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Abstract

OBJECTIVE—Von Hippel-Lindau disease (VHL) is a tumor predisposition syndrome 

characterized by CNS hemangioblastomas (HBs) and clear cell renal cell carcinomas (RCCs) due 

to hypoxia-inducible factor activation (pseudohypoxia). Because of the lack of effective medical 

therapies for VHL, HBs and RCCs account for significant morbidity and mortality, ultimately 

necessitating numerous neurological and renal surgeries. Propranolol is an FDA-approved pan-

beta adrenergic antagonist with antitumor effects against infantile hemangiomas (IHs) and 

possibly VHL HBs. Here, the authors investigated the antitumor efficacy of propranolol against 

pseudohypoxia-driven VHL-HBs and VHL-RCCs.

METHODS—Patient-derived VHL-associated HBs (VHL-HBs) or 786-O-VHL−/− RCC cells 

were treated with clinically relevant concentrations of propranolol in vitro and assessed with 

viability assays, flow cytometry, quantitative real-time polymerase chain reaction, and western 

blotting. In vivo confirmation of propranolol antitumor activity was confirmed in athymic nude 
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mice bearing 786-O xenograft tumors. Lastly, patients enrolled in a VHL natural history study 

(NCT00005902) were analyzed for incidental propranolol intake. Propranolol activity against 

VHL-HBs was assessed retrospectively with volumetric HB growth kinetic analysis.

RESULTS—Propranolol decreased HB and RCC viability in vitro with IC50 (half maximal 

inhibitory concentration) values of 50 μM and 200 μM, respectively. Similar to prior reports 

in infantile hemangiomas, propranolol induced apoptosis and paradoxically increased VEGF-A 
mRNA expression in patient-derived VHL-HBs and 786-O cells. While intracellular VEGF 

protein levels were not affected by propranolol treatment, propranolol decreased HIF expression 

in 786-O cells (7.6-fold reduction, p < 0.005). Propranolol attenuated tumor progression compared 

with control (33% volume reduction at 7 days, p < 0.005) in 786-O xenografted tumor-bearing 

mice. Three patients (harboring 25 growing CNS HBs) started propranolol therapy during the 

longitudinal VHL-HB study. HBs in these patients tended to grow slower (median growth rate 

27.1 mm3/year vs 13.3 mm3/year) during propranolol treatment (p < 0.0004).

CONCLUSIONS—Propranolol decreases VHL-HB and VHL-related RCC viability in vitro 

likely by modulation of VEGF expression and by inducing apoptosis. Propranolol abrogates 

786-O xenograft tumor progression in vivo, and retrospective clinical data suggest that propranolol 

curtails HB growth. These results suggest that propranolol may play a role in the treatment of 

VHL-related tumors.
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VON Hippel-Lindau (VHL) disease is an inherited tumor predisposition syndrome that is 

caused by germline mutations in the VHL tumor suppressor gene found on the short arm of 

chromosome 3.5,11,17 Patients with VHL have a propensity to develop hemangioblastomas 

(HBs) of the CNS and retina as well as renal cell carcinomas (RCCs), endolymphatic 

sac tumors, pheochromocytomas, and pancreatic neuroendocrine tumors.5,17 Although the 

manifestations of the disorder can vary significantly across individuals, the pathophysiology 

of tumor formation for RCCs, HBs, and pancreatic neuroendocrine tumors is believed 

to result from inappropriate upregulation of hypoxia response elements.8,25 Patients with 

VHL harbor a quantitative or qualitative deficiency of the VHL protein, which, under 

normoxic conditions, fosters the degradation of hypoxia-inducible factors (HIFs).8,17,36 In 

susceptible tissues, loss of heterozygosity of the wild-type VHL allele leads to constitutive, 

inappropriate upregulation of HIFs that upregulate expression of a variety of genes, 

including erythropoietin, vascular endothelial growth factor (VEGF), and transforming 

growth factor–alpha, which are believed to play important roles in tumorgenesis.3,5, 9, 11,17

As a result of the development of a variety of benign and malignant neoplasms, patients 

with VHL have a median survival ranging between 40 and 52 years, the shortest of any 

tumor predisposition syndrome.34 The leading causes of morbidity and mortality in patients 

with VHL are RCC and CNS HB.5,8,16 Both RCC and HB are common manifestations of 

VHL, occurring in 30% and 72% of affected individuals, respectively.8,17 The treatment 

for VHL-related RCC (VHL-RCC) and HBs is surgery. As patients with VHL can develop 
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upward of 600 RCC foci per kidney and 10 or more symptomatic HBs over the course of 

their lifetimes, they often require multiple renal and neurological surgeries.8,16,33 Although 

there have been reports on the efficacy of certain antitumor agents for VHL-related HBs 

(VHL-HBs), no systemic therapy has gained widespread use in curtailing the progression 

of VHL-HBs or VHL-RCCs.22,28,29 Thus, the identification of a well-tolerated, safe, and 

easily administered systemic therapy that curbs VHL-HB or VHL-RCC progression would 

represent a significant advancement in the treatment of patients with VHL disease.

Léauté-Labrèze et al. demonstrated that propranolol, an FDA-approved, nonselective, β1 and 

β2 adrenergic antagonist used for the treatment of hypertension and cardiac arrhythmias, 

is effective in treating infantile hemangiomas (IHs), i.e., benign, vascular tumors of 

infancy.12,13 Given the histological and pathophysiological similarities between IHs and 

VHL-HBs, it has been hypothesized that propranolol may be an effective treatment in 

patients with VHL disease. Albiñana et al. showed that propranolol is able to reduce HIF-1α 
expression in patient-derived HB cells while inducing apoptosis and decreasing cell viability 

in vitro.2 As a result, we sought to confirm these findings and further expand on these 

results to determine if propranolol may harbor broader treatment effects in VHL-HBs and 

VHL-RCCs.

Methods

Clinical Sample Collection

HB samples were obtained under a National Institutes of Health institutional review board–

approved protocol (clinicaltrials.gov identifier NCT00060541). All specimens were obtained 

from individuals undergoing surgery of symptom-producing HBs. Informed consent was 

obtained from all patients.

HB Stromal Cell Extraction and Cell Culture

HB tumor cells were isolated as previously described.24,30 Briefly, isolated HB cells 

were incubated at 37°C for 24 hours after isolation in DMEM supplemented with 10% 

fetal bovine serum, L-glutamine, penicillin, streptomycin, and F-12K. All subsequent 

experiments were performed within 24–48 hours of HB extraction. The 786-O RCC cell 

line was obtained from America Type Culture Collection and grown per the distributer’s 

specification.

Cell Viability Assays

Cells (1 × 104) were plated on flat-bottom 96-well plates and subsequently exposed to 0–400 

μM (S)-(−)-propranolol hydrochloride (Sigma-Aldrich) for 24–48 hours at 37°C.7,38 After 

incubation, the Cell Counting Kit-8 cytotoxicity assay (Dojindo Molecular Technologies) 

was subsequently performed according to the manufacturer’s protocol. An ELx800 96-well 

spectrometer (BioTek Instruments) was used to perform all absorbance measurements.

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) according to 

manufacturer’s instructions. Complementary DNA libraries were subsequently created using 
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SuperScript III First-Strand Synthesis SuperMix (Invitrogen Life Technologies). Real-time 

polymerase chain reaction (RT-PCR) was then performed using QuantStudio 6 Flex RT-PCR 

system (Applied Biosystems). Gene expression was determined using primers designed 

for vascular endothelial growth factor (VEGF, Qiagen), glucose transporter 1 (GLUT1, 

Qiagen), and hypoxia-inducible factor 1α (HIF1α, Qiagen), with β-actin as internal control 

(Sigma-Aldrich). In all instances, the Power SYBR Green PCR Master Mix was utilized 

(Applied Biosystems).

Apoptosis Assays

The 786-O cells were cultured in the presence of 0–200 μM (S)-(−)-propranolol 

hydrochloride (Sigma-Aldrich) for 24–48 hours at 37°C. The Vybrant Apoptosis Assay Kit 

#5 (Hoechst 33342/propidium iodide, ThermoFisher Scientific) was then used to determine 

the percentage of necrotic and apoptotic cells in culture according to the manufacturer’s 

specification.

Immunoblot Analysis

For protein extraction, whole-cell lysates were collected in radioimmunoprecipitation assay 

buffer containing a protease inhibitor cocktail and centrifuged at 15,295g for 15 minutes at 

4°C. Protein concentration was determined by Nanodrop 2000 (Thermo Fisher Scientific). 

Proteins were electrophoretically separated on 4%–12% Bis-Tris gels (Invitrogen) and 

subsequently electroblotted onto polyvinylidene difluoride membranes with the Trans-Blot 

Transfer Turbo System (Bio-Rad). After blocking, the membranes were probed with 

anti-VEGF (Thermo Fisher Scientific) or anti-HIF2α (sc-46691, Santa Cruz), and the 

immunoreactive signal was detected with the ChemiDoc MP Imaging System (Bio-Rad). 

Densitometry was performed using Image Lab software (Bio-Rad).

786-O Xenograft Mouse Model

All animal experiments were approved by the National Institute of Neurological Disorders 

and Stroke Animal Care and Use Committee. Five- to 6-week-old (n = 10) female athymic 

nude mice (Jackson Laboratory) were injected in the right flank with 5 × 106 786-O cells 

as previously described.10 Tumor volume was determined using the formula V = (L × W)/2, 

where L and W represent the length and width of the tumor, respectively.10 When tumors 

grew to between 80 and 150 mm3, the mice were randomized to receive daily intraperitoneal 

injections of propranolol (20 mg/kg) or phosphate-buffered saline (PBS).31 Flank tumor 

growth was monitored over time. At the end of the study, blood was collected from mice, 

and the serum was analyzed for levels of mouse and human VEGF-A using VEGF ELISA 

kits (Thermo Fisher Scientific) per the manufacturer’s instructions.

Immunohistochemistry

When PBS or propranolol-treated mice reached their endpoint (tumor volumes greater than 

1000 mm3 or evidence of ulceration), the flank tumors were harvested and fixed in formalin. 

The fixed tumors were paraffin embedded, and blocks were sectioned at 5-μm thickness. An 

automated immunostainer (Bond-Max, Leica) was used for reproducible staining of paraffin 

sections. Tissue was probed using antibodies against HIF2α (Bioss), VEGF (Proteintech), 

Shepard et al. Page 4

J Neurosurg. Author manuscript; available in PMC 2020 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and GLUT1 (Proteintech). Antibodies were optimized using positive control tissue with high 

pH (EDTA) epitope retrieval.

Incidental use of Propranolol

Patients with VHL disease and HBs who were enrolled in a natural history 

study (clinicaltrials.gov identifier NCT00005902) were retrospectively assessed for oral 

propranolol usage. Patients who underwent clinical and radiographic follow-up before and 

after propranolol implementation were assessed. HBs were assessed using postcontrast 

T1-weighted MRI. HB volumes were calculated using a modified ellipse formula.16,18 

The growth rates of tumors with evidence of growth were determined before and after 

propranolol therapy was implemented as previously described.16

Statistical Analysis

All in vitro studies were subjected to at least 3 independent biological experiments. Data 

are presented as the mean ± SEM. Statistical analysis was performed using Prism Software 

(GraphPad). One-way ANOVA was used for comparing results of RT-PCR. The t-test was 

used for continuous variables for in vitro and in vivo experiments; p < 0.05 was considered 

statistically significant.

For the HB-volumetric analysis, the volumetric growth rate per year during a period was 

estimated as the difference in tumor volume between the first and last clinic visit divided by 

the tumor volume at the first visit and the duration of tumor follow-up (in years). For each 

tumor, the growth rate per year was determined before and after propranolol implementation. 

Since each patient harbored multiple tumors and propranolol was a within-subject factor, a 

nested model was applied to model both patient and tumor (nested within patient) as random 

effects while propranolol was treated as a fixed effect.15 Natural logarithm transformation 

was applied to the growth rates, and the Shapiro-Wilk test was used to test the normality of 

the residuals. SAS (version 9.4, SAS Institute) was used for the above analyses; p < 0.05 

was considered statistically significant.

Results

Propranolol Reduces the Viability of Patient-Derived VHL-HB Cells

In order to confirm the results of Albiñana et al., patient-derived HB cells were cultured 

from tumors resected from 4 separate individuals with VHL disease. Patient-derived HB 

primary cultures were then treated with propranolol (0–400 μM) for 24 or 48 hours. Cultured 

HB viability tended to decrease in both a dose- and time-dependent manner (Fig. 1A–

D). HB viability was reduced by 50% (half maximal inhibitory concentration; IC50) with 

exposure to 50 μM of propranolol within 24 hours. Cells cultured with at least 50 μM of 

propranolol also demonstrated morphological changes within 48 hours after exposure (Fig. 

1B). Cells became rounded, which has been observed in cells undergoing apoptosis in the 

presence propranolol.2 Treatment with 100 μM of propranolol led to the loss of viability of 

almost all cells in culture at 24 and 48 hours (Fig. 1C and D).
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Propranolol Induces HIF, VEGF, and GLUT-1 mRNA Expression in VHL-HB Cells

Propranolol leads to a discordant increase in VEGF mRNA expression while also reducing 

intracellular VEGF protein expression due to interference with VEGF mRNA translation.7 

However, other studies have demonstrated that propranolol may lead to a decrease in VEGF 

mRNA and protein expression.2 We therefore investigated the effect of propranolol on 

gene expression within the hypoxia pathway in 2 patient-derived HB primary cultures. On 

treatment with propranolol (50 μM and 100 μM) for 24 or 48 hours, HIF1α, VEGF-A, and 

GLUT1 mRNA were overexpressed (Fig. 1E and F). The largest increase in expression was 

evident after 48 hours of treatment with 100 μM of propranolol (approximately 3.5-fold 

increase in HIF1α, approximately 15-fold increase in VEGF expression, and approximately 

15-fold increase in GLUT1 expression; p < 0.0001).

Propranolol Reduces the Viability of a VHL−/− RCC Cell Line by Inducing Apoptosis

As VHL-HBs are not malignant tumors and no established cell line for HBs exist, we further 

explored the mechanisms of propranolol activity in the immortalized human RCC cell line 

(786-O), which lacks a functional VHL gene (VHL−/−). Thus, the 786-O line represents 

a useful probe for studying VHL-related tumors in vitro.36 Propranolol decreased 786-O 

viability in vitro, albeit with an IC50 at 200 μM within 24 hours (Fig. 2A). As propranolol 

has been shown to induce apoptosis in VHL-HBs and IHs, we investigated whether the 

decreased viability observed in propranolol-treated 786-O cells could be secondary to 

apoptosis. Using the Hoechst propidium iodide assay, we found that there was a 4.5-fold 

increase in the population of cells undergoing apoptosis when exposed to 200 μM of 

propranolol for 24 hours (Fig. 2B, p < 0.0001). Consistent with our viability assays, flow 

cytometry depicted a substantial reduction in the number of viable cells (72% reduction, p 

< 0.0001). While this was partly explained by the increased rates of apoptosis, 786-O cells 

exposed to propranolol had a 6-fold increase in the percentage of necrotic cells (p < 0.0001), 

suggesting a potential direct toxic effect of propranolol on these cells.

Propranolol Decreases HIF Expression Without Affecting VEGF Expression in 786-O Cells

As propranolol has been shown to affect the hypoxia-signaling pathway in IHs, we 

investigated whether HIF, VEGF, or GLUT1 expression was affected in 786-O cells treated 

with propranolol. As was the trend in VHL-HBs, propranolol led to 1.9- and 1.4-fold 

increases in GLUT1 and HIF mRNA, respectively (p < 0.05, Fig. 2C). In a less dramatic 

fashion compared with VHL-HBs, propranolol increased VEGF-A mRNA expression 

approximately 2-fold in 786-O cells (Fig. 2C). We tested whether propranolol inhibits the 

translation of VEGF-A from its mRNA template.7 Surprisingly, unlike reports in VHL-HBs 

and IHs, VEGF protein levels were unchanged (Fig. 2D), suggesting that at least in this RCC 

cell line, the changes in viability observed in 786-O cells seen with increasing propranolol 

concentrations are not affected by VEGF protein expression in vitro. As other authors have 

suggested that propranolol may decrease HIF expression in IHs, we assayed HIF2α levels in 

786-O cells exposed to propranolol, as HIF2α is the predominant isoform found in 786-O 

cells.7 We found that propranolol treatment led to a 7.6-fold reduction in HIF2α expression 

in 786-O cells treated with 200 μM of propranolol (p < 0.001, Fig. 2E).
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Propranolol Slows RCC Tumor Growth in a Xenograft Model and Decreases Serum VEGF-A

Next, we sought to confirm these results in an in vivo model of VHL-deficient tumors. As no 

established animal model exists for CNS HBs, we utilized an RCC-derived flank xenograft 

model in athymic nude mice.31 Mice were randomized to receive daily intraperitoneal 

injections of propranolol (20 mg/kg/day) versus PBS after tumors were between 80 and 150 

mm3 in volume. Daily administration of propranolol led to slower tumor xenograft tumor 

progression, which was maintained through 9 days of propranolol therapy (p < 0.005) (Fig. 

3A). Prior to euthanizing mice in the study, peripheral blood and serum were harvested 

from each mouse and analyzed for VEGF-A levels. Treated mice had a 3-fold reduction 

in circulating mouse VEGF-A levels as determined by ELISA (Fig. 3B, p < 0.0001). 

Circulating human VEGF-A levels, which may have potentially been secreted by the tumor, 

were not detectable in either control or propranolol-treated mice. To confirm these findings, 

we measured the serum VEGF levels of tumor-bearing mice (treated with PBS) versus mice 

without xenografted tumors (also treated with PBS). We found no statistically significant 

difference in the serum VEGF levels of tumor-bearing versus non–tumor-bearing mice (Fig. 

3C). Interestingly, non–tumor-bearing mice treated with propranolol had no change in their 

serum VEGF levels (Fig. 3C). Thus, it appears that propranolol selectively decreases the 

amount of serum VEGF in the setting of xenografted 786-O tumors.

We further analyzed the expression of GLUT1, VEGF, and HIF2α in the flank tumors 

from xenografted mice receiving with PBS versus propranolol. On immunohistochemical 

analysis, there was no difference in VEGF or GLUT1 expression between both groups. 

There was a qualitative decrease in the staining for HIF2α, however, which would be 

consistent with our in vitro western blots (Fig. 3D).

Retrospective Analysis Suggests Propranolol Slows HB Growth in Patients With VHL 
Disease

Lastly, we explored whether or not propranolol has any utility in the treatment of patients 

with VHL disease. We identified 9 patients who were enrolled in an ongoing natural 

history study of VHL-related HBs at the National Institutes of Health (NCT00005902) 

who were administered propranolol (for other clinical reasons) for at least 30 days. Dosing 

ranged between 10 and 100 mg twice daily of propranolol. Of the 9 patients identified, 3 

patients had radiographic follow-up data before and after propranolol administration. In all 3 

patients, propranolol was started during the longitudinal study for other clinical indications 

(hypertension, migraine prophylaxis). These 3 patients harbored 66 HBs throughout the 

CNS. Of the identified tumors, 25 tumors had evidence of growth (at least a 10 mm3 volume 

increase) prior to implementation of propranolol and were included in subsequent analysis. 

Tumors in this cohort had a 2.1-year median follow-up on propranolol. The tumors grew 

slower when patients were taking propranolol (median growth rate 13.3 mm3/yr) than when 

they were not taking propranolol (median growth rate 27.1 mm3/yr, p < 0.0004). Thus, 

retrospective clinical data are consistent with our other preclinical data that propranolol may 

slow HB progression in patients with VHL disease.
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Discussion

VHL disease remains a chronic disorder characterized by the formation of CNS HBs, 

RCCs, pheochromocytomas, endolymphatic sac tumors, and pancreatic neuroendocrine 

tumors.5,16,17 Despite advances in the understanding of the pathophysiology of tumor 

formation in patients with VHL, no effective systemic therapies have been developed. 

Herein, we provide in vitro, in vivo, and retrospective clinical data that suggest that 

propranolol may be effective in the treatment of VHL-related tumors, including HBs and 

RCCs.

Propranolol’s activity against IHs was first demonstrated clinically.12 Following this 

fortuitous observation, several authors have investigated the mechanism underpinning 

propranolol’s antitumor properties. Propranolol, unlike other beta-receptor antagonists, 

functions as an inverse agonist against the beta-receptor, a G-protein coupled receptor.4 

Thus, when bound to the β1 or β2 receptor, propranolol not only prevents the 

binding of epinephrine, but also induces a conformational change that downregulates the 

receptors endogenous activity, thereby decreasing intracellular cAMP (cyclic adenosine 

monophosphate) levels.4 This property of propranolol activity has been suggested by some 

to underlie propranolol’s antiproliferative effects in IHs. Hemangioma stem cells, for 

example, when exposed to propranolol have been shown to undergo apoptosis, which has 

been correlated with decreased intracellular cAMP levels with subsequent activation of the 

extracellular signal-regulated kinase (ERK)1/2 pathway.20

Other authors have suggested that propranolol downregulates the PI3-K 

(phosphatidylinositol 3-kinase) pathway, leading to reduced VEGF levels in IHs.23 In 

other studies, propranolol exposure decreased IH HIF expression, thereby leading to 

reduced VEGF expression.7 Furthermore, local effects of beta-receptor inhibition leading 

to vasoconstriction and decreased IH perfusion have been hypothesized as an alternative 

mechanism of propranolol-mediated IH regression.20 Thus, while the precise mechanism 

of propranolol activity in IHs remains a subject of ongoing investigation, it appears 

that propranolol has the potential to 1) induce apoptosis and 2) augment HIF/ VEGF 

expression while 3) exerting systemic cardiovascular effects that lead to reduced tumor 

perfusion.7,14,20,23

Albiñana et al. demonstrated that propranolol reduces primarily cultured HB cells in vitro 

by inducing apoptosis and augmenting VEGF expression.2 Our work confirms these findings 

in a separate cohort of VHL-derived HB cells and provides further preclinical data that 

propranolol may be efficacious in treating VHL-HBs and VHL-RCCs. As reported herein, 

propranolol decreased the viability of cultured HBs while also inducing apoptosis and 

reducing the viability of an RCC cell line in vitro. Our data further suggest that propranolol 

is able to decrease HIF2α expression in 786-O cells. HIF inhibitors have been reported to 

reverse the VHL phenotype in a zebrafish model of VHL.19 In our work, propranolol did 

not lead to a decrease in 786-O VEGF protein expression, however. One possibility is that 

VEGF expression would be expected to occur after HIF protein expression was reduced. 

In IHs, propranolol led to decreased VEGF expression only after 4 days of propranolol 

exposure.7 The 786-O cells had limited viability after 48 hours of treatment and thus we 
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may be limited in our ability to detect a significant change in expression of VEGF in 786-O 

cells treated with propranolol. Furthermore, although one may expect the VEGF mRNA 

levels to decrease, and not increase, if HIF expression is reduced, this paradoxical finding 

has been reported in IHs treated with propranolol.7

Our work further suggests that propranolol slows RCC tumor progression in vivo while 

decreasing serum VEGFA levels in treated tumor-bearing mice. In our experiments, human 

VEGF, which would have otherwise been secreted by the RCC xenograft tumors, was not 

detected in mouse sera. Additionally, the presence of a 786-O flank tumor did not increase 

in the serum level of VEGF independently (Fig. 3C). Interestingly, propranolol did not affect 

the serum VEGF levels of mice that were not bearing 786-O tumors (Fig. 3C). Thus, it 

appears that propranolol reduced murine VEGF secretion only in the presence of 786-O 

xenografted tumors. We hypothesize that this may be one reason that propranolol-treated 

RCC-bearing mice had slower rates of tumor progression. In this way, while propranolol 

may harbor a direct antitumor effect, it may also induce systemic changes that lead to 

an inhospitable tumor environment. Our data do not suggest a clear mechanism for why 

propranolol may reduce serum VEGF selectively in xenografted mice, and further work on 

this needs to be performed.

Plasma VEGF levels have recently been reported to serve as a biomarker in patients 

with VHL disease taking propranolol for ocular VHL.1 In a recent study, patients with 

VHL disease who harbored retinal hemangioblastomas received propranolol up to 120 

mg/day. Although no retinal HBs regressed in the study, systemic VEGF levels decreased 

with prolonged treatment with propranolol, which is consistent with our in vivo findings. 

In our study, the approximate IC50 of propranolol against VHL-HBs and 786-O cells 

ranged between 50 μM and 200 μM. This is similar to the concentrations at which 

IHs and VHL-HBs have responded to propranolol therapy in vitro.2,7,38 Based on prior 

pharmacological studies, plasma serum propranolol concentrations would be unlikely to 

achieve concentrations this high, however.32 Nevertheless, although IH growth is inhibited 

by propranolol treatment between 50 and 300 μM in vitro, propranolol has shown clear 

clinical efficacy for patients with IHs treated with oral propranolol.7,12,13,38 Furthermore, 

a recent study examined the role of VEGF-A expression in 786-O cells. The 786-O cells 

transfected with siRNA directed against VEGF mRNA had decreased viability, increased 

rates of apoptosis, and decreased migratory potential.37 Similarly, VEGF has been shown to 

promote the growth of other solid tumors such as colorectal cancer and cervical cancer.27,35 

Thus, we hypothesize that the reduction in systemic VEGF levels induced by propranolol 

may be one mechanism underlying propranolol’s efficacy in vivo.

In addition to our in vitro and animal work, our analysis of VHL-HB growth kinetics in a 

retrospective analysis of a VHL-HB natural history study suggests that patients had slower-

growing CNS HBs while receiving propranolol. Although retrospective and derived from 

a small population of patients, these data are consistent with our cell culture and murine 

studies and thus provide further biological plausibility that propranolol may have a role 

in the treatment of VHL-related neoplasms. The protective effect of propranolol and other 

beta blockers has been reported in other retrospective population-based studies examining 

hepatocellular carcinoma, prostate cancer, and other malignancies.6,21,26 Nevertheless, as 
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HBs have stochastic growth patterns and variable growth rates that can fluctuate over time, 

further prospective studies are needed to validate propranolol as a viable treatment option for 

VHL-HBs.

Conclusions

Overall, our study provides consistent in vitro, in vivo, and retrospective clinical data that 

propranolol harbors antitumor properties in VHL-HBs and VHL-RCCs, 2 tumors that lead 

to a majority of morbidity and mortality in patients with VHL disease.5,8,17,34 While further 

work is necessary to identify the mechanisms underlying propranolol’s antitumor properties, 

given the fact that propranolol is a safe, well-tolerated, FDA-approved oral medication that 

freely crosses the blood-brain barrier, our results encourage the development of clinical trials 

to test propranolol as a novel treatment agent for VHL disease.
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FIG. 1. 
Propranolol leads to decreased HB viability ex vivo. Patient-derived HB cells were cultured 

and treated with propranolol (0–400 μM). A–C: Representative photomicrographs (×10) of 

treated HB cells exposed to 0 μM (A), 50 μM (B), and 100 μM (C) of propranolol are 

shown. Cells exposed to propranolol become rounded (B) prior to completely detaching 

from the cultureware (C) with increasing concentrations of propranolol. D: Representative 

viability assays are shown. Propranolol decreases HB viability with an approximate IC50 

of 50 μM after 24 or 48 hours of propranolol exposure (n = 3 for each data point, 

experiments repeated over 4 different HB specimens). E and F: Gene expression analysis of 

the pseudohypoxia-signaling pathway was performed using RT-PCR (E and F). Propranolol 

induces HIF-1α, VEGF-A, and GLUT1 mRNA levels at 24 (E) and 48 (F) hours, which has 
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been observed previously in propranolol-treated IHs (n = 3, for each data point). *p < 0.05, 

**p < 0.0001.
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FIG. 2. 
Propranolol decreases RCC cell line viability in vitro by inducing apoptosis. A: Results 

of viability assays exhibit decreased 786-O viability at 24 or 48 hours in the presence of 

200 μM of propranolol. Biological triplicates were performed for each data point shown. 

B: Flow cytometry was used to investigate the degree of apoptotic, necrotic, and viable 

cells after treatment with 200 μM of propranolol. Results suggest that treated cells had a 

4.5-fold increase in rates of apoptosis (p < 0.0001), a 6-fold increase in rates of necrosis (p < 

0.0001), and a 72% reduction in viability (n = 3, p < 0.0001). C: RT-PCR (n = 3) was then 

performed to investigate gene expression in 786-O cells exposed to 200 μM of propranolol. 

There were increases in HIF-1α, VEGF-A, and GLUT1 mRNA levels in a dose-dependent 

manner. This is similar to results observed in IHs. Propranolol had no effect on intracellular 

VEGF-A protein levels, but did decrease HIF2α expression in 786-O cells (n = 3). D and E: 
Representative western blots for VEGF (D) and HIF2α (E) are shown. Normalized relative 

intensity values are shown next to representative immunoblots. *p < 0.05. Figure is available 

in color online only.
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FIG. 3. A:
Athymic nude mice bearing 786-O flank tumors have slower rates of tumor progression 

when treated with propranolol (n = 10) versus PBS (n = 11, p < 0.005). B: Circulating 

VEGF-A levels in propranolol-treated mice are reduced (p < 0.0001). Human VEGF-A 

levels are undetectable in both PBS/propranolol treatment groups. C: An additional cohort 

of mice (n = 12) was treated with PBS or propranolol with (n = 6) or without flank tumors 

(n = 6). Circulating murine levels of VEGF-A were not affected by the addition of the 

tumor (p = 0.85). Propranolol treatment decreased the serum levels of murine VEGF-A 

only in the setting of xenografted 786-O tumors (p < 0.0001). D: There was a qualitative 

decrease in HIF2α expression in flank tumors, as determined by immunohistochemical 

analysis in the propranolol-treated mice. Representative photomicrographs are shown (PBS 

and propranolol, ×40).
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