EXPERIMENTAL
NEUROSCIENCES

Mevalonate Prevents Lovastatin-Induced
Apoptosis in Medulloblastoma Cell Lines
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ABSTRACT: Background: 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase)
is a key rate-limiting enzyme in the mevalonate pathway, which generates precursors for cholesterol
biosynthesis and the production of non-steroidal mevalonate derivatives that are involved in a number of
growth-regulatory processes. We have reported that lovastatin, a competitive inhibitor of HMG-CoA
reductase, not only inhibits medulloblastoma proliferation in vitro, but also induces near-complete cell
death via apoptosis. The present study explores some of the pathways which may be involved in
lovastatin-induced apoptosis. Methods: Medulloblastoma cell lines were exposed in vitro to lovastatin
with or without mevalonate, and document the effects using morphology, flow cytometry, DNA
electrophoresis and Northern analysis. Results: 1) Mevalonate prevents apoptosis when co-incubated
with lovastatin, or when administered to lovastatin-pretreated cells. 2) Mevalonate restores the lovastatin-
arrested cell cycle, allowing S phase entry. 3) Mevalonate does not prevent lovastatin-induced apoptosis
after a critical duration of lovastatin pretreatment. For cell lines Daoy and UW228 this was 24 hours, and
for D283 Med and D341 Med it was 48 hours. 4) Increases in HMG-CoA reductase mRNA levels induced
by lovastatin are abrogated by co-incubation with lovastatin and mevalonate. Conclusions: These results
confirm that lovastatin inhibition of this enzyme results in blockage of the mevalonate pathway, and that
such a block is a critical step in the mechanism of lovastatin-induced apoptosis.

RESUME: Le mévalonate prévient I’apoptose induite par la lovastatine dans des lignées cellulaires de
médulloblastome. Introduction: La 3-hydroxy-3-méthylglutaryl coenzyme a réductase (HMG-CoA réductase) est
une enzyme clé, qui a un rdle d’étape cinétiquement limitante dans la voie du mévalonate et qui génere des
précurseurs pour la biosynthese du cholestérol et la production de dérivés non stéroidiens du mévalonate impliqués
dans certains processus de régulation de la croissance. Nous avons rapporté que la lovastatine, un inhibiteur
compétitif de ’'HMG-CoA réductase, non seulement inhibe la prolifération du médulloblastome in vitro, mais
également induit presque completement la mort cellulaire via 1’apoptose. Cette étude explore certaines des voies qui
pourraient étre impliquées dans 1’apoptose induite par la lovastatine. Méthodes: Les effets de 1’exposition in vitro
de lignées de cellules de médulloblastome a la lovastatine avec ou sans mévalonate ont été évalués par des études
morphologiques, par cytométrie de flux, électrophorese de I’ADN et analyse de Northern. Résultats: 1) Le
mévalonate prévient 1’apoptose quand les cellules sont coincubées avec la lovastatine ou quand il est administré a
des cellules prétraitées par la lovastatine. 2) Le mévalonate rétablit le cycle cellulaire interrompu par la lovastatine,
permettant une entrée en phase S. 3) Le mévalonate ne prévient pas 1’apoptose induite par la lovastatine apres un
temps de prétraitement critique par la lovastatine. Ce temps de prétraitement était de 24 heures pour les lignées
cellulaires Daoy et UW228, et de 48 heures pour les lignées D283 Med et D341 Med. 4) L’augmentation des niveaux
d’ARNm de I’'HMG-CoA réductase induite par la lovastatine est abolie par la coincubation avec la lovastatine et le
mévalonate. Conclusions: Ces résultats confirment que I’inhibition de cette enzyme par la lovastatine provoque un
blocage de la voie métabolique du mévalonate et que ce blocage est une étape critique dans le mécanisme de
I’apoptose induite par la lovastatine.
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Cancer is the second most frequent cause of death in children
under 15 years of age, and tumors of the CNS following
leukemia are the most common type of cancer to affect children.!
Medulloblastoma, a primitive neuroectodermal tumor of the
cerebellum,? accounts for about 20% of childhood intracranial
tumors.? The prognosis of medulloblastomas is unpredictable for
individual patients, with 50-70% survival after five years.*> The
mortality of recurrent medulloblastomas approaches 100%.6
Radiation therapy is standard adjuvant therapy for
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medulloblastomas, but is not administered to patients less than
three years old due to the deleterious effects on intellectual
development.”® The efficacy of adjuvant chemotherapy has also
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been assessed for childhood medulloblastomas. A beneficial
effect of chemotherapy has recently been documented, but
whether this will be accompanied by improvements in the long-
term prognosis for intellectual development remains to be
seen.*3 In addition, chemotherapy may result in dose-limiting
toxicity and may induce expression of drug resistance genes.’
The aggressiveness and resistance to conventional therapy of
many medulloblastomas have thus led to the investigation of
alternative therapeutic strategies.

Lovastatin, an inhibitor of HMG-CoA reductase, blocks the
mevalonate pathway, reducing cholesterol biosynthesis as well as
the production of non-steroidal mevalonate derivatives.! By
uncertain mechanisms, this interrupts cellular proliferation, a
phenomenon which has been exploited in studying cell division
and proteins such as the cyclins.!! Lovastatin has been suggested
as a potential anticancer drug!>'> and is known to perturb major
signaling pathways by inhibiting isoprenylation of signal
transduction proteins such as p21 ras.'* Such proteins are then
unable to anchor to plasma or nuclear membranes, abrogating
their mitogenic or oncogenic activity.'® Lovastatin has been
shown to block signal transduction through the platelet-derived
growth factor, epidermal growth factor, insulin-like growth
factor, insulin receptor, and lipopolysaccharide pathways.!?
Lovastatin has exhibited potential as an anti-neoplastic agent,
causing growth arrest and neuronal differentiation in
neuroblastoma cells,'® blocking cell cycling in G1 and at G2/M
for a variety of tumor cell lines grown in vitro,'" as well as
suppressing the growth of human leukemia®® and murine
neuroblastoma in vivo.?!

In addition to its inhibitory effects on tumor cell proliferation,
lovastatin has been shown to induce apoptosis in four human
medulloblastoma cell lines,?? human acute T-cell leukemia,??
HL-60 promyelocytic cells,”* and human malignant glioma
cells.” However, the signals and pathways involved in
lovastatin-induced apoptosis remain elusive. Thus, we
investigated whether the inhibition of mevalonate production is a
critical step for lovastatin-induced apoptosis in medulloblastoma
cell lines, and how mevalonate synthesis is physiologically
regulated in these cells.

MATERIALS AND METHODS

Unless stated otherwise, reagents were obtained from Gibco
BRL.

Cells: Daoy (ATCC HTB-186), D283 MED (ATCC HTB-
185) and D341 MED (ATCC HTB-187) were all obtained from
the ATCC (American type culture collection), and UW228%6 was
a gift from Dr. J Silber. These cells were cultured in D-MEM
(Dulbecco’s modified Eagle’s medium)/F12 nutrient mixture
with 10% fetal calf serum, L-glutamine and antibiotics in a
humidified atmosphere of 5% CO2 at 37°C.

Primers: Based on the HMG-CoA reductase 3' flank
sequence?’ primer pair GGCCTCTCTGAAGAAATAGCCTGC-
GGAGAT (sense primer) and CCATGCAGACTCCTCAGAT-
CTGAACACAGT (antisense primer) were used to amplify 525
bp of HMG-CoA reductase cDNA. Antisense primer,
ACCACCATGGAGAAGGCTGG, was used in combination with
the sense primer CTCAGTGTAGCCCAGGATGC to amplify
528 bp of the housekeeping gene GAPDH cDNA; this primer pair
spans 3 introns (#5, 6 and 7) of the GAPDH gene sequence.?®
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Lovastatin and Mevalonate Treatment: The pro-drug form
(lactone) of lovastatin was from Merck Research Laboratories,
and converted to its active form (dihydroxy open acid) by using
NaOH."> Medulloblastoma cells were treated with lovastatin as
previously described??> when they grew to subconfluency in
flasks.

To assess the effects of mevalonate, cells were first treated for
different time periods with lovastatin alone; they were then co-
incubated with 20 uM of lovastatin and 2 mM of mevalonate
(Sigma) together. The duration of lovastatin pretreatment was
varied to establish a time window after which mevalonate was
unable to restore cell viability. The duration of coadministration
of the two agents varied from 36 to 96 hrs, according to the
duration required to induce apoptosis with lovastatin alone.?? The
medium containing lovastatin and mevalonate was replaced
every 48 hours where necessary. When replacing medium, the
floating cells were aspirated, spun and returned to the original
flasks. After treatment for different time periods with lovastatin
and mevalonate, the attached and floating cells were harvested
together by centrifugation for various analytical studies.
Experiments were repeated in triplicate.

Purification and Analysis of DNA: The DNA of lovastatin-
and mevalonate-treated cells was extracted and analyzed on
agarose gel as previously described.??

Flow Cytometry: Lovastatin- and mevalonate-treated cells
were also analyzed by flow cytometry (Coulter(R) Epics(R)) as
previously described.??> The results of flow cytometry were
analyzed by “overlapped peak” multicycle fitting option.

Synthesis of cDNA Probes: To prepare probes recognizing
HMG-CoA reductase mRNA and GAPDH mRNA, their cDNA
fragments were generated using RT-PCR. For reverse
transcription, total human cellular RNA (1 pg) was used for
cDNA synthesis. First-strand cDNA synthesis was carried out in
20 wul reaction containing 1 x PCR buffer, ImM each of
deoxynucleotide triphosphates (dANTP) (Pharmacia), 20 units
placental ribonuclease inhibitor (RNAguard, Pharmacia), 160
units of MuLV-reverse transcriptase (Pharmacia) and 100 pmol
of random hexamer oligodeoxynucleotides (Pharmacia).”® After
preincubation at 21°C for 10 minutes, the reaction proceeded for
one hour at 42°C, followed by 95°C for 10min. For cDNA
amplification, PCR was performed on a Perkin-Elmer GeneAmp
PCR System 2400. The reaction contained 2 ul of RT reaction
products as template DNA, 1 x PCR buffer, 180 uM of each of
dNTP, 20 pmol of each antisense and sense primer pair of either
HMG-CoA reductase or GAPDH, and 2.5 units of 7ag DNA
polymerase. Amplification conditions for HMG-CoA reductase
cDNA amplification were 94°C for 90 seconds, 60°C for 45
seconds, and 72°C for 60 seconds for 32 cycles. RT-PCR
amplified cDNA fragments of GAPDH and HMG-CoA reductase
were labeled with [3?P]dCTP using the Random Primed DNA
Labeling Kit (Boehringer Mannheim) according to instructions
of the manufacturer.

RNA Isolation and Northern Blot Analysis: Total cellular
RNA was extracted from cultured medulloblastoma cells using
the acid guanidinium-phenol-chloroform method with the TriZol
reagent. Lovastatin- and mevalonate-treated adherent and
nonadherent cells (10° to 107) were washed three times with
RNase-free PBS, lysed in 1 ml of TriZol reagent, and then RNA
was isolated according to the manufacturer’s instructions. Total
RNA (30 ug) was electrophoresed in 1.2% agrose/1.8%
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Figure 1: Morphological Changes to Lovastatin and Mevalonate. 1) Daoy cells grow as a flattened monolayer in culture. 2)
After exposure to lovastatin (20 uM) for 24 hr, cells begin to detach and round up. 3) Mevalonate (2 mM) rescues Daoy cells
treated for 24 hr with lovastatin, restoring original morphology. 4) No change is seen if lovastatin and mevalonate are co-
administered for 48 hr. 5) Lovastatin alone induces marked morphologic changes after 48 hr, indicative of apoptosis. 6) After
48 hr of lovastatin treatment, mevalonate is unable to restore original morphology. UW228, D341 Med and D283 Med cells
showed similar results, although with different time points depending on the sensitivity of the cell line to lovastatin-induced

apoptosis.

formaldehyde gel and transferred to a Hybond-N+ membrane
(Amersham) with 1.5 M sodium chloride, 0.15 M sodium citrate
(10 x SSC) as transfer buffer. Membranes were baked for two
hours at 80°C, prehybridized in Hybrisol solution (Oncor) at 42°C
for two hours, and then hybridized at 42°C for 16-18 hours in the
same buffer containing 10® cpm/ml heat-denatured HMG-CoA
reductase cDNA probe. Membranes were washed twice with 2 x
SSC/0.1% SDS at room temperature for 15 minutes, followed by
4 x 15 minute washes in 0.1 x SSC/0.1% SDS at 52°C prior to
autoradiography. Autoradiograms were exposed at -70°C. After
autoradiography membranes were boiled in RNase-free water for
2 x 10 minutes to strip the probe, rehybridized with GAPDH
cDNA probe, and washed twice with 2 x SSC/0.1% SDS at room
temperature for 15 minutes, and twice for 30 minutes with 0.1 x
SSC/0.1% SDS at 65°C, prior to autoradiography.

RESULTS

Mevalonate Prevents Lovastatin-induced Morphological
Changes

Morphological changes of medulloblastoma cells treated with
lovastatin have previously been reported.?? Each cell line shows a
different sensitivity to lovastatin: shrinkage of Daoy and UW228
cells commences after 12-24 hrs of treatment with lovastatin,
while D283 Med and D341 Med shrinkage and complete
detachment requires about 72 hrs.?? In all tested cell lines, these
morphological changes were reversible after the cells were co-
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Figure 2: Cell Cycle Changes in Daoy Treated With Lovastatin and
Mevalonate. Flow cytometric analysis reveals an increasing proportion
of cells in GI (open squares), while the proportion of cells in S (open
circles) and G2 (open triangles) decreases after 24 and 48 hrs of
lovastatin (20 uM). When lovastatin-treated cells (24 hr) were
replenished with a mixture of lovastatin and mevalonate (2 mM), cell
cycle parameters approached control values by 36 hr (solid symbols).
Similar results were obtained for UW228, D283 Med and D341 Med; in
addition, for D341 and D283 Med there appeared to be G2 block, which
was also abrogated after co-treatment with mevalonate.
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Figure 3: DNA Laddering in Daoy after Lovastatin and Mevalonate
Treatment. Extracted DNA is intact at: Time O (lane 1); after lovastatin
(20 uM) x 24 hr (lane 2); after lovastatin x 24 hr followed by lovastatin
and mevalonate (2 mM) x 48 hr (lane 3); and after lovastatin and
mevalonate co-incubation x 24 hr (lane 4). Lovastatin x 48 hr induces
DNA laddering (lane 5). Mevalonate cannot rescue cells pre-treated
with lovastatin alone x 48 hr (lane 6). No laddering is seen following
lovastatin and mevalonate co-incubation x 48 hr without lovastatin pre-
treatment (lane 7); DNA from untreated cells incubated for 48 hr is also
intact (lane 8); M: molecular weight marker. DNA from UW228, D283
Med and D341 Med cells showed similar findings.

incubated with lovastatin and mevalonate, but only if the duration
of lovastatin pre-treatment was limited to a critical time window
(Figure 1). Mevalonate could not reverse the morphological
changes in those cells that were treated with lovastatin for longer
durations, and were showing apoptotic bodies (Figure 1). Non-
pretreated cells failed to show morphological changes when they
were treated with lovastatin and mevalonate.

Mevalonate Prevents Lovastatin-induced Flow Cytometric
Changes

After pre-treatment with lovastatin for limited durations, MB
cells were again exposed to lovastatin and mevalonate for
durations equivalent to those which induced flow cytometric
evidence of apoptosis when lovastatin was administered alone.?
All four MB cell lines failed to exhibit an ‘apoptosis peak’ under
these conditions (data not shown). Cell cycle changes induced by
lovastatin were also abolished; thus, G1 arrest in all four cell
lines was overcome by mevalonate, as was G2 arrest in D283
Med and D341 Med (Figure 2). In contrast, for cells treated with
lovastatin for longer time periods the ‘apoptosis peak’ remained
despite co-incubation with lovastatin and mevalonate (data not
shown). Cell cycle changes and apoptosis peaks did not develop
when cells were treated with lovastatin and mevalonate together
without lovastatin pre-treatment.

308

https://doi.org/10.1017/50317167100000433 Published online by Cambridge University Press

Mevalonate Prevents Lovastatin-induced DNA Laddering

DNA fragmentation characteristic of apoptosis follows
lovastatin treatment of medulloblastoma cell lines in vitro.??
Mevalonate prevented lovastatin induced DNA fragmentation
when mevalonate was administrated to cells pretreated with
lovastatin for limited durations (Figure 3), but failed to reverse
lovastatin-induced DNA fragmentation after longer lovastatin
pretreatments cells (Figure 3 lanes 5&6). Co-administration of
lovastatin and mevalonate failed to induce DNA laddering
(Figure 3 lanes 4&7), indicating that mevalonate can prevent
lovastatin-induced apoptosis if administered before the cell death
program has been executed. For each cell line, a critical time
window was identified beyond which mevalonate can no longer
salvage lovastatin-treated cells; for the attached cell lines Daoy
and UW228 it was between 24 and 48 hours, whereas it was
considerably longer for the partially attached cell lines D283
Med and D341 Med, between 48 and 96 hours.

Physiological Regulation of HMG-CoA Transcription.
[*?P]-labeled human HMG-CoA reductase cDNA probe was

hybridized with electrophoresed total cellular RNAs from

lovastatin-treated medulloblastoma cells. Levels of HMG-CoA
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Figure 4: HMG-CoA transcription in medulloblastoma cells treated
with 20 uM lovastatin and 2 mM mevalonate. Note the upregulation of
HMG-CoA following lovastatin administration in Daoy, D283 Med and
D341 Med, and the marked down-regulation accompanying mevalonate
coadministration in all four cell lines. A: Daoy; B: UW228; C: D283
Med; and D: D341 Med Lane 1: untreated; lane 2: lovastatin (24 h for
Daoy and UW228; 48 hr for D283 med and D341 Med); lane 3:
lovastatin and mevalonate co-incubation x 36 hr, after lovastatin pre-
treatments (see lane 2); and lane 4: lovastatin and mevalonate co-
incubation (24 hr for Daoy and UW 228; 48 hr for D283 Med and D341
Med) without lovastatin pretreatment. GAPDH expression reveals
minimal variability in loading.
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reductase expression in Daoy, D283 Med and D341 Med were
increased after medulloblastoma cells were treated with up to 40
mM lovastatin (Figure 4A, C and D, lane 2 in each). Curiously,
HMG-CoA reductase expression in the adherent cell line UW228
was not altered by lovastatin (Figure 4B, lane 2). In addition,
more pronounced increases were seen in the partially attached
cell lines D283 Med and D341 Med, compared with the other
adherent cell line Daoy. In all four cell lines, expression of
HMG-CoA reductase mRNA was reduced below baseline when
cells pretreated with lovastatin for limited durations were then
incubated with lovastatin and mevalonate (Figure 4A-D, lane 3
in each). Fresh cells co-incubated with both lovastatin and
mevalonate showed similar expression of HMG-CoA reductase
mRNA as untreated cells (Figure 4A-D, lanes 1&4 in each).

DiSCUSSION

Several studies have demonstrated the ability of lovastatin to
inhibit proliferation of tumor cells in vitro,'” and induce cell
death via apoptosis?>?>¥ raising the possibility of using
lovastatin clinically as an anti-tumor drug. However, systematic
investigation into the mechanism of lovastatin-induced apoptosis
has not been resolved. We present data showing alterations in
HMG-CoA reductase which confirm that lovastatin inhibits
mevalonate production. We have also compiled morphological,
cell cycle and DNA fragmentation data which demonstrate that
mevalonate overcomes lovastatin-induced apoptosis. We thus
conclude that blocking mevalonate production is a critical step in
the mechanism of lovastatin-induced apoptosis, and that
mevalonate administration averts lovastatin-induced apoptosis
before the apoptosis sequence is irreversible.

Since blocking the production of mevalonate is responsible
for lovastatin-induced apoptosis, it follows that depletion of
specific mevalonate derivatives must be involved in this
phenomenon. One important requirement may be the inhibition
of isoprenylation of particular cellular proteins. A number of
important signalling proteins require isoprenylation in order to
localize to the cell membrane and interact with other components
of various signal transduction pathways.'® Mutant p21 ras'® and
heterotrimeric G protein®' are well-studied isoprenylated
signaling proteins which contribute to tumor growth; however,
whether the inhibition of isoprenylation of these or other
signaling proteins is responsible for lovastatin-induced apoptosis
is not clear.*

HMG-CoA reductase is controlled by several feedback-
regulation mechanisms.'? Our data indicate that transcription of
the HMG-CoA reductase gene is increased following lovastatin
administration in vitro because of decreased mevalonate
production. HMG-CoA reductase expression is maintained at
normal levels when mevalonate and lovastatin are co-
administered. However, this feedback regulation of HMG-CoA
reductase varies among the four medulloblastoma cell lines
tested, in that expression levels in Daoy were less affected than
in D283 Med and D341 Med, while UW228 showed changes in
expression only if pre-treated with lovastatin. This indicates that
the capacity of the adherent cell lines to upregulate HMG-CoA
reductase may be limited, compared to the partially attached cell
lines. We speculate that the limited capacity to upregulate HMG-
CoA reductase in the adherent cell lines may confer increased
sensitivity to lovastatin, since shorter treatment times were
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sufficient to induce apoptosis in Daoy and UW228 compared
with D283 Med and D341 Med.

Different genetic characteristics among the four
medulloblastoma cell lines may also affect their sensitivity to
lovastatin. For example, overexpression of the c-myc oncogene is
detectable in D283 Med and D341 Med.*} Expression of the nyc
transcription factors is important for cell proliferation;** myc has
also been implicated in the induction of apoptosis under certain
conditions which cause growth arrest, such as growth factor and
serum deprivation.’>3” A number of reports have focussed on the
oncogenic activity of myc proteins. Myc interacts with the
retinoblastoma protein (pRB) and is able to override pRB-
induced cell cycle arrest. Cell proliferation was induced when
myc was expressed in the presence of certain growth promoting
cytokines such as IL-2. Overexpression of myc results in
uncontrolled cell proliferation.® In our experimental system,
cells were administrated with lovastatin in standard growth
medium containing serum. Thus, it is possible that
overexpression of c-myc in D283 Med and D341 Med confers
relative resistance to lovastatin-induced apoptosis, a possibility
which is currently being investigated in our laboratory.

We have demonstrated that lovastatin-treated cells can be
diverted from the apoptosis pathway by mevalonate
administration, but only if mevalonate is provided within a
critical time period. Medulloblastoma cells treated with
lovastatin for time periods beyond this ‘window of opportunity’
were apparently committed to die. A number of signals involving
a variety of distinct pathways appear to trigger a common
apoptosis pathway, yielding characteristic morphologic changes,
DNA laddering and a flow cytometric ‘apoptosis peak’. The
common end stage for these different triggers appears to be the
activation of ICE-related proteases, intracellular proteases which
play a critical role in the execution of apoptosis. Inactive
precursors of ICE-related proteases are cleaved at aspartate
residues to become active, resulting in apoptosis.’**#! We are
pursuing the possibility that ICE-related protein cleavage
characterizes lovastatin-induced apoptosis of medulloblastoma
cells.”? Interfering directly with the function of ICE-related
proteases or their precursors might inhibit cell death, and it is
conceivable that mevalonate inhibition of lovastatin-induced
apoptosis is simply the result of such a phenomenon. However,
mevalonate and its derivatives are not known to interact with
ICE-related proteases, and we consider this to be an unlikely
explanation for the presented data.
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