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Abstract

VEGFR2 (KDR/FIk1) signaling in endothelial cells (ECs) is essential for developmental and
reparative angiogenesis. Reactive oxygen species (ROS) and copper (Cu) are also involved.in
these processes. However, their inter-relationship is poorly understood. The role of endothelial
Cu importer CTR1 in VEGFR2 signaling and angiogenesis /n vivo is hitherto unknown. Here we
show that CTR1 functions as a previously unrecognized redox sensor to promote angiogenesis
in ECs. CTR1-depleted ECs showed reduced VEGF-induced VEGFR2 signaling and angiogenic
responses. Mechanistically, CTR1 was rapidly sulfenylated at Cys189 in cytosolic C-terminus
upon VEGF stimulation, which induced CTR1-VEGFR2 disulfide bond formation and their co-
internalization to early endosomes, driving sustained VEGFR2 signaling. /n7 vivo, EC-specific
Ctrl-deficient mice or CRISPR/Cas9-generated “redox-dead” Cys to Ala Ctrl knock-in mutant
mice had impaired developmental and reparative angiogenesis. Thus, oxidation of CTR1 at
Cys189 promotes VEGFR?2 internalization and signaling to enhance angiogenesis. Our study
uncovers an important mechanism for ROS sensing through CTR1 to drive neovascularization.

Vascular endothelial growth factor (VEGF) is a key angiogenic growth factor that stimulates
migration, proliferation and capillary tube formation of endothelial cells (ECs), primarily
through VEGF receptor type2 (VEGFR2/FIk1)!. VEGF binding to plasma membrane
VEGFR2 induces receptor dimerization, autophosphorylation, and assembly of a membrane-
proximal signaling complex. Endocytosis and subsequent receptor signaling from early
endosomal compartments are major determinants of signaling output? 3. Plasma membrane
VEGFR? interacts with Neuropilin 14, Ephrins®, and Endophilin-A2%, promoting VEGFR2
endocytosis and angiogenesis. Reactive oxygen species (ROS), especially H,O», derived
from NADPH oxidase (NOX) act as signaling molecules to promote angiogenesis in

ECs and reparative neovascularization’-16. The signaling function of ROS acts through
oxidation of cysteines (Cys) residues in proteins to generate “cysteine sulfenic acid (CysOH,
sulfenylation)”, which is involved in disulfide bond formation and redox signaling17-19,
However, whether and how ROS regulate VEGFR2 endocytosis to activate VEGFR2
signaling remains elusive.

Copper (Cu) plays important roles in angiogenesis via unknown mechanisms 29-23, Cellular
Cu entry is mainly via the Cu transporter, CTR1 24, which has one cytosolic Cys!®? in the
highly conserved C-terminal HCH triad 2° as well as key residues for Cu uptake such

as Met-154 2627 We previously reported that mutation of the C-terminal triad, HCH1% to
AAAL accelerates Cu entry and also inhibits elevated Cu-induced CTR1 internalization
(regulatory endocytosis) which protects cells against Cu toxicity?* 25 28.29. CTR1 is
involved in Cu entry-dependent activation of MAPK signaling induced by growth factors
such as FGF and insulin30-32 and activation of Cu enzymes including lysyl oxidase (LOX)33.
However, the role(s) of endothelial CTR1 in ROS-dependent VEGFR2 signaling as well as
postnatal developmental and reparative angiogenesis /77 vivo are unknown.

In the present study, using various CTR1 mutant mice we show that endothelial CTR1 is a
redox sensor, independent of its Cu transport function, which transmits the VEGF-induced
ROS signal, via sulfenylation at Cys'89 and subsequent disulfide bond formation between
CTR1 and VEGFR2. The CTR1-VEGFR2 complex drives their co-internalization to activate
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endosomal sustained VEGFR?2 signaling, which is required for developmental and reparative
angiogenesis /in vivo.

Results

Endothelial CTR1 is required for angiogenesis in vivo.

To address the role of CTR1 in angiogenesis /n vivo, we examined CTR1 expression

in developmental retina angiogenesis 34 3° and mouse hindlimb ischemia (HLI) models
12,13, 33 |mmunofluorescence analysis revealed that CTR1 colocalized with isolectin

B4* ECs including tip cells in P5 postnatal developmental retina (Extended data Fig.

1A). Specificity of Ctrl staining in ECs was confirmed by abolishing staining in ECs

from inducible EC-specific Ctrl knock out (KO)(Ctr1iECKO) mice, generated by crossing
homozygous Ctr1f/fl mice with mice expressing tamoxifen-inducible Cre recombinase under
control of the VE-cadherin promoter ( VEcad-Cre-ERT2)38 (Extended Data Figs.1A and 1C).
HLI model showed that CTR1 was colocalized with CD31* ECs and Mac3* macrophages in
ischemic muscles at day 14 and day 3 after ischemia, respectively (Extended data Fig.1B).
These results suggest that CTR1 is highly expressed in ECs in the developmental retina and
reparative angiogenesis models.

To address the role of endogenous CTR1 in postnatal angiogenesis, we used mice carrying
asingle CTR1 allele (Ctr1*/7). In the developmental retinal angiogenesis model, Ctr1*/~
retina (P5) showed a slight but significant delay in vascular progression without affecting
branching points and tip cells compared to WT retina (Extended Data Fig. 2A). In the skin
wound healing model 37, Ctr1*/~ mice exhibited a marked decrease in wound closure rate
and CD31* capillary density in wounded tissues (Extended Data Fig 2B and 2C). In mouse
HLI model, Ctr1*/~ mice had no significant difference in blood flow recovery after ischemic
injury, as compared to WT mice. We then performed bone marrow (BM) transplantation

in Ctr1*/~ mice to eliminate contributions of CTR1 in BM cells in reparative angiogenesis.
Unexpectedly, lethally irradiated Ctr1*/~ mice reconstituted with WT-BM, but not with
Ctr1*/~ BM, showed significant reduction of perfusion recovery and CD31*capillary density
in ischemic muscles, as compared to control group (WT mice reconstituted with WT-BM)
(Extended Data Figs. 2D and 2E). Thus, CTR1 in tissue resident cells, but not BM cells,

is required for reparative angiogenesis after HLI. Indeed, the role of CTR1 is tissue or
cell-specific38. 39,

To determine the role of endothelial CTR1 in postnatal angiogenesis /n vivo, we used
Ctr1'ECKO mijce (Extended Data Fig. 1C). Selective deletion of Ctrl in ECs was validated by
gPCR and western blot analysis in ECs, aorta and liver isolated from Ctr1iECKO and Ctr1fl/fl
(control, wild type (WT)) mice (Extended data Fig.1D and 1E). We first used the retinal
angiogenesis model to examine angiogenic sprouting in the mouse retina in P6 pups3?.
Ctr1'ECKO mice showed a delayed expansion of the vascular plexus to the periphery with
significant decrease in vascular length and the numbers of vascular branching points, tip
cells, and filopodia in the sprouting region as compared to WT mice (Fig. 1A). Furthermore,
the number of proliferating cells (BrdU™) per endothelial field (Isolectin B4™ cells) at

the leading edge of the growing plexus (angiogenic front) were significantly decreased in
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Ctr1iECKO mice retinas (Fig. 1B). Thus, endothelial CTR1 controls vessel sprouting by
promoting tip cell filopodial extension during developmental angiogenesis.

To address the role of endothelial CTR1 in reparative angiogenesis /in vivo, we used the
mouse HLI (Fig. 1C) and the skin wound healing models (Fig. 1D). Figure 1C shows

that perfusion recovery and angiogenesis (CD31* capillaries) in response to HLI were
significantly impaired in Ctr1'ECKO mice. Figure 1D shows that CTR1/ECKO mice exhibited
a significant decrease in wound closure rate and CD31* capillary density in the wounded
tissues compared to WT mice. We next examined the role of endothelial CTR1 in VEGF-
mediated angiogenesis /n vivo using ear angiogenesis models. Adenovirus encoding VEGF-
A4 (Ad-VEGF) or B-gal was injected intradermally into the ear of Ctr1IECKO mice or
WT mice to evaluate angiogenesis using whole-mount CD31 staining (Fig. 1E). We found
that VEGF-induced and basal angiogenesis were significantly impaired in Ctr1IECKO mice
compared to WT mice. These results suggest that endothelial CTR1 plays a critical role in
developmental, VEGF-, ischemia- or wound injury-induced reparative angiogenesis.

CTR1 depletion blocks VEGF signaling and angiogenesis in ECs.

We next examined the role of CTR1 in VEGF-induced angiogenic responses in primary
cultured ECs. The modified Boyden chamber assays showed that VEGF-induced EC
migration was inhibited in HUVECs transfected with CTR1 siRNA (Fig. 2A and Extended
Data Fig. 1F) or ECs isolated from Ctr1'ECKO mjce (mCtr1KO ECs) (Fig. 2D). Notably,
CTR1 siRNA had no effect on EC migration induced by sphingosine 1-phosphate (S1P),
another potent angiogenic agonist (Fig. 2A), supporting the specificity of CTR1 siRNA

in VEGF-induced angiogenesis. Assays of capillary tube formation4? showed that CTR1
depletion significantly inhibited the VEGF-induced increase in tube branch numbers and
lengths on Matrigel and the number of sprouts in fibrin gel (Fig. 2B). We then examined

the role of CTR1 in VEGF signaling in ECs. CTR1 depletion with siRNA significantly
inhibited VEGF-induced p-MEK1/2, p-ERK1/2, p-p38MAPK and p-Akt levels without
affecting their protein expression (Fig. 2C). Furthermore, mCtr1KO ECs showed almost
complete inhibition of VEGF-induced signaling events (Fig. 2E). Since Cu entry is required
for activating the Cu-dependent enzyme, LOX involved in angiogenesis 20-22. 33, 41,42 gng
for Cu binding to MEK1/2, which increases p-ERK1/2 32, we examined the role of Cu in
VEGF-induced signaling. We found that a cell permeable Cu chelator, Tetrathiomolybdate
(TTM) had no significant effects on VEGF-induced p-MEK1/2, p-ERK1/2, p-p38MAPK
and p-Akt (Fig. 2F), as we previously reported*3. The chelator efficacy was confirmed by
the results that TTM greatly inhibited VEGF-induced LOX activity (Extended Data Fig. 3A)
and CuCly-induced p-MEK1/2 and p-ERK1/2 in ECs (Extended Data Fig. 3B). Thus, CTR1
is involved in VEGFR2 angiogenic signaling in a way that is independent of its Cu transport
function in ECs.

CTR1-Cys890H promotes VEGFR2 signaling and angiogenesis.

ROS, especially H,0,, derived from NOXes, including NOX4, play a critical role in VEGF
signaling and angiogenesis in ECs and reparative neovascularization 77 vivc?-16: 33, Since
CTR1 siRNA had no effects on VEGF-induced increase in DCF fluorescence, reflecting
intracellular oxidation status, (Fig. 3A), we next examined whether CTR1 is a target of
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ROS, generated by VEGF. Since ROS production induces oxidation of Cys residues in target
proteins to form CysOH (sulfenylation)17-19 and CTR1 has an exposed Cys!8 residue in its
cytosolic C-terminus HCH1 triad (and one other distant transmembrane Cys162 residue),
we examined if VEGF induces CysOH formation of CTR1 in ECs. A CysOH trapping
probe, DCP-Bi0119: 44 revealed that VEGF addition rapidly increased CysOH formation

of CTR1 within 5 min, peaking at 30 min, which fell to basal levels within 4 h (Fig.

3B). In contrast, CuCl, addition to ECs did not induce CTR1-CysOH formation (Extended
Data Fig 4). Importantly, VEGF-induced CTR1-CysOH formation was abolished by Nox4
knockdown (Fig. 3C), which inhibited VEGF-induced DCF fluorescence and angiogenic
responses in ECs0. Furthermore, VEGF-induced CysOH formation of CTR1 was almost
completely inhibited by adenovirus-expressing Flag-CTR1-C189A, but not by Flag-CTR1-
H19A (negative control)(Fig. 3D). To examine the role of Nox4-dependent CTR1 Cys189
oxidation in VEGF signaling we transfected the CTR1-WT or CTR1-C18%A in Nox4-
depleted ECs. Nox4 knockdown or overexpression of CTR1-C189A or their combination
inhibited VEGF signaling (p-MEK1/2, p-ERK1/2, p-p38MAPK, p-Akt) to a similar extent
(Extended data Fig. 5A). These results suggest that CTR1 senses Nox4-derived H,0 via
thiol oxidation at Cys!89, which stimulates VEGF signaling in ECs.

We next examined the functional significance of CTR1-Cys'890H formation for VEGF-
induced angiogenic responses in ECs. Overexpression of CTR1-C189A but not CTR1-
H190A inhibited VEGF-induced EC migration (Fig. 3F) or capillary network formation
(Fig. 3G) without affecting ROS production (Fig. 3E and Extended data Fig. 5B and 5C),
suggesting that it functions as a dominant negative. To demonstrate further the functional
role of endogenous Cys oxidation of CTR1, we generated Cys oxidation-defective, “redox
dead” mCtr1-C187A (corresponding to human CTR1-C189A) knock-in (KI) mutant (mCtri-
K1) mice using CRISPR-Cas9 genome editing (Fig. 3H, Extended data Fig. 6 and Methods).
ECs isolated from mCtr1XVKI mice (mCtr1KVKI ECs) showed significant inhibition of
VEGF-induced VEGFR2 signaling (Fig. 31) and EC migration (wound scratch assay, Fig.
3J) as compared to WT-ECs.

Since other growth factors including FGF- and insulin, -induced ERK activation is CTR1-
Cu transport-dependent3L: 32, we confirmed our TTM Cu chelator findings showing the

Cu transport-independent VEGF-induced activation of MAPK, by re-expression of human
(h)CTR1-M154A (Cu transport defective), hCTR1-C189A (Cys oxidation-defective) or
hCTR1-WT in CTRL™~ MEFs transfected with hVEGFR2. We found that CTR1-C189A
almost completely inhibited VEGF-induced p-MEK1/2 and p-ERK1/2, while CTR1-M1%4A
had no effect (Figs. 4A), similar to the effects of TTM (Fig. 2F). In contrast, CTR1-

MI54A but not CTR1-C189A, inhibited CuCl,-induced phosphorylation of MEK1/2 and
EKR1/2 (Fig. 4C), as also shown by TTM (Extended data Fig. 3B). Of note, TTM or
CTR1-MI%A, but not CTR1-C189A also inhibited other growth factors (FGF and insulin)-
induced p-ERK1/2 (Figs. 4E and 4F). Thus, VEGF-induced MAPK activation is CTR1
Cys189 oxidation-dependent but CTR1 Cu transport-independent, while Cu- or other growth
factor-induced MAPK activation is Cu transport-dependent but CTR1 Cys!®-independent.

We next examined the specific roles of CTR1 Cys oxidation and its Cu transport function
in VEGF-induced angiogenic responses by re-expression of h\CTR1-WT, hCTR1-M1%4A

Nat Cell Biol. Author manuscript; available in PMC 2022 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Das et al.

Page 6

or hCTR1-C189A in CTR1-depleted bovine aortic ECs (BAEC) transfected with bovine
SiCTR1. CTR1-C189A completely inhibited VEGF-induced EC migration and capillary
formation, while hCTR1-M%4 partially blocked both VEGF-induced responses (Fig. 4B)
presumably due to inhibiting Cu-dependent LOX activity involved in EC migration and
capillary formation33. In contrast, CuCl,-induced EC migration and capillary formation
were completely inhibited by CTR1-M1%4A, but not by CTR1-C189A (Fig. 4D and Extended
data Fig. 7). Of note, CTR1-C189A, but neither CTR1-M%4A nor TTM, inhibited VEGF-
induced EC proliferation that is mainly mediated through MAPK activation (Fig. 4B and
Extended Data Figs. 3D and 7), but not through LOX activation (Extended data Fig. 3C).
Thus, VEGF induces CTR1 Cys!89 oxidation to promote VEGF signaling in a Cu transport-
independent manner, in addition to the downstream Cu transport-dependent activation of the
Cu-dependent enzyme LOX, which in turn stimulates angiogenic responses in ECs.

CTR1-Cys1890H promotes CTR1/VEGFR2 co-internalization.

To gain insight into the mechanism by which CTR1 promotes VEGFR2 signalling, we
examined the role of CTR1 in VEGF-induced VEGFR2 internalization in ECs. Cell surface
biotinylation assay revealed that VEGF addition promoted CTR1 internalization within 5
min which continued at least for 2 h, followed by returning to the cell surface within

4 h, all of which was co-temporaneous with VEGFR2 internalization and return (Fig.

5A and Extended data Fig 8A). We found that dynasore inhibited VEGF-induced CTR1
and VEGFR?2 internalization (Extended Data Fig. 8B) and that VEGFR2 knockdown
blocked VEGF-induced CTR1 internalization (Extended Data Fig. 8C), suggesting that
VEGF-induced CTR1 endocytosis is dynamin- and VEGFR2-dependent. In contrast, CuCl,
(25 uM), which did not induce CTR1 Cys oxidation (Extended Data Fig 4), rapidly
promoted CTR1 internalization without affecting VEGFR2 (Extended Data Fig 8D).

These results suggest that Cu-induced, Cys oxidation-independent CTR1 internalization
(regulatory endocytosis) itself does not drive VEGFR?2 internalization and that VEGF- and
Cu-induced CTR1 internalizations are mediated through different mechanisms.

To elaborate the mechanism by which VEGF stimulation induces both CTR1 and

VEGFR? internalization, we examined the interactions between CTR1 and VEGFR?2.
Co-immunoprecipitation (Co-IP) assays showed that VEGF stimulation in ECs increased
CTR1 binding to VEGFR2 within 5 min, which continued for at least 2 h (Fig. 5B).

In contrast, CTR1 did not bind to VEGFR1 or VEGFR3 (Fig. 5B), suggesting that

CTRL1 interacts specifically with VEGFR2 in ECs. CTR1-VEGFR2 binding, was further
confirmed by bimolecular fluorescence complementation (BiFC) assays*®: 45 which showed
that co-transfection of Venus-N-terminal vector expressing CTR1 (CTR1-VN) and Venus-
C-terminal vector expressing VEGFR2 (VEGFR2-VC) induced yellow fluorescent protein
(YFP) fluorescence in cells stimulated with VEGF (Fig. 5C). In contrast, cells transfected
with CTR1-VN and VC-expressing scrambled peptide (negative control) exhibited no
fluorescence (Fig. 5C). This suggests that CTR1 directly interacts with VEGFR2 in
response to VEGF. To determine the subcellular localization of CTR1 and VEGFR2, we
performed immunofluorescence co-localization analysis. We found that CTR1 and VEGFR2
partially co-localized at the plasma membrane in the basal state, and VEGF stimulation
promoted their co-internalization to the perinuclear region, with Rab5- or EEA1-positive
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early endosomes, but not Rab7-positive late endosomes (Figs. 5D1 and 5D2). Thus,
VEGF stimulation rapidly promotes CTR1 binding to VEGFR2 and their subsequent co-
internalization to early endosomes, thereby activating VEGFR2 downstream signalling in
ECs.

Cell surface biotinylation (Fig. 5E and Extended Data Figs. 9A and 9B), co-IP (Fig. 5F)

or co-localization analysis (Figs. 5G1 and 5G2) showed that VEGF-induced internalization,
colocalization of CTR1 and VEGFR?2 or their binding were almost completely inhibited in
ECs transfected with CTR1-C189A, as compared to CTR1-WT or CTR1-H190A. Thus,
VEGF-induced CTR1-Cys890H is required for forming the CTR1-VEGFR2 complex,
promoting their co-internalization. To address how CTR1-Cys890H promotes association
with VEGFR2, we examined if CTR1-VEGFR2 forms intermolecular disulfide bonds (Fig.
6A). Co-IP assays in ECs transfected with Flag-hCTR1 and HA-hVEGFR2 in non-reducing
gels showed that VEGF stimulated disulfide bond formation between CTR1 and VEGFR2
(Fig. 6A). To identify the Cys residues of VEGFR2 involved in CTR1-VEGFR2 complex
formation, we made the VEGFR2 mutants in which highly conserved redox-sensitive

Cys residues in C-terminus (Cys1201 or Cys1208 or Cys1201,1208) 46 \yere mutated to Ala
(Fig. 6B). Co-IP experiments revealed that CTR1-WT, but not CTR1-Cys8%A, bound to
both VEGFR2-WT and VEGFR2-Cys!201S, but not either VEGFR2-Cys1208S or VEGFR2-
Cys1201.1208g variants, in response to VEGF (Fig. 6C). Importantly, the VEGFR2 variant-
Cys12083, but not Cys'201S, inhibited VEGF-induced VEGFR2 signaling (Fig. 6D) and

EC angiogenic responses (Fig. 6E), as compared to VEGFR2-WT. These findings suggest
that VEGF-induced CTR1-Cys89-SOH binds to and reacts with VEGFR?2 at Cys1208 to
form an intermolecular disulfide bonded complex, which drives VEGFR2 signaling and EC
angiogenic responses.

mCTR1-C187A KI mice exhibit deceased angiogenesis in vivo.

To determine the role of endogenous CTR1 Cys oxidation in developmental and reparative
angiogenesis /n vivo, we used the Cys!8? oxidation-defective “redox dead” mCtr1-C187AKI
mutant (mCtr1K!) mice, as described in Fig. 3H and Extended Data Fig. 6. We found

that both heterozygous mCtr1K/* and homozygous mCtr1KVKI mice had no phenotype in
embryogenesis, they were viable and had normal body weight (Extended data Fig. 6C) and
maintained the Mendelian ratio at birth. To assess the role of CTR1-Cys'89 in postnatal
developmental angiogenesis, we analyzed retinal angiogenesis in P5 pups and found that
mCtr1K/K! retinas showed a delayed expansion of the vascular plexus to the periphery with
significant decrease in vascular length and the numbers of vascular branching points, tip
cells, and filopodia in the sprouting region, as compared to WT retinas (Fig. 7A). Similarly,
the vasculature of mCtr1X!* retinas also showed delayed radial outgrowth but to a lesser
extent than mCtr1KVK! retinas. These results suggest the presence of gene dosage effects of
inhibition of CTR1 Cys189 oxidation on postnatal developmental angiogenesis.

We next assessed role of CTR1-Cys oxidation in postnatal angiogenesis in adults.

Aortic ring ex vivo assay on Matrigel showed that VEGF-induced vessel sprouting was
significantly impaired in aorta from mCtr1XV/Kl mice compared to WT mice (Fig. 7B).
VEGF-induced ear (Fig. 7C) or retina angiogenesis (Fig. 7D) accessed by a whole-mount
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CD31 staining in adult mice injected with adenovirus encoding VEGF-A1g4 (Ad-VEGF)
into the ear intradermally or the eye intravitreously, respectively, were significantly reduced
in mCtr1K/KI mice, as compared to WT mice. Basal angiogenesis in mice injected with
Ad.LacZ showed no difference between WT and mCtr1KVKI mice in both models (Figs.

7C and 7D). To examine further the role of endogenous CTR1 Cys oxidation in reparative
postnatal angiogenesis /in vivo, we performed the skin wound healing and HLI models.

The mCtr1KVKI mice exhibited a marked decrease in wound closure rate (Fig. 8A) as

well as CD31" capillary density in wounded tissues (Fig. 8B), as compared to WT

mice. We confirmed that CTR1-CysOH formation was dramatically increased in wounded
tissues of WT mice, which was completely abolished in mCtr1XV/KI mice (Fig. 8C). The
HLI model showed that blood flow recovery as well as CD31* capillary density and
aSMA arteriogenesis were significantly decreased in mCtr1XVKI mice, as compared to
WT mice (Fig. 8D). BMT experiments revealed that lethally irradiated mCtr1<VKI mice
transplanted with WT-BM showed reduced limb perfusion recovery and CD31* capillary
density in ischemic muscles, as compared to control (WT mice reconstituted with WT-BM)
(Extended Data Figs. 10A and 10B). These findings suggest that CTR1-Cys!89 oxidation
in tissue resident cells, but not BM cells, is required for ischemia-induced reparative
neovascularization.

Discussion

Our work identifies a previously unrecognized function of CTR1 as a redox sensor that
transmits the VEGF-induced H,0, signal to promote VEGFR2 trafficking and signaling
that is important in angiogenesis. VEGF stimulation induced sulfenylation of CTR1 at
Cys189 via NOX4, which promoted CTR1-VEGFR?2 disulfide bond formation and their
co-internalization to Rab5* early endosomes required for sustained VEGFR2 signaling,
postnatal developmental and reparative angiogenesis /n vivo. Although CuCl, application
to ECs induced CTR1 internalization (regulatory endocytosis) which is dependent on the
HCHZ9 triad24: 25.28. 29 it did not induce internalization of VEGFR2 or CTR1-CysOH
formation. Thus, our results strongly imply that VEGF- and Cu-induced CTR1 endocytosis
are mediated through distinct mechanisms (in a Cys oxidation-dependent and -independent
manner, respectively), and are involved in different functions, promoting angiogenesis and
preventing Cu toxicity, respectively.

Global CTR1-deficient mice show early embryonic lethality (E8.5 to E9) 3847, while
Ctr1*/~ heterozygous mice are normal. 38 47_ In this study, Ctr1*/~ P5 retina had a very mild
phenotype of angiogenic defects compared to Ctr1IECKO retina. There was no significant
difference in blood flow recovery between WT and CTR1*/~ mice in HLI model. We thus
performed BMT to eliminate the contribution of Ctr1*/~ BM cells and found that CTR1 in
tissue-resident cells including ECs, but not BM cells, plays an important role in reparative
neovascularization. Indeed, the role of CTR1 is tissue or cell-specific3®: 39, Our results
suggest that gene dosage effects of global CTR1 deletion (Ctr1 ™~ vs. Ctr1*/~ mice) in
angiogenesis may be modulated by opposing (anti-angiogenic) effects of Ctr1*/~ BM cells.
The mCtr1-C187 AKI/KI mice have no phenotype in embryogenesis, which is consistent with
previous reports that global KO or EC-specific KO for Nox4, which generates H,O5 in
response to VEGF, are not embryonic lethal” 11. 48, Thus, embryonic lethality due to global
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CTR1 deficiency might be mediated through effects other than Nox4-H,O,-meditated CTR1
Cys oxidation which is required for postnatal angiogenesis’- 11 48,

VEGFR2 has six highly conserved cysteine residues in the C-terminus and Cys!291 and
Cys1208 gre redox-sensitive (Fig. 6B), but hCys1208 (mCys1206) of VEGFR2 is a major

Cys oxidation site for H,O, 46. Using Cys to Ser mutants of hWVEGFR2, we showed that
VEGFR2-Cys!2083 put not VEGFR2-Cys!201S  inhibited VEGF-induced CTR1-VEGFR2
complex formation, their co-internalization, and angiogenic responses in ECs, as compared
to VEGFR2-WT. Thus, Cys!208 of VEGFR?2 is required for intermolecular disulfide bond
formation with CTR1-CysOH and their co-internalization. The proximity of VEGFR2

and CTRL1 is supported by our previous observation that both are localized in plasma
membrane caveolae/lipid rafts 4 90, It is shown that VEGFR?2 signaling and internalization
are regulated by several VEGFR2-binding co-receptors or proteins such as Ephrin B2°,
NUMB?®L, and neuropilins®2. We recently reported that the Cu transporting ATPase, ATP7A
also binds to VEGFR2 to promote VEGFR2 signaling via limiting autophagic degradation
of VEGFR243. How the newly identified CTR1-VEGFR2 complex interacts with VEGFR2
binding proteins to facilitate internalization is worthy of future investigation.

Cu entry is involved in direct activation of MEK by Cu binding, stimulating phosphorylation
of ERK32, growth factor signaling by FGF and insulin, and activation of Cu enzyme LOX
involved in angiogenesis 20-22: 33,41, 42 \\e found that VEGF-induced CTR1-Cys8°0H
formation promotes phosphorylation of MEK1/2 and ERK1/2 in a Cu transport-independent
manner in ECs. The Cu transport defective mutant, h\CTR1-M54A, or the Cu chelator TTM
had no effect on VEGF-induced MAPK signaling, while they inhibited CuCl,- and other
growth factor (FGF and insulin)-induced responses. By contrast, the Cys oxidation-defective
CTR1-C18A inhibited VEGF-induced MAPK signaling without affecting CuCl,- or growth
factors-induced effects. These findings indicate that Cu-, FGF- and insulin-induced ERK
activation is dependent on Cu transport by CTR1 but independent of the redox sensing

by CTR1 Cys!®9 and that Cu transport-independent activation of MAPK by CTR1 is VEGF-
specific.

The current findings are consistent with our previous reports that Cu uptake is dependent on
CTR1 M154 26,27 'yt not the CTR1 HCH19 triad nor CTR1 C189S mutant2® 26, Qur results
are in contrast to those by Tsai et al.53, who measured the Cu content of HEK293Tcells
after prolonged exposure to Cu (100puM for one hour), reporting that the Cys!89 mutation
reduced Cu entry. However, an earlier study measuring rates of tracer Cu uptake in Sf9
(insect) cells found that hCTR1-C189S showed Cu transport with Km and Vmax values not
lower than hCTR1-WT26. A similar study in HEK293T cells reported that truncations or
mutations of C-terminal CTR1 HCH19 triad to AAA showed a higher Vmax and Km than
hCTR1-WT 25, 24, Earlier NMR studies of short CTR1 polypeptides concluded that Cys18°
is essential for CTR1 trimerization®*. However, since CTR1 following C-terminal HCH190
triad cleavage still transports Cu4 25, Cys189 seems not be essential for a trimerization of
CTR1 required for Cu transport.

The present study also shows that TTM or CTR1-M1%4A partially blocked VEGF-induced
EC migration and tube formation without affecting EC proliferation, presumably due to
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inhibiting (Cu-dependent) LOX activity, which is required for VEGF-induced EC migration

and tube formation, but not for EC proliferation. Furthermore, we found that co-internalized

CTR1 (and VEGFR?2) returned to the plasma membrane within 4hr after VEGF stimulation.

Thus, cell surface CTR1 may subsequently activate Cu uptake-LOX axis-dependent
angiogenic responses. These results suggest that redox-dependent modification of CTR1
which promotes Cu entry-/ndependent activation of VEGFR?2 signaling as well as the

METHODS

canonical Cu entry-dependent activation of Cu-dependent enzymes, such as LOX, are
orchestrated to enhance angiogenic responses in ECs (Fig. 8E).

Our findings advance the understanding of how the ROS signal is sensed to promote

VEGFR? signaling and angiogenesis. Moreover, our results demonstrate an unexpected non-

canonical role for thiol oxidation of the CTR1 at Cys!89 as a vital link between Cu transport
proteins, ROS-dependent VEGFR2 signaling and angiogenesis and provides insights into
thiol-oxidized CTR1 as a potential new target for therapy in various angiogenesis-dependent
diseases.

Animal Study.

The animal protocols used in this study were approved by the institutional Animal Care
Committee and institutional Biosafety Committee of Augusta University. All mice were
maintained at the Augusta University animal facility. Room temperature and humidity were
maintained at 22.5 °C and between 50% and 60%, respectively. All mice were held under
the 12:12 (12-h light:12-h dark) light/dark cycle. Mice were held in individually ventilated
caging with a maximum of 5 or a minimum of 2 mice per cage. 8 to 12 weeks old male and
female mice were used for experiments.

Generation of inducible EC-specific CTR1 KO (CTR1ECKO) mice:

Tamoxifen-inducible EC-specific CTR1 knockout (CTR1ECKO) mice were generated by
crossing CTR1/fl mice with VE-Cadherin (Cdh5)-ERT2 Cre mice36 on a C57BL/6J
background, which inactivates the CTR1 gene specifically in ECs upon tamoxifen
administration. To induce postnatal deletion of endothelial CTR1 in adults, we administered
tamoxifen (50 mg/kg of body weight) by i.p. injection into CTR1/f (WT) or CTR1Vl/
VEcad-ERT2 Cre mice. Injections were performed once per day for 10 days with 2 days
break, followed by two weeks resting period to obtain CTR1ECKO mice. To induce deletion
of endothelial CTR1 in pups, we administered tamoxifen (1 mg/ml, 50 pl) by i.p. injection to
each pup from P2 to P4 and clearance and harvested at P6.

Generation of CRISPR (Cas-9) mediated mCtr1 C187A knock-in (KI) (corresponding to
human CTR1 C189A) mice:

The mCtr1 C187A mouse line was generated using Cas9 mRNA (TriLink bio #L.6125100),
sgRNA, and single-strand DNA homology-directed repair (HDR) method. The gRNA
sequence (5’-TTGATATCAGACTCCACATA-3’) was designed with MIT CRISPR design
tool®® to target the conserved His-Cys-His188 motif at the C-terminal of mouse mCtrI gene
(corresponding to the His-Cys-His'% motif in human CTRI (hCTRI)). The single-stranded
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oligonucleotide (ssODN) incorporated mCtr1 C187A mutation, was used as a template for
CRISPR/Cas9-HDR mediated gene editing in wild type mice (C57BL/6). The sgRNA, Cas9
MRNA, and ssODN encoding mCi#rZ C187A were then injected into the cytoplasm of mouse
zygotes and viable two-cell stage embryos were transferred to pseudo-pregnant females by
the transgenic core facility at University of Chicago (Fig. 3H, Extended data Fig 6). We
analyzed the founders by a combination of PCR and next generation amplicon sequencing
methods to detect the precise mutations and confirmed successful generation of mCir1
C187A-KI mice. For genotyping offspring, we designed a PCR strategy sensitive enough

to differentiate WT and mCir1 C187A alleles that differ by 3 nt. One common forward
primer was used for both alleles (5’- AGGCAGCAGATGCTGAGC-3’). The WT reverse
primer (5’- TGTGGAGTCTGATATCAAT GGCA-3’) is different from the mCtrZ C187A Ki
reverse primer (5’-TGTGGAGTCT GATATCAATGAGC-3") by 3nt (underlined) on the 3’
end. The PCR products were 223bp for WT and mCtrZ C187A. For genotyping with next
generation amplicon sequencing, a region flanking the C187A mutation was PCR amplified
with fluidigm adaptors and sequenced with the Illiumina miniSeq kit (FC-420-1002) then
analyzed with the CRISPResso alignment program®6.

In vivo angiogenesis models:

All experiments were conducted at 8-12 week old male or female littermates of CTR1f/f
(control, wild type (WT)) and CTR1ECKO mice or C57BI6 (WT) and mCtr1-KI mice.

Hindlimb ischemia model.

Mice were subjected to unilateral hindlimb surgery under anesthesia with intraperitoneal
administration of ketamine (87 mg/kg) and xylazine (13 mg/kg) as we reported!2 13. 33,
Briefly, the left femoral artery was exposed, ligated both proximally and distally using 6-0
silk sutures and the vessels between the ligatures were excised. We measured ischemic (left)/
nonischemic (right) limb blood flow ratio using a laser Doppler blood flow (LDBF) analyzer
(PeriScan PIM 3 System; Perimed).

Mouse skin wound healing model.

The backside skin of the mice was wounded using a 3-mm punch, and the wound diameters
were measured using Image J software (v 1 .52) to determine the wound closure rate as
reported3’

Mouse ear angiogenesis assay.

Adenovirus encoding VEGF1g4 (1x10° pfu) or Ad-LacZ (control) was intradermally injected
into the right and left ear skin of adult mice, respectively as reported®’. Five days after viral
injection, animal was transcardially perfused with PBS and 4% paraformaldehyde (PFA) and
processed as previously described®’. The ears were stained with anti-CD31 to visualize the
vascular network.

Mouse retinal angiogenesis assay.

Eyes from postnatal day 5 and day 6 pups mice were fixed in 4% paraformaldehyde for
30 min. Retinas were dissected and permeabilized overnight in PBS containing 1% BSA
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and 0.5% Triton X-100. The permeabilized retinas were incubated with biotin-conjugated
isolectinB4 (1B4) (20ug/ml, Sigma-Aldrich), followed by Alexa Fluor 488—conjugated
streptavidin (Invitrogen Life Technologies) co-stained with or without ERG (EC marker)
antibody, and whole mounts were photographed under a fluorescence microscope. The

total length and number of branch points of IB4-positive vessels in the entire retina were
quantified on composite high-magnification images using Image J software (v 1 .52). /n vivo
proliferation of ECs in retina was measured by the BrdU assay following intraperitoneal
injection of 300 pg of BrdU (Sigma #B5002) per P6 pup that weights about 3gm and then
co-stained with anti-BrdU antibody and IB4 antibody (n=6 per group), as reported 57: 58,

Anti-CTR1 (the polyclonal antibody to hCTR1 was generated by immunization of rabbits
with Cys.VSIRYNSMPVPGPNGTIL peptide (ABBIOTEC), 1:1000 for IB and 1:200 for IP,
and abcam# 129067, 1:200), anti-Flag (Sigma # F7425, #3165, 1:1000), anti-HA (Origene,
clone CBO051 # TA180128, 1:1000), anti-VEGFR2 (CS # 2479, 1:1000), anti-VEGFR1
(abcam # 2350, 1:1000), anti-VEGFR3 (R&D # AF349, 1:1000), p-VEGFR2(1175) (CS #
3770, 1:1000), anti-Na/KATPase (lowa # A6F, 1:2000), p-ERK1/2 (CS # 9101, 1:1000),
ERK1/2 (CS #9102, 1:1000), p-MEK1/2 (CS # 9121, 1:1000), MEK1/2 (CS # 9122,
1:1000), p-p38 (CS # 9211, 1:1000), P38 (Santa Cruz # 7972, 1:1000), p-Akt (CS # 9271,
1:1000), Akt (Santa Cruz # 8312, 1:1000), anti-Tubulin (Santa Cruz # 5286, 1:1000),
anti-Actin (Santa Cruz # 47778, 1:1000 ) and anti Rab5 (Santa Cruz # 46692, 1:500), anti
Rab7 (Santa Cruz # 376362, 1:500), anti EEA1 (BD Bioscience # 610456, 1:500), anti
CD31 (BD Biosciences # 550274, 1:200), Mac3 (BD Bioscience #550292, 1:200), Isolectin
(Vector # B-1205, 1:200), and anti aSMA (Sigma # C6198, 1:200) antibodies were used.
Secondary antibodies Goat Anti-Rabbit IgG-HRP conjugate (Bio Rad, #170-6515), Goat
Anti-mouse 1gG-HRP conjugate (Bio Rad, #170-6516), Alexa Fluor-488-goat anti rat 1gG
(Invitrogen, #A11006), Alexa Fluor-488-goat anti rabbit 1gG (Invitrogen, #A11008), Alexa
Fluor-546-goat anti mouse 1gG (Invitrogen, #A11003) are used in a 1:2000 dilution.

siRNA and plasmids:

Human CTR1 silencer select pre-designed siRNA was purchased from Ambion

# 4392420 and silencer negative control siRNA from Ambion #AM4611. Bovine

CTR1 siRNA designed as sequence 5’GCUUUAAGAACGUGGAACU 3’ and
3’AGUUCCACGUUCUUAAAGC 5’ from Sigma. VEGFR2 siRNA purchased from
Origene # SR302557. We received flag-hCTR1-WT from Dr. Jack Kaplan as a gift. We
generated Flag-hCTR1-C189A in which Cys189 is mutated to Alal8 or Flag-hCTR1-H19A
in which His®0 is mutated to Alal®0 (negative control) or Flag-hCTR1-M154A in which
Met1>4 is mutated to Alal>* by point mutation. The flag-CTR1-VN177 was constructed by
cloning flag-hCTR1-WT (from the Kaplan lab) with Sall/BamHL1 sites into pFlagVVN173N
plasmid while the HA-VEGFR2-VC155 was constructed by cloning VEGFR2 with EcoR1/
Xho1 sites into pHA-VC155N plasmid#?: 45, We purchased HA-hVEGFR2 plasmid from
Sino Biological Inc # HG10012-CY. We generated HA-hVEGFR2-C1201S HA-hVEGFR2-
C12085 and HA-hVEGFR2-C1201/12085 by noint mutation as previously reported4®: 59,
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Cell Culture and transfection:

The primary HUVECs (human Umbilical Vein Endothelial Cells) from Lonza (CC-2519,
USA) were cultured in EndoGRO (EMD Millipore) supplemented with 5% fetal bovine
serum (FBS, Atlanta Biological), and used for experiments until passage 6. The primary
BAECs (Bovine aortic endothelial cells) from VEC technologies were cultured in DMEM
(Gibco-BRL) with 10% FBS. HEK293T cells from ATCC and CtrlWT and CtrlKO
immortalized MEFs cell lines (gift from Dr. Dennis Thiele) were cultured in DMEM
(Gibco-BRL) with 10% FBS. Human recombinant VEGF (R&D Systems) was used at
20ng/ml for cell treatment. For siRNA transfection, HUVECs were transfected with 30nM
siRNAs using Oligofectamine (Invitrogen, 12252011). For plasmid DNA transfection, cells
were transfected with DNA (~6ug) using polyethylenimine (PEI, Polysciences, USA). For
double transfection of siRNA and plasmid DNA, cells were transfected with siRNAs (30nM)
and plasmid DNA (6ug for 100 mm dishes) using JetPRIME (Polyplus, USA). After
transfection, cells were transferred to growth medium and incubated for 48 h at 37°C before
experiments.

Isolation of primary mouse aortic ECs:

To isolate ECs from mice, the thoracic aorta was cut into 1 mm rings. Each aortic ring was
opened and seeded onto a growth factor-reduced matrix with the endothelium facing down.
The segments were cultured in EC growth medium containing (DMEM, 10% FBS, valine,
penicillin/streptamycin heparin, gentamycin, Endomito) for about 4 days. The endothelial
sprouting starts as early as day 2. The segments were then removed and the cells were
cultured continually until they reached confluence. The ECs were harvested using neutral

proteinase and cultured in EC growth medium for another two passages before experiments.
33

Bone marrow transplantation (BMT).

BMT was performed as we previously reported33: 40, BM cells were isolated by density
gradient separation. Recipient mice were lethally irradiated with 9.5 Gy and received an
intravenous injection of 3 million donor BM cells 24 h after irradiation. As reported before
transplantation efficiency has been validated33 Hindlimb ischemia was induced at 6 to 8
weeks after BMT.

Capillary network formation assay.

The cells were starved with 0.5% FBS EndoGro medium overnight. 60,000 cells were
seeded on a growth factor-reduced Matrigel (Corning)-coated 48 well plate and incubated
for 6 h and then fixed with 4% paraformaldehyde for image acquisition, as we have reported
33,40 The capillary tube length, number of branch points, or branch length were measured
using ImagePro or Image J software (v 1.52).

Fibrin bead angiogenesis assay:

The capillary-like sprouting fibrin bead assay was performed with minor modifications 49,
Briefly, primary HUVEC and fibroblasts (ATCC) were exposed to M199 medium with
10% FBS. HUVEC were attached to dextran-coated Cytodex 3 beads (GE Healthcare Bio-
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Sciences, NJ) and embedded at 250 beads/well in 24-well plate in a fibrin clot. Fibroblasts
were then seeded as a monolayer over the clot at 1.5 x 10° cells/well. Clots were cultured
under standard conditions in EGM-2 medium and media was changed every day for 5-7
days. Bright field and fluorescent images were taken using the Celigo image cytometer
(Nexcelom), and sprout number was quantified for 80-100 beads per experimental group.
The number of sprouts was taken as the number of independent sprouts extruding from each
bead and normalized to the number of beads counted.

Wound scratch cell migration Assay:

Confluent ECs were scraped using sterilized 10-uL pipette tips, washed with 0.1% serum
media, and stimulated with 20 ng/ml of VEGF for 16 h, as previously described®°. Images
were captured immediately at 0 h and at 16 h after the wounding®.

Modified Boyden chamber migration assay:

Modified Boyden Chamber assays were conducted in duplicate 24-well transwell chambers
33,40,60 The upper insert (8-um pores coated with 0.1% gelatin) containing HUVEC
suspensions (5x10* cells) were placed in the bottom 24-well chamber containing fresh
media with 0.2% FBS and stimulants. The chamber was incubated at 37°C for 8 h.

The membrane was fixed and stained using Diff-Quick. Six random fields at x 200
magnifications were counted.

DCP-Biol assay to detect Cys-OH formed (sulfenylated) proteins:

To measure sulfenic acid (CysOH) formation (sulfenylation) of proteins, cells were lysed
in degassed-specific lysis buffer [50 mM HEPES, pH7.0 at room temperature, 5 mM
EDTA, 50 mM NaCl, 50 mM NaF, 1 mM Na3VOy,, 10 mM sodium pyrophosphate, 5 mM
lodoacetamide (IAA), 100 uM DTPA, 1% Triton-X-100, protease inhibitor, 200 unit/mL
catalase (Calbiochem), 200 uM DCP-Biol (KaraFast, USA)] and then DCP-Biol-bound
proteins were pulled down with streptavidin beads (Thermo scientific, USA) overnight

at 4 °C. DCP-Biol-bound CysOH formed, sulfenylated-proteins were determined by
immunoblotting with specific antibodies, as reported 19: 40. 61,

Bimolecular Fluorescence Complementation (BiFC) Assay:

HEK293 cells were transfected with flag-CTR1-VN173- and HA-VEGFR2-VC155 or
negative control peptide using PEI. The positive YFP signals showing interaction between
CTR1 and VEGFR2 were taken by confocal microscopy, as reported?: 45,

Detection of internalized and cell surface proteins using cell surface biotinylation assays:

To detect cell surface VEGFR2 and CTR1, HUVEC were starved overnight before being
stimulated with 20 ng/ml of VEGF or CuCl, (25uM) at 37 °C or co-incubated with
dynasore, a dynamin-associated endocytic inhibitor (200nM) with VEGF for 30 min to
allow internalization of cell surface proteins. Then, cells were incubated with cell surface
biotinylation reagent 1 mM EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) on
ice for 30 min, washed with 50mM glycine followed by cell lysis with RIPA buffer and
processed for streptavidin bead pull down. Cell surface biotinylated VEGFR2 and CTR1
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was measured by Western blotting with VEGFR2 or CTR1 or Na/K ATPase (cell surface
marker) antibodies and quantified by NIH Image J software (v 1 .52). To detect internalized
VEGFR2 and CTR1, HUVECs were incubated with 0.6 mM primaquine (MP Biomedicals)
at 37°C for 10 min to block recycling during the internalization step. The cells were washed
twice with PBS and labelled with EZ-Link Sulfo-NHS-SS-Biotin for 60 min. The excess
biotin was removed by washing the cells with glycine in PBS with Ca?* and Mg?* The
cells were then incubated with 20 ng/ml VEGF and 0.6 mM primaquine at 37 °C. They
were exposed twice to GSH buffer (50 mM glutathione, 75 mM NaOH, 75mM NacCl, 1
mM EDTA, 0.1% BSA, pH 9.0) on ice for 20 min to remove surface biotin. GSH was
quenched by washing with 5 mg/ml ice-cold iodoacetamide in PBS. After an additional
wash with ice-cold PBS, cells were lysed with RIPA buffer and processed for streptavidin
bead pull down. Internalized biotinylated VEGFR2 and CTR1 were measured by Western
blotting using VEGFR2 and CTR1 antibodies as reported?5: 28. 29. 57, 62 and quantified by
NIH Image J software (v 1.52).

Histology and immunohistochemistry.

Mice were sacrificed, and wounded skin tissues or gastrocnemius skeletal muscles were
harvested, fixed with 4% PFA overnight at 4 °C, and followed by sucrose dehydration and
OCT embedding 33 37: 40, Capillary density was determined in 5 1 m thick sections that
were stained with anti-mouse CD31 antibody (BD Biosciences) followed by biotinylated
anti-mouse 1gG antibody (Vector Laboratories). For immunchistochemistry, we used
R.T.U. Vectorstain Elite (Vector Laboratories) followed by DAB (Vector Laboratories).
Immunofluorescence staining was performed with primary antibodies against, CD31 or
aSMA. Secondary antibodies were Alexa Fluor 488 or 546-conjugated goat anti-rabbit 1gG
and goat anti mouse 1gG (Invitrogen). In each experiment, DAPI (Invitrogen) was used for
nuclear counter-staining. Images were taken using a fluorescence microscope (Keyence, BZ-
X700) or an Axioscope microscope with a 20 objective. Microscopy images were acquired
with axiovision 4.8.2 software, BZ-X Analyzer software and ZEN 2.3 software (Zeiss).

Western blot analysis and Immunoprecipitation assay:

Cells were lysed in buffer [50 mM HEPES (pH 7.4), 5 mM EDTA, 100 mM NaCl, 1%
Triton X-100, protease inhibitors (10 x g/ml aprotinin, 1 mmol/L phenylmethylsulfonyl
fluoride, 10 x g/ml leupeptin) and phosphatase inhibitors (50 mmol/L sodium fluoride, 1
mmol/L sodium orthovanadate, 10 mmol/L sodium pyrophosphate)]. Lysates with or without
immunoprecipitation were used for Western blotting, as we reported 60 61, Western blot
acquisition was performed using a ImageQuant TL 8.1 software.

LOX activity measurement:

LOX activity in cells was measured by a high-sensitivity fluorescence assay as

described33: 37, Protein samples were incubated in the presence and absence of 500 p mol/L
specific LOX inhibitor BAPN at 37 °C for 30 min with final reaction mixture supplied

by Amplite Fluorimetric Lysyl Oxidase Assay kit (AAT Bioquest) to 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
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without BAPN were determined. Specific activity was determined by the ratio of activity to
relative amount of protein.

Statistics and Reproducibility:

Data are presented as mean £ SEM. The statistical analysis was based on sample size (1),
indicating the number of biologically independent experiments, biologically independent
samples, biologically independent animals, individual cells or fields of view as described

in detail in the respective figure legends. No statistical method was used to pre-determine
the sample size. Each experiment was performed a minimum of three to make sure similar
results are reproducible. No samples or animals were excluded from the analysis. All mice/
samples were randomized before experiments. We performed blinded to group allocation
during data collection and analysis. Data were compared between groups of cells and
animals by unpaired two tailed Student #test when one comparison was performed or by
ANOVA for multiple comparisons. When significance was indicated by ANOVA, the Tukey
post-hoc and Bonferroni multiple comparison analysis 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 v8 (GraphPad Software, San Diego,
CA).

Data Availability:

Source data are provided with this study. All data supporting the findings of this study are
available from the corresponding author on reasonable request. Unprocessed blots have been
provided for Figs 2c,e,f, 3b-d,i, 4a-b,e-f, 5a-b,e-f, 6a-c and 8c and extended data Figs 1c,e,
3b, 4, 5a,c, 7a, 8a-d and 9a-b. Source data have been provided for Figs. 1a-e, 2a-f, 3a-g, i-j,
4a-f, 5a,b,d2, e-g2, 6¢-e, 7a-d and 8a-d and extended data Figs 1d,f, 2a-e, 3a-d, 4, 5a, 6c, 7b,
8a-d, 9a-b and 10a-b.
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Extended Data
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Extended Data Fig. 1. CTR1 expression in endothelial cells and characterization of inducible
Endothelial CTR1-KO mice.

A. Co-staining for CTR1 and isolectin B4 (IB4) in a postnatal day (P)5 mouse retina in
CTR1 WT and CTR1ECKO mice in developmental retina angiogenesis models. Arrows
indicate the tip sprouts of vessels. B. Co-staining for CTR1 and CD31 (EC marker) or
Mac-3 (macrophage marker) and their colocalization (merged, white arrows) on day 3
(upper) and day 14 (lower), respectively, in ischemic gastrocnemius muscles in hindlimb
ischemia models. Representative images from n=3 independent experiments are shown.
C. Strategy to generate tamoxifen-inducible EC-specific CTR1 knockout (CTR1/ECKO)
mice by crossing CTR1fIoX/flox mice with VVE-Cadherin (Cdh5)-ERT2 Cre delete mice,
which specifically express Cre in ECs upon tamoxifen administration. D and E. mRNA
and proteins from aortic ECs, liver and lung isolated from WT and CTR1ECKO mice

and analyzed by gPCR and Western blotting using CTR1 antibody or Actin antibody
(loading control) (n=6 biologically independent cells/samples), two-tailed unpaired t-test,
**p=0.0085. F. Real time gPCR analysis of CTR1 mRNA in HUVECs transfected with
control or CTR siRNAs. (n=3 biologically independent experiments), two-tailed unpaired
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t-test, **p= 0.0023. NS= not significant. Data are mean £ SEM). Source numerical data and
unprocessed blots are available in source data.
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Extgnded [_)a'.ca F.ig. 2. CTR1*~ mice show impaired postnatal developmental and reparative
angiogenesis in vivo.

A. Retinal whole-mount staining with Isolectin B4 (1B4) of P5 WT and CTR1*/~ mice.
Right panels show quantification of vascular progression length, numbers of branch point
and tip cells. (n=6 samples each for WT and CTR1*/~, compared with Two-tailed unpaired
t-test. *p=0.0378). B and C. WT and CTR1*/~ mice were used for skin wound healing
model. Representative images show time-course for wounded skin and graph represents the
wound closure rates expressed as % of wound area from control at day 0 after wounding
(B). Wounded tissues at day 7 were used to measure CD31* capillary density (C). Boxes
showed magnified images. Right panel showed the quantification. (n=6 mice per group,
representative of two independent experiments, compared with two-way ANOVA followed
by Bonferroni’s multiple comparison analysis (B) or two-tailed unpaired t-test (C)). D and
E. Irradiated WT or CTR1*/~ mice were transplanted with bone marrow (BM) from WT

or CTR1*/~ mice. After 6 weeks of BM transplantation (BMT), mice were subjected to
hindlimb ischemia and limb blood flow was measured at indicated days after surgery using
a laser Doppler flow analyzer (D). In E, CD31* capillary density (angiogenesis) in ischemic
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and non-ischemic gastrocnemius muscles was measured at day 21 after surgery. (n=6 mice
per group, representative of two independent experiments, compared with two-way ANOVA
followed by Bonferroni’s multiple comparison analysis (D), or Two-tailed unpaired t-test
(E), ***p<0.001. NS=not significant. Data are mean + SEM). Source numerical data are
available in source data.
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Extended Data Fig. 3. Cu-dependent LOX activity is not required for VEGF-induced EC
proliferation.
A and D. HUVECs treated with Cu chelator, TTM (20nM) for 24hr were used to measure

LOX activity in conditioned media (A) or cell proliferation measured by BrdU incorporation
(D) after VEGF stimulation for 24 hr. B. HUVECs treated with Cu chelator TTM for 24

hr were stimulated with CuCl, (25uM) for 5 min, and lysates were used to immunoblotted
(I1B) with anti-p-MEK1/2 or p-ERK1/2 and their total proteins antibodies. C. HUVECs
treated with specific LOX inhibitor, BAPN (100uM) for 24h were used to measure VEGF-
induced cell proliferation as described. (n=3 biologically independent experiments). A and
B, two-tailed unpaired t-test. C and D, one-way ANOVA followed by Tukey's multiple
comparisons analysis, *p<0.05, **p<0.01, ***p<0.001. NS=not significant. Data are mean +
SEM. Source numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 4. CuCl, does not induce CTR1 Sulfenylation.
HUVECs were stimulated with CuCl, (25uM) for indicated times or VEGF (20ng/ml)

for 5min (for positive control), and DCP-Biol-labeled lysates were pulled down with
streptavidin beads and then IB with CTR1 or actin antibody to detect their CysOH
formation. Bottom panel represents averaged CTR1-CysOH/total CTR1 level expressed by
fold change from VEGF-induced CTR1-CysOH level as 1.0. (n=3 biologically independent
experiments) two-tailed unpaired t-test. ***p<0.001. NS=not significant. Data are mean *
SEM. Source numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 5. Nox4-ROS-CTR1 Cys890H axis is required for VEGF-induced VEGFR2
downstream signaling in ECs.

A, HUVEC: transfected with Flag-hCTR1-WT, or Flag-hCTR1-C189A were infected with
Ad.null (control) or Ad.shNox4 and stimulated with VEGF for 5 min to measure VEGF
signaling using 1B with antibodies indicated. Graphs represent the averaged fold change of
phosphorylated proteins/total proteins over the basal control. (n=3 biologically independent
experiments) two-tailed unpaired t-test. ***p= 0.0008, *p= 0.013, ***P=0.0002, **P=
0.0019, **P=0.0019, **P= 0.0028. Data are mean + SEM. B and C. HUVECs transfected
with Flag-CTR1-WT or Flag-hCTR1-C189A or Flag-hCTR1-H%A were stimulated with
VEGF (20ng/ml) for 5min to measure DCF fluorescence with DAPI staining (B). In C,
lysates were used for IB with Flag antibody to verify expression of transfected CTR1
proteins. Tubulin is a loading control. B, C. The experiment is representative of 3
independent experiments that yielded similar results. Source numerical data and unprocessed
blots are available in source data.
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Extended Data Fig. 6. Generation of Cys oxidation defective “redox dead” mouse mCtr1-C187A
(corresponding to human CTRl-ClggA) knock-in (K1) mutant (mCtr1-KI) mice by using
CRISPR-Cas9 genome editing.

A. Alignment of partial amino acid sequences from human and mouse CTR1, indicating
homology (boxes) between human Cys89 and mouse Cys87. Schematic of the 20-
nucleotide sgRNA target sequence of the mCtrl (blue) and the PAM (green). The red
arrowhead indicates the Cas9 cleavage site. sSSODN, which contains 90 base pairs (bp)

of homology sequence flanking each side of the target site was used as HDR template.
ssODN incorporates point mutations (red) and BamHI restriction enzyme site (underlined
by black). B. CTR1 CRISPR mice genotyping for mCtr1C187A mutant and mCtriWT after
cross breeding with mCtr1K!/* and mCtr1K*. Multiplex PCR genotyping of mCtrl (C187A)
progeny. One common reverse primer was used for both genotypes. The PCR products
were in between 300-200bp. HDR indicates homology directed repair; SgRNA, single-guide
RNA,; ssODN, single-strand oligopDNA. The experiment is representative of 6 independent
experiments that yielded similar results. C. Body weight of WT, mCtr1K/+ and mCtr1KV/KI
mice. (n=12 mice per group, compared with two-tailed unpaired t-test. NS= not significant.
Data are mean + SEM). Source numerical data are available in source data.
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Extended Data Fig. 7. Ectopic expression of Flag-hCTR1-WT, Flag-hCTR1-C189A, or Flag-
hCTR1-M%4A in bovine aortic endothelial cells (BAEC:S) transfected with bovine siCont or
SiCTRL.

Lysates from Fig. 4B were used for IB with anti-Flag antibody to verify ectopic hCTR1
expression or Tubulin antibody (loading control)(A). RNA samples were used for real
time qPCR analysis to measure bovine CTR1 mRNA (B). These data suggest successful
knockdown of bovine CTR1 in BAEC with expression of various human CTR1 constructs.
(n=3 biologically independent experiments) two-tailed unpaired t-test. **p<0.01. Data are
mean + SEM. Source numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 8. VEGF promotes internalization of CTR1 and VEGFR2 from cell surface
in a dynamin- and VEGFR2-dependent manner but CuCl, promotes CTR1 internalization not
VEGFR2.

A, B, C. HUVECs stimulated with VEGF (20ng/ml) for indicated times (A) or incubated
with dynasore, a dynamin-associated endocytic inhibitor (200nM) (B) or transfected with
control or VEGFR2 siRNAs were stimulated with VEGF (20 ng/ml) for 30 min (C). Cells
were labeled with cell surface biotinylation reagent, 1 mM EZ-Link Sulfo-NHS-LC-Biotin,
followed by wash and then lysates were pulled down with streptavidin beads, followed

by IB with antibodies indicated to detect cell surface CTR1 or VEGFR2 or Na,K-ATPase
(cell surface marker). D. HUVECs stimulated with CuCl, (25uM) for indicated times were
labeled with cell surface biotinylation reagent, 1 mM EZ-Link Sulfo-NHS-LC-Biotin. After
wash, lysates were pulled down with streptavidin beads, followed by IB with antibodies
indicated to detect cell surface CTR1 or VEGFR2 or Na,K-ATPase. Bottom panels represent
the averaged cell surface CTR1 and VEGFR?2 levels expressed as fold changes from the
basal control. (n=3 biologically independent experiments). A, B and D two-tailed unpaired
t-test. C, one-way ANOVA followed by Tukey's multiple comparisons analysis, *p<0.05,
**p<0.01, ***p<0.001. NS=not significant. Data are mean £ SEM). Source numerical data
and unprocessed blots are available in source data.
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Extended Data Fig. 9. CTR1 sulfenylation at Cys!®? is required for VEGF-induced
internalization of CTR1 and VEGFR2.

A. HUVECs were transfected with Flag-hCTR1-WT or Flag-hCTR1-C189A or Flag-hCTR1-
H19A, cells stimulated with VEGF (20ng/ml) for 30min were used for measurement of

cell surface CTR1 or VEGFR2 or Na/K ATPase using cell surface biotinylation assay, as

in Extended data Fig. 9. B. BAECs transfected with bovine sibovine siCTR1 or siControl,
together with either Flag-hCTR1-WT, or Flag-hCTR1-C189A were stimulated with VEGF
(20ng/ml) for 30 mins. Cells were used to measure cell surface VEGFR2 or Na,K-ATPase
protenin expression using cell surface biotinylation assay, as described.) (n=3 biologically
independent experiments). one-way ANOVA followed by Tukey's multiple comparisons
analysis, *p<0.05, **p<0.01, ***p<0.001. NS=not significant. Data are mean £ SEM.
Source numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 10. CTR1 sulfenylation in tissue resident cells is required for ischemia-
induced angiogenesis in vivo.

A and B. Irradiated WT or mCTR1KVKI mice were transplanted with BM from WT

mice. After 6 weeks of BMT, mice were subjected to hindlimb ischemia and limb blood
flow using a laser Doppler flow analyzer (A). CD31* capillary density in ischemic
gastrocnemius muscle at day 14 after ischemic injury were measured (B). (n=6 mice per
group, representative of two independent experiments, compared with two-way ANOVA
followed by Bonferroni’s multiple comparison analysis (A) or two-tailed unpaired t-test (B),
***n<0.001. Data are mean £ SEM). Source numerical data are available in source data.
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Figure 1: Endothelial CTR1 is required for postnatal angiogenesis in vivo. _
A and B. Retinal whole-mount staining with Isolectin B4 (IB4) of P6 WT and CTR1/ECKO

mice. Arrowheads show tip cell sprouting and filopodia (A). BrdU or ERG (endothelial
nuclei marker)(green) co-stained with or without IB4 (red) in P6 retinal flatmounts of WT
and CTR1'ECKO mice (B). Right panels show quantification of vascular progression length,
numbers of branch point, tip cells and filopodia (A) and BrdU -or ERG-positive cells or
endothelial BrdU-positive cells in the field (B), (vascular progression: n=11 samples each
for WT and CTR1'ECKO: pranch point, tip cells, filopodia, BrdU+, ERG+: n=6 samples
each for WT and CTR1/ECKO respectively, compared with two-tailed unpaired t-test). C.
Blood flow recovery after hindlimb ischemia as determined by the ratio of foot perfusion
between ischemic (left) and non-ischemic (right) legs in WT and CTR1ECKO mice (right),
two-way ANOVA followed by Bonferroni’s multiple comparison analysis. Left panels
show representative laser Doppler images of legs at day 14. Bottom panels show CD31*
staining (capillary density) in ischemic and nonischemic gastrocnemius muscles at day 14.
Right panel shows quantification, (n=6 mice per group, representative of two independent
experiments, compared with two-tailed unpaired t-test). D. Excisional cutaneous wounds
were created using a 3 mm biopsy punch on the dorsal skin of WT and CTR1IECKO

mice. Ruler notches=1 mm. Right panel shows the quantification of wound closure rates,
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two-way ANOVA followed by Bonferroni’s multiple comparison analysis. Bottom images
show CD31 staining of wounded tissues at day 7 with magnified images in Box. Right panel
shows quantification, (n=6 mice per group, representative of two independent experiments,
compared with two-tailed unpaired t-test). E. Adenovirus encoding VEGF164 (1x109 pfu)
(Ad-VEGF) or p-galactosidase (Ad-LacZ) was intradermally injected into the right and left
ear skin of WT and CTR1IECKO mice, respectively. Ear vasculature (red) was visualized by
a whole-mount staining with CD31. Right panel shows the quantification of vessel density.
(n=5 mice per group, representative of two independent experiments, two-tailed unpaired
t-test. *p<0.05, **p<0.005, ***p<0.001. Data are mean + SEM). Source numerical data are
available in source data.
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Figure 2: CTR1 knockdown inhibits VEGF-induced signaling and angiogenesis in ECs.
A and D. EC migration measured by the modified Boyden chamber method in HUVECs

transfected with control or CTR siRNAs stimulated with VEGF (20ng/ml) or S1P (10uM)
for 6 h (A) or ECs isolated from WT (WT ECs) or Ctr1iECKO mice stimulated with

VEGF for 8h (D). Graph represents the averaged fold change of migrated cells over the
basal control (n=3 biologically independent experiments, one-way ANOVA followed by
Bonferroni’s multiple comparison analysis). Scale bars=50um. B. Capillary-like network
formation on Matrigel analyzed by the number of tube branches or capillary tube

length (left). Capillary sprouting formation in the fibrin clot analyzed by the number of
sprouts (right). (n=3 biologically independent experiments, two-tailed unpaired t-test). Scale
bars=50um. C,E,F. HUVECs transfected with control or CTR1 siRNAs (C); or WT ECs

or Ctr1iECKO ECs (E); HUVECs treated with the Cu chelator TTM (20 nM) for 24h (F)
stimulated with VEGF (20ng/ml) were used to measure VEGF signaling using Western
blotting. Graphs represent the averaged fold change of phosphorylated proteins/total proteins
over the basal control (n=3 biologically independent experiments). C, one-way ANOVA
followed by Tukey's multiple comparisons analysis. E, two-tailed unpaired t-test. F, one-
way ANOVA followed by Bonferroni’s multiple comparison analysis. *p<0.05, **p<0.01,
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***n<0.001. Data are mean £ SEM. Source numerical data and unprocessed blots are
available in source data.
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Figure 3: VEGF induces CTR1-Cys!890H formation, which promotes angiogenesis in ECs.
A. HUVEC:s transfected with control or CTR1 siRNAs stimulated with VEGF (20 ng/ml)

for 5 min were used for dichlorofluorescein (DCF) fluorescence and DAPI staining (blue).
Bottom panel represents the averaged fold change from the basal control (n=3 biologically
independent experiments, one-way ANOVA followed by Bonferroni’s multiple comparison
analysis). B, C, D. HUVECs stimulated with VEGF for indicated time (B), or HUVECs
infected with Ad.null or Ad.shNox4 (C), or transfected with Flag-hCTR1-WT, Flag-hCTR1-
C189A or Flag-hCTR1-H%A (D) stimulated with VEGF for 5 min were used for DCP-
Biol assay. In D, top panel: Amino acid sequence of the human CTR1 C terminus in

WT and two mutants (CTR1-WT, CTR1-C189A, CTR1-H19A). DCP-Biol-labeled lysates
pulled down with streptavidin beads were immunoblotted (I1B) with anti-CTR1 or actin

(B) or anti-CTR1 (C) or Flag (D) to measure CTR1-CysOH formation. (n=3 biologically
independent experiments, two-tailed unpaired t-test). *p =0.0143, ** P=0.0072, **P=0.0063,
***p=(.0006, **P=0.005. E, F, G. HUVECs transfected with empty vector, Flag-CTR1-
WT, Flag-CTR1-C189A or Flag-CTR1-H9A were used to measure DCF fluorescence
stimulated with VEGF for 5 min (E), or EC migration (Boyden chamber assay) stimulated
with VEGF for 6 h (F), or capillary network formation on Matrigel stimulated with VEGF
for 4 h. Scale bars=50um. G. Bar graphs represent the averaged fold change from the basal
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control. H. Schematic diagram of CRISPR-generated “redox dead” mCtr1-C187A (human
CTR1-C189A) knock-in (KI)(mCtr1K/"* mice. CRISPR sgRNA targeting the mCtrl gene,
Cas9 mRNA, and single stranded oligo donor DNA (ssODN) encoding CTR1 mutations
was injected into mouse zygotes. | and J. Aortic ECs from WT and mCtr1XVKI mice were
used to measure VEGF signaling using Western blots (I) or EC migration using a wound
scratch assay. Scale bars=50um. J. Graph represents the averaged % of migrated cells at
wounded area compared to WT ECs. E, F, G, | and J. (n=3 biologically independent cells,
two-tailed unpaired t-test). *p<0.05, **p<0.01, ***p<0.001. NS=not significant. Data are
mean + SEM. Source numerical data and unprocessed blots are available in source data.
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Figure 4: Role of CTR1-Cys'890H formation and Cu transport function in VEGF-, Cu-, and
other growth factor-induced signaling and angiogenic responses.

A and C. Ctr1™~ MEFs transfected with HA-hVEGFR2 (A only), Flag-hCTR1-WT, Flag-
hCTR1-C189A or Flag-hCTR1-M1%4A; or Ctr*/* MFFs transfected with HA-hVEGFR2 (A
only) or empty vector were stimulated with VEGF (20ng/ml)(A) or CuCl, (100uM)(C),

followed by Western blotting. B and D. Bovine aortic endothelial cells (BAECs) were

transfected with siControl or siCTR1, and siCTR1-treated ECs were also transfected with
empty vector, Flag-hCTR1-WT, Flag-hCTR1-C18%A, or Flag-hCTR1-M1%A. These cells
were used to measure VEGF (20ng/ml)(B)- or CuCl, (100uM)(D)-induced cell proliferation
(BrdU incorporation), cell migration (modified Boyden chamber assay) or capillary network

formation on Matrigel. E and F. HUVECSs treated with Cu chelator, TTM (20nM) for

24h (E), CTR1** or Ctr1 ™/~ MEFs transfected with Flag-hCTR1-WT, Flag-hCTR1-C189A
or Flag-hCTR1-M>4A (F) were stimulated with FGF (1ng/ml) or insulin (25pg/ml) for

10 min. Lysates were used to measure p-ERK1/2, and their total proteins using Western
blots. Graphs represent the averaged fold change of phosphorylated proteins/total proteins
over the basal control (n=3 biologically independent experiments). A and C, two-tailed
unpaired t-test. B, D, E and F, one-way ANOVA followed by Tukey's multiple comparisons

analysis. *p<0.05, **p<0.01, ***p<0.001. NS=not significant. Data are mean + SEM.

Source numerical data and unprocessed blots are available in source data.
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Figure 5: CTRl-CyslsgoH formation is required for VEGF-induced CTR1 binding to VEGFR2
and their co-internalization to early endosomes.

A. Cell surface of HUVECs were labeled with 1 mM EZ-Link Sulfo-NHS-SS-Biotin for
60min, followed by VEGF (20ng/ml) stimulation. After wash, lysates were biotin-pulled
down, followed by IB with anti-CTR1 or VEGFR2 to measure their internalization. Bottom
panels represent averaged fold change over the basal control. B. HUVECs stimulated with
VEGF (20ng/ml) were immunoprecipitated (IP) with anti-CTR1 or IgG (negative control),
followed by IB with antibodies indicated. Right panel represents the averaged fold change
of CTR1/VEGFR?2 ratio over the basal ratio. A and B. (n=3 biologically independent
experiments, one-way ANOVA followed by Bonferroni’s multiple comparison analysis).
**P=0.0064, **P=0.0014. C. BiFC assay. HEK293 cells co-transfected with Flag-hCTR1-
VN173 and HA-hVEGFR2-VC155 or peptide-VC155 (negative control) with ECFP were
stimulated with VEGF for 30 min. The YFP (Yellow) shows interaction of CTR1 and
VEGFR2. (the experiment is representative of 3 independent experiments that yielded
similar results) D. HUVECs stimulated with VEGF for 20 min were co-stained for CTR1
with VEGFR2 or early endosome markers (Rab5 or EEAL) or late endosome marker (Rab7).
Yellow fluorescence shows their colocalization in the white box in the merged images (D1).
Right panel shows the averaged % of co-localization (D2). E and F. HUVECs transfected
with Flag-hCTR1-WT, Flag-hCTR1-C189A or Flag-hCTR1-H1%A stimulated with VEGF
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(20ng/ml) for 30 min were used to measure internalized CTR1 (detected by anti-Flag)

and VEGFR2 using cell surface biotinylation assay (E) or Co-IP for CTR1-VEGFR2 (F).
(n=3 biologically independent experiments, one-way ANOVA followed by Tukey's multiple
comparisons analysis). **p=0.0071, *p=0.0159, **p= 0.0017, ***p=0.0001, **p=
0.0084, *p=0.0153. G. HUVECs transfected with Flag-hCTR1-WT or Flag-hCTR1-C189A
stimulated with VEGF for 30min were used for CTR1-VEGFR2 co-localization analysis
using anti-Flag (green for CTR1) and anti-VEGFR2 (red) (G1). White arrow heads show
their colocalization. Upper panel shows the averaged % of co-localization (G2). D2 and
G2. (n=6 images examined over 3 biologically independent experiments; one-way ANOVA
followed by Bonferroni’s multiple comparison analysis). *p<0.05, **p<0.01, ***p<0.001.
NS=not significant. Data are mean + SEM. Source numerical data and unprocessed blots are
available in source data.

Nat Cell Biol. Author manuscript; available in PMC 2022 July 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Das et al.

Page 39

CTR1-VEGFR2 disulfide bond formation
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Figure 6: CTR1 Cys!80H forms disulfide bond with VEGFR?2 at Cys12%8, which promotes
VEGFR?2 signaling and angiogenic responses.

A. Right panel Schematic diagram of disulfide formation between CTR1-S(Cys!8%)OH

and VEGFR2-SH after VEGF stimulation. Left panel, HEK293T cells transfected with
HA-hVEGFR2-WT and Flag-hCTR1-WT were stimulated with VEGF (20ng/ml) for 10
min. Lysates were IP with anti-Flag, followed by SDS-PAGE under nonreducing (-DTT) and
reducing (+DTT) conditions and IB with anti-HA antibody (the experiment is representative
of 3 independent experiments that yielded similar results). B. VEGFR2 protein structure.
VEGFR?2 is composed of an extracellular domain, transmembrane domain, two separate
kinase domains (KD1 and KD2), and C-terminal domain. The highly conserved six cysteine
residues in VEGFRSs are indicated by arrows and redox sensitive cysteine residues (C120
and C1208) are shown in red. C. HEK cells co-transfected with Flag-hCTR1 WT and various
HA-hVEGFR2 mutants (VEGFR2-WT, C1201g C1208g 1201 1208g) were stimulated with
VEGF (20 ng/mL) for 10 min. Lysates were IP with anti-Flag or 1gG (negative control),
followed by IB with anti-HA antibody. (n=3 biologically independent experiments, one-way
ANOVA followed by Tukey's multiple comparisons analysis). **P=0.0093, **P=0.0029.

D and E. BAECs transfected with empty vector, HA-VEGFR2-WT, or -VEGFR2-C1208g
were used to measure VEGFR?2 signaling stimulated by VEGF for 5 min using Western
blotting (D) (n=3 biologically independent experiments, one-way ANOVA followed by
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Tukey's multiple comparisons analysis). *P=0.021, **P=0.0037, **P=0.0019, **P=0.006.
In parallel, cells were used to measure VEGF-induced EC migration using the Boyden
chamber assay or capillary network formation on Matrigel (E). Scale bars=50um. Bar
graphs represent the averaged fold change from the basal control. (n=3 biologically
independent experiments, one-way ANOVA followed by Tukey's multiple comparisons
analysis). *p<0.05, **p<0.01, ***p<0.001. NS=not significant. Data are mean £ SEM.
Source numerical data and unprocessed blots are available in source data.
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Retina angiogenesis model
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Figgre 7: C_TRl-stOH formation is required for developmental and VEGF-induced
angiogenesis in vivo.

A. Retinal whole-mount staining with Isolectin B4 (IB4) of P5 WT, “redox dead”
mCTR1K"* or mCTR1KVKI mice. Arrowheads show tip cell sprouting and filopodia. Right
panels show quantification of vascular progression length, numbers of branch point, tip
cells and filopodia. (vascular progression: n=12 samples each for WT, mCTR1K!/* and
mCTR1KVKI: branch point, tip cells, filopodia: n=8 samples each for WT, mCTR1K!"* and
mCTR1KVKI respectively, compared with One-way ANOVA followed by Tukey's multiple
comparisons analysis, *p<0.05, **p<0.01, ***p<0.001). B. Aortic ring assays showing

the number of sprouts from WT and mCTR1XVKI mice embedded on Matrigel stimulated
with VEGF (20 ng/ml) for 9 days. Scale bars=1mm. (two independent experiments were
performed using n=5 and n=9 aortic explants from WT and mCtr1KVKI respectively,
compared with One-way ANOVA followed by Tukey's multiple comparisons analysis, **p=
0.001). C. Ad.VEGF (1x10° pfu) or Ad-LacZ was intradermally injected into the right and
left ear skin of WT and mCTR1KVKI mice, respectively. Ear vasculature (red) was measured
by a whole mount staining with CD31 antibody. D. Ad.VEGF (1x10° pfu) or Ad-LacZ

was injected intravitreously into WT and mCTR1KVKI mice, and retina vasculature was
measured by isolectin B4 staining. C and D. Histograms show the averaged vessel density.
(n=5 samples each for WT and mCTR1KVKI mice respectively, compared with one-way
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ANOVA followed by Tukey's multiple comparisons analysis, **p=0.0059, ****p<0.0001.
Data are mean £ SEM). Source numerical data are available in source data.
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Figure 8: CTR1-CysOH formation is required for reparative angiogenesis in vivo.
A, B, C, D. WT and mCTR1XVKI mice were used for skin wound healing model (A,

B, C) or hindlimb ischemia model (D). In A, representative images show time-course for
wounded skin closure and graph represents the wound closure rates expressed as % of
wound area from control at day 0 after wounding. B and C. Wounded tissues at day 7

were used to measure CD31* capillary density (B) or CysOH formation of CTR1 or actin
(control) using DCP-Biol assay (C). D. Left panels show blood flow recovery as determined
by the ratio of foot perfusion between ischemic (left) and non-ischemic (right) legs after
hindlimb ischemia. Upper panels show representative laser Doppler images and bottom
panel shows quantitative analysis. Right panels show the CD31* capillaries or a-SMA™
arterioles co-stained with DAPI in ischemic gastrocnemius muscles with quantification. (n=6
mice per group, representative of two independent experiments, compared with two-way
ANOVA followed by Bonferroni’s multiple comparison analysis (A and D-left panel), and
two-tailed unpaired t-test (B, C, and D-right panel), *p<0.05, **p<0.01, ***p<0.001. Data
are mean + SEM). Source numerical data and unprocessed blots are available in source data.
E. Proposed model: VEGF stimulation in ECs rapidly induces CTR1-CysOH formation at
Cys189 via NOX4-derived ROS, which promotes CTR1-VEGFR2 disulfide bond formation
and subsequently their co-internalization to early endosomes driving sustained VEGFR2
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signaling in a Cu transport-independent manner. Subsequently, internalized CTR1 and
VEGFR?2 return to the plasma membrane, and which may activate Cu uptake-LOX axis-
dependent angiogenic responses. Thus, VEGF-induced CysOH formation of CTR1 at
Cys189 which promotes Cu entry-independent activation of VEGFR?2 signaling as well as
the canonical Cu entry-dependent activation of Cu-dependent enzymes, such as LOX, are
orchestrated to enhance developmental and reparative angiogenesis.
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