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Retinoic acid (RA) induces cell cycle arrest and differentiation of
human neuroblastoma (NB) cells. Typically, NB cells differentiate
along the neuronal lineage, but quiescent, ‘‘flat’’ cell types fre-
quently have been described after treatment with differentiating
agents. Two indistinguishable subclones of the cell line SK-N-SH,
SK-N-SH-N (SH-N) and SK-N-SH-F (SH-F), display dramatically dif-
ferent responses to RA. In SH-N, RA induces neuronal differentia-
tion, but in SH-F it transforms the small neuroblastic cells into large,
flattened, epithelium-like cells. Here we analyze the mechanistic
basis for the different effects of RA in the two NB subclones. First,
we show that the flattened RA-treated SH-F expresses markers of
cells undergoing replicative senescence. Inhibition of DNA synthe-
sis by RA is significantly more rapid in SH-F than in SH-N. SH-F,
which expresses basal amounts of p16INK4A, responds to RA with
elevation of p18INK4C, marked down-regulation of cyclin D1, and
swift inhibition of cyclin D-dependent kinases (cdks). Conversely,
after addition of RA, SH-N retains cell cycling due to high expres-
sion of cyclin D1, the absence of Ink4 inhibitors, and accumulation
of p21Cip1. These changes result in sustained cdk activity. Accord-
ingly, overexpression of p21Cip1 but not p16INK4A induces neuronal
differentiation of untreated NB cells. We propose that rapid inhi-
bition of cdks by RA in NB leads to early cell cycle arrest, prevents
neuronal differentiation, and results in a senescence-like state.

In mammalian cells, antimitogenic signals cause arrest in the G1
phase of the cell division cycle. Although growth arrest is the

final outcome of antiproliferative signals, the cellular processes
initiated by the cell cycle block depend on the nature of the
extracellular signals and the cell type receiving them. Differen-
tiation and senescence are two common cellular processes
associated with cell cycle withdrawal by antimitogenic factors,
and little is known about how the cell cycle engine converts the
antiproliferative messages in the different cellular responses of
differentiation and senescence (1, 2).

A cascade of consecutive waves of cyclinycyclin-dependent
kinase (cdk) activities is required for cell cycle progression
during G1yS transition. Cyclin D-cdk4y6 complexes function
early in G1 and act as the primary sensors of positive and negative
environmental signals (3–5). We and others have shown that
extracellular antiproliferative factors impinge primarily on cdks
to arrest cells in the G1 phase of the cell cycle (6–10). Mecha-
nisms for the inhibition of cyclin D-cdk4y6 by antimitogenic
signals include regulation of cyclin production and binding to the
cdks, subunit phosphorylation, and inhibition by cdk inhibitors
(3, 11). In mammalian cells, the cooperation between two classes
of cdk inhibitors, the cdk inhibitor proteinykinase inhibitor
protein (CipyKip) and the cdk4 inhibitor (Ink4) family of
inhibitors, is frequently responsible for withdrawal from the cell
cycle (4, 6, 12).

Neuroblastoma (NB) is a highly malignant pediatric tumor
derived from the neural crest (13). NB cells retain some
features of neural crest progenitors, such as the ability to
undergo neuronal differentiation in the presence of appropri-
ate signals (14, 15). For this reason, when treated with retinoic
acid (RA), human NB cells have been used as a model to study

differentiation along the neuronal lineage (16, 17). However,
as an alternative pathway to neuronal differentiation, a ‘‘f lat,
epithelioid or substrate-adherent’’ phenotype has been con-
sistently described in NB cells in vitro and in vivo (18–23).
Sometimes the two phenotypic variants coexist in the same
parental NB cell line (24). Homogeneous sublines, displaying
one or the other phenotype after treatment with differentia-
tion factors, have been derived from parental NB cell lines (22,
23, 25). In this study, we have used two classical sublines from
the SK-N-SH human NB cell line to investigate the nature of
the primary set of events in the cell cycle machinery that occur
during progression through their respective programs of neu-
ronal differentiation and senescence.

Materials and Methods
NB cells were grown in DMEM supplemented with 10% FBS.
For cells exposed to RA (Sigma), this agent was added at a
concentration of 10 mM in 100% ethanol, and treatments were
maintained for up to 14 days (when specified). Control cultures
contained the same concentration of ethanol (,0.2%) and the
medium was changed every 4 days. For senescence-associated
b-galactosidase (SA-b-gal) staining, cells were fixed and stained
at pH 6.0 with 5-bromo-4-chloro-3-indol b-D-galactopyranoside
as described (26). Inhibition of DNA synthesis by RA was
evaluated from the incorporation of [125I]iododeoxyuridine
(Amersham Pharmacia) into DNA during the last 2 h of
incubation.

For Western blot analysis, cell lysates were prepared in RIPA
buffer (0.15 mM NaCly0.05 mM TriszHCl, pH 7.2y1% Triton
X-100y1% sodium deoxycholatey0.1% SDS) containing pro-
tease and phosphatase inhibitors, and proteins were separated
on SDSyPAGE and finally visualized by enhanced chemilumi-
nescence (Amersham Pharmacia). For immunoprecipitationy
Western blot and immunoprecipitationykinase assays, lysates
were prepared and processed as described (6, 27). For retino-
blastoma protein (Rb) kinase assays, the phosphorylated Rb
(amino acids 773–928) was visualized by autoradiography and
quantitated by densitometry. The antibodies used in this study
have been described (6, 7).

SK-N-SH-N (SH-N) cells were transfected with pMEP vector,
pMEPp21Cip1 or pMEPp16INK4a, by Lipofectamine Plus
(GIBCO) according to the manufacturer’s instructions, and
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resistant cells were selected in 200 mM hygromicin for 10 days.
The percentage of cells with neurites was determined by count-
ing '1,000 cells from randomly selected fields. A neurite was
defined as a phase dark process with a clearly defined growth
cone that was at least two cell diameters in length.

Results
The two sublines of SK-N-SH, SH-N and SK-N-SH-F (SH-F),
have an indistinguishable undifferentiated small-cell phenotype
when left untreated, but display a strikingly different response to
RA. After RA addition, SH-N responds with extensive neurite
outgrowth and induction of markers such as neurofilament 68
and neurofilament 160, which are hallmarks of differentiation
along the neuronal lineage (Fig. 1 A and B). Conversely, the
addition of RA to SH-F results in a flattened, epithelium-like
phenotype (Fig. 1 A). The phenotypic changes induced by RA in
SH-N and SH-F cells typically begin after 3 days, are fully
manifested after 7 days, and are stable over the entire course of
a 14-day experiment. Neuritic extension and expression of
neuronal markers are consistently absent in RA-treated SH-F
cells (Fig. 1 A and B). We noticed that SH-F cells treated with
RA became much larger, f latter, and more granular than
untreated cells, resembling primary cells that have attained

senescence after extensive serial passage (28, 29). Senescent cells
have increased volume, exhibit f lattened morphology, and ac-
cumulate an endogenous b-gal activity at pH 6.0 (SA-b-gal) (26,
30). Staining of RA-treated SH-F cells for SA-b-gal showed
progressive accumulation of this marker by 7 days of treatment.
After 14 days, almost 100% of SH-F cells stained positive for
SA-b-gal (Fig. 1C). In human cells, induction of the cdk inhibitor
p16INK4a is also associated with the onset and maintenance of the
senescent phenotype (2, 31, 32). SH-F cells expressed small but
detectable amounts of p16INK4a in the untreated state and SH-N
cells did not (Fig. 1D). Interestingly, SH-N and SH-F expressed
similar amounts of p16INK4a mRNA, indicating differential post-
transcriptional regulation of p16INK4a protein in the two NB
sublines (Fig. 1E). In parallel with morphological changes and
accumulation of SA-b-gal, treatment of SH-F with RA led to a
significant increase in p16INK4a. Expression of p16INK4a was
undetectable in SH-N treated with RA (Fig. 1D). These results
indicate that RA treatment induces a phenotype typical of cells
differentiating along the neuronal pathway in SH-N and a
coordinated senescence-like phenotype in SH-F.

Differentiation and senescence are implemented by repro-
gramming of the cell cycle machinery, which leads to prolifer-
ative arrest. To identify the mechanisms of cell cycle arrest in

Fig. 1. Effects of RA on the NB cell subclones SH-N and SH-F. (A) Cellular morphology of SH-N and SH-F cells left untreated or treated with RA for 7 days. (B)
Neurofilament 68 and neurofilament 160 Western immunoblot analysis of SH-N and SH-F left untreated (2) or treated with RA for 7 days (RA). (C) SH-F cells were
treated with RA for the indicated times and stained with 5-bromo-4-chloro-3-indol b-D-galactopyranoside to measure SA-b-gal activity. (D) p16INK4a and p27Kip1

Western immunoblot analysis of SH-N and SH-F treated with RA for the indicated times. (E) Northern blot analysis for p16INK4a and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) of untreated SH-N and SH-F.
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SH-N and SH-F, we first determined the kinetics of S-phase
inhibition by RA. The addition of RA impaired entry into the S
phase of SH-F cells within 24 h, but it first reduced the S phase
of SH-N cells only after 48 h (Fig. 2A). In both cell types, cell
cycle arrest was in the G1 phase of the cell cycle, as determined
by fluorescence-activated cell sorter analysis (data not shown).
Thus the senescence-primed SH-F cell subclone responds to RA
with early cell cycle arrest. In contrast, SH-N cells, predisposed
to progress along the neuronal pathway, display a delayed
antiproliferative response to RA.

To test whether the differential cell cycle block after the
addition of RA reflects a specific effect on the cell cycle
machinery in the two cell types, we decided to assess the
mechanism of inhibition by RA of cdk6 and cdk4, the first targets
for G1 arrest by antimitogenic signals in mammalian cells (3, 11).
Below, we will show our results on cdk6, but related experiments
with cdk4 led to similar conclusions (data not shown). First, we
determined the in vitro kinase activity toward exogenous Rb
associated with cdk6 immunoprecipitates. The addition of RA to
SH-F decreased cdk6-associated Rb kinase activity to nearly
background levels by 24 h. Conversely, SH-N cells showed
comparable inhibition of cdk6 only after 48–72 h of treatment

with RA (Fig. 2B). The analysis of endogenous Rb showed
similar differential kinetics of inhibition of phosphorylation
among SH-N and SH-F, indicating that the delay of cdk6
inhibition in SH-N was physiologically relevant (Fig. 2C). Thus,
inhibition of cdk6 kinase in vitro and in vivo paralleled inhibition
of entry into the S phase by RA in SH-N and SH-F cells. Cdk6
kinase activity was inhibited by RA without any loss of the cdk6
subunit, but with changes in the abundance of D-type cyclins in
both cell types (Fig. 3). Cyclin D1 was increased during the early
phases of RA treatment in SH-N cells and was detectable
throughout the entire period analyzed (72 h after the addition of
RA). Accordingly, cyclin D1-cdk6 complexes were abundant in
SH-N cells treated with RA. Interestingly, cyclin D1 and the
corresponding cyclin D1-cdk6 complexes were strongly reduced
in SH-F cells after 24 h of RA treatment (Fig. 3B). The other
D-type cyclin expressed in the two NB cell types, cyclin D3
(cyclin D2 was not expressed in both cell lines), accumulated in
SH-N and SH-F with similar kinetics and led to increased
abundance of cyclin D3-cdk6 complexes after RA (Fig. 3). The
accumulation of cyclin D3-cdk6 complexes was seen when cdk6
kinase activity was lost (SH-F) or would soon be lost (SH-N),
indicating that during the antiproliferative response to antimi-
togenic signals these complexes lack associated Rb kinase ac-
tivity (8, 33, 34).

We then turned our attention to the effect of RA on cdk
inhibitors and on their ability to form complexes with cdk6 in
human NB cells. The inhibitors p57Kip2, p15Ink4b, and p19Ink4d

were absent in untreated SH-N and SH-F and were not raised by
RA (data not shown). p21Cip1 is known to accumulate in cells

Fig. 2. Kinetics of S-phase and cdk6 kinase inhibition by RA in SH-N and SH-F.
(A) Inhibition of S phase in SH-N (h) and SH-F (E) treated with RA for the
indicated times. The data shown are the average and standard deviations of
triplicate assays. (B) SH-N and SH-F cells were treated with RA for the indicated
times. Cdk6 immunoprecipitates were assayed for associated Rb kinase activ-
ity. The 32P autoradiographic signal of the Rb band (Upper) was quantified and
is plotted relative to the value in cells without RA (h, SH-N; E, SH-F). (C) Rb
Western immunoblot from SH-N and SH-F treated with RA. ppRb, phosphor-
ylated Rb; pRb, unphosphorylated Rb.

Fig. 3. Cdk6, D-cyclins, and cyclin D-cdk6 complexes in SH-N and SH-F treated
with RA. Total amounts of the indicated proteins were determined by West-
ern immunoblotting of lysates from RA-treated SH-N (A) and SH-F (B).
Cdk6-bound cyclins were determined by Western immunoblotting of cdk6
immunoprecipitates.
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undergoing neuronal differentiation, including human neuro-
blastoma cells (35–37). RA rapidly increased p21Cip1 in SH-N,
and this inhibitor remained high for at least 72 h of treatment
(Fig. 4A). RA decreased p21Cip1 in SH-F cells (Fig. 4B). During
RA treatment, cdk6-p21Cip1 complexes followed a kinetics that
was related to the abundance of total p21Cip1, with accumulation
of the complexes in SH-N and loss in SH-F (Fig. 4 A and B). The
other CipyKip inhibitor, p27Kip1 (and the corresponding cdk6-
p27Kip1 complexes), underwent progressive accumulation during
treatment with RA in both cell types (Fig. 4 A and B). Expression
of Ink4 inhibitors was dramatically different in the two NB cell
types treated with RA. p16INK4a was constitutively expressed at
low levels by SH-F, and an increase in this protein was found
after 7 days of RA treatment (Fig. 1D). However, elevation of
p16INK4a did not seem to play a role in the initiation of cell cycle
arrest by RA because its abundance did not change, and
cdk6-p16INK4a complexes, although consistently detected in cells
exposed to RA, were not affected during the first 72 h of
treatment (Fig. 4C). p16INK4a was never found in SH-N after
short-term and long-term treatment with RA (Fig. 1D). Another
Ink4 inhibitor, p18INK4c, was induced by RA in total extracts and

in cdk6 immunoprecipitates from SH-F, but it was absent in
SH-N cells before and after RA (Fig. 4C and data not shown).
These results indicate that induction of the senescent phenotype
by RA is associated with early cdk6 (and cdk4) inhibition and cell
cycle arrest, in the context of high Ink4 inhibitory activity,
whereas differentiation along the neuronal pathway is accom-
panied by delayed cdk6 (and cdk4) inhibition and cell cycle
arrest, in the absence of Ink4 activity but with high CipyKip
activity.

To test whether expression of CipyKip and Ink4 inhibitors
resulted in different phenotypic changes by human NB cells,
SH-N was transfected with vectors expressing p21Cip1 or p16INK4a

or with empty plasmid. Cells were selected with hygromicin, and
the resistant cells were analyzed for the presence of a neuronal
phenotype by counting the number of cells with neurites. Intro-
duction of p16INK4A and p21Cip1 in SH-N was associated with cell
cycle arrest, as shown by lack of multicellular colonies in plates
transfected with p16INK4a and p21Cip1 but not in those transfected
with empty vector (data not shown). However, in three inde-
pendent experiments, p21Cip1 expression induced significant
neurite extension, but p16INK4a did not (Fig. 5).

In summary, our data suggest that a cycling phase after RA
treatment, mediated by the combination of cyclin D1 and
p21Cip1, is a permissive condition for neuronal differentiation of
NB cells. Conversely, early inhibition of D-type cdk activity,
implemented by a high threshold of Ink4 inhibitors, allows
immediate and efficient cell cycle arrest followed by entry into
a senescence-like phenotype.

Discussion
We have shown that, in response to RA, NB cells have the choice
of following one of two alternative programs, each enabled by
the ultimate extinction of D-type cdks and leading to G1 arrest.
In the first program, enforced in cells undergoing neuronal
differentiation (SH-N), cycling of cells during the first 48 h of
RA treatment is allowed by persistent cyclin D-dependent kinase
activity. Here, the main player in the cell cycle machinery
recruited by RA appears to be the cdk inhibitor p21Cip1, which
is rapidly elevated by RA. The increase in p21Cip1 takes place in
the presence of abundant cyclin D1-cdk6 (and cyclin D1-cdk4)
complexes. Indeed, RA promptly raises the expression of cyclin
D1 in SH-N, in a manner that is very similar to that of the

Fig. 4. Cdk inhibitors in SH-N and SH-F treated with RA. Total amounts of the
indicated proteins were determined by Western immunoblotting of lysates
from RA-treated SH-N (A) and SH-F (B and C). Cdk6-bound inhibitors were
determined by Western immunoblotting of cdk6 immunoprecipitates.

Fig. 5. Expression of p21Cip1 induces neuronal differentiation in NB cells.
SH-N were transfected with plasmids expressing the indicated proteins and
selected with hygromicin. Shown is the percentage of hygromicin-resistant
cells with neurites after each transfection. Bars represent means and standard
deviations of triplicate samples.
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elevation of p21Cip1. The coordinated effects of RA on cyclin D1
and p21Cip1 in SH-N cells resemble the up-regulation of cyclin D1
and p21Cip1 observed in the course of nerve growth factor-
induced neuronal differentiation of PC12 pheochromocytoma
cells (36, 37). We recently have found that cyclin D1 can elevate
p21Cip1 expression through an E2F site in the p21Cip1 promoter
(38, 39). It is likely that the large availability of cyclin D1-cdk4y6
complexes in SH-N treated with RA for less than 48 h renders
p21Cip1 a cofactor for cdk4y6 kinase activity, through its positive
role on cyclin D1-cdk4y6 assembly (4, 40). The absence of Ink4
inhibitors in SH-N treated with RA allows continuous activity of
cyclin D-dependent kinases. After prolonged treatment with RA
(more than 48 h), cyclin D-dependent kinase activity finally
disappears from SH-N cells, thus leading to G1 arrest. At this late
time of RA treatment, two new coordinated sets of events
modify the early response to RA, repression of cyclin D1 (and
p21Cip1) and elevation of cyclin D3 (and p27Kip1). The final
outcome is the substitution of active cyclin D1-cdk6- p21Cip1

complexes with inactive cyclin D3-cdk6- p27Kip1 complexes. The
shift of cyclin D1 with cyclin D3 has been described during the
response of different cell types to incoming antiproliferative
signals (8, 33, 41). In one of the most studied systems, myogenic
differentiation, elevation of cyclin D3 leads to sequestration of
cdks and proliferating cell nuclear antigen into high-order
structures, inhibition of kinase activity, and cell cycle arrest (42).
The parallel elevation of cyclin D3 in SH-F cells treated with RA
suggests that, rather than the implementation of specific differ-
entiation events, accumulation of cyclin D3 is associated with cell
cycle arrest by a wide array of antimitogenic pathways.

The cell cycle response of SH-F to RA is dictated by Ink4
inhibitors. First, basal p16INK4a expression is present throughout
the early period of RA treatment, which leads to G1 arrest, and
is elevated in parallel with the emergence of the senescence

phenotype. Timely elevation of p18INK4c and a decrease in cyclin
D1 quickly set the balance of cdk complexes and Ink4 inhibitors
with the latter. The ability of Ink4 inhibitors to form highly stable
binary inhibitor-cdk4y6 complexes, associated with rapid deple-
tion of the intracellular cyclin D1 pool, allows immediate and
efficient extinction of cyclin D-dependent kinase activity in SH-F
treated with RA, which, in turn, leads to prompt exit from the
cell cycle.

Thus there appears to be a good correlation between the
timing and the degree of growth arrest, the kinetics of inhibition
of cyclin D-dependent kinase activity, and the choices of NB cells
treated with RA with respect to the alternative programs of
neuronal differentiation or senescence. The idea that a prolif-
erative phase, associated with elevation of p21Cip1, must precede
overt differentiation was proposed for other cellular lineages
(43–45). Our results suggest that neuronal differentiation of NB
cells triggered by RA fulfills this model. However, if early and
efficient inhibition of the cell cycle is attained by recruitment of
cdk inhibitors of the Ink4 family, execution of the neuronal
differentiation program is prevented and cells undergo a senes-
cence-like phenotype. A previous study reported that RA in-
hibits protein kinase C in SH-N but enhances its activity in SH-F
(46). It will be interesting to determine whether the differential
inhibition of protein kinase C activity by RA in the two sublines
is responsible for the alternative mechanisms of cell cycle arrest.

In conclusion, our results propose that NB cells may serve
as a model with which to study the mechanisms of senescence
of neural crest cells in vitro. We also suggest that determination
of markers of senescence, such as SA-b-gal, in tumors of
patients affected by NB and undergoing experimental treat-
ment with RA, might provide a highly sensitive approach to
monitoring of the antiproliferative tumor response to this form
of therapy (47).
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