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Metastatic pheochromocytoma continues to be an incurable disease, and treatment with con-

ventional cytotoxic chemotherapy offers limited efficacy. In the present study, we evaluated

a novel topoisomerase I inhibitor, LMP-400, as a potential treatment for this devastating

disease. We found a high expression of topoisomerase I in human metastatic pheochromocy-

toma, providing a basis for the evaluation of a topoisomerase 1 inhibitor as a therapeutic

strategy. LMP-400 inhibited the cell growth of established mouse pheochromocytoma cell lines

and primary human tumor tissue cultures. In a study performed in athymic female mice, LMP-

400 demonstrated a significant inhibitory effect on tumor growth with two drug administra-

tion regimens. Furthermore, low doses of LMP-400 decreased the protein levels of hypoxia-

inducible factor 1 (HIF-1�), one of a family of factors studied as potential metastatic drivers in

these tumors. The HIF-1� decrease resulted in changes in the mRNA levels of HIF-1 transcrip-

tional targets. In vitro, LMP-400 showed an increase in the growth-inhibitory effects in com-

bination with other chemotherapeutic drugs that are currently used for the treatment of

pheochromocytoma. We conclude that LMP-400 has promising antitumor activity in preclinical

models of metastatic pheochromocytoma and its use should be considered in future clinical

trials. (Endocrinology 156: 4094 – 4104, 2015)

According to the World Health Organization tumor

classification, pheochromocytomas (PHEOs) are tu-

mors of neuroendocrine origin found in the adrenal

glands. Closely related extraadrenal tumors found along

the sympathetic or parasympathetic chain are referred to

as paragangliomas (PGLs) (1). At least 35% of these tu-

mors are of familial origin, caused by pathogenic muta-

tions in several genes. Recently discovered mutations in

the gene for hypoxia inducible factor 2 alpha (HIF2A)

associated with multiple PHEOs/PGLs (2–5) opened an-
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other line of thinking about their future treatment options

and how hereditary tumors could be linked to the HIF-

signaling pathway (6, 7).

The only available curative treatment for PHEO/PGL

is surgery. When the tumor is unresectable or metastases

are present, systemic chemotherapy or radiopharma-

ceutical therapies are used (8 –11). These treatment

methods are aimed at stopping metastatic spread and

decreasing tumor- and hormone-related events (eg, spi-

nal instability, cardiovascular complications, etc) to im-

prove quality of life and survival (12–14). The use of
131I-metaiodobenzylguanidine might help stabilize dis-

ease and lower tumor burden; however, 131I-metaiodo-

benzylguanidine can be used only when the tumor

shows uptake (15). Many traditional chemotherapeutic

agents and regimens are used for the treatment of met-

astatic PHEO, with the combination of cyclophosph-

amide, vincristine, and dacarbazine (CVD) being the

most commonly used of these regimens. Patients receiv-

ing CVD often show initial benefit, but the disease usu-

ally recurs/progresses, leading to an overall poor prog-

nosis (12, 16 –19). A recent clinical review summarized

the current and future therapeutic approaches for

PHEO and PGL, dividing them into antiproliferative

therapeutic strategies and proapoptotic strategies (12,

18, 19). As suggested, targeting topoisomerase I (Top1)

may represent an interesting proapoptotic option (20).

Topoisomerases are ubiquitous enzymes essential for

replication and transcription. They control DNA super-

coiling and entanglement, which makes them attractive

targets for anticancer and antibacterial treatment (21).

Top1 inhibitors act as interfacial inhibitors by blocking

Top1 functions, leading to DNA damage through the for-

mation of double-strand breaks, which, if not repaired,

lead to cell death (22, 23). The presence of Top1 is nec-

essary for camptothecin and noncamptothecin Top1 in-

hibitors (eg, indenoisoquinolines) to exert their cytotoxic

effects because Top1 is their primary target (24). How-

ever, there have been other effects reported in connection

to Top1 inhibition, namely an effect on the hypoxia in-

ducible factor (HIF)-1� protein and HIF-1 transcription

targets (25–29). The HIF proteins (HIFs) function as tran-

scription factors, physiologically responding to changes in

oxygen levels. In cancer biology, HIFs play crucial roles in

several processes such as cancer cell migration, invasive-

ness, metastasis, and resistance to radio- and chemother-

apy (30, 31). The potential modulation of HIF-1� and

HIF-2� expression might be of particular interest when

treating PHEOs/PGLs because the hypoxic/pseudohy-

poxic pathway has been widely studied in these tumors

(30, 32–35).

LMP-400/indotecan, an HCl salt of NSC 724998 de-

veloped by the National Cancer Institute (NCI), is cur-

rently undergoing clinical evaluation and represents one

of the third-generation Top1 inhibitors (36). Indenoiso-

quinolines were developed to overcome certain limitations

of camptothecin derivatives, which are the only group of

Top1 inhibitors approved by the US Food and Drug Ad-

ministration for the treatment of solid tumors (topotecan,

irinotecan). The limitations of camptothecin derivatives

include chemical instability, rapid diffusion from Top1-

DNA cleavage complexes and active export from cells by

efflux pumps. LMP-400 overcomes these limitations (23,

24, 37). Use of camptothecin derivatives has been recently

shown as a possible treatment option in an in vitro study

by our collaborative group (20).

Two main pharmacodynamic targets can be evalu-

ated in connection with indenoisoquinoline treatment:

Top1 and H2A histone family, member X (�-H2AX).

The measurement of pretreatment levels of Top1 in tu-

mor tissue could be a predictive marker for response to

indenoisoquinoline treatment and serve as a marker for

patient selection. Correlation between Top1 levels and

tumor response has been reported in previous studies

(36, 38 – 40). Furthermore, an observed decrease in

Top1 levels upon treatment with Top1 inhibitors might

serve as a biomarker of target engagement, as proposed

by Pfister et al (36, 41). Another pharmacodynamic tar-

get that has been extensively validated in connection

with indenoisoquinoline treatment is histone �-H2AX

(24, 42). Phosphorylation of H2AX occurs shortly after

the formation of DNA double-strand breaks, and the

signal strength correlates with the number of breaks

formed. Its detection assay was developed and validated

by the NCI for use in clinical trials using LMP-400 and

other DNA-damaging agents (43).

Our knowledge of signaling pathways involved in

PHEO/PGL has been broadened over the past few years,

leading to the identification of several promising molec-

ular targets (12, 18, 44). The results of single, targeted

molecular therapies seem to be inconclusive, as reported in

recent reviews (12, 18). The lack of efficacy of certain

agents may be due to compensatory signaling pathways

(44). Combination approaches might overcome this issue

as well as decreasing the likelihood of development of drug

resistance. In the present study, we report our initial ex-

perience with LMP-400 both in vitro and in vivo on es-

tablished animal PHEO cell lines and primary cell cultures

from human tumor tissue. Testing included, among oth-

ers, studies of tumor cell growth inhibition, animal mod-

els, drug synergism, and modulation of two pharmacody-

namic targets. Additionally, we analyzed the expression of

HIF-1� in treated cells because the HIF-1 is transcription

doi: 10.1210/en.2015-1476 press.endocrine.org/journal/endo 4095
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factor important in PHEO/PGL tumor development. We

conclude that LMP-400 is a promising treatment option

for patients with metastatic PHEO and represents a po-

tential candidate for future clinical trials involving pa-

tients with these tumors.

Materials and Methods

Cell lines and reagents
Mouse PHEO cell lines (MPC, MTT, and MTT-Luc) were

maintained in DMEM supplemented with 10% fetal bovine se-

rum, 5% horse serum, and antibiotics (Gibco-Life Technolo-

gies). A rat PHEO cell line (PC12) was maintained in DMEM

supplemented with 10% fetal bovine serum and antibiotics

(Gibco-Life Technologies). Cells were grown until 80% conflu-

ence and then detached using 0.05% trypsin/EDTA, resus-

pended, and counted to obtain the desired number.

Cells were grown in an incubator in a humidified atmo-

sphere containing 5% CO2 at 37°C. For experiments in which

cultivation under hypoxic conditions was necessary, the cells

were cultured in a CO2/O2 incubator (MCO-5M; Panasonic),

in which the volumes of O2 and CO2 were 1% and 5%,

respectively.

LMP-400 (Indotecan, NSC 743400) was provided by the Di-

vision of Cancer Treatment and Diagnosis, NCI (Rockville,

Maryland). Cisplatin, and vincristine (vincristine sulfate) were

purchased from Tocris Bioscience (R&D Systems, Inc). All of the

compounds were dissolved in dimethylsulfoxide; the stock so-

lutions were stored at �20°C and were thawed prior to use.

Control samples were treated with culture medium.

Cell proliferation assay
Cell proliferation was determined by 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide, referred to as the MTT

assay. Fifteen thousand cells per well were plated in 96-well

plates and incubated for 24 hours before drug treatment. After

48 hours of drug treatment, MTT solution (1 mg/mL; Sigma

Chemical Co) was added, and plates were incubated at 37°C for

3 hours before measuring the absorbance at 562 nm (Bio-TEK

Instruments).

Human samples
Human PHEO/PGL tissue samples were obtained from pa-

tients who underwent surgery at our institution under the insti-

tutional review board-approved protocol 00-CH-0093 of the

Eunice Kennedy Shriver National Institute of Child Health and

Human Development, National Institutes of Health (NIH), and

all patients gave written informed consent. Normal human ad-

renal medullas were obtained from anonymous organ donors

without evidence of adrenal tumors from the Department of

Urology, School of Medicine, Comenius University, Bratislava,

Slovakia.

Primary tumor cultures and tyrosine hydroxylase

immunocytochemistry
The procedure was performed as previously described (45).

Briefly, dissociated cells were plated at low density in RPMI 1640

medium with 15% fetal bovine serum and antibiotics. Cultures

in control media or dosed with various concentrations of LMP-

400 were maintained for 10 days, with the media replaced every

other day. The cells were then fixed and stained for tyrosine

hydroxylase (TH). To measure drug-induced cytotoxicity, sur-

viving TH-positive cells were counted.

Real-time PCR

MTT cells were grown to log phase (�80% confluence) be-

fore treatment with indicated concentrations of LMP-400 or

control in both hypoxic and normoxic conditions for 8 and 24

hours. Control samples were treated with media. Real-time PCR

was performed on a ViiA7 real-time PCR system (Applied Bio-

systems) according to the manufacturer’s recommendation using

the TaqMan detection system. TaqMan gene expression assays

for Hif1a, Epas1 (Hif2a), Hk2, Vegfa, and Slc2a1 were pur-

chased from Applied Biosystems. 18S rRNA by Applied Biosys-

tems was used as an endogenous control. ˆˆCycle threshold values

were plotted for the power.

Western blotting

MTT cells were grown to log phase before treatment with

indicated concentrations of LMP-400 for 8 hours in hypoxia or

normoxia. Control samples were treated with media. Cells were

washed twice with ice-cold PBS and lysed in a cell lysis buffer

(Cell Signaling Technology) supplemented with complete pro-

tease inhibitor cocktail (Roche) and a phosphatase inhibitor

cocktail (Cell Signaling Technology). Protein concentrations

were measured using the micro-BCA protein assay kit (Thermo

Fisher Scientific Inc) according to the manufacturer’s recommen-

dation. Proteins were separated by 4%–20% gradient SDS-

PAGE (Bio-Rad Laboratories) and transferred to a polyvi-

nylidene fluoride membrane (Millipore). Antibodies against

HIF-1� (H-206; Santa Cruz Biotechnology, Inc), phosphohis-

tone �-H2AX (Millipore), �-actin (Cell Signaling Technology),

tyrosine hydroxylase (Immunostar), and topoisomerase I (BD

Biosciences) were used. Proteins were visualized using the Su-

perSignal West Femto maximum sensitivity substrate and Su-

perSignal West Pico chemiluminescent substrate (Thermo Fisher

Scientific Inc). Blots were analyzed using ImageJ 1.37v (Wayne

Rasband, NIH).

Synergism analysis

Drug synergism was determined from median effect analysis

equations developed by Chou (47). Cell proliferation data were

analyzed using CalcuSyn software (Biosoft). The combination

index (CI) indicates additivity when the CI is 0.8–1.2; synergism

when CI is less than 0.8; and antagonism when CI is greater than

1.2. The dose reduction index (DRI) shows potential dose re-

duction of each single drug in synergistic combination at a given

effect level achieved by combining these drugs (46).

Animal experiments and bioluminescence imaging

All animal studies were conducted in accordance with the

principles and procedures outlined in the NIH Guide for the Care

and Use of Animals and approved by the NIH Animal Care and

Use Committee (Animal Study Proposal number 12-028 and

Public Health Service assurance number A4149-01).
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We used a spontaneously metastatic model of PHEO after an

sc injection of MTT cells constitutively expressing luciferase

(MTT-Luc) in the right flank of female athymic nude mice, as

described previously (47). All bioluminescent data were col-

lected and analyzed with a Xenogen IVIS system. The experi-

ments were performed in the NIH Mouse Imaging Facility in

accordance with Animal Care and Use Committee regulations. In

the initial study, we administered LMP-400 or placebo (vehicle)

once a day for 5 consecutive days with a dose of 12 mg/kg,

starting 7 days after cell injection. In the following study, we

administered 20 mg/kg once a week, starting 7 days after cell

injection. The LMP-400 dilution, administration, and manipu-

lation have been previously described (43).

Shortly after being received from vendor, mice in both

(treated and control) groups developed an infection from Co-

rynebacterium bovis and were equally treated with trimethoprim

and sulfamethoxazole, followed by ampicillin in water.

Statistics

All in vitro experiments were repeated at least two times.

After the ANOVA analyses, posttest pairwise comparisons were

computed using either the Student-Newman-Keuls posttest (for

all pairwise comparisons) or the Dunnett’s test (comparing mul-

tiple treatments vs a single control), using Prism 6 software

(GraphPad Software Inc). Time-course analyses of the animal

experiments with bioluminescence imaging data were analyzed

using mixed models on the log values to handle the repeating

measurements over time, using Stata (release 12 software; Stata-

Corp). These plots show 95% confidence intervals rather than

SEMs. To analyze the caliper measurements of tumor size in

these same experiments, at specific weeks, the treated and con-

trol group values were compared using the two-sample Student’s

t test on the arcsine-transformed values (necessary due to the

substantial skewness of the values and the presence of 0 values).

The data were plotted with SEM and considered significant when

P � .05 (marked as asterisk).

Results

LMP-400 inhibits the proliferation of mouse and

rat PHEO cell lines

Initially we evaluated the effect of LMP-400 on avail-

able PHEO cell lines and found that it inhibited the growth

of established animal cell lines from mice (MPC and MTT

cells) and rats (PC12 cells) in a dose-dependent manner

(Figure 1). The MTT assay was additionally repeated for

MPC and MTT cell lines in hypoxic conditions with minor

changes in the IC50; in MPC cells, the change was from

0.025 �M in normoxia to 0.033 �M in hypoxia, whereas

in MTT cells, IC50 changed from 0.04 �M to 0.094 �M

(Supplemental Figure 1). We also tested the growth inhi-

bition effect of LMP-400 given for various time intervals.

After an 8-hour treatment of MTT cells with LMP-400, we

did not observe an effect of the drug on more than 30% of

cells at any concentration for the evaluated range (1, 0.1,

and 0.01 �M). After 24 hours of LMP-400 treatment, the

1 �M concentration inhibited the growth of approxi-

mately 41% cells; for 0.1 and 0.01 �M concentrations, the

cell inhibition remained below 30%. The IC50 for MTT

cells after 24 hours of treatment was 0.58 �M (Supple-

mental Figure 2).

Figure 1. Tumor cell growth inhibition by LMP-400. The tumor cell

viability, measured by an MTT assay, after a 48-hour treatment of

established animal PHEO cell lines with LMP-400 is shown.

doi: 10.1210/en.2015-1476 press.endocrine.org/journal/endo 4097
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Top1 levels in PHEO/PGL

First, we assessed the tumor content of the Top1 protein

because it is known that Top1 protein is a criterion used

successfully for the clinical application of LMP-400 (36).

Thus, we evaluated the levels of Top1 in sporadic and

genetically linked PHEOs/PGLs and compared them with

levels of Top1 in normal human adrenal medulla. This

analysis showed higher levels of Top1 in all the evaluated

tumors compared to the adrenal medulla (see Figure 3A).

Similar levels of Top1 expression were observed in spo-

radic and von Hippel-Lindau (VHL)-mutated tumors; the

highest levels of Top1 expression were found in samples

from succinate dehydrogenase subunit B (SDHB)-mu-

tated tumors. These tumors are known to have a high

metastaticpotential andworseoutcome thanotherknown

familial PHEOs/PGLs (2, 48).

LMP-400 inhibits proliferation of primary PHEO

cells

Based on the findings that human PHEOs/PGLs ex-

hibit high levels of Top1, we initiated treatment with

LMP-400 for 10 consecutive days using two indepen-

dent primary human cancer cell cultures derived from

two sporadic PHEOs. Immunostaining for TH, an en-

zyme necessary for catecholamine production, was used

to distinguish chromaffin cells from other cells in the

primary cell culture. Figure 2 shows a concentration-

dependent decrease in cell proliferation for cells treated

with LMP-400.

LMP-400 decreases Top1 and increases �-H2AX

levels in MTT cells

Pharmacodynamic assays for Top1 and phospho

�-H2AX were previously developed for clinical trials with

LMP-400 (36, 43). Thus, we evaluated the effect of LMP-

400 on these potential biomarkers in MTT cells, measur-

ing target proteins after 8 hours of treatment with several

drug concentrations in normoxic and hypoxic conditions.

The levels of Top1 in MTT cells decreased in a concen-

tration-dependent fashion in both hypoxic and normoxic

conditions. On the other hand, the levels of phospho

�-H2AX, which were almost not present in control cells,

peaked upon treatment with LMP-400. MTT cells showed

stable levels of the HIF-1� protein in both hypoxic and

normoxic conditions. This expression was decreased after

8 hours of treatment with LMP-400 (Figure 3B).

LMP-400 affected expression of HIF-1 targets in

MTT cells

To determine the effect of LMP-400 treatment on

Hif1a gene expression in MTT cells, we treated these cells

with increasing LMP-400 concentrations. To limit the po-

tential effect of cell apoptosis on mRNA expression, we

used concentrations that did not affect cell proliferation in

more than 30% of the cells. mRNA was extracted after 8

and 24 hours of LMP-400 treatment in both normoxic and

hypoxic conditions (Supplemental Figure 2).

After an 8-hour treatment, we did not observe a signif-

icant decrease in Hif1a expression, but a decrease in Hif1a

expression was apparent after 24 hours of treatment in

both hypoxia and normoxia (Supplemental Figure 3). Be-

cause HIFs serve as transcription factors, determining the

significance of changes in their expression levels is best

measured by the evaluation of the expression levels of their

target genes. We found a significant decrease in two very

well-established preferential HIF1 targets at the highest

concentration tested, irrespective of time or oxygen con-

ditions: solute carrier family 2, facilitated glucose trans-

porter member 1 (Slc2a1), better known as glucose trans-

porter type 1 (Glut1), and hexokinase 2 (Hk2) (Figure 4

and Supplemental Figure 4).

LMP-400 reduced tumor growth and metastatic

potential in vivo

To elucidate the effects of LMP-400 in an in vivo model,

we used a well-established model of spontaneously met-

astatic PHEO, taking advantage of MTT-Luc biolumines-

cence imaging (47). Seven days after the sc implantation of

MTT-Luc cells, we started 5 continuous days of 12 mg/kg

LMP-400 iv application, which led to an overall significant

decrease in tumor growth (P � .0005) when measured by

bioluminescence. The sc injection of MTT-Luc cells al-

Figure 2. Primary cell culture growth inhibition by LMP-400. The

figure shows the effect of LMP-400 on a primary cell culture, with

decreasing concentrations of the drug: control (A), 1 �M (B), 0.1 �M

(C), and 0.01 �M (D). The primary culture was derived from a 10- � 9-

� 8-cm PHEO in a 53-year-old patient of Greek descent with typical

clinical symptoms. Genetic testing for succinate dehydrogenase

subunits B, C, and D was negative; other testing was not performed.
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lowed us to measure tumor growth externally by caliper,

and this measurement also confirmed a significant effect of

LMP-400 on growth in vivo (P � .003 for wk 3; P � .015

for wk 4). Over time, the implanted cells started to migrate

and metastases developed. After the mice had been eutha-

nized, the lungs and liver were harvested and biolumines-

cence measurements were performed, showing that LMP-

400 decreased the development of metastases (in lungs P �

.002; in liver P � .091). A consecutive study with an al-

ternative dosing schedule of 20 mg/kg once a week also

showeda significantdifference in tumorgrowth (P� .044,

bioluminescence measurement) when compared with a

group that received only a vehicle. The significance of the

bioluminescence measurement was confirmed by external

caliper measurements (wk 5 P � .037) (Figure 5).

LMP-400 as a part of combination treatment

CVD treatment represents one of the best available che-

motherapeutic regimens for patients with metastatic

PHEO/PGL, although it can be modified, as mentioned

earlier. Because this combination cannot be tested in vitro

(eg, dacarbazine, which is an essential part of this combi-

nation is a prodrug that needs to be activated by the liver),

we attempted to closely simulate CVD treatment by com-

bining cisplatin and vincristine. We aimed to show the

potential of LMP-400 by adding it to this blend. Testing

this combination in concentrations of original single drugs

(cisplatin, vincristine, LMP-400) below and above their

IC50 showed high synergism at lower concentrations,

which turned into an additive effect at the second-highest

concentration. At the highest concentration, in which the

effect of a single drug alone was already very potent, the

synergism was not present. Table 1 shows CI and DRI

values when the synergism was evaluated between LMP-

400, vincristine, and cisplatin.

Discussion

In the present study, we evaluated the complex effect ex-

erted by LMP-400 on PHEO/PGL in vivo and in vitro.

LMP-400 distinctly inhibited the growth of human and

animal PHEO/PGL cells. The effect of the agent on both

the pharmacodynamic markers evaluated (Top1 and

�-H2AX) was found to be significant in MTT cells. The

HIF-1� protein and HIF-1 transcriptional targets were

also significantly affected by LMP-400 in MTT cells.

The Food and Drug Administration approved Top1

inhibitors, topotecan and irinotecan, are derivatives of

camptothecins. Although they both target Top1, their

clinical use is different. Whereas topotecan is used to treat

ovarian and lung cancers, irinotecan has been shown to be

Figure 3. Protein analyses. A, Variable amounts of the Top1

protein in tumors with different genotypes when compared with

normal adrenal medulla (NAM). B, The levels of Top1, �-H2AX, and

HIF-1� evaluated after 8 hours of treatment with LMP-400 in

hypoxic (1% O2, red curve) and normoxic conditions (21% O2, blue

curve). Each oxygen condition has its own control, as presented in

the figure.

doi: 10.1210/en.2015-1476 press.endocrine.org/journal/endo 4099

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
5
6
/1

1
/4

0
9
4
/2

4
2
2
8
4
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



effective in the treatment of colon cancer (21). Pharma-

codynamic and clinical limitations of camptothecin deriv-

atives led to the development of noncamptothecin Top1

inhibitors, including LMP-400 (23). Top1 inhibitors were

described as interfacial inhibitors that prevent Top1 func-

tions, leading to double-strand DNA breaks, which, if not

repaired, lead to cell death (23, 49). It was proposed that

the pretreatment levels of Top1 might be an important

factor in determining the effectiveness of the Top1 inhib-

itors and thus predicting the treat-

ment response (36). Our evaluation

of Top1 protein levels in several

types of PHEO/PGL showed the

highest levels of this protein (com-

pared with normal adrenal medulla)

in SDHB-mutated tumors. This is of

interest because Top1 could repre-

sent a therapeutic target in this dis-

ease and could lead to the develop-

ment of more effective drugs for this

population.

First, we tested the efficacy of

LMP-400 in vitro using MPC, MTT,

and PC12 cell lines. MPC cells were

derived from an Nf1 knockout

mouse that developed PHEO; the

MTT cell line was derived from a

liver metastasis of an MPC tumor

and is thus considered to be the most

aggressive available PHEO cell line,

which guided our decision to use this

cell line for most parts of this com-

plex drug evaluation study. The

PC12 cell line is of rat origin and is

used as a model cell line for neuroen-

docrine tumors (50, 51). LMP-400 showed efficacy in all

animal PHEO cell lines, with IC50 in the tens of nanomolar

concentration range. There is no available human cell line

for PHEO/PGL, which would tremendously enhance the

possibilities in the search for new therapeutic options. De-

spite extensive ongoing research, none of the attempts has

been successful. This makes the primary cell cultures pre-

pared from tumor tissue obtained from NIH patient sur-

geries the best option for current

drug testing, although animal and

human pheochromocytoma cells are

known to have a different growth

rate. As we previously mentioned in

Results, LMP-400 substantially in-

hibited the growth of these primary

cell cultures.

These studies suggest that LMP-

400 might be a promising therapeu-

tic avenue for PHEO/PGL. Because

in vivo studies are essential for intro-

ducing a new drug into clinical prac-

tice, we took advantage of a meta-

static PHEO/PGL animal model that

has been used in our previous studies

and allows for noninvasive, repeat-

able, and reproducible in vivo tumor
Figure 5. In vivo study of LMP-400. The figure shows the effect of LMP-400 on tumor growth

when dosed for 5 consecutive days (A) or once a week (B).

Figure 4. Glut1 (Slc2a1) mRNA level changes. The figure depicts changes in the mRNA levels of

Glut1 (Slc2a1) upon 8- and 24-hour treatments with LMP-400 in hypoxic (1% O2, red column)

and normoxic conditions (21% O2, blue column).
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measurement (47). In the initial animal study, when the

drug was applied constitutively for 5 days, a statistically

significant effect was reached, established by the measure-

ment of bioluminescence as well as external tumor mea-

surement by caliper. LMP-400 also showed an effect on

the development of metastases. The same 5-day dosing

schedule was previously tested in a model study of LMP-

400 using mice bearing A375 tumor xenografts (human

malignant melanoma) (43). An alternative for this

monthly dosing plan is a weekly schedule using a higher

single dose of 20 mg/kg. We in fact implemented this

scheme of dosing into our study, and tumor growth

inhibition was also significant. However, there was an

obvious difference between the two approaches.

Monthly dosing, with the cumulative dose applied in the

early stage of MTT-Luc cell tumor development, led to

very significant efficacy at the beginning of the study,

which then went down gradually. In contrast, weekly

dosing required a longer time to exert a significant ef-

fect, resulting in decreased formation of MTT-Luc cell

tumors. We believe that the observed difference be-

tween the two dosing schemes can be caused by the

aggressiveness of MTT cells.

The use of combined chemotherapeutic approaches can

be beneficial for patients if the drugs show a synergistic

effect, eventually leading to a reduction in drug dose with

the mitigation of some side effects and reduction in the

development of resistance, in contrast to full dosing of the

drug (46). Despite its weaknesses, CVD chemotherapy has

been found to be the best available chemotherapy regimen

for PHEO/PGL (12, 16–18). We attempted to imitate the

CVD regimen in in vitro conditions using vincristine and

cisplatin with the addition of LMP-400 to this combina-

tion. This treatment led to a decreased cell growth in

concentrations below and above the respective IC50, sug-

gesting the possibility of adding LMP-400 to the CVD

regimen. We believe that the synergism at low doses might

be potentially important.

For use in clinical trials with LMP-400, two assays

focused on the pharmacodynamic markers Top1 and

�-H2AX were developed (36, 43). We tested these

markers when treating MTT cells with LMP-400 and

observed a dramatic increase in �-H2AX, which indi-

cates the development of DNA damage after the treat-

ment and can be considered as an induction of early

chromatin modification after the initiation of DNA

fragmentation during apoptosis (52). We also observed

a decrease in Top1. Both of these effects were achieved

in both normoxic and hypoxic conditions. Showing the

LMP-400 effectiveness in hypoxic conditions is of great

importance because hypoxic conditions are associated

with tumor aggressiveness, progression, and acquired

resistance to treatment (53).

It was previously shown that topoisomerase inhibi-

tors also deliver effects beyond cytotoxicity. When

LMP-400 was tested at lower concentrations (inhibiting

the growth of less than 30% of cells in a given time

period), a decrease in HIF-1� protein was observed.

HIF-1/2� were proposed to be the mediators of hypoxic

signaling in VHL- and SDHx-mutated PHEOs/PGLs (3,

54). In an unsupervised analysis of the transcriptional

profile of these tumors, reduced oxidoreductase and

angiogenesis/hypoxia were seen, suggesting that these

tumors have similar profiles, leading to their categori-

zation as cluster 1 tumors. Activation of receptor ty-

rosine kinases, possibly leading to increased transcrip-

tion of HIF1� is, however, more common for cluster 2,

consisting of PHEO/PGL with germline mutations in

several other susceptibility genes (mainly RET, NF1,

and MAX). Sporadic PHEOs/PGLs are equally distrib-

uted in both clusters (33, 55). Thus, targeting HIF-1�

might be of potential interest for all PHEOs/PGLs (35,

44). Although the levels of HIF-1� and HIF-2� in

PHEO/PGL, once referred to as rivaling siblings (31),

Table 1. Combinational Testing

Drug Dose, �M

Fa CI

DRI

LMP-400 VIN CIS LMP-400 VIN CIS

0.001 0.001 0.1 0.173 937 0.653 9.752 17.008 2.034
0.005 0.005 0.5 0.345 735 0.48 13.447 9.032 3.394
0.01 0.01 1 0.456 195 0.395 17.732 7.376 4.925
0.05 0.05 5 0.777 163 0.202 70.506 6.693 26.315
0.1 0.1 10 0.823 222 0.274 64.664 4.549 25.626
0.5 0.5 50 0.871 295 0.857 28.355 1.353 12.143
1 1 100 0.886 617 1.439 19.186 0.788 8.466

Abbreviations: CIS, cisplatin; Fa, fractions of affected cells; VIN, vincristine. Shown are the Fa with different doses of tested drugs on MTT cell
survival after 48 hours of treatment with corresponding values of the CI and DRI.
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were previously evaluated, no unifying pattern was

found (32, 56, 57). Therefore, the balance between

these two proteins in PHEO/PGL is still inconclusive but

may possibly also depend on the development stage of

the tumor. Changes in HIF-1� are not specific to Top1

inhibitors because similar results were obtained after

treatment with Top2 inhibitors, but specific genes are

likely to respond individually to topoisomerase inhibi-

tion. The response can result directly from enzyme in-

hibition or might be due to a secondary mechanism (58).

Previous reports showed that HIF-1� changes are not

transcriptional, which is not consistent with the present

study because we found changes in the mRNA levels of

Hif1a targets after prolonged treatment. Nevertheless,

the specific pathway causing changes in Hif1a levels

after topoisomerase treatment needs to be further stud-

ied. The presence of Top1 does seem to be a unifying

condition for its exertion (26, 28, 29).

We have also evaluated the effects of 1 �M LMP-400

on HIF-1 target gene expression. Because this concen-

tration is already toxic after prolonged treatment, we

treated the cells with the drug for only 8 and 24 hours.

The data show a consistent expressional decrease in the

known HIF-1 target genes including Glut1, Hk2, and

Vegfa under hypoxic conditions after both 8 and 24

hours (Figure 4 and Supplemental Figures 4 and 5). In

normoxia, mRNA levels of all target genes were also

significantly lower in all conditions when compared

with control cells with the exception of Vegfa after an

8-hour treatment. Expression of Hif2a was increased

after an 8-hour treatment, irrespective of oxygen con-

ditions. This increase was not present after prolonged

treatment (Supplemental Figure 6). Due to this obser-

vation, we were eager to evaluate its transcriptional

targets, looking for a possible interplay between HIFs.

It has been shown that Top1 inhibitors, rather than

decreasing the expression of several genes, increase the

mRNA levels of prostaglandin-endoperoxide synthase

2, also known as cyclooxygene 2 (Ptgs2 and Cox-2,

respectively). This was discussed in connection with po-

tential nuclear factor-�B activation (29). We also eval-

uated this gene but found a significant increase only in

its mRNA levels under normoxic conditions after treat-

ment with 1 �M of LMP-400 for 8 hours (Supplemental

Figure 7).

In conclusion, LMP-400, whose effects were thor-

oughly evaluated on the best available PHEO/PGL mod-

els, represents a promising step in the search for new treat-

ment options for PHEO/PGL patients.
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