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Genetic Mechanisms of Tumor Suppression by the

Human p53 Gene

PHANG-LANG CHEN, YUMAY CHEN, ROBERT BOOKSTEIN,

WEN-HwaA LEE*

Mutations of the gene encoding p53, a 53-kilodalton cellular protein, are found
frequently in human tumor cells, suggesting a crucial role for this gene in human
oncogenesis. To model the stepwise mutation or loss of both p53 alleles during
tumorigenesis, a human osteosarcoma cell line, Saos-2, was used that completely
lacked endogenous p53. Single copies of exogenous p53 genes were then introduced by
infecting cells with recombinant retroviruses containing either point-mutated or
wild-type versions of the p53 cDNA sequence. Expression of wild-type p53 suppressed
the neoplastic phenotype of Saos-2 cells, whereas expression of mutated p53 conferred
a limited growth advantage to cells in the absence of wild-type p53. Wild-type p53 was
phenotypically dominant to mutated p53 in a two-allele configuration. These results
suggest that, as with the retinoblastoma gene, mutation of both alleles of the p53 gene

is essential for its role in oncogenesis.

UMOR-SUPPRESSOR GENES ARE DE-

fined as genes for which loss-of-func-

tion mutations are oncogenic (7).
Wild-type alleles of such genes may thus
function to prevent or suppress tumorigen-
esis. For example, introduction of wild-type
copies of the retinoblastoma gene (RB), the
prototype of this class (2), suppressed the
neoplastic properties of human tumor cells
with mutated endogenous RB, thereby pro-
viding direct evidence for tumor suppres-
sion by a single gene (3, 4). Another gene
product, p53, was first identified as a 53-kD
cellular protein that binds to SV40 T anti-
gen (5), a property that is also shared by RB
protein. The gene encoding p53 is common-
ly affected by deletions, rearrangements, or
point mutations in human and murine tu-
mor cells (6, 7). p53 was originally consid-
ered to be an oncogene because mutated
p53 alleles could transform primary rat em-
bryo fibroblasts in concert with an activated
ras gene (8). However, cotransfection of
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wild-type murine p53 was shown to reduce
transformation efficiency by many other on-
cogenes (9). These studies, and the observed
diversity of mutations in human tumors,
suggested that p53 might be a tumor sup-
pressor gene, that is, a gene that is inactivat-
ed by mutation. The dominant transforming
effect was presumed to be due to a “domi-
nant negative” activity of mutated p53 pro-
tein that somehow blocked the growth-
restricting function of wild-type p53 protein
in cells. This model suggested that the rela-
tive quantity of mutated to wild-type p53
could determine the transformed pheno-
type, but gene dosages could not be tightly
controlled in these transfection studies.
Because of such questions, as well as the
possibility of species-specific differences in
p53 function (10) and the uncertain rele-
vance of transformed animal cells to human
neoplasia, we sought to reassess the biolog-
ical properties of p53 in the human system.
The human osteosarcoma cell line Saos-2
was chosen as a host cell because it has no
endogenous p53, because of the complete
deletion of its gene (6). We used recombi-
nant retroviruses derived from Moloney
murine leukemia virus (Mo-MuLV) to in-

troduce mutated or wild-type p53 under the
long terminal repeat (LTR) promoter con-
trol. Cell clones isolated after infection and
selection carried only a single integrated
provirus of each type, and multiple clones
were analyzed to exclude positional effects.
A comprehensive assessment of biological
properties of these clones included morphol-
ogy, growth rates and saturation density in
culture, colony formation in soft agar, and
tumorigenicity in nude mice.

As a reference standard for human wild-
type p53, we used the genomic DNA se-
quence of Lamb and Crawford (11). Poten-

A 72 122 249 273
pS3LN—— oo y—————C
CGC  GTG AGG CGT
Ag Val Arg  Arg
2 12 249 273
p53B N. | } 4 c
CGC GIA AGA CGT
Arg Val Arg  Arg
2 12 249 273
pS3E N | } 4 c
CCC  GTG AGG CAT
Pro Val Arg His
B I L g
Vp53E-Neo  [LTR ps3E rsy  Neo LTR
W sem °
Vp53B-Neo LTR 538 |—lsv[ Neo TR
L sem o
Vp53B-Hygro  [utR 538 |—{rs¥ Fygro J{itR

1kb

Fig. 1. Comparison of three human p53 cDNAs,
and genomic organization of three recombinant
retroviruses for expressing p53 protein. (A) Three
human p53 cDNAs ar¢ diagrammed. The se-
quence reported by Lamb and Crawford (11),
here labeled as p53L, was derived by sequencing
clones from human fetal liver cDNA and genomic
libraries, and is considered to be wild type. p53B
is a cDNA clone derived from fetal brain RNA by
the RT-PCR method (12). The deduced amino
acid sequences of p53B and p53L were identical
despite two silent nucleotide substitutions as in-
dicated. p53E is a ¢cDNA clone (13) that has
amino acid substitutions at positions 72 and 273
relative to p53L or p53B. The Arg/Pro”? replace-
ment represents a common amino acid polymor-
phism (15) without known functional signifi-
cance, but the substitution of His for Arg at
position 273 is found exclusively in tumor cells
and is considered to be a mutation. Like many
other p53 mutations, Arg273 — His lies within
one of two conserved regions required for bind-
ing to SV40 T antigen (hatched boxes) (23). (B)
Genomic organization of three p53 retroviruses
are diagrammed. Vp53E-Neo was constructed by
inserting a 1.5-kb Hind III-Sma I DNA fragment
containing p53E into the plasmid pLRbRNL (3),
replacing RB ¢DNA. A 1.35-kb p53B DNA
fragment obtained by RT-PCR was inserted into
the pLRbRNL vector to form Vp53B-Neo. The
insert in one clone was entirely sequenced, as
diagrammed in (A). Vp53B-Hygro was con-
structed by insertion of a Hind IIT DNA fragment
containing p53B and the Rous sarcoma virus
promoter into plasmid 477 (a MuLV-Hygro vec-
tor provided by W. Hammerschmidt and B. Sug-
den). These constructs were then used to produce
the corresponding viral stocks as described previ-
ously (3). Some major restriction sites important
for construction are indicated. H, Hind III; R,
EcoR I; S, Sma I; B, Bam HI; and C, Cla I.
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tially wild-type p53 cDNA was isolated
from fetal brain RNA by the method of
reverse transcription—polymerase chain reac-
tion (RT-PCR), and was cloned into plas-
mid (12). The insert in one clone (designat-
ed p53B) was entirely sequenced (~1300
bp) to reveal a wild-type deduced amino
acid sequence despite two silent nucleotide
replacements (Fig. 1A). Another p53 cDNA
clone (p53E), isolated from epidermoid car-
cinoma cell line A431 (13), was also se-
quenced, and was found to contain a point
mutation at codon 273 that replaced Arg
with His (Fig. 1A). This is a functionally
significant mutation that has also been iden-
tified in p53 from two other tumor cell lines
(14). In addition, a neutral sequence poly-
morphism in codon 72 (Fig. 1A) encoded
cither an Arg (p53B) or a Pro (p53E). This
common amino acid polymorphism (15),
which is without known functional signifi-
cance, resulted in faster migration of p53B
than p53E protein by SDS—polyacrylamide
gel electrophoresis (PAGE), and was there-
fore used to distinguish between these pro-
teins when they were coexpressed in the
same cell.

The p53E and p53B fragments were then
inserted into a Mo-MuLV-based retroviral
vector containing neo as a selectable marker
gene to form Vp53E-Neo and Vp53B-Neo
viral genomes, respectively (Fig. 1B). In
addition, to facilitate double replacement,
Vp53B-Hygro was made by inserting p53B
into a similar vector containing the gene
conferring resistance to hygromycin (16).
Stocks of Vp53E-Neo, Vp53B-Neo, and
Vp53B-Hygro viruses were produced as de-
scribed (3) with titers of about 1 X 105,
2 x 10% and 1 x 105, respectively. Expres-
sion of p53 proteins from the viruses was
initially assessed in the murine NIH 3T3-
derived packaging line PA12, which was
used for virus production (3). Mutated and
wild-type human p53 proteins were detect-
ed in their respective virus-producing cells,
with the expected difference in migration by
SDS-PAGE (17). Because spontaneous mu-
tation of p53 may occur frequently in cul-
tured cells, we examined two additional
biochemical properties of these p53 pro-
teins: their cellular half-lives, and their abil-
ity to bind to T antigen. The p53B protein
had a half-life of 20 to 30 min compared to
4 to 5 hours for p53E protein (17), consis-
tent with published reports on the half-lives
of wild-type and mutated p53 proteins (18).
When virus-producing cells were transfected
with a plasmid expresssing large amounts of
SV40 T antigen, and lysates were immuno-
precipitated with antibody to p53 (anti-
p53) or antibody to T antigen (anti-T), T
antigen was coprecipitated with p53B but
not p53E protein (17), indicating that only
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Flg. 2. Expression of human
p53 proteins in virus-infect-
ed Saos-2 cells. Saos-2 cells
(lanes 1 and 7) were infected
cither with (A) Vp53E-Neo
to generate pS3EN (lanes 2
to 6) or with (B) Vp53B-
Neo and Vp53B-Hygro to
generate p53BN (lanes 8 to
10) and p53BH (lanes 11

AMi 23458

B mnna =

BM 7 8 910112 CM 13 14 15

L
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and 12) clones, respectively, as described in the text. (C) Saos-2 cells were also doubly infected with
Vp53E-Neo and Vp53B-Hygro to generate pS3EN-BN clones (lanes 13 to 15). Randomly selected

clones, and WERI-Rb27 cells (lanes M), were labeled with [3*S]methionine and imm

ipitatcd

with anti-p53 antibody, PAb421 (24) as described for (25). p53B (filled arrows) and p5S3E (open

arrows) are indicated.

P53B protein could bind to T. These results
suggested that p53B-containing viruses ex-
pressed wild-type p53 and that p5S3E-con-
taining virus expressed mutated p53 (19).
In previous experiments, Saos-2 cells in-
fected with parental viruses containing only
neomycin- or hygromycin-resistance genes
showed no changes in morphology and
growth rate compared to uninfected cells (3,
17), suggesting that drug selection did not
have a significant influence on their neoplas-
tic properties. Saos-2 cells infected with
comparable titers of cither Vp53E-Neo,

Vp53B-Neo, or Vp53B-Hygro in the pres-
ence of the appropriate selective agent each
yielded similar numbers of -resistant
colonies. Most colonies could be individual-
ly propagated into mass cultures, with the
notable observation that Vp53B-infected
cells grew much more slowly than Vp53E-
infected cells (see below). Vp53E-infected
clones uniformly expressed high concentra-
tions of p53E protein (Fig. 2A). Of 30
Vp53B-infected clones examined, about
80% expressed detectable p53B protein
(Fig. 2B). Two each of Vp53E-Neo and

Table 1. Neoplastic properties of p53 virus-infected Saos-2 cells. Soft-agar colony formation: equal
numbers (1 X 10° or 2.5 X 10*) of cells of the indicated clones were seeded in duplicate in 0.367%
soft agar as described (3). Total colony numbers were scored after 20 days. Individual colonies

contained more than 50 cells. T

‘umorigenicity: 1 X 107 cells from each clone were injected

subcutaneously into flanks of nude mice, and tumor formation was scored at 12 weeks.

No. of soft-agar colonies

formed with Tumorigenicity
Vlmso-cmusfected No. of mice p53.
1.0 x 10° 2.5 x 10* with tumor/no. cxpression
cells seeded cells seeded of mice
injected
Parental 392,388 104,76 10;10 None
p53EN 12;12 Mutated
p53EN-1 928;968 396,372
pS3EN-2 517;593 121;105
p53EN-3 485;534 96;123
p53EN-4 445;498 106;121
p53EN-5 582;441 132;172
p53BN 0;5 Wild type
p53BN-1 <l;<1 <l;<1
p53BN-2 <l;<1 <l;<1
p53BN-3 <l;<1 <l;<l
p53BN-4 <l;<1 <li<l
p53BN-R 414,384 54;48 3;3 None
p53BH 0;6 Wild type
p53BH-1 <l;<1 <l;<1
p53BH-2 <li<l <l;<1
p53BH-3 <l;<1 <1;<1
pS3EN-BH 0;5 Mutated +
wild type
p53EN-1-BH-1 <1;<1 <1;<1
p5S3EN-1-BH-2 <l;<1 <l;<1
p53EN-1-BH-3 <l;<1l’ <l;<l
p53EN-2-BH-1 <l;<1 <1;<1
p53EN-2-BH-2 <1;<1 <l;<l
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Fig. 3. Formation of p53B-T complexes in Saos-2
cells. Clones p53BN-1 (lanes 1 and 2), p53BH-1
(lanes 3 and 4), pS3EN-1-BH-1 (lancs 5 and 6),
and p53EN—l-BH—2 (lanes 7 and 8) were trans-
fected with plasmid pRSV40T as described (25),
and 60 hours later were metabolically labeled with
[35S]methionine. Cell lysates were immunopre-
cipitated with PAb421 (lanes M, 1, 3,5 and 7) or
with PAb419, a monoclonal annbody against
SV40 T antigen (lanes 2, 4, 6 and 8). PAb419
coprecipitated only p53B in cells expressing both
p53B and p53E.
Vp53B-Hygro clones were randomly sclect-
ed for a second infection by the other virus,
and double-infected clones were isolated
and propagated as above. These clones co-
both p53E and p53B protein
(Fig. 2C). In order to again verify that p53B
protein in these cells was not secondarily
mutated, p53B-expressing clones were
transfected with the SV40 T antigen plas-
mid, and cell lysates were immunoprecipi-
tated as described above (Fig. 3). Anti-p53
coprecipitated T in each clone, but anti-T
coprecipitated only p53B, even in cells ex-
pressing both p53B and p53E. The half-life
of p53B in Saos-2 was also measured and
was similar to that of p53B in PA12 cells
(17). These data again support the notion
that Vp53B-infected Saos-2 clones ex-
pressed wild-type p53.

Five randomly chosen clones that stably
expressed pS3E protein (pS3EN-1 to
p53EN-5) were compared to parental
Saos-2 cells in terms of morphology (Fig.
4), growth rate [as doubling time (Fig.
5A)], saturation density (Fig. 5B), soft-agar
colony formation, and igenicity in
nude mice (Table 1). A difference in mor-
phology was observed only under condi-
tions of cell crowding, where cells of EN
clones were far smaller and more refractile
than parental cells (Fig. 4B). Correlatively,
saturation density of the former was four- to
fivefold greater than that of parental cells
(Fig. 5B). This relative growth advantage
was seen despite similar doubling times as
measured under sparse growth conditions
(Fig. 5A). Four EN clones and parental cells
shared similar efficiencies in soft-agar colony
formation and tumorigenicity in nude mice
(Table 1). One clone, p5S3EN-1, had notice-
ably augmented abilities in both respects; in
particular, it reliably formed large tumors

1578

A Parental P53EN-

from as few as 5 x 10° injected cells (17).
We considered this discrepancy to be within
the range of clonal variability expected
among tumor cells. These results suggested
that mutated p53 functioned in the absence
of wild-type p53 to confer a limited growth
advantage (higher saturation density) to
Saos-2 cells in culture. In many other aspects
of the neoplastic phenotype, the presence of
point-mutated p53 was essentially equiva-
lent to complete absence of p53.

In comparison to parental Saos-2 cells,
clones expressing p53B (wild-type p53 pro-
tein) were invariably enlarged and flattened
(Fig. 4) and had prolonged doubling times
in culture of about 70 hours rather than 30
to 36 hours for parental or EN cells (Fig.
5A). The cfficiency of soft-agar colony for-
mation was reduced to less than the thresh-
old for detecting a single colony, whereas
parental cells and EN cells formed hundreds
of colonies under the same conditions (Ta-
ble 1). Injection of 1 X 107 cells of each of
seven p53B-expressing clones into the flanks
of nude mice resulted in the formation of no
tumors after 12 wecks, even while the same
number of parental or p5S3E-expressing cells
formed tumors in all contralateral flanks
(Table 1). These findings could not be ex-
plained by a peculiar effect of viral infection
and selection because one clone, Vp53BN-
R, derived from Vp53B-Neo—infected cells
but lacking detectable expression of p53B,

1 pS3EN-2 p53BN

rental cells (Table 1). The ~50% reduction
of growth rate of cultured Saos-2 cells ex-
pressing p53B was insufficient to account
for the complete loss of tumorigenicity and
soft-agar colony formation, implying that
wild-type p53 specifically the
neoplastic phenotype of these cells. These
results suggest that loss of wild-type p53
was a significant event during the genesis of
this tumor line, and, by extension, of other
osteosarcomas with mutated endogenous
p53 genes (6).

Because both mutated and wild-type p53
proteins were apparently functional in
Saos-2 cells, we asked whether both activi-
ties could be simultaneously coexpressed,
whether they canceled out one another, or
whether one activity was clearly dominant.
The configuration of one wild-type and one
mutated allele was most relevant to natural
human tumorigenesis, because this is a nec-
essary intermediate step on the pathway
toward complete loss of wild-type p53. In-
fection of two different p5S3E-expressing
clones with Vp53B-Hygro yielded 22 hy-
gromycin-resistant clones, of which 15 co-
expressed both p53B and p53E. To deter-
mine the number of integrated copies of
cach virus present in these clones, we ana-
lyzed genomic DNA of three clones derived
from p53EN-1 cells infected with Vp53B-
Hygro by Southern (DNA) blotting (Fig.
6). Hybridization with neo as a probe

had a phenotype indistinguishable from pa-  showed a single, common junctional frag-
Fig. 5. Growth effects of A = Parental

p53 cxpression in Sacs-2 w2 P;%E: N Ry
cells. (A) Doubling times of e gsaBH i/

parcntal Saoe-2 cells and vi- 8 = p53EN-BH T A
rus-infected dlones inan ex- 8 ) | A ¥ pF s
ponential growth stage. o :

Equal numbers of cach cell £ | §§§§ g 5 « Parental
type were seeded into 60- 2 §§§% ; 3 - pSIEN 1
mm cultur dishes; cells of S 4 . N o PSIEN-2
two dishes were trypsmmd a8 rrr NN | :

e N o pS3EN-3
and counted at daily inter 4 ;;f%% N | « pSIEN-4
vals for 4 days. Doublﬁ;nlg 0 N L ’ « PSIENS

rod ¢ Clones 03 7 1 23

lines fitted to log cell num-

bers. (B) Saturation density

of Saos-2 and EN clones. Equal numbers (
5 cells of two dishes were

and counted at the times indicated. Plotted

Day

1 X 10°) of cells were seeded into 60-mm culture
points were mean

cell numbers from duplicate dishes. Saturation density of pS3E-expressing cells was four- to fivefold

greater than parental cells.
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Fig. 6. p5S3EN-BH cells harbored one copy of
Vp53E-Neo and one copy of Vp53B-Hygro.
Genomic DNA (10 ug) extracted from parental
Saos-2 cells (lanes 1), and clones pS3EN-1 (lanes
2), p53EN-1-BH-1 (lanes 3), p5S3EN-1-BH-2
(lanes 4), and p53EN-1-BH-3 (lanes 5), was
digested with Eco RI, and separated in 0.7%
agarose gels. Southern transfer was rmed,
and nylon membranes were hybridized with 32P-
labeled neo (A) or hygro (B) DNA probes, by
standard methods (26). A single, unique junction
fragment is seen in each clone with each probe,
indicating single integrated copies of each virus.

ment in all three clones, indicating the pres-
ence of a single integrated copy of Vp53E-
Neo in Pp53EN-1 cells (Fig. 6A).
Hybridization with hygro showed a single,
unique junctional fragment in each clone,
indicating the presence of single, indepen-
dently integrated copies of Vp53B-Hygro
in p5S3EN-BH clones (Fig. 6B). Single
integrations were expected, based on pre-
vious use of a related recombinant retrovi-
rus at comparable titers (3). These findings
confirmed that p53EN-BH clones indeed
contained one integrated copy of each vi-
rus, and that both exogenous p53 genes
were expressed (Fig. 2). By criteria of
morphology, growth rate, saturation den-
sity, soft-agar colony formation, and tum-
origenicity in nude mice, double-replace-
ment clones were indistinguishable from
clones expressing only p53B (Figs. 4 and 5,
Table 1). Cells obtained by infecting in the
other order, that is, p53B-expressing cells
infected with Vp53E-Neo, had the same
phenotype (17). Complete dominance of
wild-type p53 activity was observed de-
spite the ~10-fold lower quantities of
wild-type than mutated p53 in these cells,
an expected consequence of the shorter
half-life of wild-type p53.

In sum, single copies of wild-type p53
were sufficient to suppress the neoplastic
phenotype of human osteosarcoma cells
lacking p53 expression, as well as of cells

14 DECEMBER 1990

expressing a mutated p53 allele. These re-
sults are consistent with the findings of
Baker et al. (20) that transfection of human
wild-type p53 suppressed the growth of
human colorectal tumor cells, even those
with mutated endogenous p53 alleles. These
studies suggest that, like RB, human p53 has
a broad suppression activity in many tumor
types. The dominance of wild-type over
mutated p53 in a two-allele configuration
suggests that both wild-type p53 alleles
must be lost for an oncogenic effect of this
gene (21). Moreover, transfected wild-type
p53 failed to suppress the growth of human
colorectal adenoma cells containing wild-
type p53 alleles (20); similarly, exogenous
RB failed to suppress osteosarcoma cells
with wild-type endogenous RB (3). Thus
the suppressive effect of exogenous RB or
p53 may be limited to tumor cells lacking
wild-type endogenous RB or p53. These
shared properties of RB and p53 reinforce
the tumor suppressor gene concept, includ-
ing the possible clinical use of their replace-
ment in appropriate tumor cells.

One question not answered by previous
studies is whether point-mutated p53 has
some function, or whether it is completely
functionless, that is, is equivalent to its
complete deletion. The mutated human p53
allele we used retains some function, because
its insertion into osteosarcoma cells aug-
mented their saturation density in culture
(22). Mutated p53 alleles may confer a
growth advantage or a more malignant phe-
notype to tumor cells without wild-type
p53, thereby explaining why mutated p53
alleles are commonly retained in tumor cells.
Additional experiments are needed to ad-
dress this proposal. The idea that mutated
p53 has a biological function, and that its
function is recessive to that of wild-type
p53, is inconsistent with the hypothesis of a
dominant negative effect, at least as it applies
in natural human tumorigenesis. The dom-
inant transforming properties of mutated
murine p53 alleles may be due to the high
copy numbers of genes introduced by trans-
fection, and the resulting massive overex-
pression of mutated p53. Under conditions
of equal gene dosage, wild-type p53 is able
to override the influence of mutated p53
despite a tenfold molar excess of the latter.
These observations may be explained by
competition of wild-type and mutated p53
for common cellular targets, for which wild-
type p53 is much more avid. In this model,
wild-type and mutated p53 would transmit
opposite growth signals to these targets,
with total absence of p53 perhaps an inter-
mediate signal. Alternatively, mutated p53
may act in an independent pathway to pro-
mote sclective features of the neoplastic phe-
notype.
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. Cloning of wild-type p53 (p53B) cDNA: ~5 ug of
fetal brain RNA were mixed with 1.5 pg of oli-
80(dT) primer and 60 units of avian mycloblastosis
virus reverse transcri in cDNA buffer (50 mM
tris-HCl, pH 8.0, 80 mM KCl, 5 mM MgCl,, ] mM
cach deoxyadenosine triphosphate, deoxyguanosine
triphosphate, dcoxythymidine triphosphate, and
deoxycytidine triphosphate). The reaction mixture
was incubated for 90 min at 42°C. After reaction,
RNA was degraded with 0.5 M NaOH, and single-
stranded cDNA was precipitated with ethanol. PCR
amplification was carried out with one-tenth of the
<DNA, 100 ng of cach oligonucleotide primer (5'-
TGCAAGCTTTCCACGACGGTGACACGCT-3'
and 5'-AGTGCAGGCCAACTTGTTCAGTGGA-
3'), and 5 U of Taq polymerase in PCR buffer (50
mM KCl, 10 mM tris-HCI, pH 8.3, 1.5 mM MgCl,,
and 0.001% gelatin) for 40 cycles in a programma-
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Norwalk Virus Genome Cloning and Characterization

X1 J1aANG, DAvID Y. GRAHAM, KENING WANG,* MARY K. ESTEST

Major epidemic outbreaks of acute gastroenteritis result from infections with Norwalk
or Norwalk-like viruses. Virus purified from stool specimens of volunteers experimen-
tally infected with Norwalk virus was used to construct recombinant complementary
DNA (cDNA) and derive clones representing most of the viral genome. The specificity
of the clones was shown by their hybridization with post- (but not pre-) infection stool
samples from volunteers infected with Norwalk virus and with purified Norwalk virus.
A correlation was observed between the appearance of hybridization signals in stool
samples and clinical symptoms of acute gastroenteritis in volunteers. Hybridization
assays between overlapping clones, restriction enzyme analyses, and partial nucleotide
sequence information of the clones indicated that Norwalk virus contains a single-
stranded RNA genome of positive sense, with a polyadenylated tail at the 3’ end and
a size of at least 7.5 kilobases. A consensus amino acid sequence motif typical of viral

RNA

t RNA polymerases was identified in one of the Norwalk virus clones.

The availability of Norwalk-specific cDNA and the new sequence information of the
viral genome should permit the development of sensitive diagnostic assays and studies

of the molecular biology of the virus.

CUTE GASTROENTERITIS IS ONE OF
Athc most common illnesses in the
United States (1, 2), with a large
number (up to 42% of outbreaks) of cases
estimated to be caused by Norwalk or Nor-
walk-like viruses (3). Both water- and food-
borne transmissions of Norwalk virus have
been documented, and particularly large ep-
idemic outbreaks of illness have occurred
after consumption of contaminated shellfish
including clams, oysters, and cockles (4-10).
Norwalk virus was discovered in 1973,
but knowledge about the virus has remained
limited because it has not been possible to
propagate the virus in cell culture and suit-
able animal models have not been found (2).
Human stool samples obtained from out-
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breaks and from human volunteer studies
have been the only source of virus. More-
over, the concentration of virus in stool is
usually so low that virus detection by rou-
tine electron microscopy is not possible (11-
13). Current methods of Norwalk virus de-
tection include immune electron microscopy
and other immunologic methods such as
radioimmunoassays (RIAs) or biotin-avidin
enzyme-linked immunosorbent assays (ELI-
SAs), which use sera from humans in acute
and convalescent phases. To date, because of
cither insufficient quantities or unusual
properties of the viral antigen, no hyperim-
mune serum from animals has been success-
fully prepared. Preliminary biophysical char-
acterization of virions has indicated that
particles contain one polypeptide (14), but
efforts to characterize the viral genome have
failed. Therefore, these viruses have re-
mained unclassified and difficult to study.
Molecular cloning was seen as an approach
to overcome these problems.

To permit better diagnosis and molecular
characterization of Norwalk virus, we con-
structed a cDNA library derived from nu-

Fig. 1. Electron micrograph of Norwalk virus
particles after CsCl gradient purification. Virus
was visualized by staining with 1% ammonium
molybdate. Scale bar, 50 nm.

cleic acid extracted from virions purified
from stool samples obtained from volun-
teers. Norwalk virus (8FIla) was adminis-
tered orally to adult volunteers (15, 16).
Stool samples collected after infection were
examined for Norwalk virus by either RIAs
or direct or immune electron microscopy.
Stools from two patients containing the
highest amount of Norwalk virus were used
as the source of virus for cloning. Norwalk
virus was purified by methods used previ-
ously for preparation of hepatitis A and
rotaviruses from stool, with some modifica-
tions (17, 18). Basically, stools containing
Norwalk virus were treated with Genetron
(1,1,2-trichloro-1,2,2-trifluoroethane) to re-
move lipid and water-insoluble materials. Virus
in the aqueous phase was then centrifuged
through a 40% sucrose cushion, and the result-
ant pellets were suspended, sonicated, and
loaded in a CsCl gradient for isopycnic centrif-
ugation. Approximately 10° physical particles
of virus of relatively high purity (Fig. 1) were
obtained from 500 g of stool.

Nucleic acids were extracted from these
purified viruses by proteinase K treatment of
the samples followed by phenol-chloroform
extraction and ethanol precipitation (19).
Because the nature of the viral genome was
unknown, the extracted nucleic acids were
denatured with methylmercuric hydroxide
before cDNA synthesis. Random primed
cDNA was synthesized and a small amount
of cDNA was obtained (19). Direct cloning
of this small amount of cDNA was unsuc-
cessful so a step of amplification of the DNA
was performed by synthesizing more copies
of the DNA with random primers and the
Klenow fragment of DNA polymerase I
before cloning. This cloning method was
developed based on control experiments in
which we amplified a known ¢cDNA frag-
ment of hepatitis A virus (20). The proce-
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