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Fig. 5 Loss of apoptosis induction in HL-60 cells selected for resistance to Adriamycin or etoposide. Phase microscopy (a, ¢, e, g, and i) or UV
fluorescence microscopy (b, d. f, h, and j) was performed at X400, and analysis of DNA integrity (k) was carried out for parental HL-60 cells untreated
(a, b, and k; Lane 1) or incubated either in the presence of 0.024 wg/ml Adriamycin (c, d, and k; Lane 2) or 0.2 uM etoposide (e, f, and k; Lane 3),
HL-60 cells selected and growing in the presence of 0.024 wg/ml Adriamycin (g, h, and k; Lane 4), or selected and growing in the presence of 0.2
1M etoposide (i, j, and k; Lane 5).
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Table 2 Apoptosis induction in ML-1 cells®

Cell line Adriamycin Etoposide Apoptosis (%)
ML-1-P - - 15
ML-1-p + ~ 19.5
ML-1-P - + 233
ML-1-AR + - 7
ML-1-ER - + 5

“Apoptosis induction was measured in parental ML-1 cells (ML-
1-P), Adriamycin-resistant ML-1 cells (ML-1-AR), and etoposide-resis-
tant ML-1 cells (ML-1-ER) by DAPI staining in the presence of either
Adriamycin (0.02 pg/ml) or etoposide (0.2 uM) treatment, as described
in ‘‘Materials and Methods.”’ The percentage apoptosis was determined
as number of apoptotic nuclei/total cell number.

respectively. We observed a loss of apoptosis induction in
drug-resistant HL-60 cells, suggesting that the measurement of
apoptosis induction may be a reliable indicator of the relative
sensitivity or resistance of tumor cell lines to chemotherapeutic
agents. We observed a similar effect on the loss of apoptosis
induction in ML-1 cells selected for resistance to either Adria-
mycin or etoposide (Table 2). The Adriamycin- and etoposide-
resistant ML-1 cells still induced p53 and p21™AF“™"! proteins
following treatment with etoposide or Adriamycin, respectively
(data not shown). Thus, the acquired drug resistance of ML-1
cells was not due to a loss of transcriptionally active wild-type
p53.

Loss of pS3 Induction versus Chemoresistance. We
further evaluated the relative importance of p53 status in deter-
mining chemosensitivity by introducing an HPV 16 E6 expres-
sion vector into wild-type p53-expressing tumor cell lines. Fig.
6A shows a Western blot analysis of p53 and p21WAFVCIP!
expression in the absence (Lanes I, 3, 5, 7, 9, and I1) or
following incubation in the presence (Lanes 2, 4, 6, 8, 10, and
12) of Adriamycin of parental H460 lung cancer cells (Lanes I
and 2), two individual G418-resistant clones (Lanes 3-6), two
individual clones transfected with HPV 16 E6 expression vector
and selected for G418 resistance (Lanes 7-10), and pooled
clones transfected with HPV E6 and selected in the presence of
G418 (Lanes 11 and 12). As expected, Adriamycin induced both
p53 and p21WAFYCIP! expression in the parental H460 cells and
individual clones selected only for G418 resistance (Fig. 64,
Lanes 1-6). Pooled clones and one of two clones shown which
were transfected with HPV 16 E6 still induced pS3 and
p21WAFICIPL following Adriamycin treatment (Fig. 6A, Lanes
7,8, 11, and 12). However, clone 6, shown in Fig. 6A, Lanes 9
and /0, failed to induce either p53 or p21™WAFYCIP! following
Adriamycin treatment. Since this clone failed to induce p53, we
used it as a test of whether loss of p53 induction leads either to
loss of the p53-mediated G, checkpoint or to chemoresistance.
Fig. 6B shows that treatment of H460 lung cancer cells, trans-
fected with the pCMV-neo-bam vector and selected for G418
resistance, with the DNA-damaging agent etoposide led to in-
hibition of DNA synthesis, whereas treatment of H460 cells,
transfected with pCMV16E6 and selected for G418 resistance,
with etoposide failed to inhibit new DNA synthesis, except at
very high doses. We then determined the ID, in the presence of
either Adriamycin or etoposide for the parental H460 cell line,
the same G418-resistant H460 cell line, and the same H460

Ap53—> -—.’--'—- -
21—+ @ @ & e -
1 2 3 45 67 8 9 101112

B

Thymidine incorporation (cpm)

0 0.2 0.4 0.8 3.2
Etoposide (1 M)

Fig. 6 p53, p21WAFICIP! jnduction, and cell cycle arrest potential of
H460 lung cancer cells transfected with either pCMV-neo-bam or
pCMVI6E6 and selected for G418 resistance. A, Western blot analysis
of pS3 (top arrow) and p21VAFYC™P! (bottom arrow) expression is
shown either in the absence (Lanes 1, 3, 5, 7, 9, and 11) or following
incubation in the presence (Lanes 2, 4, 6, 8, 10, and 12) of 0.2 pg/ml
Adriamycin for parental H460 cells (Lanes I and 2), two clones trans-
fected with the pCMV-neo-bam vector and selected for G418 resistance
(first clone, Lanes 3 and 4; second clone, Lanes 5 and 6), two clones
transfected with pCMV16E6 and selected for G418 resistance (first
clone, Lanes 7 and 8; second clone, Lanes 9 and 10), and pooled clones
transfected with pPCMV 16E6 and selected for G418 resistance (Lanes 1
and 12), as described in ‘‘Materials and Methods.”’ B, [*H]Thymidine
incorporation (cpm) of neo (M) versus E6 (N) clones either untreated or
incubated in the presence of increasing concentrations of etoposide.
Incubations and determination of new DNA synthesis were performed
as described in ‘‘Materials and Methods.”’

clone transfected with HPV 16 E6 which failed to induce p53 or
arrest following treatment with chemotherapy. The results in
Table 3 suggest that with either Adriamycin or etoposide, loss of
p53 induction did not lead to chemotherapeutic drug resistance,
in fact the IDsy’s were lower for both drugs as compared with
cells that could induce pS53 or undergo cell cycle arrest. We
found similar results using a second independently isolated
G418-resistant HPV16 E6-transfected H460 cell line (H460-
E6-8, Table 3).

Discussion

A clinically favorable response to cancer therapy often
requires that the agents used induce tumor cell death. Under-
standing the pathways of cell death has therefore become not
only of interest in understanding the control of cell number
during tissue development and homeostasis, the immune re-
sponse, but also an important goal for the development of
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Table 3 Loss of p53 and chemoresistance”

ID;,
Adriamycin Etoposide
Cell line p53 p21 (ng/ml) (M)
H460-P + + 045+ 0.14 3.7+0.75
H460-neo + + 0.34 = 0.07 2.6 =053
H460-E6-6 - - 0.23 + 0.04 22023
H460-E6-8 - - 0.18 = 0.02 2.1+020

“The expression of p53 and p21™VAF"C'P! proteins was either un-

detectable and not inducible (—) or detectable and inducible (+) before
and after treatment of tumor cells with Adriamycin, respectively. H460-
E6-6 and H460-E6-8 are two independent G418-resistant clones isolated
following transfection of H460 cells with HPV16-E6. Immunoblotting
was performed as described in ‘‘Materials and Methods.™”

anticancer therapy (24, 25). The available clinically useful cy-
totoxic agents provide excellent tools for manipulating the cel-
lular pathways which result in cell death, with the hope of
understanding the underlying mechanisms. Cell death pathways
may be regulated negatively by certain oncogenes such as Bcl-2
(26, 27) or viral oncoproteins such as adenoviral EIB 19K
protein (28, 29), and positively by certain tumor suppressor
genes such as p53 (30, 31) or viral oncoproteins such as adeno-
viral E1A (32). These regulators are thought to relay signals into
a final common pathway of protease and endonuclease activity
by as yet undefined mechanisms, resulting in the phenotype of
apoptosis (33, 34). It has been suggested that a major pathway
of cell death following the administration of chemotherapy or
radiation involves activation of p53-mediated apoptosis (9-11).
Both bax and Fas/APO1 have been identified as downstream
targets of p53 transcription, although both of their precise roles
in apoptosis induction following DNA damage or pS53 induction
remains unclear (35-37). A correlation has been found between
bax induction following vy-irradiation and apoptosis induction in
wild-type p53-expressing cell lines (38).

The results presented here illustrate several significant re-
lationships between the measurement of in vitro cytotoxicity
and expression of Bcl-2 protein, wild-type pS3 induction, and
apoptosis induction. In addition, the results show that tumor
cells can undergo p53-dependent cell cycle arrest and apoptosis
simultaneously following treatment with chemotherapy.

The most consistent relationship in all tumor cell types
tested was a correlation between chemosensitivity and apoptosis
induction, regardless of either the p53 status or Bcl-2 expression
level. Bcl-2 levels correlated with relative chemoresistance in
Burkitt’s lymphoma cell lines, but not in leukemia, ovarian
cancer, or lung cancer cell lines. p53 status correlated with
p21WAFVCIPL induction following exposure of wild-type p53-
expressing cell lines to chemotherapy, but a correlation between
p53 status and chemosensitivity was only observed within the
group of ovarian carcinoma and some lymphoma cell lines.
Interestingly, we found significant overexpression of MDR1 in
only one tumor cell line in our series, CA46 (data not shown),
and this was one of the most resistant cell lines with all drugs
tested. In wild-type pS53-expressing cell lines, we noted that
p53-dependent cell cycle arrest and apoptosis were not mutually
exclusive; i.e., only cell cycle arrest was observed at sublethal
doses whereas both arrest and death occurred at lethal drug

doses. Since the process of cell death takes time, and since such
cells might theoretically not cease to synthesize DNA, either as
part of the S-phase or repair processes, we determined the level
of incorporation of [*H]thymidine in cells undergoing apoptosis.
Our experiments showed that dying cells failed to incorporate
[*H]thymidine, suggesting that their cell cycle arrested during
the 48-72 h while they died. It might be of use to determine
whether untransformed cells can also undergo cell cycle arrest
and apoptosis simultaneously.

Since panels of cell lines, even if derived from the same
tumor type, are unlikely to be isogenic, we also approached the
relationships between p53 status, apoptosis induction, and che-
mosensitivity by comparing drug-sensitive versus drug-resistant
tumor cells following selection, as well as by evaluating the role
of pS3 by introducing an HPV 16 E6 expression vector into
tumor cell lines, thereby targeting p53 for degradation via the
ubiquitin pathway. Such cell lines have been generated in the
past to evaluate the role of p53 in mediating a G, checkpoint
following DNA damage as well as to study the role of pS3 in
determining radiosensitivity or chemosensitivity (39-42). In
our studies, we found that HL-60 cells selected for either Adria-
mycin or etoposide resistance were much less likely to undergo
apoptosis in the presence of chemotherapy as compared to
parental cells. This resistance to apoptosis induction in the
Adriamycin- or etoposide-resistant HL-60 cells was not p53
dependent, since HL-60 already expressed no wild-type p53,
and was not due to overexpression of MDR1 (data not shown).
pS53-independent apoptosis has also recently been reported fol-
lowing treatment of human colonic tumor cell lines with y-ra-
diation or a human prostate cancer cell line with various che-
motherapeutic agents (18, 43), and has previously been reported
following treatment of leukemia cell lines with either topoi-
somerase I or II poisons (44). We observed similar results in
ML-1 cells selected for resistance to either Adriamycin or
etoposide (Table 2). We looked for differences in the threshold
or level of pS53/p21 induction following treatment of drug-
resistant cells, but found no evidence for such underlying mech-
anisms (data not shown).

We also observed that targeting pS3 for degradation in
wild-type p53-expressing lung cancer cells inhibited the DNA
damage-induced G, arrest but did not alter chemosensitivity or
the extent of apoptosis induction following Adriamycin or eto-
poside treatment. Similar results have been previously observed
in colon cancer cell lines transfected with HPV 16 E6 and
treated with either y-radiation or camptothecin (39). However, a
recent report provided evidence that a nontransformed human
fibroblast cell line became more resistant to ionizing radiation
following transfection of HPV 16 E6 (41), whereas other recent
reports of E6 expression have found that loss of the G, check-
point was associated with increased sensitivity to the human
breast cancer cell line MCF7 or the human colon cancer cell line
RKO cells to cis-platinum (40), or increased sensitivity of
human mammary epithelial cells to mitomycin C (42). These
different outcomes may be due to different cell types, differ-
ences between nontransformed and transformed cells, or differ-
ences in specific cytotoxic agents used.

Our results suggest that in vitro measurement of apoptosis
induction may be useful as a general marker of chemosensitiv-
ity, whereas p53 status or Bcl-2 expression may be useful
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markers of chemosensitivity in certain cell types. Future exper-
iments should analyze larger series of tumor-derived cell lines,
evaluate the effects of targeting wild-type p53-degradation in
normal and tumor cell lines derived from different tissue origins,
and examine the relationships between in vitro and in vivo
chemosensitivity.
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