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Abstract

Received:

Receptor-interacting serine/threonine protein kinase 1 (RIPK1) is able to decide
the fate of a cell in response to different stimuli, activating pathways leading to cell
survival, cell death and inflammation. Necroptosis, a new and well documented type of
programmed cell death, is involved in several human diseases including cancer. Further,
the fact that programmed cell death can be molecularly controlled has prompted
increasing scientific interest in the action of several so-called “epi-drugs”. Starting
from necrostatin-1, many small molecules inhibiting RIPK1 have been characterized.
Although some are currently in use in the clinic for inflammatory diseases, no robust
evidence of their anticancer effect has been reported to date. The recently characterized
sirtuin inhibitor MC2494 modulates RIPK1 function through its acetylation and is
able to selectively activate cell death pathways in cancer. Here, we provide a greater
insight into the molecular mechanism of action of MC2494, highlighting its ability to
directly target RIPK1 within the molecular complex activated. Our findings support
the key role of MC2494 in regulating RIPK1-mediated cell death, making necroptosis a
pharmacologically druggable event useful in cancer therapy.
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Introduction
Programmed cell death (PCD) is a fundamental process involved
in animal development and in maintaining cellular homeostasis
[1,2]. In addition to the canonical pathways of cell death, a new
form of programmed necrosis called “necroptosis” has recently
emerged [2]. Necroptosis displays features of both apoptosis and
necrosis, the major models of cellular death, and is characterized
by cytosolic shrinkage and DNA fragmentation, which eventually
lead to inflammation via the secretion of cytokines and chemokines
[3]. Necroptosis is mediated by the interaction of receptorinteracting serine/threonine protein kinase (RIPK) 1 and 3 when
caspase-8 is not active [4]. RIPK1 has a functional role, interpreting
and transmitting extracellular signals through the activation of
downstream pathways by different molecular interactors, including
RIPK3 and mixed- lineage kinase domain-like pseudokinase (MLKL)

[5,6]. RIPK1 is known to be an important upstream kinase in several
pathways able to regulate inflammation [7], also through direct
regulation of necroptosis [8,9]. Starting from the identification
and characterization of necrostatins (Nec) [10,11], other RIPK1
inhibitors have been characterized [7,12,13]. Although these
inhibitors were shown to act as promising agents for the treatment
of inflammatory diseases in clinical trials [14], their use in cancer
therapy has yet to be well described. A recent study illustrated the
action of GNE684, a novel RIPK1 inhibitor, which binds the same
hydrophobic pocket in the RIPK1 kinase domain as necrostatins
[15]. GNE684 can block inflammatory processes but not tumour
growth. Another very recent report identified a new RIPK1 inhibitor
that promotes a tumour-suppressive T cell phenotype in pancreatic
adenocarcinoma, highlighting a previously unknown role for
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RIPK1 in cancer [12]. RIPK1 and RIPK3 are found deregulated in
many cancer types and are often associated with poor outcomes
[16-20]. Reducing uncontrolled cell proliferation by targeting both
these kinases may thus represent a novel anticancer strategy. Since
cancer is also considered an epigenetic disease, the identification of
new compounds that modify DNA and chromatin structure (known
as “epi-drugs”) and are therefore able to reprogram cell fate is of
great clinical importance [21,22]. Sirtuins (SIRTs), class III NAD+dependent histone deacetylases, are known to play an important
biological role in regulating many cellular processes involved in
cancer initiation and progression such as DNA repair, metabolism,
cell proliferation and cell death [23,24]. The functional involvement
of SIRTs in cancer and their already reported role as either tumour
suppressors or tumour promoters has led to increased scientific
interest in this enzyme family [25-27].

A new SIRT inhibitor (SIRTi), MC2494, a derivative of the wellknown SIRT2i AGK2 [28,29], was recently characterized [30]. This
promising compound is able to block cancer growth by activating
RIPK1-mediated necroptotic death pathway in a tumour-selective
manner [30]. The concomitant presence of RIPK1 in molecular
complexes of proteins exerting different enzymatic activities, such
as deacetylases, acetyltransferases and kinases, supports the idea
that interaction between proteins is involved in the activation of
many important biological pathways. The documented cell death
activity of MC2494 prompted us to further explore the RIPK1mediated mechanism of cell death activated by MC2494 and its role
as a potential necroptosis inhibitor.

Materials and Methods

Cell Line, Ligands and Antibodies
Cell line: U937 cell were purchased from DSMZ and grown
following standard protocols at 37 °C with 5% CO2 in Roswell
Park Memorial Institute (RPMI) 1640 medium, with 10% fetal
bovine serum (Gibco), 2 mM L-glutamine (Euroclone) and
antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin
and 250 ng/mL amphotericin-B; Euroclone). The cell line was
tested and authenticated, and mycoplasma contamination was
regularly examined using EZ-PCR Mycoplasma Test Kit (Biological
Industries). Cells were used for experiments between passages
10 to 20 and then discarded. Ligands: MC2494 was prepared
as previously reported [30], Nec-1 (Sigma) was used at 50 μM.
Antibodies: RIPK1 was purchased from BD Biosciences, RIPK3 and
Actin were purchased from Santa Cruz, MLKL and GAPDH were
purchased from Cell Signaling.

Cell Death Analysis

Cells were plated (2 × 105 cells/mL) and after stimulation
were harvested with PBS, centrifuged at 1200 rpm for 5 min, and
resuspended in i) 500 µL of a hypotonic solution containing 1X
PBS, 0.1% sodium citrate, 0.1% NP-40, RNAase A and 50 mg/mL
PI (for sub-G1 evaluation), and in ii) 500 µL 1X PBS and 0.2 mg/
mL propidium iodide (PI; for PI evaluation). The results were
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acquired on a FACS Calibur (BD Biosciences) and a BD Accuri TM
C6 flow cytometer system (BD Biosciences). Each experiment was
performed in biological triplicates and values expressed as mean ±
standard deviation.

Annexin V/PI Double Staining

Annexin V evaluation was performed as suggested by the
supplier (Dojindo). Briefly, cells were suspended in Annexin V
binding solution at the concentration of 1 × 106 cells/mL Five µL of
fluorescein isothiocyanate- conjugated Annexin V and 5 μL PI were
added to 100 μL cellular suspension transferred into a new tube.
Reaction was carried out for 15 min at room temperature. The
results were acquired on a FACS Calibur (BD Biosciences. Graphs
show the experimental results of biological triplicates.

Statistical Analysis

Graphs shown are the results of three independent experiments
with an error bar indicating standard deviation. Differences between
treated cells versus control cells were analyzed using GraphPad
Prism 6.0 software (GraphPad Software). Statistical comparison
was performed by applying one-way analysis of variance (ANOVA)
and Dunnett’s multiple-comparison test. Differences between
groups were significant at a p- value < 0.05.

Protein Extraction

Cell pellets were washed in PBS and suspended in lysis buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 10 mM NaF, 1
mM phenylmethylsulfonyl fluoride and protease inhibitor. The lysis
reaction was carried out for 15 mins at 4 °C and centrifuged at
13,000 rpm for 30 min at 4 °C. Protein concentration was quantified
by Bradford assay (Bio-Rad).

Western Blot

Fifty μg of proteins was loaded onto 10–15% polyacrylamide
gels and transferred to nitrocellulose membrane using a transfer
apparatus according to the manufacturer’s protocols (Bio-Rad).
Membrane was blocked with 5% non-fat milk in TBST (10 mM Tris
pH 8.0, 150 mM NaCl, 0.5% TWEEN 20) for 60 min, the membrane
was washed once with TBST and incubated with antibodies. Detection was performed with an Enhanced chemiluminescence (ECL)
system (Amersham Biosciences) according to the manufacturer’s
protocol. Western blots were normalized through densitometry
analysis, performed using the Image J Gel Analysis tool.

Living Cell Image Detection

U937 cells were plated in 48 wells 2 × 105 cells/mL and induced with MC2494 at 50 μM. After 24 h, the cells were treated
with Hoechst Stain solution (B-Bridge) to evaluate the living cells,
and were analyzed by Cytation 5 Cell Imaging Multi-Mode Reader
(BioTeK).

Chemical Modelling

The RIP1 kinase active monomer in complex with GNE684
(PDB: 6NYH) was used for docking purposes. We used the Dundee
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PRODRG2 Server to build the energy-minimized 3D-structure of
MC2494. Docking of MC2494 was carried out using Molegro Virtual
Docker (CLCbio). The flexible torsions of MC2494 were automatically
assigned and checked for consistency. The 3D-structure of human
RIP1 was automatically prepared by adding hydrogens, charges
and Tripos atom type potentials. During docking, a search space
of 10Å radius in the active site cavity was used. MolDock score
was used as scoring function and Simplest Evolution was used as
search algorithm. Ten runs were defined. Other parameters were
set at their default. Similar docking solutions (RMSD 1.0 Å) were
clustered, and the best one was selected as representative.

Results and Discussion

Study of Cell Death Induced by MC2494
We previously reported that treatment with MC2494
determines a strong increase in cell death in many cancer cell lines
[30,31]. To better investigate MC2494-mediated induction of cell
death, a time-course experiment was performed in U937 leukaemia
cells and the percentage of cells positive to PI was measured. As
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expected, MC2494 determined a reduction in cell viability, showing
a slight effect after 9 h of induction (7.74% of PI- positive cells)
and a greater increase at the longer treatment times of 16 h and
24 h (14.4% and 30.8% of PI- positive cells, respectively) (Figure
1A). Cell death was confirmed by Hoechst staining. After 24 h of
treatment, many apoptotic features such as small- sized cells,
reduction in proliferation, and small and condensed nuclei became
more apparent (Figure 1B). Since PI is a marker used to assess the
integrity of plasmatic and nuclear membranes lost as a result of
necrosis or late stage events of apoptosis, in order to extend the
study of cell death and better characterize the apoptotic pathway
involved, Annexin V/PI assays were performed. Double staining was
carried out in U937 cells treated with MC2494 at 50 μM for different
times of induction (6–24 h). Early and late stage apoptotic cells
were detected and analysed by fluorescence-activated cell sorting
(FACS). After 16 h and 24 h of induction, an increase in apoptotic
population at early stage (5.39% and 12.40%, respectively) and at
late stage (8.99% and 12.13%, respectively) was observed (Figure
2).

Figure 1: Cell death evaluation.
A.
FACS analysis of membrane permeabilization by PI. PI staining was performed in U937cells with the compounds at 50
M concentration at indicated times of induction. Left panel: FACS density plot; Right panel: PI analysis.
B.
Hoechst coloration. Objective lenses 20X. Graphs show the mean of at least three independent experiments with error
bars indicating standard deviation. Values are mean ± SD of biological triplicates.
****p-value ≤ 0.0001, ***p-value ≤ 0.001, **p-value ≤ 0.01, *p-value ≤ 0.05, ns p-value > 0.05 vs. control cells.
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Figure 2: Study of apoptosis event. Annexin V/PI assays were performed in U937 cells with MC2494 at 50 M concentration
at indicated times of induction.
A.

Density plots of Annexin V/PI evaluation.

B.
Annexin V/PI analysis; Left panel: PI-positive cells; Right panel: Annexin V-positive cells. Graphs show the mean of
three independent experiments with error bars indicating standard deviation. Values are mean ± SD of biological triplicates.
****p-value ≤ 0.0001, ***p-value ≤ 0.001, **p-value ≤ 0.01, *p-value ≤ 0.05, ns p-value > 0.05 vs. control cells.

MC2494 Modulates RIPK1
FACS analysis performed in U937 cells showed that Nec-1
treatment at 50 μM for different times (924 h ) was not able to
induce cell death, as demonstrated by the percentage of cells in
sub-G1 phase as well as positivity to PI (Figure 3A). Significantly,
Nec-1 did not affect necrosome signalling pathway as shown by
RIPK1, RIPK3 and MLKL protein levels (Figure 3B). Our previous
study indicated that MC2494 regulates necroptotic pathway via
RIPK1 protein regulation. To gain further mechanistic insights,
RIPK1 expression was evaluated by Western blot analysis in U937

cells treated with MC2494 at 50 μM concentration for different
times (0.532 h). As expected, the longer times of induction at
24 h and 32 h resulted in a strong decrease in protein expression,
which was already evident after 9 h of treatment when a 40%
decrease in RIPK1 protein expression was observed (Figure 4A).
Based on this observation, the expression of necrosome formation
was investigated by studying RIPK3 and MLKL protein expression.
No substantial modulation was observed for RIPK3 and MLKL
after MC2494 treatment (Figure 4A). Taken together these results
indicate that, unlike Nec-1, MC2494 is able to determine a decrease
in RIPK1 protein expression.
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Figure 3: Nec-1 cell death and necrosome evaluation.
A.
Sub-G1 (Left panel) and PI (Right panel) evaluations performed in U937 cells with Nec-1 at 50 M concentration at
indicated times of induction.
B.
Western blot analysis of RIPK1, RIPK3 and MLKL. Actin was used as loading control. Numbers on Western blot indicate
the result of densitometry analysis, performed using the Image J Gel Analysis tool.

Figure 4: MC2494 regulates necrosome.
A.

Western blot analysis of RIPK1, RIPK3 and MLKL. Actin and GAPDH were used as loading controls.

B.
Cartoon representation of the docked pose of MC2494 (cyan sticks – Left Panel) and B) GNE684 (pink sticks – Right
Panel) into the experimentally determined complex with RIP1 (PDB: 6NYH). Nitrogen and oxygen atoms are colored blue
and red, respectively. Polar interactions between the compounds and the protein moiety are shown in yellow dashed lines.
Residues are labelled according to sequence numbering. Numbers on Western blot indicate the result of densitometry analysis,
performed using the Image J Gel Analysis tool.
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Modelling of MC2494 into the Active Site of RIP1
A docked model of MC2494 showed that the compound binds
to the same hydrophobic pocket as and in a similar conformation to
GNE684, a newly characterized RIP1K inhibitor (Figure 4B). In this
model, MC2494 binds to an inactive conformation of RIPK1, similar
to Nec-1, GNE684 and other type II kinase inhibitors, with Asp156
and Leu157 of the DLG motif (commonly DFG in other kinases)
in the “out” conformation. The computed interaction energy as
assessed by MVD scoring function (-132.7) is comparable to that
measured for GNE684 (-148.4), suggesting that MC2494 may act as
a RIPK1 inhibitor with comparable efficacy to GNE684.

Conclusion

The mechanism of action of MC2494 is fully in line with the
concept of epigenetic therapy, which aims to restore the correct
execution of altered and silenced cellular pathways. The observed
RIPK1-mediated cell death induced by MC2494 already at the early
treatment time strengthens its potential role as an anticancer agent
in leukaemia. Further molecular and enzymatic investigations will
be necessary to assess the ability of MC2494 to modulate RIP1
kinase activity. This work provides the basis for a future structurebased drug design study of small molecules able to modulate RIPK1,
and thereby induce cancer-selective cell death.
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