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Studies in children treated with chemotherapy suggest that
chemotherapeutic agents have deleterious effects on bone me-
tabolism. We therefore evaluated the in vitro effects of clini-
cally relevant concentrations of chemotherapeutic agents on
the synthesis of type I collagen, alkaline phosphatase (AP)
activity, and mineralization by primary human osteoblast-
like (HOB) cells derived from children. Because serum 1,25-
dihydroxyvitamin D; concentrations may be reduced during
treatment with chemotherapy, the effect of chemotherapeutic
agents on HOB cells cultured in the presence or absence of
1,25-dihydroxyvitamin D; was also evaluated.

Type I collagen synthesis was reduced by all agents (P <
0.01) other than methotrexate, whereas the relative AP activ-

ity was increased (P < 0.01) by all agents. The relative number
of cells staining intensely for AP after culture with agents
increased (P < 0.05), and AP mRNA expression was increased
(P < 0.01) with vineristine. 1,25-Dihydroxyvitamin D; amelio-
rated (P < 0.01) the depletion of HOB cell numbers by che-
motherapeutic agents. Furthermore, vincristine and dauno-
rubicin inhibited 1,25-dihydroxyvitamin Dj-mediated AP
activity (P < 0.01).

We conclude that chemotherapeutic agents can adversely
affect HOB cell function, and we speculate that this observa-
tion may account, in part, for the osteopenia observed during
and after treatment of children with chemotherapy. (J Clin
Endocrinol Metab 88: 6088-6097, 2003)

OSTEOPENIA IS A complication that may occur during

treatment with chemotherapy for childhood malig-
nancy. Although the etiology is likely to be multifactorial,
clinical studies suggest that chemotherapeutic agents have
deleterious effects on bone metabolism (1-5). Furthermore,
the suppression of serum markers of bone formation, such as
type I collagen and bone alkaline phosphatase (AP), that
occurs immediately after the administration of chemother-
apeutic agents suggests a direct adverse effect on osteoblasts
in vivo (6-8). In support of these findings, we have recently
demonstrated that clinically relevant concentrations of var-
ious chemotherapeutic agents reduced human osteoblast-
like (HOB) cell numbers in vitro and that this effect prefer-
entially occurred in less differentiated osteoblast phenotypes
(9, 10).

The process of normal bone formation involves not only
adequate osteoblast numbers but also competent osteoblast
function, including the synthesis of type I collagen and AP,
and mineralization of an extracellular matrix. Defective bone
formation may occur by impairment of these processes, even
in the absence of a reduction in osteoblast numbers (11-13).
Altered mineral metabolism may also predispose to osteope-
nia during treatment with chemotherapy (4). One contrib-
uting factor may be abnormal vitamin D homeostasis, e.g.
some have shown that 1,25-dihydroxyvitamin D; concentra-
tions may be subnormal in children receiving chemotherapy,
although the mechanism is unclear (1, 4).

Children are given combinations of chemotherapeutic

Abbreviations: AP, Alkaline phosphatase; CICP, C-terminal propep-
tide of type I collagen; HOB, human osteoblast-like.

agents during treatment, making it impossible to determine
from clinical studies the effect of each agent on osteoblasts.
To date, in vitro studies have evaluated the effects of meth-
otrexate and glucocorticoids on HOB cells, but there are little
data available concerning the effects of the other chemother-
apeutic agents on HOB cell function. We have therefore
evaluated the effect of several chemotherapeutic agents on
type I collagen and AP synthesis, and also mineralizing abil-
ity in primary HOB cells derived from children. Because a
reduction in serum 1,25-dihydroxyvitamin D; concentration
may occur during treatment, we have also assessed whether
the presence of 1,25-dihydroxyvitamin D3, a potent inducer
of osteoblast differentiation, modulates the effects of che-
motherapeutic agents on HOB cells.

Materials and Methods
Primary HOB cell culture

Ethical approval for collection of clinical samples was granted by Bro
Taf Local Research Ethics Committee, Cardiff, UK. Specimens of bone
were obtained from children undergoing elective orthopedic proce-
dures. The patients underwent femoral osteotomies for Perthes’ disease
(4-yr-old boy and 6-yr-old girl) and fracture malunion (13-yr-old boy),
whereby nondiseased (normal) bone was removed to correct the defor-
mity of the underlying condition. These children were free from ma-
lignancy and other diseases with systemic effects likely to have adverse
effects on bone physiology. HOB cells were isolated and cultured from
bone explants as described previously (9, 14, 15). Briefly, bone was
dissected into 0.2- to 0.5-cm pieces and washed extensively in PBS to
remove bone marrow cells. The bone was placed in 24-well plates and
cultured at 37 C in a humidified atmosphere of 5% CO,-95% air in
standard medium that constituted a-MEM (Invitrogen Ltd., Paisley, UK)
supplemented with penicillin (100 U/ml), streptomycin (100 pg/ml),
fungizone (250 pg/ml), 10% fetal calf serum, and 25 mm HEPES. Only
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cells from passage 3 or less were used for analysis. HOB cells were
characterized for the expression of type I collagen, AP, osteocalcin, and
Cbfal as described previously (9).

Chemotherapeutic agents

The chemotherapeutic agents used were representative of those used
for the treatment of childhood malignancy and were chosen for their
contrasting mechanisms of action. Methotrexate inhibits DNA synthesis
by inhibition of dihydrofolate reductase. Etoposide induces strand
breaks in DNA by inhibiting topoisomerase II, an enzyme that effects
cleavage and resealing of the phosphodiester backbone of DNA. Vin-
cristine inhibits cell division by interfering with microtubule assembly
and induces a metaphase arrest. Daunorubicin inhibits DNA replication
and transcription by intercalating with DNA and by the generation of
free radicals. Asparaginase reduces protein synthesis in proliferating
cells by reducing L-asparagine availability. The concentration of each
agent used in the experiments below was determined from the available
data concerning serum concentrations obtained from children receiving
chemotherapy. The following concentrations were used throughout the
study: 0.1 um methotrexate, 10 um etoposide, 0.1 um vincristine, 0.1 um
daunorubicin, and 0.5 U/ml asparaginase (16-20). All of the chemo-
therapeutic agents used were freshly prepared for in vitro experiments
by serial dilution in media.

Effect of chemotherapeutic agents on type I collagen
synthesis by HOB cells

A total of 90 X 10° cells per well were seeded in six-well plates and
allowed to settle for 24 h. The cells were cultured with either metho-
trexate, vincristine, etoposide, daunorubicin, or asparaginase for 72 h,
after which the agent was removed and the cultures replenished with
standard media for 24 h. Asparaginase, a known protein synthesis in-
hibitor, was included to make a comparison with the other agents. The
supernatant was collected from each well, and C-terminal propeptide of
type I collagen (CICP) was quantified using an EIA (PROLAGEN-C,
Metra Biosystems, Oxon, UK) and measuring the absorbance at 405 nm
by a SpectraCount Microplate Photometer (Canberra-Packard Ltd.,
Berks, UK). CICP is a biochemical indicator of type I collagen synthesis,
and the assay measures both cleaved and uncleaved CICP. The amount
of cell protein was determined from each corresponding well using a
Bio-Rad protein assay (Bio-Rad Laboratories Ltd., Hertfordshire, UK).
Six replicate wells were used for each agent, and each experiment was
performed on two separate occasions. The results are expressed as CICP
synthesis in the presence of a chemotherapeutic agent (nanograms of
CICP per milligram of cell protein) as a percentage of control.

Effect of chemotherapeutic agents on AP activity in
HOB cells

Cells were seeded into 96-well plates at a density of 3 X 10° cells per
well and allowed to settle for 24 h. For each experiment, a duplicate plate
was set up to assay for cell numbers. The HOB cells were then cultured
with a chemotherapeutic agent for 72 h, after which the AP activity and
cell numbers were evaluated. AP activity was evaluated using reagents
that together comprise the 104-LL Sigma Diagnostic Kit (Sigma-Aldrich
Co. Ltd., Dorset) as described previously (9). Briefly, cells were washed
with PBS, and 50 ul of a 1:1 mixture of 4 mg/ml para-nitrophenyl
phosphate and the alkaline buffer 2-amino-2-methyl-1-propanol (1.5 M,
pH 10.3) was added. After incubation at room temperature, the absor-
bance of the developing yellow color was read at 20, 30, 40, and 50 min
on a SpectraCount Microplate Photometer (Canberra-Packard Ltd.) at
405 nm. The change of absorbance per hour was calculated for each well.
These rates were adjusted for differences in cell numbers between
treatments.

Cell numbers were measured using a CellTiter96 Non-Radioactive
Cell Proliferation assay (Promega, Southampton, UK) (9, 21, 22). This
method compares favorably with [*H]-thymidine incorporation and
direct cell counting for quantification of cell numbers (23, 24). After
washing in PBS, cells were incubated for 2 h at 37 C with 120 ul of a
2-mg/ml solution of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium and phenazine methosulfate
in phenol-red-free DMEM (Invitrogen Ltd.) according to the manufac-
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turer’s instructions. The resulting OD was measured at 490 nm on a
SpectraCount Microplate Photometer (Canberra-Packard Ltd.). Twenty-
four replicate wells were used for each agent, and each experiment was
performed on two separate occasions. Results are expressed as AP ac-
tivity in the presence of a chemotherapeutic agent (AP activity per cell
number) as a percentage of control.

Effect of chemotherapeutic agents on numbers of AP-positive
stained cells in a HOB cell population

Because there is variable expression of AP by HOB cells within a cell
population (25), we examined the effect of culture with a chemothera-
peutic agent on the numbers of AP-positive cells in a HOB cell popu-
lation. Cells were aliquoted onto sterile coverslips, cultured with either
vincristine or etoposide for 72 h, and then fixed using formal saline. The
cells were stained using nitroblue tetrazolium/5 bromo-4-chloro-3-
indolylphosphate (Sigma-Aldrich Co. Ltd., Poole, UK), for 16 h at room
temperature, after which any excess stain was removed (26). Cells were
counted in random microscopic fields using image analyzer software
(Image proplus 3, MediaCybernetics, DataCell, Finchampstead, UK)
interfaced with a color camera (JVC TK1070E, JVC Professional, London
UK) mounted on a microscope (Olympus BH2, Olympus Optical Co.
Ltd., London, UK). Cells were counted and graded according to their
intensity of staining: grade I, uniformly lightly stained cells; grade II,
patchy stained cells; grade III, darkly stained cells with nucleus distinct;
grade IV, uniformly darkly stained cells with nucleus not distinct. The
number of AP stained cells was expressed as a percentage of the total
cell number.

Effect of chemotherapeutic agents on AP mRNA expression
in HOB cells

Cells were seeded into six-well plates at a density of 90 X 10° cells per
well, and three wells were assigned to each treatment. A chemothera-
peutic agent was added after 24 h, and total RNA was extracted after 72 h
using the Purescript RNA isolation kit (Flowgen, Leicestershire, UK).
RT-PCR was then performed using standard techniques and specific
B-actin and AP primers (B-actin, 5'-AGCCATGTACGTTGCTA-3’, 5'-
AGTCCGCCTAGAAGCA-3'; AP, 5'-ACGTGGCTAAGAATGTCATC-
3',5'-CTGGTAGGCGATGTCCTTA-3') (27). cDNA was prepared using
1 ug RNA in a 20-ul reaction and a Reverse Transcription Kit System
(Promega). Reaction times were 1 h at 42 C.

Semiquantitative RT-PCR

Aliquots (1 ul) of the total cDNA were amplified in each PCR in a
20-ul reaction mixture that contained PCR buffer (1 mm Tris pH 9.0,
0.01% Triton X-1000, 5 mm KCl), 10 pmol of each AP primer and 0.7-0.9
pmol of each B-actin primer, deoxycytidine triphosphate, deoxy-GTP,
deoxy-ATP, and thymidine 5'-triphosphate (each at 0.2 mm), 1.5 mm
MgCl,, and 0.5 U of Taq polymerase (Promega). Amplifications were
performed in a 480 DNA Thermal Cycler (Applied Biosystems, Cheshire,
UK) for 20-30 cycles, after an initial denaturation at 94 C for 2 min. The
number of cycles used was determined by preliminary studies to in-
vestigate the number of cycles needed for both the B-actin and AP
products to be on the linear part of the reaction. The reaction profile was
94 C for 30 sec, 55 C for 2 min, and 72 C for 2 min.

Reaction products were analyzed by electrophoresis of the 20-ul
sample in TBE (90 mm Tris pH 8.3, 90 mm boric acid, 2.5 mm EDTA)
buffer and 1.5% agarose gels. The amplified DNA fragments were vi-
sualized by ethidium bromide staining and quantified using a densi-
tometer (Model GS69, Bio-Rad Laboratories Ltd.). The quantitative dif-
ferences in AP amplification between cDNA samples were calculated
after normalizing for the amplification in the corresponding B-actin PCR
product. Experiments were performed in triplicate, and the results are
expressed as a ratio of the density of the AP band to that of the B-actin
band in the presence of a chemotherapeutic agent and compared with
control.

Effect on in vitro mineralization after exposure of HOB cells
to individual chemotherapeutic agents

To promote mineralization in vitro, cells were cultured in standard
medium (as above) supplemented with 0.1 um dexamethasone (Sigma-
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Aldrich Co. Ltd.), 10 mm B-glycerophosphate (Sigma-Aldrich Co. Ltd.),
and 0.2 um L-ascorbic acid-2-phosphate (Sigma-Aldrich Co. Ltd.). HOB
cells were seeded into six-well plates at a cell density of 90 X 10° cells
per well. After 24 h, individual chemotherapeutic agents were added to
the cultures for 72 h and then removed. The mineralizing medium was
changed twice weekly; and once there was evidence of mineralization
in the control cultures, the medium was removed and cultures stained
with alizarin Red-S as described previously (28). Alizarin Red-S selec-
tively binds to and stains calcium salts. The amount of staining was
quantified using image analyzer software (Image proplus 3, MediaCy-
bernetics, DataCell). To adjust for the changes in the amount of staining
occurring as a result of changes in cell numbers, a duplicate experiment
was performed to assay cell protein using the Bio-Rad protein assay
(Bio-Rad Laboratories Ltd.). Three replicate wells were used for each
agent, and each experiment was performed on two separate occasions.
Results were expressed as a percentage of control and adjusted for the
changes in cell numbers.

Effect of preincubation with 1,25-dihydroxyvitamin D,
followed by co-incubation with a chemotherapeutic agent
and 1,25-dihydroxyvitamin D5, on HOB cell numbers

Cells were seeded in 96-well plates at a density of 3 X 10° cells per
well and cultured in the presence of 0.1 nm 1,25-dihydroxyvitamin Dy
(Sigma-Aldrich Co. Ltd.) for 72 h. The medium was changed, and a
chemotherapeutic agent and 1,25-dihydroxyvitamin D; were added to
the cultures for a further 72 h, after which cell numbers were evaluated.
The same study protocol was used for control cultures but without the
addition of 1,25-dihydroxyvitamin D; at any time. Cell numbers were
determined, as described previously, using the CellTiter96 Non-Radio-
active Cell Proliferation assay (Promega). Twenty-four replicate wells
were used for each chemotherapeutic agent, and each experiment was
performed on two separate occasions.

Effect of 1,25-dihydroxyvitamin D4 on AP activity in HOB
cells previously exposed to chemotherapy

Cells were seeded at 3 X 10° cells per well in 96-well plates and
allowed to settle for 24 h. A chemotherapeutic agent was added to the
cultures for 72 h and then removed. Chemotherapeutic agents were not
added to the control cultures; 1,25-dihydroxyvitamin D, (0.1 nm) was
added to the cultures, including control cultures, for a further 72 h. AP
activity was then evaluated as above, and results were corrected for
changes in cell numbers using the CellTiter9% Non-Radioactive Cell
Proliferation assay (Promega) and expressed as a percentage of control
values. Twenty-four replicate wells were used for each chemotherapeu-
tic agent, and each experiment was performed on two separate
occasions.

Statistics

The data were analyzed by comparing means, using the Student’s
unpaired ¢ test. Differences were considered to be significant when P =
0.05, and data are presented as the mean * SEM.

Results

Effect of chemotherapeutic agents on type I collagen
synthesis by HOB cells

CICP concentrations were reduced in the supernatant of
those wells in which HOB cells were cultured with either
vincristine, etoposide, daunorubicin, or asparaginase (P <
0.01) (Fig. 1A). These reductions were accompanied by a
reduction in cell number as reflected by the diminished cell
protein concentrations in the corresponding wells (Fig. 1B).
After adjustment for the changes in cell numbers, all agents
other than methotrexate reduced CICP synthesis (P < 0.01)
(Fig. 1C). Vincristine demonstrated the maximal ability to
reduce CICP synthesis to 51.2 = 3.7% of control values
(Fig. 1C).

Davies et al. ® Chemotherapy and Human Osteoblast-Like Cells

Effect of chemotherapeutic agents on AP activity in
HOB cells

All agents other than methotrexate reduced the AP activity
per well (P < 0.01) (Fig. 2A). This effect was greatest with
daunorubicin, which reduced AP activity to 57.6 = 0.1% of
control values. As in the previous experiment, the agents also
caused a reduction of cell numbers in the corresponding
wells (P < 0.01) (Fig. 2B). The AP activity was thus expressed
adjusted for the changes in HOB cell numbers and was
shown to be increased after exposure to the different agents
(P < 0.01) (Fig. 2C). This effect was greatest with vincristine,
which increased AP values to 185.9 * 5.3% of control values,
whereas methotrexate increased AP values to only 133.1 *
3.6% of control values (P < 0.01) (Fig. 2C).

Effect of chemotherapeutic agents on numbers of AP-positive
stained cells in a HOB cell population

The variable staining of AP within a HOB cell population
is shown in Fig. 3A. Vincristine and etoposide were chosen
for these studies because they demonstrated the greatest
increase in AP activity/cell number (Fig. 2C) and also be-
cause of their contrasting mechanisms of action. After culture
with either agent, the relative proportion of HOB cells stain-
ing intensely (i.e. grade III and grade IV HOB cells) for AP
increased when compared with the control cultures (P <
0.05). At the same time, the relative proportion of HOB cells
staining weakly (i.e. grade I and grade II cells) for AP was
reduced when compared with the control cultures (P < 0.05)
(Fig. 3B).

Effect of chemotherapeutic agents on AP mRNA expression
in HOB cells

The intraassay and interassay coefficients of variation for
the RT-PCR were 6.8% and 8.1%, respectively, for the con-
trols. HOB cell AP mRNA abundance was increased, when
compared with control, after exposure to vincristine (P <
0.01), whereas no increase was observed with methotrexate,
etoposide, or daunorubicin (Fig. 4).

Effect on in vitro mineralization after exposure of HOB cells
to individual chemotherapeutic agents

In vitro mineralization by HOB cells was reduced by vin-
cristine, etoposide, and daunorubicin (P < 0.01) but was
unaffected by culture with methotrexate (Fig. 5B). The effect
was greatest when HOB cells were cultured with daunoru-
bicin, such that mineralization was reduced to 5.2 *+ 1.4% of
control values (Fig. 5, A and B).

Effect of preincubation with 1,25-dihydroxyvitamin D,
followed by co-incubation with a chemotherapeutic agent
and 1,25-dihydroxyvitamin D5, on HOB cell numbers

Protection from drug cytotoxicity was demonstrated with
all chemotherapeutic agents tested after culture of HOB cells
with 1,25-dihydroxyvitamin D; (Fig. 6). This modulation of
cytotoxicity was greatest with methotrexate. Methotrexate
alone reduced cell numbers to 40.1 = 1.7% of control values;
whereas when cells were cultured with 1,25-dihydroxyvita-
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Fic. 1. A-C, Effect of chemotherapeutic agents on CICP synthesis in HOB cells. Cells were cultured with each agent for 72 h, after which the
agent was removed, and CICP was quantified in the supernatant after the next 24 h. Changes in cell protein were determined at the same time
point. The y-axis shows values expressed as a percentage of control; A, y-axis = CICP/well (percent control); B, y-axis = cell protein/well (percent
control); C, y-axis = CICP/cell protein (percent control). Each point is the mean of six replicates, and error bars represent * SEM. *, P < 0.05

vs. control; ** P < 0.01 vs. control.

min Dj, cytotoxicity was attenuated, such that cell numbers
were reduced to only 61.2 = 2.1% of control (P < 0.01) (Fig. 6).

Effect of 1,25-dihydroxyvitamin D5 on AP activity in HOB
cells previously exposed to chemotherapy

The AP activity/cell number with 1,25-dihydroxyvitamin
D; was no different from control cultures in HOB cells pre-

viously cultured with either methotrexate or etoposide (Fig.
7). However, when HOB cells were cultured with 1,25-
dihydroxyvitamin D3, the AP activity/cell number was re-
duced when cells were previously exposed to either vincris-
tine or daunorubicin, with AP activity/cell number only
80.1 = 3.3% and 87.8 £ 3.1% of control values, respectively
(both P < 0.01) (Fig. 7).
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Fic. 2. A-C, Effect of chemotherapeutic agents on AP activity in HOB cells. Cells were cultured for 72 h with a chemotherapeutic agent, after
which changes in AP activity and cell numbers were determined. The y-axis shows values expressed as a percentage of control; A, y-axis = AP
activity/well (percent control); B, y-axis = cell number (percent control); C, y-axis = AP activity/cell number (percent control). Each point is
the mean of 24 replicates, and error bars represent = SEM. **, P < 0.01 vs. control.

Discussion

Because clinical studies demonstrate worsening of os-
teopenia during treatment of children with chemotherapy
(1-5), we have hypothesized that these agents contribute to
osteopenia by direct adverse effects on osteoblast function
and that these agents may impair the normal accretion of
skeletal mass in childhood.

Most of the agents tested caused a reduction in CICP
synthesis that was partly attributable to the diminished cell

numbers (Fig. 1, A and B). However, after adjusting for the
changes in cell number, all the agents other than methotrex-
ate reduced CICP synthesis (Fig. 1C). It is, therefore, likely
that these chemotherapeutic agents caused impaired colla-
gen biosynthesis in HOB cells. In fibroblasts for example,
daunorubicin has been shown to inhibit prolidase, an ex-
opeptidase that cleaves imidodipeptides containing C-
terminal proline, thus reducing the amount of proline avail-
able for collagen synthesis (29). Furthermore, in the same
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Fic. 3. A, Examination by light microscopy (X20 magnification) of a HOB cell population stained for AP using nitroblue tetrazolium/5
bromo-4-chloro-3-indolylphosphate. AP staining is indicated by blue staining. Grade I, Uniformly lightly stained cells; grade II, patchy stained
cells; grade III, darkly stained cells with nucleus distinct; grade IV, uniformly darkly stained cells with nucleus not distinct. B, Effect of
chemotherapeutic agents on AP-positive stained cells in a HOB cell population. Cells were cultured with a chemotherapeutic agent for 72 h
and then stained for AP. *, P < 0.05 vs. control.
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Fic. 4. Effect of chemotherapeutic agents on AP
mRNA expression in HOB cells. Cells were cultured
with each agent for 72 h, after which mRNA was ex-
tracted. The y-axis shows the ratio of the density of the
AP band to that of the B-actin band. Each point is the
mean ratio of three separate RT-PCRs, and error bars
represent = SEM. ¥¥ P < 0.01 vs. control.
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cells, this agent also inhibits prolyl hydroxylation by inhi-
bition of prolyl hydroxylase, which results in compromised
stability of the procollagen triple helix (30). Because the syn-
thesis of type I collagen by HOB cells during their prolifer-
ative phase is necessary for new bone matrix formation,
reduced synthesis may predispose to diminished bone
formation.

Studies of the effects of chemotherapeutic agents on AP
activity in osteoblasts have been conflicting and limited to
the effects of methotrexate. Some have shown a dose-depen-
dent reduction of cell numbers by methotrexate with no
effect on AP expression in human osteoblasts, whereas others
observed suppression of AP activity in murine osteoblastic
cells (31, 32). We have shown that agents other than meth-
otrexate caused a reduction in AP activity that was largely
attributable to the accompanying reduction in cell numbers
(Fig. 2, A and B). However, although the expression of AP by
HOB cells is a marker of a more differentiated osteoblast
phenotype, within HOB cell populations there is a variable
expression of AP, indicative of HOB cells at various stages of
maturation (25). Figure 2C shows that, after exposure to the
various agents, there was a relative increase in AP activity
after adjusting for the reduction in HOB cell numbers. Con-
sistent with this observation were the findings of a relative
increase in the proportion of HOB cells that stained intensely
for AP and an increase in AP mRNA after exposure to vin-
cristine (Figs. 3 and 4). Taken together, these data suggest
that chemotherapeutic agents have less adverse effects on the
more differentiated, less proliferative cells that are charac-
terized by high levels of AP activity; and agents may, there-
fore, selectively target the proliferating fraction of cells that
express reduced AP activity.

Another possible explanation may be that the relative in-
crease in AP activity was the consequence of chemotherapy-
induced cellular differentiation, as occurs in other cell phe-
notypes (33, 34). However, we found that, apart from
vincristine, the other agents did not increase AP mRNA
synthesis despite increases in AP activity, as measured by
biochemical and cytochemical analysis (Figs. 2-4). The ab-
sence of increased AP mRNA with the other agents may have
resulted from the limited sensitivity of semiquantitative RT-
PCR, because there was a trend to increased AP mRNA,

0.6
04 -
02 -

0

control

methotrexate vincristine etoposide  daunorubicin

although this did not reach significance (Fig. 4). A less likely
explanation may be that chemotherapeutic agents cause a
reduction in AP synthesis by interfering with transcriptional
mechanisms in the surviving cells (Fig. 4). Impaired AP syn-
thesis may predispose to osteopenia, because bone AP is
necessary for normal skeletal mineralization. Furthermore,
there was a reduction in mineralization after culture with
some chemotherapeutic agents, which may be the result of
impaired osteoblast function, such as from reduced type I
collagen and AP synthesis (Fig. 5). Although methotrexate
had no effect on in vitro mineralization, the culture conditions
may not have simulated the in vivo situation of weekly oral
methotrexate administration given, for example, during the
treatment of childhood acute lymphoblastic leukemia. More-
over, a reduction in mineralization and osteocalcin synthesis
has been demonstrated in murine osteoblasts given a more
prolonged exposure to this agent (35).

A reduction in serum 1,25-dihydroxyvitamin D; concen-
tration may occur in children receiving chemotherapy (1, 4).
This may contribute to the development of osteopenia, be-
cause 1,25-dihydroxyvitamin D; has anabolic effects on bone
and up-regulates AP activity in HOB cells. Consistent with
its known effects (14), 1,25-dihydroxyvitamin D, increased
AP activity/HOB cell number when compared with HOB
cells cultured in its absence (data not shown). We have dem-
onstrated that, in HOB cells cultured with a physiological
concentration of 1,25-dihydroxyvitamin D;, some chemo-
therapeutic agents caused a reduction in the AP activity/cell
number (Fig. 7). This hormone, however, ameliorated the
cytotoxic effects of chemotherapeutic agents on HOB cell
numbers (Fig. 6). This latter effect was observed with all
agents tested and was thus independent of their differing
mechanisms of action. How 1,25-dihydroxyvitamin D; me-
diates protection of HOB cells from cytotoxicity is unclear
and may involve antiproliferative effects or induction of
cellular differentiation, because more differentiated osteo-
blast phenotypes are more chemoresistant than immature
phenotypes (9, 36). Because chemotherapeutic agents may
promote cell loss by apoptosis in human osteoblasts (10, 37),
the protective effect of 1,25-dihydroxyvitamin D, on cell
numbers may occur by an antiapoptotic mechanism, a pro-
cess which has been demonstrated in human osteosarcoma
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Fic. 5. A, Representative photomicrograph demonstrating alizarin Red-S staining of in vitro mineralization by HOB cells when cultured with
daunorubicin, compared with control. Mineralization is indicated by staining red: i) staining of control cultures in one well of a standard six-well
plate; i1) examination of control cultures by light microscopy (X10 magnification); iii) staining of cultures previously treated with daunorubicin
in one well of a standard six-well plate; iv) examination of 3) by light microscopy (X10 magnification). B, In vitro mineralization after culture
of HOB cells with individual chemotherapeutic agents. The y-axis shows mineralization/cell protein expressed as a percentage of control values.
Error bars represent = SEM. ** P < 0.01 vs. control.
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Fic. 7. Effect of 1,25-dihydroxyvitamin D5 on AP activity/cell number in HOB cells previously exposed to chemotherapy. Cells were cultured
with a chemotherapeutic agent for 72 h, the agent was removed, and 1,25-dihydroxyvitamin D; was added to the cultures for a further 72 h,
after which AP activity was determined. The y-axis shows AP activity as a percentage of control and adjusted for the changes in cell numbers.
Each point is the mean of 24 replicates, and error bars represent *+ SEM. **, P < 0.01 vs. control.

cells (38). Furthermore, in osteoblasts, 1,25-dihydroxyvita-
min D; promotes the transcriptional activation of the cyclin-
dependent kinase inhibitor p21<'P*/WAF! which is a mediator
of growth arrest and differentiation (39). p21<'P*/WAF a]so
has an apoptosis inhibitory action in osteoblasts med-
iated by inhibition of stress-activated apoptosis signal-
regulating kinase 1 activity; thus, p21<P"/WAf yp-regulation
may have accounted, in part, for the protective effects dem-
onstrated (40, 41).

Our in vitro studies indicate that chemotherapeutic agents
can interfere with osteoblast function, impair osteoblast re-
sponsiveness to 1,25-dihydroxyvitamin D;, and cause ad-
verse effects on mineralization by osteoblasts. These obser-
vations, coupled with a reduction in osteoblast numbers,
may account for the suppression of serum markers of bone
formation in children receiving chemotherapy and contrib-
ute to the resultant osteopenia (2, 6, 7). Because 1,25-dihy-
droxyvitamin D; provided some protection from drug

cytotoxicity, optimizing patients” serum 1,25-dihydroxyvi-
tamin D; concentration during administration of chemother-
apy may have beneficial effects on bone. Although 1,25-
dihydroxyvitamin D; has a growth inhibitory effect on a
variety of different malignant cells in vitro, the effect of such
therapy on malignancy in vivo would require further inves-
tigation (42, 43).
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