





G Lavie1,2, C Kaplinsky3, A Toren3, I Aizman4, D Meruelo2, Y Mazur5 and M Mandel1,3

1Institute of Hematology, Blood Transfusion Center, Sheba Medical Center, Tel-Hashomer, 52621, Israel; 2Department of Pathology, NYU Medical Center,
New York, NY 10016, USA; 3Department of Pediatric Hemato-oncology, and 4Department of Hematology, Sheba Medical Center, Tel-Hashomer, 52621 Israel;
5Department of Organic Chemistry, The Weizmann Institute of Science, Rehovot 76100, Israel

Summary The mechanism of cell death induction by dimethyl tetrahydroxyhelianthrone (DTHe), a new second-generation photodynamic
sensitizer, is analysed in human leukaemic cell lines in comparison with the structurally related hypericin. DTHe has a broad range of light
spectrum absorption that enables effective utilization of polychromatic light. Photosensitization of HL-60 cells with low doses of DTHe (0.65 µM

DTHe and 7.2 J cm–2 light energy) induced rapid apoptosis of ≥90% of the cells. At doses ≥2 µM, dying cells assumed morphological necrosis
with perinucleolar condensation of chromatin in HL-60 and K-562 cell lines. Although nuclear fragmentation that is characteristic to apoptosis
was prevented, DNA digestion to oligonucleosomes proceeded unhindered. Such incomplete apoptosis was more prevalent with the related
analogue hypericin throughout most doses of photosensitization. Despite hypericin being a stronger photosensitizer, DTHe exhibited
advantageous phototoxic properties to tumour cells, initiating apoptosis at concentrations about threefold lower than hypericin.
Photosensitization of the cells induced dissociation of the nuclear envelope, releasing lamins into the cytosol. DTHe also differed from
hypericin in effects exerted on the nuclear lamina, causing release of an 86-kDa lamin protein into the cytosol that was unique to DTHe. Within
the nucleus, nuclear envelope lamin B underwent covalent polymerization, which did not affect apoptotic nuclear fragmentation at low doses
of DTHe. At higher doses, polymerization may have been extensive enough to prevent nuclear collapse. Hut-78, CD4+ cells were resistant to
the photodynamically activated apoptotic pathway. Beyond the tolerated levels of photodynamic damage, these cells died exclusively via
necrosis. Hut-78 cells overexpress Bcl-XL as well as a truncated Bcl-XL

tr isoform that could contribute to the observed resistance to apoptosis.
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Figure 1 The chemical structures of hypericin (A) and dimethyl
tetrahydroxyhelianthrone (DTHe) (B)
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Figure 2 The effects of reagent concentrations and light dose on HL-60 cell
viability in an MTT assay. Cells were plated in triplicate, 105 cells per well, in
100 µl of medium in 96-well microplates. HY and DTHe were added from 2 ×
concentrations in growth medium (prepared from concentrated stock
solutions in 70% ethanol and yielding a final ethanol concentration of 1% in
medium) resulting in 200 µl in final concentrations ranging from 0.65 to
20 µM with 0.5 log10 dose increments. Immediately thereafter, the cells were
subjected to irradiation from a fluorescent source at a fluence rate of
4 mW cm–2 for 0 (n), 20 (ll) (4.8 J cm–2) and 60 (s) min (14.4 J cm–2). The
cells were then incubated for 16 h in a 37°C, 5% carbon dioxide incubator,
the medium removed carefully (150 µl) and the MTT reagent added for 4 h.
Three repetitions of the experiment were performed
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Figure 3 (A) The absorption spectra of 0.01 mM DTHe and HY solubilized
in ethanol. (B) The emission spectrum of the polychromatic fluorescent light
source, 72 Biolux, used for photosensitization. Spectral power distribution
data were obtained from the manufacturer’s catalogue of OSRAM, Munich,
Germany

Figure 4 Comparison of the cell binding properties of HY (nn• ) and DTHe
(l). HL-60 cells, 2×106 in 1 ml growth medium, were administered with 0,
0.65, 2, 6.5, 20 and 65 µM of either HY or DTHe in triplicates. The cultures
were incubated at 37°C in a 5% carbon dioxide incubator for 1 h in the dark.
The cells were washed 3× with PBS and lysed in distilled water containing
0.4% Triton X-100. The nuclei were spun down at 2000 g for 10 min. The
optical densities of the supernatants were determined at 590 nm for HY and
at 490 nm for DTHe and plotted against calibration curves of HY and DTHe
established in distilled water containing 0.4% Triton X-100
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Figure 5 Effects of different photosensitization doses with DTHe on HL-60
cells (magnification × 700). After photosensitization, all cultures were
incubated for 5 h at 37°C, 5% carbon dioxide before staining with
May–Grunwald–Giemsa. (A) Untreated HL-60 cells. (B) Widespread
apoptosis obtained with 0.65 µM of DTHe. (C) Cell death via necrosis (6.5 µM

of DTHe and 7.2 J cm–2 of light). Nuclei have become swollen, the chromatin
dispersed unevenly, basophilic staining properties were lost and perinucleolar
rings of condensed chromatin became evident
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Figure 6 Microscopic and flow cytometric analyses of the mechanisms of
cell death induced by DTHe and by HY in HL-60 cells. Cells photosensitized
with DTHe (A) or HY (B) and 7.2 J cm–2 of light were cultured for 5 h.
Cytospin preparations were made from 50% of the cells and 4×100 cells
were counted in each preparation. The results are given ± standard
deviation. The remaining 50% were rinsed with PBS, fixed with 70% ethanol,
stained with propidium iodide and analysed for DNA content by flow
cytometry (C). Graph a – untreated HL-60 cells; graphs b–e show cells
photosensitized with 0.2, 0.65, 2 and 6.5 µM DTHe respectively. Region E
corresponds to the location of the DNA peak of cells in G0/G1 phase
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Figure 7 Correlation between apoptotic DNA digestion and nuclear
fragmentation. Agarose gel electrophoresis of HL-60 cell DNA after
photosensitization with the indicated concentrations of DTHe and 7.2 J cm–2

light, followed by cultivation for 5 h. Samples were also taken for
morphological microscopy. Four hundred cells were counted and the
correlating percentages of cells that underwent apoptosis and necrosis are
given below

Figure 8 Microscopic analysis of the mechanisms of cell death induced by
DTHe or HY on K-562 cells. Cells were exposed to DTHe (A) and to HY (B)
and 7.2 J cm–2 of light followed by 5 h in culture. Cytospin preparations were
then prepared, stained with May–Grunwald–Giemsa and counted for normal
viable cells, apoptotic figures and cells that exhibit morphological necrosis
(± standard deviation)
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Figure 9 Bcl-x expression in Hut-78 cells by Western blots.(A) Cytosolic
fractions of Hut-78 cells were loaded onto a 12.5% SDS-PAGE gel, 30 µg
protein per well, and analysed for reaction with anti-Bcl-x antibody in
comparison with HL-60 and K-562 cells. The gel was transblotted to a
nitrocellulose filter, reacted with anti-Bcl-x antibody and developed for
chemiluminescence. (B) Expression of Bcl-x isoforms and Bax after
photodynamic excitation with DTHe at the concentrations indicated and light
irradiance of 7.2 J cm–2

Table 1 Expression of proteins that affect pathways that lead to apoptosis

HL-60 cells K-562 cells HUT-78 cells

Fas/Apo-1Ra + – +
TNF-Rb + + –

Bcl-2 + – –
Bcl-XL + ++ +++
Bax + + +
p53 – – –

aFas/Apo-1R was monitored by double antibody immunostaining and FACS
analysis, as well as by induction of apoptosis by an anti-Fas monoclonal
antibody scoring the percentage of apoptotic bodies. bTNF-R was monitored
by induction of apoptosis by 1 nM TNF-α in combination with cycloheximide
(1 µg ml–1). Expression of Bcl-2, Bcl-x, Bax and p53 were analysed by
Western blots.
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Figure 10 Lamin B configurations in the cytosol (A) and in the nuclear
envelope (B) of HL-60 cells after photosensitization with DTHe or HY. HL-60
cells were excited with 0.1–3.3 µg ml–1 DTHe or HY (corresponding to
approximately 0.2–6.5 µM) and 7.2 J cm–2 of light. The cells were incubated at
37°C for 3 h, lysed in 1% Triton X-100 in Tris buffer; the cytosol was
separated, run on SDS-PAGE and transblotted with an anti-lamin B1
antibody (A). The nuclei were pelleted by centrifugation at 6500 g and
washed once with PBS containing 5 mM magnesium chloride. The nuclei
were then dissociated directly into Laemmli buffer without any specific lamin
extraction procedure, separated on a 10% SDS polyacrylamide gel,
transblotted onto a nitrocellulose filter, reacted with anti-human lamin B1
antibody and developed by enhanced chemiluminescence (ECL) (B)
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