
ICANCER RESEARCH57. 4905-4912, November 1, 1997]

ABSTRACT

The Mxii protein functions in a regulatory network with members of
the c-Myc family, In which c-Myc activates transcription and stimulates
cell proliferation, and Mxii negatively regulates these actions. Inactiva
tioa of the Mill gene could, therefore, inhibit differentiation and enhance
proliferation in the presence of normal levels of c-Myc, and thus MXIJ is
a potential tumor suppressor gene. We and others have previously
mapped the MXIJ gene to the distal portion of chromosome lOq, a region
that is rearranged or affected by allelic loss in many astrocytlc brain
tumors. Using a newly described polymorphic CA microsatellite repeat In
the third Mxli intron, we show that 7 of 11 informative glioblastomas
demonstrated Mill allelic loss. Sequence analysis revealed no somatic
mutations in any of the six Mill coding exons, similar to findings In
prostate tumors wIth Mill allelic loss. To determine whether Mill can
indeed function as a suppressor of growth, we have introduced a steroid
InducibleMill expression vector into the US7MGcell line, a glioblastoma
cell line lacking endogenous Mlii expression. Induction of MXIJ expres
Mon resulted In a decreased growth rate and distinct morphological
changes. Furthermore, cell cycle analysis demonstrated that induction of
MXIJ results in accumulation of cells in the G2-M phase. Thus, these
studies support the notion that MXIJ normally functions to suppress cell
growth and suggest that loss of Mill function may play a role in human
glioblastoma development.

INTRODUCTION

The c-MYC oncogene has been implicated in a variety of cellular
processes, ranging from control of cell proliferation to induction of
apoptosis (1, 2). Although c-Myc is a transcription factor belonging to

the basic helix-loop-helix-ZIP family, its precise role in regulation of
the aforementioned cellular processes remains unclear. The discovery
of Max (3, 4) as a c-Myc dimerization partner protein enabling
specific DNA binding and transcriptional activation (5, 6) provided
initial insight into c-Myc function. Furthermore, several target genes
for c-Myc have been recently identified [a-prothymosin (7), ornithine
decarboxylase (8, 9), cyclins A and D (10, 11), and cdc25A (12)],
suggesting clues as to how c-Myc overexpression might contribute to
tumorigenesis. The complexity of regulation by c-Myc has deepened

with the identification of additional genes whose products also dimer
ize with Max; MXJJ (13) and other members of the MAD family (14,

15) encode highly homologous yet distinct proteins that are thought to
counteract the effects of c-Myc.

The MXIJ gene encodes a 228-amino acid protein that shares
significant homology with c-Myc, Max, and members of the Mad
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family. The Mxil protein contains several distinct functional domains
(13, 16, 17). The first â€œsimilarityregionâ€•(SR1; amino acids 1â€”68)
contains an a-helical domain (amino acids 1â€”36)that recruits the
putative transcriptional repressor, Sin3 (18); hence, this domain has
been termed the SD.3 A DNA-binding domain (amino acids 69â€”80)
allows for recognition of the E-box (CACGTG), and separate helix
loop-helix (amino acids 8 1â€”120)and leucine zipper (amino acids
121â€”148)regions enable dimerization with Max. Lastly, the function
of a COOH-terminal â€œsimilarityregionâ€•(SR2; amino acids 149â€”228)
remains unknown.

Mxii is thought to function in a regulatory network with Max and
members of the Myc family, in which Myc activates transcription and
stimulates cell proliferation, whereas Mxi 1 negatively regulates these
actions. Numerous studies have demonstrated the ability of both MX!!
and MAD to inhibit the ability of c-MYC to cooperate with RAS in in
vitro transformation assays (18â€”24).Increased expression of MX!!
(and MAD) has been correlated with cellular differentiation (13,
25â€”28).Furthermore, the recent demonstration that both Mxii and
Mad are able to interact with Sin3 ( 18, 29â€”31), which likely mediates
repression via histone deacetylation (32â€”35),has shed new light on
how Mxii and Mad function. Considering that MX!! and MAD appear
to counteract the effects of c-MYC, it is not surprising that they have
been considered to be tumor suppressor genes. It would, therefore, be
predicted that loss of Mxil function might contribute to tumor pro
gression in certain tumors.

In an attempt to identify tumor types in which MX!! might play a
role, we (36) and others (37, 38) have localized the human MX!! gene
to chromosome l0q24â€”q25. Deletions resulting in loss of alleles in
this distal portion of chromosome 10 have been demonstrated in
60â€”80% of human glioblastoma tumors (39â€”43) and in 20â€”30%of
human prostate tumors (44, 45). Although several studies have inves
tigated prostate tumor specimens for mutations at the MX!! locus
(46â€”48),the current studies are confined to the role ofMX!! in human
glioblastomas.

If MX!! is indeed a glioblastoma tumor suppressor gene, it should
exhibit several features common to other tumor suppressor genes
(49â€”51):(a) MX!! should be expressed in differentiated tissue from
which glioblastomas are derived, i.e., normal brain; (b) somatic mu
tations in the MX!! gene should be demonstrable in glioblastoma
tumors but not normal tissue derived from the same patient; and (c)
reintroduction of MX!! into glioblastoma-derived cells should sup
press growth of these cells. Substantiating the first of these postulates,
the original description of MXIJ (13) reported significant levels of
MX!! mRNA expression in normal human brain tissue. Furthermore,
Hurlin et a!. (15), in an analysis of the expression patterns of MX!]
and MAD family members, showed that MX!! was expressed at high
levels in differentiated regions of the developing rodent brain. These
findings suggest that MX!] expression might be important in main
mining the differentiated state in cells of the nervous system. Over

3 The abbreviations used are: SID, Sin3 interaction domain; PEIABd, Perkin-Elmer/
Applied Biosystems Division; DEX, dexamethasone; GAPDH, glyceraldehyde-3-phos
pliate dehydrogenase; LOH, loss of heterozygosity; GRE, glucocorticoid response dc
ments; TUNEL, tenninal deoxynucleotidyl transferase-mediated nick end labeling.
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Table I MXII exon.specific PCRprimersPrimer

SequenceSize (bp)TA(â€˜C)MgCI2(msi)

EX6F 5â€˜-ATg CTg TTA gTT TTT gAA ggT g
REVEX6 5â€˜- ggT CCT CTg ACC CTT TTg TTC AAg 389 56 1.5

MXII IN HUMANGLIOBLASTOMATUMORS

expression of c-MYC has been described in some human glial tumors
(52â€”55);it is thus reasonable to postulate that abrogated MX!] func
tion with consequent unopposed (and thus relatively increased)
c-MYC expression might play a role in the pathogenesis of some
central nervous system tumors. In this report, we examine whether
MX!] fulfills the second and third criteria for a tumor suppressor gene.
We demonstrate allelic loss at the MXII locus in a significant pro
portion of glioblastoma tumors, but we did not detect MX!] coding
sequence mutations in any of these tumors. We show, however, that
ectopic expression of MX!! in a glioblastoma cell line results in
reduced cell growth. These findings support the notion that MX!] is a
putative tumor suppressor gene that might be inactivated in a subset of
human glioblastomas.

MATERIALS AND METHODS

Normal and Glioblastoma Tumor DNA. Tumor DNA samples were
graciously provided by A. Rasheed and S. Bigner (Duke University, Durham,

NC), having been isolated according to Rasheed et a!. (40).
CA Repeat PCR Conditions. The primersMXI-FACRPT(5'-CCT AGC

TGG TCA CAG AAT lTr OCT G-3') and MXI-BACR (5'-CCC ACC â€˜Ill'
TAC TFG CiT GCA C-3') were used for amplification of the CA repeat
region. Standard PCR conditions with one b'-33PIdATP-radiolabeled primer

(MXI-BACR) were used in a total reactionvolume of 12.5 pA:initial dena
turation step of 10 mm at 94Â°C,followed by 30 cycles of 30 s denaturation at
94Â°C,30 5annealing at 66Â°C,30 s extension at 72Â°C,with a final extension for
7 mmat72Â°C.A 6% polyacrylamideureadenaturinggelwasusedtoseparate
the radiolabeled PCR products.

Mutation Analysis. Pairs of exon-specific primers [derived from Wechsler
et a!. (56)1 were used to amplify MXII exons 1â€”6and flanking regions (Table

1). Oligonucleotides were synthesized on a PEJABd 394 DNA synthesizer
using the standard 0.2 @.tMscale. Hot-start touchdown PCR was performed with

100 ng of template DNA in a final volume of 25 @.dfor all exons. For exon 1,
2.6 units Expand High Fidelity TaqlPwo DNA polymerase and accompanying
buffer (Boehringer-Mannheim, Indianapolis, IN) was used, with 200 @.tM
Li-deoxynucleotide triphosphates, 300 nM each primer, and 10% DMSO. For
exons 2â€”6,Taq polymerase (Promega Corp., Madison, WI) with accompany
ing buffer was used, with 200 @.tMNa-deoxynucleotide triphosphates and 0.4â€”2

p.M each primer. PCR reactions were carried out using a PE 480 thermal cycler

according to the following scheme (all denaturations at 94Â°C for 1 mm, all

extensions at 72Â°Cfor 1mm): annealing temperatures (all for I mm) beginning
8Â°Cabove final annealing temperature (IA) indicated in Table 1 for I cycle,
then 6Â°Cabove TAfor 1cycle, then 4Â°Cabove TAfor I cycle, then 2Â°Cabove
TAfor I cycle, then at TAfor 30 cycles. PCR reaction products were separated
on 3% Nusieve GTG agarose (FMC) gels, and appropriately sized bands were
purified using a JetSorb gel extraction kit (Genomed). Purified samples were
sequenced using the fluorescent dideoxy terminator method of cycle sequenc
ing (57, 58) on a PEJABd 373a automated DNA sequencer following ABd

protocols at the DNA Analysis Facility of Johns Hopkins University or The
University of Michigan Core DNA Sequencing Facility. Chromatograms of

exon sequences were compared with each other and with wild-type sequences
both visually, and using Sequencher 3.0 (Gene Codes Corp., Ann Arbor, MI)
and MacVector 5.0 with Assemblylign (KodakIIBI).

Cells, Expression Vectors, and Transfections. The glioblastoma-denved
U87MG cell line (a gift of S. Suchard, University of Michigan) was grown in
Eagle's minimal essential medium with 10% fetal bovine serum, penicillin
streptomycin, sodium pyruvate (1 mM), and L-glutamine (2 mM) in 5% CO2 at

37Â°C.The sensitivity of these cells to different concentrations of both Dcx
(0â€”100nM) and hygromycin (0â€”800 @.tg/ml)was determined in 24-well assay
plates. To assess MXII expression in vitro, both full-length, 2417-bp EcoRI
EcoRl MXIJ cDNA (gift of A. Zervos) and a 1850-bp EcoRI-HindIII fragment
(including the entire MXII coding sequence; Refs. 13 and 16), were cloned into
the pSG5 SV4O promoter-driven eukaryotic expression vector (Stratagene, La
Jolla, CA), and the TNT coupled transcription/translation system (Promega)
was used to assess full-length Mxi 1 protein synthesis. After demonstrating that

both of the pSG5 plasmids were able to generate an identical protein of the
expected size in an in vitro transcription/translation assay (data not shown), we

cloned the 1850-bp EcoRI-Hindffl MX!! cDNA fragment into pGRE5IEBV, a
Dex-inducible, hygromycin resistance-encoding, EBV-based episomal vector

(a gift of J. White, McGill University, Montreal, Quebec, Canada) (59).
Transfection of U87MG glioblastoma cells (10â€”20,000 cells/cm2) with either

pGRE5/EBV (â€œemptyvectorâ€•)or pGRE5IEBV-MXJJ was carried out using
Lipofectamine (Life Technologies, Inc., Gaithersburg, MD) at a concentration

of 10 @.tg/mlfor 5 h. Following 24 h of growth in normal medium, cells were
harvested and split into two 24-well plates; hygromycin was added 24 h later.
Cells were subcloned according to standard procedures. Once subclones were
obtained, they were stimulated with varying concentrations of Dcx.

Northern Blot Analysis. Following stimulationwith Dcx, cells were har
vested, and total RNA was isolated using the Trizol reagent (Life Technolo

gies, Inc.). Northern blot analysis was performed using a nonradioactive

detection method (Boehringer-Mannheim), with a AatI-HindIII 3' untranslated
fragment from the tvIXIl cDNA (bp 1250â€”1850) and a 550-bp XbaI-HindllI
GAPDH probe (American Type Culture Collection).

Soft Agar Clonogenic Assay. The soft agarclonogenic assay was used as
a measure of the tumorigenicity of MX/I-transfected cells. After layering 0.7%
agar on a 100-mm tissue culture dish, 200,000 cells were resuspended in 0.4%
agar dissolved in tissue culture medium. Tissue culture medium with or
without hygromycin and with or without Dcx was added atop the agarose layer
and replaced every 3â€”4days. Colony growth was assessed 14â€”21days later.

Flow Cytometry. For apoptosis and cell cycle analysis (60), a pellet of
100â€”400,000cells/mI was resuspended in 700 pAof0.l% sodium citrate, 0.1%
Triton X-lOO (Sigma Chemical Co.), and 50 ,.tg/ml of propidium iodide.
Following overnight incubation at 4Â°C,nuclei were analyzed for DNA content
by flow cytometry with a FACScan flow cytometer using Lysys II software
(Becton Dickinson, Mountain View, CA). Cell cycle analysis was determined
in nonapoptotic nuclei stained with propidium iodide. Nonapoptotic nuclei

were distinguished from apoptotic nuclei on the basis of their tight scatter
profile. The presence of DNA strand breaks associated with apoptosis was

determined by the TUNEL technique, using an alkaline phosphatase in situ cell
death detection kit (Boehringer-Mannheim), with analysis of staining by light
microscopy.

RESULTS
EXIF 5'-CCA gAA gCA AAg TCC CgC AAC
REVEXI 5'-CgC ACT gCC gAA AAA gAT TAg TAg 593 55 0.5 MXI1 LOH and Mutation Analysis in Glioblastomas. To begin

investigating a potential role for MX!] in the pathogenesis of glio

294 56 1.0 blastomas, we evaluated a series of primary glioblastoma tumors for

LOH at the MX!! locus. To analyze tumors for MX!! LOH, we took
56 1.5 advantage of the presence of a polymorphic@@ I5 repeat in the

third intron of MX!!, approximately 475 bp upstream of the helix
240 52 1 0 loop-helix-encoding exon (56). PCR amplification of this region from

. genomic DNA yielded five distinct polymorphic alleles (217â€”225 bp)

observed in 46 unrelated individuals of caucasian descent.4 Paired
332 53 1.0 samples of normal and glioblastoma tumor tissue from 30 different

EX2F 5'-TCg gAT TTg Tgg gTC AAT gg
REVEX2 5-CAT CAPt gTg Ctg CTC CTT CAg AC

EX3F 5'-gAA TgT AgA CTA TTT CCT CTC gAT g
REVEX3 5'-gCT ATA CCT AAA ACT CAA ATT CgA g 429

EX4F 5'-gCT gAA TAA ATg CAA ATT
REVEX4 5'-AgA ACT gAg ggA ATT gTg

EX5F 5'-TgT TTT CTC TgC TAA Agg
REVEX5 5'-gTg CCT CCC AAC ATA CCT

4 D. S. Wechsler and G. S. Bova, manuscript in preparation.
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MXII IN HUMAN GUOBLASTOMA TUMORS

patients, 10 each with complete, partial and no karyotypic loss of
chromosome 10 (40), were analyzed for MX!] LOH. DNA was
amplified from both normal and tumor samples in 23 of 30 cases
(77%). Normal tissue from 11 ofthese 23 pairs (48%) was informative

(i.e., normal tissue contained two distinct alleles), and 7 of 11 inform
ative pairs (64%; 30% overall) demonstrated LOH for MX!! (Fig. 1).
It should be noted that a single MX!] allele also might have been lost
in noninformative samples, but that these would not be detected with
this assay.

DNA from six of seven tumors with LOH was further analyzed for
mutations using primers flanking the six known MX!1 exons (56). No
mutations were detected in any of the six MX!] coding exons.

Inducible MXI1 Expression in U87MG Glioblastoma Cells. To
examine the effect of MX!! expression on cell growth and prolifera
tion, we first synthesized a Rous sarcoma virus promoter-based,
constitutively expressing MXIJ vector. Initial transfection studies in
the PC3 prostate tumor cell line demonstrated moderate levels of
MX!! message, a marked reduction in growth rate, and a dramatic
reduction in anchorage-independent (soft agar) growth.4 Although
these studies suggested that MX!] could indeed function as a suppres
sor of growth, we were unable to obtain any clones that expressed
high levels of MXJJ, likely because those cells that expressed high
levels would not be expected to grow in culture to any significant
extent; this has been reported previously with MAD (22, 61). We,
therefore, sought to refine our understanding of the actions of MX!!
by constructing a vector that would enable inducible expression of
MX!].

We chose the pGRE5IEBV steroid-responsive inducible expression
vector (59) to investigate inducible MX!! expression. In ad4ition to
containing five OREs upstream of the transcription start site, this
vector replicates episomally, resulting in expression that is integration
site independent. Because a 50-fold increase in gene expression can be
rapidly induced with nanomolar concentrations of glucocorticoids
(59), transfected cells can be used to determine the effect of steroid
induced MX!! expression on cell growth and proliferation. For our
studies, we used the U87MG cell line, derived from the tumor of a
female patient with a glioblastoma multiforme. These cells do not
have cytogenetically detectable alterations of chromosome 10 (62),
nor do they express detectable levels of endogenous MX!! (data not
shown); they do, however, express detectable levels of c-MYC (63).

Prior to transfecting U87MG glioblastoma cells with a steroid
inducible MX!! expression vector, we treated these cells with different
concentrations of Dex to ensure that any effect observed would be due
to MX!1 expression and not the inducing agent. Dcx did not have any
significant effect on the growth rate of the parental U87MG cells,
except at day 10 when a small decrease in cell number was noted (Fig.
3a). In particular, the nanomolar range of Dcx concentrations that
were used did not result in any increased programmed cell death (data
not shown). Dcx treatment did result in increased flattening of these
cells in tissue culture as compared with the absence of Dcx (similar to
that seen in Fig. 4b).

Induction of MX!! in US7MG Cells Suppresses Growth. To
assess inducible expression in cultured cells, we transfected U87MG
cells with â€œemptyâ€•and MX!1-contairnng pGRE5/EBV vectors and,
following hygromycin selection, we isolated several single cell
derived colonies. We began an initial characterization of these trans
fected cells by treating empty vector- and MX!1-containing cell lines
with increasing concentrations of Dcx. Fig 2a shows that two different
MXIJ-containing lines showed significantly elevated levels of the
expected 2400-bp MX!] transcript (distinct from the endogenous
transcript, which should be 2800â€”3000 bp in size) in response to
25â€”100aM Dcx, whereas the empty vector-transfected and nontrans
fected cells demonstrated no identifiable inducible MX!! mRNA.

* * * * * *

Fig. 1. MXI1 LOH in human glioblastoma tumors. Shown is an autoradiogram of
end-labeled, CA repeat-containing PCR products in normal (N) and tumor (7) tissue from
10 representative cases [1â€”8correspond to H#'s 365, 405. 423, 450, 493, 519, 527, and
641 (all with complete karyotypic loss of a copy of chromosome 10); 9â€”10correspond to
H#'s 315 and 397 (with partial karyotypic loss of a copy of chromosome 10) from
Rasheed et aL (40)]. LOH is seen in cases indicated by asterisks (*). Cases 2 and 3 are
not informative because only a single band is detected in normal tissue. No PCR product
was amplified from normal tissue in case 6 or from either normal or tumor tissue in case 8.

Furthermore, Dcx treatment resulted in induction of significant MX!!
expression in as little as 2 h, with maximal expression at 5 days (Fig.
2b). The lack of available Mxi 1-specific antibodies made detection of
Mxii protein difficult.

The effect of Dex-inducible MX!! expression on the growth rate of
transfected glioblastoma cells is depicted in Fig. 3, b and c. In the
absence of Dcx, the overall growth rate of transfected cells [both
empty vector (pGRE) and MX!!-containing (pGRE/MXII)] was
slower than that of the parental U87MG line (Fig. 3a), with pCIRE
cells growing more slowly than pGREJMXII cells (Fig. 3, b and c). In
response to Dcx treatment, the pGREIMXII cells demonstrated a
reduction in growth rate first, becoming apparent at 5 days, and
increasing thereafter. In contrast, the growth rate of the pGRE cells
correspondingly increased with Dcx treatment. The morphology of the

pGRE/MXI1 cells by phase contrast microscopy was also striking
(Fig. 4). In addition to decreased total cell numbers, the pGREIMXI1
cells appeared consistently larger and often were multinucleate (Fig.
4d). Furthermore, there were increased signs of cell death (indicated
by rounded, refractile cells), a finding confirmed by flow cytometry
(see below).

We also examined the effect of MX!! induction on the ability of
transfected cells to grow in an anchorage-independent fashion.
Whereas Dex-treated pGRE cells (Fig. Sb) formed appreciable num
bers of soft agar colonies (although not as many or as large as those
of the parental cells), no soft agar colonies were observed in PGRE/
MXI1 cells induced with Dcx (Fig. 5c), correlating well with the
observed differences in growth rate (Fig. 3, b and c).

MXI1 Expression in U87MG Cells Alters Cell Cycle Distribu
tion. Flow cytometric analysis was used to evaluate the cell cycle
distribution of untransfected and transfected U87MG glioblastoma
cells prior to and following Dcx treatment. As can be seen in Fig. 6,
following 3 days of Dcx treatment, there is an increase in the amount
of degraded DNA, indicative of cell death, only in cells in which
MX!! has been induced (Fig. 64 In addition, there is a relative
increase in the proportion of cells in G2-M (Table 2). Rather than
suggesting that overexpression of MX!! leads to an inability to pro
ceed beyond the G2-M boundary and through mitosis, the correspond
ing decrease in the proportion of cells in G@-G@may reflect cells that
have undergone apoptosis. These effects were not seen in either the
parental U87MG cells (data not shown) or in the pGRE cells (Fig. 6b),
in which the proportions of cells throughout the cell cycle were
independent of Dcx. These effects seen at day 3 were also present at
later time points (days 5 and 7; data not shown). TUNEL analysis
confirmed the presence of DNA strand breaks suggestive of apoptosis

in Dex-induced pGREIMXI1 cells (17â€”18%deeply staining nuclei)
but not uninduced pGREIMXI1, Dex-induced or uninduced pGRE
cells, or Dex-induced or uninduced parental U87 cells (all <1%
staining nuclei; data not shown). Lastly, there appeared to be a trend
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brain tumors includes a multistep progression along several different
pathways, from benign astrocytomas to malignant glioblastomas (64â€”
67). Loss of chromosome lOq is thought to be a later step in this

progression to the glioblastoma stage. The recent identification of

PTEN/MMACI (68, 69) as a candidate tumor suppressor gene at
chromosome l0q23.3 suggests that this locus is associated with glio
blastoma oncogenesis (see below). Indeed, the finding of Albarosa et
a!. (17) of LOH for MX!! in nine of nine glioblastoma tumors but
none of six astrocytomas supports the notion that loss of Mxi 1 activity
might be a later step in the pathway. All of the brain tumors that
demonstrated LOH in the current study were glioblastomas; no astro
cytomas showed LOH.

LOH at the MX!! locus implies that mutations present in the
remaining MX!! allele might interfere with function of the Mxii
protein. Thus, we searched for mutations within the entire MX!]
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3. Growth rate of untransfected (a), pGRE-transfected (b), and pGRE/MXII
transfected (c) U87MG cells in the absence (0) and presence (â€¢)of 50 mi Dcx.
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Fig. 2. Inducible expression of MXII. In a, total RNA was harvested from untrans
fected (U87MG), pGRE-transfected (pGRE), and two different pGREIMXI1-transfected
(pGREIMXIIâ€”l and pGRE/MXIIâ€”2) cell lines treated without (â€”)and with (+) 50 n@
Dcx for 48 h, and a Northern blot was probed with an MXJ/-specific probe. The band
corresponding to the 2400-bp exogenous MXIJ mRNA is indicated. Endogenous MXII
mRNA has a mobility of 2800â€”3000bp (data not shown). In b, total RNA was harvested
from the pGRE/MXIIâ€”l cell line after different lengths of exposure to 50 n@.iDcx, and the
blot was probed simultaneously with MXIJ- and GAPDH-specitic probes. Bands corre
sponding to the 2400-bp exogenous MXII and l300-bp endogenous GAPDH are mdi
cated.

toward an increase in the proportion of cells with hyperdiploid DNA
in Dex-induced pGREJMXII cells (Fig. 6d). This effect, too, was

maintained at later time points and correlated with the presence of
larger multinucleate cells (Fig. 4d).

DISCUSSION

Numerous studies suggest that c-Myc is intimately involved in the
regulation of cell proliferation. Several studies have demonstrated
reciprocal expression of c-MYC and MAD, including particularly
elegant work by Hurlin et a!. (15) in keratinocytes. It is well estab
lished that both MX!] and MAD counteract the effects of c-MYC in

REF cotransformation assays ( 18 â€”24).Furthermore, expression of
MX!! and MAD have both been correlated with differentiation of
hematopoietic cells, keratinocytes, intestinal cells, and neural cells
both in vitro and in vivo (13, 15, 25â€”28).In the present studies, we
have demonstrated that human glioblastomas have frequent LOH at
the MX!] locus, although they lack mutations in the entire MX!]
coding sequence. Furthermore, reintroduction of MX!! into a human

glioblastoma cell line lacking endogenous MX!] expression results in
growth reduction and reduced clonogenicity, as well as an increased
fraction of cells exhibiting DNA degradation. These findings suggest
that MX!] is a candidate tumor suppressor gene, the loss of function
of which might play a role in the pathogenesis of human glioblasto
mas.

The demonstration of LOH at the MX!! locus in 64% of informa
tive human glioblastomas suggests that MX!] might act as a tumor
suppressor gene. A current paradigm for the development of astrocytic
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Fig. 4. Phase contrast microscopic appearance (X 100) of
pGRE-transfected (a and b) and pGREIMXI1-transfected (c and d)
U87MG cells in the absence (a and c) and presence (b and d) of 50
nMDcx for 10 days.

coding sequence (including the SID) in tumors with MX!] allelic loss.
We did not detect mutations in any of the six MX!! coding exons in
these tumors. The lack of MX!! coding sequence mutations has also
been observed in studies of prostate and pancreatic cancer, in which

Fig. 5. Soft agar assay of tumorigenicity of untransfected (a), pGRE-transfected (b),
and pGRE/MXI1-transfected (c) U87MG cells in the presence of 50 n@iDcx for 14 days.

allelic loss of the chromosome 10q24â€”25 region to which MXII maps

is frequently observed. Neither Gray et a!. (47), nor Kawamata et a!.

(48) was able to demonstrate inactivating MX!! coding sequence

mutations, although these studies did not examine the first two MXII
exons. Whereas MX!] mutations were detected in a survey of the three
COOH-terminal MX!] exons in some prostate tumors (46), these
alterations were found in a subpopulation of neoplastic prostate cells,
and the significance of this finding is unclear. Bartsch et a!. (70)
examined 41 cases of pancreatic cancer but were unable to document
any MX!! mutations. A report by Albarosa et a!. (17) documented
MX!! LOH in nine glioblastomas, but no search for mutations is
reported. Ours is the first study to examine glioblastomas for LOH and
search for mutations within the entire MX!! coding sequence, includ
ing the NH2-terminal SID.

Our inability to document mutations in DNA from glioblastoma
tumors with MXI] allelic loss has several potential explanations:

(a) Although we examined all coding exons and immediate flank
ing sequences for mutations, the MX!! gene spans 60 kb, and we did

not examine all of the intronic sequences, some of which might be
important in regulation of MX!! mRNA production. Furthermore, we

did not evaluate the extensive 3 â€ũntranslated region for mutations that

could result in altered mRNA stability and reduced Mxi I protein
levels.

(b) We did not perform an exhaustive evaluation of the 5' untrans
lated region of the first exon or of the MXII promoter. Our current
understanding of MX!! regulation is rudimentary, but it is certainly
possible that mutations in MX!] regulatory regions might interfere
with transcription of the full-length MX!! mRNA. Studies with mouse
(18) and human MX!!5 raise the possibility that a truncated protein

encoded by an alternative MX!] transcript lacking the SID coding
sequence (and therefore incapable of mediating transcriptional repres
sion) may be important in the MYC regulatory network. The presence
of an in-frame ATG at codon 37 could enable production of such a
shortened protein, corresponding to that encoded by the WR MX1I
mRNA transcript in mice (18). In support of this possibility is our
previous documentation that the first human MX!! exon boundary lies
at codon 25 (56), and that a putative transcriptional start site is found
in the first MX!! intron.5 Again, however, the regulatory factors that

C

5 D. S. Wechsler, unpublished observations.
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Table 2 Flow cytometryanaLysis at72haSubG1â€•G0-G1'SG@/MpORE

pORE
pGRE/MXI1
pGRE/MXIIâ€”Dcx

+Dex
â€”Dcx
+ Dcx4Â±1

4Â±2
6Â±2
24 Â±272Â±3

62Â±2
64Â±3
48 Â±211Â±2

13Â±2
11Â±1
12Â±I17Â±2

25Â±2
25Â±3
40 Â±3
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IA B

-I

Fig. 6. Flow cytometry analysis of pGRE-transfected
(a and b) and pGREIMXII-transfected (c and d)
U87MG cells in the absence (a and c) and presence (b
and d) of 50 flMDcx for 3 days. Percentage of cells in the
sub-G, range (Table 2) was determined by the area
delineated by â€œMl.â€•

C

1â€˜ 1â€¢' 18@

gene is supported by the fmdings that it is able to counteract the
effects of c-MYC in several different assays. By using an inducible
MX!! expression system, we were able to examine the role of MXIJ
in the growth of human glioblastoma cells. The inducible system is

particularly important because we4 and others (23, 61) have been
unable to demonstrate increased expression of genes such as MX!]
and MAD using constitutive expression vectors, suggesting that dc
vated expression is selected against. This contention is strengthened
by our demonstration that induction of Mxli results in a reduced cell
growth rate, reduced clonogenicity in soft agar, and increased accu
mulation of cells in G2-M. This last result is different from that
observed by Chen et aL (75), whose studies in U373MG glioblastoma
cells with an adenoviral MAD expression vector demonstrated accu
mulation of cells in G@with a corresponding decrease in S and G2-M.
Whether this reflects a distinct difference in function of MX]] corn
pared with MAD or a difference related to different vector systems or
different cell types is unclear at this time. We have, however, dem
onstrated a similar G2-M accumulation in cells infected with an
MX!1-expressing adenovirus.5 Furthermore, the apparently increased
proportion of cells in G2-M is likely the result of a reduced number of
cells in G0-G1, stemming from increased death of cells at this stage of
the cell cycle. Interestingly, although overexpression of c-MYC is
associated with programmed cell death (76, 77), the morphological
and flow cytometry data of Figs. 4 and 6 indicate that overexpression
of MX!], which counteracts c-MYC, may also be associated with cell
death. This is supported by the recent suggestion that withdrawal of
c-MYC may result in apoptosis in certain cell types under specific
conditions (78).

Our demonstration of increased cell size, hyperdiploidy, and cell
death in pGRE/MXI1 cells induced with Dcx, but not in uninduced or
untransfected cells, suggests that overexpression of MXIJ might per
turb normal progression through the cell cycle. Although c-MYC is
generally considered to play a major role at the G1-S boundary (2, 7),
increased Mxli appears to interfere with the ability of cells to corn
plete mitosis. Such an interference with normal cell cycle progression

control expression of these alternative transcripts are currently un
known.

(c) We did not search for other mechanisms that might potentially
inactivate the remaining MX!] allele. For example, although coding
sequence mutation frequency in tumors with p!6/CDKN2/MTS! al
lelic loss is low (7 1), hypermethylation of 5' CpG islands is associated
with transcriptional silencing at the p]6/CDKN2/MTSJ (72) locus in a

variety of tumors. Reduced expression of the VHL (73) and p15!NK4B
(74) tumor suppressor genes is also associated with hypermethylation
in renal carcinomas and leukemias, respectively.

(d) Finally, inactivationof MX!! may play a secondaryrole in the
pathogenesis of glioblastomas. The demonstration in glioblastoma cell
lines and tumors of mutations within the PTEN/MMACJ gene (68,
69), which contains both tyrosine phosphatase and cytoskeleton in
teraction domains, strongly suggests that this candidate tumor sup
pressor gene plays a fundamental role in glioblastoma oncogenesis.
Nevertheless, our demonstration of MXIJ allelic loss in primary
glioblastoma tumors, together with the ability ofMX!] to suppress cell
proliferation, suggests a potential independent role for MX!] macti
vation in glioblastoma development. Because MX!] and PTEN/
MMAC] have different mechanisms of action, abrogation of Mxii
function could cooperate with inactivation of PTEN/MMACJ or other
tumor suppressor genes, thereby contributing to oncogenesis.

The possibility that MX!] might function as a tumor suppressor

a Numbers indicate percentages of nuclei (Â±SE) from three separate experiments in

which Dcx was added 72 h prior to harvest for fluorescence-activated cell sorting analysis
of empty vector (pORE)- and MXI1-containing vector (pGRE/MXI1)-transfected cells.

b Percentage of nuclei in sub-G1 peak as a proportion of total nuclei.
CPercentageofnucleiindifferentpeaksasaproportionofnucleiinG0-G1, 5,and

G2-Mpeaks.
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could result in hyperdiploidy (failure to complete nuclear division) as
well as increased cell size (failure to complete cell division). The
precise role played by MX!] in these processes requires further study.

The association of MX!] with a reduction in cell growth and
tumorigenicity is comparable to that demonstrated for MAD (23, 61,
75) and supports the contention that MX!! or MAD might play a role
in gene therapy of high-grade astrocytic tumors. Malignant tumors of
the brain and central nervous system are responsible for over 13,000
deaths per year in the United States (79), and glioblastoma multiforme
is associated with a particularly poor outcome, with surgery, radiation

therapy, and chemotherapy having limited efficacy. These studies
provide a rationale for development of an MX!1-based gene therapy
system targeted to glioblastoma tumors. Although the elevated MX!!
overexpression seen with the pGRE vector system may not be â€œphys
iological,â€•elevated levels of expression afforded by a constitutive
promoter might actually be advantageous if MX!] were to be dcliv
ered to tumor cells using a gene therapy-based approach. Introduction
of MX!! into tumor cells thus has the potential for both inducing cell
death and diminishing the tumorigenicity of malignant cells (astro
cytic and others) and could provide an alternative therapy for treating
these devastating tumors.
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