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HAMLET (Human «-lactalbumin Made Lethal to Tumor cells)
triggers selective tumor cell death in vitro and limits tumor
progression in vivo. Dying cells show features of apoptosis
but it is not clear if the apoptotic response explains tumor
cell death. This study examined the contribution of apopto-
sis to cell death in response to HAMLET. Apoptotic changes
like caspase activation, phosphatidyl serine externalization,
chromatin condensation were detected in HAMLET-treated
tumor cells, but caspase inhibition or Bcl-2 over-expression
did not prolong cell survival and the caspase response was
Bcl-2 independent. HAMLET translocates to the nuclei and
binds directly to chromatin, but the death response was
unrelated to the p53 status of the tumor cells. p53 deletions
or gain of function mutations did not influence the HAMLET
sensitivity of tumor cells. Chromatin condensation was
partly caspase dependent, but apoptosis-like marginal-
ization of chromatin was also observed. The results
show that tumor cell death in response to HAMLET is
independent of caspases, p53 and Bcl-2 even though
HAMLET activates an apoptotic response. The
use of other cell death pathways allows HAM-
LET to successfully circumvent fundamental anti-
apoptotic strategies that are present in many tumor
cells.
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Introduction

The definition of apoptosis is debated, but classically, apop-
tosis involves the mitochondria and relies on initiator
and effector caspases.! Apoptosis is accompanied by phos-
phatidyl serine exposure on the cell surface and by chro-
matin condensation, DNA fragmentation and apoptotic
body formation.?? Other, apoptosis-like cell death pathways
also involve the mitochondria but rely on alternative and
caspase-independent mediators such as Apoptosis Inducing
Factor and Endonuclease G which translocate from the mi-
tochondria to the nucleus, where they trigger chromatin
condensation and the formation of DNA fragments.® The
apoptosis and apoptosis-like cell death pathways are both
controlled by the Bcl-2 family of proteins,” however. Bcl-2
and Bcl-xl block the release of apoptogenic proteins from
the inter-membrane space of the mitochondria,® inhibit
the mitochondrial response to many death stimuli, and pro-
tect cells from the pro-apoptotic Bcl-2 family members.”~!!
Over-expression of Bcl-2 and Bel-xl occurs in a variety of tu-
mors, and contributes to their resistance to chemotherapy.'?
Accordingly, many attempts have been made to identify
agonists that might activate Bcl-2 independent pathways
and trigger apoptosis also in tumor cells that over-express
Bcl-2.13:1

Tumor cell apoptosis is also controlled by P53. The
P53 tumor suppressor initiates cell cycle arrest and DNA
repair, but when cells harbor irreparable DNA damage,
P53 activates cell death programs and the cells undergo
apoptosis.'>'° Inactivation of p53 facilitates carcinogenic
transformation and approximately 50% of human tumors
carry p53 mutations.'”'® Genomic p53 mutations are usu-
ally manifested as deletions of one allele coupled to a mis-
sense mutation of the other and, in addition, p53 muta-
tions may create variant P53 proteins that contribute to tu-
morigenesis. These gain-of-function mutations are located
in strictly conserved regions of the DNA binding domain,
and generate a phenotype with altered P53 DNA binding
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specificity and new transcriptional targets.'? The mitochon-
dria are essential also in the case of primary DNA damage,
through p53 or nuclear caspases which can migrate into
the cytoplasm.?’=?? Recently, pharmacological approaches
to the normalization of p53 function in tumor cells have
been successful in experimental models.??

We have reported that a protein-lipid complex from hu-
man milk, named HAMLET, can trigger apoptosis in many
different tumor cell lines, 77 vitro.2* The effect is also main-
tained 77 vivo in man and animal models. HAMLET has been
showed to induce apoptosis and to remove tumor cells in a
human rat glioblastoma xenograft model and to reduce or
remove the lesions in patients with skin papillomas.?>*® The
complex consists of partially unfolded c«¢-lactalbumin bound
to oleic acid and tumor cell death is rapid but healthy cells
are resistant to the effect. This is coupled to a difference in
uptake of HAMLET between tumor cells and healthy cells,
and to proteasome activation (unpublished data). After the
invasion of the tumor cells, HAMLET translocates to the nu-
clei where it binds histones and perturbs the chromatin.?’>%8
Furthermore, HAMLET causes cellular changes compati-
ble with apoptosis.>*?? While these are essential steps in
the tumor cell response to HAMLET, the mechanism of
cell death and the basis of tumor selectivity are not fully
understood.

This study, examined apoptosis in HAMLET-treated tu-
mor cells, using caspase activity, chromatin condensation,
phosphatidyl serine exposure and viability as end points.
Furthermore, the influence of Bcl-2 and p53 on the death
response was assessed. The results show that HAMLET trig-
gers apoptosis but that the cells die through other mecha-
nisms.

Materials and methods

Reagents

Dulbecco’s modified Eagle’s medium, fetal calf serum,
gentamicin, G418, L-glutamine, sodium pyruvate, non-
essential amino acids, penicillin/streptomycin solution,
RPMI 1640 (GibcoBRL, Life Technology Ltd. Pais-
ley, Scotland, U.K.). Dimethylsulfoxide, HEPES, Tween-
20 and Tris (Kebo Lab, Stockholm, Sweden). Hep-
arin and PD-10 column (Pharmacia Biotech, Stockholm,
Sweden). Antipain, bovine serum albumin, EDTA, ethy-
lene glycol-bis, triton X-100, zVAD-fmk and trypsin
(Sigma Chemicals Inc. St. Louis, MO, USA). Trypan
blue (Chroma Gesellschaft, Schmid & Co Stuttgart,
Germany). Etoposide (Bristol-Myers Squibb Co. New York,
NY, USA). Annexin V: FITC Apoptosis Detection Kit II (BD
Pharmingen, San Jose, CA, USA). DEVD-AMC, VDVAD-
AMC and LEHD-AMC (Peptide Institute, Osaka, Japan).
Blasticidin S, Trizol, Bis-tris gels and buffers, Lipofectamine
2000 and pcDNA3.1/VSHisA plasmid (Invitrogen Gibco
Carlsbad, CA, USA). pEGFP-C1 plasmid (Clontech, Becton
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Dickinson, USA). Alexa Fluor 568 and TO-PRO-1 (Molecu-
lar Probes Inc. Eugene, OR, USA). Riboquant Multi-Probe
RNase Protection assay Kit (Pharmingen Becton Dickin-
son, USA). Mouse anti-p53 (AB-2) (Oncogene, Boston, MA,
USA). Rabbit anti-human Bcl-x, mouse anti-human Bcl-2,
Rabbit anti-mouse HRP, (Dako, Glostrup, Denmark). ECL
PLUS kit (Amersham Biosciences, Little Chalfont, UK).

Purification of «-lactalbumin and conversion
to HAMLET

HAMLET is a folding variant of human a-lactalbumin sta-
bilized by a C18:1 fatty acid cofactor. In this study, native
a-lactalbumin was purified from human milk and converted
to HAMLET on an oleic acid conditioned ion exchange ma-
trix as previously described.?®

Cells and transfected cell lines

The A549, A-498, HT29, SK-BR-3, DU145, NCI, J 82,
CaCO-2, HT-29, MCF-7, T47d, PC3, U37, U251, CRL
2356, D54, Jurkat and L1210 cell lines were from the
American Type Culture Collection (ATCC). The cell lines
were cultured as described.’® The promyelocytic leukaemia
cell lines HL-60, K562 and U-937 were kindly provided
by U. Gullberg, Division of Hematology, Department of
Laboratory Medicine, Lund University, Sweden. Rat thymo-
cytes were harvested as described.’! K562 cells transfected
with the Bcl-2 sequence in the Pc-DNA vector (S2 and S8)
or vector control were cultured as described above. Bcl-2
over-expressing Jurkat cells (pSFFV-Bcl-2) and vector con-
trol cells (pSFFV)*? and Bcl-xl-over-expressing FI5.12 cells
(pSFFV-Bcl-x1) or vector control cells (pSFFV)35 were cul-
tured under conditions described above, but in addition
the FI15.12 culture medium was conditioned with WEHI-
3B medium as a source of IL-3. Hela cells expressing
GFP-tagged histone H3 were grown in Dulbeccos MEM
with glutamax supplemented with penicillin/streptomycin
(100 pg/ml), sodium pyruvate, FCS and blasticidin S. The
p53-null adenocarcinoma cell line H1299 was stably trans-
fected with the retroviral vector pPS-tTA-hygro expressing
tetracycline-dependent transactivator protein tTA. Selected
cell clones were then transfected with self-inactivating retro-
viral vectors (pSIT-neo) carrying the gain of function mutant
His-175 under control of a tetracycline-dependent promoter.
To suppress the PS3 mutant expression, cells were main-
tained in the presence of the tetracycline derivate doxycy-
cline as described.?>** HCT116 colon carcinoma cells ex-
press endogenous wild type P53 +/4. HCT116 p53 —/—
cells were obtained by deletion of both alleles of the p53
gene by homologous recombination and were cultured as
described.?

Plasmid pcDNA3.1-Bcl-xl  was
cloning the EwRI fragment of pSFFV-neo-Bcl-x

constructed by
1> into



pcDNA3.1/V5HisA (Invitrogen) (not in frame with the
V5HisA tag). pcDNA3.1-Bcl-xl or pcDNA3.1/VS5HisA
was transfected into A498 cells grown in six-well plates
using Lipofectamine 2000 according to the manufacturer’s
instructions. The transfection efficiency was determined
by co-transfection with the GFP expression plasmid
pEGFP-C1 and evaluated on a Nikon Eclipse TE2000-U
(Nikon, Japan) fluorescence microscope.

Caspase activity

Cells were treated with HAMLET (18 M) or with etoposide
(10 uM). Pre-treatment with z-VAD-fmk was for 1 h. The
zVAD-fmk concentration of 10 M was used in this paper
as this concentration n had the same inhibitory effect as 50
uM. VDVAD-AMC, DEVD-AMC or LEHD-AMC cleavage
was quantified using a modified version of a flourometric
assay.’® Cleavage of the fluorogenic peptide substrates was
monitored by AMC release in a Fluoroscan II plate reader
(Labsystems, Stockholm, Sweden) using 355 nm excitation
and 460 nm emission wavelengths. Fluorescence units were
converted to pmol using a standard curve generated with free
AMC. Data from duplicate samples were analyzed by linear
regression. The results of the daily control experiments were
arbitrarily set as 100% and other results were compared to
this value. Paired #-test (one-tailed) was used to determine
significance.

Phosphatidyl serine exposure

Phosphatidylserine exposure was detected using the An-
nexin V: FITC Apoptosis Detection Kit II accord-
ing to the manufacturer’s instructions. Fluorescence-
activated cell sorter (FACS) analysis was on a Beck-
man Epics XL (Beckman-coulter, Fullerton, USA). Double
positive, necrotic cells were gated out before analysis.

Western blot

Harvested cells were washed once in PBS and re-suspended
in lysis buffer (150 mM NaCl, 20 mM TRIS-HCI, 2 mM
EDTA, pH 7.5) supplemented with protease inhibitors (An-
tipain 1:500 and Leupeptin 1:1000). Total protein con-
centrations were determined using the DC Protein Assay
(Bio-RAD, CA, USA) according to the manufacturer’s in-
structions. Equal amounts of proteins were separated by
Bis-Tris SDS gel electrophoresis according to the manufac-
turer’s instructions. Migrated proteins were electro-blotted
to PVDF membranes ,blocked in SAT-1 (ethanolamine 6.1
g/1, glycine 9 g/1, polyvinylpirolidone 10 g/l, methanol 25%)
and Sat 2 (ethanolamine 6.1 g/l, glycine 9 g/l, Tween-
20 1.25 g/l, gelatina hydrolysate 5 g/l, methanol 25%).
Membranes were probed with primary antibodies in PBS-
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BSA 0.01% in 4°C. Secondary antibody binding was ei-
ther detected by the addition of acetate buffer (50 mM
Sodium acetate, ph 5.0), hydrogen peroxidase and 1% 3-
amino-9 ethyl-Carbasole in acetone or with the ECL Plus

kit.

Cell viability

Confluent cell layers were detached from culture flasks by
the addition of versene (140 mM NaCl, 2.4 mM KCl, 8 mM
Na2PO4, 1.6 KH2PO4, and 0.5 mM EDTA, pH 7.29),
washed once in PBS at 37°C, and re-suspended in cell cul-
ture medium at a concentration of 2 x 10° cells/ml. Cells
growing in suspension were harvested by centrifugation and
washed once in PBS. The concentration was set to 2 x 10°
cells/ml in cell culture medium and 1 ml of the cell suspen-
sion was incubated in 24-well plates with HAMLET or a
crude milk fraction (MAL)?%37 ar 37°C in 5% CO; and the
cells were harvested by aspiration.

Multiprobe RNA protection assay

K562 cells were exposed to 21 uM of HAMLET and
harvested at various times. Total RNA was extracted us-
ing Trizol according to the manufacturer’s instructions.
Bcl-2 family mRNA was examined using the Riboquant
Multi-Probe RNase Protection assay Kit, according to
the manufacturer’s instructions. The RNA was quantified
by phosphorimager (Storm 840, Amersham Biosciences,
Little Chalfont, U.K.).

Subcellular localization studies

HAMLET was labeled with Alexa Fluor 568 according to
the manufacturer’s instructions. Hela cells expressing GFP-
tagged histone H3 or H2B*®, kindly provided by Hiroshi
Kimura were exposed to Alexa-HAMLET for 3 h. Confocal
microscopy was in a Bio-Rad 1024 laser scanning confo-
cal equipment (Bio-Rad Laboratories, Hemel-Hempstead,
U.K.) attached to a Nikon Eclipse 800 microscope (Nikon,
Japan) with a 60 X objective (NA 1.40).

Chromatin condensation

HAMLET or etoposide-treated Jurkat cells were harvested,
washed once in PBS and fixed in 4% paraformaldehyde
in PBS. Fixed cells on microscopy slides were washed in
PBS, permeabilised in 0.2% Triton X-100 and incubated
for 5 min with the DNA stain and TO-PRO-1. The cells
were washed 3 X 5 min. in PBS prior to evaluation in an LSM
510 META confocal microscope (Carl Zeiss, Germany) with
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a 63 x objective. The frequency of each chromatin patterns
is shown in percent of total cells after counting a minimum
of 100 cells in each experiment.

Results

Evidence of apoptosis in HAMLET- treated cells

Jurkat leukemia cells and A549 lung carcinoma cells were
exposed to HAMLET and the apoptotic response was stud-
ied using caspase activation, phosphatidyl serine exposure,
DNA fragmentation and viability as end points. In parallel,
the cells were treated with etoposide, as a positive control
of apoptosis. The caspase response is shown in Figure 1A.
There was an increase in caspase-2, caspase-3 and caspase-9
in HAMLET-treated cells, but the levels were significantly
lower than the response to etoposide (p < 0.05 for caspase-2
and -3 and p < 0.001 for caspase-9) and did not increase fur-
ther at higher HAMLET concentrations (data not shown).
Phosphatidyl serine exposure was detected by flow cytome-
try, using FITC-labelled annexin (Figure 1B and C). HAM-
LET stimulated a 4.8-fold increase in PS exposure compared
to an 11.2-fold increase in etoposide-treated cells and PS
was detected on fewer HAMLET-treated cells (23 per cent)
than etoposide-treated cells (54 per cent) (p < 0.001). The
response was caspase-dependent, as shown by the reduction
in PS exposure in the presence of the pan-caspase inhibitor,
zVAD-fmk. Oligonucleosome length DNA fragments were
detected in both HAMLET- and etoposide-treated cells. The
formation of oligonucleosome length DNA fragments was
caspase-dependent as it was inhibited by zVAD-fmk (data
not shown). High molecular weight DNA fragments were
formed in HAMLET-treated cells, but independently of
caspases.

The viability of Jurkat and A549 cells in response to
HAMLET in the presence or absence of zZVAD-fmk is shown
in Figure 1D. Cell death was caspase independent. The LDsg
of HAMLET-treated Jurkat cells were 20 M in the absence
of zVAD-fmk and 17 uM in the presence of zVAD-fmk. The
LDsy of HAMLET-treated A549 cells were 46 uM in the
absence of and 41 uM in the presence of zZVAD-fmk.

The results showed that HAMLET stimulates a low apop-
totic response including effector caspases and suggested that
tumor cell death mainly relies on caspase independent mech-
anisms.

HAMLET-induced cell death is independent of Bcl-2
and Bcl-xl

The mechanisms controlling the apoptotic response to

HAMLET were further studied using Bcl-2 or Bcl-xl over-
expressing tumor cells. The transfected K562 clones S2 and
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S8 were shown by Western blot analysis to over-express Bcl-
2 as compared to the vector control cells (Figure 2A). A
similar increase in Bcl-2 expression was found in transfected
Jurkat cells. Bcl-2 family gene expression in HAMLET-
treated cells was examined using the RNA protection assay.
The increased Bcl-2 mRNA levels in the transfected S2 and
S8 cell clones were confirmed. To examine if HAMLET in-
fluences the expression of the Bcl-2 gene family, mRNAs
were quantified by the RNA protection assay. There was no
detectable change after HAMLET treatment of the K562
cells, suggesting that Bcl-2 gene expression is not affected
by HAMLET treatment (Figure 2B).

The influence of Bcl-2 on the caspase response to
HAMLET was subsequently examined in Jurkat cells.
Etoposide was used as a control of Bcl-2 dependent re-
sponses (Figure 2B). Bcl-2 over-expression was shown
to abrogate the caspase-3 response to etoposide (p <
0.05) but not the caspase-3 response to HAMLET (Fig-
ure 2B). zZVAD-fmk reduced the caspase-3 activity to back-
ground levels in both HAMLET and etoposide-treated
cells.

To determine if Bcl-2 might modify the death re-
sponse to HAMLET, the loss of cell viability was
compared between the Bcl-2 over-expressing K562
cells and the control cells (Figure 2C).
There was no difference in the concentration of HAMLET
required to kill 50 percent of the cells (LDsy = 15 uM for
wild-type cells, 18 uM for vector control and S2 and 19 uM
for the Bcl-2 over-expressing clone S8). Furthermore, there
was no difference in the kinetics of cell death (Figure 2C).
Similar results were obtained using Bcl-2 over-expressing
Jurkat cells (LDsg of 16 uM compared to 14 uM for the
vector control) as shown in Figure 2C.

The apoptotic response to HAMLET was further
examined in Bcl-xl over-expressing FL5.12 cells. The trans-
fected cells were shown by Western blot analysis to over-
express Bcl-xl as compared to the vector control cells (Fig-
ure 3A). The concentration of HAMLET required to kill the
cells and the kinetics of cell death are shown in Figure 3B
and C. There was no significant difference in HAMLET
sensitivity between Bcl-xl over-expressing or vector control
cells (LDsy of 9 uM) and no significant difference in the
kinetics of death between Bcl-xl over-expressing cells as
compared to the vector control cells (Figure 3C). After 1 h.
the viability was below 50% in both Bcl-xl over-expressing
and vector control cells. Furthermore, Bcl-x1 over-expression
was achieved by transient transfection of the human kidney
carcinoma A498 cell line. The transfection resulted in over-

vector

expression of Bcl-xl as compared to the vector control as
shown by western blot (Figure 3A). There was no difference
in sensitivity to HAMLET between Bcl-2 over-expressing
or vector control cells (LDsy of 13 uM) as shown in
Figure 3D.

The results show that cell death in response to
HAMLET is independent of Bcl-2 and Bel-xl.
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Figure 1. (A) Caspase response to HAMLET or etoposide. Jurkat cells were treated with 18 uM HAMLET or 10 uM etoposide for 6 h.
and caspase-2, 3 and 9 activity was monitored as the AMC release from specific substrates. Results are given in percent of the control. (B)
PS-exposure in HAMLET-treated Jurkat cells were detected by flow cytometry using Annexin-FITC. Pre-treatment with 10 uM zVAD-fmk was
for 1 h at 37°C. (C) PS exposure was quantified as the median fluorescence intensity or in percent of the total cell number. (D) Cell death
is caspase independent. Jurkat and A549 cells were treated with different concentrations of HAMLET for 6 or 24 hours in the presence or
absence of zZVAD-fmk and the viability was determined by trypan blue exclusion. Pre-treatment with zVAD-fmk was for 1 h at 37°C. Values are
means of three experiments + standard deviations.

A.
Caspase-2 Caspase-3 Caspase-9
1800 . * 2000 * 500 p—
21600 >1800 2450
= 1400 1600 2 400
E 1200 ‘g’ 1400 S 300
S 1000 5 1200 5 350
= 51000 * 5 250 Fkk
c 800 * S goo c
5 5 S 200
o 600 © 500 © 150
Y [ e
g 400 © 400 g 100
2 200 B 5
L= RIS 1S
>~ A, @ S A > ~ o
S & 3 &S & ¥ £ & F
s & & s & & s & &
T F T 7 ¥4
B. C. .
24 Control 24 HAMLET 24{ HAMLET + zVAD Fluorescence Intensity
Control 0.103
HAMLET 0.241
HAMLET+zVAD 0.167
! Etoposide 1.480
'\LW T _I‘W‘ Etoposide+zVAD  0.163
] 1 | . ' — | -
@ %o T q01 T q02 q0 10T A0b T q0T 10% 105 107 00 101 407 10°
o PS-positive cells (%)
4 Control 24 Etoposide 24| Etoposide + zVAD 70
*kk
60
50
40

ﬂ\ ok
It E 30
| “ é
[} 1 | 4
y - 3 — P — e ———— 1 10
107 100 107 707 00 Yo T A0r T A0r T 10% 10°%07 " qo0 ot 707 700 || ol . .

-zZVAD +zVAD -zVAD +zVAD

Annexin-FITC Control HAMLET  Etoposide
D.
100 100
9 -~ Jurkat 90 —— A549
~ 807 -~ Jurkat+zVAD ~ 801 —#— A549+zVAD
£ 704 < 70 4
£ 601 2 601
g 501 8 50
£ 407 < 40+
301 30 -
201 20
101 10 -
0 0
0 7 14 21 28 35 0 14 28 42 56 70
HAMLET (uM) HAMLET (uM)

Apoprosis - Vol 11 - No 2 - 2006 225



0. Hallgren et al.

Figure 2. Bcl-2 over-expression does not protect tumor cells against HAMLET. (A) Western blots confirming Bcl-2 over-expression in the two
stably transfected K562 cell clones (pcDNA-S2 and pc-DNA-S8) and transfected Jurkat cells (pSFFV-Bcl-2). The protein concentrations of the
cell extracts were determined and equal amounts of protein were loaded in each lane. (B) HAMLET does not influence bcl-2 family mRNA
levels. Vector control (pcDNA) or Bcl-2 over-expressing K562 cells were treated with 18 M of HAMLET and the mRNAs were quantified using
the RNA protection assay. Bcl-2 over-expression did not reduce the caspase-3 response to HAMLET. Transfected Jurkat cells were treated
with 18 M HAMLET or 10 M etoposide for 6 h and the caspase-3 activity was monitored as the AMC release from specific substrates.
Pre-treatment with 10 M zVAD-fmk was for 1 h at 37°C. Results are given in percent of control. There was a significant difference in caspase-3
activity between etoposide-treated bcl-2 overexpressing cells (pSFFV-Bcl-2) and vector control cells (pSFFV) (p < 0.05). (C) Cell death was
Bcl-2 independent. Viability of Bcl-2 over-expressing cells or vector control cells exposed to different concentrations of HAMLET for 6 h. Values
are means of three experiments + standard deviations.
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p53 involvement in HAMLET-treated tumor cells

HAMLET has been shown to accumulate in tumor cell nu-
clei where it binds to histones and disrupts the chromatin.?’
The changes in chromatin structure in HAMLET-treated
cells were examined by real time confocal microscopy, using
Alexa-Flour labeled HAMLET and Hela cells expressing
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histone H3, with a gfp reporter (Figure 4A). HAMLET was
shown to co-localize with histone H3 in the nuclei, and
changes in chromatin structure were observed. As a con-
sequence of this chromatin perturbation, a p53-dependent
apoptotic response might be activated.

The influence of p53 on the response to HAMLET was
examined using two tumor cell lines with wild type or mu-
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Figure 3. Bcl-xI over-expression does not alter the sensitivity to HAMLET. (A) Bcl-xI over-expression was confirmed by Western blots of
extracts from stably transfected FL5.12 cells or transiently transfected A498 cells. The protein concentrations of the extracts were determined
and equal amounts of protein were loaded in each well. (B) Dose dependent death of Bcl-xI over-expressing FI5.12 cells (pSFFV-Bcl-xl) or
vector control cells (pSSFV) exposed to HAMLET (10 xM) for 6 h. (C) Kinetics of cell death in Bcl-xI over-expressing FI5.12 cells or vector
control cells exposed to HAMLET (11 xM). (D) Dose dependent cell death of Bcl-xl over-expressing A498 cells (pcDNA-Bcl-xl) or vector
control cells (pcDNA) exposed to HAMLET for 24 h. Values are means of three experiments + standard deviations.
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tant p53. The stably transfected H1299 lung carcinoma cells
carry a homozygous p53 deletion and are resistant to apop-
tosis. After transfection with the dominant-negative His-
175 gain of function mutant, the cells become even more
resistant to apoptotic stimuli.”” The colon carcinoma cell
line HCT116 +/4 carries a wt p53 gene and HCT116
—/— carries a p53 deletion. In previous studies, these
cells have been shown to differ in sensitivity to apoptotic
stimuli.”

The effect of p53 on the response to HAMLET was
first examined by comparing the H1299 cells expressing
mutant P53 (His-175) or cells with repressed P53 ex-
pression (Tet-off). The difference in P53 expression was
confirmed by Western blots (Figure 4B). The cells were
exposed to HAMLET but there was no difference in
cell death related to their p53 genotype (Figure 4C).
Subsequently, HCT116 cells carrying wild-type or deleted
p53 were used. The difference in P53 expression was
confirmed by Western blots, and the cells were exposed
to HAMLET (Figure 4B and C). No p53 dependent
difference in HAMLET sensitivity was detected suggesting
that p53 does not control the susceptibility of tumor cells
to HAMLET (Figure 4C). This was supported by studies of
tumor cell lines and tumor cells in primary culture (Table
1). There was no consistent relationship between p53 status
and HAMLET sensitivity in lymphoid cells, carcinoma cells
or gliomal cells.

The results suggest that cell death in response to HAM-
LET is p53 independent.

Chromatin structure in HAMLET-treated cells

The chromatin condensation pattern has been proposed to
distinguish apoptosis from other forms of PCD.***! Apop-
totic cells show chromatin condensation into small spheres,
large spheres and crescents followed by the formation of
apoptotic bodies. Cells undergoing apoptosis-like cell death
have other chromatin changes, including marginalization
but do not show classical apoptosis.

The changes in chromatin structure in response to HAM-
LET were studied by confocal microscopy. Chromatin con-
densation into small spheres, large spheres and crescents
occurred in Jurkat cells (Figure SA and B) and this re-
sponse was caspase dependent as shown by inhibition with
zVAD-fmk. The chromatin condensation pattern resembled
the caspase dependent response to etoposide (Figure 5A).
In addition, more complex changes in chromatin structure
occurred in the HAMLET-treated cells. There was marginal-
ization of chromatin (Figure 5A and B) and this response was
caspase-independent. The proportion of cells with marginal-
ized chromatin increased when the apoptotic response was
blocked by zVAD-fmk. The total number of cells with con-
densed chromatin was constant, however (Figure SC). Chro-
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Table 1. Sensitivity to HAMLET and p53 status of tumor cells
Milk fraction HAMLET
LDso* LDso*
p53 status (nf =14) (nf =10)
Lymphoid cells?
Human Mutant 28 (1) 10 (1)
Non-expressing 35 (3) 20 (1)
Mouse Mutant 21 (1) 10 (1)
Rat Wild-type 35 (1)
Carcinomas§
Human Wild-type 88 (1) 30 (2)
Mutant 79 (4)
Non-expressing 88 (1)
Null 63 (2) 50 (2)
Gliomas!
Human Wild-type 50 (1)
Mutant 30 (2)

*The concentration (M) required to kill 50% of the cells. Viability
was determined by trypan blue exclusion.

fNumber of cell lines.

tJurkat, HL-60, K562, U-937, L1210 and purified Rat Thymocytes
were treated for 6 hours and viability was determined.

§A498, A549, MCF-7, HCT116, NCI, Caco-2, HT-29, SK-BR-3,
T47d, DU-145, J 82 and PC-3 were treated for 24 hours and vi-
ability was determined.

lu251, CRL 2356 and D54 were treated for 24 hours and viability
was determined.

matin condensation was more rapid in HAMLET-treated
cells (33% after 1 hours) than in etoposide-treated cells (5%
after 1 hours) (data not shown). The results show that chro-
matin condensation in HAMLET-treated cells proceeds in
both a caspase-dependent and a caspase-independent man-
ner, and that a shift to the caspase-independent pathway
occurs when caspases are blocked.

Chromatin condensation was subsequently examined in
Bcl-2 over-expressing Jurkat cells (Figure 6A). HAMLET
treatment caused the formation of small spheres, large
spheres, crescents and chromatin marginalized to the nu-
clear periphery also in Bcl-2 over-expressing cells and there
was no difference compared to vector control cells. In con-
trast, Bcl-2 over-expression decreased chromatin condensa-
tion in response to etoposide (Figure 6B). The results show
that chromatin condensation in HAMLET-treated cells is
independent of Bcl-2.

Discussion

HAMLET is a protein-lipid complex that kills tumor
cells and immature cells but spares healthy, differentiated
cells.?»?8:37  Earlier experiments have suggested that
HAMLET triggers apoptosis, but have not defined if the
apoptotic pathway is responsible for cell death.?’-2%:4? This
study re-examined the apoptotic response to HAMLET in
tumor cells and compared the response to etoposide, which
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is a well-known apoptosis inducer. HAMLET was shown to
activate pro-apoptotic caspases and to stimulate PS exposure
but the response was lower than in etoposide-treated cells.
The caspases caused chromatin condensation but were not
the cause of cell death as caspase inhibitors failed to rescue
the tumor cells. The death response to HAMLET was further
examined as a function of Bcl-2-related mechanisms but
caspase activation and cell death were independent of Bcl-2
and Bcl-xl. Furthermore, cell death was independent of p53
even though HAMLET bound to and perturbed the chro-
matin. The results show that HAMLET triggers tumor cell
death by circumventing the pathways controlled by p53 or
Bcl-2 and suggest that the apoptotic response is a bystander
phenomenon rather than a cause of cell death. HAMLET
thus appears to activate fundamental cell death pathways in
many of tumor cells but not in healthy, differentiated cells.

The caspase response to HAMLET was not controlled
by Bcl-2 and HAMLET was a less potent activator of the
pro-apoptotic caspases than etoposide. The Bcl-2 depen-
dent activation of caspases by etoposide has been extensively
characterized. Etoposide activates the mitochondria and the
effector caspases either directly or via a nuclear caspase-2 re-
sponse, and both mechanisms are controlled by Bcl-2.29%2
HAMLET has also been shown to perturb the mitochondria
and to stimulate the release of cytochrome ¢.*? In this study,
a low caspase-2 response was detected. Despite these simi-
larities, HAMLET and etoposide activate caspases through
different mechanisms, as the response to HAMLET is not
controlled by Bcl-2. A few other examples of Bcl-2 inde-
pendent caspase responses have been reported. The COX-2
inhibitors induce cell death via caspase-independent as well
as caspase dependent mechanisms, and neither of the path-
ways is controlled by Bcl-2 although the caspase dependent
pathway involves mitochondrial activation with cytochrome
¢ release and apoptosome complex formation.** The nu-
cleocytosolic adaptor protein Binl may be inactivated in
prostate cancers and melanomas, but triggers caspases and
Bcl-2 independent cell death when reintroduced in a hep-
atoma cell line.” The RasV12 mutant also induces Bcl-2
independent non-apoptotic cell death after transfection of
malignant glioma cells.’® Further studies are needed to as-
sess if HAMLET and these agonists activate similar cell
death pathways.

The tumor cells respond by directing HAMLET to the
nuclei and by sequestering the complex there.”*>” HAM-
LET disturbs the association between histones and DNA
through high affinity interactions with core histones.”” The
nuclear accumulation of the protein complex does not oc-
cur in healthy differentiated cells which are resistant to the
effects of HAMLET, suggesting that the nuclear accumula-
tion of HAMLET may be critical for cell death.’” HAMLET
does not interact directly with DNA, however, and there
is no evidence of direct DNA damage as a basis for p53
involvement but the disruption of chromatin may initiate
programmed cell death. There are examples of agonists that
do not directly damage the DNA but activate p53-dependent
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Figure 4. p53does not control the sensitivity to HAMLET. (A) HeLa cells expressing GFP-tagged histone H3 were treated with Alexa-HAMLET
or medium for 3 h and analyzed by confocal microscopy.?” The nuclear localization of HAMLET, the co-localization with histones and the
change in chromatin structure are shown. (B) P53 expression determined by Western blots. The p53 negative lung carcinoma H1299 was
stably transfected with the p53 mutant His-175 in a tetracycline repressible expression system. In the absence of Doxycycline (—Tet) the cells
expressed mutant P53 but Doxycycline (+Tet) repressed P53 expression. The HCT116 human colon carcinoma with wild-type p53 (+/+)
was compared to a clone carrying a p53 deletion (—/—).3% The protein concentrations of the extracts were determined and equal amounts of
protein were loaded in each lane. (C) The HAMLET concentration required for cell death was compared between p53 wt and mutant HCT116

and H1299 cells. The cell lines were treated with HAMLET for 24 h. Values are means of three experiments + standard deviations.
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cell death pathways through effects on chromatin. In yeast,
the deletion of the histone chaperone Asfl caused G2/M
arrest and cell death with morphological features of both
apoptosis and necrosis.*” This mechanism might, in turn,
activate classical apoptosis through signaling intermediates
like caspase-2, which translocates to the cytoplasm and mi-
tochondria and release cytochrome c.?%?? The present study

showed, however, that the cell death response to HAMLET
proceeds regardless of p53 genotype. The results support the
notion that molecules directly affecting chromatin structure
and function may trigger cell death through p53 indepen-
dent mechanisms.?’

The chromatin condensation pattern has been used as
a tool to distinguish apoptosis from other forms of pro-
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Figure 5. Chromatin condensation in response to HAMLET or etoposide. (B) Jurkat cells were exposed to 18 uM of HAMLET or 10 uM of
etoposide for 1 or 3 h and the chromatin morphology was examined by confocal microscopy, using TO-PRO-1 staining. Pre-treatment with
zVAD-fmk was for 1 h at 37°C. (A) Overview of the chromatin response to HAMLET or etoposide in the presence or absence of zZVAD-fmk.
(B) Close-up of the five different chromatin morphologies i) homogenous chromatin, ii) fragmented chromatin condensed to small compact
spheres, iii) crescent-shaped chromatin, iv) chromatin fragmented into large spheres and v) chromatin marginalized to the nuclear periphery.

incubation. Remaining cells had unchanged chromatin structure. Values are means of three separate experiments + standard deviations.
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Figure 6. Chromatin condensation in Bcl-2 over-expressing Jurkat cells. Bcl-2 transfected (pSFFV-Bcl-2) or vector control cells (pSFFV)
were exposed to 14 1M HAMLET or 10 M etoposide for 6 h and the chromatin morphology was examined by confocal microscopy, using TO-

PRO-1. (A) Overview of the chromatin morphology. (B) Frequency of the chromatin morphologies. Remaining cells had unchanged chromatin
structure. Values are means of two experiments + standard deviations.
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grammed cell death.’%! The chromatin in HAMLET-
treated cells showed features of apoptosis as well as
morphologies compatible with apoptosis-like cell death.
Marginalization to the nuclear periphery has been de-
tected in several models of apoptosis-like cell death, and
HAMLET caused such changes. The apoptotic chromatin
changes were blocked by zVAD-fmk, but a compen-
satory increase in the other types of chromatin condensa-
tion was observed after zZVAD-fmk treatment of the cells.
This shift from an apoptotic to an apoptosis-like
pattern was also observed in etoposide-treated cells. Some
other examples of caspase-independent cell death with chro-
matin condensation have been reported. Defects in the ubiq-
uitin pathway caused caspase independent chromatin con-
densation in murine fibroblasts*® and the active form of Vita-
min D3 has been shown to trigger calpain-mediated, caspase
independent apoptosis-like cell death with marginalization
of the chromatin in a human breast cancer cell line.” We
conclude that the chromatin response to HAMLET involves
both classical apoptosis and caspase-independent cell death
pathways.

The sensitivity of tumor cells to HAMLET reflects the
massive accumulation of HAMLET in their cytoplasm.
Healthy cells also bind HAMLET to the surface but in con-
trast to the tumor cells they restrict the entry of HAMLET
into the cytoplasm and the nuclear translocation does not
occur in those cells. We have examined how the cell death
response is triggered by the overload of unfolded protein
and how the tumor cells die as a function of this response.
We have shown that HAMLET activates the 20S protea-
somes which attempt to digest the complex, but HAM-
LET is partially resistant to proteolytic degradation and
causes proteasome damage (unpublished data). The tumor
cells respond by transporting the complex into the cell nu-
cleus causing what resembles an autophagic response. Thus,
HAMLET has several intracellular targets, including the
proteasomes, the mitochondria and the chromatin. HAM-
LET differs from many other apoptosis or cell death in-
ducing agents in that it attacks multiple cellular targets
and activates multiple signaling cascades in tumor cells.
This multiplicity of targets may have evolved to ensure that
the functional end-point of cell death may be reached in
many different cell types and that unwanted cells can be
removed from the gastro-intestinal tract of the breast-fed
child.

Cancer cells prolong their survival by blocking death
pathways that limit the longevity of normal cells. Novel
approaches to tumor therapy attempt to circumvent these
blocks and to activate cell death pathways that remain intact
in tumor cells. One approach has been to rectify the effects of
mutant p53, and recently wild type p53 activity was restored
in tumor cells, using a molecule that induces a conforma-
tional change in p53.?> Bcl-2 independent activators of cas-
pases are also being explored. Recently, the synthetic Bcl-2
inhibitor YC137 was shown to induce apoptosis in breast
cancer cells and to sensitize other cancer cell types.'>'* Tu-
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mor cells are notorious for developing resistance to most
agonists, however, and this fact explains the common prac-
tice of combining several therapies. An alternative approach
would be to use substances with multiple cellular targets,
where synergy may be achieved and where resistance devel-
opment may be less likely to occur. HAMLET is an inter-
esting candidate in view of the tumor cell selectivity and
the ability to kill cells with altered p53 or Bcl-2 genotype.
In vivo studies in animal models and human patients have
shown that HAMLET retains the selectively for tumor cells
in vivo and that HAMLET can be used as a topical treat-
ment of human skin papillomas.?”?® Naturally occurring
molecules like HAMLET may thus offer new tools to selec-
tively remove tumor cells 7z vivo and to develop alternative
therapeutic approaches.
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