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Propranolol Targets Hemangioma Stem Cells via
cAMP and Mitogen-Activated Protein Kinase
Regulation
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ABSTRACT

Infantile hemangiomas (IHs) are the most common vascular tumor and arise from a hemangioma stem
cell (HemSC). Propranolol has proved efficacious for problematic IHs. Propranolol is a nonselective
B-adrenergic receptor (BAR) antagonist that can lower cAMP levels and activate the mitogen-
activated protein kinase (MAPK) pathway downstream of BARs. We found that HemSCs express
B1AR and B2AR in proliferating IHs and determined the role of these 3ARs and the downstream path-
ways in mediating propranolol’s effects. In isolated HemSCs, propranolol suppressed cAMP levels and
activated extracellular signal-regulated kinase (ERK)1/2 in a dose-dependent fashion. Propranolol,
used at doses of <10~* M, reduced cAMP levels and decreased HemSC proliferation and viability.
Propranolol at >10"> M reduced cAMP levels and activated ERK1/2, and this correlated with HemSC
apoptosis and cytotoxicity at >10~* M. Stimulation with a BAR agonist, isoprenaline, promoted
HemsSC proliferation and rescued the antiproliferative effects of propranolol, suggesting that propran-
olol inhibits BAR signaling in HemSCs. Treatment with a cAMP analog or a MAPK inhibitor partially
rescued the HemSC cell viability suppressed by propranolol. A selective S2AR antagonist mirrored
propranolol’s effects on HemSCs in a dose-dependent fashion, and a selective 31AR antagonist
had no effect, supporting a role for $2AR signaling in IH pathobiology. In a mouse model of IH, pro-
pranolol reduced the vessel caliber and blood flow assessed by ultrasound Doppler and increased acti-
vation of ERK1/2 in IH cells. We have thus demonstrated that propranolol acts on HemSCs in IH to suppress
proliferation and promote apoptosis in a dose-dependent fashion via 32AR perturbation, resulting in re-
duced cAMP and MAPK activation. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:45-55

SIGNIFICANCE

The present study investigated the action of propranolol in infantile hemangiomas (IHs). IHs are the
most common vascular tumor in children and have been proposed to arise from a hemangioma stem
cell (HemSC). Propranolol, a nonselective B-adrenergic receptor (8AR) antagonist, has proven effi-
cacy; however, understanding of its mechanism of action on HemSCs is limited. The presented data
demonstrate that propranolol, via AR perturbation, dose dependently suppresses cAMP levels and
activated extracellular signal-regulated kinase 1/2. Furthermore, propranolol acts via perturbation of
B2AR, and not B1AR, although both receptors are expressed in HemSCs. These results provide im-
portant insight into propranolol’s action in IHs and can be used to guide the development of more
targeted therapy.

INTRODUCTION

Infantile hemangiomas (IHs) are benign vascular
tumors affecting approximately 4%—-10% of infants
[1, 2]. The natural history of IHs is well documented
and includes rapid proliferation in the first months
of life, a plateau phase up to approximately 1 year,
followed by involution into a fibrofatty residuum
by early childhood [3]. Although IHs are benign

and eventually undergo spontaneous regression,
rapid growth of the tumor during the proliferative
phase can result in serious morbidity and even
mortality. Complications can include bleeding and
congestive heart failure, permanent visual impair-
ment, and unstable airway obstruction, leading to
respiratory distress [4-8].

Propranolol, a nonselective B-adrenergic re-
ceptor (BAR) antagonist, has been found to be
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an effective drug for treating IH [9—-13]. Despite its efficacy in
treating the morbidities of IH, adverse effects have been de-
scribed, including symptomatic bradycardia, hypotension, hy-
poglycemia, and hypoglycemia-induced seizures [14, 15]. The
mechanisms of action of propranolol in IHs have yet to be fully
elucidated. It has been proposed that its effects are mediated via
BAR inhibition on two cell types in IHs, hemangioma stem cells
(HemSCs) and hemangioma endothelial cells (HemECs). Greater
knowledge of the mechanism by which propranolol affects IHs
could guide the development of therapies that minimize the po-
tential adverse effects and maximize efficacy.

Studies of propranolol using IH-derived cells have suggested
that it targets multiple cell types in IHs. Propranolol has antipro-
liferative and antiangiogenic effects on HemECs [16—18] and anti-
proliferative and increased contractility on IH-derived a-smooth
muscle actin-positive mural cells [19]. Propranolol has been
shown to induce the death of HemSCs, the cell type proposed
to be the origin of IHs [20-23].

BARs are G-protein-coupled receptors that promote cellular
proliferation and survival [17, 18, 24-27]. In cultured endothelial
or tumor cells, propranolol has been shown to both reduce cAMP
levels and simultaneously activate the mitogen-activated protein
kinase (MAPK) pathway downstream of BAR inhibition [24-28].
Propranolol lowers cAMP levels by inhibiting the Gas/adenylyl cy-
clase downstream pathway [28]. Propranolol activation of ex-
tracellular signal-regulated kinase (ERK)1/2 is thought to be
independent of a G-protein pathway, possibly involving B-arrestins
[29-33]. The roles of cAMP and ERK1/2 regulation subsequent to
propranolol treatment in HemSCs have yet to be fully elucidated.

In the present study, we examined the mechanisms by which
propranolol affects HemSC cellular behavior, with a focus on the
downstream BAR signaling pathways involving cAMP and MAPK.
We demonstrate that propranolol reduces cAMP levels and acti-
vates ERK1/2 in HemSCs in a dose-dependent manner. At lower
concentrations (<10~ *M), propranolol suppression of cAMP lev-
els correlated with reduced HemSC proliferation. At higher con-
centrations (=10"> M), propranolol reduced cAMP levels and
increased ERK1/2 activity, which correlated with HemSC apopto-
sis and cytotoxicity at the >10"* M concentration. Experiments
using isoprenaline (BAR agonist), bucladesine (CAMP analog), and
U0126 (MAPK inhibitor) partially rescued the HemSC viability sup-
pressed by propranolol. Propranolol’s effects on HemSCs were
primarily mediated through B2ARs, because ICI-118,551 (ICl), a
B2-specific adrenergic receptor antagonist, mirrored that of
propranolol. Finally, using an IH mouse model, we have demon-
strated that propranolol rescues abnormal blood vessel devel-
opment and activates ERK1/2 in vivo. Taken together, our
results suggest that propranolol mediates its effects on HemSCs
by inhibiting BAR signaling to suppress cAMP levels and induce
MAPK signaling.

MATERIALS AND METHODS

Tissue Collection and Cell Culture

The Columbia University institutional review board approved the
collection and use of tissues (protocol no. IRB-AAA9976). Prepa-
ration of hemangioma specimens for immunohistochemistry
consisted of overnight fixation in 4% paraformaldehyde, sucrose
soaking, and freezingin Tissue-Tek O.C.T. compound (Sakura Fine-
tek, Tokyo, Japan, http://www.sakura-finetek.com) 7-uM frozen
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sections were made. HemSCisolation was performed, and HemSCs
were characterized as described previously [21]. In brief, tissues
with regions of proliferating IH (supplemental online Table 1)
were disassociated with collagenase, and HemSCs were selected
by CD133+ magnetic bead isolation (Miltenyi Biotec, Bergisch
Gladbach, Germany, http://www.miltenyibiotec.com). HemSCs
were cultured in Endothelial Cell Growth Medium-2 (EGM-2;
Lonza, Walkersville, MD, http://www.lonza.com) with 20% fetal
bovine serum (FBS; Life Technologies, Carlsbad, CA, http://
www.lifetechnologies.com). Bone marrow-derived mesenchy-
mal stem cells (MSCs) were purchased (Lonza) and grown in
EGM-2 with 20% FBS. Three cell lines were tested for each assay
(supplemental online Table 1).

Immunohistochemistry

Fixed frozen IH tissue sections and IH xenograft tissues were
stained as previously described [34]. The antibodies included
B1AR (1:400; Abcam, Cambridge, U.K., http://www.abcam.com)
and B2AR (1:500; Abcam), CD133 (1:50; EMD Miillipore, Billerica,
MA, http://www.emdmillipore.com), CD31 (1:50; Dako, Glostrup,
Denmark, http://www.dako.com), and phosphorylated ERK1/2
(PERK1/2) (P-p44/42; 1:100; Cell Signaling Technology, Beverly,
MA, http://www.cellsignal.com) and were detected with either
Alexa Fluor 488 or 594 secondary antibodies (Invitrogen, Carlsbad,
CA, http://www.invitrogen.com). From each IH xenograft, the
number of activated ERK1/2-positive cells was determined and di-
vided by the total number of cells from three representative high-
power fields (HPFs).

Reagents

Propranolol hydrochloride (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com) was reconstituted at 100 mM in pH 3.0
water. Atenolol (Sigma-Aldrich) was reconstituted at 50 mM in
dimethyl sulfoxide (DMSO). ICI-118,551 hydrochloride (Sigma-
Aldrich) was reconstituted at 25 mM in sterile pH 7.0 water.
Isoprenaline hydrochloride (Sigma-Aldrich) and dibutyryl cyclic
adenosine monophosphate (bucladesine; R&D Systems, Minne-
apolis, MN, http://www.rndsystems.com), a cAMP analog, were
both reconstituted in water to a concentration of 100 mM. U0126,
a MEK1/MEK2 inhibitor, was reconstituted in DMSO to a concen-
tration of 25 mM.

cAMP Assay

The cAMP levels in HemSCs were determined using the LANCE
Ultra cAMP kit (PerkinElmer Life and Analytical Sciences, Waltham,
MA, http://www.perkinelmer.com). The HemSCs were washed and
resuspended in the provided stimulation buffer (Hanks’ balanced
saline solution, bovine serum albumin, isobutylmethylxanthine,
HEPES buffered saline solution) and seeded (1,000 per well) on
a 96-well plate. The cells were then treated with drugs for 30 min-
utes. Tracer and ULight-anti-cAMP working solutions were added
andincubated at room temperature for 1 hour. The time-resolved
fluorescence resonance energy transfer signal was determined
using the EnVision Multilabel Plate Reader (PerkinElmer Life
and Analytical Sciences). cAMP levels were determined using a
standard curve, and data were interpolated using a comprehen-
sive curve fitting (nonlinear regression) and Prism (GraphPad
Software, Inc., San Diego, CA, http://www.graphpad.com). Each
condition was used in triplicate, and the experiments were
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performed at least two times. A representative experiment is pre-
sented in the figures.

To determine whether BARs are coupled to Gas or Gai in
HemSCs, the cells were treated with isoprenaline, with or without
10 uM forskolin, over a 6-log dose range by serial dilutions with
water for 30 minutes. Next, the cAMP levels were measured as
described to determine whether BARs were coupled to Gas or
Gai in HemSCs.

ERK1/2 Western Blotting

Cells were cultured on fibronectin-coated plates and treated with
various concentrations of BAR antagonists and incubated for
30 minutes. The cells were lysed in TENT buffer (50 mM Tris [pH
8.0],2 mM EDTA, 150 mM NacCl, 1% Triton-X-100) with 1% Halt Pro-
tease Inhibitor (Thermo Scientific, Wilmington, DE, http://www.
thermoscientific.com), 1% phosphatase inhibitor (Thermo Scien-
tific), and 0.5% sodium orthovanadate (FIVEphoton Biochemicals,
San Diego, CA, http://www.fivephoton.com). Western blotting
was performed for ERK1/2 (p44/42, 1:1,000; Cell Signaling Technol-
ogy) and pERK1/2 (P-p44/42, 1:500; Cell Signaling Technology). The
blots were stripped and then probed for a-tubulin (1:10,000;
Sigma-Aldrich) to normalize protein loading. Experiments were
performed at least three times, and a representative experiment
is presented in the figures.

Proliferation Assay

HemSCs (5,000-10,000 per well) were seeded at subconfluency
on a fibronectin-coated 24-well plate in EGM-2 with 20% FBS.
Four hours later, the media were removed and the cells treated
with various concentration of drug in serum-free media (SFM; Life
Technologies) supplemented with 1% FBS. After 24-72 hours, the
cell number was determined using the Cell Counting Kit-8
(Dojindo Molecular Technologies Inc., Gaithersburg, MD, http://
www.dojindo.com) and using a standard curve. Each condition
was used in triplicate, and the experiments performed at least
three times. A representative experiment is presented in the
figures.

Cytotoxicity/Digital Imaging Microscopy System Assay

HemSCs (4,000 cells per well) were seeded on a fibronectin-
coated 96-well plate in EGM-2 with 20% FBS. The next day, when
the HemSCs had reached confluence, the media were removed,
and cells were treated with various concentrations of drug in
SFM with 0.1% FBS. After 24 hours, the cells were incubated in
10 pug/ml fluorescein diacetate and 0.5% Eosin-Y for 20 minutes.
Cell viability was determined by fluorescence using the Digital Im-
aging Microscopy System (DIMSCAN; Biolmaging Solutions, Inc.,
San Diego, CA, http://www.bioimagimgsolutions.com) [35]. Each
condition was used in triplicate or sextuplet, and experiments
were performed at least three times. A representative experi-
ment is presented in the figures.

Apoptosis Assays
Annexin V Assay
HemSCs were seeded in EGM-2 with 20% FBS media on 6-cm?
plates. After 4 hours, increasing concentrations of propran-
olol in SFM with 0.1% FBS were added to HemSCs. After

6 hours, Annexin V expression levels were measured using
the Annexin V-FITC Apoptosis Kit (BioVision, Inc., Milpitas,

www.StemCellsTM.com

CA, http://www.biovision.com). Antibody detection was performed
using the FACSCalibur flow cytometer (BD Biosciences).

Caspase-3 Assay

HemSCs were seeded in EGM-2 with 20% FBS media and allowed to
settle for 4 hours. HemSCs were treated at increasing concentra-
tions of propranolol in SFM with 0.1% FBS for 24 hours. The protein
lysates were collected, and caspase-3 activation was quantified us-
ing the Caspase-3 Human ELISA Kit (Life Technologies).

IH Mouse Model

All animal studies were performed with approval from Columbia
University’s institutional animal care and use committee (approval
no. AAAG5852). To study the effects of propranolol on HemSCs in
vivo, a xenograft mouse model of IH was used as previously de-
scribed [20]. In brief, 1.5 X 10° HemSCs (n = 2) suspended in
200 wl of Corning Matrigel Matrix (Corning, Corning, NY, http://
www.corning.com) was implanted subcutaneously into the flanks
of female 6-8-week-old NCrNude immunodeficient mice (n = 4;
Taconic Biosciences, Hudson, NY, http://www.taconic.com). Pro-
pranolol, which was provided in drinking solution, was initiated
the day of IH xenografting. Propranolol was diluted to 270 uM in
5% dextrose water (vehicle), and daily consumption was measured
to calculate the treatment dosage, which averaged 40 mg/kg daily.

Blood flow within the IH Matrigel implant was analyzed using
a VEVO 2100 Ultrasound Imaging System (VisualSonics, Toronto,
ON, Canada, http://www.visualsonics.com) on a Doppler setting
ondays 14 and 21 of IH development. The mice were anesthetized
with isoflurane and restrained in a supine position. The region
of interest was fully scanned, with the transducer positioned at
its largest longitudinal section over the implant to optimize the
spatial resolution of the image, maximizing the detail. Next,
two-dimensional images were captured in uniform steps of
0.05 mm. The images of blood flow were analyzed using soft-
ware provided by VisualSonics.

The mice were sacrificed after 21 days. The Matrigel implants
were collected and fixed overnight at 4°Cin 10% formalin. The im-
plants were dehydrated and embedded in paraffin for histological
analysis. Vessel density and caliber were counted in 3—4 HPFs per
implant (n = 4 for each group). Vessel density was determined as
the number of vessels (whether longitudinally or axially oriented)
per HPF. The vessel diameter was measured according to the ori-
entation. For longitudinally oriented vessels, the width was mea-
sured at three points and averaged, and the cross-section (axial)
vessels were measured once. Vessels were identified as tubular
structures with erythrocytes within.

Statistical Analysis

To determine the significance between the control and experi-
mental groups in the in vitro studies, a two-sample independent
measures t test was used. For analyses of more than two groups,
analysis of variance (ANOVA) with the Tukey-Kramer post hoc test
(family error rate, @ = 0.05) was performed. The caspase-3 assay
significance was determined for a series of four two-sample inde-
pendent measures t tests with Bonferroni’s correction (family er-
ror rate, a = 0.05, corresponding to an individual hypothesis test
error rate of @ =0.0127). Cohen’s d, which reflects the magnitude
of the treatment effect, was calculated and reported; by conven-
tion, d > 0.8 corresponds to a large effect size. For in vivo studies,
the nonparametric Mann-Whitney U test was used to compare
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CD133 Merged

CD133 Merged

Figure 1. Hemangioma stem cells (HemSCs) and hemangioma endothelial cells (HemECs) in proliferating infantile hemangiomas (IHs)
expressed B1AR and B2AR. IH tissue sections were costained for 81AR or B2AR and either a stem cell marker (CD133) or an endothelial cell
marker (CD31) (n = 7; representative images from three specimens shown). (A): B1AR and CD133 staining. White arrowheads mark B1AR-
expressing CD133+ HemSCs. Yellow arrowheads mark cells that only express B1AR. (B): 82AR and CD133 staining. White arrowheads mark
B2AR-expressing CD133+ HemSCs. Yellow arrowheads mark CD133— and 32AR+ cells. (C): B1AR and CD31 staining. White arrowheads mark
B1AR-expressing CD31+ HemECs. Yellow arrowheads mark cells that only express 81AR localized to the perivascular region. (D): 32AR and CD31
staining. White arrowheads mark 2AR-expressing CD31+ HemECs. Yellow arrowheads mark CD31— and 32AR+ cells localized to perivascular
regions. Scale bars = 50 um. Abbreviations: B1AR, B1-adrenergic receptor; 32-adrenergic receptor.

the vehicle and propranolol treatment between the two cell pop-
ulations. For all tests, p < .05 was considered statistically signif-
icant. Statistical analysis was performed using Minitab, version 16
(Minitab Inc., State College, PA, http://www.minitab.com).

RESULTS

In IH Tissues HemSCs Expressed 31- and

B2-Adrenergic Receptors

Because propranolol is a nonselective BAR antagonist with high
affinity for the B1AR and B32AR [28], we determined their expres-
sion in HemSCs and HemECs in seven cutaneous proliferating
hemangiomas. IH tissues are heterogeneous, and cells reside

©AlphaMed Press 2016

on a spectrum of CD133+ HemSCs localized adjacent to IH vessels
and CD133+/CD31+ and CD31+ HemECs lining the IH vessels.
B1AR was expressed in both CD133+ HemSCs and CD31+ HemECs
(Fig. 1A, 1C). B2AR expression was strongest in CD133+ HemSCs,
and only spotty expression was observed in HemECs (Fig. 1B, 1D).
These results demonstrate that HemSCs in IHs express both B1AR
and 32AR; thus, propranolol might be targeting the HemSCs, as
well as the HemECs, in IH.

Propranolol Dose Dependently Lowered cAMP Levels
and Activated MAPK Signaling in HemSCs

Propranolol has been shown in non-IH cell types to both reduce
cAMP levels and increase MAPK signaling downstream of BARs

STEM CELLS TRANSLATIONAL MEDICINE
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[24-28]. To investigate the downstream BAR signaling pathways
affected by propranolol, HemSCs were treated with increasing
amounts of propranolol and the cAMP levels and MAPK and
ERK1/2 activity determined [17, 18, 36]. Increasing doses of the
BAR agonist, isoprenaline, resulted in a significant increase in
cAMP levels at 20 nM (107~ M) with an approximately threefold
increase at 600 nM (10~ %2 M; supplemental online Fig. 1A). To
confirm that isoprenaline regulated cAMP levels via Gas activa-
tion, we assessed the ability of isoprenaline to increase cAMP
in the presence of 10 wM forskolin, a compound known to acti-
vate adenylyl cyclase. Isoprenaline was still able to increase cAMP
levels in this assay, suggesting BAR signals via Gas in HemSCs
(supplemental online Fig. 1B). In contrast, increasing doses of
propranolol steadily decreased the cAMP levels over a 7-log dose
range, with significance observed at 10 ° M and maximum sup-
pression reached at 100 nM (107 M) propranolol (Fig. 2A).

Next, we determined the dose-dependent effects of propran-
olol on MAPK activity on HemSCs. HemSCs were treated with in-
creasing amounts (7-log dose range) of propranolol, and ERK1/2
phosphorylation and total ERK expression were determined. Pro-
pranolol increased the total ERK1/2 levels in a dose-dependent
manner (Fig. 2B). ERK1/2 activation was observed specifically at
10> M propranolol (Fig. 2B), consistent with a previous study
in which propranolol activated ERK1/2 in 293T cells that ectopi-
cally expressed either B1AR or B2AR [28]. To assess whether
the propranolol effects on ERK1/2 are specific to HemSCs, bone
marrow-derived MSCs were treated with propranolol at 50 uM
(107%3 M) and 100 uM (10~* M). In MSCs, propranolol also in-
creased ERK1/2 phosphorylation (supplemental online Fig. 2).
Thus, high-dose propranolol increased ERK activation in multiple
stem cell lines.

Propranolol Suppressed HemSC Proliferation and
Induced HemSC Apoptosis and Cytotoxicity

We next investigated the effects of propranolol on HemSC prolif-
eration and death. HemSCs were treated with either vehicle or
increasing amounts of propranolol, ranging from 107° M to
10~ 3M, and the total number of viable cells was determined after
24 and 48 hours. Vehicle-treated HemSCs grew 2.5-fold after 24
hours (Fig. 3A). A significant decrease of viable HemSCs was
observed at 10~* M propranolol after 24 hours and 10~° M pro-
pranolol after 48 hours (Fig. 3A; supplemental online Fig. 3). At
doses greater than 10™* M propranolol, the number of viable
cells decreased to less than the number of HemSCs at time
0 (supplemental online Fig. 3A), suggesting propranolol induced
HemSC death, as well as suppressing their proliferation.

The effect of an 8-log dose range of propranolol on HemSC
cytotoxicity was assessed using a DIMSCAN assay [35]. In this as-
say, drugs are introduced to confluent monolayers to assess cell
survival independent of the drugs’ effects on proliferation, and
cytotoxicity is defined as less than 10% of HemSCs in the survival
fraction [35]. After 24 hours, propranolol concentrations less than
100 uM (10~ M) did not significantly affect HemSC survival.
At concentrations greater than 100 uM (10~* M), propranolol
resulted in a sharp and significant decrease in the survival fraction
(Fig. 3B). To more precisely determine the cytotoxic concentra-
tion of propranolol on HemSCs, a narrower range from 1 uM
to 5 mM propranolol was assessed (Fig. 3C). After 24 hours, a sig-
nificant reduction in HemSC survival was observed at 50 uM,
and cytotoxicity was achieved at somewhere between 100 uM
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Figure 2. Propranolol dose dependently decreased cAMP levels and
activated ERK1/2 in hemangioma stem cells (HemSCs). (A): HemSCs
were treated with increasing doses of propranolol over a 7-log dose
range (10~ M to 107> M) and cAMP levels determined. Data pre-
sented as the fold-difference between propranolol-treated HemSCs
relative to vehicle-treated HemSCs £ SEM; *, p < .005; #**, p <
.00002. (B): HemSCs were treated with increasing doses of propran-
olol over a 5-log dose range (10”7 M to 10> M), and ERK1/2 activa-
tion was determined at 30 minutes. Total and pERK1/2 expression
was assessed by Western blot. Blots were serially stained for a-tubulin
as a protein-loading control. Ratios of total ERK1/2 to a-tubulin and
pERK1/2 to total ERK1/2 as determined by densitometry are pre-
sented below the blots. Abbreviations: ERK, extracellular signal-regulated
kinase; pERK, phosphorylated ERK; V, vehicle.

(10~* M) and 500 uM propranolol. HemSC survival was not ob-
served (0% viability) at doses of =500 uM. The LDsq of propran-
olol for HemSCs was determined to be approximately 200 uM,
averaged from HemSCs isolated from 3 different IH specimens
(supplemental online Table 1).

We used Annexin V and caspase-3 assays to determine
whether propranolol-induced HemSC cell death occurred via an
apoptotic pathway. Cell surface expression of Annexin V, a marker
of active apoptosis, and propidium iodide incorporation, as a
marker of dead cells, was determined by FACS analysis of HemSCs
treated with vehicle or 50 uM, 100 uM, or 200 wM propranolol
for 6 hours. Increasing doses of propranolol were associated with
increased Annexin V positivity (Fig. 3D). An increase in HemSC ap-
optosis was not observed when cells were exposed to propranolol
for more than 48 hours, suggesting propranolol rapidly induced
HemSC apoptosis (data not shown). To confirm the Annexin V re-
sults, caspase-3 activity, a marker of apoptosis, was determined in
HemSCs treated with vehicle or 50 uM, 200 uM, or 400 uM
propranolol (cytotoxicity at LD1g, LDsg, and LDgg, respectively)
in the presence or absence of serum for 24 hours. A significant
increase in caspase-3 activity was observed at 100 uM propran-
olol that increased with the higher propranolol concentrations
(supplemental online Fig. 4). Thus, cytotoxic doses of propran-
olol (>10"* M) significantly increased Annexin V positivity and
caspase-3 activation, suggesting propranolol rapidly induces
HemSC apoptosis.

Propranolol’s Antiproliferative Effects in HemSCs Are
Mediated via BARs

We previously showed that isolated HemSCs express B1AR and
B2AR and that propranolol inhibited HemSC proliferation [21].
We screened B1AR and 32AR transcript levels in the HemSC pop-
ulations (n = 8) and found that most HemSC populations
expressed high levels of 2AR and low levels of B1AR, including
those used for the present studies (supplemental online Table 1).

To investigate whether the propranolol effects on HemSCs
are mediated via perturbation of BAR signaling, HemSCs were
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Figure 3. Propranolol inhibited proliferation and induced apoptosis
of hemangioma stem cells (HemSCs). (A): HemSCs were treated with
increasing doses of propranolol over a 10-log dose range and the num-
ber of viable HemSCs determined at time O before treatment or 24
hours after treatment. *, p < .002 and **, p << .001 compared with
vehicle. (B): HemSCs were treated with increasing doses of propranolol
overan 8-logdoserange (10 °Mto 10~ 2 M), and viability was assessed
by Digital Imaging Microscopy System (DIMSCAN) assay at 24 hours.
*, p < .0005; **, p < .000001. (C): HemSCs were treated with increas-
ing doses of propranolol from 1 «M to 5 mM, and viability was assessed
by DIMSCAN assay at 24 hours. *, p < .001; **, p < .00001. (B, C): Data
presented as survival fraction of propranolol-treated HemSCs relative
to vehicle controls = SEM. (D): HemSCs were treated with 50 uM,
200 uM, and 400 wM propranolol (corresponding to LD, LDsg, and
LDgp), and Annexin V assay was performed at 24 hours. Annexin V de-
tects actively apoptotic cells (x-axis), and propidium iodide (y-axis) de-
tects necrotic cells. Annexin V-positive and propidium iodide-negative
apoptotic HemSCs are circled in red and their percentages shown in the
lower right corner. Abbreviation: V, vehicle.

treated with increasing amounts of the BAR-specific agonist, iso-
prenaline, over a 6-log dose range, and proliferation was deter-
mined at 48 hours. A dose of 10~ * M isoprenaline resulted in
an ~1.7-fold increase in HemSC proliferation (Fig. 4A). In a nar-
rower dose range from 25 to 100 uM, significant HemSC prolifer-
ation was induced at 50 wM (10~ %3 M) isoprenaline (Fig. 4B). We
determined the ability of increasing amounts of isoprenaline to
reverse the antiproliferative effects of propranolol after 24 hours.
A dose of 100 uM (10~ * M) isoprenaline significantly in-
creased HemSC proliferation—2.64-fold in the presence of 65 uM
(10~%*% M) propranolol relative to 65 wM propranolol alone
(Fig. 4C). However, HemSC proliferation was still significantly de-
creased relative to the vehicle-treated cells, suggesting that the
propranolol effects on HemSC proliferation were mediated by
both BAR-dependent and BAR-independent mechanisms.

A cAMP Analog or MAPK Inhibition Partially Rescued
Propranolol Effects on HemSCs

At 10> M propranolol, suppression of cAMP levels and ERK
activation (Fig. 2) correlated with the antiproliferative and
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Figure 4. Isoprenaline induced hemangioma stem cell (HemSC)
proliferation and blocked propranolol’s antiproliferative effects on
HemSCs. (A): HemSCs were treated with increasing doses of isopren-
aline over a 6-log dose range (10~° M to 10~* M), and proliferation
was determined at 48 hours. *, p < .05. (B): HemSCs were treated
with a narrower dose range of |soprenallne from 25 uM to 100 uM
(107*® M to 10~* M), and proliferation was determined at 48 hours.
#, p <.05; **, p <<.005. (C): HemSCs were pretreated with increasing
doses of isoprenaline for 1 hour. Next, 65 wM propranolol (antipro-
liferative dose) was added and proliferation determined at 24 hours.
#, p <.05; **, p < .0005. (A—C): Data presented as fold-difference to
vehicle-treated HemSCs = SEM. Abbreviations: I1SO, isoprenaline;
P, propranolol; V, vehicle.

antisurvival effects of propranolol (Fig. 3). To determine
whether these two signaling events were necessary for propran-
olol to exertits cellular effects, HemSC proliferation and survival
was assessed in the presence of bucladesine, a cAMP analog, or
U0126, a MEK1/2 inhibitor. U0126 partially rescued the de-
crease in cell viability caused by100 uM propranolol, but bucla-
desine did not (Fig. 5A; data not shown). To determine whether
cAMP suppression was necessary for propranolol-induced cyto-
toxicity at doses greater than 10~% M, increasing doses of bucla-
desine were added to HemSCs exposed to 200 wM propranolol
(LDsg), and HemSC survival was assessed at 24 hours. At 100 uM,
bucladesine partially reversed propranolol-induced HemSC cy-
totoxicity, suggesting that cAMP suppression was necessary
for HemSC death at higher concentrations (=10~* M; Fig. 5B).
U0126 alone did not affect HemSC survival, but it did partially
rescue propranolol-induced cell death (Fig. 5C). Together, these
results demonstrate that propranolol via MAPK activation
inhibited HemSC proliferation, and both cAMP suppression
and MAPK activation mediated propranolol-induced HemSC cell
death.

Propranolol Effects on HemSCs Were Mediated via
Inhibition of B2AR

The HemSC populations studied expressed high levels 82AR
and low levels of B1AR (supplemental online Table 1). We
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Figure5. Ectopic cAMP or mitogen-activated protein kinase inhibi-
tion partially rescued the propranolol-induced effects on hemangi-
oma stem cells (HemSCs). (A): HemSCs, in either the presence or
absence of 100 uM propranolol were treated with 1 uM U0126
or DMSO as a vehicle control, and the number of viable HemSCs
was determined at 48 hours. *, p < .05. Data presented as fold-
difference between treatment group and control = SEM. (B): HemSCs,
in either the presence or absence of 200 wM propranolol (proapop-
totic dose), were treated with increasing doses of dbcAMP, and cell
viability was determined by Digital Imaging Microscopy System
(DIMSCAN) at 24 hours. *, p < .02; **, p < .0001. (C): HemSCs, either
in the presence or absence of 200 uM propranolol (proapoptotic
dose), were treated with increasing doses of U0126, and cell viability
was determined by DIMSCAN at 24 hours. *, p < .05; **, p < .005.
Data presented as survival fraction relative to control = SEM
(B, C). Abbreviations: dbcAMP, dibutyryl cAMP; DMSO, dimethyl
sulfoxide; P, propranolol.

investigated whether the B2AR-specific antagonist, ICI-118,551
had similar effects on HemSCs, because propranolol is a pan-
BAR antagonist, and compared its effects with that of the
B1AR-specific antagonist, atenolol. HemSCs were exposed to
a 4-log dose of propranolol (pan-BAR antagonist), atenolol
(B1AR-specific antagonist), and ICl 118,551 (82AR-specific an-
tagonist). HemSC survival was determined after 24 hours. ICl
mirrored the propranolol cytotoxic effects on HemSCs at 10~ *
M to 10~ M (Fig. 6A). Although atenolol modestly decreased
cell viability (Fig. 6A), the effects of atenolol were similar to
those observed for vehicle (DMSO) alone, indicating that the re-
duced HemSC survival resulted from DMSO and not the S1AR-
specific antagonist (supplemental online Fig. 5). The effects of
either propranolol or ICI when compared individually with ate-
nolol on HemSC survival were statistically significant by ANOVA
at 200 uM, 400 M, and 800 uM (1039 M, 10339 M, 10~ >%°
M, respectively). In contrast, no significant difference was seen
in the fold-change in the cytotoxic effects between ICl and pro-
pranolol, suggesting propranolol targets B2AR in HemSCs. We
observed a similar response in MSCs, in which ICl induced signif-
icant MSC cytotoxicity, similar to that of propranolol, which was
not observed with atenolol (supplemental online Fig. 6A). MSCs
also expressed higher levels of B2AR transcripts compared with
B1AR (data not shown).
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Figure 6. [32-Adrenergic receptor inhibition mirrored propranolol’s
effects on hemangioma stem cell (HemSC) viability and ERK1/2 acti-
vation. (A): HemSCs were treated with increasing doses of atenolol,
ICl, or propranolol (107%° M to 10~3 M), and HemSC viability was
assessed by Digital Imaging Microscopy System (DIMSCAN) assay
at 24 hours. Data presented as survival fraction of propranolol-
treated HemSCs relative to vehicle controls = SEM. At doses of
200 wM propranolol or greater, HemSC viability was significantly
greater for cells treated with atenolol compared with those treated
with either ICI or propranolol (p < .005 at 200 uM, p < .001 at
400 uM, and p < .005 at 800 wM). No significant difference was seen
in cell viability between the cells treated with ICl and propranolol.
(B): HemSCs were treated with increasing doses of ICI over a 4-log
dose range (10~° M to 103 M), and ERK1/2 activation was deter-
mined at 30 minutes by Western blot. (C): HemSCs were treated with
100 uM atenolol, ICI, or propranolol, and ERK1/2 activation was de-
termined at 30 minutes by Western blot. (B, C): Blots were serially
stained for a-tubulin as a protein-loading control. Ratios of pERK1/2
to total ERK1/2 as determined by densitometry are presented below
the blots. Ratio of total ERK1/2 to a-tubulin presented in bar graphs
to the right. Abbreviations: A, atenolol; Aten, atenolol; ERK, extracellular
signal-regulated kinase; pERK, phosphorylated ERK; ICI, ICI-118,551; P,
propranolol; Prop, propranolol; V, vehicle.

The effect of ICl on HemSC proliferation relative to propran-
ololand atenolol was tested. After 72 hours, 100 uM ICl reduced
the number of viable HemSCs similar to that observed for pro-
pranolol (supplemental online Fig. 6B). The B1AR-specific antag-
onists, atenolol and metoprolol, did not affect HemSC cell
viability in this assay (supplemental online Fig. 6B; data not
shown).

We next assessed the effects of B1AR versus B2AR inhibi-
tion on ERK1/2 activation. ICl treatment of HemSCsincreased
total ERK expression and activated ERK1/2 at 10 > M through
1073 M (Fig. 6B, 6C). Although a slight increase in total ERK
was observed, 100 uM atenolol did not activate ERK1/2 in
HemSCs (Fig. 6C). Taken together, B2AR-specific antagonism
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of HemSCs mirrored the antiproliferative, antisurvival, and
ERK1/2 activation effects of propranolol, suggesting pro-
pranolol targets B2AR in HemSCs to elicit its biological
effects.

Propranolol Affects Vascular Development in a
Xenograft Mouse Model of IH

To assess how propranolol affects HemSCs and IH development in
vivo, we adapted a previously described mouse model [20]. In the
IH mouse model, HemSCs resuspended in Matrigel are implanted
subcutaneously in immunocompromised mice, and IH vessel de-
velopment progresses over 3 weeks. The mice were treated with
propranolol or vehicle 40 mg/kg daily. Using the surface area con-
version factor of 1/12 [37-39], the mice received a human equiv-
alent dose of 3.3-4.8 mg/kg daily. IH Matrigel implants from
propranolol-treated mice had reduced blood flow at 14 and 21
days after implantation, measured by Doppler ultrasound, com-
pared with vehicle (data not shown; Fig. 7A). Histological analysis
of the 21-day IH Matrigel implants (Fig. 7B) demonstrated that
propranolol did not affect blood vessel density (Fig. 7C) but did
significantly reduce the vessel diameter relative to the vehicle-
treated implants (Fig. 7D). The reduced vessel caliber correlated
with a loss of Doppler-detectable flow in the propranolol treat-
ment group. Propranolol also significantly increased the number
of cells that expressed phosphorylated ERK1/2 within the IH
Matrigel implant (Fig. 7E), consistent with the results from our
in vitro studies. Thus, propranolol improved vessel development
in the IH mouse model that correlated with MAPK pathway
activation.

DiscussION

In IH tissues, HemSCs expressed both B1AR and B2AR. In
isolated HemSCs, propranolol treatment dose dependently
decreased cAMP levels and activated the MAPK pathway down-
stream of BARs. At low doses (ICsq of 65 wM), propranolol de-
creased cell viability by inhibiting HemSC proliferation and
promoting HemSC apoptosis. In contrast, at high doses (LDsq of
200 uM [10737 M]), propranolol was cytotoxic against HemSCs.
The BAR agonist, isoprenaline, a cAMP analog, and a MAPK inhib-
itor partially rescued the propranolol-induced antiproliferative
and antisurvival effects on HemSCs. The 82AR-specific antago-
nist, 1CI-118,551, mirrored the propranolol effects on HemSC
proliferation and survival of HemSCs. In an IH mouse model, pro-
pranolol reduced abnormal vessel dilation and increased p-ERK
expression. Taken together, these data demonstrated that
the propranolol effects on HemSCs are mediated in part
via B2AR inhibition and suggest a role for B2AR signaling
and its downstream cAMP and MAPK pathways in HemSC
pathophysiology.

Both activation and inactivation of BAR has been shown to
induce MAPK signaling. This could occur because multiple path-
ways downstream of BAR lead to activation of the down-
stream MAPK pathway. MAPK activation downstream of BAR
stimulation can occur downstream of a GaS/AC/cAMP/PKA path-
way [28] or through a GB/7y/Ras pathway [24-27]. Alternatively,
propranolol, a BAR antagonist, has been shown to also lead to
MAPK activation, possibly by disrupting B-arrestin function in de-
creasing the MAPK activity induced by G-protein-dependent
pathways [29, 30, 32, 33, 40]. We found that propranolol
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activated ERK1/2 in isolated HemSCs and in an IH mouse
model. The addition of an MEK inhibitor blocked the propran-
olol antiproliferative and antisurvival effects on HemSCs,
suggesting that propranolol uses MAPK signal activation
downstream of BAR inhibition to mediate its effects on
HemSCs. Moreover, ICI mirrored the propranolol effects on
ERK1/2 activation, suggesting that propranolol activates
the MAPK pathway via inhibition of 82AR in HemSCs. This is
consistent with the findings from previous studies, which
have shown that propranolol activates MAPK through
B2ARs [30, 33].

We found that high-dose propranolol rapidly induced
HemSC apoptosis, with induction observed within 6 hours by
Annexin V assay and 24 hours by caspase-3 assay. Thisisin con-
trast to previous studies, in which it was shown that propran-
olol induced HemSC death by a nonapoptotic pathway [21, 23,
41]. The difference between the present study and others
mostly likely resulted from the timing of the apoptosis assess-
ment. Kum and Khan [23] assessed the propranolol effects on
apoptosis after 72 hours of propranolol treatment. In contrast,
we reported that surface Annexin V expression was not in-
creased at 24 hours of treatment [21, 41]. Annexin V can only
be detectedin cells actively undergoing apoptosis; thus, we be-
lieve we did not assess apoptosis at the appropriate time, be-
cause most cells were already dead, confirmed by propidium
iodide incorporation. The results we have presented have
demonstrated that >50 wuM propranolol rapidly induced
HemSC apoptosis within 6-24 hours of treatment. Propranolol
cytotoxicity was observed at propranolol concentrations of
1074 M.

The clinically used dosage of propranolol for IH treatment
ranges from 1to 3 mg/kgdaily [11, 42, 43]. Although the serum
concentration of propranolol in IH-treated infants has not
been published, the plasma concentrations for adults taking
0.5-1.5 mg/kg per day ranged from 10 %% M to 107 %3 M
[44, 45]. In the present study, the clinical relative dose range
of 107%° M to 10> M propranolol both inhibited HemSC
proliferation and induced HemSC apoptosis. However, this
dose range is less than the concentration necessary to induce
HemSC cytotoxicity. Thus, it is possible that the current pro-
pranolol dosing in IH patients reduces HemSC numbers but
might allow for residual pools of IH stem cells, which might
contribute to regrowth. IH rebound has been observed in as
high as 25% of patients after discontinuation of propranolol
therapy [46]. Thus, increasing the dose of propranolol given
to patients with IH might induce HemSC cytotoxicity and pre-
vent the rebound observed with propranolol discontinuation.
In support of this idea, we found improved vessel morphology
inthe IH mouse model at a human equivalent dose of propran-
olol of 3.3-4.8 mg/kg per day.

Different cell populations in IHs express different levels of
BAR subtypes, with high levels of B2AR expression seen in
HemSCs and IH-derived pericytes [19]. In contrast, B1AR
and B2AR are equally expressed in HemECs [17]. We have
demonstrated that HemSCs in tissues express both S1AR
and B2AR, but cultured HemSCs predominantly express
B2AR. Propranolol has been suggested to target HemECs
[17, 21, 47, 48] and hemangioma-derived pericytes [19],
and the present study and others [21-23, 41] have demon-
strated that propranolol also targets HemSCs. Thus, proprano-
lol mediates its effects by targeting multiple cell types in IHs.

STEM CELLS TRANSLATIONAL MEDICINE



Munabi, England, Edwards et al. 53

usg *

Propranolol | / W) ¢

-
N

o O
a e -

o
F-8

Vessel density
Vessel diameter
relative to vehicle

o
]

. D
8 : i,
6 . '
4
2. 5
gl : 0

Vehicle  Propranolol Vehicle  Propranolol

Vehicle F

20
18
16

12
10

Propranolol

Percentage of pERK+ cells

o NEAE OO®

Vehicle Propranolol

Figure 7. Propranolol reduced vessel caliber and increased ERK1/2 phosphorylation in an infantile hemangioma (IH) mouse model. Hemangioma
stem cell (HemSC) Matrigel implants were xenografted into the flanks of immunocompromised mice, which were split into two treatment groups:
vehicle and propranolol for 3 weeks (n = 2 cell populations; four Matrigel implants per treatment group). (A): Ultrasound-guided Doppler of implants
at 21 days after implantation demonstrated reduced blood flow (red; white arrows) in implants from the propranolol treatment group compared
with vehicle. (B): H&E of implant sections at 21 days after implantation. Black arrows highlight blood vessels. (C): Quantification of average blood
vessel number per high-power field (HPF) in implants from vehicle and propranolol treatment. (D): Quantification of average blood vessel diameterin
propranolol-treated group compared with vehicle for both H49 and H50. *, p << .0001 (C, D); n =4-5 HPF for each line and treatment. (E): Vehicle- and
propranolol-treated implants stained for pERK1/2. (F): Quantification of the number of pERK1/2-positive cells divided by the total number of
cells. *, p < .05. Scale bars = 50 um. Abbreviations: ERK, extracellular signal-regulated kinase; pERK, phosphorylated ERK; USG, ultrasonography.

Our in vitro data have demonstrated that a S2AR-specific, but sufficient for the propranolol effects against HemSCs. Alterna-
not B1AR-specific, antagonist replicated the propranolol effects tively, the low B1AR expression in cultured HemSCs might be re-
in HemSCs, suggesting that inhibition of 82AR activity alone is sponsible for the absence of B1AR-specific antagonist responses.
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Further studies using BAR-specific antagonists in the IH mouse
model might address this issue more effectively. Anecdotal clinical
reports of using B1AR-specific antagonists in 3 cases of subglottic
hemangiomas had mixed success [49]. However, a B1AR-specific
antagonist might not effectively target HemSCs and IH-derived
pericytes that also express 32AR.

CONCLUSION

Our study has provided important details for understanding the
mechanism of propranolol action in the treatment of IH. Although
propranolol affects HemSCs in part by disrupting BAR signaling,
likely B2AR, a number of questions regarding the antiproliferative
and cytotoxic effects of propranolol remain unanswered, includ-
ing whether propranolol targets other receptor pathways to
affect proliferation or cell viability. Given our findings, the possi-
bility of targets other than BARs remains a possibility, especially at
the high, cytotoxic dose. We are in the process of investigating
these possibilities, and our findings could further enhance our
understanding of the mechanism of action of propranolol in |H
treatment and allow for the development of more effective treat-
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