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CHAPTER 8
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TREXT MUTATIONS CAUSE RVCL

Autosomal dominant retinal vasculopathy with cerebral leukodystrophy is a microvascular
endotheliopathy with middle-age onset. In nine families, we identified heterozygous
C-terminal frameshift mutations in TREXI, which encodes a 3’-5 exonuclease. These
truncated proteins retain exonuclease activity but lose normal perinuclear localization. These
data have implications for the maintenance of vascular integrity in the degenerative cerebral
microangiopathies leading to stroke and dementias.

We have previously described three families sharing common features of retinal and
cerebral dysfunction. Visual loss, stroke and dementia begin in middle age, and death occurs
in most families 5 to 10 years later. These diseases map to 3p21.1-p21.3 (ref. 1) and are called
cerebroretinal vasculopathy (CRV),? hereditary vascular retinopathy (HVR)** and hereditary
endotheliopathy, retinopathy, nephropathy and stroke (HERNS).” We now designate these
illnesses as autosomal dominant retinal vasculopathy with cerebral leukodystrophy (RVCL)
(OMIM 192315). The neurovascular syndrome features a progressive loss of visual acuity
secondary to retinal vasculopathy, in combination with a more variable neurological picture.”
In a subset of affected individuals, systemic vascular involvement is evidenced by Raynaud’s
phenomenon and mild liver (micronodular cirrhosis)>® and kidney (glomerular) dysfunction.’®

This retinal vasculopathy is characterized by telangiectasias, microaneurysms and retinal
capillary obliteration starting in the macula. Diseased cerebral white matter has prominent
small infarcts that often coalesce to pseudotumors. Neuroimaging studies demonstrate
contrast-enhancinglesions in the white matter of the cerebrum and cerebellum. Histopathology
shows ischemic necrosis with minimal inflammation and small blood vessels occluded with
fibrin.® The white matter lesions resemble post-radiation vascular damage.? Ultrastructural
studies of capillaries show a distinctive, multilamellar subendothelial basement membrane.®
By combining haplotypes in the three RVCL families, we narrowed the disease gene to a 3-cM
region between markers D3S1578 and D3S3564 that encompassed ~10 Mb, containing over 120
candidate genes.! We then sequenced the full coding region and intron-exon boundaries of 33
candidate genes within this region (Supplementary Table 1).

Here we report the identification of mutations in TREXI (NM_033627), encoding DNA-
specific 3’ to 5" exonuclease DNase III. In the CRV? and HVR?** pedigrees, a heterozygous 1-bp
insertion (3688_3689insG) leads to V235fs and a consequent premature stop. In HERNS,® a
heterozygous 4-bp insertion (3727_3730dupGTCA) results in a frameshift at T249 (Fig. 1a, b).

Next, we examined six families with putative RVCL (Supplementary Table 2).>¢” In each,
we identified frameshift mutations affecting the C terminus of TREX1. In three, the alteration
was V235fs, the same as that in the CRV and HVR pedigrees. Haplotype analysis suggests
that they are not related (data not shown). We did not detect any of the mutations in panels
of chromosomes matched by ancestry or location (Supplementary Methods). In the CRV
and HERNS families, all affected individuals over the age of 60 (but none of the unaffected
individuals over the age of 60) carried a TREXI mutation (100% penetrance). In the HVR**
family, 10 of the 11 mutation carriers over 60 years of age have retinopathy.

TREX1 (DNase III) is a DNA-specific 3’ to 5 exonuclease ubiquitously expressed in
mammalian cells.*! It is thought to function as a homodimer, with a preference for single-
stranded DNA and mispaired 3’ termini.® TREXI is a part of the SET complex" that normally

resides in the cytoplasm but translocates to the nucleus in response to oxidative DNA damage."
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Figure 1. Diagram of TREXI1 protein. (a) TREX1 has three exonuclease domains. Mutations in italics are associated
with AGS", and those in boldface at the C terminus are associated with RVCL. (b) Comparison of the amino acid
sequence of the C terminus of wild-type (WT) TREX1 with RVCL associated mutations. The abnormal sequence
introduced by the frameshifts is depicted in gray.

Recently, homozygous mutations in TREXI have been reported to cause Aicardi-Goutiére
syndrome (AGS).” AGS is a rare, familial, early-onset progressive encephalopathy featuring
basal ganglia calcifications and cerebrospinal fluid lymphocytosis, mimicking congenital viral
encephalitis.”* Notably, mutations associated with AGS disrupt the enzymatic sites in TREX1.
This loss of exonuclease function® (Fig. 1) is hypothesized to cause the accumulation of altered
DNA that triggers a destructive autoimmune response.”” No phenotype was reported for the
heterozygous carriers of these mutations; however, a heterozygous mutation in TREXI causing
familial chilblain lupus has been reported recently.”

The distinctive clinical course and pathology of RVCL compared with AGS suggests
separate disease mechanisms. The frameshift mutations observed in RVCL are downstream
of the regions encoding the catalytic domains, whereas in AGS, homozygous mutations occur
that alter exonuclease function. The heterozygous mutations observed in RVCL did not impair
the enzymatic activity of TREX1 (Fig. 2a), in comparison with the R114H substitution in AGS."”

To investigate how the RVCL TREXI proteins differ from the wild type, we performed
expression studies using confocal microscopy on cells transfected with TREX1 tagged with
a fluorescent protein (Fig. 2b and Supplementary Fig. 1). The wild-type TREXI labeled with
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fluorescent protein (FP-TREXI1) localized to the perinuclear region. In contrast, the TREX1
proteins FP-V235fs and FP-T249fs were diffusely distributed in the cytoplasm and the nucleus,
as was the case for the fluorescent protein alone (Fig. 2b and Supplementary Videos 1-4 online).
Protein blotting confirmed that the expressed proteins were of the correct size (Fig. 2c). These
results suggest a perinuclear targeting signal within the C terminus of TREX1. Consequently,
we generated a construct containing the C-terminal 106 amino acid residues of TREX1 (FP-C-
106). This protein showed a perinuclear localization pattern identical to that of the wild-type
TREX1 protein (Fig. 2b). The TREX1 protein containing amino acid change R114H, found
in AGS, also had the same pattern as the wild-type protein. In contrast, the protein with the
alteration closest to the C terminus of TREX1, FP-287fs, was diffusely distributed, like the
other two truncated proteins (data not shown).

The TREXI proteins found in individuals with RVCL lack part of the C terminus. In
haploinsufficient individuals, this may prevent an interaction with the SET proteins and
therefore may prevent formation of the SET complex. The SET complex is hypothesized to
target DNA repair factors, including TREX1, to damaged DNA under conditions of oxidative
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Figure 2. Functional consequences of RVCL associated TREX1 mutations. (a) Assessment of 3’-5" exonuclease
activity using equivalent amounts of purified recombinant proteins expressed in E. coli. (b) Confocal microscopy
of HEK293T cells showing transiently expressed fluorescent protein (FP)-tagged TREX1 proteins (green), TOPRO3
staining of nuclei (red) and overlay (yellow). Similar expression patterns were obtained for wild-type protein and
for proteins derived from constructs containing mutations associated with AGS and RVCL in CHO, HL-60 and
HeLa cells (data not shown). (c) Protein blot analysis of untransfected cells (1) and cells transfected with enhanced
yellow fluorescent protein (eYFP) (2), wild-type TREX1 (3), TREX1 mutants (4,5) and the C-terminal 106 amino
acids (6), all linked to eYFP.
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stress.'™> Lack of sufficient TREX1 associated with the SET complex may result in failure of
granzyme A-mediated cell death.”? Alternatively, the dissemination of untethered TREX1
in the nucleus and cytoplasm may have detrimental effects, specially on endothelial cells.
The clinical syndromes in these families and the study of their mutations should deepen
our understanding of exonuclease function, homeostasis of the endothelium and events
leading to premature vascular aging. RVCL and cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL) represent two examples of
monogenic disease featuring a cerebral microangiopathy for which the genetic defects are now
known and from which we can gain new insights into the origin of strokes and dementia. We
obtained consent from all participants in this study, and the study was approved by the Office
for Protection of Research Subjects at UCLA and the Human Research Protection Office at
Washington University School of Medicine.
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SUPPLEMENTARY MATERIAL
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Supplementary Fig. 1. Schematic representation of FP constructs expressed in mammalian cells. The FP was cloned
at the amino-terminus of TREX1 and mutants. A carboxyl-terminal segment of the last 106 amino acids of wild-type
TREX1 was also prepared (C-106). The arrows indicate approximate sites of the mutations.
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Supplementary Table 1. The 32 candidate genes sequenced prior to the discovery of TREX1 as the causative
gene for RVCL

Gene Name Gene ID OMIM
AMIGO3 Adhesion molecule with Ig-like domain 3 386724 N/A
ATRIP ATR interacting protein 11277 606605
CACNAID  Voltage-dependent L-type calcium channel subunit alpha-1D 776 114206
CACNA2D2  Calcium channel voltage dependent, alpha- 2/ Delta Subunit 2 9254 607082
CCR1 Chemokine (C-C motif) receptor 1 1230 601159
CCR2 Chemokine (C-C motif) receptor 2 1231 601267
CCR3 Chemokine (C-C motif) receptor 3 1232 601268
CCR9 Chemokine (C-C motif) receptor 9 10803 604738
CELSR3 Cadherin, EGF LAG seven-pass G-type receptor 3 1951 604264
CSPG5 Chondroitin sulfate proteoglycan 5 10675 606775
CTNNBI Catenin (cadherin-associated protein), beta 1, 1499 116806
CX3CR1 Chemokine (C-X3-C motif) receptor 1 1524 601470
CXCR6 Chemokine (C-X-C motif) receptor 6 10663 605163
DAGI Dystroglycan 1 (dystrophin-associated glycoprotein 1) 1605 128239
ENTPD Ectonucleoside triphosphate diphosphohydrolase 3 956 603161
GNATI Guanine nucleotide binding protein, alpha transducing activity

polypeptide 1 2779 139330
GPX1 Glutathione peroxidase 1 2876 138320
LAMB2 Laminin, beta 2 (laminin S) 3913 150325
MAP4 Microtubule-associated protein 4 4134 157132
PH4 PH-4 hypoxia-inducible factor prolyl 4-hydroxylase 54681 N/A
PLXNBI1 Plexin Bl 5364 601053
RASSFI Ras association (RalGDS/AF-6) domain family 1 11186 605082
RHOA Ras homolog gene family, member A 387 165390
RISI TMEM158 transmembrane protein 158 (RIS-1 Ras-induced

senescence 1) 25907 N/A
RPL29 Ribosomal protein L29 6159 601832
RPSA Ribosomal protein SA 3921 150370
SEMA3F Semaphorin 3F 6405 601124
Scotin Scotin 51246 607290
SEMA3B Sema domain, immunoglobulin domain (Ig), short basic domain,

secreted, (semaphoring) 3B 7869 601281
STABI Stabilin 1 23166 608560
TRAIP TRAF interacting protein 10293 605958
VIPRI Vasoactive intestinal peptide receptor 1 7433 192321

N/A, not applicable. GenelD, and OMIM identities are indicated.
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Supplementary Table 2. Mutations identified in TREX1 in RVCL

Geographical

# Mutation Frameshift Reference (Background)

1 3688_3689insG V235 Grand et al North America (European)

2 3688_3689insG V235 Storimans et al Netherlands

Terwindt et al

3 3727_3730dupGTCA T249 Jen et al North America
(Chinese)

4 3688_3689insG V235 Grand et al North America
(Ashkenazi-Jewish)

5 3691_3692insA T236 Weil et al Germany

6 3835_3836insA R284 Cohn et al Australia

7 3688_3689insG V235 Unpublished North America

8 3688_3689insG V235 Unpublished Australia

9 3843_3844insG 1287 Unpublished Netherlands

Supplementary Table 3. Primers and PCR conditions for TREX1 exon

Primer Sequence Primer Sequence
Primer Forward Reverse
1 tgtaaaacgacggccagtatggtggtgagagggacagacc caggaaacagctatgaccaaagatgagggtctgcatggg
2 tgtaaaacgacggccagtgaatgtgctggtcccactaagg caggaaacagctatgaccaaggctaggagcaggtiggc
3 tgtaaaacgacggccagtctcteectgtgtgtggctee caggaaacagctatgaccttgtgacagcagatggtcttgg
4 tgtaaaacgacggccagtctaggcagcatctacactcgec caggaaacagctatgaccatcctgctagggaaagtgagge

The appropriate universal sequencing primer was used for either reading the forward or reverse strand of
all amplicons. Forward sequencing primer (5-GTAAAACGACGGCCAGT-3’); reverse sequencing primer
(5-CAGGAAACAGCTATGACC-3’). Incubation conditions: temperature, 60°C; Mg2+concentration, 1.5 mM.
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SUPPLEMENTARY VIDEOS 1-4 LEGENDS
Supplementary Video 1.

Confocal microscopy video showing functional consequences of RVCL-associated TREX]I
mutations as modeled in transiently expressed HEK293T cells. Fluorescent protein (green)
and TOPRO3 stained nuclei (blue). Fluorescence expression pattern of fluorescent protein

(FP) alone. The protein is diffusely distributed in the cytoplasm and in the nucleus.

Supplementary Video 2.

Confocal microscopy video showing functional consequences of RVCL-associated TREXI
mutations as modeled in transiently expressed HEK293T cells. Fluorescent protein (green)
and TOPRO3 stained nuclei (blue). Fluorescence expression pattern of wild type TREX1
tagged with the fluorescent protein (FP-TREX1). This fusion protein is found in a perinuclear

compartment and is excluded from the nucleus.

Supplementary Video 3.

Confocal microscopy video showing functional consequences of RVCL-associated TREXI
mutations as modeled in transiently expressed HEK293T cells. Fluorescent protein (green)
and TOPRO3 stained nuclei (blue). Fluorescence expression pattern of mutant TREX1, tagged
with the fluorescent protein (FP-V235 fs). The mutant form of TREX1 exhibits an expression

pattern identical to the fluorescent protein (FP) alone.

Supplementary Video 4.

Confocal microscopy video showing functional consequences of RVCL-associated TREX]I
mutations as modeled in transiently expressed HEK293T cells. Fluorescent protein (green)
and TOPRO3 stained nuclei (blue). Fluorescence expression pattern of carboxyl-terminal 106
amino acids of TREX1 tagged with the fluorescent protein (FP-C-106). This fusion protein
is found in a perinuclear compartment and is excluded from the nucleus. This pattern is
identical to the native exonuclease, implicating this short stretch of amino acids in mediating

the perinuclear localization of the protein.

SUPPLEMENTAL METHODS

Samples

We analyzed DNA samples from nine families with clinical symptoms of RVCL
(Supplementary Table 2). Informed consent was obtained from all patients, in accordance
with procedures and regulations of the Institutional Review Boards.

Mutation detection

Genomic DNA was isolated from peripheral blood leukocytes or immortalized cell lines
from consenting subjects as approved by IRB. In specific cases (Washington University

Genome Sequencing Center), Phi29-based whole genome amplification was performed
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on genomic DNA samples. Gene sequences of candidate genes were extracted from
GenBank (www.ncbi.nlm.nih.gov) and Ensembl (www.ensembl.org) databases. Primers to
amplify the coding exons and exon-intron boundaries of candidate genes were designed
with the PrimerDesign script that is based on the use of the Primer 3 program. Universal
(forward and reverse) tails were added to the 5’ ends of amplification primers to serve as the
sequencing primer sites (primer sequences and PCR conditions are available on request).
Direct sequencing of purified PCR products was done by using dye-terminator chemistry
and electrophoresed on a MegaBase500 (Amersham Biosciences, Princeton, NJ) capillary
sequencer or either the ABI3700 or ABI3730 automated sequencer (Applied Biosystems,
Foster City, CA). The sequence traces were assembled and scanned for variations from the
reference sequence using the PolyScan informatics suite or Vector NTI suite 9.0.0 program
(Invitrogen, Carlsbad, CA). The tagged variations were then manually reviewed. All detailed
protocols are available on request.

For further mutational analysis of TREXI, primers were designed to amplify the
coding exons of TREXI (Supplementary Table 3). Purified PCR amplification products
were sequenced using dye-terminator chemistry and electrophoresed on a MegaBase500
(Amersham Biosciences, Princeton, NJ) capillarysequencer oran ABI3700 sequencer (Applied
Biosystems, Foster City, CA). Sequencing was analyzed using PolyPhred. Anonymized control
samples were screened by sequencing. Controls were matched with the ethnic origins of the
mutations. The RVCL TREXI mutations were not detected in 192 Caucasian (HD100CAU,
Coriell), 192 Chinese (HD100CHI, Coriell) and 300 Dutch control alleles.

Haplotype analysis

For 20 microsatellite markers in the chromosome 3p21.1-p21.3 region, standard PCRs were
performed using a PTC200 thermal cycler (Bio-Rad Laboratories, Foster City, CA). PCR
products were analyzed on an ABI3700 sequencer (Applied Biosystems, Foster City, CA)
and genotypes were assigned using GENESCAN and GENOTYPER software (Applied
Biosystems, Foster City, CA). Two investigators scored genotypesindependently. In addition,
13 SNPs in the region closely flanking TREXI were typed by direct sequencing. Disease

haplotypes were constructed by inspection of segregation.

Molecular cloning, mutagenesis, expression, and purification of E. coli
proteins

Mutations (V235fs, T249fs and R114H) were constructed using the cDNA clone encoding
TREX1 variant 1 (Origene TC304415) as a template for site-directed mutagenesis. Oligos
used for mutagenesis were as follows:

V235fs (5 ATGTATGGGGGTCACAGCCTCTG 3’ and 5 CAGAGCGTGTGACCCCCATACA
TG 3)

T249fs (5 TCTGCTGTCAGTCACAACCACTGC 3’ and 5 CAGTGGTTGTGACTGACAGCA
GATG 3"

R114H (5 GCCTTCCTGCGGCACCAGCCACAGCCCTGG and 3> ACCAGGGCTGTGGC
TGGTGCCGCAGGAAGGQ).



TREXT MUTATIONS CAUSE RVCL

In the case of TREX1, V235fs, T249fs and R114H, the inserts were subcloned by PCR
using the TREX1 cDNA clone as a template into the E. coli expression vector pET28a+-1
{a derivative of pET28a+ (Novagen) created in house} containing an N- terminal 6x His
epitope tag. Correct clones were transformed into the E. coli strain BL21CodonPlus (DE3)-
RIL (Stratagene, La Jolla, CA). Cells containing the TREX1 plasmids were grown at 37°C
to an Absorbance of 0.6. Isopropyl-1-thio-B-D-galactopyranoside was added to a final
concentration of 1 mM and the cultures incubated at 37°C for an additional 3h. Cells
were then harvested and the pellets were stored at -80°C. For purification of recombinant
proteins, cells were resuspended in cold sonication buffer (50 mM Tris pH 8.0, 500 mM
NaCl, 10% glycerol, 5 mM beta mercaptoethanol, 1 mM imidazole, and 1 mM PMSF). The
cell suspension was sonicated and centrifuged at 15,000 g at4°C for 20 min to obtain a cleared
lysate. His-tagged proteins were batch adsorbed to Ni-NTA Agarose (Qiagen, Valencia,
CA) for 1 h at 4°C. The beads were washed extensively in wash buffer (sonication buffer
containing 25 mM imidazole) and packed into a 5 ml polypropylene (Qiagen) column. After
additional washes, fractions were collected during elution with five column volumes of
elution buffer (sonication buffer containing 250 mM imidazole). Fractions containing His-
TREX1 proteins were identified by SDS-PAG electrophoresis and Western blotting with an
anti-HIS-HRP conjugated antibody (Clontech, Mountain View, CA) or, alternatively, with
Coomassie Brilliant Blue staining. The samples were pooled, concentrated and aliquots of
the purified proteins frozen at -80°C.

Exonuclease assays
1 ug of Poly(dA) (GE Healthcare, Princeton, NJ) was labeled at the 3’ end with **P dATP (GE

Healthcare) using Terminal Transferase (Roche Diagnostic Corp., Indianapolis, IN). Reactions
containing 50 mM Tris pH 8.5, 4 mM MgCl2, 1 mM DTT, 10 pg BSA, 0.01 g radiolabeled
poly(dA) substrate, and recombinant exonuclease TREX1 protein were incubated in a total
volume of 1001 at 37°C. Aliquots were removed at the indicated times and ethanol precipitated
in the presence of 50 pg denatured calf thymus DNA (Sigma-Aldrich, St. Louis, MO). Ethanol-

soluble radioactivity released into the supernatant was measured by scintillation counting.

Generation of N-terminally-tagged TREX1 constructs

To directly visualize TREX1 within the living cell, all TREX1 forms were N-terminally
tagged with the enhanced yellow fluorescent protein (eYFP). For clarity, the epitope tag is
designated hereafter as fluorescent protein (FP) tag. At the wavelength employed it gives green
fluorescence. The FP coding sequence was excised via EcoRI/BsrGI from sT-DAF-eY.! This
fragment was utilized in a three-fragment ligation with EcoRI/Xbal-digested CD59dGPI* and
the respective BsrGI/Xbal-digested PCR- derived TREXI forms (see below). This resulted in
amino-terminal tagging of TREX1 FP-TREX1, FP-V235fs and FP-T249fs). Wild-type FP was
expressed from the second cistron of sT-DAF. Wild-type TREX1 (FP-TREXI) was used as a
template DNA to generate the Aicardi-Goutiéres R114H mutant (FP-R114H) by site-directed
mutagenesis as described above. To study the effect on cellular localization of the carboxyl-

terminus of TREX1, a FP-tagged fusion protein containing the last 106 amino acids of native
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TREX1 was generated (FP-C106). A 646 bp BsrGI/Bsal fragment was excised from FP-TREX1,
to remove the entire amino-terminus including all exonuclease sites. The cohesive ends were
then blunted and the linearized 4532 bp fragment relegated, resulting in FP-C106. All PCR-
derived DNA fragments and ligation products were verified by DNA sequencing.

Connfocal Microscopy

HEK293T cells (7 x 10° on cover slides in 6-well plates) were transiently transfected overnight
with 1.5 pg of each construct using TransIT-293 (Mirus, Madison, WI), according to
manufacturer’s directions. Following two washes in PBS, the cells were fixed for 30 min at
room temperature (RT) in PBS containing 2% paraformaldehyde. Following two washes in
PBS, the cover slides were incubated for 30 min at RT in PBS containing a 1/2000 dilution of
Topro3 (Molecular Probes, Carlsbad, CA) to visualize the nuclei, washed again with PBS and
mounted on slides over night with ProLong Gold (Molecular Probes). Samples were examined
using a Zeiss LSM 510 laser scanning confocal microscope and images were processed using

Image Examiner Software (Zeiss, Jena, Germany).

Expression, SDS-PAGE, and Western blotting

Following overnight transient transfection of HEK293T cells (described above), cells were
washed with PBS, lysed with 1% Nonidet P-40, 0.05% SDS in PBS with 2 mM PMSF for 15 min
at 4°C, and centrifuged at 12,000 g for 10 min. Supernatants were immediately evaluated or
frozen at -80 °C. The Western blot was loaded with 5 x 105 cell equivalents per lane on non-
reduced and electrophoresed (10% SDS-PAG). Following transfer to nitrocellulose, the blots
were probed with 1:4000 dilution of monoclonal anti-GFP antibody JL-8 that recognizes both
GFP and YFP (Clontech Laboratories) and then HRP donkey anti-mouse IgG (Amersham
Biosciences).

Accession codes

GenBank: ¢cDNA and amino acid numbering was determined using the TREX1 protein
AAKO07616 and nucleotide sequence NM_033627 (with the A at 2986 as the first base of the
initiating ATG codon).

URLs
The UCSC Genome Browser is available at http://genome.ucsc.edu/. The Marshfield

chromosome 3 genetic map is found at http://research.marshfieldclinic.org/genetics.
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