
ANNALS OF SURGERY
Vol. 227, No. 6, 922-931
© 1998 Lippincott-Raven Publishers

Effects of 5-Azacytidine and Butyrate on
Differentiation and Apoptosis of Hepatic Cancer
Cell Lines
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Objective
To determine the cellular effects of 5-azacytidine (5-azaC) and so-
dium butyrate on two human liver cancers, HepG2 and Hep3B.

Summary Background Data
Primary liver cancer is a significant health problem; treatment
options are limited and prognosis is poor. Recent studies
have focused on the role that programmed cell death (i.e.,
apoptosis) plays in both normal and neoplastic growth: cer-
tain genes can either suppress (e.g., Bcl-2, Bcl-xL) or pro-
mote (e.g., Bik, Bax, Bak) apoptosis. The identification of
novel agents targeted to specific molecular pathways may be
beneficial in the treatment of this disease.

Methods
Human liver cancer cell lines HepG2 and Hep3B were treated
with 5-azaC alone, butyrate alone, or 5-azaC and butyrate. Mor-
phologic and proliferative changes were assessed by light mi-
croscopy and 5-bromo-2'-deoxyuridine staining; flow cytometry
was used to determine cell cycle characteristics. Apoptosis was
assessed by DNA laddenng and the in situ apoptosis detection
assay using the TdT-mediated dUTP nick end labeling method.

In addition, total RNA and protein were analyzed by rbonuclease
protection and Westem blot, respectively, to assess changes in
the expression of apoptosis-related genes.

Results
Treatment with either 5-azaC or butyrate inhibited cell growth
and induced apoptosis in both HepG2 and Hep3B cells; the
combination of 5-azaC and butyrate was not more effective
than either agent alone. 5-azaC alone resulted in a more dif-
ferentiated-appearing morphology and G2 cell cycle arrest in
both cell lines. Treatment with 5-azaC or butyrate affected the
expression levels of proteins of the Bcl-2 family.

Conclusions
Both 5-azaC and butyrate induced apoptosis in the HepG2
and Hep3B liver cancer cells; 5-azaC treatment alone pro-
duced G2 arrest in both cell lines. Proteins of the Bc1-2 family
may play a role in the cellular changes that occur with treat-
ment, but further studies are required to define this potential
role. Products of the apoptotic pathway may prove to be use-
ful therapeutic targets in the treatment of hepatic cancers.

Primary liver cancers remain one of the most common
malignancies worldwide, with an annual incidence of ap-
proximately 1 million cases. 1,2 The global differences in the
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incidence of hepatic cancer (particularly hepatocellular can-
cer, which is the most common primary liver cancer) are
dramatic, with the highest incidence (approximately 730
cases per 100,000 males/year) found in sub-Saharan Africa,
Southeast Asia, and southern China.25 In contrast, northern
Europe and North America have annual rates of less than
two cases per 100,000 males. Several potential etiologic
causes have been described for hepatocellular cancer, in-
cluding a strong association with the hepatitis virus, alco-
holic cirrhosis, and several environmental toxins.24 Surgi-
cal resection remains the mainstay of therapy; however,
metastases are often present when the cancer is discovered,
precluding a curative resection. Chemotherapy adds little to
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overall survival in patients in whom a curative resection is
impossible.6 Therefore, novel strategies and agents that
target specific molecular pathways, as well as triggering a
process of cell death (i.e., apoptosis), are being evaluated in
the treatment of several neoplasms.

Apoptosis, a normal cellular process that provides for the
orderly senescence and death of cells in a programmed
fashion, may be positively or negatively modulated by sev-
eral external or internal factors.7'8 The molecular factors
that contribute to this process are under intense investiga-
tion. Apoptosis is distinct from cellular necrosis and can be
characterized by morphologic (i.e., cell shrinkage, chroma-
tin condensation, and production of membrane-enclosed
particles known as apoptotic bodies) and biochemical (i.e.,
DNA fragmentation) criteria.7 Recently, several proteins
that are structurally related to Bcl-2, an inhibitor of apopto-
sis, have been identified.8 For example, the homologous
Bcl-2 and Bcl-xL proteins can extend cell survival by sup-
pressing apoptosis,9"10 whereas the proapoptotic proteins
(e.g., Bax, Bak, Bik) act as dominant cell death inducers
when overexpressed.10

Apoptosis also plays an important role in cancers, as
noted by a dysregulation of the normal cell death process in
several neoplasms."1 In recent years, strategies aimed at
modulating the apoptotic pathway have been described as
possible treatments for different cancers. For example, the
cytidine analog 5-azacytidine (5-azaC) incorporates into the
genomic DNA, resulting in hypomethylation of genes with
differentiation or apoptosis in certain cells.12-16 5-azaC was
developed as a potent anticancer agent for the treatment of
myeloid leukemia and has been shown to induce apoptosis
in the human promyelocytic leukemia cell line HL-60.17-19
The short-chain fatty acid sodium butyrate is another well-
characterized differentiating agent that induces growth ar-
rest and differentiation in several malignant cell lines.202'
In addition, butyrate promotes apoptosis in vitro in leuke-
mia cells and human colon, breast, and lung cancer cell
lines. The effects of 5-azaC and butyrate on human liver
cancers are largely undefined.
The purpose of our study was to evaluate the effects of

5-azaC and butyrate on differentiation and apoptosis of two
human liver cancer cell lines, Hep3B, a hepatoma line, and
HepG2, a hepatoblastoma line. Morphologic and prolifera-
tive changes, cell cycle characteristics, and biochemical
assessments were determined after treating cells with these
agents. In addition, an initial evaluation of potential molec-
ular mediators for the effects of 5-azaC and butyrate was
performed.

MATERIALS AND METHODS

Cell Culture
HepG2 and Hep3B, human liver cancer cell lines22'23

obtained from the American Type Culture Collection
(Rockville, MD), were cultured in Eagle's MEM with 10%

fetal bovine serum and maintained in a humidified atmo-
sphere of 95% air and 5% CO2 at 37°C. For all experiments,
cells were treated with 5-azaC (8 ,uM added 24 hours after
plating), sodium butyrate (35 mM added 24 hours before
harvesting), or both. Cells were harvested 4 days after
5-azaC treatment when morphologic changes were present.
Control cells were treated with the vehicle (phosphate-
buffered saline [PBS]) used to dilute 5-azaC and butyrate.

5-Bromo-2'-Deoxyuridine
Immunocytochemical Analysis

For assessment of cell proliferation, 5-bromo-2'-de-
oxyuridine (BrdU) immunocytochemistry was performed
with a Cell Proliferation Kit (Amersham, Arlington Heights,
IL), as described by the manufacturer. Briefly, cells were
incubated with labeling medium containing BrdU and
5-fluoro-2'-deoxyuridine at 37°C for 1 hour. Cells were
fixed in 10% buffered formalin for 30 minutes and washed
with PBS, followed by incubation with reconstituted nucle-
ase/anti-BrdU antibody for 1 hour. After washing with PBS,
the samples were incubated with peroxidase antimouse
IgG2a for 30 minutes, washed with PBS, stained with 3,3'-
diaminobenzidine tetrahydrochloride solution, and visual-
ized by light microscopy.

DNA Fragmentation Assay

DNA was extracted from control and treated cells (in-
cluding attached and floating cells) using an apoptotic DNA
ladder kit (Boehringer Mannheim, Indianapolis, IN), ac-
cording to the manufacturer's directions. Briefly, cells were
pelleted and resuspended in 200 ,ul of PBS, mixed with 200
,lI of binding buffer, and then incubated for 10 minutes at
72°C. The samples were mixed with 100 pul isopropanol,
centrifuged, and washed two additional times with wash
buffer. The DNA was eluted with the elution buffer, re-
solved by electrophoresis on a 2% agarose gel, and visual-
ized by ethidium bromide staining.

In Situ Apoptosis Detection

Apoptosis was further confirmed by the TdT-mediated
dUTP nick end labeling (TUNEL) method using a detection
kit from Boehringer Mannheim. Briefly, cells were fixed in
a 4% paraformaldehyde solution (pH 7.4) for 30 minutes,
washed with PBS, and incubated with 0.3% H202 in meth-
anol for 30 minutes. Cells were then washed with PBS,
incubated in permeabilization solution (0.1% Triton X-100
in 0.1 sodium citrate) for 2 minutes on ice, and incubated
with TUNEL reaction mixture at 37°C for 30 minutes.
Samples were washed with PBS, incubated with converter-
POD at 370C for 1 hour and stained with 3,3'-diaminoben-
zidine tetrahydrochloride solution. A negative control using
all reagents except terminal transferase was performed in
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parallel. The nuclei of positive (i.e., apoptotic) cells stained
brown as detected by light microscopy.

Cell Cycle Analysis
The effects of 5-azaC and butyrate on the cell cycle

progression of HepG2 and Hep3B cells were analyzed by
fluorocytometry. Briefly, cells were collected in ice-cold
PBS and incubated with ribonuclease (RNase; 100 Ag/ml)
for 30 minutes at 37°C. Cells were stained with a propidium
iodine solution (50 ,ug/ml; Sigma, St. Louis, MO) for 15
minutes. Cell cycle analysis was performed using a FACS-
can flow cytometer (Becton Dickinson, San Jose, CA) and
cell cycle distribution was analyzed by the Modfit LT pro-
gram (Verity, ME).

Probe Preparation, RNA Extraction, and
RNase Protection Assay
A multiprobe template (hApo-2) for the analysis of the

Bcl-2 gene family was obtained from PharMingen (San
Diego, CA). 32P-labeled antisense RNA was transcribed
using T7 RNA polymerase (Promega, Madison, WI) and
[a-32P]CTP (Dupont-New England Nuclear, Boston, MA).
Total RNA was extracted from cells using the Ultraspec II
(Biotecx Laboratories, Houston, TX) RNA isolation system,
according to the manufacturer's conditions.24 RNase pro-
tection assays were performed using the RPA-II kit from
Ambion (Austin, TX). Briefly, total RNA (50 ,g) was
hybridized with the 32P-labeled hApo-2 multiprobe over-
night at 45°C, followed by digestion with a 1:250 dilution of
Solution R (RNase A/RNase Ti mixture) for 30 minutes at
37°C. RNA pellets were dried briefly and resuspended in 8
,ul of a formamide loading buffer, and RNase-resistant
fragments were separated on a 5% polyacrylamide-8 M
urea gel and visualized by autoradiography.

Protein Preparation,
Immunoprecipitation, and Western Blot

Cells were collected by scraping and centrifugation (2000
g for 10 minutes). Cell pellets were lysed with TNN buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP-40, 50
mM NaF, 1 mM sodium orthovanadate, 1 mM dithiothrei-
tol, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzami-
dine hydrochloride, and 25 ,ug/ml of aprotinin) for 30 min-
utes at 4'C. Lysates were clarified by centrifugation at
10,000 g for 30 minutes at 4°C, and protein concentrations
were determined using the method of Bradford.25

Protein samples (250 jig) were then immunoprecipitated
with primary antibody (all antibodies were from Santa
Cruz) for 1 hour and incubated with protein G beads over-
night at 4°C with constant rotation. After centrifugation, the
beads were washed three times with PBS and TNN buffer
and assayed as described for Western blots. Western blot
analysis was performed as described previously.26 Briefly,

HepG2

Figure 1. Assessment of morphologic changes in HepG2 after treat-
ment with 5-azaC. HepG2 cells treated with 5-azaC or vehicle (control)
were assessed by light microscopy (x200). HepG2 cells treated with
5-azaC exhibited a more differentiated-appearing morphology than
control cells.

protein samples were resolved by 10% SDS-polyacrylamide
gel electrophoresis and electroblotted to Immobilon-P nylon
membranes. Filters were incubated overnight at 4°C in
blocking solution (Tris-buffered saline containing 5% non-
fat dried milk and 0.05% Tween 20), followed by a 3-hour
incubation with primary antibody (1:200 dilution). Filters
were washed three times and incubated with a peroxide-
conjugated antibody (1:1000 to 1:5000 dilution) for 1 hour.
After four final washes, the immune complexes were visu-
alized using ECL detection.

RESULTS
Treatment With 5-azaC and Butyrate
Promoted Apoptosis of Both Liver
Cancer Cell Lines
We first assessed the effects of 5-azaC and butyrate, either

alone or in combination, on the morphology and proliferation
of HepG2 and Hep3B using BrdU immunocytochemistry and
light microscopy. Treatment with 5-azaC produced marked
morphologic changes in both HepG2 and Hep3B, with the
effects more pronounced in HepG2 (Fig. 1). Dramatic in-
creases in cell size and the nuclear/cytoplasmic ratio were
noted, with characteristics consistent with a more differentiated
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Figure 2. Assessment of proliferation by BrdU immunocytochemistry.
HepG2 (A) and Hep3B (B) cells were treated with 5-azaC, sodium
butyrate, 5-azaC and butyrate, or vehicle (control) and assessed by
BrdU staining and light microscopy (x 140). Control HepG2 and Hep3B
cells exhibited more nuclei stained positive for BrdU.

with both agents were similar to single-agent treatment
alone. DNA laddering was also identified in Hep3B cells

4 X treated with either 5-azaC or butyrate (data not shown).
A Furthermore, the presence of excessive DNA breakage in

situ, detected by labeling free 3' OH termini with dUTP in
the TUNEL reaction, was noted in HepG2 cells treated with
5-azaC (Fig. 4A). Treatment with butyrate did not appear to
increase the number of apoptotic cells as much as treatment
with 5-azaC, probably because butyrate induced a rapid
apoptotic process, leading to the detachment and floating of
cells in the media that could not be assessed by this in situ
technique. The combination of treatments resulted in a
labeling similar to that of 5-azaC alone. Similar findings
were noted with Hep3B cells, except that more apoptotic
cells were present with butyrate treatment than in HepG2
cells (Fig. 4B). Taken together, these results indicate that
apoptosis is induced by 5-azaC and butyrate in both HepG2
and Hep3B cells.

Alterations in the Cell Cycle Associated
With 5-azaC and Butyrate Treatment

The proportion of cells in the different phases of the cell
cycle was next determined by flow cytometry (Fig. 5).
Untreated HepG2 and Hep3B cells demonstrated a rela-
tively normal distribution pattern, with most cells in the G1
phase of the cycle and a lower G2 peak. Treatment with
5-azaC significantly increased the distribution of cells in the
G2 phase, with a concomitant increase in the proportion of
hyperdiploid cells, which suggests G2 arrest of the cells.
HepG2 cells treated with both agents demonstrated an in-
crease in both G1 and G2 distribution, with a decrease in the
number of hyperdiploid cells compared with 5-azaC alone.

HepG2

morphology. In addition, the 5-azaC-treated Hep3B cells

showed more multinucleated cells, suggesting that mitosis was
blocked. A decrease in BrdU-stained nuclei was evident in
5-azaC-treated HepG2 and Hep3B cells (Fig. 2). In contrast,
treatment with butyrate did not produce the changes in the
cellular morphology of either HepG2 or Hep3B that were

noted with 5-azaC. Cells did, however, become detached if
butyrate treatment was prolonged.
To determine whether the inhibition of cell growth by

5-azaC and butyrate was the result of apoptosis, several
techniques were used. A specific biochemical characteristic
of apoptosis involves fragmentation of the cellular DNA
into discrete oligonucleotides of varying sizes (50 to 300
kb), resulting in a DNA ladder appearance when analyzed
by gel electrophoresis.27 The discontinuous DNA degrada-
tion occurring during apoptosis was noted in HepG2 cells
treated with either 5-azaC or butyrate (Fig. 3); cells treated

5-azaC =
Butyrate 2

+ _ +

Figure 3. DNA fragmentation assay. Agarose gel electrophoresis of

DNA extracted from HepG2 cells treated with 5-azaC or sodium bu-

tyrate. The ladder pattern of DNA fragmentation was observed in cells
treated with either agent but not in untreated cells. The left lane contains
molecular weight markers.
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pG2 formed using a multiprobe capable of assessing changes in
expression of members of the Bcl-2 family simultaneously
(Fig. 6). Expression levels of the proapoptotic Bik gene
were low in untreated cells; Bik expression increased in
both cell lines treated with either 5-azaC or butyrate. In
contrast, expression of the Bcl-xL gene, which was present
in untreated cells, was decreased in both cell lines after
treatment with butyrate or the combination of 5-azaC and
butyrate. Expression of the Bax gene was increased with
5-azaC treatment in HepG2 cells, but appeared to be de-
creased in Hep3B cells compared with control. Minimal to
no changes were noted in the expression of Bcl-2 or Bak.
Levels of L32 and GAPDH, two constitutively expressed

Control

HepG2
GlHep3B

5-azaC

A?
A?~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Alhe

GJ
Butyratea 5-azaC + Butyrate
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Figure 4. In situ apoptosis detection. HepG2 (A) and Hep3B (B) cells
treated with 5-azaC, butyrate, 5-azaC and butyrate, or vehicle (control)
and analyzed for apoptosis by the TUNEL method. The nuclei of positive
(i.e., apoptotic) cells stain brown (arrows) (x1 40).

t
0
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E
zHep3B cells treated with both agents showed a lower G2

peak and no G1 peak, but more hyperdiploid cells than with
5-azaC alone. This increase in hyperdiploid cells was con-
sistent with our morphologic observations and further sug-
gest a cell cycle arrest occurring before mitosis. Cell cycle
distribution was not altered in HepG2 or Hep3B cells in
response to butyrate treatment. In summary, our results
indicate arrest of the cells in the G2 phase of the cell cycle
by treatment with 5-azaC and correlate with our previous
findings demonstrating changes in cell morphology and
proliferation.
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Molecular Alterations in Response to
Treatment of the Liver Cancer Cell Lines
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To begin to elucidate the molecular mechanisms respon-

sible for the cellular changes noted after 5-azaC and bu-
tyrate treatment, an RNase protection analysis was per-

Figure 5. Flow cytometric analysis. DNA content analysis of HepG2
and Hep3B cells treated with 5-azaC, butyrate, 5-azaC and butyrate, or
vehicle (control). G1 and G2 fractions are identified; the arrowhead iden-
tifies the fraction corresponding to hyperdiploid cells.
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Figure 6. RNase protection analysis. RNA was extracted from HepG2
and Hep3B cells either untreated or treated with 5-azaC, butyrate, or
5-azaC and butyrate and analyzed by RNase protection using a multi-
probe (hApo-2) that detects members of the Bcl-2 family. The consti-
tutively expressed genes L32 and GAPDH are included to assess rela-
tive RNA loading equality.

genes, were unchanged with treatment, confirming the rel-
ative equality of loading.

Protein levels were next assessed by immunoprecipitation
and Western blot (Fig. 7). Bax protein expression was not
changed after treatment; Bcl-2 protein levels were de-
creased with treatment with both 5-azaC and butyrate, de-
spite no change in mRNA levels. An attempt was made to
analyze Bik protein levels, but we could not detect the
protein despite several attempts.

Collectively, mRNA levels of several apoptotic genes
were altered with various treatments, suggesting that cellu-
lar levels of these proapoptotic and antiapoptotic genes may
be important for the morphologic and apoptotic changes
noted after treatment with 5-azaC and butyrate. The fact that
protein levels did not necessarily correlate with mRNA
levels suggests different mechanisms of cellular regulation.
Future studies are required to assess the apparent inconsis-
tency between mRNA and protein levels noted and to define
the role of these proteins, as well as other candidate genes,
in the cellular changes noted in these cells after treatment.

DISCUSSION
We compared the effects of 5-azaC and butyrate on the

human liver cancer cell lines HepG2 and Hep3B. The ef-

fects of these agents were variable. 5-azaC treatment re-
sulted in cells that exhibited a more differentiated morphol-
ogy, with arrest in the G2 phase of the cell cycle. 5-azaC
treatment also triggered apoptosis of both liver cancer cell
lines, with a more pronounced effect noted in HepG2 cells.
In contrast, a differentiated morphology was not apparent
with butyrate treatment, but apoptosis occurred in both cell
lines. The combination of these agents produced differential
effects on the cell cycle distribution of both cell lines
without notable increases in apoptosis compared with either
agent alone.
The cytidine analog 5-azaC incorporates into the DNA,

resulting in the hypomethylation of various genes and dif-
ferentiation of certain cell lines. For example, 5-azaC stim-
ulates expression of myoD, a member of a family of myo-
genic determination genes, and the differentiation of
myogenic cell lines.28 S-azaC has also been used as a potent
anticancer agent in a limited number of tumors, such as
myeloid leukemias.2930 Murakami et al.'9 demonstrated
that 5-azaC at low concentrations (2 to 6 ,uM) induced
apoptosis only in HL-60 cells in the G1 phase of the cell
cycle; higher concentrations (8 to 40 ,uM) of 5-azaC re-
sulted in apoptosis in cells without regard to cell cycle
specificity. In another study, He and Rao3l found that the
cellular differentiation of HL-60 was increased after 4 days
of 5-azaC treatment; conversely, DNA methylation levels
were decreased.

Recent studies have focused on the induction of cell cycle
arrest using agents that target specific genes.3233 This ap-
proach may prove to be beneficial in the treatment of certain
cancers. Our results demonstrated that 5-azaC induced a G2
phase arrest in both HepG2 and Hep3B cells. The effects of
5-azaC on the cell cycle may be variable, because treatment
of NIH-3T3 fibroblasts with 5-azaC induced a reversible G1
arrest; however, 5-azaC produced a persistent G2 arrest in
amniotic fluid-derived fibroblastlike cells in the same ex-
periment.34 These contrasting effects of 5-azaC may reflect
intrinsic differences in methylation patterns. Further re-
search is required to define the molecular mechanisms lead-
ing to the alterations in the cell cycle induced by 5-azaC.

HepG2 Hep3B
5-azaC - + - - + -

Butyrate - - + - - +
Bax

-Bcl-2

.Pu~ q_h __p.m--- - Actin
Figure 7. Westem blot analysis. Protein was extracted from HepG2
and Hep3B cells aftertreatment with 5-azaC or butyrate; untreated cells
served as control. Protein was immunoprecipitated with antibody to
Bax or Bcl-2 and analyzed by gel electrophoresis and visualized using
ECL detection. Protein samples were also probed with antibody to actin
to ensure intact protein samples.
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Our findings demonstrate that 5-azaC induces differentia-
tion, G2 cell cycle arrest, and apoptosis in human liver
cancer cells and suggest that agents like 5-azaC may be
useful adjuncts in the treatment of primary liver cancer.

Treatment of both liver cancer cell lines with butyrate
induced apoptosis but did not produce demonstrable
changes in cellular morphology that would be consistent
with a more differentiated-appearing phenotype. Con-
versely, butyrate has been shown to produce changes in
several cancer cell lines that are consistent with a reversion
to a more differentiated morphology. For example, butyrate
induces differentiation in the human K562 erythroleukemia
cell line by apparently activating MAP kinase and in the
human colon cancer cell lines Caco-2, HT-29, COLO205,
and SW620 by decreasing cytoskeleton-associated tyrosine

20,35,36kinase activity. In addition, butyrate treatment results
in the differentiation of human sarcoma and ovarian cancer
cell lines, as well as the mouse fibroblast cell line NIH-
3T3 21,37,38

Butyrate has also been shown to trigger apoptosis in
various human cancer cell lines such as colon, breast, and
lung cancers, as well as retinoblastoma and leukemic
cells.3946 Our results confirm that butyrate can also induce
apoptosis in the human liver cancer cell lines HepG2 and
Hep3B. Although butyrate has been shown to produce cell
cycle arrest of human colon cancer lines and rat hepatoma
cells,47'48 we could not demonstrate a significant effect of
butyrate on the cell cycle distribution of either HepG2 or
Hep3B.
To begin to assess the molecular mechanisms underlying

the changes in morphology and proliferation in response to
5-azaC and butyrate, RNase protection assays (to evaluate
changes in mRNA levels) and Western blots (to evaluate
proteins levels) were performed. We evaluated members of
the Bcl-2 family that either suppress (e.g., Bcl-2, Bcl-xL) or
promote (e.g., Bik, Bax, Bak) apoptosis. The proapoptotic
protein Bik shares only the BH3 domain with other Bcl-2
family proteins.49 In contrast, Bax contains three conserved
domains, BH1, BH2, and BH3, which are similar to Bcl-2,
as well as the characteristic C-terminal transmembrane pro-
teins.10 Bik promotes apoptosis by complexing with various
antiapoptotic proteins such as Bcl-2 and Bcl-xL. Bik can
also sensitize cells to the induction of apoptosis by the Fas
antigen.S°'51

Treatment of both HepG2 and Hep3B cells with 5-azaC
or butyrate resulted in an increase of Bik mRNA expression,
suggesting a possible role for this gene in the apoptosis
induced by these agents. However, the fact that Bik protein
expression could not be detected would argue against Bik as
an important factor in this process. Expression of the Bcl-2
protein was decreased after 5-azaC or butyrate treatment,
but there was no apparent change in mRNA levels, suggest-
ing regulation at the translational or posttranslational level.
A previous study noted that butyrate-induced apoptosis in a
human breast cancer line was closely linked to a decrease in
Bcy-2 protein expression;45 therefore, the decrease of BcL-2
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noted in our study may contribute to the apoptosis demon-
strated by treatment with these agents. The expression of
Bcl-xL mRNA was decreased after treatment, whereas the
expression of Bax protein did not change despite decreases
in mRNA. Taken together, our results demonstrate alter-
ations in the expression of both proapoptotic and antiapop-
totic genes after treatment. However, it remains to be de-
fined which, if any, of these proteins play a role in the
apoptosis noted after the addition of 5-azaC and butyrate.
Other genes (e.g., cell cycle-related proteins and other ap-
optotic-related proteins) may contribute to this process.

In conclusion, our study evaluated the effects of 5-azaC
and sodium butyrate on the human liver cancer cell lines
HepG2 and Hep3B. Treatment with 5-azaC or butyrate
triggered the process of apoptosis in both cell lines. In
addition, 5-azaC induced a more differentiated-appearing
morphology and arrest of both HepG2 and Hep3B cells in
the G2 phase of the cell cycle. Proteins of the Bcl-2 family
may play a role in this process; however, further studies are
required to define the specific role of these proteins as well
as other candidate genes. Products of the apoptotic pathway
may prove to be useful therapeutic targets in the treatment
of hepatic cancers. Novel agents that can target this pathway
are required to enhance the effect of current chemothera-
peutic agents and prolong patient survival.

Acknowledgments
The authors thank Eileen Figueroa and Karen Martin for manuscript

preparation.

References
1. Parker SL, Tong T, Bolden S, Wingo PA. Cancer statistics, 1997. CA

Cancer J Clin 1997; 47:5-27.
2. Tsai S-L, Liaw Y-F. Etiology and pathogenesis of hepatocellular

carcinoma. Dig Surg 1995; 12:7-15.
3. Di Bisceglie AM, Rustgi VK, Hoofnagle JH, et al. Hepatocellular

carcinoma. Ann Intern Med 1988; 108:390-401.
4. Sherman M. Hepatocellular carcinoma. Gastroenterologist 1995;

3:55-66.
5. Muir C, et al. Cancer incidence in five continents. Lyon, France: IARC

Sci. Publ.; 1987.
6. Nerenstone SR, Ihde DC, Friedman MA. Clinical trials in primary

hepatocellular carcinoma: current status and future directions. Cancer
Treat Rev 1988; 15:1-31.

7. Kerr JFR, Wyllie AH, Currie AR. Apoptosis: a basic biological phe-
nomenon with wide-ranging implications in tissue kinetics. Br J Can-
cer 1972; 26:239-257.

8. Bellamy COC, Malcomson RDG, Harrison DJ, Wyllie AH. Cell death
in health and disease: the biology and regulation of apoptosis. Sem
Cancer Biol 1995; 6:3-16.

9. Hawkins CJ, Vaux DL. Analysis of the role of Bcl-2 in apoptosis.
Immunol Rev 1994; 142:127-139.

10. Reed JC. Mechanisms of Bcl-2 family protein function and dysfunc-
tion in health and disease. Behring Inst Mitt 1996; 97:72-100.

11. Sentman CL, Shutter JR, Hochenbery D, et al. Bcl-2 inhibits multiple
forms of apoptosis but not negative selection in thymocytes. Cell 1991;
67:879-888.

12. Taylor SM, Jones PA. Multiple new phenotypes induced in 1OT1/2 and
3T3 cells treated with 5-azacytidine. Cell 1979; 17:771-779.



Vol. 227 - No. 6

13. Cedar H, Razin A. DNA methylation and development. Biochem
Biophys Acad 1990; 1049:1-8.

14. Jones PA. Altering gene expression with 5-azacytidine. Cell 1985;
40:485-486.

15. Jones PA, Taylor SM. Cellular differentiation, cytidine analogs and
DNA methylation. Cell 1980; 20:85-93.

16. Iguchi-Ariga SM, Schaffner W. CpG methylation of the cAMP-re-
sponsive enhancer/promoter sequence TGACGTCA abolishes specific
factor binding as well as transcriptional activation. Gene Dev 1989;
3:612-619.

17. Pinto A, Zagonel V. 5-Aza-2'deoxycytidine (Decitabine) and 5-azacyti-
dine in the treatment of acute myeloid leukemias and myelodysplastic
syndromes: past, present and future trends. Leukemia 1993; 7:51-60.

18. Bhatia U, Traganos F, Darzynkiewicz Z. Induction of cell differenti-
ation potentiates apoptosis triggered by prior exposure to DNA-dam-
aging drugs. Cell Growth Differ 1995; 6:937-944.

19. Murakami T, Li X, Gong J, et al. Induction of apoptosis by
5-azacytidine: drug concentration-dependent differences in cell cycle
specificity. Cancer Res 1995; 55:3093-3098.

20. Schwartz B, Lamprecht SA, Polak-Charcon S, et al. Induction of the
differentiated phenotype in human colon cancer cell is associated with
the attenuation of subcellular tyrosine phosphorylation. Oncol Res
1995; 7:277-287.

21. Zoref-Shani E, Lavie R, Bromberg Y, et al. Effects of differentiation-
inducing agents on purine nucleotide metabolism in an ovarian cancer
cell line. J Cancer Res Clin Oncol 1994; 120:717-722.

22. Aden DP, Fogel A, Plotkin S, et al. Controlled synthesis of HBsAg in
a differentiated human liver carcinoma-derived cell line. Nature 1979;
282:615-616.

23. Knowles BB, Howe CC, Aden DP. Human hepatocellular carcinoma
cell lines secrete the major plasma proteins and hepatitis B surface
antigen. Science 1980; 209:497-499.

24. Chomczynski P, Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal
Biochem 1987; 162:156-159.

25. Bradford MM. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1987; 72:248-254.

26. Evers BM, Zhou Z, Celano P, Li J. The neurotensin gene is a down-
stream target for ras activation. J Clin Invest 1995; 95:2822-2830.

27. Oberhammer F, Wilson JW, Dive C. Apoptotic death in epithelial cells:
cleavage ofDNA to 300 and/or 50 kb fragments prior to or in the absence
of intemucleosomal fragmentation. EMBO J 1993; 12:3678-3684.

28. Taylor SM. 5-Aza-2'-deoxycytidine: cell differentiation and DNA
methylation. Leukemia 1993; 7:3-8.

29. Kantarjian HM, Estey EH, Keating MA. New chemotherapeutic agents
in acute myeloid leukemia. Leukemia 1996; 10:4-6

30. Kritz AD, Raptis G, Menendez-Botet C. Pilot study of 5-azacytidine
(5-AZA) and carboplatin (CBDCA) in patients with relapsed/refrac-
tory leukemia. Am J Hematol 1996; 51:117-121.

31. He ZX, Rao H. The effect of 5-azacytidine (5-aza-CR) and its ana-

logue on cell differentiation and DNA methylation of HL-60 cells. Sci
Chin Series B Chem Life Sci Earth Sci 1993; 36:430-438.

32. Ewen ME. p53-dependent repression of cdk4 synthesis in transforming
growth factor-beta-induced GI cell cycle arrest. J Lab Clin Med 1996;
128:335-360.

33. Satterwhite DJ, Moses HL. Mechanisms of transforming growth fac-
tor-beta-l-induced cell cycle arrest. Invasion Metast 1994-95; 14:
309-318.

34. Weller EM, Poot M, Hoehn H. Induction of replicative senescence by
5-azacytidine: fundamental cell kinetic differences between human
diploid fibroblasts and NIH-3T3 cells. Cell Prolif 1993; 26:45-54.

35. Rivero JA, Adunyah SE. Sodium butyrate induces tyrosine phosphor-
ylation and activation of MAP kinase (ERK-1) in human K562 cells.
Biochem Biophys Res Coin 1996; 224:796-801.

Liver Cancer and Apoptosis 929

36. Schroy PC, Rustgi AK, Ikonomu E, et al. Growth and intestinal
differentiation are independently regulated in HT29 colon cancer cells.
J Cell Physiol 1994; 161:111-123.

37. Vincent-Fiquet 0, Rogez JC, Boitte F, et al. Effects of arginine
butyrate and tributyrylxylitol on cultured human carcinoma cells.
Anticancer Res 1994; 14:1823-1828.

38. Xiao H, Hasegawa T, Miyaishi 0, et al. Sodium butyrate induces
NIH3T3 cells to senescence-like state and enhances promoter activity
of p2WIaf/CiPl in p53-independent manner. Biochem Biophys Res Com
1997; 237:457-460.

39. Hague A, Elder DJ, Hicks DJ, Paraskeva C. Apoptosis in colorectal
tumor cell: induction by the short chain fatty acids butyrate, propionate
and acetate and by the bile salt deoxycholate. Intl J Cancer 1995;
60:400-406.

40. Zimra Y, Wasserman L, Maron L, et al. Butyric acid and pivaloy-
loxymethyl butyrate, AN-9, a novel butyric acid derivative, induce
apoptosis in HL-60 cells. J Cancer Res Clin Oncol 1997; 123:152-160.

41. Mandal M, Wu X, Kumar R. Bcl-2 deregulation leads to inhibition of
sodium butyrate-induced apoptosis in human colorectal carcinoma
cells. Carcinogenesis 1997; 18:229-232.

42. McBain JA, Eastman A, Nobel CS, Mueller GC. Apoptotic death in
adenocarcinoma cell lines by butyrate and other histone deacetylase
inhibitors. Biochem Pharmacol 1977; 53:1357-1368.

43. Chang ST, Yung BY. Potentiation of sodium butyrate-induced apo-
ptosis by vanadate in human promyelocytic leukemia cell line HL-60.
Biochem Biophys Res Commun 1996; 221:594-601.

44. Thomas GL, Henley A, Rowland TC, et al. Enhanced apoptosis is
transformed human lung fibroblasts after exposure to sodium butyrate.
In Vitro Cell Dev Biol Animal 1996; 32:505-513.

45. Mandal M, Kumar R. Bcl-2 expression regulates sodium butyrate-
induced apoptosis in human MCF-7 breast cancer cells. Cell Growth
Differ 1996; 7:311-318.

46. Conway RM, Madigan MC, Penfold PL, Billson FA. Induction of
apoptosis by sodium butyrate in the human Y-79 retinoblastoma cell
line. Oncol Res 1995; 7:289-297.

47. Heerdt BG, Houston MA, Augenlicht LH. Short-chain fatty acid-
initiated cell cycle arrest and apoptosis of colonic epithelial cells is
linked to mitochondrial function. Cell Growth Differ 1997; 8:523-532.

48. Gupta S, Alpini G, Vemuru RP, et al. Butyrate synchronization of
hepatocytes: modulation of cycling and cell cycle regulated gene
expression. Growth Factors 1994; 10:171-180.

49. Boyd JM, Gallo GJ, Elangovan B, et al. Bik, a novel death-inducing
protein, shares a distinct sequence motif with Bcl-2 family proteins
and interacts with viral and cellular survival-promoting proteins. On-
cogene 1995; 11:1921-1928.

50. Han J, Sabbatini P, White E. Induction of apoptosis by Nbk/Bik, a
BH3-containing protein that interacts with EIB 19K. Mol Cell Biol
1996; 16:5857-5864.

51. Elangovan B, Cinnadurai G. Function dissection of the pro-apoptotic
protein Bik. J Biol Chem 1997; 272:24494-24498.

Discussion

DR. R. Scorr JONES (Charlottesville, Virginia): Thank you, Dr.
Wells, Dr. Copeland, Ladies, and Gentlemen.

I'd like to compliment Dr. Evers and his associates on this fine
piece of experimental laboratory work. Basically, they have dem-
onstrated that the two agents investigated altered cell growth and
proliferation in liver cancer cells in culture and went on to analyze
and to provide additional information so that we could understand
how the agents worked.

I have two questions. One is to ask Dr. Evers if he would give
us perhaps a little bit better or more complete description of the
cells that he used in this particular study. As you know, most liver


