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ABSTRACT
Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are rare, 

neuroendocrine tumors derived from adrenal or extra-adrenal chromaffin cells, 
respectively. Metastases are discovered in 3-36% of patients at the time of diagnosis. 
Currently, only suboptimal treatment options exist. Therefore, new therapeutic 
compounds targeting metastatic PHEOs/PGLs are urgently needed. Here, we 
investigated if anthracyclines were able to suppress the progression of metastatic 
PHEO. We explored their effects on experimental mouse PHEO tumor cells using in 
vitro and in vivo models, and demonstrated that anthracyclines, particularly idarubicin 
(IDA), suppressed hypoxia signaling by preventing the binding of hypoxia-inducible 
factor 1 and 2 (HIF-1 and HIF-2) to the hypoxia response element (HRE) sites on 
DNA. This resulted in reduced transcriptional activation of HIF target genes, including 
erythropoietin (EPO), phosphoglycerate kinase 1 (PGK1), endothelin 1 (EDN1), 
glucose transporter 1 (GLUT1), lactate dehydrogenase A (LDHA), and vascular 
endothelial growth factor (VEGFA), which consequently inhibited the growth of 
metastatic PHEO. Additionally, IDA downregulated hypoxia signaling by interfering 
with the transcriptional activation of HIF1A and HIF2A. Furthermore, our animal model 
demonstrated the dose-dependent suppressive effect of IDA on metastatic PHEO 
growth in vivo. Our results indicate that anthracyclines are prospective candidates for 
inclusion in metastatic PHEO/PGL therapy, especially in patients with gene mutations 
involved in the hypoxia signaling pathway.

INTRODUCTION

Pheochromocytomas (PHEOs) and paragangliomas 
(PGLs) are rare neuroendocrine tumors located in 
the adrenal medulla and extra-adrenal paraganglia, 

respectively. Although most PHEOs/PGLs are benign, 
approximately 10% of PHEOs and 15-35% of PGLs 
are metastatic, irrespective of their non-hereditary or 
hereditary status [1, 2]. Established in the 1980s, the 
current conventional chemotherapy regimen combines 
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cyclophosphamide, vincristine, and dacarbazine (CVD) 
[3]. Despite its popularity, the long-term application of 
CVD is often limited due to a short remission period and 
toxicity limitations [4]. 

 Intratumoral hypoxia plays a major role in cancer 
recurrence, spread, and resistance to radiotherapy and 
chemotherapy [5-7]. A major consequence of reduced 
O2 availability in tumors is the activation of hypoxia-
inducible factors (HIFs) [8-11]. HIF-1α and HIF-2α are 
stabilized and can each dimerize with HIF-1β and bind 
to hypoxia response elements (HREs) to transactivate 
various target genes involved in angiogenesis, immune 
system modulation, iron metabolism, erythropoiesis, 
glucose metabolism, and other physiological processes 
[12]. Although HIF-1α dysregulation has been found in a 
wide variety of cancers [12], several studies indicate that 
HIF-2α upregulation is more commonly associated with an 
aggressive phenotype and poor prognosis in neural crest 
cell tumors, including PHEO/PGL and neuroblastoma [13-
18]. Therefore, HIF-1α and HIF-2α inhibitors should be 
considered for therapeutic management of these tumors. 

Anthracyclines are a well-known class of 
chemotherapy drugs, mainly consisting of daunorubicin 
(DAU), doxorubicin (DOX), epirubicin (EPI), and 
idarubicin (4-demethoxydaunorubicin, IDA), and when 
administered to mice on a low-dose, daily (metronomic) 
schedule, have been shown to suppress tumor growth 
and angiogenesis by blocking the HIF signaling 
pathway [19, 20]. Over the past 50 years, anthracyclines 
have been widely used in the treatment of multiple 
cancer types, including leukemias, breast, bladder, and 
thyroid carcinoma [21, 22]. In 2003, successful results 
were reported in a patient with rapidly progressive, 
metastatic PHEO treated with a combination of CVD and 
anthracyclines [23]. However, the use of anthracyclines 
in the treatment of metastatic PHEO/PGL has not been 
further evaluated in any published or experimental studies. 

In the present study, we assessed the effects 
of three anthracyclines (EPI, DOX, and IDA) on the 
proliferation and migration of an experimental mouse 
PHEO cell line. Our report investigated the mechanisms 
by which anthracyclines suppress tumor cell growth and 
the HIF signaling pathway using an in vitro cell model. 
Furthermore, for the first time, the effect of anthracyclines 
was evaluated in nude mice bearing a metastatic PHEO 
allograft, in order to explore their potential use in the 
treatment of metastatic PHEO/PGL. 

RESULTS

Anthracyclines suppress cell growth and 
migration

To assess the impact of anthracyclines on PHEO 
cells in vitro, the proliferation of Mouse Tumor Tissue 

(MTT) cells, a cell line that was generated from a mouse 
PHEO, was analyzed in the presence of EPI, DOX, or IDA. 
Anthracyclines inhibited MTT proliferation in a dose-
dependent manner. Compared to the control group, higher 
concentrations of EPI, DOX, and IDA (5 µM and 10 µM) 
led to statistically significant reductions in cell number 
(Figure 1A). By contrast, low concentrations (0.625 µM) 
of EPI, DOX, or IDA did not cause obvious cytotoxicity 
during the 16-hour treatment period. The half maximal 
inhibitory concentration (IC50) of EPI, DOX, and IDA was 
7.0 µM, 11.6 µM, and 6.0 µM, respectively. Additionally, 
anthracyclines showed significant suppressive effects on 
Hep3B cell proliferation (Figure 1A). 

A concentration of 0.625 µM, which did not cause 
increased cell death, was chosen to perform a more 
detailed mechanistic study. To test whether anthracyclines 
inhibit cell motility, a scratch assay was used over a 24-
hour period. Compared to the control group, all three 
anthracycline compounds exhibited an inhibitory effect 
on the motility of Hep3B cells (Figure 1B). 

IDA interferes with HIF-1α and HIF-2α mRNA 
expression

Since we needed to study the effects of 
anthracyclines on HIF signaling pathways and HIF 
target genes under hypoxic conditions, in the following 
in vitro studies, Hep3B cells were used instead of MTT 
cells due to the suboptimal sensitivity of MTT cells to 
hypoxia. To determine the activity of HIF-1α and HIF-
2α under anthracycline treatment, cellular protein levels 
of HIF-1α and HIF-2α were analyzed in the presence of 
CoCl2, a chemical inducer of HIF activity. After treatment 
with CoCl2 for 16 hours, HIF-1α and HIF-2α mRNA and 
protein levels were significantly increased compared to the 
control group. IDA blocked the increase in HIF-1α and 
HIF-2α mRNA and protein levels, whereas EPI and DOX 
did not exert obvious inhibitory effects (Figure 2A, 2B, 
and 2C). 

To investigate whether anthracyclines blocked 
cell migration via inhibition of HIF activity, the effect 
of drug treatment was compared with the effect of 
treatment with siRNA targeting HIF-1α and HIF-2α in 
Hep3B cells without CoCl2 treatment. Figure 2D shows 
the efficiency of knocking down HIF-1α or HIF-2α by 
siRNA. Consistent with anthracycline treatment, migration 
of the siHIF-1α or siHIF-2α transfected cells decreased 
compared to the control siRNA group (Figure 2E).

We then investigated the effect of IDA on the 
degradation of HIF-1α and HIF-2α. Co-treatment with 
cycloheximide to block de novo protein synthesis did not 
decrease the half-life of either HIF-1α or HIF-2α compared 
to the control (Figure 2F and 2G). Taken together, these 
results suggest that IDA down-regulated HIF-1α and HIF-
2α expression in part by reducing HIF-1α and HIF-2α 
mRNA levels, without affecting protein stability. 
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Anthracyclines suppress transcriptional activity 
by blocking binding of HIFs to DNA 

The effects of anthracyclines on HIF transcriptional 
activity were evaluated via the luciferase assay using the 

Hep3B HRE luciferase cell line, which carries the HRE 
reporter. EPI, DOX, and IDA down-regulated CoCl2-
induced HRE luciferase activity in a dose-dependent 
manner. Additionally, a concentration as low as 0.625 µM 
showed significant suppressive effects on transcription 
(Figure 3A, 3B, and 3C). The expression of endogenous 

Figure 1: Effects of anthracyclines on cell proliferation and cell migration. A. MTT or Hep3B cells were seeded in a 96-well 
plate. Cell proliferation was assessed under treatment of EPI, DOX, or IDA at different concentrations (10, 5, 2.5, 1.25, or 0.625 µM). 
Control versus anthracycline treatment, *P < 0.05; **P < 0.01; ***P < 0.001. B. Cell migration on a confluent cell monolayer was observed 
for 24 hours under treatment of EPI, DOX, or IDA at a concentration of 0.625 µM. DMSO was used as the control group. Bar = 100 µm. 
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Figure 2: Anthracyclines interfere with the transcription of HIF-1α and HIF-2α. A.-B. Hep3B cells were exposed to CoCl2 
in the presence of DMSO (Control) or 0.625 µM EPI, DOX, or IDA for 16 hours. HIF-1α and HIF-2α mRNA levels were measured by RT-
qPCR. Anthracycline treatment under CoCl2 was compared with CoCl2 treatment alone. *P < 0.05. C. HIF-1α and HIF-2α protein levels, in 
cells treated with CoCl2 in the presence of DMSO or EPI, DOX, or IDA, were determined by immunoblot assays. β-Actin was used as the 
internal control. D. Knock-down effects of HIF-1α and HIF-2α siRNA were verified by western blot. β-Actin was performed as the internal 
control. E. siHIF-1α and siHIF-2α were used to knock down gene expression and their inhibitory effects on cell migration were observed. 
Bar = 100 µm. F. Cells were incubated with or without CHX (100 µM) and IDA (0.625 µM) for the indicated incubation times. Protein level 
changes of HIF-1α and HIF-2α were measured by western blot. G. Quantification and half-life of HIF-1α and HIF-2α under IDA treatment 
with DMSO was used as the control vehicle.
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HIF target genes (EPO, PGK1, EDN1, GLUT1, LDHA, 
and VEGFA) was also analyzed. In accordance with HRE 
luciferase activity, anthracyclines significantly reduced the 
expression of these genes (Figure 3D-3I). EPO expression 
was reduced to basal levels by EPI, DOX, or IDA. 

A ChIP assay was performed to detect the efficiency 
of HIF-1α and HIF-2α binding to HREs in the EPO (3’ 
flanking sequence) and PGK1 (5’ flanking sequence) 
genes. Figure 3J demonstrates the weak binding of HIF-2α 
to the EPO gene in control cells. The increased binding of 
HIF-2 to the EPO 3’ flanking sequence (induced by CoCl2) 
was inhibited by treatment with EPI, DOX, or IDA. 
Similarly, all three anthracyclines suppressed the binding 
of HIF-1 to the 5’ flanking sequence of the PGK1 gene 
(Figure 3K). These results indicate that anthracyclines 
block the binding of HIF-1 and HIF-2 to HREs of target 
genes, as previously reported [19]. 

Anthracyclines suppress metastatic tumor 
growth and increase survival in a mouse model of 
metastatic PHEO

To assess the effects of anthracyclines on metastatic 
PHEO in vivo, we established a mouse allograft model 
bearing highly metastatic mouse PHEO cells that 
constitutively express luciferase (MTT luciferase cells). 
One million cells were injected into mice through the tail 
vein. Seven days later, bioluminescence images showed 
tumor colonization of multiple organs, including the liver 
and spleen (Figure 4A). Afterwards, IDA treatment began. 
Following 7 days of treatment with IDA (1 mg/kg/day, 
intraperitoneal injection), bioluminescence in the vehicle 
group increased statistically, while mice receiving IDA 
did not show increased bioluminescence intensity. The 
differences in full-body bioluminescence intensity before 
and after treatment in the vehicle and IDA treatment 
groups are shown in Figure 4B. 

To analyze the effect of IDA on HIF signaling 
pathways in vivo, tumor allografts were isolated from 
the livers of the control and treatment groups. Compared 
to normal livers (control), mRNA and protein levels of 
HIF-1α and HIF-2α in tumor cells increased in the vehicle 
group, while the group treated with IDA showed decreased 
HIF-1α and HIF-2α levels, compared to the vehicle group 
(Figure 5A, 5B, and 5C). Furthermore, intratumoral 
expression of HIF target genes (EPO, PGK1, EDN1, 
GLUT1, LDHA, and VEGFA) was significantly decreased 
in tumors after treatment with IDA (Figure 5D-5I). These 
findings suggest that IDA suppresses metastatic PHEO 
through inhibition of HIF transcriptional activity. 

DISCUSSION

In the present study, we tested the widely used 
chemotherapeutic agents, anthracyclines, against 
experimental PHEO cells under both in vitro and in vivo 

conditions. Our findings demonstrate that anthracyclines, 
especially IDA, suppress PHEO cell proliferation and 
migration via inhibition of the hypoxia signaling pathway 
by blocking the DNA binding of HIF-1 and HIF-2. In our 
experimental animal model, treatment with IDA resulted 
in a significant reduction in the size of tumors in multiple 
organs when compared to the control group. Additionally, 
the hypoxia signaling pathway was significantly 
suppressed in these tumors. These results suggest that 
IDA should receive consideration as a promising treatment 
option for metastatic PHEO/PGL. Based on the significant 
inhibition of HIF DNA binding and downstream target 
gene expression, this treatment option may be particularly 
effective in tumors with HIF2A mutations [16, 19], 
as well as in those with mutations in other PHEO/PGL 
susceptibility genes that cause upregulation of the hypoxia 
signaling pathway, such as EGLN1 and VHL [24, 25]. 

Anthracyclines have been used as chemotherapeutic 
agents for many years, and the anti-cancer effect is 
mainly attributed to intercalating DNA, stabilizing 
the topoisomerase II complex, and further preventing 
DNA replication [26, 27]. Apart from their major use 
in the treatment of acute myeloid leukemia and acute 
lymphocytic leukemia, anthracyclines are also effective in 
treating neuroblastoma [28], another adrenal neural crest 
tumor producing catecholamines and their metabolites, 
which is also seen in PHEO/PGL. Previous anecdotal 
evidence reported successful results in a patient with 
metastatic PHEO treated with a combination of an 
anthracycline and the conventional CVD regimen (so 
called ACVD) [23]. After ACVD treatment termination, 
the patient remained in complete remission, with no 
recurrence, for three years. Anthracyclines have also been 
successfully used in selective arterial chemoembolization 
in patients with hepatic metastases from PHEO and 
medullary thyroid carcinoma [29, 30]. However, the use of 
anthracyclines as chemotherapeutic agents in the treatment 
of metastatic PHEO/PGL has not been systematically 
evaluated.

HIF-1α and HIF-2α are the two best-studied 
isoforms of HIFs, and are now considered important 
therapy targets for various tumor types [31-33]. HIF-1α 
and HIF-2α are commonly upregulated during cancer 
progression [34, 35]. This is also the case in PHEO/PGL, 
especially those that belong to cluster 1, where the role 
of the hypoxia signaling pathway has been previously 
established [16, 25, 36, 37]. Moreover, it has recently 
been proposed that mutations in PHEO/PGL susceptibility 
genes in cluster 2 can also converge on the hypoxia 
signaling pathway, resulting in its upregulation [14]. 
Finally, novel somatic and germline mutations of HIF2A, 
which result in a syndrome consisting of multiple and 
recurrent PHEOs/PGLs, duodenal somatostatinoma, and 
polycythemia, have recently been discovered [16, 38, 39].

In the present study, we demonstrated the effects of 
three different anthracyclines on tumor growth suppression 
by blocking DNA binding of HIF-1 and HIF-2 resulting 
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Figure 3: Anthracyclines suppress HIF transcriptional activity. A.-C. Luciferase reporter assay showed that EPI, DOX, and 
IDA blocked the HRE luciferase activity of HIFs in a dose-dependent manner. Anthracycline treatment under CoCl2 was compared with 
CoCl2 treatment alone. *P < 0.05; **P < 0.01; ***P < 0.001. D.-I. The effects of EPI, DOX, and IDA on mRNA levels of HIF-1α or HIF-
2α target genes were measured by qRT-PCR and reduced under CoCl2-induced hypoxia conditions, showing obvious inhibition on EPO, 
PGK1, EDN1, GLUT1, LDHA, and VEGFA. Anthracycline treatment under CoCl2 was compared with CoCl2 treatment alone. *P < 0.05; 
**P < 0.01; ***P < 0.001. J.-K. Analysis of HIF DNA binding was assessed by ChIP assays. Input DNA was isolated from whole cell 
lysates. The remaining lysate was divided and incubated with HIF-1α, HIF-2α or IgG antibodies for IP. The 3’ flanking region of EPO and 
the 5’ flacking region of PGK1 were amplified from the immunoprecipitates. One percent agarose gels were run to analyze PCR products. 
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in reduced transcription of hypoxia response genes. The 
expression of these HIF-1 and HIF-2 target genes involved 
in angiogenesis, tumor metastasis, and polycythemia, 
was significantly decreased in both cell lines and tumors 
after treatment with anthracyclines. Other groups have 
reported the inhibitory effect of DOX on HIF-1 [40] and 
its downstream target genes [19], which further supports 
our findings. 

IDA, without the 4-methoxy group, is an analog 
of DAU, and has a broader spectrum as a chemotherapy 
agent compared to the other anthracyclines [41]. 
Historically, IDA has been combined with cytosine 
arabinoside as a first line therapy for acute myeloid 
leukemia (AML). Our results demonstrate the efficiency 
of IDA in not only blocking DNA binding like other 
anthracyclines, but also in the reduction of HIF-1α and 

Figure 4: IDA suppressed MTT growth after tail vein injection. A. Seven mice from each group were subjected to bioluminescence 
assays before and after treatment. IDA (1 mg/kg per day) was dissolved in 100 µL PBS and injected intraperitoneally for the drug treatment 
group. Mice from the vehicle group were treated with 100 µL PBS per day. After seven days of treatment, mice were imaged again to 
measure tumor size. B. Quantification of tumors was analyzed based on whole body bioluminescence signal intensity for each group. 
Before treatment versus after treatment, *P < 0.05. 
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HIF-2α protein levels. Based on previous findings, IDA, 
or IDA in combination with triptolide, also suppresses 
the expression of HIF-1α and related downstream target 
genes in leukemia stem cells [42]. Shaul et al. [43] showed 
that IDA decreases cell viability significantly faster and 
stronger than DOX, which is likewise consistent with 
our results. Their group suspected different underlying 
chemotherapeutic mechanisms for IDA and DOX, and 
suggested that IDA has additional undiscovered cellular 
targets compared to DOX. From our data, IDA specifically 
causes downregulation of HIF-1α and HIF-2α which was 
not observed with the other two anthracyclines in this 
study. IDA has also been shown to block binding of HIF-1 
to HREs in HIF target genes [19].

Anthracyclines, like other chemotherapeutic 
agents, cause cytotoxicity of normal proliferating cells, 
leading to side effects such as weight loss, headaches, 

mucositis, increased skin pigmentation, nausea, 
and myelosuppression [44, 45]. Additionally, they 
are associated with acute and chronic dose limiting 
cardiotoxicity (with IDA being the least cardiotoxic), 
which can severely impair cardiac function, resulting 
in heart failure [46]. Similar findings were previously 
reported when a patient with metastatic PHEO receiving 
ACVD chemotherapy developed grade I bone marrow 
suppression and cardiovascular instability [23]. Therefore, 
an individualized approach is necessary when considering 
this regimen, either alone or in synergistic combinations 
with other agents, especially in pediatric patients and 
adults with multiple comorbidities [47]. 

Our results indicate that anthracyclines, especially 
IDA, significantly inhibit in vitro cell growth and in vivo 
tumor formation in a mouse model of PHEO. Apart from 
the well-known, multiple, chemotherapeutic mechanisms 

Figure 5: IDA suppressed transcriptional activities of HIFs and their target genes. A. HIF-1α and HIF-2α protein levels were 
analyzed in the control (liver without tumor), vehicle (liver with tumors), and IDA treated (liver with tumors) groups. B.-I. HIF1A, HIF2A, 
EPO, PGK1, EDN1, GLUT1, LDHA, and VEGFA mRNA levels were determined in metastatic tumors in both the vehicle group and IDA 
treated groups. Normal mouse liver tissue was used as the control. Control versus vehicle, #P < 0.05; ##P < 0.01; ###P < 0.001. Vehicle versus 
IDA, *P < 0.05; **P < 0.01; ***P < 0.001.
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of anthracyclines, we establish anthracycline-induced 
suppression of the hypoxia signaling pathway. This occurs 
through inhibition of HIF-1 and HIF-2 binding to the 
HRE sites on DNA, resulting in decreased transcription of 
downstream target genes involved in apoptosis, migration, 
angiogenesis, and metastasis. Our results suggest that 
chemotherapy with anthracyclines, either alone or as 
adjuvant therapy, should be considered as a treatment 
option in patients with metastatic PHEO/PGL, especially 
those harboring mutations in the HIF2A gene or other 
PHEO/PGL susceptibility genes that cause upregulation 
of the hypoxia signaling pathway. 

MATERIALS AND METHODS

Cell culture and drug treatment

Hep3B cell lines were purchased from the American 
Type Culture Collection (ATCC). Mouse tumor tissue 
(MTT) cells were derived from a liver metastasis in a 
mouse pheochromocytoma cell (MPC) allograft model, 
as previously described [48, 49]. Cells were cultured in 
DMEM with 10% FBS (Gemini Bioproducts) at 37°C, 
with 5% CO2 (v/v). Cells were treated with 100 µM 
CoCl2 (Sigma-Aldrich) for 16 hours. EPI, DOX, and IDA 
(Sigma-Aldrich) were used to treat cultures. 

Hep3B-HRE-luciferase and MTT-luciferase 
subclones were established by transfection with Cignal 
Lenti HIF Reporter (Luc) lentivirus (Qiagen) and pLLuc 
retroviral vector, respectively. Stable cell lines expressing 
luciferase were selected by 5 µg/mL puromycin (Sigma-
Aldrich) or 1000 µg/mL G418 (Life Technologies). A 
luciferase reporter assay was performed according to 
manufacturer protocol using the ONE-Glo Luciferase 
Assay System (Promega). Cycloheximide (CHX) was 
purchased from Sigma and cells were treated on different 
time courses (0, 15, 30, and 60 min) at 100 µM. Small 
interfering RNA (siRNA) targeting HIF-1α and HIF-2α 
(Abnova) were transfected into Hep3B cells for 48 hours 
using Lipofectamine RNAiMAX reagent (Invitrogen). 

Cell proliferation assay

Cell proliferation was measured by the Cell 
Counting Kit-8 (CCK8, Dojindo, Japan). MTT or Hep3B 
cells were seeded in a 96-well plate with 2×104 cells/well. 
The number of surviving cells was assessed following 
administration of varying treatment protocols.

Cell migration assay

Hep3B cells were seeded in a 35-mm µ-Dish with 
2-well culture-insert (iBidi, USA) at a density of 3×105. 
The culture dish was incubated for 24 hours and the 

culture-insert was removed. Cells were washed with fresh 
growth media and incubated in the presence of a candidate 
compound. Cell morphology was recorded with a Nikon 
BioStation IM-Q for 24 hours, and imaging was performed 
every 5 minutes. 

Reverse-transcription (RT) and quantitative PCR 
(qPCR)

Total RNA from tissue or cell cultures was extracted 
using the NucleoSpin RNA Purification Kit (Machery-
Nagel). DNase was used to digest genomic DNA according 
to the manufacturer’s instructions. One microgram of 
RNA was used for reverse transcription using the Super 
Script III First-Strand Synthesis SuperMix (Invitrogen). 
Target genes were amplified using the ViiA 7 real-time 
PCR system (Applied Biosystems). Primers used in qPCR 
were as follows: HIF1A (forward: ACC TGA GGA GAG 
GCT CGG; reverse: ACT TAT CTT TTT CTT GTC GTT 
CGC); HIF2A (forward: GCG CAC CTC GGA CCT 
TCA; reverse: TCT CCG AGC TAC TCC TTT TCT TC); 
EPO (forward: GCT GCA TGT GGA TAA AGC CCG; 
reverse: CAC ACC TGG TCA TCT GTC CC); β-actin 
(forward: TCA GAA GGA TTC CTA TGT GGG CGA 
CGA; reverse: TCC CAG TTG GTG ACG ATG CCG 
T); PGK1 (Qiagen QT), GLUT1 (Origene HP209446), 
VEGFA (Qiagen QT01682072). 

Western blot analysis

For total cellular protein concentration, cells 
were washed with PBS three times and lysed with 
RIPA lysis buffer with a complete protease inhibitor 
cocktail (Roche, Sweden). Whole cells were lysed for 
20 minutes on ice and centrifuged for 20 minutes at 
4°C. A Bio-Rad protein assay kit was used to measure 
protein content in the supernatant, and equal amounts 
of samples were electrophoresed in NuPAGE Bis-Tris 
4-12% gel (Invitrogen, USA). Proteins were transferred 
onto PVDF membranes (Millipore), and blocked with 5% 
nonfat milk. Target proteins were probed with primary 
antibodies of HIF-1α (Sigma), HIF-2α (Abcam), and 
β-actin (Cell Signaling Technology) at 4°C overnight, and 
then incubated in HRP-conjugated secondary antibodies at 
room temperature for 1 hour. Signals were detected with 
an enhanced chemiluminescence ECL kit (Pierce). 

Chromatin immunoprecipitation (ChIP) assay

Cell cultures were treated with different 
anthracyclines, and 37% formaldehyde was added to 
crosslink protein-DNA complexes. ChIP analysis of the 
HIF-1α (Sigma) or HIF-2α (Abcam) binding to HRE 
sites of PGK1 or EPO was performed according to 
manufacturer protocol using the MAGnify Chromatin 
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Immunoprecipitation System (Life Technologies). The 
binding activities between HIF-1α or HIF-2α and target 
genes were measured by PCR with ChIP primers for 
EPO (forward: TCC AAA TCC CCT GGC TCT GT; 
reverse: ATT GAC CAG CGT AGG CAG AG) and PGK1 
(forward: CAT TCT TCA CGT CCG TTC GC; reverse: 
TCT GCG AGG GTA CTA GTG AGA). Samples were run 
for 25 cycles (95°C for 20 seconds, 57°C for 20 seconds, 
and 68°C for 30 seconds). PCR products were separated 
on 1% agarose gel with SYBR Safe staining (Invitrogen).

Allograft assay and in vivo imaging

Animal experiments were approved by the Eunice 
Kennedy Shriver NICHD animal protocol (ASP: 15-028). 
Six week-old female nude athymic mice (nu/nu) were 
purchased from The Jackson Laboratory. The weight of 
each mouse was approximately 20 g at experiment onset. 
Mice were injected into the tail vein with 1 million MTT 
luciferase cells in 100 µL PBS. Animals were imaged from 
day 7 post tail-vein injection by bioluminescence imaging. 
Mice injected with MTT luciferase allografts received an 
I.P. injection of 10 µL/g of body weight of D-luciferin 
(Caliper Life Sciences) dissolved in 100 µL PBS. The in 
vivo imaging system (Bruker) and Bruker MI SE Software 
were utilized to acquire and analyze the signaling. Seven 
days after tail vein injection, all mice were randomized 
into two groups, each consisting of 7 mice. Mice were 
either treated with solvent alone, or IDA hydrochloride 
intraperitoneal injection (Pfizer) with a 1 mg/kg dose 
every day, for seven days. Animals were re-imaged to 
measure the size of metastatic tumors. Euthanasia by 
cervical dislocation followed. Liver and spleen tumors 
were removed. Expression profiles of HIF-1α and HIF-
2α downstream target genes were measured using qPCR 
according to the protocol described above. 

Statistical analysis

Data was analyzed by one-way factorial ANOVA 
combined with Tukey’s multiple-comparisons test or 
Student’s t-test using Prism 7.0 statistical software (Graph 
Pad Software). A P value of < 0.05 was considered 
statistically significant. Graphic representations were 
expressed as mean ± SEM.

Abbreviations

PHEOs: Pheochromocytomas; PGLs: 
paragangliomas; DAU: daunorubicin; DOX: doxorubicin; 
EPI: epirubicin; IDA: idarubicin; HRE: hypoxia response 
element; EPO: erythropoietin; PGK1: phosphoglycerate 
kinase 1; EDN1: endothelin 1; GLUT1: glucose 
transporter 1; LDHA: lactate dehydrogenase A; VEGFA: 

vascular endothelial growth factor; HIFs: hypoxia-
inducible factors; MTT: mouse tumor tissue; IC50: half 
maximal inhibitory concentration; AML: acute myeloid 
leukemia; CHX: cycloheximide; siRNA: small interfering 
RNA. 

Author contributions

Y.P., C.Y., G.L.S., Z.Z. and K.P. designed research; 
Y.P., H.W., and V. C. performed research; J.S. and P.B. 
contributed new reagents/analytic tools; Y.P., C.Y. and 
K.P. analyzed data; Y.P., G.G., K.W., G.L.S., Z.Z. and K.P. 
wrote the paper. 

ACKNOWLEDGMENTS AND FUNDING

This study was supported by the Eunice Kennedy 
Shriver National Institute of Child Health and Human 
Development, National Institutes of Health, Bethesda MD 
USA 20892. 

CONFLICTS OF INTEREST

The authors declare no conflicts of interest. 

REFERENCES

1. Pacak K, Del Rivero J. (2013). Pheochromocytoma. In 
L.J. De Groot & K.F. Feingold (Eds.), Endotext, South 
Dartmouth, MA: MDText.com, Inc.

2. Kantorovich V, Koch CA, Pacak K. (2015). 
Pheochromocytoma and Paraganglioma. In: L.J. De Groot 
& K.F. Feingold (Eds.), Endotext, South Dartmouth, MA: 
MD Text.com, Inc.

3. Averbuch SD, Steakley CS, Young RC, Gelmann 
EP, Goldstein DS, Stull R, Keiser HR. Malignant 
pheochromocytoma: effective treatment with a combination 
of cyclophosphamide, vincristine, and dacarbazine. Ann 
Intern Med. 1988; 109: 267-73. 

4. Tanabe A, Naruse M, Nomura K, Tsuiki M, Tsumagari 
A, Ichihara A. Combination chemotherapy with 
cyclophosphamide, vincristine, and dacarbazine in patients 
with malignant pheochromocytoma and paraganglioma. 
Horm Cancer. 2013; 4: 103-10. doi: 10.1007/s12672-013-
0133-2.

5. Harris AL. Hypoxia—a key regulatory factor in tumour 
growth. Nat Rev Cancer. 2002; 2: 38-47. doi: 10.1038/
nrc704.

6. Hockel M, Vaupel P. Tumor hypoxia: definitions and 
current clinical, biologic, and molecular aspects. J Natl 
Cancer Inst. 2001; 93: 266-76. doi: 10.1093/jnci/93.4.266

7. Brown JM. Tumor hypoxia in cancer therapy. Methods 
Enzymol. 2007; 435: 297-321. doi: 10.1016/s0076-
6879(07)35015-5.



Oncotarget22323www.impactjournals.com/oncotarget

8. Kumar V, Gabrilovich DI. Hypoxia-inducible 
factors in regulation of immune responses in tumour 
microenvironment. Immunology. 2014; 143: 512-9. doi: 
10.1111/imm.12380.

9. Amelio I, Melino G. The p53 family and the hypoxia-
inducible factors (HIFs): determinants of cancer 
progression. Trends Biochem Sci. 2015; 40: 425-34. doi: 
10.1016/j.tibs.2015.04.007.

10. Semenza GL. The hypoxic tumor microenvironment: 
A driving force for breast cancer progression. Biochim 
Biophys Acta. 2016; 1863: 382-91. doi: 10.1016/j.
bbamcr.2015.05.036.

11. Rankin EB, Giaccia AJ. Hypoxic control of metastasis. 
Science. 2016; 352: 175-80. doi: 10.1126/science.aaf4405.

12. Semenza GL. Oxygen sensing, hypoxia-inducible factors, 
and disease pathophysiology. Annu Rev Pathol. 2014; 9: 
47-71. doi: 10.1146/annurev-pathol-012513-104720.

13. Holmquist-Mengelbier L, Fredlund E, Lofstedt T, Noguera 
R, Navarro S, Nilsson H, Pietras A, Vallon-Christersson J, 
Borg A, Gradin K, Poellinger L, Pahlman S. Recruitment 
of HIF-1alpha and HIF-2alpha to common target genes 
is differentially regulated in neuroblastoma: HIF-2alpha 
promotes an aggressive phenotype. Cancer Cell. 2006; 10: 
413-23. doi: 10.1016/j.ccr.2006.08.026.

14. Jochmanova I, Zelinka T, Widimsky J Jr, Pacak K. HIF 
signaling pathway in pheochromocytoma and other 
neuroendocrine tumors. Physiol Res. 2014; 63 Suppl 2: 
S251-62. 

15. Toledo RA, Qin Y, Srikantan S, Morales NP, Li Q, Deng 
Y, Kim SW, Pereira MA, Toledo SP, Su X, Aguiar RC, 
Dahia PL. In vivo and in vitro oncogenic effects of HIF2A 
mutations in pheochromocytomas and paragangliomas. 
Endocr Relat Cancer. 2013; 20: 349-59. doi: 10.1530/erc-
13-0101.

16. Zhuang Z, Yang C, Lorenzo F, Merino M, Fojo T, Kebebew 
E, Popovic V, Stratakis CA, Prchal JT, Pacak K. Somatic 
HIF2A gain-of-function mutations in paraganglioma with 
polycythemia. N Engl J Med. 2012; 367: 922-30. doi: 
10.1056/NEJMoa1205119.

17. Yang C, Sun MG, Matro J, Huynh TT, Rahimpour S, Prchal 
JT, Lechan R, Lonser R, Pacak K, Zhuang Z. Novel HIF2A 
mutations disrupt oxygen sensing, leading to polycythemia, 
paragangliomas, and somatostatinomas. Blood. 2013; 121: 
2563-6. doi: 10.1182/blood-2012-10-460972.

18. Keith B, Johnson RS, Simon MC. HIF1alpha and 
HIF2alpha: sibling rivalry in hypoxic tumour growth and 
progression. Nat Rev Cancer. 2012; 12: 9-22. doi: 10.1038/
nrc3183.

19. Lee K, Qian DZ, Rey S, Wei H, Liu JO, Semenza GL. 
Anthracycline chemotherapy inhibits HIF-1 transcriptional 
activity and tumor-induced mobilization of circulating 
angiogenic cells. Proc Natl Acad Sci U S A. 2009; 106: 
2353-8. doi: 10.1073/pnas.0812801106.

20. Yamazaki Y, Hasebe Y, Egawa K, Nose K, Kunimoto S, 

Ikeda D. Anthracyclines, small-molecule inhibitors of 
hypoxia-inducible factor-1 alpha activation. Biol Pharm 
Bull. 2006; 29: 1999-2003. 

21. Kaklamani VG, Gradishar WJ. Epirubicin versus 
doxorubicin: which is the anthracycline of choice for the 
treatment of breast cancer? Clin Breast Cancer. 2003; 4 
Suppl 1: S26-33. 

22. Plosker GL, Faulds D. Epirubicin. A review of its 
pharmacodynamic and pharmacokinetic properties, and 
therapeutic use in cancer chemotherapy. Drugs. 1993; 45: 
788-856. 

23. Nakane M, Takahashi S, Sekine I, Fukui I, Koizumi 
M, Kage K, Ito Y, Aiba K, Horikoshi N, Hatake K, 
Ishikawa Y, Ogata E. Successful treatment of malignant 
pheochromocytoma with combination chemotherapy 
containing anthracycline. Ann Oncol. 2003; 14: 1449-51.

24. Yang C, Zhuang Z, Fliedner SM, Shankavaram U, Sun 
MG, Bullova P, Zhu R, Elkahloun AG, Kourlas PJ, Merino 
M, Kebebew E, Pacak K. Germ-line PHD1 and PHD2 
mutations detected in patients with pheochromocytoma/
paraganglioma-polycythemia. J Mol Med (Berl). 2015; 93: 
93-104. doi: 10.1007/s00109-014-1205-7.

25. Dahia PL, Ross KN, Wright ME, Hayashida CY, Santagata 
S, Barontini M, Kung AL, Sanso G, Powers JF, Tischler 
AS, Hodin R, Heitritter S, Moore F, et al. A HIF1alpha 
regulatory loop links hypoxia and mitochondrial signals 
in pheochromocytomas. PLoS Genet. 2005; 1: 72-80. doi: 
10.1371/journal.pgen.0010008.

26. Semenza GL. Regulation of vascularization by hypoxia-
inducible factor 1. Ann N Y Acad Sci. 2009; 1177: 2-8. 
doi: 10.1111/j.1749-6632.2009.05032.x.

27. Dal Ben D, Palumbo M, Zagotto G, Capranico G, Moro S. 
DNA topoisomerase II structures and anthracycline activity: 
insights into ternary complex formation. Curr Pharm Des. 
2007; 13: 2766-80. 

28. Inge TH, Harris NL, Wu J, Azizkhan RG, Priebe W. 
WP744 is a novel anthracycline with enhanced activity 
against neuroblastoma. J Surg Res. 2004; 121: 187-96. doi: 
10.1016/j.jss.2004.03.027.

29. Lorenz K, Brauckhoff M, Behrmann C, Sekulla C, Ukkat 
J, Brauckhoff K, Gimm O, Dralle H. Selective arterial 
chemoembolization for hepatic metastases from medullary 
thyroid carcinoma. Surgery. 2005; 138: 986-93; discussion 
93. doi: 10.1016/j.surg.2005.09.020.

30. Kumar P, Bryant T, Breen D, Stedman B, Hacking N. 
Transarterial embolization and doxorubicin eluting beads-
transarterial chemoembolization (DEB-TACE) of malignant 
extra-adrenal pheochromocytoma. Cardiovasc Intervent 
Radiol. 2011; 34: 1325-9. doi: 10.1007/s00270-011-0137-7.

31. Semenza GL. Involvement of hypoxia-inducible factor 1 in 
human cancer. Intern Med. 2002; 41: 79-83. 

32. Safran M, Kim WY, O’Connell F, Flippin L, Gunzler V, 
Horner JW, Depinho RA, Kaelin WG Jr. Mouse model for 
noninvasive imaging of HIF prolyl hydroxylase activity: 



Oncotarget22324www.impactjournals.com/oncotarget

assessment of an oral agent that stimulates erythropoietin 
production. Proc Natl Acad Sci U S A. 2006; 103: 105-10. 
doi: 10.1073/pnas.0509459103.

33. Bishop T, Ratcliffe PJ. HIF hydroxylase pathways in 
cardiovascular physiology and medicine. Circ Res. 2015; 
117: 65-79. doi: 10.1161/circresaha.117.305109.

34. Semenza GL. HIF-1 and tumor progression: 
pathophysiology and therapeutics. Trends Mol Med. 2002; 
8: S62-7.

35. Welsh SJ, Powis G. Hypoxia inducible factor as a cancer 
drug target. Curr Cancer Drug Targets. 2003; 3: 391-405.

36. Brouwers FM, Petricoin EF 3rd, Ksinantova L, Breza J, 
Rajapakse V, Ross S, Johann D, Mannelli M, Shulkin BL, 
Kvetnansky R, Eisenhofer G, Walther MM, Hitt BA, et al. 
Low molecular weight proteomic information distinguishes 
metastatic from benign pheochromocytoma. Endocr Relat 
Cancer. 2005; 12: 263-72. doi: 10.1677/erc.1.00913.

37. Favier J, Gimenez-Roqueplo AP. Pheochromocytomas: 
the (pseudo)-hypoxia hypothesis. Best Pract Res Clin 
Endocrinol Metab. 2010; 24: 957-68. doi: 10.1016/j.
beem.2010.10.004.

38. Lorenzo FR, Yang C, Ng Tang Fui M, Vankayalapati H, 
Zhuang Z, Huynh T, Grossmann M, Pacak K, Prchal JT. 
A novel EPAS1/HIF2A germline mutation in a congenital 
polycythemia with paraganglioma. J Mol Med (Berl). 2013; 
91: 507-12. doi: 10.1007/s00109-012-0967-z.

39. Comino-Mendez I, de Cubas AA, Bernal C, Alvarez-Escola 
C, Sanchez-Malo C, Ramirez-Tortosa CL, Pedrinaci S, 
Rapizzi E, Ercolino T, Bernini G, Bacca A, Leton R, Pita G, 
et al. Tumoral EPAS1 (HIF2A) mutations explain sporadic 
pheochromocytoma and paraganglioma in the absence of 
erythrocytosis. Hum Mol Genet. 2013; 22: 2169-76. doi: 
10.1093/hmg/ddt069.

40. Tanaka T, Yamaguchi J, Shoji K, Nangaku M. 
Anthracycline inhibits recruitment of hypoxia-inducible 
transcription factors and suppresses tumor cell migration 
and cardiac angiogenic response in the host. J Biol Chem. 
2012; 287: 34866-82. doi: 10.1074/jbc.M112.374587.

41. Weiss RB, Sarosy G, Clagett-Carr K, Russo M, Leyland-
Jones B. Anthracycline analogs: the past, present, and 
future. Cancer Chemother Pharmacol. 1986; 18: 185-97. 

42. Liu Y, Chen F, Wang S, Guo X, Shi P, Wang W, Xu B. 
Low-dose triptolide in combination with idarubicin induces 
apoptosis in AML leukemic stem-like KG1a cell line by 
modulation of the intrinsic and extrinsic factors. Cell Death 
Dis. 2013; 4: e948. doi: 10.1038/cddis.2013.467.

43. Shaul P, Frenkel M, Goldstein EB, Mittelman L, Grunwald 
A, Ebenstein Y, Tsarfaty I, Fridman M. The structure of 
anthracycline derivatives determines their subcellular 
localization and cytotoxic activity. ACS Med Chem Lett. 
2013; 4: 323-8. doi: 10.1021/ml3002852.

44. Sadurska E. Current Views on Anthracycline Cardiotoxicity 
in Childhood Cancer Survivors. Pediatr Cardiol. 2015; 36: 
1112-9. doi: 10.1007/s00246-015-1176-7.

45. Barry E, Alvarez JA, Scully RE, Miller TL, Lipshultz 
SE. Anthracycline-induced cardiotoxicity: course, 
pathophysiology, prevention and management. 
Expert Opin Pharmacother. 2007; 8: 1039-58. doi: 
10.1517/14656566.8.8.1039.

46. Barrett-Lee PJ, Dixon JM, Farrell C, Jones A, Leonard R, 
Murray N, Palmieri C, Plummer CJ, Stanley A, Verrill MW. 
Expert opinion on the use of anthracyclines in patients with 
advanced breast cancer at cardiac risk. Ann Oncol. 2009; 
20: 816-27. doi: 10.1093/annonc/mdn728.

47. Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni L. 
Anthracyclines: molecular advances and pharmacologic 
developments in antitumor activity and cardiotoxicity. 
Pharmacol Rev. 2004; 56: 185-229. doi: 10.1124/pr.56.2.6.

48. Fliedner SM, Yang C, Thompson E, Abu-Asab M, Hsu 
CM, Lampert G, Eiden L, Tischler AS, Wesley R, Zhuang 
Z, Lehnert H, Pacak K. Potential therapeutic target for 
malignant paragangliomas: ATP synthase on the surface of 
paraganglioma cells. Am J Cancer Res. 2015; 5: 1558-70.

49. Giubellino A, Shankavaram U, Bullova P, Schovanek J, 
Zhang Y, Shen M, Patel N, Elkahloun A, Lee MJ, Trepel 
J, Ferrer M, Pacak K. High-throughput screening for the 
identification of new therapeutic options for metastatic 
pheochromocytoma and paraganglioma. PLoS One. 2014; 
9: e90458. doi: 10.1371/journal.pone.0090458.


