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Apoptosis is rapidly triggered by antisense depletion of MCL-1
in differentiating U937 cells

Dale A. Moulding, Richard V. Giles, David G. Spiller, Michael R. H. White, David M. Tidd, and Steven W. Edwards

Mcl-1 is a member of the Bcl-2 protein
family, which has been shown to delay
apoptosis in transfection and/or overex-
pression experiments. As yet no gene
knockout mice have been engineered,
and so there is little evidence to show that
loss of Mcl-1 expression is sufficient to

program. Mcl-1 expression was specifi-
cally disrupted by chimeric methylphos-

phonate/phosphodiester antisense oli-
godeoxynucleotides to just 5% of control

levels. The depletion of Mcl-1 messenger
RNA (mRNA) and protein was both rapid
and specific, as indicated by the use of

remained unchanged during differentia-
tion, while Bak expression doubled within

24 hours. Apoptosis was detected within
4 hours of Mcl-1 antisense treatment by a
variety of parameters including a novel
live cellimaging technique allowing corre-

lation of antisense treatment and apopto-

sis in individual cells. The induction of
Mcl-1 is required to prevent apoptosis
during differentiation of U937 cells, and
the constitutive expression of Bcl-2 is
unable to compensate for the loss of
Mcl-1. (Blood. 2000;96:1756-1763)

trigger apoptosis. U937 cells constitu-
tively express the antiapoptotic protein
Bcl-2; but during differentiation, in re-
sponse to the phorbol ester PMA (phorbol
12 B-myristate 13 «-acetate), Mcl-1 is tran-
siently induced. The purpose of this inves-
tigation was to determine the functional
role played by Mcl-1 in this differentiation

control oligodeoxynucleotides and analy-
sis of the expression of other  BCL2 family
members and PMA-induced tumor necro-
sis factor— « (TNF-a). Specific depletion of
Mcl-1 mRNA and protein, in the absence
of changes in cellular levels of Bcl-2,
results in a rapid entry into apoptosis.

Levels of the proapoptotic protein Bax © 2000 by The American Society of Hematology
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The Bcl-2 family of proteins, which is involved in determining theBcl-2 related proteins, are cleaved into proapoptotic peptitles.
life and death fate of individual cells, can be split into 2 groupsturthermore, Mcl-1 does not contain the BH4 domain found in allg
those that function to prevent apoptosis induction and those tiiher mammalian antiapoptotic Bcl-2 family members, with theg
function to promote apoptostsSTheMCL1 gene was identified as a exception of A1%12 This BH4 domain has been reported to be &
Bcl-2 family membet and shown to have an antiapoptotic functioressential for the antiapoptotic action of Bcl-2 and Bgl*Xraising
when transfected and overexpressed in mammalian T&Nge more doubt as to the significance of the loss of Mcl-1 expression iig
have previously shown that cultured human neutrophil populatioapoptosis of neutrophils and other cell types. Indeed, it has been
lose Mcl-1 protein during spontaneous apoptosis, and all agedemonstrated that overexpression of the Mcl-1 protein provide§
tested that delayed this entry into apoptosis also maintained Mcleks protection against apoptosis than Bcl-2 overexpression in t@
protein level$ The more extensively studied antiapoptotic prosame cell typé:3?
teins, Bcl-2 and Bcl-X, are not expressed in human neutrophils. Recent work has identified a signaling pathway that enhances
Similar Mcl-1 expression patterns were found in B cells eithévicl-1 expression through the phosphorylation of the extracellulag
entering apoptosis or protected from apoptosis by a number sifnal regulated kinase (ERK) members of the MAP kinase family_si
agents’. Induction of apoptosis in rat neonatal cardiac myocytes lahibition of the phosphorylation of ERK with the inhibitor PD &
also associated with a loss of Mcl-1 messenger RNA (MRNA). 98059 prevented the induction of Mcl-1 (in response to PMA:ir
These studies do not, however, demonstrate a requiremen{forbol 12B3-myristate 13x-acetate]) in the human myeloblastic g
Mcl-1 expression in preventing entry into apoptosis, as it is ntgukemia (ML-1) cell line and was associated with entry intoS
possible to distinguish if the loss of Mcl-1 expression is the triggepoptosig3 However, this inhibitor may affect other molecular &
for apoptosis or if the decreasing levels of the labile Mcl-1 proteiprocesses that regulate apoptosis, so that its effects on cell survival
merely parallel apoptotic death. This protein is rapidly turned oveannot be specifically attributed to the prevention of Mcl-l%
within the cell? with a half-life in human neutrophils of less than lexpression.
hour (unpublished data, D.A.M., August 1998). Thus, upon entry In this study we used U937 cells, which upon stimulation with
into apoptosis and disablement of RNA and protein synthesis, tR&A, differentiate toward monocytes, with transient induction of
levels of Mcl-1 protein would be predicted to fall rapidly. There idMicl-1 expression. Unlike human neutrophils, other antiapoptotic
also evidence that upon activation of caspases, the proteagesteins, including Bcl-2, are constitutively expressed in these
responsible for disabling a cell during apoptdSigntiapoptotic cells. Thus, our aim was to determine if the induction of the Mcl-1
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protein is superfluous to Bcl-2 expression or if a lack of Mcl-1unless otherwise stated) more than 80% of cells were permeabilized
expression results in apoptosis. We therefore designed and testéengrd oligodeoxynucleotides without loss of viability.

antisense (AS) oligodeoxynucleotides directed against Mcl-1 mRNA

that were intended to specifically deplete expression of Mcl-1 friow cytometry

differentiating U937 cells. The liability of the Mcl-1 protein makescelis for flow cytometric analysis had 4@g/mL propidium iodide (PI)
itanideal target for antisense depletion, as the loss of Mcl-1 MRNfyded for 5 minutes on ice before washing and resuspending in ice-cold
would be predicted to be rapidly followed by a loss of Mcl-IRPMI 1640. Red and green fluorescence was assayed on a Cytoron
protein. The use of 20-mer chimeric methylphosphonate/phosphoélbsolute bench top flow cytometer system (Ortho Diagnostics System,
ester oligodeoxynucleotides minimizes the possibility of antisen#tlan, Italy) using a protocol that samples a precisely known volume. This
effects on other genes. Control oligodeoxynucleotides are usedPfgtocol provides information on the cell density of the original culture, the
demonstrate the specificity of AS effects. A noninvasive fluorescemreent viability, the percent permeabilized and resealed (as fluorescein-
cell imaging technique was used to assess oligodeoxynucleot‘ eled oligodeoxynucleotides were used), and the relative intracellular
. . . . . oligodeoxynucleotide concentratiohs.
delivery and monitor apoptotic markers (phosphatidylserine exter-
nalization, membrane blebbing, and loss of membrane integrity) in .
- ) Immunofluorescence labeling
real time during cell culture.
Cells for immunofluorescence labeling were fixed and permeabilized irg
suspension using a Fix and Perm kit (Caltag Laboratories, Burlingame, CAF
. following the manufacturer's instructions. The cells were blocked with 10%3%
Materials and methods goat serum before labeling with Mcl-1 polyclonal antisera (PharMingen,g
Milton Keynos, England), followed by fluorescein isothiocyanate (FITC)i
secondary antisera to rabbit immunoglobulin G (1gG). Pl was added to 1@
The human myeloblastic leukemia cell line U937 was maintained #@/ML Suspension for 10 minutes to stain chromatin. Immediately follow-§
exponential growth in Roswell Park Memorial Institute medium (RPMING the labeling procedure, the cells in suspension were treated wit§
1640) (Gibco Life Technologies, Paisley, Scotland) supplemented with 108tifade (Molecular Probes, The Netherlands) and sealed under glass covgr
heat-inactivated fetal calf serum (FCS) for 1 hour at 65°C (Seralab, SusseiPS- The cells were imaged using a Zeiss LSMS10 confocal microscopg
England). The cells were always greater than 97% viable before use,(4§1SS, Welwyn Garden City, England) using the appropriate filter sets fof
assessed by trypan blue exclusion dye. The cultures were supplemedfi&fluorochromes.
with 10 ng/mL PMA (from a 40pg/mL stock in ethanol) to induce )
differentiation of U937 cells for 3 hours before introduction ofNorthern blot analysis
oligodeoxynucleotides.

Cell culture

Total RNA was extracted from 1.8 10° U937 cells using a guanidium
thiocyanate/acid phenol meth&&Total RNA was separated by formalde
Oligonucleotide synthesis hyde gel electrophoresis before capillary transfer to Zetaprobe GT me

. . ) . . branes (Bio-Rad Laboratories, Hercules, CA). We labele@thetin ATCC
Phosphodiester and chimeric methylphosphonate/phosphodiester olig 28 ;()robe a Mcl-1 complementary DNA? (cDNA) clgne [bases 1236-

oxynucleotides were synthesized as previously repifftesing phosphor- 2350], and the TNFe cDNA probe encompassing the full coding region

amidites and methylphosphonamidites (Glenn Research, supplied by Cam: "3, - ’ .
bio, Cambridge, England) and the slowainol cycle 381A DNA synthe- with 32P-dCTP (phosphorous 32 cytidiné-iphosphate) using a random

sizer (version 1.23) (Applied Biosystems, Warrington, England). The b rimed labeling kit (Amersham Pharmacia Biotech, Arlington Heights, IL).

e membranes were sequentially probed as descldadioactivity was

deprotection procedure was substituted for that described by HogrefedgEected and quantified using a Molecular Imager GS363 (Bio-Rad).

al 15 with the treatment extended to 72 hours at room temperature to ensure
complete deprotection of the’-aminomodifier C6-TFA group (Glenn bl vsi
Research) to permit subsequent attachment of fluorescein. All oligonuclé’x?Stern ot analysis

tides were stored at 20°C in the dark until use. The cells (2x 10°) were solubilized in reducing sodium dodecy! sulfate— §
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer at 100°C3
Reversible cell permeabilization separated on 13% polyacrylamide gels, and electrotransferred to polyvinylg
. ) ) dene fluoride (PVDF) membranes using standard techniques. Antibodigs
Streptolysin-O (SL-O) (Sigma Chemical Co, Poole, England) was used {ged were Mcl-1, Bak, Bax, and caspase-3 (PharMingen) and Bcl-2 Ab®
reversibly permeabilize U$_)37 cells tqward ol_lgonucleotlkfeSL-O Was  (calbiochem, Nottingham, England). In some cases, the membranes wete
suspended at 1000 U/mL in magnesium/calcium J(M@f:l'**)-free' Phos  concurrently probed with more than one primary antibody. Secondary
phate-buffered saline (PBS_) and aptlvated by the addition of d'th'Oth_re'tﬂhP-conjugated antibodies against rabbit IgG (Amersham Pharmacia
to 5 mmol/L followed by incubation at 37°C for 2 hours. Followinggjotech) and mouse IgG (Sigma) were used with an enhanced chemilumi-
assessm_e'nt qf act|V|ty,' the aliquots were kepfaO".C until use. Cells for hascence (ECL) kit (Amersham Pharmacia Biotech) to detect bound
permeabilization (previously treated for 3 hours with 10 ng/mL PMA) Wergyimary antibodies. Densitometry from carefully exposed blots (to avoid
washed and resuspended at @élls per 40QuL in serum-free RPMI 1640. fjim saturation) was performed with Image 1.44 VDM software (National
SL-O (4-9 U710 cells) was added in the presence or absence @20/l |ngtitutes of Health, Bethesda, MD). The equivalence of loading was

oligodeoxynucleotide and incubated at 37°C for 10 minutes. The precisgnfirmed by ponceau S (Sigma) stained actin on the membranes.
amounts of SL-O required for optimal permeabilization and resealing were

ide'ntif_ied' immediately prior tq each expgriment by a dq;e-responﬁ%optosis determination and confocal microscopy

optimization procedure. Resealing was achieved by the addition of 1 mL

prewarmed and gassed RPMI 1640 supplemented with 10% heApoptosis (as marked by chromatin condensation) was assessed by Pl
inactivated FCS, 100 U/mL penicillin, and 1@@/mL streptomycin and a labeling of nuclei and flow cytometric analy$sCulture of AS-treated
further incubation at 37°C for 20 minutes. Cells were then transferred t#937 cells on a Zeiss LSM510 confocal microscope was achieved by using
flasks containing 9 mL of the above media further supplemented with Z0Bioptech perfusion chamber (Bioptechs, Butler, PA) maintained at 37°C.
ng/mL PMA. Samples of 0.5 mL (X 10° cells) were taken for flow The cells were cultured in the same medium used in other experiments
cytometric analysis 30 minutes, 4 hours, and 18 hours after the initiation@fcept for the addition of Pl to 0.pg/mL medium and annexinV-Cy3
permeabilization, except in preliminary experiments testing different Mcl-(Appligene Oncor Lifescreen, Watford, England) to u@/mL medium.

AS sequences, where samples were taken at 2 hours. In all experimémages at 1024« 1024 pixel resolution were taken every 6 minutes
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through a 40 times objective with 4 times averaging over an 18-hour period.A
The tracking mode was used to eliminate spill-overs between fluoro-
chromes. Excitation was at 488 nm for Pl and fluorescein and 543 nm for/___ . )
Cya3. PI fluorescence was collected through a 570-nm dichroic mirror and 4 Name of oligo

650-nm long-pass filter. Fluorescein fluorescence was collected from g(oucleotide No.)
570-nm dichroic mirror and then a 545-nm dichroic mirror and through a

Sequence and structure

505- to 550-nm bandpass filter. Cy3 fluorescence was collected from g§ el as1 5' F~G-C-C-A-G-T-C-G-C-C-G-C-C-G-C-C-G-C-C-T 3°
. . . . . . (40-59)
570-nm dichroic mirror and through a 545-nm dichroic mirror and a 560- to Mcl As2 51 FalPoT-CoT-T-T-T-G-A-G-G-C~C-A-A-A-C~A-T-T 3
- i i i (60-79)
615-nm b_andpass filter. At least 2 further fields were examl_ned attheendof  (59-72) B F oG- A G- CoC A A AB—GT-CG-C 3
the experiment to ensure the chosen field was representative. (159-178)
Mcl As4 5' F~T-G-T-T-A-T-T-A-C-C-A-G-A-T-T-C-C-C-C-G 3
(501-520)
Statistical analysis Mcl ASS 5' F~C-C-T-G-C-T-G-G-T-G-G-C-C-C-C-A-G-A-C-C 3'
(662-681)
. o P 1 AS6 5' F~T-C-C-C-C-A-A-C-C-C-G-T-C-G-T-A-A-G-G-T 3
The paired Studerittest was used to measure the statistical significance of ('234_713)
differences between paired data sets. All data are presented asmn&an (gg;‘;gz) 51 FeG-G-T-T-C-G-A-T-G-C-A-G-C-T-T-T-C-T-T-G 3"
where n represents the number of experiments. Mcl ass 5' F~C-A-T-C-C-C-A-G-C-C-T-C-T-T-T-G-T-T-T-A 3'
(981-1000)
Mcl AS7 5.9.5 5' F~G/G/T/T/C/G-A-T-G-C-A-G-C~-T~T/T/C/T/T/G 3"
Mcl AS7 6.7.6 5' F~G/G/T/T/C/G/A-T-G-C-A-G-C~T/T/T/C/T/T/G 3"
Results Mcl AS7 7.5.7 5' F~G/G/T/T/C/G/A/T-G-C-A-G-C/T/T/T/C/T/T/G 3"
Mcl AS8 5.9.5 5 F~C/A/T/C/C/C-A-G-C-C-T-C-T-T~-T/G/T/T/T/A 3"

The human myeloid leukemia cell line U937 can be induced to| hor 258 &-7-5 | 2.

differentiate toward monocytes by treatment with PMA. This
differentiation is accompanied by the rapid and transient induction
of Mcl-1 mRNA and protein. Immunofluorescence confocal micros-
copy showed that the Mcl-1 protein was expressed minimally in
non-PMA-treated U937 cells and was dramatically up-regulated
following PMA treatment (Figure 1). The pattern of expression
within the cell was consistent with a mitochondrial localization of
the protein, as seen with ML-1 ceflsMicl-1 mRNA levels peak
around 6 hours after PMA treatment, showing at least a 5-fold
induction, with levels clearly declining by 24 hours (results not OH OH OH
shown). The Mcl-1 protein is similarly induced approximately
7-fold by 6 hours and declines by 24 hours (results not shown).
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Mcl-1 AS design and testing

Melhylplhosphonate Melhyl‘phosphonate

‘normal' DNA
Initial experiments were designed to select the most efficient of g5 caboxy V1 »

. . . fluorescein
Mcl-1 AS sequences at down-regulating Mcl-1 mRNA in differen-
Figure 2. Sequence and structure of oligodeoxynucleotides. (A) Abbreviated

names, sequence, and internucleoside linkages of all oligodeoxynucleotides used in
this study. Target positions of oligonucleotides within the mRNA of Mcl-1 (ORF
61-1110) and TNF-a (ORF 86-787) are shown in brackets below each oligodeoxynucle-
otide name. F~ = 5(6)carboxyfluorescein-aminohexanol linkage, / = phosphodiester
internucleoside linkage, and — = methylphosphonate internucleosidal linkage. (B)
Schematic showing chimeric phosphodiester/methylphosphonate oligodeoxynucle-
otide structure.
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Figure 1. Induction of Mcl-1 protein by PMA in U937 cells. U937 cells were
prepared for immunofluorescence confocal microscopy to show Mcl-1 expression.
(A) Second-antibody only labeled PMA-treated U937 cells after 18 hours of
treatment. (B) Undifferentiated U937 cells. (C) PMA-treated U937 cells after 18 hours
of treatment. (D) The same as panel C, with additional Pl counterstaining of nuclei.
Bar = 15 pm.

tiating U937 cells. We targeted 20-mer end-protected allg
phosphodiester oligodeoxynucleotides to various regions spanning
the entire coding sequence of the Mcl-1 mRNA (Figure 2, Mcl
AS1-8). The compounds were introduced into the U937 cells
previously exposed to 10 nmol/L PMA for 3 hours using reversible
permeabilization with SL-O. This reversible permeabilization
delivers oligodeoxynucleotides into cell cytoplasm and nuclei in
approximately 90% of cells without loss of viability, with the
remaining 10% either nonviable or nonpermeabilize@he efft
cacy of each of the 8 Mcl-1 antisense sequences was tested by
Northern blot analysis for Mcl-1 mRNA 2 hours after introduction
of oligodeoxynucleotides into PMA-treated U937 cells (Figure 3).
SL-O treatment alone had little effect on the Mcl-1 mRNA levels,
whereas all 8 of the Mcl-1 AS sequences were able to deplete Mcl-1
MRNA at varying levels. The Mcl-1 AS sequences 7 and 8 were
identified as the most potent, resulting in up to an 80% decrease of
Mcl-1 mRNA levels within 2 hours of AS delivery.

The end-protected all-phosphodiester oligodeoxynucleotides
are not entirely stable within the cell, as they are degraded by
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Figure 3. Efficacy of 8 all-phosphodiester Mcl-1 AS oligodeoxynucleotides
against Mcl-1 mRNA 2 hours after introduction of AS oligodeoxynucleotides.

U937 cells were treated for 3 hours with PMA before introduction of AS oligo-
dexoynucleotides. Total RNA was extracted 2 hours after AS treatment, and Mcl-1
and actin mRNA levels were assessed by Northern blotting. The blots shown are
representative of 3 independent experiments. Ethidium bromide—stained 28 and 18 S
rRNA is shown to indicate the equivalence of loading. Significant difference from
controls treated only with SL-O is indicated by a dagger (P = .05) or an asterisk
(P =.01).
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so the optimum balance between oligodeoxynucleotide stability
and activity could be achieved (Figure 2, sequence, structure, and
nomenclature). These chimeric oligodeoxynucleotides showed far
improved stability within the cell, with a half-life of approximately

12 hours, with 76.5%= 6.2% of the oligodeoxynucleotides ¢n 3)
remaining after 4 hours and 34.3%8.8% (n= 3) remaining by

18 hours.

Use of these chimeric oligodeoxynucleotides was predicted to
allow sustained depletion of Mcl-1 mRNA and protein in overnight
cultures. As Mcl-1 expression is only transiently induced, data
were only collected for 18 hours after oligodeoxynucleotide
delivery. Figure 4 shows Mcl-1 mRNA and protein levels 4 and 18
hours after AS delivery for Mcl AS7 and AS8 chimeric oligode-
oxynucleotides. Mcl-1 mRNA and protein were depleted by all AS
molecules tested, most strikingly by Mcl AS8 5.9.5 (9 central
unmodified DNA phosphodiester linkages, with 2 wings compris-g
ing 5 methylphosphonate internucleoside linkages each). Mcl-ﬁ;
MRNA was deleted by 87.4% 7.8% (mean plus or minus SD)
and protein by 94.1% 3.7% 4 hours after AS delivery. By 18
hours after AS delivery, the depletion of Mcl-1 was less markedz
This is likely due in part to the loss of AS molecules within the cell,§
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endonucleases. In these experiments the half-life was approx
mately 2 hours, with 49.2% 4.4% (n=3) of oligodeoxynucleo-

tides, remaining after 2 hours, and was determined by flown
cytometric fluorescence measurements. It was therefore necess:
to synthesize more stable oligodeoxynucleotides to obtain mor
potent and long-lived Mcl-1 AS effects. The use of chimeric
methylphosphonate/phosphodiester oligodeoxynucleotides (Figui
2) allows the ribonuclease (RNase) H directing capability of the
unmodified DNA component of the oligodeoxynucleotides to be
combined with the nuclease-resistant methylphosphonate DNA
Simultaneously the oligodeoxynucleotides minimize the undesiret
antisense and nonantisense effects associated with all-phospho

£ 8% 100
Eg@ 75
33
%gm 50
&3 25

Mcl-1 R

Actin BEESEE SNl $EEESS G-
SL-O =+ ++++++ =+ ++++++
Mcl-1AS =-=777888 -=777888
Central PO

linkages ==9759175 ==975975

ester oligodeoxynucleotidé$??23 Mcl-1 AS7 and AS8 Were Figure 4. Mcl-1 expression following chimeric Mcl-L AS treatments.

PMA-

therefore synthesized as 20-mer chimeric oligodeoxynucleotidepulated U937 cells were treated with chimeric AS molecules, and RNA and protein
with 2 methylphosphonate “wings” surrounding a central unmod;?gmples were collected 4 and 18 hours after AS treatment. (A) Mcl-1 and actin mRNA

and (B) protein were analyzed by Northern and Western blotting. The blots shown are

fied DNA reglon. FO.I’ each sequence, 3 OIIgOdeOXynL_'deOtld_es Wegﬁresentative of 3 independent experiments. Significant difference from controls
synthesized, with either 5, 7, or 9 central phosphodiester linkagessted only with SL-O is indicated by a dagger (P =< .05) or an asterisk (P < .01).
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B Mcl-1 4h of loading in these blots. The induction of Mcl-1 expression by
PMA was unaffected by either SL-O treatment or by control
2 1401 0O TNF 18h oligodeoxynucleotides, while AS treatment effectively depleted
< g Mcl-1 expression. Bcl-2 and Bax protein expression remain
Z ° 120 essentially constant at 0, 4, and 18 hours regardless of SL-O and AS
% o, or control oligodeoxynucleotide treatment. The expression of the
= t'_/)'] 1001 proapoptotic protein Bak is up-regulated during PMA-induced
) 801 differentiation of U937 cells to 166% 8.0% (n= 3) at 7 hours
Z ; and 232%*+ 37% (n= 3) at 21 hours after PMA treatment, as
) Q 601 measured by the mean plus or minus SD. This up-regulation is
:. ;T"; unaffected by either SL-O and AS or control oligodeoxynucleotide
o B 401 treatment. To our knowledge, this is the first demonstration of
2 8 up-regulation of this protein during phorbol ester—induced differen-
£ 920 tiation of U937 cells.
i Apoptosis induction is a rapid consequence of Mcl-1 depletion g
SL-O - Apoptosis measurements were made in parallel to the measur@-
. - - ments of Mcl-1 mRNA and protein disruption for the AS-treated &
Mcl-1 AS - . + v samples shown in Figure 4. Condensation of the chromatin is a la
TNFE-AS - - - - + inv marker of apoptosi& which was measured by Pl staining of &

Figure 5. Induction of TNF- « and Mcl-1 in PMA-treated U937 cells: specificity of ,nU(?IeI' Flgure 7A ShOW,S typ,lcal, flow Cylometric lraces, which i
AS treatments. Oligodeoxynucleotides (Mcl AS8 5.9.5, TNF AS 6.8.5, and the indicate the loss of prollferatlon in PMA-treated U937 cells, theg_
inverted controls) were delivered into PMA-stimulated U937 cells stimulated for 3 low levels of apoptosis in differentiating U937 cells treated onlyg
hours. Mcl-1 and TNF-« mRNA were analyzed by Northem blotting. The data are  wyith SL-O, and the markedly increased hypodiploid peak associg
shown as the mean plus or minus SD of 3 separate experiments. Significant . . . @
difference from cells treated only with SL-O is indicated by an asterisk (P < .001). ated with apoptotic cells in Mcl AS8 5.9.5-treated cells. The leveE
of apoptosis apparent 18 hours after AS treatment was greatest $h

. Mcl AS8 5.9.5-treated cells (Figure 7B), which also showed the%
but also because the levels of Mcl-1 were declining to basal leve&ﬁeatest depletion of Mcl-1 mRNA and protein (Figure 4). Thed
The potency of the 3 different chimeric Mcl AS8 oligodeoxynucle, ' @

id h i iderabl leti fth | l[evel of apoptosis seen was lower in less potent Mcl-1 Asg
ot €s were shown TO hl er cof:13| era:j Iy Dep e_tlkc])n OI the Mcl-{ e atments. For example, the chimeric Mcl AS8 oligodeoxynucleo§
protein was maximal 4 ours a erAS delivery, with Mc ASB 5-9-%ides showed a diminished potency against Mcl-1 as the number &
followed by Mcl AS8 6.7.6 giving a 81.0% 8.5% depletion and &

| I depleting b %. Th i central unmodified internucleoside linkages are minimized from %
Mcl AS8 7.5.7 only depleting by 10.8% 13.5%. These differ- through 7 to 5 (Figure 4). Apoptosis following these treatments wa$;

ences in activity between oligodeoxynucleotides of identical ba Coatest for Mcl AS8 5.9.5 (49.8% 7.0% [SD]), intermediate for
sequence demonstrate the need to balance the enhanced stal .lj:tP'ASS 6.7.6 (17.7% 2.1%), and lowest for Mcl AS8 7.5.7
gained by increasing the number of methylphosphonate internucl 21 806+ 1.8%) compared with SL-O—-only controls, which showed &
side linkages, Wit_h_ Ios_,s of the Rl\_lase_ H directing ability as th 0.8%=* 4.1% apoptosis at 18 hours. These results indicate that the
number of unmodified internucleoside linkages are decreased. apoptosis associated with Mcl-1 AS treatment was correlated Wité
the potency of the AS oligodeoxynucleotide against Mcl-z
1 expression.

The specificity of the most potent Mcl-1 AS molecule (Mcl AS8

5.9.5) was assessed next. PMA treatment of U937 cells cause Oh 4
up-regulation of a number of genes, among the§é\NiBA 2* which .
is induced maximally 18-24 hours after PMA treatment but barely
detectable at 4 hours (results not shown). To test the specificity of
Mcl AS8 5.9.5, PMA-treated U937 cells were treated with either
MclAS85.9.5, the inverted Mcl AS8 5.9.5 (Mcl invAS8 5.9.5), or a
TNF AS molecule (Figure 2) and its inverse. The TNF AS molecule
was previously shown to effectively deplete TNFMRNA from

NP-40 cell lysates by directing RNase H (R.V.G. and D.M.T,, Mcl-1> "h—
unpublished results, April 1998). Figure 5 shows that Mcl AS8

5.9.5 treatment depletes Mcl-1 mRNA without affecting induction BCl-2 - s ——
of TNF-a, while TNF AS depletes TNie-mRNA without affecting

Mcl-1 induction. The inverted AS control oligodeoxynucleotides Bak m "

had no affect on the induction of either gene. Therefore, AS

treatment of PMA-treated U937 cells can specifically disrupt Bax *“'_ _

induction of individual genes rather than grossly inhibiting all i S — . =
PMA-induced genes. Actin- ISR & IF =58 =

We next assessed the affect of Mcl-1 AS treatment on thf@ure 6. Expression of Bcl-2 family members other than Mcl-1 are unaffected
expression of other Bcl-2—related proteins found in U937 cell&y Mcl-1 AS treatment. Protein samples from untreated and PMA— and ollggde—
. h West blot lvsis for Mcl-1. Bcl-2. Bak oxynucleotide-treated U937 cells were analyzed by Western blotting for various
Flgure 6 shows Western blot ana ysIs Tor Mcl-1, BCl-2, bak, an |-2—related proteins. Ponceau-stained actin is shown to demonstrate the equiva-

Bax. Ponceau S-stained actin is shown to indicate the equivaler@e: of loading. The results are representative of 3 separate experiments.
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Figure 7. Apoptosis and caspase-3 activation following oligodeoxynucleotide
delivery to PMA-treated U937 cells. (A) Representative flow cytometry traces of
Pl-stained nuclei, cells treated with Mcl AS8 5.9.5 (dark-shaded trace), SL-O
(light-shaded trace) for 18 hours, and non-PMA-treated cells (open trace). (B)
Apoptosis 18 hours after oligodeoxynucleotide delivery. The data are the mean plus
or minus SD of 3 separate experiments. Significant difference from cells treated only
by SL-O is represented by a dagger (P = .05) or an asterisk (P = .01). (C) Western
blot showing Mcl-1 protein and caspase-3 (where p32 equals procaspase-3, and p17
equals alarge active subunit) 4 hours after AS delivery. The data are representative of
3 experiments.
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appearance of a cleaved activated 17-kd caspase-3 subunit. The approxi-
mate 19-kd fragment is an alternatively cleaved large active suBunit.

The real-time appearance of apoptotic morphology was then
assessed by noninvasive 3-color confocal microscopy, with cells
cultured on a temperature-regulated microscope for up to 18 hours.
AnnexinV-Cy3 and Pl were included in the culture medium to
allow concurrent analysis of cellular morphology, oligodeoxynucle-
otide distribution and intensity, phosphatidylserine externalization,
and cell viability. Figure 8 shows images of Mcl AS8 5.9.5— and
Mcl invAS8 5.9.5-treated cells at 4 and 18 hours. The 3 large
annexinVt and PI cells seen in the lower left corner of Mcl AS8
5.9.5-treated cells were cells that lost viability during the SL-O
permeabilization procedure.

The delivery of oligodeoxynucleotides into the cell nuclei and
cytoplasm is clearly demonstrated. The oligodeoxynucleotides
tended to accumulate in the nuclei, although the brightness (§
fluorescence can make visualization of this difficult. However, Ies§
strongly green fluorescent cells clearly show the nuclear localizag
tion. The stability of oligodeoxynucleotides within the cells can be§
inferred from the quantity of green fluorescence per cell durin
culture, with oligodeoxynucleotides still in evidence after 18 hourss
of culture. In the Mcl invAS8 5.9.5 control oligodeoxynucleotide— £
treated cells (Figure 8B,D) there were very low levels of apoptosis
seen up to 18 hours, with little loss of viability (less than 10% in°§]-
each of 3 separate experiments performed on the microscope).
the example shown, the Mcl invAS8 5.9.5 treatment resulted in 1
annexinV* cells in a field of 97 (10%) by 18 hours. In contrast, the &
Mcl AS8 5.9.5-treated cells showed a rapid appearance of annexi§-
V-labeled cells, clearly apparent by 4 hours (Figure 8A), but}
beginning to appear within 2 hours of AS treatment. In the examp %
shown, 27 cells in a field of 64 were annexin¥y 18 hours (42%,
Figure 8C).

Apoptosis is often associated with the appearance of blebs a

n
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Figure 8. AS-fluorescein, annexinV-Cy3, and Pl comprise the 3-color confocal
microscopy of U937 cells treated with Mcl AS8 5.9.5 and Mcl invAS8 5.9.5 for 18
hours. The cells were treated and cultured as described in “Materials and methods.”
(A) Cells were treated with Mcl AS8 5.9.5 for 4 hours and (C) 18 hours. (B) Cells were

Caspase-3 activation is an early event in apoptbdike levels of treated with Mcl invAS8 5.9.5 for 4 hours and (D) 18 hours. (C and D) P! fluorescence
nonactivated and activated caspase-3 were examined 4 hours aﬂeisAg)icted in the top left panel, fluorescein in the top right, Cy3 in the bottom left, and

a bright field superimposed with all fluorescence channels in the bottom right. (A and

treatment by Western blotting (I_:igure 7C), which showed a ClEgY A bright field superimposed with all fluorescence channels. The results are
relationship between the depletion of the Mcl-1 protein and thepresentative of 3 separate experiments. Bar = 20 pmol/L.
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protrusions from the cell surfa&This blebbing of cells early in cytochrome c from the mitochondria channel VDAGNe suggest,
apoptosis was clearly apparent (eg, the group of 3 annexa@ils therefore, that Bcl-2 and Bax function to control apoptosis and the
toward the upper left of Figure 8A). This membrane blebbing isurvival of U937 cells in response to general stresses and insults,
seen as early as 2 hours after AS delivery. The binding of anneximvt when large-scale changes in gene expression occur during
was not seen until after the initial signs of blebbing (up to 3@ifferentiation, Mcl-1 is induced to monitor cellular status. In a
minutes behind), thereby suggesting that membrane blebbiogmparative study of Mcl-1 and Bcl-2 function in murine myeloid
precedes phosphatidylserine externalization in these cells. Tdwls, Bcl-2, but not Mcl-1, was able to dimerize with B&xit
apoptotic cells remained viable for around 10 hours after ttseems likely, therefore, that Mcl-1 and Bak may form an opposing
binding of annexinV. The levels of oligodeoxynucleotides appareptrtnership controlling apoptosis during differentiation.
within individual cells fell rapidly after early signs of apoptosis. As shown in this paper, the rapid entry into apoptosis, when the
The basal levels of apoptosis seen in the Mcl invAS8 5.98cl-1 expression is depleted from a cell that physiologically
treatments were always less than approximately 10% in expesikpresses the protein (as opposed to transfection and overexpres-
ments performed on the microscope. In experiments with Mcl ASfon), confirms the antiapoptotic role of Mcl-1 that is implicated
5.9.5, performed on the microscope, apoptosis was predominatetym previous transfection/overexpression studiehis is the
seen in cells that had clear AS-derived fluorescence immediatéitt conclusive demonstration that Mcl-1 expression is required to
before the appearance of apoptotic morphology. In one experim@névent apoptosis in a physiological setting. To our knowledgeg
Mcl AS8 5.9.5 was only delivered into approximately 50% of thénly one other stud$? which used antisense plasmids, addresseg
cells (a suboptimal concentration of SL-O was used). Data frothe protection afforded by Mcl-1 in a cell that expresses the protenﬁ
this experiment allowed us to confirm that the extra apoptosis sgstiysiologically. However, the antisense experiments were only Fl
in the Mcl AS8 5.9.5 treatments occurred only in cells that had A§mall part of the study. The methodology used by Chao and;
fluorescence. Cells showing no AS fluorescence only becam@lleague® (transient transfection of up to 3% of cells with AS 3
apoptotic at basal levels of less than 10%. plasmid) did not allow for analysis of Mcl-1 mRNA, so an
antisense effect cannot be formally concluded. Using flow cytom
etry of immunofluorescently stained cells, Chao and colle@§ues
Discussion demonstrate a slight nonquantified loss of the Mcl-1 protein i
transfected cells. The loss of Mcl-1 was associated with a smaff
The Mcl-1 protein differs from the Bcl-2 protein in that it is a mucH12%+ 6%, as measured by the mean plus or minus SD) increase
larger protein (42 kd compared to 26 kd); contains PEST niptifgn @poptosis in AS plasmid-containing cells during a 42- hours
and does not have a BH4 domain like that found in Bcl-2, Bgl-X Period. Thus, the data of Chao and colleagbiesiggest that ¢
and Bcl-w! These PEST motifs are probably responsible for tHéepletion of Mcl-1 leads to apoptosis, but the data are somewhg
short half-life of the Mcl-1 protein within the cell. Mcl-1 is alsoinconclusive as the increase in apoptosis is slight, and th&
expressed in a somewhat different pattern than Bcl-2, being rapidigthodology precludes the assessment of apoptosis following ]
and transiently induced during myeloid differentiation while Bcl-Znore or less potent depletion of Mcl-1 levels.
levels remain constant. Mcl-1 is located on light intracellular [nour report, the depletion of Mcl-1 at both the mRNA and proteing
membranes (in addition to mitochondria) where Bcl-2 is ndévels by chimeric methylphosphonate/phosphodiester AS oligode
found? Therefore, Mcl-1 may regulate apoptosis in a similapXynucleotides demonstrates an antisense-mediated depletion of Mclg.
fashion to Bcl-2, but it could also be expected to function in waykhe use of AS molecules of differing potency against Mcl-1 also clearlyc
that are distinct from Bcl-2. demonstrates that a greater depletion of the Mcl-1 protein results |n,;§1
Previous work from our laboratory has implicated the impothigher number of apoptotic cells. However, it is not possible to show g
tance of Mcl-1 (rather than Bcl-2 and BclXwhich are not precise relationship between levels of Mcl-1 expression and apoptoﬁs
expressed) in regulating neutrophil survi¢aile show here for the due to a number of factors. First, a lag time between triggering Oﬁ
first time that specific disruption of Mcl-1 expression results in apoptosis due to the lack of Mcl-1 and the appearance of detectable sigis
rapid entry into apoptosis in differentiating U 937 cells. Thesef apoptosis was predicted. Second, the induction of Mcl-1 and thg
results, therefore, strengthen the theory that Mcl-1 may be a kigguction of differentiation of U937 cells are heterogeneous (Figure 1)v
determinant for survival in cells that express this protein. so cells that are not entering into a differentiation program early during
The endogenous expression of Bcl-2 in U937 cells wabe course of experiments would not be expected to become apoptotic
unaffected by Mcl-1 AS treatment, but this expression of Bcl-2 wady 18 hours, the time at which this was assessed. Third, the amount of
unable to prevent apoptosis following Mcl-1 depletion. ThiéS molecules delivered into cells by reversible permeabilization differs
suggests a distinction in the functional capabilities of Mcl-1 anly more than an order of magnitude (flow cytometry data not shown), so
Bcl-2. Indeed, artificial expression of Bcl-2 in neutrophils delaygepletion of Mcl-1 within different cells would be expected to vary
the appearance of morphological signs of spontaneous apoptdsliative to the amount of the AS molecule delivered.
normally seen in cultured neutrophils, but it is unable to prevent This variation in Mcl-1 levels in individual cells is not reflected
recognition of these cells as apoptotic by phagocytic macrig Northern and Western blots, so only whole populations can be
phage$’ This suggests that as Mcl-1 is lost during the culture afompared. This may explain the apparent threshold effect seen in
neutrophils’ artificial expression of Bcl-2 is only able to partially these experiments. Depletion of the Mcl-1 protein with Mcl AS7
compensate for this loss. 6.7.6 to 13.4%t 1.2% (SD) of the control populations at 4 hours
The proapoptotic protein B&k¥is induced during the differen resulted in 22.3%*- 2.8% apoptosis at 18 hours. Depletion of the
tiation of U937 cells in response to PMA (Figure 6). This increasedcl-1 protein with Mcl AS8 5.9.5 to 5.9% 3.7% resulted in
expression of Bak may be the proapoptotic factor that trigge49.8%* 7.0% apoptosis at 18 hours. This large increase in
apoptosis in these cells when Mcl-1 expression is disrupted by Apoptosis from a slightly greater depletion of Mcl-1 may be
treatment. Bak has recently been shown to function in a veexplained if there is a threshold level of Mcl-1 required to prevent
similar manner to Bax in that it is able to regulate the release apoptosis. The depletion of Mcl-1 may have no effect in individual
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cells until it is depleted beyond this threshold level. Individual cellpared to those typically used for annexinV binding assays (1 mg/mL
from each population will have a range of Mcl-1 depletion, andnnexinV and 2.5 mmol/L calcium). Further studies are now under way
there will be a slightly greater depletion of Mcl-1 in the populatioio assess the sequence of events during apoptosis in a variety of cell
treated with Mcl AS8 5.9.5 compared to the population treated witipes treated to delay or accelerate entry into apoptosis.
Mcl AS7 6.7.6. This may actually represent a large increase in the This report definitively demonstrates the role of Mcl-1 as an
number of cells that have had Mcl-1 depleted beyond the putatigatiapoptotic protein. Further studies will concentrate on the role
threshold level required to prevent apoptosis. Further experimettigs protein plays in controlling neutrophil lifespan. This may lead
are clearly needed to firmly establish this hypothesis. to therapeutic benefits in many disease processes, where excessive
This report has used a novel technique for studying apoptosis in liveutrophil activation and inappropriate prolongation of an inflam-
cells, in real time, and by confocal microscopy. This new methodologyatory response lead to tissue damage and disease. AS-mediated
allowed the assessment of apoptosis by morphology, phosphatidylsedapletion of the Mcl-1 protein may also prove beneficial in treating
externalization, and loss of viability concurrently with analysis of A®ther diseases, such as acute myeloid and lymphoid leukemia, in
oligodeoxynucleotide distribution and abundance within the cells. Théhich increased Mcl-1 expression is often seen at the time of
data from these experiments enabled us to confirm that the exeakemic relapsé

apoptosis seen in Mcl-1 AS treatments was associated only with cells

. . . . o
that had AS molecules delivered. In this system, early in apoptosis, the g
. P S
blebbing of cells was clearly apparent and was seen before the bindigknowledgment g
of annexinV to the cell surface. However, this binding of annexinV after 2
membrane blebbing may be due to the lower concentrations of @\& thank Caroline Broughton for assistance with flow cytometry,§
mg/mL annexinV and 0.5 mmol/L calcium in our experiments contissue culture, and permeabilization procedures. =
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