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ABSTRACT 

Apoptosis is a fundamental biological process used to eliminate unwanted cells in a multicellular 
organism. An increasing number of regulatory proteins have been identified that either promote 
or inhibit apoptosis. For tumors to arise, apoptosis must be blocked in the transformed cells, for 
example by mutational overexpression of anti-apoptotic proteins, which represent attractive 
target proteins for molecular therapy strategies. 

In a functional yeast survival screen designed to select new anti-apoptotic mammalian genes, we 
have identified the chromosomal high-mobility group box-1 protein (HMGB-1) as an inhibitor of 
yeast cell death induced by the pro-apoptotic Bcl-2 family member Bak. The C-terminal 33 
amino acids of HMGB-1 are dispensable for this inhibitory function. HMGB-1 is also able to 
protect mammalian cells against different death stimuli including ultraviolet radiation, CD95-, 
TRAIL-, Casp-8-, and Bax-induced apoptosis. We found high HMGB-1 protein levels in human 
primary breast carcinoma. hmgb1 RNA levels are changing during different stages of mouse 
mammary gland development and are particularly low during lactation and involution. These 
data suggest that HMGB-1 may participate in the regulation of mammary gland apoptosis and 
that its high expression level promotes tumor growth because of its anti-apoptotic properties. 
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poptosis is a genetically determined process leading to cell death in mammalian cells (1, 
2). As the predominant form of physiological cell death, it is crucial for the removal of 
excess, hazardous, or damaged somatic cells during development and in the adult 

organism. The apoptotic process includes mechanisms that organize both packaging and disposal 
of cell corpses, thereby preventing inflammation of the surrounding tissue (3). Apoptosis is 
characterized by significant morphological features like cell shrinkage, nuclear condensation, 
and fragmentation of the whole cell. Biochemically, activation of apoptosis-specific proteases, 
the caspases, is observed (4). Caspases are common effectors of classical metazoan apoptosis. 



 

Upon activation, they cut a range of substrate proteins whose cleavage either mediates or attends 
the apoptotic process. 

Deregulation of apoptosis is involved in many pathological conditions. Although too much 
apoptosis is implicated for example in neurodegenerative diseases and AIDS, the inhibition of 
apoptosis is a functional prerequisite for tumorigenesis and certain autoimmune diseases (5, 6). 
Acquired resistance toward apoptosis is a hallmark of most and perhaps all types of cancer and 
enhanced cell survival is needed for several steps during tumorigenesis (7). This includes 
suppression of apoptosis in transformed cells harboring activated oncogenes like c-myc, in 
hypoxic tumor cells and in metastasizing cancer cells, which, once deprived of cell-cell contact 
and of their normal environment, are prone to anoikis (apoptosis upon detachment; ref 8). In 
addition, inhibition of further apoptotic pathways and stimuli is associated with the resistance of 
tumors against radiation and chemotherapy (9). 

Decreased apoptotic sensitivity in tumor cells is either due to loss-of-function of pro-apoptotic 
proteins or to increased activity of anti-apoptotic molecules (gain-of-function; ref 7). Therefore, 
anti-apoptotic genes overexpressed in tumors are attractive targets for anti-tumor gene therapy 
approaches (e.g., bcl-2; refs 10, 11) and the identification of additional and novel anti-apoptotic 
genes activated in tumor cells has become an important issue. 

We and others have shown that yeast can undergo cell death accompanied by cellular markers of 
apoptosis and that both S. pombe and S. cerevisiae cells are killed upon overexpression of certain 
mammalian proteins such as the pro-apoptotic Bcl-2 family member Bak (12-14). Co-expression 
of anti-apoptotic Bcl-2 family members like Bcl-xL inhibits the effective and rapid killing 
activity of Bak in S. pombe (12, 15). Therefore, screening of mammalian cDNA libraries 
cotransformed into yeast cells that express a mammalian killer gene is a powerful system 
avoiding many of the background problems experienced with similar screens for death-inhibiting 
genes in mammalian cells. Such a survival screen has already been performed successfully in the 
yeast S. cerevisiae (16-20). 

We have established a functional survival assay in the yeast S. pombe with the aim to identify 
anti-apoptotic mammalian genes in tumor-derived cDNA libraries. As a first step we screened an 
NIH 3T3 mouse fibroblast-derived library and found the mammalian chromosomal high mobility 
group box-1 protein (HMGB-1) as an inhibitor of Bak-induced cell death in S. pombe and in 
mammalian cells. Furthermore, we could show that overexpression of HMGB1 inhibits 
ultraviolet (UV)-, CD95-, TRAIL-, Casp-8-, and Bax-mediated apoptosis. 

HMGB-1 has been implicated in a variety of biologically important processes including 
transcription, DNA repair, V(D)J recombination (21, 22), differentiation, development and 
extracellular signaling (23, 24 and references herein). As a nuclear protein, HMGB-1 binds to the 
minor groove of DNA and facilitates the assembly of site-specific DNA binding proteins like 
P53 at their cognate binding sites within chromatin (25). In certain cells, HMGB-1 can be 
observed at the cell surface where it has been reported to contribute to cellular migration and 
tumor invasion (26). In addition, the molecule is secreted by activated monocytes and 
macrophages (27) and released by necrotic but not apoptotic cells (28). Under such conditions, 
HMGB-1 acts as a cytokine and mediates inflammation. 



 

We observed profound HMGB-1 protein expression in primary human breast carcinomas 
compared with normal breast tissue. hmgb1 mRNA levels are regulated during mouse mammary 
gland development and are particular low during lactation and apoptotic involution. Our results 
show that a functional yeast survival screen in S. pombe is well suited to identify anti-apoptotic 
mammalian genes and that HMGB-1 might act as an oncoprotein supporting tumorigenesis by 
inhibiting apoptosis. 

MATERIALS AND METHODS 

Yeast strains, cell lines, and DNA constructs 

All S. pombe strains used were derived from the wild-type strains 972h- and 975h+. Media and 
growth conditions were as described previously (29). The yeast strain DSI contains stably 
integrated human bak (12) and grows in EMM minimal medium (Bio 101) supplemented with 
leucine (Bio 101, 250 mg/l), uracil (Bio 101, 250 mg/l), and thiamine (Sigma, 5 µg/ml, to repress 
nmt-1 promotor-driven bak expression). To induce Bak expression, cells were washed three 
times before culturing in liquid medium lacking thiamine. For induction of Bak expression in 
yeast growing on agar plates, colonies were replica-plated at least twice onto thiamine-free agar 
plates. 

The RKO cell line (ATCC number CRL-2577) is a poorly differentiated colon carcinoma cell 
line containing wild-type p53. 293T cells are human embryonic kidney cells immortilized by 
large T antigen. NRK1 is a normal rat kidney cell line. 

The coding sequences of mouse hmgb-1, mouse ∆hmgb-1, and human bcl-xL were cloned into 
the S. pombe constitutive expression vector pArt1 (Dr. Paul Nurse, ICRF, London, UK). For 
localization studies, the human bak coding sequence was cloned in frame into the yeast vector 
pREP42/EGFP N (Dr. Paul Nurse) to express an N-terminally GFP-tagged fusion protein with a 
uracil marker. Mouse hmgb-1 and ∆hmgb-1 cDNAs were cloned into pREP41/EGFP N (Dr. Paul 
Nurse, N-terminal GFP, with leucine marker). For mammalian expression, bcl-xL was cloned into 
pcDNA3.1+ (Invitrogen) and hmgb-1 and ∆hmgb-1 into the retroviral vectors pBabe hygro and 
pBabe puro, respectively (Dr. Hartmut Land, University of Rochester Medical Center, Rochester, 
NY). 

To express a Bak-GFP fusion protein in mammalian cells, the bak cDNA was cloned in frame 
into a modified pEGFP-C1-vector from Clontech. This vector contains an EF (elongation factor) 
rather than the usual CMV promoter. Casp-8 (aa 1-478) was cloned as a GFP fusion protein into 
pEGFP-N1 (Clontech; kind gift from M. Lenardo, National Institutes of Health, Bethesda, MD). 
pIC-Bax was a gift from J. Martinou, Departement de Biologie Cellulaire, Sciences III, Geneva, 
Switzerland. 

Yeast transformation 

Yeast culture (150 ml) in EMM medium (Bio 101) plus appropriate supplements [leucine, uracil, 
adenine (all Bio 101), and thiamine (Sigma)] were grown to a density of 1 x 107 cells/ml (OD600 
= 0.5). Yeast cells were washed twice with water (centrifugation at 1,000 g) and resuspended in 
1.5 ml fresh 1x TE/1x LiAc (0.1 M) yielding competent cells. Plasmid DNA (100 ng; yeast 



 

expression construct with appropriate selection marker) was mixed with 0.1 mg denaturated 
herring sperm DNA (Bio 101) and 100 µl competent yeast cell suspension. Six-hundred 
microliters of 40% PEG 8000 (Sigma)/LiAc (0.1 M) were added, and the mixture was vortexed 
for 10 s. The cells were incubated at 30°C for 30 min with mild shaking, and then after the 
addition of 70 µl DMSO, the suspension was heat shocked for 15 min at 42°C. Afterward, yeast 
cells were chilled for 2 min on ice, washed, resuspended in 100 µl TE, and plated on EMMA 
agar plates (Bio 101) containing appropriate supplements. 

Yeast survival screen and yeast plasmid recovery 

S. pombe yeast cells were transformed by electroporation according to standard protocols (29). 
Briefly, a 400 ml yeast culture of DSI cells in rich yeast extract medium (bak repressed) was 
grown to a density of 1 x 107 cells/ml (OD600 = 0.5). Cells were washed once in ice-cold water 
(centrifugation 5 min at 1,000 g), once in ice-cold 1 M sorbitol (Sigma), and resuspended in 2 ml 
ice-cold 1 M sorbitol. Forty microliter aliquots of the cell suspension were added to chilled 
Eppendorf tubes each containing 100 ng plasmid library DNA and incubated on ice for 5 min. 
For the screen, 5 µg of a REP/cDNA library prepared from exponentially growing mouse NIH 
3T3 fibroblasts (provided by Dr. Chris Norbury, ICRF, University of Oxford) were used. To 
generate this library, the cDNAs had been cloned into a REP3Xho (pMBS36Leu) S. pombe 
expression vector that contains a thiamine repressible nmt-1 promotor and a leucine marker. 
Cells were electroporated with a BioRad electroporator (2.25 kV, 200 W, 25 µF), resuspended in 
0.9 ml of ice-cold 1 M sorbitol, and plated onto EMMA agar plates containing uracil and 
thiamine to allow growth of the colonies (bak off). Replica-plating onto thiamine-free agar plates 
induced simultaneous bak and library cDNA expression (bak on). In total, 5 x 104 yeast colonies 
were screened for Bak resistance. DSI yeasts were retransformed with library plasmids isolated 
from surviving colonies to confirm that the protection against Bak killing was due to the 
plasmid-encoded library cDNA. 

For plasmid recovery from S. pombe, yeasts were grown in 50 ml selective EMM medium 
containing uracil to an OD600 of 0.5. The cells were resuspended in TE buffer and transferred to a 
1.5 ml Eppendorf tube. To 1 vol TE/yeast, 1 vol phenol/chlorophorm and 1 vol glass beads (425-
600 micron, Sigma) were added. The tube was vortexed for 5 min and centrifuged at 13,000 g for 
2 min. The upper aqueous phase was transferred to a fresh Eppendorf tube, and plasmid DNA 
was precipitated by addition of 2 vol of 100% ethanol, vortexing, and centrifugation for 30 min 
at 13,000 rpm. The DNA pellet was washed with 70% ethanol, resuspended in 100 µl water plus 
5 µg RNase A (Roche), transformed into competent DH5α bacteria, and plated onto ampicillin 
containing LB agar plates. Plasmid DNA was prepared from growing bacterial colonies by 
miniprep isolation according to standard procedure. 

Yeast growth curves 

Yeast strains were grown in liquid EMM medium containing the appropriate supplements 
[uracil, thiamine (bak off)] to an OD600 of 0.5. The cultures were washed twice in water to 
remove traces of thiamine and then diluted to OD600 of 0.03 (lower cell concentrations led to 
growth arrest) in EMM medium containing uracil and no thiamine (bak on). The OD600 was then 
measured every 8 h, and the cultures were diluted to keep them in exponential growth (OD600 



 

max. 0.8). Such dilutions were taken into account when plotting the OD/cell number kinetic vs. 
time. 

Western and Northern blot analysis 

Yeast cell lysates were prepared by vortexing yeast cells for 5 min in lysis buffer [TE buffer/1 
mM PMSF, 1 tablet complete-mini protease inhibitor cocktail (Roche) per 10 ml buffer] and 
glass beads (1 volume beads per 1 volume yeast suspension). The mixture was centrifuged at 
13,000 g and 4°C. The supernatant was used for quantification of protein concentration and 
Western blot analysis. Five micrograms of yeast proteins were loaded on a 12.5% SDS 
polyacrylamide gel. After transfer by semi-dry blotting onto a PVDF membrane (Immobilon-P, 
Millipore), the membrane was blocked in 5% nonfat milk powder and 0.05% Tween 20 in PBS. 
The rabbit anti-Bak antibody was purchased from Calbiochem, rabbit anti-HMGB-1 from 
PharMingen, and goat anti-Hsp27 from Santa Cruz (all used at 1:1000). 

Yeast RNA was obtained by vortexing yeast cells in Trizol reagent (Life Technologies) with 
glass beads (1 volume beads per 1 volume yeast cell suspension) according to the protocol of the 
manufacturer. Fifteen micrograms of total RNA were loaded on a formaldehyde-containing 
agarose gel. After migration, RNA was transfered onto a Hybond N+ membrane (Amersham) and 
hybridized with 100 ng of a 32[P]-labeled full-length human bak cDNA probe according to 
standard protocols. A mouse mammary gland Northern Blot from RNWAY Laboratories was 
hybridized with ∆hmgb1, β-actin, and gapdh cDNA probes following the instructions of the 
manufacturer. The membrane contains mouse mammary gland mRNA from nonpregnant and 
pregnant mice as well as from lactating and involuting animals. 

Localization experiments in S. pombe using confocal microscopy 

For confocal microscopy, a Leica TCS SL laser scanning microscope was used. To stain yeast 
mitochondria, cells were resuspended at 1 x 106 cells/ml in 10 mM HEPES buffer (pH 7.4) 
containing 5% glucose. DiOC6(3) (Molecular Probes) was added to a final concentration of 175 
nM, before cells were incubated at room temperature for 15 min and analyzed by confocal 
microscopy. 

Transfection of mammalian cells 

RKO, 293T, and NRK1 cells were transfected using the PEI method. Briefly, 13.5 µl of a 
polyethyleneimine solution (10 mM in PBS, high molecular weight PEI from Aldrich) were 
diluted with 150 µl of PBS. In parallel, 5 µl of DNA solution were diluted with 150 µl of PBS 
and both solutions were mixed and vortexed. After 10 min incubation at room temperature, the 
DNA/PEI mixture was added to the cells (1x106 cell/10 cm plate) in serum-free medium. Four 
hours later, the medium was replaced with FCS-containing medium. 

Quantification of apoptosis 

For death receptor-induced apoptosis, 10 ng/ml recombinant CD95L (crosslinked with 1 µg/ml 
anti-Flag antibody M2 from Sigma) or 10 ng/ml KILLER TRAIL (both from Alexis) were used 
in combination with 1 µg/ml cycloheximide (Sigma). Alternatively, apoptotic cell death was 
triggered by UV radiation (10 s) or transfection with bak-gfp, bax, or casp-8-gfp. Apoptotic cell 



 

death was measured using the LIVE/DEAD viability/cytotoxicity kit from Molecular Probes 
according to the protocol of the supplier. In this assay, living cells are distinguished by the 
presence of ubiquitous intracellular esterase activity, determined by the enzymatic conversion of 
the virtually nonfluorescent cell-permeant calcein AM to the intensely green fluorescent calcein 
(ex/em 495 nm/515 nm). Ethidium homodimer-1 enters cells with damaged membranes and 
undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acids, thereby 
producing a bright red fluorescence in dead cells (ex/em 495 nm/635 nm). Ethidium homodimer-
1 is excluded by the intact plasma membrane of living cells. For each experiment, at least 200 
green and red cells were counted using a Nicon fluorescence microscope (TE300). 

Tumor material 

All primary human mammary carcinoma samples were collected directly after surgery, frozen in 
liquid nitrogen, and stored at -80°C (Table 1).  Another seven samples were human breast 
carcinomas passaged in nude mice for several years and tested for human origin. Tumor material 
(0.5 cm3) was crushed using a homogenizer (Ultra-Turrax T25, Janke and Kunkel, IKA 
Labortechnik) in 1 ml lysis buffer [30 mM Tris-HCL (pH 7.5), 150 mM NaCl, 1% Triton X-100, 
10% glycerol, 1 mM PMSF, 1 tablet complete protease inhibitor cocktail (Roche) per 10 ml 
buffer] and centrifuged at 4°C. The supernatant was used for quantification of protein 
concentration and subsequent Western blot analysis with 40 µg protein per sample and a rabbit 
anti-HMGB-1 antibody (1:1000, BD PharMingen Biosciences). 
 
Breast tissue microarray 

Expression of HMGB1 in human breast carcinoma was studied using a tissue microarray (CB2c, 
BioCat) containing 50 breast tumor biopsies and 10 biopsies of normal breast tissue. HMGB-1 
levels were determined using a rabbit antibody (BD PharMingen Biosciences), which was 
detected using biotinylated anti-rabbit IgG in the first and fluorescein avidin DCS (Vector 
laboratories) in a second step. For quantification purposes, 16-bit grayscale images were aquired 
from each biopsy of the microarray and intensity values (I Biopsie) were calculated according to 
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 where BG is background intensity, SD is standard deviation, and I mean, Biospsie is mean pixel 
intensity of a single biopsie on the microarray. 

RESULTS 

HMGB-1 protects against Bak-induced cell death in S. pombe 

We employed functional yeast survival screens to identify new anti-apoptotic mammalian genes 
out of tumor-derived libraries. In a first experiment, we used an inducible Bak expression system 
in S. pombe to screen a cDNA library prepared from exponentially growing NIH3T3 mouse 
fibroblasts (see Materials and Methods). Altogether 5 x 104 transformed yeast clones were tested 
for Bak-resistance in a nonsaturated library screen. One of the S. pombe colonies surviving Bak 



 

expression after library transformation contained a truncated deletion mutant of the mouse hmgb-
1 gene lacking the C-terminal 33 amino acids. This ∆hmgb-1 deletion mutant does not represent 
a naturally occurring mRNA variant but was rather generated in the cloning process when the 
oligo-dT primer annealed within the hmgb-1 coding sequence during reverse transcription of the 
RNA. ∆HMGB-1 still contains the two HMG-boxes identified in the full-length HMGB-1 while 
the highly acidic C-terminal tail is deleted. 

We cloned mouse ∆hmgb-1 and mouse full-length hmgb-1 in a constitutive S. pombe expression 
vector and further analyzed ∆HMGB-1-conferred protection in Bak-expressing yeasts. When 
Bak expression is induced in the S. pombe yeast strain DSI growing on agar plates, the yeast 
cells die within 48 h (see Fig. 1A). Coexpression of either ∆HMGB-1 or full-length HMGB-1 
protects the yeast colonies from Bak-induced cell death. 

We also measured growth curves of the different yeast strains in liquid culture (see Fig. 1B). S. 
pombe wild-type cells cease growth and cell division upon Bak expression (DSI, -T). When 
coexpressing ∆HMGB-1 or full-length HMGB-1, the Bak transformed yeasts continue to grow 
exponentially, as they do when the Bak-antagonist Bcl-xL is coexpressed. 

We then performed Western and Northern blot analysis to confirm expression of HMGB-1 and 
Bak in the yeast strains we had used for the experiments (see Fig. 1C and 1D). We could easily 
detect full-length HMGB-1 protein in the transformed yeasts, but the anti-HMGB-1 antibody did 
not recognize ∆HMGB-1 due to the C-terminal deletion. Nevertheless, in similar studies with a 
∆hmgb-1-gfp fusion construct Bak killing was inhibited as efficiently as with ∆HMGB-1 and the 
positive GFP-staining in these cells proved the presence of the ∆HMGB-1 protector (data not 
shown). 

Induction of Bak transcription in the DSI S. pombe strain leads to the production of small 
amounts of Bak mRNA and protein sufficient to kill the DSI strain (see Fig. 1A and 1B). In DSI 
cells cotransformed with ∆hmgb-1, a much higher amount of Bak RNA and protein is detectable 
and, in the presence of ∆HMGB-1, tolerated by the yeast cells (Fig. 1C and 1D). Interestingly, 
we were unable to detect Bak expression in DSI yeast colonies cotransformed with full-length 
hmgb-1. 

These results show that full-length HMGB-1 and ∆HMGB-1 protect S. pombe cells against Bak-
induced yeast killing. Although we cannot rule out that the protective effect of full-length 
HMGB-1 involves transcriptional downregulation of the Bak yeast expression construct, the 
largely increased amount of Bak in ∆hmgb-1 cotransformed yeast cells indicates protection by 
∆HMGB-1 against the Bak protein by another mechanism. 

HMGB-1 does not interact with Bak in yeast 

Having established the protective potential of HMGB-1 against Bak killing in S. pombe we set 
out to analyze the localization of HMGB-1 and Bak in yeast. In mammalian cells, Bak is 
affiliated with the mitochondrial membrane where it is believed to be involved in the release of 
cytochrome c after an apoptotic stimulus (30). HMGB-1 on the other hand is mostly localized in 



 

the nucleus of a mammalian cell (24), although in addition to its intranuclear function as a 
regulator of transcription, HMGB-1 can also be secreted by certain cells (27). 

To facilitate detection of the Bak protein in yeast cells, we cloned a gfp-bak fusion construct 
from which expression can be induced in S. pombe. The GFP-Bak fusion protein killed the yeast 
cells as efficiently as the Bak wild-type molecule (data not shown). GFP-Bak accumulated in 
dotlike structures of varying size within the S. pombe cytoplasm (see Fig. 2A and 2B). 

The mitochondrial staining of Bak-expressing cells shows the tubular mitochondrial network 
already reported for exponentially growing S. pombe cells (31). 

With the techniques used for intracellular localization studies, simultaneous detection of GFP-
Bak and DiOC6(3)-stained yeast mitochondria was not possible. Obviously, the GFP-Bak 
localization looks different from the typical mitochondrial pattern in the dying yeast cell. 
However, we cannot exclude that the GFP-Bak accumulations are part of or connect with the S. 
pombe mitochondrial network. 

In a similar experiment, we transformed the Bak-expressing S. pombe strain DSI with ∆hmgb-1-
gfp and full-length hmgb-1-gfp fusion constructs. The fusion proteins maintained their protective 
capacity against Bak killing in S. pombe (data not shown). Figure 2E represents a typical 
example of the exclusively nuclear staining of both ∆HMGB-1-GFP and full-length HMGB-1-
GFP. 

The different localization of cytoplasmic Bak and nuclear HMGB-1/∆HMGB-1 suggested that 
HMGB-1 does not inhibit yeast cell death by simply binding and thereby neutralizing Bak. This 
conclusion was supported by yeast-two-hybrid analysis and coimmunoprecipitation experiments 
with overexpressed Bak and HMGB-1/∆HMGB-1: we could not detect protein interaction 
between Bak and HMGB-1 or ∆HMGB-1 in such binding assays (data not shown). 

HMGB-1 overexpression inhibits apoptosis induced by different stimuli in mammalian 
cells 

Next, we wanted to investigate whether HMGB-1 is able to suppress cell death upon Bak 
overexpression not only in yeast but also in mammalian cells. For these experiments, we used the 
human embryonic kidney cell line 293T, the human colon carcinoma cell line RKO, and the rat 
kidney cell line NRK1. Transient transfection of all three cell lines with bak alone induced 
apoptosis, which was blocked profoundly by cotransfection of either ∆hmgb-1 or full-length 
hmgb-1 (see Fig. 3). HMGB-1 was as effective in inhibiting Bak killing as was Bcl-xL in control 
cotransfections (data not shown). Transfection of hmgb1 or ∆hmgb1 alone did not lead to 
apoptotic cell death. The observed inhibition of Bak killing was not due to transcriptional 
downregulation of Bak because cells cotransfected with the protecting ∆hmgb1 expressed the 
fluorescent Bak-GFP construct (data not shown). 

We also tested whether HMGB1 expression inhibits apoptosis induced by other death stimuli. 
RKO cells were treated with UV radiation, CD95 ligand, or TRAIL (Fig. 3). Both HMGB1 and 
∆HMGB1 transfection inhibited apoptosis induced by radiation or death receptor ligands. In this 
context, the protection against TRAIL killing was remarkably effective. We also transfected 



 

293T cells with a casp-8 expression construct and NRK1 cells with the cDNA of another pro-
apoptotic member of the Bcl-2 gene family, bax. Again, HMGB1 and ∆HMGB1 inhibited both 
apoptotic insults (Fig. 3). 

Interestingly, endogenous HMGB-1 is expressed at a relatively high level in RKO cells (data not 
shown), yet further elevation of the HMGB-1 level rescued RKO cells from different apoptotic 
stimuli. 

These data indicate that the protection conferred by HMGB-1 in yeast against Bak-induced cell 
death is a general phenomenon observable also in mammalian cells. Furthermore, apoptosis 
mediated by other stimuli as diverse as UV radiation, death receptor triggering, and Bax and 
Casp-8 overexpression is inhibited in different mammalian cell lines by coexpression of 
HMGB1. 

HMGB-1 protein is highly expressed in human breast carcinomas 

Mutational activation of anti-apoptotic proteins is one possible mechanism by which transformed 
cells evade apoptosis and propagate to form tumors. Because HMGB-1 protects against several 
apoptotic stimuli in mammalian cells, we analyzed HMGB-1 protein levels in normal breast and 
in primary breast carcinoma material by performing Western blot experiments (see Fig. 4). We 
examined six different samples derived from normal breast tissue, and they showed hardly any 
detectable HMGB-1 protein (first 6 lanes). In comparison, of nine primary breast carcinomas 
tested, all expressed HMGB-1, six of them in high amounts. We also examined seven human 
breast carcinomas that were passaged for a long time in nude mice. Such passaging of tumor 
cells in mice is regarded as an artificial model for tumor metastasis, i.e., genes important for 
metastasis become upregulated. All seven passaged breast tumors expressed high HMGB-1 
protein levels. 

These data suggest that the HMGB-1 protein is indeed highly expressed in human breast 
carcinomas and in a tumor transplantation model. 

To screen a larger panel of breast carcinoma for HMGB1 expression, we analyzed a human 
breast tissue microarray with fixed tissue sections from 10 different normal breast samples and 
50 different breast carcinoma. The intensity of the HMGB1 staining was quantified, and the 
results are shown in Fig. 5. On average, three times higher HMGB1 protein levels were detected 
in the tumor samples compared with the normal tissue controls, which is consistent with the 
Western blot results described above. 

hmgb1 mRNA levels are regulated during different stages of mouse mammary gland 
development 

The high expression of HMGB1 protein in human breast carcinoma prompted us to analyze 
whether HMGB1 levels change during mammary gland development. For this purpose, we used 
a ∆hmgb1 cDNA probe to hybridize a Nothern blot with mouse mammary gland mRNA 
preparations from different stages before and during pregnancy and from lactating and involuting 
glands. Quantification of the resulting blot is shown in Fig. 6. hmgb1 expression levels were 
normalized in two different datasets to the mRNA amounts of either of the two housekeeping 



 

genes β-actin or gapdh. We observed clear differences in hmgb1 expression during mammary 
gland development. Although significant levels of hmgb1 RNA are detected in the glands of 
nonpregnant and pregnant mice, expression of hmgb1 mRNA is low during lactation and in the 
involuting glands, which undergo apoptosis. This result indicates that HMGB1 may regulate 
growth and involution of mammary gland tissue, possibly by influencing the apoptotic behavior 
of the cells. 

DISCUSSION 

Programmed cell death, in its most prominent form known as apoptosis in metazoa, is also used 
as an altruistic response for the sake of a colony in unicellular organisms like bacteria or 
monocellular eukaryotes (e.g., Trypanosoma cruzi, T. brucei rhodesiense, Tetrahymena 
thermophila, and Dictyostelium discoideum) (32). Evidence is accumulating that a cell death 
machinery may also exist in yeast. This includes identification of a metacaspase in S. cerevisiae, 
which becomes activated during yeast cell death induced by H2O2, acetic acid and aging (33). 

Yeast has proven itself extremely successful as a model system used to answer many biological 
questions. In the absence of obvious homologues of major apoptotic regulators like the Bcl-2 
family, yeast has also been used to study interactions between heterologously expressed 
components of apoptotic pathways (34). Interestingly, several pro-apoptotic mammalian proteins 
kill yeast cells upon overexpression, for example pro-apoptotic members of the Bcl-2 family 
(Bax and Bak; refs 12-14) and caspases (caspase-3 and �8; ref 35). We could show some time 
ago that Bak killing of the fission yeast S. pombe is inhibited by coexpression of human Bcl-xL 
and that the same critical BH3 domain of Bak that is required for induction of apoptosis in 
mammalian cells is also required for inducing death in yeast (12). These findings, and the fact 
that typical phenotypic features of apoptosis are observed during yeast cell death (12, 36, 37), are 
indicative of an intrinsic cell death program in yeast, which can be triggered by pro-apoptotic 
mammalian proteins. 

The molecular mechanisms by which pro-apoptotic Bcl-2 family members induce yeast cell 
death remain unknown. Bax killing in S. cerevisiae requires aspects of mitochondrial 
biochemistry, including the mitochondrial F0F1-ATPase proton pump (18, 38-40). Reports 
concerning the release of cytochrome c in Bax overexpressing yeast cells appear controversial 
(38-41) and blocking cytochrome c release does not inhibit Bax-induced cell death in S. 
cerevisiae (42). Our own overexpression studies with a functional Bak-GFP-construct in S. 
pombe were not suggestive of an exclusive mitochondrial localization of Bak-GFP in these cells. 
Remarkably, Bax and Bak have recently been reported to leave the mitochondrial membranes 
and to coalesce into mitochondria-associated clusters during apoptosis in mammalian cells (43). 

Several groups have successfully performed survival screens in S. cerevisiae to screen 
heterologous cDNA libraries for suppressors of Bax killing in yeast (16-20). We set up an 
inducible Bak expression system in S. pombe with the aim to screen human tumor-derived cDNA 
libraries to identify potential anti-apoptotic oncogenes. When we transformed Bak- expressing S. 
pombe yeast cells in a first experiment with a cDNA library synthesized from mouse NIH 3T3 
fibroblasts, we found the chromosomal protein HMGB-1 as a protector against Bak-induced 
yeast cell death. The deletion mutant ∆HMGB-1, which we isolated in the screen and which 
lacks the C-terminal 33 amino acids, is even more potent in inhibiting Bak killing in yeast than 



 

the full-length protein. Because we only tested 5 x 104 transformed yeast colonies for Bak 
resistance, screening of the NIH 3T3 library was by far not complete. This explains why we did 
not isolate well-known inhibitors of Bak cytotoxicity like Bcl-xL. 

If protected against Bak killing by overexpression of ∆HMGB-1, S. pombe cells grow 
exponentially while expressing a large amount of Bak (which is much higher than the amount of 
Bak necessary to kill untransformed yeast cells). These data rule out the possibility that 
∆HMGB-1 downregulates Bak transcription from the nmt-1 promoter used to express Bak in the 
yeast. We can also dismiss a scenario where HMGB-1 directly binds to Bak thereby neutralizing 
killing activity of Bak, similar to the way in which Bcl-xL prevents Bak-induced cell death. Our 
localization studies and our negative results in a yeast-two-hybrid analysis and in 
coimmunoprecipitation experiments to prove direct Bak-HMGB-1-interactions do not support 
such a binding model. 

We could show that both ∆HMGB-1 and full-length HMGB-1 are able to efficiently suppress 
apoptosis induced by several different stimuli in mammalian cells. The inhibition of apoptosis 
includes protection against Bak and Bax killing as well as prevention of apoptosis induced by 
overexpression of Casp-8, UV radiation, and triggering of the death receptors CD95 and the 
TRAIL receptors. HMGB-1 is an abundant nuclear protein with roughly 1 x 106 molecules per 
nucleus (44). However, despite its abundance the protein may be limiting within cells: transient 
overexpression of HMGB-1 enhances the transcriptional activity of factors such as P53 and 
steroid hormone receptors. Similarly, an increase of HMGB-1 protein levels in mammalian cells 
by transfection leads to profound inhibition of apoptosis. 

Suppression of apoptosis is a key event at the onset of and during tumorigenesis (7). Increased 
resistance to the many apoptotic stimuli a tumor cell is exposed to can be achieved by loss-of-
function mutations (resulting in inactivation of pro-apoptotic genes) or gain-of-function 
mutations (resulting in increased activity of anti-apoptotic genes). A prototypic example of the 
latter is represented by the translocation involving bcl-2 (14, 18), which leads to Bcl-2-
overexpression in human follicular B cell lymphoma (45). Because we have identified HMGB-1 
in a yeast screen for anti-apoptotic genes and because we have shown anti-apoptotic capacity of 
HMGB-1 in mammalian cells, we investigated the expression of the protein in human tumors. 
Our analysis revealed profound HMGB-1 protein levels in human primary breast carcinomas. 
We also observed strong HMGB-1 expression in human breast carcinomas transplanted into 
nude mice. In contrast, expression of HMGB1 in normal breast tissue was low. This suggests that 
HMGB1 is involved in the development of mammary carcinomas. Interestingly, hmgb1 mRNA 
appears to be regulated during mouse mammary gland development. Its expression is lowest 
during lactation and involution, when the mammary ducts undergo apoptosis. This finding raises 
the possibility that HMGB1 participates in the cyclic regulation of mammary gland apoptosis. 

Elevated hmgb-1 mRNA levels have already been reported in human gastrointestinal 
adenocarcinomas compared with corresponding noncancerous mucosa (46). The authors had 
suggested a correlation between hmgb-1 RNA expression and differentiation/staging of the 
carcinomas. Furthermore, a strong intertumoral variation of hmgb-1 mRNA expression within 13 
breast cancer samples was published by Flohr et al. (47), which corresponds nicely to our tissue 
microarray results. The authors argue that this variation may contribute to the different response 
of estrogen receptor-positive breast tumors to endocrine therapy. This argument is based on the 



 

observation that HMGB-1 increases binding of the estrogen receptor to its DNA target sequence 
(48). Comparison of hmgb-1 mRNA levels in normal breast tissue with expression in breast 
cancer samples was not included in this study. 

Enhanced coexpression of trx (thioredoxin) and hmgb-1 mRNAs has been observed in human 
hepatocellular carcinomas and higher expression of trx correlated with decreasing tumor 
sensitivity to cisplatin (49). The cytotoxic effect of cisplatin is believed to result from the 
formation of covalent adducts with DNA (reviewed in ref 50). HMGB-1 binds with high affinity 
to DNA damaged by cisplatin, and it is speculated that HMGB-1 contributes to cisplatin 
cytotoxicity by shielding damaged DNA from repair (51, 52). Paradoxically, HMGB-1 
overexpression has also been correlated with cisplatin-resistance in cell lines (53), which could 
be explained by our data demonstrating anti-apoptotic properties for HMGB-1. 

Inhibition of apoptosis by HMGB-1 has to the best of our knowledge not been reported so far. 
Several other interesting aspects of HMGB-1 biology however have been investigated. The 
HMGB-1 protein belongs to the high mobility group (HMG) of DNA binding proteins, which are 
abundant, heterogeneous, nonhistone components of chromatin (21, 54). HMG proteins are 
subdivided into three distinct families: HMGB [with the proteins HMGB-1, -2, -3 (formerly 
HMG-1, -2, -4)], HMGA [HMGA-1a, b, c, -2 (formerly HMG-I(Y), HMGI-C)], and HMGN 
(formerly HMG-14/17; ref 55). Members of the structurally distinct HMGA family are highly 
expressed during embryonic development and in proliferating cells but are rare in adult cells 
(56). As critical components of enhanceosomes, they participate in gene regulation and their 
overexpression has been strongly correlated with tumorigenesis (57 and references herein). 

Both HMGB-1 and HMGB-2 contain two similar, but distinct "HMG boxes" (A and B), and a 
long acidic C-terminal tail, which is deleted in the ∆HMGB-1 protein identified in our yeast 
screen (reviewed in ref 58). The HMG box consists of ~80 amino acids and has a characteristic, 
twisted, L-shaped fold formed by three α-helical segments (59, 60). It binds to DNA through the 
minor groove and induces site-specific DNA deformations. HMGB proteins recognize and bind 
to altered DNA confirmations, such as stem-loop, four-way-junction, kinked, or underwound 
DNA (58 and references herein). Although it possesses little or no sequence preference, HMGB-
1 interacts with proteins like P53 or steroid hormone receptors and increases the apparent DNA 
binding affinity of these transcription factors (61, 62). Lack of the protein in hmgb-1 knockout 
mice did not disrupt cell growth but rather caused lethal hypoglycemia in the newborn mice, 
possibly due to impaired transcriptional glucocorticoid receptor activity (63). Such a role for 
HMGB-1 as a regulator of transcription may influence the apoptotic behavior of a cell. It has 
been shown for example that HMGB-1 inhibits both P73α/β- and P53-dependent transactivation 
from the bax gene promoter in p53-deficient SAOS-2 cells (64). 

Future studies including transgenic mouse models will investigate whether by suppressing cell 
death HMGB-1 can act as an oncogene that might be considered for molecular tumor therapy. 
Our data show that screening of mammalian cDNA libraries in yeast survival assays allows the 
isolation of new anti-apoptotic tumor-relevant molecules, and we are currently using tumor-
derived cDNA libraries to identify further cell death-inhibiting oncogenes. 
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Table 1 

Human mammary carcinoma samplesa 

Tu.-No. TNM Grading ER/PR Her2/neu
83 pT3 pN1 M0 3 pos./neg. neg. 
167 pT4 pN0 M0 3 pos./neg. neg. 
249 pT2 pN0 M0 2 pos./neg. neg. 
250 pT2 pN0 M0 3 neg./neg. neg. 
256 pT1 pN0 M0 2 pos./pos. neg. 
611 pT3 pN1 3 neg./neg. nd 
876 pT2 pN0 3 pos./neg. nd 
1096 pT3 pN1 nd neg./pos. nd 
1132 pT3 pN1 3 nd nd 

aAll primary human mammary carcinoma samples were collected directly after surgery, frozen in liquid nitrogen, and stored at -80°C; nd = not 
determined. 



Fig. 1 
 

 
 
Figure 1. HMBG-1 inhibits Bak-induced cell death in the yeast S. pombe. A) DSI cells growing on thiamine-free agar 
plates with phloxin (5 µg/ml, Sigma). Dead yeast cells appear dark red; pink colonies are growing. Although 
cotransformation of the empty vector pArt1 cannot rescue colony growth, coexpression of pArt1-∆hmgb-1 (and full-length 
pArt1-hmgb-1, data not shown) protects against Bak-killing of the yeast. B) DSI yeast growth curves in liquid medium 
lacking thiamine (bak on). Whereas pArt1 empty vector-transformed cells cease proliferation and die, Bak-induced cell 
death is inhibited upon HMGB-1 expression leading to exponential colony growth. ∆hmgb-1-transformed cells grow twice 
as fast as full-length HMGB-1 expressing yeasts, which themselves propagate as quickly as bcl-xL-transformed control 
cells. The results were obtained by 3 independent experiments. C) Western blot analysis showing HMGB-1 expression in 
two DSI yeast colonies independently cotransformed with pArt1-HMGB-1. The parental DSI strain, either in the presence 
or absence of thiamine, does not express HMGB-1. ∆HMGB-1 lacking the C terminus is not recognized by the antibody. 
An unspecific band marked with an asterix indicates equal loading of the protein gel. DSI cells in thiamine-free medium 
express a small amount of Bak protein and bak RNA (D) sufficient to induce yeast cell death. Although we could not detect 
Bak protein or RNA (D) in DSI cells cotransformed with full-length HMGB-1, a large amount of Bak protein and RNA 
(D) is present in ∆HMGB-1-expressing DSI cells. D) bak Northern blot experiment with the same DSI yeast strains as 
analyzed in C. 
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Figure 2. Localization studies in S. pombe. A) GFP-Bak accumulates in the cytoplasm. C) Yeast cells stained with 
DiOC6(3); the tubular network of mitochondria is clearly visible. E) Nuclear localization of the ∆HMGB-1-GFP fusion 
protein. B, D, and F) Normal transmission microscopy pictures of the same yeast cells as shown in A, C, and E. 
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Figure 3. HMGB-1 and DHMGB-1 inhibit apoptosis induced in mammalian cells by different stimuli. RKO, 293T, 
and NRK1 cells were seeded in 10 cm plates at 1 x 106 cells/plate. The next day, 1.3 µg gfp-bak, casp-8, or bax cDNA 
together with 4 µg of either empty vector pcDNA3.1, hmgb-1, or � hmgb-1 cDNA were introduced using the PEI 
transfection method. Sixteen hours later, cells were collected (including floating cells) and the percentage of dead cells was 
determined using the LIVE/DEAD Viability/Cytotoxicity kit from Molecular Probes. For UV, CD95L, and TRAIL killing, 
5 µg of either empty vector DNA, hmgb-1, or � hmgb-1 cDNA were transfected. Twenty-four hours after transfection, the 
cells were treated with either 10 s UV radiation, 10 ng/ml recombinant CD95L plus 1 µg/ml cycloheximide and 1 µg/ml 
anti-Flag antibody, or with 10 ng/ml TRAIL plus 1 µg/ml cycloheximide. Sixteen hours later, apoptosis was quantified 
using the LIVE/DEAD assay. All apoptotic stimuli were significantly inhibited by overexpression of either hmgb-1 or 
� hmgb-1. 


