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a b s t r a c t

High grade gliomas are aggressive cancers that are not well addressed by current chemo-
therapies, in large measure because these drugs do not curtail the diffuse invasion of gli-
oma cells into brain tissue surrounding the tumor. Here, we investigate the effects of
suberoylanilide hydroxamic acid (SAHA) on glioma cells in 2D and 3D in vitro assays, as
SAHA has previously been shown to significantly increase apoptosis, decrease proliferation,
and interfere with migration in other cell lines. We find that SAHA has significant indepen-
dent effects on proliferation, migration, and invasion. These effects are seen in both 2D and
3D culture. In 3D culture, with glioma spheroids embedded in collagen I matrices, SAHA
independently limits both glioma invasion and the reorganization of the tumor surround-
ings that usually proceeds such invasion. The decreased matrix reorganization and invasion
is not accompanied by decreased production or activity of matrix-metalloproteases but
instead may be related to increased cell–cell adhesion.

� 2009 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

High grade gliomas are devastating brain tumors that
are nearly uniformly fatal despite decades of intensive
pre-clinical and clinical research. Although gliomas rarely
metastasize outside of the central nervous system, their
ability to spread within the brain limits the efficacy of all
current treatment strategies [1–8]. Developing effective
anti-invasive therapies to be used in combination with
other surgical, chemotherapeutic, and radiative ap-
proaches is necessary to significantly change the prognosis
of patients with these cancers. As a result, many studies
have focused on identifying and targeting the cellular
mechanisms that underlie glioma invasiveness. Matrix
metalloproteases (MMPs), which degrade extracellular
matrix components, have long been considered critical ele-
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ments in tumor invasion and metastasis. In particular,
studies have demonstrated increased expression of the gel-
atinases MMP-2 and MMP-9 and the membrane-anchored
MMP-14 (or MT1-MMP) in and around high grade gliomas
[9–16]. While such studies suggest MMP inhibition may be
a critical tool in limiting glioma invasion, results of clinical
trials of synthetic metalloprotease inhibitors thus far have
been disappointing, and the search for effective anti-inva-
sive treatments for high grade gliomas continues [17].

Recently, suberoylanilide hydroxamic acid (SAHA or
vorinostat), a histone deacetylase inhibitor (HDACi), has
been identified as a very promising anti-cancer drug for
its ability to arrest cell growth and induce apoptosis of can-
cer cells while sparing normal cells in a variety of cell lines
[18,19]. SAHA has been the focus of several studies against
glioma in particular [20–24]. Administration of SAHA to
mouse, rat, and human glioma cell lines in vitro limited cell
proliferation and up-regulated pro-apoptotic and anti-pro-
liferative genes including p21/WAF and p27/KIP1 [20,22]. In
mouse models, SAHA was shown to cross the blood–brain
barrier, limit tumor volumetric growth, and increase sur-
vival time [20–22].
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While studies of the effects of SAHA on gliomas thus far
have focused on SAHA’s ability to halt cell growth and in-
duce apoptosis, other studies suggest SAHA may be an
effective anti-invasive compound as well. SAHA decreased
tumor necrosis factor driven invasion through Matrigel
coated Transwell filters in lung adenocarcinoma cells
[25]. Other HDAC inhibitors have also been shown to limit
invasion. Trichostatin A (TSA) and tubacin limited trans-
formed fibroblast cell invasion through coated Transwell
filters [26,27]. TSA also up-regulated RECK, a membrane
glycoprotein that inhibits MMP-2 activity, and limited lung
cancer cell invasion through coated filters [28]. Metacept-1
limited MMP-2 expression in treated leukemia cells [29].
Such anti-invasive activity could emerge through an epige-
netic mechanism, but it could also arise via direct effects
on proteins generally deemed necessary for invasion. In-
deed, the structure of SAHA bound to an HDAC-like protein
shows the hydroxamic acid group doubly coordinated to a
zinc atom [30]. Several broad spectrum MMP inhibitors in-
hibit MMP activity in exactly the same manner, through
binding MMPs via coordination to a zinc atom through a
hydroxomate group [31].

While anti-invasive effects of HDAC inhibitors in a
number of cell lines has been established, findings on these
drugs’ effects on cell motility (across uncoated substrates
or through uncoated Transwell filters) are less consistent.
TSA and SAHA were found to stimulate migration in Ishik-
awa cells [32]. TSA up-regulated integrins important in
migration in hepatocellular carcinoma cells [33], and buty-
rate promoted migration in colon cancer cell lines [34]. On
the other hand, TSA was found to have no effect on the
motility of untransformed fibroblasts at concentrations at
which invasion was strongly inhibited [26]. TSA has also
been found to limit migration of hepatic stellate cells [35].

Given that motility and invasion are both essential in
glioma’s aggressive dispersion in brain tissue, we have
investigated SAHA’s effects on several rat and human gli-
oma cell lines in 2D and 3D migration and invasion assays
in vitro. The 2D assays employed allow independent inter-
rogation of proliferation, migration, and invasion. The 3D
assays allow interrogation of proliferation and invasion in
an environment in which topology as well as cell–cell
and cell–extracellular matrix contacts are similar to those
in vivo. Such 3D studies are particularly important for
study of HDAC inhibitors, as they regulate gene expression,
and it is known that both gene expression and cell behav-
ior can be starkly different for cells plated on 2D substrates
vs. in 3D environments [36]. In particular, we focus on
invasion assays in which glioma cells move through colla-
gen I coated substrates or collagen I gels. We use collagen I
as the structural protein in the invasion assays in part be-
cause collagen has been shown to be present at substantial
levels in and around gliomas [37,38]. Additionally, one of
the two primary modes of glioma invasion is along blood
vessels, which are rich in collagen I and IV, two of the chief
substrates of MMP-2 and MMP-9 [1,5]. Finally, gliomas in-
vade very aggressively in collagen I gels in vitro, and such
gels are increasingly being used as 3D environments in
which to study glioma invasion [39–43].

In the 2D and 3D assays performed, we find that SAHA
strongly inhibits cell proliferation but does not substantially
induce cell death at concentrations up to 5.0 lM. Migration
and invasion assays show that SAHA inhibits rat C6 and hu-
man U87 migration and invasion at 610.0 and 5.0 lM,
respectively, when plated on 2D substrates. For multicellu-
lar tumor spheroids of 5 different glioma cell lines embed-
ded in 3D collagen I matrices, SAHA strongly inhibits
invasion at concentrations P2.5 lM. We also find that SAHA
independently affects cell reorganization of the tumor sur-
roundings and invasion into those remodeled surroundings.
Preliminary investigation into the mechanisms by which
SAHA limits glioma invasion shows that SAHA does not
strongly bind secreted MMP-2 or MMP-9, despite the simi-
larity in structure between SAHA and some MMP inhibitors.
Moreover, zymography shows that MMP-9 is up-regulated
in the presence of SAHA. This is consistent with quantitative
real-time PCR analysis; however, such analysis also shows
other proteases are down-regulated, and other genes impor-
tant in cell–matrix interactions are affected. We suggest that
increased cell–cell adhesion in the presence of SAHA may be
the most important factor in SAHA’s ability to limit invasion
of glioma cells cultured in a 3D environment.
2. Materials and methods

2.1. Cells

WI-38 and 3T3 fibroblasts and LN18, F98, and F98EGFR-
vIII glioma cells were purchased from the American Type
Culture Collection and cultured in medium per the sup-
plier’s instructions. C6 and U87 glioma cells were provided
by Prof. Peter Canoll at Columbia University Medical
School and cultured in DMEM supplemented with 10% fe-
tal bovine serum (FBS), 100 U/ml penicillin, 100 lg/ml
streptomycin, and 0.25 lg/ml amphotericin B.

2.2. Drugs and chemicals

SAHA was provided by Prof. Ronald Breslow and diluted
in DMSO. In all studies, an equivalent amount of DMSO
without SAHA was added to the control culture medium.
Dulbecco’s modified eagle media (DMEM), Dulbecco’s
phosphate buffered saline (D-PBS), trypsin–ethylenedi-
aminetetraacetic acid (trypsin–EDTA), FBS, calf serum, an
antibiotic–antimycotic [containing penicillin, streptomy-
cin, and amphotericin], and 40,6-diamidino-2-phenylindole
(DAPI) were purchased from Invitrogen. A live/dead cell
staining kit (L3224) used in 2D proliferation and viability
assays and a CyQuant kit used in 3D proliferation and via-
bility assays (7026) were also purchased from Invitrogen.
Trypan blue solution (0.4%) was purchased from Sigma–Al-
drich. Pepsin-solubilized type I collagen was purchased
from Inamed Biomaterials. Collagenase type I (4000 U/
mL) was purchased from Invitrogen (17100). Zymograph
gels, buffers, Coomassie Blue R-250 Staining Solutions kit
and SDS–PAGE standards were obtained from BioRad.

2.3. 2D proliferation and viability assay

A dye exclusion method was used to measure cell via-
bility and proliferation. 5 � 104 cells were seeded in



Z. An et al. / Cancer Letters 292 (2010) 215–227 217
1.0 ml of medium in 24-well plates, with biological tripli-
cates performed for all SAHA concentrations. SAHA was
added in the concentrations indicated 24 h after seeding
and cultured for the times indicated. Cells were collected
after trypsinization and washed with PBS buffer. 100 ll cell
suspension was mixed with 100 ll 0.4% trypan blue, which
is excluded by live cells but stains dead cells. The cell solu-
tion was allowed to stand for 5 min at room temperature. A
cytometer was used to count total number of cells and
dead (stained) cells. Viable cell percent was calculated rel-
ative to control (untreated) samples. Each data point was
obtained from the average of triplicate cell culture. The
same method was used to measure proliferation and via-
bility of cells plated on collagen coated substrates in the
absence and presence of SAHA. Here, each well of 24-well
plates was coated with 1.0 ml of 0.1 mg/ml collagen I solu-
tion at 37 �C. After 2 h, 1 � 105 cells were seeded on the
collagen coated plates and incubated overnight. Medium
containing SAHA was added, and cells were incubated for
24 h. Collagen was dissolved with a 1.0 mg/ml collagenase
I solution for 30 min, and cells were collected. The remain-
ing steps were identical to those described above.

2.4. Transwell migration and invasion assays

Transwell chambers with polycarbonate membranes
and 8 lm pores were used for migration and invasion as-
says. The migration (invasion) assays were done through
uncoated (collagen I coated) Transwell filters. For the inva-
sion assays, 300 ll of 0.1 mg/ml collagen I solution was
placed in the top compartment and incubated at 37 �C for
2 h. For both migration and invasion assays, 1.0 ml of cells
at 1 � 105 cells/ml was seeded on the uncoated or coated
membrane overnight, 300 ll serum free medium with
SAHA in a concentration series was added to the upper
chamber and 500 ll medium with serum was added to
the lower chamber. Cells were allowed to invade for 24 h.
Non-invasive cells were then removed from the upper
chamber, and the invasive cells present on the underside
of the membrane were fixed and stained with DAPI. Auto-
mated counting of cells was performed using a program
written for this purpose. The number of invasive cells
was computed per field for five fields selected at random
on each membrane. Experiments were done in triplicate.

2.5. Preparation of multicellular tumor spheroids and
collagen gels

Glioma cells were cultured in DMEM supplemented
with 10% FBS, 100 U/ml penicillin, 100 lg/ml streptomy-
cin, and 0.25 lg/ml amphotericin B. Multicellular tumor
spheroids (MTSs) of uniform size and shape were formed
using a hanging drop procedure. 20 ll (�200 cells) of cell
solution was dropped onto the inside cover of a 100 mm
Petri dish, and the Petri dish was filled with 10 ml culture
medium. The dish was inverted and incubated for 7 days.
The drops were held in place by surface tension, and the
cells accumulated at the bottom of the droplet to form
the spheroids. Collagen solutions were prepared from a
stock collagen I solution at 3.1 mg/ml, 10 � DMEM solu-
tion, 7.5% w/w sodium bicarbonate, pre-prepared culture
medium for cell culture, and NaOH (0.1 N). Sodium bicar-
bonate (7.5% w/w) in a volume equal to 2% of the total vol-
ume of the gel was added. NaOH was added to bring the pH
to 7.4, and culture medium was added to ensure cell health
during the experiment. The solution was well mixed and
kept at 4 �C before placement into homemade sample cells.
The sample cells consist of 2 cm diameter plexiglass cylin-
ders of height up to 2 cm and are fully sealed with UV
epoxy on glass coverslips. Nylon mesh was placed around
the circumference of the cylinders to allow the collagen
gels to anchor and prevent collapse of the gels under ten-
sion from migrating cells. A single spheroid of �400 lm
in diameter was collected and deposited into 600 ll
1.0 mg/ml collagen (with desired concentration of SAHA)
solution. Sample cells were covered and incubated at
37 �C and 5% CO2. Full gelation occurred within one hour,
and a superlayer of culture medium with the same concen-
tration of SAHA as that in the gel was then added to main-
tain moisture and pH. In all assays except those specified,
SAHA treatment of spheroids began when the spheroid
was deposited into the SAHA containing collagen solution.
For interrogation of whether SAHA can affect early invasive
behaviors, some MTSs were pre-treated with SAHA before
being placed in collagen gel. In these cases, developing
spheroids were incubated in the hanging drop with the de-
sired concentration of SAHA for 24 h before implantation.
The remaining steps were identical to those described
above.

2.6. 3D proliferation and viability assays

To measure the viability and proliferation of the MTSs, a
modified CyQuant assay was performed on spheroids cul-
tured in the presence or absence of SAHA for up to 3 days.
Collagen gels containing MTSs were degraded via treat-
ment with collagenase I solution for one hour at 37 �C.
After centrifugation, treatment of the cell pellet with a
0.5% solution of trypsin–EDTA was performed until the pel-
let was broken up as judged by visual inspection. The
resulting cell suspension was centrifuged and washed
twice with PBS. After centrifugation, the cell pellet was
resuspended in 200 ll 2� CyQuant-GR dye solution and
aliquoted to a 96 well plate. The plate was incubated at
37 �C for 10 min and then placed in a plate-reading spec-
trophotometer with excitation at 480 nm and detection
at 520 nm. Measured fluorescence represents the number
of dead cells in the sample. Following this, 20 ll of 20� ly-
sis buffer was added to each well, and the plate was stored
at �80 �C for 20 min. After allowing the plate to thaw to
room temperature, it was incubated at 37 �C for an addi-
tional 20 min. The plate was again read at 480/520 nm.
The fluorescence intensity represents the total number of
cells per sample. All fluorescence measurements were
compared to a standard curve, which correlated fluores-
cence intensity with cell number. Three MTSs were mea-
sured in each case. Live/dead cell staining was also used
to ascertain the location of dead cells in the MTSs. Tumor
spheroids were cultured in collagen I gel with SAHA for
three days, the gels with spheroids were washed with
PBS buffer three times, and 1.0 ml live/dead stain solution
comprised of 2.0 lM Calcein AM and 4.0 lM EthD-1 was
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added to the cylinder for 30 min at room temperature.
Images were then taken as described in Section 2.8.

2.7. 3D invasion assay

Spheroids embedded in collagen gels were removed
from the incubator and imaged with bright field micros-
copy at 2, 5, 9, 24, 48, and 72 h after implantation. Spheroid
radius and invasive distance (as illustrated in Fig. 3) were
recorded for six spheroids at each SAHA concentration for
C6 cells and two spheroids at each concentration for all
other cell lines.

2.8. Optical microscopy

Transmitted light images were taken on an Olympus Flu-
oview 300/IX-71 in scanning mode using an Argon ion laser
at 488 nm for excitation and a photomultiplier tube (PMT)
for detection. Confocal fluorescence microscopy (CFM) with
excitation via either an Argon ion laser at 488 nm or a He-
lium Neon laser at 543 nm, a 60�oil objective, and appropri-
ate filter sets dichroics and bandpass filters was used to
image the spheroids after live/dead staining. To image the
collagen matrix, confocal reflectance microscopy (CRM)
was employed, and 488 nm light that leaked through the di-
chroic mirror was collected on the PMT.

2.9. Gelatin zymography

An equal number of C6 glioma cells were cultured with
and without SAHA for 24 h. Protein was collected from the
culture medium and concentrated using ultracentrifuga-
tion. Total protein concentration was determined by the
Bradford assay. 25 lg total protein was size separated on
10% SDS–PAGE gels containing gelatin at a final concentra-
tion of 1.0 mg/ml. Gels were incubated with renaturation
buffer (2.5% Triton) for 30 min and development buffer
(pH 8.0 Tris buffer containing 5 mM calcium chloride)
overnight and then were stained with Coomassie Blue for
30 min. Clear bands show gelatinase activity after destain-
ing the gel for more than 2 h.

2.10. Quantitative real-time PCR analysis

For PCR analysis, cells were cultured in the absence and
presence of 5.0 lM SAHA. 106 cells were suspended in
10 ml culture medium with 0.1 mg/ml collagen I and
20 ll SAHA stock solution in DMSO in a culture dish. An
equal amount of DMSO was added to the control sample.
After culture for 24 h at 37 �C, 10 ml 1.0 mg/ml collagenase
I in PBS solution was added and incubated for 1 h. Centri-
fugation was performed, cells were collected and washed
with PBS, and cells were snap frozen as pellets in liquid
nitrogen for 2 min and stored at �80 �C until sent for PCR
analysis. RNA was extracted and amplified, and PCR analy-
sis was performed by SABiosciences Corporation in dupli-
cate. An 84 gene array focusing on ECM and adhesion
molecules (RT2 Profiler™ Array: PARN-013) was used
[44]. Measurements of mRNA for these 84 genes were re-
ported via the SYBR Green PCR detection method. The data
was normalized to 5 housekeeping genes and quantitation
was performed via the comparative Ct method. Genes that
were up- or down-regulated by at least 2-fold compared to
the control with p < 0.01 after a t-test are reported.

2.11. Adhesion assay

A procedure based on spheroid preparation and in-
spired by a qualitative adhesion assay described in Ref.
[39] was used to interrogate changes in cell–cell adhesion
under SAHA treatment as follows: 20 ll (�200 cells) of cell
solution without or with SAHA was dropped onto the in-
side cover of a 100 mm Petri dish that was then filled with
10 ml culture medium. The dish was inverted and incu-
bated for 40 h. The drops were held in place by surface ten-
sion, and the cells accumulated at the bottom of the
droplet to form clusters. The Petri dishes were transferred
to the microscope where cell aggregates were observed via
bright field microscopy. Between 2 and 5 aggregates were
assessed in this manner at each SAHA concentration.

3. Results

3.1. SAHA arrests glioma cell growth

We determined the effect of SAHA on normal human lung fibroblasts
(WI-38), NIH fibroblasts (3T3) and rat (C6) and human (U87) glioma cells.
SAHA inhibited cell growth of WI-38, 3T3, C6, and U87 cells at concentra-
tions P1.0 lM (Fig. 1A–C). After 72 h of treatment at 1.0 lM, cell number
decreased by 29%, 59%, and 38% for the WI-38, 3T3, and C6 cells, respec-
tively. The differential in arrest of cell growth between untransformed
and transformed and cancer cells is consistent with that found previously
[45]. Additionally, it appears that C6 and U87 cell proliferation are very
similarly affected by SAHA, with cell number decreasing by 85% in U87
cells treated for 72 h at 2.5 lM SAHA compared to 89% for C6 cells. This
result is similar to that measured previously [20]. While SAHA effectively
inhibited the growth of the transformed and glioma cells investigated at
concentrations similar to those found effective previously, SAHA did not
induce cell death at these concentrations (Fig. 1E,F). Indeed, at concentra-
tions up to 5.0 lM, we find no decrease in cell viability relative to control
at 72 h of culture. This effect has also been seen previously for U87 cells,
though increasing cell death was seen in this case for treatment of 5–
7 days [22].

3.2. Two dimensional assays: SAHA inhibits glioma cell migration and
invasion

The effect of SAHA on glioma cell migration and invasion was studied
by Transwell assays described in Section 2.4. The migration assays were
performed by allowing treated cells to move through uncoated Transwell
filters with pores of 8 lm. As shown in Fig. 2A (cross-hatched bars), the
number of C6 cells that migrate through the uncoated filters decreases
with increasing SAHA concentration. To ascertain whether the decrease
in migrating cells is due to a decrease in viable cell number or a decrease
in migratory capacity, we calculate number of cells expected to cross the
filter given no effect of SAHA on migratory capacity as follows:

Cellsmig;expðxMÞ ¼ Cellsmig;obsð0MÞ
� Cell Number Ratio � Cell Viability Ratio; ð1Þ

where Cellsmig,obs(0 M) is the number of cells that migrate through the fil-
ter in the absence of SAHA. Cell Number Ratio is the total number of cells
after 24 h of culture at a given SAHA concentration divided by that in the
absence of SAHA. Cell Viability Ratio is the percent viable cells at a given
SAHA concentration divided by that in the absence of SAHA. Data used to
determine Cell Number Ratio and Cell Viability Ratio for C6 cells is shown
in Fig. 1C and F. Expected (light bars) vs. observed (dark bars) number of
cells that migrate through the filter as a function of SAHA concentration is
plotted in Fig. 2B. This confirms that SAHA affects migration of C6 cells
through uncoated Transwell filters at concentrations of 10.0 and
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100 lM, though not at 5.0 lM, as assessed by unpaired two-tailed t-tests.
We then perform the same assay on both C6 and U87 cells on Transwell
chambers coated with collagen I: this assay assesses both migration and
invasion. Absolute number of invading U87 and C6 cells is similar
(Fig. 2A). For untreated C6 cells, 34% fewer cells migrate through coated
Transwell filters than uncoated ones, showing that the presence of colla-
gen limits the number of cells that invade. The ratio of cell invasion
(through coated filters) to cell migration (through uncoated filters) de-



220 Z. An et al. / Cancer Letters 292 (2010) 215–227
creases at increasing SAHA concentration (66%, 13%, 8%, and 7% at 0, 5.0,
10.0, and 100 lM SAHA, respectively) (Fig. 2A), showing that SAHA has an
Fig. 3. Bright field images of C6 MTSs in collagen I gels of 1.0 mg/ml. The imag
0.1 lM, (C) 1.0 lM, (D) 2.5 lM, (E) 5.0 lM and (F) 10.0 lM SAHA. Spheroid radi
spheroid in (A). Arrows in (D–F) denote regions of the spheroid that are unusua
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vade through the coated filter taking into account SAHA’s effects on cell
proliferation and viability:

Cellsinv;expðxMÞ ¼ Cellsinv;obsð0MÞ
� Cell Number Ratio � Cell Viability Ratio; ð2Þ

with Cell Number Ratio and Cell Viability Ratio now obtained from data
for cells cultured on collagen I coated surfaces after 24 h of treatment
(Supp. Fig. 1). We note that for C6 cells cultured in this way, cell viability
is slightly lower but proliferation somewhat less affected by SAHA at 24 h
of treatment compared to cells cultured on uncoated surfaces (Supp. Fig. 1
vs. Fig. 1C and F). The ratio of observed to expected number of cells that
pass through the coated membrane decreases with increasing SAHA con-
centration. The decrease in cells that pass through coated filters repre-
sents both diminished migration and invasion and becomes statistically
relevant at 5.0 lM SAHA (Fig. 2C). Fig. 2D displays the ratio of observed
to expected cells that pass through both uncoated (dashed line) and
coated (solid line) membranes. The dashed line indicates that C6 migra-
tion is affected at SAHA concentrations of 10.0 lM and above. All remain-
ing inhibition seen for the coated Transwell filters represents decrease in
invasion due to SAHA. Thus, at concentrations of 1.0 lM and higher, SAHA
inhibits invasion through collagen I gels. In sum, our 2D assays show that
SAHA independently affects C6 proliferation, migration, and invasion.

3.3. Three dimensional assay: SAHA reduces invasive cell density and speed

To investigate whether SAHA inhibits glioma invasion in an environ-
ment in which cell–cell and cell-environment contacts are more similar to
those found in vivo, 3D invasive assays were done on glioma cells as
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described in Section 2.7. Fig. 3 shows representative bright field images
of C6 MTSs in collagen gel matrices without SAHA and with increasing
concentrations of SAHA 24 h after implantation. Invasive cells are ob-
served to emerge from the central portion of the MTS, which is densely
packed with cells. Several changes are evident with increasing SAHA con-
centration, with obvious changes at SAHA concentrations at and above
2.5 lM. First, there is decreasing invasive cell density as SAHA concentra-
tion increases. Additionally, the distance that invasive cells traverse de-
creases as a function of increasing SAHA concentration. Finally, the
central portion of the spheroid becomes less homogeneous, with less
dense areas found at the spheroid rim than is seen for untreated spher-
oids and spheroids treated at 61.0 lM SAHA (arrows, Fig. 3).

To quantify the effect of SAHA on the growth and invasion of C6 glioma
MTS, invasive distance and spheroid radius as function of SAHA concentra-
tion were measured over 72 h (Fig. 4A,B). Each trace in Fig. 4A and B is de-
rived from an average over six MTSs. The invasive distance data shows that
cells invade very quickly in environments with SAHA concentrations
61.0 lM. In contrast, spheroids treated with 2.5–10.0 lM SAHA invade
very slowly, and this effect is most obvious after 72 h of invasion. Unlike
in the 2D assays, there is no obvious way to distinguish inhibition of prolif-
eration, migration, and invasion in this 3D assay. However, it is clear that
SAHA affects invasion in 2D in a statistically relevant manner at 5.0 lM con-
centration and affects a combination of proliferation, migration, and inva-
sion in this 3D assay (as probed by invasive distance and spheroid radius) at
even lower concentrations. While invasive cell density is difficult to quan-
tify [46], visual observation shows that the number of invasive cells is vastly
decreased at these SAHA concentrations as well (Fig. 3). To ascertain
whether the decreases in invasive cell density and distance are related to
decrease of cell proliferation and/or viability in the spheroid in the presence
2.5 5
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are calculated are shown for each depicted spheroid. Scale bar is 200 lm in



Fig. 6. CRM images of spheroids and surrounding collagen fibers (left
panel) and bright field images of spheroids (right panel) collected
simultaneously 24 h after implantation. (A) Untreated spheroid. (B)
Spheroid treated with 5.0 lM SAHA. Treatment began upon implantation
and is termed post-treatment in the text. (C) Spheroid pre-treated with
5.0 lM SAHA.
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of SAHA, live and dead cell number were measured in spheroids over 72 h
for untreated spheroids and those treated with 5.0 lM SAHA. Over 72 h
of treatment, we find cell viability similar in the control and 5.0 lM treated
spheroids (Fig. 4C). Cell proliferation is affected, but somewhat less than for
cells cultured on 2D, where proliferation is inhibited by �90% by 72 h of
treatment at 5.0 lM (Fig 1C). In spheroid culture, proliferation is inhibited
by�45% by 72 h of treatment at 5.0 lM (Fig. 4D). To confirm the cell viabil-
ity measurements as performed with the CyQuant assay and to visualize
the areas of the spheroid that contain dead cells, we performed Calcien
AM and EthD-1 staining to label live and dead cells, respectively. CFM
images show that after treatment with SAHA for 3 days, in all spheroids
there are some dead cells in the center of the spheroid (data not shown). Tak-
ing a slice near the middle of the spheroid for cells cultured with 5.0 lM
SAHA for 72 h reveals a substantial number of dead cells in the spheroid
rim where proliferative cells normally exist (Fig. 4C, inset). However, many
live cells also exist in the proliferative rim and if SAHA affected only cell via-
bility and proliferation, we would expect a substantial number of those
cells to invade the surroundings.

To determine whether the substantial inhibition of invasiveness seen
in C6 cells treated with SAHA is present in other glioma cell lines, includ-
ing those with mutations often seen human glioblastomas, spheroid
growth and invasion was also measured for U87, F98, and F98EGFRvIII,
and LN18 cells. Invasive distance is plotted over 72 h at SAHA concentra-
tions from 1.0–10.0 lM (Supp. Fig. 2). Inhibition of invasive distance rel-
ative to untreated spheroids of the same cell line for SAHA treatment at
1.0, 2.5, and 5.0 lM after 72 h is shown in Fig. 5, as are representative
images for untreated spheroids and spheroids treated at 5.0 lM after
72 h. For all cell lines, invasive distance is similarly affected, with at least
50% invasive distance inhibition at 72 h at 5.0 lM SAHA. Images in Fig. 5
also clearly show that all cell lines cultured in spheroid show substantial
decrease in invasive cell density with SAHA treatment. We also note that
the various cell lines show somewhat different patterns of invasion in the
collagen I gels [39]: C6 and U87 cells show a dispersed pattern of inva-
sion, F98 cells show a ring pattern, F98EGFRvIII cells show a compact pat-
tern, and LN18 cells show an unusual pattern similar to the compact
pattern. After SAHA treatment, C6, U87, F98, and F98EGFRvIII spheroids
all have compact patterns of invasion, with few invasive cells that are al-
most all within two cell lengths of the dense portion of the spheroid body.
LN18 spheroids are an exception and appear to have very unorganized
spheroids and invasion patterns after SAHA treatment. While invasive
distance inhibition, invasive cell density, and invasion patterns are al-
tered similarly in all cell lines (except LN18), MTS growth inhibition upon
SAHA treatment varies somewhat more (data not shown). C6, U87, and
LN18 cells all show similar MTS growth inhibition with SAHA treatment
(46%, 36%, and 53%, respectively, at 72 h at 5.0 lM SAHA), but F98EGFRvIII
cells show similar MTS growth in the presence and absence of SAHA and
F98 cells show somewhat increased MTS growth in the presence of SAHA,
which is potentially related to the transition from the ring-like to com-
pact invasion pattern.

3.4. Three dimensional assay: SAHA inhibits glioma ability to reorganize the
surroundings

The transition to the compact invasive pattern and significantly de-
creased invasive cell density after SAHA treatment suggests that SAHA
may be altering the relative preference of glioma cell–cell and cell–envi-
ronment interactions. To further interrogate why few live cells leave the
proliferative rim and invade the surrounding gel, we also image the col-
lagen surrounding the spheroids as they invade. Fig. 6 shows confocal
reflectance images (CRM) of C6 MTSs and surrounding collagen fibers (left
panel) and bright field images of the MTSs (right panel) 24 h after implan-
tation. Collagen fibers appear aligned in a starburst pattern around un-
treated spheroids. Invasive cells preferentially move along paths set up
by the initial invasive cells that reorganize these collagen fibers and in-
vade along them, as has been described previously [40]. Aligned fibers
are also present around spheroids treated with 5.0 lM SAHA (Fig. 6B).
This suggests that SAHA treatment upon implantation (post-treatment)
does not prevent the earliest activity of invasive cells, the generation of
traction on the collagen fibers that results in their organization into the
starburst pattern. It does show, however, that cell driven alignment of
the matrix is not a sufficient condition to allow for cells to invade into
these surroundings. To further assess how SAHA affects cell interaction
with collagen in these gels, we embedded C6 MTSs pre-treated with
5.0 lM SAHA as described in Section 2.5. In this case, very little alignment
of the collagen is apparent and even fewer invasive cells are present than
for the spheroid treated upon implantation (Fig. 6B and C). This finding
suggests that there is an induction time before SAHA inhibits the ability
of cells to align the matrix. Moreover, the differential in invasive cells
in the pre-treated, post-treated, and untreated cells suggests that in 3D
collagen I culture, SAHA independently inhibits remodeling of collagen I
surroundings and invasion into these (aligned or not) surroundings. We
can not distinguish whether more cells invade in post-treated than in
pre-treated spheroids due to the presence of the aligned matrix in the for-
mer or because there is an induction time before which SAHA does not
affect invasion.
3.5. Zymography

The fact that C6 invasion in spheroid is strongly inhibited even when
the cells can reorganize matrix suggests that the inhibition of invasion
persists even in ideally remodeled environments. In such environments,
invasion inhibition may emerge from a variety of sources including
inability for cells to detach from the spheroid and lack of activity of pro-
teases that dissolve extracellular matrix structures and make the matrix
(even once aligned) more permissive of invasion. Given SAHA’s structural
similarity to some MMP inhibitors, the fact that C6 spheroids treated with
the broad spectrum MMP inhibitor GM6001 look similar to those treated
with SAHA (data not shown), and the accumulated evidence suggesting
MMPs are important in glioma invasion in vivo [9–16], we investigated
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Fig. 7. Gelatin zymography of MMP-2 and MMP-9. The bands indicate
MMP-2 and MMP-9 activity. (A) MMPs collected from culture medium of
untreated glioma cells, mixed with SAHA, and incubated for 24 h prior to
zymography, (B) MMPs collected from the culture medium of the same
number of C6 cells cultured with SAHA for 6 h. (C) MMPs collected from
the culture medium of the same number of C6 cells cultured with SAHA
for 24 h.
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SAHA’s effects on MMP activity and production. To assess whether the
presence of SAHA can affect gelatinase (MMP-2 and MMP-9) activity by
direct binding to these MMPs produced by the glioma cells, we collected
culture medium from untreated C6 cells cultured for 24 h on an uncoated
culture dish and mixed this cell-conditioned medium with SAHA for 24 h
before performing zymography. Fig. 7A shows that clear bands were
found for both MMP-2 and MMP-9 regardless of SAHA concentration,
indicating that SAHA does not strongly bind MMP-2 or MMP-9, consistent
with activity-based profiling that showed SAHA to be quite selective for
HDACs [47]. To explore whether SAHA affects the production of either
of these gelatinases, we measured the amount of MMP-2 and MMP-9 in
the medium of SAHA treated cells through zymography after 6 and 24 h
of treatment (Fig. 7B and C). At both 6 and 24 h, a modest increase in
MMP-9 activity is seen at 10.0 lM SAHA, while at 6 h no change in
MMP-2 is found and at 24 h, a modest decrease is evident for SAHA con-
centrations greater than 5.0 lM.

3.6. Three dimensional assay: SAHA alters glioma cell–cell adhesion

Given that zymography showed no clear decrease in MMP-2 or MMP-
9 activity, and even showed increased MMP-9 production, decrease in
gelatinase activity does not appear to be the cause of the decreased spher-
Fig. 8. Representative images of C6 cell aggregates that develop in a cell adhe
aspherical aggregate and several satellite aggregates. (Right) Cells treated with
oid invasion seen upon SAHA treatment. Another possible origin of de-
creased invasion, both in spheroid in vitro and in tumors in vivo, is
increased glioma cell–glioma cell adhesion. Increased cell–cell adhesion
upon SAHA treatment could indeed lead to the changes from dispersed
or ring-like invasion to a compact invasion pattern. Indeed, the dispersed
and ring invasion pattern in collagen I gels have been shown to correlate
with low to moderate N-cadherin levels in glioma cells, while the com-
pact invasive pattern correlates with low levels of MMP gene expression
and high N-cadherin levels [39]. To further test the hypothesis that in-
creased cell–cell adhesivity occurs with SAHA treatment, a qualitative
adhesion assay was developed. Cells were plated as usual for the prepara-
tion of spheroids. For C6 cells under these conditions, formation of rela-
tively tight spheroids of uniform size and spherical shape typically
takes 7 days. Here, we imaged cells in the hanging drop with or without
SAHA treatment after 40 h. Fig. 8 shows typical C6 aggregates after 40 h in
the hanging drop with no treatment and upon treatment with 5.0 lM
SAHA. It is apparent that cells form more adherent aggregates in the pres-
ence of SAHA. Indeed, as a function of SAHA concentration, a monotonic
decrease in the average number of aggregates and an increase in the
smoothness of the aggregate surface (data not shown) is seen.
3.7. Quantitative real-time PCR

The results of zymography and the cell adhesion study suggest it is
more likely the decreased invasiveness of C6 cells in vitro in the presence
of SAHA is due to increased cell–cell adhesion than to decreased matrix
degradation. To more broadly assess the mechanism through which SAHA
may affect C6 invasion, we performed real-time PCR on C6 cells cultured
in 3D collagen gels to search for invasion-related genes up-regulated or
down-regulated by SAHA for cells cultured in 3D environs. A PCR array
from SABiosciences with 84 genes important in cell–cell and cell–matrix
interactions was used. The genes included in the array can be found in
Ref. [44]. The array was performed on control cells and C6 cells cultured
in 3D collagen I gels and treated with SAHA at 5.0 lM for 24 h. MMP-2
was down-regulated 1.92-fold and MMP-9 was up-regulated 4.57-fold,
consistent with zymography (Fig. 7). However, t-tests revealed these
measurements to not be statistically significant (p-values of 0.095 and
0.015, respectively). Of the genes that were up-regulated or down-regu-
lated at least twofold, 14 had a p-value of <0.01. These genes (as well
as MMP-2 and MMP-9) are shown in Table 1. The expression of a variety
of collagens and other ECM molecules are altered by SAHA, though as
many are up-regulated as down-regulated. Of the 21 proteases and prote-
ase inhibitors interrogated, only the gene predicted to correlate with
MMP-15 was significantly affected. Of the 3 tissue inhibitors of MMPs as-
sessed, 1 was down-regulated, 1 was slightly up-regulated, and 1 was up-
regulated more substantially (TIMP-1 was up-regulated 3.64-fold,
p = 0.01). Of the 9 cadherins or cell-adhesion molecules measured, 7 were
up-regulated. Among these are N-cadherin (up-regulated 1.39-fold,
p = 0.06) and E-cadherin (up-regulated 8.64-fold, p = 0.07). However, of
these 9 genes, only one was altered in a statistically relevant manner:
platelet endothelial cell adhesion molecule (PECAM, CD31) was strongly
sion assay described in Section 2.11. (Left) Untreated sample has a large
5.0 lM SAHA are tightly packed into a single, spherical aggregate.



Table 1
RT-PCR results for C6 cells cultured in 3D in collagen I gel in the absence and presence of 5.0 lM SAHA.

Gene Category of function Up- or down-regulation p-value

Procollagen, type II, alpha 1 ECM structural constituent �3.93 0.0034
Procollagen, type III, alpha 1 ECM structural constituent �6.27 0.0022
Procollagen, type IV, alpha 3 ECM structural constituent, ECM protease inhibitor 3.06 0.0062
Chondroitin sulfate proteoglycan 2 ECM molecule �5.14 0.0028
Extracellular matrix protein 1 ECM molecule 9.64 0.0032
Ectonucleoside triphosphate diphosphohydrolase 1 Extracellular mediator 36.71 0.0032
Integrin beta 4 Cell matrix adhesion transmembrane molecule, 21.63 0.0026
Laminin, alpha 1 Adhesion molecule 5.61 0.0073
Matrix Metalloprotease 15 ECM protease, transmembrane molecule �8.78 0.0063
Platelet/endothelial cell adhesion molecule Transmembrane molecule 31.06 0.0048
Selectin, lymphocyte Transmembrane molecule 7.04 0.0018
Sarcoglycan, epsilon Transmembrane molecule �2.19 0.0009
Synaptotagmin I Transmembrane molecule 11.21 0.0068
Thrombospondin 2 Adhesion molecule 2.47 0.0046
Matrix metalloprotease 2 ECM protease �1.92 0.095
Matrix metalloprotease 9 ECM protease 4.57 0.015
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up-regulated (up-regulated 31.06-fold, p = 0.005). The two other genes
that RT-PCR showed to be most substantially affected are integrin b4

and ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1).
4. Discussion

The poor prognosis of patients with glioblastoma multi-
forme is intricately linked to this cancer’s exceptional inva-
sive capacity. We show here that SAHA limits the invasive
capacity of a variety of glioma cell lines in vitro in both 2D
and 3D assays. In 2D, our results indicate that SAHA has
significant independent effects on proliferation, migration,
and invasion. For C6 cells in 3D spheroid culture, we find
that SAHA is not as strongly anti-proliferative as on an un-
coated Petri dish. However, the effect of SAHA on invasive
cell density and speed for cells cultured in spheroid is sig-
nificant. The decreased invasive capacity of SAHA treated
cells was found to occur both in post- and pre-treated
spheroids, indicating SAHA’s anti-invasive activity was
preserved even in reorganized environments more permis-
sive of invasion. Findings of decreased invasive speed and
invasive cell density after SAHA treatment were robust
over a number of cell lines with different mutations and
different invasive behavior, suggesting our finding is gen-
eral to glioma cells. Specifically, U87 cells lack functional
PTEN, a tumor suppression gene, but have wildtype p53,
another tumor suppression gene mutated in many human
glioblastomas [48–50]. The LN18 rat cell line has a muta-
tion in p53 but not in PTEN [51]. The F98 rat cell line
was chosen because it is a particularly aggressive rat gli-
oma [52]. Additionally, it is useful for comparison with
F98EGFRvIII cells, which have been transfected with a mu-
tant human epidermal growth factor receptor (EGFR) gene
found in �50% of human gliomas. This mutant EGFR is
associated with increased proliferation and decreased
apoptosis [53–56].

Our finding that invasive cell density and speed is sim-
ilarly affected in all cell lines tested, in spite of differences
in genetic profile, suggests the anti-invasive effect of SAHA
on gliomas may be general. The findings on these different
cell lines also support our hypothesis that at least a portion
of SAHA’s efficacy in limiting invasion in 3D collagen gels is
due to increased cell–cell adhesion. In C6 cells, this
hypothesis was supported by gross reduction in number
of invasive cells, loose organization of the proliferative
cells near the spheroid rim that might otherwise be inva-
sive, failure of cells to invade reorganized matrices, and in-
creased tightness of early aggregates formed in the
presence of SAHA. Tests on the additional cell lines also
support this hypothesis, in that it was found that cells with
dispersed (C6, U87), ring-like (F98), and compact
(F98EGFRvIII) invasive patterns in 1.0 mg/ml collagen I in
the absence of SAHA all displayed compact invasion pat-
terns upon treatment with 5.0 lM SAHA. The dispersed,
ring, and compact invasive patterns in collagen I gels have
previously been shown to correlate with increasing cad-
herin expression and increasing surface tension of cell
aggregates in glioma cell lines and fresh glioma cells
[39]. We note two potentially surprising findings from
the study of different cell lines in spheroid: first, LN18 cells
show an invasive pattern not previously described for gli-
oma cells, with very loose aggregates and rounded cells,
perhaps indicative of both low cell–cell and low cell-colla-
gen adhesivity. The response of LN18 spheroids to SAHA
also differed from that of the other cell lines: while the
invasive cell density did decrease, the remaining invasive
cells were quite round and at a reasonable distance from
the spheroid body, perhaps indicating an amoeboid rather
than mesenchymal migratory phenotype through the col-
lagen I gels [57]. Another unexpected result was that the
F98EGFRvIII spheroids were clearly limited in invasive
capacity relative to cell lines without that mutation. De-
spite the general correlation of EGFR mutations with in-
creased malignancy, a similar decrease in invasive
capacity was found for U87 cells with EGFR mutations rel-
ative to U87 with wild type EGFR in collagen I matrices
previously; this finding may be related to the absence of
EGFR amplification that generally accompanies EGFR
mutations in gliomas in vivo [41].

Quantitative RT-PCR was performed to potentially fur-
ther clarify the molecular basis of the anti-invasive effects
of SAHA on glioma cells. As reported in Section 3.7, of the
21 proteases and protease inhibitors interrogated, only
the gene predicted to correlate with MMP-15 was signifi-
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cantly affected. MMP-15 can directly dissolve a number of
ECM components, though it does not cleave collagens [58].
However, this membrane-anchored MMP is a known acti-
vator of MMP-2 [59]. Our zymography results, however,
do not show any notable increase in MMP-2 activity with
SAHA treatment after 24 h, though perhaps interrogation
after longer times would show enhanced MMP-2 activity
following up-regulation of MMP-15. In that case increase
in invasion would be expected, as opposed to both our
findings and those in mouse models [20–22]. Of the cad-
herins and cell-adhesion molecules tested, PECAM was
most strongly up-regulated. The two other genes most
substantially affected were integrin b4 and ectonucleoside
triphosphate diphosphohydrolase 1 (ENTPD1). It is not
immediately clear whether up-regulation of b4 integrins
or ENTPD1 should inhibit invasion in either collagen I
based in vitro assays or in vivo. b4 integrins have not been
implicated in glioma invasion, though it has been shown
that a6b4 integrins, important in laminin adhesion, are ex-
pressed at substantial levels in a rat model of glioma [60],
though another study found reduced levels of b4 integrins
in glioblastoma vascular proliferations relative to normal
endothelial cells [61]. Other laminin receptors, including
the b1 integrins, have been given much more attention in
glioma research, and are particularly important in collagen
I rich environments, since a2b1 is the only integrin impor-
tant in both collagen I traction generation and remodeling
[62]. ENTPD1 is a member of the NTPDase family, which
has been shown to be expressed at low levels in C6 cells
compared to astrocytes [63]. A study in which ATP diges-
tion was induced by apyrase in a rat glioma model showed
significant decrease in tumor growth, thus suggesting that
the increase in ENTPD1 seen here may be related to de-
crease in C6 proliferation and overall aggression seen both
in our study and in SAHA studies in mouse models [20–
22,63,64]. PECAM is the most obvious candidate of the
three highly up-regulated genes to be responsible for the
decreased invasion and increased cell adhesivity seen in
the presence of SAHA treatment of glioma cell lines. PE-
CAM mediates endothelial cell-endothelial cell adhesion
and migration [65], and is a pro-angiogenic molecule that
has been found to be expressed by gliomas with microvas-
cular proliferation [66]. While PECAM is not known to
mediate cell–cell adhesion in glioma cell lines or glioma
cells in vivo, it may have similar effects to that of the cad-
herins in collagen I environments [39,67,68]. We note that
it has also been shown that SAHA can up-regulate E-cad-
herin [69] and SAHA does do so in our study, though not
at a statistically significant level (up-regulation: 8.64,
p = 0.07), and this may contribute to the diminished inva-
sivity seen in the presence of SAHA [68].
5. Conclusion

We find that SAHA has significant effects on the migra-
tory and invasive capacity of glioma cells in 2D and 3D
in vitro assays. In 2D, we show that SAHA has significant
independent effects on glioma cell proliferation, migration,
and invasion. In spheroid culture, SAHA limits both C6 gli-
oma reorganization of collagen surroundings and invasion
into either isotropic or reorganized collagen environments.
The decreased invasion in all glioma cell lines investigated
does not appear to be related to decreased production or
activity of matrix-metalloproteases and is instead pro-
posed to be related to increased cell–cell adhesion. This
is supported by results of the adhesion assay on C6 cells,
alteration of invasive patterns from dispersed and ring-like
to compact in several cell lines, and up-regulation of genes
potentially important in cell–cell adhesion.
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