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In Brief

Fedoriw et al. show that the type | protein
arginine methyltransferases (PRMT)
inhibitor GSK3368715 has strong anti-
cancer activity and synergizes with
PRMTS5 inhibition. MTAP deficiency
causes accumulation of an endogenous
PRMTS5 inhibitor, suggesting MTAP
status as a predictive biomarker for
GSK3368715.
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SUMMARY

Type | protein arginine methyltransferases (PRMTs) catalyze asymmetric dimethylation of arginines on pro-
teins. Type | PRMTs and their substrates have been implicated in human cancers, suggesting inhibition of
type | PRMTs may offer a therapeutic approach for oncology. The current report describes GSK3368715
(EPZ019997), a potent, reversible type | PRMT inhibitor with anti-tumor effects in human cancer models. In-
hibition of PRMT5, the predominant type || PRMT, produces synergistic cancer cell growth inhibition when
combined with GSK3368715. Interestingly, deletion of the methylthioadenosine phosphorylase gene
(MTAP) results in accumulation of the metabolite 2-methylthioadenosine, an endogenous inhibitor of
PRMTS5, and correlates with sensitivity to GSK3368715 in cell lines. These data provide rationale to explore
MTAP status as a biomarker strategy for patient selection.

INTRODUCTION dimethyl arginine (SDMA). Each methylation state can affect pro-
tein-protein interactions in different ways and, therefore, has the

Methylation of protein arginine residues regulates a diverse potential to confer distinct functional consequences for the bio-

range of cellular processes including transcription, RNA pro-
cessing, DNA damage response, and signal transduction. In
mammalian cells, methylated arginine exists in three major
forms: w-N®-monomethyl-arginine (MMA), w-N NC-asym-
metric dimethyl arginine (ADMA), or w-N%NE-symmetric

logical activity of the substrate (Yang and Bedford, 2013). Protein
arginine methyltransferases (PRMTSs) are enzymes that transfer a
methyl group from S-adenosyl-L-methionine (SAM) to the sub-
strate arginine side chain, and can be categorized into subtypes
based on the final product of the enzymatic reaction (Bedford

Significance

The MTAP gene is frequently deleted in human cancers, including tumor types with limited therapeutic options. Although
MTAP deficiency has been reported to sensitize cells to knockdown of PRMT5, the major catalyst of symmetric arginine
methylation, current PRMTS5 inhibitors in clinical trials cannot recapitulate this effect due to their mode of inhibition. Com-
bination of PRMT5 inhibitors with GSK3368715, an inhibitor of type | PRMTs, reveals robust synergistic anti-proliferative
effects and attenuation of all forms of arginine methylation, providing the mechanistic rationale for the enhanced activity
of GSK3368715 observed in MTAP-deficient cancer cell lines. The safety and efficacy of GSK3368715, together with the util-
ity of MTAP status as a patient selection biomarker, are currently under clinical investigation (NCT03666988).
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and Clarke, 2009). All PRMTs can generate MMA through a sin-
gle methylation event, whereas type | and |l enzymes catalyze
progression from MMA to ADMA and SDMA, respectively.
Among the type | enzymes, the activity of PRMT1 accounts for
approximately 85% of cellular ADMA levels (Bedford and Clarke,
2009; Dhar et al., 2013; Pawlak et al., 2000). In many instances,
the PRMT1-dependent ADMA modification is required for the
biological activity and subcellular trafficking of its substrates
(Nicholson et al., 2009).

Overexpression of type | PRMTs have been described in
numerous solid and hematopoietic cancers. In several tumor
types, this overexpression has been correlated with patient
outcome (Altan et al., 2015; Elakoum et al., 2014; Yang and Bed-
ford, 2013; Yoshimatsu et al., 2011). Moreover, experimental
evidence suggests that type | PRMTs can contribute to transfor-
mation, proliferation, invasiveness, and survival of cancer cells,
through methylation of arginine residues found on histone and
non-histone substrates that underlie these processes (Al-
meida-Rios et al., 2016; Cheung et al., 2007; Greenblatt et al.,
2016, 2018; Shia et al., 2012; Takai et al., 2014; Veland et al.,
2017; Wang et al., 2014; Wei et al., 2014; Yang and Bedford,
2013; Zhao et al., 2008). Overall, disruption of the ADMA modifi-
cation on key substrates decreases the proliferative capacity of
cancer cells (Cheung et al., 2007; Yang and Bedford, 2013), sug-
gesting that inhibition of type | PRMTs may provide an effective
strategy for therapeutic intervention in many types of human
cancers.

In addition to type | PRMTs, other PRMTs, including the major
catalyst of SDMA, PRMT5, have been implicated in cancer
biology. This has led to multiple drug discovery efforts by several
groups (Chan-Penebre et al., 2015; Shailesh et al., 2018; Smil
et al.,, 2015; Stopa et al., 2015). Successful examples include
the recent discovery and characterization of selective PRMT5 in-
hibitors (GSK3203591 or GSK3326595) (Chan-Penebre et al.,
2015; Gerhart et al., 2018) that demonstrate in vitro and in vivo
potency in lymphoma models. Since the publication of these re-
ports, more recent studies have further suggested that PRMT5
activity can also be inhibited by the metabolite 2-methylthioade-
nosine (MTA), a natural by-product of polyamine synthesis
(Kryukov et al., 2016; Marjon et al., 2016; Mavrakis et al.,
2016). This inhibition of PRMT5 manifests in a subset of cancers
through somatic loss of the gene responsible for MTA meta-
bolism, methylthioadenosine phosphorylase (MTAP). Deletion
of MTAP results in the accumulation of MTA in tumors which,
in turn, correlates with decreased SDMA, suggesting that a
pre-existing state of attenuated PRMT5 activity can serve as a
vulnerability to multiple targets (Kryukov et al., 2016; Marjon
et al., 2016; Mavrakis et al., 2016).

Here we describe the discovery and characterization of
GSK3368715 (EPZ019997), a potent, reversible type | PRMT
inhibitor.

RESULTS

Discovery, Biochemical Characterization, and Cellular
Activity of Type | PRMT Inhibitors

Inhibitors of PRMT1 were identified from Epizyme’s protein
methyltransferase biased compound collection that was de-
signed to identify inhibitors of both lysine methyltransferases

(KMT) and arginine methyltransferases. Following a number of
iterative design cycles focused on balancing cellular potency
and pharmacokinetic (PK) properties, GSK3368715 and struc-
turally related GSK3368712 were developed as potent inhibitors
of PRMT1 (Figures 1A and 1B; Table S1). Detailed biochemical
characterization revealed that GSK3368715 and GSK3368712
are potent, reversible inhibitors of the entire type | PRMT family
(PRMTH1, 3, 4, 6, and 8, K{**"P values ranging from 1.5 to 81 nM
for GSK3368715) with minimal inhibition against a panel of lysine
methyltransferases, and no inhibition against type Il and type llI
PRMTs (Figure S1A; Table S1). GSK3368715 displays time-
dependent inhibition of all the type | PRMTs except PRMTS3 (Fig-
ure S1B). Enzymatic mode of inhibition studies suggest that
GSK3368715 is a SAM uncompetitive, peptide mixed inhibitor
of PRMT1 (Figures S1C and S1D). Whereas, kinetically,
GSKB3368715 seems mixed relative to peptide substrate, the
crystal structure of PRMT1 in complex with GSK3368715 dem-
onstrates that GSK3368715 binds in the peptide site directly
adjacent to the SAM pocket (Figure 1C; Table S2). This apparent
discrepancy may be because time-dependent inhibition is
known to artificially mask competitive behavior in these types
of experiments.

Knockout (KO) of Prmt1 in mice results in a decrease of ADMA
on cellular proteins, together with increases in MMA and SDMA
(Dhar et al., 2013). To investigate the biological effect of type |
PRMT inhibition, ADMA, SDMA, and MMA were evaluated in a
panel of cancer cell lines treated with GSK3368715 (Figures 1D
and S1E-S1G). Decreases in global ADMA levels were evident
after the first day of treatment, and maximal by 72 h. Robust
MMA and SDMA induction were observed within the first 24 h,
and both reached maximal levels after 48 h. The dose response
associated with MMA induction revealed a cellular half maximal
effective concentration for GSK3368715 of 13.6 + 0.3 nM
(Figure S1H). Collectively, these time- and dose-dependent
global changes in arginine methylation demonstrate that
GSK3368715 is a potent and cell active inhibitor of type |
PRMT activity.

Anti-tumor Activity of GSK3368715

To determine whether the growth and viability of cancer cells
may be susceptible to inhibition of type | PRMT activity, the
anti-proliferative activity of GSK3368715 was tested in a 6-day
proliferation assay across 249 cancer cell lines, representing
12 tumor types. The majority of the cell lines assessed in this
panel showed 50% or more growth inhibition by GSK3368715
relative to DMSO-treated cells, as quantified by their growth
half maximal inhibitory concentration (gICso) (Figure 2A). Cell
death or cytotoxicity was assessed by quantifying the number
of cells remaining after treatment relative to the number present
at the time of compound addition and the DMSO control at day
6 (growth death index [GDI]). Negative GDI values, indicative
of cytotoxic responses, were most pronounced among lym-
phoma and AML cell lines, with cytotoxicity observed in 56%
and 50% of cell lines tested, respectively (Figure 2B). Although
the majority of solid tumor cell lines had cytostatic responses
to GSKB3368715, cytotoxic effects were evident in a subset
of these cell lines, including 17% of non-small-cell lung
cancer and 13% of pancreatic cancer. Consistent with their
comparable biochemical activity and selectivity, GSK3368715
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Figure 1. Inhibition of Type | PRMT Activity
by GSK3368715

(A and B) Structures of GSK3368715 (A) and
GSK3368712 (B).

(C) Aternary complex of PRMT1 with GSK3368715
(orange) and SAH (purple) resolved to 2.48 A

(D) Representative western blot of ADMA, MMA,
and SDMA changes induced by 2 uM
GSK3368715 in the Toledo cell line. See also
Figure S1 and Tables S1 and S2.
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and GSK8368712 demonstrated equivalent anti-proliferative ac-
tivity against all cancer cell lines tested and were, therefore, used
interchangeably in subsequent studies (Figures S2A and S2B;
both subsequently referred to as “type | PRMTi”). To confirm
the proliferation screening results, cell-cycle analysis was per-
formed in cytostatic and cytotoxic diffuse large B cell ymphoma
(DLBCL) cell lines. Consistent with its negative GDI value, type |
PRMTi induced time- and dose-dependent accumulation of cells
in sub-G; (Figure S2C). In contrast, accumulation of sub-Gy cells
was only detected in the cytostatic OCI-Ly1 line at the highest
concentration of type | PRMTi (Figure S2D). The growth inhibitory
activity of GSK3368715 was further explored in a colony-forming
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growth inhibition in all samples at 5 uM
(Figure S2E).

Pharmacokinetic analysis of GSK
3368715 and GSK3368712 revealed that
both compounds had suitable PK proper-
ties for oral administration and in vivo
assessment of anti-tumor activity (Table
S3). In toxicology studies conducted in
rats and dogs, primary on-target toxicity
affected the gastrointestinal tract and
mild-to-moderate changes to hemato-
poetic lineages (Table S4), while doses
used in mice were well tolerated. The
efficacy of type | PRMTi in mice bearing
xenografts of cell lines that had cytotoxic
responses was examined. The Toledo
DLBCL cell line has a cytotoxic response
to GSK3368715 with a glCso of 59 nM
in vitro (Figure 2C). Once-daily adminis-
tration of GSK3368715 induced dose-
dependent inhibition of Toledo tumor
growth, with tumor regression in mice
treated with >75 mg/kg (Figure 2D). The
BxPC3 pancreatic adenocarcinoma cell
line has a glCsg of 2,100 nM, and was
cytotoxic at concentrations above
10 uM GSK3368715 (Figure 2E). Once-
daily administration of type | PRMTi had
significant effects on the growth of
BxPC3 xenografts at all doses tested, reducing tumor growth
by 78% and 97% in the 150- and 300-mg/kg dose groups,
respectively (Figure 2F). Efficacy studies with once-daily admin-
istration of 150 mg/kg GSK3368715 in cell line xenograft models
of clear cell renal carcinoma (ACHN) and triple-negative breast
cancer (MDA-MB-468) revealed tumor growth inhibition of
98% and 85%, respectively (Figures S2F and S2G). In a pa-
tient-derived xenograft model of pancreatic adenocarcinoma,
type | PRMTi had significant effects on tumor growth, with inhi-
bition >90% in a subset of animals within the 300-mg/kg cohort
(Figure 2G).These data demonstrate that GSK3368715 has
potent, anti-proliferative activity across cell lines representing a
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Figure 2. Anti-proliferative Activity of GSK3368715

(A and B) Growth IC5q (A) and growth death index (B) values from a 6-day proliferation assay with GSK3368715 in 249 cancer cell lines (n > 2 experiments per cell
line; mean + SEM).

(C and D) In vitro dose-response curve (C) and average tumor volumes of mice treated once daily with type | PRMTi (GSK3368715) (D) for the Toledo cell line. For
(D), n = 10 animals per group and error bars show SEM.

(legend continued on next page)
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Figure 3. Changes to Arginine Methylation by Type | PRMT Inhibition

(A) Number of proteins with changes to MMA, SDMA, and ADMA by immunoaffinity-enrichment mass spectrometry in pancreatic cancer cell lines after treatment

with type | PRMTi.

(B and C) Overlap of proteins with a change in any arginine methyl mark induced by type | PRMTi among pancreatic cell lines (B) or between DLBCL and

pancreatic cancer cell lines (C).

(D) MSigDB pathway enrichment for the 82 commonly altered proteins from (C).

See also Figure S3 and Table S5.

range of solid and hematological malignancies and can
completely inhibit tumor growth or cause regressions of tumor
models in vivo.

Identification of Type | PRMT Substrates

To characterize the biological mechanism of action and
examine the effect of type | PRMT inhibition on arginine methyl-
ation, affinity enrichment proteomics was used to identify pro-
teins with altered ADMA, SDMA, or MMA (Stokes et al., 2012).
Following enrichment using antibodies specific for each
methylation state from cell lines treated with type | PRMT inhib-
itor, purified peptides were identified by mass spectrometry
and fold changes in enrichment were calculated relative to
DMSO-treated cells (see the STAR Methods for details). Among
the DLBCL and pancreatic cancer cell lines analyzed, type |
PRMT inhibition altered arginine methylation marks on 445
unique proteins (Figures 3A and S3A; Table S5). Mass spec-
trometry of KHDRBS1 (Cote et al, 2003), a previously
described PRMT1 substrate and also identified in our datasets,
confirmed that type | PRMTi inhibits ADMA at arginine 291 (Fig-
ures S3B and S3C).

Of 349 total proteins with any change in arginine methylation
identified among the pancreatic cell lines, 100 were found in all
three (Figure 3B). Similarly, of 276 total proteins identified in
the Toledo and OCI-Ly1 DLBCL cell lines, 259 were common be-
tween the two (Figure S3D). Moreover, 82 proteins were shared
across both histologies, suggesting that type | PRMTs regulate a
core set of biological processes (Figure 3C; Table S5). Pathway
analysis of these proteins showed enrichment in mMRNA process-
ing and splicing, several components of the mRNA cap binding
complex (including EIF4G1 and EIF4H), as well as a ribosomal
subunit and known target of PRMT5, RPS10 (Ren et al., 2010)
(Figure 3D). In addition to mRNA processing and splicing
proteins, type | PRMTi altered the arginine methylation of MYC
targets. Notably, the MYC pathway also includes numerous
splicing and RNA binding proteins, suggesting effects on
splicing machinery through multiple mechanisms.

Type | PRMT Inhibition Alters Splicing

The common proteins with arginine methylation changes identi-
fied by affinity enrichment proteomics spanned multiple steps of
pre-mRNA processing, and include known regulators of exon

(E and F) In vitro dose-response curve (E) and average tumor volumes of mice treated once daily with type | PRMTi (GSK3368715) (F) for the BxPC3 cell line. In (F),

n = 10 animals per group and error bars show SEM.

(G) Individual tumor growth curves of a PDX model of pancreatic adenocarcinoma with once-daily administration of 150 or 300 mg/kg type | PRMTi (GSK3368712;

n = 9-10 per group).
See also Figure S2 and Tables S3 and S4.
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Figure 4. Changes to Splicing by Type | PRMT Inhibition

Exon Junction

(A) Total splicing alterations in pancreatic cancer cell lines, plotted against type | PRMT (GSK3368715) glCso. A5SS, alternative 5’ splice site; A3SS, alternative 3’
splice site; R, retained intron; MXE, mutually exclusive exons; SE, skipped exon.

(B) Directionality of exon skipping in pancreatic cell lines, where negative (red) and positive (blue) AEIL values represent exon exclusion or inclusion, respectively.
(C) Heatmap of AEIL values of exon-skipping events from pancreatic cell lines.
(D) Sashimi plot illustrating multivariate analysis of transcript splicing output for exons 6-8 of MKI67 from DMSO and type | PRMTi-treated Panc08.13 cell line from
a representative replicate of RNA-seq (AEIL = —0.417). Numbers over the lines connecting exons represent the number of reads mapping to that junction.

(E) gRT-PCR validation of MKI67 exon 7 skipping, normalized to exons 11-12, where differential splicing was not detected (n = 3; mean + SEM).

See also Figure S4.

utilization: SFPQ, FUS, and 14 proteins belonging to the hetero-
geneous nuclear ribonuclear (hnRNP) family (Papasaikas et al.,
2015; Wang et al., 2013). Arginine methylation of hnRNP proteins
can regulate interactions with other factors as well as subcellular
localization; therefore changes in arginine methylation by type |
PRMT inhibition may lead to aberrant exon usage (Gurunathan
et al., 2015; Wall and Lewis, 2017). To understand the functional
consequences of the switch from ADMA to SDMA or MMA
across RNA processing factors, RNA sequencing (RNA-seq)
was used to investigate the effects of type | PRMT inhibition on
global splicing patterns. Multivariate analysis of transcript
splicing (Shen et al.,, 2014) was used to quantify differential
splicing events from RNA-seq of poly(A) selected RNA from a
panel of pancreatic cancer cell lines treated with type | PRMTi.
Significant splicing alterations were identified in all lines exam-
ined, with the cell lines most sensitive to growth inhibition by
GSKB3368715 showing the greatest number of events (Figure 4A).
Skipped exons are the most frequent type of alteration observed
in all four cell lines tested, with a bias toward exon exclusion
upon inhibitor treatment (Figures 4B and 4C). Select exon-skip-

ping events were validated by RT-gPCR (Figures 4D, 4E, and
S4A-S4M). The majority of these events were unique to each
cell line, with only 194 common to all lines (Figure 4C). However,
compound treatment induced changes in the splicing of genes in
common pathways among the lines, including cell cycle and
mitosis (Figure S4N). These data suggest that type | PRMT inhi-
bition results in profound changes in cellular splicing, predomi-
nantly affecting exon usage.

Anti-proliferative Effects of Combined Type | PRMT and
PRMTS5 Inhibition

PRMTS is the type Il PRMT that catalyzes the bulk of cellular
SDMA and is known to share substrates with PRMT1 (Zheng
et al.,, 2013). PRMT5 is overexpressed in a number of tumor
types, and selective PRMT5 inhibitors have recently entered clin-
ical trials. To determine the effects of combined inhibition of type
| PRMTs and PRMT5 on cancer cell proliferation, a panel of cell
lines was treated with GSK3368715 and the PRMT5 inhibitor
GSK3203591 (Gerhart et al., 2018) across a range of concentra-
tions. In the pancreatic cancer cell lines tested, increasing fixed
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Figure 5. Combined Anti-proliferative Effects of Type | PRMT and PRMT5 Inhibition
(A and B) Average growth death index (A) and Bliss score (B) for type | PRMTi (GSK3368715) and PRMT5i (GSK3203591) double titrations (n > 2 per cell line).
(C and D) Average tumor volumes of MiaPaca-2 xenografts after once-daily administration of PRMT5i (GSK3326595) alone (C) or in combination with once-daily
administration of 150 mg/kg type | PRMTi (GSK3368715) (D). For each group, n = 10; mean + SEM.
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concentrations of each inhibitor enhanced the potency of the
other (Figures S5A and S5B). Furthermore, combination treat-
ment produced cytotoxic responses at concentrations at which
either single agent was cytostatic (Figures 5A, S5C, and S5D). To
determine if the effects on cell growth are synergistic, the Bliss
model was used to calculate synergy scores using the effects
from single-agent treatment to estimate the outcome of an addi-
tive effect (Foucquier and Guedj, 2015). Bliss scores of >10 were
classified as synergistic and >20 as strongly synergistic. The
combination of type | PRMTi and GSK3203591 elicited strong
synergistic effects on net cell growth in pancreatic cancer and
DLBCL cell lines across a range of concentrations (Figures 5B,
S5C, and S5D). The addition of 10 or 100 nM GSK3203591,
which had no effect on growth as monotherapy, increased the
potency of type | PRMT inhibition coincident with enhanced cas-
pase-3/7 cleavage, reflecting activation of apoptotic cell death
(Figure S5E).

To evaluate the efficacy and tolerability of this combination
in vivo, mice bearing MiaPaca-2 pancreatic adenocarcinoma xe-
nografts were dosed with type | PRMTi (GSK3368715) or the
PRMTS5 inhibitor, GSK3326595, either alone or titrated in combi-
nation with a fixed concentration of the other. As monotherapies,
the highest doses of type | PRMTi and PRMT5i produced signif-
icant, but incomplete, effects on tumor growth. Once-daily
dosing of 200 mg/kg of PRMTS5 inhibitor yielded comparable re-
sults to twice-daily 100 mg/kg dosing. Lower doses of each did
not significantly affect tumor growth (Figures 5C-5F, S5F, and
S5G; Table S6). In both experiments, combinations significantly
enhanced the inhibition of tumor growth relative to either single
agent alone at all doses tested. Body-weight of animals dosed
with the combination was no different than single-agent treat-
ment in either study, suggesting the combination was well toler-
ated (Figures S5H and S5I; Table S6).

Effects of Combined PRMT Inhibition on Arginine
Methylation and Global Splicing

Previous studies have shown that inhibition of PRMT5 can alter
SDMA on splicing regulators and has profound effects on cellular
splicing (Gerhart et al., 2018). To understand the mechanistic ba-
sis for the synergy between type | PRMT and PRMT5 inhibition,
the effects on arginine methylation of GSK3368715 were as-
sessed in the presence of increasing concentrations of PRMT5i
(GSK3203591). While SDMA levels in combination-treated cells
were attenuated, they remained below those of DMSO controls
(Figure 6A). Accumulation of MMA by the combination was
inhibited relative to cells treated with type | PRMTi alone at all
concentrations of PRMT5i tested (Figure 6A). In contrast, basal
ADMA and MMA states were not affected by PRMT5 inhibition
alone. These data suggest that the majority of MMA and
SDMA generated upon inhibition of type | PRMT activity depends
on the enzymatic activity PRMT5. Consistent with the global
changes to arginine methylation observed in western blots,
mass spectrometry analysis of KHRDBS1 showed inhibition of

ADMA and SDMA on R291 after treatment with type 1 PRMT
and PRMTS5 inhibitors either individually or in combination (Fig-
ures 6B and S6). Combined inhibition of type | PRMTs and
PRMTS5 on individual protein substrates was further explored us-
ing mass spectrometry following immunoprecipitation of tryptic
peptides with methyl-arginine-specific antibodies. Among pep-
tides that were enriched by MMA or SDMA immunoprecipitation
by type | PRMTi alone, 34% and 76% showed a 4-fold lower
induction of MMA or SDMA, respectively, upon addition of
PRMT5i (Figures 6C and 6D; Table S7). These data suggest
that combined inhibition of type | PRMTs and PRMT5 produces
a reduced state of arginine methylation and may manifest in dif-
ferential effects on the function of type | PRMT substrates rela-
tive to inhibition by either inhibitor alone.

To understand the functional consequences of the global
methylation state induced by the combination of inhibitors,
RNA-seq was used to compare splicing alterations in the
Panc03.27 cell line between single-agent and combination treat-
ment. Both single agents had significant effects on all categories
of splicing, with exon skipping being the most frequent (Figures
6E and 6F). The total numbers of skipped exons were similar be-
tween type | PRMTi (1,405) and PRMT5i (1,400), and 260 were
induced by both compounds (Figure 6G). The combination
induced 3,730 exon-skipping events, with 822 (22%) and 724
(19%) shared with type | PRMTi and PRMT5i, respectively, and
219 (6%) common to all three conditions (Figure 6G).These
data suggest that the inhibition of PRMT5 exacerbates the effect
of type | PRMT inhibition on alternative splicing by attenuating
the accumulation of MMA and SDMA.

MTAP Deficiency Is a Predictive Marker of Sensitivity to
Type | PRMT Inhibition

Recent studies have described a mechanism by which loss of
MTAP leads to increased levels of its metabolite MTA, which
has previously been characterized as a selective and potent in-
hibitor of PRMT5 activity, resulting in lower cellular levels of
SDMA (Kryukov et al., 2016; Marjon et al., 2016; Mavrakis
et al., 2016). Given the synergistic effects of type | PRMTi and
exogenous PRMT5 inhibitors on the proliferation of cancer cell
lines, MTAP deletion may offer a scenario to achieve a cancer
cell-intrinsic combination of GSK3368715 with PRMT5 inhibi-
tion. Of 212 cell lines in which MTAP status was determined by
DNA copy-number variation and mRNA or protein expression
levels, 56 were deficient in MTAP (Table S8). The association
between MTAP deficiency and sensitivity to GSK3368715
was apparent in select tumor types. Median glCso values of
GSK3368715 were > 6-fold lower in MTAP-deficient lymphoma,
melanoma, and pancreatic cancer cell lines relative to wild-type
(WT) cell lines. Interestingly, among this panel of pancreatic cell
lines, only MTAP-deficient lines exhibited a cytotoxic response
to type | PRMTi (Figures 7A and 7B; Table S8). Addition of exog-
enous MTA increased the potency of type | PRMTi 10-fold in 9/19
pancreatic cancer cell lines, an effect that was exaggerated

(E and F) Tumor volumes of MiaPaca-2 xenografts after once-daily administration of type | PRMTi alone (E) or in combination with once-daily admini-
stration of 200 mg/kg PRMT5i (F). For comparison, 100 mg/kg twice-daily dose of PRMT5i is shown in (E) as gray dotted line. For each group, n = 10;

mean + SEM.
See also Figure S5 and Table S6.
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Figure 6. Combined Effects of Type | PRMT and PRMTS5 Inhibition on Induction of MMA and SDMA

(A) Effect of type | PRMTi (GSK3368715) and PRMT5i (GSK3203591) combination on global arginine methylation levels in the Panc03.27 cell line. Representative
western blot image of two independent experiments. Lanes marked with a “+” and “—” indicate treatment with or without 2 uM type | PRMTI, respectively.
(B) Validation of arginine methylation changes induced by single agents and combination on R291 of immunopurified KHDRBS1 by mass spectrometry in
Panc03.27 cell line; average of two independent experiments.

(C and D) Scatterplot comparing fold changes of SDMA (C) and MMA (D) on individual peptides between type | PRMTi alone and in combination with PRMT5i
(GSK3203591). Red dots are peptides with >4-fold differences between two conditions.

(E) Splicing alterations after single-agent and combination treatment in the Panc03.27 parental cell line.

(F) Directionality of exon skipping in Panc03.27 following single-agent or combination treatment.

(G) Overlap of exon-skipping events shown in (F).

See also Figure S6 and Table S7.
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Figure 7. MTAP Deficiency Is a Predictive Marker of Sensitivity to Type | PRMT Inhibition
(A and B) Comparison of GSK3368715 glCsq (A) and growth death index (B) in MTAP WT or-deficient cell lines. Black lines represent median values. Dotted line in

(B) indicates complete cytostasis.
(
(
(

mean + SEM).

C) Representative western blot showing levels of MTAP and SDMA in Panc03.27 parental and CRISPR clones targeting the MTAP locus.
D) Intracellular MTA levels (n = 3 measurements per cell line) in each line from (C); mean + SEM.
E) Maximum fold induction of MMA and SDMA by type | PRMTi in isogenic Panc03.27 MTAP wild-type (WT) and deficient (KO) cell lines (n = 2 in each cell line;

(F and G) Average fold induction of MMA (F) and SDMA (G) by type | PRMTi (GSK3368712) in a panel of MTAP WT and deficient pancreatic cell lines (n =
2 experiments in each cell line). Black lines represent medians of data.

(H) Heatmap of SDMA induction on individual peptides in parental Panc03.27 cells (WT) with single agents and combination treatment and Panc03.27 MTAPKO/K®
cell line (KO) with type | PRMTi alone.

See also Figure S7 and Tables S7 and S8.
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among the cell lines with MTAP deficiency (Figure S7A). In a
panel of lymphoma, pancreatic, and breast cancer cell lines,
MTAP deficiency was associated with increased intracellular
MTA and decreased SDMA levels relative to WT cell lines (Fig-
ures S7B and S7C). MTAP-deficient breast cancer cell lines
had decreased SDMA and comparable intracellular MTA con-
centrations to deficient lymphoma and pancreatic cell lines,
despite there being no association with sensitivity to
GSK3368715 by MTAP status in this tumor type.

To specifically evaluate the relationship between MTAP and
type | PRMT inhibition, CRISPR-mediated deletion was utilized
to generate MTAP-deficient lines from an MTAP WT pancreatic
cell line that showed minimal and cytostatic anti-proliferative
response to type | PRMTi, Panc03.27 (gICsp, 12 uM). Lack of
MTAP protein, increased intracellular MTA levels, and decreased
SDMA relative to the control line was confirmed in three indepen-
dent clones (Figures 7C and 7D). Despite comparable reduction
of ADMA in an MTARP isogenic clone by type | PRMTi, the induc-
tion of MMA was attenuated in an MTAP-deficient clone (no. 31,
hereafter referred to as MTAPK®/X®); SDMA showed no induction
and remained at the level of controls (Figures 7E and S7D). Simi-
larly, the median fold induction of both MMA and SDMA by type |
PRMT inhibition was lower among pancreatic cell lines with
MTAP deficiency compared with WT cell lines (Figures 7F, 7G,
S7E, and S7F). Addition of PRMT5 inhibitor (GSK3203591) led
to comparable, nearly complete reduction of SDMA in both the
parental Panc03.27 cell line and the MTAPK®/%® clone (Fig-
ure S7G), indicating that PRMT5 activity is only partially inhibited
at the concentrations of MTA present in MTAP-deficient cell
lines. Consistent with this hypothesis, proteome scale profiling
of immunoprecipitated SDMA-containing peptides from the
MTAPXOKO clone by mass spectrometry revealed a partial
attenuation of SDMA induction by type | PRMTi of the subset
of peptides that increased SDMA in the WT cell line (Figure 7H;
Table S7). In contrast, MTAP WT cells treated with the combina-
tion of type | PRMTi and PRMT5i showed a similar effect to
PRMTS inhibition alone.

To understand the functional consequence of partial PRMT5
inhibition through MTAP deletion, splicing was characterized in
the Panc03.27 MTAPX®’KO clone. Type | PRMTi induced 2,486
exon-skipping events in the MTAPXO’KO cell ling, in contrast to
1,405 in the parental cell line (Figures 8A, 8B, and 6F). Among
the skipped exon events in the MTAP isogenic clone, 593
(24%) and 1,065 (43%) overlapped with those observed in WT
cell line treated with type PRMTi or the combination, respectively
(Figures 8C and 8D). In both cell lines, single-agent treatments
affected the splicing of genes involved in cell cycle and mitosis
pathways (Figure 8E). Type | PRMTi elicited splicing alterations

of genes involved in mRNA processing and splicing pathways,
overlapping with those the combination achieved in both cell
lines. Therefore, splicing of genes within this pathway may be
most susceptible to inhibition of both arginine methylation path-
ways. These data suggest that type | PRMT inhibition can yield
comparable effects on splicing when combined with PRMT5 in-
hibition through either an exogenous, small-molecule inhibitor of
PRMT5, or the accumulation of MTA in MTAP-deficient cell lines.

To specifically determine whether MTAP deletion would sensi-
tize Panc03.27 cells to type | PRMT inhibition, the effect of
GSK3368712 on the growth of MTAP isogenic clones was eval-
uated. MTAP deficiency resulted in 7- and 12-fold decrease in
glCso of type | PRMTi after 6 and 10 days of culture, respectively
(Figure 8F). Furthermore, type | PRMTi induced cytotoxic re-
sponses after 10 days of culture, whereas the parental cell line
and control clones remained cytostatic (Figure 8G). Notably,
heterozygous mutation of MTAP had no effect on SDMA, intra-
cellular MTA levels, or sensitivity to type | PRMTi, despite a
reduction in MTAP protein levels. Collectively, these data
suggest that partial inhibition of PRMT5 activity through MTAP
deficiency can reveal enhanced sensitivity of cancer cells to
type | PRMT inhibition.

DISCUSSION

The clinical success of targeted therapies can be increased by
identifying patient populations most likely to benefit from these
potential medicines. Biomarker-driven approaches not only in-
crease the likelihood of clinical trial success but also offer a
paradigm for personalized medicine in providing effective thera-
peutic interventions for patients based on the characteristics of
their disease. In this report, we present a strategy for maximizing
the anti-tumor activity of an agent through a mechanism-based
biomarker approach. GSK3368715 is a potent, reversible, SAM
uncompetitive inhibitor of type | PRMTs that produces a shift in
arginine methylation states on hundreds of substrates from
ADMA to MMA and SDMA. As a monotherapy, GSK3368715 in-
duces anti-proliferative effects on cell lines from a broad range of
hematological and solid tumor types in vitro and inhibits growth
of tumor models in vivo.

Combination with a PRMT5 inhibitor attenuates the accumula-
tion of MMA and SDMA induced by type | PRMT inhibition, and
results in profound effects on alternative splicing distinct from
those observed with either single agent. These observations
suggest that, whereas ADMA, MMA, or SDMA may modulate
specific activities of splicing regulatory factors including hnRNP
family proteins, the lack of arginine methylation induced by the
combination may have more drastic consequences on protein

Figure 8. Effect of MTAP Deficiency on Splicing

(A and B) All splicing alterations (A) and directional changes in exon skipping (B) in MTAP-deficient Panc03.27 cell line with single agents or combination.
(C) Overlap between changes induced by type | PRMTi (GSK3368712) alone in the MTAP-deficient Panc03.27 line (KO) compared with single-agent and
combination treatment in the Panc03.27 parental cell line (WT); numbers in parentheses are the total number of significant exon-skipping events in that cell line

and condition.
(D) Heatmap comparing all exon-skipping events shown in (C).

(E) Pathway enrichments for significant exon-skipping events for both cell lines after single-agent and combination treatment. In (D) and (E), columns marked with
a + represent samples treated with PRMT5i (0.5 pM) or type | PRMTi (2 uM) as indicated, whereas “~" are samples that do not have the respective inhibitor added.
(F and G) Six- and 10-day type | PRMTi gICs, (F) and growth death index (G) for Panc03.27 control (WT) and MTAP-deficient clones (KO; n = 3 experiments per cell

line; mean + SEM).
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function than a switch in methylation states upon inhibition of
type | PRMT activity alone. Consistent with this hypothesis, the
number of exon-skipping events dramatically increased with
combination treatment relative to either single agent, suggesting
a more profound effect on regulators of exon usage. Moreover,
the global state of low arginine methylation produced by combi-
nation treatment is associated with synergistic effects on the
proliferation and viability of cancer cell lines, further suggesting
that attenuating the compensatory induction of MMA and
SDMA through PRMTS5 inhibition further sensitizes cancer cells
to type | PRMT inhibition by GSK3368715. Reports have sug-
gested that splicing may be a vulnerability in splicing mutant
myelodysplastic syndrome and acute myeloid leukemias, as
well as MYC-driven cancers (Dvinge et al., 2016; Hsu et al.,
2015, 2017), therefore, further compromising splicing through
combining type | PRMT and PRMT5 inhibition may provide a
compelling approach to exploit a sensitivity common to a range
of human tumor types. Given that both classes of PRMT inhibi-
tors are in currently in clinical development (NCT03573310,
NCT02783300, and NCT03614728), this combination opportu-
nity offers a relevant and timely therapeutic strategy for cancer
patients.

The mechanism underlying the anti-tumor activity of the type |
PRMT and PRMTS5 inhibitor combination provides a rationale
to explore MTAP deficiency as predictive of sensitivity to
GSK3368715. Although MTAP deficiency has been hypothe-
sized as a vulnerability to PRMT5 depletion, small-molecule
inhibition of PRMT5 has not recapitulated this effect, potentially
due to the opposing inhibitory mechanisms of MTA (SAM
competitive) and the current small-molecule inhibitors (SAM un-
competitive) (Marjon et al., 2016). Importantly, diminished SDMA
among TAP-deficient lines suggests that sufficient concentra-
tion of MTA is achieved to at least partially inhibit PRMT5 activity.
As predicted by the synergistic anti-tumor activity through com-
bined inhibition of type | PRMTs with PRMT5, MTAP deficiency is
associated with decreased induction of MMA and SDMA upon
inhibition of type | PRMT activity, and this correlates with sensi-
tivity of cell lines to growth inhibition to GSK3368715. Further-
more, in pancreatic cancer cell lines, MTAP deletion is associ-
ated with cytotoxic responses to GSK3368715, an effect that
can be recapitulated by disruption of the MTAP locus in a WT
cell line. These data demonstrate that the anti-tumor activity of
GSK3368715 is enhanced through PRMT5 inhibition and
suggest that this combination may be achieved through tumor-
specific accumulation of MTA. MTAP is located near the tumor
suppressor gene CDKN2A, and thus is frequently deleted in
human cancers, including 40% of glioblastoma, 25% of mela-
noma and pancreatic adenocarcinoma, and 15% of non-small-
cell lung carcinoma (Kryukov et al., 2016; Marjon et al., 2016;
Mavrakis et al., 2016). Given that this substantial population in-
cludes many tumor types with limited therapeutic options, inhibi-
tion of type | PRMT activity by GSK3368715 may represent a
promising approach for tumors of high unmet medical need
with a defined patient selection strategy. Despite comparable
intracellular MTA concentrations in MTAP-deficient cell lines
across multiple histologies, the correlation with MTAP loss and
sensitivity to GSK3368715 varies by tumor type. Therefore,
additional factors could contribute to the sensitivity of MTAP-
deficient cancers and will require clinical investigation to further
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elucidate. The safety, tolerability, and PK profile of GSK3368715
is currently under clinical investigation and the potential thera-
peutic benefit for cancer patients will soon be determined
(NCT03666988).
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-mono-methyl Arginine (MMA) Cell Signalling Cat# 8711; RRID: AB_10896849
rabbit anti-symmetric-di-methyl Arginine (SDMA) Cell Signalling Cat# 13222S, clone D2C3D6; RRID: AB_2714013
rabbit anti-asymmetric dimethyl Arginine (ADMA) Cell Signalling Cat# 13522S; RRID: AB_2665370
rabbit-anti MTAP Cell Signalling Cat# 4158S; RRID: AB_1904054
rabbit-anti KHRDBS1/SAM68 Bethyl Cat# A302-110A; RRID: AB_1604287
mouse anti- a-tubulin Sigma Cat# T9026; RRID: AB_477593
mouse anti- a-actin Sigma Cat# A2228; RRID: AB_476697
IRDye 800CW goat anti-Rabbit IgG (H+L) LiCor Cat# 926-32211; RRID: AB_621843
and IRDye 680RD goat anti-mouse IgG (H+L) LiCor Cat# 926-68070; RRID: AB_10956588
Critical Commercial Assays

CellTiter-Glo One Solution Assay Promega Cat# G8462

Caspase-Glo® 3/7 Assay Promega Cat# G811B

CycleTEST PLUS DNA Reagent Kit Becton Dickinson Cat# 340242

High capacity cDNA kit Applied Biosystems Cat# 4368814

Fast tag man master mix Applied Biosystems Cat# 4444554

Pierce Classic Magnetic IP/Co-IP Kit Pierce Cati# 88805

TruSeq Stranded mRNA sample preparation kit lllumina Cat# RS-122-2103

QIlAshredder column QIAGEN Cat# 79656

1X RIPA Sigma Cat# R0278

Protease/Phosphatase inhibitor cocktail Cell Signalling Cat# 5872

BCA Protein Assay Pierce Cat# 232778, 1859078

NuPAGE LDS Sample Buffer
NuPAGE Reducing Agent

MES Running Buffer

NuPAGE Novex 4-12% Bis-Tris gels

Life Technologies
Life Technologies
Life Technologies
Life Technologies

Cat# NP0O007
Cat# NP0004
Cat# NP0002
Cat# NPO323BOX, NPO336BOX

iBLOT2 NC Regular Stacks Invitrogen Cat# 1B23001
Blocking Buffer LiCor Cati# 927-40000
Deposited Data

RNA-seq data This paper GEO: GSE126651
Crystal structure of GSK3368715 with PRMT1 This paper PDB; 6NT2
Methylscan data This paper PXD012747

Experimental Models: Cell Lines

See Table S8

Oligonucleotides

MTAP exon 1 crRNA (ccgtgaaggtgagatgagcc)
Non-targeting control crRNA

Edit-R Cas9 Nuclease protein NLS, 20 micromolar
POP4 exons 2-3

POP4 exons 2-4, skipped 3

POP4 exons 3-4

POP4 exons 4-5

NUPL2 exons 2-4, skipped 3

NUPL2 exons 2-3

GE Healthcare/Dharmacon
GE Healthcare/Dharmacon
GE Healthcare/Dharmacon
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems

Cat# CM-009539-02-0010
Cat# U-007505-20

Cat# CAS11201

Hs01573980_m1

Hs03679234_m1

Hs00198357_m1

Hs01592578_m1

Hs01032729_m1

Hs01032732_m1

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

NUPL2 exons 3-4

NUPL2 exons 6-7

SLC9B2 exons 5-3, skipped 4
SLC9B2 exons 5-4

SLC9B2 exons 4-3

SLC9B2 exons 10-9

PPM1M exons 2-4, skipped 3
PPM1M exons 2-3

PPM1M exons 3-4

PPM1M exons 9-10

ENFA1 exons 2-4, skipped 3
ENFA1 exons 2-3

ENFA1 exons 3-4

ENFA1 exons 1-2

MKI67 exons 8-6, skipped 7
MKI67 exons 8-7

MKI67 exons 7-6

MKI67 exons 12-11

IGSF3 exons 4-6 skipped 5
IGSF3 exons 4-5

IGSF3 exons 5-6

IGSF3 exons 1-2

ZFP62 exons 1-2

ZFP62 exons 2-3

ZFP62 exons 1-3, skipped 2
ZFP62 exons 1

OARD1 exons 6-5

OARD1 exons 5-4

OARD1 exons 6-4, skipped 5
OARD1 exons 4-3

GRB7 exons 12-13

GRB7 exons 13-14

GRB7 exons 12-14 skipped 13
GRB7 exons 10-11

Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems

Hs01032733_m1
Hs01032731_m1
Hs01104999_m1
Hs01104995_m1
Hs01104994_m1
Hs01104990_m1
Hs00293388_m1
Hs00997004_g1

Hs00376140_m1
Hs00997010_g1

Hs01020895_m1
Hs00358887_m1
Hs01014370_g1

Hs00358886_m1
Hs00267195_m1
Hs01032442_m1
Hs01032441_g1

Hs01032434_m1
Hs01035588_m1
Hs01035594_m1
Hs01035593_m1
Hs01035583_m1
Hs04189955_g1

Hs04189954_m1
Hs04187076_m1
Hs01930625_s1

Hs01042865_m1
Hs01042864_m1
Hs01046363_m1
Hs01042863_m1
Hs00918001_g1

Hs00918002_g1

Hs00919114_g1

Hs00917999_g1

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Helai
Mohammad (helai.x.mohammad@gsk.com).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Tumor Growth Assessment of Human Tumor Xenografts
For cell line xenografts, a single cell suspension of Toledo, BxPC3, MiaPaca-2, ACHN, or MDA-MB-468 cells was created in 100% Ma-
trigel, containing 4-8 million cells, and delivered subcutaneously in the rear flank. Once tumor growth was evident, tumor volume and body
weights were measured twice weekly. Tumor volumes were calculated based on the formula: tumor volume = (Length x Width?)/2.
Following randomization into study groups (n = 10 per group) when the mean tumor size reached ~150-250 mm?, animals were dosed
as indicated in each study. Animals were monitored daily and any clinical observations were recorded immediately. The percentage of
tumor volume growth inhibition (TGI) was calculated on the final day with a complete vehicle group, using the following formula:
1-[(average growth of the drug treated population Day last - average growth of the drug treated population Day 0) / (average growth
of the vehicle treated control population on Day last - average growth of the vehicle treated control population on Day 0)]*100.
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Student’s t-test was used to determine statistical significance between compound and vehicle treated groups.

Efficacy studies of GSK3368712 in a pancreatic patient derived xenograft model (PAXF 2076) were carried out at Charles River
Discovery Research Services Germany (Freiburg, Germany). Tumor fragments were implanted into Female NMRI nu/nu mice
(NMRI-Foxn1""). Animals and tumor implants were monitored daily until solid tumor growth was detectable in a sufficient number
of animals. Following randomization, animals were assigned into study groups and dosed once daily with vehicle or GSK3368712.

All human biological samples were sourced ethically and their research use was in accord with the terms of the informed consents.
The use of human tissue samples was reviewed and approved by GSK Research & Development Compliance (RDC) Human Biolog-
ical Sample Use Committee. The human biological samples were sourced ethically and their research use was in accord with the
terms of the informed consents under an IRB/EC approved protocol. All studies were conducted in accordance with the GSK Policy
on the Care, Welfare and Treatment of Laboratory Animals and were reviewed by the Institutional Animal Care and Use Committee at
GSK as well as by the ethical review process at Charles River or Frontage laboratories if the work was performed outside GSK.

Toxicology Assessment

The toxicological profile of once-daily, oral dosing of GSK3368715 was evaluated in rising and repeat dose toxicity studies (GSK
Pharmaceuticals). Doses up to the maximal tolerated dose were evaluated in dose range studies. Studies were conducted using
pharmacologically relevant rodent (rat; 10-12 week old Wistar:Han; n=10-16 per sex per group) and non-rodent (dog; 10-12 month
old beagle; n=3-5 per sex per group) species. Assessments were GLP compliant and consistent with ICH S9 guidance. All studies
were conducted in accordance with the GSK Policy on the Care, Welfare and Treatment of Laboratory Animals and were reviewed by
the Institutional Animal Care and Use Committee at GSK.

DLBCL Colony Formation Assays

GSKB3368715 was evaluated at 20, 5, 1.25, 0.3125 and 0.078 uM in a total of 10 patient samples. DLBCL patient cells from 10 unique
donors were received as frozen samples from Conversant Bio. The human biological samples were sourced ethically and their
research use was in accord with the terms of the informed consents under an IRB/EC approved protocol. The use of human tissue
samples was reviewed and approved by GSK Research & Development Compliance (RDC) Human Biological Sample Use Commit-
tee. Samples were thawed rapidly and diluted in 10 ml of IMDM + 10% FBS and washed. The supernatant was discarded and the cell
pellets were resuspended in a known volume of IMDM + 10% FBS. To assess the effect of the test compound on DLBCL CFC, a
methylcellulose media formulation containing 10% ALCM was used. The cultures were incubated in a humidified incubator at
37°C, 5% CO, for 14 days and the colonies then manually enumerated.

Cell Lines

Cell lines were obtained from various repositories and licesned accordingly. All cell lines were maintained in the recommended cell
culture media at 37°C in 5% CO.. Identity of all cell lines was validated by STR profiling, and each cell line was confirmed negative for
mycoplasma.

Generation of MTAP-Deficient Clones

The first exon of MTAP was targeted by introduction of a guide crRNA (GE Healthcare/Dharmacon) and Cas9 protein (GE Heathlcare/
Dharmacon) by nucleofection following manufacturers instructions (Lonza). Following isolation and expansion of single cell clones,
mutation in the first exon was determined by sequencing, and effect on MTAP protein verified by Western Blot (rabbit-anti MTAP
4158S, Cell Signaling Technology; mouse anti Actin A2228, Sigma). Three independent clones with homozygous loss of MTAP,
one with heterozygous mutation, and one where targeting was unsuccessful, were chosen for further study.

METHOD DETAILS

Synthesis of GSK3368715

Abbreviations

aq aqueous
BINAP 2,2’-bis(diphenylphosphino) —1,1’-binapthyl
(Boc)20 di-tert-butyl dicarbonate

ca circa

CDCls-d chloroform-d

CD5;0D-d4 methanol-d4

Cs,CO3 cesium carbonate

CHCl3 chloroform

CH3CN, ACN acetonitrile

(Continued on next page)
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Continued

Abbreviations

Celite®
DBU
DCE
DCM
DME
DMF
DIEA
DMSO-d6
EtOAc
EDC
FeCls

h

HCI

1H NMR
HCI
HOAT
HPLC
IPA
K>CO3
KOH

Kl
LC/MS
LiIHMDS
MgSO,
MeOH
min
MTBE
MS
n-BulLi
NaBH,
NaCl
NaOH
Nao,SO,4
NH,4CI
NH,OH
NMM
NMP
Pd/C
PdClx(dppf)
Pd(Ph3P),
PE
PhNMe,
RT
SOCl,
SPhos
TFA
THF
TLC
ZnCly

registered trademark of Celite Corp. brand of diatomaceous earth
1,8-diazabicyclo[5.4.0Jundeca-7-ene
dichloroethane

methylene chloride

1,2 dimethoxyethane
N,N-dimethylformamide

diisopropyl ethylamine
dimethylsulfoxide-d6

ethyl acetate
1-(3-dimethylaminopropyl)-3-ethylcarbodimmide hydrochloride
iron trichloride

hour(s)

hydrogen chloride

proton nuclear magnetic resonance
hydrochloric acid
1-hydroxy-7-azabenzotriazole

high performance liquid chromatography
2-propanol

potassium carbonate

potassium hydroxide

potassium iodide

liquid chromatography/mass spectroscopy
lithium bis(trimethylsilyl)amide

magnesium sulfate

methanol

minute(s)

methyl tert-butyl ether

mass spectrometry

n-butyl lithium

sodium borohydride

sodium chloride

sodium hydroxide

sodium sulfate

ammonium chloride

ammonium hydroxide

4-methylmorpholine
N-Methyl-2-pyrrolidone

Palladium (10% by wt) on carbon
1,1’-Bis(diphenylphosphino)ferrocene-palladium(ll)dichloride
tetrakis(triphenylphosphine)palladium(0)
petroleum ether

N,N-dimethylaniline

room temperature

thionyl chloride
2-Dicyclohexylphosphino-2’,6’-dimethoxybiphenyl
trifluoroacetic acd

tetrahydrofuran

thin layer chromatography

zinc chloride
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Intermediates were characterized by LCMS and/or 'H NMR to confirm the structures and purity and carried to the next step without
further purification unless otherwise noted. The synthetic scheme of GSK715 and preparation of indicated intermediates is described
below.
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ethyl 1,4-dioxaspiro[4.5]decane-8-carboxylate (2). To a 20-L 4-necked round-bottom flaskwere added ethyl 4-oxocyclohexane-1-
carboxylate (1 kg, 5.88 mol, 1.00 equiv), cyclohexane (10 L), ethane-1,2-diol (401 g, 6.46 mol, 1.10 equiv), p-TsOH (50 g, 0.3 mol,
0.05 eq). The resulting solution was stirred for 36 h at 80°C. The water generated from the reaction system was separated by water
segregator. The resulting mixture was concentrated under vacuum. The resulting residue was diluted with 5 L of EA. The resulting
mixture was washed with 3x4 L of saturated sodium bicarbonate. The resulting mixture was washed with 2x4 L of brine. The mixture
was dried over anhydrous sodium sulfate, filtered and concentrated under vacuum to afford 1.1 kg (crude) of ethyl 1,4-dioxaspiro[4.5]
decane-8-carboxylate as a yellow oil. The reaction was repeated 8 times and 8.8 kg (82% purity in GC/MS) of ethyl 1,4-dioxaspiro
[4.5]decane-8-carboxylate (2) was obtained, which was used in the next step without further purification. "H NMR (300 MHz, Chlo-
roform-d) & 4.11 (q, J = 7.1 Hz, 2H), 3.93 (s, 4H), 2.41 -2.21 (m, 1H), 2.01 - 1.68 (m, 6H), 1.66 — 1.45 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H).

( —\ /=
(@] (@] O O
>I< 0~ \;\i ~0
(@) (@)
/ O\_/O
2 3

8,8-diethyl 1,4-dioxaspiro[4.5]decane-8,8-dicarboxylate (3). Into a 20-L 4-necked round-bottom flask purged and maintained with
an inert atmosphere of nitrogen, was placed ethyl 1,4-dioxaspiro[4.5]decane-8-carboxylate (800 g, 3.73 mol, 1.00 equiv) and THF
(8 L). The mixture was cooled to —78°C and LDA (3 L, 2M) was added dropwise with stirring at over 40 min. The resulting solution
was stirred for 30 min at —40°C. To this was added cathylchloride (484 g, 4.46 mol, 1.19 equiv) dropwise with stirring at —78°C
over 30 min. The resulting solution was stirred for 1 h at —78°C and warmed naturally to room temperature and stirred overnight.
The reaction was quenched by the addition of 2 L of NH4Cl (saturated). The resulting mixture was concentrated under vacuum.
The resulting solution was extracted with 3x2 L of ethyl acetate. The organic layers were combined and dried over anhydrous sodium
sulfate, filtered and concentrated under vacuum. The residue was purified by silica gel chromatography using ethyl acetate/
petroleum ether (1:20). This resulted in 550 g (51%) of 8,8-diethyl 1,4-dioxaspiro[4.5]decane-8,8-dicarboxylate (3) as yellow oil.
The reaction was repeated 11 times and 6 kg of product was obtained. "H NMR (300 MHz, DMSO-d6) 5 4.15 (q, J = 7.1 Hz, 4H),
3.89 (s, 4H), 2.15-1.92 (m, 4H), 1.68 — 1.46 (m, 4H), 1.18 (t, J = 7.1 Hz, 6H).
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O O
HO OH
(@) (@)
 —
o O
o O \ ,
3 4

[8-(hydroxymethyl)-1,4-dioxaspiro[4.5]decan-8-ylJmethanol (4). Into a 20L 4-necked round-bottom flask purged and maintained
with an inert atmosphere of nitrogen, was placed THF (5.7 L) and dichlorozinc (542 g, 3.98 mol, 2.00 equiv). Sodium borohydride
(879 g, 10.29 mol, 5.17 equiv) was added to the mixture portionwise at 0-5°C over 5 min with stirring. To this mixture was added
8,8-diethyl 1,4-dioxaspiro[4.5]decane-8,8-dicarboxylate (570 g, 1.99 mol, 1.00 equiv) with stirring at 0°C over 10 min. To the mixture
was added triethylamine (202 g, 2.00 mol, 1.00 equiv) dropwise with stirring at 0°C in 15 min. The resulting solution was stirred for 4 h
at 80°C. The reaction was then quenched by the addition of 5 L of NH,Cl (saturated agueous) then stirred for 2 h. The solution was
extracted with 5x3 L of THF. The organic layer combined and concentrated under high vacuum. This resulted in 286 g (71%) of
[8-(hydroxymethyl)-1,4-dioxaspiro[4.5]decan-8-yllmethanol (4) as a white solid. This reaction was repeated 10 times and 2800 g
of product obtained. 'H NMR (300 MHz, Methanol-d4) & 3.93 (s, 4H), 3.49 (s, 4H), 1.65 — 1.58 (m, 4H), 1.55 — 1.48 (m, 4H).
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8,8-bis(ethoxymethyl)-1,4-dioxaspiro[4.5]decane (5). Into a 20-L 4-necked round-bottom flask, was placed [8-(hydroxymethyl)-
1,4-dioxaspiro[4.5]decan-8-ylJmethanol (970 g, 4.80 mol, 1.00 equiv), DMSO (5 L), water (5 L), KOH (1613 g, 28.75 mol, 5.99 equiv)
and iodoethane (3745 g, 24.01 mol, 5.01 equiv). The resulting solution was stirred overnight at room temperature. The resulting so-
lution was diluted with 20 L of H,O. The resulting solution was extracted with 2x5 L of ethyl acetate and the organic layers combined
and concentrated under vacuum. The residue was purified by silica gel chromatography using ethyl acetate/petroleum ether (1:50) to
provide 920 g of 8,8-bis(ethoxymethyl)-1,4-dioxaspiro[4.5]decane (5) as a yellow oil. "TH NMR (300 MHz, Chloroform-d) 5 3.97 (s, 4H),
3.49 (q, J = 7.0 Hz, 4H), 3.32 (s, 4H), 1.63-1.58 (m, 4H), 1.45-1.00 (m, 4H), 0.89-0.81 (m, 6H).

o [

S0 o7 PN g
o o
o Mo
\/ o
5 6

4,4-bis(ethoxymethyl)cyclohexan-1-one (6). Into a 20-L 3-necked round-bottom flask, was placed 8,8-bis(ethoxymethyl)-1,4-diox-
aspiro[4.5]decane (920 g, 3.56 mol, 1.00 equiv), dichloromethane (10 L) and FeCl3-6H,0 (3357 g). The resulting solution was stirred
overnight at room temperature. The solids were filtered out. The resulting solution was diluted with 10 L of DCM. The resulting mixture
was washed with 2x5 L of brine. The resulting mixture was concentrated under vacuum to provide 715 g of 4,4-bis(ethoxymethyl)
cyclohexan-1-one (6) as yellow oil. This reaction was repeated 2 times and 1430 g of product obtained. '"H NMR (300 MHz, Chloro-
form-d) & 3.50 (q, J = 7.0 Hz, 4H), 3.38 (s, 4H), 2.37 (t, J = 7.0 Hz, 4H), 1.80 (t, J = 6.9 Hz, 4H), 1.19 (t, J = 6.9 Hz, 6H).

O OTf
6 7

4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl trifluoromethanesulfonate (7). Into a 10-L 4-necked round-bottom flask purged and
maintained with an inert atmosphere of nitrogen, was placed 4,4-bis(ethoxymethyl)cyclohexan-1-one (300 g, 1.40 mol, 1.00 equiv)
and THF (3 L). The mixture was cooled to —78°C and LiIHMDS (1682 mL, 1 mol/L in THF) was added dropwise with stirring over 20 min.
The mixture was stirred 0.5 h at —50°C. To this mixture was added 1,1,1-trifluoro-N-phenyl-N-(trifluoromethane)sulfonylmethanesul-
fonamide (525 g, 1.47 mol, 1.05 equiv), in portions at —78°C over 10 min. The resulting solution was warmed naturally to room tem-
perature and stirred for 1 h. The reaction was then quenched by the addition of 1 L of water. The resulting solution was extracted with
2x2 L of ethyl acetate and the organic layers combined. The resulting mixture was washed with 2x2 L of brine. The resulting mixture
was concentrated under vacuum. The residue was purified by silica gel chromatography using ethyl acetate/petroleum ether (1:50).
This resulted in 380 g (78%) of 4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl trifluoromethanesulfonate (7) as a yellow oil. This reaction
was repeated 4 times and 1520 g of product obtained.
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2-[4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8). Into a 10-L 3-necked round-bottom
flask purged and maintained with an inert atmosphere of nitrogen, was placed 4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl trifluorome-
thanesulfonate (407 g, 1.18 mol, 1.00 equiv), 1,4-dioxane (4 L), 4,4,5,5-tetramethyl-2-(tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3,2-di-
oxaborolane (269 g, 1.06 mol, 0.90 equiv), KOAc (346 g, 3.53 mol, 3.00 equiv) and Pd(dppf)Cl, (40 g, 54.67 mmol, 0.05 equiv). The
resulting solution was stirred overnight at 80°C. The resulting solution was diluted with 5 L of EA. The resulting mixture was washed
with 3x5 L of brine. The mixture was dried over anhydrous sodium sulfate, filtered and concentrated under vacuum. The residue was
purified by silica gel chromatography using ethyl acetate/petroleum ether (1:50) to provide 325 g (85%) of 2-[4,4-bis(ethoxymethyl)
cyclohex-1-en-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (8) as a yellow oil. This reaction was repeated 4 times and 1300 g of
product obtained. 'H NMR (300 MHz, Chloroform-d) & 6.51 (tt, J = 3.8, 1.9 Hz, 1H), 3.46 (q, J = 7.0 Hz, 4H), 3.26 (g, J = 9.0 Hz,
4H), 2.12 (tq, J = 6.3, 2.2 Hz, 2H), 1.99 (q, J = 2.8 Hz, 2H), 1.51 (t, J = 6.4 Hz, 2H), 1.28 (s, 12H), 1.17 (t, J = 7.0 Hz, 6H).

15 16

ethyl 3-iodo-1H-pyrazole-4-carboxylate (16). Into a 100-L vessel, ethyl 3-amino-1H-pyrazole-4-carboxylate (2 kg, 12.89 mol,
1.00 equiv) was dissolved in sulfuric acid (98%) (10 L) at 0°C, then ice water (10 L) was added at 0°C~5°C. To the mixture was added
a solution of NaNO, (1088 g, 1.20 equiv) in water (5 L) dropwise with stirring at 0°C. The mixture was stirred for 1 h at 0°C~5°C. The
mixture was added into a solution of Kl (6.55 kg, 3.00 equiv) in water (15 L) at 0°C in another vessel. The resulting solution was stirred
for2 h at 0°C~5°C. The reaction mixture was extracted with ethyl acetate (10 Lx5), the organic layers was combined and washed with
the saturated solution of Na,COj3 (10 Lx2) and Na,SO3 (10 Lx2). After concentrated, this resulted in 1.3 kg of ethyl 3-iodo-1H-pyra-
zole-4-carboxylate (16) as a yellow solid. The reaction was repeated 4 times and 5.1 kg of product obtained. LCMS(ES)+ m/e 267.0
[M+H]*.

16 17

ethyl 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carboxylate (17). To a 20-L 4-necked round-bottom flask purged and maintained with an
inert atmosphere of nitrogen, were added a solution of ethyl 3-iodo-1H-pyrazole-4-carboxylate (1900 g, 7.14 mol, 1.00 equiv) in THF
(10L)and TsOH (123 g, 714 mmol, 0.10 equiv). To the mixture was added DHP (1800 g, 22.53 mol, 3.00 equiv) dropwise with stirring at
0°C. The resulting solution was stirred overnight at room temperature. The resulting mixture was concentrated under vacuum. The
resulting solution was diluted with 5 L of ethyl acetate. The resulting mixture was washed with 3x5 L of brine. The mixture was dried
over anhydrous sodium sulfate, filtered and concentrated under vacuum. The residue was purified by silica gel chromatography using
ethyl acetate/petroleum ether (1:20-1:5) to provide 1.7 kg (68%) of ethyl 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carboxylate (17) as a
white solid. The reaction was repeated 3 times to provide 5.0 kg of the product. LCMS(ES)+ m/e 350.8 [M+H - THP]*.
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3-iodo-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-4-carboxylic acid (18). Into a 20-L 4-necked round-bottom flask, was placed a
solution of ethyl 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carboxylate (2.0 kg, 5.71 mol, 1.00 equiv) in tetrahydrofuran (4 L) and methanol
(4 L). To the mixture was added a solution of LiOH (411 g, 17.16 mol, 3.00 equiv) in water (3 L) dropwise with stirring at 0°C. The
resulting solution was stirred overnight at room temperature. The resulting mixture was concentrated under vacuum. The residue
was diluted with 5 L of water. The pH value of the resulting solution was adjusted to 4-5 with HCI (1 mol/L) and extracted with
3x2 L of dichloromethane and the organic layers combined. The resulting mixture was washed with 3x3 L of brine. The mixture
was dried over anhydrous sodium sulfate, filtered, and concentrated under vacuum. The resulted solids were suspended in 2L of
hexane and stirred for 30 min then collected by filtration. The reaction was repeated 2 times to provide 2.5 kg of the product (18).
LCMS(ES)+ m/e 323.0 [M+H]".

0
HO | HO |
N — ’ﬂZT?g
N’ N
THP THP
18 19

[8-iodo-1-(oxan-2-yl)-1H-pyrazol-4-yllmethanol (19). Into a 20-L 4-necked round-bottom flask purged and maintained with an inert
atmosphere of nitrogen, was placed a solution of 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carboxylic acid (1150 g, 3.57 mol, 1.00 equiv)
in tetrahydrofuran (3 L). To the mixture was added of a 1M solution of BHz in THF (7.1 L, 2.00 equiv) dropwise at 0°C. The resulting
solution was stirred overnight at room temperature. The reaction was then quenched by addition 1 L of NH4CI (saturated aqueous).
The resulting mixture was concentrated under vacuum. The resulting solution was extracted with 3x3 L of ethyl acetate and the
organic layers combined. The resulting mixture was washed with 3x3 L of brine. The mixture was dried over anhydrous sodium sul-
fate, filtered, and concentrated under vacuum to provide 0.98 kg (89%) of [3-iodo-1-(oxan-2-yl)-1H-pyrazol-4-ylJmethanol (19) as an
off-white solid. The reaction was repeated 3 times to provide 2.9 kg of the product. LCMS(ES)+ m/e 309 [M+H]*.

A |
HO I o
N > N’
N \
TP THP
19 9

3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (9). Into a 20-L 4-necked round-bottom flask, was placed a solution of [3-iodo-
1-(oxan-2-yl)-1H-pyrazol-4-yllmethanol (1.5 kg, 4.87 mol, 1.00 equiv) in dichloromethane (10 L). MnO, (4236.9 g, 48.73 mol,
10.00 equiv) was added and the resulting mixture was stirred overnight at 50°C. The solids were filtered off and the filtrate was
concentrated under vacuum. The resulting solid was suspended in a solution of EtOAc/pet ether (1:5, 1.5 L) and stirred for 2 h at
RT. The solids were collected by filtration to provide 1.1 kg (74%) of 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (9) as a white
solid. LCMS(ES)+ m/e 307.0 [M+H]".
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tert-butyl N-(2-[[(tert-butoxy)carbonyl](methyl)Jamino]ethyl)-N-methylcarbamate (21). Into a 50-L 3-necked round-bottom flask
purged and maintained with an inert atmosphere of nitrogen, was placed a solution of methyl[2-(methylamino)ethyllamine (2.0 kg,
22.69 mol, 1.00 equiv) in dichloromethane (20 L). To the mixture was added a solution of BoC,0 (9.9 kg, 45.36 mol, 2.00 equiv) in
dichloromethane (2 L) dropwise with stirring at 0°C. The resulting solution was stirred for 3 h at room temperature. The resulting
mixture was concentrated under vacuum. The residue was diluted with 10 L of ethyl acetate and washed with 3x5 L of brine. The
organics were dried over anhydrous sodium sulfate, filtered and concentrated under vacuum to provide 5.5 kg (84%) of tert-butyl
N-(2-[[(tert-butoxy)carbonyl](methyl)aminolethyl)-N-methylcarbamate (21) as a white solid. '"H NMR (300 MHz, DMSO-dg) 5 3.27
(s, 4H), 2.77 (br s., 6H), 1.38 (s, 18H).

Boc Boc

T |
\N/\/N\ . \H/\/N\
|
Boc 94 13

tert-butyl N-methyl-N-[2-(methylamino)ethyl]lcarbamate (13). Into a solution of tert-butyl N-(2-[[(tert-butoxy)carbonyl](methyl)
aminolethyl)-N-methylcarbamate (5.5 kg, 19.1 mol) in methanol (30 L) was added AcCl (1.79 kg, 22.9 mol) dropwise with stirring
at 0°C. The resulting solution was stirred overnight at room temperature. The mixture was concentrated under vacuum and the res-
idue was diluted with EtOAc (20 L) and washed brine (3 x 20 L). The combined organics were dried over anhydrous sodium sulfate,
filtered and concentrated under vacuum to provide 950 g (26%) of tert-butyl N-methyl-N-[2-(methylamino)ethyllcarbamate (13) as a
yellow oil. "H NMR (400 MHz, DMSO-dg) & 3.19 (m, 2H), 2.77 (apparent br. s, 3H), 2.55 (m, 2H), 2.27 (s, 3H), 1.38 (s, 9H).
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3-[4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl]-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (10). Into a 10-L 3-necked round-bottom
flask purged and maintained with an inert atmosphere of nitrogen, was placed 2-[4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl]-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (8, 318 g, 980.69 mmol, 1.00 equiv), 1,4-dioxane (3 L), 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carbal-
dehyde (9, 270 g, 882.06 mmol, 0.90 equiv), water (300 mL), Cs,CO3 (960 g, 2.95 mol, 3.00 equiv) and Pd(dppf)Cl, (30 g, 0.041 mol).
The resulting mixture was stirred overnight at 100°C. The resulting solution was cooled to room temperature and diluted with 5 L of
EtOAc. The resulting mixture was washed with 3x5 L of brine. The mixture was dried over anhydrous sodium sulfate, filtered and
concentrated under vacuum. The residue was purified by silica gel chromatography using ethyl acetate/petroleum ether (1:20) to pro-
vide 210 g (57 %) of 3-[4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl]-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (10) as a yellow oil. This
reaction was repeated 4 times to provide 820 g of product. LCMS(ES)+ m/e 377.1 [M+H]*.
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3-(4,4-bis(ethoxymethyl)cyclohexyl)-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-4-carbaldehyde (11). Into a 1000-mL round-bot-
tom flask was placed 3-[4,4-bis(ethoxymethyl)cyclohex-1-en-1-yl]-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (50 g, 132.81 mmol,
1.00 equiv), tetrahydrofuran (500 mL) and palladium on carbon (10 g). The resulting mixture was stirred for 24 h at room temperature
under hydrogen gas at atmospheric pressure. The solids were removed by filtration and the filtrate was concentrated under reduced
pressure. The residue was purified by silica gel chromatography using ethyl acetate/petroleum ether (1:5) to afford 35 g (70%) of
3-(4,4-bis(ethoxymethyl)cyclohexyl)-1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-4-carbaldehyde (11) as yellow oil. The reaction was
repeated 16 times to provide 560 g of product. LCMS(ES)+ m/e 379.0 [M+H]*.
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3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyrazole-4-carbaldehyde (12). Into a 10L 4-necked round-bottom flask was placed meth-
anol (3 L), hydrogen chloride (3 L, 36%) and 3-[4,4-bis(ethoxymethyl)cyclohexyl]-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (560 g,
1.48 mol, 1.00 equiv). The resulting solution was stirred for 3 h at room temperature. The pH value of the solution was adjusted to
9 with aqueous sodium hydroxide (6 mol/L). The resulting solution was extracted with ethyl acetate (2 x 3 L) and the organic layers
combined and concentrated under vacuum. The residue was purified by silica gel chromatography using ethyl acetate/petroleum
ether (1:3) to provide 270 g (99% purity) and 150 g (95% purity) of 3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyrazole-4-carbaldehyde
(12) as a yellow oil. LCMS(ES)+ m/e 295.0 [M+H]*.
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tert-butyl N-[2-[([3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyrazol-4-yllmethyl)(methyl)amino]ethyl]-N-methylcarbamate (14). Into a
5-L 4-necked round-bottom flask purged and maintained with an inert atmosphere of nitrogen, was placed a solution of 3-[4,4-bi-
s(ethoxymethyl)cyclohexyl]-1H-pyrazole-4-carbaldehyde (210 g, 713.34 mmol, 1.00 equiv) and tert-butyl N-methyl-N-[2-(methyla-
mino)ethyl]lcarbamate (13, 201 g, 1.07 mol, 1.50 equiv) in dichloromethane (3L) . Sodium triacetoxyborohydride (605 g, 2.857 mol,
4.00 equiv) was added in several batches with stirring over 2 h. The resulting solution was stirred for 12 h at room temperature.
The reaction was then quenched by the addition of water. The resulting solution was extracted with 3x2 L of dichloromethane
and the organic layers combined and concentrated under vacuum. The residue was purified by silica gel chromatography using di-
chloromethane/methanol (100:1 to 10:1) to afford 300 g (90% purity) of tert-butyl N-[2-[([3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyr-
azol-4-yllmethyl)(methyl)amino]ethyl]-N-methylcarbamate as a colorless oil. This reaction was repeated to give a total of 580 g
(~90% purity) of product. This material (580 g, ~90% purity) was purified by reverse phase chromatography to provide tert-
butyl N-[2-[([3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyrazol-4-yllmethyl)(methyl)amino]ethyl]-N-methylcarbamate (14, 318 g). C18
HPLC purity 99.3% (220 nm UV).
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GSK715 (2HCI)

[2-[([3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyrazol-4-yllmethyl)(methyl)amino]ethyl](methyl)amine dihydrochloride (GSK715).
HCI (gas) was introduced into a solution of tert-butyl N-[2-[([3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyrazol-4-yljmethyl)(methyl)
amino]ethyl]-N-methylcarbamate (318 g, 681.44 mmol) in dichloromethane (2000 mL) with stirring until the HCI saturated the reaction
solution at room temperature. The resulting solution was stirred for 4 h at room temperature. The resulting mixture was concentrated
under vacuum. The residue was dissolved in 2 L of water. The pH value of the solution was adjusted to 11 with sodium hydroxide. The
resulting solution was extracted with dichloromethane (4 x 2 L) and the organic layers were combined, dried over anhydrous sodium
sulfate, filtered and concentrated under vacuum. The pure free base (207 g, 565.6 mmol) was dissolved in ethyl ether (2000 mL) and
HCI (1.0M in ethyl ether, 1131 mL, 1131 mmol, 2.0 eq) was added dropwise with stirring. A solid began to form and clump up. The
mixture was sonicated for 1 h to produce a free-flowing solid. The solid was collected by filtration and dried under high-vacuum to
provide 231.2 g (77%) of [2-[([3-[4,4-bis(ethoxymethyl)cyclohexyl]-1H-pyrazol-4-yllmethyl)(methyl)amino]ethyl](methyl)amine dihy-
drochloride (GSK715 dihydrochloride) as a white solid. 'TH NMR (DMSO-dg, 500MHz): & (ppm) 9.27 (br s, 2H), 7.79 (s, 1H), 4.19-
4.33 (m, 2H), 3.45-3.50 (m, 1H), 3.46 (br s, 1H), 3.43 (br s, 1H), 3.39-3.50 (m, 4H), 3.39-3.46 (m, 2H), 3.32 (br s, 1H), 3.15 (s, 2H),
2.80 (br t, J=11.6 Hz, 1H), 2.71 (s, 3H), 2.59 (br s, 3H), 1.63-1.73 (m, 2H), 1.57-1.63 (m, 2H), 1.56 (br s, 2H), 1.34-1.42 (m, 2H),
1.10-1.15 (m, 6H). "*C NMR (DMSO-d6, 126MHz): 3 (ppm) 151.2, 138.4, 105.3, 77.2, 69.8, 66.4, 66.4, 49.9, 49.5, 43.0, 38.7, 38.0,
33.4,32.9,29.7,27.9, 15.5, 15.5. Elemental analysis for dihydrochloride (% calcd, % found for CoH40CloN4O2 with 0.23 molar equiv
of water by KF titration): C (54.10, 54.55), H (9.12, 9.74), N (12.62, 12.59). C18 HPLC purity 99.27% (220 nm UV).
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'H NMR Image of GSK715 (500 MHz, DMSO-d¢ + TFA)
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3¢ NMR Image of GSK715 (126 MHz, DMSO-d¢ + TFA)
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Synthesis of GSK3368712
Intermediates were characterized by LC-MS and/or 'H NMR to confirm the structures and purity and carried to the next step without
further purification unless otherwise noted. The synthetic scheme of GSK712 and preparation of indicated intermediates is described

below.
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ethyl 3-(4-methoxyphenyl)-2,2-dimethylpropanoate (23). To a stirred solution of iProNH (8.63 kg, 85 mol) in tetrahydrofuran (80 L)
was added n-butyllithium (2.5 M in hexane, 34 L, 85 mol) dropwise at —78°C over 4 hours. The resulting solution was stirred for 2 hours
at —45°C. To the reaction mixture was added ethyl 2-methylpropanoate (8.26 kg, 7.1 mol) dropwise with stirring at —78°C over
2 hours. The resulting solution was allowed for an additional 1 hour at —50°C. To the reaction mixture was added 1-(chloro-
methyl)-4-methoxybenzene (10 kg, 64 mol) dropwise with stirring at —78°C over 2 hours. The resulting solution was stirred for an
additional 16 hours at room temperature. The reaction was then quenched by the addition of 3 L of saturated aqueous NH,4Cl solution.
The resulting mixture was diluted with 3 L of H,O and extracted with 3x10 L of ethyl acetate. The combined organic layers were
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washed with brine (2 x 10 L), dried over anhydrous sodium sulfate, filtered and concentrated under vacuum. The residue was purified
by silica gel chromatography eluting with petroleum ether/ethyl acetate (80:1 to 40:1) to provide 11 kg (65%) of ethyl 3-(4-methox-
yphenyl)-2,2-dimethylpropanoate 23 as yellow oil. 'H NMR (400 MHz, Chloroform-d) & 7.03 (d, J = 8.8 Hz, 2H), 6.79 (d, J = 8 Hz, 2H),
411 (q, J =7.2 Hz, 2H), 3.77 (s, 3H), 2.79 (s, 2H), 1.23 (t, J = 7.2 Hz, 3H), 1.15 (s, 6H).

OMe OMe
(@) OEt fOH
24

23

3-(4-methoxyphenyl)-2,2-dimethylpropan-1-ol (24). To a stirred solution of ethyl 3-(4-methoxyphenyl)-2,2-dimethylpropanoate
(9 kg, 38 mol) in tetrahydrofuran (90 L) was add BH3-Me,S (13 L, 129.7 mol) dropwise with stirring at —10°C. The reaction mixture
was stirred for 16 hours at room temperature and quenched by the addition of 5 L of NH,CI solution. The resulting mixture was
concentrated under vacuum, diluted with H,O (10 L) and extracted with ethyl acetate (3 x 15 L). The combined organics were washed
with brine (2 x 10 L), dried over sodium sulfate, filtered and concentrated under vacuum to give 5.9 kg (80%) of 3-(4-methoxyphenyl)-
2,2-dimethylpropan-1-ol 24 as a white solid. "H NMR (400 MHz, DMSO-d6) & 7.06 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 4.57
(t, J = 5.2 Hz, 1H), 3.72 (s, 3H), 3.07 (d, J = 5.2 Hz, 2H), 2.42 (s, 2H), 0.75 (s, 6H).
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24 25
3,3-dimethyl-1-oxaspiro[4.5]deca-6,9-dien-8-one (25). To a cold (0°C) stirred solution of 3-(4-methoxyphenyl)-2,2-dimethylpro-
pan-1-ol (5.7 kg, 29.4 mol) in AcCN (170 L) was added H,[SiO4(W30g)4]-xH-0 (22.8 kg) followed by [bis(trifluoroacetoxy)iodo]benzene
(PIFA, 15.2 kg, 35.3 mol). The reaction mixture was stirred for 3 hours at 0°C, then quenched with 3% TEA-EtOAc (100 L) and the pH
was adjusted to 8 with TEA. The resulting mixture was concentrated under vacuum and the crude residue was purified by silica gel

chromatography, eluting with 1:50 EtOAc/PE to give 2.2 kg (42%) of 3,3-dimethyl-1-oxaspiro[4.5]deca-6,9-dien-8-one 25 as a yellow
oil. "TH NMR (400 MHz, Chloroform-d) 5 6.91 (d, J = 10.4 Hz, 2H), 6.11 (d, J = 10.0 Hz, 2H), 3.74 (s, 2H), 1.94 (s, 2H), 1.22 (s, 6H).

0 (0]
% Jo E O
25 26
3,3-dimethyl-1-oxaspiro[4.5]decan-8-one (26). A mixture of 3,3-dimethyl-1-oxaspiro[4.5]deca-6,9-dien-8-one (2.5 kg, 14 mol) and
palladium on carbon (400 g) in ethyl acetate (6 L) was stirred for 16 h at room temperature under 5 atm H, pressure. The solids were
filtered out and the resulting filtrate was concentrated under vacuum. The residue was purified by silica gel chromatography eluting
with ethyl acetate/petroleum ether (1:50) to provide 1.7 kg (66%) of 3,3-dimethyl-1-oxaspiro[4.5]decan-8-one 26 as a yellow oil. H

NMR (400 MHz, Chioroform-d) 5 3.58 (s, 2H), 2.73-2.65 (m, 2H), 2.27-2.21 (m, 2H), 2.21-2.09 (m, 2H), 1.87-1.80 (m, 2H), 1.67 (s, 2H),
1.14 (s, 6H).
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3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl trifluoromethanesulfonate (27). To a cold (—78°C) stirred solution of 3,3-dimethyl-1-ox-
aspiro[4.5]decan-8-one (1.7 kg, 9.34 mol) in tetrahydrofuran (8.5 L) was added LiIHMDS (1M in THF, 11.2 L, 11.2 mol) dropwise over
2 hours and the reaction mixture was stirred for an additional 1 hour at —78°C. 1,1,1-Trifluoro-N-phenyl-N-(trifluoromethane)sulfo-
nylmethanesulfonamide (3.33 kg, 9.34 mol) was added and the resulting solution was stirred for 16 hours at room temperature.
The reaction mixture was quenched by the addition of saturated aqueous NH,CI solution (5 L) and extracted with ethyl acetate
(83x5L). The combined organics were washed with brine (5 L), dried over anhydrous sodium sulfate, filtered and concentrated under
vacuum. The crude residue was dissolved in ethane-1,2-diol (5 L) and extracted with hexane (2 x 10 L). The combined hexane layers
were concentrated in vacuo to provide 2.2 kg (75%) of crude 3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl trifluoromethanesulfonate
27 as a yellow oil. "H NMR (400 MHz, Chloroform-d) & 5.64 (m, 1H), 3.56-3.51 (m, 2H), 2.61-2.58 (m, 1H), 2.56-2.27 (m, 3H), 1.96-1.91
(m, 1H), 1.81-1.74 (m, 1H), 1.68-1.60 (m, 2H), 1.13 (s, 6H).
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2-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (28). To a stirred solution of 3,3-dimethyl-
1-oxaspiro[4.5]dec-7-en-8-yl trifluoromethanesulfonate (2.2 kg, 7 mol) in 1,4-dioxane (22 L), were added 4,4,5,5-tetramethyl-2-(tet-
ramethyl-1,3,2-dioxaborolan-2-yl)-1,3,2-dioxaborolane (1.4 kg, 5.6 mol), KOAc (2.06 kg, 21 mol) and Pd(dppf)Cl, (307.7 g, 0.42 mol)
successively. The reaction mixture was stirred for 16 h at 80°C, then concentrated under vacuum. The crude residue was diluted with
EtOAc (10 L) and washed with brine (2 x 5 L). The organic phase was dried over Na,SOy, filtered and concentrated under reduce
pressure. The residue was purified by silica gel chromatography eluting with ethyl acetate/petroleum ether (1:50) to provide
1400 g (68%) of 2-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 28 as a yellow oil. 'H
NMR (400 MHz, Chloroform-d) & 6.46 (m, 1H), 3.52 (s, 2H), 2.36-2.13 (m, 4H), 1.74-1.7 (m, 1H), 1.64-1.55 (m, 3H), 1.26 (s, 12H),

1.11 (s, 6H).
)
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3-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (29). A solution of 2-[3,3-dimethyl-1-
oxaspiro[4.5]dec-7-en-8-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.4 kg, 5.14 mol), 3-iodo-1-(oxan-2-yl)-1H-pyrazole-4-carbal-
dehyde (9, 1.32 kg, 4.64 mol), Pd(dppf)Cl, (366 g, 0.5 mol), Cs,CO3 (3.26 kg, 10 mol) amd Cul (38 g, 0.4 mol) in 1,4-dioxane (14 L) and
water (1.4 L) was stirred for 16 h at 120°C under nitrogen. The reaction mixture was allowed to cool to room temperature and concen-
trated under vacuum. The residue was diluted with EtOAc (10 L), washed with brine (2 x 3 L), and the organic phase was dried over
Na,SO,, filtered and concentrated under reduced pressure. The residue was purified by silica gel chromatography eluting with ethyl
acetate/petroleum ether (1:4) to provide 1120 g (70%) of 3-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1-(oxan-2-yl)-1H-pyrazole-
4-carbaldehyde 29 as a yellow oil. "H NMR (400 MHz, Chloroform-d) §9.91 (s, 1H), 8.14 (s, 1H), 6.25-6.24 (m, 1H), 5.38-5.30 (m, 1H),
4.13-4.06 (m, 1H), 3.73-3.59 (m, 1H), 3.57 -3.54 (m, 2H), 2.78-2.74 (m, 1H), 2.60-2.36 (m, 3H), 2.11-1.89 (m, 4H), 1.81-1.65 (m, 6H),

1.14 (s, 6H).
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3-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1H-pyrazole-4-carbaldehyde (30). A mixture of 3-[3,3-dimethyl-1-oxaspiro[4.5]
dec-7-en-8-yl]-1-(oxan-2-yl)-1H-pyrazole-4-carbaldehyde (1120 g, 3.25 mol) in methanol (4.4 L) and conc. hydrogen chloride
(2.2 L) was stirred overnight (~16 hours) at room temperature. The resulting mixture was concentrated under vacuum and the
resulting solution was diluted with 3 L of water. The pH of the solution was adjusted to 8 with aqueous sodium hydroxide (20%)
and extracted with ethyl acetate (2 x 4 L). The combined organic layers were washed with brine (2 L), dried over anhydrous sodium
sulfate, filtered and concentrated in vacuo. The residue was purified by silica gel chromatography eluting with ethyl acetate/petro-
leum ether (1:2) to provide 600 g (71%) of 3-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1H-pyrazole-4-carbaldehyde 30 as a yellow
oil. LCMS(ES)+ m/e 261.1 [M+H]". "H NMR (400 MHz, Chloroform-d) 8 9.92 (s, 1H), 8.04 (s, 1H), 6.31 (s, 1H), 3.59 (s, 2H), 2.75-2.73 (m
1H), 2.54-2.39 (m, 3H), 2.05-1.98 (m, 1H), 1.85-1.80 (m, 1H), 1.75-1.65 (m, 2H), 1.16 (s, 6H).
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tert-butyl N-(2-[[(3-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1H-pyrazol-4-yl)methyl](methyl)amino]ethyl)-N-methylcarbamate
(81). To a stirred solution of 3-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1H-pyrazole-4-carbaldehyde (600 g, 2.31 mol) in DCE
(6 L) was added tert-butyl N-methyl-N-[2-(methylamino)ethyl]carbamate (13, 650 g, 3.46 mol) and the mixture was srirred at room
temperature for 2 hours. NaBH(AcO); (1.46 kg, 6.92 mol) was added and the resulting solution was stirred for 16 h at 70°C. The
reaction mixture was then quenched by the addition of water (3 L) and extracted with dichloromethane (3 x 3 L). The combined
organic layers were dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The residue was
purified by silica gel chromatography eluting with dichloromethane/methanol (50:1) to provide 550 g (55%) of tert-butyl N-(2-[[(3-
[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1H-pyrazol-4-yl)methyl](methyl)amino]ethyl)-N-methylcarbamate 31 as a yellow oil.
[ANALYTICAL DATA]
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Tert-butyl N-(2-[[(3-[3,3-dimethyl-1-oxaspiro[4.5]decan-8-yl]-1H-pyrazol-4-yl)methyl](methyl)Jamino]ethyl)-N-methylcarbamate
(82). A mixture of tert-butyl N-(2-[[(3-[3,3-dimethyl-1-oxaspiro[4.5]dec-7-en-8-yl]-1H-pyrazol-4-yl)methyl](methyl)amino]ethyl)-N-
methylcarbamate (550 g, 1.27 mol) in tetrahydrofuran and Pd(OH), on carbon (165 g) was stirred for 16 h at room temperature under
5 atm of H, pressure. The solids were removed by filtration and the filtrate was concentrated under vacuum. The residue was purified
by silica gel chromatography eluting with dichloromethane/methanol (50:1) to provide 550 g of the desired hydrogenated product as
yellow oil. This material was purified by prep-chiral SFC [Column: CHIRALPAK AD-H SFC; Mobile Phase A: CO,:60, Mobile Phase B:
IPA (0.2% DEA):40] to provide 340 g of tert-butyl N-(2-[[(3-[3,3-dimethyl-1-oxaspiro[4.5]decan-8-yl]-1H-pyrazol-4-yl)methyl](methyl)
amino]ethyl)-N-methylcarbamate 32 as a yellow oil. [ANALYTICAL DATA].
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N1-((3-((5s,8s)-3,3-dimethyl-1-oxaspiro[4.5]decan-8-yl)-1H-pyrazol-4-yl)methyl)-N1,N2-dimethylethane-1,2-diamine (GSK712). A
mixture tert-butyl N-methyl-N-[2-[methyl([3-[(5s,8s)-3,3-dimethyl-1-oxaspiro[4.5]decan-8-yl]-1H-pyrazol-4-ylJmethyl)amino]ethyl]
carbamate (340 g, 0.78 mol) in 5N HCI (gas)/DCM (3.4 L) was stirred for 5 h at room temperature. The resulting mixture was concen-
trated under vacuum and the residue was dissolved in distilled water (1.7 L) and the aqueous phase was treated with 100 g of acti-
vated carbon. The mixture was heated to 50°C for 1 hour, filtered, and the filtrate was basified to pH =12 with 4N NaOH at 0°C. The
mixture was extracted with DCM (4 x 2 L) and the combined organic phase was dried over Na,SQ,, filtered and concentrated. The
residue was dissolved in CHCI3 (2 L), 100 g of Silicycle thiol was added and the mixture was heated to 55°C for 3 hours. The mixture
was filtered and the filtrate was concentrated in vacuo. The residue was dissolved in TBME (2 L) and then concentrated in vacuo,
repeating this operation 3 times. The residue was crystallized from 1:2 TBME/heptane (2 L) to provide 190.7 g of crude material which
was diluted with DCM and water. The pH of the aqueous layer was adjusted to 12 with 4 N NaOH at 0°C and the mixture was extracted
with DCM (4 x 2 L). The combined organic phase was dried over Na,SOy, filtered and concentrated. The residue was crystallized from
1:2 TBME/heptane (1 L) to provide 168 g (64%) of N1-((3-((5s,8s)-3,3-dimethyl-1-oxaspiro[4.5]decan-8-yl)-1H-pyrazol-4-yl)methyl)-
N1,N2-dimethylethane-1,2-diamine GSK712 as a white solid. LCMS(ES)+ m/e 335.2 [M+H]*. "H NMR (400 MHz, DMSO-dg) d 7.28
(br. s., 1H), 3.42 (s, 2H), 3.26 (s, 2H), 2.58-2.70 (m, 1H), 2.52-2.56 (m, 2H), 2.35 (t, J=6.34 Hz, 2H), 2.26 (s, 3H), 2.05 (s, 3H), 1.76-1.90
(m, 4H), 1.49-1.61 (m, 4H), 1.35-1.47 (m, 2H), 1.06 (s, 6H). "*C NMR (DMS0-d6, 100 MHz): d (ppm) 80.6, 77.6, 56.1, 53.0, 51.3, 49.2,
41.7,37.1,36.2, 28.5, 27.22. Elemental analysis (% calcd, % found for C19H34N4O with 0.5 molar equiv of water: C (66.43, 66.03), H
(10.27, 10.09), N (16.31, 16.18). C18 HPLC purity 97.9% (220 nm UV).
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3¢ NMR Image of GSK712 (100 MHz, DMSO-d¢)
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High Throughput Screen

Type | PRMT inhibitors were found through screening Epizyme’s proprietary HMT-biased library (Mitchell et al., 2015). In summary,
compound was incubated with PRMT1 for 30 minutes at room temperature (384-well plate) and reactions were initated upon the
addition of SAM and peptide. Final assay conditions were 0.75 nM PRMT1 (NP_001527.3, GST-PRMT1 amino acids 1-371),
200 nM 3H-SAM (American Radiolabeled Chemicals, specific activity 80 Ci/mmol), 1.5 uM SAM (Sigma-Aldrich), and 20 nM peptide
(Biotin-Ahx-RLARRGGVKRISGLI-NH2, 21st Century Biochemicals) in 20 mM bincine (pH 7.6), 1mM TCEP, 0.005% bovine skin
gelatin, 0.002% Tween-20 and 2% DMSO. Reactions were quenched by the addition of SAM (400 uM final). Terminated reactions
were transferred to a Streptavidin-coated Flashplate (PerkinElmer), incubated for at least 1 hour and then the plate was washed with
0.1% Tween-20 using a Biotek ELx405 plate washer. The quantity of 3H-peptide bound to the Flashplate was measured using a Per-
kinElmer TopCount plate reader.

PRMT Biochemical Assays

All assays were performed with compound or DMSO prestamped (49x, 2% final) in 96 well plates (Costar, #3884). Assays for PRMT1
(NP_001527.3), PRMT3 (BPS, #51043), PRMT6 (BPS, #51049) and PRMT8 (NP_062828.3) used H4 1-21 peptide (AnaSpec, Inc. #AS-
62499) and a buffer comprised of 50 mM Tris (pH 8), 0.002% Tween-20, 0.5 mM EDTA and 1 mM DTT. Briefly, Flag-his-tev-PRMT8
(61-394) was expressed in a baculovirus expression system and purified using Ni-NTA agarose affinity chromatography and Super-
dex 200 gel filtration chromatography. For all assays, final Adenosyl-L-Methionine (SAM) concentration listed contains a mixture of
unlabeled SAM (NEB, #B9003S) and 3H-SAM (PerkinEImer NET155H001MC or NET155001MC). All reactions were quenched upon
the addition of SAH (0.5 mM final).

For competition studies, substrate was added to the compound plate followed by the addition of enzyme. For SAM competition
studies, final assay concentrations consisted of 2 nM PRMT1, 40 nM peptide and titrating SAM (50-8000 nM). For peptide compe-
tition studies, final assay concentrations consisted of 2 nM PRMT1, 1000 nM and titrating peptide (1.6-1000 nM). Reactions were
incubated at room temperature for 18 minutes prior to quench.

For time dependence studies, enzyme/SAM mix was added to the compound plate and incubated for 3-60 minutes prior to addi-
tion of the peptide. For no preincubation assay, peptide was added to the compound plate followed by enzyme/SAM mix to initiate
the reaction. Final PRMT1 assay concentrations were 0.5 nM PRMT1, 40 nM peptide and 1100 nM SAM. Reactions were incubated at
room temperature for 20 minutes prior to quench.

For potency assessment against the PRMT family, enzyme/SAM mix was added to the compound plate and incubated for 60 mi-
nutes. Reactions were initiated upon the addition of peptide and quenched after 40 minutes. Final assay concentrations for PRMT1
consisted of 0.5 nM PRMT1, 40 nM peptide and 1100 nM SAM. PRMT3 assays contained 1 nM PRMT3, 160 nM peptide and 5800 nM
SAM. PRMT6 and PRMT8 assays were comprised of 0.5 nM PRMT, 160 nM peptide and 1800 nM SAM. PRMT4 (BPS, #51047)
assays consisted of 6 nM PRMT4, 400 nM rHistone H3.1 (NP_003520.1) and 400 nM SAM in 25 mM Tris (pH 8), 0.002% Tween-20,
0.5 mM EDTA, 200 mM NaCl and 2 mM DTT. PRMT5/MEP50 (NP_006100.2 and NP_077007.1, Chan-Penebre, et al) assays
contained 4 nM PRMT5/MEP50, 50 nM H4 1-21 peptide and 980 nM SAM in 50 mM Tris (pH 8.5), 0.002% Tween-20, 4 mM
MgCI2 and 1 mM DTT. PRMT9 (NP_612373.2, Gerhart et al) assays contained 3 nM PRMT9, 150 nM SAP145 peptide
(NSVPVPRHWCFKRKYLQGKRG —amide, 21st Century Biochemicals) and 3010 nM SAM in 25 mM Tris (pH 8), 0.002% Tween-
20, 100 mM NaCl, 4 mM MgCI2 and 1 mM DTT. PRMT7 assays consisted of 10 nM PRMT7 (Reaction Biology #HMT-21-382),
90 nM H2B peptide (AnaSpec #64385-1) and 2000 nM SAM in 50 mM Tris (pH 8), 0.002% Tween-20, 0.5 mM EDTA and 1 mM
DTT. After quench, Arginine Binding Ysi SPA beads (PerkinElmer RPNQ0101, 1 mg/mL final) in 0.2M NH4CO3 were added to all as-
says excluding PRMT7, plates were sealed and equilibrated for > 30 min. Streptavidin SPA (PerkinElmer, RPNQO007) beads were
used for the PRMT7 assay. Plates were centrifuged and then read on a MicroBeta (PerkinElmer) following a > 200 min delay to mea-
sure the amount of tritium incorporated into the peptide substrate, reported as counts per minute (CPM).

Raw CPM values were converted to yield Vi/Vo and analyzed using GraFit software. IC50 values were determined using a 3-param-
eter model (Equation 1) where Background = fully inhibited value fixed to 0, Range = uninhibited value, [I] = concentration of inhibitor,
IC50 = half maximal inhibitory concentration and s = Hill Slope. For the competition studies, IC50 data was fit to the Cheng-Prusoff
equation for uncompetitive (Equation 2) or noncompetitive (Equation 3) inhibition where Ki = the binding affinity of the inhibitor, IC50 =
half maximal inhibitory concentration, [S] = the substrate concentration and Km = the concentration of the substrate at which the
enzyme activity is half maximal. Ki*app values were calculated based on the equation for an uncompetitive inhibitor and the assump-
tion that the IC50 determination was representative of the ESI* conformation. Additionally, the peptide competition data was fit to the
formula for mixed inhibition (Equation 4) where CPM values were converted to CPM/minute and represent the velocity (v). Ki = the
binding affinity of the inhibitor El complex, Ki’ = the binding affinity of the inhibitor ESI complex, Vmax = maximal activity, [S] =
the substrate concentration, [I] = the inhibitor concentration, and Km = the concentration of the substrate at which the enzyme activity
is half maximal. An alpha value (o = Ki'/Ki) #1 and >0.1 but <10 is indicative of a mixed type inhibitor.

Range — Background

(&)

V;/V, = Background + (Equation 1)
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If Uncompetitive; K; :/C75Ko (Equation 2)
()

If Noncompetitive; K; =ICsq (Equation 3)

v= Vimax % [S] (Equation 4)

Methyltransferase Biochemical Assays

In summary, methyltransferase was added to substrate solution and gently mixed. Substrate varied based on methyltransferase
tested and was either nucleosome, core histones, histone H3, histone H4 or H3 1-21 peptide. Compound (10 uM final) was added
and incubated at room temperature for 10 minutes. Reaction was initiated upon the addition of 3H-SAM (1 uM) and incubated for
1 hour at 30°C. Reaction mixture was delivered to P81 filter-paper and washed with PBS for detection via HotSpot proprietary tech-
nology. Data was analyzed using Excel.

In Cell Western

RKO cells were seeded in a clear bottom 384 well plates andtreated with a 20-point two-fold dilution series of GSK3368715 (29,325.5
t0 0.03 nM) or 0.15% DMSO. Plates were incubated for 3 days at 37°C in 5% CO.. Cells were fixed with ice-cold methanol for 30 mi-
nutes at room temperature, washed with phosphate buffered saline (PBS), then incubated with Odyssey blocking buffer (Licor) for
1 hour at room temperature. Blocking buffer was removed and cells were incubated overnight at 4°C with rabbit anti-mono-methyl
Arginine (MMA, Cell Signalling #8711 at 1:200) and mouse anti- a-tubulin(Sigma # T9026 at 1:5000) diluted in blocking buffer plus
0.1% Tween-20. Following PBS washes, secondary antibodies IRDye 800CW goat anti-Rabbit IgG (H+L) and IRDye 680RD goat
anti-mouse IgG (H+L) ( Li-cor # 926-32211 and 926-68070) were applied for 1 hour. Plates were washed thoroughly with PBS,
then ddH,0O and allowed to dry at room temperature. Plates were scanned and analyzed using the Li-Cor Odyssey imager and soft-
ware. The relative MMA expression was determined by dividing the integrated intensity of MMA by the integrated intensity of tubulin
using Microsoft Excel. The MMA level was then plotted against the log concentration of the compound and plotted using a 4-param-
eter fit equation using GraphPad Prism 6.0.

Western Blots

Cells were seeded in 6 well plates in 2 to 4 mL of cell culture media. Plates were dosed on 24 hours after seeding with 2 pM
GSK3368715 or 0.15% DMSO. Cell pellets were collected at 3, 6, 24, 48, 72, 96, 120, 144, and 168 hours post dosing. Cell pellets
were lysed in 4% SDS and homogenized by QlAshredder column (QIAGEN), and protein concentrations determined by BCA Protein
Assay (Pierce). Gel loading samples were denatured in NUPAGE LDS Sample Buffer and Sample Reducing Agent (Life Technologies)
and loaded onto NuPAGE Novex 4-12% Bis-Tris gels, (Life Technologies)resolved using MES running buffer and transferred onto
nitrocellulose membrane (Life Technologies) using IBlot2 (Life Technologies). Blots were blocked in blocking buffer (Li-Cor), followed
by incubation with either tubulin (Sigma #T9026 at 1:10,000), MMA (Cell Signaling #8711 at 1:2,000), SDMA (Cell Signaling 13222S,
clone D2C3D6 , 1:1000), or ADMA (Cell Signaling #13522S at 1:250) diluted in blocking buffer plus 0.1% Tween-20 overnight at 4°C.
Blots were washed thoroughly in PBST (Cell Signalling #9809) and secondary antibodies (IRDye, Li-Cor) were applied with incubation
at room temperature for 1 hr at 1:10,000. Blots were scanned and analyzed using Li-Cor Odyssey imager and software.

Cell Proliferation Assay

Growth inhibition in response to GSK3368712 and GSK3368715 was evaluated as previously described (McCabe et al., 2012). Data
were fit with a four-parameter equation to generate a concentration response curve. The growth ICsq (glCs0) and growth 1C1 0 (91C100)
are the points at which 50% and 100% inhibition of growth are achieved, respectively. Growth Inhibition is the percent maximal in-
hibition and was calculated as 100-((ymin-100)/(ymax-100)*100). Yin-To values were calculated by subtracting the T, value (100%)
from the ymin value on the curve, and are a measure of net population cell growth or death. Growth Death Index (GDI) is a composite
representation of Y,i,-To and precent maximal inhibition. If Y,i,-Tg values are negative, then GDI equals Y in-To; otherwise, GDI rep-
resents the fraction of cells remaining relative to DMSO control (ymax) and (ymin): (ymin-100)/(ymax-100)*100). A minimum of two
biological replicates were evaluated for each assay.

Evaluation of Synergistic Effects on Cell Proliferation

A double titration of GSK3368715 (or GSK3368712) and GSK3203591 was performed for 6 days as described above, except that
cells were dosed with a 16-pt, 2-fold dilution matrix of both agents, ranging in concentration from 0.3 to 10,000 nM. Single agent
titrations were run in parrallel. Bliss independence analysis was performed using growth inhibition value for each combination and
a synergy score determined as previously described (McGrath et al., 2016).
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Cell Cycle Analysis

The Toledo or OCI-Ly1 DLBCL cell lines were treated with a 5-point, 10-fold dilution series GSK3368715 or 0.1% DMSO for 10 days.
Ondays 3, 5, 7, and 10 cell nuclei were isolated and DNA was stained with propidium iodide using CycleTEST PLUS DNA Reagent Kit
(Becton Dickinson) per the manufacturer’s instructions. Fluorescence was measured using a Becton Dickinson FACS Calibur flow
cytometer. Cell cycle phase distribution was determined by the Watson Pragmatic mathematical model using FlowJo software.
Caspase 3/7 Assay

The effect of GSK3368715 treatment on cellular caspase-3/7 activity was measured with Caspase-Glo™3/7 assay kit (Promega). As-
says were performed according to the manufacturer’s instructions. Cells were plated and dosed with GSK3368715 or DMSO as
described for the cell proliferation assay. At each timepoint, CellTiter-Glo reagent was added to duplicate plates to assess cell
viability and Caspase-Glo 3/7 reagent was added to another pair of duplicate platesto assess cell death. The luminescence signal
was measured with an EnVision Plate Reader (Perkin Elmer). Caspase 3/7 Glo and CTG values for GSK3368715 and DSMO were
background subtracted for each plate. To account for cell number, Caspase 3/7 Glo values for each dose were then normalized
to their corresponding CTG value. Normalized Caspase 3/7 Glo values were expressed as a fold increase over the average
DMSO Caspase 3/7 Glo value for each dose of GSK3368715. Fold-increases for replicate plates were then averaged for each bio-
logical replicate.

RNA-seq and Differential Splicing Analysis

RNA samples were converted into cDNA libraries using the lllumina TruSeq Stranded mRNA sample preparation kit (lllumina). Sam-
ples were sequenced at a depth of 100 million paired-end reasds per sample, 100base-pair read length. QC of the Fastq files was
performed using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (Andrews, 2010) and aligned to GRCh38
version 23 downloaded from Ensembl using STAR v2.5.2b (Dobin et al., 2013). The BAM files obtained from STAR were filtred, sorted,
and indexed using RSeQC (http://rseqc.sourceforge.net/) (Wang et al., 2012, 2016) and SAMtools (http://www.htslib.org/) (Li et al.,
2009). rMATS was used to identify differential alternative splicing events from the relevant BAM files. Average reads per million (RPM)
were computed for each event by averaging the RPM value for each condition involved in the rMATS comparison. A cutoff of
0.5 average RPM was used to filter out low expressing events. A cutoff of 5% AEIL and an adjusted p value cutoff of 1% was
used to identify significant differentially spliced events. Custom R scripts were used to implement all these cutoffs for all the com-
parisons. Heatmaps were generated in R using the “gplots” and “RColorBrewer” package found in Bioconductor. Size-proportional
overlaps were generated using the online tool BioVenn (http://www.biovenn.nl/) (Hulsen et al., 2008).

Splicing Validation

Selected skipped exon events were confirmed using gRT-PCR. Reverse transcription (RT) was carried out using a High capacity
cDNA kit (Applied Biosystems) following manufacturer’s instructions, from the RNA samples used for RNA-seq. RT reactions took
place in PCR blocks set at 25°C for 10 min, 37°C for 2 hours, 85°C for 10 min, then 4°C until analysis. Tagman qRT-PCR was carried
out using Fast tag man master mix (Applied Biosystems) and triplicate PCR reactions were run on ABI ViiA 7 (Applied Biosystems)
according to the manufacture’s protocol. Tagman probes (Applies Biosystems) for splicing events were chosen to cover the up-
stream exon, downstream exon, the skipped exon, and a constitutive exon. The constitutive tagman probe was normalized using
housekeeper genes, GAPDH and ACTB. The upstream, downstream, and skipped tagman probes were normalized to the constitu-
tive exon and the average 2AAACT values were calculated. The frequencies of the fold change from control of gRT-PCR was
compared to fold change from control from the RNA-seq data using a chi-square test and p values less than 0.05 was considered
a validated skipped exon event, p vaule equal to or greater than 0.05 and less than 0.1 were called questionable, and p values more
than 0.01 were considered not validated.

Identification of Proteins with Arginine Methylation Changes

Cell lines were cultured with 0.1% DMSO, 2 uM GSK3368712, 0.5 M GSK3203591, or a combination of GSK3368712 &
GSK3203591 for 4 days. Cells were collected in freshly prepared lysis buffer (20 mM HEPES, pH 8.0; 9.0 M Urea; 1 mM sodium or-
thovanadate, activated; 2.5 mM sodium pyrophosphate; 1 mM B-glycerol-phosphate) and flash frozen. Cellular extracts prepared in
urea lysis buffer were reduced, alkylated and digested with trypsin. 45 mg total protein for each sample was desalted over SEP PAK
C18 columns and split into 3-15 mg aliquots for enrichment with the Mono-Methyl Arginine Motif Antibody (#12235), Asymmetric Di-
Methyl Arginine Motif Antibody (#13474), and Symmetric Di-Methyl Arginine Motif Antibody (#13563). Enriched peptides were puri-
fied over C18 STAGE tips, subjected to secondary digest with trypsin and re-purified over STAGE tip prior to LC-MS/MS analysis.
Two non-sequential replicates were run for each enrichment. Proteomic analysis was carried out using the MethylScan method as
previously described (Guo et al., 2014).

Each enriched sample was analyzed by liquid chromatography-tandem mass spectra (LC-MS/MS) in a data-dependent manner on
either a Thermo Orbitrap Q Exactive or Fusion Lumos Tribrid mass spectrometer using a top-twenty MS/MS method with a dynamic
repeat count of one, and arepeat duration of 30 sec. Peptides were eluted using a 120-minute linear gradient of acetonitrile in 0.125%
formic acid delivered at 280 nL/min. Peptide sequences were identified by searching MS/MS spectra against the SwissProt Homo
sapiens database using SEQUEST (Eng et al., 1994) with a mass accuracy of 5 ppm for precursor ions and 0.02 Da for product ions.
Enzyme specificity was set to semi-trypsin with up to four mis-cleavages allowed. Cysteine carboxamidomethylation was specified
as a fixed modification, oxidation of methionine and mono- or di-methylation on arginine residues were allowed as variable modifi-
cations. Reverse decoy databases were included for all searches to estimate false discovery rates,and filtered using a 2.5% FDR. All
quantitative results were generated using Skyline (MaclLean et al., 2010) to extract the integrated peak area of the corresponding
peptide assignments. Accuracy of quantitative data was ensured by manual review in Skyline or in the ion chromatogram files.
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Since the presence of a dimethylated arginine may inhibit the activity of trypsin at that site (Brostoff and Eylar, 1971), changes to
ADMA and SDMA could result in a differential pattern of tryptic digestion, and manifest as an apparent increase in arginine methyl-
ation. Nonetheless, the appearance of distinct trypsin cleavage products could reflect a change in the methylation state at an arginine
residue allowing for identification of proteins that show arginine methylation changes in response GSK3368712.

Fold changes were calculated for each treatment relative to the DMSO control. Fold change between immunoprecipitations rep-
licates of each condition were calculated as a measure of variance. For each comparison, we required: 1) the fold change observed
between two conditions to be at least 1.5 fold greater than the sum of the fold changes between the replicates of the two conditions; 2)
methylated peptides identified in more than one sample; 3) the presence of at least one instance of monomethyl mark (for MMA
immunoprecipitations) or dimethyl mark (for ADMA or SDMA immunoprecipitations) on the detected peptide.

Custom R scripts, using the “dplyr” package found in Bioconductor, were used to generate lists of proteins meeting all these cut-
offs for all the comparisons and methyl-marks. In a given cell line, protein lists were merged for all 3 methyl marks and duplicates were
removed to obtain a master list of proteins with a change in any methyl mark. Overlaps were generated using BioVenn (http://www.
biovenn.nl/) to obtain a list of changed proteins, common across cell lines and tumor types. A hypergeometric test of over-enrichment
was performed using the Molecular Signatures Database webtool for overlap enrichment on the list of gene names of the
common proteins using the Hallmark (H) and Reactome (CP) gene sets. Heatmaps were generated in R using the “gplots” and
“RColorBrewer” package found in Bioconductor. Scatterplots were generated in R using the “ggplot2” package found in
Bioconductor.

Identification and Quantitation of Dimethylated Arginines in KHRDBS1 by LC-MS/MS Analysis

Panc03.27 cells were cultured with 0.1% DMSO, 2 uM GSK3368712, 0.5 uM GSK3203591, or a combination of GSK3368712 &
GSK3203591 for 4 days, collected, and lysed in RIPA buffer (Sigma). KHDRBS1 was immunprecipiated with Rabbit anti-KHDRBS1
antibodies (Bethyl) using the Pierce Classic Magnetic IP/Co-IP Kit (Pierce) per manufacturer instructions. Immunoprecipitated
eluates were separated by SDS-PAGE and visualized by Coomassie staining. The KHDRBS1 band were excised, reduced and alky-
lated, and digested overnight with trypsin (Promega). After organic extraction, samples were injected on an Easy nLC1000 UHPLC
system (Thermo Scientific). The nanoLC was interfaced to a Q- Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Scientific). Tryptic peptides were separated on a 25 cm x 75 um ID, PepMap C18, 3 um particle column (Thermo Scientific) using a
40 min gradient of 2-30% acetonitrile/0.2% formic acid and a flow of 300 nL/min. MS-based peptide sequencing was accomplished
by tandem mass spectrometry using data dependent LC-MS/MS. Uninterpreted tandem MS spectra were searched for peptide
matches against the human UniProt protein sequence database using Mascot (Matrix Science). Carbamidomethylation was selected
as a fixed modification on Cys residues. Oxidation on Met and methylation and dimethylation on Arg residues were selected as
variable modifications. MS/MS spectra for methylated peptides were manually validated to confirm the site of mono or dimethylation.
Integrated peak areas from Extracted lon Chromatograms (XICs) from the MS scan were used for the relative quantitation of un-,
mono- and dimethylation in control and inhibitor treated samples. Identified KHRDBS1 methylation sites were further interrogated
using a parallel reaction monitoring (PRM) method targeting the dimethylated peptides. Diagnostic ions for either ADMA (neutral
loss of 45.0578) or SDMA (neutral loss of 31.0422) were monitored and allowed the determination of the ADMA/SDMA for each argi-
nine dimethylation site.

Determination of Intracellular MTA Levels

Confluent cells were washed with fresh media, scraped in a 1:1 ratio of media and 0.1% formic acid, and mixed with acetonitrile.
Samples were stored at —80°C until analysis. A separate well was trypsinized and counted using a ViCell (Beckman) for both cell
number and average diameter, which was used to calculate intracellular volume. Absolute MTA levels in each sample were
determined from a standard curve of MTA, by LC/MS/MS on a Triple Quadrupole Mass Spectrometer (AB Sciex Instruments) with
an Acuity UPLC HSS column. Intracellular MTA levels were calculated by dividing the umol of MTA per cell number by the cell volume.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Microsoft Excel or GraphPad Prism (Version 7.02). Sample sizes are indicated in the figure
legends and data are expressed as the mean + standard error of the mean (SEM) or standard deviation (SD) as indicated in the figure
legends and methods. Statistical significance was evaluated using a two-tailed Student’s t-test.

DATA AND SOFTWARE AVAILABILITY

Raw RNA-seq data were deposited into the National Center for Biotechnology Information (NCBI)’s Gene Expression Ominibus,

GEO: GSE126651. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository, PRIDE: PXD012747. X-ray crystallography coordinates were deposited in Protein Data Bank, PDB: 6NT2.
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