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Abstract Background: Most solid human tumors exist in
an acidic microenvironment, due in part to ineﬃcient
vasculature and a higher intrinsic rate of glycolysis. This
leads to a tumor-selective pH gradient, which can be
exploited therapeutically with antitumor agents such as
the camptothecins (CPTs). Previous work in this laboratory has shown that camptothecin activity is enhanced 40to 60-fold in monolayer cell culture by reducing the
extracellular pH to 6.8. Three-dimensional histoculture
has been shown to be a technique that allows human tumor tissue to grow in an in vivo-like way with maintenance of tissue histology and function and drug sensitivity
for long periods of time. Purpose: In the current study, we
utilized these features of histoculture to study new analogues of camptothecin that have superior pharmacological properties. Methods: We evaluated six CPT
analogues in histocultures of human brain, neuroblastoma, breast, colon, and prostate tumors. Fragments were
exposed to 10,11-methylenedioxy-CPT (MDC), 7-chloromethyl-MDC, SN-38, topotecan (TPT), 9-amino-CPT,
10-amino-CPT, paclitaxel, 5-ﬂuorouracil, 4-hydroperoxycyclophosphamide and doxorubicin, and antitumor
activity was assessed. For in vivo tumor outgrowth studies, fragments were treated in parallel, implanted into

nude mice, and monitored for development of tumors.
Results: Against 15 of 16 tumor xenografts and all primary tumor samples tested, all compounds were cytotoxic
at pH 7.4 (IC50 range 13–921 lM). MDC, SN-38, TPT,
and 9-amino-CPT achieved an average 5-fold increase in
activity (range 3–14) at pH 6.8, while 7-chloromethylMDC was enhanced 8-fold (range 6–14). The most
potentiated analogue was 10-amino-CPT at 27-fold
(range 17–49). In contrast, the other agents were active
against one or more tumor types but were not enhanced by
acidic pH. Importantly, the toxicity of MDC in histoculture of D54 glioma xenografts strongly correlated with the
outgrowth of treated fragments subsequently implanted
in vivo. Conclusion: Evaluation of anticancer drug
activity in native-state histoculture supports the concept
that pH modulation may be an important approach to
improve the selectivity and antitumor eﬀectiveness of
camptothecin-based chemotherapy.
Keywords Camptothecin Æ Histoculture Æ pH
modulation Æ In vitro drug screening
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Camptothecins (CPTs) are potent antitumor agents and
irinotecan (CPT-11) and topotecan (TPT), two watersoluble analogues of CPT, have shown signiﬁcant activity
and utility in the clinic in colon, ovarian and small-cell
lung carcinomas [30, 42]. CPTs act by inhibiting topoisomerase I, a nuclear enzyme involved in DNA replication and transcription [26, 27]. Inhibition of this enzyme
results in an accumulation of DNA strand breaks and
ultimately, cell death [28, 37]. Recently, it has been demonstrated in our laboratory that reducing the extracellular
pH in vitro enhances activity of the CPTs up to 65-fold
(Adams et al., submitted for publication; [1]). This approach was designed to mimic the tumor microenvironment
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in situ, where ineﬃcient vasculature combined with a
higher intrinsic rate of glycolysis results in a buildup of
waste products, such as lactate, and reduction of the
extracellular pH.
Due to the unique chemistry of the CPT molecule,
this physiology results in environmental conditions that
may provide tumor site-speciﬁc enhancement of CPT
activity. CPT has a labile E-ring lactone that opens to
the inactive hydroxy acid at physiological pH (Fig. 1).
In principle, this reaction is reversible at acidic pH.
Hence, the tumor-speciﬁc pH gradient [10, 38, 48] can
potentially enhance the proportion of the active lactone
at the tumor site. In addition, since CPT is a weak acid,
this tumor-speciﬁc pH gradient may promote intracellular concentration of the CPTs [20]. While the acidic
extracellular environment of the tumor will help stabilize
the E-ring lactone, the pharmacodynamics in whole
blood is more complex since the CPT carboxylate avidly
binds to human serum albumin and shifts the equilibrium towards the inactive form [3, 5]. At the same time,
the highly lipophilic CPT molecule also partitions into
red blood cell membranes and serum lipids, which protects the lactone [4, 33]. Thus, multiple pharmacodynamic equilibria regulate CPT action at the tumor site.
A critical parameter in determining drug sensitivity is
the state in which the cells are maintained. It is well
established that cells cultured in a two-dimensional
monolayer have a very diﬀerent chemosensitivity proﬁle
from those that are maintained in the native state [49, 51].
The cell-to-cell and cell-to-stroma contacts of intact,
three-dimensional tumor architecture are maintained in
histoculture and are known to have an impact on gene
expression [16, 23, 47, 52] as well as cellular metabolism
and replication [2, 12, 25, 49, 50]. In addition, diﬀusion of
the antitumor agents, as well as nutrients and oxygen, will
be limited in cells located in the interior of the fragment,
and this setting closely mimics tumor biology in vivo.
Thus, a more realistic proﬁle of in vivo chemosensitivity
can be obtained through three-dimensional histoculture.
To rule out artifacts of monolayer cell culture as
being responsible for the potentiation of activity previously reported, we evaluated CPT analogue antitumor
activity as a function of extracellular pH in threedimensional histoculture of several tumor types. We
found that the rank order potency and pH modulation
of the CPT analogues assessed in three-dimensional
histoculture correlated with that observed in monolayer
assays. Furthermore, we demonstrated that the chemosensitivity of D54 glioma fragments to 10,11-methylenedioxy-CPT (MDC) in histoculture was highly
Fig. 1 The camptothecin
molecule contains a labile
E-ring lactone that hydrolyzes
to an inactive hydroxy acid at
physiological pH. The reaction
is reversible under acidic
conditions, regenerating the
active compound

correlated with the subsequent ability of the tumor
fragment to grow when reimplanted into a mouse.

Materials and methods
Chemicals, reagents and antitumor agents
Six camptothecin analogues were used in this study. MDC,
7-chloromethyl-MDC, 9-amino-CPT, 10-amino-CPT and 7-ethyl10-hydroxy-CPT (SN-38) were synthesized according to established
methods [32, 45, 53, 55]. TPT was obtained from Smith Kline
Beecham (Philadelphia, Pa.). Paclitaxel (TXL; Bristol Meyers
Squibb, Princeton, N.J.), 5-ﬂuorouracil (5-FU; Pharmacia, Kalamazoo, Mich.), and doxorubicin (DOX; Pharmacia & Upjohn,
Kalamazoo, Mich.) were purchased as clinically formulated agents.
4-Hydroperoxycyclophosphamide (4-HC) was a generous gift from
Dr. Susan Ludeman of the Duke University Medical Center. The
CellTiter 96 AQueous metabolic assay (MTS) is a tetrazoliumbased metabolic indicator, purchased as a kit from Promega
(Madison, Wis.). Sodium chloride, sodium bicarbonate and glucose
were purchased from Sigma.
Human tumor xenograft lines
Female BALB/c nu/nu mice were obtained from a Duke University
in-house colony. Human tumor xenografts were transplanted into
animals that were 4 to 6 weeks old and weighed 20 to 25 g. We
evaluated xenografts of hormone-sensitive, hormone-insensitive
and refractory human breast and prostate carcinomas (MDA-MB231, MCF-7 and MCF-7tamR [8] and PC-3, CWR22 and
CWR22R, an androgen-resistant variant, respectively). Other tumor types evaluated were colon cancer (AdCo), a low-passage
colon carcinoma xenograft line established in this laboratory from
patient tissue, neuroblastoma (IMR-32, n-MYC ampliﬁed, and
SK-N-SH, n-MYC unampliﬁed), adult high-grade glioma (D54,
D245, and D245PR, a procarbazine-resistant variant), pediatric
high-grade glioma (D212), medulloblastoma (D341 and D487), and
ependymoma (D612 and D528). All tumor lines were maintained
through serial passage into nude mice.
Primary human tumors
Two neuroblastoma (NB1 and NB2), one ovarian (Ov1) and one
colon carcinoma (used to generate AdCo) patient tumor samples
were acquired postoperatively, while one colon carcinoma (from
liver metastasis) was acquired immediately post-mortem (Co1).
Specimens were placed in sterile containers and submitted to the
surgical pathology department at Duke University Medical Center.
Excess tissue was supplied to the laboratory for analysis after being
stripped of all patient identiﬁers. This work was exempt from IRB
review according to 45CFR46.102(f).

Processing of tumor samples
The primary human tumor tissue was placed in ice-cold transport
medium comprising Hank’s balanced salt solution (Hank’s BSS,
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GIBCO, Gaithersburg, MD), 10% fetal bovine serum (FBS; Hyclone, Logan, Utah, or Sigma, St. Louis, Mo.), nonessential amino
acids (NEAA, 1% v/v of 100· stock; GIBCO) and 0.2 mg/ml
gentamicin sulfate. Xenograft tumors were removed from nude
mice and placed in ice-cold transport medium. In either case, the
tissue was immediately transported on ice to the laboratory for
processing. The tumors were placed in Petri dishes where connective tissue, fat, and necrotic sections were removed. The remaining
tumor was minced into approximately 1-mm3 fragments that were
washed three to ﬁve times in growth medium comprising low-glucose DMEM (Sigma) supplemented with 1 g/l glucose, 10% FBS,
1% NEAA and 0.2 mg/ml gentamicin sulfate. For colon carcinoma
samples, the medium also contained 240,000 U penicillin G,
250 mg streptomycin, 400 mg amphotericin B, 10 mg tetracycline,
100 mg amikacin, and 150 mg chloramphenicol (Sigma) per liter.
After the antibiotic wash, the fragments were placed in 24-well
plates containing 2 ml growth medium (as above, except that the
medium for colon samples was supplemented with 50,000 U penicillin G and 1.26 mg amphotericin B) to which was added 200 ll
MTS reagents for 1 h. Since viable cells, but not connective tissue
or fat, metabolize MTS to a purple formazan product, viable tumor
fragments were stained purple. Fragments stained less than half
purple by visual examination were excluded. Assessment of viability and composition before inclusion into the assay was necessary to reduce interassay variation. The selected fragments were
placed in a humidiﬁed incubator overnight at 37C in an atmosphere containing 5% CO2 for acclimation to culture conditions
and to allow diﬀusion of the formazan product out of the fragments. Reducing the concentration of sodium bicarbonate to
205 mg/l, and osmotically balancing the medium with 2.4 g/l sodium chloride, adjusted the pH of the histoculture medium from
7.4 to 6.8. The pH of the medium was measured inside the incubator after 3 h equilibration time with a Beckman F10 portable pH
meter. Due to natural variation in bicarbonate concentration in
FBS, the sodium bicarbonate and sodium chloride concentrations
were re-established with each new lot of FBS to ensure proper pH.
Aseptic conditions were maintained at all times during these procedures.
Histoculture assay
Two or three fragments of tissue (4–8 mg) were placed into each well
of a 24-well plate containing 2 ml fresh medium at pH 7.4 or 6.8 with
various concentrations of chemotherapeutic agents and incubated
for 72 h. The medium was changed and the fragments were replaced
in the incubator for an additional 24 h to allow washout of the drug.
Fragment metabolic viability was then assessed by MTS assay.
Brieﬂy, 5% v/v MTS reagent was added to each of the wells containing fragments or medium blanks. The plates were incubated for
3 h at 37C, shaken and aliquots of the medium measured for
absorbance at 490 nm using an EL-340 microplate reader (Bio-Tek,
Winooski, Vt.). After subtraction of the appropriate blank, the results were reported as percent of untreated control absorbance.
Where possible, the IC50, which is deﬁned as the concentration of
agent which reduces metabolic viability by 50% as compared to
control, was calculated using TableCurve 2D (SPSS, Chicago, Ill.).
The potentiation of antitumor activity by pH modulation is deﬁned
as (IC50 at pH 7.4)/IC50 at pH 6.8).

In vivo tumor outgrowth assay
Tumor fragments from a parallel histoculture assay were washed
and incubated in drug-free medium for 24 h. The fragments were
then implanted subcutaneously into the ﬂank of female BALB/c
nu/nu mice. The mice and tumors were monitored for development
of tumors and measurements were taken three or four times per
week with vernier calipers until the tumor had expanded to a volume ﬁve times the initial volume. Tumor volume was calculated
using the formula (width)2·(length)/2. All animal work was performed under an approved IACUC protocol.

Fig. 2a, b Selection of tumor fragments with an MTS prescreen
results in more uniform production of formazan per fragment.
Between one and eight fragments of MCF-7 (n), D54 (d), AdCo
(m), or IMR-32 (¤) xenografts were weighed and assayed for
metabolism of MTS substrate. The tested fragments were either
randomly selected (a) or chosen by MTS prescreen (b). After
incubation for 1 h in histoculture medium with 5% v/v MTS
substrate, aliquots of the medium were taken and analyzed for
absorbance at 490 nm. Each point represents a single experiment.
The dashed lines are the 95% prediction intervals for the data

Results
Prescreening tumor fragments reduces experimental
variation
Prescreening the tumor fragments with MTS to select only
>50% viable samples reduced the interexperimental
variation intrinsic to the histoculture assay as originally
developed. As seen in Fig. 2a, the variation in MTS
metabolism of randomly selected fragments, measured as
absorbance at 490 nm, was high, due to the heterogeneous
nature of the tumor. This variation occurred irrespective
of the tumor type or number of fragments analyzed. The
absorbance per milligram of tumor became more uniform
and predictable with fragment preselection (Fig. 2b),
allowing an assay of two or three fragments per well.
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While the metabolism of MTS was minimally reduced at
pH 6.8, the linearity of the response was conserved under
the acidic conditions (data not shown).
CPT analogues have antitumor activity in histoculture
at physiological pH
All of the CPT analogues evaluated in this study were
cytotoxic to the tumor fragments in histoculture (Table 1). For purposes of this study, an exposure to a CPT
analogue that resulted in greater than 25% reduction
in viability of tumor fragments, based on the MTS
endpoint, constituted cytotoxicity. The IC50 values
generated in histoculture were generally in the micromolar range, whereas in monolayer cell culture assays,
the same compounds are active at nanomolar levels [1].
CPT activity is potentiated by acidic pH in histoculture
Each of the analogues exhibited increased cytotoxicity at
acidic pH against all but one of the tumors tested. As
shown in Table 1, the degree of enhancement by acidic
pH was less dependent on tumor type than on the
speciﬁc analogue. On average, MDC, SN-38, TPT and
9-amino-CPT were potentiated 4.8-fold (range 3–14). 7Chloromethyl-MDC was enhanced 8.3-fold (range 6–15)
and 10-amino-CPT was the most potentiated analogue
at 26-fold (range 17–49). At both physiological and
acidic pH, the primary tumor fragments and the
Table 1 The activity of camptothecin analogues in histoculture is
enhanced at acidic extracellular pH. The activity of the agents,
expressed as IC50 (lM), was measured following a 48-h exposure to
agents and 24 h in drug-free medium, and was determined by
viability assay as described in Methods. The ratio was determined
Tumor line

CMMDC
7.4

6.8

MDA-MB-231 85
6
MCF-7/tamR
56a
4a
MCF-7
103
9
D54
36
5
D245
48
6
D245PR
61
7
D341
59
10
D487
24
3
D528
78
11
D212
45
5
D612
15
2
AdCo
163 22
Co1
203 33
CWR22
97
12
PC-3
201 251
CWR22R
123 19
IMR32
143 18
SK-N-SH
89
11
NB1
201a 35a
NB2
59a
6a
a

Average of two experiments

MDC

Fig. 3 Primary patient tumors are sensitive in histoculture to CPTs
and exhibit modulation of CPT activity by reduction of culture pH.
An abdominal adrenal primary neuroblastoma (NB1; squares),
along with IMR-32 (triangles) and SK-N-SH (circles) xenografts,
were exposed to 10-amino-CPT for 72 h at physiological (closed
symbols) and acidic (open symbols) extracellular pH. The primary
tumor and the xenografts were similarly sensitive to 10-amino-CPT
and the magnitude of potentiation at pH 6.8 was also comparable.
Data points represent the average of two experiments, each
measuring the collective conversion of MTS substrate to formazan
by two to four tumor fragments

corresponding xenografts exhibited similar sensitivity
proﬁles to the CPT analogues tested (Fig. 3; Table 1).
However, of the tumor-types tested, the metastasis-derived prostate line, PC-3, was the only tumor, xenograft
or primary, which did not exhibit increased sensitivity in
histoculture to CPT analogues at pH 6.8 (Table 1) nor
by the formula, IC50 at pH 7.4/IC50 at pH 6.8. Unless otherwise
indicated, IC50 values are the average of three to ﬁve experiments,
each measuring the collective conversion of MTS substrate to
formazan by two to four tumor fragments (ND not done)

SN38

Ratio

7.4

6.8

Ratio

14
13
11
7
8
9
6
8
7
9
6
7
6
8
1
7
8
8
6
10

35
30a
59
ND
ND
ND
ND
ND
ND
ND
ND
13
21
40
85
71
57
31
29a
41a

5
9a
15
ND
ND
ND
ND
ND
ND
ND
ND
3
7
12
77
17
15
7
5a
7a

7
3
4
ND
ND
ND
ND
ND
ND
ND
ND
5
3
3
1
4
4
5
6
6

7.4

6.8

332 68
103a 24a
224 47
201 39
312 104
133 22
253 39
523 38
160 42
136 26
254 40
439 68
222 58
269 46
334 334
201 47
217 45
189 36
332a 60a
190a 31a

10-Amino-CPT
Ratio

7.4

6.8

Ratio

5
4
5
5
3
6
7
14
4
5
6
7
4
6
1
4
5
5
6
6

77

3

24

41
65
85
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
66a
71a
70a
95a

2
2
3
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
4a
3a
1a
3a

17
27
28
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
17
26
49
30

TPT
7.4

6.8

ND ND
ND ND
ND ND
797 194
623 201
921 242
349
87
552 162
613 136
817 157
756 210
ND ND
ND ND
ND ND
ND ND
ND ND
573 185
434 124
678a 226a
409a 100a

9-Amino-CPT
Ratio

7.4

6.8

Ratio

ND
ND
ND
4
3
4
4
3
5
5
4
ND
ND
ND
ND
ND
3
4
3
4

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
375
288
ND
413
301
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
70
42
ND
376
70
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
5
7
ND
1
4
ND
ND
ND
ND
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was activity enhanced at acidic pH against the parental
cell line in monolayer cell culture assays [11].
Although the individual tumor groups responded
with varying degrees of sensitivity to the four clinically
established agents, 4-HC (the preactivated form of
cyclophosphamide), DOX, 5-FU and TXL, none of
these agents was signiﬁcantly potentiated at pH 6.8
(Table 2). In fact, sensitivity to DOX, which is a weak
base and preferentially accumulates in the extracellular
ﬂuid [21, 39], was diminished in the breast and neuroblastoma tumors (Table 2). These results are consistent
with the patterns of activity previously seen in monolayer cell culture [1, 39].
In vitro metabolic endpoint correlates
with in vivo growth delay
To validate the relevance of the MTS endpoint used to
measure the activity of the CPTs in the histoculture assay, we performed parallel experiments in vivo. After
treatment with varying concentrations of MDC, one set
of D54 glioma fragments were reimplanted into nude
mice. These fragments re-established tumors that grew
to, and beyond, ﬁve times the initial tumor volume
(Fig. 4a). The remaining fragments were assessed by
MTS assay as described above. The calculated time for
the tumor to reach ﬁve times the initial volume was
compared to the absorbance value generated by the
corresponding concentration of MDC in the histoculture assay (Fig. 4b), and a signiﬁcant linear correlation
(Pearson r2=0.941) was found between the in vivo regrowth endpoint and the in vitro metabolic assay.

Fig. 4 a Treatment of D54 glioma fragments with MDC in
histoculture delays regrowth in nude mice. Tumor fragments
exposed to various concentrations of MDC (s untreated control, M
1 lM, h 10 lM, e 100 lM) were reimplanted into nude mice and
monitored for tumor development. Increasing concentrations of
the compound resulted in proportionately greater delay in tumor
development. b The metabolic endpoint used in the histoculture
assay directly correlates with tumor growth delay in vivo. The
in vitro endpoint used in the histoculture assay was validated by
comparison to tumor development in living mice, conﬁrming that
the results of the assay have physiological relevance

Discussion
Previous work in this laboratory has demonstrated that
the antitumor activity of CPTs in monolayer cell culture

assays is enhanced by a reduction in extracellular pH [1].
This was shown to be due, in part, to increased stability
of the lactone form of the molecule. In addition,

Table 2 The activity of doxorubicin (DOX), 4-hydroperoxycyclophosphamide (4HC, the preactivated form of cyclophosphamide),
5-ﬂuorouracil (5-FU) and paclitaxel (TXL) as measured by IC50
(lM) in histoculture was not enhanced by acidic extracellular pH.
The activity of these clinically established agents, expressed as IC50
(lM), was measured following a 48-h exposure to drugs and 24 h in

drug-free medium, and was determined by viability assay as described in Methods. The ratio was determined by the formula IC50
at pH 7.4/IC50 at pH 6.8. Unless otherwise indicated, IC50 values
are the average of three to ﬁve experiments, each measuring the
collective conversion of MTS substrate to formazan by two to four
tumor fragments (ND not done)

Tumor line

MDA-MB-231
MCF-7tamR
MCF-7
AdCo
Co1
IMR32
SK-N-SH
NB1
NB2
a

DOX

4HC

5-FU

TXL

7.4

6.8

Ratio

7.4

6.8

Ratio

7.4

6.8

Ratio

7.4

6.8

Ratio

25
16a
23
ND
ND
51
18
22a
41a

36
20a
19
ND
ND
47
21
27a
46a

1
1
1
ND
ND
1
1
1
1

214
312a
275
196
173
342
276
201a
255a

243
289a
300
214
167
302
216
246a
288a

1
1
1
1
1
1
1
1
1

ND
ND
ND
102
96
ND
ND
ND
ND

ND
ND
ND
99
94
ND
ND
ND
ND

ND
ND
ND
1
1
ND
ND
ND
ND

53
42a
59
ND
ND
ND
ND
ND
ND

55
40a
61
ND
ND
ND
ND
ND
ND

1
1
1
ND
ND
ND
ND
ND
ND

Average of two experiments

258

reduction in extracellular pH also results in decreased
intracellular glutathione, which appears to confer additional sensitivity to the CPTs [1]. Neither of these factors, even when taken together, could account for the
remarkable potentiation seen with 7-chloromethylMDC and 10-amino-CPT in monolayer assays of human breast cancer cells (Adams et al., submitted for
publication; [1]). In order to ensure that this phenomenon was not merely an artifact of monolayer cell culture,
we utilized the histoculture assay to screen a panel of
CPT analogues whose activities were enhanced to
varying degrees in monolayer assays done at pH 6.8. We
did this using both xenograft tumor lines and primary
patient tumor samples.
In histoculture, the three-dimensional structure of a
tumor is more conserved, thus gene expression, cellular
metabolism and replication rates, as well as sensitivity to
antitumor agents, more closely mimic the native state of
the tumor [24]. These parameters are critical considering
recent work that has shown that the gene expression
proﬁles of breast and prostate cancer cell lines are vastly
diﬀerent from primary breast and prostate tumor samples [35, 43]. Furthermore, work in spheroids has demonstrated a mechanism of drug resistance present only in
cells cultured in three-dimensions [22, 29]. This approach to evaluating antineoplastic agents may be more
predictive of the clinical eﬀect of the compounds.
Novel compounds, including CPTs, have previously
been evaluated by histoculture in prostate, colon and
gastric cancers and hormone sensitivity has been assessed in ovarian, endometrial and prostate carcinomas
[6, 15, 17, 18, 19, 34, 36, 54]. Additionally, clinical trials
have been done in head and neck, non-small-cell lung,
gastric and advanced colorectal cancers in which the
histoculture assay was highly predictive of clinical outcome, including survival. These studies involved samples
from hundreds of patients and evaluated sensitivity and
resistance to cisplatin, mitomycin C, DOX, etoposide,
5-FU and UFT, a 1:4 mixture of tegafur and uracil
[13, 31, 40, 41, 46, 56]. The predictive accuracy of these
studies ranged from 44.4% to more than 90%. Other
characteristics of patient tumors can also be revealed
using this approach. For instance, Yoshimasu et al. have
demonstrated a high incidence of multidrug resistance
among the cohort of patients enrolled in a non-small-cell
lung cancer trial [56].
However, the histoculture assay is less practical than
monolayer cell assays, particularly for high-throughput
applications. The quantity of tumor available for evaluation is limiting and interexperimental variation
necessitates multiple repeats to achieve a statistically
signiﬁcant result. For example, to overcome the biological heterogeneity of a tumor sample, histoculture
experiments evaluating homocamptothecin required the
use of ten randomly selected tumor pieces per compound, limiting the scope of the assay to one to three
compounds on any one tumor sample [36]. We modiﬁed
the assay to include a preselection step based on metabolic activity of the fragment, which signiﬁcantly

decreased variation in the assay and allowed screening of
compounds using only two or three fragments, thus
increasing the number of compounds that can be
screened against a single, unique tumor sample.
We evaluated MDC, 7-chloromethyl-MDC, SN-38,
TPT, 9-amino-CPT and 10-amino-CPT, along with
4-HC, TXL, DOX and 5-FU, using the histoculture
assay and determined that all of the compounds possessed at least minimal antitumor activity. Under physiological conditions, the agents were cytotoxic, based
on our operational deﬁnition, in the range of 10)4 to
10)9 M. For the CPT analogues, the rank order of potency was similar to that seen in monolayer cell culture
at the same pH [1], but the relative potency in histoculture was as much as three orders of magnitude lower
than in monolayer culture. This is not unexpected as the
mechanism most commonly associated with CPT toxicity, namely topoisomerase I-mediated DNA replication, requires cells to be in S phase. Relatively few cells
are actually undergoing replication in a three-dimensional, histotypic structure, which more accurately reﬂects the rate in vivo. Compared to the high fraction of
dividing cells in monolayer cell culture, this can lead to
the disparity in observed antitumor activity. In non-cycling cells, CPTs may cause cell death via inhibition of
RNA synthesis through blockage of DNA transcription.
For example, in B-CLL, a non-replicating cell type
against which CPTs are cytotoxic, treatment with SN-38
resulted in inhibition of RNA synthesis and apoptosis.
Similar to histoculture, this eﬀect occurred at higher
doses than that required for cycling leukemia cells [7].
Two other investigations have examined CPT activity
in histoculture [36, 56] using tritium-labeled thymidine
incorporation following 48 h of continuous exposure.
CPT, TPT, and SN-38 were evaluated as reference
agents for two novel homocamptothecins, a class of seven-membered E-ring CPT analogues. In these experiments, SN-38 and TPT were active at 10)7 to 10)9 M,
much lower concentrations than we determined. This
discrepancy is likely due to diﬀerences in the respective
growth inhibition assays. For example, our assay utilized a metabolic endpoint and incorporated a 24-h
recovery time in drug-free medium. This protocol permits full expression of apoptosis in sensitive cells, and
allows insensitive cells time to repair any damage and
resume metabolic activity. A thymidine incorporation
endpoint does not take into account this potential of the
cell to survive treatment and assumes that lack of tritium
incorporation is equivalent to cell death. However, the
endpoint we used to measure activity of the CPT analogues in vitro correlated well (Pearson r2=0.941) with
the ability of the treated fragments to grow in vivo when
reimplanted into the ﬂanks of nude mice (Fig. 4b).
In this study, we showed that the potentiation of CPT
antitumor activity previously observed in monolayer cell
culture at acidic extracellular pH is observed in histoculture of tissue fragments in vitro. Each of the analogues evaluated in this study was more potent when the
assay was conducted at pH 6.8. The activities of MDC,
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SN-38, 9-amino-CPT and TPT were enhanced by nearly
5-fold, while 7-chloromethyl-MDC and 10-amino-CPT
were potentiated 8.3- and 26-fold, respectively. The relative increase in activity is similar to that seen in
monolayer assays [1]. In general, a minimal enhancement is seen with all analogues, which is partially explained by pH-dependent lactone-carboxylate kinetics.
However, the chloromethyl substitution at the sevenposition results in more than twice the improvement
expected from the threefold increase in active lactone
species at pH 6.8 [1]. At pH 6.8, 10-amino-substituted
CPTs also exhibited a greater degree of enhancement
than expected. While the reason for this is unclear, the
amino moiety may inﬂuence tissue distribution kinetics
and cell permeability. This amino substitution is an
electron-donating group and results in enhanced ﬂuorescence of the conjugated ring system of CPT. It is
conceivable that the electronic inﬂuence of this group
also serves to stabilize the E-ring lactone. The amino
substitution along with a 7-butyl moiety enhances lipophilicity 7-fold over 7-butyl alone (Wall, unpublished
observations), potentially increasing the amount of drug
partitioning into red blood cell membranes and serum
lipids and thus more readily available for pharmacological activity. Indeed, peptide prodrug forms of SN-38
[9] and 7-butyl,10-amino-CPT (Driscoll and Flowers,
unpublished observations) show antitumor activity in a
highly aggressive neuroblastoma xenograft under conditions where CPT-11 is inactive.
Screening CPT analogues in this system, taking into
account the physiological characteristics of the tumor
microenvironment and the non-replicative state of most
of the tumor, revealed a rank order of potency which
diﬀers from that seen at physiological pH. Thus, this
approach may allow discovery of more selective agents
that take advantage of the tumor-speciﬁc pH gradient.
In this study, we also conﬁrmed that the modulation of
antitumor activity in histoculture at pH 6.8 was speciﬁc
to the CPTs and was not shared by the other classes of
compounds tested.
We demonstrated that pH modulation of CPT activity
was not dependent on the developmental stage of the tumor. The xenograft models we evaluated included hormone-sensitive, hormone-insensitive and refractory
tumors, tumors with and without ampliﬁcation of oncogenes, and tumors which had developed drug resistance.
All of these tumors, with the exception of PC-3, were more
sensitive to CPT analogues when cultured under acidic
conditions. In monolayer assays, PC-3 is the only cell line
tested in this laboratory that does not exhibit increased
sensitivity to the CPTs at pH 6.8 [11]. Previous work has
shown that culture at acidic pH results in a decrease in
intracellular glutathione and that treating with buthionine sulfoximine or ethacrynic acid at physiological pH
confers some increased sensitivity to the CPTs [1, 14]. This
correlation between cellular redox state and CPT sensitivity is a possible explanation for the lack of modulation
of activity in PC-3. The reduction in intracellular glutathione observed in cells cultured at pH 6.8 is not observed

in PC-3 cells at that pH (Flowers, unpublished observation). This may be due in part to the normally acidic
environment of the prostate. PC-3 has also been found to
overexpress HIF-1a, hypoxia-inducible factor, which
plays an important role in pH regulation [44]. Since
overexpression of this gene was exceedingly rare in 117
primary and metastatic human prostate tumors, PC-3 was
characterized as not being truly representative of prostate
tumors, and perhaps not an entirely appropriate model
[44]. However, PC-3 cells may serve to help elucidate the
true mechanism of pH modulation of CPT antitumor
activity in two- and three-dimensional culture.
Finally, by reimplanting fragments treated with
CPTs, we correlated the metabolic endpoint of the MTS
assay with in vivo regrowth potential. This relationship
demonstrates the importance of this approach to drug
screening and could help minimize animal testing, which
is time consuming, expensive and labor intensive. By
screening with histoculture, only candidate compounds
which have shown the potential to act under in vivo-like
conditions would be subsequently tested in an animal
system.
In summary, we demonstrated pH modulation of
CPT analogue activity in cells cultured at pH 6.8 in a
histoculture system, and have demonstrated that the
mechanism of this enhancement is a complex physiological phenomenon based on analogue-speciﬁc and cell
type-speciﬁc degrees of enhancement. By screening for
compounds which take advantage of the pH gradient
present in most tumors, potentially selective compounds
may be more readily identiﬁed than when screened in
traditional assays at physiological pH.
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