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DIFFERENTIATION-INDUCED bcl-2 AND DRUG RESISTANCE IN NB
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Fig. 3. Inhibition of growth does not induce chemor e in undiffa d cells.

A, SH-SY5Y, CHP100, and IMR-32 cells (l) were treated with RA for 6 days, and
SH-SY5Y cells were cultured in medium containing 0.5% FBS for 3 days (£J). The
number of viable cells was assessed by trypan blue dye exclusion, counted with a
hemocytometer, and expressed as the percentage of live cells relative to parallel control
cultures. B, after RA treatment (W) or serum deprivation (EJ) cells were exposed to Adr as
indicated. Viable cells were assessed and expressed as described in Fig. 1. Data represent
mean of triplicate determinations; bars, SD.

the accumulation of cells in G,—G, of the cell cycle, mimicking the
effect of uM concentrations of RA, yet does not induce either differ-
entiation, a decrease in cell viability, or loss of cells from the culture
(data not shown). Although proliferation of SH-SYSY was inhibited
to the same extent in serum-free culture conditions as it was in the
presence of RA (Fig. 3A), survival after Adr exposure in serum-
starved cells was identical to that observed in exponentially growing,
undifferentiated cells (Fig. 3B).

We determined that RA treatment inhibits the growth of CHP-100
and IMR-32 cells, but both cell lines fail to differentiate in response
to RA treatment (Fig. 3A; data not shown). We utilized these cells to
evaluate further the relationship between the effect of RA on NB
growth and chemotherapeutic sensitivity. After 6 days of RA treat-
ment no morphological evidence of differentiation was seen, although
a 60% decrease in cell number was detectable in both CHP-100 and
IMR-32 cells (Fig. 3A). This effect was not associated with an
increase in the number of cells undergoing apoptosis after RA treat-
ment as detected by evaluation of nuclear morphology (data not
shown). Despite this inhibition of cell proliferation, no alteration in
the sensitivity of either cell line to Adr was observed under these
conditions (Fig. 3B).

To explore further whether RA-induced drug resistance was inde-
pendent of proliferation rate, we tested the chemosensitivity of SH-
SYSY cells treated with concentrations of RA known to promote
differentiation without inhibiting growth (24). SH-SYSY cells were
incubated in the presence of 10 or 100 nM RA for 6 days and then
treated with Adr for 24 h. As expected (24), cell proliferation was not
affected by either of these concentrations (Fig. 4A); however, as
shown in Fig. 4B, RA treatment induced drug resistance. Taken together,
the results of these experiments demonstrate that the altered drug sensi-
tivity of RA-treated NB cells is not associated with changes in cellular
proliferation and suggest that the acquisition of a differentiated phenotype
is an important determinant of drug resistance in NB cell lines.

Drug Resistance Induced by RA Is Not Specific for Differenti-
ation along a Neuronal Lineage. To determine whether resistance to
anticancer agents in RA-treated NB cells was specifically associated
with the neuronal differentiation induced by RA in SH-SYSY and
SMS-KCNR cells, we examined the cytotoxic effect of Adr in NB
cells displaying different patterns of differentiation in response to RA.
SK-N-SH-N and SK-N-SH-F cells are NB cells derived from a
common parental cell line, SK-N-SH, in which a differential response

to RA has been described (18). Although neuronal differentiation
is induced in SK-N-SH-N cells after treatment with RA, SK-N-
SH-F cells acquire a distinctive epithelial-like phenotype with flat,
adherent cells after RA treatment. Two independent experiments
examining the effect of RA-induced differentiation on the Adr
sensitivity of each of these cell lines were performed. As shown in
Table 1, SK-N-SH-N and SK-N-SH-F cells acquired the same
degree of resistance to Adr after RA treatment. Thus, the expres-
sion of drug resistance in NB cells did not require induction of
neuronal differentiation.

RA-induced Differentiation of NB Cells Abolishes the Apop-
totic Response of Tumor Cells to Adr and Is Associated with
Increased bcl-2 Expression. Recent studies have shown that treat-
ment with many antineoplastic agents, including alkylators, topoi-
somerase inhibitors, and antimetabolites, initiates intracellular path-
ways leading to apoptosis, an active response of cells to DNA damage
that ends in cell death (2—-4). During apoptosis, loss of membrane
integrity is typically preceded by chromatin condensation and inter-
nucleosomal DNA cleavage (26). We evaluated the role of apoptosis
in the response of SH-SYSY cells to Adr by morphological exami-
nation of Hoechst 33258-stained nuclei. Whereas cells cultured in RA
retained their normal chromatin structure after Adr treatment (Fig. S,
B and D), condensed chromatin and fragmented nuclei were present in
undifferentiated cells treated with Adr (Fig. S, A and C). After Adr
treatment, undifferentiated cells also contained low molecular weight
DNA, which produced a characteristic “ladder pattern” when analyzed
by agarose gel electrophoresis, although this was not observed in
Adr-treated cells that had been differentiated previously with RA
(data not shown).

To investigate the mechanism mediating the inhibition of drug-
induced apoptosis in RA-differentiated NB cells, we evaluated the
expression of the bcl-2, c-myc and p53 genes, known regulators of
apoptosis in cells of several different lineages (27-31). The expression
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Fig. 4. RA induces chemoresistance in the absence of growth inhibition. A, SH-SY5Y
cells were treated for 6 days with the indicated concentration of RA or with vehicle
control. Viable cell number was assessed and expressed as described in Fig. 1. B,
RA-treated and control cells were exposed to 0.1 ug/ml of Adr for 24 h at which time cell
viability was assessed and expressed as described in Fig. 1.

Table 1 Adriamycin sensitivity of NB cell lines displaying differential responses to RA
treatment

% of survival (Adr-treated/untreated X 100)

Cell line Adriamycin (ug/ml) Untreated RA
SK-N-SH-N 0.05 274 93.1
0.10 12.7 91.4
SK-N-SH-F 0.05 324 108.6
0.10 13.3 102.3

SK-N-SH-N and SK-N-SH-F cells were treated with RA for 6 days and exposed to
Adr. The results express the percentage of viable cells relative to cultures that received no
Adr. Data represent the mean of two independent experiments, each performed in
triplicate, which varied by <10%.
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DIFFERENTIATION-INDUCED bcl-2 AND DRUG RESISTANCE IN NB

Fig. 5. Analysis of chromatin structure after treatment with Adr. RA-differentiated and control cells were treated with Adr at a concentration of 0.1 pug/ml for 24 h. Cells were fixed
with paraformaldehyde, stained with Hoechst 33258, and examined by fluorescence microscopy. Undifferentiated cells (A and C) and RA-treated cells (B and D) were examined. C
and D, higher magnification views of a field from A and B, respectively.

of bcl-2 protein was low in undifferentiated SH-SYSY cells (Fig. 8).
In cells treated with RA for 6 days, a marked increase in the level of
bcl-2 expression, corresponding to a 20—40-fold increase measured
by densitometry analysis (data not shown), was observed (Fig. 6).
Although expression of bcl-2 in differentiated cells was independent
of Adr treatment, a small increase in bcl-2 level was detected in
undifferentiated SH-SYSY cells after Adr treatment (Fig. 6). In the
same cell line, the expression of c-myc was not significantly
affected by RA treatment (Fig. 6) and p53 protein was undetectable
both in undifferentiated and RA treated SH-SYS5Y cells (data not
shown). We also examined bcl-2 expression in the other NB cell
lines we had tested previously for Adr sensitivity. RA markedly
increased bcl-2 protein levels in the SMS-KCNR, SK-N-SH-N, and
SK-N-SH-F cell lines (Fig. 7), which underwent differentiation
after RA treatment. In contrast, RA did not stimulate bcl-2 expres-
sion (Fig. 7) in CHP-100 and IMR-32 cells, which also did not
undergo RA-induced differentiation. As described above, RA treat-
ment did not lead to cytotoxic drug resistance in these cell lines
(Fig. 4B).

DISCUSSION

Although clinical observation indicates that responsiveness to an-
tineoplastic treatment reflects the biological properties of different
tumor cell types, cell-type-specific determinants of sensitivity or
resistance to chemotherapeutic agents are poorly understood. Emerg-
ing evidence suggests that DNA-damaging agents can activate apop-
tosis and that the effectiveness of these drugs is greatly influenced by
the intrinsic ability of the target tumor cells to mediate this genetically
determined pathway of cell death (5). Therefore, changes in the
cellular regulators of apoptosis, which affect the intrinsic propensity
of cells to engage the apoptotic pathway in response to DNA injury,
may mediate the resistance of some tumors to treatment.

In this study we describe the effect of RA on the sensitivity of
human NB cell lines to antineoplastic agents. Our results indicate a
strong association between differentiation induced by RA, a dimin-
ished apoptotic response to cytotoxic agents, and increased bcl-2
expression in NB cells. A common feature of SH-SYSY, KCNR,
SK-N-SH-N, and SK-N-SH-F NB cell lines, which acquired drug
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Fig. 6. Expression of bcl-2 and c-myc proteins in SH-SYSY cells. After, incubation
with RA or a vehicle control (CTR) for 6 days, cells were treated with Adr (0.05 or 0.1
pug/ml) for 24 h and then incubated in fresh medium without drugs for an additional 24 h.
Cell lysates were prepared as described in “Materials and Methods,” fractionated by

| phoresis, and evaluated by immunoblotting for expression. c-myc protein expres-
sion was examined on the same blot, stripped, and reprobed with anti-c-myc antibody.
Arrowheads, positions to which bcl-2 and c-myc migrated. kD, molecular weight in
thousands.

resistance after RA treatment, was their RA-induced expression of a
differentiated phenotype, whereas failure to differentiate in response
to RA was associated with persistent drug sensitivity in CHP-100 and
IMR-32 cells. We demonstrated that the inhibition of proliferation in
NB cells treated with RA could not account for the dramatic effect on
sensitivity observed after differentiation because undifferentiated,
growth-arrested NB cells remained sensitive. In addition, the effect of
RA on drug resistance persisted in cells displaying differentiated
features in the absence of growth inhibition. Importantly, cell lines
that did not undergo differentiation but were capable of responding to
RA as measured by growth inhibition, did not exhibit resistance to
cytotoxic agents, suggesting strongly that this effect was not RA
specific. Rather, the inactivity of antineoplastic drugs in RA-treated
cells appears to be dependent on cellular changes that define the
differentiated phenotype.

We observed that SH-SYSY cells underwent apoptosis after expo-
sure to Adr in a manner similar to that observed in other cell systems
(32). In contrast, RA-differentiated cells were unable to trigger the
apoptotic program in response to Adr treatment. Apoptosis represents
a common genetic program of cell death involved in the cytotoxic
effect of many antineoplastic agents. Accordingly, failure of the
apoptotic pathway in differentiated SH-SYSY cells generated a cross-
resistant phenotype characterized by resistance to the cytotoxicity of
both Adr and CDDP. Resistance of this sort represents a sharply
contrasting alternative to other mechanisms of multidrug resistance.
This drug resistance pathway may explain frequent clinical and lab-
oratory observations such as resistance of tumor cells to antineoplastic
agents to which they have not been exposed.

We evaluated bcl-2, c-myc, and p53 expression in SH-SYSY cells.
We found that after 6 days of RA treatment bcl-2 protein was
markedly induced, c-myc was unchanged and p53 remained undetect-
able. bcl-2 is a proto-oncogene thought to suppress apoptosis during
normal development (33). Gene transfer studies have established a
role for bcl-2 in antagonizing cancer therapy-induced apoptosis in
tumor cells, including NB cells (34-37). Our results indicate that

overexpression of bcl-2 detected after RA-induced differentiation of
NB cells represents a likely mechanism that contributes to deregula-
tion of the apoptotic response to anticancer agents and drug resistance.
The absence of bcl-2 induction in CHP-100 and IMR-32 cells lines,
which displayed only a growth inhibitory response to RA without
morphological differentiation, makes a direct effect of RA on bcl-2
protein levels unlikely and suggests that the expression of bcl-2 is
regulated during the differentiation of NB cells. Our results are in
agreement with the induction of bcl-2 gene expression reported pre-
viously in NB cells differentiated by 12-O-tetradecanoyiphorbol-13-
acetate as well as by RA (34).

The bcl-2 gene is expressed in the nervous system (38, 39), particularly
in sympathetic and sensory neurons (40, 41). Although a consistent
correlation between a specific differentiated histology of NB tumors and
bel-2 levels has not been recognized (42, 43), it seems likely that the
expression of bcl-2 in NB reflects its expression in the normal cell to
which a specific NB may correspond (8, 44). Enhanced bcl-2 expression
after differentiation of NB cells could represent a developmental phe-
nomenon functioning physiologically to maintain neuronal survival (40,
41), although in our study, expression of bcl-2 was not limited to only NB
cells differentiating along the neuronal pathway. bcl-2 induction was also
seen in SK-N-SH-F, which displayed a substrate-adherent phenotype
after RA treatment. In NB cells the substrate-adherent phenotype has
been associated with markers of schwannian or melanocytic differentia-
tion (45—47). Interestingly, high levels of bcl-2 expression have also been
reported in mature melanocytes (48).

The effect of differentiation on the responsiveness of NB to treat-
ment has not been investigated previously. Our results are consistent
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Fig. 7. Expression of bcl-2 protein in RA-treated NB cell lines. After treatment with
RA or a vehicle control for 6 days, cells were collected and assayed for bcl-2 expression
by Western blotting analysis as described in Fig. 6. Exposures of 2 min (top panel) or
2 h (bottom panel) of different sections of the same blot are shown to demonstrate
the variable levels of signal intensity.
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with the recent observation that residual or recurrent NB examined
after treatment exhibit increased levels of bcl-2 expression (49),
although such an enhancement is not always demonstrable (43). It will
be important to distinguish between the two most likely mechanisms
by which such a situation may arise. It is possible that tumor cells
expressing a more differentiated phenotype resist apoptosis and have
a selective survival advantage. On the other hand, therapy itself may
induce differentiation. Recent data describing the expression of bcl-2
in poor prognosis tumors (42) suggest that the first of these possibil-
ities may contribute to tumor relapse during the course of therapy.

Genetic alterations in p53 (29), c-myc (27), and other cellular genes
such as Rb (50) can contribute to changes in the ability of tumor cells to
undergo apoptosis, and the impact of these alterations on the response of
malignant cells to antineoplastic therapies is now being widely investi-
gated. Our studies identify epigenetic cellular changes, which are medi-
ated through alterations in the apoptotic response, as important determi-
nants of therapeutic responsiveness. Similar findings have been reported
in prostate cancer cells® and in promyelocytic leukemic cells (51).

In conclusion, our study indicates that the degree of tumor cell
differentiation may dictate the responsiveness of tumor cells to apop-
tosis and further defines a cellular mechanism that may contribute to
the emergence of drug resistance in different tumor types.
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