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ABSTRACT New cancer treatments should aim to destroy tumor cells without disturbing normal tissue. HAMLET
(human «-lactalbumin made lethal to tumor cells) offers a new molecular approach to solving this problem, because
it induces apoptosis in tumor cells but leaves normal differentiated cells unaffected. After partial unfolding and
binding to oleic acid, a-lactalbumin forms the HAMLET complex, which enters tumor cells and freezes their
metabolic machinery. The cells proceed to fragment their DNA, and they disintegrate with apoptosis-like charac-
teristics. HAMLET Kkills a wide range of malignant cells in vitro and maintains this activity in vivo in patients with skin
papillomas. In addition, HAMLET has striking effects on human glioblastomas in a rat xenograft model. After
convection-enhanced delivery, HAMLET diffuses throughout the brain, selectively killing tumor cells and controlling
tumor progression without apparent tissue toxicity. HAMLET thus shows great promise as a new therapeutic with

the advantage of selectivity for tumor cells and lack of toxicity.
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HAMLET* (human a-lactalbumin made lethal to tumor
cells) is a molecular complex of a-lactalbumin and oleic acid
(1,2) (Fig. 1). It induces apoptosis in tumor cells, but normal
differentiated cells are resistant to its effect (3). The activity of
HAMLET was discovered by serendipity, while using human
milk fractions to investigate bacteria adherence to lung carci-
noma cell lines. In addition to blocking adherence, one milk
fraction actually killed the cells by inducing apoptosis (1). Cell
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death was accompanied by changes in morphology, nuclear
condensation, cytoplasmic blebbing, and formation of apopto-
tic bodies, similar to cells that undergo classical apoptosis
according to Kerr et al. (4).

HAMLET has several unique features. HAMLET Kkills tu-
mor cells and immature cells but not normal differentiated
cells. HAMLET is active against a broad range of tumor cell
lines. Because HAMLET kills by an apoptosis-like mechanism,
it is unlikely to provoke harmful side effects. HAMLET may
contribute to the natural defense against cancer. Three main
aspects of the HAMLET project are being investigated:

I. The HAMLET structure and the molecular basis of the
novel function.

The cellular targets of HAMLET in tumor cells.
The in vivo effects of HAMLET on experimental and

established tumors.

IL.
II.

I. HAMLET: structural aspects

The tumoricidal activity complex was discovered in a ca-
sein fraction of milk precipitated at low pH, and was shown to
contain a-lactalbumin (5). Native a-lactalbumin is the most
abundant protein in human milk and is well known as a
coenzyme in lactose synthesis, but the native protein had no
effect on tumor-cell viability. Apoptosis induction was linked
to a folding change by deliberate conversion of a-lactalbumin
to the apoptosis-inducing form. Conversion required unfolding
of the protein and a lipid cofactor identified as oleic acid
(C18:1, 9cis). The chemically defined active complex was
named HAMLET (Fig. 1) (2).

GTOZ ‘LT IsnbBny uo ALISHIAINN ANNT ¥e Bio uonuinu-ul woly pspeojumoq


http://jn.nutrition.org/

JN THE JOURNAL OF NUTRITION

1300

C18:1,9 cis fatty acid

Y
—\V} HAMLET

ca?*

o-lactalbumin

FIGURE 1 The HAMLET complex. HAMLET (human «-lactalbu-
min made lethal to tumor cells) is a molecular complex of a-lactalbumin
and oleic acid (C18:1, 9 cis) from human milk. Native a-lactalbumin can
be converted to HAMLET by treatment with EDTA, which removes Ca?*
and by the addition of the fatty acid C18:1, 9 cis (2). The figure is based
on the a-lactalbumin crystal structure (31).

a-Lactalbumin can be converted to an apoptosis-inducing
complex only in the presence of a lipid cofactor. The com-
plex is formed from pure components («a-lactalbumin and oleic
acid), each of which is inactive in the apoptosis assays. The
folding change and the lipid cofactor were both necessary to
attain this new function. The specificity of the lipid cofactor
was investigated using fatty acids differing in carbon-chain
length, saturation, or cis/trans conformation. We identified
unsaturated C18 fatty acids in the cis conformation as the
cofactors that interact with partially unfolded a-lactalbumin
and form HAMLET. The interaction between protein and
fatty acid was specific, because saturated CI8 fatty acids or
unsaturated C18:1 trans conformers were unable to form com-
plexes with partially unfolded «-lactalbumin, as were fatty
acids with shorter or longer carbon chains. Unsaturated cis
fatty acids other than CI18:1, 9 cis were able to form stable
complexes, but these were not active in the apoptosis assay
(6).
Partially unfolded a-lactalbumin does not induce apopto-
sis in the absence of the lipid cofactor. Mutations in the
Ca’"-binding site of bovine a-lactalbumin were used to create
an a-lactalbumin conformer that maintained the unfolded
conformation at physiologic pH and in the presence of Ca’*.
A point mutation at position D87A inactivated the Ca’*-
binding site and caused a change in tertiary structure, locking
the protein in the partially unfolded conformation (7). This
mutant did not induce apoptosis, however, demonstrating that
a conformational change in a-lactalbumin is not sufficient to
trigger apoptosis. The mutant bovine protein could still be
converted to a HAMLET-like complex in the presence of oleic
acid, demonstrating that the biological properties of HAM-
LET are defined both by the protein and the lipid cofactor.
Furthermore, the activity of the converted mutant protein
demonstrated that a functional calcium-binding site is not
required for the apoptotic function of HAMLET (8).

In conclusion, the a-lactalbumin structure can be adjusted
by shifting environments and functional diversity can be cre-
ated by changes in tertiary structure. Also, lipid cofactors
enable proteins to adopt stable novel conformations and thus
to act as partners in protein folding. In this way, a single
polypeptide chain can vary its structure and function, thereby
participating in different biological processes in distinct envi-
ronments.

I1. Cellular targets of HAMLET in tumor cells

HAMLET has unique biological properties, because it se-
lectively purges malignant cells by an apoptosis-like mecha-
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nism but leaves normal cells unharmed (1,3). This suggests
that HAMLET bypasses the different blocks of apoptosis in
many tumor cells and that HAMLET activates other cell
death pathways that remain active in tumor cells.

Cellular trafficking of HAMLET. The subcellular local-
ization of HAMLET is a potential key to distinguish the
cellular responses of sensitive tumor cells from responses by the
resistant normal cells (Fig. 2). The trafficking of HAMLET in
tumor cells and normal differentiated cells was compared by
confocal microscopy. The availability of surface receptors is
not the limiting step, nor the critical factor determining sen-
sitivity, because both cell types showed rapid surface binding
of HAMLET. Translocation of HAMLET to the cytoplasm
was detected in both cell types but with different efficiency.
Large amounts of HAMLET reached the cytoplasm of the
tumor cells and formed cytoplasmic aggregates. Uptake was
not blocked by cycloheximide, showing that this step does not
require protein synthesis. There was some cytoplasmic accu-
mulation of HAMLET in normal cells. These observations
suggested that the translocation into the cytoplasm per se does
not distinguish the more sensitive from the less sensitive cells
but that massive cytoplasmic accumulation of HAMLET char-
acterizes the tumor cells.

The subsequent redistribution of HAMLET from the cyto-

FIGURE 2 Cellular uptake of HAMLET in living tumor cells.
HAMLET binds to the cell surface, enters the cytoplasm and accumu-
lates in nuclei of living tumor cells (left panel). The cells die and show
morphological alterations such as irregular membranes, cytoplasmic
vesicles, and reduction in cell volume (right panel). Cells were incubated
with Alexa Fluor-labeled HAMLET (0.03 mmol/L) and analyzed by con-
focal microscopy.
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plasm to the perinuclear region occurred only in the tumor
cells. Despite the entry of HAMLET into the cytoplasm of
normal cells, no trafficking to the perinuclear region was
observed. In tumor cells, this effect was abrogated by cyclo-
heximide, demonstrating that the perinuclear translocation of
HAMLET required cellular metabolism. The translocation to
the perinuclear region was accompanied by the movement of
mitochondria, as shown by co-staining with mitochondria-
specific markers. Finally, HAMLET was shown to accumulate
in tumor-cell nuclei and the apoptotic bodies stained positive
for HAMLET (Gustafsson, L., et al., unpublished results).

HAMLET interacts with histones and chromatin in tu-
mor-cell nuclei. The accumulation of HAMLET in tumor-
cell nuclei encouraged us to identify molecular targets for
HAMLET. The initial studies, using crude cellular fractions,
showed that HAMLET binds to histone H3 in nuclear frac-
tions from tumor cells. Using purified histones, HAMLET was
shown to interact with histones H2B, H3, and H4. To fold
properly, histones need to be present as dimers of H2ZA-H2B
and tetramers of H3—H4. Such natively folded and biologically
functional histones were purified from cells and were used to
further study the interactions with HAMLET. In affinity chro-
matography, HAMLET bound all 4 histones, and Biacore
assays showed a high affinity binding with very slow dissocia-
tion. Mixing histones with HAMLET in solution resulted in
precipitation of the proteins, further illustrating the high af-
finity of the interaction. Both denatured and native histones
were precipitated by HAMLET, with a preference for H3 and
H4. The relevance of these interactions in vivo was demon-
strated in HeLa tumor cells expressing GFP-tagged histones.
HAMLET colocalized with histones in cell nuclei and induced
changes in the global chromatin structure. The chromatin was
condensed to the nuclear periphery or to large, spherical
structures. HAMLET was present in both of these chromatin
patterns (9).

The histone-binding properties of HAMLET were com-
pared with the known histone chaperone, nucleosome assem-
bly protein 1 (NAP-1). NAP-1 mediates assembly of histones
onto DNA to form nucleosomes. NAP-1 or HAMLET were
mixed with histones, and short DNA fragments were added.
NAP-1 induced a concentration-dependent assembly of nu-
cleosomes, whereas HAMLET completely prevented nucleo-
some formation. Thus, HAMLET differs from the physiologic
histone chaperones that bind histones with affinities low
enough to then deliver the histones to DNA. Because of the
high affinity for histones, HAMLET disrupted the association
between histones and DNA, and thus perturbed the structure
and the function of chromatin (9).

HAMLET interacts with all structural and functional con-
formations of histones, from denatured proteins to natively
folded, soluble histones and histones in nucleosomes. This
suggests a number of potential functional consequences for the
cell. When HAMLET enters the tumor cell, it may interact
with newly synthesized histones, compete with chaperones for
the histones, and prevent their transport to the nucleus. This
would inhibit the chromatin assembly machinery of histones
and induce chromatin damage. In the nucleus, HAMLET
could bind histones in chromatin and either remove them
from DNA or directly bind nucleosomes and impair their
function. Alternatively, the binding of HAMLET to chroma-
tin could induce DNA damage. It has been observed that
defects in chromatin assembly can lead to double-strand DNA
breaks and activation of the S-phase checkpoint (10). How-
ever, it is not clear how HAMLET damages the DNA.

In conclusion, HAMLET binds to histones in the nuclei of
tumor cells dying after HAMLET treatment. This interaction
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may disturb the structure and function of the chromatin and
could be an important feature of HAMLET-induced cell
death.

HAMLET -induced cell death is independent of p53. The
strong interaction between HAMLET and histones in tumor-
cell nuclei suggest that the nuclear effects of HAMLET may be
the trigger of cell death. The p53 tumor suppressor serves as a
guardian of DNA integrity, and p53-dependent cell death
mechanisms are activated after irreparable DNA damage
(11,12). We therefore investigated HAMLET sensitivity of
tumor cells as a function of their p53 status. Surprisingly, there
was no difference between cells with mutated or wild type p53,
suggesting that HAMLET-induced cell death does not require
p53 activity.

HAMLET interacts mitochondria and the caspase cas-
cade. HAMLET interacts with mitochondria, as shown by
colocalization in living cells and by studies of isolated mito-
chondria. Furthermore, HAMLET triggers membrane depolar-
ization, release of cytochrome C and activates pro-apoptotic
caspases (13,14). However, HAMLET-induced cell death does
not rely on caspases, as the pan-caspase inhibitor ZVAD did
not prevent cell death (3). HAMLET-induced cell death
differs from most classical apoptotic systems in that caspase
inhibitors do not rescue cells.

The mechanisms that control the cellular response to
HAMLET were further investigated in relation to the Bcl-2
family of proteins. The Bcl-2 protein family regulates cell
survival, and Bcl-2 and Bcl-X; are localized at the mitochon-
drial outer membrane, where they may block the release of
apoptogenic factors from the intermembrane space (15,16).
Overexpression of Bcl-2 and Bel-X; has also been observed in
a variety of cancers (17). Surprisingly, however, overexpres-
sion of Bel-2 or Bel-X; did not change the HAMLET sensi-
tivity of tumor-cell lines (3).

We conclude from these and other studies that HAMLET
induces apoptosis-like death by a novel mechanism involving
trafficking to the perinuclear region and translocation to the
cell nuclei. The nuclear accumulation of HAMLET disrupts
the chromatin and marks the irreversible stage of tumor cell
apoptosis. In parallel, HAMLET activates known effectors of
apoptosis, including the caspase cascade.

II1. In vivo effects of HAMLET in tumor models

HAMLET induces in vitro apoptosis in cells from carcino-
mas of lung, throat, kidney, colon, bladder, prostate and ova-
ries; in melanomas; in glioblastomas of the brain; and in
leukemias. The broad activity against such different tumors is
quite remarkable, but the in vivo effects may be quite different
and must be rigorously tested.

Effects of HAMLET on human skin papillomas. Papil-
lomas are premalignant lesions of the skin and mucosal sur-
faces (18-21). The human papilloma virus (HPV) can cause
condyloma acuminatum, and laryngeal and genital papillomas,
and skin lesions, which are extremely common. Therapeutic
options are limited and often are ineffective or destructive
(23,24). They include cryotherapy, curettage, cautery, salicylic
acid, CO, laser, photodynamic therapy, antimitotic agents, or
immune modulators. Currently, HPV vaccines are being de-
veloped to prevent HPV infection, but they are not available
for use.

Skin papillomas were selected as a first model to examine
the effect of HAMLET in humans (0.9% NaCl) (25). Treat-
ment was performed according to a double-blind, placebo-
controlled protocol. HAMLET (0.7 mM in 0.9% NaCl) or
placebo was applied topically, once a day for 3 wk. The lesions
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were measured and photographed once a week during the
treatment period and at follow-up visits, 1 and 2 mo after
completed treatment. The treatment was deemed successful if
the patient showed a reduction in lesion volume by =75%
within 1 mo after completed treatment.

HAMLET treatment reduced the papilloma volume in
100% (20/20) of the patients (88/92 papillomas) compared
with 15% in the placebo group (3/20 patients, 15/74 papillo-
mas) (P < 0.001). This effect was reproduced in the open
study (10/12 patients, 36/41 lesions). No adverse reactions
were reported, and there was no difference in efficacy between
immunocompetent and immunosuppressed patients (Fig. 3).

Topical HAMLET application significantly reduced the
volume of skin papillomas. We propose that HAMLET should
be further explored as a novel therapeutic agent in patients
with HPV-induced diseases.

In vivo effects of HAMLET on glioblastoma xenografts.
The majority of intracranial neoplasms originate from neuro-
glial cells and form a heterogeneous group known as gliomas
(26). They account for >60% of all primary brain tumors and
have the most unfavorable prognosis. Patients with glioblas-
tomas of WHO grade IV show a mean survival time of less
than 1 y (27), and glioblastomas constitute approximately
one-fourth of all intracranial tumors in neurosurgical and
neuropathological series. In recent years, surgical treatment of
glioblastomas has made significant technical advances. Micro-
surgery and neuronavigation, as well as new diagnostic high-

VL '

3 weeks

2 months

HAMLET or placebo

Before treatment After 3 wks of treatment Two-year follow up

C.
Effect No effect Total
HAMLET 20 0 20
Placebo 3 17 20
Total 23 17 40

Effect = a mean volume decrease of >75%, p< 0.001

FIGURE 3 Effect of HAMLET on human skin papillomas. A. Study
design. A double-blind, placebo-controlled study was performed with
HAMLET on human skin papillomas. The substance was applied once
a day for 3 wk, and the lesions were measured and photographed once
a week during the treatment period and at follow-up visits 1 and 2 mo
after completed treatment. B. Morphology of papilloma before and after
HAMLET treatment. C. Treatment effect of HAMLET contra placebo. A
=75% reduction in lesion volume was observed in 20/20 patients
receiving HAMLET and in 3/20 patients receiving placebo (P < 0.001).
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FIGURE 4 Effect of HAMLET on human glioblastomas. A. Apo-
ptosis induction in vitro (TUNEL staining). B. Xenotransplantation model
of human glioblastomas. Biopsy spheroids were injected into the brains
of immunodeficient nu/nu rats. Convection enhanced delivery (CED)
was used to infuse HAMLET or a-lactalbumin (0.7 mmol/L). Seven
weeks later, the tumor volume was determined by MRI. C. Tumor
volume by MRI. HAMLET showed effect on tumor growth compared
with the a-lactalbumin-treated rats (P < 0.01).

resolution imaging techniques have reduced surgical mortality
and morbidity, but there has been no significant improvement
in survival. The tumors are inaccessible to complete surgical
removal due to their invasive nature and diffuse infiltrating
growth, and the current treatment of patients with malignant
gliomas is palliative, involving surgery, radiotherapy, and che-
motherapy (22).

During our survey of tumor-cell lines, we observed that
glioblastoma cells undergo apoptosis in response to HAMLET.
Native a-lactalbumin, which was used as a control throughout
these studies, did not influence cell viability or cause DNA
fragmentation. HAMLET did not induce apoptosis in dif-
ferentiated brain cells. The normal cells maintained their
viability and retained intact DNA after 24 h of exposure to
HAMLET.

To investigate the effect of HAMLET on tumor tissue
instead of cell lines, human glioblastoma biopsy spheroids were
exposed to HAMLET or a-lactalbumin in vitro, and apoptotic
cells were detected by the TUNEL assay (29). HAMLET was
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shown to induce apoptosis throughout the tumor spheroids,
but a-lactalbumin had no effect (Fig. 4A).

The effect of HAMLET was investigated in a rat model of
human glioblastoma (28,29). Xenotransplantation of human
glioblastoma biopsies into the nude rat brain offers a unique
model to study the human disease under experimental condi-
tions, because the xenografts show the infiltrative growth
characteristic of human tumors. In this model, human tumor
biopsies are allowed to form spheroids in vitro as an interme-
diate step to obtain standardized inocula of tumor cells. After
xenotransplantation, the rats develop pressure symptoms after
8 wk with little variation, and large tumor masses can be
detected by MRI scans.

The therapeutic potential of HAMLET was investigated in
this model. The tumor cells were allowed 1 wk to integrate in
the brain (28,29). HAMLET was administered by infusion
into the brain for 24 h with a-lactalbumin as a control, and
the rats were observed for another 7 wk (Fig. 4B). HAMLET
inhibited tumor development (Fig. 4C), as demonstrated by a
delayed onset of pressure symptoms. Rats receiving a-lactal-
bumin developed symptoms significantly earlier than the
HAMLET -treated animals (P < 0.01).

Apoptosis induction in vivo was examined by subjecting
sections from the treated rats to the TUNEL assay. There was
extensive apoptosis in the tumor, but the tissue surrounding
the tumor did not show TUNEL staining. Furthermore, the
infusion of HAMLET did not harm the normal brain and did
not produce any neurological symptoms. HAMLET has the
potential to act as a selective inducer of apoptosis in patients
with malignant glioblastomas.

CONCLUSIONS

HAMLET illustrates the value of human milk as a rich
source of molecules with a beneficial effect on a variety of
human-disease conditions. The conditions required to form
HAMLET are present in the stomach of the breast-fed child,
where the low pH may unfold the protein by the release of
calcium, and where acid-sensitive lipases hydrolyze milk tri-
glycerides to release oleic acid. We speculate that HAMLET
may kill virus-transformed or premalignant cells from the
gastrointestinal tract of the breast-fed child. This effect might
include lymphoid cells in the gut-associated lymphoid tissue,
because breast-fed children have a much reduced frequency of

lymphomas compared with age-matched but bottle-fed chil-
dren (30).
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