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Small molecule kinase inhibitors block
the ZAK-dependent inflammatory effects
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The adverse side effects of doxorubicin, including cardiotoxicity and cancer treatment-related fatigue, have been
associated with inflammatory cytokines, many of which are regulated by mitogen-activated protein kinases (MAPKs).
ZAK is an upstream kinase of the MAPK cascade. Using mouse primary macrophages cultured from ZAK-deficient mice,
we demonstrated that ZAK is required for the activation of JNK and p38 MAPK by doxorubicin. Nilotinib, ponatinib and
sorafenib strongly suppressed doxorubicin-mediated phosphorylation of JNK and p38 MAPK. In addition, these small
molecule kinase inhibitors blocked the expression of IL-1B, IL-6 and CXCL1 RNA and the production of these proteins. Co-
administration of nilotinib and doxorubicin to mice decreased the expression of IL-18 RNA in the liver and suppressed the
level of IL-6 protein in the serum compared with mice that were injected with doxorubicin alone. Therefore, by reducing
the production of inflammatory mediators, the inhibitors identified in the current study may be useful in minimizing the
side effects of doxorubicin and potentially other chemotherapeutic drugs.

Introduction

First discovered in the 1960s, the anthracycline, doxorubicin, is
one of the most widely employed anticancer agents. In combina-
tion with other cytotoxic agents, doxorubicin is administered in
the treatment of a variety of malignancies including breast, liver,
bladder and ovarian cancer, childhood solid tumors, soft tissue
sarcomas and aggressive lymphomas. Although doxorubicin is an
effective anticancer agent, exposure to doxorubicin is associated
with severe adverse side effects. Doxorubicin induces myocardial
stress, cardiomyopathy and heart failure that is progressive and
irreversible." Although the underlying mechanisms of doxorubi-
cin-mediated cardiotoxicity are still unclear, several mechanisms
have been proposed including the induction of inflamma-
tory cytokines.”® Administration of IL-1 receptor antagonist
(IL-1RA), which blocks IL-1 signaling, protects mice from doxo-
rubicin-mediated cardiotoxicity.” In addition, doxorubicin-medi-
ated induction of inflammatory cytokines has been implicated
in cancer treatmentrelated fatigue and associated symptoms.®
Taken together, it is conceivable that suppressing the production
of inflammatory cytokines may reduce the adverse side effects
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of doxorubicin and perhaps other cytotoxic chemotherapeutic
agents. Elucidating the upstream transducers of doxorubicin-
mediated inflammatory responses is essential to development of
anti-inflammartory therapeutics.

At the cellular level, inflammatory cytokines such as IL-1f are
regulated by multiple molecular pathways including the mito-
gen-activated protein kinase (MAPK) pathway.”!! Doxorubicin
activates MAPKSs, including the Jun N-terminal kinases (JNK)
and p38 MAPK, which are involved in various biochemical pro-
cesses and regulate apoptosis and the production of many inflam-
matory mediators. When the activation of MAPK(s is blocked in
vitro using specific inhibitors such as SB 203580 and M13403,
the inflammatory and pro-apoptotic effects of doxorubicin are
also suppressed.*'? Due to the important role of MAPKs in
many inflammatory diseases, a variety of small molecules have
been developed as inhibitors that target JNK or p38 MAPK.!*
Because it is known that inhibition of p38 MAPK may result
in increased activity of JNK,”!¢ it may be essential to block
both JNK and p38 MAPK to achieve maximal suppression of
the downstream effects of MAPK signaling, including toxic side
effects.
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MAPKSs are phosphorylated by MAPK kinases
(MAP2Ks), which, in turn, are phosphorylated by
MAPK kinases (MAP3Ks). Using siRNA, we have
previously shown that doxorubicin-mediated acti-
vation of JNK and p38 MAPK in keratinocytes
is dependent on ZAK,” a MAP3K that contains
a zipper sterile-a-motif."?' ZAK is known to have
strong binding affinities to two small molecule kinase
inhibitors:**** nilotinib, originally used to target
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Figure 1. MAPK activation and gene expression in doxorubicin-treated BMDM.
BMDM were plated onto 12-well plates. After serum deprivation for 0.5 h, BMDM

also able to suppress the expression of IL-1B, IL-6
and CXCLLI in wild-type macrophages. We further
demonstrated that co-administration of nilotinib
and doxorubicin to wild-type mice was effective in
decreasing the expression of IL-13 RNA in the liver

were untreated, treated with 5 wM of doxorubicin for 2 h, then washed away and
replaced by medium, or treated continuously with 5 uM of doxorubicin for 12 or 24 h.
(A) Western blot of cell lysates using antibodies against phospho-JNK, phospho-p38
MAPK or total p38 MAPK. (B) Measurement of gene expression in cells after identical
treatments using real-time RT-PCR. Mean values + SD are shown. **p < 0.01; ***p <
0.001 compared with values corresponding to wild-type.

and in suppressing the level of IL-6 protein in the

serum compared with mice that were injected with doxorubicin
alone. Our studies suggest that small molecule kinase inhibi-
tors may be useful in minimizing the proinflammatory effects
of doxorubicin.

Results

Doxorubicin activates MAPKs and increases expression of
inflammatory genes in macrophages. We first examined whether
a clinically relevant dose of doxorubicin would activate MAPKSs
in primary mouse macrophages. Macrophages were incubated in
medium containing 5 wM doxorubicin, a dose within the range
of clinical relevance.?* After 12 h of continuous exposure to
doxorubicin, JNK and p38 MAPK became phosphorylated (Fig.
1A). Levels of total p38 MAPK were invariant and used as a load-
ing control. After 24 h of continuous exposure to doxorubicin,
phosphorylation of JNK and p38 MAPK was observed, but at
lower levels compared with 12 h. Total p38 MAPK levels, which
are commonly used as a loading control, were also diminished
by 24 h, at which time cells were apoptotic (not shown). When
BMDM were treated for doxorubicin for 2 h, washed and incu-
bated with doxorubicin-free medium, phosphorylation of JNK
and p38 MAPK was not observed, suggesting that phosphory-
lation of these proteins may have returned to basal level at the
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end of the subsequent 10 or 22 h of incubation in medium after
removal of doxorubicin.

We also measured the effects of doxorubicin on the expres-
sion of RNA-encoding inflammatory gene products by RT-PCR
(Fig. 1B). Compared with untreated cells, BMDM treated with
doxorubicin expressed increased levels of IL-1B and IL-6. The
levels of expression were similar whether the cells were treated
continuously with doxorubicin for 12 h or acutely for 2 h followed
by 10 h post-incubation in doxorubicin-free medium. Expression
of IL-1B and IL-6 was significantly higher when treatment was
continued for 24 h compared with other treatments. Expression
of CXCLL in response to doxorubicin was similar whether doxo-
rubicin was present only for the initial 2 h followed by 10 h of
post-incubation or for the entire 12 h. However, the doxorubicin-
mediated increase in CXCLI expression was reduced after 22 h
post-incubation, but proceeded to higher levels if doxorubicin
was present for the entire 24 h. There was no increase in expres-
sion in TNF-a and CCL2 by any treatments (data not shown).

Taken together, these data demonstrated that doxorubicin is
able to induce the phosphorylation of JNK and p38 MAPK as
well as the expression of IL-1f3, IL-6 and CXCL1 in BMDM. If
doxorubicin was removed following a 2-h pulse, MAPK phoso-
phorylation was not sustained, but expression of RNA encoding
inflammatory mediators remained at elevated levels.
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Figure 2. MAPK activation in WT, ZAK*- and ZAK” BMDM. Serum-
deprived BMDM were untreated or treated with 500 M doxorubicin
for 3 h. (A) Western blot of cell lysates from ZAK” (lanes 1 and 4), ZAK*
(lanes 2 and 5) and WT (lanes 3 and 6) mice. (B) Measurement of gene
expression in cells from four individual ZAK” mice (lanes 1-4), one ZAK*"
mouse (lane 5) and one WT mouse (lane 6) using real-time RT-PCR.
Mean values + SD are shown. ***p < 0.001 compared with values of the
corresponding control treatments.

ZAK is essential for the activation of MAPKSs by doxorubi-
cin. We previously demonstrated that suppression of ZAK levels
by siRNA strongly reduced doxorubicin-mediated MAPK activa-
tion in a human keratinocyte cell line,” suggesting that ZAK sig-
naling is essential for activation of JNK and p38 MAPK in these
cells. To determine whether ZAK is similarly required in doxoru-
bicin-mediated MAPK activation and inflammatory gene expres-
sion in macrophages, we performed experiments using BMDM
isolated from WT, ZAK*" and ZAK" mice (Fig. 2). To determine
whether doxorubicin would induce the phosphorylation of JNK
and p38 MAPK in macrophages deficient in ZAK, we employed
a supramaximal dose of doxorubicin (500 wM) in order to deter-
mine the extent to which maximal stimulation of JNK and p38
MAPK would depend on the presence of ZAK. Compared with
doxorubicin-induced phosphorylation of JNK and p38 MAPK in
WT cells (lane 6), the phosphorylation of these kinases in ZAK”
cells (lane 4) was undetectable after treatment with doxorubi-
cin at even as high as 500 uM, whereas ZAK*" (lane 5) showed
intermediate levels of phospho-JNK and phospho-p38 MAPK
(Fig. 2A). These experiments demonstrated a requirement for
ZAK in stimulating doxorubicin-mediated phosphorylation of
JNK and p38 MAPK. Because a useful antibody against ZAK
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protein is not commercially available, we employed real-time
RT-PCR to confirm the absence of expression of ZAK RNA from
ZAK'" mice and the reduction of ZAK RNA from ZAK*" mice
(Fig. 2B).

Small molecule kinase inhibitors block MAPK phosphory-
lation and inflammatory gene expression in a dose-dependent
manner following exposure to doxorubicin. We tested the abil-
ity of small molecule kinase inhibitors to suppress the activa-
tion of MAPKs and the expression of inflammatory cytokines
in BMDM by doxorubicin. Nilotinib, ponatinib and sorafenib
all reduced the doxorubicin-mediated phosphorylation of JNK
and p38 MAPK, although the inhibition of JNK by nilotinib
was partial (Fig. 3A). These inhibitors were also able to suppress
the expression of IL-1f3, IL-6 and CXCL1 RNAs, whether doxo-
rubicin was administered continuously (Fig. 3B) or only for 2 h
(Fig. 3C). The inhibition of CXCL1 RNA was partial if doxoru-
bicin was administered in a 2-h pulse. The inhibitors were also
effective in reducing secreted IL-1B, IL-6 and CXCL1 proteins
to basal levels (Fig. 3D and E), demonstrating the ability of these
inhibitors to reduce the expression of the inflammatory RNAs
and their encoded proteins.

Nilotinib inhibits doxorubicin-mediated inflammatory
responses in vivo. Doxorubicin administration in mice results
in an increase in IL-1P and several other pro-inflammatory cyto-
kines and chemokines.” To determine whether nilotinib could
block the inflammatory effects of doxorubicin in vivo, mice were
pretreated with nilotinib prior to injection with doxorubicin.
Levels of IL-13 RNA in the liver were increased after doxoru-
bicin treatment, decreasing to basal levels if the mice were pre-
treated with nilotinib. In contrast, differences in levels of IL-6
and CXCL1 RNA were not statistically significant between treat-
ment groups (Fig. 4A). Serum levels of IL-6 protein increased
after doxorubicin treatment and decreased to basal levels if the
mice were pretreated with nilotinib (Fig. 4B). In contrast, levels
of IL-1B and CXCLLI proteins did not show statistically signifi-
cant differences between treatment groups (Fig. 4B).

Discussion

In clinical cancer therapy, peak plasma concentration of doxo-
rubicin ranges between 5-15 pM and has an average half-life of
25 h.33 In experiments reported herein, we found that exposure
of macrophages to a clinically relevant dose of doxorubicin (5 wM)
resulted in phosphorylation of JNK and p38 MAPK (Fig. 1) and in
the increased expression of RNA-encoding inflammatory media-
tors, when examined 24 h post-addition (Figs. 1 and 3). A similar
rationale was employed to determine the ability of sorafenib, nilo-
tinib and ponatinib to suppress MAPK activation (Fig. 3).
Despite a difference in the phosphorylation levels of MAPKSs
(Fig. 1A), levels of IL-1pB, IL-6 and CXCL1 RNA were compa-
rable whether doxorubicin was present continuously for 12 h or
only for a 2-h pulse (Figs. 1B, 2B and 3C). Therefore, sustained
MAPK activation does not appear to be necessary for the expres-
sion of these inflammatory mediators. Interestingly, an increase
in secreted IL-1P protein was only detected when cells were given
an acute 2-h dose of doxorubicin (Fig. 3E). The absence of IL-13
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Figure 3. Effect of small molecule kinase inhibitors on doxorubicin-mediated MAPK phosphorylation, gene expression and cytokine secretion.

(A) Western blot of cell lysates from BMDM treated with 500 uM doxorubicin for 3 h in the presence or absence of 1 wM nilotinib, ponatinib or
sorafenib. (B) measurement of gene expression in cells untreated or treated continuously with 5 wM doxorubicin for 12 h in the presence or absence
of 1 wM nilotinib, ponatinib or sorafenib using real-time RT-PCR. (C) Measurement of gene expression in cells untreated or treated with 5 uM of
doxorubicin for 2 h in the presence or absence of 1 wM nilotinib, ponatinib or sorafenib then washed away and replaced by medium in the presence or
absence of 1 wM nilotinib, ponatinib or sorafenib for 10 h. (D) Cytokine measurement of the culture supernatant from (B) using bead-based multiplex
assay. (E) Cytokine measurement of the culture supernatant from (C). Mean values + SD are shown. *p < 0.005; **p < 0.01; ***p < 0.001 compared with
values corresponding to treatment with doxorubicin alone.

protein after extended exposure to doxorubicin may be explained
by a gradual decrease in translation caused by doxorubicin.”
The expression of many inflammatory mediators is regulated
by MAPKs."! Levels of phosphorylation of both JNK and p38
MAPK in doxorubicin-treated BMDM from ZAK” mice were
at nearly basal levels compared with those from WT mice even
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at an extremely high doses of doxorubicin (Fig. 2), confirming
that the presence of ZAK was required for doxorubicin-mediated
activation of JNK and p38 MAPK. Using siRNA in different
cell types, previous studies have shown that agents that cause

8

ribotoxic stress,? including ricin, Shiga toxin, anisomycin, UV

radiation, daunorubicin and doxorubicin, all require ZAK to
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transduce signals between ribosomes and MAPKs,** thereby
supporting the selection of ZAK as a unique target to block the
downstream events associated with ribotoxic stress.

We previously reported that nilotinib and sorafenib block
doxorubicin-mediated phosphorylation of JNK and p38 MAPK
in human keratinocytes.”” Because nilotinib targets BCR-ABL*
and sorafenib targets VEGFR and PDGFR,?” we suspected that
ponatinib, which targets BCR-ABL, VEGFR and PDGFR,* may
bind with high affinity to other kinases that are targets of nilo-
tinib. In the present study, we confirmed that sorafenib and nilo-
tinib inhibited doxorubicin-mediated inflammatory responses in
mouse macrophages and further found that ponatinib was also a
potent inhibitor (Fig. 3). Unlike inhibitors directed against either
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bition of ZAK or from blocking the activity
of other kinases that activate the inflamma-
tory cascade in response to doxorubicin.

Although nilotinib, ponatinib and sorafenib may be able to
decrease the side effects of doxorubicin, there is an undesired
possibility that they may also lower the ability of doxorubicin
to kill cancer cells. However, nilotinib has been found to syn-
ergize with doxorubicin in the induction of apoptosis in human
synovial sarcoma cells and leiomyosarcoma cells.* In addition,
sorafenib and doxorubicin have been used together in a random-
ized human trial in the treatment of advanced hepatocellular car-
cinoma.”? A reduction in adverse effects is not reported, but the
median time to progression, overall survival and progression-free
survival are all extended for patients when doxorubicin is used in
combination with sorafenib compared with monotherapy with
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doxorubicin. Different treatment regimens need to be tested to
achieve the best outcome. For example, it may be desirable to
consider pretreatment with an inhibitor prior to the administra-
tion of doxorubicin as performed in our mouse model or to use a
lower dose of the inhibitor so that the side effects of the inhibitor
are minimized while maintaining the ability to reduce the side
effects of doxorubicin at the same time.

Materials and Methods

Chemicals. For in vitro experiments, doxorubicin (Sigma) was
dissolved in water and stored at -20°C; nilotinib and sorafenib
(LC Laboratories) and ponatinib (Tocris Bioscience) were dis-
solved in DMSO and stored at -80°C. For in vivo experiments,
doxorubicin was purchased as a lyophilized 10 mg tablet from
Bedford Labs; nilotinib was purchased as lyophilized 150 mg
tablet from Novartis Pharma AG and dissolved in vehicle (7%
N-methyl-2-pyrrolidone, 93% polyethylene glycol 300; both
from Sigma). Trichloroacetic acid (TCA) was purchased from
Fisher Scientific. Antibody against IL-1B (ab9722) was pur-
chased from Abcam, phospho-JNK (9251) and phospho-p38
MAPK (9211) from Cell Signaling Technology and p38 MAPK
(s¢-535) from Santa Cruz Biotechnology.

Mice. Allanimal procedures were approved by the Institutional
Animal Care and Use Committee at Oregon Health and Science
University (OHSU). C57BL/6] mice (10-12 wk of age) were
purchased from the Jackson Laboratory. Generation of ZAK*"
and ZAK" mice is described in a separate manuscript under prep-
aration. For in vivo experiments, mice were housed five to a cage
in pathogen-free rooms (12 h light-dark cycle) with ad libicum
access to drinking water. Mice were treated with 0.1 mL of vehi-
cle or nilotinib (75 mg/kg) by oral gavage daily for 6 d to obtain
a sustained inhibition of MAPKs. On the sixth day, mice were
also injected intraperitoneally with 1 mL of saline or doxorubicin
(25 mg/kg). After injection, mice were returned to their home
cages, at which time mouse chow was removed to eliminate any
potential effects of food intake. Sixteen hours after injection with
saline or doxorubicin, mice were terminally sedated using isoflu-
orane according to protocols established at OHSU Department
of Comparative Medicine. Peripheral blood was collected by car-
diac puncture, and liver samples were removed, snap-frozen in
liquid nitrogen and stored at -80°C.

Isolation and treatment of bone marrow-derived macro-
phages (BMDM). Mice, 8-10 wk of age, were used throughout
the experiments. Marrow was flushed from the femurs and tib-
ias of wild-type C57BL/6 (WT), ZAK*" and ZAK" mice with
PBS and cultured in a-Minimum Essential Medium (Cellgro),
supplied with 10% fetal bovine serum (Cellgro), 50 pg/ml gen-
tamicin and 100 ng/mL recombinant mouse colony-stimulating
factor 1 (R&D Systems) for 72 h on non-tissue culture-treated
10-cm Petri dishes. BMDM were passaged and cultured for an
additional 72 h. Each confluent 10-cm dish was transferred into
one 6-well or one 12-well tissue culture plate and cultured for 24
h before initiating experimental treatment. BMDM were treated
with 5 wM doxorubicin (which corresponds to the peak plasma
concentration in adults), either continuously for 12 or 24 h (used
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in many in vitro studies) or for 2 h followed by incubation in
medium for an additional 10 or 22 h (which closely replicates
the clinical situation in which levels of doxorubicin in the serum
or tissues rapidly decrease after a distribution phase of 2 h).?
Nilotinib, ponatinib and sorafenib, all at I pM, were added half
an hour before the addition of doxorubicin.

Immunoblotting. BMDM were lysed in 2x electrophore-
sis sample buffer. Proteins in the cell lysates were separated
on a denaturing polyacrylamide gel in the presence of sodium
dodecyl sulfate and transferred onto polyvinylidene difluo-
ride membranes according to standard laboratory procedures.
Proteins from BMDM media supernatants were precipitated
using TCA plus 200 pg insulin carrier protein and separated on
13% gels. Membranes were incubated with the indicated anti-
bodies and the corresponding horseradish peroxidase-conjugated
secondary antibodies. Signals were detected by using enhanced
chemiluminescence.

Real-time RT-PCR. Total RNA from frozen tissues was iso-
lated using TRIzol (Invitrogen) following the manufacturer’s
instructions. RNA was treated with DNase I (Invitrogen) and
reverse-transcribed with SuperScript II and oligo dT primer
(Invitrogen). Real-time PCR was performed using SYBR
Green reagents on a ViiA 7 Real-Time PCR System (Applied
Biosystems); fold induction was calculated with the absolute
quantification method using levels of glyceraldehyde phosphate
dehydrogenase (GAPDH) for normalization. The nucleotide
sequences of the primers used in this study have been previously
published.*® Experiments were repeated at least three times, and
representative data are shown.

Measurement of inflammatory cytokines from serum or cul-
ture supernatant. Peripheral blood obtained by cardiac puncture
was allowed to clot at room temperature for 60 min and subjected
to centrifugation in a microcentrifuge tube at 10,000 rpm for
2 min. Serum was removed and immediately frozen at-80°C prior
to cytokine analysis. Serum levels of IL-1B, IL-6 and CXCL1/
Gro-a in the serum or from culture supernatant were measured
in duplicate in two separate experiments, using a bead-based
multiplex immunofluorescence assay. Cytokine analysis kits
were obtained from EMD Millipore, and assays were performed
according to the protocol supplied by the manufacturer. Data were
collected and analyzed using the Luminex-100 system Version IS
(Luminex). A four- or five-parameter regression formula was used
to calculate the sample concentrations from the standard curves.

Statistical analysis. Individual groups were compared using
unpaired t-test analysis. To determine p values, all statistical
analyses were interpreted in a two-tailed manner, and p values
< 0.05 were considered to be statistically significant.
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