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A natural compound derivative P-13 inhibits STAT3 signaling
by covalently inhibiting Janus kinase 2
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Summary

We investigated the function and molecular mechanisms of 2-desoxy-43-propylcarbamate-pulchellin (P-13), a sesquiterpene lactone
derivative of 2-desoxy-4-epi-pulchellin from the traditional Chinese medicinal herb Carpesium abrotanoides L, in regulating STAT3
signaling and cancer cell growth. We found that P-13 inhibited the IL-6-induced, as well as the constitutive, STAT3 activation in a dose
and time-dependent manner. In vitro kinase activity analyses demonstrated that P-13 directly inhibited JAK2 kinase activity. The
inhibitory effects of P-13 on JAK2/STAT3 signaling could be blocked by reducing agents dithiothreitol (DTT) or glutathione (GSH),
indicating an involvement of the thiol-reactive -3 unsaturated carbonyl group in P-13. Further analyses with mass spectrograph, as
well as molecular docking, revealed that P-13 covalently bound with the C452 in the SH2 domain of JAK2. Furthermore, P-13
inhibited growth and induced death of many cancer cell lines, particularly those expressing constitutively activated STAT3. It also
inhibited in vivo growth of human cancer cell xenografts. Taken together, these findings revealed P-13 as a novel covalent inhibitor of

JAK?2, uncovered a new mechanism to inhibit JAK?2, and provided a promising anti-cancer drug candidate.
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Introduction

The Janus Kinase (JAK) / signal transducer and activator of
transcription (STAT) signaling pathway plays key roles in
immune responses and cancer development by regulating
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transcription of cell growth and differentiation-related genes
[1, 2]. Aberrant activation of the JAK-STAT signaling path-
way has been known to be involved in a variety of human
diseases including cancer, autoimmune diseases, and chronic
inflammatory diseases [3, 4]. In mammals, four JAKs (JAK1,
JAK2, JAK3, TYK2) and seven STATs (STAT1, STAT2,
STAT3, STAT4, STAT5a, STATSb, STAT6) are activated by
various cytokines, growth factors, and microbial infections,
respectively [5, 6]. After cytokine stimulation, the receptor-
associated JAKs phosphorylate and activate each other, and
then phosphorylate and activate STATS, leading to nuclear
translocation of STATs and transcription of STAT-regulated
genes [7, 8]. Among the seven STATs, STAT3 is the most
frequently activated STAT in both solid and hematopoietic
malignances and has been demonstrated as an oncogene
[9-13]. JAKSs are also found to be associated with cancers
[14, 15]. JAK2 (V617F) mutation is found in a majority of
patients with polycythemia vera, essential thrombocythemia,
and idiopathic myelofibrosis [16, 17].

Therefore, considerable attentions have been paid to devel-
op drugs to target the JAKs and STATs [18-21]. However,
many of the drugs developed are targeting the conserved
ATP pockets of the kinases and have poor specificity for the
JAK/STAT pathways. Therefore, it is of great importance and
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urgency to develop novel therapeutic agents with new mech-
anism and better specificity against the JAK/STAT signaling
pathways.

Carpesium abrotanoides L. is a traditional Chinese medic-
inal herb and has been used to treat various inflammatory
diseases, such as pneumonia and malaria [22]. One of its com-
ponents, 2-desoxy-4-epi-pulchellin, has been reported to have
anti-inflammatory, antiviral, and anti-cancer activities [23].
However, its molecular targets and modes of action have not
been reported. We studied the effects of 2-desoxy-4-epi-
pulchellin and its derivatives on JAK/STAT signaling and
found that one of the derivatives, 2-desoxy-4f3-
propylcarbamate-pulchellin (P-13), was ten times more potent
than 2-desoxy-4-epi-pulchellin in inhibiting the STAT3
signaling.

In this study, we investigated the molecular mechanisms
of P-13 in inhibiting STAT3 signaling and cancer cell
growth. We demonstrated that P-13 was a potent inhibitor
of Janus kinase 2. It covalently bound to a specific cysteine
in a noncatalytic region of JAK2 and inactivated its activ-
ity. In doing so, P-13 inhibited growth and induced death

of cancer cells that had constitutively activated JAK2/
STAT3. It also inhibited in vivo tumor growth. Our study
uncovered a new mechanism to specifically inactivate
JAK?2 and supported P-13 to be a novel therapeutic agent
for the treatment of cancer.

Materials and methods

Materials and methods are documented in the Supplementary

Material.

Results

P-13 inhibited the IL-6-induced and constitutive
STAT3 activation

We identified 2-desoxy-4{3-propylcarbamate-pulchellin (P-
13), a sesquiterpene lactone derivative of a natural compound
2-desoxy-4-epi-pulchellin from the traditional Chinese
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Fig. 1 P-13 inhibited the IL-6-induced and constitutive STAT3 acti-
vation. a Chemical structure of compound P-13. b HepG2/STAT3 cells
were pretreated with P-13 at indicated concentrations for 2 h, and lucif-
erase activity was measured following stimulation with IL-6 (10 ng/mL)
for 4 h. Student’s t-test was performed, ***P < 0.001. ¢ HT29 cells were
pretreated with P-13 at indicated concentrations for 2 h before stimulation
with IL-6 (10 ng/mL) for 15 min. Whole cell lysates were processed for
western blot analysis and probed with the indicated antibodies. Anti-«-
Tubulin served as a loading control. d HT29 cells were pretreated with 10

uM P-13 for various lengths of time (0—120 min) before stimulation by
IL-6 (10 ng/mL) for 10 min. Whole cell lysates were subjected to western
blot analysis. e NCI-H1650 cells were treated with P-13 at indicated
concentrations for 2 h. Whole cell lysates were processed for western blot
analysis and probed with indicated antibodies. f MDA-MB-231 cells
were treated with P-13 at indicated concentrations for 2 h. Whole cell
lysates were processed for western blot analysis and probed with indicat-
ed antibodies
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medicinal herb Carpesium abrotanoides L, as a potent inhib-
itor of STAT3 signaling with an ICsq (half-maximal inhibitory
concentration) of 1.5 pM, using a STAT3-responsive lucifer-
ase gene reporter assay (Fig. la and b).

To understand the mechanisms of P-13 in inhibiting the
STAT3 signaling, we analyzed the effects of P-13 on the tyro-
sine phosphorylation of STAT3. P-13 inhibited the IL-6-
induced STAT3 Y705 (tyrosine 705) phosphorylation in a dose
and time-dependent manner (Fig. 1c and d). It also inhibited the
constitutive phosphorylation of STAT3 in the non-small cell
lung cancer NCI-H1650 cells (Fig. le) and the breast cancer
MDA-MB-231 cells (Fig. 1f), both of which have been report-
ed to rely on the activated STAT3 for proliferation [24, 25].

P-13 inhibited Janus Kinase 2 activity

Because JAK?2 is the major kinase of STAT3 [26], we ana-
lyzed the effects of P-13 on JAK2 phosphorylation/activation.
P-13 effectively inhibited the phosphorylation of JAK2 in a
dose-dependent manner (Fig. 2a). We next analyzed the ef-
fects of P-13 on the JAK?2 kinase activity in an in vitro kinase
assay. P-13 also inhibited the in vitro kinase activity of JAK2
(Fig. 2b), demonstrating that P-13 directly inhibited JAK2
kinase activity.

IL-6
PA3(uM) O 0 1 5 10 20
P-JAK2 |" TR e o |

—_ ,_*—_—.l

JaK2 |

120 «
100 «
80 o
60 4
40 4
20«

relative P-JAK2/JAK2(%)

0 L L L] L) L

P-13 (uM) 0 0 1 5 10 20
IL-6

Fig. 2 P-13 inhibited Janus Kinase 2 activity. a HT29 cells were
pretreated with P-13 at indicated concentrations for 2 h before stimulation
with IL-6 (10 ng/mL) for 15 min. Whole cell lysates were processed for
western blot analysis and probed with the indicated antibodies. Protein
levels were quantitated densitometrically and graphed below the
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Reducing agents DTT and GSH blocked the inhibition
of STAT3 phosphorylation by P-13

P-13 contains an «, (3-unsaturated carbonyl group that
has the potential to react with thiols of cysteines of a
protein [27]. Reducing agents such as DTT and GSH
can react with the «, [3-unsaturated carbonyl group. To
investigate whether P-13 functions through its «, -
unsaturated carbonyl group, we pre-incubated P-13 with
DTT or GSH before adding it to the cells. DTT or GSH
completely blocked the effect of P-13 on the Y705
phosphorylation of STAT3 (Fig. 3a). We further exam-
ined the products of the P-13 and GSH interaction using
LC-MS. A major product with the mass signal at m/z
643 [P-13+GSH+H] was detected (Fig. 3b), indicating a
reaction occurred between P-13 and the thiols of GSH.
The essentiality of the double bond of the «, (-
unsaturated carbonyl group of P-13 for the interaction
was further confirmed by a hydrogenation modification
of the double bond (Fig. 3c). The modified P13-H could
no longer inhibit the IL-6-induced STAT3 phosphoryla-
tion (Fig. 3d). These data suggested that P-13 might
interacted with JAK2 covalently through a Michael ad-
dition reaction using its «, [3-unsaturated carbonyl
group.

invitro JAK2 kinase activity
(% Of control)
o

0 1 25 5 0 20
P-13 (uM)

corresponding blots. Anti-x-Tubulin served as a loading control. b
JAK?2 protein was overexpressed in HEK293 cells for 24 h, then
immunoprecipitated and subjected to an in vitro kinase assay in the pres-
ence of indicated concentrations of P-13. Student’s t-test was performed,
##%P<0.001
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Fig. 3 DTT and GSH blocked the inhibition of STAT3
phosphorylation by P-13. a HT29 cells were pretreated with DTT (1
mM), GSH (1 mM), P-13 (20 uM) or their mixture (P-13 and DTT/GSH
were pre-incubated at 37°C for 30 min) for 2 h and then stimulated with
IL-6 (10 ng/mL) for 15 min. Whole cell lysates were processed for west-
ern blot analysis using antibodies as indicated. Anti-«-Tubulin served as a
loading control. b P-13 (20 uM) was incubated with GSH (250 uM) at

P-13 covalently interacted with JAK2

To explore the possibility that P-13 covalently interacts
with JAK2, we modified P-13 with an addition of an
alkyne group (Fig. 4a, upper panel) to examine whether
JAK2 could be pulled-down with the modified P13-alk.
The modified P13-alk fully retained the biological ac-
tivities of P-13 and blocked the IL-6-induced STAT3
activation at the same concentration as that of P-13
(Fig. 4b).

We then performed pull-down experiments using the
P13-alk as a probe, which could react with an azide-
biotin catalyzed by CuAAC [28], and the P13-alk-
interacted proteins could then be pulled-down by
streptavidin-coated agarose beads. We found that JAK2
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37°C for 2 h, and the mixture was resolved by mass spectrometry. A
possible Michael addition reaction between P-13 and GSH is illustrated,
the arrow indicated the molecular weight of P-13+GSH+H. ¢ Chemical
structure of compound P13-H. d HT29 cells were pretreated with P13-H
and P-13 at indicated concentrations for 2 h before stimulation with IL-6
(10 ng/mL) for 15 min. Whole cell lysates were processed for western
blot analysis

interacted with the P13-alk in a dose-dependent manner
(Fig. 4c), and the interaction could be competed away by
the unlabeled P-13 (Fig. 4d). We also modified P13-alk to
P13-alkH by hydrogenating the double bond of the x, 3-
unsaturated carbonyl group (Fig. 4a, lower panel), and
found that the P13-alkH could not interact with the JAK2
protein (Fig. 4d). Furthermore, by using MS spectra, we
found that P-13 covalently bound with C452 (cysteine 452)
of JAK?2 (Fig. 4e and supplementary Fig. S1).

In addition to the covalent interaction with C452,
compound P-13 might also form non-covalent interac-
tions with JAK2, including two hydrogen bonds with
residue H451 and hydrophobic interactions with residue
F439, L1464, 1454, 1453, and F436, as predicted by the
structure model of JAK2 (Fig. 4e).
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Fig. 4 P-13 covalently interacted with Janus kinase 2. a Chemical
structure of probe P13-alk (upper panel) and P13-alkH (lower panel). b
HT29 cells were pretreated with P13-alk at indicated concentrations for 2
h before stimulation with IL-6 (10 ng/mL) for 15 min. Whole cell lysates
were processed for western blot analysis using antibodies as indicated.
Anti-x-Tubulin served as a loading control. ¢ HT29 cells were incubated
with P13-alk at indicated concentration or DMSO for 2 h, the lysates were
then precipitated with streptavidin-agarose, and the precipitates were

P-13 preferentially inhibited growth and induced
apoptosis of human cancer cells with activated STAT3

Because STAT3 is frequently activated in cancer cells and its
activation is important for the survival and growth of cancer
cells, we analyzed the effects of P-13 on the growth and sur-
vival of a panel of human cancer cell lines. P-13 effectively
inhibited the growth of the human cancer cell lines with ICs
values ranging from 3 to 21 uM (Fig. 5a). Further analyses
demonstrated that P-13 induced cell apoptosis, as indicated by
the cleavage of PARP (Fig. 5b).

We next examined whether the growth inhibitory effects of
P-13 on cancer cells were related to the activation status of

@ Springer

analyzed by western blotting using an anti-JAK2 antibody as indicated.
d HT29 cells were incubated with P13-alkH or P13-alk in the absence or
presence of P-13 or P13-H for 2 h at 37°C, the lysates were precipitated
with streptavidin-agarose, and the precipitates were analyzed by western
blotting using the antibody as indicated. e Putative binding mode of P-13
to JAK2 (PDB code: 47232), (Left panel) surface presentation of the
binding pocket, (Right panel) interaction of P-13 with JAK2. P-13 was
shown in pink sticks. Residues of JAK2 were shown in orange sticks

STAT3. As shown in Fig. 5¢ and d, the breast cancer cell line
MDA-MB-231 and the colon cancer cell line HT-29, which
had constitutively activated STAT3, were more sensitive than
the breast cancer cell line MDA-MB-453 and the liver cancer
cell line BEL7404, which lacked the constitutively activated
STATS3, to the growth inhibition of P-13.

P-13 inhibited in vivo tumor growth

Finally, we evaluated the effects of P-13 on tumor growth in
vivo. The nude mice bearing the HT29 human colon adeno-
carcinoma xenografts were treated with vehicle or P-13 (25
mg/kg). As shown in Fig. 6, tumor growths were inhibited in
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Fig. 5 P-13 inhibited growth of human cancer cells. a ICs, of P-13 on
viability of different human tumor cell lines for 72 h. b HT29 cells were
treated with 20 uM of P-13 for various time. Whole cell lysates were
processed for western blot analysis and probed with an anti-PARP anti-
body. Anti--tubulin served as a loading control. ¢ Lysates from human
breast, colon and liver cancer cell lines MDA-MB-231, MDA-MB-453,

all of the mice treated with P-13, as compared with the
vehicle-treated mice. The body weights were not affected by
the treatment of P-13 (Fig. 6¢) and no organ injuries were
observed, indicating that P-13 was relatively safe.

Discussion

Identification and development of STAT3 signaling inhibitors
to inhibit cancer cell growth have attracted much attention
because aberrant activations of STAT3 are associated with
cancer formation and progression [29—32]. We have identified
a natural compound derivative, 2-desoxy-4f3-
propylcarbamate-pulchellin (P-13), as a novel STAT3 signal-
ing inhibitor. The goal of this study was to understand the
molecular mechanisms of P-13 in inhibiting STAT3 signaling
and to evaluate its potential to be an anti-cancer drug

log,, P-13 (uM)

HT29 and BEL7404 were processed for western blot analysis using spe-
cific antibodies as indicated. d MDA-MB-231, MDA-MB-453, HT29
and BEL7404 cells were treated with P-13 at various concentrations for
72 h and processed for MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay

candidate. We presented sufficient evidences to demonstrate
that the direct target of P-13 was the major STAT3 kinase
JAK2. P-13 covalently interacted with the cysteine 452 in
the SH2 domain of JAK2 and inactivated its kinase activity,
leading to blockage of STAT3 signaling and inhibition of can-
cer cell growth in vitro as well as in vivo.

The unique feature of P-13, comparing with other JAK2
inhibitors, is its mode of action and its binding site on JAK2.
Most of the JAK?2 inhibitors developed so far are noncovalent
ATP competitive inhibitors targeting the ATP binding region
in the catalytic center of the enzyme [33, 34]. These inhibitors
however often cross-react with other kinases because the
structures of the ATP binding pockets of kinases are highly
conserved [35]. P-13, on the other hand, covalently interacted
with a specific cysteine, cysteine 452, in the non-ATP pocket
region of JAK2. The C452 and its surrounding sequences are
only present in two of the four JAK family members, JAK2
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Fig.6 P-13 inhibited in vivo tumor growth. HT29 xenograft nude mice
were treated with vehicle, P-13 (25 mg/kg) for 18 days (IV; once per two
days). Tumors were excised and photographed (a), tumor volumes and

and JAK3. The other kinases, including the other two JAK
family members JAK1 and TYK2, do not have such a struc-
ture motif. Therefore, P-13 may specifically interact with
JAK2 and JAK3 without affecting other kinases. Indeed, our
analyses of the effects of P-13 on the receptor tyrosine kinase
EGFR and the ser/thr kinase IKK, two representatives of the
tyrosine kinase and the ser/thr kinase families respectively
[36, 37], supported this possibility (supplementary Fig. S2).

The C452 is in the SH2 domain of JAK?2, which is outside
of the catalytic domain and interacts with phosphorylated ty-
rosine residues [38]. It is not clear how binding of P-13 to the
SH2 domain may inhibit the catalytic activity of JAK2. It is
however clear that P-13 acted as an allosteric inhibitor.
Binding of P-13 to the C452 may alter the tertiary structure
of JAK2 and interfere with its interactions with its substrates,
including its autophosphorylation sites. Therefore, the cova-
lent nature of P-13 to interact with JAK2 may ensure its bind-
ing affinity and potential efficacy as a therapeutic agent, while
the specific interaction with the C452 of JAK2 may ensure its
specificity and potential therapeutic safety, which was also
supported by our in vivo experiments (Fig. 6).

In conclusion, we have discovered a novel STAT3 signal-
ing inhibitor P-13, which covalently inactivated JAK2 and
induced apoptosis of human cancer cells, especially those with
constitutively activated STAT3. Moreover, P-13 inhibited
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body weights of the mice during drug treatment were shown in (b) and
(c), respectively. Two-way ANOVA with Tukey post hoc test was used.
*(P<0.05); **(P<0.01); ***(P < 0.001)

cancer cell growth both in vitro and in vivo, supporting its
potential to be an anti-cancer drug candidate.
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