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Abstract

Taxanes (paclitaxel and docetaxel) are currently used to treat ovarian, breast, lung, and head and
neck cancers. Despite its clinical success taxane-based treatment could be significantly improved by
identifying those patients whose tumors are more likely to present a clinical response. In this mini-
review we discuss the accumulating evidence indicating that the breast and ovarian cancer
susceptibility gene product BRCA1 mediates cellular response to taxanes. We review data from in
vitro, animal, and clinical studies, and discuss them in context of response to therapy. We argue that
levels of BRCAL in tumors may provide a predictive marker for the response to treatment with
taxanes. In addition, the study of the role of BRCA1 in the mechanism of action of taxanes might
reveal alternative approaches to avoid resistance.

Keywords
Taxol; taxane; BRCAL; cancer; biomarker; microtubule; tubulin; chemotherapy

Isolation and characterization of Taxol

Isolation of Taxol from the bark of the pacific yew tree, Taxus brevifolia, permanently changed
the map of cancer treatment and research. Enthusiasm surrounding this finding ran high in both
chemical and biological circles as the taxane ring proved to be a novel structure with anti-
cancer properties (Fig. (1))[1]. Because of Taxol’s wide spectrum of anti-tumor activity, the
need to understand how this compound worked became a priority. It was not until the early
1970’s when Susan Horwitz and colleagues reported that Taxol inhibited cell division of
exponentially growing HeLa cells at low concentrations with no secondary effects in nucleic
acid metabolism or protein synthesis [2]. Using in vitro microtubule assembly assays, they
showed that, contrary to previous plant-derived compounds, such as colchicines which inhibit
microtubule assembly, Taxol promoted and stabilized microtubule assembly (rendering cells
into late G2/M blockage)[2]. Taxol was also shown to be effective in blocking cell replication
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in mouse fibroblasts and inhibiting 3T3 fibroblasts migration, indicating that the Taxol-
microtubule interaction could have an impact in several morphological and physiological
processes critical for cell survival, migration, and replication [3].

Microtubules, considered to be the main component of the cellular skeleton, are composed of
heterodimers of a and B-tubulin which are ~40% homologous. An abundance of isotype forms
for both a and B co-exist in the cell, which undergo several post-translational modifications
[4]. Each subunit has a guanine tri-phosphate (GTP) nucleotide binding site and hydrolysis
only occurs on GTP bound to the B-subunit during microtubule assembly [4]. The precise
mechanism by which Taxol interacts with microtubules was characterized in detail using
photoaffinity Taxol analogues. This approach mapped the region to the B-tubulin subunit in
which Taxol binding occurs [5-7]. The predicted region was later demonstrated to be in
agreement with the crystal structure of the o,B-tubulin dimer at 3.7 A resolution [8]. This was
further corroborated by functional studies that demonstrated Taxol-resistant human ovarian
cancer cells and Chinese hamster ovarian cells had B-tubulin mutations effectively
compromising Taxol driven polymerization [9,10].

Clinical Success of Taxanes

Taxanes have been well incorporated in adjuvant and neoadjuvant chemotherapeutic drug
regimens given to patients with operable or metastatic breast cancer [11]. Several phase 11l
trials have addressed the effects of using either paclitaxel or docetaxel (Fig. (1)) in combination
with typical first line treatment protocols such as 5-fluorouracil (5-FU), doxorubicin, and
cyclophosphamide. In cases of paclitaxel treatment used in adjuvant therapy, significant
increases in disease-free survival (DFS) were recorded for up to six years post treatment [12—
14]. Docetaxel given in combination with doxorubicin and cyclophosphamide as adjuvant
therapy showed marked decreases in DFS as compared to 5-FU/doxorubicin/
cyclophosphamide in the Breast Cancer International Research Group phase 11 study [15].
However, using docetaxel as a neoadjuvant to surgery following treatment with doxorubicin/
cyclophosphamide showed improved clinical and pathological complete response rates, as well
as increased overall clinical response rates [16]. A similar result was also observed in a
University of Aberdeen phase 1 trial that looked at neoadjuvant treatment of locally advanced
breast cancer with anthracycline therapy in combination with docetaxel; significant results
were accomplished establishing a basis for using docetaxel as standard neoadjuvant therapy
[17].

Retrospective evaluation of HER2 status in patients was undertaken by The Cancer and
Leukemia Group B (CALGB) trial, and their findings indicated increased benefits from
treatment when patients were found to have HER2-positive tumor cells versus HER2-negative
patients [18]. Further, specific molecular subtyping of HER2 has proven beneficial to
predicting efficacy of treatment as shown in CALGB 9344 and CALGB 9741 trials [18].
Inasmuch as molecular subtyping of breast cancer cells by their HER2 or Estrogen Receptor
(ER) status may provide useful diagnostic data to the clinician, the challenge to identify
additional predictors of treatment response presents the next phase in realizing the goal of
personalized medicine.

The use of taxanes in several additional types of cancers has also been studied, namely non-
small cell lung cancer (NSCLC), ovarian cancer, and head and neck squamous cell carcinoma
(HNSCC). Phase 1l studies have examined the use of docetaxel in combination with
gemcitabine as a second line treatment in NSCLC with promising results [19]. In a randomized,
open-label, phase Il trial comparing treatment with the standard first line platinum containing
regimen (paclitaxel plus carboplatin) versus a platinum-free experimental regimen (triplet of
vinorelbine, gemcitabine, and docetaxel), researchers found treatment efficacy to be equivalent
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with unique toxicity profiles [20]. No superiority over either treatment was recorded in this
study thus allowing for greater options to patients [20,21]. Taxane-based chemotherapy has
also become the first line treatment in ovarian cancer [22]. Studies have shown a marked
improvement in progression-free survival rates of patients treated with a combination of taxane
(paclitaxel or docetaxel) and cisplatin over cisplatin/cyclophosphamide [23,24]. These types
of combination therapy approaches have become the cornerstone of treating cisplatin-resistant
ovarian cancer [25].

The treatment of HNSCC with docetaxel as induction chemotherapy has also been established
in clinical trials. Combinations of docetaxel and cisplatin have been shown to exhibit upwards
of fifty-three percent overall response rates in these patients [26]. More recently a randomized
phase 11 trial compared docetaxel, cisplatin, and 5-fluorouracil (5-FU) versus cisplatin and 5-
FU alone (both groups receiving follow-up chemoradiotherapy). The results showed
significantly higher overall response rates in the taxane comprising treatment group versus
cisplatin and 5-FU alone (72% versus 64%, respectively)[27]. Taken together, these data serve
to illustrate the establishment of taxanes in treatment of many types of cancers as a standard
chemotherapeutic option.

Although we continue to learn a great deal about taxane response in past and present clinical
trials, continuous improvement in determining drug efficacy either as a single agent or as an
adjuvant therapy exists. Chemoresistance determinants [11], new drug formulations and the
search of derivatives with better therapeutic index [28] are good examples of areas in which
improvements could be achieved. In addition, identifying markers in tumors prior to treatment
could help researchers and clinicians in designing future clinical trials with higher predicted
response rates. For example, it has been demonstrated that inhibition of Aurora Kinase A in
conjunction with paclitaxel treatment synergistically enhanced apoptosis induction in HNSCC
cells and xenografts [29]. Based on the current literature, we propose that the breast and ovarian
cancer susceptibility gene 1 (BRCA1) protein could be a potential predictive marker for taxane
treatment. Furthermore, understanding the role of BRCA1 in taxane response could aid in
streamlining the clinical approach to improved chemotherapeutic therapy.

BRCAL [OMIM #113705] was mapped to chromosome 17¢g21 and isolated by positional
cloning in 1994 as a breast and ovarian cancer susceptibility gene [30-33]. BRCA1 germline
mutations have been attributed to a considerable increase in the risk of developing breast (56—
80% versus 11% in the general population) and ovarian cancer (15-60% versus 1.4—2.5%)
with early onset of the disease [33]. BRCAL is rarely mutated in sporadic breast cancers but
epigenetic inactivation of BRCAL1 has been documented in high grade sporadic tumors
suggesting that it also plays a role in non-familial cases [34,35]. The gene encodes a nuclear
phosphoprotein that plays a role in a number of different biological processes such as DNA
damage response, cell cycle control, and regulation of transcription, but it is not yet clear which
molecular function(s) are major contributors to the gene’s tumor suppressive activity (reviewed
in refs. [36-40]).

BRCA1 and Resistance to Microtubule-Disrupting Drugs

Cells lacking BRCAL1 are prone to apoptosis and are more sensitive to DNA damaging agents
[41-42]. Conversely, a series of experiments have suggested that low levels of BRCAL in cell
lines correlate with resistance to taxanes and vinca alkaloids (Table 1)[42-47]. While this
proved true for breast cancer cell lines, it was not observed in one ovarian cancer cell line
[48] and no clear sensitivity differences were found in lymphocytes from BRCA1 mutation
carriers [49]. Thus, cell culture experiments suggest that BRCA1 is required for sensitivity to
microtubule poisons but this may vary with gene dosage as well as with cell type.
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The evidence highlighting the role of BRCAL in taxane sensitivity is not limited to studies with
cell lines. In a K14cre;Brcal™F;p53F/F mouse (targeted deletion of Brcal and p53 in the
mammary gland) spontaneous tumors became invariably resistant to docetaxel but not to
cisplatin [50]. Acquired resistance in this case might be due to increased drug elimination via
upregulated transport proteins. But even if this is the case, one can imagine that by targeting
tumors that are more sensitive (high BRCAL1 levels) will preclude the accumulation of genetic
or epigenetic changes needed to develop resistance. A different mouse model in which ovarian
explants from K5-TVA;Brca1lox/lox; p53lox/lox (targeted deletion of Brcal and p53 combined
with the expression of the avian receptor TVA)[51] are cotransduced ex vivo with Cre and
Myc, and injected subcutaneously in nude mice illustrate once again potential cell type
differences. When treated in vitro with paclitaxel, Brcal™~ or Brcal*/* cell lines showed
comparable sensitivity [52].

The Mechanism of BRCA1 Response

Although the mechanism by which cells require BRCAL to respond to taxanes is largely
unknown, three modes of action have been proposed and none of them are mutually exclusive.
The first mechanism is a differential apoptotic response; the second confers a requirement in
spindle-assembly checkpoint; and the third provides a role in centrosome-mediated
microtubule stability.

It has been proposed that resistance of BRCA1-deficient cells to taxanes is correlated to a
defective apoptotic response but it has not yet been formally demonstrated [42]. The induction
of ectopic BRCAL expression led to an increased sensitivity to paclitaxel in a derivative of the
human mammary carcinoma cell line MDA435 when compared to a non-induced control.
Treatment triggered cell cycle arrest in G2/M phase and a dramatic increase in apoptosis, with
concomitant induction at the transcriptional level of GADD45 by BRCA1 [44]. Interestingly,
treatment of A375 and DLD1 cells (melanoma and colon cancer, respectively) with paclitaxel
and/or docetaxel also causes transcriptional induction of GADD45 (DeL.igio and Zorio,
unpublished data).

A rybozyme-based strategy to inhibit expression of BRCAL in breast epithelial HBL100 cells
caused decreased sensitivity to mitotic-spindle poisons Taxol and vincristine [47]. Upon
treatment with Taxol there was a strong increase in JINK phosphorylation and subsequent
apoptosis in BRCA1-expressing versus non-expressing cells. This observation was consistent
with previous data showing that BRCAL can enhance apoptosis through a pathway involving
H-Ras, MEKK4, JNK, and activation of caspases 8 and 9 [53].

By stabilizing microtubules, paclitaxel disrupts mitotic spindle assembly and triggers the
spindle checkpoint [54]. BRCAL participation in spindle assembly checkpoint signaling is
confirmed by the experiments that show targeted knockdown of BRCA1 in MCF7 cells
increases resistance to paclitaxel. MCF7 cells exhibited premature sister chromatid separation
after treatment with the drug suggesting that the role of BRCAL in the response to paclitaxel
may need spindle assembly checkpoint signaling [46]. This hypothesis is supported by the fact
that BRCAL is important for transcriptional regulation of spindle assembly checkpoint proteins
BUBRL [46] and MAD?2 [55]. These proteins (BUBR1, MAD2, and BRCAL) have a critical
role in mitotic microtubule organization and spindle pole assembly in Xenopus egg extracts
and cultured mammalian HelLa cells. The BRCAL1/BARDL heterodimer controls efficient
transport to the spindle poles of microtubule associated protein TPX2 [56]. This function was
partially dependent upon BRCA1/BARDZ1 ubiquitin ligase activity. Among the phenotypes
observed in BRCA1-depleted cells were compromised mitotic exit, chromosome segregation
defects, and micronucleus formation [56]. Defects in the spindle checkpoint have been
associated with resistance to taxanes [57,58]. Thus, it is conceivable that BRCAL also
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modulates taxane sensitivity through its effects on the spindle checkpoint. A completely

inactive checkpoint seems to be lethal, while a weakened (signal produced but not sustained)
checkpoint leads to chromosome instability [59]. Absent or low levels of BRCA1 may act as
a hypomorphic mutation and allow for a defective or attenuated spindle assembly checkpoint.

In addition to its role in the spindle-assembly checkpoint, BRCAL1 is also involved in the
regulation of centrosome function [60]. The hypophosphorylated form of BRCA1 has been
found associated with centrosomes during mitosis [61]. BRCA1 (amino acids 504-803)
interacts with y-tubulin, and over expression of this fragment causes accumulation of mitotic
cells with multiple centrosomes and abnormal spindles; which in turn interferes with cell
growth and induces apoptosis in COS7 cells [62].

Transient inhibition of BRCAL in cells derived from mammary tissues also leads to
amplification and fragmentation of centrosomes [63]. Important activity relationships have
been divulged in vitro regarding ubiquitination of centrosomal proteins by BRCA1/BARD1.
Specifically, this protein complex monoubiquitinates y-tubulin at lysine residues 48 and 344.
Individually mutating y-tubulin to abolish BRCAL ubiquitination at these residues has shown
BRCAL controls both centrosome duplication and its microtubule nucleation properties in
different stages of the cell cycle [64].

a Marker for Clinical Outcome

Despite the evidence from in vitro studies showing a trend towards cells that have no BRCA1
(or express lower BRCAL1 levels) being more resistant to taxanes, a positive correlation in
clinical studies would prove noteworthy. In the few studies published so far focusing on breast,
ovarian, and most recently, lung cancer, a case for this relationship is starting to emerge.

Absence of BRCA1 expression in primary tumors of metastatic breast cancer patients who
were treated with taxanes was identified as an independent predictor of shorter time to
progression, although there was no clear correlation with clinical tumor response [65]. On the
other hand, a study in primary breast cancers failed to see a correlation between BRCA1 levels
(grouped as either high or low expressers) and resistance to docetaxel [66]. However, in a study
comparing BRCA1 germ-line mutation carriers and non-carriers, response rates to neoadjuvant
docetaxel treatment in the carrier group was limited while non-carriers showed a high number
of complete or partial responses [67].

Patients with familial ovarian cancers (which included carriers and non-carriers of the
5382insC founder truncating mutation in BRCA1) responded less favorably to treatment with
paclitaxel and cisplatin or carboplatin than patients with sporadic tumors [68]. In addition, a
recent study in sporadic ovarian cancer patients provided evidence that BRCA1 mRNA
expression levels can be used as a predictive marker of survival. The overall median survival
for high BRCA1 expressing patients was increased after taxane-containing chemotherapy
[69].

A detailed review of the clinical studies described in the previous paragraphs reveal important
limitations in design and methodology. They all have small sample sizes which may lack
sufficient power to detect effects. Many do not provide patient genotyping information and in
many cases treatment combined several other classes of chemotherapy drugs with taxanes.
More importantly, they vary widely in how BRCAL1 status was determined (e.g. quantitative
RT-PCR or immunohistochemistry) and how differences in levels are accounted for (e.g.
continuous or discrete). Nevertheless, those limitations are more likely to underestimate
differences. Thus, the correlative clinical results, combined with the in vitro data, provide a
solid starting point for the hypothesis the BRCA1 can be used as a marker of clinical outcome
after treatment with taxanes.
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Low BRCAZ1 protein expression, due to promoter methylation, was shown to be a common
feature in NSCLC samples [70]. Researchers found that patients subjected to neoadjuvant
therapy with gemcitabine/cisplatin whose tumors expressed low levels of BRCA1 mRNA had
a better outcome than those expressing high levels [71]. In conflict to these results, one study
of NSCLC patients treated with gemcitabine/cisplatin or epirubicin/gemcitabine did not show
any predictive value using comparisons of BRCA1 levels in the tumors as measured by
immunohistochemistry [72]. However, analysis of mMRNA expression levels in metastatic
malignant effusions from NSCLC patients revealed BRCAL expression level as positively
correlated to docetaxel sensitivity [73]. Finally, overexpression of BRCA1 mRNA was strongly
associated with poor survival (Hazard Ratio: 1.98; 95% confidence interval 1.11-6) in
chemonaive NSCLC patients [74]. Thus, although these studies also suffer from limitations
(e.g. using MRNA measurements without also analyzing protein levels), they provide
preliminary evidence supporting the role of BRCAL status as a marker for outcome in lung
cancer. In light of this evidence, the Spanish Lung Cancer Group has initiated a BRCA1
Expression Customization (BREC) study to test the usefulness of BRCAL in current and future
customized therapy of NSCLC [75]. This exploratory evaluation attempts to expose BRCA1
as a potential genetic marker given the hypothesis that low BRCA1 levels correlate with
increased sensitivity to DNA damaging agents such as cisplatin. The results of the BREC study
regarding time to progression of disease and BRCAL levels will be highly anticipated in that
its implications reach toward a targeted and efficient approach to chemotherapy with taxanes
and/or DNA damaging agents in NSCLC.

Conclusion

BRCAL plays an important role in the cell’s response to chemotherapy. In the past few years
several lines of evidence have indicated that the status of BRCA1 protein influences the ability
of cells to respond to agents that cause DNA damage. Recently, data has emerged suggesting
that the status of BRCA1 may also influence response to agents that do not cause direct DNA
damage, such as microtubule inhibitors. If this role of BRCAL is confirmed, BRCA1 may
represent an ideal biomarker with the ability to predict response to a wide array of agents
currently used in cancer therapy.
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Fig. 1.

Structural formulas for A (2aR,4S,4aS,6R,9S,11S,12S,12aR,12bS)- 12b-(Acetyloxy)-12-
(benzoyloxy)- 1,2a,3,4,4a,6,9,10,11,12,12a,12b- dodecahydro-4,6,9,11-tetrahydroxy- 4a,
8,13,13-tetramethyl-7,11-methano- 5H-cyclodeca(3,4)benz(1,2-b) oxet-5-one, 10-
deacetylbaccatin (10-DAB), B (20,4a,58,7p,10B,13a)-4, 10-bis(acetyloxy)-13-{[(2R,3S)-3-
(benzoylamino)-2-hydroxy-3-phenylpropanoyl]oxy}-1,7-dihydroxy-9-oxo-5, 20-
epoxytax-11-en-2-yl benzoate, Taxol (paclitaxel) and C (2R,3S)-N-carboxy-3-
phenylisoserine, N-tert-butyl ester, 13-ester with 5, 20-epoxy-1, 2, 4, 7, 10, 13-
hexahydroxytax-11-en-9-one 4-acetate 2-benzoate, trihydrate, Taxotere (docetaxel).
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Table 1
Sensitivity to microtubule-interfering drugs in cell lines
Cells BRCAL status ICs Drug [exposure time] & assay used
Comparison across breast cancer cell lines
HCC1937 ER"™Y, one deleted allele and one C- >2uM Paclitaxel [48h] & MTT (Tassone et
terminally truncated allele. al. 2003; Ref. 45)
MCF-7 ERP®, hemizygous for wild type BRCA1 0.1-0.2 uM
MDA-MB231 Homozygous for wt BRCA1 10-20 nM
Comparison across isogenic breast cancer cell lines
HCCBR116 HCC1937 transfected with wt BRCA1 7.73nM Paclitaxel [72h] & MTT (Gilmore et
al. 2004; ref. 43).
HCCEV1 HCC1937 transfected with empty vector 6.21 uM
MBR62-bcl2 MCEF-7 derivative stably transfected with 7.7nM Paclitaxel [72h] & cell counting
tet-inducible wt BRCA1 (induced) (Quinn et al. 2003; ref. 42).
MBR62-bcl2 MCEF-7 derivative stably transfected with 96.4 pM
tet-inducible wt BRCAL (non-induced)
T47D T47D (BRCAL"* and ERP®) transfected 2.2 uM Paclitaxel [72h] & cell counting
with a control siRNA (Quinn et al. 2003; ref. 42).
T47D T47D transfected with a BRCAL siRNA >0.1 mM
HCCBR116 HCC1937 transfected with wt BRCA1 7.7nM Paclitaxel [72h] & cell counting
(Quinn et al. 2003; ref. 42).
HCCEV1 HCC1937 transfected with empty vector 6.2 uM
HCCBR116 1.9nM Vinorelbine [72h] & cell counting
(Quinn et al. 2003; ref. 42).
HCCEV1 17 uM
HCCBR18 HCC1937 transfected with wt BRCA1 0.3nM Paclitaxel [72h] & cell counting
(Quinn et al. 2003; ref. 42).
HCCEV2 HCC1937 transfected with empty vector 1.6 uM
HCCBR mix HCC1937 transfected with wt BRCA1 1.5nM Paclitaxel [72h] & cell counting
(Quinn et al. 2003; ref. 42).
HCCEV3 HCC1937 transfected with empty vector 10.7 uM
MCF-7 MCEF-7 transfected with a control sSiRNA 36 nM* Paclitaxel [72h] & WST-1 cleavage
(Chabalier et al. 2006; ref. 46).
*IC,5 shown.
MCF-7 MCEF-7 transfected with a BRCA1 4.1 nM*
SiRNA
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