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Abstract: Plitidepsin is an antitumor drug of marine origin currently in Phase III clinical
trials in AGAINST multiple myeloma. In cultured cells, plitidepsin induces cell cycle
arrest or an acute apoptotic process in which sustained activation of JNK plays a crucial
role. To optimize its clinical use, we evaluated the possibility of using JNK activation as an
in vivo biomarker of response. In this study, we show that plitidepsin administration to
mice xenografted with human cancer cells increases phosphorylation of JNK in tumors at 4
to 12 h after a single dose of drug. In contrast, no changes were found in other targets of
plitidepsin in vitro such as the levels of phosphorylated-ERK or -p38MAPK, or of p27<"*"
protein. Interestingly, plitidepsin also increased JNK phosphorylation in spleens from
xenografted mice with a similar kinetics to that observed in tumors, suggesting that normal
tissues might be used to test drug activity. Consistently, the administration of plitidepsin to
rats that leads to plasma concentrations achievable in patients also increased JNK
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phosphorylation in peripheral blood mononuclear cells. These data suggest that changes in
JNK activity is a reliable marker for plitidepsin activity that could be useful to the design
of clinical trials in order to maximize the efficacy of plitidepsin.
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1. Introduction

Plitidepsin (Aplidin®, APL) is a marine cyclic depsipeptide originally isolated from the tunicate
Aplidium albicans and currently obtained by synthesis. Plitidepsin is under Phase III clinical
development in patients with relapsed/refractory multiple myeloma (ADMYRE trial).

Plitidepsin has demonstrated strong anticancer activity in a large variety of human cancer cell lines
in vitro and in xenografted mice [1]. In cultured cells from solid tumors, plitidepsin induces dose-
dependently cell cycle arrest or an acute apoptotic process mainly through the sustained activation of
c-Jun N-terminal kinase (JNK) as revealed by an increased level of phosphorylation [2,3]. Plitidepsin
activates also other kinases such as the epidermal growth factor receptor, protein kinase C-0 and the
extracellularly regulated and p38 mitogen-activated protein kinases (ERK, p38MAPK) in a cell-
dependent context [4,5]. In breast cancer cells, plitidepsin induces several early response genes such as
c-JUN, JUNB, JUND, c-FOS, FOSB and FRAI, and also RELA/p65, the major component of the
transcription factor nuclear factor kappa B (NFiB), while decreases the cellular content of c-MYC
protein [6]. Additionally, a series of candidate plitidepsin target genes have been identified in
transcriptomic and proteomic studies in several cell types [7-9]. In sarcoma cells, plitidepsin increases
KIPL cell cycle inhibitor [10].

Plitidepsin has strong activity against hematological cancer cells at nanomolar concentration ranges

the cellular content of the p27

RANGE, in which it activates both the intrinsic/mitochondrial and extrinsic/death receptor apoptotic
pathways [9,11-13]. Remarkably, plitidepsin-induced apoptosis is only partially dependent of caspases
and independent of the 7P53 tumor suppressor gene status [5,11]. In haematological malignancies
(myeloma multiple and leukemia) cell lines, plitidepsin induces JNK activation and translocation from
the cytosol to plasma membrane lipid rafts [9,14].

The objective of this study was to identify a potential pharmacodynamic biomarker of plitidepsin.
In view of the results obtained in a panel of hematological cancer cell lines, we evaluated JNK
phosphorylation as a surrogate of its activation and a biomarker of plitidepsin activity in vivo. The
level of JNK phosphorylation was examined in tumors from athymic mice xenografted with human
leukemia K562 cells following plitidepsin treatment. In K562 tumor-bearing mice, increased
phosphorylated-JNK level was observed in tumors at 4 to 12 h after a single dose administration. In
spleens of host mice, a similar time course and extent of phosphorylated-JNK was observed.
Furthermore, intravenous administration of plitidepsin to rats significantly increased JNK
phosphorylation in peripheral blood mononuclear cells 8 h after administration. In contrast, no changes
were found in the levels of phosphorylated-ERK or -p38MAPK. Likewise, the expression of p27<'"!
was unaffected by plitidepsin. These results validate phosphorylated JNK as a pharmacodynamic
biomarker of plitidepsin in xenografted tumors as well as in normal surrogate tissues.
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2. Results and Discussion

2.1. Plitidepsin induces JNK phosphorylation in cultured K562 leukemia and other hematological
cancer cells

Previous studies have shown that Plitidepsin induces JNK phosphorylation in a variety of cultured
solid and hematological cancer cell lines [3-5,9,11,15]. Given the advanced clinical development of
Plitidepsin in multiple myeloma and leukemia, we evaluated the effect of Plitidepsin on the viability
and the level of JNK phosphorylation in a panel of these cancer cell types.

Plitidepsin showed a strong, concentration-dependent effect on the viability of multiple myeloma
NCI-H929, RPMI8226 and U266B1 cells (ICsp of ~ 11, 13 and 34 nM at 24 h post-treatment) and of
chronic myelogenous leukemia K562 cells (ICso of ~ 20 nM) (Fig. 1A). Western blot analysis revealed
a progressive increase of the level of phosphorylated JNK by plitidepsin in the multiple myeloma cell
lines, which persisted until cell death (Fig. 1B). In K562 cells, plitidepsin also induced JNK
phosphorylation that was extremely rapid (within the first 15 min of treatment) and sustained, reaching
a maximum at 30 to 60 min (Fig. 1B). These results suggested that K562 cells are good responders to
plitidepsin cytotoxicity and JNK activation and so, a suitable model to assess JNK phosphorylation as
a potential biomarker of plitidepsin in xenografted mice. An additional reason to choose K562 cells for
in vivo studies is their expression of the chimeric BCR-ABL protein, which allows checking the purity
of the tumor and host tissue samples.

Figure 1. Plitidepsin decreases viability and induces JNK activation in human
hematological cancer cells. (A) Multiple myeloma NCI-H929, RPMI8226 and U266B1
cells, and leukemic K562 cells were incubated in the presence of the indicated
concentrations of plitidepsin (APL) for 24 h and cell viability was determined by the MTT
assay. Data are mean + S.E.M. obtained in three experiments performed in quadruplicate.
(B) Western blot analysis showing the levels of total (JNK) and phosphorylated JNK (P-
JNK) protein in cells incubated with plitidepsin (100 nM) for the indicated times. Actin
was used as loading control.
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To optimize the detection of phosphorylated JNK in tissue extracts, we examined by
immunoprecipitation the specificity of two widely used commercial anti-phospho-JNK antibodies. As
shown in Supplementary Figure S1, although both antibodies recognized phosphorylated JNK in these
assays, we selected for the in vivo study the anti-P-JNK sc-6254 antibody from Santa Cruz that
rendered a better signal in whole protein extracts.

2.2. Plitidepsin induces JNK phosphorylation in both tumors and spleens from K562 xenografts

To evaluate the ability of plitidepsin to active JNK in vivo we first subcutaneously implanted K562
cells in athymic nude mice (5 x 10° cells/mouse). Twenty days after initial tumor detection mice were
randomized into treatment and control groups (five mice/group) and treated animals received
plitidepsin at 200 ug/kg. Mice in control group were sacrificed immediately after plitidepsin
administration (0 h). Tumors and spleens of all animals were harvested at several time points after the
treatment.

Western blot analysis of JNK phosphorylation in xenografted K562 tumors showed substantial
variability in each group of animals; however, the number of animals with high level of
phosphorylated JNK increased in response to 4-12 h plitidepsin treatment (Fig. 2A). No changes in the
level of total INK protein were observed. Samples from plitidepsin- or vehicle-treated K562 cells were
included in each gel in order to compare the signals obtained in different membranes. Quantification of
phosphorylated JNK upon normalization to total JNK and to differences in inter-membranes signal was
performed by optical densitometry (Fig. 2B). A tendency for increased level of phosphorylated JNK
was observed in tumors corresponding to 4 to 12 h plitidepsin administration. This effect was transient,
as JNK phosphorylation returned to pretreatment levels at 24-48 h after dosing.
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Figure 2. Plitidepsin increases the level of phosphorylated JNK in tumors of K562-bearing
mice. Mice xenografted with K562 cells received a single administration of plitidepsin
(APL; 200 ng/kg) and either immediately (O min) or at the indicated times after injection
were sacrificed (5 mice/group). (A) Western blot analysis of total (JNK) and
phosphorylated JNK (P-JNK) in excised tumors. Actin was used as loading control. K,
K562 cells; K + APL, plitidepsin-treated K562 cells. (B) Quantification of P-JNK levels
(normalized to those of total JNK) and related to that of vehicle-treated K562 sample at the
indicated times after APL administration. Mean = S.E.M. values of each group of animals
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As the phosphorylation of p38MAPK and ERK and the expression level of p27<""! protein increase
in response to plitidepsin in several cultured cell lines [4,5,10], we examined also the activation of
these kinases and p27""' level by using appropriate antibodies. In contrast to the in vitro data,
plitidepsin did not change the level of phosphorylated-ERK or -p38MAPK in xenografted K562
tumors (Supplementary Fig. S2). This result discarded these kinases as markers of plitidepsin action in
vivo. Likewise, no changes were found in the level of p27*"' expression following plitidepsin
administration (Supplementary Fig. S3). Confirming the purity of excised tumors, high level of the
fusion BCR-ABL protein expressed in the xenografted K562 cells was found in tumor samples
(Supplementary Fig. S4).
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We then sought to compare phosphorylation of JNK in tumor and normal tissues that might be used
as a surrogate to analyze changes in level of phosphorylated JNK in response to plitidepsin. For that
purpose we chose spleens that are a source of mononuclear cells. Interestingly, JNK phosphorylation
increased in spleens from K562 tumor-bearing mice after plitidepsin administration (Fig. 3A).
Moreover, both tissues responded similarly to plitidepsin treatment and there was a good correlation
between the levels of phosphorylated JNK is tumor and spleen in each animal (Fig. 3A). Consistently
with the previous experiment, densitometry analysis confirmed an increase of phosphorylated JNK in
spleens of mice treated with plitidepsin for 4 to 12 hours, an effect that reversed also at 24 h post-
treatment (Fig. 3B).

Figure 3. Plitidepsin increases the level of phosphorylated JNK in spleens of K562 tumor-
bearing mice. Mice xenografted with K562 cells received a single administration of
plitidepsin (APL; 200 ug/kg) and either immediately (O min) or at the indicated times after
injection were sacrificed (5 mice/group). (A) Western blot analysis of total (JNK) and
phosphorylated JNK (P-JNK) in spleens excised from the animals. Actin was used as
loading control. K, K562 cells; K + APL, plitidepsin-treated K562 cells. (B) Quantification
of P-JNK levels (normalized to those of total JNK) at the indicated times after APL
administration and related to that of sample vehicle-treated K562 at the indicated times
after APL administration. Mean + S.E.M. values of each group of animals are shown.
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To confirm JNK phosphorylation as a pharmacodynamic biomarker of plitidepsin allowing a better
statistical analysis, we performed a new experiment using higher number of animals per group. Fifteen
K562 tumor-bearing mice were treated with a single dose of plitidepsin (200 pg/kg) for 0, 8, 12, or 24
h, and the level of phosphorylated JNK was analyzed in tumors and spleens by Western blot. To allow
the comparison of signals in different membranes, samples from four untreated mice were included in
all of them. Confirming earlier observations, a transient increase in JNK phosphorylation was found in
response to plitidepsin in both, tumors and spleens from xenografted mice (Supplementary Fig. S5). In
addition, to include all data in the statistical analysis, samples from the first experiment were analyzed
together with control samples from the second one (Supplementary Fig. S6). For statistics evaluation,
signals were quantified by densitometry and related to that of control sample #64, which was selected
as reference signal. A strong correlation was found between the increase in JNK phosphorylation in
tumors and spleens of the same animal, with a Spearman’s correlation coefficient of 0.73 and a P value
<0.0001 (Fig. 4A). In addition, a statistically significant increase in phosphorylated JNK was found at
8 h after plitidepsin treatment in spleens (P value = 0.009) (Fig. 4B) and a strong tendency close to
significance in tumors (P value = 0.066) (Fig. 4C). In summary, these data demonstrated that JNK is
activated in response to plitidepsin in vivo and suggested that JNK activation can be detected in both,
tumors and normal mouse tissues.

Figure 4. Statistical analysis of JNK activation by plitidepsin in tumors and spleens from
mice xenografted with K562 leukemia cells. (A) Relation between the activation of JNK in
tumors and spleens of K562 bearing-mice after plitidepsin administration. Samples
corresponding to mice untreated and treated with plitidepsin (200 pg/kg) for 0, 8, 12 or 24
h were pooled. p-JINK/total JNK ratios in tumors and spleens were computed and their
correlation statistically assessed following a non-parametric approach. The Spearman’s
correlation coefficient (r) and P value are shown. (B, C) Box-plot of JNK activation in
tumors and spleens of K562 bearing-mice after plitidepsin administration. The p-JNK/JINK
ratio in spleens (B) and tumors (C) at each time point was compared to that of mice that
were sacrificed just after plitidepsin injection (0 h) using Wilcoxon rank-sum test. A box-
plot of JNK activation in each group (18-20 mice/group) and its statistical significance (p)
are presented. Boxes in the plot include values in the 25%-75% interval; internal lines
represent the median.
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2.3. Plitidepsin induces JNK phosphorylation in peripheral blood mononuclear cells

As the spleen is not an achievable tissue in humans for regular pharmacodynamic biomarker
measurement, we next decided to determine whether plitidepsin could also affect JNK phosphorylation
of mononuclear cells (PBMCs) in peripheral blood of healthy animals. To this end, PBMCs were
prepared from healthy rats following a single intravenous administration of plitidepsin (1 mg/kg),
which yielded plasma concentrations of around 2 ng/mL that are similar to those achieved in clinical
trials [16,17] (Supplementary Table S1). As above, the levels of total and phosphorylated JNK were
examined by Western blot. In order to improve quantification accuracy, we used the Odyssey Infrared
Imaging System (Li-Cor Biosciences). In an initial time course analysis, we found a tendency for
increased phosphorylated JINK in PBMCs at all post-treatment times studied (Fig. 5).

Figure 5. Plitidepsin increases JNK phosphorylation in rat peripheral blood mononuclear
cells. (A) Blood mononuclear cells (PBMCs) were isolated from non-tumor-bearing rats
after 4, 8 and 24 h i.v. administration of plitidepsin (1 mg/kg) and the levels of total (JNK)
and phosphorylated JNK (P-JNK) were analysed by Western blot. Control group were
treated only with vehicle (control (0 h)). Actin was used as loading control for
normalization. Immunoblots were incubated with infrared-labeled secondary antibodies,
and the signals were visualized and quantified using the Odyssey Infrared Imaging System
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(Li-Cor Biosciences). (B) Quantification of P-JNK/JNK ratio upon normalization to actin
level at the indicated times after plitidepsin administration in PBMCs derived from non-
tumor-bearing rats. Mean + S.E.M. values of each group of animals are shown.
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To allow a statistical analysis with higher number of animals studied, we performed a new
experiment at 8 h of plitidepsin administration. As shown in Figure 6A, plitidepsin increased the level
of JNK phosphorylation in PBMCs at 8 h after administration. No significant changes in the level of
total JNK protein were observed. Quantitative analysis using Odyssey software revealed a highly
significant statistical increase in JNK phosphorylation (P = 0.005) in PBMCs of rats 8 h after a single
administration of plitidepsin (Fig. 6B). This effect parallels the increase of JNK phosphorylation found
in tumors and tissues of xenografted mice (Fig. 4). Together, these data support the notion that
phosphorylated JNK may serve as a pharmacodynamic marker for plitidepsin activity and suggest that
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changes in JNK activity in PBMCs could perhaps be used as a biomarker when assessing plitidepsin
treatment schedules in clinical trials.

Figure 6. Plitidepsin induces a statistically significant increase of the level of
phosphorylated JNK in PBMCs of healthy rats after 8 hours of administration. (A) Western
blot analysis of JNK and P-JNK proteins in PBMCs obtained from rats treated with
plitidepsin (1 mg/kg) for 8 h. Actin was used as loading control. Immunoblots were
incubated with infrared-labeled secondary antibodies, and the signals were visualized and
quantified using the Odyssey Infrared Imaging System (Li-Cor Biosciences). (B) Statistical
analysis of JNK activation in PBMCs obtained from rats at 8 h after plitidepsin
administration. Comparison between the P-JNK/JNK ratio in PBMCs of rats treated with
plitidepsin or vehicle for 8 h using the Wilcoxon rank-sum test. A box-plot of JNK
activation in each group (15-18 mice/group) and its statistical significance using Wilcoxon
rank-sum test (p) are presented. Boxes in the plot include values in the 25%-75% interval;
internal lines represent the median.
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2.4. Discussion

In this study we demonstrate that plitidepsin suppresses cell proliferation in a panel of
hematological cancer cell lines with an ICsy in the nanomolar range, confirming its anti-tumor activity
[1]. This growth inhibition is accompanied by a sustained activation of JNK that, together with data
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obtained in other cultured cells [3-5,9,11,15], led us to investigate JNK as a potential surrogate marker
for plitidepsin activity. In agreement with this hypothesis, we found that plitidepsin increases the level
of phosphorylated JNK in vivo, both in xenografted tumors generated by human leukemia K562 cells
in immunodeficient mice and in the spleens of host animals. Importantly, the effect of JNK in tumors
and spleens parallels and is concomitant. Although this does not ensure an equal effect against tumor
or toxicity against a surrogate tissue, it supports that the drug concentration used is appropriate to
induce a robust biological response in the host animals.

Our data show that plitidepsin treatment that leads to plasma concentrations achieved in cancer
patients also increases JNK phosphorylation in PBMCs of healthy rats. This finding further suggests
that normal tissues can be reliable markers of plitidepsin activity in vivo. This observation is
particularly relevant because obtaining tumor biopsies is not usually feasible in patients, and the use of
human PBMCs preparation allows sequential sampling for assessing plitidepsin treatment schedules in
the clinical setting. Our data showing that JNK activation upon plitidepsin administration might be
used in vivo as a biomarker of response is consistent with the evidence that JNK is a protein critical for
the anti-tumor activity of plitidepsin in vitro [6].

The mitogen-activated protein kinase pathway is a well accepted target for cancer therapy.
Although JNK is implicated in oncogenic transformation and tumorigenesis due to its known ability to
promote proliferation, a large number of studies have also linked JNK to tumor suppression. One
mechanism of tumor suppression is mediated by the pro-apoptotic effects of JNK activation [18,19]. It
seems that the extent and/or duration of activation of JNK is important to determine the cellular
response; extent or long activation leads to apoptosis, whereas low or transient activation leads to cell
growth and differentiation [20]. Phosphorylation of INK at residues (Thr'®*, Tyr'®) that are recognized
by the antibodies used in this study is linked to the activation of this enzyme and to the induction of
apoptosis in many systems [21,22]. In cultured cells, sustained activation (hours) of JNK, but not
transient (minutes), causes apoptosis in response to diverse stimuli that include anti-tumor drugs in
clinical use [23,24]. Thus, cisplatin, 5-fluorouracil, etoposide, vinblastine and paclitaxel, among others,
increase JNK phosphorylation in different human cancer cell types [25-29]. In our in vivo system the
increase in JNK phosphorylation was first detected a few hours after administration of plitidepsin to
mice and lasted for at least 8 h to then decline to basal level. Although temporal correlations between
in vitro and in vivo systems are difficult, this kinetics may be considered a sustained activation of JNK.
Notably, at least in human melanoma cells JNK mediates both dose-dependent plitidepsin-induced cell
cycle arrest and apoptosis [3].

In contrast to JNK, the kinases p38MAPK and ERK, and the cell cycle inhibitor p27<"" that had
been shown to be targets of plitidepsin in several cultured cell types did not response to administration
of the drug in vivo in our studies. This could be due to differences in cell specificity and/or to the in
vitro conditions (culture media, plastic dishes...). Alternatively or additionally, changes in p38MAPK,
ERK and p27%'""! by plitidepsin may require higher doses and/or longer times.

Clearly, the identification of biomarkers of response in preclinical models is essential to the clinical
development of novel drugs. In the clinic, biomarkers may help to identify the optimal dose and
regimen, predict and monitor drug sensitivity, and select patients most likely to respond to a
therapeutic agent. Indeed, extensive preclinical biomarker studies have facilitate the development of
numerous anticancer agents that have undergone clinical evaluation, including imatinib (Gleevev),
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trastuzumab (Herceptin), gefitinib (Iressa), sunitinib malate (Sutent), dasatinib (Sprycel) and
everolimus (Afintor) [30-37]. Plitidepsin has successfully advanced to Phase II/III clinical trials for
the treatment of hematological malignancies [38] (ADMYRE trial), but molecular targets that predict
its response have not been identified yet. In this report, we show that plitidepsin suppresses the
proliferation of cultured hematological cancer cells in parallel with a sustained activation of JNK, a
protein associated with cancer. Importantly, plitidepsin induces the phosphorylation of JNK in vivo and
support the potential use of phosphorylated JNK as a pharmacodynamic biomarker to predict and
monitor drug sensitivity in cancer patients. Furthermore, the results obtained show that phosphorylated
JNK in spleens and in PBMCs is a reliable surrogate for phosphorylated JNK in tumors, and suggest
that JNK activation by plitidepsin can be detected in normal tissues. Therefore, blood sampling could
provide a source of material for biomarker evaluation of plitidepsin in the clinic.

3. Experimental Section

3.1. Cell culture and drug solutions

Human K562 chronic myelogenous leukemia, and RPMI8226, U266B1 and NCI-H929 multiple
myeloma cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI 1640 medium supplemented with 10% FCS and penicillin and streptomycin (all
from GIBCO-Invitrogen, Paisley, UK). For tumor implantation, K562 cells obtained directly from the
in vitro culture were suspended in 50% Matrigel®/RPMI 1640 media without serum or antibiotics.
Passage 17 cells were implanted into the mice. Plitidepsin (Aplidin®, APL) was obtained from
PharmaMar (Madrid, Spain). Stock solutions were freshly prepared in dimethylsulfoxide (DMSO). For
in vivo studies, lyophilized wvials of plitidepsin were reconstituted with vehicle
(cremophor/ethanol/water) and further dissolved in PBS to reach the target dose.

3.2. Cell proliferation analysis

Cell proliferation was studied by [3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl] tetrazolium bromide
(MTT) assays that were performed following the manufacturer’s instructions (MTT Cell Proliferation
Kit I, Roche Diagnostics, Mannheim, Germany).

3.3. Xenograft tissues studies

For the generation of K562 leukemia xenografts, we used 12 to 13 week-old (18-24 g) female
athymic nude mice (Harlan, Madison, WI, USA). Mice were house in ventilated racks and provided
with irradiated food and sterilized water ad libitum. On Day 1, mice were implanted with 5 x 10° K562
cells per mouse subcutaneously. Tumor size measurements were recorded twice weekly beginning on
Day 5 using vernier calipers. The formula to calculate volume for a prolate ellipsoid was used to
estimate tumor volume from 2-dimentional tumor measurements: tumor volume (mm’) = (length x
width?) = 2. On Day 20, tumors reached an average volume of 532.8 mm’ + 125.1 (mean + SD) and
mice were randomized into treatment and control groups. Treatments were initiated and administered
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on an individual body weight basis. Animals received a single bolus intraperitoneal dose of plitidepsin
at 200 ug/kg and dosed at a volume of 10 mL/kg. Control groups were treated with vehicle alone.
Then, at 0.5, 0.75, 1, 2, 4, 8, 12, 24, and 48 h post-dosing, mice were CO, euthanized and
exsanguinated via cardiac puncture. Tumors and spleens were harvested from each animal,
individually identified and stored at -80°C until further processed.

All animal protocols were reviewed and approved according to regional Institutional Animal Care
and Use Committees.

3.4. Protein lysates from cells and in vivo tissues

Total protein extracts from cultured cell were prepared as described elsewhere [3,6]. To obtain
protein lysates from mouse tissues (tumors and spleens) collected at various time points after dosing,
samples were fragmented and pulverized in liquid nitrogen using a mortar. The resultant powder was
transferred into a Potter-Elvehjem and homogenized with chilled lysis buffer (50 mM Tris-HCI (pH
7.5), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 2 mM MgCl,, 1 mM EDTA, 10%
glycerol, 100 pg/ml PMSF, 10 pg/ml leupeptin, 10 pg/ml aprotinin, 30 nM GM6001 MMP inhibitor, 1
mM Na;VO4, 1 mM NaF, 10 mM B-glycerolphosphate and 0.5 mM DTT). Homogenates were
centrifuged at 14,000 g at 4°C for 20 min and the supernatants were transferred to new tubes. Protein
extracts were quantified using the DC Protein Assay Kit (Bio-Rad). To obtain peripheral blood
mononuclear cells (PBMCs) from rats treated with plitidepsin, Sprague Dawley male rats (Harlan)
received a single bolus dose of either plitidepsin (1 mg/kg) or placebo. Blood samples were collected
at 4, 8 and 24 hours post-dosing by cardiac puncture from deeply isofluorane-anesthetized animals.
The blood was transferred into BD Vacutainer® CPT Mononuclear Cell Preparation Tubes (Becton
Dickinson) and processed according to Manufacturer's instructions. After the centrifugation (1,800 g,
20 min, 25°C), lymphocytes portion was isolated and cell pellets were resuspended in complete lysis
buffer and processed for JNK expression as described for mouse tissues. The resulting plasma samples
were aliquoted and frozen at -80°C until bioanalysis. Plitidepsin quantification was performed by a
sensitive LC/MS-MS method previously described [39].

3.5. Western blot analysis

Twenty ng protein were subjected to SDS-PAGE and transferred to PVDF membranes. Membranes
were blocked at room temperature for 1 h in TBS-T (20 mM Tris pH 7.4, 136 mM NaCl, 0.1% Tween-
20) containing 5% bovine albumin and incubated overnight at 4°C with the appropriated antibody.
Antibodies used were: anti-phosphorylated-JNK (sc-6254), anti-JNK (sc-474), anti-p38MAPK (sc-
535), anti-phosphorylated-ERK (sc-7383), anti-ERK (sc-154) and anti-p27*"" (sc-776) from Santa
Cruz Biotechnology, anti-phospho-JNK (#9251) and anti-phosphorylated-p38MAPK (#9211) from
Cell Signaling and anti-c-Abl (Ab-3) from Calbiochem. Alexa-Fluor anti-mouse 680, Alexa-Fluor anti-
rabbit 680 and Alexa-Fluor anti-goat 800 were from Li-Cor Bioscience. HPR-conjugated anti-mouse
IgG (H+L) was from Promega, and HPR-conjugated anti-rabbit IgG (H+L) from MP Biomedicals. As
a loading control, membranes were re-probed for actin (sc-1616) provided by Santa Cruz
Biotechnology. After washing, blots were incubated with HPR-labeled or infrared-labeled secondary
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antibodies for 1 h at room temperature and developed by a peroxidase reaction using the ECL
detection system (Amersham-G.E. Healthcare) or visualized using the Odyssey Infrared Imaging
System (Li-Cor Biosciences, Lincoln, NE, USA).

Immunoprecipitation of JNK was conducted by incubating 500 pug of protein extracts from tumors
with 1 pg of the following antibodies: anti-JNK (sc-474) from Santa Cruz Biotechnology and anti-
phosphorylated-JNK (#9251) from Cell Signaling, and collected on Gammabind-Sepharose beads
(Amersham-Pharmacia Biotech). Immunoprecipitated proteins were separated by SDS-PAGE and
subjected to immunoblot analysis using anti-phosphorylated-JNK (#9251) from Cell Signaling or anti-
phosphorylated-JNK (sc-6254) from Santa Cruz Biotechnology.

3.6. Statistical Analysis

Overall differences in JNK expression at different times in the same tissue were evaluated using
Kruskal Wallis test. Two-by-two comparisons were also performed using Wilcoxon rank-sum test and
taken the expression at time 0, that is, at the moment of plitidepsin injection, as reference. Correlation
between the level of phosphorylated JNK measured in matched tumor and spleen samples from the
same animal was assessed by computing the Spearman’s coefficient and its statistical significance. The
data were analysed by using STATA software (StataCorp LP, College Station TX).

4. Conclusions

Plitidepsin increases JNK phosphorylation in xenografted tumors and in surrogate rodent tissues.
Our data support that phosphorylated-JNK may serve as a reliable marker for plitidepsin activity and
suggest that changes in JNK activity of peripheral blood cells could be used as a pharmacodynamic
marker for this agent.

Acknowledgments

This work has been partially supported by grants (Programa Cenit, CEN-20091016 and SAF2010-
18302) from Ministerio de Economia y Competitividad of Spain.

Conflict of Interest

The authors declare that MJIMA, MJGN, PA and CMG are employees and shareholders of
PharmaMar. EA was an employee of PharmaMar and, AM 1is consultant of PharmaMar. No potential
conflicts of interest were disclosed for MP.

References

1. Munoz-Alonso, M.J.; Gonzalez-Santiago, L.; Martinez, T.; Losada, A.; Galmarini, C.M.;
Munoz, A., The mechanism of action of plitidepsin. Curr Opin Investig Drugs 2009, 10, 536-
542.

2. Bravo, S.B.; Garcia-Rendueles, M.E.; Seoane, R.; Dosil, V.; Cameselle-Teijeiro, J.; Lopez-
Lazaro, L.; Zalvide, J.; Barreiro, F.; Pombo, C.M.; Alvarez, C.V., Plitidepsin has a cytostatic



Mar. Drugs 2013, 11 15

10.

1.

12.

13.

14.

15.

16.

effect in human undifferentiated (anaplastic) thyroid carcinoma. Clin Cancer Res 2005, 11,
7664-7673.

Munoz-Alonso, M.J.; Gonzalez-Santiago, L.; Zarich, N.; Martinez, T.; Alvarez, E.; Rojas, J.M.;
Munoz, A., Plitidepsin has a dual effect inhibiting cell cycle and inducing apoptosis via racl/c-
jun nh2-terminal kinase activation in human melanoma cells. J Pharmacol Exp Ther 2008, 324,
1093-1101.

Garcia-Fernandez, L.F.; Losada, A.; Alcaide, V.; Alvarez, A.M.; Cuadrado, A.; Gonzalez, L.;
Nakayama, K.; Nakayama, K.I.; Fernandez-Sousa, J.M.; Munoz, A., et al., Aplidin induces the
mitochondrial apoptotic pathway via oxidative stress-mediated jnk and p38 activation and
protein kinase ¢ delta. Oncogene 2002, 21, 7533-7544.

Cuadrado, A.; Garcia-Fernandez, L.F.; Gonzalez, L.; Suarez, Y.; Losada, A.; Alcaide, V.;
Martinez, T.; Fernandez-Sousa, J.M.; Sanchez-Puelles, J.M.; Munoz, A., Aplidin induces
apoptosis in human cancer cells via glutathione depletion and sustained activation of the
epidermal growth factor receptor, src, jnk, and p38 mapk. J Biol Chem 2003, 278, 241-250.
Cuadrado, A.; Gonzalez, L.; Suarez, Y.; Martinez, T.; Munoz, A., Jnk activation is critical for
aplidin-induced apoptosis. Oncogene 2004, 23, 4673-4680.

Marchini, S.; Chiorino, G.; Faircloth, G.T.; D'Incalci, M., Changes in gene expression profile
induced by the anticancer agent aplidine in molt-4 leukemic cell lines. J Biol Regul Homeost
Agents 2002, 16, 241-248.

Gonzalez-Santiago, L.; Alfonso, P.; Suarez, Y.; Nunez, A.; Garcia-Fernandez, L.F.; Alvarez,
E.; Munoz, A.; Casal, J.I., Proteomic analysis of the resistance to aplidin in human cancer cells.
J Proteome Res 2007, 6, 1286-1294.

Mitsiades, C.S.; Ocio, E.M.; Pandiella, A.; Maiso, P.; Gajate, C.; Garayoa, M.; Vilanova, D.;
Montero, J.C.; Mitsiades, N.; McMullan, C.J., et al., Aplidin, a marine organism-derived
compound with potent antimyeloma activity in vitro and in vivo. Cancer Res 2008, 68, 5216-
5225.

Moneo, V.; Serelde, B.G.; Leal, J.F.; Blanco-Aparicio, C.; Diaz-Uriarte, R.; Aracil, M.;
Tercero, J.C.; Jimeno, J.; Carnero, A., Levels of p27(kipl) determine aplidin sensitivity. Mol
Cancer Ther 2007, 6, 1310-1316.

Gajate, C.; An, F.; Mollinedo, F., Rapid and selective apoptosis in human leukemic cells
induced by aplidine through a fas/cd95- and mitochondrial-mediated mechanism. Clin Cancer
Res 2003, 9, 1535-1545.

Caers, J.; Menu, E.; De Raeve, H.; Lepage, D.; Van Valckenborgh, E.; Van Camp, B.; Alvarez,
E.; Vanderkerken, K., Antitumour and antiangiogenic effects of aplidin in the Stmm syngeneic
models of multiple myeloma. Br J Cancer 2008, 98, 1966-1974.

Morande, P.E.; Zanetti, S.R.; Borge, M.; Nannini, P.; Jancic, C.; Bezares, R.F.; Bitsmans, A.;
Gonzalez, M.; Rodriguez, A.L.; Galmarini, C.M., ef al., The cytotoxic activity of aplidin in
chronic lymphocytic leukemia (cll) is mediated by a direct effect on leukemic cells and an
indirect effect on monocyte-derived cells. Invest New Drugs 2011.

Gajate, C.; Mollinedo, F., Cytoskeleton-mediated death receptor and ligand concentration in
lipid rafts forms apoptosis-promoting clusters in cancer chemotherapy. J Biol Chem 2005, 280,
11641-11647.

Gonzalez-Santiago, L.; Suarez, Y.; Zarich, N.; Munoz-Alonso, M.J.; Cuadrado, A.; Martinez,
T.; Goya, L.; Iradi, A.; Saez-Tormo, G.; Maier, J.V., ef al., Aplidin induces jnk-dependent
apoptosis in human breast cancer cells via alteration of glutathione homeostasis, racl gtpase
activation, and mkp-1 phosphatase downregulation. Cell Death Differ 2006, 13, 1968-1981.
Albella, B.; Faircloth, G.; Lopez-Lazaro, L.; Guzman, C.; Jimeno, J.; Bueren, J.A., In vitro
toxicity of et-743 and aplidine, two marine-derived antineoplastics, on human bone marrow
haematopoietic progenitors. Comparison with the clinical results. Eur J Cancer 2002, 38, 1395-
1404.



Mar. Drugs 2013, 11 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Faivre, S.; Chieze, S.; Delbaldo, C.; Ady-Vago, N.; Guzman, C.; Lopez-Lazaro, L.; Lozahic,
S.; Jimeno, J.; Pico, F.; Armand, J.P., ef al., Phase 1 and pharmacokinetic study of aplidine, a
new marine cyclodepsipeptide in patients with advanced malignancies. J Clin Oncol 2005, 23,
7871-7880.

Weston, C.R.; Davis, R.J., The jnk signal transduction pathway. Curr Opin Cell Biol 2007, 19,
142-149.

Wagner, E.F.; Nebreda, A.R., Signal integration by jnk and p38 mapk pathways in cancer
development. Nat Rev Cancer 2009, 9, 537-549.

Matsuzawa, A.; Ichijo, H., Redox control of cell fate by map kinase: Physiological roles of
ask1-map kinase pathway in stress signaling. Biochim Biophys Acta 2008, 1780, 1325-1336.
Karin, M.; Gallagher, E., From jnk to pay dirt: Jun kinases, their biochemistry, physiology and
clinical importance. I[UBMB Life 2005, 57, 283-295.

Davis, R.J., Signal transduction by the jnk group of map kinases. Cell 2000, /03, 239-252.
Chen, Z.; Seimiya, H.; Naito, M.; Mashima, T.; Kizaki, A.; Dan, S.; Imaizumi, M.; Ichijo, H.;
Miyazono, K.; Tsuruo, T., Askl mediates apoptotic cell death induced by genotoxic stress.
Oncogene 1999, 18, 173-180.

Dhanasekaran, D.N.; Reddy, E.P., Jnk signaling in apoptosis. Oncogene 2008, 27, 6245-6251.
Sanchez-Perez, 1.; Perona, R., Lack of c-jun activity increases survival to cisplatin. FEBS Lett
1999, 453, 151-158.

Eichhorst, S.T.; Muller, M.; Li-Weber, M.; Schulze-Bergkamen, H.; Angel, P.; Krammer, P.H.,
A novel ap-1 element in the ¢d95 ligand promoter is required for induction of apoptosis in
hepatocellular carcinoma cells upon treatment with anticancer drugs. Mol Cell Biol 2000, 20,
7826-7837.

Seimiya, H.; Mashima, T.; Toho, M.; Tsuruo, T., C-jun nh2-terminal kinase-mediated
activation of interleukin-1beta converting enzyme/ced-3-like protease during anticancer drug-
induced apoptosis. J Biol Chem 1997, 272, 4631-4636.

Fan, M.; Goodwin, M.E.; Birrer, M.J.; Chambers, T.C., The c-jun nh(2)-terminal protein
kinase/ap-1 pathway is required for efficient apoptosis induced by vinblastine. Cancer Res
2001, 61, 4450-4458.

Srivastava, R.K.; Mi, Q.S.; Hardwick, J.M.; Longo, D.L., Deletion of the loop region of bcl-2
completely blocks paclitaxel-induced apoptosis. Proc Natl Acad Sci U S A 1999, 96, 3775-
3780.

Druker, B.J.; Talpaz, M.; Resta, D.J.; Peng, B.; Buchdunger, E.; Ford, J.M.; Lydon, N.B.;
Kantarjian, H.; Capdeville, R.; Ohno-Jones, S., et al., Efficacy and safety of a specific inhibitor
of the bcr-abl tyrosine kinase in chronic myeloid leukemia. N Engl J Med 2001, 344, 1031-
1037.

Baselga, J.; Rischin, D.; Ranson, M.; Calvert, H.; Raymond, E.; Kieback, D.G.; Kaye, S.B.;
Gianni, L.; Harris, A.; Bjork, T., ef al., Phase 1 safety, pharmacokinetic, and pharmacodynamic
trial of zd1839, a selective oral epidermal growth factor receptor tyrosine kinase inhibitor, in
patients with five selected solid tumor types. J Clin Oncol 2002, 20, 4292-4302.

Baselga, J.; Tripathy, D.; Mendelsohn, J.; Baughman, S.; Benz, C.C.; Dantis, L.; Sklarin, N.T.;
Seidman, A.D.; Hudis, C.A.; Moore, J., et al., Phase i1 study of weekly intravenous
recombinant humanized anti-p185her2 monoclonal antibody in patients with her2/neu-
overexpressing metastatic breast cancer. J Clin Oncol 1996, 14, 737-744.

Lipton, A.; Ali, S.M.; Leitzel, K.; Demers, L.; Chinchilli, V.; Engle, L.; Harvey, H.A.; Brady,
C.; Nalin, C.M.; Dugan, M., ef al., Elevated serum her-2/neu level predicts decreased response
to hormone therapy in metastatic breast cancer. J Clin Oncol 2002, 20, 1467-1472.

Mendel, D.B.; Laird, A.D.; Xin, X.; Louie, S.G.; Christensen, J.G.; Li, G.; Schreck, R.E.;
Abrams, T.J.; Ngai, T.J.; Lee, L.B., et al., In vivo antitumor activity of sul1248, a novel
tyrosine kinase inhibitor targeting vascular endothelial growth factor and platelet-derived



Mar. Drugs 2013, 11 17

35.

36.

37.

38.

39.

growth factor receptors: Determination of a pharmacokinetic/pharmacodynamic relationship.
Clin Cancer Res 2003, 9, 327-337.

Luo, F.R.; Barrett, Y.C.; Yang, Z.; Camuso, A.; McGlinchey, K.; Wen, M.L.; Smykla, R.;
Fager, K.; Wild, R.; Palme, H., ef al., Identification and validation of phospho-src, a novel and
potential pharmacodynamic biomarker for dasatinib (sprycel), a multi-targeted kinase inhibitor.
Cancer Chemother Pharmacol 2008, 62, 1065-1074.

Luo, F.R.; Yang, Z.; Camuso, A.; Smykla, R.; McGlinchey, K.; Fager, K.; Flefleh, C.;
Castaneda, S.; Inigo, I.; Kan, D., et al., Dasatinib (bms-354825) pharmacokinetics and
pharmacodynamic biomarkers in animal models predict optimal clinical exposure. Clin Cancer
Res 2006, 12, 7180-7186.

Boulay, A.; Zumstein-Mecker, S.; Stephan, C.; Beuvink, I.; Zilbermann, F.; Haller, R.; Tobler,
S.; Heusser, C.; O'Reilly, T.; Stolz, B., ef al., Antitumor efficacy of intermittent treatment
schedules with the rapamycin derivative rad001 correlates with prolonged inactivation of
ribosomal protein s6 kinase 1 in peripheral blood mononuclear cells. Cancer Res 2004, 64,
252-261.

Mateos, M.V.; Cibeira, M.T.; Richardson, P.G.; Prosper, F.; Oriol, A.; de la Rubia, J;
Lahuerta, J.J.; Garcia-Sanz, R.; Extremera, S.; Szyldergemajn, S., ef al., Phase ii clinical and
pharmacokinetic study of plitidepsin 3-hour infusion every two weeks alone or with
dexamethasone in relapsed and refractory multiple myeloma. Clin Cancer Res 2010, 16, 3260-
3269.

Yin, J.; Aviles, P.; Lee, W.; Ly, C.; Floriano, P.; Ignacio, M.; Faircloth, G., Development of a
liquid chromatography/tandem mass spectrometry assay for the quantification of aplidin, a
novel marine-derived antineoplastic agent, in human plasma. Rapid Commun Mass Spectrom
2003, /7, 1909-1914.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



Mar. Drugs 2013, 11

Supplementary Material

Figure S1. Specificity of antibodies against phosphorylated JNK. JNK protein was
immunoprecipitated from tumor extracts (#2.1 and #7.1; see Figure 2) using either anti-
JNK antibody (sc-474, Santa Cruz; IP-1) or anti-P-JNK (#9251, Cell Signaling; IP-2). Two
aliquots of each immunoprecipitate were subjected to SDS-PAGE followed by
immunoblotting using anti-P-JNK sc-6254 antibody from Santa Cruz (panel A) or anti-P-
INK #9251 from Cell Signaling (panel B). For comparison, overexposed images are shown
(low in both panels) to detect the signal in whole protein extracts.
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Figure S2. Levels of phosphorylated-p38MAPK and phosphorylated-ERK in
xenografted tumors after plitidepsin treatment. K562 tumor-bearing mice were treated
with plitidepsin (200 ng/kg) for the indicated times and tumors were excised, processed,
and subjected to immunoblot analysis for total (p38) and phosphorylated p38MAPK
protein (P-p38) and total (ERK) and phosphorylated ERK protein (P-ERK).
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Figure S3. Levels of p27"' in tumors of K562-bearing mice after plitidepsin

treatment. K562 xenografted mice were treated with plitidepsin (200 ug/kg) for the
indicated times and tumors were excised, processed, and subjected to immunoblot analysis
for p27<"!. Actin was used as loading control.
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Figure S4. Levels of c-Abl and BCR-ABL proteins in tumors from mice xenografted
with K562 cells. Western blot analysis of the expression of c-Abl and BCR-ABL
(Bcr/Abl) proteins in tumors excised from mice xenografted with K562 cells that were
treated with plitidepsin (200 ug/kg) for the indicated times. K, K562 cells; K + APL,
plitidepsin-treated K562 cells.
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Figure SS. Levels of phosphorylated JNK in tumors and spleens of K562 tumor-
bearing mice after plitidepsin treatment. Tumors (A) and spleens (B) from plitidepsin-
treated xenografted mice (study #2) were excised, processed and subjected to Western blot
analysis of total (JNK) and phosphorylated JNK (P-JNK). Actin was used as loading
control. Values (Arbitrary Units, A.U.) correspond to P-JNK/INK ratio in each sample
normalized to actin and related to the same ratio in control sample #64.
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Figure S6. Levels of phosphorylated JNK in tumors and spleens from mice
xenografted with human K562 leukemia cells after plitidepsin administration. Tumors
(A) and spleens (B) from plitidepsin-treated xenografted mice (study #1; see Figure 2)
were excised, processed and subjected to Western blot analysis of JNK and P-JNK together
with control samples from study #2. Actin was used as loading control. Values (Arbitrary
Units, A.U.) correspond to P-JNK/JNK ratio in each sample normalized to actin and related
to the same ratio in control sample #64.
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Table S1. Levels of plitidepsin in plasma from healthy rats after plitidepsin
administration. Blood was isolated from non-tumor-bearing rats after 8§ h 1i.v.
administration of plitidepsin (1 mg/kg) (APL group; #APL1-10) or vehicle (control group;
#C1-10), and the levels of plitidepsin in plasma were measured by a sensitive LC/MS-MS
method [39]. Undetected; below limit of quantification, 0.05 ng/mL.

Animal (Ho.)|| Treatment || Plasma [APL](ng/mL)
#C1 Placebo undetected
#C2 Placebo undetected
#C3 Placebo undetected
#C4 Placebo undetected
#CS Placebo undetected
#CE Placebo undetected
#CT Placebo undetected
#Cs Placebo undetected
#Ca Placebo undetected
#C10 Placebo undetected
#APLY Plitidepsin 2.00
HAPLZ Plitidepsin 1.47
HAPLZ Plitidepsin 1.60
HAPLY Plitidepsin 1.7
HAPLS Plitidepsin 2.61
HAPLE Plitidepsin 2.50
HAPL? Plitidepsin 207
HAPLS Plitidepsin 222
HAPLO Plitidepsin 1.76
#APLID Plitidepsin 3.76
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