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translocation, DNA fragmentation, and activation of
Hoechst 33342 and Hoechst 33258 bind to adenine- caspases, different apoptotic agents activate unique

thymine rich regions of the minor groove of DNA. signal transduction pathways within the cell (1, 3). De-
Hoechst 33342, but not Hoechst 33258, induces BC3H- termination of primary cellular sites of action for an
1 myocyte cell death and DNA fragmentation into an inducer of apoptosis is required to determine the spe-
internucleosomal pattern characteristic of apoptosis. cific apoptotic intracellular mechanism(s) utilized toHoechst 33342 has been shown to inhibit endogenous cause cell death.nuclear topoisomerase I activity. Another enzymatic

Bisbenzimides (Hoechst 33342 or Hoechst 33258) areactivity utilizing the minor groove of DNA, the initia-
cell-permeable, adenine-thymine binding fluorescenttion of RNA polymerase II activity by formation of a
dyes, which are used to stain DNA for evaluating theTATA box binding protein/TATA box promoter com-
cell cycle, apoptosis, and quantifying viable cells byplex, is shown to be altered using a gel mobility shift
flow cytometry (4, 5). Recently, Hoechst 33342 but notassay. A [32P]-labeled 24-oligonucleotide containing a
Hoechst 33258 has been reported to induce apoptosisTATA box element formed one molecular weight com-
in BC3H-1 myocytes and hepatoma cells in a dose-de-plex in control and Hoechst 33258 treated cells. The
pendent and time-dependent manner (6, 7). Hoechstpresence of Hoechst 33342 (26.7 mM) decreased the
33342 initiates apoptosis in BC3H-1 myocytes by aamount of the control complex and increased the pres-
pathway which is independent of the inhibition of pre-ence of lower molecular weight species suggesting deg-
viously initiated RNA synthesis (actinomycin-D) orradation of nuclear TBP and/or release of other tran-
protein synthesis (cycloheximide), and p53 expressionscription factors from the complex creating a smaller
(8). However, Hoechst 33342-induced apoptosis is asso-sized molecular complex which retains TATA box bind-
ciated with mitochondrial dysfunction and inhibitioning capacity. These results suggest that the pathway
of endogenous nuclear topoisomerase I activity (7,8).utilized to induce apoptosis in BC3H-1 myocytes may

also involve the alteration of normal TBP/DNA com- The single strand breaks created in DNA by topo-
plex formation and reduction in the initiation of new isomerase I are initiated after the enzyme binds to the
transcription. q 1998 Academic Press minor groove of DNA (9), the site of Hoechst 33342

binding (10). This study demonstrates that Hoechst
33342, but not Hoechst 33258, may inhibit another pro-
cess which occurs at the minor groove; i.e., the initia-

Cell death occurs by two processes, necrosis or tion of new transcription by RNA polymerase II. Gel
apoptosis, whose cytological and biochemical charac- mobility shift analyses of nuclear extracts of BC3H-1
teristics are distinct. Apoptosis or programmed cell myocytes treated with Hoechst 33342 and a [32P]-la-
death is a complex process which involves a variety of beled 24 base pair oligonucleotide containing the TATA
signal transduction pathways leading to the degrada- box promoter region demonstrates decreased formation
tion of cellular protein and DNA (1, 2). Although it of TATA box binding protein (TBP)/24-oligonucleotide
appears that the downstream biochemical events in complex and an increase of a smaller molecular weight
apoptosis are the same, such as phosphatidylserine TBP/24-oligonucleotide complex. Since the formation of

the TBP/DNA complex is the initial step required for
RNA polymerase II activation, the inhibition of both1 Address correspondence and reprint requests to: Frederick L topoisomerase I and new transcription may play anKiechle, Department of Clinical Pathology, William Beaumont Hos-
important role in Hoechst 33342-induced apoptosis inpital, 3601 West 13 Mile Road, Royal Oak, MI 48073-6769. Fax: (248)

551-3694. Email: fkiechle@beaumont.edu. BC3H-1 myocytes.
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MATERIALS AND METHODS

Cell culture and treatment. The murine muscle cell line (BC3H-
1) was grown in Dulbecco’s Modified Eagles medium (DMEM) (Medi-
atech, Inc., Herndon, VA) with 10% fetal bovine serum (FBS) (Biocell
Laboratories, Inc., Rancho Dominguez, CA) and incubated at 377C
in a humidified atmosphere of 5% CO2 as previously described (11).
For experiments, cells were plated at a density of 1 1 104 cells/mL
and were cultured for 2 days with 80 to 90% confluence prior to
treatment with Hoechst 33342 or Hoechst 33258 (Sigma, St Louis,
MO). Hoechst 33342 or Hoechst 33258 were dissolved in distilled
water at 25 mg/mL and added to DMEM with 2% FBS at a final FIG. 1. Effect of Hoechst 33342 and Hoechst 33258 on cell viabil-
concentration of 26.7 mM for 3, 6, and 12 hours. ity of BC3H-1 myocytes. BC3H-1 myocytes initially cultured in

DMEM/10% FBS were incubated with 26.7 mM Hoechst 33342 orDetermination of cell viability. Cell viability was determined by
Hoechst 33258 in DMEM/2% FBS for 12 hours. Each bar indicatestrypan blue dye exclusion (12). The number of trypan-blue-negative
mean / standard deviation from three separate experiments. *,cells was considered the number of viable cells. The effect of Hoechst
Põ0.0001.33342 and Hoechst 33258 was determined in triplicate. Statistical

significance was determined by analysis of variance.

Analysis of DNA fragmentation. After incubation with Hoechst
polyacrylamide gel in 0.51 Tris-borate-EDTA buffer (Amresco, Solon,33342 or Hoechst 33258 described above, BC3H-1 myocytes were
Ohio) and visualized by autoradiography (14).washed twice with phosphate buffered saline (PBS) and precipitated

by centrifugation. Lysis buffer (0.2 M Tris/HCl, pH 8.0; 0.1 M sodium
ethylenediaminetetraacetic acid [EDTA]; 1% sodium dodecyl sulfate;

RESULTSand 100 mg/L proteinase K) was added, and the cells were incubated
for 4 hours at 557C. The lysates were extracted twice with an equal
volume of phenol and once with an equal volume of phenol-chloro- Effect of Hoechst 33342 and Hoechst 33258
form-isoamyl alcohol (25:24:1). Deoxyribonucleic acid (DNA) was pre- on BC3H-1 Cell Viability
cipitated with 0.05 volume of 5 M NaCl and 2.5 volumes of absolute
ethanol and sedimented at 10,000 rpm for 10 minutes. The DNA Cell viability was measured by trypan blue exclusion
pellet was dried and dissolved in Tris/EDTA buffer (10 mM Tris/ after BC3H-1 myocytes were incubated with 26.7 mM of
HCl, pH 8.0; 1 mM EDTA) containing 20 mg/L ribonuclease A and

Hoechst 33342 or Hoechst 33258 for 12 hours. Hoechstincubated for 1 hour at 377C. The DNA was finally extracted with
33342 significantly induced BC3H-1 myocyte death atan equal volume of phenol-chloroform-isoamyl alcohol (25:24:1). DNA

samples were analyzed by electrophoresis on 1.5% agarose gels, and 26.7 uM after 12 hour treatment when compared to the
the results were visualized by staining with ethidium bromide (6). control cells (Figure 1). However, Hoechst 33258 failed

to induce BC3H-1 myocyte death (Figure 1).Preparation of nuclear extracts. BC3H-1 myocyte nuclear ex-
tracts used for gel mobility shift assay were prepared by a modifica-
tion of the procedure previously described (13). Treated and un- Analysis of DNA Fragmentation
treated BC3H-1 myocytes were washed twice in ice-cold PBS. The
cells were then resuspended in buffer A (10 mM HEPES, pH7.9, 1.5 Since an internucleosomal DNA fragmentation pat-
mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl tern is a biochemical hallmark of apoptosis (15), geno-fluoride, 0.05% Nondet P-40, 1% aprotinin, 1 mg/ml pepstatin, and 1

mic DNA extracted from BC3H-1 myocytes treatedmg/ml leupeptin), and homogenized briefly on ice. After incubation
with 26.7 mM of Hoechst 33342 or Hoechst 33258 for 3on ice for 15 minutes, the homogenate was centrifuged at 14,000

rpm in a microcentrifuge at 4 7C for 10 minutes. The pellet was or 6 hours was analyzed by electrophoresis in 1.5%
washed twice in buffer A and resuspended in buffer B (20 mM agarose gel in order to confirm if Hoechst 33342 or
HEPES, pH 7.9, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 Hoechst 33258 induces cell death via apoptosis. NomM DTT, 6.25% glycerol) containing protease inhibitors. After incu-

DNA fragmentation ladder was observed when cellsbation on ice for 40 minutes, the nuclear suspension was centrifuged
at 14,000 rpm in a microcentrifuge at 4 7C for 15 minutes. The protein were treated with 26.7 mM Hoechst 33258 for 3 or 6
concentrations of collected supernatant were determined by Bici- hours. Distinctive DNA fragmentation ladders were ob-
choninic Acid Protein Assay reagent (Pierce, Rockford, IL). served when cells were treated with 26.7 mM Hoechst

Gel (electrophoretic) mobility shift assay. Double stranded 5*-GAA- 33342 for 3 or 6 hours (Figure 2). These results demon-
GGGGGGCTATAAAAGGGGGTG-3* oligonucleotide, positioned at018 strate that Hoechst 33342 induces cell death via
to 041 of the adenovirus major late promoter containing a TATA ele- apoptosis, while Hoechst 33258 fails to degrade DNA.ment (9), was synthesized by Bio-Synthesis Inc (Lewisville, TX). The
oligonucleotide probe was end-labeled with [g-32P]-ATP (NEN Life Sci-

Effect of Hoechst 33342 and Hoechst 33258ence Products Inc., Boston, MA) by using T4 polynucleotide kinase
(Boehringer Mannheim, Mannheim, Germany) and purified with on Formation of TBP/DNA Complexes
ProbeQuant G-50 Micro Columns (Pharmacia Biotech, Piscataway, NJ).
The binding reaction of TATA box binding protein to the 24-oligonucleo- Gel mobility shift assays are a facile way to deter-
tide took place in 20 mM Tris/HCl, pH 7.5, 10 mM sodium acetate, 0.5 mine the specifity of protein binding to DNA, and to
mM EDTA, 5% glycerol including 5 mg total protein of the nuclear provide a means of quantitating DNA/protein complexextract, and 11104 cpm of end-labeled the [32P]-labeled 24-oligonucleo-

formation. In the present study, the gel mobility shifttide probe. The incubation was carried out for 1 hour at room tempera-
ture. DNA-protein complexes were separated by electrophoresis on 4% assay was used to determine if Hoechst 33342 or
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FIG. 2. Agarose gel electrophoresis of DNA from BC3H-1 myocytes incubated in DMEM/2% FBS treated with 26.7 mM Hoechst 33342
or Hoechst 33258 for 3 or 6 hours. Genomic DNA from the cells was extracted and electrophoresed.

Hoechst 33258 alter the binding of TBP and/or subse- pathway associated with the typical cleavage of geno-
quent transcription factors (TFIID, TFIIB, TFIIE, etc.) mic DNA into internucleosomal-sized fragments. In
to a TATA element contained within a [32P]-labeled 24 contrast, the structurally related Hoechst 33258 has
base pair oligonucleotide. Our results demonstrate that no effect on BC3H-1 myocyte viability or DNA fragmen-
Hoechst 33342 significantly attenuates formation of tation.
normal TBP/24-oligonucleotide complex (Band I in Fig- Both dyes bind in the minor groove of DNA covering
ure 3) and increased that of smaller molecular weight at least 6 base pairs and a minimum of 4 AT sequences
TBP/24-oligonucleotide complex (Band II in Figure 3) are required for tight drug-DNA interaction (10). Sev-
after 3 hour treatment of Hoechst 33342 when com- eral enzymatic activities are initiated in the minor
pared to the control group. There are no significant goove of DNA including DNA polymerase, RNA poly-
changes in the TBP/24-oligonucleotide complex (Band merase II, and topoisomerase I and II. Both Hoechst
I) in Hoechst 33258-treated group (Figure 3). 33342 and Hoechst 33258 inhibit topoisomerase I in

vitro (16,17) and Hoechst 33342 inhibits the enzyme inDISCUSSION
vivo in nuclear extracts from drug-treated BC3H-1 (8)In the present study, our results demonstrate that and hepatoma cells (7). TBP is a general transcriptionHoechst 33342 induces cell death via the apoptotic factor required for the initiation of transcription in the
minor groove of DNA by RNA polymerase II. Following
the binding of TBP to its TATA box promoter region,
additional transcription factors (TFIID, TFIIB, TFIIE
and others) will be added to the complex before new
RNA synthesis begins. Since Hoechst 33258 is an effec-
tive inhibitor of the formation of the TBP/DNA complex
in vitro (9), we investigated the effect of Hoechst 33342
and Hoechst 33258 on the ability of endogenous TBP
and transcription factors from drug-treated or control
nuclei to bind to a [32P]-labeled 24-oligonucleotide con-
taining a TATA promoter element by gel mobility shift
assay.

As demonstrated in our results, Hoechst 33342 signifi-
cantly decreased formation of normal size TBP/24-oligo-
nucleotide complex and increased that of a smaller molec-
ular weight TBP/24-oligonucleotide complex (Band II, Fig-
ure 3), while no changes in the TBP/24-oligonucleotide
complex were observed in Hoechst 33258-treated group.
The appearance of the smaller molecular weight TBP/
24-oligonucleotide complex may be attributed to protease
(caspase) degradation of TBP secondary to protease acti-FIG. 3. Effect of Hoechst 33342 or Hoechst 33258 on formation of

TBP/[32P]-labeled 24-oligonucleotide complex. The nuclear extracts vation or protease inhibitor inactivation producing a
were prepared from untreated and Hoechst 33342-treated or Hoechst smaller molecular weight TBP which retained its TATA
33258-treated BC3H-1 myocytes. Nuclear extracts (5 mg total protein) box binding capacity. Also, transcription factor(s) includedwere incubated with [32P]-labeled double-stranded oligonucleotide to

in band I may not bind to the proteolytically cleaved TBP.determine the formation of TBP/DNA complexes. The reaction mixtures
were then analyzed by electrophoresis in 4% polyacrylamide gel. Both of these mechanisms would lead to a lower molecular
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