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ABSTRACT

We have previously defined depressed mitochondrial function as a
determinant in colon cancer risk and progression and established that
metabolism of butyrate, a short-chain fatty acid generated during the

fermentation of fiber by endogenous intestinal bacteria, induces mitochon
drial function-dependent growth arrest and apoptosis of colonie carci

noma cells in vitro. Here, we dissect the relationships among mitochon
drial function, growth arrest, and apoptosis, reporting that initiation and
maintenance of butyrate-mediated pS3-independent p2iWAFI/c|P' induc

tion and subsequent Gg/GÂ¡arrest require an intact mitochondrial mem
brane potential <A'l' â€ž¿�,,) and that the process of dissipation of the AM',,,, is

then essential for initiation of a butyrate-induced apoptotic cascade. Thus,

we hypothesize that mitochondria play a pivotal role in coordinating
proliferation and apoptosis pathways, a coordination that must be tightly
regulated in rapidly renewing tissues, such as the colonie mucosa.

INTRODUCTION

In tissues that are rapidly and continually renewed, such as the
colonie mucosa, maintenance of homeostasis demands a tightly reg
ulated coordination of proliferation and apoptosis pathways. The
importance of this coordination is emphasized by the fact that risk for
and progression of colon cancer are characterized by expansion of the
proliferati ve compartment (1), coincident with decreased apoptosis
(2). Moreover, recent data demonstrate that chemoprevention of colon
cancer involves maintenance or restoration of this balance (3-5),

suggesting that defects in the molecular and biochemical mechanisms
involved in coordinating these pathways disrupt the balance between
proliferation and apoptosis and, therefore, play a critical role in risk
and colonie tumorigenesis.

Our previous work has identified abnormally low mitochondrial
gene expression as a determining factor in colon cancer risk and
progression in vivo (6), and others have shown that depressed mito
chondrial enzymatic activity (7) and enhanced A^,,,, (mitochondrial
membrane potential; Refs. 8 and 9) distinguish colon tumors from
adjacent normal tissue. Alterations in the mitochondrial membrane
potential have been implicated in apoptosis, with commitment to and
activation of apoptotic pathways linked to dissipation of the A^mt
(10-14) and escape from or delayed apoptosis associated with am

plification and stabilization of the A^, (15, 16).
We have previously established that, despite defective mitochon

dria, butyrate, a short-chain fatty acid normally found in the colonie

lumen as a result of fiber fermentation by endogenous intestinal
bacteria, induces mitochondrial gene expression, mitochondrial enzy
matic activity, a transient, simultaneous arrest of cells in G,/G, and
G2-M of the cell cycle, and apoptosis of colonie carcinoma cells in
vitro (17-19). Moreover, we have shown that the effects of butyrate
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are tightly linked to its mitochondrial ÃŸ-oxidation (17, 18) and de

pendent upon mitochondrial function (19).
Here, we continue to dissect the relationships among butyrate-

induced mitochondrial function, proliferation, and apoptosis of co-

Ionic carcinoma cells, hypothesizing that &Vmt plays a pivotal role in
the coordination of proliferation and apoptosis pathways. We first
show that the apoptotic pathway induced by butyrate is initiated by
dissipation of the A^ml and progresses through a cascade in which
caspase-3 is activated and that, prior to this, butyrate-induced G0/Cl
arrest is linked to an early p53-independent up-regulation of
p21WAF1/cipl. By eliminating the process of dissipation of the A^ml,

through its collapse with pharmacological agents, we then establish
that butyrate-initiated dissipation of the b&mt is required for progres

sion through the apoptotic cascade. Moreover, we demonstrate that an
intact A^,,,, is essential for the initiation and maintenance of the early
p21wAFi/cipi incjuction anc) tne subsequent arrest of cells in 0,/G,.

Thus, although there are likely architectural cues in the colonie
crypt that coordinate proliferation and apoptosis in vivo, these data
suggest that, even in the absence of architectural organization, the
mitochondria play a critical role in integrating multiple signals that
coordinate inherent p53-independent proliferation and apoptosis path

ways in human colonie epithelial cells.

MATERIALS AND METHODS

Cell Culture. SW620 human colonie carcinoma cells (20) were obtained
from the American Type Culture Collection and maintained as described (19).
Cells were induced with sodium butyrate (Sigma Chemical Co.) at 5 mM.
Treatment of cells with mitochondrial function inhibitors was always for 24 h.
Thus, in experiments in which cells were treated with inhibitors alone or were
simultaneously induced with 5 mM butyrate and treated with inhibitors, the
experimental end point was 24 h. In experiments in which cells were initially
induced with butyrate for 16 h and then treated with the inhibitors (in the
presence of butyrate) for 24 h, the end point was 40 h. Butyrate-induced and

untreated controls were included in each experiment. Therefore, at each end
point, the effect of butyrate alone could be compared with untreated cells, as
well as with cells treated with mitochondrial function inhibitors coincident
with or subsequent to butyrate induction.

Mitochondrial Function Inhibitors. Rotenone, TIFA, und valinomycin
were obtained from Sigma and used at final concentrations of 12.5 JIM, 125.0
/IM, and 5.0 JIM, respectively, as described (19). Comparable to untreated cells,
>90% of cells were viable following treatment with mitochondrial function
inhibitors, as determined by trypan blue exclusion (21) and acridine orange/
ethidium bromide uptake (21).

Mitochondrial Membrane Potential (A^ml). Alterations in the AÂ¥ml
were analyzed by flow cytometry using the Af â€ž¿�â€ž-sensitivedye JC-1 (5,5'6,6'-
tetrachloro-1,1 ',3.3'-tetraethylbenzimidazolcarbocyanine iodide; Molecular

Probes). Briefly, following treatment, cells were harvested, washed once in
PBS, resuspended in MEM without phenol, and incubated with 1 fjLMJC-1 at
37Â°Cfor 10 min. Stained cells were then washed once in PBS and analyzed by

flow cytometry.
A Becton Dickinson FACScan (Becton Dickinson Immunocytometry Sys

tems, San Jose, CA) was used to analyze a minimum of 10,000 cells per
sample. Data were acquired in list mode and evaluated using WinList software
(Verity Software House, Topsham, ME). Forward and side scatter were used

3 The abbreviations used are: TTFA. thenoyltrifluoro-acetone; GAPDH. glyceralde-
hyde-3-phosphate dehydrogenase: pNA, /i-nitroanilide.
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to gate the viable population of cells. JC-1 monomers emit at 527 nm (FL-1
channel), and "J-aggregates" emit at 590 nm (FL-2 channel). Valinomycin-

treated cells were used for compensation (FL-1 - FL-2), and cytofluorimetric

profiles from these cells defined the 590-nm cutoff for untreated and rotenone-,
TTFA- and butyrate-treated cells.

Cell Cycle Parameters. Cells were stained with propidium iodide and
analyzed as we have described previously (19). Briefly, the fluorescence of
individual nuclei (10,000 events) was determined by flow cytometry using
LYSIS II Software (BDIS) for instrument control and data acquisition. DNA
fluorescence signal pulse processing (pulse area versus pulse width) was used
to exclude doublets and aggregates from analysis. The percentage of cells in
the S, G,/GI. and G2-M regions were determined using ModFIT software

(Verity Software House).
Analysis and QuantitÃ¤ten of P21WAFI/C|P1 Steady-State mRNA. Total

RNA was extracted from untreated and butyrate-induced cells, and replicate

Northern and quantitative dot blots were generated as we have described (17).
One blot was hybridized to GAPDH (pHcGAP NR; ATCC 57091), and the
other was hybridized to P21WAF"C|P' (pCMV-Cipl; ATCC 79928), both
labeled with [12P]dCTP by random priming. Dot blots (17) were analyzed by

Phosphor-Imager (Molecular Dynamics).
Quantitation of p2iWAF1/c|P' Protein by ELISA. WAF1 quantitative

ELISA kits (Calbiochem) were used according to manufacturers' instructions.

The Bradford method (22) was used to quantify protein in each lysate, and data
are expressed as units of p2IWAF"c'p'/jug of protein.

Quantitation of Caspase-3 Protease Activity. Activation of caspase-3
was quantified using the ApoAlert assay kit (Clontech), which spectrophoto-
metrically detects caspase-3 activity using proteolytic cleavage of the chro-
mophore pNA from the labeled substrate DEVD-pNA as an index. Briefly,
cells were incubated with DEVD-pNA in the presence of DTT for 60 min at
37Â°C,and the liberation of pNA was detected at 405 nm. Caspase-3 activity is

expressed as A41I,â€ž¿�â€ž,.
Statistical Analyses. Treated and untreated control cells from at least three

individual experiments were compared with two-sample Student's t tests using

individual groups and pooled variances (GB-Stat Computer-Aided Statistics,

Version 1.0; Dynamic Microsystems).

RESULTS AND DISCUSSION

Although integration of and coordinate regulation between prolif
eration and apoptosis must exist (23-25), the mechanisms involved in

coordinating the pathways remain unclear. However, our recent data
establishing that mitochondrial function is required for butyrate-in

duced cell cycle arrest and apoptosis of colonie carcinoma cells (19)
suggest not only that butyrate-mediated growth arrest and apoptosis

are linked but that mitochondrial function plays a critical role in the
execution of both pathways. Because the A^mt is established and
maintained through electron transport coupled to pumping of protons
from the mitochondrial matrix into the intermembranous space (9) and
initiation of at least some apoptotic pathways has been linked to
dissipation of the &ymt (10-14), we have hypothesized that the AÂ¥ml
plays a pivotal role in coordinating butyrate-mediated growth arrest

and apoptosis pathways in SW620 human colonie carcinoma cells.
To test this hypothesis, we first asked whether the Atymt was altered

by butyrate induction. SW620 cells were treated with 5 HIMbutyrate
for 4-24 h, stained with the A^ml-sensitive dye JC-1 (26), and
analyzed by flow cytometry, as described in "Materials and Methods."

At relatively high A1?,,,,, the dye forms J-aggregates, which emit at

590 nm, in the orange range of visible light (Fig. 1A; Refs. 27 and 28).
However, in the absence of or at low A^mt, JC-1 exists as a monomer,

remaining in the cell but emitting at 527 nm, in the green range
(Fig. IÃŸ).

Representative cytometric data, in which cell fluorescence at 590
nm is plotted against fluorescence at 527 nm, are shown in Fig. 2A. In
untreated cells and those induced with butyrate for 4 h, JC-1 exists

predominantly in a highly aggregated form indicated by a intense
fluorescence emission at 590 nm. However, 24 h following induction,

there was a substantial reduction in J-aggregate formation, demon

strated by a decrease in emission at 590 nm. Despite this decrease in
J-aggregate formation, a concomitant increase in emission at 527 was
not detected, suggesting that JC-1 was not completely reduced to its

monomeric state. Consequently, although the A^mt was diminished
by butyrate, it was not eliminated.

At least three such cytometric analyses were made, and the per
centages of cells forming J-aggregates are shown in Fig. IB. Four to

12 h following butyrate induction, the percentage of cells staining
positive for J-aggregates was comparable to that of untreated cells.
However, by 14 h, the percentage of cells exhibiting J-aggregate

formation was significantly decreased and continued to decline with
continued exposure to the short-chain fatty acid.

Although dissipation of the A^lnl has been linked to the initiation
and activation of some apoptotic cascades (10-14), there is accumu

lating evidence that the pathway leading to death by apoptosis is
diverse. For example, liberation of cytochrome c from the mitochon
drial intermembranous space into the cytosol has been implicated as a
key event in apoptotic cascades (29) through its participation in the
proteolytic activation of the cysteine protease caspase-3 (30), involv
ing the activation of Apaf-1, the human homologue of Caenorhabdilis
elegans CED-4 (31). Caspase-3 then plays a direct role in the proteo

lytic activation of cellular proteins responsible for downstream events
in apoptosis (32), including nonrandom degradation of nuclear DNA
(30). However, recent data demonstrate that an accumulation of
cytosolic cytochrome c is not requisite for all apoptotic cell death (33),
and an apoptotic cascade has been described in which dissipation of
the A^ml is linked to the direct release of an apoptosis initiating factor
from the mitochondria that induces DNA fragmentation that is inde
pendent of caspase-3 activation (14). Moreover, the mechanism by

which cytochrome c is released from the mitochondria (34) and the
temporal relationship between dissipation of the A^ml and liberation
of mitochondrial products into the cytosol (14, 35, 36) remain unclear.

To dissect the apoptotic cascade initiated by butyrate-induced dis
sipation of the A^mt, SW620 cells were induced for 4-24 h, and the
proteolytic activity of caspase-3 was quantified as described in "Ma
terials and Methods." As indicated in Fig. 3, the activity of caspase-3

is unaltered in untreated cells. However, consistent with exposure of
other cell types to butyrate (37), an increase in caspase-3 proteolytic

Fig. 1. JC-1 staining for analysis of Atyml in SW620 human colonie carcinoma
cells. SW620 cells stained with the mitochondrial membrane potential-sensitive dye
JC-1 (5,5'6.6'-tetrachloro-l,r.3,3'-tetraethylbenzimidazolcarbocyanine iodide). At

relatively high AÂ¥ml, JC-1 forms J-aggregates, which emit at 590 nm, within the
orange range of visible light (A: untreated cells). In contrast, in the absence of or at
low &Vm, JC-1 exists as a monomer, emitting at 527 nm, in the green range (B; cells
exposed to 5.0 fiu valinomycin, a K+ ionophore that uncouples oxidative phospho-

rylation).
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Fig. 2. Butyrate induces dissipation of the A^ml in SW620 cells. Cells were induced with 5 mM butyrate for 4-24 h, stained with JC-1, and analyzed by flow cytometry. A,

representative examples of fluorescence pattern of cells 4 and 24 h after incubation in medium alone or in medium containing butyrate. Pattern from valinomycin-treated cells was used
to define cutoff at 590 nm (see Fig. 4A). B, the percentage of cells staining positive for J-aggregate formation (i.e., emitting at 590 nm) in the untreated (O) and butyrate induced (â€¢)
population is expressed as the mean of at least three independent determinations at each time point; bars, SD. X, P s 0.025; Â»,P s O.OI compared with untreated cells, calculated
by Student's t test.
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Fig. 3. Butyrate induces caspase-3 activation in SW620 cells. Caspase-3 activity in

untreated SW620 cells (O) or cells induced with 5 mM butyrate (â€¢)was quantitated using
ApoAlert kits (Clontech). Data points, activity expressed as the mean /t405 â€ž¿�mof at least
three independent determinations at each time point; bars, SD. *, P ^ 0.01 compared with
untreated cells, calculated by Student's / test.

activity is seen ~ 16 h after induction, and with continued exposure to
butyrate, activity increases to ~2-fold over untreated levels by 24 h.

Because we have previously shown that the generation of cells
exhibiting the terminal stage of apoptotic death (nonrandomly frag
mented DNA) is linked to an active mitochondrial electron transport
system and an intact A^ml (19), we next asked whether dissipation of
the A^ml was essential for entry into the butyrate-induced apoptotic
pathway (i.e., caspase-3 activation). To address this question, it was
first necessary to establish conditions whereby the process of bu-
tyrate-initiated dissipation of the A^m, was blocked. Because electron

transport is essential for production and maintenance of the A^, (9),
we investigated the effect of blocked electron transport on the AÂ¥ml.

SW620 cells were treated with rotenone, which blocks activity of
mitochondrial enzyme complex I, the initial step in electron transport,
or with the K+ ionophore valinomycin, which uncouples oxidative

phosphorylation, resulting in collapse of the A^,,,,. As a control, cells
were also treated with TTFA, an inhibitor of mitochondrial enzyme
complex II, which is primarily involved in oxidation of succinate to
fumarate in the Kreb's citric acid cycle and, thus, not specifically

involved in electron transport. Treated and control cells were then
stained with JC-1 and analyzed by flow cytometry. As illustrated by
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Fig. 4. Inhibition of electron transport or uncoupling of oxidative phosphorylation collapses the A*,,,, in SW620 cells. Untreated cells and cells treated with rotenone (12.5 (ÃŒM),
TTFA (125.0 /Â¿M),or valinomycin (5.0 /Â¿M)for 24 h were stained with JC-1 and analyzed by flow cytometry. A, representative fluorescence patterns. Cutoff fluorescence at 590 nm
defined by pattern from valinomycin-treated cells. B, the percentage of cells staining positive for J-aggregate formation in the untreated (D), rotenone, TTFA or valinomycin (M)
populations is expressed as the mean of at least three independent determinations; bars, SD. *. P ^ 0.01 compared with untreated cells, calculated by Student's / test.

Table 1 Effect of dissipation of the At//m, on caspase-3 activity

Treatment
(24hr)Untreated

Rotenone
TTFA
ValinomycinCaspase-3

activityâ€¢^450
nm0.125

Â±0.032
0.081 Â±0.005
0.162 Â±0.016
0.091 Â±0.010

the representative cytofluorimetric analyses shown in Fig. 4A, al
though JC-1 was retained by cells treated with rotenone and valino
mycin, it remained in its monomeric state, and J-aggregates were not

formed. In contrast, the fluorescence pattern of cells treated with
TTFA closely resembled that of untreated cells.

Data such as these were then quantitated from at least three inde
pendent experiments. As shown Fig. 4B, ~80% of untreated cells
exhibited J-aggregates, whereas J-aggregates were seen in <5% of the
valinomycin-treated population. Although inhibition of complex I
with rotenone also collapsed the A1?,,,,, -80% of the cells in which
complex II was inhibited by TTFA exhibited J-aggregates. Therefore,

as expected, inhibition of electron transport by rotenone collapses the
A^mt in SW620 cells, blocking the ability of JC-1 to form aggregates,

whereas inhibition of complex II activity by TTFA does not. More
over, these data indicate that, although rotenone and valinomycin
collapse the &tymt (Figs. IÃŸand 4), butyrate, in contrast, initiates a
process whereby the AÂ¥mlis dissipated but not collapsed (Fig. 2).

The consequences of collapse of the A^ml on entry of cells into the
butyrate-initiated apoptosis pathways were then investigated. SW620

cells were coincidentally induced and treated with rotenone or vali
nomycin for 24 h and either stained with JC-1 and analyzed by flow

cytometry or processed for determination of proteolytic activity of
caspase-3. Although rotenone and valinomycin modestly decreased
basal caspase-3 activity (Table 1), their effects were not significant
(P = 0.061 and 0.13 versus untreated, respectively). Most important,

however, collapse of the A^mt by either rotenone or valinomycin
eliminated the possibility of butyrate-induced dissipation of the A^mt
(Fig. 5A), as well as the subsequent activation of caspase-3 (Fig. 5B).

In addition, we have previously shown that rotenone and valinomycin
inhibit the accumulation of nonrandom fragmentation of nuclear
DNA, a terminal event in apoptotic cascades (19).

We have previously reported that, under the conditions used in
these experiments, neither rotenone nor valinomycin altered low lev
els of spontaneous apoptosis or modulated cellular ATP levels (19).
Moreover, ATP levels were unaffected by induction of cells with
butyrate followed by treatment with rotenone or valinomycin (data not
shown). Thus, the effects of collapse of the A^mt on butyrate-induced
apoptosis are likely linked to inhibition of dissipation of the A^mt,
which has been shown by others to block or delay apoptosis (15, 16).
Moreover, because neither rotenone nor valinomycin alone increased
activation of caspase-3 (Table 1) and both agents block, rather than
promote, butyrate-induced apoptosis, there is not a simple, linear
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relationship between the extent to which the A^m, is decreased and
the extent of activation of the apoptotic cascade. Rather, these data
establish that the process of dissipation of the A^, is essential for the
initiation and activation of downstream events that culminate in
apoptotic cell death.

We have previously demonstrated that, ~4 h before exhibiting the
terminal stages of apoptosis, butyrate-induced SW620 cells simulta
neously arrest in G^fGf and G2-M of the cell cycle. Although the
arrest in GQ/G, persists, the G2-M arrest is transient (19) and lost after
24 h. Furthermore, we have shown that, similar to apoptosis, mito-
chondrial function is also required for butyrate-induced cell cycle

arrest (19). Because we have now established that the entry of SW620
cells into a butyrate-induced apoptotic pathway requires dissipation of
an intact A^ml, we next analyzed the relationship between the A\['ml
and initiation of butyrate-induced growth arrest by first investigating
the molecular events involved in the initiation of G(/G, and/or G2-M

arrest.
Through its transactivation by p53, the cyclin kinase inhibitor

p2jWAFi/cipi pjavs a i-gy roje jn growth arrest and/or apoptosis of

colonie epithelial cells (38, 39). Similar to >80% of aggressive
colonie tumors, the tumor from which the SW620 cell line was
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Fig. 5. Elimination of the Atym, prevents butyrate-induced dissipation of the A^m, and
activation of caspase-3. SW620 cells were either untreated (D), treated with 5 mu
butyrate alone (â€¢)or simultaneously induced with 5 mM butyrate and treated with
rotenone (12.5 Ã•Â¿M)or valinomycin (5.0 JAM)for 24 h (H). A, percentage of cells positive
for J-aggregate formation determined by flow cytometry. B, caspase-3 activity determined

using ApoAlert kits (Clontech). Columns, means of at least three independent determi
nations; bars. SD. *, P Â£0.01 compared with butyrate alone, calculated by Student's t

test.
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Fig. 6. Butyrate induces p2iWAF"c'p' Â¡nSW620 cells. Cells were induced with 5 mM
butyrate for 2-48 h and analyzed for induction of p21 WAF"C'P1.A, Northern blot analysis.
Ten /ig of total RNA from untreated (Lanes - ) or butyrate-induced (Lanes + ) cells were

fractionated using 1.0% agarose gels containing formaldehyde, transferred to nitrocellu
lose, and probed with 12P-labeled p21WAFI/c'P' or GAPDH sequences. B, steady-state
levels of p21WAFI/c'P' and GAPDH mRNA quantitated using RNA dot blots analyzed by

Phosphorlmager (Molecular Dynamics). Steady-state levels of GAPDH (â€¢) and
p2iWAR/cipi (Aj rnRNA are expressed as the mean of at least three independent

determinations at each time point relative to untreated cells; bars, SD. *, P s 0.01
steady-state p2IWAF"c'P' mRNA compared wilh that of GAPDH. calculated by Student's
t test. C, quantitation of p21WAF"c'PL using WAF1 ELISA kits (Calbiochem). Data
points, mean units of p21WAI "Clp'//j.g protein in untreated (O) and butyrate-induced (â€¢)

cells, calculated from at least three independent determinations at each time point; bars,
SD. *, P < 0.01 compared with untreated cells, calculated by Student's / test.

established lacked wild-type p53 (40), and SW620 cells harbor a
mutation in exon 8 of the p53 gene.4 However, because growth arrest

4 G. Comer, L. H. Augenlicht, and B. G. Heerdt. unpublished data.
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and apoptosis of colon carcinoma cells mediated by transforming
growth factor ÃŸ(41, 42) and antioxidants (43) have been linked to
p2jWAFi/cipi Â¡ncjuctionÂ¡nthe absence of p53, we asked whether
induction of p21WAF1/Clplwas involved in the initiation of butyrate-

mediated growth arrest.
SW620 cells were exposed to 5 mM butyrate for 2-48 h, and

induction of p21WAFI/Clpl was analyzed. Northern blot analysis (Fig.

Table 2 Effect of dissipation of the A<//â€žâ€žon hutyrate-medialed G2-M arresi

Treatment
(24hr)Untreated

Butyrate
Butyrate + rotenone
Butyrate + valinomycin%

cells inG2-M"6.50

Â±1.14
9.91 Â±1.94o

7.73 Â±1.51
7.32 Â±0.68

' Values represent means of at least four independent determinations Â±SD.
' P ^ 0.01 compared with untreated cells, calculated by Student's f test.
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Fig. 7. Elimination of the A*ml blocks butyrate p2iWA1'"c'p> induction and

arrest. SW620 cells were either treated with 5 mM butyrate alone (â€¢).simultaneously
induced with butyrate and treated with rotenone ( 12.5 /IM; D) or valinomycin (5.0 /XM;A)
for 24 h, or initially induced with butyrate for 16 h followed by treatment with rotenone
or valinomycin for 24 h. A, p21WAF"c'P' protein quantitated using WAF1 ELISA kits

(Calbiochem). B and C. propidium iodide-stained cells analyzed by flow cytometry for
cell cycle parameters. Data points, mean units of p21WAFI/Clpl/^ig protein and percentage

cells in S and G,/G, of the cell cycle were determined from at least three independent
determinations at each lime point; bars. SD. *, P s 0.01 compared with cells induced with
butyrate alone, calculated by Student's t test.

6A) demonstrated that, although untreated cells expressed low steady-
state levels of p2lWAF1/ciP' mRNA, levels were substantially in

creased as early as 2 h following exposure of cells to butyrate, and
with continued exposure, expression levels remain elevated up to
48 h. Rigorous quantitation of relative steady-state mRNA using dot

blots corroborated the Northern results, demonstrating that, compared
to levels of GAPDH mRNA, p2lWAFI/ciP' expression was increased

~2-fold as early as 2 h following butyrate induction (Fig. 6B) and
continued to increase to ~6-fold over a 48-h induction period (data
not shown). Moreover, butyrate induction of p2lWAF1/ciP' mRNA
was accompanied by a parallel induction of p2iWAF1/ClP' protein,

with levels increasing ~2-fold over those of untreated cells 2 h

following induction (Fig. 6Q and >6-fold by 48 h (data not shown).

Thus, as reported in other cell types (44), butyrate clearly mediates
P53-independent induction of p21WAF1/ciP' in SW620 cells, which

occurs prior to induction of cell cycle arrest (19).
Finally, to dissect the consequence of collapse of the A^mt on

butyrate-initiated p2lWAF1/Clpl induction and subsequent cell cycle

arrest, SW620 cells were either simultaneously induced with butyrate
and treated with rotenone or valinomycin for 24 h or were first
induced with butyrate and then treated with these agents for 24 h.
Collapsing the A^, prior to or during butyrate induction of
p2jWAFi/cipi effectÂ¡veiyblocked induction (Fig. 7A), eliminated the

decrease of cells in S phase (Fig. 7ÃŸ),and prevented the consequent
accumulation of cells in Gâ€ž/G,of the cell cycle (Fig. 1C). As shown
in Table 2, rotenone and valinomycin were only modestly effective in
inhibiting the butyrate-mediated transient arrest of cells in G2-M
(P = 0.086 and 0.032 versus butyrate-induced and P = 0.157 and

0.225 versus untreated, respectively). Furthermore, as expected,
TTFA had no effect on p21WAF1/CiP' induction or arrest of cells in

Go/G, or G2-M (data not shown).

Thus, these data establish that an intact A^, is essential for the
initiation and maintenance of p53-independent p2lWAFI/Clpl induc

tion and subsequent cell cycle arrest, as well as for the initiation and
execution of an apoptosis pathway. In the case of the apoptotic
cascade, this is most likely linked to the process of dissipation of the
A1!',,,,, which is requisite for triggering downstream events. However,
the requirement for maintenance of a A^^ in p21 WAFI/CIP'induction

and arrest of cells in Go/G,, which precede butyrate mediated dissi
pation of the AÃ',,,,,is not yet clearly linked to specific biochemical

events. Nevertheless, the mitochondria and mitochondrial function are
likely key components in the coordination of p53-independent apop

tosis and proliferation pathways. Although communication between
apoptosis and proliferation pathways has been linked to bcl2 expres
sion (23) and to c-myc-mediated Fas-Fas ligand interactions (24, 25),

because mitochondrial function is associated with so many metabolic
pathways, the mitochondria may be the final integration site of mul
tiple signals, which ultimately coordinate proliferation and apoptosis
pathways.
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