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ABSTRACT

Objective: Copper (Cu) is essential micronutrient and its dysregulation is implicated in aortic
aneurysm (AA) development. The Cu exporter ATP7A delivers Cu via the Cu chaperone Atox1
to secretory Cu enzymes, such as lysyl oxidase (LOX), and excludes excess Cu. LOX is shown to
protect against AA formation. However, the role and mechanism of ATP7A in AA pathogenesis
remains unknown.

Approach and Results: Here we show that Cu chelator markedly inhibited angiotensin II (Ang
I)-induced abdominal AA (AAA) in which ATP7A expression was markedly downregulated.
Transgenic ATP7A overexpression prevented Angll-induced AAA formation. Conversely, Cu
transport dysfunctional ATP7A™*/ApoE”" mice exhibited robust AAA formation and dissection,
excess aortic Cu accumulation as assessed by X-ray fluorescence microscopy, and reduced LOX
activity. In contrast, AAA formation was not observed in Atox1”/ApoE”" mice, suggesting that
decreased LOX activity, which depends on both ATP7A and Atox1, was not sufficient to develop
AAA. Bone marrow (BM) transplantation suggested importance of ATP7A in vascular cells, not

BM cells, in AAA development. MicroRNA (miR) array identified miR125b as a highly
upregulated miR in AAA from ATP7A™*/ApoE”" mice. Furthermore, miR125b target genes
(histone methyltransferase Suv39hl and the NFkB negative regulator TNFAIP3) were
downregulated, which resulted in increased proinflammatory cytokine expression, aortic

macrophage recruitment, MMP-2/9 activity, elastin fragmentation and vascular smooth muscle
cell loss in ATP7A™*/ApoE”" mice and reversed by LNA-anti-miR125b infusion.

Conclusion: ATP7A downregulation/dysfunction promotes AAA formation via upregulating
miR125b, which augments pro-inflammatory signaling in a Cu-dependent manner. Thus, ATP7A
is a potential therapeutic target for inflammatory vascular disease.
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INTRODUCTION

Abdominal aortic aneurysms (AAA) are a life-threatening condition occurring in up to 9% of
elderly individuals (above 65 years old)" 2. Although morphologically similar, ascending thoracic
aortic aneurysms (TAA) and AAA represent distinct disease processes. TAA frequently result
from a non-inflammatory process of medial degeneration including smooth muscle cell (VSMC)
loss and elastin fragmentation®. Conversely, AAAs involve chronic aortic wall inflammation,
extracellular matrix (ECM) degradation and compromised smooth muscle function! % # which
causes weakening of the vessel wall and consequent progressive aortic dilation, rupture and death.
Currently, the only form of treatment for AAA is endovascular or surgical repair, which is
associated with significant procedural risks and complications® 2. Therefore, understanding the
cellular and molecular mechanisms underlying AAA progression is crucial to developing new,
effective therapeutic strategies.

Copper (Cu), an essential micronutrient and catalytic cofactor, is involved in physiological
processes such as wound repair, while excess Cu contributes to various inflammatory vascular
diseases including atherosclerosis®”. It has been shown that tissue Cu levels are significantly
increased in pathological inflammatory conditions such as atherosclerosis and AA% °. Implanting
a Cu cuff promotes neointima thickening in response to vascular injury', while Cu chelators
prevent this response'!. Cu also plays an important role in inflammatory responses involved in
innate and adaptive immunity’. Cu deficiency alters intravascular adhesion of leukocytes to
activated endothelial cells (ECs) and expression of adhesion molecules, such as ICAM-1/VCAM-
112, while Cu chelators inhibit atherosclerosis and inflammation'* '*. However, the role of Cu in
AAA development is unknown.

Since excess Cu is toxic, intracellular Cu levels are tightly controlled by Cu transport proteins’ 1°.
These include Cu importer CTR1, which uptakes and transports Cu through the plasma membrane
16 Cu chaperone Antioxidant-1 (Atox1), which obtains Cu from CTR1 and delivers it to the Cu
exporter ATP7A, which localizes at the trans-Golgi network (TGN) in the basal state. Then,
ATP7A transports Cu to secretary Cu enzymes (e.g. lysyl oxidase (LOX))”> "> 8, In pathological
conditions in which excess Cu occurs, ATP7A translocates from the TGN to the plasma membrane
to export the excess Cu to the extracellular space'®. Thus, ATP7A is a key regulator of secretory
Cu enzymes and intracellular Cu levels. X-linked loss-of-function mutation of ATP7A has been
shown to cause Menkes disease in humans'® ?°. Of note, global ATP7A knockout mice are
embryonic lethal due to vascular defects 2'. Mice carrying the X-linked blotchy ATP7A mutation
(ATP7A™Y mice) have a splice site mutation introducing a new stop codon at amino acid residue
794 with an associated loss of Cu transport function. They survive more than 6 months of age'®
22 and are a well characterized animal model to study the function of ATP7A in adult organisms.
Using ATP7A™ mice, we previously reported that ATP7A plays an important role in VSMCs to
regulate mesenteric arterial tone in hypertensive’> and diabetic mice** . Interestingly,
hemizygous male blotchy ATP7A™ mice, but not heterozygous female blotchy ATP7A™"* or
control animals, had a progressive increase in the incidence of aneurysms with aging, primarily in
the ascending aorta’® 2. However, the role and mechanisms for vascular ATP7A in AAA
formation induced by Ang II infusion, which is an established AAA model 2, remains unclear.

MicroRNAs (miRs) are a family of ~22 nucleotide endogenous short noncoding RNAs which
regulate gene expression either via translational inhibition or destabilization of target mRNAs.
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Environmental chemicals such as heavy metals can interfere with the biogenesis and expression
of miRNAs, leading to toxicological consequences. Changes in Cu concentrations can alter the
expression of a diverse number of miRNAs in the olfactory system of zebrafish that are involved
in signal transduction and other critical neurological processes®. Recent studies have shown that
miRNAs play an important role in in AAA formation®” 3'by regulating pathways including
proteinases, extracellular matrix production, vascular cell homeostasis, and inflammation. Thus, it
is possible that microRNAs might be involved in ATP7A-mediated aortic aneurysm development.

In the present study, we examined the role of ATP7A in Ang II-induced AAA formation using
heterozygous ATP7A™"*/ApoE”" mice, which have a normal life span, no spontaneous AAA
formation, and reduced Cu transporter function, and the Cu chelator tetrathiomolybdate (TTM).
We demonstrate that endogenous ATP7A protects against AAA formation by inhibiting vascular
inflammation, MMP activity, elastin fragmentation and vascular apoptosis via limiting expression
of pro-inflammatory miR-125b in a Cu-dependent manner. Thus, our results provide novel insights
into the potential of ATP7A as a future therapeutic target for inflammatory vascular disease.

MATERIALS AND METHODS

The authors declare that all supporting data are available within the article and its online-only Data
Supplement.

Animals: Heterozygous blotchy ATP7A mutant (ATP7A™"*) mice backcrossed to the C57BL/6J
background, Atox1”" mice on CS57BL/6J background and heterozygous transgenic mice
overexpressing ATP7A on C57BL/6J background were weaned at 4 weeks of age and maintained
on normal laboratory diet (Teklad diet 2918) for 3 months. ApoE”" mice were purchased from
Jackson Laboratory (Stock No: 002052; Bar Harbor, Maine). ATP7A™" mice carrying the X-
linked blotchy ATP7A mutation have a splice site mutation introducing a new stop codon at amino
acid residue 794 and show impaired copper transport function, but survive to more than 6 months
of age!® 2223 ATP7A transgenic (ATP7A Tg) mice that overexpress the human ATP7A from the
composite beta actin promoter (CAG) were generated®®,>. ATP7A™! or Atox1”~ or ATP7A Tg
mice previously backcrossed into C57BL/6J genetic background for at least ten generations were
crossed with ApoE”" mice on C57BL/6J background to generate ATP7A™/ApoE”, Atox1™”
/ApoE”" or ATP7A Tg/ ApoE” mice. ApoE” mice served as controls. The protocol for animal use
was approved by Institutional Animal Care and Use Committee at Medical College of Georgia.

Experimental design and AAA Model: Mice were studied at 2-3 months old. Ang II (1000 ng/kg
body weight/min; Cat# A2900, Sigma-Aldrich) was infused into the subcutaneous space in the
interscapular area of female ApoE”", ATP7A™"*/ApoE™", or Atox1”/ApoE” mice under parenteral
anesthesia via Alzet osmatic mini pump (Alzet Model # 2004; Durect; Cupertino, CA, USA), as
described previously®3. For some experiments, male or female ApoE” or ATP7A Tg/ApoE” mice
were continuously fed a high fat diet (HFD) (Diet # TD.88137; Harlan Teklad) containing 21%
(wt/wt, which equals 42% kcal) saturated fat extracted from milk, 48.5% (wt/wt) carbohydrate,
17.3% (wt/wt) protein, and 0.2% (wt/wt) cholesterol (0.15% supplemented, and 0.05% from the
fat source) during 4 weeks of Ang II infusion®® 3* 35, For TTM treatment, mice were randomly
assigned and gavaged with water (control) or 0.7 mg/day/30g mice tetrathiomolybdate (TTM)
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daily for 4 weeks, as described previously'® 1% 36, Ceruloplasmin activity was measured in the
serum of mice before and after TTM treatment using a colorimetric assay based on substrate
oxidation (Sigma, Cat# MAK177).

Aortic tissue samples were harvested at several time points over the aneurysm induction period
(28 days in the Ang II model). The chest and abdominal cavities were opened, and blood was
drawn from the right ventricle at the time of euthanasia. Aortas were perfused with cold PBS
through the left ventricle. Using a dissection microscope, the periadventitial tissue was carefully
dissected from the wall of the aorta. Aortic measurements were determined with a stage
micrometer and optical eyepiece reticle. An aortic aneurysm (AA) was defined as an increase in
the baseline outer diameter of 50%. The aneurysmal areas were removed, fixed in
paraformaldehyde (4% (wt/vol) Cat#15712-S, Electron Microscopy Sciences) for
immunohistochemistry, or snap frozen in liquid nitrogen, and then stored at —80°C for biochemical
assays. Aneurysm severity was graded according to the following criteria®’-3%: grade 1, remodeled
tissue in the suprarenal region frequently containing thrombus; grade 2, pronounced bulbous form
of grade 1 containing thrombus; grade 3, multiple aneurysms containing thrombus; or ruptured,
ruptured aortic aneurysm.

Human aortic tissues sections: We purchased deidentified formalin fixed paraffin embedded
(FFPE) sections of human AAA (n=3 males) and normal aortas (n=3 males) from Origene
(Supplement Table V). Samples were used for immunohistochemical staining. The specificity of
primary antibody was confirmed by negative control procedures, which gave consistently negative
results.

Cell culture and transfection: Bovine aortic endothelial cells (BAEC; VEC Technologies) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) containing penicillin (100 U/ml),
streptomycin (100 mg/ml), and 10% (vol/vol) fetal bovine serum and used for experiments until
passage 10. Vascular smooth muscle cells (VSMC) were isolated from rat (RASM) and mouse
(MASM) from thoracic aorta by enzymatic digestion as described previously?’.

Immunoblotting: For protein expression in aortic tissue, mice were perfused with cold phosphate
buffer saline. Aortaec were harvested, frozen in liquid nitrogen and then crushed and cells lysed
with RIPA buffer (5§ mM Tris-HCI (pH 7.6), 150 mM NaCl, 1% NP-40, 1%sodium deoxycholate,
0.1% SDS) containing protease inhibitor followed by brief sonication. Lysates were separated
using SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, blocked
in PBS containing 5% nonfat dry milk and 0.1% Tween 20, and incubated for overnight with
primary antibodies. The following primary antibodies were used: anti-Atox1, anti-ATP7A, anti-
Tubulin, anti-CCS, anti-Actin and anti-COX17. After incubation with secondary antibodies (Goat
Anti-Rabbit [gG-HRP Conjugate, Bio-Rad, Goat Anti-Mouse IgG-HRP Conjugate, Bio-Rad),
proteins were detected by ECL chemiluminescence.

Immunohistochemistry: Frozen sections were prepared by overnight 4% PFA incubation
followed by sucrose dehydration and OCT embedding. Sections 7 pm in thickness were stained
with antibodies against Mac3, CD45, MCP1, MMP2 or MMP?Y, incubated with biotin-conjugated
anti-rat [gG antibody (Vector Laboratory) and visualized by VECTOR DAB following peroxidase
labeling with VECTASTAIN Elite ABC Reagent (Vector Laboratories). Counterstaining with
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hematoxylin was performed. Images were captured by an Axio scope microscope and processed
by AxioVision 4.8 software. All positive stained cells were counted in at least 3 microscopic fields
(x40). The results were expressed as number of positive cellssmm? area. Richard-Allan
Scientific™ Elastic Stain (Thermo Scientific) was used for elastin staining. Elastin degradation
was scored as described previously>®. The grades were as follows: score 1, no degradation; score
2, mild elastin degradation; score 3, severe elastin degradation; and score 4, aortic rupture.

LOX activity assay. LOX activity in tissue lysates was measured by a high-sensitivity
fluorescence assay, as previously described *°. Aortic tissues were homogenized in 1X LOX Urea
buffer and protein concentration was determined. Equal amounts of protein samples were
incubated in the presence and absence of 500 pmol/L BAPN at 37 °C for 30 min with final reaction
mixture supplied by Amplite Fluorimetric Lysyl Oxidase Assay kit (AAT Bioquest) per the
manufacturer’s instruction. The reaction was stopped on ice, and differences in fluorescence
intensity (540-nm excitation wavelength and 590-nm emission wavelength) between samples with
and without BAPN were determined.

Synchrotron X-ray Fluorescence Microscopy: Sections (5 um thick) of formalin-fixed paraffin-
embedded vascular tissues were prepared. For X-ray imaging, the sections were mounted intact on
silicon nitride windows (area, 2 x 2 mm; thickness, 200 nm) manufactured by Silson (Cat#
11301147, Blisworth, U.K.) and attached by brief heating to 55°C, as previously described *°.
Specimens were imaged with the scanning X-ray fluorescence microprobe at beamline 2-1D-E of
the Advanced Photon Source (Argonne, IL). Undulator-generated x-rays of 10-keV incident
energy were monochromatized with a single bounce Si <111> monochromator and focused to a
measured spot size of 0.3 x 0.5 pm using Fresnel zone plate optics. Sections were raster-scanned
in steps of 4.0 um, and fluorescence spectra were collected for 1- to 2-sec dwell times by using a
single-element silicon drift detector (Vortex-EX, SII Nanotechnology, CA). Quantitation and
image-processing of the X-ray fluorescence (XRF) data sets was performed with MAPS software.
Quantitation of elemental content was achieved by fitting XRF spectra at each pixel, and
comparing against a calibration curve derived from measurements of thin-film standards NBS-
1832 and NBS-1833 (National Bureau of Standards, Gaithersburg, MD).

Quantitative Real Time-polymerase chain reaction: Total RNA was isolated from aorta using
TRI reagent (Molecular Research Center, Inc) according to the manufacturer’s instructions. 2 ug
of total RNA were used to synthesize first stranded cDNA with a High-Capacity cDNA Reverse
Transcription Kits. PCR was performed according to the manufacturer’s protocol using ABI
PRISM® 7000 Sequence Detection System 26 (Applied Biosystems, CA) and QuantiFast SYBR
Green PCR Kit (Qiagen, CA). Amplification conditions were performed with a 5 min
preincubation at 95°C, followed by 40 cycles of 10 s at 95°C and 30 s at 60°C. PCR products were
subjected to melting curve analysis, using the ABI PRISM® 7000 Sequence Detection System, to
exclude amplification of unspecific products. All real-time PCR primers were purchased from
predesigned primers of QuantiTect primer assays (Qiagen). Results were normalized by 18S or
HPRT expression levels.

Gelatin zymography for detection of MMP-2 and MMP-9: Protein was extracted from isolated
abdominal aortas that had been snap frozen in liquid nitrogen and homogenized in a buffer
containing 1 M NaCl, 2 M urea, 0.2 mM PMSF, 50 mM Tris (pH 7.4), 0.1% EDTA, 0.1% Brij-
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35, and protease inhibitors (10 pg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml
leupeptin), as previously described*!. Samples were sonicated on ice and centrifuged, and
supernatants were used to quantify protein content. Protein lysate was placed in a nonreducing
zymogram buffer (Cat#161-0764, Bio-Rad, Hercules, CA) and applied without boiling to a 10%
zymogram gel (#161-1167, Bio-Rad). Gels were incubated in 2% Triton X-100 at room
temperature for 30 min and then rinsed in H2O for 5 min. Gels were incubated overnight at 37°C
with gentle agitation in Zymogram developing buffer (Cat# 161-0766, Bio-Rad) containing 50
mM Tris-HCL, pH 7.5, 200 mM NaCl, 5 mM CaCl2, 0.02% Brij-35. Proteins were stained with
Coomassie brilliant blue R-250 solution (Cat# 161-0436, Bio-Rad) and destained with a solution
containing 40% methanol, 10% acetic acid, and 50% H>O.

Immunofluorescence analysis: Frozen sections were prepared by overnight 4% PFA incubation
followed by sucrose dehydration and OCT embedding. The tissue sections (7 pm) were incubated
with blocking buffer (3%BSA in PBS) for 1 h. Next, the sections were incubated with anti-ATP7A
(Sigma Aldrich) or anti-actin a-smooth muscle Cy3 (Sigma Aldrich) for 18 h at 4°C, rinsed in
PBS/BSA, and then incubated in Goat Anti-IgY Antibody, FITC Conjugate (Genway) for 1 h at
room temperature and rinsed with PBS. Tissue sections were mounted onto cover glass using
Vectashield (Cat#H-1200, Vector Laboratories) and visualized using confocal microscopy.

TUNEL assay: TUNEL staining was carried out to detect apoptotic cells in aortic tissue using In
Situ Cell Death Detection Kit according to the manufacturer’s instructions (Cat#11684795910,
Roche Diagnostics Co.)**. DAPI counterstaining was performed on aorta sections to label nuclei
using VECTASHIELD mounting medium (Vector Laboratories). The number of TUNEL-positive
nuclei per aortic section was normalized to total nuclei. Results are presented as percentage of
apoptotic cells.

LNA-anti-miR-125b injection: Either locked nucleic acid (LNA)-anti-miR-125b or scrambled
control-miR (miRCURY LNA miR inhibitor from Exiqon) was injected via retro-orbital approach
at a concentration of 10 mg/kg. The mice were injected 1 day after AAA induction and were then
given a weekly maintenance injection throughout the experiment period of 4 weeks. The
sequenced of the LNA-anti-miRNA-125b was 5'-TCACAAGTTAGGGTCTCAGGGA-3". The
sequence of LNA scramble miR control was 5'-CATGTCATGTGTCACATCTCTT-3' as reported
previously®.

Quantitative PCR for miRNA and mouse inflammatory miRNA PCR array: Aorta were
dissected, flash frozen using liquid nitrogen, and stored at -80C for processing. Total RNA was
isolated using the Qiagen miRNeasy mini kit (cat #217004) according to the manufacturer’s
protocol. RNA concentrations were determined using the Nanodrop Spectrophotometer. RNA was
then transcribed into cDNA using Qiagen miScript RT kit (cat#218161, Qiagen). miR-125b
specific primer (cat #MS00005992, Qiagen) was used and samples were run on the Applied
Biosystems 7900HT Real-Time PCR System with RNU6 as the control.

For the PCR array, RNA was isolated as described above. Small RNAs were retro-
transcribed from 200 ng of total RNA using the miScript II RT kit (Qiagen). Then, reaction
mixtures were pooled according to their specific group and added into Immunopathology miScript
PCR array (Cat# MIMM-104ZA, Qiagen). The reaction was run according to the manufacturer’s
protocol. The expression of 84 mouse miRNAs predicted to regulate inflammatory genes was
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assayed in this array. Data were analyzed using software provided by Qiagen specific to these
assays (miScript miRNA PCR Array Data Analysis software in GeneGlobe Data Analysis Center),
normalized to the average Ct of six snoRNA/snRNAs housekeeping miRNAs controls
(SNORD61, SNORD68, SNORD72, SNORD95, SNORD96A, RNU6-2).

Statistical Analysis: Data are presented as mean = SEM. Normality of the data (using Shapiro-
Wilk test) and the equality of group variance (using Brown-Forsythe test) were performed on all
data using SigmaPlot 14. Data were compared between groups of cells and animals by Student ¢-
test when one comparison was performed or by ANOVA for multiple comparisons. When
significance was indicated by ANOVA, the Tukey post-hoc test was used to specify between group
differences. Values of *p<0.05, **p<0.01 and ***p<0.001 were considered statistically
significant. Statistical tests were performed using Prism v4 (GraphPad Software, San Diego, CA).

RESULTS

Cu chelator TTM prevents AAA formation. To determine the role of Cu in AAA formation, we
examined the effect of the Cu chelator tetrathiomolybdate (TTM) on AAA formation in Apo E”-
mice following Ang II infusion and a high fat diet (HFD), which recapitulates some of the
pathological characteristics of AAA in humans?® 3% 3% Figure 1A shows that TTM significantly
reduced AAA formation as assessed by maximal aortic diameter. The efficacy of TTM treatment
to lower Cu status was confirmed by a reduction in activity of the serum Cu-dependent enzyme
ceruloplasmin of 42% as assessed by its ferroxidase activity, which is an established surrogate
maker of bioavailable Cu'® % 36, This finding suggests that excess Cu contributes to AAA
formation induced by Ang II/HFD.

Reduction of ATP7A expression in human and mouse AAA tissues and inflamed vascular
cells. Since ATP7A plays an important role in exporting excess Cu to maintain intracellular Cu
homeostasis” - ¥ we next examined ATP7A expression levels in the abdominal aorta from Ang
II/HFD-induced AAA mice. Figure 1B and 1C show that ATP7A protein and mRNA expression
were markedly reduced (P<0.05) in AAA aorta. Furthermore, immunofluorescence analysis
showed a dramatic decrease of ATP7A expression in aSMA positive smooth muscle cell (SMC)
layer and endothelial cell (EC) layer in AAA tissue compared to non-AAA tissue (Figure I in the
Online-only Data Supplement). Reduction of ATP7A expression was also shown in aorta of AAA
patients compared to non-AAA controls using immunostaining (Figure 1D). To address whether
inflammation associated with AAA may be mechanistically linked to ATP7A downregulation, we
examined the effects of inflammatory cytokines on ATP7A expression. We found that pro-
inflammatory cytokines (TNFa, IL-1B and IL-6), which are involved in AAA pathology*,
significantly decreased ATP7A mRNA and protein expression in cultured ECs and vascular SMCs
(VSMCs), without affecting expression of other pathways regulating copper metabolism (Figure
1E and Figure II in the Online-only Data Supplement). These data suggest that ATP7A expression
is reduced in AAA in conjunction with inflammation.

Overexpression of ATP7A suppresses Ang II-induced AAA formation. To determine the
functional significance of ATP7A in the formation of AAA, we examined the effects of
overexpression of ATP7A on the development of Ang II/HFD-induced AAA using ATP7A
overexpressing transgenic (Tg) mice®, as we have previously described®*. ATP7A overexpression
significantly blunted the progression of AAA and related pathological changes (as discussed
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below) induced by Ang II infusion (Figure 1F and Figure XI in the Online-only Data Supplement).
These data suggest that the reduced ATP7A expression observed in AAA tissues may be linked to
AAA pathogenesis.

ATP7A dysfunction accelerates AAA formation. To examine the protective role of endogenous
ATP7A in AAA formation, we used X-linked blotchy ATP7A mutant mice'® 2>, which have a
splice site mutation introducing a new stop codon at amino acid residue 794 with reduced Cu
transport function'® 22 and typically survive to more than 6 months of age'® 2> 23, Using the Ang
II-induced AAA model without HFD, which produces a less severe AAA phenotype®® 3% 3° we
found that hemizygous male blotchy ATP7A™"/ApoE”" mice died within a week after Ang II
infusion. Thus, we employed heterozygous female ATP7A™Y*/ApoE”* mice which had reduced
Cu transport function without spontaneous AAA formation and age-matched female ApoE™ (i.e.
2-3 month old) mice as a control. Of note, female control ApoE” mice exhibit much less
incidences of Angll-induced AAA formation and inflammation than males, consistent with
previous reports* 4. There was no significant difference in blood pressure or serum cholesterol
between ATP7A™"*/ApoE” mice and ApoE”" mice following Ang II infusion (Figure III and IV
in the Online-only Data Supplement). With saline infusion, AAA were not observed in either
ATP7A™"*/ApoE” or ApoE”mice (Figure V in the Online-only Data Supplement). However,
Ang 11 infusion for 28 days markedly increased abdominal aortic dilation in ATP7A™Y*/ApoE™",
as compared to ApoE” mice (Figures 2A and 2B). Of note, 35% (11/32) of Ang Il-infused
ATP7A™/ApoE” mice died versus 9% (2/23) of the ApoE” mice (Figure 2C). Moreover,
ATP7A™"*/ApoE” mice exhibited a higher complexity of aneurysm pathology and dissection
with thrombus as compared to control mice (Figure 2D and Figure VIA in the Online-only Data
Supplement). Furthermore, ATP7A™"*/ApoE” mice exhibited significantly higher Cu levels in
the AAA tissues as compared to ApoE” mice, as assessed by X-ray fluorescence microscopy
(XFM)(Figure 2G).

ATP7A dysfunction in vascular cells, not bone marrow (BM) cells, contributes to AAA
development. Since ATP7A is expressed in both BM cells and vascular cells?* 7, we performed
reciprocal BM transplantation (BMT) experiments to interrogate the functional importance of
ATP7A expression in BM cells. For these BMT studies, heterozygous blotchy ATP7A™*/ApoE-
", or WT ApoE”" mice, were irradiated, followed by intravenous injection of BM (Figure VIIB in
the Online-only Data Supplement). BMT studies confirmed the development of severe Angll-
induced AAA formation in ATP7A™"*/ApoE™ mice reconstituted with BM from WT ApoE™
mice, while reconstitution of WT ApoE” mice with BM from ATP7A™*/ApoE”" mice did not
alter AAA development. The mean maximal abdominal aortic diameter was 2.18 = 0.15 mm in the
ATP7A™Y*/ApoE”" mice reconstituted with ATP7A™"/ApoE”~ BM, which was significantly
greater than that of the WT ApoE”" mice transplanted with ATP7A™"*/ApoE”" BM (1.31 £ 0.02
mm) (Figure VIIA in the Online-only Data Supplement). Thus, these BMT studies suggest that
ATP7A expression in vascular cells, but not BM cells, plays a critical role in transducing the AAA
phenotype.

Impaired Atox1-ATP7A-LOX pathway is insufficient to induce AAA formation. ATP7A
transports Cu to the secretory Cu enzyme pro-LOX for activity, which is essential for the
crosslinking of collagen and elastin*®. We thus examined if enhanced AAA formation in Cu
transporter dysfunctional ATP7A mutant mice might be due to a decrease in LOX activity.
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Previous studies have demonstrated that LOX”" mice or mutant mice exhibit perinatal death from
AA formation and spontaneous dissection*, and that LOX mutant mice exhibit AAA characterized
by fragmented elastin fibers and aberrant SMC layers>®. Elastin van Gieson (EVG) staining of the
aortas demonstrated enhanced degradation and disruption of aortic elastin in Ang II-induced AAA
from ATP7A™Y*/ApoE”" mice compared with ApoE” mice (Figure 2E). Unexpectedly, deletion
of Atox1 (Cu chaperone for ATP7A) in ApoE”" mice, which reduced LOX activity to a similar
extent as observed in ATP7A™Y*/ApoE”" mice (45-50% reduction) (Figure 2F), failed to enhance
Angll-induced AAA (Figure 2A). These findings indicate that reduced LOX activity, induced by
impaired Atox1-ATP7A pathway, alone is insufficient to promote AAA.

ATP7A dysfunction exacerbates vascular inflammation and matrix metalloproteinase
(MMP) activity in Ang II-induced AAA mice: To investigate the mechanisms by which ATP7A
dysfunction promotes Ang IlI-induced AAA formation, independent of LOX, we first examined
the accumulation of inflammatory cells*. We found that accumulation of inflammatory cells
including Mac3", MCP-1" and CD45" cells (Figure 3A) as well as mRNA expression of pro-
inflammatory genes (TNFa, IL-1p, MCP-1 and IL-6) and macrophage and adhesion molecules
(CD68 and ICAMI), but not anti-inflammatory genes (such as arginase-1, IL-10) were
significantly increased in the AAA region of ATP7A™"*/ApoE” mice compared to ApoE”" mice
(Figure 3B). By contrast, ATP7A-Tg/ApoE” mice exhibited a significant reduction in the
expression of proinflammatory genes (Figure XI in the Online-only Data Supplement).

MMPs play a key role in the initiation and progression of AAA by promoting matrix degradation,
thereby weakening the arterial wall and favoring aneurysm formation* °!: 32, Since infiltrating
inflammatory cells are major sources of MMPs* °!: 32, we measured MMP activity and expression
in the aortas of Ang-II infused mice. Immunohistochemical analysis revealed that MMP2 and
MMP9 protein expression (Figure 4A) and proteolytic activity (Figure 4B), which are known to
contribute to ECM remodeling and aneurysm formation* 3! 52, were significantly increased in the
arteries of ATP7A™Y*/ApoE”" mice compared to control ApoE"" mice. These results indicate that
ATP7 dysfunction exacerbates AAA formation by augmenting inflammatory cell accumulation
and associated MMP activation.

ATP7A dysfunction increases VSMC loss in Ang II-induced AAA mice. Since loss of VSMC
is a characteristic feature of AA formation*>>?, we next examined VSMC density and apoptosis in
the aorta of Ang Il-infused mice. Immunofluorescence analysis of aSMA staining demonstrated
that the VSMC density in the aortic media was significantly lower in ATP7A™Y*/ApoE” mice as
compared to ApoE” mice (Figure 4C). Furthermore, a significant increase in the number of
apoptotic cells in the aortic wall, as measured by TUNEL, was seen in ATP7A™*/ApoE”" mice
as compared to control ApoE” mice, indicating the enhanced apoptosis of vascular cells (Figure
4D). These results indicate that ATP7A dysfunction increases vascular apoptosis and decreases
cell number of VSMCs, which may contribute to AAA formation. To examine if ATP7A
knockdown in vascular cells directly induce apoptosis, we performed Annexin V-FITC and
propidium iodide (PI) double staining using flow cytometry in cultured human VSMCs and ECs
(Figure VIII in the Online-only Data Supplement). ATP7A knockdown in both cells did not induce
early or late apoptotic cells and necrotic cells, compare to control cells (Figure VIII in the Online-
only Data Supplement). Thus, vascular apoptosis increase in aorta of ATP7A™""/ApoE” mice
may be secondary due to the inflammatory cell accumulation.
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ATP7A dysfunction augments miRNA-125b expression in aorta of Ang Il-induced AAA
mice. Given the involvement of miRNAs in AAA pathogenesis’® 3!, we examined whether
miRNAs regulate the inflammatory response and AAA development induced by ATP7A
dysfunction. We performed the miScript miRNA qPCR Array (Immunopathogenesis kit; Qiagen)
in aortas from Ang Il-infused ATP7A™Y*/ApoE” and control ApoE”~ mice. We found that 3 of
88 miRNAs tested were upregulated at least 3- fold in aorta of Ang Il-infused ATP7A™"*/ApoE
" mice, as compared to control ApoE”" mice, including the following miRNAs: miR-125b, miR-
142a, miR-21a, (Figure 5A). Since miR-125b is a highly expressed miRNA and was reported to
regulate proinflammatory gene expression in VSMC>*, we validated miR-125b expression using
qPCR and confirmed that miRNA-125b was significantly upregulated in aortas of Ang II-infused
ATP7A™Y*/ApoE”" mice (Figure 5B) as well as in VSMCs isolated from those aortas (Figure IX
in the Online-only Data Supplement). These results suggest that ATP7A dysfunction increases
miR-125b expression, which may in turn promote inflammation and AAA formation.

Anti-miRNA-125b Inhibits ATP7A dysfunction-induced acceleration of AAA formation. To
determine the functional significance of miR-125b upregulation, we tested whether the anti-miR-
125b can prevent ATP7A dysfunction-induced AAA formation in ATP7A™*/ApoE”" mice. We
designed locked nucleic acid (LNA)-modified anti-miR-125b (LNA-Anti-miR-125b) to silence
the expression of miR-125b in vivo and a control LNA-modified scrambled miR (scr-miR).
Intravenous injection of LNA-anti miR-125b significantly inhibited the increase in aortic diameter
(Figure 5C) and reduced miR-125b expression (Figure 5D) in Ang II-infused ATP7A™*/ApoE™"
mice. Taken together, these results suggest that ATP7A dysfunction promotes AAA at least in part
due to upregulation of miR-125b expression. Because inflammation and apoptosis are involved in
AAA formation, we examined expression of miR-125b targeted inflammatory genes and anti-
apoptotic genes in Ang Il-infused ATP7A™"*/ApoE” mice treated with LNA-anti-miR-125b.
Figure SE shows that miR-125b targeted inflammatory genes (SUV39h13* or TNFAIP3%), but not
anti-apoptotic genes (MCL-1, BCL-W, BCL-2°%) were significantly decreased in Ang Il-infused
ATP7A™"*/ApoE” mice and rescued by anti-miR-125b treatment. Consistently, anti-miR-125b
treatment significantly decreased inflammatory cell (Mac3) infiltration as well as expression of
pro-inflammatory genes and adhesion molecules such as (IL-1p, IL-6, TNFa, MCP1, ICAM1) in
aorta of ATP7A™Y*/ApoE" mice (Figure 6A and 6B). Furthermore, anti-miR-125b also decreased
MMP activity, elastin degradation, loss of VSMC density and vascular cell apoptosis in aortae of
ATP7A™Y*/ApoE” mice (Figure 6C, 6D, and Figure X in the Online-only Data Supplement).
Collectively, these findings indicate that the hallmark features of the AAA phenotype seen in the
dysfunctional aortas from ATP7A-ApoE”" mice are due to miR-125b upregulation.

Role of ATP7A-miR125b pathway in Angll-induced AAA formation.

We next examined the expression of miR-125b in Ang II/HFD-induced AAA in which ATP7A
expression was markedly downregulated (Figure 1B, 1C and Figure I in the Online-only Data
Supplement) and found that miR-125b expression was increased in AAA aorta compare to control
mice (Figure XIA and XIIA in the Online-only Data Supplement). Furthermore, ATP7A
overexpression, which inhibited AAA formation (Figure 1F), reduced miR-125b upregulation
induced by Ang II infusion (Figure XIA in the Online-only Data Supplement), suggesting the
causal role of ATP7A downregulation in upregulation of miR-125b and AAA formation.
Moreover, these mice showed increase of miR-125b target anti-inflammatory genes (SUV39h1°*
or TNFAIP3%), but not anti-apoptotic genes (MCL-1, BCL-W, BCL-2°), thereby reducing the

11



ATVB/2019/313374D

expression of pro-inflammatory genes and adhesion molecules (Figure XIB, XIC in the Online-
only Data Supplement). Mechanistically, Cu chelator TTM treatment in vivo which inhibited AAA
formation (Figure 1A) prevented upregulation of miR-125b induced by Angll infusion (Figure
XIIA in the Online-only Data Supplement). Furthermore, ATP7A knockdown in cultured VSMCs
increased miR125b expression, which was inhibited by TTM (Figure XIIB in the Online-only Data
Supplement). Given that Cu exporter ATP7A dysfunction increased intracellular Cu level in
vascular cells! 2% %7, these results suggest that ATP7A dysfunction-induced Cu elevation might
contribute to miR-125b upregulation. Functional significance of miR-125b elevation was
demonstrated by the observation that LNA-modified anti-miR-125b infusion significantly
inhibited AAA formation induced by AnglI/HFD. Furthermore, there was no additional
preventive effect of ATP7A overexpression on anti-miR-125b-induced inhibitory effects on AAA
formation, suggesting ATP7A-miR125b pathway is involved in AAA formation (Figure XIII in
the Online-only Data Supplement). Taken together, these results suggest that decreased ATP7A
expression in Ang II/HFD mice or ATP7A dysfunctional mutant mice may contribute to AAA
formation mainly through Cu-dependent miR125b upregulation.

DISCUSSION

This study provides novel evidence that the Cu exporter ATP7A protects against AAA formation
by suppressing inflammation and protecting vascular wall integrity (Figure 6E). Major findings
in this study are as follows: 1) ATP7A expression is significantly reduced during AAA formation
in Angll-infused mice and human AAA tissue; 2) the Cu chelator TTM, or ATP7A overexpression,
prevented Ang II-induced AAA; 2) LOX activity was reduced to a similar extent in Cu transport
dysfunctional ATP7A™*/ApoE”" mice and Cu chaperone deficient Atox1”/ApoE”" mice, but
only the ATP7A™Y*/ApoE” mice exhibited enhanced AAA formation and dissection, in
association with Cu accumulation as assessed by XFM analysis; 3) ATP7A is a negative regulator
of vascular inflammation and vascular apoptosis, which are involved in aneurysm formation; 4)
BM transplantation experiments suggest that ATP7A expression in vascular cells, but not BM
cells, plays an important role in AAA development; 5) augmented vascular miRNA-125b
expression provides a novel mechanism that is responsible for increased vascular inflammation
and subsequent apoptosis in the pathogenesis of AAA in ATP7TA™Y*/ApoE”" mice and Angll/HFD
ApoE”" mice.

Cu chelator TTM which forms a tripartite TTM-copper-protein complex to chelates bioavailable
Cu, has been used for the treatment of patients with Wilson disease who exhibit Cu toxicity > ® and
is shown to prevent atherosclerotic lesion development in ApoE”" mice'#, acute inflammation and
pulmonary fibrosis,>”> 13. However, the effects of Cu chelation on AAA development have not
been reported. Thus, to our knowledge, this is the first study to demonstrate that Cu chelator
significantly inhibits Ang II/HFD-induced AAA formation. The efficacy of TTM in chelating Cu
was confirmed by the reduced activity of serum secretory Cu enzyme ceruloplasmin, an
established surrogate marker of bioavailable Cu'* *°. These findings suggest that excess Cu may
contribute to AAA formation induced by Ang II/HFD. In the present study, we found that
expression of Cu exporter ATP7A, but not Atox1, was significantly reduced in AAA tissues, which
may result in excess accumulation of Cuin AAA. Of note, ATP7A protein was also downregulated
in human AAA tissues compared to that of non-AAA, supporting the clinical significance of

12



ATVB/2019/313374D

ATP7A in AAA formation. Although the mechanism of downregulation of ATP7A in AAA
tissues remains unclear, we found that inflammatory cytokines, which are involved in AAA
pathology**, induced decrease in ATP7A mRNA and protein expression in cultured VSMCs.
Addressing underlying molecular mechanism in detail is the subject of future study. Moreover,
functional significance of ATP7A downregulation was demonstrated by our observation that
ATP7A overexpression in ApoE”" mice mitigates Ang II/HFD-induced AAA formation. Together
with Cu transport dysfunctional ATP7A™" mice'® ??, these findings indicate that endogenous
ATP7A functions to protect against AAA formation. Thus, Cu chelation or restoring ATP7A
expression may be potentially effective therapeutic option for the treatment of AAA in patients.

Using Ang II-induced AAA model without HFD, which produces a less severe AAA phenotype,
we showed that hemizygous male blotchy ATP7A™"/ApoE” mice died within seven days, while
heterozygous female blotchy ATP7A™Y*/ApoE”" mice showed enhanced AAA formation and
dissection with increased Cu accumulation, as compared to WT female ApoE”" mice which
showed the low incidence of AAA #3461t is shown that hemizygous blotchy ATP7A™ mice,
but not heterozygous blotchy ATP7A™ " mice, spontaneously develop aneurysms, mostly in the
ascending aorta, with an increased incidence with aging®®2’. Notably, Menkes disease patients, as
well as hemizygous blotchy ATP7A™"Y/ApoE"" mice, also exhibit aneurysm formation in systemic
arteries such as lumbar, iliac, splenic and hepatic arteries®® >°. Whether ATP7A limits aneurysm
formation in arteries other than the aorta under various conditions such as hypertension, obesity or
aging warrants future investigation. Furthermore, BMT experiments revealed that ATP7A in
tissue-resident cells such as vascular cells such as VSMC and ECs plays an important role for
preventing AAA development. VSMC loss is another key feature of human AAA that contributes
to the degeneration of vascular wall integrity*>>*. The present study found that a-SMA staining as
an index of VSMC density was markedly reduced, while apoptosis was highly increased, in the
aortas of ATP7A dysfunctional mice. Furthermore, loss of EC integrity also contributes to AAA
development in response to Ang II infusion®’. Further studies are required to investigate the tissue
specific role of ATP7A in VSMCs and ECs in limiting AAA formation.

LOX activity is essential for crossing of collagen and elastin, and loss of LOX activity is shown
to lead to vascular dilation and rupture*’. We thus examined whether AAA formation in ATP7A
dysfunctional mutant mice could be due to either abnormal Cu absorption or reduced Cu transport
to the secretory Cu-dependent enzyme pro-LOX (the precursor of LOX) % . Unexpectedly, we
found that dysfunction of ATP7A, but not deficiency of Atoxl (Cu chaperone for ATP7A),
augmented Ang Il-induced AAA. Since both ATP7A dysfunction and Atox1 deficiency reduced
LOX activity at the similar extent, these results indicate that the decreased LOX activity alone is
insufficient to promote AAA. These findings also suggest that Atox] and ATP7A may have
distinct functions such that Atox1 functions as a Cu-dependent transcription factor 4% 61 62 in
addition to Cu chaperone for the ATP7A-LOX pathway’. Menkes disease is characterized by the
extensive decrease in Cu levels in most tissues except for the kidney and small intestine due to
abnormal Cu absorption in the intestine!® 2°. Importantly, ATP7A dysfunctional mice exhibited
increased Cu levels, as assessed by XFM analysis, in the AAA tissues. These results suggest that
the reduced LOX activity in both strains of mice is not due to decreased tissue Cu levels.
Consistent with this, cells isolated from Menkes patients show increased cellular Cu level due to
a Cu efflux defect!” 2°. Collectively, these results suggest that enhanced AAA formation in
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ATP7A™" mice is not simply due to a decrease in LOX activity, but to other (Cu-dependent)
factors such as Cu-dependent transcription factor function of Atox1 as discussed below.

Inflammatory cell infiltration and proteolytic enzymes (MMPs) also contribute to AAA
development in humans and animals. We found that inflammatory cell infiltration and
expression/activity of MMP2 and 9 were significantly increased in the aorta of ATP7A™"*/ApoE-
" mice compared to control mice. As reported’!, infiltration of macrophages into the vessel wall
presents a major source of MMPs and VSMC is also a major source of MMP22. The increased
MMPs promote matrix degradation, thus impairing the integrity of the arterial wall and promoting
AAA development. We also found that transcription of pro-inflammatory genes, but not anti-
inflammatory genes, was significantly increased in aorta with AAA from ATP7A™Y*/ApoE™”
mice. There are two possible mechanisms underlying this response. First, Cu accumulation in
ATP7A dysfunctional mice itself may promote vascular inflammation. For example, Cu was
reported to induce IL-6 secretion in cultured cells,*® while implantation of Cu coated discs in rats
induced IL-6 production and recruitment of IL-1a-secreting cells®*. Moreover, Cu chelation by
TTM inhibited vascular inflammation and atherosclerosis in ApoE”" mice!*. Second, epigenetic
regulation of inflammatory genes induced by ATP7A dysfunction may also contribute to vascular
inflammation during AAA. Indeed, ATP7A™"*/ApoE” mice exhibit reduced expression of anti-
inflammatory genes such as SUV39h1 and TNFAIP3, a negative regulator of NFkB>. Previous
study reported dysregulation of Suv39hl and associated chromatin H3K9me3 (which increases
inflammatory gene expression) in VSMC of diabetic mice®*. We recently reported that decreased
ATP7A protein expression in diabetic mice contributed to endothelial dysfunction®. Thus, it is
conceivable that ATP7A dysfunction may cause vascular inflammation via reducing the SUV39hl
and TNFAIP3 gene expression.

Inflammatory miRNAs also play an important role in AAA formation 3% 3!, The microRNA array
and qPCR analysis in AAA tissues indicate that at least three inflammatory miRNAs (miR-125b,
-142a and -21a) were significantly upregulated (more than 3-fold) in ATP7A dysfunctional mice
as compared with control. Among them, we focused on miRNA-125b, since it is one of the highly
expressed miRNAs involved in inflammation®* 3 and also upregulated in the abdominal aorta from
Ang II/HFD-induced AAA ApoE” mice. Previous studies also reported the upregulation of miR-
125b in VSMCs isolated from human AAA samples compared to those from normal aortas®’.
Functional significance of miR-125b elevation was demonstrated by the evidence that LNA-
modified anti-miR-125b treatment significantly prevented Angll/HFD-induced AAA formation.
ATP7A overexpression had no additional inhibitory effects on anti-miR-125b-treated Angll/HFD
mice, suggesting the ATP7A-miR125b pathway (Figure XIII in the Online-only Data
Supplement). Of note, miR-125b is shown to repress SUV39h1°* and TNFAIP3> as well as
induces apoptosis in cancer cells by targeting anti-apoptotic Bcl-2, Bcl-W, and Mcl-1proteins™.
In the present study, we found that LNA-anti-miR-125b treatment also rescued the decreased
SUV39%h1 and TNFAIP3 expression in ATP7A™Y* mice, which was associated with reduced
inflammatory cytokine expression, aortic dilation, apoptosis and MMP activity without affecting
anti-apoptotic genes. We also found that ATP7A dysfunction-induced Cu elevation was not
sufficient to induce apoptosis in vascular cells. Given that vascular apoptosis is induced by pro-
inflammatory cytokines *> 3, it is tempting to speculate that the enhanced apoptosis in ATP7A™
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mice via upregulating miR-125b may be due to the increased vascular inflammation during AAA
formation.

Experiments using Cu chelator TTM suggest that decreased ATP7A expression in Ang II/HFD-
induced or ATP7A dysfunction-induced AAA formation is mainly through the Cu-dependent
miR 125b-mediated inflammatory response. We previously reported that the Cu chaperone Atox1
functions as a Cu-dependent transcription factor to increase expression of the NADPH oxidase
organizer p47phox in inflamed ECs, cyclin D1 and SOD3 in VSMCs or fibroblasts’. We found
that the human, mouse or rat miR-125b promoter contains Atox1-binding sites (5’-GAAAGA-3’).
Thus, it is likely that increased miR-125b expression in ATP7A™" mice could be mediated through
Cu-dependent transcription factor function of Atox1. Addressing this point in detail and role of
other microRNAs in AAA formation in ATP7A™" mice is the subject of future investigation.

In summary, we demonstrate that the Cu transporter ATP7A protects against AAA formation by
limiting vascular inflammation and MMP activity, at least in part via suppressing pro-
inflammatory miR-125b in a Cu-dependent manner (Figure 6E). Our studies provide novel insights
into the Cu transporter ATP7A as a potential therapeutic target for treatment of vascular
inflammatory diseases and reveal new complexities in the role of Cu-dependent processes in AAA
development.
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Highlights

Cu chelator markedly inhibited angiotensin II (Ang II)-induced abdominal aortic aneurysm
(AAA).

Human and mouse AAA tissues showed decreased Cu exporter ATP7A expression
compared to non-AAA tissues.

ATP7A dysfunctional mutant mice exhibited robust AAA formation and increased aortic
Cu accumulation, vascular inflammation, and vascular smooth muscle cell loss.
Mechanistically, miR125b, which targets anti-inflammatory Suv39h1 and TNFAIP3, was
highly upregulated in AAA from ATP7A dysfunctional mutant mice in a Cu-dependent
manner.

LNA-modified anti-miR125b prevented vascular inflammation and AAA development in
Ang Il-infused or ATP7A dysfunctional mice.

Cu chelation therapy or enhancing Cu transporting function of ATP7A that limits miR-
125b may be potential therapeutic approach for treating inflammatory vascular disease.
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Figure 1. ATP7A expression is reduced in Ang Il-induced AAA, while ATP7A
overexpression or administration of a Cu chelator prevents Ang II-induced AAA formation
in ApoE"-mice. (A, B, C) ApoE”" mice were infused with Ang II on a HFD or saline for 4 weeks
with or without Cu chelator TTM. A, Representative images of whole aorta (left). Scale bars: 3
mm. Maximal abdominal aortic diameter (middle panel) and serum ceruloplasmin activity in aorta
(right). (n=4). B, Western blot of ATP7A and Atox1 proteins in mouse abdominal aorta tissues
(n=8). C, Quantitative real-time PCR analysis of ATP7A or Atox] mRNA expression in abdominal
aorta (n=4). D, Immunohistochemical staining of ATP7A in human AAA and non-AAA tissue
(n=3 for AA or N=3 for non-AA). Inset, absence of staining when mouse IgG was used as antibody
isotype negative controls (NC). High magnification of region within rectangle are shown at lower
panel. E, ECs from bovine aorta (BAEC) and VSMC from rat aorta (RASM) were incubated with
pro-inflammatory cytokine cocktail (TNFa (10 ng/ml), IL-1B (10 ng/ml) and IL-6 (10 ng/ml) for
24 hrs and then used to measure protein expression. (n=4). Quantifications were showed in
Supplementary figure II. F, Representative images of whole aorta from ApoE” or ATP7A
Tg/ApoE” mice following 4 weeks Ang II infusion with HFD. Scale bars: 3 mm. Maximal
abdominal aortic diameter (right panel, n=9). *p<0.05.
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Figure 2. ATP7A dysfunction, but not lack of Atox1, augments AAA formation. (A-F) ApoE"
- ATPTA™Y*/ApoE” or Atox1”/ApoE’ mice following 4 weeks of Ang II infusion without HFD
were examined. A, Representative images of whole aorta. Scale bars: 3 mm. B and C, Maximal
abdominal aortic diameter (B), Kaplan—-Meier curves of survival (C) in ApoE” (n=23),
ATP7A™*/ApoE”" (n=19) and Atox1”"/ApoE” (n=6) mice. D, Incidence and severity of AA. See
the Online Methods for grading aneurysm severity. E, Representative images of elastin integrity
of abdominal aortic sections from ApoE” (n=23) and ATP7A™"*/ApoE” (n=21) mice and
quantitative analysis of grading for elastin degradation. Scale bars: 20 um. F, LOX activity in
aortic tissue. n=4. G, Aortic Cu content in ApoE™ or ATP7TA™*/ApoE”" mice following 4 weeks
of Ang II infusion as measured by synchrotron-based x-ray fluorescence (XFM). XFM scans (1—
2 seconds per pixel) were performed in paraffin-embedded tissues. The maximum and minimum
threshold values in microgram per square centimeter are given above each frame. Map of Cu shows
areas of the lowest to the highest content scaled to a rainbow color (bottom). Total sulfur is used
as a surrogate for total cellular protein and to visualize the morphology of tissue sections. n=5.
*p<0.05, ***p<0.001.
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Figure 3. ATP7A dysfunction promotes proinflammatory responses in AAA. (A and B)
Abdominal aorta tissues from ApoE”" and ATP7A™*/ApoE” mice following 4 weeks of Ang II
infusion were examined. A, Representative images of immunohistochemical staining for
macrophages (Mac3) and Monocytes chemoattractant protein-1 (MCP-1) and quantification. B,
Dynamic expression profiles of inflammatory genes expression measured by qPCR (n=4).

*p<0.05.
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Figure 4. ATP7A dysfunction promotes MMP expression, apoptosis and loss of VSMCs in
aortas following 4 weeks of Ang II infusion. (A-D) Abdominal aorta tissues from ApoE™ and
ATP7A™"*/ApoE”" mice following 4 weeks of Ang II infusion were examined. A,
Immunohistochemical staining for MMP2 and MMP9 and quantification (n=7-11). B,
Representative zymogram (top) and quantified data (bottom) of MMP levels in aorta homogenates
(n=4). C, Immunofluorescence staining for SMC loss assessed by SMA staining and quantification
(n=11). Score 1, intact media, no SMC loss; score 2, modest loss of SMC; score 3, severe loss of
SMC; score 4, rupture of media, almost no SMC left. D, Immunofluorescence staining of apoptotic
cells using TUNEL staining and quantification (n=10). Scale bars: 20 pm. *p<0.05.
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Figure 5. Anti-miRNA 125b treatment abolishes the development of Ang Il-induced AA
formation in ATP7A™Y*/ApoE”~ mice. Abdominal aorta tissues from ApoE” and
ATP7A™Y*/ApoE” mice following 4 weeks of saline or Ang II infusion were examined. (A)
Identification of aortic miRNAs in ApoE” or ATP7A™"*/ApoE”" mice infused with Ang II for 4
weeks using the Qiagen miScript miRNA. Immunopathology array (n=3/group) and miScript PCR
Array Data Analysis Tool. (B) miRNA 125b was validated using Real time-qPCR (n=4). (C,D,E)
Representative images and maximum diameter of aorta (C), quantification of miRNA 125b
expression (n=4) (D), andmiR-125b target gene expression analysis (n=4) using real-time qPCR
(E) of mice with or without intravenous injection of LNA modified Anti-miRNA 125b or
scrambled control. In C, scale bars: 3 mm. Maximal abdominal aortic diameter (Middle) with or
without anti-miRNA 125b treatment (n=4). *p<0.05.
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Figure 6. Anti-miRNA 125b decreased Mac3 expression, MMP expression, apoptosis and
loss of SMCs in aorta from Ang II-infused ATP7A™""*/ApoE"- mice. Abdominal aorta tissues
from ApoE”" or ATP7A™"*/ApoE" mice following 4 weeks of Ang II infusion with or without
anti-miRNA 125b treatment were examined. A, Representative images of immunohistochemical
staining for macrophages (Mac3) and quantification (n=4). Scale bars: 20 um. B, Expression
profiles of inflammatory genes by real-time qPCR (n=4). C, Immunohistochemical staining for
MMP2 (top) and MMP9 (middle) and representative images of elastin integrity (bottom) and

quantification (right) (n=4).
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D, Representative zymogram (top) of pro-MMP-2 and pro-MMP-9 levels and quantification
(right). Scale bars: 20 pm. *p<0.05. E, Proposed model for the protective role of ATP7A
against inflammation and smooth muscle cell apoptosis in experimental aortic aneurysm.
ATP7A downregulation promotes AA formation by increasing vascular inflammation, in part via
inducing miR-125b, thereby increasing MMP activity, elastin fragmentation, vascular apoptosis,
and VSMC loss,. Thus, ATP7A is a potential therapeutic target for inflammatory vascular

disease.
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SUPPLEMENTARY FIGURES
ATP7A a-SMA DAPI

Supplementary Figure I. ATP7A expression is reduced in Ang II/HFD induced AAA.
Representative immunofluorescence image of ATP7A in smooth muscle cells of AAA or non AAA
aorta from ApoE”" mice infused with Ang I on HEFD or saline for 4 weeks, respectively, using anti-
ATP7A (green) and a-smooth muscle actin (red) antibodies. Scale bar 10 pm.
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Supplementary Figure II. ATP7A mRNA and protein expressions are decreased by pro-
inflammatory cytokines cocktail in endothelial cells (EC) and Vascular smooth muscle cells
(VSMC). ECs from bovine aorta (A) and VSMC from rat aorta (B) were incubated with pro-
inflamamtory cytokine cocktail (TNFa (10 ng/ml), IL-1p (10 ng/ml) and IL-6 (10 ng/ml) for 24
hrs and then used to measure mRNA (left) and protein (right) expression using real-time PCR and
western blot respectively. N=4. *p<0.05. NS, not significant
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Supplementary Figure I1I. There was no significant difference in Cholesterol level and Body
weight among ApoE"-or ATP7A™ "/ ApoE- or Atox1”-/ApoE~- mice. Plasma cholesterol levels
(left panel) were measured in mice after overnightfasting according to manufacturer instructions
as showed in method section and measure Body weight (right panel) ) in Ang II/HFD-treated (A)
and Ang Il-infused (B) mice. n= 6-10 mice in each group. Results are presented as mean + SEM.
NS, not significant.
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Supplementary Figure I'V. There was no significant difference in blood pressure among Ang—
II infused ApoE"-or ATP7TA™“/ApoE"- or Atox17/ApoE" mice. (A-B) Blood pressure was
measured in ApoE” or ATP7A™*"ApoE”" or Atox1”/ApoE"" mice (A) after Angll infusion with
or without Anti-miRNA treatment (B). N=5-6 in each group. NS, not significant.
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Supplementary Figure V. Both ATP7A™*ApoE~- mice and Atox1”/ApoE" mice with saline
infusion do not show aortic aneurysm formation. Representative image of whole aorta. Saline
(vehicle for Angll) were infused in each mice at 3-4 month old in a similar fashion as Figure 2A
(i.e. Age-matched control with Figure 2A). bottom, Maximal abdominal aortic or aortic arch
diameter in these mice. Scale bars: 3 mm.

32



ATVB/2019/313374D

Grade 3 Rup

Normal Grade 1 Grade 2 tured

Grade 3

Supplemental figure VI. A, Aneurysm severity was graded according to the following criteria:
Grade 1, remodeled tissue in the suprarenal region with pronounced bulbous; Grade 2, pronounced
bulbous form of grade 1 containing thrombus; Grade 3, multiple aneurysms containing thrombus;
or ruptured, ruptured aortic aneurysm, B, Elastin grading criteria. Grade 1, intact elastic laminae;
Grade 2, elastic laminae with interruptions and breaks; Grade 3, severe elastin fragmentation; and
Grade 4, severe elastin digestion with visible ruptured sites.
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Supplementary Figure VII. AAA phenotype in ATP7A™ %" mice is intrinsic to the vascular
wall. (A) Representative image of whole aorta of bone marrow (BM) transplanted mice following
Ang-II infusion (N=5 in each group), Scale bar 3 mm. bottom, Maximal abdominal aortic diameter
in these mice. NS, not significant. (B) Schematic representation of bone marrow transplantation
experiment.
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Supplementary Figure VIII. ATP7A knockdown per se did not induce apoptosis in vascular
cells. Apoptosis was measured in human endothelial cells (HUVEC) and human aortic vascular
smooth muscle cells (HASM) after knockdown of ATP7A using adeno-shATP7A for 48 hrs by
flow cytometry using annexin V-FITC/PI staining. Top, representative flow cytometry dot plots
showing the percentage of cells in viable, early apoptotic, late apoptotic and necrotic stages in
endothelial cells (A) or Vascular smooth muscle cells (B). Bottom, quantification of the cell
viability. Data are presented as the mean = SEM. NS, not significant.
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Supplementary Figure IX. miRNA 125b expression is increased in vascular smooth muscle
cells isolated from ATP7A™""*/ApoE~- mice with AngII infusion. Vascular smooth muscle cells
(VSMCs) were isolated from aorta of ApoE 7~ and ATP7A™"*/ApoE”" mice infused with Ang II
for 4 weeks and measured miRNA 125b using quantitative RT-PCR (N=3). Results are presented
as mean £ SEM. *p<0.05.
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Supplementary Figure X. Anti-miRNA 125b decreased apoptosis and loss of SMCs in in
aorta from Ang Il infused ATP7A™"*ApoE~- mice. Inmunofluorescence analysis in abdominal
aorta tissue from ApoE” or ATP7A™"* ApoE"" mice following 4 weeks of Ang II infusion with or
without anti-miRNA 125b treatment. (A) Immunofluorescence staining for SMC loss assessed by
SMA staining in abdominal aorta tissue and quantification as shown in Figure 3. (B)
Immunofluorescence staining of apoptotic cells using TUNEL in abdominal aorta tissue and
quantification in right panel (N=3). Scale bars: 20 um. Results are presented as mean + SEM.

*p<0.05.
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Supplementary Figure XI. Effect of ATP7A overexpression on miR-125b, miR-125b target
gene expression and pro-inflammatory gene expression in Ang II/HFD-induced AAA.
Abdominal aorta tissues were from ApoE”" and ATP7A Tg/ApoE” mice infused with Ang II on
HFD or saline for 4 weeks. Quantification of miR-125b expression (A) and miR-125b target gene
(B) expression (SUV39h1, TNFAIP3, MCL2 and BCL-W) in aorta of mice (n=3) using real-time
gqPCR. (C) Dynamic expression profiles of inflammatory genes expression by real-time PCR

(N=4). *p<0.05. NS, not significant. Results are presented as mean = SEM. *p<0.05. NS, not
significant.
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Supplementary Figure XII. A, TTM treatment prevented miRNA 125b upregulation in Ang
II/HFD-induced AAA tissue. Abdominal aorta tissues from ApoE” mice following 4 weeks of
Ang Il infusion on HFD or saline with or without Cu chelator TTM were examined. Quantification
of miRNA 125b expression in aorta of mice (n=4) using real-time qPCR. B, TTM treatment
prevented miRNA 125b upregulation induced by ATP7A knockdown in cultured VSMCs.
miRNA 125b was measured in human aortic vascular smooth muscle cells (VSMCs) after
knockdown of ATP7A using adeno-shATP7A for 48 hrs with or without Cu chelator, TTM (20nM,
24 hrs) using quantitative RT-PCR. (N=3). Results are presented as mean = SEM. *p<0.05.
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Supplementary Figure XIII. ATP7A overexpression has no additional preventive effects on
anti-miR-125b-induced inhibitory effects on AAA formation. ApoE’" or ATP7A Tg/ApoE™”
mice were infused with Ang Il on HFD for 4 weeks with or without intravenous injection of LNA
modified Anti-miRNA 125b or scrambled control. Left, representative images of whole aorta.
Right, maximal abdominal aortic diameter (n=6). Results are presented as mean £ SEM. *p<0.05.
NS, not significant.
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Supplementary Figure XIV. Isotype-specific immunoglobulin negative control for anti-Mac3,
anti-MCP-1, anti-CD45, anti-MMP2 and anti-MMP9 primary antibody in aorta. We used
hematoxylin (blue) staining to confirm the presence of cells. Bar represents 20 pm.

41



ATVB/2019/313374D

Isotype control for Isotype control for a-
ATP7A staining SMA staining

Supplementary Figure XV. Isotype-specific immunoglobulin negative control for anti-ATP7A
and anti- 0-SMA primary antibody in aorta. We used DAPI (blue) staining to confirm the presence
of cells. Bar represents 20 um.
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