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Abstract
Mitotic spindle-disrupting agents target and alter microtubule dynamics. These agents include
clinically important chemotherapies, such as taxanes (paclitaxel [Taxol], docetaxel [Taxotere])
and vinca alkaloids (vincristine [Oncovin], vinblastine). Taxanes are a standard component of
treatment for many malignancies, often in conjunction with other cytotoxic agents. However, the
optimal sequencing of these treatments and whether efficacy may be influenced by in vitro cellular
growth conditions remain incompletely investigated. Yet such preclinical investigations may guide
clinical decision making. We therefore studied the effect of cell density on rapid killing by
paclitaxel and vincristine. Breast, ovarian and prostate cancer cells were sensitive to rapid killing
by either agent when grown at low density, but were markedly resistant when grown at high
density, i.e., nearly confluent. The resistance of densely growing cells to rapid killing by these
drugs translated to increased clonogenic survival. Pretreatment of densely growing cancer cells
with cisplatin followed by paclitaxel, partially reversed the treatment resistance. Gene ontology
associations from microarray analyses of cells grown at low and high density, suggested roles for
membrane signal transduction and adhesion, but potentially also DNA damage repair and
metabolism. Taken together, the treatment resistance at higher cell density may be associated with
a lower proportion of active cycling in cells growing at high density as well as transduction of
survival signals induced by increased cell-cell adhesion. Collectively these findings suggest
mechanisms by which growth conditions may contribute to resistance to rapid killing by
microtubule-disrupting drugs.
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Introduction
Drugs that disrupt microtubule dynamics include those that either accelerate or inhibit the
intracellular polymerization of tubulin heterodimers into microtubules. Taxanes, including
paclitaxel (Taxol) and docetaxel (Taxotere), are the most prominent class of drugs that
accelerate polymerization; this is mediated through drug binding to tubulin subunits which
then results in stabilization and persistent polymerization of microtubules.1 In contrast,
nocodazole and the vinca alkaloids, vincristine (Oncovin) and vinblastine, inhibit the

© 2010 Landes Bioscience
*Correspondence to: Gary D. Kao; Kao@xrt.upenn.edu.
†These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Cancer Biol Ther. Author manuscript; available in PMC 2013 April 09.

Published in final edited form as:
Cancer Biol Ther. 2010 May 15; 9(10): 809–818.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



polymerization of the tubulin subunits, so microtubules do not form.2–5 These microtubule-
targeting drugs share the common property of preventing the proper formation and function
of the mitotic spindle. The lack of a functional spindle impedes mitotic progression, leading
to a mitotic delay in checkpoint-competent cells, or rapid death for cells with an inactivated
mitotic checkpoint.6–10

Taxanes are widely used because of their efficacy and favorable toxicity profile in treating
cancer patients. More recently this class of drugs was found to surpass doxorubicin’s ability
to improve the survival of women with breast cancer,11–13 and is the first chemotherapy to
improve the survival of patients with hormone-refractory prostate cancer.14,15 Despite their
proven efficacy in treating specific human cancers, the factors determining treatment
success or failure with taxanes remain surprisingly unclear. Preclinical studies have
identified a number of mechanisms that mediate in vitro resistance to taxanes. These include
mutations in the alpha or beta-subunits of tubulin that decrease binding by the drug,16–19

activation of the multidrug drug resistance (MDR) gene,20–22 alterations in selective
cytokines/chemokines23 and levels of activation of pro- or anti-apoptotic mechanisms.24

While the clinical relevance of these factors has yet to be extensively studied in clinical
trials, a consistent theme in oncology practice is that smaller solid tumors respond better to
treatment. In contrast, the probability of a complete response is less likely for highly
cellular, locally-advanced tumors. It has been hypothesized that in larger tumors,
physiologic factors such as hypoxia, poor perfusion or tumor interstitial fluid pressure may
come into play to limit the effectiveness of chemotherapy. There are probable cell-type
differences in sensitivity to rapid killing by spindle-disrupting drugs. Cells with robust
mitotic spindle checkpoints may be able to tolerate brief exposure to the drugs, while those
that are checkpoint-deficient are rapidly killed.25 It has also been demonstrated that cells
derived from tumors with high cellularity, enhanced cell-cell interactions and minimal
stromal involvement have increased viability and can be serially transplanted preferentially
in nude mice.26 Similar studies conducted with cells isolated from primary human breast
tumors support the idea that increased cell-cell interactions resulting from higher cell
densities may be critical for promoting survival in primary breast tumors and potentially
diminish therapeutic response. It is likely these factors ultimately work together to
orchestrate chemotherapy resistance or sensitivity in the clinic.

To address the some of the proposed mechanisms of treatment resistance, we studied the
effect of cancer cell growth density on sensitivity to rapid killing by the microtubule-
targeting drugs paclitaxel and vincristine. We studied previously established mitotic
checkpoint deficient human cancer cell lines. As expected, cells grown under sparse
conditions with diminished cell-cell interactions were rapidly killed by paclitaxel and
vincristine. Conditions permitting exponential growth resulted in rapid nuclear
fragmentation in cells treated with microtubule-targeting drugs.25 However, when grown
under dense, near-confluent conditions with high cell-cell interaction, cells became
considerably more resistant to being killed by these drugs. This finding was consistent
among breast, prostate and ovarian cancer cells. Finally, to gain insight into the cellular
components, biologic processes and molecular functions underlying this differential
sensitivity, we performed a microarray analyses to determine gene ontology associations
from cells grown at low and high cell density. Taken together, these findings help identify
potential factors that contribute to the therapeutic resistance of densely-growing, locally-
advanced tumors.
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Results
Rapid killing of SKBR3 cells by microtubule-targeting agents is reduced and clonogenic
survival is enhanced when grown at high density

We have previously established that due to the lack of a robust mitotic spindle checkpoint,
SKBR3 breast cancer cells maintained in conditions allowing exponential growth are
sensitive to being rapidly killed by even brief exposure to paclitaxel.25 To determine
whether different growth conditions might influence the susceptibility of SKBR3 cells to
rapid killing by paclitaxel, the cells were grown at three different densities, from low (10–
30% confluency, 10,000 cells per cm2) to moderate (50–70% confluency, 30,000 cells per
cm2) to high density (80–100% confluency, 60,000 cells per cm2).

Paclitaxel was added to all plates simultaneously with fresh media, and groups of cells
growing under each condition were harvested sequentially for cell cycle analysis. The cells
grown sparsely were killed quicker and more thoroughly by the same exposure to paclitaxel
than those grown under denser conditions. A difference in the proportion of cells being
killed between the cell growth conditions was evident by 6 h after addition of paclitaxel, and
become increasingly evident with passage of time (Fig. 1A–C). After 15 h of paclitaxel
exposure very few cells grown at low density were still viable, while approximately 58% of
the cells grown under conditions of high density remained intact (Fig. 1B and C). To test
whether the effect of cell growth density on rapid killing also applied to other drugs that
disrupt microtubule dynamics, such as vincristine or nocodazole, we repeated these
experiments using these drugs in place of paclitaxel. A similar effect on viability, dependent
on cell density at time of treatment, was confirmed in vincristine- and nocodozole-treated
SKBR3 cells at 15 h (Fig. 1D and data not shown, respectively).

We sought to determine if the rapid cell death of most paclitaxel-treated cells grown at low
density was due to the loss of replicative potential. In other words, to determine whether or
not cell death was merely delayed, such that all cells exposed to paclitaxel, irrespective of
cell growth density, were ultimately programmed for eventual death. Alternatively, we
sought to assess if brief exposure to paclitaxel gave rise to cells that proliferated more
aggressively (as one might expect if few surviving cells had developed increased
aneuploidy). Therefore, we repeated the experiment, but this time treated cells were replated
for analysis by clonogenic survival, the standard assay for replicative potential. Cells grown
under all three densities were treated with paclitaxel, washed, counted and equal numbers of
each treatment group were replated into fresh dishes left to grow undisturbed. Significantly
fewer cells grown at low density during paclitaxel exposure survived to form colonies, but
almost four times as many cells grown at high density during treatment formed colonies
(Fig. 2A and B). Thus, the rapid nuclear fragmentation of paclitaxel-treated cells grown at
low density ultimately results in significantly fewer colonies.

Sensitivity to microtubule-targeting drugs is consistently reduced in mitotic checkpoint-
deficient human cancer cell lines when grown at high density

We wanted to confirm that the reduced killing of cells grown in high density was not
specific to SKBR3 cells but rather a general property of paclitaxel-treated cell lines deficient
for the mitotic checkpoint. Therefore, we assessed paclitaxel-induced cell death in PC3 (a
hormone independent prostate cancer cell line), A2780 and OVCAR-3 (both ovarian cancer
cell lines) when these cells were grown in different growth densities. We had previously
established these checkpoint-deficient cell lines were efficiently killed by paclitaxel under
conditions allowing exponential growth.27 Confirming our results in SKBR3 cells, rapid
killing by paclitaxel was dramatically affected by cell growth densities in all three cell lines
tested (Fig. 3A). Paclitaxel treated cells grown at low density showed a sub-G1 content of
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84–86% at 15 h (Fig. 3B). In contrast, PC3, A2780 and OVCAR cells grown at high
densities with identical drug exposure displayed a sub-G1 content of 13–29% (Fig. 3B).

Together, these results suggest that cell growth density may have a substantial effect on the
rapid killing of cancer cell lines by microtubule/mitotic spindle-disrupting drugs, potentially
through the level of cell-cell interaction. Thus cell lines sensitive to these drugs when grown
at low density and without significant cell-cell contact may show increased drug resistance
at high growth densities.

Resistance to paclitaxel-induced killing of cells at high density can be partially reversed by
cisplatin pretreatment

Cisplatin is a well-known anticancer agent that has been in use for 30 y. It is a
chemotherapeutic drug that forms inter- and intra-strand adducts with DNA.28 Cisplatin was
recently found to enhance cytotoxic efficacy in cancer cells grown at a high density, a result
attributed to enhanced kinase signaling mediated through cell-to-cell gap-junctions not
present in cells grown more sparsely.29 We treated SKBR3 cells grown at the highest
density with cisplatin alone, paclitaxel alone, cisplatin followed by paclitaxel or paclitaxel
followed by cisplatin (Fig. 3C). The cumulative drug exposure time for all four groups was
identical, and all cells were harvested at the same time. While cisplatin and paclitaxel alone
were comparable in the proportion of cancer cells killed, pretreatment with cisplatin
followed by paclitaxel led to markedly increased killing. The administration of paclitaxel
followed by cisplatin also led to increased cell killing compared to either drug alone, but
was less effective than administering cisplatin first.

Active cycling is decreased in cells growing at high growth density in vitro and in vivo
At drug concentrations that are the most clinically relevant to patients, the killing of cancer
cells by microtubule-targeting drugs is cell cycle-dependent, in that death occurs when the
cells progress into mitosis.30 Consequently, it may be possible that a reduced proportion of
cells actively cycling may influence the therapeutic efficacy of these drugs. To begin
investigating whether the resistance of densely grown cells to rapid killing by chemotherapy
was related to a smaller proportion of cycling and mitotic cells, we analyzed BrdU
(Bromodeoxyuridine) incorporation at low, moderate and high cell growth densities. SKBR3
cells were grown on cover-slips and grown at densities as in the previous experiments. All
cells were briefly exposed to BrdU a drug which only replicating cells can incorporate. The
cells were then fixed and immunofluorescence for incorporated BrdU was performed. The
majority (77 ± 4%) of cells grown sparsely had taken up BrdU, consistent with exponential
growth when cells are allowed to grow at low density (Fig. 4A and B). In contrast, BrdU
was incorporated by only a minority (12 ± 5%) of the cells grown at high density, and the
cells grown at moderate density showed an intermediate percentage (38 ± 6%) of BrdU
labeled cells. We found similar results when the same experiment was repeated with PC3
and OVCAR-3 cells (data not shown). These observations together indicate higher density
correlated with a smaller proportion of cells actively traversing the cell cycle. A potential
consequence of fewer cells entering mitosis at the time of drug administration was less cell
death by microtubule-targeting agents.

The next step was to assess whether a decreased fraction of cycling cells might be detectable
in clinically dense tumors. We analyzed paraffin-fixed tissue samples from excisional
biopsies of women presenting for treatment of localized breast cancer. These samples were
obtained as part of an IRB-approved protocol to investigate histological factors correlating
with treatment success or failure. In a pilot effort, the slides of nine patients presenting with
different stages of breast cancer, staged according to standard American Joint Committee on
Cancer (AJCC) pathological criteria, were assessed: T1a (n = 3, more than 0.1 but less than
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0.5 cm in greatest dimension), T1c (n = 3, more than 1.0 but less than 2.0 cm), and T2 (n =
3, more than 2.0 but less than 5.0 cm). It was not possible to stain for BrdU as proliferating
cells must be exposed to the agent prior to harvesting and fixation, a precondition not
available for clinical samples. We therefore stained the clinical samples for CENP-F, a
kinetochore-binding protein that is maximally expressed during G2/M, and thus serves as an
accurate marker of cells in G2/M.27,31 CENP-F is not expressed by quiescent G1/early S
phase cells. The proportion of cells strongly expressing CENP-F was employed as an
indicator of active cell cycling because this marker has been previously validated for cell
cycle analysis.27

We began our studies by counting and calculating the average number of cells within at least
five 1 mm2 areas of tumor tissue. It was readily apparent that the morphology and growth
characteristics of tumors between patients could be distinguished (Fig. 4C). Stage T1a
tumors showed an average of 105.3 ± 24 cells per 1 mm2, T1c tumors showed 443.3 ± 31
cells per 1 mm2, while the T2 tumors showed 760.7 ± 98 cells per 1 mm2. Therefore the
number of cancer cells per given area—i.e., the cell density—increased proportionally with
the increasing stage of disease. The average percentage of tumor cells of each mm2 area that
strongly expressed CENP-F (i.e., were in G2/M) for each stage wereT1a: 22%, T1c: 8% and
T2: 3%. Thus, the percentage of actively cycling cells relative to the entire tumor population
was inversely proportional to advancing stage and cell density. It should be noted that
because the more advanced stage tumors contained many more cancer cells, the overall
number of cycling cells is higher as well. Nonetheless, these results supported a clinical
correlation with our cell culture findings of decreased cell cycling in densely grown cancer
cells.

Gene ontology suggests a critical role of cell density and cell-cell interactions in driving
biological processes and cellular functions

Finally, we sought to determine the critical gene associations and the overriding ontology
characteristics influenced by cell density conditions. To achieve this, we performed
microarray analysis of cells grown at both low and high densities as in our previous
experiments. Microarray data was processed with the GeneSifter (VizX Labs) microarray
analysis system. We screened the data by eliminating genes that changed by less than 2-fold,
and by only including genes that were flagged as “P” or “present” by the Affymetrix MAS5
algorithm. These filtering steps reduced the dataset to 5209 genes (Fig. 5). This subset was
mined for biological information using the Z-score Report in GeneSifter to categorize genes
according to their involvement in the following biological pathways: cellular component,
biological process and molecular function. The Z-score associated with each pathway is an
indication of the likelihood that association between the altered genes and that pathway
occurred more or less frequently than expected. Large positive numbers (or negative)
indicate that the pathway is significantly activated (or repressed). As shown in Table 1, (+)
Z-scores indicating cellular components that were significantly activated in the cells grown
at high density included those related to the regulation or structure of membrane and
extracellular regions. Biological processes that were increased in cells grown at high density
included those related to adhesion. Interestingly however, genes related to DNA damage
repair and metabolism were repressed (Table 2). These results illustrated the dramatic
influence of cell density on modulating gene expression profiles, with potential
consequences for treatment response.

Discussion
We report here that human cancer cells susceptible to rapid killing by microtubule-targeting
drugs when grown sparsely became markedly more resistant to the same drugs when grown
in higher density conditions. It is possible that the resistance associated with high cell
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growth density may in part be due to a lower fraction of cells actively undergoing cell-
cycling, resulting in fewer cells undergoing mitotic catastrophe in the presence of these
drugs. We may also speculate that the increased cell-cell interactions and cellular adhesion
occurring under high density cellular growth conditions may alter gene expression patterns
and which in turn alter the response to therapy. While the investigations described here were
performed under normoxic conditions and neutral pH, these findings do not exclude the
possibility that other physiological conditions may also confer drug resistance in clinical
settings. Indeed, it seems also likely that any condition that limits cell cycling or that results
in a portion of the tumor becoming temporarily quiescent would also decrease the
susceptibility of cancer cells to rapidly killing by microtubule-targeting drugs. For example,
high cell density has been found to attenuate the activation by DNA damage of p53,32

however, the SKBR3, PC3 and OVCAR-3 cells studied here are all functionally null for
wildtype p53 activity, and p53 expression was not restored by treatment with either
paclitaxel or vincristine (data not shown).

Paclitaxel has been associated with caspase-activation, which may contribute to cell death
resulting from mitotic catastrophe.33–35 We confirmed that treatment with paclitaxel under
conditions used in the studies described here leads to activation of caspase 3.36,37

Interestingly, we have found the activation of caspases is muted in cells growing at high
density when treated with paclitaxel, compared to cells growing sparsely when treated (data
not shown).

Our results merit confirmation in animal models of human cancers, and ultimately in human
studies. Important questions that remain to be answered include whether there is a threshold
tumor density or size beyond which the cancer cells within become drug resistant, and
whether cellular growth density affects other aspects of the tumor microenvironment to
mediate treatment resistance? Clinical experience suggests that while responses can still be
obtained when solid malignancies have grown to larger sizes, cure with chemotherapy or
radiation therapy alone is less likely. Technological advances that facilitate functional
imaging of tumors such as FLT-PET38 or dynamic contrast MRI39 may give insight into
intratumoral growth conditions such as cellular cycling or tumor physiology, and in turn
allow the prediction of treatment response and outcome.

Materials and Methods
All cell lines cells were obtained from the American Type Culture Collection (ATCC)
(Manassas, VA), and grown in DMEM media (Gibco/BRL) supplemented with 15% fetal
bovine serum (FBS) at 37°C in 5% CO2. Nocodazole, paclitaxel, vincristine and cisplatin
were obtained from Sigma (St. Louis, MO), and prepared as 1000X stock in DMSO. For
experiments, these were diluted in media, and used at concentrations and conditions as
previously described or noted in the figure legends.27,45 In all experiments, the media of all
plates were changed to fresh prewarmed media simultaneously with the addition of drugs, to
ensure that the results would not be affected by nutrient deprivation. Mock-treated controls
were handled in an identical manner to experimental samples, with an identical amount of
media added (without drug). Colony survival assays were performed by exposing cells to
microtubule-targeting drugs for 6 h, after which the drugs were removed. The cells were
thoroughly washed, and replated in fresh, drug-free plates in triplicate at serial dilutions and
left to grow undisturbed for 10 d in the incubator. Colonies were subsequently fixed and
stained with crystal violet in methanol, and scored as those containing 50 or more cells.

Immunofluorescence and fluorescence-activated cell sorting (FACS) analysis of DNA
content was performed as previously described.27,45 During the FACS, no gating was
performed on the propidium iodide (PI)-stained nuclei, in order that all cells were included
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in the analysis, including those with sub-G1 content representative of nuclear fragmentation.
Prior to staining of the nuclei, cells with sub-G1 content were confirmed to be nonviable
through Trypan blue and propidium iodide (PI) exclusion assays. For immunofluorescence,
cells grown on coverslips were fixed in ice-cold acetone:methanol (50:50), washed in
phosphate-buffered saline and KB buffer (50 mM TRIS-HCl pH 7.4, 150 mM NaCl, 0.1%
BSA), prior to labeling with specific antibodies. The respective primary antibody that was
then detected via the species-specific secondary antibody conjugated to Alexa Fluor 594 or
488 (Molecular Probes, Eugene, OR). DNA was stained with 0.1 mg/ml of 4′,6-
diamidino-2-phenylindole (DAPI, Sigma). The coverslips were then mounted in 0.1% para-
phenylenediamine in glycerol. Stained cells were examined with a x100 PlanNeofluor
objective mounted on a Nikon TE-200 microscope equipped with epifluorescence optics.
Images were captured with a Hammamatsu CCD camera that was controlled with IP
LabSpectrum v2.0.1 (Scanalytics Inc.).

For immunohistochemistry, archived slides from an Institutional Review Board (IRB)-
approved protocol were deparaffinized by immersion in 95°C 10 mM citric acid buffer (pH
6.0) for 15 m in a steamer, followed by treatment with hydrogen peroxide to block
endogenous peroxides, and then blocked in 10% horse serum. The slides were then probed
overnight with anti-CENP-F (Novus) at 1:1,000 in 4°C. A peroxidase labeled polymer
(DakoCytomation Envision Plus Dual Link System Peroxidase, Carpinteria, CA) was
applied at room temperature for 30 m. The slide was developed with Vector DAB
Peroxidase Substrate Kit (SK-4100) and counterstained with hematoxylin. Calculations and
statistical analysis for the colony survival assays, as well as the analyses based on
immunofluorescence and immunohistochemistry, were performed with add-in statistical
modules in Excel, in turn an integrated component of Microsoft Office Professional XP.
Counts were taken from at least five separate microscopic fields, with cell counts rounded to
the nearest whole number, and followed by standard error, e.g., 10.3 ± 24. Statistical
differences were determined by Student’s t-test using the MedCalc (software version
10.4.8.0) statistical software package.

For microarray analysis, SKBR3 cells were harvested at low (10–30% confluency,
approximately 10,000 cells per cm2) or high density (80–100% confluency, approximately
60,000 cells per cm2). Total RNA was isolated and purified from the cells using the RNeasy
Mini Kit (QIAGEN, CA). RNA was amplified, labeled, and hybridized to the GeneChip
Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, USA) per manufacturer’s
instructions. The average intensity of all genes on the chip was adjusted to 150 to allow for
comparison and analysis. Data was processed with the GeneSifter (VizX Labs) microarray
analysis system. Data was normalized to the global median of gene expression. The
biological pathway Z-score calculated by Genesifter was used for ontology rankings.

Conclusion
In conclusion, our findings may help provide a rationale for the selection and sequencing of
drugs in anticancer treatment. For example, administering chemotherapy that kills cancer
cells regardless of cell growth density may reduce cell number sufficiently to allow taxanes
to be maximally effective in killing more cancer cells.40,41 Anticancer interventions whose
efficacy might be independent of cell density include cisplatin, radiation therapy and, of
course, surgery. A number of clinical studies have reported high response rates when
cisplatin was combined with docetaxel.42–44 It remains to be determined whether efficacy
can be further improved when the treatments are given sequentially versus concurrently. We
hope the preliminary observations we report here might stimulate such studies.
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Figure 1.
Cell growth density determines proportion of SKBR3 cells that are rapidly killed by
paclitaxel and vincristine. (A) Cell death after Taxol of cells grown at three different
densities. Parallel plates of SKBR3 cells were grown at the respective densities, and then
harvested prior to treatment (“0 hours”) or at the indicated times after treatment with
paclitaxel (“Taxol”, 20 nM) for cell cycle analysis via FACS. Low density = 10–30%
confluency. Moderate density = 50–70% confluency. High density = 80–100% confluency.
Histograms show cell cycle distribution, with the respective phases indicated. By 15 h after
treatment, virtually none of the cells grown at low density were still alive, while a
substantial proportion of cells grown at high density were viable. The arrow indicates cells
in G1 that remain viable and intact, especially prominent in the cells grown under dense
conditions. (B) Bar graphs showing the percentage of nonviable cells with sub-G1 DNA
content in each of the FACS histograms shown in (A). The bars represent the respective
times after the addition of paclitaxel according to the figure legend. (C) SKBR3 cells grown
at the three different densities as described in (A), were imaged (x40) before or 12 h after
treatment with paclitaxel (Taxol). The area within the dashed box is shown at higher
magnification. (D) SKBR3 cells growing at the three densities were prepared as in (A), but
treated with vincristine (20 nM) for 15 h. All cells were then harvested for cell cycle
analysis via FACS. Bar graphs show the percentages of treated cells at each growth density
(indicated in the figure legend) undergoing nuclear fragmentation and resulting in sub-G1
DNA accumulation. Error bars represent standard deviation. Open and filled stars indicate
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significant differences between the low density and the moderate and high density treatment
groups, respectively, with associated p values.
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Figure 2.
Clonogenic survival after paclitaxel treatment is affected by cell growth density at the time
of treatment. (A) SKBR3 cells were grown at the at the three different cell growth densities
and then treated with paclitaxel (20 nM) for 12 h. All cells were then washed extensively
and the indicated numbers of cells (either 500 or 2,500) of each treatment group were plated
into new plates with fresh drug-free media. The cells were then left to grow undisturbed for
10 d. All plates were then fixed, stained, and the colonies counted. Plates containing the
same number of cells for each group of cells were prepared in triplicate, fixed, and stained
identically, with the resulting numbers of colonies averaged. The experiment was repeated
three times, with similar results. Representative plates containing identically treated cells of
each original growth density are shown. (B) Bar graphs showing the percentages of cells of
each growth density forming colonies after treatment with paclitaxel as described. Each data
point and its standard deviation (error bars) represents the results from at least six different
plates of cells. Open star indicates a significant difference between the low density and the
high density groups with the associated p value.
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Figure 3.
Cell lines susceptible to rapid killing by paclitaxel are rendered more resistant when grown
at a high growth density and resistance is abrogated when cells are pretreated with cisplatin.
(A) PC3, A2780 and OVCAR-3 cells were grown under the three different cell growth
densities as described previously for SKBR3 cells (Fig. 1), treated with paclitaxel (“Taxol”,
20 nM), and were harvested 15 h later for cell cycle analysis via FACS. (B) Bar graphs
showing the percentage of cells of each cell line and of each growth density undergoing
nuclear fragmentation, resulting in sub-G1 DNA content, after treatment with paclitaxel.
Low density = 10–30% confluency. Moderate density = 50–70% confluency. High density =
80–100% confluency, according to figure legend. (C) The resistance to rapid killing by
paclitaxel of cancer cells growing at high density is abrogated when cells are pretreated with
cisplatin. SKBR3 cells were grown at high density, and treated with cisplatin (5 μg/ml) for
12 h, paclitaxel (20 mM) for 12 h, cisplatin for 6 h followed by paclitaxel for 6 h, or
paclitaxel for 6 h followed by cisplatin for 6 h. All cells were then harvested for cell cycle
analysis via FACS. Bar graphs show the percentages of treated cells at each growth density
undergoing nuclear fragmentation, resulting in sub-G1 DNA content. The experiment was
repeated three times. Error bars represent standard deviation. Open and filled stars indicate
significant differences between the following treatment strategies: Taxol vs. Taxol →
CDDP and CDDP vs. CDDP → Taxol, respectively, with associated p values.
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Figure 4.
The proportion of actively replicating cells is inversely proportional to cell growth density,
in vitro as well as in vivo. (A) SKBR3 cells were grown on coverslips at the at the three
different cell growth densities, pulse-labeled with BrdU for 10 min, and then fixed and
probed for BrdU and total chromatin via DAPI. The proportion of cells showing BrdU
uptake indicative of active replication as a function of total cells was counted.
Representative images of cells grown at each growth density staining for BrdU and total
chromatin (DAPI). (B) Bar graphs showing the percentages of cells of each growth density
that are actively replicating. Each data point and its standard deviation (error bars)
represents the results from at least three different plates of cells. The experiment was
repeated three times, with similar results. Open and filled stars indicate significant
differences between the low density and the moderate and high density treatment groups,
respectively, with associated p values. (C) Breast cancer cell growth density correlates with
increasing tumor stage. Excisional biopsies from three representative patients presenting
with AJCC Stages T1a (background of DCIS with microinvasion), T1c, and T2 breast
cancer were fixed onto slides. These were subsequently deparaffinized and probed for
CENP-F (specific marker of G2/M cells) and counterstained with hematoxylin.
Representative image of 1 mm2 of tissue from each patient is shown. The area within the
dashed box is shown adjacent at a higher magnification. Tumor cells show abundant
cytoplasm, and those in G2/M show high expression of CENP-F (individual CENP-F
expressing cells indicated by arrows in images at higher magnification). (D) Bar graphs
showing the average number of cells per 1 mm2 areas of tumor tissue. Each data point and
its standard deviation (error bars) represents the results from at least three samples. Five
separate areas were counted. Stars indicate significant differences between the T1a samples
and the T1c and T2 samples with associated lc value. Figure inset: average percentage of
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tumor cells of each mm2 area strongly expressing CENP-F (% +++ CENP-F staining)
according to Stage (T1a, T1c and T2).
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Figure 5.
Scatter plot of 38,500 genes derived from microarray analysis of cells grown at low (sparse)
or high (Dense) density. Data was filtered from a raw data set of 38,500 genes. Five
thousand, two hundred and nine differentially expressed genes were identified that met the
filtering criteria. Genes that did not pass the filtering criteria are displayed in light gray.
Genes that passed filtering criteria (5209 genes) are shown in black as upregulated (≥2-fold
expression increase), or in dark gray as down-regulated (≥2-fold expression decrease).
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Table 1

Cellular component

Rank Z-score (+) Z-score (−)

1 Integral to membrane 11.27 Intracellular −9.1

2 Intrinsic to membrane 11.27 Intracellular part −8.66

3 Membrane part 10.84 Nucleus −7.04

4 Membrane 10.7 Organelle −6.95

5 Plasma membrane part 6.2 Intracellular organelle −6.93

6 Plasma membrane 6.14 Membrane-bound organelle −6.37

7 Intrinsic to plasma membrane 5.31 Intracellular membrane-bound organelle −6..34

8 Integral to plasma membrane 5.25 Mitochondrion −5.54

9 Membrane fraction 4.58 Mitochondrial part −4.75

10 Extracellular region 4.2 Macromolecular −4.74

Ontological categorization of the top ten Cellular Components up or downregulated in response to cell density as determined by Z-score.
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Table 2

Biological process

Rank Z-score (+) Z-score (−)

1 Biological adhesion 6.3 Nucleic acid metabolic process −6.16

2 Cell adhesion 6.3 RNA metabolic process −5.41

3 Biomineral formation 6.14 Biopolymer metabolic process −4.95

4 Ossification 6.14 Cellular metabolic process −4.71

5 Multicellular organismal development 5.68 Macromolecular metabolic process −4.55

6 Tissue remodeling 5.66 Primary metabolic process −4.26

7 System development 5.64 Metabolic process −4.24

8 Bone remodeling 5.59 DNA metabolic process −4.01

9 Skeletal development 5.53 DNA repair −3.87

10 Developmental process 5.0 Translation −3.82

Ontological categorization of the top ten Biological Processes up or downregulated in response to cell density as determined by Z-score.
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