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ABSTRACT

Age is the biggest risk factor associated with the development of cancer.
Whereas the incidence of neoplastic disease increases dramatically in
aging humans and experimental animals, the effects of aging on tumori
genesis are poorly understood. Using a rodent model, we have previously
shown that the microenvironment of the hepatic parenchyma regulates
hepatic tumor formation from transplanted neoplastic cells in an age
dependent manner. In the current study, we have investigated the mech
anistic basis for the age-dependent suppression of tumor formation by
tran.splanted BAG2-GN6TF rat liver epithellal tumor cells. Examination
of liver tissue at 7 and 14 days after transplantation of liver tumor cells
revealed the presence of Injection-site tumors in both young and old
animals. With time, these tumors spontaneously regressed from young
adult livers, leaving no tumor remnant and without evidence of injury to
the parenchyma. In contrast, tumors detected in old animals at early time
points after transplantation persisted for the remainder of the life of the
host. Reduced cell proliferation and increased apoptotic cell death were
detected in hepatic tumors in young rats relative to hepatic tumors in old
rats. These observations suggest that the regression of hepatic tumors
from young rat.swas the direct result ofan increased ratio of cell death to
cell birth, whereas the persistence and expansion of hepatic tumors in old
l@ats was related to increased cell proliferation relative to cell death.
Because young adult rats developed persistent (nonregressing) tumors
after transplantation of BAG2-GN6TF cells to extrahepatic sites, the
consistent regression of BAG2-GN6TF tumors from livers of young rats
seemed to be largely a result of interactions between tumor cells and
factors specific to the liver microenvironment These data indicate that the
hepatic microenvironment of young rats can negatively regulate the
growth of transformed liver epithelial cells, but with increasing age, the

ability of the hepatic microenvironment to suppress the growth of neo
plastic tissue deteriorates. Age-assodated alterations in tissue microenvi
ronments may thus permit the development of tumors late in life.

INTRODUCTION

Cancer is predominately a disease of old age. Most malignant
neoplasms are diagnosed in patients over the age of 65, making age
the most significant risk factor associated with the development of
cancer (1). Although it has long been recognized that the incidence of
neoplastic disease increases dramatically with advancing age, the role
of aging in neoplastic transformation and tumorigenesis is poorly
understood. A number of theories proposÃ§explanations for the strong
relationship between advancing age and the development of cancer.

The most prominent hypothesis states that the late age of onset of
cancer reflects the time required for a target cell population to accu
mulate the appropriate combination of transforming mutations and
gene deletions needed to escape growth control (2, 3). This theory
proposes a genetic basis for the age-dependence of tumorigenesis and
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suggests that the multiple genetic aberrations required for neoplastic

transformation will most likely be present in cells of aged animals
(4â€”6).An alternative hypothesis posits that epigenetic factors play an
important role in the increased appearance of tumors in aged popu
lations (2, 7). This theory suggests that tissue microenvironments in
young adults suppress the growth of cells that have sustained trans
forming mutations, and, as a result, the genetically aberrant cells
express apparently normal phenotypes. According to this theory, the
suppressive power of the tissue microenvironment diminishes as the
organism ages, and transformed cells that were previously suppressed
for tumorigenicity escape growth control and form tumors (8).

We have demonstrated previously that epigenetic factors can play a
role in the age-dependent formation of liver tumors from transplanted
cells. The tumorigenic potential of neoplastically transformed rat liver
epithelial cells, which are highly tumorigenic at ectopic transplanta
tion sites, were differentially regulated after their transplantation into
liver tissue of young and old rats (9); as host age increased, the
frequency of hepatic tumor formation by the transplanted cells in
creased progressively (9). In the current study, we investigated mech
anisms governing age-dependent hepatic tumor formation after trans
plantation of transformed rat liver epithelial cells into livers of age
controlled syngeneic rats. We report that transplanted rat liver
epithelial tumor cell lines initially give rise to hepatic tumors in both
young and old rats but that tumors regress completely from young
adult rats. Comparison of tumor growth indices in young and old rats
shows that tumor cell proliferation is dramatically reduced and apop
tosis is increased in hepatic tumors in young rats relative to old rats,
leading to age-dependent hepatic tumor regression. These findings
support the hypothesis that epigenetic regulation of transformed cell
growth and survival is diminished in advanced age and may contribute
to the increased susceptibility of aged animals to developing neoplas
tic disease.

MATERIALS AND METHODS

Cell Lines and Culture. Normalratliverepithelialstem-likecells, termed
WB-F344 (WB cells), were isolated from an adult male Fischer-344 rat (10).
WB cells were treated in vitro with N-methyl-N'-nitro-N-nitrosoguanidine, and
multiple clonal cell lines that express transformation-associated phenotypes
and tumorigenic potential were established from a heterogeneous population of
transformed WB cells ( 1 1). Tumor-derived cell lines were subsequently es

tablished from tumors that arose after transplantation of these cells to s.c. and
i.p. sites of neonatal syngeneic rats (12). The GN6TF cell line was established

from a tumor that arose after transplantation of a WB-derived clone referred to
as GN6 (1 1). GN6TF cells are aggressively tumorigenic, producing undiffer

entiated spindle cell carcinomas at s.c. or i.p. transplantation sites in 100% of
syngeneic neonatal rats after a short latency period (1 2). All cell lines were
maintained in Richter's improved MEM with zinc option supplemented with
insulin (lrvine Scientific, Santa Ana, CA), as described ( 1 1).

For the purpose of identifying transplanted cells in the livers of host
animals, WB and GN6TF cells were genetically modified by infection with the
defective CRE BAG2 retrovirus ( 13). The modified cell lines, named
BAG2-WB and BAG2-GN6TF, express the retrovirally transfected Esche
richia coli @-galactosidase reporter gene (LacZ) and the neomycin (G418)

resistance gene (14). Clonal sublines selected initially for G4l 8 resistance were
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Table I Frequency of h
cclepatic

tumorformation after transplantation of BAG2-GN6TF
Is into liver tissue ofyoung and oldratsTime

(daysY'Frequency

of hepatic tumors
(animals with tumors/animalstransplanted)Young

(3â€”9mo) Old (I 8â€”24mo)7

14
21
28
85e9/9

5/5
10/10 5/6
4/6b 2/3
1/3' NDâ€•
0/18 17/19

AGE-DEPENDENT HEPATIC TUMOR REGRESSION

screened for /3-galactosidase expression, and clones expressing high levels of
the marker enzyme were used for transplantation experiments. Infection of WB
and GN6TF cells with the CRE BAG2 retrovirus did not alter their respective
cellular phenotypes (including the expression of tumorigenicity by GN6TF
cells; Ref. 14). BAG2-GN6TF and BAG2-WB cell lines become heterogene
ous for f3-galactosidaseexpression over time in culture. For studies included in
this report, cell lines used in previous studies (9, 14) were subcloned to obtain

homogeneous populations of f3-galactosidase-positivecell lines.
Syngeneic Animal Hosts and Cell Transplantation. Age-controlledvir

gin male Fischer-344 rats were obtained from the Aged Rat Colony of the

National Institute on Aging (Harlan Sprague Dawley, Indianapolis, IN). Young

adult rats, 3 or 9 months old, and aged rats, I8 or 24 months old, were used in
transplantation experiments. All animal studies were carried out under the
guidelines of the NIH and the Institutional Animal Care and Use Committee of
the University of North Carolina.

Before transplantation, cultured BAG2-GN6TF or BAG2-WB cells were
trypsinized, washed in three changes of ice-cold Thilly's buffered salt solution
to remove traces of serum, and resuspended in ice-cold Thilly's buffered salt
solution. For all transplantation experiments, 5 X 106cells were transplanted
in a volume of 0.2 ml. Rats were anesthetized with ether during surgical

manipulations. Transplantations were accomplished by direct transcapsular
injection of the cells into the median liver lobe (9, 14). Groups of young adult
rats that received BAG2-WB cells were examined at 7, 14, and 85 days after
transplantation, and aged BAG2-WB cell recipients were examined 85 days

after transplantation. Groups of young adult rats that received BAG2-GN6TF
cells were euthanized at 7, 14, 21, 28, and 85 days after transplantation, and
groups of old rats were euthanized at 7, 14, 21, and 85 days after transplan
tation. Animals were euthanized before the 85-day end point if they seemed
moribund due to tumor formation, and the time from transplantation to ne
cropsy was recorded (9).

To compare hepatic tumor formation to tumor formation at extrahepatic
sites, BAG2-GN6TF cells were transplanted to s.c. sites of 3-, 18-, and

24-month-old rats. The frequency of tumor formation was determined within
85 days. Palpabletumorswere harvestedwhenthey were 1â€”2cm in diameter,
and tumor tissue was processed for histological evaluation.

@3-GalactosidaseHistochemistry and Histological Evaluations. At ne
cropsy, liver tissue was inspected for the presence of macroscopic tumor
nodules before gross sectioning. Representative sections of liver and tumor
tissues from each transplant recipient were processed for f3-galactosidase
histochemistry and for histological analysis of tumor grade. For histological
evaluation, liver and tumor tissues were fixed in formalin for 48 h and
embedded in paraffin, and paraffin sections were stained with H&E. For
analysis of /3-galactosidase activity, tissue was frozen in OCT freezing medium

and cryosectioned. Liver cryosections were fixed in an ice-cold solution of
1.0% gluteraldehyde containing 100 mr@tNaPO4 (pH 7.0) and I .0 nmi MgCl2
for 15 mm and rinsed in a buffer containing 100 mM NaPO4 (pH 7.0), 100 msi

NaCI, and 5.0 mM MgCI2. Fixed sections were incubated overnight at 37Â°Cin
a 5-bromo-4-chloro-3-indoyl-f3-D-galactopyranoside-containing buffer moth
fled from that of Sanes et al. (15) that was composed of 0.2 mg/mI 5-bromo
4-chloro-3-indoyl-@3-D-galactopyranoside (X-gal substrate), 100 mist NaPO4
(pH 7.0), 150mMNaCI, 1.0 nmiMgC12,3.3 mMK4Fe(CN)@Ã§3H2O,and 3.3 nmi
K3Fe(CN)6 (9, 14). Tissue sections were counterstained with Mayer's
hematoxylin.

In Situ Detection of Tumor Cell Proliferation and Death. Indices of
proliferation and apoptotic cell death were determined in hepatic tumors
harvested from young and old rats 7, 14, and 21 days after transplantation of

cells. Proliferative cells were identified though detection of PCNA4 expression
using methods slightly modified from those reported by others (16, 17). Tissue

sections were deparafflnized in xylene, rehydrated in a graded series of
ethanol:water solutions, and incubated in diluted hydrogen peroxide. Sections
were microwaved in deionized water for 3 mm at high power (730 W; Ref. 18)
and incubated sequentially in FCS for 10 mm at room temperature, monoclonal
mouse anti-PCNA antibody (clone PCIO; Signet Laboratories, Dedham, MA)
overnight at 4Â°C,biotin-conjugated goat anti-mouse IgG (Vector Laboratories,
Burlingame, CA) for 30 mm at room temperature, and peroxidase-conjugated
streptavidin (Zymed Laboratories, San Francisco, CA) for 30 mm at room

4 The abbreviations used are: PCNA. proliferating cell nuclear antigen; LI. labeling

index; NK, natural killer.

temperature. Antibodies were diluted 1:500 in either 1% dry milk in distilled
H20(anti-PCNA antibody) or PBS containing 0.3% Brij 35 detergent (second
ary antibody and streptavidin). Sections were developed using diaminobenzi
dine (Vector Laboratories) as a chromagen. PCNA-positive cells were quart
titated from randomly selected fields in BAG2-GN6TF tumors. LI was
determined by enumeration of S-phase nuclei/l000 nuclei. Cell death in
BAG2-GN6TF tumors was assessed using the terminal deoxynucleotidyl trans
ferase-mediated dUTP-digoxigenin nick end labeling (Oncore, Gaithersburg,
MD). Digoxigenin-labeled DNA was detected by an immunoperoxidase reac
tion with diaminobenzidine. The percentage of apoptotic nuclei was deter
mined per 3000 total nuclei. Statistical differences between growth indices for
hepatic tumors in young and old rats were determined using an unpaired : test.

RESULTS

BAG2-GN6TF Cells Generate Hepatic Tumors Shortly after
Transplantation. At the earliest time points examined after direct
transcapsular injection of BAG2-GN6TF cells into the livers of syn
geneic hosts, single macroscopic hepatic tumors were identified in
young adult and old transplant recipients alike (Table 1). At these
early time points, hepatic BAG2-GN6TF tumors in both young adult
and aged rats were roughly localized to the site of injection and were
approximately I cm in diameter. These injection-site tumors were
classified histologically as undifferentiated spindle cell carcinomas
(Fig. 1) and were indistinguishable from BAG2-GN6TF tumors that

arise after transplantation of these cells to s.c. and i.p. sites. Liver
cryosections stained to detect j3-galactosidase activity showed that the

lobes of all host livers into which BAG2-GN6TF cells were trans
planted contained j3-galactosidase-positive cells outside of the injec
tion-site tumor. These BAG2-GN6TF cells had migrated into host

hepatic plates and acquired the morphological attributes of differen
tiated hepatocytes, consistent with our previous reports (9, 14).

For comparison, BAG2-WB cells, which are the normal, untrans
formed precursor cells for BAG2-GN6TF tumor cells (1 1, 12), were
transplanted by direct injection into livers of young adult hosts. In
contrast to BAG2-GN6TF cells that were readily identifiable at the
site of injection 7 and 14 days after transplantation, collections of
transplanted BAG2-WB cells were not present at the injection site in
any rat. Instead, liver cryosections stained to detect @-galactosidase
activity in the host parenchyma showed that a significant number of
the transplanted BAG2-WB cells had migrated into hepatic plates and
acquired the morphological features of differentiated hepatocytes. The
distribution of the differentiated BAG2-WB cells was comparable to
the distribution of BAG2-GN6TF cells that had been induced to
differentiate in young adult rats.

aDaysaftertransplantationof BAG2-GN6TFcellsintotheliver.
b One tumor growing in a young adult rat at the 21-day time point was microscopic.

All tumors identified in old rats were macroscopic and were > 1 cm in diameter.
C The only tumor identified in young adult hosts 28 days after transplantation was

microscopic.
d ND, not determined.

e Young adult and old BAG2-GN6TF transplant recipients were examined 85 days
after transplantation. Some hosts were euthanized before this end point due to the
development of extrahepatic tumors. See text for details.
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Fig. I. BAG2-GN6TF hepatic tumors in young adult
rats (A and B) and old rats (C and D). A and C, tumors
observed 7 days after transplantation. At this time point,
tumors in young and old rats were comparable in size.
At the 21-daytime point, 1 of4 tumorsidentifiedin the
young adult hosts was microscopic (B). Some areas of
focal necrosis were observed within tumors in young
and old animals, but scar tissue was not observed in the
parenchyma of young adult rats after tumor regression
or in the parenchyma immediately adjacent to micro
scopic tumor nodules (in which regression is presum
ably ongoing). All tumors identified in aged hosts at the
21-day time point were macroscopic (D).

Age-dependent Elimination of BAG2-GN6TF Tumors.
Whereas BAG2-GN6TF cells formed tumors at the site of injection in
both young adult and aged rats, the capacity of the cells to form an
expanding tumor was differentially affected by the hepatic microen
vironment of animals of different ages. Though all rats had macro
scopic injection-site tumors 14 days after transplantation, the number
of young hosts harboring injection-site BAG2-GN6TF tumors de
creased progressively at the 21- and 28-day time points, and several of
these tumors were microscopic (Table 1). To determine the long-term
effects of the tissue microenvironment on injection-site tumors, a
group of young adult rats was examined 85 days (3 months) after
transcapsular transplantation of BAG2-GN6TF cells. Some of these
transplant recipients (10 of 18) developed extrahepatic tumors due to
leakage of BAG2-GN6TF cells from the site of injection. Though
most young animals survived the duration of the experiment, some
were euthanized before the 85-day time point due to their extrahepatic
tumor burden. The range of survival times for this group of rats was
32â€”85days, and the average survival time was 72 Â±5 days. At
necropsy, none (0 of 18) of the young rats harbored hepatic tumors,
regardless of the duration of host survival. Thus, the process of
BAG2-GN61'F hepatic tumor regression was complete in many young
rats within 1 month after cell transplantation and in all young rats by
the end of 3 months (Table 1). In young adult rats that were free of
hepatic tumors, large aggregates of @3â€”galactosidase-positivehepato
cyte-like cells were not identified in the injected lobe of the liver. This
observation suggests that tumor cells were cleared from the liver and
were not remodeled into normal parenchyma, as has been reported in
other cases of tumor regression (19). Though some areas of focal
necrosis were detected in injection-site tumors during tumor regres
sion, scar tissue was not observed in the hepatic parenchyma of any

young adult host from which tumors had been eliminated. Even in
young adult rats harboring microscopic tumor nodules at 21 and 28
days after transplantation (in which tumor regression presumably is

ongoing), liver tissue surrounding the nodules seemed to be undam
aged (Fig. 1). These findings suggest that the factors responsible for
the elimination of the BAG2-GN6TF hepatic tumors from injection

sites in the livers of young adult rats are highly focused against tumor
cells and do not produce gross hepatocellular cytotoxicity.

The complete regression of BAG2-GN6TF injection-site tumors in
young adult livers sharply contrasts with tumor growth in old rats. At
early time points after transplantation (7 and 14 days), the hepatic
tumor burden in aged rats was similar to that observed in young
adults; the size of the initial injection-site tumors and frequency with
which they were identified was comparable in young adult and aged
rats. However, whereas the frequency of hepatic tumors identified in
young adult rats decreased progressively over time, a comparable
decrease was not observed in aged hosts (Table 1). In the group of
aged BAG2-GN6TF transplant recipients examined over the course of
85 days after transplantation, macroscopic hepatic tumors were ob
served in 89% (17 of 19). Most of these rats did not survive the
duration of the 3-month experiment; the range of survival times for
the old animals was 27â€”85days, with a mean survival time of 49 Â±4
days. All aged rats that were euthanized before 85 days after trans
plantation harbored large (at least 1 cm in diameter) hepatic tumors as
well as other i.p. tumors (16 of 19). The extent of the tumor burden
(both extra- and intrahepatic) necessitated that the animals be eutha
nized. Thus, in the vast majority of aged rats, hepatic BAG2-GN6TF
tumors that were present 7 days after transplantation persisted for the
remainder of the aged host's life.

Tumor Growth Indices. Rates of tumor cell proliferation and
apoptotic cell death were determined in BAG2-GN6TF liver tumors in
young and aged rats to further characterize the phenomenon of age
dependent hepatic tumor regression. At the earliest time point exam
med (7 days after transplantation), a comparable number of PCNA

positive proliferating cells were identified in BAG2-GN6TF tumors
growing in both young and old rats. At subsequent time points, the
PCNA LI remained constant in tumors in young adult rats but in
creased progressively in aged rats (Figs. 2 and 3). By 21 days after
transplantation, the LI was over 6-fold higher in hepatic BAG2-
GN6TF tumors growing in aged rats than in BAG2-GN6TF tumors in
young adult rats.

Tumor cell death also differed in regressing and nonregressing

1809

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/9/1807/2466290/cr0570091807.pdf by guest on 19 M

ay 2023



I

AGE-DEPENDENT HEPATIC TUMOR REGRESSION

,.c@ . D.
S f@ S

.S@ ,

â€˜

,;:@â€˜

young rats were not constant. Dramatically elevated levels of tumor
cell apoptosis were detected in some young rats at the 14-day time
point and in other rats at the 21-day time point (Figs. 2 and 3). At

these time points, there was much variation in the rate of BAG2-
GN6TF cell death among hepatic tumors in individual young adult
rats. The average rate of cell death in BAG2-GN6TF hepatic tumors
in young adult rats 14 days after transplantation was 2.6% Â±0.8, and
the range was 0.7â€”3.8%;21 days after transplantation, the average rate
of tumor cell death was 1.8% Â±0.4, and the range was 1.0â€”2.7%.The
half-life of an apoptotic cell is usually very short (20, 21), and many
dead cells are missed when tissues are sampled at intervals of several
days. It is possible that in those young adult animals that had low rates
of apoptotic tumor cell death, cell death was increased either before or
after our sampling time, thus contributing to the variation in detected
apoptotic cell death.

s.c. TumoÃ±genicity. In 3-month assays of BAG2-GN6TF tumor
igenicity in the liver, peritoneal tumors were detected in the majority
of young animals despite the absence of liver tumors. Such external
tumors developed as a result of leakage of tumor cells from the site of
injection, and their presence suggested that the tumor cells were
capable of colonizing and thriving indefinitely at extrahepatic sites.
To further examine whether the consistent regression of BAG2-
GN6TF cells from the liver was a liver-specific phenomenon, BAG2-
GN6TF cells were transplanted to s.c. sites of age-controlled rats. The
frequency of s.c. tumor formation was determined within 85 days after

inoculation and compared to the frequency of BAG2-GN6TF hepatic
tumor formation observed at the 85-day time point. In aged rats,
BAG2-GN6TF cells were highly tumorigenic at both hepatic and
extrahepatic sites; at the 85-day time point, 17 of 19 (89%) old rats
harbored hepatic tumors, and 5 of 6 (2 of 3) 18-month-old rats and 3
of 3 24-month-old rats (83%) harbored s.c. tumors. Although none (0
of 18) of the young rats harbored hepatic tumors 85 days after
inoculation of the BAG2-GN6TF tumor cell line into the liver, trans
plantation of the tumor cells to s.c. sites in young adult rats produced
tumors in the majority (4 of 7 or 57%) of hosts within 85 days (Table

@.

â€˜

/â€˜

F@
..@. 0

â€˜.@@ â€˜ â€˜ â€˜
.@@ ,r ,@ *,@ ,,

I@*.@@

@ . â€¢...â€˜@â€˜4@_);â€˜-@1@.@Z@.y

S@ @â€˜ S@@

.. S@ â€¢@â€¢5'@@'@:

hepatic tumors in young adult and old rats. Whereas the PCNA LI
increased steadily in BAG2-GN6TF hepatic tumors in old rats, the
average number of tumor cells undergoing cell death did not change
over time in BAG2-GN6TF hepatic tumors growing in old rats (Fig.
3). In contrast, rates of tumor cell death in BAG2-GN6TF tumors in
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Fig. 2. BAG2-GN6TF proliferation and death in hepatic tumors in young and old rats. A, B, C, and D, cell proliferation was detected in BAG2-GN6TF hepatic tumors by PCNA
immunohistochemistry. Proliferative BAG2-GN6TF cells were abundant in young adult rats 7 days after transplantation (A, arrow heads, positive nuclei), but few positive nuclei were
detected 14 days after transplantation (B). In sharp contrast, proliferative BAG2-GN6TF cells were prevalent in old rats at both 7 days (C) and 14 days (D) after transplantation. E,
F, G, and H, apoptotic cell death was detected in BAG2-GN6TF hepatic tumors using the terminal deoxynucleotidyl transferase-mediated nick end labeling assay. Few apoptotic cells
were detected in BAG2-GN6TF tumors in young adult rats examined 7 days after transplantation (E, arrow head, apoplotic body), whereas bursts of cell death were detected at the
14-day (F, arrow heads, apoptotic bodies) and 21-day time points. Increases in cell death in young tumors (F) corresponded with reductions in cell proliferation (B, same tumor depicted
in F). In old rats, cell death was detected infrequently at both the 7-day (G) and 14-day (I-f) time points.
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Fig. 3. Rates of BAG2-GN6TF tumor cell proliferation (A) and death (B) in hepatic
tumors in young adult and old rats assessed at weekly intervals after transplantation. Lis
were determined by counting positive nuclei in a total of 1000 nuclei. Apoptosis was
assessed by counting apoptotic cells in 3000 nuclei. Tumors from three different animals
were examined at each time point for each age group. Values are expressed as the
mean Â±SD; *, P 0.02.
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Table 2 s.c. tumorigenicity of BAG2-GN6TFcells in age-controlledratsAgeâ€•Frequency

of
tumor formations'Latencyc

neonate6/634/7182/3243/3
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and old rats alike. However, the hepatic microenvironment of young
adult rats regulates proliferation and death of the transformed rat liver
epithelial cells, and as a direct result of an alteration in the ratio of
tumor cell formation (which remained constant over time) to tumor
cell death (which increased over time), hepatic BAG2-GN6TF tumors
regress from the young adult liver. Regulation of BAG2-GN6TF
tumor cell growth and survival in young adult rats seemed to depend
largely on interactions between the tumor cells and factors specific to
the hepatic microenvironment; although BAG2-GN6TF tumors re
gressed from the livers of all young rats in the study, many developed
i.p. tumors during the assay that did not regress. Furthermore, trans
plantation of BAG2-GN6TF cells to extrahepatic (s.c.) sites produced
nonregressing tumor nodules in nearly 60% of young animals. Com
bined, our data suggest that signals within the young adult liver
regulate BAG2-GN6TF tumor cell proliferation and death, but these
signals deteriorate with age, making the hepatic microenvironment of
aged rats more permissive for tumor growth.

Hepatic tumors that were identified in young and old rats at early
time points after transplantation of BAG2-GN6TF cells to the liver
were single, undifferentiated tumors that were roughly localized to the
site of cellular injection. It is likely that the transplantation method
ology we purposefully used, which did not disperse individual cells
evenly within the injected lobe, influenced these findings. After direct
inoculation of BAG2-GN6TF tumor cells into the hepatic paren
chyma, tumor cells are likely deposited at the site of injection and
proliferate to form a tumor. After transplantation of BAG2-WB cells
(the normal, untransformed progenitors of BAG2-GN6TF cells) di
rectly into the liver, large collections of transplanted cells were not
identified at the site of injection. The fact that BAG2-WB cells did not
aggregate at the site of injection, whereas BAG2-GN6TF tumor cells
proliferated to form a tumor, may reflect the effects of an abnormal

local microenvironment created by a large number of BAG2-GN6TF
cells concentrated in a small region of the parenchyma. Within the
tumor cell inoculant, BAG2-GN6TF cells, which secrete a variety of
growth factors (1 1, 22), mainly contact other tumor cells and may thus
be shielded from important differentiative stimuli in the hepatic mi
croenvironment. Nevertheless, the hepatic microenvironment of
young adult rats (but not aged rats) ultimately was able to regulate the
growth of the injection-site tumor cells (by both decreasing birth and
increasing death), and the hepatic tumors regressed. BAG2-WB cells,
which do not express a transformed phenotype, did not aggregate or
proliferate en masse at the site of injection.

Interestingly, a portion of both BAG2-GN6TF and BAG2-WB cells
that dispersed from the site of injection incorporated into host hepatic
plates and differentiated into hepatocyte-like cells, which is consistent
with previous reports from our laboratory (9, 14). In this form,
differentiated transplanted cells of both types can persist in the liver
for more than 1 year (23).@ Thus, the phenotype expressed by trans

planted BAG2-GN6TF cells in the young adult liver is dependent on
the local tissue microenvironment; when aggregates of tumor cells are
deposited in the liver, they remain undifferentiated and are ultimately

induced to undergo programmed cell death. However, when the tumor
cells are in intimate contact with host hepatocytes, they acquire
hepatocytic differentiation and survive in vivo for extended periods of

time.
Spontaneous induction of tumor regression by a tissue microenvi

ronment is reported infrequently. Only about 20 cases of spontaneous
regression of human cancers are reported in the world literature each
year (24), and only a few animal models of spontaneous tumor
regression have been reported (25â€”28).In clinical cases of spontane

Average Range

21 Â±4 (18â€”25)
56Â±6 (41â€”71)
22Â±6 (14â€”30)
39 Â±10 (27â€”64)

a Ages are given in months. Neonatal rats were 1 day old at the time of transplantation.

b Frequency of tumor formation was determined within 85 days.

C Latency is reported as the number of days from transplantation to development of

palpabletumors(1 cm in diameter).

2). In the 3-month-old hosts that did not harbor s.c. tumors at the
85-day end point, none were ever detected; palpable s.c. tumors did
not form and then regress. The observation that BAG2-GN6TF cells
did not produce s.c. tumors in 100% of young adult transplant recip
ients suggests that systemic factors may be partially responsible for
suppressing the tumorigenic potential of BAG2-GN6TF cells in
young adult rats. Nonetheless, the difference between the tumorigenic
potential of BAG2-GN6TF cells in the liver as compared to at s.c.
sites is dramatic and suggests that liver-specific factors play an
essential role in regulating the growth potential of the tumor cells.

Differentiation and Age-dependent Proliferation of BAG2-
GN6TF Cells. In all young adult rats examined 7â€”14days after direct
injection of BAG2-GN6TF cells into the liver, @3â€”galactosidase-posi
tive hepatocyte-like cells were identified outside of the injection site
tumor. The differentiated tumor cells were present as single cells or as
small groups of 2â€”10cells located within hepatic plates, which is
consistent with our previous reports (9, 14). A comparable distribution
of hepatocyte-like BAG2-GN6TF cells was found at all later time
points examined, including the 85-day time point, which indicates that
regression of BAG2-GN6TF injection-site tumors from the young
adult liver does not eliminate all transplanted BAG2-GN6TF cells in
the young hepatic microenvironment. Rather, BAG2-GN6TF cells
that incorporate into host hepatic plates and differentiate into hepato
cyte-like cells persist in the host parenchyma after the injection-site
tumor has been eliminated. Single cells and small groups of @3â€”galac
tosidase-positive hepatocyte-like cells were also identified outside of
the injection-site tumors in the hepatic parenchyma of old rats. In
addition to small groups of differentiated BAG2-GN6TF cells, focal
aggregates of differentiated @3â€”galactosidase-positiveBAG2-GN6TF
cells were identified in 13 of 14 aged hosts examined 7, 14, and 21
days after transplantation and in 7 of 19 aged rats examined 85 days
after transplantation (data not shown). The foci consisted of cords of
BAG2-GN6TF cells that were separated by sinusoids but that dis
rupted the normal lobular architecture ofthe liver (9, 14). Such foci of
@3-galactosidase-positive hepatocyte-like cells were never observed in

cryosections from young adult rats or in cryosections from aged rats
that received BAG2-WB cell transplants. These observations are
consistent with our previous reports (9) and suggest that although
individual BAG2-GN6TF cells can be induced to differentiate in the
aging hepatic microenvfronment, the cells retain the capacity to pro
liferate.

DISCUSSION

We have previously reported that BAG2-GN6TF rat liver epithelial
tumor cells form tumors in livers of aged (18â€”24-month-old) synge
neic rats but not in livers of young adult (3â€”9-month-old) syngeneic
rats (9). The goal of the current study was to examine the mechanistic
basis for age-dependent suppression of BAG2-GN6TF tumorigenicity
by the liver microenvironment. Our data indicate that BAG2-GN6TF
tumor cells are capable initially of forming hepatic tumors in young 5 Unpublished observations.
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tissue microenvironment, although the signaling pathways involved in
the selected removal of abnormal cells are complex and remain
obscure (45, 47, 48). Differences between signaling pathways in
young and old animals that might contribute to suspected age-asso
ciated reductions in apoptotic competence have not yet been identi
fled.

The liver microenvironment contains numerous factors that interact
with and regulate liver cells. Complex interactions between adjacent
cells, between cells and tissue matrix components, and between cells
and humoral factors all direct the expression of genes, cell prolifera
tion, and cell death (49â€”51).Despite their aberrant genotypes, some
tumor cells can respond to regulatory signals present in tissue micro
environments. Many examples of epigenetic regulation of tumors
involve hormone-dependent cancers, including human mammary (52,

53) and prostate (54, 55) cancers transplantedinto nude mice, and
nitrosamine-induced pancreatic cancers in hamsters (56). When the
supply of trophic hormones is ablated in each of these experimental

models, apoptotic tumor cell death is induced, cell proliferation is
dramatically inhibited, and the tumors regress. Regulation of tumor
cell proliferation and death has also been reported in the liver. In
nafenopin-induced rat liver adenomas, apoptotic cell death is accel
crated, and cell replication is diminished; when administration of
nafenopin is ended, tumors rapidly regress (53). Our studies demon
strate that BAG2-GN6TF rat liver epithelial tumor cells have the
capacity to respond to epigenetic growth-regulating signals despite

their neoplastic genotype. However, age-associated changes in the
hepatic microenvironment allow the tumor cells to survive and grow
in the aged liver.

As with neoplastic disease in other organs, liver cancer is much
more likely to occur in aged humans and nonhumans (57). Further
more, infection with hepatitis C virus is associated with the more rapid
development of hepatocellular carcinoma in elderly patients than that
in young patients (58, 59). Currently, the mechanistic basis for age
related increases in cancer incidence is poorly understood. Although
hypotheses exist to explain the relationship between age and cancer,
it has been difficult to obtain unambiguous experimental evidence to
support or refute these theories. In addition, many studies have fo

cused narrowly on the accumulation of genomic damage as a basis for
the extended latency associated with many cancers. Although the time
required for mutations to accumulate doubtless contributes to the
development of cancer late in life, epigenetic factors also strongly

influence the expression of neoplastic phenotypes in aged animals.
The experimental model of age-dependent hepatic tumor regression
we describe here could be useful in the further investigation of the
interaction of age and tissue microenvironment in the regulation of
tumor cell growth and survival.
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