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Abstract
Therapeutic angiogenesis is a major goal of regdiver medicine, but no clinically approved small
molecule exists that enhances new blood vesselatiom Here we show, using a phenotype-driven
high-content imaging screen of an annotated chériicary of 1280 bioactive small molecules, thia¢ t
retinoid agonist Tazarotene, enhanaesitro angiogenesis, promoting branching morphogenesis, a
tubule remodeling. The pro-angiogenic phenotypeasiated by Retinoic Acid Receptor (RAR) but not
Retinoic X Receptor (RXR) activation, and is chéedzed by secretion of the pro-angiogenic factors
Hepatocyte Growth Factor (HGF), Vascular Endothetaowth Factor (VEGFA), Plasminogen
Activator, Urokinase (PLAU) and Placental Growthctea (PGF), and @d secretion of the anti-
angiogenic factor Pentraxin-3 (PTX3) from adjacébtoblasts. b(} azarotene enhanced the
growth of mature and functional microvessels in figad i s and wound healing models, and
increased blood flow. Notably, in ear punch wou odel, Tazarotene promoted tissue repair
characterized by rapid ear punch closure wit@:aearing skin containing new hair follicles, and
maturing collagen fibers. Our study su tretafotene, an FDA-approved small molecule, could
be potentially exploited for therap pplicasan neovascularization and wound healing.

<
Keywords: High conw gning, Tazarotene, Retinoic dmtothelial cell, Angiogenesis, Wound

healing
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Introduction

Angiogenesis, the growth of new vessels from piistigrg ones, plays a critical role in tissue renlewa
and repair. Insufficient angiogenic response ocaduarsgdiseases, such as ischemic heart disease,
peripheral arterial disease, Alzheimer’s diseakmrs, and chronic wound healing causing dysfunctio
of repair and regeneratibh Currently no clinically approved small molecubdsts that enhances new
blood vessel formation. Clinical efforts to deyelpro-angiogenic therapies have largely focused on
administration of single pro-angiogenic growth @st such as VEGF and FGF using recombinant
protein or gene transfer technolodigsbut these are currently viewed as being only rsthge
successfli] possibly because therapeutically beneficial lsemélgrovvth fa e not achieVedr that

the cooperative molecular interactions necessaryhi establish ?unctlonal vascular nekwor
are not achieved through a single growth f&ctorindeed t%& complex molecular interastiand
therapeutic targets are only partially understood. Q

Phenotype-driven approaches can overcome@m@al gap by minimizing assumptions regarding
molecular interactions and targets an étead sfagudirectly on functional aspects of vascular
network formatiol The unbias ntlflcatlon of therapeuticallytise molecules using direct
phenotypic screens is now, r@ using high-coma&croscopy and image analysis algorithms to
generate quantitativ (gatypic dat®rovided an appropriate vitro model ofin vivo angiogenesis is
used, such pheno&driven screens could idenpifg-angiogenic molecules that could be
therapeutically translated.

The growth of new functional blood vessel netwoskdetermined by the extent of branching and
tubulogenesis. The endothelial tube formation assagpitulates most cellular process involves & th
assembly of endothelial cells into a primary pleteig. cell-cell, cell-matrix interaction) and hea$igh
predictive value for angiogenesis-related cellulorphogenesis such as vascular branching and,

suggesting that this is an appropriate modeiriorivo angiogenestd'? We developed a high content

imaging approach using the endothelial tube foromadéissay to screen small molecule libraries with ai
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of identifying novel therapeutic molecules that @mte new blood vessel growth. Here, we identify and
characterize Tazarotene, a small molecule that ptesnendothelial tubulogenesis and branching. We
also demonstrate that systemic delivery of Tazamotstimulates functional neovascularization and

accelerates wound healing.

Results

High content screen of small moleculelibrary using endothelial tube for mation assay

The endothelial tube formation assay is quanti@abdpid, and reproducible, and measures key featur
of angiogenesis such as branching and tubulogéné&sisve miniaturize say to a 384-well plate
format, and established a Z’ factor (a statistivalasure of assa@\t ess) for total tube leofgth
0.33, which is acceptable for high-throughput talsed scre pplementary Fig. 1). To identify
small molecules capable of enhancing endothel%@naﬂon we screened a Library Of 1280
Pharmacologically Active Compounds (LOP a 38l plate format at a final compound
concentration of 10 uM. Primary screenl fthePIé@ library included four 384-well plates with a
Z’' factor of 0.48 +0.13 and a hi f 1.1% tabe formation enhancers and 6.2% for inhibitors
(Supplementary Fig. 2a, Flg& ranching points and total tube length wersitpely correlated
(Supplementary Fig. used total tube length as the parameter fosdbéction, using a B-score
threshold >+2.6 and&or identifying enhancerd ahibitors respectively. The screen resultednn
initial active compound list of 79 inhibitors an® tnhancergSupplementary Table 1 & 2). One
enhancer hit was excluded from the list after Misseamination of the well images because of a
technical artifact. We re-assayed the 14 enhancgng) three independent five-point dose dependence
trials (1.25uM to 20uM) in 96-well plates using the same image analgkisrithm used in the primary
screen. Three compounds increased significantlycandistently the total tube length by more th&615
over the negative contr@fFig. 2a). To re-confirm the results of the screen, we rangixed three active

lead compounds in an independent organotypic assagngiogenesis, in which fibroblasts were co-
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cultured with endothelial celld=(g. 2b). We found that the dopamine re-uptake inhibiGBR-12909)
reduced tubulogenesis and branching whereas th&iR&8e inhibitor (SB202190) modestly increased
the tubulogenesis and branching. The retinoid afgohazarotene showed a robust pro-angiogenic
activity reflected by around 60% increase in ttadle length and branching points compared to cttro

and was therefore followed-up further.

Tazarotene promotes endothelial tube remodeling and branching

Tazarotene is a synthetic third generation retinthidt is approved by the US Food and Drug
Administration for the topical treatment of plagqosoriasis and acne xul e measured the BEC

of Tazarotene (concentration required to enhaneetatal tube h\b 50%) in the organotypic
angiogenesis assay. The 0f Tazarotene (800 nM) in t% ay is comparabline EG, of other
retinoids in cell-based phenotypic as§§,ysuggestin@nhancement of endothelial tobadtion
was unlikely to be an off-target effeig. 2c). served a distinctive pattern of the orgapioty
vascular-like network after treatment of éaroteu:‘rﬁaracterized by highly branched, thinner tubes,
minimal cell clustering, and incre &I opodianiation in the lateral sides of outgrowing endatiel
tubes(Fig. 2d). The increascagching triggered by Tazarotgas noted from 3 days following
endothelial cell see o fibroblasts (theyeahase of network formatior{Bupplementary Fig.
3a). To evaluate tthvior of the newly forming @hdlial tubes following Tazarotene treatment,
we traced GFP-expressing HUVECSs in co-culture tag kell imaging in the initial phase of network
formation. Control endothelial cells initially fornslusters with minimal remodeling and branch
formation at this stagéSupplementary Fig. 3b). In contrast, with Tazarotene treatment, endahel
cells elongated and sprouted, and endothelial tude®deled more rapidly than controls, becoming
thinner with time (Supplementary Fig. 3b). However, Tazarotene did not affect endothelidl ce
motility in single cell culture or in co-culture @sured over 24 hour€Supplementary Fig. 4).

VEGFR2 & VEGFR3 expression is very low or absenmiost adult blood vessels, but expression is up-
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regulated in angiogenic endothelial cells and idothelial tip cell§’*® We therefore investigated
VEGFR2 & VEGFR3 expression in cultured endothalells after Tazarotene treatment, and found that
it augmented VEGFR3 but not VEGFR2 expresgi6iig 2e). Taken together, these findings show that

Tazarotene induces sprouting behavior of endotheits and tubule remodeling.

Tazarotene promotes angiogenesis via retinoic acid receptor activation

The biologically active form tazarotenic acid isoguced by esterase hydrolysis of tazarotene in the
skin, and binds to three members of the RAR familyetinoid nuclear receptors, with relatively more
selectivity for RAR and RAR/lg. We therefore investigated whether }h@zwed&pgiogenic effect

of tazarotene is mediated via retinoic acid sigmaliwe used a p&&} ogical rather than a genetic
approach here as combinatorial isoform specifid\lﬁHo&rany retinoid receptor isoforms is
technically challenging. To quantify angiogene%@experiment set, we measured multiple
parameters depicting the vascular-like netw brganotypic angiogenesis assay after different
treatments. We then hierarchically clustdtet» thepmunds into distinct angiogenic phenotypes based
on four angiogenic parameters: %a lengthndhing points, tube thickness and total node. area
All-trans-retinoic-acid (AT Q]i ited the most similarggangiogenic phenotype to Tazarotene,
suggesting that effe ia the canonical payt(Wwig. 3a). Similar effects were observed using 9-
cisretinoic acid, which is an intracellular product ATRA isomerization, confirming the effects of
Tazarotene through activation of RARig. 3a). While the selective pan RXR agonist (SR 11237)
slightly increased total tube length and branchieggothelial tubes were thicker with greater cell
clustering (nodes), unlike the Tazarotene- or ATiRéddced phenotype@d-ig. 3a). We next examined
the effect of isoform selective RAR agonféts. We found that selectvie RARor RARy agonists
(CD2314 and BMS961 respectively) reproduced théndispro-angiogenic phenotype of Tazarotene.

The selective RAR agonist (BMS 753) increased overall tube formatmm lesser extent than RAR

or RARy agonists(Fig. 3a). As a complementary approach, we also examineceffeet of RAR and
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RXR blockade on Tazarotene-induced angiogenesis. addition of the pan-retinoic acid receptor
inverse agonist (BMS493) attenuated the abilityrazarotene to enhance the angiogenesis. In cgntrast
the incubation of Tazarotene with an RXR antago(iist13003y? did not affect the pro-angiogenic
phenotype of Tazaroten@ig. 3b). These data clearly indicate that the effect ofafatene on the
branching tubule remodeling is only mediated thtoBAR binding. We next investigated the effect of
Liarozole, a retinoic acid metabolic blocking agdémat inhibits the cytochrome P450 (CYP26A1)-
dependent catabolism of retinoic acid, thereby dasing intracellular retinoic aéfl Liarozole
treatment induced the tube formation and increaswtbthelial branching compared to contr(Hsg.
3c). We next examined the expression of RARRES1, aiﬁxpelown;s,tr rget gene for retinoic
signaling activatioff. Tazarotene induced RARRES1 mRNA ex@kn ifolehdothelial cells and
40-fold in fibroblasts(Fig. 3d). Taken together these dat ate that the pgmgenic effect of
Tazarotene is through the canonical retinoic atgdedWway via RAR and not RXR activation.

<&

Tazarotene enhancesthe pro—angiogenicé ine effects of fibroblasts

Given the known link between owth and angiwgsis, we next evaluated cell proliferation
following Tazarotene treatlb en endothelidlscerere cultured alone, their cell numbers (as
measured by DAPI) creased slightly aftetttnent with Tazarotene doses up tqddgM but the

decrease was more ‘pronounced at M. The level of DNA synthesis (as measured by EdU
incorporation) did not change significant{fFig. 4a). In the organotypic angiogenesis co-culture
experiments, endothelial cells were stained with-@®31 antibody and subsequently the total cell
number and percentage of EdU-positive cells werantiied in both endothelial cells (CD31and
fibroblasts (CD3). We found that Tazarotene treatment did not afé@her endothelial or fibroblast
cell numbers significantly, at doses up toud, but reduced fibroblast cell numbers at 2. We also

observed an increase in DNA synthesis of fibroblastdoses from 1-LOM (Fig. 4b). Thus there does
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not appear to be a significant effect of Tazaroteneendothelial cell number or DNA synthesis when
they are co-cultured with fibroblasts.
As retinoic acid can induce vascular growth factarsh as VEGF and HGF® we next explored the
effect of Tazarotene on the secretion of angiogemetated factors profile from fibroblasts. Usiag
comparative proteome profiler array of 55 differegtokines we found that Tazarotene increased the
secretion of the vascular growth factors VEGFA, H®GF and PLA®) whereas the secretion of
PTX3, an inhibitor of angiogene&isvas decreaseffFig. 4c). We found that Tazarotene up regulated
PGF mRNA expression, whereas PTX3 mRNA expressias @ecrease(Fig. 4d). Furthermore, we
validated the enhanced secretion of PGF and PTXBLWS$A (Fig. 4e). Ih ta suggest that the pro-
angiogenic effect of Tazarotene is more pronouncede co-cultur@}g nesis model partly because
of paracrine effects, which amplify the angiogemsponse. 06

o
Tazarotene stimulatesin vivo functional neova@z%on
To investigate whether systemically adrréereda'ratene enhanced vivo neovascularization, we
tested its efficacy in Matrigel imp implantedmice. Intra-peritoneal administration of Tazarot
was well toleratedSupplem gS) and resulted in enhanced expression of hepaticFZHR. (a
retinoid pathway tar? cating that Tazarotene was systemically bivaqSupplementary Fig.
6). The invasion and the growth of microvessels th® Matrigel implant was quantified by CD31 and
TJ-smooth muscle (SM) actin staining of endotheliund anural cells, and was significantly higher
following systemic Tazarotene. Moreover, the nesgbsformed appeared more mature and covered by
mural cells ¢-SM actin positive cellsjFig. 5b). We quantified neovessel perfusion by perfusingemi
with Microfil, and imaged dissected plugs using mT. Microvessels penetrating the Matrigel
implant are more abundant in the Tazarotene tregtedp (7-foldsversus control) and invading
neovessels penetrate deeper into the (§&). 5c). To visualize the structure and perfusion of

microvasculature at a cellular level, we perfuseidenwith biotinylated-isolectinB4. Thick section
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preparations of Matrigel revealed that Tazarotemeased the formation of microvessels with an
enhanced capacity to receive flow whereas fewerangssels could be identified in control m{¢eg.

5d).

Tazar otene enhances wound vascularization and healing

Angiogenesis is a critical part of the normal hegliprocess. New blood vessels deliver oxygen,
nutrients, and essential growth factors to injuissue$’. To assess its effect on wound angiogenesis,
first we used an ear punch wound model. The eaclpaorodel is an established model of wound healing
model and has been widely used to study wound r‘rgaaliissue‘r ation, innervation and
neovascularization” 3+ 3% 33, |n particular, quantitative analysisc&&v édeemation and wound
morphometry is feasible in this model. Tazaroteas mjecte -peritoneallly for six days folliog
injury. The group treated with Tazarotene showeel @le acceleration of wound closure measured
after 12 day¢Fig. 6a). Blood flow and tissue p@m was measureddngrast speckle laser imaging
at 6 and 12 days following injury ar&é signifitg enhanced in the regenerating area of the

Tazarotene-treated groqipig. 6b). gically, a major difference in ear holeeswith neogenesis of
hair follicles (Fig. 6c, Supplc@ar Fig. 7) was apparent at the wound margins by day 14 after
Tazarotene. The re- Qiation events suchaasfallicle growth are considered later morphogene
events in the regenéfﬁve healing protesollagen is a major extracellular matrix compdrefskin

and essential for the mechanical properties ofwbended region. We assessed the collagen fiber
networks using staining with picrosirius red (a dge collagen fiber maturity). The new and mature
collagen levels were increased in the regeneratsl ia the Tazarotene-treated group compared to the
control group. Collagen fiber morphology and orgation was close to that observed in the normal ski
in the Tazarotene treated grof{ipig. 6¢). Proliferating cells were more abundant in regatieg area of

the Tazarotene-treated group. The majority of tlodifprating cells were epithelial (K14 positiveglts).

Fewer proliferating cells were detected in the gksssr myofibroblastsefsmooth muscle cell positive
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cells) (Fig. 6d). Blood vessel densities in the regenerated eagimaf Tazarotene-treated mice were
4.5-folds greater than that seen in Vehicle-treatéck (Fig. 6€). Confocal microscopy of ear whole
mount revealed an augmented neovessel growth imetpenerated tissue of the Tazarotene-treated
group at 14 days after injury. Notable, a significancrease of sprouting vessels towards the wound
edge is detected as early as 4 days after irffigy6f,g). The ear punch model provides cartilage as the
wound bed. To further explore the therapeutic poenf Tazarotene in a model that does not involve
cartilage, we have used a dermal excisional wouadem In agreement with our previous findings in
the ear punch wound model, we found that animekstéd with Tazarotene showed an acceleration of
wound healing Kig 7a). Histological analysis revealed thag temeraased wound
epithelialization Fig 7b) and enhanced new microvessel grovid }th wound bed compared to
the control group. Together, these data show tIaa’antea@Jces wound tissue repair associated
with increased neovascularization of the wound bebo

O
O

)

In the present study, we used hij xntent imaggegniques and a combination of two phenotypic

Discussion

angiogenesis assays to scnca small molecusalilwvith well-defined targets. This resulted i th
identification of Taz$ , a third generatiotin@d agonist, as a pro-angiogenic small molecWe.
showed that Tazarotene promotes blood vessel gramdhfunctional neovascularization in several
vitro andin vivo systems that model angiogenesis.

At a cellular level, we show that Tazarotene insesathe generation of endothelial cell filopodial
protrusions and tubule remodeling, resulting inighly branched vascular network. The vascular
network can be grown through elongation or branglihadjacent endothelial cells. When endothelial
cells are seeded onto fibroblasts, they initiatlyni clusters, which remodel later and sprout tonfer
vascular-like network. Notably, Tazarotene predominantly accelerates ghbcess of remodeling, by

enhancing the differentiation of endothelial ceftavards an elongated phenotype with increased
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filopodia formation. Confirming this, Tazarotenehances VEGFR3 transcription in endothelial cells.
Importantly, VEGFRS3 is increased in sprouting ehetal cells during the growth of new vesséland
blockade of VEGFRS3 signaling results in decreaggdwging, vascular density, vessel branching and
endothelial cell proliferatiolf. By following tubule formation in co-cultures biynie-lapse microscopy,

it appears that Tazarotene enhances tubule remgdeliher than cell migration.

Retinoids act via RARs and RXRs, nuclear transiomipfactors, which form homo and heterodimers
that bind the enhancers of retinoid-responsive gf&ndsing a pharmacological approach, we showed
that the angiogenic phenotype induced by Tazarotedependent on the specific activation of RARs
but not RXRs. The resemblance of the BAdhd RAR dependent pro- nlc phenotypesitro

is consistent with the binding of the active forrh 'Eazarotene&}t ree RARs with increased
selectivity for RARB and RAR, The induction of RARRES ene that is up letgd by RAR but
not RXR specific synthetic retinoitfs— by Tazarote both endothelial cells andofibasts also
supports the idea that RARs are instrumental ‘?Tazarotene -generated angiogenic phenotype.
This is a novel supporting evidence that Fémld aan have angiogenesis-promoting acti¥ity

We showed that blockade of reti |d degradatihich leads to increase the intracellular leofel
retinoic acid, induces the s Mg angiogenicavedr of endothelial cells similar to TazarotendeT
intracellular level ofw acid is maintainég the balance between its synthesis and degradatio
into inactive products, and is regulated by an eratic network in which retinol dehydrogenases
(RDH) and retinaldehyde dehydrogenases (RALDHs}h&gize, while cytochrome the P450 CYP26
degrades retinoic adil This generates gradients of retinoic acid sigwgdictivity that are distributed in

a dynamic spatiotemporal manner to create importaohtrol mechanisms during organ
developmerit*2 We speculate that such gradients may similatggam the sprouting and remodeling
process during new vessel formation. The regulationtracellular retinoic acid availability couttius

be an important factor in controlling the differeedlular events of angiogenesis.
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In our study, an important observation is thatgheangiogenic effect of Tazarotene is magnifiecewh
endothelial cells are co-cultured with fibroblasssiggesting a role for paracrine secretions from
fibroblasts in mediating this effect. We observeduad 60% enhancement of tube formation when
Tazarotene was added to endothelial cell/fibrobtastulture. This is in contrast to around 18%
enhancement of tube formation when Tazarotene palged to endothelial cell culture. Consistent with
this, we demonstrate that Tazarotene induces tiretgm of the pro-angiogenic factors VEGFA, HGF,
PGF* and PLAU from fibroblasts. Moreover, Tazarotenerdases the secretion of PTX3, an inhibitor
of angiogenesi¥’.
Our results indicate that in endothelial cell/fibl@st co-culture, Tazag)t \nhances human fiksobl
DNA synthesis. However Ogawa et & reported a reductiob&ﬁlast DNA synthesighw
Tazarotene when cultured in isolation. We speeuladt this '@nce may be due to the experiaient
conditions, the most important being that we used- @with endothelial cells.
The pro-angiogenic properties of Tazaroten tiin our cell-based studies, were confirmed in
relevantin vivo models — Matrigel implant éwound healing. Ithbmodels, angiogenesis is preceded
by fibroblast growth and invasio &ie Matrigelig model, we show that Tazarotene enhanced the
S

formation of an anatomicall&l

receive blood flow. r, we found that Tazangt induced sprouting angiogenesis and capillary

neovessel ngtloat was physiologically functional and able to

growth from an early Stage of the healing proc€sgillary growth into the wound allows delivery of
nutrients, cells, and cytokines that mediate thelihg response, and is necessary for metabolite
removal. Insufficient angiogenesis thus impairs methealind®. In our study, the induction of
angiogenesis by Tazarotene was accompanied witbldgscal signs of rapid repair in ear punch
wounds as evidenced by increased regeneratingtisstablishment of organized mature collagen fiber
network, increased proliferative activity in wouadges and hair follicle neogenesis. While retiramic

can induce regeneration in a number of differemganr systems in vertebrate such as the urodele

amphibian limb*’, our data show that Tazarotene enhances bothidnatineovascularization and skin
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tissue repair in adult mice, which are both esakntimponents of the efficient repair process foitg
injury.

In summary, we demonstrate that Tazarotene pronmategascularization and tissue repair through its
action on retinoic acid signaling. At least in pahis is driven by a Tazarotene-induced pro-angg
paracrine signaling from fibroblasts. Tazarotena ssnall molecule with a defined mechanism of agtio
and is approved for topical use by the FRAOral Tazarotene does not appear to be assoaidted
adverse events that are typical of oral retinoidscluding hypertriglyceridemia and
hypercholesterolemfa Thus, re-purposing of Tazarotene could be exdlofer treatment of

pathological conditions where circulatory insuffiety is a significarlt @for instance in delhye

wound healing®. 0‘\

N
Materialsand M ethods Q
>

Chemical compounds &

The LOPAC?® library (Sigma) is a coll é of 1280 pharmagitally active compounds from 56
pharmacological classes with we acterizegperoes. Compounds were dissolved in DMSO and
transferred to 384-well plt&n stored at°@0Upon hit identification, all selected enhancer
compounds includi rotene were purchased aslgge from Sigma. All compounds were
dissolved and aliquoted in DMSO at 10mM. RA&elective agonist (BMS753), selective RA&jonist
(CD2314), selective RARagonist (BMS961), RXR agonist (SR 11237), pan-RisRerse agonist
(BMS493), pan RXR antagonist (UVI30003) and Liadezdwydrochloride were purchased from

TOCRIS. All4rans-Retinoic Acid and $is-Retinoic Acid were purchased from Sigma.
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Development and miniaturization of endothelial tube formation assay for high throughput
screenings

Primary Human Umbilical Endothelial cells “HUVEC” ere purchased from Lonza. Cells were
maintained in endothelial cell Medium (EGM-2™, LajzLow passage cells (<5) were used for all
experiments. Theén vitro tube formation assay was performed as previousicribed for a 96-well
microplate formdf. In our study, we also adapted the assay for 38#-microplate format. Briefly,
HUVEC were seeded at 15,000 cells per well for @i-plate or 4,500 cells per well for 384-well @at
on top of Matrigel (ref.354248, BD Bioscience) afelding compounds and incubated at 37°C, %5 CO
for eight hours. HUVEC formed capillary-like vasaulstructures "t n the presence of the
Matrigel. The tubes were fixed and stained with x&lg68-conju &j\gllmdm (Invitrogen), HCS
CellMask™ Green (Invitrogen) and DAPI (Inwtrogem)ss% e performed in black-walled, clear-
bottom, 96-well and 384-well microplates (Perki itable for automated fluorescent imaging.
Images were acquired using a high-content@m@em (Operetta, Perkin Elmer). The raw (.tiff)
images were then segmented and anal zéo ettieotorphological features of vascular-like network

using fully-automated Metamorp}? analyssvwﬁb (Molecular Devices). The Z' factor was used

to measure the robustness l@c

. 3 (SDpos control + SDneg control)

Z =1-

I-based dssagefined by the following equation:

|mean — mean

pvos control nea control|

Assays with Z>0.3 are considered highly suitablecfsnducting a high-throughput screening of assays
with complex cellular systems such as capillarg-liletwork formatioff. We found that the most robust

morphological parameter is total tube length (Zté@=0.33). For the actual screen, several other
parameters depicting the network morphometric vése measured including branching points, average

tube thickness, total tube area, total node anbe, length per set and segment number.
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High content screening for regulators of angiogenesis

Cooled Matrigel (16l) was dispensed into black 384-well plates (Fdotd, Cell carrier, Perkin
Elmer) using liquid handling robotics (JANUS, PerEImer) and incubated for one hour at@7Next,
library compounds (in 16 media) were added to a final concentration giMdor further 30 min at
room temperature. Suramin (inhibitor of angioges)&sivas added as positive control and 0.5% DMSO
(Vehicle) was added as negative control. HUVEC [@dalonor, C2519A, Lonza, passage 4) were
grown in EGM™-2 Media (Lonza). Cells were splitngiAccutas® (Sigma). Cells were then seeded in
the prepared plates with compounds and Matrigdeasity of 4,500 cells per well in 16ufgl with cell
dispenser (FlexDrop PLUS) and liquid handling rad(JANUS). Micrg &vere incubated for eight
hours at 37°C, %5 CQuntil endothelial cells form capillary-like VG&§ructures "tubes". The screen
was performed in duplicate. 06

Endothelial tubes were fixed with paraformaldeh rnight at 4°C. After washing with PBS,
cells were permeabilised with 0.1% Triton @BS for 10 min. Cells were stained with alexa
fluor-568 phalliodin (Invitrogen), 1:200 SIB&ask™ Green (Invitrogen), 1:5000 for 45 min at
room temperature. Wells were \u three timels Wid5% TWEEN-20 in PBS. Next, the plates
were imaged with a 2x obj& using a high-contaicrocopy system (Operetta, Perkin Elmer). A
single field which co whole well was acgdiat two wavelengths to image cell body (CellMask
green) staining and actin phalloidin staining ghasure times of 50 and 400 milliseconds, respdgtive
The actin-phalloidin images (16-bit depth) werepged using imageJ (NIH) to extract the region-of-
interest from the row images and to remove theoddibcus objects in the border area of the welkctea
resulting well image had a dimension of 400x40@fsixwhich covers 45% of the total area of the well
Next, the processed images were segmented andzadaly extract the morphological features of the
vascular-like network using fully-automated Metaptoimage analysis software (Molecular Devices).
A pixel intensity threshold was set to distinguéttin-labeled endothelial tubes from local backgbu

along with a minimum and maximum tube width andligoigfor analysis of all images.
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The total tube length and branching points readalges were normalized using the B-score method in
the WebCell[HTS2 packatfe The hit selection threshold was set at +2.6 fdramcers and at -4.0 for
inhibitors. R correlation between replicates was =0.7. The Etdiawas used to assess the quality
control of the screen plates, and was >0.3 in lalleg Supplementary Fig. 2a). The screen data and
plate QC assessment were visualized and analyZzed Escel (Microsoft), Spotfire (TIBCO, Perkin

Elmer) and Prism (GraphPad) software.

Co-culture angiogenesis assay

Adult human dermal fibroblasts (HDF, Lonza) wereds at density}?ells per well. Next day,
HUVEC were plated at density 4,000 cells per wealltbe conflu &}o ast monolayer in 96-well
plate as described previou¥lyThe interaction of these tva types giveg tis three-dimensional
tubules over a period of 5-7 days. The drug is d after plating of HUVEC to avoid potehtia
secondary effect of the drug on cell adhes@ eultures were fed with a full-growth factor
supplemented medium consisting oféé mixturemafdium-106 (Invitrogen): EGM-2 medium.
Endothelial formed tubes were xsed by immumefiecence using a mouse anti-human CD31
monoclonal antibody (ref. QD systems) at@1dilution and goat alexa 568-conjugated anti-
mouse IgG seconda?' ody (Invitrogen) at 1.did@ion. Nuclei were visualized by DAPI staining.
The endothelial tubes"were imaged automaticall¥0at magnification using the high-content imaging
system (Operetta). Typically, nine identically gimsied fields were acquired from each well in each

experiment. Quantification of the angiogenic partarseof formed endothelial network was performed

automatically using Metamorph software.
Heat map clustering and analysis for phenotypic profiling of compounds

Prior to hierarchical clustering, data were scabsd performing Z score normalization for each

angiogenic parameter. Z score—transformed valuese when clustered using an unsupervised
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agglomerative clustering method with an averag&alje and a Euclidian distance measurefient
Hierarchical clustering of the compound phenotypefiles was carried out using TIBCO Spotfire
software and data were visualized using the demdnodor compounds with heat map for angiogenic

parameter values.

Cédll proliferation assay

Cell proliferation was assessed using Click-iT® Edlexa Fluor® 488 HCS kit (ref. C10350,
Invitrogen) according to the manufacturer’s proto&riefly, HUVEC were seeded alone or on HDF
monolayer in 96-well plates at 7.5¥1€ells per well and treated WitQ T ene or Yehior 48 h.
EdU labeling medium (1@M final concentration) was added tb&\e cdtand incubated for 6
hours before fixation. Next, the cultured cells evdixed wb@ paraformaldehyde for 10 min and
treated with 0.1% Triton X-100 for 15 min at roo re. After washing with PBS, the samples
were stained with Click-iT® reaction cocktai@ solution at room temperature for 30 min. The
cells were stained with DAPI at rooméeératuneﬁ‘ﬁ min. In co-culture experiments, endothelial

cells were stained with mouse ap# an CD31 adiiblR&D systems) and subsequent incubation

with alexa568-conjugated ge@ti- ouse IgG seagnantibody (Invitrogen). The plates were imaged
and quantified usin}&content fluorescent ndcopy (Operetta). The total cell number and
percentage of EdU-positive cells was calculatechffbfields per well using a 10x objective (Harmony

software, Perkin Elmer). The image analysis soféw&tarmony) has the required algorithms to be able

to distinguish the nuclei in stained endothelidlesi from the ones of fibroblasts.

Time-lapse live cell imaging and cell motility assessment
HUVEC stably expressing eGFP were obtained by thactton of eGFP-puro-lentiviral vector
(GeneCopoeia). HUVEC expressing eGFP were seed®®-imell plate as single cells or were co-

cultured with fibroblasts in presence of Tazarotén@M) or Vehicle. Time-lapse live imaging was
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performed in a humidified, heated and &gntrolled and integrated chamber within the higitent
imaging system (Operetta). For cell motility asssssts, images were captured with 10x objectivébat 1
min intervals for a total period of 24 hours. Indival cells were identified and tracked automalycal
within the field image using Harmony image analysidtware. For observing tubulogenesis, images

were captured with 10x objective at 15 min interfeala total period of 48 hours.

Proteome profiler array for angiogenic factors

The Proteome Profiler Human angiogenesis-relateadkoes Array Kit (R&D Systems, Catalog #

ARYO007) was used to analyze secretory changesearcdmditioned me i f fibroblasts following

Tazarotene or Vehicle treatments for 48 hours etiﬁlgraccordint&m anufacturer's instructions
but using IRDye® 800CW streptavidin. Visualizati@md itation of the detected spots were
performed using the LI-COR Odyssey scanner, @mwss.o analytical software (LI-COR

Biosciences). Pixel density values in dot bI@orrected by normalizing to the highest average

control and subtracting the average pi)&éﬂy% of negative controls. The map array of cyteki

is illustrated in (supplementary F@

<
Quantitative RT-PC 00
Total RNA was isol&rom cultured cells using Riagen RNeasy Micro Kit and from the mouse
liver using the Qiagen RNeasy Mini Kit accordingtbhe manufacturer’'s protocol. cDNA was prepared
with QuantiTect Reverse Transcription Kit (QiageBS)YBR green qPCR was carried out with the
following QuantiTect Primer Assay assays: Human #LHs FLT4 1 SG (QT00063637), Human
KDR, Hs_KDR_1_SG (QT00069818), Human RARRES1, HsSRRES1 2 SG, (QT01666469)
Human PGF, Hs_PGF 1_SG (QT00030688), Human PTX3,PHX3 1 SG (QT00093261) and

mouse RARRES1, Hs RARRES1 2 SG, (QT01666469) . Taa were normalized to the

endogenous controls HPRT1, Hs HPRT1 1 SG, (QTO@H9Mr cells and 18S ribosomal RNA,
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Mm_Rn18s_3_SG, (QT02448075) for murine samplesd Ebénges were calculated using comparative

ddCT (threshold cycle) method (BioRad).

ELISA
We used commercially available enzyme-linked imnaambent assay (ELISA) kits (DuoSet, R&D
systems) to measure thuman Placental Growth fdB%6F) and Pentatraxin 3 (PTX3) levels in cell

culture supernatants.

Invivo Matrigel implant angiogenesis assay

Experiments involving mice were covered by projaot person &}gs issued by the UK Home
Office and they were performed in accordance with Gui @r the Care and Use of Laboratory
Animals (the Institute of Laboratory Animal Res 96). Eight-week old female CD1 mice
(Harlan Laboratories) were injected subcut y both abdominal flanks with 40D growth
factor-reduced Matrigel (BD Bioscienc éplemdmﬂth FGF2 (250ng/ml, R&D systems), under

anesthesia induced by isoflurane @u lon. Mieeendaily injected intra-peritoneally (i.p.) withtheer
O

Tazarotene (10mg/kg) or 2 in PBS (Vehiskayting from the day of Matrigel implantation
for 6 days. Twelve r, the mice were kibed Matrigel implants were removed, photographed
and fixed in 4% pa?a%naldehyde at 4°C overnigfiplant paraffin sections ofum thickness were
incubated with the rat anti-mouse CD31 antibody.@Q@; BD Biosciences, 550274) overnight at 4°C.
Sections were then incubated with alexa488 congayagoat anti-rat IgG secondary antibody
(Invitrogen) and cy3-conjugated antksmooth muscle actin antibody (Sigma). Nuclei were
counterstained with DAPI. Mounted sections weregeth with 20x objective by Operetta imaging

system (Perkin Elmer). Microvessel density was ¢jtiad in 30-40 fields covering the whole cross-

section of the Matrigel plug at each of three 1-spaced sectioning planes of implants. CD31 positive
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neovessel area covered wittsmooth muscle actin positive cells inside implaantd total implant area
were quantified using Image J software (NIH).
To visualize microvessel perfusion, terminally @hetized mice were injected intracardially with
3mg/kg of biotinylated GS-IsolectinB4 (invitrogemfter 5 min, mice were euthanized and perfused
with 4% neutral buffered paraformaldyhede underspiiggical pressure. Implants were dissected and
stored in PFA 4% overnight. Following an incubation30% (w/v) sucrose solution, the plugs were
embedded in OCT compound and were snap frozenafitglvere cut into thick sections (200 and
labeled for injected lectin by incubating with adéX47-conjugated streptavidin. Co-staining is ajpipice
visualize the total vessels by incubating with #2031 antibody as, xed above. Fluorescence
images of stained slices were taken with a conftas@r-scannin 'gope (Zeiss 510 Metahead).
Around 50z-stacks of raw imagesy() were required for 3D @truction.

o
MicroCT angiogram &0

Mice were euthanized, and the thoracic y waened. The right atrium was cut, and the heart (lef
ventricular) flushed with PBS 'emg heparin0O@ IU/L) for 5 min. 4% neutral buffered
paraformaldyhede was perfe&ln er physiologiedsure for an additional 5 min. A contrast agent,
radiopaque silicone compound (Microfil, M¥2] Flow Tech Inc.), was injected into the heart
for 5 min as described previouslyObvious perfusion in the eyes and tail served asliable marker

for systemic perfusion of the blood circulation.eTimice were left at room temperature for 30 min to
allow polymerization of the agent. Matrigel implanncluding the overlying skin were generously
dissected, placed into 4% neutral buffered paradtadehyde and maintained at 4°C until scanning. The
skin over the implants was served for the sampéntation. The samples were embedded in agarose gel

and imaged using a SkyScan 1172 microCT scannekéBy. The 3D micro-CT scans of each Matrigel

implant were visualized using Imaris image analy$tware (Bitplane). The raw images were 3D
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reconstructed, segmented and quantified using AlMB&a image analysis software (FEI Visualization

Sciences Group).

Ear punch wound healing model

Eight-week old female CD1 mice (Harlan Laboratgrie®re used for an ear wounding procedure as
described previousiy. All procedures were carried out according to Uknté¢ Office regulations and
under appropriate licences. Briefly, mice were warth with a 2-mm full-thickness hole punched
through the lateral third of each ear using alstenetal biopsy punch (Harvard Apparatus). The wioun
was disinfected with ethanol swabs to prevent tidac Mice were dailxi ; \d intra-peritoneallytiv
either Tazarotene (10mg/kg body weight) or DMSOXR.® PBS&\Q starting from the day of
wounding for 6 days. Wounds were photographed avitlgita ra immediately after wounding and
at day 12. Mice were killed after 12 days or 149a ing, ears were harvested and fixed in 4%
neutral buffered paraformaldehyde. A cover@nd on top of the ear tissue for flattening. Ear
wound images were captured and pro éd by usngpmicroscope linked to digital camera. Ear

hole area (in mA) was quantified@iwg ImageJ image analysisvsoé. Tissue from wounded ears
r

was fixed with PFA 4% at night, embeddeganaffin and 7tm thick sections cut. Before

histological staining, were dewaxed and dedied. Slides were stained with Hematoxylin and
Eosin (H&E) or a Picro-Sirius Red stain kit (Sigm&e slides were washed, rehydrated, cleared and
mounted. Staining was visualized using Nikon micopg in bright field for Hematoxylin and Eosin
(H&E) and under polarized light for Picro-Sirius dRé'he Picro-Sirius Red signal was measured in the
marginal area of wounds and quantified using Imhgeftware. For labeling of proliferating cells,cai
were injected i.p. with 3 mg/kg of EdU (InvitrogeB) hours before euthanasia. Ear wound paraffin
sections were stained for EdU using Click-iT chemgidollowing the manufacturer’s instructions

(Invitrogen). For vascular phenotypic analysis, lehmount preparations of dissected ear skins or

paraffin cross-sections were double immunostaiBeéfly, after blocking with 5% goat serum in PBST
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(0.3% TWEEN-20 in PBS), samples were incubated waiittrmouse CD31 antibody (BD Biosciences).
Samples were incubated for with alexa488-conjuggted anti-rat IgG secondary antibody (Invitrogen)
and Cy3-conjugated anti-SM actin antibody (Sigma). Nuclei were counterstdi with DAPI
(Invitrogen). CD31-positive blood vessel area wasarmiified in the marginal area of wounds using
Image J software. Fluorescent images from flat-nediear skins were visualized using a Leica SP8
SMD X Confocal Microscope. Around 60 z-stacks ofl ianages Xy) were typically acquired for 3D

reconstruction.

Laser speckle contrast imaging of blood flow o Q\
Blood flow in the ear wounds was monitored usin@peckleé}ols Imager - FLPI-2 (Moor
Instruments, UK) as described previodSlyrhe FLPI meas§ ts were made in a warm (24A@)

quiet environment. The CCD camera was position ove the ear internal surface. The contrast

images were processed to produce a color Iixeimage (red denoted high perfusion, blue
signified low perfusion) using the moorFLé measnent module (Moor Instruments). Measurements
were made postoperatively in thq&%ery areavaiinds at 6 and 12 days using the moorFLPI-2
review module (Moor Instru .

G
Excisional dorsal wound healing model
Eleven-week old female CD1 mice (Harlan Labora®grigere used for cutaneous wounding procedure
as described previousfy All procedures were carried out according to Ushté Office regulations and
under appropriate license. Mice were anesthetaed their dorsal skin was shaved and wiped with 70%
ethanol. Full-thickness excisional wounds were mag@icking up a fold of skin and using a sterile,
disposable 5-mm biopsy punch, resulting in genamnadf one wound on each side of the midline. Mice

were daily injected intra-peritoneally with eithEazarotene (10mg/kg body weight) or DMSO 2.6% in

PBS (Vehicle) starting from the day of wounding Godays. The areas of open wounds were measured O
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and 8 days after wounding. Mice were killed afteta§s of wounding, wounds were harvested with a 5-
mm rim of unwounded skin tissue and fixed in 4% treubuffered paraformaldehyde. For
immunostaining, paraffin sections were incubatethwai rat monoclonal specific for endothelial cells
(CD31, BD Bioscience), Cy3-conjugated amtEM actin antibody (Sigma) for smooth muscle cehisl
myofibroblasts and K14 for keratinocytes (GeneT&{)31-positive blood vessel area was quantified in

the wound edges using Image J software.

Statistics
All statistical analysis was carried out using PriGraphPad. Two treatr? oups were compared by
unpairedt-test. Multiple group comparisons were analyzed)bgz- \ o-way ANOVA wittpost

hoc Bonferroni’s test. Ap value of less than 0.05 was consg d to besstatily significant. Several

independent experiments were performed to guarawcibility of findings.
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Figure Legends

Figure 1 Phenotypic screen for angiogenic activity of LOPAE small molecule librarya) Left:
Screening workflow. Primary Human Umbilical Vein dfthelial Cells (HUVEC) were seeded onto
Matrigel coated 384-well plates and incubated wiiPAC*?®° compounds at a concentration of .
Right: Plate design. The position of negative controlshj¢le (DMSO) alone, blue), positive controls
(Suramin, 1QM, red) and LOPA&® small molecules (green) is indicated) Image analysis
workflow: Top: Endothelial tubes were stained for F-actin usingllpidin and CellMask Green and
then imaged using an Operetta high content micrpEystem. The‘re . f-interest (ROI, middle
panel) is created on 16-bit red channel images ianf@llowed &&}0 ated image segmentation
(bottom panel) to identify tubes (white mask), rodgree %}I branching points (red dots) using
Metamorph image analysis software (Molecular cale bar 1 mmc) Left: Scatter-plot
distribution showing the results of high cont@ng. The total tube length was normalized using
the B-score method in WebCell[HTS2. Irétors anmdancers (B-Scorg-4 and>+2.6 respectively)
are indicated below and above th %} linesatNagcontrols (are shown in blue positive contiols

red and LOPAE®library mb&s n greerright, Representative microscopic images from negative

(Vehicle alone) and VQ (suramin) control wefcale bar 400m.

Figure 2 Validation of active lead compounds. Selected enhancer hits were re-tested manualhg usi
the endothelial tube formation assay in 96-welinfat. The tubes were imaged and quantified as
described in Figure Left: Representative images of active lead compound§éll. Scale bar 50am.
Right, the chemical structure, the molecular weight,ghmary target of the compound and its effect on
the total tube length (normalized to Vehicle %10833 each concentration. Data are expressed as
meanzs.e.m, one-way ANOVA followed by Bonferromiést hoc test, **p<0.01; ***p<0.001 compared

to Vehicle.b) The effect of active lead compounds was testednirorganotypic angiogenesis assay
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where HUVECs are plated on to a confluent humammeerfibroblast (HDF) layer. The medium
containing the compound ) was refreshed at 3 and 5 days following platifigendothelial cells.
Co-cultures were stained with an antibody againd8T and imaged 7 days after endothelial cell
plating. Nine fields were quantified for each w6 wells per group). Error bars, meants.e.m, one-
way ANOVA followed by Bonferroni'post hoc test, *p<0.05; ***p<0.001 compared to Vehicle. fca
bar 1mm.c) Dose-response curve showing the effect of Tazaeoten total tube length using the
organotypic angiogenesis assay. Data are showneasis.e.m. The curve was fitted using Prism
GraphPad, and Eg calculated as O1. Scale bar 20Qum. d) High-power image of Vehicle and
tazarotene treated endothelial tubes, demonstrédtecal filopodia prgtr & (arrows). Scale bér
um €) Effect of Tazarotene (8M) on expression of FLT4 (VEGF \i DR (VEGFR?2) intautd
endothelial cells estimated using RT-gPCR. Errasbaea .m., *P=0.02 compared to Vehicle,
(n=3 replicates derived from 3 independent expthsed using unpairetest).

O
Figure 3 Tazarotene induces angiog through RAR aidnvaHUVEC were seeded on to
confluent human dermal fibrobl F) cells. Medi containing the compound (3M) was
refreshed 3 days following f endotheliall& Co-cultures were stained with anti-CD31 and
imaged 5 days aft helial cell plating. Amggioic phenotype parameters (total tube length,
branching points, tube thickness, and total nodm)aof the formed network were measured using
Metamorph image analysis software. Nine fields wguantified for each well as described in the
methods.a) Effect of natural retinoic acids (allans-retinoic acid (ATRA) and @is-retinoic acid),
RAR isoform agonists (RAR(BMS753), RAR (CD2314) and RARBMS961)) and RXR agonist (SR
11237) on angiogenic phenotype, compared to theardteme-induced phenotype (n=3 wells per
condition). Error bars, meanzs.e.m, one-way ANOVWAdiwed by Bonferroni'post hoc test, **p<0.01;
***p<0.001 compared to Vehicle. Scale bar 20f. Right, Heatmap of z-score scaled data from the

four angiogenic parameters, followed by hierardhatastering of compounds to create the dendrogram

© 2016 The American Society of Gene & Cell Therapy. All rights reserved



generated by Spotfire softwafeCompounds clustering together, exhibit similaemdtypic profiles®.

b) Effect of the pan-RXR antagonist (UVI 3003), paAHRantagonist (BMS5493) and Tazarotene on
angiogenic phenotype (n=3 wells per conditionsjoEbars, meants.e.m, one-way ANOVA followed
by Bonferroni'spost hoc test, ***p<0.001. Scale bar 20@0m. Right, compound phenotypic profiling
using hierarchical cluster analysis as describenvalr) Effect of Liarozole (3uM), a retinoic acid
metabolism inhibitor, on angiogenic phenotype, naélls per conditions. Data are expressed as
meants.e.m. Unpairegtest, **p<0.01; ***p<0.001 compared to Vehicle. &e bar 20(0m. d)
RARRES1 mRNA abundance in Tazarotene-treated HUME@ HDF assessed by quantitative RT-

PCR (n=3 replicates derived from 3 independent ex@ats). Unpairgd— *p<0.01 compared to

Vehicle. ‘\
90

Figure 4 Tazarotene enhances the pro-angiogenic %Wsabf fibroblasts.a) Left, representative
images showing the effect of Tazarotene@ cell number and DNA synthesis in isolated
HUVECs. HUVEC were cultured as sindl Is in pree of Tazarotene or Vehicle for 48 hours. EdU
(10uM) was added 6 hours befor on. Cells weeenstd for EJU (green) and DAPI (blue). Scale
bar 20Qm. b) Left, represen@@i ages showing the effect of Taeae (7uM) on cell number and
DNA synthesis in H DF co-culture at presendelazarotene or Vehicle for 48 hours. Cells
were stained for EdU (green) and CD31 (red). Sbate20@um. Right panels o&) andb), quantitative
data for total cell number and the proportion ofUFubsitive nuclei. Cell counts and EdU positivelsel
were normalised to the Vehicle control, which wat at 100%. Data from 4 wells for each
concentration, and nine fields per well were aredysand are expressed as meants.e.m. One-way
ANOVA followed by Bonferroni's post hoc test, *p€8; **p<0.01; ***p<0.001 compared to Vehicle.
c) Effect of JuM , representative images showing the effect ofafetene ted secreted proteins from
HDF cells using Proteome Profiler Arfdy The inset shows the raw images from the array lonene

for Vehicle (top) and Tazarotene (below), with ée$t corresponding to those on the bar-graph.
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Fluorescence intensity of each dot was normalipeithé Vehicle control and presented as fold change
(y-axis) on the bar graph. d) Effect ofu®1 Tazarotene PGF and PTX3 mRNA expression estimayed
guantitative RT-PCR. Error bars, meants.e.m. nagditedt-test, **p<0.01 compared to Vehiclée)
Effect of Tazarotene on secreted PGF and PTX3 addayELISA. n=3 per treatment condition, error
bars, meants.e.m. One-way ANOVA followed by Bordeiis post hoc test, *p<0.05; **p<0.01,

***n<0.001 compared to Vehicle.

Figure 5 Tazarotene promotes functional neovascularization in Matrigel implants. Mice were
injected subcutaneously with Matrigel supplementétd FGF-2 (250 ng/ &zarotene (20 mg/kg) or
Vehicle (DMSO) was injected intra-peritoneally ().gaily for 6 da@%?esentative photographs of
implants from Vehicle control and Tazarotene tréataice ffect of Tazarotene on neovessel
formation.Top: Histological sections of Matrigel imp @ouhhmunostained for CD31 (endothelial
marker, green) and-smooth muscle actim{SM @smooth muscle cell marker, red). Theeatbline
shows the edge of Matrigel implant. Sé:éarpl’r?_OBottom: Mature neovessel area (y-axis) in the
Matrigel plug was quantified by &uring CD31-pwsi neovessel invested iy smooth muscle
actin—positive cells stained ? three sestiovith a 1-mm interval between sections) for each
implant and divided &'implant area, n=6 aglgper treatment group, 2 implants per animal were
studied. Data are pgented as box plots, with maxi, minimum, and quartile range. Two-way
ANOVA (****p<0.0001) followed by Bonferroni's mulple comparisons test, *p<0.05, *#%0.001
compared to Vehicle groupc) Effect of Tazarotene on microvessel perfusion gismicroCT
angiographyTop, microCT angiogram of Matrigel implants. Mice werdused with Microfil 12 days
after Matrigel implantation and the harvested impkanalysed by 3D microCT imaging to visualize the
microvasculature (orangeMiddle: 3D-reconstruction of microCT images of Matrigel plants
including the perfused microvessels: vessels insld#igel (green), vessels surrounding Matrigetlre

and the Matrigel implant (transparent grefpttom: The vessel volume inside the Matrigel was
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guantified using Amira image analysis software. d&ate expressed as % (vessel volume/Matrigel
implant volume) by box plots, with maximum, minimuand quartile range, n=6 mice, 2 implants per
treatment group. Unpairdetest, *p<0.05 compared to Vehicle group. Scale Zram.d) Effect of
Tazarotene on microvessel perfusion using confecmlroscopy. Representative Z-stack confocal
images of thick sections of Matrigel implants (mm&e, 2 implants per treatment). To visualize eess
perfusion, terminally anaesthetised mice were tepowith biotinylated IsolectinB4 12 days after
implantation, implants harvested and sections inotabeled for CD31 (green, endothelial celtsM
actin (red, smooth muscle cells), DAPI (Blue, Ni¢land for injected lectin by using streptavidin-

Alexa 647 (purple, perfused vessels). The dotted §hows the edg‘e rigel implant. Scale bar

120um. 0‘\

\}9
Figure 6 Tazarotene promotes ear punch wound h @nd neovascularization after injury. a)
Effect of Tazarotene on ear punch cIosUmeﬁ sentative images eérs frommice treated with
Vehicle or Tazarotene. Tazarotene (10 , Wag administered daily for 6 days following the-ea
punch. Wound size was measu %r 12 daight: Quantification of the punch area (n=6 animals
per group). Data are prese as ox plots, wakimum, minimum, and quartile range, unpaired-t-
test, ***p<0.001 co 0 Vehicle grouyp. Left: Effect of Tazarotene on blood flow following ear-
punch injury. Repr:&tive images showing bldod fmeasured in the wound area using speckle
contrast laser imaging at 6 and 12 days after ynfne5 animals per group). The dotted circle desote
the region-of-interestRight: Mean flow (flux) in the region-of interest wasaguified using moorFLPI-
2 software, and data expressed as mean = s.e.m:wWaBywoANOVA (**p<0.01) followed by
Bonferroni's multiple comparisons test, *p<0.05 pamed to Vehiclec) Effect of Tazarotene on wound
histology at 14 days after injurieft: Hematoxylin and eosin stained cross-sections thighl2-mm area
of the original hole indicated. Arrows indicate thmétial wound site identified by the cartilage cut

Middle: Enlargement of the boxed section in the previausep Arrow-heads indicate new hair follicles
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in the wound bedRight: Picrosirius red stained cross-sections. Birefimge of picrosirius differentiates
thick, mature collagen fibers (red/yellow) fromrthnew collagen (green). Quantification of collagen
density, data expressed as % (stained collagefregeaerated area), n=6 animals per group. Unpaired
t-test, *p<0.05 compared to Vehicle. Dotted linewssahe initial cut position. Scale bar80. d) Effect

of Tazarotene on cell proliferation in the woundaat eft: Representative confocal images of ear wound
at 6 days after injury stained witlpper panel, CD31 (green)a-SM actin (red), DAPI (blue) and EdU
(white); lower pandl, stained with EdU (green), Keratin 14 “K14” (regind DAPI (blue). The arrow

indicates the initial wound site. Scale bar @®&. Right: EAU positive cells were quantified and

normalized to the total cell number inside the negated area which |s i sfied by the cartilage ¢

n=4 animals per treatment condition. Data are esga@ as mea&\. npaired-t-test, ***p<0.001
compared to vehicle group) Effect of Tazarotene on wou 6 ascularizatiotatlays after injury.
Left: Cross sections of ear punches were stained Wit81C@reen),a-SM actin (red) and DAPI
(nuclei). Arrows indicate the initial wound sit@&r 9Qum. Right: CD31-positive microvessel area
was quantified as a percentage of thbgenerami, &=6 animals per group. Unpairegbst,
***n<0.001 compared to Vehicl g) Effect of Tazarotene on new vessel formation in the
regenerating zone. Z-stack e;?lmages ofnflatinted ears at day(#) and day 14g) after injury.
The dotted line indi wound site, the asreivows new hair follicles, and the asterisk ingisa

the ear hole. CD31 (green, endothelium) ar8M actin (red, smooth muscle cell and myofibrotdpas

Insets in(g) show a global view of the wound at low magnifioati Scale bar 9am.

Figure 7. Tazarotene enhances excisional dorsal wound healing and wound bed vascularization. a)
Effect of Tazarotene on wound closutesft: Representative images of skin from mice treatétth w
Vehicle or Tazarotene. Scale bar 5nRight: Quantification of the wound closure (n=6 animpés
group). Data are presented as box plots, with maxirminimum, and quartile range, unpaired-t-test,

*p<0.05 compared to Vehicle groupp) Effect of Tazarotene on wound epithializatiobeft:
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Haematoxylin and eosin stained cross-sections afndaentre. Scale bar 5081 Arrows indicate the
wound edgesMiddle: Enlargement of the boxed section in the previpasel. Arrow-heads indicate
new hair follicles in the wound bed. Scale bar 900 Right: Cross sections of wound centre were
stained with Keratin 14 (greem);SM actin (red) and DAPI (nuclei). Arrows indicdtee initial wound
site. Scale bar 9um. c) Effect of Tazarotene on new vessel formation irumeb bed.Left, Cross
sections of wounds were stained with CD31 (grees§M actin (red) and DAPI (nuclei). Scale bar 50
um. Right: CD31-positive microvessel area was quantified peraentage of the wound bed area, n=6

animals per group. Arrows indicate the wound edg#wpairedt-test, *p<0.05 compared to Vehicle

group. . Q\
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Fig 5
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Fig7
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