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Combination therapy for KIT-mutant mast cells: Targeting constitutive NFAT and KIT
activity

Abstract:

Resistant KIT mutations have hindered the development of KIT kinase inhibitors for treatment of
patients with systemic mastocytosis. The goal of this research was to characterize the
synergistic effects of a novel combination therapy involving inhibition of KIT and calcineurin
phosphatase, a NFAT regulator, using a panel of KIT-mutant mast cell lines.

The effects of mono- or combination- therapy on the cellular viability/survival of KIT-mutant mast
cells were evaluated. In addition, NFAT-dependent transcriptional activity was monitored in a
representative cell line to evaluate the mechanisms responsible for the efficacy of combination
therapy. Finally, shRNA was used to stably knockdown calcineurin expression to confirm the
role of calcineurin in the observed synergy.

The combination of a KIT inhibitor and a calcineurin phosphatase inhibitor (CNPI) synergized to
reduce cell viability and induce apoptosis in six distinct KIT-mutant mast cell lines. Both KIT
inhibitors and CNPIs were found to decrease NFAT-dependent transcriptional activity. NFATspecific inhibitors induced similar synergistic apoptosis induction as CNPIs when combined with
a KIT inhibitor. Notably, NFAT was constitutively active in each KIT-mutant cell line tested.
Knockdown of calcineurin subunit PPP3R1 sensitized cells to KIT inhibition and increased
NFAT phosphorylation and cytoplasmic localization.
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Constitutive activation of NFAT appears to represent a novel and targetable characteristic of
KIT-mutant mast cell disease. Our studies suggest that combining KIT inhibition with NFAT
inhibition might represent a new treatment strategy for mast cell disease.

Introduction:
Activating KIT mutations, most commonly KIT D816V, are a hallmark of human systemic
mastocytosis (SM) [1, 2]. Related mutations are also found in mast cell neoplasms of other
vertebrates, including mice, rats, and dogs [3-7]. Theoretically, treatment of advanced SM with
KIT kinase inhibitors should target the neoplastic cells and exert a therapeutic effect. However,
to date, the use of KIT inhibitors against advanced SM has had only minor clinical impact. There
are several reasons for this. First, current tyrosine kinase inhibitors (TKIs) have limited activity
against KIT D816V [8]. Second, patients who do respond to KIT TKI therapy can develop
secondary resistance over time due to the emergence of secondary resistance mutations [9].
Third, at least in the case of other KIT-mutant cancers, treatment with KIT inhibitors typically
results in a pool of quiescent, persistent disease that can quickly progress following
discontinuation of KIT TKI therapy [10]. The immediate goal of this research was to investigate
the effect of a new combination therapy – simultaneous inhibition of KIT and calcineurin – in
KIT-mutant SM. In addition, we sought to understand the underlying mechanism behind the
efficacy of this combination such that improved therapies could be developed from targeting this
novel biology. It is our belief that such novel combination therapies will lead to more effective
treatment options that overcome both disease resistance and disease persistence in human
SM, as well as other KIT-mutant cancers.

KIT is a type III receptor tyrosine kinase, expressed on the surface of mast cells, hematopoietic
stem and progenitor cells, melanocytes, interstitial cells of Cajal, and germ cells [11]. KIT is
activated by extracellular binding of its ligand, stem cell factor (SCF), leads to KIT dimerization,
3
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tyrosine kinase activation, and subsequent activation of downstream signaling pathways: PI3KAKT, MAPK, and JAK-STAT [12, 13]. KIT signaling promotes cell growth, survival, and
proliferation [14]. Activating KIT mutations, such as D816V, result in ligand-independent kinase
activity and constitutive activation of KIT-dependent downstream signaling pathways [12, 15]. In
addition to SM, activating KIT mutations have been identified in gastrointestinal stromal tumors
[16], acute myeloid leukemia [17], melanoma [18], and seminoma [19].

While it is well recognized that constitutive KIT signaling is associated with SM [3, 5, 20-23] and
likely is the causative abnormality, it is also believed that KIT signaling alone is insufficient for
disease progression [24]. The molecular mechanisms leading to disease progression remain
unknown. One potential mechanism of progression, which we explore in this paper, is
constitutive activation of the NFAT signaling pathway. Constitutive NFAT activity was recently
identified in melanoma, colon cancer, and CML [25-29]. In the melanoma model, NFAT family
members were not only found to be constitutively active, but also to regulate quiescence and
proliferation of skin stem cells [30]. Gregory et al. found that NFAT inhibition sensitized CML
cells to imatinib treatment [26], and similarly, Spreafico et al. reported the benefits of combining
NFAT and MEK inhibition in models of colorectal cancer [25].

Nuclear factor of activated T-cells (NFAT) is a family of transcription factors, related to the RelNFkB family of transcription factors. Each NFAT protein has a Rel-homology region which
makes base-specific (GGAAA) contacts with DNA to regulate the transcription of a diverse
number of genes involved in the regulation of cellular proliferation, differentiation, survival, and
apoptosis. There are four calcium-responsive NFAT family members – NFAT1-4. Based on
knockout studies in mice and siRNA knockdown studies in cell lines, NFAT1-4 appear to have
somewhat overlapping functions; some of which are context specific [31-34].
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In resting cells, NFAT is localized in the cytoplasm in a highly phosphorylated, inactive state.
Increases in intracellular calcium lead to activation of calcineurin, which binds to NFAT’s
regulatory domain and dephosphorylates NFAT. Dephosphorylation exposes the NFAT nuclear
localization signal leading to rapid translocation into the nucleus, where it acts as a transcription
factor. Within the nucleus, constitutively active kinases (i.e. GSK3, CK1, DYRK1) phosphorylate
NFAT, resulting in translocation back into the cytoplasm [31, 33, 34].

Here we provide evidence that NFAT is constitutively active in KIT-mutant mast cells; and that
dual inhibition of KIT kinase and calcineurin phosphatase activity leads to synergistic decreases
in cell viability and increases in apoptosis. We propose that simultaneous inhibition of KIT and
calcineurin signaling may improve treatment of KIT-mutant SM.

Methods:
Cell culture:
P815[35], HMC1.1, and HMC1.2[36] cells were grown in DMEM (10% FBS, 1% L-glut, 1% penstrep). RBL2H3 cells [37] were grown in MEM ( 15% FBS, 1% L-glut, 1% pen-strep ). BR and
C2 [38] cells were grown in DMEM (2% calf serum, 0.125g histidine, 2.5% HEPES). All cells
were grown at 37°C and 5% CO2. Each cell line’s morphology was monitored, and growth curve
analysis and sequencing was performed bi-annually to ensure the identity of each line
throughout the course of these studies. The P815 and RBL2H3 cells were purchased from
ATCC. The BR and C2 cells were generously donated by Dr. Bill Raymond. The HMC1.1 and
HMC1.2 cells were generously donated by Dr. J.H. Butterfield (Table S1).

Immunoblotting studies:
To prepare nuclear and cytoplasmic protein extracts, we used Thermo-Scientific NE-PER
Nuclear Extraction Kit (#78833) and followed the manufacturer’s instructions.
5

Downloaded from mct.aacrjournals.org on November 19, 2014. © 2014 American Association for Cancer Research.

Author Manuscript Published OnlineFirst on September 24, 2014; DOI: 10.1158/1535-7163.MCT-13-0830
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Lysates were prepared using either the NE-PER kit or routine detergent lysis (RIPA lysis
buffer: 50mM Tris-HCl, 1% IGEPAL, 0.25% deoxycholate, 150mM NaCl, 5mM EDTA). The
antibodies used for immunoblotting are listed in Table S2.

Cell viability and caspase assays:

Cells were plated at 10,000/well at the same time they were treated, in opaque, 96-well plates in
a total volume of 50μL/well. Cells were incubated for 48 hours, then 50μL of Cell Titer Glo
substrate (Promega #G7571) was added to each well. Plates were rocked for 15 minutes and
analyzed using the “CellTiterGlo” program on a Microplate luminometer GloMax-96 (Promega).
Alternatively, following incubation, 50μL of Caspase 3/7 (Promega #G8091), or Caspase 8 or 9
reagent (Promega #G8200, G8210) was added to each well. Caspases 8 and 9 were used in
experiments with RBL2H3 cells. Plates were rocked for 60 minutes and read using the
“Caspase-Glo” program on a Microplate luminometer GloMax-96 (Promega).

Long-term replating assay

P815 cells were treated with 1μM CSA, 20nM dasatinib, or CSA plus dasatinib for 7 days. At
day 7, the cells were washed, drug was removed, and cells were diluted 1:500 and replated
onto 6-well plates. Cells were allowed to recover. Cells treated with 1μM CSA reached
confluency at 48 hours post-plating and colonies were too numerous to count. Cells treated with
dasatinib or combination were allowed to recover in drug-free media for 7 days at which point
they were stained with 0.05% crystal violet and colonies were quantified.

NFAT-P815, shCN-P815 cell lines:
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The NFAT-P815 line was created using virions containing the Cignal Lenti NFAT Reporter
construct (SABioscience catalog # 336851, CLS-015L). P815 cells were transduced using
78μL DMEM media (+15% FBS, 1% P/S, 1% L-Glut), 6μg/ml polybrene (2μL/well at 0.3μg/µl),
and 20μL Cignal Lenti NFAT reporter. Stably transduced cells were selected for resistance
using 1μg/ml puromycin. Drug resistant cells were tested with the Luciferase Assay System
(Promega, #E1501) to quantify firefly luciferase expression. P815 cells with PPP3R1
knockdown (shCN) or non-targeting knockdown (shNT) were created using pLKO.1 Mission
lentiviral transduction particles from Sigma (PPP3R1 shRNA [NM_024459.1-227s1c1], nontargeting shRNA [SHC002V)]). Briefly, P815 cells were transduced overnight with 85.5μL
media, 0.006μg polybrene, and 12.5μL of lentiviral particles. Following a 24 hour recovery,
stably transduced clones were selected using 1μg/mL puromycin.

NFAT-dependent transcription assays:

NFAT-P815 cells were plated the day they were treated. Following incubation, media was
aspirated from wells, and 20μL of Passive Lysis Buffer (Promega) was added to each well.
Plates were rocked for 15 minutes, and analyzed with the “Luciferase Assay System with
Injector” program which injects 100μL of firefly luciferase reagent into each well before
quantifying luciferase protein. The luciferase readout was used as an indication of NFATdependent transcriptional activity and was normalized to cell viability (CTG Assay) for drug
incubations lasting longer than 4 hours.

RT-PCR:

Total RNA was extracted from P815 cells using a Qiagen RNAeasy Plus Mini Kit combined with
the Qiagen RNase-Free DNase Treatment. Single-stranded cDNA was prepared from 1 μg of
total RNA in a 50-μL reaction using 60 μmol/L random hexamer primers, 0.5 mmol/L dNTPs, 100
7
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units RNaseOUT, 5 mmol/L DTT (DTT: dithiothreitol), 1× First Strand buffer, and 500 units
SuperScript III reverse transcriptase following manufacturer's instructions (Invitrogen by Life
Technologies).

Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out in a 20μL reaction
using 1μg single stranded cDNA (corresponding to 40ng initial total RNA) and 19 probes Master
MIX (Roche), with a FAM-labeled hydrolysis probe specific to the reference, GAPDH. Cycling
conditions on a Light-Cycler 480 instrument (Roche) included 10 min at 95oC, 40 cycles of 95oC
for 10 sec, and 60oC for 20 sec. NFAT1, 2, 3, 4, and GAPDH (murine, canine, human, or rat)
were detected using commercial TaqMan Gene Expression assays (Applied Biosystems by Life
Technologies). Murine probes: NFAT2: Mm00479445_m1, NFAT1: Mm00477776_m1, NFAT4:
Mm01249200_m1, NFAT3: Mm00452375_m1, GAPDH: Mm99999915_g1. Rat probes: NFAT2:
Rn04280453_m1, NFAT1: Rn01750325_m1. Canine probes: NFAT2: Cf02648711_m1, NFAT4:
Cf02703251_m1, NFAT3:Cf02703250_m1. Human probes: NFAT2: Hs00542678_m01, NFAT1:
Hs00905451_m01, NFAT4: Hs00190046_m01, NFAT3: Hs00190037_m01. Expression results
were analyzed using the comparative CT method (also known as the 2−∆∆CT method) [39].

Statistical Analysis:
All error bars represent standard error across at least three independent biological replicates.
Statistical analysis of results was performed using Prism 6 software (GraphPad). Unpaired twotailed t tests were used to determine statistical significance between two groups.

Results:

Combining a calcineurin inhibitor with a KIT inhibitor leads to synergistic decrease in
cell viability and induction of apoptosis.
8
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Based on previous studies where calcineurin phosphatase inhibition synergized with kinase
inhibition to decrease CML cell viability [26], we evaluated the effects of combining a KIT TKI
with a CNPI in a number of KIT-mutant cell lines. For example, P815 cells (murine KIT D814Y)
were treated with a KIT inhibitor (dasatinib 5, 10, or 20nM), calcineurin inhibitor (cyclosporin A,
1uM), or both for 48 hours before measuring cell viability (Figure 1). In this dose range,
dasatinib produced a dose-dependent decrease in cell viability. In contrast, single agent
cyclosporin A (CSA) at 1μM had only a minimal effect on cellular viability (< 15% decrease).
There was a significant decrease in cell viability with combination treatment, as compared with
either agent alone (Figure 1A). The viability data was analyzed using Calcusyn software, which
uses the method of Chou and Talalay [40] to quantify synergy through computation of
combination index (CI) values. The average CI value in P815 cells for CSA plus dasatinib was
0.438, indicating a synergistic effect of combination therapy. This experiment was repeated in a
total of six KIT-mutant mast cell lines (cell line characteristics summarized in table S1), with six
different KIT TKIs and four different CNPIs and we observed similar degrees of synergy (Table
1).

In our cellular proliferation experiments, we noted changes in cell morphology consistent with
cellular death. To measure the effects of combination therapy on induction of apoptosis (as
assessed by activation of caspase activity), we performed single agent versus combination
therapy experiments. We repeated our previous combination experiments treating P815 cells
with 5, 10, or 20nM dasatinib alone or in combination with 1μM CSA. After 48 hours, caspase 3
and 7 activity was quantified as a measure of cellular apoptosis and normalized to cell viability
(Figure 1B). Caspase 3/7 activity was significantly greater in cells treated with combination
therapy compared to treatment with dasatinib or CSA alone. We saw similar degrees of
caspase induction with each KIT-mutant cell line tested to date (data shown for HMC1.2, Figure
9
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1C). We expanded these studies to include additional CNPIs (FK506, ascomycin, fenvalerate,
and pimecrolimus) and KIT inhibitors (imatinib, nilotinib, sunitinib, and ponatinib). Combining
each of the KIT TKIs and CNPIs synergistically decreased cell viability and induced apoptosis
(data not shown).

In addition to improving response to KIT-inhibitor therapy in KIT-mutant SM models, we also
tested the ability of combination therapy to combat disease persistence. We examined colony
forming capacity of cells following extended drug exposure. As noted above, CSA alone had no
effect on proliferation and replating of CSA-treated cells led to a confluent lawn of cells after
only two days. Dasatinib treatment resulted in an average of 467 colonies while combination
therapy further reduced colony count to 82 for an 83% reduction in colony growth. This
represents a significant decrease in colony growth over monotherapy with dasatinib (p=0.006,
Figure 1D).

NFAT is constitutively active in KIT-mutant cell lines.

Based on the above results, we hypothesized that CNPIs reduced the transcriptional activity of
members of the NFAT family, and that inhibition of NFAT-induced transcription was required for
the observed synergy. It is well known that NFAT is a downstream target of calcineurin.
However, treatment with CNPIs has a number of off-target effects that could be responsible for
the observed synergy [41-43]. To investigate whether NFAT was mediating the observed
synergy between KIT inhibitors and CNPIs, we characterized NFAT expression and activity
within KIT- mutant cells.

Given that there are four different calcium/calcineurin-responsive NFAT family members, we
performed qRT-PCR in human, mouse, canine, and rat KIT-mutant cell lines to both quantify
and qualify NFAT family member RNA transcripts. NFAT1, NFAT2, and NFAT4 were expressed
10

Downloaded from mct.aacrjournals.org on November 19, 2014. © 2014 American Association for Cancer Research.

Author Manuscript Published OnlineFirst on September 24, 2014; DOI: 10.1158/1535-7163.MCT-13-0830
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

in the murine P815 cell line, the human mast cell lines HMC1.1 and HMC1.2, and the rat
RBL2H3 cell line (Table S3). In canine BR and C2 cell lines, however, NFAT2 and NFAT4 were
the only detectable NFAT species.

To evaluate NFAT phosphorylation and subcellular localization in KIT-mutant mast cell lines, we
treated cells for three hours with increasing doses of CSA (Figure 2A). Cells were fractionated
and probed for NFAT family members. We observed nearly 100% of NFAT species localized in
the nucleus of untreated P815 cells, indicating constitutive NFAT activation under resting
conditions in these cells. Following treatment with CSA, we saw a shift toward the higher
molecular weight band indicative of the highly phosphorylated NFAT species. Concurrently, we
observed NFAT translocation to the cytoplasm. The band shift and translocation were both
observed with each of the three NFAT species expressed in P815 cells (Figure 2B). These
experiments not only confirmed our qRT-PCR expression results, but also suggested
inactivation of NFAT by CSA as a possible mechanism underlying the synergy of KIT TKI and
CNPI combination therapy.

We tested other KIT-mutant cell lines to determine whether constitutive NFAT activation was a
common characteristic of mastocytosis cell lines. We also wanted to establish whether NFAT
was maximally activated. In addition to P815 cells, we treated rat RBL2H3 and human HMC1.2
cells with 1μM CSA or 1μM ionomycin (IonM) plus 100nM 12-O-tetradecanoylphorbol-13acetate (TPA) for two hours. Ionomycin and TPA synergize to activate calcium flux which leads
to downstream activation of calcineurin and NFAT. Following incubation, the cells were
fractionated and immunoblotting was used to visualize NFAT phosphorylation and localization.
Each NFAT species expressed in HMC1.2 cells was found to be constitutively active based on
band size and protein localization (Figure S1). The same pattern of constitutively active NFAT
was observed in P815, RBL2H3, and HMC1.1 cells (data not shown). In each cell line we
11
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observed a minimal further translocation of NFAT species into the nucleus following induction of
calcium flux, indicating maximal activation of NFAT species in KIT-mutant mast cells (data not
shown). Due to a lack of antibodies suitable to detect canine NFAT species by immunoblotting,
NFAT activation, phosphorylation, and subcellular localization could not be evaluated in the BR
and C2 cell lines.

Constitutive activation of NFAT represents a novel finding in KIT-mutant mast cells that has not
been previously reported. Having characterized NFAT gene and protein expression in these cell
lines, we sought to assess the regulation of NFAT-dependent transcriptional activity by monoand combination therapy.

Monotherapy and combination therapy decrease basal NFAT transcriptional activity
in KIT-mutant cells.

Because NFAT is a transcription factor, single agent and combination treatment should also
lead to changes in NFAT-dependent transcriptional activity. To investigate the modulation of
NFAT transcriptional activity, we stably transduced an NFAT-dependent reporter construct into
the P815 cell line. In this construct, transcription is driven from a tandem repeat of the NFAT
consensus binding sequence (GGAAA) and a minimal CMV promoter to regulate the expression
of firefly luciferase. There was a substantial basal level of reporter expression in this cell line,
confirming constitutive basal NFAT activity.

CSA treatment of the NFAT-dependent reporter-P815 cell line (NFAT-P815) induced a dosedependent decrease in NFAT transcriptional activity as assessed by the level of firefly luciferase
(Figure 3A). We saw a similar decrease in reporter activity when the cells were treated with
other CNPIs including ascomycin, and pimecrolimus (Figure 3B). While we observed a dosedependent decrease in NFAT transcriptional activity, we were unable to completely ablate
12
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reporter activity with doses of physiologically relevant CNPIs. We repeated the experiments with
two other NFAT-reporter systems and saw similar results (data not shown). To confirm that 1uM
CSA was modulating transcriptional activity, we measured RNA transcript levels of downstream
targets – CCND1, CCND2, PIM2, BCL6, SOCS1, and CISH in P815 cells after 24 hours of CSA
treatment. We saw a significant increase in BCL6 transcript levels as expected, and decreases
in the other target transcript levels (Figure S2). Based on these results we believe the modest
decrease in NFAT-reporter activity does reflect meaningful changes in NFAT-dependent
transcription of endogenous transcripts.

Unexpectedly, treatment of NFAT-P815 cells with a KIT inhibitor (dasatinib, ponatinib, or
imatinib) also resulted in decreased NFAT-dependent transcriptional activity (Figure 3C). The
KIT TKI doses used are those that produced synergy in the cellular viability assay when
combined with 1uM CSA. Furthermore, combination treatment with CSA and dasatinib
significantly decreased NFAT-dependent transcriptional activity compared with either drug alone
(Figure 3D), suggesting an intersection between the KIT and NFAT signaling pathways at the
level of transcriptional control.

These data confirm constitutive calcineurin-dependent activation of NFAT-dependent
transcriptional activity in KIT-mutant mast cell lines. Basal NFAT-dependent transcriptional
activity was modulated by either calcineurin inhibitors or KIT inhibitors. Notably, combination
therapy significantly decreased NFAT-dependent transcriptional activity compared with
monotherapy, suggesting regulation of NFAT-dependent transcriptional activity as a common
downstream target of this combination treatment.

KIT inhibition of NFAT-dependent transcriptional activity is independent of intracellular
calcium levels.
13
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In previously described models systems, NFAT is regulated by intracellular calcium levels that
activate calmodulin/calcineurin. While KIT signaling can activate calcium influx [44, 45], it is
unknown whether this aspect of KIT activity is responsible for the inhibition of basal NFATdependent reporter activity we observe. To determine whether KIT inhibitors were acting
through the same calcium-dependent pathway as calcineurin inhibitors, we evaluated induced
NFAT transcriptional activity by treating NFAT-P815 cells with a combination of TPA and
Ionomycin (100nM and 1μM, respectively) for 2 hours in order to activate calcium fluxdependent signaling and increase NFAT-dependent reporter activity. There was an average 1020 fold increase in NFAT-dependent reporter gene expression following TPA/IonM treatment.
This increase was completely inhibited by pre- treating the cells for 2 hours with a CNPI (CSA,
pimecrolimus, or ascomycin) (Figure 4A). To confirm that the observed NFAT transcriptional
activity is dependent upon calcium influx, NFAT-P815 cells were pre-treated with calcium
channel inhibitors YM58483 (a CRAC channel inhibitor[46]) or pyr3 (a TRPC inhibitor[47])
followed by a two hour treatment with TPA/IonM. Both calcium channel blockers completely
inhibited the induction of NFAT-dependent reporter activity (Figure 4A).

Finally, NFAT-P815 cells were treated with three different KIT inhibitors (dasatinib, ponatinib, or
imatinib), followed by a 2 hour treatment with TPA/IonM (Figure 4B). In contrast to the case with
CNPIs, KIT inhibitors only partially reduced the TPA/IonM-induced increase in NFAT-dependent
reporter activity, suggesting that KIT inhibitors do not effectively block induced calcium flux and
subsequent calcineurin activation. However, the fact that dasatinib affects basal NFAT activity
suggests an alternative mechanism by which KIT inhibitors regulate basal and induced NFAT
activity in KIT-mutant mast cells. It appears that induced NFAT transcriptional activity is
completely calcium-dependent, whereas basal NFAT transcriptional activity is modulated by
additional KIT-dependent mechanisms, such as signaling through pathways downstream of KIT.
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One explanation for the synergy observed in our combination treatment studies is that inhibition
of calcineurin signaling modulates NFAT and this, in turn, modulates KIT expression or activity.
Alternatively, KIT kinase inhibitors could modulate NFAT subcellular localization and/or
phosphorylation through an unidentified mechanism. This latter model would explain why KIT
inhibitors modulate NFAT-dependent reporter activity in KIT-mutant mast cells. To test this
hypothesis, P815 cells were treated with CSA or FK506 (10, 100, 1000nM). Protein lysates from
treated cells were fractionated and probed for activation of tyrosine phosphorylated KIT, as well
as the downstream KIT signaling targets ERK and AKT. CSA and FK506 had no effect on
phospho-KIT, phospho-ERK, or phospho-AKT using doses that were sufficient to modulate
NFAT activity and which had a synergistic effect in our cellular assays. This indicates that
CNPIs do not directly affect KIT kinase activity or proximal signaling pathways (e.g. MAPK,
Figure S3A). In additional experiments, P815 cells were treated with dasatinib or imatinib (1, 10,
50nM and 0.5, 1, 5μM, respectively) before cellular fractionation and immunoblotting for NFAT2
and NFAT4. Inhibition of KIT signaling by dasatinib or imatinib did not cause a shift in NFAT
species to the higher molecular weight, highly phosphorylated state; nor did it cause any
increase in cytoplasmic localization (Figure S3B).

Collectively, these data indicate that the effects of KIT inhibition on NFAT-dependent
transcriptional activity and cell viability is exerted through an alternative mechanism,
independent of calcium signaling or calcineurin activity. Notwithstanding the lack of direct
crosstalk, these two pathways seem to converge at the transcriptional level.

Calcineurin knockdown sensitizes P815 cells to dasatinib treatment.
In order to determine the mechanism mediating the synergy of combination therapy, we tested
whether the effects of combination therapy were calcineurin-dependent. As discussed above,
CSA can have additional off target effects besides its well characterized effect on inhibiting
15
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calcineurin phosphatase activity. To eliminate these off-target effects as mechanisms behind
synergy we used lentiviral transduction to deliver shRNA and create stable knockdown of the
calcineurin subunit PPP3R1. Calcineurin is a heterodimer, composed of a catalytic subunit and
a regulatory subunit. Knockdown of either subunit leads to enzyme inactivation. In addition to
three unique catalytic subunit isozymes (PPP3CA, PPP3CB, PPP3CC), there are two regulatory
isozymes (PPP3R1, PPP3R2). Only PPP3R1 is expressed in P815 cells, so we were able to
use a single knockdown of PPP3R1 to inhibit calcineurin phosphatase activity.

We stably transduced P815 cells with a non-targeting mammalian shRNA or a PPP3R1 shRNA.
Puromycin-resistant cells were selected for further analysis. Immunoblotting of cells stably
transduced with a PPP3R1 shRNA demonstrated that knockdown of calcineurin led to a shift in
NFAT localization – similar to that observed with 1μM CSA treatment (Figure 5A). These effects
were not seen with stable clones expressing a non-targeting shRNA (shNT). The stable shCNP815 cells were tested with increasing doses of dasatinib. Compared to shNT-P815 cells, the
shCN-P815 cells showed increased sensitivity to dasatinib treatment (Figure 5B). Next, we
treated shCN-P815 cells with 10nM dasatinib, with and without 1μM CSA. The shCN
knockdown cell line showed increased sensitivity to dasatinib treatment compared to shNTP815 cells. The decrease in cell viability in the CN knockdown cells treated with dasatinib alone
was comparable to the observed cell viability following combination therapy in shNT-P815 cells
(Figure 5C). Identical results were obtained using two independent clones transduced with the
same PPP3R1 shRNA.
Finally, we examined the colony forming capacity of shCN-P815 cells compared to shNT-P815
cells. As before, cells were treated for 1 week with 20nM dasatinib alone or in combination with
1uM CSA and allowed to recover in media for 1 week.

The shCN-P815 cells showed

decreased replating capacity compared to shNT-P815 cells when treated with dasatinib alone.
The replating capacity of the shCN-P815 cells treated with dasatinib alone was similar to the
16
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capacity of the shNT-P815 cells following treatment with CSA plus dasatinib (Figure 5E).
Based on these results we conclude that the observed synergy is calcineurin dependent and
not the result of inhibiting other CSA targets.

NFAT specific inhibitors combine with KIT inhibitors to synergistically decrease cell
viability and induce apoptosis.
To further confirm that the observed synergy was both calcineurin- and NFAT-dependent, we
tested

the

effects

of

two

NFAT

specific

inhibitors

(rocaglamide

[48],

tributylhexadecylphosphonium bromide (THPB) [49]), alone or in combination with dasatinib.
Combination therapy with rocaglamide plus dasatinib or THPB plus dasatinib decreased cell
viability more significantly than monotherapy (Figure 6A, B). The average calculated
combination index value was 0.73 and 0.36 for rocaglamide plus dasatinib and THPB plus
dasatinib, respectively, indicating synergy for both drug combinations.

To determine whether NFAT specific inhibitors induced apoptosis when combined with a KIT
inhibitor, we evaluated apoptosis induction by caspase 3/7 assay after treating P815 cells for 48
hours with monotherapy versus combination therapy. For each NFAT inhibitor combination
there was a significant increase in caspase 3/7 activity when combined with a KIT TKI,
particularly at doses above 20nM rocaglamide and 50nM THPB (Figure 6C, D).

Our data with NFAT specific inhibitors are in complete agreement with our results using
calcineurin phosphatase inhibitors, or PPP3R1 knockdown, suggesting that the synergy
between KIT inhibitors and calcineurin inhibitors is NFAT-dependent.

Discussion:
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Although targeted kinase therapy has transformed treatment of some KIT-mutant cancers, KITmutant SM patients have yet to fully benefit from these therapies. Unfortunately, most cases of
human SM harbor the KIT D816V mutation, which is minimally or at best partially inhibited by
clinically available KIT TKIs. Therefore, novel treatment options are needed to sensitize these
cells to KIT TKI therapy. In this paper we present data indicating that calcineurin/NFAT inhibition
sensitizes KIT-mutant mast cells to KIT TKIs. Synergy was seen even when the KIT TKI was
used at doses that had only a minimal anti-proliferative effect as a single agent. This observation
is of particular relevance to the treatment of SM with an associated D816V mutation.

Notably, we report for the first time that NFAT family members are constitutively activated in all
KIT-mutant mast cell lines tested to date, including the human HMC1.2 cell line harboring KIT
V560G + D816V. This phenomenon has not previously been described and may contribute to
the progression of mast cell disease. The cause of this constitutive NFAT activation is unknown,
but NFAT activation and localization can be manipulated using CNPIs (CSA and FK506).
Calcineurin phosphatase inhibitors alone were not sufficient to decrease cell viability or induce
apoptosis, but combining KIT TKIs and calcineurin/NFAT inhibitors led to a synergistic antiproliferative and pro-apoptotic effect in KIT-mutant mast cells. This suggests that CNPIs
cooperate with KIT inhibition to affect cell viability and apoptosis. Additionally, we presented
evidence that combination therapy may diminish disease persistence based on significantly
reduced replating efficiency following simultaneous inhibition of KIT and calcineurin in KITmutant mast cell models.

It is known that CNPIs such as CSA have other targets in addition to calcineurin. One such
reported target is the drug efflux pump PgP, which mediates multidrug resistance (MDR) [4143]. If synergy was mediated via the inhibition of PgP by CSA, then we would expect to see a
further decrease in KIT activation following treatment of KIT-mutant cells with CSA/dasatinib
18
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when compared with single agent dasatinib. However, combination therapy did not further
modulate KIT autophosphorylation compared with dasatinib alone (Figure S4). In agreement
with this observation, combination therapy and single agent dasatinib had identical effects on
KIT-dependent signaling through the PI3K and MAPK pathways (Figure S4). To confirm that the
observed synergy was in fact NFAT-dependent, we knocked down the expression of the
PPP3R1 subunit of calcineurin. PPP3R1 knockdown sensitized P815 cells to dasatinib
treatment, and eliminated the effect of adding 1μM CSA. The fact that CN knockdown replaced
the effects of adding CSA strongly supports our hypothesis that inhibition of calcineurin is
required for the observed synergy. To further confirm these results, we tested NFAT specific
inhibitors in combination with KIT inhibitors. Our results replicated the results we saw with CSA
combined with dasatinib, as determined by CI values; we therefore conclude that synergy
between KIT inhibitors and CNPIs is NFAT-dependent.

We also found that KIT inhibitors did not affect NFAT phosphorylation or cellular localization.
However, KIT inhibitors partially inhibited basal NFAT-dependent transcriptional activity in our
NFAT-dependent reporter cell line, suggesting that these two pathways converge to regulate
NFAT-dependent transcriptional activity. It has been reported that KIT signaling activates
calcium signaling [50], so we hypothesized that inhibition of KIT signaling could affect NFAT
through reduction of calcium flux. However, when we induced calcium influx with TPA and
ionomycin, KIT inhibitors were unable to fully block the resultant increase in NFAT-dependent
transcriptional activity. Further, both calcium channel blockers and CNPIs were able to
completely inhibit the increase in NFAT activity induced by increased calcium flux. Conversely,
calcium channel blockers did not ablate basal NFAT-dependent transcriptional activity, as
assessed with our NFAT-dependent reporter cell line model. Finally, KIT inhibitors partially
blocked basal NFAT-dependent transcriptional activity. We conclude that constitutive NFAT
activity in mast cells is only minimally-dependent upon calcium flux.
19
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In addition to KIT modulating NFAT-dependent transcriptional activity, we examined the
possibility that NFAT activity could modulate KIT expression or kinase activity. However, we
found no evidence that calcineurin inhibitors modulated levels of total or phospho-KIT (Figure
S3A). To further investigate the mechanism behind modulation of NFAT-dependent transcription
by inhibitors of these distinct pathways, we examined the effects of KIT inhibition on NFAT
localization and phosphorylation. We found that neither dasatinib nor imatinib affected NFAT
localization or phosphorylation at doses that were sufficient to inhibit KIT signaling. It is known
that NFAT transcriptional activity synergizes with certain DNA binding partners such as JUN [33,
34]. We hypothesize that KIT inhibition modulates one or more NFAT binding partners leading to
the observed decrease in NFAT-dependent transcriptional activity.

Our work characterizing the effects of combining KIT TKI and CNPI in KIT-mutant mast cells
leads us to hypothesize that such a combination treatment could be used to improve treatment
options for patients with KIT-mutant SM. Despite these promising preliminary in vitro results,
there are concerns over the use of immunosuppressive agents (ex. CSA, FK506) to treat
cancer patients. Theoretically, identification and targeting downstream effectors of the observed
synergy could also be effective against KIT-mutant SM, without the risk of immunosuppression.
Further studies are indicated to identify other combination treatments that target the novel
biology of KIT-mutant cancer cells that express constitutively activated NFAT species.
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Tables:
Table 1: Summary of combination index values for KIT-mutant mast cell lines from CNPI+KIT
inhibition Combination index (CI) values calculated following 48hr combination therapy. CI values
calculated using the method of Chou and Talalay.[40]
Cell
Line

KIT
Inhibitor

Calcineurin
Inhibitor

CI
Value

Cell
Line

KIT
Inhibitor

Calcineurin
Inhibitor

CI
Value

p815
p815
p815
p815
p815
p815
p815
p815
BR
BR
BR
BR
BR
BR
BR
BR
C2
C2
C2
C2
C2
C2
C2
C2
C2

Dasatinib
Dasatinib
Dasatinib
Imatinib
Sunitinib
Nilotinib
Sorafenib
Crenolanib
Dasatinib
Dasatinib
Dasatinib
Imatinib
Sunitinib
Nilotinib
Sorafenib
Crenolanib
Dasatinib
Dasatinib
Dasatinib
Dasatinib
Sunitinib
Nilotinib
Sorafenib
Crenolanib
Imatinib

CSA
Ascomycin
Pimecrolimus
FK506
CSA
CSA
CSA
CSA
CSA
Ascomycin
Pimecrolimus
FK506
CSA
CSA
CSA
CSA
FK506
CSA
Ascomycin
Pimecrolimus
CSA
CSA
CSA
CSA
CSA

0.438
0.829
0.652
0.659
1.029
0.61
0.774
0.508
0.261
0.517
0.465
0.425
0.268
0.175
0.216
0.593
1.056
0.546
0.682
0.798
0.584
0.232
0.647
0.142
0.466

RBL2H3
RBL2H3
RBL2H3
RBL2H3
RBL2H3
RBL2H3
RBL2H3
RBL2H3
RBL2H3
HMC1.1
HMC1.1
HMC1.1
HMC1.1
HMC1.1
HMC1.1
HMC1.2
HMC1.2
HMC1.2
HMC1.2
HMC1.2

Dasatinib
Dasatinib
Dasatinib
Dasatinib
Sunitinib
Nilotinib
Sorafenib
Crenolanib
Imatinib
Dasatinib
Dasatinib
Dasatinib
Sunitinib
Nilotinib
Crenolanib
Dasatinib
Dasatinib
Dasatinib
Sunitinib
Crenolanib

FK506
CSA
Ascomycin
Pimecrolimus
CSA
CSA
CSA
CSA
CSA
CSA
Ascomycin
Pimecrolimus
CSA
CSA
CSA
CSA
Ascomycin
Pimecrolimus
CSA
CSA

0.61
0.324
0.409
0.909
0.643
0.227
0.973
0.602
0.657
0.504
0.442
0.631
0.854
0.231
0.719
0.481
0.861
0.153
0.509
0.771
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Figure Legends:
Figure 1: Combining a calcineurin inhibitor with a KIT inhibitor leads to synergistic
decrease in cell viability and induction of apoptosis. A Cell viability measured at 48 hours of
single agent or combination treatment with a calcineurin phosphatase inhibitor (CSA) and a KIT
inhibitor (dasatinib) in mouse P815 cells. B) Apoptosis induction measured by caspase 3/7
activity at 48 hours of single agent or combination treatment of a calcineurin phosphatase
inhibitor (CSA) and a KIT inhibitor (dasatinib) in mouse P815 cells. C) Apoptosis induction
measured by caspase 3/7 at 48 hours of single agent or combination treatment of a calcineurin
phosphatase inhibitor (CSA) and a KIT inhibitor (dasatinib) in human HMC1.2. D) Colony growth
of P815 cells treated with 20nM dasatinib alone or in combination with 1μM CSA. Cells were
treated for a week, and allowed to recover for a week before colonies were quantified. Error
bars = SE, * denotes p< 0.05, ** denotes p< 0.005, *** denotes p<0.001, **** denotes p<0.0001,
compared to dasatinib treatment alone.
Figure 2: KIT-mutant mast cells express constitutively active NFAT species that are
sensitive to inactivation by calcineurin phosphatase inhibitors. A) Immunoblot of nuclear
and cytoplasmic fractions from P815 cells treated for 3 hours with CSA. Total KIT is shown as a
cytoplasmic loading control and Lamin A/C is shown as a nuclear loading control. B)
Immunoblot of cytoplasmic fractions from P815 cells treated for 3 hours with CSA. Membrane
was probed for NFAT family members NFAT1, 2, and 4. The lower molecular weight band
represents dephosphorylated, active NFAT and the higher molecular weight band represents
phosphorylated, inactive NFAT. Beta-actin is shown as a loading control.
Figure 3: Monotherapy and combination therapy decrease basal NFAT transcriptional
activity in KIT-mutant cells. Basal NFAT transcriptional activity as measured in NFATdependent luciferase reporter stable P815 cells after 6 hour drug treatment. A) Cells treated
with increasing doses of CSA prior to lysis and assessment of luciferase activity. B) Cells
treated with 1uM CSA, ascomycin, or pimecrolimus prior to assessment of luciferase activity. C)
Cells treated with 10nM dasatinib, 0.3uM ponatinib, or 5uM imatinib prior to assessment of
luciferase activity. D) Cells treated for with increasing doses of dasatinib as single agent or in
combination with 1uM CSA prior to assessment of luciferase activity. Error bars = SE, * denotes
p< 0.05, ** denotes p< 0.005, *** denotes p<0.001, **** denotes p<0.0001, compared to either
mono-treatment.
Figure 4: KIT inhibition does not act through calcium signaling to decrease NFAT
transcriptional activity. Induced NFAT transcriptional activity measured in stable NFATdependent luciferase reporter P815 cells. A) Inhibition of induced NFAT activity with a CNPI
(CSA , ascomycin, or pimecrolimus) or a calcium channel blocker (pyr3 or YM58483) is shown
after a 2 hour pre-treatment with a calcineurin inhibitor or a calcium channel blocker, followed by
a 2 hour treatment with TPA/Ionomycin (T+I). B) The effect of KIT inhibitors on induced NFATdependent reporter activity is shown following 2 hours of pre-treatment with a KIT inhibitor
(dasatinib, ponatinib, or imatinib), and 2 hours of TPA+IonM (right side, right axis). Error bars =
SE, ** denotes p< 0.005, *** denotes p<0.001, **** denotes p<0.0001 compared to untreated
cells.
Figure 5: PPP3R1 knockdown sensitizes P815 cells to dasatinib treatment to the extent
equal to combination treatment in parental P815 cells. A) Cytoplasmic extracts from P815
cells with stable knockdown of calcineurin subunit PPP3R1 (shCN-P815) vs non-targeting
shRNA (shNT-P815). B) 48 hour viability of stable shCN-P815 cells treated with increasing
doses of dasatinib compared to shNT-P815 cells. C) The effect of single agent (dasatinib or
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CSA) or combination treatment on shNT-P815 cells or shCN-P815 cells at 48 hours. D) Colony
growth of shNT-P815 cells treated with 20nM dasatinib alone or in combination with 1μM CSA
compared to shCN-P815 cells treated with 20nM dasatinib. Cells were treated for a week, and
allowed to recover for a week before colonies were quantified. Error bars = SE, * denotes p<
0.05, ** denotes p< 0.005, *** denotes p<0.001, **** denotes p<0.0001 compared to NT-P815
cells, ns = not significant.
Figure 6: NFAT specific inhibitors combine with KIT inhibitors to synergistically decrease
cell viability and induce apoptosis. A and B) Combination treatment of P815 cells with an
NFAT-specific inhibitor, rocaglamide (A) or THBP (B) and a KIT inhibitor (dasatinib). Cell
viability was measured at 48 hours. C and D) Combination treatment with an NFAT-specific
inhibitor, rocaglamide (C) or THBP (D) and a KIT inhibitor (dasatinib). Caspase 3/7 activity was
measured at 48 hours. Error bars = SE, * denotes p< 0.05, ** denotes p< 0.005, *** denotes
p<0.001, **** denotes p<0.0001 compared to either mono-treatment.
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