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1a-Hydroxyvitamin D2 inhibits growth of human neuroblastoma
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Abstract Neuroblastoma is the most common extracra-

nial solid tumor in childhood. The poor outcomes of pa-

tients with high-risk neuroblastoma have encouraged the

search for new therapies. In the current study, the effect of

the vitamin D analog 1a-hydroxyvitamin D2 (1a-OH-D2,

doxercalciferol) was assessed in a mouse xenograft model

of human neuroblastoma. Vitamin D receptor (VDR)

expression levels in seven neuroblastoma cell lines were

compared using real-time PCR. SK-N-AS cells, which

express relatively high levels of VDR, were injected into

the flanks of 60 mice. The mice were treated daily via oral

gavage for 5 weeks with vehicle (control), 0.15 lg, or

0.3 lg of 1a-OH-D2. The animals were then euthanized,

and tumors, sera, and kidneys were collected and analyzed.

End tumor volumes were significantly smaller in both the

0.15 lg group (712.07 mm3, P = 0.0121) and 0.3 lg group

(772.97 mm3, P = 0.0209) when compared to controls

(1,681.75 mm3). In terms of toxicity, serum calcium levels

were increased but mortality was minimal in both treatment

groups. These results were similar to those previously de-

scribed in the transgenic (LHb-Tag) and human xenograft

(Y-79) models of retinoblastoma, a related tumor. In vitro

cell viability studies of SK-N-AS and NGP cells, which

represent two major human neuroblastoma subtypes that

differ in their genetic abnormalities as well as their VDR

expression levels, show that both are sensitive to calcitriol,

the active metabolite of vitamin D3. In conclusion, the

present study shows that 1a-OH-D2 can inhibit human

neuroblastoma growth in vivo with relatively low toxicity.

The safety of 1a-OH-D2 has been extensively studied; the

drug is FDA-approved for the treatment of adult kidney

patients, and Phase I/II trials have been conducted in adult

oncology patients. There should not be major obstacles to

starting Phase I and II clinical trials with this drug in

pediatric patients with high-risk neuroblastoma.
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Introduction

Neuroblastoma is a pediatric tumor derived from neuro-

ectodermal cells, and the most common site of occurrence

is the adrenal gland [1, 2]. Approximately 9 cases per

1 million children are diagnosed with neuroblastoma each

year in the United States, making it the most common

extracranial solid tumor in childhood [3]. An overwhelm-

ing majority of these cases are sporadic and without any

identifiable environmental triggers [4].

Neuroblastomas have a varied clinical course, ranging

from spontaneous regression to metastatic disease, often

resulting in death [5]. Due to the diverse nature of the

disease, patients are stratified into low-, intermediate-, and

high-risk groups according to age, clinical stage, and tumor

biologic features. Furthermore, the histopathologic fea-

tures, according to International Neuroblastoma Pathology

Classifications, are useful in determining the prognosis [6].

Lastowska et al. have identified different genetic types of
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neuroblastoma tumors, of which the advanced types fall

into three major groups: those with a gain of chromosome

17q, a deletion of chromosome 1p, and amplification of N-

myc; those with a gain of 17q, deletion of 1p, but no

amplification of N-myc; and those with just a gain of 17q

[7].

Although low-risk and intermediate-risk patients gen-

erally have a good prognosis, children in the high-risk

group have a poor prognosis, with less than a 50% long-

term survival rate despite intense multimodal treatment that

includes chemotherapy and radiotherapy [8], due to resid-

ual disease and multiple drug resistance [9]. In addition,

toxic effects of chemotherapy contribute to 15.5% of all

deaths in stage 4 neuroblastoma [10] and may increase the

risk of secondary leukemia [11]. Radiotherapy has been

associated with bowel complications, sterility, and bone

growth retardation, as well as increased risk for secondary

tumors in adulthood [12, 13]. Although neuroblastomas

with N-myc amplifications are considered the most

aggressive, recurrent or progressive disease develops in up

to 20% of patients with localized or stage 4S neuroblas-

toma, even without N-myc amplification [14]. The dismal

outcomes of high-risk neuroblastoma patients have

encouraged the search for new therapies. Vitamin analogs

have been among the more promising prospects. Both

vitamin A (retinoic acid) and vitamin D compounds reduce

the proliferation of cancer cells. Vitamin D compounds

have antineoplastic activity against a wide range of human

cancer cell lines. In addition, many vitamin D analogs have

been tested in animal models of different cancer types [15].

Currently, synthetic retinoids have been undergoing clini-

cal trials that show improved event-free survival rates in

high-risk patients [8].

Early studies have shown that both vitamin D2 (ergo-

calciferol) and calcitriol (1,25 dihydroxy D3), an active

physiological metabolite of vitamin D, are toxic in animals

due to their strong hypercalcemic effects. The vitamin D

analog 1a-hydroxyvitamin D2 (1a-OH-D2), first synthe-

sized in the 1970s by Lam et al. [16] and subsequently

developed for treatment of secondary hyperparathyroidism

and metabolic bone disease, has considerably less toxic

side effects [17]. In addition, 1a-OH-D2 has a potent

antitumor effect in different animal models of retinoblas-

toma [18–21]. To date, however, this analog has not been

tested against neuroblastomas, and only a few studies have

examined the efficacy of other vitamin D compounds

against neuroblastoma tumors in vivo [22, 23].

To address this issue, we used a mouse xenograft model

of human neuroblastoma. After subcutaneous placement of

SK-N-AS neuroblastoma cells, 1a-OH-D2 was adminis-

tered via oral gavage, and the effect of this compound was

assessed in terms of its effect on tumor size. In addition, the

toxicity of 1a-OH-D2 was determined via its effects on

serum calcium level, mortality, body weight, and organ

calcification.

Materials and methods

Vitamin D receptor assay

Vitamin D receptor (VDR) levels were quantitated in seven

neuroblastoma cell lines: SK-N-AS [24]; NGP [24]; SK-N-

LE [25]; SK-N-DZ [26]; KCNR [24]; SH-SY5Y [27, 28];

and NBLS. Total RNA was isolated using an RNeasy kit

(Qiagen, Valencia, CA, USA). The RNA was treated with

DNase I, followed by reverse transcription with oligo dT

primers using MMLV reverse transcriptase (Promega,

Madison, WI, USA). cDNA was treated with RNAse H

and followed by real-time amplification of an 80-bp VDR

fragment using specific primers (forward: 5¢-GCGCTCC-

AATGAGTCCTTCA-3¢; reverse: 5¢-CACGTCACTGAC-

GCGGTACTT-3¢); SYBR mix; and an I–cycler (BioRad,

Hercules, CA, USA), according to the manufacturer’s

instructions. Relative VDR expression was determined

using an endogenous reference gene, b-glucuronidase, and

specific primers (forward: 5¢-GCCCATTATTCAGAGC-

GAGTATG-3¢; reverse: 5¢-TGGTGAAACCCTGCAATC-

GT-3¢). All reactions were performed in triplicate. Relative

expression levels were calculated using the comparative

method as described [29] and normalized to values ob-

tained from the NGP cell line.

Cell culture and inoculation

SK-N-AS and NGP cells were grown in RPMI 1640

medium supplemented with 10% fetal bovine serum, and

1% fungizone, penicillin, and streptomycin. The subcuta-

neous inoculation of the tumor cells was done using a

method similar to the one described by Sabet et al. for

studies on retinoblastoma [30]. Briefly, before inoculation

of the mice with the cells, the medium containing 1 million

SK-N-AS neuroblastoma cells was combined with Matrigel

in a 1:1 mixture. This mixture was then injected subcuta-

neously into the flank of each mouse.

Compound preparation for in vivo study

1a-OH-D2 was provided by Bone Care International, now a

part of Genzyme Corp. (Cambridge, MA, USA), in a

crystalline form, which was then dissolved with 100%

ethanol for a stock solution of 2.98 mg/ml. This solution

was diluted in coconut oil to concentrations of 0.15 lg and

0.3 lg per 0.1 ml. Control animals were given 0.1 ml of

coconut oil. Spectrophotometric analysis was used to

confirm the drug concentrations. Stock solutions of the
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drug were prepared weekly and stored in amber glass

bottles at –40�C to protect the compound from degradation

due to temperature or UV light.

Animal studies

Sixty 4- to 5-week-old athymic nude female mice were

randomized 2 days after inoculation into one of three

treatment groups: vehicle (control); 0.15 lg dose of

1a-OH-D2; or 0.3 lg dose of 1a-OH-D2. This resulted in 3

groups of 20 animals each. To control for variance in initial

tumor volumes, the mice were randomized according to

estimated initial tumor volume. The mice were kept in

conditions consistent with the University of Wisconsin-

Madison Research Animals Resources Center (RARC)

guidelines and were fed Purina Test Diet deficient in

vitamin D and calcium (Purina Mills LLC, St. Louis, MO,

USA). Starting 5 days after inoculation, the mice were

dosed five times per week for 5 weeks by oral gavage using

a 1 in, 1.25 mm-ball diameter steel gavage needle (22GX;

Becton Dickinson, Franklin Lakes, NJ, USA).

Mice were weighed twice a week to monitor their

health, and dosing was withheld from mice that had a

weight loss of more than 15% from baseline. During the

treatment period, animals were euthanized under the fol-

lowing conditions: (1) the tumor became ulcerated; (2) the

tumor exceeded the allowable size by the RARC standards

(greater than 20 mm in any dimension); (3) the animal did

not regain lost body weight despite withholding treatment

for more than 2 days; or (4) the animal appeared ill, e.g.,

dehydrated, cold, lethargic, or anorexic. All animals

remaining at the end of 5 weeks were then euthanized and

underwent necropsy. The tumor, serum, and kidneys were

collected from each remaining mouse at this time.

Tumor measurement/evaluation

Tumor sizes were quantified using methods employed in

previous studies [30]. First, the tumor was measured

in vivo with calipers, providing a means of monitoring both

tumor volume and tumor growth during the study. Second,

caliper measurement of the tumor was performed after it

was removed from the mouse to provide a more accurate

end-of-study tumor volume. Third, tumor weight was re-

corded after excision of the tumor. The tumor was then

evaluated histologically for differentiation, necrosis, and

calcification.

Toxicity

Toxicity was evaluated as previously described [19]. The

parameters examined included mortality, body weight

change, serum calcium level, and kidney calcification. At

necropsy, serum was drawn and sent for quantitation of

total calcium. Kidneys were fixed in formalin, and sections

were prepared with von Kossa stain for histologic grading

of calcification. The kidneys were graded as follows: grade

0 for no calcification, grade 1 for 1–7 loci of calcification,

grade 2 for 8–15 loci, and grade 3 for more than 15 loci.

Statistical analysis

The effect of treatment dose on tumor volume was assessed

using analysis of variance. Tumor volume was transformed

to the cube root scale to obtain approximately constant

variance. All significant tests for effect of treatment dose

were followed by pairwise analyses to assess differences

between specific treatment groups.

In vitro cell viability assay

Calcitriol, the active form of vitamin D3, is similar in

structure and antiproliferative activity to the principal ac-

tive metabolite of 1a-OH-D2, and was therefore used to

determine the effect of active vitamin D in vitro on growth

rates of two neuroblastoma cell lines, NGP and SK-N-AS,

using the CellTiter-BlueTM cell viability assay (Promega,

Madison, WI, USA). Briefly, 2 · 103 of SK-N-AS and

NGP cells were seeded in 96-well plates, incubated at 37C

for 48 h, then treated with either vehicle (0.1% DMSO),

25 lM, 50 lM, or 100 lM of calcitriol for 5 days. Med-

ium was replaced with fresh medium containing calcitriol

(in 0.1% DMSO) every other day. CellTiter-BlueTM dye

was added and incubated at 37C for 90 min. Fluorescence

(excitation at 560 nm and emission at 590 nm) was mea-

sured with a Spectra Max Gemini spectrofluorometer from

Molecular Devices (Sunnyvale, CA, USA). The experi-

ment was repeated three times in triplicate samples. Results

are expressed as percent viable cells over control.

Results

VDR assay

The VDR expression levels of seven neuroblastoma cell

lines were measured by real time PCR and the values ex-

pressed relative to one of the cell lines (NGP). All cell lines

expressed VDR, and expression levels ranged from lowest

in NGP cells to more than 700-fold higher in SK-N-AS

cells (Table 1). Since an earlier study suggested that VDR

is required for the antiproliferative activity of vitamin D

analogs, the neuroblastoma cell line SK-N-AS was selected

for use in vivo to evaluate the antitumor effect of 1a-OH-

D2 [31].
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Tumor measurements/evaluation

The effect of 1a-OH-D2 on neuroblastoma tumor growth in

a SK-N-AS xenograft model was measured by end tumor

volume (Fig. 1). A dose–response experiment was per-

formed whereby mice were treated with 0.15 lg or 0.30 lg

of 1a-OH-D2. After 5 weeks of oral drug treatment, tumor

volume of the 0.15 lg and 0.30 lg drug-treated groups was

59% and 56% less, respectively, than that of the control

group. Statistical significance with respect to end tumor

volume was noted between the vehicle group and both the

0.15 lg group (P = 0.0121) and 0.3 lg group

(P = 0.0209). No statistical significance was found be-

tween the two treatment groups (P = 0.829). Histopatho-

logic evaluation of these tumors did not show any

differences in differentiation, necrosis, or calcification

among the groups.

Of the 60 mice with neuroblastoma xenografts, only one

animal (0.15 lg group) died before the end of the study.

Six animals in the various groups were euthanized before

the end of the study due to tumor sizes exceeding allowable

limits set forth by the RARC. One animal from the 0.15 lg

group was euthanized due to lethargic appearance (Ta-

ble 2).

Toxicity

The toxicity of the analog was evaluated by its effects on

mortality, serum calcium, body weight change, and kidney

calcification. As mentioned previously, only one animal in

the entire study died (0.15 lg group). Mean serum calcium

levels were as follows: vehicle group—7.02 mg/dl;

0.15 lg group—11.35 mg/dl; 0.3 lg group—12.04 mg/dl

(Table 2). Differences in serum calcium were statistically

significant between the vehicle-treated group and both the

0.15 lg and 0.3 lg groups (P = 0.0001), but not between

the 0.15 lg and 0.3 lg groups. In spite of the increase in

serum calcium in the doxercalciferol groups, on average

there was weight gain in all 3 groups, although there was

significantly less weight gain in the 0.3 lg group when

compared to control (P = 0.0037) (Table 2). Two mice in

the 0.15 lg group and one mouse in the 0.3 lg group lost

weight. The degree of kidney calcification was noted to be

dose dependent and ranged from no calcification to low-

grade calcification (Table 3).

In vitro cell viability assay

SK-N-AS and NGP cells represent different neuroblastoma

subtypes: those that have a gain of 17q, deletion of 1p, but

no amplification of N-myc (SK-N-AS); and those with all

three traits (NGP), which is considered the most malignant

[7]. In addition, VDR expression in SK-N-AS cells is much

higher than in NGP cells (by more than 700–fold; Table 1).

We therefore measured the effect of calcitriol on cell via-

bility in these two cell lines. The results show a dose-

dependent growth inhibition in both SK-N-AS and NGP

cell lines, suggesting that vitamin D is effective against

different subtypes of neuroblastoma and that the sensitivity

to the drug does not correlate with levels of VDR receptor

(Fig. 2).

Discussion

There is a need for new therapeutic options for children

with neuroblastoma. Current modes of therapy have sig-

nificant adverse effects, while the event-free survival rate

remains poor [8]. Major efforts are being made to develop

new methods of treatment, of which vitamin D analogs

Table 1 Relative vitamin D receptor (VDR) expression in selected

neuroblastoma cell lines. VDR expression was measured by real-time

PCR and plotted relative to the NGP cell line (=1). Experiments were

performed in triplicate

Cell Line VDR expression1

NGP 1

SK-N-LE 2

SK-N-DZ 3

KCNR 5

SH-SY5Y 14

NBLS 426

SK-N-AS 741

1 relative to NGP cell line
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Fig. 1 Inhibition of neuroblastoma tumor growth. End tumor

volumes after 5 weeks of oral treatment of 1a-OH-D2 in an SK-N-

AS xenograft model. Both the 0.15 lg group (P = 0.0121) and 0.3 lg

group (P = 0.0209) are statistically significant with respect to the

control group
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appear very promising. One of the analogs, 1a-OH-D2, has

been approved by the FDA since 2000 for the treatment of

secondary hyperparathyroidism in adults with end-stage

renal disease [32] and more recently for treatment of sec-

ondary hyperparathyroidism in adults with less severe stage

3 or 4 renal disease [33]. In addition, 1a-OH-D2 has already

undergone Phase II clinical trials in adults with prostate

cancer [34]. We propose 1a-OH-D2 as a possible drug

therapy against neuroblastoma.

To determine if 1a-OH-D2 is effective in inhibiting

neuroblastoma tumor growth in vivo, a neuroblastoma

mouse xenograft model was used. A cell line with rela-

tively high VDR expression was selected, since it has been

reported that VDR is required for the antiproliferative

activity of vitamin D analogs [31]. In a comparison of

seven human neuroblastoma cell lines using real time PCR,

SK-N-AS cells had the highest relative levels of VDR

expression, almost three orders of magnitude higher than

the cell line expressing the lowest amount of VDR (NGP).

These results are in agreement with the VDR protein

measurements in these cells presented by others [24]. In

addition, SK-N-AS cells are a good model for neurobas-

tomas, which have a gain of 17q and deletion of 1p, rep-

resenting one of the major aggressive genetic subtypes of

neuroblastoma [7]. We therefore used the SK-N-AS mouse

xenograft model in our in vivo studies.

In our studies, 1a-OH-D2 showed a very potent inhibi-

tory effect on tumor growth in this animal model of human

neuroblastoma. After 5 weeks of treatment, average tumor

volume in the animal model was almost 60% less than that

of the control groups. Statistically significant reductions in

SK-N-AS tumor growth were found at 0.15 lg and 0.30 lg

doses of 1a-OH-D2 (P = 0.0121 and P = 0.0209, respec-

tively). Drug treatment in these experiments commenced

5 days after inoculation of the tumor cells, when tumor size

is minimal. Therefore, these experiments suggest that 1a-

OH-D2 can prevent outgrowth of small tumors. Our studies

of 1a-OH-D2 in animal models of retinoblastoma show that

even after long-term treatment (up to 15 weeks), the anti-

tumor effect of the drug is maintained [19]. The SK-N-AS

subcutaneous xenograft model does not metastasize. Future

studies are planned, in which tumor cells are implanted at

the orthotopic site in the adrenal gland [35], to determine if

1a-OH-D2 can inhibit metastatic growth.

The toxicity of the 1a-OH-D2 doses in the present study

was relatively low, with no deaths in the high-dose range

(0.3 lg) and only one death in the low-dose range

(0.15 lg). On average, all three groups gained weight, al-

though there was significantly less weight gain in the

0.3 lg dose group. There was an elevation in serum cal-

cium in the groups treated with 1a-OH-D2. However,

kidney calcification at the end of the study was dose-

dependent and relatively uncommon in the low-dose range

(0.15 lg). Since better tumor inhibition was observed in

the lower (0.15 lg) dosage group, 1a-OH-D2 may be

equally or more effective at lower dosages. At the tested

dosages, the level of toxicity of 1a-OH-D2 seems minimal,

favoring its potential use in the treatment of neuroblas-

toma. It may be possible to extrapolate toxicity data

available from ongoing human trials to adjust dosing for

pediatric patients. The current study indicates that 1a-OH-

D2 is very potent in its antitumor effects yet much less

toxic than the previously tested vitamin D analog calcitriol

[36].

Calcitriol, the active metabolite of vitamin D3 with

antiproliferative properties similar to the principal active

metabolite of 1a-OH-D2, was used to determine its efficacy

in inhibiting cell lines representing two major

Table 2 Mortality, early euthanization, body weight change, and serum calcium in SK-N-AS neuroblastoma xenograft mice after 5 weeks of

treatment

Group Mortality No. euthanized due to No. with weight loss Mean Body Weight Change (%) Mean Serum Calcium (mg/dl)

tumor size# lethargy

Vehicle 0 2 0 0 +25.4 7.02 ± 0.26

0.15 lg 1 1 1 2 +22.7 11.35 ± 0.48 (p=0.0001)*

0.30 lg 0 3 0 1 +15.7 12.04 ± 0.46 (p=0.0001)*

*Significantly different from vehicle-treated control. There is no significant difference between the 0.15 lg and 0.3 lg treatment groups (p=0.30)
# The tumor size limit of 20 mm in any dimension is set forth by the University of Wisconsin Research Animals Resources Center

Table 3 Kidney calcification as

a measure of toxicity in SK-N-

AS neuroblastoma xenograft

mice after 5 weeks of treatment

Group Grade 0 Grade 1 Grade 2 Grade 3

Vehicle 20 0 0 0

0.15 lg 14 3 0 3

0.30 lg 8 9 0 3
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neuroblastoma subtypes, in vitro. Cell viability of NGP

cells, which have amplification of the N-myc gene in

addition to the gain of 17q and deletion of 1p, was com-

pared to SK-N-AS cells in response to calcitriol treatment.

Both SK-N-AS and NGP cells were sensitive to calcitriol,

resulting in a decrease in cell viability and suggesting that

vitamin D analogs are effective against different neuro-

blastoma subtypes [7].

Vitamin D analogs’ mechanism for decreased cell

viability in vitro and inhibition of tumor growth in vivo,

demonstrated in the current study, has not yet been

determined. Gumireddy et al. found that vitamin D

compounds decrease cell proliferation in neuroblastoma

cells [24]. In that study, down-regulation of c-myc and

N-myc expression was found in SK-N-AS and NGP

cells, respectively. In addition, expression and phosphory-

lation status of key cell cycle regulators were altered, sug-

gesting that vitamin D mediates antiproliferative effects by

regulating key growth control networks involving myc, Id2,

and pRB in these cells. Although a number of studies have

also found that vitamin D analogs can inhibit proliferation

by inducing differentiation in neuroblastoma cell lines [37,

38], this was not apparent in the SK-N-AS tumors in this

study, based on histopathology.

We have previously found that 1a-OH-D2 induces

apoptosis in retinoblastoma cells in vitro and in vivo

through up-regulation of p53 and p21 [39]. In addition,

studies in neuroblastoma cells have also shown activation

of caspase 3 and induction of apoptosis in response to

vitamin D analogs [24]. Therefore, cell viability may de-

crease both as a result of a decrease in cell proliferation as

well as an increase in cell death in neuroblastoma cells.

Recently, we have shown that calcitriol is a potent

inhibitor of angiogenesis by inhibiting capillary morpho-

genesis [40]. Others have shown that calcitriol inhibits

proliferation and induces apoptosis of tumor-derived

endothelial cells [41–43]. Since tumor angiogenesis is

critical for tumors to grow beyond a few millimeters,

inhibition of new blood vessel ingrowth by vitamin D

analogs may contribute to the inhibition of neuroblastoma

growth in the SK-N-AS animal model. Further studies will

be necessary to determine the exact mechanisms by

which 1a-OH-D2 inhibits the growth of neuroblastoma

tumors.

A rational cellular target for mediating the effects of

1a-OH-D2 would be VDR. Zinser et al. [31] reported that

VDR is required for the antiproliferative activity of

vitamin D analogs. However, others have found that

overexpression of VDR in a low expressing cell line did

not result in increased sensitivity to vitamin D, even

though a vitamin D target gene, CYP24, was activated

[44]. The current data also suggests that relative VDR

expression levels may not correlate with the sensitivity of

the neuroblastoma tumor cells to vitamin D, since both

NGP and SK-N-AS cells respond similarly to calcitriol

treatment in vitro even though VDR expression levels

differ by almost three orders of magnitude. Therefore,

levels of VDR alone may not be indicative of the sen-

sitivity of cells to vitamin D analogs. VDR signaling may

involve additional epigenetic components that could dif-

fer among the cell lines to regulate the extent of the

response, including a number of coregulators, the degree

of silencing, and the sensitivity of the cell line to pro-

liferative drive [45].

In summary, the present study demonstrates potent an-

tiproliferative activity of 1a-OH-D2 against neuroblastoma

tumors with relatively low toxicity in an in vivo model of

the disease. The data suggest that 1a-OH-D2 may have

significant utility in the treatment of neuroblastoma. Given

that its safety has already been established in adult patients,

clinical trials to evaluate the safety and effectiveness of 1a-

OH-D2 in high-risk pediatric patients with neuroblastoma

should be in order.
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Fig. 2 Resveratrol decreases cell viability of neuroblastoma cell

lines. Cell viability of SK-N-AS (A) and NGP (B) cells was measured

as a function of calcitriol concentration and time after drug addition

and plotted as relative fluorescence units (Rfu). Each experiment was

performed in triplicate
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