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Summary

Background—The recurrence of port-wine stain (PWS) blood vessels by pulsed dye laser
(PDL)-induced angiogenesis is a critical barrier that must be overcome to achieve a better
therapeutic outcome.

Objectives—To determine whether PDL-induced angiogenesis can be suppressed by topical
axitinib.

Methods—The mRNA expression profiles of 86 angiogenic genes and phosphorylation levels of
extracellular signal regulated kinases (ERKSs), phosphorylated protein kinase B (AKT) and

ribosomal protein S6 kinase (p70S6K) in rodent skin were examined with or without topical
axitinib administration after PDL exposure.

Results—The PDL-induced increased transcriptional levels of angiogenic genes peaked at days
3-7 post-PDL exposure. Topical application of 0.5% axitinib effectively suppressed the PDL-
induced increase in MRNA levels of the examined angiogenic genes and activation of AKT,
P70S6K and ERK from days 1 to 7 post-PDL exposure. After topical administration, axitinib
penetrated into rodent skin to an approximate depth of 929.5 pm.

Conclusions—Topical application of 0.5% axitinib can systematically suppress the PDL-
induced early stages of angiogenesis via inhibition of the AKT/mammalian target of rapamycin/
p70S6K and Src homology 2 domain containing transforming protein-1/mitogen-activated protein
kinase kinase/ERK pathway cascades.

Port-wine stain (PWS) is a congenital, progressive vascular malformation of human skin
involving the superficial vascular plexus. PWS occurs in an estimated 3-5 children per 1000
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live births.1=3 In childhood, PWSs are flat red macules, but lesions tend to darken
progressively to purple and, by middle age, often become raised as a result of the
development of vascular nodules.*® Recently, a low-frequency allelic mutation (c.
548G—A, p.R183Q) in the guanine nucleotide-binding protein G alpha subunit q has been
identified in PWS skin.% We have also found consecutive activation of c-Jun N-terminal
kinases and extracellular signal regulated kinases (ERKSs) in both infantile and adult PWS.”
Taken together, these studies have begun to elucidate the molecular mechanisms underlying
the pathogenesis of PWS.

Pulsed dye laser (PDL) is the current treatment of choice for PWS.8° However, if the
ultimate standard required is complete blanching of the lesion, the degree of PWS blanching
achieved following PDL can be variable and unpredictable, with an average treatment
success rate below 10% owing to blood vessel recurrence.19-12 The regeneration and
revascularization of blood vessels post-PDL treatment is a critical barrier that must be
overcome in order to achieve an adequate PWS therapeutic outcome.13 Recent data suggest
that activation of angiogenesis pathways induced by PDL in PWS contributes to this
process.13 Thus, we hypothesize that a better PWS therapeutic outcome might be achieved
with PDL combined with the administration of anti-angiogenesis agents. In our previous
studies, we have demonstrated that topical rapamycin (RPM) can suppress the PDL-induced
angiogenesis in rodent skin and that systemic administration of RPM post-PDL enhances the
blanching response in patients with PWS.13.14 However, multiple signalling pathways are
generally activated during PDL-induced angiogenesis; thus, a multitarget inhibitor, such as
axitinib, may produce a better anti-angiogenesis effect than RPM, which mainly blocks the
protein kinase B (AKT)/mammalian target of rapamycin (mTOR)/ribosomal protein S6
kinase (P70S6K) pathway.15:16 Axitinib, a U.S. Food and Drugs Administration-approved
anti-angiogenesis agent for the second-line treatment of patients with advanced renal cell
carcinoma, can inhibit many angiogenic tyrosine kinases, including vascular endothelial
growth factor (VEGF) receptors (VEGFRs) 1-3, platelet-derived growth factor receptor and
stem cell growth factor receptor.1” In this study, we attempted to combine PDL with topical
administration of axitinib in order to evaluate its effectiveness in suppressing PDL-induced
angiogenesis in rodent skin.

Materials and methods

Animals

All experiments were conducted under a protocol approved by the institutional animal care
and use committee of the University of California, Irvine. Adult male Sprague—-Dawley rats
with an initial bodyweight of 100-150 g were used. Topical axitinib was prepared following
the same protocol as described previously.13

Laser irradiation

Laser exposure was performed on the abdominal side of rodent skin. Sites were irradiated
with a 585-nm PDL (Candela, Wayland, MA, U.S.A.): pulse duration was 0.45 ms and
energy density was 8 J cm=2 delivered on a 2-mm spot diameter. Each animal had three sites
in designated areas (1.5 cm x 2.0 cm) side-by-side on the skin: control (no treatment), PDL
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only and PDL + axitinib. The PDL-only group also received a topical vehicle composed of
exactly the same ointment as the topical axitinib formulation but without axitinib. Topical
axitinib or vehicle ointment was applied daily for 1, 3, 5, 7, 10 and 14 days post-PDL
exposure. Animals were then euthanized and four biopsy samples (4 mm in diameter) were
taken from each site. Three to four animals were in each group for each time point post-PDL
exposure.

RNA extraction and real-time reverse transcription polymerase chain reaction array

analysis

The procedures for total RNA, protein extraction and real-time polymerase chain reaction
(RT-PCR) array were carried out as reported previously with minor modifications.13 For the
RT-PCR array, the conditions were one cycle at 95 °C for 2 min followed by 45 cycles of 15
sat 95 °C and 60 s at 60 °C in a 384-well format. Relative quantification of RT-PCR was
based upon the amplification efficiency of the target and reference genes, and the cycle
number at which fluorescence crossed a prescribed background level cycle threshold (Cy).

Immunohistochemistry and immunoblot

Results

Skin biopsies (4 mm) from each site were fixed in 10% buffered formalin and embedded in
paraffin. Antigen retrieval was performed in 10 mmol L~1 sodium citrate buffer (pH 6.0) at
90 °C for 12 h. Antibodies against -actin (SC-81178), phosphor-ERK (pERK; E-4,
SC-7383), phospho-P70S6K (SC-8416), P70S6K (SC-8418), AKT (SC-8312) and phospho-
AKT (SC-7985-R) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A).).
The procedures for immunostaining and immunaoblot assays were performed as described
previously.”13

Inhibitory effects of topical axitinib on expression profiles of angiogenic factors induced
by pulsed dye laser

We attempted to address the inhibitory effects of topical axitinib on PDL-induced
angiogenesis. At days 1, 3, 5 and 7 post-PDL exposure, the numbers of angiogenic genes
with increased MRNA levels by a factor of two or higher in the PDL + axitinib groups were
27, 13, 31 and 22, respectively, compared with 46, 57, 48 and 81 out of 86 genes in the
control group at each corresponding treatment time, suggesting topical axitinib rendered a
systematic, but not complete, inhibition on PDL-induced angiogenesis (Fig. 1). On days 10
and 14 post-PDL exposure, the expression levels of angiogenic genes returned to normal
baseline control levels (Fig. 1). Thus, axitinib exhibited a profound overall inhibition
through days 1-7, but not days 10-14 post-PDL exposure.

Expression profiles of some key angiogenic factors

Both VEGF and hypoxia-inducible factor (HIF)-1a showed increased mRNA levels from
day 1 and reached peak expression levels at day 7 post-PDL exposure. Topical axitinib
resulted in significant inhibition of the expression of HIF-1a ondays5and 7 (n = 3; P <
0.05) and VEGF on day 7 post-PDL exposure (n = 3; P < 0.05) (Fig. 2).
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Topical axitinib resulted in strong inhibition of some angiogenic factors throughout the
course of PDL-induced angiogenesis, such as chemokine (C-C motif) ligand 2 (Ccl2),
matrix metalloproteinase 19 (MMP19) and plasminogen activator urokinase (Plau). The
MRNA levels of Ccl2, MMP19 and Plau increased 31.0-, 10.0- and 4.6-fold, respectively,
compared with normal skin on the first day post-PDL in the PDL-only group. Their
expression levels peaked on days 3, 5 and 7, respectively, post-PDL exposure in the PDL-
only group. Topical axitinib elicited significant inhibitory effects on PDL-induced increases
in the mRNA levels of all these genes on days 1-7 post-PDL exposure (n = 3; P < 0.05)

(Fig. 2).

The suppression of a few angiogenic genes was minimal in response to topical axitinib. For
example, the mRNA level of platelet endothelial cell adhesion molecule (Pecam) 1 remained
increased 2—7-fold compared with the normal control throughout days 1-10 post-PDL
exposure. Topical axitinib showed a mild degree of inhibition during the course of
angiogenesis, but it was not statistically significant (Fig. 2).

Suppression of phosphorylation of extracellular regulated kinase, protein kinase B and
ribosomal protein S6 kinase by topical axitinib

pERK showed some basal immunoreactive signals in the epidermis and hair follicles in
normal control skin (Fig. 3). The number of immunoreactive cells, particularly in blood
vessels, increased in the dermis post-PDL (Fig. 3). Application of 0.5% topical axitinib for
3-5 consecutive days completely abolished immunoreactive pERK signals from cells in the
epidermis and dermis. Cells in the muscular layers, approximately 929.5 + 106.1 um below
the skin surface, showed intact immunoreactive pERK signals (Fig. 3), which we concluded
was a result of the effective penetration depth of topical axitinib in rodent skin. The
immunoreactive pERK signals were partially restored by day 10 and almost completely
restored by day 14 in the epidermis and dermis (Fig. 3).

pAKT and pP70S6K were examined by immunoblot. The phosphorylation levels of AKT
and P70S6K showed significant increases during the first 3 or 7 days, respectively, and
declined to normal levels at day 10 post-PDL exposure (P < 0.05; Fig. 4). Administration of
0.5% topical axitinib significantly blocked PDL-induced pATK and pP70S6K during the
first 3 or 7 days post-PDL exposure, respectively (P < 0.05; Fig. 4).

Discussion

We hypothesized that angiogenesis pathways play critical roles in the pathophysiological
process of regeneration and revascularization of PWS blood vessels after PDL exposure.
Thus, suppression of angiogenesis by an inhibitor, axitinib, may lead to better PWS
therapeutic outcomes. In this study, we determined that topical application of axitinib can
significantly suppress PDL-induced angiogenesis, effectively penetrate the stratum corneum,
reach the dermis and take action at the site of application.

Pulsed dye laser-induced blood vessel injury can induce an inflammatory response, evident
by increases in expression of many chemokines and proinflammatory cytokines, such as
Ccl2, which is a small cytokine that recruits monocytes, memory T cells and dendritic cells
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to the sites of inflammation.18:19 In this study, the expression patterns of Ccl2 suggested that
inflammatory/immunomodulatory factors were among the first molecules activated by PDL
and played very active roles throughout the angiogenesis processes. Furthermore, molecules
related to degradation of extracellular matrix, such as MMP19 and Plau, showed dramatic,
acute increases in their mRNA levels in response to laser-induced injury. MMPs are
required to degrade the vascular basement membrane and remodel the extracellular matrix to
allow endothelial cells to migrate during angiogenesis. In addition, MMPs can enhance the
availability and bioactivity of many angiogenic factors, such as VEGF, fibroblast growth
factor and transforming growth factor-B.20 Plau, produced by infiltrating lymphocytes, can
cooperatively degrade the extracellular matrix and basement membrane, as well as regulate
the activities of MMPs directly.2! Our results suggest that MMPs and Plau may be involved
in the process of clearing injured blood vessels and preparing the extracellular spaces for
regrowth of new blood vessels during angiogenesis.

Axitinib is a potent and highly selective inhibitor of VEGFR tyrosine kinases 1, 2 and 3
through competitive binding to the intracellular adenosine triphosphate (ATP) site domain of
the receptors.1’ Blockage of VEGF/VEGFR pathways leads to suppression of endothelial
nitric oxide synthase, AKT and ERK.1” The binding of VEGF to VEGFR2 results in
activation of both the PI3/K/AKT/mTOR/P70S6K and Src homology 2 domain containing
transforming protein-1 (SHC1)/mitogen-activated protein kinase kinase (MEK)/ERK
pathway cascades.22 Application of topical axitinib should inhibit both pathways as the
blockage takes place at the ATP binding site of VEGFRs. Indeed, we found that the PDL-
induced increase in pP70S6K and pEKR was completely abolished in the dermis after
topical application of axitinib. Our results confirmed that topical axitinib could effectively
suppress both the PI3/K/AKT/mMTOR/P70S6K and SHC1/MEK/ERK pathway cascades
during angiogenesis.

Systemic exposure of anti-angiogenesis drugs may cause side-effects and patient morbidity,
and might preclude the use of those drugs in infants and young children on whom the effects
of systemic exposure have yet to be studied. For example, > 20% of patients may have some
adverse effects, including diarrhoea, hypertension, fatigue, nausea, stomatitis and vomiting,
following systemic administration of axitinib.23 Thus, development of a topical formulation
of axitinib is very important to treat pathology confined to the skin, such as PWS. In this
study, we confirmed that topical axitinib was able to suppress systematically PDL-induced
angiogenesis in rodent skin. We did not observe any acute adverse effects, such as skin
irritation, allergy, persistent erythema, blistering, erosion or abnormal wound healing, or
long-term adverse effects, such as scarring or dyspigmentation, with application of topical
axitinib post-PDL, which suggests that our topical formulation of axitinib is potentially safe
for human use. Our immunohistochemistry data showed that topical axitinib can effectively
suppress the activation of ERK in the epidermis and dermis but not in the subcutaneous and
muscle layers, through which we estimated the approximate penetration depth of topical
axitinib from the skin surface. However, the pharmacokinetics of topical axitinib in rodent
skin have yet to be determined and will be the subject of future studies.

In conclusion, we have shown that topical axitinib can systematically suppress PDL-induced
angiogenesis via inhibition of AKT/mTOR/P70S6K and SHC1/MEK/ERK pathway
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cascades. We have also shown the effective penetration depth of topical axitinib in rodent
skin. Our data provide essential information on dosage, duration and molecular mechanisms
for potential clinical applications of topical axitinib for PWS treatment in combination with
PDL exposure.
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Fig 1.

Sciltter plots showing the expression profiles of 86 angiogenic factors with or without
topical axitinib administration through days 1-14 after PDL exposure. The threshold was set
at two times control. The squares above the upper threshold line (red) represent the
angiogenic genes in treatment groups that had twofold or more increased mRNA levels
compared with the normal control group. The squares below the lower threshold line (green)
represent the angiogenic genes in treatment groups that had twofold or more decreased
MRNA levels compared with the normal control group. The squares between both red and
green threshold lines represent the angiogenic genes in treatment groups showing either
increased or decreased mRNA levels within twofold compared with the normal control
group values.
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Topical application of axitinib significantly suppressed PDL-induced mRNA levels of
angiogenic factors. The relative mRNA levels of hypoxia-inducible factor (HIF)-1a,
vascular endothelial growth factor (VEGF), chemokine (C-C motif) ligand 2 (Ccl2), matrix
metalloproteinase (MMP)19, plasminogen activator urokinase (Plau) and platelet endothelial
cell adhesion molecule (Pecam) 1 were plotted against days post-PDL exposure. The data
are presented as mean + SD and show the fold changes of mMRNA levels of target genes (y-
axes) compared with the normal controls (dashed lines). #P < 0.05 in the PDL only group
compared with the PDL + axitinib group (paired t-test).
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Fig 3.

Tc?pical application of axitinib significantly blocked PDL-induced activation of extracellular
regulated kinase (ERK). (a, b) Epidermis and hair follicles showed strong basal activity of
ERK. (c, d) The activity of ERK was elevated in the photocoagulated blood vessels
(indicated by the arrows) in the dermis 3 days post-PDL exposure. (e-h) The activity of
ERK in the epidermis and dermis, but not in muscular layers, was blocked by administration
of 0.5% topical axitinib for (e, f) 3 or (g, h) 5 days. (i, j) The activity of ERK was partially
restored in the dermis, but not the epidermis, 10 days post-PFL exposure. Note the weaker
intensity of phosphor-ERK (pERK) immunoreactive signals of hair follicles in (j) compared
with the basal activity of ERK in (b). (k, I). The pERK expression pattern in both the
epidermis and dermis was back to normal 14 days post-PDL exposure. The images in the
right-hand column are higher magnifications of the boxed areas in the corresponding left-
hand panels. Red boxes highlight epidermis/dermis or dermis only.
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Fig 4.
Topical application of axitinib significantly blocked PDL-induced activation of protein
kinase B (AKT) and ribosomal protein S6 kinase (P70S6K). (a) The protein levels of AKT
and P70S6K, and phosphorylation levels of AKT (Ser473) and P70S6K (Ser411) were
determined by immunoblot. (b) The relative phosphorylated AKT (pAKT) and
phosphorylated P70S6K (pP70S6K) profiles during the PDL-induced angiogenic course
with or without topical axitinib application. The relative pAKT and pP70S6K were
quantified to the adjusted AKT and P70S6K protein levels, which were normalized to the
actin levels. The pAKT and pP70S6K levels in normal control skin were set as ‘1’ (dashed
line). The data are presented as mean + SD. n = 3 for each time point. *Phosphorylation
levels in the PDL-only group were significantly higher than the control and PDL + axitinib
groups (P < 0.05). P-values were obtained by a paired t-test.
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