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mutants.

function, resulting in a spectrum of autoimmune diseases.
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(Bacl(ground: Mutations in the TREX1 C-terminal region (CTR) cause human autoimmune disease.
Results: The CTR directs TREX1 ubiquitination and interaction with ubiquilin 1.
Conclusion: TREX1 ubiquitination and co-localization with ubiquilin 1 are differentially affected in autoimmune disease

Significance: Multiple mechanisms of TREX1 dysfunction include altered covalent modification and diminished catalytic
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TREX1 is an autonomous 3’-exonuclease that degrades DNA
to prevent inappropriate immune activation. The TREX1 pro-
tein is composed of 314 amino acids; the N-terminal 242 amino
acids contain the catalytic domain, and the C-terminal region
(CTR) localizes TREX1 to the cytosolic compartment. In this
study, we show that TREX1 modification by ubiquitination is
controlled by a highly conserved sequence in the CTR to affect
cellular localization. Transfection of TREX1 deletion constructs
into human cells demonstrated that this sequence is required for
ubiquitination at multiple lysine residues through a “non-ca-
nonical” ubiquitin linkage. A proteomic approach identified
ubiquilin 1 as a TREX1 CTR-interacting protein, and this inter-
action was verified in vitro and in vivo. Cotransfection studies
indicated that ubiquilin 1 localizes TREX1 to cytosolic punctate
structures dependent upon the TREX1 CTR and lysines within
the TREX1 catalytic core. Several TREX1 mutants linked to the
autoimmune diseases Aicardi-Goutiéres syndrome and sys-
temic lupus erythematosus that exhibit full catalytic function
were tested for altered ubiquitin modification and cellular local-
ization. Our data show that these catalytically competent dis-
ease-causing TREX1 mutants exhibit differential levels of ubiq-
uitination relative to WT TREX1, suggesting a novel mechanism
of dysfunction. Furthermore, these differentially ubiquitinated
disease-causing mutants also exhibit altered ubiquilin 1 co-lo-
calization. Thus, TREX1 post-translational modification indi-
cates an additional mechanism by which mutations disrupt
TREX1 biology, leading to human autoimmune disease.

The proper management of DNA polynucleotides in humans
is critical to prevent the inappropriate activation of the immune
response. There are accumulating data that the pathophysiol-
ogy of nucleic acid-mediated autoimmunity functions in paral-
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lel to antiviral immunity (1-3), and there is an emerging con-
cept that lupus-like diseases result largely from genetic variants
that allow self-nucleic acids to persistently trigger antiviral
immune responses erroneously directed against nuclear
autoantigens (4). The discovery that TREXI mutations cause
Aicardi-Goutiéres syndrome (AGS)® provides an important
link between nucleic acid metabolism, autoimmune disease,
and innate antiviral response (5). The additional findings of
TREXI mutations in patients diagnosed with familial chilblain
lupus, Cree encephalitis, retinal vasculopathy with cerebral leu-
kodystrophy (RVCL), and systemic lupus erythematosus (SLE)
genetically link a spectrum of human autoimmune disorders
with overlapping related clinical symptoms (5-21).

Approximately 40 disease-causing TREX1 missense and
frameshift mutations that locate to positions throughout the
gene have been identified. The disease-causing TREX1 mutant
enzymes exhibit a broad range of catalytic activities, indicating
that multiple mechanisms of TREX1 dysfunction contribute to
the spectrum of related autoimmune disorders (10, 16, 19,
22-26). The TREX1 protein is a 314-amino acid polypeptide
containing a robust 3'-exonuclease that degrades single- and
double-stranded DNA polymers and is expressed in many
mammalian tissues (27-29). The TREX1 N-terminal 242
amino acids contain all of the necessary structural elements for
full catalytic activity (22), and the C-terminal region (CTR) 72
amino acids are required for cytosolic localization to the peri-
nuclear space in cells (16, 19). The varied effects exhibited by
TREX1 mutant alleles on catalytic function and cellular local-
ization, coupled with the varied levels of disease pathogenesis in
humans, highlight the complex biology of TREX1 in DNA deg-
radation and immune activation.

The TREX1 exonuclease degrades DNA polynucleotides that
might originate endogenously or exogenously, preventing the
accumulation of these macromolecules to levels sufficient for
induction of an interferon-mediated immune response. This
concept is supported by the TREX1 degradation of genomic

3 The abbreviations used are: AGS, Aicardi-Goutiéres syndrome; RVCL, retinal
vasculopathy with cerebral leukodystrophy; SLE, systemic lupus erythema-
tosus; CTR, C-terminal region; NTF, N-terminal fragment; Ni-NTA, nickel-
nitrilotriacetic acid.
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DNA in a cell death pathway (30) and by the autoimmune phe-
notype of the TrexI knock-out mouse (31-34). The mouse
Trex] autoimmune pathology has been attributed to dysregu-
lated activation of the interferon stimulatory DNA response
pathway (31, 33) or to spontaneous DNA damage with chronic
checkpoint activation (32, 34). TREX1 participates in a cytoso-
lic nucleic acid-sensing pathway mediated through the adaptor
protein STING (31, 33, 35-37) and has been identified as a
regulator of lysosomal biogenesis in interferon-independent
activation of antiviral genes (38).

The indication that TREX1 participates in a nucleic acid
detection pathway (31, 33, 35-37) and evidence that ubiquiti-
nation regulates the cytosolic nucleic acid sensor pathways (39,
40) prompted our studies here revealing the CTR-directed
ubiquitination of TREX1. A series of TREX1 deletion con-
structs was generated to show that the CTR is necessary for
covalent modification by ubiquitination in human cells. A
mutagenesis strategy was used to determine a “non-canonical”
ubiquitin linkage at multiple TREX1 lysine residues, suggesting
that this modification might regulate cellular function. A pro-
teomic approach identified ubiquilin 1 interaction with the
TREX1 CTR, facilitating the translocation of ubiquitinated
TREX1 from the perinuclear region to cytosolic puncta in
human cells. We show that a subset of AGS-causing TREX1
mutants located in the catalytic core and in the CTR exhibit full
catalytic activity, are differentially ubiquitinated compared
with WT TREX1, and exhibit altered translocation and co-lo-
calization with ubiquilin 1. These data indicate that the TREX1
CTR controls cellular trafficking of this exonuclease by ubiq-
uitination and interaction with ubiquilin 1, providing a novel
mechanism through which TREX1 mutations disrupt nucleic
acid processing and aberrant immune activation.

EXPERIMENTAL PROCEDURES

Materials—The HRP-conjugated anti-FLAG (A8592) and
HRP-conjugated anti-HA (H6533) antibodies were from
Sigma. The anti-Myc antibody (2276) was from Cell Signaling.
The HRP-conjugated anti-mouse (NA931V) and anti-rabbit
(NA934V) antibodies were from Amersham Biosciences. The
5'-fluorescein 30-mer 5'-ATACGACGGTGACAGTGTTGT-
CAGACAGGT-3’ was from Eurofins. Plasmid 1 (10.8 kb) was
nicked with the Nt.BbvCl restriction endonuclease as described
(23).

Cell Culture, Transfections, and Plasmids—HEK 293T cells
were grown in DMEM containing 10% FBS supplemented with
2 mm GlutaMAX at 37 °C in an atmosphere of 95% air and 5%
CO,. The HEK 293T cells were transfected by the calcium
phosphate precipitation method (41). Plasmids containing
TREX1 deletions (pEBB-TREX1(1-314), pEBB-TREX1(1—
286), pEBB-TREX1(1-242), and pEBB-TREX1(243—314)) were
produced by PCR using pLM303-TREX1(1-314) as a template
(19, 23). Variants were cloned into the parental pEBB-FLAG
and pEBB-HA vectors (42). Plasmids containing single TREX1
mutations (K30R, K66R, K75R, K160R, K175R, K242R, K271R,
K277R, E198K, V122A, P290L, T303P, and Y305C) and lysine-
less TREX1 (referred to as NoK) were generated by site-di-
rected mutagenesis as described (22). The ubiquilin 1 con-
structs FLAG-Ubgln (8663) and FLAG-Ubqln-112X (8664)
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were provided by Peter Howley through Addgene. Ubiquilin 1
and the ubiquilin 1 N-terminal fragment (NTF) were subcloned
into the pEBB-NFLAG parental vector, and ubiquilin 1 was
subcloned into the pEBB-NYFP vector (42). The TREX1(243—-
314) construct for cell-free expression reactions was subcloned
into pT7CFE1-NHis-NGFP (Ambion), and the ubiquilin 1 (var-
iant 1; OriGene SC110414) was subcloned into pT7CFE1-CHis.
All constructs were confirmed by sequencing (GENEWIZ). The
pCW7-His-Myc-ubiquitin plasmids (WT, K6R, K11R, K27R,
K29R, K48R, and K63R) have been described (43).

Cell Lysis and Immunoprecipitation—Cell lysates were pre-
pared in radioimmune precipitation assay buffer, urea lysis
buffer, or CHAPS buffer (43, 44). All lysis buffers were supple-
mented with 1 mm PMSF and one Complete Mini protease
inhibitor mixture tablet (Roche Applied Science) prior to use.
Lysates used as input controls were normalized for protein con-
tent and separated by SDS-PAGE using 4-12% gradient SDS-
polyacrylamide gels (Invitrogen). Lysates for HA immunopre-
cipitation (CHAPS buffer) were incubated for 1 h at 4 °C with
monoclonal antibody HA.11 (Covance 14945101) bound to
protein G-agarose. Beads were recovered by centrifugation and
washed with CHAPS buffer, and precipitated proteins were
eluted by the addition of NuPAGE lithium dodecyl sulfate sam-
ple buffer (Novex) and heating for 5 min at 95 °C. Urea lysates
for nickel-nitrilotriacetic acid (Ni-NTA) precipitation were
prepared as described (43). Immunoprecipitations were per-
formed multiple times from independent transfections with
similar results.

Immunoblot Analysis—After SDS-PAGE, proteins were
transferred to nitrocellulose membranes (Invitrogen) and
blocked with 5% milk in TBS containing 0.1% Tween 20 (TBS/
Tween). Incubation with the indicated primary antibodies was
for 1 h or with the indicated HRP-conjugated primary antibod-
ies for 45 min at room temperature. After washing, membranes
with non-HRP-conjugated primary antibodies were incubated
with HRP-conjugated anti-mouse IgG or anti-rabbit IgG sec-
ondary antibodies for 45 min at room temperature, washed, and
visualized by enhanced chemiluminescence (PerkinElmer
Life Sciences). TREX1 ubiquitination was quantified using
ImageQuant TL (GE Healthcare). The levels of TREX1 ubig-
uitination were determined for mutant relative to WT by cal-
culating the weighted densitometric volume of ubiquitinated
TREX1 bands detected on immunoblots. Weighted volumes
were divided by the amount of plasmid transfected (ug), aver-
aged, and expressed as -fold changes in mutant relative to WT
TREX1 ubiquitination.

Enzyme Preparation—The human WT and mutant TREX1
enzymes were prepared from Escherichia coli lysates as
described (22-24, 26). All protein concentrations were deter-
mined by A, using the molar extinction coefficient for TREX1
protomer of € = 23,950 M ' cm ..

Exonuclease Assays—TREX1 exonuclease assays were per-
formed and quantified as described (22-24, 26, 45). HEK 293T
cell lysates containing plasmid-expressed TREX1 were pre-
pared in CHAPS lysis buffer and diluted in 1 mg/ml BSA. The
exonuclease assays contained 20 mm Tris (pH 7.5), 5 mm
MgCl,, 2 mwm dithiothreitol, 100 ng/ml BSA, 50 nm fluorescein-
labeled 30-mer oligonucleotide (ssDNA assay) or 10 ug/ml
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nicked plasmid DNA (dsDNA assay), and TREX1 protein or cell
extract as indicated in the legend to Fig. 5. Reactions were incu-
bated at 25 °C for the indicated times, quenched with the addi-
tion of 3 volumes of cold ethanol, and dried in vacuo.

Cell-free Transcription, Translation, and Immunoprecip-
itation—RNAs for the cell-free translation reactions were gen-
erated from linearized pT7CFE plasmids with the MEGAscript
T7 high yield transcription kit (Ambion). The pT7CFE1-NHis-
NGFP control and pT7CFE1-NHis-NGFP-TREX1(243-314)
plasmids were linearized with Spel. RNAs were translated using
the human in vitro protein expression kit (containing [**S]me-
thionine) according to the manufacturer’s instructions (Pierce
88857). Translation reaction products were separated on 12%
SDS-polyacrylamide gels and silver-stained. Excised bands
were dissolved in water and analyzed by nano-LC-MS/MS (MS
Bioworks) to identify proteins. The ubiquilin 1 cDNA was
cloned into the pT7CFE1-CHis-ubiquilin 1 plasmid and linear-
ized with XholI to eliminate the C-terminal His tag. His-tagged
proteins were immunoprecipitated using anti-polyhistidine
antibody conjugated to magnetic beads (GenScript L00275).
Immunoprecipitated >°S-labeled proteins were separated on
12% SDS-polyacrylamide gels and visualized using a Storm
Phosphorlmager (GE Healthcare).

Fluorescence Microscopy—HEK 293T cells (~25,000/well)
were seeded on 8-well chamber slides (Lab-Tek) and trans-
fected for 24 h with constructs expressing YFP- or HA-tagged
proteins. Cells were fixed in 4% paraformaldehyde, washed with
PBS containing 0.1% Tween (PBS/Tween) and 100 mm glycine,
and permeabilized with 1% Triton X-100 in PBS/Tween. Per-
meabilized cells were blocked for 1 h in 2% BSA in PBS/Tween
and incubated with anti-HA primary antibody for 1 h at room
temperature. After washing, slides were incubated with TBS/
Tween containing Alexa Fluor 594-conjugated goat anti-mouse
IgG (Invitrogen A-11005) for 45 min at room temperature.
After washing, coverslips were mounted with ProLong Gold
antifade reagent with DAPI (Invitrogen) and allowed to cure
overnight at room temperature. Slides were imaged on an
Olympus IX71 inverted fluorescence microscope. The most
representative images from multiple transfections are included
in Figs. 4 and 7.

RESULTS

Covalent Modification of TREXI—The TREX1 CTR is
required for ubiquitination (Fig. 1). A series of TREX1 deletion
constructs was prepared and transfected into human cells to
investigate the cellular importance of the CTR (Fig. 14). Immu-
noblotting of the expressed TREX1 variants revealed multiple
bands of migration consistent with ubiquitination that was
detected only upon expression of the full-length TREX1
enzyme (Fig. 1B, lanes 1-4). The ~8-kDa size difference
between the multiple detected TREX1 bands using the full-
length enzyme construct (amino acids 1-314) indicated cova-
lent modification with one to four ubiquitin molecules/TREX1
monomer. Expression of TREX1 constructs containing amino
acids 1-286 (Fig. 1B, lane 2), 1-242 (lane 3), and 243-314 (lane
4) indicated no detectable modification. Ubiquitination most
commonly occurs at lysines, and TREX1 contains eight lysines
at Lys-30, Lys-66, Lys-75, Lys-160, Lys-175, Lys-242, Lys-271,
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and Lys-277. TREX1(1-286) was not detectably ubiquitinated
despite possessing all eight of the candidate lysine residues, like
the full-length TREX1 enzyme (Fig. 1B, compare lanes I and 2).
Ubiquitination of TREX1(1-242) and TREX1(243-314) was
also not detected despite containing six and two lysines, respec-
tively. These data highlight the dramatic reduction in ubiquitin
modification of TREX1 in the absence of the highly conserved
C-terminal 30 amino acids to facilitate this process.

TREX1 modification by ubiquitination was confirmed by
cotransfecting the TREX1 constructs with a His-tagged ubiqui-
tin-expressing plasmid. Ubiquitinated proteins were recovered
from lysates with Ni-NTA resin, and TREX1 was detected by
immunoblotting (Fig. 1C). The multiple bands detected using
the full-length TREX1 plasmid construct (amino acids 1-314)
indicated modification by covalent linkage of multiple ubiq-
uitin molecules (Fig. 1C, lane I). The increased sensitivity of
this cotransfection analysis also revealed the presence of a
single ubiquitin modification using the TREX1(1-286) and
TREX1(1-242) constructs (Fig. 1C, lanes 3 and 5) and multiple
ubiquitin molecules using the TREX1(243-314) CTR construct
(lane 7). Thus, the presence of multiple ubiquitination events
was detected only in TREX1 constructs containing the C-ter-
minal 30 amino acids.

Nature of TREX1 Ubiquitination—The TREX1 protein is
ubiquitinated by a non-canonical linkage at multiple lysine res-
idues that does not appear to target the enzyme for proteasomal
degradation. The most common signal for proteasomal recog-
nition is covalent modification of lysine in a target protein with
a polyubiquitin chain containing four or more ubiquitin mole-
cules branched through Lys-48 in ubiquitin (46). However,
polyubiquitin chains linked to all seven ubiquitin lysine resi-
dues have been described in proteasomal targeting (47—-49). To
identify the target site for TREX1 ubiquitin linkage, a series of
mutant constructs was prepared in which the eight TREX1
lysines were mutated to arginine individually, in combination,
or in total (lysine-less TREX1). The TREX1 Lys-to-Arg mutant
constructs were cotransfected with the His-tagged ubiquitin
plasmid, ubiquitinated proteins were recovered from lysates,
and TREX1 was detected by immunoblotting (Fig. 2A4). The
TREX1 K66R mutant was ubiquitinated identically to WT
TREX1 (Fig. 2A, compare lanes 1 and 3), indicating that this
residue may not be targeted for modification. All of the other
Lys-to-Arg mutants exhibited reduced levels of ubiquitination
to varying degrees (Fig. 24, compare lane 1 with lanes 2 and
4-9). These results suggest that the remaining TREX1 lysine
residues are potential targets for ubiquitination, although the
relative extent is not possible to determine. The TREX1 K271R/
K277R double mutant exhibited a dramatically reduced level of
ubiquitination (Fig. 24, compare lanes 1 and 10), and lysine-less
TREX1 was not covalently modified (/ane 11). These data dem-
onstrate that TREX1 is ubiquitinated at lysine residues and that
multiple TREX1 lysines are candidates for ubiquitination.

To determine the nature of the ubiquitin linkage, a collection
of His-ubiquitin mutant constructs containing one of the seven
Lys-to-Arg mutations (K6R, K11R, K27R, K29R, K48R, and
K63R) was tested for their ability to support TREX1 modifica-
tion. The TREX1(1-314) and His-tagged ubiquitin Lys-to-Arg
mutant constructs were cotransfected, ubiquitinated proteins
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FIGURE 1. The TREX1 CTR is required for ubiquitination. A, TREX1 contains the catalytic core (black boxes) and a CTR of ~72 amino acids with a less well
conserved region (gray boxes) and a highly conserved 30 residues at the end (white boxes). TREX1(1-314) and three deletion constructs encoding amino acids
1-286, 1-242, and 243-314 were prepared as N-terminal FLAG epitope fusions. B, the plasmids were transfected into HEK 293T cells, and lysates were
fractionated by SDS-PAGE and immunoblotted with anti-FLAG antibody (TREX1). The positions of migration of the TREX1 polypeptides are indicated (arrows).
The slower migrating bands visible in lane 1 indicate ubiquitination of TREX1(1-314), and slower migrating bands were not apparent using TREX1(1-286),
TREX1(1-242), and TREX1(243-314) (lanes 2-4). A sufficient chemiluminescence exposure was used to verify the presence of four higher molecular mass
species of TREX1(1-314) from whole cell lysates (lane 1), resulting in overexposure of unmodified TREX1 constructs (lanes 7-3) and detection of some minor
nonspecific bands (lanes 1-4). C, plasmids encoding TREX1 and the deletion variants expressed as N-terminal HA epitope fusions were cotransfected into cells
with a Hisg-Myc-ubiquitin plasmid (lanes 1, 3, 5, and 7) and alone (lanes 2, 4, 6, and 8). His-Myc-ubiquitin was recovered from cell lysates with Ni-NTA agarose,
and eluted samples were fractionated by SDS-PAGE and immunoblotted with anti-HA antibody (TREX1; upper panel). Ubiquitinated TREX1 polypeptides are
bands presentin lanes 1,3, 5,and 7 that are not in lanes 2, 4, 6, and 8. Nonspecific binding of TREX1(1-314), TREX1(1-286), and TREX1(1-242) to the Ni-NTA resin
resulted in capture of some unmodified TREX1 in the pulldown assays (upper panel, lanes 1-6). The farthest migrating bands in the Ni-NTA pulldown panel in
lanes 1-6 are not ubiquitinated. TREX1 polypeptides (middle panel) and ubiquitin (lower panel) in cell lysates are shown.

were recovered from lysates, and TREX1 was detected by
immunoblotting (Fig. 2B). TREX1 ubiquitination using all of
the ubiquitin mutants was similar to that using the WT ubiqui-
tin construct (Fig. 2B, compare lane 2 with lanes 3—8). These
data support a linkage pattern distinctly different from the
canonical Lys-48 branching frequently associated with target-
ing proteins for proteasomal degradation.

Identification of the TREX1 CTR Interaction with Ubiquilin 1—
The TREX1 C-terminal 30 amino acids are highly conserved in
mammalian species. The dependence of this region in TREX1
ubiquitination prompted us to develop an unbiased approach
to identify proteins that physically associate with this region of
TREX1. An expression construct was prepared to generate a
His-tagged GFP fused with the TREX1 CTR 72 amino acids to
identify TREX1 CTR-interacting proteins in cell-free lysates.
The His-GFP-TREX1 CTR and His-GFP control were trans-
lated in vitro and recovered by immunoprecipitation with anti-
His antibody (Fig. 3A). Recovered proteins were separated on
polyacrylamide gels and visualized by silver staining to reveal
proteins uniquely present in the TREX1 CTR-containing sam-
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ples. A protein band corresponding to ~70 kDa in size was
identified, excised, and determined by mass spectrometry anal-
ysis to be ubiquilin 1 (Fig. 34). Ubiquilin 1 (also known as
PLIC-1, DA41, DSK2, and XDRP1) is a multidomain protein
that interacts with ubiquitinated proteins (44, 50 -59).

The TREX1 CTR interacts with ubiquilin 1 in vitro and in
vivo. The TREX1 CTR-ubiquilin 1 interaction was verified in a
series of in vitro translation reactions performed in the pres-
ence of [**S]methionine (Fig. 3B). The His-GFP-TREX1 CTR,
His-GFP, and ubiquilin 1 were translated individually (Fig. 3B,
lower panel, lanes 1-3), and ubiquilin 1 was cotranslated with
the His-GFP-TREX1 CTR (lane 4) and His-GFP (lane 5). The
translation products were recovered using anti-His-GFP anti-
body. The physical association of the TREX1 CTR with ubiqui-
lin 1 was apparent by the quantitative recovery of the radiola-
beled ubiquilin 1 as indicated by the presence of an ~70-kDa
band only in the presence of the His-GFP-TREX1 CTR (Fig. 3B,
upper panel, lane 4) and not His-GFP (lane 5).

The interaction of the TREX1 CTR with ubiquilin 1 was also
demonstrated in cells. Plasmids containing full-length TREX1,
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FIGURE 2. Ubiquitination of TREX1 at multiple lysine residues. A, the
TREX1(1-314) construct encoding WT TREX1 (lane 1) and the indicated TREX1
mutants (lanes 2-11) expressed as N-terminal HA epitope fusions were
cotransfected into cells with a Hisg-Myc-ubiquitin plasmid. B, the WT
TREX1(1-314) plasmid was transfected alone (lane 1) and with plasmids
encoding Hisg-Myc-WT ubiquitin (lane 2) and the indicated mutants (lanes
3-8). His-Myc-ubiquitin was recovered from cell lysates with Ni-NTA agarose,
and eluted samples were fractionated by SDS-AGE, and immunoblotted with
anti-HA antibody (TREX1) (upper panels). TREX1 (middle panels) and ubiquitin
(lower panels) in cell lysates are shown.

ubiquilin 1, and the ubiquilin 1 NTF (ubiquitin-like domain,
residues 1-112) were transfected into cells individually (Fig. 3C,
lower panel, lanes 1-3) and cotransfected with TREX1 (lanes 4
and 5). TREX1 was recovered from cell lysates by immunopre-
cipitation using anti-HA antibody, samples were separated by
SDS-PAGE, and the presence of ubiquilin 1 and TREX1 was
determined by immunoblotting using anti-FLAG and anti-HA
antibodies. The TREX1 CTR-ubiquilin 1 interaction is appar-
ent by the presence of full-length ubiquilin 1 detected upon
immunoprecipitation of TREX1 (Fig. 3C, upper panel, lane 4)
and, to a lesser extent, the detection of the ubiquilin 1 NTF
(lane 5). Neither ubiquilin 1 nor the ubiquilin 1 NTF was recov-
ered in the absence of TREX1 (Fig. 3C, upper panel, lanes 2 and
3). These in vitro and in vivo analyses support the physical asso-
ciation of the TREX1 CTR with ubiquilin 1.

Ubiquilin 1 Alters the Localization of TREXI in Cells—The
interaction between the TREX1 CTR and ubiquilin 1 re-local-
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izes TREX1 from the perinuclear space to cytosolic puncta in
human cells. The TREX1 CTR is necessary to localize the
enzyme to the perinuclear region of the cytosolic compartment
(16, 19). The effect of ubiquilin 1 expression on TREX1 cell
localization was determined by microscopy in a series of
cotransfection experiments detecting HA-TREX1 by red fluo-
rescence and YFP-ubiquilin 1 by yellow fluorescence (Fig. 4). As
demonstrated previously, full-length TREX1 (amino acids
1-314) localized to the cytosolic compartment in a distinct
perinuclear region (Fig. 44, row I), and the absence of the CTR
resulted in a more diffusely dispersed TREX1(1-286) through-
out the cytosolic compartment (row 2). TREX1(243-314)
also localized to the perinuclear space despite the absence of
the TREX1 exonuclease-containing core (Fig. 44, row 3).
TREX1(1-314) in which all eight lysines were mutated to argi-
nine (TREX1 NoK(1-314)) also localized to the perinuclear
space (Fig. 4A, row 4). Together, these data highlight the
requirement of the TREX1 CTR in perinuclear targeting and
further suggest that ubiquitination is not required for this
localization.

Ubiquilin 1 has been shown to localize in cells in varied size
puncta that include the autophagosome marker LC3, suggest-
ing its involvement in autophagy (51, 60). Thus, as expected,
when the ubiquilin 1-containing plasmid was transfected into
cells, the expressed protein was detected in cytosolic puncta
(Fig. 4B). When the ubiquilin 1 and TREX1(1-314) plasmids
were cotransfected, the expressed TREX1 protein was clearly
detected localized at the membrane that surrounds the ubiqui-
lin 1-containing puncta (Fig. 4C, row 1). Cotransfection of the
TREX1(1-286) construct with ubiquilin 1 eliminated the
TREX1-ubiquilin 1 co-localization (Fig. 4C, row 2), whereas
cotransfection of the TREX1(243-314) construct retained co-
localization (row 3). These results demonstrate the require-
ment of the TREX1 CTR in co-localization with ubiquilin 1.
Also, co-localization of TREX1 and ubiquilin 1 was not
detected using the lysine-less TREX1 NoK(1-314) plasmid
(Fig. 4C, row 4), suggesting that TREX1 ubiquitination is
required for this interaction.

Exonuclease Activities of AGS and SLE TREXI Mutants—
Approximately 40 TREX1 mutations have been identified in a
spectrum of related autoimmune diseases, and we previously
demonstrated the extremely broad range of catalytic activities
exhibited among TREX1 mutants that yield similar human
pathologies (10, 19, 22, 25). The TREX1 V122A and E198K
mutations cause AGS (11, 61), and these mutations map within
the TREX1 catalytic core. The TREX1 V122A/V122A and
E198K/E198K homodimer enzymes were prepared, and the
ssDNA and dsDNA exonuclease activities were measured in
time course experiments (Fig. 5, A and B). The TREX1 V122A/
V122A and E198K/E198K enzymes exhibited ssDNA and
dsDNA exonuclease activities that were indistinguishable from
those of the WT TREX1 enzyme (Fig. 5, A and B). Purified WT
TREX1(1-286) also exhibited wild-type levels of ssDNA and
dsDNA exonuclease activities (data not shown). However, full-
length WT TREX1 (amino acids 1-314) could not be generated
recombinantly in E. coli. Therefore, the effects of disease-caus-
ing mutations located in the TREX1 CTR on exonuclease activ-
ity were determined by expressing these mutants in human
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cells. Plasmids containing WT TREX1(1-314) and the P290L,
T303P, Y305C, and D200N mutations were transfected into
cells, and ssDNA exonuclease activities were measure in dilu-
tions of cell lysates (Fig. 5C). The TREX1 P290L-, T303P-, and
Y305C-containing lysates exhibited exonuclease activities sim-
ilar to the WT enzyme-containing lysate as indicated by the
pattern of ssDNA degradation present in the 100- and 1000-
fold diluted samples. These results contrast with the lysate
containing the catalytically deficient TREX1 D200N enzyme,
which exhibited only background exonuclease activity, as
expected. Thus, a subset of disease-causing TREX1 mutants
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that exhibited full enzymatic activity was identified, suggest-
ing alternative mechanisms of TREX1 dysfunction in dis-
ease. Our attempts to purify ubiquitinated TREX1 from
unmodified TREX1 in a buffer solution compatible with
measuring catalytic function have not been successful. Thus,
the effect of ubiquitination on TREX1 exonuclease activity is
not known.

Ubiquitination of Disease-causing TREX1 Mutants—Muta-
tions in the TREX1 CTR linked to AGS, SLE, and RVCL can
result in prematurely truncated protein and exhibit altered cel-
lular localization (16, 19, 62). However, the TREX1 mutants
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E198K, V122A, P290L, T303P, and Y305C are full-length pro-
teins that exhibit wild-type levels of exonuclease activity.
Therefore, we tested these TREX1 mutants to determine
whether ubiquitination levels might be altered (Fig. 6). The
TREX1-containing plasmids were cotransfected at two differ-
ent concentrations with a His-ubiquitin plasmid, and ubiquiti-
nated proteins were recovered with Ni-NTA resin. Samples
were separated by SDS-PAGE and immunoblotted for TREX1.
The amount of ubiquitinated TREX1 was quantified and
expressed relative to the total TREX1 recovered to determine
differential levels of ubiquitination. These data indicate that
TREX1 E198K exhibited an ~2.0-fold increase and TREX1
V122A an ~3.5-fold increase in ubiquitination relative to WT
TREX1. As expected, the lysine-less TREX1 NoK construct was
not detectably modified by ubiquitination (Fig. 6A). In contrast,
the TREX1 D18N, D200N, and D200H dominant mutants,
which were catalytically deficient, were ubiquitinated at levels
similar to WT TREX1 (data not shown). TREX1 T303P exhib-
ited a 6.0-fold lower level and TREX1 Y305C exhibited a 2.9-
fold lower level of ubiquitination relative to WT TREXI,
whereas TREX1 P290L exhibited a 2.9-fold higher level of ubiq-
uitination (Fig. 6B). These results show that a subset of disease-
causing TREX1 mutations altered ubiquitination levels and
suggest a novel mechanism for altered DNA degradation dys-
function and disease.

Disease-causing TREX1 Mutants Exhibit Modified Ubiquilin
1 Co-localization—The TREX1 CTR mutants that exhibited
altered levels of ubiquitination also exhibited distinctly differ-
ent properties of ubiquilin 1 co-localization compared with W'T
TREXI. Like full-length WT TREX1 (amino acids 1-314), the
TREX1(1-314) T303P, P290L, Y305C, E198K, and V122A

OCTOBER 4, 2013« VOLUME 288+NUMBER 40

mutants localized to the perinuclear region in cells (data not
shown). When the disease-causing TREX1 mutants were
cotransfected with ubiquilin 1, the cellular localization indi-
cated varied co-localization dependent upon the TREX1 muta-
tion (Fig. 7). Similar to WT TREX1, TREX1 P290L localized at
the membrane surrounding the ubiquilin 1-containing puncta
but with less expanded ubiquilin 1 compartments (Fig. 7). The
TREX1 T303P and Y305C mutants exhibited considerably
lower levels of co-localization with ubiquilin 1 as indicated by
the less distinct TREX1-associated fluorescence surrounding
the ubiquilin 1-containing puncta (Fig. 7). The TREX1 E198K
and V122A mutants exhibited greater levels of co-localization
with ubiquilin 1 as indicated by the more intense TREX1-asso-
ciated fluorescence in the ubiquilin 1-containing puncta (Fig.
7). Thus, the varied levels of TREX1 ubiquitination detected
upon transfection of the mutants into human cells (Fig. 6) cor-
related directly with the levels of TREX1 co-localization with
ubiquilin 1 (Fig. 7).

DISCUSSION

The TREX1 exonuclease is a 314-amino acid polypeptide.
The exonuclease domain is positioned in the N-terminal 242
amino acids and forms stable dimers such that residues in one
protomer contribute to DNA degradation in the active site of
the opposing protomer (22, 24, 26). The TREX1 CTR of 72
amino acids has no homology to other proteins, and the last 30
amino acids of this region are highly conserved in mammalian
species, indicating a specific function in TREX1 biology. The
TREX1 CTR is necessary for localization of the exonuclease to
the cytosolic perinuclear space, and mutations in the CTR that
alter cellular localization have been identified in patients with
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AGS, SLE, and RVCL (16, 18, 19, 30, 33). The studies presented
here show that the CTR controls ubiquitination of TREX1 and
its interaction with ubiquilin 1. The TREXI interaction with
ubiquilin 1 localizes to cytosolic punctate structures and is
altered in a subset of catalytically competent disease-causing
TREX1 mutants. These data help to provide an alternative
mechanistic explanation for TREX1 dysfunction in nucleic
acid-mediated disease that cannot be readily attributed to loss
of enzymatic activity but results in DNA accumulation and
immune activation.

The TREX1 CTR directs ubiquitination of the exonuclease
for attachment of single ubiquitin molecules to multiple lysines
(multiple monoubiquitination), a ubiquitination pattern often
associated with regulation of endocytosis and signaling pro-
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cesses (63, 64). Although the ubiquitination machinery target-
ing TREX1 is not known, it is clear that the last 30 amino acids
of the TREX1 CTR are critical for this modification process.
Our results show that ubiquitin is linked to TREX1 lysine resi-
dues as evidenced by the lack of modification of the lysine-less
TREX1 enzyme. It is also apparent that a single lysine residue is
not exclusively targeted, as seven of the eight TREX1 Lys-to-
Arg mutants exhibit lower levels of ubiquitination compared
with WT TREX1. TREX1 Lys-66 does not appear to be targeted
for ubiquitination. TREX1 Lys-66 is positioned at the dimer
interface hydrogen-bonded across the interface to Glu-198 of
the opposing protomer, likely rendering the Lys-66 side chain
unavailable for ubiquitination. Thus, the higher level of ubiq-
uitination detected for the TREX1 E198K mutant might be
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explained by the additional lysine residue at position 198 or by
the available Lys-66 side chain in the opposing protomer. The
relatively modest effect on ubiquitination levels detected with
the ubiquitin Lys-to-Arg mutants supports a multiple monou-
biquitination pattern. The last 30 amino acids of the TREX1
CTR are not targeted for ubiquitination, as there are no lysines
in this region. Also, our results show that the TREX1 catalytic
core (amino acids 1-242) and the TREX1(1-286) enzyme are
modified by the addition of a single ubiquitin molecule. Ubig-
uitination is dramatically increased in the presence of the last
30 amino acids of the TREX1(1-314) enzyme, suggesting that
this region is critical for a strong interaction with the ubiquitin
ligase machinery.

It is apparent that the TREX1 CTR plays a central role in
localization to the cytosolic space. The non-catalytic function
of the TREX1 CTR and the linkage of this region to disease-
causing mutations make understanding the cellular function of
this unique amino acid sequence an important challenge. Com-
putational analysis predicts a transmembrane helix in the last
30 amino acids, leading to our original proposal that TREX1
monomers are anchored in the endoplasmic reticulum via the
C-terminal transmembrane domain (19). However, TREX1
lacks an identifiable signal sequence for membrane insertion,
and fractionation studies suggest instead an interaction with
the endoplasmic reticulum or with resident proteins (33). Using
an unbiased approach, we determined that the TREX1 CTR
facilitates association with ubiquilin 1 and confirmed this asso-
ciation by immunoprecipitation with TREX1 in cotranslation
studies in vitro and in coexpression analyses in human cells.

Ubiquilin 1 is a multidomain protein that contains an N-ter-
minal ubiquitin-like domain, multiple heat shock chaperonin
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domains, and a C-terminal ubiquitin-associated domain (44,
65, 66). Ubiquilin 1 is a member of a subfamily of ubiquitin-
binding proteins that recognize ubiquitinated proteins through
the ubiquitin-associated domain, promoting monoubiquitina-
tion and shuttling proteins during relocation in a variety of
cellular processes (44, 64, 67, 68). Ubiquilin 1 also interacts with
the regulator kinase mTOR to control cellular homeostasis and
autophagy in the lysosomal degradation of cellular components
(51, 55, 57, 58). Recently, TREX1 has been identified as a regu-
lator of lysosomal biogenesis operating through the transcrip-
tion factor TFEB and the regulator mTORCI1 (38).

The association of TREX1 with ubiquilin 1 in cells indicates a
previously unknown linkage to autophagy. Ubiquilin 1 forms
cytosolic puncta indicative of autophagosomes, and the inter-
action of ubiquilin 1 with TREX1 causes redistribution of
TREX1 from the perinuclear space to these cytosolic puncta
dependent upon ubiquitination levels. TREX1 appears to sur-
round ubiquilin 1, indicating its association with the autopha-
gosomal membrane. The last 30 amino acids of the TREX1 CTR
are required for the TREX1-ubiquilin 1 interaction, which is
likely mediated by ubiquitination. The interaction of TREX1
with ubiquilin 1 could be a mechanism to recruit TREX1 and
possibly cytosolic DNA to vesicles such as those generated in
the autophagy process. TREX1 activity might be required for
degradation of DNA that could otherwise promote the progres-
sion of autophagy and lysosomal expansion. The role for
TREX1 in regulating lysosomal biogenesis might be in the bal-
ance between autophagy and lysosomal expansion. If TREX1 is
successfully recruited to autophagosomes for DNA degrada-
tion, the autophagic signal could be turned off. In the case
that TREX1 is not successfully recruited or dysfunctional
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TREX1 is recruited, the autophagosomes might continue to
mature and fuse with lysosomes, leading to self-consump-
tion and cell death. Our data show that some catalytically
competent disease-causing TREX1 variants exhibit altered
levels of ubiquitination and cellular localization, implicating
these processes in aberrant nucleic acid processing and
immune activation.
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