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1 | INTRODUCTION

Abstract

Objectives: Beryllium salts (here, beryllium sulphate) can produce a cytostatic effect in
some cell types. The basis for this effect may include increased expression of prolifera-
tion inhibitors, reduced expression of proliferation promoters, or both. This study
sought to determine the role of p53, the tumour-suppressing transcription factor, in
mediating beryllium-induced cytostasis.

Materials and methods: Human A172 glioma cells express wild-type TP53 gene.
Activity of p53 was experimentally manipulated using siRNA and related approaches.
Key elements of the beryllium-response were compared in normal and p53-knockdown
A172 cells using RT-PCR and Western blotting.

Results: In A172 cells, 10 um BeSO, caused 300% increase in CDKN1A (cyclin-
dependent kinase inhibitor p21) mRNA and 90% reduction of CCNE2 (cyclin E2)
MRNA. The increased p21 mRNA and reduced cyclin E2 mRNA were each dependent
on presence of functional p53. For p21, increased mRNA led to commensurately in-
creased protein levels. In contrast, reduction in cyclin E2 mRNA levels did not lead to
corresponding reductions in cyclin E2 protein. The proteasomal inhibitor MG-132
caused p53 protein to increase, but it had no effect on cyclin E2 protein levels.
Cycloheximide time course studies indicated that the cyclin E2 protein half-life was
more than 12 hours in these cells.

Conclusions: Beryllium elicited p53-dependent changes in mRNA levels of key deter-
minants of cell proliferation such as p21 and cyclin E2. However, cyclin E2 protein
appeared to be aberrantly regulated in this cell type, as its turnover was unexpectedly

slow.

because p53 in human RKO cells can be activated by a vari-
ety of DNA-damaging agents but not by BeSO, treatment.* As a

When added to mammalian cell culture media, beryllium salt pro-
duces a cell cycle arrest in some cell types.l'4 BeSO, concentra-
tions in the 10 pum range are effective, even though growth media
contains more than 100-fold molar excess of the competing physi-
ological divalent cations, Mg2+ and Ca?*. After cells are treated with
beryllium, there is an increase in the level of the p53 tumour sup-
pressor protein, but it is unknown whether p53 activity is required
to produce the BeZ*-induced cytostatic effect. The presence of
functional p53 is not sufficient to confer beryllium-responsiveness,

transcription factor, p53 coordinates three distinct but partially
overlapping physiological states: apoptosis, cellular senescence
and the DNA damage response. In cell culture systems, p53 acti-
vation is most often achieved by treatment with DNA-damaging
agents. However, Be?" treatment does not produce DNA damage.4
The state produced by Be?* treatment resembles senescence, as
beryllium-arrested cells adopt a large flattened morphology and ex-
press increased levels of senescence-associated beta-galactosidase

activity.3

698 I © 2016 John Wiley & Sons Ltd

wileyonlinelibrary.com/journal/cpr

Cell Proliferation 2016; 49: 698-709


mailto:ronald.gary@unlv.edu

GORJALA ET AL.

Beryllium causes expression of p21W3f1/Cip1/Sdi1, the cyclin-
dependent kinase inhibitor that is the product of the CDKNIA
gene.z'4 The p21 protein can cause cell cycle arrest by binding to and
inhibiting the catalytic activity of various cyclin-dependent kinases
(CDK), including the major cyclin/CDK complexes containing cyclin A,
cyclin D or cyclin E.>¢ Up-regulated p21 expression is characteristic
of cellular senescence, and it also occurs during the DNA damage re-
sponse.7'8 The induction of p21 is often driven by the transcriptional
activity of p53, especially in DNA damage scenarios.” 12 However,
p21 expression can be elicited by a variety of p53-independent
mechanisms as well.#10718 | general, p53 is required for p21 in-
duction following DNA damage, but the importance of p53 for p21
induction in other circumstances varies.” *? It is unknown whether
the p21 expression observed during the senescence-like response to
beryllium is p53 dependent. More generally, it is unknown whether
beryllium modulates cell cycle signalling through p53 selectively or
whether pleiotropic action in non-p53 pathways could be driving the
response. This study was designed to evaluate the p53 dependence
of the response to beryllium salt, one of the few experimental agents
capable of inducing a senescence-like state that is distinct from DNA
damage response signalling. A better understanding of cytostatic cell
signalling pathways could be helpful in cancer therapy. Traditional
chemotherapies act via DNA damage induction to produce a cytotoxic
effect. These treatments have serious side effects, and treatment-
provoked mutagenesis can give rise to secondary tumours. A cyto-
static, rather than cytotoxic, approach might provide therapeutic
benefit with milder side effects; however, cytostasis-eliciting agents
have received relatively little investigation.

Cyclin E forms a complex with CDK2 that is essential for G1/S
transition during the cell cycle.19 The binding of p21 to cyclin E-CDK2
complexes inhibits the kinase activity and thereby blocks S-phase
entry due to hypophosphorylation of Rb.2° Thus, G1/S cell cycle
arrest could be achieved via up-regulation of p21 expression or by
down-regulation of cyclin E expression. During this study, we found
that BeSO, treatment leads to a profound decline in cyclin E2 mRNA.
There are two cyclin E isoforms, cyclin E1 and cyclin E2, which are en-
coded by the CCNE1 and CCNE2 genes, respect‘ively.ﬂ’23 One or both
isoforms are frequently overexpressed in a variety of cancer cell types,
thereby contributing to misregulated cell proliferation. At least in nor-
mal cells, the regulation and biological functions of the two isoforms
appear to be quite similar. However, recent studies are beginning
to uncover differences in isoform protein stability in cancer cells.?*
Using the beryllium-response system, we observed a clear distinction
between regulation of cyclin E1 and cyclin E2 at the mRNA level. The
up-regulation of p21 mRNA and the down-regulation of cyclin E2
mRNA elicited by BeSO, were each mediated by p53.

2 | MATERIALS AND METHODS

2.1 | Celllines and reagents

A172 (human glioblastoma) cells were from ATCC (Manassas, VA,
USA). Cells were grown in RPMI 1640 with Gluta-MAX and 25 mm

HEPES (Invitrogen-Gibco, Carlsbad, CA, USA) supplemented with
10% FBS (HyClone, Logan, UT, USA) and 1% Antibiotic-Antimycotic
(Invitrogen-Gibco) at 37°C in a 5% CO, atmosphere. BeSO,¢4H,0
used for treating cells was from Fluka (a division of Sigma-Aldrich, St.
Louis, MO, USA). The proteasomal inhibitor MG-132 and the protein
synthesis inhibitor cycloheximide were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

The A172-E6 cell line was established by selection of A172 cells
transfected with pCMV-Eé6 expressing the human papillomavirus 16
E6 gene. A172-Neo cells are A172 cells transfected with a similar plas-
mid without E6 (pCMV-neo) to serve as a transfection control. Both
A172-E6 and A172-Neo were characterized previously.25 Similar pro-
cedures were used to generate U87MG-E6 and U87MG-Neo.?

siRNA-based p53 mRNA knockdown was done by using TP53
Validated Stealth RNAi DuoPak (Invitrogen # 45-1492), containing
chemically modified double-stranded RNA. Control experiments
used Stealth RNAIi siRNA Medium GC Negative Control (Invitrogen #
12935-300), which is not homologous to any known vertebrate tran-
script. Additional reagents used in the procedure were Lipofectamine
2000 and Opti-MEM reduced serum medium (Invitrogen). Each of
the Stealth RNAi molecules from Stealth RNAiDuoPak (KO 1 and
KO 2) were used at a final concentration of 20 nm and Lipofectamine
2000 was used at 0.01 mg/mL. The reagents were diluted from
stocks in Opti-MEM. Each 100-mm plate received 2.5 mL of the
Lipofectamine/oligo mixture for 12 hours. The cells were then tryp-
sinized and reseeded at the required subconfluency prior to treatment
with BeSO,. In order to determine the efficiency of siRNA transfec-
tion, A172 cells were transfected with BLOCK-iT™ Fluorescent Oligo
(Invitrogen), which is a fluorescein-labelled dsRNA of similar length,
charge and chemical composition as the knockdown oligos employed.
Fluorescence microscopy showed that the oligo was delivered with
almost 100% efficiency under the transfection conditions employed
(Fig. S1).

Small hairpin RNA (shRNA)-based p53 knockdown was achieved
by transducing A172 cells with p53 shRNA (h) Lentiviral Particles
(Santa Cruz Biotechnology, # sc-29435-V), and transduction control
cells were generated by using Control shRNA Lentiviral Particles-A
(Santa Cruz Biotechnology; # sc-108080). Successfully transfected
cells with stably integrated expression vector were selected by growth
in RPMI supplemented with puromycin and then isolating single cell
clones for expansion.

2.2 | Cell count experiment

Initially, 50 000 cells were seeded per 60-mm plate for each treat-
ment concentration. Every 3 days, the cells were passaged and given
a change of media containing BeSO, at the specified concentration.
Cells were trypsinized by adding 0.5 mL of trypsin with EDTA and
then resuspended in 2.5 mL of RPMI. A 0.1 mL aliquot of cell suspen-
sion was used for cell counts. The remaining cell suspension was used
to seed cells into fresh 60-mm plates at the predetermined split ratio
needed to maintain subconfluency. Cell counts were taken using a
Beckman Coulter Z1 counter.
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2.3 | mRNA quantification by RT-PCR

RNA from treated cells wasisolated using RNeasy (Qiagen, Valencia, CA,
USA), cDNA was synthesized, and real time-PCR was performed using
QuantiTect SYBR Green PCR reagents and primer pairs from Qiagen.
The primer pairs were QT00095431, QT00079247, QT00062090,
QT00060235, QT00041986 and QT01012284 for human beta-actin,
human GAPDH, human p21(CDKN1A), human p53, human cyclin E1
and human cyclin E2, respectively. Thermal cycling and data collec-
tion were performed on a Bio-Rad iCycler. The iCycler software was
used to calculate the Starting Quantity (SQ) of gene-specific mRNA in
each sample, based on the observed PCR efficiency in standard curves
for each gene-specific primer set. Normalized mRNA values were ob-
tained by dividing the gene-of-interest SQ by the actin SQ in the same
sample to obtain a ratio, which was then transformed to a log scale

for statistical analysis, according to the method described previously.4

2.4 | Western blotting

Cells ready for harvest were washed with PBS after RPMI was
removed. Cell lysis was performed in plates by addition of 300 pL of
M-PER (Mammalian Protein Extraction Reagent; Pierce, Rockland, IL,
USA) supplemented with protease and phosphatase inhibitors. Total
protein concentration was determined by using a bicinchoninic acid
(BCA\) assay (Pierce). Equal amounts of total protein per well were
loaded on precast Bis-Tris Midi Gels, subject to SDS-PAGE and trans-
ferred to a PVDF membrane. Immunoblotting was conducted using
anti-p53 mouse monoclonal (sc-126, clone DO-1), anti-p21 mouse
monoclonal (sc-6246, clone F-5), anti-cyclin E1 rabbit polyclonal
(sc-481), anti-cyclin E2 mouse monoclonal (sc-28351, clone A-9)
and anti-actin goat polyclonal (sc-1615) antibodies from Santa Cruz
Biotechnology. The appropriate anti-mouse, anti-rabbit or anti-goat
HRP-conjugated secondary antibodies were used, and blots were de-
veloped with ECL Plus (GE Healthcare, Little Chalfont, UK) imaged on
a Typhoon Variable Mode Imager set to scan in fluorescence mode
with a 457-nm laser and emission at 520 nm. Some of the blots were
developed using the Immun-Star WesternC Chemiluminescence Kit
(Bio-Rad Laboratories, Hercules, CA, USA), and images were taken

using a ChemiDoc XRS+ imager from Bio-Rad.

2.5 | Cell cycle analysis by flow cytometry

The cells were fixed using 70% ethanol, treated with RNase and
stained with 50 pg/mL propidium iodide (PI). Cellular DNA con-
tent was determined by measuring Pl fluorescence intensity using a
Becton-Dickinson FACSCalibur flow cytometer and BD CellQuest Pro
Software. Data analysis was done using FlowJo Version 7.6.5 soft-
ware for cell cycle phase determination.

2.6 | Cellular DNA synthesis

Cells were grown in the presence or absence of BeSO, for a total of

72 hours. After 61 hours in 100-mm plates, the cells were trypsinized,

counted, re-seeded into 96-well plates at constant number per well
and allowed to re-attach. At 72 hours, 5-bromo-2’-deoxyuridine
(BrdU) label was added and incorporation proceeded for 3.5 hours,
and then plates were processed according to the instructions of the
BrdU Cell Proliferation Assay (EMD Millipore/CalBiochem, Billerica,
MA, USA). Fluorescence was measured using a plate reader set to
340-nm excitation, 465-nm emission.

3 | RESULTS

3.1 | Verification of p53 knockdown

The A172 human glioma cell line possesses wild-type TP53 and has
been previously characterized as being responsive to beryllium salt?
We wished to examine the response to beryllium by these cells under
conditions of diminished p53 activity. Three different strategies were
employed to suppress p53 function: transient transfection with anti-
p53 siRNA, stable transfection with anti-p53 shRNA and stable het-
erologous expression of HPV Eé protein. By using more than one p53

knockdown strategy, concerns about selectivity (i.e. off-target effects)

0um 10 um BeSO,
(a)
Control + — — + — —
KO 1 -t - -+ -
KO 2 -_—t ==+
p53
24 h
Actin
p53
48 h
Actin
(b)
Control + - -
LVp53KO — + —
LVp53KO control = —_+
| Actin

FIGURE 1 Knockdown of p53 protein expression by siRNA and
shRNA. (a) A172 cells were transfected with either of two different
siRNA sequences (KO 1 and KO2) directed against p53 mRNA.

As a negative control, A172 cells were transfected with an siRNA
sequence unrelated to p53. Western blots show levels of p53 and
actin proteins after treatment with 0 or 10 um BeSO,, for 24 or 48 h.
(b) Western blots show constitutive levels of p53 and actin proteins
in normal A172 cells (control), A172 cells with a stably integrated
anti-p53 shRNA sequence from lentivirus (LVp53KO), or A172 cells
with a stably integrated scrambled shRNA sequence from lentivirus
(LVp53KO control)
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could be minimized, thereby improving the overall reliability of the
conclusions. Also, knockdown methods do not completely eliminate
gene function, so differences can be expected in residual p53 function.

To knock down p53 transcript, two different validated siRNA oligo
sequences were used, targeted to human TP53 mRNA (accession num-
ber NM_000546.2) at either nucleotides 943-967 (oligo #1) or 1030-
1054 (oligo #2). The resulting cells are referred to as KO 1 and KO 2,
respectively. Cells treated with a non-targeted negative control siRNA
are called KO control. Although transient, siRNA treatment was able
to suppress p53 protein levels for at least 48 hours (Fig. 1a). Treatment
with 10 um BeSO,, which is known to increase p53 protein levels in
this cell type, produced the expected increase in KO control cells but
not in cells with p53 suppression due to KO 1 or KO 2 (Fig. 1a).

As a second approach, we established sub-clones of A172 cells
by transducing lentiviral expression constructs encoding shRNA and
isolating single cell clones under puromycin selection. The LVp53KO
clone contains shRNA directed against p53, and the LVp53KO control
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clone contains a non-targeted shRNA that serves as a negative control
cell line. Western blotting done on cell lysates of these clones show
that LVp53KO has constitutively reduced p53 expression, whereas
p53 levels are unaffected for the negative control (Fig. 1b).

A third strategy used expression of Eé protein from human pap-
illomavirus 16 (HPV16). The Eé protein binds to the p53 protein and
impairs its function, and it also promotes degradation of p53.27’28 The
lines are labelled as A172 for normal cells, A172 E6 for clonal cells sta-
bly expressing the E6 protein, and A172 Neo for a transfection control
line that received a neomycin-resistance plasmid lacking E6. These cell
lines have been characterized previously.25

3.2 | Functional p53 increases the sensitivity of
A172 cells to growth inhibition by beryllium

Beryllium salt inhibited A172 cell proliferation in a dose-dependent
manner (Fig. 2). However, cells with reduced p53 function due to the
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FIGURE 2 Growth inhibition by beryllium is p53 dependent. (a) A172 cells with or without siRNA-based p53 knockdown were cultured in O,
3, 10, 30, 100 or 300 um BeSO,, for 9 d, with passage on day 3 and day 6 to maintain sub-confluency. Cell counts on day 9 are shown as percent
of untreated control (mean + SD). (b) Normal A172 cells, the E6-transfected A172 cell line and the A172-Neo transfection control cell line

were cultured in 0, 10, 30, 100 or 300 um BeSO, for 6 d, with passage on day 3 to maintain sub-confluency. Cell counts on day 6 are shown as
percent of untreated control (mean + SD). (c) A172 cells with functional p53 (A172 and Lentiviral control) and a shRNA-based p53 knockdown
cell line (Lentiviral p53 KO) were cultured in RPMI containing O um BeSO, (left) or 10 um BeSO, (right) for 12 d. Cumulative cell number

(mean = SD) was determined every 3 d over the 12-d period
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presence of KO 1, KO 2 or E6 were less sensitive to the growth in-
hibitory effect of BeSO, (Fig. 2a,b). The role of p53 was most evident
for the 10 um BeSO,, concentration. Therefore, the time dependency
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FIGURE 3 G1/S cell cycle arrest induced by beryllium is p53
dependent. Normal A172 cells (a), E6-expressing cells (b) or vector-
control cells (c) were cultured in the presence or absence of 10 um
BeSO, for 72 h, then stained with propidium iodide and analysed
by flow cytometry. DNA content per cell was used to determine cell
cycle phase. The percentage of cells (mean + SD) in each phase is
shown

of this effect was examined in more detail at 10 pm BeSO, concen-
tration using the clonal cell lines created by lentiviral transduction.
The LVp53KO cells were able to maintain a logarithmic growth rate
over time in the presence of 10 um BeSO,, whereas the A172 cells
that possess fully functional p53 (normal A172 cells and the Lentiviral
Control A172 sub-clone) were unable to maintain growth over time
with this treatment (Fig. 2c). The growth inhibitory effect of beryllium
was correlated with p53 function in each of the three approaches
used to suppress p53, which strongly suggests that the observed p53
dependency was not due to off-target effects or other potential arte-
facts. Altogether, these data show that cell growth inhibition by beryl-
lium is p53 dependent.

3.3 | Beryllium-induced G1/S-phase cell cycle
arrest and decreased DNA synthesis is p53 dependent

A G1/S cell cycle arrest causes the proportion of cells in the G1-phase
of the cell cycle to increase and the proportion of cells in S-phase
to decrease. Using the E6 system, flow cytometry analysis demon-
strated that the G1/S arrest produced by 10 um BeSO, is p53 depend-
ent (Fig. 3). Beryllium produced almost no change in the proportion
of cells in each phase for cells that had lost p53 function due to E6
overexpression (Fig. 3b). In contrast, both types of p53-normal cell
lines exhibited a clear G1/S cell cycle arrest in response to beryllium
(Fig. 3a,c). Flow cytometry histogram plots for this experiment are
provided (Fig. S2).

DNA synthesis occurs during S-phase of the cell cycle. The rate of
DNA synthesis can be evaluated by measuring the incorporation of
BrdU, a thymidine analogue that can be easily quantified. Beryllium
treatment caused a large decrease in DNA synthesis in cells with

normal p53 function, but the treatment failed to have much effect
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BrdU signal (% of control)
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v
A172 A172KO 1

A172KO 2 A172 KO control

FIGURE 4 Beryllium-induced DNA synthesis block requires the
presence of functional p53. A172 cells were treated with siRNA to
knock down p53 mRNA (KO 1, KO 2) or non-homologous siRNA (KO
control) that served as a control for the siRNA treatment procedure.
The cells were cultured with 0, 10 or 30 um BeSO, for 72 h. The
incorporation of the thymidine analogue BrdU into newly synthesized
DNA was quantified using a fluorogenic histochemical assay to give
fluorescence intensity proportional to DNA synthesis. Values are
expressed as percent of untreated control (mean + SD)
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when p53 was knocked down (Fig. 4). For example, in normal A172
cells, the rate of DNA synthesis after exposure to 10 um BeSO,, de-
creased to 15 + 2% compared to that of untreated control cells (i.e.
0 um BeSO4). However, for A172 cells with p53 knocked down by KO1
or KO2 siRNA, the same treatment produced only a small decrease, to
84 + 5% and 86 + 5%, respectively.

3.4 | p53is necessary for the up-regulation of p21 in
response to beryllium

The CDKN1A gene product, p21Wafl/CP1/Sdil e o important cyclin-
dependent kinase inhibitor that regulates cell cycle progression.
Induction of p21 is known to occur via both p53-dependent and p53-
independent mechanisms. To evaluate the role of p53 in the cyto-
static response of A712 cells to beryllium treatment, p21 expression
was analysed in the p53 knockdown cell systems.

The efficacy of siRNA oligos KO 1 and KO 2 in suppressing p53
protein expression was confirmed in Fig. 1. As expected, KO 1 and KO
2 suppressed p53 mRNA levels as well, to 32% and 34% of control,
respectively, as shown by RT-PCR analysis (Fig. 5a). The p21 mRNA
levels were measured in the same samples. For normal A172 cells,
48-hour exposure to 10 um BeSO, caused p21 mRNA levels to in-
crease by about 300% (i.e. to 420% of control), and a similar increase
was observed for KO control cells (Fig. 5b). In contrast, beryllium
produced only a modest increase in p21 mRNA for the cells that had
been treated with KO 1 or KO 2 siRNA to suppress p53. Similar ev-
idence of p53 dependence was also observed for the A172-E6 cell
system (Fig. 5¢). The results observed for p21 mRNA were recapit-
ulated when p21 protein levels were examined via Western blotting
(Fig. 6). Beryllium-induced p21 protein expression was robust in nor-
mal A172 cells and the various types of A172 control cells, but it was
depressed in A172 cells that had impaired p53 function due to E6
expression (Fig. 6a), siRNA transient transfection (Fig. 6b) or shRNA
stable transfection (Fig. 6c). Using p21 protein expression as an indi-
cator of p53 knockdown effectiveness, it appeared that each of the
three knockdown methods had similar efficacy. With each method,
there was some residual p53 activity, but the magnitude of the p53
reduction was sufficient to evaluate p53 dependency in this and sub-
sequent experiments.

The U87MG cell line is another human glioma type that also pos-
sesses a wild-type TP53 gene. Beryllium salt is able to elicit a cytostatic

FIGURE 5 Up-regulation of p21 mRNA after BeSO,, treatment
is p53 dependent. A172 cells with or without siRNA-based p53
knockdown were cultured in the presence or absence of 10 um
BeSO,, for 48 h, and then mRNA levels of p53 (a) or p21 (b) were
quantified using RT-PCR. In each sample, actin mRNA was also
quantified and used for normalization. Actin-normalized mRNA
quantities are expressed as percent of untreated control. Error bars
bracket a confidence interval that is equivalent to the mean + SD.
Using a similar approach, p21 mRNA at 48 hours was measured

in cells that carry a p53-suppressing E6 expression vector or a
neomycin control vector (c).

response in this cell type (our unpublished data). Therefore, we used
this cell type to see whether the observations with A172 cells may be

reproducible with another cell type. Beryllium treatment of U87MG
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cells and their E6 and Neo derivatives demonstrated that cell growth
inhibition, as assessed by cell counting, and p21 induction, as assessed
by Western blotting, were p53 dependent in U87MG cells (Fig. S3).

3.5 | Beryllium induces a p53-dependent decrease in
cyclin E2 mRNA

The cell cycle block at the G1/S transition (Figs 3 and 4) could be
caused by the presence of a cell cycle inhibitor, such as p21, or it could
be caused by the absence of a cell cycle effector. Cyclin E is the cyclin
that most directly effects the G1/S transition. In human cells, there
are two cyclin E isoforms, cyclin E1 and cyclin E2. In our preliminary
microarray studies, cyclin E2 was one of the mRNA species that was

most dramatically and consistently decreased in human cells following
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FIGURE 6 Up-regulation of p21 protein after BeSO, treatment
is p53 dependent. (a) Untransfected control A172 cells, an E6-
transfected A172 sub-clone with suppressed p53, or a Neomycin
vector A172 sub-clone were grown in 0, 10 or 100 um BeSO,, for

48 h and protein expression was analysed by Western blotting. Actin
served as a loading control. (b) Untreated control A172 cells, cells
treated with anti-p53 siRNA KO 1 or KO 2, or cells treated with the
non-targeted KO control siRNA sequence were grown in O, 10 or
100 um BeSO, for 48 h and analysed by Western blotting. (c) Protein
expression at 48 hours was analysed in untransfected control A172
cells, a lentivirus-infected A172 sub-clone expressing anti-p53
shRNA, or a lentivirus-infected A172 sub-clone expressing a negative
control sequence shRNA

beryllium treatment (our unpublished data). Therefore, we decided to
study cyclin E2 in more detail.

As judged by RT-PCR, beryllium produced a large p53-dependent
decrease in cyclin E2 mRNA levels in A172 cells (Fig. 7). In contrast,
the same samples showed no changes in the mRNA abundance of
GAPDH, a housekeeping gene that is involved in glycolysis and whose
expression level is not expected to be affected by cell cycle regulators
or cytostatic agents. For normal A172 cells, addition of 10 um BeSO,
for 48 hours caused CCNE2 mRNA to decrease by 84% (to 16% of
control) in one experiment (Fig. 7a) and by 91% (to 9% of control) in
another experiment (Fig. 7c). Similar decreases were observed for the
A172 KO control cells and the A172 Neo-control cells. However, the
effect of beryllium on CCNE2 mRNA was much smaller when p53
function had been knocked down by siRNA (Fig. 7a) or by E6 expres-
sion (Fig. 7c), showing that p53 function is required for this aspect of
the beryllium cytostatic response.

Surprisingly, cyclin E2 protein levels in A172 cells were unaffected
by beryllium treatment (Fig. 8). Thus, cyclin E2 protein levels did not
correlate with the changes in CCNE2 mRNA levels described earlier
(Fig. 7). In Western blots, the amount of cyclin E2 protein was invariant
regardless of whether p53 function was intact or knocked down, and
cyclin E2 protein was unchanged regardless of whether the cells were
grown in O, 10 or 100 um BeSO, (Fig. 8). In these experiments, the
effect of the experimental treatments on p53 and p21 protein levels
was similar to that seen in earlier experiments (compare to Fig. 6). As
with A172 cells, the cyclin E2 protein content of U87MG cells was
unaffected by p53 activity or beryllium exposure (Fig. S3).

Considering the striking effect of beryllium treatment on cyclin E2
mRNA, it was of interest to determine whether cyclin E1 expression
might also be affected by this treatment. Exposure of A172 cells to
10 um BeSO, did indeed cause a decrease in cellular CCNE1 mRNA
levels; however, the magnitude of the effect was not nearly as large
as for CCNE2 (Fig. S4). It is unclear whether the change in CCNE1 was
p53 dependent; experiments with the E6 system suggested that there
was p53 dependence, but parallel experiments using siRNA to knock
down p53 failed to demonstrate p53 dependence (Fig. S4). An attempt
was made to examine cyclin E1 protein levels in A172 cells, but this
was inconclusive due to low levels of expression of cyclin E1 protein
in this cell type (Fig. S5). It is not too surprising that cyclin E2 but not
E1 could be analysed in the glioma cells, as it has previously been

reported that cyclin E2 is highly expressed in human brain tissue.2223

3.6 | Slow turnover of cyclin E2 protein accounts for
its failure to correlate with mRNA levels

We found that beryllium treatment caused a dramatic decline in cyc-
lin E2 mRNA (Fig. 7), but little or no change in cyclin E2 protein level
(Fig. 8). This behaviour would be compatible with a protein that pos-
sesses a long half-life, but not with one that experiences rapid turno-
ver within the cell. To examine this question more directly, A172 cells
were treated with MG-132, an inhibitor of proteasomal degradation
(Fig. 9a,b). For a short-lived protein that undergoes rapid degradation
in the proteasome, it is expected that MG-132 treatment would lead
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FIGURE 7 Beryllium decreases cyclin E2 mRNA in cells with functional p53. Untreated A172 cells, cells treated with anti-p53 siRNA KO 1
or KO 2, or cells treated with the non-targeted KO control siRNA sequence were grown in 0 or 10 um BeSO,, for 48 hours and mRNA levels of
cyclin E2 (CCNE2) and the housekeeping genes actin and GAPDH were measured in each sample using quantitative RT-PCR. Actin-normalized
mRNA quantities, expressed as percent of untreated control, are shown for CCNE2 (a) and for GAPDH (b). Untransfected A172 cells, E6-
transfected A172 cells with suppressed p53 or Neomycin vector A172 cells were grown in 0 or 10 um BeSO,, for 48 h, and actin-normalized
mMRNA levels are reported for CCNE2 (c) and for GAPDH (d). Error bars bracket a confidence interval that is equivalent to the mean + SD

to protein accumulation. This was indeed the case for p53 protein
(Fig. 9b), which is known to have a short half-life. One might expect that
the polyubiquitylated form of the protein would accumulate predomi-
nantly, but MG-132 causes depletion of free ubiquitin due to inhibition
of ubiquitin recycling, and therefore the drug effects are apparent for
the 53 kD form of the p53 protein. In contrast to p53, cyclin E2 protein
levels were essentially unaffected by MG-132 treatment over a 6-hour
treatment duration (Fig. 9a,b). This suggests that cyclin E2 does not un-
dergo rapid proteasome-mediated degradation in A172 cells.
Cycloheximide is a protein synthesis inhibitor. After new protein
synthesis is blocked with cycloheximide, existing specific protein
pools will decline in proportion to their rates of degradation. The p53

protein was virtually eliminated from A172 cells after only 4 hours of

cycloheximide treatment (Fig. 9c), showing that it is rapidly degraded.
In contrast, cyclin E2 persisted in these cells even after 12 hours of
cycloheximide treatment (Fig. 9¢). After 12 hours, more than half of
the cyclin E2 protein remained intact in the untreated cells, but less
than half remained in the set of cells that had been treated with 10 uM
BeSO,; altogether, these experiments suggest a half-life of about
12 hours or more for the cyclin E2 protein in A172 cells. The MG-
132 results and the cycloheximide results each indicate that cyclin E2
protein is hyperstable in the A172 cell type. This hyperstability is prob-
ably caused by a defect in the ubiquitin ligase pathway that targets
cyclin E2 for degradation, because ubiquitin ligase pathways are often
mutated in various cancers. For any hyperstable protein, decreases in

mRNA abundance are not expected to have much effect on protein
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abundance, which explains the initially puzzling discrepancy between
mRNA and protein levels for this protein. Whether the synthesis of
new cyclin E2 protein is suppressed by mRNA depletion or halted by
cycloheximide treatment, in either case, the pre-existing pool of cyclin
E2 protein persists long enough so that changes in cyclin E2 seen in
Western blotting experiments are minimal.

4 | DISCUSSION
Beryllium is a potentially toxic element that must be handled with
care. It is capable of triggering immune system hypersensitivities, and
exposure to solid forms via inhalation is especially hazardous to hu-
mans and animals. This study utilizes beryllium as a soluble salt at low
concentration, to examine the unusual molecular effects of this rea-
gent under conditions in which more generalized toxicity appears to
be minimal. At 10 pm, BeSO,, produces a senescence-like cell cycle ar-
rest in A172 glioma cells, but it has no effect on RKO colon carcinoma
cells.* The lack of effect on RKO cells suggests that generalized toxic-
ity at this concentration is negligible. Therefore, this study focused
on 10 uMm as the key reference concentration for every experiment,
although higher concentrations were also examined in many of the
assays. The A172 cell type was chosen because 10 um BeSO, elicits
a strong cytostatic response that has been thoroughly characterized.
This study, in combination with earlier work, indicates that
functional p53 is necessary but not sufficient to confer responsive-
ness to beryllium. The elicitation of the cytostatic state required
p53 (Figs 2-4), but the presence of functional p53 does not neces-
sarily ensure that a given cell type will be responsive to beryllium.4
Up-regulation of CDKN1A and down-regulation of CCNE2 were two
of the molecular events associated with the p53-dependent cyto-

static response. During this response, there was a clear requirement
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FIGURE 8 The abundance of cyclin

E2 protein does not correlate with its
mRNA expression. (a) A172 cells with p53
knockdown via lentivirally introduced
shRNA (LVp53KO) or E6-expression (A172
E6), or their respective control cell types,
were grown in 0, 10 or 100 um BeSO,, for
48 h and analysed by Western blotting. (b)
The lentiviral knockdown cells and controls
were grown in 0, 10 or 100 um BeSO, for
96 h and analysed by Western blotting.

for p53 function in the regulation of mMRNA levels for each of these
two cell cycle regulatory genes (Figs 5 and 7). The increase in CDKN1A
mRNA produced an increase in p21 protein; however, the decrease
in CCNE2 mRNA failed to produce much change in cyclin E2 protein
(Figs 6 and 8). In many cell types, there is a correlation between mRNA
and protein levels for cyclin E2,21’22'2""'30 but such a correlation was
not evident in the A172 cells. Recently, a similar phenomenon was
reported in MCF-7 human breast cancer cells. In MCF-7, combination
therapy with a PI-3-kinase inhibitor and a selective oestrogen recep-
tor modulator caused a large decrease in CCNE2 mRNA but very little
change in cyclin E2 protein abundance.®?

All of the important features of the beryllium-induced cytostatic
response that were examined in this study required the presence
of functional p53 protein. Often, p53 protein accumulation and in-
creased p53 transcriptional activity are triggered by the DNA damage
response. However, beryllium treatment does not cause DNA damage,
and the Be2+-response appears to be distinct from DNA damage sig-
nalling.4 How then does beryllium treatment lead to p53 activation?
BeSO, has been shown to inhibit GSK-3p in treated cells,* and inhibi-
tion of GSK-3 kinase activity has been associated with p53 activation
in some systems.33’36 GSK-3B has an important role in a variety of
cell signalling pathways, including the insulin response and the Wnt/
B-catenin pathway.37’38 The functions of GSK-3B and the details of
its integration within interconnected signalling pathways vary among
different cell types. This may help to explain why some cell types are
much more sensitive to beryllium salt than others. For example, A172
cells and RKO cells are equally capable of initiating a p53-dependent
DNA damage response, but BeSO,, treatment does not inhibit prolifer-
ation of RKO cells.* It may be that the signalling connections between
GSK-3B and p53 are structured differently in these two cell types.
The transcriptional activity of p53 is fine-tuned by post-translational

modifications and by association with various p53-binding proteins.
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Therefore, in Be2+-responsive cells such as A172, different subsets of
downstream events may arise depending on whether p53 activation is
initiated through DNA damage or through BeSO, treatment.

Cyclin E1 and E2 appear to be largely redundant in many respects,
but this study suggests that cells that rely predominantly on cyclin
E2 may be more favourably positioned to respond to p53-mediated
cytostatic signals. Our results reinforce other studies that have
hinted at a possible role for p53 in regulating cyclin E2 expression.
In a microarray study of p53-mediated transcriptional repression,
CCNE2 was identified as one of the 111 genes that were down-
regulated at least 2-fold after p53 overexpression in PC3 human
prostate cancer cells.%? In normal human fibroblasts, overexpres-
sion of the HPV E6 oncoprotein to suppress p53 activity leads to
increased cyclin E2 mRNA and protein.22 This study helps to solidify
the connection between p53 activation and transcriptional mecha-
nisms that suppress cyclin E2. Beryllium treatment elicited a massive
p53-dependent decrease in cyclin E2 mRNA as measured by RT-PCR
(Fig. 7). However, in the A172 model system, this decrease did not
lead to a corresponding decrease in cyclin E2 protein (Fig. 8). There
are many well-known examples in which the quantity of a particular
protein is governed mainly by post-translational modifications rather
than changes in transcript abundance. The p53 protein is one such

example: in normal untreated A172 cells, 10 um BeSO, caused a
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Actin

large increase in p53 protein (Figs 1a, 6, 8a, and 9¢) but no change
in p53 mRNA (Fig. 5a). However, recent investigations suggest that
discordance between specific mMRNA and protein levels may be more
common than previously appreciated, especially within cancer cells.
The Clinical Proteomic Tumour Analysis Consortium (CPTAC) recently
completed global proteomics analyses on a set of 95 tumour samples
whose mRNA expression had previously been quantified through The
Cancer Genome Atlas (TCGA) project. The central finding from this
study, which the authors described as the largest protein-transcript
relationship analysis ever conducted, was summarized as “Messenger
RNA transcript abundance did not reliably predict protein abundance
differences between tumours”.*°

It is interesting that the cyclin E2 protein was long-lived in A172
glioblastoma cells (Fig. 9). Using cycloheximide to block protein syn-
thesis, we estimated the half-life of cyclin E2 protein to be about
12 hours or more in A172 cells. Using a similar approach, the cyclin E2
protein half-life in Saos-2 human osteosarcoma and HEK-293T human
kidney cells was estimated to be about 1.5 hours.*! Both cyclin E1
and cyclin E2 are targeted for degradation in the proteasome via the
SCEFW7 ubiquitin ligase complex.zz“”’42 Fbw7 is very frequently mu-
tated in a variety of human cancers, 344 leading to overexpression of
oncogenic Fbw7 targets such as cyclin E proteins. Recent work using

the T-47D human breast cancer line suggests that the determinants



GORJALA ET AL.

708 | el P %2
wiLeY- [

+Be*

p53
low levels|
dormant

<—

CDKNTA (Modulators) CCNE2
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long non-coding RNAs (IncRNA). These expression modulators cause a decrease in the levels of cyclin E2 mRNA (solid red line) but have little

or no effect on cyclin E1 mRNA (dashed red line). Increased p21 protein (pink hexagon) and diminished cyclin E2 protein (purple oval) are two
consequences that deter G1/S transition. Tumour cells with defects in cyclin E2 protein degradation pathways tend to maintain cyclin E2 protein

levels despite modulation of the corresponding mRNA

of cyclin E1 vs E2 stability are more complex than first thought. In
T-47D cells, cyclin E2 expression was cell cycle dependent but
persisted later into S-phase than cyclin E1, and Fbw7 appeared to reg-
ulate the stability of cyclin E1 to a greater extent than cyclin E2.%
Except for the present study, it does not appear that cyclin E2 protein
stability has been studied in glioma cells, but cyclin E2 appeared to be
hyperstable in A172 (Figs 8 and 9) and U87MG (Fig. S3) glioma lines,
suggesting that mechanisms for cyclin E2 protein turnover may be
characteristically impaired in these types of tumours. Although there
is potential for GSK-3 inhibitors to interfere with Fow7 function, 743
this would not explain the failure of MG-132 and cycloheximide treat-
ments to affect cyclin E2 protein levels in A172 cells that were not
exposed to beryllium (Fig. 9).

A model for beryllium-induced cell cycle arrest in A172 cells
can be proposed. The primary event after BeSO, treatment may be
GSK-3pB inhibition,®2 which in turn leads to up-regulation and activa-
tion of p53.33’36 The activity of p53 causes increased transcription of
CDKN1A directly, p21 protein levels increase, and sustained cell cycle
arrest ensues due to the inhibition of cyclin E-CDK2 and other cyclin-
CDK complexes by p21. The increased activity of p53 also causes
cyclin E2 mRNA levels to decline, perhaps via microRNA-mediated
degradation of the CCNE2 message. MicroRNAs such as miR-26a, miR-
30b, miR-30d, miR-34a, miR-144, miR-200 and miR-449 have been
shown to target CCNE2.29:3046-51 |5 hormal cells and in many cancer
cell types, the drop in CCNE2 mRNA would lead to decreased cyclin E2
protein abundance that further deters cell cycle progression. This dual
mechanism for suppressing the G1/S cell cycle transition is illustrated
(Fig. 10). However, in A172 glioma cells and some other cancer cell

types, abnormal cyclin E2 protein hyperstability causes a disconnect

between mRNA and protein levels, thwarting one of the two cell cycle
arrest mechanisms elicited during the cytostatic response.
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