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Introduction
Infantile hemangiomas (IHs) are benign vascular tumors with a distinct natural history and affect 4%–10% 
of  the population (1, 2). A rapid proliferating phase occurs in the first 6–10 months of  life, reaching a 
plateau phase at about 1 year. Involution begins at around 1 year of  age and continues through childhood 
(1–3). In the early proliferative phase, IH tumors have poorly defined structures, but are highly cellular 
with glucose transporter 1–positive (GLUT1+) cells, a hallmark of  IH pathological vasculature (4). As IH 
progresses from proliferation towards its plateau phase, the endothelium becomes progressively organized 
and is surrounded by perivascular mural cells. During involution, IH vasculature gradually regresses over 
years. After IH involution is complete, a fibrofatty residuum with supernumerous capillary-sized blood ves-
sels often remains. Although IHs are benign and eventually involute, the rapid growth during the prolifera-
tive phase can sometimes result in significant morbidity and mortality: bleeding, congestive heart failure, 
airway obstruction leading to respiratory distress, and permanent visual impairment (5, 6). Early interven-
tion during the proliferative stage of  IH can minimize the risk of  development of  potential complications. 
Recently, propranolol has shown efficacy. However, the mechanism of  action is poorly understood (2), and 
rebound growth of  IH can occur in up to 25% of  patients when propranolol is tapered (7). Therefore, there 
is a need for alternative medical therapies.

IHs are proposed to arise from a hemangioma stem cell (HemSC) (3). HemSCs are CD133+ and have a 
mesenchymal morphology and rapidly proliferate in vitro (8). HemSCs are pluripotent and form GLUT1+ 
endothelial cells (ECs) in a xenograft mouse model of  IH (3). Significant research has focused on the differen-
tiation of  HemSCs into hemangioma endothelial cells (HemECs) (8, 9). There is evidence that HemSCs can 
also differentiate into α smooth muscle actin+ (αSMA+) mural cells in culture and in a xenograft mouse model 
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(10), and we have shown that HemSCs are located in perivascular space and express mural cell markers such 
as αSMA, PDGFRβ, neuroglial proteoglycan 2 (NG2), and calponin (9, 10). However, the mechanisms and 
signaling pathways regulating HemSC differentiation into mural cells in IHs has yet to be elucidated.

Notch signaling is a conserved cell-to-cell communication regulatory pathway that modulates cell fate 
decisions in development. Four mammalian NOTCH proteins (NOTCH1–4) are activated by 4 ligands 
(Delta-like ligands: DLL1 and -4 and JAG1 and -2) that have been extensively studied because of  their 
essential roles in developmental (11) and pathological angiogenesis (12, 13). We have previously published 
that NOTCH proteins are dynamically expressed and Notch signaling is activated in IH tissue and cells (9, 
14). NOTCH3 is expressed in perivascular cells in IH tissues, and HemSCs in vitro. In the adult vascula-
ture, NOTCH3 expression is mostly restricted to perivascular mural cells, pericytes, and vascular smooth 
muscle cells (VSMCs) (15, 16). Mutations in NOTCH3 are associated with CADASIL (cerebral autosomal 
dominant arteriopathy with subcortical infarcts and leukoencephalopathy), a hereditary cerebrovascular 
disease characterized by progressive VSMC death leading to hemorrhage and ministrokes in midlife (17, 18). 
Notch3-null mice are embryonically viable, but their VSMCs fail to properly differentiate and die via apop-
tosis beginning at 3 months of  age (19). Notch3 deletion in a Notch1 heterozygous background led to arte-
riovenous malformations in the murine retina (16). Mural cell NOTCH3 has been proposed to be activated 
by endothelial JAG1, leading to increased NOTCH3 expression, as well as upregulation of  the mural cell 
proteins αSMA and PDGFRβ (20). Thus, NOTCH3 may function to regulate HemSC differentiation into 
perivascular mural cells in IH. Consistent with this model, knockdown of  endothelial JAG1 disrupted IH 
development in a xenograft model that was associated with an absence of  mural cell coverage (10).

In the present study, we demonstrate that NOTCH3 is essential for HemSC differentiation into mural 
cells in IH. Disruption of  NOTCH3 function via knockdown or expression of  a NOTCH3 inhibitor, 
NOTCH3 Decoy (N3 Decoy), disrupted IH development in a xenograft IH mouse model. Our study sup-
ports the use of  therapeutics that target NOTCH3 for medical management of  IH.

Results
NOTCH3 expression in HemECs and perivascular cells in proliferating IHs becomes enriched in mural cells in invo-
luting IHs. Prior to determining NOTCH3 expression, we defined the expression of  EC and perivascular 
cell proteins in proliferating and involuting IHs. Early proliferative IHs consist of  dense clusters of  cells 
in poorly organized vasculature structures with rounded lumenal ECs surrounded by perivascular cells, 
and stromal cells in the periphery (Supplemental Figure 1; supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.93764DS1). The lumenal cells expressed both CD31 and 
the IH-specific GLUT1, consistent with them being HemECs, whereas the surrounding perivascular cells 
were negative for both proteins (Figure 1A). In proliferating IHs, low levels of  αSMA expression were 
observed in both the lumenal and perivascular cells (Figure 1B). As IHs continue from the proliferative 
phase to the involuting phase, IH tissues have decreased cellular density, and the lumenal cells take on an 
endothelial morphology surrounded by multiple layers of  elongated perivascular mural cells (Supplemen-
tal Figure 1). In involuting IHs, CD31+GLUT1+ HemECs line the vessel lumens (Figure 1A and Supple-
mental Figure 2A) surrounded by CD31–GLUT1–αSMA+ perivascular cells (Figure 1B and Supplemental 
Figure 2B). The morphology, circumferential orientation, and αSMA expression of  the perivascular cells 
are consistent with a VSMC phenotype.

In proliferating IHs, NOTCH3 was expressed in the CD31+ HemECs and the surrounding αSMA– and 
αSMA+ perivascular cells, with the highest expression observed in the CD31–αSMA– perivascular cells (Figure 
1, C and D, and Supplemental Figure 2, C and D). A low level of  NOTCH3 expression was also seen in the 
stromal cells. In involuting IHs, NOTCH3 expression becomes mostly restricted to the αSMA+ mural cells 
(Figure 1, C and D, and Supplemental Figure 2, C and D). Occasional NOTCH3+CD31+ ECs were also 
observed (Figure 1C), suggesting that NOTCH3 expression persists in a subset of  HemECs during involution. 
We next costained for GLUT1 and NOTCH3 to determine if  NOTCH3 was expressed in the GLUT1+ Hem-
ECs. NOTCH3 was coexpressed in a subset of  GLUT1+ cells in proliferating IHs and GLUT1+ lumenal cells 
in involuting IHs (Supplemental Figure 3). In summary, NOTCH3 was differentially expressed in multiple 
cell types (stromal, perivascular, and lumenal) in proliferative IHs, and its expression becomes restricted to the 
mural cells and a small subset of  HemECs in involuting IHs.

Dynamic and altered expression of  perivascular cell proteins in proliferating and involuting IHs. To characterize 
the perivascular cells, proliferating and involuting IH tissues were stained for the pan vascular mural cell 
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marker PDGFRβ, the pericyte marker NG2, and the VSMC marker αSMA. In proliferating IHs, PDGFRβ 
was expressed in the majority of  cells, with highest expression in the αSMA+CD31– perivascular cells (Fig-
ure 2, A and B, and Supplemental Figure 4, A and B). In contrast, NG2 expression was observed in a subset 
of  αSMA+ perivascular cells and CD31+ lumenal cells, where CD31 expression was apically expressed 
(Figure 2, C and D, and Supplemental Figure 4, C and D). NG2+αSMA– cells were also seen interspersed 
in the stroma (Figure 2, C and D, and Supplemental Figure 4, C and D).

In involuting IH specimens, PDGFRβ expression was strongest in the CD31+ HemECs, while its 
expression in αSMA+ perivascular cells was reduced when compared with proliferating IHs (Figure 2, A 
and B). Similarly, NG2 was weakly expressed in the αSMA+ mural cells and strongly expressed in CD31+ 
HemECs during involution (Figure 2, C and D). In addition, PDGFRβ+αSMA– and NG2+αSMA– cells 
were seen interspersed in the stroma where residual HemSCs reside.

To further characterize the expression of  perivascular and endothelial markers in HemSCs, expres-
sion of  PDGFRβ, NG2, αSMA, CD31, GLUT1, and NOTCH3 in CD133+ HemSCs was determined by 
immunofluorescence, FACS, and quantitative reverse transcription PCR (qRT-PCR). Consistent with 
the immunostaining of  the perivascular cells in proliferating IH tissues, HemSCs expressed PDGFRβ, 
NG2, and NOTCH3 (Supplemental Figure 5). A small subset of  HemSCs expressed the endothelial 
markers GLUT1 and CD31 (Supplemental Figure 5, A and B). Thus, HemSCs express multiple mural 
cell markers with inconsistent or absent expression of  IH endothelial markers.

Taken together, the data demonstrate that perivascular cell proteins are dynamically and abnormally 
expressed in IH pathogenesis (Supplemental Table 1). PDGFRβ+αSMA+ and NG2+αSMA+ perivascular  

Figure 1. NOTCH3 is expressed in perivascular and lumenal cells in IHs. Serial sections of proliferating and involuting infantile hemangioma (IH) 
specimens were stained. (A) GLUT1 and CD31 costaining. White arrowheads mark GLUT1+CD31+ cells. Proliferating IH n = 2, involuting IH n = 3. (B) 
GLUT1 and αSMA costaining. Yellow arrowheads mark αSMA+GLUT1– perivascular cells. Proliferating IH n = 2, involuting IH n = 7. (C) NOTCH3 and CD31 
costaining. White arrowheads mark NOTCH3+CD31+ cells. Yellow arrowheads mark NOTCH3+CD31– cells. Proliferating IH n = 4, involuting IH n = 5. (D) 
NOTCH3 and αSMA costaining. White arrowheads mark NOTCH3+αSMA+ perivascular cells. Yellow arrowheads mark NOTCH3+αSMA– lumenal cells. 
Proliferating IH n = 5, involuting IH n = 8. Scale bars: 50 μm. The total number of IH specimens assessed for each antigen is presented in Supplemen-
tal Table 3. αSMA, α smooth muscle actin; GLUT1, glucose transporter 1.
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cells were present in proliferating IHs, but both NG2 and PDGFRβ expression in mural cells was 
reduced, with NG2 only weakly expressed in perivascular cells during involution (Figure 2, A and B). 
In proliferating IHs, HemECs did not express PDGFRβ (Figure 2C), but expressed NG2 (Figure 2D). 
By contrast, HemECs in involuting IHs expressed PDGFRβ and demonstrated increased expression 
of  NG2 (Figure 2, C and D), which was not expected as ECs do not normally express PDGFRβ and 
NG2 (21, 22).

NOTCH3 is necessary for HemSCs to differentiate into αSMA+ mural cells in vitro. We assessed the role of  
NOTCH3 in HemSC-to–mural cell differentiation in 2 assays: (a) TBF-β–induced differentiation and 
(b) a HemSCs and endothelial colony-forming cells (ECFCs) coculture system. Initially, we evaluated 
the expression of  the mural cell proteins, αSMA and PDGFRβ, in these systems. In culture, HemSCs 
expressed PDGFRβ and did not express αSMA (Supplemental Figure 5, A and C). When cultured in 
TBF-β–containing mural cell differentiation media for 2 weeks, HemSCs upregulated the expression 
αSMA (Figure 3A). In contrast, HemSCs maintained in growth medium expressed minimal αSMA.

The induction of  αSMA in HemSCs was also observed in the HemSC/ECFC coculture assay. In this 
assay, HemSC-ECFC cell contact induces mural cell differentiation (10). When GFP+ HemSCs were 
cocultured with ECFCs for 9 days, there was an increase in αSMA expression (Figure 3, B–D). Similar 
to tissue staining of  proliferating involuting IHs, a decrease in PDGFRβ expression was observed (Fig-
ure 3, B–D). Thus, differentiation of  pluripotent HemSCs into mural cells in vitro was consistent with 
the in vivo findings that demonstrated weaker PDGFRβ expression in αSMA+ mural cells (Figure 2, A 
and C, and Supplemental Figure 4).

Figure 2. Perivascular PDGFRβ and NG2 expression is decreased and misexpressed in lumenal endothelial cells during IHs progression. Serial sec-
tions of proliferating and involuting infantile hemangioma (IH) specimens were stained. (A) PDGFRβ and αSMA costaining. White arrowheads mark 
PDGFRβ+αSMA+ perivascular cells. Yellow arrowheads mark PDGFRβ+αSMA– lumenal cells. Proliferating IH n = 2, involuting IH n = 3. (B) PDGFRβ and CD31 
costaining. White arrowheads mark PDGFRβ+CD31+ lumenal endothelial cells. Yellow arrowheads mark PDGFRβ+CD31– perivascular cells. Proliferating IH n = 
3, involuting IH n = 2. (C) NG2 and αSMA costaining. White arrowheads mark NG2+αSMA+ cells, and yellow arrowheads mark NG2+αSMA– cells. Proliferating 
IH n = 7, involuting IH n = 7. (D) NG2 and CD31 costaining. White arrowheads mark NG2+CD31+ cells, and yellow arrowheads mark NG2+CD31– cells. Prolifer-
ating IH n = 7, involuting IH n = 3. Scale bars: 50 μm. The total number of IH specimens assessed for each antigen is presented in Supplemental Table 3. 
αSMA, α smooth muscle actin; NG2, neuron-glial antigen 2.
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To determine the role of  NOTCH3 in HemSC differentiation into mural cells, we generated Hem-
SCs with NOTCH3 knockdown (N3KD) by using a NOTCH3 shRNA that were compared to HemSCs 
engineered to express scrambled (Scr) shRNA. Reduced NOTCH3 expression correlated with a specific 
transcriptional downregulation of  the Notch effectors, HES1 and HEYL (Figure 4, A–C). NOTCH1 and 
the Notch effectors, HEY1 and HEY2, which are also expressed by HemSCs (9), were not significantly 
changed (Supplemental Figure 6A). Pericytes isolated from IH specimens have been suggested to pro-
mote angiogenesis (10). Therefore, we determined if  N3KD altered the expression of  the proangio-
genic factors, VEGFA, ANG1 (angiopoietin 1), and ANG2 (angiopoietin 2). Their transcript levels were 
significantly decreased in N3KD HemSCs relative to Scr HemSCs (Supplemental Figure 6B). How-
ever, Notch3 inhibition did not consistently alter HemSC proliferation (data not shown), suggesting 
the HemSCs are not responding to changes in these angiogenic stimuli. N3KD in HemSCs specifically 
downregulated the expression of  the Notch effectors, HES1 and HEYL, and angiogenic factor expres-
sion, while it did not affect the expression of  HEY1 or HEY2, or cell proliferation.

We used the N3KD HemSCs and the Scr HemSCs in TGF-β–induced mural cell differentiation 
and HemSC/ECFC coculture assays. In the monoculture assay, TGF-β–induced αSMA expression 
was blocked in N3KD HemSCs (Supplemental Figure 7). When compared with control Scr HemSCs, 
αSMA expression was lower in the N3KD HemSCs in the HemSC/ECFC coculture assay at all time 
points (Figure 4, D and E). N3KD HemSCs had the highest αSMA expression at day 7 before decreas-
ing at day 9 (Figure 4E). Together, these data demonstrate that NOTCH3 signaling is necessary for 
HemSC-to–mural cell differentiation in vitro.

Figure 3. HemSCs differentiate into αSMA+PDGFRβlo mural cells in culture. (A) HemSCs (n = 3) were grown either in growth or mural cell differentiation 
media for 2 weeks and stained for αSMA. (B) GFP+ HemSCs (n = 3) alone or cocultured with ECFCs in growth media were stained for αSMA or PDGFRβ at 
day 0 and 9. (C) Day 0 and 9 lysates from HemSC and HemSC/ECFC cocultures (n = 3) were subjected to Western analysis, and probed with antibodies 
against PDGFRβ, αSMA, or α-TUBULIN as a loading control. Representative data from 3 independent HemSC populations done a total of 10 times are 
presented. The ratio of PDGFRβ and αSMA band intensity normalized by α-TUBULIN band intensity is presented below each image. Scale bars: 50 μm. 
αSMA, α smooth muscle actin; ECFC, endothelial colony-forming cell; Diff, differentiation, HemSC, hemangioma stem cell.
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Inhibition of  NOTCH3 activity in HemSCs suppresses IH vessel formation in vivo. In order to test the role 
of  NOTCH3 in mural cell differentiation in IH pathobiology, we used a coculture IH mouse model. In 
this model, HemSCs are resuspended in Matrigel in a 1:1 ratio with ECFCs and injected subcutaneously 
in the flanks of  immunocompromised mice. As compared with implants with HemSCs alone, HemSC/
ECFC implants form a robust IH-like phenotype (Supplemental Figure 8) with Dopplerable blood flow 
as early as 1 week after implantation (data not shown). Three different N3KD HemSC populations 
and matching controls were assessed in this IH mouse model. As compared with Scr HemSC/ECFC 
implants, N3KD HemSC/ECFC implants had significantly reduced Doppler-detectable blood flow (Fig-
ure 5, A and B). Although vessel density did not differ, there was a significant decrease in vessel caliber in 
the N3KD HemSC/ECFC implants as compared with Scr HemSC/ECFC implants (Figure 5, C and D). 
The decrease in vessel caliber correlated with reduced αSMA+ mural cell density, as well as a significant 
reduction in αSMA expression in mural cells that were present in the N3KD HemSC/ECFC implants 
(Figure 5, E and F). Thus, loss of  NOTCH3 in HemSCs resulted in decreased mural cell coverage, and 

Figure 4. NOTCH3 is necessary for HemSC mural cell differentiation. (A–C) Assessment of NOTCH3 knockdown (N3KD) in HemSCs. (A) Relative NOTCH3 
transcript levels in control HemSCs (Scr), and N3KD HemSCs determined by qRT-PCR and normalized by BACTIN. Representative data from 4 independent 
N3KD HemSC populations and matching Scr HemSC populations are presented. Error bars represent ± SD. *P < 0.007, Student’s t test. (B) Representative 
data of Western analysis from 2 independent N3KD and matching Scr HemSC lysates probed with antibodies against NOTCH3 or α-TUBULIN as a loading 
control. (C) Relative HEYL and HES1 transcript levels in Scr and N3KD HemSCs determined by qRT-PCR and normalized by BACTIN expression. Represen-
tative data presented from 3 independent HemSC populations done in duplicate. Error bars represent ± SD. **P < 0.0007, ***P < 0.05, Student’s t test. 
(D) Scr HemSCs (n = 3) or N3KD HemSCs (n = 3) cocultured with ECFCs in growth media were stained for αSMA at days 0, 5, and 9. Scale bars: 50 μm. (E) 
Day 3, 5, 7, and 9 lysates from Scr and N3KD HemSC/ECFC cocultures were subjected to Western analysis, and probed with antibodies against αSMA or 
α-TUBULIN as a loading control. Ratio of αSMA band intensity normalized by α-TUBULIN band intensity presented below. Representative data from 3 Scr 
and N3KD HemSC populations and experiments perform in duplicate for each HemSC population. αSMA, α smooth muscle actin; ECFC, endothelial colony-
forming cell; HemSC, hemangioma stem cell; Scr, scrambled.
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formation of  smaller, more capillary-like vessels, leading to a reduction in the Dopplerable blood flow in 
the N3KD HemSC/ECFC implants. In the absence of  the ECFCs, a significant decrease in vessel caliber 
and αSMA density was seen in N3KD HemSC implants relative to Scr HemSC implants (Supplemental 
Figure 9). A trend towards reduced mural αSMA expression was also observed. The data suggest that 
NOTCH3 has a pathological role in HemSC-to–mural cell differentiation in IH, leading to stabilization 
of  the abnormal large-caliber vessels in involuting IH.

Therapeutic NOTCH3 inhibition disrupted IH vessels in a mouse model of  IH. Next, we asked if  therapeu-
tic targeting of  NOTCH3 could improve the IH vessel phenotype in the HemSC/ECFC mouse model. 
To block NOTCH3 signaling, we generated an N3 Decoy adenovirus that encodes the signal peptide 
and EGF-like repeats 1–24 of  the NOTCH3 extracellular domain fused to human FC. In a coculture 
Notch signaling luciferase reporter assay, N3 Decoy blocked JAG1 activation of  NOTCH signaling to a 
level similar to that of  a γ-secretase inhibitor (GSI) (Supplemental Figure 10).

To model therapeutic targeting of  an established IH lesion, HemSC/ECFC Matrigel implants were 
allowed to develop IH-like vessels for 3–7 days and the presence of  Dopplerable vessels was confirmed 
(Supplemental Figure 11A). Mice were divided into 2 cohorts and intravenously injected with either 

Figure 5. NOTCH3 activity is required for HemSC mural cell differentiation and IH development in a mouse model of IH. NOTCH3-knockdown (N3KD) 
HemSCs or Scr HemSCs in a 1:1 ratio with ECFCs were resuspended in Matrigel, and subcutaneously implanted into the flanks of immunocompromised 
mice. (A) Detection of high blood flow by ultrasound Doppler in Scr HemSC/ECFC and N3KD HemSC/ECFC xenografts at day 14 after implantation. Xeno-
graft area marked with yellow dotted line. White arrowheads mark Dopplerable blood flow (red). (B) Scatter plot of mean Doppler signal intensity normal-
ized by xenograft area (n = 3 populations: H1, H2, H3; n = 2 implants each). Average mean intensity denoted with a horizontal line. Error bars represent ± 
SD. *P < 0.03, 1-way ANOVA. (C) H&E staining of Scr HemSC/ECFC and N3KD HemSC/ECFC xenograft sections. Arrowheads mark red blood cell–containing 
vessels. (D) Quantification of vessel density and caliber (n = 3 populations; n = 2 implants each). Error bars represent ± SD. *P < 0.0002, 1-way ANOVA. (E) 
Scr HemSC/ECFC and N3KD HemSC/ECFC xenograft sections stained for αSMA. White arrowheads mark vessel surrounded by αSMA+ mural cells. Yellow 
arrowheads mark vessel surrounded by mural cells that express low levels of αSMA. (F) αSMA+ mural cell density determined as mean mural cell αSMA 
signal intensity normalized to IH endothelial GLUT1 signal intensity. Average mural cell αSMA expression determined as mean αSMA signal intensity– 
normalized DAPI+αSMA+ cell number (n = 3 populations; n = 2 implants each). Error bars represent ± SD. n.s., not significant. *P < 0.0002, **P < 0.000005, 
1-way ANOVA. Scale bars: 50 μm. αSMA, α smooth muscle actin; ECFC, endothelial colony-forming cell; GLUT1, glucose transporter 1; HemSC, hemangioma 
stem cell; IH, infantile hemangioma, MC, mural cell; Scr, scrambled.
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an adenovirus encoding N3 Decoy, or a control virus encoding FC. By this method, the adenoviruses 
preferentially infect the liver that then secretes either N3 Decoy or FC into circulation (Supplemental 
Figure 11B). Two weeks after adenoviral injection, Dopplerable blood flow was significantly decreased 
in mice expressing N3 Decoy as compared with the FC cohort (Figure 6, A and B). Similar to NOTCH3 
knockdown (Figure 5, C and D), N3 Decoy implants displayed a significant decrease in vessel caliber, 
but not vessel density (Figure 6, C and D). The reduced vessel caliber correlated with a decrease in 
αSMA+ mural cell density and mural cell αSMA expression (Figure 6, E and F). To determine if  the 
N3 Decoy affected the host vasculature, we analyzed the liver vasculature of  mice with HemSC/ECFC 
implants. αSMA perivascular coverage did not differ between implanted mice expressing N3 Decoy or 
FC (Supplemental Figure 12). These findings demonstrate that N3 Decoy specifically targets the IH 
mural cells in the implants and that Notch3 signaling is necessary to maintain IH vessel integrity.

Figure 6. A NOTCH3 inhibitor, NOTCH3 Decoy, blocks IH development and mural cell differentiation. HemSCs and ECFCs in a 1:1 ratio were 
resuspended in Matrigel and implanted subcutaneously into immunocompromised mice. An adenovirus encoding NOTCH3 Decoy (N3 Decoy) or FC 
(control) was administered at either day 3 (H43, data not shown) or day 7 (H49) after implantation and IH development assessed until day 21 (sche-
matic in Supplemental Figure 10A). (A) Detection of high blood flow by ultrasound Doppler of HemSC/ECFC xenografts prior to (day 7) and after (day 
21) N3 Decoy and FC adenovirus injection. Xenograft area marked with yellow dotted line. White arrowheads mark Dopplerable blood flow (red). (B) 
Quantification of Doppler signal intensity normalized to implant area on day 7 and 21 (n = 2 populations; n = 4 implants each). *P < 0.05, Student’s 
t test. (C) H&E staining of N3 Decoy– and FC-treated xenograft sections. Arrowheads mark red blood cell–containing vessels. (D) Quantification of 
vessel density and caliber (n = 2 populations; n = 4 implants each). **P < 0.0005, Student’s t test. (E) N3 Decoy and FC HemSC/ECFC xenograft sec-
tions stained for αSMA. White arrowheads mark vessel surrounded by αSMA+ mural cells. Yellow arrowheads mark vessel surrounded by mural cells 
that express low levels of αSMA. (F) αSMA+ mural cell density determined as mean mural cell αSMA signal intensity normalized to IH endothelial 
GLUT1 signal intensity. Average mural cell αSMA expression determined as mean αSMA signal intensity–normalized DAPI+αSMA+ cell number (n = 
2 populations; n = 4 implants each). n.s., not significant. **P < 0.0005, ***P < 0.01, Student’s t test. Scale bars: 50 μm. αSMA, α smooth muscle 
actin; ECFC, endothelial colony-forming cell; GLUT1, glucose transporter 1; HemSC, hemangioma stem cell; IH, infantile hemangioma, MC, mural 
cell; N3 Decoy; NOTCH3 Decoy; Scr, scrambled.
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Discussion
We demonstrate that mural cells have an essential role in IH progression. As perivascular mural cells are 
essential in stabilizing blood vessels in physiological angiogenesis, our study suggests that NOTCH3 func-
tions in IH pathobiology to promote HemSC-to–mural cell differentiation that leads to abnormal IH vessel 
stabilization during the involuting phase.

In humans and mice, Notch3 is necessary for the proper differentiation and maturation of  vascular 
pericytes and VSMCs in physiological angiogenesis (15). In humans, mutations in NOTCH3 lead to 
CADASIL syndrome, a disorder associated with progressive arterial VSMC loss and microaneurysms 
beginning in the third decade of  life (17, 18). Similar to CADASIL, mice nullizygous for Notch3 are 
viable, but have progressive VSMC loss beginning around 2 months of  age (19). Prior to VSMC death, 
VSMCs in Notch3-null mice have significantly reduced expression of  smooth muscle myosin heavy 
chain (SMMHC) and smoothelin, reduced arterial vessel caliber, and impaired contractile function. 
Transgenic mice that express CADASIL Notch3 alleles ubiquitously or in smooth muscle protein-22+ 
(SM22+) VSMCs also developed adult-onset VSMC death and decreased mechanotransduction (23–25).  
Studies using cultured cells have shown that the Notch ligand JAG1, expressed on ECs, activates 
NOTCH3 on the adjacent perivascular mural cell and induces expression of  PDGFRβ and αSMA, as 
well as NOTCH3 in a positive feedback loop (16, 20). Consistent with in vitro studies, loss of  endothe-
lial Jag1 is associated with reduced VSMC coverage in retinal angiogenesis (26, 27). Here, we demon-
strate that NOTCH3 is necessary for mural cell differentiation in IH progression. We hypothesize that, 
similar to developmental angiogenesis, endothelial JAG1 serves as the NOTCH3 ligand in IH. In fact, 
knockdown of  JAG1 in ECFCs in the HemSC/ECFC cocultures inhibited HemSC differentiation into 
αSMA+calponin+ mural cells and IH blood vessel formation in the HemSC/ECFC xenograft model 
(10). Based on these observations, we propose that endothelial JAG1 signals to neighboring NOTCH3+ 
HemSCs to promote mural cell differentiation during IH involution.

Our studies support roles for 2 distinct pathological cell populations in IH lesions: endothelial cells 
and perivascular mural cells that both contribute to IH development and progression. Proteins necessary 
for the differentiation and function of  vascular mural cells, PDGFRβ, αSMA, NG2, and NOTCH3, are 
dynamically and improperly expressed as IHs progress from the proliferating to the involuting phase. 
During the early proliferative phase, PDGFRβ+αSMAloNG2loNOTCH3+ perivascular cells surround 
poorly organized lumenal CD31+GLUT1+NG2+NOTCH3+ HemECs. In the involuting phase, IH vessels 
consist of  large-caliber vessels lined by CD31+GLUT1+PDGFRβ+NG2+ HemECs with spotty NOTCH3 
expression surrounded by circumferentially oriented PDGFRβloαSMAhiNG2loNOTCH3+ mural cells. 
The expression pattern of  the mural cell proteins further suggests that both HemECs and mural cells in 
IH are improperly differentiated.

HemECs are distinct from ECs of  the arteries, veins, and capillaries. They have a multilayered base-
ment membrane, cuboidal morphology (1), express GLUT1 (4) that supports their increased metabolic activ-
ity, and have increased proliferation in response to VEGF (28). Paradoxically, HemECs are stimulated by 
the angiogenic inhibitor endostatin (28). We demonstrate that HemECs express both PDGFRβ and NG2, 
proteins not normally expressed in the mature endothelium. Although PDGFRβ and NG2 are considered 
mural cell markers in the vasculature (21, 22), both are expressed in progenitor cells. NG2 expression has 
been reported in bone marrow mesenchymal stem cells (29, 30), neuronal progenitor cells (31, 32), and 
lymphatic malformation progenitor cells (33). Similarly, PDGFRβ is expressed in circulating endothelial 
progenitors, as well as hemangioblasts (34, 35), suggesting that HemECs have failed to terminally differenti-
ate from endothelial progenitor cells. A subset of  the GLUT1+ HemECs also expressed the mural cell marker 
NOTCH3, possibly representing a transitional cell type between the NOTCH3+ HemSC and the NOTCH3–

GLUT1+ HemEC. Together, these data suggest that during the involution phase IH vessels consist of  hetero-
geneous GLUT1+ HemECs that misexpress progenitor cell/mural markers, NG2 and PDGFRβ, as well as 
NOTCH3. Recently, Huang et al. demonstrated IH vessels consisting of  GLUT1+ and GLUT1– HemECs, 
and that the GLUT1+ HemECs displayed facultative stem cell properties (36), suggesting IH vessels are 
mosaics consisting of  pathological GLUT1+ ECs and normal GLUT1– ECs. Whether the abnormal expres-
sion of  NG2 and PDGFRβ is restricted to only the GLUT1+ HemECs remains to be elucidated.

Expression of  PDGFRβ has been reported in proliferative and angiogenic ECs in both physiologi-
cal and pathological conditions. Proliferating bovine aortic ECs expressed PDGFRβ in culture (37) and 
in microvasculature of  the kidney (38). PDGFRβ expression has also been noted in the angiogenic ECs 
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in glioblastoma multiforme (39). Furthermore, blocking PDGFRβ in HUVECs blunted the angiogenic 
response induced by endothelial progenitor cell–conditioned media (40). Thus, misexpression of  PDGFRβ 
in HemECs may contribute to the increased proliferation in HemECs and abnormal angiogenesis in IH.

Similar to HemECs, we propose that HemSC-derived mural cells improperly differentiate in IH and 
contribute to the blood vessel pathology. Consistent with the hypothesis that mural cells in IH are improperly 
differentiated, mural cells isolated from IHs have decreased contractility and when xenografted with ECFCs 
developed large-caliber IH-like vessels that were not observed in implants containing normal retinal mural 
cells (41). We demonstrate that mural cells in involuting IH specimens or induced from HemSCs in culture 
have reduced expression of  PDGFRβ, a protein essential for mural cell organization and function (42–47). 
Loss of  PDGFRβ activity during angiogenesis leads to endothelial hyperplasia and increased capillary cali-
ber in the brain (45), and is associated with abnormal vascular patterning and permeability (47). Thus, even 
with NOTCH3 signaling, the loss of  PDGFRβ in mural cells may contribute to IH vasculature pathology.

The mural cell coverage in involuting IHs may be secondary to the disrupted high-flow experience 
in IH vessels. Prolonged exposure to high flow increases VSMC coverage in arteries (48), and in arterial 
venous malformations the high flow experienced by the veins promotes VSMC association (48–50). Fur-
ther studies are necessary to determine the role of  flow in IH pathobiology.

We demonstrate that mural cells and NOTCH3 play critical roles in IH development and progression. 
Thus, NOTCH3 may be an effective therapeutic target, as inhibition of  NOTCH3 could block vessel devel-
opment and stabilization in IHs, leading to earlier resolution of  the lesion. Unlike JAG1, which is widely 
expressed in multiple tissues and cell types and activates multiple Notch family members, NOTCH3 expres-
sion is highly enriched in perivascular cells (16, 20, 21). Thus, targeting NOTCH3 may have less adverse 
effects than JAG1 inhibition.

Methods
Tissue collection and cell isolation. This study was approved by the Columbia Institutional Review Board (IRB-
AAAA976). Resected IH clinical specimens were used for immunohistochemistry and cell isolation. All diag-
noses of  IHs were confirmed by clinical examination and histological confirmation of  GLUT1 positivity in 
the specimen by our hospital clinical pathologist. Frozen tissues were fixed in 4% paraformaldehyde (PFA) 
overnight at 4°C, soaked in 30% sucrose in 1× PBS at 4°C, and frozen in OCT (Sakura Finetek). Paraffin-
embedded tissues were fixed in 10% formalin overnight and dehydrated in ethanol and embedded in paraffin.

HemSC isolation and characterization were done as previously described (51, 52). In brief, proliferat-
ing regions of  IH tissue were digested with collagenase, and HemSCs were isolated by CD133+ magnetic 
bead selection (Miltenyi Biotech). HemSCs were cultured on fibronectin-coated (Corning) plates in Endo-
thelial Cell Growth Media-2 (EGM-2, Lonza) supplemented with 20% FBS. ECFCs were provided by 
Joyce Bischoff  (Harvard University, Boston, Massachusetts, USA) and isolated as previously described 
(53). ECFCs were cultured on fibronectin-coated plates in EGM-2 with 20% FBS.

Constructs and cell line generation. HemSCs lines were generated by lentivirus infection (54) using the 
pLKO vector encoding shN3 (N3KD), or scrambled sequence (Scr) (Sigma-Aldrich). N3KD and transgene 
expression were confirmed by qRT-PCR, immunohistochemistry, and Western analysis. Eight clones were 
tested and 1 of  the 8 clones specifically knocked down NOTCH3, and this clone was used for subsequent 
experiments.

Adenoviruses were generated that encoded either N3 Decoy, which encodes EGF-like repeats 1–24 
of  NOTCH3 fused to human FC (Supplemental Figure 4), or FC alone as a control. Adenoviruses were 
produced and titrated as described (55).

IHC. Fixed frozen sections (5 μm) were stained with commercial antibodies (Supplemental Table 2) and 
detected with Alexa Fluor–conjugated secondary antibodies (Invitrogen) or with biotinylated-conjugated 
antibody and developed using a Vectastain ABC Kit and a DAB Peroxidase Substrate Kit (Vector Labs) as 
previously described (56). Colorimetric IHC slides were counterstained in Harris Modified Method Hema-
toxylin (Thermo Fisher Scientific), and coverslipped using Permount Mounting Medium (Thermo Fisher 
Scientific). Hematoxylin and eosin (H&E) staining was performed by the Herbert Irving Comprehensive 
Cancer Center pathology core at Columbia University. The total number of  IH specimens assessed for each 
antigen is summarized in Supplemental Table 3.

For cell staining, HemSCs were seeded on fibronectin-coated 4-well Millicell EZ Slides (Millipore-
Sigma). After 24 hours, cells were fixed in 4% PFA on ice for 15 minutes, permeabilized with 0.1% Triton 
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X-100 in 1× PBS, and incubated with blocking solution (2% BSA, 3% donkey serum in 1× PBS) for 1 hour 
at room temperature before incubation overnight with primary antibody (Supplemental Table 2) at 4°C. 
The next day, slides were washed in 1× PBS, and incubated with fluorescently labeled secondary antibodies 
(Supplemental Table 2) for 45 minutes at room temperature. Slides were then washed in 1× PBS and cov-
erslipped with Vectashield with DAPI mounting media (Vector). Images were captured with an Axiocam 
MRC system (Zeiss) and edited with Adobe Photoshop.

Western analysis. Cells were washed in cold 1× PBS and lysed with TENT buffer (PBS-T; 50 mM Tris 
pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100) containing 1% HALT Protease Inhibitor (Thermo 
Fisher Scientific) and 1% Phosphatase Inhibitor (Thermo Fisher Scientific). Blots were incubated with 
blocking solution (4% BSA and 4% milk protein in 0.2% PBS-T) for 1 hour at room temperature, and 
primary antibody (Supplement Table 2) for 3 hours at room temperature. Blots were then washed in PBS-
T, and incubated in HRP-conjugated secondary antibody for 45 minutes at room temperature. Blots were 
washed in PBS-T and detected with ECL Prime Western Blotting Detection Reagent (GE Life Sciences). 
Densitometry of  bands of  300-dpi unmodified scans was determined using ImageJ version 6.0 (NIH) and 
results represented as the maximum pixel intensity minus the mean pixel density.

FACS. FACS analysis was performed for isolated HemSCs with antibodies against NG2, GLUT1, and 
PDGFRβ as described previously (34). Briefly, dissociated HemSCs were incubated with either protein-
specific antibodies or matching IgG conjugated with either FITC or PE (Supplemental Table 2). FACS was 
performed using a FACSCalibur (BD Biosciences) and data analyzed with FlowJo Software.

qRT-PCR. qRT-PCR was performed as previously described (57). Briefly, RNA was isolated with the 
RNeasy Mini Kit (Qiagen), cDNA was synthesized using the SuperScript First-Strand Synthesis System 
(Invitrogen), and quantitative PCR performed with SYBR Green Master Mix (ABI) and gene-specific prim-
ers (Supplemental Table 4) using a CFX96 PCR Cycler (Bio-Rad). Gene-specific PCR products subcloned 
into pDrive (Stratagene) were serially diluted and used to generate a PCR standard curve. PCRs were nor-
malized by BACTIN qPCRs.

HemSC in vitro assay. For mural cell differentiation, HemSCs were differentiated into mural cells using 
differentiation media (DMEM low glucose, Pen/Strep, FBS, TGF-β1) as described previously (34) and dif-
ferentiation determined by staining for αSMA.

For coculture experiments, HemSCs were cocultured with ECFCs in growth media as described previ-
ously (11). HemSCs and ECFCs were cocultured in a 1:1 ratio on fibronectin-coated Millicell EZ Slides (5.0 × 
103 cells each) or 10-cm2 plates (5.0 × 104 cells). Cell mixtures were cultured for up to 9 days and HemSC dif-
ferentiation was assessed by immunostaining or Western analysis for VSMC markers, αSMA and PDGFRβ.

Mouse models of  IH. Mouse studies were performed with approval from Columbia University’s Institu-
tional Animal Care and Use Committee (AAAG5852, AAAO4900, and AAAQ8400). NCr nude females 
(strain Foxn1nu) 4–6 weeks old were used (Taconic). The xenograft IH mouse model was performed as 
previously described (51, 52). On day 0, 1.5 × 106 HemSCs suspended in 200 μl of  Matrigel (Corning) were 
implanted subcutaneously into 7- to 9-week-old female NCr nude females (Taconic). On days 14 and 21, 
blood flow within the IH Matrigel implants was assessed by Doppler ultrasound (Vevo 2100, VisualSonics) 
as previously described (52). After 21 days, IH Matrigel implants were harvested, fixed in 10% formalin, 
and embedded in paraffin.

To assess the effects of  ECFCs on HemSC differentiation in vivo, we used a modified xenograft IH 
mouse model. On day 0, 1.5 × 106 HemSCs and 1.5 × 106 ECFCs were suspended in 400 μl of  Matrigel and 
injected subcutaneously into immunodeficient mice, and blood flow assessed by Doppler ultrasound on day 
7 and 14. On day 14, IH coculture Matrigel implants were harvested and paraffin embedded.

For experiments with N3 Decoy, IH coculture implants were engrafted into immunodeficient mice as 
described above. Blood flow was assessed by Doppler ultrasound on day 3 or 7 to confirm IH development and 
blood flow prior to treatment. Mice were randomly divided into 2 cohorts and injected intravenously via the 
lateral tail vein with 5.0 × 108 focus-forming units (FFU) of adenovirus encoding either N3 Decoy or FC as a 
control. On day 14 or 21, blood flow was reassessed by Doppler ultrasound. Following Doppler ultrasound, 
mouse serum was collected by submandibular venous puncture. Mice were then sacrificed and IH Matrigel 
implants and livers were collected for histological and protein analysis. N3 Decoy and FC proteins were detect-
ed in liver samples by immunohistochemistry and Western analysis. FC was detected in serum by Western blot. 
N3 Decoy was detected in serum by immunoprecipitation with an antibody against FC and pulled down with 
protein A/G agarose beads (Santa Cruz Biotechnology) and subsequent Western blot for FC.
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Quantification methods. For quantification of  murine HemSC IH implants, 10 high-power fields (hpf) 
were imaged using the Axiocam MRC system (Zeiss). For quantification of  murine coculture IH implants, 
an Olympus DP 80 camera mounted on an Olympus IX83 microscope and Olympus cellSens Dimension 
version 1.14 software was used to generate tiled images of  entire sections of  implants and quantified.

Vessels were identified as tubular structures with visible erythrocytes in H&E–stained sections (52). 
The number of  vessels normalized to area and average vessel diameter was determined with ImageJ soft-
ware. Areas of  the matrigel were measured in microns2 using ImageJ. VSMC coverage was determined 
for GLUT1+ vessels by quantifying αSMA expression normalized to GLUT1 expression. Average αSMA 
expression levels were determined by measuring αSMA signal intensity and normalizing to the number 
of  αSMA+ nuclei (DAPI). Doppler ultrasound blood flow signal in implants was measured every 500 μm 
throughout the width of  the implant-normalized by area. Blood flow signal was converted to a gray scale 
using ImageJ version 6.0 and pixel density quantified.

Statistics. To determine the significance between control and experimental groups, 2-sample indepen-
dent-measures Student’s t test was done using Excel, and scatter plots for Doppler blood flow and ANOVA 
was done with Prism version 6.0 software (GraphPad Software, Inc). A P value less than 0.05 was consid-
ered significant. The N3KD animal experiments were performed between 3 pairs of  control/knockdown 
cell lines. Statistical significance between controls and knockdown for all 3 cell lines was determined using 
ANOVA, and Student’s t test for intra–cell line comparisons.

Study approval. The collection of  clinical specimens was approved by the Columbia University IRB 
(AAAA9976). The animal studies were approved by Columbia Institute for Animal Care and Use Commit-
tee (IACUC AAAG5852, AAAO4900, and AAAQ8400).
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