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Abstract— PLC/PRF/5 is a human liver cancer cell line which synthesizes hepatitis B
virus surface antigen (HBsAg). These cells produced tumor in 6 of 8 (75%)
congenitally athymic nude mice at 13 of 28 subcutaneous injection sites and in 13 of 14
(93%) mice inoculated intraperitoneally. Tumors were successfully transplanted to 4 of
6 additional nude mice. Tumor growth was rapid. Growth of cephalad tumors was
significantly greater than for caudal tumors (0.39 mm/day versus 0.28 mm/day).
Microscopic examination of tumors showed moderately well-differentiated hepatocellular
carcinoma. Foci of identical cells were present in pulmonary veins in 7 of 14
tumor-bearing animals. Tumor cell karyotype was identical with that of PLC/PRF/5
cells. In addition, HBsAg was detectable in high titer in animals with extensive tumor.
Biological features of PLC/PRF/5-induced tumors in nude mice appeared to closely
resemble human hepatocellular carcinoma. Moreover, HBsAg may provide a marker of

tumor growth.

INTRODUCTION

HEPATOCELLULAR carcinoma is a leading cause
of cancer-related deaths in Asia, Africa and
Greece. In these areas hepatitis B virus (HBV)
appears to be causally related, since active in-
fection is found in up to 90% of cases, as
evidenced by the presence of viral coat antigen
(HBsAg) or antibody directed against the in-
ternal core (anti-HBc) of the virus in the serum
of patients with tumor [1,2]. Moreover, HBV
antigens may be found in malignant hepato-
cytes as well as in the surrounding non-malig-
nant liver cells [2,3]. In control populations
without primary liver cancer in the same coun-
tries, HBV infection is 5- to 10-fold less pre-
valent than in persons with primary liver
cancer. The causal relationship is further
strengthened by the fact that primary liver
cancer cell lines (PLC/PRF/5 and Hep 3B)
have been developed from two patients who
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had circulating HBsAg [4,5]. Both cell lines
secrete HBsAg into the supernatant [5, 6], but
other HBV gene products such as cores, intact
HBV (Dane) particles or virion-associated DNA
polymerase activity have not been detected in
these cells [7, 8]. Moreover, in both cell lines the
entire HBV genome is integrated into hepato-
cyte DNA [7,9], which simulates the trans-
formed state associated with other oncogenic
animal viruses such as Epstein~Barr virus and
Simian virus 40.

Development of an animal model in which
tumor growth occurs after transplantation of
these cell lines would facilitate study of the
biology of primary liver cancer associated with
HBV. It is therefore of importance that these
cell lines produced tumors when injected in
nude mice [10,11]. In one study tumors
developed only when inoculated beneath the
renal capsule [10]. In another study PLC/PRF/5
cells produced subcutaneous tumors at the site
of inoculation in irradiated nude mice, though
tumor growth occurred iu only 4 of 27 (15%)
non-irradiated animals [11]. At about the same
time we produced tumors in nude mice by
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intraperitoneal inoculation of PLC/PRF/5 cells
(F.RS., S.P. and ].W.K., unpublished obser-
vations). We performed additional studies to
characterize aspects of this model previously
not described. This report describes the suc-
cessful transplantation in high yield of
PLC/PRF/5 tumor cells in non-irradiated nude
mice by simple subcutaneous or intraperitoneal
inoculation. It is the first description of pul-
monary metastases in PLC/PRF/5 tumor-bear-
ing animals, demonstration of regional
difference in the growth rate of this tumor in
nude mice, correlation of serum HBsAg levels
with tumor size and documentation that the
tumor cell karyotype is stable in vitro and is not
altered by passage in mice.

MATERIALS AND METHODS

Tissue culture

A human hepatocellular carcinoma cell line,
PLC/PRF/5 [4], derived from a 24-year-old
male with primary liver cancer and whose
blood contained HBsAg, was maintained in
Dulbecco’s modified Eagle’s media sup-
plemented with 7.5% fetal bovine serum,
sodium bicarbonate and antibiotics under 5%
CO, at 87°C. Cells for animal inoculation were
harvested from passage number 116 by gentle
trypsinization (0.05% trypsin and 0.001 mM
EDTA). Concentrations of viable cells were
determined by trypan blue exclusion.

Tumors were removed from mice by blunt
dissection under sterile conditions. Tumor tis-
sue was cut into l-mm® fragments and dis-
sociated for 20 min with DNAase and pronase
in Eagle’s basal media without calcium. The
cells were washed three times, resuspended in
minimal essential media supplemented with
75% fetal bovine serum, L-glutamine and
sodium bicarbonate, and plated in plastic flasks.

Mice

Weanling congenitally athymic nude (nu/nu)
mice [N:NIH(S) Webster, sixth backcross
generation] were obtained from Life Sciences,
Inc., St. Petersburg, FL. Mice were handled
under stringent conditions to avoid infection
and maintain optimal health. Groups of 5-6
animals were housed in plastic cages within a
flexible film isolator equipped with HEPA air
filtration. Initial sterilization of the isolator and
all transfers through the docking port were
done with aerosolized 2% peracetic acid.

Method of inoculation and measurement of tumor
size

Four- to six-week-old mice were inoculated
with 0.1 ml (8 X 10°~107 cells) into each of 4 flank

sites (2 caudad and 2 cephalad) or 0.5-1ml
(3 X 10°~10° cells) intraperitoneally. Solid PLC/-
PRF/b tumors excised from animals that de-
veloped tumor nodules at subcutaneous in-
jection sites were cut into 1-mm?® pieces and
inoculated through a 13-gauge trocar into
other nude mice.

Animals were examined daily for signs of
illness and tumor growth. The latent period
was defined as the first appearance of sub-
cutaneous tumor growth measurable in at least
two diameters. When tumors reached sufficient
size, measurements were made in three
dimensions, three times per week. Growth rates
of subcutaneous tumors were determined
from calculations of geometrical mean diame-

ters (\3/(L>< W X H)). Intra-abdominal tumor
growth was detected pre mortem by the ap-
pearance of opaque nodules which were readily
seen through the transparent skin over the
abdominal wall.

Chromosome analysis

At 48-72hr after replating, cultures were
treated with Colcemid (0.5 wg/ml) for 2—4 hr
and harvested by gentle trypsinization (Gibco
EDTA-trypsin combination). Cells were sus-
pended in 0.075M KCl for 15 min at 37°C and
fixed in freshly prepared cold methanol-acetic
acid (3:1). Fixative was changed 3 times after
30-min intervals and cells were suspended in
fresh fixative overnight. Cells were dispersed in
fixative to achieve an even spread on cold,
moist slides, air-dried for 30-40 sec and stored
at 4°C. Metaphase spreads were evaluated by
Q- and G-banding [12, 13].

Tests for HBsAg and DNA polymerase activity
One hundred to 150 ul of blood were
obtained by tail vein bleeding prior to tumor
challenge and every two weeks thereafter.
Immediately prior to autopsy 0.7-1.0ml of
blood were obtained by cardiac puncture after
animals were anesthetized with sodium pen-
tobarbital. Serum was tested for HBsAg by
radioimmunoassay (Aus-RIA II, Abbott
Laboratories). Due to the small volumes of
blood obtained by venipuncture, 25 or 40 ul of
serum were diluted to 200 ul in phosphate-
buffered saline, pH 7.5, for the HBsAg assay.
Positive results were defined as a P: N ratio
>2.1, where P was the number of gamma
counts per minute (cpm) of the test sample and
N was the average cpm of 7 negative controls.
Mouse serum was tested for Dane particle
DNA polymerase activity by a previously des-
cribed method [14]. In brief, 40-150 w1 of test
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serum was centrifuged at 175,000 g for 6 hr.
The pellet was resuspended in a 75 ul reaction
mixture which contained 66 uM dATP, 66 uM
dCTP, 66 uM dGTP, 1.3 uM [PH]-dTTP (New
England Nuclear, 97 Ci/mmole), 256 mM MgCl,,
66 mM Tris-hydrochloride, pH 7.5, 80mM
NH,CI, 0.5% Nonidet P-40 and 0.1% 2-mercap-
toethanol. The reaction mixture was incubated
at 37°C. At 3 hr, 50 il of the reaction product
were removed and precipitated onto Whatman
3-mm paper disks with 5% trichloroacetic acid.
Ten pul were removed from the reaction mix-
ture before [PH}-dTTP was added and served
as measurement of background activity. Sam-
ples were counted in a Beckman LS-9000 scin-
tillation counter. Plasma from three persons
known to contain high levels of Dane particle
DNA polymerase activity were included as
positive controls. Positive reactions were
defined as cpm > 2 times background.
Supernatant of primary cell cultures made
from mouse PLC/PRF/5 tumors were also tes-
ted for Dane particle DNA polymerase activity.
One hundred ml aliquots of supernatant from
cells on various days after passage were cen-
trifuged and assayed as described above.

RESULTS
Growth of primary tumor and metastases
Six of 8 (75%) nude mice injected sub-
cutaneously with PLC/PRF/5 cells developed
tumor nodules at 13 of 28 (46%) injection sites
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(Table 1). The mean latency period for visible
tumor growth was 28 days (range 18-48 days).
These tumors reached large size and in several
measured more than 15 mm in diameter. One
large, lobular tumor, measuring 28X 21X
20 mm, extended from the point of inoculation
and encased the left leg such that this extremity
could not be moved, The average growth rate
for the tumors as a group was 0.35z%
0.006 mm/day. Primary tumors were removed
from two animals and reinoculated sub-
cutaneously into six additional animals. Four of
the 6 (67%) developed palpable tumors at 7 of
10 (70%) injection sites in an average of 15 days
(range 11-29 days). These tumors grew an
average of 0.29 £ 0.012 mm/day.

Tumor developed in 8 of 9 (89%) animals
when cells were inoculated into the in-
traperitoneal cavity (Table 2). Tumor became
palpable or visible as opaque nodules beneath
the transparent skin over the abdomen in a
mean time of 33 days (range 18-72 days) after
inoculation. At autopsy the abdominal cavity
was characteristically filled with clusters of
nodules which grossly distorted the normal
anatomy. Loops of bowel were often encased
by tumor. Tumor frequently invaded other
abdominal organs such as spleen, pancreas,

stomach and diaphragm by direct exten-
sion.

Microscopically, tumors from  subcut-
aneous or abdominal sites showed pleo-

Table 1. Subcutaneous inoculation of PLC/PREF]5 cells or tumor into nude mice

No. of cells No. tumors/ Latency Maximum Growth Microscopic Serum

inoculated No. sites period? GMD§ rate| pulmonary HB,Ag
Animal per site inoculated (days) (mm) (mm/day) metastases (dilution)
S*-1 7.8 x10° 3/4 21,21,28 16, 15,15 NT — NT
S-2 7.8 x10° 2/4 21,28 NT NT + NT
S-3 7.8 x 10° 2/4 28, 35 NT NT + NT
S-4 3.2x 10° 1/2 18 23 0.46 NT 48359 (1:8)
S-5 3.2 x 10 0/2 — — — — 214 (1:8)
S-6 5.0 10° 2/4 34,48 1,5 0.36, 0.34 -— 205 (1:5)
S-7 5.0 x 108 0/4 — — — — 144 (1:8)
S-8 5.0 10° 3/4 21,21,27 8,11,35 0.24,0.35,0.38 + 12,432 (1:2)
T+-1 — 0/1 — — — NT 179 (1:8)
T-2 — 0/1 —_ — — NT 208 (1:8)
T-3 — 2/2 18,29 58 0.18,0.38 + 232 (1:8)
T-4 — 1/2 13 5 0.16 — NT
T-5 — 2/2 11,15 9,8 0.32,0.22 — 187 (1:8)
T-6 — 2/2 13,13 13,10 0.49,0.32 — 264 (1:8)

*S refers to mice inoculated subcutaneously with PLC/PRF/5 cells.
+T refers to mice given PLC/PRF/5 tumor chips by trocar inoculation.
1Time until tumor growth was measurable in at least 2 diameters.

§GMD refers to geometric mean diameter.
[Increase in GMD per day.
fPositive score is > 396 cpm.
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Table 2. Intraperitoneal inoculation of PLC/PRF/5 cells into nude mice

Tumor Latency Microscopic  Day HBsAg Maximum
No. of cells detected periodt pulmonary first detected HBsAg in serum
Animal inoculated at autopsy (days) metastases in serum (dilution)
IP*-1 3.2 % 10° — — — — -
1P-2 3.2x 108 + 72 + 79 20,158 (1:2)
IP-3 3.2x 10 + — —_ 58 1735 (1:2)
IP-4 4.1x10 + 34 + 34 4494 (1:2)
IP-5 4.1x10 + 24 — 24 18,107 (1:5)
IP-6 4.1x10 + 24 + 24 4088 (1:5)
1P-7 2.4 x 107 + 28 NT 18 20,011 (1:2)
IP-8 2.4x 10 + 18 NT — 176 (1:5)
IP9 2.4x 10 + 28 NT 18 13,081 (1:8)

*IP refers to intraperitoneal inoculation.

+Time from inoculation until tumor first visible or palpable.

morphic epithelial cells which were occasion-
ally binucleate, contained numerous mitotic
figures and were arranged in a somewhat
disorganized but definite cord-like archi-
tecture with intervening sinusoidal spaces.
In some subcutaneous tumors, bands of lym-
phocytes invaded the periphery of the tumor.
Of particular significance was the fact that 4 of
the 9 animals which developed subcutaneous
tumors and 3 of the 5 which developed tumor
after intraperitoneal inoculation were found to
have pulmonary metastases. Tumor cells
extended along the lumen of pulmonary veins
(Fig. 1). In one animal with pulmonary metas-
tases, tumor cells were present in a sub-
cutaneous lymphatic (Fig. 2) adjacent to a
PLC/PRF/5 tumor. Tumor was not found in
livers or kidneys. Moreover, livers showed no
acute inflammation.

In animals inoculated subcutaneously, tumor
cells placed cephalad grew on the average of
0.39 mm/day during linear growth, compared
to caudal tumors which grew slower at
0.28 mm/day. This difference was significant
(P <0.05, Student’s t-test). The average
geometric mean diameter (GMD) of cephalad
tumors measured 13 mm at 24 days of growth,
compared to 8.6 mm for caudal tumors after
the same period of measurable growth.

In 4 animals that received PLC/PRF/5 cells
subcutaneously and one given an in-
traperitoneal inoculation, there was no evi-
dence of tumor growth at post-mortem
examination, and HBsAg was not detected in
serum. Microscopic examination of these ani-
mals showed no mouse hepatitis virus infection,
which may have augmented the immune res-
ponse to the tumor cell challenge. Livers and
spleens showed no Kupffer cell or lymphoid
hyperplasia, respectively. Thus, the reason for

the absence of tumor take in these 5 animals
was not apparent.

Detection of HBsAg in sera

HBsAg was detected in serum of 2 of 8 mice
with tumors produced by subcutaneous in-
jection of PLC/PRF/5 cells or solid tumor
(Table 1). One of these 2 animals had the
second largest subcutaneous tumor (21 X 28 X
28 mm), with a GMD of 23 mm, and the other
had three tumors, one of which was the largest
measured tumor, with a GMD of 35 mm. The
antigen was only detected at autopsy and not
earlier. The other animals with subcutaneous
tumors but without HBsAg in serum all had
tumors with GMDs <13 mm.

Of the 9 tumor-bearing mice which received
tumor cells by intra-abdominal inoculation and
in whom serum was tested for HBsAg, 8 (89%)
had detectable HBsAg (Table 2). These 8 mice
had large clusters of peritoneal tumor nodules
as well as extensive local organ metastases. The
mean P: N in this group was 25.4 at an average
serum dilution of 1:4. The one mouse without
HBsAg (IP-8) had a small tumor mass with only
a few nodules scattered over the peritoneum
and no metastases.

To determine whether HBV latent in the
PLC/PRF/5 tumors in mice reactivated to repl-
icate in vivo, mouse serum was tested for Dane
particle DNA polymerase activity. All samples
evaluated for HBsAg contained (*H]-labeled
acid-precipitable DNA of less than 2 times the
background and were therefore considered
free of Dane particles. Positive controls gave
counts greater than ten times the background.

Primary cultures of subcutaneous tumors
Primary cultures made from subcutaneous
tumors showed mixed fibroblast and epithelial
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Fig. 1. PLC/PRF/5 tumor in & pulmonary vascular space of a nude mouse inoculated subcutaneously with tumeor cells.
H. & E. x 375,

Fig.2.  PLC/PRF/5 tumor in a thin walled vessel in subcutaneous tissue at a tumor cell inoculation site. H. & E. x 192.
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Fig. 4. Q-banded karyotype of a mouse PLC/PRF|5 in its seventh passage in culture.
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cells. By the fifth passage, fibroblasts were no
longer detected. The epithelial cells showed
morphologic and growth characteristics iden-
tical to the parent cell line. The supernatant
contained high levels of HBsAg but no HBV
DNA polymerase activity.

Karyotype

One hundred cells from a mouse PLC/PRF/5
tumor grown in culture were randomly studied
in detail. The chromosomes were entirely
human, with a modal number of 56 (Fig. 3).
The sex chromosomal complement of all cells
consisted of two X chromosomes. Several
hundred additional cells were scanned for a Y
chromosome and none was observed.
Numerous autosomal chromosomal abnor-
malities were also present (Fig. 4).
Chromosomes 17 had been lost. At least one
apparently normal chromosome was found for
each of the other pairs, and for several pairs
two or three copies were found. Abnormalities
included 2q-, 3p-, 5q-, t(14:14), i(22) and three
unidentifiable markers, presumably rear-
rangements of C-group chromosomes.
Chromosomal analysis of PLC/PRF/5 cells from
passage number 89 which had not been pre-
viously introduced into animals showed the
identical karyotype.

DISCUSSION
The results of these experiments indicate
that PLC/PRF/5 cells transplanted to athymic
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Fig. 3. Histogram of the frequency of chromosome numbers in
100 mouse PLC/PRF/5 tumor cells. The modal chromosome
number is 56.
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nude mice produced tumors in high yield when
inoculated either subcutaneously or in-
traperitoneally. This confirms a preliminary
report which indicated that these cells could be
successfully grafted to nude mice without ap-
plication of sublethal irradiation or recourse to
surgery for subcapsular implantation of cells
beneath the renal capsule [15]. We documented
that tumor growth was rapid and that tumor
spread locally by direct extension or distantly
by vascular dissemination to lung. These fea-
tures closely resemble characteristics by which
primary liver cancer spreads in humans.

Microscopic examination indicated that these
tumors maintained histologic fidelity on serial
passage in mice. In addition, morphologic and
growth characteristics of primary cell cultures
from these tumors remained unchanged after
heterotransplantation. Karyotype analysis of
tumor cells confirmed that the tumors were of
human origin. There was no detectable mouse-
human hydridization. However, extensive
chromosomal rearrangements and deletions
were present. These abnormalities were also
present in the parent cell line. The
chromosomal pattern has remained remarkably
stable over a period of at least 27 passages and
did not undergo alteration after passage in the
nude mouse. The absence of a Y chromosome
probably reflects random chromosomal loss
during early passages in which the cell line
became established in culture.

At least one cellular protein function, HBsAg
production, was maintained in vive. Futher-
more, these cells did not revert to an infected
state since mouse serum and supernatant of
primary cell cultures from PLC/PRF/5 tumors
grown in mice contained no Dane particles.

HBsAg was detected in serum of 10 of 17
(59%) tumor-bearing mice and in 89% of those
given tumor cells by intraperitoneal injection.
The P:N ratio of cpm in the HBsAg
radioimmunoassay correlates with antigen
concentrations up to 250 wg/ml in human
serum [16]. It is therefore possible that HBsAg
may have been produced in the other tumor-
bearing animals since (1) HBsAg was detected
in mice with large tumors and may have been
synthesized below detectable levels in those
with small tumors, and (2) the small volumes of
serum tested required that samples be diluted
which may have decreased the sensitivity of the
test. Further quantitative assessment will have
to be made to determine whether a direct rela-
tionship between HBsAg concentration and
tumor size truly exists. Such a relationship
would provide a convenient means to quan-
titate tumor growth. This is relevant since the
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other major primary liver cancer marker, al-
pha-fetoprotein, appears to be species specific
[17] and would require differentiation of
human from mouse alpha-fetoprotein.

The development of pulmonary metastases
in 7 of 14 (50%) tumor-bearing nude mice
inoculated with PLC/PRF/5 is a unique feature
of these experiments. Distant metastasis of
human tumor transplanted to nude mice is
rare [18]. Moreover, pulmonary spread has not
heretofore been reported in the limited
experience with PLC/PRF/5 tumors produced
in nude mice. In humans with primary liver
cancer distant metastases are detected pri-
marily in lung and are present in 30~-50% of
patients [19]. Tumor reaches the lung by
hematogenous dissemination of microemboli or
direct extension of tumor along the inferior
vena cava. In our experiments the presence of
tumor cells in pulmonary veins confirms that
vascular dissemination and embolization occurs
in nude mice as well. However, we were sur-
prised that lung metastases occurred when
PLC/PRF/5 cells were inoculated sub-
cutaneously. The fact that tumor was present
in a subcutaneous lymphatic adjacent to an
inoculation site indicates that vascular dis-
semination to lung may occur in some instances
by microinvasion of tumor cells first into
lymph. Lymph node metastases were not
present, but tumor cells may have entered the
peripheral blood via the thoracic duct. Regard-
less, the presence or absence of pulmonary
metastases provides a valuable marker of the
extent of disease. This should facilitate evalua-
tion of the effectiveness of new
chemotherapeutic agents in controlling the
spread of tumor in vivo before such agents
are empirically tested in humans.

Our experiments indicate that regional
differences in tumor growth occur when cells
are inoculated in the anterior, lateral thoracic
region compared to the posterior, lateral lum-
bar region. These findings support a previous
study that showed tumor cells from monolayer
cultures grow more rapidly when injected in
the cephalad areas of nude mice [20]. There-
fore, care will have to be taken to consider
geographical differences of injection sites in
determination of growth kinetics or efficacy of
drug therapy in PLC/PRF/5 and possibly other
human primary liver cancers transplanted to
nude mice.

Bassendine et al. [11] successfully transplan-
ted PLC/PRF/5 cells subcutaneously into nude

mice irradiated with sublethal doses of cobalt
60. Only one of 19 normal animals given =
5Xx10° cells and 3 of 8 given 107 cells per
injection site developed tumors. The greater
take rate of non-irradiated mice in our study
may have been due to several differences in
experimental design. First, we used similar cell
inocula, but our concentrations were based on
the number of viable cells. In our study 10-15%
of harvested cells were stained by trypan blue
and thus were non-viable. If the investigators
included these non-viable cells in their inocula
size, they may have injected fewer viable cells
than we did. Second, different strains of nude
mice may be more or less susceptible to the same
test tumor. In addition, mouse hepatitis virus
infection often present in nude mice stocks
inhibits growth of some tumors [21, 22]. Third,
we intentionally inoculated only mice less than 6
weeks of age since natural killer cell cytotoxicity
is increased in older animals [23, 24]. It is possible
that if the investigators used ‘older’ animals this
could explain the significant difference in tumor
susceptibility in their non-irradiated nude mice
and ours.

The nude mouse should prove useful in the
study of human primary liver cancer. The high
tumor take rate of 78% in our experiments
(tumor developed in 18 of 23 animals tested)
suggests that other hepatitis B-related primary
hepatocellular cancer cell lines may be
produced by direct inoculation of fresh tumor
into nude mice. Production of additional cell
lines should facilitate investigation of the causal
relationship of HBV to this neoplasm. In par-
ticular, it will be important to determine if the
incomplete genomic expression of HBV in
PLC/PRF/5 and Hep 3B cells is characteristic of
the transformed state of malignant hepatocytes
in persons with HBV infection. In addition, the
absence of thymus-dependent lymphocytes in
nude mice should provide a suitable model to
investigate in vivo the tumor immunology of
human liver cancer. Finally, the growth
characteristics of PLC/PRF/5 tumors and
presence of serum HBsAg in nude mice closely
mimic features of primary liver cancer in
humans. Hence, the nude mouse should
become a valuable model to test new forms of
therapy for human hepatocellular cancer.
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