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Abstract

Background The SETD2 tumor suppressor gene encodes a histone methyltransferase that safeguards transcrip-

tion fidelity and genomic integrity via trimethylation of histone H3 lysine 36 (H3K36Me3). SETD2 loss of function has
been observed in solid and hematologic malignancies. We have recently reported that most patients with advanced
systemic mastocytosis (AdvSM) and some with indolent or smoldering SM display H3K36Me3 deficiency as a result of
a reversible loss of SETD2 due to reduced protein stability.

Methods Experiments were conducted in SETD2-proficient (ROSAKTP818Y) and -deficient (HMC-1.2) cell lines and in
primary cells from patients with various SM subtypes. A short interfering RNA approach was used to silence SETD2 (in
ROSAKTDEIS cells) MDM2 and AURKA (in HMC-1.2 cells). Protein expression and post-translational modifications were
assessed by WB and immunoblotting. Protein interactions were tested by using co-immunoprecipitation. Apoptotic
cell death was evaluated by flow cytometry after annexin V and propidium iodide staining, respectively. Drug cytotox-
icity in in vitro experiments was evaluated by clonogenic assays.

Results Here, we show that the proteasome inhibitors suppress cell growth and induce apoptosis in neoplastic mast
cells by promoting SETD2/H3K36Me3 re-expression. Moreover, we found that Aurora kinase A and MDM2 are impli-
cated in SETD2 loss of function in AdvSM. In line with this observation, direct or indirect targeting of Aurora kinase

A with alisertib or volasertib induced reduction of clonogenic potential and apoptosis in human mast cell lines and
primary neoplastic cells from patients with AdvSM. Efficacy of Aurora A or proteasome inhibitors was comparable to
that of the KIT inhibitor avapritinib. Moreover, combination of alisertib (Aurora A inhibitor) or bortezomib (proteasome
inhibitor) with avapritinib allowed to use lower doses of each drug to achieve comparable cytotoxic effects.
Conclusions Our mechanistic insights into SETD2 non-genomic loss of function in AdvSM highlight the potential
value of novel therapeutic targets and agents for the treatment of patients who fail or do not tolerate midostaurin or
avapritinib.
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Introduction
Systemic mastocytosis is a rare hematological neoplasm
characterized by clonal expansion and accumulation of
morphologically and immunophenotypically abnormal
mast cells in extracutaneous tissues and organs including
the bone marrow, spleen, liver and gastrointestinal tract
[1-4]. From a clinical point of view, SM is a highly het-
erogeneous disease with clinical presentations ranging
from indolent variants with near-normal life expectancy
to more aggressive entities, the so-called advanced SM
[2-4]. AdvSM includes SM with an associated hemato-
logic neoplasm (SM-AHN), aggressive SM (ASM) and
MC leukemia (MCL). While patients with indolent SM
(ISM) and smoldering SM (SSM) generally do not require
cytoreductive treatment since only a few of them will
eventually progress to ASM, patients with AdvSM often
progress and may have rapidly deteriorating courses
with poor outcome [2-4]. Since constitutive activation
of the KIT tyrosine kinase receptor as a consequence of
gain-of-function mutations in the KITgene (most fre-
quently D816V) is considered a disease-driving event in
the pathogenesis of SM [5-9], the multikinase inhibitor
midostaurin, that targets both wild-type and mutant KIT,
has been tested in clinical trials and recently approved for
use in patients with AdvSM [10, 11]. However, a signifi-
cant proportion of patients do not respond to or relapse
on midostaurin [6, 10]. Tolerability issues may also lead
to discontinuation of treatment. More recently, the KIT
D816V-targeting drug avapritinib has been developed
and has received approval by the European Medicines
Agency for use in AdvSM patients after at least one sys-
temic therapy [12, 13]. However, not all patients with
AdvSM may respond to or tolerate this kinase blocker.
Efforts aimed to identify novel molecular players coop-
erating with KITgain-of-function mutations in the patho-
genesis of SM have recently led us to the discovery of a
SETD2 protein deficiency in the MCL-like human MC
lines HMC-1 and patients with SM. SETD2 deficiency
was found to correlate roughly with the WHO category
and disease aggressiveness in SM [14]. SETD2 is encoded
by a tumor suppressor whose loss of function (via bial-
lelic inactivating mutations, or monoallelic deletions or
copy neutral loss of heterozygosity and mutation of the
remaining allele) has been observed in a variety of solid
tumors and, more recently, in hematologic malignan-
cies of both myeloid and lymphoid origin [15]. SETD2
is a methyltransferase that catalyzes the trimethylation
of histone H3 at lysine 36 [16], a key epigenetic modifi-
cation that can be used as a surrogate marker of SETD2

loss of function. We have recently shown that SETD2
loss of function in SM mainly occurs at the post-trans-
lational rather than at the genomic level, via hyperubiq-
uitination and proteasomal degradation — being thus
potentially reversible. Indeed, proteasome inhibition
by bortezomib rescued SETD2 expression and restored
H3K36Me3 in neoplastic MCs. In this study, we aimed to
dissect the upstream mechanisms responsible for SETD2
loss of function in SM to define novel therapeutic targets
and agents (possibly via repurposing of drugs already
approved or in advanced clinical development) for the
treatment of AdvSM patients who fail or do not tolerate
midostaurin and/or avapritinib.

Methods

Patient samples and cell lines

Experiments were conducted in SETD2-proficient
(ROSAKIT D816V)  and  -deficient (HMC-1) cell lines
[17-19] and in primary cells from patients with various
SM subtypes. Cell lines and patient characteristics are
detailed in the Supplementary methods. Sample collec-
tion was approved by the Institutional Review Boards of
the S. Orsola-Malpighi Hospital (protocol 112/2014/U/
Tess) and of the other institutions participating in this
study.

RNA interference

A short interfering RNA approach was used to silence
SETD2 (in ROSAKIT D816V cells), MDM2 and AURKA
(in HMC-1 cells) as described in the Supplementary
methods.

Co-immunoprecipitation/immunoblotting and Western
blot analyses

HMC-1 and ROSANT D816V cells maintained in control
medium or after 24 h-incubation with 10 nM bortezomib,
5 nM carfilzomib, 50 nM ixazomib and 5 uM SP141 were
lysed to extract total cellular proteins. WB, co-immuno-
precipitation and immunoblotting were performed as
described in the Supplementary methods. The following
primary antibodies were used for Co-IP/immunoblot-
ting and WB: anti-SETD2 (goat polyclonal antibody, cat.
PAB7385, Abnova), anti-H3K36Me3 (rabbit monoclonal
antibody, clone D5A7 cat. 4909) anti-p53 (rabbit mono-
clonal antibody, clone 7F5 cat.2527), anti-Mdm2 (rabbit
monoclonal antibody, cloneD1V2Z, cat. 86,934), anti-
ubiquitin (rabbit monoclonal antibody, clone E6K4Y, cat.
20,326), anti-Aurora kinase A (rabbit monoclonal anti-
body, clone D3V7T, cod. 91,590, anti-phospho-Aurora
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kinase A(T288) (rabbit monoclonal antibody, clone
C39D8, cod. 3079), anti-Plkl (rabbit monoclonal anti-
body, clone208G4, cod. 4513), anti phospho-Plk1(T210)
(rabbit polyclonal antibody, cat. 5472), anti-phospho-Ser/
Thr (rabbit polyclonal antibody, cat. 9631)(all from Cell
Signaling Technology). Beta-actin (mouse monoclonal
antibody, clone AC-15, cod. SC-69879 Santa Cruz bio-
technology) or beta-tubulin (rabbit monoclonal antibody,
clone 3F7, cod. 2128 Cell Signaling Technology) were
used as loading control. Immunoreactive proteins were
visualized by probing with horseradish peroxidase-conju-
gated secondary antibodies and then by enhanced chemi-
luminescence (ECL, Thermo Fisher Scientific). Signal
intensities in single blots obtained from three individual
experiments were quantified with the Image] software,
which attributes a numerical value to signals of chemi-
luminescent substrates, thereby allowing a comparative
analysis of protein levels across different samples.

Clonogenic assays

Clonogenic assays were used to evaluate anti-neoplas-
tic drug effects in HMC-1.1 and 1.2 cells, in siSETD2
ROSAXIT D86V cells and in primary cells from AdvSM
patients, according to procedures described in Supple-
mentary methods. Drug specificity was evaluated using
healthy donor cells as control.

Apoptosis

After 24 h exposure to bortezomib (10 nM), carfilzomib
(5 nM), ixazomib (50 nM), alisertib, volasertib (500 nM)
and avapritinib (250 nM) alone or in combination with
bortezomib or alisertib, apoptotic cell death was assessed
in HMC-1 and ROSAKT D816V cells by using the Annexin-
V-FLUOS Staining Kit by Roche Applied Science, accord-
ing manufacturer instructions and measuring the uptake
of fluorescinated Annexin V and propidium iodide (both
from Roche). A FACSCanto II flow cytometer (Beckton
Dickinson) set at 488 nm excitation and 530 nm wave-
length bandpass filter for fluorescein detection or 580 nm
for PI detection and a dedicated software (DIVA, Beck-
ton Dickinson) were used for analysis.

Statistical analysis

Data are presented as mean values+ standard deviation
(SD) and were analyzed for statistical significance by Stu-
dent t-test (GraphPad Prism).

Results

The efficacy of proteasome inhibitors in reducing

colony growth and inducing apoptosis is SETD2/
H3K36Me3-dependent

We have previously reported that bortezomib is strik-
ingly effective in reducing colony growth and inducing
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apoptosis both in SETD2/H3K36Me3-deficient HMC-
1.1 and -1.2 cells and in neoplastic MCs from SETD2/
H3K36Me3-deficient MCL patients [14]. To explore
further the potential of proteasome inhibition as a ther-
apeutic option for AdvSM, the efficacy of two second-
generation inhibitors already approved for clinical use
(carfilzomib and orally available ixazomib) was investi-
gated. Like bortezomib [14], carfilzomib and ixazomib
restored SETD2 expression and activity (as shown by
rescue of H3K36Me3) in HMC-1.1 and -1.2 cells after
24 h of incubation at 5 nM and 50 nM, respectively
(Fig. 1A). Clonogenic assays in HMC-1 cells showed
that bortezomib, carfilzomib and ixazomib were simi-
larly active in inducing a dose-dependent reduction in
colony growth, with LDy, in the subnanomolar range
(HMC-1.1: 0.22 nM, 0.10 nM and 0.66 nM; HMC-1.2:
0.24 nM, 0.12 nM and 0.72 nM, respectively) (Fig. 1B).
Moreover, Annexin V-PI double staining demonstrated
that 24 h-incubation with 10 nM of bortezomib, 5 nM of
carfilzomib or 50 nM of ixazomib induced apoptosis in
a relevant proportion of cells (45-70%), with carfilzomib
being the most active agent (Fig. 1C).

To assess whether the activity of proteasome inhibi-
tors was dependent on SETD2 expression, we next per-
formed clonogenic and apoptosis assays in ROSAKIT D816V
cells before and after SETD2 RNAI depletion. WB con-
firmed that SETD2 and H3K36Me3 levels progressively
decreased in ROSANT P81V cells after 24 and 48 h and
disappeared after 72 h of silencing (Fig. 1D). The extent
of reduction in clonogenic potential in the presence
of bortezomib, carfilzomib or ixazomib was greater in
SETD2 RNAi-depleted cells as compared to control cells
(Fig. 1E). Similarly, the percentage of apoptotic cells after
proteasome inhibitor treatment was significantly greater
in SETD2 RNAi-depleted cells (Fig. 1F).

To confirm the results obtained in our in vitro experi-
ments, we next assessed the differences in response
to bortezomib, carfilzomib and ixazomib in 3 SETD2/
H3K36Me3-deficient MCL patients. To this purpose,
we evaluated drug impact on clonogenic activity. Dose—
response curves and drug LD;, are shown in Fig. 2.
Although all the tested drugs demonstrated a clonogenic
inhibitory activity at subnanomolar doses, carfilzomib
showed the lowest LDy,

SETD2 interacts with p53 and is ubiquitinated by MDM2,

whose inhibition rescues SETD2 expression and function

SETD?2 has been reported to bind p53 in HEK293T and
MCF7 cells [20] and to be necessary for its activation
in clear cell renal cell carcinoma[21]. We thus investi-
gated whether the same occurs in AdvSM. Indeed, we
found that p53 co-immunoprecipitates with SETD2 in
the SETD2-proficient ROSAKIT D816V cell line (Fig. 3A).
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Fig. 1 The cytotoxic effects of proteasomal inhibition are SETD2/H3K36Me3-dependent. A Effect of proteasome inhibition by bortezomib

(bort), carfilzomib (carf) and ixazomib (ixa) on SETD2 and H3K36Me3 levels in HMC-1.1, HMC-1.2 and ROSAKTP818V B Reduction of clonogenic
growth of HMC-1.1 and -1.2 cells in the presence of increasing doses of bortezomib, carfilzomib and ixazomib. All the clonogenic survival rates
are expressed as mean = standard deviation of counts from three independent experiments. C Induction of apoptosis in HMC-1.1 and -1.2 cells
after 24 h-incubation with 10 nM bortezomib, 5 nM carfilzomib and 50 nM ixazomib. Each column represents the mean of three independent
experiments and the bars represent the standard error. D Reduction of SETD2 expression and H3K36Me3 after 24, 48 and 72 h of SETD2 depletion
by siRNA. E Reduction of clonogenic growth of control and SETD2 RNAi-depleted ROSAKTPE'® cells in the presence of increasing doses of

bortezomib, carfilzomib and ixazomib. F Induction of apoptosis in control and SETD2 RNAi-depleted ROS

10 nM bortezomib, 5 nM carfilzomib and 50 nM ixazomib

In addition, we observed the same results, after proteas-
ome inhibition, in the SETD2-deficient HMC-1 MCL cell
line (Fig. 3A). Having demonstrated that p53 and SETD2
physically interact in SM cell line models and knowing
that p53 is ubiquitinated by MDM2, we hypothesized
that MDM2 might be the ubiquitin-E3-ligase responsible
for SETD2 hyper-ubiquitination, triggering its proteas-
ome-mediated degradation in AdvSM. Indeed, we found
that MDM2 co-immunoprecipitates with hyper-ubiquit-
inated SETD2 in ROSAXIT D816V cells as well as in HMC-
1.1 and -1.2 cells after proteasome inhibition (Fig. 3B).
SiRNA-mediated knock-down of MDM2 was found
to rescue SETD2 expression and function in HMC-1
cells, as shown by WB (Fig. 3C). The same was observed
after treatment for 24 h with 5 pM SP-141, a small mol-
ecule belonging to a new class of MDM2 inhibitors that
promote MDM?2 auto-ubiquitination and degradation
(Fig. 3D) [22-24]. Taken together, these findings point
to MDM2 as the main ubiquitin-protein ligase respon-
sible for SETD2 hyperubiquitination in AdvSM. Given
that interfering with SETD2 proteasome-mediated deg-
radation by bortezomib, carfilzomib or ixazomib was
found to be a promising therapeutic approach, and that
SP-141, in contrast to many other MDM2 inhibitors, acts
directly on MDM2 stability rather than on MDM2-p53

AKTDBIY a5 after 24 h-incubation with

interaction, we asked whether targeting MDM2-medi-
ated hyperubiquitination of SETD2 by SP-141 could be
an additional therapeutic approach in AdvSM contexts.
Treatment with the MDM2 inhibitor SP-141 rescued
SETD2 expression and function in HMC-1 cells. How-
ever, SP-141 treatment of HMC-1 cells at micromo-
lar doses induced cytostatic but not cytotoxic effects as
shown by cell growth curves (Fig. 3E). Clonogenic assays
supported the cytostatic effects of SP141 in HMC-1.1 and
-1.2 cells (Fig. 3F), since LD, were rather high (0.050 and
0.133 pM, respectively) and even at the maximum doses
the clonogenic potential was not fully suppressed.

Aurora kinase A is overexpressed and hyperactivated

in neoplastic cells in AdvSM, phosphorylates SETD2

and contributes to its proteasome-mediated degradation
In an attempt to identify additional key players implicated
in SETD2 hyperubiquitination and proteasome-mediated
degradation, we interrogated a series of protein—pro-
tein interaction databases. Interestingly, both BioGRID
(https://thebiogrid.org/) [25] and IntAct (https://www.
ebi.ac.uk/intact/) [26] returned Aurora kinase A serine/
threonine kinase among SETD2 interactors. Accord-
ingly, NetworKIN  (http://www.networkin.info/)[27,
28], an integrative computational approach that links
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Fig. 2 Reduction of clonogenic potential of neoplastic MCs from 3 patients with MCL in the presence of increasing doses of bortezomib, ixazomib

and carfilzomib. All the clonogenic survival rates are expressed as mean = standard deviation of counts from two independent experiments

experimentally identified phosphorylation sites to pro-
tein kinases on the basis of consensus sequence motifs as
well as contextual information, identified several phos-
pho-serine and -threonine sites that are predicted to be
Aurora kinase A targets with a high confidence score.
Bearing in mind that phosphorylation is often the trigger
for ubiquitination and consequent proteasome-mediated
degradation, we set out to investigate whether Aurora
kinase A may be implicated in SETD2 non genomic
loss of function in AdvSM. First, we performed West-
ern blot experiments to examine the expression and

phosphorylation status of Aurora A and Polo like kinase
1 (PIk1) a serine/threonine kinase that is known to be
engaged with Aurora kinase A [29] in HMC-1.1 and -1.2
cells and in primary cells from patients with ISM (n=11)
and ASM (n=14). Both Aurora kinase A and Plkl were
found to be overexpressed and activated in HMC-1 cells
(Fig. 4A) and in 14 patients with AdvSM as compared to
patients with ISM, who displayed protein and phospho-
rylation levels superimposable to those of healthy donors.
Overall, Aurora kinase A and Plkl expression and acti-
vation inversely correlated with SETD2 expression. A
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representative WB experiment is shown in Fig. 4B, while
results obtained in the entire cohort of patients are sum-
marized in Fig. 4C. In HMC-1 cells, co-immunoprecipita-
tion performed after proteasome inhibition showed that
Aurora kinase A indeed binds a serine/threonine-phos-
phorylated form of SETD2 (Fig. 4D). SiRNA-mediated
knock-down of Aurora kinase A rescued SETD2 expres-
sion and function (Fig. 4E). Similar effects were observed
with pharmacological inhibition of Aurora A kinase
activity using alisertib. When Aurora kinase A activity
was turned off, SETD2 and Aurora kinase A binding, as
well as SETD2 serine/threonine phosphorylation, were
abrogated (Fig. 4F). Taken together, these findings sup-
port the hypothesis that Aurora kinase A is implicated in
SETD2 non genomic loss of function in AdvSM.

Aurora kinase A and Plk1 inhibition with alisertib

and volasertib, respectively, reduce colony growth

and induce apoptosis

We next investigated whether Aurora kinase A and
PIk1 inhibition could be a useful therapeutic strategy
for AdvSM patients. To address this point, we assessed
the effects of alisertib and volasertib on the clono-
genic potential of neoplastic MCs from 3 MCL patients
(Fig. 5A) and of HMC-1 cells (Fig. 5B). We found that
both drugs significantly reduced the proliferation of the
HMC-1 cell lines and of primary neoplastic cells in all

patients tested. Importantly, drug treatments only par-
tially affected the viability of cells derived from a healthy
donor, tested as control.

Flow cytometry analysis of apoptosis induction in
HMC-1 cells following 24 h treatment with alisertib or
volasertib (500 nM each) showed that cell lines were sen-
sitive to both drugs reaching remarkable apoptotic lev-
els at submicromolar doses (Fig. 5C). Collectively, these
findings suggest that administration of Aurora kinase A
or PIk1 inhibitors could be a promising therapeutic strat-
egy in AdvSM patients.

In vitro, Aurora A inhibition and proteasome inhibition
efficacy compares to that of avapritinib in SETD2-deficient
cells

KIT D816V is the main disease driver in SM, and avapri-
tinib is the most potent KIT D816V inhibitor currently
available in the clinic. We thus decided to compare the
cytotoxic effects of Aurora kinase A and proteasome
inhibition to those of avapritinib, and to investigate the
efficacy of combination strategies. First, we tested the
cytotoxic effects of avapritinib in HMC-1 and ROSAXT
D8I6V" cells. Flow cytometry analysis of apoptosis after
24 and 48 h of treatment with avapritinib (250 nM and
500 nM) demonstrated marked cytotoxic effects at sub-
micromolar doses (Fig. 6A). Efficacy of avapritinib in
inducing apoptosis in SETD2-deficient HMC-1.2 cells
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Fig.4 The Aurora kinase A/PIk1 axis is hyper-activated in AdvSM and affects SETD2/H3K36Me3 expression. A Aurora A and Plk1 expression

and phosphorylation in HMC-1 cells assessed by WB. B Representative Western blot results for Aurora A and PIk1 protein expression and
phosphorylation in SM patients (4 ISM and 4 ASM) as compared to a pool of healthy donors (HDs). C Box plots of phospho-Aurora A and
phospho-Plk1 [P-AKA(T288) and P-PIk1(T210)] expression levels estimated by densitometric analysis of Western blots in 11 ISM patients (grey) and
14 AdvSM patients (red). Signal intensities in single blots obtained from three individual experiments were quantified in comparison to the signal
intensities obtained for the pool of HDs, used as control. D Co-immunoprecipitation assay showing that total and phospho-Aurora A can be found
bound to serine/threonine phosphorylated SETD?2 after bortezomib treatment in the SETD2-deficient HMC-1 cells. E and F Silencing or inhibiting
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Columns represent the mean of three independent experiments and bars represent the standard error

was comparable to that of alisertib and was slightly infe-
rior to that of bortezomib (Fig. 6B-C-D). In contrast,
avapritinib showed a significant advantage if compared to
alisertib and bortezomib in SETD2-proficient ROSAXT
D816V cells (Fig. 6B-C). The association of avapritinib
and alisertib (2504500 nM) or avapritinib and borte-
zomib (250+ 10 nM) did not significantly potentiate the
cytotoxic effects of either drug alone (Fig. 6B-C). Inter-
estingly, however, using lower doses of each drug (avapri-
tinib 100 nM, alisertib 200 nM and bortezomib 2 nM)
in SETD2-deficient HMC-1.2 cells we observed a clear

advantage of the combination treatments as early as 24 h
after the administration (Fig. 6E).

Discussion

H3K36Me3 has emerged as a particularly important
chromatin regulator safeguarding genomic integrity and
fidelity of gene expression. Thus, it is not surprising that
its deregulation — mainly due to deficient SETD2 meth-
yltransferase activity — has been implicated in diverse
forms of cancer. We have recently shown that SETD2
function is reduced or lost in neoplastic MCs of some
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ISM and SSM patients and in virtually all those with
AdvSM, as well as in MCL-related cell lines. We have
also observed that in SM, SETD2 loss of function most
frequently results from reduced protein stability rather
than from gene mutations, deletions, loss of heterozy-
gosity or combinations of these genetic events, as it hap-
pens in solid tumors [14]. The present study builds on
and extends our previous findings in SM by providing
evidence for a mechanism that underlies SETD2 non
genetic loss of function and may involve Aurora kinase A
and MDM2.

Since in the great majority of AdvSM patients SETD2
loss of function occurs at the post-translational level, it
is reversible. Accordingly, we have shown that interfering
with proteasome-mediated degradation could rescue the
expression of a functional SETD2 protein [14]. In MCL
cell lines and in neoplastic MCs from MCL patients,
bortezomib was found to be strikingly effective, even at
subnanomolar concentrations, in inducing apoptosis and
inhibiting clonogenic potential [14]. The efficacy of bort-
ezomib, alone or in combination with midostaurin, had
already been reported in a study by Aichberger et al. [30]
Here, we show that the second-generation proteasome
inhibitors carfilzomib and ixazomib (both approved, like
bortezomib, for the treatment of multiple myeloma —
hence easily repurposable) are similarly effective in cell
lines and primary patient cells, with carfilzomib being
the most potent drug. Additionally, we provide mecha-
nistic insights into the mode of action of proteasome
inhibitors in AdvSM. In fact, we show that the efficacy
of these proteasome inhibitors is SETD2-dependent,
since turning off SETD2 in a SETD2-proficient SM cell
line (ROSAKMT D816V) increased substantially the per-
centage of apoptotic cells after exposure to bortezomib,
carfilzomib or ixazomib. This further strengthens the
hypothesis that reverting SETD2 deficiency is a valuable
therapeutic strategy and prompted us to search for drug-
gable players implicated in the aberrant degradation of
SETD2 in neoplastic MCs. The observation that SETD2

(See figure on next page.)
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is capable of binding p53 in several cell line models***'as

well as in primary neoplastic MCs highlighted MDM2 as
a potential candidate ‘culprit’ for aberrant SETD2 ubiq-
uitination. Both RNAi knock-down and pharmacologi-
cal suppression of MDM2 rescued SETD2 expression
in neoplastic MCs, indicating that MDM2 is directly
or indirectly implicated in SETD2 non genomic loss of
function in AdvSM. Since we also observed that hype-
rubiquitinated SETD2 can be found bound to MDM2 in
HMC-1 cells after proteasome inhibition, a direct role for
MDM2 seems plausible. When we moved on to search
for an upstream trigger of SETD2 aberrant ubiquitina-
tion, our attention was captured by Aurora kinase A, that
has been reported to be a SETD2 interactor by a high-
throughput study of protein interaction networks [31].
Aurora kinase A is a serine and threonine kinase that
associates with the centrosome and the spindle micro-
tubules and plays important roles during mitosis and
cytokinesis [29]. Intriguingly, SETD2 has recently been
reported to associate with spindle microtubules, too,
where it methylates a-tubulin at lysine 40 during mito-
sis [32]. Several phospho-serine and -threonine sites of
SETD?2 lie within Aurora kinase A consensus sequences.
We experimentally verified that: i) Aurora kinase A is
overexpressed at the protein level and activated in all the
SM cases showing SETD2 deficiency, but not in cases
with SETD2 levels superimposable to healthy donors; ii)
Aurora kinase A immunoprecipitates with serine/threo-
nine-phosphorylated SETD2 after proteasome inhibition;
iii) both siRNA-mediated silencing and pharmacologi-
cal inhibition of Aurora kinase A activity rescues SETD2
and H3K36Me3; iv) inhibition of Aurora A kinase activity
not only disrupts Aurora kinase A binding to SETD2 but
also serine/threonine phosphorylation of SETD2. Taken
together, these findings point to a role for Aurora kinase
A in SETD2 non genomic loss of function in SM. Impor-
tantly, this role offers additional therapeutic opportu-
nities. First of all, alisertib — a specific Aurora kinase A
inhibitor currently being evaluated in clinical trials in

Fig. 6 Effects of avapritinib, alisertib and bortezomib in SM cell lines. A Induction of apoptosis by alisertib 250 (blue) and 500 (orange) nM used

as single agent after 24 and 48 h of treatment in HMC-1.1,-1.2 and in ROSAKTPE18Y cells Columns represent the mean of three independent
cytofluorimetric assays performed by loading cells with Annexin V (FITC) and Pl and bars represent the standard error. B Induction of apoptosis by
alisertib (500 nM) or bortezomib (10 nM) alone and in combination with avapritinib (250 nM) after 24 (Iblue) and 48 (orange) hours of treatment

in HMC-1.2 and ROSAKT P81V cells. Columns represent the mean of three independent cytofluorimetric assays performed by loading cells with
Annexin V (FITC) and Pl and bars represent the standard error. C Avapritinib (250 nM, orange), alisertib (500 nM, grey) and bortezomib (10 nM,
yellow) administration, alone and in combination (AVA + ALIS, light blue; AVA 4+ BORT, green) in HMC-1.2 and ROSAKT 2819V cells maintained in

liquid medium and counted every 24 h up to 72 h of treatment showed that the combinations did not significantly potentiate the cytotoxic

effects of either drug alone. Each point represents the mean of three independent counts performed after trypan blue staining by using the burker
chamber. D Induction of cell death by avapritinib (250 nM) and alisertib (500 nM) or bortezomib (10 nM) treatment in HMC-1.2 cells assessed by
using an EVOS XL Core optical microscope equipped with a 20 x objective. E Avapritinib (100 nM, red), alisertib (200 nM, green) and bortezomib

(2 nM, yellow) administration, alone and in combination (AVA 4 ALIS, light blue; AVA+ BORT, orange) in HMC-1.2 cells maintained in liquid medium
and counted every 24 h up to 72 h of treatment showed that the combinations, at low doses of each drug, significantly potentiate the cytotoxic
effects of either drug alone. Each point represents the mean of three independent counts performed after trypan blue staining by using the burker

chamber
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various neoplastic conditions, including acute myeloid
leukemia [33-35] demonstrated very good preclinical
activity when we tested it in HMC-1 cells and in neoplas-
tic MCs from MCL patients. In humans, Aurora kinase A

and Plk1 cooperate in different spatiotemporal contexts
regulating mitosis and cytokinesis, and their kinase activ-
ity is reciprocally regulated [29]. Hence, we reasoned that
PIk1 inhibition might phenocopy the effects of Aurora



Mancini et al. Biomarker Research (2023) 11:29

kinase A inhibition. Indeed, a WB approach showed that
Plkl expression and activation parallel that of Aurora
kinase A and inversely correlate with SETD2 protein
levels. Moreover, the Plk1 inhibitor volasertib showed
comparable efficacy to the Aurora kinase A inhibitor ali-
sertib in HMC-1 cells and SETD2-deficient neoplastic
MCs. Using real time RT-PCR and immunohistochem-
istry, Peter et al. [36] had already shown that Plkl can
be detected in an activated form in neoplastic MCs, and
that either PIk1 silencing or pharmacological inhibition
resulted in growth arrest and apoptosis in HMC-1 cells
as well as in primary neoplastic MCs from SM patients.
Interestingly, the LD, values of the PIkl inhibitor used
by Peter et al. (BI-2536, whose chemical modification,
aimed to improve the pharmacokinetic profile, later led
to volasertib [37]) were identically low in HMC-1.1 and
HMC-1.2, but varied greatly (from as low as 10 nM up
to 1uM) in patients’ cells [36]. This different sensitivity
might have reflected different SETD2 levels. In a subse-
quent study, Peter et al. [38] found that Aurora kinase A
is expressed at the mRNA and protein level in neoplas-
tic MCs (although its activity was not assessed) and that
Aurora kinase A knock-down decreased proliferation in
HMC-1.2 cells. They also showed that R763 (an inhibitor
of Aurora kinases A and B, KIT, BTK, AKT and STAT5)
induced growth inhibition and apoptosis in neoplas-
tic MCs, either as single agent or in combination with
midostaurin or dasatinib. Again, the LDy, values in pri-
mary patient cells were highly variable (from less than
1 nM to more than 1 pM). Our hypothesis that the inhi-
bition of Aurora kinase A/Plk1 axis exerts its efficacy via
SETD2/H3K36Me3 rescue would support and provide an
explanation to Peter et al’s findings [36, 38].

Conclusions

The present study sheds further light on a novel mecha-
nism of SETD2 loss of function. Our findings concur
to depict a model whereby the aberrant expression and
activation of Aurora kinase A triggers MDM2-mediated
ubiquitination of SETD2, leading to enhanced protea-
somal degradation and consequently to H3K36Me3
deficiency. Moreover, our study highlights promising
therapeutic strategies for AdvSM patients based on eas-
ily repurposable targeted agents. At least in vitro, pro-
teasome inhibitors, Aurora kinase A inhibitors and Plk1l
inhibitors were found to be at least as effective as avapri-
tinib, and the combinations showed significant advan-
tages at very low doses of drugs. We thus propose that
these inhibitors be further explored as a salvage option in
patients with non-genomic SETD2 loss of function who
fail or do not tolerate midostaurin or avapritinib.
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MCs Mast cells

BM Bone marrow

AdvSM Advanced SM

SM-AHN  SM with an associated hematologic neoplasm
ASM Aggressive SM
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WHO World health organization

H3K36Me3 Trimethylation of histone H3 at lysine 36
WB Western blotting

co-IP Co-immunoprecipitation

PI Propidium iodide

RNAI RNA interference

LDg, Lethal dose 50

ccRCC Clear cell renal cell carcinoma

SIRNA Short interfering RNA

Plk1 Polo like kinase 1
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