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Introduction

Prostate cancer is the second leading cause of non-cutaneous can-
cer related deaths in men in the United States (www.cancer.org). 
Organ-confined prostate cancers are generally treated with sur-
gery and/or radiation, and residual disease is managed with 
systemic therapies.1-3 In cases of inoperable tumors, evidence 
of metastases or unresponsive to radiation, chemotherapy may 
be the only treatment option. The location, grade and type of 
tumor limit the effectiveness of therapy. Androgen ablation is 
the standard therapy for primary tumors and metastatic spread.4 
Unfortunately, most of the later patients will eventually develop 
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castration-refractory prostate tumor, for which there are no effec-
tive treatments.5

Advanced prostate cancers also do not respond well to cur-
rent treatment protocols, which include anti-cancer drug therapy, 
docetaxel and prednisolone,6 in combination with hormone abla-
tion and/or surgery. Conventional administration schedules of 
traditional chemotherapeutic (e.g., DNA-damaging or microtu-
bule inhibitors) agents at or near their maximum tolerated dose 
(MTD) is based on their selectivity for rapidly dividing cells.7,8 
The effectiveness of most chemotherapeutic agents is limited by 
the slow rate of tumor growth, non-target tissue toxicity, poor or 
heterogeneous intra-tumor distribution of drug and development 
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prostate cancer has been limited, in part, due to its low efficacy 
and high non-target toxicity.25,26 Currently Phase I and II trials 
of oral topotecan administered metronomically for the treatment 
of gynecologic and other solid tumors are ongoing to evaluate its 
safety and efficacy (trials: NCT00382733 and NCT00800345 at 
http://clinicaltrial.gov/); however, no studies exist assessing the 
effect of metronomic dosing of topotecan on prostate cancer.

Results

Topotecan exposure. The effect of conventional and metronomic 
administration of topotecan on prostate cancer cells were assessed 
by measurement of MTT and SRB absorbance after 24, 48 and 
72 h treatments. Cell lines (PC-3 and LNCaP) were seeded in 
96-well plates and allowed to attach for 24 h prior to media aspi-
ration and replacement with fresh media containing topotecan 
(0.04–10,000 nM). Metronomic dosing was simulated by aspi-
rating and replacing with fresh media and drug after 24 and 48 h. 
Metronomic exposure of PC-3 cells to topotecan resulted in sig-
nificant (p ≤ 0.05) time-dependent decreases in SRB and MTT 
staining as well as IC

50
 after 24, 48 and 72 h, compared with con-

ventional treatment (Table 1). A similar decrease in MTT and 
SRB staining, i.e., increased potency, was observed in LNCaP 
cells following metronomic dosing compared with conventional 
exposure (Table 1). Differences in IC

50
 values obtained from 

MTT and SRB staining are not unexpected as the time course 
of enzymatic (MTT) changes may not agree with total cellular 
protein (SRB).

Table 1 demonstrates that metronomic dosing with topotecan 
increased the potency (lowered the IC

50,
 by MTT and SRB) of 

topotecan significantly compared with conventional dosing in 
both LNCaP and PC-3 cells. In PC-3 cells, metronomic dosing 
decreased the IC

50
 8.6-fold (9.3 vs. 93.5 nM at 72 h by MTT) 

and 4.5-fold (17 vs. 76.3 nM at 72 h by SRB) in comparison to 
conventional dosing. Topotecan was more potent in LNCaP cells 
and metronomic dosing decreased the IC

50
 by 18-fold (1.4 vs.  

26 nM by MTT) and 2.4-fold (3.6 vs. 8.5 nM by SRB) after 72 h.
Morphological and nuclear assessment. PC-3 and LNCaP 

cells were exposed to metronomic and conventional dosing of 
topotecan at the calculated IC

50
 for each treatment regimen 

of drug resistance.6,9,10 Thus, effective chemotherapeutic strat-
egies for treating prostate cancer and other slow growing solid 
malignancies are needed.

Continuous or frequent low-dose administration (i.e., 
metronomic or fractionated dosing) of some chemothera-
peutic agents (e.g., trofosfamide, cyclophosphamide, metho-
trexate, capecitabine, docetaxel and paclitaxel) decreases tumor 
growth.7,11-14 In vitro studies using human endothelial cells (ECs), 
human umbilical vein endothelial cells (HUVEC) and the 
human dermal microvascular endothelial cells (HMVEC-d)15,16 
and in vivo studies show that metronomic dosing schedules 
inhibit tumor angiogenesis and decrease tumor vascular density 
and tumor growth.17-19 However, not all of the benefits of met-
ronomic dosing directly correlate to antiangiogenic activity. For 
example, a recent report showed that concurrent administration 
of metronomic dosing of cyclophosphamide and tirapazamine 
reduced gliosarcoma tumor size without impacting tumor vas-
culature.20 Although the mechanism(s) responsible for this activ-
ity are not fully known, developing dosing schedules that exploit 
both direct antitumor and antiangiogenic effects may improve 
treatment outcomes.

The objective of this study was to determine the antitumor 
effects of alternate dosing schedules of topotecan in prostate can-
cer. To accomplish this goal the effects of low doses of topotecan 
administered metronomically or infused continuously in the case 
of in vivo studies, were compared with the effects of topotecan 
administered using conventional protocols. A secondary objec-
tive of this study was to gain mechanistic insights into topote-
can’s cellular activity after both conventional and metronomic 
administration to support development of optimal dosing sched-
ules for in vivo testing.

Topotecan and other camptothecin derivatives, e.g., gimate-
can and irinotecan (CPT-11), exert antiangiogenic activity when 
administered frequently at low doses.15,21-23 Camptothecins are 
potent cell cycle dependent inhibitors of DNA synthesis that 
induce DNA double strands break through topoisomerase I inhi-
bition.24 Topotecan is a semi-synthetic water-soluble derivative 
of camptothecin. The US FDA has approved topotecan for the 
treatment of relapsed small cell lung cancer, metastatic carci-
noma of the ovary and carcinoma of the cervix. Topotecan use in 

Table 1. Effect of treatment and time of exposure on topotecan potency (IC50)

Time 
(hr)

Growth 
assay

PC-3 
(IC50 ± SEM)

LNCaP 
(IC50 ± SEM)

Conventional 
(nM)

Metronomic 
(nM)

Change 
(fold)

Conventional 
(nM)

Metronomic 
(nM)

Change 
(fold)

24
MTT 
SRB

228 ± 72 
662 ± 220

N.A. 
N.A.

N.A. 
N.A.

58.3 ± 10.6 
49.5 ± 25.6

N.A. 
N.A.

N.A. 
N.A.

48
MTT 
SRB

132 ± 14.3 
414 ± 135

45.6 ± 6.9* 
28.5 ± 15.2

2.9 
14.5

24.7 ± 4.3 
20.3 ± 7.3

5.45 ± 0.75* 
10.0 ± 3.4

4.5 
2.0

72
MTT 
SRB

93.5 ± 28 
76.3 ± 9.07

9.30 ± 1.50* 
17.0 ± 2.7*

8.6 
4.5

26.0 ± 6.0 
8.50 ± 2.06

1.42 ± 0.23* 
3.61 ± 1.14*

18 
2.4

IC50 data are presented as mean ± SEM of at least three independent studies (n = 5/study). Values noted with (*) are significantly (p ≤ 0.05) different in  
comparison to conventional treatment.
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Assessment of p21 and p53 expression. Our previous studies 
in LNCaP and PC-3 cells using other lactone derivatives dem-
onstrated that G

2
/M arrest correlated with activation of p21, and 

that p21 could be activated in the absence of p53.28,29 Thus, we 
assessed the hypothesis that changes in cell cycle induced by met-
ronomic dosing regimens were mediated by p21 using immunob-
lot analysis. We also assessed p53 expression in LNCaP cells as 
these underwent a slight, but significant sub G

1
 arrest after 72 h, 

which can be mediated by p53. The expression of GAPDH was 
used as a loading control. An increase in p21 expression was 
detected following topotecan exposure in both cell lines (Fig. 4A 
and B) compared with untreated controls. Overall p21 expres-
sion was lower in PC-3 cells compared with LNCaP cells, which 
is consistent with our previous studies and the lack of p53 in 
PC-3 cells. Both conventional and metronomic treatment proto-
cols increased p21 expression in each cell lines. Increases in p21 
expression in PC-3 cells were lower than that in LNCaP cells, 
and were highest after 72 h exposure to metronomic schedules at 
both the metronomic and conventional IC

50
 (Fig. 4C and D). In 

contrast, increases in p21 expression were detected after 48 h in 

at 72 h and cellular morphology was assessed using 
phase-contrast microscopy. In agreement with SRB 
and MTT assays, micrographs of PC-3 and LNCaP 
cells exposed to both conventional and metronomic 
dosing regimens showed similar decreases in cell den-
sity compared with control cells (Fig. 1A). In both cell 
lines, conventional treatment schedule resulted in an 
increased number of detached cells and cellular debris, 
whereas there were fewer detached cells in metronomi-
cally treated groups. Assessment of nuclear morphol-
ogy, using DAPI staining, of attached cells did not 
suggest morphological changes indicative of apoptosis 
(nuclear fragmentation and chromatin condensation) 
(Fig. 1B).

Assessment of cell death. PC-3 and LNCAP cells 
were exposed to metronomic and conventional dosing 
of topotecan at the IC

50
 for each treatment regimen 

over 72 h followed by assessment of annexin V (marker 
of apoptosis) and PI (marker of necrosis) using flow 
cytometry (Fig. 2). Because conventional treatments 
induced significant cell detachment we assessed both 
attached and detached cells concurrently. Treatment of 
PC-3 cells with a conventional dose of topotecan (80 
nM) did not significantly increase the percent cells 
staining positive for annexin V alone after 72 h (Fig. 
2G), however, significant increases in cells staining 
positive for annexin V and PI were observed (Fig. 2H). 
Interestingly, metronomic dosing of PC-3 cells with 
topotecan (10 nM) significantly increased the percent 
cells staining positive for both annexin V and PI, sug-
gesting an increase in late apoptosis.

Treatment of LNCaP cells with a conventional dose 
of topotecan, 10 nM (Fig. 2G) significantly increased 
the percent of cells staining positive for annexin V 
alone (apoptotic cells) after 72 h, as well as increasing 
those staining positive for annexin V and PI (late apop-
tosis) (Fig. 2H). Metronomic (2 nM) dosing slightly increased 
the percent of LNCaP cells staining positive for annexin V alone, 
compared with control (Fig. 2G), as well as annexin V and PI 
(Fig. 2H), however neither differed significantly from control 
cells. The percent of PC-3 and LNCaP cells staining positive 
for PI alone in metronomic was not significantly different than 
those exposed to conventional dosing (Fig. 2A–F).

Cell cycle analysis. PC-3 cells were exposed to topotecan at 
the calculated IC

50
 for both treatment protocols. Treatment of 

PC-3 cells with topotecan at the conventional calculated IC
50

 
resulted in apparent G

2
/M arrest and cell death, (described above) 

in both cell lines; this is in agreement with topotecan effects on 
cell cycle in other cell lines.27 Treatment of PC-3 cells metronom-
ically at IC

50
 (10 nM) increased the percentage of cells in G

2
/M 

phase significantly (Fig. 3A–C), with a concomitant decrease in 
G

1
 population. An increase in the S phase was also observed, but 

this difference was not statistically significant. The only differ-
ences in cell cycle observed in LNCaP cells after conventional or 
metronomic dosing at any time point was a slight increase in sub 
G

1
 cells compared with control (Fig. 3D–F).

Figure 1. Effect of treatment on cellular and nuclear morphology. Cellular mor-
phology was assessed at the calculated 72 h IC50 of each treatment protocol, i.e.,  
80 nM conventional and 10 nM metronomic in PC-3 and 30 nM conventional and  
2 nM metronomic in LNCaP cells (A). Nuclear morphology of attached cells grown 
on coverslips and stained with DAPI was assessed using the treatment schedule 
above (B). Scale bars represent 50 μm for PC-3 and LNCaP cells.
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Figure 2. Effect of topotecan on PC-3 and LNCaP cell death. PC-3 cells were exposed to 10 nM topotecan using different protocols (conventional vs. 
metronomic) for 72 h and LNCaP cells were exposed in a similar fashion using 2 nM topotecan. Media containing fresh topotecan was changed daily to 
simulate metronomic dosing. After 72 h cells were harvested and stained with annexin-FITC and PI using flow cytometry. Representative plots of  
Annexin and PI staining of PC-3 (A–C) and LNCaP (D–F) are shown. (G) shows alterations in cells staining positive only for annexin V (apoptotic cells), 
while (H) shows cells staining positive for both annexin V and PI (late apoptosis). Data are presented as the mean ± SEM of three separate experiments 
(n = 5/study). Means noted with (*) are significantly (p ≤ 0.05) different in comparison to control and (#) from metronomic dosing.
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Figure 3. Effect of topotecan on PC-3 and LNCaP cell cycle. PC-3 cells (A–C) were exposed to 10 nM topotecan using different protocols (conventional 
vs. metronomic) for 24, 48 and 72 h and LNCaP cells (D–F) were exposed to 2 nM topotecan, respectively. Media containing fresh topotecan was 
changed daily to simulate metronomic dosing. At each time point, cells were harvested and stained with PI and cell cycle phases were assessed by 
flow cytometry. Data are presented as the mean ± SEM of three separate experiments (n = 5/study). Means noted with asterisk (*) are significantly  
(p ≤ 0.05) different in comparison to control.
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Topotecan in vivo tumor xenograft activity. A pilot study 
was completed to determine the effect of daily, intra-tumor met-
ronomic dosing of topotecan on tumor growth in vivo using a 
xenograft tumor model of human prostate cancer implanted 
in male (NCr) nude mice. Conventional dosing of topotecan  
(160 μg/kg) was performed weekly by direct intra-tumor injec-
tion, while metronomic dosing of topotecan (20 μg/kg) was 
performed by daily direct intra-tumor injection. As described 

LNCaP cells. A marked increase in p21 expression in cells exposed 
to metronomic treatments vs. conventional treatment was also 
observed. A significant (p < 0.05) increase in p21 expression in 
cells exposed to metronomic treatments vs. untreated controls was 
observed (Fig. 4C). No increases in p53 expression were detected 
in LNCaP cells under any condition tested (data not shown). The 
expression of p53 in PC-3 cells was not studied, as these cells are 
known to be, and were experimentally determined to be, p53 null.

Figure 4. Effect of topotecan on p21 expression. (A) LNCaP and (B) PC-3 cells were exposed to topotecan at the calculated IC50 of each treatment pro-
tocol (conventional vs. metronomic) for 72 h and p21 expression was determined by immunoblot analysis. The expression of glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH) is shown as a loading control. (C and D) show the densitometry for p21 expression normalized to GAPDH for (C) LNCaP 
and (D) PC-3 cells. Data in (C and D) are presented as the mean ± SEM of four separate experiments. Means noted with asterisk (*) are significantly (p ≤ 
0.05) different in comparison to control.

Figure 5 (See opposite page). Effect of topotecan dosing schedules on tumor volume in a PC-3 xenograft model. Six to seven week old NCr nude 
mice (four to five per group) were implanted subcutaneously with PC-3 cells and treated using direct intra-tumor injections, continuous infusion or 
conventional I.V. of topotecan or control. (A) Tumor volume were determine following direct intra-tumor injections of topotecan following a con-
ventional schedule (160 mg/kg/week x 5, represented by diamonds on x-axis) or a metronomic schedule (20 mg/kg/day x 30, represented by squares 
along x-axis). A significant (p ≤ 0.05) reduction in tumor volume was observed following metronomic exposure of topotecan vs. untreated control and 
conventional treatments. In a separate study, (B) tumor volume were determine following topotecan administered continuously using subcutaneously 
implanted ALZET® micro-osmotic pumps (at doses of 2.45, 0.10 and 0.0 (vehicle control) mg/kg/day, (continuous exposure of topotecan is represented 
by a solid line along x-axis) compared with I.V. injection at 4 mg/kg q4d x 4, represented by diamonds on x-axis) or control (normal saline). A significant 
(p ≤ 0.05) reduction in tumor volume was observed following continuous exposure of topotecan at 2.45 and 0.10 mg/kg/day vs. ALZET® control and 
conventional treatments. Data for both studies are presented as the mean ± SEM (n = 4 to 5). Means noted with (*) are significantly (p ≤ 0.05) different 
in comparison to controls and (#) are significantly (p ≤ 0.05) different in comparison to conventional treatment. (C) The effect of topotecan dosing on 
tumor vascular (arrowhead) using Factor VIII staining was also determined from samples obtained from the Alzet study; topotecan conventional I.V. 
administration at 4.0 (C1) and administered continuously using ALZET® micro-osmotic pumps at 2.45 (C2), 0.10 (C3) and 0.0 (C4) vehicle control, mg/kg/
day (scale bars = 100 μm). No appreciable differences in vascular density, as indicated by Factor VIII staining were observed. q4d-every 4 d.



www.landesbioscience.com	 Cancer Biology & Therapy	 413

examining the effect of intra-cerebral administration of topote-
can for the treatment of brain tumors.30 After 17 d of treatment, 
animals subjected to metronomic dosing with topotecan had a 

previously, the metronomic dose was based on calculated IC
50

 
for each dosing schedule and assumption of a tumor volume 
of 1 mm3 and the conventional dose based on a previous study 

Figure 5. For figure legend, see page 412.
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in experimental Wilms tumor.31 Data reported in this study 
advances previous work by suggesting the novel finding that 
metronomic dosing increases the efficacy of topotecan in models 
of human prostate cancer. Furthermore this study suggests that 
the mechanisms of these events correlate to changes in cell cycle, 
expression of p21 and annexin V and PI staining, but did not 
appear to be mediated by alterations tumor vascularization.

Understanding the effect of metronomic low-dose exposure 
on the activity of topotecan against cancer cells can be used as a 
guide to optimize dosing regimens of topotecan and to enhance 
the activity of topotecan on angiogenesis and directly on tumor 
parenchyma. To understand differences in drug activity against 
different prostate cancer stages, we used two types of prostate 
cancer cell lines, LNCaP and PC-3. LNCaP cells demonstrate 
the characteristics of prostate cancer in early stages of malig-
nancy and were used to evaluate the potential role of topotecan 
metronomic schedule in the treatment of early stage of prostate 
cancer.32 In contrast, PC-3 cells were used to evaluate changes 
associated with different topotecan dosing regimens on advanced 
prostatic cancer.33 Data reported above suggest that metronomic 
dosing schedules increased the efficacy of topotecan in both local 
and advanced prostate cancer and may be effective at treating 
metastatic spread. The fact that metronomic dosing increased the 
efficacy of topotecan in both LNCaP and PC-3 cells suggests 
that metronomic dosing increases efficacy using mechanisms 
that are independent of androgen-signaling and p53 status.

The primary mechanism of cell death induced by conventional 
dosing of topotecan in LNCaP cells appears to be apoptotic as 
evidence by the increase in attached and detached cells staining 
positive for annexin V only. An increase in cells staining positive 
for annexin V and PI after 72 h is likely the result of cells pro-
gressing to late apoptosis. Metronomic dosing resulted in a slight 
increase in cells staining positive for annexin V and annexin V 
and PI compared with control cells, but this was not significantly 
different. These data suggest that following conventional dosing 
cells die through apoptosis, in agreement with known mecha-
nism of topotecan.27 The decrease in apoptosis in LNCaP cells 
exposed to metronomic doses may be mediated by a decrease in 
the rate of cell death or induction of cytostasis. In contrast to 
LNCaP cells, there was a decrease in annexin V staining in PC-3 
cells following conventional and metronomic (p ≤ 0.05) treat-
ment. The increase in late apoptosis, in the absence of necrosis, 
supports the hypothesis that topotecan is inducing apoptosis in 
PC-3 cells after both conventional and metronomic treatments. 
In contrast to LNCaP cells, metronomic dosing of topotecan 
did not decrease cell death. Reasons for these differences are not 
known, but these data suggests that there are schedule dependent 
differences in the antitumor effects of topotecan in LNCaP and 
PC-3 cells. Further, the differences may be related to differences 
in gene expression of p53 in LNCaP, but not PC-3 cells.

The tumor suppressor protein p53 and the cell cycle inhibitor 
protein p21 can mediate cell death.34,35 Activation of p53 typi-
cally induces cell death and cell cycle arrest.36 p53 can induce p21 
during renal cell injury, but p21 can also be activated indepen-
dently of p53.37 The mechanisms of p53-meidated activation of 
p21 are under study, but may involve increases in transcription. 

significantly (p ≤ 0.05) smaller tumor volume (65.4% ± 11.2) 
compared with control animals (136% ± 14) and those treated 
conventionally (138% ± 10) (Fig. 5A). At the conclusion of the 
study animals subjected to the metronomic dosing regimens of 
topotecan had significantly (p ≤ 0.05) smaller tumor volumes 
(54.8% ± 16.5) than animals receiving conventional dosing 
(144% ± 11) or the control group (207% ± 26). No signifi-
cant differences in animal weights were observed during treat-
ment (data not shown). Histopathological examination revealed 
treatment mediated differences between control and treatment 
groups. Control (Fig. 6A and B) and animals treated convention-
ally (Fig. 6C and D) had larger tumors and evidence of necro-
sis, regions of hypereosinophilia and loss of tissue architecture, 
compared with metronomically (Fig. 6E and F) dosed groups. 
Animals treated metronomically had tumors that were smaller in 
size with no evidence of necrosis.

The effect of low-dose systemic exposure of topotecan com-
pared with conventional I.V. administration on tumor volume, 
animal weight and tumor vascular staining was determined flow-
ing implantation of ALZET® micro-osmotic pumps in nude 
mice after tumors xenografts reached 200–300 mm3. ALZET® 
pumps were primed to delivery 2.45 mg/kg/day to achieve 
plasma concentrations at the experimentally determined IC

50
, 

i.e., 4–5 ng/mL and 0.10 mg/kg/day (4% the IC
50

 concentra-
tion), as described in methods. After 21 d of treatment, ani-
mals implanted with 2.45 and 0.1 mg/kg/day topotecan had 
significantly (p ≤ 0.05) smaller tumor volumes compared with 
ALZET® control animals (Fig. 5B). No significant differences 
were detected between animals treated I.V. conventionally with 
topotecan and the control groups, and between conventional and 
ALZET® control groups. No significant differences in animal 
weights were observed between each treatment group (data not 
shown). Tumors were harvested at the completion of the study 
and the vascular was stained for factor VIII (von Williebrand 
factor). There was strong, but no appreciable differences in tumor 
vascular staining in all treatment groups, as determined by a 
pathologist blinded to tissue identify (Fig. 5C). In all treatment 
groups there was also no evidence of apoptosis in tumor sections 
as assessed by TUNEL staining (Fig. S1). This is not unexpected 
as tissues were harvested 3–7 d after the last dose and evidence of 
cells undergoing apoptosis can be cleared rapidly in vivo.

Discussion

Treatment options for prostate cancers are limited and no effec-
tive chemotherapy for advanced prostatic cancer (castration resis-
tant) is available. The use of conventional high dose topotecan 
for the treatment of prostate cancer clinically is limited due to 
its low efficacy and high incidence of side effects.25 Thus, we 
hypothesized that low-dose continuous administration of topo-
tecan may be used to achieve comparable or increased potency 
compared with conventional high-dose drug schedules. This 
hypothesis is supported by metronomic dosing studies in normal 
human endothelial cells in vitro and in vivo studies using mouse 
corneal revascularization models.21,22 Further, topotecan sig-
nificantly inhibited tumor growth following low-dose exposure 
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Figure 6. Representative histological images of mouse PC-3 tumor xenografts treated with different dosing regimens of topotecan and stained 
with hematoxylin and eosin (H&E). When tumors reached 400 mm3 mice were treated with intra-tumor injections of topotecan 20 μg/kg/day x 30 
(metronomic) or 160 μg/kg/week x 5 (conventional dosing); control groups received no treatment. Micrographs of representative tumor sections at 
low [20x, (A, C and E) scale bars = 500 μm] and high [100x, (B, D and F) scale bars = 100 μm] magnification were examined 3 d after the last treatment. 
(A) Control tumors had large areas of necrosis within the tumor. (B) The necrotic area (NECR) is clearly distinct from the viable tissue and characterized 
by hypereosinophilia and loss of tissue architecture. (C and D) Conventionally treated tumors had evidence of necrosis. Note the necrotic area in the 
center of the image characterized by hypereosinophilia and loss of tissue architecture. (E and F) Metronomically treated tumors had no appreciable 
necrosis visible within the tumor. Metronomically treated tumor cells were arranged in haphazard fashion (including looser arrangement on the right 
side of the image), but with no evidence of necrosis.
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tumor growth. However, the antitumor activity of topotecan 
administered at lower doses daily injection or continuous low-
dose exposure was highly efficacious and appeared to have no 
statistically significant effect on body weight, a gross measure 
of systemic toxicity or tumor vascular staining. We believe that 
these data are the first to demonstrate such a finding in prostate 
cancer for topotecan.

It is also interesting to note that histopathological analysis 
of tumors from animals treated with intra-tumor conventional, 
high-dose treatment, had evidence of necrosis compared with the 
groups treated following a metronomic schedule. According to the 
Gleason score, histopathological evidence of necrosis is correlated 
with increased tumor malignancy and poor prognosis resulting 
from the rapid growth of tumor and poor diffusions of nutrients 
and removal of waste products.42 Cells treated metronomically 
showed no evidence of necrosis compared with control and con-
ventional treatment groups. This further suggests that metro-
nomic dosing alters tumor growth phenotype and decreases its 
malignancy compared with control and conventional treatment.

Data reported herein show that metronomic dosing or con-
tinuous low-dose infusions increase the efficacy of topotecan 
both in vitro and in vivo. These results support existing preclini-
cal and clinical studies that have shown metronomic dosing of 
topotecan orally in non-prostate cancer models increases efficacy 
and is well tolerated with lower side effects compared with con-
ventional administration.43 However, to our knowledge, this is 
first time metronomic dosing of topotecan has been shown to 
increase efficacy against prostate cancer cells in vitro and an in 
vivo model. These data suggest that frequent low-dose adminis-
tration of topotecan may be useful for treatment of prostate can-
cer and supports further investigation.

In conclusion, we showed that low-dose frequent administra-
tion of topotecan increased its anticancer efficacy in both in vitro 
and in vivo models of prostate cancer. Data in this study also 
demonstrate that the observed increase in efficacy was indepen-
dent of the androgen receptivity of the prostate cancer as well as 
its p53 status and appears to be independent of its known vascu-
larization effects. Immunoblot analysis showed that metronomic 
dosing increased p21 expression, compared with conventional 
dosing regimens, suggesting that differential effects of metro-
nomic dosing in cancer cell growth compared with conventional 
dosing may be mediated by this protein.

Materials and Methods

Chemicals and reagents. FBS (fetal bovine serum) and trypsin 
(0.25% w/v) were purchased from (Hyclone, Thermo Fisher 
Scientific Inc., Rockford, IL). F-12K Nutrient Mixture (Kaighn’s 
Mod.) was obtained from (Mediatech, Manassas, VA). Topotecan 
was purchased from 21st Century Global E-Commerce Network 
(East Sussex, UK). Dimethyl sulfoxide (DMSO), sulforhoda-
mine B (SRB), TRIS buffer, acetic acid, permount and Pierce 
ECL protein gel blotting substrate for chemiluminescence 
were obtained from Thermo Fisher Scientific Inc. (Rockford, 
IL). DAPI was purchased from Calbiochem (San Diego, CA). 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

We previously demonstrated that both p53 and p21 are activated 
in LNCaP during cell death and cytostasis.29 Data reported 
herein also show that both metronomic and conventional dos-
ing of topotecan activated p21 in both LNCaP and PC-3 cells. 
The activation of p21 correlates to the cell cycle arrest. Further, 
these data suggest that the mechanism of p21 induction in both 
cells types is p53 independent. These data also suggest that the 
increased efficacy of metronomic dosing against prostate cancer 
cell death can be mediated by p53-independent mechanisms.

Using attached cells we also showed that metronomic dosing 
of topotecan increased significantly the percentage of PC-3 cells 
in G

2
/M of PC-3 cells, while only slight differences in cell cycle 

were observed in LNCaP cells. Whereas there is strong G
2
/M 

arrest following conventional dosing leading to apoptosis and 
cell death. It should be noted that metronomic dosing increased 
potency in LNCaP cell greater than PC-3 cells and that this may 
be related to differences in cell cycle alterations.

Even though the cell death studies suggested the presence of 
apoptosis, no evidence of apoptosis, as indicated by increases in 
a sub-G

0
/G

1
 peak, were observed during the cell cycle analysis. 

It should be noted that the cell death studies were conducted 
using both attached and detached cells, whereas cell cycle analy-
sis was conducted on attached cells only. Examination of nuclear 
morphology of attached cells showed no evidence of apoptosis, 
which agrees with the lack of a sub-G

0
/G

1
 peak in attached cell. 

Thus, these data support the literature that conventional dosing 
of topotecan leads to apoptosis27 and suggests that these apop-
totic cells detach.

We hypothesized that metronomic dosing may mediate direct 
antitumor effects in addition to its documented antiangiogenic 
activity. Expression of p21 plays important roles in regulating cell 
cycle and its overexpression results in G

2
/M arrest.38 Increases in 

p21 expression are associated with earlier clinical stages of pan-
creatic adenocarcinoma and enhanced survival rate.39 Another 
study suggests p21 expression improved survival in prostate can-
cer patients and is a better prognostic factor for advanced gastric 
carcinoma.40,41 Thus, it’s possible that, in addition to inhibition 
of angiogenesis, increases in efficacy induced by metronomic dos-
ing can be mediated by increased p21 expression. It is also pos-
sible that p21 alterations are induced by the same mechanism 
that mediates antiangiogenic activity. Further studies are needed 
to test these hypotheses.

The mechanisms by which metronomic dosing regimens 
increase p21 expression are still under study. Increases in p21 
protein were observed after both conventional and metronomic 
treatments, but were greater in metronomic treated cells. This 
suggests that metronomic dosing of topotecan enhanced p21 
activation pathways. The identity of these pathways is the subject 
future studies.

We demonstrated that low-dose daily administration of 
topotecan enhanced its antitumor activity in a model of human 
prostate cancer after metronomic—direct tumor injection and 
via continuous systematic exposure using implantable ALZET® 
micro-osmotic pumps. Our data also supports previous studies 
that have demonstrated conventional high-dose administration 
of topotecan is only marginally effective compared with control 
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growth inhibition studies against topotecan concentration (C) 
to an inhibitory maximum effect (E

max
) model with a baseline 

(E
o
) effect parameter, i.e., E = E

max
 - (E

max
 - E

o
) x C/(C + IC

50
), 

using WinNonlin professional software, version 5.2 (Pharsight 
corporation, Mountain View, CA), pharmacodynamic models 
were chosen to fit the data from three independent studies (n = 
5/study).

Assessment of cellular and nuclear morphology. Cell mor-
phology was assessed using phase-contrast microscopy. PC-3 
and LNCaP cells were seeded in 6-well plates (8 x 104 for PC-3 
cells and 1.6 x 105 for LNCaP cells) and exposed to topotecan at 
the calculated IC

50
 for 72 h (MTT) using each treatment proto-

col (conventional and metronomic), which was calculated from 
growth inhibition experiments. PC-3 cells were exposed to 80 
and 10 nM, while LNCaP were exposed to 30 and 2 nM. At least 
three areas with approximately equal cell densities were identi-
fied in each well and images of these areas were captured with 
a Nikon AZ100 stereo-fluorescent microscope mounted with a 
Nikon Digital Sight DS-QiMc camera utilizing NIS-Elements 
image analysis software (Nikon, Melville, NY).

Cells used for nuclear staining were grown on glass coverslips 
in 12-well plates, treated and stained with DAPI as described 
previously in reference 36. In brief, after 72 h cells were washed 
with PBS, fixed for 10 min, and then washed three times with 
fresh PBS, 10 min/each. Cells were incubated with DAPI,  
34 μM diluted in PBS. After 20 min on a shaker cells were 
washed three times with PBS and applied to glass slides using 
mounting media and sealed with permount. DAPI staining was 
visualized by fluorescence microscopy at 350/486 nm (ex/em) 
using a Nikon AZ100 stereo-fluorescent microscope.

Measurement of cell death. Annexin V and PI staining 
plus flow cytometry was used to assess apoptosis and necrosis.36 
Briefly, cells seeded in 6 well plates at concentrations described 
above and exposed to topotecan using the IC

50
 for both con-

ventional and metronomic treatments. After 72 h annexin and 
PI staining were assessed in both attached and detached cells. 
Binding buffer contained annexin V-FITC (25 μg/ml) and PI 
was (25 μg/ml) as well as 10 mM HEPES, 140 mM NaCl, 5 
mM KCl, 1 mM MgCl

2
 and 1.8 mM CaCl

2
 (pH = 7.4). Cells 

were incubated for 10 min., followed by three washes in bind-
ing buffer. Both detached and attached cells were combined and 
staining was quantified using a Dako Cyan flow cytometer. For 
each measurement 10,000 events were counted.

Assessment of cell cycle. Cell cycle was assessed at the cal-
culated IC

50
 of topotecan after each treatment protocol (con-

ventional and metronomic) of PC-3 and LNCaP. Cells were 
seeded in 6-well plates (8 x 104 for PC-3 cells and 16 x 104 
for LNCaP cells) and exposed to topotecan (conventional and 
metronomic dosing) at the corresponding IC

50
 of each treat-

ment protocol, which was calculated from growth inhibition 
experiments. After 24, 48 and 72 h of exposure, cells were har-
vested and fixed in 70% (v/v) ethanol and stored at 4°C until 
staining. Cells were prepared for cell cycle analysis by stain-
ing with PI (50 μg/ml) in sample buffer [PBS + 1% (w/v) glu-
cose], containing RNase A (100 units/ml) for 30 min at room 
temperature. Cells (1 x 104) were sorted and analyzed by flow 

(MTT), propidium iodide (PI), phosphate buffered saline (PBS), 
glucose and RNase A were purchased from Sigma-Aldrich Inc. 
(St. Louis, MO). Absolute ethanol was purchased from Pharmco-
AAPER. Mouse anti-human p53, p21 and GAPDH antibodies 
were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). The anti-mouse secondary antibody was purchased from 
Promega (Madison, WI).

Cell lines. Androgen-independent human prostate cancer 
epithelial cells (PC-3) and androgen-dependent human prostate 
cancer epithelial cells (LNCaP) were obtained from American 
Type Culture Collection (ATCC) (Rockville, MD). PC-3 cells 
were maintained in 10% (v/v) fetal bovine serum supplemented 
F-12K and LNCaP cells were maintained in 10% (v/v) fetal 
bovine serum supplemented RPMI-1640 media at 37°C, 21% O

2
 

and 5% CO
2
 in a humidified cell culture chamber (NuAire Inc., 

Plymouth, MN). Cells were sub-cultured when they reached 
approximately 80–90% confluence.

Treatment protocols. The effect of topotecan on prostate 
cell growth inhibition studies was conducted at 24, 48 and 72 h. 
Three studies (n = 3) were performed with five replicates for each 
concentration of topotecan. Cell growth was assessed at each 
time point using SRB and MTT cellular staining and examina-
tion of cellular and nuclear morphology.

Conventional dosing of topotecan. Prostate cancer cell lines 
(PC-3 and LNCaP) were seeded at 2 x 103 and 4 x 103 cells in 
96 well plates with a 10% (v/v) fetal bovine serum supplemented 
F-12K and RPMI-1640 media, respectively. Plates were incu-
bated for 24 h prior to media change and replacement with serum 
supplemented media containing topotecan (0.04–10,000 nM). 
Plates were then incubated at the same conditions for an addi-
tional 24, 48 or 72 h.

Metronomic dosing of topotecan. Prostate cancer cell lines 
(PC-3 and LNCaP) were seeded as described in conventional 
dosing. To simulate metronomic dosing, cells were dosed at  
t = 0, i.e., 24 h after seeding as described for conventional expo-
sures above; however, at 24 and 48 h after initial dosing, media was 
removed and cells were exposed to freshly prepared serum supple-
mented media containing topotecan (0.04–10,000 nM). Media 
for controls cells was changed daily and did not contain drug.

Assessment of cell growth and viability. Cell growth and via-
bility were assessed by measuring MTT and SRB staining at 24, 
48 and 72 h post initial topotecan exposure. SRB and MTT stain-
ing were performed as described previously in reference 44 and 
45. Briefly, MTT reagent was added to each well and plates were 
returned to the same conditions for 2 h. The resultant formazan 
crystals were dissolved in 200 μL DMSO and absorbance mea-
sured at 550 nm using a Synergy HT Multi-Mode Microplate 
Reader (BioTek Instruments, Inc., Winooski, VT). SRB staining 
was performed by fixing live cells in cold 10% (w/v) TCA for one 
hr at 4°C. Fixed cells were washed with water and stained with 
SRB dye for 5 min. Excess SRB was removed by washing plates 
with 1% (v/v) acetic acid and SRB dye bound to cellular protein 
was dissolved in 200 μL TRIS (10 mM). Absorbance was mea-
sured at 490 nm using a Synergy HT Multi-Mode Microplate 
Reader. The potency (IC

50
) of each dosing schedule was calcu-

lated by fitting all data (naïve pooled data approach) from the 
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previous study examining the effect of intra-cerebral administra-
tion of topotecan for the treatment of brain tumors.30 Individual 
tumor volumes were normalized to their tumor volume on the 
day treatment was initiated. Treatment continued for 4 weeks, 
tumor dimension and animals weights were measured every other 
day. Animals were euthanized 3 and 7 d after the last treatment. 
Tumors were collected, fixed for 24 h in 10% (v/v) formalin and 
embedded in paraffin. Tumors were sectioned and stained with 
hematoxylin and eosin (H&E) for histopathological examina-
tion and for factor VIII to visualize endothelial cells. Apoptosis 
was assessed based on the staining of terminal deoxynucleotidyle 
transferase dUTP end labels (TUNEL) as determined using the 
GenScript (Piscataway, NJ) TUNEL apoptosis detections kit, fol-
lowing the manufactures instructions. Two positive controls were 
prepared, (i) untreated PC-3 tumor slices were incubated with 
DNAase for 60 min and (ii) rat kidney tissue sections after treat-
ment with bromate, which we have shown to induce apoptosis 
in rat kidneys (Cummings, BS, unpublished data). Micrographs 
were captured using a Nikon AZ100 stereo-fluorescent micro-
scope mounted with a Nikon DS-Qi1Mc color camera and pro-
cessed using NIS-Elements image analysis software.

The effect of continuous systemic exposure to topotecan 
was also determined in this xenograft model. ALZET® micro-
osmotic pumps were implanted subcutaneously according to the 
manufacturer instructions. The pumps were designed to deliver 
specific volume over a period of 28 d. The dose required to 
achieve the calculated IC

50
 was determined in nude mice (four 

to five mice/dose level) implanted subcutaneously with ALZET® 
pumps after priming. Blood samples were collected using repeti-
tive sampling from the mouse cheek (submandibular region) and 
analyzed according to the method described below. The subcu-
taneous implantation of these ALZET® pumps, with a constant-
infusion of 2.45 mg/kg/day, achieved plasma concentrations of 
3–4 ng/mL (data not shown). These plasma concentrations are 
similar to the experimentally determined IC

50
 of topotecan in 

PC-3 cells in vitro (4.57 ng/mL) after 72 h exposure.
The antitumor activity was determined in another group of 

mice (four to five animals in each cohort) were implanted with 
PC-3 cells in the mouse flank as described previously. When the 
tumor reached a volume of 200–300 mm3, mice were assigned 
to receive 2.45, 0.10 or 0.0 (vehicle control) mg/kg/day continu-
ous exposure of topotecan and compared with conventional I.V. 
dosing, of 4 or 0.0 (vehicle control) mg/kg, every 4 d (q4d). The 
conventional dose was selected based on other studies that evalu-
ated topotecan at or below its maximum tolerated dose and in a 
variety of models.48-50

Measurement of topotecan plasma concentration. Total 
topotecan was extracted from plasma samples according to a 
modified published procedure.51 Plasma samples (20 μL) were 
extracted using protein precipitation with 60 μL ice-cold metha-
nol and by acidification with 20 μL 100 mM phosphoric acid 
(H

3
PO

4
) to allow the detection of total topotecan. SN-38 was 

used as an internal standard. Samples were vortexed, kept on ice 
for 5 min then centrifuged at 10,000x g for 10 min at 4°C. The 
resultant supernatants were transferred to low volume glass vial 
inserts. The supernatant (20 μL) was injected onto the HPLC 

cytometry using a Becton Dickinson FACSCalibur flow cytometer  
(BD Biosciences, San Jose, CA). Cell cycle data were analyzed 
using FlowJo software (Tree Star, Inc., Ashland, OR).

Assessment of p21 and p53 expression. Treatment mediated 
effects on p21 and p53 expression were assessed at the calculated 
IC

50
 of topotecan for each treatment protocol in PC-3 and LNCaP 

cell lines 72 h after initial topotecan exposure. Cells were seeded 
in 6-well plates (8 x 104 for PC-3 cells and 16 x 104 for LNCaP 
cells) and exposed to topotecan (conventional and metronomic) 
at the corresponding IC

50
 of each treatment protocol. At each 

time point, media was aspirated from the wells and cells were 
lysed in immunoblot buffer (0.25 M TRIS-HCl, pH 6.8, 10% 
glycerol, 1 mg/ml bromophenol blue and 0.5% (v/v) 2-mercap-
toenthanol). Samples were then sonicated and heated for 10 min 
at 80°C before being loaded onto a 12% SDS-polyacrylamide 
gel. Proteins were separated under reducing conditions and then 
transferred to a nitrocellulose membrane. Transfer efficiency was 
confirmed with Ponceau S staining. Nonspecific binding was 
limited by incubating the membrane in blocking buffer (2.5% 
(w/v) casein, pH 7.6, 150 mM NaCl, 10 mM TRIS-HCl and 
0.02% sodium azide) for 3 h. Following blocking, the membrane 
was incubated with the primary antibody overnight (p53 1:500, 
p21 1:250, Bax 1:10,000 and GAPDH 1:1,000) and then with 
the appropriate secondary antibody (1:10,000) for 1.5 h at room 
temperature. Bands were detected using Pierce ECL Protein 
gel blotting substrate (Thermo Scientific, Rockford, IL) for 
chemiluminescence.

Activity of topotecan in vivo. The effect of conventional and 
metronomic dosing of topotecan on prostate tumor growth was 
determined by implanting PC-3 cells subcutaneously in 7–8 week 
old male nude (NCr) mice that were acclimated 2 weeks after 
receipt from Taconic Farms, Inc. (Germantown, NY). Animals 
were housed and maintained in accordance with an approved 
Institutional Animal Care and Use Committee (IACUC) pro-
tocol at the University of Georgia and in accordance with the 
US. Public Health Service (PHS) Policy on Humane Care and 
Use of Laboratory Animals, updated 1996. Animals were housed 
in pathogen-free cages within a light and temperature-con-
trolled isolated room and provided with autoclaved rodent chow 
and autoclaved water ad libitum. For tumor implantation, sub 
confluent PC-3 cells grown in 10% fetal bovine serum supple-
mented F-12K were harvested using 0.25% trypsin (v/v). Cells 
were counted and re-suspended in serum free media to a final 
concentration of 1 x 107 cells/mL. Media was mixed with ice-
cold Matrigel (1:1, v/v) and 200 μL of the mixture was injected 
subcutaneously into the mouse flank. Tumors were allowed to 
grow and mice were monitored every other day. Tumor diameters 
were measured using digital calipers, recorded and tumor vol-
umes were calculated according to the following formula: (larger 
dimension) x (smaller dimension)2 x 0.5 as described previously 
in reference 46 and 47. When tumors reached ~400 mm3 mice 
were randomly treated with intra-tumor injections of topotecan, 
20 μg/kg/day x 30 d (metronomic dosing) or 160 μg/kg/week x 
5 weeks (conventional dosing). The metronomic dose was based 
on calculated IC

50
 for each dosing schedule and assumption of a 

tumor volume of 1 mm3 and the conventional dose based on a 
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calculated IC
50

’s and cell cycle distributions. Differences were 
considered statistically significant if a p-value was ≤0.05. 
SigmaStat for Windows version 3.11 (Systat Software, Inc.) was 
used for statistical analysis.
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column. Calibration standards of total topotecan were prepared 
in drug free mouse plasma and extracted as described above. A 
concentration range of 625 to 2.44 ng/mL of topotecan was used 
to construct standard curve and the ratios of topotecan area to 
the internal standard area were used to prepare calibration curves.

Measurement of topotecan was performed on an Agilent 1100 
HPLC system coupled to fluorescence detector (Santa Clara, 
CA). Topotecan was separated on an Agilent Eclipse plus C18 
column (3.5 μm, 100 x 4.6 mm) from Agilent technologies 
(Santa Clara, CA) equipped with a Phenomenex Security C18 
guard column (4.0 x 3.0 mm). Analytes were eluted from the 
column using a gradient elution. Mobile phase A was composed 
of 75 mM ammonium acetate and 7.5 mM tetrabutylammonium 
bromide (TBAB) with pH adjusted to 6.4 using glacial acetic 
acid. Acetonitrile was used as mobile phase B. Gradient elution 
started from 12% B and reached 30% B at 13 min at a flow rate 
of 1 ml/min. Analytes signals were measured using a fluorescence 
detector (at excitation/emission wavelengths of 370/520 nm).

Statistical analysis. A one-way ANOVA followed by 
Bonferroni t-tests was used to assess differences between the 
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