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Previous studies implicated protein arginine methyltransferase 5 (PRMT5) as a syn-
thetic lethal target for MTAP-deleted (MTAP del) cancers; however, the pharmaco-
logic characterization of small-molecule inhibitors that recapitulate the synthetic lethal phenotype has
not been described. MRTX1719 selectively inhibited PRMTS5 in the presence of MTA, which is elevated
in MTAP del cancers, and inhibited PRMT5-dependent activity and cell viability with >70-fold selecti-
vity in HCT116 MTAP del compared with HCT116 MTAP wild-type (WT) cells. MRTX1719 demonstrated
dose-dependent antitumor activity and inhibition of PRMT5-dependent SDMA modification in MTAP del
tumors. In contrast, MRTX1719 demonstrated minimal effects on SDMA and viability in MTAP WT tumor
xenografts or hematopoietic cells. MRTX1719 demonstrated marked antitumor activity across a panel of
xenograft models at well-tolerated doses. Early signs of clinical activity were observed including objective
responses in patients with MTAP del melanoma, gallbladder adenocarcinoma, mesothelioma, non-small
cell lung cancer, and malignant peripheral nerve sheath tumors from the phase I/Il study.

ABSTRACT

Illustration by:Bianca Dunn

SIGNIFICANCE: PRMTS5 was identified as a synthetic lethal target for MTAP del cancers; however,
previous PRMTS5 inhibitors do not selectively target this genotype. The differentiated binding mode of
MRTX1719 leverages the elevated MTA in MTAP del cancers and represents a promising therapy for
the ~10% of patients with cancer with this biomarker.

See related commentary by Mulvaney, p. 2310.

INTRODUCTION

Tumor suppressor genes lost via biallelic deletions cannot be
directly targeted per se; however, cancers with tumor suppres-
sor alterations may exhibit vulnerabilities that can be exploited
for the treatment of cancer. Functional genomic screens in
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molecularly annotated cancer cell lines have cataloged the
dependencies of thousands of genes and are particularly useful
for the identification of long-sought synthetic lethal targets
and exploitable vulnerabilities for tumor suppressor-altered
states (1, 2). Homozygous deletion of the CDKNZ2A region

Corresponding Author: Peter Olson, Mirati Therapeutics, Inc., 3545 Cray
Court, San Diego, CA 92121. E-mail: olsonp@mirati.com

Cancer Discov 2023;13:2412-31
doi: 10.1158/2159-8290.CD-23-0669

This openaccess article is distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license.

©2023The Authors; Published by the American Association for Cancer Research

2412 | CANCER DISCOVERY NOVEMBER 2023

AACRJournals.org


http://crossmark.crossref.org/dialog/?doi=10.1158/2159-8290.CD-23-0669&domain=pdf&date_stamp=2023-08-23
https://aacrjournals.org/cancerdiscovery/article/doi/10.1158/2159-8290.CD-23-0951
mailto:olsonp@mirati.com

including methylthioadenosine phosphorylase (MTAP) is fre-
quently observed in cancer, as it is an especially efficient mecha-
nism for removing multiple tumor suppressor transcripts,
including CDKN2A (encoding pl6Ink4a and p14ARF) and
CDKNZB (encoding p15Ink4bs; ref. 3).

Protein arginine methyltransferase 5 (PRMTS) is a methyl-
osome protein 50 (MEPS50) cofactor-dependent methyltrans-
ferase that utilizes the universal methyl donor S-adenosyl
methionine (SAM) to add symmetric dimethylarginine (SDMA)
posttranslational modifications to target proteins involved in a
variety of essential cellular functions including RNA splicing,
transcription, and translation (4-6). PRMTS was identified as a
synthetic lethal target for cancers harboring homozygous dele-
tion of the MTAP gene (hereafter denoted MTAP del cancers),
which is adjacent to and codeleted with the most frequently
deleted tumor suppressor gene, CDKN2A (7-9). MTAP is deleted
in a high percentage of several cancers, including non-small cell
lung cancer (NSCLC), mesothelioma, pancreatic cancer, glioblas-
toma, head and neck cancer, esophageal cancer, bladder cancer,
and malignant peripheral nerve sheath tumors (MPNST). MTAP

American Association for Cancer Research®

AAC

catalyzes the phosphorolysis of 5'-deoxy-5'-methylthioadenosine
(MTA) to adenine and 5-methylthio-D-ribose-1-phosphate and
is required for the methionine and adenosine salvage pathways
(10). MTAP loss leads to the accumulation of MTA, which was
biochemically determined to compete with SAM for binding
to PRMTS and is a moderately potent and selective inhibi-
tor of PRMTS-dependent deposition of SDMA on key protein
substrates (7-9). This creates a state whereby MTAP del cancer
cells are particularly vulnerable to further inhibition of PRMTS.
Importantly, the synthetic lethality effect was observed only
in screens that used short hairpin RNA (shRNA) technology,
which reduces, but does not eliminate, PRMTS5 activity. Thus,
a small-molecule inhibitor that mechanistically exploits the
partially inhibited state of PRMTS was predicted to recapitulate
the selective synthetic lethality observed in MTAP-deleted cells
in shRNA screens. The synthetic lethal effect was not observed
in single-guide RNA (sgRNA) screens that knocked out all
PRMTS activity, and, in fact, sgRNA screens further suggested
that PRMTS is an essential gene for all cells. Notably, previously
identified small-molecule PRMTS5 inhibitors described to date
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bind either apo or SAM-bound PRMTS (11, 12), do not bind
PRMTS5 complexed with MTA, and do not selectively impact the
viability of MTAP del cell lines. These first-generation PRMTS
inhibitors also exhibit mechanism-based toxicities, including
neutropenia, thrombocytopenia, and anemia, which likely limit
the ability to reach the dose and exposure levels that achieve the
requisite (near complete) target inhibition necessary to drive
tumor regression in patients (13, 14).

A small molecule that selectively binds and stabilizes the cat-
alytically inactive PRMTS/MTA complex is predicted to further
inhibit the residual PRMTS5 activity in MTAP del tumors and
may represent a synthetic lethal-based precision medicine for
patients with these cancers. MRTX1719 was identified through
structure-based drug design as a potent small-molecule inhibi-
tor of the PRMTS5/MTA complex (15). In the present studies, we
characterize its mechanism of action for selective inhibition of
PRMTS5-dependent cellular function and demonstrate its selec-
tive antitumor activity in MTAP del cancer models and patients.

RESULTS

PRMT5-Dependent SDMA Is Reduced in MTAP-
Nonexpressing Human Tumors Compared with MTAP-
Expressing Tumors across Multiple Tumor Types

Human cancers harboring MTAP gene deletions are antic-
ipated to exhibit increased levels of MTA, which would,
in turn, compete with SAM and partially inhibit PRMTS-
dependent methyltransferase activity. To directly investigate
whether MTAP del human tumors exhibit reduced PRMTS
activity, MTAP protein expression and SDMA protein modi-
fication levels were specifically evaluated in MTAP del versus
MTAP wild-type (WT) tumor cells. MTAP and SDMA IHC was
performed on a panel of non-small cell lung (adenocarcinoma
and squamous cell carcinoma) cancer, bladder cancer, head
and neck cancer, mesothelioma, and pancreatic cancer tissue
microarrays (TMA; Supplementary Materials and Methods).
For each tumor type, the SDMA IHC H-score was determined
for a similar number of cases without detectable MTAP protein
expression and with MTAP expression. SDMA modification in
neoplastic cells from MTAP-nonexpressing tumors was reduced
by ~50% compared with MTAP expressing tumors across tumor
types (Supplementary Fig. S1). These data indicate that human
cancers that do not express MTAP protein exhibit an appar-
ent reduction of PRMTS activity relative to MTAP-expressing
tumors. Because PRMTS is a cell-essential gene, these data sug-
gest that MTAP del neoplastic cells may be differentially suscep-
tible to tumor cell-selective inhibition of PRMTS.

Identification and In Vitro Characterization
of MRTX1719

To identify compounds that selectively bound to the PRMTS5/
MTA complex, a screen was performed using a surface plas-
mon resonance (SPR) strategy whereby PRMTS5/MEPS0 was
screened for small-molecule fragment binding in the pres-
ence of 20 umol/L MTA and counter-screened against both
apo-PRMTS/MEPS50 and PRMTS5/MEPSO0 in the presence of
20 pmol/L SAM (15). A 4-(aminomethyl)phthalazine-1(2H)-
one fragment hit that selectively bound the PRMTS/MEPS0
complex in the presence of MTA was identified. This initial
fragment was elaborated, and a lead series was expanded

further utilizing a structure-based drug discovery approach
leading to the identification of MRTX1719 (Fig. 1A).
MRTX1719 binding to the MTA-bound PRMTS/MEPS50
complex was confirmed by X-ray crystallography (Fig. 1B)
and is further described in Smith and colleagues (15).

MRTX1719 was evaluated in biochemical assays that meas-
ure the inhibition of the PRMTS5/MEPS50 complex methyl-
transferase activity using a histone 4 peptide substrate. The
assay was performed with and without MTA to determine
the ICy, in conditions intended to model elevated MTA lev-
els present in MTAP del tumor cells compared with MTAP
WT cells. The average ICs, value in the PRMTS biochemical
assay without MTA added was 20.4 nmol/L, and the aver-
age ICs, value with MTA present was 3.6 nmol/L (Fig. 1C).
Furthermore, by SPR, MRTX1719 demonstrated ~70-fold
increased binding to the MTA/PRMTS complex versus SAM-
bound PRMTS (Kp = 0.14 pmol/L vs. 9.4 pmol/L; ref. 15).
These data demonstrate that MRTX1719 selectively binds
to the PRMTS/MEPS50/MTA complex and exhibits increased
potency against PRMTS in the presence of MTA. In addition,
MRTX1719 was evaluated in a biochemical assay format
amenable to testing whether an inhibitor is peptide substrate
competitive. The ICsy of MRTX1719 determined in the pres-
ence of 0.25 pmol/L MTA with increasing histone 4 peptide
substrate concentration exhibited decreased potency, indicat-
ing the mode of inhibition is substrate competitive similar to
the binding mode of GSK3326595 (Supplementary Materials
and Methods; Supplementary Fig. S2A; ref. 12).

MRTX1719 was then evaluated in cellular mechanistic and
viability assays using the human colorectal cancer HCT116
cell line, which is MTAP WT, and an isogenic paired cell line
that utilized a CRISPR-based strategy to knock out the MTAP
gene (MTAP del; Supplementary Materials and Methods).
MRTX1719 inhibited PRMTS-dependent SDMA protein
modification in MTAP del HCT116 cells with an ICs, value of
8 nmol/L and in parental HCT116 cells with an ICs, value of
653 nmol/L (Fig. 1C and 1D). Additionally, MRTX1719 inhib-
ited the viability of MTAP del HCT116 cells with an ICs, value
of 12 nmol/L and parental HCT116 cells with an ICs, value
of 890 nmol/L using a 10-day viability assay format (Fig. 1C
and E). Thus, MRTX1719 demonstrated greater than 70-fold
selectivity for inhibiting both PRMTS-mediated SDMA pro-
tein modification and viability in MTAP del compared with
MTAP WT HCT116 cancer cells in vitro. A second isogenic
MTAP del and WT pair was generated using the human
pancreatic cancer cell line PK-1, and similar potency and
selectivity in SDMA and viability assays were observed (Sup-
plementary Fig. S2B and S2C). In contrast, GSK3326595 and
JNJ-64619178 have been previously described as SAM-uncom-
petitive and SAM-competitive PRMTS inhibitors, respectively
(11, 12), and demonstrated a lack of selectivity between MTAP
del and WT cell lines in both SDMA and viability assays
(Fig. 1C-E; Supplementary S2C).

MRTX1719 was also evaluated for modulation of SDMA
levels over a longer time course of 4 days in MTAP del and WT
HCT116 cells. A concentration-dependent reduction of PRMTS-
mediated SDMA protein modification was observed that was
highly selective for the MTAP del cell line (Fig. 1F). SDMA
levels corresponding to the SmD3 protein molecular weight
were undetectable at concentrations greater than 1 nmol/L in
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Figure 1. MRTX1719 binds PRMT5/MTA and selectively inhibits MTAP del cancer cells with reduced activity in MTAP WT cells. A, Chemical struc-

ture of MRTX1719. B, X-ray crystal structure of MRTX1719 cocomplexed with PR

MT5/MEP50 and MTA (right; Protein Data Bank code 751S; ref. 14).

C, MRTX1719 was run in a PRMT5/MEP50 biochemical assay that measures the activity of the complex in the absence and presence of MTA at an
approximate ICsy concentration of MTA in the assay (2 umol/L). MRTX1719, GSK3326595, and JNJ-64619178 were run in SDMA In-Cell Western (SYM11
antibody; C and D) and 10-day viability assays (C and E) in MTAP del and WT HCT116 cell lines. ND, not determined. F, Cropped SDMA Western blot show-
ing protein bands that correlate with the molecular weight of SmD3 in MTAP del and WT HCT116 cell lines following 4 days of treatment with a range of

concentrations of MRTX1719, with B-actin run as a loading control. KO, knockout.
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MTAP del cells but were still present at 1 pmol/L in MTAP WT
cells, confirming MRTX1719 is highly selective for inhibition of
PRMTS activity in MTAP del versus MTAP W'T cells.

As MRTX1719 exhibits a unique binding mode, it was
evaluated for PRMTS target occupancy kinetics and duration
of target inhibition in biochemical and cellular assay formats,
respectively. MRTX1719 demonstrated a long dissociation
half-life from MTA-bound PRMTS (~14 days) as determined
by SPR (15). To explore the impact of a long dissociation half-
life in intact cells, MTAP del HCT116 cells were incubated with
arange of concentrations of MRTX1719 for 3 hours, 72 hours,
or 3 hours followed by washing the cells with PBS and incu-
bating for an additional 72 hours in media without inhibitor
(a 72-hour washout) and subsequently evaluated in the SDMA
assay. Treatment of MTAP del cells for 3 hours followed by
immediate evaluation of SDMA levels did not result in any
effect (Supplementary Fig. S2D), as a reduction in SDMA lev-
els following PRMTS inhibition is known to require a longer
time frame (11). In contrast, treatment of MTAP del HCT116
cells for 3 hours followed by a 72-hour washout resulted in
a concentration-dependent reduction of SDMA with an ICs
of 44 nmol/L compared with 3.4 nmol/L in 72-hour treated
cells, suggesting MRTX1719 binds the PRMT5/MTA com-
plex tightly and exhibits a durable pharmacodynamic effect
in cells (Supplementary Fig. S2D). Furthermore, MRTX1719
demonstrated a comparable increase in potency and extended
target occupancy in MTAP WT HCT116 cells incubated with
20 pmol/L MTA compared with MTAP WT HCT116 parental
cells incubated without MTA, confirming that the elevated
MTA in MTAP del cells contributes significantly to increased
potency and long target occupancy of MRTX1719 in MTAP
del cells (Supplementary Fig. S2E and S2F).

To further characterize the specificity of MRTX1719 bind-
ing to the PRMTS5/MTA complex, thermal shift experiments
were conducted and compared with first-generation PRMTS
inhibitors (Supplementary Materials and Methods). After a
15-minute incubation, MRTX1719 demonstrated complete
binding to MTA-bound PRMTS, as evidenced by the clear, sin-
gle peak increase (right shift) in the melting temperature trace,
whereas MRTX1719 exhibited only partial binding to SAM-
bound PRMTS at this time point (Supplementary Fig. S3A and
S3B). After a 4-hour incubation, MRTX1719 binding to SAM-
bound PRMTS was still incomplete, whereas complete binding
of MRTX1719 to MTA-bound PRMTS5 was maintained. These
data suggest that MRTX1719 binds both MTA-bound and
SAM-bound PRMTS; however, binding to SAM-bound PRMTS5
does not reach saturation in the thermal shift experiment and
is incomplete. Moreover, based on the melting temperature
shift, the ternary complex of MRTX1719-MTA-PRMTS dis-
played increased stability compared with the ternary complex
of MRTX1719-SAM-PRMTS as well as MRTX1719—PRMTS.
In comparison, GSK3326595 demonstrated high-affinity bind-
ing only to SAM-bound PRMTS, as would be expected for a
SAM-uncompetitive PRMTS inhibitor, whereas JNJ-64619178
demonstrated high-affinity binding to apo, SAM, and
MTA-bound PRMTS as would be expected for a potent SAM-
competitive PRMTS inhibitor. These data confirm MRTX1719
binds tightly and preferentially to the PRMTS/MTA complex
and exhibits a differentiated binding mechanism compared
with first-generation PRMTS inhibitors.

MRTX1719 Demonstrates Selective and Dose-
Dependent Reduction of PRMT5-Dependent SDMA
and Tumor Growth in MTAP Del Tumor Models
while Sparing MTAP WT Tissue

To evaluate target pharmacodynamics and antitumor activity
in vivo, MRTX1719 was administered orally once daily for 22 days
to immunocompromised mice bearing human MTAP del LU99
lung tumor xenografts and demonstrated dose-dependent inhi-
bition of PRMTS5-dependent SDMA modification (Fig. 2A). Fur-
thermore, MRTX1719 demonstrated dose-dependent tumor
growth inhibition of MTAP del LU99 tumor xenografts estab-
lished in immunocompromised mice (Fig. 2B). Oral daily
(q.d.) administration at 50 and 100 mg/kg resulted in similar
antitumor activity—approximate tumor stasis—and correlated
with 95% or greater SDMA reduction, indicating that a near-
maximal pharmacodynamic target inhibition and antitumor
efficacy are achieved in this dose range in mice. All dose levels
of MRTX1719 up to 100 mg/kg q.d. were well tolerated with no
overt signs of toxicity or evidence of body weight loss (Supple-
mentary Fig. S4A). The SAM-competitive PRMTS inhibitor JNJ-
64619178 was evaluated in the LU99 model and demonstrated
antitumor activity that correlated with strong tumor SDMA
reduction (Supplementary Fig. S4B and S4C). However, at these
doses, strong SDMA modulation was also observed in the bone
marrow, illustrating on-target liabilities previously associated
with non-MTA-cooperative PRMTS5 inhibitors.

Daily (q.d.), twice-a-day (b.i.d.), and every-other-day (Q2D)
dosing schedules were evaluated to determine the optimal dos-
ing schedule. Total dose-matched q.d. and b.i.d. dosing resulted
in comparable antitumor activity at the 50 mg/kg b.i.d. and
100 mg/kg q.d. as well as the 25 mg/kg b.i.d. versus 50 mg/kg
q.d. dose groups (Supplementary Fig. S4D). In contrast, Q2D
dosing at 100 or 200 mg/kg demonstrated reduced antitumor
activity compared with total dose-matched 50 or 100 mg/kg
q.d. dosing. These data demonstrate q.d. dosing is optimal for
achieving maximal antitumor activity in preclinical models.

The selective impact of MRTX1719 on SDMA and anti-
tumor efficacy in MTAP del tumors in vivo was evaluated
utilizing the isogenic paired MTAP = HCT116 model system.
MRTX1719 administered orally at 50 and 100 mg/kg q.d.
demonstrated tumor growth inhibition of HCT116 MTAP del
tumor xenografts; however, no effect on tumor growth was
observed at these dose levels in the isogenic HCT116 MTAP
WT tumor xenograft model (Fig. 2C and D). In contrast,
GSK3326595 and JNJ-64619178 demonstrated similar antitu-
mor activity in both the MTAP del and WT xenograft models.

In addition, MRTX1719 demonstrated a greater magnitude
of inhibition of PRMTS5-dependent SDMA modification in
MTAP del compared with MTAP WT HCT116 xenograft tumors
(Fig. 2E). In contrast, GSK3326595 and JNJ-64619178 demon-
strated similar reduction in SDMA in both HCT116 MTAP
genotypes. In summary, MRTX1719 consistently resulted in
near-complete reduction of PRMTS-dependent SDMA selec-
tively in MTAP del tumor cells, with reduced SDMA reduction
in MTAP WT normal cells, which was associated with signifi-
cant antitumor activity at doses that were well tolerated.

To evaluate SDMA inhibition kinetics and subsequent
mechanistic impact of MRTX1719 in vivo, mice bearing LU99
xenograft tumors were treated over a time course, tumors were
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Figure 2. MRTX1719 exhibits selective, dose-dependent inhibition of PRMT5-dependent SDMA modification in MTAP del tumor xenografts in vivo.
A, MRTX1719 was administered daily via daily oral gavage for 22 days to immunocompromised mice bearing LU99 tumor xenografts (average initial
tumor volume ~180 mm3) at 12.5, 25, 50, and 100 mg/kg. Tumors were collected 4 hours after dose, and SDMA was analyzed by immunoblot and quanti-
fied with densitometry. Average normalized SDMA values were divided by the average value in vehicle-treated tumors to calculate percent inhibition. Data
shown represent the average of 2 to 3 tumors per treatment group + SEM. Statistics were determined using a two-tailed Student t test with significance
indicated (*, P < 0.05). Veh, vehicle. B, MRTX1719 was administered at the indicated doses via daily oral gavage to mice bearing established LU99 cell
line-derived tumor xenografts as in A. Data, mean tumor volume + SEM. Statistics were determined using a two-way ANOVA with significance indicated
(*,P<0.05). A and B were previously published in Smith et al. (14). C and D, MRTX1719, GSK3326595, or JNJ-64619178 was administered via daily oral
gavage at the doses indicated to mice bearing established HCT116 MTAP del (C) or MTAP WT (D) cell line-derived tumor xenografts. Dosing was initiated
when tumors were ~150 mm?3. Data, mean tumor volume + SEM. Statistics were determined using a two-way ANOVA with significance indicated (¥, P< 0.05).
E, Tumors from the HCT116 MTAP WT or HCT116 MTAP del cell line-derived xenografts in C and D were collected 4 hours after dose, and SDMA was
analyzed by immunoblot. Data shown represent the average of 3 tumors per treatment group + SEM. Statistics were determined using a two-tailed

Student t test with significance indicated (¥, P < 0.05). GSK, GSK3326595; JNJ, JNJ-64619178. F and G, MRTX1719 and GSK3326595 were administered
via daily oral gavage to immunocompromised mice bearing established LU99 xenograft tumors at the indicated doses for the indicated number of weeks.
Tumor (F) and bone marrow (G) were collected 4 hours after last dose, and SDMA was analyzed by Western blot densitometry. Representative SDMA
bands were analyzed from 3 to 5 tumor lysates and bone marrow lysates from 3 to 5 mice per treatment group, and data are shown as mean normalized
SDMA levels + SEM. Statistics were determined using a two-tailed Student t test with significance indicated (¥, P < 0.05). H, MRTX1719, INJ-64619178,
and GSK3326595 were run in human erythroid and myeloid 7-day HemaTox assays (STEMCELL Technologies) and were compared with |Csg values from
10-day HCT116 MTAP del and MTAP WT cell line viability assays.

AA‘ —R American Association for Cancer Research®

NOVEMBER 2023 CANCER DISCOVERY | 2417



RESEARCH ARTICLE

Engstrom et al.

collected 4 hours after last dose, and immunoblot analyses were
performed. SDMA levels were unchanged after one dose, par-
tially reduced after 3 days of dosing, and maximally inhibited
following 14 or 21 days of dosing (Supplementary Fig. S4E). Lev-
els of phosphorylated Rb (phospho-Ser 807/811) were reduced
with similar kinetics relative to SDMA and were nearly unde-
tectable after 14 and 21 days of administration. The cell-cycle
inhibitory proteins p21 and p27 were also increased following
3 days of dosing, with p21 remaining elevated and p27 levels
recovering after 14 and 21 days of dosing. Cleaved caspase-7 and
cleaved PARP were also elevated following 14 and 21 days of dos-
ing, providing evidence of apoptosis coincident with maximal
PRMTS pathway modulation. Finally, MRTX1719 was adminis-
tered daily at 100 mg/kg to mice bearing LU99 xenograft tumors
for 21 days, and tumors were collected 4, 24, 72, and 120 hours
after the last dose. SDMA levels were still 95% and 69% reduced
relative to vehicle-treated tumors in treated tumors harvested 72
and 120 hours after the last dose, respectively (Supplementary
Fig. S4F), demonstrating that MRTX1719 exhibits a durable
pharmacodynamic effect for several days after cessation of ther-
apy in vivo. These data demonstrate that maximal inhibition of
PRMTS5-mediated SDMA modification requires several days of
administration i vivo, which, in turn, coincides with subsequent
modulation of key proliferation and apoptosis pathways in
mediating the antitumor activity of MRTX1719.

Based on the lack of significant activity of MRTX1719 in the
MTAP WT tumor model, studies were extended to also evaluate
its effects in mouse Mtap WT tissue. To assess the relative effects
of MRTX1719 on SDMA levels in normal tissue, a time-course
analysis was conducted in MTAP del tumors and Mtap WT
bone marrow from immunocompromised mice bearing LU99
tumor xenografts treated with MRTX1719 or GSK3326595.
MRTX1719 and GSK3326595 both demonstrated marked
inhibition of PRMTS5-mediated SDMA modification in LU99
tumors following 1, 2, 4, or 6 weeks of daily dosing (25 or
100 mg/kg MRTX1719 and 200 mg/kg GSK3326595; Fig. 2F;
see also Supplementary Fig. S4C). In contrast, MRTX1719 treat-
ment exhibited comparatively less reduction of bone marrow
SDMA levels (52% SDMA reduction), whereas GSK3326595
treatment resulted in a pronounced reduction of both bone
marrow and tumor SDMA levels (99% SDMA reduction in bone
marrow; Fig. 2G). Finally, in a 28-day repeat dose study, female
and male CD-1 mice dosed with MRTX1719 at 150 mg/kg q.d.
daily exhibited minimal changes in hematologic parameters
(Supplementary Table S1).

To evaluate the effect of PRMTS inhibitors on normal
human hematopoietic cell viability, MRTX1719, GSK3326595,
and JNJ-64619178 were evaluated in 7-day erythroid and mye-
loid cell HemaTox viability assays (STEMCELL Technologies).
Similar to the differential effect in HCT116 MTAP WT tumor

cells, MRTX1719 was ~50-fold less potent in HemaTox viability
assays compared with its activity in the HCT116 MTAP del
cell line viability assay (Fig. 2H). In contrast, GSK3326595 and
JNJ-64619178 demonstrated ~2- to 3-fold increased potency
in HemaTox viability assays compared with their activity in
either HCT116 MTAP WT or MTAP del cell line viability assays.
Together, these data demonstrate that MRTX1719 selectively
affects the viability of MTAP del cancer cells, with significantly
reduced activity in mouse or human bone marrow, and, further-
more, highlight the significantly improved selectivity margin of
MRTX1719 relative to previously described PRMTS inhibitors.

MRTX1719 Inhibits Critical PRMT5-Dependent
Molecular and Cellular Processes in MTAP Del Cells

To explore the molecular and cellular consequences of
PRMTS5 inhibition in MTAP del cancer cells, differentially
abundant posttranslational protein modifications were meas-
ured in cell lysates from LU99 cells (MTAP del) treated with
DMSO versus 1 pmol/L MRTX1719 for 3 or S days using
LC-MS/MS following antibody enrichment using an SDMA
motif antibody or the Multi-Pathway Enrichment Kit, which
includes anti-phospho-site antibodies (PTMScan, Cell Sig-
naling Technology; Supplementary Table S2). The most dif-
ferentially abundant posttranslationally modified proteins
following 3 or 5 days of treatment with MRTX1719 included
components of the spliceosome (snRNP D3, snRNP BI,
and LSM4), transcriptional proteins (S6 and RPS10), and
the cell-cycle regulators Rb and CDK1 (Fig. 3A; Supplemen-
tary Table S2). Symmetric dimethylarginine modification
of spliceosome components has been previously demon-
strated to be essential for spliceosome function (16, 17). RNA
sequencing (RNA-seq) was also performed on LU99 cells
treated as above followed by analyses of aberrant splicing
and differential expression. Transcripts with retained introns
were increased in MRTX1719-treated versus DMSO-treated
LU99 cells (Fig. 3B), which is a previously described mecha-
nism following PRMTS inhibition (18, 19). Gene set enrich-
ment analysis (GSEA) demonstrated that p53, apoptosis,
and immune-related hallmark pathways were significantly
upregulated, whereas MYC-related and cell cycle-related
pathways were significantly downregulated after 3- or 5-day
treatment with MRTX1719 (Fig. 3C). Finally, cell-cycle
analysis demonstrated treatment with MRTX1719 led to a
marked reduction in the percentage of cells in S-phase and
G,-M, an increase in the percentage of cells in Gy-G;, and
an approximately 3-fold increase in cells positive for the
early apoptotic marker Annexin V (Fig. 3D). Protein analyses
of lysates from LU99 cells treated with MRTX1719 fur-
ther demonstrated that maximal or near-maximal reduction
of PRMTS-dependent SDMA modification coincided with

>

Figure 3. MRTX1719 treatment disrupts PRMT5-regulated processes in MTAP del cancer cells. A, Volcano plots of posttranslational modifications

of trypsin-digested peptides from LU99 cells treated for 3 or 5 days with 1 pmol/L MRTX1719 vs. DMSO as measured by LC-MS/MS following antibody
enrichment using the SDMA PTMScan kit (top) or the Multi-Pathway PTMScan kit (bottom) that includes phosphorylation (Cell Signaling Technology).

B, RNA-seq data were generated from LU99 cells treated with MRTX1719 or DMSO for 3 days, and transcripts were analyzed for alternative RNA splicing
using rMATS. Transcripts with retained introns were increased in MRTX1719-treated vs. DMSO-treated cells. C, GSEA was performed on RNA-seq data
from 3- and 5-day MRTX1719-treated LU99 cells compared with DMSO-treated. *** FDR <0.25. D, LU99 cells were treated with 250 nmol/L MRTX1719
for 3 days and analyzed on a Guava flow cytometer. Cell-cycle distribution analysis (left) was performed, and apoptotic cells were analyzed for surface
Annexin V-positive, 7-AAD-negative staining (right). Summary data from 2 or 3 independent experiments are presented as the mean + SD. Statistics were
determined using a two-tailed Student t test with significance indicated (*, P < 0.05). E, Cell lysates from LU99 cells treated for 3 days with MRTX1719

and analyzed for selected protein markers by Western blot.
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decreased pRb (Ser807/811) as well as increased p27, p21, and
YH2AX (Fig. 3E). These data are in agreement with previous
mechanistic studies designed to evaluate the consequences of
PRMTS inhibition (12, 18-20). Collectively, these data dem-
onstrate that MRTX1719 exhibits selective on-target activity
in MTAP del cells and alters PRMTS-regulated molecular and
cellular processes essential for cell proliferation and viability.

MRTX1719 Demonstrates Broad-Spectrum
Activity against MTAP Del Cancer Cell Lines
from a Variety of Tumor Types

To further investigate the selectivity of MRTX1719 for reduc-
ing the viability of MTAP del tumor cells, it was evaluated across a
panel of 70 MTAP del and 26 MTAP WT human cancer cell lines
in S-day CellTiter-Glo (CTG) viability assays. GSK3326595 was
also evaluated in CTG assays in a subset of cell lines. MRTX1719
selectively reduced the viability of MTAP del cell lines with a
minimal effect on MTAP WT cells, whereas GSK3326595 dem-
onstrated similar activity across cell lines independent of MTAP
genotype (Fig. 4A and B; Supplementary Table S3). The median
ICs, value for MRTX1719 in the MTAP del cell lines was 90
nmol/L, whereas the median ICsy of MRTX1719 in the MTAP
WT cell lines was 2.2 pmol/L. Of note, a 5-day viability assay was
utilized, as it was amenable to screening an expanded panel of
cell lines; however, ICs, values were 3- to 4-fold lower when using
a 10-day viability assay (e.g., MRTX1719 LU99 5-day viability
ICsy: 72 nmol/L; 10-day viability ICsy: 20 nmol/L), suggesting the
cellular potency of MRTX1719 is increased with a longer dura-
tion of PRMTS inhibition.

MRTX1719 Maintains Activity against MTAP Del
Cells When Cocultured with MTAP WT Fibroblasts

Although the selective effect of MRTX1719 on MTAP del
tumor cell viability is anticipated to be cell autonomous, a
recent study reported MTA does not accumulate in human
MTAP del glioblastoma tissue and further reported MTAP WT
cells are able to metabolize elevated MTA secreted by MTAP
del tumor cells in vitro, potentially offsetting an MTA-depend-
ent synthetic lethal vulnerability (21). To determine whether
MTAP WT fibroblasts/stromal cells can impair the activity of
MRTX1719 in selectively targeting MTAP del cancer cell viabil-
ity, LU99 cells were labeled with luciferase and were cocul-
tured with and without the MRC-5 human lung fibroblast cell
line, and cell viability was evaluated (Supplementary Materials
and Methods). MRTX1719 ICs, values were similar for LU99
cells cultured with and without an equal number of MRC-5
cells in viability assays (Supplementary Fig. SSA). Viability was
also independently assessed for each cell line without admix-
ing, and it was confirmed that MRTX1719 selectively reduced
viability in the LU99 cell line, but not MRC-5 cells (Supple-
mentary Fig. S5B). These data suggest MTAP WT admixed
human fibroblasts do not impact the antitumor activity of
MRTX1719 against MTAP del cancer cells in vitro.

MRTX1719 Demonstrates Antitumor Activity and
Tumor Regression across a Variety of Cell Line-
and Patient-Derived Tumor Xenograft Models,
Including Mesothelioma Models

Cell lines derived from NSCLC, pancreatic cancer, and
mesothelioma were among the most sensitive cell lines to

MRTX1719 cell viability screens (Supplementary Fig. S6A).
MRTX1719 was evaluated in ~3-week efficacy studies in
selected MTAP del cell line-derived xenograft (CDX) and
patient-derived xenograft (PDX) models. Notable antitu-
mor activity was observed in pancreatic, lung, esophageal,
cholangiocarcinoma, and gastric cancer models, including
tumor regression in a subset of models (Supplementary
Fig. S6B). MTAP del is commonly observed in patients with
mesotheliomas (~40%), a disease with limited effective thera-
peutic options and approved targeted therapies. Therefore,
MRTX1719 was evaluated in five MTAP del mesothelioma
PDX models. MRTX1719 administered orally q.d. at 100
mg/kg demonstrated marked antitumor activity in all mod-
els tested, including regression in four out of five models
(Fig. 4C). In the PXF 537 model, treatment at 50 or 100 mg/kg
dose levels led to near-complete regression. In the four PDX
models that exhibited regressions, it was notable that tumor
growth in MRTX1719-treated mice was comparable to vehi-
cle-treated mice for the first 5 to 10 days before tumor growth
slowed and began to regress around day 20 in some models,
suggesting sustained PRMTS5 inhibition over several weeks is
required to observe a maximal antitumor effect.

MRTX1719 Treatment of Patients with MTAP
Del Cancers Demonstrated Marked Reduction of
PRMT5-Dependent SDMA in Repeat Tumor Biopsies

MRTX1719 is currently in a first-in-human, phase I/II clini-
cal trial (study 1719-001, NCT05245500) in patients with
solid tumors harboring MTAP gene deletions. To evaluate the
clinical pharmacodynamics of MRTX1719 in patients with
MTAP del cancers, pretreatment and cycle 2 day 1 biopsies were
obtained from three patients orally administered 200 mg q.d.
and analyzed for MTAP and SDMA protein expression by IHC.
SDMA expression was completely extinguished in the neoplas-
tic cells of all three tumor biopsies, with baseline H-scores of
240, 250, and 280 determined in the three pretreatment biop-
sies, whereas SDMA was undetectable (H-score = 0) in all three
cycle 2 day 1 biopsies (Fig. 5; Supplementary Fig. S7A). The
percentage of SDMA-positive stromal cells was also evaluated
and was 100% in all three pretreatment biopsies. In cycle 2 day
1 biopsies, the percentage of SDMA-positive stromal cells was
90%, 50%, and 0%. Importantly, dose-limiting hematopoietic-
based toxicities similar to those reported for non-MTAP del-
selective PRMTS inhibitors, have not been observed at any
dose level evaluated to date (up to 800 mg q.d.; Supplementary
Table S4). These data suggest MRTX1719 completely inhibits
PRMTS activity in MTAP del neoplastic tumor cells in patients
administered MRTX1719 200 mg q.d. without observation of
mechanism-based or dose-limiting toxicities.

MRTX1719 Demonstrates RECIST Responses in
Patients with MTAP Del Cancer

MRTX1719 has been evaluated in patients with solid
tumors harboring MTAP deletions at the starting dose level of
50 mg followed by 100% dose escalations to 100, 200, 400, and
800 mg dose levels administered once daily orally over 21-day
cycles. Dose escalation is based on the modified toxicity prob-
ability interval-2 (mTPI-2) methodology with planned cohorts
of at least three patients at each dose level (22). Patients were
evaluated for clinical activity in accordance with RECIST v1.1
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Figure 4. MRTX1719 selectively inhibits MTAP del cancer cell line growth in vitro and in vivo. A and B, MRTX1719 in vitro activity across a panel of
MTAP WT and MTAP del cell line models (5-day viability assay, Crown Biosciences). Dot plots showing median with 95% confidence intervals of ICsq val-
ues for MRTX1719 (A) and GSK3326595 (GSK-595; B) in MTAP WT and MTAP del cell line models. A smaller cohort of models was tested with GSK-595.
Median values: MRTX1719-MTAP del: ICso =90 nmol/L; MTAP WT: ICsq = 2.2 mmol/L; GSK-595-MTAP del: ICso = 262 nmol/L; MTAP WT: ICsq = 286 nmol/L.
Statistics were determined using a two-tailed Student t test with significance indicated (*, P < 0.05). C, MRTX1719 was administered orally at the doses
indicated to five mesothelioma PDX models. n = 3-5 mice per treatment group. Data, average tumor volume + SEM. Statistics were determined using a
two-way ANOVA with significance indicated (¥, P < 0.05). TGI, tumor growth inhibition.

AAC American Association for Cancer Research® NO\/EMBER 2 OZ 3 CANCER DlSCOVERY I 2421



RESEARCH ARTICLE

Engstrom et al.

<
Q
=
©
o
°©
o f
Mesothelioma
001-104-002
o
N
o
<
Q
£
©
o
©
o
NSCLC
001-103-005

C2D1

Pretreatment

Mesothelioma

001-103-004

CaD1

Figure 5. PRMT5-mediated SDMA modification in MTAP del patient tumor biopsies is extinguished following daily oral administration of 200 mg
MRTX1719. Pretreatment and C2D1 tumor biopsies were stained for MTAP and SDMA protein expression by IHC. Adjacent slides were also stained with
hematoxylin and eosin (H&E). MTAP and SDMA H-scores were determined by a pathologist and scored in Supplementary Fig. S7A.

(23). MRTX1719 was well tolerated with no dose-limiting tox-
icities observed at dose levels up to 400 mg q.d. (800 mg q.d.
under evaluation). Six individual case narratives for patients
treated in dose escalation cohorts are included below. These
case narratives for responding patients were selected from a
total of 18 patients who were evaluable for clinical response
as of June 13, 2023, at dose levels in the therapeutic range of
100 mg q.d. or greater; one of the 18 patients had stable dis-
ease with a decrease in tumor as of June 13,2023, and achieved
a response shortly after (June 19, 2023), which was confirmed
(August 1, 2023) and is included in the case narratives.

A 70-year-old male diagnosed with epithelioid malignant
mesothelioma, previously treated with pleurectomy/decortication,

cisplatin/pemetrexed chemotherapy, and immunotherapy
with ipilimumab and nivolumab, was enrolled into the 1719-
001 clinical trial 2 years after diagnosis for asymptomatic
progressive pleural disease. Next-generation sequencing (NGS)
demonstrated homozygous MTAP-CDKN2A-CDKN2B dele-
tion and homozygous BAPI deletion. At the time of enroll-
ment, five pleural rind lesions were identified as target lesions,
with a maximum diameter of 2.4 cm. The patient was admin-
istered MRTX1719 200 mg q.d. p.o. (per os, or by mouth) on a
21-day cycle, which he tolerated well. After 5 cycles, lipase and
amylase blood levels were increased without symptoms, and
MRTX1719 was held for 3 weeks, after which they returned to
normal, and MRTX1719 was resumed at 100 mg q.d. p.o. for
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cycle 7 day 1. Asymptomatic elevations in lipase and amylase
recurred, and therapy is currently being held. The first on-
study disease assessment at cycle 2 day 20 demonstrated a
reduction in the size of all five target lesions, with an overall
33.3% reduction by RECIST. Subsequent disease assessments
at cycle 4 day 20 and cycle 6 day 21 showed continued RECIST-
defined partial response with 50.1% and 56.1% reduction in tar-
get lesions, respectively, despite the dose interruption (Fig. 6).
The patient remains on study through cycle 8.

An 81-year-old male diagnosed with unresectable epithe-
lioid malignant mesothelioma previously treated with carbo-
platin/pemetrexed and an investigational WT1 vaccine plus
nivolumab was enrolled in the 1719-001 clinical trial. NGS
demonstrated homozygous MTAP deletion and a PIK3CA
mutation. At the time of enrollment, metastatic disease iden-
tified as target lesions included a 2.2-cm mediastinal lymph
node, a 2.2-cm retrocrural lymph node, and a 4.7-cm soft tis-
sue lesion. The patient was administered MRTX1719 200 mg
q.d. p.o. on a 21-day cycle and demonstrated clinical improve-
ment with respect to pain and swelling at sites of soft tissue
lesions. MRTX1719 was interrupted due to grade 3 diarrhea
during cycle 5, which resolved after treatment interruption of
approximately 2 weeks. MRTX1719 was resumed at 100 mg
q.d. p.o. without recurrence of diarrhea. The first on-study
disease assessment at cycle 2 day 20 demonstrated stable dis-
ease with a 13% reduction of target lesions. The subsequent
disease assessment at cycle 4 day 20 achieved RECIST-defined
partial response with a 30.7% reduction of target lesions, and
despite dose interruption, disease assessment on cycle 6 day
9 showed ongoing confirmed partial response (Fig. 6). The
patient remains on study treatment through cycle 8.

A 61-year-old female with NSCLC harboring EGFR mutation
and both EGFR and MET gene amplification with progressive
disease after treatment with osimertinib was enrolled in the
1719-001 clinical trial. NGS demonstrated homozygous MTAP
deletion. At the time of enrollment, she had metastatic disease
to the left hepatic dome (2.9-cm target lesion) and inferomedial
lateral segment of the left hepatic lobe (nontarget lesion) of the
liver. The patient was administered MRTX1719 at 400 mg q.d.
p.o. on a 21-day cycle and tolerated the treatment well. The first
on-study disease assessment at cycle 2 day 20 demonstrated a
RECIST-defined partial response with a 41% reduction of the
target lesion and was confirmed at cycle S day 1 (Fig. 6). The
patient remains on study treatment through cycle 6.

A 73-year-old male diagnosed with BRAF WT, stage IV
melanoma with prior disease interventions including adju-
vant nivolumab, ipilimumab, and nivolumab following meta-
static recurrence, and palliative radiation to head and neck
lymph nodes and brain metastasis was enrolled in the 1719-
001 clinical trial. Targeted NGS demonstrated a homozy-
gous CDKN2A/B/MTAP deletion and TERT mutation. The
patient had multiple subcutaneous nodules in the chest and
abdomen, a nodule in the nondependent portion of the gall-
bladder, as well as numerous bilateral pulmonary nodules
and a splenic lesion. During treatment with ipilimumab and
nivolumab, some of these lesions had initial enlargement
and subsequent stabilization, but the splenic lesion increased
in size over several scans, so the splenic lesion (2.0 cm)
was considered a target lesion for the trial. The patient was
administered MRTX1719 100 mg q.d. p.o. on a 21-day cycle

and a slow decrease in all lesions, including a RECIST-defined
partial response of 30% reduction of the splenic lesion that
was observed at cycle 7 day 1. Subsequent disease assessments
at cycle 9 day 1 and cycle 14 day 1 demonstrated continued
response, with a 40% reduction of the splenic lesion in the
latest assessment (Fig. 6). The patient remains on study treat-
ment through cycle 15 after a dose interruption due to fatigue.

A 74-year-old female presented with metastatic adenocarci-
noma with mucinous features including pelvic implants affect-
ing the colon, omentum, and left ovary (CK7 positive, CDX2
weakly positive, CK20 and SATB2 negative) and a gallbladder
thickening and adjacent soft mass. She was diagnosed with
metastatic gallbladder adenocarcinoma with low tumor muta-
tion burden that harbored ARIDIA deletion (exons 6-20) and
rearrangement, CDKN2A/B and MTAP homozygous deletion,
PIK3R1 N564D, and NBN P81fs*23 in mutational analysis.
The patient was enrolled in the 1719-001 clinical trial with
progressive disease after treatment with cisplatin and gemcit-
abine. At the time of enrollment, she had recurrent disease in
the gallbladder (3.2-cm target lesion) and extensive metasta-
ses involving the peritoneum. The patient was administered
MRTX1719 100 mg q.d. p.o. on a 21-day cycle. The patient
tolerated treatment well but experienced an episode of bowel
obstruction due to peritoneal disease during the first cycle. She
demonstrated clinical improvement with no further episodes
of bowel obstruction. The patient had an initially increasing
tumor marker that later decreased (Supplementary Fig. S7B),
and a gradual decrease in the gallbladder lesion that achieved a
RECIST-defined partial response with a 43% reduction at cycle
8 day 12 and was confirmed at cycle 10 day 12 (Fig. 6). The
patient’s dose was escalated to 200 mg q.d. p.o. during cycle 10
and she remains on study treatment through cycle 13.

A 45-year-old male was diagnosed with MPNST of the left
maxillary sinus (IHC negative for AE1/AE3, CAM 5.2, CK903,
SMA, desmin, myogenin, CD34, and ALK with a WT pattern of
pS3 expression, retained INI1 and BRG1, and an elevated Ki-67
index) in 2017. Upon diagnosis, the patient was treated with
up-front surgery and radiation. He had recurrent disease in
11/2019 and was treated with surgery followed by ifosfamide/
etoposide with concurrent radiation and, upon progression,
with MAI (mesna, doxorubicin, ifosfamide chemotherapy) and
a trial with pembrolizumab plus APG-115 (MDM?2 inhibitor).
At the time of enrollment in the 1719-001 trial, he had biopsy-
proven recurrence in the left masticator space and was using
a PEG (percutaneous endoscopic gastrostomy) tube for nutri-
tion. Genetic analysis shows NFI splice-site 1063 mutated,
CDKN2A/B/MTAP loss. The patient received MRTX1719
800 mg q.d. p.o. on a 21-day cycle and tolerated treatment well
with only grade 1 treatment-related adverse events of hyper-
calcemia, hypophosphatemia, and neutropenia that resolved
without intervention or dose modification. The first restaging
scan after 2 cycles showed stable disease with a 16.7% decrease
of target lesions. Restaging after 4 cycles demonstrated an
unconfirmed partial response with a 38.9% decrease of target
lesions (Fig. 6). The patient remains on study treatment.

DISCUSSION

Following the identification of PRMTS as a synthetic lethal
target for the treatment of MTAP del cancers (7-9), several
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Figure 6. Activity of MRTX1719

in patients with MTAP del cancers.
Mesothelioma patient 001-103-004:
Pretreatment and follow-up (FU) C6D20
scans, indicating 56% reduction of tar-
get lesions, including the pleural disease
shown here. The patient continues on
study. Mesothelioma patient 001-104-
002: Activity of MRTX1719 in patient
epithelioid mesothelioma with MTAP
deletion. Pretreatment and FU 3 scans,
indicating 30% reduction of target
lesions, including soft tissue lesions
shown here. The patient continues on
study. NSCLC patient 001-101-002:
Baseline: dominant mass left hepatic
dome measuring 29 x 19 mm, previous
20 x 19 mm. Stable other tiny scattered
hypodense hepatic lesions too small

to accurately characterize. C5D1: left
hepatic dome metastasis, measuring
17 x 17 mm. Stable and mild decreasing
size of hepatic metastases. The patient
continues on study. Melanoma patient
001-105-005: Baseline and cycle 9
scans of a patient with MTAP del mela-
noma. Partial response was confirmed
at cycle 9, and the patient continues

on study. Gallbladder adenocarcinoma
patient 001-105-008: Pretreatment
and cycle 9 scans of a patient with
treatment-refractory MTAP loss
gallbladder indicating 43% reduction
of target lesions. The patient continues
on study. MPNST patient 001-105-026:
Patient received MRTX1719 800 mg
q.d. Restaging after 4 cycles shows a
partial response with a 38.9% decrease
of target lesions. The patient continues
on study.
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crucial challenges needed to be addressed in order to develop
a small-molecule-targeting strategy to exploit these observa-
tions and to bring this therapeutic approach to the clinic.
The strategy identified to surmount these challenges was to
develop an inhibitor that selectively binds to the PRMTS/
MTA complex. This strategy exploits the elevated MTA con-
centrations present in MTAP del cells and turns this altered
metabolic state into a therapeutic vulnerability to selectively
kill MTAP del neoplastic tumor cells. The discovery of an
orally bioavailable small molecule capable of selective bind-
ing to PRMTS when bound to MTA was accomplished using
a fragment screen against MTA-soaked PRMTS/MEPSO, fol-
lowed by iterative structure-supported drug optimization
(15). Although small molecules capable of binding PRMTS5
when bound to SAM had been described (12), the develop-
ment of a small molecule that selectively binds to an enzyme
when complexed with a substrate-competitive metabolite,
which then locks that complex in a catalytically inactive state
with a biochemically determined residence time on the order
of days, is largely unprecedented. It is important to reiterate
that previously developed PRMTS inhibitors do not bind the
PRMTS/MTA complex and therefore do not exhibit selectiv-
ity for MTAP del cancer cells. Because PRMTS is required for
the viability of all cells, and hematopoietic cells in particular,
these inhibitors do not appear to have a sufficiently wide
therapeutic index and have shown limited clinical utility
to date (24, 25). Given the prevalence of the MTAP deletion
in ~10% of all cancers, this differentiated drug discovery
approach may be relevant for a very large patient population,
the vast majority of which have high unmet medical need.

In addition, the degree of selectivity required for a small
molecule to preferentially bind PRMTS/MTA relative to
PRMTS + SAM and to selectively inhibit PRMTS in MTAP del
cells was unknown. In the original shRNA screens used, the
concentrations of SAM-bound, MTA-bound, and apo-PRMTS5
were presumably reduced to an equivalent degree across the can-
cer cell lines evaluated. These initial functional genomics stud-
ies suggest that a compound with equivalent binding affinity
to MTA-bound and SAM-bound PRMTS should be sufficient
to recapitulate the original synthetic lethal phenotype observed.
However, given the need to achieve complete or near-complete
inhibition of PRMTS in MTAP del tumor cells to achieve maxi-
mal antitumor activity in preclinical studies, a compound that
maximizes PRMTS inhibition in MTAP del cells while sparing
normal cells is anticipated to exhibit a sufficiently wide thera-
peutic index to avoid mechanism-based toxicity observed with
first-generation SAM-competitive/cooperative PRMTS5 inhibi-
tors. Modeling a ~70-fold selectivity index from the cellular
assays is anticipated to maximize target inhibition (>95%-99%
reduction of SDMA in MTAP del tumor cells) and anticumor
activity while sparing inhibition of PRMTS in MTAP WT tis-
sues (estimated to be <~75% reduction of SDMA in nontumor
cells; see ref. 13) to avoid on-target PRMTS-mediated toxicities,
including anemia, thrombocytopenia, and neutropenia.

One of the most critical questions following the discov-
ery of PRMTS as a synthetic lethal target in MTAP del can-
cers from shRNA screens was whether selective inhibition of
PRMTS in MTAP del tumors could elicit objective response
and marked reduction of tumor burden at tolerated dose
levels. The inhibition of a protein target implicated in the

regulation of a cell-essential epigenetic pathway in a geneti-
cally defined patient population is largely unprecedented.
The antitumor activity of MRTX1719, including regression,
across lung cancer, pancreatic cancer, and mesothelioma CDX
or PDX models was encouraging preclinically. The partial
responses to MRTX1719 across several cancer types demon-
strate that objective tumor regression is achievable with this
approach and provide initial proof of concept for this thera-
peutic strategy in MTAP del cancers. Whether distinct tumor
types ultimately respond better to MRTX1719 and whether
additional biomarkers can be identified that correlate with
increased response represent major questions moving forward
in this field.

The complete inhibition of PRMTS5-dependent SDMA in
the neoplastic cells from three MTAP del tumors from patients
treated with 200 mg MRTX1719 provides early clinical proof
of mechanism for this therapeutic strategy and demonstrates
that complete inhibition of SDMA in MTAP del tumor cells,
as assessed by an SDMA IHC assay, is achievable. Moreo-
ver, the six confirmed objective responses observed in the
phase I study demonstrate that the ability of MRTX1719 to
achieve apparent complete SDMA inhibition at well-tolerated
doses translates to objective tumor response, a phenomenon
that was infrequently observed for first-generation PRMTS
inhibitors (14). Importantly, none of the patients treated with
MRTX1719 experienced dose-limiting adverse events associ-
ated with non-MTAP del-selective PRMTS inhibitors, such
as thrombocytopenia, anemia, or neutropenia, at dose levels
up to 400 mg q.d. This suggests that a PRMTS inhibition
threshold associated with a functional impact on MTAP WT
normal cell populations was not exceeded in these patients.
These data suggest that MRTX1719 is well positioned to test
the MTAP del synthetic lethal hypothesis by maximizing the
anticipated therapeutic index via sparing MTAP WT normal
cells and enabling maximal, if not complete, inhibition of
PRMTS in MTAP del tumors.

Given the unique mechanism of action of MRTX1719, the
relatively delayed kinetics of the pharmacodynamic and anti-
tumor response in nonclinical models and patients was note-
worthy. These observations likely have implications for the
present dataset and for the clinical development of MRTX1719.
Most targeted therapies are designed to block oncogenic
driver pathways, resulting in rapid target inhibition (within
hours). Rapid target inhibition kinetics of oncogenic drivers
exhibit a near-instantaneous impact on cell proliferation and
survival pathways and subsequent initiation of apoptotic path-
ways, often leading to objective tumor regression (e.g., RECIST
response) after only weeks of therapy. In contrast to oncogene-
directed therapies, MRTX1719 targets an epigenetic pathway
that is crucial for basic cellular functions that, when inhibited,
may result in differential and potentially slower acting tumor
response kinetics. Our data demonstrate that complete or
near-complete reduction of PRMT5-dependent SDMA was
required for maximal antitumor activity. Maximal reduction of
SDMA required treatment with MRTX1719 for several days in
vitro and 2 weeks in vivo. Secondary effects of MRTX1719 treat-
ment on cellular function, including disrupted RNA splicing
as well as modulation of key cell-cycle regulators and apoptotic
proteins, were then observed subsequent to maximal SDMA
modulation. PRMTS5-dependent mechanistic effects impacting
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cell viability, growth, proliferation, and survival were thus
observed within weeks of treatment initiation as opposed to
hours. These findings likely provide insight into the delayed
onset of the tumor response in the nonclinical models, which
also required several days or weeks until the maximal antitu-
mor response was observed. In the MRTX1719 clinical trial,
four patients were on therapy for several cycles (21 days each)
before experiencing an objective response (i.e., by RECIST 1.1
criteria) with their tumors slowly decreasing in size over the
entire course of their treatment. These findings suggest that
tumor response may continue to deepen over time, and it will
be of interest to continue to evaluate tumor response kinet-
ics following treatment with MRTX1719 across a broader
patient population with longer patient follow-up. In addition,
the duration of treatment will be of major importance, as
CDKN2A/MTAP deletion is an early driver event that is clonal
in most cancers and mechanisms of resistance to MRTX1719
are unknown and may be more elusive.

The preclinical and early clinical proof-of-concept data pro-
vided herein support the adoption of synthetic lethal strat-
egies selectively targeting PRMTS and the development of
MRTX1719 in cancers harboring MTAP deletions. The partial
responses observed in six patients with advanced cancer demon-
strate that MRTX1719 may represent a new therapeutic strat-
egy for the treatment of multiple cancer types that are in dire
need of additional therapies. MTAP gene deletions encompass
several cancer types for which few, if any, biomarker-guided tar-
geted therapies currently exist. The detailed pharmacologic and
mechanistic characterization of MRTX1719 demonstrates that
blocking PRMTS complexed with MTA is a rational approach
for targeting the large and diverse population of patients with
cancer with this previously untargetable genetic alteration.

METHODS

Chemical Compounds

MRTX1719 was synthesized at Wuxi AppTec (lot numbers EW14
002-1215-p1, EW14002-1236-P1, EW24742-131-P1, EW24742-138-P1,
EW24742-154-p1,EW28124-11-P1,EW4257-2945-p1,EW8101-1782-
P2, and EW8101-1848-P1; average purity 97.3%). JNJ-64619178 (HY-
101564) and GSK3326595 (HY-101563) were purchased from Med-
ChemExpress. All compounds in powder form were stored desiccated
at room temperature and protected from light. For in vitro experi-
ments, all compounds were formulated in 100% DMSO, aliquoted,
and stored at —20°C.

Biochemical Assay

PRMTS biochemical studies were conducted using the FlashPlate
system at Reaction Biology Corporation using the PMRTS/MEPS0
complex (#HMT-22-148: Human recombinant PRMTS [GenBank
Accession No NM_006109; amino acids 2-637 (end)], with N-terminal
Flag-Tag and Human recombinant MEPS0 [Gene GenBank Accession
No. NM_024102; amino acids 2-342 (end)], with N-terminal His tag,
coexpressed in Sf9 cell expression system). The FlashPlate substrate
was a Biotin-Histone H4 (1-15) peptide (Rockland #000-006-K75). The
methyl donor was S-Adenosyl-L-[methyl-3H]methionine (PerkinElmer
#NET155H001MC). The reaction buffer was 50 mmol/L Tris-HCI (pH
8.5), 0.002% Tween20, 0.005% bovine serum albumin (BSA), 1 mmol/L
TCEP, and 1% dimethyl sulfoxide (DMSO).

The final reaction conditions consisted of 3 nmol/L PRMTS5/
MEPS50, 40 nmol/L Histone H4 (1-15)-Biotin peptide, and 1 pmol/L
SAM. Substrate was prepared in a reaction buffer. Enzyme was

delivered into the substrate solution at 40 pL/well. Compounds were
delivered in DMSO into the reaction mixture and preincubated for
20 minutes at room temperature. Tritiated SAM was delivered into
the reaction mixture to initiate the reaction at 10 uL/well, and the
reaction was incubated for 2 hours at room temperature. To stop the
reaction, 10 pL/well of 600 pmol/L cold SAM was delivered, and 50
uL/well of stopped reaction was transferred into the FlashPlate and
incubated for 1 hour at room temperature. Plates were washed with
PBS and counted on a TopCount HTS Microplate Scintillation and
Luminescence Counter (Packard Instrument Company). A 10-dose
ICy, with 3-fold serial dilution starting at 1 pmol/L was run in the
presence or absence of 2 umol/L MTA.

Raw data were converted to percentage of enzyme activity, transfor-
med data were curve fit, and ICs, values were calculated using GraphPad
[Prism; Sigmoidal dose-response (variable slope), bottom = 0, top <120].

Cell Lines

HCT116 parental cells were obtained from the American Type
Culture Collection (CCL-247, RRID: CVCL_0291). The LU99 cell line
was obtained from RIKEN BioResource Research Center (RCB1900,
RRID: CVCL_3015). All cell lines were cultured in their recom-
mended media and purchased between 2015 and 2021. Banked cell
stocks were short tandem repeat authenticated and IMPACT tested
at IDEXX. Revived cells were thawed and scaled up with minimal
passaging for in vivo studies. Revived cells used for in vitro studies
were not in culture longer than 8 weeks. All cell lines in culture were
tested monthly using MycoAlert (#LT07-318) purchased from Lonza.

In-Cell Western Assay

Anti-dimethyl-Arginine, symmetric (SYM11, #07-413, RRID: AB_
310595) was purchased from Sigma-Aldrich. IRDye 800CW goat
anti-mouse (#926-32210, RRID: AB_621842) was purchased from LI-
COR. Methanol-free formaldehyde (#28906) and DRAQS (#62251)
were obtained from Thermo Scientific.

To prepare assay plates for the SYM11 In-Cell Western assay, cells
were trypsinized and resuspended in fresh media, and viable cells
were counted utilizing a Cellometer Mini (Nexcelom) and trypan
blue exclusion. Cells were diluted in complete growth media and
seeded at 2,000 cells/well in 96-well, black-walled, clear bottom assay
plates. PBS was added to the outer wells of each 96-well plate. Cells
were incubated for 24 hours at 37°C 5% CO, in 100% humidity to
adhere prior to treatment. MRTX1719 was serially diluted (1:4) in
DMSO. A 10x dosing plate was prepared from the DMSO serial dilu-
tions using an intermediate dilution (1:100) into complete growth
media. Cells were dosed with 10 pL of the 10x intermediate drug
dilutions added to the 96-well cell plates. Six DMSO vehicles and
six positive control (200 nmol/L JNJ-64619178) wells were included
on each assay plate. After 4-day drug treatment, cells were fixed by
adding freshly prepared 4% formaldehyde to each well and incubated
for 20 minutes at room temperature. Formaldehyde was removed,
and cells were permeabilized with ice-cold methanol for 10 min-
utes overnight at —20°C. Following permeabilization, methanol was
removed from each well and Odyssey blocking buffer (#927-50000;
LI-COR) with 0.05% Tween-20 was added to each well and incubated
for 1 hour at room temperature. Blocking buffer was removed, and
the SYM11 primary antibody (1:500 in blocking buffer) was added
and incubated overnight at 4°C on a rocking platform. Plates were
then washed 3 times with PBS + 0.1%Tween 20 (PBST) and incubated
with LI-COR IRDye 800CW secondary antibody (1:800) and DRAQS
(1:10,000) in blocking buffer for 2 hours at room temperature.
Plates were washed 3 times with PBST and then imaged using the
LI-COR Odyssey CLx Imaging system set to Plate Acquisition format
for both the 700- and 800-nm wavelength channels to measure the
signal intensity from each well for the DRAQS and goat anti-rabbit
IRDye 800CW secondary antibody, respectively. Signal outputs were
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exported to Excel for analysis. To quantify the fluorescence intensity
for each selected well in the In-Cell Western, IRDye 800CW second-
ary antibody-alone control wells were subtracted from the SDMA
signal (800 nm) to remove the background signal. The background-
subtracted SDMA signal was divided by the DRAQS signal (700
nm) to normalize for cell number. The average normalized SDMA
signal from the JNJ-64619178 control wells was subtracted from the
normalized SDMA signal. Percent inhibition values were calculated
by dividing normalized values from each treated well by the average
of the normalized values in the vehicle-treated wells and multiply-
ing by 100. The percentage of vehicle control values was plotted as
log(inhibitor) vs. response - Variable slope (four parameters) for
curve fitting and ICs, value determination in GraphPad Prism.

10-Day Viability Assay

To prepare assay plates for viability assays, cells were trypsinized
and resuspended in fresh media, and viable cells were counted utiliz-
ing a Cellometer Mini and trypan blue exclusion. Cells were diluted in
complete growth media and seeded at 250 cells/well in 96-well, clear
round-bottom plates (#3358 Corning). PBS was added to the outer
wells of each 96-well plate. After seeding, cell plates were incubated
for 24 hours at 37°C 5% CO, in 100% humidity to adhere prior to
treatment. The following day, MRTX1719 was serially diluted (1:3) in
100% DMSO, and a 10x dosing plate was prepared from the DMSO
serial dilutions using an intermediate dilution (1:100) into complete
growth media. Cells were dosed with 10 pL of the 10x intermediate
drug dilutions added to the 96-well cell plates. Six vehicle (DMSO)
control wells were included on each assay plate. After drug treatment
for 5 days, cells were rinsed with PBS, trypsinized, and split 1:20 into
a new 96-well plate containing fresh media and 1x drug with a final
volume of 100 uL per well. After 5 additional days of treatment, cell
plates were equilibrated to room temperature, 30 uL of CTG Lumi-
nescent Cell Viability Assay (#G7573, Promega) was added to each
well, plates were covered in aluminum foil to protect from light,
and incubated at room temperature for 30 minutes on a microtiter
plate shaker and day-10 luminescence readings were collected using
a CLARIOstar microplate reader (BMG Labtech). Percent inhibition
values were calculated by dividing relative luminescence unit (RLU)
values from each treated well by the average RLU values in the vehicle-
treated wells and multiplying by 100. The percentage of vehicle con-
trol values was plotted as log(inhibitor) vs. response - Variable slope
(four parameters) for curve fitting and ICs, value determination in
GraphPad Prism.

5-Day Viability Assay

A panel of MTAP WT and MTAP del human cancer cell lines was
screened in a 5-day viability assay. Optimized cell numbers were
plated for each cell line and incubated overnight to adhere prior to
treatment. Baseline CTG readings were taken on the day of dosing
and subtracted from day-5 CTG values prior to ICs, calculation, as
described for the 10-day viability assay. Statistical significance was
determined using a two-tailed Student ¢ test comparing ICs, values
in MTAP WT and MTAP del cancer cell lines assuming equal variance.

Immunoblotting

Pierce radioimmunoprecipitation assay (RIPA) lysis buffer (#89901),
10x HALT (#P178443), and phenylmethanesulfonyl fluoride (PMSF;
#ICN19538105) were purchased from Thermo Fisher. Sodium ortho-
vanadate (#S6508-10G) was purchased from Sigma-Aldrich. The follow-
ing antibodies were used at the indicated dilution: SDMA (1:1000; Cell
Signaling Technology #13222; RRID: AB_2714013), B-Actin (1:2,000;
Abcam #ab8226; RRID: AB_306371), phospho-Rb (Ser807/811; 1:500;
Cell Signaling Technology #8516; RRID: AB_11178658), p21 (1:500;
Cell Signaling Technology #2947; RRID: AB_823586), p27 (1:500; Cell
Signaling Technology #3686; RRID: AB_2077850), phospho-Histone

H2A X (1:500; Cell Signaling Technology #2577; RRID: AB_2118010),
IRDye 680RD goat anti-rabbit (1:10,000; LI-COR #926-68071; RRID:
AB_10956166), IRDye 800CW goat anti-mouse (1:10,000; LI-COR
#926-32210; RRID: AB_621842), and goat anti-rabbit IgG (H+L)-HRP
conjugate (1:3,000; Bio-Rad #1706515; RRID: AB_11125142).

In studies in which tumors were collected 4 hours after last dose,
mice were humanely sacrificed and tumors were surgically removed,
cut into fragments, and transferred to a 2 mL screw cap tube contain-
ing ceramic beads (Lysing Matrix A, #6910100; MP Biomedicals) and
immediately snap frozen in liquid nitrogen. Frozen tumor fragments
were stored at —80°C.

In studies in which end-of-study bone marrow was collected
4 hours after last dose, mice were humanely sacrificed and one femur
was surgically removed. The top of the femur was cut off, placed
upside down in a 0.2-mL Eppendorf tube with a small hole cut into
the bottom end, placed inside a 1.5 mL Eppendorf tube, and centri-
fuged for 30 seconds at 4,000 RPM and 4°C. The femurs were flushed
with 1 mL of cold PBS and collected into the 1.5-mL Eppendorf
tubes containing the pelleted bone marrow. The pellet was gently
disrupted, washed with ice-cold PBS, and centrifuged again for 15
seconds at >10,0000 RPM and 4°C. The PBS wash was aspirated
before snap freezing the pelleted bone marrow in liquid nitrogen and
stored at —80°C until further processing was performed.

An equal volume of ice-cold RIPA lysis buffer supplemented with
1x HALT, 1 mmol/L PMSF, and 1 mmol/L sodium orthovanadate
was added (~300 to 650 pL), and tumors were homogenized using
the MP FastPrep-24 homogenizer (MP Biomedicals) with high-speed
shaking 3 to S times for 20 seconds while keeping the tumor lysate
on ice between cycles. After homogenization, tubes were spun at
15,000 RPM for 10 minutes at 4°C, and supernatant was collected.

Mouse bone marrow pellets were lysed with an equal volume of
RIPA lysis buffer supplemented with 1x HALT, 1 mmol/L PMSF,
and 1 mmol/L sodium orthovanadate on ice with gentle agitation.
Following complete lysis, tubes were spun at 15,000 RPM for 10 min-
utes at 4°C, and supernatant was collected. Protein concentrations of
each lysate sample were determined using a Pierce BCA protein assay
kit (#P123227; Thermo Fisher) per the manufacturer’s instructions.

Approximately 30 pg of total protein was added to 4x sample loading
buffer (#161-0791; Bio-Rad) and 10x reducing agent (#NP0009; Invitro-
gen). Samples were boiled for 5§ minutes. Processed samples were loaded
onto either 12% Bis-Tris 26-well or 18-well gels (#3450119/#3450118;
Bio-Rad) using MOPS running buffer (#161-0788; Bio-Rad) or NuPAGE
10% or 4%-12% Bis-Tris Midi Protein 20-well gels (WG1202BOX/
WG1402BOX; Invitrogen) using NuPAGE MES SDS 20x Running
Buffer (NP0002; Invitrogen). Proteins were transferred from the gels
to a nitrocellulose membrane using the iBlot 2 Dry Blotting System
(#1B23001; Thermo Fisher) and run at 20 volts for 1 minute, 23 volts for
4 minutes, and 25 volts for 2 minutes.

Membranes were blocked with LI-COR Intercept TBS Blocking
Buffer (#927-60001; Thermo Fisher) for 1 hour at room temperature
on a rocking platform. Primary antibodies were diluted in LI-COR
Blocking Buffer and incubated overnight at 4°C on a rocking plat-
form. Membranes were then washed 3 times for 10 minutes with Tris-
buffered saline-Tween 20 (TBS-T) and incubated with LI-COR IRDye
secondary antibodies for 1 hour at room temperature. Membranes
were washed 3 times for 10 minutes with TBS-T.

Images were acquired from probed nitrocellulose membranes
using the LI-COR Odyssey CLx Imaging System (LI-COR) set to the
AutoScan channel for both the 700- and 800-nm wavelength chan-
nels to measure the signal intensity from the IRDye 680RD goat
anti-rabbit and IRDye 800CW goat anti-mouse secondary antibod-
ies, respectively. Images were imported into LI-COR’s Image Studio
software version 4.0 and then .tif files were exported for annotation.
To quantify the pixel intensity for each selected protein band, the
Add Rectangle tool in the image viewer was used to identify a consist-
ently sized area of interest for each band of a given target protein as
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well as a representative background region of the immunoblot. The
signal output column from the software subtracts background pixel
intensity and is used to determine the target pixel intensity for each
protein band. This corrected signal intensity was determined for each
target protein of interest, and data were exported to Excel. The target
protein normalization of each sample was determined by dividing the
signal output of the target protein by the signal output of the loading
control protein. Each target protein was also averaged within each
vehicle or treatment group. The vehicle value was normalized to 1 by
dividing all average values by the vehicle value, and standard devia-
tion was calculated from the normalized values. Percent inhibition
of normalized SDMA in MRTX1719-treated tumors compared with
vehicle-treated control tumors was calculated by dividing the average
MRTX1719-treated normalized SDMA signal by the average vehicle-
treated normalized SDMA signal and multiplying by 100. GraphPad
Prism 8 was used to graph the data.

Statistical significance of SDMA densitometry in tumor and bone
marrow following drug treatment was determined using a two-tailed
Student ¢ test equation in Microsoft Excel comparing normalized
SDMA of vehicle samples to treated samples assuming equal variance.

HemaTox Erythroid and Myeloid Differentiation Assessment

At the time of assay setup, one prequalified lot of frozen bone
marrow CD34" cells was thawed and viability assessed. CD34" cells
were seeded in 96-well culture plates at 1,000 to 3,000 cells/well in
the presence of a test or control article. Control cultures contain-
ing an equivalent amount of solvent (solvent control), but no test
or control article, were also initiated. Three replicates were initiated
for each condition. The culture plates were incubated at 37°C, 5%
CO, for 7 days. After the appropriate incubation period, a portion
of the cells from each well was stained to evaluate live erythroid
cells (CD71 and CD235A/Glycophorin A) or live myeloid cells (CD15
and CD13) by flow cytometric analysis. The total number of live
erythroid (CD71*CD235A7, CD71°CD235A*, and CD71*CD235A%)
or myeloid (CD13*CD157, CD13°CD15", and CD13*CD15") cells in
the test and control article-treated cultures was compared with the
solvent control cultures to determine the percent of control growth
and the ICs, values for each compound.

PTMScan

In vitro LU99-treated cells for PTMScan analysis were generated in
150-mm dishes with cell densities that ensured subconfluent plates
following treatment. Cells were treated for 3 or 5 days with DMSO
or MRTX1719 (1 umol/L) and collected in urea lysis buffer following
the manufacturer’s recommended protocol (Cell Signaling Technol-
ogy). PTM enrichment and analysis were performed by Cell Signaling
Technology (Supplementary Table S2).

Cell-Cycle Assay

For cell seeding, LU99 cells were seeded in 10-cm dishes at 6e5
cells/plate. After seeding, cell plates were incubated overnight to
adhere prior to treatment. Cells were treated for 3 days and then
trypsinized and counted. Cells were fixed and stained following the
Luminex Guava Cell Cycle Reagent (#4500-0220) manufacturer’s
protocol. Cells were fixed in a 15-mL conical tube by rinsing cells with
PBS and then resuspending cells in 1 mL of ice-cold 70% ethanol per
1e6 cells while vortexing at medium speed. For cell staining, 200 uL of
the fixed cell suspension was moved to a 96-well, round-bottom plate
and rinsed with 200 pL of PBS twice prior to staining with 200 uL of’
room temperature Guava Cell Cycle Reagent. Cells were incubated at
room temperature in the dark for 30 minutes prior to running sam-
ples on the Guava EasyCyte System. For each sample, 5,000 events
were acquired and GuavaSoft Software was used to analyze the data.
The stained negative control (DMSO-treated) sample was used to set
the gate for the assay. Statistical significance was determined using a

two-tailed Student ¢ test equation in Microsoft Excel comparing vehi-
cle samples to treated samples assuming equal variance for indicated
cell-cycle populations.

Annexin V Apoptosis Assay

LU99 cells were seeded in 6-well plates. DMSO-treated wells were
seeded at 3e4 cells/well, and drug-treated wells were seeded at 5e4
cells/well. After seeding, cell plates were incubated overnight to
adhere prior to treatment. Cells were treated for 3 days and then
trypsinized, counted, and normalized to 4eS cells/mL. Following
cell preparation, cells were stained following Luminex Guava Nexin
Reagent (#4500-0450) manufacturer’s protocols. The cell suspension
(100 pL) was added to a 96-well plate along with 100 uL of room
temperature Nexin Reagent. Cells were incubated at room tem-
perature in the dark for 20 minutes prior to running samples on the
Guava EasyCyte System. For each sample, 5,000 events were acquired
and GuavaSoft Software was used to analyze the data. The stained
negative control (DMSO- treated) sample was used to set the gate by
adjusting the quadrant markers for the Annexin V-PE versus 7-AAD
dot plot and applied to the rest of the samples. Statistical significance
was determined using a two-tailed Student ¢ test equation in Micro-
soft Excel comparing vehicle samples to treated samples assuming
equal variance.

RNA-seq

LU99 cells were treated with DMSO or MRTX1719 (1 pmol/L) for
3 or 5 days. Cells were rinsed with ice-cold PBS, and cell pellets were
snap frozen. RNA extraction and RNA sequencing were performed
by Genewiz, and data files were transferred to Monoceros Biosciences
LLC for bioinformatic analysis.

RNA-seq Preprocessing. The reads were trimmed, and low-quality
reads were removed using Trimgalore er.0.6.3 dev (https://www.bioinfor-
matics.babraham.ac.uk/projects/trim_galore) with the “paired” param-
eter and length of 151 bps. Trimmed fastq sequences were aligned to the
human reference genome (GRCh38; ref. 26) using STAR aligner v2.7.1a
(27), with the produced bam files sorted by coordinate by using option
“~outSAMtype BAM SortedByCoordinate.” Raw read gene counts were
obtained using STAR aligner with options “~quantMode GeneCounts”
and “-sjdbGTFfile,” with gene models in GTF format obtained from
EnsEMBL release 83. Alignment QC (quality control) and read mapping
statistics were obtained from Picard v2.20.3 tools using the function
“CollectMultipleMetrics” (http://broadinstitute.github.io/picard)).

RNA-seq Data Analysis. Raw gene counts were used for quality
control and transformed to counts per million (CPM) for downstream
differential expression analysis. The “prcomp” function in the stats
R library was applied for the principal component analysis (PCA).
One DMSO day-S sample was determined to be an outlier based on
a distinct distribution of GC content and expression distribution
compared with all other samples and was removed from downstream
analyses. After removing the outlier, all samples clustered according to
treatment in the PCA and the DMSO vehicles were selected as controls.
Differential expression analysis was performed with limma-trend (ver-
sion 3.40.6; ref. 28) in R (version 3.6.1). Very lowly expressed genes with
a mean of Log,(CPM) smaller than -2 were eliminated. GSEA (gsea
v2.2) and the Molecular Signature Database (MSigDB; msigdb_v7.04)
were used for gene enrichment analysis (29).

Differential Splicing Analysis. RNA sequence alignment files
(BAM) were used as input to rMATS version 4.1.0. rMATS is a com-
putational tool designed to identify differential alternative splicing
events across samples being compared (30). A custom set of scripts
was used to automate the execution of rMATS and the summariza-
tion of the results in Excel files. Five types of alternative splicing
events were identified by rMATS: alternative 5' splice site (ASSS),
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alternative 3" splice site (A3SS), mutually exclusive exon usage (MXE),
retained intron (RI), and skipped exons (SE). A summary sheet high-
lighting genes affected by 1 or many differential splicing events was
generated. Additional sheets with detailed information for each of
the alternative splicing event identified by rMATS was also generated
as part of the analysis workflow (http://rnaseq-mats.sourceforge.net).

Custom R code using the ggplot graph library was used to generate
additional visualizations from the analysis results. A box plot show-
ing the AW (differential percent spliced in) for all events grouped by
the splice event type was generated to highlight the enrichment of
any event type in any of the groups being compared. A stacked col-
umn plot was also generated to visualize the total number of alterna-
tive spliced events identified in each of the comparison groups.

In Vivo Studies

All mouse studies were approved by the Institutional Animal Care
and Use Committee based on guidelines from the NIH (Explora
protocol EB17-010-049). Mice were maintained under pathogen-free
conditions, and food and water were provided ad libitum.

Six- to 8-week-old female Hsd:Athymic Nude-Foxn1nu mice (Envigo)
were injected subcutaneously with tumor cells in 100 pL of PBS and
Matrigel matrix (Corning #356237) in the right hind flank of each
mouse with 5e6 cells (LU99) or 1le6 cells (HCT116 parental and
HCT116 MTAP del) 50:50 cells:Matrigel. Mouse health was monitored
daily, and caliper measurements began when tumors were palpable.
Tumor volume measurements were determined utilizing the formula
0.5 x L x W2, in which L refers to the length and W refers to the width
of each tumor. When tumors reached the desired average study start
tumor volume (LU99: 179 mm? or 116 mm? HCT116 MTAP WT:
140 mm? HCT116 MTAP del: 185 mm?), mice were randomized into
treatment groups. MRTX1719 was formulated in 0.5% methylcellulose
(4,000 cps) +0.2% Tween80 in water once per week and stored at room
temperature protected from light. GSK3326595 was formulated in 0.5%
methylcellulose (4,000 cps) + 0.2% Tween80 in water once per week
and stored at 4°C protected from light. JNJ-64619178 was formulated
in 20% HP-B-CD in water once per week and stored at room tem-
perature protected from light. Mice were orally administered vehicle,
MRTX1719, GSK3326595, or JNJ-64619178 at the indicated doses and
schedules. Mice were monitored daily, with tumor volumes and body
weights measured 2 or 3 times per week.

The PXF 537, PXF 2197, PXF 1118, PXF 541, and PXF 2442 meso-
thelioma PDX model experiments were conducted at Charles River
with similar study designs to the LU99 and HCT116 tumor models.
Briefly, NMRI nu/nu mice were inoculated subcutaneously with a
2- to 3-mm?® PDX fragment and randomized for treatment initiation
when the mean tumor volumes reached ~120 to 140 mm?. Mice were
treated with vehicle or MRTX1719 (n = 3 per group) at the indicated
dose and duration.

Percent tumor growth inhibition (% TGI) was calculated using the
following formula: [1 — (final drug-treated tumor volume - initial
drug-treated tumor volume)/(final vehicle-treated tumor volume -
initial vehicle-treated tumor volume)] x 100.

Human Tumor IHC

IHC was performed on formalin-fixed, paraffin-embedded pretreat-
ment and cycle 2 day 1 biopsies, sectioned at 4-pm thickness onto posi-
tively charged glass slides. Serial tissue sections were stained for MTAP
with an anti-MTAP antibody (Abcam #ab55517; RRID:AB_944282)
or SDMA using a rabbit MultiMab SDMA antibody (Cell Signaling
Technology #13222, RRID: AB_2714013) and automated detection
on a Dako Link 48 autostainer at Mosaic Laboratories.

MTAP and SDMA staining was evaluated by a pathologist with
a semiquantitative scale, and the percentage of neoplastic, stromal,
and other cell type staining at each of the following four intensity
levels was recorded: 0 (unstained), 1+ (weak staining), 2+ (moderate
staining), and 3+ (strong staining). An H-score was calculated based

on the summation of the product of the percent of cells stained at
each intensity using the equation: (3 x % of “3+” cells) + (2 x % of “2+”
cells) + (1 x % of “1+” cells).

Statistical Analysis

The statistical significance of TGI was determined using two-way
ANOVA calculated in GraphPad Prism 8 (GraphPad). Significance
was noted in tumor growth plots with “*” for Dunnett multiple
comparisons test with an adjusted P < 0.05 between vehicle and
treated tumor volume measurements on the last day of treatment.
Statistical significance of pharmacodynamic (in vitro and in vivo) and
in vitro functional effects was determined using a two-tailed Student
t test equation comparing vehicle samples to treated samples assum-
ing equal variance.

Data Availability

The RNA-seq data generated in this study are publicly available in
the Gene Expression Omnibus (GEO) at GSE240145.
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