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A fraction from human milk containing spf-multi-
er a-lactalbumin (MAL) induces apoptosis in tumor

ells and immature cells but spares mature cells. The
echanism of apoptosis induction and the molecular

asis for the difference in susceptibility between tu-
or cells and healthy cells have not been defined. In

his study we examined the interaction of MAL with
ifferent cellular compartments, using confocal mi-
roscopy and subcellular fractionation. MAL was
hown to accumulate in the nuclei of sensitive cells
ather than in the cytosol, the vesicular fraction, or
he ER–Golgi complex. Nuclear uptake occurred rap-
dly in cells that were susceptible to the apoptosis-
nducing effect, but not in nuclei of resistant cells.
uclear uptake was through the nuclear pore complex
nd was critical for the induction of DNA fragmenta-
ion, since inhibition of nuclear uptake with WGA res-
ued digitonin-permeabilized cells from induction of
NA fragmentation. Ca21 was required for MAL-in-
uced DNA fragmentation but nuclear uptake of MAL
as independent of Ca21. This way MAL differs from
ost previously described agents in that it crosses the

lasma membrane and cytosol, and enters cell nuclei
here it induces DNA fragmentation through a direct

ffect at the nuclear level. © 1999 Academic Press

Key Words: apoptosis; human milk; tumor; nuclear
argeting; a-lactalbumin.

INTRODUCTION

Apoptotic cell death is characterized by loss of cyto-
lasmic material, nuclear changes with marginaliza-
ion of chromatin, and the formation of apoptotic bodies
1–3]. The reduction in cell viability is accompanied by
tepwise chromatin fragmentation with initial forma-
ion of high-molecular-weight (HMW) DNA fragments
50–300 kbp) followed by oligonucleosome-length DNA
ragments consisting of oligomers of approximately 200

1 To whom correspondence and reprint requests should be ad-

mressed. Fax: 146-46-137468. E-mail: anders.hakansson@mmb.lu.se.
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p [4–8]. Apoptosis inducing agonists often bind to
pecific cell surface receptors and activate transmem-
rane signaling events that trigger a cascade of cyto-
lasmic and nuclear changes. There are also agents
hat bypass this sequential activation and instead trig-
er the apoptosis cascade through targeting of mole-
ules directly in the cytoplasm and/or at the nuclear
evel. One example is Granzyme B, a serine protease in
he cytoplasmic granules of cytolytic T lymphocytes
hat enters perforin-exposed cells and activates the
aspase cascade in the cytoplasm. Intracellular gran-
yme B is then translocated to the nuclei of target cells
nd directly cleaves nuclear substrates, such as DNA-
K, poly(ADP-ribose) polymerase, and NuMA, the
leavage of which is a well known event in apoptosis
9, 10].

The transport of macromolecules from the cytoplasm
nto the nucleus is highly regulated [11–13]. Nuclear
ore complexes (NPCs) are the sites of exchange of
acromolecules between the cytoplasm and nucleo-

lasm. The NPCs allow passive diffusion of molecules
maller than 20–40 kDa but larger proteins are de-
ayed. Entry of large molecules or complexes into the
ucleus requires active transport to be efficient and is
ommonly carrier-mediated. The specificity for the car-
ier may be determined by nuclear targeting or nuclear
ocalization sequences (NLS) that characterize pro-
eins with the ability to enter the nucleus.

We recently described a protein complex in human
ilk that induces apoptosis in tumor cells and imma-

ure cells, but spares other cells [14]. The active com-
lex was initially isolated from casein by ion-exchange
hromatography and was shown by N-terminal amino
cid sequencing, mass spectrometry, and gel filtration
o contain multimers of a-lactalbumin (MAL). The mo-
omeric form of a-lactalbumin, that occurs in human
ilk whey, did not induce apoptosis. The molecular

asis for this difference in activity between MAL and
-lactalbumin (ALA) has not been defined. Further-

ore, the difference in sensitivity between tumor cells

0014-4827/99 $30.00
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452 HÅKANSSON ET AL.
nd nonmalignant mature cells has not been explained
t the molecular level.
Here we examined the cellular distribution of MAL

n sensitive and resistant cells, and compared it to the
nactive monomeric form of a-lactalbumin. The results
uggested that MAL was transported into cell nuclei of
ells that were susceptible to its apoptosis-inducing
ffect and suggests an alternative mechanism of apop-
osis induction where an exogenous molecule that tar-
ets cell nuclei can induce the nuclear changes seen in
poptotic cells through a direct effect at the nuclear
evel.

MATERIALS AND METHODS

Reagents. FITC-conjugated swine anti-rabbit and rabbit anti-
uman antibodies and FITC-conjugated streptavidin were from Da-
opatts a/s (Glostrup, Denmark). The anti-DNA antibodies were
indly provided by the Clinical Immunology Laboratory, Lund Uni-
ersity Hospital, Lund, Sweden. DEAE-Trisacryl M was from BioSe-
ra (Villeneuve la Garenne, France). The Biotin Labeling kit was
rom Boehringer Mannheim GmbH (Germany) and 125I was from
mersham International plc (Amersham, England). Flowcheck and
lowset fluorospheres were from Coulter Inc. (Hialeah, FL). SeaKem
TG agarose and SeaPlaque GTG low-melting-temperature agarose
ere from SeaKem, FMK Bioproducts (Rockdale, USA). 2-Mercapto-
thanol, Dulbeccoś modified Eagleś medium, fetal calf serum (FCS),
entamicin, L-glutamine, nonessential amino acids, penicillin/strep-
omycin solution, RPMI 1640, and sodium pyruvate were from Gibco/
RL, Life Technology Ltd. (Paisley, Scotland, UK). Dimethylsulfox-

de, Hepes, Tween-20, and Tris(hydroxymethyl) aminomethane were
rom Kebo Lab (Stockholm, Sweden). Heparin, and PD-10 column
ere from Pharmacia Biotech (Stockholm, Sweden). a-Lactalbumin,
ntipain, bovine serum albumin, ethylenediaminetetraacetate
EDTA), ethylene glycol-bis(b-aminoethyl ether) N,N,N9,N9-tetraac-
etic acid (EGTA), lactoperoxidase, leupeptin, N-lauroylsarcosine,
ifedipine, phenylmethylsulfonyl fluoride (PMSF), propidium iodide,
roteinase K, Triton X-100, trypsin, and verapamil were from Sigma
hemicals Inc. (St. Louis, MO). BAPTA/AM was from Calbiochem

CA, USA). Digitonin and 1,4-ditheotreitol (DTT) were from ICN
CA, USA). Trypan blue was from Chroma Gesellschaft, Schmid &
o (Stuttgart, Germany).
Purification of MAL from human milk. Human milk was thawed,

entrifuged to remove fat, and separated into casein and whey by
cid precipitation [15]. The casein precipitate was harvested by
entrifugation, washed three to five times in distilled water, and
yophilized. The lyophilized casein was dissolved in 1 mM Tris–HCl,
H 8.5, and was fractionated using an ion-exchange column packed
ith DEAE-Trisacryl M attached to an FPLC system (BioLogic au-

omated system, Bio-Rad Laboratories, Stockholm, Sweden) using a
aCl gradient. The MAL complex eluted with 1 M NaCl. The eluate
as desalted by dialysis (membrane cutoff 3.5 kDa) against distilled
ater for at least 48 h and with four changes of water and lyophi-

ized. MAL, the fraction eluting from the ion-exchange column, con-
ained .75% monomeric a-lactalbumin by weight and less than 20%
ultimer. We were not able to isolate the active species due to

quilibrium between the different molecular species of the protein.
Protein labeling. MAL, ALA, BSA, and human IgG were biotin-

lated according to the manufacturer’s instructions. For labeling
ith 125I, 25 ml of protein (25 mg) dissolved in PBSA-T buffer (30 mM
a2HPO4, 10 mM KH2PO4, 120 mM NaCl, pH 7.4, with 0.1% Na-
zide, 0.05% Tween-20) was incubated with 2 ml of 125I (0.2 mCi), 2
l of lactoperoxidase (2.5 mg/ml), and 2 ml of H2O2 (1:2000 in PBS; 30

M Na2HPO4, 10 mM KH2PO4, and 117 mM NaCl) for 2 min at room F
emperature. The reaction was stopped by the addition of 500 ml of
BSA-T. The labeled protein was purified on a PD-10 column. Frac-
ions (500 ml) in PBSA-T were eluted and fractions containing radio-
ctivity were stored at 220°C. The labeled proteins eluted in frac-
ions 7 and 8 and had a total activity of approximately 2 3 108 cpm.

Cell lines and primary cultures. The murine lymphoblastoid leu-
emia cell line L1210 (ATCC CLL 219) was cultured in suspension at
7°C, 5% CO2, in cell culture flasks (Falcon, Becton Dickinson Lab-
are, New Jersey) in RPMI 1640 supplemented with 10% FCS, 2
M glutamine, 1:100 dilution of nonessential amino acids, 1 mM

odium pyruvate, 50 mg/ml of gentamicin, and 50 mM 2-mercapto-
thanol. At a density of 7 3 105 cells/ml the cells were harvested by
entrifugation at 320g and the pellet was resuspended in PBS or
PMI depending on the experiment.
The human lung carcinoma cell line A549 (ATCC CLL 185) grew as
onolayers attached to the bottom of cell culture flasks (Falcon)
nder the same condition as described above but in medium without
-mercaptoethanol. Human renal tubular epithelial cells (HRTEC)
ere isolated from the kidney of a 3-year-old boy [16]. The cells were

ultured in Dulbecco’s modified medium with the addition of 15%
CS, 2 mM glutamine, 100 mg/ml of penicillin, 100 U of streptomy-
in, and 50 U/ml of heparin. Confluent monolayers of A549 and
RTEC cells were detached by addition of versene (140 mM NaCl,
.4 mM KCl, 8 mM Na2HPO4, 1.6 mM KH2PO4, and 0.5 mM EDTA,
H 7.2) for 10 min at 37°C and were harvested by centrifugation at
20g. The pelleted cells were resuspended in PBS or RPMI depend-
ng on experiment.

Cell viability and DNA fragmentation. The cell suspensions (900
l, 2 3 106 cells/ml) were mixed with MAL (100 ml) in 24-well plates,

ncubated at 37°C in 5% CO2, and the cells were harvested by
spiration. Cell aliquots were tested for viability by trypan blue
xclusion. Remaining cells were analyzed for DNA fragmentation
14].

HMW DNA fragments were analyzed in cells embedded in low
elting point agarose gel treated with proteinase K. Samples were

un by electrophoresis at 180 V in 1% agarose gels in 0.5 3 TBE (45
M Tris, 1.25 mM EDTA, 45 mM boric acid, pH 8.0), at 12°C, with

he ramping rate changing from 0.8 s to 30 s for 24 h, using a forward
o reverse ratio of 3:1. Oligonucleosome-length fragments were ana-
yzed in ethanol-precipitated supernatants from lysed cells run on
.8% agarose gels overnight applying a 40-V constant voltage. DNA
as visualized under ultraviolet light (305 nm) after staining with
thidium bromide and photographed using Polaroid 55 positive–
egative film.
Cell surface binding and intracellular distribution of biotinylated

rotein. L1210, A549, and HRTEC cell suspensions (4 3 106 cells/
l, 95 ml) were incubated at room temperature with 5 ml of biotin-

lated MAL, ALA, or BSA (5 mg/ml) and then washed in PBS with
entrifugation at 320g for 10 min to remove unbound protein. To
etect surface bound protein, cells were incubated for 30 min at room
emperature with FITC-conjugated streptavidin (1:100 in PBS, 100
l), washed in PBS, suspended in 300 ml of PBS, and analyzed by
ow cytometry on a Coulter Epics Profile II flow cytometer (Coulter),
quipped with a 488-nm argon laser. Green fluorescence was de-
ected with a 525-nm band pass filter, and the PMT voltage was
nitially set to 1250 V and adjusted for day to day variation using
alibration with Flowcheck and Flowset fluorospheres (Coulter). The
inding was calculated as the quotient between the fluorescence
ntensity of the sample and the fluorescence intensity of the strepta-
idin control.
To detect intracellular protein, cells exposed to biotinylated pro-

ein were permeabilized with saponin to allow entry of FITC-conju-
ated streptavidin. Cells harvested by centrifugation at 320g were
xed by suspension in phosphate-buffered paraformaldehyde (4%)
17] for 5 min at room-temperature, washed in PBS, and permeabil-
zed with 0.1% saponin in PBS. After washing in 0.1% saponin,

ITC-conjugated streptavidin (1:100 in 0.1% saponin, 100 ml) was
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453NUCLEAR UPTAKE OF MAL AND TUMOR CELL APOPTOSIS
dded and the cells were incubated for 30 min at room temperature.
he cells were washed twice in PBS–saponin and once in PBS,
ounted on a glass slide, and analyzed in a Bio-Rad 1024 laser

canning confocal equipment (Bio-Rad Laboratories, Hemel-Hemp-
tead, UK) attached to a Nikon Diaphot inverted microscope (Nikon,
apan).

Cell surface binding and intracellular distribution of radiolabeled
AL. L1210, A549, or HRTEC cell suspensions (4 3 106 cells/ml,

00 ml) were incubated with radiolabeled protein (MAL, ALA, or IgG)
or 30 min. Unbound protein was removed by washing three times in
BS. Radioactivity in different samples was quantitated in an Epics
-counter (Coulter).
Subcellular fractionation was according to Graham et al. and

rent et al. [18, 19]. L1210, A549 or HRTEC cell suspensions (4 3 106

ells/ml, 500 ml) were incubated at 37°C with 1 3 106 cpm of 125I-
abeled MAL, ALA, or IgG, washed three times with ice-cold PBS,
uspended in 500 ml of cold homogenization buffer (10 mM Tris–HCl,
H 7.8, 5 mM MgCl2, and 2 mM CaCl2 for L1210 cells and 10 mM
ris–HCl, pH 7.5, 2 mM EDTA, for A549 and HRTEC cells, both
uffers containing 0.1 mM PMSF, 10 mg/ml of antipain, and 10 mg/ml
f leupeptin), and left on ice for 15 min. The cells were disrupted in
Dounce homogenizer (Thomas, Philadelphia, PA) with pestle size

15. Sucrose was added to a final concentration of 250 mM, the
omogenate was centrifuged at 1000g for 10 min at 4°C, and the
ellet was washed once by centrifugation in homogenization buffer.
he supernatants from both centrifugations were further centri-

uged at 12,000g for 30 min at 4°C (pellet 2). The supernatant was
entrifuged at 150,000g for 1 h at 4°C (pellet 3). The radioactivity of
he pellets and remaining supernatant from the differential centri-
ugation was measured in a g-counter.

The purity of the fractions was determined by quantitation of
pecific markers [20]. DNA and RNA were detected with ethidium
romide. Sample (1 vol) was mixed with 1 vol of heparin solution (25
g/ml) and 1 ml of PBS or with 1 vol of heparin, 1 vol of RNAse A (50
g/ml), and 1 vol of PBS. The samples were incubated at 37°C for 20
in and 1 vol of ethidium bromide was added (25 mg/ml). Fluores-

ence was measured after 60 s incubation using an excitation wave-
ength of 360 nm and an emission wavelength of 580 nm. PBS served
s blank, 1 vol of homogenate in 4 vol of PBS served as background
orrection factor, and the fluorescence was compared to a DNA
tandard (25 mg/ml of lDNA). Catalase activity was measured by
ixing sample (0.5 ml) with H2O2 (0.5 ml), for 3 min at 4°C. H2SO4

0.1 ml) was added to stop the reaction, KMnO4 (0.7 ml) was added,
nd the optical density of the sample was measured at 480 nm within
min. Alkaline phosphatase activity was detected by mixing 50 ml of

ample with 200 ml of assay mixture (5 ml of 16 mM p-nitrophe-
ylphosphate solution, 5 ml of 50 mM sodium borate buffer (pH 9.5),
nd 20 ml of 1 M MgCl2) and incubated at 37°C for 60 min. The
bsorbance was measured at 410 nm.
The first pellet (pellet 1 or nuclear fraction) contained nuclei, large
itochondria, and large sheets of plasma membrane. The second

ellet contained mitochondria, plasma membrane, and cytoplasmic
rganelles. The third pellet contained small vesicles, endoplasmic
eticulum, and the supernatant contained cytosolic proteins.
Studies of active nuclear uptake. Active nuclear uptake was stud-

ed in digitonin-permeabilized cells [21, 22]. Briefly, 5 3 105 cells
ere incubated in 100 ml of nuclear transport buffer (NTB; 20 mM
epes, pH 7.3, 110 mM KAc, 5 mM NaAc, 2 mM DTT, 1 mM EGTA),
ith leupeptin, antipain (1 mg/ml each), and digitonin (40 mg/ml) for
min at room temperature. Cells were diluted in NTB and harvested
y centrifugation at 320g for 10 min.
Biotinylated ALA, MAL, or IgG (5 ml, 5 mg/ml) was added to

igitonin-permeabilized cells in a total volume of 100 ml NTB sup-
lemented with 1 mM ATP, 5 mM creatine phosphate, and 20 U/ml
reatine phosphokinase, incubated at 30°C, and washed twice in

TB with centrifugation at 320g for 10 min. The cells were treated i
ith 0.2% Triton-X 100 in NTB for 6 min, washed, and incubated for
0 min with FITC-conjugated streptavidin (1:100 dilution, 100 ml),
ashed in NTB and inspected in a Nikon Microphot microscope with
pifluorescence equipment or by laser scanning confocal microscopy
n a Bio-Rad MRC-1024 instrument. Inhibition of uptake across the
uclear pore was studied in digitonin-permeabilized cells preincu-
ated with 50 mg/ml of wheat-germ agglutinin (WGA). The role of
a21 was examined after preincubation of the digitonin-permeabi-

ized cells with 0.5 mM EDTA, 0.5 mM BAPTA/AM or 10 mM vera-
amil for 20 min at room-temperature and exposed to biotinylated
rotein.
For DNA fragmentation experiments digitonin-permeabilized L1210,

549, or HRTEC cells (2 3 106/ml) were incubated at 37°C with MAL or
LA (0.4 mg/ml) and treated as above. Inhibition of DNA fragmentation
as studied by preincubating the nuclei for 20 min at room temperature
ith 50 mg/ml of WGA before addition of MAL.
Effect of MAL on isolated nuclei. L1210, A549, and HRTEC nu-

lei were isolated from homogenized cells. Pellet 1 from the homog-
nization was washed twice in nuclear buffer (25 mM Hepes, pH 7.0,
20 mM KCl, 2 mM K2HPO4, 0.3 mM sucrose) for 10 min at 500g and
uspended in nuclear buffer.
L1210, A549, or HRTEC nuclei in suspension were placed in 24-
ell plates (900 ml), mixed with MAL, ALA, or BSA (100 ml in nuclear
uffer), incubated at 37°C for 1 or 2 h, harvested by aspiration, and
nalyzed for DNA fragmentation. Inhibition of DNA fragmentation
as studied by preincubating the nuclei for 10 min at room temper-
ture with 50 mg/ml of WGA, 500 mM EDTA, 500 mM EGTA, 10 mM
APTA/AM, or 10 mM verapamil before addition of MAL.

RESULTS

Difference in sensitivity to MAL-induced apoptosis
etween tumor cell lines and primary cells in culture.
hree cell types were selected based on differences in
ensitivity to MAL-induced apoptosis (Fig. 1A). The
ouse leukemia L1210 cells were highly sensitive with

0% of the cells killed after 6 h exposure to 0.5 mg/ml
f MAL. The A549 lung carcinoma cells were interme-
iately sensitive and required 24 h exposure to 1.25
g/ml of MAL in order for 50% of the cells to loose their

iability. The primary kidney epithelial HRTEC cells
emained fully viable after 24 h exposure to 4 mg/ml of
AL. Loss of viability in L1210 and A549 cells was

ccompanied by DNA fragmentation but DNA frag-
ents were not formed in the HRTEC cells (Fig. 1B).
he monomeric form of the protein, ALA (5 mg/ml),
ad no effect on cell viability and did not induce DNA
ragmentation in the L1210, A549, or HRTEC cells.

Interaction of MAL with the surface of sensitive and
esistant cells. The surface binding of biotinylated
AL, ALA, or IgG (0.25 mg/ml) to L1210, A549 and
RTEC cells was examined by confocal microscopy

Fig. 2). Both MAL and ALA bound to the three cells
ypes and were distributed in patches separated by
nstained areas (Fig. 2). By flow cytometry an increase

n surface-bound protein was detected after 10 min and
maximum was reached after 30 min incubation with
AL. There was no quantitative difference in cell sur-

ace binding of MAL between the three cell types (bind-

ng 6 SD 5 10.1 6 1.4 (L1210), 11.5 6 2.4 (A549), and
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454 HÅKANSSON ET AL.
.5 6 2.8 (HRTEC)). There was no difference in effi-
iency of cell surface binding between MAL and ALA
binding 6 SD 5 8.1 6 1.1 (L1210), 8.8 6 2.1 (A549),
nd 6.2 6 3.0 (HRTEC)).
Cell surface binding of 125I-labeled MAL and ALA

ncreased with the concentration of MAL to reach sat-
ration after 30 min. There was no difference in cell
urface binding of 125I-labeled MAL or ALA between
he three cell types (Fig. 3). The total amount of cell
ound 125I-labeled ALA was, however, lower than for
AL (P , 0.01 for all cell types).
These experiments suggested that the differential

usceptibility of L1210, A549, and HRTEC cells to
AL-induced apoptosis was not due to differences in
AL surface binding. Furthermore, both the active

nd the inactive forms of a-lactalbumin bound effi-
iently to the surface of the three cell types.

Localization of MAL to different intracellular com-
artments. Cells were examined by confocal micros-
opy after exposure to biotinylated MAL, ALA, or BSA,
xed, and permeabilized with saponin to allow entry of
ITC–streptavidin (Fig. 2). MAL was found in the nu-
lei of L1210 and A549 cells, but not HRTEC cells.
Nuclear staining was first detected in circa 10% of

he L1210 cells after 2 h incubation with 0.25 mg/ml of
AL. After 6 h more than 70% of the nuclei stained

rightly. Cytoplasmic staining was not observed in
hose cells. Nuclear uptake of MAL occurred more
lowly in the A549 cells. After 6 h about 15% of A549
ell nuclei stained, and by 24 h about 50% of the A549
uclei stained brightly. Prior to the detection of nu-
lear staining, MAL was observed as granular fluores-
ence evenly distributed throughout the cytoplasm of
49 cells (Fig. 2). Nuclear uptake was not observed in
he HRTEC cells exposed to biotinylated MAL.

The distribution of 125I-labeled MAL and the kinetics
f uptake into the different cellular compartments are
hown in Fig. 4. About 80% of the total radioactivity
ssociated with the L1210 cells was recovered in the
uclear fraction after 6 h. The A549 cells had taken
bout 50% of 125I-labeled MAL into the nuclear fraction
fter 24 h. In the HRTEC cells only 16% of the total cell
ssociated radioactivity was found in the nuclear frac-
ion after 24 h of incubation. The amount of MAL in the
ther subcellular fractions did not differ between the
ell types (Fig. 4)

There was a marked difference in cellular distribu-
ion between MAL and ALA. The monomeric protein
as mainly recovered from the cytosol and not from the
uclei (Fig. 5). The cytosolic content of ALA was 80, 75,
nd 60% of that of MAL in the respective cell type. The
uclear uptake of 125I-labeled ALA did not differ be-
ween the cell types.

The cellular localization studies with biotinylated

nd 125I-labeled MAL suggested that MAL was trans- s
orted into the nuclei and that the nuclear uptake of
AL into different cells was proportional to their sen-

itivity to MAL-induced cell death. Nuclear uptake of
LA was much less efficient than that of MAL.
Interaction of MAL with isolated nuclei. Nuclei
ere purified from L1210, A549, and HRTEC cells and

ncubated with different concentrations of MAL (0.2
nd 0.4 mg/ml). The formation of HMW and oligonu-
leosome-length DNA fragments was examined. While

FIG. 1. MAL induces apoptosis in the L1210 and A549 cell lines
ut not in HRTEC primary cultures. (A) Viability as determined by
rypan blue exclusion of cells exposed to MAL in relation to time and
oncentration. (I) The viability of L1210, A549, and HRTEC cells
fter exposure to different concentrations of MAL for 6 h (L1210) or
4 h (A549 and HRTEC). The MAL-concentration required to kill
0% of the cells was 0.5 mg/ml for L1210 cells and 1.25 mg/ml for
549 cells. HRTEC cells remained fully viable. (II) The time depen-
ent killing of L1210, A549, and HRTEC cells after exposure to 1.25
g/ml of MAL. (B) Chromatin cleavage induced by MAL in L1210

nd A549 cells was analyzed by field-inverse gel electrophoresis and
ligonucleosomal fragmentation was detected by conventional gel
lectrophoresis. DNA fragmentation was not detected in HRTEC
ells. The amount of active multimer in the MAL-fraction was #20%
y weight.
ome degree of spontaneous DNA fragmentation oc-
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455NUCLEAR UPTAKE OF MAL AND TUMOR CELL APOPTOSIS
urred in unstimulated nuclei from the three cell types,
AL (0.4 mg/ml) enhanced the formation of HMW
NA fragments after 1 h and of oligonucleosome

ength fragments after 2 h of incubation (Fig. 6). MAL
as, however, not found to possess endonuclease activ-

ty when tested on purified DNA from the sensitive
ells (data not shown). ALA did not induce DNA frag-
entation in isolated nuclei.
There was no difference in sensitivity to MAL-in-

uced DNA fragmentation between nuclei from the
hree cell types. These results demonstrated that MAL
riggered the induction of DNA fragmentation in the
bsence of activated cytoplasm and suggested that the
ifferential sensitivity to MAL was determined by the
uclear targeting process rather than by the effect on

FIG. 1—
he nuclei per se. a
Uptake of MAL and DNA fragmentation in nuclei of
igitonin-permeabilized cells. L1210, A549, and HRTEC
ells were permeabilized with digitonin and exposed to
iotinylated MAL, ALA, or IgG. MAL was imported
irectly into the nuclei of digitonin-treated cells with
aximum levels reached after 20 min (Fig. 7). HMW
NA fragments were observed after 1 h and oligonu-

leosomal fragments after 2 h incubation with 0.4
g/ml of MAL (Fig. 6). ALA entered nuclei of digitonin-

ermeabilized cells as predicted by its molecular mass
14 kDa) but did not induce DNA fragmentation. There
as no nuclear uptake of IgG.

Role of the nuclear pore complex in the uptake of
AL. Active transport over the nuclear pore was ex-

ntinued
mined in digitonin-treated cells, using wheat-germ
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cells exposed to MAL (b). Nuclear uptake of MAL was inhibited after
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gglutinin (WGA) which inhibits the transport of im-
ortin–protein complexes through the nuclear pore.
igitonin-permeabilized A549 cells were preincubated
ith 50 mg/ml of WGA for 20 min, washed, and exposed

o biotinylated MAL, IgG, or ALA (Fig. 6). WGA com-
letely blocked the nuclear uptake of MAL, but had no
ffect on ALA that diffuses freely over the nuclear
embrane.
Preincubation of isolated nuclei from A549 cells or

igitonin-permeabilized A549 cells with 50 mg/ml of
GA inhibited the MAL-induced DNA fragmentation

s compared to control nuclei (Fig. 6).
Role of Ca21 in the nuclear uptake of MAL and in
AL-induced DNA fragmentation. MAL-induced

poptosis was previously shown to require extracellu-
ar Ca21 [14]. This suggested that Ca21 might influence
he nuclear uptake mechanism and/or the induction of
NA fragmentation once MAL reaches the cell nuclei.
1210, A549, and HRTEC cells were pretreated with
n inhibitor of Ca21 uptake (verapamil), with extracel-
ular Ca21-chelators (EDTA and EGTA) and with an
ntracellular Ca21-chelator (BAPTA/AM). 125I-labeled

AL was added to the cells, and the nuclear uptake
as examined after 6 h in L1210 cells and after 24 h in
549 and HRTEC cells. No effect on the nuclear up-

ake of MAL was observed.
The MAL-induced DNA fragmentation was subse-

uently examined in control nuclei and nuclei incu-
ated with the Ca21 inhibitors. EDTA and BAPTA/AM
ompletely blocked the MAL-induced DNA fragmenta-
ion in nuclei isolated from L1210 and A549 cells.
hese results demonstrate that Ca21 is required for
AL-induced DNA fragmentation in isolated nuclei,

ut that the nuclear uptake of MAL is Ca21-indepen-
ent.

DISCUSSION

Epidemiological studies have provided evidence that
reast-feeding protects against cancer [23–25]. Breast-
ed children have a lower incidence, especially of lym-
homas, but also of malignancies in general than bot-
le-fed children, and the frequency decreases with the
ength of breast-feeding [25]. This association implies

retreatment of the cells with WGA (c). Nuclear DNA was counter-
tained with 25 mg/ml of propidium iodide (red). The integrity of the
uclear membrane of digitonin-permeabilized cells was tested using
era containing anti-nuclear antibodies. After incubation and wash-
ng in NTB, the cells were incubated with FITC-conjugated anti-
uman IgG antibodies (1:100 dilution in NTB) for 30 min at room
emperature, washed, and inspected by confocal microscopy. At a
oncentration of 40 mg/ml of digitonin no nuclear staining was de-
ected. In cells treated with Triton-X 100, which permeabilizes the
uclear membrane, bright nuclear staining was observed after the
FIG. 2. Interaction of MAL with different cellular compartments
n A549 cells. (a) Streptavidin control. (b) Cell surface binding de-
ected after 30 min incubation. The morphology and intensity of
AL cell surface binding was similar for the three cell types and for
LA. (c) Cytoplasmic, granular fluorescence was detected after 3 h

ncubation with MAL. (d) Nuclear accumulation was maximal after
4 h incubation. The nuclear accumulation was more rapid in the
1210 cells. Nuclear accumulation of MAL was not observed in the
RTEC cells. The scale bar units are in micrometers.
FIG. 7. Nuclear uptake of MAL in digitonin-permeabilized A549

ells, as visualized by confocal microscopy. The cells were incubated
ith biotinylated protein for 20 min, washed, and counterstained
ith FITC-conjugated streptavidin (green). There was no nuclear

taining in the IgG-treated cells (a), but strong nuclear staining of

ddition of anti-nuclear antibodies.
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hat milk contains molecules that influence tissue de-
elopment.
Tumor cells and mature nonmalignant cells differ in

ensitivity to MAL, an a-lactalbumin complex in hu-
an milk. The tumor cells undergo apoptosis, while
ealthy, nonmalignant cells survive and continue to
roliferate in the presence of MAL. This study com-
ared the subcellular distribution of MAL in sensitive
nd resistant cells. By confocal microscopy and subcel-
ular fractionation, MAL was shown to accumulate in
uclei of cells that were sensitive to its apoptosis effect
ut not in resistant cells. Nuclear uptake occurred
efore or at the onset of DNA fragmentation and re-
uired active transport through the nuclear pore com-
lex. MAL had a direct effect on nuclei; it was able to
nduce DNA fragmentation in isolated nuclei in the
bsence of activated cytoplasm. Inhibition of MAL
ransport through the nuclear pore rescued the nuclei

FIG. 3. Cell associated radioactivity in L1210, A549, and
RTEC cells after 30 min exposure to increasing concentrations of

adiolabeled MAL ({), ALA (h), or IgG (E).
rom MAL-mediated DNA fragmentation. The results c
emonstrate that MAL can target the cell nucleus and
hat the nuclear targeting mechanisms are more
eadily available in cells that are sensitive to MAL-
nduced apoptosis than in resistant cells. MAL differs
rom most previously described apoptosis-inducing
gents in that it induces apoptosis through a direct
ffect at the nuclear level. Similar intranuclear target-
ng of apoptosis-inducing agents have been seen only
or granzyme B in perforin-treated target cells and for
lucocorticoids in thymocytes and certain T-cell lines
9, 10, 26].

a-Lactalbumin is the major protein of human milk
hey. In its monomeric form it is a 14-kDa protein with
ne high affinity Ca21 binding site. We have previously
eported that the monomeric, native form of a-lactal-

FIG. 4. Localization of 125I-labeled MAL to different subcellular
ompartments in L1210, A549, and HRTEC cells. Cells were exposed
o 106 cpm of radiolabeled MAL and homogenized, and radioactivity
ssociated with each subcellular fraction was quantitated in a
-counter. The nuclear fraction contained mostly nuclei; pellet 2
ontained plasma-, Golgi-, and ER-membranes and mitochondria;
ellet 3 contained small vesicles; and the supernatant contained the

ytosol.
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458 HÅKANSSON ET AL.
umin does not induce apoptosis [14]. In this study the
onomer was found to bind to the cytoplasmic mem-

rane of sensitive and resistant cells, and to be taken
p into the cytoplasm. Like monomeric a-lactalbumin,
AL bound to the surface of sensitive and resistant

ells but in addition MAL entered the nuclei of the cells
n which it induced apoptosis. This difference in cellu-
ar localization may relate to differences in protein
olding between the monomeric and the multimeric
orms of the protein. Recent studies have shown that

AL consists of a-lactalbumin multimers in the mol-
en globule state complexed with fatty acid. We are
urrently investigating how changes in protein folding
rom the native monomer to the molten globule multi-

FIG. 5. Difference in subcellular distribution between MAL and
LA. L1210, A549, and HRTEC cells were exposed to 106 cpm of
adiolabeled proteins for 6, 24, and 24 h, respectively. The cells were
omogenized and subjected to differential centrifugation, and the
adioactivity of each subcellular fraction was determined. The recov-
ry from the nuclear fraction (pellet 1) was 34,800 cpm (78%), 14,200
pm (51%), and 2,300 cpm (16%) for the L1210, A549, and HRTEC
ells, respectively. The recovery from pellet 2 was 4500 cpm (10%),
100 cpm (19%), and 2100 cpm (15%). The recovery from pellet 3 was
00 cpm (2%), 1400 cpm (5%), and 1100 cpm (8%) and the recovery
rom the cytosol was 4500 cpm (10%), 6800 cpm (25%), and 8600 cpm
61%), respectively.
er influence the transport over the nuclear mem- W
rane, so as to explain the nuclear uptake of the mul-
imer.

For some exogenous apoptosis-inducing molecules,
ike Fas-ligand or TNF, the binding to their respective
ell surface receptors is crucial for apoptosis induction.
igand–receptor interaction triggers transmembrane
nd/or intracellular signaling pathways leading to apop-
osis [27–29]. Consequently, cells that lack cell sur-
ace receptors for these agonists are resistant to their

FIG. 6. Chromatin cleavage in isolated nuclei (A) or digitonin-
reated A549 cells (B) after 2 h incubation with 0.4 mg/ml of MAL.
ransport over the nuclear pore was inhibited by preincubation of
he isolated nuclei or the digitonin-treated cells with 50 mg/ml of

GA. Chromatin cleavage was analyzed by field-inverse gel electro-
horesis (top) and oligonucleosomal fragmentation was detected by
onventional gel electrophoresis (bottom). Lanes A1 and B1 show
imited DNA fragmentation in untreated nuclei or digitonin-perme-
bilized cells. Lanes A2 and B2 show nuclei or digitonin-treated cells
xposed to MAL and lanes A3 and B3 show nuclei or digitonin-
reated cells exposed to MAL after preincubation with 50 mg/ml of
GA.



a
d
a
w
w
M
M
t
c
s
a
a
d
m
s
F
d

u
U
w
c
s
l
p
t
s
o
a
D
p
c

t
n
s
s
r
p
i
i
n
c
g
t
c
m

n
u
o
t
p
n
i
i

a
W
m
n
g
c
t
t

h
M
C
t
M
i
c
m
C
o
f
s
t
t
d

t
d
s
m
t
a
t
t
t
t
i
p

F
C
C
S
d
R
F
a
b
C
l

459NUCLEAR UPTAKE OF MAL AND TUMOR CELL APOPTOSIS
poptosis-inducing effects. In this study there was no
ifference in cell surface binding of MAL to sensitive
nd resistant cells, suggesting that receptors for MAL
ere present on all cells. By confocal microscopy MAL
as shown to bind in patches, suggesting either that
AL bound as preformed aggregates or that the bound
AL accumulated in certain areas of the membrane

hrough capping or other mechanisms influencing re-
eptor distribution. Cell surface binding was rapid,
aturatable at high MAL concentrations, and it was
lso specific as defined by competition between labeled
nd unlabeled MAL (data not shown). There was no
ifference in cell surface binding between MAL and the
onomeric inactive form of the protein. These results

uggest that MAL differs from agonists like TNF and
as-ligand in that cell surface binding does not itself
etermine if apoptosis will be induced.
There was also no evidence that the cytoplasmic

ptake differed between sensitive and resistant cells.
ptake of 125I-labeled MAL into the cytoplasm occurred
ith similar kinetics in the L1210, A549, and HRTEC

ells, and the amount of MAL in the cytoplasm was
imilar in the three cases. There was, however, a direct
ink between the susceptibility to MAL-induced apo-
tosis and the nuclear accumulation of MAL in the
hree cell types. MAL was detected after 2 h in nuclei of
ensitive L1210 cells (20%, 0.5 mg/ml) and the fraction
f cells having MAL-containing nuclei increased to
bout 80% after 6 h. In A549 cells nuclear uptake and
NA fragmentation required almost threefold more
rotein and still it occurred more slowly. Finally, nu-
lear uptake was low or absent in HRTEC cells.

Evidence for a direct nuclear effect of MAL was ob-
ained in experiments with isolated nuclei and digito-
in-permeabilized cells. MAL entered the nuclei and
timulated the formation of HMW and oligonucleo-
ome-length DNA fragments in isolated nuclei more
apidly than in intact cells. The monomeric form of the
rotein was able to enter the isolated nuclei and to pass
nto nuclei of digitonin-permeabilized cells, but did not
nduce DNA fragmentation. Interestingly, there was
o difference in sensitivity to MAL between the nu-
lear fractions isolated from the three cell types, sug-
esting that sensitive and resistant cells differ in the
ransport of MAL into the nucleus and not in the sus-
eptibility to MAL once it reaches the nuclear compart-
ent.
The uptake of MAL into the nucleus was via the

uclear pore complex as shown by inhibition studies
sing WGA, a lectin that binds to glycosylated regions
f the nucleoporins and sterically hinders transport of
he importin–protein complex through the nuclear
ore. WGA treatment blocked MAL uptake into the
uclei of digitonin-treated cells and inhibited MAL-

nduced DNA fragmentation. Classical nuclear local-

zation sequences often include clusters of basic amino
cids that share little or no sequence homology [11, 30].
hen conducting a sequence analysis of the mono-
eric form of a-lactalbumin we did not find known
uclear targeting motifs and the monomer did not tar-
et the cell nucleus. It is likely, therefore that MAL
arries structural modifications, not present in ALA,
hat confer affinity for the nuclear pore and the ability
o activate DNA fragmentation in the nucleus.

Lactalbumins are Ca21 binding proteins with one
igh affinity and one low affinity Ca21-binding site [31].
AL was previously shown to increase intracellular
a21 levels. This Ca21 flux was required for apop-

osis to occur; removal of extracellular Ca21 inhibited
AL-induced apoptosis [14]. In this study we exam-

ned if the Ca21 dependence reflected an effect on nu-
lear uptake of MAL and/or the induction of DNA frag-
entation. Pretreatment of MAL-sensitive cells with
a21 chelators had no effect on the nuclear localization
f MAL but was found to inhibit MAL-mediated DNA
ragmentation in isolated nuclei. These observations
uggested that apoptosis occurs as a result of at least
wo converging mechanisms: a Ca21-independent
ransport of MAL into the nucleus and a Ca21 depen-
ent activation step in the nuclear compartment.
Rapidly growing tissues need control mechanisms

hat select for maturity and drive the cells toward
ifferentiation rather than malignancy. This study de-
cribes a naturally occurring molecular complex in hu-
an milk, that may have a surveillance function in

issue maturation. Such molecules should be explored
s cancer therapeutics. They may be predicted to have
he advantage over currently available compounds in
hat they target tumor cells and immature cells rather
han healthy cells and in that they kill these cells
hrough apoptosis rather than necrosis, thus minimiz-
ng tissue destruction and the side effects that accom-
any many current treatments.
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