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Abstract

To investigate how overexpression of p27X'F, a downstream
effector of TGF-B and a universal cyclin-dependent kinase
(CDK) inhibitor could influence the malignant phenotype
of malignant human brain tumor cells, an adenovirus vector
system was used to transfer the human p27X™"! gene
(Adp27X!P1) into the human astrocytoma cell line, U-373MG.
Inhibition of CDK activity in Adp27¥"l-infected cells was
indicated by inhibition of [*H]thymidine incorporation, an
increase in cell doubling time and by cell cycle arrest in G;.
Notably, ectopic overexpression of p27X"! was associated
with a marked decrease in the accumulation of aneuploid
cells. Diminished malignant potential of Adp27X"P’-infected
cells was manifested by the loss of anchorage-independent
growth in soft agar and by the inability to induce tumorgen-
esis in a xenograft model. These studies suggest that p27%/*!
is a tumor suppressor gene and supports the use of
Adp27X™P! for gene therapy of human brain tumors. (J. Clin.
Invest. 1996. 97:1983-1988.) Key words: gene therapy « ade-
novirus « cell cycle « aneuploidy « brain tumors

Introduction

p27KIPl was first identified as an inactive form of cyclin-depen-
dent kinase-2 (CDK2)!-cyclin E after treatment of cells with
transforming growth factor beta (TGF-3) or contact inhibition
(1). It was purified from a cyclin E-CDK?2 affinity column and
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1. Abbreviations used in this paper: Adp27¥'"!| recombinant, replica-
tion-defective adenovirus containing human p27%*! (p27 or KIP1)
cDNA expression cassette; AdBGal, recombinant, replication-defec-
tive adenovirus containing B-galactosidase cDNA expression cas-
sette; CDK, cyclin dependent kinase; pfu, plaque forming unit; moi,
multiplicity of infection.
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had strong inhibitory activity towards cyclin E-CDK2 in his-
tone H1 kinase assays (2). The gene encoding p27%"! was
cloned by two different approaches: using protein sequence in-
formation (3) and by a two-hybrid system with CDK4-cyclin D
as bait (4). The amino-terminal 60 residues of p27%/"" are 44%
homologous to p21"AF/CIPT consistent with the many common
biological features of these two proteins (4). Like p21WAF/CIPI
p27KIPL can inhibit directly the enzymatic activity of CDK-
cyclin complexes and arrest cells in G1 (5, 6). The association
of p27XP! with CDK4-cyclin D or CDK2-cyclin E complexes
can also block phosphorylation of CDK4 on Thr172 or CDK2
on Thr160 by CDK activation kinase (CAK) (3, 7).

Although no mutations of p27¥! have been observed to
date in human cancers, the p27%"! gene has been mapped to
chromosome band 12p13, a region deleted in some leukemias,
(5, 8). Furthermore, p27%""! can be induced by cyclic AMP (7)
and other negative regulators of cellular proliferation. Con-
versely, it can be down-regulated by interleukin 2 (6) and
other positive regulators of cell proliferation. In addition, as a
potent inhibitor of G1 cyclin-CDK complexes, p27%*! likely
functions in G1-S check point control, which when lost, is asso-
ciated with genomic instability and tumor progression (9).
Taken together, these findings suggest that p27%" may
function as a tumor suppressor. To test this possibility, a
replication-defective adenovirus vector containing p27%/*!
(Adp27XPTy was constructed that enabled us to investigate the
effects of ectopic overexpression of this gene in human brain
tumor cells both in cell culture and in a nude mouse xenograft
model.

Methods

Construction of recombinant adenoviruses. A human p27X"1 cDNA
(obtained from Dr. Joan Massagué, Memorial Sloan Kettering Can-
cer Center, New York) was inserted into the pACCMVplpa vector.
The resulting plasmid was cotransfected with the pJM17 plasmid into
293 cells (adenovirus Ela-transformed human embryonic kidney
cells) by calcium phosphate/DNA coprecipitation. Homologous re-
combination between the two plasmids resulted in a recombinant
replication-defective virus containing the human p27%*" gene
(Adp27KPTy (procedure described in detail in references 10, 11). Vi-
ruses from 293-cell supernatants of cultures exhibiting a complete cy-
topathic effect were purified by cesium chloride banding. Viral titers
were determined by plaque assay (12). pACCMVplpa and pJM17
were obtained from Dr. R. Gerard (University of Texas Southwest-
ern Medical Center). Control recombinant replication defective ade-
novirus containing (-galactosidase (AdBGal) was obtained from Dr.
J. Alcorn (University of Texas Southwestern Medical Center).

Cell culture. The human anaplastic astrocytoma cell line,
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U373MG, was obtained from the American Type Culture Collection.
This cell line exhibits LOH for the p53 tumor suppressor gene and
contains a point mutation in exon 8, codon 282 (CGT - CAT) (a com-
mon mutational hotspot) (13). The D-54MG glioma cell line was ob-
tained from Dr. S. Clifford Schold (University of Texas Southwestern
Medical Center). The UMSCC38 squamous cell carcinoma cell line
was obtained from Dr. Tom Carey (University of Michigan). Cells
were maintained at 37°C, 5% CO, in RPMI Medium (Richter’s Me-
dium for D-54MG cells) containing 10% fetal bovine serum, 1% pen-
icillin and streptomycin (GIBCO BRL, Gaithersburg, MD). Cells
were cultured in 60mm plates to 80% confluence and were typically
infected with purified Adp27%"" or AdBgal at 9 pfu/cell for 72 h be-
fore harvesting and analysis.

Western blot analysis. Infected cells were lysed in SDS buffer
(1% SDS, 25 mM Hepes, 1 mM EDTA, 0.5 mM PMSF, 10 p.g/ml leu-
peptin, 0.1 mM 1,10 phenanthrolin) and the lysates were cleared by
centrifugation at 10,000 g. 30 pg of protein extracts was separated
electrophoretically by 12% SDS-PAGE and transferred to nitrocellu-
lose membranes (Schleicher and Schuell, Keene, NH). The mem-
branes were incubated with a polyclonal rabbit anti-human p27%/*!
antibody (Santa Cruz Laboratories, Santa Cruz, CA) which was visu-
alized using an ECL detection kit (Amersham Life Science, Arling-
ton Heights, IL) according to the recombinations of the manufac-
turer.

[P H]Thymidine incorporation assay. [*H|Thymidine incorporation
into DNA was measured as described elsewhere (14) using a Packard
Model 1900CA Liquid Scintillation Counter (Downers Grove, IL).

Growth curves. Adp27¥"! or AdBGal-infected cells were plated
at a density of 5 X 10* cells per 60-mm plate. The number of cells was
counted every 24 h using a hemocytometer. Viability was determined
by exclusion of trypan blue dye.

Cell cycle distribution. 5 X 10° Adp27X/Fl- or AdBGal-infected
cells were plated in 60-mm plates overnight. The exponentially grow-
ing cells were harvested using trypsin and fixed in 70% ethanol for 16 h
at 4°C. Propidium Iodide was added (100 Kunitz units/ml) with
RNase A (50 wg/ml) and cell cycle distribution was measured by de-
termination of the DNA content per cell using a Becton-Dickinson
Fluorescence Activated Cell Sorter, a Lysis II program to quantify
cell cycle distribution and a doublet discrimination program as de-
scribed elsewhere (15).

Aneuploidy. 5 X 10° U-373MG cells plated in 60 mm dishes were
treated with nocodazole (Sigma) 0.12 pwg/ml for 24 h before infection
with AdBGal or Adp27X" (9 pfu/cell). Cells were incubated for 48 h,
split one to three and incubated for an additional 24 h before analysis
of modal chromosome content per cell by flow cytometry as de-
scribed in the previous paragraph (16). Cells were exposed to nocoda-
zole (0.12 pg/ml) throughout the assay. Dead cells were excluded
from FACS analysis by gating only viable cells.

Soft agar clonogenic assay. 1 X 10* Adp27¥"! or AdpGal-
infected cells were plated in dishes containing 0.3% top agarose/0.6%
bottom agarose as described elsewhere (17). Foci (clump size > 80
wm or > 50 cells) were counted after 18 d.

Tumorigenicity in nude mice. According to a protocol approved
by the University of Texas Southwestern Medical Center Animal
Investigational Review Board, Adp27X¥*!- or AdBGal-infected
U373MG cells were cultured for 72-96 h, harvested and resuspended
in Hank’s balanced salt solution. 1 X 107 cells in 200 wl were injected
subcutaneously in the right (AdBGal) and left (Adp27X*7) flanks of
nu/nu female mice (Harlan, Indianapolis, IN). Mice were killed after
25 or 45 d and tumor specimens were analyzed histologically.

Histologic analysis. Tumors were fixed in formalin, embedded in
paraffin, sectioned by microtome, stained with hematoxylin and
eosin, and analyzed by light microscopy.

Immunoprecipitation and histone HI kinase assays. U-373MG cells
were infected with Adp27X"! or AdBGal for 3 d before being labeled
metabolically using the EXPRE¥S%S protein labeling mix (DuPont
NEN, Boston, MA) for 4 h. Inmunoprecipitations were performed as
described elsewhere (18) using a polyclonal antibody to the COOH
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Figure 1. Western blot analysis. Total cell lysates were prepared from
U-373MG cells (0) and those infected for 72 h with AdBGal (Gal), a
replication-defective adenovirus containing the human MAD gene
(MAD), areplication-defective adenovirus containing the human p21
gene (p21) or Adp27X*1 (p27). 30-pg aliquots of protein extracts
were separated by 12% SDS-PAGE, transferred to nitrocellulose
membranes, exposed to polyclonal rabbit anti-human p27X/7 anti-
body and detected by ECL.

termini of CDK2 and a monoclonal antibody to CDC2 (Santa Cruz
Laboratories, Santa Cruz, CA). One-half of each sample was ana-
lyzed by 12.5% SDS-PAGE and visualized using autoradiography.
The other half of each sample was resuspended in a reaction mixture
(30 pl) containing 50 mM Tris-Hcl (pH 7.4), 10 mM Magnesium Chlo-
ride, 1 mM dithiothreitol (DTT), 1 pM ATP, 5 nCi of [y?P]ATP and
0.83 mg/ml histone H1 (Boehringer-Mannheim, Indianapolis, IN).
Reactions were incubated for 30 min at 30°C and stopped with 6 pl of
5X sample buffer and analyzed by SDS-PAGE and autoradiography.

Results

Auntiproliferative effects of ectopically overexpressed p27€I!,
To determine if ectopic overexpression p27%"! could inhibit
the proliferation of an established human tumor cell line,
U-373MG astrocytoma cells were infected with adenovirus
constructs containing p27%™*" (Adp27X"") or B-galactosidase
(AdBgal) (as a control). The U-373MG cell line is derived
from an anaplastic astrocytoma tumor and contains a mutated
P53 tumor suppressor gene (13).

We demonstrated previously that AdBGal exhibits 100%
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Figure 2. CDK2 Kinase activity in immunoprecipitates. Equivalent
amounts of total cell lysates of uninfected U-373MG cells. AdBGal-
infected U-373MG cells and Adp27X*!-infected U-373MG cells were
immunoprecipitated using an anti-CDK2 antibody. Aliquots were as-
sayed for kinase activity by quantitation of phosphorylated histone
H1 (HHI) using a Phosphorimager.
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Figure 3. (a) [*H]Thymidine in-
corporation in AdBGal- and
Adp27XPLinfected U-373MG,
UMSCC38, and D54MG cells.
Subconfluent U-373MG,
UMSCC38, and D54MG cells
were infected with Adp27KP!
(solid bars) or AdBGal (open
bars). Experiments were per-
formed in triplicate. The average
amount of [*H]thymidine incor-
poration in cpm (and SEM) is in-
dicated at an moi of 9 pfu/cell for
both viruses. (b) Growth curves
of Adp27XP!- and AdBGal-
infected cells. The numbers of
cells in equivalent subconfluent
cultures of uninfected U-373MG
cells (@) and cells infected with
Adp27XPT (A) or AdBGal (H)
were counted daily for 4 d. The
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infectivity and persistence of expression for greater than 30 d
by measuring B-galactosidase activity (11). Abundant expres-
sion of p27XPL protein in U-373MG cells infected with
Adp27XP!I was confirmed by Western blot analysis of total cell
extracts; endogenous p27%"" was not detectable in these cells
by this method (Fig. 1).

To determine if ectopically overexpressed p275/*! protein
was biologically active, total cell lysates were immunoprecipi-
tated using a polyclonal anti-cyclin-dependent kinase 2
(CDK?2) antibody. Next, CDK2 kinase activity in the immuno-
precipitates was measured using a histone H1 kinase assay. As
compared to uninfected cells, AdBGal-infected cells exhibited
minimal effect on CDK2 activity, while Adp27%/"-infected
cells reduced CDK2 activity below detectable limits (Fig. 2).

To determine if ectopic overexpression of p27XP! affected
cellular proliferation, [*H]thymidine incorporation was mea-
sured in Adp27XPl-infected U-373MG cells and compared
with AdBGal-infected and uninfected cells. While control ade-
novirus (i.e., AdppGal) infection had a modest inhibitory ef-

infected cells was 69.5+2.5 h
compared with 32+2 h for unin-
fected or AdBgal-infected cells.
(¢) Cell cycle distribution in
Adp27XPI and AdBGal infected
cells. Cell cycle distribution was
measured in infected cells that
were cultured at low density (4 X
10° cells/60-mm plate) and fixed
in ethanol, stained with Propid-
ium Jodide and separated by
FACS using a doublet discrimi-
nation program. A histogram of
the distribution of the cells is

Adp27KIPLl Infected
gg/el: 79%

1%
Gy/M:  18%

208
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demonstrated. The percent of
cells in Gy, S and G,/M is indi-
cated on the right.

400 608

fect on [*H]thymidine incorporation, Adp27¥! infection was
associated with a greater than fivefold decrease in [PH|thymi-
dine incorporation (Fig. 3 A).

Further evidence for inhibition of proliferation was ob-
tained by measuring the rate of cell division of Adp27X/I-
infected U-373MG cells as compared with AdBGal-infected or
uninfected cells. The average doubling time (from two sepa-
rate experiments) of Adp27¥*!-infected cells was 69.5+2.5 h
compared with 34*2 h for uninfected- or AdBGal-infected
cells (Fig. 3 b).

To determine if the anti-proliferative effects of Adp27X/*!
were tumor cell-type specific, two additional human tumor cell
lines UMSCC38 (human squamous cell carcinoma) and
D-54MG (human glioma) were similarly tested. PH]Thymi-
dine incorporation and the rate of cell division was inhibited
equivalently by Adp27% in these cell lines as well (Figure 3 a
and data not shown).

Previous studies demonstrated that increased expression of
p27KIPL is associated with G1 cell cycle arrest (2). Accordingly,
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Figure 4. Effects of p27¥*! on the accumulation of
aneuploid cells. (a) Uninfected U-373MG cells not
treated with nocodazole. (b) Uninfected U-373MG
cells 24 h after treatment with nocodazole (0.12 pg/
e ml). After 24 h treatment of nocodazole, cells were
© Uninfected, 96h nocodazole-treated infected with (c) AdBGal or (d) Adp27X""! for 48 h.
GGy -:'1 MMA;::S;EL’ (e) Uninfected, nocodazole-treated cells after 96 h.
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g (aneuploid, DNA content tetraploid) or M5 (aneu-
ploid, DNA content octoploid or greater) is indi-
cated on the right. In all experiments, the mean fluo-
. rescence indicative of the DNA content per cell for
ol 1eaa each peak was similar as demonstrated by the mean
values on the right. In each case, the experiment was
CELLULAR DNA CONTENT repeated three times with similar results.
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the cell cycle distribution of exponentially growing cultures of
Adp27¥Plinfected cells, AdBGal-infected cells and unin-
fected cells were determined by flow cytometry (Fig. 3 ¢). Sev-
enty-nine percent of Adp27%/’-infected cells were in G; as
compared with 29% of AdpGal-infected cells. The cell cycle
distribution of uninfected cells was the same as that of AdBGal-
infected cells (Fig. 3 ¢).

Effects of p27€I"! on the accumulation of aneuploid cells.
Mutation of the p53 tumor suppressor gene deregulates the
G1-S check point rendering cells unable to dwell in G1 and re-
pair DNA damage. This contributes to genomic instability
manifested by aneuploidy and gene amplification, leading to
the generation of genetically altered cells, some of which may
be selected out and become malignant (19-21). Not surpris-
ingly, we observed that p53-mutated U-373MG cells accumu-
lated a population of aneuploid cells after long term passage in
vitro (J. Chen and P. Nisen, unpublished observations). The
accumulation of aneuploid cells can be exaggerated by treating
cells with nocodazole, an agent that disrupts assembly of the
mitotic spindle apparatus and causes mitotic arrest (16). To de-
termine if ectopic overexpression of p27%"! could inhibit the
accumulation of aneuploid U-373MG cells, subconfluent expo-
nential cultures were treated with nocodazole and were subse-
quently infected with AdBGal or Adp27%/*!. The distribution
of uninfected, non-nocodazole-treated cells demonstrates four
peaks: M1 (Gy/Gy, 45%), M2 (S, 9%), M3 (G2/M, 41%), and
M4 (cells with DNA content > 4N, 4%) (Fig. 4 a). 24 h after
nocodazole treatment, 12% of uninfected U-373MG cells were
in the M4 peak corresponding to aneuploid cells with a DNA
content tetraploid or greater (Fig. 4 b). 72 h after subsequent
infection with AdBGal and continued exposure to nocodazole,
42% of the cells were aneuploid with DNA content per cell
ranging from tetraploid (M4) to octaploid or greater (M5)
(Fig. 4 ¢). This result was similar to the percentage of aneu-
ploid cells in uninfected cells but incubated with nocodazole
for 96 h (Fig. 4 €). A doublet discrimination program was used
to exclude the possibility that the M4 and M5 peaks were due
to cell aggregates. In contrast, only 10% of cells infected with
Adp27XP! were aneuploid (Figure 4 d); these cells may have
developed aneuploidy during nocodazole treatment in the 24 h
before Adp27X"! infection (compare with Fig. 4 b). These
findings indicate that Adp27%®!-infected cultures will not ac-
cumulate additional aneuploid cells in the presence of nocoda-
zole. Similar results were obtained when U-373MG cells were
separately infected with AdBGal and Adp27X™"’ for 48 h be-
fore treatment with nocodazole for 24-48 h (data not shown).

Effects of p27%!"! on tumorigenicity. To determine whether
p57X!PT could affect the malignant potential of human tumor
cells, the effects of Adp27X¥"! infection on the malignant phe-
notype of U-373MG cells was examined in vitro and in vivo.

As a measure of tumorigenicity in vitro, loss of anchorage-
independent growth as manifested by focus formation in a soft
agar clonogenic assay was measured in the U-373MG,
UMSCC38 and D-54MG cell lines. In all cases, focus forma-
tion was decreased > 100-fold in Adp27X™-infected cells as
compared with AdBgal-infected cells or uninfected cells (Ta-
ble I).

To investigate the malignant potential of Adp27X7I-
infected cells in vivo, a nude mouse xenograft model was uti-
lized. Female nu/nu mice were injected subcutaneously with
equivalent amounts (1 X 107 cells) of adp27%'"-infected and
AdBGal-infected U-373MG cells on opposite flanks. In all

Table I. Focus Formation in Adp27%"!-infected cells

Cell Type AdBGal-infected Adp27X*! infected
U-373MG 153+/-29 1+/-1
D-54MG 719+/—6 33+/-2

eight mice tested, large tumors formed on the side injected
with AdBGal-infected cells, but no tumor formed on the side
injected with Adp27X/L-infected cells after 45 d of observation

(Fig. 5).
Discussion

Ecotopic overexpression of p27%/"! using a replication-defec-
tive adenovirus delivery system in a p53-mutated human astro-
cytoma cell line markedly affected cellular proliferation as
measured by increased [*H]thymidine incorporation, increased
cell doubling time and the accumulation of cells in G1. The
anti-proliferative effect of p275"7 is likely due to its ability to
inhibit CDKs leading to accumulation of cells in G1. This was
supported by our finding that CDK kinase activity was strik-
ingly down-regulated in Adp27¥ -infected cells.

Ectopic overexpression of p27%/F7 was also associated with
a marked decrease in the accumulation of aneuploid U-373MG
astrocytoma cells. While this may be due to enhanced genomic
stability, it may also be explained by a p27%/"/-induced selec-
tion against proliferating aneuploid cells due to the induction
of G1 arrest. However, the inhibition of aneuploid cell accu-
mulation of p27%Pl-infected cells cannot be explained exclu-
sively by cell cycle arrest since nocodazole treatment, which
causes mitotic arrest, did not inhibit aneuploidy in AdBGal-
infected U-373MG cells. Similar observations have been made
in nocodazole-treated murine fibroblasts that differ only with
respect to p53 status; p5S3-mutated cells exhibited aneuploidy
whereas p53-wild-type cells did not (6). The effect of p53 on
genomic stability is presumably mediated through cell cycle
checkpoint control (9, 19), possibly via the p53 transcriptional
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Figure 5. Tumor formation in nude mice. Equivalent numbers (1 X
107) of AdBGal- and Adp27X/"-infected U-373MG cells were in-
jected subcutaneously in the right (AdBGal) and left (Adp27X/7)
flanks of nu/nu female mice. Photograph representative of nine mice
(25 d after injection) in which a tumor formed at the site injected with
AdBGal- (arrowheads) but not Adp27X/"!-infected cells.
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target, p21"AFCIPL which functions similarly to p27%/F7 (22, 23).
In this context, ectopic overexpression of p27<"! may comple-
ment the cell cycle checkpoint defect in p53-mutated cells such
as U-373MG.

Finally, ectopic overexpression of p275/*7 in U-373MG as-
trocytoma cells was associated with a loss of anchorage inde-
pendence and by the inability to generate tumors in a murine
xenograft model. These findings combined with unique fea-
tures of brain tumors, suggest a potential treatment modality
for malignant brain tumors. Although adenovirus (or any
other current delivery system) cannot selectively deliver genes
to tumor cells, inadvertent ectopic overexpression of p27%/#!
should not be deleterious to adjacent nonreplicating postmi-
totic normal brain cells. Furthermore, although malignant
brain tumors are generally amenable to at least partial neuro-
surgical resection, they are typically fatal due to local recur-
rence that cannot be controlled or prevented by conventional
chemoradiography. Conceivably, Adp27</¥! (or a construct
similar to it) could be applied to a site after surgical resection
and inhibit proliferation of residual tumor cells but not be
harmful to normal brain. However, such an approach would be
predicated on the development of nonimmunogenic adenovi-
rus vectors which currently do not yet exist.
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