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Abstract In fibroblasts, beryllium salt causes acti-
vation of the p53 transcription factor and induction of
a senescence-like state. It is not known whether Be*"
can affect the proliferation of cancer cells, which are
generally unsusceptible to senescence. A172 glioblas-
toma and RKO colon carcinoma cell lines each have
wildtype p53, so these cell types have the potential to
be responsive to agents that activate p53. In A172
cells, BeSO, produced a Go/G;-phase cell cycle arrest
and increased expression of senescence-associated
f-galactosidase, an enzymatic marker of senescence.
BeSOy4 caused phosphorylation of serine-15 of p53,
accumulation of p53 protein, and expression of p21,
the cyclin-dependent kinase inhibitor that is prominent
during senescence. BeSO, inhibited A172 growth with
an ICsp = 4.7 uM in a 6-day proliferation assay. In
contrast, BeSO, had no effect on RKO cells, even
though Be" uptake was similar for the two cell types.
This differential responsiveness marks BeSO, as a
reagent capable of activating a separable branch of the
pS53 signaling network. A172 and RKO cells are
known to exhibit p53-dependent upregulation of p21

Electronic supplementary material The online version of
this article (doi:10.1007/s10534-010-9352-y) contains
supplementary material, which is available to authorized users.

P. Gorjala - R. K. Gary (I<)

Department of Chemistry, University of Nevada Las
Vegas, 4505 Maryland Parkway, Las Vegas,

NV 89154-4003, USA

e-mail: ronald.gary @unlv.edu

in response to DNA damage. The RKO cells produced
high levels of p21 when exposed to DNA damaging
agents, yet failed to express p21 when treated with
BeSO4. Conversely, BeSO, did not cause DNA
damage in A172 cells, yet it was a potent inducer of
p21 expression. These observations indicate that the
growth control pathway affected by BeSO, is distinct
from the DNA damage response pathway, even though
both ultimately converge on p53 and p21.
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Introduction

Replicative senescence occurs when cells reach a
certain “age”, beyond which they cease dividing.
Telomere structure serves as the basis for the
molecular clock that determines cellular age in this
context. Telomere length decreases with successive
rounds of cell division in most somatic cells, because
the ends of the chromosome cannot be completely
replicated. The ensuing changes in telomere structure
activate a signaling cascade that triggers p53-depen-
dent senescence (Itahana et al. 2001). One of the
major targets of the p53 transcription factor is the
CDKNIA gene, whose product p2l is a cyclin-
dependent kinase inhibitor that blocks cell cycle
progression (Bartek and Lukas 2001). p21 is highly
elevated in senescent cells (Noda et al. 1994).
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Senescence-associated f-galactosidase activity (SA-
p-gal) is a biomarker used to aid identification of the
senescent state. SA-fi-gal can be observed histo-
chemically (Dimri et al. 1995) or quantified via
enzymatic assay (Coates et al. 2007; Gary and
Kindell 2005).

Beryllium salts inhibit fibroblast cell division
when added to standard culture medium at low
micromolar concentration (Hart et al. 1982). The
senescence markers p53, p21, p16, and SA-f-gal are
expressed in young human fibroblasts after treatment
with BeSO,4 (Coates et al. 2007; Lehnert et al. 2001).
Chromatin immunoprecipitation experiments show
that Be*" causes p53 to associate with the promoter
region of the CDKNIA gene (Coates et al. 2007).
These results suggest that Be’™ may effect p53
activation in a manner similar to that seen during
senescence. Senescence occurs spontaneously when
fibroblasts age, so this cell type is prone to this type
of growth control. Thus far, the cytostatic effects of
Be”" have been studied in fibroblasts only. It is not
known how other cell types would respond to this
agent. Most cultured cell lines are derived from
tumors. Such cells do not undergo spontaneous
senescence, because they express telomerase (Shay
and Gazdar 1997), which counteracts telomere
shortening.

Depending on the circumstances leading to its
activation, p53 can direct cellular physiology toward
senescence, apoptosis, or the DNA damage response.
However, there appears to be considerable crosstalk
between the upstream pathways leading to p53
activation, because sometimes DNA damage triggers
apoptosis or senescence. Cells with wildtype p53 were
used to investigate tumor cell responsiveness to
beryllium. RKO human colon carcinoma cells possess
a wildtype p53 gene sequence (Liu and Bodmer 2006),
and show a typical p53 response when challenged with
genotoxins. The presence of a normal DNA damage
response shows that at least a portion of the p53
network is operational, increasing the likelihood that
the senescence-related functions of the network could
be activated as well. RKO cells respond to a variety of
DNA damaging agents and other physiological
stresses via p53-dependent apoptosis or p53-depen-
dent upregulation of p21 and cell cycle arrest (Beard
et al. 1996; Li et al. 2001; Potapova et al. 2000; Wang
et al. 2000; Zhan et al. 1993). Different types of DNA
damage are created by ionizing radiation (IR), which
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produces DNA strand breaks and oxidative damage,
and ultraviolet (UV) light, which creates cyclobutane
pyrimidine dimers. In RKO cells, the cell cycle effects
produced by IR and UV treatment are p53-dependent
(DeWeese et al. 1997; Franken et al. 2004; Gorospe
et al. 1998; Kessis et al. 1993; Seol et al. 1999). A172
human glioblastoma cells were also selected for study,
because they have a wildtype p53 gene sequence (Ishii
et al. 1999; Mirzayans et al. 2005) and they exhibit
wildtype p53 activity in a genetic functional assay (Jia
et al. 1997). Like RKO cells, A172 cells increase p53
and p21 levels in response to IR (Hara et al. 2008;
Kubota et al. 2000; Mirzayans et al. 2005).

In this report, it is shown that low concentrations
of BeSOj elicit a senescence-like cell cycle arrest in
A172 cells. In contrast, RKO cells were found to be
impervious to Be®", demonstrating that the Be®'-
sensitive pathway is not operational in some cell
types. The failure of RKO cells to respond to Be*"
despite the presence of functional DNA damage
signaling indicates that Be’" and UV/IR operate
through distinct and separable routes that lead to p53
activation and p21 transcription.

Materials and methods
Cell lines and reagents

RKO (human colon carcinoma) and A172 (human
glioblastoma) cells were from ATCC (Manassas,
VA). Cells were grown in RPMI 1640 with Gluta-
MAX and 25 mM HEPES (Invitrogen-Gibco) sup-
plemented with 10% FBS (HyClone) and 1x
Antibiotic—Antimycotic (Invitrogen-Gibco) at 37°C
in a 5% CO, atmosphere, with passage or media
change every 2-3 days. Cell counts were done using
a Beckman Coulter Z1 counter. BeSO4-4H,0O was
from Fluka (a division of Sigma-Aldrich).

mRNA measurement by RT-PCR

UV light was delivered from a calibrated 254 nm
source. lonizing radiation was delivered from a
Faxitron RX-650 system (Faxitron X-Ray LLC).
RNA from treated cells was isolated on an RNeasy
column, cDNA was synthesized using reverse trans-
criptase, and Real Time-PCR was conducted using
QuantiTect SYBR Green PCR reagents with primer
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sets QT00095431, QT00079247, QT00062090 for
human beta-actin, human GAPDH, and human
P21(CDKNI1A), respectively, (all from Qiagen) on a
Bio-Rad iCycler. For each gene-specific primer set,
PCR efficiency was determined empirically and used
to calculate the Starting Quantity (SQ) of gene-specific
mRNA in each sample. Experimental mRNAs (p21
and GAPDH) were normalized against actin mRNA,
which served as a reference gene. Because ratios (e.g.
SQexp/SQqctin) do not yield normal distributions, the
SQ values were transformed to a log scale (Gilsbach
et al. 2006), and the value of the difference (log
SQexp — 10g SQqciin) Was used for statistical analysis.
The term [(1Og SQexp - 10g SQactin)treated — average
of (log SQexp - 10g SQactin)control] was used as the
basis for calculations of the means and standard
deviations of treated samples, expressed as percent of
control. After statistical analysis, antilogs were taken
for (mean), (mean + SD), and (mean — SD) to back-
transform the results to the original scale (SQcy,/
SQactins 1-€. quantity of actin-normalized mRNA) for
graphical display. Due to the ratio nature of the y-axis,
error bars generated in this way are not equidistant
above and below the mean. In such a system, it is
recommended that the variation be reported as a
confidence interval in the original scale (Bland and
Altman 1996; Olivier et al. 2008). A 77% confidence
interval was chosen because this corresponds to the
mean * one SD for experiments where n = 3, accord-
ing to the equation for small-sample confidence
interval (Mendenhall 1983): CI = mean =+ (t,)
(SD/n'"). This equations shows that CI = mean +
SD when (t,,) = n'”>. Whenn = 3,n"? = 1.73. Fora
system with 2° of freedom, the t score = 1.73 when
(0/2) = 0.113. Therefore, o« = 0.226, which corre-
sponds to a confidence interval of approximately 77%.

Measurement of protein expression by western
blotting

Cells were grown in 100 mm plates, treated, washed,
and lysed by addition of 300 pl of M-PER (Mamma-
lian Protein Extraction Reagent, Pierce) supplemented
with protease and phosphatase inhibitors. An aliquot
of lysate was set aside for determination of total
protein concentration using a bicinchoninic acid
(BCA) assay (Pierce). A constant amount of protein
(typically 30 pg protein/well) was run on SDS-PAGE
and transferred to PVDF, and immunoblotting was

conducted using anti-p53 mouse monoclonal (sc-126,
clone DO-1), anti-p21 mouse monoclonal (sc-6246,
clone F-5), anti-actin goat polyclonal (sc-1615) anti-
bodies (Santa Cruz Biotechnology), or anti-phospho
(Ser15)p53 rabbit polyclonal antibody (#9284, Cell
Signaling Technology), with appropriate HRP-conju-
gated secondary antibodies. Blots were developed
with ECL Plus reagent (GE Healthcare) and imaged
on a Typhoon Variable Mode Imager set to scan in
fluorescence mode with a 457 nm laser and emission
at 520 nm. For histone analysis, cells were lysed in
phosphate buffered saline containing 0.5% Triton
X-100 with protease and phosphatase inhibitors. The
low speed pellet was washed, then histones were
released by acid extraction using an overnight incu-
bation in 0.2 M HCI at 4°C. Total protein was
measured using the BCA assay, and samples were
neutralized with Tris base prior to electrophoresis.
The nuclear extracts (5 pg total protein per lane) were
analyzed by Western blotting using anti-y-H2AX
rabbit polyclonal antibody (# DR1017, Calbiochem).

SA-f-gal assay

Protein-normalized SA-f-gal activity was quantified
using the fluorogenic substrate 4-methylumbelliferyl-
p-D-galactopyranoside as previously described (Gary
and Kindell 2005), except that the BCA assay was
used for protein normalization.

Cell cycle analysis by flow cytometry

Cells were fixed with 70% ethanol, permeabilized
with 1% Triton X-100, treated with RNase, and
stained with 50 pg/ml propidium iodide (PI). Cellular
DNA content was determined from PI fluorescence
intensity using a Becton-Dickinson FACSCalibur
flow cytometer and ModFit data analysis software for
cell cycle determination.

DNA synthesis rate and total DNA content

Cellular DNA synthesis rate was measured from the
incorporation of 5-bromo-2’-deoxyuridine (BrdU), a
thymidine analog, as assessed using an in situ ELISA
assay. Cells were grown in the presence or absence of
BeSO, for 72 h. For the first 64 h, the cells were
grown in 100 mm plates (n = 3/dosage group). Next,
the cells were collected by trypsinization, counted,
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and re-seeded into 96-well plates at 27,000 cells per
well. Each sample was re-plated as two sets of
triplicate wells (one set for BrdU assay, the other set
for total DNA assay). During re-plating, the concen-
tration of BeSO, was maintained. The cells were
given 8 h at 37°C to attach in the 96-well plates,
making 72 h total treatment time. At 72 h, the culture
medium in one of the triplicate sets was replaced with
fresh medium lacking Be*" and containing the BrdU
label. BrdU incorporation over the next 3.5 h at 37°C
was measured using a Cell Proliferation Assay (EMD
Biosciences/Calbiochem). Cells were washed, fixed,
incubated with anti-BrdU primary and enzyme-linked
secondary antibodies, then reacted with a fluorogenic
substrate. The fluorescence was measured using a
plate reader set to 340 nm excitation, 465 nm emis-
sion. Each triplicate was averaged to give a single
value for each of the original 100 mm plates (n = 3).
Total DNA content was analyzed similarly, after
staining the other sets of triplicate wells with the
CyQuant fluorescent DNA-binding dye (Invitrogen)
and reading at 485 nm excitation, 535 nm emission.

Immunofluorescence microscopy

A172 cells were grown in chamber slides, and treated
with BeSO,4 or etoposide for 24 h. Cells were fixed with
4% formaldehyde, permeabilized with 0.5% Triton
X-100, blocked with normal goat serum, and incubated
with 1:400 anti-y-H2AX antibody (Calbiochem #
DR1017), a rabbit polyclonal that recognizes phosphor-
ylation at Ser'*® of human H2AX. FITC-conjugated
goat anti-rabbit IgG (sc-2012, Santa Cruz Biotechnol-
ogy) was used as the secondary antibody, and fluores-
cence images were photographed using a digital camera
on a Nikon Eclipse TE2000-U microscope.

Elemental analysis by ICP-MS

Cells were grown in 100 mm dishes at 37°C in RPMI
complete medium spiked with BeSO, and MnSO,
(n = 3/dose) for either 1 min, 24 h, or 48 h. The
cells were washed three times with serum-free RPMI,
three times with PBS, then lysed with 300 pl of
M-PER. The lysate was centrifuged at 16,000x g for
10 min, then 250 pl of supernatant was mixed with
19.75 ml of ultrapure water. Each sample was passed
through a pre-rinsed 0.45 pm GHP Acrodisc GF
25 mm syringe filter (Pall Life Sciences) and

@ Springer

analyzed by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) on a Perkin-Elmer ELAN
6100 equipped with a Dynamic Reaction Cell. The
concentrations of Be-9 and Mn-55 in each sample
were determined from BeSO, and MnSQ, standards
that were used to generate a standard curve. An
aliquot from each clarified supernatant was analyzed
for total protein content using the BCA protein assay.
Data were expressed as pmol of Be or Mn per pg of
total protein.

Statistical analysis

Data sets involving only two groups per timepoint
(control versus treated) were analyzed as pairwise
comparisons using a two-tailed unpaired #-test with
Bonferroni correction. Data sets involving more than
two groups per timepoint were evaluated using one-
way ANOVA (P < 0.05 considered significant) with
a post-hoc Tukey multiple comparison test (Graph-
Pad Prism v5.0) to obtain P values comparing each
dosage group to its corresponding control group. For
actin-normalized mRNA ratios, the log-transformed
values were used for the statistical analysis.

Results

Beryllium inhibits proliferation in a cell
type-specific manner

For A172 cells, adding low micromolar concentra-
tions of Be*" to the culture medium caused a marked
inhibition of growth (Fig. 1a). In contrast, RKO cells
were much less sensitive to this agent. In this 6-day
proliferation assay, the A172 ICsy was 4.7 uM, and
the RKO ICsy was 172 pM. The shape of the dose—
response curve was steeper for A172 than for RKO,
reflecting a relative tolerance for high Be** concen-
trations in the latter. For example, in order to produce
an effect equivalent to 10 pM in A172 cells, a 300x
higher concentration (3 mM) was needed for RKO
cells. When A172 cells were exposed to 10 uM
BeSO,, they grew slightly during the first 48 h, then
cumulative cell number remained fairly constant over
a 2—-12 day period (Fig. 1b, filled circles), indicating
a cytostatic effect. In contrast, when A172 cells were
exposed to etoposide, a cytotoxic drug, cumulative
cell number declined over time in this assay
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Fig. 1 Low concentration BeSOy inhibits the proliferation of
A172 cells, but not RKO cells. a A172 (circles) and RKO
(squares) were cultured in the presence of O, 1, 3, 10, 30, 100,
300, 1000, 3000, or 10000 uM BeSO, for 6 days, then cells
were counted and expressed as percent of untreated cell
number (mean =+ SD). b A172 cells were grown in the absence

(Supplementary Fig. S1). As expected, untreated cells
grew at a logarithmic rate (Fig. 1b, open circles).

Beryllium induces the p21 cell cycle inhibitor

Treatment of A172 cells with 10 uM BeSO, caused
p21 mRNA levels to increase 2-fold by 24 h, and to
remain elevated over several days with up to 4-fold
increases (Fig. 2a). For comparison, mRNA for
glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH), a glycolytic enzyme that is usually produced
at a constant rate, showed no changes in the same set
of samples. Phosphorylation of serine-15 is a mod-
ification that stabilizes p53 protein against degrada-
tion. Beryllium treatment caused increases in total
p53, phosphorylated p53, and p21 protein levels in
A172 cells (Fig. 3a). In contrast, RKO cells displayed
no changes in p21 or p53 when treated with 10 or
even 100 uM BeSO, (Figs. 2b, 3b). To confirm that
the RKO cells were capable of responding with p21
induction when challenged with the appropriate
stimuli, these cells were exposed to ionizing radiation
or UV light. Each of these treatments caused large
increases in p21 mRNA (Fig. 2c, d). There was no
change in GAPDH mRNA in these samples. Addi-
tionally, RKO cells were exposed to 5 Gy of IR to
check protein expression and the expected increases
in p21 and p53 protein levels were observed
(Fig. 3b).

Day

(open circles) or presence (filled circles) of 10 uM BeSO, for
12 days, with cumulative cell number (mean & SD) deter-
mined every 2 days. Cytostasis requires a day or two to
develop fully, so the cells were re-seeded on Day 2 using
matched cell numbers for each group

Characterization of beryllium-arrested cancer
cells

BeSO, caused an increase in the senescence marker
SA-f-gal in A172 cells (Fig. 4). During the enzyme
assay, product formation was linear with reaction
time over the first 60 min, then the reaction rate
declined slightly in some samples due to the onset of
substrate depletion. Therefore, reaction rate over the
first hour was used as the basis for reporting activity.
After 6 days of culture, A172 cells displayed a 56%
increase in SA-f-gal activity in response to 10 uM
BeSO, (control = 299 + 14; Be’"-treated = 467 +
51 RFU h™' ug™"). After 12 days of culture, there
was an 84% increase in activity with 10 pM BeSO,
(control = 226 + 21; Be?t-treated = 416 & 30 R-
FU h™! pg™"). In contrast, basal activity in RKO
cells was quite low (ranging from 30 to 50
RFU h™' pg™"), and was not stimulated by treatment
with 10 or 100 uM BeSOy,.

For A172 cells, 10 pM BeSO,4 was found to be an
effective concentration with respect to cell growth
(Fig. 1), p21 mRNA and protein induction (Figs. 2,
3), and SA-f-gal expression (Fig. 4). Flow cytometry
was used to analyze the effects of this treatment on
cell cycle progression (Fig. 5a). The Be?'-arrested
cells displayed an increase in the proportion of cells
in Go/G;-phase and a decrease in S and G,-phases,
consistent with a block at the Gj-to-S transition.
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Fig. 2 BeSO, induces production of p21 mRNA in Al172
cells, but not in RKO cells. a A172 cells were cultured in the
presence of 0 or 10 pM BeSO, for 24, 48, 72, or 96 h, then
mRNA levels of p21, GAPDH, and actin in each sample were
quantified using RT-PCR. Actin and GAPDH are considered to
be “housekeeping” genes whose mRNA amount per cell is
expected to remain relatively constant. p21 and GAPDH
mRNA quantities were normalized relative to actin mRNA by
dividing the former by the latter. Results are reported as
percent of the untreated control. Error bars bracket a
confidence interval that is equivalent to the mean + SD
(explained in the “Methods” section). b RKO cells were

A172 cells were treated for 3 days with various
concentrations of BeSQOy,, then the thymidine analog
BrdU was added and its rate of incorporation into
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cultured in the presence of 0, 10, or 100 uM BeSO, for 24 or
48 h, then mRNA levels of p21, GAPDH, and actin in each
sample were quantified using RT-PCR and expressed as actin-
normalized values. ¢ RKO cells were either sham-irradiated
(control) or exposed to 1 or 5 Gy of ionizing radiation (IR),
then actin-normalized p21 and GAPDH mRNA were quantified
24 h later. d RKO cells were either sham-irradiated (control) or
exposed to 10 or 20 J/m? of ultraviolet light (UV), then mRNA
levels were quantified 24 h later. Treatments that were
significantly different from control are indicated (* P < 0.05,
# P <0.01, *** P <0.001)

newly synthesized DNA was measured (Fig. 5b).
Exposure to 3 pM BeSO, lowered the DNA synthesis
rate to 68 £ 8% of control (mean £ SD), while
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Fig. 3 BeSO, induces stabilization of p53 and expression of
p21 in A172 cells, but not in RKO cells. a A172 cells were
grown in the absence (lanes 1, 3, 5, and 7) or presence (lanes 2,
4, 6, and 8) of 10 uM BeSO, for 24 or 48 h. Protein levels of
p21, total p53, serine-15 phosphorylated p53, and actin were
analyzed by Western blotting. The same amount of total

10 uM BeSO, lowered the rate to 12 4+ 4% of
control. Measurement of total DNA content con-
firmed that similar numbers of cells were analyzed
for each dosage group. To determine whether the
cells would resume DNA synthesis after beryllium is
removed, samples of surplus unused cells from the
3-day BeSO, treatments were re-plated into fresh
medium without BeSO, and allowed to grow for
three more days (Fig. 5c). After this period, the cells
that had been exposed to 10 uM BeSO, only partially
recovered their ability to synthesize DNA, with a rate
of 51 &+ 6% compared to cells that had never been
exposed to BeSO,. After 6 days of recovery in
Be-free media, the cells finally returned to their
normal rate of DNA synthesis, at 99 £ 8% (Fig. 5d).

Beryllium does not cause DNA damage

DNA damage causes histone H2AX to become
phosphorylated on serine-139. This modified histone
form is called y-H2AX, which can be observed by
immunofluorescence microscopy or by Western blot
(Fig. 6). Etoposide, camptothecin, and UV treatments
were used as positive controls to demonstrate that
y-H2AX is produced in A172 cells following DNA
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protein was loaded in each lane; actin serves as a loading
control. b RKO cells were grown in 0 (lanes 1 and 6), 10 (lanes
2 and 7) or 100 uM (lanes 3 and 8) BeSO, for 48 h.
Alternatively, RKO cells were either sham-irradiated (lanes 4
and 9) or exposed to 5 Gy of ionizing radiation (lanes 5 and 10)

damage. In contrast, BeSO, did not elicit increased
y-H2AX at 10 pM (an effective cytostatic concentra-
tion), 100 uM, or 300 uM (the highest concentration
tested).

Beryllium uptake

Because A172 and RKO cells responded very differ-
ently to extracellular BeSO,, an assay was developed
to determine whether these two cell types differ in their
abilities to import Be* (Fig. 7a). A172 cells exhibited
concentration-dependent and time-dependent cellular
uptake of Be*" (Fig. 7b). A 1 min exposure to 30 uM
BeSO, yielded negligible levels of intracellular beryl-
lium compared to a 24 h exposure to the same
concentration, showing that uptake was time-depen-
dent rather than instantaneous. The 1 min exposure
also served as a wash control, which demonstrated that
the washing steps were adequate to prevent extracel-
lular fluid from contaminating the sample. A172 and
RKO cells acquired intracellular Be*" equally well
when exposed to 100 uM BeSO, for 24 or 48 h
(Fig. 7¢). At 10 pM BeSO,, A172 cells were more
efficient than RKO at sequestering Be*" intracellu-
larly. As a reference standard, the uptake of a different
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Fig. 4 BeSO, treatment causes expression of SA-f-gal in
A172 cells, but not in RKO cells. a A172 cells were cultured in
the presence of 0 or 10 uM BeSO, for 6 days. RKO cells were
cultured in the presence of 0, 10, or 100 uM BeSO, for 6 days.
The cells were lysed, and the activity of SA-f-gal was assayed
by measuring the production of the fluorescent product
4-methylumbelliferone (4-MU) at 30 min intervals during the
reaction. Data are expressed as mean & SD in relative
fluorescence units (RFU) of product per microgram of total
protein. b SA-f-gal activity measured in A172 and RKO cells
after 12 days of treatment

divalent cation was analyzed simultaneously. Manga-
nese was chosen as a suitable standard for this
comparison, because background levels of manganese
in culture media with serum are quite low. There was
little difference in the uptake of Mn”" by the two cell
types (Fig. 7d). The Mn>" data further strengthen the
conclusion that there are not great differences in
divalent cation uptake efficiency between the two cell
types. In addition, the use of Mn>" as a reference
allowed the protein normalization step to be indepen-
dently validated, because similar trends are observed
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whether one reports Be/total protein (Fig. 7) or Be/Mn
ratios (not shown).

Discussion

It might seem surprising that beryllium could inhibit
the growth of cancer cells, because beryllium is
classified as a carcinogen. However, this classifica-
tion is based mainly on reports that beryllium metal
and beryllium oxide cause lung cancer in rodents
after inhalation of the airborne particulates (Gordon
and Bowser 2003). It is less clear whether beryllium
salts are also carcinogenic, but beryllium in the form
of Be*" does not appear to be mutagenic. BeSOy is
non-mutagenic in the Ames assay (Ashby et al.
1990). No DNA damage is observed when Jurkat
lymphocyte cells are exposed to 50-1,000 uM BeCl,
(Caicedo et al. 2008). In A172 cells, 10 uM BeSOy4
produced cytostasis, yet no DNA damage was seen
with BeSO, up to 300 pM, the highest concentration
tested (Fig. 6). BeSO, is non-clastogenic to Chinese
hamster lung cells at 3.5 mM and lower (Ashby et al.
1990). On the other hand, 0.5-2.0 mM BeSO, causes
some increase in the transformation frequency of
BALB/c-3T3 cells (Keshava et al. 2001), but these
concentrations are orders of magnitude greater than
needed to cause cell cycle arrest in susceptible cell
types. Thus, the carcinogen literature is probably not
relevant to the low concentration cytostatic effects
reported here.

Previous studies of the cytostatic effects of beryl-
lium have not looked at cancer cells. Here it is shown
that BeSO, inhibits the proliferation of A172 human
glioma cells (Fig. 1). These cells responded to Be*"
with increased p53 protein and increased p21 mRNA
and protein (Figs. 2, 3). In fibroblasts, Be*" treatment
increases p53 protein but not p53 mRNA levels
(Coates et al. 2007). To follow up on this observation,
phosphorylation of serine-15 of p53 was examined and
found to be increased by BeSO, treatment in A172
cells (Fig. 3). This modification prevents the interac-
tion of p53 with MDM?2, the ubiquitin-ligase that
targets pS3 for proteosomal degradation (Shieh et al.
1997). Serine-15 phosphorylation occurs during
senescence (Webley et al. 2000), and in other situa-
tions in which p53 protein becomes stabilized and
transcriptionally active (Shieh et al. 1997). BeSO, also
caused an increase in SA-f-gal in A172 cells (Fig. 4).
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The increases in p53, p21, and SA-f-gal, the cytostatic
nature of the effect on growth (Fig. 1b), and the
Gy/Gi-phase of the cell cycle arrest (Fig.5) are
consistent with a senescence-like response. Like
most tumor cells, A172 express telomerase activity
(Komata et al. 2000), which means that these cells lack
telomere-initiated signals for senescence. The point of
action of Be?" in this system may be downstream of
telomere-initiated signals, which are absent, and
upstream of p53, which becomes activated by the
treatment.

After 3 days of exposure to 10 pM BeSOy4, A172
cells nearly ceased synthesizing new DNA (Fig. 5b).
This matches the decline in the S-phase cell

«Fig. 5 BeSO, exposure causes sustained depression of DNA
synthesis in A172 cells. a Cell cycle analysis was conducted on
A172 cells treated for 3 days with 0 pM (left panel) or 10 pM
(right panel) BeSO,. Cells were stained with propidium iodide
(PI) and fluorescence measured by flow cytometry. A total of
40,000 events were recorded per sample. Representative
histograms are shown. G; and G, peaks were centered at
approximately 200 and 400 PI fluorescence units, respectively.
b A172 cells were cultured in the presence of 0, 1, 3, or 10 pM
BeSO, for 3 days. A standard number of cells from each
treatment group were analyzed for total DNA content using a
fluorescent DNA-binding dye, and DNA synthesis rate using
BrdU incorporation. ¢ A172 cells were cultured in the presence
of 0, 1, 3, or 10 uM BeSO, for 3 days, then BeSO, was washed
out and all cells were cultured for three additional days in the
absence of beryllium. At the end of the 3-day recovery period,
cells were analyzed for total DNA content and BrdU
incorporation rate. d A172 cells were cultured in the presence
of 0, 1, 3, or 10 pM BeSO, for 3 days, then grown for six
additional days without beryllium. Data are expressed as
mean + SD, relative to the untreated control cells. Treatments
that were significantly different from control are indicated
(* P <0.05, ¥* P < 0.01, #** P < 0.001)

population observed by flow cytometry at the same
dose and time (Fig. 5a). Cells treated in this way had
a 4-fold increase in p21 mRNA (Fig. 2), so a strong
p21-mediated cell cycle blockade that stops DNA
replication is to be expected. A “drug washout”
variation of this experiment demonstrated that the
proliferation arrest created by Be*" exposure persists
for several days. Three days after BeSO, removal, the
DNA synthesis rate per cell remained significantly
depressed (P < 0.01), attaining only 51% of control
values (Fig. 5¢). With longer recovery time, the
Be?*-induced cytostasis eventually  dissipated.
Although senescence is often regarded to be “irre-
versible”, even senescent fibroblasts require persis-
tent signaling through p53 to maintain the cytostatic
state (Gire and Wynford-Thomas 1998).

Whereas A172 responded strongly to 10 uM
BeSO4, RKO cells failed to respond to either 10 or
100 uM BeSO,4 with respect to p21 mRNA induction
(Fig. 2), p21 and p53 protein induction (Fig. 3), and
SA-f-gal induction (Fig. 4). Although they differ in
Be”" responsiveness, A172 and RKO cell lines have
similar p53-dependent DNA damage responses. For
example, A172 cells exposed to 6 Gy of IR produce
p21, but p21 induction is lost when the cells are
transfected with a dominant negative mutant of p53
(Kubota et al. 2000). Likewise, RKO cells exposed to
4 Gy of IR produce p21, but this response is absent
after p53 inactivation (Franken et al. 2004). To check

@ Springer
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Fig. 6 BeSO, treatment does not cause DNA damage.
a Immunofluorescence microscopy using y-H2AX antibody
on untreated A172 cells or cells exposed to 10 uM etoposide,
10 pM BeSOy, or 300 uM BeSO, for 24 h. The punctate
nuclear staining pattern observed in etoposide-treated cells is
characteristic of foci induced by DNA damage. b A172 cells
were grown in the presence of 0, 10, 100, or 300 pM BeSO, for
24 or 48 h, or 10 uM etoposide or 10 uM camptothecin for

whether there might be something unusual about the
specific RKO cells used in the present study, the
ability of the RKO cells to upregulate p21 in response
to UV- or IR-induced DNA damage was examined
and confirmed (Figs. 2, 3).

A172 and RKO cells exposed to 100 uM BeSO,
accumulated intracellular Be*" equally well at both 24
and 48 h (Fig. 7c). This shows that the relative failure
of RKO cells to respond to 100 pM BeSO, (Figs. 1, 2,
3, 4) cannot be due to insufficient uptake of Be?t
because similar intracellular levels were more than
sufficient to cause large effects in A172 cells. Inter-
estingly, when a lower concentration (10 uM) of
BeSO, was added to the medium, A172 cells accumu-
lated the metal ion to a greater extent than RKO cells.
Conceivably, this might indicate the presence of high
affinity intracellular binding sites for Be*" that
are present in A172 cells and absent in RKO cells.
Little is known regarding putative Be®'-binding
targets; subcellular fractionation studies suggest that
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= Ub-y-H2AX
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24 h. Alternatively, A172 cells were either sham-irradiated
(UV control) or exposed to 10 J/m? of UV at 3 h prior to
analysis. Nuclei were isolated and histones were released by
acid extraction. The nuclear extracts (5 pg total protein per
lane) were analyzed by Western blotting using the y-H2AX
antibody. The positions of y-H2AX (15 kD) and ubiquitinated-
y-H2AX (24 kD) are indicated

Be?" binds preferentially to a protein fraction that is
present in nuclei (Parker and Stevens 1979; Witschi
and Aldridge 1968).

The signaling pathways that lead to senescence-
like responses are diverse (Ben-Porath and Weinberg
2005). The kinases ATM and, to a lesser extent, ATR
are important in sensing the telomeric changes that
initiate senescence (Bakkenist et al. 2004; Ben-Porath
and Weinberg 2005; Herbig et al. 2004). These
kinases are best known for their roles in IR- and UV-
induced DNA damage recognition (Helt et al. 2005;
Hill et al. 2008; Lakin and Jackson 1999), so there is
considerable overlap between senescence-signaling
and DNA damage response-signaling with respect to
upstream activators (such as ATM and ATR) and
downstream effectors (such as p53 and p21). None-
theless, it appears that Be>" affects a senescence-like
signaling process that is distinct from the DNA
damage pathways, because RKO cells respond to
DNA damage but fail to respond to Be*" (Fig. 8).
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Fig. 7 Be-sensitive and Be-resistant human tumor cells exhibit
comparable uptake of extracellular Be?* and Mn". a Schematic
of experimental protocol and wash control. b The procedures
outlined in schematic A were used to evaluate the effectiveness
of plate washing in eliminating extracellular contributions to
signal. A172 cells were treated with 0, 10, or 30 pM BeSO, for
24 h, or 30 uM BeSO, for only 1 min as a wash control.
Extracellular BeSO4 was removed by washing, and intracellular
Be content was analyzed by ICP-MS. ¢ A172 and RKO cells were
treated with 0, 10, and 100 pM BeSO, for 24 h (left panel)
or 48 h (right panel), then intracellular Be was measured by
ICP-MS. d A172 and RKO cells were treated with 0, 10, and
100 uM MnSOy for 24 h (left panel) or 48 h (right panel), then
intracellular Mn was measured by ICP-MS. All points show
mean £+ SD

Mutation of any component of the pathway targeted
by Be?" could render cells resistant. A172 cells
possess a wildtype p53, but p16™V5** and p14*** are
deleted in this cell line (Ishii et al. 1999). Compre-
hensive analyses of glioblastoma genotypes found

ATM, ATR, y-H2AX

4—.4—.>

LAl

senescence senescence-

like

®-p53 Ser15
1 p53

1 p21
cell cycle arrest

Fig. 8 Two pathways to p53 activation. The DNA damage-
responsive pathway (a) is functional in RKO cells, whereas the
BeSOy-responsive pathway (b.2) is nonfunctional in this cell
type. In A172 cells, beryllium causes cell cycle arrest without
causing DNA damage. The resultant cytostatic state (b.2)
shares features with senescence (b.1)

that TP53 is mutated or deleted in 35-40% of cases,
and the CDKNZ2A gene locus, which codes for both
pl6 and pl4, suffers homozygous deletion in 50%
(The Cancer Genome Atlas Research Network 2008;
Parsons et al. 2008). p16 is a CDK4/CDK®6 inhibitor
that halts cell cycle progression by preventing
phosphorylation of pRB. p21 and pl6 are the two
cyclin-dependent kinase inhibitors that are character-
istically elevated during senescence. In replicative
senescence, p21 is the major player during the early
stages of senescence, and pl6 increases later (Stein
et al. 1999). BeSO, treatment of fibroblasts causes a
large, rapid increase in p21 and a smaller, temporally
delayed increase in pl6 (Coates et al. 2007). The
A172 results show that Be?'-inducible cell cycle
arrest can occur even in the complete absence of p16.
pl4 antagonizes MDM?2, which is a negative regu-
lator of p53 (Stott et al. 1998). In this way, pl4 can
bring about p53-dependent cell cycle arrest (Stott
et al. 1998; Weber et al. 2002). However, Be?t
cannot be acting through pl4 because pl4 is not
present in A172 cells.
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Depending on the tissue origin and genotype,
senescence signaling pathways may lie dormant but
intact in some cancer cell types, such as A172. BeSO,
appears to turn on senescence-related growth control
pathways in susceptible cells. As such, BeSO, may
become a useful tool to dissect senescence signaling
in both normal and cancerous cells.
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