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Auranofin induces apoptosis and when combined with retinoic acid
enhances differentiation of acute promyelocytic leukaemia cells
in vitro
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1 Acute promyelocytic leukaemia (APL) is characterized by a block in differentiation at the
promyelocyte stage. Here, we describe the effects of auranofin (AF), a coordinated gold compound,
on apoptosis and differentiation of APL cells.

2 Nucleosomal DNA fragmentation assay and Hoechst 33342 staining indicated that AF induced
apoptosis in APL-derived NB4 cells at low concentrations (0.5-1.0 uM). The AF-induced apoptosis
involved caspase-3 activation and specific cleavage of poly-ADP-ribose polymerase.

3 The AF-treated NB4 cells also produced reactive oxygen species (ROS) and cotreatment with N-
acetyl-L-cysteine protected the NB4 cells from AF-induced apoptosis.

4 Expression of the CD11b cell surface marker and C/EBPe was increased when the cells were
treated for 4 days with 0.3 uM AF and a physiological concentration of all-zrans retinoic acid (ATRA,
5nM). Treatment with AF in combination with ATRA markedly increased the number of cells with
differentiated features, such as lobed or multiple nuclei and numerous granules and vacuoles. At these
low concentrations, neither AF nor ATRA alone induced significant cell differentiation.

5 These findings suggest not only that AF induces caspase-3-dependent apoptosis via a mechanism
involving ROS, but also that the combined treatment with AF and ATRA induces differentiation of
NB4 cells. Our results demonstrate a novel characteristic of AF from which an effective drug

treatment of APL might be developed.
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Introduction

Acute promyelocytic leukaemia (APL) is cytogenetically
characterized by a reciprocal chromosomal translocation
(t(15;17)) that juxtaposes the promyelocytic leukaemia
(PML) gene on chromosome 15 and the retinoic acid receptor
alpha (RARx) gene on chromosome 17. The protein resulting
from the fusion of the genes for PML and RAR« plays an
important role in the pathogenesis of APL. APL presents as an
abnormal accumulation of promyelocytic cells caused by a
failure in cell differentiation. As pharmacologically high doses
of all-trans retinoic acid (ATRA) can overcome this failure and
induce neutrophilic differentiation of the APL cells both in
vitro and in vivo, differentiation-inducing therapy with ATRA
has been used in APL patients (Grignani et al., 1994; Mistry
et al., 2003). ATRA therapy is more effective in inducing
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remission and has fewer complications than chemotherapy.
Moreover, combined treatment with ATRA and chemother-
apy has markedly improved remission rates and survival in
APL patients (Tallman ez al., 2002). Despite this improved
treatment regime, approximately 30% of patients relapsed
within 4-5 years. Most of the relapsed APL patients are
resistant to further treatment with ATRA (Gallagher, 2002).

Recent studies have reported a biphasic action of arsenic
trioxide (As,O3) on ATRA-sensitive or -resistant APL cells,
demonstrating that As,Os induced apoptosis at relatively high
concentrations (0.5-2 uM) and partial differentiation at lower
concentrations (0.1-0.5 uM) (Chen et al., 1997). Although the
mechanism of action of As,Oj is not fully understood, several
studies have provided evidence that the reactive oxygen species
(ROS) signalling pathways and PML-RAR« degradation are
involved in its effect (Shao er al., 1998; Jing et al., 1999;
Davison et al., 2002). Based on these in vitro results, As,O5 has
been effectively used to reinduce remission in relapsed APL
patients (Shen et al., 1997; Agis et al., 1999; Niu et al., 1999;
Soignet et al., 2001).
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Auranofin  (AF;  2,3,4,6-tetra-o-acetyl-1-thio-f-D-gluco-
pyranosato-S-(triethyl-phosphine) gold) is a coordinated gold
compound, which has been widely used for the treatment of
rheumatoid arthritis, based on its anti-inflammatory and
immunosuppressive properties (Blodgett, 1983; Snyder et al.,
1987; Hashimoto et al., 1992). During our study of the anti-
inflammatory properties of AF, interesting new findings
emerged. It was demonstrated that 1.0uM AF induced
apoptosis and a combination of low concentrations of ATRA
and AF (5nM and 0.3 uM, respectively) induced cell differ-
entiation in the APL-derived NB4 cell line.

AF is a thiol-reactive organometallic compound that
changes the intracellular redox status (Gromer et al., 1998;
Becker et al., 2000). As,O; also interacts with redox enzymes
that have thiol groups and depletes intracellular reduced
glutathione (GSH) by forming a complex with GSH (Snow,
1992; Scott et al., 1993; Davison et al., 2002). Hence, it is
possible that AF will act in a similar manner to As,O; on
apoptosis and differentiation.

In this paper, the dual effects of AF on apoptosis and
differentiation of APL cells are described and the molecular
bases for these effects are discussed. This is the first study to
provide data, on the basis of which, AF alone, or in
combination with ATRA, may be used as a novel APL
therapy.

Methods

Cell treatment

The NB4 APL cell line was maintained in RPMI 1640 medium
containing 10% foetal calf serum. To induce apoptosis, NB4
cells were plated at a density of 1 x 10°/ml and treated with
1 uM AF for the periods indicated. To investigate effects on
differentiation, the cells were treated with 0.3 uM AF and 5nM
ATRA in combination for 4 days.

Western blot analysis

The cells were washed twice with PBS, and then lysed in RIPA
buffer (50mM Tris, 150mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1mM phenylmethyl-
sulphonyl fluoride, 100 ug ml~" trypsin inhibitor, 50 uM leupeptin,
100 uM antipain, pH 8.0). After the protein concentration of
each lysate had been determined, equal amounts of the samples
were loaded onto a 10% SDS—polyacrylamide gel. Proteins
were transferred to nitrocellulose membrane and detected with
polyclonal antibodies against human caspase-3 and C/EBPe,
or anti-PARP (poly-ADP-ribose polymerase) monoclonal
antibody using an enhanced chemiluminescence detection Kkit.

FACS analysis

A direct immunofluorescence staining technique was used to
detect the CD11b cell surface marker. Briefly, the cells that
were treated with AF alone or a combination of AF and
ATRA for 4 days were washed twice with buffer A (PBS, 0.1%
sodium azide, 1% heat-inactivated foetal bovine serum). After
being resuspended in buffer A, an aliquot of cells (1 x 10° cells,
50 ul) was incubated with R-phycoerythrin (RPE)-conjugated
monoclonal mouse anti-human CDI11b antibody (1:200) on

ice for 30min. For isotype control staining, an aliquot of
cells was incubated with RPE-conjugated mouse IgG1l. The
incubated cells were washed again with buffer A, resuspended
in 500 ul of buffer A containing propidium iodine, and then
analysed with a FACScan flow cytometer (BD Biosciences,
San Diego, CA, U.S.A)).

ROS determination

The production of ROS was detected using a previously
described method (Royall & Ischiropoulos, 1993), with minor
modifications. Briefly, 1 x 10°/ml of NB4 cells were labelled
with  0.5um  2'.7'-dichlorodihydrofluorescein  diacetate
(DCFH-DA) for 1h and then incubated in the absence of
presence of 1 uM AF for 24 h. Within the cells, DCFH-DA is
converted to DCFH, which can be oxidized to the fluorescent
compound DCF in the presence of ROS. After incubation with
AF, the cells were washed twice with PBS and analysed on a
fluorescence microscope (excitation and emission wavelength:
495 and 525nm, respectively) (Carl Zeiss, Oberkochen,
Germany).

DNA fragmentation and cell morphology

Both treated and untreated (1 uM AF for 24 h) NB4 cells were
washed twice with cold PBS. The cells were lysed overnight at
50°C in 500 ul of lysis buffer (S0 mM Tris-HCI pH 7.6, 20 mM
EDTA, 1% SDS) containing proteinase K (100 ugml="). To
precipitate DNA, 0.2ml of 5M NaCl and an equal volume of
isoamyl alcohol were added. The DNA pellet was dissolved in
TE buffer, treated with 50 ugml~! of RNase A for 4h at 37°C,
and then electrophoresed on a 1.5% agarose gel.

For morphological observations, the AF-treated cells were
incubated in Hoechst 33342 staining solution (10uM) for
30min at 37°C. After being spread onto slides by cytospin-
centrifugation (700r.p.m., Smin), the stained cells were
examined under a fluorescence microscope (Carl Zeiss,
Oberkochen, Germany).

Quantification of apoptotic cells

DNA fragmentation caused by apoptosis was also quantified
using a cellular DNA fragmentation ELISA kit (Boehringer
Mannheim, Germany) according to the procedures recom-
mended by the manufacturer. The cells (1 x 10°/ml) were
labelled with bromodeoxyuridine (BrdU) overnight and the
labelled cells (1 x 10*) were treated with various concentrations
of AF for 6 h. Subsequently, the cells were lysed in lysis buffer
and the BrdU-labelled DNA fragments were measured by an
ELISA procedure.

Materials

The NB4 cell line was kindly provided by Dr Michel Lanotte
(INSERM unit 301, Hospital Saint Louis, Paris, France), and
AF was obtained from Dr Jue in The Catholic University of
Korea. RPMI 1640 medium, ATRA, Nonidet P-40, sodium
deoxycholate, phenylmethylsulphonyl fluoride, trypsin in-
hibitor, leupeptin, antipain, proteinase K, propidium iodine,
Hoechst 33342 and Giemsa stain were purchased from Sigma
Chem. Co. (St Louis, MO, U.S.A.). RNase A and DNA
fragmentation ELISA kits were obtained from Boehringer
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Mannheim (Mannheim, Germany). Foetal calf serum and
chemiluminescence detection kit were from HyClone (Logan,
UT, U.S.A.) and Amersham (Buckinghamshire, U.K.), re-
spectively. Antibodies for caspase-3 and PARP were pur-
chased from Pharmingen (San Diego, CA, U.S.A.), and anti-
C/EBP¢ antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA, U.S.A.). RPE-conjugated antibodies (CD11b and
mouse [gGl) were obtained from DAKO (Denmark). All
other chemicals used in the study were of molecular biology
grade.

Results

AF induces apoptosis of NB4 cells through caspase-3
activation

The effect of AF on NB4 cell growth is shown in Figure 1. Cell
growth was retarded at low concentrations of AF (0.3 uM),
while concentrations greater than 0.5 uM of AF were cytotoxic.
To confirm whether the AF-induced cell death was due to
apoptosis, DNA fragmentation was analysed in AF-treated
NB4 cells. As shown in Figure 2a and b, an apparent DNA
ladder and fragmented nuclei were observed when the cells
were treated with 1 uM AF. In addition, the BrdU-labelled
DNA fragments were detected only in the cytoplasm of cells
incubated with AF, but not in the culture media (Figure 2c),
indicating that AF-induced cell death is not the result of cell
lysis due to the loss of membrane integrity. These findings
suggest that AF-induced cell death was caused by apoptosis
and not by a mechanism involving necrosis.

To examine whether the AF-induced apoptosis was
mediated by activation of caspase-3, the cleavage of PARP,
which is known to be a substrate of caspase-3, was elucidated
by Western blot analysis. Whereas only the 116kDa intact
PARP was observed in untreated control cells, an additional
85kDa cleavage fragment was detected in AF-treated cells
(Figure 3a). Preincubation for 1.5h with z-DEVD.fmk, a
specific inhibitor of caspase-3, markedly inhibited AF-induced
apoptosis (Figure 3b), suggesting that caspase-3 activation is
involved in AF-induced apoptosis.
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Figure 1 Inhibition of the growth of NB4 cells by AF. NB4 cells
(1 x 10°/ml) were incubated for 1-4 days in culture media containing
different concentrations of AF (0.1-1 uM). At the indicated times

after AF treatment, the number of viable cells at each concentration
was determined in triplicate by use of a haemocytometer.

Involvement of ROS production in AF-induced apoptosis

Previous evidence has suggested that ROS is a mediator of
apoptosis of APL cells and AF is able to induce ROS
generation. Hence, we investigated whether the production of
ROS is associated with the AF-induced apoptosis of NB4 cells.
After being labelled with DCFH-DA, the NB4 cells were
treated with 1 uM AF and then observed with a fluorescence
microscope. DCFH-DA is converted to DCFH by nonspecific
esterases in cells and the resultant DCFH can be oxidized to a
fluorescent compound, DCF, in the presence of ROS. There-
fore, ROS-generating cells can be identified with a fluorescence
microscope. As shown in Figure 4a, a fluorescent signal was
detected in the cells incubated with AF. Even though the
number of fluorescent cells was lower in the AF-treated group
than in the H,O, (50 uM)-treated positive control group, a
significant difference was obtained between the AF-treated
group and the untreated negative control group. To confirm
the involvement of ROS, we tested the effect of the antioxidant
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Figure 2 AF-induced DNA fragmentation in NB4 cells. (a) The
NB4 cells were incubated with medium alone (control) or 1 uM AF
for 24h. Genomic DNAs were isolated and analysed on a 1%
agarose gel. (b) The AF-treated cells were stained with Hoechst
33342 (10 uM) for 30 min, and then observed under a fluorescence
microscope equipped with a DAPI filter. (c) BrdU-labelled NB4 cells
(1 x 10* cells) were incubated for 6 h in various concentrations of AF
(0-1 uM). The BrdU-labelled DNA fragments in the cytoplasm or
culture media were quantitated using cellular DNA fragmentation
ELISA kit (Roche, Germany). Experiments were carried out in
triplicate and the results represent means +s.d.
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Figure 3 The involvement of caspase-3 in AF-induced apoptosis.
(a) Western blot analysis of PARP in NB4 cells treated with AF.
After treatment with 1uM AF, the cells were lysed and 40 ug of
protein was electrophoresed on a 4-20% gradient SDS—polyacryla-
mide gel. Note that an 85 KDa fragment, which was the product of
PARP cleavage by caspase-3, could be detected in AF-treated cells.
(b) Inhibition of AF-induced apoptosis by a caspase-3 inhibitor. The
BrdU-labelled NB4 cells were preincubated for 1.5h with z-DEVD
(200 um) or DMSO (0.4%), which was used as a solvent for the
inhibitor, before exposure to AF (1 uM). The DNA fragment was
detected by the same method as in Figure 2(c).

N-acetyl-L-cysteine (NAC) on AF-induced apoptosis. Treat-
ment with AF in the presence of 10mM NAC attenuated
AF-inhibited cell growth by 80% and significantly protected
against cell death (Figure 4b and c). These results indicate that
a ROS-dependent pathway is involved in the apoptosis
induced by AF.

Enhancement of cell differentiation by the combined
treatment with AF and ATRA

As low concentrations (0.3 uM) of AF retarded cell growth
(Figure 1), we determined whether the inhibition of cell growth
was accompanied by cell differentiation. To verify that AF
could induce cell differentiation, the NB4 cells were incubated
with 0.3 uM AF for 4 days. After incubation, the cells were
stained with Giemsa solution and the morphological changes
were examined. As shown in Figure 5b, no significant changes
were observed following a single treatment of AF. However, a
low concentration of AF (0.3 uM) combined with a low
concentration ATRA (5nM) markedly increased the number
of cells with differentiated features, such as lobed or multiple
nuclei accompanied by numerous granules and vacuoles,
compared to those cells treated with AF or ATRA alone
(Figure 5a—d). It was not possible to test the effects of ATRA
in combination with AF at concentrations of AF higher than
0.3 uM, as at higher concentrations it has a cytotoxic effect.
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Figure 4 AF-induced apoptosis mediated via the ROS signalling
pathway. (a) Exponentially growing cells (1 x 10°/ml) were labelled
with 0.5 uM DCFH-DA for 1 h and then incubated with 1 uM AF for
24 h. Treatment with 50 uMm H,O, for 1h was used as a positive
control. After being washed with PBS, cells were analyzed by a
fluorescence microscope (excitation and emission wavelength: 495
and 525 nm, respectively). (b) For recovery of growth inhibition by
NAC, NB4 cells were treated with AF (0.5 or 1uM) alone or
together with 10 mM NAC. After treatment for 53 h, the number of
viable cells was determined in triplicate by counting with a
haemocytometer. The results are expressed as cell survival relative
to the control treatment. (c) Effect of NAC on AF-induced DNA
fragmentation; the NB4 cells were incubated for 6h with AF
(0.5 uM) alone or together with 10mM NAC. DNA fragmentation
was quantified using a cellular DNA fragmentation ELISA kit. The
results represent means +s.d. of data from three experiments.

We also investigated the effect of the combination of AF
and ATRA on the expression of the differentiation marker
CD11b by flow cytometric analysis. Only 7.2 or 28.9% of the
cells treated with AF (0.3uM) or ATRA (5nM) alone,
respectively, were positively stained by the RPE-conjugated
monoclonal antibody against human CD11b. However, when
the cells were treated with the combination of AF and ATRA,
72% of the cells were positively stained. The expression
pattern with the combined treatment was similar to that
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obtained after treatment with 1uM ATRA (96%), which
induced differentiation of all NB4 cells (Figure 6). Isotype
controls with RPE-conjugated mouse IgGl exhibited no
positively stained cells (data not shown).
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Figure 5 Induction of cell differentiation by the combined treat-
ment with AF and ATRA at low doses. The cells were incubated
with AF (0.3 um) alone, ATRA (5nM) alone or a combination of AF
(0.3 um) with ATRA (5nM) for 4 days. To evaluate cell differentia-
tion, the treated cells were stained with Giemsa solution and
photographed ( x 400).

C/EBP¢, which is a potential retinoid target gene, plays a
crucial role in the granulocytic differentiation of PML cells
(Morosetti et al., 1997). Therefore, the upregulation of C/EBP¢
was investigated as another indicator of cell differentiation.
Figure 7 shows that the combined treatment with AF (0.3 uM)
and ATRA (5nM) increased C/EBPe¢ expression to the same
level as the treatment with 1 uM ATRA, which was used as a
positive control. If these results are taken together, it is evident
that the combination of low doses of AF and ATRA induces
differentiation of NB4 cells, even though at these low doses
neither AF nor ATRA alone elicited marked cell differentiation.

Discussion

ATRA has been used as a therapeutic treatment of APL due to
its ability to induce differentiation of the leukaemic cells into
mature granulocytes. Many patients treated with ATRA alone
have a relapse and acquire resistance to ATRA, therefore,
some combined treatments with chemotherapy have been tried
to prevent early relapse and improve long-term survival

AF 0 0.3 0 0.3 0 uMm
ATRA 0 0 5 5 1000 nM

— e | - i

Figure 7 Induction of C/EBPe¢ in differentiated NB4 cells. The
NB4 cells were incubated for 4 days with AF or ATRA and then
50 pug of protein was subjected to Western blot analysis to detect the
expression of C/EBPe. The experiments were performed three times
and the results from the three experiments were similar.
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Figure 6 Flow cytometric analysis of CD11b expression in NB4 cells treated with AF and ATRA. Cells were incubated with AF
(0.3 uM) alone, ATRA (5nM) alone or a combination of AF (0.3 uM) and ATRA (5nM). After 4 days, the cells were collected,
stained with antibody against human CD11b and analysed by a flow cytometer. Control represents untreated cells. Also, the cells
treated with 1 uM of ATRA were used as a positive control. The results shown here are representative of two separate experiments.
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(Grignani et al., 1994; Tallman et al., 2002). The present study
is the first to demonstrate the ability of AF to induce apoptosis
as well as differentiation of APL cells, on the basis of which
AF could be developed as a novel drug for the treatment of
APL.

AF generated intracellular ROS, and the treatment of cells
with AF in combination with NAC protected against the AF-
induced apoptosis (Figure 4). These findings suggest that ROS
signalling is involved in the induction of apoptosis by AF.
NAC has been widely used as an antioxidant reagent.
However, NAC can also react directly with thiol-reactive
compounds, since it has a thiol group. Indeed, Hayakawa et al.
(2003) demonstrated that NAC blocked tumour necrosis
factor (TNF)-stimulated NF-xB activation by inhibiting the
binding of TNF to its receptors. These authors hypothesized
that NAC changes the structure of the TNF receptor, as the
extracellular domain of the TNF receptor has four conserved
cysteine-rich repeats that are involved in the formation of
disulphide linkages. In this study, a high concentration of
NAC (10mM) was used and the NAC was added to the cells
together with AF. Therefore, it is possible that the NAC reacts
with the thiol-reactive AF. If so, the protective effect of NAC
on apoptosis is due to a structural change in the thiol-reactive
AF rather than the elimination of ROS. Further studies with
nonthiol antioxidant reagents are required to elucidate the
mechanism of this effect of NAC.

Caspase-dependent apoptosis, in certain cell types, involves
processes that disrupt mitochondrial transmembrane potential
and release cytochrome c; antiapoptotic Bcl-2 family proteins
prevent this effect. Very recently, it was reported that AF could
also induce mitochondrial permeability transition (McKeage,
2002; Rigobello et al., 2002). In addition, we confirmed that
cytochrome c is released from mitochondria into cytosol in the
AF-induced apoptotic cells (data not shown). Therefore, it is
likely that the mechanism of AF-induced apoptosis involves an
increase in mitochondrial permeability, cytochrome ¢ release,
caspase-3 activation, PARP cleavage and DNA fragmentation.
To elucidate the mechanism in more detail, we are studying
signalling pathways including those involved in AF-induced
programmed cell death.

AF is an antirheumatic drug with immunosuppressive and
anti-inflammatory properties and it is known to inhibit NF-xB
activation by blocking IxB-kinase (Jeon et al., 2000). NF-xB is
important in cell survival, acting as a transcription factor to
induce the expression of antiapoptotic IAP genes (Lee &
Collins, 2001). If AF inhibits NF-xB activation in NB4 cells, it
may induce apoptosis. However, NF-xB activation has also
been shown to induce apoptotic cell death (Dirsch et al., 1998).
Therefore, the effect of AF on NF-kB activation should be
elucidated in NB4 leukaemic cells.

Recently, Akahoshi et al. (2000) studied the effect of AF on
neutrophil apoptosis. They showed that 1 uM AF prolonged
neutrophil survival by delaying apoptosis. On the basis of this
finding, the dose of AF used in our study could be employed to
treat APL with the knowledge that it would not have any toxic
effects on normal blood cells.

Subeffective concentrations of AF (0.3 uM) and ATRA
(5nM) applied as a combined treatment resulted in an
enhancement of NB4 cell differentiation (Figures 5-7). Other
leukaemic HL-60 cells, where the PML-RAR« fusion protein
is missing, were also shown to have differentiated morphology
when the cells were incubated for 5 days in a medium
containing AF and ATRA, although slightly higher doses of
AF (0.5 um) and ATRA (10 nM) were required than in the case
of NB4 cells (data not shown). However, so far, the mech-
anisms of AF-enhanced cell maturation remain unclear and to
discern them we are, at present, investigating the signalling
pathways and the degradation/localization of PML-RARu«.

In several studies it has been demonstrated that HL-60 and
U937 cells require a higher dose of As,O; for induction of
apoptosis than NB4 cells, and that this is due to increased
amounts of glutathione Peroxidase (GPx) and catalase in
these cells (Jing et al., 1999; Cai et al., 2000). In our system,
the HL-60 cells were slightly resistant to AF (for apoptosis,
the effective concentrations of AF were 0.5-1.0 uM in NB4
cells and 1.0-2.0uM in HL-60 cells), but the U937 cells
were as sensitive as the NB4 cells to AF, even though U937
cells have much higher concentrations of GPx and catalase
than the NB4 cells (data not shown). Therefore, it is likely that
AF induces apoptosis, in part, via different mechanisms from
As,0;.

AF is a lipophilic organometallic complex that has been
widely used for the treatment of rheumatoid arthritis. For the
management of rheumatoid arthritis in adults, the recom-
mended initial daily dose of AF is 6 mg. Unlike other available
gold compounds, this drug can be given by mouth, and is
relatively well absorbed from the GI tract. Following oral
administration of multiple doses of AF in patients, steady-state
blood gold concentrations are usually attained after 8-12
weeks; these are approximately 0.5-0.7 ugml~! (0.7-1.0 uM) in
patients receiving 6 mg daily, and 0.9-1.0 ygml™" (1.3-1.5 uM)
in patients receiving 9 mg daily. At these doses, AF has been
used with favourable results, and with no adverse toxic side
effects, for the management of rheumatoid arthritis (McEvoy
et al., 2002).

Our study showed that AF-induced apoptosis of NB4 cells
at a concentration of 1.0 uM (0.7 ugml™") and the combined
use of 0.3uM (0.2ugml™') AF and 5nM ATRA induced
differentiation in vitro. These doses are widely employed for
the management of rheumatoid arthritis without any side
effects, and therefore may be used for treating APL without
the risk of serious toxicity.
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cytology specimens. This work was supported by grant no (R04-2002-
000-20121-0) from the Basic Research Program of the Korea Science &
Engineering Foundation.
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