA deg-
radation by TREX1 D18N induces disease in mice that recapitulates
many characteristics of human lupus. Failure to clear DNA has long
been linked to lupus in humans, and these data point to dsDNA as
a key substrate for TREX1 and a major antigen source in mice with
dysfunctional TREX1 enzyme.
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The TREX1 gene encodes a powerful DNA exonuclease (1–7).
The amino terminal domain of the TREX1 enzyme contains

all of the structural elements for full exonuclease activity, and the
carboxy terminal region controls cellular trafficking to the peri-
nuclear space (8–10). Mutations in TREX1 cause a spectrum of
autoimmune disorders, including Aicardi–Goutieres syndrome,
familial chilblain lupus, and retinal vasculopathy with cerebral
leukodystrophy and are associated with systemic lupus erythe-
matosus (9, 11–19). The TREX1 disease-causing alleles locate
to positions throughout the gene, exhibit dominant and recessive
genetics, include inherited and de novo mutations, and cause
varied effects on catalytic function and cellular localization.
These genetic discoveries have established a causal relationship
between TREX1 mutation and nucleic acid-mediated immune
activation disease. The spectrum of TREX1-associated disease
parallels the diverse effects on enzyme function and localization,
indicating multiple mechanisms of TREX1 dysfunction might
explain the overlapping clinical symptoms related to failed DNA
degradation and immune activation.
The TREX1 enzyme structure reveals the uniquely stable di-

mer that is relevant to its function and to disease mechanisms.
The backbone contacts between the protomer β3-strands generate
a stable, central antiparallel β-sheet that stretches the length of the
dimer and an extensive hydrogen-bonding network of sidechain–
sidechain, sidechain–backbone, and water-bridged contacts that
coordinate residues across the TREX1 dimer interface (8, 20).

TREX1 catalytic function depends on the dimeric structure, with
residues from one protomer contributing to DNA binding and
degradation in the opposing protomer (21, 22). Some TREX1
disease-causing mutants exhibit complete loss of catalytic function,
whereas others exhibit altered cellular localization (8, 10). A subset
of TREX1 catalytic mutants at amino acid positions Asp-18 and
Asp-200 exhibit selectively dysfunctional activities on dsDNA.
These mutations cause autosomal-dominant disease by retaining
DNA-binding proficiency and blocking access to DNA 3′ termini
for degradation by TREX1WT enzyme (21, 23, 24). The TREX1
catalytic sites accommodate four nucleotides of ssDNA, and ad-
ditional structural elements are positioned adjacent to the active
sites for potential DNA polynucleotide interactions.
The connection between failure to degrade DNA by TREX1

and immune activation was first made in the TREX1 null mouse
that showed a dramatically reduced survival associated with in-
flammatory myocarditis (25). However, the origin and nature of
the disease-driving DNA polynucleotides resulting from TREX1
deficiency have not been clearly established. One model posits
that TREX1 acts in the SET complex to degrade genomic dsDNA
during granzyme A-mediated cell death by rapidly degrading
DNA from the 3′ ends generated by the NM23-H1 endonuclease
(26). Two additional models propose that TREX1 prevents im-
mune activation by degrading ssDNA, but these models differ on
the possible source of offending DNA polynucleotide. In TREX1-
deficient cells there is an accumulation of ssDNA fragments within
the cytoplasm proposed, in one model, to be generated from failed
processing of aberrant replication intermediates that result in
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chronic activation of the DNA damage response pathway (27, 28).
Another model proposes the source of accumulating ssDNA in
TREX1-deficient cells to be derived from unrestrained endoge-
nous retroelement replication, leading to activation of the cyto-
solic DNA-sensing cGAS–STING pathway (29–33). This concept
is also supported by the participation of TREX1 in degradation of
HIV-derived cytosolic DNA (34). Thus, disparate concepts on the
DNA polynucleotide-driving immune activation in TREX1 de-
ficiency have been proposed, and it is possible that the robust
TREX1 exonuclease participates in multiple DNA degradation
pathways. We present here structural and in vivo data supporting
the concept that TREX1 degradation of dsDNA is critical to
prevent immune activation.

Results and Discussion
The dominant-negative effects of TREX1 D18N in the hetero-
zygous genotype of individuals affected with familial chilblain lu-
pus were revealed in the DNA degradation properties of the
hetero- and homodimer forms of TREX1 likely to exist in cells of
these individuals. The TREX1 WT homodimers and the WT
protomer within heterodimers containing a D18N mutant proto-
mer are fully functional when degrading ssDNA polynucleotides
(13). In contrast, TREX1 heterodimers and homodimers con-
taining a D18N mutant protomer are inactive on dsDNA and
block the dsDNA degradation activity of TREX1 WT enzyme,
providing a genetic and mechanistic explanation linking dysfunc-
tional TREX1 and human disease phenotype (21, 23, 24). The
selective catalytic inactivity of TREX1 D18N on dsDNA indicates
a significant difference in the interactions of TREX1, with ss- and
dsDNA likely linked to DNA unwinding.

TREX1 D18N–dsDNA Structure Reveals a Novel Unwinding Mechanism.
To elucidate the mechanisms of TREX1 D18N-dominant mutant
dysfunction, we determined the crystal structure of the TREX1
D18N mutant protein in complex with dsDNA. The structure
of the TREX1 D18N–dsDNA complex reveals a novel dsDNA-
unwinding mechanism that feeds a single-stranded terminus into the
active site and exposes a defect in metal ion binding that con-
tributes to catalytic inactivity. Similar to the DNA repair nucleases
that share common elements while exhibiting individually unique
mechanisms (35), there is little change in the core TREX1
structure, whereas the flexible regions bind, melt, and reshape the
dsDNA to position ssDNA that is specifically required for catalysis
into the active site. Together, the tight protein–DNA interactions
coupled with a catalytically inactive protein points to the biological
dysfunction that connects TREX1-dominant mutants with disease.
TREX1 uses a nucleic acid-kinking mechanism for unwinding

dsDNA to provide ssDNA substrate to the active site. The
TREX1–dsDNA structure reveals two distinct DNA-binding
steps in its dsDNA-unwinding mechanism. The protein–dsDNA
complex was crystallized with two TREX1 dimers and two
dsDNA helices in the asymmetric unit. Each dimer has a 3′ end
of the DNA bound in one of the active sites with the 3′ end of the
complementary strand bound in the active site of an adjacent
dimer, creating a “beads on a string” type lattice throughout the
crystal (Fig. 1A). A comparison of the four active sites within the
TREX1–dsDNA complexes in the asymmetric unit reveals two
distinct binding conformations in the ends of the DNA helices
(Fig. 1B), representing separate steps in an unwinding process
necessary to provide ssDNA for insertion into the active site.
Both conformations have the terminal 3′ nucleotide correctly
positioned in the active site, and both induce a kink in the sub-
strate strand of the DNA at the point of transition from ds- to
ssDNA. There are also marked differences in the conformations
of the bound DNA and the associated interactions with each
protomer of the TREX1 dimer. A comparison of the TREX1
D18N protein with the WT TREX1 (pdbid 2OA8 (8),) reveals
little overall change in the core protein structure, with an overall

rmsd between the two of 0.64 Å. Additionally, the positions of
the conserved catalytic residues are well maintained.
The first conformation, described here as the “tight” confor-

mation, likely represents an early step in DNA unwinding. The
TREX1 protein makes contacts with both strands of the DNA.
The substrate strand is tethered to the protein through in-
teractions with active site residues, whereas the phosphodiester
backbone of the complementary strand straddles helix α5, mak-
ing contacts with residues W218, H222, and R224 (Fig. 2 A and
C). The helix α5 acts as a wedge into the minor groove, inducing
a widening of the groove to about 16.5 Å at the point of strand
separation. The four nucleotides at the end of the substrate
strand are unpaired, with no visible density for the last three on
the complementary strand. The last two nucleotides on the
substrate strand (C23-G24) are correctly positioned in the active
site for hydrolysis of the 3′ terminus. Proximal to this, the DNA
backbone is severely distorted, with a ∼95° bend in the phos-
phodiester backbone between nucleotides G21 and C23. The
nucleotide in the middle of this kink (A22) is rotated into the
minor groove (Fig. 2 A and C). The flipping of nucleotide A22 by
TREX1 is facilitated by residues R128 and K160 directly adja-
cent to the active site. The hydrophobic face of the flipped base
is stabilized by its position directly above the sidechain of I156.
R128 also makes cation-pi stacking interactions with the final
unpaired nucleotide (C4) of the complementary strand. The
importance of residue R128 in the DNA-binding and base-flip-
ping process is consistent with the previously identified TREX1
mutation of R128 to histidine in a patient with neurophychiatric
systemic lupus erythematosus (18).
A second, “loose” conformation captures the enzyme after the

base-flipping step (Fig. 2 B and D). Here, nucleotide A22 on the
substrate strand is rotated back into a base-stacking orientation,
with its phosphate group making contact with the amide nitrogen
of Y177 and sidechain oxygen of S176. The kink in the DNA
backbone is now translated down the strand between nucleotides
A22 and C20. Nucleotide C4 on the complementary strand that
is visible in the tight conformation is now disordered, indicating
an unwinding of the DNA helix by one base pair relative to the
tight conformation. Residue R128 makes only a single hydrogen

Fig. 1. Structure of TREX1–dsDNA complex. (A) The arrangement of TREX1
D18N–dsDNA complex within the crystals has each 3′ end of a dsDNA duplex
bound in the active site of adjacent dimers. (B) A superposition of the two
protein–DNA complexes in the asymmetric unit reveal dsDNA is bound in
two conformations within the active sites. The “tight” conformation (gold
DNA) makes extensive interactions to both nucleotide strands and reveals a
base-flipping mechanism for dsDNA unwinding. The “loose” conformation
(red) makes interactions primarily with the substrate strand.
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bond interaction with the base of nucleotide G21 of the substrate
strand. The complementary strand of DNA is no longer making
interactions with W218, H222, and R224, but instead contacts
residue R174, allowing the DNA helix to lift above the protein
and reducing the widening of the minor groove to about 13 Å
(Fig. 2 B and D). This loose DNA-binding conformation may
facilitate release of the DNA after hydrolysis, consistent with the
nonprocessive nature of the TREX1 enzyme.
The inhibition of dsDNA degradation by the dominant TREX1

D18N mutant can be explained by the enzyme being trapped in an
inactive complex, which combines extensive protein–nucleic acid
interactions necessary for dsDNA unwinding with a catalytically
deficient active site. The TREX1 D18N–dsDNA structure reveals
a single magnesium ion in the active site, coordinated by the mu-
tated residue N18, and a phosphate oxygen of the terminal 3′
nucleotide. The second metal ion necessary for catalysis is absent
(SI Appendix, Fig. S1). The positions of the two terminal nucleo-
tides of the substrate and the active site residues in both the tight
and loose conformations superimpose on each other and also su-
perimpose on a ssDNA substrate bound within a WT TREX1
active site (SI Appendix, Figs. S2 and S3), indicating that the ab-
sence of the second divalent metal ion contributes to catalytic in-
activity of this mutant. Identification of possible altered dsDNA
binding that could contribute to failed catalysis in TREX1 D18N
will require comparison with TREX1 WT dsDNA that is not
currently available. The selectively dysfunctional degradation of
dsDNA by the dominant TREX1 D18N mutant directly points to

dsDNA as an important cellular substrate for TREX1. As de-
scribed in structural studies of the DNA repair enzymes FEN1
(36), MRE11 (37), and RNase T (38) in complexes with DNA
substrates, the TREX1 D18N–dsDNA structure reveals a unique
protein design that incorporates DNA bending, base flipping, and
structural wedges allowing TREX1 to facilitate dsDNA degrada-
tion in cells. The TREX1 core is most similar to the RNase T that
also requires ssDNA in the active site. However, the TREX1
dimer forms very differently from the RNase T dimer, exposing
the necessary structural elements in TREX1 to allow dsDNA
unwinding that is not possible in the RNase T.

Spontaneous Lupus-Like Inflammatory Disease in the TREX1 D18N
Mouse. More than 40 TREX1 mutant alleles have been identi-
fied that cause a variety of lupus-like autoimmune diseases in
humans, but the effects of these TREX1 mutations in mice are
not known. To directly determine if dsDNA is a prominent
autoantigen when the TREX1 D18N enzyme is present, we
tested the effects of the dominant TREX1 D18N mutation in
vivo. A genetically precise mouse model that recapitulates the
dysfunctional TREX1 pathway was generated using an allelic
replacement strategy to express the mouse TREX1 D18N allele
from its endogenous promoter that controls the level of ex-
pression in the appropriate genomic context on mouse chro-
mosome 9 (SI Appendix, Fig. S4). The TREX1 D18N allele is
expressed (Fig. 3A), and the transcript is processed identically to
the TREX1 WT allele (Fig. 3 B and C). The levels of TREX1
expression were quantified from selected tissues of animals at
8 wk of age, before the histological detection of significant in-
flammation. Quantification of TREX1 expression in tissues from
TREX1WT/WT and TREX1D18N/D18N mice (Fig. 3D) showed that
expression varied in WT tissues and that levels were altered in
some of the TREX1D18N/D18N mice tissues as early as 8 wk. In-
terestingly, increased levels of expression in TREX1D18N/D18N

mice were detected in secondary lymphoid organs, which are
sites of antigen accumulation, and in some of the tissues found
later to be significantly inflamed in older TREX1D18N/D18N mu-
tant mice, including the salivary gland and kidney. Previous work
has shown that TREX1 is widely expressed by immune cells and
can be induced in macrophages, B cells, and dendritic cells in
vitro by proinflammatory stimuli (39). Although it is possible that
increased expression in TREX1D18N/D18N mouse tissues reflects
populations of macrophages and other inflammatory cells re-
sponding to proinflammatory stimuli, immune cell infiltration
into tissues of TREX1D18N/D18N mice does not occur to a sig-
nificant extent at 8 wk, and not all tissues, such as the heart and
lung, that exhibit significant inflammation later in life demonstrated
increased TREX1 expression. To demonstrate the presence of
TREX1 D18N protein in the TREX1D18N/D18N mice, tissues from
multiple organswere pooled fromTREX1WT/WT andTREX1D18N/D18N

mice, TREX1 enzyme was partially purified by ssDNA chromatog-
raphy, andTREX1proteinwas detected by immunoblotting (Fig. 3E)
and by DNA exonuclease assay (Fig. 3F) (SI Appendix, Fig. S5).
Pooled tissues from TREX1WT/WT and TREX1D18N/D18N mice
contained similar levels of TREX1 protein, and exonuclease ac-
tivity was abolished in TREX1D18N/D18N tissues.
Expression of the mutant TREX1 D18N enzyme in

TREX1D18N/D18N mice results in a clinically distinct phenotype
from that observed when TREX1 is completely absent, as is the
case in the TREX1 knockout mice that do not breed successfully
and succumb to cardiomyopathy at a median age of ∼10 wk (25,
31). To determine the clinical phenotype of TREX1D18N/D18N mice
we monitored animals from 3 wk to 6 mo of age. TREX1D18N/D18N

mice have similar growth characteristics (SI Appendix, Fig. S6) and
are typically clinically indistinguishable from WT littermates.
TREX1D18N/D18N mice mate successfully up to at least 6 mo of
age but have slightly smaller average litters than WT mice (4.6 vs.

Fig. 2. TREX1 DNA-unwinding conformations. (A) TREX1–dsDNA “tight”
conformation interactions facilitate DNA unwinding through base-flipping of
the third nucleotide (A22) on the substrate strand and kinking of strand
backbone 5′ to the flipped nucleotide. Base-flipping is facilitated by R128 and
K160 on helix α5, which protrudes into and widens the minor groove. The
complementary strand (colored beige) is anchored to the protein through
interactions with W218, H222, and R224. (B) The TREX1 “loose” conformation
makes protein–dsDNA contacts primarily with the substrate strand. The DNA is
lifted above the protein, with only residue R174 making contact to the com-
plementary strand (shown in beige). There is no nucleotide flipping, and the
four terminal nucleotides in the substrate strand are completely unpaired from
the complementary strand. A schematic illustrates the protein–DNA interactions
in the (C) tight conformation and (D) loose conformation.

Grieves et al. PNAS | April 21, 2015 | vol. 112 | no. 16 | 5119

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf


5.8, respectively) (SI Appendix, Table S1). However, TREX1D18N/D18N

mice have a decreased life span, with losses as early as 6 wk of age
(Fig. 4A). The effects of TREX1 D18N expression were similar in
males and females and revealed when animals were euthanized for
phenotypic examination. The spleens of TREX1D18N/D18N mice were
enlarged as early as 4 mo of age (Fig. 4B), which corresponded to
increased splenic nucleated cell counts (Fig. 4C). Additionally,
by 4–6 mo of age, lymph nodes were enlarged in the majority of
TREX1D18N/D18N mice, and the hearts of clinically healthy animals
had variously sized regions of pallor and were often mildly to
markedly enlarged, with right or biventricular dilation. Of the
TREX1D18N/D18N mice that were euthanized due to clinical disease
or died before the predetermined euthanasia date, 87.5% had
congestive heart failure characterized grossly by bicavitary effusions,
chronic passive congestion of the liver, pulmonary atelectasis, and
markedly enlarged hearts, with atrial and ventricular dilation and
often atrial thromboses. A TREX1D18N/D18N mouse that needed

to be euthanized had gross evidence of chronic kidney disease
characterized by a shrunken and pitted appearance of the kidneys.
Histologic analysis of tissues collected from TREX1D18N/D18N mice
revealed four major categories of consistently observed lesions
that were the most severe at 6 mo of age, including lymphoid
hyperplasia, inflammation, vasculitis, and kidney disease (Fig.
4 D–G). Secondary lymphoid organs of TREX1D18N/D18N mice had
expanded lymphoid follicles and increased numbers of germinal
centers, the site of B-cell proliferation and maturation. In-
flammation of varying severity was present in the heart, lung, sal-
ivary gland, pancreas, and occasionally other organs, including the
lacrimal gland. The inflammatory infiltrates consisted of lympho-
cytes and large numbers of antibody-producing plasma cells. In-
flammatory cells in the lung and salivary gland were primarily
surrounding bronchioles and ducts, respectively, suggesting that
inhaled and ingested antigens might contribute to immune stimu-
lation in TREX1D18N/D18N mice. Vasculitis was present in both

Fig. 3. The TREX1 D18N allele is expressed, processed, and translated. (A) The TREX1 single exon gene is shown with the two donor (GT) and acceptor (AG)
sequences. Transcripts 1 (t1) and 2 (t2) are generated from the two donor sites. (B), TREX1 cDNA products were generated from TREX1WT/D18N mouse liver RNA
using forward and reverse primers positioned as shown in A. Reactions containing reverse transcriptase (RT)-generated t1 and t2. The genomic (g) TREX1
sequence was generated in reactions ±RT. (C) Sequencing of t1, t2, and g bands in B demonstrates appropriate t1 and t2 splicing (Left) and expression of
TREX1 D18N and WT alleles (Right). (D) TREX1 expression in mouse tissues (six animals of each genotype). SG, salivary gland; CLN, cervical lymph node.
(E) Western blot of TREX1 protein (ng) purified from mouse tissues. The position of migration of TREX1 is indicated. The band identified as TREX1 D18N was
excised from a gel and confirmed by mass spectroscopic analysis (F). Activity assay of TREX1 protein (pg) purified from mouse tissues. *P < 0.05; **P < 0.001.

Fig. 4. Trex1D18N/D18N mice have a shortened lifespan and an autoimmune phenotype. (A) Survival curve. (B) Spleen weight (three to eight animals per
genotype). (C) Splenocyte cell counts (10 animals per genotype). (D) Spleen H&E. (Scale bar, 100 μm.) (E) Heart H&E. (Scale bar, 100 μm.) (F) Kidney H&E. (Scale
bar, 50 μm; * indicates tubular proteinosis.) (G) Splenic vessel H&E. (Bar, 50 μm.) (H) Histology scores for inflammation. SG, salivary gland. (I) Histology scores for
splenic lymphoid hyperplasia, vasculitis, and renal disease. ND, not detected. *P < 0.05; **P < 0.001; bars represent the mean, and error bars represent the SEM.
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large- and small-caliber vessels of TREX1D18N/D18N mice and
was characterized by influx of inflammatory cells, medial ne-
crosis, and disruption of the vessel wall by protein-rich deposits.
Vasculitis is common in lupus patients, and the vascular lesions
observed in TREX1D18N/D18N mice mirror those seen in lupus
patients. Histopathology of kidney lesions indicated widespread
to diffuse, global to segmental membranoproliferative glo-
merulonephritis and lymphoplasmacytic tubulointerstitial ne-
phritis (Fig. 4 H and I and SI Appendix, Fig. S7 and Tables S2–
S4 for histopathology scoring).
The multiorgan inflammation observed in TREX1D18N/D18N mice

is similar to the lupus phenotype in humans where the lung, salivary
gland, and heart are often targets and immune-complex glomeru-
lonephritis is a common complication. Increased TREX1 expression
in the salivary gland of 8-wk-old TREX1D18N/D18N mice was an
unexpected finding, and salivary glands were not significantly en-
larged in older TREX1D18N/D18N mice. Although familial chilblain
lupus patients have systemic disease (16), there are no reports of
clinical involvement of the salivary glands. Skin lesions, including
malar rashes and chilblains, are a frequent finding in lupus patients
but are not a feature of most spontaneous mouse models of lupus
(40–42) and likewise were not observed in TREX1D18N/D18N mice.
This is likely because skin lesions in lupus patients are typically
induced by environmental conditions, including heat, moisture, and
UV light that are not factors in conventionally housed rodents.
Disease was most significant in TREX1D18N homozygous animals,
whereas heterozygous animals exhibited normal survival and rather
minimal inflammatory differences compared with WT. This is no-
table because all known cases of TREX1D18N-mediated disease in
humans have been due to the heterozygous genotype. It is possible
that environmental stimuli and viral or bacterial infection could
exacerbate disease in heterozygous animals.
An active inflammatory autoimmune response was present in

TREX1D18N/D18N mice that was also detected in TREX1WT/D18N

mice, as indicated by the overall plasma cell numbers and pro-
ductivity. The levels of total serum IgG were significantly in-
creased in TREX1D18N/D18N mice compared with TREX1WT/WT

mice (Fig. 5A). To determine if dsDNA was a major antigen we
measured serum-total α-dsDNA antibody levels and found sig-
nificantly increased levels in TREX1D18N/D18N mice compared with
TREX1WT/WT mice (Fig. 5B). Furthermore, immunofluorescence
of frozen kidney sections revealed immunocomplexes in glomeruli
of TREX1D18N/D18N mice containing IgG (Fig. 5C). To charac-
terize the splenic immune cell population, we labeled splenocytes
with markers for T and B cells. Consistent with histologic findings,
spleens of TREX1D18N/D18N mice contained increased B220+ B
cells (Fig. 5D) and CD138+ plasma cells (Fig. 5E). Although the
number of splenic CD8+ T cells was similar between WT and
mutant mice, the number of CD4+ cells in the spleen of both
TREX1WT/D18N and TREX1D18N/D18N mice was increased. Addi-
tionally, both CD4+ (Fig. 5F) and CD8+ (Fig. 5G) splenocytes of
TREX1D18N/D18N mice had up-regulated expression of the activa-
tion marker CD69, demonstrating that cells from mutant mice are
more activated and thus more competent at effector functions,
such as cytokine production and cell killing. Finally, we found that
the number of splenic Treg cells was increased in TREX1D18N/D18N

mice (Fig. 5H). The increase in Treg cells could indicate a com-
pensatory response to chronic, uncontrolled inflammation or
could indicate that the Treg cells present have decreased function.

TREX1 Degradation of dsDNA Is Key to Prevent Inappropriate Immune
Activation. The TREX1 D18N–dsDNA structure and the phe-
notypic characteristics of the TREX1 D18N mouse indicate that
TREX1 degrades dsDNA, preventing this polynucleotide from
acting as an autoantigen in the mouse, and most likely in hu-
mans, to inappropriately activate the immune system. Structure
and biochemical analyses of TREX1 disease-causing mutants

identified key amino acids positioned adjacent to the active sites,
indicating an extended DNA polynucleotide interaction (8, 20–
23). The TREX1 D18N–dsDNA structure reveals direct contacts
with the DNA duplex on the substrate and nonsubstrate strands.
Additionally, important insight into the base-flipping mechanism
by which TREX1 separates the DNA strands to efficiently de-
grade the polynucleotide is learned. Expression of the TREX1
D18N mutant enzyme in mice causes spontaneous autoimmu-
nity, and our findings support the idea that failure to appropri-
ately degrade dsDNA is the cause of disease in TREX1D18N/D18N

mice, due to persistent polynucleotide sensing and immune ac-
tivation. Genetic studies in humans are revealing mutations in
key DNA metabolism enzymes, such as DNA polymerase β (43),
that cause autoimmune pathology resembling lupus when ex-
pressed in mice. To our knowledge, expression of the TREX1
D18N allele represents the first time a monogenic form of lupus
in humans has been reproduced by the same genetic change in
the mouse. This mutant mouse strain will be a useful tool to
further delineate the pathogenic mechanisms of TREX1-medi-
ated autoimmunity specifically, as well as the pathogenesis of
nucleic acid-mediated autoimmune disease more broadly.

Materials and Methods
Structure Determination. Themouse recombinant TREX1 enzyme (amino acids
1–242) was prepared and crystallized with a dsDNA oligonucleotide. The
X-ray data were collected and processed (SI Appendix, Table S5), as described
in SI Appendix.

Animals. TREX1 D18N mutant mice were generated on a 129S6/SvEvTac
background using an allelic replacement strategy, as shown in SI Appendix,
Fig. S4, and described in SI Appendix. Transmission of the TREX1 D18N allele
was confirmed by sequencing of tail DNA. Males and females exhibited a
similar phenotype, so both sexes were used in these studies. All experi-
ments were performed in accordance with the guidelines set forth by the
Institutional Animal Care and Use Committee at Wake Forest Baptist
Medical Center.

Fig. 5. TREX1D18N/D18N mice produce α-dsDNA antibodies, form glomerular
immunocomplexes, and have activated adaptive immune responses. (A) Total
IgG ELISA (10–12 animals per genotype). (B) Total α-dsDNA antibody ELISA (10–
12 animals per genotype). (C) Immunofluorescence (IF) for IgG in frozen kidney
sections. (Bar, 50 μm.) Splenocytes were labeled for (D) CD4, CD8, and B220;
(E) CD138; (F) CD4, CD69, and CD62L; (G) CD8, CD69, and CD62L; or (H) CD4, CD25,
and FoxP3 and enumerated by flow cytometry. *P < 0.05; **P < 0.001; bars
represent the mean, and error bars represent the SEM.

Grieves et al. PNAS | April 21, 2015 | vol. 112 | no. 16 | 5121

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423804112/-/DCSupplemental/pnas.1423804112.sapp.pdf


Immunofluorescence. Frozen sections were incubated with antibody to mouse
IgG (goat α-mouse IgG Alexa Fluor 488, Abcam), washed three times in PBS,
then mounted with Fluoroshield Mounting Medium with DAPI (Abcam). See
SI Appendix for details.

Total IgG and dsDNA Antibody ELISA. A total of four to five animals (6 mo old)
of each sex and genotype were included in two independent experiments.
Total IgG ELISA was performed according to the mouse IgG ELISA Kit
(Alpha Diagnostic International) protocol. Total anti-dsDNA antibody
ELISA was performed according to the mouse anti-dsDNA Antibodies Total
Ig ELISA Kit (Alpha Diagnostics International). Absorbance at 450 nm was
obtained using a Tecan Safire 2 spectrophotometer and Tecan Magellan
software.

Flow Cytometry. Single-cell suspensions were prepared from mouse spleen,
then labeled with indicated antibody. See SI Appendix for details.

Genotyping, RT-PCR, qPCR, TREX1 Protein Purification, Exonuclease Assay,
Western Blot, Histology, and Statistical Analysis. See SI Appendix.
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