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Reversible phosphorylation is the basis for signal transduction in eukaryotic cells,
and this is tightly controlled by the complex interplay of kinases and
phosphatases. Many malignancies are characterized by dysregulation of the
delicate protein phosphorylation balance. The targeting of protein
phosphatases has been gaining attention as their role in cancer development
and progression has been elucidated. The protein phosphatase-2A (PP2A) family
of phosphatases are the primary cellular serine/threonine phosphatases. PP2A
heterotrimers containing the B55α (PR55α) regulatory subunit have been
associated with oncogenic signaling, and B55 subunits are found exclusively in
forms of PP2A in which the carboxyl terminus of the catalytic subunit (PP2Ac) is
methylated. Methylation of PP2Ac is primarily mediated by leucine carboxyl
methyltransferase-1 (LCMT-1). Demethylation is controlled by an esterase,
PP2A methylesterase (PME-1). We tested two potential LCMT-1 small
molecule inhibitors and found that methyl 4-methyl-2-[(2-methylbenzoyl)
amino]-5-[[(3-methylphenyl)amino]carbonyl]-3-thiophenecarboxylate
(henceforth referred to as Compound 2) significantly inhibited PP2Acmethylation
in vitro (p = 0.0024), and in the MDA-MB-231 breast carcinoma (p = 0.0431) and
Rosi melanoma (p = 0.0335) cell lines. Compound 2 significantly reduced survival
in HEK-293, HS-5, MDA-MB-231 and Rosi cells; and constrained clonogenic
colony formation in MCF7, MDA-MB-231 and Rosi cells. The LCMT-1inhibitor
induced G0/G1 cell cycle arrest in Rosi cells (p= 0.0193) and induced apoptosis in
MDA-MB-231 cells (p < 0.0001). Increased phosphorylation of the receptor-
interacting serine/threonine protein kinase-1 (RIPK1) was detected in MDA-MB-
231 (p = 0.0273) and Rosi cells (p = 0.0179) in response to treatment with
Compound 2. These data add to the body of evidence pointing to LCMT-1 as an
oncogenic target.
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Introduction

Reversible phosphorylation is the basis for signal transduction in
eukaryotic cells, and this is tightly controlled by the complex
interplay of kinases and phosphatases. Protein phosphorylation is
one of the most common post-translational modifications, altering
structural conformation and function. It is necessary for a variety of
cellular functions including mitosis, cell death, metabolism,
organelle trafficking, differentiation and migration (Heo et al.,
2022; Cervone et al., 2018; OConnor et al., 2018). Aberrant
phosphorylation is a mark of disease states including cancer,
diabetes and neurodegenerative diseases.

It is estimated that two-thirds of proteins encoded by the human
genome undergo phosphorylation (Ardito et al., 2017), and there are
538 known human kinases (Zhang et al., 2021). More than two-
thirds of phosphorylation events occur on serine, threonine or
tyrosine residues. Serine phosphorylation is the most common
event, followed by threonine phosphorylation, with tyrosine
phosphorylation being the rarest. In contrast to the kinases, there
are approximately 200 known phosphatases, the majority of which
are tyrosine phosphatases (Sacco et al., 2012). Of the two families of
serine/threonine phosphatases, the protein phosphatase-2A family
(PP2A) is known to regulate development, apoptosis, transcription,
translation, growth and cell division (Moura and Conde, 2019;
Vaneynde et al., 2022).

Many malignancies are characterized by dysregulation of the
delicate protein phosphorylation balance due to mutations,
chromosomal rearrangements or epigenetic modifications
resulting in constitutive kinase activation (Cicenas et al.,
2018). Much more is known about the kinases than the
phosphatases, and several kinase inhibitors have been
successful in the treatment of some malignancies. However,
these successes have been limited by the development of drug
resistance. The targeting of protein phosphatases has been
gaining attention as their role in cancer development and
progression has been elucidated (Haesen et al., 2014; Turdo
et al., 2021; Remmerie and Janssens, 2019; Xiao et al., 2018;
Vainonen et al., 2021; Dai et al., 2017; Sun et al., 2021; Uddin
et al., 2020; DArcy et al., 2019). LB-100, a PP2A inhibitor, is
currently in clinical trials (Chung et al., 2017; Ronk et al., 2022).

PP2A enzymes have a heterotrimeric structure consisting of
scaffolding (A), catalytic (C) and regulatory (B) subunits. While
there are two isoforms each of the A and C subunits, substrate
specificity is mediated primarily by the 23 isoforms of the B subunits
(Haesen et al., 2014; Vaneynde et al., 2022). PP2A heterotrimers
containing the B55α (PR55α) regulatory subunit have been
associated with oncogenic signaling (Smits et al., 1992; Hein
et al., 2016; Di et al., 2017; Hein et al., 2019), and B55 subunits
are found exclusively in forms of PP2A in which the carboxyl
terminus of the catalytic subunit (PP2Ac) is methylated at
leucine 309 (Longin et al., 2007).

Methylation of PP2Ac is controlled by two enzymes, a methyl
transferase (leucine carboxyl methyltransferase-1 (LCMT-1)), which
adds the methyl group with S-adenosylmethionine (SAM) as the
methyl donor; and an esterase (PP2A methyl esterase (PME-1)),
which removes the methyl group (Figures 1A, B) (Lee and Pallas,
2007; Stanevich et al., 2011; Sangodkar et al., 2016; Lee et al., 2018).
Methylation and demethylation of PP2Ac modulates PP2A activity.

LCMT-1 is necessary for normal progression throughmitosis and its
overexpression has been associated with poor prognosis in
hepatocellular carcinoma (Lee and Pallas, 2007; Zhang et al.,
2023). We hypothesized that a small molecule inhibitor of
LCMT-1 would inhibit cancer cell survival in a manner similar
to LB-100. While LB-100 inhibits the catalytic subunit of PP2A, the
LCMT-1 inhibitor would indirectly inhibit PP2A heterotrimers
containing the B55α regulatory subunit by preventing PP2Ac
methylation.

Materials and methods

This study was granted exempt status from the Temple
University Institutional Review Board (protocol #13653) because
commercially available cell lines were used.

Library screening

Library screening was performed by Dr. Saribas while he was
employed by Tetralogic Pharmaceuticals, which is no longer in
business. Small molecule libraries (ASINEX and CHEM DIV03)
comprising a total of 36,550 compounds that were not SAM
analogues were screened using a radioactive LCMT-1 activity
assay (Supplementary Figure S1). This screen identified two
potential LCMT-1 inhibitors, N-(2-Hydroxyphenyl)-2-(1-
naphthal enyloxy)acetamide (henceforth referred to as
Compound 1) and (3-Thiophenecarboxylic acid, 4-methyl-2-[(2-
methylbenzoyl)amino]-5-[[(3-methylphenyl)amino]carbonyl]-,
methyl ester (also known as Methyl 4-methyl-2-[(2-methylbenzoyl)
amino]-5-[[(3-methylphenyl)amino]carbonyl]-3-
thiophenecarboxylate), henceforth referred to as Compound 2,
Figures 1C, D and e, Supplementary Figure S2).

Molecular modeling

The x-ray crystallographic structures of human LCMT-1 (https://doi.
org/10.2210/pdb3O7W/pdb), the SET (catalytic) domain of human
histone-lysine-N-methyltransferase 2E (MLL5 methyltransferase, https://
doi.org/10.2210/pdb5HT6/pdb), and both chains of the heterodimeric
acidic residue methyltransferase 1 (ARMT1, https://doi.org/10.2210/
pdb6UMQ/pdb) were downloaded from the RCSB Protein Data Bank
(RCSB.org) (Berman et al., 2000). The SET domain is conserved in class II
and IIImethyltransferases (Katz et al., 2003). Like LCMT-1, both chains of
ARMT1 contain a Rossman fold catalytic domain characteristic of class I
methyltransferases (Katz et al., 2003; Dennis et al., 2020). Protein-ligand
interactions between the SETdomain ofMLL5 andCompound 2, the SET
domain of MLL5 and SAM, both chains of ARMT1 and Compound 2,
and both chains of ARMT1 and SAM were modelled with SwissDock
software (Grosdidier et al., 2011). Because interactions between
LCMT-1, and Compounds one and two could not be analyzed with
SwissDock due to the size of LCMT-1, these interactions were
analyzed with AutoDock Vina software (Trott and Olson, 2010;
Eberhardt et al., 2021). Docking parameters and outputs can be
viewed at https://mynotebook.labarchives.com/share/ Arosarena%
2520Lab/NjMuN3w5NTAwNzAvNDkv

Frontiers in Drug Discovery frontiersin.org02

Arosarena et al. 10.3389/fddsv.2024.1278163

https://doi.org/10.2210/pdb3O7W/pdb
https://doi.org/10.2210/pdb3O7W/pdb
https://doi.org/10.2210/pdb5HT6/pdb
https://doi.org/10.2210/pdb5HT6/pdb
https://doi.org/10.2210/pdb6UMQ/pdb
https://doi.org/10.2210/pdb6UMQ/pdb
https://mynotebook.labarchives.com/share/Arosarena%20Lab/NjMuN3w5NTAwNzAvNDkvVHJlZU5vZGUvMTEzNTA4NzM5MXwxNjEuNw==
https://mynotebook.labarchives.com/share/Arosarena%20Lab/NjMuN3w5NTAwNzAvNDkvVHJlZU5vZGUvMTEzNTA4NzM5MXwxNjEuNw==
https://www.frontiersin.org/journals/drug-discovery
https://www.frontiersin.org
https://doi.org/10.3389/fddsv.2024.1278163


VHJlZU5vZGUvMTEzNTA4NzM5MXwxNjEuNw==. Outputs
from SwissDock and AutoDock Vina were converted to Protein
Data Bank file format with OpenBabel software (OBoyle et al.,

2011). Outputs were visualized with University of California San
Francisco (UCSF) ChimeraX software (Goddard et al., 2018;
Pettersen et al., 2021; Meng et al., 2023).

FIGURE 1
(A) Schematic diagramof PP2A assembly and activity. PP2A enzymes have a heterotrimeric structure consisting of one scaffolding (A) subunit (PR65),
one catalytic (C) subunit and one regulatory (B) subunit. Owing to various isoforms of each of these subunits (2 A, 2 C and 23 B isoforms), 92 different
heterotrimeric complexes can be assembled, each with its own specific substrate. Methylation of the catalytic subunit of PP2A near its carboxyl terminus
at leucine-309 facilitates docking of certain regulatory subunits, including the B55α subunit (PR55α). This methylation is catalyzed by LCMT-1, the
primary cellular PP2Amethyltransferase. In this reaction, SAM is themethyl donor. PP2Ac is demethylated by PME-1. (B) Left: structure of SAM (generated
with MolView software). Center: X-ray crystallographic model of LCMT-1 in complex with SAM (Image from RCSB Protein Data Bank (PDB, RCSB.org) of
PDB ID 3IEI (Stanevich V, Jiang L, Satyshur KA, Li Y, Jeffrey PD, Li Z, SemmelhackMF, Xing Y. Structural insights into novel functions of a pro-survival PP2A-
specific methyltransferase. To be published). Right: X-ray crystallographic model of LCMT-1 (blue) in complex with SAM (pink) and PP2Ac (yellow).
(Stanevich V, Jiang L, Satyshur KA, Li Y, Jeffrey PD, Li Z, Menden P, Semmelhack MF, Xing Y. The structural basis for tight control of PP2A methylation and
function by LCMT-1 (2011) Mol Cell 41:331–342) created with Swiss-PdbViewer (Guex and Peitsch, 1997). (C) Left: structure of Compound 1 (N-(2-
Hydroxyphenyl)-2-(1-naphthal enyloxy)acetamide, generated with MolView software). Center and Right: X-ray crystallographic models of LCMT-1
(yellow) in complexwith SAM (red) andCompound 1 (blue). Note that Compound 1 does not interact with LCMT-1 at the SAMbinding site. (Tsai ML, Cronin
N, Djordjevic S. The structure of human leucine carboxyl methyltransferase one that regulates protein phosphatase PP2A (2011) Acta Crystallogr D Biol
Crystallogr 67:14-24) created with AutoDock Vina (Trott and Olson, 2010; Eberhardt et al., 2021). (D) Left: Structure of the Compound 2 (methyl 4-
methyl-2-[(2-methylbenzoyl)amino]-5-[[(3-methylphenyl)amino]carbonyl]-3-thiophenecarboxylate, generated with MolView software). Right X-ray
crystallographicmodels of LCMT-1 (yellow) in complexwith Compound 2 (green) and SAM (red). Note that Compound 2 does not interact with LCMT-1 at
the SAM binding site. (Tsai ML, Cronin N, Djordjevic S. The structure of human leucine carboxyl methyltransferase one that regulates protein phosphatase
PP2A (2011) Acta Crystallogr D Biol Crystallogr 67:14–24) created with AutoDock Vina (Trott and Olson, 2010; Eberhardt et al., 2021).
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LCMT-1 activity assays

Recombinant human LCMT-1 (rhLCMT-1) and rhPP2Ac
were obtained from SignalChem (Richmond, British Columbia,
Canada). Methyltransferase assays were performed with 100 ng
rhLCMT-1 and 91.62 ng rhPP2Ac (2:1 M ratio) (Stanevich et al.,
2011) in reaction buffer containing 20 mM Tris (pH 8.0), 50 mM
NaCl, 1 mM EDTA. rhLCMT-1 was incubated with Compound 1
(Chemspace, San Jose, California), Compound 2 (Akos
Consulting and Solutions, Amtsgericht, Freiburg, Germany)

or sinefungin, a SAM analogue, (Active Motif, Carlsbad,
California), each at 50 µM final concentration, for 10 min at
room temperature. rhPP2Ac was added to the reactions with
20 µM (final concentration) SAM (New England Biolabs,
Ipswich, Massachusetts, Supplementary Figure S1B). The
negative control reaction did not contain SAM. Reactions
were incubated at 37°C for 30 min (Supplementary Figure
S1C). Because the inhibitors gave false positive results with
the secondary reactions used in colorimetric and
bioluminescent methyltansferase assays, LCMT-1 activity was

FIGURE 2
(A) Representative dot immunoblots demonstrating decreased methylation of rhPP2Ac by rhLCMT-1 in the presence of sinefungin and Compound
2. Bars represent means ± standard errors of the mean (SEM). (B) Representative Western blot demonstrating demethylation of PP2Ac in MDA-MB-
231 cells in the presence of Compound 2, but not in the presence of Compound 1 (means ± SEM). (C) Representative Western blot demonstrating
demethylation of PP2Ac in Rosi cells in the presence of Compound 2, but not in the presence of Compound 1 (means ± SEM). (D) Neither
Compound 1 nor Compound 2 significantly decreased PP2Ac methylation in MCF7 cells (means ± SEM).

Frontiers in Drug Discovery frontiersin.org04

Arosarena et al. 10.3389/fddsv.2024.1278163

https://www.frontiersin.org/journals/drug-discovery
https://www.frontiersin.org
https://doi.org/10.3389/fddsv.2024.1278163


FIGURE 3
(A) Compound 2 inhibited survival of HEK-293 cells at concentrations between 5 and 20 µM (p = 0.0192 at 5 μM, p = 0.0014 at 10 μM, and p =
0.0003 at 20 µM), while LB-100 inhibited survival at 20 µM (p = 0.0036). Data represent means ± SEM. (B) Representative photomicrographs
demonstrating cell death in cultures treatedwith LB-100 and necrotic figures in cultures treatedwith Compound 2. Compound 2 inhibited survival of Rosi
cells at concentrations between 5 and 20 µM (p = 0.0003 at 5 μM, p < 0.0001 at 10 μM, and p < 0.0001 at 20 µM), while LB-100 inhibited survival at
20 µM (p= 0.0035). Note necrotic figures in cultures treated with Compound 2. Data represent means ± SEM. (C) In HS-5 cells, Compound 2 cytotoxicity
at 20 µM (p = 0.0004) was comparable to that of LB-100 at 20 µM (p = 0.0087). Data represent means ± SEM. (D) In MDA-MB-231 cells, LB-100 inhibited
survival in concentrations between 25 and 50 µM (p = 0.0117 at 25 µM and p = 0.0023 at 50 µM), while Compound 2 significantly inhibited survival at
25 µM (p = 0.0425). Data represent means ± SEM. (E)Neither LB-100 nor Compound 2 significantly inhibited survival in MCF7 cells at the concentrations
tested (p = 0.3204). Data represent means ± SEM. (F) Baseline expression of LCMT-1 in cell lines. Relative overexpression of LCMT-1 is demonstrated in
HEK-293 and MCF7 cells. (G) HEK-293 cells were transfected with a LCMT-1 mammalian expression vector (left). After 48 h, cells were treated with

(Continued )
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assessed using dot immunoblots. Reactions were applied to
nitrocellulose membranes (Cytiva, Marlborough,
Massachusetts). The membranes were blocked with tris-
buffered saline (TBS) with 5% nonfat dry milk. Membranes
were probed with an antibody directed to demethylated
PP2Ac (Santa Cruz Biotechnology, Dallas, Texas, catalog #sc-
13601, 1:1,000 dilution). Membranes were treated with infrared
(IR)-dye anti-mouse antibody (Li-Cor, Lincoln, Nebraska,
catalog #926–32210, 1:20,000 dilution) and densities were
measured with Li-Cor Image Studio (version 5.2) software.
rhLCMT-1 inhibition assays were performed three times, each
time with five replicates for each condition.

Cell culture

The humanMDA-MB-231 andMCF7 breast carcinoma cell lines
were obtained from the Fox Chase Cancer Center cell culture core
facility. These cell lines have been previously shown to be sensitive to
glucose starvation-mediated PR55α depletion (Di et al., 2017).
Additional cell lines (501-MEL, Rosi, UM-SCC-12, UM-SCC-14a,
UM-SCC-49, UM-SCC-69, SCC-15, SCC-25, A549) were screened
for sensitivity to PR55α depletion with glucose starvation assays. 501-
MEL and Rosi cells were gifted by Dr. Rafal Kaminski (Center for
Neurovirology and Gene Editing, Lewis Katz School of Medicine at
Temple University (LKSOM)). The human embryonic kidney (HEK-
293) and A549 cells were gifted by Dr. Mary Barbe (Center for
Translational Medicine, LKSOM). SCC-15 cells were gifted by Dr.M.
Alexandra Monroy (Diagenode, Philadelphia, Pennsylvania). HS-5
and SCC-25 cells were obtained from the American Type Culture
Collection. UM-SCC-12, UM-SCC-14a, UM-SCC-49 and UM-SCC-
69 cells were obtained from the Department of Otolaryngology at the
University of Michigan. We determined that Rosi melanoma cells
were susceptible to glucose starvation (Supplementary Figure S3).
SCC-15 and SCC-25 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) with Ham’s F-12 (DMEM/F-12, Corning®,
Glendale, Arizona, catalog #90–090-PB) with 10% fetal bovine
serum (FBS, Corning® catalog #35–015-CV). The remaining cells
were grown in DMEM (Corning® catalog #50–003-PC) with 10%
FBS. Cells were maintained in a 5% carbon dioxide atmosphere at

FIGURE 3 (Continued)

Compound 2. Overexpression of LCMT-1 in HEK-293 cells enhanced resistance to Compound 2-mediated cell death (right). (H)MDA-MB-231 cells
were transfected with a LCMT-1 mammalian expression vector (left). After selection of stable transfectants, cells were treated with Compound 2.
Overexpression of LCMT-1 in MDA-MB-231 induced resistance to Compound 2-mediated cell death (right).

TABLE 1 Logarithms of half maximal effective concentrations for LB-100
and Compound 2 in cell lines tested.

Cell Line Log [µM] EC50

LB-100 Compound 2

HEK-293 1.33 0.67

HS-5 1.56 0.94

MCF7 1.66 0.35

MDA-MB-231 0.83 0.59

Rosi 4.34 0.50

FIGURE 4
(A) LB-100 and Compound 2 inhibit colony formation in MDA-MB-231 cells in a concentration-dependent manner. Data represent means ± SEM.
(B) LB-100 and Compound 2 inhibit colony formation in Rosi cells. Data represent means ± SEM. (C) LB-100 and Compound 2 inhibit colony formation in
MCF7 cells. Data represent means ± SEM.
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37°C and tested free of mycoplasma contamination. Cells were not
maintained in culture for more than 6 months without
cryopreservation.

Western blots

MCF7, MDA-MB-231 and Rosi cells were treated with
Compound 1 or Compound 2 at a concentration of 20 µM in
complete medium, and lysates were harvested after 2, 4, 6, 8 and
12 h in radioimmunoprecipitation assay buffer containing protease
inhibitors (Boster Bio, Pleasanton, California, catalog #AR1182-1)
and phosphatase inhibitors (Santa Cruz Biotechnology catalog #sc-
45044 and #sc-45045). Protein concentrations were measured with a
bicinchoninic acid assay (G-Biosciences, Saint Louis, Missouri). Fifty
micrograms of each lysate were used for bis-tris polyacrylamide gel
electrophoresis. Resolved lysates were transferred to nitrocellulose

membranes. Membranes were blocked with TBS with 5% bovine
serum albumin before incubation with primary antibodies.

Antibodies obtained from Cell Signaling Technology (Danvers
Massachusetts) were, anti-PP2Ac (catalog #2038, 1:1,000 dilution),
anti-phospho-adenosine monophosphate-activated protein kinase
(pAMPKα2 threonine 172, catalog #2535, 1:1,000 dilution).
Antibodies obtained from Proteintech (Rosemont, Illinois) include
anti-phospho-receptor-interacting serine/threonine protein kinase-1
antibodies (pRIPK1 serine 161 (catalog #66854-1-Ig,
1:1,000 dilution) and pRIPK1 serine 166 (catalog #28252-1-AP, 1:
10,000 dilution), anti-mixed lineage kinase domain like pseudokinase
(MLKL, catalog #66675-1-Ig, 1:5,000 dilution), anti-AMPKα2 (catalog
#18167-1-AP, 1:500 dilution), anti-phospho-acetyl-coenzyme A
carboxylase (pACC1 serine 79, catalog #29119-1-AP, 1:
1,000 dilution), anti-ACC1 (catalog #21923-1-AP, 1:2,000 dilution)
and anti-β-actin (catalog #66009-1-Ig, 1:50,000 dilution). The anti-
RIPKI antibody was obtained fromAbClonal (Woburn, Massachusetts,

FIGURE 5
(A) Representative BrdU cell cycle analyses demonstrating that LB-100 induces G2/M-phase arrest in MDA-MB-231 cells. Compound 2 did not
change cell cycle dynamics in this cell line. Data represent means ± SEM. (B) LB-100 induces G2/M-phase arrest in Rosi cells, while Compound 2 induced
G0/G1 arrest. Data represent means ± SEM. (C) LB-100 induces G0/G1 arrest in MCF7 cells. Compound 2 did not change cell cycle dynamics in this cell
line. Data represent means ± SEM.
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catalog #A7414, 1:750 dilution). The anti-phospho-MLKL antibody was
obtained from R&D Systems (T357, catalog #MAB9187, Minneapolis,
Minnesota, 1:1,000 dilution). The LCMT-1 antibody was obtained from
Origene (Rockville, Maryland, catalog #TA503127S, 1:2,000 dilution).
Appropriate IR-dye secondary antibodies used (Alexa Fluor® 790-
conjugated anti-mouse (catalog #115–655–146, 1:50,000 dilution),

Alexa Fluor® 680-conjugated anti-mouse (catalog #115–625–146, 1:
50,000 dilution), and Alexa Fluor® 680-conjugated anti-rabbit (catalog
#115–625–144, 1:50,000 dilution) were obtained from Jackson
ImmunoResearch Laboratories (West Grove, Pennsylvania). Band
densities were normalized to β-actin, the endogenous control. At
least five replicates were used for statistical analyses.

FIGURE 6
(A) Representative histogram demonstrating that Compound 2 decreases cell surface annexin V expression in MCF7 cells. Data represent means ±
SEM. (B) Both LB-100 andCompound 2 induced apoptosis inMDA-MB-231 cells. Data representmeans ± SEM. (C) LB-100, but not Compound 2, induces
apoptosis in Rosi cells. Data represent means ± SEM.
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Cytotoxicity assays

HS-5, HEK-293, MCF7, MDA-MB-231 and Rosi cells were
seeded in 96-well optical bottom tissue culture plates (Corning,
New York) at a density of 2.5 × 103 cells/well. After 24 h, the media

were changed to media containing LB-100 (Cayman Chemical
Company, Ann Arbor, Michigan) or Compound 2 at various
concentrations (50–0.31 µM). Control cells were given fresh
media. After 48 h the media were aspirated and plates were
washed with warmed Dulbecco’s phosphate-buffered saline

FIGURE 7
(A) Representative Western blots demonstrate that treatment with Compound 2 resulted in decreased cytosolic expression of PP2Ab in MCF7 cells
beginning at 4 h. Cytosolic PP2Ab expression recovered after 6 h. Treatment with Compound 2 resulted in increased phosphorylation of RIPK1, MLKL,
AMPKα and ACC1 in MCF7 cells. Data representmeans ± SEM. (B) RepresentativeWestern blots demonstrate that treatment with Compound 2 decreased
cytosolic expression of PP2Ab at 6 h, with recovery of cytosolic PP2Ab at 8 h. Compound 2 increased phosphorylation of RIPK1 in Rosi cells (p =
0.0179) and MLKL. Increased phosphorylation of AMPKα and ACC1 was not statistically significant. Data represent means ± SEM. (C) Representative
Western blots demonstrate that treatment with Compound 2 did not change cytosolic expression PP2Ab or phosphorylation of pAMK in MDA-MB-
231 cells. Compound 2 increased phosphorylation of RIPK1 (p = 0.0273) and MLKL. Data represent means ± SEM.
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(DPBS) with calcium and magnesium (Sigma-Aldrich, catalog
#D1283). Cells were stained with 3 µM calcein-AM (AAT
Bioquest, Pleasanton, California, catalog #22002) in DPBS for
30 min in the dark at 37°C. Plates were immediately read with a
Biotek fluorescent plate reader (excitation 485 nm, emission
520 nm). The cytotoxicity assays were performed at least three
times, each time with six replicates per condition.

Transfections

Amammalian LCMT-1 plasmid expression vector was obtained
from Origene (pCMV6-LCMT1, catalog #RC200018). HEK-293
cells were transfected with the plasmid using PolyJet™
transfection reagent (SignaGen Laboratories, Frederick,
Maryland) according to manufacturer’s directions. After 5 h, the
medium was changed. The next day, the transfected cells were
seeded in 96-well optical bottom tissue culture plates for
cytotoxicity assays as previously described. After 24 h, the
medium was changed to medium containing Compound 2 at
various concentrations (0.78–50 µM), or fresh medium with the
carrier (dimethyl sulfoxide) in the case of the control. After 48 h,
cells were stained with calcein-AM and fluorescence was measured.

MDA-MB-231 cells were also transfected with the LCMT-1
expression vector using Lipofectamine 3,000 transfection reagent
(Thermo Fisher Scientific, Waltham, Massachusetts) according to
the manufacturer’s transfection protocol for MDA-MB-231 cells.
After 5 h the medium was changed. The cells were split 1:100 the
following day, and 2 days after transfection, selection with
G418 sulfate (Mediatech, Herndon, Virginia) at 700 ng/mL for
2 weeks commenced to develop stably transfected cells. After the
selection process, cells were used in Compound 2 cytotoxicity assays
as previously described.

Colony forming assays

MCF7, MDA-MB-231 and Rosi cells were seeded in 96-well
tissue culture plates (Celltreat, Pepperell, Massachusetts) at a density
of 90 cells per well (Mayr et al., 2018). After 24 h, the media were
changed to media containing LB-100 or Compound 2 at various
concentrations (50–3.25 µM). Control cells were given fresh media.
After 1 week the media were aspirated and the wells were washed
with PBS. Cells were stained with crystal violet solution (0.25 g
crystal violet in 100 mL 20% methanol) for 10 min. The wells were
washed 6 times with PBS to remove excess crystal violet. Colonies
were counted with an ECHO Revolve hybrid microscope
at ×1.5 magnification. There were ten replicates for each condition.

Cell cycle analyses

MCF7, MDA-MB-231 and Rosi cells were seeded in 6-well tissue
culture plates (Celltreat) at a density of 5 × 105 cells per well. After 24 h,
the DMEM was changed to media containing 20 µM LB-100 or
Compound 2. Control cells were given fresh media. After 24 h, cells
were labeled with 50 µM bromodeoxyuridine (BrdU, BioGems,
Westlake Village, California, catalog #5911439). Cells were lifted

with 0.25% trypsin, 2.21 mM ethylenediaminetetraacetic acid
(Corning catalog #25–053-CI) after 4 h and fixed with 70% ethanol
overnight at 4°C. Cells were pelleted and cellular DNA was denatured
with HCl. After neutralization with 1M Tris, pH 8.5, cells were labeled
with FITC-anti-BrdU (Biolegend, San Diego, California, catalog
#364104, 5 µL/100 μL cell suspension) and 7-aminoactinomycin-D
(7-AAD, Biolegend, catalog #420404, 1 µL/100 μL cell suspension).
Cells were analyzed with a Becton-Dickinson FACSymphony™ flow
cytometer. Cell cycle analyses were performed three times.

Annexin V assays

MCF7, MDA-MB-231 and Rosi cells were treated with LB-
100 and Compound 2 at 5–20 µM concentrations. After 48 h,
cells were lifted with Accutase and washed twice with PBS
(pH 7.4) with 10% FBS. Cells were resuspended in annexin V
binding buffer (10 mM HEPES (pH 7.4), 140 mM NaCl and
2.5 mM CaCl2) and labeled with FITC-anti-Annexin V and 7-
AAD (Biolegend, FITC Annexin V Apoptosis Detection Kit with
7-AAD, catalog #640922). Cell surface annexin V expression was
assessed with flow cytometry.

Statistical Analyses

Were performed with Prism Graphpad version
10.0.1.218 software. All data were subjected to normality and
lognormality tests (Shapiro-Wilk and Kolmogorov-Smirnov tests)
prior to comparison of means. One-way analyses of variance
(ANOVA) with Dunnett’s multiple comparisons test were used
for normally distributed data, while Brown-Forsythe and Welch
ANOVAs with Dunnett’s T3 multiple comparisons tests were used
for data that were not normally distributed. A two-way ANOVAwas
used to compare cytotoxicity between Compound 2 and LB-100
treated cells, and between cells overexpressing LCMT-1
and controls.

Results

Compounds one and two do not interact
with LCMT-1 at the binding site of SAM nor
the PP2Ac carboxyl terminus

Molecular modeling of Compound 1 and 2 interactions with
LCMT-1 using AutoDock Vina yielded one binding site for each
compound, with nine different conformations at the binding site for
the ligands. The conformations with the lowest binding free energies
were visualized with UCSF ChimeraX software (Figures 1C, D).
Molecular modeling revealed that neither Compound 1 nor
Compound 2 occupied the SAM binding site of LCMT-1, or the
binding site of the PP2Ac carboxyl terminus. Compound 1 appeared
to occupy a cleft in the LCMT-1 protein near the SAM binding site,
while Compound 2 occupied a cleft near the PP2Ac carboxyl
terminus binding site.

Molecular modeling of Compound 2 binding with the SET
domain of MLL5 methyltransferase using SwissDock yielded
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three possible binding sites with 10 ligand conformations for each
binding site. Like the modeling results for MLL5 methyltransferase,
SwissDock yielded three possible binding sites for each chain of
ARMT1 with 10 ligand conformations for each binding site. The
conformation/binding site with the lowest free energy and highest
SwissDock Full Fitness rank was visualized with UCSF ChimeraX
software. The modelling revealed that Compound 2 may dock at the
SAM binding site in the SET domain ofMLL5, and partially so in the
α chain of ARMT1. Compound 2 may also partially dock in the β
chain of ARMT1 (Supplementary Figure S4).

Compound 2 inhibits LCMT-1-mediated
methylation of PP2Ac

rhLCMT-1 activity assays revealed that Compound 2, but not
Compound 1, inhibited methylation of rhPP2Ac to the same degree
as the SAM analogue sinefungin, a natural compound used as a
global inhibitor of all methyltransferases (p = 0.0024, Figure 2A).
rhLCMT-1 activity in Compound 2- and sinefungin-containing
reactions did not differ from the negative control.

Compound 1 did not decrease PP2Ac methylation in MCF7 (p =
0.0716), MDA-MB-231 (p = 0.0730) or Rosi cells (p = 0.5517) in a
statistically significant manner. Treatment with Compound
2 resulted in decreased PP2Ac methylation as compared to
control in MDA-MB-231 cells which was significant at 4 h (p =
0.0431, Figure 2B), and in Rosi cells at 6 h (p = 0.0335, Figure 2C).
Compound 2 did not significantly decrease methylation of PP2Ac in
MCF7 cells (p = 0.7768, Figure 2D). Because Compound 1 did not
significantly inhibit PP2Ac methylation in the LCMT-1 activity
assays nor in the cell lines, Compound 2 was used for
further analyses.

Compound 2 significantly inhibits survival of
HEK-293, HS-5, MDA-MB-231, and Rosi
cells, but not MCF7 cells

Because LCMT-1 knock-out gene editing is associated with
lethality in embryos (MacKay et al., 2013) and LCMT-1 targeting
with RNA interference results in apoptotic cell death in cancer cell
lines (Longin et al., 2007; Lee and Pallas, 2007), we sought to
determine if LCMT-1 inhibition with Compound 2 would affect
cell survival. Cytotoxicity assays revealed that Compound
2 inhibited survival of HEK-293 and Rosi cells at concentrations
between 5 and 20 µM (p = 0.0192 at 5 μM, p = 0.0014 at 10 μM, and
p = 0.0003 at 20 µM for HEK-293 cells; p = 0.0003 at 5 μM, p <
0.0001 at 10 μM and 20 µM for Rosi cells), while LB-100 inhibited
survival at 20 µM (p = 0.0036 for HEK-293 cells, p = 0.0035 for Rosi
cells, Figures 3A, B). In HS-5 cells, Compound 2 cytotoxicity at
20 µM (p = 0.0004) was comparable to that of LB-100 at 20 µM (p =
0.0087, Figure 3C). InMDA-MB-231 cells, LB-100 inhibited survival
in concentrations between 25 and 50 µM (p = 0.0117 at 25 µM and
p = 0.0023 at 50 µM), while Compound 2 significantly inhibited
survival at 25 µM (p = 0.0425, Figure 3D). Neither LB-100 nor
Compound 2 significantly inhibited survival in MCF7 cells at the
concentrations tested (p = 0.3204, Figure 3E). However, all cultures
treated with Compound 2 contained necrotic figures not seen in

cultures treated with LB-100. Half maximal effective concentrations
of Compound 2 were lower than that of LB-100 for all cell lines
tested (Table 1).

LCMT-1 overexpression confers resistance
to compound 2-mediated inhibition of
cell survival

Baseline expression of LCMT-1 was assessed in the HEK-293,
HS-5, MCF7, MDA-MB-231 and Rosi cell lines. This revealed
relative LCMT-1 overexpression in HEK-293 and MCF7 cells
(Figure 3F). LCMT-1 was overexpressed in HEK-293 and MDA-
MB-231 cells with the pCMV6-LCMT1 mammalian plasmid vector
(Figures 3F, H). For HEK-293 cells, Only cells treated with 50 uM
Compound 2 had decreased survival as compared to cells treated
with other concentrations of Compound 2 (p = 0.0001 for HEK-293
parent cells and p = 0.0291 for HEK-293pCMV6-LCMT1 cells). LCMT-1
overexpression significantly increased survival of HEK-293 cells in
the presence of Compound 2 (p = 0.0006).

For MDA-MB-231 cells parent cells treated with 50 uM
Compound 2 had decreased survival as compared to cells treated
with other concentrations of Compound 2 (p < 0.0001). In cells
overexpressing LCMT-1, there was no difference in survival between
cells treated with Compound 2 and untreated cells (p = 0.8629).
There was increased survival of MDA-MB-231pCMV6-LCMT1 cells in
the presence of Compound 2 at 25 uM (p = 0.002), 12.5 uM (p <
0.0001), 6.25 uM (p = 0.0004), 3.12 uM (p = 0.0013), 1.56 uM (p <
0.0001) and 0.78 uM (p < 0.0001).

Compound 2 inhibits clonogenic colony
formation in cancer cells

Silencing of PR55α inhibits clonogenic colony formation in
pancreatic cancer cells (Hein et al., 2016; Hein et al., 2019) and
breast cancer cells (Di et al., 2017). We sought to determine whether
prevention of PR55α binding to the PP2A holoenzyme through
LCMT-1 inhibition would have similar effects. Both LB-100 and
Compound 2 inhibited colony formation in MDA-MB-231 (p <
0.0001 for both compounds) and Rosi (p < 0.0001 for both
compounds) cells in a concentration-dependent manner (Figures
4A, B). Colony formation in MCF7 cells was inhibited to a lesser
extent (p = 0.0012 for LB-100, and p = 0.0035 for Compound
2, Figure 4C).

Compound 2 inhibits mitosis in Rosi cells

LCMT-1 plays an essential role in normal progression through
mitosis (Lee and Pallas, 2007; Stanevich et al., 2011; Zhang et al.,
2023). LB-100 has been shown to induce cell cycle arrest in
colorectal cancer cells (Dai et al., 2017). To determine whether
Compound 2 effects on cell survival and colony formation might be
due to mitotic interference, cell cycle analysis was performed with
BrdU flow cytometry. While LB-100 induced G2/M-phase arrest in
MDA-MB-231 and Rosi cells (p < 0.0001 for both comparisons),
Compound 2 induced G0/G1 arrest only in Rosi cells (p = 0.0193,
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Figures 5A, B). LB-100 induced G0/G1 arrest in MCF7 cells (p =
0.0063 for G0/G1 and p < 0.0001 for S-phase).

Compound 2 induces apoptosis in MDA-
MB-231 cells, but not in MCF7 nor Rosi cells

Silencing of LCMT-1 (Lee and Pallas, 2007; Longin et al., 2007)
and PR55α (Lee and Pallas, 2007; Di et al., 2017) result in apoptosis,
and LB-100 has been shown to induce apoptosis in colorectal cancer
cells (Dai et al., 2017). To determine whether the results of the cell
survival and clonogenic assays represented apoptosis induced by LB-
100 and Compound 2, annexin V assays were performed. Treatment
with Compound 2 resulted in increased cell surface annexin V
expression in MDA-MB-231 cells (p < 0.0001 at 20 µM), and in
decreased cell surface annexin V in MCF7 cells (p = 0.0013 at 10 µM
and p = 0.0397 at 20 µM). Compound 2 did not induce apopotosis in
Rosi cells (p > 0.9999 at 5 μM, p = 0.6764 at 10 µM and p = 0.3002 at
20 µM). LB-100 induced apoptosis in MDA-MB-231 (p = 0.0258 at
20 µM) and Rosi cells (p = 0.0019 at 5 μM, p = 0.0126 at 10 μM, and
p = 0.0007 at 20 μM, Figure 6).

Compound 2 induces
RIPK1 phosphorylation in cancer cells

Compound 2 decreased cytosolic expression of PP2Ab in MCF7
and Rosi cells between 4 and 6 hours after treatment. Decreased
PP2Ab cytosolic expression has been reported in response to PP2Ac
demethylation (Lee et al., 2018; Guffens et al., 2023). Glucose
deprivation has been shown to induce cell death in some cell
lines through calcium-dependent PP2Ac demethylation, and this
form of cell death is mediated by RIPK1 phosphorylation (Lee et al.,
2018). We found that treatment with compound 2 resulted in
increased RIPK1 phosphorylation at serine 161 in the cancer cell
lines, but this was statistically significant only for MDA-MB-231
(p = 0.0273) and Rosi cells (p = 0.0179, Figure 7). Phosphorylation of
RIPK1 in the presence of Compound 2 did not statistically increase
in MCF7 cells (p = 0.0598). None of the cell lines demonstrated
RIPK1 phosphorylation at serine 166. There was increased
phosphorylation of MLKL in all of the cell lines at 2–4 hours
after treatment with Compound 2.

Dai et al. reported that treatment of colorectal cancer cells with
LB-100 induced phosphorylation of AMPK (Dai et al., 2017). We
did not find increased phosphorylation of AMPK in our cell lines in
response to treatment with Compound 2 (p = 0.0906 for MCF7 cells,
p = 0.0660 for MDA-MB-231 cells, and p = 0.6775 for Rosi cells).
However, treatment with Compound 2 increased phosphorylation
of ACC1 in MCF7 and Rosi cells.

Discussion

Dysregulation of the delicate balance between kinases and
phosphatases characteristic of most cancers is complex, and can
be mediated by gain of function mutations in kinases, loss of
function mutations in phosphatases, overexpression of
microRNAs that target phosphatases, deletions or mutations in

genes that activate phosphatases, or overexpression of oncogenes
that inactivate phosphatases (Remmerie and Janssens, 2019; Ivovic
et al., 2023; Johnson et al., 2024). Most therapies aimed at restoring
this balance have targeted kinases, in part because they were
discovered before the phosphatases, and because the importance
of the phosphatases has been discovered relatively recently (Turdo
et al., 2021). PP2A is a major serine/threonine phosphatase, and
several direct and indirect PP2A activators have shown therapeutic
efficacy for a variety of malignancies.

Direct activators of PP2A include phenothiazines and their
analogues, metformin, sodium selenate, forskolin and NSC49L
(Johnson et al., 2024). These molecules are thought to exert their
effects by stabilizing the PP2A heterotrimer (Farrington et al., 2020;
Leonard et al., 2020). Indirect activators of PP2A target endogenous
PP2A inhibitors such as PME-1, Suvar/Enhancer of zeste/Trithorax
(SET), 2 A inhibitory protein (TIPRL1), α-endosulfine, ARPP-16,
ARPP-19 and cancerous inhibitor of PP2A (CIP2A) (Haesen et al.,
2014; Johnson et al., 2024). These include FTY720, CM-1231, OSU-
25, OP449, Bortezomib, ethoxysanguarine, TD52, actigenin,
celastrol, niclosamide, polyphyllin I and Lapatinib (Johnson
et al., 2024).

However, few PP2A activators have advanced to clinical trials
due to their side effect profiles and also because PP2A plays a
complicated role in oncogenic signaling, behaving as both a tumor
suppressor and promoter. PP2A downstream effects are mediated by
substrate specificity, which is in turn dependent upon the
heterotrimeric composition. While deletions of the gene for the
B55α subunit have been detected in breast (Beca et al., 2015) and
prostate (Cheng et al., 2011; Zhao et al., 2019) cancers, PP2A
heterotrimers with the B55α subunit have been shown to
promote the transcription of Wnt-responsive genes such as cyclin
D1 and c-Myc through dephosphorylation of β-catenin
(Wlodarchak and Xing, 2016; Pippa and Odero, 2020). PP2A-
B55α also activates mitogen activated protein kinase signaling
through dephosphorylation of the kinase suppressor of Ras one
and Raf-1 (Ory et al., 2003). The B55α subunit activates the human
papilloma virus strain 16 long control region in cells with a deletion
in the short arm of chromosome 11 (Smits et al., 1992), sustains
oncogenic signaling in pancreatic cancer cells (Hein et al., 2016;
Hein et al., 2019), and mediates resistance to glucose-starvation-
mediated cell death in breast cancer cells (Di et al., 2017). Thus,
different mechanisms of PP2A dysregulation are dependent upon
the cellular genetic, epigenetic and metabolic environment.

The rationale for PP2A inhibition is based on the role that PP2A,
including PP2A-B55α, plays in the DNA damage response
(Dohoney et al., 2004; Chowdhury et al., 2005; Li et al., 2007;
Kalev et al., 2012; Li et al., 2015; Mazhar et al., 2019). PP2A
inhibitors allow cells with damaged DNA to enter the cell cycle,
resulting in cytotoxicity due to unstable chromatin (Li et al., 2015;
Mazhar et al., 2019; Johnson et al., 2024). Several PP2A inhibitors
(okadaic acid, calyculin A, tautomycin, tautomycetin, fostriecin,
cantharidin, noncantharidein, and LB-100) have shown efficacy
against a variety of cancer cells, but only LB-100, a cantharidin
derivative, has advanced to clinical trials (Chung et al., 2017) due to
toxicities with other PP2A inhibitors (Johnson et al., 2024). LB-100
restricts tumor growth in melanoma (Hu et al., 2022), colorectal
(Dai et al., 2017), hepatocellular (Sun et al., 2021) and breast (Uddin
et al., 2020) cancer cells. LB-100 has shown promise as a sensitizer
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for DNA-damaging therapies (chemotherapy and radiotherapy)
(Wei et al., 2013; Bai et al., 2014; Bai et al., 2014; Lv et al., 2014;
Chang et al., 2015; Gordon et al., 2015; Hong et al., 2015; Zhang
et al., 2015; Ho et al., 2016; Hu et al., 2017; Ho et al., 2018a; Hao et al.,
2018; Song et al., 2021; Gao et al., 2022; Ronk et al., 2022), as well as
an enhancer of chimeric antigen receptor T-cell therapy (Cui et al.,
2020) and immune checkpoint inhibition (Ho et al., 2018b; Maggio
et al., 2020; Mirzapoiazova et al., 2021).

Methylation of the PP2Ac catalytic subunit at leucine 309 near
its carboxyl terminus by LCMT-1 stabilizes binding of the B55α
subunit to the PP2A heterotrimer (Longin et al., 2007). While
LCMT-1 silencing promotes castration-resistant prostate cancer
growth through increasing androgen receptor activity (Rasool
et al., 2023), LCMT-1 overexpression carries a poor prognosis in
hepatocellular carcinoma (Zhang et al., 2023). Because LCMT-1 is
necessary for progression through mitosis, it has been identified as
an oncologic target (Lee and Pallas, 2007; Longin et al., 2007; Zhang
et al., 2023).

Neither of the compounds we studied as potential LCMT-1
inhibitors were analogues of SAM, nor were they PP2Ac
peptidomimetics. While we recognize the limitations of
molecular modelling (Limongelli, 2020), our models indicate
that these compounds did not interact with LCMT-1 at the SAM
or PP2Ac carboxyl terminus binding sites as we predicted
(Figures 1B,C). Previous attempts at LCMT-1 inhibition using
synthetic peptides based on the carboxyl terminus of PP2Ac
revealed that these peptides were neither substrates nor
inhibitors of LCMT-1, suggesting that LCMT-1 recognizes
aspects of the tertiary and/or quaternary structure of PP2Ac
(Xie and Clarke, 1994). We hypothesize that binding of
Compound 2 to LCMT-1 may induce or prevent
conformational changes in LCMT-1 that restrict binding or
methylation of the PP2Ac carboxyl terminus, and this will
have to be confirmed with x-ray crystallography. This could
be consistent with the work of Stanevich et al., who determined
that the conformation of the LCMT-1 active site pocket changes
to allow binding of the PP2Ac carboxyl terminus (Stanevich
et al., 2011).

Inhibition of LCMT-1 by Compound 2 had differential effects
on the cell cycle (Figure 5), survival (Figures 3A–E) and
induction of apoptosis (Figure 6) in the cell lines we tested,
but Compound 2 inhibited clonogenic colony formation in all
three of the cancer cell lines (Figure 4). The observed variability
in response to Compound 2 among the cell lines may in part be
explained by differences in baseline expression of LCMT-1,
which was increased in HEK-293 and MCF7 cells (Figure 3F),
and could explain their relative resistance to Compound 2.
However, HS-5 cells demonstrated a similar response to
Compound 2 as did HEK-293 cells without overexpression of
LCMT-1. Though overexpression of LCMT-1 in HEK-293 and
MDA-MB-231 cells increased resistance to Compound 2-
mediated toxicity (Figures 3G, H), Compound 2 did not
induce statistically significant PP2Ac demethylation in
MCF7 cells (Figure 2D). This may be indicative of off-target
effects of Compound 2 since our molecular modelling indicated
that Compound 2 may dock at the SAM binding site of the SET
domain of MLL5, and partially dock at the SAM binding site of
the ARMT1 α chain. Compound 2 also partially docked with the

ARMT1 β chain (Supplementary Figure S2). It is also possible
that the effects were mediated by other protein phosphatases, as
PP4 and PP6 are also LCMT-1 substrates (Lee et al, 2018).
Relatively high concentrations of Compound 2 were needed to
obtain cellular effects, which could also be indicative of off-target
effects. However, this was also true of LB-100, and Compound
2 was more effective at inhibiting cell survival than was LB-100 in
the cell lines tested (Figures 3A–D).

Compound 2 decreased cytosolic PP2Ab expression in
MCF7 and Rosi cells after 4–6 h of exposure (Figure 7). This
is consistent with a previous study demonstrating that PP2Ac
demethylation induced by oxidative stress results in increased
B55α subunit binding to PME-1 and translocation to the nucleus
in glioblastoma cells after 4 h. PP2Ac demethylation resulted in
increased phosphorylation of RIPK1 (Guffens et al., 2023). Our
data indicate that cytosolic localization of the B55α subunit
rebounded after 8 h.

We also demonstrated increased phosphorylation of
RIPK1 at serine 161 in response to treatment with Compound
2 in our cell lines. While activation of both RIPK1 and AMPK
pathways are linked to depletion of cellular adenosine
triphosphate, activation of the AMPK pathway has been
shown to prevent formation of the RIPK1-RIPK3 necroptosis
complex (Lee et al., 2019; Zhang et al., 2023). Nevertheless,
RIPK1 has been shown to communicate energetic stress to
AMPK through the mechanistic target of rapamycin complex
1 (Najafov et al., 2021). Though we did not find statistically
significant phosphorylation of AMPKα by Compound 2 in our
cell lines, Compound 2 increased phosphorylation of AMPKα
and ACC1 in MCF7 and Rosi cells. AMPK is the main kinase
regulator of ACC1, inactivating ACC1 when cellular energy
stores are low.

Increased phosphorylation of MLKL was noted in Rosi and
MCF7 cells, but not in MDA-MB-231 cells. This suggests that while
necroptosis may have been the mechanism of cell death in Rosi and
MCF7 cells, a different mechanism occurred in MDA-MB-231 cells.
This is consistent with Figure 6, which indicates that Compound
2 only induced apoptosis in MDA-MB-231 cells. Though increased
RIPK1 phosphorylation was evident in MDA-MB-231 cells in
response to Compound 2, RIPK1 can also contribute to apoptosis
(Kaiser et al., 2014).

PP2A inhibition has been shown to impact other disease
processes including nonalcoholic fatty liver disease (Chen et al.,
2019), ultraviolet radiation-induced damage in retinal pigment
epithelium (Li et al., 2018), depression (Lecca et al., 2016), renal
and hepatic fibrosis (Nyamsuren et al., 2021), and cardiovascular
disease (Zhang et al., 2019). The role that LCMT-1 may play in these
disease processes has not been studied.

In conclusion, methyl 4-methyl-2-[(2-methylbenzoyl)
amino]-5-[[(3-methylphenyl)amino]carbonyl]-3-
thiophenecarboxylate (Compound 2) is an LCMT-1 inhibitor
that may have anti-tumor effects including inhibition of survival,
induction of cell cycle arrest and apoptosis in some cells.
Compound 2 inhibits clonogenic colony formation, and these
effects seem to be mediated by necroptosis through
demethylation of PP2Ac in some cells, and apoptosis in
others. Further studies are needed to confirm Compound
2 binding to LCMT-1 and potential off-target effects.
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