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Abstract

The bromodomain and extra terminal domain (BET) inhibitor, JQ1 has marked antitumor activity 

against several hematologic malignancies as well as solid tumor models. Here we investigated its 

activity in vitro and in vivo against models of childhood rhabdomyosarcoma and Ewing sarcoma. 

In vitro, JQ1 (but not the inactive enantiomer JQ1R) inhibited cell proliferation, and increased G1 

fraction of cells, although there was no correlation between cell line sensitivity and suppression of 

c-MYC or MYCN. In vivo, xenografts showed significant inhibition of growth during the period 

of treatment, and rapid regrowth after treatment was stopped, activity typical of antiangiogenic 

agents. Further, xenografts derived from cell lines intrinsically resistant or sensitive to JQ1 in vitro 

had similar sensitivity in vivo as xenografts. Further investigation showed that JQ1 reduced tumor 

vascularization. This was secondary to both drug-induced down regulation of tumor-derived 

growth factors and direct effects of JQ1 on vascular elements. JQ1 suppressed VEGF-stimulated 

vascularization of Matrigel plugs in mice, and in vitro suppressed differentiation, proliferation and 

invasion of human umbilical cord vascular endothelial cells (HUVECs). In HUVECs JQ1 partially 

suppressed c-MYC levels, but dramatically reduced AP-1 levels and activity through suppression 

of the AP-1 associated protein FOSL1. Our data suggest that the antitumor activity of JQ1 in these 

sarcoma models is largely a consequence of its anti-angiogenic activity.
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Introduction

The transcriptional regulator c-MYC is the most frequently deregulated oncogene in human 

tumors including pediatric cancer. Both c-MYC and MYCN are frequently amplified or 

overexpressed in rhabdomyosarcoma (1–3) and musculoskeletal neoplasms (4). C-MYC is 

overexpressed in Ewing sarcoma (5), and expression of the EWS-FLI1 fusion protein 

upregulates c-MYC expression (6) through an indirect mechanism (7). Thus c-MYC 

oncogene amplification or overexpression may play an important role in the development of 

childhood sarcomas as it has been found for other human malignancies. c-MYC regulates 

cell proliferation, inflammation, suppression of differentiation, apoptosis and stimulation of 

angiogenesis. Thus, as with many other malignancies, downregulation of c-MYC would be 

predicted to retard tumor progression of childhood sarcoma.

Recently, small molecule inhibitors of BRD4, a member of the bromodomain and extra 

terminal domain (BET) protein family have been described that bind competitively to acetyl-

lysine recognition motifs, or bromodomains (8). The most studied compound, JQ1, exerts 

broad-spectrum antitumor activity, possibly by selective inhibition of oncogenes, including 

c-MYC, through disruption of super-enhancers (9). Notable activity has been demonstrated 

in non-clinical models of several hematologic malignancies (10, 11), and in MYC `driven' 

tumors such as neuroblastoma (12), and medulloblastoma (13). Sensitivity to JQ1 in a series 

of serous ovarian cancer cells correlated with elevated expression of MYCN (14), whereas 

GLI2-dependent upregulation of c-MYC was shown to mediate JQ1 resistance in pancreatic 

cancer cell lines (15). Downregulation of c-MYC by JQ1 induced cell cycle arrest and 

apoptosis in ovarian cancer cell lines and downregulated lactate dehydrogenase A (LDHA) 

resulting in decreased lactate production and reduced energy supply (16). JQ1 has been 

shown to impair estrogen-mediated growth and transcription (17), and inhibit androgen 

receptor variants from chromatin binding in prostate cancer cells thereby overcoming 

resistance to endocrine-based therapies (18). JQ1 reduced oncogenic IκB activity in diffuse 

large B-cell lymphoma (DLBCL) (19), and has been proposed for the treatment of DLBCL, 

although the in vivo activity against the one xenograft model tested was marginal with an 

increase in event-free survival advantage of only 3 days for JQ1 treated mice over control 

animals (20). JQ1 suppressed TNF-α mediated NF-κB activation and NF-κB-dependent 

target gene activation in A549 lung adenocarcinoma cells (21). Further, a subset of lung 

adenocarcinoma cell lines were sensitive to JQ1 through a mechanism independent of c-

MYC downregulation (22). JQ1 reduces osteosarcoma viability and is a potent inhibitor of 

osteoblast and osteoclast differentiation associated with suppression of MYC and RUNX2 

expression (23). JQ1 has also been reported to synergize with rapamycin in osteosarcoma 

models (24).

Tumor progression and maintenance requires the development of an ample blood supply 

therefore neovascularization is critical to tumor growth and metastasis. c-MYC not only 

promotes cell proliferation and transformation, but also vascular and hematopoietic 

development, by functioning as a master regulator of angiogenic factors (25). In mice 

lethality of c-myc−/− embryos is associated with profound defects in vasculogenesis and 

primitive erythropoiesis (25). Oncogenes such as c-myc suppress the expression of the anti-
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angiogenic factor thrombospondin-1 (26), and transgenic studies have shown that 

transformation induced by several oncoproteins, including c-MYC, is sufficient to induce an 

angiogenic response and the expression of VEGF (27, 28).

Here we present evidence that BRD4 inhibitor JQ1 has potent antiangiogenic activity in 

pediatric sarcoma models. Our data demonstrate that JQ1 can regulate angiogenesis to block 

tumor-derived angiogenic factors, directly suppress VEGF-driven angiogenesis, and impair 

the proliferation and differentiation of human vascular endothelial cells. These findings 

support the notion that BRD4 may represent a relevant target for therapeutic intervention in 

pediatric sarcomas.

Material and Methods

Reagents

Medium 200, RPMI1640, fetal bovine serum (FBS), and Alamar Blue (AB) were purchased 

from Invitrogen (Life Technologies, Grand Island, NY). Low serum growth supplement 

(LSGS) was obtained from Cascade Biologics Inc. (Life Technologies). Endothelial Tube 

Formation Assay Kits were from Cell Biolabs, Inc. (San Diego, CA). Growth factor–reduced 

Matrigel for in vivo experiments and precoated Matrigel inserts for invasion assays were 

purchased from BD Biosciences (San Jose, CA). JQ1 and JQ1R (inactive enantiomer) were 

kindly provided by Dr. James E. Bradner (Dana-Farber Cancer Institute). Anti-CD34 

antibody (ab27448) was from Abcam (Cambridge, MA, USA). VEGF was purchased from 

R&D Systems Inc. (Minneapolis, MN).

Cell lines and xenograft models

Human umbilical vein vascular endothelial cells (HUVEC) were obtained from the 

American Type Culture Collection (ATCC). All experiments were done using endothelial 

cells between passages 3 and 8. HUVECs were maintained in medium M200 (Life 

Technologies) with 15% FBS, endothelial cell growth supplements (LSGS Medium, 

Cascade Biologics), and 2 mmol/L glutamine at 37°C with 5% CO2. All cells were 

maintained as sub confluent cultures and split 1:3, 24 hours before use. Rhabdomyosarcoma 

(RMS) and Ewing sarcoma (EWS) cells were cultured in RPMI-1640 supplemented with 

10% fetal bovine serum (FBS). The cell lines and xenografts were developed in this 

laboratory. Cryopreserved early passage cells were re-established in culture and were used 

within 6 months of short tandem repeat (STR) analysis and verification of authenticity.

In vitro growth inhibition studies

Sarcoma cells were cultured in RPMI medium and HUVECs in M200. Cells were seeded on 

6-well plates at a density of approximately 1 × 105 cells/well and allowed to attach 

overnight. JQ1 was dissolved in DMSO, and used at final concentrations of <0.1% DMSO in 

medium. Cells were treated with various concentrations of JQ1 1 day after seeding. After 4 

days, Calcein AB (Life Technologies) was added directly into culture media at a final 

concentration of 10% and the plates were incubated at 37°C. Optical density was measured 

spectrophotometrically at 540 and 630 nm after adding Calcein AB for 3 to 4 hours. As a 

negative control, Calcein AB was added to medium without cells.
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Cell invasion assays

For the invasion assays, 1 × 105 cells were added into the upper chamber of the insert 

precoated with Matrigel (BD Biosciences). Cells were plated in medium without serum, and 

medium containing 10% FBS in the lower chamber served as chemo-attractant. After several 

hours of incubation, the cells that did not invade through the pores were carefully wiped 

away from the upper side of the membrane using an absorbent cotton swab. Then the inserts 

were stained with 20% methanol and 0.2% crystal violet, imaged, and counted with an IX71 

inverted microscope (Olympus). All the experiments were repeated 3 times independently.

Cell cycle analysis

Distinct phases of the cell cycle were distinguished by DNA staining with the fluorescent 

dye propidium iodide (PI) and measured by flow cytometry. Cells were washed in ice cold 

PBS, fixed in 70% ethanol, and stained for 30 min at 37°C with PI (50μg/mL propidium 

iodide in hypotonic sodium citrate solution containing 50 μg/mL RNase) followed by flow 

cytometric analysis. The percentages of cells in G1, S, and G2/M phases was determined 

using the cell-cycle analysis program Modfit LT 3.2 (Verity Software House, Portland, ME). 

RMS and Ewing sarcoma cells (60% confluent) were treated with JQ1 (500nM), for 24 Hr 

and cell cycle distribution was determined by FACs analysis staining with Propidium Iodide 

(BD Bioscience) according to the manufacturer's protocol.

Western blotting

Cell lysis, protein extraction, and immunoblotting were as described previously (6, 9). We 

used primary antibodies to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), c-MYC 

and MYCN (Cell Signaling Technologies, Danvers, MA). Immunoreactive bands were 

visualized by using Super Signal Chemiluminiscence substrate and Biomax MR and XAR 

film (Perkin Elmer, Boston, MA). Fifteen microliters of total sample was resolved on a 4% 

to 12% SDS-polyacrylamide gel. Proteins were transferred to a PVDF membrane and 

immune-detection was conducted with specific primary antibodies.

Endothelial cell tube formation assay

For the Endothelial Tube Formation Assay (CBA200, Cell Biolabs Inc., San Diego), ECM 

gel was thawed at 4°C and mixed to homogeneity using cooled pipette tips. Cell culture 

plates (96-well) were bottom-coated with a thin layer of ECM gel (50 μL/well), which was 

left to polymerize at 37°C for 60 minutes. HUVECs (2−3 × 104) stimulated with vascular 

endothelial growth factor (VEGF) in 150 μL medium were added to each well on the 

solidified ECM gel. Culture medium was added to each well in the presence or absence of 

JQ1. The plates were incubated at 37°C for 12 to 18 hr and the endothelial tubes were 

observed using a fluorescent microscope after staining with Calcein AM. Three microscope 

fields were selected at random and photographed. Tube-forming ability was quantified by 

counting the total number of cell clusters and branches under a 4× objective and 4 different 

fields per well. The results are expressed as mean fold change of branching compared with 

the control groups. Each experiment was conducted at least three times.
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Vascularization of Matrigel plugs in vivo

For animal experiments mice were maintained under barrier conditions and experiments 

were conducted using protocols and conditions approved by the institutional animal care and 

use committee of the Research Institute at Nationwide Children's Hospital (AR-09-0036). To 

characterize anti-angiogenic properties of JQ1 in vivo, we conducted murine Matrigel plug 

experiments. PBS was used as a negative control, and VEGF (100 ng/mL) as a positive 

control. Matrigel was injected subcutaneously into CB17SC scid−/− female mice (n=3/

group), forming semi-solid plugs. Animals received treatment of JQ1 administered by oral 

gavage (50 mg/kg; formulated in DW5 (5% dextrose in water), 10% DMSO) daily for 7 

days. On day 7, plugs were excised under anesthesia, fixed in PBS-buffered 10% formalin 

containing 0.25% glutaraldehyde, and were processed for hematoxylin-eosin (H&E), and 

vascular identity of the infiltrating cells was established with CD34 immunostaining. The 

regions containing the most intense areas of neovascularization (“hotspots”) were chosen for 

analysis. Eight hotspots were identified for each Matrigel or tumor section. The ImagePro 

Plus analysis system was used to quantify the percentage of area occupied by the vessel-like 

structures in each field. The mean ± SE from each group were compared. The negative IHC 

control was obtained by tissue staining with secondary antibody only. For hemoglobin 

determination, the Matrigel plug was weighed and dissolved in physiological saline (0.9% 

NaCl), and hemoglobin content assayed using Drabkin's reagent (Sigma Diagnostics, St. 

Louis, MO). The results are reported as blood volume per unit weight of Matrigel.

Evaluation of JQ1 against sarcoma tumor xenografts

All experiments were conducted under Institutional Animal Care and Use Committee–

approved protocol (AR09-0036). Four tumor models were selected. Two Ewing's sarcomas 

(EW5, EW8) and 2 rhabdomyosarcoma (Rh10, Rh28) were selected for in-vivo experiments. 

Tumor lines and methods have been reported previously (29). Tumors were implanted 

subcutaneously in the left flank. Treatment was started when tumors exceeded 200 mm3. 

Mice received JQ1 (50 mg/kg), daily for a planned 3 weeks treatment with a further 3 weeks 

observation. Tumor volumes (cm3) and tumor responses were determined as previously 

described (29). In another experiment tumors were grown and JQ1 daily treatment (7 or 14 

days) was started when tumors exceeded 100 mm3. Tumors were harvested for formalin 

fixed and frozen tissue. Sections were stained for CD34-positive cells to assess microvessel 

formation and for Ki67 staining for proliferation. Frozen tumor samples were powdered 

under liquid N2, and protein was extracted as described previously for angiogenesis array 

processing (30, 31).

Human Angiogenesis Array

Proteome profiler antibody array (R & D systems; Cat no ARY007, Minneapolis, MN) was 

used according to manufacturer's instructions to detect the relative levels of expression of 55 

angiogenesis related proteins in control and treated tumors. After blocking the membranes 

300 μg of protein from the tumor tissue lysate from control and JQ1 treated groups were 

added and incubated overnight at 4°C. Next day the membranes were washed and 

streptavidin-HRP was added or 30 min. Immunoreactive signals were visualized by using 

Super Signal Chemiluminiscence substrate (Life Technologies) and Biomax MR and XAR 
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film (Perkin Elmer). Array data on developed X-ray film was quantified by scanning the film 

using a BioRad Molecular Image Gel Doc™ XR+ and data analyzed using Image Lab™ 

software.

Transcription factor profiling array

The activity of 47 human transcription factors in human endothelial cells was assayed using 

a plate array according to the manufacturer's instructions (Signosis Inc., Santa Clara, CA). 

Briefly, nuclear proteins were isolated from cells and 12 × g nuclear extract was added to a 

mixture of DNA sequences that encoded 47 different human transcription factor–binding 

sites. This mixture was incubated at 16°C for 30 min to allow for the formation of 

transcription factor–DNA complexes, then passed through an isolation column to separate 

the transcription factor–DNA complexes from free DNA probes. 100 μl elution buffer was 

then added to the column to elute the transcription factor–DNA complexes, which were 

subsequently denatured by incubation at 98°C. 95 μl of each sample was then added to each 

well of a 96-well plate containing an immobilized complementary sequence to 1 of the 47 

transcription factors. The 96-well plate was sealed and incubated overnight at 42°C to 

hybridize the complementary strands of DNA. After hybridization, the plate was washed 3 

times, streptavidin-HRP conjugate and substrate was added, and resulting 

chemiluminescence was detected using a multi-detection microplate reader (SpectraMax, 

Molecular Devices, Sunnyvale, CA).

AP-1/c-Jun ELISA assay

The nuclear fractions from the cells maintained in each culture condition were used to 

measure the AP-1 activity. AP-1 ELISA assay was performed using AP-1 activity assay kit 

(GeneCopoeia Inc., Rockville, MD) according to the manufacturer's protocol. Briefly, the 50 

μg of nuclear fraction was mixed with transcription factor binding buffer supplied by the 

manufacturer and then applied to the each well of 96-well plate coated with oligo-DNA 

fragment containing consensus AP-1 binding sequence. After incubation for 1 hr at room 

temperature with gentle rocking, the wells were washed with 200 μL washing buffer 

supplied by manufacturer for 1 min with gentle rocking. After the final wash, 100 μL of 

diluted anti- AP-1 antibody (1:1000) solution was added to each well except the blank wells, 

and the plate was incubated for 1 hr at room temperature with gentle rocking. Each well was 

washed two more times using washing buffer and then incubated with 100 μL of diluted 

peroxidase-conjugated secondary antibody (1:1000) for 1 hr at room temperature with gentle 

rocking. After two washes, each well was then treated with chemiluminescence developing 

solution. After a 30 min incubation at room temperature with gentle agitation, protected 

from light, 100 μL of the stop solution was added to each well and absorbance was measured 

at a wavelength of 450 nm using a spectrophotometric plate reader. Nuclear extract of 

MCF-7 cells was also used as positive control for this assay.

Statistical Analysis

Significance of correlations was done using GraphPad Prism software. Unpaired t tests were 

used for all analyses assuming Gaussian populations with a 95% confidence interval. Data 

are presented as mean ± SE. Differences were analyzed with the Student t test, and 

significance was set at P less than <0.05. For in vivo testing xenograft models, criteria for 
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defining an event (4 times the tumor volume at the start of treatment) were similar to that 

used by the Pediatric Preclinical Testing Program (29). Log-rank test was used to compare 

the time-to-event curves between groups.

Results

Sensitivity to JQ1 in vitro

To evaluate the sensitivity of RMS and EWS cell lines to JQ1 and JQ1R (inactive 

enantiomer), cells were incubated with or without drugs for 4 days, and viability was 

assessed by Alamar Blue staining (Table 1). Representative dose response curves are shown 

in Figure 1A. For most RMS cell lines the IC50 concentration was below 1 μM. Rh4 and 

Rh41 (derived from the same patient) were the most sensitive whereas cell lines Rh18 and 

Rh30 the IC50 concentration exceeded 10 μM. Ewing sarcoma cell lines showed a similar 

range of sensitivities as the RMS cell lines with ES-6 and EW-8 being less sensitive than 

other EWS cell lines. Flow cytometric analysis revealed significant changes in the cell-cycle 

distribution profile of EWS and RMS cells after exposure to JQ1(500 nM). The inactive 

enantiomer, JQ1R, did not inhibit proliferation of any cell line up to a concentration of 

10μM. The treatment of cells with JQ1 resulted in an increase in the G0/G1 fraction and 

decreased S phase cell population, but there was no significant drug-induced sub-G1 

population suggesting that the effect of JQ1 is largely cytostatic against these cell lines 

(Supplemental Figure 1).

Effect of JQ1 on MYC Expression in vitro

JQ1 potently inhibits Binding of a tetra-acetylated Histone H4 peptide to BRD4 with IC50 

values of 77 nM and 33 nM for the first and second bromodomain, respectively (8) Thus, to 

examine whether JQ1 induced significant changes in MYC levels cells were incubated 24 hr 

with or without JQ1 (500 nM), and processed for immunoblotting for c-MYC and MYCN 

proteins. The results clearly indicated that JQ1 treatment reduced c-MYC in Rh4 and Rh41 

cells, and MYCN was reduced in Rh5 cells (Figure 1B). For EWS cells, the highest 

endogenous levels of c-MYC were detected in ES-2 and ES-8 cells, where JQ1 did not 

decrease c-MYC (Figure 1C; immunoblots quantified in Supplemental Figure 2), although 

the lines were relatively sensitive to treatment (Table 1). Thus, there was no clear 

relationship between cellular sensitivity and suppression of c-MYC.

In vivo efficacy of JQ1

JQ1 treatment has shown antitumor activity against both genetically engineered models of 

human cancer, and against a range of human tumor xenografts. To determine the activity of 

JQ1 against childhood sarcoma xenografts, we used Rh10 and Rh28 models that in vitro are 

sensitive (IC50<1μM). The EW-5 model is one of relatively few patient derived EWS 

xenograft models available, hence of value to test for responsiveness to JQ1. No cell line 

from EW-5 has been established. The other model, EW-8, that in vitro is resistant to JQ1 

was used to determine whether in vivo and in vitro drug sensitivity correlated. Drug was 

administered by oral gavage at 50 mg/kg daily for 21 days. As shown in Figure 2A JQ1 

treatment retarded growth of each tumor line including EW-8. After stopping treatment (day 

21) tumor growth resumed in all lines within one week returning to approximately the same 
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rate of growth as the control tumors. JQ1 significantly inhibited growth of each tumor line 

relative to controls (P<0.0001 for Rh10 and Rh28; P=0.0044 and 0.0016 for EW-5 and 

EW-8, respectively). These results suggest that JQ1 is cytostatic during the period of 

treatment, and has minimal cytotoxicity in vivo. This is consistent with the rapid resumption 

of tumor growth at the end of treatment in these sarcoma models.

JQ1 Inhibits Angiogenesis in xenograft models

The antitumor activity of JQ1 was reminiscent of agents that suppress angiogenesis in these 

xenograft models (32–34). Further, the EW-8 xenograft responded equally to that of Rh28 

xenografts whereas the respective cell lines were resistant (IC50 >10μM or sensitive 

IC50=0.26 μM, respectively), consistent with the drug acting indirectly on tumor growth. To 

examine the potential anti-angiogenic activity of JQ1, cohorts of mice (n=3) were treated for 

7 or 14 days (50 mg/kg daily), and tumors harvested. Tumor tissue was harvested, and either 

angiogenic factors were extracted and assayed, or tumor tissue was fixed and CD34-positive 

vessels counted. As c-MYC promotes vascular and hematopoietic development, by 

functioning as a master regulator of various angiogenic factors (25), we also examined the 

levels of 55 angiogenesis-associate proteins using a human angiogenesis array. We analyzed 

the array data in all the four-xenograft tumors. Antibody array studies of the tumor lysates 

were derived from control and JQ1 tumors following 14 days treatment. As shown for Rh28 

xenografts harvested after 14 days JQ1 treatment (Figure 2B), the levels of angiogenic 

factors were significantly lower in treated tumor than in control tumors (Figure 2C). 

Immunohistochemical staining for CD34 positive cells showed minimal effects after 7 days 

treatment, but a significant reduction in CD34-positivity by day 14 in Rh28 xenografts 

(Figures 2D and E). Similar results were obtained for rhabdomyosarocmas Rh10, and Rh28 

(Supplemental Figure 3), and EW-5 and EW-8 Ewing sarcoma xenograft models 

(Supplemental Figure 4). These data suggest that in part, JQ1 suppresses tumor growth 

through downregulation of tumor-derived angiogenic factors. Relative to control xenograft 

tumors, JQ1 treated tumors showed a significant decrease of VEGF, Angiopoietin, tissue 

factor (TF) and FGF-1, critical regulators of angiogenesis (Supplemental Figure 5).

JQ1 directly inhibits angiogenesis in vivo

To directly test the antiangiogenic activity of JQ1 in vivo independent of drug action on 

tumor, mice were implanted subcutaneously with Matrigel plugs infused with PBS or 

VEGF165. Mice were treated with JQ1 (50 mg/kg) administered by oral administration 

immediately after implantation of the plug and daily for 7 days. Plugs were excised at day 7 

and angiogenesis quantified as described in the Materials and Methods. VEGF165 increased 

the number of vessels detected in Matrigel plugs by more than 10-fold over that in PBS-

infused (control) plugs. There was significant reduction in vessel formation in the treated 

group as compared with controls (Figure 3). For the hemoglobin assay, the results are 

expressed as mg/dl of hemoglobin per gram of Matrigel. The hemoglobin content correlates 

with the extent of angiogenesis in this assay. Comparison of the hemoglobin values for the 

Matrigel plugs from the untreated control animals at 7 days after implantation versus the 

values for the JQ1 treated animals (Figure 3) supports the CD34 staining results confirming 

JQ1 has the ability to substantially inhibit VEGF-driven angiogenesis in vivo.
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JQ1 inhibits HUVEC tube formation and proliferation and invasion in vitro

We next examined whether JQ1 could inhibit VEGF165–induced tube formation of 

HUVECs, focusing on a drug concentration range from 0.25 – 2 μM. HUVECs were 

stimulated with VEGF165 (10 ng/mL) on Matrigel to form tubes in the absence or presence 

of JQ1 (Figure 4A). Reduction in tube formation by JQ1 was concentration-dependent, 

reaching statistical significance at 1 μM, although there was clear effect at 500 nM. JQ1 (500 

nM) also inhibited endothelial cell invasion whereas the inactive enantiomer (JQ1R) had no 

effect (Figure 4B,C). To examine the impact of JQ1 on proliferation, HUVEC cells were 

stimulated with VEGF165 in the absence or presence of JQ1 and cell number determined by 

Alamar Blue staining after 2 days. As shown in Figure 4D, JQ1 inhibited proliferation in a 

concentration-dependent manner with 70% or more inhibition at 2 μM. The inactive 

enantiomer, JQ1R also had no effect on either tube formation or cell proliferation at 

concentrations up to 2 μM (data not shown). To characterize the direct effect of JQ1 in 

endothelial cells we assessed secreted angiogenesis factors by angiogenesis array in 

HUVECs with or without JQ1 treatment (500 nM/24 hr). Even at concentrations of JQ1 that 

had little effect on HUVEC proliferation (0.5 μM) secretion of angiogenic factors was 

decreased. Interestingly TGF-β, TIMP, Ang1, angiostatin and endothelin levels were 

significantly reduced as was noted following treatment of sarcoma xenografts with JQ1 

(Supplemental Figure 5).

Involvement of AP-1 in the inhibition of cMYC by JQ1 in Endothelial cells—It 

has been proposed that BET inhibitors may exert context specific effects that could be 

independent of c-MYC (22). Using transcription factor arrays we examined the levels of 47 

transcription factor in HUVECs treated or not treated with JQ1 (3 μM/24 hr). As shown in 

Figure 5A, levels of AP-1 were high in HUVECs, but dramatically downregulated within 24 

hr. Other transcription factors were expressed at lower levels, but all were decreased by JQ1 

treatment. To assay AP-1 activity, nuclear fractions from JQ1 treated or untreated HUVECs 

were prepared and an AP-1 ELISA assay was performed using AP-1 activity assay kit as 

described in Materials and Methods. AP1/c-Jun activity was reduced >80% in treated cells 

compared to control HUVECs (Figure 5B).

The JQ1 sensitivity of lung adenocarcinoma cells has previously been related to drug-

induced decrease in the AP-1 component FOSL1, and not to decreased c-MYC (22). As 

shown in Figure 5C, JQ1 treatment only slightly decreased c-MYC levels in HUVECs, 

however it had a far greater effect on suppressing FOSL1, Figure 5D.

Discussion

The bromodomain and extra terminal domain (BET) family of proteins function as readers 

that associate with acetylated histones and regulate assembly of chromatin complexes and 

transcription activators at specific promoter sites. Recently, BETs have been shown to 

control genes involved in a number of cellular processes including cell cycle, as well as 

pathologic states such as inflammation and cancer, possibly by regulating transcription from 

specific promoters in a cell context specific manner (35–38). JQ1, one of many inhibitors of 

BET proteins, has marked antitumor activity against several hematologic malignancies (8, 
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38–41). JQ1 has also been shown to impair tumor growth in models relevant to childhood 

solid malignancies including a genetically engineered neuroblastoma mouse model, and to a 

lesser extent against patient derived neuroblastoma xenografts and a c-MYC-driven 

medulloblastoma (13). Here, we evaluated JQ1 against rhabdomyosarcoma and Ewing 

sarcoma cell lines and xenografts derived from childhood patients. JQ1 clearly 

downregulated c-MYC (Rh4, Rh41) and MYCN (Rh5), cell lines sensitive to JQ1, while c-

MYC levels were low in Rh18 and Rh30 cells that were intrinsically resistant to drug 

(IC50>10μM). In contrast there was only slight downregulation of c-MYC in Rh36 cells 

sensitive to JQ1, and in EWS cell lines that had similar sensitivity to JQ1 as Rh36. Thus, 

there was no clear relationship between suppression of c-MYC and tumor cell sensitivity. 

These data are concordant with those generated in lung adenocarcinoma cell lines treated 

with JQ1 (22), and several other studies suggesting that the antitumor activity of JQ1 is 

independent of its ability to suppress MYC (21, 42, 43). Of note, for most Ewing sarcoma 

and rhabdomyosarcoma cell lines used in the current study, the IC50 concentrations were < 

1μM, whereas the in vitro sensitivity of osteosarcoma cell lines reported by Lee et al (24) 

was considerably greater with 4 of 7 lines having IC50 values > 5μM (range 0.83–24.25μM).

We next evaluated JQ1 against four xenograft models generated from cell lines including 

Rh28 (the most sensitive line), and EW-8 (a cell line intrinsically resistant to JQ1). Tumor 

responses were characterized by slowing of progression with relatively static growth during 

the period of drug treatment, followed by rapid resumption of tumor growth after 

discontinuation of treatment. Thus, similar to other reports, the antitumor activity of JQ1 

against solid tumors is relatively modest, with slowing of tumor growth without tumor 

regression (21, 43, 44). This pattern of retarding tumor progression with rapid resumption of 

tumor growth at the end of treatment is similar to the growth inhibition patterns of 

antiangiogenic agents we have previously tested (32, 34, 45), and similar to the activity of 

JQ1 against c-MYC-driven medulloblastoma (13). Further, given that growth of tumor 

xenografts generated from both sensitive and resistant cell lines was equally impacted by 

JQ1 treatment in vivo, JQ1 was likely impacting tumor growth through an indirect 

mechanism.

Although JQ1 modulates tumor growth of in several different models, a direct effect upon 

tumor angiogenesis has not been previously reported. As the angiogenesis arrays are specific 

for detecting human proteins, our data suggest that JQ1 suppresses tumor-derived 

angiogenic factors, and has direct effects on vascular endothelial cells both in mice and in 

vitro. Examination of xenograft tissue harvested from mice treated for 14 days with JQ1 

showed a marked decrease in CD34-positive cell infiltration indicating reduced vascular 

development. In support of this, assay of tumor-associated angiogenic factors showed a 

significant decrease of Serpin F1, and VEGF in all tumor models. Of note, cross-reactivity 

for mouse-derived vegf in the array is <5 per cent, thus JQ1 treatment decreases tumor-

derived VEGF. Consistent decreases (3 of 4 tumor models) of IGFBPs, FGF2, endothelin 1 

were determined, whereas TGF-β1 was decreased in two models only. A direct effect on JQ1 

blocking angiogenesis was demonstrated by inhibition of vascularization of VEGF165-

infused Matrigel plugs implanted subcutaneously in mice. In this 7-day assay, JQ1 

significantly decreased invasion of CD34-positive cells indicating a direct effect on murine 

vascular endothelial cells. It is of interest that in this Matrigel assay JQ1 significantly 
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reduced angiogenesis, whereas in the tumor experiments there was no decreased 

vascularization at day 7, but a significant decrease from control levels by day 14. This may 

indicate that in tumors the effect of JQ1 suppressing angiogenic factors may require several 

days and that during that time tumor cells are still able to induce infiltration of vascular 

elements. Furthermore, despite the reduced vascularity, JQ1 did not cause a decrease in KI67 

staining in tumor tissue from rhabdomyosarcoma xenografts (Supplemental Figure 6), or 

Ewing sarcoma xenografts (Supplemental Figure 7), again suggesting that its antitumor 

activity is a consequence of effects on angiogenesis.

To examine the mechanism of JQ1 activity in vitro, we used HUVECs as a model system. 

JQ1 treatment reduced HUVEC tube formation at 0.5 μM, whereas significant inhibition of 

proliferation required a higher concentration (2 μM); JQ1 (at 3 μM) also reduced invasion of 

endothelial cells. Treatment of HUVECs also led to decreased levels of VEGF, TIMP 

endothelin 1 and TGF-β1. Because inhibition of BRD4 and possibly other BET proteins may 

have pleiotropic effects, we surveyed levels of transcription factors that were altered by JQ1 

treatment in HUVECs. Although MYC-MAX was decreased significantly, most notable was 

the dramatic decrease in AP1 levels and activity. AP1 has been implicated in regulating 

VEGFD, uPA, uPAR and proliferin through c-FOS, FRA1 and c-JUN or JUNB, respectively 

(46–48). AP-1 also regulates invasiveness (49), consistent with the observation that AP-1 

activity is suppressed by JQ1 in HUVECs. JQ1 treatment of HUVECs did reduce levels of c-

MYC, however, levels of FOSL1, an AP-1-associated protein were completely suppressed, 

consistent with previous reports of JQ1 activity in lung cancer cells (22), and osteosarcoma 

cell lines (43). However, these results are in contrast to those of Zhou et al. (21) who 

reported that TNF-α-induced expression of c-JUN, activated downstream of AP-1 was not 

inhibited by JQ1 in A549 cells. Of note, FOSL1 was not detected in any of the sarcoma cell 

lines used in the present study. Exactly how JQ1 suppresses angiogenesis remains to be 

determined, although BRD4 is a positive regulatory component of P-TEFb (50) and an 

inhibitor of P-TEFb suppresses angiogenesis (51). Further VEGFA is listed as a super-

enhancer-associated actively transcribed gene in the GBM cell line U-87 and the SCLC cell 

line H2171 (9).

In summary, our results indicate that in sarcoma xenograft models of childhood cancer, JQ1 

significantly suppresses tumor progression, but does not induce tumor regression. The 

results are consistent with an anti-angiogenic effect mediated by suppression of tumor-

derived angiogenic factors, and a direct effect on vascular endothelial cells. This is the first 

description of a role for JQ1 as an antiangiogenic drug. Our data suggest BET inhibitors 

may hold promise as an antiangiogenic agents in pediatric sarcoma potentially overcoming 

resistance to existing antiangiogenic therapies, although their ultimate role may be in 

combination with cytotoxic or molecular targeted agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. JQ1 inhibits proliferation irrespective of c-MYC downregulation
A. Representative concentration response curves for RMS (Rh41, Rh30) and EWS (ES-7, 

CHLA258) with greatest and least sensitivity to JQ1. Cells were exposed to JQ1 for 96 hr 

and stained with Calcein AB. Data are mean ± SD (n=3). Solid line, JQ1; broken line JQ1R. 

B. Levels of c-MYC and MYCN in RMS cell lines exposed, or not exposed to JQ1 (0.5 μM) 

for 24 hr. C. Levels of c-MYC and MYCN in EWS cell lines exposed, or not exposed to JQ1 

(0.5 μM) for 24 hr. Samples were loaded in triplicate and GAPDH was used as a loading 

control.
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Figure 2. 
JQ1 retards sarcoma growth and inhibits angiogenesis. A. Growth of sarcoma xenografts in 

treated (black lines) or untreated (gray lines) mice. The left panel depicts the mean relative 

tumor growth for control and treated tumors whereas the right graphs show individual tumor 

growth curves; B. Representative results of an angiogenesis array for Rh28 tumor extracts 

from untreated mice, or mice treated daily with JQ1 (50 mg/kg) for 14 days; specific 

angiogenic factors are indicated (colored boxes), correspond to the same factors on each 

array and are labeled accordingly; C. Quantitation of Rh28 assaying tumor-derived 

angiogenic factors extracted from tumors harvested from untreated mice (open bars), or mice 

treated daily with JQ1 (50 mg/kg) for 14 days (grey bars); D. Photomicrographs of CD34 

IHC for Rh28 tumors in control or tumors harvested from mice after 7 or 14 days JQ1 

treatment (magnification 20X. Higher resolution (417X magnification) are shown in 

Supplemental Figure 3); E. Quantitation of CD34-positive cell infiltration into Rh28 

xenografts in control tumors or tumors harvested from JQ1 treated mice after 7 or 14 days. 

Data are mean ± SD (n=3 high power fields counted).
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Figure 3. 
JQ1 directly inhibits angiogenesis in vivo.. Invasion of CD34-positive cells into VEGF-

infused Matrigel plugs. Matrigel plugs were implanted subcutaneously in CB17 scid mice, 

that received no treatment (control) or JQ1 (50 mg/kg) daily for 7 days. On day 7 plugs were 

removed, and processed as described in Materials and Methods. Left panels show 

representative IHC for CD34 staining. Right panels show quantitation of CD34 staining 

(upper) and hemoglobin content of the Matrigel plugs (lower) from control and treated mice. 

The numbers of CD34-positive vessels per high-power field (magnification, 200×) were 

counted for each experimental condition. Results are mean ± SD (n = 5) *, P < 0.05 versus 

VEGF alone. Hemoglobin content of Matrigel plugs as determined by the Drabkin's method.
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Figure 4. 
JQ1 suppresses HUVEC differentiation in vitro. A. HUVECs were grown under serum-

deficient conditions and stimulated with PBS or VEGF (10 ng/mL) in the absence or 

presence of JQ1 (0.25, 0.5 1 and 2 μM). Tube formation was determined after 12–18 hr. The 

photomicrograph shows representative microscope fields; right panel show quantitation of 

data. * indicates statistical difference (P<0.05) between VEGF-stimulated HUVEC 

angiogenesis and JQ1 treated HUVEC angiogenesis in the presence of VEGF; B. JQ1 

inhibits vascular endothelial cell invasion. Assays were conducted as described in Materials 

and Methods. Photomicrographs show representative invasion through membranes using 

PBS as the chemo-attractant, or serum in the absence or presence of JQ1 (0.5 μM) or the 

inactive enantiomer JQ1R (0.5 μM); C. Quantitation of data from B (mean ± SD, n=3). * 

indicates statistical difference (P<0.05) between VEGF-stimulated HUVEC invasion and 

JQ1 treated HUVEC invasion in the presence of VEGF D. JQ1 inhibits HUVEC 

proliferation. HUVECs were stimulated with VEGF (10 ng/ml) in the presence or absence of 

JQ1 at increasing concentration. Cells were enumerated after 48 hr. * indicates statistical 

difference (P<0.05) between VEGF-stimulated HUVEC proliferation and JQ1 treated 

HUVEC proliferation in the presence of VEGF. Data are mean ± SD (n=3). NS, no 

significant difference from VEGF-stimulated controls.
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Figure 5. 
JQ1 suppresses multiple transcription factors in HUVECs. A. Equal quantities of nuclear 

extract from control of JQ1 or JQ1R treated (3 μM, 24 hr) HUVEC cultures were assayed as 

described in Materials and Methods; B. AP-1 activity in nuclear extracts from control and 

JQ1 treated HUVEC cultures; C. JQ1 (0.5 μM) suppresses c-MYC in HUVEC cultures. 

HUVECs were stimulated with VEGF in the absence or presence of JQ1 and harvested after 

24 hr. c-MYC was determined by western blotting; D. JQ1 (0.5 μM) suppresses FOSL1. 

Conditions similar to those in C. GAPDH was used as a loading control. Each sample is run 

in triplicate.
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Table 1

Sensitivity of rhabdomyosarcoma and Ewing sarcoma cell lines to JQ1 and JQ1R.

Cell Line JQ1 IC50 JQ1R IC50

Mean ± SD (nM) Mean ± SD (nM)

Rhabdomyosarcoma

Rh3 390 ± 10 >10,000

Rh4 193 ± 15 >10,000

Rh5 163 ± 10 >10,000

Rh10 823 ± 153 >10,000

Rh18 >10,000 ± 0 >10,000

Rh28 257 ± 49 >10,000

Rh30 >10,000 ± 0 >10,000

Rh36 569 ± 49 >10,000

Rh41 377 ± 75 >10,000

Ewing sarcoma

ES-1 967 ± 289 >10,000

ES-2 527 ± 55 >10,000

ES-3 613 ± 109 >10,000

ES-4 533 ± 116 >10,000

ES-6 7966 ± 680 >10,000

ES-7 487 ± 8 >10,000

ES-8 700 ± 0 >10,000

EW-8 >10,000 ± 0 >10,000

TC-71 630 ± 121 >10,000

CHLA258 4750 ± 289 >10,000
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