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The alkylating prodrug J1 can be activated by aminopeptidase N, leading to a
possible target directed release of melphalan
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A B S T R A C T

The alkylating prodrug of melphalan, J1 (melphalanyl-L-p-fluorophenylalanyl ethyl ester) is currently in

early clinical trials. Preclinical studies have shown that J1-mediated cytotoxicity is dependent on

hydrolytic activity of tumor cells. In this report we have analyzed potential peptidases and esterases of

importance for release of free melphalan from J1. Exposure of tumor cell lines to J1 resulted in a

significant increased level of free intracellular melphalan, at least tenfold at Cmax, compared to exposure

to melphalan at the same molar concentration. This efficient intracellular delivery could be inhibited in

both magnitude and in time by bestatin, a broad spectrum inhibitor of the aminopeptidases, including

the metalloproteinase aminopeptidase N (APN, EC 3.4.11.2.), and ebelactone A, an esterase inhibitor.

These effects resulted, as expected, in decreased cytotoxic effects of J1. A specific role of APN in

hydrolyzing J1 releasing free melphalan was demonstrated in vitro with pure APN enzyme. By using

plasmid-based overexpression of APN or down regulation of endogenous APN with siRNA in different

tumor cell lines we here confirm the involvement of APN in J1-mediated cytotoxic and apoptotic

signaling. In conclusion, this study demonstrates a role of APN in the activation of the melphalan prodrug

J1 and subsequently, its cytotoxicity. Given that APN is shown to be overexpressed in several solid

tumors our data suggest that J1 may be activated in a tumor selective manner.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

During the last decade the development of novel cancer
therapies with a rational molecular target has been intense, mostly
aiming to affect a specific genetic difference between tumor- and
normal cells, e.g. oncogenic activation of a tyrosine kinase. This
approach has indeed generated drugs that revolutionized cancer
therapy, herceptin and imatinib targeting Her-2 and Bcr-Abl being
two examples. Yet another avenue to selectively target tumor cells
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is to take advantage of phenotypic rather than monogenetic
differences between normal and tumor cells. These phenotypic
differences can include elevated protease activity or overexpressed
transporters, which can be used to selectively activate or
accumulate a chemotherapeutic prodrug within tumor cells or
in their close vicinity, thereby achieving an increased therapeutic
ratio.

J1 (melphalanyl-L-p-fluorophenylalanyl ethyl ester hydrochlo-
ride) is a prodrug of melphalan and we have earlier in a number of
publications described that it exhibits significantly higher in vitro
and in vivo cytotoxicity than melphalan itself despite identical
alkylating capacity [1–6]. These results indicate that J1 upon
addition to cells becomes activated generating free melphalan.
Thus in tumor cells a limited exposure time which simulate short
half-life in vivo, proved more favorable for J1 than for melphalan,
indicating a ‘‘trapping’’ mechanism [4]. In addition, inhibition of
peptidase activity resulted in a decreased activity of J1, and
derivatives designed to resist the action of peptidases were less
active than the corresponding normal dipeptide [4].
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Aminopeptidases are metalloproteinases that remove amino
acids from unblocked N-terminal positions of oligopeptides.
These proteinases have broad substrate specificity and are widely
distributed [7–9]. One of the most studied aminopeptidases is the
membrane-bound aminopeptidase N (APN, EC 3.4.11.2.), also
known as CD13, which is reported to be involved in different
cellular processes that constitute the hallmarks of a tumor i.e. cell
growth, invasion, metastasis [8,10]. APN is also shown to have a
functional role in tumor angiogenesis [11,12] and there is a strong
correlation between the expression of APN and the invasive
capacity of a numerous tumor cell types [8]. Moreover, APN is
reported to be overexpressed or have an altered enzymatic
activity in many tumor types such as breast-, lung-, ovarial-, and
thyroid cancer [8,13–15]. A fully enzymatically active soluble
form of APN has been recognized to show an increased expression
at tumor sites [8,16–19]. Also other aminopeptidases, e.g. leucyl
aminopeptidase (LAP), has been associated with tumor develop-
ment and is reported to be overexpressed in several tumor types
[20,21].

Thus it seems reasonable to suggest aminopeptidases in
general, and maybe APN in particular, as suitable targets for
both antitumor- as well as antiangiogenic therapy towards
tumors [9,22,23]. Along this line is the development of APN
inhibitors that have shown promising results in tumor bearing
animals and in early clinical trials against different tumor types
either alone or in combination with conventional chemotherapy
[24–26]. Interestingly, attempts to direct conventional chemo-
therapeutic agents towards tumors by adding an APN-homing
sequence, Cys-Asn-Gly-Arg-Cys (CNGRC) to doxorubicin, 5-
fluoro-20-deoxyuridine, cisplatin or TNF-a have recently been
described [11,27–30].

In this report we have investigated the function of the
metalloproteinase APN and esterases in the hydrolytic activation
of J1 generating a potential activation mechanism of J1
summarized in Fig. 1. Our results confirm that the hydrolysis
results in an increased cytotoxic activity of J1, over melphalan.
Using the purified enzyme we show that J1 in fact is a substrate
for APN, and that melphalan is the product. Importantly,
manipulation of APN protein expression in human tumor cell
lines altered J1-mediated pro-apoptotic signaling and cytotox-
icity. Taken together, the results provide evidence that APN is
involved in the activation of J1, a mechanism associated with the
tumor cells per se but which may also influence the vascular
compartment.
Fig. 1. Schematic picture of the cleavage of J1 (melphalanyl-L-p-fluorophenylalanyl

ethyl ester hydrochloride), by aminopeptidases (AP) to melphalan or by esterases

(ES) to L-melphalanyl-p-L-fluorophenylalanine (Mel-pFPhe-OH).
2. Materials and methods

2.1. Human tumor cell lines

Tumor cell lines used were the non-small cell lung carcinomas
NCI-H23 (ATCC, LGC Standards, Borås, Sweden) and U1810 [31],
the cervical adenocarcinoma HeLa (ATCC), the breast cancer line
MCF-7 (ATCC), the neuroblastoma SH-SY5Y (kind gift from
Professor Per Kogner, Karolinska Institutet, Sweden), and histio-
cytic lymphoma U937 [32]. Cells were grown in RPMI 1640
medium (H23, U1810, U937) or Minimal Essential Medium Eagle
(SH-SY5Y, MCF-7, HeLa) supplemented with 10% heat-inactivated
fetal calf serum, 2 mM glutamine, 100 mg/ml streptomycin, and
100 U/ml penicillin (plus 100 mM sodium pyruvate for MCF-7,
HeLa) at 37 8C in a humidified 5% CO2 atmosphere. Medium and
supplements were purchased at Sigma–Aldrich, Stockholm,
Sweden.

2.2. Drugs

J1 and its de-esterified derivative L-melphalanyl-p-L-fluor-
ophenylalanine triflouroacetate salt (Mel-pFPhe-OH, obtained
by LiOH-hydrolysis of J1) (gifts from Oncopeptides AB, Stock-
holm, Sweden) were dissolved in DMSO or in 99.5% ethanol with
2% HCl. Melphalan was obtained as Alkeran1 from the Swedish
Pharmacy (Apoteket AB, Uppsala, Sweden) and was dissolved
according to the manufacturer. All substances were further
diluted in sterile water, phosphate-buffered saline (PBS; Sigma–
Aldrich) or cell culture media to appropriate concentration
prior to start of experiments to avoid mustard hydrolysis.
Molecular structures of the three studied compounds are shown
in Fig. 1.

2.3. Measurement of intracellular concentrations of J1 and melphalan

Cells were suspended (2.5 � 106/ml) in warm (37 8C) complete
medium and 10 mM J1 or melphalan was added. At 0, 5, 15, 30, 60
and 120 min a sample of 5 � 106 cells were withdrawn,
immediately put into 8 ml ice-cold PBS and centrifuged
(200 � g, 5 min). A sample (150 ml) of the supernatant was taken
and frozen, the PBS was carefully removed and the cells were
washed again in 10 ml of ice-cold PBS. After centrifugation
(200 � g, 5 min) the cell pellet was solubilized in 200 ml
ethanol/acetonitrile (1:1, v/v), thereafter the precipitate was
removed by centrifugation (7800 � g, 3 min) and 150 ml of the
supernatant was saved. The samples were immediately frozen at
�70 8C until analysis. Samples were analyzed as previously been
described (modified from [4,33]) or by HPLC using C18 column with
positive ion electrospray tandem-mass spectroscopic detection by
Analyst Research Laboratories, Israel or by OncoTargeting AB,
Sweden.

2.4. Fluorometric microculture cytotoxicity assay

Cell viability after drug exposure was analyzed with
fluorometric microculture cytotoxicity assay (FMCA) as de-
scribed [34,35]. The FMCA is a total cell kill assay, based on
measurement of fluorescence generated from hydrolysis of
fluorescein diacetate (FDA; Sigma–Aldrich) to fluorescein
(measured at 485/520 nm).

2.5. Enzyme inhibition experiments

The enzyme inhibitors bestatin (inhibiting a number of
aminopeptidases including APN, LAP, aminopeptidase B), actino-
nin (inhibitor of LAP but also APN), chymostatin (inhibitor of
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chymotrypsin, papain and cathepsins A, B and C), puromycin
(inhibitor of puromycin-sensitive aminopeptidase (PSA)) and
ebelactone A (inhibitor of esterases) (all purchased from Sigma–
Aldrich) were used to evaluate the impact of the different enzymes
on the cytotoxic effect of J1, melphalan and Mel-pFPhe-OH,
respectively. In these analyses, cells were pre-incubated with non-
toxic concentrations (determined in preparatory experiments, data
not shown) of bestatin (10 mM), actinonin (200 mM), chymostatin
(100 mM), puromycin (100 nM), and ebelactone A (100 mM) for
60 min, before drug exposure.

2.6. Enzyme kinetics

To establish if J1 and Mel-pFPhe-OH are substrates for APN-
mediated hydrolysis, J1 or Mel-pFPhe-OH (10 mM) was added to a
buffer solution (0.05 M Hepes, 0.15 M NaCl, pH 7.0) with the pure
enzyme (final concentration of 0.125 U/ml aminopeptidase N, EC
3.4.11.2; Sigma–Aldrich) and samples of 50 ml were withdrawn at
1, 5, 10, 15 and 30 min. Adding acetonitrile and subsequent
incubation on ice interrupted the reaction. To assess spontaneous
hydrolysis under these conditions, samples of 10 mM of melphalan
or J1 incubated in buffer solution alone were analyzed at 0 and
30 min, respectively [4,33].

2.7. Transfection of aminopeptidase N

H23 or HeLa cells were seeded in 6-well plates and the next day
transiently transfected with the cDNA coding for human APN, full
length in the pTej4 or pTej8 vector (H23 and HeLa) or APN lacking
the membrane attaching sequence (representing the soluble form
of APN) in the pTej4 vector (HeLa) [36] using Lipofectamine 2000
(Invitrogen, Stockholm, Sweden) or Fugene HD transfection
reagent (Roche Diagnostics Scandinavia AB, Bromma, Sweden)
according to the standard protocols. H23 and HeLa cells were
harvested 24 and 72 h after transfection, respectively. Specific
increase in APN expression and enzyme activity was confirmed by
Western blot and colorimetric analysis, respectively.

2.8. Small interfering RNA (siRNA) analysis

U1810 cells were transfected with ON-TARGETplus SMARTpool
Human APN (NM_001150) using the DharmaFECT1 reagent as
recommended by the manufacturer (Dharmacon, Inc., Lafayette
CO, USA). In preparatory experiments, a siControl Non-targeting
pool (D001810) (Dharmacon) was used (data not shown). Briefly,
2.0 � 105 cells/well were seeded into 6-well plates and the next
day transfected with 50 nM siRNA mixed with 2 ml DharmaFECT1.
Treatment with J1 was performed 48 h after transfection. siRNA
suppression of APN expression and enzymatic activity in U1810
cells was confirmed by Western blot and colorimetric analysis,
respectively.

2.9. Western blot analysis

Total protein content was extracted from cells using RIPA buffer
(50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.5% Igepal, 5 mM EDTA
(pH 8.0), 0.1% SDS) supplemented with 1� PhosStop and Mini
Protease inhibitor cocktail tablets (Roche Diagnostics, Basel,
Switzerland). Thirty mg protein from each sample was resolved
on SDS polyacrylamide gels and transferred to nitrocellulose
membrane (Hybond ECL, Pharmacia Biotech, GE Healthcare,
Uppsala, Sweden), blocked in 5% BSA and probed with primary
antibody. For APN detection, 3–8% Tris–acetate gels in NuPage
Tris–acetate running buffer (EA0378BOX, Invitrogen) and for Jun
N-terminal kinase (JNK) and c-Jun detection, 10% Bis–Tris gels in
NuPage MOPS running buffer (NP0322BOX, Invitrogen) were used.
The membranes were probed with the following commercial and
validated primary antibodies: phospho-JNK (Thr183/Tyr185)
(#9251) [37], phospho c-Jun (Ser63) (#9261) [38] (both from Cell
Signaling Technology, Danvers, MA), JNK (sc-571) [39] and APN/
CD13 (sc-13536) [40] (both from Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) and GAPDH (#2275 PC-1) from Trevigen
(Gaithersburg, MD, USA). The membranes were immunoblotted
with primary antibodies overnight at 4 8C followed by probing
with either mouse or rabbit HRP-conjugated secondary antibody
(GE Healthcare) for 45 min at room temperature before ECL-
reagent was added (Pierce, Rockford, IL, USA). Images were
scanned and quantified by Quantity One software (Bio-Rad,
Hercules, CA, USA).

2.10. Colorimetric analysis of APN

Enzymatic activity of APN was measured with the APN
substrate L-alanine-4-nitro-anilide (Sigma–Aldrich) as previously
described [41]. Briefly, intact cells were incubated with L-alanine-
4-nitro-anilide (2 mM) for 30 or 60 min and free nitro-aniline was
detected by absorbance measurement at 405 nM.

2.11. Caspase-3 activation analysis

Caspase-3 activity was analyzed using FITC conjugated
antibody against caspase-3 in flow cytometry. Briefly, cells
were harvested and fixed in 4% phosphate-buffered formalde-
hyde for 5 min at RT. After rinsing in PBS, cells were incubated in
100 ml permeabilizing buffer (10 mM HEPES, 0.5% Triton-X-100,
3% BSA) containing antibody against the active form of Caspase-
3 (1:20) (BD#559341, FITC-conjugated) (BD Biosciences, Stock-
holm, Sweden) on a rotating wheel at 4 8C o/n. Flow cytometry
analysis was done in the FL-1 channel of a FACS calibur (BD
Biosciences).

2.12. Statistics

The cytotoxic IC50-vaules (inhibitory concentration 50%) of the
drugs were determined from log concentration–effect curves in
Graph Pad Prism (GraphPad software Inc., La Jolla, CA, USA) using
non-linear regression analysis. Comparison between two groups
was made with unpaired t-test, P < 0.05 was considered signifi-
cant.

3. Results

3.1. Treatment of human tumor cell lines with J1 results in higher

intracellular concentration of melphalan than after melphalan

treatment

The intracellular kinetics of J1 and melphalan following
exposure to equal molar concentrations was analyzed in the
tumor cell lines U1810, H23, HeLa, SH-SY5Y, and MCF-7. Results for
U1810 are displayed in Fig. 2A, the curves for H23, HeLa, MCF-7,
and SH-SY5Y showed a similar pattern (supplementary Fig. S1).
Exposure of the tumor cells to J1 rapidly resulted in a high
intracellular concentration of liberated melphalan, with a peak
concentration reached after approximately 15 min. In comparison,
after melphalan exposure the Cmax of intracellular melphalan was
detected after 60 min, and more importantly, the obtained
maximum intracellular concentration of melphalan was only
one twentieth to one tenth of the concentration achieved after J1
exposure (Fig. 2A and B). The same relationship was found for the
total melphalan exposure after J1 and melphalan addition
respectively as estimated by the AUC0–120 min (Fig. 2B). The de-
esterified metabolite Mel-pFPhe-OH was detected as a relatively



Fig. 2. J1 treatment of human tumor cells results in intracellular accumulation of melphalan and is decreased and delayed by inhibitors of aminopeptidases and esterases. The

intracellular concentrations of J1, melphalan and the de-esterified form Mel-pFPhe-OH were analyzed in cell pellets of the tumor cell line U1810 after exposure to 10 mM of J1

(A, left panel) or melphalan (A, right panel) at 0–120 min. One representative experiment of two is shown. The relationship of Cmax and total exposure of melphalan (measured

as AUC0–120 min) after J1 and melphalan addition respectively is displayed in five tumor cell lines (B). Intracellular concentrations were also measured after J1 exposure

(10 mM) in the presence or absence of pretreatment of bestatin (10 mM, 60 min; C, left panel) or ebelactone A (100 mM, 60 min; C, right panel), at 0–120 min or at 15 min (D,

mean of three experiments �S.E.M.).
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short-lived intermediate in the activation of J1, with Cmax within a
few minutes after start of exposure and with varied quantity
within the different cell types examined, presumably as a
consequence of differences in esterase activities (Fig. 2A and
supplementary Fig. S1).
3.2. Impaired cytotoxic activity of the de-esterified form of J1: Mel-

pFPhe-OH

Mel-pFPhe-OH, demonstrated a significantly lower cytotoxic
activity compared to J1 in all tested cell lines (P < 0.001, Table 1).



Table 1
Cytotoxic activity as IC50 (mM) of J1, melphalan and L-melphalanyl-p-L fluorophenylalanine (Mel-pFPhe-OH) after 30 min drug exposure and fold change for cells pretreated

with the aminopeptidase inhibitor bestatin (10 mM, 60 min) or the esterases inhibitor ebelactone A (100 mM, 60 min) compared to the non pretreated cells. The activity was

analyzed in FMCA (tested in duplicated, two–three individual experiments). Statistics from t-tests of pretreated cells vs untreated controls on log IC50 values, significance

levels: *P<0.05, **P<0.01, ***P<0.001 and NS non-significant. Nd = not determined.

Cell line Drug IC50 (mM) +Bestatin +Ebelactone A

Fold change Significance Fold change Significance

MCF-7 J1 3.41 2.0 ** 2.5 **

Melphalan 503 0.9 NS 1.5 NS

Mel-pFPhe-OH 222 1.5 * 1.4 NS

HeLa J1 9.06 2.5 *** 2.3 ***

Melphalan 879 1.0 NS 1.1 NS

Mel-pFPhe-OH 562 1.9 * 1.1 NS

U1810 J1 0.437 2.5 ** 1.1 NS

Melphalan 162 1.0 NS 1.1 NS

Mel-pFPhe-OH 61.1 2.1 * 1.1 NS

H23 J1 5.32 3.0 *** 1.7 **

Melphalan 792 1.1 NS 1.1 NS

Mel-pFPhe-OH 401 2.2 * 1.5 NS

U937 J1 0.327 2.4 ** 1.7 *

Melphalan 15.6 1.2 NS 0.8 NS

Mel-pFPhe-OH 45.5 Nd – Nd –

SH-SY5Y J1 0.227 2.9 ** 1.7 *

Melphalan 36.9 0.8 NS 1.1 NS

Mel-pFPhe-OH 56.5 Nd – Nd –

Fig. 3. J1 is a substrate for aminopeptidase N and melphalan is the product. J1

(10 mM) was added to a buffer solution containing APN (0.125 U/ml) and the

degradation of J1 and liberation of free melphalan were followed over time using

HPLC. For comparison, spontaneous hydrolysis of J1 (the bis (2-chloroethyl) amines

part) in the same buffer solution is depicted. After the non-enzymatic hydrolysis of

J1 no melphalan was detected. Melphalan 10 mM yielded a peak signal at

81 mV min. One representative experiment of three is shown.
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The activity was approximately in the same order of magnitude as
melphalan.

3.3. J1-induced cytotoxicity is reduced by inhibitors of

aminopeptidases and esterases

Several inhibitors were screened for their effect on J1-mediated
cytotoxicity in different human tumor cell lines (Table 1). When
the tumor cells were pretreated with the aminopeptidase inhibitor
bestatin, the cytotoxic activity of J1, but not melphalan, was
significantly decreased in all the tested cell lines (P < 0.01, Table 1)
and a mean fold change of 2.5 times in IC50 relative to cells treated
with J1 alone was observed. Pretreatment with the esterase
inhibitor ebelactone A significantly reduced the cytotoxic activity
of J1 in five of six cell lines tested (P < 0.05, Table 1), the mean fold
change in IC50 was 1.9 times. The cytotoxic activity of Mel-pFPhe-
OH was significantly inhibited by bestatin pretreatment in all of
the four tested cell lines (P < 0.05, Table 1) while ebelactone A did
not impair this activity in any of the tested cell lines (Table 1).
Examining the hydrolysis of the substrates L-alanine-4-nitroani-
lide and FDA respectively further substantiated the inhibited
activity of APN by bestatin and esterase by ebelactone A. The APN
activity was 10–55% in the bestatin-treated cells compared to the
untreated cells and the esterase activity was 25–43% in the
ebelactone A treated cells compared to the untreated cells (data
not shown).

In contrast, the other tested enzyme inhibitors: puromycin
(primarily inhibitor of PSA but also APN), actinonin (inhibitor of
LAP and APN) and chymostatin (inhibitor of chymotrypsin, papain,
cathepsin A, B, C) did not have any significant effect on the J1-
induced cytotoxicity in any of the cell lines examined (U937 and
SH-SY5Y, data not shown).

3.4. Conversion of J1 to melphalan is decreased and delayed by

inhibitors of aminopeptidases and esterases

The effects of bestatin and ebelactone A on the intracellular
accumulation of melphalan, J1 and Mel-pFPhe-OH after J1
exposure were studied in U1810 (Fig. 2C and D), H23, HeLa,
MCF-7 and SH-SY5Y (supplementary Fig. S2). Both bestatin and
ebelactone A were found to reduce intracellular accumulation of
melphalan from J1 shown as decrease and shift in time of
melphalan Cmax (U1810, Fig. 2C). In bestatin-treated U1810 cells
Mel-pFPhe-OH remained in the cells for a longer time compared to
the cells not treated with inhibitor (Fig. 2A, C, D), whereas in
ebelactone A-treated U1810 cells the formation of Mel-pFPhe-OH
was inhibited resulting in less melphalan (Fig. 2A, C, D). These
observations were confirmed in HeLa, H23, MCF-7 and SH-SY5Y
(supplementary Fig. S2).

3.5. J1 is a substrate for APN and melphalan is the product

To confirm the involvement of APN in conversion of J1 to free
melphalan experiments were performed using purified APN in a
buffer system (Fig. 3). J1 disappeared within this buffer with a half-
life of about 2.5 min and melphalan was formed at the same rate



Fig. 4. Overexpression of aminopeptidase N increases J1-induced cell cytotoxicity and activation of caspase-3. Two different cell types, cervical cancer cells HeLa (A, B) or non-

small cell lung carcinoma cells H23 (C, D) were transiently transfected with a vector encoding full-length APN (fl-APN) or soluble APN (sAPN). At 72 h post-transfection, HeLa

cells were treated with J1 or melphalan for 15 min and cell viability assessed using FMCA at 72 h (A). A change on log IC50 in cells transfected with sAPN was demonstrated

compared to the negative control vector (P < 0.05; A, left upper panel). The survival index at 5 mM of J1 in the different transfectants were found to be statistically increased

between negative control and fl-APN (t-test, *P < 0.05) and sAPN (t-test, **P < 0.01) respectively (A, right panel). Mean � S.E.M. of three experiments is shown. The APN activity

and expression in the HeLa cells were measured using colorimetric assay (L-alanine-4-nitroanilide) and Western blot respectively (B, left and right panels respectively). H23 cells

M. Wickström et al. / Biochemical Pharmacology 79 (2010) 1281–12901286
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(Fig. 3). In the buffer, non-enzymatic hydrolysis of J1 occurred with
a half-life of approximately 41 min, similar to what would be
expected for bis (2-chloroethyl) amines in aqueous solutions [42].
No melphalan was released in the absence of APN. Thus we can, for
the first time, show that J1 indeed is a substrate for APN and that
free melphalan is the cleavage product. In a similar manner Mel-
pFPhe-OH was investigated as a substrate for APN and indeed it
was yielding free melphalan, but cleavage of the peptide bond
appeared approximately 50 times slower (corrected for spontane-
ous hydrolysis of chloroethyl groups, data not shown).

3.6. Overexpression of APN increases J1-induced tumor cell

cytotoxicity and activation of caspase-3

Effects of APN overexpression on J1-induced cytotoxicity and
pro-apoptotic signaling were investigated (Fig. 4). HeLa cells were
transiently transfected with either full-length APN or APN lacking
the membrane attaching sequence (soluble APN). Increases in
sensitivity towards J1 were observed in both transfectants, the IC50

was decreased to 76% (full-length APN) and 62% (soluble APN) of
the IC50 for the parental HeLa cells (Fig. 4A). As expected, the
sensitivity towards melphalan did not change with APN over-
expression (data not shown). Increased APN activity and expres-
sion were confirmed in the transfected HeLa cells (Fig. 4B).

To further confirm the increased sensitivity of J1 in cells
overexpressing APN, H23 cells with low endogenous APN
expression were transiently transfected with full-length APN.
Activation of caspase-3, a marker of apoptotic signaling, was
examined in parental H23 and cells transfected with full-length
APN after exposure to J1 (0.5 mM, 24 h) (Fig. 4C, left and right
panels). Overexpression of APN (confirmed by colorimetric assay
and Western blot, Fig. 4D, left and right panels) was indeed found
to increase J1-induced caspase-3 activity in J1-exposed cells, as
shown by 1.7-fold increase in caspase-3 activity while no caspase-
3 activation was observed in parental H23 cells (t-test, P < 0.05,
Fig. 4C).

3.7. siRNA mediated silencing of APN partly reduces J1-induced pro-

apoptotic signaling

In order to verify the importance of APN in J1-mediated cell
death, we analyzed J1-induced signaling effects after knockdown
of APN by siRNA in U1810, a cell line with high expression level of
endogenous APN. Almost complete suppression of APN expression
level was obtained (Fig. 5A, left panel) leading to decreased APN
activity (Fig. 5A, right panel). Activation of JNK is a central step in
signaling from initial DNA damage to activation of apoptotic
signaling. The effects of J1 on pro-apoptotic signaling in the
presence or absence of APN were analyzed by quantification of
phosphorylated and total forms of JNK1 and JNK2 and phospho c-
Jun respectively at 4 h post-J1 treatment (1 mM, Fig. 5B and C). In
untransfected control cells, levels of phosphorylated JNK 1 and 2
were increased following J1 exposure (non-significant tendency,
P > 0.05). This tendency could not be detected for siRNA
transfected cells (Fig. 5B), suggesting that silencing of APN
expression reduce J1-induced pro-apoptotic signaling (i.e. phos-
phorylation of JNK). Analysis of a JNK-target protein, i.e. the Ser63-
phosphorylation of c-Jun yielded similar results. A dose-dependent
were transiently transfected with fl-APN (H23-APN), at 48 h post-transfection and 24 h after

flow cytometry (C). C, left panel: the activity of caspase-3 is given as fold increase in caspase

three experiments. H23 transfected with fl-APN (H23-APN) showed significantly more act

panel: histogram showing caspase-3 associated fluorescence in parental H23 cells and APN-t

The APN activity and expression in H23 cells and H23-APN were measured using colorimetri

The data shown in the Western blot correspond to the data shown in C, right panel and the

0.5 mM J1, 24 h; (3) H23 cells transfected with fl-APN (H23-APN), untreated; (4) H23 cells
increase in phospho c-Jun (1.5- and 2-fold at 1 and 2 mM J1,
respectively, P < 0.05 vs control) is observed in control (i.e. non-
transfected) cells, but not in APN-silenced cells (Fig. 5C). Finally,
effects further downstream the apoptotic signaling cascade, and at
a later time-point (24 h), were analyzed by the activation of
caspase-3. In the control U1810 cells, J1 caused a 4-fold increase in
caspase-3 activity, which was partly reduced in APN siRNA cells
(duplicate experiments, Fig. 5D). In conclusion, this series of
measurements of early pro-apoptotic and apoptotic signaling,
suggest that APN is one of several peptidases that are required for
J1-induced apoptotic effects.

4. Discussion

A prodrug approach where the prodrug is selectively activated
in tumors (either directly by the cancer cells or by stromal cells), by
overexpressed prodrug-activating enzyme(s) could create impor-
tant therapeutic advantages. In this respect APN seems as an
adequate enzymatic target for antitumor- as well as antiangiogenic
therapy towards tumors [22,23]. In the current report, the novel
alkylating prodrug J1 was investigated with respect to its trapping
and activation mechanism by esterases and aminopeptidases in
general, and APN in particular. In a clinical setting, J1 may through
such activation mechanisms cause increased accumulation of free
melphalan within or in very close vicinity of tumor cells to induce
alkylation of tumor cell DNA and cell death. J1 is currently in phase
I-IIa clinical trial in advanced solid tumor malignancies. It is, from
these studies, suggested that that the advantage of J1 vs melphalan
will be most evident in tumors expressing higher levels of APN,
which may be those with an aggressive phenotype including high
angiogenic potential.

Previous preclinical studies with J1 have revealed high in vitro
activity and a beneficial therapeutic index in mice and rats
compared to melphalan [1–6]. Structure–activity relationship
studies suggested influence of enzymatic activation since peptide
composition (both selection of amino acid moieties and order) had
dramatic effects on the observed cytotoxicity, but also minor
dependency on lipophilicity suggesting passive transport into the
tumor cells [3]. Peptide analogues designed to resist enzymatic
cleavage of the peptide bond lost all advantage over melphalan [4].

In this report it is demonstrated that APN plays a specific role in
the hydrolytic activation of J1, we show that the purified enzyme
indeed acts on the prodrug to release melphalan. In line with our
previous findings [4], intracellular measurements revealed that J1
was quickly transported into tumor cells, resulting in rapid
accumulation of released melphalan. Bestatin, an inhibitor of
aminopeptidases including APN, PSA, and LAP [43], significantly
could decrease both intracellular melphalan concentrations and
the cytotoxic effects of J1. The different aminopeptidases have
closely related enzymatic activities with sometimes broad and
overlapping specificities, i.e. many substrates may be hydrolyzed
by more than one enzyme. Human APN, preferably hydrolyzes
substrates with an N-terminal alanine residue, but other neutral
amino acids may also be removed, the order of favored substrates
is: Ala > Phe > Tyr > Leu > Arg etc [8,44]. As a consequence, most
aminopeptidase inhibitors also lack tight specificity [25]. The N-
terminal phenylalanine analogue of J1 makes it a reasonable
substrate for APN, and overexpression of APN in tumor cell lines
0.5 mM J1 treatment, the effect on J1-mediated caspase-3 activation was analyzed using

-3 associated immunofluorescence signal and data presented are the mean � S.E.M. of

ive caspase-3 compared to parental H23 after J1 treatment (t-test, *P < 0.05). C, right

ransfected H23 cells (H23-APN). Filled grey: untreated cells; black line: 0.5 mM J1, 24 h.

c assay (as above) and Western blot respectively (D, left and right panels, respectively).

loading are as follows: (1) non-transfected H23, untreated; (2) non-transfected H23,

transfected with fl-APN (H23-APN), 0.5 mM J1, 24 h.



Fig. 5. Inhibition of aminopeptidase N expression and activity reduces J1-induced pro-apoptotic signaling. U1810 cells were transiently transfected with siRNA against APN. At

48 h post-transfection, parental and siRNA transfected U1810 cells were treated with 1 or 2 mM J1 for 4 h. The expression (A, left; Western blot) and the activity of APN (A, right;

colorimetric assay) were reduced in U1810 cells transfected with siRNA against APN compared to non-siRNA transfected cells. For space constraints cropped images are presented

but full pictures are found in supplementary Fig. S3A. Western blot analysis was used to examine levels of phosphorylated JNK1 and JNK2 and total JNK1 and JNK2 (B) and phospho

c-Jun (C) in U1810 controls and cells transfected with APN siRNA (siRNA APN). (B) Levels of phospho- and total JNK1 and JNK2 4 h after exposure to J1 1 mM were quantified from 3

independent experiments and corrected for loading differences using GAPDH. Outliers were detected with Grubb’s test (one for TJNK1 and one for TJNK2). (C) Phospho c-Jun (ser

63) was quantified from 3 independent experiments for 1 mM J1 and from 2 independent experiments for 2 mM J1 after correction for loading differences and is given as fold to

control with the mean values�SD after 1 mM J1 and mean values for 2 mM J1. For space constraints cropped images are presented but full pictures are found in supplementary Fig. S3B

(JNK) and S3C (phospho c-Jun). (D) FACS analysis of caspase-3 activity was performed at 72 h after transfection start and 24 h after J1 addition. Data show two independent APN siRNA

transfections where the caspase-3 response to J1 treatment, in comparison to treatment of non-siRNA transfected cells, was decreased by 28 and 12%, respectively.
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also resulted in increased J1-induced cytotoxicity and apoptotic
signaling. These effects were constricted to J1 and were not seen
for melphalan, and thus suggest a targeting mechanism by APN-
associated activation in situ (in the cytoplasm or at the cellular
membrane). However, experiments to demonstrate a direct
correlation to increased melphalan concentrations in these cells
were unsuccessful (not shown), this is most likely related to the
rather simple and numb method for measurements of intracellular
concentrations including two steps with 5 min washing while also
the parental cells presented with a very rapid formation of J1 to
melphalan, already after 5 min the majority of the added J1 had
been converted to melphalan. Specific inhibition of APN with
siRNA demonstrated partial reduction of J1-induced JNK or c-Jun
phosphorylation and showed decreased J1-induced caspase-3
activation. Although being non-significant from a statistical point
of view, these results are consequent and consistent with the other
experiments performed.

Although APN is mainly described as a membrane-bound
protein, human plasma contains a significant amount of an active
soluble form of APN [16,45], which suggests that certain cells may
secrete soluble APN. In the transfection experiments soluble APN
induced a more pronounced increase in J1 sensitivity, compared to
the full-length APN. As indicated above, the full-length APN is
described as a membrane-bound protein with the catalytic activity
on the outside of the cell surface [8]. In vivo such localization
would probably result in a high local concentration of melphalan
around APN-expressing tumor cells. However, in these in vitro cell
experiments, with cell suspended in cell growth medium
(analogous to an enormous amount of extracellular fluid), the
released melphalan can diffuse away from the cells and hence
degrade by spontaneous aqueous hydrolysis since melphalan
clearly does not permeate into the cells as readily as J1.

Theoretically J1 can be enzymatically hydrolyzed in two places,
the peptide bond and the ester bond (Fig. 1). Beside the APN-
dependence we found that also ebelactone A, an esterase inhibitor,
significantly decreased intracellular melphalan concentrations as
well as the cytotoxic effects of J1. With a fast passive transport into
the cells, inhibition of the esterase activity may lead to a decreased
trapping effect, allowing J1 to diffuse out of the cells again.
Correlation between activity difference (Dlog IC50) for J1 and
melphalan and esterase activity yielded a higher correlation
coefficient than the correlation to peptidase activity in a prior
publication [4]. The de-esterified metabolite Mel-pFPhe-OH was
detected as a relatively short-lived intermediate (peaking in
concentration prior to melphalan) in the activation process of J1 in
the intracellular compartment, but when added in the medium its
cytotoxic activity was comparable to melphalan, significantly
lower than J1. While APN was able to hydrolyze both J1 and Mel-
pFPhe-OH, cleavage of the former appeared much more efficient.
Our interpretation of the data is that the de-esterified form is less
lipophilic than J1 and therefore reduced passive transport into the
cells is expected. Taken together these data may indicate that the
hydrolysis of the ester bond happens prior or in parallel to the
hydrolysis of the peptide bond, but that hydrolysis of the peptide
bond is a prerequisite for efficient nucleic acid interaction as we
previously showed [4].

As APN has been indicated to be involved in the metastatic
process, a higher expression of APN has been suggested in
metastasis [8,13,15,18]. This implies that J1 may work in the
metastatic setting and we have indeed reported on a more
favorable ratio between J1 and melphalan in advanced breast
cancer samples compared to early breast cancer samples in a
cytotoxic activity screening in human tumor samples [5].

The importance of APN in J1 metabolism, shown in the present
paper, and the reported high expression of APN in endothelial cells
e.g. in vascular endothelium [11,12], raises the hypothesis that J1
may have, beside a cytotoxic effect on the tumor cells per se, an
antiangiogenic effect on the tumor associated vessel formation.
Although further studies are required to prove such an hypothesis,
we previously found that J1 not only inhibited tumor growth more
efficiently than melphalan, J1 also caused a significantly more
pronounced reduction of micro-vessel density than melphalan in a
neuroblastoma xenograft model in mice [6].

In summary, these studies demonstrate that the alkylating
prodrug J1 is a substrate for APN and that melphalan is the product
from such hydrolysis. Influence of esterase trapping may also be of
importance, and together these two systems render high
intracellular melphalan concentrations, at least ten times higher
than after exposure to melphalan directly. Moreover using
chemical inhibitors, overexpression and siRNA we show that also
in cell systems, APN is critically involved in J1 metabolism and
cytotoxicity. Given that APN is found to be overexpressed in
several solid malignancies and found in both tumor cells per se as
well as in the proangiogenic endothelial cells, the identification of
APN as a player in J1-induced cell death may imply a tumor
selective mechanism for this prodrug.
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