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Abstract

Purpose: As chemotherapy and molecular therapy improve the systemic survival of breast cancer
patients, the incidence of brain metastases increases. Few therapeutic strategies exist for the
treatment of brain metastases because the blood-brain barrier severely limits drug access. We
report the pharmacokinetic, efficacy, and mechanism of action studies for the histone deactylase
inhibitor vorinostat (suberoylanilide hydroxamic acid) in a preclinical model of brain metastasis of
triple-negative breast cancer.

Experimental Design: The 231-BR brain trophic subline of the MDA-MB-231 human breast
cancer cell line was injected into immunocompromised mice for pharmacokinetic and metastasis
studies. Pharmacodynamic studies compared histone acetylation, apoptosis, proliferation, and
DNA damage /n vitroand in vivo.

Results: Following systemic administration, uptake of [14C]vorinostat was significant into
normal rodent brain and accumulation was up to 3-fold higher in a proportion of metastases
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formed by 231-BR cells. Vorinostat prevented the development of 231-BR micrometastases by
28% (P=10.017) and large metastases by 62% (P < 0.0001) compared with vehicle-treated mice
when treatment was initiated on day 3 post-injection. The inhibitory activity of vorinostat as a
single agent was linked to a novel function /in vivo: induction of DNA double-strand breaks
associated with the down-regulation of the DNA repair gene Rad52.

Conclusions: We report the first preclinical data for the prevention of brain metastasis of triple-
negative breast cancer. Vorinostat is brain permeable and can prevent the formation of brain
metastases by 62%. Its mechanism of action involves the induction of DNA double-strand breaks,
suggesting rational combinations with DNA active drugs or radiation.

Significant advances have been made in the treatment of primary breast cancer; one of the
unfortunate complications of this progress is an increase in the incidence of brain metastases
(reviewed in refs. 1, 2). Combinations of cytotoxic and targeted therapies have afforded
metastatic breast cancer patients’ clinical responses or stable disease, but the poor
penetration of these drugs into the brain and leptomeninges creates a “sanctuary site” for
recurrence. With an increased number of metastatic breast cancer patients having stable
disease or responding to treatment systemically when they develop brain metastases, there is
a need to find agents to treat the central nervous system lesions present in otherwise healthy
and functional patients given that the 1-year survival estimate after diagnosis of a brain
metastasis is only ~20% (2).

The blood-brain barrier (BBB) is the prime determinant of the brain’s status as a
chemotherapy sanctuary site for tumor cells. The BBB consists of capillary endothelial cells
that lack fenestrations, have low pinocytotic activity and high electrical resistance, and are
connected by continuous tight junctions to keep undesirable agents from entering the brain.
The basement membrane, pericytes, extracellular matrix, and feet of astrocytes that line the
abluminal side of the endothelial cells further restrict movement of molecules out of the
circulation (reviewed in refs. 3-5). Most molecules that cross the BBB are small in
molecular weight, nonpolar, and hydrophobic, permitting diffusion through lipid bilayer
membranes (6). Some molecules that are required for cerebral metabolism, such as amino
acids, glucose, and nucleosides, are shuttled into the brain by specific facilitated transport
systems at the BBB. However, many substances, including most chemotherapeutics, are
actively transported out of brain at the BBB by efflux carriers such as P-glycoprotein,
thereby limiting central nervous system exposure (5). Common wisdom dictates that the
breach in the BBB created by the invasion and colonization of a tumor cell to form a
metastasis, and the progressively growing metastasis, opens the permeability of the BBB to
create a blood-tumor barrier, although very little quantified data exist on this topic (7). We
used a quantitative experimental brain metastasis assay of triple-negative breast cancer (8) to
evaluate drugs that may be BBB-permeable, but not in the traditional armamentarium of
breast cancer agents, to identify new therapies for the treatment of breast cancer brain
metastasis. Herein, we report data for the histone deacetylase inhibitor, vorinostat
(suberoylanilide hydroxamic acid), currently Food and Drug Administration approved for
the treatment of refractory cutaneous T-cell lymphoma.
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In vitro, histone deacetylase inhibitors regulate the acetylation status of histones with
subsequent effects on chromatin structure and gene transcription (9, 10). Vorinostat and
other histone deacetylase inhibitors also affect the acetylation of nonhistone proteins, block
proliferation, generate oxidative species, induce apoptosis, and enhance radiation
cytotoxicity (reviewed in refs. 10, 11). Preclinical mouse data showed an inhibition of
primary tumor growth in multiple model systems (12-15). There are limited data
investigating vorinostat in the metastatic setting. Surprisingly, little data have been published
to confirm that the /n vitro actions of vorinostat are operative /n vivo. Herein, we report the
pharmacology, efficacy, and /in vivo mechanism of action of vorinostat for the prevention of
brain metastases from triple-negative breast cancer.

Materials and Methods

Materials.

Vorinostat was provided by Cancer Therapy Evaluation Program, National Cancer Institute.

In situ brain perfusion.

The right common carotid artery of pentobarbital-anesthetized adult Sprague-Dawley rats
was catheterized and the right external carotid artery was ligated with surgical silk. The right
common carotid artery catheter was connected to a syringe containing [3H]vorinostat (0.2
HCi/mL; 8 nmol/L) and [*4C]sucrose (0.1 pCi/mL), as a vascular marker, dissolved in
bicarbonate-buffered physiologic saline (16). Perfusion was initiated by severing the right
cardiac atrium and infusing tracer-containing perfusion fluid into the right common carotid
artery with a pump (5 mL/min). After 30 to 120 s, the perfusion pump was stopped, and
weighed samples of brain and perfusion fluid were collected for analysis of 3H content by
liquid scintillation counting. Brain [3H]vorinostat uptake was expressed as a distribution
space (mL/g) calculated as the measured brain 3H content (dpm/g), corrected for
intravascular tracer using [14C]sucrose, divided by the perfusion fluid [®H]vorinostat
concentration (dpm/mL; ref. 17). The BBB permeability-surface area product to free drug
(PS; mL/s/g) for unidirectional uptake was obtained as the slope of the linear regression of
vascularly corrected brain 3H uptake space (mL/g) versus perfusion time (s; ref. 16). In some
experiments, vascular [3H]vorinostat was removed from the brain with a short (30 s) post-
perfusion wash with tracer-free fluid. The [3H]suberoylanilide hydroxamic acid octanol/
water distribution coefficient was measured at pH 7.4 with physiologic saline buffer using
the shake flask method as described (16).

Animal experiments.

All experiments were conducted under an approved animal use agreement with the National
Cancer Institute. For efficacy studies, 5- to 7-week-old female BALB/c nude mice (Charles
River Laboratories) were inoculated with 175,000 231-BR cells in 0.1 mL PBS in the left
ventricle. Three days after tumor cell inoculation, mice were randomized to treatment
groups. One group began vorinostat treatment (150 mg/kg) on day 3 post-injection and a
second group began vehicle treatment. Four days later, a third group began vorinostat
treatment 7 days post-injection and the final group began treatment 14 days post-injection.

Clin Cancer Res. Author manuscript; available in PMC 2020 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Palmieri et al. Page 4

\orinostat was administered via intraperitoneal injection once daily, 7 days a week. The
drug vehicle solution was 10% DMSO and 45% polyethylene glycol 400.

Mice were euthanized under CO5 anesthesia 24 to 26 days post-injection and brains were
excised. Mouse brains were bisected along the sagittal plane and the right hemisphere of the
brain was fixed in 4% paraformaldehyde for 24 h at 4°C, transferred to 20% sucrose
overnight at 4°C, and frozen in OCT. The left hemisphere was formalin-fixed and paraffin-
embedded for immunohistochemistry. Ten serial sections (10 pm thick) every 300 pm
through the right hemisphere were analyzed at a x50 magnification on a Zeiss microscope,
containing an ocular grid with squares of 0.8 mm2. Every micrometastasis or large
metastasis (>300 pm along the longest axis) in each section was tabulated.

For brain [1*C]vorinostat quantitative autoradiography, mice bearing 231-BR brain
metastases were anesthetized with sodium pentobarbital and administered 150 mg/kg
[14C]vorinostat (2.5-5.0 uCi/mouse) and 3 kDa Texas Red dextran (1.5 mg/mouse) into the
femoral vein at 30 and 10 m, respectively, before death. The brain was removed from the
skull and promptly frozen in isopentane (=70°C). The brain was cut into 20 um coronal
sections and tissue sections were analyzed for green and red fluorescence using an Olympus
MV X10 microscope. Tissue radioactivity was quantified using a Fujifilm FLA7000
phosphoimager with the MCID analysis program and 14C autoradiography standards
(Amersham Biosciences).

Western blot analysis.

Cells were treated with vorinostat at the concentrations indicated for the times given before
lysis. Cells were lysed in radioimmunoprecipitation assay buffer containing complete mini
EDTA-free protease inhibitor cocktail (Roche). Total lysates (50 pg/lane) were resolved by
SDS-PAGE and transferred to nitrocellulose membranes. Immunoblot analysis was done per
standard procedures. Primary antibodies against the following proteins used were acetyl
histone H3 (Millipore), acetyl histone H4 (Millipore), a-tubulin (Oncogene), and Hairy and
enhancer of split homologue-1 (Hes1; Novus Biologicals). Horseradish peroxidase—
conjugated secondary antibodies were used at dilutions of 1:5,000. Proteins were visualized
using enhanced chemiluminescence and autoradiography.

Cell death ELISA assay.

Apoptosis was measured using the Cell Death ELISAP!US (Roche) according to the
manufacturer’s instructions.

Clonogenic assay.

Cells were plated as a single-cell density and treated with vehicle or vorinostat 24 h later and
every 4 days for 12 days. Colonies were fixed with 50% methanol/10% acetic acid and
stained with crystal violet for quantification.

Cell migration assay.

Boyden chamber motility assays were conducted as described previously (8).
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Neutral comet assay.

A kit from Trevigen was used according to the recommendations from the manufacturer.
DNA was stained with propidium iodide and digital fluorescent images were captured on a
Zeiss Axioskop 2 microscope using OpenLab software (Improvision). At least 25 images per
time point were evaluated with olive tail moment determined using CASP software (18).

Immunohistochemistry.

Formalin-fixed, paraffin-embedded tissue sections were used for acetylated histone H3
lysine 9 and acetylated histone H4 lysine 8 (Cell Signaling Technology), Ki-67 and
proliferating cell nuclear antigen (PCNA; DAKO), and Rad52 (Cell Signaling Technology)
staining. Immunodetection was obtained with the EnVision+ horseradish peroxidase system
according to the manufacturer’s instructions (DAKO).

Immunofluorescence.

Freshly cut, frozen sections were air-dried before staining. Sections were stained with a-y-
histone H2AX (S139; Novus Biologicals). a-Rabbit Alexa Fluor 555 was used for detection.
Nuclei were counterstained with 4”,6-diamidino-2-phenylindole. Images were captured on a
Zeiss LSM 510 confocal microscope.

Statistical analysis.

A one-, two-, or three-way ANOVA was done on the data. Nonweighted, weighted, and
mixed-model ANOVAs were used as appropriate. For the mixed-model ANOVA, experiment
was the random effect. Residuals were examined for normality and homogeneity and were
partitioned if necessary. All Pvalues are two-sided and were adjusted using Dunnett’s
method if more than one group was compared with a control group. For quantitative reverse
transcription-PCR relative expression data, means from vehicle- and vorinostat-treated mice
were compared using two-way ANOVA. All Pvalues are two-tailed.

Results

Vorinostat permeability in the normal brain and experimental brain metastases.

Using the /n situ brain perfusion technique, [3H]vorinostat was taken up into normal brain
with a BBB PS of 1.4 + 0.3 x 1074 mL/s/g (Fig. 1A). The Y axis intercept (0.0102 + 0.0018
mL/g) of the uptake plot exceeded zero (P < 0.05) and was removed with a brief (30 s) post-
perfusion wash with tracer-free fluid, consistent with a small component of vorinostat
binding to the vascular endothelium. When plotted versus the octanol/water distribution
coefficient, a measure of lipophilicity, the BBB PS to vorinostat fell >2 orders of magnitude
below that predicted for BBB passive diffusion (Fig. 1B). Co-perfusion with verapamil (150
pmol/L), an inhibitor of active efflux transport, increased the BBB PS to [3H]vorinostat by
>2 fold (P < 0.05; data not shown), suggestive of a role of active efflux in limiting vorinostat
distribution. The log octanol/water distribution coefficient for [3H]vorinostat at pH 7.4
equaled 1.07 £ 0.01.

To evaluate the ability of vorinostat to distribute to brain and brain metastasis /7 vivo, mice
with 231-BR-EGFP metastases were administered 150 mg/kg [14C]vorinostat intravenously
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30 min before death. Animals also received 1.5 mg 3 kDa Texas Red dextran (a passive
permeability marker) 10 min before death to visualize leaky tumor blood vessels. A
representative coronal brain section shows EGFP-labeled metastatic clusters, 3 kDa Texas
Red dextran distribution, and 14C distribution in a [}C]vorinostat-treated mouse (Fig. 1C).
The three lesions showed variability in leakiness to 3 kDa Texas Red dextran. In other
metastatic lesions and in micrometastases in the tissue section, 14C concentration did not
differ from that of surrounding brain tissue. These same patterns were seen in all animals
evaluated (7= 5).

The average brain/blood concentration ratio at 30 min equaled 0.075 + 0.011 mL/g (mean £
SE; n=5), showing significant uptake of [1*C]vorinostat into brain above that of residual
blood volume (~0.01 mL/g). At 30 min, blood 14C concentration equaled 234 + 48 nCi/mL,
equivalent to a vorinostat concentration of 140 + 28 ug/mL (7= 5). The data indicate that
vorinostat is taken up into normal brain to a significant extent, reaching a level ~5 to 7 times
greater at 30 min than that expected for residual blood in the brain vasculature.

Enhanced 14C uptake was detectable at 61, 56, and 48 nCi/g in three metastatic lesions in the
tissue section, which exceeded normal brain 14C concentration (30 + 2 nCi/g) by 1.6- to 2-
fold. Vorinostat, therefore, distributes heterogeneously among brain metastases, with some
metastatic lesions showing no difference in concentration from surrounding brain and others
showing 14C elevations of up to 3-fold.

Vorinostat prevention of 231-BR brain metastases.

Given the uptake of vorinostat into the normal brain and enhancement of uptake in a
proportion of brain metastases, we hypothesized that vorinostat could inhibit brain
metastasis. 231-BR cells were injected into the left ventricle of mice and mice were treated
with vehicle or vorinostat intraperitoneally starting 3 days post-injection. At necropsy, 10
sagittal H&E-stained step sections through one hemisphere of the brain were counted using
an ocular micrometer to distinguish micrometastases and large metastases, the latter
comparable in one-dimensional size to a magnetic resonance imaging—detectable metastasis
in a human brain as reported previously (19). Initial experiments established that 150 mg/kg
vorinostat showed efficacy with minimal side effects (Supplementary Table S1).

Table 1 presents a combined analysis of two independent experiments examining the ability
of vorinostat to prevent or treat 231-BR brain metastases. Four experimental arms are listed,
mice receiving either vehicle or vorinostat beginning 3 days post-injection, and mice
receiving drug beginning either 7 or 14 days post-injection. By the latter date,
micrometastases were evident in sectioned brains (data not shown). Representative images
of whole brains ex vivo are shown in Fig. 2. Vorinostat treatment beginning on day 3
significantly reduced the formation of large metastases from a mean of 7.65 per section to
2.89, a 62% reduction (£ < 0.0001). A significant reduction in micrometastases was
observed, from a mean of 170 to 122, a 28% reduction (P= 0.017). Delay of vorinostat
treatment to 7 days post-injection produced a 35% reduction over vehicle-treated controls (P
= 0.008). A further delay in vorinostat treatment until day 14 post-injection reduced large
metastases by 22% but was not statistically significant. The data indicate that vorinostat
significantly reduced the number of micrometastases and large brain metastases in this
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triple-negative model of breast cancer but that it was most efficacious when administered
early.

Discordant histone acetylation, cell cycle, and apoptotic effects of vorinostat in vitro and

in vivo.

The /n vitro activities of vorinostat on 231-BR cells are shown on Fig. 3. Increased
acetylation of histone H3 and H4 was noted from 0.5 to 10 umol/L vorinostat (Fig. 3A).
Vorinostat altered the cell cycle distribution of 231-BR cells, with an increased percentage of
cells in the Go-G1 phases (43% versus 62—70% of cells) and a corresponding decrease in S
phase (37% versus 10-15%), indicative of a G1-S blockade. Induction of apoptosis was
evident at 5 to 10 pmol/L vorinostat as measured by a DNA fragmentation ELISA (Fig. 3B)
and confirmed to occur through the intrinsic pathway (Supplementary Fig. S1). There was
no evidence of vorinostat induction of autophagy (Supplementary Fig. S2). Vorinostat also
inhibited the clonogenic growth and migration of 231-BR cells (Fig. 3C and D,
respectively). Each of these effects of vorinostat was consistent with previously reported
studies.

To determine the effect of vorinostat on histone acetylation /7 vivo, mice were necropsied
within 4 h of a final dose of vehicle or drug and sections of dissected brains were subjected
to immunohistochemistry for acetylated histone H3 (lysine 9) and histone H4 (lysine 8) in a
blinded fashion. The percentage and intensity of stained nuclei in both normal brain and
metastatic lesions were comparable between the vehicle and 150 mg/kg vorinostat arms
(Supplementary Fig. S3). Apoptosis, visualized by either TACS-XL /n situ Apoptosis
Detection kit or cleaved caspase-3 immunofluorescence, was not detectable in sections of
150 mg/kg vorinostat-treated brains (data not shown). Within the sensitivities of the assays
used for /n vivo detection, vorinostat inhibition of brain metastasis was not accompanied by
increased histone acetylation or apoptosis in contrast to /n vitro data.

Immunohistochemistry was conducted on sections of dissected brains from vehicle-treated
or 150 mg/kg vorinostat-treated mice to determine its effects on the cell cycle /n vivo. The
percentage of Ki-67—positive tumor cells in large brain metastases from sections of vehicle-
treated or vorinostat (150 mg/kg)—treated mice was determined. Vorinostat induced a 10%
absolute decrease (a 19% relative decrease) in Ki-67 labeling, from a weighted mean of 52%
to 42%, a trend of more cells in Gy (P= 0.18). To further define the possible effects of
vorinostat on the cell cycle, a similar experiment was done using PCNA, indicative of either
cells in S phase or cells containing DNA damage (20). Large metastases from vehicle-
treated mice contained a weighted mean of 54% PCNA-positive tumor cells; large
metastases in brains of mice treated with 150 mg/kg vorinostat contained a weighted mean
of 73% PCNA-positive cells, a 19% absolute increase (35% relative increase) over controls
(P=0.15). The statistically significant effects of vorinostat on proliferation /n vitrowere, at
best, statistical trends /n7 vivo. Interestingly, the increase in PCNA staining of large
metastases in the brains of vorinostat-treated mice could also represent a response to DNA
damage as PCNA is a processivity factor for DNA polymerases in both DNA replication and
DNA repair.
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Vorinostat induces DNA double-strand breaks in vitro and in vivo.

To determine if vorinostat induced DNA damage /7 vitro, immunofluorescence for y-H2AX
(21) was done on 231-BR cells treated with vehicle or 5 pmol/L vorinostat as well as after
removal of drug. Cells were scored as either negative (0) or having <20 or >20 y-H2AX foci
per cell (Fig. 4A, fop). Vehicle-treated cells have a low level of endogenous DNA damage;
only 3% of the cells had >20 -y-H2AX foci per cell in contrast to 42% after 2 h of vorinostat
treatment (Fig. 4A, bottom). Interestingly, 24 h after removal of vorinostat, 50% of the cells
had >20 foci per cell, suggesting a lack of DNA repair. To confirm these data, comet assays
were done, which quantify DNA fragmentation. 231-BR cells were treated with vehicle or 1
or 5 umol/L vorinostat /n vitro for 24 h; the olive tail moment of the comet for the vehicle-
treated cells averaged 2.6 over three replicate experiments compared with 12.7 for -y-
irradiated cells (data not shown). The olive tail moment was increased 1.6-and 3.6-fold in
cells treated with 1 or 5 pmol/L vorinostat, respectively (Fig. 4B; £< 0.0001). The data
identify a new property of vorinostat as a single agent, the induction of DNA double-strand
break (DSB).

To determine if vorinostat induction of DSB occurred /n vivo, sections of brains from
vehicle-treated or 150 mg/kg vorinostat-treated mouse brains were stained for y-H2AX
using immunofluorescence. Representative sections are shown in Fig. 4C; y-H2AX appears
pink on blue 4’ ,6-diamidino-2-phenylindole-stained nuclei. Whereas some control nuclei
contained foci of y-H2AX, tumor cells treated with vorinostat contained visibly greater -
H2AX, to the point where some nuclei appear homogeneously stained. The percentage of y-
H2AX—positive tumor cells in large metastases from 4 to 5 mice per group is graphed on
Fig. 4D (/ef?)). y-H2AX—positive cells ranged from 0 to 6% of tumor cells in vehicle-treated
brains with a mean of 3.29%; for 150 mg/kg vorinostat-treated mice, the percentage of y-
H2AX—positive cells ranged from 1% to 14% with a mean of 6.71%, a 104% increase over
controls (P=0.047). Similar trends were observed in micrometastatic lesions where
vorinostat induced a mean of 12.3% y-H2AX—positive cells compared with 3.47% in
controls, a 254% increase (P = 0.004; Fig. 4D, righ. In conclusion, vorinostat induced DSB
in 231-BR cells /n vitroand in vivo, suggesting that it may contribute to its inhibition of
brain metastatic colonization.

In vivo gene expression changes induced by vorinostat inhibition of brain metastasis.

We performed gene expression profiling on metastases from vehicle- or vorinostat-treated
mice to determine if alterations in gene expression were observable that were consistent with
the phenotypes observed. Brain metastases from five vehicle-treated mice and six 150 mg/kg
vorinostat-treated mice were procured by laser capture microdissection. RNA was extracted
from the captured tumor cells from each brain and two rounds of linear amplification was
done. The amplified RNA from each mouse was processed separately through microarray
hybridization and analysis. One hundred sixteen genes were differentially expressed with a
false discovery rate of <5% and at least a 2.5-fold difference in expression. Of those, 63
were downregulated (Supplementary Table S2) and 54 were upregulated (Supplementary
Table S3) in the metastases from brains of vorinostat-treated mice. Simple hierarchical
clustering of the top 75 differentially expressed genes are shown in Fig. 5A.
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Hes1 was the most highly differentially expressed gene in the analysis and was present twice
in the top 10. It was downregulated 29.3- and 5.8-fold, respectively. This was validated by
quantitative reverse transcription-PCR using cDNA synthesized from RNA obtained from
laser-captured tumor cells from the brains of vehicle- and vorinostat-treated mice.
Quantitative reverse transcription-PCR analysis of vehicle-treated samples showed a 6.8-fold
downregulation of Hes1 (P = 0.0004; Supplementary Table S4). A decrease in Hesl protein
expression was also note by Western blot in 231-BR cells treated with vorinostat (Fig. 5B).

Rad52 was downregulated 3.5-fold in the microarray analysis in the vorinostat-treated brain
metastases. Rad52 participates in the repair of DNA DSB (22), suggesting that vorinostat-
mediated changes in gene expression could inhibit repair of DSB induced by the drug.
Quantitative reverse transcription-PCR confirmed a 6-fold downregulation of Rad52 by
vorinostat (P= 0.012; Supplementary Table S4). Immunohistochemical staining for Rad52
in the mouse brains confirmed decreased Rad52 protein in vorinostat-treated mice compared
with controls (Fig. 5C).

Discussion

Brain metastases of breast cancer represent an unmet medical need. A new approach is
required for this niche site to identify drugs with both brain permeability and efficacy. These
drugs will likely be distinct from traditional breast cancer therapeutic agents, and new trial
designs may be needed for their clinical validation. We present pharmacokinetic, efficacy,
and pharmacodynamic studies indicating that vorinostat, a histone deacetylase inhibitor
approved for refractory T-cell lymphoma, may prevent the brain metastatic colonization of
triple-negative breast cancer. We also present a comprehensive comparison of potential /n
vitroand in vivo mechanisms of vorinostat activity. A distinct activity, the induction of DNA
DSB and their poor repair, was the best measure of brain metastasis prevention, an activity
previously unreported in the literature for vorinostat as a single agent.

\Vorinostat showed significant uptake into normal brain, reaching a brain/blood concentration
ratio at 30 min that exceeded the brain residual blood volume (0.0075-0.015 mL/g) by 5- to
7-fold (23, 24). These data extend previous qualitative, immunohistochemistry-based reports
of brain permeability of vorinostat in mouse models of Huntington’s disease and glioma (13,
25). The model system permitted quantification of drug uptake into metastases, with a direct
comparison to vascular integrity in each lesion, as determined by 14C autoradiography and 3
kDa fluorescent Texas Red dextran, respectively. Several conclusions emerged. First, there
was heterogeneity among metastases, as not all metastases were permeable to the
intercellular passive diffusion marker Texas Red dextran. This observation contradicts the
conventional wisdom that the BBB is compromised in all “large” brain metastases. Second,
in several large metastases, [1*C]vorinostat uptake exceeded that of surrounding brain tissue
by up to 3-fold, whereas in other large metastases and in micrometastases there were no
differences in [24C]vorinostat distribution from normal brain. The data provide the first
quantitative analyses of vorinostat uptake into the central nervous system in a model of
experimental brain metastasis. Although vorinostat exhibits many of the structural features
recommended for good BBB penetration (26), the BBB PS was lower than expected (Fig.
1B) possibly as a result of active efflux transport at the BBB.
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\orinostat significantly prevented the development of brain metastases of breast cancer in
the 231-BR model system. A 62% reduction in large metastases (comparable in size to a
magnetic resonance imaging—detectable lesion in a human brain) was observed when
vorinostat was administered 3 days post-injection. Consistent with the permeability of
vorinostat into normal brain, a 28% reduction was observed in micrometastases, indicating
that the basal concentrations of vorinostat observed in normal brain and micrometastases
were sufficient for biological activity. Vorinostat has shown preclinical activity in other
cancer model systems, including reductions in tumor size and increases in lifespan; to our
knowledge, no studies have been conducted in the metastatic setting. The importance of
preclinical drug testing in the metastatic setting has recently been highlighted in the
literature where antiangiogenic therapies have been shown to decrease primary tumor size
but increase tumor aggressiveness and metastasis (27, 28).

In addition, an understanding of the mechanism of drug action /n vivois key to the
development of useful pharmacodynamic markers and rational combinations. Although
numerous reports have investigated the mechanism of action of vorinostat in vitro, few have
confirmed the data 7 vivo. We conducted a pharmacodynamic analysis of several prominent
aspects of vorinostat activity: histone acetylation, gene expression changes, proliferation,
and apoptosis. /n vitro prominent apoptosis was induced but was undetectable in the brain /n
vivo. Increased histone acetylation was observed on Western blot /n vitro but not by
immunohistochemistry /77 vivo in this model system. In other model systems, increased
histone acetylation has been detected /7 vivo (13); it remains possible that subtle changes
occurred here, but the assay lacked sensitivity to detect them.

Despite the lack of observable histone acetylation or apoptosis, vorinostat prevented the
development of both micrometastases and large metastases. Two potential mechanisms of
action have been identified /n vivo. First, Ki-67 labeling indicated a trend (30% increase) in
tumor cells that have exited the cell cycle. Similar findings were noted /n vitro where flow
cytometry analysis showed an increased number of cells in GoG1 after vorinostat treatment.
No significant change in p21 or other reported antiproliferative mediators of vorinostat were
noted by microarray analysis. Downregulation of Hes1 was observed in vorinostat,
compared with vehicle-treated brain metastases, and could contribute to this phenotype.

In contrast to the Ki-67 staining, increased PCNA staining of vorinostat-treated brain
metastases /17 vivo was noted and suggested the novel possibility that this drug could induce
DNA damage as a mechanism of action. Although vorinostat has been reported to synergize
with radiation and DNA-damaging agents (29-31), a role for this drug as a single agent in
the formation of DNA DSB is almost completely unstudied. y-H2AX foci, indicative of
DNA DSB, were increased 2-fold in the metastases of vorinostat-treated mice compared
with vehicle treatment (£ = 0.029). In vitro, vorinostat induced formation of nitric oxide by
231-BR cells, which may be responsible for induction of DNA DSB.8 /17 vitro data
suggested that both the induction of DNA DSB by vorinostat and a deficient repair in the -
H2AX foci persisted after removal of drug. Microarray analysis identified the
downregulation of Rad52 as a consequence of vorinostat treatment /7 vivo. Rad52 is best

8Dr. David Wink, National Cancer Institute, personal communication.
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known as part of the strand exchange machinery in homologous recombination DSB repair
(22, 32, 33). Decreased Rad52 may perpetuate the appearance of DNA DSB by impairing
their repair. The data indicate a new potential mechanism of action for vorinostat /n vivo and
is consistent with published reports using other histone-modifying agents in the induction of
DNA DSB in hematopoietic cells (34).

The simplest scenario for vorinostat inhibition of metastatic colonization posits that the drug
induces DNA DSB and downregulates Rad 52, involved in DSB repair. The DNA damage as
well as other changes in gene expression (Hes1) result in a slower rate of tumor cell
outgrowth.

Brain metastases of breast cancer represent an increasing problem, primarily concentrated in
the triple-negative and HER-2—positive subsets of patients. Vorinostat stands as a novel type
of drug, not included in the standard of care for breast cancer but exhibiting brain
permeability and the ability to prevent the formation of brain metastases in a preclinical
model. Vorinostat has not shown significant single-agent activity against widely metastatic
breast cancer, although it exhibited a favorable toxicity profile and 4 of 14 patients exhibited
stable disease with time to progression ranging from 4 to 14 months (35). However, the
preclinical and clinical activity of drugs to prevent metastases may be greater than that to
eliminate an already established large lesion (36, 37). Trials for the prevention of brain
metastases could enroll patients in the metastatic setting but would require relatively long
follow-up (36); alternatively, patients with brain metastases are at risk for the development
of additional brain metastases, and a preventive effect could be tested in this setting. We
present the first data indicating that vorinostat induced DNA DSB /n vivo. These data add to
the list of /n vivo pharmacodynamic markers of activity and may justify rational
combinations with DNA-damaging drugs and/or radiation in further therapeutic efforts (38).
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Brain metastases of breast cancer are largely untreatable by chemotherapy, as the blood-
brain barrier severely limits drug uptake. Here, we show the preclinical pharmacokinetic
and efficacy data indicating that vorinostat is brain-permeable, exhibits a several-fold
elevation in uptake in a proportion of brain metastases, and can prevent the formation of
brain metastases of breast cancers. A new mechanism of action of vorinostat was
observed in vitro and /n vivo, the induction of DNA double-strand breaks that can inform
the development of rational combinations.
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Fig. 1.
Pharmacokinetics of vorinostat uptake in normal brain and in experimental brain metastases

of breast cancer. A, time course of [3H]vorinostat uptake into normal brain as measured
using the /n situ brain perfusion technique. Mean + SE for 7= 3 perfusions. The line is the
best-fit linear regression to the data. Brain space (mL/g) was calculated as the vascularly
corrected brain 3H concentration divided by the [3H]vorinostat concentration of perfusion
fluid. B, log BBB PS versus log octanol/water distribution coefficient (logD), a measure of
hydrophaobicity. The line and black squares are for solutes that cross the BBB by passive
diffusion (16). The PS of vorinostat is ~2 logs below that of normal diffusion. C, a coronal
tissue section from a mouse injected intravenously with 150 mg/kg [**C]vorinostat 30 min
before death and 1.5 mg 3 kDa Texas Red dextran 10 min before death. Mice received
EGFP-transfected 231-BR cells via intracardiac injection 4 wk before the experiment. Green
fluorescent metastatic lesions that formed are circled (/ef?). Uptake of the nonspecific 3 kDa
Texas Red dextran (red fluorescence; middle) and [14C]vorinostat (autoradiogram; right) for
those circled lesions in the same coronal section is shown. Representative images shown for
n=5 mice analyzed.
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Vehicle

Day 7

Fig. 2.
Representative dorsal whole-brain images from mice treated with vorinostat. 231-BR-EGFP

cells were injected into the left cardiac ventricle of Balb\c mice and vehicle or vorinostat
treatment started at days indicated. Brains were dissected at necropsy and imaged using a
Maestro 420 Special Imaging System to detect the presence of EGFP-expressing metastases.
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Fig. 3.

In vitro effects of vorinostat on histone acetylation and apoptosis. A, Western blot analysis
of acetylated histone proteins in 231-BR cells treated with increasing concentrations of
vorinostat for 24 h. B, apoptosis as measured by the Cell Death Detection ELISAPLUS
(Roche). Apoptotic index determined with respect to vehicle control-treated cells given an
index of 1 to account for the amount of cell death occurring naturally in a cell population. P
< 0.0001, ANOVA, post-hoc Dunnett’s multiple comparison; 2= 0.014 for vehicle versus
0.5 pumol/L vorinostat; 2= 0.013 for vehicle versus 1 umol/L vorinostat; 2= 0.0001 for
vehicle versus 5 pmol/L vorinostat; £ < 0.0001 for vehicle versus 10 umol/L vorinostat. C,
clonogenic growth in response to 0.5 pmol/L (P = 0.024) and 1.0 ymol/L (P < 0.0001)
vorinostat compared with vehicle control. P values were determined by two-way ANOVA
with post-hoc Dunnett’s multiple comparison. D, vorinostat inhibition of cell migration as
assessed by Boyden chamber motility experiments. Vorinostat inhibited both unstimulated
(bovine serum albumin; £=0.0007) and fetal bovine serum-stimulated (< 0.0001) cell
migration. Pvalues were determined by three-way ANOVA.. Black columns, vehicle control;
white columns, 5 pmol/L vorinostat. Representative experiments of at least three conducted
(A-D).
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Fig. 4.

V(?rinostat induces DNA damage /n vitroand in vivo. A, top, representative
immunofluorescent images of y-H2AX foci (green) in the nucleus of vorinostat-treated 231-
BR cells. Cells were treated with 1 pmol/L vorinostat or vehicle for 2 h. y-H2AX
immunofluorescence was done immediately following treatment or 24 h post-treatment.
Nuclei were counterstained with 4”,6-diamidino-2-phenylindole. Magnification, x400.
Bottom, quantification of cells from y-H2AX immunofluorescence. Cells were scored as
having no foci, <20 foci per nucleus, or >20 foci per nucleus. Black columns, vehicle; white
columns, 1 umol/L vorinostat for 2 h; gray columns, 24 h after removal of 1 umol/L
vorinostat for 2 h. B, in vitro analysis of DNA DSB using the comet assay. 231-BR cells
were treated with vehicle or 1 or 5 pmol/L vorinostat for 24 h. Mean olive tail moment
pooled over three experiments. 2< 0.0001 (vorinostat effect by ANOVA), post-hoc
Dunnett’s multiple comparison; £=0.34 and P < 0.0001 for vehicle versus 1 and 5 pmol/L,
respectively. C, representative images of immunofluorescent y-H2AX staining in metastatic
lesions. Frozen-fixed sections of mouse brains from vehicle- or vorinostat-treated mice were
stained for y-H2AX. Positive foci are visible in pink, and all nuclei were stained with 4”,6-
diamidino-2-phenylindole. Magnification, x400. D, /eft, quantification of y-H2AX staining
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in large metastases. The percentage of positively stained cells per large metastasis was
calculated for all large metastases present in one section per mouse. Four or five mice were
analyzed per group containing two to four large metastases per section. P=0.047, weighted
ANOVA. Right, quantification of y-H2AX staining in micrometastases. The percentage of
positively stained cells per micrometastasis was calculated. One section per mouse from five
mice was analyzed per group with four to six micrometastasis per mouse. 2= 0.004,
weighted ANOVA.
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Fig. 5.

Ar?alysis of gene expression changes induced by vorinostat treatment. A, a simple
hierarchical clustering of the top 75 genes differentially expressed in the tumor cells of
vorinostat-treated mice compared with vehicle controls. Tumor cells were laser capture
microdissected from frozen tissue sections. RNA was extracted, amplified, labeled, and
applied to Affymetrix Human U133A 2.0 GeneChips. Vorinostat-treated samples are labeled
in red and vehicle samples are labeled in blue. B, Western blot validation of decreased Hes1
protein in response to vorinostat treatment. 231-BR cells were treated with 5 umol/L
vorinostat or vehicle for the times indicated. C, immunohistochemical validation of
decreased Rad52 protein /n vivo. Representative clusters of metastases from vorinostat- and
vehicle-treated mice. Magnification, x200. One section from each of five mice per group
was analyzed.
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